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Crermuduune GpuU3MUKe U XEMHjCKe KapaKTEPUCTUKE 3J71aTa WHCIHpHUCAJIE CY JbyJe
joII y cTapoM BEKYy J1a KOPHUCTE OBaj METAJl y MEIUIMHCKE CBpXe. Y CpPeAmEeBEKOBHO]
EBponu, anxemuyapu cy KOpPHUCTUIM 37aTO 3a MPHUIPEMame MaruyHe CYICTaHIE Koja
Bpaha mmagoct u seun cBe Oonectu. Cpeamaom XX Beka komrutekcu 3mata(l) cy ce
NOYenu MPUMEHUBATH Y MEAMLIMHU 32 JICUCHE PEyMaTCKOr apTpUTHCa. Y HOBHjE BpeMe
noceOHa maxma je mocBeheHa u3yuaBamwy komiuiekca 3iara(lll) kao moTeHuujamtHuX
AHTUTYMOpPCKHX areHaca. MelhyTuM, mnpumeHa KOMIUIEKca 3JlaTa y MEIUIMHU je
OrpaHMYCHA HHUXOBUM TOKCHYHHUM JieioBameM (HehPOTOKCHYHOCT, OOJECTH KPBU U CII).
MexaHu3aM aHTHPEYMAaTCKOI U aHTUTYMOPCKOT JEJOBama, KAa0 U MEXaHW3aM TOKCHYHOT
JIeNIoBama, KOMIUIEKCA 3JlaTa joll YBEK HHUje y MOTIYHOCTH pa3jalllibeH U TPE/CTaBIba
npeIMeT WHTEH3WBHUX U3ydaBama. lchnuTuBame peakiyja KOMIUIEKca 37laTa ca
OMoMOJIeKy/IMMa, Kao IITO Cy MENTUIU, OJ BEJIUKOT je 3Hayaja 3a TyMaueHkhe MEXaHU3Ma
JIeNIoBakba OBUX KOMILJIEKCA M HHXOBY NMPHUMEHY Y MEIUIMHU. 300r Tora Cy peakxiyje
xomrutekca 3nara(lll) ca menTuarMa mpeaMeT UHTEH3UBHHUX U3ydaBama y UCTPAKHBAYKO]
rpynu npod. Munoma Dypana. Ilpemmer oBe HOKTOpcke amcepranuje oOyxBara
UCTpakKMBama KOja Ce OJHOCE Ha HWCIUTHBame peaknuja komruiekca smata(lll) ca
TUNEeNTHIMMA KOjU y O0YHOM HU3Y ca/ip)ke aMUHOKHUCEINHE XUCTUANH U METUOHHH, Kao U
ca JUIENTHIUMa KOjU HE caJpke XeTepoaToM y OOYHOM HH3Y, M Ha CTPYKTYpHY
kapakrepuzanujy 3naro(lll)-aunentua koMmIuiekca Koju HacTajy y oBuM peaknujama. Opa
HUCTpaknBama cy pahena y Muctutyry 3a xemujy IlpupogHo-maremarnukor ¢gakynarera y
Kparyjesity. Pe3yntatu moCTUTHYTH Y OKBUPY OBE IOKTOPCKE JHMCEpTallrje Cy 00jaBJbeHH
y OKBUpPY ILIECT pajoBa y IO3HATUM MeljyHapoJHHM dYacomucHMa M3 HEOpPraHCKe M
OMOHeOopraHcke XeMHuje U Je0 Cy NporpaMa Ipojekra koju (uHaHcupa MHUHHCTapCTBO

NPOCBETE, HayKe U TeXHOJIOMKOT pa3Boja Pemybanke Cpouje (IIpojexar 172036). Temy 3a



JOKTOPCKY JAucepranujy je mnpemioxuo Ap Mwnomr W. Dypan, pemnoBHu mpodecop
[IpupogHo-marematnukor Qaxynrera y KparyjeBiy, komMe ce MCKpEHO 3axBajbyjeM Ha
pasyMmeBamy, CTPIUbEHY, MOAPIIIM M MOMOhM TOKOM pajga M THCama OBE JOKTOPCKE

JIucepTalyje.

ITocebny 3axBamHocT ayryjem ap Caexanu PajkoBuh, monenty IlpuponHo-
mareMaTHukor (akynrera y Kparyjesuy, Ha HeceOMYHOj MOMOhH y TOKY M3pajie U MUcama

OBE JIMCepTallrje.

Benuky 3axBaaHOCT wu3pakaBam mpod. ap Ypmyau Puxmesckoj (Urszula
Rychlewska) u nap beatu Bapsajruc (Beata Warzajtis) ca VYuusepsutera Anam
Munkujesuu y Iloznawy (ITosbcka) Koje cy ypanuie peHAreHCKY CTPYKTYpPHY aHAIIU3y

komruiekca 3mata(lll) u 3HaYajHO JONMPHHEIE HHTEPIPETAIM]H PE3yIITaTa.

Hckpeno ce 3axBasbyjem mpod. ap XKupagumny [[. byrapumhy ca Ilpupomno-
mareMaTHukor ¢akynrera y Kparyjesiy u npod. ap Karapuau Anhenkosuh ca Xemujckor
daxyntera y beorpany 3a KopucHe caBeTe U CyrecTdje y TOKy Nucama JucepTaluje, Kao u

3a ydemrhe y KOMHUCHjH 3a OIIEHY B OJI0paHy JOKTOPCKE TucepTaluje.

3axBaniHOCT Ayryjem ap 3opku Cranuh, nomenty IIpupomHo-maTeMaTHyKor
¢axynrera y KparyjeBiy, Ha orpoMHOj MOMOhM MPHUIMKOM H3BOhEHa eNeKTPOXEMHU)CKUX
Mepema U UHTEpIpeTalrje MUKINYHAX BOJITaMorpama, kao u ap bussanu lImut u gum.
xeM. Jlapky Amannny ca [Ipupomno-maremarnukor ¢akynrera y Kparyjesmy 3a momoh

MPUWIMKOM CHUMamwa u uatepnperanuje NMR criekrapa.

3axBagHOCT W3pa)kaBaM CBUM capagHUIMMa U3 Jaboparopuje mpodecopa M.
‘Bypana 3a kopucHE CyrecTje TOKOM €KCIIEPHMEHTATHOT paja M MHCamba OBE JOKTOPCKE

JIUcepTalmje.

Hajehy 3axBamHOCT ayryjeM CBOjUM poauTe/bUMa, oIy Dophy u majum Bechu,
cectpu Mapwuju, momky Huxomu, menu TomucmaBy m 6abu MwupjaHu, Kao U CBHM
npujaTesbMa Ha pasyMeBamby U MOJAPIIIH KOjy Cy MU MPYXKaJld TOKOM H3pajie U Mucama

OBE JIOKTOPCKE JUCEepTaIHje.

VY Kparyjesity, 2012. bupana b. ['mumuh
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'H NMR
13C NMR
3p NMR
L-Cys

GSH,y-L-Glu-L-Cys-Gly
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N-auerwinrmnuuit-D, L-meTnonnu
TITUITHAMU

LorenzoB nonapusanuonu (hakTop
HaTpHjyM-3-(TpUMETHIICHIIII) IPOTIaHOAT
CTaKJIACTH YTJbEHUK

3acuheHa KajoMenoBa exeKTpoaa
KpucTanorpadceka 60a3a nojaraka
N-aneTuarauiug

UKJIMYHA BOJITAMETPH]ja
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U3BOJ

Hakon orkpuha aHTHTyMOpCKE AaKTMBHOCTHM ILHMCIUIATHHE, IMOCeOHA MaXKma je
noceehena wucnutuBamy komiuiekca 3mata(lll) kao NOTEHUIWjaTHUX aHTUTYMOPCKUX
arenaca, 36or unmennue xa cy Au(lll) u Pt(ll) usoenexrponcku jorn (d® enexrporcka
KoH(purypamnuja) u aa GopMupajy KBaapaTHO-IUIaHAPHE KOMILIEKCE. Y Clle MOTEHIH]aTHe
npumene komruiekca 3nata(lll) y nedemy Tymopa, y TOKy HOCIIEABUX HEKOIHMKO JICIICHH]a,
MHTEH3UBHO cy u3y4aBane peakuuje AU(lll) jona ca OMONOIIKK BaKHUM JIMTaHANMA, Kao
IITO Cy AMUHOKHUCEIWHE, NeNTUAN U MPOTEHHU. MexaHHW3aM aHTUTYMOPCKOI [eJI0Bambha
komruiekca 3nata(lll) jomr yBek HHje y MOTIYHOCTH pa3jalllibeH M MPEACTaB/ba MPEIMET
WHTCH3UBHUX M3yuyaBama. McnutuBame peakuuja komiuiekca 3nara(lll) ca menrtuanma je
O]l BEJIUKOT 3Hauaja 3a Je(uHUCAkhe MEXaHN3Ma aHTUTYMOPCKOT U TOKCUYHOT JeNIOBamba

OBHX KOMIIJICKCA.

Y Onmrem paeny oBe TOKTOPCKE IucepTaldje JaT je€ Tperjiea HajHOBUJUX
pe3yiraTa MOCTUTHYTHX y 0O0JacTH HMCHHTHBama peakuuja komruiekca 3mata(lll) ca
aMHHOKHCENIMHAMa, MeNTHIUMa U IPOTEMHIMA. Y TIPBOM JeTy OBOT IOTJIaBJba MPHUKa3aHH
Cy pe3y/ITaTu UCIIUTHBama peakija komruiekca 3nata(lll) ca amuHOKHcennHama, Kao IMITo
Cy TJIMIMH, ajJaHWH, XUCTUAWH, UUCTEMH M METHOHHUH, JOK CYy y JAPYroMm Jeny JaTh
pe3yaTatd KOju ce OAHOoce Ha peakinuje komiutekca snara(lll) ca menTuamma u Ha
CTPYKTYPHY KapaKTepH3allljy KOMIUIEKCa KOjH HacTajy Kao KOHAYHHU IMPOU3BOIU y OBUM
peaknujama. Ha kpajy Ommrer nema, mpukaszaHH Cy pe3yiTaTH HCIUTHBama peakiyja
komruiekca 3iara(lll) ca mpoTerHHMa, Kao0 MPUMAapHUM aKIEITOPCKUM MOJIEKYJIMMa 3a
aarutymopcke komruiekce 3mara(lll) (B. B. GliSi¢, U. Rychlewska and M. I. Djuran,
Dalton Trans, 41 (2012) 6887-6901).
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VY neny mucepraimje Koju ce oaHocu Ha JlMCKycwjy pesyirata, NpHKa3aHd cy
pe3yNITaTH CIIEKTPOCKOINICKMX M EJIEKTPOXEMHUjCKUX HCIUTHBAkha pPeakifja KOMIUIEKCa
snara(lll) ca gumentuarMa Koju y OOYHOM HH3Yy HE Caap)Ke XeTepoaroM, H ca
IUIETITHANMA KOjH CaJp)Ke aMHUHOKHCEITMHE XHCTUIAWH W MeTHoHHWH. [lopem Tora,
snaro(lll)- menTux KOMIUIEKCH, KOjH HACTajy Kao KOHAYHM IPOM3BOJM HCHUTHBAHUX
peaxija Cy OKapaKTepHCaHH IPUMEHOM PEHIATEHCKE CTPYKTypHe aHammse. IIpumenom TH
NMR crekTpockonuje u3ydaBaHe cy peakmuje munentuaa rumumi-rauiuaa (Gly-Gly) u
- L-ananuaa (Gly-L-Ala) ca xuaporen-rerpaxiaopumoaypatoM(lll) (H[AUCI 4]). Cse
peakuuje cy ucnuruBane y pH obnactu 2,00 — 5,00u na 40 °C. Kana cy oBe peakuuje
usBohene Ha pH = 2,00u 3,00, 10ma3u g0 TpuneHrarHe koopaunamuje Gly-Gly u Gly-L-
Ala mumenrnma 3a Au(lll) jon. Tlpumenom H u *C NMR cnekrpockomuje
okapakrepucanu cy [Au(Gly-Gly-N,N’,O)CI] u [Au(Gly-L-Ala-N,N’,0)CI] xommiekcH,
KOjH HACTajy Ka0 KOHAYHU MPOU3BO/IM Yy HCIUTHBAHUM peakiyjama. Ha ocHOBy nobujenunx
CIIEKTPOCKOIICKUX Pe3yJITaTa, 3aKJby4eHO je J1a Ce JUMENTUIN TPUACHTATHO KOOPAMHY]Y 32
Au(lll) jor mpeko aroma a30Ta TEPMUHAIHE aMHUHO TpyIie, ICIPOTOHOBAHOT aTOMa a30Ta
NENTHIHE Be3€¢ U KUCEOHUKOBOT aToMa KapOOKCWIIHE TpyIe. 3a YeTBPTO KOOPAMHAIIMOHO
MECTO Y OBHUM KBaJIpaTHO-IJIAHAPHUM KOMILIEKCHMA KOOPJAMHYjEe CE XJIOPUIO JIUTAH]I.
Kana cy ucniutuBane peakiuje uzsohene va pH > 3,00 (pH = 4,0&x 5,00), Au(lll) jou ce
BeoMa Op30 peayKyje W peaklIHoHa CMeIIa TMOTIYHO TIOTaMHH OJ H3]IBOjEHOT
elleMeHTapHor 31aTa. Peakiuja tpuaeHratae koopaunaimje Gly-Gly munentuma 3a Au(lll)
jou (ko = (1,63% 0,07) x 10’ M™'s™h) je npubmmxso aBa myra Gpka y OAHOCY HA PeaKLiujy
koopruHammje Gly-L-Ala (k; = (0,71 + 0,06) x 10 M’s?). Pasmuka y 6p3unn
TPUICHTATHE KOOPIMHAIIN]E OBUX IUIETITUIA CE€ MOXE IPHUITHCATH CTEPHOM €(PEKTYy METHI
rpyne y L-amanuHckom octatky. Mehyrum, peakumje [AUCls]™ ca Gly-Gly u Gly-L-Ala
JTUIENITHANMA Cy MPUOIMKHO CTO IMyTa CHOpHje OJ peakiuje u3mely oBor Komrekca u
rimrwn-L-xuctuanna (Gly-L-His) (k. = (124,00+ 0,30) x 10 M7*s?) (B. b. Glisi¢, S.
Rajkovic, M. D. Zivkovi¢ and M. |. DjuranBioorg. Chem.38 (2010) 144-148).

Y napyrom Jneny OBOT TMOTVIaBJba, MPUMEHOM 'H NMR CIIEKTPOCKOIHUjEe U
PCHITCHCKE CTPYKTYPHE aHATHM3e OKapaKTePUCaHH Cy XUAPATHCAHU U aHXHPOBAHU OOJIHK
Au(lll) xommekca ca Gly-L-His munentugom, [Au(Gly-L-His-N,N’,N"")CIINO31,25H0
u [Au(Gly-L-His-N,N,N”)CIINOs. Takohe, onpehena je kpucramHa CTPyKTypa
[Au(L-Ala-L-His-N,N’,N")CIINO32,5H,0 kommutekca, rae je L-Ala-L-His mumenTun

L-amanmn-L-xuctuaua. Junmentuamn, koju y OOYHOM HHU3Y CcaapXe aMHUHOKHCEIUHY
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L-xuctuaud, TpumeHTtatHo ce koopauHyjy 3a AuU(lll) jom mpeko N3 artoma aszora
MMHIA30JI0BOT MPCTEHA, JCMPOTOHOBAHOI aToMma a30Ta MNENTHIHE Be3e M aroma a3oTa
TEpPMUHAJIHE aMHUHO Tpyle TIUIMHA, OJHOCHO L-amaHWHa, NOK je 3a YeTBPTO MECTO
KoopauHoBaH xyopumo Juraa. Karjoum [Au(Gly-L-His-N,N’,N")CI|NO31,25H0,
[Au(Gly-L-His-N,N’,N”)CIINO3 u [Au(L-Ala-L-His-N,N’,N")CIINO32,5H,0 xommiekca
UMajy CTPYKTYpY HU3IYKEHOr OKraenpa, ycien uHrepakuuje msmehy Au(lll) jona wu3
KBaJIpaTHO-IUIAHApPHE DPaBHH OBUX KOMIUIEKCA W [Ba XJOpUIHA jOHA M3 CYCEIHHX
kommiekcHux vectuna (U. Rychlewska, B. Waaijtis, B. b. GliSi¢, M. D. Zivkovi¢, S.
Rajkovic and M. I. DjuranDalton Trans. 39 (2010) 8906-8913).

Takohe, mpumeHOM 'H u °C NMR CIEKTPOCKOMHje, M3y4aBaHE Cy pPEeaKIluje
monodyukinonaaaor [Au(dien)CI]Ch kommutekca, dien je TpuaeHTaTHO KOOPIHHOBAHH
JMETUIICHTPUAMKH, Ca JUIENTHIMMA KOjU campie L-XucTuamH, L-XUCTHUAMI-TIUIHHOM
(L-His-Gly) u rmutun-L-xuctuauaom (Gly-L-His). Cee peakiuje cy usBoheHe y BOJCHOM
pactBopy y pD o6mactu 3,50 — 5,501 na 25 °C. V peakumju usmehy [Au(dien)CI|Ch
komruiekca u L-His-Gly qunentuna, koju cagpxxu N-repmunanuu L-XUCTHAMH, 1071434 10
cenektuBHe KoopauHanuje aumentuga 3a AU(lll) jom mpeko N3 aroma asora
MMH/Ia30JI0BOT TIPCTEHa, IpH deMy ce dopmupa [Au(dien)(L-His-GlyN3)]*" kommiexe.
Mehyruwm, y peakiuju oBor komiuiekca 3inata(lll) ca Gly-L-His qunentumom, koju caapxu
C-repMuHamHu L-XUCTUAMH, TPU HCTHM EKCIIEPUMEHTATHHM YCIIOBHMA, J0JIa3d [0
TpUACHTaTHE KoopauHamuje munentuaa npexko N3 wumumaszonmoBor aroma as3oTa,
JICTIPOTOHOBAHOI' aToOMa a30Ta INCNTHUIAHE Be3¢ M aroMa a30Ta aMHHO Tpyle, Y3
UCTOBpPEMEHY equMuHaIMjy dien nuranga. Y HMCOUTHBAHUM peakiidjama, He J0Ja3H 10
KOOp/JMHAIM]je KHCEOHHKOBOT aroMa JCMPOTOHOBaHE KapOOKCHJIHE Trpyre MenThuaa 3a
[Au(dien)?* ¢parment (B. B. Glisi¢, S. Rajkové and M. I. Djuran,J. Coord. Chem.,

accepted for publication).

Ha xpajy, npumeHom 'H NMR CIIEKTPOCKONHje, H3ydaBaHE Cy peaKiuje
nunentuaa rmii-D,L-metnonnna (Gly-D,L-Met) u meroor N-ameTuioBaHor nepuBara
(Ac-Gly-D,L-Met) ca H[AuUCl,] xommutekcom. Omrosapajyhu mumentumx u H[AUCI,]
KoMIuiekc cy pearoBanu y 1:1, 2:1u 3:1 monckum ogHocuma. CBe peakiiuje ¢y u3BoheHe
na pH = 2,00y 0,01 mol/dm pacropy DCl y D-O kao pacrsapauy u Ha 25 °C. V 1pBoj
¢a3u peakuyje, menTu ce MoHoJeHTaTHO Koopaunyje 3a Au(lll) jon nmpeko THoeTapckor
aToma cymropa, mpu uemy Hactaje [AUCI3(R-Gly-Met-S)] kommieke (R = Humu Ac). Osaj

WHTEpMEINjepHU KOMIUIEKC y cieaehoj ¢asu pearyje ca METHOHUHCKHM OCTaTKOM JIPYroT
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MoOJIeKysia TenTtuna, npu 4demy Hacraje R-Gly-Meteyndonujym katjoH, Koju 3aTum
nojuiexe xuaponusu nAajyhu oxromapajyhu cyndokcua. Oxcuaanuja METHOHHHCKOT
ocratka y Gly-D,L-Met nunentuny no cyndokcuaa (k; = 0,363+ 0,074 Mls'l) je meT myTa
Opka y omHOCy Ha okcupaanujy meroor N-auermnoBaHor nepusara (ko = 0,074+ 0,007
M™sh), mro ce Moxe mpumEcaTH yTHIAjy TEpMHHAIHE aMHHO TPYIe HEAIETHIOBAHOT
nentuaa. Mexanusam peakije u3mehy Gly-D,L-Met qunentuaa u [AuCly]™ xommiekca je
nojatHo ucnutuBad npumernoM UV-Vis criektpodoToMeTpHje U IUKIMYHE BOITaMETPH]E.
Ha ocHoBy oBux pesynrara, Haljeno je na [AUuCly]™ xoMIuieke, Koju HacTaje y peakuuju
SKBUMOJIAPHUX KOJIMYMHA peakTaHara, MoJyIeke AucIponopiuonucamy, najyhu [AuCla]”
u enementapHo 31aro, AuU(0). Mehyrum, y mnpucycTBYy BHINIKA MENTHIA, HACTajy
crabunmuauju  momuuykieapun  Gly-D,L-Met-SAu(l) u  Ac-Gly-D,L-Met-SAu(l)
kommiekcu (B. P. GliSi¢, S. Rajkowt, Z. Stané and M. |. Djuran,Gold Bull., 44 (2011)
91-98. Crpykrypa koHayHor mnpousBoaa okcupanuje Gly-D,L-Met nunentuga vy
npucyctBy [AuCly™ xommaekca je gogaTHO MOTBpheHAa MPUMEHOM PEHATCHCKE
cTpyKTypHe aHammu3e. Kpucranna crpykrypa [H'Gly-Met-sulfoksid][AuCl] xommiekca ce
cacroju on kBaaparHo-miaHapHuXx [AUCly]” anjona u Gly-Metcyndokcun katjoHa.
Kartjon je Heypehen y 604HOM HM3Y METHOHMHA, YCIIE ] IPUCYCTBA JiBa TUjacTepeon3oMepa
y WCTOj jeNWHWYHO] henuju, Koju ce pasiuKyjy y KOH(HUTypaluju Ha aTOMy CyMIIOpa.
[ponec kpucrammamuje [H' Gly-Met-sulfoksid][AuCl] kommiekca je aeTMMHYHO
JjacTepeoceseKTHBaH, MpH YeMy jeJaH oJ ABa Moryha aujactepeom3zomepa Hacraje y
sumiky (U. Rychlewska, B. Waanijtis, B. . GliSi¢, S. Rajkow and M. I. Djuran,Acta
Crystallogr., Sect. C: Cryst. Struct. Commut (2010) 51-54).

[TocTurHyTH pe3yaTaTH y OKBHPY OBE JIOKTOPCKE UCEpTalMje INPE/CTaBIbajy
3Ha4ajaH JONPHHOC pa3Bojy HoBuX Komiutekca 3nara(lll) kao mnoreHuMjamHUX

AHTUTYMOPCKHUX arcHaca, Kao U TyMauChy MCXaHU3Ma lbUXOBOI' TOKCHUYHOI" ACJIOBAhA.
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SUMMARY

After discovery of the anticancer properties ofplasin, special attention was
devoted to evaluation of gold(lll) complexes asegmtial antitumor agents due to the fact
that both Pt(ll) and Au(lll) ions possess the sadieelectronic configuration and
preferentially form square-planar complexes. Thessfme involvement of gold(lll)
complexes in cancer treatment initiated an intarettte area of gold(lll) interactions with
different biologically important ligands such as iam acids, peptides and proteins.
However, the mechanism of antitumor activity ofd{@l) complexes is not yet completely
understood and further investigation of this subjecequired. A better knowledge of the
gold(lll) reactions with peptides contributes toe tiuture development of gold(lll)
complexes as potential antitumor agents and alsarhportance in relation to the severe

toxicity of gold-based drugs.

The Introduction part of this thesis highlights eet findings in the field of
gold(lll) complexes with amino acids, peptides @ndteins. The first part of this chapter
provides an overview of the gold(lll) reactions hvamino acids, such as glycine, alanine,
histidine, cysteine and methionine, while the secpart is mainly focused on the results
achieved in the mechanistic studies of the reastibatween gold(lll) and different
peptides and structural characterization of goldfieptide complexes as the final products
in these reactions. Finally, the last part of Idtrction deals with the reactions of gold(lII)
complexes with proteins as primary targets for iz gold compounds (B. Glisi¢, U.
Rychlewska and M. I. Djuramalton Trans, 41 (2012) 6887-6901).

The Results and Discussion deals with spectrosc@rid electrochemical
investigations of gold(lll) reactions with dipeptil containing no heteroatom in the side
Y,
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chain, and with histidine- and methionine-contagniipeptides. Furthermore, resulting
gold(lll)-peptide complexes were characterized ppliaation of X-ray crystallography.
The proton NMR spectroscopy was applied to studyréactions of the dipeptides glycyl-
glycine (Gly-Gly) and glycyl-L-alanine (Gly-L-Alayith hydrogen tetrachloridoaurate(lll)
(H[AuUCly]). All reactions were performed in the pH rangé®- 5.00 and at 40C. When
these reactions were carried out at pH 2.00 ang, 8x@ formations of the Au(lll)-peptide
complexes containing tridentate coordinated Gly-@lyd Gly-L-Ala dipeptides were
obsereved. The [Au(Gly-GI¥,N’,0)CI] and [Au(Gly-L-Ala-N,N’,0)CI] complexes, as
the major products in the investigated reactionsiencharacterized by and*C NMR
spectroscopy. From the obtained spectroscopic dates concluded that coordination of
the dipeptides to Au(lll) ion occurred through thigrogen atom of the terminal amino
group, the deprotonated peptide nitrogen and thgen atom of carboxyl group. The
fourth coordination place in these square-plananpiexes was occupied by the chloride
ion. However, when the reactions of the Gly-Gly &lg-L-Ala dipeptides with [AuC{]”
were performed at pH > 3.00 (pH 4.00 and 5.00)c&@dn of Au(lll) occured during time
and the complete reaction mixture was immediatedyk dirom elemental gold. The
[Au(Gly-Gly-N,N’,0)CI] complex formation was two times fastés € (1.63+ 0.07) x 10/
M™s?) than [Au(Gly-L-AlaN,N’,0)CI] (k. = (0.71+ 0.06) x 10’ M"'s™). Difference in the
reactivity between these two peptides was attribtwethe steric hindrance of the methyl
group of L-alanine. However, the reactions of [A4TWith Gly-Gly and Gly-L-Ala were
one hundred times slower than with glycyl-L-histieli(Gly-L-His) &, = (124.00+ 0.30) x
10” M'sh) (B. b. Glisi¢, S. Rajkow, M. D. Zivkovié¢ and M. I. DjuranBioorg. Chem.38
(2010) 144-148).

In the second part of this chapter, two forms dtigd) complex with Gly-L-His,
hydrated [Au(Gly-L-HisN,N’,N")CIINO31.25H0 and unhydrated [Au(Gly-L-His-
N,N",N")CIINO3;, as well as [Au(L-Ala-L-HisN,N’,N”)CIINO32.5H,0 complex were
synthesized and characterized ¥y NMR spectroscopy and X-ray crystallography. In
these complexes, L-histidine-containing dipeptidese coordinated to Au(lll) ion through
N3 nitrogen atom of the imidazole ring, deprotoda&enide nitrogen and terminal amino
group of glycine or L-alanine, while the fourth edimation place was occupied by the
chloride ion. As a consequence of the Au...Cl inteoas the square-planar coordination
of Au(lll) ion in [Au(Gly-L-His-N,N’,N”)CIINO31.25H0, [Au(Gly-L-His-
N,N’,N”)CIINO3 and [Au(L-Ala-L-HisN,N’,N”)CIINO32.5H,0 complexes is completed

\



Summary

to an elongated octahedron by two more distant ricldoions belonging to the
neighbouring complexes (U. Rychlewska, B. Wtis, B. B. Glisi¢, M. D. Zivkovi¢, S.
Rajkovi and M. I. DjuranDalton Trans. 39 (2010) 8906-8913).

Furthermore, the reactions of the monofunctionali(phen)CI|CL complex, in
which dien is diethylenetriamine tridentate cooaded to Au(lll) ion, with L-histidine-
containing dipeptides, namely L-histidyl-glycine-fis-Gly) and glycyl-L-histidine (Gly-
L-His), were studied by application 8ff and**C NMR spectroscopy. All reactions were
performed in aqueous solution in the pD range 3:3050 and at ambient temperature.
When the reaction of this complex with N-termingtidine-containing dipeptide, L-His-
Gly, was performed in the investigated pD rangmngfly selective coordination of the
dipeptide through N3 imidazole nitrogen atom to INufvas observed, with formation of
[Au(dien)(L-His-GlyN3)]** complex. However, in the reaction with the dipdeti
containing C-terminal histidine Gly-L-His, tridet¢a coordination through the N3,
deprotonated amide and amino nitrogen atoms witlt@mmitant detachment of the dien
ligand was occured. No coordination of the carbate/loxygen atom to Au(lll) was
observed by*C NMR spectroscopic measurements for investigatadtions under above
mentioned experimental conditions (B. GliSi¢, S. Rajkowt and M. I. Djuran,J. Coord.

Chem. accepted for publication).

Finally, the proton NMR spectroscopy was appliedstiody the reactions of the
dipeptide glycyl-D,L-methionine (Gly-D,L-Met) andsiN-acetyl derivative (Ac-Gly-D,L-
Met) with H[AuCl,] complex. The corresponding dipeptide and [AiClvere reacted in
1:1, 2:1 and 3:1 molar ratioall reactions were performed at pH 2.00 in 0.01 oof/
DCI in D,O as solvent and at 2&. It was found that the first step of these reastiwas
very fast coordination of Au(lll) to the thioethsulfur with formation of the gold(lll)-
peptide complex [AuG(R-Gly-Met-S)] (R = H or Ac). This intermediate further reacts
with an additional methionine residue to generageR-Gly-Met chlorosulfonium cation as
the second intermediate product, which readily ogakes hydrolysis to give the R-Gly-
Met sulfoxide as the final product of this redoxgess. The oxidation of the methionine
residue in the reaction between Gly-D,L-Met and CAdIr was five times fasterkf =
0.363+ 0.074 M's?) in comparison to the same process Vhthacetylated derivative of
this peptide K, = 0.074+ 0.007 M's™). The difference in the oxidation rates betweers¢h
two peptides can be attributed to the free termamainho group of Gly-D,L-Met dipeptide.
The mechanism of the reaction between the Gly-Dgdi-Mipeptide and [AuG]™ was

VI
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additionally investigated by UV-Vis and cyclic vathmetry (CV) techniques. From these
measurements, it was shown that the [AliCtomplex formed in the reaction with
equimolar amounts of the reactants showed a sttendgency to disproportionate to
[AuCls]” and metallic gold. However, in the presence ofeszcof the dipeptide, the
resulting polynuclear Gly-D,L-MeSAu(l) and Ac-Gly-D,L-MetSAu(l) complexes
showed themselves to be quite stable product®(E&liSic, S. Rajkowt, Z. Stant and M.

[. Djuran,Gold Bull.,44 (2011) 91-98 The structure of the resulting product of golg{II
induced oxidation of Gly-D,L-Met dipeptide was confed by X-ray crystallography. The
crystal structure of [HGly-D,L-Met sulfoxide][AuCl] consists of discrete square-planar
[AuCl,4]™ anionsand glycylmethionine sulfoxide cations. It was shaivat the cations are
disordered at the methionine side chain due tgthsence, at the same crystal site, of two
diastereomers differing in their configuration dtettriply bonded S atom. The
crystallization process of [MBly-D,L-Met sulfoxide][AuClk] complex is partially
diastereoselective, leading to a substantial exckssie of two possible diastereocisomers
(U. Rychlewska, B. Wanijtis, B. b. GliSi¢, S. Rajkowt and M. I. Djuran, Acta
Crystallogr., Sect. C: Cryst. Struct. Commut (2010) 51-54).

The results of this thesis can contribute to thgeltgpment of new gold(lIl)
complexes as potential antitumor agents and alsdeamportant in relation to the severe

toxicity of gold-based drugs.

Vil
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1.0IIIITHU AEO

Kpo3 wuctopujy JpyAcke HUBWIM3ANMjE, 37aTO j& 3ay3UMaJIO MOCEOHO MECTO Yy
MEIUIMHU Kao MOTEHIMjAIHH JIeK 3a MHore Oonectu. Crape kyntype y Erunty u Uanuju
Cy KOpPHCTHWJIE OTpJIMLIE U aMajiinje O 3j1aTa Jja OM ce 3aIUTUTHIIE O]l 3JIUX JyXOBa, 3a KOoje
Ce BEpOBAJIO Jla MOTY MPOy3poKoBaTtu paznuuuta obosbewma [1,2]. Crapu Erumhanu cy
cMaTpaiM Ja je 31aTo OecMpTHO (HENPOMEHJPMBO, HEPACTBOPHO M HEKOPO3UBHO) H
MOBE3WBAJIM Cy Ta ca BEYHUM KUBOTOM. [IpBa ymoTpebda 371aTa y MEIUIIMHU je 3a0eekeHa
xon crapux Kuneza 2500.roaune npe HoBe epe [3-5], kana cy ce donuja u npax of 3;1ata
KOPUCTWIIM Y JICYCHY YMPEBa HA KOXKHU, BEIUKUX Ooruma u 3y0o0osse [5]. Crapu Kunesn
cy, Takohe, IpBU OTKPHWJIM Ja c€ JICKOBH Ha 0a3u 3/1aTa MOTY KOPHCTUTH U Yy JI€UCHY

wiyhaux 6osectu u 60s10Ba y 3ri106oBuMa [5].

VY cpenmeBekoBHO] EBponu, anxemuyapu cy KOPHCTHIIM 3J71aTO 32 HPUIPEMAEbE
eNIMKCHpa XHMBOTA, MAarM4HE CYINCTaHIE Koja Bpaha mianocT W Jieun cBe Oonectu [6,7].
[Tomro ce mpax oJ 371aTa MOKa3ao0 Kao M3y3eTHO TOKCHYAH y IOjeANHHM CIydajeBUMa,
alIXeMHU4Yapu cy MMajau OpojHE penente 3a MpUIpeMy eIMKCHpa IO3HATor Kao aurum
potabile unu muTko 3maro. [To3HaTH mBajuapcku Jiekap u anxemudap, Theophrastus von
Hohenheimumu Paracelsus (1493-1541j¢ npenucuBao aurum potabiley neuewmy
MEIIaHXOJIMje jep YMHH ,J1a Heunje cpie Oyae cpehuo” [7]. TTouetkom XVII Beka, 3maro je
IIOCTAJIO CaCTaBHU JIe0 3BaHMYHE JIUCTE JieKoBa ((hapmakorieje), ajau ra Jiekapu HECY 4eCTO
npumemsuBand. Nicholas Culpeper (1616-1654)e xkopuctno 31aTo y JCUCHY

MEJIaHX0JIMj€, HECBECTHIIE, TPO3HUIIC U ernuierncuje [7].

Y XVIII Beky, 3mato je m3bpucaHo ca 3BaHMYHE JMCTe JiekoBa. Curyanuja ce
3HavajHo Mema y XIX Beky, kana je J. A. Chrestiengpanimycku ekap, ynorpeduo cmerry

snaro(lll)- xmopuaa u HaTpujym-xmopuaa y ieuewy cudpunmca [7]. Chrestiene otkpro na

1
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je 371aTo He3HAaTHO e(pHUKACHHU]E O] )KUBE Y JIeUCHY CEKYHJapHOT cuMInca U Ja U3a3uBa
3Ha4YajHO Mamy TOKcH4yHOCT. OxpabpeH Beoma MOBOJBHUM pe3yiraTtuma u3 PpaHirycke,
amepuuku jekap Leslie |. Keeleyje xopuctro cmerry 3maro(lll)- xmopuaa u Hatpujym-
XJIOpHaa y Jedewmy aJKOXOolW3Ma M JAPYrHX OOJEeCTH 3aBUCHOCTH Ca OJJIMYHUM

pesynraTuma [7].

Ca ortkpuhem Hemaukor Oaktepuosora, Roberta Koch-a, 1890romune, na
kamujym-auiujanagoaypar(l),  K[Au(CN);], nenyje wa  Oamun  TyOepkyiose,
Mycobacterium tuberculosiszamounime mnpuMeHa 37aTa W ECTOBHX jEAHIGEHA Y
caBpemenoj memuiuau [8]. Ilocie mpBoOuTHE mpuMeHe oBor Komiuiekca 3nata(l) y
Jeuemy TyOepKyno3e ca oxpabpyjyhym pe3ynraTuma, OTKPUBEHO j€ U HerOBO TOKCHYHO
nenoBame. Ca musbeM J1a ce 100Mjy KOMIUIEKCH 3J1aTa KOJH TOKa3yjy aHTUTYOepKYJI03HY
AKTHMBHOCT M Male¢ TOKCUYHO JIeJI0Bakhe, CHHTETH30BaHH Cy THOJIaT0-31aTo(l) KOMIUIEKCH
(AUuSR) koju cy ce nHTeH3UBHO npuMemuBanu ox 1925. 10 1935.ronune, 3600r dera je
OBaj TIEPHOJI Ha3BaH 31amHa dexada y Tepanuju Tyoepkynose [9]. Wnak, mokaszano ce na
cy tronaro-31ato(l) koMriekcu HeeuKacHH y jieuery oBe 6oectu [10].

[TorpemHo yBepeme Aa je Oammn TyOepKyso3e y3pOuyHHUK peyMaTCKOT aprI/ITI/Ical,

HaBelno je Landéa u Forestier-gna npumene trosnato-3naro(l) KomIiekce y jeuemy OBe
oonectu 1929.romune [11-13]. Mehyrum, CBeTCKO yAPYKEHE peyMaTosora je Mpu3Halio
IO3UTHUBHO JIEjCTBO OBHMX KOMIUIEKCA Y JICUYCHY pPEyMAaTCKOr apTpUTHCA TEK HAaKOH
BUIICTOAWIILUX HcnuTHBama, 1960. rogmne [14]. Onx Ttama ce xomrutekcu 3mata(l)
OpUMeBYjy 3a JIedemhe U JpYruX peyMmMaTrckux OonecTu ykibydyjyhu mncopujasuy,
JYBEHUJIHU ¥ MATHHIPOMCKH apTPHUTHC, KA0 U CHCTEMCKH epuTeMcku synyc [15]. Merona
Jeucha peymMaTckor aprpuTrca momohy komrutekca 3iara(l) ce nasusa xpuzsomepanuja (0n

rpuke peur ChrySOSIITO 3Ha4M 371aT0) M IPE/ICTaBIba CACTABHU J1€0 MOJCPHE ME/IHUIINHE.

1.1. IPUMEHA 3JIATA U IbETOBUX KOMILUIEKCHUX JEIUIHLEHA V
MEJIMLUHUA

3nato (xemujcku cumMO0s AU, OJ1 JATUHCKE Peyd aUrUMINTo 3HA4YH OCBETJhABAMHE)

ce Hana3u y 11.rpynu IlepuogHor cucrema enemenara, Ha Kpajy Tpehe cepuje mpenasHux

YPeymameru apmpumuc je cucmemcka Gonecm ee3usHoz mKuea XpOHUUHOZ UMY NOCMENEHO2 MOKA Hije
HajuspasiceHuje npomere ode 0o decmpykyuje, oegpopmayuje u yrouenocmu 3210606a. Osom 6orewhy cy
Hajuewhie nozohenu 3210606u wiaxke, pamena, KOJieHa, CMONANA U 2NeXCIbe6U. Y3pok borecmu je HenosHam
anu nocmoju cymiva 0a GOIECH MOXNCe UMAMU 2EHeMCKY NPeOUCno3UYUfy, Wil MOxNce Oumu y3poKoeana
HeKUM UHPEKYUjama y opeanusmy.
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merana. EleKkTpoHcKa KOH(HTypalmja OCHOBHOT CTama atoMa 3mata je [Xe]4f'5d'%6s'.
[Monymwene d opOuTane He 3aKiamajy epUKacHO CHOJbalIbK 6S eNEKTPOH 0] je3rpa, yCie
gera J0JIa3n 10 HETOBOT jaKOT MPUBJIAYeHa, INITO 3a MOCIEIUIy UMa BEIHKY E€HEeprujy
joumsanuje (mpBa enepruja jouusarje usnocu 890,13KJ/mol), BucoKy Tauky TOIbEHHa
(1064,18°C) u penatusHO Manu aTtoMcku paaujyc 3nata (144,2 ppm)Ilocneauna oBux
ocoOMHa je BeluKa CTa0MIIHOCT M HEpEaKTHUBHOCT OBOTI MeTana. EnemMeHTapHO 31ato He
TaMHH W HE OKCH]Iy]j€ C€ Ha Ba3[yXy, YaK HU Ha MOBHIIECHO] Temmneparypu. OBaj MeTarn je,
Takole, n3y3eTHO cTabWiIaH MpeMa pacTBOPY KHCENWHa W 0a3a, a pacTBapa ce jeAuHO y
[IapCKOj BOJAM M Yy AaJKAJIHOM pAacTBOPY LMjaHUIA, NMpH dYeMy ce oOpasyje cTaOuiIHH

[AuCly]”, onrocuo [AU(CN)4]~ xommrexc [16-19].

351aTo je MeXaHWYKW HaJKOBHUJH U HAJUCTETJBHBHU]U METAJI, 1A C€ MOXE U3BIAYUTH
y HajduHuje xuue u auctrhe m3BaHpenHo Maue neGipuue (oko 10° mm) [16-19].3a
pasnuky ojn BehmHe MeTama, KOju Cy CHBe WM cpebpHobOene 0oje, 3maro uma
KapaKTepUCTUYHY XyTy 00jy M cjaj HITO ra je OAyBEeK YMHMIIO CUMOOJIOM OorarcTBa M

JICTIOTC.

Y KOMIUIGKCHUM jeIMICHhUMa 3JIaTO C€ Hajuemhe jaBjha y OKCHIAIMOHUM
cramuMa +1u +3, 10K ce y JuTeparypy MOMHUY U KOMIUIEKCH Ca OKCHIAIIMOHUM CTamheM
+2 u +5 [17-20]. 3nato uMa okcumanuoHu Opoj +5 y komiuiekcuma ca (ayopuao
muraugoM, [AuFe]™ [21], amu cy Ta KOMIUIEKCHA jeAHMIbEba HECTaOWIIHA Yy BOJACHOM
pacTBOpy M HEMajy BaXHY VYJOTY y OHOJONIKHUM TMPOIECHMa. 3a Ppas3iUuKy Ol HbHX,
TUHYKJICapHH W JujaMarHeTHyHu Komruiekcu 3iara(ll) ca pasmuuuTtuM  XejaaTHUM
auraHauMa [22-25], uMmajy BakHY YJIOTY Kao HWHTEPMEAUjepHH NPOU3BOAU Y TOKY
ouosomkor aenoBama komiuiekca 3mata(l). Ilperien HajBaKHHjUX OKCHIAIIMOHHX CTamba

371aTa ¥ MOTYhHX reoMeTpuja oAroBapajyhux koMmruiekca je nar y tadenu 1.

