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CUHTE3 CKJIAQHUX OKCUAIB NNAHTAHY | 3d-METAJIB (Co, Ni, Cu)

TA IXHIX TETEPOMETAJIIMHNX KOMMNJIEKCIB 13 CYKLMHOBOHO
KUCJI0TOKO TA MIPUANHOM

/1. 1. Kene3nosa, /1. I. Cntocapuyx’, O. K. Tpynosa, C. B. Kynewos

Incmumym 3azanvHoi ma Heopeaniunoi ximii im. B. 1. Bepnadcvkozo HAH Yxpainu,
npocn. Axademixa Ilannadina, 32/34, Kuis 03142, Yxpaina
e-mail: Lsliusarchuk@yahoo.com

Y po6oTi mpefcTaBIeHO MOCTIIKEHHS i3 CUHTe3y HOBUX TIeTepOMETaTiYHMUX KOMILIEK-
ciB La(III) i Co(II), Ni(II), Cu(Il) 3 6ypmrtrHOBOIO KMCcnOoTON Ta mipuanHOM (Py). OnepskaHo
sMillani iraHgHi, rerepoMeraniuni koopaunaniitni cnomyku [Co,La (C H,O,).-4Py]-4H, 0O,
[Ni,La,(C,H,0O,).-4Py]-4H,0, ta [Cu,La,(C,H,0O,).-4Py]-4H,0.

ITpoBeneHO BUBUEHHS IXHIX TEPMiUYHIX BIACTUBOCTEN Ta BU3HAYEHHS 3/IaTHOCTI reTepOKOMII-
JIEKCIB yTBOPIOBATH CKIa[iHi OKcuay. KoMIiekcy oXxapakTepusoBaHO 3a IOIIOMOTOI0 €IeMEHTHO-
O aHajIi3y Ta TepMorpaBiMeTpu4yHoro Metony. OLiHKa IXHbOI TEPMiUHOI CTIIKOCTI IIOKa3aa, 10
TepMiuHe pO3K/IalaHHsI CUHTE€30BaHUX IeTePOKOMITIEKCIB IIPOXOANTH IOCTAZIiNHO i Mae 6araTo-
CTYIiHYACTHII XapakTep. [XHiil TepMOIi3 MpOTiKa€ Yepes cTaflii BifjIEIUIEHHS CIIOYATKY MOEKYIT
Bomy (100-220°C), motim mipupyuny (185-310°C), 110 CyIPOBOKYETHCA eK30TepMiYHNMY e(eK-
Tamy Ha KpuBux DTA, i 10 TOBHOro TepMiYHOTrO pO3K/IaJjaHHA reTepOMETA/IIYHIX KOOPAVMHALLil-
HUX crionyk. B o6macti temneparyp Big 260°C no 700°C BinbyBa€eTbcs iHTEHCHBHE PO3K/IaflaHHA
KOMIIJIEKCIB, 3yMOBJIEHMII PYJIHYBaHHAM OPraHiyHOI YaCTUHI, 1110 CYIIPOBOIKYETHCA €K30TepMiy-
Humu egexramu. [1pu Tepmornisi rerepokomiiexcis 3a 800°C, 900°C, 1000°C ofep>kaHO ITOPOIIKA
okcnziiB. KOHTpo/Ib IXHBOTO CKJIafly IPOBEIEHO 3a JOIIOMOTOI0 PEHTIeHO(a30BOro aHasIi3y. IneH-
tr¢ikaliro a3z IpOBOANIN NIIAXOM ITOPIBHAHHA eKCIIePUMEHTa/IbHIX ANPPaKIIIHIX KapTUH i3
6asamu rannx ICDD PDE-2. Tlokasano, mo cronyku [M,La (C,H,0,).-4Py]-4H,0 (M=Co, Cu) 3a
Temmneparypu 900°C poskmamaTbcss B OCHOBHOMY Jio ckinapHux okcuiis LaCoO, ta La,CuO,
3 Hepenmukumu fiomimkamu La(OH), i necrexiomerpuunoro okcuay xynpymy Cu O Bignosif-
Ho. Tepmonectpyxuis kommexcy [NiLa (C,H,0,),-4Py]-4H,O cynpoBoKyeTbcsi yTBOPEHHAM
nominyiodoi dasu Hikenaris mantany La NiO, ta LaNiO,, Takox BUAB/IEHO He3HAYHMI BMiCT
okcupy NiO i La(OH), six mo6iunmx ¢as.

Taxum unnom, rerepomeraniuni komnnekcu [Co,La (C H,O,).-4Py]-4H O, [Ni,La,(C,H,O,).-
-4Py]-4H,0 Ta [Cu,La (C,H,0,).-4Py]-4H,0O MOXXHa BUKOPUCTOBYBaTH SIK IPEKYPCOPU JI7Isl OT-
PVMMaHHA CK/IQJIHUX OKCUAIIB — KOOA/IbTATY, HiKeJIaTy Yy KYIpaTy TaHTaHy 3 MEHIIVMM eHepre-
TUYHUMY BUTPAaTaMM, HDK Y TBepRo(da3HOMY CHHTe3i.

Knro4oBi cmoBa: manTas, Kob6anbT, HiKenb, Mifb, CYKUMHOBA KUCI0TA, MIPUAUH, CKIAZHUI
OKCH]I.
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BCTVYII. Icaye 6araTo MeTOZiB OTPYMaHHSA
OKCUJIiB ME€TaJIiB, IKi MAaIOTb IlepeBaru i Hefo-
niku. I1i Hemomiku cTaroTh 0COOIMBO ITOMIT-
HVMM TP IIE€PEXOJii BiJj IPOCTUX OKCUJIB [0
CK/IaIHMX OKCUJIiB MeTasliB. ICHYIOTb JIeKi/bKa
METOJIB OTPUMAHHA CKIaJJHUX OKCUIIB.

Teepoogpasruii memod cuHme3y CKIAJHUX
okcupiB (i3 BimoMmMm eeMeHTHMM CKJIaJlOM)
IIOJIATAa€ B MEXaHIYHOMY 3MilllyBaHHI pea-
TeHTiB. 3a3BM4Yall BUXiJJHMMM p€areHTaMm €
IPOCTi OKCUAY, Tigpokcuay abo KapboHaTn
KaTiOHyTBOPIOBaYiB, KOTPi BXOJAATDH Y LIi/IbO-
BUII TPOAYKT. Hepigko BMKOPMUCTOBYIOTH i
iHIII CoJIi, AKi PO3K/IAIAl0ThCA NIPY HAaTpiBaH-
Hi: alleTaTu, HiTpaTu, cynb(baTM, 3 IOJTaIbIINM
TepMiYHUM OOPOONIEHHAM CyMIllli peareHTiB.
OCHOBHOI0O TIEpeBaro METOAY € JOro Ipo-
CTOTA, a HEJJO/IIKOM — 3Ha4YHa HEONHOPIAHICTD
BUXIi/IHOI CyMillIi.

Memod cnigocadieHHss HEPOSHUHHUX CO-
nieti. CriiBocapKeHHs KaTiOHIB BEIMKOI Ki/Tb-
KOCTi nepexigHux enemeHTiB (Mn, Fe, Co, Ni,
Cu, Zn), pigxo3zemenbHMX eneMeHTiB, Mg, Pb,
JTY>KHO3€MEJIbHUX €/IEMEHTIB MOXXHa IIPOBO-
IUTU 3 BUKOPMCTaHHAM OKcasnar-ioHy (y Bu-
rnapi H,C,0, a6o (NH,),C,0,). lllupoke 3a-
CTOCYBaHHA TaKOXX MAa€ METO/] CIIiBOCA/IPKEHHA
cepenHix KapOOHATiB i TpoXM MeHIe — Tif-
pokcupais ITicna remneparypHoro o6po6eHHs
CyMillli HEpO3YMHHUX COJIEN MOXKHA OTPUMATH
oiHO(a3HUI MPOAYKT i3 BY3bKUM PO3IOAi/IOM
YaCTMHOK 3a posMipamu. IIponec ocampxenHa
HEPO3UMHHNX CcO/ell 3anexutb Bim pH pos-
4JHY, KOHL[eHTpalil, aTMOocepy, MIBUIAKOCTI
nepeMilllyBaHHs Ta 6araTbox iHmuX GakTopis,
Y3TOAUTYU AKi Ji/IA KOMIIOHEHTIB, fAKi MaloTb
pi3Hy XiMiUHY IpUPOAY, JOCUTD CKITARHO [1].

ITiponis aeposonie. IIpu BUKOpUCTaHHI
IJbOTO METOJY 3a Y/IbTPa3ByKOBOI Iy/IbBEpHU-
3allil po3YMH CyMilli CoeN MepeTBOPIOETHCA

Ha aepo30/ib, AKUI 3 IOTOKOM ra3y-HOCiA Ie-
PEHOCUTBCS B Tapsdy 30HY, Jie i BinOyBaeThCs
JIOTO MUTTEBE PO3KIAIaHHA 3 yTBOPEHHAM
CONIbOBOI a00 OKCUIHOI (3a/IEXKHO Bij| TeMIie-
paTypu rasoBOro IOTOKY) cymimi y ¢opmi
aryioMepaTiB MiKpoOHHOTO po3mipy [2, 3].

3onv-2env-memod. SIk BUXimHI peareHTN 3a
CHHTE3Y CK/IaJJHMX OKCHUJIIB IIIM METOJIOM BH-
KOPUCTOBYIOTb BOIHI pO3YMHY HITPATiB MeTa-
71iB, AKi 3MILIYIOTb Y HEOOXifHOMY CIiBBiffHO-
nieHHi. B oTrpuManmii posunH JofaKnTh opra-
HiYHY CONYKY (IMMOHHA, BUHHA, aMiHOOL[TO-
Ba, eTWICH/iaMiHTeTPAOL[TOBA KUCIOTH), sIKa
yTBOpIOE MeTanokomiuiekcn. Ilicna mporo B
CUCTEMY HOAAIOTb 0AraToOaTOMHMIT CIIUPT (5K
IPaBUJIO, €TUIEHITIIKO/MD). Po3unH yraprooTh
[0 YTBOPEHHA IOTIMEPHOIO TeI0, AKUM Iif-
faoTh TepMo06bpobeHH 0. [Ipy poskiajanHi
IIOJIIMEPY YTBOPIOETHCA IMOPOLIOK CK/IA[IHOTO
ckmany [4].

Kpioximiunuii memod 3aCHOBaHMII Ha IO-
€IHAHHI HM3bKO- Ta BUCOKOTEMIIEPaTypPHUX
BIUIMBIB [5, 6]. lidpomepmanvHo-mikpoxeu-
JIb06UTL MemoO TIOJIAITAa€ B OTPUMaHHI MaTepia-
JiB i3 BUKOPUCTAHHAM MiKPOXBIU/IbOBOI il Ha
XiMiYyHI peakiil, 1[0 IPOTIKAXTh Yy Irifporep-
MaJIbHUX yMOBax [7, 8]. BukopucroBytors Ta-
KOXK Memnoo0 camonoumuprosanozo 6UCOKomem-
nepamypHozo cunme3sy [9].

Memoo mepmodecmpyKuii memanosmicHux
CNnosyx B OMil 3aCHOBAHO Ha BMKOPMCTAHHI
TEXHOJIOTil CTBOPEHHA HAHOPEAKTOPiB IIpuU
KPAIUIMHHOMY BB€JIEHHI PO34YMHIB IIPEKYPCO-
piB Y po3uuH (po3miaB) MmojiMepHOI MaTpuIii
[10].

Cepen MeTOZIiB OTPMMAHHA OKCUIHUX Ma-
TepiajliB OKpeMO MO>KHa BMOKPEMUTI METOIN
OTpPMMaHHs OKCUAIB i3 mapiB abo po3umHiB
MOJIEKY/IADHUX IIPEKypPCOpiB — MeTajlopra-
HIYHUX CIIONYK. IHTEHCUBHI HOCHiIPKEHHA B
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rajy3i CMHTe3y Ta XapaKTE€PUCTUKI TeTepoMe-
taniyHux KomiviekciB (IMK) 3 opranivaumn
JIraHfaMy JO3BOMVIIM PO3IIALATU Ta BUKO-
PUCTOBYBATH IX AK IHAVBIZyanbHI IPEKYPCO-
P¥ CKIaJHOOKCUJIHMX Marepianis. [lna oTpu-
MaHHA CKIaJiHUX OKCHUJIB ONTUMAJbHUMU €
METO/IM TEPMOJECTPYKIil reTepoMeTaniYHmnx
IIPEKypPCOpiB, IpM LIbOMY OTPUMYKIOTb MarTe-
piany 3 BUCOKMM CTYIIEHeM OFHOPiZHOCTI da-
30BOTO CK/Ia/ly Ta KOHTPOIbOBAHUM MOJIbHUM
CIIiBBiJHOIIIEHHSM MeTasliB.

Mo>xHa KOHCTaTyBaTy, 1O iHTEpeC 10 BU-
BUYEHHS TeTepoKoMIUIeKciB 3d- Ta 4f-ememen-
TiB 3a/MIIA€TbCA Yy NOJi iHTepeciB 6araTbox
NOCIIJHNKIB 3aBAAKN Pi3HOMAHITHOCTI IXHIX
BJIACTMBOCTEN, 1O JO3BOJAE 3aCTOCOBYBATHU
iX y pisHMX rajy3sax HapOJHOIO TOCIOJapCTBa
[11-13].

OpHuM i3 HamnpsAMKIB HAayKOBMX [OCIIi-
JDKEHb € BUKOPUCTAHHA TIeTepOKOMIIIEKCIB
3d/4f-meraniB K reTepoMeTaNTiYHUX IPEKyp-
COpiB [/1A OTPMMaHHA CKIAJHUX OKCUZIB 31
CTPYKTYPOIO TIepPOBCBbKiTY abo mmuHeni. Ha
BiIMiHY BiJ TpajguLiiiHUX METOMIB OTPUMAaH-
HA CKJIaJHUX OKCUAIB, TEPMOJIi3 IO/Iirerepo-
ANEPHUX KOMIUIEKCIB [O3BOJIAE 3HIDKYBATU
€HepreTNYHi BUTPaAT, BCTAHOBJIIOBATH CIIiB-
Bi[HOIIIEHH: 10HIB MeTaJliB, peryoBaT pos-
MipM YaCTMHOK OKCUJIIB, 1[0 € BOK/IVBUM JI/IA
CYy4YaCHOIO PO3BUTKY HAaHOTEXHOJIOT1IA.

Meroto 3a3HaueHOI poOOTHU € CUHTe3 reTe-
poMeTaliYHNUX CYKIMHATHUX KOMIIEKCIB TaH-
TaHy 3 3d-meranamn (K06asbT, HiKelb, Mifib)
3a IPUCYTHOCTI NipUAMHY, JOCTiPKEHHA IXHIX
TEePMIYHUX BJIACTUBOCTEN 1 aHaJIi3 MPOJYKTIB
TE€PMOJIi3y KOMIIJIEKCIB NPV OTPMMaHHI CK/Iafi-
HUX OKCupiB MeTogoM PDA.

EKCIIEPVMMMEHT 1 OBI'OBOPEHHA PE-
3YJIBTATIB. JIna cuHTe3y reTepoMeTanTiyHux
kominekciB Co(II), Ni(II), Cu(II) 3 La(III) ta

https://ucj.org.ua

CYKLMHOBOIO KMC/IOTOIO 3 IIPUCYTHOCTI Mipu-
DVIHY 6y110 BUKOPUCTAHO HITpAaTu BiAIIOBif-
Hux enementis La(NO,),-6H,O, Co(NO,),-
6H,0 Ni(NO,),-6H,O, Cu(NO,),-6H,O mapkn
«X. 9.», CYKOQMHOBA KMCJIOTa MAapKI «4Y. II. a.»,
nipuayH. Po3unnu coneit HeoOXifHOT KOHIeH-
Tpallil TOTyBa/aM 3a TOYHO B3ATOI HaBaXKKMU.
KoopaunaniiiHi crionyku cuHTe3yBann y BOj-
HO-CNIMPTOBMX PO34YMHAX.

s pocnif>xeHHA cKaaly ofep>KaHNX Ipo-
IYKTiB 6y7I0 BUKOPVMCTAaHO €IeMEHTHMII aHa-
mis. BMicT MeTasiB y KOMIIZIEKCAX BU3HAYA N
METOJIOM aJCOpOIifHOI CIeKTPOCKomii Ha
aTOMHO-abcopOIiliHOMYy crieKTpodoTOMeTpi
¢ipmu Perkin Elmer-200. Bmict xap6ony, ria-
porenHy, HiTPOreHy BM3HAYaau METOMOM eJle-
MeHTHOro MikpoaHanisy Ha C, H, N anarisa-
topi Perkin Elmer-2400.

TepmorpasimeTpuyHi BUMipy NpOBOAVIIN
Ha pepuBarorpadi Q-1500D cucremn F.Pau-
lik, J. Paulik, L. Erdey B inTepBani Temnepa-
Typ 20-700°C 3i mBupaKicTio HarpiBy 5°C/xB.
HarpiBaHHA  3paskiB  reTepoMeTalidyHUX
KOMIUIEKCIB 3filicHIoBany y MydenbHii meui
3a Temneparyp 800°, 900°i 1000° C ynpogosx
3 romuH.

