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0COBJIMBOCTI NEr'YBAHHSA KANbLIIN-®OCDATIB

MIKPOENEMEHTAMU

H. 0. Cmpymuncoxa’, €. O. Komawenxo, M. C. Cno6oosHux

Kuiscvxuii HayionanvHutl yHisepcumem imeri Tapaca lllesuerka,
yn. Bonooumupcvka, 64/13, m. Kuie 01601, Ykpaina
*email: n.strutynska@knu.ua

Hocnimxeno ¢gopmyBaHHA Kanbliii-gpocdaris y BogHOMY po3unHi cuctem Ca*-Mg**-
Na*-PO,*-NO, sa monbuux cnissignomenp Ca**: Mg*: Na": PO>= (10-x-y/2) : x : y : 6,
(x =0.1, 0.25, 0.5, 0.75; y = 0.25, 0.5, 0.75, 1.0) 3a Temneparypu 25°C i3 HaCTyImHUM Harpi-
BaHHAM fi0 Temneparypu 600°C. BcranoBeHO yMoBM (OpMyBaHHA Kajbliiii-¢pocgary ama-
TUTOBOTO TUITY, 1[0 MiCTUTb MiKpoeneMeHT! MarHii Ta HaTpii (mo 0.5 mac %) y cucremi
3 MO/bHUMM cHiBBigHOmeHHAMN Ca*": Mg* : Na*: PO,* = (10-x-y/2) : 0.1 : 0.25 : 6 Ta 6i-
dasni kanpuii-dpocpatn (cymimi pas na ocnosi Ca, (PO,) (OH), - rekcaronanbHa CUHTO-
Hisl, TpocTopoBa rpyna P6 /m ta $-Ca,(PO,), - TpuronanbHa CMHTOHisl, TPOCTOPOBA IPyTa
R-3c) - y cucremax i3 MmonbuuMM criBBifHOmenHAMu Ca’ : Mg**: Na*: PO = (10-x-y/2) :
x:0.25:6, (x=0.25, 0.5, 0.75). Bcranosneno, o BmicT dasu Ha ocnosi B-Ca,(PO,),y cknapi
6iasuux kanbuiit-¢pocdaris 3poctae (Big 10 Mmac% o 45mMac%) mpu 30inbIIeHH] KiTbKO-
CTi KaTiOHIB MATHIiI0 y BUXiTHOMY po3uMHi. [I/14 cucTeM i3 pisHUM BMiCTOM KaTiOHIB HAaTPil0
TaKO>X BCTAHOB/IEHO popMyBaHHA O0idasHux Kabuiii-¢pocdaris, ofHAK MacoBe CIiBBijHO-
urenHs ¢as Ha ocHosi Ca, (PO,) (OH), ta f-Ca,(PO,), MeH1IOK0 MipOI0 3a/IEXXUTD Bifl Ki/lb-
KOCTI KaTiOHIB HaTpil0 y BUXiTHOMY PO34MHi i cTaHOBUTb 10-15 Mac % /114 sHa4eHb MOJIb-
Hux chiBsigHomenb Ca*": Mg*: Na*: PO *= (10-x-y/2) : 0.25 :y : 6, (y = 0.25, 0.5, 0.75). IIpn
cripo6i ofepkaTu Kasbliii-gocdar anarutToBoro Tuy, mo Mictus 6u 0.5 Mac % MarHito Ta
2.2 mac % HaTpilo, ofiep>kaHO cyMmilr a3y Ha OCHOBI Ca  (PO,) (OH), Ta mogsiitanit opro-
docdar NaCaPO,. OnineHo po3mipu 4acTUHOK i3 BUKopuctanHaM piBHAHHA llleppepa, 1o
3HAXOAATbCA B MeXaxX 3HadeHb 30-50 HM. Pesynbrartm [Y-cnexrpockomnii migTBepmKyoOTh
NpUCyTHICTh opTodochaTHOro TuIy aHioHa Ta OH-rpyn y cknani cuHTe30BaHUX (pocda-
TiB. BcTaHOB/IEeHi YMOBU opMyBaHHA Kanblii-pocdaTiB MO>KHA Hajjali BUKOPUCTATY IS
po3pobieHHA 6iomaTepianiB Ha 0CHOBI 6ihasHUX KanbLii-pocdaris, 110 MICTATD Pi3Hi Kilb-
KOCTi MiKpOeJIeMeHTiB HaTpilo Ta MarHito (Big 0.5 go 2 mac %.).

KniouoBi cnoBa: MikpoerneMeHT; MarHiit; HaTpil; rigpokcuanarnt; 6idasHmil Kajbliiii-

docoar.
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BCTYII. Ha cboropHi 0co6/1mB0 BICOKOIO €
notpeba B MaTepiaax Jyis BiffHOB/IEHHS KiCT-
KOBOI TKaHVMHU YU YCYHeHHA 11 fedekTis. [
LMX IIiell aKTUBHO BUKOPUCTOBYIOTb CUHTE-
TUYHI MaTepiasin, 110 JO3BO/IA€ YHUKHY TU HU3-
K/ 0OMe>XeHb PV BUKOPUCTAHHI ayTOTPaHC-
IUIAHTATiB, a TAKOXX JIMOBIPHOI Iepefadi 3a-
XBOPIOBAHHA 1 MOXX/IMBOCTI IMYHHOT'O BiITOPT-
HEHHA y BUIAIKy aJOTPAHCIUIAHTATiB [1].
Cepeq HaABHMX IUTYYHUX 3aMiHHUKIB Haii-
OinpIIy yBary npuBepTalOTb KanbLiil-dpocda-
™, a came rifpokcnanatut (Ca, (PO,) (OH),)
3aBJAKM JIOr0 0iOCYMiCHOCTi, HETOKCHMYHO-
cTi Ta 6i0aKTMBHOCTI, TpuKajbliiii-pocdar
(B-Ca,(PO,),), a Takox ixui cymiuti — 6idashi
Kasblii-hocdaTy, 1o O3BOISIE MOKPALUTI
MeXaHiYHi BIACTMBOCTI Ta OCTEOIHZYKTUBHY
aKTUBHICTb MaTepiay IMOPiBHAHO 3 YMCTUMMU
¢dasamu xanpuii-docdaris [2].

OpHyMu 3 He3aMiHHUX MiKpOe/leMeHTIB,
10 3HAYHOI0 MipOI0 IPUCYTHI B JIIOACHKOMY
Oprasi3Mi Ta BiflirpaoTh BaXXJIMBY poJb y 6io-
npornecax, € Mg** ta Na*. Bapto Bigmituty,
110 JIETYBaHHA LVMM €7leMeHTaMI CUHTETHY-
HIX MaTepiasiB Ha OCHOBI TipOKCHAIIATUTY
DO3BOJISIE OIIBII TOYHO HAOMM3UTYU XiIMIYHMIL
CKJIaJl HEOpraHiYHOI KOMIIOHEHTU IPUPOJHOL
KICTKM, a TaKOXX BUKOPUCTATU I PO3ILIN-
peHH:A IxHbOI (yHKIioHami3amil y mpouecax
BiJHOBJIEHHsA 4 3aMillleHHS IOLIKO>KEHUX
OUITHOK KiCTKOBOI TKaHMHU. BBemeHHs ioHIB
y KaTioOHHY HifiIpaTKy Kajbliii-pocdaris 103-
BOJIA€ MOKPALUTH IIPOLeC KIITUHHOI ajire-
3ii, aHTUMMIKPOOHI BIaCTMBOCTI Ta IIPOLECH
pesopb6buii [3-4]. MarHill BaXIuBuil B 1po-
Lecax MiHepasisanii KiCTKOBOI TKaHVHU Ta,
CBOEI0 Yeprolo, XapaKTepU3YETbCA BarOMUM
BIUIMBOM Ha MeTabo0/1i3M KicTOK, 0c00/IMBO Ha
IIOYaTKOBMX asax ocTeoreHesy, a moro gedi-
LUT MOK€ BUK/IMKATV 3HVDKEHHA aKTMBHOC-
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Ti KICTKOBMX KI/IiTVH, YIIOBI/IbHEHHA POCTY,
TaKOX IIJIBUIIEHHS KPUXKOCTI KicTOK [5-8].
BBakMBMM acnekToM y iOHHOMY 3aMillleH-
Hi ioniB Ca** ma Mg*" y kambuiit-pocdarax
€ TaKOX BIUIMB Ha CTPYKTYpPYy Ta LiIbHICTh
CHHTeTMYHUX 6iomarepiasiB i criBBigHOIIEH-
HA yTBOpeHux ¢as, NpuioMy 30ilbLIeHHA
KaTiOHIB Maruio Befie 4O IMiBUILEHHA BMICTy
p-Ca,(PO,), Ta smmxkenna Ca (PO,) (OH),
BifmosifgHo [9]. He MeHm BanmBy ponb y
nporecax MiHepaji3alil BifjirpaloTb KaTiOHU
HATpilo, 110 TAaKOX CIPUAKTb KIITUHHIN afi-
resii [10].

Metow0 poCHimKeHHs Oyl10 BCTaHOBUTU
0cOONMMBOCTI JleryBaHHA Kanbliiii-pocdaris
Pi3HOIO KiZIbKIiCTIO KOMIIIEKCY KaTiOHIB HaTPil0
Ta MaTHil0 y BOJHNX PO3YMHAX Y MeXXaX MOJb-
HuX chisBigHomenb Ca’ : Mg* : Na*: PO =
(10-x-y/2) : x:y: 6, (x = 0.1, 0.25, 0.5, 0.75;
y = 0.25, 0.5, 0.75, 1.0) 3a kiMmHaTHOI TeMIIepa-
TypM 3 HACTYIIHMM HarpiBaHHAM JIO TEMIIepa-
Typu 600 °C, a TaKO>X BCTAaHOBUTY BIUIUB Pi3-
HIX KiJIbKOCTEN MiKpO€eNIeMEHTIB Y BUXiJHOMY
po3unHi Ha $azopopMyBaHHs Kajbliil-¢poc-
daris.

EKCIIEPMMMEHT I OBI'OBOPEHHA PE-
3YJIbTATIB. Cunmes nezo8anux MikpoesemeH-
mamu Kanvyili-gocamis 3MiMICHEHO 3 BOTHUX
posunniB cucremn Ca’**-Mg**-Na*-PO,*-NO;
3a pisHMX MONBHMX criBBigHOmeHb Ca’*":
Mg*:Na*: PO, = (10-x-y/2) : x:y: 6, (x = 0.1,
0.25, 0.5, 0.75; y = 0.25, 0.5, 0.75, 1.0). fAx
BUXIiJJHI ~ KOMIIOHEHT)  BMKOPMCTOBYBaJIN:
Ca(NO,),-4H,O («4. p. a»), Mg(NO,),-6H,0
(“a. m. @”), NaNO, (“u. 1. a”) ta (NH,),HPO,
(“u. . @”). Po3paxoBani KinbKOCTi BUXiHUX
KOMIIOHEHTIB PO3YMHANM Y [JUCTUIbOBaHI
BOZIi 3 HAaCTYIHMM 3MillyBaHHAM pPO3YMHIB,
110 MiCTH/IM KaTiOHM HATpil0, MarHiro Ta Kajlb-
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1jifo, 3 po3umHOM rifpodocdary amoHio 3a
KiMHaTHOI TeMmeparypu. letepodasny cuc-
TeMy IlepeMillyBaay 7 XB Ta JOAABaIN 2 MII
po3unHy aMoHiw (25%). Hagani BunaproBamm
BOJY, @ TBEPAMUI 3a/IMILOK IIiC/IA PETETbHOTO
[epeTMPAHHA y araToBiil CTYIILI HarpiBaau 5o
temneparypu 600 °C 3 isoTepMiYHMM BUTPU-
MyBaHHAM 2 rogyau. Mydenbny miv SNOL-
7.2/1100 3 perynaropom TermoPro-601 6ymo
BUKOPMCTAHO JI/I1 HarpiBaHHA 3pasKiB.

Da3oBuil CKIaJi CMHTE30BAHNX 3Pa3KiB J10-
CIKYBaM METOIOM PEeHTTeHIBCbKOI mmd-
pakKuil Ha MOpOIIKaxX i3 BUKOPUCTAHHAM IIO-
poukoBoro audpakromerpa Shimadzu XRD-
6000 (metox 20 GesmepepBHOro0 CKaHYBaHHS
3i mBupkictio 1,2°/xB; giamaso” 20 = 5.0-
60.0°). Imentudikauio ¢as 3gilicHeHo wwIA-
XOM TIOPiBHAHHS eKCIIepUMEHTATbHNX AUd-
pakrorpam docdaris i3 ganumu 3 6asu ICDD
(The International Centre for Diffraction
Data). IlapameTpm eneMeHTapHOI KOMipKu
PO3paxoBaHO 3 BUKOPUCTAaHHAM IIpOrpamMu
FullProf. EdextuBHuUit po3mip HaHOYACTH-
HOK pospaxoBaHo 3a ¢opmynoro Illeppepa:
L = k\/(BcosH, ), me k = 0.9, B - kyToBe pos-
mMpeHHs gudpakiiiHoro Makcumymy (y pa-
fiaHax), BM3HAYa/IM AK IIVPUHY MaKCUMYMY
Ha II0/I0BMHi #10ro BucoTn, 6, , — KyToBe mojo-
JKeHHA IM(PaKIiTHOrO MaKCHMYMY.

3pasky TaKOX HOCTifKeHo MeTomoM Y-
CIIEKTPOCKOIIil 3 BUKOPUCTAHHAM CIIEKTPO-
metpa PerkinElmer Spectrum BX y nianasoni
400-4000 cm™' g1 TOPOMIKiB, 3aIIPECOBAHUX Y
Tabnetku 3 KBr.

BcTaHOBNIEHHS 0COOMMBOCTEN KOMITIEKC-
HOTO JIeTYBaHHs Kajbliii-¢pocdariB mepen-
6avano peasisalfilo YaCTKOBOTO 3aMillleHHs
aTOMIB KaJ/IbLIil0 aTOMaMI MarHil0 Ta HaTpiio
3a NPUMHIMIIOM i30- Ta reT€pPOBAJIEHTHOTO 3a-

https://ucj.org.ua

MileHHs, BignosigHO: (x+y/2)Ca’* — xMg*
+ y/2Na* y CTpyKTypi TrigpoKcuanaTury
Ca (PO,)(OH), 3 niewo meToM MOCHimXKY-
Ba/mM (asoBUIl CKIAJ, IPOAYKTIB B3aeMOii
y cucremi Ca**-Mg**-Na*-PO_*-NO, sa pis-
HUX MOJBHUX cHiBBigHOmeHbp Ca’": Mg
Na*: PO *= (10-x-y/2) : x: y: 6, (x = 0.1, 0.25,
0.5, 0.75; y = 0.25, 0.5, 0.75, 1.0). 3a ganuMn
IOpPOLIKOBOI peHTreHorpadii BcTaHOBIEHO
BIUIMB BMICTY JIETYIOUMX KaTiOHIB HATpPilO0 Ta
MarHilo y BUXigHOMY pos3umHi Ha ¢asoBmuit
ckmap mpopykriB B3aemopii (Puc. 1, Puc. 2,
Tabn. 1). ¥ Bumanxy cucreMm i3 ¢ikcoBaHuM
BMICTOM KaTiOHIB HaTpPil0 B MeXKaX CIiBBiHO-
menp: Ca’*: Mg*: Na*: PO>= (9.875-x) : x :
0.25:6, (x = 0.1, 0.25, 0.5, 0.75) BCTaHOBJIEHO
¢dbopMyBaHHA MOHO(}A3HOrO 3paska CKIAmy
Ca,.. Mg Na  (PO,) (OH) , IO HAJIEXATD J{0
reKcaroHajabHOI CMHTIOHIl, IPOCTOPOBOI IPYIIN
P6 /m (CTPyKTypHMil TUII Ti]pOKCUIAIIATUTY
Ca, (PO,) (OH),- PDF2 #01-089-6495) nue
Yy BUIIAJKy HU3bKOIO BMICTY KaTiOHIB MarHio
(Puc. 1a).

Y Mmipy 36inblueHHs BMICTy KaTiOHiB Mar-
Hil0 y BUXiIHOMY pO34YMHi CIIOCTepiraam
¢dopmyBanus 6idasuux kanpuii-docdaris
(cymim ¢as na ocnosi Ca (PO,) (OH), Ta
p-Ca,(PO,), - TpuroHanbHa CHHIOHis, HPO-
CTOpOBa rpymna R-3¢ — CTPYKTypHUIT TUII BiT-
nokit, PDF2 #00-070-2065). BigmiueHo 3miHy
MaCOBOIO BMiCTy OCHOBHUX KOMIIOHEHTIB Yy
Mipy MifIBUIEHHA KiJIbKOCTi KaTiOHIB MarHiio
y BuxigHomy posununi (Ta6m. 1. Puc. 1 6-1).
BcraHoB/IeHO 3pocTaHHA BMIcCTy a3y Ha oc-
Hosi (-Ca,(PO,), Big 10mac% mo 45 mac %
IIpY MiIBUIIEHHI MAaCOBOIO BMICTY MarHilo Bif
0.5 mac % fo 1.2 mac % y ckmaji ocapKeHoro
Kanbliii-pocdary.
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Puc. 1. IlopomkoBsi peHTreHOrpaMnu
Kanbliii-gpocdartiB, CUHTE30BaHUX 3a
MO/IBbHUX cHiBBifHOmeHb: Ca*: Mg*:
Na*: PO,*=(9.875-x) : x: 0.25:6, (x=0.1
(a), 0.25(6), 0.5 (B), 0.75 (r)) Ta HarpiTux
mo temmeparypu 600°C. Pednexcn dasn
Ca,(PO,),(OH), (PDF2 # 01-089-6495)
II03HAY€HO YePBOHUM KOTIbOPOM, a (asu
-Ca,(PO,), (PDF2 # 01-070-2065) - 3e-
JIeHUM KOJIbOPOM.