HpnMeHa KOJIOUJIHOTI 3J1aTa Yy MCAUIIMHHU

Komouauu pactBop dectuiia 3;i1ara Benuuue ox 0,510 50,0 nm komongHO 371aT0)
CC KOPHCTH y MEIUIIMHCKMM W OHOJIOMIKAM HCTpakuBamuMa [26]. Y 3aBHCHOCTH Of
HauMHA N00OWjama, BEIMYMHE U OOJHMKA, KOJOWIHO 371aTO MOKe OUTH LpBEHE, TUIaBE WU
Jbybunuacte 00je. Ha moBpIIMHN KOJOUHE YECTHUIIC C€ HAJIa3W HEraTUBHO HACTICKTPHUCAE
MIPEKO KOTa ce OBa YECTHIIA Be3yje 3a MpoTenHe. 3axBasbyjyhu Tome, 4ecTUIle KOJOUIHOT
371aTa ce KOPUCTE Y AMjarHOCTHIIM U JICUCHhY Pa3IMIUTUX BpCTa TyMOpa. Tako ce, 4ecTHulle

31aTa, 00JI0KeHe TYMOPCKHM aHTUTeNuMa, Be3yjy 3a hemuje Tymopa Koje 1o0ujajy 31maTHi

3
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0JICjaj U MOTY C€ BpJIO JIaKO pasziIMKOBaTh oA 31paBux henuja. Takohe, jacHMju cHUMaK
jeTpe ce MOXe JOOUTH TaKo LITO c€ Yy TKMBO YOpu3ra KOJOHJ PaAHMOaKTHBHOT H30TOIA
198AU. V KO3METHIIH ce KOPHCTE TPEeTMAHH Ca KONOHIHMM 3IIaTOM 33 OGHOBY 3peiie KOXKe,

jep eNMMMUHUIIY MPJbE U MMajy HU3BaHpeaHE ePeKTe y Moanu3amy ToOHyca Koxke [27].

Tabena 1. Hajuemmha okcuaannona ctama 37aTa y KOMIUIEKCHUM jeUBbelbUMa U Moryhe

TeOMETpHje 3a oJiroBapajyhe OKCUIAIMOHO CTakhe

OKCHAAIMOHO CTalke U Koopaunanuonu 6poj ['eomeTrpuja komIIekca
d enekTpoHcka (KB)
KoH(purypamnuja
Au(l), d™ 2* Jluneapna
3 Tpuronanna
4 Terpaenapcka
Au(ll, d® 4* KBanparHo-1utanapaa
5 TpuronanHo-OunupamMuaIHA
5 KBagparno-nupamuganna
6 Oxkraenapcka

* Hajuerthu xoopauHannonu 6poj

1.1.1. KOMIUIEKCH 3JIATA(I) U BUXOBA IIPUMEHA Y MEJIUIIUHUA
Crpykrypa kommekca 3aara(l)

3naro(l) jon ([Xe]af*'sd™®) je mexka Lewis-aa kucenuHa, ma mMokasyje BEIUKU
apUHUTET MpeMa JIUraHIuMa KOju caape MeKe JOHOPCKE aToMe, Kao IITO J€ CyMIIop y
tuoauma (RSH)u tnoerpuma (R2S), pocdop y Teprmjapaum bochunuma (R3P) u cenen y
RSe™ nurammy. XanoreHuao, IMjaHWIO, W3OLMJaHUIO0 W a3WJ0 JIMTaHIU ce, Takole,
xoopaunyjy 3a Au(l) jou [17]. PerareHcka cTpyKTypHa UCIUTHBaWma Cy IMOKaszajia Jaa je
koopauHaruonu O6poj Au(l) joma y komrutekcuma 2, 3 u 4. JIuHeapHH KOMILICKCH ca
KOOPJHWHAIIMOHKM OpojeM 2 Cy HajOpOjHHjU W ca OHOJIOIIKOr acleKTa HajBaKHUjH.
Kommuieken ca koopAauHaImoHuM OpojeM 3 yIJlaBHOM CafipKe jelaH HeyTpallaH JIMTaHg,
Kao 1mTo je (hocuH, U UMajy TPUTOHAIIHY T€OMETPHjy, 0K je TeTpaeaapcka reoMeTpuja
KOMILJIEKCa ca KOOpJAWHAIMOHUM Opojem 4 Hajuemihe onpeheHa ynmoTpeOom OuaeHTaATHUX
dochunckux nmuranana. [Ipumepu xomriekca 3marta(l) ca ogrosapajyhom reomerpujom cy
npukaszanu Ha cmuim 1. Jlyxuna Bese uzmehy Au(l) joHa m moHOpCKOr aToma JMraHaa

3aBHUCH O] PUPOJIE TOHOPCKOT aTOMa, a 3a UCTH JIUTaH]I, Ty>KWHa oJroBapajyhe Bese pacre
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ca moBehamweMm KoopauHauuoHor Opoja. Komruiekcu 3mata(l) mory Outh HeyTpaiHu

([AUCI(PPhy)]), mosutusHo ([AU(PPR);]") unu neratusno naenexrpucanu ([AU(CN),]Y).

PN

Ph,P PPh,
P h2F|> I?P ho cl l\ ‘
'T‘u 'T‘u u Au—ClI
Cl Cl Ph, P\/P Ph,
Jluneapna Tpuronanna
reomMeTpHja reomMeTpHja
— -+
PhyP PPh;
SN
PR "'PPh,
Terpaenapcka
reoMeTpuja

Camka 1. Moryhe reomerpuje kommuiekca 3nara(l)

Kommekcu 3mara(l) ce mobujajy peaykiujom komruiekca 3mara(lll) ca Bumkom
oarosapajyher dbochrHa WM THOAUTIUKOJA, TIPU YEMY CE€ Kao IOJIA3HO JeANCHHE Y OBE
cBpxe oouuHo kopuctu [AUCls]™ kommekc. MehytuM, y nocieame Bpeme ce 3a 100ujame
KomIuiekca 3nmata(l) cBe BHINE NMPUMEHY]y €ICKTPOJIUTHYKE Merone. JloOujame Mame
KOJMYMHE CIIOPEIHUX TMPOM3BOJa W MOTyhw M300p KOHTpa-aHjoHaA Cy MPEAHOCTH OBHX
MeTona y oxHocy Ha penykiuone [28]. Kommrekcn 3mata(l) cy crabuiHM y HEBOICHHM
aNpOTUYHUM pPAacTBapayrMa, Kao LITO je aleTOHHTPWI, JOK Cy U3y3€THO HECTaOWIHH y
BOJICHOM pacTBOPY, IpU YeMYy C€ JIaKO IUCHPONOPLUOHMITY IMpeMa cienehoj jeqHauynHu

[29-31]na kommutekce 3mata(lll) u xomouaHo 3:1at0(0):
3AU() ) — AU(II) o+ 2AUg  log< = 10

Ilocroje momamu ga ce OBO JTUCIPONOPIMOHHCAEKE OJBHja IN VIVO Tpeko
MHEIIONIEPOKCUIa3HOT cucTeMa y OenuM KpBHUM henmjama [32-34], mpu yemy ce cMatpa
na je Hactajambe komruiekca 3mara(lll) y opranu3smy HakoH TpeTMaHa ca KOMILICKCHMa

snata(l) mpouec koju nzazuBa TokcuuHe edekte [32-34]. Crabunnoct komruiekca 3ata(l)
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ce Moxe moehatu yBoljemeM T-aKLIeNnToOpcKuX nuranana, koju ca Au(l) jonoMm rpazme

JI0JIaTHY JOHOPCKO-aKIENTOPCKY Be3y [35].

Ipumena xkomiuiekca 3aara(l) y Jedemy peyMaTcKOr apTpuTHCca

Kommuiekcn 3mara(l) ce kopucte y MEAMIMHU 3a JICUCHE TEXKHX O0JIMKA
PEYMaTCKOT apTPUTHCA, ik j€ ’UXO0Ba IPUMEHA OrPaHMYCHA TOKCHYHUM JIeIoBambeM [36-
43]. [Ipema HaYWHY A03UPaba U TUCTPUOYIIMjE Y OPTaHU3MY Y TOKY TPETMaHa PeyMaTCKOT
aptputHca, Komruiekcu 3nara(l) ce mory moxenutu y nBe rpymne. Tuomaro-3maro(l)
komuieken  (Cnmka  2), ayporumoriykosa (Solganol), narpujym-ayporuocyndar
(Sanocrysin), HATPHjyM-aypOTHOMAJIAT (Myocrisin), HaATPHjyM-
ayporuomnponanoncyaponar (Allocrysin) u  kommureke 3mara(l) ca  4-amuHO-2-
MmepkanTobeH3zoeBoM kucenuHoM (Krysolgan), y opranusam ce yHOce HHTPABEHO3HO
(mapenTepanHo). Y pacTBoOpy, Kao M y UBPCTOM CTamy, OBU KOMIUICKCH MOCTOje Y OOJIUKY
MOJMMEPHUX JIAHYAHUX, WK [UKIMYHUX CTPYKTYpa y KOjUMa Cy MOjeJMHAYHU MOJICKYIIN

KoMILIeKca MeljycoOHO moBe3anu npeko aroma cymmopa (Cnuka 2).

On cBHUX KOMILJICKCA MPUKA3aHUX HA CIMIHU 2, IPUMEHOM PEHITCHCKE CTPYKTYpHE
aHajM3e, TOTBpheHe cy CTPyKType HarpujyM-ayporuocyiadara (Sanocrysin) [44]u
HaTpujyM-aypoTromanata (Myocrisin) [45]. Pe3yiaratu peHAreHcke CTPYKTYpHE aHaIH3e
cy nokasamu aa [Au(S,05)2)° jor uma nuneapHy crpykrypy ca S—AU—Syriom og 176°
u nyxuHoM Au—S Bese ox 2,28 A, ok je Hajmame pacrojame m3mely asa Au(l) jona
3,30 A [44].Hatpujym-aypoTHOMANAT HMa HONMMEPHY CTPYKTYPY, Y UBPCTOM CTakbY, HPH
yeMy jeJHa CHMETPHUYHA jeIWHMIIA CaapXKH JBa pasjinduMrta aroma 3jiara [45]. Jlyxuna
Au;—S Bese (2,289(8) A)je mpubmmkno jemnaka myxunan Au,—S Bese (2,285(7) A).
VYrao m3meh)y S—Awm—S Besa usnocu 178,9(5)°, nok yrao msmehy S—AWL—S Besa
(169,4(4)°)3nauajuo oxcryma ox 180° [45].

Tuonaro-3nato(l) KOMIJICKCH ce YHOCE y OpraHu3aM HHTPABCHO3HO Y HEJCJbHUM
WIK MECCYHHUM Jjo03ama koje caapske 50 mgsnara [46]. OBH KOMIUIEKCH CIIOPO AEIYjy H
noTpeOHa je Tepanuja y Tpajamy oA 4 10 6 Mecenu, Mpe HEero MTO Ce MPUMETE HUXOBH
KopucHU edektd. MehyTum, oaMax HaKOH YyHOIICHa THojaTo-3mato(l) komIuiekca y
opraHusaMm, JOJa3H J0 aKyMmylalgje 37aTa y I[OjeIUHUM OpraHuMa, Hapo4yHuTo Y
O0yOpe3nma, ITO JOBOIH JI0 TI0jaBe PA3IUIUTHX 000JbEHa, Kao MITO Cy HEPPOTOKCHUYHOCT,

omtehewme KoOIITaHE CpXKH, MOjaBa pa3HUX BpCTa JEpMaTUTa, paHHUIE y yCTUMa U
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noBpemenu nopemehaju ¢pynkuuje jerpe. a Ou ce cmamuiaa HaBeJeHa TOKCUYHOCT, YECTO
Ce HAaKOH J03Mpama KOMIUIEKCA, BUIIAK HEalcOpOOBAHOI 3j1aTa M3 OpraHm3Ma mu3oaiyje
nomohy D-menurunamuna (f,5-mumernia-D-iucrenn) u 2,3-1MMepKanToponaHona 300r

BEJIMKE CTAOMITHOCTH BMXOBHX KOMILICKCa ca 3artom [47,48].

- +
OH COO'Na
Homo Au84<;
HO SAU COO'Na*
OH n
L dn
aypOTHOTJIYKO3a HaTpUjyM-aypOTHOMAJIAT
(Solganol) (Myocrisin)
COOH
B ] SAu
Hojﬂ
AuS SOz;Na*
L dn
HATPHjyM-aypOTHOIIPOTIaHOJICYIPOHAT NH; N

(Allocrysin)
3nato(l) koMIuteke ca 4-aMHHO-2-
MEPKanTOOEH30€BOM KHUCETHMHOM

(Krysolgan)
Naz|0;S—S—Au-S—S0;,
HaTpHjyM-aypoTHOCYI(at
(Sanocrysin)
5
RS SR an
P Au
,\AU\S/AU / A“\S/A“ \SR R
A R R /Au R \Au < \Au
S— Au
— 7 TAu
Rs— AU ~SR Ny \s
R R
LIUKJIMYHA CTPYKTYypa MOJIMMEPHH JIaHaI]

Cmuka 2. CrpykrypHe ¢opmyne komiuiekca 3nata(l) Koju ce HHTpaBEHO3HO

KOpHCTE Y JIeuekhy peyMaTcKor aprpuruca [36-46]
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VY 1uiby npoHalakema KOMIUIEKCa, KOju he MMaTH Mamby TOKCHYHOCT HMPUINKOM
JeYeHha PEyMaTCKOT apTPUTHCA Y OAHOCY Ha THONATO-311aTo(l) KoMILiekce, CHHTETU30BaHU
cy pasmuuntd  pochuHCKH KoMmiuiekcn 3nara(l) W MCIMTHBaHA je  EHXOBA
antunH(pamatopHa aktuBHOCT. Haheno je ma [AUCI(PES)] u [AUCI(PES),] xomruiekcu
NOKa3yjy 3Ha4ajHy aHTHHH(IAMAaTOpHY aKTUBHOCT, &JIM M Ja U3a3MBajy TOKCUYHE eeKTe
[49,50]. [Mpumena aypanoduna (2,3,4,6terpa-O-anerui-1-tuo-f£-D-riykonupanosaro-
S(rpuernndocdun)snaro(l), Ridaura) Cnuka 3) y neuewmy peymMarcKor apTpUTHCa je
omobpena ox crpane FDA (Food and Drug Administration) 198boaune. Penarencka
CTPYKTYpHa aHaJIM3a je ToKa3aja Ja je OBaj KOMIUIEKC y UBPCTOM CTalkby MOHOMEpaH M Ja
uMa JUHeapHy reomerpujy ca yriom P—Au—SBese ox 173,6°u ayxunom Au—S u
Au—P Be3a 2,293 A omnocro 2,259 A [51].1H, BC u 3P NMR CIIEKTPOCKOIICKA MEpErha

Cy ToKazaia Jia aypaHopH uMa CJIHYHY CTPYKTYpY H y pactBopy [52,53].

CH3COO
CH5COO o)
CH3COO S,
OCOCH;  Au

PEts
Cauka 3. CtpykrypHa dopmyia aypanoduna (OpanHu HauuH npumene) [51-53]

AypaHo(uH ce YyHOCH Y OpraHM3aM OpajHO y JHEBHUM J03aMa Koje caapxke 3-6
Mg 3nara. [Ipwinkom npumene aypaHoduHa, aJcopmiyja 3j1laTa y OpraHu3My 3aBUCH O]
HauWHa HETOBOT JO3HMpama. AKO ce KOMIUIEKC JO3Upa y UYBPCTOM CTamy, nocie 24 cata
MpoIIeHAT aIcopOOBaHOT 37aTa y opranuzmy je 20-25%,a ako ce naje y o0IMKy eTaHOJIHOT

pacTBOpa, OH/Ia je aJICOpIIIIHja 311aTa y TOKY 24 cata KomIuieTHa [54].

®dochuncku KOMIUICKCH 3nata(l) ca THOOEH30€BOM KHCETTUHOM,
[Au(PhCOS)(PED] u CYIICTUTYHUCAHUM JepuBaTHMAa tHo(eHoa,
[Au(o-HOOCGH,S)(PEt)] u [Au(o-HoNCeH4S)(PEt)], moxkasyjy aHTHpeyMarcky
AKTUBHOCT MPHJIMKOM TPUMEHE Ha MallOBMMa, ajli C€ HE MPUMEHY]Y KIMHUYKH Y JICUCHY
peymarckor aptputuca [55]. Takohe, kBacan koju caapxu 0,5%3nara je Beoma edukacan

y JIeYerYy jyBEHWIHOT apTputuca [56].

Mexanuzam denosarwa komnnexca snama(l) y neversy peymamcroe apmpumuca

Hakon no3upama, komruiekcu 3nata(l) moiexy CyNCTHTYIHMOHUM peakijama.

Tuomnaro-3maro(l) KOMIUIEKCH, KOjU Ce y OpraHHM3aM yHOCE HMHTPABCHO3HO, BE3yjy ce 3a
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NpoTerH anOyMuH npeko THoiHe rpyne nucrenHa (Cys34) [57].Aypanodun ce, Takohe,
Be3yje 3a anOyMuH, TPU YEeMy C€ TETPAALCTHITHOTIYKO3UIHU JIHTaHJ y KOMIUICKCY
cymncTutyuiie THoaHoM rpymoM u3 Cys34 [58]. [Ipu ToMe [07a3u A0 eIMMUHAIH]C
dochunckor smranga u Qopmupama Tpuetundochun oxcuma, EBPO, koju je
UIeHTH(UKOBaH y YpUHY TNalWjeHara, HaKOH TperMaHa aypaHoduuom [59]. Ilpeko
anoymuna Au(l) jorm mocneBa y henmjy rae ce najbe Besyje 3a TPUICHTHI TIyTaTHOH
(y-L-tnyramun-L-tucrennwn-roununa; GSH), a wmeraboaur [Au(GS)]™ moke Ourtn
usaydeH w3 hemuje, npu uemy ce Au(l) momoBo Besyje 3a andymmu [60].
Nuuujanupoaypar(l) kommiekc, [AU(CN)z]” je rmmaBHM MeTaOOJUT KOA  CBHX
aHTUpeyMaTckux Komruiekca 3iara(l) m HaheH je y ypuHy nammjeHara [61], uume je
nokazano na CN umMa BeoMa BakHY YIIOTY Y TpOILECY aHTHPEYMATCKOT JEIOBabha
komruiekca 3nmata(l) y opranusmy. [To3HATO je Ja €H3UM MHEIONEPOKCHIa3a MPEBOH
ayporuomanat y [Au(CN),]", koju yna3u y henujy u crnpeyaBa OKCHIATUBHO CaropeBame
0enux KpBHUX 3pHAala M, Tako, yOnaxaBa CeKyHAapHe e(eKTe XpPOHWUYHE Yyraje y
3r1000BMMa mnanujeHata [62]. MeljyruM, y NprCYCTBY MHEIONEPOKCHIA3€e, XJIOPHIHH jOH
Cce OKCHAyje [0 XHIOXJOpuTa, Koju pgabe okcuayje AU(l) jon y aypanoduny,
aypotuomanary u [AU(CN);]” mo Au(lll) jona. IIpernocraBiba ce na je Hacrajambe Au(lll)

jOHa TpoIleC KOjU M3a3MBa Pa3InIUTe TOKCUIHE eekTe [34].

AHTHTYMOPCKA aKTHBHOCT KoMiLiekca 371aTa(l)

Ocum 3HavajHe anTuUH(IaMaTopHe, HaheHo je na komiuiekcn 3nara(l) mokasyjy u
aKTHBHOCT TIpeMa pa3iuyutuM henujckuM JmHHjama Tymopa [63]. Hajope cy Lorber n
capaguui, 1979. rogune, npoHanum ga aypanodpun (Cmuka 3) mokasyje in Vitro
[IUTOTOKCUYHY aKTHBHOCT peMa HelLatymopckum henujama [64]. Kacuuja ncrpaxuBama
Cy Mokasaia Jia aypaHo(puH uMa CIM4YHY, WK Yak Behy in VItro MUTOTOKCHYHY aKTHBHOCT
npemMa pa3uuuTHM heHjCcKuM JIMHHjaMa OJ LUCIUIaTHHE, alli Ja je y IN VIVO ycioBuMa
AHTHTYMOPCKH aKTHBaH jeauHo rnpema P388henujckoj nmuHuju (leykemuja Koa MHIIEBaA),
Kaga ce mo3upa mHTpaBeHo3HO [65]. Mirabelli u capagnuin cy MCIUTHBAIN MOBE3AHOCT
uzmehy IN Vitro nuToTOKCHMYHE W IN VIVO aHTUTYMOpPCKE aKTUBHOCTH 63 KOMILIeKca
snata(l) ommre popmyne AuXL mpema B16 (Menmanom kon muineBa) u P388henujckum
nuHKjama [66]. IluroTokcuuHa akTMBHOCT iN Vitro mpema B16 hemmjckoj muHHjH je
yrBphena 3a komruiekce 3mara(l) y kojuma je L dpochuncku tum auranga. Cmarpa ce aa cy

OBHM KOMIUIEKCH akTHUBHH yciea nosehane numogmiHocTH KOjy o0e30elyje ankui- mim
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dernndochuncku murana. Hacympor Tome, THoMaTo-31aT0(l) KOMIUIEKCH HHUCY MOKA3aIn
3Ha4ajHy LUTOTOKCHYHOCT, Kao Hu xuopuposznaro(l) xomruiekcu ca cynduanma,
NUPUIAHOM, XEKCAMETHIICHTETPAaaMUHOM | ITUKIOOKTeHOM. O cBuX Komiuiekca 3iara(l)
Koju He caapke (ochuHCKM auraH, jeauHo xmopuao(rpuerninapcun)siaro(l) mokasyje
IIUTOTOKCUYHY aKTHBHOCT, KOja je ocaM IIyTa Mama OJl aKTUBHOCTH oJroBapajyher
dochuHcKOor KOMIUIeKca. Melyytum, iN Vitro MUTOTOKCHMYHA aKTUBHOCT HE yKasyje na he
oarosapajyhu koMmIuiekc OMTH akTHBaH y in Vivo yciaoBuMa. Haleno je ma majsehy in vivo
AHTUTYMOPCKY AaKTHBHOCT HMMajy KOMIUIEKCH KOju caapke W (GOCHUHCKH JUTaHI |
thomiehep, MpU YeMy C€ aHTHTyMOpPCKa aKTHBHOCT MEHa y 3aBUCHOCTH O] BPCTE

dochunckor nurana [66].

AHTUTYMOPCKY aKTHBHOCT MOKa3yjy W TeTpaeaapcku komruiekcu 3nara(l) ca
mudochunrma kao smranguma [67-69]. Ha coumm 1 je mpeacraB/beHa CTPYKTypHA
dopmyna  Terpaemapckor  [Au(dppe}]”  kommiexca (rme je  dppe  1,2-
bis(mupennndocduno)eran), koju je akTUBaH MpeMa Pa3IMIUTAM TYMOPCKUM henujama.
MelhytuM, oOBaj KOMIUIEKC HHj€ HAIla0o MNPUMEHY Yy JIeUelhy TyMopa, jep CIpedaBa
HOPMaJIHO (PYHKITMOHUCAK€ MUTOXOHJpPHja U M3a3uBa 030MJbHAa 000JbEHA CpIIA, JeTpe U
wiyha. Pe3ynratu ucnutuBama komiuiekca omire gopmyne [AUu(R2P(CH)PR.)2ICI cy
TMoKasaiy 1a Hajsehy akTHBHOCT MMajy KOMITIEKCH Ko Kojux je R = R = genunun=2, 3
wi CissCH = CH [67-69]. YormiureHo, aHTHTYMOPCKa aKTHBHOCT OBHMX KOMILIEKCA CE
3HAYajHO CMamYyje, WIM YaK MOTIYHO ryow, 3amMmeHoM ¢eHus Trpymna Ha atoMy docdopa
HEKUM JIpyruM Tpymnama. Takole, Hal)eHO je 1a aHTUTyMOpPCKa aKTUBHOCT JWHYKJICAPHUX
komruiekca 3mara(l), [CIAu(PhLP(CH,),PPR)AUCI] (n = 1 — 6)u [XAu(dppe)AuX] (X =
ClI, Br, AcO, GluS, (Ac),GluS), 3aBucu on MOryhHOCTH OBHMX KOMILIEKCA Ja Y
peakiuju ca THOIMMA, KOju Cy IpPHCYTHH y KpBHOj Iuiasmu, dopmupajy [Au(L-P,P);]"

komruiekcHe Bpere (rae je L oxrosapajyhu nurannm) [69,70].

Ha cmumm 4 je mpuka3aHa CTpyKTypHa (GOpMyZia aHTUTYMOPCKH aKTHBHHX
kommiexca 3nata(l) ommre popmyne [Au(R2IM),]", rae je R =erun (Et), naporun ("Pr)u
wsonporn (Pr), a Im umuznason [71]. Hajsehy aHTHTYMOpPCKY aKTHBHOCT y OBOj IPYIIH
xomruiekca 3nara(l) mokasyje [AU(PRLIM),]" KoMIuIeKe Koju campiu pauBacTe H30MPOIIAI

T'pyn€ Ha aTOMHUMa a30Ta UMK 1a30JI0BOT IIPCTCHA.
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PN
- Y
>
ey

R = Et, "Pr, Pr

Cmuka 4. CrpykrypHa ¢opMmyna aHTuTymMopcku aktuBHOr [AU(R2m)y]”

komruiekca (R =erun (Et), napormn ("Pr) u nzonpormn (Pr); Imumunaszon) [71]

AHTHTIAPA3UTCKA AKTUBHOCT KOMILTeKkca 3iara(l)

Kowmrutekcn 3mata(l) mokasyjy akTHBHOCT mpema Mapa3uTHMa KOjU Cy y3pOYHHIIU
manapuje, JnajumManno3e, ChagasBe Oomectn (aMepuyke TPHIIAHO30MHja3e) W
mcro3omujase [72]. Haheno je ma [Au(cq)(PPR)][PFes] xommuteke (Cauka 5), raoe je cq
XJIODOKHH, JIEK KOjU C€ KOPUCTH Yy JIeUely Majlapuje, WHXHOHMpa pacT mapaszura
Plasmodium bergheioju y3pokyje manapujy koj riojapa y in Vitro ycioBuma, anu u jia
je eduxacan npema FCB1lu FCB2 Bpcrama Plasmodium falciparunmapasura [73]. Ocum
TOTa, 0Baj KOMIUIEKC mokasyje 5 — 10myra Behy aHTHManapujcKy aKTUBHOCT OJT XJIOPOKHH-
mudocdara (cqdp), mrTo ykazyje Ha UUEHCHUIY Ja KOOpPAHMHAIHMja XJIOPOKHHA MPEKO
a30TOBOT aToMa XHMHOJMHCKOT mpcTeHa 3a AU(l) jor 3HawajHo nonpuHOCcH mMoBehamy
anTEManapujcke aktuBHOCTH. Aypanodun u [AUCI(PEL)] kommiekcu Takohe nHXHOHPajy
pact Plasmodium falciparummapasura mpu konuextpaumjn ox 142 nmol/dmi 3a
aypanopun, omsocHo 2,1 pmol/dn? 3a [AuCI(PEt)] xommiekc [74]. Harpujym-
aypoTHOMAJIaT HHUje TI0Ka3a0 aHTUMAJIAPH]CKy aKTUBHOCT [74], anu je ynmoTpeOsbeH Beoma

YCIIEIIHO Y JICYeHY MaldjeHara 000IeIuX o1 JIajiMannose [75].

Kommiekcu 3mata(l) ca xmorpumasonom (Cnmka 5) M KETOKOHA3070M, KOjU CY
N00pO TIO3HATH AHTHUIJBMBHYHH arcHCH, IIOKa3yjy aKTUBHOCT IpeMa MapasuTy
Trypanosoma cruzi koju je y3pounuk Chagassse OojecTd WM aMEpPUUKE
TpunaHo3omujase [76], 10k cy aypaHohuH, aypOTHOTIIYKO3a W HATPH]yM-aypOoTHOMAJatT
aKTUBHH MPEMa Mapa3uTy KOjU W3a3uBa MIMCTO30MHja3y [77]. BaxkHo je HarmmoMeHyTH 1a o1
mrcTo3omMujasze, roaumme y cBety ympe 280000 pynu u nma jomr yBEeK HE TOCTOJU
onrosapajyha BakiimHa, IITO Jaje oceOaH 3Havaj JajbeM UCIUTHBaKkY KoMiuiekca 3mata(l)

Kao MOTEHIM]jaTHUX areHaca y Jiedermhy OBe 00JIECTH.
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POvs I Rels)
b L0

Cl PFg

AU PFg

[Au(ca)(PPh)][PFe] [Au(ctz)(PPR)][PFe]

Cauxa 5. CtpykrypHe (QopMmyse HEKMX aHTUIAPAa3UTCKU AKTUBHUX KOMILIEKCA

snata(l), rae je CqxiopokuH u Ctz kiaotpumason [73,76]

1.1.2. KOMIUIEKCHU 3JIATA(Ill) 1 BUXOBA IPUMEHA Y ME/IUIIUHHA
Ctpykrypa xommiekca 3aara(lll)

3naro(lll) jou ([Xe]4f**5d®) uma mamm jomcku pamujyc (0,85 A)y omsocy Ha
snato(l) (1,37 A), na je mame momapuzaGuian. Ilokasyje Benuku adUHUTET 3a JIMTAHIE
KOjU caJpke JOHOPCKE aToMe a30Ta M KuceoHuka (TBpae Lewis-ase 6ase). [lopen Tora,
no3Hatu cy u komrutekcu 3nara(lll) ca xmopumo, Opomuo, IUjaHUAO U a3UI0 JIMTAaHAUMA
[17]. Kommuekcu 3nata(lll), Hajuemrhe, uMajy KBaapaTHO-IUTAHAPHY T€OMETPH]Y, alH CY
MoOryhn W KOMILIEKCH ca KBaJpaTHO-THPAMHUIATHOM, TPUTOHATHO-OMITUPAMUIATHOM U
oKTaenapckom reomerpujom. Jly:kuHe Beza y komuiekcuma 3mata(lll) cy mame on
onroBapajyhux Be3a y komiuiekcuma 3nmata(l), amm Te pasnmke HUCY Benuke. Y
TPUTOHATHO-OMIUPAMHIATHIM M OKTaeJapCKHUM KOMIUICKCHMa, aKCHjallHE Be3e Cy TyXKe
on exkBaTopujanHux. [Ipumepu komiutekca 3iara(lll) ca oarosapajyhum reomerpujama cy

NpUKa3aHu Ha ciuLu 6.

12



Onwmu 0eo

T 2+
(\NHZ
HN— Au—CI
NH2
KBanpatHo-1anapHa KBanpatHo-iupamMuanHa
reoMeTpuja reoMeTrpuja
— 1+
MeZ Me,
As i As
Me2 | Me2
Oxraenapcka
reoMeTpuja

Cauka 6. Moryhe reomerpuje komriekca 3mara(lll)

AHTHTYMOpPCKA aKTHBHOCT Komiiekca 3aata(lll)

Mowro cy Au(lll) wu Pt(I) wusoenekrporckn joun (d° enexrponcka
KoH(urypanmja), HaKOH oTkpuha AHTUTYMOPCKUX ocoOuHa Ccis-
nuamvusauxtopunomiatuia(ll) komruiekca [78-80], 6uno je 3a ouekuBatH na he u
KkBajpaTHO-TutaHapuu kKomruiekcu 3nata(lll), takohe, mmatu oarosapajyhe aHTHTYMOPCKO
nenoBame. Mehytum, y nmopehemy ca komrutekcuma ratuae(ll), xommaekcu 3mara(lll) cy
Marbe cTabwiHu npu ¢usnonomkum yenosuma (pH = 7,40; 37°C). Haume, KoMIUTEKCH
snara(lll) wmMajy BUCOKE BpPEIHOCTH PENOKC MOTEHIMjasia, LITO TOBOPU O HHHXOBUM
U3Pa3UTHM OKCHJIAIMOHUM OCOOWMHAMa, MpH 4YeMy C€ JIAKO PEayKYjy 10 eJEeMEHTapHOT
3J71aTa, IMITO UX YMHU Mamke aHTUTYMOPCKH e€(UKaCHUM M TOKCHYHHjUM. MehyTtum, kpajem
XX u moyerkom XX| Beka, CHHTeTH30BaH je Benmuku Opoj kommiekca 3mara(lll), xoju
umajy Behy CTaOMITHOCT MpH (HU3HOJIOUIKMM YCIOBUMA, Malby TOKCHYHOCT M 3aBHIHY IN
Vitro u in VivOaHTUTYMOPCKY aKTUBHOCT IpeMa pa3InduTUM helijCKUM JIMHHjaMa TyMopa
[81-92]. 1a 6u ce mosehana crabmmnoct Au(lll) joma, y cuHTe3ama HOBHX KOMILIEKCA

KOpI/II_HheHI/I CYy pa3In4nTH MOJIUACHTATHU JIMTaHAW, Ka0 IITO CY IMOJIMAaMHWHU, TCPIIUPUINH,
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¢denanTponuH, aepuBatd (EHWINUPUANHA, OMNUPUIANHA W TOPPHUPUHA, MENTUIN KOjU

caJip’ke aMMHOKHUCENUHY L-XUCTUANH U TUTHOKapOamary.

Pesynrarn wucnutuBama komriekca 3mara(lll) cy mnokasamm ga ce mHXOBa
AHTHTYMOPCKa aKTUBHOCT, y Behunu cinydajeBa, Mmoske nmpunucaru npucyctsy Au(lll) jona,
jep BehmHa nuranaga ynorpeOJb€HMX 3a CHHTE3y KOMIUIEKCa HE TOKa3yje 3HadajHy
aHTUTYMOpCcKY aktuBHOCT. Ha mpumep, [Au(Gly-L-His-N,N’,N")CI|CI'3H,O kommekc,
Gly-L-His je pmunentun ramnui-L-XUCTHAWH, TOKa3yje 3HAYajHy aHTHTYMOPCKY
aktuBHOCT mpema A2780/S henujckoj muHMju (KaplMHOM jajHMKAa KO KE€Ha), 0K Cy
komruiekcu Gly-L-His ngunmentuma ca npyrum jonuma metana, Zn(ll), Co(ll), Pd(Il) u
Pt(ll), mpakTHYHO HEaKTUBHHU KaJa ce BpILIC TECTOBM Ha UcTO] hemujckoj nmHUju [81].
Tpeba HanmoMeHyTH MAa IWUNENTH] TIAUNHI-L-XUCTHIWH HE MoKa3dyje aHTUTYMOPCKY

AKTHUBHOCT.

[Mo3nato je na komruiekcu miatuae(ll), Koju mMokasyjy aHTUTYMOPCKY aKTUBHOCT, Yy
CB0jO] CTPYKTypH Hajuemrhe nMajy ABa MOHOJEHTaTHA aHjOHCKA, WU jelaH OMICHTATHU
AHJOHCKHM JIMTaH]I, KOju c€ y henuju CynCcTUTYHIy ca JOHOPCKUM aTomumMma azota u3 JJHK
Mosiekyna. OBa CTYKTypHa KapaKTEpHCTHKA, MehyTuM, HHUje HEOIXOIHa 3a OHMOJIOIIKY
aktuBHocT  komruiekca 3nata(lll). Kommuekcu bis(erunennuamun)snaro(lll)- xmopun,
[Au(en)]Cl; (roe je en OuaeHTaTHO KOOPAMHOBAHW CTWIICHAWAMHH), KOJH Y CBOjOj
CTPYKTYpH He caapxku xjopuao nurang koopauHoBad 3a Au(lll) jon, u [Au(dien)CI|Ch
(rme je dien TpuaeHTaTHO KOOPAWHOBAHH JAMETHJIICHTPUAMHH) IOKa3yjy CIHYHY
AHTUTYMOpPCKY akTuBHOCT nipeMa A2780/Shenujckoj muunju [82]. CtpykrypHe dhopmyiie
HEKHX aHTUTYMODPCKM akTUBHHX Komrutekca 3iara(lll) ca mommamMuHMMa kao Juranauma

Cy MpHUKa3aHe Ha CIUIH /.

Benmuka crabmimmzanuja Au(lll) joma wmMa 3a MOCIACIUIly HHETOBY CMambeHY
PEaKTHMBHOCT, a CaMHM THM M cJa0Wje aHTUTYMOPCKO JelioBamke oaroBapajyhux
kommiekca. Ha mnpumep, [Au(cyclam)](CIQ).Cl kommueke, (cyclam = 1,4,8,11-
TETpaa3alKIOTEeTPaIeKaH), YMja je CTPYKTypHa (opMmyna npukazaHa Ha CIMIU 8, yciien

senke crabummsanuje AU(lll) jona He mokasyje 3HaYajHy aHTUTYMOPCKY aKTHBHOCT [82].
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B 3+ 2+
—\ (\THZ
H,N NH,
\Au/ 3Cr HN—Au—CI | 2CI
N\
.
\_/ NH,
[Au(en)]Cl5 [Au(dien)CI]Cl,
2+
- 4
|
N Cl
N,/ . 2CI
/Au\ Cl
= |N Cl
X
[Au(phen)ChICI [Au(terpy)CIICl,

Cauxa 7. CtpykrypHe ¢opMysne HEKMX AHTHTYMOPCKM AKTUBHUX KOMILJIEKCA

snata(lll) ca amuHckuM uranauma [82]

l/\3+

HN\ /NH 2CIO,
Au cr
/7 \

HN NH

Cauka 8. Ctpykrypaa dpopmyra [Au(cyclam)](CIQy).Cl kommiekca [82]

AHTUTYMOPCKY aKTHUBHOCT IMOKa3yjy MOHOHYKIJICAPHH M JUHYKJICAPHU KOMIUICKCH
snata(lll), koju canpxe koopaunoanu 2,2'-ounupuaut (bipy) unm merose aepusare [83-
85]. CrpykrypHe ¢opMysie aHTHTYMOPCKM aKTHBHHX MOHOHYKJICAPHHX KOMILIEKCa
snata(lll) ca mepuBarmma 2,2'-OunupuanHa Ccy npukaszaHe Ha ciuind 9. CTpyKTypHE
(GopMyne HEKMX AaHTUTYMOPCKM aKTUBHHMX JWHYKJIeapHuX komruiekca 3nata(lll) ommre
dopmyne [Auz(pu-O)(L-N,N)2][PFe]2 (L-N,N = 2,2’-OunupuavH WA HEKH HEroB
nepuBar) npukasane cy Ha cauny 10 [85]. OBu kommekcu campike AlpOz°* cTpyKTypHY
jenuHuIly y kojoj cy asa AuU(lll) joHa ABOCTPYKO MOBE3aHH Ca MOCTHHM KHCCOHHYHUM

JINTAH/IOM.
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~ N
/Au\
Ho©  “OH

PFg”

 [Au(bipy)(OH)IIPFd [Au(bipy®™ H)(OH)|[PFg

[Au(bipyd™2-H)(2,6-xylidine-H)][PFg] [Au(pyd™2-H)(AcO),]
Cauka 9. CtpykrypHe hopMysie aHTUTYMOPCKH akTHBHUX KoMmIutekca 3ara(lll) ca

nepuBaTuma 2,2’-ounupuanna [83,84]

V TaGemu 2 cy npukasase 1Cso Bpemroctn® (WM = pmol/dnT), koje cy oxpelene
HaKoOH 72 cata JienoBama pa3mnautux komiuiekca 3inara(lll) na henuje xkapuuHoma jajHuka
kox skeHa (cemsutuBHa (A2780/S)u pesucrentra (A2780/R) henujcka nuHuja Ha Cis-
[PtCl(NHs)2]). 13 oBe Tabene ce Moke BUAETH J1a BehrHa HCIIUTHBAHUX KOMITJICKCA, OCHM
[Au(cyclam)](CIOy).Cl, mokasyje 3nHawajHy in VIitr0 aHTHTYMOPCKY aKTHBHOCT Ipema
pedepentroj A2780/Shenujckoj muauju, npu yemy cy 1Cso BpeIHOCTH y MHTEpBAILY O]
0,2 no 25,4 uM. On cBuX mpuKa3aHHX KoMmILiekca y tabemu 2, jeauno [Au(terpy)Cl]Ch
koMmruiekc uma |Csp Bpeqaoct mamwy of1 1Cso BpeTHOCTH IUCIIIATHHE, IITO 3HAYM J1a OBaj
xomiutieke 3nara(lll) mma m Behy amtuTymopcky aktuBHOCT mpema A2780/S henujckoj
muauju. Kao mro ce BUAM, HajMamky aHTUTYMOPCKY aKTMBHOCT TOKa3yjy OUHYKJIEapHH
xomruteken 3nata(lll). Mehyrum, Moxke ce mpuMETUTH Aa yBOhCHE pa3IMUUTHX aIKHII-

WM apwii- CYTNICTUTYEeHAaTa Ha ToJiokajumMa 6 u 6’ OMIUPUINH JHTaHaa y JAUHYKJICApHUM

%|Csg 8pednocm je Keanmumamuena mMepa Koja nokasyje Komuko je oopelenoz neka unm opyee cyncmanye
(unxubumopa) nompebro 3a unxubuyujy oopelenoe buonowxoz npoyeca (Ui KomMnoHewme OUOIOUWKOZ
npoyeca, mj. eH3UMA UIU MUKPOOP2AHU3MA) 30 NOLOGUHY. [pyeum peuuma, mo je noiosund Maxkcumaine
ronyenmpayuje unxuoumopa (50% ICunu 1Csg).
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KOMIUIEKCHMA yTHYE Y BEJIUKO] MEPH HA BbUXOBY PEAKTHBHOCT M aHTUTYMOPCKY aKTHBHOCT
[85]. Ha mnpumep, nepuBatr 6,6-mumernn-2,2’-6unupuanna, [Au(u-O)x(6,6'-
diMebipy)][PFe]2, mokasyje antutymopcky aktuBHOCT mpema A2780/S m A2780/R
hemwjckum  nmHWjama 5-15 myra Behy y mopehemy ca ocramuMm JUHYKICAPHUM
komruiekcuma (Tabena 2) [85]. Ox cBux nurananga, KOpUIINEHUX 3a CHHTE3y KOMILJICKCA

snara(lll), jemmno cy 2,2":6',2"-tepnupumua u 1,10¢eHaHTPONMH aHTHTYMOPCKH

AKTHBHHU.
B ] Me,C CMe
N o N N0 N A
7~ SN < PRy a1 [PFel
) U / \ 612 2R o/ \ N
/ / MesC™ N 7 CMe,
[Auz(pu-O),(bipy).][PFe]2 [Auz(u-0)2(4,4’-ditBubipy)z][PFe]2
| N R | N | AN Me Me | AN
N o, N~ =N o N A~
W Oad PF A Al Pl
N, \ [PFel> VAR NVARN
| X\ o N| AN | NN O l\f X
7 R F Z Me Me Z
[Auz(u-O)2(6-Rbipy)][PF]- [Au,(u-0O),(6,6’-diMebipy)][PFe].

R = Me, CHCMe; wu 2,6-MeCgH5

Cauxa 10. CtpykTypHe dopMyse HEKUX aHTUTYMOPCKU aKTHBHUX JHHYKJICAPHUX

komiutekca 3mara(lll) [85]

[Tocneamux HEKOIUKO TOIMHA MTOCCOHY Maxmy npuBiaaue komriekcu 3marta(lll) ca
JTUTHOKapOaMaToM M HEeTOBUM JiepuBaTHMa, omite dpopmyne [Au(dtc)X;], rae je X = CI,
Br u dtc autnokap6amaro nurann (Cnuka 11) [87,88].Ha oHoBy pesynarara in Vitro u in
VIVO WCcruTHBama 3ak/bydeHO je Ja OBH KOMIUIEKCH IOKa3dyjy Behy aHTHTyMOpCKy
AKTUBHOCT W Mamy HEPPOTOKCHYHOCT y mopehemy ca mucruiatuHoM. BakHO je
HaroMeHyTH fa ce komriekcu [Au(dmdt)Br] (dmdt = N,N-qumerniautrokapbamar) u

[Au(esdt)Bp] (esdt = ermi-capko3WHAUTHOKapOAaMaT) TPEHYTHO HUCIHTYjy Ha
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mehynapoanom MHcTuTyTy 32 00pOYy NpoTHB paka, ca Moryhnourhy na ce y OyayhHocTH u

IpUMEHE Y Jieuery oBe Ooiectu [88].