HocnimxenHa ¢$a3oBoro CKaafy CIOMYK,
Oflep>KaHUX Yy IIpoLeCi TepMOi3y reTepoMe-
TaJliYHUX MPEKYPCOpiB, IPOBEIEHO 3a [OIIO-
MOrolo peHTreHodasoBoro aHanisy (PDA) Ha
mudpakromerpi «JPOH-3M» i3 CuK -Bu-
npominenHam (\=1.54187A) meromom mopo-
IIKY, 3 KOMIT JOTEPHOI0 PeECTPALi€l0 BUXi/IHO-
ro CUTHajy. 3IOMKY PEHTI€HOrPaM 3JiJiCHIO-
Ba/IM 32 HOPMAJIbHUX YMOB, 3 (POKYCYyBaHHAM
3a cxeMor0 bpera - bpeHrano B iHTepBai
KyTiB 10-90° i3 xpoxom 0,05° Ta excrosmnii-
€0 3 c. Cuta cTpyMy aHOAY PEHTIE€HiBCbKOI
TpybOKu cranoBwia 20 MA, Hanpyra — 30 kB.
[Toxubxa npunany cknagana 0,01%.
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Inentudikanito ¢asoBoro ckmagy Impo-
OYKTIB CHUHTE3y S3[iJICHIOBAIM 3a JIOIIOMO-
rol0 KOMITI0TepHOro 3abesmedeHHs «Match!
Crystal Impact ver. 3.3» [14] 3 6a3or0 maHux
«ICDD PDF-2».

CrHTe3 KOMIIJIEKCIB INPOBOAMIM 32 Ha-
CTYIIHMMU METOAVIKAMI.

Cunres [Co(CH,O0,)-2Py]-2H,0 nposo-
IV LUIAXOM  3MillyBaHHA  €KBiMOZAp-
HUX TeIUIMX PO3YMHIB HITpaTy KOOambTy
Ta CYKIVHATy HaTpil0 3 KOHIEHTpaliaMu
0,15 MO/IB//T KOXKHOTO 3a MPUCYTHOCTI Mipu-
puny npu pH=5.5. Posunn ButpumyBamm Ha
BOJAHIN OaHi 3a Temmeparypu 60°C mpoTs-
rom 45 xB. Ocaf LIer/IAHO-4epBOHOT0 KOTbOPY
[Co(C,H,0,)-2Py]-2H,O sanumanu Ha o0y,
BifipinbTpOBYBaMM Ta BUCYyNIyBamuM IO IIO-
CTiMTHOI Macu 3a KiMHaTHOI TeMIieparypu. Bu-
XiJy IpOAYKTY CTaHOBUB: 44% .

AHaJIOTiYHO IPOBENEHO CYHTE3Y KOMILIEK-
cie [Ni(C,H,O,)-2Py]-2H,O ta [Cu(C,H,O,)-
-2Py]-2H O. Buxin npopykris cranosus 48% i
67% BigmoBimTHO.

Cunres [La,(C,H,0,).]-5H,0. [lo Tenoro
BOJHOI'O PO3YMHY COJIi HITpaTy JAaHTaHy [0-
JaBajy BOGHUI PO3YMH CYKIMHATY HATpilo 3a
€KBIMOJIAPHOTO CIIiBBiJHOIIIEHHA KOMIIOHEH-
tiB (pH~5). OTpuMaHuit po3unH BUTPUMY-
Ba/IM Ha BOJsAHIN OaHi 3a Temmeparypu 60°C
npotsrom opHiel rogyan. Ocap 6i10ro Kompo-
Py, KNIl BUINIAZIaB, 3ajMLIany Ha OOy, Bif-
¢inpTpoBYBaM TA BUCYIIYBA/IN 1O IOCTiNIHOI
Macu 3a KiMHaTHOI TemnepaTypu. Buxin npo-
nykry [La,(C,H,0,),]-5H,O cranosus 63%.

Cunres  [Co,La (CH,O,).-4Py]-4H,O.
Ho 10 wmnm Temmux (t=50°C) posumHiB
Co(NO,),-6H,0 i La(NO,),-6H,0 3 koHIieH-
tpaniamu 0,15 MOIb/M KOXKHOrO Ipu Iepe-
MIllyBaHHI MmifinuBamu 25 M €TaHOIbHOIO
posunny nipuanny (C=0,15 mMonb/n) i 25 mn

TEIJIOTO PO3YMHY CYKIVHATHOI ~KUCIOTU
(C=0,15 monb/n). KonrpomoBamu pH pos-
yuny (pH~5) pomaBanHaM 10% posumuy
NH,OH. Ocap 611i0-11oMapaH4€BOro KO/MbO-
Py, SIKMII BUIIAJiaB, 3a/1uIIany Ha o0y, ¢inb-
TpyBaaM i BUCYLIyBaaM IO IIOCTiMIHOI Macu
3a KiMHATHOI TeMIiepaTypu. Buxin npopykry
CTaHOBUB 45%.

AHaJIOTiYHO TPOBENEHO CUHTE3U KOMII-
JIEKCiB [Ni,La (C,H,0,),-4Py]-4H O Ta
[Cu,La,(C,H,O,).-4Py]-4H,O. Buxing npogyk-
TiB cTaHoBUB 49% 1a [NiLa,(C,H,O,).-4Py]-
-4H,01i42% nna [Cu,La (C H,0,).-4Py]-4H O.

Pesynbrarm XimMigyHOro aHamisy rerepo-
i monokommnexkcie Co(II) Nd(III) Cu(Il) i
La(III) 3 cyK1IMHOBOO KMC/IOTOO i ITpUANHOM
HaBeIeHO HIDKYeE.

Hnsa [Co(C,H,0,)-2Py]-2H O,

(C,,CoH, ,N.O,) (368.90 r/monb) s3Haiise-
HO (pospaxoBaHo) (%): Co- 15.94 (15.96),
C-45.52 (45.54), H- 4.85 (4.87), N- 7.56 (7.59).

Ina [Ni(C,H,0,)-2Py]-2H,O,

(C, H/NNiIO) (368.70 r/momnb) 3Haiisie-
HO (pospaxoBano) (%): Ni- 15.90 (15.92),
C- 45.53 (45.56), H- 4.86 (4.88), N- 7.58 (7.59).

Mna [Cu(C,H,0,)-2Py]-2H, O,

(C,,CuH N.O,) (373.50 r/monb) 3Haiize-
HO (pospaxoBaHo) (%): Cu- 16.98 (17.00),
C- 45.01 (44.97), H- 4.80 (4.82), N- 7.47 (7.49).

HOna La(CHO,),]-5HO (C,H,LaO,)
(716.00 r/monmp) 3HaljeHO (po3paxoBa-
o) (%): La- 38.85 (38.83), C- 20.08 (20.11),
H- 3.08 (3.07).

Insa [Co,La (C,H,0,),-4Py]-4H,0,
(C,,Co,H,LaNO,) (1363.80 r/monb) 3Haii-
neHo (pospaxosano) (%): La- 20.39 (20.38),
Co- 8.60 (8.64), C- 35.15 (35.19), H- 3.50
(3.52), N- 3.08 (4.10).

Hna [NiLa (CH,O,).-4Py]-4H.O,

(C, H,LaNNiO,) (1363.40 r/monp) 3Haii-

40" 748 2724
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neHo (pospaxoBaHo) (%): La- 20.38 (20.39),
Ni- 8.60 (8.61), C- 35.22 (35.20), H- 3.53 (3.52),
N- 4.13 (4.11).

HOna [Cu,La (CH,O,).-4Py]-4H 0O,
(C,,Cu,H,LaNO,) (1373.00 r/monb) 3Haii-
neHo (pospaxoBano) (%): La- 20.29 (20.25),
Cu- 9.20 (9.24), C- 34.95 (34.96), H- 3.47
(3.49), N- 4.08 (4.07).

I3 MeTO0 BU3HA4YEHHs KiHI[EBUX IPOAYK-
TiB pO3K/IaJlaHHSI CUHTE30BAaHUX TeTepoMe-
Ta/JTiYHUX KOMIUIEKCIB Ta Iepebiry IXHbOI

Am, %
100

80

60 |

40 |

20 F

TepMOJECTPYKIIil Oy/10 mpoBeieHO audepeH-
Ijia/IbHUII TepMiYHMII Ta PeHTreHO(a30BUIL
aHamisu. TepMopmecTpyKIil0 reTepOKOMIIIEK-
CiB Ta [i/I1 IOPIBHAHHA BiIIOBIAHMX MOHO-
KOMIIZIEKCIB BYBYA/I/ 3 BUKOPUCTAHHAM Me-
TOZy TEPMOI'pPaBIMeTpil y OBITPAHIN aTMOC-
depi (puc.1).

TepMiuHMit posKIaj CUHTE30BaHUX TeTe-
pO- ¥ MOHOKOMIUIEKCIB IPOXOAWUTDH IIOCTa-
IiViHO i Mae 6araToCTYIIHYacTUil XapakTep
(Tabn.l1, 2).

100 200 300

Puc. 1. - lepusarorpamu xommnekcis [Ni,La (C H,

(2), [Co,La,(C,H,0,).4Py]-4H.O (3)

Fig.1.-DerivativediagramsofcomplexesNi, La (C,

(2), [Co,La,(C,H,0,).-4Py]-4H,0 (3).
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0,),-4Py]-4H.O (1), [Cu,La,(CH,O0,).-4Py]-4H,0

H,0,).-4Py]-4H,0(1),[Cu,La,(CH,0,).-4Py]-4H,0O
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Tabm.1
Tepmiuna crifikicrs koopauuaniiinux cnonyk [M(C,H,0,)-2Py]-2H,0 (M = Co, Ni, Cu),
[La,(CH,0,),]-5H,0
Table 1.
Thermal stability of coordination compounds M(C,H,0,)-2Py]-2H,0 (M = Co, Ni, Cu),
[Laz(C4H4O4)3] -SHZO.
npotec, °C
JleCOMbBaTALliS pO3KIajaHHA
KommekcHa crionyka H,0 Py
3Half. |po3pax. 3Halifl. | po3pax. 3HaIJ. | po3pax.
t, °C % % t, °C % % t,°C % %
[Co(C,H,0,)-2Py]2H,O 145-230 10,0 9,7  230-400 41,9 42,8 400-520-800 22,2 23.0
[Ni(C4H4O4)-2Py]-2HZO 145-230 10,0 9,7  230-400 42,0 42,9  400-590-800 25,2 26.1
[Cu(C,H,0,)-2Py]2H, O 145-230 10,0 9,6  230-400 41,6 42,3 400-520-800 25,0 26.2
[La,(CH0,),]-5H0 100-260 12,8 12,6 - - 440-750 41,8 42,0
Tabm. 2
Tepmiuna criiixictb komnnekcis [M,La (C ,H,O,).-4Py]-4H,0 (M=Co, Ni, Cu)
Table 2.
Thermal stability of complexes [M,La ,(C H,O,)_-4Py]-4H,O (M= Co, Ni, Cu).
npouec, °C
JleconbBaTallis posKIaf
KommnexcHa crionmyka H,0 Py
3Half. | pospax. 3HANJ | po3pax. 3HaNJ. |po3pax.
t, °C % % t,°C % % t,°C % %
[Co,La,(CH,0,) . 4Py]-4H O 100-220 51 53 200-310 246 232 330-700 468  47.0
[Ni,La,(C,H,0,).-4Py]-4H,0 100-185 5,5 510 185-260 26,56 2539 260-600 41,6  42.3
[Cu,La,(C,H,0,)4Py]-4H,0 100-220 5,1 55 200-310 24,6 24,0 330-700 42,2 410

I3 niTepaTypHUX IpKepenl Ta HAallMX HOCIi-
IKeHb [15] BifoMo, 110 CyKIIVHATY MiATAI0Th-
Cs TepMOTTi3y, PO3K/IaAl0uICh JO OKCU/IIB 6e3
YTBOpEHHs NPOMDKHUX Kap6oHari. Taxmit
XapakTep PO3K/IaJaHHA MOXXHa MOPIBHATH 3
IIPOLECOM TEPMOJIi3y CYKLMHOBOI KUCIOTH,
sAKa IpY HarpiBaHHI PO3KJ/IAJa€TbCA 3 yTBO-
PEHHAM CYKLIMHOBOI'O aHTiIpUY Ta BOIM.

AHanisyno4yu [IepuMBaTOrpamy KOMIIIEK-
cy [Co(C,H,0,)-2Py]-2H,O, cnoyarky crmo-
CTepiraeMo Ipolec BTPATH MOJEKYT BOJAMU,
AKUI  CYNPOBOJKYETbCA  €HIOTEPMIYHUM
epexToM. Brpara macu cranoButh 10%, 110
BifillOBifjae 2 MOIAM KOOPAVHOBAHOI BOAU
(teopernaHo 9,7%). Ilomanpury BTpary Macu
[IOB’13aHO 3 BifLIEIVIEHHAM MOJIEKY/T Iipu-
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[IVIHY, IIiC/IA YOrO 3a TeMIIEPATyp, BUINUX 3a
400°C, mMOYMHAETbCA IHTEHCUBHE pO3K/a-
JaHHA CYKUVHATy KoOanpTy [16]. AHaio-
riyHi mpouecy BifOyBalOTbcsA IpU HarpiBaH-
ni kommnekcie [Ni(C,H,O,)-2Py]2H,O Ta
[Cu(C,H,0,)-2Py]-2H,0.

TepmiuHa moBefiHKa KOMIUIEKCY JIAHTaHY
3 CYKLMHOBOK KJC/IOTOI BiJIpi3HAETbCA Bif,
POSITIAHYTUX paHille. AHali3yo4u JepuBa-
torpamy kommiekcy [La (C,H,O,).]-5H 0,
MO>KHA BiZIMITUTH, 1110 JIeTijpaTallis CyKIMHa-
Ty La(Ill) BinbyBaernca B ABi cTapii: cmoyat-
Ky BUIQJIAETbCA afcopbOBaHa BOJa, a IOTIM
BiJIIEIIIOIOTbCA MOJIEKY/IM BOAM, IO BXO-
IATD IO BHYTPIilIHBOI KOOPAMHALITHOI chepu
komiiekcy. Ilicns Brpatn Bogu (100-260°C)
0e3BOJJHIIT CYKIIMHAT JIAHTAaHY, HA BiMiHY Bif
CYKLIMIHATY, HAalIpUKJIAJ], HEOIMMY, PO3KIaja-
€TbCA B JieKinbKa eTaniB. CIOYaTKy yTBOPIO-
€TbCsI KapOOHAT, AKMIT 32 MOJA/IBIIOrO Harpi-
BaHHs (440-750°C) 3asHae pPO3KIa[aHHA 3
YTBOPEHHAM OKCU/JIIB.

Amnazni3 JepuBaTOrpaM reTepoMeTanTiuHUX
K00abT-, HiKe/lb-, MiZlb-BMICHUX CYKI[VHATiB
JIAaHTaHy II0Ka3ye, 110 IXHill TepMOJi3 Ipo-
Tikae dYepe3 cTafil BifjleIUIeHHA CIOYaTKY
Morekyn Bogu (100-220°C), mortim mipmpm-
Hy (185-310°C), 1m0 CYIPOBOIKYETHCS €K-
3otepmiuHuMM edexTtamym Ha kpuBux DTA,
1 10 IOBHOTO TEPMIYHOTO PO3K/IaJaHHA Tre-
T€POMETATiYHMX KOOPAVHALIMHUAX CIIONYK.
B o6macti temmneparyp Big 260°C pmo 700°C
BiIOYBa€TbCcs  IHTEHCUBHE  PO3K/IaJaHHSA
KOMIIJIEKCiB, 3yMOBJ/IEHIII PYIIHYBaHHAM Op-
raHiYHOI YaCTUHM, 110 CYIIPOBOJKYETHCA €K-
3oTepMiuHMMM edeKTaMy. JarajbHa BTpaTa
Macl BUXIZHUX 3pasKiB CTaHOBUTH 76,50%
ms [Co,La,(C,H,0,).-4Py]-4H 0O, 73,66% nna
[Ni,La (C,H,0,),2Py]-4H,O i 71,90% pnna
[Cu,La (C,H,0O,).-2Py]-4H O, mo Bignmosinae

https://ucj.org.ua

IIOBHOMY PO3K/Ia[JaHHI0 BUXIJHUX IeTepoMe-
TaJTiYHMX CIIONTYK JJO CK/IaJJHMX OKCUJIB.
PentrenodasoBuii aHasmis 3paskis, oTpuMa-
HJIX IIJIAXOM HarpiBaHHA KOMIUIEKCHMX CITOJTYK
[Co,La (C,H,0,).-4Py]-4H O,
[Ni,La,(C,H,0,).-4Py]-4H O
i [Cula,(CHO,), 4Py]-4H O, 6yno mpo-
BefleHO s imeHTudikanii ¢pasoBoro ckmamy
Ta KPUCTATiYHUX CTPYKTYyp. BumiproBann:
3[I/ICHIOBANINCA 3 BUKOPUCTAaHHAM pEHTre-
HiBCbKOI gudpakuii. Bignan rerepoxommiek-
ciB mpoBogwu B 1edi 3a Temrneparyp 800°C,
900°C ta 1000°C ynpopgosx 3 rof. ITpu upbomy
CIIOCTEPIraeTbcad YTBOPEHHHA IOPOLIKIB 4Op-
HOro Konbopy. Inentudikarnito ¢as nposopnu-
JIV IISIXOM NOPiBHAHHA €KCIIepYMEHTA/IbHNUX
manpakuiiiHuX KapTHH i3 6a3amu ganux ICDD
PDEF-2. Ha puc. 2, 3, 4 HaBefieHO udpakTorpa-
MM 3pa3KiB, OTPMMAaHMX IIiC/I HarpiBaHHA re-
tepokommnekcis [M,La (CH,O,).-4Py]-4H O
(M= Co, Ni, Cu) 3a remneparypu 900°C.

