HALIOHANBHA AKALIEMISt HAYK YKPAIHU
IHCTUTYT 3ATANbHOI TA HEOPTAHIYHOI XIMIT imeni B. I. BEPHAZICbKOTO
KNIBCbKUIA HALIOHANbHWIA YHIBEPCUTET imeni TAPACA LLIEBYEHKA

VKPAIHCBKIIN o

XIMISHW

No 2

Tom 92 / Vol. 92

YPHAJT HAL
CHEMISTRY

JOURNAL

3micT
HEOPTAHIYHA XIMIA

Onsbrepp O. IlIToxkBum, Biktopisa B. [Ipakonenko, /Iropmuna I. KoBanb
CTPYKTYPA KOMIUIEKCY BIC(HMK/JIOTEKCMJTALIETOALIETATO)HIKEJTIO(IT)
SN,N-AIETVUIHIKOTMHAMIIOM. . ..o e 3

AHANITU4HA XIMIS

A. B. €ropoga, O. B. Cucenko, 0. B. Ckpunusenp, 1. I. Ye6otapcpka,

. 1. Anexcanpposa, C. M. Kamynbxmnii

BATITJAIIA BEPX-METOOVMKN BMSHAYEHH PUBAPOKCABAHY JIJ141
ITOPIBHA/IBHMX NOCHIIDKEHD CTYIIEHA BVMJIYYEHHSA ITPY BMBUYEHHI
IIOCTABKI JIIKAPCBbKOTI'O 3ACOBY YEPE3 HA3OIACTPAJIbHUI

SBOHIIIN VITRO . ..ottt et e e e e e e e e e 13

®I3NYHA XIMIA

Aninis B3opek, Taizo Ono, [Janienb bekkep, Beit Yxan, Bagum A. ConomoHoxk,
OCTAHHI JOCATHEHHA Y ®OTOXIMIYHMX ITIIXOIJAX /IS OTPMMMAHHA
OTOPOBMICHUX TETEPOILIMEKIIIB (OTTIAZ) « o oot te e et e e e e e e e e e 26



Contents

INORGANIC CHEMISTRY

Olherd O. Shtokvysh, Viktoriya V. Dyakonenko, Lyudmila I. Koval
STRUCTURE OF THE BIS(CYCLOHEXYLACETOACETATO)NICKEL(II) COMPLEX

WITH N,N-DIETHYLNICOTINAMIDE. . ... .. e

ANALYTICAL CHEMISTRY

A.V. Yegorova, O.V. Sysenko, Yu.V. Skrypynets, I.I. Chebotarska,

D.I. Aleksandrova, S.N. Kashutskyy

VALIDATION OF HPLC METHOD FOR THE DETERMINATION OF RIVAROXABAN
FOR COMPARATIVE EXTRACTION IN STUDYING THE DELIVERY OF THE DRUG

VIA NASOGASTRICTUBE IN VITRO. . . ...t

ORGANIC CHEMISTRY

Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok
RECENT ADVANCES IN PHOTOCHEMICAL SYNTHESIS OF FLUORINE-

CONTAINING HETEROCYCLES (T@VIEW). . ..ttt et e e e 26



YK [543.442.2+4543.421/.424.54-74]:54-386(546.742+547.484.34+547.824)

doi: 10.33609/2708-129X.92.2.2026.3-12

CTPYKTYPA KOMMNJEKCY

bIC(LLUKNOrEKCUNALIETOALIETATO)HIKENKO(I)
3 N.N-QIETUWTHIKOTUHAMIAOM

Onveepo O. IlImoxeuw’, https://orcid.org/0000-0002-0164-9456
Bixmopisa B. [Joakonenxo "2, https://orcid.org/0000-0003-4613-172X
/Tioomuna 1. Kosanv", https://orcid.org/0000-0001-5266-988X

! Incmumym 3azanvHoi ma Heopeaniunoi ximii im. B.1. Bepnaocvkozo HAH Yxpainu,
npocn. akademixa Ilannadina, 32-34, Kuis 03142, Yxpaina;
2 [ncmumym ximii pyrxyionanvrux mamepianie HTK “Incmumym monokpucmanie” HAH Ykpainu,

npocn. Hayxu, 60, Xapkis 61001, Ykpaina
*e-mail: : kamila6719@gmail.com

CrHTe30BaHO Ta JOCHI/)KEHO METOJAMM PEHTIeHOCTPYKTYpHOro aHamisy Ta IY-cmekrpo-

ckomii HOBY koopamHauiitHy cronyky Ni(II) 3 nuxmorekcmmaneroaneratom ta N,N-gietw-
HiKoTMHaMifloM. MonekynspHa cTpykTypa Binnosigae dpopmyni [Ni(C H, O,),(C H N,O) ],
KPUCTa/IM MOHOK/IIHHOI CMHTOHI{, mpocTopoBa rpymna P2 /c, a = 7.0360(15) A, b=13233(4) A,
¢=23.619(5) A, a =y =90°, B = 93.301(12)°. Koopamuariitauit moniexp aroma Ni(II) - BUKpuB-
JIEHWIT OKTaefp, sKMII yTBOPEHO YOTMPMA aTOMaMM OKCUTEHY JBOX [E€IPOTOHOBAHNUX MOJIEKYII
B-KeTOecTepy Ta BOMA aTOMaMy HiTPOTeHY IMipUANHOBKX Kijlellb JBOX aKCiaTbHO PO3TalIOBaHNUX

Monekyn N,N-gietnnaikornaaminy. Kpucranmiyaa ynakoBka — mapy B3gosx miomyan (001), saxi

crabinisoBano cmabkumu C-H...n B3aeMopissMm MK CycifHIMM MOJIEKY/IaMy KOMILIEKCY.

KnroyoBi cmoBa: Hikernb, B-AnkapOOHiIbHI KOMIIIEKcH, IVIKIOTeKcynaneroanerar, N,N-zi-

eTUIHIKOTMHAMIJ], KPUCTa/liYHa CTPYKTYypa.

BCTYII. KooppuHaliiiHi CIIOTyKM MeTa-
MiB i3 B-gMKapOOHIMBHMMY NTiraHZaMu Bigomi
B)XXe 6arato JeCATUIITD i JOCUTH IUPOKO J[O-
crimxkedi [1]. CTocyerbcs e 30KpeMa i KoMII-
JIEKCIB HIKeJTI0 3 pi3HMMM HITPOT€HBMiCHUMM
NOJATKOBMMM JIiraHJaMI, K MOHOJ€HTAaTHM-
MM — MpUVHOM Ta JIoTo moxigHumu (2, 3, 4],
TaK i MOJTiJeHTATHNMU — eTUIeHiaMiHOM, de-
HarpoyiHoM Toio [5]. Koopaunauis N-ocHoB
B-muKapOOHIIPHMMY MeTa/oXeaTaMy, BHa-
CTJIOK 3allOBHEHHS KOOpAMHAILiNHOI chepu

MeTaly HaJja€ OCTAaHHIM IeBHMX (i3MKO-Xi-
MiYHUX BIaCTUBOCTEN i poOuTh 6inbi HYHK-
I[iOHaJIPHO NPUJATHUMM [JIs1 KOHKPETHUX
IPaKTMYHUX 3acTocyBaHb [5]. Hampukmap,
KOMIUIEKCH 3 aJIKiJifiiaMiHaMy BUKOPMCTOBY-
I0Tb SIK JIETKi IpeKypcopu g OTPUMAHHSA
TOHKUX IIIIBOK OKCHUJIIB MeTajliB METOJOM Xi-
MIi4HOTO OCafI>KeHHs 3 mapoBoi dasu [6, 7], He-
pO3uMHHI noniMepHi MeTanoxenaru 3 4,4’-6i-
HipUAVHOM — fK KaTaji3aTopy OKMCHEHHS B
opraHiuHmMX peakuisx [8], 3 OimeHTaTHUMMU
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P-,N-BMicHMMM miraHfamMm — K XpOMOTPOII-
Hi Mmatepianmu [9]. B-Huxap6onimu Ni(II) 3
MipUAVHOM, IIKOJMIHOM Ta aMiHONIPUAVHOM
IIVPOKO 3aCTOCOBYIOTh y (yHIaMEHTa/TbHUX
dbisnunux gocmimkenusax [10, 11]. Iomismep-
Hi nipmpuaBMicHi B-pukeronatn Ni(II), sxi
MalTbh 0COOMUBY KYOaHOBY CTPYKTYPY, IIpef-
CTaB/IAIOTH iHTEpeC [ CTBOPEHHA MOJIEKY-
JISIPHUX MarHeTuKiB [12].

CyTTeBMil moTeHIjia1 MawTh [-HEUKap6HO-
HinbHI MeTanoxenatu pis (apMaleBTUYHUX
3acTocyBaHb [13, 14]. Y 3B’4A3Ky 3 I[UM IIOTEeH-
ITHO IIiKaBMMM JIiTaHOaMM € MOXigHiI HiKO-
TUHOBOI KUC/IOTU — HikoTMHaminm Ta N,N-mi-
eTWIHIKOTMHaMin. HikoTuMHOBa KMC/IOTa, IO
B OpraHi3Mi JIIOAMHM TpaHCHOPMYETHCS B Hi-
KoTuHaMmip (Bitramin PP), € 6i0o/moriuHo aKTuUB-
HOIO CIIOJTYKOIO, 3a/Ty4€HOI0 [JO K/IIOYOBUX Me-
TabO/IiYHMX IpoIeciB, ii MMPOKO 3aCTOCOBY-
I0Th Y MEJUYHIN IPAKTULI Y aHTUTICTaMiHHUX
Ta BiTaMiHHMX Ipemnaparax. N,N-gietunamin
HiKOTMHOBOI KMUC/IOTU AK e(QeKTUBHUI CTH-
MYJIATOP LIeHTPaIbHOI HepBOBOI cucTemy [15]
BUKOPUCTOBYIOTb Y HEBiIK/IIaJHINl MeOVIHI.
Cnonykm MeTasniB 3 O3HAaYEHMMM JIiraHJAMM
TaKOXX IPOSBIIAITh 0iONIOTIYHY aKTUBHICTD,
4acTo € Oinbll eQeKTMBHUMM IOPIiBHAHO 3
BibHMMU iranmamu [16, 17, 18].

Y BigoMux KpUCTaYHUX CTPYKTypax
KOMIIJIEKCIB TIepeXi[HUX MeTa/liB MOJIEKY/IN
N,N-[ieTU/THIKOTMHAMily II€peBa)KHO BU-
CTYNAIOTh K MOHOJEHTATHI JIiraHjyu, KOOp-
OVHOBaHi 10 MeTajlly 4epe3 aTOM HITpOreHy
HNipUAVMHOBOTO Kinblg. 3HAYHO pifillle BOHMU
byHKIiOHYIOTD AK OimeHTaTHi MicTKOBi -
TaH/Y, CIPYAIOYY YTBOPEHHIO AMMEPHMX a60
NOMIMEpHUX KOOPAMHALIMHMX cHomyk [15].
Y niteparypi onmcaHo 3MilIaHOMITaHZHI
koMmiutekc Ni(IT) 3 N,N-mieTunHikoTMHaAMI-
[OM y TIO€HAHHI 3 TaKMMM OpPraHiYHUMMU JIi-

ra"jaMu, AK OeH30JHa KMC/IOoTa Ta I MOXigHi
(16, 19, 20, 21, 22, 23].

Y mnomepenHit po6ori 6yn1o pocmimxeHO
Ta OXapaKTEPU30BAHO CTPYKTYPHO KOMIIIEK-
cu Co(II) Ta Ni(II) 3 nmkiorekcmuiameroalie-
TAaTOM Ta MipUAMHOM [24]. ANbTepHATHBOIO
TOKCUYHOMY IIpUAVHY JJI MeTaj0Xe/aTiB 3
eKOJIOTIYHO HPUITHATHUMU [-KeToecTepamm
€ HikoTuHamin Ta N,N-mieTmaHiKOTMHaMIiI.
B-IukapOoHIIbHI MeTa/TOKOMIUIEKCH 3 O3Ha-
YEeHVMM JIiraHJaMI B JIiTepaTypi He OIMCAHO.
Y wmiit crtaTTi MpeACTaBIeHO pe3y/NnbTaTy CUH-
Te3y Ta JOCHI/PKEHHs CTPYKTYPHMX 1 CIIEKT-
palbHUX BJIACTMBOCTENl HOBOTO KOMIITIEKCY
nikemo(Il) ckmagy [NiLNK ], mo wmicTuth
nuknorekcunaneroanerar (HL) sk xematyto-
ypuit mirang ta N,N-nmietunaikornaamin (NK)
AK JJOMATKOBUI HEMTPaAbHUI JTiraH,.

EKCIIEPMMMEHT I OBI'OBOPEHHA PE-
3YJIBTATIB. Y pobori [25] HaBefieHO MeTO/U-
Ky OTPMMaHHsS KOMIUIEKCiB Hu3ku 3d-meta-
niB (Co(II), Ni(II), Zn(II)) 3 B-xeToecTepamu
BUILIVMX CIMPTIB y KpucrtamivyHin ¢opmi. Lo
MeTOAMKy Oyno MoaudikoBaHO /I CUHTe-
3y 3mimaHoniranganx Komivtekcis Co(II) Ta
Ni(IT) 3 uMk/IOreKCUIaneToaeTaTOM Ta Mipu-
puHOM [24], a Takox kommaekcy [NiL NK ],
SIKUI BOCTIKYIOTh Y Liil poOOTi.

o 0,89 mn posunny NiClL'6H,O y cy-
Mimi eraHom: Bofa 9:1 i3 KOHIEHTpali€lo
com 0,05 r/mn (0,19 MMonbp MeTany) Aopma-
Bamu 0,068 M LMK/IOreKCHUIaleToaleTaTy
(0,38 mmonb) Ta 0,4 MJI BOZHOTO PO3YMHY
N,N-pieTu/IHIKOTMHaMily 3 KOHII€HTpali€lo
0,25 r/mn (0,57 MMOB), CyMilll CTPYIIYBAJIN.
[Ipo6ipKy 3 peakLilfHO CYMIIIIIIO Ta OKPEMY
po6ipky 3 0,14 mi (0,76 MMOIb) TpueTHIaAMi-
HY BMilllyBa/i B IOCY[VHY, IKY TepMEeTU3YBa-
TV V1 3a/IMILIAJINA B XONIOAU/IbHUKY. ITopmibHO KO
iHIMX KOMIUIEKCiB HiKesto 3 f-KeToecTepamMu
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Ta NOXIZHMMY HIPUAVHY B YMOBaxX HaBe/leHO-
TO CUHTe3Y, CIIONIyKa CXWJIbHA JJO YTBOPEHHA
IepecuueHNx PpO3uMHiB. 3a Kilbka MicALiB
yTBOpWINCS cnabko 3abapeieHi OmakuTHI i
TO/YACTi KPUCTAMN. [X QinbTpyBany Ha CKIs-
HoMy ¢inbTpi Ne 40, mpoMuBanyu fieKinbka pa-
3iB €TAaHO/IOM i CylIM/IM Ha MOBITpi He Oinblire
Kinbkox roguH. Buxig — 0,04 1 (28,6 %).

[Y-criekTp KOMIUIEKCY peecTpyBamn y Tab-
netkax i3 KBr Ha ciektpometpi Specord M-80
B o6macti 4000-400 cm™'. YV criekTpi cmocTepi-
raloTb iHTEHCUBHI IIMPOKI CMYIM ITOITIMHAH-
HsA BAaJIEHTHUX KONMBAaHb CIPSKEHUX Y Xe-
nmatHOMY MK 3B’a3kiB C=0 Ta C=C (1625,
1502 cm™'), a TakoX iHII XapaKTepUCTUYHI
s B-ZUKapOOHINBHNMX KOMIUIEKCIB CMYTH
IIOI/IVIHAHHA, 30KPEMa BY3bKMII CUTHal IPU
775 cM™' MO3aIUIOIMHHOTO JeOopMaliitHOro
konuBaHHA C-H xematHoro nuxiny [26]. Y Bu-
COKOYACTOTHINl 00/acTi CeKTpy crocTepira-
I0TbCSl CUTHA/IV BaJICHTHYUX KOMMBAHb a/IKaHO-
Bux C-H 38’sa3kiB (2855-2990 cMm™!) Ta cmabki
CUTHa/M Ba/leHTHMUX KomuBanb C-H mipupm-
HOBOTO Kizb1ia (3080-3110 cm™). [l BimbHO-
ro N,N-[ieTM/IHIKOTMHaMily XapaKTepuCcTn4-
Hi CMyIM NOITIMHAHHA IOB’f3aHi 3 aMigHOIO
rpynowo (v, 1620-1650 cm™') Ta mipumnHo-
BUM KimbleM (V._, V. 1500-1600 cm™'), y
CIEKTPpi KOMIUIEKCY BOHM II€PEKPUBAKOTHCA
31 CMyraMm KO/MMBaHb XeMaTHMUX LUKIIIB Ta He
MOXYTb OyT) OJHO3HAuHO ifjeHTU}iKOBaHI.
IITe omHa XapaKTepUCTUYHA CMyTa IIOI/IMHAH-
HA N,N-gieTunnikoTunaminy BifIoBifae Ba-
nenTHuMM KomuBaHHAM C-N amigHOI rpymu,
ii CIIOCTepiraroTh AK y CIIEKTPi BI/IBHOIO JIiraH-
1y, TaK i B crekTpi Kommiekcy mpu 1300 cm™.
CMyrM HU3BKOI iHTEHCUBHOCTI, IO 3 SIBJIA-
I0TbCSL B CIIEKTPi KOMIUIEKCY B obmacti 600-
400 cM™!, BIfIIOBIZAIOTh KOIMBAHHAM 3B A3KiB
Ni-N ra Ni-O.

https://ucj.org.ua

Kpucramm komnnekcy C, H N NiO,
(M = 781.61 r/MO1b): MOHOK/IIHHA CUHTOHIs,
npocroposa rpyma P2 /c, a = 7.0360(15) A,
b =13.233(4) A, ¢ = 23.619(5) A, a =y = 90,
B = 93.301(12)°, V = 2195.(9) A%, Z =2, T =
294K, p(Mo Ka) =0.492 Mmm™, D =1182 r/cm®,
BUMIpsAHO 13 892 BiIOUTTIB, 3 746 He3a/Me>KHNUX
(R, = 0.1496, Rsigma = 0.1335). KinneBi 3HayeH-
HA R = 0.0953 (1714 BinbuTTiB 3 iHTeHCUBHICTIO
I>20(I)) Ta wR2 = 0.2219 (@15 Bcix BimbuTTiB).

[TapameTpy enemMeHTapHOI KOMIpKM Ta iH-
TeHCUBHOCTI BigbuttiB misg C s NLO, BU-
mipssHo Ha pudpakromerpi Bruker APEX-II
(MoKa sunpomintoBanns, A= 0.71073 A, CCD-
meTeKTop, rpadiToBuit MOHOXpoMaTop). Buko-
puctoBytoun nporpamy Olex2 [27], cTpykTy-
Py po3unpoBaHO 3a JOIIOMOTOI0 IIPOrpaMM
SHELXT [28] i yrouneno no F> moBHOMaTpmy-
H1uM MHK B aHisoTponHoMy HabnokeHHi i
HEBOJHEBMX aTOMIiB y KOMIUIEKCI IIpOrpam
SHELXL [29]. Tlono>xeHHA aTOMiB Tigporeny
OTPUMAHO 3 KapTy €IeKTPOHHOI TyCTUHM Ta
YTOYHEHO 3 BMKOPUCTAHHAM MOJe/i «Beplll-
Huka» U o= nU (n = 1.5 gna MeTuIbHMUX
rpyn i n = 1.2 gid iHIIMX aTOMIB TiIpOTeHy).
Koopanuatu aTomiB, a TaKoXX MOBHI TabuIi
IOBXJH 3B A3KiB 1 BaJIECHTHUX KYTiB JIEIIOHO-
BaHO 7o KemOpummxcpkoro 6aHKy Kpucta-
norpadivanx manmx (https://www.ccdc.cam.
ac.uk/structures), BOHM JOCTYIIHI i3 3a3HaYeH-
HAM HoMmepy CCDC 2539164.

3a JaHUMMM PEHTI€HOCTPYKTYPHOIO aHa-
nigy crpykrypa C, H, N NiO, ([NiL,NK_], ne
L’ - eHoNaT-aHiOH IMK/IOT€KCUIALIETOALIETATY,
a NK - N,N-mieTunHiKOTMHaMiJ) ABIAE CO-
0010 MOHOSIIEPHMIT KOMIUIEKC, KU 3HAXO-
OUTHCA B CIIELIia/IbHOMY ITO/IO>KEHHI BiTHOCHO
LIEHTPY iHBepcil.

Kooppunanitanit nonienp aromy Ni(II) -
Ile BUKPUBJIEHUII OKTaefip, SIKMII YTBOPEHO
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4OTMPMa aTOMAMM OKCUTEHY [IBOX JI€IIPOTO-
HOBAaHMX MOJIEKY/I IMK/IOT€KCU/IALIETOALETAaTy
Ta IBOMa aTOMaMM HIiTPOT€HY HBOX MOJIEKY/
N,N-gpietunuikornnaminy (puc. 1). Ocransi
KOOPAMHYIOTbCA aTOMOM HIiTpOTeHy Iipu-
IOVIHOBOI'O KiJIbLISI B aKCiaJIbHOMY IIOJIO>KEHHI
BITHOCHO IUIOIIMHM XeIaTHUX jliraHpiB. JoB-
xuuu 3B’A3KiB Ni-O ta Ni-N y xooppuna-
Li/ITHOMY IIOJTiefipi 3MiHIOIOTbCA B Jianas3oHi

2.080(4) + 2.109(4) A Ta 2.164(5) A Bigmo-
BifiHO, a BajieHTHi KyTn O-Ni-O 1a O-Ni-N -
y nianasoni 84.48(17) + 92.52(17) ° (Tabmn. 1).

Y KpucTai MOIeKy/Iu KOMIUIEKCY OB’ A3aHi
cmabkumu C-H...n B3aemoniamu (C20-H20...
Cl4(n) (x, 1-y, z) H...C 2.94 A, C-H...C
147.23 °) i yrBOproroTh mapy B rromyHi (001),
IIIO YepryIThcs MK cobomo (puc. 2).

Puc.1. MonekynspHa OyfoBa KOMIUIEKCY
NiL NK,. (omepauis cumerpii ' 2-x,-y,1-z).
Aromu rifporeny npu6paHo Aj1s CIPOLIeHHA

Fig. 1. Molecular structure of the complex
NiL NK,. (symmetry code '2-x,-y,1-z). The
H-atoms are omitted for clarity.