Ta6ena 2. 1Cso Bpennoctu (UM) Hexux xomruiekca 3nata(lll) y ogHocy Ha mucmiaTuny,
Cis[PtCl(NHs),], xao pedepentnu xommiaekc. Bpennoctu cy oapehene Hakon 72 cara
JIeIIOBaa KOMILICKca Ha hendje kapiuHoMa jajHuka Ko skeHa (cemsutuBHa (A2780/S)u

pesucrentHa (A2780/R)henujcka muHMja HA UCIUIATHHY)

Kommiaexc A2780/S A2780/R Ped.
cis-[PtCl(NH;)] 1,22+0,43 14,16:2,72  [82]
[Au(en)]Cl; 8,36+0,77 17,0t4,24 [82]
[Au(dien)CI]Cl, 8,2+0,93 18,742,16 (82]
[Au(cyclam)](CIOy).Cl 99,0 >120,0 [82]
[Au(terpy)CIICl, 0,2 0,370,032  [82]
[Au(phen)CLICI 3,8:1,1 3,49+0,91 [82]
[Au(Gly-L-His-N,N’,N")CI|CI'3H,0 5,2+1,63 8,5:2,3 [81]
[Au(bipy®™-H)(OH)][PF] 3,314 8,2+1,5 [83]
[Au(bipy)(OH)][PFe] 8,8t3,9 24,1+8,7 [83]
[Au(bipy®™-H)(2,6-xylidine-H)][PR] 2,50£0,43 5,7+0,3 [84]
[Au(py®™-H)(AcO),] 2,90:0,34 6,40¢1,0 [84]
[Auz(p-O)o(bipy)][PFg]2 22,8:1,53 23,3t0,35 [85]
[Au(u-0),(4,4-di'Bubipy)][PFel2 12,1+1,5 13,51,8 [85]
[Au(u-0),(6-Mebipy)][PF]. 25,4:2,47 29,8:3,1 [85]
[Aux(u-O),(6-CH,CMesbipy),][PFe]2 12,7#1,06 19,8+1,8 [85]
[Aux(u-0)2(6-(2,6-MeCgHa)bipy)s][PFe)2 11,6t1,5 13,2+1,2 [85]
[Au(u-0),(6,6'-diMebipy )] [PFel. 1,790,17 4,81+0,5 [85]

en = erunenauamut; dien = guermnentpuamun; cyclam = 1,4,8,1krerpaasanukiorerpanekan; terpy =
2,2".6',2"-tepnupuaun; phen = 1,10penantponun; Gly-L-His = raumun-L-xuctumun; bipy = 2,2'-
OUMIUPUIVH; bip)ﬁmb: 6-(1,laumernnbensmn)-2,2 -ounupuaus; 2,6-xylidine = 2,6aumerunanmnus; p mb
= 2-(1,1 aAumMeTnNOe H3 M) -TUPUINH; 4,4’-ditBubipy = 4,4 qurepubyrui-2,2’-6unupuaud; 6-Mebipy = 6-
Metii-2,2'-6unupuant; 6-CH,CMesbipy = 6#eonentii-2,2'-6unupuaus; 6-(2,6-MeCgsHz)bipy = 6-(2,6-
qumeTwidenn)-2,2'-6unupuany; 6,6’-diMebipy = 6,6’ aumernn-2,2’-ounupu
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I HaC
RO/C\CH —N"'C/ / \N'" 4 \ /
N / N el N / \
R = CH;, X = Cl, [Au(msdt)C}] X = Cl, [Au(dmdt)Cb]
R= CHs, X = Br, [Au(msdt)Bg] X = Br, [Au(dmdt)Bb]

R = CH,CH,, X = ClI, [Au(esdt)C}]
R = CH,CH,, X = Br, [Au(esdt)Bs]

Camka 11. CtpykrypHe (opMyne HEKUX AHTUTYMOPCKH aKTHBHUX KOMILIEKCA

snara(lll) ca nepuBaTuma muTnokapbamara [87,88]

AHTHIIAPA3UTCKA aKTUBHOCT KoMmIuiekca 3iarta(lll)

Ocum antuTyMOpcke, kommuiekcu 3nara(lll) mokasyjy W aHTHIapasuTcKy
aKTHBHOCT IIpeMa Iapa3uTUMa KOju H3a3MBajy Mmanapwjy, jajumanuoly u Chagasssy
6omnect [72]. Kommuekc 3mata(lll) ca xmopoxunom, [Au(cqkClo]Cl je akrtuBHHjuU of

xnopokuH-gudocdara mpema K1 Bpctu Plasmodium falciparummapaswura, xoju u3a3uBa

3+

3CI™

[Au(dppz)]Cl3

Cl
[AuCls(ctz)]

Canka 12. CtpykrypHe (opmysie HEKMX aHTHMAPAa3UTCKU aKTUBHUX KOMILJIEKCA

snata(lll), roe je dppz 2,5biS(2-nupuann)nupasus u Ctz knorpumasoi [94,95]
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mvanapujy [93]. Kommuekc [Au(dppz)p]Cls, roe je dppz 2,5biS(2-mupuawn)nupasun
(Cnuka 12), moka3yje 3HaTHO Behy akTUBHOCT mpema napasury Leishmania mexicangoju
je y3pounuk majmmannose, ox komiuiekca Cu(ll) m Ag(l) ca uctum mumranmom [94].
AHTHMapa3uTCKa aKTUBHOCT OBOT KOMILJIEKCA j€ MPHUIMCAaHa HETOBOj CIIOCOOHOCTH Ja
pearyje ca JJHK wmonexynmom. Ha ciommm 12 je mpukazana u cTpykTypHa (opmyrna
xomrutiekca 3nara(lll) ca xinorpumasomnom, [AuCls(Ctz)], xoju je He3HATHO aKTHBHUjH
npeMa mapasury Trypanosoma cruzi yspounuky Chagassse Oomectd, ox camor

KiaoTpuMasosa [95].

1.2. PEAKIIMJE KOMIIJIEKCA 3JIATA(lll) CA AMUHOKUCEJINHAMA,
NEIITUAUMA U TIPOTEMHUMA

1.2.1. PEAKIIUJE KOMILJIEKCA 3JIATA(Ill) CA AMUHOKHUCEJIMHAMA
Caunug u L-agannn

Peaxmmje uzmely rerpaxmnopunoaypara(lll), [AuCl,] , u rmumuna (Gly), ogaocHo
L-ananmnaa (L-Ala), y 1:2 MOJICKOM OIHOCY Cy HMCIUTHBAHE y BOJCHOM pAacTBOPY Ha
coOHoj temmeparypu Ha PH = 2,443a Gly, oqnocuo pH = 2,903a L-Ala [96,97].
WnTepmenujepHn W Kpajibd TPOM3BOAM OBHUX peakidja Cy HICHTH(PUKOBAHU H
OKAPAKTEPHCAHH MPUMEHOM ~-C 1 N 0GeIeKeHNX aMHHOKHCEIHHA U MYNTHHYK/IeapHe
NMR cnexrpockommje (*H, 2D ['H,*H] COSY, 2D {H,**N] HSQC-TOSCY,**C-{*H}
DEPT, 2D [H,**)C] HSQC NMR). Haljeno je na oGc AMHHOKHCEIMHE MOICKY
JeaMUHAIju 1 AekapOokcwnanuju y npucyctBy Au(lll) jona, mpu yemy je mpemioxeHu
MeXaHu3aM Npuka3ad Ha ciui 13.Y npBoj $hazu oBUX peakiyja JoIa3u 10 KOOpAUHAIH]e
atoma azota amuuo rpyme 3a Au(lll), npu gemy nHactaje mononykieapau [AUuCIz(X-N)]
komruieke (X = Gly wiu L-Ala). OBaj komiuieke je HecTabuaaH U MoKe npehu y crabuian
u HepeaktuBaH [AU(X-N,0)Cl;] komiuiekc, y KOMe je aMHUHOKHCEIMHA OHJICHTATHO
xooparHoBaHa 3a AU(Ill) jon mpeko aroma a30Ta W3 aMUHO IpyIie U KUCEOHMKOBOT aToMa
JIETTPOTOHOBaHE KapOOKCHUITHE TpyIe oaroBapajyhe amuHokucenune. Takohe, Moxke mohu u
JI0 HHTPaMOJIEKYJICKOT TpaHcdepa JBa eJIeKTpoHa ca aroma a3ota amuHo rpyre Ha Au(lll)
jon y [AuCl3(X-N)] xommekcy, npu yemy Hactaje UMHHCKH KoMmIuiekc 3nata(l). Jooujenu
3naro(l) xoMrIuiekc je HecTaOWIIaH M TMOAJICKE XUIAPOIHM3H, TIPH YeMy HacTaje TIIHOKCaTHa
KHCEeNIMHAa Of TJHMIWHA, OJHOCHO mnmporpoxhana kucennHa ox L-amaHuHa, ca

. + .
UCTOBPEMEHUM H3BajarbeM enementapHor 3mara, Au(0), u NH; joma. I'mmokcanna u

20



Onwmu 0eo

nuporpoxkhana KHCETHMHA TMOMICKY aekapOokcumanuju y peakimuju  ca  [AuCly]™

KOMIUIEKCOM, TIPY Y€MYy HACTajy MpaBjba, OAHOCHO cupheTHa KucenuHa, yribeHuk(IV)-

okcun u Au(0) [96,97].

\
0 Cl HO® O
R =H, CHs |

OujeHTaTHA penokc

KOOpAMHAIIN]a npouec

R
cl NHz R OH

/Au\ ClI—Au—N
Cl (0) 0 H 0]

UMUHCKH KoMIuieke 3nata(l)

|

O

OH
AU(0) + NH,* + R)‘\ﬂ/

O

TJIMOKCAJIHA WK IHporposxhana
KHCEJINHA

j H[AUC,]

O

Au(0) + CO, + R OH

MpaBJba WU
cupheTHa KuceMHa

Cauxa 13. Mexanuzam okcujanudje riunuHa u L-ananuna y npucyctBy [AUuCly]™

Komruiekca [96,97]

Oxcupanuja tiaunuHa u  L-amanmna y mpucyctBy [AuCls™ xommuiekca je
WCIIUTHBaHAa CHEKTPO(OTOMETPUJCKH Kao PpEaKidja ncey0o-TIpBOT pela y areTaTHOM
nybepy, v pH obnactu 3,73 — 4,77 [98,99].Ilon HaBeaeHUM eEKCIIEPUMEHTATHUM
yCIOBHMMa, YJIOTY OKCHJIAI[MOHOT CpPEeACTBa MMajy aBe KomiuiekcHe Bpcte, [AUCly™ u
[AUCI3(OH)]". Haheno je na mosehame xoruenTparmje H 1 Cl” jona nma naxubupajyhn
edekaT Ha Op3MHY OBUX pEaKIMja, IITO je y CKIaay ca YMHEHHUIIOM Ja, Yy OBOM CIIy4ajy,

omaga koureHrpamnuja peaktuBHUjer [AUCI3(OH)]” xommiaekca. Okcuaanuja TIUIMHA Y
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npucyctBy Au(lll) jona je Opka ox okcupanuje L-asaHuHa, mpU 4eMy je OBa pasjivKa

IpUITKICaHa CTEPHOM epeKTy MeTuI rpymne L-ananuHa.

VY peakimuju [AuCly] koMIiuiekca ca XWHOJIMHCKMM JiepHBaTHMa TJIAIUHA U
L-amanuna, HQuingly u HQuinala,nobujena cy u peHAreHCKOM CTPYKTYPHOM aHAIN30M
okapakTepucaHa aBa Beoma crtabunHa komiutekca 3mata(lll), [Au(Quingly)CIIClI u
[Au(Quinala)CI]Cl [100]. Penarencka CcTykTypHa aHajiu3a je TIOKa3ajla Ja je
AMHHOXHWHOJIMHCKH jurang koopauHoBaH 3a AU(lll) jon mpeko Tpu aroma as3ota, JOK
YETBPTO KOOPAMHAIIMOHO MecTo 3ay3uma xyopumo yurang (Crnuka 14). McnutuBana je
AQHTUTYMOpPCKa aKTHBHOCT OBHX KOMILUIEKCA TpeMa pa3uuyuTHM NeTujcKuM JHHUjama
tymopa. Pesynratu cy mokasanu aa je kommieke [Au(Quinala)Cl]ClaktuBan npema B16-

BL6 henujckoj nmHMju, ca Op3uHOM wHHXHOUIMje 67,52% mnpu KOHIEHTpaUUjU Of
10" mol/dn.

© “
@ ©)

Cauka 14. Crpykrypa kommiekcanx [Au(Quingly)CI]" (a) u [Au(Quinala)CIT (6)
katjona y kpucranmuma [Au(Quingly)CI]Cl u [Au(Quinala)Cl]Clkommaekca [100]

L- XucTtuanu

L-XuctuauH je BeoMa BakHA aMHUHOKHCEIHMHA y OWOJIONMIKUM CHCTEMHMa 3a
KOOpJIMHAIIM]Y jOHA MeTaJlia, jep Ce Haja3u y akKTUBHOM LeHTpy MHOTUX eH3uma [101-103].
CrpykTypa KOMILIEKca joHa MeTana ca L-xuctuanHom 3aBucu o ocoOuHa oaronapajyher
joma u pH BpegHoctu pactBopa. Cuadradow capagHWIK Cy HCIHTHBAIA PEAKIU]y
H[AuUCl,] xomrutekca ca eKBUMOJIAPHOM KOJMYMHOM L-XMCTHAMH MOHOXHIPOXJIOPHIA Y

BOJICHOM pacTBopy Ha coOHoj Ttemmepatrypu [104]. Crpykrypa L-xuctumun-Au(lll)
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koMmIuiekca je onpehena mpumenom NMR (H, ¥C) u IR CIEKTPOCKOIMje, KariapHe
enextpodopese (CE), kanunapHe enexktpodopese KyIIOBaHEe ca UHIYKOBAHO CHPETHYTOM
wia3mMoM U maceHuM crekrpomerpoM (CE-ICP-MS),penarercke dayopecuenimje (XRF)
u maceHe crnekrpomerpuje (MS). Ha ocHOBY m100MjeHHX CIEKTPOCKOIICKHX pe3yJiraTa,
yTBpheHO je aa, MpH HaBEJACHUM EKCIEPUMEHTATHUM YCIOBUMA, JI0JIa3U 10 OHMJIEHTAaTHE
KOOpAMHAaIMje JBa Mosiekyna L-xuctuauna npeko N3 aroma a3ota MMHIa30J10BOT IPCTEHA
W a3oTra amMuHO Tpyme, npu demy Hactaje [Au(L-His-N,N’);]Cl; xommaekc (Crnuka 15).
dopMupame OBOI KOMIUIEKCA je CIIOp MpoIec, MPH 4YeMy j€ FhEroBa KOHIICHTpalldja
MaKCHMaJIHa 2 carta IocJie Melllamka peakTanara. KoMIuieke mounmbe J1a ce TaJloKu HaKOH 3
caTa peakifje ycle JenpoToHalrje clo0oaHe KapOOKCUIIHE TpyIie, MITO 33 MOCISAUILY

uMa cMameme PH BpenHocTH pacTBopa.

O

H,N
OH

o+ H[AUCI,]

4 5
N?’\%NH
H
L-xuctuaux

HCl | HClO,

o 0
— (@)
HO NH OH + Au(l) + NH,*
H,oN N
\Au/ \/ —
PN Cl
/SN Nz 3 N NH
HN
- OH \/
[-AMUAA30TIT-TTHPOrpoXKana
(0] KHCeJInHa

[Au(L-His-N,N'),]Cl

Cmmka 15. lllemarcku npuka3 peakuuje L-xuctuamna u H[AUCl4] y mpucyctBy

HCI (bopmupame komiuiekca) u 'y npucyctsy HCIO4 (penoxe nporec) [104,105]

[Mpumenom UV-Vis crnektpodoToMeTpHje, HCIMTHBAH j€ MEXaHH3aM OKCHIAIH]e

L-xuctununa y npucyctBy [AUCl4] y nepxnoparnoj cpenuan (HCIO,4) [105]. YTBpheHo je
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na okcuaanujoM L-xuctuamHa Hactaje f-umunazonmia-nuporpokhana kucennna (Cruka
15), nox ce Au(lll) penykyje no Au(l). Koncranta Op3uHe 3a OBy peakiMjy W3HOCH

110 Mistua 27°Cu oraja ca moBehameM KOHIEHTpAIIHje H u CIT joHa.

Ipumerom *H 1 *C NMR crektpockonuje nermrusana je peaxuuja [Au(en)Ch]Cl
Komruiekca ca L-xuctuaunom y pD o6mactu 1,60 — 10,401 Ha co6Hoj Temmeparypu (pD
BPEIHOCT je NeHuHUCaHa Y eKCIIEpUMEHTATHOM Jienty oBe aucepranuje) [106]. Kaxa ce oBa
peakija u3Bene Ha PpD = 1,60,moma3u g0 koopaunanuje L-xuctuauua 3a Au(lll) jon
0/IMaxX HAKOH MeIllamka peakTaHaTa, JOK jeé PaBHOTEKHA cMmema 2-0Kco-L-XuctuauHa u
2-xuapokcu-L-xucTuanHa, Koja HacTaje OKCHUAAIMjoM L-XucTuawHa, UIeHTU(PUKOBaHA y
NMR cnekTpy mocie jeqnor cata. Ha oCHOBY CIIEKTPOCKOIICKMX pe3yJTaTa, 3aKJbY4eHO je
na je L-xuctuamu OunmeHtatHo koopauHoBaH 3a AU(Il) jom mpeko N3 aroma aszora
MMHJIA30JI0BOT TIPCTEHA M a30Ta aMUHO Tpyme, npu demy ce ¢opmupa [Au(en)(L-His-
N,N)]** kommnexe (Ciuka 16). Ha Brumm pD BpeaHoCTHMa, D0IA3H 10 OpKe OKCHAALM]e
L-xuctuauna u peaykiuje Au(lll) jora mo enementapuor Au(0). Pesynratu ucnutuBama
peakuuja L-xuctupmHa ca cepujoM KOMILIEKCa [Au(L)Cl5]", Tme je L OumpmenrarHo
KoopauHoBaHu eTwieHauamud (en), 1,3aponunenaunamun (1,3-pn)u 1,4-0yTuneHanaMuH
(1,4-bn),cy nokaszanu ga Op3uHa OBUX peakiifja pacte y cieaehem Husy: en < 1,3-pn <
1,4-bn [106].BpeanocT koHcTaHTe Gp3uHe 3a peakimjy [Au(en)Ch]™ ca L-xuctuamHoM je
onpehena mpumenom UV-Vis crekrpodoromerpuje Ha pH = 2,90u 25 °C u naheno je na
msuocn k, = 39 + 3 M's™'. Koncranra Gpsume 3a 0By peakiujy je NPHOTHKHO TPH MyTa
Mamba OJ] KOHCTaHTe Op3uHe 3a peakuujy ucre amuHokucenanne ca H[AUCIl,] [105], mpu
YeMy je oBa pasjiMKa MpUIIMCcaHa MPHCYCTBY Xiopuao auranga y H[AUCIl], koju makme

HOJIeXKE CYNCTUTYIHju o1 ennurana [106].

Byrapunh u capagHuiM Cy WCHUTHUBAIM KHHETHKY CYICTUTYLMOHHUX pPEaKiuja
[Au(en)Ch]" u [Au(SMC-S,NCl,] (SMC je Swmertun-L-uucrenn) ca L-xuctuamaom u
JPYTUM OHOJIONIKKA BaXKHUM a30T-JOHOPCKUM HyKJIco(puiInMa, Kao mro cy uHo3uH (IN0),
uHo3uH-5-MoHODochar (5-IMP) u ryanosun-5-monodochar (5-GMP) [107]. Cge
peakiuje cy u3ydaBaHe CHEKTPO()OTOMETPHUjCKM MPUMEHOM METOJIE 3ayCTaBJLEHOT TOKA
(stopped-flow)na ¢usuonomkoj pH = 7,20y pacrBopy Hepesmydepa KoHIEHTpamuje
0,025 mol/dm y mpucycrsy 0,010 mol/dm pacreopa NaCl. Kusernuku pesynratu cy
nokaszanu aa je N3 arom a3ora uMH1a30J10BOT pcTeHa L-xuctuanna Hajoospu HyKIeohui

3a [Au(en)Ch]" xommiekc.
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Cauka 16. Peaknuja [Au(en)Ch]” xommnekca u L-xuctuauna na pD = 1,60u Ha

coOHoj Temmnepatypu [106]

[Mopen Tora, MNPUMEHOM METOJE 3ayCTaBJBCHOT TOKA HCIUTHBAaHE CYy
CYIICTUTYLHOHE peakuuje MoHodyHKImoHanuux kommuiekca snata(lll), [Au(dien)Cl** u
[Au(terpy)CIF*, kao u Gudynkumonansux xommmiekca, [Au(bipy)Ch]™ u [Au(dach)Ch]*,
rae je dach (R,2R)-1,2-nuamMubonukioxekcan oupeHTatHo koopaunoBad 3a Au(lll) jow,
ca L-xucTummHoOM, ”HO3WHOM, HHO3UH-5'-MOHOOCHATOM U T'yaHO3UH-5'-MOHO(OChaTOM
na pH = 7,20 [108].Kunetnuku pe3ynaTH Cy MOKa3ajld Ja jeé y CBHM HCIIMTHBAHHM
peaknujama N3 mMuaa3onoB arom azorta L-xucruamna HajOospu HykIeodusa, Kao Uy
cnydajy [Au(en)Ch]” xommnekca [107]. Iopen Tora, MOHOGYHKIMOHATHM KOMILIEKCH
snara(lll) pearyjy 3maTHO Opske 01 OM(DYHKIIMOHAIHUX KOMIUIEKca. [IpuMEHOM KBaHTHO-
XeMujckux m3pauyHaBama (DFT) nomatHo je morspheno ma je [Au(terpy)CIF
peaxtusunju ox [Au(dien)CIP" kommiekca, 10K Cy CIEKTpOQOTOMETPHjCKH Pe3ylITaTi

nokazamu ga je [Au(bipy)Cl]”" xommmexc peaxtusruju on [Au(dach)Ch”™ ca caum

HNCIIMTUBAHUM a30T-JOHOPCKUM JIMTaHIHUMA.
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L-InucTrenun u L-meTuonun

Hakon otkpuha aHTHpeymMarcKke akTHBHOCTH THOnaTo-3mato(l) komruiekca,
ucnuTHBaHE cy peaknuje komiuiekca 3nata(lll) ca amuHOKHCeaMHAMA KOje Y 00YHOM HU3Y
caapxe atoM cymrnopa, L-nucrentom (L-Cys)u L-mernonunom (L-Met). Cmarpa ce na cy
yIIpaBO OBE peakiifje OATOBOPHE 3a TOKCHUYHO JIeNioBame Komiuiekca 3nata(l) y snedemy

pPEYMaTCKOT apTpUTHCA.

L-I{ucmeun

Pesynrarn ucnuruBama peakuuje Au(lll) jona ca L-mucrenmHoMm, koju y 604HOM
HU3y caapku thoiaHy SH dyHkmmonanny rpymy, cy mokasamu aa Au(lll) okcuayje oBy
amuaokucenuny [109,110]. Haljeno je na oxcumanmjom L-nimctenHa Hactaje aucyiadu
nuctul (Ciuka 17), nok ce Au(lll) jon penykyje mo Au(l). ducyndun nuctia peaykyje
Au(lll) jou o eneMeHTapHOTr 3j1arta, MPH YEMY CE CaM OKCHAYje JO IUCTCHH-CYI(OHCKE
kucenuue (Cimka 17) [111,112]1MuctuH je jaue peayKIMOHO CPEACTBO OJ UCTCHHA, jep
ce nuctenH koopaunyje 3a AU(l), rpagehu crabunan rucrennatosnaro(l) KoMIieke, yume
crpeyaBa HETOBY Jajby PEAYKIHjy 10 eiaeMeHTapHor 3nata [113]. Tako je, y peakuuju
L-uucrenna u kamujym-terpadbpomunoaypata(lll), K[AUBTr 4], y 1:3 monckom omHOCy, y

KHCEJI0] CPeIMHU M30JI0BaH U okapakTepuca L-nrcrennarosmaro(l) kommieke [113].

0] OH
O
H,oN o S\ NH, HoN on
H ﬁ» H->N TT»
Au(lln 2 S/I Au(lll
u Au(l u Au(0 -
0 Ho N0 (1) (0) s0;
L-mucrenn [IUCTHH [UCTCHH-CYI(OHCKA

KUCEIUHA

Cauxa 17. lemarcku mpuka3 okcuaanyje L-mucrenHa U meroBor aucyiadpuaa y

npucycty 3nata(lll) [109-113]

[Tpumenom 'H u ¥C NMR cnektpockonuje u UV-Vis cnektpodoromerpuje
ucnutuBaHa je peaknuja m3mely terparmjanugoaypara(lll), [AU(CN)4]", u L-trcrenna
[114]. Peakumja je wu3BohjeHa y pasIUUYUTHM MOJICKHM OJHOCHMAa pEaKTaHaTa Ha
¢usunonomkoj pH = 7,40u Ha coOHOj Temnepatypu. Kana ce peaknuja msmehy Au(lll)

KoMmIuiekca u L-nimcrenna u3Bomu y 1:1u 2:1 MOJICKHMM OJHOCHMA, y TIPBOj (a3u Aoja3u
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o0 Beoma Op3e CYNCTHTYIMje jeOHOr IMjaHUAO Juranga u  (Qopmupama
[Au(L-Cys-S(CN)3]” xommiekca. Y crneaehoj dasu pearyjy aBa HHTEpMEaHjepHA
[Au(L-Cys-S(CN)3]” xomrutekca, mpu uemy jgoiasd g0 ¢GopMmupama IMCTHHA U
xexcarjanugoaypara(ll), [Aua(CN)e]?. Kommiexc 3mara(ll) je Hecrabuman wu
mucnpornopronuire ce Ha [AU(CN)2]” u [AU(CN)4  xommiaekce. Mehyrum, kama ce
peakiuja usmely [AU(CN)4] xomruiekca u L-nicrenna ussene y 1:2 MOJICKOM OJHOCY, Y
npBoj ¢aszu oya3u A0 CYNCTUTYLHjE JBAa LHUjaHHUIO JMTaHana L-muctemHOM, mpu 4emy
HacTajy aBa reomerpujcka m3omepa (Cis- u trans) [Au(L-Cys-S)2(CN),]” kommiekca.
Mehyrum, camo Cis-[Au(L-Cys-S)2(CN),;] u3omep mozsiexe eIMMUHAIM]H [IUCTUHA, TOK

ce Au(lll) penykyje no [AU(CN),] xommuiekca [114].

Pesynrath KWHETHYKHX HCOUTHBama peaknuje u3mely auaxsa(bis(mupazon-1-
nin))anerarosiaaro(lll)- ximopuaa u L-uucrenna y pH obmactu 2,92 — 3,72y nokasanu 1a y
npBoj (a3u oBe peakuuje J07a3u J0 CYINCTUTYLMjE aKBa JIMTaHAJa aMHHOKHCEIWHOM, a
3atuMm, 1o peaykuuje uatepmenujepaor Au(lll) kommnekca go Au(l) [115]. Haheno je na
KOHCTaHTa Op3uHe Apyror pema 3a peaykiujy oor AuU(lll) komruiekca, y mpUCYCTBY

L-mucrenna, usnocu 1,0 Mstua 25°C.

L-Memuonun

Oxkcunanuja L-mernonnna y mpucyctBy [AUCls]™ xoMmriuiekca je wcnuTHBaHa y
kucenoj cpeauan npumernom UV-Vis cnektpodoromerpuje, Tepmanne ananuze, NMR, IR
u FT-IR cnexrpockomnuje [116-118].Haheno je na y npBoj da3u oBe peakiuje 10ja3u 10
BeoMa Op3e CYNCTHTYIHje jeTHOT XJIOPUIO JIMTAaHAa MOJIEKYJIOM L-MeTHOHHMHA, IPU YeMy
Hactaje L-mernonuH-Au(lll) xomriekc (Cnuka 18). Koncranta Op3uHe 3a mpBy a3y
peakiuje je onpehena crneKTpoPoToOMETPHjCKH, TPUMEHOM METOJIC 3ayCTaB/LEHOT TOKA, U
naljeno je ma msHocn 983 + 2 M's® ma 21 °C [118]. Ha OCHOBY CIEKTPOCKOICKUX
pe3yInraTta 3aKJbydeHoO je Ja aMHHO rpyna L-MeTHoHMHa y4ecTByje Y OBOM MPOIIECY, YaK U
Ha pPH < 2,00 [116-118]Y nmpyroj da3u peakuuje 101a3u 10 OKcuaanuje L-MeTrnoHuHa 110
MeTHOHHH-CyIdokcuaa, mpu dyemy ce AU(lll) peaykyje mo Au(l) (Camka 18). Ha ocHoBy
UV-Vis pesynrara 3ak/bydeHO je 1a je 3a Apyry (asy peaxiipje HEOMXOAHO MPHCYCTBO
apyror mojiekyna L-mernonuna. Haume, y 0Boj (ha3u monasu 1o mpenacka aToMa XJiopa ca
snara(lll) Ha THOeTapckm atoM cymmopa y OOYHOM HU3Yy IPYror MOJEKYJla METHOHHHA,

mro je mpaheno packumamem tepmunaaaae Au(lll)-Cl Bese [119]. Kao pesyarar oBa aBa
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UCTOBpEMEHa TNpolieca, HacTaje L-MeTHOHMH-XJOPOCYI(QOHUjyM KaTjoH KOjU MOJUIEKe
XUIPOIM3H  Jajyhu  METHOHMH-CYN(OKCHA, Kao Kpajibh MPOU3BOJA  OKCHJIAIH]je
L-mernonuna [119]. Koncranrta 6p3une 3a Apyry a3y uCnUTHBaHE peakidje u3Hocu 11,5
+ 0,6 M's' na 21 °C [118]. Takolje, Natile u capagsuuy Cy NpOHAILIN 14 je OKCHAALHja
mernonnHa y mupucyctBy AuU(lll) jona crepeocnenmduyan mporec ca MOTIYHOM
TpaHchopMalMjoM IOJIa3He aMHHOKUCENuHe Yy oaroBapajyhu L-mernonun-S-cyndokcun

[117].

o) 2 o
H,N H2N H,N
H OH OH
H[AuCI
_HIAUCL] . + Aul)
npBa ¢asza Cl npyra ¢asza
|
s Cl—Au—S PG
CH, Cl CH, HsC 0
L-mMeTHOHUH L-metunonun-Au(lll) L-metnonuH-S-cyndoxcnn
KOMILIIEKC

Cauxa 18. [llemarcku npuka3 okcupanuje L-mernonmna y mpucyctBy [AUuCly]”

komruiekca [116-118]

Ipumerom *H u *C NMR crexrpockomuje Haljero je na [AU(CN)4]~ xomruieke He
pearyje ca L-mernonunom Ha PD = 7,00 12,00 Ha coOHOj Temmeparypu [114].
HepeaktuBHoct oBor komiutekca 3mara(lll) y mopehewy ca [AuCly]™ xomrmiekcom
objammena je npucyctBoMm jake AU(lI)-CN Bese, koja crabunusyje +3 OKCHAAIMOHO

CTambC 3J1aTa.

1.2.2.PEAKIIMJE KOMIIJIEKCA 3JIATA(lll) CA MIENTUIAUMA
IlenTuam KoOju He caapke XeTepPoATOM y 60UHOM HU3Y

Koleva u capagauny Cy HCIHUTHBAIM KOOPIMHAIIH]Y XOMOIIENTHIA KOjH Caapike
TIIMIMH, O AumenTraa a0 xekcanentuaa, 3a AU(lll) jor mpumenom IR, NMR u UV-Vis
texHuka [120]. Ha OCHOBY CHEKTPOCKOICKMX TIIO/aTaka, HaljeHO je Ja ce JUIenTH[
rma-ravnuH, Gly-Gly, tpunentatio xkoopaunyje 3a Au(lll) jon mpeko atoma a3ora
TEpPMUHAIIHE aMUHO TpyIie, JEMPOTOHOBAHOT aTOMa a30Ta MENTHIHE Be3¢ M KHCEOHUKOBOT
aToMa JICTIPOTOHOBaHE KapOOKCHWJIHE Trpymne. TpHUNeNnTHA TITHIMI-TIUIHI-TIALIIH,
Gly-Gly-Gly, ce terpaseHTaTHO KOOpAMHYje NPEKO aToMa a30Ta TEPMHHAIHE aMUHO

rpyne, aBa JACIPOTOHOBAHA AaTroMa asoTa NCOTUAHUX BE3a MW KUCCOHUKOBOI aToMa
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nenpoToHoBaHe kKapOokcuiHe rpyne (Ciuka 19) [120]. Terpa-, meHTa- U XeKcarnenTu ce
NOHAIIaj)y Kao TeTpajeHTaTHH JuraHau, koopaunyjyhu ce 3a Au(lll) jon mpeko a3zora
aMHHO TPyIe W TpU AEMPOTOHOBaHAa aToMa aszora mentuaHux Besa [120]. Ilpumenom
KBAaHTHO-XEMHU]CKUX M3pavyyHaBama MPETIIOCTaBJ/heHa j€ KBaJApaTHO-TUTAHAPHA TEOMETpHja

CBHUX KOMILJIEKCA ca MPOCEYHHUM OJICTyMameM oJl aHapHoctu 0,8-2,4.

3naro(lll)- menTix KOMIUIEKCHM KOjU HACTajy y peakiujama riuimi-L-anannna
(Gly-L-Ala) u rnunun-L-ananun-L-ananuna (Gly-L-Ala-L-Ala) ca H[AUCl4] xommnekcom
Ha PH = 4,00u Ha coOHO] TeMIiepaTypH, okapakTepucanu cy npumenoM IR-LD u NMR
CIEKTPOCKOMHUje, Kao W MaceHe crekrpoMerpuje [121]. Haheno je ma Au(lll) jom
JICTIPOTOHYje aTOM a30Ta MeNTHIHE Be3e y OBUM MeNTHAaMa T[OJ HaBEICHUM
SKCIIEPUMEHTAIHUM  yCJIOBMMa. YTopehuBameM cHekTapa CIO0OAHMX TENTHIA ca
cnektpuMa onroBapajyhux Au(lll)-mentua xoMruiekca, 3aKby4eHO je Ja €€ JMIENTU
Gly-L-Ala xoopmunyje tpuaenratHo, a Tpunentun Gly-L-Ala-L-Ala tetpagentaTHo 3a
Au(lll) jow, mpu yemy ce dopmupajy [Au(Gly-L-Ala-N,N’,O)Cl] u [Au(Gly-L-Ala-L-Ala-
N,N’,N”,0)] 2H,O xommuiekcu (Camka 19). KsamparHo-TutaHapHa T'eOMETpHja OBHX

KOMIUIeKca je moTBphena npumenom DFT uzpauynaBama [121].

@) Q) /—<O

R = H, CH,
Cmuka 19. Crpykrypue ¢opmyne Au(lll)-menTun komiiekca Koju HacTajy y
peakijama H[AUCly] u (a) Gly-Gly u Gly-L-Ala nunentuna; (6) Gly-Gly-Gly u
Gly-L-Ala-L-Ala tpunentumga [120,121]

[Tpumernom NMR criekTpockonuje ucnuTHBaHa je peakiuja Tpunentumaa Gly-Gly-
Gly u monodyukuuonamsor [Au(dien)Cl|CL kommiekca y pH o6mactu 2,00 — 10,0Gka
cooHnoj Temmneparypu [122]. NMR pesynratu cy mokasanu jga ce OBaj TPHIICHTH
koopaunyje 3a AU(lll) joH jenuHO TMpeko aTroma a30Ta TEPMUHAIHE aMHHO TpyIe MpH
pH > 5,00.KomiuiekcHe BpcTe, v KojuMa je Tpumentun koopauzosa 3a [Au(dien)P*

(¢parMeHT HpeKko aromMa KHCEOHHKa KapOOKCHUJIHE Tpyle, WIM HPEeKO AENPOTOHOBAHOT
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aToMma a3oTa IMenTHaHe Bese, Hucy uaeHrudukorane y NMR crnekrtpuma y ucnutuBaHoj

pH oGnactu.

IlenTuam koju caap:ke L-xucTuaun

VY peakuju H[AUCl,] komruiekca u aunentuna rauipi-L-xuctuauna (Gly-L-His)
y pH o6mactu 1,50 — 2,001 na 25 °C cunTeTn3oBaH je MoHoHykieapuu [Au(Gly-L-His-
N,N’,N")CI|CI'3H,0 kommutekc [123]. TIpuMeHOM pEHATEHCKE CTPYKTYpPHE aHau3e,
yTBph)EeHO je N1a OBaj KOMIUIEKC MMa KBaJpaTHO-IUIAHAPHY FEOMETPHU]y Ca TPHIACHTATHO
koopauHoBaHuM aumentuaoMm 3a AuU(lll) jon mpeko N3 aroma a3oTa MMHAA30JI0BOT
npcreHa L-XuCTHaMHA, JENPOTOHOBAHOT aToMa a30Ta MENTHIHE Be3e W aroma a3oTa
TEpMHHAIHE aMHUHO TPyIe, JOK je 3a YETBPTO MECTO KOOPIWHOBAH XJIOPHIIO JIMTaH

(Cnuxa 20).

Hyxune Be3za u yrioBu usMmehy Besa y [Au(Gly-L-His-N,N’,N")CI|CI'3H,O
KOMIUIEKCY Cy TNpuka3zaHu y Tabenu 3. M3 oBe Tabene ce jaCHO MOXKE BHJETH Ja Cy
Au—N(amuro) u AUu—N3(mMumazon) Bese mnpubmmkHO ucre ayxunae, (2,002(9) u
1,991(8) A),u na cy memro myxe ox Bese m3mely Au(lll) jona u mermpoToHOBAaHOT a30Ta

nentuHe Bese (1,94(1) A).

@

Cauka 20. Ctpykrypa xommiuekcHor [Au(Gly-L-His-N,N’,N”")CI]* xarjona y
[Au(Gly-L-His-N,N’,N")CI]CI'3H,0 xomruiekcy [123]
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TaGena 3. Jlyxune Besa (A) m Benmumne yrinosa msmely Besa (°) y MOHOMEPHOM H

terpamepHoM Gly-L-His-Au(lll) kommiekcy [123]

Kommiieke [Au(Gly-L-His- [Au(Gly-L-His-
N,N’,N")CI|CI3H,O N,N’,N”,N"" )]410H,O

Jy:kuHe Be3a (1&)

Au—N(amuHO) 2,002(9) 2,018(8) 1,993(6)
Au—N(nienrTugHa Be3a) 1,94(1) 1,993(9) 1,999(7)
Au—N1(umuga3zon) 1,987(7) 2,038(8)
Au—N3(umua3on) 1,991(8) 1,981(8) 1,985(6)
Au—cCl 2,273(3)

Yraosu uzmely Besa (°)

N(amur0)—Au—N(nentunna Besa) 84,9(5) 91,2 82,4
N(amur0)—AU— N3(uMu1a30:71) 175,5(6) 173,5 175,3
N(mentuana Be3a)—AU— 90,7(4) 92,3 93,9
N3(umumazon)

N(amuno)—Au—Cl 89,5(4)

N(nentuana Beza)—AU—Cl 174,5(3)

N3(umunazon)—Au—Cl 94,9(3)

N(amur0)—AU— N1 (nMumgaz0:1) 94,0 94,8
N(nentuana Beza)—AU— 174,8 175,8

N1 (umumazon)

N3(umumazon)—Au— 92,5 89,1

N1 (umumazon)

IpBeno-6paon kpuctamu Tterpamepror [Au(Gly-L-His-N,N",N”,N"" )]410H,0
KOMIUIEKCa Cy  J0o0WjeHH  pacTBapameM  kytux  kpucrama  [Au(Gly-L-His-
N,N’,N")CI|CI'3H,0 y Boau u moxemniaBamem PH BpeaHoctu pactBopa Ha 6,00 — 7,00
nogatkom KOH [123]. V oBom kommmiekcy, Gly-L-His munentun je xoopauHOBaH 3a
Au(lll) joH mpeko TpW IOHOpPCKa aroMa a3oTa, Ka0 y MOHOMEPHOM KOMIUIEKCY (a30Ta
TEpMHHAJIHE aMHUHO TpyIle, JCNpPOTOHOBAHOr a30oTa mnentuaHe Beze W N3 aszora
HUMH/1a30JI0BOT MPCTEHA), JIOK j€ 3a 4eTBPTO MecTo KoopauHoBaH N1 aToM MMHIa3070BOT
npcreHa apyror mojekyna nentuaa (Crnuka 21a). Tako, y OBOM KOMIUIEKCY, UMHIa30J10B
npcreH L-xuctuanHa uma ynory mMoctHor jurania usmehy nsa Au(lll) jona. Pernnrencka

CTPYKTYypHa HWCIHTHBama Cy mnokazana nga je caku AU(lll) joH, koju je cmemreH y
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TCMCHUMA JUCTOProOBaHOT TCTpacapa, OKPYKCH Ca UCTHPHU JOHOPCKA aroMa a3oTa, U Ja

MMa IpUOJIIKHO KBaJpaTHO-TIaHapHy reoMeTpHjy (Cimka 216), ca C, cumetpujoMm.
0
o
0 / ;N o ;
HaN
’ N
— N/ \N

° AN /N\/ 4 \ % :

Au

O

O\ AN /i
\ ? A N/ \N 0 L “l ( /'
\Au/ " = o
_ N/ \NH2 o
o g 0\4 /
(a) ()

Cauka 21.CrpykrypHa ¢hopmyna (@) U mpuka3 TpoauMEH3HOHAIHE CTPYKType (0)
ukgHor tetpamepa [Au(Gly-L-His-N,N’,N”,N"” )]410H,0 [123]

JyxuHe Be3a M BenuyuHEe yrioBa m3mely Beza y terpamepHoM [Au(Gly-L-His-
N,N’,N”",N"” )]s10H,O «kommutekcy cy mnpukazanu y Tabenmun 3. VYmopehuBamem
omrosapajyhux nayxuHa Be3a y MoHoMepHoM u TerpamepHoM Gly-L-His-Au(lll)
KOMIUIEKCY, MOXKeE ce 3aKJby4nTH 11a je Beza usmehy Au(lll) jona u gempoToHOBaHOT aToMa
a30Ta TenThHe Bese y TerpamepHoM kommnekcy (1,995(8) A)uesnarro myxa o Te Bese
y monoMepHoM [Au(Gly-L-His-N,N’,N")CI]CI'3H,O kommnekcy (1,94(1) A).Pasmuxa y
JTy’)KMHH Be3a je npumnucana jadeM transedexty N1 atoma a3oTa ”MHIa3010BOT TIPCTEHA Y
TETPaMEPHOM KOMIUIEKCY, Y mopeherby ca XJIOPHIO JIUTaHI0M Y MOHOMEPHOM KOMILICKCY
[123]. Baxno je namomenytu jga wmonomepHu [Au(Gly-L-His-N,N’,N”)CI|CI'3H,0O
komruieke mpenasu y Terpamepan [Au(Gly-L-His-N,N’,N”,N"" )]410H,0 y pH ob6nactu
6,00 — 7,003a paznmuky onx Gly-L-His kommuexca Cu(ll), Ni(ll) u Pd(ll) koju momexy
acorjanuju y 6a3noj cpeaunn (pHy odmactu 9,00 — 10,00) [123].