Fig. 1. XRD patterns for calcium phos-
phates obtained at molar ratios: Ca*:
Mg*": Na*: PO, *= (9.875-x) : x : 0.25 :6,
(x=0.1(a), 0.25(6), 0.5 (8), 0.75 (r)) and
heated to temperature 600°C. Reflexes of
phase Ca, (PO,) (OH), (PDF2 # 01-089-
6495) are marked with vertical red lines,
while 3-Ca (PO,), (PDF2 # 01-070-2065)
— vertical green lines.

ISSN 2708-129X. VKp. xim. XypH., 2024
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Tab6m. 1

®a3oBuil CKNIaj NPOAYKTIiB B3a€MOJil y CUCTeMax i3 MOJIbHUMN CIiBBiJHOINEHHAMM:
Ca’: Mg*: Na*: PO *>= (10-x-y/2) : x: y : 6, (x =0.1, 0.25, 0.5, 0.75; y = 0.25, 0.5, 0.75, 1.0),

BigmaneHnux 3a 600 °C ynpogoB:K JBOX FOJMH

Table 1.

Phase composition of products obtained in systems with molar ratios (10-x-y/2) : x:y: 6,
(x = 0.1, 0.25, 0.5, 0.75; y = 0.25, 0.5, 0.75, 1.0) and heated at temperature 600 °C during

2 hours.
MoJibHi criBBigHOIIEHHS Bwmict ¢a3, mac%

Ca* Mg Na* Ca (PO,),(OH), | B-Ca,(PO,)), [HmIi dasu
9.275 0.1 100 - -
9.125 0.25 90 10 -
8.875 0.5 023 78 22 -
8.625 0.75 55 45 —

9.5 0.5 87 12 -
9.375 0.25 0.75 85 15 -
9.25 1.0 40 - NaCaPO,

Hna cucrem i3 BapiiloBaHMM BMiCTOM
KaTiOHIB HaTpilo TakoX ofepkaHo 6Oidas-
Hi KanpLii-pocdaru (cymim ¢as Ha OCHOBI
Ca, (PO,) (OH),Ta f-Ca,(PO,),), onHak BMicT
OCTaHHBOI y CK/IaJi 3pasKiB 3MIiHIOETbCA He-
3HaYHO IIpM BapilOBaHHI KiZbKOCTiI KaTiOHiB
HaTpil0 y BUXi[JTHOMY pO34MHi B Me)KaX 3Ha-
4YeHb MOJIBHUX cHiBBigHOmeHb Ca’": Mg*:
Na*: PO = (9.75-y/2) : 0.25:y : 6, (y = 0.25,
0.5,0.75) (Puc. 2 a-B). Y pasi cyTrreBoro minBu-
LIeHHA BMICTY HATPil0 y BUXIZHOMY PO3YMHI
IO 3HAYE€HHS MOJIBHOTO criBBimHomeHHa Ca?':
Mg*": Na*: PO, *=9.25:0.25:1: 6 popmyeTp-
csa cymim ¢as Ha ocnosi Ca, (PO,) (OH), Ta
nozsifinoro oprodocdary NaCaPO, - PDF2
#01-076-1456 (Puc. 2 1).

AHasi3 Ta NMOPiBHAHHA PO3PaXOBAaHMX IIa-
paMeTpiB KOMipkM mjisi cuHTe30BaHMX (a3 i3

https://ucj.org.ua

BIIMOBIZHMMIM TIapaMeTpaMy KOMIPKM [i/A
B-Ca,(PO,), (TpuroHanbHa CMHIOHis, TPOCTO-
poBarpymna R-3¢: a=10,439(1) A, c=37,375(2)
A, ICDD Ne 00-070-2065) Ta Ca, (PO,) (OH),
(rekcaroHa/sbHA CHHTOHif, IPOCTOpPOBA IPyIa
P6 /m: a = 9,435(5) A, ¢ = 6,890(1) A, PDF2
#01-089-6495) (Tabn. 2) BMABUB IXHE He-
3HayHe 3MEHIIEeHH 110 Mipi 30i/IbIIIeHHS Ki/lb-
KOCTi Marsiro y iXHbOMY CK/Iaji, 1O MiTBep-
IPKy€ peasisaliiio 3aMillleHHs Ka/bl[ilo (l,OA)
MeHIMM 3a posMipom Marmiem (0,72 A) y
o6o0x Tumax ¢as [11].

PospaxyHOK po3MipiB YacTMHOK MOHO-
¢dasHnx kambuii-pocdaris 3a  popmynoro
Heb6as — [lleppepa mokasas ixHI0 HAHOPO3Mip-
HICTb y MeXax 3HauyeHb 30-50 HM He3a/lIeXHO
Bif ckamy BuxigHoro posunny (Tabm. 2).
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Tabmn. 2

Po3paxoBaHi mapamMeTpu efeMeHTapPHUX KOMIPOK Ta pO3Mipy YaCTHMHOK [iisi 000X CHH-
TesoBaHux (a3 (Ha ocuogi B-Ca,(PO,), - TpUronanbHa CHHIOHisA, MPOCTOpOBa Ipyma R-3c
ta Ca, (PO,) (OH), - rekcaronanbHa CHHTOHis, TPOCTOPOBa rpyna P6./m) y CHHTe30BaHMX

3pasKax

Table 2.

Calculated lattice parameters and particles size for both type of phases (f-Ca,(PO,), -
trigonal system, space group R-3c and Ca, (PO,) (OH), - hexagonal system, space group

P6_/m) in prepared samples.

MoJibHi ciBBiAHOIIEHHSA IapameTpu KoMipku Po3mipu
Ca? Mg Na* Tun dpasn ab A A qac:::{nox
9.275 0.1 Ca (PO, (OH), 9.433(9) 6.891(6) 42
5,125 0.25 Ca (PO, (OH), 9.414(5) 6.875(5) 37

B-Ca,(PO,), 10.377(1) 37.061(2) 48

8 875 05 0,25 Ca (PO,)(OH), 9.412(3) 6.873(8) 29
B-Ca,(PO,), 10.323(1) 37.058(1) 46

8 605 0.75 Ca (PO,)(OH), 9.379(3) 6.872(2) 39
B-Ca,(PO,), 10.321(3) 37.012(3) 32

0.5 0.5 Ca (PO,)(OH), 9.416(5) 6.878(8) 49
0.25 B-Ca,(PO,), 10.418(4) 37.283(6) 47

9375 0.75 Ca (PO, (OH), 9.409(3) 6.874(1) 46
B-Ca,(PO,), 10.429(4) 37.290(6) 38

[Y-cnekTpu cunHTe30BaHux ¢ocdaris Ha-
BE[lEHO Ha PUCYHKY 3. 3arajJibHuil BUITIAJ,
CIIeKTPiB CMHTE30BaHUX Kanbliii-dpocdaris y
BiJHOCHIN iHTEHCUBHOCTI Ta IOJ0KEHHI CIIO-
CTepe>XyBaHUX CMYT € O/IM3bKUM Ta BKa3ye Ha
IPUCYTHICTb opTOodOocdaTHOro TUIY aHiOHA
ta OH-rpynu y ixapomy cknani. Konmpanbhi
Moz dochaTHUX TeTpaenpiB ClocTepiraeMo
y YacTOTHMX fiamasoHax 550-670 cm™ (v,) i
1000-1150 cm™ (v, i v,), a OH-rpynu npu
3490 cm! (Puc. 3).

BpaxoByroun pesynbraTy, Ipe[CcTaBJIeHi
y pobori [12], ocobmmBocTeit popmMyBaHHA
Kasbliii-pocdaris 3a MONMBbHNUX CITIBBi/[HOIIEHD
Ca** : Mg : PO, = (10.5-x) : x : 7 (x = 0,2, 0,4,
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0,8, 1,0) B YMOBaX OCaJ)KeHHs 3 BOJHUX PO3-
4MHiB, a camMe popMyBaHHA Pasy TUITYy Ha OC-
HoBi -Ca,(PO,), npu samintenHi 6inbme 10%
Mo atoMiB Ca Ha Mg, a mpy BHeCEeHHi MeHIIOl
KitbkocTi Mg y BUXifHMII pO34uH BifOyBa€eTh-
ca ¢popmyBaHH: 6idasHux kanpliit-¢pocdaris
3i BMicToM pasu Ha ocHosi -Ca,(PO,), ix 18
1o 30 mac %, meroBaHux ioHamMm MarHio. Crif
BiMITUTH, IO Y BUITAJIKY CUCTEM, 110 MiCTUIN
KOMOiHaIlii HaTPifo Ta MarHio, MO/IbHE CITiBBiI-
Homenns (Ca* +Mg*)/PO € 6musbkum J10
BifIIOBiTHOTO Y Kasb11iii-¢ocdaTi amaruToBoro
THITY, 1[0 JO3BOJISIE OfiepKyBaTy OidasHi Kab-
iit-pocdary 3 BUmMM BMicToM ¢as3y Ha OCHO-
Bi Ca (PO,) (OH),.
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Puc. 2. [Topomkosi peHTreHOrpaMu Kasbliiii-pocdaris, CMHTe30BaHMX 32 MO/IBHUX CIiBBiJHOIIEHD:
Ca*: Mg*": Na*: PO>= (9.75-y/2) : 0.25:y: 6, (y = 0.5 (a), 0.75 (6), 1.0 (B)) Ta HarpiTux fio Temmepary-
pu 600 °C. Pednexcnu dasu Ca (PO,) (OH), (PDF2 # 01-089-6495) nosHauyeHO 4epBOHMM KOTBOPOM, a
dasu B-Ca,(PO,), (PDF2 # 01-070-2065) na (a-6) i NaCaPO, (PDF2 #01-076-1456) Ha (r) - 3eneHum
KOJIbOPOM.

Fig. 2. XRD patterns for calcium phosphates obtained at molar ratios: Ca*:Mg**:Na*:PO*>= (9.75-
y/2) : 025 :y 6, (y = 0.5 (a), 0.75 (6), 1.0 (B)) and heated to temperature 600°C. Reflexes of phase
Ca (PO,) (OH), (PDF2 # 01-089-6495) are marked with vertical red lines, while -Ca,(PO,), (PDF2 #
01-070-2065) — vertical green lines.

https://ucj.org.ua 65




HEOPTAHIYHA XIMIfi

0COBUBOCTI JIEFYBAHHSA KATbLIA-dOCHATIB MIKPOEJIEMEHTAMU

<

—

/L
L) L) T LI £ 4 T T I T 1

L
4000 3800 3600 3400 3200 1200 1000 800 600 40
-1
Vv, CM

Puc. 3. [Y-ciektpu kanpiiit-bocdaris, cunTe-
30BaHMX 33 MOJIBHMX CIIiBBifiHOIIeHb: Ca’": Mg*":
Na*: PO= (10-x-y/2) : x:y: 6, (y = 0.25: x = 0.1
(xpmuBa 1), 0.25 (xkpusa 2), 0.5 (kpusa 3), 0.75 (xpu-
Ba 4); x = 0.25: y = 0.5 (xpuBa 5), 0.75 (xpusa 6)
ta 1,0 (kpmBa 7) Harpitux go temmneparypu 600 °C

Fig. 3. FTIR spectra for calcium phosphates ob-
tained at molar ratios: Ca*:Mg**:Na*:PO>= (10-
X-y/2) :x:y:6, (y=0.25:x = 0.1 (curve 1), 0.25
(curve 2), 0.5 (curve 3),0.75 (curve 4); x=0.25:y =
0.5 (curve 5), 0.75 (curve 6) and 1,0 (curve 7) and
heated to temperature 600 °C.

BVICHOBK/. BcTaHOBIIEHO YMOBU Ofiep-
YKaHHA MOHO(A3HOro Kasblliii-¢pocdaty ama-
TUTOBOTO TuUIly, 1[0 Mictuth 0.2 Mac % mar-
Hifo Ta 0.6 Mac % Harpiio, a TaKoX OidasHux
KanbLiit-pocdariB (cymim ¢as Ha OCHOBI
p-Ca,(PO,), Ta Ca (PO,)(OH),), mo mic-
TATD Pi3HI KiZIbKOCTi MiKpO€/leMeHTiB: HaTpii
(0.5-2,2 mac %) ta marnii (0.5-2,0 mac %). Pe-
synbraty [Y-cnexTpockomil MifTBEPIKYIOTH
IPUCYTHICTb OpTOdocdaTHOrO TUIY aHiOHA
ta OH-rpymu. AHanis pospaxoBaHUX po3Mi-
piB YaCTMHOK Kajbliiii-pocdaris i3 Bukopuc-
TaHHAM piBHAHHA Illeppepa BUABUB BifCyT-
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HICTb BIUIMBY CKJIa[ly BUXIJJHOIO PO3YMHY Ha
PO3Mipy YaCTMHOK, 110 3HAXOJATHCA B MEXKaxX
sHayeHb 30-50 HM. Po3paxyHOK mapameTpiB
KOMIpOK Il KOMIIOHEHTiB 0ihasHMX Kanb-
nin-pocdaris Ta ixHE NOPIBHAHHSA 3 Bif[IIOBif-
HYMM JyI 9UCTUX (a3 MigTBepKye peanisa-
1if0 JIeryBaHHA MiKpoeneMeHTaMy 060x ¢as.
Opep>kaHi pe3ynbTaTyi MO>KHa BUKOPUCTATHU Y
po3pobkax 6i0aKTMBHUX Kaniblii-docdaris
alaTUTOBOTO TUITY Ta 6idpasHMX Kabuiit-¢poc-
¢artiB, 110 MiCTATH KOMIUIEKC MiKpOeJIeMeHTiB
IS Cy9acHOI OPTOIIEiI.

> Po6oTry BUKOHaHO 3a (piHAHCOBOI Mij-
Sg) tpuMmkn HOY (peecrpaniitnmnii Ho-
Mep N22023.03/0109).

PECULIARITIES OF CALCIUM PHOSPHATES
DOPING WITH TRACE ELEMENTS.

N.Yu. Strutynska, Ye.O. Komaschenko,
M.S. Slobodyanik

Taras Shevchenko National University of Kyiv,
64/13 Volodymyrska Str., 01601 Kyiv, Ukraine
*email: n.strutynska@knu.ua

The calcium phosphate formation Ca*-
Mg**-Na*-PO,*-NO;, at the molar ratios Ca*":
Mg*: Na*: PO = (10-x-y/2) : x:y:6, (x=0.1,
0.25, 0.5, 0.75; y = 0.25, 0.5, 0.75, 1.0) at tem-
perature 25°C and further heating to 600 °C
has been investigated. The conditions for for-
mation of apatite-related calcium phosphate
that contains trace elements magnesium and
sodium (0.5 wt% of both) in the system with
molar ratio Ca®*: Mg*: Na*: PO * = (10-x-
y/2) : 0.1 : 0.25 : 6 as well as biphasic calci-
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um phosphates (mixture of phases based on
Ca (PO,) ,(OH), - hexagonal system, space
group P6,/m and B-Ca,(PO,), - trigonal sys-
tem, space group R-3c¢) at molar ratio Ca*!
: Mg**: Na*: PO= (10-x-y/2) : x : 0.25 : 6,
(x = 0.25, 0.5, 0.75) have been established. It
was found, that amount of phase based on
p-Ca,(PO,), in the composition of biphasic
calcium phosphates increased (from 10 wt %
to 45 wt %) at growing of magnesium quanti-
ty in the initial solution. In the case of system
with different sodium amount the biphasic cal-
cium phosphates also formed, but the weight
ratio of phases based on Ca, (PO,) (OH), and
p-Ca,(PO,), less depend on sodium amount in
the initial solution and vary in the range 10-
15 wt% for values of molar ratio Ca’": Mg*":
Na*: PO = (10-x-y/2) : 0.25:y: 6, (y = 0.25,
0.5, 0.75). Attempt of preparing of apatite-re-
lated calcium phosphate containing 0.5 wt%
of magnesium and 2.2 wt% of sodium result-
ed in formation of mixture of phases based on
Ca (PO,),(OH), and double orthophosphate
NaCaPO,. According calculation using Sher-
erra equation the particles size is in the range
30-50 nm. FTIR spectroscopy results con-
firmed the presence of orthophosphate anions
as well as OH-group in the composition of
synthesized calcium phosphates. Established
conditions of calcium phosphate formation
can be used at creation of biomaterials based
on biphasic calcium phosphates which con-
tain different amount of trace elements (from
0.5 to 2.2 wtc%).