Puc. 2. Kpucraniyaa 6ygoBa KOMIIIEKCY
NiL NK,

Fig. 2. The crystal packing of NiL NK,
complex.

ISSN 2708-129X. VKp. xim. XypH., 2026
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Tab6m. 1

Hesxi noxuum 3B’a3KiB (A) Ta BanenTHi Kyt (rpaj.) y kommnnekci NiL, NK, (onepauis cu-

metpii ! 2-x,-y,1-z)

Table 1.

Some bond lengths (A) and bond angles (deg.) in the NiL ,NK, complex (symmetry opera-

tion ' 2-x,-y,1-z).

Nil—O1 2.080 (4) Nil—N3 2.164 (5)
Nil—02 2.109 (4)
0O1—Nil—02 91.34 (16) O1'—Nil—N3 87.62 (18)
O1'—Nil—02 88.66 (16) 02—Nil—N3! 92.52 (17)
O1—Nil—N3 92.38 (18) 02—Nil—N3 87.48 (17)

BVICHOBKV. CuHTe30BaHO Ta CTPYKTYPp-
HO OXapaKTepM30BaHO HOBY CIIONYKY — 3Mi-
mra”omiraaguuit komiuieke Ni(I1) 3 nukiiorek-
cunmaneroaneratoM Ta N,N-mieTM/IHiKOTHHA-
MigoM. Komniekc MOHOAnEepHMIA, KOOpAVHA-
uirtanit nomiexp aromy Ni(II) — Bukpusienmi
OKTaeflp, AKUII YTBOPEHO YOTMPMa aTOMaMU
OKCUTE€HY [BOX [I€IIPOTOHOBAHMX MOJIEKY/I
B-keToecTepy Ta JBOMa aTOMaMy HiTPOTEHY
MipUAVMHOBUX KiZlelb aKCiaZbHO PpO3Tallo-

BaHuX MoneKyn N,N-gieTmnIHiKoTMHaMiny.
B kpucramax MoneKynyu KOMIIZIEKCY pO3TalIo-
BYIOTbCA IIapaMM, MK CYCiIHIMU MOJIEKY/Ia-
MM B LIapax crocrepiralorbcs cnabdki C-H...n
B3aeMOAii, m0 CTabimi3yoTh KpuUCTaMidHy
yIakoBKy. bynmoBa KooppuHaLiiffHOTO IIOJi-
eflpy OINMCAHOI CHOMYKM NOoAibHa o 6ymoBU
aiyKTiB  -AUKapOOHIIPHMX  KOMIUIEKCIB
d-merarnis i3 nipuauHOM.
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A new coordination compound of Ni(II) with
cyclohexylacetoacetate and N,N-diethylnicotina-
mide was synthesized and characterized by IR
spectroscopy and X-ray analysis. The IR spectrum
exhibits intense broad absorption bands corre-
sponding to the stretching vibrations of the C=O
and C=C bonds conjugated within the chelate
ring (1625, 1502 cm™), as well as other absorp-
tion bands characteristic of f-dicarbonyl comp-
lexes, in particular a sharp band at 775 cm™

attributed to the out-of-plane bending vibra-
tion of the C-H bond in the chelate ring. In the
high-frequency region of the spectrum, there are
signals of stretching vibrations of the C-H bonds
of alkyl groups (2855-2990 cm™) and weak sig-
nals of stretching vibrations of the C-H of the
pyridine ring (3080-3110 cm™). The absorption
bands of the amide group (v __,1620-1650 cm™)
and the pyridine ring (v _., v._1500-1600 cm™)
of N,N-diethylnicotinamide overlap with the vi-
bration bands of the chelate rings and cannot be
unambiguously assigned. The medium-intensity
band at 1300 cm™, present in both the free ligand
and the complex, is assigned to C-N stretching
vibrations of the amide group. The low-intensity
bands in the 600-400 cm ™" region are assigned to
Ni-N and Ni-O vibrations. According to X-ray
data, the crystal system of NiL NK, complex is
monoclinic, space group P2 /c, a =7.0360(15) A,
b =13.233(4) A, c = 23.619(5) A, a =y = 90°,
B =93.301(12)°. The structure corresponds to the
formula [Ni(C H .O,),(C H N,O).] and repre-
sents a mononuclear complex located in a special
position relative to the inversion center. The cent-
ral Ni atom has a O N, distorted octahedral envi-
ronment. The axial positions of the coordination
polyhedron are occupied by the nitrogen atoms
of the pyridine ring of N,N-diethylnicotinamide.
The molecules of chelating ligands, coordinated
through oxygen atoms, occupy an equatorial po-
sition with a trans configuration relative to each
other. In the crystal, the complex molecules are
bound by weak C-H...m interactions and form
layers in the (001) plane, alternating with each
other. The structure of the coordination polyhe-
dron of the described compound is similar to the
structure of adducts of B-dicarbonyl complexes
of d-metals with pyridine.

Keywords: nickel, p-dicarbonyl complexes,

cyclohexyl acetoacetate, N,N-diethylnicotina-
mide, crystal structure.
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BanigoBano BEPX-MeTonMKy KilbKiCHOro BM3Ha4eHHs pUBapoKcabaHy, IPUEATHY IJIA JIO-
CTiIPKeHH:A TIOBHOTY BWIY4eHHA JiKapcbkoro 3aco6y «PBAPOKCABAH», Tabnerku mo 20 mr
IiC/1A JOCTAaBKM Yepe3 Ha30racTpaIbHMIL 30H 33 IIOKa3HMKAMM: CIIel(idHiCTb, TOUHICTD, Ipa-
BIIBHICTD, JIiHIHICTb Yy BUBYEHOMY Jiana3oHi KoHIeHTpauii. IlifTBepmkeHo cTabinbHICTD
BUIPOOOBYBAaHUX PO3YMHIB Ta MOPIBHAHHA PO34YMHIB y pasi iXxHboro 30epiraHHs 3a KiMHaTHOI
TeMIIEpaTypy IPOTAToM 8 TOf.

[IpoBefieHO MOHITOPVMHI OBHOTY BUIYy4YeHHsS puBapoKcabaHy IiC/s CyCHEeHAyBaHHA y ce-
penoBuLi (zeioHi3oBaHii BOi) po3TepTUX Tab/IETOK JOCTIIKYBaHOTO Ta pepepeHTHOTrO TiKap-
CBKMX 3ac00iB Ta iXHbBOI JOCTaBKY Yepe3 Ha3oracTpaabHNii 30H/. BcTanoBneHo, mo nmonax 90 %
pUBapoKcabaHy BUTYYAEThCS MIC/IsI eHTepalbHOTO BBEJIeHH, a IIpelaparyl € eKBiBaJICHTHUMM 3a
Bapiabe/IbHICTIO CTYIIeHS BUTyYeHHS.

KnrouoBi cmoBa: puapokcabaH, BucOKoedeKTMBHa pigMHHa Xxpomartorpadis, Hasoract-
pa/IbHUIL 30H[, Bajlifallis.

BCTYII. EntepanbHe BBefieHHA JiKiB de-
pes 30H/ € KpalllM MEeTOAOM [/IA Ialli€HTiB,
AKi He MOXYTb Oe3le4HO IX KoBTatu. [lns
Ha30racTpaZbHOIO BBEIEHHA IlepeBary Haja-
10Th pifkuM popmam. Ilepen 3acTocyBaHHAM
TBepuX GOPM CIIifi OL[IHUTY MOXXIUBICTD IX-

HBOTO NOfIpi6HeHHA Ta cycneHyBaHHA. Edek-
TYBHICTb JOCTaBKY JIIKAPCBbKMX 3aCO0iB dyepes
HasoractpanbHmit (HI) 30Hp BusHavaeTbcs
HpaBIWIBHMM BMOOpOM JiKapchKol ¢dopmi,
XapaKTepUCTUKAMU TPYOKH, YCYBaHHAM PU3N-
Ky 3aKyIIOpIOBaHHA 30H/iB. Tako)x HeoOXigHO
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HMIgTBEPIYKYBATH, 1110 T€HEPUYHNM JTIKAaPChKUIA
3acib € TepameBTUYHO €KBiBa/JIeHTHUM [0 pe-
(depeHTHOrO, BU3HAYAIOYV ITIOBHOTY JIOTO BM-
nydeHHs [1]. [l uporo Heo6XifHO po3pobs-
TU aHAMITUYHI MEeTOMMKM KiJIbKICHOTO BM3Ha-
YEeHH IIpelnaparib.

B octanHi poku 3pocna KinpKicTb my6ika-
il 3 BUBYEHHA e(eKTUBHOCTI JOCTaBKNU Jie-
AKUX JIIKapCbKMX Ipemnaparis yepes HI-3onp,
o € HeoOXimHUM A ¢apMaleBTUIHOTO
JOCbE Ta MMPOMMUCIOBOrO BUIIYCKY. B nux po-
60Tax po3IIAAAIOTh HOAIOHICTD MDXK CXeMaMMm
IpUIIOMY iHTaKTHMX i NOZPiOHEHNX Tab/IeTOK
Ta BCTAHOBJ/IIOIOTHb BUBIIbHEHHA JiKapCbKUX
IIpelaparTiB pisHUMM aHATITUYHUMU METOfa-
mu [2-5].

O uMx OOoCmimkKeHb BaXK/IMBOIO € Basli-
Jalid aHATTUYHUX METONMK — HeBiJ €MHa
YacTVHA HaJIeKHOI BUPOOHMYOI IPAKTUKU
(GMP), sika rapaHTye, o BUOpaHa METOIM-
Ka 6y11e JaBaTy BiATBOPIOBaHi Ta JOCTOBipHi
pesy/nbTaTy BifIIOBIZHO O IOCTaBJIE€HUX IIi-
neit. Habip mocmimKyBaHMX BamifamiiftHux
XapaKTepUCTUK 3a/leXUTb BiJj MpU3HAYEHHS
aHaIMITMYHOI MeTOoOMKM. TMIIOBI Bamimaliiiui
XapaKTepUCTUKM — Iie INPaBUIbHICTb, TOY-
HicTb, 30DKHICTb, BHYTPILIHbOTAOOpATOpHA
TOYHICTb, cneuM(l)quiCTb, Me)Xa BUABJIEHHS,
Me)Ka KiZIbKICHOTO BMW3HauyeHHS, JiHIiHICTb,
fiana3oH 3aCTOCYBaHHA [6].

Y nopiBHATBHMX BUIPOOYBAHHAX in Vitro
HOTPIOHO MPOBECTY HOCTI/PKEHHS, BUKOHYIO-
yy 110 12 ab6o 6 TecTiB WA JOCTIKYBaHOIO Ta
pedepeHTHOrO NMiKapCcHKUX 3ac00iB, CyCIeH-
JIOBaHUX B OOpaHOMY CepefoBMIII B IIOYAT-
KOBill Touli (0 XBMWINH) Ta IPOTATOM MaKCU-
MaJIbHO JIONTYCTYMOTO OOPAaHOTrO 4acy 3MOYYy-
BaHHA BiIIIOBigHO.

Pusapokcaban 5-xmopo-N-[[(5S)-2-okco-
3-[4-(3-oxcomopdomin-4-in)
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¢denin]-1,3-okcazoniguu-5-in]mernn]ri-
odeH-2-kapOOKcaMii — IMpeACcTaBHUK KJacy
HPSIMUX aHTUKOATY/ISHTIB.

Oy-0

N (0]
o /©/ \)Tm
HLN / S
o/ “ el
(1S,25,3R,5S)-3-[7-[[(1R,2S)-2-(3,4-pudTOp-
¢enin)unknonpomnin]amino]-5-(mpomnincyns-
¢anin)-3H-[1,2,3]rpuasono(4,5-d]nipumignn-3-
in]-5-(2-TimpOKCMETOKCH ) IMKITOTIeHTaH- 1,2-Ti07

OcHoBHa i — TaTbMyBaHHA II€PETBOPEH-
Hs IPOTPOMOIHY B TPOMOiH, BHACTIZIOK YOTO
IpPOXOAUTH O/IOKYBaHHA fAK BHYTPIIIHBOTO,
TaK i 30BHINIHBOTO KaCKajy 3CiJJaHHA KPOBI.
3aCTOCOBYIOTD JI/IA JIiKYBaHHSA FOCTPUX TPOM-
603iB IMMOOKMX BEH HIDKHIX KiHIIBOK abo
TpoM60eMOboii tereHeBoi aprepil.

HeobxigHo Oyno mpoBecT Bajifaniro
BEPX-MeTOguKM Ki/IbKICHOTO BYU3HaY€HHS PU-
BapOKcabaHy, /1A JOCIi/KEHHS CTYTIeHs BUJIY-
YeHH:, TOTOBOTO JTiKapchKoro 3acoby «PVIBA-
POKCALGAH», Tabnetku, BKpUTi IUIIBKOBOIO
000JIOHKOI0, 110 20 MT, 3a IIOKa3HMKAMM: CIIEL-
GbiuHicTh, TOYHICTD, MPABUIBHICTD, MiHIHICTD
y BUBYEHOMY Jlialla30Hi KOHILIEHTpalliil BifIo-
BigHO 1o BuMor Jlep>xaBHol Papmakorei Ykpa-
inm [6]. [TpoBecTV MOHITOPVHT TIOBHOTY BUITY-
YeHHs TeHePUYHOTrO Ta pedepeHTHOro Iperna-
paTiB IiCA JOCTAaBKM Yepe3 Ha3oracTpaabHUI
30H] [/11 BUBYEHHA 0i0€KBIBaJICHTHOCTI.

EKCIIEPVMIMEHT I OBI'OBOPEHHA PE-
3YJIBTATIB. Y po60Ti BUKOPUCTOBYBaIU pe-
akTuMBM KBamidikauii He HMKYe 4. A. a. [lns
NPUTOTYBAaHHA  PO3YMHIB  3aCTOCOBYBAaJIN
IeioHisoBaHy Bomy (BoAy JyIsi Xpomarorpa-
¢ii). Y poboti BuKOpMCTOBYBaMM pobOUNIit
craHfaptHuit 3pa3ok (PC3) puBapokcabany
(TOB «IHTEPXIM»).
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Y poboti BMKOpuCTOBYBanyM Barm j1abo-
paropHi enektponni AUX220 (SHIMADZU,
Anonia) i marnitHy mimanky ARE (VELP
Scientifica, Itanis).

Bony mna xpomarorpadii orpumyBanu 3
BMKOPUCTAHHAM CHUCTEMU OYMINEHHSA BOAU
arium® pro UV ¢ipmu Sartorius.

pH posumuis BuMmiproBamm Ha pH-merpi
cepii Seven Easy pipmu Mettler Toledo.

O6’exToM focipkenHs 6yB mpemapat «PV-
BAPOKCABAH», Tabnetkyu, BKpUTi IUIiBKO-
BOI0 000710HKOI0, 110 20 Mr (Bupo6HUK — T[IB
«IHTEPXIM», YkpaiHa) Ta pedepeHTHMI IIpe-
napat «KKCAPEJITO»,® TabmeTku, BKPUTI I1iB-
KOBOIO 000/10HKO10, 110 20 Mr (Baiiep AT).

YMOBM TIpOBEJieHHA [JOCTi/KEHHS 3a3Ha-
gyeHo Yy FDA Draft Guidance on Rivaroxaban
[7], iHCTpYKLIi /I MEAUYHOTO 3aCTOCYBAHHA
pedepentroro mpemapary «KCAPETITO»®:
KiZIbKicThb TabmeToK — 1 mIT; nosyBaHHA — 20 MT;
cepefoBuIe [/ CyCIIeHJYBaHHA — JIeiOHi30-
BaHa Boja (Boya it xpomarorpadii); 06’em —
50,0 m; gpyra yacoBa TOYKA — Yac 3MOYYBaH-
HA 240 XB; IepOopanbHNUI IIIPULL — TPUKOMIIO-
HEHTHUI OHOPA30BMII CTEPW/IbHUII 3 IIOJi-
npomineny. Hazoractpanbauit 30H]: Matepian
noniBiHiIX/IOpUA, po3Mip TpyOkm — 8; BHYT-
pilHin giameTp — 2,7 MM; foBxuHa 1200 Mm.

XpoMaTorpamMm peecTpyBaay Ha PiMHHO-
My xpomatorpagi 1260 Infinity 3 YP-pgetexro-
poM (Agilent Technologies, CIIIA).

1. Bunpobosysanruii po3uun 1 015 wacy 3amo-
yyganHa 0 xe

[oTyloTh cycmeHsilo Tak: IOAPiOHIOITH
1 Tabnerky (20 Mr) 3a JOOMOTOI CTYIIKM Ta
TOBKaya IIpOTAroM 60 ceKyHJ, fomarnTb 30 M
BoAu A xpomarorpadii, Ta mepemimryoTsb
YIIPOJIOBX

60 cekyHJ 3a JOIIOMOTOI0 TOBKaya, Habupa-
I0Tb CyCIeH3ilo B mnpun. [JofgaoTh y CTynKy

https://ucj.org.ua

20 M Bopgu mis Xxpomarorpadii, mepemimry-
I0Tb CYCIIeH3iI0 3a JOIIOMOT 00 TOBKa4a, HaOu-
PaoTh CYCIIEH3i0 B IIIpUL] i mepeMilyoTh ii
nporarom 15 cexyHp. IIpoBopATh BBeneHHA
cycneHsii depes mmpur y Tpyoxy HI-30H7Y.
36MpaloTh CyCIeHsilo B KOHTelHep mjst 360-
py (MipHMit crakaH). Y cTakaHi BUMipIOIOTb
pH cycnensii micna npoxomkeHHa yepes HI-
30H/]], IEPEHOCATD CYCIIEH3il0 Y MipHYy KOmoy
Ha 200,0 mn. IIpoMuBaroTh €1EKTPOA y 5 MII
BOAU [yt Xxpomarorpadii Hax CTYIKOIO, Jlasi
moparoTh 15 M1 Bopy myisa xpomatorpadii, 06-
MUBAIOTh MIpHMII CTaKaH, TOBKa4 i CTYIIKY.
OO6MuBIIN TOCYH, TPOMMBHI BOAM 3i CTYHKM
HaOMpaOTh Y IINPUIL, IPOLITOBXYIOTh Yepe3
wnpuy y Tpyoxy HI-3ouny mia popmarkoso-
O IPOMVBAaHHSA, 30palOTh IIPOMUBHi BOAU Y
MipHy kon6y Ha 200,0 M. 3aranbHa KiTbKicTh
BUKOPUCTAHOI Bogu — 70 MIIL

2. Bunpob6osysanuti po3uun 1 015 uacy 3mo-
yysanns 240 xe

[IpuroroBaHy cycneHsito HabupawTb y
LIIpUL, 3aMMIIaI0Th Ha 240 XBUIMH Yy TrOpu-
30HTA/IbHOMY IIOJIOKEHHI y CTaHi CIIOKOIO.
[TpomusHi Bopu (10 M/I) HAIMBAIOTD Y CTYIKY
3 TOBKa4eM Ta 3a/MuarTb Ha 240 xsuauH. [o
3aKiHYEHHIO YaCy peTe/IbHO IepeMIlIyIOTh CY-
CIIEH3iI0 B IIIpULi IPOTATOM 15 ceKyHz, mpo-
IITOBXYIOTB ii yepes mmpuiy B Tpyoxy HI-30H-
Iy, Jami B KOHTeliHep s 360py (MipHUI
CTakaH). ¥ cTakaHi BUMipiooTh pH cycnensii
Iic/1A IpoXojyKeHH:A dyepes HI- sonp, nepeno-
CATD CycIeHsito y MipHy ko76y Ha 200,0 mi1.

IIpoMuBarOTh €1IEKTPOA, 5 MJI BOIM [ XPO-
Mmarorpacii Hajy CTYIIKOIO, Jasli ZOJAI0Th 5 MIT
BOIM I Xpomarorpadii, oOMMuBao0Tb Mip-
HUJI CTaKaH, TOBKa4 i cTynky. O6mMyBIIN 1HO-
CyJ, IPOMUBHI BOAM 3i CTYNKM HAaOMPAOTh y
I PUL, IPOIITOBXYIOTD Yepe3 LINPUILL B TPYO-
Ky HI-30Hmy 111 nogaTkoBOro NpoMMUBaHHS,
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30MpalTh IPOMUBHI BOAM Y MipHY KOOy Ha
200,0 mn. 3aranbpHa KilIbKiCTh BUKOPMCTaHOL
Boau — 70 M.

Memoouka eusHaueHHs

Bunpob6osysanuii posuun 2. Jlo Bumpo6o-
BYBaHOTro po3unuHy 1 moparors 8,0 Ma po3un-
Hy Al, 120 M1 aLeTOHITpUIIY, IEPEMIIYIOTh
ynponosX 30 XB Ha MariTHii Minranmi, fo-
BOIATb 00’€M PO3UYVMHY BOHOIO [yl XPOMATO-
rpadii 1o 06’emy 200,0 M Ta IepeMilIyIOTh.
Opnep>xaHnit po3unH QiIbTPYIOTH Kpi3h MeMO-
paunmit ¢pinerp (0,20 mxm; RC 25).

20,0 mr PC3 puBapokcabaHy IOMIIAIOTh ¥
MipHY Koy micTkicTio 100,0 M1, fOfAa0TH

75 MJI CyMmillli pO34MHHMKIB, IIEpEMILIYIOTh
ynponoBX 30 XB Ha MarHiTHil Millla/i Ta o-
BOJSATh 00'€EM PO3YMHY CYMILIIII0 PO3YNHHMN-
KiB JIO IIO3HAYKM Ta II€PEMIIIYIOTh.

5,0 M1 Ofep>XaHOTO pPO3YMHY HOBOJATH
cymimmo pos3unmHHUKIB 1o 10,0 M Ta mepe-
MmimyoTb. Onep>kaHuil posunH QiIbTPyOTH
Kpisp MemOpanuuit pinsTp (0,20 Mxm; RC 25)
(pO34MH NOPiBHAHHSA).

Pozunn A. 0,67 M pochopHOI KUCIoTH f0-
BOAATH 1o 1000 M1 Bopoo fiyist Xpomarorpadii.

Posunn Al. 6,7 mn docdopHoi KucIoTH KO-
BOAATH 1o 1000 M1 Bopioto fiyisi xpomarorpadil.

CyMilll pO3YMHHMKIB: PO34MH A : alJeTOHIT-
pun (40 : 60 06/06).