Ha pudpakrorpami 3paska, oTpuma-
HOTO HIIAXoOM HaI‘piBaHHH KOMH}IeKCY
[Ni,La,(C,H,0,).-4Py]-4H.,0, 3adikcoBa-

HO HaABHICTb Ki/JIbKOX BMCOKOKPMCTATIYHUX
cnonyk: LaNiO,, La(OH),, NiO Ta LaNiO,
[17]. La,NiO, neMoHCTpye HaltiHTeHCHBHiIT
miky, o BigmosigaoTh Kaprui 00-011-0557
(puc. 2).

Ils ¢asa Kpucramisyerbcs B TeTparo-
HaJIbHiJl CHMHIOHII 3 IIPOCTOPOBOK IPYIIOIO
[4/mmm (139). Y 3pa3Kky TakoX BVAB/ICHO
HBOCTAaTHbO BYICOKMII BMICT CK/IaJJHOTO OKCUTY
LaNiO,, Bci mikn sKOro BiffIOBial0Th KapTIi
00-033-0710. Lla ¢asa mae kybiuHy CMH-
TOHiI0 Ta NpocTOpoBy rpymy Pm3m (221).
[TpucyrtHicte NiO (xaptka 00-044-1159)
pOMOOepPUYHOI CUHTOHII CBiYMUTh MPO Ha-
ABHICTb IpocToro okcupy. Kpim Toro, 3a-
dikcoBano mikm rexcaronanpHoro La(OH),
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3 TapameTpamm Komipkum a=6.515(9) A i
c=3.865(9) A. Takum 9MHOM, CKIa 3paska,
OTPMMAHOTO LIISIXOM HAarpiBaHHS KOMIIIEKCY
[Ni,La (C,H,O,).-4Py]-4H O, € 6ararodas-

800

HuM. [ominyrounmu ¢asamu € La NiO, Ta
LaNiO,, toxi six La(OH), Ta NiO nmpucyTHi sk
no6iuHi ¢asu.

| - v — La,NiO,
. 700 - Y v - L:.lNlO3
8 1 e — NiO
= 600 % — La(OH),
= 4
& 500 -
5 ]
T 400
/M
E -
E 300 — v |
= 2004}
100
0 T T T T T T 1
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20, rpan.
Puc. 2. ludpaxrorpama spaska, oTpumanoro uyraxom Harpisauasa [NiLa (C H,O,).-4Py]-4H O 3a
temnepaTypu 900°C
Fig. 2. Diffractogram of a sample obtained by heating [Ni,La,(C H,0,).-4Py]-4H O at a temperature
of 900°C.
700 - v
. 600 i M v — LaCoO,
§ ] % — La(OH),
= 500+
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Puc. 3. ludpakrorpama spaska, oTpumanoro mnsxom Harpisanus [Co,La,(C,H,0,).-4Py]-4H O 3a
temnepatypu 900 °C
Fig. 3. Diffractogram of a sample obtained by heating [Co,La,(C,H,0,).-4Py]-4H, O at a temperature
of 900°C.
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[l 3pa3ka, OTPMMAHOIO IIULAXOM HarpiBa-
uHsa kommnekcy [Co,La,(CH,O,).4Py]-4H O,
XapaKTepHa HasBHICTb JIMIIe ABOX (as: CKIaj-
Horo okcuny LaCoO, Ta rigpokcupy nanrany
La(OH),. LaCoO, € ocHoBHOW0 }a3oro, fAKa
yTBOpIO€ThCA Tpu posknaganusa MK (puc. 3).

Cxmapanit okenp LaCoQO, kpucTanisyernb-
cs1 y poMOoOepuUYHiil CUHIOHII i3 pocTopo-
BOI0 rpynoio R-3m (166). Yci miku wiei dasu
36iratotbcst 3 ganuMu Kaptku 00-025-1060.
Ak i1 y 3pasky, oTpuMaHOMYy NUIAXOM Ha-
rpianna  [NiLa (C,H,0,).4Py]-4H,0O, Ttak
1 y 3pasKy, OTpMMaHOMY IIiC/I HarpiBaHHA
[Co,La (C,H,0,).4Py]-4H O, Takox mpucyr-
Hi IikK La(ﬁOH)3 3 mapameTpamy KOMipKu
a=6,531(9) Atac=3,861(4) A. TakuMm uynHOM,
HarpiBanns kommnekcy [Co,La (C,H,O,) 4Py]-
-4H O pemoHcTpye BuIly (asoBy YUCTOTY
OO Ii/TbOBOTO CK/IAJIHOTO OKCUAY TTOPiBHA-
Ho 3 [Ni,La,(C,H,0,) 4Py]-4H O.

Ha mmudpaxrorpami 3paska, oTpuMaHOro
uriaxom HarpiBanns [Cu,La,(CH,O,).-4Py]-
-4H O, 6yno imentudikoBaHo [Bi OCHOBHI
dasu: La, CuO, Ta HecTeXioMeTPUIHMIT OKCHU]L

1400 + M

1200
1000
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IHTEHCHBHICTD, 1MI1./CEK

400

200

O T T

kynpymy Cu O (puc. 4). La,CuO, € ocHOBHOIO
KPUCTaTiYHOI0 (a3or, 0 MATBEPKYETHCS
BIMCOKOIO IHTEHCUBHICTIO BIITIOBITHUX MiKiB
[18]. LI dasa BignoBifgae kaprui B 6a3i jaHux
ICDD PDE-2 Ne 00-038-0709, mae opTOpOoM-
OiYHYy CHTOHIIO Ta HA/IKUTbH O IIPOCTOPOBOI
rpymu Fmmm (69). Kpim Toro, Ha pudpax-
TOrpaMi IPUCYTHI MEHII iIHTEHCUBHI IiKM 3a
KyTiB 20 npubmsHo 35.56, 38.76, 48.78, 58.36
Ta 66.64°. 1li miku Halikpamje 36iraloTbcs 3
KapTkor Ne 00-005-0661, 110 BifiIIOBifae OKCK-
ny xynpymy (CuQO). OmHak cnocTepira€rbcs
3CYB LIMX IIiKiB ITOPiBHAHO 3 €TaJIOHHOI KapT-
ko1 CuO, 10 BKa3ye Ha JIMOBipHE yTBOPEHHA
HecTexioMeTpuHoro okcumy Kympymy Cu O.
Husbka iHTEHCUBHICTD LVX MiKiB CBIJYUTH IIPO
e, mo Cu O € mozaTkoBoo (Hasoi y 3pasKy.
Takum 4mMHOM, A4 3pas3Ka, OTPUMAHOrO MIJIA-
xom HarpiBannsa [Cu,La,(C H,O,).-4Py]-4H O,
OCHOBHMM TIPOAYKTOM € CKIaJHUI OKCUJ,
LaZCuO » TOA1 AK HECTeXiOMeTPUYHUI CuXO
YTBOPIOETbCS AK MOOiYHA (asa, MOXINBO,
BHAC/IiIOK HEIIOBHOT'O pearyBaHHA abo OKIC-
TIEHHA.

v —La,CuO,
e -CuO

10

20, rpan.

Puc. 4. ludpaxrorpama spaska, oTpuManoro misxom Harpisanus [Cu,La,(C H,0O,).-4Py]-4H O 3a

temaeparypu 900 °C

Fig. 4. Diffractogram of a sample obtained by heating [Cu,La,(C,H,0,),-4Py]-4H, O at a temperature

of 900°C.
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Cnip 3a3HauMTH, IO NpU HArpiBaHHI re-
TepoKoMIUIeKCiB o 1000°C 6ymm oTpuMaHi
CKJIagHl OKCUIM 3 MEHIIMM BMiCTOM JTOHAaTKO-
BUX (as.

BVMICHOBKM. MetonoMm caMo30ipKu CuH-
Te€30BaHO HOBI PI3HOJITaH/IHI reTepoMeTanivyHi
koMmrtekcu 3d-metanis (Co (II), Ni (II), Cu (II))
3 CYKIIMHOBOIO KVMICJIOTOIO Ta IiPUJVHY 3arajb-
Hoi ¢popmymn [M,La (C,H,O,).-4Py]-4H O.
IToxasaHo, 110 CMHTE30BaHi KOMIIEKCH MOXKHA
BMKOPMCTOBYBAT! SIK IIPEKYPCOpPU IJIA OTpU-
MaHHSA CK/IAJHIX OKCUZIB. 3a TEPMOJIi3y KOMII-
nexcis  [M,La,(CH,O0,).-4Py]-4H,0 (M=Co,
Cu) Tta 3a 900°C oTpuMaHO CKIaHi OKCUU
LaCoO, Ta La CuO, BignosigHo. Tepmonecrt-
pyxuia kommekcy [NiLa (C,H,0,).-4Py]-4H,O
CYIIPOBOMKYETbCA  YTBOPEHHAM  HIiKe/aTiB

nantany La NiO, Ta LaNiO, sk gominyouux
¢as. [Ipy 1bOMy BUKOPUCTAHHA IPEKYpPCOp-
HUX METOJVK [O3BO/IAE CYTTEBO 3HUSUTU
TPUBA/ICTb Ta E€HEPrOBUTPATHICTb CHUHTE3Y
BiIIOBIJHNUX CK/IAfHUX OKCUJIB IIOPiBHAHO
3 TpafMUIMHUMU KepaMiYHUMM MeTOLaMU

CUHTESY.
oromkeTHoi temu 331E «li6pupHi Ta
KOMIIO3WITHIi CHICTeMM HAa OCHOBi KOOp-

AMHALiTHUX cnonyk d- i 4f-mepexigHux me-

Ta/liB: CUHTe3, CTPYKTYPHi 0cOOMMBOCTI Ta

JMIOMiHeCIIeHTHi i 6ioXiMi4Hi BIacTMBOCTI».

ep>xaBHMII peecTpaliiiHNiT HOMep POOOTH:

0125U000479.

Po6oTy BukoHaHO 3a piHaHCOBOI mif-
TpuMKku HAH Ykpainu B Mexxax epik-

I
SYNTHESIS OF COMPOUND OXIDES OF
LANTHANUM AND 3-d METALS (Co, Ni, Cu)

AND THEIR HETEROMETALLIC COMPLEXES
WITH SUCCINIC ACID AND PYRIDINE.

L.I. Zheleznova, L.I. Sliusarchuk?*,
O.K. Trunova, S.V. Kuleshov

V.1.Vernadsky Institute of General and Inorganic
Chemistry of National Academy of the Sciences
of Ukraine,

32/34 Akad. Palladin Avenue, 03142 Kyiv,
Ukraine

* e-mail: Lsliusarchuk@yahoo.com

The work presents studies on the synthe-
sis of new heterometallic complexes of La(III)
and Co(II), Ni(II), Cu(II) with succinic acid
and pyridine (Py). Mixed-ligand, heterome-
tallic coordination compounds of the gene-

12

ral composition [M,La (C,HO,).-4Py]-4H O
(M"=Co, Ni, Cu) were obtained. Their ther-
mal properties were studied and the ability
of heterocomplexes to form complex oxides
was determined. The complexes were charac-
terized using elemental analysis and thermo-
gravimetric method. Assessment of their
thermal stability showed that the thermal de-
composition of the synthesized heterocom-
plexes proceeds in stages and has a multistage
nature. Their thermolysis proceeds through
the stages of elimination of water molecules
(100-220°C), then pyridine (185-310°C),
which is accompanied by exothermic effects
on the DTA curves, and to the complete ther-
mal decomposition of heterometallic coordi-
nation compounds. In the temperature range
from 260°C to 700°C, intensive decomposition
of complexes occurs, due to the destruction
of the organic part, which is accompanied by
exothermic effects. During the thermolysis
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of heterocomplexes at 800°C, 900°C, 1000°C,
oxide powders were obtained. Their compo-
sition was controlled by X-ray phase analysis.
Phase identification was carried out by com-
paring experimental diffraction patterns with
the ICDD PDEF-2 databases. It is shown that
the compounds [M,La (C,H,O,).-4Py]-4H O
(M=Co, Cu) decompose at a temperature of
900°C mainly to complex oxides LaCoO, and
La,CuO, with small impurities of La(OH), and
non-stoichiometric cupric oxide Cu O, respec-
tively. The thermal destruction of the complex
[Ni,La (C,H,0,),-4Py]-4H20 is accompanied
by the formation of the dominant phase of lan-
thanum nickelates La NiO, and LaNiO,, and a
small content of NiO and La(OH), oxides as
side phases was also found. Thus, the heterome-
tallic complexes Co,La,(C,H,O,).-4Py]-4H O,
[Ni,La,(C,H,0,).-4Py]-4H,O and
[Cu,La,(C,H,0O,),-4Py]-4H,Ocan be used as
precursors to obtain complex oxides - cobal-
tate, nickelate, or lanthanum cuprate with low-
er energy costs than in solid-phase synthesis.

Keywords: lanthanum, cobalt, nickel, cop-
per, succinic acid, pyridine, complex oxide.
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OPTIMIZATION OF SYNTHESIS CONDITIONS OF BIOCOMPATIBLE

COLLOID SOLUTIONS OF COPPER METAL PARTICLES.

Krupko Olena

Bukovyna State Medical University,
Chernivtsi, 2 Teatralna Square, 58002 Ukraine,
e-mail: krupkoo@ukr.net

The work presents a comprehensive selection of conditions for the synthesis of nanosized
Copper particles in an aqueous oxidizing environment using a biocompatible amino acid -
L-Cysteine as a stabilizer, a reducing agent — sodium tetraborate, and the application of the
method of mathematical experimental planning the Scheffe method.

The use of the mathematical planning method made it possible to predict the additive
effect of the ratio between precursors in the studied medium on the value of the optical
absorption edge of the obtained colloidal solutions of copper nanoparticles, their stability over
time and the effect on test cultures of microorganisms P.aeruginosa, C.albicans, B.subtilitis.

The ratio between the starting reagents that lead to the formation of stable colloidal solu-
tions of copper nanoparticles at pH=6 and temperature of 20°C in an oxidizing reaction me-
dium has been established.

A mathematical model was constructed in the form of a projection onto the plane of an
equilateral triangle of the dependence of the value of the optical absorption edge of colloidal
solutions of metallic copper nanoparticles on the ratio between the precursors. A mathemati-
cal equation was obtained - a fourth-degree polynomial that describes the dependence of the
value of the optical absorption edge of colloidal solutions of copper nanoparticles on the ratio
between three independent variables — crystal-forming components of time-stable particles
in the reaction medium.

The antibacterial activities of a series of test solutions were investigated by the microme-
thod of serial dilutions in accordance with the procedures of the European Committee for
Susceptibility Testing against reference strains of bacteria (P.aeruginosa, C.albicans, B.sub-
tilitis.). Using the Scheffe mathematical model, the concentration regions and ratios between
the components of the studied system were determined, which had the highest impact on the
action of test cultures of microorganisms.

Keywords: nanoparticles, optical indicators, copper, microorganisms P.aeruginosa,
C.albicans, B.subtilitis.
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INTRODUCTION. Active scientific deve-
lopment of research in the field of nanomate-
rials, which is aimed at obtaining and applying
nanoparticles (NPs) as new materials in va-
rious fields of science, began in the twentieth
century. In most countries of the world, inten-
sive research and implementation of nanotech-
nology results into practical activities are being
carried out. The synthesis, research and appli-
cation of nanoscale materials are the subject of
study of several interdisciplinary fields of sci-
ence at once. In particular, one of the results of
such complex research and cooperation is the
implementation of nanotechnology in medi-
cine and pharmacy.

The use of NPs in medicine and pharmacy is
a very promising direction of modern science.
A special place among the studied NPs in the
field of medicine and pharmacy is occupied
by metal nanoparticles (Ag, Au, Pt, Cu, etc.),
which are used as antimicrobial, bactericidal
and antitumor drugs [1-9]. Recently, quite
intensively, researchers have been working on
studying the effectiveness of the action of na-
noparticles (NPs) on pathogens of infectious
and inflammatory processes of various loca-
lization and, accordingly, the search and crea-
tion of highly effective antimicrobial drugs of a
wide spectrum of action.

Copper NPs are especially promising and
economically advantageous (in comparison
with silver NPs) for these purposes [9-11].

Researchers are particularly interested in
studying the synthesis conditions (the influ-
ence of different copper salts, different reduc-
ing agents, synthesis temperature) of stable
copper nanoparticles and their effect on anti-
bacterial and antifungal properties [12-13].

Attention is also paid to the study of copper
NPs obtained using biocompatible reagents

https://ucj.org.ua

and non-toxic reaction by-products, which ex-
hibit lower environmental risks for living or-
ganisms [14-15].

In the work [16], a detailed analysis of the
synthesis methods of copper nanoparticles,
the study and comparison of their antibacte-
rial properties, toxicity and prospects for their
application with other metal particles, was
carried out. It is important to note that Cop-
per NPs exhibit antimicrobial activity against
gram-positive and gram-negative bacteria, in-
cluding Bacillus subtilis. This work presents
cases of better bactericidal properties of cop-
per nanoparticles compared to silver nanopar-
ticles. Also described are studies in which cop-
per NPs are used as a fungicide against a wide
range of plant fungi.

Studies of the antimicrobial and fungicidal
properties of copper NP substances on clinical
isolates of pathogens of infectious and inflam-
matory processes: bacteria S.aureus, E.coli,
Proteus mirabilis, K.pneumoniae, Enterobac-
ter aerogenes, Paeruginosa and fungi of the
genus Candida, namely, C.albicans, Candida
non-albicans and other micromicelles showed
that the copper nanoparticle substance used in
the work has pronounced antimicrobial and
fungicidal activity against all pathogenic test
cultures and against the effect on clinical iso-
lates of pathogens of infectious and inflamma-
tory processes of various locations [17].