Messori u  capagHumm ¢y wucnutuBaiM  crabuwnHoct  [Au(Gly-L-His-
N,N’,N"”)CI]CI'3H,O komruiekca y BOACHOM pacTBOpPY INpH (H3HOJIOMIKUM YCIOBHMA
npruMeHoM umpKyaapHor mmxpomsma (CD), *H NMR cmexrpockormje u  UV-Vis
cnekTpodoromerpuje [81]. Pesyararu cy mokasanu aa TpuaeHTaTHa KoopauHamuja Gly-L-

His nentuna crabunmzyje +3 OKCHIALMOHO CTakE 3J1aTa, ClipevyaBajyhu leroBy penyKImjy
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1o Au(l) u Au(0) pu ¢usuononikum yciosuma. HaljeHo je ma oBaj KOMIUIEKC MOKasyje
aHTUTYMOpCKY akTuBHOCT mpema A2780/Shenujckoj muunju (ICso = 5,2 £ 1,63uM),
HEIITO Mamky OJ] aKTUBHOCTH KOjy TOKa3yje ekBuMosapHa konmuuuna uciatuae (ICso =
1,6 £ 0,58uM). Takohe, oaj komriekc aenyje u Ha A2780/Rhenujcky muanjy (ICso = 8,5
+ 2,3 uM), npu uemy je dakrop mopacra pesucreHiuje 1,6 (¢ mopehewmy ca Bpeanomrhy
10,0 3a nucmnaruny). Kao mTo je Beh mnomMeHyTo, aHTHTyMOpCKa AaKTHBHOCT OBOT
KoMmIuiekca ce moxe mpumnucatd npucyctBy AU(lll) jona, jep je HalleHO ma KOMITICKCH
Zn(Il), Pd(l), Pt(l) u Co(ll) ca Gly-L-His aumentumom moka3yjy Bpiio cialy

aHTUTYMOpPCKY akTHBHOCT ca |Cso Bpennoctuma Behum ox 100,0uM.

Peakiuja tpunentuaa rauiui-rnnui-L-xuctuauaa (Gly-Gly-L-His) ca [AuCly]™
KOMIUIEKCOM je MCIMTHBAaHA Ha pasmmautaM PH Bpexnoctuma Ha 37 °C mpumerom "H
NMR cnekrpockonuje [124]. Tpunentun Gly-Gly-L-His pearyje ciopo ca [AuCly] ™, mpu
gyemy je nonyspeme peakuuje (t172) 9,3 hua pH = 2,00u na 37 °C. [Ipu Hanpex HaBeAeHUM
PCaKIMOHUM YCIIOBMMA, JIOJIa3d J0 TETPAJCHTAaTHE KOOPAMHAIM]e TPUICNTHAA |
HacTajama [Au(Gly-Gly-L-His-N,N’,N”,N"”" )] kommuekca. OBaj xommiekc je, Taxole,
no6ujen y peakiuju Gly-Gly-L-His nenruna u Na[AuCly)] va pH = 2,40a 37 °C, npu uemy
je I’eropa KapakTepu3alrja u3BpIiieHa Ha OCHOBY 'H NMR CIEKTPOCKOMHjE U PEHIITCHCKE
crpykrypue anamuse (Cmuka 22). CBe NMR pesonanme 3a [Au(Gly-Gly-L-His-
N,N’,N”,N"” )]CI'H,O komIutekc momepeHe ¢y Ka HHXKEM I0JbY Y OJHOCY Ha PE30HAHIIE
cinobomnor tpunentuaa. OBe pas3iuke y XEMHUJCKUM TOMEpamuMa Cy Y3pPOKOBaHE

TETPAJCHTATHOM KOOPJHMHALMjOM TPUIENTHIA MPEKO aToMa a30Ta TEPMUHAIHE aMHHO

Cauka 22. Ctpykrypa kommiekcrHor [Au(Gly-Gly-L-His-N,N’,N”,N"" )]* katjona
y [Au(Gly-Gly-L-His-N,N’,N"",N"” )]CI'H;0 xommiekcy [124]
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rpyme, JBa JICMPOTOHOBAaHA aToMa a30Ta MENTHUAHUX Be3a u N3 aTomMa UMHIa3010BOT
npcresa L-xuctuaumma. Crpykrypa kommaekcHor [Au(Gly-Gly-L-His-N,N’,N”,N"" )]*
katjoHa y kBaapatHo-tutanapaoM [Au(Gly-Gly-L-His-N,N’,N”",N"" )]CI'H,O komruiekcy je

MpuKa3aHa Ha CIMIM 22,a Ty>KWHE U YTIIOBU Be3a y Tabenu 4.

Ta6ena 4. Jlyxune Beza u BenuuumHe yrioBa umsmehy Besa y [Au(Gly-Gly-L-His-
N,N’,N”,N"” )]CI'H,0 xommnekcy [124]

Kommieke [Au(Gly-Gly-L-His-
N,N’,N",N"" )]CI'H,O

Nyxune Be3a (A)

Au—N(amuHO) 2,049(10)
Au—N(nienrtuaHa Be3a 1) 1,941(9)
Au—N(nienrtuaHa Be3a 2) 2,006(10)
Au—N3(umumazon) 2,038(9)
Yraosu uzmely Be3a (°)

N(amuro)—Au—N(nentuaHa Be3a 1) 82,8(4)
N(mentumna Besa 1)—Au—N(menruana sesa 2)  83,5(4)
N(amunr0)—AU— N3(1umua30:1) 100,4(4)
N(nmentuana Beza 2)—Au— N3 (umuga3on) 93,3(4)

Kama ce peakmuja usmehy Gly-Gly-L-His u [AuCly]™ usBomu y mydepy y pH
obmactu 4,00 — 5,00y peaximonoj cmenu je, nopen [Au(Gly-Gly-L-His-N,N’,N”,N"” )]*
KOMIUIEKCa, MPUCYTHA W TMOJMMEpPHAa KOMIUIEKCHA BPCTa, y KOjOj MMHIA30JI0B MPCTEH
L-xucTuauHa uma yirory MoctHor auranaa usmely asa Au(lll) jona [124]. Mehyrum, kana
ce peaknuja u3Boau y pH obxactu 6,50 — 7,00npucyTHa je camo rmoJmMepHa KOMILIEKCHA

BpCTA.

[TpumenoMm norenmomerpuje oapehene cy pKay Bpeanoctu 3a [Au(Gly-Gly-L-His-
N,N’,N”,N"” )]CI'H,O komrmutekc [124]. Haheno je ma mpBa pKa BpemaHOCT, Koja je
NpUIIKICaHa JAEMPOTOHAIM]H ci1o0oaHe KapOokcuinHe rpyme, u3Hocu 2,58. Jlpyra pKj
BpenHocT je 8,63 m mpunmcaHa je naenpoToHanuju HekoopauHoBane NI1H rpyme
UMH1a30JI0BOT TipcTeHa L-xumeruanua, kojy muaykyje Au(lll) jon koopamuoBan 3a N3
aTOM a30Ta UMHUA30JI0BOT MpcTeHa. To je Hajauxka PK, BpemHOCT onpeleHa 3a HEKH joH

MeTalla U pe3yiraT je jakux edekrpoH-npuBiayHux ocobmna AU(Ill) joma. Tpeha pKj
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BpenHoct ox 11,50 mpunucana je AENMpOTOHAIMjH TEpPMUHAHE aMHHO Tpyle MenTuia

koopauHosane 3a Au(lll) jow.

IlenTuam koju caapsxke L-uucrenn

Peakimja w3melhy Ttpunentupa rinyratuona (y-L-Glu-L-Cys-Gly, GSH) u
terpanujanugoaypara(lll), [Au(CN)4] , wucnutuBaHa je y BOJCHOM pacTBOpY Ha
dusmomnomkoj pH = 7,40npumenom UV-Vis criekrpodoromerpuje, “°C NMR u ESI-MS
cnekTpockonuje [125,126].YBpheno je aa y npBoj (a3 0BOT peIoKC mpolieca A0Ta3H 10
cyncrutynuje nujanuno juranana y [AU(CN)s] koMmIiuiekCy riyTaTHOHOM, MpH YeMmy
Hacrajy aBa untepmenujepra [AU(CN)3(GS)F u [Au(CN)x(GS)]*™ kommekca. Kana ce
peakimja m3Bomu y Bumky Au(lll) kommiekca, Hacraje camo [AU(CN)s(GS)F
uHTtepmeaunjep. WMHTepMenujepHu KOMIUIEKCH Yy Apyroj (asu peakinuje pearyjy ca
IIyTaTHOHOM, TIPH YeMy Hactajy rayrataon-gucyndun (GSSGT) u [AU(CN)z]~ kommmeke

Kao KoHauHHU mpou3Boau peakmuje (Cnuka 23).

o) OH
9y o)
O [Au(CN),]™
N 2=
N [AU(CN)5(GS)]
o} OH HCN GSH
SH
GSH
HCN
[AU(CN)(GS),I°~
GSH
GSH + GSSG?~
[AU(CN).]™

Cauxka 23. [llemarcku npukas okcuaanuje riryratnona y npucyctBy [AU(CN)4]™

komiuiekca Ha pH = 7,40 [125, 126]

IlenTuam koju caap:xke L-peHunnananun

[Ipumenom cnektpockonckux merona u DFT m3pauyHaBamwa okapakTepucaHH Cy

KOMIUIEKCH KOjU Cy noOHjeHu y peakinujama L-ananun-L-denunananuna (L-Ala-L-Phe),
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L-benunananun-L-dpenunanannna (L-Phe-L-Phe) u  rmmmun-L-pennnananun-rimmuna
(Gly-L-Phe-Gly)ca H[AUCl4] xommuiekcom [127-129].V peakuuju uzmel)y eKBUMOTAPHUX
xommunHa L-Ala-L-Phe u [AuClsg y BomeHoMm pacTBOopy HacTaje MOHOHYKIICApHH
[Au(L-Ala-L-Phe-N,O)Cl;]” xomruieke, ko Kora je AUMEnTH OUJCHTaTHO KOOPIAWHOBAH
3a Au(lll) jor mpeko aroMa KMCEOHHMKAa KapOOKCHIIHE TPYIE U JCTPOTOHOBAHOI aToMma
azora mentuane Bese [127]. V peakuuju Au(lll) joma u L-Phe-L-Phey 1:1 monckom
OJIHOCY, JI0JIa3H JI0 MOHOJICHTaTHE KOOpJAWHAIM]jE AMIENTH/A TPEKO KUCEOHUKOBOT aToMa
kapOokcunne rpyme u (opmupama [Au(L-Phe-L-Phe©)Cl;3]” kommurekca [128]. Ha

OCHOBY TOTa je 3aKJby4eHO Ja MpUCYCTBO JBe (enmn rpyne y L-Phe-L-Phemunentuny,

s H Q Cl
H,N © N |
2 HoN O—Au—Cl
N 0 4
CI\
Au
Cl @) @)

~

HZN\ /N
Au

O/ \N

\

O
[Au(Gly-L-Phe-GlyN,N’,N”,0 )]

Cmmka 24. Ctpykrypsae ¢popmyne Au(lll)-menTun kommiekca Koju cy 100UjeHH y
peakijama H[AUCl,] u menTuma koju cagpke amuHOKHcenuHy L-denunananun

[127-129]
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onemoryhasa unTepakiujy Au(lll) joHa ca menTHIHHM a30TOM, a CAMHM THUM H HETOBY
xoopauHaiujy. Hacympor tome, tpunentun Gly-L-Phe-Gly, xoju canpxu jenny ¢ennn
rpymy, koopaunyje ce tpuaentarao 3a Au(lll) jon mpeko aToma azora TepMUHAITHE AMHHO
rpyme, IBa ACMPOTOHOBAaHA aToMa a30Ta MENTHAHUX Be3a M KapOOKCHIHOT KHCEOHHKA
[129]. Ctpyktypre dopmyne Au(lll)- mentun komIuiekca koju Cy T0OUjEHU Yy peakiiijama

H[AuCl,] u nentuna xoju caapke L-peHnnananun cy npukaszase Ha ciuim 24.

IlenTuam koju caap:ke L-tpunrodan

MoHOHYyKIeapHU [Au(L-Trp-L-PheN,N’,0)Cl] u [Au(L-Tyr-L-Trp-
N,N’,O)CI] H,O xommiekcu (Crnuka 25) cy mobujenu y peakumjama L-tpurrodum-L-
denmnananuaa (L-Trp-L-Phe) u L-tuposun-L-tpunrodana (L-Tyr-L-Trp) ca H[AUCI,]
xomiuiekcoM Ha PH = 4,00u Ha cobnoj temneparypu [130]. Ha ocHoBy pesynrara IR u
NMR cnekrpockonuje, kao u UV-Vis crnektpodoromeTrpuje, 3aK/by4eHO je Oa ce
JTUTICTITUIM KOju caapke L-TpunTodaH TPUACHTATHO KOOPAMHYjY MPEKO aToMa a3oTa
TEpPMHHAIHE aMHUHO TpyIe, JCMPOTOHOBAHOI a30Ta MENTHIHE Be3e M KapOOKCHUIHOT
KHCCOHHKA, JIOK Ce aTOM a30Ta W3 MHIOJOBOI MPCTEHa TpUnTohaHa HE KOOPAUHYje 3a
Au(lll) jon. CtpykTypa OBHX KOMILIEKCA je JOAATHO MOTBpleHa Ha OcHOBY pe3yarata DFT
u3padyHaBama, koja cy nokazaia na cy [Au(L-Trp-L-PheN,N’,O)CI] u [Au(L-Tyr-L-Trp-
N,N’,O)CI]'H,O xommiekcu KBaJpaTHO-IIAHAPHH M J1a j€ OJCTYIame O IUIaHAPHOCTH

mame og 0,9.

R1
O L-Trp-L-Phe: R, = R, = @—
HN_ _~

H,N N Ry
N,
Au
/ \ L-Tyr-L-Trp: Ry = HO Ry =
Cl (@] @]
HN__~

Cmmka 25. Onmra crpykrypHa ¢opmymna Au(lll)- numenTtun KoMmIiuiekca Koju cy

nobujenn y peakijama H[AUCl4] n munentuna koju canpxe L-tpunrodan [130]

IlenTuam koju caap:ke L-cepun

Momnonykneapaun [Au(Gly-L-SerdN,N’,O)Cl] xomrutiekc je nobujeH y peakuuju

munentuaa ranui-L-cepuna (Gly-L-Ser) u H[AuCly y mnpucyctBy exBuMoOmapHe
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xommarae NaOHy meranony kao pactsapauy (Cruka 26) [131].IIpumenom "H, *C NMR
u IR cniekTpockonuje, HaheHo je aa ce Gly-L-Sertpunentarno koopaunyje 3a Au(lll) jon
IPEeKo aroMa a30Ta TEPMUHAIHE aMHHO TPyl TIHUIMHA, JSMPOTOHOBAHOI aToMa a30Ta
NENTUIHE Be3e M KapOOKCHUIIHOT KHCEOHHKA, JOK YETBPTO KOOPIUHAIMOHO MECTO Y OBOM
KBaJIpaTHO-TUIAHAPDHOM ~ KOMIUIEKCY  3ay3uMa  XJopuao JwraHn. Ha — ocHoOBy
CIIEKTPOCKOIICKUX TI10/IaTaKa, 3aKJby4e€HO je Ja Ce XHIPOKCHJIHA Tpyla CEepHHa He

koopaunyje 3a AU(lll) jou mox HaBeCHUM PEaKIIMOHUM yCIOBHMA.
/ \ OH

Cl o) O
[Au(Gly-L-SerN,N’,0)CI]
Cauxka 26.CtpykrypHa popmyna [Au(Gly-L-SerN,N’,0)CI] kommnekca [131]

1.2.3.PEAKIHUJE KOMIIVIEKCA 3JIATA(lll) CA MPOTEMHUMA

Pesynratn ucnutuBama komiuiekca 3nara(lll) xao aHTUTyMOpCcKHX areHaca cy
NOKa3aJii J1a OBM KOMIUIEKCH MMajy Mmanu aduauter npema JIHK monekyny, koju je
IpUMapHH AaKLENTOPCKA MOJICKYJ 332 aHTUTYMOPCKM akTUBHE Komruiekce ruiatuHe(ll)
[90,132]. MehyTrm, Ha OCHOBY KpHcTanorpadCcKux rmojgataka morBpheHa je KoopauHarmja
Au(lll) jona 3a monekyn PHK mpeko HOHOpPCKHMX aroma TryaHHWHa M IIMTO3MHA, HAKOH
nernpoToHOBaba N1 aroma a3ora ryanuHa [133]. Ha ciuium 27 npuka3zaHa je KpucTaiHa
crpykrypa PHK nymiekca y kome je jon 3mara(lll) KoopauHOBaH 3a I'yaHHH-IUTO3UH Iap

IPEKO jeTHOT aToMa KHCEOHHKa M TpH aToMa azora [133,134].

Haheno je ma xommiekcu 3iata mokasyjy BEIMKH aQUHHUTET MpeMa MOJIEKYIHMa
poTenHa, 300T yera ce IMPeTIOCTaB/ba Ja Cy MHTepakuuje u3Mmel)y oBHX KOMILIEKca U
NpOTEHHA OJArOBOPHE 3a BUX0Be nutorokcuune edekre [90,132]. PasnuuuT MpOTEHHH,
Kao mTo cy ThopemokcuH peaykraza (TrxR) [135], xymanu cepym amdoymun (HSA),
xymaHa riyratuoH peaykraza (HGR) [136], xucton aeanermnaza (HDAC) u mporeun

kuHaza C (PKC) [89],mory OuTH akientopcku mosekysu 3a 31aro(lll) kommiekce.
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Cmuka 27. Crpykrypa PHK nymmekca ca Au(lll) joHoM koOpauHOBaHUM 3a

I'YaHWH-LIIMTO3WH Tap MPEKO jeHOT aToMa KHCEOHHKa U Tpu aTroma a3ora [133,134]

Pesynratu ucrpaxxkuBama kpucrajgorpadcke 6ase momaraka [134] nokasyjy aa ce y
komruiekcy 3nara(lll) ca myrupanmm xymanumm H deputurom (HIX), jonu smata(lll)
koopaunyjy 3a muctenH Cysl40u xuctuaun, His57 u His60, His118u Hisl73 (Cnuka
28), mpu uemy Oounu Hu30BU HiS57 u HisS60 nomiexy KoOHPOPMAMOHUM IMpOMEHaMa
[137]. CynporHo ToMe je HaumH koopuaunaimje Au(lll) jona y AuCls nepuBary AphA

ensuma Escherichia colidakrepuje (AphA je nepuriasmuuna kucena ¢ocdarasa) [138].

Cauka 28 Crpykrypa komiuiekca 3nata(lll) ca myrupanum H pepurunom. Au734

Ce HaJa3W Ha OCH CHUMETPHje YETBPTOT pela U OKpyxkeH je ca yerupu His1l73

jenunute [134,137]
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AXTHBHO MecTO y oBoM eH3uMy 3ay3uma M((Il) jon, koju je y AUCls nepuBary
cyncrutyucan Au(lll) jonom, npu yemy He noja3u A0 MPOMEHE HAUYMHA KOOpAMHALH]E.
Tako je, y AuCl; nepuBary AphA enszuma, Au(lll) joH koopaMHOBaH HCKJbYYHBO 3a

JIOHOPCKE aTOMe KHCEOHHWKA U MMa oKTaeaapcky reometpujy (Cnuka 29).

Cauxka 29. Ctpykrypa AuCls nepuara AphA ensuma Escherichia colibakrepuje
[134,138]

Peaxnuje mecr komruiekca  3marta(lll),  [Au(en),]Cls,  [Au(dien)CI]|Ch,
[Au(cyclam)](CIOy).Cl  (cyclam  je  TterpagentatHO  koopauHoBanu  1,4,8,11-
teTpaaszamukinoTerpaaekan), [Au(terpy)Cl|ChL (terpy je TpuaeHTAaTHO KOOPIHHOBAHH
2,2":6’,2"- repriupuaun), [Au(bipy)(OH)][PFe] (bipy je OuaeHTraTHO KOOpAUHOBAaHU 2,2’-
ourmpunus) u [Au(bipy?™>-H)(OH)][PFs] (bipy™™ je Tpunentarto koopmunosanu 6-(1,1-
auMeTHIOeH3uN)-2, 2’ -0unupuaun) ca ropehum cepym andoymunom (BSA) cy ucnimtrBane
NPUMEHOM Pa3JIMYUTHX CIIEKTPOCKONCKHX TEXHHKAa W OMOXEMHjCKUX METOJa pa3/iBajarba
[139]. loGujern pesyararu cy nokasamu ga cy uarepakuuje [Au(eny]®* u [Au(cyclam)f*
KoMIuiekca ca BSA mporenHoM penatuBHO ciabe W HMCKIBYYMBO EJIEKTPOCTATUUKE
npupojie. Y CynpoTHOCTH ca THM, y peakidjama oBor npoteuHa ca [Au(dien)CI|Ch u
[Au(bipydmb-H)(OH)][PFe] KOMIUICKCUMA JI0JIa3H JI0 KOOpJUHAIM]e UMUIA30JI0BUX aToMa
azora u3 L-xwctwamna. HcenutuBana je cTaOMIHOCT MOOMjEHUX TMPOU3BOJA TIPHU
(bHU3HOJIOMIKKUM YCIIOBUMA, TIpH ueMy je HalheHo na ce Be3a uzmelyy Au(lll) jona u mporerna

packuia jeauHO MO JOJNATKy [HjaHHu[a Yy BHIIKY. Hajjaua okcumanuoHa cpencTBa y
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ucnutuBanoj cepuju komruiekca 3nata(lll), [Au(terpy)CIICl, u [Au(bipy)(OH),][PFd],
okcuayjy 0ounu Hu3 nporterna, npu yemy ce Au(lll) penykyje mo Au(l) jona. [IpousBox
koju je mobujen y peakuuju [Au(bipy)(OH)][PFs] u BSA je momatHO HCIUTHBAH
npumeHoM XANES u EXAFS texuuka [140]. Penykumja Au(lll) jona ca nctoBpemeHoM
SJIMMUHAIM]OM OUIHMPUANHCKOT JIMTaHJa je HecyMmbHBO noTBphena mpumenom XANES
meroze, 1ok cy EXAFS mepema mokasana aa Taj pelyKIHOHHU MPOLEC BOAU (HOpMUpPALY
3naro(l)-mporerH KoMmIuteKcHUX BpcTta y kojuma je Au(l) joH KOOpIHWHOBaH 3a a30TOBE

aTOME IIPpOTCHHA.

IMpumenom ESI-MS metone ucnuturana je peakiuja [Au(bpMe)CL][PFs] (bpMe
je OunenTatHO KOOpAMHOBaHH 4,4’-nuMeTHi-2,2 -ONUPHINH) U IPOTEHHA YOUKBUTHUHA Y
3:1 mosckom oxgnocy [91]. Peakuuja je mpahena 24 cara na 37 °C, npu uemy je naheno na
nonazu g0 peayknmje AU(lll) joma mo Au(l) y3 uUCTOBpeMeHYy eIMMHUHALIN]Y

6I/IHI/IpI/II[I/IHCKOF JJUra”Haa.

Wutepakimje nBa qunykieapHa komiuiekca snata(lll), [Au 2(u-O)(bipy)][PFe]2 u
[Au2(u-O)x(6,6’-diMebipy)][PFe]2 (6,6 -diMebipy je 6,6’-numernn-2,2’-ounupuanx), ca
XYMaHUM CepyM aJIOyMHUHOM, IIATOXPOMOM C U YOUKBUTHHOM, UCIIUTHBAHE CY MIPUMECHOM
Pa3IMYUTHX CIEKTPOCKONCKUX MeTonaa [85]. Pe3ynaraTu CHeKTpOCKONCKMX HCIHTHBaHa
nokasyjy na ce y osum peakuujama AuU(lll) jor pemykyje mo Au(l) y3 ucroBpemeHo
packugame Be3a u3Mel)y joHa 3y1ara ¥ KMCEOHWYHOT MOCTHOT JIMTAH/a W CIIMMHUHAII]e
bipy, ognocuo 6,6’-diMebipy nuranma. ITopex tora, Au(l) jor ocraje KoopaWHOBaH 3a
nporeuH. [IpeuioskeHn MeXxaHnu3aM 3a HCIIMTUBAHE Peakilje je y CKIaay ca pe3yiaTaTuma
3a peakiujy aunykieapHor [Aua(u-O)x(6,6’-diMebipy)][PFs]. komiuiekca ca xymaHum
cepyMm amnotpanchepuHomM, koja je ucnutuBana npumeHoM XANES u EXAFS Texnuka
[140]. CympotHO TOME, y peaknmjama 1Ba auHykieapHa komiuiekca 3marta(lll),
[Au2(p-O)(bipy™™H)Z][PFel2 1 [Aua(u-O)(bipy™-H)el[PFelz, rae je bipy™ 6-(1-
METWIIOCH3M)-2,2'-ONMpPUANH, ca JIM303UMOM M3 Oenanuera kokomjer jajera (HEWL),
He nonaszu jao peaykuuje Au(lll) jona u ermMuHanuMje OMIMPUIMHCKOT Urana, Beh camo
no packumamba Bese wm3mehy AU(lll) joHa W KHCEOHHYHOT MOCTHOT JIMTaHAa, |

TpaHnchopmalrje AMHYKIeapHOT KOMILIEKCa Y MOHOHYKIIeapHu [141].

[Mpumenom ESI-MS metone usyuarane cy peaknuje K[Au(sackCl] u NaJAu(sac)]
KOMILIeKca (Sacje caxapuHaro JHWraHa) ca MUTOXPOMOM C u ju3o3uMoM [92]. 3a pasznuky

oI MPETXOAHO HABEACHUX, OBU KOMIIJICKCU HUCY IMoceOHOo PCAKTUBHU Ca MIPOTCHMHUMA, ITPH
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4YcMy, Yy HUCIIHUTHBAHUM peaKquaMa, J0JIadu 10 BHXOBC ACIIMMUYHC MeTanaque n

(dopmupama KOMIUIEKCHUX BPCTa KOje caapiKe YETUPH JOHA 3J1aTa.

HajuoBuja wuctpakuBama y obOmactu peakinuja komiutekca 3iara(lll) ca
NpOTEMHUMA T0Ka3yjy Ja je CeleHOeH3uM THOopeaokcuH penykraza (TrxR) Beoma
cnenuduYaH aKIENTOPCKA MOJICKYJI 3a IIMTOTOKCHYHE KOMIUTeKce 3ata [142]. OBaj eH3uM
CaapXXH LUCTEUH-CEIICHOIIMCTCHH PEIOKC TMap KOjH je YKIbYYCH Yy pEryjucame
UHTparenyaapae peaokc paBHorexe [143]. UcnutuBama Mexanusma uaxuoOuiuje TrxR
ensuma nomohy cepuje komrutekca 3mara(l) u 3mara(lll) cy mokasama na oBa jeaurmbema
NPOM3BOJIC 3HAYAJHY MHXHOUIIM]Y OBOT €H3MMa HAKOH HErOBEe MPETXOJHE PEIyKIHje ca
NADPH [144].TIpumenom MALDI-Tof macene cniektpomerpuje HaheHo je na ce edexTu
komruiekca 3iara(l) Mory mpumucaTi BHXOBOj KOOpAMHAIMjK 3a —SeHrpymne y eH3umy,
nok komrutekcu 3mara(lll) oxcuayjy oBe rpyme, peaykyjyhu ce mo xomrutekca 3iara(l).
BaxHo je HamoMeHyTH na cy 3a BehuHy aHTuTyMOpcKuX Komruiekca 3nara(lll) akTuBHM
merabonutu ynpaBo AU(l) komriekcHe Bpcre, koje Hacrtajy pexykumjom  Au(lll)

KoMILIeKca in vivo [145].
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2. IPEJMET HCTPAXKUBAIBA

Haxon otkpuha na veku komriekcu 3nara(lll) mokasyjy aHTHTYMOpPCKY aKTUBHOCT
[81-92], 3anouena cy MHTEH3UBHA HCTpakuBama y obOnactu peakuuja Au(lll) jona ca
OMOJIOIIKY 3HAYaJHUM JIMTAHIMMa, Kao IIITO CY aMUHOKHCEIHHE, TIENTUAN U poTeuHn [96-
145]. On paHuje je MO3HATO Ja C€ aMHHOKHCEIIMHE M MENTHIH MOTY KOOPAMHOBATH 3a
pa3nuuuTe joHe Metana, rpaichu crabuiHe xenatHe komiuiekce [146-159]. Melytum,
JOCAIallbi PE3yaTaTH MOCTUTHYTH Yy oOyacTu cuHTe3e komiuiekca 3nata(lll) ca oBum
OuonuranauMa cy Beoma OockyIaHH. J{o cajia cy CMHTETH30BaHa M MPUMEHOM PEHJITCHCKE
CTPYKTYpHE aHaJIM3€e OKapakTepucana camo Tpu komiutekca 3mata(lll) ca menruauma xoju
y 00YHOM HU3Y cajipke aMHUHOKUcenuHy L-xuctunus, rmumui-L-xuctuauaom (Gly-L-His)
[123] u rvmmn-rmmun-L-xuctuaunom (Gly-Gly-L-His) [124]. Umajyhu y Buny HaBeieHe
YUECHUIIE, Y OKBUPY OBE JOKTOPCKE IWcepTalije NpeaBuheHO je aa ce MPUMEHOM
CHEKTPOCKOIICKUX U EJIEKTPOXEMHUJCKHX METOJa, NPU Pa3IUUYUTUM EKCIIEPUMEHTATHUM
yCIOBMMa, UCTHTajy peaknuje komruiekca 3nata(lll) ca munentuauma, Koju y OOYHOM
HU3Y HE cajJpKe XeTepoaroM, Kao M ca JUICNTUANMA KOjU CaApKEe aMUHOKHUCEIINHE
XUCTHIMH W MeTuoHuH. [lopen Tora, mpeaBuljeHO je Ja ce NMPUMEHOM PEHATEHCKE
CTpyKTypHe aHanm3e okapaktepuiry 3nato(lll)- mentua komriekcH, Koju HacTajy Kao

KOHAYHU [TPOU3BOIY UCIIUTUBAHUX PEaKIIHja.

Y mnpBoM Jeny aumcepTalje TNpeaBulleHO je a ce TPUMEHOM 'H NMR
criekrpockonuje, y pH obmactu 2,00 — 5,00u na 40 °C, ucnurajy peakiuje H[AUCly]
KOMIUIEKCa Ca TUMENTHANMA, KOju y OOYHOM HH3Y HE CaapKe XETepOoaToM, TIIHIIHII-

rmuaiaoM (Gly-Gly) u roummn-L-ananuaom (Gly-L-Ala). /ToGujene pesyarare y OKBUPY
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OBHX UCTPa)XHBama MOPEAUTH ca pesynraruma 3a peakuujy H[AUCl,] xommiekca ca Gly-

L-His munentuaoMm, koju y 00YHOM HU3Y CaApKU aMUHOKHUCEIUHY L-XUCTHIUH.

VY3 MoaubuKaIujy paHdje OMHCaHUX MOCTyMmaka 3a cuHTe3y Komruiekca 3mata(lll)
ca MeNnTUAMMA, Yy OBOj JHCEpPTalHju TpeiaBul)eHa je CHHTE3a M KapaKTepu3aldja HOBHX
xkomruiekca 3nara(lll) ca munentuauma rnuui-L-xuctuaunom (Gly-L-His) u L-ananun-
L-xuctuaunom (L-Ala-L-His). ITopen Tora, 3agarak je 0o aa ce, IPUMEHOM Huc
NMR cnekrpockonuje, y pD o6mactu 3,50 — 5,50u ma 25 °C, ucnurajy peaxumje
monodyukimonaaaor [Au(dien)CIl]ChL kommiuekca (dien je TpumeHTaTHO KOOPIHHOBAHH
TUCTUICHTPUAMUH) ca aunentuanma, L-xuctuaun-riuinuHoM (L-His-Gly) u rowmmn-L-
xuctuauaoM (Gly-L-His). Pesynrate oBHX HCIUTHBama MOPEIUTH ca pe3yiaTaTuMa 3a
peakiuje ananoruux komiutekca tratuHe(ll) w mamammjyma(ll) ca L-xuctuamHoM u

HNenTHANMA KOJU CaJipKe OBY aMUHOKHCEIHUHY.

Ha kpajy, kao 3ajaTak oBe aucepranuje npeasuleno je ma ce npumenom ‘H NMR
criekrpockonuje, UV-Vis crniekrpodoromerpuje u IUKINYHE BoaTamerpuje, Ha PH = 2,00
u Ha 25 °C, ucnurajy peakumje H[AUCly xommmekca ca rmmrmn-D,L-MeTnoHMHOM
(Gly-D,L-Met) u merosum N-anerunosanum aepusatom (Ac-Gly-D,L-Met) y pasnuuntum
MosickuM onHocuma. [lpomsBoxa peakuuje m3mehy [AuCly]™ xomruiekca u Gly-D,L-Met

AUTICTITHAA OKAPAKTCPUCATH TPUMCHOM PCHATCHCKC CTPYKTYPHC aHAJIN3C.
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3. EKCHEPUMEHTAJIHU JEO

3.1. Xemukanje u peareHcu

Xemukanuje u pearencu DO (99,8%), DCI, KOD, muerunenrpuamun (dien),
xuaporen-terpaxiopugoaypar(lll)  tpuxuapar  (H[AUClg 3H0), rmumua  (Gly),
rmuimHaMu  (GlyNH), rmunmn-roumuna  (Gly-Gly), rounun-L-ananun  (Gly-L-Ala),
rma-L-xuctuaun - (Gly-L-His), L-amanwn-L-xuctuaun  (L-Ala-L-His), L-xuctumaui-
i (L-His-Gly) u rmunun-D,L-metnonun (Gly-D,L-Met) cy nabaBpenu on Sigma-
Aldrich Chemical CoOcrane xemukanuje ymorped/beHe Y OBOM paay Cy KOMEPIHjaTHU
MPOU3BOJM AHATUTUYKOT CTereHa uyucTohe W KymsbeHe cy o momaher mpousBohaua.

BunectunoBana Bozaa je ynorpeObeHa 3a MpUIIPEMake pacTBOpa HaBEICHUX peareHaca.

3.2. AleTH/10Bak-€ AMHMHO Ipyle y aMMHOKHMCeJIMHAMA U NeNTHAMMA

3a AllCTUWJIIOBAKLC AMUHO TI'PYyIIC Y aMUHOKHCCIMHU TIIMOWUHY W TCITUAY TJIULUII-

D,L-metnonuny ynorpe0JbeHa je MeTo/ia Koja je panuje onucana y mureparypu [160,161].

Y mTo wMam0j 3anmpeMHHH TIalMjaiHe CHpheTHE KHUCEIMHE pPAaCTBOPUTH
5,010% mola aMuHOKMCeIMHE MM MenTHaa M y OBaj pacTBOp I0JaTH 7,510% mola
(71,6 wl) anxugpuna cupherHe kucenuHe. PacTBop ce memia Ha COOHOj TeMIepaTypu 3a
BpeMe O]l TP caTa, a 3aTUM OCTaBU Jia MCIapu 10 cyBa. Y BehuHUM cimyuajeBa ce 100Hja
yJbacTa CYIICTaHIIa KOja MPEJCTaBJba alleTHJIOBAHY aMHHOKHCEIUHY WIH MenTua. Yuct
alleTUIIOBAaHU TIPOM3BOJ CE€ MOXE JOOHUTH MPEKPUCTAINCABAKHEM U3 CMEIIe BOAA-alleTOH,
WA HEKOT JIPYror OPraHCKOT pacTBapadva, WM PacTBapameM YJ/bacTOT OCTaTKa y BOIH, a

3aTUM HCIIapaBalbeM pacTBOpa Ha cOoOHOj TemmepaTypu 10 cyBa. Ilo morpebu oBaj
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MMOoCTymaxKk €€ MOXC IOHOBUTHU BHUILIC IIyTa. Yucroha allICTUJIOBAHEC aAMHWHOKHCCIMHE U

nenrtuza je nposepena momohy 'H NMR criekrpockomnuije.

3.3. Hoomjame [Au(Gly-L-His-N,N,N”)CIINO31,25H,0, [Au(Gly-L-His
N,N’,N” )CIINOz u [Au(L-Ala-L-His-N,N’,N” )CI]NO32,5H,0 kommiekca

Kommekcu 3nara(lll) ca gumentuamma riauiwi-L-xuctuaunom (Gly-L-His) u L-
anmanwi-L-xuctuauaom (L-Ala-L-HisS) cy cunTernzoBanu mo Moau(pHUKOBAHOM MOCTYIIKY

KOjH je paHuje onucaH y aureparypu [123].

V 3,0 cnf Boxe pacreopuru 0,1575 g (4,00* mola) H[AUCL]'3H,O u y oBaj
pacTBOp A0JaTH €KBMMOJIApHY KoauuuHy rauiui-L-xuctuauna (0,0849 g)oxnocuo L-
amanmi-L-xucrugnaa (0,0905 g)pacrsoperor y 5,0 cnf Boge. pH BpeasocT pactBopa
onroeapajyher aumentuaa mpeTXoAHO NojecuTh Ha oko 1,50 maranuM gomaBameM
pactopa HNOs xonmentpammje 1,0 mol/dni. Cyx ca peakmmornom cmernom (pH oo 1,50)
YBUTH Y ATYMUHH]YMCKY ()OJIMjY U OCTAaBUTH Ha COOHO] Temmeparypu y3 memame 10 gana.
JlobujeHu KyTHu pacTBOP MPOIEAUTH OJf U3BOJEHOT €JIEMEHTApHOT 3JIaTa U OCTaBHTH Ha
coOHOj TeMmMmeparypH, MpH 4eMy ce 3alpeMuHa cMamu Ha oko 3,0 cmi. KonuenrpoBanu
pactBop (PH ~ 0,90)ocraButu y dpmwkunepy 3a Bpeme on 3 — 5maHa, mpu 4emy ce
u3aBajajy ceemokytu kpucranu [Au(Gly-L-His-N,N’,N”)CIINO31,25H0 u [Au(L-Ala-
L-His-N,N’,N")CIINO32,5H:O kommutekca. Kpucrane omsojutu mnehemeM, HCIpaTH
XJIAAHAM aleTOHOM W CYHIMTH Ha Bazayxy W coOHoj Temmepartypu. Ilpunoc je 48%
(0,1014 g)3a [Au(Gly-L-His-N,N",N")CIINO31,25H0, omnocno 55% (0,1241 g)3a
[Au(L-Ala-L-His-N,N’,N")CIINO32,5H,0 kommiekc. ITocie myxker crajarba Ha COOHO]
temneparypu [Au(Gly-L-His-N,N’,N"")CIINO31,25H0 komriekc ryou KpUCTaaHy BOIY
u npenasu y anxuapoanu o0imk, [AuU(Gly-L-His-N,N’,N"")CIINO3. Yucroha u cacras

CBUX KOMIIJIEKCA Cy MPOBEpPEHU TOMONy pe3ynTara eeMeHTapHe MUKPOaHaIN3e.

Uspaynato 3a [Au(Gly-L-His-N,N’,N")CI][NO31,25H0O = GH13506AUCINSO7 25
(Mr = 528,15): C, 18,19; H, 2,58; N, 13,6aheno: C, 18,32; H, 2,50; N, 13,14%.

N3zpauynaro 3a [AU(Gly-L-His-N,N’,N”)CI]INO3; = CgH1;AUCINsOg (Mr = 505,63):
C, 19,00; H, 2,19; N, 13,8Haheno: C, 18,78; H, 2,57; N, 13,18%.

Uspaaynato 3a [Au(L-Ala-L-His-N,N’,N”)CIJNO32,5H,0 = GH1sAUCINsOg 5o
(Mr = 564,70): C, 19,14; H, 3,21; N, 12,4®@beno: C, 19,05; H, 3,27; N, 12,18%.
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3.4. OcHoBHHU KpHcTAJOrpagCcKH MOJAIM M PEHATeHCKAa CTPYKTYpHA aHAIW3a
[Au(Gly-L-His-N,N’,N” )CI]NO31,25H,0, [Au(Gly-L-His-N,N",N”)CIINO; n
[Au(L-Ala-L-His-N,N’,N"" )CI]NO32,5H,0 kommiekca

Pennrencka  crpykTypHa — wcnuTHBama 32 kpucrane  [Au(Gly-L-His-
N,N’,N")CIINO31,25H0, [Au(Gly-L-His-N,N’,N”")CIINOs u  [Au(L-Ala-L-His-
N,N’,N")CIINO32,5H,0 xommiekca cy BpiiieHa Ha 6a3u Meperma HHTEH3UTETa pediekcuja
nomohy nudpakromerpa tuma Xcalibur CCD k-reomerpuje npumeHoM rpaduTHe
MoHoxpomarcke Mo-Ka paamjarmje (A = 0,71073 A).Ilomarm o excrnepuMeHTATHAM
MeperMa, pe3yiTaTi PeHII€HCKEe CTPYKTYPHE aHaIM3e Kao U JAPYrH PEJICBAHTHH MOl

3a MIOMEHYTE KOMILJIEKCE Cy TIPUKa3aHu y Tabenn 5.

IMporpamu CrysAlis CCD [162] u CrysAlis RED [163] cy ymotpebsbenu 3a
NpUKYIUbalke W ofabup pedrekcuja, Kao M 3a yTaumaBambe CTPYKTYype KOMILIEKCA.
Mepenun uWHTEH3UTETH peduiekcuja Ccy KOpPUTOBaHM 3a amncopmniujy u Lorenzeos
nonapusaionu (Lp) ¢dakrop. CTpykType KOMILIEKCa Cy pelileHe moMohy IUpeKTHHX
merona ynorpedom SHELXS86mporpama [164], mok je 3a yraumaBame CTPYKTypa
ynotpedsbeH mporpam SHELXL97[164]. CBu aToMu TESKH OJ1 BOJOHUKA Cy yTaulbaBaHH
annzotpomnHo. [lo3uruje BogonnkoBux aroma n3 —OH rpyne cy yraumaBaHe ymoTpedoM
omuje HFIX83 3a [Au(Gly-L-His-N,N,N”)CIINO3; u HFIX147 3a [Au(L-Ala-L-His-
N,N’,N")CIINO32,5H,0 kommuiekc y SHELXLO97nporpamy [164]. BogonukoBu atomu
KOjU TMpUIaZajy MOJIEKyJIMMa BOJAE HHCY JIOLMpaHH, yclied cinabe audpakiuje OBUX
MOHOKpHCTaJIa W TPHCYCTBA TEIIKOT aromMa 3jara y muMa. [lo3umuje ocranux
BOJIOHMKOBUX aTOMa Cy H3padyHaTe Ha CTaHIApAHUM pacTojalbMMa W yTauymhaBaHE
ynorpeGom ,riding” Mozena, mpu yeMmy cy gaTa pacTojama: Tepumjapun C—H = 0,98 A,
cekyamapau C—H = 0,97 A merun C—H = 0,96 A umunazonos C—H = 0,93 A,amuno
N-H = 0,90 A, umunazonoe N-H = 0,86 Au xuapokcu O—-H = 0,82 AvY KpUCTaly
[Au(L-Ala-L-His-N,N’,N")CIINO32,5H,0 komIuiekca, KHCEOHHKOBH aTOMH KOjU C€
Halla3e Ha aTOMy a30Ta HUTpATHE Tpyle cy HeypeheHu, W 3a HHXOBO yTaumhaBame je
ynotpebsbeH okymaunonu ©Opoj 1,00. V 3aBpmnoj (asu yraumaBama, BPEIHOCTH
okynaruoHor 6poja cy uzHocwie 0,563a rinasny, onnocHo 0,443a criopeiHy KOMITIOHEHTY.
ATICOTTyTHa CTPYKTYpa KpHCTala je MpeTIOCTaB/beHa Ha OCHOBY IIO3HATE arCOJYTHE
KOH(UTrypanuje AMMNENnTHIa YIOTpeO/beHUX 3a CUHTE3y KOMILIEKCa U J0AAaTHO MOTBpheHa

Ha ocHOBY Flack-oBor mapamerpa amnconytae crpykrype [165]. 3a rpaduuky npesenramjy
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KPHCTAITHUX CTPYKTypa ynorpedsbenu cy nporpamu Siemens XP [166k CCDC Mercury

[167].