Po3urHM BUKOPUCTOBYIOTDH CBIKOIIPUTOTO-
BaHVMIL.

XpomarorpadyBaHHsA IpOBORATH Ha pi-
AVHHOMY XpoMmatorpadi 3 YD-meTekTopoM y
I30KpaTMYHOMY PEXMMi 3a TAKUX YMOB:

— KOJIOHKA 3 Hep>KaBiloJoi cTajli po3Mipom
0,10 m X 4,6 MM, 3aIIOBHEHA CHJTIKareneM
st xpomarorpadii OKTameluICUIib-
HuM P, (3,5 MKkM);

— TeMIepaTypa KomoHKu: 45 °C;
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- pyxoma ¢asa A: aleTOHITPWI : PO3YNH
A (8:92 06/06) (70%);
- pyxoma ¢asa B: arjeronitpun (30%);
- mBKAKICTb pyxoMmoi ¢asm: 1,0 Mi1/xs;
— JeTeKTyBaHHS 3a JOBXVWHM XBUJI:
250 HM;
— 06’eM imxekuil: 10 MK
- 4vac xpomarorpadyBaHHs: 5 XB.
XpomarorpadyoTb BUIPOOOBYBaHMIT PO3-
YJH Ta PO3YVH MOPiBHAHHA.
Bmict puBapokcabany (X) y Bunpo6osysa-
HOMY pO3uuHi 2, B Milirpamax, 004uCIIOI0Th
3a popMyomw:

_S-m,-200-5-P [I— W J_S-m”-P [,’ _W}
S, -100-10-100 100) S, 100 100 )

fie: S — IUIOIa ITiKa puBapoKcabaHy Ha XpoMa-
TOrpaMi BUIIPOOOBYBAHOTO PO3YNHY;

S, - moma mika puBapokcabany Ha XpoMa-
TOTpaMi pO34YNHY IOPiBHAHHS;

m, - Maca HaBaxkn PC3 puBapokcabany,
y Minirpamax;

P - BmicT ocHOBHOI peyoByuHu B PC3 puBa-
pokcabany, y BifcoTKax;

W - Bmict Bonoru B PC3 puBapokcabany,
y BiICOTKax.

Cmynino 6unyeHHs
Cryninp Bunyuenns (RF) puapokcabany,
y BificoTKaX, 004MCITI0ITD 32 GOPMYIIOL0:

me: X — BMICT puBapokcabaHy y BUIIpOOOBYBa-
HOMY PO34lHi, B MijlirpaMax;

B - cepepnniit BMicT puBapokcabaHy y Ta-
onerni (3a pesympratamm Ttecty «KinbkicHe
BU3HAYEHH:»), y Mijlirpamax;

1 — KiZbKicTh TaO/IETOK Ha OfHE BU3HAYEH-
H, IIT.
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Cnenndika MeTOly IIO/IATa€ B MOXK/IMBOCTI
JIOCTOBipHO BM3HAYaTy BMICT puBapoKcabaHy
B TabJeTIi 3a MPUCYTHOCTI HOMOMDKHMX pe-
YOBJH, II JIOCATAIOTHb ILIJIAXOM BUKOPUCTAH-
H: 30BHIIIHIX cTaHpapTiB. IIpu po3pobnenHi
MeTOAVIKYM Oy/I0 BCTAaHOBJIEHO, IO TOIOMDKHI
PEYOBMHM He 3aBa)KalOTh BU3HAYEHHIO OCHO-
BHOI pEYOBVHM.

Ha xpomarorpami BUIpo60ByBaHOTO poO3-
YIHY 4Yac YTPUMYBaHHS IiKa puBapoKcabaHy
(prcyHOK 1) 36ira€Tbcs 3 4aCOM yTPUMYBaHHA
nika puBapokcabaHy Ha XpoMarorpami po3un-
HY HOPiBHAHHA (PUCYHOK 2), IO MiATBEPIKYE
imeHTMYHICTD puUBapokcabaHy y iKapchbKoO-
my 3acobi «PVIBAPOKCABAH», Tabnmerku,
BKPUTI IJTIBKOBOIO 000/IOHKOI0, 110 20 MT Ta B
PpO34MHi IOPiBHAHHA.

Puc. 1. XpomaTorpama BUIIpoOOBYBaHOTO PO3UMHY

Fig. 1. Chromatogram of the test solution.

JliniiiHa 3a7€XHICTb METOMY XapaKTepuUsye
3[JaTHICTh OTPMMAHHA aHATITUYHUX CUTHAIIB,
MPAMONIPONOPLIHMUX BMICTY BU3HA4yBaHUX
PedoBMH y BUIIPOOOBYBaHOMY 3pasky. Jliniit-
HICTh MeTOAMKM OIIiHIOBa/IM B JiaIla3oHi Bifm
50 % mo 130 %. Ax 100 % To4uKy 06paHO KOH-
neHTpanito 0,2 Mr/mMi.

https://ucj.org.ua

ITo6ydosa epadyrosanvrozo epagika

Buxionuii  posuun PC3  pusapoxcabary.
50 mr PC3 pusapoxcabary noMilaoTb y Mip-
Hy K00y Mictkictio 50,0 My, fopaoTb 30 M
CyMillli pO3YMHHMKIB, IEPEMIIIYIOTh YIIPO-
moBX 30 XB Ha MarHiTHiN MilllaaLi, JOBOASATH
00’€M PO3YMHY TUM CaMUM PO3YMHHUKOM [0
IIO3HAYKM Ta IE€PEMILIYIOTh.
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o [i1] 1 5 Fd
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i

Puc. 2. XpomaTorpama po34nHy HOpiBHAHHA

Fig. 2. Chromatogram of the reference solution.

Bunpobosysani posuuxu. Y MipHi KOnOm
MicTKicTio 25,0 M1 BHOCATD 2,55 3,5; 3,755 4,0;
4,5; 5,05 5,5; 6,0 i 6,5 M/1 BUXiZHOTO PO3YUHY
PC3 pusapokcabary, BoBORATb 006’€MM po3-
YVHIB CYyMIIIIII0 PO3YMHHUKIB 10 IO3HAYKY
Ta nepeminryiotb. Opepxani po3unay GinbT-
py1oTh Kpisb MeMOpanHi ¢inbrpu (0,20 MKM;
RC).

Pos4yHM BUKOPUCTOBYIOTH CBIXKOIIPUTOTO-
BaHVMI.

PesynpraTy npepcrasieHo rpadivyHo y BU-
I 3a/IeKHOCTI IUIONI] TiKa puBapoKcabaHy
BiJl KOHIIEHTpallil B HOpMali30BaHUX KOOPAY-
HaTax.

Y HopMmanisoBaHMX KOOpAMHATaX BMICT
puBapokcabany (X), y BicoTkax, o64mcmoBa-
1 3a GopMyIIO0:

X = C,-100%
Cl’] ’
nie: C - KOHI[eHTpallisl puBapokcabaHy B N-0M
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aHaJIITUYHOMY PO34MHi;

C, - KOHIIeHTpallisl puBapoKcabaHy B pos-
4)Hi TOPiBHAHHA.

[Tnomy mika puBapokcabany (S), y Bigcot-
Kax, 0041cmoBam 3a popmyoro:
S, -100%

So

fie: S — IIola Mmika puBapokcabaHy Ha XpoMa-
TOrpaMi N-0T0 aHAJIITUYHOTO PO3YNHY;

S, — mioma mka puBapokcabaHy Ha Xpoma-
TOrpaMi po34MHy NOPiBHAHHA.

Ha pucynky 3 npepncraBneHo niHiliHYy 3a-
JIOKHICTD JUI BU3HAYEeHHS pUBapOKCcabaHy,
AKY OIUCYIOTb PiBHAHHAM:

S =-0,34958 + 1,00646 - x,
Jie: X — BMIiCT puBapokcabaHy B pO34nHi, y Bifi-
COTKax;
S - myoma mika puBapokcabaHy, y BificoT-
Kax.

S =
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Puc. 3. JliniliHa 3a7eXHICTb IJIOMI ITiKa BiJj KOHL[EHTpallii B HOpMa/Ti30BaHNUX

KOOP/IMHATAaX JI/Is1 BUSHAYEHHs PUBapOKcabaHy

Fig. 3. Linear dependence of peak area on concentration in normalized coordinates

for the determination of rivaroxaban.

Ta61. 1
MertponoriyHi XapaKTepUCTUKM TiHilTHOI 3a/IeKHOCTI
Table 1.
Metrological characteristics of linear dependence.
Bemmynna 3HaueHHA Hormyckn Bucnosox
b 1,00646 bnuspko mo 1 BifITIOBizae
CTAaTUCTUY. <1,26 BifITIOBiza€
|a 0,34958
MPaKTUY. <1,02 BifimoBizae
R 0,99983 > 0,99946 BiJIIIOBizIa€

MeTposoriyHi XapaKTepUCTUKM JIiHIHOI

IIpaBuIbHICTD OLIIHIOBA/IN 3a Pe3y/bTaTa-

3aJIKHOCTI /IS BU3HAYEHHA PUBApOKCabaHy MU aHalIi3y TableToK (TpM HaBaXKU IO TpU
Iapasie/IbHUX BUSHAYEHH) 3 Pi3HMX HaBa>KOK.

HaBeNeHo B Tabmmni 1.

https://ucj.org.ua
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Pesynbraty KiZbKiCHOrO BM3HAa4e€HHA PU-
BapoKcabaHy B iHTepBami BMicTy Bif 14 mr
1o 26 mr (70-130 % Big 20 Mr) y MOpenbHUX
CyMmilllax, IO BIiAIOBIZAIOTb CKIAZy JiKap-
cbkoro 3acoby «PVIBAPOKCABAH», Tabnert-

KI, BKPUTIi IUTIBKOBOIO 00OJIOHKOIO, 10 20 MT
IpefCcTaB/IeHo B Tabmmii 2.

Bmict puBapokcabany, y mimirpamax, fo-
cATany BBEJEHHAM B MOJIe/IbHI CyMillli pisHUX
HaBaxoKk ADI puBapokcabany.

Tabn. 2

PC3YJIbTaT]/I BU3HAQYCHHA pm;apoxca6a}1y B MOJICIbHMX CYMi]].[aX

Table 2.

Results of rivaroxaban determination in model mixtures.

Beeneno X, mr

3HaiteHo Y, mr

Z,=Y/X,- 100 %

14,03 13,8294 98,57
14,06 14,0234 99,74
14,05 13,9390 99,21
20,00 19,7980 98,99
20,02 20,1161 100,48
20,05 20,2385 100,94
26,06 26,0913 100,12
26,04 25,8890 99,42
26,02 25,7910 99,12
cepenHe 4 , % 99,62
S, % 0,77
8% =2 -100) 0,38
Bennunna 3HaueHHA Kpurepiit BucHoBOK
CTaTUCTUY. <0,48 BimmoBinae
d % 0,38 MpaKTUY. <0,51 BigmoBimae
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SIK BMJHO 3 HaBeJEeHNUX PO3paxyHKiB, yci
BYIMOI'M IO CTaTMCTUYHOI Ta IIPAKTUYHOI He-
3HAYYIIOCTI CUCTEMATUYHOI MOXMOKN BUKO-
HaHO. TakuM 4MHOM, IPaBUIbHICTb METOAVKI
BifimoBigae HEOOXigHUM BMMOTIaM.

BHyTpimHbOTab0paTOpHY Ipeny3iliHICTh
Oy/10 OIliHEHO 3a pe3ylIbTaTaMy BU3HAYEHHS
Ta METPOJIOTIYHMMMU XapaKTepUCTUKAMU Me-
TOAVKM KiJIbKICHOTO BU3HAY€HHA pUBapOKca-
6aHy, 3po06jIeHy B Pi3Hi [AHI OFHMM aHaIITH-
KoM (Tabnuua 3).

Tabmn. 3

PesynbraTu BM3HaYE€HHA Ta METPOIOTiYHi XapaKTepUCTUKNA MEeTOFUKI KiTbKiCHOrO BU-
3HaYeHHs: puBapokcabany (f = 5; P = 0,95; t (P, f) = 2,57)

Table 3.

Results of determination and metrological characteristics ofthe method for quantitative
determination of rivaroxaban (f = 5; P = 0.95; t (P, f) = 2.57).

Ne _
X, MT X, MT S?
n/o i

S AX, ur e:%(-loo, %

1 nenp 19,4483 0,0423

2 neHb 19,3500 0,0086

0,2057 0,2158 1,11

0,0927 0,0973 0,50

[l1s1 pesynbrariB, HaBefeHUX B Tabmmui 3:
m =2; f=10; t =2,23.

s —,/0.0423 +0,0086
o 2

=0,16

0,16
V6

| 19,4483-19,3500|<+v2-2,23-

0,0983 < 0,2052

https://ucj.org.ua

HasepeHi pospaxyHKu CBifiyaTh IIpo 3afio-
Bi/IbHY BHYTPIIIHbOIA0OPATOPHY INpenmnsiii-
HICTb.

Pesynbratu mopiBHANBHOIO JOCTi>KEHHA
CTyNeHA BWIYYE€HHS IIpY BUBYEHHI JOCTaB-
KI JOCIIiKYBaHOTO Ta pedepeHTHOTO JIiKap-
CbKMX 3ac00iB yepe3 Ha30TracTpaJIbHUIT 30H[,
HaBeNeHo B Tabmuti 4.
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Tabn. 4
PesynbraTy NOPiBHAIBHOTO JOCTIIKEHH CTyIIeHA BUIY4YeHH IPU BUBYEHHI JOCTaBKM
miKapcpKoro 3aco6y yepes HI-30Hp

Table 4.
Results of a comparative study of the degree of extraction in the study of drug delivery
through an NG tube.
IMo4yaTKOBMIL Cryninb Bunydenns (RF), %
IIpemapat pH Bogu CTATVUCTUYHNI TOKA3SHUK Yac 3MOYyBaHHA
(cepenue) (n=12) 0 xB | 240 xB
5,95 apudMeTHIHe CeperHE 97,86 98,03
(0 xB)
TlocnimkyBaHmii MiHiIManbHe 95,13 90,85
6,08 MaKCUMaJibHe 101,40 118,50
(240 xB) CV, % 1,85 7,56
5,93 apI/I(bMeTI/I‘IHe cepenHe 98,16 100,88
Pedeperrimit (0x8) MiHiMa/bHe 93,25 94,02
6,04 MaKCUMaJIbHe 110,93 119,68
(240 xB) CV, % 6,07 7,88

TouxoBa ouinka RGM, koedilieHT Bapianii BWIy4eHHA AOCTIIKYBaHOro Ta pedepeHT-
CV Tta 90 % pmoBipuuii iHTepBas BifHOIIEHHS HOTO IIpelapariB puBapoOKCabaHy HaBEeIEHO Y
CepeHbOTEOMETPUYHMX 3HA4eHb CTYHeHiB Tabmuii 5.

Tabn. 5
ToukoBa onfinka RGM, xoedinient Bapianii CV ta 90 % moBipunii iHTepBan BiTHOIIEHH
CepeTHbOreOMeTPMYHNX 3HAYEHDb CTYNEeH:A BIIYYeHH:A PV BUBYEHHI JOCTaBKM JOCTiIHKY-
BaHOTO Ta pedepeHTHOTrO TiKapChKIX 3ac00iB Yepe3 Ha30racTpaIbHUIl 30HA (piBeHb 3Ha-
gymocri 5 %, df = 20)
Table 5.
RGM point estimate, CV coeflicient of variation and 90% confidence interval of the
ratio of geometric mean values of the degree of extraction in the study of delivery of test
and reference drugs via nasogastric tube (significance level 5%, df = 20).

Toukosa onjinka | KoedinienT Bapianii Mexi 90%-ro foBipyoro
‘lac smodyBaHHA RGM, % CV,% iHTepBamny, %
Hiokua mexa, LL % 96,89
0 xB 100,84 1,70
Bepxnua mexa, LU % 104,95
Hiokua mexa, LL % 92,50
240 xB 98,99 2,06
Bepxnsa mexa, LU % 105,95
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3Ha4YeHH:A HIDKHDOI Ta BepXHbOi Mexx 90 %
IOBipYMX iHTepBaliB [JIA OBOX €TaIliB JOCIIi-
mxeHHA (dac 3MouyBaHHA 0 XB Ta 240 xB) 3a-
0OBONbHATH BuMoraM (80,00 %; 125,00 %) Ha
piBHi 3HauymocTi 5 %. Tob6To, TOCTiKYBaHNI
Ta pedepeHTHUII IpernapaTu puBapoKcabany
€ €KBiBaJICHTHUMH 3a CTYIIEHEM BMIyYE€HH:A
npu focrasui yepes HI-30Hp7.

BVICHOBKJ. 3a pesynbTatamu Bajifanii
BCTAHOBJIEHO, 1110 HaBeZleHa METOMKA € CIIEeLIN-
¢biuHO0, XapaKTepU3yeTbCA KOPEKTHOI IIpa-
BUJIbHICTIO, NPELM3IHICTIO, TiHITHOIO 3a/IeX-
HICTIO Y BMBYEHOMY Jiania30Hi KOHLEHTpaLil,
110 JI03BOJIA€ BUKOPUCTOBYBATH 11 /I IIPOBe-
IleHHA NOPiBHANBHUX JOC/I/IKEHD CTYIIEHS BU-
JTy4€HHA IIpY BUBYEHHI JOCTaBKM JIIKapChKOIO
3aco0y yepes Ha30racTpaIbHUII 30HT, in Vitro.

ITpoBeneHni ocmimpKeHHA MiATBEPAVIN, 1O
pocnimpkysannit npenapar «PVIBAPOKCA-
BAH» ta pedepentnuit npenapar «KKCAPEJI-
TO»® 3a6esneuyioTb noHag 90 % BUITydeHHS
aKTUBHOI PEYOBUHM IICIA CyCIIEHJyBaHHA
y BOJli Ta BBEJEHHA 4Yepe3 Ha3oracTpalbHUI
30H7I. Takmit piBeHb Iepexofly CBifuMUTb IPO
HV3BKUII PU3VIK 3aKYHNOPIOBaHHA ab0 Herpo-
XiTHOCTi 30H/Ia.

OTpumaHi  pe3ynpTaTM  [EMOHCTPYIOTb
eKBiBaJIEHTHICTb TIpemapaTiB 3a Bapiabesnb-
HICTIO CTYII€HsA BUIYYEHHs, 110 IiTBEPIKYE
IXHIO B3aEMO3aMIHHICTb y K/IIHIYHIN IIPaKTH-
i npu 3acrocysansi HI-30Hpa i1 3a6e3meuye
CTabipHICTD Ta BiATBOPIOBAHICTb [JOCTABKU
«PyuBapokcabaHy» maljieHTaM, sKi He MOXYTb
IpUIMaTy IIpenapar epopanbHo.

Po60Ty BUKOHaHO B MeXKax JlepKOIOMKeT-
=# Hoi TeMM «3aCTOCYBaHHA aHATITUYHUX

METONIiB I OIiHKU in vitro edeKkTus-
HOCTi JOCTaBKM JesAKUX TKapChKUX Npenaparis
Yepe3 Ha30racTpaabHUI 30HA», Jep>KaBHMIL pe-
ecTpanilianii Homep: 0125U000370.

https://ucj.org.ua

HETAJIIBAIIIA BKJIALIY ABTOPIB Y 111]]-
T'OTOBIII PYKOIIVCY. ABTopu po60Ti 3po-
OvmM piBHO3HaYHMII BHECOK y pO3pOOIEHHS
KOHLIeNIl Ta [u3ailHy [OCIiKeHHs, 36ip,
cucTeMaTu3allilo, aHajai3 Ta iHTepIpeTaliio
OTPUMAaHMX JlaHUX. ABTOpU Opany y4acTb y
IiZTOTOBIII Ta peflaryBaHHi CTATTi. YCi aBTOpHU
O3HAMIOMUIVCA 3 Pe3y/IbTaTaMy NOCIIKEHHS
Ta CXBa/IM/IM OCTATOYHY BEPCil0 CTATTi.

FOR

OXABAN
ON
DELIVERY OF THE DRUG
IC TUBE /N VITRO.

A.V. Yegorova', O.V. Sysenko’,
Yu.V. Skrypynets', I.I. Chebotarska’,
D.I. Aleksandrova’, S.N. Kashutskyy*

'A.V. Bogatsky Physico-Chemical Institute of
the National Academy of Sciences of Ukraine,
86 Lustdorfska doroga, 65080 Odesa, Ukraine;
2’INTERCHEM”,

86 Lustdorfska doroga, 65080 Odesa, Ukraine
e-mail: yegorovalla@gmail.com

VIA NASOGAST

Enteral administration of drugs via a tube is
the preferred method for patients who cannot
swallow safely. For nasogastric administration,
liquid formulations are preferred. Before us-
ing solid formulations, the possibility of their
grinding and suspension should be evaluated.
The effectiveness of drug delivery via a naso-
gastric (NG) tube is determined by the correct
choice of dosage form, tube characteristics,
and elimination of the risk of tube blockage.
It is also necessary to confirm that the gene-
ric drug is therapeutically equivalent to the
reference drug by determining the complete-
ness of its extraction. For this, it is necessary to
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develop analytical methods for the quantitative
determination of drugs.

In this work, the HPLC method for quantita-
tive determination of rivaroxaban, suitable for
studying the completeness of the extraction of
the drug RIVAROXABAN, 20 mg tablets after
delivery via a nasogastric tube, was validated
for the following criteria: specificity, accuracy,
precision, and linearity in the studied concen-
tration range. The stability of the test solutions
and reference solutions when stored at room
temperature for 8 hours was confirmed.

In our developed method there is no need to
use special chemical reagents, high percentage
of organic solvent, high flow rate. Chromatogra-
phic system consists of ODS column (100 mm x
4.6 mm X 3.5 pum). Mobile phase A was prepared
by mixing acetonitrile : solution A (0.67 ml of
phosphoric acid is made up to 1000 ml with wa-
ter for chromatography) (8:92), flow rate 1.0 ml/
min, detection wavelength 250 nm, using an
injection volume of 10 pl. The linearity of the
method for supernatural houses was assessed
in the concentration range of 50-130%. The
concentration of 0.2 mg/mL was selected as the
100% point. The method demonstrated satisfac-
tory regression linearity (0.99983) with a good
repeatability range (0.5-1.1%).

The completeness of the extraction of riva-
roxaban was monitored after suspension in the
medium (deionized water) of crushed tablets
of the test and reference drugs and their deli-
very via a nasogastric tube. It was established
that more than 90% of rivaroxaban is extracted
after enteral administration, and the drugs are
equivalent in terms of the variability of the de-
gree of extraction.