Key words: trace elements, magnesium, so-

dium, hydroxyapatite, biphasic calcium phos-
phates.
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COMPARATIVE CHARACTERISTICS OF SPECTRAL-LUMINESCENCE

PROPERTIES OF Yb(lll) COMPLEXES WITH UNSATURATED
B-DIKETONES.

N.B. Ivakha'**, O.S. Berezhnytska'*

LV I.Vernadsky Institute of General and Inorganic Chemistry of the NAS of Ukraine,
32/34 Acad. Palladin Avenue, 03142 Kyiv, Ukraine;

2 National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»,
37 Beresteiskyi Ave., 03056 Kyiv, Ukraine

e-mail: ivakhanadiia@gmail.com

The study presents a comparative analysis of the spectral-luminescent properties of synthesized
B-diketonate coordination complexes of ytterbium with the following ligands: 2,7-dimethyl-oct-1-
en-3,5-dione, 2,6-dimethyl-hept-1-en-3,5-dione, 2-methyl-5-phenylpent-1-en-3,5-dione, 2-methyl-
5-biphenylpent-1-en-3,5-dione. In addition, research was conducted on polymeric compounds based
on these complexes and their phenanthroline mixed-ligand derivatives.

Using a range of physicochemical analysis methods, it was established that the structure of the ele-
mentary unit during polymerization, as well as the coordination sphere of the complexes during the
formation of mixed-ligand compounds, does not undergo significant changes compared to the initial
B-diketonate molecules. Thermal analysis revealed a significant increase in the decomposition onset
temperature of mixed-ligand and metallopolymeric compounds compared to their monomeric coun-
terparts. Luminescence spectroscopy demonstrated that the studied samples exhibit luminescence in
the infrared (IR) range.

A comparative analysis of the integral luminescence intensities of ytterbium complexes identified
key factors influencing the emission characteristics. Primarily, the synthesis of mixed-ligand complex-
es with phenanthroline mitigates the negative effects of one of the most well-known quenching factors:
OH-oscillators of water molecules, which complement the coordination sphere of monomeric ytterbi-
um complexes. Furthermore, the synthesis of polymeric compounds based on -diketonate complexes
positively affects the luminescence, potentially due to a reduction in concentration quenching, as in
polymers, the emitting centers are uniformly distributed along the macromolecular chain. Besides di-
rectly enhancing luminescent properties, this approach aims to address the practical application of the
synthesized compounds since polymers are significantly easier to process and can form film materials.

Based on the conducted research, the following luminescence intensity dependencies were estab-
lished: dmod>dmhpd>mbphpd>mphpd, as well as monomer-polymer-MLC-MLC polymer. As seen
from the presented data, the best emission characteristics are exhibited by ytterbium mixed-ligand
mono- and polycomplexes with B-diketones containing alkyl substituents.

Keywords: ytterbium, complex, luminescence, -diketones, polymers.
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INTRODUCTION. The luminescence of
ytterbium(III) coordination compounds is
a subject of intensive research due to their
unique spectroscopic properties and poten-
tial applications across various fields. A key
feature of the Yb** ion is its ability to emit in
the near-infrared (NIR) range [1], making it
highly appealing for investigation. For examp-
le, Yb-containing compounds can be used as
luminescent markers in immunofluorescence
analysis [2-5], as well as in laser systems, elec-
troluminescent devices, optoelectronics, and
communication technologies [6, 7].

Ytterbium complexes with organic ligands,
particularly p-diketones, are actively studied
due to their ability to provide high lumines-
cence efficiency and resistance to external in-
fluences. The ligand used for energy transfer
determines the luminescence process’s efficien-
cy. p-Diketones, which have a high absorbance
in the UV spectral range, serve as effective sen-
sitizers for luminescence due to their ability to
efficiently transfer absorbed energy to lantha-
nide ions [8, 9]. The luminescence intensity of
lanthanide ions, including Yb**, in B-diketo-
nate complexes is influenced by two primary
factors: energy transfer from the triplet state
of the ligand (T;) to the resonant level of the
Ln(III) ion and deactivation processes of the
excited levels of the Ln(III) ion. The efficiency
of energy transfer from the ligand to the metal
is determined by the energy gap (AE) between
the triplet and resonant levels, with the optimal
AE value depending on the type of ligand and
Ln(III) ion [9]. Experimentally, the T, energy
levels of ligands are determined from molecu-
lar phosphorescence spectra of their complex-
es with rare-earth metals that have an empty
(Y, La) or fully filled (Lu) 4f subshell or with
gadolinium, as the resonant 6P;/, level of the
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Gd(III) ion lies above the triplet levels of most
organic ligands [10].

The energy of triplet states in f-diketonates
of Ln(III) depends on the nature of the radicals
attached to the chelating [OCCCO] fragment
of the ligand and generally decreases in the fol-
lowing substituent series: aliphatic > fluorina-
ted > aromatic [11]. The energy of the triplet
level also decreases with the elongation of the
aliphatic chain of the fluorinated substituent.
For instance, using fluorinated p-diketonates
of Yb** can affect luminescence intensity, re-
ducing it with the increasing chain length of
fluorinated compounds [12, 13]. In [-dike-
tonates containing aromatic substituents, a
decrease in T; energy levels is observed with
the increasing size of the conjugated radical
system, e.g., phenyl > biphenyl > naphthyl =
phenanthryl > anthracenyl. Furthermore, the
branching of the alkyl radical chain reduces
the spectroscopic properties of the complexes
due to increased steric hindrance during coor-
dination.

Most B-diketones form hexacoordinated
complexes [Ln(p-dik)s;] with lanthanide ions,
where the coordination sphere of Ln(III) is
completed by solvent molecules, particularly
water. However, as shown in many studies, wa-
ter is a primary quencher of luminescence due
to the vibrational oscillations of O-H groups,
which facilitate non-radiative energy transfer.
Replacing water with organic ligands free of
such quenchers (e.g., phenanthroline or its de-
rivatives) significantly enhances the quantum
yield of luminescence. The additional ligand
may also participate in the energy transfer
process to the Ln(III) ion, further increasing
luminescence intensity [14-16]. The degree
of luminescence quenching by water mole-
cules is inversely proportional to the energy
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gap AEg between the emitting and ground
states. For Yb(III), this gap is relatively large
(~10,000 cm™), enabling the synthesis of yt-
terbium compounds with sufficiently high
quantum yields. Among P-diketonate lantha-
nide compounds emitting in the IR region,
Yb(III) compounds exhibit higher quantum
efficiency and longer luminescence lifetimes,
with emission wavelengths of 980-1000 nm.
This is particularly advantageous for applica-
tions in bio-objects, as they are transparent in
this range [17-19].

Ytterbium(III) is a unique ion among lan-
thanides, as it has only one emission band
corresponding to the *Fs/, = °F,/, transition.
Optimizing Yb** luminescence requires select-
ing appropriate ligands that act as “antennas,’
absorbing light more efficiently than the lan-
thanide ion and transferring this energy to the
excited state of Yb**, thereby enhancing lumi-
nescence intensity.

However, monomeric lanthanide complexes
have several drawbacks, including insufficient
thermal stability, a tendency to aggregate, and
difficulties in obtaining film materials, lim-
iting their use as precursors for luminescent
materials. One approach to overcoming these
challenges is incorporating polymer matrices
such as polymethyl methacrylate (PMMA),
polyvinylcarbazole (PVK), or polystyrene (PS)
to create stable materials with high lumines-
cence yields [20-22]. Lanthanide ion-based
polymer compositions, prepared by dispers-
ing lanthanide salts or -diketonate complexes
into polymer matrices, have been thoroughly
studied. Ytterbium polymer complexes are
typically formed by incorporating ytterbium
coordination compounds into a polymer ma-
trix, which acts as a stabilizing environment to
enhance luminescence stability and efficiency.

https://ucj.org.ua

Polymers not only provide a protective coat-
ing but also influence the coordination envi-
ronment of the ion, reducing the impact of
luminescence-quenching factors such as water
or ligand vibrations. However, these products
often lack uniform metal distribution within
the polymer matrix, resulting in unpredicta-
ble properties. Polymer compounds based on
monomeric complexes are promising in terms
of stability and enhanced luminescence inten-
sity. Lanthanide complexes with unsaturated
B-diketones containing a metal-chelating ring
and a double bond represent a readily available
and promising class of compounds for synthe-
sizing polymeric metal complexes. These com-
pounds enable one-stage synthesis of macro-
molecular metal chelates and uniform metal
distribution throughout the polymer, which
generally exhibits isotropic properties.

Despite the evident potential of such com-
pounds as polymerization monomers, research
on lanthanide p-diketonates with unsaturated
substituents remains limited. Combining poly-
mers with coordination complexes reduces the
impact of external factors such as moisture or
temperature on luminescent properties. This
paves the way for stable materials for optical
communication and biosensors operating un-
der challenging conditions.

Since the 2010s, researchers at the Depart-
ment of Heterophase Synthesis of Inorganic
Compounds and Materials, Vernadsky Insti-
tute of General and Inorganic Chemistry, NAS
of Ukraine, have investigated the polymeriza-
tion of unsaturated diketonate lanthanide com-
plexes [23-25]. Radical polymerization has
been used to obtain metallopolymers based on
mono- and mixed-ligand P-diketonate com-
plexes of Ln(III) with 2,7-dimethyl-oct-1-en-
3,5-dione, 2,6-dimethyl-hept-1-en-3,5-dione,
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2-methyl-5-phenylpent-1-en-3,5-dione, 2-me-
thyl-5-biphenylpent-1-en-3,5-dione, and their
mixed-ligand derivatives with phenanthroline.

Currently, key challenges in this field in-
clude identifying optimal ligands to enhance
luminescence efficiency and refining methodo-
logies for controlling the coordination envi-
ronment of ytterbium ions. Despite signifi-
cant progress in understanding luminescence
mechanisms, future research should focus on
developing new ligand types that minimize
quenching processes. Systematizing previously
obtained data, including those by the authors
of this article, is essential for these advance-

Son
YR

O OH

7R o
- N

0 ONa

This work summarizes the results of re-
search on ytterbium metal complexes and
their polymers with unsaturated p-diketones
containing alkyl and aromatic substituents and
compares the spectral-luminescent characte-
ristics of the compounds depending on the na-
ture of the substituents.

EXPERIMENT AND DISCUSSION OF RE-
SULTS. The study focused on mono-, mixed-li-
gand, and polymer coordination compounds
of ytterbium (III) with unsaturated B-dike-
tones. The synthesis of the initial f-diketones
was carried out via Claisen condensation ac-
cording to the methodology described in [26-
27] (Fig. 1).

2,6-Dimethyl-hept-1-en-3,5-dione
(Hdmhpd)

2.7-Dimethyl-oct-1-en-3,5-dione
(Hdmod)

2-Methyl-5-phenylpent-1-en-3,5-dione
(Hmphpd)

2-Methyl-5-biphenylpent-1-en-3,5-
dione (Hmbphpd)

Fig. 1 - Structural formulas of -diketonate ligands.

The synthesis of Yb(III) complexes with
p-diketones was conducted in aqueous-alco-
hol solutions by reacting ytterbium chloride
(YbCl;-6H,O) with the sodium salt of the re-
spective ligand at a molar ratio of 1:3.5 (pH
8-8.5) at room temperature. The synthesis
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of mixed-ligand complexes, where phenan-
throline was used as the second ligand, was
performed in alcoholic solutions with a
Yb(B-dik)s-Phen ratio of 1:1 following the
method described in [23].

Polymer [-Diketonates of Yb (III) were
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obtained through the homopolymerization of
the synthesized monomeric complexes via a
radical mechanism [24]. The polymerization
was carried out at 80 °C, with azobisisobuty-
ronitrile (AIBN) chosen as the initiator for the
radical polymerization, as the polymerization
mechanism for B-diketonates of lanthanides is
identical to that of vinylmonomers.

All synthesized compounds were investigat-
ed using IR spectroscopy, DRS, thermogravim-
etry, and luminescence analysis.

IR spectra were recorded using a Specord
M80 spectrometer in the range of 400-
4000 cm™" in KBr pellets.

Diffuse reflectance spectra in the range of
300 - 1100 nm were registered using a UV-
VIS-IR Shimadzu UV-3600 spectrophotome-
ter.

The hydratecomposition of the synthesized
compounds and their thermal stability were
determined using DTA. Thermograms were
recorded using a Q-1500°D derivatograph sys-
tem from F Paulik, J. Paulik, L. Erdey, in the
temperature range of 20-500 °C at a heating
rate of 5 °C/min in a platinum crucible with
a carrier (anhydrous Al,O;) under a static air
atmosphere.

The excitation and emission spectra of so-
lid complexes were recorded using a Fluorolog
FL 3-22 spectrofluorimeter, Horiba Jobin Yvon
(Xe lamp 450 W), with a light filter OS 11, fol-
lowed by corrections accounting for the emis-
sion distribution of the xenon lamp and the
sensitivity of the photomultiplier tube (PMT).
For the IR region, InGaAs photoresistors
(DSS-IGA020L, Electro-Optical Systems, Inc,
USA, cooled to liquid nitrogen temperatures)
were used as radiation receivers.

The coordination mode of P-diketonates
with the Yb(III) ion was determined by IR

https://ucj.org.ua

spectroscopy, which, in cases where direct
X-ray structural analysis is not possible, al-
lows the structural identification of [-dike-
tonate complexes. Fig. 2 shows a typical IR
spectrum of Yb(III) coordination compounds
with p-diketonate ligands containing unsatu-
rated substituents in the a-position, and Table
1 summarizes the main vibrational frequencies
and their assignments for all studied ytterbi-
um-containing p-diketonates.

The main characteristic vibration bands of
complex B-diketonate compounds are located
in the region of 1500-1700 cm™, which cor-
respond to stretching vibrations of carbonyl
groups and multiple CC bonds of the dicarbo-
nyl fragment [28, 29].

Since there is a delocalization of electron
density in the diketonate fragment, the stretch-
ing vibration bands occupy an intermediate
position between the stretching vibrations of
single C-O and C-C and double C=0 and C=C
bonds. Thus, the band with a higher frequency
(~1580-1610 cm™) corresponds to the sym-
metric stretching vibration of the bond (C=0),
and with a lower frequency (~1540-1580 cm™)
to the asymmetric stretching vibration of the
bond (C==C). It should be noted that for mo-
nomeric and polymeric complexes with mbph-
pd and Phen, the splitting of the v (C--O) band
into 2 components is observed, which may be
due to the structural inequivalence of some
chelate rings. For most polymeric compounds,
the v(C=C) band appears in the region of
~1650-1660 cm™ as a shoulder, indicating the
presence of terminal unsaturated groups, and
in the case of the [Yb(mphpd) Phen] comp-
lex, the average intensity of this band may indi-
cate an incomplete polymerization process and
the formation of a certain number of oligome-
ric products.
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Fig. 2. - IR spectrum of the complex Yb(mphpd),-2H,O.

Table 1.

Assignment of vibration bands in the IR spectra of Yb(III) B-diketonate (cm™)

Complex v(Yb-0)+3, | ring v(Yb-N) | v (C==C) | v(C==0) v (C=C)
Yb(mphpd)3-3H20 421, 453, 490, 505, 545 - 1580 1596 1655
Yb(mphpd)3-Phen 405, 464, 487, 504, 545 467 1582 1601 1655
Yb(mbphpd)s-ZHzO 411, 429, 450 - 1560 1586 1653
Yb(mbphpd)s'Phen 410, 428, 451 474 1558 1575, 1607 1653
Yb(dmhpd)3-2HZO 408,430, 478, 501, 526 - 1555 1555 1640, 1660
Yb(dmhpd)3-Phen 420, 435, 481, 495, 507 477 1552 1590 1630
Yb(dmod)3-2HZO 456, 470, 489, 520 - 1542, 1560 1590 1680
Yb(dmod)S-Phen 450, 468, 470, 515 480 1547 1592 1650
[Yb(mphpd)3]n 421, 453, 490, 505, 545 - 1560 1590 1651sh.
[Yb(mphpd)3-Phen]n 410, 420, 435, 495, 507 481 1565 1585 1650
[Yb(mbphpd),] 406, 427, 455 ; 1559 1581, 1599 1652sh.
[Yb(mbphpd)3-Phen]n 409, 432, 461 481 1561 1580, 1607 1651sh.
[Yb(dmhpd)3]n 419, 426, 484, 511 - 1537 1578 1659sh.
[Yb(dmhpd)3-Phen]n 417, 429, 475, 515 468 1535 1577 1653sh.
[Yb(dmod),] 421, 435, 481, 511 ; 1542 1581 1661sh.
[Yb(dmod)3-Phen]n 419,439, 474, 518 465 1544 1584 1663sh.
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In the low-frequency region of the spectra
(400-600 cm™) a set of bands appears, which
corresponds to a combination of stretching
vibrations of the Yb-O bond and deforma-
tion vibrations of the chelate ring. At the same
time, the frequencies of the § __and v(Yb-O)
differ slightly for different compfexes, since the
structure of the [OCCCO] fragment of the li-
gands practically does not depend on the type
of substituents in them, which may indicate
a close coordination environment of Yb(III)
in all the studied compounds. For complexes
with phenanthroline in the IR spectra in the
range of 465-480 cm, bands corresponding
to the stretching vibration of Yb-N are addi-
tionally observed. Their presence confirms the
formation of mixed-ligand complexes. The po-
sition of the v vibration of the Yb-O bonds in
the IR spectra of polymer and monomer comp-
lexes is almost the same, and the slight shift of
the band data to the low-frequency region (up
to 20 cm™) for polymer complexes is probably
due to the deformation of the coordination site.
That is, during polymerization, the immediate
environment of the lanthanide ion practical-
ly does not change in comparison with metal
complexes.

a

In the region of 3200-3600 cm™ for all
monomer complexes, there is a broad vibration
band of the O-H groups, which is associated
with the addition of water molecules to the co-
ordination sphere of ytterbium(III) complexes.
In the case of phenanthroline complexes, this
band is not observed in the IR spectra, which
indicates the displacement of water molecules
from the inner coordination sphere due to the
coordination of the Phen molecule to the cen-
tral ion. In the case of polymer complexes, the
v(O-H) band has a low intensity in the given
spectral range. This can be explained by the
presence of a small amount of occluded water
in the structure of metal polymers.