Tabena 5. [lomanu 0 eKCIEPUMEHTATHIM MEpPEHUMa, PE3YJITATH PEHATEHCKE CTPYKTYpPHE

aHanmu3se, Kao u apyru peneBanTHu moxand 3a [Au(Gly-L-His-N,N’,N")CI|NO31,25H0,
[Au(Gly-L-His-N,N’,N”)CIINOs u [Au(L-Ala-L-His-N,N’,N")CI][NO32,5H,0 komrekce

[Au(Gly-L-His- [Au(Gly-L-His- [Au(L-Ala-L-His-
N,N’,N")CIINO31,25HO N,N’,N”)CIINO; N,N’,N”)CIINO3z2,5H,0
Xemnjcka popmyna  CgHiz sAUCINSO7 25 CgH1AUCINSOs  CoH1sAUCINSOg 50
Monekyncka maca 528,15 505,63 564,70
Tauka rorbersa ('C)  154-159 154-159 87
Kpucramau cuctem MoOHOKTHHIYAH OpTopombuuan OpTopombuuaH
IIpocropHa rpymna Cc2 P2,2,2 P2,2,2
Temmneparypa (K) 295(2) 130(2) 295(2)
ITapameTpu
jennanyHe hemuje
a(A) 24,5647(9) 16,9519(19) 18,0271(6)
b (A) 6,7463(2) 6,6137(7) 7,0547(2)
c(A) 17,7095(5) 12,0312(13) 13,5470(4)
a (%) 90 90 90
£(°) 91,215(3) 90 90
y (%) 90 90 90
V(A% 2934,17(16) 1348,9(3) 1722,85(9)
z 8 4 4
Dx (g cni®) 2,391 2,490 2,177
u (mm) 10,26 11,14 8,74

JumMen3uje kpucrana
(mm)

Bpoj cakynbennx
pednekcuja

bpoj HezaBucHUX
pednekcuja

Bbpoj ymotpebibennx
pednekcuja

Rint (%)

0,10 x 0,03 x 0,02

20068

5164

3004 | > 24(1)]

9,3

48

0,25 x 0,10 x 0,04 0,30 x 0,404

9819

2376

1761 ] > 2(1)]

6,6

24860

3048

2502 | > 20(1)]

5,2
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Mertona yTaumaBama MeTtoaa HajMamUX KBajaparTa Ha 6a3u F
CTPYKType (myHa matpuna)

RIF? > 20(F?)] 0,040 0,054 0,027
wWR(F?) 0,060 0,130 0,063

S 0,77 1,18 0,97
Apmax(€ A3) 1,43 2,98 1,15

Apmin (€ A3) -1,04 -1,12 -0,44
Flackos mapamerap  .0,021(11) 0,03(4) -0,002 (15)

3.5. loounjame [Au(dien)CI]|Cl, komniekca

Kommiuexke  [Au(dien)CI|CL,  (dien je  TpumeHTaTHO  KOOPAWHOBAaHU
JUETUICHTPUAMUH) je A00MjeH 1Mo MOAu(UKOBAHOM ITOCTYNKY KOjH je paHHje OMHCaH y
mureparypu [168,169].Y 2,0 cnf Boxe pacropuru 0,3544 g (0™ mola) H[AUCL] 3H,0
KOMIUIEKCA M y OBaj pacTBOp JI0JaBaTH IOJIAKO Y3 MELIamke pacTBOP KOju caapxku 263 pl
97% (@ = 0,95 g/cm) muernmnentpuamuna (2,3510° mola) u 602 pl 36,2% ¢ = 1,18
g/cm?) HCI (7,0510'3 mola). Kytu Tanor, koju ce CTBOPHO OJMax IO JOAATKY JIUTaH/IA,
pacTBapary ykanasamem 2,0 ¢ pacropa NaOH koruertpaumje 2,0 mol/dni (0,1600 g,
410° mola). YkanaBarme BPIIUTH JIaraHO 3a BPeMe OJ] jeIHOT caTa y3 CTalIHO MEIIake U
HOBPEMEHO KoHTposmcame PH Bpemnoctu. JloOujeru xytu pactBop (PH je y omcery
3,00 — 4,00)memaru Ha O °C 3a Bpeme onx 3 caTa, a 3aTHM OCTaBHTH Ha COOHO]j
TeMIIEpaTypu y MpaKy 3a BpeMmMe o] 2 JaHa, MpPU YeMy C€ HW3/IBajajy >KYTH KPHUCTaIH
[Au(dien)CI]Cl, xommuekca. Kpucrane oaBojutu 1iehememM, HCIIpaTH €TaHOJIOM KU CYIIUTH
Ha Ba3ayxy. [IpunHoc je 62% (0,2270 g)UYucroha u cactaB KOMIUIEKCA Cy MPOBEPEHH
nomohy pesynrata eleMeHTapHe MHUKpOaHAIIU3E, 'H NMR criektpockonuje 1 UV-Vis
criektpodoromeTpuje. JloOMjeHH EKCIepUMEHTATHU PE3YNTaTH Cy y CarjlaCHOCTH ca

panuje objaBsernm 3a [Au(dien)Cl|ChL kommaekc [170,171].

3.6. Jlooujame [H* Gly-Met-sulfoksid][AuCl,] kommiexca

VY 5,0 cnt Boge pactBoputu 0,1032 g (5,(10'4 mola) Gly-D,L-Met qunentuaa u
pH BpenHoct mobujeHor pactBopa moaecutu Ha oko 1,50 — 2,00monaBamem pacTBOpa
HNO;3 i HCI xonnentpammje 1,0 mol/dri. V no6ujenn pacTBop 101aTH eKBUMOIAPHY
kommunay H[AUCl,]"3H,0 kommiekca (0,1969 g)aperxoaso pacteoperor y 3,0 cni Boze.
Cyn ca peaknuonom cmeriom (PH oko 1,50 — 2,00)yButr y anyMuHHjyMCKy (OIHjy H
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OCTaBUTH Ha COOHOj TeMmepaTypH y3 Mmemame. J[o0ujeHu KXyTH pacTBOp MPOLEIUTH O
U3/IBOJEHOT €JIEMEHTApHOT 3JlaTa M OCTaBUTU Ha cOoOHO] Temmeparypu 2 — 3 jaHa, NpH
yeMmy ce m3Bajajy syt kpucramu [H'Gly-Met-sulfoksid][AuCl] xommnekca. Kpucrane
OJIBOJUTH IiehemeM, UCTIpaTh €TaHOJIOM U CYIITUTH Ha Ba3ayXy U Ha COOHOj] TEeMIEpaTypH.
IMpunoc je 40% (0,1124 g).Yuctoha u cacraB KOMIUIEKCAa Cy MPOBEPEHH MOMOhy

pe3yiiTata CJICMCHTAPHC MUKPOAHAIN3C.

Uspauynaro 3a [H Gly-Met-sulfoksid][AuCl] = C;H1sAUuCLN204S (Mr = 562,04):
C, 14,96; H, 2,69; N, 4,98; S, 5, Haheno: C, 15,31; H, 2,70; N, 4,96; S, 5,52%.

3.7. OcHOBHH KpHCTAJOrpad)cKH MOJANU M PEHATeHCKAa CTPYKTYPHA aHAIW3a

[H*Gly-Met-sulfoksid][AuCl,] kommiekca

Penjirencka CTpyKTypHa HCIUTHBama 3a kpucrane [H'Gly-Met-sulfoksid][AuCl]
KOMIUIeKca cy BpmieHa Ha audpaktomerpy tuna Kuma KM-4 CCD k-reomerpuje
IpUMeHOM rpaduTHe MoHOXpoMaTcke Mo-Ka pammjaumje (A = 0,71073 A).ITomamm o
CKCIIEPUMEHTAITHIM MEPCHHMa, Pe3YNITATH PEHATCHCKE CTPYKTYPHE aHAIIN3e, Ka0 U JPYTH

pelieBaHTHU MOJAIM 32 TOMEHYTH KOMIUIEKC, Cy IpUKa3aHu y Tabenu 6.

3a pemiaBame W yTaumaBambe CTPYKTYpE KOMIUIEKCA je YIOTpeOJbeH Mporpam
SHELXL97 [164]. Tlosumuja BomonmkoBor aroma u3 —OH rpyme je yraumaBaHa
ynorpebom HFIX147 ammje y SHELXL97 mporpamy [164]. Ilo3ummje ocramux
BOJJOHMKOBUX aToMa Cy HW3padyHare Ha CTaHJapJAHUM pacTojalbiMa U YTaymbaBaHE
ymorpe6oM ,riding” Mozena, mpu YeMy cy aTa pactojama: Tepuujapun C—H = 1,00 A,
cekynnapau C—H = 0,99 Amerun C-H = 0,98 AaMOHI/ijM N—H = 0,91 A nenrumuu N—
H = 0,88 Au xumpoxcu O—H = 0,84 ABounn HM3 METHOHMHCKOT OCTAaTKa y TIENTHIY je
Heypehen 30or mpucyctBa Rs m Ss mujactepeomsomepa, KOjU Ce€  Pa3lUKYjy Y
KOH(HUTypanuju Ha aTOMy CyMIIopa, Y UCTOj jeauHn4yHo] hemnju. Okynanunonu OpojeBu 3a
JINjacTepeon30MePe Cy HAjIpe yTauymkaBaHH CI000IHO, MPU YeMy j€ HBUXOB 30up Ouo
jennak 1,00.3a pedepentHu Moisekyl, koju uMa L xoHUrypanujy Ha o-yribeHUKOBOM
aToMy MEeNTH/Ia, BPEAHOCTH OKYIAIMOHOT Opoja cy yraumeHe Ha 0,773a Rs, omnocHo 0,23
3a Ss AMjacTepeon3oMep, MpU YeMy Cy OBE BPEAHOCTH OWIIe KOHCTAHTHE Y 3aBPINHO] (a3u
yTaumaBama. [1omTo je Kpucraa HEeHTPOCHMETPHUYaH, OH CaapKH HCTH OpOj MOJEKyia
Koju uMajy D koH¢urypamujy Ha o-yrJbeHUKOBOM 8romMy MenTuia, U KO KOjUX je OJHOC

S u Rs nujacrepeonsomepa 77:23.
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Ta6esa 6. [lomanu 0 eKCIEPUMEHTATHIM MEPEHUMA, PE3yATaTH PEHIATCHCKE CTPYKTYpPHE

aHanu3e, Kao U Apyry penesanTHu nojanu 3a [HGly-Met-sulfoksid][AuCl] kommuekc

[H*Gly-Met-sulfoksid][AuCl]

Xemwjcka popmyna
Monexkyiicka maca

Kpucramau cuctem

[IpocTopna rpyna

[MapameTpu jenunuune henuje
a(A)

b (A)

c(A)

a (%)

B )

y (%)

V(A%

Z

Hudpakromerap
Monoxpomatop

Panujanmja

Temneparypa (K)

p (mm™)

Jumensuje kpuctana (mm)
Kopeknuja Ha ancopriujy Tmin, Tmax
bpoj cakynsbeHux pediekcuja
bpoj HezaBucHux pedekcuja
Bpoj ynotpebibenux pediekcuja
Rint (%)

Mertona yraumaBamwa CTPYKTYpe
RIF* > 20(F%)]

WR(F?)

S

Apmax(€ A%); Apmin (e A%)

C7H15AUC|4N 204S
562,04
TpuknuHuYaH

Pt

7,6250(5)

10,2576(4)

10,7160(7)

95,281(4)

107,222(6)

92,001(4)

795,46(8)

2

Kuma KM-4 CCDxk-reomerpuja
I'padpur

Mo-Ka (A = 0,71073 A)
130(2)

10,06

0,30 x 0,20 x 0,03
0,092; 1,000

5656

2756

2650 | > 20(1)]

0,015

MeToa HajMamHX KBaapaTa Ha O6asu F-
0,016

0,042

1,12

0,53;-0,91
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3a r1aBHy KOMIIOHEHTY, CBH aTOMH Pa3JIMYUTH Of aTOMa BOJIOHUKA Cy yTaulbhaBaHU
AQHM30TPOIHO, JOK j€ 3a JpYyry KOMIIOHEHTY jeIMHO aToOM CyMIIOpa YyTaumbaBaH
aHU30TPOIHO, JIOK Cy OCTalIM aTOMM Ca ONIUTUM IapaMeTpOM HM30TPOIHOI MpeMelTama

yraumasanu Ha 0,037(3) K.

3.8. Mepeme pH BpeanocTu

Caa pH mepema cy pahena na 25 °C. 3a oBy cBpXy je ynorpedisen pH-merap Iskra
MA 5704, xoju je xanmbpucan y ogHocy Ha Fischeres mydepcku pactop 3a pH = 4,00.
W3mepene pH BpemHOCTH Cy, y MOjeIMHUM CilydajeBUMa, KOPHIOBAaHE y OJHOCY Ha

neyTepujyMcku edekaT kopunthemem jeanaunne pD = pH + 0,45 [172].

3.9. EnleMeHTapHEe MUKPOAHAJIN3e

Enementapue wmukpoanamuze 3a C, H um N mapamerpe cy pahene vy
MukpoaHaTUTHYKOM  oAebery HMHcTUTyTa 3a Xemujy XeMujckor ¢akyniTeTa,

Yuusep3utera y beorpany.

3.10. NMR (*H u °C) mepema

3a canmame 'H 1 *C NMR crexrapa y cBuM ciiyuajeBuma je ymorpebmer DO
kao pactBapau u TSP  @aTpujym-3-(TpUMETHICHIMI)IPOIaHOAT) Kao pedepeHTHH
crangapa. Ceu 'H u *c NMR CIIEKTPH Cy CHUMJBCHH Ha CIieKTpomeTpy dupme Varian
Gemini 2000na 200 ognocHo 51,3 MHz. Peaknmje cy msohene y NMR kuBerama
npeyarka 5 mm. Ceu NMR crextpu cy obOpahusanu kopumrthemem Varian VNMR

KoMmIijyrepckor nporpama (Bep3uja 6.1,pesusuja C).

Peakuuje H[AUCl,]'3H,O kommutekca ca munentuauma Gly-Gly u Gly-L-Ala cy
npahene momohy H NMR cnexrpockommje. 3maro(lll) kommiekc u oxrosapajyhu
TUTIeNITA] ¢y Memanu y moJsickoMm ofHocy 1:1y NMR kuBern. Konnenrpanuja pactsopa
HAKOH Memama je 6mra 0,02 mol/dnl y oxmocy ma peakranre, a sanpemuna 0,6 cnfi.

Peakije cy uzsohene Ha temnepatypu oz 40°C y pH o6nactu 2,00 — 5,00.

Koncrante 6p3une 3a peakuuje H[AUCl,]' 3H,0 kommutekca u Gly-Gly, Gly-L-Ala

u Gly-L-His qunenrtuma cy oapehene mpumeHom 'H NMR cnektpockonuje. EkBumonapue

52



Excnepumenmannu oeo

xonmmuune 3nato(lll) komriekca u oxrosapajyher aunentuaa cy memane y NMR kuBeru.
KoHIeHTpammja pacTBOpa HAKOH Memama je 6uma 0,02 mol/dm y oxsocy Ha peakranTe, a
3anpemuna 0,6 cni. Hasenene peakiuje cy u3BoheHe Ha Temmeparypu ox 25°C y 0,001
mol/dnT pactopy DCl 'y D,O. Bpegroctu koucranty 6psuse (ko) nobujene cy u3 Haruba

IpaBe KaJia ce U3 jeJHaYMHE 3a Peaklnjy Ipyror pea:

X

Kt=— "
8, (a, — X)

uspas X/ap(ag-X) mocmarpa y pyukuuju Bpemena (t) [173]. Y oBoj penanuju @ je mouetHa
KOHIICHTpaIKja cI000JHOT qumenTtuaa, a X konmentpamuja Au(lll)- nunentun KoMiiekca

ca TPUJIECHTATHO KOOPANHOBAHUM JIUIIECNITHIOM Y BpEMEHY t.

Peakmje [Au(dien)CI|CL xommiekca u aumenTraa Koju y O0YHOM HHU3Y Caapike
amuHokucennny L-xuctuans, L-His-Gly u Gly-L-His, ncniutusane cy npumenom *H u °C
NMR cnekrpockonuje. Onroapajyhu qunentug u [Au(dien)Cl]Ch komiuieke cy Memmanu
y mosickoM onHocy 1:1y NMR kuBeru. KoHuenTpaiija pacTBopa HakKOH Mellama ouia je
0,02 mol/dml y oxgHocy Ha peaxrante, a 3anpemuna 0,6 cm. Peakuuje cy ussoljeHe Ha

temmeparypu o1 25°C, a pDepeHOCT peakimone cMmele je 6una y oncery 3,50 — 5,50.

Peakuuje H[AUCly 3H,O kommuiekca ca munentugom Gly-D,L-Met u merosum
N-aretunoBanum nepuBatoM, AcC-Gly-D,L-Met, usyuaBane cy mnpumMeHOM H NMR
cnektpockonuje. Oarosapajyhu munentun u H[AUCly 3H,O kommiekc cy mermanu y
pasnmuuutM MosickuM oxuHocuMma (1:1, 2:1u 3:1), mpu yeMy je moYeTHa KOHIIEHTpaIlhja
H[AuUCl,] 6mma 0,02 mol/dm. Peaxumje cy msBolhjene Ha Temmeparypu ox 25 °C y
pactopy DCly D,O kouuentpammje 0,01 mol/dm. Korcrante 6psume oBux peakumja cy
onpeheHe TpPUMEHOM 'H NMR CIIEKTPOCKOIMj€ HAa HA4YMH KOJU j€ Hampe] OIHUCaH,
nprameM rpaduka X/ag(ap-X) y dyukuuju Bpemena (t), rae je ap moyeTHa KOHIEHTpAIH]a

CJI000IHOT AMTIENTH/IA, a X KOHIICHTpaluja oarosapajyher cyindokcuaa y Bpemeny t [173].

3.11. UV-Vis mepema

CBH €IIEKTPOHCKH aIrlCOPIIIHOHHU CIIEKTpU Cy cHuMJbeHH Ha Perkin EImer Lambda

35 cniekTpodoTOoMeTpy, KOjH je OMpeMIbEeH hellijoM 3a TepMOCTATHPAE.

Peakmmja m3mehy H[AUCl,]3HO xommiekca u Gly-D,L-Met aunentuma je

npahena npumenom UV-Vis crexktpodoromerpuje. Junentun u 3iaro(lll) xommieke cy
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pactBoperu y 0,01 mol/dm pacteopy HCI, a satum memanu y 1:1, 2:1u 3:1 moncknm
OJJHOCHMa Ha COOHO] TemmeparypH, npHu demy je konreHntpanuja H[AUCls] y xonaunom
pactBopy Guna 510° mol/dnt. EneKTpoHCKH aICOpIIMOHK CIEKTPH Cy CHUMJBCHH Ha
cBakux 30 S,y omncery Tamacaux ayxuHa 200 — 500 nmEkcnepumeHTaHl pe3ynTaTu cy
oOpahuBanu mpumeHnoM kommjyrepckux mporpama Origin 6.1 u Microsoft Office Excel
2003.

3.12. BoarameTpHjcka Mepemha MUKJINYHOM BOJITAMETPHjOM

[{uknuyHn BonTaMorpamMu cy CHUMJbeHH Ha Autolab morenumocrary (PGSTAT
302 N). Enmextpoma ox crakmactor yribenunka (GC) ca PTFE neBummom (3 mm
YHyTpalmd 1 9 MM crosballlibll MPEUHUK) je KopuinheHa Kao pagHa enekrpoma. IIpe
yrmorpebe, MOBpPIIMHA EJCKTPOAE je MOJNMpaHa, NOK HHje TOCTala rjaTka, a 3aTuM
UCTHMpaHa JBa MyTa OWICCTUIOBAHOM BOJOM W PAacTBOPOM OCHOBHOT EJICKTPOJIUTA.
Bacuhiena kamomesoBa enektpoma (ZKE) tuma 401 (Radiometer, Copenhagery
ynotrpeOsbeHa Kao pedepeHTHa, a TUTATHHCKA JKWIla Kao momohHa enektpoaa. OCHOBHHU
CJIEKTPOJIMT 3a W3BONEH¢ BONTAMETPH]CKHX Mepema je ouo pactsop NaCl konmentparuje

0,04 mol/dni ra pH = 2,00.

Peakmja m3mehy H[AUCl,]3HO kommiekca u Gly-D,L-Met aunentupa je
npaheHa y3acTOIHUM CHHUMameM IUKIMYHHX BOJTAMOTpaMa, MPH 4YeMY je BPEMEHCKH
untepBan u3mehy aa Bomramorpama 6mo 30 S. [lunentun u xommiekc smata(lll) cy
memann y 1:1, 2:1u 3:1 monckuMm oxHocuMa, Tipu 4demy je kourenrpamnuja H[AUCl4] y
KOHAYHOM pacTBopy 6mra 1,0510° mol/dnt. Bpsuna ckenmpama je 6una 0,070 V &', npu
cinenehum ycnosuma: Epgsetno= 0,0 V, Eeajnje = 1,5 V1 Estep= 0,003 V.CBu excnepumeHTH
cy u3BoheHW Ha COOHO] TeMmIlepaTypd W TOHOB/BEHHM HajMame TpHU TyTa. 3a olpamy

SKCIIEpPUMEHTAIHUX Pe3yJiTaTa yrnoTpeOsbeH je kommjyrepcku nporpam Origin 6.1.
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4. TMCKYCHUJA PE3YJITATA

4.1. CHHTE3A U KAPAKTEPU3ALIUJA KOMILJIEKCA 3JIATA(lll) CA
HEKUM JUIIEIITUINMA

Hakon Rosenbergsor otkpuha, 1964.romune, ma CiS[PtCL(NH3);] xommiekc
NoKa3yje AaHTUTYMOPCKY aKTHBHOCT [78,79], 3amoueno je HWHTCH3MBHO H3ydaBambe
KOMIUIEKCA MpeJa3HUX MeTala Kao MOTEHIMjaTHUX aHTUTyMopckux arenaca [80]. C
063upom na cy Pt(Il) u Au(lll) usoenexrporcku joun (d® enexrponcka xonpurypanuja) u
na (Gopmupajy KBaapaTHO-TUTAaHApHE KOMILIEKCe, OWMJIO je 3a OYEKHMBATH Ja he, CIMYHO
kommuiekcuma tuiatuae(ll), u xommiuekcu 3mara(lll) OuTM aHTUTYMOPCKM aKTHUBHHU.
Mebyrum, komrutekcu 3mata(lll), 300r BUCOKe MO3UTUBHE BPEIHOCTH PEIOKC TOTECHIMjaa
U U3PA3UTHX OKCHUIAIMOHUX OCOOWHA, HUCY JOBOJBHO CTAOWIHU TpH (PU3HUOIONIKUM
yCJIOBHMa. YTPKOC OBOj YHMHLCHHIIM, y TOKY TIOCIICII-E NIBE JCIICHU]e CHHTETH30BaH je
Benuku Opoj komruiekca 3nara(lll) koju cy craOMiaHM TpU (QHU3HOJIOUIKMM YyCIOBHMA, &
caMUM THUM U Mam€ TOKCHYHHU, U KOJU IOKa3yjy aKTUBHOCT IpeMa IIUPOKOM CIIEKTPY
henujckux nuauja Tymopa [81-92]. Jla 6u ce mosehana cradumuoct Au(lll) komrmutekca, y
BUXOBUM CHHTE3aMa KOPHIINEHW Cy Pa3JIMYHUTH TOJUIACHTATHH JIMTAHIW, Kao WITO CYy
NOJMAMUHU, TEPIUPHIWH, (EHAHTPOJUH, AEpUBATH (QCHWINMHUPHIWHA, OUMHUPHIANHA U
noppupuHa, MenTUad M autuokapOamatu [81-92]. Mehytum, na OuM ce KOMILICKCH
snara(lll) mpuMemHBaIK y JIEUCHY TYMOpPa, HEOMXOHO je 00jaCHUTH MEXaHHU3aM FbHXOBOT
AHTUTYMOPCKOT M TOKCHYHOT JelioBama. HajHOBHja WCTpakuBama y OBOj 00JacTH Cy
nokasana na JJHK Huje npumapHu akuentopcku Mosekyn 3a komiuiekce 3nata(lll), kao y
cllydajy aHTUTyMOpckux kKomruiekca tuiature(ll), Beh ma cy To Mosekynu mporerHa

[90,132]. Imajyhu HaBemeHe 4YHMELEHHIIC y BHIY, HCIHTHBAIE pPeaKiHMja KOMIUIEKCA
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snara(lll) ca mentmamma Moke OWUTH O] 3HAYaja y TyMauyewy MEXaHH3Ma HUXOBOT

AHTUTYMOPCKOTI', Ka0 U TOKCUYHOI" ACJIOBAhA.

[Mentuay cagpke pa3InduTe JOHOPCKE aTOME, IPEKO KOjUX C€ MOTY KOOPIUHOBATH
3a joH MeTana, rpaaehm crabwimne kommiekce [147-159]. Baxno je HamoMeHyTH aa
dopmupame CTaOMIHMX KOMIUIEKCa ca MENTHAMMAa Hajuemhe 3axTeBa KOOPAMHAIM]Y
JICIPOTOHOBAHOI' aToMa a3oTa MENTHIHE Be3e 3a oaromapajyhm jon merama [147-159].
CBera HEKOJIMKO jOHAa MeTalla MOXKE JIa ISPOTOHYje aTOM a30Ta MENTHIHE Be3€, IPH YeMy
pKa BpeIHOCT AEMpPOTOHAIM]E 3aBUCH OJ BPCTE JOHA MeTajia W Ipupoie OOYHOT HH3a
nentuaa [148]. Yhopkoc BenmuKoM OHMOJIONIKOM 3HA4Yajy peakldja MenTHia ca joHuMa
MeTaja, pe3y/ITaTH MOCTUTHYTH y 00sacTu cuHTe3e komiuiekca 3nata(lll) ca mentuauma cy
BeoMa OCKymHH. [0 cajma Cy CHHTETH30BaHa M CTPYKTYPHO OKapaKTepHUCaHa CaMO TPH
komrmiekca 3mara(lll) ca menTuamma Koju y OOYHOM HHU3Y CaApKe aMHHOKHCEIHHY
L-XuCTHIUH, O/ KOJUX CY JIBa KOMILIEKCa ca AUNenTHIoM riuimi-L-xuctuauaom (Gly-L-
His), monomepuu [Au(Gly-L-His-N,N’,N")CI|CI'3H,O u Tterpamepun [Au(Gly-L-His-
N,N’,N”",N"” )]s10H,O [123], a jemaH KOMILIEKC Ca TPHUIIEOTHIOM TIMIIAI-TJIAIII-L-
xuctuauaoMm (Gly-Gly-L-His) koju je Terpamentarno koopauHoBan 3a Au(lll) jom,
[Au(Gly-Gly-L-His-N,N’,N”,N"” )]CI'H,O [124]. Tlopex Tora, MOHOMEPHH KOMILIEKC
snata(lll) ca Gly-L-His je mokazao antutymopcky akTuBHOCT npema A2780/Shenujckoj

JMHH]H, KOja je HEIITO Mama Off 0AroBapajyhe akTuBHOCTH nuciuiatuae [81].

Wmajyhu y Buay Onosomku 3Hauaj peakiuja komriekca 3iara(lll) ca menruanMma,
Kao W noTeHuujaiany npuMeny 3mato(lll)- menTu kommiekca ka0 aHTUTYMOPCKHX areHaca,
OBa JIOKTOpPCKa JAMcepranyja ce O0aBM MCIUTHBAKEM peakifja M CTPYKTYPHOM
KapaKTepH3allijoM IIPOM3BO/Ia KOju HacTajy y peakiujama usmelhy H[AUCly] xommiekca u
JUTICTITHIa KOjU Y O0YHOM HH3Y Callp)Ke XUCTHIWH ¥ METHOHWH, Ka0 U JIUNENTH/IA KOjU HE
campke xerepoatoM y OouHom Hm3y. [lopex Tora, WCIHUTHBaHE Cy peakiyje
monodyukimonaiasor [Au(dien)CIl]CL kommiekca (dien je TpumeHTaTHO KOOPIHMHOBAHH

JMETUIICHTPUAMKH) ca qunentuauma koju caapxe C-u N-repmunannu L-xuctuauH.
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4.1.1. HUCHUTUBAIBE PEAKIHUJA KOMIIIEKCA  3JIATA(lI) CA
JUITENITUINMA KOJU HE CAJIP’KE XETEPOATOM Y BOYHOM HU3Y

Peaknuje H[AUCI ;] kommiekca ca Gly-Gly u Gly-L-Ala aunentuauma

[Ipumenom 'H NMR CIEKTPOCKOIHU]j€ WCIHUTUBAHE CYy pEAKIHje XUAPOTeH-
terpaxiopunoaypata(lll) (H[AUCl,4]) ca rmumwi-rmumuaom (Gly-Gly) w roawmmn-L-
ananunom (Gly-L-Ala) y pH o6nactu 2,00 — 5,00na 40 °C. Haheno je ma y oBum
peakmujama ipu pH = 2,00u 3,00, nonasu 10 TpujaeHTaTHE KOOpAWHAIIM]E JUTENITHIA 32
Au(lll) jon, mpu yemy Hacrajy kBagpaTHo-tutaHapuu [Au(Gly-Gly-N,N’,O)Cl] u [Au(Gly-
L-Ala-N,N’,0)ClI] xommnekcu (Cavka 30). OBU KOMIUIEKCH CY OKapaKTEPUCAHU TIPUMEHOM
'H 1 ¥C NMR crekrpockonuje (TaGene 7u 8). Ha 0CHOBY CIIEKTPOCKOICKHX IOJATaKa,
3aKJby4eHO je 1a je oaromapajyhu mumentua koopauHoBad 3a Au(lll) jor mpeko aroma
a30Ta TEPMHUHAJIHE aMHUHO TpyIe, JCMPOTOHOBAHOI aTOMa a30Ta IENTUIAHE Be3e H
KHCEOHUKOBOT aTOMa KapOOKCHIIHE TPyIie, 0K CE 3a YETBPTO MECTO KOOPMHY]E XJIOPHIO
muraa. M3 Ttabema 7 m 8 ce MOXe BUIETH Ja Cy CHUTHaJd CBUX BOJOHHKOBUX H
yribeHukoBux atoma 3a AU(lll)- qumenTua KOMITIEKCE MOMEPEHH Ka HIDKEM IOJbY Y
OJIHOCY Ha ojaroBapajyhe curHasie CI00OJHHMX JMIENTHAA. XEMHUJCKa TTOMEpama CUTHaIa
Ka HIDKEM TI0Jby cy yTBph)eHa W paHHje 3a peakuujy TPHUIENTHAA TIULMI-TIUIniI-L-
xuctuauna (Gly-Gly-L-His) u [AuCly]”, npu uemy nmonmasu [0 TeTpajaecHTAaTHE
KOOpJAMHAIIMj€ OBOT TPHIIEITH/IA U HacTajama kBaaparHo-tutaHapuor [Au(Gly-Gly-L-His-

N,N’,N”,N"" )]* kommekca [124].

o) R

H[AUC|4] + HZN\/j\ 0]
N
H

OH
| |

pH =2,00 - 3,00
t=40°C

R=H, CHs

Cmuka 30. Illemarcku npuka3 peakuuja Gly-Gly u Gly-L-Ala nunentuna ca
H[AuUCl4] xommuexkcom y pH o6nactu 2,00 — 3,001 na 40°C
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dopmupame [Au(Gly-Gly-N,N’,0)CI] u [Au(Gly-L-Ala-N,N’,0)CI] kommuiekca je
BEOMa CITop Tporiec, Yrja Op3uHa 3aBucu ox PH BpemHocTr peakimone cmeine. Kama ce
peakiuje Gly-Gly u Gly-L-Ala munentuga ca H[AUCly] u3Boae mpu pH > 3,00 (pH = 4,00
u 5,00), monasu 1o Beoma Op3e peaykuuje AuU(lll) joma. Peakimona cmera MOTIYHO

HOTaMHHM OJ U3/IBOjEHOTr eJIEMEHTApHOT 3j1aTa HakoH 12 cati Ha pH = 5,001 na 40°C.

Ta6eaa 7. 'H NMR xemujcka momepama (5, ppm)sa Gly-Gly u Gly-L-Ala gunentune u
oxrosapajyhe Au(lll)- munentun komrutekce, [AUu(Gly-Gly-N,N’,O)CI] u [Au(Gly-L-Ala-
N,N’,O)Cl], na pH = 3,00y D,O kao pacrBapauy y omgHocy Ha TSP kao pedepeHTHH

craugapa’
[enmnn/Kommeke Gly-Gly [Au(Gly-Gly- Gly-L-Ala [Au(Gly-L-Ala-
TpoTonH N,N’,O)Cl] N,N’,O)CI]
GlylCH, 3,89 ) 3,96 6) 3,84 6) 3,90 )
Gly2CH, 4,07 6) 4,26 6)
AlaoCH 4,08 () 4,15 Q)
AlapCHj; 1,40 ¢l) 1,44 €)

% = cunrviet; d = ny6eT; q = KBapTeT

Ta6eaa 8. °C NMR xemujcka nomepama (J, ppm)sa Gly-Gly u Gly-L-Ala aunentuze u
onrosapajyhe Au(lll)- nunentun kommuiekce, [Au(Gly-Gly-N,N’,O)CI] u [Au(Gly-L-Ala-
N,N’,O)Cl], na pH = 3,00y D,O kao pactBapauy y omHocy Ha TSP kao pedepeHTHH

cTaHaap/
Menm/Kommrexe | Gly-Gly — [Au(Gly-Gly-  Gly-L-Ala  [Au(Gly-L-Ala-

Vimesconn s N.N',0)CI] N.N',0)CI]
GlylCH;, 43,44 49,95 43,33 49,99
Gly2CH, 45,79 50,25
GlyliCoO 170,00 176,06 169,06 175,99
Gly2COO 178,75 188,16
AlaaCH 54,01 58,06
AlapCHgz 20,00 22,34
AlaCOO 182,78 188,60
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Peaxyuja H[AUCly] komnnexca u Gly-Gly ounenmuoa

[Tpumenom 'H NMR CIIEKTPOCKOMHje ucnuTrBana je peakiuja Gly-Gly nunentuga
u H[AUCl,] xommekca na pH = 2,00u 3,00na 40 °C y ¢pynkuuju Bpemena (Cauka 31a).
Hacrajame [Au(Gly-Gly-N,N’,0)Cl] xommiekca ce Moxe npatuti y "H NMR crektpy Ha
OCHOBY TpPOMEHE HWHTEH3UTETa CHUTHAJa 3a BOJOHMKOBE AaTOME KOOPIWHOBAaHOT H
HEKOOPJAWHOBAHOT [JIMIMJI-TJIUIMHA. Y HEKOOPAWHOBAHOM JHUICNTHIY, WHTCH3UTETH
curHaia Ha O = 3,89 m 4,07 ppm, xoju oxarosapajy GlylCH, omnocuo Gly2CH,
METHJICHCKMM TPOTOHUMA, CE BPEMEHOM CMamyjy, JOK C€ WHTCH3UTETH CHTHajla Ha
0= 3,96u 4,26 ppmpaa ucte npoToHe TPUACHTATHO KoopAuHOBaHOT qunentuaa 3a Au(lll)
joH, BpeMeHoM mnoBehaBajy. Peaknmja je mpaheHa mer ngaHa, a KOJHMYMHA HACTAJIOT
[Au(Gly-Gly-N,N’,0)Cl] xomruiekca je u3padyHata Ha OCHOBY BPEIHOCTH MHTErpajia 3a
curnaie koju notuuy oj GlylCH, u Gly2CH, npotona cnodoanor Gly-Gly aunentuaa u
BPEAHOCTH HHTErpaja 3a MCTe MPOTOHE KOjU MOTHUYY OJ TPUIACHTATHO KOOPAWHOBAHOT
nunenituaa. Haheno je ga ce, HaKoH meT JgaHa peaknuoHOT BpeMmeHa, oko 70% gunenTtuaa
xoopaunyje 3a Au(lll) jon. Bpennoct koHcrante Op3une apyror pena (Ko), 3a peakumjy
H[AUCl4] xommiekca ca Gly-Gly aumentumom Ha 25 °Cy 0,001 mol/dm pactsopy DCl y
DO kao pactBapauy, noOujeHa je W3 Haruba mpaBe Kaja ce U3 jeJHAYMHE 3a PEaKIu]y
apyror pena kot = x/ag(ap-x), uspas x/ag(ap-x) mocmarpa y pyukiuju Bpemena (t) [173]. Y
OBOj penanuju g je noyerHa koumenrpanuja Gly-Gly, a X konuentpamuja [Au(Gly-Gly-
N,N’,O)Cl] xomriuiekca ca TpPHIECHTATHO KOOPAMHOBAHUM JMIICITHIOM y BpeMeHy L.
Onpeheno je na xoHcranta Op3uHe apyror pena (Kz) 3a MCIUTHBaHY peakiHjy H3HOCH

(1,63+ 0,07) x 10’ M~'s™ (Ta6exna 9).

Peaxyuja H[AUCly] komnnexca u Gly-L-Alaounenmuoa

Peaknuja usmehy Gly-L-Ala munentuna u H[AUCl4] xommiekca je ucnuThBaHa
IO/ UCTHM EKCIIEPUMEHTAIHUM YCJIOBUMA Kao U MPETXOJHO onucaHa peakuuja ca Gly-Gly
munentuaom. Popmupame [Au(Gly-L-Ala-N,N’,O)Cl] komruiekca ce MOXe MPaTUTH Y
'H NMR CIIEKTPY Ha OCHOBY NMPOMEHE MHTCH3UTETa CUTHAJIA 32 TPOTOHE KOOPIUHOBAHOT
U HEKOOPAWHOBAHOT TuII-L-ananuna. MHTeH3uTeTn cuHriaera Ha 0 = 3,84 ppm.koju
notude oa MeTuieHckux npotona riuimaa (GlyCH,) u nybnera va o = 1,40 ppmkoju
notude oa MeTui mpotoHa L-amanuHckor ocratka (AlapCHg) cmobomnor gumentuaa, ce

BPEMEHOM CMarbyjy, 0K ce nHTeH3uTeTH cuHriera Ha 0= 3,90 ppnmsa GlyCH, u ny6nera
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Ha 0=1,44 ppmsa AlaBCHs koju oarosapajy TpuAeHTATHO KOOPIHHOBAHOM JHUIICITHY 32
Au(lll) jor Bpemenom moBehaBajy (Cnmka 316). Ha ocHOBY BpemHOCTH HMHTErpaia 3a
curnaie Ha 0= 3,84u 3,90 ppmkoju nortuuy ox GlyCH, npoTtona ¢i0601HOT, 0JTHOCHO
koopauHoBanor Gly-L-Ala munentuaa, u3padyHaro je qa ce HAKOH MET JaHa PEaKIHOHOT
BpeMeHa KoopauHyje oko 55% munenTuaa, npu 4emy Hacraje [Au(Gly-L-Ala-N,N’,0)Cl]
komruieke. Koucranta Op3une apyror pema (K), 3a oBy peakmmjy ma 25 °Cy 0,001
mol/dnT pacteopy DCl y DO, u3pauyHara je Ha IPETXOIHO ONMCAH HAYMH U HalieHO je 1a

usHocu (0,71+ 0,06) x 10’ M*s™ (Ta6exna 9).

(a) (6)

B .
NI R T

T T T
4.2 4.0 3.8 4.2 4.0 3.8 1.6 1.4 ppm

Cuauka 31. lenosu *H NMR crexrapa 3a peakuuje Gly-Gly (a) u Gly-L-Ala (6) ca
H[AuUCl,] y dyukiuju Bpemena na pH = 3,00u na 40 °Cy D,0O kao pactBapauy y
onHocy Ha TSPxkao pedepentnu cranmapa: (a) Gly-Gly + H[AuCly], (¢) GlylCH,
Ha 0= 3,89 ppmu Gly2CH, na 0= 4,07 ppnmsa cno6oaan qunentu; (m) GlylCH,
Ha 0 = 3,96 ppmu Gly2CH, na 0 = 4,26 ppm3sa [Au(Gly-Gly-N,N’,O)Cl]
komiuiekc; (0) Gly-L-Ala + H[AUCly], (¢) GlyCH, na 0= 3,84 ppnmsa crodoman
nunentua u (m) GlyCH, na 0= 3,90 ppmsa [Au(Gly-L-Ala-N,N’,0)Cl] kommiekc
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Iopeherve Ops3una mpuoenmamue xoopounayuje Gly-Gly, Gly-L-Alau Gly-L-His

ounenmuoa 3a AU(lll) jou

Ha ocHoBy NMR cnekrpockornckux pesynrara, 3akibydero je aa Au(lll) jon
JenpoToHyje arom aszora nentunHe Bese y Gly-Gly u Gly-L-Ala munentuauma Ha
pH = 2,00u 3,00, nok mpu pH Bpeanoctuma Behum ox 3,00, moma3u 10 Beoma Op3e
penykimje Au(lll) joma. Peakiuja TpumenratHe koopauHaiije Gly-Gly munentuma je
npuOJIMKHO JBa IyTa Opska y omHOCy Ha peakiujy koopauHanuje Gly-L-Ala, mro ce

MOY€ MPHUIUCATH CTEPHOM e(EKTy METHJI Ipyne y L-allaHMHCKOM OCTaTKy.