Keywords: rivaroxaban, high-performance
liquid chromatography, nasogastric tube, va-
lidation.
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Abstract:

Fluorine-containing heterocycles occupy a central position in pharmaceutical, agrochemical,
and materials science due to their unique physicochemical properties and broad functional rel-
evance. The pursuit of efficient and sustainable synthetic methodologies has catalyzed the emer-
gence of photochemistry as a compelling alternative to conventional thermal, acid-base, or re-
dox-based approaches. Indeed, many of the transformations highlighted in this review would be
unattainable under traditional reaction conditions, underscoring the distinctive reactivity ena-
bled by light-driven processes.

This review surveys key advances over the past decade in the photochemical synthesis of
fluorinated heterocyclic compounds. It begins with an overview of fundamental photoche-
mical principles and the most commonly employed photocatalysts. The discussion then
proceeds to categorize reactions into unimolecular, bimolecular, and trimolecular classes.
Unimolecular (intramolecular) reactions typically involve the cyclization of strategically designed
substrates capable of forming heterocyclic frameworks upon photoactivation. Unimolecular (in-
tramolecular) reactions represent the most prevalent class, wherein two distinct components con-
tribute complementary fragments to construct the target heterocycle. Trimolecular (three-com-
ponent) photochemical reactions, by contrast, are exceedingly rare due to the inherent mechanis-
tic, kinetic, and spatial constraints associated with three-body interactions under photochemical
conditions.
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For each transformation discussed, we detail the photocatalyst employed, the irradiation
source, reaction conditions, and the specific fluorination pattern introduced. Photochemistry re-
defines light not merely as an energy source but as a precise and sustainable reagent—unlocking
synthetic pathways with elegance, selectivity, and minimal environmental impact.

This work aims to serve as a comprehensive resource for researchers and practitioners seeking
to harness photochemical strategies for the synthesis of fluorinated heterocycles, with an empha-
sis on catalytic efficiency, structural diversity, and ecological responsibility.

Keywords: Fluorine Chemistry, Heterocycles, Organofluorine Compounds, Photoredox Ca-
talysis, Structural Diversity, Green Chemistry, Sustainable Methodologies, Environmental Impact.

INTRODUCTION.

Photochemistry is the science of chemical
transformation driven by light. At its heart lies
the interaction between photons—primarily in
the ultraviolet and visible regions—and mo-
lecules capable of absorbing this energy and
responding through chemical change [1-4].
These light-induced reactions often proceed
via excited electronic states, enabling transfor-
mations that would be improbable or even in-
accessible under standard thermal conditions
[5-7].

Historically, photochemistry traces its line-
age back to early observations by Herschel and
Faraday, who recognized that light was more
than illumination—it could influence matter
[8-11]. However, the field matured signifi-
cantly with the advent of spectroscopy, quan-
tum mechanics, and laser-based technologies,
which allowed scientists to probe and mani-
pulate excited-state dynamics with precision.
Pioneers like Porter and Miyaura helped unveil
the molecular choreography underlying these
light-driven processes [12-14].

The foundational concept begins when a
molecule absorbs a photon, shifting from its
ground electronic state to an excited state. This
higher-energy configuration can initiate a va-
riety of pathways: bond formation or cleavage,

https://ucj.org.ua

electron transfer, energy migration, isomeriza-
tion, or radical generation. These reactions are
typically non-thermal, unfolding not through
vibrational excitation but via electronic transi-
tions [15-17].

A molecule’s ability to absorb light depends
on the availability of suitable electronic transi-
tions, such as m>m* or n>7*, governed by the
Beer-Lambert law [18-20]. The excited states
accessed—singlet (S;) or triplet (T;)—car-
ry distinct chemical potentials and lifetimes,
shaping their reactivity. Processes like inter-
system crossing and internal conversion dic-
tate whether the molecule reacts chemically or
returns to the ground state via photophysical
emission. The quantum yield (®) quantifies
the efficiency of these photochemical events,
indicating how many molecular transforma-
tions occur per photon absorbed [21-23].

A crucial distinction exists between photo-
chemistry and photophysics: photochemistry
results in permanent chemical change, while
photophysics involves energy release without
altering molecular structure, as seen in fluo-
rescence and phosphorescence [24].

Photochemistry permeates numerous disci-
plines. In organic synthesis, it enables selective
reactions such as [2+2] cycloadditions, oxida-
tions, and rearrangements [25-27]. In materials
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science, photochemical processes underpin
technologies like photoresists, light-curable
polymers, and organic light emitting diode
(OLED) displays [28-31]. In biochemistry,
light governs critical pathways including pho-
tosynthesis, visual perception, and DNA da-
mage and repair [32]. Environmental chemis-
try harnesses solar light to degrade pollutants
and activate photocatalysts, providing green
solutions to industrial waste [33-35].

In essence, photochemistry offers more
than just reactivity—it provides a lens through
which light becomes a tool of molecular design,
capable of unlocking pathways shaped not by
heat, but by photons sculpting the structure
and destiny of chemical species. Photoche-
mistry has become a cornerstone of modern
organic synthesis, offering reactivity pathways
that are often inaccessible or impractical under
conventional thermal conditions. By harness-
ing the energy of light—typically in the ultra-
violet or visible spectrum—chemists can induce
transformations at ambient temperatures, often
without the need for harsh reagents or elevated
pressures [36-39].

One of the most striking advantages of pho-
tochemical reactions is their ability to activate
specific molecular orbitals through electronic
excitation, enabling reactions like cycloaddi-
tions, radical-mediated rearrangements, and
selective isomerizations. These processes are
not only thermally forbidden but can also pro-
ceed with remarkable selectivity and efficiency
when triggered by light [40-42].

Photochemical synthesis also aligns closely
with green chemistry principles. Light acts as
a reagent with zero chemical waste, and many
photochemical reactions proceed in mild con-
ditions—room temperature, benign solvents,
and low energy input. This dramatically re-

28

duces the environmental footprint of chemical
manufacturing. Furthermore, advancements
in flow photochemistry have enabled conti-
nuous processing with LED-driven reactors,
making these methods scalable and industrial-
ly viable [43-46].

The strategic value of photochemistry in
synthesis lies in its precision and adaptability.
Light intensity, wavelength, and catalyst design
offer programmable control over reaction out-
comes. As the field continues to evolve, photo-
chemical methods are finding growing appli-
cations in pharmaceutical development, fluo-
rinated compound synthesis, and eco-friendly
manufacturing.

Building on our expertise in modern phar-
maceutical development [47-52], with a par-
ticular focus on fluorine-containing thera-
peutics [53-61] and compounds derived from
tailor-made amino acids [62-67], we active-
ly pursue and evaluate innovative synthetic
methodologies [68-74]. This strategic direc-
tion is reinforced by the fact that heterocyclic
scaffolds and amino acid derivatives underpin
approximately 85% and 35% of approved phar-
maceutical agents, respectively. Accordingly,
we prioritize advancements in these key syn-
thetic domains [75-88]. Among them, heter-
ocyclic compounds are especially vital in me-
dicinal chemistry, owing to their remarkable
biological activity and structural adaptability,
which render them indispensable tools in ra-
tional drug design [89-92].

Recently, we provided a comprehensive
overview of recent progress in the synthesis
of fluorinated heterocyclic compounds, em-
phasizing emerging strategies such as carbon
nanotube-mediated catalysis [93], the applica-
tion of mechanochemical principles [94], and
the integration of electrochemical methodolo-

ISSN 2708-129X. YKp. xiM. XypH., 2026



Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok

UCJ Ne 2/ Vol. 92

gies [95]. In the present review, we build upon
this foundation by advancing the discussion to-
ward environmentally conscious and sustain-
able synthetic practices, with a detailed focus
on photochemical approaches for constructing
fluorinated heterocyclic scaffolds. Photoche-
mistry continues to gain recognition as a dy-
namic and strategically valuable research area
with considerable synthetic potential. In this
review, we provide a systematic overview of
studies published over the past decade con-
cerning the photochemical synthesis of fluo-
rine-containing heterocyclic compounds. The
discussion is structured according to the num-
ber of reacting species, encompassing unimo-
lecular, bimolecular, and trimolecular trans-
formations. We anticipate that this compilation
will serve not only as a practical reference but
also as a source of inspiration for researchers
and practitioners in synthetic and medicinal
chemistry, particularly those pursuing envi-
ronmentally sustainable methodologies.

Common transition metal photocatalysts.

Catalysis plays a central role in expanding
the versatility of photochemical transforma-
tions. Photoredox catalysis, which uses visible
light to toggle redox states via transition metal
complexes or organic dyes, allows for a range
of bond-forming reactions, including C-C,
C-N, and C-O couplings. Dual catalysis stra-
tegies further integrate light with organocata-
lysis or transition metals to enable asymmetric
synthesis, site-selective functionalizations, and
late-stage modifications [96].

Most commonly used transition metal ca-
talysts are presented in Fig. 1. Ru(bpy);**, or
tris(2,2'-bipyridine)ruthenium(Il), is a well-
established photoredox catalyst widely used
in synthetic chemistry. It absorbs visible light
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(around 450 nm) and reaches a long-lived ex-
cited state (~1 microsecond), enabling vari-
ous single-electron transfer (SET) and energy
transfer reactions. In its excited state, it acts
as both a strong reductant and a strong oxi-
dant, which allows it to drive a broad range of
transformations. The complex is stable under
air and moisture, operates under mild con-
ditions, and facilitates C-C and C-X bond
formation, dehalogenations, cycloadditions,
and redox-neutral reactions. Its photochemi-
cal behavior aligns well with green chemistry
goals: minimal energy input, reduced waste,
and compatibility with flow systems. It is also
explored for biological applications like pho-
to-induced generation of reactive oxygen spe-
cies (ROS) and targeted therapies. Ru(bpy)s**
remains a cornerstone in both academic and
industrial photochemistry thanks to its versa-
tility, robustness, and responsiveness to visible
light [97].

Ir(bpy)s(dtbbpy)* is a heteroleptic iridi-
um(III) polypyridyl complex used as a versa-
tile photocatalyst in visible-light-promoted
reactions. It consists of three bipyridine-type
ligands, including dtbbpy (4,4’-di-tert-butyl-
2,2’-bipyridine), which contributes to en-
hanced solubility and steric protection. Iridi-
um is in the +3 oxidation state, and the com-
plex carries an overall +1 charge. Upon irra-
diation with visible light, the complex enters
a long-lived triplet metal-to-ligand charge
transfer (MLCT) excited state, capable of en-
gaging in single-electron transfer and energy
transfer mechanisms. In its excited state, it acts
as both a strong oxidant (around +1.21 V vs.
SCE) and reductant (about -0.89 V vs. SCE),
making it suitable for both oxidative and re-
ductive photoredox cycles. Ir(bpy)s(dtbbpy)*
has been successfully applied in reactions such
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as radical acylation, decarboxylative couplings,
and C(sp®)-H functionalization in dual cata-
lytic systems (e.g., Ir/Ni). It is also explored in
tandem photoredox cycles involving IrH* and
IrH; intermediates, expanding its utility in
multi-electron redox transformations [98].

The complex Ir[dF(CF;)bpy].(dtbbpy)* is a
highly efficient iridium(III) photocatalyst wide-
ly used in visible-light photoredox chemistry.
It features two cyclometalated ligands—3,5-
difluoro-2-(trifluoromethyl)pyridyl-phenyl
(dF(CFs)ppy)—and one ancillary ligand,
4,4’-di-tert-butyl-2,2’-bipyridine ~ (dtbbpy),
which enhances solubility and steric stability.
This catalyst absorbs light around 380-450 nm
and enters a long-lived triplet MLCT (me-
tal-to-ligand charge transfer) excited state. In
this state, it acts as both a strong oxidant (ex-
cited-state potential = +1.21 V vs. SCE) and a
competent reductant (= —0.89 V vs. SCE), mak-
ing it suitable for both oxidative and reductive
quenching cycles. Ir[dF(CF;)bpy].(dtbbpy)*
is particularly effective in radical acylation
reactions, decarboxylative couplings, and tan-
dem photoredox cycles. It can form reactive
intermediates like IrH* and IrH; under mul-
tiphoton conditions, enabling sequential redox
events. These properties make it valuable for
constructing ketones, arylated products, and
complex heterocycles under mild, sustainable
conditions [99].

Ir(dFppy)s, or tris(2-(2,4-difluorophenyl)
pyridine)iridium(III), is a homoleptic cyclo-
metalated iridium complex widely used in vis-
ible-light photocatalysis. It features three fluo-
rinated phenylpyridine ligands, which enhance
its photophysical properties by increasing the
triplet state energy and blue-shifting its emis-
sion. This complex is air- and moisture-stable,
absorbs light around 450 nm, and has a high
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triplet state energy (~60 kcal/mol), making it
particularly effective for energy transfer re-
actions. Its excited-state redox potentials are
relatively modest compared to other iridium
complexes, which helps avoid undesired redox
side reactions and makes it ideal for substrates
sensitive to oxidation or reduction. Ir(dFppy)s
is commonly used in [2+2] photocycloaddi-
tions, E/Z alkene isomerizations, and other
transformations that rely on selective energy
transfer rather than single-electron transfer.
It has also been employed in synergistic dual
photocatalyst systems, where it complements
more redox-active catalysts by handling energy
transfer steps. Overall, Ir(dFppy)s; is a robust
and selective photocatalyst, especially valuable
in reactions requiring high triplet energy and
minimal redox interference [100].

Finally, (Cp*RhCl,),, or pentamethylcyclo-
pentadienyl rhodium(III) dichloride dimer, is a
robust organometallic complex that has found
increasing utility in photocatalysis, particularly
in visible-light-driven transformations. While
it is more traditionally known for thermal C-H
activation chemistry, recent studies have ex-
plored its photochemical behavior and catalytic
potential under light irradiation. This complex
teatures two Rh(III) centers bridged by chlo-
ride ligands and stabilized by Cp* (n°-CsMes)
rings. It is air-stable, red in color, and solu-
ble in organic solvents like dichloromethane
and chloroform. Upon photoexcitation, it can
participate in ligand-to-metal charge transfer
(LMCT) and engage in catalytic cycles involv-
ing single-electron transfer or energy transfer,
depending on the reaction conditions and sub-
strates. (Cp*RhCl,), has been used in mecha-
nochemical and photochemical C-H bond
functionalizations, halogenations, and annula-
tion reactions. It can also be activated by silver
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salts to form cationic Rh(III) species that are
more reactive under light. In some systems, it
has been incorporated into conjugated poly-
mers or heterogenized frameworks to facilitate
CO, photoreduction and other light-driven

O C
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processes. Its versatility, stability, and compati-
bility with sustainable activation methods such
as blue-light irradiation and electrocatalysis
make it a promising candidate for expanding the
scope of rhodium-based photocatalysis [101].

FaCo
-Bu. = (

- +

F

Bu._ . X
N ( -Bu. 5N ( N I/
Ru Ir- Ir F
e \.N.zj [\/ \/\I N/ \,f\J
- FiC
Ru(bpy)s*’ Ir(bpy)s(dtbbpy)” Ir[dF (CF 3)bpy)z(dibbpy)’
P R CI R
r ) Cl
N \"N-"\I @ rn—ci
Ir(dFppy s (Cp*RNCl3)z

Fig. 1. Common Ru, Ir and Rh photocatalysts.

For these photocatalysts, the most com-
monly used counterions include PFs~ (hexa-
fluorophosphate), which is widely favored due
to its low coordinating ability and excellent
solubility in organic solvents. Chloride (Cl7)
is often found in commercially available salts
such as tris(bipyridine)ruthenium(II) chloride.
BF,™ (tetrafluoroborate) offers a good balance
of solubility and stability and is also commonly
used. ClO4~ (perchlorate) appears occasionally,
although less frequently because of safety con-
cerns. The choice of anion can influence key
factors such as solubility, photophysical pro-
perties, and compatibility with different reac-
tion environments. For photoredox catalysis in
organic solvents, PFs~ and BF,™ are especially
preferred due to their inert character and sol-
vent compatibility. Additionally, these photo-
catalysts align well with the principles of green
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chemistry. They operate under mild conditions
using visible light, support redox-neutral path-
ways, and are compatible with sustainable me-
dia, including aqueous-organic systems and
flow chemistry setups. Their combination of
chemical reactivity, operational stability, and
environmental friendliness makes them valu-
able tools for advanced photochemical synthe-
sis [102-104].

Unimolecular reactions.

Most of the unimolecular reactions discussed
in this section involve photocatalytic cyclization.
These transformations typically exhibit broad
functional group tolerance across the starting
materials, yet demonstrate limited generality
with respect to the structural arrangement of
reactive fragments. Successful cyclization re-
quires precise geometric alignment of those
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fragments, making structural predisposition a
key determinant of reactivity.

Zhou et al. (Scheme 1) [105] reported a
highly efficient cyclization protocol (yielding
up to 90%) for the transformation of com-
pounds 1—synthesized from a-bromo acids
and corresponding anilines or phenols—into
fluorinated heterocycles 2. Depending on the
heteroatom (X), the products were identi-
fied as either (Z)-benzo[b]oxepin-2(3H)-ones
(X = O) or (2)-1H-benzo[b]azepin-2(3H)-ones
(X = N-Alk). The reactions were carried out in

dichloromethane (DCM) under an argon at-
mosphere at ambient temperature, with 2,6-luti-
dine (1.5 equiv.) as the base. Photochemical ac-
tivation was achieved using LED irradiation in
the presence of fac-Ir(ppy)s as the photocatalyst.
The radical cyclization proceeded with remark-
able regioselectivity, as no detectable byprod-
ucts were observed. This method enables the
synthesis of heterocycles 2 bearing up to three
fluorine atoms—one on the benzene moiety and
up to two aliphatic fluorines positioned a to the
carbonyl group on the seven-membered ring.

— il
Ars_ Br  facrippy)s L
f’/".l\\x X /k‘ R1 (2 mol’) R i/ﬁ:f _ﬂ.\‘KR‘l
R j T R AN 4 R
s 0 X7
1 2 ©
R = H, Ph, Me, OMe, NO,, CI, Br,| F ) X =0, N-Ak

R' = Ph, Me, c-CaHg | F |

Scheme 1. Synthesis of fluorinated benzoxepines and benzazepines.

Li et al. (Scheme 2) [106] described the
synthesis of fluorinated benzimidazoles 4 via
cyclization of fluorine-containing N-phenyla-
midoxime esters 3. The yields of the desired
products 4 ranged from 20% to 77%. Reactions
were carried out in methyl fert-butyl ether
(MTBE) under an argon atmosphere at am-
bient temperature. Photochemical activation

O‘:VL::J

.CFy

was achieved using 13 W white LEDs in the
presence of Ir[dF(CF;)ppy].(dtbbpy)PFs as the
photocatalyst. The process was relatively slow,
with optimal yields obtained after 36 hours of
irradiation. Interestingly, the para-CF;-benzo-
ic acid moiety on the starting amidoxime es-
ters 3 acted as a sacrificial unit, facilitating the
initiation of the radical chain process.

N
R !
~F N" “Alk(Ar)
3 H
R = H, Alk, OMe, Cl. Br, | F |

. T ’_.N
Ir[dF (CF3)ppya(ditbbpy)PFe -
[dF(CF5)ppyla(dtbbpy)PFs Rﬁ I S— Alk(Ar)

\;,/ "‘N
4 H

Scheme 2. Preparation of fluorinated benzimidazoles.

32

ISSN 2708-129X. YKp. xiM. XypH., 2026



Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok

UCJ Ne 2/ Vol. 92

Fluorinated quinolinones and derivatives
exhibit a wide spectrum of biological activities,
making them valuable scaffolds in medicinal
chemistry. Their bioactivity is largely attribu-
ted to the quinolinone core’s ability to interact
with diverse biological targets, and fluorine
substitution enhances pharmacokinetic pro-
perties such as lipophilicity, metabolic stability,
and membrane permeability [107-109].

Gonzalez-Munoz et al. (Scheme 3) [110] de-
veloped a photochemical protocol for the syn-
thesis of trifluoromethyl-substituted tetrahy-
droquinolines 6 via intramolecular cyclization

)?\ |

SN
R
S~

k
-

R = H, Alk, OMe, CI, Br, (CF3

of aniline derivatives 5. These precursors fea-
ture an iodine atom and an N-unsaturated moi-
ety, enabling the formation of a six-membered
heterocycle. The reactions were performed
in acetonitrile at ambient temperature, using
2.5 equivalents of Hiinig’s base [111] under an
inert atmosphere. Photochemical activation
was achieved with 13 W white LEDs (visible
light) in the presence of Ir(ppy)s; as the photo-
catalyst. Cyclization proceeded efficiently, with
completion times under 24 hours, affording
the target tetrahydroquinolines 6 in moderate
to good yields ranging from 40% to 80%.

.*lklk

N

AN
- {1
o L

Alk

Ir(ppy)s

Scheme 3. Synthesis of trifluoromethyl-containing tetrahydroquinolines.

Fluorinated cinnamic acid derivatives are
widely employed as electrophilic partners in
Michael addition reactions, owing to their
enhanced reactivity and utility as convenient
building blocks for introducing aromatic flu-
orine into structurally complex, biologically
active molecules [112-114]. Jovanovic et al.
(Scheme 4) [115] reported a photochemical
cyclization of enallenylamides 7, derived from
trifluoromethyl-substituted cinnamic acids, to
afford sterically constrained bicyclic dihydro-
pyridinones 8 in yields ranging from 40% to
88%. The transformation proceeds via a [2+2]
cycloaddition pathway, catalyzed by Ir(ppy),
(1 mol%) under blue LED irradiation in di-
chloromethane at ambient temperature over
18 hours. The nitrogen substituent in the start-
ing enallenylamides 7 can be an alkyl group
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or a hydrolyzable acyl or Boc moiety, allowing
for facile deprotection and access to NH-func-
tionalized products. This structural versatil-
ity broadens the scope of potential biological
applications for the resulting dihydropyridi-
nones.