The mechanisms of antimicrobial and anti-
fungal action of copper NPs have not been ful-
ly studied, however, these processes are based
on damage and destruction of the correspond-
ing bacterial and fungal cells.

One of the important characteristics of col-
loidal solutions of Cu NPs is the stability of
particles over time [1, 9-11], especially in a
potentially oxidizing environment and without
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deaeration of the initial solutions. Cuprum
nanoparticles are of great interest to scientists,
despite the increased instability of copper to
oxidation with the formation of copper oxide,
the possibility of the formation of its complex
compounds in aqueous solutions, toxic start-
ing reagents and synthesis products, in order
to find conditions for the synthesis of copper
nanoparticles that are stable over time and that
will exhibit antimicrobial and antifungal pro-
perties.

Purpose of the work: selection of conditions
for the synthesis of colloidal solutions of cop-
per nanoparticles stabilized by the biocompa-
tible amino acid L-Cysteine in an oxidizing en-
vironment at a synthesis temperature of 20°C.
Study of the effect of Cu NPs on test cultures
of microorganisms P.aeruginosa, C.albicans,
B.subtilitis.

EXPERIMENT AND DISCUSSION OF
RESULTS. Colloidal solutions of copper na-
noparticles were obtained in aqueous solu-
tion without prior deaeration of the starting
solutions, using the following components:
Cu(CH,COO0),-H,0, sodium tetrahydroborate
NaBH, and as a stabilizer a solution of amino
acid - L-Cysteine HO,CCH(NH,)CH_SH, (all
purchased from Sigma Aldrich) were used for
synthesis without changes. The synthesis was
carried out observing the value of hydrogen
index 6.0.

The order of introduction of the compo-
nents was carried out according to the follow-
ing scheme:

Cu(CH,CO0), + CHZ(SH)CH(NHZ)COOH -

N \\\\
D R
\I\: Cu
/W
0

HeW

18

H
\\N ’\\\\
/\I\ + NaBH, —»

s\\\‘

The reliability of the formation of copper
nanoparticles was recorded using optical ab-
sorption spectra of colloidal solutions (appea-
rance of surface plasmon resonance bands of
copper nanoparticles at 470-520 nm in the
absorption spectra of colloidal solutions and
the absence of bands of the copper complex
with cysteine and cuprous oxide in the region
of 620-800 nm) [18]. The study of the optical
properties of the solutions was carried out at
a temperature of 298+5 K using spectrophoto-
meters MDR-4 and USB-650 (Ocean Optics).
The optical density of the solutions was mea-
sured within the range of 0.01-2 with increas-
ing wavelength in the range of 350-1000 nm.
The absorption of NP solutions was studied
in quartz and polystyrene cuvettes 1 cm thick,
using a stabilizer solution - L-Cysteine for
comparison.

The study of antibacterial activity was car-
ried out by the micromethod of serial dilutions
in accordance with the procedures of the Euro-
pean Committee on Antimicrobial Suscepti-
bility Testing (EUCAST) (Janowska, Andrzej-
czuk, Gawry$s Wujec, 2023). The minimum
bacteriostatic (fungistatic) and bactericidal
(fungicidal) concentrations of the tested solu-
tions were determined in relation to reference
strains of bacteria (P.aeruginosa, C.albicans,
B.subtilitis.). A solution of the amino acid
L-Cysteine was taken as a negative control.
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Analysis of the literature devoted to the
study of the synthesis conditions of Cu NPs
showed that some researchers are making
attempts to generalize the influence of the ratio
between the components on the properties of
the synthesized particles. Unfortunately, it is
impossible to predict the properties of nano-
particles and their stability over time as a func-
tion of the composition in a wide range of con-
centrations of crystal-forming components of
the solution.

In the practical and scientific research ac-
tivities of a researcher in the field of pharmacy,
medicine or chemistry, the results of research
and analysis require the maximum number of
effective responses with the performance of
the minimum number of experimental studies.
That is why, in order to obtain an overall pic-
ture of the additive effect of concentrations on

1-10°M
L-Cys
C
A B
Cu?t NaBH4
1-10°M 1.10°M
a

the properties of the obtained nanoparticles,
the work used the method of mathematical
experimental design - the method of simplex
Schefté lattices, which has already been used to
characterize nanoscale materials [19].

To optimize the composition of the three-
component system by the Scheffe method,
a fourth-degree polynomial can be used.

The range of investigated concentrations
of initial solutions with compositions corres-
ponding to the graphic representation in the
area of the equilateral triangle ABC (Fig. 1, a)
was selected on the basis of experimental data
on the synthesis of colloidal solutions of Cu
metal nanoparticles given in the literature
[1, 9-10]. Fig. 1, b shows the results of an ex-
perimental study of the stability of colloidal
solutions of copper nanoparticles.

A

b

Fig. 1. a - Graphical representation of the studied region of the composition
of the Cu’*- L-Cys-NaBH, system during the mathematical planning of the experiment;
b - graphical representation of the region of compositions of Cu NP solutions that remain stable

during the studied time (120 days) (shaded area -

The coded compositions of the studied solu-
tions, the ratio between the precursors of the stu-
died system and the result of the action of metallic

https://ucj.org.ua

unstable solutions, precipitation is observed).

copper nanoparticles on test cultures of micro-
organisms are given in Table 1.
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Table 1.

Experimental planning matrix for obtaining a fourth-degree model in the Cu** - L-Cys -
NaBH, system and the results of the study of Cu NPs on the example of test cultures
of microorganisms P.aeruginosa, C.albicans, B.subtilis by serial dilution method.

Relationship
Coded scale between Test cultures of microorganisms
Ne components
A ¢ B | Cut/L-Cys/NaBH, hfﬁszugi&ﬁic MBBsguthij[ilsacc MFCs.élbicﬁlszcc

1 1,00 0 0 1:4,5:2,27 1:4 1:2 >1:2 >1:2 1:2 >1:2
2 0,75 0,25 0 1:6,57:2,63 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2
3 0,50 0,50 0 1:9,37:3,125 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2
4 0,25 0,75 0 1:13,46:3,846 1:2 >1:2 1:4 1:2 >1:2 >1:2
5 0 1,00 0 1:20:5 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2
6 0 0,75 0,25 1:17,5:6,75 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2
7 0 0,50 0,50 1:15:8,5 >1:2 >1:2 >1:2 >1:2 1:4 1:2
8 0 0,25 0,75 1:12,5:10,25 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2
9 0 0 1,00 1:10:12 1:2 >1:2 >1:2 >1:2 1:4 1:2
10 0,25 0 0,75 1:7,69:7,88 >1:2 >1:2 >1:2 >1:2 >1:2 >1:2
11 0,50 0 0,50 1:6,25:5,31 1:2 >1:2 1:2 >1:2 1:2 >1:2
12 0,75 0 0,25 1:5,26:3,59 >1:2 >1:2 >1:2 >1:2 1:2 >1:2
13 0,50 0,25 0,25 1:7,81:4,218 1:2 >1:2 >1:2 >1:2 1:4 1:4
14 0,25 0,50 0,25 1:9,615:6,538 >1:2 >1:2 >1:2 >1:2 1:2 >1:2
15 0,25 0,25 0,50 1:11,538:5,192 >1:2 >1:2 >1:2 >1:2 1:2 >1:2
Cu** - - - 110 monb/n 1:2 >1:2 >1:2 >1:2 1:2 >1:2
L-Cys - - - 5-10 Mo7b/1t 1:2 >1:2 >1:2 >1:2 1:2 >1:2
NaBH, - - - 3.10 Mo/ 1:2 >1:2 >1:2 >1:2 1:2 >1:2

Minimum bacteriostatic concentration (MBsC), minimum bactericidal concentration (MBcC), mini-
mum fungistatic concentration (MFsC), minimum fungicidal concentration (MFcC).

Observations over time (120 days) of chan-

resonance bands) of colloidal solutions of cop-

20

per nanoparticles (Fig. 2, using the example
ges in optical parameters (surface plasmon of solution Ne 2) made it possible to limit and

identify areas for further research.
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Fig. 2. Optical absorption spectra of colloidal
solutions of metallic copper nanoparticles (Ne 2)
over time: 1 — 1 day; 2 - 10 days; 3 - 20 days after
the synthesis of nanoparticles.

The optical indices of solutions Ne 3-5, 10,
11, 14 remain stable during the studied time,
which makes it possible to determine the re-
gion of stable colloidal solutions of Cu nano-
particles within the studied concentration
range of precursor solutions.

The optical absorption spectra for solutions
Ne 6-9 are characterized by a shift of the optical
absorption edge to the long-wavelength region
and a decrease in the absorption maximum of
solutions with partial coagulation of particles
(first, turbidity appears with subsequent for-
mation of a precipitate).

In solutions Ne 1, 2, 12, 13, 15, a blue pre-
cipitate appeared, which indicates an excessive
concentration of cuprum ions in the studied
medium and a lack of sodium tetrahydro-
borate content for the reduction of Cu** ions
to Cu® particles.

The change in optical properties over time
is shown using the example of solution Ne 1
(Fig. 3). Thus, during the studied time from

https://ucj.org.ua

1 minute after synthesis to 60 minutes, a clear
coagulation of particles is already observed, a
precipitate appears, and the spectral curve be-
comes more deformed, the absorption intensi-
ty decreases.
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Fig. 3. Optical absorption spectra of a colloidal
solution of metallic copper nanoparticles of
composition Ne. 1 in time: 1-1 min, 2-15 min,
3-20 min, 4-30 min, 5-40 min, 6-50 min, 7-60 min
after synthesis.

Coagulation for other solutions, for examp-
le solution Ne 2, does not occur as quickly as
for solution Nel, and begins to be observed on
the second day after synthesis. The reason for
this difference between solutions Ne 1 and Ne 2
can be explained by the ratio of components in
the reaction medium. Under the condition of
a lack of reducing agent and a large amount of
L-Cysteine, the formation of not only Cu NPs,
but also Cu**/L-Cys chelate complexes occurs,
which are actually the centers of precipitate for-
mation. The formation of such complex com-
pounds is also facilitated by an excess of cop-
per ions in the reaction medium and the fact
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that L-Cysteine has three functional groups -
amino — NH,, sulthydryl - SH and carboxyl -
COOH (sulthydryl and carboxyl groups can
interact with metal ions) [13]. Spectral curves
for solutions Ne 1-4 (solutions with a lack of
reducing agent), taken on the next day after
synthesis, are shown in Figure 4.
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Fig. 4. Optical absorption spectra of colloidal
solutions of metallic copper nanoparticles Ne 1-5
24 h after synthesis.

The generalized influence of the ratio be-
tween the components Cu**-L-Cys-NaBH, in
the reaction medium on the optical properties
of Cu/L-Cys solutions is shown in Figure 5. This
is a projection onto the plane of the change
in the optical absorption edge for a series of
15 solutions (solution composition according
to Table 1.) from the ratio between all com-
ponents of the studied system. The equation
describing this dependence has the following
form:
y=>565x +565x%x,+572x, +20x X, + 16 X X, +
+40xx,+101,3x x,(x, - x,) + 37,3 X X (X, - X,) -

-26,7 x,x,(x, - Xx,) + 37,3 (x, - X)X X, -
- 64 (x, - x,)x x,- 117,3 (x, - X,)’x X, +

+ 896 X12X2X3 -992 X1X22X3 +272 X1X2X32,
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where y is the optical absorption edge, x,, X,
and x, are new independent variables that are
a linear combination of the basic variables X1,
X2 and X3 (the composition of the initial pre-
cursor solutions) - the coordinates of points A,
B and C in the coded scale.

The equation describing the dependence of
the absorption edge A, on the composition of
the three-component system with a fourth-de-
gree approximation was derived for homoge-
neous solutions Ne 1-15. The value of the opti-
cal absorption edge corresponds to the spectra
taken 15 min after synthesis, since later some
of the solutions became inhomogeneous.

L-Cystein

£
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)

; N \
/ , 57557605 570,
g ,;?;r/‘,;i;/jj{rsj6: ‘\:/\\
/_____5.7_'9___;,_ Z580—0 00— NaBH
4

Fig. 5. Isolines of the absorption edge of the studied
solutions Ne 1-15 (interpolation by the fourth
degree approximation).

As an object of investigation of antimicro-
bial activity, we have 15 points from Table 1.
from the Scheffe plan and the final doses of
L-Cysteine, Sodium tetraborate and cuprum
acetate salts. The test cultures included a strain
of the spore culture Bacillus subtilis ATCC
6633, a strain of the gram-negative culture
Pseudomonas aeruginosa ATCC 9027 and a
standard strain of the fungus Candida albicans
ATCC 885-653. The bacteriostatic properties
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of the studied objects were established based
on the results of the growth of reference strains
of microorganisms in solutions of a series of
experiments (Table 1), which were performed
by the method of successive double dilutions
of 1:2 and 1:4 in meat-peptone broth. The eva-
luation was carried out according to the va-
lues of the zones of inhibition of growth of test
cultures, as well as the values of the minimum
bacteriostatic (MBsC), minimum bactericidal
(MBcC), minimum fungistatic (MFsC) and
minimum fungicidal (MFcC) concentrations
of the studied substances of different compo-
sition of solutions (Ne 1-15, Table 1.) for test
cultures of microorganisms P.aeruginosa, C.al-
bicans, B.subtilis.

The obtained results of the bioscreening
showed that among the studied compositions of
the Cu** - L-Cys — NaBH, system, the most ef-
fective antifungal indicators were demonstrated
by solutions Ne 7, Ne 9 and Ne 13, which showed
fungistatic and fungicidal properties against the
yeast-like fungus C. albicans in a dilution of 1:2
and 1:4 (the areas with the responses of the test
cultures are shown in Figure 6, according to the
composition of the solutions.) Thus, solutions
with an excess content of reducing agent inhibit
the growth of C. albicans.

Fungistatic properties against C. albicans
in a 1:2 dilution are also exhibited by solutions
with an excess of copper ions Ne 1, Ne 12, Ne 14,
solution Ne 11 (ratio between copper ions and
reducing agent 1:1) and solution Ne 15 with an
excess of reducing agent compared to copper
ions.

Solution Ne 4 in dilutions of 1:2 and 1:4 ex-
hibited bacteriostatic and bactericidal proper-
ties against the gram-positive bacterium B.sub-
tilis. And solution Ne 11 exhibited bacteriosta-
tic action against B.subtilis in dilutions of 1:2.

https://ucj.org.ua
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1 P.aeruginosa
2 B.subtilis

3 C.albicans

Cu2+

Fig. 6. Generalized map of the effect of test cultures

of microorganisms on the tested solutions Ne 1-15

(area 1 — Paeruginosa; 2 — B.subtilitis; 3 — C.albi-

cans (MBsC) and 1' - Paeruginosa; 2' - B.subtilitis;
— C.albicans (MBsC).

The results of studies on the Gram-nega-
tive bacterium strain P.aeruginosa showed that
solution Ne 1 exhibits a bacteriostatic effect at
a 1:2 dilution and a bactericidal effect at a 1:4
dilution, solutions Ne 4, Ne 11, and Ne 13 exhibit
bactericidal activity at a 1:2 dilution.

CONCLUSIONS. Based on the conduct-
ed experimental studies, the optimal ratio
between the solutions of the precursors Cys,
NaBH, and Cu’* was determined, the colloi-
dal solutions of which NPs remained stable
for 120 days. The excess of copper ions in re-
lation to Sodium tetraborate imposes additio-
nal effects on the overall picture of the change
in the value of the optical absorption edge in
the concentration limits of the starting com-
ponents. This may be due to the fact that free,
unbound in NPs, copper ions under such
conditions easily interact with the stabilizer,
forming complexes of different composition.
Due to the fact that the selected stabilizer has
several working groups, the formed complex-
es can serve as a bridge for connecting the
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formed Cu particles, which in turn causes ad-
ditional optical effects.

From the side of high values of the reducing
agent concentration, the nature of the change
in isolines is simpler, but with increasing so-
dium tetraborate concentration, the value of
the optical absorption edge of the solutions
increases more intensively. Such a change may
be associated with the destruction of the stabi-
lizer, which in turn leads to coagulation of the
resulting solutions of copper nanoparticles.

The compositions of solutions have been
experimentally established, which, in com-
parison with other colloidal solutions, exhib-
it a higher effect on test cultures of microor-
ganisms P.aeruginosa, C.albicans, B.subtilitis.
However, it is the solutions of these composi-
tions (Ne 1, Ne 7, Ne 9, Ne 13, Ne, 15) that are not
stable under storage conditions in an oxidizing
environment for a long time.

Synthesized colloidal solutions of copper
nanoparticles exhibit more pronounced anti-
fungal activity against C. albicans.

The results obtained are an impetus for fur-
ther research in the field of synthesis of stable
and simultaneously active colloidal solutions
of Cu nanoparticles in the fight against micro-
organisms.
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ONMTUMI3ALIA YMOB CUHTE3Y bIOCYMICHUX
KOJIOIAHNX PO34UHIB METANTIMHUX

YACTUHOK mial
Onena Bacuniena Kpynko

BykosuHcvkuii 0epicasHuii meouuHuil
yHisepcumem,

m. Yepnisuyi, na. Teampanvua, 2, Yxpaina
58002

e-mail: krupkoo@ukr.net

Y pob6orti mpoBeseHO KOMIUIEKCHWIT IIif-
6ip yMOB CMHTe3y HAHOPO3MipHMX YaCTMHOK
Kynpymy y BOgHOMY OKMCHIOBAaJIbHOMY Ce-
pemoBuILi 3 BUKOPUCTAHHAM 5K cTabinizaTopa
6iocymicHoi amiHokucnoTn — L-Ilncreiny, Bin-
HOBHUKa — Hartpiit TeTpabopaty Ta 3acrocy-
BaHHAM METOJY MaTeMaTU4YHOIO IIJITaHyBaHHA
excriepuMeHTy — Metony Lledde.