Koncranre Op3uHe 3a peakuuje TpugeHtarne koopaunamuje Gly-Gly u Gly-L-Ala
munenituaa 3a Au(lll) jou cy mopehene ca BpeaHomihy KOHCTaHTE 3a peakinjy TaUImiI-L-
xuctuauaa (Gly-L-His) ca oBum jonom. Peakmnuja Gly-L-His munentuma u H[AUCI]
KOMILIEKca je uermurrBana y 1:1 mouckom oxsocy Ha 25 °Cy 0,001 mol/dm pacreopy
DCl y D,O kao pactsapauy. ®opmupame [Au(Gly-L-His-N,N’,N")CI]" kommekca je
npaheHo y QyHKOWjU BpeMEeHa, Ha OCHOBY CMamelkha HWHTEH3UTETa CHUTHajda Ha
0 = 3,78 ppm,koju notuuy ox GlyCH, nporona cinobGogHor aumnentuaa, u noBehama
UHTCH3UTETa CUTHajIa Ha O = 3,98 ppm,koju MOTUYY OJf MCTUX MPOTOHA TPHUIACHTATHO
KoopauHoBaHor aumnentuaa. Oxpeheno je ma koncranta OpsmHe apyror pema (Ko) 3a
peakimjy Gly-L-His u H[AUCl4] msrocu (124,00+ 0,30) x 10’ M~'s™ (Ta6ena 9). U3
tabene 9 m cnuke 32 ce MOXE BUIETH Ja, MPU UCTUM PEAKIMOHUM YCJIOBHMa, Op3mHa
koopauHanuje Gly-X munentunma (X je Gly, L-Ala u L-His) 3a Au(lll) jou 3aBucu on

cTepHOT edekTa u nmpupoje 6ouHor Hu3a C-TepMUHAIHE aMUHOKHUCEITUHE.

Ha ocHOBy pasiuke y Op3uHH KOOpAHHANHWje ucnuTuBanux aunentuaa 3a Au(lll)
JOH, 3aKJby4deHO je na je N3 aTom a30Ta IMUAA30JI0BOT IPCTeHA L-XUCTHIMHA MHOTO OOJBH
HYKJICO(HI 01 JOHOPCKUX aToMa y mentuauMa koju He canpxe L-xucrtunun (Gly-Gly n
Gly-L-Ala). ¥V npBoj ¢as3u peakuuje Gly-L-His ca [AuCls]”™ momasu mo xoopauHaimje
munentuaa 3a Au(lll) jor mpexko N3 atoma a3oTa MMHIAa300BOT MpcTeHa L-xucTuauHa,
npu yemy Ta (asza oapehyje 6p3uny Hacrajarba AU(lll)- nunentua kommiekca. 3mato(lll)
JOH, Koju je KoopauHOBaH 3a N3 UMUIa307I0B aTOM a30Ta, JENPOTOHYje TMENTUIHU a30T,
npu uemy ce, y cienehoj dasm peaxmmje, nmentun koopaunyje 3a Au(lll) jor mpeko
JEPOTOHOBAHOT aTOMa a30Ta MENTHUIHE Be3e U a30Ta TEPMUHAIIHE aMUHO TPYIIe TIIHIIHHA.
Ha ocHOBy noOujeHux pe3ynrara, MOXE C€ 3aKJbYUUTH J1a C€, Yy KHCEI0j CPEeIuHH

(pH < 3,00),mentuau xoju cagpxke L-xwctuamn Opke koopauuyjy 3a Au(lll) jor ox
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NenTUja KOju HE CajJpke OBY aMUHOKHCEIMHY y OOYHOM HH3Yy, IpU 4YEeMy MpoIlec

TPHUACHTATHE KOOPJAWHAIM]E NOMPUHOCU CTAOMIM3aIUju +3 OKCHAALMOHOT CTama 3J1ara,

cripevaBajyhu leroBy peayKIiyjy.

Au(ll)-aunenTng komnnekc, [%]

100 -

60

20

[Au(Gly-L-His-N,N’,N" )CI]*

pH=2,00 pH=3,00

[Au(Gly-Gly- N,N’,0)CI]

[Au(Gly-L-Ala- N,N’,0)Cl]

5
haH(n)

[N
w
(6]
[Eny
w

Cimuka 32. ®opmupame [Au(Gly-Gly-N,N’,O)Cl], [Au(Gly-L-Ala-N,N’,O)CI] u
[Au(Gly-L-His-N,N’,N”)CI]* kommuekca y pyHKIHji BpeMeHa y peakuujama Gly-
Gly (—), Gly-L-Ala (—) u Gly-L-His (—) ca H[AUCl4] na pH = 2,00u 3,00u
na 40°C

Ta6ena 9. Koncranre 6p3une apyror pena (Kp) 3a peaknuje TpuieHTaTHE KOOPAWHAIIH]E

Gly-Gly, Gly-L-Ala u Gly-L-His aunentuna 3a Au(lll) jor wa 25 °Cy 0,001 mol/dm

pactBopy DCly DO kao pactBapauy

Peakumja kox 10"’ M st
Gly-L-Ala + H[AUCl4] - [Au(Gly-L-Ala-N,N’,0)Cl] 0,71+ 0,06
Gly-Gly + H[AuCl,] - [Au(Gly-Gly-N,N’,O)Cl] 1,63+ 0,07
Gly-L-His + H[AUCly] - [Au(Gly-L-His-N,N’,N")CI]" 124,00+ 0,30
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4.1.2. WCNMATUBAILE PEAKIIMJA KOMILUIEKCA 3JATA(l) CA
JUMENTHIAMA KOJU CAJPXKE L-XUCTHIUH

Cunre3a u kapakrepusanuja xomiuiexca 3iaara(lll) ca Gly-L-His u L-Ala-L-

His nunenruauma

VY peaknujama ekBumostapaux koaununHa H[AUCI4] 3H,O xommiekca u aumentuaa
Koju cagpxke L-xweruamn, raummi-L-xuctumuna (Gly-L-His) u L-amannn-L-xuctumnHa
(L-Ala-L-His) na pH = 1,50u na cobunoj Temmeparypu, gooujenu cy Au(lll)- qumenTwn
KOMIIJIEKCH, KOjH Cy OKapaKTepUCAHU IPUMEHOM 'H NMR CIIEKTPOCKOIHUj€ U PEHTCHCKE
CTpyKTypHe aHanu3e. 3a Bpeme ox 10 nana u3 BoxeHor pactBopa (PH < 1,00)u3nBojunu
cy ce xkpuctamu [Au(Gly-L-His-N,N’,N”)CIINO31,25HO u [Au(L-Ala-L-His-
N,N’,N"")CIINO32,5H,0 xomrmiekca.

'H NMR xapaxmepusayuja xomnaexca znama(lll) ca Gly-L-His u L-Ala-L-His

ounenmuouma

Ha cmmmm 33 npukasamm  cy 'H  NMR  crmextpu  [Au(Gly-L-His-
N,N,N")CIINO31,25H0O u [Au(L-Ala-L-His-N,N’,N")CIINO32,5H,0 xommuekca,

caumibeHH y DO kao pactBapady y ogHocy Ha TSPkao pedepeHTHH cTaHaap/I.

XemHjcka Mmomepama MPOTOHA 3a HEKOOPAMWHOBAHE NWIENTHIE U onroBapajyhe
Au(lll)- munenTin KoMIutekce cy npukasana y Tadenu 10.Ilopehema paau, y uctoj Tadenu
Cy Jara W XEMHjcKa IMoMmepama paHuje okapakrtepucanux Pd(ll)-menrtun xommiekca
[124,174,175] ka0 u Au(lll) xommaekca ca Gly-Gly-L-His tpunentumom [124]. Panuja
ucnutuBama peakiuja Pd(Il) xommiekca ca mentumuma Koju cagpxe L-xuctuamH y
004YHOM HHU3Y Cy TOKa3aja Jja c€ OBaj jJOH MeTajla MOKe KOOPJMHOBATH 32 MMHIA30JI0B
npcred L-xuctuauna npexo N3 unu N1 aroma a3ora, mro ce y 'H NMR CIEKTpYy IpaTH
Ha OCHOBY xeMHjckux momepama 3a C2H m C5H mpoToHe mmmaa30iioBOr MpCcTEHA
xuctuauna [174-180].Ocum Tora, naheno je ma Pd(ll) jon, nakon koopaunaruje 3a N3
aToM a30Ta MMHKIA30JI0BOT TIPCTEHA, NEMPOTOHYje aTOM a3oTa MenTuaHe Bede npu PH

BpenHocTUMa HIkuM of 2,00 [181-186].
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AlaBCH;

HisBCH Hisp’CH

HisC2H HRestt J[U Jyp=16.10 Hz
N N O O S |
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Camka 33. 'H NMR cmextpu [Au(Gly-L-His-N,N’,N")CIINO3s1,25H0 (a) u
[Au(L-Ala-L-His-N,N’,N")CIINO32,5H,0 (6) xommiekca, caumibern y D,O kao

pactBapauy y omHocy Ha TSPkao pedepeHTHH cTanmap

'H NMR crexrpu [Au(Gly-L-His-N,N’,N")CIINO51,25H0 u [Au(L-Ala-L-His-
N,N’,N”)CIINO32,5H0 komIiuiekca Cy BeoMa CIMYHH, MPH YEMY CY OBE CIMYHOCTH
HapOUYUTO M3pakeHe y xeMHujckuM momepamuMma 3a C2H u C5H nmporone nmmma3onoBor
npcrera (Cnuka 33 u Tabenma 10). CBu nentuau Koju cy mpukazand y tademu 10,
KOOPJIMHY]Y c€ 3a JoH MeTana nmpeko N3 aToma a30Ta MMH1a30JI0BOT IPCTEHA XUCTUINHA,
JIOK Ce 3a OocTaja MecTa y KBaJ[paTHO-TUIAHAPHO] PAaBHU KOOPJAUHY]Y NEMPOTOHOBAHU aTOM

a30Ta NCNTUAHC BE3C U a30T TCPMHUHAJIIHC aMUHO I'PpYIIC.
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Ta6ena 10.'H NMR XeMHjcKa momepama (d, ppm)3a nentujae Koju caapxe L-xuctuanx

u oxrosapajyhe Pd(ll) u Au(lll) xommaekce y D,O kao pactBapauy y oaHocy Ha TSPkao

pedepentrn cranaapa. 'H NMR crexpu 3a Au(lll) xommiexce ca Gly-L-His u L-Ala-L-

His qunentuanma cy caumibern Ha pH = 2,40

MenTua/Kommiexe

Hmuaaszosiosun

NPOTOHHU
C2H

C5H

XeMHjcKa IoMepamka 0CTAJUX IPOTOHA

Gly-L-His

[Pd(Gly-L-His-N,N’,N")CI]-0,5(CHy),CO

[174]

[Au(Gly-L-His-N,N’,N")CI]NO51,25H,0

L-Ala-L-His

[Pd(L-Ala-L-His-N,N’,N”")CI] [175]

[Au(L-Ala-L-His-N,N’,N")CI][NO52,5H,0

Gly-Gly-L-His® [124]

[Pd(Gly-Gly-L-His-
N,N,N",N"™ )]'1,5H,0%[124]

[Au(Gly-Gly-L-His-
N,N’,N”,N"" )]CI'H,0?[124]

8,62

7,92

8,56

8,64

7,92

8,56

8,20

7,60

8,26

7,31

7,04

7,31

7,34

7,04

7,31

7,11

6,97

7,25

3,83 (GlyGH

4,63 (HisICH)

3,35 (HICH), 3,21 (Hi'CH), Jag = 15,60 Hz
3,52 (GlyGH

4,44 (HiICH)

3,32 (HICH), 2,91 (Hif'CH), Jag = 15,30 Hz
4,06 (GlyCH), 3,96 (GlyCHI)s = 20,00 Hz

4,69 (HimICH)

3,60 (HICH), 3,11 (Hi'CH), Jag = 15,90 Hz

4,08 (AlanCH), 1,53 (AlICHj)

4,64 (HimICH)

3,40 (HICH), 3,24 (Hi'CH), Jag = 15,70 Hz

3,65 (AlaxCH), 1,42 (AI3CH;)

4,44 (HimICH)

3,33 (HICH), 2,93 (Hif'CH), Jag = 16,00 Hz

4,15 (AlanCH), 1,56 (Al3CHs)

4,66 (HisICH)

3,58 (HICH), 3,10 (Hif'CH), Jag = 16,10 Hz
3,86 (Gly1GH

3,98 (Gly2CH), 3,98 (Gly2CH')}Jag = 17,20 H2

4,49 (HisaCH)

3,21 (HICH), 3,06(HisP'CH), Jag = 15,40 Hz
3,63 (Gly1GH

3,91 (Gly2CH), 3,89 (Gly2CH?) Jags = 18,90 H2

4,30 (HisICH)

3,26 (HICH), 2,75 (Hi'CH), Jag = 15,20 Hz
4,15 (Gly1GH

4,31 (Gly2CH), 4,25 (Gly2CH}ag = 17,80 H2

4,52 (HimiICH)

3,51 (HICH), 2,98 (Hif'CH), Jag = 15,80 Hz

4H = 7,00;""H NMR xomcrante kymosama 3a Gly-Gly-L-His (y 90% HO — 10% DO, pH = 3,10), [Pd(Gly-Gly-L-
His-N,N’,N”,N"" )]'1,5H,0 (y D,O, pH = 7,30 [Au(Gly-Gly-L-His-N,N’,N",N"" )]CI'H,O (y D,O, pH = 3,10);°500

MHz y 90% HO — 10% DBO, pH = 6,90

Kao mro ce moxe Bumetu y tabenmu 10, curmamu 3a C2H u C5H mportone

MMUA30JI0BOT MPCTEHa Ce MOMEepajy Ka BHUIIEM I0JbYy HAKOH KOOpAMHAIIMje MEenTHaa 3a

Pd(Il) jou. 360r unmenuiie aa je N3 aTom a30Ta UMHUAA30JI0BOT MPCTCHA MENTHIA OJMKU

C2H mpoTony, pa3nuka y XeMHjCKHUM ITOMEpamkuMa 3a Taj POTOH y CI000AHOM MENTHIY U
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onrosapajyhem Pd(ll)-mentun kommiekcy (Ao = 0,60-0,72 ppm)e Beha ox paznuke y
xemujckuM nomepamuma 3a C5H mporon (Ad = 0,14-0,30 ppm)Curnanu 3a ocraiue
nporone y Pd(ll)-mentua koMiuiekcuMa Cy MOMEpPEHH Ka BHIIEM I0JbY y OJHOCY Ha
onrosapajyhe curHase HEKOOPAMHOBAHHMX MIWIENTHIA, NMPHU YEeMy IOMEpame CUTHaa
3aBUCH O] BPCTE MPOTOHA M HeroBor pacrojama ox Pd(ll) jona. Pasnuke y xemujckum
nomeparuma C2H u C5H ummpazonoux nporona y Au(lll)-menTun xoMIuiekcuMa u
oaropapajyhum mnentuauma cy MHOTO Mame y mopehemy ca anagoraum Pd(Il)
koMIuiekcuma. CurHamm koju motuuy oa C2H mpoTroHa MMHIAa30JI0BOT TPCTEHA Yy
[Au(Gly-L-His-N,N’,N”")CIINO31,25H0O wu [Au(L-Ala-L-His-N,N’,N"")CI]NO32,5H,0
KOMIUIEKCMMa Cy TIOMEPEHH Ka BUILIEM I0JbY Yy OJHOCY Ha oaroBapajyhe curhaie
nunienituaa, npu yemy je Ao = 0,06 oqaocHo 0,08 ppm,aok cy curnanu 3a CS5H npoton
Au(lll)- menTra KOMIUIEKCa U oAroBapajyher menTuaa Ha CIMYHOM XEMHjCKOM MTOMEpamy.
Curnamm ocranux npotoHa y Au(lll)-menTun xoMruiekcuma Cy HE3HATHO TOMEPEHHU Ka
HIDKEM I0JbY Y OJJHOCY Ha oAroBapajyhe curnane cio0oaHUX MeNnTuaa, Mpu ueMy Hajehe

nomepame umajy GlyCH, mporonu (Ad = 0,29 ppm).

Onuc xkpucmannux cmpykmypa xkomniexca 3rama(lll) ca Gly-L-His u L-Ala-L-His

ounenmuouma

[MpumeHOM peHAreHCKe CTPYKTYpHE aHalIW3e OKapaKTePHCAHH Cy XUAPATUCAHU H
aaxuapoBanu obmuk AuU(lll) komruiekca ca Gly-L-His munentumom, [Au(Gly-L-His-
N,N’,N")CIINO31,25H0 u [Au(Gly-L-His-N,N’,N”)CIINO3. Takohe, oapehena je u
kpucrtanaa crpykrypa Au(lll) kommiekca ca  L-Ala-L-His, [Au(L-Ala-L-His-
N,N’,N”)CIINO32,5H,0. Cunreza Au(lll)- qaumentux komIuiekca je mpHUKa3aHa y
SKCIIEPUMEHTAIHOM ~ Jielly OBe jaucepranuje (moriaBibe 3.3), a  HajBaXHUJH
EKCTICPUMEHTATHH TIOAAlM W PE3yITaTH PEHITCHCKE CTPYKTYpHE aHajiu3e Cy IaTH y
tabean 5 (EKCIlepyMEHTalHU €0, MmorjiaBbe 3.4). 3a pasnmKy O] paHHje OINHCaHE
kpuctanae crpykrype [Au(Gly-L-His-N,N’,N")CI|CI'3H,O [123], xox cBHX HOBHUX
Au(lll)- tunenTHx KOMILUIEKCa, HUTpaTHA rpyna je yrpaheHa y KpUCTAIHO] PEHIETKH Kao

KOHTpa-aHjoH.

Xunapatucanu [Au(Gly-L-His-N,N’,N")CI]INO31,25H0 koMIIeKc KpUCTaIHIIE Y
00JIMKY JBE€ KpHUCTaJOrpa)CKl HE3aBHCHE, M T€OMETPHjCKH BEOMa CIMYHE CTPYKTypHE
jemunune (Z' = 2). lpyra asa kpucrana [Au(Gly-L-His-N,N’,N")CIINO3 u [Au(L-Ala-L-

His-N,N’,N"")CI]INO32,5H,0 caapxe jeman MOJEKyJl y aCHMETPUYHOM JIENIy jeAMHUYHE
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hemuje (Z' = 1). Iunentunu Gly-L-His u L-Ala-L-His cy, y ucnuTiBaHMM KOMIUIEKCHMA,
y 0OJMKY MOHOaHjOHa ca IMPOTOHOBAHUM KapOOKCHWJIHMM Tpynama U ca JeHpOTOHOBAHUM
aToMUMa a30Ta MenTHAHUX Be3a. Ha ocHoBy Bemuke pasnumke y ayxkuau C=0(3) u
C—OH(4) Be3a, moTBpheHo je na je kapOOKCHIIHA TpyIa JUICITHIA Y OBUM KOMITJIEKCHMAa
npotoHoBana. Kommmekcrn  [Au(Gly-L-His-N,N’,N")CI]* u  [Au(L-Ala-L-His-
N,N’,N”)CI]" katjoru y [Au(Gly-L-His-N,N’,N”)CIINO31,25H0 u [Au(L-Ala-L-His-
N,N’,N")CIINO32,5H0 kommiekcuma cy mpuKa3aHd Ha ciuii 34, a oarosapajyhe

JTy’)KMHE Be3a U yrioBu usMmely Besa y tabenu 11.

\“‘4}///‘7; 03

AN
P =4
& cn cit

(a) ()

Cmuka 34. Crpykrypa [Au(Gly-L-His-N,N’,N”")CI]* (a) u [Au(L-Ala-L-His-
N,N,N”)CI]* (6) xommuekcHmx karjoHa y xpuctanmuma [Au(Gly-L-His-
N,N’,N")CIINO31,25H0 u [Au(L-Ala-L-His-N,N",N")CIINO32,5H0
komruiekca. Enuncounu cy natu ca 40% crenenom BepoBaTHOheE, a BOJOHHUKOBU

aTOMH Cy MPUKa3aHU Kao mMalie cepe MPOoru3BOJHHOT MONTYIPEYHUKA

N3 cimuke 34 ce moxe Bumetn ga cy Gly-L-His u L-Ala-L-His munentumn
tpuaeHTatHo koopauHoBaHu 3a AU(IIl) jon mpexo N3 mmummazomoBor aroma as3ora,
JICTIPOTOHOBAHOT aTOMa a30Ta MENTHIHE BE3¢ M aToMa a30Ta TCPMUHAIHE aMHHO TPYyIe
[JIMIMHA, OJJHOCHO L-anaHuHa, JOK Ce 3a YETBPTO MECTO KOOPHMHYje XJOPUIO JHTaHI.
3naro(lll) jonH mma KBaapaTHO-IUTAHAPHY TCOMETPH]jy, TIPH Y€MYy YIJIOBH Be3a Hu3Mely

Au(lll) joHa m MOHOPCKMX aroMa TPUACHTATHO KOOPIMHOBAHOT JWICNTHIA HE3HATHO
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Ta6ena 11. lyxune Be3a (A) u yrnosu usmehy Besa (°) y Au(lll) xommiexcuma ca Gly-L-

His u L-Ala-L-His munentunuma

[Au(Gly-L-His- [Au(Gly-L-His-  [Au(L-Ala-L-His-
N,N",N")CIINOs1,25H0 N ,N’,N")CIINO; N,N’,N")CIINO32,5H,0

Aul—N1 1,987(8) 2,034(13) 2,019(5)
2,026(10)

Aul—N2 2,020(10) 2,010(13) 1,995(5)
2,021(10)

Aul—N3 1,996(9) 1,998(11) 2,001(6)
1,913(10)

Aul—Cl1 2,293(3) 2,294(4) 2,2869(16)
2,297(3)

N1—Aul—N2 82,8(4) 84,1(5) 81,7(2)
82,3(4)

N1—Aul—N3 175,3(4) 174,1(6) 175,8(2)
175,4(4)

N3—Aul—N2 92,7(4) 91,0(5) 94,2(2)
93,2(4)

N1—Aul—Cl1 92,5(2) 94,0(3) 92,93(17)
92,2(3)

N2—Aul—CI1 174,7(3) 174,2(4) 174,56(17)
174,0(3)

N3—Aul—CI1 92,1(3) 91,3(3) 91,20(17)
92,4(3)

onctynajy on 9. V cBMM kommieKcuMa, KapOOKCHIIHA TPyla ce Hala3H y aKCHjalHOM
MI0JIOXKA]y Yy OJHOCY Ha KOOPAWHAIIMOHY paBaH. MIMHIa305I0B MPCTEH je IUiaHapaH, 0K
NETOWIAaHW TJIMIUHCKK W L-ajJaHWHCKM TPCTEHOBH, y OIroBapajyhum KoMILIeKcHUMa,
3HAYajHO OJICTYMAjy O]l TUIAHAPHOCTH: CPEIe BPEIHOCTH TOP3HOHOT yIiia 3a JBa
He3aBucHa kaTjoHa y [AU(Gly-L-His-N,N’,N”)CIINO31,25H0 komruiekcy usnoce 20,3u
13,2°, nox 3a [Au(Gly-L-His-N,N’,N")CI]NO3s osa Bpeanoct usnocu 19,9, a 3a [Au(L-
Ala-L-His-N,N’,N”)CIINO32,5H,0 xommiekc 17,1. OBo je y CympoTHOCTH ca CpeEmoM
spennomhy 1,9 3a [Au(Gly-L-His-N,N’,N”)CI|CI'3H,O, koju campxu XJIopua Kao
KOHTpa-aHjoH [123], ma ce Moke 3aKJbYYHTH JIa je€ MPUCYCTBO HUTPATHOT aHjoOHA y3POK
HEITAHAPHOCTH TJIMIIUHCKOT, OJHOCHO L-amanmHckor npcreHa. lllecTowranu xematHu
MPCTEH y KOMIUIEKCMMa WMa KoHQopMainujy auctoproBaHe moiy-iahe ca C4 aTtomom

u3BaH paBHU. Cpeampa BpeJHOCT €HAOIUKINYHOTI TOP3UOHOT YyIila 3a 0Baj NMPCTEH U3HOCU
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33,6 u 29 3a gBa HesaBucHa katjona [Au(Gly-L-His-N,N’,N")CIINO3z1,25H0
kommnekca, 31,4 3a merop amxugposanu o6muk u 31,0 3a [Au(L-Ala-L-His-
N,N’,N")CIINO32,5H0, u Beoma je cmuuna Bpegnoctd 32,2 3a [Au(Gly-L-His-
N,N’,N”")CI|CI'3H,O kommuekc [123]. Pasmuka y crpykrypu [Au(Gly-L-His-
N,N’,N")CI|CI'3H,0 [123] u Au(lll)- qumenTua KOMIUIEKCa OMUCAHUX Y OBOM paay je y
TOME INTO KaTjoHn Yy HoBocuHTeTH30BaHuM AU(Ill)- iunentun koMIuiekcuma uMmajy
CTPYKTYpPY HM3IYyKE€HOT OKTaenapa, ycien uarepaknuje usmehy Au(lll) jona u3 xBaapaTHO-
IUTaHApHE PaBHU U JBa XJIOPUIHA jOHA M3 CYCEIHUX KOMIUIEKCHUX uectrna. Y [Au(Gly-L-
His-N,N’,N"")CIINO31,25H0 kommiekcy, AU’...Cl pacrojame (AU’ 03Ha4aBa Ja 0Baj jOH
npunaga ApyromM Kpucraiorpadcku He3aBHCHOM MoJjekyny) uzHocu 3,339(6)u 3,444(6)
A. Onrosapajyhe Au...ClI' pactojame je muoro ayxe (3,630(6)u 3,694(6) A)u Huje
napaneaso AU’...Cl mummomy. 36or Ttora, y oBoj KpucrtamHoj crtpykrypu AU'...Cl
uHrepakuyje ¢opmupajy camo Cl...Au...Cl...Au... nanume. Hacynpor Tome, Yy
anxuapoBanoM o0muky  [Au(Gly-L-His-N,N’,N")CIINO; u y [Au(L-Ala-L-His-
N,N’,N")CIINO32,5H0 xommiekcy, Au...Cl uatepakije dpopmupajy 1D mMoTHBE HaIHMK
Ha jecTBe, pu yemy Au...Cl pacrojame uznocu 3,163(6)u 3,489(6) Aza [Au(Gly-L-His-
N,N’,N”)CIINOs, ommocro 3,479(3) u 3,654(3) A 3a [Au(L-Ala-L-His-
N,N’,N")CIINO32,5H,0 komrmuiekc. Heke ox oBux BpemHoctu cy Behe o 30upa van der
Waalsesux pagujyca atoma 3mata u xiopa (3,41 A) [187].Pacrojame usmelyy msa jona
3]1aTa y JIAHIly ¥ MOTHBY HAJIMK Ha jecTBe Bapupa on 4,044(2) no 4,401(1) A.Osu
JaHIH/IECTBE MPOTEKY CE AYK KPHCTAIOrpadCcKOr npaslia ca jeAMHUIIOM TPaHCIAIHje OKO
7 A (Cmmka 35). BaxkHO je HAOMEHYTH Ja ce TaKBH MOTHBH He jaBibajy y Gly-L-His
komruiekcy 3nata(lll) ca xmopumom Kao KOHTpa-aHjOHOM, e je Hajkpahe pacrojambe
m3meljy nBa joHa 3mata 6,453 A. Pesynratu mpeTpakuBama OBaKBHX MOTHBA KO
pazmuuntux xjopuao kommiekca Au(lll), Pt(Il) u Pd(ll) y kpucramorpadckoj 6asu
nogaraka CSD (Cambridge Structural Database) [188ioka3anu 1a MOTHBH HalUK Ha
JIeCTBE HUCY NMpHUCYTHH y kKpuctanuma HeyTpanHor [Pd(Gly-L-HisN,N’,N")CI] kommiekca
[174,179]. ¥V [Pd(Gly-L-HisN,N’,N")CI]'0,5(CH),CO xommaekcy [174] npucytHu cy
onsojenn Pd...Cl numepu oko oce apyror pena, ca Pd...Cl pacrojamem ox 3,439 A.
OgakBe Pd...Cluntepakuuje nomymyjy kBagpaTHo-utaHapHu pacropen oko Pd(Il) jona
dopmupajyhu u3gyxeHy nupamuay, IOK c€ KOJ KOMIUIEKCa ONHCAHUX Y OBOM pajy
dopmupa usgyKeHH oktaemap. Moxe ce cmarpath ga y Heyrpamaum [PdAChL]
KOMILIEKCHMa IOCTOj€ MOTHBH HaluK Ha jectBe, Maga cy Pd...Clpacrojama peratuBho

BeJIMKa, Tj. y oncery ox 3,55910 3,764 A 66up van der Waalesux paamjyca 3a oBa asa

69



Huckycuja pezynmama

atoma muocu 3,38 A [187]).Hacynpot Tome, y pazmuuntum kommiekcuma 3nata(lll), kao
Ha npumep y [AuCloLy]", [AUClL] u [AuCly]”, mocToje MOTHBM HAIMK Ha JIECTBE.
Pacrojame Au...Cl je y oncery ox 3,18310 3,648 An, y Behunu ciyuajesa, kpahe je ox
ananordor Pd...Cl pacrojama. HeoueknBano, y kpucranorpadckoj 0a3u mogaraka HHCY
nponaljene ananorne Pt...Cl wunrepakumje. Ha ocHOBy moOujeHux pe3ynraTa
npeTpaxuBama y Kpucraiorpadckoj 0a3u mojpataka, MOXKe C€ 3aKJbYUUTH Ja MPUCYCTBO
Au(lll) jona ¢asopusyje Au...Cl uHTepakuuje, mMTO MMa 3a MOCIEAHUIY (OPMHparbE
U3IY)KEHOT OKTaeApa M MOTHBAa Haauk Ha JjectBe [189-191]. Mehyrum, y Hekum
ciydajeBuMa, HaljeHO j€ &a cTepHE CMETHe, KOje HOTHYY OJf OPraHCKUX JIMTaHaja,

crnipevaBajy untepmotiekyiacke Au...Au u Au...Cl untepaxiuje [191].
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Cauxa 35. Paciopenq Au—CI munona y kpucraauma xuapatucanor [Au(Gly-L-
His-N,N’,N”)CIINO31,25H0 (a), AQHXHJIPOBAHOT [Au(Gly-L-His-
N,N’,N")CIINO3 (6) u [Au(L-Ala-L-His-N,N’,N"")CI]NO32,5H,0 (B) xomriekca.
OBakaB pacrnopen oko kBanapatHo-rianapHor Au(lll) jona dopmupa u3myxeHH
oKTaeaap, mpu uemy poiasu a0 uarepakmuje Au(lll) joHa u aBa XJI0pHIO NIHMTaHIA
U3 CyCEHMX KOMIUIEKCHUX YecTHIla U (hopMHpama MOTHBA JaHIa (&) WiK JIECTBU

(6 1 B). 300r jacHUjer MpUKa3MBamba Ha CIIMIIHA CYy U30CTaBJbEHU aTOMU BOJIOHUKA

70



Huckycuja pezynmama

®opmupame Au...Cl MoTHBa HalIKMK Ha JIeCTBE BOAM MOCEOHOM THUITY TTAKOBambha y
KOME CE¢ OpraHCKu (hparMeHTH Haja3e Hau3MEHHYHO ca o0e crpane jectBu (Cruka 35).
[lonapue rpyme aumenTuaa, ycMepeHe Ka CcroJba, (QOopMHpajy BOJOHHYHE Be3e ca
HUTpPAaTHUM KOHTpa-aHjOHMMa M MOJIEKYJHMMa BOJIe KOjH ce Hayiaze u3Mely momapHux
rpyna nuradaga. Pacmopen Mojekyiga BOAE€ W HHUTPAaTHUX aHjOHA Y HCIUTUBAHUM
KPUCTAJIHUM CTpPYKTypama je NMpuKazaH Ha ciui 36, a Ay)XKMHE M YIJIIOBM BOJIOHUYHHUX

Be3a J1aTu ¢y y Tabenu 12.
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(a) (6) (8)

Camka 36. Pacmopenq HuUTpaTHHMX aHjoHA W MOJEKyJda BOJE Yy OIHOCY Ha
KOMILUIEKCHE KaTjoHe (aTOMH BOJIOHMKA Cy H30CTaB/bEHH) Yy KpUCTaIUMa
xunparucanor  [Au(Gly-L-His-N,N’,N")CIINO31,25H0O (a), auxuapoBaHor
[Au(Gly-L-His-N,N’,N")CIINO3 (6) u [Au(L-Ala-L-His-N,N’,N"")CIINO32,5H,0

(B) KOMILTEKCA

VY CBUM KpHUCTaTHHM CTpyKTypama mmuaazonoBa NH rpyma dopmwupa mu- wiu
tpunieaTpuune N—H(umumazon)---Ofurpar) BoIOHUYHE BE3€ Ca jeJHUM WIIM J[BA aToMa
KHCCOHHMKA W3 HUTpATHE rpyle, MO0K KapOOKCHiIHa rpyna ¢GopMupa BOJIOHHYHE Be3e ca
aTOMHMMa KHCEOHHUKA M3 KPUCTAJHE BOJC MJIM HUTpAaTHOT aHjoHa. OCHM BOJOHUYHUX Be3a
usMel)y aMuHO Tpyne M TENTHAHE Be3e, KOje Cy MPHUCYTHE y XHIPATHCAHOM U Y
anxuapoBanoM 00uky [AU(Gly-L-His-N,N’,N”)CIINO3 kommuiekca, He mojia3u [0
NOBE3MBaba KOMIUICKCHUX KaTjoHa BOJOHMYHOM Be3oM. Hacympor Tome, y KpHCTaTHHM
oomunuma ueyrpamuor [Pd(Gly-L-HisN,N’,N”)CI] kommekca [174,179] ne mocroje
KaTjOH..aHJOH MHTEpaKIfje, Ma Cy MOJICKYJIM KOMILJICKCA MOBE3aHU BOJOHUYHUM Be3ama
Koje ce ¢dopmupajy m3mMel)y aMUHO U KapOOKCHIIHE TpyIe ca KHUCEOHHKOBUM aToMUMa

aMUJHE W KapOOHWJIHE Tpyme, Kao M Ca XJOPUAO JUTAaHAOM. Y OBHM KPHUCTAINMAa,
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najkpahe Pd...Pdpacrojame m3mocu camo 3,963 A3za momoxmummumu [179], omHocHO

3,728 Asa rpuxmunnann o6muk [174].

Tadena 12. [lyxuHe W YIJIOBM HWHTEPMOJEKYJICKHX BomoHmuHux Beza y Au(lll)

komiuiekcuma ca Gly-L-His u L-Ala-L-His gunentuauma

[Au(Gly-L-His-N,N’,N”)CI]NO31,25H0

D—H--A D—H(A)  H--AA) D--AR) D—H--A(°)
N1—HIN---O2W 0,90 2,07 2,961(15) 171
N1—H2N---O1 0,90 2,16 2,876(18) 136
N1'—H1N'--02W 0,90 2,05 2,932(15) 166
N1'—H2N'--O5N 0,90 2,11 2,971(16) 161
N4—H4N---O6N 0,86 2,08 2,90(2) 159
N4'—H4N'---01N 0,86 2,00 2,849(17) 171
03—H30---01N 0,82 2,03 2,680(15) 135
03'—H30"--01W 0,82 1,92 2,709(17) 162
O1W---0O3W 2,728(17)
O2W---02N 2,770(17)
O2W---03N 3,217(18)
O2W---05N 2,843(15)
O3W---04N 2,833(22)
O3W---06N 3,064(19)

Cumerpujcke Tpancdopmalimje Koje ce omuoce Ha akrentopcku atoMm (A): (i) x=1/2,y+1/2,z (i)

=x+3/2,y-1/2, z+2; (iii) —x+2,y, =z+2; (iv) X, y-1, Z (v) -x+2,y-1, =z+2; (Vi) X, y+1, z

[Au(Gly-L-His-N,N’,N”)CI]NO3

D—H--A D—H(A) H--AA) D--AR) D—H--A(°)
N1—H1NB---O2N 0,90 2,28 3,074(19) 146
N1—HI1NA..-O1 0,90 2,22 2,87(3) 129
N4—H4N---O1N 0,86 1,97 2,815(18) 166
03—H30---01/ 0,82 1,76 2,53(2) 158

Cumerpmjcke Tpancdopmarimje Koje ce oxtoce Ha akuenropcku atom (A): (i) X, y, z=1; (i) —x+3/2,

y+1/2, z, (iii) x+1/2, y+3/2, z+1
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[Au(L-Ala-L-His-N,N’,N")CIINO52,5H,0

D—H--A D—HA)  H--AR) D--A(A) D—H--A(®)
03—H30---01W 0,82 1,85 2,653(14) 168
N1—H1IN---O2W 0,90 2,00 2,887(9) 170
N1—H2N.--O3W 0,90 2,26 3,142(14) 165
N4—H4N---O2N 0,86 1,96 2,808(19) 170
N4—H4N---O1N' 0,86 2,08 2,89(3) 157
N4—H4N---O3N' 0,86 2,33 3,07(4) 144
O1W---O1N’ 2,64(3)

O1W---O2N' 2,52(2)

O2W---O3N 3,036(16)

O2W---O3N 3,036(16)

O3w---01 2,905(12)

O3W---01N 3,033(24)

Cumerpujcke Tpancdopmarije Koje ce oxHoce Ha akientopcku atom (A): (i) —x+2,y-1, z (ii)
—x=1/2, y+3/2, z+1; (iii) X, y, z-1; (iv) X+2, y+1,z-1; (V) %X+3/2,y-1/2, -z (vi) —x+2, -y,
z-1

HcnutuBame peakunuja moHodpynkuuonaanor [Au(dien)Cl|Cl, komniaekca ca

AMNEeNTHAUMA KOju caap:ke L-xucTuaun

Ipumenom H  NMR  cmekTpockonuje — WCIMTHBAHE  Cy  peaKije
monodyukinonaianor komiuiekca 3iara(lll), [Au(dien)CI|Cl,, y kome je dientpuaeHTaTHo
KoopauHoBaH auetwinentpuamud 3a AU(lll) jou, m qumentuma Koju caapxe L-xucTumnH,
L-xuctuamn-rounuaa (L-His-Gly) u rmumun-L-xuctuauna (Gly-L-His), y 1:1 monckom
onHocy. CBe peakuuje cy usBoheHe y BogeHom pactBopy, y pD ob6mactu 3,50 — 5,501 Ha
coOHoj Temmieparypu. Kana ce ucnutuBane peakuuje nzpoje npu pD > 5,50, Au(lll)jon ce
penykyje, Mpu 4YeMy peakIMOHa CMella MOTaMHH O] W3IBOjEHOT €JIEeMEHTapHOT 3j1aTa
[106], nok y jako KHCeI0j CpeIMHH J0JIa31 0 MPOTOHOBAama aMUHO rpyre y dienmurangy
u oTBapama jexsor mpcrena y [Au(dien)CI|Ch kommekcy [168]. ITpumerom °C NMR
CHEKTPOCKOIHUje JOJATHO j€ MCIUTHUBaHA KOOpAMHAIMja JEPOTOHOBAHOT KapOOKCHIIHOT
kuceonnka 3a Au(lll) jou. CtpykrypHe dopmyse KOMILIEKCa, KOjU HACTajy Ka0 KOHAYHH
MPOM3BOIM MCITUTUBAHKUX peakilija, mopehene cy ca popmynama paHuje oKapakTepUCaHUX

KOMILIEKCa KOju Hactajy y peakuujama [AUCl4]™ u [M(dien)(H.0)]** (M = Pt(ll) u Pd(l1))
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ca L-xuctuamHoM u meroBuM jaepuBatMa [123,124,176]. Ha ocHoOBYy noOujeHux
CIEKTPOCKOIICKMX TOJAaTaka, 3ak/bydeHO je Ja MeXaHu3aM peakuuje usMehy
[Au(dien)CI|Cl, xomiuiekca u menTHaa KOju caipye L-XHCTHAWH 3aBUCH O] TOJI0XKaja

L-xucTuanHa y 009HOM HU3Y NENTHIA.

Pearxyuja [Au(dien)CI|Ch komnrexca u L-His-Gly ounenmuoa

Kaza ce [Au(dien)CIF" komiuiekc momera ca eKBUMOJIApPHOM KoJmduHOM L-His-
Gly munentuna y pD o6mactu 3,50 — 5,50u na 25 °C, y pacTBOpy je HmpHCyTaH camo
[Au(dien)]-munentun xommmeke 1 (Ciuka 37). V [Au(dien)(L-His-GlyN3)]** kommiexcy
1, nunenTtun je moHomeHTatHo KoopauHoBaH 3a AU(Il) jom mpeko N3 aroma aszora
MUMHIa30JI0BOT TIpcTeHa L-xuctunuHa. Peaknnja MOHOIEHTaTHE KOOPAWHAIIH]E TUTICTITHIA
3a Au(lll) jou je Beoma Op3a M KOMILIETHO je 3aBpuieHa 3a Tpu MuHyTa. Komrieke 1 je
BeOMa cTaOMJIaH TOKOM BpPEMEHa, IPU YeMy He J0J1a3u 0 eluMuHaiuje dieniuranaa, Hu
HAaKOH HEKOJIMKO JaHa peaknuje. DopMupame OBOI KOMIUIEKCA C€ MOXKE BHICTH Yy
'H NMR CIIEKTPY, Ha OCHOBY CMameHha MHTCH3UTeTa CUHIJeTa Ha 0 = 8,67u 7,47 ppm,
koju mornuy ox C2H m C5H wmmmpmaszonoBux mporoHa HekoopawHoBaHor L-His-Gly
JUIIENTHAA, U oBehamba MHTEH3UTETa CHHIJIeTa Ha 6 = 8,22u 7,22 ppmMKoju oIroBapajy
UCTUM TMPOTOHUMA MOHOJEHTATHO KOOPJAMHOBAaHOT aumentuia 3a N3 MMUmIa30i0B aTom
asora (Ciuka 37 u Tabena 13). Xemujcka momepama C2Hu C5H umuga3zonoBux nmpoToHa
y KOMITIEKCY 1 Cy y carjacHOCTH ca TOMepamuMa paHuje OKapaKTEepHUCAaHUX KOMILUIEKCa
KOjU HACTajy KOOpIMHAIMjOM L-XHCTHAMHA M MEeNnTHIA KOju y OOYHOM HU3Y CaApKe OBY
amuHokucenuHy npeko N3 atoma azora 3a Pt(Il), omnocno Pd(Il) jon, y peaknujama ca
morodyrkmonanauM  [M(dien)(HO)]** kommiexcuma (M = Pt(ll) u Pd(ll)) [176].
JuctpuOylmoHn aujarpaM 3a KOMILICKC 1 Koju Hactaje y peakumju L-His-Gly wu
[Au(dien)CIF* v ¢yukumju pD BpemHoctd je mpukazan Ha cammm 38. Kommunna
KOMIUIeKca 1 M TUIeNnTHaa y pacTBOPY |€ M3pauyHaTra Ha OCHOBY MHTErpajia CHrHajia 3a
C2Hu C5H nporone koopanHoBaHOT U HekoopauHoBaHor L-His-Gly nunentuaa. Ykymnna
KOJMYMHA KOMIUIeKca 1 ¥ HEeKOOPAWHOBAHOT JUMNENTHA j€ YBEK OWiIa jeqHaKa IMOYeTHO]
koHueHntpanuju L-His-Gly aunentuna. Kao mro ce Moxxe BumeTH u3 ciuke 38, mpoieHar
MOHOJIEHTaTHO KoopauHoBaHor aunentuaa 3a Au(lll) jon mpeko N3 aroma azora pacte ca
noBehameM pPD BpegHoCcTH, MmMTO C€ MOXE TMPUIKACATA TMPOIECY JEMPOTOHAIH]E
CeKyHmapHor artoma aszora y dien nuraHmy, 0OpW YeMy HaCTaje pEaKTUBHUjH

[Au(dien-H)CI]" xommnexc [169,170]. Haheno je ma pKa BpemHOCT 3a JENpOTOHALM]Y
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CeKyHIapHor atoma aszora y dienmuranny, koju je TpuneHTaTHo koopauHoBal 3a Au(lll)

jown, uznocu 4,00y 0,5 M CIQy u 4,70y 0,5 M CI' [169,170].