Gore and Wang (Scheme 5) [116] reported a
series of intramolecular cascade reactions that
enable the synthesis of dihydroisochromenes
10 as central scaffolds within complex poly-
cyclic architectures. These structures feature
a bridged framework comprising six-, five-,
and three-membered aliphatic rings fused to
an aromatic system. The starting materials—
fluorinated (E)-1-phenyl-3-[2-((E)-styryl)
phenyl]prop-2-en-1-ones 9—were subjected
to visible-light irradiation (blue LEDs) in the
presence of Ir[dF(CF;)ppyl.(dtbbpy)PFs as
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the photocatalyst in DMSO at ambient tem-
perature. The reactions proceeded efficiently
over 7 hours, affording the polycyclic prod-
ucts 10 in excellent yields ranging from 65%
to 93%. Mechanistic studies suggest that the
transformation operates via an energy-trans-
fer pathway, offering high selectivity and broad

o)
1
R -
L~ , L
R = H, Alk, OMe, CI, [CF|

R' = Ak, Ar, Bn, Ac, Boc

—_— =

substrate tolerance. Notably, the methodology
accommodates various fluorine substitutions
on the aromatic ring, expanding its utility for
the synthesis of structurally intricate, fluo-
rinated frameworks with potential biological
relevance.

pY)s
R

Scheme 4. Synthesis of trifluoromethyl-containing dihydropyridinones.

Ir[dF(CF3)ppy]2(dtbbpy)PFg

5
10 R

R=H,OMe, Cll FJ; R' = Ak, Ar:R2 = H, Me, CN

Scheme 5. Synthesis of fluorinated polycyclic dihydroisochromenes.

Zhu et al. (Scheme 6) [117] reported an-
other example of intramolecular cascade reac-
tions yielding structurally intricate polycyclic
frameworks. In this study, fluorinated indole
derivatives 11 bearing O-substituted oximes
(as E/Z mixtures) were subjected to photo-
chemical conditions in dichloromethane at
ambient temperature using 24 W blue LEDs
in the presence of Ir(dFppy)s (1 mol%) as the
photocatalyst. After 8 hours of irradiation,
the reactions furnished indoline-fused azeti-
dines 12—comprising fused four-, five-, and
six-membered rings—with yields ranging from
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33% to 99%. This transformation proceeds via
a [2+2] cycloaddition between the indole core
and the unsaturated oxime moiety. Notably,
when 3-substituted analogs 13 are employed as
starting materials, the [2+2] pathway is inac-
cessible due to steric or electronic constraints.
Nevertheless, the reaction still undergoes an
intramolecular cascade via an alternative path-
way, delivering indoline-fused piperidin-2-
ones 14. These reactions were conducted un-
der identical photochemical conditions, yield-
ing the corresponding bicyclic products 14 in
good-to-excellent yields of 40% to 96%.
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Scheme 6. Synthesis of indoline-fused azetidines and piperidinones.

Zhang et al. (Scheme 7) [118] described a
photochemical strategy for the synthesis of
indoline derivatives 16 featuring fused four-
and five-membered rings. The transforma-
tion proceeds via an intramolecular [2+2]
cycloaddition that simultaneously forms cyc-
lobutene and pyrrolidine-type motifs with
virtually complete stereoselectivity. In a repre-
sentative procedure, fluorine-containing in-
dole precursors 15 bearing an N-terminal
olefinic moiety were irradiated with 30 W
blue LEDs in trifluoroethanol at -30 °C for
up to 36 hours, in the presence of Ir(dFCF;p-
py)2(dtbbpy)PFs (1 mol%) as the photocata-
lyst. The resulting tetracyclic products 16 were

isolated in yields ranging from 37% to 80%.

Notably, this approach exhibits excellent
functional group tolerance and is amenable
to late-stage diversification of bioactive mol-
ecules. For instance, tryptophan-based sub-
strates [R' = H, CH,CH(NH,)CO,H] are read-
ily transformed into the corresponding poly-
cyclic targets. Given tryptophan’s central role
in peptide folding and its function as a bio-
synthetic precursor to serotonin, melatonin,
and niacin (vitamin Bs), the development of
structurally complex derivatives of this essen-
tial amino acid continues to attract significant
interest in both synthetic and medicinal che-
mistry [119-121].

R' ‘
S Ir(dFCF dtbbpy)PF AR
T\/ x,ﬁR r(dF CF3ppy)a(dtbbpy)PFs R l A
o N ™~ HN [z
W }r‘?'j
15 @) n=1-3 16 O n=1-3

R = H, CHO, CO,Me, OMe, CN, I, CI, Br, F |

s

R' = Alk, Ar

Scheme 7. Synthesis of polycyclic indolines.
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Zhu et al. (Scheme 8) [122] reported a visi-
ble-light-induced intramolecular dearomatiza-
tion of indole derivatives via a [2+2] cycload-
dition, proceeding through an energy-transfer
mechanism. This transformation enables direct
access to highly strained, cyclobutane-fused
angular tetracyclic spiroindolines18—archi-
tectures typically inaccessible under thermal
conditions. The products 18 were obtained in
high yields (up to 99%) with excellent diaste-
reoselectivity (>20:1 dr) under mild reaction
conditions. In a typical procedure, fluorinated
indole substrates 17 were irradiated with 24 W

blue LEDs in a CDM/acetonitrile mixture
at ambient temperature for 48 hours, using
Ir(dFCF;ppy).(dtbbpy)PFs (4 mol%) as the
photocatalyst. The method demonstrated
broad functional group tolerance and was
amenable to late-stage diversification of com-
plex molecular targets. Fluorination was
achieved through trifluoroacetic acid (TFA)
protection of the indole nitrogen and aromat-
ic substitution adjacent to the nitrogen, estab-
lishing a dual fluorinated motif conducive to
biological relevance and synthetic versatility.

/ X—
~ \ / 4 -
R b / -
RY DRZ ) INAFCF ppy)(etbpy)PFy A /(\/-
i - RS N
ey N / |_; >/ N
R1 T N IRE
7 , . R
R=H,Alk, Cl,Br| F| R'=H,Alk Ac, COCF; | 18
R? = Ar, Alk X = C(CO,AIk), N-Boc

Scheme 8. Synthesis of polycyclic spiroindolines.

Guo et al. (Scheme 9) [123] reported an effi-
cient photocatalytic strategy for the synthesis of
isoquinolinone derivatives 20 via intramolecu-
lar carboamination of alkynes. Utilizing readily
available propargyl alcohol derivatives 19, this
method demonstrates broad functional group
tolerance and accommodates both terminal
and alkyl-substituted alkynes. The reactions
were performed in DMSO at 50 °C under irra-
diation with an 18 W compact fluorescent lamp
(CFL) for 12 hours, employing fac-Ir(ppy)s
(2 mol%) as the photocatalyst. The target poly-
cyclic isoquinolinones 20 were obtained in
yields ranging from 26% to 86%. Importantly,
the protocol is operationally simple and readily
scalable to gram quantities. Structural diversi-
fication was achieved by incorporating either
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fluorine atoms or trifluoromethyl groups on
the aromatic ring of the starting materials 19,
enabling the synthesis of fluorinated oxazoli-
dinone-fused isoquinolinones 20. In addition
to their biological potential, enantiomerically
pure oxazolidinone derivatives serve as power-
tul stereocontrolling auxiliaries in asymmetric
synthesis [124-126].

Ritu et al. (Scheme 10) [127] developed an
efficient iridium-nickel dual photocatalytic
protocol for the dehydrogenation of aliphatic
N-heterocyclic compounds 21 into their cor-
responding aromatic analogs 22. This accep-
torless, redox-neutral transformation proceeds
under mild conditions—at room temperature
in ethyl acetate, under a nitrogen atmosphere—
irradiated by 5 W 450 nm blue LEDs. Remark-
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ably, the system employs only 0.004 mmol of
Ir(dFCF;ppy).(dtbbpy)PFs and 0.02 mmol of
NiBr,(dtbbpy), achieving aromatic products
22 in yields ranging from 30% to 92%, with no
evidence of overoxidation. The methodology is
compatible with commercially available fluo-

rinated N-heterocyclic alkanes and accommo-
dates various functional groups. Importantly,
this transformation enables direct access to
fluorinated aromatic compounds of high syn-
thetic and commercial relevance.

O O o 9
Alk Alk ? 9 A
AN o X NS
=" 07 N7 YT racHir(ppy): ;N ]
F N - o M R
Alk’ oBn ~. .~ NN
19 A
R =H, OMe, CI, F | [CF4 20

Scheme 9. Preparation of oxazolidinone-fused isoquinolinones.

Ir(dFCF5ppy).(dtbbpy)PFg

7 7
R I Y (0.004 mmol) R ‘\‘“‘_R1
4 NiBr,(dtbbpy) P Y4
X (0.02 mmol) _
21 o 22
R=H,OMe, F|/ X=C,NO Z=C CO

Scheme 10. Photocatalytic dehydrogenation of aliphatic heterocycles.

Bimolecular reactions.

Peng et al. (Scheme 11) [128] described a
visible-light-promoted C3-H alkylation of
2H-indazoles 23 and indoles 24 using sulfoxo-
nium ylides 25. This protocol leverages readily
available reagents and accommodates a broad
scope of substrates, including structurally di-
verse 2H-indazoles, indoles, and sulfoxonium
ylides, to afford alkylated products 26 and 27
under mild and operationally simple condi-
tions. Reactions were carried out in a 1,2-di-
chloroethane (DCE)/acetonitrile mixture at
40 °C under an argon atmosphere, irradiated
by blue LEDs (5 W) for 12 hours in the pre-
sence of fac-Ir(ppy)s (5 mol%) as the photoca-
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talyst. The desired alkylation products 26 and
27 were obtained in isolated yields ranging
from 38% to 90%. Fluorinated derivatives were
synthesized via trifluoromethyl substitution
on the six-membered aromatic rings of the
corresponding indazoles and indoles, enabling
structural diversification and enhancing the
synthetic value of this transformation.

Ma et al. (Scheme 12) [129] developed an ef-
ficient visible-light-induced radical cascade tri-
fluoromethylation/cyclization protocol for sub-
strates 28 bearing -N=C and N-terminal alkene
motifs. Using CF;Br as the trifluoromethylating
agent, this transformation enabled the synthe-
sis of trifluoromethyl-containing polycyclic
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quinazolinones, benzimidazoles, and indoles
29 under mild conditions. The reactions were
conducted in N-methyl-2-pyrrolidone (NMP)
at 40 °C under an argon atmosphere, irradiat-
ed with 5 W blue LEDs in the presence of LiCl
(1 equiv.) and fac-Ir(ppy)s (5 mol%) as the
photocatalyst. The polycyclic aza-heterocycles
29 were isolated in generally good yields—up
to 80%—across a diverse array of substrates,
demonstrating broad functional group toler-
ance and synthetic versatility. Fluorination in
products 29 was introduced both via aliphatic

-CF; groups and through aromatic fluorine or
CF;CO substituents on the aliphatic rings. The
use of CF;Br, a non-hygroscopic, non-corro-
sive, and industrially abundant reagent [130],
further underscores the practicality and scala-
bility of this method. Notably, trifluoromethyl
ketones—present as key motifs in some prod-
ucts—are highly reactive toward nucleophilic
addition at the carbonyl center. Beyond their
biological significance, these intermediates
serve as valuable synthetic handles for down-
stream functionalization [131-133].

Z N ) Q T A R?
- :L N7R /-L =S RL I N—-R'
A RZ™ TN b A=, -
N N
25
23 26 P
/\ fac-Ir(ppy)s ,
x_\_ _,.-’\\ \ — R
R\j ;R Rr’/\ I
= ~N N
24 R’ 27 R’

R=H, OMe, Cl, Br, CF3) R'=Ak Ar R?=Ar, Het

Scheme 11. Alkylation of indazoles and indoles with sulfoxonium ylides.
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. 29
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Scheme 12. Synthesis of trifluoromethyl-containing polycyclic quinazolinones,
benzimidazoles, and indoles.

Shi et al. (Scheme 13) [134] developed a
visible-light-induced deaminative [3+2] an-
nulation strategy between N-aminopyridini-
um salts 30 and alkenes 31, enabling the syn-
thesis of functionalized y-lactams 32 under

38

mild conditions. The transformation proceeds
with excellent diastereoselectivity and dis-
plays broad functional group tolerance. Reac-
tions were performed in a DMSO/acetonitrile
mixture under an inert nitrogen atmosphere,
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irradiated by 15 W blue LEDs for 12 hours,
in the presence of Na,HPO, (2 equiv.) and
fac-Ir(ppy)s (2 mol%) as the photocatalyst. The
y-lactam products 32 were isolated in 40% to
75% yields, demonstrating efficient annulation
across various substrate combinations. Fluori-
nation was incorporated via either monofluo-
rinated or trifluoromethyl-substituted motifs
on both precursors 30, 31, affording densely
fluorinated products 32. This dual representa-

Ph_ _~_ _Ph
T ﬁ\ Ff\ 1 Rl .
= N - P /\B ol
RS
Ph R ~ ’
30

R=H, Ak;R'=H, Alk, CI,Br, [ F] [CF]

tion of fluorine—both aliphatic and aroma-
tic—enhances molecular complexity and con-
tributes to the pharmacophoric potential of
the resulting scaffolds. Formally, compounds
32 can be viewed as derivatives of tailor-made
[135] y-amino acids, underscoring the syn-
thetic and biological relevance of fluorinated
amino acid-inspired frameworks in the design
of bioactive molecules [136, 137].

14
1 L
S AlK(Ar) ]
o fac-Ir(ppy)s s, R ,f;ip
- o =
31 R N—R

1 .
RGN Aikan

N 7 a2

Scheme 13. Synthesis of fluorinated functionalized y -lactams.

Liu and Patureau (Scheme 14) [138] re-
ported a visible-light-induced photocatalytic
protocol for the functionalization of quinoxa-
lin-2(1H)-ones 33, providing a mild, practical
route to 3-substituted quinoxalin-2(1H)-ones
35 using ubiquitous and chemically benign
precursors 33 and 34. The method showcas-
es broad substrate scope and good function-
al group tolerance, furnishing a wide array of
functionalized heterocycles with strong po-
tential in medicinal chemistry. The transfor-
mation was performed in acetonitrile under a
nitrogen atmosphere at ambient temperature,
irradiated by 40 W blue LEDs for 12 hours. The
reaction employed Ir[dF(CF;)ppyl.(dtbpy)]
PFs (2 mol%) as the photocatalyst, with triphe-
nylphosphine and 1,4-diazabicyclo[2.2.2]oc-
tane (DABCO) as additives to facilitate reacti-
vity. Target products 35 were isolated in yields
of up to 88%, demonstrating operational sim-
plicity and synthetic efficiency. Fluorination in
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the final compounds 35 arises from either aro-
matic fluorine or trifluoromethyl substitution,
introduced through the quinoxalinone core 33
or the anhydride 34. Notably, when R*> = CF;,
the resulting product 35 structurally aligns
with 2-amino-4,4,4-trifluorobutanoic acid—a
privileged motif in drug design owing to its
enhanced metabolic stability and bioactivity
[139-141].

Samanta et al. (Scheme 15) [142] reported
a photoredox-catalyzed direct arylation of qui-
noxalin-2(1H)-ones 36 using diaryliodonium
triflates 37 as a convenient, stable, and cost-ef-
fective source of aryl groups. A diverse range of
quinoxalin-2(1H)-ones was successfully cou-
pled with structurally and electronically varied
diaryliodonium salts, enabling efficient syn-
thesis of pharmaceutically valuable 3-arylqui-
noxalin-2(1H)-ones 38. The protocol is notable
for its operational simplicity, ambient reaction
conditions, broad substrate scope, excellent
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functional group tolerance, and scalability. Re-
actions were conducted in acetonitrile at room
temperature under blue LED irradiation for 24
hours, employing Ru(bpy),Cl,-6H,O (5 mol%)
as the photocatalyst. Target arylated products
38 were obtained in yields ranging from 24%
to 90%. Fluorination in products 38 is intro-
duced via the aryl moiety of diaryliodonium
triflates 37, incorporating either a single flu-

orine atom, a trifluoromethyl group, or a tri-
fluoromethoxy substituent. Notably, the aro-
matic trifluoromethoxy group has garnered
increasing attention due to its prevalence in a
growing number of successful pharmaceuticals
and agrochemicals [143, 144], attributed to its
unique electronic properties and favorable li-
pophilicity.

i T
R~ _N__O R
N - R ~N._-0
L+ (RECOEO T ingF(CRappylatatopy IPFs I l 1 2
NP 34 ” T R
3 35

R = H, Alk, OMe, CI, Br, | F ) |CF3]

R? = H, OMe, Napfthyl, [ F) [CFs]

R' = H, Alk, Ar, Allyl

Scheme 14. Functionalization of fluorinated quinoxalin-2-(1H)-ones.
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Scheme 15. Synthesis of fluorinated 3-arylquinoxalin-2-(1H)-ones.

Xie et al. (Scheme 16) [145] developed an
efficient and sustainable strategy for the syn-
thesis of 3-alkyl(aryl)quinoxalin-2(1H)-ones
41 via visible-light-induced decarboxylative
alkylation/arylation of quinoxalin-2(1H)-ones
39 using phenyliodine(III) dicarboxylates 40 as
alkyl/aryl sources. The reaction proceeds under
ambient conditions in eco-friendly PEG-200,
highlighting its green chemistry credentials.
Employing Ru(bpy),CL-6H,O (1 mol%) as the
photocatalyst and irradiating with 3 W blue

40

LEDs, the process delivers a range of 3-substi-
tuted quinoxalin-2(1H)-ones 41 in yields of up
to 93%, with reaction times varying between 6
and 12 hours. Notably, the ruthenium(II) cata-
lytic system remains effective over five consec-
utive cycles without significant loss of activity.
Fluorinated analogs were accessed through in-
corporation of aryl motifs bearing either a sin-
gle fluorine atom or a trifluoromethyl group,
reinforcing the method’s relevance for medici-
nal chemistry applications.
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Scheme 16. Synthesis of 3-alkyl(aryl)quinoxalin-2(1H)-ones

Wang et al. (Scheme 17) [146] described a
mild and efficient visible-light-induced atom
transfer radical addition and cyclization of
benzene-tethered 1,7-enynes 42 and nitro-
gen-tethered 1,6-enynes 45 with perfluoro-
alkyl halides 43, yielding halo-perfluorinat-
ed 4-methylenequinolin-2(1H)-ones 44 and
3-methylenepyrrolidine derivatives 46, respec-
tively. Reactions were carried out in 1,4-diox-
ane at ambient temperature for 24 hours, uti-
lizing K;POy4 (2 equiv.) as an additive, fac-Ir(p-
pY)s as the photocatalyst, and irradiation from
5 W blue LEDs. Products 44 and 46 were ob-
tained in isolated yields ranging from 10% to
86% and 53% to 89%, respectively. This meth-
odology enables the efficient incorporation of a

broad spectrum of perfluoroalkyl groups—in-
cluding n-CsF;, n-C4Fs, n-CgF13, n-CgFy7, and
n-CioF21—into heterocyclic frameworks of
pharmacological relevance. However, it is im-
portant to note that while some perfluorinat-
ed compounds find utility in life sciences and
materials chemistry, many members of this
class—commonly referred to as per- and poly-
fluoroalkyl substances (PFAS)—pose serious
environmental hazards due to their persistence
and bioaccumulative potential [147-149]. Ac-
cordingly, the synthesis and application of such
substances should be approached with strict
regulatory oversight and pursued only when
no viable alternatives exist.

Alk A XTrAIk(Ar)
/\ SN R
)\ | P Alk(Ar)
N" O
42 Ak AK(Ar _ Alk
( ) _ fac-Ir(ppy)s 44
+ - >
s T ) \N/ {x
N SN 43 L /=
{
45 Rf 46

R = H, Alk, OMe, CI; X = Cl, Br, |

'\ Re = n-(CF2)F n =3,4,68,10)

Scheme 17. Preparation of halo-perfluorinated 4-methylenequinolin-2(1H)-one
and 3-methylenepyrrolidine derivatives.

https://ucj.org.ua

41




RECENT ADVANCES IN PHOTOCHEMICAL SYNTHESIS OF FLUORINE-CONTAINING HETEROCYCLES (review).

ORGANIC CHEMISTRY

Liu et al. (Scheme 18) [150] reported a prac-
tical visible-light-catalyzed tandem radical cyc-
lization of N-propargylindoles 47 with acyl
chlorides 48 to access 2-acyl-9H-pyrrolo[1,2-a]
indoles 49. The transformation involves a se-
quential mechanism: addition of the acyl rad-
ical to the carbon-carbon triple bond, intra-
molecular cyclization at the C2-position of the
indole ring, followed by isomerization of the re-
sulting carbon-carbon double bond. Reactions
were performed in acetonitrile under an argon

\ 48
47 AIk(Ar)

-

R=H. Ak, OMe. Cl. Br, . FJ

atmosphere at 100 °C for 20 hours, using tri-
ethylamine to neutralize the released HCI. Pho-
tocatalysis was enabled by Ir(ppy)s (1 mol%)
under irradiation from 5 W blue LEDs. Target
compounds 49 were obtained in yields of up to
86%. Fluorinated analogs were represented by
the presence of aromatic fluorine substituents
on the benzene ring in both the starting indoles
47 and the resulting products 49, contributing
to potential structural diversification relevant
to medicinal chemistry.

"‘:\:‘\/

(
>\ Alk(Ar)
J A

r
49 T/

O

Scheme 18. Preparation of 2-acyl-9H-pyrrolo[1,2-a]indoles.

Santos et al. (Scheme 19) [151] reported a
visible-light-induced radical cascade for the
synthesis of 2-sulfenylindoles 52 via thiyl radi-
cal coupling with ortho-substituted arylisocy-
anides 50, followed by intramolecular cycliza-
tion and aromatization. The key thiyl radicals
are rapidly generated through a hydrogen atom
transfer (HAT) event from thiol precursor 51,
enabling a redox-neutral transformation. The
protocol exhibits broad substrate scope, excel-
lent functional group tolerance, and proceeds
under mild conditions. Notably, a continuous
flow adaptation provides efficient scalabil-
ity, with reduced residence time and process
intensification advantages. Reactions were
conducted in DMSO under an argon atmos-
phere at ambient temperature for over 3 hours
using p-toluidine (0.5 equiv.) as an additive.
[Ru(bpy),](PFs), (1 mol%) served as the pho-

42

tocatalyst, and irradiation was provided by 34
W blue LEDs. Desired sulfenylated products
52 were isolated in yields of up to 95%. Fluo-
rinated derivatives were accessed via aryliso-
cyanide precursors bearing aromatic fluorine
substituents, which were retained in the final
products. These fluorinated motifs contribute
to structural diversification and enhance the
relevance of this method for medicinal che-
mistry applications.