The similarity of the IR spectra of metal
chelate monomers, mixed ligand and polycom-
plexes suggests the proximity of the ligand en-
vironment of metal ions in these compounds.

Based on the analysis of the IR spectra, it
can be unequivocally stated that in the com-
plexes Yb(B-dik),-2H,0O the metal ion coordi-
nates the p-diketonate ligands bidentately-cy-
clically with a delocalized system of m-bonds
in the chelate ring. In this case, six-membered
metallocycles are formed (Fig. 3).

Z

Fig. 3 — Schematic structure of Yb(III) complexes: Yb(B-dik), (a), Yb(B-dik),Phen (b).

https://ucj.org.ua

75




INORGANIC CHEMISTRY

COMPARATIVE CHARACTERISTICS OF SPECTRAL-LUMINESCENCE PROPERTIES OF Yh(lll) COMPLEXES

WITH UNSATURATED (-DIKETONES.

From the point of view of the possible prac-
tical application of the synthesized coordina-
tion compounds of ytterbium (III), an impor-
tant stage of the study is the thermal analysis,
in particular the determination of the thermal
stability of the synthesized compounds. The
thermal stability of Yb(III) complexes with un-
saturated P-diketonesis analyzed in sufficient
detail in [23, 24]. The generalization of the
results of thermal studies of Yb(III) p-diketo-
nates shows that the thermal decomposition of
all compounds proceeds in the same way:

- dehydration of monomeric complexes
Yb(B-dik),, regardless of the -diketone,
occurs in the temperature range of 120-
127 °C and is accompanied by endoeffects,
which corresponds to the elimination of
two coordinated water molecules;

- for mixed-ligand compounds, the ab-
sence of this thermal effect indicates the
replacement of water molecules by a phe-
nanthroline molecule. The elimination
of a phenanthroline molecule begins at
about 170 °C;

- in the case of polymer complexes at a tem-
perature of ~ 130 °C, a slight endoeftect is
observed, which may indicate the elimi-
nation of water remaining in the voids of
the polymer matrix during polymeriza-
tion of the monomer;

- at a temperature of > 180 °C, polymeriza-
tion of complexes occurs without an ini-
tiator;

- in the temperature range of 250-450 °C,
oxidative thermal destruction of all comp-
lexes is accompanied by a number of exo-
effects, which is due to the decomposition
of organic fragments of the molecule,
and the final decomposition products are
non-stoichiometric ytterbium(III) oxides;
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— the thermal stability of the studied com-
pounds increases in the following order:
monocomplexes>mixed-ligand complex-
es>metalpolymers>mixed-ligand metal-
polymers.

The temperature at the onset of degradation
varies from 250 °C (for monomers) to 375 °C
(for polymers). This effect may be due to the
denser, ordered packing of polycomplexes with
a complex, possibly branched, system of bonds.

The geometry evaluation, coordination
number, and determination of the symmetry of
the nearest coordination environment around
the Yb(III) ion were carried out based on the
analysis of the position and intensity of the f-f
transition bands in the diffuse reflectance (DR)
spectra of the studied compounds.

In Fig. 4, as an example, the DR spectra of
Yb(III) complexes with 2,7-dimethyl-octen-
1-dione-3,5 are shown, while Table 2 lists the
characteristics of the *F, , — °F, ) transition for
all synthesized complexes. In the DR spectra of
all complexes, one °F, — °F_ transition cha-
racteristic of the Yb(III) ion is observed, with a
maximum in the range of 970-980 nm. At the
same time, the overall appearance of the spectra
for both monomeric and polymeric complexes is
similar, indicating that polymerization does not
affect the geometry and structure of the coordi-
nation polyhedron of the lanthanide. The slight
difference in A__ values is due to the geometric
structure of the substituents in the -diketonate
ligands, which have different A__ values for al-
lowed m-m* transitions in the near ultraviolet
region (200-400 nm). For example, replacing
a biphenyl substituent with an alkyl substituent
causes a significant shift in the absorption maxi-
mum and broadening of spectral lines, which is
due to different energy characteristics of the of
the ligands being studied [10, 24].
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Fig. 4 — Diffuse reflection spectra of complexesYb(dmod),-2H,O (1), Yb(dmod),-Phen (2),
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[Yb(dmod),] (3), [Yb(dmod),-Phen] (4) [24].

Position of the maxima of the ’p ézF transitions in the DRS

of Yb(III) complexes with Unsaturated B-diketones

Complex )\max, nm B ) b2
Yb(mphpd)3-3H20 975 0,9945 0,5530 0,05244
Yb(mphpd),-Phen 978 0,9968 0,3210 0,04000
Yb(mbphpd)s-ZHZO 974 0,9957 0,4319 0,04637
Yb(mbphpd)3-Phen 976 0,9941 0,5935 0,05431
Yb(dmhpd)3-2HZO 973 0,998 0,2004 0,03162
Yb(dmhpd),-Phen 974 0,998 0,2004 0,03162
Yb(dmod)S-ZHZO 975 0,9951 0,4924 0,04950
Yb(dmod) -Phen 975.5 0,9969 0,3110 0,03937
[Yb(mphpd),] 971 0,9978 0,2205 0,03317
[Yb(mphpd),-Phen] 973 0,9962 0,3814 0,04359
[Yb(dmhpd),] 972 0,998 02004  0,03162
[Yb(dmhpd) -Phen] 973.5 0,997 0,3009 0,03873
[Yb(dmod),] 973 0,9978 0,2205 0,03317
[Yb(dmod),-Phen] 972 0,9947  0,5328  0,05148

Table 2
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It should be noted that for mixed-ligand
phenanthroline complexes, regardless of the li-
gand, there is a slight (~30 cm™) bathochromic
shift of the band maximum and a significant
increase in absorption intensity. Probably, the
N,N-donor ligand makes the structure of the
complexes more rigid due to the axial distor-
tion of the f-metal coordination site during
the coordination of the Phen molecule with
two nitrogen heteroatoms, providing effective
shielding of the Yb*" nucleus from external
quenching compared to the original complexes
without Phen.

However, in general, the shape and position
of the’F, >°F, , transition band for all ytterbi-
um compounds are almost the same, which in-
dicates a similar coordination environment of
Yb(III) in all synthesized samples. At the same
time, the absorption maxima for monocomp-
lexes are close to A of the aquated Yb_, ion
(973 nm), which indicates a close symmetry of
the nearest coordination environment of the
ytterbium ion in complexes and inorganic salts
[30]. Thus, it can be assumed that the synthe-
sized Yb(III) B-diketonates are characterized
by C, symmetry, the lanthanide coordination
number = 8, to which the coordination poly-
hedron corresponds is a deformed square an-
tiprism.

For all synthesized compounds, the covalent
bond parameters were calculated: the nephe-
loxetic parameter ({3), the covalent parameter
(b,,) and the Sinha parameter () (Table 2).
As can be seen from the data in Table 2, for all
complexes the values of p are close to 1, which
may indicate a high ionicity of the Yb-O bond
[31]. The parameters b, ,and § characterize the
degree of covalent bond of the lanthanide with
the donor ligand molecules. The largest va-
lues of b, are found in monomeric complexes,
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which also correspond to the largest values of
d, which indicates a smaller contribution of the
covalent component to the Yb-O bond. Dur-
ing polymerization of the complexes, the va-
lues of b, decrease by almost 1.5 times, which
indicates an increase in the covalent bond
when transitioning from mononuclear to poly-
meric complexes. This is also confirmed by the
values of the parameter d: S[qus. dik)3]n<8Yb({3» g3
The lowest values of covalence parameters are
found in ligands with alkyl substituents (2,7-di-
methyl-oct-1-en-3,5-dione, 2,6-dimethyl-hept-
1-en-3,5-dione), which are structurally less
bulky than (-diketones with phenyl substitu-
ents (2-methyl-5-phenylpent-1-en-3,5-dione,
2-methyl-5-biphenylpent-1-en-3,5-dione).
Therefore, dmhpd/dmod easily “fit” to the cen-
tral atom, while bulky mphpd/mbphpd mole-
cules do not create additional shielding of the
emitting centers and can form a more ionic
bond with the central atom. Thus, a decrease
in the parameter b , in the order mphpd>
mbphpd>dmod>dmhpd indicates a decrease
in the covalent contribution to the metal-li-
gand bond. It is clear that in the case of poly-
mers, the contribution of the covalent compo-
nentis greater, which is due to the insignificant
deformation of the coordination site due to the
polymerization processes, while the structure
and symmetry of the complexes do not under
go major changes. Due to the weakening of the
ionicity of the bond with increasing covalency,
the intensity of the radiation can increase due
to the decrease in the shielding of the emitting
ion. However, this is not the only factor affect-
ing the intensity of luminescence.

For all obtained Yb(III) complexes, a char-
acteristic 4f-luminescence is observed in the
near-IR region of the spectrum (A = 980-

e 5
1015 nm, transition’F, — Fm)'
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An important condition for observing in-
tense luminescence is the optimal energy gap
between the triplet level of the ligand (E,) and
the resonance level of the lanthanide. To expe-
rimentally determine the energy of the triplet
levels of B-diketones, the fluorescence spectra
of GA(III) complexes were studied, which were
synthesized by a similar method as the Yb(III)
complexes (Fig. 5, Table 3) [10].

Table 3.
Calculated energies of the triplet levels
of the ligands.

Ligand | E, (cm™”) | AE —Ey s /2)’(cm'1)
dmhpd 19570 9370
[dmhpd] 19230 9030
dmod 19350 9150
[dmod]_ 18900 8700
mphpd 19490 9290
[mphpd]_ 20600 10400
mbhppd 21000 10800
[mbhppd], 20750 10550

lnos @rb.up.

15000 4

" —Gd(dmhpd),Phen
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5000 P
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Fig. 5 - Phosphorescence spectra of some
gadolinium complexes, T=77 K.

The calculated values of the triplet energy

levels of the ligands and the width of the energy
gap between the E_of the ligands and the reso-
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nance °F_ level of Yb(III) (10330 cm™) show
that in all cases, intramolecular energy trans-
fer to the metal ion is fundamentally possible,
which indicates the ability of the complexes to
exhibit effective 4f-luminescence.

Fig. 6 (a, b, ¢) presents the excitation and
luminescence spectra of ytterbium compounds
with the studied P-diketones. The excitation
spectra of the complexes (Fig. 6, a) are similar
for all compounds regardless of the ligands and
represent broad structured bands in the region
of 230-410 nm, corresponding to the m-m*
transitions of the -diketonate fragment. The
partial overlap of the ligand absorption spec-
tra and the excitation spectra of the complexes
indicates the sensitization of 4f-luminescence
due to intramolecular energy transfer from the
B-diketonate fragment to the ytterbium ion.
Compared with the absorption of the organic
ligand, the bands of the f-f transitions of Yb(III)
are quite weak, which confirms the predomi-
nant sensitization due to the excitation of the
ligand compared to the direct excitation of the
lanthanide ion.

In the luminescence spectra of Yb(III)
B-diketonates, the most intense is one band,
which corresponds to the transition from
the excited level °F, >°F_ in the region A_ =
978-985 nm. Table 5 shows the position of this
band for all synthesized ytterbium complex-
es, and also the calculated integral intensities
of luminescence of the samples. In addition to
the narrow peak, a broad band at A=1000nm
is observed in the spectra, which corresponds
to optical transitions of an electron between
the Stark sublevels of the ion and depends
on the symmetry of the crystal field of the li-
gand. The difference in the shape of the spec-
tral lines and the integrated intensity for dif-
ferent ligands can be due to both the different
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structure of the ligands and the screening of
the emitting centers by phenyl substituents of
aromatic B-diketones or phenanthroline. Thus,
the maximum relative emission intensity is
observed for complexes with dmod, which is
up to = 6 (for monomers) and = 1.5 (for pol-
ymers) times higher than the relative intensity
for complexes with other P-diketones, which

can be explained by the positive effect of the
additional methylene group of the hydrocar-
bon radical in dmod, which in a certain way
weakens the bond of the Yb(III) ion with the
ligand due to there distribution of the electron
density in the molecule, and, presumably, con-
tributes to a more efficient transfer of energy
from the ligand to the metal.

Iex. 70000 2, 2R
70000 51 72
00095 Yb(dmod),
60000
Yb(dmokd), 50000 4
50000 S
< 40000
“r Yb(mbphpd),
40000 Yb(mbphpd), g 30000
30000 - -
20000
20000 A
Yb(dmhpd), 1000 Yb(mphpd),
10000 Yb(mphpd), g _‘JLL\
0 T T T T T < > ! l J
250 50 e 400 430 ),.nm 900 950 IOOOA 1050 1100
,nm
a b
200000 [Yb(dmod);Phen],,
180000
ZFS/‘Z £F7/2
160000
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=
& 120000 [Yb(dmhd),Phen],
£ 100000
=
= 80000 - [Yb(mbphpd);Phen],
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,nm
C
Fig. 6 — Excitation (a) and luminescence (b, ¢) spectra of Yb(III) B-diketonates
(A,,-=365 nm, T=293K).
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The minimum value of I, is exhibited by
complexes based on methacroylacetophenone
(Table 4), which maybe due to the structural
features of the methacroylacetophenone mo-
lecule, namely, the screening of the emitting
centers of the ytterbium ion by the aromatic-

ring. The higher integral intensity of comp-
lexes based on mbphpd compared to mphpd
could be explained by an antenna effect or
stacking-stacking interactions in the biphenyl
substituent.

Table 4.

Characteristics of luminescence spectra of complexes with unsaturated diketones.
Complex A, NM [, 10%au. |Complex Ay, NM [, 10%au.
Yb(mphpd),-3H,0 978 309580.54 Yb(dmhpd),-2H,0 980, 1005, 2054 1758376.24
Yb(mphpd),-Phen 978 1758712.35 Yb(dmhpd),-Phen 984 5416980.82
[Yb(mphpd),] 978 477261.68  |[Yb(dmhpd),] 982 2076017.15
[Yb(mphpd),-Phen] %2’71001’ 114618.03 | [Yb(dmhpd),-Phen],  985,1020 5927269.72
Yb(mbphpd),2H,0 980 51433836 |Yb(dmod),2H,0 983 3348353.14
Yb(mbphpd),-Phen 982 5446747.50 Yb(dmod),-Phen 982 6284268.62
[Yb(mbphpd),], 981 529824.78 | [Yb(dmod),], 985 2693542.02
[Yb(mbphpd),-Phen], ?35’81014’ 636707255 | [Yb(dmod),-Phen] ggé 985,987, 9470427 30

For the all studied complexes, the integral
luminescence intensity of metallo polymers
exceeds the luminescence of their monomer-
ic analogues, which is due to the presence of
a larger number of emitting centers in [Yb(B-
dik),] (Fig. 5, b, ¢). In addition, the higher
luminescence intensity of polymeric metal
complexes enhanced with monomeric ones
may be due to an increase in the molecular
weight of the metallopolymer, which, in turn,
contributes to a decrease in exchange inter-
actions between lanthanide ions, and, conse-
quently, to a decrease in energy loss, and also
contributes to a more eflicient transfer of ener-
gy from the molecular levels of the polymer to
the resonance level of Yb(III).

The highest luminescence intensity is ob-
served in the mixed ligand complexes, re-

https://ucj.org.ua

gardless of the pB-diketonate ligand. Thus, for
monomeric dimethyloctene and dimethylhep-
tene complexes I, . increases by 2 and 3 times,
respectively, and for complexes with mphpd
and mbphpd I, increases by 6 and 10 times,
respectively. The tendency to increase the in-
tensity of luminescence is also preserved for
polymeric mixed-ligand compounds, with this
value of [ individual monoligand polymers
increases by up to 1.5 times. The exception is
the complex with methacroylacetophenone,
the luminescence of which decreases upon
formation of a mixed-ligand polymer com-
plex. The obtained data can be explained by
two reasons, one of which is possibly due to
the removal of OH oscillators from the inner
sphere of the complexes, which quench the
luminescence of the compounds [32]. On the
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other hand, due to the additional coordination
of the REE ion of the neutral phenanthroline
ligand, intramolecular energy transfer occurs
from Phen to B-dik, after E (p-dic)<E (Phen)
(E (Phen) = 21480 cm™), which only leads to
an additional antenna effect.