+ _13*
HsN /\n/o—‘
3,90 < pD < 5,50 H

L-His-Gly + [Au(dien)CI]?* =o50C NH, =

HN—Au—N_, INH

NH, H
1

[Au(dien)(L-His-Gly-N3)]3*

L-His-Gly

L-His-Gly

J k el . st pD 4,50

S o .

| ' | T | ' I ' I ' I ' I
9.20 8.80 8.40 8.00 7.60 7.20 ppm

Cuamka 37. Crpykrypua ¢popmyia [Au(dien)(L-His-Gly-N3)]** kommiekca 1, xoju
Hacraje y peakumju [Au(dien)CIF ca exsumonapuom komuuntom L-His-Gly u
nenosn ‘H NMR criekTapa (MMK1a30JI0Ba 00JacT) CHUMJbEHH HAKOH TPH MHHYTa

peakiuje Ha pD = 4,50, 5,00t 5,50na 25°C

75



Huckycuja pezynmama

100 4 —4&- HekoopauHoBaHu L-His-Gly
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Cuamka 38. [JuctpuGyimonn aujarpam 3a [Au(dien)(L-His-GlyN3)]** kommuieke 1
u L-His-Gly mumentun [%] 3a peaknujy usMel)y €KBHMOJAPHHX KOJHYHMHA

[Au(dien)CIF* xommiexca u oBor munentuaa y gpyskmuju pD Bpeasoctn Ha 25°C

Cympotho cenektuBHOj koopauHaiuju L-His-Gly qunentuma 3a Au(lll) jon mpeko
N3 aroma a30Ta HMHIA30JI0BOr IpcTeHa, y peakimjama [M(dien)(HO)*" (M = Pt(ll) u
Pd(ll)) ca L-XxucTUIMHOM W HErOBHM JepUBATHMA, HACTajy KOMIUICKCH Y KOjuMa je
onrosapajyhu nurana koopanHoBaH 3a joH Metana npeko N3 u N1 umunazonoBux aroma
asora (Tabema 13) [176].@opmupame koMiuiekca ca N1 KopauHOBaHHM aTOMOM a30Ta 3a
Pd(Il) jou je daBopuszoBano y oxocy Ha N3 koopamHanujy, 1ok y caydajy [Pt(dien)f”
KOMILIEKCHOT (hparMeHTa, KOJIMYMHA JIMraHaa koju je koopauHoBad 3a N3, ognocro N1

aToOM, 3aBUCHU O KMHCTUYKUX, IPC HCTO O] TCPMOJUHAMUYKUX ITapaMeTapa.

Jla 6ucMo TOTBpAWIM OACYCTBO KOOPJMHAIHM]E IEMPOTOHOBAHOT KapOOKCHIIHOT
kuceonnka (PKar = 2,32+ 0,02 [192])3a [Au(dien)" dparment, peakumja L-His-Gly
munentuaa u 3maro(lll) komrutekca je A0AaTHO HCHHMTHBAHA ITPUMEHOM 3¢ NMR
crexktpockonuje y pD o6nactu 3,50 — 5,501 na 25°C. V 3¢ NMR CIIEKTPY HE J0J1a3H JI0
NpOMEHE y XEMHJCKOM TIOMEepamy CHUTHaJia 3a YIrJbeHHKOB aToM JEHIpOTOHOBAHE
kapOokcunHe rpyne Ha 0 = 177,03 ppmuume je notBpheno na ce y ucnurusanoj pD
obmactu kapOokcuiHa rpyma aunentuaa He koopaunayje 3a AUu(lll) jon. Ocum Tora, H
NMR ekcnepumentu 3a peakiujy [Au(dien)CIl]ChL kommiuekca u N-arieTHI0BaHOT MIHIHHA

(Ac-Gly) cy nokasanu ia He J10a3H J0 MPOMEHE Y XEMH]jCKOM MOMEepamy CHHIJIETa KOjU
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notuue ox ciaodoanor AC-Gly. Kommekcn, y kKojuMa je Turana Koju caapku L-xuctuaun
KOOPJIMHOBAaH NPEKO KapOOKCHUIHOI KHCEOHHKa, He (opMHUpajy ce y peakuujama ca
[Pd(dien)(HO)]**, 1ok ce KapGOKCWIHH KHCEOHHK JIMraHga KOOpAMHYje 3a

[Pt(dien)(HO)]*" kommteke y kucenoj cpenunu (TaGena 13) [176].

Ta6eaa 13.'H NMR xemujcka nomepama (5, ppm) C2Hu C5H uMua3010BHX IPOTOHA
KOMILIEKCA Koju Hactajy y peaxuujama [Au(dien)CIF u [M(dien)(HO)]** (M = Pt(ll) u

Pd(ll)) ca nexum nuranaumMa koju caapke L-xuctuaun y D,O kao pactBapady

Jenumeme® pD NmuaazonoBu npoToHU
(9ppm)

C2H C5H
L-His-Gly 4,50 8,67 7,47
[Au(dien)(L-His-Gly-N3)]** (1) 4,50 8,22 7,22
L-His 3,50 8,67 7,39
[Pt(dien)(L-HisO)]**® 2,50 8,69 7,39
[Pt(dien)(L-HisNa)]** 1,50 8,66 7,39
[Pt(dien)(L-HisN3)]** 6,50 8,04 7,25
[Pt(dien)(L-HisN1)]* 6,50 7,92 6,94
[Pd(dien)(L-HisN3)]* 6,80 8,00 7,20
[Pd(dien)(L-HisN1)]* 6,80 7,80 6,84
Gly-L-His 4,50 8,60 7,27
[Au(Gly-L-His-N3,Ns,NA)CI]¢ (2) 4,50 8,54 7,24
[Pt(dien)(Gly-L-HisN3)]** 6,50 8,34 7,17
[Pt(dien)(Gly-L-HisN1)]** 6,50 7,85 6,84

®KoopauHanuja muranana Koju cagpike L-XUCTHINH IPeKo JBa MMUIA30J10Ba aTOMa a30Ta,
aToMa a30Ta aMHHO T'pyIie U JEPOTOHOBAHOT aMUIHOT a30Ta 3a jOHE MeTajla je O3HaueHa
kao N3, N1, N\ u Np

®NMR crexrpockomncku moxamu 3a Pt(ll) 1 Pd(Il) kommekce cy ysern u3 Ped. [176]
“XemujcKa moMeparma HMUIA30J0BHX MPOTOHA y KOMIUIEKCY 2 Cy Y CKIIaIy €a XEMH)CKUM
nomepamuma 3a  komruiekc  [AU(Gly-L-His-N3,N5,NA)CIINO31,25H0O  koju  je
OKapakTepHucaH y nornasipy 4.1.2.08e nucepranuje

OncycTBo kKoopauHanuje amuHo rpymne aunentuaa 3a Au(lll) jon je morBpheHo y
oxBojesoM 'H NMR ekcrepumMenty 3a peakuujy m3mehy rmmmmmammna (GlyNHy)
[Au(dien)CI|Cl, y ucniutuBanoj pD o6mactu. Kama ce peakiuja mpaTe JeceT JaHa Ha
cOoOHOj TemMmeparypH, y 'H NMR CHEKTPY HE JI0JIa3u JI0 TOMEpara CUHTIIETa KOJU TTOTHYE
on GlyCH, mporona cnobomHor riunuHamuga. OBH pe3yaTaTH Cy y CarjiiaCHOCTH ca
pesyataruma 3a peakuujy [Au(dien)Cl|CL kommiekca ca TpUIENTHAOM TIUIMI-TIIALIAI-
rmuimaoM  (Gly-Gly-Gly), roe je maheno ma ce jemmno mpu pH > 5,00 tpunentug

koopaunyje 3a Au(lll) jon mpeko TepmuHaiHe aMmuHO rpyre [122].
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Peaxyuja [Au(dien)CI|Ch xomnrexca u Gly-L-His ounenmuoa

Kaza ce peakumja usmeljy exsumonapuux xommauaa [Au(dien)CIP* komruiekca u
Gly-L-His munentuna nparu y pD o6nactu 3,50 — 5,501 na 25 °C, camo [Au(Gly-L-His-
N3,Nb,Na)Cl] kommuiekc 2 Hactaje kao konauaH mpousBox (Ciwka 39). YV oBom
xomiuiekey, Gly-L-His nunentua je tpuaentatHo xoopauHoBan 3a Au(lll) jor mpexko N3
MUMHJIa30JIOBOT aToOMa a30Ta, JCMPOTOHOBAHOT aMUAHOT a30Ta, Np, U a30Ta aMHUHO TpyIe
rnHa, Na. Jla y ucnuTtuBaHO] peakiuju He J0J1a3u J0 KOOpAWHAIM]Ee MUIENTHAA 3a
Au(lll) joH, mpeko AeMpPOTOHOBAHOT KUCEOHHMKOBOI' aTOMa KapOOKCHIIHE TPYIIE, TOJATHO je
notephero mpumenom °C NMR crekrpockommje. Y °C NMR crektpy CHHMIBEHOM
HAaKOH JIeCEeT JaHa pEaKIHOHOT BpEMEHa, HEe J0Jla3d JI0 IOMEepama CHrHajlla Ha
0 = 176,98 ppmgoju moTu4e 01 YrbEHUKOBOT aToMa HEKOOPJIWHOBAaHE KapOOKCHIIHE
rpyne Gly-L-His gunentuna. ®opMupame komiiekca 2 ce jacHo Moxe BuaeTd y 'H NMR
CIEKTPY Ha OCHOBY CMameHha MHTEH3UTeTa curHaya Ha 0 = 8,60u 7,27 ppMmkoju moTuay
on C2Hu C5H nmumazonoBux nmpoToHa cao00AHOT TUMENTHAA U MoBehama WHTEH3UTaTa
curnaina Ha 0 = 8,54u 7,24 ppmkoju moTudy oJ OBUX MpoToHa y komiutiekey 2 (Cauka 39
u Tabena 13). KonnunHa xoMIuiekca 2 je u3payyHaTra Ha OCHOBY BPEIHOCTH MHTETpaia 3a
curHaiie koju notuuy ox C2H npotona cino6GoaHor U TpUaeHTaTHO KoopauHoBanor Gly-L-
His aumentuaa, npu uemy Ha pPD = 4,50, HakoH 4eTHpH JaHa PEaKIMOHOT BPEMEHA,
Hacraje oko 30% komrutekca 2. OcuMm Tora, yciea TpuaeHTarae koopaunamuje Gly-L-His
JUIENTHIA 10J1a3u 70 MoMepama curHaia Ha o = 3,86 ppmkoju noruue ox GlyCH,
NPOTOHA HEKOOPJAWHOBAHOT JMIICNTHIA Ka HUXeM moJby Ha 0 = 4,04 ppm Cnuka 39).
Takohe, HoBu MynTurmieT y oonact 6 = 3.10 — 3.30 ppnkoju motuue o cioboaHor dien
JWraHaa, ykasyje Ja JoJia3d J0 CyNCTUuTyiuje oBor auranaa ca Gly-L-His punentumom.
Jlo TpuneHtatHe koopauHaiuje oBor munentuaa 3a Au(lll) jor nonasu u y peakuuju ca
[AuCl4]™ xomruiekcom nHa pH = 1,50,mpu yemy je KOHayaH TPOU3BOJ OBE pEaKIIHje
[AU(Gly-L-His-N3,N5,NA)CIJNO31,25H,0  okapakrepucan mpumesom H NMR
CIEKTPOCKOIIHjE M PEHATCHCKE CTPYKTypHe aHanmu3e (Buau moriaBibe 4.1.2.y 0BOj
mucepramujun). "H NMR crekrap [Au(Gly-L-His-N3,Ns,Na)CIINO51,25H0 kommekca je
UJICHTHYaH CIIEKTPY KOMIUIEKca 2, IITO yKa3yje Ha MCTH HauuH kKoopauHaimje Gly-L-His
munentuaa y peakuujama ca [Au(dien)CIF* u [AuCly]™ kommiekcuma. CymnpoTHO ToMe, y
peaKiuju [Pt(dien)(l—lgO)]2+ Cca BHIIKOM OBOT JUIIENTHAA, I0JA3M N0 MOHOJICHTATHE

koopauHanuje munentuaa npeko N3 m N1 mmumazonoBux aroma azota v (GopMHpama
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[Pt(dien)(Gly-L-HisN3)]** u [Pt(dien)(Gly-L-HisN1)]** kommuekca, mpu uwemy dien

nurana ocraje koopaunoBas 3a Pt(Il) jou (Tademna 13) [176].

H,N N

Au + dien
t=25°C NN

QN
2 H
[Au(Gly-L-His-N3,Np,N,)CI]
Gly-L-His

3,50 < pD < 5,50

Gly-L-His + [Au(dien)CI]?*

Gly-L-His Gly-L-His

2 2 M
i — -

—

wm pD 3,50

— T T B e L e
7.60 7.20 4.00 3.88 3.76 ppm

8.80 8.40 8.00

Cauka 39.CrpykrypHa dpopmymna [Au(Gly-L-His-N3,N5,Na)Cl] kommtekca 2, koju
HACTaje Kao KoHauaH mpomssox y peakumju [Au(dien)CIF* ca exBumomapHoM

xommarHoM Gly-L-His u nenosn 'H NMR criekrapa CHHMIBEHH HAKOH 9ETHPH

nana peakuuje va pD = 3,50u 4,50ma 25°C
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4.1.3. HUCHUTUBAIBE PEAKHUJA KOMIIIEKCA  3JIATA(lI) CA
JUITENITUIANMA KOJU CAAPKE METUOHHUH

HcnuruBame peakuuja Gly-D,L-Met aunentuaa m mweropor N-ameTHJIoBaHOr

nepusara ca H[AUCl 4] kommiexcom

[Tpumenom 'H NMR CIEKTPOCKOIHU]j€ WCIUTHBAHE Cy peaKiyje JAUMenTHaa
rimaiun-D, L-metnonnna (Gly-D,L-Met) u merosor N-anerunoBanor nepuBara (Ac-Gly-
D,L-Met) ca H[AUCl,] xommutekcom. Oarosapajyhu gunentun u [AUCly]”™ cy memranu y
1:1, 2:1u 3:1 monckum oxrocuma. CBe peakumje cy ussohere y 0,01 mol/dmi pacteopy
DCl y D,O kao pacrBapauy Ha 25 °C, na 6u ce cy36mia xuaponusa [AuCly]™ anjona, koja
je 3aBpiiena Ha PpH = 3,80 [193]Kana cy peakuuje ussohene npu pH = 3,00, nonasu 1o
BeoMa Op3e peaykije Xxuapoautruukux mpoussoaa [AuCly]”™ komruiekca 10 ereMeHTapHOT
3mara. Y MUy TOTBPJE MEXaHM3Ma peakiyje Koju je mpemioxkeH Ha ocHoBy NMR
CIIEKTPOCKOIICKUX Mepema, peakuuja H[AUCl;] u Gly-D,L-Met je wucnutuBana wu

npumenom UV-Vis cniekrpodoromerpuje u nukiaunune Bontamerpuje (CV).

Peaxyuje H[AUCly] xomnnexca ca exsumonapnom xonuuunom Gly-D,L-Metu Ac-

Gly-D,L-Metounenmuoa

Kama ce momerna ekumosapaa koiauuuaa H[AUCl4] xommiekca ca R-Gly-D,L-Met
aunentugoM (R = Humu Ac) Ha pH = 2,00u Ha 25 °C, HakoH TpH MHHYTa, IPUMEHOM
'H NMR cnexrpockomnuje, nuentnudukosana cy Tpu nponssoga (Cruka 40). Peakiuje cy
npaheHe TOKOM BpeMEHa U JIeNIOBH 'H NMR CIeKTapa MCIUTHBAHMX peakuuja cy
npukazann Ha ciaund 41. [naBaum mpousBona peaknuja (Crmuka 40, mpousson 3) HacTaje
okcumamujom oarosapajyher aumentuma Au(lll) jomom. Ha ocHOBY mpomeHe mHTErpajia
curHana koju notmuy on -SCHz mporoHa, m3pauyHato je Ja ce HAaKOH TPH MHUHYTa
peakirionor BpemeHa 52% Gly-Metokcunyje no Gly-Metcyndokcuna, onanocuo 47% Ac-
Gly-Met no Ac-Gly-Metcyndokcuaa. Cunrner Ha 6 = 2,71 ppmmorudye ox -SCHs
TIPOTOHA TTPOM3BO/IA 3, IITO je y carJacHOCTH ca pe3ynTaTuMma nobujernM 3a [H Gly-Met-
sulfoksid][AuClL] kommieke, 4ynja je cuHTE3a OMHMCaHa Y €KCIEPHUMEHTAIHOM JIEIy OBOT
pana (mormasise 3.6), u koju je okapakTepucan npumerom 'H NMR criextpockommje u
peHAreHcKe CTpyKTypHe aHanm3e. [IponsBoau 1 u 2, koju cy npukazanu Ha ciuiu 40, cy
unrepmenujepue Bpere. [poussox 1 je Au(lll)- munentua komruteke, [AuClz(R-Gly-Met-

S)] koju HacTaje MOHOAEHTaTHOM KoopauHauujom munentuna 3a Au(lll) jor mpeko
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THOETapCKOr atoMa cymmopa. OBaj uHTEpMeaAnjepHH npousBof y cieaehoj ¢asu pearyje
ca METHOHUHCKHMM ocTaTkoM Japyror monekyina R-Gly-D,L-Met nunenrtuna, npu demy
nacrajy Au(l) kommrekc u R-Gly-Metxnopocynponnjym katjon (Cauka 40, npoussos 2)
KOjH Mmojieske xuaponusu najyhu oarosapajyhu R-Gly-Metcyndokcun 3. Mexanuszam oBe
peakiuje je cIaMYaH MEXaHW3My OKCHJAIMje OpraHckux cyiaduma OpomMoMm 10
onrosapajyhux cyndokcuna [194,195]. Natileu capaguunm cy NpemioXWIN ClIHYaH
MEXaHW3aM 3a PEaKIrjy OKCHUIaluje AUAIKWI-Cyndpuaa 10 cyadokcuaa y TPHUCYCTBY
Au(lll) jona [119]. Cunrnern y *H NMR crekrpy Ha 6 = 2,89u 2,79 ppmuorudy ox
-SCH; nporona uHTepMenujepHux BpcTa 1 m 2 mpucytHux y pactBopy (Cnmka 41).
Cunrner Ha 0 = 2,89 ppmoarosapa HHTEPMEIHjepHOj BPCTH 1, JOK CHHIJIET TOMEPEH Ka
BUIIIEM TI0JbY, Ha 0 = 2,79 ppmparosapa -SCH3 nporonnma untepmeanjepa 2. Ha ocHoBy
nmpoMeHe uHTerpasia cuHriera 3a -3CH3; mpoToHe, u3padyHare Cy KOHIICHTpAIHje
UHTEepMeujepHuX mpousBoja 1 u 2 y pactBopy HakoH Tpu MUHYTa peakuuje. Haheno je na
je 28% Gly-D,L-Met, onnoco 30% Ac-Gly-D,L-Met, aunentuaa KOOpAMHOBAHO 3a
Au(lll) jou (uHTepMemujepHu mpousBoa 1), OOK je y pactBopy mnpucytHo 20%
xjopocyinhoHUjyM-KaTjoHa AUNenTUaa, ogHocHO 23%meroBor N-aneTuioBaHor gepuBaTa
(nHTEpMeMjepHU TPOU3BOJ 2). YKyIHA KOHIICHTpAIlMja HHTePMEANjepHUX Tpon3Boja 1 u
2, W KOHA4yHOI TMpoW3BOJAa 3, YBEK je Ouia jeaHaka II0YETHO] KOHIEHTpalUju
oarosapajyher nunentuna. MatensureTn cunriera Ha 0 = 2,89u 2,79 ppmce BpeMeHOM
CMamyjy, ¥ HakoH 9 MHMHyTa pEakIHMOHOT BpeMEHa y pacTBOPY j€ MPHUCYTaH Camo
okcunoBanu Gly-D,L-Met munentun, omnocuo Gly-D,L-Met-cyndokcua. Oxcunmaruja
N-arierunoBanor Gly-D,L-Met nunentuza je cioprja 1 KOMIUIETHO j€ 3aBpIlieHa HAKOH 57
MHUHYTa pPEaKIMOHOT BpeMeHa. TOKOM OBOI BpEMEHa, HMHTEH3UTET CHUHIJIeTa Ha
0 = 2,71 ppmxoju notude on -SCH3 mporona npousBoaa 3, ce moeharao, mpu yemy je
HErOBa KOHIICHTpAIMja jeIHaKa MOYETHO] KOHIICHTPAIM]jH OJroBapajyher aumenTtuia Ha
Kpajy peakuuje.

Ha ocroBy go6ujernx "H NMR pesynrara, Moxke ce 3aKJbydHTH Ja je OKCHIAIHja
meTHoHHHCKOT octatka y Gly-D,L-Met gumentuay mo oarosapajyher cynadokcuma y
npucycty [AUCly]” komiiekca et myta 6pxa (ko = 0,363+ 0,074 M's?) y nopehemy ca
okcumaiujoM meroor N-auerunosanor nepusata (k; = 0,074+ 0,007 Mls'l). Paznuka y
Op3WHU OKCHIAIMje OBUX IUIICTITHAA MOXE C€ TMPUIHCATH YTHIA]y TEPMHUHAIHE aMHHO
rpyne Gly-D,L-Met qunentuma. OBu pe3yiTaT Cy y CarjJacHOCTH ca paHHje 00jaBJbeHUM

pesynratuMa 3a peakiujy L-mernonuna ca [AuCly” xomruiekcom, rae je Haheno na je
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TEpMUHAJIHA aMUHO Tpyla yKJbY4YeHa Y MpPOIEC OKCHIAIMje OBE AMHUHOKHCEIHHE JI0

oxrosapajyher cyndokcuna yak u npu pH < 2,00 [116-118].

R 4 i
\W oM N/\”/
H
[AuCI,T” o
R-Gly-D,L-Met 4% cl

pH = 2,00 \
t=25° Cl—Au—S
| . Au(I) KOMMJIEKC CH3
cl CHs
R = H UM CH3CO (Ac) 1 2
“ v J
WHTepMeanjepHu Npon3BOAM H,0
K\ HCl
’ 0
R
\N/\”/ OH
H 0o
S
ZRN
O/ CHs3
3

Cmuka 40. Hlemarckn mnpuka3 okcupanuje Gly-D,L-Met u Ac-Gly-D,L-Met

munentuaa y npucyctsy H[AUCI,] kommiekca

Mpumenom UV-Vis cnektpodoromerpuje ncnuruana je peaknuja Gly-D,L-Met
nunentuaa ca H[AUCly] xommiekcom y 0,01 mol/dm HCl na 25°C (Cnuka 42).Kao mro
ce u3 cnuke 42 MOXe BUICTH, JOJATKOM €KBUMOJAPHE KOJMYHMHE THUIEHTHIA PAaCTBOPY
[AuCl,]™ xomrIIekca, BpeIHOCTH arCopIIMOHUX MakcCuMyMa Ha A = 226u 313 nmomanajy
TokoM 12 muHyTa peakiuje, INTO yKasyje Ha cMamuBame KoHIeHTpanuje [AuCly]”
KoMIUTeKca. HakoH Tor BpeMeHa, He J10J1a3H IO IPOMEHE Y BPEIHOCTH ancopOaHIle, mTo je
y CKJIaIy ca YHELCHHIIOM Ja je pemokc mporec 3apiieH. Komnunna [AuCly]™ komrurekca,
KOja OCTaje y pacTBOpY, U3padyHaTa je Ha OCHOBY Pa3jMKe y HHTEH3UTETY arCOPIIIMOHOT
MakcuMyMma Ha A = 226 nm,mpe mojaTka aumnentuaa v mocie 12 muHyTa peakmnuje, u
uzHocu mnpubmpkHo 33%. C 003upoM nga je panuje moTBpheHO na je oKcHIaluja
METHOHUHCKOT octaTka y npucyctBy Au(lll) joHa ctexmomerpujcka peakiuja, OYHUIIICTHO
je nma Bumak [AUCly]” Hacraje mucnpomopiionucameM auxiaopumoaypar(l) joxa
(JAUCl;]") npema cnenchoj jennaunnu [29,30]:

3[AuUCl;]” < 2Au(0) + [AuCl]™ + 2CI
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Cuamka 41. Jlenosu *H NMR crexrapa 3a peakumje Gly-D,L-Met (a) u Ac-Gly-
D,L-Met (6) mnumentuma ca exBumosiapHoMm kommuuHoM H[AUCls xomruiekca y
dyrkumju Bpemena va pH = 2,001 ma 25°C y 0,01 mol/dm pacropy DCl y D,O
Kao pactBapauy y oxHocy Ha TSP kxao pedepentnu cranmapa. CurHanu Ha

0=2,89, 2,7% 2,71 ppnoarosapajy -SCHs nmporonnma nipousBoaa 1, 2 u 3

Panuje je HaheHno ga je peakiuja TUCIPONIOPIIMOHUCAA HA COOHO] TEMIIEpaTypH y
MOYETKY CIopa, a OHJA Ce HeHa Op3uHa Harjio mnoBehaBa J0 KOHCTAaHTHE BPEIHOCTH
(logK = 7,4na 25 °C) [30,31].ITopex Tora, y peakuuju ekBuMojapHux Koiaumuuna Gly-
D,L-Met u H[AuUCls 3H,0, nobujer je [H'Gly-Met-sulfoksid][AuCl] xommiexc, a
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EroBa CTPYKTYpa je MOTBpl)eHa Ha OCHOBY PEHATEHCKE CTPYKTYPHE aHalu3e, MWTo je Ono

JIOJIATHU JIOKa3 Jia y pacTBOPY J0J1a3u 10 auctpornopimonucama [AUCl;]™ kommiekca.

1.6

0.8+

T T T T
200 300 A (nm)
Ciamka 42. UV-Vis cnektpu 3a peakunjy H[AUCl4] xomMruiekca ca eKBUMOIapHOM

xommamHoM Gly-D,L-Met gunentuaa y 0,01 mol/dmi HCl ua 25°C (1: 0 s;2: 30 s;
3: 60 s;4: 180 s;5: 720 S)

Pesynratn  nobujenn  npumenom H  NMR  cmekrpockommje u  UV-Vis
criektpodoromerpuje 3a peakuujy Gly-D,L-Met ca [AuCls4]™ nokasyjy nobGpo ciarame ca
pe3ynTatiMa J0OHMjeHHM NPHMEHOM IHKIMYHE BosiTameTpuje. L{ukimdHu BoiaTamorpam
pactBopa H[AUCls] kommnekca xonuentpaummje 1,05 mmol/dm, y npucycrsy 0,04
mol/dnT pacteopa NaCl kao ocHOBHOT eneKTponnTa, pHKasaH je Ha caumn 43a. Kana je
BPLICHO CHUMame NOTCHLHWjajla y KaTOJHOM CMEpy, Y BOJTaMorpamy je HpUCYTaH
penykimonn nuk | Ha Ec(l) = 0,32 V, koju oxarosapa peaykimju [AuCly]™ komriekca

npema cienehoj jennaunnu [35]:
[AuCl4]” + 3¢ — Au(0) + 4Cr

Penyknuja Au(lll) joma mo Au(O) ce momaTHO MOXE BHACTH M HAa OCHOBY TaJlOKECHa
eIEMEHTAPHOT 3J1aTa Ha MOBPIIMHHU €JIeKTPOJIe O cTakiacTor yriberuka (GS enekrpoma).
VY uMKIMYHOM BosTamorpamy Huje 6mino moryhe gerexkroatu [AUCl,]™, jep oBaj KoMITIEKC
HHUje cTabuaaH y BOJAEHOM pacTBOpPY M Momjieke aucnpornopuuonucamy [29,30]. Kaxa ce

CHHMame MOTEHIIM]jala BPIIU Y CYIPOTHOM CMEpY, J0Ja3u 10 OKCHAAIMOHOT Tpolieca ca
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jacHo nepunucanum mukom I’ Ha Ey(I)) = 1,02 V. OBaj nuk oarosapa oxcumanuju Au(0)

1o Au(lll) jona mpema jenHaunHH:

Au(0) + 4CT — [AUCIJ]™ + 3€

80+
< (0)

T T
0.0 04 0.8 12 E(V) 16

Cauka 43. (a) Huxnmuuau Boiaramorpamu H[AUCI4] xommiekca (—) u npousBoaa
1 (- - -) cammsbenu Ha GC enexkrpoau y npeux 30 S;(6) L{ukanuuu BoaTaMorpamu
3a peaknujy usmely exBumonapuux konuumHa Gly-D,L-Met u H[AuUCly] y
dbyHKIMjU BpeMeHa, Op3uHa ckeHupamwa = 0,070 V §1, Estep = 0,003 V,na pH =
2,00y 0,04 mol/dni pactBopy NaCl kao ocHoBHOM enekrponuty. Beprukaiue
CTpenuIle yKa3zyjy Ha CMep NMPOMEHE jauMHe CTpPyje KAaTOAHOT W aHOJHOT IHKa

TOKOM PEaKIinje
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IMomepama anoxnor nuka I’ ca 1,02na 0,85 V (uk II', Cnuka 43a)je nonatHa
NOTBpJa J1a y peakuuju ekpumonapaux komuunna Gly-D,L-Met qunentuaa u H[AUCIy]
KOMILJIEKCa HacTaje MHTepMEIMjepHHU TTpou3Boy 1, urja je cTpykTypHa ¢popMyna mpukazaHa
Ha ciuny 40. Takohe, kaga ce peaknuja mpaty y GyHKIHU]JH BpEMEHA, jaudHa CTPyje omaaa
3a anoaum muk I, mok ce 3a karoxuu muk |l Ha 0,35 Vnosehasa (Cnuka 430). ITosehame
jaunmHe CTpyje KaTOAHOT MUKa JUPEKTHO 3aBUCH oj cremneHa pexykuuje Au(lll) jona mo
Au(0). Kao mrTo ce moxe Buaetu u3 ciuke 430, peakiuja je MOTIYHO 3aBpiieHa 3a 12
MHHYTa, jép HAKOH TOI BpEMEHa HE J0Jia3u [0 MPOMEHE jauuHe CTPYyje aHOTHOT |

KaTOJHOT KA.

Peaxyuje H[AUCly] komnnexca ca euwxom Gly-D,L-Met u Ac-Gly-D,L-Met

ounenmuoa

Oxcupanuja MetuoHuHCckor ocratka y Gly-D,L-Met u Ac-Gly-D,L-Met
munentuanma y npucyctBsy H[AUCl,] koMmIulekca McnuTHBaHA je y BHINKY JAUIICHITHIA.
Onrosapajyhu aumentun u H[AUCly xomrutekc cy memanm y 2:1 m 3:1 monckum
OJIHOCHIMA, U CBE peakiyje Cy W3BoleHe IMOj Hampes HABEICHUM EKCIIEPUMEHTATHUM
ycioBuma. Y 'H NMR CHEKTpUMa, KOjU Cy CHMMJbEHM HAKOH TP MHUHYTa peakuuje,
NPUCYTaH je CHHIJIET Ha 0 = 2,71 ppmgoju oaroapa okcuaoBanoM mpoussoay 3 (Cnuka
40). OxncyctBo cunriera Ha 0 = 2,89m 2,79 ppmxkoju oarosapajy -SCH3; mpoTonuma
unTepMmenujepuux npoussoaa 1 u 2 (Cnuka 40) notephyje aa je okcuaanuja Gly-D,L-Met
u Ac-Gly-D,L-Met munentrna Beoma Op3a, ¥ KOMIUIETHO 3aBpIlIeHa MPe CHUMamba MPBOT
cniektpa. KoHeHTpanuja npousBoa 3 je u3padyHara U3 OJHOCA WHTErpajia CHHIJIETa Ha
0 = 2,71 ppmu movyeTHe KOHIICHTpAIHM]e IUTICTITU/IA, U Hal)eHO je J1a M3HOCH TPHUOINIKHO
50% 3a peakmujy y 2:1 monckom onHocy, ogHocHo 33% 3a peakumjy y 3:1 monckom
onHocy aumentuaa u AU(lll) kommnekca. Bumak Gly-D,L-Met, ogHocHO meroBor
N-areTriioBaHoOr JeprBaTa, KOOPAUHYje Ce MPeKo THoeTapckor aroma cymmopa 3a Au(l)
joH, koju Hacraje pemykumjom Au(lll) joma. ¥V 'H NMR chekrpy cuurmern Ha
0 = 2,50 ppm,ogaocHo 0 = 2,56 ppm,oarosapajy -SCH; nmporoHumMa MOHOJEHTATHO
koopaunoBanor Gly-D,L-Met, oqnocno Ac-Gly-D,L-Met nunentuna, 3a Au(l) jon. OBa
XEeMHjCKa TIOMEpama Cy Yy CarjacHOCTH ca paHuje 00jaB/beHHM pe3yiaTaTuMa 3a
nonunykieapae Au(l)-cymmop komriutekce [196]. Kama ce peaknmja msmehy H[AUCIy]
xomiutekca u Gly-D,L-Met nunentuna npaTd TOKOM BpeMEHA, CHUHIJIET KOjH MOTHYE O]

-SCH3; npoToHa KOOPAMHOBAHOT TUTENTHAA IMOMEpPa ce Ka BUIIEM IMoJby, ca 0 = 2,50Ha
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2,11 ppm.Moxe ce mpermocTaBuTH Aa je momepame cumriera y 'H NMR crmekrpy
y3pokoBano cyncrutyijom Gly-D,L-Met nunentuna y nonunykieapaom {[Au(Gly-Met-
9]} n KOMIUIEKCY XJIOpHAO JuraHaoM. HakoH miecT caTH peakiidje, y pacTBOpY je
MPUCYTaH caMO HEKOOPAWHOBAH aurentun, yujuM -SCH3 nmpoToHMMa oaroBapa CHHIJIET
Ha 0 = 2,11 ppmIlo3naro je na Au(l) jon uma Benmku aUHUTET MPEMa JIMTAHIMMA KOjH
caJip>ke CyMIIOp, Kao IITO Cy THOIH U cyndumu, anu u aa je Au(l)-cymmop Be3a y pactBopy
BeoMa HectabmiHa [25]. Kaga ce peakiuja mamehy Ac-Gly-D,L-Met u [AuCly]" y 2:1u 3:1
MOJICKUM OJTHOCHMaA TpaTH IIECT JIaHa, He J0Ja3| J0 MoMepama CUTrHajla Ha 0 = 2,56 ppm
koju oaroapa -SCHs mporonuma {[Au(Ac-Gly-Met-9S),]}, kommiekca. OBo ce MoOxe
objacautu Behom crabunnomhy {[Au(Ac-Gly-Met-9),]}, komiuiekca y oJHOCYy Ha
MOJHHYKJIEAPHH KOMITJIEKC KOjM HacTaje y peakiiuju HeareTrmiaoBanor gumentuaa ca Au(l)
joHoMm. JloOujeHn pe3yaraTu Mmokasyjy Ja cao00Ha TepMUHATHA aMHHO TPpyIa JUNENTHIA
yTHUYe HA CTAaOMIHOCT moyimHykiaeapHux Au(l)-aumenTn KOMILIEKca, MITO je Y CKIaay ca

o0jaBsbeHMM pesynrtatuma Sadlerau capagnuka [197].

120 -
ERN G
= |3
80 - 20
20
40 1 7 ; )
moJuickn oxnoc (munentua/H[AUCI 4])
0 -
-40 -

T T y T
0.0 0.4 0.8 1.2 E(V) 1.6

Cauxa 44. lluxknuyau BoaTamorpamu npousBona 1, caumsbenu y npBux 30 S
peakije m3mehy Gly-D,L-Met munentuna u H[AUCl,] xommiekca y 1:1 ),
21 () m 3:1 (- - -) moackuMm oaHOcHMMa. MHcepToBaHa ClMKa IOKa3yje
3aBUCHOCT jJaYMHE CTPYyje KapaKTepUCTUYHOT aHOIHOT THKa 3a mpom3Boa 1 on

nosehama KOHIIEHTpALKje TUIeNTUIa
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Peaxumja H[AUCl4] xommiexkca ca Bumkom Gly-D,L-Met punentupa je
UCIMTHBAHA O] HAIIpe]] HABEJICHUM EKCIIEPHMEHTATHAM ycioBuMa npuMeHom UV-Vis u
CV Ttexuuka. Ha ocroBy UV-Vis crekrapa, jacHO ce MOXe BHICTH Ja J0JIa3H 0 Beoma
Op3e TpOMEHE y HMHTEH3UTETY alCOpPIIIMOHMX MakcumMyma Ha A = 226 m 313 nm,
kapakrepuctnynux 3a H[AUCl4] xomrieke. Ha kpajy peaknuje, y pacTBopy HUje IPUCYTaH
[AuCl4]™ komIIIeKe, ITO ce MOXKE U BUACTH Ha OCHOBY IIpOMEHE 00je pacTBOpa U3 KyTe Y
0e300juy. Takohe, CV mepema cy mokasajna jJa jaudHa CTPYje 3a aHOJHU UK oOmajaa

3HaTHO Opske 3a peaknujy [AUCly]™ kommekca ca Bumikom aunentuaa (Ciouka 44).

Onuc kpucmanne cmpykmype [H* Gly-Met-sulfoksid][AuCl] xomniexca

VY peaknuju ekumonapaux konmmuuaa Gly-D,L-Met qunentuna u H[AUCly] 3H,0
kommiuekca Ha PH = 1,50 u Ha cobHOj TemmepaTypu, aobujen je [H'Gly-Met-
sulfoksid][AuClL] xommiekc, 4nja je CTpyKTypa MpPETIOCTaBJbeHa Ha OCHOBY pe3yliTaTa
'H NMR CIIEKTPOCKOIIM]je, a TMOTBphHEeHAa MPUMEHOM PEHIATCHCKE CTPYKTYpHE aHalu3e.
Xemujcka momepama 3a Gly-D,L-Met mumentun u  [H'Gly-Met-sulfoksid][AuCl]

KOMILJIEKC Cy J1aTa cy y Tabenu 14.

Tabeaa 14. 'H NMR xemmjcka momepama (5, ppm) 3a Gly-D,L-Met aumentux u
[H*Gly-Met-sulfoksid][AuCl] xommaekc caumibern y DO kao pacTBapady y oHOCY Ha

TSPxao pedepentHu crangapa

11 /K
RN | Gly-D,L-Met  [H*Gly-Met-sulfoksid][AuCl]

IIporonu

GlyCH, 3,89 3,91

MetaCH 4,37 4,37

MetBCH, 2,18 2,40

MetyCH, 2,60 3,00

MetSCHs 2,11 2,71

Ha cimmm 45 je npukasana crpykrypa [H'Gly-Met-sulfoksid][AuCl] kommexca,
JIOK Cy AY)KHHE Be3a W YyIJIoBH HM3Mel)y Be3a y OBOM KOMIUIEKCY AaTu y Tabemu 15.
Pe3synTaTn peHATeHCKE CTPYKTypHe aHaimm3e cy mokasamn  ga  [H'Gly-Met-

sulfoksid][AuCL] kommieke y cTtpykrypu caapxu kBajapatHo-uianapHu [AUCls]™ aHjoH 1
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TJIMIUII-METHOHUH-CYII()OKCH KaTjOH y KOME Cy NMPOTOHOBAaHM aTOM a30Ta TepMHUHAIHE
aMUHO TPYIIe U aTOM KHCEOHUKa KapOokcuiHe rpyne. Karjon je Heypehen y 604HOM HU3Y
METHOHHWHA, yCJie]] TPUCYCTBA JIBa IUjacTepEeOn3oMepa y UCTO] JeIMHUYHO] hemnju, Koju ce
Pa3IuKyjy y KoH(HUrypamuju Ha atomy cymmopa. Muaue, H' Gly-Met-cyndokcun katjon
caJlip’ku JiBa aCUMETPUYHA LIEHTPA, jeaH Ha o-YIJbeHUKOBOM aroMy METHOHMHA, KOjH je
O3HA4YCH Y OBOM JIeNly AucepTranuje kao Sy wiu Ry, a apyru Ha atoMmy cymmopa, Koju je
o3HaueH kKao Ss wim Rs. [Iporec kpucranuzamnuje je IeNMMUYHO AMjacTePEeOCeICKTUBAH,
npu Yemy jemad o aBa Moryha aujacrepeomsomepa Hactaje y BHIIKY (Su,Rs: Su,.Ss =
77:23).1lomTo je KpHCTad UEHTPOCHMETPUYAH, OH CA/IPKU UCTY KOJIMYMHY CHAaHTHOMEpa
3a o0a aujactepeonsomepa, npu ueMy je Ru,Ss u Ry,Rs onnoc 77:23.1loxanu cakynybeHu
3a JpPYrd KpUCTall, M3 HCTOT Y30pKa, IMOKa3alW Cy CJIWYaH OJHOC OJroapajyhux
nujacrepeonsomepa (70:30).0Bu pe3yiratu Cy y CynpoTHOCTH ca pesyiraruma Natile-au
capaJIHMKa J1a je peakiuja u3Mel)y eKBUMOJApHUX KOJUYMHA S-METHOHUHA M XHJPOTEH-
tetpaxiopunoaypata(lll) crepeocnernuduuna u na je jeAMHU MPOU3BOJ OBE peakiifje S

MeTHOHHMH-Scyndokens [117].