Zhu et al. (Scheme 20) [152] reported a re-
ductive radical relay strategy for the synthesis
of fused benzo|e]isoindole-1,3,5-triones 55 via
the visible-light-mediated reaction of a-bro-
mo ketones 53 with maleimides 54, catalyzed
by Ir(ppy)s under mild conditions. The trans-
formation proceeds through a mechanistically
elegant cascade involving C(sp?)-Br/C(sp*)-H
functionalization, consecutive C-C bond for-
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mations, and oxidative aromatization. Reac-
tions were conducted in acetonitrile at ambi-
ent temperature for 20 hours under nitrogen,
using K,HPO, (1 equiv.) as an additive and
7.5 W blue LEDs as the light source. The pho-
tocatalyst Ir(ppy)s was employed at a loading
of 2 mol%. Target products 55 were obtained
in isolated yields ranging from 51% to 89%.

Fluorinated derivatives were accessed using
trifluoromethyl-substituted a-bromo ketones
53, resulting in final products 55 bearing ar-
omatic CF; groups. These fluorinated motifs
enhance molecular lipophilicity and metabol-
ic stability, underscoring the relevance of this
strategy for fluorine-rich scaffold development
in medicinal chemistry.

— S 1 !
,I./ 2 e \.,:’/R R\?
R /J\_ + Alk(Ar)-SH  [Ru(bpy)sl(PFg)2 P Alk(Ar)
< Ne g Vs
51
50 TN
R=H, OMe,Cl.[ F) R'=CO,Me, CONMe, CN H 52
Scheme 19. Synthesis of 2-sulfenylindoles.
0
Br\_\ E:) I =
~ o+ L\ R e
T R o H{N—Nk(p\r) Ir(ppy)s \ =0
L~ _ /N,
53 o 54 55 0 Ak
R = H, Alk, OAK, OH, OTs, Ar, CN, [CF,]

Scheme 20. Preparation of fused benzo[e]isoindole-1,3,5-triones.

Fan et al. (Scheme 21) [153] developed a
visible-light-mediated approach for generating
acyl radicals from oxime ester 57 via selective
C-C bond activation. Upon irradiation with
blue LEDs, a single-electron transfer (SET) oc-
curs from fac-Ir(ppy), (1 mol%) to oxime 57,
triggering rapid B-fragmentation to produce
aliphatic acyl radicals. These intermediates
are efficiently trapped by various Michael ac-
ceptors 56, yielding fluorinated oxindoles 58
in 34% to 94% yields. The reactions proceed
in 1,2-dichloroethane (DCE) under an argon
atmosphere over 4 hours. The presence of
fluorine on the aromatic ring in the oxindole
products underscores the value of this proto-
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col for the synthesis of fluorinated oxindoles,
a scaffold of significant interest in medicinal
chemistry [154].

The aza-Paterno-Biichi reaction is a [2+2]-
cycloaddition between alkenes and imines that
affords azetidines, four-membered nitrogen-
containing heterocycles. To expand the syn-
thetic utility of this transformation, Wearing
et al. (Scheme 22) [155] demonstrated that
appropriate matching of frontier molecular
orbital energies between alkenes 59 and acyc-
lic oximes 60 enables a visible-light-driven
aza-Paterno-Biichi reaction via triplet energy
transfer (EnT) catalysis. Under irradiation at
427 nm, the reaction proceeds in acetonitrile
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for up to 24 hours, employing 1 mol% of Ir[d-
F(CF3)ppyl.(dtbpy)]PFs as photocatalyst. The
methodology affords azetidines 61 in yields of
up to 80%. Notably, the presence of fluorine on
the aromatic rings of both the starting alkenes

Alk
0 o)
//-:"\‘ ,-N ,//D
Xy + L Jl
R Alk(Ar) r/
o .
~ Z S Alk(Ar) Alk(Ar}
56 57
R = H, Alk, OMe, CI, Br, [ F|

59 and the azetidine products 61 highlights
the relevance of this approach for constructing
fluorinated nitrogen heterocycles, which are
valuable in medicinal chemistry.

Scheme 21. Synthesis of fluorinated oxindoles.
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Scheme 22. Synthesis of fluorinated azetidines.

Yu et al. (Scheme 23) [156] reported a vis-
ible-light-enabled synthesis of tricyclic tetra-
hydrocarbazoles 64 via the reaction of in-
dole-tethered alkenes 62 with arylsulfonyl
chlorides 63 as sulfonyl surrogates. The trans-
formation proceeds through a sequence involv-
ing photoreductive activation of the sulfonyl
chloride, followed by sulfonylation and intra-
molecular cyclization. Under irradiation with
blue LEDs for 3 hours, the reaction employs
fac-Ir(ppy), (1 mol%) as photocatalyst, Hiinig's

base (4 equiv.) to scavenge HCI, and CH,Cl, as
the solvent. This mild and operationally sim-
ple protocol delivers diverse multi-substitut-
ed tetrahydrocarbazoles 64 in yields of up to
83%, and is amenable to gram-scale synthesis.
The incorporation of fluorine substituents on
the aromatic rings of both starting materials
allows for systematic modulation of fluorine
patterns in the resulting products, enabling
structure-activity relationship studies relevant
to medicinal chemistry.

EtO,C
Eto_.JC /COQE[ o 2 _{/COQET.
.r'llr _\ R/._ " 'Cl / > R
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R = H, Alk, OMe, CI, Br/ F

Scheme 23. Synthesis of fluorinated tetrahydrocarbazoles.
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Hou et al. (Scheme 24) [157] reported a vi-
sible-light-induced chlorotrifluoromethylative
cyclization strategy for synthesizing chlorotri-
fluoromethylated cyclic scaffolds. The method
leverages photogenerated trifluoromethyl radi-
cals to initiate a cascade involving radical addi-
tion, cyclization, and subsequent chlorination.
Employing terminal alkene-derived enynes
65 and trifluoromethanesulfonyl chloride 66,
this protocol delivers regio- and stereoselec-
tive access to pyrrolidines and cyclopentanes
67 bearing trifluoromethyl group, with yields

ranging from 70-75%. Reactions are per-
formed in 1,2-dichloromethane (DCM) under
an argon atmosphere at ambient temperature,
using K,HPO, (5 equiv.) as an additive and
Ru(bpy),Cl, (5 mol%) as photocatalyst under
23 W fluorescent lamp irradiation. The result-
ing trifluoromethylated pyrrolidines are of sig-
nificant biomedical interest and can be further
derivatized via the embedded vinylchloride
functionality, enabling downstream molecular
elaboration.

Ph
O Ph CF3
| l ! Ru(bpy)sClo
I
X O X
65 66 67

X = N-Ts, C(COz;Me);

Scheme 24. Synthesis of trifluoromethyl-containing pyrrolidine and cyclopentane.

Cardinale et al. (Scheme 25) [158] report-
ed a photocatalytic strategy for synthesizing
1,5-diaryl pyrazoles 70 via the reaction of
arenediazonium salts 68 with cyclopropanols
69. Conducted under mild conditions in ace-
tonitrile at room temperature, the transfor-
mation proceeds within 20 minutes under
blue LED irradiation using Ru(bpy),Cl,-6H,O
(5 mol%) as photocatalyst. The protocol exhib-
its broad functional group tolerance, excellent
regioselectivity, and delivers the desired pyra-
zoles in yields of up to 90%. Fluorinated motifs
are well represented in both starting arenedi-
azoniums 68 and the resulting heterocycles 70,
appearing as fluoro (F), trifluoromethyl (CFs),
or pentafluorosulfanyl (SFs) substituents—un-
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derscoring the relevance of this method for
constructing fluorinated pyrazole derivatives
with potential medicinal applications.

Bromodifluoroacetate, along with its amide
and phosphorus analogs, is a highly versatile
reagent in synthetic organic chemistry due
to its ability to introduce the difluoromethyl
(CF;) moiety under mild conditions [159].
Notably, its utility in the synthesis of tailor-
made a- [160-162] and P-amino acids [163-
165] is well documented. Under photochem-
ical conditions, bromodifluoroacetate can also
serve as a precursor to reactive intermediates
via radical formation—a reactivity showcased
in the examples that follow.
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Scheme 25. Synthesis of fluorinated 1,5-disubstituted pyrazoles.

Mei et al. (Scheme 26) [166] described an
efficient visible-light-promoted cascade reac-
tion for the synthesis of tetracyclic tetrahydro-
carbazoles 73 from alkene-tethered indoles 71
and bromodifluoroacetate esters 72. The trans-
formation involves the formation of two car-
bon-carbon bonds and one carbon-nitrogen
bond, proceeding through a reactive tetrahy-
drocarbazole intermediate via dual cyclization.
Conducted under mild conditions, the proto-
col accommodates a broad substrate scope and
affords the desired products in yields of up to
84%. Its synthetic utility was further highlight-

COAlk  COAlKk

/#/\ H(AlK)

, BrCF,-CO.AI

ed through successful gram-scale synthesis
and post-reaction reduction of the tetracyclic
framework. The typical reaction is carried out
in dimethylformamide (DMF) with N,N,N’,N’-
tetramethylethylenediamine (TMEDA) as an
additive, employing fac-Ir(ppy), as the photo-
catalyst under blue LED irradiation. In addi-
tion to the difluoromethylene unit introduced
by bromodifluoroacetate esters 72, the prod-
ucts 73 also feature aromatic fluorination on
the benzene ring, enabling tunable fluorine
content with relevance to medicinal and bio-
logical applications.

Ak

CO
_CO,Alk
!F

o \ fac-Ir(ppy)s . A A /
R J: \ “—H(AIK) 72 %\ | Q\\/" A HUAK)
P N. TN ) —H(AK)
H — T~
71 R = H, Alk, OMe, Cl, Br, [ F 3 o”% F
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Scheme 26. Synthesis of fluorinated tetracyclic tetrahydrocarbazoles.

Mei et al. (Scheme 27) [167] designed a se-
ries of indole-derived alkenes 74 and applied
them in a photocatalytic cascade reaction
with bromodifluoroacetate esters 72, result-
ing in the formation of a previously unreport-
ed class of tetracyclic tetrahydro-y-carboline
derivatives 75 in yields of up to 90%. Mecha-

46

nistic studies indicate that the transformation
proceeds via a key tetrahydro-y-carboline in-
termediate formed through sequential cycli-
zation. The reaction exhibits broad substrate
tolerance, offering an efficient and modular
approach to constructing tetracyclic tetrahy-
dro-y-carboline frameworks. In addition to
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the difluoromethylene unit introduced by the
bromodifluoroacetate esters, the products also
incorporate aromatic fluorine substituents on
the benzene ring, enabling the fine-tuning of
fluorine content for applications in medicinal
and biological contexts. The reaction is typical-

ly performed in dioxane with TMEDA as base,
under a nitrogen atmosphere at room temper-
ature for two hours. Photocatalysis is facilitated
by fac-Ir(ppy), under irradiation from a 4.5 W
blue LED source.

0. Ar
O:«S'Ar """NISCO
N O, H(Me) P '
fac-Ir(ppy)s  pIo j \>_¥
PN COAlK —2eleRY)s gy Y
R;: 3 \ \ + BTCFZ COZA”( % "N\ \ H{Me)
TN 72 I~
H —_ 75 O F F
74 R = H, Me, OMe, ClI, Br,|_F |

Scheme 27. Synthesis of fluorinated tetrahydro-y-carbolines.

Zhou et al. (Scheme 28) [168] report-
ed a visible-light-mediated difluoroalkyla-
tion of 1-(allyloxy)-2-(1-arylvinyl)benzenes
and 1-(1-arylvinyl)-2-(vinyloxy)benzenes 76
using bromodifluoroacetate esters 72 to ac-
cess bis-difluoroalkylated benzoxepines and
2H-chromenes 77 in yields of up to 73%. The
transformation proceeds under mild condi-
tions, exhibiting excellent regioselectivity,
broad substrate scope, good functional-group

Alk(Ar)
W + BrCF,-CO»AIK
(O
n=0,1 72

76

tolerance, and compatibility with late-stage
functionalization. Mechanistic studies suggest
that the CF,CO,Et radical preferentially adds
to the aryl-adjacent double bond. Reactions
are conducted at room temperature in acetoni-
trile under an argon atmosphere, employing
NaOAc (2 equiv.) to neutralize the liberated
hydrogen bromide. Photocatalysis is facilitated
by fac-Ir(ppy), under irradiation from a 12 W
blue LED source.

COgAI
fac-Ir( ppy

CO,AIK
n=0 1

Scheme 28. Preparation of bis-difluoroalkylated benzoxepines and2H -chromenes.

Lian et al. (Scheme 29) [169] reported a
photoredox-catalyzed cascade reaction for the
synthesis of fluorinated pyrrolo[1,2-d]benzo-
diazepine derivatives 79 under mild condi-
tions. The process is initiated by single-elec-
tron transfer (SET) from the excited-state

https://ucj.org.ua

photocatalyst fac-Ir(ppy), (2 mol%) to ethyl
bromodifluoroacetate 72, generating a reactive
radical species that undergoes regioselective
addition to a diverse array of 2-(1H-pyrrol-1-
yl)anilines 78. A subsequent SET event triggers
intramolecular amidation, forming the desired
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tetracyclic scaffold. Reactions are conducted in
dichloromethane at room temperature under
an argon atmosphere, with triethylamine as
base, and irradiated using a 23 W compact flu-
orescent lamp (CFL) over 30 hours. In addition
to the difluoromethylene moiety introduced by

reagent 72, the final products feature addition-
al fluorine substitution, either as monofluoro
or trifluoromethyl (CF;) groups—enhancing
their relevance for medicinal and structural
exploration.

=\ ~ >—H(Me)
XNy HMe) X N
R% I + BrCF,-CO,Alk —2crpey)s R—:\ ) \\FF
~ N —4
NH; 72 NTR
78 79 H ©

R = H, Me, OMe, CN, CO,Me, CI, Br[ F) CF3)

Scheme 29. Preparation of fluorinated pyrrolo[1,2-d]benzodiazepine.

Hydroxanthones have garnered significant
attention for their roles in organic synthesis
and medicinal chemistry, yet efficient methods
for their construction remain limited. Wang
et al. (Scheme 30) [170] reported a photore-
dox-enabled synthesis of tetrahydroxanthone
derivatives 82 via radical cyclization of chro-
mone-tethered alkenes 80 and bromodifluo-
roacetamide or bromodifluoroacetate reagents
81. The transformation proceeds under visi-
ble-light irradiation through the generation
of either difluoroacetate radicals or alkene
radical cations, facilitated by fac-Ir(ppy), or

[Ru(bpy),](PFs), as photocatalysts. Conducted
in tetrahydrofuran (THF) at room tempera-
ture under an argon atmosphere, the reaction
employs K;PO, as base and a 4.5 W blue LED
light source. This protocol provides access to
functionalized tetrahydroxanthones in yields
of up to 85%, showcasing broad substrate scope
and synthetic utility. Beyond enabling efficient
construction from readily available building
blocks, this strategy enriches the chemistry
of heteroarene-tethered alkenes and expands
the toolkit for designing fluorinated polycyclic
scaffolds.

0

O BrCF,-X 81

I CO.Et ‘ e ’/\({COzEt
f|/‘“\‘|/ \‘l “fCO;Et X =COAlk  fac-Ir(ppy)s | j | J‘CO?Et
o T X=NHPh [RUbPY:IPF), 7 07 Y

Fe
80 F}/ 82
X

Scheme 30. Synthesis of fluorinated tetrahydroxanthones.

Stefanoni and Wilhelm (Scheme 31) [171]
reported a mild, scalable, and highly chemo-
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selective photocatalytic method for the di-
rect functionalization of indolizines 83 using
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N-[(trifluoromethyl)thio]saccharin 84 as a tri-
fluoromethylthiolation reagent. The reaction
proceeds smoothly in acetone at room temper-
ature under an argon atmosphere, employing
[Ru(bpy),](PF), as the photocatalyst and 3 W
blue LEDs (455 nm) for 3 hours. The proto-
col exhibits broad functional-group tolerance

@)

W

-5

0

-

83

CN
A= NS
\[/> Ar * ﬂ N—SCF»
SN~ ~F

o 84

and affords the SCF;-substituted products 85
in yields of approximately 70%. Incorpora-
tion of the trifluoromethylthio (SCFs) group is
particularly valuable in drug development, as
it enhances the metabolic stability and mem-
brane permeability of bioactive compounds.

CN

Rulbpy)sl(PFsl 7 é,m
BN N-{

SCF,

85

Scheme 31. Synthesis of (trifluoromethyl)thio-modified indolizines.

Fluorine-containing benzoimidazoles and
quinazolines [172, 173] exhibit a wide range
of properties valuable to medicinal chemistry
and molecular design. In a notable contribu-
tion, Jiang et al. [174] (Scheme 32) reported a
visible-light photoredox-catalyzed radical cas-
cade cyclization involving 2-phenyl-1H-ben-
zo[d]imidazole-1-carbonitriles 86 and simple
ethers. This strategy enables sequential inert
C(sp’)-H and C(sp?)-H functionalizations,
initiated by the intermolecular addition of ox-
yalkyl radicals to N-cyano groups. The process
proceeds via in situ generation and intramolec-

ular cyclization of iminyl radicals, incorporat-
ing C-2 aryl substituents. The transformation
affords tetracyclic benzo[4,5]imidazo([1,2-c]
quinazolines 87 in 65-86% yield under am-
bient conditions. Key reaction parameters in-
clude 2 equivalents of di-tert-butyl peroxide
(DTBP) and irradiation with 25 W blue LEDs
for 14 hours, using Ir[dFppy] (dtbbpy)]PFs
(1 mol%) as the photoredox catalyst. Fluorina-
tion is represented by the presence of aromatic
fluorine atoms and trifluoromethyl groups, en-
hancing the structural diversity and potential
bioactivity of the products.

—~N
~z 'N\ —\-R —\ H(Alk) N /ﬁ(R
(Me)HT )—O) + w raFppy)(aoopyPFs  (Me) N>‘</\\_‘/

\

86 CN

(F) (cFy

R =H, Alk, OMe, CI, Br,

N
~N

O H(AIK)
L

87

Scheme 32. Synthesis of benzo[4,5]imidazo[1,2-c]quinazolines.

Zhang et al. (Scheme 33) [175] reported a bond couplingbetween quinoxalin-2(1H)-ones
visible-light-induced ring-opening C(sp’)-C 88 and cyclobutanone oxime esters to access
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cyanoalkyl-substituted quinoxalin-2(1H)-ones
89. The transformation proceeds under sun-
light or blue LED irradiation at room temper-
ature, without requiring additional additives,
and delivers a range of functionalized alkylni-
trile derivatives in moderate to excellent yields.
The reaction protocol is operationally simple,
displays broad functional-group tolerance, and
is amenable to scale-up. Mechanistic investiga-

~__N I
7Ry N. S
R t\_\/:il\\ P * 70 [| l -
- N O Ak ~CF
3
88 Alk Alk

R =H, Ak, OMe, CN, NO; CI, Br,lj_?_]

tions revealed the involvement of a cyanoalkyl
radical intermediate in the key bond-form-
ing step. Reactions are conducted in dichlo-
romethane under an argon atmosphere, em-
ploying fac-Ir(ppy), as the photocatalyst and
6 W blue LEDs as the light source. Fluorinated
products 89, featuring aromatic fluorine atoms
on the benzene ring, were obtained in isolated
yields ranging from 30% to 67%.

A N TN
- ) PN sy f\'ﬂ CN
fac II’(DPY)JP Rl_!\ ’I I\A”{ Alk
N O

- ~
//

89 Ak

Scheme 33. Synthesis of cyanoalkyl-substituted quinoxalin-2(1H)-ones.

Maoetal.(Scheme34) [176] developed an ef-
ficient and straightforward visible-light-medi-
ated tandem difluoromethylation-cyclization
of alkenyl aldehydes 90 using the air-stable and
readily accessible reagent [Ph;PCF,H]*Br~ as a
source of the CF,H group. This transformation
enables the synthesis of CF,H-functionalized
chroman-4-one scaffolds and related heter-
ocycles—including chromen-4-ones, quino-
lin-4(1H)-ones, and thiochromen-4-ones 91—
with moderate to excellent yields (30-90%)
and outstanding chemoselectivity under mild
conditions. The reaction is typically performed

CHO

X

R

g0 Ak

R =H, Alk, Ar, CN, CO,Alk CHO, CI, Br,

)
L \.X,f\\[é\\}mk + PthCFQH B

in DMSO at ambient temperature, employ-
ing 2,6-lutidine to scavenge the liberated HBr.
Photochemical activation is achieved using
fac-Ir(ppy), (2 mol%) under blue LED irradi-
ation for 24 hours. In addition to introducing
an aliphatic difluoromethyl group, the result-
ing heterocyclic products 91 frequently incor-
porate aromatic fluorination on the benzene
ring. This dual fluorine pattern facilitates the
generation of compound libraries with diverse
fluorine substitution profiles—highly relevant
for molecular design and medicinal chemistry
applications.

CFH
P Alk
r\:' ac- FKPD‘;’)s |/I/ o L \AIK
Ry I
Ny 91
F) X=0,NH, S

Scheme 34. Synthesis of difluoromethyl-substituted chromen-4-ones, quinolin-4(1H)-ones
and thiochromen-4-ones.
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Meng et al. (Scheme 35) [177] reported a
visible-light-induced fluoroalkylation-cyclo-
isomerization cascade involving ene-sub-
strates 92 and either ethyl iododifluoroacetate
or perfluoroalkyl iodides 93. This transforma-
tion affords fluorinated pyrrolidine derivatives
94 in moderate to excellent yields (23-93%)
under mild conditions, while demonstrating
broad functional group tolerance. Mechanistic
studies suggest a radical chain pathway, initi-
ated under visible-light irradiation, as central
to the formation of the heterocyclic scaffolds.
Reactions are typically conducted in dioxane
under an argon atmosphere at room tempera-
ture, using fac-Ir(ppy), (5 mol%) as the photo-

catalyst and 30 W blue LEDs as the irradiation
source over 12 hours. In addition to the incor-
poration of aliphatic fluoroacetic or perfluoro-
alkyl chains, the products also feature aromatic
fluorination on the benzene ring, resulting in a
dual fluorine motif. This structural versatility
enables the design of compound libraries with
varied fluorine substitution patterns—highly
relevant for medicinal chemistry and molec-
ular property tuning. Beyond their bioactive
potential, chiral pyrrolidine frameworks are
recognized as privileged scaffolds in asymmet-
ric synthesis [178-180], further underscoring
the synthetic utility of this methodology.

Alk N
/ \ R-CF-|
TS—NE\‘W + 7 faclrippy)s _ Ts~ —~/
\ \ 93 — > T V- Alk
Foo k (., CFR
\, “xJ/’ = \
[\V,z R = COSEL, | (CF2),CFs) A\
92 ‘ F/ 94

Scheme 35. Synthesis of fluorinated pyrrolidines.