As can be seen from Fig. 5¢, for the homo-
polymer [Yb(dmod),-Phen] ,abroadeningand
splitting of the °F, ) — °F_ transition line into
4 components at 981, 985, 987, and 990 nm is
observed. Such splitting indicates the presence
of several emitting centers. This may be due to
the formation of complexes with different de-
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grees of polymerization. It is known that com-
pounds with long alkyl substituents polymerize
with a low degree of conversion, which is due
to the transfer of the chain to the monomer,
therefore, during polymerization, several poly-
mer compounds of different molecular weights
and, accordingly, different optical properties
can be formed.

Summarizing the data of the luminescent
properties of Yb(III) complexes with unsatu-
rated -diketones, we can draw the following
conclusions (Fig. 7):

I ]
)

Pl

o)

[mbhy

[d
\

Fig. 7 — Diagram of the change of integral intensity of luminescence inYb(III) f-diketonates
depending on the nature of the substituents in the ligands molecules.

« the intensity and efficiency of lumines-
cence directly depend of the nature of the sub-
stituents in the ligand molecules (aliphatic sub-
stituents in the a-position contribute to more
efficient emission in the near-IR range than
aryl ones) and increase in the order dmod>
dmhpd>mbphpd>mphpd;

o the luminescence intensity of Yb(III)
complexes with phenanthroline for all synthe-
sized compounds is higher than for monoli-
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gand complexes, which is due to the leveling
of the gassing action of water molecules and
additional energy transfer and luminescence
sensitization;

« the luminescence intensity of metallopoly-
mers is higher than that of monomeric comp-
lexes. Not a very significant difference in the
integral intensity of luminescence between
monomeric and polymeric samples maybe
due to the complex structure of ytterbium (III)
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B-diketonate complexes, which prevents the
production of polymers with high molecular
weight;

o the change in the luminescent properties
of Yb(III) B-diketonates occurs in the follow-
ing series: Yb(B-dik),.2H O< [Yb(B-dik),] <

Ligands

Yb(B-dik),-Phen < [Yb(B-dik),-Phen] , B-dik:
mphpd<mbphpd<dmhpd<dmod.

According to the obtained data for the
studied Yb(III) complexes with unsaturated
pB-diketones, the following excitation and ener-
gy transfer scheme can be proposed (Fig. 8)
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Fig. 8 - Scheme of energy transfer from an organic ligand to the Yb(III)
(GSA - ground state absorption).

As calculated above, there is a significant en-
ergy gap between the triplet state of the ligand
and the excited state of the ytterbium (III) ion.
In addition, for Yb**ions, the °F, , fluorescence
level lies ~10,000 cm™ above the °F,  ground
state, which in this case allows us to speak
about vibronic interaction or the mechanism
of internal electrontransfer from the ligand
to the metal [33]. We propose that the energy
transfer from the ligand triplet state to the ex-
cited level of Yb**, facilitated by vibronic cou-
pling, accounts for the population of the Yb**
excited state, which can then relax radiatively
to the ground state by emitting photons at ap-
proximately 980 nm. This indicates an effective

https://ucj.org.ua

antenna effect, since the excitation energy pho-
togenerated inorganic ligands is quickly trans-
ferred to the Yb** nucleus. The type of -dike-
tone mainly affects the intensity of absorption
and emission.

CONCLUSIONS. Monomeric, mixed-li-
gand and polymeric complexes of ytterbium
(III) with B-diketonate ligands with alkyl and
aryl substituents were synthesized and stud-
ied. It was established that the Yb(III) ion
forms triscomplexes with B-diketonate ligands
of the general formula Yb(f-dik),-2H,O, the
coordination sphere in monoligand complex-
es is supplemented by 2 water molecules, the
coordination number of the lanthanide = 8,
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the coordination polyhedron is a square an-
tiprism. Yb(III) B-diketonates easily attach a
donor ligand (phenanthroline), which displac-
es H O molecules (OH-oscillators) due to the
formation of stronger bonds with the central
ion. Replacing water molecules with a phenan-
throline molecule does not affect the structure
of the coordination polyhedron, but causes
only its slight deformation, which is reflected
in the covalence parameters (increasing the
covalence of the bond). The polymerization
process also does not significantly affect the
structure of the elementary unit, there is only
a slight distortion of the coordination polyhe-
dron. The thermal stability of the synthesized
complexes increases from monoligand mono-
meric compounds to mixed-ligand polymers,
which can be explained by the formation of
compounds with a more rigid structure and a
system of branched chemical bonds.

The study of luminescent characteristics
showed that the integral intensity of lumi-
nescence varies in the series: dmod>dmbh-
pd>mbphpd>mphpd and monomer-poly-
mer-MLC-MLC polymer. The best lumines-
cent characteristics are possessed by the ytter-
bium complex based on dmod. A significant
increase in the luminescent properties of the
synthesized complexes occurs when obtaining
mixed ligand complexes with phenanthroline,
which is primarily associated with solving the
problem of the quenching effect of water mol-
ecules. Also, a noticeable increase in I, _occurs
when synthesizing MLC polymers. The prepa-
ration of such compounds is of practical im-
portance, since it is easy to obtain film materi-
als from polymer samples. Thus, the conduct-
ed studies of Yb(III) p-diketonate complexes
may hold promise for practical applications as
precursors of luminescent materials.
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Y po60Ti IpoBefieHO MOPiBHSAIBHNUI aHATTI3
CIEKTPAJIbHO-IIOMIHECLIEHTHUX ~ BJIaCTMBOC-
Tell CUHTE30BAaHUX KOOPAVHALIMHUX [-7u-
KeTOHATHMX KOMIUIEKCIB iTepOito 3 TaKUMU JTi-
raiugamm: 2,7-OUMeTUI-0KTeH-1-mioHoM-3,5,
2,6-guMeTuNA-TenTeH-1-mioHoM-3,5, 2-meTun-
5-¢eninnenren-1-3,5-gioHoM, 2-meTmn-5-6i-
¢eninnenren-1-3,5-gionom. Kpim nporo mpo-
BEJEHO JOCIIPKEHHS NOMIMEPHUX CIIONYK Ha
OCHOBI TIpeACTaB/IIEHUX KOMIUIEKCIB Ta IXHIX

ISSN 2708-129X. VKp. Xim. XypH., 2024



N.B. lvakha, 0.S. Berezhnytska

UCJ N2 10 / Vol. 90

(dheHaHTPOTIHOBUX 3MillIaHOJIIraHJHUX MOXif-
HUX.

3a pomoMoror Husky GisMKo-XiMiYHIX
MeTOfiB aHa/li3y BCTAaHOBJIEHO, IO OypoBa
€JIEMEHTApHOI JIAaHKM IIpM IO/liMepu3alii, a
TAaKOXX KOOpAMHaLiiiHa cdepa KOMIUIEKCiB
IIpY YTBOPEHHI 3MillIaHOIITaHJHMUX CIIONYK He
3a3Ha€ CyTTEBUX 3MiH IOPIBHAHO 3 BUXITHU-
MM MOJIeKynaMu [-mukeToHaTiB. TepMiunmit
aHaJIi3 IOKa3aB 3HAYHe IIiIBUILIEHHA TeMIIepa-
TYpM IIOYATKy PO3K/IaJaHHA 3MilIaHOJIraH/-
HUX 1 MEeTa/IONOMIMEPHMX CIIONYK BiTHOCHO
IXHIX MOHOMEPHMX aHAJIOTiB. MeTOIOM IoMi-
HECL[EHTHOI CIIEKTPOCKOIIil BCTAaHOB/IEHO, 110
JOCTI/KYBaHI 3pasKyl IPOABJIAIOTD JIFOMiHeC-
nenniro B [Y-gianasoHi.

[TopiBHANBHMIT aHAJI3 iHTETPa/bHUX iH-
TEHCUBHOCTeIl JIIOMiHecleHLii iTepbieBux
KOMIIIEKCiB T03BO/INB BUSIBUTY K/TIOYOBI (pak-
TOPM BIUIMBY Ha €MICiliHI XapaKTepUCTUKMN.
Hacamnepeq 1ie ofep>XaHHA 3MilllaHOJITaH[-
HUX KOMIIIEKCIB i3 (peHaHTPOITIHOM, IO [03-
BOJISI€ HiBE/IIOBATY HETATVBHMUI BIUIMB OfHOTO
3 HalOiNPII BifOMMX YMHHUKIB TaciiiHOI mil:
OH-ocumnATopiB MONEKYNI BOAY, AKa JOMNOB-
HIOE KOOpAMHALINHY cdepy MOHOMEPHMX
iTepb6ieBux komIiekciB. Kpim 11p0ro no3utms-
HO TIO3HAYA€THhCsA HA [ CcuHTE3 momiMepHuX
CIIOTTYK Ha OCHOBI [3-AMKeTOHATHNMX KOMIIIEK-
ciB, 10 MOXke OYTU 3YMOBJIEHO 3MEHILIEHHIM
BIUIMBY KOHILIEHTPALiifHOTO TaciHHA, OCKi/lb-
KU y To/liMepax BUIIPOMIHIOBA/IbHI LI€HTPU
PIBHOMIPHO pOS3IIOfii/IEHi 110 JTAaHLIIOTY MaKpo-
monexymu. Takuit mifxin, okpiM npsAMoro Imo-
3UTMBHOTO BIUIMBY Ha JIIOMiHECLIEHTHI BJIa-
CTMBOCTI, MAa€ Ha MeTi BUMpIIIEHHA NUTAHHA
IPUK/IAJHOTO 3aCTOCYBaHHA CHHTE30BAaHUX
CIIONIYK, OCKI/JIbKM ITO/IIMEpM 3HAYHO JIeTHIE
Hifal0ThCA MepepoOIeHHI0 Ta MOXYTh YTBO-
pIOBaTH IJIiIBKOBi MaTepiain.

https://ucj.org.ua

3arajioM Ha OCHOBi TIPOBEIEHMX JOCIi-
IDKeHb MOXKHa CQOpPMYBaTH TakKi 3a/e>XXHO-
cTi iHTeHCMBHOCTI mMroMiHecneHnii: dmod>
dmhpd>mbphpd>mphpd Ta mMonOMep-momi-
Mep-3JIK-3JIK-nonmimep. K BUAHO 3 LuUX fAa-
HIX, HalKpaLIMMM eMICiTHUMIU XapaKTepuc-
TUKaMU BOJIOAIIOTD iTep6ieBi 3MilllaHOIraH -
Hi MOHO- Ta ITOJIIKOMITTIEKCH 3 - IVIKETOHAMU 3
AJIKITbHUMM 3aMiCHUKAMU.

Knrouosi cmoBa: iTep6iit, KOMITIEKC, THOMi-
HeCLeHIIisd, B—HI/IKCTOHI/I, Io/MiMepu.
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This article reviews the development of the asymmetric synthesis of tailor-made amino
acids conducted at Hamari Chemicals during the 10-year period 2013-2022.The discussion
is based on strategies such as direct chiral modification of unprotected amino acids via inter-
mediate formation of Ni(II) complexes and elaboration of chiral nucleophilic or electrophilic
glycine equivalents. The former approach includes, for example, second-order asymmetric
transformation, dynamic kinetic resolution, and inversion of chirality while the latter ap-
proach involves construction of the desired amino acid architecture using, for example, alky-
lation, aldol, Mannich, or Michael addition reactions as well as multistep procedures. Oper-
ational convenience, scalability, and practicality of the developed methods are emphasized.

Keywords: tailor-made amino acids; drug design and development; second-order asym-
metric transformation; dynamic kinetic resolution; inversion of chirality.
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INTRODUCTION. Amino acids (AAs) are
a fundamental class of compounds that are in-
trinsically linked to the origin and evolution of
all recognized life forms. Since their structural
elucidation in the early 19" Century, AAs have
maintained a crucial role in advancing vari-
ous fields of health sciences and technology
[1]. A myriad of AAs have been obtained from
natural sources [2-16] while synthetic variants
have been engineered in research laboratories
[17-33]. To manage the extensive structural
diversity of AAs, workers have used several
classifications. These include distinctions such
as proteinogenic vs. non-proteinogenic, ge-
netically coded vs. non-coded, natural vs. syn-
thetic, common vs. uncommon, and usual vs.
unusual. These terms are frequently used in the
literature [34] and while these definitions pro-
vide some sense of structural identity, they can
be somewhat ambiguous and perplexing. In
this article, we have chosen to use the term ‘tai-
lor-made AAs; a definition proposed by Hruby
et al. [35]. This term emphasizes the intended
purpose of the AAs rather than their assumed
origin or perceived distinction.

Beyond fundamental scientific investigation,
the primary objective of medicinal chemistry
research in the realm of tailor-made AAs is to
engineer more selective and efficacious phar-

maceuticals. From a structural perspective,
AAs exemplify a form of molecular dichotomy,
facilitating the step-by-step synthesis of poly-
mers with unique, non-repeating sequences of
monomers. These polymers, known as peptides
for short length chains and proteins for longer
chains, perform numerous vital roles in living
organisms, including catalysis (enzymes), sig-
naling (hormones), and mechano-structural
functions [36-38]. In the context of contem-
porary drug discovery paradigms, tailor-made
AAs are essential components with their deriv-
atives increasingly appearing in newly marke-
ted pharmaceuticals [39-45]. In fact, over 30%
of small molecule drugs contain residues of tai-
lor-made AAs or their derivatives, such as ami-
no-alcohols and di-amines [46-60].

The asymmetric synthesis of AAs is a
well-established field that provides a plethora
of varied methodologies [17-33]. However, the
challenges of cost-effectiveness, operational
ease, and environmental impact continue to
evolve necessitating corresponding advance-
ments in synthetic techniques. A review of
the literature reveals that the synthesis of both
general and tailor-made AAs via Ni(II) comp-
lex intermediates, as shown in Scheme 1, has
emerged as the most prevalent and methodo-
logically superior approach [61-65].

R 1. direct chiral modification of unprotected AAs
H2N/§COOH
1 \ R
\N)YO R
N —
_Ni—© H2N/'\COOH
/ N\ 3 Scheme 1. General concept of
2

H,N~ > COOH
or

2. elaboration of chiral nucleophilic/electrophilic

glycine equivalent
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the preparation of tailor-made AAs
in enantiomerically pure form via
intermediate Ni(II) complex for-
mation.
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A particularly attractive feature of this me-
thodology is its practicality for the large-scale
preparations of pharmacologically important
AAs. At the outset, we envisioned two general
strategic approaches: 1. direct chiral modifica-
tion of unprotected AAs by way of means such
as second-order asymmetric transformation
(SOAT), dynamic kinetic resolution (DKR),
or inversion of chirality; and 2. elaboration of
chiral nucleophilic/electrophilic glycine equi-
valents, which involves constructing the de-
sired AA architecture starting from glycine us-
ing, for example, alkylation, aldol, Mannich, or
Michael addition reactions as well as multistep
procedures. Both approaches have their advan-

Tf,0, pyridine
_—

93%

1,3-dibromo-5,5-dimethylhydantoin,
AIBN

71%

86%

tages and shortcomings which will be noted in
the following sections for the particular sub-
sets of the strategies described herein.

Chiral tridentate ligands.

Hamari ligand.

From the standpoint of recyclability, hav-
ing a recoverable source of asymmetric infor-
mation of “indestructible” chirality is of great
interest. Among obvious candidates possessing
stable chirality, we considered (3Z,52)-2,7-di-
hydro-1H-azepine-derived axially chiral tri-
dentate ligand - the Hamari ligand - 13 (Sche-
me 2) [66] as a potential system.

NiCl,(DPPP),,
MeMgl

Cl (S)-13

quantitative, overall
yield for 3 steps 57%

Scheme 2. Synthesis of Hamari ligand 13.
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Commercially available enantiomerically
pure binaphthol 5 was converted to dimethyl
compound 7 via intermediate ditriflate 6 using
Kumada coupling of 6 with a Grignard rea-
gent. Subsequent bromination of 7 with 1,3-di-
bromo-5,5-dimethylhydantoin in ethyl acetate
afforded dibromide 8. This procedure reliably
afforded key compound 8 in 71% yield.

Taking advantage of the previously deve-
loped strategy of modular approach to the
design of chiral tridentate ligands [67-69], we
envisioned the use of modules 11 and 12 for
assembly of Hamari ligand 13. Formation of
the requisite azepine 9 by dialkylationof allyl
amine [70] with dibromide 8 and subsequent
removal of the allyl group to provide secondary
amine 10 was accomplished in moderate yield.
Alkylation of 10 with aminobenzophenone
module 11 proceeded quantitatively affording
Hamari ligand 13 after three steps in atotal
yield of 57%. The procedure was found to have
some disadvantages, though, notably being a
multistep reaction sequence and the necessity
for silica gel column purification, thus render-
ing this approach less attractive for large-scale
manufacturing.The alternative solution, with
application of module 12, turned out to be sig-
nificantly more attractive. The procedure was
carefully optimized and was able to be repro-
duced on a 500 g scale.