Buxopucranusa mertony MaTeMaTU4YHOTO
IIJIAaHYBAaHHA JIaJI0 MOXK/IUBICTh CIIPOTHO3YBa-
T AgUTUBHUI BIUIMB CHiBBITZHONIIEHHS MIDX
IIPEKypPCOpaMM y JOCIIZPKYBAaHOMY CepeloBI-
I1i Ha 3HaY€HHA KPal ONTUYHOTO IOITIMHAH-
HA OTPUMMAaHUX KOJIOIFHMX PO3YMHIB HAHO-
YaCTMHOK KYIPYMY, iXHIO CTabi/IbHICTD Y 4aci
Ta Jil0 Ha TeCT-KyAbTypU MIKpOOpraHisMiB
Paeruginosa, C.albicans, B.subtilitis.

BcTanoBieHo CITiBBiHOIIIEHHS Mi>K BUXifT-
HUMM peareHTaMH, AKi IPU3BOJATb [0 YTBO-
PEeHHA CTalOiIbHMX KOJIOITHMX PO3YMHIB Ha-
HOYACTMHOK KyNpyMy 3a 3HadeHHA pH=6 Ta
temneparypu 20°C B OKMICHIOBa/IbHOMY peak-
LITHOMY CepefOBUIIL.

[TobymoBaHO MaTeMaTU4Hy MOJENb Yy BM-
I7IA[li TPOEKIil Ha IUIOIIVHY PiBHOCTOPOH-
HbPOTO TPUKYTHMKA 3aJIEKHOCTI 3HAa4e€HHA
Kpal ONITMYHOIO IIOITIMHAHHA KONOIZHUX
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PpO34YMHIB HAHOYACTMHOK MeTaIi4yHOlI Mifi Bif
CHiBBijHOIIEHHA MK mpeKypcopamu. OT-
pMMaHO MaTeMaTU4He PIBHAHHA — IIOJIIHOM
YeTBEPTOrO CTYIEHH, 110 ONMUCYE 3a/IEXKHICTh
3HA4YE€HHA KPar ONTUYHOIO IOIVIMHAHHA KO-
JIOITHUX PO3YMHIB HAaHOYACTMHOK KYIPYMY
3a/IeXKHO BiJj CIIBBiJHOLIEHHA MK TpbOMa
He3aJIeKHVMMI 3MIHHUMI — KpucTanodopmy-
I0YMMM KOMIIOHEHTaMM CTiMIKMX y 4aci 4ac-
TUHOK y peakliiHoMy cepepoBumi. [locmi-
JDKEHO NpOoTMbaKTepianbHi aKTMBHOCTI cepii
NOCTI/DKYBAaHUX  PO3YMHIB  MIKpOMETOLOM
CepillHUX pO3BeJeHb BIAINIOBIJHO [0 IIpOLie-
1yp €BpOIENCHKOrO KOMITETY 3 T€CTYBaHHHA
YyTIMBOCTI 7O pedepeHc-lITaMiB OGakTepiit
(Paeruginosa, C.albicans, B.subtilitis.). I3 Bu-
KOpMCTaHHAM MareMatn4yHoi mopeni llledde
BM3HAUEHO KOHI[eHTpaliliHi o6macTi Ta cimiB-
Bi[HOLIEHHA MK KOMIIOHEHTaMM JOCITiJKY-
BAHOI CUCTeMM, AKi TNPOABUIM HaVBULIUI
BIUIVB Ha JIif0 TECT-KY/IbTYP MIKPOOPIraHi3MiB.

KnrouoBi cmoBa: HAHOYACTUMHKM, ONTUYHI
ITIOKAa3HVKM, KYIIPyM, MikpoopraHismu P.aeru-
ginosa, C.albicans, B.subtilitis.
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a-Aminocyclopropanecarboxylic acid (ACC) and its derivatives are widely distributed in the plant
kingdom, fulfilling diverse roles ranging from regulation of plant life cycles to defensive mechanisms.
The sterically constrained structure of ACC has proven invaluable in the design of numerous drugs,
particularly hepatitis C virus (HCV) NS3/4A protease inhibitors. Indeed, ACC has been instrumental
in the development of multiple generations of potent HCV treatments, with ongoing efforts focused
on further improvements and refinements. The inherent steric constraints of these derivatives present
a significant challenge for their synthesis, especially in enantiomerically pure form. This article pro-
vides a comprehensive overview of synthetic methodologies reported in the literature for the prepa-
ration of ACC and its derivatives. The synthetic strategies discussed herein are organized based on
key transformations, including dialkylation of nucleophilic glycine equivalents, cyclopropanation of
carbenoid glycine equivalents, and addition reactions to dehydroamino acids. Particular emphasis
is placed on asymmetric approaches that enable the preparation of these tailor-made amino acids in
enantiomerically pure form. Furthermore, aspects of Self-Disproportionation of Enantiomers (SDE)
relevant to enantioselective catalysis are highlighted. By compiling these methodologies, we aim to
provide a comprehensive resource and a source of inspiration for researchers in synthetic and medi-
cinal chemistry, as well as drug discovery.

Key words: Amino Acids, Pharmaceuticals, Cyclopropane, Chirality, Synthesis, Nucleophilic Gly-
cine Equivalents, Carbenoid Glycine Equivalents, Dehydroamino Acids, Self-Disproportionation of
Enantiomers (SDE).

27




ORGANIC CHEMISTRY

CUTTING-EDGE STRATEGIES IN THE ASYMMETRIC SYNTHESIS OF a-AMINOCYCLOPROPANE CARBOXYLIC ACIDS:

ESSENTIAL SCAFFOLDS FOR DRUG DISCOVERY.

INTRODUCTION.

Amino acids represent a pinnacle of mo-
lecular design. Their orthogonal amino and
carboxylic acid functionalities enable virtual-
ly infinite polymeric peptide structures, while
diverse side chains can introduce a vast array
of additional functional groups, facilitating
non-bonding electrostatic or lipophilic/hydro-
philic interactions. Furthermore, the inherent
chiral stereogenic center adds another dimen-
sion of molecular complexity in three-dimen-
sional space. Early pharmaceutical applica-
tions of amino acids primarily involved dietary
supplements and medical nutrition therapy for
conditions such as malnutrition and metabolic
disorders [1-4]. However, with advancements
in biochemical research, amino acids became
central to the development of hormonal the-
rapies, exemplified by insulin synthesis, which
revolutionized diabetes treatment. Moreover,
peptide-based drugs, derived from amino acids,
pioneered new classes of antibiotics, enzyme
inhibitors, and vaccines [5-8].

In contemporary pharmaceutical science,
amino acids play a pivotal role in biologic
drugs (biopharmaceuticals), targeted ther-
apies, and synthetic medicinal compounds
(small-molecule pharmaceuticals). A signifi-
cant breakthrough, representing a paradigm
shift in drug design, has been the strategic uti-
lization of modified, tailor-made amino acids
in place of their natural counterparts [9-15].
These custom-engineered amino acids can be
rationally designed to enhance drug stability,
solubility, and absorption, thereby optimizing
biological efficacy and enabling more precise
targeted delivery [15-21].

The asymmetric synthesis of a-amino acids
(a-AAs) remains an exciting and crucial area
of research, fueled by ever-evolving scientific

28

and practical imperatives [22-41]. Within this
broad field, sterically constrained a-AAs are of
particular pharmaceutical significance, as their
restricted side-chain chi(x)-dihedral angles af-
ford exquisite control over molecular interac-
tions with biological target receptors [42-51].
A prominent class within this category is the
a,B-methano-a-AAs family (Fig. 1), character-
ized by an a-quaternary carbon atom embed-
ded within a highly rigid cyclopropane ring.
This unique structural motif represents the apex
of steric and conformational constraint among
a-AAs [52, 53]. Notably, certain members of
this family are naturally occurring compounds
(vide infra) [54-58]. For instance, 1-aminocy-
clopropanecarboxylic acid (ACC) (1), along
with its 2-methyl (2, 3) and 2-ethyl (4, 5) de-
rivatives, have been identified as constituents
of plant proteins [59-62]. The intriguing bio-
logical properties of the ethyl derivatives 4 and
5 have spurred the development of even more
conformationally restricted tailor-made 2-vinyl
analogues, such as compound 6. Intriguingly,
despite being stereochemically equivalent to 5,
compound 6 exhibits a (1R,2R) absolute configu-
ration as dictated by CIP priority rules [63, 64].

Currently, 1-amino-2-vinylcyclopropane-1-
carboxvylic acids have emerged as crucial phar-
macophoric elements in the design of next-ge-
neration hepatitis C virus (HCV) NS3/4A pro-
tease inhibitors [65]. As detailed in the corre-
sponding section (vide infra), vinyl derivatives
of 1-aminocyclopropanecarboxylic acids have
profoundly impacted the HCV pharmaceutical
landscape, contributing to the development of
over a dozen therapeutic agents. Given the sig-
nificant and ongoing socioeconomic impact of
1-aminocyclopropanecarboxylic acids on the
pharmaceutical industry, a comprehensive re-
view of the available synthetic methodologies
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is both timely and essential. A critical analysis
of these approaches will facilitate the assess-
ment of their respective advantages and limi-
tations, thereby guiding future advancements
in this important field. Considering the inhe-
rently multidisciplinary nature of the chemis-
try, biological properties, and pharmaceutical
applications of cyclopropane-derived a-amino
acids, this review is anticipated to be of broad
interest to graduate students and professionals
across diverse disciplines, including organic,
bioorganic, and medicinal chemistry, bio-
chemistry, pharmacology, virology, and drug
design, as well as process chemists within the
pharmaceutical and chemical industries, and
clinical researchers.

CO,H CO,H D,COzH
>< “NH, § “NH,

1 (1525) 2 (1S2R) 3
CO,H CO,H LOH
{y {% -
(1525) 4 (1R2S) 5 (1R2R) 6

Fig. 1. Family of 1-aminocyclopropane carboxy-
lic acids.

NH

M

H

7§C02H

R

R = Me (norcoronatine)7
Et (coronatine) 8

HNT N7

HO,C” 'NH,

camosadine 9

Naturally occurring I-aminocyclopropane-
carboxylic acids and their derivatives.

As discussed in the previous section, ACC 1
(Fig. 1), norcoronamic acid (2), allo-norcoro-
namic acid (3), allo-coronamic acid (4), and
coronamic acid (5) are widely distributed in
the proteins of higher plants, where they play
specific defensive roles [54-62, 66-69]. ACC 1
is particularly notable for its role in the in vivo
production of ethylene, a vital plant hormone
that regulates key processes throughout the
plant’s seasonal life cycle. Ethylene influences
germination, growth, leaf and flower senes-
cence, fruit ripening, and the plant’s response
to various environmental stresses, ensuring
adaptability and survival.

As shown in Fig. 2, ACC 1 serves as a key
structural unit in natural products such as
polycyclic alkaloids, including norcoronatine
(7, R = Me) and coronatine (8, R = Et). These
compounds, isolated from certain pathovars
of Pseudomonas syringae, play a crucial role in
plant-pathogen interactions. Norcoronatine 7
and coronatine 8 exhibit significant biological
activity, primarily as jasmonate mimics. They
can interfere with plant hormone signaling
pathways, contributing to the pathogen’s viru-
lence by suppressing plant defense responses
and promoting disease development [70-73].

cottoquinazoline D10

Fig. 2. Natural products containing residue of ACC 1.
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Carnosadine 9, a guanidino-substituted de-
rivative of ACC 1, isolated from the red alga
Grateloupia carnosa, represents an interesting
divergence from other ACC-derived natural
products like norcoronatine 7 and corona-
tine 8. This naturally occurring compound is
notable for its structural uniqueness, specifi-
cally the incorporation of a guanidine substi-
tuent, which introduces a strongly basic center
and the potential for different types of mole-
cular interactions compared to the alkyl-sub-
stituted cyclopropanes. While its full functio-
nal profile is still being elucidated, the presence
of a guanidino group suggests its involvement
in various biochemical pathways, potentially
influencing enzyme activity and physiological
regulation in ways distinct from other ACC
derivatives. [74, 75].

Cottoquinazoline D 10, a complex quina-
zoline alkaloid containing a residue of ACC
1, belongs to the fumiquinazoline family, a
significant class of natural products primar-
ily isolated from marine and fungal sources
known for their structural diversity and bio-
logical activities. Cottoquinazoline D 10 itself
has demonstrated promising antimicrobial,
cytotoxic, and enzyme-inhibitory proper-
ties, aligning with the broader pharmaceuti-
cal interest in fumiquinazolines as a source
of bioactive compounds. The presence of the
ACC 1 unit within this polycyclic scaffold un-
derscores the importance of this constrained
amino acid in the biosynthesis of structurally
complex and biologically active natural pro-
ducts [76-78].

1-Aminocyclopropanecarboxylic Acid Deriva-
tives: Essential Pharmacophores for Next-Gene-
ration HCV NS3/4A Protease Inhibitors.

Viral infectious diseases pose significant
challenges to treatment. Recent high-profile

30

examples include the COVID-19 pandemic
and the Ebola virus epidemic in West Africa
[79-81]. While the hepatitis C virus (HCV)
may not currently dominate alarming head-
lines, its impact on global health remains
significant, causing substantial liver-related
morbidity and mortality. The World Health
Organization estimates that nearly 170 million
individuals worldwide are living with chronic
HCV infection, with approximately 3.5 million
new cases occurring annually and 350,000 to
500,000 deaths each year attributed to HCV-re-
lated liver diseases [82]. A crucial turning point
in HCV treatment was the development of the
first generation of direct-acting antiviral drugs,
including the tailor-made a-amino acid-de-
rived NS3/4A protease inhibitors boceprevir
11 [83] and telaprevir 12 [84] (Figure 2). These
drugs marked a significant step forward in
combating this persistent viral infection. The
first-generation direct-acting antiviral drugs
boceprevir 11 and telaprevir 12, although a
significant step forward in their time, were vo-
luntarily withdrawn from the market by Merck
and Vertex in 2015. This decision reflected the
clinical superiority and improved tolerability
of subsequently developed all-oral direct-act-
ing antiviral regimens, which have funda-
mentally altered the landscape of Hepatitis C
treatment.

Boceprevir 11 and telaprevir 12 are all-tai-
lor-made amino acid-based drugs, specifically
a tri- and tetrapeptide, respectively. Interes-
tingly, both feature cyclopropane rings, a struc-
tural motif that also connects them to the se-
cond-generation direct-acting ACC 1 contain-
ing antiviral drugs asunaprevir 13 (Fig. 4) [85],
simeprevir 14 [86], paritaprevir 15 [87], and
vaniprevir 16 [88], all of which received FDA
approval for HCV treatment around 2015.
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Fig. 3. The first-generation direct-acting antiviral drugs boceprevir 11 and telaprevir 12.
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While these compounds 13-16, being di- or
tripeptides, share some structural similarities
with the earlier drugs boceprevir 11 and tela-
previr 12, a key distinguishing feature in their
design is the significant conformational con-
straint imposed by the residue of ACC 1 often
integrated within three distinct types of mac-
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Fig. 4. The second-generation ACC 1 derived antiviral drugs.

rocyclic motifs [89]. The rapid and successful
development of these four drugs 13-16 repre-
sents a remarkable achievement in a relatively
short timeframe, underscoring the power of
rational drug design. However, the full phar-
maceutical potential of ACC 1 and its diverse
array of derivatives remains largely untapped
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and ripe for further exploration. The unique
steric and conformational properties impart-
ed by the cyclopropane ring in ACC 1 offer a
powerful tool for modulating molecular inter-
actions and pharmacokinetic profiles, suggest-
ing a wealth of opportunities for the design of
novel therapeutics beyond HCV treatment.
What is particularly noteworthy is the cur-
rent development pipeline, featuring numerous
novel drug candidates incorporating the ACC 1
moiety. To illustrate the chemical architecture of
current-generation HCV treatment drugs, we
have selected neceprevir 17 [90], danoprevir 18
[91], glecaprevir 19 [92], and GS-9256 20 [93].
Chemically, these compounds are peptidomi-
metics that share a central hydroxyproline core
and ACC 1 as key structural elements. Addi-

H 900
N/A

jj,\o
o

N
H

o .
glecaprevir 197,

Vv L

tional steric constraints, enabling more precise
biological interactions, are introduced through
macrocyclic bridges and bulky aromatic groups.
Furthermore, these structures are stereochemi-
cally complex, possessing an average of five or
more stereogenic centers and existing as single
enantiomers [94], highlighting the critical im-
portance of the precise three-dimensional posi-
tioning of all functional groups. Notably, these
structures also strategically incorporate fluorine
[95-97] for fine-tuning their biopharmaceutical
properties and metabolic stability, underscoring
the significant role of fluorine in modern phar-
maceutical design [98-100]. Finally, as exempli-
fied by GS-9256 20, the application of phos-
phorus analogs of carboxylic acids represents a
growing trend in drug design [101-103].

GS-9256 20

Fig. 5. Recent antiviral drugs incorporating ACC 1 and fluorine substitution.
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Given the widespread occurrence of ACC
and its derivatives in natural products, coupled
with the remarkable success of ACC-based
compounds in the design of numerous HCV
drugs, it is reasonable to expect that the syn-
thesis of ACC has garnered significant atten-
tion. The extensive body of synthetic metho-
dologies will be classified in the subsequent
sections based on the mode of ACC skeleton
construction.