Liang et al. (Scheme 36) [181] reported
a visible-light-driven, photoredox-catalyzed
radical cyclization between isocyanides 92 and
thiols 93, furnishing 2-thioquinoline deriva-
tives 94 in an efficient and regioselective man-
ner from readily available starting materials.
Mechanistic studies suggest that the reaction
may proceed via the in situ generation of either
a sulfide radical cation or an a-thioalkyl ra-
dical, which undergoes addition to the isocya-
nide moiety, followed by intramolecular cycli-
zation and/or intermolecular nucleophilic sub-
stitution to form the quinoline core. Reactions
are performed in tetrahydrofuran (THF) with

https://ucj.org.ua

2 equivalents of 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) as base, under ambient condi-
tions. Photochemical activation is achieved
using Ru(bpy),(PFs), (5 mol%) as the photo-
catalyst and blue LED irradiation, with reac-
tion times ranging from 16 to 32 hours. The
methodology delivers 2-thioquinoline prod-
ucts 94 in yields of 42-97%, depending on sub-
strate variation. Notably, both the isocyanide
precursors and the final products feature mo-
no-fluorine substitution on the benzene ring,
contributing to the structural diversity and po-
tential utility of this protocol in fluorine-rich
heterocyclic library construction.
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P Br + Alk-SH
92 NC 93

R =H, OMe, CI, Br| F

RU(2,2-0py)s(PFg): m
v = =~ - Alk
NS

94

Scheme 36. Synthesis of 2-thioquinolines.

Liu et al. (Scheme 37) [182] disclosed a vi-
sible-light-promoted strategy for the synthesis
of a-trifluoromethylamines 97 and N-trifluo-
roethylamine derivatives 98 via C,N-selective
heteroarylation of N-trifluoroethyl hydroxy-
lamine reagents 96 with quinoxalin-2(1H)-ones
95 under ambient conditions. The reaction’s
chemoselectivity—favoring either trifluoro-
alkylation or N-trifluoroethylamination—is
readily modulated by the structural design of
the hydroxylamine substrate. In particular, the
protecting group on the nitrogen atom plays
a pivotal role by governing the 1,2-hydrogen
shift of the in situ-generated N-trifluoroethyl
radical. This methodology features mild reac-
tion conditions, operational simplicity, high
selectivity, and broad functional group tole-

Alk(Ar)

95 96

R = H. Alk, OMe, CN, NO, CI. Br, F |

CFj3

R @] X
N '
K\I N . @KO,N\I
‘\,“-ﬁv/ e )
N
O F.C =

rance. More importantly, the resulting trifluo-
roalkylated products can be efficiently elabo-
rated into diverse analogs with promising
applications in pharmaceutical development.
Reactions are conducted in acetonitrile with
K5PO, as additive, using fac-Ir(ppy), (2 mol%)
as the photocatalyst under 24 W purple LED
irradiation for 36 hours. Products 97 and 98
are isolated in yields of up to 97%. Beyond the
incorporation of an aliphatic trifluoromethyl
group, the synthesized heterocyclic amine de-
rivatives also display aromatic fluorination,
enabling access to compound libraries with
varied fluorine substitution patterns—a feature
of high relevance for medicinal chemistry and
biological profiling.

R

R N\./
X = Boc |‘ I =
B

\\///

fac-Ir(ppy)s
FaC

\1

X =H R-\q\ /N;x ~NH
LT
~ N O

98 Alk(Ar)

Scheme 37. Synthesis of fluorinated quinoxalin-2(1H)-ones.
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It is worth noting that the a-trifluorome-
thyl amino compounds discussed above can
be conveniently accessed from correspond-
ing aldehydes and ketones via a biomimetic
transamination pathway [183-185], common-
ly referred to as a [1,3]-proton shift reaction

[186-188]. Specifically, 2,2,2-trifluoroethyl-
amine, employed in reagent 96, can be synthe-
sized through a double [1,3]-proton shift se-
quence starting from trifluoroacetic acid and
benzylamine, as illustrated in Scheme 38 [189].

_ Cl Cl
F.c~ TOH FoC H Ph el Ph : F5C N~ Ph| ™~
Cl 0 ¢l (ny
S AL - T TN : - T
—= F,c” N7 TPh F,c” N~ Ph F2C”~ “NH,

Key: (1) BnhNH> (1 eq), PhsP (4 eq)/CCls (4 eq), TEA (1.5 eq), CHClI5 reflux, 40 min.; (II)
TEA (3 eq)/H>0; (lIl) MeOH/HCI (conc), reflux, 24 hr

Scheme 38. Synthesis of 2,2,2-trifluoroethylamine via [1,3]-proton shift reaction.

Coumarin (2H-1-benzopyran-2-one) and
its derivatives exhibit a broad spectrum of
pharmacological activities, including anti-in-
flammatory, antibacterial, antiviral, antiox-
idant, antithrombotic, anti-Alzheimer, and
anticancer properties [190]. In this context,
Tan et al. (Scheme 39) [191] reported a visi-
ble-light-induced, photoredox-catalyzed tan-
dem radical addition/cyclization of 2-alkenyl-
phenols 99 with carbon tetrabromide (CBry)
to access a variety of 4-arylcoumarins 100 in a
one-pot fashion. The reaction proceeds under
mild, redox-neutral conditions and demon-
strates good functional-group tolerance, oper-
ational simplicity, and scalability. Preliminary
mechanistic studies confirm the radical nature
of the process and highlight the essential role
of water as an additive. The transformation
is typically conducted in CH,Cl, at ambient
temperature with water (5 equiv.) and K,CO;
(1.5 equiv.), using fac-Ir(ppy), (2 mol%) as
photocatalyst and 7 W blue LEDs for irradia-
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tion. The desired coumarin derivatives 100 are
isolated in yields ranging from 52% to 95%.
Importantly, fluorination in the final products
100 may be introduced on both aromatic rings,
either as monofluorinated substituents or in
combination with trifluoromethyl groups, of-
fering considerable structural diversity. This
enables the design of fluorinated coumarin
derivatives with enhanced medicinal relevance
and tunable physicochemical profiles.
Fluorinated indoles are widely recognized
as valuable end products due to their potent
bioactivity. However, they also serve as versa-
tile synthetic intermediates for accessing more
complex molecular architectures with desira-
ble biological and physicochemical properties
[192]. In this context, Wu et al. (Scheme 40)
[193] developed a visible-light-driven oxida-
tive cyclization protocol utilizing fluorinated
3-alkenylindoles 101 and styrene 102 to con-
struct carbazole derivatives 103. The trans-
formation is enabled by Ir(dtbbpy)(ppy),PFs
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(2 mol%) under aerobic conditions, where
the substrate pair undergoes a tandem [2+2]
cycloaddition followed by rearrangement, de-
livering the targeted carbazole frameworks
in good to excellent yields (50-79%). Mecha-
nistic studies reveal that the process proceeds

R’l
D
L

R 3 fac-Ir(ppy):
T\j ~ + CBry _'aclirippyls
S
~ "OH

99

R' = H, Alk, Ar, OMe, OH, CI, Br, |_FJ |CF3]

R = H, Alk, OMe, OH, Cl, Br, _F

through photoinduced energy transfer, sub-
sequently followed by electron transfer, estab-
lishing a dual activation pathway. Reactions
are performed in a CH,Cl,/DMSO solvent
system under blue LED irradiation at ambient
temperature for 12 hours.

100

Scheme 39. Synthesis of fluorinated 4-arylcoumarins.

Ir(dtobpy)(ppy)2PFe
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Scheme 40. Synthesis of fluorinated carbazoles.

Chen et al. (Scheme 41) [194] reported a
visible-light-induced alkoxycarbonyl-radical-
triggered cascade cyclization of 1,7-enynes
104 using alkyloxalyl chlorides 105 as esteri-
tying agents, enabling the efficient synthesis of
benzo[j]phenanthridine derivatives 106. The
methodology demonstrates broad compati-
bility with diverse alkoxycarbonyl radical pre-
cursors and achieves selective incorporation
of ester functionalities into polycyclic frame-
works. This radical cascade exhibits mild reac-

54

tion conditions, excellent functional group tol-
erance, and yields ranging from 52% to 95%.
The transformation is typically conducted in
acetonitrile at 40-50 °C for 36 hours, employ-
ing 2,6-lutidine as a base to neutralize evolv-
ing HCl. Photochemical activation is accom-
plished using Ir(ppy), (2 mol%) under blue
LED irradiation. Importantly, the protocol
allows strategic fluorine incorporation—either
a single fluorine atom or a trifluoromethyl
group—on both aromatic rings adjacent to the
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alkyne moiety in the starting enynes 104, and
correspondingly in the final products 106. This
structural flexibility enhances the method’s
utility for constructing fluorine-rich polycyc-

Ny

4 =
R
R #
3 D
NN NN COAKK™ Cl
| [ |\ ] 105
H(Me) o
104

R = H, Alk, OMe, CN, CI,Br, [ F | |
R' = H, Alk, OMe,

lic compounds, supporting the development
of tailored molecular scaffolds for medicinal
chemistry and bioactivity profiling.

facrppy)s I

Ar, Cl, [ F)

Scheme 41. Synthesis of ester-substituted benzo[j]phenanthridines.

Cyclopropane a-amino acids represent a
compelling class of sterically constrained amino
acid derivatives, with both naturally occurring
and synthetic examples attracting sustained
interest in medicinal chemistry and drug dis-
covery [52, 195]. Their rigid three-membered
ring imparts unique conformational properties,
making them valuable scaffolds for modulating
biological activity and metabolic stability. Of
particular significance are fluorinated cyclo-
propane a-amino acids, which are being inten-
sively investigated as key structural motifs in
the design of highly potent inhibitors targeting
the hepatitis C virus (HCV) NS3/4A protease
[196-198]. These fluorinated analogs contrib-
ute to improved lipophilicity, binding affinity,
and resistance to enzymatic degradation—fea-
tures critical to antiviral therapeutic develop-
ment. In this context, Huang et al. (Scheme 42)
[199] reported an efficient strategy for the syn-
thesis of cyclopropane-fused indolines 109 via
a photoredox-catalyzed dearomative cyclopro-
panation of indole derivatives 107 with reagent
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108. The methodology accommodates a broad
array of functionalized indoles and proceeds
under mild conditions, delivering the desired
products in moderate to excellent yields. To
demonstrate the synthetic utility, reactions were
successfully scaled to 5 mmol and product deri-
vatizations were performed, highlighting the
versatility of the approach. The transformation
is conducted in DMSO at ambient temperature
using Ir[dF(CF;)ppy],(dtbbpy)]PFs (3 mol%) as
photocatalyst under 3 W blue LED irradiation
for 24 hours. The resulting cyclopropane amino
acid-fused indolines 109 are obtained in 30-
93% yields depending on substrate variation.
Importantly, fluorination is introduced through
various fluorine substituents positioned on the
aromatic rings of both the starting indoles 107
and the final products 109. This flexible fluorine
incorporation expands the structural diversity
of the indoline scaffolds and supports the con-
struction of fluorinated compound libraries for
medicinal chemistry and molecular optimiza-
tion studies.
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Scheme 42. Preparation of cyclopropane fused indolines.

Xie et al. (Scheme 43) [200] reported a vi-
sible-light-induced radical cascade reaction
between 2-alkynylarylethers 110 and sodium
sulfinates 111, enabling the efficient synthesis
of sulfonyl-functionalized dihydrobenzofu-
rans 112. The transformation proceeds via an
intramolecular 1,5-hydrogen atom transfer
(1,5-HAT) mechanism, followed by C-C bond
formation that constructs the dihydroben-
zofuran core in a streamlined manner. The
protocol demonstrates broad substrate scope,
accommodating various substituents on both
2-alkynylarylethers 110 and sodium sulfinates
112 and affords the target products 112 in mo-
derate to good yields (20-78%). Reactions are

performed in a mixture of acetic acid and wa-
ter under a nitrogen atmosphere for 24 hours.
Photochemical activation is achieved using
Ir(ppy),(dtbbpy)|PFs (2 mol%) as the cata-
lyst, with 30 W blue LEDs serving as the light
source. Fluorination is incorporated through
either mono-fluorine atoms or trifluoromethyl
groups positioned on the aromatic ring of the
starting materials 110 and retained in the final
dihydrobenzofuran products 112. This versa-
tility supports the generation of fluorinated
heterocycles with potential relevance for me-
dicinal chemistry, structure-activity explora-
tion, and property tuning.

N ;,COgMe ' Et;NE . I'v'IeO L .
P N [ ‘ I Ir{dF{CF3)ppy}a(dtbpy)]PF;
R1u\ J,_QI}CO%U * : ‘“I sif / * - JE \‘cogrBu
X i \
R \ 0 /2 R
107 108 109

R=Ac Ts.Boc. X=C,N: R'=

H, Me, OMe, CI, Br, F |

Scheme 43. Synthesis of dihydrobenzofurans.

Zhang et al. (Scheme 44) [201] reported
a mild and efficient protocol for the synthe-
sis of substituted quinazolines 115 via visi-
ble-light-induced benzylic C-H functional-
ization, employing benzophenones 113 and
benzylamines 114 as starting materials. The
transformation proceeds under a nitrogen at-

56

mosphere at room temperature, using tert-bu-
tyl peroxybenzoate (TBPB) (4 equiv.) as the
radical initiator and Li,CO; (3 equiv.) as a
base, with Ir(ppy)s (1 mol%) as the photocata-
lyst and blue LED irradiation for 12 hours. The
reaction exhibits high chemoselectivity and
affords the quinazoline products 115 in yields
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ranging from 45% to 85%. Fluorine incorpo-
ration is achieved using trifluoromethyl-sub-
stituted benzylamines 114, which translate
into trifluoromethylphenyl motifs in the final
quinazoline products 115, enhancing their po-
tential for medicinal chemistry applications.

It is worth noting that both starting materi-
als are readily available and synthetically ver-
satile.

@)

R
NH,

113 114

Ortho-amino benzo- and acetophenones
113 are widely utilized in the synthesis of
benzodiazepines [202] and in the design of
tridentate ligands for asymmetric synthesis
of tailor-made amino acids [203-206]. Tri-
fluorobenzylamines 114 have found applica-
tion in biomimetic transamination strategies,
contributing to the synthesis of fluorinated
amines and bioactive scaffolds [207-209].

Me(Ph)

-
7 "Me(Ph) + RL;O/\ NHy _Ir(PPY)3 g
= = )\E\

115

R = H, Me, CO,Me, NH, CI, Br; R' = H, Me, OH, Br, CI, CN,

Scheme 44. Synthesis of 2-arylquinazolines.

Wang et al. (Scheme 45) [210] reported a
visible-light-accelerated C-H annulation strat-
egy catalyzed by [Cp*RhCL], (2.5 mol%), en-
abling the synthesis of bridged tetrahydroben-
zocarbazoles 118 from aromatic amines 116
and bicyclic alkenes 117. This transformation
leverages the synergistic effect of rhodium ca-
talysis and visible-light irradiation (40 W blue
LEDs), allowing diverse 116 substrates to react
efficiently with azabicyclic alkenes 117 under
ambient conditions. The reactions are typically

4@ .

Ar

//

l/
RT

—

16

R = H, Me, Ph, OMe, CO,Et, CN, Cl, Br, I, F |

N H
[Cp*RNhCl;], a \[ NS
' ~ R A A\

performed in 1,2-dichloroethane (DCE) under
an argon atmosphere at room temperature for
12 hours, affording the desired bridged oxa- or
aza-tetrahydrobenzocarbazoles 118 in good to
excellent yields (53-98%). Fluorination is in-
troduced via the starting anilines 116, which
may bear either a monofluorine substituent or
a trifluoromethyl group, contributing to the
structural diversity and potential pharmaco-
logical relevance of the final products 118.

H \vf_}i\//;_ﬂ\\\\)
18 =5

CF4) ;

R'=H, Me, OMe; X = O, N-Boc, N-Ts

Scheme 45. Synthesis of tetrahydro benzocarbazoles.
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Indoles represent a cornerstone scaffold in
drug design, prized for their broad-spectrum
biological activity and ability to engage diverse
molecular targets. Found extensively in both
natural products and synthetic pharmaceu-
ticals, indole-based compounds play pivotal
roles in anticancer, antimicrobial, anti-inflam-
matory, and neuroprotective therapies. Their
structural flexibility allows medicinal chemists
to fine-tune potency, selectivity, and bioavai-
lability, making indoles indispensable in con-
temporary drug discovery efforts [211-214].

A wide array of synthetic strategies has
been developed for the construction of indole
derivatives [215-218], including those bearing
fluorine substituents, which enhance meta-
bolic stability and target specificity [219-222].
In this work, we have already discussed se-
veral methodologies for the preparation of in-
dole-based compounds. The following sections
will further expand on the application of in-
doles and their derivatives as both starting ma-
terials and products in a variety of innovative
photochemical transformations, highlighting
their continued relevance in synthetic and me-
dicinal chemistry.

Fluorine-containing tryptophans are bio-
logically significant compounds with intrin-
sic pharmacological relevance [223-225].
Their use as starting materials is particularly
attractive, as they enable the construction of
indole-based scaffolds bearing pharmacopho-

HAK) NH-Ts
K

R { COH EHH R

o, A

i N 0 L
bo119 120

R =H, Me, OMe, Ar, Cl, Br, | F |;R'=H, Me, OMe, CI, Br,

ric units, thereby expanding the chemical
space for drug discovery. In this context, Li
et al. (Scheme 46) [226] reported a facile and
efficient synthesis of multi-substituted trans-
tused hexahydrocarbazoles 121 via a stereose-
lective intermolecular radical cascade reaction
between readily available substituted trypto-
phans 119 (including fluorinated variants) and
acrylamides 120. The transformation is ena-
bled by visible-light-induced photoredox ca-
talysis, delivering the target products in up to
82% yield with >20:1 diastereoselectivity, and
forming four stereocenters, including two qua-
ternary centers. Interestingly, when the reac-
tion is conducted under ambient air, the major
products shift toward tetrahydrocarbazoles,
suggesting oxygen influences the radical path-
way. Preliminary mechanistic studies indicate
a sequence involving radical addition cascades
followed by radical-polar crossover events.
The reactions are performed in DMA at 30 °C
under an argon atmosphere, using Na,CO;
(3 equiv.) as a base. Photochemical activation
is achieved with Ir[dF(CF;)ppy].(dtbbpy)]PFs
(1 mol%) under blue LED irradiation. Fluo-
rination is introduced through multiple vec-
tors: the trifluoromethyl group on the starting
2-(trifluoromethyl)acrylamides 120 and fluo-
rine atoms on the aromatic rings of both 119
and 120, resulting in multi-fluorinated hexa-
hydrocarbazole products 121 with enhanced
structural and physicochemical diversity.

H(Alk)
—=NH-Ts
R_. H\-"
_IfdF(CFa)ppyla(dtopy)lPFs SN/ LCF,
H HN_ 1
121 /—‘ .
F ) =/

Scheme 46. Synthesis of fluorinated hexahydrocarbazoles.
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The stereochemical outcome of these reac-
tions warrants particular emphasis. The simul-
taneous formation of four stereogenic centers
with exceptional diastereoselectivity (>20:1) is
a remarkable achievement, underscoring the
stereocontrolling influence of the trifluorome-
thyl group [227, 228]. Such high-level stereo-
chemical precision is rarely observed in radical
cascade processes and highlights the strategic
value of fluorinated motifs in stereoselective
synthesis. Moreover, the 2-(trifluoromethyl)
acrylamides 120 employed in these transfor-
mations are exceptionally reactive Michael
acceptors, owing to the strong electron-with-
drawing nature of the CF; group. Their reac-
tivity has been successfully harnessed in the
synthesis of trifluoromethylated derivatives of
glutamic acid and related analogs, expanding
their utility in the construction of fluorine-rich
bioactive frameworks [229-231].

Kim et al. (Scheme 47) [232] reported a
direct C-H functionalization/cyclization of
acetanilides 122 with alkyne derivatives 123,

enabled by a dual catalytic system involving
photoredox and transition-metal catalysis. The
reaction employed a readily available photore-
dox catalyst, [Ru(dtbbpy).(bpy)]PFs (1 mol%),
in combination with [RhCp*ClL,], (2 mol%),
a well-established catalyst for C-H activa-
tion. Under irradiation with an 11 W compact
fluorescent lamp (CFL), the transformation
proceeded smoothly to furnish indoles 124
in good yields (33-88%). Mechanistic inves-
tigations revealed that each catalyst operates
independently, contributing distinct roles to
the overall transformation. The reactions were
carried out in chlorobenzene at 120 °C for
12 hours, with AgSbFs (8 mol%) as an addi-
tive to facilitate catalyst activation. Fluorinated
motifs were incorporated both as fluorine at-
oms and trifluoromethyl groups on the start-
ing anilines 122, and these substituents were
retained on the benzene ring of the resulting
indoles 124, highlighting the method’s com-
patibility with fluorinated substrates.

R Ph(Me)
R NHACc
E/T o
o
Ph
122 123

R = H, Alk, OMe, Ac, Ar, CI, Br,[F ) [CF3

R Ph
Ru(dtbbpy)s(bpy)]PF N e
| [ PY)2(bPY)IPF5 O \Qf PhiMe)
7N
Ac

124

Scheme 47. Synthesis of fluorinated indoles.

Lin et al. (Scheme 48) [233] reported a mild
and efficient protocol for the visible-light-in-
duced radical cascade difluoromethylation/cyc-
lization of indoles bearing unactivated alkenes
125. The transformation utilizes a bench-stable
and readily accessible difluoromethyltriphe-
nylphosphonium bromide 126 as a precursor

https://ucj.org.ua

for the —-CF,H group, enabling the synthesis
of CF,H-substituted polycyclic indole deriva-
tives 127 in moderate to good yields (50-90%).
This strategy is notable for its ability to con-
struct C(sp®)-CF,H and C-C bonds under
additive-free conditions, with simple opera-
tional setup, ambient temperature, and a broad
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substrate scope. Mechanistic investigations
confirm the involvement of a difluoromethyl
radical pathwayascentral to the transformation.
Reactions are performed in acetonitrile at room
temperature for 16 hours, using fac-Ir(ppy)s
(2 mol%) as the photocatalyst under 5 W blue

R
P r:
N . ©gP°
PhsPCHF,H
O n=1-3
125 126

LED irradiation. Fluorine substituents are in-
corporated both on the aromatic rings of the
starting indoles 125 and retained in the final
polycyclic products 127, contributing to the
structural and physicochemical diversity of the
resulting compounds.