Soloshonok-Liu ligand.

The proline-derived ligand 14 (Scheme
3) - the Soloshonok-Liu ligand - bearing
three chlorine atoms in strategic positions
was developed in a collaboration between the
laboratories of Prof.s Soloshonok and Liu in
2014 [71,72]. It's phenomenal success for the
asymmetric synthesis of tailor-made AAs can
be attributed to its very high stereochemical

https://ucj.org.ua

preference. The strategic positioning of the
three chlorine atoms in 14 were rationally de-
duced based on critical analysis of numerous
crystallographic structures of the correspond-
ing Ni(II) complexes of various types of AAs
[73]. In particular, the aromatic stacking, par-
allel-displaced type of interactions between the
o-aminobenzophenone and the Pro-N-benzyl
rings was found to be of primary importance
in shaping the spatial arrangements of the cor-
responding Ni(II) complexes. The influence
of these aromatic interactions is very sensitive
to the position and nature of the substituents,
thereby determining the degree of parallel ori-
entation of the interacting aromatic rings [73].
A large-scale synthesis of ligand 14 has been
developed by Hamari [74].

The challenges of selectively alkylating a
zwitterionic substance, such as proline 15,
are 3-fold: first, selective alkylation on nitro-
gen; second, forming the zwitterionic product
under appropriate pH conditions; and third,
separating and isolating the product from the
large amount of potassium chloride formed in
the reaction. A thorough examination of vari-
ous conditions allowed us to determine that
isopropanol using 85% potassium hydroxide
pellets as the baseis an ideal system for the
N-benzylation of proline 15 with benzyl chlo-
ride 16. Upon completion of the alkylation
reaction, the addition of concentrated HCI
causes precipitation of KCI from the solution,
simplifying the isolation and purification of
the product 17 in greater than 90% yield. Simi-
lar to the previous step, the zwitterionic nature
of 17 significantly complicates the activation
of the carboxylic acid and subsequent amide
formation. Furthermore, aromatic amine 18 is
considerably electron deficient and requires a
highly activated electrophile to effect reaction.
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1) PCls
) NH, O
iProH Cl
Q—COZH + -
Q‘COZ Cl
16
cl cl
Cl N._ COH Cl
Ni(OAC)o(H20)s, 2 eq,
DBU, 5 eq,
C\ MeOH, 10 vol, C\
_N 68-70 °C, 21 h _N\ /O 0
O/\NH 0 N

s

St

Scheme 3. Synthesis of the Soloshonok-Liu ligand 14.

Previously, we reported [75,76] the use of
methanesulfonyl chloride and 1-methylimida-
zole/DMAP to form the acid chloride/mixed
anhydride, but the process proved to be prob-
lematic upon scaling up the reaction. Even
though proline has a low intrinsic tendency for
epimerization [77], we focused on finding as-
ingle reagent that would serve to activate the
carboxylic acidwithout the addition of base.
After an extensive search for reaction condi-
tions utilizing thionyl chloride orphosphorus
(V) chloride, we settled on the latter reagent
as it gave more consistent and reproducible re-
sults. Initial experiment susing dichlorometh-
ane as the solvent showed that wecould in-
deed prepare the desired product 14 using one
equivalent of PCI, without the addition of base.
Once again, this process allowed isolation
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of ligand 14 via simple filtration in over 80%
yield. Our next goal was to establish a meth-
od for the satisfactory preparation of Ni(II)
complex 19 on an industrial scale. The major
finding of our work was the application of the
relatively strong, but hindered, base 1,8-diaz-
abicyclo-[5.4.0]-undec-7-ene (DBU) which
met two important criteria, viz. chiral integrity
of the product and simplicity of isolation. In
particular, upon completion of the reaction,
the addition of aqueous acetic acid simulta-
neously neutralizes the reaction mixture and
causes precipitation of the enantiomerically
pure product 19 in near-quantitative yield and
in high purity. This procedure offered a prac-
tical advancement of the synthesis of Ni(II)
complexes (S)- and (R)-19 from bench scale to
multikilogram scale [78].
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R = alk, PhCH,
X=CI,F

R. Ry
N/ o o
/OTO N /T/
i M
N VRN
N O N IN
' DA®
21 X 22
X =H, Cl, NO,
R, Ry =H, alk
M = Ni, Pd, Cu

Fig. 1. Structures of novel axial chiral and N chiral (*) metal (II) complexes.

Our work on chiral HPLC resolution and
the kinetics of racemization of various novel
Ni(II) complexes was conducted in collabora-
tion with the group of Prof. Christian Roussel.
In particular, we successfully developed inno-
vative structural models of Ni(II) complexes of
type 20 (Figure 1) to probe and quantify the
rotational barriers about the Ar-C_bond of
the benzophenone moiety. We demonstrated
that axially chiral ortho-fluoro derivatives 20
are configurationally unstable due to relative-
ly unhindered rotation about the Ar-C bond.
By contrast, the configuration of the ortho-
chloro-substituted analogs 20 are effectively
indefinitely stable under ambient conditions
(t, from 4 to 216 centuries) [79]. In anoth-
er study, we described the design of a model
Ni(II) complex of a glycine Schift base pos-
sessing a nitrogen stereogenic center 21. Meas-
urement of its configurational stability using
HPLC revealed that the configurational stabil-
ity of the Ni(II)-coordinated nitrogen depends
heavily on the solvent, ranging from very un-
stable in polar solvents with ¢, s < 5 minutes to
highly stable in apolar solvents with ¢, s of the
order of a century [80]. We also investigated
configurational stability of a series of N chiral

https://ucj.org.ua

complexes 22 as a function of the substituents
as well as the nature of coordinating metal(II).
In general, electron-withdrawing substituents
led to decreased configurational stability. With
respect to the coordinating metal, the configu-
rational stability was found to increase from
Cu to Ni with Pd complexes the most stable
with ¢, s of 1.25 minutes, 7 hours, and 10 hours,
respectively [81]. The data is of great of theo-
retical and synthetic value suggesting avenues
for the rational design of a new generation of
complexes for the asymmetric synthesis of tai-
lor-made a-AAs [82].

Direct chiral modification of unprotected AAs.

SOAT.

SOAT is defined as a crystallization-in-
duced asymmetric transformation during
which the racemic mixture is converted into a
pure, less-soluble diastereomer [83-89]. This
approach has tremendous practical appeal for
large-scale synthesis as the target product can
be isolated and purified simply by filtration.
However, the major challenge associated with
SOAT is that diastereomers usually do not show
such dramatically distinct differences in pro-
perties such as crystallinity and solubility and
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furthermore, which, for organic compounds at
least, are rather unpredictable.

Rimantadine (24) (Scheme 4) was approved
for medical use in 1993 as an orally adminis-
tered antiviral drug. It is the most clinically ad-
vanced compound among adamantane-based

x

Br

chemotherapeutics developed for viral infec-
tions including influenza A, herpes simplex,
hepatitis C, and HIV [90-92]. It is relatively in-
expensive and readily commercially available
as a racemate as well as in both enantiomeric
forms [93-96].

NH

NH, O Br/\n/Br 0“>NH O NH ;
g0 —— U0 "
K2COs, K,CO3 O O
Cl 48 MeOH, Cl o5 MeCN,
> 95% > 95%

Cl (S)-25

Scheme 4. Synthesis and application of adamantyl-containing ligand 25 for the preparation
of enantiomerically pure, tailor-made-AAs via SOAT.

The therapeutic success of Rimantadine (24)
is attributed to the presence of the adamantyl
moiety — dubbed a “lipophilic bullet” — provid-
ing its derivatives with exceptional lipophilicity
allowing them to penetrate lipophilic domains,
including the blood-brainbarrier [97]. Taking
into account the unique lipophilicity of adaman-
tane, we assumed that this group can be used
to modify the physicochemical properties of
the corresponding Ni(II) complexes to conduct
SOAT-controlled preparation of diastereomeri-
cally pure products. Drawing on previous expe-
rience with various N-H type ligands [98,99],
we designed and prepared adamant ly-contain-
ing ligand 25 as presented in Scheme 4 [100].
Amide bond formation between benzophenone
18 and bromoacetyl bromide was accomplished
cleanly in acetonitrile in the presence of K,.CO,
to obtain 23 in quantitative yield. The subse-
quent alkylation of (S)-24 with 23 was conduct-
ed using K CO, giving rise to ligand (5)-25 in >
95% yield.
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As presented in Scheme 5, the reactions of
Rimantadine ligand (S)-25 and racemic AA 26
were conducted in methanol using 1.1 equiv-
alents of both 26 and Ni(NO,),-6H,O and 4
equivalents of K,CO,. After heating the reac-
tion mixture for about 2 hours at 70 °C, all four
possible diastereomers 27-30 were observed in
the reaction mixture. However, diastereomer
(SR R.)-30 was formed in noticeable excess
(~9:1:1:1). An important feature of this me-
thod is that under the basic conditions, all di-
astereomers 27-30 are interconvertible by the
step-wise inversion of the two labile stereoge-
nic centers. Therefore, under SOAT conditions,
one of the diastereomers can potentially arise
as the predominant entity. Depending on the
nature of AA 26, the precipitation of the major
diastereomer can occur either spontaneously
or it can be initiated by a gradual addition of
water. After precipitation, the diastereomeri-
cally pure product is usually obtained simply
by filtration in 60-90% yield [100].
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R._ _CO.H H, Hi,,
NH he PO OO
NH, i /Ni\
(rac)-26 © N R o >N N"R
O” °NH O ' KoCOs !
Ni(NO3),.6H,0, O O O O
K,COs
cl
& (5125
(ScSnRe)-27 (ScSnSc)-28

HCI/MeOH @

0” N IN R —> N IN"’R
,N__COOH
cl cl
(ScRyRc)-30 (ScRnSc)-29

Scheme 5. SOAT approach for the preparation of enantiomerically pure tailor-made AAs.

_-CO,H @

Hal a) Ar
N O O X
Ni(NO4),.6H,0,
chos SOAT

B B

C (sr32 N
/ Ar

¢/”\‘ HCI/MeOH O O
(S)-25
(SCRNRC)'33

COOH

o

A" (R)-34

_Z

Scheme 6.Tandem alkylation-SOAT protocol for the preparation
of phenylalanine-type tailor-made a-AAs.

https://ucj.org.ua 95




ORGANIC CHEMISTRY

HAMARI’S CONTRIBUTION TO THE ASYMMETRIC SYNTHESIS OF TAILOR-MADE AMINO ACIDS.

Our next goal in the area of SOAT was the
development of an advanced general process
for the preparation of tailor-made a-AAs via
tandem alkylation-SOAT. As presented in
Scheme 6, Rimantadine-containing ligand 25
was reacted with glycine and a Ni(II) salt to
assemble complex 32. For the first step of the
alkylation of 32, very mild phase-transfer con-
ditions were used [101] allowing the introduc-
tion of a side chain to the target a-AA. The se-
cond step utilized SOAT methodology afford-
ing nearly complete precipitation of the corre-
sponding (S_,R,R_)-configured diastereomer
33. Disassembly of 33 provided the target AA
34 as well as recovery of the starting Rimanta-
dine ligand 25 for reuse [102]. Due to the very
mild conditions of the first step, this approach

Ph
\f (rac)-Phe,
N\R NiCly,

L K,COs3,
0 NH O reflux in MeOH
35
R =H, Me, Et, HCI/MeOH

nPr, Bn, Ph(CH5),

(R)- or (S)-Phe

is limited to the preparation of aromatic AAs,
such as phenylalanine and its various deriva-
tives. Nevertheless, this method is exceptional-
ly practical and of high synthetic value.

DKR

Another approach for the direct chiral
modification of unprotected AAs is DKR
[103-115]. Like SOAT, DKR requires efficient,
unimpeded interconverison of diastereomeric
species in the reaction mixture. However, in
contrast to SOAT, DKR is based on the ther-
modynamic stability of products. Our research
in DKR began with the design of ligands 35
(Scheme 7) derived from phenylethylamine,
one of the most inexpensive and readily availa-
ble chiral compounds [116-118].

Ph/,,’ Me Ph
R
“N. o__o NH
A /
4}\ /Ni‘ T Ph
0N N7 0 NH O

(ScRnSc)-36 60%

(ScSnRc)-37 30%

Scheme 7. Phenylethylamine-derived ligands for the DKR of unprotected tailor-made AAs.

As presented in Scheme 7, the reaction of
ligand 35 with rac-phenylalanine, Ni(II), and
base resulted in almost quantitative formation
of diastereomers 36 and 37 in a ratio of about
2 to 1. Compounds 36 and 37 can be isolated
by precipitation from the reaction mixture and
are separableby column chromatography. Then
either 36 or 37 can be disassembled to yield
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the enantiomerically pure AA as well allow-
ing for the recovery of ligand 35. Additionally,
the undesired diastereomer can be treated in
a methanol solution with base to convert it to
the desired diastereomer, e.g. 36 into 37 or vice
versa, followed by the chromatographic separa-
tion. The process can be repeated until all of the
product is converted into the desired diastere-
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omer to yield the desired (S)- or (R)-AA. Dias-
tereoselectivity in this method can be improved
by adding some structural rigidity to the ligand
design. For example, ligand 38 was successfully
used for the DKR of various AAs [119], includ-
ing fluorinated tailor-made derivatives [120].

The conceptual breakthrough inthe DKR
of unprotected AAs was made with the design
of Soloshonok-Liu ligand 14 (Scheme 3). As
shown in Scheme 8, ligand 14 reacts with va-
rious AAs under very mild conditions to pro-
duce the corresponding Ni(II) complexes 39
with diastereoselectivity>97:3 [121-125].

Cl Cl
cl )R\ Cl
HN"  COzH

Ni(OAC),(H,0)4, 2 €q,
C\N DBU, 5 eq, C\N\ 0__0
; MeOH, 10 vo, N T
/‘ 68-70 °C, 21 h O S N,
0 NH O 07N N R
Cl (S)-14 cl (S)-39

R
HZN/kCOzH

Scheme 8. DKR of unprotected tailor-made AAs using Soloshonok-Liu ligand 14.

Precipitation of the major product from
the reaction mixture affords virtually diastere-
omerically pure 39 which can be disassembled
under standard acidic conditions to release the
target AA along with recovery of the chiral li-
gand 14. The process is very clean as virtually
no byproducts are formed allowing the isola-
tion of complex 39 in yields >90%. DKR can be
applied to a great variety of tailor-made AAs
differing of structural types. The limitations,
however, include AAs containing w functio-
nal groups such as aliphatic CO,H, NH,, SH,
or OH.

Similar results for the DKR of unprotec-
ted AAs were also obtained using the Hamari

https://ucj.org.ua

ligand 13. As shown in Scheme 9, ligand 13
readily reacted with racemic AAs forming
complex 39 as the major diastereomer (>95:5)
[126,127].

The stereochemical outcome of DKR and
reaction limitations for ligands 13 and 14 are
very similar rendering these two chiral ligands
of high synthetic value for the preparation of
enantiomerically pure tailor-made AAs on a
large scale. It should be noted that proline-de-
rived ligand 14 is significantly less expensive in
comparison to 13. On the other hand, the chi-
rality of ligand 13 is resistant under the applied
conditions and therefore its recycling is amena-
ble without requiring additional purification.
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Cl R
Cl )\ cl
H,N~ “CO,H
NiCl,, 1.1 eq,
C\N K2CO03, 4 eq, g\
D

HoN CO,H

Ni(OAc)2(H20)4, 2 eq,
DBU, 5 eq,
MeOH, 10 vol,
68-70 °C, 21 h

CO,H

Scheme 9. DKR of unprotected tailor-made AAs using Hamari ligand 13.

Cl

NaOMe, 2 eq,
CD30D, 15 vol,
40-70°C,2h (S)(S)-40

@]

CD30D, 30 vol,
40-70°C, 23 h

=z
O

N /Of
put / N s
o ‘R
99% 2H o

O O O 98.7% de
4

o 2
Cl (SS)-40 96% “Ha
98.8% de
Scheme 10. Synthesis of tailor-made a-deutereo-AAs via DKR.

DKR has an additional synthetic advan- mics for obtaining essential data on in vivo AA
tage for the preparation of a-deutereo-AAs metabolism and protein turnover [139-140].
[128] as a special class of isotopically labeled While the asymmetric synthesis of a-deute-
compounds. Though the market for a-deute- reo-AAs has received due attention [141-151],
reo-AAs is relatively small, they have nume- optimal solutions with regards to the problems
rous applications in the mechanistic studies of selectivity, level of deuterium incorporation,
of various enzymes and biochemical processes and enantiomeric purity of the target AA shave
[129-138]. Furthermore, tailor-made a-deu- notyetbeen found. In this respect, the protocol
tereo-AAs play an indispensable role in the developed by us represents the most advanced
emerging area of clinical functional metabolo- procedure reported to date. As presented in
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Scheme 10, conducting DKR under the standard
conditions in deuterated methanol affords
product 40 in quantitative yield with 98.8%
diastereomeric excess (de) and 96% deuterium
incorporation at the a position. For most ap-
plications of a-deutereo-AA this is an accep-
table level and thus complex 40 can be disas-
sembled under the usual acidic conditions to
produce the target a-deutereo-AA. However, if
a very high level of deuterium incorporation is
required, for example for mechanistic kinetic
studies, an additional exposure of 40 to deu-
terated methanol in the presence of a stronger
base can be performed to produce 40 of ~99%
deuterium incorporation at the « position.