Successive di-alkylation of nucleophilic gly-
cine equivalents

The first synthesis of racemic vinyl-ACC 23
was reported in 1981 by a group of biochemists
studying the biological mechanism of ethylene
production in plants [104]. The procedure was
based on the alkylation of the starting Schiff
base 21, derived from glycine methyl ester and

Br/\/\/ Br

LDA/THF

N
~
NZ NS 78 °C

21

Ph._N_ COMe

benzaldehyde (Scheme 1). The vinyl-cyclopro-
pane ring was formed in a key step, involving
an intermolecular S 2 alkylation followed by
intramolecular S 2’ cyclization of glycine Schiff
base 21 with trans-1,4-dibromo-2-butene.
A notable aspect of this approach is the high
stereochemical control: the S 2-S 2° dialkyla-
tion of glycine derivative 21 proceeded with
complete relative stereochemistry, yielding the
diastereomerically pure intermediate 22, which
was then converted to the free amino acid 23
via acidic hydrolysis. The reactions were con-
ducted under homogeneous conditions using a
strong base (LDA) in THF at low temperature.
This § 2-S 2" dialkylation sequence proved to
be a synthetically general and concise route to
the vinyl-ACC skeleton, and has been employed
in many subsequent studies.

@ HQN COQH
H

22 | 23 |

Scheme 1. Synthesis of vinyl-ACC 23 via S 2-S 2’ dialkylation of Schiff base 21.

This approach was thoughtfully designed
for large-scale synthesis, with careful conside-
ration of the cost structure [105], reaction
simplicity, and operational convenience [106—
108]. For the construction of the vinyl-ACC
framework, the authors selected the straight-
forward S 2-S 2’ dialkylation sequence. The
reaction of glycine ethyl ester Schiff base 24
(Scheme 2) with trans-1,4-dibromo-2-butene
was systematically studied using a variety of
bases and solvents. It was found that aprotic
solvents were essential for high diastereose-
lectivity. In particular, the reaction conducted

https://ucj.org.ua

in toluene with lithium tert-butoxide as a base
yielded the desired cyclopropane 25 with vir-
tually complete diastereomeric purity. After
Schift base deprotection and simple purifica-
tion by several extractions, diastereomerically
pure racemic 26 was converted into Boc-pro-
tected vinyl-ACC ethyl ester 27 in 65-70%
overall yield. Enzymatic resolution of diaste-
reomerically pure ethyl ester 27 using Alcalase
proceeded with very high enantioselectivity,
producing a mixture of (1S,2R)-28, as a free
acid, and (1R,25)-29, as an ethyl ester.

33




ORGANIC CHEMISTRY

CUTTING-EDGE STRATEGIES IN THE ASYMMETRIC SYNTHESIS OF a-AMINOCYCLOPROPANE CARBOXYLIC ACIDS:

ESSENTIAL SCAFFOLDS FOR DRUG DISCOVERY.

Ph._ N__CO,Et base/solvent
24
Boc,O ﬁ CO,Et
0C2 r e 2
TBME Boc Alcalase
27 |

N_ COsEt 0 H,N_ CO,Et
25 | 26 |
N COH H
Boc” j\> 2 BOC/N,‘ COzEt
‘ +
H '/| H\‘
28 29 |

Scheme 2. Enzymatic approach for preparation of enantiomerically
pure derivatives 28 and 29.

In general, enzymatic resolutions of steri-
cally constrained a-amino acids are challeng-
ing [109-111] as most natural enzymes are
sterically sensitive and adapted to the typical
structure of a-unsubstituted amino acids.

Enantioselective adaptation of the S 2-S 2’
dialkylation sequence strategy, employing a
chiral phase transfer catalyst (Scheme 3) [112,
113]. Extensive efforts to refine the catalyst’s
structure ultimately led to the breakthrough
discovery of the catalyst 32, with the benzylic
moiety substitution proving essential—its un-
substituted benzyl counterpart 31 delivered a
mere 2% ee of 30. With catalyst 32, the syn-
thesis of 30 achieved an impressive 77% enan-

Br
Ph._N.__CO,Et NaOH/toluene

Cat.

24 30

tiomeric excess (ee) and 78% yield, marking a
significant advancement. However, meticulous
control over reaction conditions was crucial—
water content and sodium hydroxide selection
played pivotal roles in minimizing undesirable
byproducts, particularly ester saponification.
Notably, pin-milled NaOH with fine particle
size (~30 um) ensured complete conversion
within 24 hours at 0°C, whereas commercial
powdered NaOH led to extended reaction
times and diminished yields. These findings
underscored the profound impact of precise
reagent selection and process optimization in
achieving superior synthetic outcomes.

AA~Br Ph N, COEL Cat.

%fa@

R=H 31
R:CF332

Scheme 3. Enantioselective synthesis of vinyl-ACC 30 under PTC conditions.
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It is important to note that the isolation and
purification of product 30 in this study relies
on column chromatography procedures, which
are known to be associated with the pheno-
menon of Self-Disproportionation of Enanti-
omers (SDE)—a widely reported occurrence
in chiral amines and amino acid derivatives
subjected to achiral column chromatography
[114-116]. As a result, unless a dedicated SDE
study on compound 30 is conducted, the re-
ported stereochemical outcome [112, 113]
should be regarded as tentative.

The elegant chemical transformation of gly-
cine ethyl ester Schift base 21 with alkylating
reagent 33 is illustrated in Scheme 4 [117]. The
four-carbon framework of 33 contains three
electrophilic sites with distinct reactivity, enab-

ling a stepwise alkylation cascade. The reaction
proceeds under operationally convenient con-
ditions, employing NaH as the base. The first
two alkylation steps follow a typical S 2-S 2
sequence, yielding intermediate 34. Subsequent
neutralization of the reaction medium, followed
by re-exposure to basic conditions using K,COs,
initiates the third and final alkylation, culminat-
ing in the formation of the sterically constrained
bicyclic architecture 35. Most notably, the use of
enantiomerically pure (S)-33 efficiently trans-
mits stereochemical information, directing the
configuration of two newly formed stereogenic
centers. As a result, the process affords the dia-
stereomerically pure intermediate (2S,3R)-34,
ultimately leading to the final product (2S,35)-
35 with exceptional stereochemical fidelity.

Cl
0 (é)w
=Q_~ )
O// @) thN '\\C02Me 1.H H CO-H
Ph. _N__ CO,Me () 33 \D 2.KyCO;  Na™ 72
/\\\“ 3He
21 Na/DME ~ Cl
(2S,3R) 34 (25,39)35

Scheme 4. Asymmetric synthesis of bicyclic ACC derivative 35.

Asymmetric synthesis of a-amino acids via
Ni(II) complexes of glycine Schiff bases, such
as those of type 36, represents a well-estab-
lished and widely used methodology (Sche-
me 5) [118-121]. Homologation of the gly-
cine moiety within chiral Schiff base 36 can be
achieved through various reactions, including
aldol [122-125], Michael [126-129], and Man-
nich [130-132] additions, as well as alkyl ha-
lide alkylation [133, 134], including reactions
with sterically constrained derivatives [135,
136], dialkylation [137-139], and bisalkylation
[140] reactions. Therefore, the application of

https://ucj.org.ua

the Ni(II) complex 36 holds significant poten-
tial for the preparation of ACC derivatives. In
this context, the Ni(II) complex of Schiff base
(R)-36, readily prepared from glycine, Ni(II)
acetate or chloride, and an (R)-proline-deri-
ved ligand 41 [141, 142], was reacted with
trans-1,4-dibromo-2-butene under solid-li-
quid phase-transfer catalysis (PTC) conditions
[143, 144], using solid NaOH in the presence
of tetrabutylammonium iodide (TBAI). This
PTC alkylation yielded a mixture of mono-
alkylated products 37 and 38 in a 4:1 ratio,
with an overall yield of 79% [145, 146].
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Scheme 5. Asymmetric synthesis of vinyl-ACC 42 via proline-derived chiral Schiff base 36.

The relatively low diastereoselectivity at
this stage was inconsequential, as both dia-
stereomers 37 and 38 were utilized in the sub-
sequent intramolecular alkylation. The S 2
alkylation was accomplished by treating the
resulting mixture with sodium tert-butoxide,
affording the target vinylcyclopropanes 39
and 40 in a 9:1 ratio and a 73% yield. Notably,
the direct one-pot sequential S 2-S 2 dialky-
lation of 36 under homogeneous conditions
in N,N-dimethylformamide (DMF) did not
produce the desired products 39 and 40, sug-
gesting that these conditions are too harsh for
the reagents and intermediates, which possess
multiple reactive centers. Following chromato-
graphic separation, the diastereomerically pure
major product 39 was treated with 1 N HCI,
resulting in the decomplexation of the Ni(II)
complex and the formation of chiral ligand 41,
along with the desired vinyl-ACC 42. The chi-
ral ligand 41 was recycled and used to gene-
rate new batches of the starting glycine Schiff
base Ni(II) complex 36. The target vinyl-ACC

36

42 was isolated using a cation exchange resin.

Chiral glycine Schift base Ni(II) complex
36 was also employed in the highly diastereo-
selective synthesis of norcoronamic acid (2)
(Scheme 6) [147]. A key feature of this reaction
is that both starting compounds—the Ni(II)
complex of Schift base 36 and the correspond-
ing ester—are chiral and possess matching (S)
absolute configurations. This double asymmet-
ric induction leads to complete diastereose-
lectivity in the formation of the cyclopropane
ring. Consequently, the product 43 required
no additional purification before being disas-
sembled to yield the target norcoronamic acid
(2) and chiral ligand 41. Interestingly, attempts
to use the racemic sulfate resulted in a 1:1 ratio
of the corresponding diastereomers, indicating
no significant kinetic resolution in the alkylat-
ing reagent. It should be noted that noticeable
kinetic resolution was observed in the alkyla-
tion of chiral Schiff base Ni(II) complexes of
type 36 with racemic a-alkylbenzyl bromides
[49, 148].
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Scheme 6. Asymmetric synthesis of norcoronamic acid (2) via chiral Schiff base 36.

The synthetic potential of Ni(II) complex-
es derived from glycine chiral Schiff bases in
the field of asymmetric AA synthesis has dri-
ven the development of next-generation de-
rivatives designed for large-scale preparation
of tailor-made AAs with enhanced efficiency
[149-151]. For example, informed by exten-
sive crystallographic data [152], Ni(II) com-
plex 44 (Fig. 6) was strategically engineered
with chlorine atoms to optimize its perfor-
mance in asymmetric transformations [153,
154]. This complex has demonstrated remar-
kable efficiency in dynamic kinetic resolution

Cl

(5)(5)-44

(S)(S)-45

of racemic AAs [155, 156]. Similarly, Ni(II)
complex 45, featuring two elements of chirali-
ty, has shown exceptional selectivity in alky-
lation and aldol addition reactions, benefiting
from double asymmetric induction, where
central and axial chirality are stereochemical-
ly matched [121]. Meanwhile, Ni(II) complex
46 [157, 158] has emerged as the most effective
catalyst in processes governed by second-order
asymmetric transformation control [159], fur-
ther expanding the potential of Ni(II)-based
systems in complex synthetic applications.

(Sc)(Sn)-46 (S)-47

Fig. 6. New generation Ni(II) complexes of chiral nucleophilic glycine equivalents.

Ni(II) complex 47, derived from C,-sym-
metric bis(naphthyl)amine [160-162], holds
significant potential for the asymmetric syn-
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thesis of AAs. Its application in the synthesis of

vinyl-ACC derivatives is illustrated in Scheme

7 [163].
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After extensive experimentation, it was de-
termined that the two-step S 2-S 2’ dialkyla-
tion of the glycine moiety in 47 was best car-
ried out using a two-step approach. First, the
reaction was performed under phase transfer
catalysis (PTC) conditions with the corre-
sponding dibromide, employing 30% aqueous
NaOH in the presence of TBAI, yielding pro-
duct 48 as the major diastereomer (70:30 ra-
tio). Without purification, the diastereomeric
mixture was then treated with sodium tert-bu-
toxide, leading to the cyclopropane-cyclized
Ni(II) complex 49 with an 83% overall yield
and exceptional diastereoselectivity (99.5%
de)—highlighting the superior stereocon-

NaOH/H,0
TBAI, CH,Cl,

87%

trolling properties of 47 compared to the pro-
line-derived complex 36.

Product 49, without further purification,
was subsequently disassembled by treatment
with 1N HC], affording free vinyl-ACC 42 and
chiral ligand 50, which were efficiently sepa-
rated via simple extraction. Vinyl-ACC 42 was
further purified using a cation exchange resin.

Notably, ligand 50 is highly stable and not
prone to racemization under typical organic
synthesis conditions, making it virtually indefi-
nitely recyclable and reusable. In this regard, the
application of ligand 50 presents a more eco-
nomical and practical approach—even surpass-
ing the efficiency of enantioselective catalysis.

Cl ($)(R,35)-49

99.5
1 % de
E HO._O
N’ + R
: ».w\
J\ H,NTN/
NH O
Ph (1R25)-42
Cl  ($)-50

Scheme 7. Asymmetric synthesis of vinyl ACC 42 via Ni(II) complex of Schift base
derived from axially chiral ligand 50.

This synthetic sequence was carried out
using 33 g of Ni(II) complex 47, yielding 4.5 g
of vinyl-ACC 42. The process demonstrates a
virtually complete stereochemical outcome, a
fully recyclable chiral source, and operational
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simplicity, ensuring convenient and efficient
reaction conditions. Moreover, the proven
scalability of Ni(II) complex chemistry further
supports its potential for broad synthetic ap-
plications.
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(Diphenylmethylene)aminoacetonitrile 51
represents another type of nucleophilic glycine
equivalent, utilized in the synthesis of ACC 1
via a dialkylation sequence. The cyclopro-
pane ring was efficiently formed under PTC
conditions using 1,2-dibromoethane as the
electrophilic agent, in the presence of sodium

B

Br/\/ T
PTC

Ph YN\/CN NaOH/BnNEt;Cl

Ph -
51

[ ] O [ ]

e CN___CO,-1-Bu l/\ o« CN
base

53 .

54

hydroxide as a base [164-166]. Subsequent
acidic hydrolysis removed the Schiff base and
CN protecting groups in 52, yielding the tar-
get compound ACC 1. Notably, this approach
is remarkably straightforward and well-suited
for large-scale synthesis.

Ph. _N_ CN H,N_ _CO,H
Y H
i X
52 1
CO,-t-Bu tl);dé\gSCl H,N_ _CO,H
OH 2. KO-t-B A
. -[-DU
3. HCI S5

Scheme 8. Preparation of ACC 1 via dialkylation of (diphenylmethylene)aminoacetonitrile 5
and synthesis of allo-norcoronamic acid 55 via dialkylation of isocyanoacetate 53

Isocyanoacetates are highly versatile re-
agents in amino acid synthesis, exhibiting
unique reactivity due to their electron-with-
drawing isocyanide and ester functional
groups. Their ability to serve as nucleophilic
glycine equivalents makes them particularly
valuable for the tailored construction of amino
acids via alkyl halide alkylations and various
addition reactions [167-171]. For example,
the alkylation of isocyanoacetate 53 with pro-
pene oxide proceeds efficiently in the presence
of butyl lithium at -78 °C, yielding product
54 with an excellent yield (>90%). Subsequent
mesylation of the hydroxyl group in 54 is fol-
lowed by a second alkylation step that induces
cyclopropane ring formation. A final hydroly-
tic cleavage of the isonitrile and ester protect-
ing groups affords ACC 55 with an overall yield
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of approximately 50%. Notably, this cyclization
protocol strongly favors the stereochemistry of
allo-norcoronamic acid, with the major dia-
stereomer comprising over 85% of the product
[172,173].

An intriguing example of intramolecular
alkylation within the proline framework is il-
lustrated in Scheme 9. Naturally occurring
and properly protected hydroxyproline 56 was
treated with CBr4/PPhs, facilitating the stereo-
selective substitution of the hydroxyl group
with a bromine atom. The resulting interme-
diate 57 was then exposed to harsh reaction
conditions, utilizing an excess of a strong base
in THF at —78 °C, forcing the formation of an
extremely sterically constrained bicyclic sys-
tem 58, consisting of four- and three-mem-
bered rings. Remarkably, despite significant
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steric strain, the process achieved a respectable
yield. Most notably, this cyclization reaction
proceeded in a highly stereoselective manner,

converting (S)-configured hydroxyproline 56
into the (2R,3R)-bicyclic system 58 with im-
pressive selectivity [174].

HO/,' Br 5
mcon e CBry, PPh; mCone LiHMDS  HO,C (™
N S N &
‘BOC 78% Boc >50% Boc”
(5)-36 (8)-57 (2R 3R)-58

Scheme 9. Preparation of bicyclic ACC 58 from hydroxy proline 56.

Another example of intramolecular cycliza-
tion of amino acid derivatives, resulting in the
formation of a cyclopropane ring, is presented
in Scheme 10. In this case, the w-carboxy group
in properly protected glutamic acid 59 was sub-
stituted with a bromine atom, and the resulting
compound 60 underwent intramolecular cycli-
zation. The formation of the three-membered
ring was achieved using NaH in THF at -78 °C.

HOZC\/YCOzMe Br\/\rCOzMe

—_—

HN.
COan

59 60

It should be noted that the application of two
equivalents of NaH was necessary, as one mole
of the base was used to ionize the N-H bond.
The cyclization proceeded cleanly at the a-car-
bon, with no products of N-alkylation observed.
Following cyclization, hydrolysis of the ester
group and deprotection of CO,Bn using hydro-
gen over a palladium catalyst afforded the target
compound, ACC 1 [175-178].