R
/\\ )
|\\ \m\ CFo,H
fac-Ir(ppy)s Z~N
)

127 d n=1-3

—_,

—

R = H, Me, OMe, Ph, COAlk, CN, CI, Br, . F ) |CFs

Scheme 48. Preparation of difluoromethyl-containing indoles.

Owing to the strong electron-withdrawing
effect of fluorine, fluorinated benzaldehydes
exhibit high reactivity, particularly in asym-
metric aldol addition reactions [234-236].
Leveraging this reactivity, Liu et al. (Scheme
49) [237] developed a visible-light-induced
dual acylation strategy involving fluorobenzal-
dehydes tethered to alkenes 128 for the synthe-
sis of 3-substituted chroman-4-ones 130. The
transformation proceeds via a radical tandem
cyclization, initiated by carbon-carbon bond
cleavage of oxime esters 129 through a nitro-
gen-centered radical pathway. This method en-

ables the efficient construction of chroman-4-
one frameworks, delivering a series of 3-substi-
tuted chroman-4-ones 130 in yields up to 86%.
Reactions are typically conducted in acetone at
80 °C for 24 hours, using 2,6-lutidine (1 equiv.)
as a base. Photochemical activation is achieved
with Ir(ppy)s as the photocatalyst under 5 W
blue LED irradiation. Fluorine substituents,
either as single fluorine atoms or trifluorome-
thyl groups, are incorporated on the aromatic
rings of the final chromanone products 130,
contributing to their electronic diversity and
potential bioactivity.

R.~.__-CHO 0 0O o Jo,
[\ \I AN A A Ir(ppy)s R‘x”»ﬁ A K .
F o™ _Alk(Ar) + Alk(Ar) \( 0 ‘“v| x\‘ _mpeyls E I Alk(Ar)
Alk NN A~ AlK(Ar
128 129 7 CF, 0 (Ar)
130

R = H, Alk, OMe, CI, Br, (F ) [CFs)

Scheme 49. Synthesis of 3-substituted chroman-4-ones.
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Fluorinated imines are versatile interme-
diates in organic synthesis, widely employed
as precursors for the construction of fluorine-
containing amines and amino acids [238-240].
In this context, the photochemical protocol
reported by Li and Zhou (Scheme 50) [241]
presents a mechanistically intriguing trans-
formation, wherein the fluorine pattern of
the starting imine differs from that of the fi-
nal product. Specifically, the reaction involves
the loss of one fluorine atom and a conversion
from aliphatic to aromatic fluorination, repre-
senting a rare synthetic event. The methodol-
ogy utilizes vinyldiazo reagents 132 as radical
acceptors in a visible-light-promoted sequen-
tial radical cyclization, enabling a [3+3] cy-
clization pathway that is mechanistically dis-
tinct from conventional annulation strategies.

Starting from N-aryl chlorodifluoromethyl
alkynyl ketoimines 131, the reaction facilitates
the construction of acridine frameworks 133,
incorporating a fluorine atom into the acri-
dine core during the simultaneous formation
of both pyridine and benzene rings from acy-
clic precursors. The resulting 4-fluoroacridines
133 exhibit pronounced solid-state fluores-
cence, underscoring their potential utility in
materials science and photonic applications.
Reactions are typically conducted in dichlo-
romethane (DCM) at ambient temperature for
18 hours, using Hiinig’s base (3 equiv.) to scav-
enge acidic byproducts. Photochemical acti-
vation is achieved with Ru(bpy)sCl, (1 mol%)
under 5 W blue LED irradiation, affording
mono-fluorinated acridines in yields ranging
from 37% to 79%.

= - AlkAn) Alk(Ar) AK(AD  cO Al
,|3‘-\"7ir\\/N¢,r"// Alk(Ar) \V//':L.\ﬂ,,cogmk Ru(bpy)sClz “fx - ATKAT)
.~  CFCl NN
~F a1 2 132 Ny N 7 Alk(An
133 F

R =H, Me, OMe, CI, Br.

Scheme 50. Synthesis of 4-fluoroacridines.

Xue et al. (Scheme 51) [242] reported a sus-
tainable and efficient protocol for the synthesis
of O-heterocycle spiro-fused cyclopentaquino-
linone derivatives 136 via a visible-light-driven
radical cascade reaction between N-(o-ethynyl-
aryl)acrylamides 134 and O-heterocycles 135.
Mechanistic studies revealed that the trans-
formation is initiated by visible-light-induced
radical generation from the O-heterocycle, fol-
lowed by regioselective radical addition onto
the acrylamide moiety. This triggers a cascade
involving 6-exo-dig and 5-endo-trig radical an-
nulations, which are terminated by single-elec-
tron oxidation and proton elimination to fur-
nish the spirocyclic products. The protocol

https://ucj.org.ua

features broad substrate scope, extremely mild
reaction conditions, excellent atom economy,
high efficiency, and good compatibility with
diverse functional groups. Reactions are per-
formed underan argon atmosphere using TBPB
(2 equiv.) as a radical initiator, fac-Ir(ppy)s
as the photocatalyst, and 8 W blue LED irra-
diation for 18 hours. The desired spiro-fused
cyclopentaquinolinones 136 are obtained in
yields of up to 96%. Fluorination is introduced
via mono-fluorine substitution on the aroma-
tic ring of the starting acrylamides 134 and is
retained in the final products 136, contributing
to their electronic and structural diversity.
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Scheme 51. Synthesis of O-heterocycle spiro-fused cyclopentaquinolinones.

Trimolecular reactions.

Trimolecular photochemical reactions are
extremely rare. A true trimolecular reaction
involves the simultaneous collision of three
reactant species in a single elementary step.
In the context of photochemistry, this would
require three molecules to interact under light
activation to form products directly, without
intermediates. The rarity of such processes
arises from several fundamental constraints.
One major limitation is the low probability of
three-body collisions. The likelihood of three
molecules colliding simultaneously, with the
correct orientation and sufficient energy, is less
than 0.1% compared to bimolecular collisions.
This statistical improbability makes trimolec-
ular elementary steps kinetically unfavorable
under typical reaction conditions. Another
critical factor is the distribution of energy and
momentum during such collisions. Even if
three molecules do collide, the energy must be
partitioned in a way that allows bond formation
without immediate dissociation. Often, a third
molecule is required to absorb excess energy,
but this typically occurs in stepwise mecha-
nisms rather than true trimolecular elementa-
ry reactions. Mechanistic complexity further
limits the feasibility of trimolecular photo-
chemical reactions. Most reactions that appear
trimolecular are actually pseudo-trimolecular,
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proceeding through the formation of a binary
intermediate that subsequently reacts with a
third species. In photochemistry, excited states
typically undergo unimolecular or bimolecu-
lar transformations. The involvement of three
species in a concerted photochemical event is
both kinetically and spectroscopically difficult
to observe or validate. Additionally, the radical
nature of many photochemical reactions intro-
duces further challenges. Radicals are highly
reactive and can follow multiple competing
pathways, making it difficult to orchestrate a
trimolecular process that proceeds selectively
through a single route. As a result, success-
ful examples of trimolecular photochemical
reactions are exceedingly rare and represent
significant theoretical and practical interest in
reaction design and mechanistic exploration
[243,244].

Liang et al. (Scheme 52) [245] reported a
visible-light-driven strategy for the synthesis
of valuable perfluoroalkylated dihydrobenzox-
azines 140 via a perfluoroalkyl radical-medi-
ated cascade reaction. The transformation in-
volves the reaction of N-tosyl-2-vinylanilines
137, Umemoto's reagents 138, and aldehydes
139 under photoredox conditions. The reac-
tions are carried out in dichloromethane (CH,-
Cl,) at 5 °C in the presence of sodium acetate
(NaOAC) as a base additive. Photochemical ac-
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tivation is achieved using Ir(ppy).(dtbbpy)PFs
(2 mol%) as the photocatalyst under 3 W blue
LED irradiation for 4 hours. The method af-
fords perfluoroalkylated dihydrobenzoxazines
140 in good to excellent yields, ranging from
54% to 80%. Notably, the transformation is
enabled by the radical reactivity of Umemo-
tos reagents 138, which serve as perfluoroalkyl
group donors. Fluorination is further repre-
sented by mono-fluorine and trifluoromethyl

R
‘,‘\‘ \-.:: /hx
“x, N . & ” / .
S_O _ \_ Alk(Ar)”
\ ‘\ - / ~
J o Rr “oTi 139
7 37 138

R = H, Me, OMe, CO,Me, CN, CI, Br, [F ) [CF3) R’

~CHO

substituents on the aromatic rings of the start-
ing N-tosyl-2-vinylanilines 137. These fluorine
motifs are retained in the final products 140,
allowing for structural diversity with one to
three fluorine atoms per molecule. This mod-
ular approach enables the synthesis of fluori-
nated heterocycles with potential applications
in agrochemicals and pharmaceuticals, owing
to the physicochemical properties imparted by
the perfluoroalkyl groups.

=
Ir{ppy}2(dtbbpy)]PFg [ \
- //

N’ AIK{Ar:

“H.Me. [ F):R1=(CF)F.n=13 46

Scheme 52. Synthesis of fluorinated dihydrobenzoxazines.

However, it is crucial to recognize that
while certain perfluorinated compounds have
found valuable applications in life sciences and
materials chemistry, a significant subset—col-
lectively known as per- and polyfluoroalkyl
substances (PFAS)—pose substantial environ-
mental and public health risks. These “forever
chemicals” are characterized by extreme per-
sistence, bioaccumulative behavior, and mo-
bility in ecosystems, leading to widespread
contamination of soil, water, and biota. Their
resistance to degradation and tendency to bio-
magnify through food webs have prompted in-
creasing regulatory scrutiny and calls for safer
alternatives [147-149].

Geng et al. (Scheme 53) [246] developed a
visible-light-driven three-component cycliza-
tion that enables the direct synthesis of pyri-
mido[1,2-b]indazole derivatives 144 through
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the in situ trapping of a 1,3-vinylimine ion in-
termediate. The reaction proceeds under mild
conditions from bromodifluoroacetic acid de-
rivatives 141, enaminones 142, and 3-amino-
indazoles 143. Notably, this robust methodo-
logy allows for the efficient incorporation of
aliphatic substituents and demonstrates ex-
cellent compatibility with structurally com-
plex bioactive molecules. This transformation
represents the first example of a photoinduced
multicomponent reaction employing bromodi-
fluoroacetic acid derivatives as a C1 synthon.
The reactions were carried out in DMSO at
room temperature using fac-Ir(ppy)s (2 mol%)
as the photocatalyst under blue LED irradia-
tion for five hours. The desired pyrimido[1,2-b]
indazole products 144 were obtained in mod-
erate to good yields, ranging from 40% to 79%.
Despite their initial fluorinated structure, both
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fluorine atoms from the bromodifluoroacetic
acid derivatives 141 are lost during the course
of the reaction. Nevertheless, fluorination is
retained through aromatic substitution on the
3-aminoindazole starting materials 143, which
is preserved in the final heterocyclic products

FF Al 0 R

NH; R

144. The resulting pyrimido[1,2-b]indazoles
144 offer structural diversity and potential
relevance in medicinal chemistry due to their
fused heterocyclic architecture and tunable
fluorine content.

/ e Y 2=,
X . ~ N fac-Ir(ppy): N
Br)l\[" +  Alk(Ar) ?\_A.II/’“\;% NM82+ |’ [ \\N fac-Ir(ppy)s [-“:;/i:‘r{’N \ Y ;nA[k(Ar}
n - s W, \!
141 O 142 N N=( oA
n=1.417.9 143 , O
P =0
R =H, Me, CI, Br, 1| F| Alk—X 144

Scheme 53. Preparation of pyrimido[1,2-b]indazole derivatives.

Manna and Prabhu (Scheme 54) [247] re-
ported a visible-light-mediated three-compo-
nent difunctionalization of activated alkynes
145 using boronic acids 146 and hypervalent
iodine reagents 147, enabling the synthesis
of 3-alkylated coumarins 148. The para-sub-
stituent on the aryl ring of the aryl alkynoate
was found to be crucial for directing selective
chain alkylation, facilitating coumarin forma-
tion under mild conditions. Reactions were
performed in 1,2-dichloroethane (DCE) at

|+ AKB(OH) + | “\"'\O
146 Z
O 147

room temperature over 8-12 hours, employing
Ru(bpy),Cl, (0.5 mol%) as the photocatalyst
under visible-light irradiation. The desired
coumarin products 148 were obtained in yields
of up to 60%. Fluorinated motifs were incorpo-
rated via mono-fluoro or trifluoromethyl sub-
stitutions on the aromatic ring or within the
ester/amide fragments of the starting alkynes
145, showcasing the method’s compatibility
with fluorinated substrates.

OH
Ru(bpy)3Cl;

—_—— =

\\
O

Ar—C
YT

R = H, Me, OMe, COMe, CO»Et, CI, Br.;F_], [CF3) ;X =0, NMe

Scheme 54. Synthesis of coumarins.
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CONCLUSIONS.

In sum, photochemistry reimagines light
not as a passive illuminator but as a precise
and sustainable reagent—unlocking synthetic
possibilities with elegance and minimal envi-
ronmental cost. It is no exaggeration to state
that many of the reactions described in this re-
view would be inaccessible under conventional
thermal, acid-base, or redox conditions. Pho-
tochemical activation enables unique reactivi-
ty patterns, particularly through radical path-
ways, that allow for the rapid construction of
complex molecular architectures.

That said, photochemistry is not universally
applicable. Certain structural targets and reac-
tivity types remain beyond theirreach, and the
approach carries inherent limitations. One key
challengeliesin thearchitectural design of start-
ing materials: the spatial arrangement and po-
sitioning of reactive functional groups must be
meticulously orchestrated to ensure productive
radical engagement. This requirement stems
from the mechanistic nature of photochemical
reactions, which often proceed through highly
selective and transient radical intermediates.
Another limitation is the labor-intensive op-
timization process. Small changes in reaction
parameters—such as photocatalyst identity,
light source, solvent, or additives—can dra-
matically affect the outcome. The search for
ideal conditions can be extensive, yet when
successful, photochemical methods offer un-
matched efficiency, functional group tolerance,
and scalability. Most reactions proceed under
ambient conditions and require only cataly-
tic amounts of photocatalyst, typically around
1 mol%, simplifying product isolation and
purification. Fluorination plays a prominent
role in many of these transformations. Fluo-
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rine is introduced in diverse forms, including
mono-fluoro, trifluoromethyl, perfluoroalkyl,
trifluoromethoxy, and pentafluorosulfanyl
groups. Fluorinated reagents are frequently
employed, and multiple fluorine substitutions
are often retained in the final products. This
versatility makes photochemical synthesis par-
ticularly valuable for constructing fluorinat-
ed heterocycles with relevance to medicinal
chemistry and pharmaceutical development.
Notably, asymmetric photochemical transfor-
mations remain underexplored. The scarcity
of enantioselective protocols suggests that this
field is still in its early stages. Given the impor-
tance of chiral fluorinated compounds in drug
design, future research is expected to focus
on enantiocontrolled photochemical metho-
dologies for fluorinated heterocyclic scaffolds.
Overall, photochemistry represents a vibrant
and rapidly evolving area of synthetic research,
offering vast potential for innovation. As the
field continues to expand, we anticipate excit-
ing developments that will further redefine the
boundaries of molecular construction.

AUTHORS’ CONTRIBUTION. All authors
have read the research results and approved
the final version of the manuscript.

CONFLICT OF INTEREST. The authors de-
clare no conflict of interest.

E ACKNOWLEDGMENTS. We grate-
A fully acknowledge the financial support
from IKERBASQUE, Basque Foundation
for Science (for Soloshonok). The authors
acknowledge the assistance of Microsoft
Copilot and Google Gemini for their sup-
port in translating to Ukrainian.

65




ORGANIC CHEMISTRY

RECENT ADVANCES IN PHOTOCHEMICAL SYNTHESIS OF FLUORINE-CONTAINING HETEROCYCLES (review).

I
OCTAHHI IOCATHEHHA Y ®O0TOXIMIYHUX

MAX0AAX ANA OTPUMAHHA
®TOPOBMICHWUX FETEPOLINKNIB (ornsp)

Aniuis B3opex,' Tai3o Ono,*
Hanienv Bexxep,® Beii Yncan,*
Baoum A. Conowonox,”*

! Ximiunuil incmumym, Ynieepcumem Ana
Koxanoscvkozo 8 Kenvuy,

8yn. Ynisepcumemcovxa 7, 25-406 Kenvue,
Ionvua;

? HayionanvHuil iHcmumym nepedosoi HayKu
ma mexnonoziit (AIST),

2266-98, Anaeaxopa, Lllimowioami, pation
Mopiama, Hazos, 463-8560, Anomnis;

? Biddin gpapmavesmuunoi ma nikapcokoi
ximii, PapmayesmuuHutl iHcmumym,
Binvuuii ynisepcumem beprina,
Kvomirsin-/lyize-lllmpace 2+4, 14195 bepnin,
Himeuuuna;

* Ximiunuti paxynomem, Ynisepcumem
Maccauycemca 6 bocmoi, bocmomn,
Maccauycemc 02125, Cnonyueni lllmamu
Amepuru;

> IKEPBACKE, backcvka Haykoea ¢pyHOauis,
eyn. Mapis [liac oe Xapo 3, I[Inowa biskas,
48013 Binvbao, Icnanis,

e-mail: vadimsoloshonok@gmail.com

Anoranisa: PTOpoBMiCHI reTepOLNKIN 3a-
JIMAaOTh LIEHTpajbHe Micue y ¢apMareBTn-
i, arpoxiMii Ta MaTepiall03HaBCTBi 3aBAAKMU
CBOIM YHiKa/lbHUM (i3MKO-XiMiYHMM BIacTHU-
BOCTSAM Ta LIMPOKill QyHKIiOHA/NIbHIN 3HAYY-
mwocTi. [IparHeHHA K0 epeKTUBHMX Ta €KOJIO-
TiYHO CTIIKMX METOJIB CMHTE3Y CIIPUATIO 105-
Bi HOTOXIMIl SIK TepeKOHINBOI a/IbTePHATUBA
TpaAMLiIHXM IiJX0JaM Ha OCHOBI TePMIYHOI,
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KVC/IOTHO-/IY>KHOI 4 OKMCHO-BiJITHOBHOI pe-
akuin. JlificHo, 6araro i3 TpaHcopmaniit, Bu-
CBITJICHMX Y IIbOMY OIJIAfi, Oymu 6 HemoCsaXK-
HUMMJ 33 3BMYANHUX YMOB, IO IiJKPECTIOE
BUHATKOBY PeakKliiiHy 3[jaTHICTb, SIKy 3a0e3-
IIEYYIOTh NPOLECH, 10 IPUBOJATHCA B PyX
CBIT/IOM.

Lleit ornsam BUBYA€E KIIOYOBi JOCATHEHHS 3a
OCTaHHE JIeCATWITTA Y poToXiMiuyHOMY CMH-
Te3i PTOPOBAHMX TeTEPOUMK/ITIYHMX CHOMYK.
Bin mounHaeTbcA 3 ornAny GyHAaMeHTaTbHUX
¢doToximMiyHMX npMHIMMIB i PoTokaranizaro-
piB, IKi BUKOpUCTOBYIOTD HaiyacTime. [lotim
06TOBOpEHHS IPOJOBXKYETHCA, PO3MOAIIAIO-
4y peaxiiii Ha yHiMONeKy/IApHi, 6iMoneKymnAp-
Hi Ta TPMMOJIEKY/IAPHI K/Iacu. YHIMONEKYIAPHi
peaxliil, AK IIpaBuUIo0, BK/IIOYAIOTh LMK/Ii3allilo
cTpareriyHo pospobneHux cybcrparis, 3par-
HIUX YTBOPIOBATY Te€TEPOLMKIIIYHI CTPYKTypH
nicna gporoaxTuBanii. bimonexynaphi peaxnii
€ HaJIIOUIMpPEHIINM KJIacoM, Jie IBi OKpeMi
KOMIIOHEHT) HAJJalOTh B3a€EMOJOIIOBHIOIYi
¢parMeHTN m1s1 MOOYOBM LINTBOBOTO reTe-
pouukny. Hatomicte TpumornexynspHi ¢poro-
XiMiYHiI peakuil € Haf3BUYAHO PiAKICHUMM
yepe3 BIACTVBI MEXaHICTUYHI, KiHETUYHI Ta
MIPOCTOPOBi 0OMeXeHHSI, OB s13aHi 3 TPUTINb-
HVIMU B3a€MOZiAMU B POTOXIMIYHMX yMOBaX.

[ns koxxHOl o6roBoproBaHoi TpaHcdoOp-
Mallil M [ieTaJIbHO OIMCYEMO BUKOPUCTAHUIA
doTokaraisaTop, JpKepeo ONpPOMiHEHHs,
yMoBU peakuii Ta crenndiyHuil BBeXEHNI
narepH ¢propyBanHa. PoToxiMia nmepeocmuc-
JIIOE CBIiT/IO HE NPOCTO fK JPKEPeIo eHeprii, a
AK TOYHMU 1 CTIIKMII peareHT, 10 BiKpUBae
CMHTETUYHI LUIAXY 31 3PYYHICTIO, CETEeKTUB-
HiCTIO Ta MiHiMa/IbHMM BIIJIMBOM Ha JOBKIi/IA.

IIs1 poboTa Mae Ha MeTi CyryBaTn Bcebiu-
HIUM PeCypcoM Ji/IA JOCTiIHMUKIB i IPaKTUKiB,
AKi IparHyThb BUKOPUCTOBYBATY (HOTOXiMiuHi

ISSN 2708-129X. YKp. xiM. XypH., 2026



Alicja Wzorek, Taizo Ono, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok

UCJ Ne 2/ Vol. 92

cTpaterii 1 cuHTe3y (PTOPOBAHUX TeTepo-
IIVIKJIIB, 3 AKIIEHTOM Ha KaTaiTU4IHY eeKTIB-
HICTb, CTPYKTYPHY Pi3HOMaHITHICTb Ta €KOJI0-
TiYHY BifITIOBifA/IbHICTD.

KniouoBi cmoBa: ximis ¢ropy, rereporu-
K/IV, OPraHOQTOPUCTI CIOMYKH, (POTO-PETOKC
KaTaJli3, CTPyKTypHe pi3HOMaHITTS, 3€/IeHa Xi-
Mifl, CTa/Inii CUHTE3, BIUIMB Ha JOBKIJI/IA.
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