Elaboration of chiral nucleophilic or electro-
philic glycine equivalents.

Alkylation.

The alkylation of chiral glycine equivalents
is one of the most widely used approaches
for the asymmetric synthesis of tailor-made
AAs [152-154]. Both the Hamari ligand 13
and the Soloshonok-Liu ligand 14 have been
successfully used in our laboratories for the
large-scale preparation of tailor-made AAs.
As already pointed out above, one of the most
rapidly growing areas inmodern drug design is
the application of fluorinated residues as bio-
isosteres of naturally occurring molecular en-
tities. Based on considerations of the biologi-
cally relevant size, as cumulatively defined by
van der Waals (vdW) volume, A values, Taft
Es values, and biphenyl rotational interference
values [155-159], a trifluoromethyl group has
often been considered to be isosteric with an
isopropyl substituent. Although - CF, and -
iPr groups are clearly of different shape, they
are sterically much closer than to -Me, -Et,
and -tBu groups. As shown in Figure 2, the

https://ucj.org.ua

differences projected by several biphenyl ro-
tational interference values are relatively mo-
dest, suggesting steric mimicry between these
two groups and thereby fueling interest in the
synthesis of trifluoromethyl containing a- and
B-AAs [160]. Thus, 2-amino-4,4,4-trifluoro-
butanoic acid (41) can be used as a substitute
for leucine (42) in the de novo design of bio-
logically active peptides and peptidomimetics
[161-171].

F CO,H CO,H
ST Y i
VS. NH,

F NH,
41 42

—CF3 —iPr —CH3 —C,Hs —tBu
vdW volume (A%) 39.8 562 216 389 -
Taft Es value -240 -1.71 -1.24 -1.31 -2.70
A value (kcal/mol) 2.1 215 1.7 1.7 >45
BRIV* (kcal/mol) 121 126 9.7 - 183
BRBV** 105 111 74 87 154

(AGrot, kcal/mol)

*Biphenyl rotational interference value
**Experimental biphenyl rotational B value

Fig. 2. Bioisosteric relationships between -CF,
and -iPr groups in the context of using 2-amino-
4,4,4-trifluorobutanoic acid (41) as a substitute for
leucine (42) in drug design.

Responding to the high interest in triflu-
oro-AA 41, we selected this molecule as one of
our research targets. As shown in Scheme 11,
chiral glycine equivalent 19 was alkylated
with CF,CH,I to produce the target complex
(52S5)-43 as the major diastereomer with 97%
de [172,173]. Of note, usually the alkylation
of glycine Schifft base complexes derived from
ligands of type 14 is performed in the pre-
sence of a large excess of a base, usually 5-10
equivalents [174-177]. Consequently, it was an
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important finding that for large-scale synthe-
sis, the optimized conditions only required a
quite small excess of base (5 mol%). The same
stoichiometry was found to be optimal for the
alkylating reagent. Thus, only a 5 mol% ex-

cess of the trifluoroethyl iodide was sufficient
for optimal yields and stereochemical out-
come. Similar to trifluoro-AA 41, we prepared
(S)-2-amino-6,6,6-trifluorohexanoic acid 44
[178,179] and a-(octyl)glycine 45 [180].

cl cl
cl cl
FiC”
1.05 eq,
C\ KOH/MeOH,
1.05 eq, C\N 0 o
AN OO D N
Pl — - A /N' _CFs :
A P
o7 NN o” N O/\NH o
o (SF19 cl (S)(23)43 NH & (S 14
+(S)(2R)-43
4
CO,H COH
Fsc/\/Y 2 /\/\/\/Y 2
NH, NH,
44 -
Cl () cl o
Cl cl Cl
/ o
K/ z \\N
C\N\ 0._0 C\N\ S Ng© z
v N e N Ni - N N
H /NI\ R 3 /NI\ N A |
AT YD e
|
X
T ; C.
cl
cl  (S)-46 Cl Cl (PIM)-47 (S)-48

Scheme 11. Asymmetric synthesis of tailor-made AA via alkylation of a glycine complex.

Close attention to all aspects of the reac-
tion process and thorough examination of the
chemical entities in the reaction mixture al-
lowed us to isolate not only the usual dialky-
lation products 46, but also the previously
undetermined byproducts 47 and 48. Charac-
terizing these byproducts was instrumental in
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gaining a more complete understanding of the
reaction chemistry and in formulating more
conducive reaction conditions [181,182].

The installation of sterically constrained
tailor-madea-AAs into strategic positions of
peptide chains brings about noticeable confor-
mational restrictions of the corresponding ¢,
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¥, and y angles in the folded biologically ac-
tive three-dimensional structure [183-190].
In this regard, the synthesis and applications
of a,a-disubstituted AAs have received wide-
spread consideration [191,192]. Among the
highly interesting targets is a-(methyl)cysteine
(51) (Scheme 12), a quite rare, naturally occur-
ring quaternary AA isolated from blue-green
algae [193,194]. In particular, several natural

cl
cl
HS
C\N\ OO0 cI” s ph
IO - (R)-51
07N IN —
i (5140 (5)-51

products that contain ana-(methyl)cysteine
(51) fragment, such as mirabzoles [195, 196],
tantazoles [197], and thiangazoles [198, 199],
were found to possess promising antitumor
and anti-HIV-1 activities which provide con-
siderable motivationfor the development of
asymmetric synthesis and in-depth biological-
investigation of a-(methyl)cysteine (51).

""'CO,H

Scheme 12. Asymmetric synthesis of a-(methyl)cysteine (51).

As presented in Scheme 12, the synthe-
sis of 51 was accomplished by the alkylation
of alanine complexes 49 and 50 derived from
Hamari 13 and Soloshonok-Liu 14 ligands,
respectively [200]. It should be noted that the
alanine residue in complexes 49 and 50 can be
racemic as the reaction proceeds via formation
of the achiral intermediate enolate. Proline de-
rived complex 49 exhibited better stereochemi-
cal preference allowing the preparation of the
major diastereomer in 77% yield with 80% de.
The major product can be purified by column
chromatography and disassembled to provide
the target AA 51. Both enantiomers of 51 were
prepared with the same stereochemical out-
come.

https://ucj.org.ua

Another interesting example of tailor-made
AAs is 7-azatryptophan 52. AA 52 has been
widely used as a biological fluorescent probe
[201-204], an antiplasmodial compound
[205], and an inhibitorof checkpoint kinase 1
[206-208]. Although there have been several
reports on the synthesis of azatryptophanes
[209-215], the synthesis of 7-azatryptophan
52 has remained less developed, in particular,
by asymmetric synthesis. We demonstrated
that the synthesis of AA 52 can be effective-
ly realized via alkylation of a glycine complex
(Scheme 13).

As shown in Scheme 13, N-protected chlo-
ride 53 reacted with glycine complex 19 in the
presence of a strong base in DMSO affording
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alkylated product 54 as a single diastereomer
in 74% yield. Disassembly of 54 under aci-
dic conditions took place with simultaneous
removal of the Boc protecting groupproviding

Qjﬂ
N

the target AA 52 in 95% yield [216]. It should
be noted that chiral ligand 14 was also collec-
ted with 97% recovery for re-use.

7 CO,H
. N T N Hel 7 / 2
Ni >~ z i
N N4 7 N NH;

19

Cl

(S)-14
szs) -54

Scheme 13. Asymmetric synthesis of 7-azatryptophan
via alkylation of glycine-Ni(II)complex.

Scheme 14 illustrates various AAs synthe-
sized using Hamari ligand 13. The glycine-de-
rived complex 55 can be prepared quantita-
tively by treating ligand 13 with glycine and
a source of Ni(II), e.g. NiCl,, in methanol in
the presence of base. Any alkylating reagent
compatible with the reaction conditions can
be used to alkylate the glycine moiety in 55.
For instance, mono-, di-, or polysubstituted
benzyl chlorides/bromides provide excellent
alkylations. The substituents on the phenyl
ring only have a negligible effect on the ste-
reochemical outcome. Similarly, variously
substituted naphthyl derivatives and some
heterocyclic derivatives also produce excel-
lent results. Although inactivated alkyl hali-
des react more slowly, they still achieve the
same high stereochemical outcome, typically
around 95% de, with chemical yields exceed-
ing 90%. The alkylation products 56 can be
conveniently disassembled to yield the cor-
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responding AA and chiral ligand 13 which
can be easily recovered with uncompromised
enantiomeric purity [217].

Chiral glycine alkylation methodology
can also be used for the synthesis of bis-AA
(Scheme 15) [218, 219]. This particular class of
tailor-made AAs is frequently found in natu-
rally occurring peptides. For example, bis-AAs
play an important role in the structure of the
peptidoglycan cell walls of fungi and bacteria
and can act ascross linking elements to allow
for efficient control of thepeptide secondary
structure. Representative examples of natural-
ly occurring bis-AAs include diaminopimelic
acid [220,221] and dityrosine [222]. Further-
more, bis-AAs serve as a key structural unitin
the design of antibiotics that disrupt microbial
cell wall synthesis [223]. Due to their useful
biological properties and bio structural func-
tions, the synthesis of bis-A As has received sig-
nificant interest [224-231].
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(R)-57

Scheme 14. Asymmetric synthesis of various tailor-made AAs via alkylation
of glycine Ni(II) complex derived from Hamari ligand13.

cl
cl lof cl
cl o]

C\ Brw_ X< _-Br HaN.__CO,H
N 0.0 58 C\ \(
N 0._0_ N HCI

0N \lN ;\ /N|\ ) /X N/, I\N o B

or N N | H,N">COLH

O O O ‘ ‘ (S.5)-60

o (919 +

Cl (S,S,S,S)-59 Cl (S)-14

dr>97:3
. \‘\‘\ ‘ /\/

Scheme 15. Asymmetric synthesis of tailor-made bis-AAs via alkylation of a glycine Ni(II) complex.

As illustrated in Scheme 15, dibromides 58 yields of 59 are usually above 90% with diaste-
can react with two equivalents of glycine-Ni(II) reoselectivity >97:3. As expected, the reaction
complex 19 to afford di-alkylated 59. Despite proceeds via intermediate monoalkylated de-
some complexity of this process, the chemical rivatives which can be determined by TLC and,
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if necessary, isolated. This approach, though, is
limited to activated dibromides 58 such as ben-
zyl or allyl derivatives [232]. Attempts to use
inactivated alkyl halides require forcing condi-
tions leading to significant decomposition and
loss of stereochemical integrity. Disassembly of
59 under acidic conditions permits the isolation
of the target bis-AAs 60 as well as the recovery
of chiral ligand 14.

Aldol addition reactions.

Aldol addition to glycine equivalents is the
most convenient approach for the preparation
of a-amino-f-hydroxy AAs [233-237]. For ex-
ample, glycine Ni(II) complex 19 was shown
to react with various aldehydes and activated

Cl
Cl

Yo

0]
H
OMe
o
7 be |G

ketones [238-240]. The aldol reactions of 19
can be conducted under either kinetic con-
trol using a weak base or under thermody-
namic control using a strong base [241,242].
While the latter affords the corresponding al-
dol addition products with excellent levels of
diastereoselectivity at the a- and fS-positions
(> 98:2), the former proceeds only sluggishly
and with only a low degree of stereochemical
preference(~60:40) at the p-stereogenic car-
bon. Considering these inherently challeng-
ing synthetic limitations, we were interested to
know whether the stereochemical preference
could be improved when the aldol addition is
followed by transformation to irreversible pro-
ducts (Scheme 16) [243].

@%?

L CI (S2S,3S)-6 Cl (S2S,3S)-62
C\N (0] + C_\N
i N W z
NN OAN/
©/k o
Cl  (525,35)-63 o (525,35)-64

Scheme 16. Methodological study of the aldol addition-cyclization reaction cascade.
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As presented in Scheme 16, using the chi-
ral Ni(II) complex of glycine Schiff base 19 we
designed an addition-cyclization reaction cas-
cade to explore aspects of the kinetic triethyl-
amine-catalyzed formation of the correspond-
ing (825,35)-63 and (S)(2S,3R)-64 diastereo-
mers [243]. It was found that the final lactone
products rather reflected thermodynamic ste-
reocontrol due to much greater rates of the re-
versible aldol addition, products 61 and 62, vs.
a subsequent and irreversible cyclization step.
The observed 80:20 diastereoselectivity for (S)
(25,35)-63 and (S)(2S,3R)-64 in the reaction of
Ni(II) complex 19 constitutes an improvement
over the previously reported 60:40 ratio.

Cl C

|
o)
cl I
NS .
FsC~ N7 [< K
(Rs)-65 o (Seres
C\N O._0O« /OT
N MeCN, t, /\N k k
C

N

Mannich additions.

Mannich additions of chiral glycine equiva-
lents represent the most direct approach for
the preparation of «,f-bis-AAs [244-247]. In
the chemistry of Ni(II) complexes of glycine
Schift bases, Mannich additions are one of the
least studied reactions [248]. Nevertheless,
a,3-bis-AAs constitute an important class of
tailor-made AAs found in nature as structu-
ral motifs of biologically important molecules
[249, 250].

As illustrated in Scheme 17, we designed
a Mannich addition to investigate the case
of matching vs. mismatching diastereomeric
preferences between chiral complex 19 and
chiral Mannich acceptor 65 [251].

N/ ~ "H DBU N DBU,
I Ni H o ’ = Ni
P WA WR )< MeCN,rt, _A_ /
0" N IN S 6737% © N dr>97:3
0,
©/KPhCF3 o 68 63% oh
& (S2R 3RR,)-67 & (S)-19 & (S25,3SS,)-66
Cl +
; Cl
(VN oo
v N/ ~ H
TN L
0“>N N °s

Scheme 17. Mannich additions of the chiral Ni(II) complex of glycine Schiff base 19
with a chiral Mannich acceptor 65.
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It was intriguing to find that S-configured
Ni(II) complex 19 and N-tert-butylsulfi-
nyl-3,3,3-trifluoroacetaldimine 65 with an (S)
configuration have matching stereochemical
preferences resulting in the formation of pro-
duct 66 with virtually complete diastereose-
lectivity. The reaction of (S)-19 with (R)-65 is
a case of mismatching stereochemical prefe-
rences and affords amixture of diastereomers
67 and 68 in a ratio of 37:63. These results
suggest that the stereocontrol of the Ni(II)
complex 19 prevails over the stereoselecti-
vity provided by imine 65. It is worth noting
that N-tert-butylsulfiny 1-3,3,3-trifluoroac-
etaldimine (65) is one of the most widely used
and exceptionally high stereocontrolling chiral
reagent for the asymmetric synthesis of amines
and AAs [252-256].

Cl

Cl

cl o

/\)J\OAnyl

69

C\N\ 0.0 K,COy, C\
YN :f iPrOH, 50 °C, N
A~ 10 h S Ni
(0] N N S

| 07N
Ph
& (S)K19

Cl

Michael additions.

Michael additions are of great synthetic va-
lue for the preparation of various types of tai-
lor-made AAs containing five carbon atoms in
their skeleton. These include, but are not limi-
ted to, glutamic acid, glutamine, pyroglutamic
acid, pyroglutamine, and proline [257-260].
The Michael addition of Ni(II)complexes
with various a,f-unsaturated carboxylic acid
derivatives has been one of the most prolific
avenues of this research area [261-264]. We
chose Michael addition for the synthesis of
(2S,35)-3-methylglutamine, one the key com-
pounds used in the total synthesis of cytotoxic
marine peptides callipeltin O and Q [265]. As
presented in Scheme 18, glycine Ni(II) com-
plex 19 was reacted with Michael acceptor 69
under specially designed conditions to keep
intact the allyl ester moiety [266].

Cl o Me
' _CO,H
6M HCI,  Allylo
THF, rt
(28,35)-71 NH3Cl

“ 5 steps

Ph o Me

‘' _CO,H
XanHN

(S2S,3S)-70 (28,3S)-72 NHFmoc

Scheme 18. Asymmetric synthesis of (25,3S)-3-methylglutamine via Michael addition.

The acidic disassembly of the major dia-
stereomeric product (5253S)-70 was also per-
formed under strictly controlled conditions
using THF as a solvent. Allyl ester hydrochlo-
ride 71 was subsequently transformed into the
target glutamine derivative 72 in five steps in-
volving protection-deprotection procedures.
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The substitution of phenylalanine (73, Fi-
gure 3) in endogenous peptides with a bulki-
er and more lipophilic -phenylphenylalanine
(diphenylalanine, DPA, 74) usually leads to im-
proved binding to the apolarsite of the targeted
receptors. DPA-modified peptides were found
to possess some encouraging biological pro-
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files in the areas of thrombin inhibitors [267,
268], angiotensin-converting enzyme (ACE)
inhibitors [269], HIV protease inhibitors [270],

bitors [271], y and § opioid receptors [272],
and other types of peptidic substrate-receptor
interactions [273-279].