1. NaH

THF

H,N__CO,H

HN.
COzBH

2. NaOH K

3.Hy/PdC 1

Scheme 10. Preparation of ACC 1 via intramolecular cyclization of glutamic acid derivative 60.

Alkyl 2-nitroacetates as carbenoid glycine
equivalents.

Reactions between carbenes and alkenes
represent one of the most widely utilized ap-
proaches for constructing cyclopropane rings
[179]. In this context, compounds 61 and 62
(Fig. 7), each contributing a single carbon
atom to the three-membered ring and carrying
amino and carboxyl groups, can be regarded
as suitable carbenoid glycine equivalents for
the synthesis of tailor-made ACC derivatives.
However, the precursors of carbenes 61 and
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62—such as the corresponding diazo com-
pounds—are highly unstable, requiring strong-
ly electron-withdrawing or aromatic substi-
tuents directly attached to the carbene carbon.
Consequently, nitroacetates 63 may serve as
generalized carbenoid glycine equivalents. The
synthesis of ACC derivatives via carbenes 63
will thus necessitate an additional step invol-
ving chemo-selective reductive transformation
of the nitro group into the requisite amino
group [180, 181].
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Ph” N7 TCOAk  RNT COAK 0N O COLAlK
61 62 63

Fig. 7. Carbenoid glycine equivalents.

For example, the cyclopropanation reaction
has been extensively studied using various dia-
zoesters 64 (Scheme 11). The yields are gene-
rally high, while the diastereoselectivity varies
significantly and is strongly influenced by the
nature of the alkyl ester group [182]. The for-
mation of the frans isomer 65 is typically fa-
vored over the cis diastereomer 66, though the
ratio is clearly dependent on the steric bulk of

the ester alkyl group—highest for methyl and
lowest for tert-butyl. The nitro group was ef-
ficiently reduced to the corresponding amino
functionality using either zinc or indium in the
presence of hydrochloric acid [183]. Notably,
this procedure can be carried out on a scale ex-
ceeding 250 g without any loss in yield or ste-
reoselectivity.

Z>Ph Ph
N
g Phy(OAC), I>,c02R * oCOR R Yield65 66
O,N~ "CO,R %  trans sic
64 (CH2C12,4hrs NOz Me 78 91 9
ambient temp. 65 u 66 Rt 80 88 12
[H] iPr 78 75 25
Ph tBu 81 55 45
[H] = Zn/HCl 75% Y>,COZR i>,COZR
WHCH 72% NH,
68

Scheme 11. Rh-catalyzed cyclopropanatlon of nitrodiazoesters with styrene, followed
by the reduction of the nitro group to an amino group.

Intramolecular cyclopropanation of mole-
cules containing both unsaturated and a-nit-
rodiazoester functionalities has been success-
tully carried out (Scheme 12) [184]. Rhodium
complexes derived from bulky carboxylate li-
gands, such as rhodium bis(1-adamantanecar-
boxylate) dimer (Rh,(OCOAd),), achieved the
highest yields of cyclopropanation products.
Treatment of nitrodiazoester 69, bearing a
substituted unsaturated moiety, with a catalytic

https://ucj.org.ua

amount (0.5%) of rhodium catalyst prepared
with adamantyl carboxylate in dichloromethane
at mild heating (40°C) for about four hours re-
sulted in the formation of a bicyclic product 70
with good isolated yields. As expected, higher
yields (95%) were observed for products with
minimal steric hindrance and ring strain (n =
3, R = H). Notably, in all cases studied, only a
single diastereomer containing NO, and R in
the bridged position was isolated.
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0]
N, R
o R Ph,(OCOAd) 0 NO,
02N N CH2C12 ~4 hrs (
n >
0 R R = H, Me n R
70

Scheme 12. Rh-catalyzed intramolecular cyclopropanations.

Cyclopropanation via nitrodiazoacetate
reactions, as precursors to carbenoid glycine
equivalents, can be successfully carried out in
a catalytic enantioselective manner. As shown
in Scheme 13, the enantioselective cyclopro-
panation of ethyl a-nitrodiazoacetate 71 with
terminal olefins is efficiently catalyzed by the
chiral porphyrin-based cobalt(II) complex 72
[186—-188]. The reaction proceeds in normal
hexane at temperatures ranging from 0 °C to
ambient conditions over a 24-hour period.
This process enables the enantioselective for-
mation of the corresponding cis isomer 73,
wherein the nitro group and R are positioned
cis relative to each other. While yields and
enantioselectivities are generally high, the ste-

N, 72 R
I + N 0 s COR
R (1-5mol %) >,
ON" COEL n-hexane NO,
71 73

R = 4-Me-Ph, 3-NO,Ph, 4-1-Bu-Ph, 4-CI-Ph,
n-Bu, CHzCHz-Ph, COzMe, COzEt, CONMCZ

reochemical outcomes were not confirmed via
SDE tests. Specifically, enantioselectivity data
was obtained after product purification by co-
lumn chromatography, followed by high-va-
cuum drying—potentially allowing for SDE
effects via achiral chromatography [189-191]
and sublimation [192-194]. Notably, when R is
an aryl substituent, enantioselectivity reaches
approximately 90% ee, whereas alkyl and car-
bonyl derivatives exhibit enantioselectivities in
the range of 75-88% ee. Reported yields vary
significantly, ranging from 42% to 92%, high-
lighting the need for a more precise and sys-
tematic study of these cyclopropanation reac-
tions.

Scheme 13. Enantioselective chiral Co-complex catalyzed cyclpropanation reactions.
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Another example of enantioselective cyc-
lopropanation, specifically involving (Z)-1,2-
disubstituted olefins and nitrodiazoacetates,
is presented in Scheme 14 [195]. The catalyst
used in this synthesis, bis-oxazoline 75, fea-
tures two distinct substituents (Me and Bn) on
the carbon bridging the two moieties and has
been demonstrated as a preferred catalyst for
enantioselective cyclopropanation of disubsti-
tuted olefins with diazoesters [196]. Treatment
of (Z)-olefins 74 and ethyl nitrodiazoacetate
71 with copper complexes of bis-oxazoline 75

resulted in the formation of products 76, with
moderate yields and exhibiting excellent dia-
stereoselectivity (>99:1) and enantioselectivity.
Medium-range chemical yields combined with
high enantioselectivity often indicate the mani-
festation of SDE effects [197-199]. This me-
thod is quite versatile, as the substituent R can
be either an aryl group or an olefinic residue
and can be further extended to cyclic alkenes.
The only notable limitation of this approach
is the requirement for the corresponding
(Z)-olefins.

N2 Bn
2 X KR 45 (5mol %) )>/COZR O\%Qro
O,N CO,E AgSbF 2, .
) HEt 850k . NO, Ph Q/{\I N|\8~Ph
71 74 benzene 76 P}f 75 Ph
R Ph 4-Br-Ph 4-Me-PhPh b-styryl

yield (%) 56 59 59 65

ee (%) 95 97 97 85

Scheme 14. Chiral Cu-complex catalyzed enantioselective cyclopropanation
using nitrodiazoacetates and (Z)-1,2-disubstituted olefins.

As noted above (vide supra), diazo com-
pounds rapidly decompose under standard
conditions in the absence of stabilizing elec-
tron-withdrawing substituents [200]. As dis-
cussed in this text, nitrodiazoacetates serve
as excellent reagents for various cyclopropa-
nation reactions. The search for alternative
approaches led to the discovery of a method
utilizing the corresponding phenyliodonium
derivatives [201], which are formed in situ
from nitroesters and phenyliodonium acetate
[202-204]. This approach exhibits reactivity
remarkably similar to Rh-catalyzed cyclopro-
panation with nitrodiazoacetates, suggesting
the intermediate formation of identical metal—
carbene species. As illustrated in Scheme 15,

https://ucj.org.ua

ethyl nitroacetate 77 and an excess (5 eq.) of
olefin are treated with PhI(OAc), (1.1 eq.) and
Rh,(Piv), (0.5 eq.) in dichloromethane at am-
bient temperature, yielding cyclopropanation
products 78 with good yields (>80%). These
reactions are highly robust and can be per-
formed in near-open-air conditions, under-
scoring the practicality of this approach. The
Ar group can be either a substituted phenyl
or a naphthyl moiety, and the methodology
extends to cis-disubstituted and cyclic olefins,
further enhancing its versatility and synthetic
value. It is proposed that the reaction proceeds
via in situ formation of phenyliodonium deri-
vatives 79, followed by the generation of ruthe-
nium-—carbene species 80.
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PhI(OAc), R

Rh,(OPiv) CO.R

O,N /\C02Et + /\Ar 2 4 "’NOZ

- CH,Cl, -8

l PhI(OAc), N V

Ph

Il" [Rh] [Rh]
O,N” “COEt  pp; O,N )J\COQEt

79 80

Scheme 15. Rh-Catalyzed approach for cyclopropanation reaction of nitroacetates
and olefines via phenyliodonium derivatives.

The enantioselective catalytic version of this
reaction can be achieved using chiral bisoxa-
zoline ligands in combination with copper(I) as
the metal catalyst. As illustrated in Scheme 16
[205-207], methyl nitroacetate 81 reacts with an
excess (5 eq.) of terminal olefin in the presence
of PhI=0 (1.1 eq.), AgSbF, (2.4 mol%), Na,CO,
(2.3 eq.), CuCl (2 mol%), and either chiral bi-
soxazoline 82 or 84, leading to the formation
of cyclopropanation products 83 or 85, respec-
tively. The reactions are carried out in benzene
at ambient temperature for approximately two
hours. The reported chemical yields and stereo-
chemical outcomes are generally favorable. The
substituent R on the olefin counterpart can be a
mono-substituted phenyl or naphthyl ring, or a
vinyl group. Unfortunately, SDE tests were not
conducted [208-210], and the enantiomeric
purity values were obtained only after product
isolation, purification via column chromatog-
raphy, and subsequent drying under high vacu-
um. Interestingly, the variability in the reported
enantioselectivity is difficult to rationalize based
on differences in the electronic or steric proper-
ties of substituents such as Me, MeO, Cl, or even
t-Bu groups situated in the remote para-position
of the phenyl ring, far from the reaction center.
However, these substituents do contribute to
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variations in the physicochemical properties of
the products, affecting their SDE profiles under
achiral chromatography conditions and their
volatility (sublimation) [211-213].

An alternative approach for generating an
in situ carbenoid glycine equivalent is present-
ed in Scheme 17. In this method, the oxalic
acid-derived compound 86, which contains an
activated carbonyl group, reacts with P(OEt);
in chloroform under reflux conditions, yield-
ing cyclopropanation product 89 with mode-
rate efficiency and reasonably good diastereo-
selectivity governed by the stereogenic center
of the starting azetidinone 86 [214]. The re-
action proceeds via interaction between the
amide carbonyl of 86 and P(OEt)s, leading to
the formation of betaine intermediate 87. This
intermediate stabilizes through the elimina-
tion of PO(OEt),, generating free carbene 88,
which subsequently undergoes intramolecular
cyclopropanation by reacting with terminal
olefin residues. The resulting diastereome-
ric mixture of products can be separated via
column chromatography, affording the major
diastereomer with a yield of 42%. Despite the
relatively low-to-moderate yields, this metho-
dology has been employed for the synthesis of
various carbacepham analogs [215].
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02N COZMC R PhI=O R
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OT><WO R Ph 4-Me-Ph 4-/Bu-Ph  4-Cl-Ph
X yield %) 79 78 79 45
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R 4-Me-Ph 4-MeO-Ph 4-Cl-Ph
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Scheme 16. Cu-Catalyzed enantioselective catalytic cyclopropanation of nitroacetates
and olefines via phenyliodonium derivatives.

OAc O > O_
;ZLO P(OEY); :
N

Y, CHCL,

O

86

87

—_—

- PO(OEY), N—.

OAc
% 0
N
ﬁlf O-P(OEt);
o) ®

ol

88 89

Scheme 17. Cyclopropanation reaction via in situ generation of carbenoid
glycine equivalent using P(OEt).,.

Fischer dialkylaminocarbenes are known to
react with olefins to form cyclopropane rings
[216]. The application of these reagents as car-
benoid glycine equivalents for the synthesis
of ACC derivatives is illustrated in Scheme 18
[217]. First, the Fischer dialkylaminocarbene
complex 92 is prepared from alkyl 2-(dime-
thylamino)acrylate, a dehydroalanine deri-
vative 90, and reagent 91. Next, the Fischer

https://ucj.org.ua

complex 92 is treated with an excess (4 eq.) of
terminal olefin in refluxing toluene, yielding
cyclopropane product 93 with variable efh-
ciency (40-70%) but consistently high diaste-
reoselectivity (~95/5). However, the primary
limitation of this approach is that it only allows
for the preparation of ACC derivatives featu-
ring a dimethylamino group.

45




ORGANIC CHEMISTRY

CUTTING-EDGE STRATEGIES IN THE ASYMMETRIC SYNTHESIS OF a-AMINOCYCLOPROPANE CARBOXYLIC ACIDS:

ESSENTIAL SCAFFOLDS FOR DRUG DISCOVERY.

:<0Me

(CO)sCr PN R

91 Ph s ZR W>,C02R

Me;)N™ "COAKk = 7 Me,N~ ~CO,Alk “"NMe,
90 92 R = Ar, Alk 93

Scheme 18. Application of Fisher dialkylaminocarbene complex
in cyclopropanation reactions with olefines.

Cyclopropanation of dehydroamino acids.

As discussed in Scheme 18, dehydroalanine
derivatives can be transformed into corres-
ponding carbenoid glycine equivalents, con-
tributing one carbon atom in cyclopropana-
tion reactions with alkenes. This strategy can
also be reversed, allowing dehydroalanine to
act as an olefin, contributing two carbon atoms
in reactions with carbenes [218-220]. A simp-
le example of this alternative approach is the
reaction shown in Scheme 19, where proper-
ly protected (Z)-dehydrotryptophan 94 reacts
with diazomethane to yield the spiro cyclopro-

0
2
N™ “ph CH,N,
N\
N Et,0
Ac 94

Ac

panation product 95 as a single diastereomer,
albeit with a relatively low yield (34%). The
reaction proceeds overnight at ambient tem-
perature in diethyl ether. The use of (E)-de-
hydrotryptophan also affords the correspond-
ing diastereomer of 95 with excellent diaste-
reoselectivity. Cycloaddition product 95 can
be conventionally converted into free amino
acid 96 via acidic hydrolysis [221]. Notably,
tailor-made tryptophan derivatives are parti-
cularly useful for studying peptide folding and
peptide-peptide interactions [222-224].

O o
i, i
N//k Ph H® { NH;
N
95 H 96

Scheme 19. Cyclopropanation of dehydrotryptophane with diazomethane.

This method can be extended to the use of
substituted diazomethanes for the synthesis of
ACC derivatives featuring multiple substitu-
ents on the cyclopropane ring. One notewor-
thy example is illustrated in Scheme 20 [225].
In this approach, trifluoromethyldiazomethane
reacts with a series of dehydroamino acids 97,
enabling the preparation of various tailor-made
B-amino acids 99 constrained by a trifluoro-
methylcyclopropane moiety [226]. The reac-

46

tions of dehydroamino acids 97 with 2,2,2-tri-
fluorodiazoethane are conducted in acetonitrile
at 80 °C over two days, yielding cyclopropana-
ted products 98 with efficiencies ranging from
47% to 87% and excellent diastereoselectivity
(>95/5). The substituent R on the cyclopropane
ring can be either an alkyl or aryl group, high-
lighting the versatility of this approach. Free
amino acids 99 are obtained from products 98
via simple conventional hydrolysis.

ISSN 2708-129X. YKp. XiM. XypH., 2025



Alicja Wzorek, Jianlin Han, Taizo Ono, Karel D. Klika, Daniel Baecker, Wei Zhang, Vadim A. Soloshonok.

UCJ N2 10 / Vol. 91

O
F3
//21 CF;CHN,
d NTOMe  MeoN R
97 R = Alk, Ar

C

M

c O

\ o
R "/NHz
929

F3
e

—_—
v =

Me
98

Scheme 20. Cyclopropanation of dehydroamino acids with 2,2,2-trifluorodiazoethane.

Mechanistically, the reactions of dehydro-
amino acids with diazomethane derivatives
proceed via a [3+2] cycloaddition, resulting
in 1-pyrazoline intermediates. The subsequent
ring contraction is facilitated by electron-with-
drawing groups and, in some cases, requires
heating of the reaction mixture [227,228].

For example, the cyclopropanation of the
phosphorus analog of dehydroalanine 100
with substituted diazomethanes leads to the
formation of unusually stable pyrazoline inter-
mediates 101, which are reported as solid com-
pounds that can be stored at low temperatures
(5 °C) for months without signs of decomposi-
tion [229]. However, upon heating in refluxing

toluene, compounds 101 undergo the expected
ring contraction, ultimately yielding the tar-
get aminocyclopropanephosphonic acids 102
after subsequent hydrolysis. This approach is
broadly applicable, as the substituent R on the
starting diazomethane can be either an alkyl or
aryl group. The yields range from 63% to 90%,
with excellent diastereoselectivity (>99/1) for
aryl derivatives but low (~55/45) for aliphatic
ones. The synthesis of tailor-made aminophos-
phonic acids has attracted significant attention
due to their diverse applications in medicinal
chemistry, enzyme inhibition, and peptide en-
gineering [230-233].

a) tluene 0
N’/N NHCHO reflux R Y)/OH
R-CHN, ® ,: ) “OH
(MeO),0P” "NHCHO EGO R PO(OMe), b)H .,/NH
100 101 102 -

Scheme 21. Synthesis of aminocyclopropanephosphonic acids.

While diazo compounds are highly effective
reagents for cyclopropanation reactions, their
preparation and handling present inherent
challenges. This has driven the need for safer
and more efficient alternatives, leading scien-
tists to develop new reagents. One such dis-
covery is tosylhydrazones, which have proven
particularly successful in cycloaddition reac-
tions with dehydroamino acids [234]. In this
approach, properly protected dehydroalanine
103 (Scheme 22) reacts with metalated to-
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sylhydrazone 104 in the presence of a cataly-
tic amount of a phase-transfer catalyst [235],
yielding cyclopropane 105 with high diastere-
oselectivity. The major stereoisomer features
aryl and amine groups positioned trans to each
other. The reaction is conducted in toluene at
40 °C for 60 hours with 5 mol% of BnNEt;Cl
as the phase-transfer catalyst, producing 105
with yields ranging from 50% to 72%. The tar-
get ACC 106 is obtained via simple hydrolysis
of the cyclization products 105.
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CO,Me Ng BnNEsCl
N
NHBoc J ®N . toluene
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103 104

0 ® 0
;X\\OMe H A ;\‘\\OH

A NHBoc A NH,
105 106

Scheme 22. Cyclopropanation of dehydroamino acids using diazo compounds
generated from metalated tosylhydrazone.

This approach, initially utilizing metalated
tosylhydrazones as precursors to diazo com-
pounds, was modified to incorporate non-me-
talated tosylhydrazones derived from ketones,
as illustrated in Scheme 23. In these reactions,
protected dehydroalanine derivatives 107 are
treated with aromatic ketone-derived tosyl-
hydrazones 108 in the presence of 20 mol%
of a phase-transfer catalyst in toluene. A key
distinction from previous conditions is the re-
quirement for a strong base, Cs,COs (2 eq.),
and an elevated reaction temperature (90 °C).

Ts
COMe \n  BaNEGCl
N B ———
NHAc | CSQCO3
Ar)\ toluene
107 108

The resulting cyclopropanation products 109
are obtained with good yields (~80%) and
high stereoselectivity (~85/15) [236]. Given
the strong interest in synthesizing phosphorus
analogs of tailor-made amino acids [237-239],
this approach was further applied to the prepa-
ration of phosphonate derivatives 110 using
2-aminophosphonates 100 (Scheme 21) and
ketone-derived tosylhydrazones 108. The cor-
responding phosphonates 110 were isolated
with similar yields but of significantly lower
diastereomeric purity 52/48.

O 0]

\I\)/OH
%)\ OMe /" %, ~OH
“NHBoc

Ar Ar "NHz
109 110

Scheme 23. Cyclopropanation reactions using non-metalated ketone-derived tosylhydrazones.

This methodology, cyclopropanation of
dehydroamino acids using in situ generated
diazo compounds from tosylhydrazones can be
applied for catalytic enantioselective synthesis
of ACC derivatives. For example, application
of porphyrin-based Co(II) catalyst type of 72
(Scheme 13) [240]. The reported stereochemi-
cal outcome is rather variable with diastereo-
selectivity in the range of 70/30 and enantio-
selectivity being even more disperse between
40 and 90% most likely as a result of the SDE
[241-243].

48

The application of nonactivated hydrazones
for the cyclopropanation of dehydroamino
acids is illustrated in Scheme 24 [244]. In this
method, hydrazone 108 is added dropwise to a
solution of PhIO at ambient temperature, ge-
nerating the corresponding diazo compound
in situ. This reactive intermediate subsequent-
ly undergoes cyclopropanation with protected
dehydroalanine 111, yielding ACC derivatives
112 in nearly quantitative amounts.

For unsymmetrical hydrazones 108, the dia-
stereoselectivity of product 112 formation is
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moderate, with a ratio ranging between 4:1
and 5:1. Nonetheless, this approach is entire-
ly metal-free, offering remarkable safety and

_NH,

)
COBU o o R/I\R
NHAc 108
111

R

enhancing its synthetic value as a viable alter-
native to metal-mediated methodologies.

@) @)
\‘\\ OBn @® R \\\\ OH
NHAc — = R NH,
112 113

Scheme 24. Cyclopropanation of dehydroamino acid derivatives using diazoalkanes
generated in situ from nonactivated hydrazones.

1,1-Dihaloalkanes are well-established as
one-carbon unit donors in the cyclopropana-
tion with dehydroamino acids mediated by
chromium salts [245, 246]. The reactions of
dehydroamino acid derivatives 114, illustrated
in Scheme 25, are typically carried out in ether
using 10 mol% Cr(II) salts and 1.5 eq. Mn,
maintained at 0 to -10 °C for 24 hours. To in-
duce enantioselectivity, chiral diamine ligands
116 capable of metal chelation are employed.
The substituent R can be a para-substituted
phenyl, naphthyl, or alkyl group. When com-

RrCHBr,
PhthN 115 PhthN"
NPh,
114 CrClyMn 117
116

paring dichloroalkanes with dibromo deri-
vatives 115, the former exhibit slower reaction
rates but yield products 117 with high efficien-
cy (~90%). Diastereoselectivity strongly favors
the formation of products 117 with R and ami-
no groups positioned cis to each other, achiev-
ing excellent selectivity (>20/1) in most repor-
ted cases [247]. The enantioselectivity of these
reactions varies, ranging from 73% to 94% ee.
However, the SDE tests [248-250] have not
been conducted to validate the reported ste-
reochemical data.

R F3C CF3

&

~

NPh,
116

—NH HN—

Scheme 25. Catalytic enantioselective cyclopropanation of dehydroalanine
derivatives with 1,1-dihaloalkanes.

Substituted sulfonium ylides can also serve
as effective one-carbon unit donors in the cyc-
lopropanation of dehydroamino acids. As il-
lustrated in Scheme 26, dehydroalanine deri-
vative 118 undergoes reaction with ylides 119
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in a highly polar solvent such as acetonitrile or
DMEF [251]. To generate the reactive species
from carbonyl-stabilized ylides 119, potassium
carbonate has been found to provide excellent
yields (>90%) and diastereoselectivity (>99/1)
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for cyclopropanation products 120. For ylides
119 semi-stabilized by aromatic groups, cesi-
um carbonate proved more effective, yielding
products with a stereochemical outcome simi-
lar to that of carbonyl-stabilized ylides 119.
In contrast, ylides 119 stabilized by alkene
groups require tBuOK as a base, resulting in

JL - S ~~ R R/ | (0]
PhthN~ ~CO,Et o ' S\)L
Br = 119 0 @ NEt,
118 PhthN B@
T

lower yields (79%) and compromised diaste-
reoselectivity (9.3/1). The reaction can also be
conducted using chiral sulfonium ylide 121 in
acetonitrile with tBuOK, providing access to
scalemic products 120 with high diastereose-
lectivity (up to 90%) and yields (80%).

R = CONEt, CO,Et, COPh; Ph, 4-NO,-Ph, 4Me-Ph, CH=CH-SiMe;

Scheme 26. Application of stabilized sulfonium ylides for cyclopropanation
of dehydroalanine derivatives.

An interesting example of the use of bro-
moacetates as one-carbon unit donors in the
cyclopropanation of dehydroamino acids is il-
lustrated in Scheme 27 [252, 253]. The process
begins with the quaternization of the tertiary
nitrogen in chiral amine 122 via reaction with
the corresponding bromoacetate. The resul-
ting quaternary salt 123 is then treated with
Cs,CO; to remove hydrogen bromide, gene-
rating ylide 124, which subsequently engages
in a Michael addition-type reaction with de-

=
OMe %
N

hydroalanine 125 to form the stabilized in-
termediate 126. The ensuing cyclization of
intermediate 126 yields the amino diester 127,
while regenerating chiral amine 122, allow-
ing it to re-enter the reaction cycle. Tertiary
amine is employed in amounts ranging from
1 to 20 mol%. The reactions are conducted in
acetonitrile at 80 °C for 24 hours. The chemical
yields and enantioselectivity of this cyclopro-
panation exceed 90%; however, the SDE tests
were not performed [254].

)
® @
Br” ~CO,-t-Bu e, R3N5\CO2_[_B”base R3;N”CO,--Bu_~
Br
2 122 =NR, 123 124
Et0,C” “NBoc, BUOCo. ® HO,C,
125 (-Bu-0,C_~0.CO,Er B0 ‘ H ,
®NR3NB0c2 122 Boc,N' “CO,-1-Bu H,N' “CO,

126

127 128H

Scheme 27. Application of bromoacetates as one-carbon unit donors
in the cyclopropanation of dehydroalanine.
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Another method for the asymmetric syn-
thesis of fluorinated ACC is illustrated in
Scheme 28 [255]. This approach is based on
the Reformatsky reaction of fluorodibromo-
acetate 129 with properly protected dehydro-
alanine 128. The reaction is conducted in THF
at -20 °C, yielding ACC derivative 130, with
the fluorine atom positioned beta to the ami-
no group. The process begins with the forma-
tion of the Reformatsky reagent [256], where
one of the bromine atoms in 129 is substitu-
ted with Zn, stabilizing it as an enolate. This

MCOZC
128

0 0
),
. O»\;N»\ CBnf O»_ N ) FA

JLNBoc2 0
i-Pr

129

intermediate then undergoes Michael-type
addition to dehydroalanine 128, followed by
cyclization, which involves substitution of the
second bromine atom. Chiral oxazolidinones
are preferred chiral auxiliaries in asymmetric
synthesis, known for providing exceptional
stereocontrol in Michael addition reactions
[257-259]. As a result, the diastereoselectivity
of this addition—cyclization sequence is excel-
lent, exceeding 9:1, with diastereomers readily
separable by column chromatography.

A\\COZMC

NBoc,
THF

S
i-Pr

130

Scheme 28. Synthesis of ACC derivatives via Reformatsky-
Michael-cyclization sequence.

Finally, an example of photocatalyzed cyclo-
propanation is illustrated in Scheme 29. This
photocatalyzed radical addition-ring-closing
sequence of alkyl halide-derived radicals pro-
vides a general method for synthesizing func-
tionalized cyclopropanes [260-262]. To gene-
rate the corresponding radical from dichlo-
romethane, the reaction is performed in DMF

under green LED light (525 nm), with zinc
(3 eq.) as the reducing agent, NH4Cl (1 eq.),
and vitamin B, as the photocatalyst. Under
these conditions, the dehydroalanine deriva-
tive 131 undergoes clean cyclopropanation,
yielding product 132 with 92% efficiency. Sub-
sequent acidic hydrolysis of 132 affords the
target ACC 1 [263].

CH,CCl,
green LEDs
vitamin B, y H@ y
BnO,C NHBoc
ZII/NH4C1 BocHN CO2BH —_— HQN COzH
131 DMF 132 1
Scheme 29. Photocatalyzed cyclopropanation of dehydroalanine
with dichloromethane.
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CONCLUSIONS. The synthesis of a-amino-
cyclopropane carboxylic acids (ACC) has
evolved into a well-established and sophis-
ticated field. The extensive body of research
offers a diverse range of methodologies, pro-
viding multiple approaches for tailoring ACC
derivatives to meet specific physicochemical,
reactivity, and functional versatility require-
ments. While some of the methods reviewed
here hold historical significance, others repre-
sent groundbreaking advancements in modern
synthetic strategies developed over the past
decade. Despite this progress, certain ACC de-
rivatives still pose considerable synthetic chal-
lenges. Notably, ACC variants with multiple
substitutions on the cyclopropane ring remain
underexplored in existing literature. The stra-
tegies discussed in this work center around the
amino acid core and methods for construct-
ing the cyclopropane ring around it. The key
pathways for increasing structural complexity
include: dialkylation of nucleophilic glycine
equivalents, cyclopropanation of carbenoid
glycine equivalents, and addition reactions to
dehydroamino acids. These routes compre-
hensively cover all documented methodologies
and are relatively balanced in their representa-
tion across published studies.

ACC derivatives are an exceptional sub-
class of tailor-made amino acids, seamlessly
integrating the unique electronic and steric
properties of their highly constrained cyclo-
propane ring. Beyond their presence in biolo-
gically significant natural compounds, their
role in drug design continues to expand, so-
lidifying their importance in medicinal che-
mistry. Given that pharmaceutical applications
demand enantiomerically pure derivatives,
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asymmetric synthesis remains a central focus
in this field. Several promising methodolo-
gies—such as chiral auxiliary-assisted asym-
metric synthesis and catalytic enantioselective
approaches—offer operational convenience
and high stereochemical fidelity, making them
viable for large-scale preparation of enantio-
merically pure ACC derivatives. However, one
aspect that remains insufficiently explored is
the self-disproportionation of enantiomers
(SDE) in ACC compounds. Based on compari-
sons with other amino acids, ACC derivatives
are expected to exhibit a significant degree of
SDE, particularly under achiral chromatogra-
phy conditions. As a result, integrating simu-
lated moving bed (SMB) chromatography with
SDE principles represents the most practical
solution for obtaining enantiomerically pure
compounds [94, 264]. Furthermore, given the
regulatory importance of chiral drug charac-
terization, investigating the SDE behavior of
biologically active compounds [249, 265-267]
is essential for meeting US FDA requirements
for chiral drug submissions [268-270]. Since
sterically constrained amino acids serve as
fundamental building blocks in biological, me-
dicinal, and pharmaceutical sciences, synthetic
advancements in ACC derivatives are expected
to grow substantially in the coming years.
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I
NMEPEQOBI CTPATEFIi ACUMETPUYHOI0
CUHTE3Y a-AMIHO-LINKIONPONAH-

KAPBOHOBWX KUCIOT:
KNK040BI CTPYKTYPHI ENEMEHTU ANA
PO3POBJIEHHA NIKAPCbKWX MPEMNAPATIB.

Aniuist Bzopex”, [[3anvninv Xanv?,
Taiizo Ono’, Kapen JI. Knixa®,
Hanienv Bexxep’, Beit Yncan®,
Baoum A. Conowonrox™
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Po, 1001, [exetimep, Inninoiic 62521, CIIA.;

* Biooin ¢papmayesmuuroi ma nikapcokoi ximil,
DapmayesmuqHuLl iHCMumym,
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Kvowirsin-/lyize-llImpace 2+4, 14195 bepnin,
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a- AMiHOLIMK/IONIPOITaHKapOOHOBA ~ KUCIOTA
(ACC) ra 1 moxigHi IIMPOKO MOUIMPEHi B poc-
JIMHHOMY LIAPCTBi, BMKOHYIOYM Pi3HOMaHITHI
byHKIT — Bif perynAuii >KUTTeBUX IMKIIB poc-
JIMH 0 MeXaHi3MiB 3axucTy. CTepuaHO oOMexe-
Ha cTpyKTypa ACC BUABUIACA Ha/I3BMYAITHO KO-
PUCHOIO Y pO3pO0/IeHHI YMC/IeHHNUX TiKapChKIX
3aco0iB, 30kpema iHribiTopiB mporeasu NS3/4A
Bipycy remarutry C (HCV), i sirpama kao4oBy
POJIb Y CTBOPEHHI KiZTbKOX NOKOJiHb e(eKTNB-
Hux npenapari nporu HCV, i3 Tpusanumu fo-
CIIiMKeHHAMM W00 IXHBOI'O ITO[AJIBIIOrO BHO-
ckoHaneHH:. Bractusi ACC crepnyHi o6MesxeH-
HsA CTBOPIOIOTH 3Ha4Hi TPYAHOLLi y IXHbOMY CUH-
Te3i, 0COONMMBO Y €HAaHTIOMEPHO 4MCTill popmi,
[0 pOOUTH aCUMETPUYHI METOAM LIeHTPaIbHOI0
TEMOIO JOC/IIKEeHb. Y Lill CTATTi IPEACTaBIEHO
KOMIIJIEKCHUI OIJISAN, CMHTETUYHIMX METOJIOMOTil
nnsa orpumanHa ACC Ta ii IOXiIHMX, 3TPyIOBa-
HUX 33 K/IIOYOBMMM II€PETBOPEHHAMMU, 30Kpe-
Ma [ianKiTyBaHHA HYyK/IeO(iTbHUX IOXiJHIX
DIIVHY, LUK/IONpPOIIaHYBaHHA KapOeHOITHMX
€KBiBaJICHTiB IJIIIMHY Ta peaklii NpUeSHaHHA
Io ferigpoaMiHokucioT. OKpemuit akLeHT 3po-
0/1eHO Ha e€HaHTIOCETeKTMBHUX CTPATETifX, 10
IO3BO/AIOTb OTPUMYBATK I crenudivi ami-
HOKNCIOTH Y BUCOKIiil uncroTi. Kpim Toro, pos-
IJIAHYTO acCIeKTV CaMOJVICIIPOIOPLiOHYBaHHsA
eHantiomepiB (SDE), ski BifirpaioTp BakIuBy
porb B enantioselective catalysis. O6’egnyroun mi
METOMOJIOTil, M) IIparHeMO HaJaTV BUYEPITHUI
pecypc mnd JOCHiIHUKIB Y CMHTETUYHIN Ta Me-
AVYHIT XiMii, a TAKOX y ramysi po3poOneHH -
KapCbKMX IIpeIapariB, CIPUAIOYN MTOJATbIIOMY
Iporpecy B Lill BaXMBiil cdepi.

KnrouoBi cmoBa: aminokmcnorn, dapma-
LIeBTVKA, IMKIONPOINAH, XipaJabHICTb, CUHTES,
HYK/1Teo(dinbHi ekBiBaZeHTN IMLMHY, KapbeHo-
igHi eKBIBaJIEHTM TIJILMHY, HETiZpOaMiHOKNC-
JIOTY, CaMOJUCIIPOIOPLIIOHYBaHHA €HaHTioMe-
pis (SDE).
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