UCJ N2 10 / Vol. 90

pain-related norepinephrine transporterinhi-

COH i]n

‘ NH, 2
74 @

Fig. 3. Phenylalanine (73) and its more lipophilic analogs.

Numerous advanced in silico studies have
generated structural profiles for hundreds of
tailor-made AAs with rationally designed size
control and vdW and electrostatic interactions
that influence peptide ligand binding affinity
with endogenous receptors [280-283]. 2-Ami-
no-4,4-bis-(phenylsulfonyl)butanoic acid (75)

is one of the promising structures featuring
enhanced steric bulk and lipophilicity. We en-
visioned that this molecule could be assembled
via Michael addition between glycine-Ni(II)
complex 19 and the specially designed vinyl-
disulfonyl Michael acceptor 76 (Scheme 19)
[284-287].

302 1) 6N HCI,
MeOH,
50 °C,2h @\
2) EDTA-2Na
- 0 : SO
) L MeCN, Y S0, Na,COs3, 2 CO,H
OAN ‘N TEA, 50 °C, /'\ 3 ,, Fmoc-OSu,
13 h 0N |N SO, H,0/MeCN S0z N._
—_—
P“ O O
78
Cl (5)-19 (S2S)-77 vield 99% +(S)-14

Cl

dr93:7

Scheme 19. Asymmetric synthesis of 2-amino-4,4-bis-(phenylsulfonyl)butanoic acid (75).

It was interesting to find that due to the high
electrophilicity of acceptor 76, the correspond-
ing Michael addition with glycine complex 19
can be conveniently conducted using triethyl-
amine as base. Optimization of the reaction

https://ucj.org.ua

conditions allowed for preparation of the dia-
stereomeric products with an excellent yield of
99% and high diastereomeric ratio (dr) of 93:7.
The major diastereomer 77 was transformed
into the corresponding Fmoc derivative 78
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of 2-amino-4,4-bis-(phenylsulfonyl)butanoic
acid (75) under standard conditions. As usual,
chiral ligand (S)-14 is able to be recovered and
purified for future applications [288].

3-Methyleneglutamic acid (79, Figure 4)
was reported as a racemic compound and test-
ed as a potential suicide inhibitor of pig heart
glutamate-aspartate transaminase [289,290].
Interestingly, (S)-4-methyleneglutamic acid
(80) is a naturally occurring compound
[291,292] and was prepared in enantiomerical-
ly pure form [293,294].

O
J\)J\(COZ HOJ\[(\rCOZH
NH,

Flg. 4. Structures of (S)-3-methyleneglutamic
acid (79) and (S)-4-methyleneglutamic acid (80).

We also examined the Michael addition be-
tween glycine Ni(II) complex 19 and Michael
acceptor 81 bearing a tosylate leaving group
(Scheme 20) [95]. Our goal was to prepare ad-
dition product 82 containing the correspond-
ing B-methyl-unsaturated AA. Quite unex-
pectedly, we isolated compound 83 as the ma-
jor product. This outcome was very welcome
as it allowed for the asymmetric synthesis of
(S)-3-methyleneglutamic acid (79) which was
previously unknown in enantiomerically pure
form.We reasoned that compound 82 under-
went base-catalyzed isomerization to 83 via
transition state 84. This mechanistic rational
is supported by the fact that using the same
method we were able to prepare fluoro-AA
85 via the expected addition-elimination se-
quence [295].

cl Cl
Cl Cl
”é/\cozEt
0 Me 81 C\N\ 0.0 C\N\ 0.0
; N{ o T . N7
o\ N chos, 0N N7 P CoLEt | KOs 07N N (\ CO,Et
| MeOH | MeOH |
Ph pr,Me Ph
c (S)-19 — (SS)-82 _| Cl (SS)-83
HCI
O l
eﬁ N OEt 0
CO,H =
HO _ ] CO,H
Q) /9) HO + (S)-14
CF; NH, H™I H NH
85 H ?
84 79

Scheme 20. Michael addition of glycine-Ni(II)complex with Michael acceptors
containing tosylate leaving groups.

108

ISSN 2708-129X. VKp. Xim. XypH., 2024



Jianlin Han, Hong Liu, Jiang Wang, Alicja Wzorek, Alexander E. Sorochinsky, Karel D. Klika, Taizo Ono, Hiroki Moriwaki,

Tatsunori Sato, Kunisuke Izawa, Hiroyuki Konno, Vadim A. Soloshonok

Organophosphorus derivatives are wide-
ly found in natural products, pharmaceuti-
cals, chiral ligands, and functional materials
[296-305]. Phosphorus-containing a-AAs are
an important class of tailor-made AAs that
have gained considerable attention in peptide
design strategies as they enhance stability to-
wards protease degradation and permit bioac-
tivity to be modulated [306-314]. Previously,

Cl

N /O (0] H
= /Nl - =
PN K,CO5 P
o~ N |N MeCN, ©
Ph 60 °C

c (S)-86

using Ni(II) complex chemistry, w-phosphorus
analogs of dicarboxylic AAs were prepared
by alkylation of a glycine chiral Schift base
complex with the corresponding phosphorus
alkyl halides [315]. We envisioned a different
approach based on the Michael addition of
dehydroalanine chiral Schift base complex 86
(Scheme 21).

HO:/|/O (I:I)
"/,/P\\R

HN
| R
Boc

(R)-89

(SR)8 +(S)-14

Scheme 21. Asymmetric synthesis of phosphorus analogs of AAs via Michael addition.

In sharp contrast to the previously dis-
cussed Ni(II) complexes representing nu-
cleophilic glycine equivalents, dehydroala-
nine derivative 86 [316,317] represents an
electrophilic alanine equivalent allowing ho-
mologation at the corresponding f3 position.
The addition reactions of Ni(II)complex 86
with nucleophiles 87 were conducted under
the usual nucleophilic conditions using me-
thanol as a solvent and K,CO, as base [318].
The Michael addition between dehydroala-
nine Ni(II) complex 86 and phosphorous nu-
cleophiles 87occurred very cleanly furnishing
products 88 in good yields and with excellent
diastereoselectivity. It should be noted that
the a configuration of the addition products
88 appears to be of an unusual (SR) config-
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uration, but this is simply due to the CIP
priority rules favoring the phosphorus atom
over the -CO,H group [319,320]. Complexes
88 were disassembled under the usual acid-
ic conditions and the target AAs were in situ
converted to the corresponding N-Boc deri-
vatives 89 along with the recovery of the chi-
ral ligand (§)-14.

Multistep procedures.

Described above are general methodolo-
gical approaches requiring one key step before
acquiring the target AA. In this section we
provide examples of multiple synthetic trans-
formations for the preparation of structurally
complex tailor-made AAs as exemplified by
the structures in Figure 5.
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N
N o) > OH
O" N Xeo,tBu
O R Me
R = alk (3S,4R) (2R,4R)-91

R = aryl, -CF3 (3S,45)-90

Fig. 5. Examples of products prepared using
Ni(II) complex methodology.

Thalidomide is a notorious drug due to the
monumental socio-scientific impact it had on-
nearly every sector of the healthcare industry
[321-324]. Nevertheless, in 1998 and 1999 the
US Food and Drug Administration approved
thalidomide for use in the treatment of erythe-
ma nodosum leprosum and multiple myeloma
[325]. Moreover, the clinical success of thalido-
mide led to the development and marketing of
several of its structural analogs [326-328]. The
Michael addition of glycine-Ni(II) complexes
were used as a key step in the asymmetric syn-
thesis of novel 4-substituted enantiomerically
stable analogs of thalidomide 90 [329,330].
Oxazolomycin A, isolated from the fermenta-
tion broth of Streptomyces sp., exhibits potent
antibiotic properties against various Gram-po-
sitive bacteria and Agrobacteriumtume faciens,
strong anticancer activity, as well as various
other antiviralactivities [331-339]. It was envi-
sioned that the pyroglutamate core unit, such
as compound 91 which possesses appropri-
ate functional groups at C-2 and C-3, can be
viewed as a synthetic intermediate in the total
synthesis of Oxazolomycin-type natural prod-
ucts. The first step in this process included the
Michael addition of achiral glycine Schift base
with a chiral «,f-disubstituted acrylate deriva-
tive for the preparation of the enantiomerically
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pure a,3-disubstituted pyroglutamic acid core.
A total of twelve reactions were utilized in the
synthesis of 91 with an overall yield of 10%
[340].

a, 3-Methano-AAs, or methanologs of a-AAs,
represent an extreme case of compounds con-
taining a severely conformationally restricted
cyclopropane ring [341, 342]. Remarkably, se-
veral cyclopropyl group-containing AAs, such
as 92-94 (Figure 6), are naturally occurring
compounds and have been isolated from va-
rious higher plants [343-351].

CO,H CO,H CO,H CO,H
M .
H,N HZN)y © H2N/1>/\ HoN' 1>/\
92 93 94 (2R,35)-95

Fig. 6. Naturally occurring and tailor-made a,f-
methano-a-AAs.

The interest in methanologs of AAs results
from the discovery of a novel and very potent
class of hepatitis C virus NS3/4A protease in-
hibitors [352] containing (1R,2S)-1-amino-
2-vinylcyclopropanecarboxylic acid (95) as
a key structural feature. Thus, at least sixdif-
ferent drugs containing AA 95 are currently
being developed for the treatment of hepati-
tis C. For example, Simeprevir [353], Dano-
previr [354], Asunaprevir [355], Faldaprevir
[356], Ciluprevir, and Grazoprevir [357] all
have a fragment of acid 95 as a sulfonamide
derivative.

Given this profound interest in the phar-
maceutical applications of acid 95, we exami-
ned Ni(II) complex chemistry for the asym-
metric synthesis of this compound. The me-
thod developed by us is illustrated in Scheme
22 [358].
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Scheme 22. Asymmetric synthesis of Boc-protected
(1S,2R)-1-amino-2-vinylcyclopropanecarboxylic acid (99).

The synthetic sequence began with the se-
lective alkylation of glycine complex 19 with
dibromide 96. We found that the first mo-
no-alkylation reaction needed to be conduct-
ed under very mild phase-transfer conditions
using dichloroethane as the solvent at am-
bient temperature. The diastereoselectivity
of the first alkylation step is kinetically con-
trolled and affords product 97 as a mixture of
diastereomers in a ratio of 80:20, but unfor-
tunately it is not high yielding. However, the
ratio of diastereomers 97 is of no concern as
the next alkylation step occurs via deprotona-
tion of the a-stereogenic center. The second
intramolecular, alkylation-cyclization requires
very strong basic conditions giving rise to the
targeted, highly sterically constrained, cyclic
architecture. Product 98 was isolated in 75%
yield as a mixture of diastereomers 90:10. The
major compound with (1S,2R) configuration
was obtained diastereomerically pure by col-
umn chromatography. Disassembly of com-
pound 98 followed by four additional steps

https://ucj.org.ua

afforded the Boc-protected (1S,2R)-1-amino-
2-vinylcyclopropanecarboxylic acid (99) [358].
A similar reaction sequence was used for the
preparation of the (1S,2R) and (1R,2S) enantio-
mers of 1l-amino-2-vinylcyclopropanecarbo-
xylic acid starting from the glycine complex
derived from the Hamari ligand 13 [359]. Both
approaches provide for reliable access to this
pharmacologically important tailor-made AA.

3-Amino-2-hydroxyoctadecanoic acid (Ahod
100, Figure 7) is a common structural unit of
naturally occurring peptides Ralstonin A and
Ralstoamide A possessing chlamydospore-in-
ducing activity in fungus and moderatephyto-
toxicity in plants [360]. The total synthesis of
Ralstonin A and Ralstoamide A has not been
reported and synthetic work on these mole-
cules has been limited for a long time by the
preparation of selected fragments, in particu-
lar the 3-hydroxy-tyrosine fragment with var-
ious stereochemistries and functional group
protections [361-363]. Planning for the high-
ly anticipated structural confirmation and a
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structure—activity relationship study, we decid-
ed to focus on the preparation of Ahod AA 100
which is critically responsible for the lipophilic
properties of these naturally occurring peptides.

Fig. 7. The common structural fragment of
Ralstonin A and Ralstoamide A.

As presented in Scheme 23 [364], the syn-
thesis started with the alkylation of chiral
glycine equivalent 19 with alkyl iodide 101.

Cl Cl
Cl Cl

The reaction was conducted under the usual
strongly basic conditions at ambient tempera-
ture affording alkylation product 102 in high
chemical yield and with high diastereoselec-
tivity. Disassembly of diastereomerically pure
102 was followed by the esterification and pro-
tection of the amino group. The ester group in
103 was hydrolyzed using NaOH to yield 104,
which was reacted with reagent 105 to pro-
duce intermediate 106. Compound 106 was
treated with oxone in THF-methanol to pro-
vide keto-ester 107 in moderate yield. Finally,
reduction of the keto group in 107 gave rise to
two diastereomeric products, (25,35)-108 and
(2R,35)-108, obtained in yields of 39% and 29%,
respectively [120]. While the diastereoselecti-
vity of this step was low, the preparation of
both compounds fits well with the current re-
search goals of confirming the stereochemis-
tries of Ralstonin A and Ralstoamide A.

1. THF/HCI, o
2 SOCI,/MeOH,

Y owe

Boc)ZO

N N NH
/
| NaOH, DMF, Boc
Ph  yield 75%, (S)-103
de 90%
e NaOH,
cl o (S)-19 cl (S)S)-102 o yield 96%
© /
o oxone, CN CS o
OMe  THF/MeOH, | 105
13 Ny O yield 55% 1 NH _S 13 o OH
Boc” HATU, DIPEA,
Boc (5)-107 (S)-106 CH,Cly, 77% (S)-104
NaBH,,
MeOH
Me
M Scheme 23. Asymmetric synthesis of
the lipophilic AA found in Ralstonin A
Boc” Boc” and Ralstoamide A.

(25,35)-108 39% (2R,35)-108 29%
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CONCLUSIONS. In the field of the asym-
metric synthesis of AAs, only a few approaches
possess the practical characteristics attractive
to industry for large-scale pharmaceutical pro-
duction. The chemistry of Ni(II) complexes is
undoubtedly one of these promising methods.
As emphasized in this review, the simplicity of
the reaction conditions plays a crucial role in
the overall cost structure and commercial suc-
cess of chemical processes.

Depending on the structure of the target
AA, one may choose either direct chiral modi-
fication of unprotected AAs or the elaboration
of chiral glycine equivalents. Of particular
commercial interest are the methods we have
developed, which include SOAT, DKR, and
inversion of chirality. In the homologation
approach, construction of the desired AA ar-
chitecture can be efficiently achieved through
alkylation, aldol, Mannich, and Michael addi-
tion reactions.

We believe that Hamari’s contributions to
this field will be highly valued by practitioners
in both industrial and academic laboratories
and will be instrumental in future applications
of our methods for the preparation of com-
mercially marketed pharmaceuticals.
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cial support from the National Natu-
ral Science Foundation of China (No.
21761132021) and the Qing-Lan Pro-
ject of Jiangsu Province (for Han) and
IKERBASQUE, Basque Foundation
for Science (for Soloshonok).
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Y Wit cTarTi po3INIAHYTO PO3BUTOK acu-
METPUYHOTO CHMHTE3Yy CIIel[iaJIbHO CTBOPEHMX
aMiHOKICJIOT, TpoBefeHuit B KoMmnanii Hamari
Chemicals 3a 10-piunuit mepiox 3 2013 mo
2022 pik. O6roBopeHH: 6a3yeTbcs Ha CTpaTe-
TifiX, TaKUX 5K IpsiMa XipaibHa Mopudikarisa
HEe3aXMIIEHNX aMiHOKNUCIOT Yepe3 MpOMiKHe
yrBopenHs komiutekciB Ni(II) i pospobnenss
Xipa/lbHUX HYKIe0oQinbHUX ab0 eneKTpodinb-
HIUX €KBiBaJIeHTiB riminuny. Ilepmmit mipxiz
BK/IIOYA€E, HANPUKIAJ, ACUMETPUYHY TpaHC-
dopmaLio Apyroro NopsApKy, AUHaMIiuHY Ki-
HETUYHY PO3IIIbHICTD Ta IHBEPCII0 XipaabHO-
CTi, TOAi AK APYruit MiAXig BKIIOYAE HOOYIOBY
6a)kaHOI apXiTeKTypy aMiHOKUCIIOT 3a JOIO-
MOIOI0, HallpMK/aZl, PeaKliiil aJKinyBaHHS,
aZbfo/bHNX, MaHHixXa uu Mixaensd, a TaKox
6araroctyninyacTux nponenyp. Haromorry-
€TbCA Ha 3PYYHOCTI B €KCIUTyaTallil, Macli-
TaOOBAHOCTI Ta MPAKTUYHOCTI pPO3pOOIEHNX
MEeTOJIiB.

KnrodoBi cnoBa: crienjialbHO CTBOpPEHi aMi-
HOKMC/TOTH; {U3aiTH i pO3poOIeHH MiKiB; ach-
MeTpMYHa TpaHCPOpMaIis APYroro NOPAAKY;
IVHaMiYyHa KiHeTMYHA pO3Ji/IbHICTD; iIHBEpCid
XipaZbHOCTI.
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