Cauka 45. Ctpykrypa [H'Gly-Met-sulfoksid][AuCl] xommiexca. Exunconan cy
natu ca 40% crenenom BepoBaTHOhe, a BOAOHHMKOBH aTOMHU Cy TpPUKAa3aHU Kao
Majie cepe MPOU3BOJBFHOT MOJYNPEUHUKA. BOYHM HU3 METHOHHMHCKOT OCTaTKa y
TUTICTITULY je Heypehen 30or mpucyctBa Rs m Ss m3omepa y MCTO] jeIWHUYHO]

hemmju
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Ta6ena 15. [lyxune Besa (A) u yrnosu usmehy Besa (°) y [HGly-Met-sulfoksid][AuCh]

KOMILJIEKCY

N1—C1 1,480(5) C4—03 1,196(5)
C1—C2 1,517(5) C4—04 1,322(5)
C2—02 1,227(5) C5—C6 1,521(7)
C2—N2 1,331(5) C6—S1 1,808(6)
N2—C3 1,454(5) S1—07 1,548(3)
C3—C4 1,523(6) S1—C7 1,808(4)
C3—C5 1,529(7)

N1—C1—C2 109,9(3) 03—C4—04 124,3(4)
02—C2—N2 124,1(4) 03—C4—C3 124,8(4)
02—C2—C1 121,3(3) 04—C4—C3 110,9(4)
N2—C2—C1 114,5(3) C6—C5—C3 118,0(4)
C2—N2—C3 122,7(3) C5—C6—S1 110,3(4)
N2—C3—C4 110,6(4) 07—S1—C7 103,0(2)
N2—C3—C5 111,7(4) 07—S1—C6 104,7(2)
C4—C3—C5 113,6(4) C7—S1—C6 98,0(3)

3a koHpopMep Koju npeoBial)yje, peraTUBHA OpUjEHTAIMja TOBE3aHUX jeIUHHIIA j&
onucana nomohy Top3uoHMX yrimosa w1 = 172,2(3),01 = 173,8(4) u @ = -118,8(5).
Bounn HM3 MeTHOHMHA Yy JAMjacTepeou3oMepy, KOju je y BHIIKY, 3ay3uma
gauche,gauche,transcongopmanmjy (koja je OMMCaHA TOP3HOHHM YIJOBHMA )~ =
N2—C3—C5—C6,)* = C3—C5—C6—S j° = C5—C6—S1—O% rabemn 16), 10k
JIpYyTH  JIUjacTepeoOM30OMep, YHjU Cy aroMH O3HauyeHH ca mpum ('), 3ay3uma

gauche,trans,trangoudopmanujy.
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Tabena 16. Topsumonu yrmoeu wusmehy Besa (©) y [H'Gly-Met-sulfoksid][AuCl]

KOMILJIEKCY

C2—N2—C3—C5 113,2(5) C2—N2—G3C5 112,4(11)

N2—C3—C5—C6  -60,0(6) N2—C3-C5—C6  —69,7(17)
C3—C5—C6—S1  -68,1(5) ©G3-C5—C6—SI  -164,6(15)
C5—C6—S1—07  -70,3(5) OZSI—C6—C5  62,0(2)
C5—C6—S1—C7  -177,5(5) G#S1—C6—C5  169,1(18)

Crpykrypa [H*Gly-Met-sulfoksid][AuCl] xommekca cacToju ce oj HEOPraHCKUX
[AuCly]™ u opranckux H'Gly-Met-cyndokcun ciojesa HauzsMeHUUYHO pacropeheHux maysx
nenor kpucrana, koju cy mapaiendu (001) paBHH KpHCTaaHE pelIeTKe M Hajga3e ce y
nonoxajuma O u Y2 nyx C oce (Cnmka 46a). Y Heopranckom ciojy, Hajkpahe Au...Cl
pactojame muocu 3,3980(10) Au mame je ox 36upa van der Waalesux paaujyca 3a oBa
nBa atoma (3,41 A) [187],ma ce Moxe cMaTpaTH [a aHjOH MMa CTPYKTYPY H3Iy’KEHE
KBajipaTHe mupamuae. JIBe TakBe KBaJpaTHO-NMHPAMHUIATIHE JEIUHHUIC Ca IICHTPOM
cumerpuje Ha (Y2,%%,0)1ene 1Ba XJIOpHAHA aHjOHa, pu YeMy HacTaje [Au.Clg]®™ mumep ca
Au...Au pactojamem ox 3,8862(3) A (Cimka 466), mTo je y cariacHOCTH ca paHHje
o0jaBibeHuM pesynraruma [198,199].0Be numepu ca jeIMHUIIOM TpPaHCIAILUje AYK & 0ce
dbopmupajy nntepanjoncke Cl...Cl Bese, mpu uemy je ayxuna Besa 3,3015(14) Amro je
Marbe 011 36mpa van der Waalesux pagujyca 3a arome xmnopa (3,50 A). Tako hopmupanu
MOTHBH HaJHMK Ha JIECTBE IOHABJbajy CE€ Ca jeIMHHMIIOM TpaHcianmje ayx Db oce, u
dopmupajy ciojeBe koju cy mapanenau (001) paau kpuctanne pemerke. M3mehy oBux
clojeBa ce Hanase TamacacTH ciojeBd koju cagpxke H'Gly-Met-cyndokenn katjone

(Cnuka 46au 468).

Kpucranna  cTpykTypa [H*Gly-Met-sulfoksid][AuClk] KOMILIEKCA  je
CTa0MIM30BaHa pPAa3MMYUTHM TUNOBUMa BojnoHnmuHux Be3a (Tabema 17). IlpucyctBo
XJIOPUJHUX aHjOHAa M aTOMa KHCEOHHMKa M3 CYI(OKCHUIHE Ipyrne yThue Ha (opMHpambe
BOJJOHMYHHMX Be3a KOje HUCY KapaKTepHCTHYHE 3a AWmnentuae. Bomonwyna Besa, Koja

Hactaje u3Mel)y mMpoTOHOBaHE aMHMHO W KapOOKCWIIHE Tpyle W Koja je To3HaTa y

munentuauma kao C(8) MotuB, y oBoM ciyuajy dopmupa nentpocumerpuuru R (16)
npcrenacty Motus [200]. OBaj MoTHB mpenctaBba neo RZ(8) mpcrena, kora umHe W

BOJIOHMYHE Be3€ KOj€ HacTajy u3Mel)y kapOokcuiHe U Cya(OKCHIHE, KA0 M MPOTOHOBAHE
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amMuHO U cyndokcuane rpyne. Takole, IEHTpOCHMETpHYHE BOJOHHYHE Be3e H3Mehy

MPOTOHOBAHE aMUHO TPyIe W TMEeNTHIHE Be3e, W u3Melhy kapOokcuiHe U cylndokcumHe
rpyne, hopmupajy R (10) u R (16) MoTuBe. JennHo BojoHMYHA Be3a KOja HacTaje u3mehy

IPOTOHOBAHE aMHMHO U CyJI(OKCHIHE TPYyIIe MOBE3yje MOJIEKYJIE KOjU C€ Hajla3e Ha UCTOM C
HuBOYy. OcTane BOJZOHMYHE Be3€ IIOBE3Yyjy MOJEKyle KOjU Ce Haja3e y CYCeTHHM
OpPraHCKHM CjI0jeBMMa, KOju Cy KOMITOHeHTe jeaHor asocioja (Cnumka 468). HaBenmene
BOJIOHMYHE Be€3€ HE MOBE3Y]y CaMO MOJIEKYJIe KOjH YHHE IBOCTPYKH OPTaHCKH CJIoj, Beh u
OpPTaHCKU M HEOpPTraHCKH cioj. MHTepMoeKylncke WHTepakiuje ce (opmupajy usmehy

npoToHOBaHe aMuHO U nenTuaHe N-H rpyrie, u Tpu o1 YeTHpu XJIOpUIHA aHjOHA.

TaGena 17. JlyxuHe u yrJIOBH HMHTEPMOJIEKYICKMX BOoAoHMYHMX Be3a y [H'Gly-Met-

sulfoksid][AuCly] kommiekcy

D—H"A D—H(A) HAA) DAR) D—H"A(°)
N1—H11N---CI2 0,91 2,69 3,476(4) 145
N1—H11N.--CI8 0,91 2,78 3,392(3) 126
N1—H12N..-O% 0,91 2,05 2,881(7) 151
N1—H13N.--O¥ 0,91 2,07 2,811(4) 137
N1—H13N---O3 0,91 2,44 2,942(5) 115
N2—H2N..-CI 0,88 2,80 3,493(4) 136
N2—H2N.--CI4 0,88 2,88 3,604(4) 141
04—H40.--0% 0,84 1,75 2,585(7) 170

Cumerpujcke TpaHchopmMaimje kKoje ce omHoce Ha akmentopcku atom (A): (i) —x, —y+1, =z (ii)
x=1,y, z (ii) x, y+1, z (iv) —x, -y+1, z+1; (v) X+1, -y+1, —z+1; (vi) X+1, y+1, — z (Vii)
-x+1, -y, —z+1
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J
(u) o

Cauka 46. (a) Hausmennunu katjoHcku u aHjoncku (001)cnojeBu koju ce Hamase
Ha nonoxkajuma O u Y2 nyx C mpasia. BogoHu4He Be3e Cy MpUKa3aHE TauKaCTUM
nunaKjama. [Ipukas je mat y npasity a oce. (0) Pacmopen [AuCly]™ anjona y (001)
ciojy, ca Hajkpahum Au...Cl u Cl...Cl pacrojamuma. Taukacte nuHHjE OKa3yjy
Au...Cl uatepakimje. Ilpukas je mat y mpasity C oce. (B) JIBOCTpyKH MOJICKYJICKH
katjoHckH cioj y (001) paBum, mpukazan y mpasiy C oce. [IyHe u TaHke nuHUje
pa3zBajajy MoJIeKyJie KOjU ce Haja3e Ha pa3lMuuTUM C HUBouMa. BojoHnuHe Bese

Cy MpHKa3aHe TauKacTUM JIMHHjama
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4.2. 3BAKJbYYAK

Ha oCHOBY MOCTHTHYTHX pe3yliTata y OKBHPY OBE JOKTOPCKE THCEPTAIUje KOjH Cce
OJJHOCE Ha WCIHTHBama peakiuja komruiekca 3nmata(lll) ca: (a) aunentuamma Koju y
6ounom Hu3y He caapke xerepoarom (Gly-Gly u Gly-L-Ala), (6) munentuauma Koju y
60uHOM HHU3Y caapxe amuHokuceanny L-xuctumun (Gly-L-His, L-Ala-L-His u L-His-Gly)
u (B) [umentuauMa Koju y OOYHOM HH3Y CaapKe aMHHOKHCCIMHY METHOHUH

(Gly-D,L-Met u Ac-Gly-D,L-Met) mory ce uzBectu cieachu 3aksbydiiy.

VY peaknujama H[AUCl4] xommiekca u qumentuaa Koju y O0YHOM HU3Y HE CaapiKe
xerepoaroM, Gly-Gly u Gly-L-Ala, ma pH = 2,00u 3,00 u wa 40 °C, gomasu m0
TpUACHTAaTHE KoopauHauuje onroapajyher nunentuna 3a Au(lll) jon, npu uemy Hactajy
[Au(Gly-Gly-N,N’,0)CI] u [Au(Gly-L-Ala-N,N’,0)CI] komiiekcu. Y oBUM KOMILIEKCHMA,
nunentuan ¢y koopauHoBaHu 3a AuU(lll) joH mpeko aToma a3oTa TEPMHHAIHE aMHHO
rpyre, IenpOTOHOBAHOT aTOMa a30Ta MENTHIHE Be3e¢ U KHCEOHUKOBOT aTOMa KapOOKCHUITHE
rpyme, JOK ce 3a YeTBPTO MECTO KOOpIWHyje XJjopuao nuraHn. Kama cy wcnuTHBaHe
peakiuje u3Bohene va pH > 3,00 (pH = 4,0 5,00), Au(lll) jou ce Beoma O6p30 peaykyje

" pCaKliMoHa CMCIIa MOTIMYHO IMOTaMHU O I/I3,Z[BOjGHOI‘ CJICMCHTApPHOT 3J1aTa.

VY peaknujama H[AUCl,] komIutekca ca aunenTuauMa Koju y 004HOM HU3Y CapiKe
L-xuctuaun, Gly-L-His u L-Ala-L-His, na pH = 1,50u na 25 °C, u3oi0Banu cy cTaOMIHU
[Au(Gly-L-His-N,N’,N”)CIINO31,25H0, [Au(Gly-L-His-N,N’,N")CIINO3 u [Au(L-Ala-
L-His-N,N’,N")CIINO32,5H,O xommiekcu. Ha  OCHOBY  CHEKTPOCKONCKHX U
KpHCTaIOrpaCKUX HCIUTHBAaka OBUX KOMILUICKCA, 3aK/bydeHO je Ja Ce JUMCHTHIH
tpuaeHTatHO KoopauHyjy 3a Au(lll) jon mpeko N3 aToma a30oTa MMHIA30J0BOT MMPCTEHA,

ACIIPOTOHOBAHOI' ATOMA a30Ta MNCHUTUAHC BC3C M aTOMa a30Ta TCPMHUHAJIHC aMHWHO I'pylc
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JMIIENTHA, TOK CEe 332 YeTBPTO MECTO KoopauHyje xyopuno smrana. Karjoun [Au(Gly-L-
His-N,N",N”)CIINO31,25H,0, [Au(Gly-L-His-N,N,N")CIINO; u [Au(L-Ala-L-His-
N,N’,N”")CIINO32,5H0O komIiutekca uMajy CTPYKTYpy H3IY)KEHOI OKTaeapa, YCien
unrepakuje usmehy Au(lll) joma m3 xBagpatHo-mmaHapue paBuu 3mato(lll)- qumentua
KOMILUICKCA M JIBa XJIOPUAHA aHjOHAa M3 CYCCIHHX KOMIUICKCHHX jeauHuna. CympoTHO
peakijamMa ca JWNENTHIUMA KOjU HE CaJpiKe XETEepoaroM y OO0YHOM HH3Y, KOJ KOjHX
Au(lll) jom mempoTtonyje arom a3ora mentuaHe Bese Ha PH < 3,00,y peaknujama ca
aunentuanMa Koju caapike L-xwerumamn, N3-«oopauuoanu AU(lll) jom aemporonyje
nentugau a3oT Beh Ha pH < 1,50.Baxkno je HamomeHyTH na, y nopehemy ca joHUMa
npyrux metania, kao mro ¢y Pd(Il) (pH = 2,00), Pt(ll) (pH = 4,00), Ni(llx Cu(ll) (pH =
6,00 — 8,00)3maro(lll) jon mempoToHyje aToM a30Ta MENTHIHE Be3e y MENTHIAMA KOjH

cajip>ke XUCTUIUH Ha HajHUk0] PH BpeaHOoCTH.

V peaxiuju  MorodyrkumonanHor [Au(dien)CIF* xommiekca ca L-His-Gly
qunenTuaoM, koju caapxku N-tepmunanau L-xuctuaud, y pD obmactu 3,50 — 5,501 Ha
25 °C, nonasu 1o cenektuBHe KoopauHanuje aunentuaa 3a Au(lll) jor npexo N3 atoma
a30Ta MMHZA30JI0BOI NpCTeHa, mpu uemy ce dopmupa [Au(dien)(L-His-GlyN3)]**
KOMIUTeKC. MehytumMm, y peakmnuju [Au(dien)CI]2+ komiuiekca ca Gly-L-His mpumentumom,
koju canpxu C-repmuHanHu L-XucTuawH, A07a3u 0 TPHUACHTATHE KOOPIUHAIU]E
manenTtraa npeko N3 wmMugazonmoBor aromMa as3ora, JSHPOTOHOBAHOT aroMma a3oTa

NENTUIHE Be3€ M aTOMa a30Ta aMHUHO TPYIie, Y3 HCTOBpeMeHy enumuHaiujy dienaurana.

VY peakijama H[AUCly] xommuekca ca Gly-D,L-Met nunmentugoM U HEroBUM
N-auernnoBanum nepusaroM, Ac-Gly-D,L-Met, na pH = 2,00u na 25 °C, nonasu 1o
OKCHJIallMj€ METHOHMHCKOT OCTaTKa y JWIENTHAYy A0 oAroBapajyher cyndoxcuma.
Crpykrypa koHayHor mpousBoaa okcuuaruje Gly-D,L-Met munentuaa y mpucycrtBy

[AuCl,]™ komIutekca je 101aTHO OTBpheHA MPUMEHOM PEHATCHCKE CTPYKTYPHE aHAIIU3eE.

JlobujeHn pe3yaTatd y OKBUPY OBE JOKTOPCKE JHUCepTaluje MpeAcTaBibajy
OpPHUTMHAJHU HayYHH JONPUHOC U3y4aBamwy peakuuja kommuiekca 3nara(lll) ca menruauma.
[TocTurayTu pe3ynraTd MOTy OWTH OJ 3Hauaja 3a cMHTe3y HOBHX Komruiekca 3mata(lll)
KOJU C€ MOTEHLHMJaTHO MOT'Yy IPUMEHUTH Kao aHTUTyMOpcku areHcu. [lopex tora, oBu
pe3yaTaTd MOTY JIONPUHETH TyMauelhy CIO0KEHOT MEXaHM3Ma aHTHUTYMOPCKOT U

TOKCHUYHOTI' ACJI0Balkhba KOMIIJICKCA 3J1aTa.
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buoepaguja

BUOI'PADPUIA

busbana B. I'mumwmh je pohena 19. 09. 1985.rogune y
Kparyjesity on oma bopha u majke Becne. OCHOBHY KONy U
[IpBy KparyjeBauky ruMHa3ujy je 3aBpimia y KparyjeBiy kao
Hocunan quruiome “Byk Kapayuh”. Ha [Ipupoano-maremarnyaku
dakynrer y KparyjeBmy, rpyna Xemuja, cMep HUCTpaKUBAKE U

pa3Boj, ymucama ce 1mkoiacke 2004/05. romune, TIOC je

nurmomupana, centemopa 2008.roauHe, ca MPOCEYHOM OIEHOM
y Toky ctyauja 9,93./[o0uTHHIA je Harpaje Koja ce A0Jesbyje Haj00JheM CTYICHTY XeMUje
3a mkoncky 2005/06, 2006/07.u 2007/08. rommny Ha I[IpupomHO-MaTeMaTHYKOM
dakynrety y Kparyjesny, kao u ['omumime Harpane Cprckor xemujckor npymtea 3a 2009.
TOJIMHY 3a U3Y3€TaH ycleX y TOKy cryauja. [lopen tora, moOuTHHUIIA je YHUBEP3UTETCKE
CTUNCH/IMjEe KOja ce JoJesbyje HajooJbuM cTyaeHTHMMa YHuBep3urera y KparyjeBmy 3a
mkosicky 2007/08 ronuny.

Hoxropcke cryauje, cmep Heoprancka xemwuja, ymucana je Ha IIpupomno-
mareMaTHukoM ¢akyarery y Kparyjesmy, mkoncke 2008/09. rommue. baBu ce
UCTPAXKMBAYKUM PaAJOM Yy OOJIACTH CHUHTE3€ M CTPYKTYypHE KapaKTepu3aluje KOMILIeKca
snara(lll), kao W wWcHUTHBamEM WUXOBUX peaklyja ca NENTHAAMA [PHUMEHOM
CIIEKTPOCKOIICKUX M eJEKTPOXEeMH]CKUX MeTona. Y okToOpy 2008.roguHe npuMibeHa je y
pamau omHoc Ha [lpupomHo-matemarndykoM Qakynrery y Kparyjesiy, kao mcTpaxuBad-
npunpaBHuK, a jyna 2010.ronune je n3abpaHa y 3Bambe UCTpaXUBayY-capaJHUK 3a pajl Ha
NpojeKTUMa Koje (uHaHcHpa MUHHUCTApCTBO MPOCBETE, HAyKe M TEXHOJIOIIKOT pa3Boja

Penyonuke Cpouje (IIpojexar 17203601 janyapa 2011.roquse).
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Crystallographic analysis of a solid solution of two di-
astereoisomers, i.e. ({(1S,R)-1-carboxy-3-[(R,S)-methylsulfin-
yl]propyl}aminocarbonyl)methanaminium tetrachloridoaur-
ate(IIT) and ({(1S,R)-1-carboxy-3-[(S,R)-methylsulfinyl]prop-
yl}Jaminocarbonyl)methanaminium tetrachloridoaurate(III),
(C/H5N,0,4S)[AuCly], has shown that in the presence of
gold(III), the methionine part of the Gly-p,L-Met dipeptide is
oxidized to sulfoxide, and no coordination to the Au'! cation
through the S atom of the sulfoxide is observed. In view of our
observation, literature reports that methionine acts as an N,S-
bidentate donor ligand forming stable gold(III) complexes
require verification. Moreover, it has been demonstrated that
crystallization of the oxidation product leads to a substantial
77:23 excess of both S-methionine/R-sulfoxide and R-methio-
nine/S-sulfoxide over S-methionine/S-sulfoxide and R-methio-
nine/R-sulfoxide. The presence of two different diastereo-
isomers at the same crystallographic site is a source of static
disorder at this site.

Comment

The prominent role of methionine oxidation/reduction in
aging and age-related degenerative diseases and in the regu-
lation of cell function (Hoshi & Heinemann, 2001) stimulated
our interest in the role of gold(III) halides in the oxidative
process of the amino acid methionine and methionine-
containing peptides. By reacting hydrogen tetrachlorido-
aurate(I1I) with the Gly-p,L-Met dipeptide and subjecting the
final product of this reaction to X-ray analysis, we wished to
verify the literature reports on the ability of gold(III) halides
to oxidize methionine to its sulfoxide, and furthermore to find
out whether the newly formed sulfoxide group has the ability

to replace chloride ligands in the first coordination sphere of
the gold(III) cation, in a manner similar to the coordination of
methionine sulfoxide to platinum(II) (Freeman, 1977; Bruhn
et al., 1999; Ling et al., 1993). It has been known for some time
that gold(I1I) halides are able to oxidize sulfides (Natile ef al.,
1976), disulfide bridges in albumin and insulin (Witkiewicz &
Shaw, 1981), and methionine residues of ribonuclease (Isab &
Sadler, 1977). The mechanism of this redox reaction has been
investigated (Natile et al., 1976; Vujacic et al., 2009) but so far
no crystallographic evidence for the reaction has been
provided. We report herein the synthesis, isolation and X-ray
analysis of the product of the reaction of hydrogen tetra-
chloridoaurate(III) with the Gly-p,L.-Met dipeptide.

o}
. NH -
H3N /\( OH (|:|
o C|—/‘Au—c:
cl
S
HC” Yo

The product turned out to be the tetrachloridoaurate(I1T)
salt, (I), of H*Gly-Met sulfoxide. The crystal structure consists
of discrete square-planar [AuCly]™ anions and glycylmethio-
nine sulfoxide cations (Fig. 1 and Table 1). The cations are
disordered at the methionine side chain due to the presence, at
the same crystallographic site, of two diastereomers differing
in their configuration at the triply-bonded S atom. Conse-
quently, the Gly-Met sulfoxide cations contain two asymmetric
centres, one at a peptide C* atom (designated as Sy or Ry)

Figure 1

The asymmetric unit of (I), showing the atom-labelling scheme.
Displacement ellipsoids are drawn at the 40% probability level and H
atoms are shown as small spheres of arbitrary radii. Primed and unprimed
atoms connected by open and filled bonds, respectively, illustrate the
disorder of the methionine sulfoxide side chain, caused by the presence at
the same crystallographic site of both Rg and Sy isomers.
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R 16,’2’5
2&(16)} (')Ra ®):

(b)

(0)

Figure 2

(a) Alternating cationic and anionic (001) layers situated at, respectively,
1 and 0 along c. Hydrogen-bonding interactions are shown as dotted lines.
The view is along the a axis. (b) The arrangement of the anionic [AuCly]™
species within the (001) layer, with close Au---Cl and ClI- - -Cl distances
indicated by arrows. Dotted lines indicate Au- - -Cl interactions. The view
is along the c axis. (¢) The undulating double molecular cationic layer in
(001), viewed along the ¢ axis. Thick and thin lines differentiate molecules
situated at different c levels. Hydrogen-bonding interactions are shown as
dotted lines.

and the other at the S atom (designated as Ss or Rs). The
crystallization process is partially diastereoselective, leading to
an excess of one of the two possible diastereoisomers for the
reference molecule, i.e. Sy,Rs over Sy,Ss (Fig. 1), the ratio
being 77:23. As the crystal is centrosymmetric, it contains
equal amounts of the enantiomers of the two diastereo-
isomers, with the Ry;,Ss:Ry,Rs ratio also being 77:23. Data
collected for another crystal selected from the same sample
provided a similar ratio of diastereoisomers, viz. 0.70:0.30.
This crystallographic finding is in contrast with the report
(Natile et al., 1976) that the reaction of equimolar amounts of
(S)-methionine and hydrogen tetrachloridoaurate(Ill) in
water proceeds with total stereospecificity, providing
S-methionine-S-sulfoxide as the sole product. The Gly-Met
sulfoxide units of (I) exist as cations, with the N and C termini
protonated. For the predominant conformer, the relative
orientation of the linked units can be described by a set of
three torsion angles, viz. ¥y =172.2 (3), w; =173.8 (4) and ¥, =
—118.8 (5)°. The methionine side chain in the prevalent
diastereoisomer adopts a gauche,gauche,trans conformation
(described by the set of torsion angles y' = N2—C3—C5—C6,
y* = C3—C5—C6—S1 and y° = C5—C6—S1—C7 listed in
Table 1), while the minor diastereoisomer (defined by the
corresponding primed atoms) adopts a gauche,trans,trans
conformation.

The extended structure of (I) consists of alternating in-
organic ([AuCl,] ") and organic (H*Gly-Met sulfoxide) layers
parallel to the (001) lattice planes and situated at, respectively,
0 and 1 along the c axis (Fig. 2a). Within the inorganic layer,
the closest Au- - -Cl distance [3.3890 (10) A] is less than the
sum of the van der Waals radii of the two atoms (3.41 A;
Bondi, 1964). Thus, the square-planar arrangement of the
[AuCl,]” anionic core is complemented into an elongated
square pyramid. Two such square-pyramidal units related by a
centre of symmetry at (3, 1, 0) share two chloride anions,
forming an [Au,Clg]*~ dimer with an Au---Au separation of
3.8862 (3) A (Fig. 2b), similar to reported examples (Bourosh
et al, 2007; Schimansky et al., 1998). These dimeric units,
related by a unit translation along the a direction, form close
interanionic Cl- - -Cl contacts of 3.3015 (14) A (shorter than
the sum of the van der Waals radii for Cl atoms of 3.50 A) The
ladders thus formed, repeated by a unit translation along the b
direction, extend into layers parallel to the (001) lattice plane
(Fig. 2a). In between these layers one finds undulating bimo-
lecular layers consisting of H'Gly-Met sulfoxide cations
(Figs. 2a and 2c¢).

The crystal structure of (I) is stabilized by various types of
hydrogen bonds (Table 2). The presence of competitive
hydrogen-bond acceptors, such as chloride anions and sulf-
oxide O atoms, perturbs the hydrogen-bond pattern typical for
dipeptides. The ammonium-carboxyl hydrogen bond, known
in dipeptides as the C(8) motif, now forms the centrosym-
metric R3(16) ring motif (for graph-set notation, see, for
example, Bernstein et al., 1995). In addition, it constitutes part
of the R%(8) ring pattern, the other constituents being the
carboxyl-sulfoxide and the ammonium-sulfoxide hydrogen
bonds. Furthermore, pairs of centrosymmetrically related
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ammonium-amide and carboxyl-sulfoxide hydrogen bonds
lead to the formation of R3(10) and R%(16) motifs. Only the
ammonium-sulfoxide C(10) chain joins molecules situated at
the same c level. The other hydrogen bonds operate between
molecules situated in two neighbouring organic layers, the
components of a single bilayer (Fig. 2c). The abovementioned
hydrogen bonds not only hold together molecules constituting
the double-molecular organic layer, but also join together the
organic and inorganic layers. Intermolecular interactions
occur between the protonated N-terminus and the peptide
N—H group, and three of the four chloride anions.

In conclusion, we have provided crystallographic evidence
that the methionine part of the Gly-p,L.-Met dipeptide is
oxidized to sulfoxide in the presence of gold(IIl), and no
coordination to the gold(III) centre through the S atom of the
sulfoxide is observed. In view of these findings, the reported
coordination of gold(IIT) by sulfur in methionine-containing
peptides (Ivanova & Mitewa, 2004) requires verification,
preferably by crystallographic methods. We have also
demonstrated that the crystallization process is partially
stereoselective and leads to a substantial excess of one of the
two possible diastereoisomers differing in the configuration at
the triply bonded S atom.

Experimental

Distilled water was demineralized and purified to a resistance greater
than 10 MQ cm ™. All common chemicals were of reagent grade and
were used without further purification. The title compound was
obtained by mixing together in water equimolar amounts of
H[AuCl]-3H,0 (Aldrich) and glycyl-p,L-methionine (Sigma) in the
pH range 1.5-2.0 (achieved by adding a few drops of nitric acid) at
room temperature. The resulting solution was filtered and the filtrate
left to stand at room temperature, allowing crystals of (I) to preci-
pitate. These crystals were filtered off and dried. Elemental micro-
analysis was performed by the Microanalytical Laboratory, Faculty of
Chemistry, University of Belgrade. Analysis found: C 15.31, H2.70, N
4.96, S 5.52%; C;H;sAuCl4N,O,S requires: C 14.96, H 2.69, N 4.98,
S 5.71%; yield ca 40%. Not all products present in the reaction
mixture have been identified, but deposits of metallic gold were
clearly visible on the walls of the reaction vessel.

The 'H NMR spectrum of a D,O solution of (I) containing TSP
(sodium trimethylsilylpropane-3-sulfonate) as the internal reference
was recorded with a Varian Gemini 200 spectrometer; § (p.p.m.):
391 (GlyCH,, s), 2.71 (MetSCHs, s), ~2.40 (MetBCH,, m), ~3.00
(MetyCH,, m). As the chemical shift of the singlet of the Gly-Met
methyl H atoms is 2.11 p.p.m., the observed very intense singlet at
2.71 p.p.m. was assigned to the methyl H atoms of the Gly-Met
sulfoxide. The remaining part of the "H NMR spectrum resembled
that of the Gly-Met dipeptide measured under the same experimental
conditions. That the singlet at 2.71 p.p.m. belongs to the methyl H
atoms of the Gly-Met sulfoxide was confirmed by measuring the
"H NMR spectrum for the pure dimethyl sulfoxide in D,O in acidic
solution.

In order to verify whether the presence of nitric acid could have
played a role in the oxidation of methionine, the whole synthetic
procedure has been repeated using hydrochloric acid instead of nitric
acid. On the basis of '"H NMR and preliminary X-ray data, the
reaction product has been identified as that obtained in the presence
of nitric acid.

Table 1

Selected torsion angles (°).

C2—N2—-C3—-C5 1132 (5) C2—N2—C3'—C5 112.4 (11)
N2—C3—C5—C6 —60.0 (6) N2—C3'—C5' —C6' —69.7 (17)
C3—C5—C6—S1 —68.1 (5) C3'—C5' —C6' —S1’ —164.6 (15)
C5—C6—S1—07 —703 (5) 07’ —81'—C6' —C5' 62 (2)
C5—C6—S1—C7 —177.5 (5) C7'—S1'—C6' —C5’ 169.1 (18)
Table 2 .

Hydrogen-bond geometry (A, °).

D—H:--A D—H H---A D---A D—H---A
N1—HI1IN...CI2! 0.91 2.69 3.476 (4) 145
N1—HIIN. ..CI13" 0.91 2.78 3392 (3) 126
N1—HI2N...07% 0.91 2.05 2.881 (7) 151
N1—HI13N...02" 0.91 2.07 2.811 (4) 137
N1—HI13N.--03" 0.91 2.44 2.942 (5) 115
N2—H2N. - -.CI2¥ 0.88 2.80 3.493 (4) 136
N2—H2N. - .Cl4" 0.88 2.88 3.604 (4) 141
04—H40---07"1 0.84 1.75 2.585 (7) 170

Symmetry codes: (i) —x, —y + 1, —z; (ii) x — 1, y, z; (iii) x,y +1,z; (iv) —x, =y +1,
—z+1 (v) —x+1,—y+1,—z+1 (vi) —x+1,—y+1,—z; (vi)) —x+1,—y,
—z+ 1L

Crystal data

(C;H;5N,0,8)[AuCly] y = 92.001 (4)° _

M, = 562.04 V =795.46 (8) A®
Triclinic, PT Z=2

a=17.6250 (5) A Mo Ko radiation

b =10.2576 (4) A w=10.06 mm™!

¢ =10.7160 (7) A T=130K

o = 95281 (4)° 0.30 x 0.20 x 0.03 mm
B =107.222 (6)°

Data collection

Kuma KM-4 CCD «k-geometry
diffractometer

Absorption correction: multi-scan
(CrysAlis RED; Oxford
Diffraction, 2007)
Tmin = 0.092, Tyax = 1.000

5656 measured reflections
2756 independent reflections
2650 reflections with I > 20(1)
Rin = 0.015

Refinement

R[F? > 20(F%)] = 0.016
wR(F?) = 0.042
S=112

2756 reflections

201 parameters

34 restraints

H-atom parameters constrained
APmax = 0.53 ¢ A7

APmin = —091e A3

The hydroxy H atom was positioned using the HFIX 147 facility in
SHELXL97 (Sheldrick, 2008). The other H atoms were also posi-
tioned geometrically and refined using the riding-model technique,
with the following distance constraints: tertiary C—H = 1.00 A,
secondary C—H =0.99 A, methyl C—H =0.98 A, ammonium N—H =
0.91 A, peptide N—H = 0.88 A and hydroxy O—H = 0.84 A. Uy,(H)
values were set at 1.2U q(parent) or 1.5U.q(parent) for methyl and
ammonium groups. The side chain of the methionine sulfoxide was
found to be disordered over two sites, representing stereoisomers
differing in the configuration at the triply-bonded S atom (R or Sg).
The occupancy factors were first refined freely with their sum
constrained to unity. For the reference molecule, possessing an S
configuration at the peptide C* atom, the values refined to 0.77 and
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0.23 for the unprimed (Rs) and primed (Ss) fragments, respectively.
These values were kept fixed at the final stages of the refinement.
As the investigated crystal is centrosymmetric, it contains equal
numbers of molecules possessing an R configuration at the peptide C*
atom, for which the ratio of Ry;,Ss and Ry, Rg isomers is of course the
same, ie. 77:23. For the major component, all non-H atoms were
refined anisotropically, while for the minor component only the S
atom was refined anisotropically. The remaining non-H atoms (C3/,
C5', C6', C7' and O7') were given a common isotropic displacement
parameter which refined to a value of 0.037 (3) A2 For the disor-
dered fragment, which involves atoms C3, C5, C6, C7, O7 and S1
and their primed equivalents, the following restraints were applied
to bond distances: C—N = S=0 = 149 (2) A, C—C = 1.53 (2) A
and C—S = 1.81 (2) A. The 1 3-distances were set as follows: C- - -S
and C---C in the methylsulfinyl fragment to 2.75 (2) A, and to
2.52(2) A in the remainder of the disordered fragment; C---N to
2.47 (2) A; C..-O(carbonyl) to 2.39 (2) A; C.--O(hydroxy) to
2.58 (2) A; C- - -O(sulfoxide) to 2.66 A.

In order to evaluate whether the stereoselelectivity was main-
tained across the crystalline bulk, we performed a data collection and
an X-ray analysis for another crystal selected from the same sample.
For the second data set, the obtained ratio of Sy,Rs:Ry,Ss:
Sa,Ss:Ru,Rs stereoisomers was 70:70:30:30. The '"H NMR spectrum
does not provide any evidence of the presence of diastereoisomers in
solution.

Data collection: CrysAlis CCD (Oxford Diffraction, 2007); cell
refinement: CrysAlis RED (Oxford Diffraction, 2007); data reduc-
tion: CrysAlis RED; program(s) used to solve structure: SHELXS86
(Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: Stereochemical Workstation
Operation Manual (Siemens, 1989) and Mercury (Bruno et al., 2002);
software used to prepare material for publication: SHELXL97.

This work was funded in part by the Ministry of Science and
Technological Development of the Republic of Serbia (project
No. 142008).

Supplementary data for this paper are available from the IUCr electronic
archives (Reference: SQ3231). Services for accessing these data are
described at the back of the journal.
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Proton NMR spectroscopy was applied to study the reactions of the dipeptides glycyl-glycine (Gly-Gly)
and glycyl-i-alanine (Gly-1-Ala) with hydrogen tetrachloridoaurate(Ill) (H[AuCl4]). All reactions were
performed at pH 2.0 and 3.0 and at 40°C. The final products in these reactions were [Au(Gly-
Gly-k3N¢1.Ng2,0c2)Cl] and [Au(Gly-1-Ala-13N,Na,04)Cl] complexes. Tridentate coordination of the

Keywords: corresponding dipeptides and square-planar geometry of these Au(Ill) complexes was confirmed by
GOldF(ljll)complexes NMR ('H and '3C) spectroscopy. This study showed that at pH<3.0 the Au(lll) ion was able to
Peptides deprotonate the amide nitrogen atom. However this displacement reaction was very slow and the
NMR spectroscopy . . .

Glycine total concentration of the corresponding Au(lll)-peptide complex formed after 5 days was less than
-Alanine 60% for the Gly-1-Ala or 70% for the Gly-Gly dipeptide. The kinetic data of the reactions between
L-Histidine the Gly-Gly and Gly-i-Ala dipeptides and [AuCly]~ were compared with those for the histidine-

containing Gly-1-His dipeptide. The differences in the reactivity of these three dipeptides with the

Au(Ill) ion are discussed.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Interest in Au(Ill) reactions with amino acids, peptides and pro-
teins arises after it was proposed that Au(lll) produced from Au(l)
drugs might be involved in the toxic side-effects encountered in
chrysotherapy [1-4]. In spite of these findings only a few investiga-
tions have been performed on the reactions of Au(Ill) with amino
acids and peptides, and most of these investigations have focused
on the sulfur-containing amino acids cysteine and methionine [5-
13]. It was shown that Au(Ill) can oxidize the thiols to disulfides
[5,6], can cleave the disulfide bond of cystine to give the sulfonic
acid [5-8] and can oxidize the sulfur of methionine stereospecifi-
cally to the sulfoxide [9-13]. The structural consequences of these
reactions can play an important role in the toxicity of Au(lll), which
precludes its use in chrysotherapy. The oxidation of protein disul-
fides by Au(lll) will disrupt the secondary and tertiary structure of
a protein, altering and probably preventing its normal biological
function [7,8]. In fact, a recent survey of enzyme inhibition by Au
complexes show Au(Ill) to be a much more potent inhibitor than
Au(I) at equimolar concentrations [1]. However, from the current
state of the art, it is surprising that investigations of the
interactions of Au(Ill) with histidine-containing and other peptides
are rather limited. Only three crystal structures of Au(Ill)-peptide
complexes have been described previously: those of the

* Corresponding author. Fax: +381 34 335 040.
E-mail address: djuran@kg.ac.rs (M.I. Djuran).

0045-2068/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bioorg.2010.03.002

dipeptides glycyl-i-histidine (Gly--His), [Au(Gly-L-His-k3Ng,Ngy,
N3)CI|CI-3H,0 [14] and [Au(Gly-1-His-k3Ng,NyN3)]4- 10H,0 [14]
and glycyl-glycyl-i-histidine (Gly-Gly-1-His), [Au(Gly-Gly-L-His-
K4NG1,NG2,NH,N3)]C1-HZO [15]. These complexes crystallized from
a 1:1 reaction mixture at low pH (1.5-2.0) and their square-planar
geometries were determined by X-ray analyses. From these inves-
tigations, it was found that the Au(Ill) ion has the capacity to
deprotonate the histidine amide nitrogen in strong acidic solu-
tions. NMR investigations of the reactions of the tripeptide gly-
cyl-glycyl-glycine (Gly-Gly-Gly) with [Au(dien)CI]Cl, complex
showed that this complex at pH > 5.0 binds to the terminal amino
nitrogen atom of this peptide [2]. No evidence was found for the
involvement of the ether carboxyl or deprotonation of the amide
nitrogen atom of the Gly-Gly-Gly tripeptide. The formation of the
mononuclear Au(lll)-peptide complexes, [Au(Gly-L-Ala-k3Ng,Na,
OA)CI] and [AU(Gly—L—Ala—L—Ala—K4NG,NA1,NAz,OAz)]-ZHzo, was ob-
served in the reactions of the r-alanine-containing peptides,
glycyl-L-alanine (Gly-i-Ala) and glycyl-i-alanyl-i-alanine (Gly-L-
Ala-1-Ala), with H[AuCl,4] [16].

In view of the possible involvement of Au(lll) in the immuno-
logical side-effects of Au therapy, further work on Au(Ill)-peptide
interactions may help to improve the understanding of the immu-
nochemistry of gold drugs. In light this statement, the present pa-
per deals with a comparative study of the reactions between three
dipeptides, glycyl-glycine (Gly-Gly), glycyl-i-alanine (Gly-1-Ala)
and glycyl-i-histidine (Gly-1-His) with hydrogen tetrachloridoau-
rate(Ill) (H[AuCly]) at pH 2.0 and 3.0 and at 40 °C.
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2. Experimental
2.1. Reagents

Distilled water was demineralized and purified to a resistance
greater than 10 M Q cm~!. The compounds D,0, DCl, KOD and
H[AuCl,]-3H,0 were obtained from the Aldrich Chemical Co. The
dipeptides, glycyl-glycine (Gly-Gly), glycyl-i-alanine (Gly-L-Ala)
and glycyl-i-histidine (Gly-1-His) were obtained from the Sigma
Chemical Co. All common chemicals were of reagent grade.

2.2. Reactions of Gly-Gly and Gly-i-Ala dipeptides with H[AuCl,]

The reactions of Gly-Gly and Gly-1-Ala dipeptides with H[AuCly]
were followed by '"H NMR spectroscopy. Equimolar amounts of
H[AuCl,] and dipeptide were mixed in an NMR tube with 40 mM
initial concentration of both reactants. All reactions were per-
formed at two different pH values, pH 2.0 and 3.0, and at 40 °C. At-
tempts to obtain crystallized Au(Ill)-dipeptide complexes for the
reactions of Gly-Gly and Gly-L-Ala with [AuCl4]~ were unsuccessful
and the [Au(Gly-Gly-k3N¢1,Ng2,0c2)Cl]  and  [Au(Gly-1-Ala-
3N¢,Na,04)Cl] complexes, as the final products in these reactions,
were characterized by application of NMR ('H and '3C)
spectroscopy.

2.3. Measurements

All pH measurements were made at room temperature. The pH
meter (Iskra MA 5704) was calibrated with a Fischer certified buf-
fer solution of pH 4.0. The results were not corrected for the deu-
terium isotope effect.

The 'H and '>C NMR spectra of D,O solutions containing TSP
(sodium trimethylsilylpropane-3-sulfonate) as the internal refer-
ence were recorded on a Varian Gemini 200 spectrometer.

2.4. Kinetics

All rate constants were obtained from 'H NMR measurements.
The reactions of Gly-Gly, Gly-i-Ala and Gly-1-His with H[AuCly]
were realized in NMR tubes at 25 °C in 1 x 10~> M DCl in D,0 as
solvent. The required dipeptide and [AuCly]” were mixed in a
1:1 M ratio with 40 mM initial concentrations of both reactants
and a final volume of 0.6 cm>. The reaction of Gly-L-His with
H[AuCl,] was investigated previously and the final product of this
reaction, the [Au(Gly-1-His-x3N¢,Ny,N3)Cl]CI-3H,0 complex, was
characterized by X-ray crystallography [14]. In the present study,
this reaction was investigated to compare its rate constant with
those for the reactions of Gly-Gly and Gly-i-Ala with [AuCly]".
The values of the rate constants for these reactions were deter-
mined when the data from the early part of the reactions (up to
3 h) were fitted to a second-order process [17] by plotting x/
ao(ap — x) against t (where aq is the initial concentration of the free
dipeptide and x is the concentration of the corresponding Au(IIl)-
peptide complex containing tridentate coordinated Gly-Gly, Gly-
1-Ala or Gly-1-His dipeptide at time t.

3. Results and discussion

3.1. NMR ('H and '3C) characterization of the Au(lll)-dipeptide
complexes

The reactions between two dipeptides, glycyl-glycine (Gly-Gly)
and glycyl-t-alanine (Gly-1-Ala), and hydrogen tetrachloridoau-
rate(Il) (H[AuCly]) were studied by 'H NMR spectroscopy. All reac-
tions performed at two different pH values (pH 2.0 and 3.0) and at

40 °C. The formations of the Au(Ill)-peptide complexes containing
tridentate coordinated Gly-Gly and Gly-1-Ala dipeptides were ob-
served; see Fig. 1. The characterization of the [Au(Gly-Gly-
K3Nc1,Ne2,062)Cl] and [Au(Gly-1-Ala-13N¢,Na,0,4)Cl] complexes, as
the major products in these reactions, was realized by 'H and '3C
NMR spectroscopy; see Tables 1 and 2. From the obtained spectro-
scopic data, it was concluded that coordination of these dipeptides
to Au(lIll) ion occurred through the nitrogen atom of the terminal
amino group, the deprotonated peptide nitrogen and the oxygen
atom of the carboxyl group. The NMR data of the [Au(Gly-Gly-
K3Nc1,N(;2,O(;2)Cl] and [Au(Gly—L-Ala-K3NG,NA,OA)Cl] COmpleXeS
indicate that the fourth coordination place in these square-planar
complexes is a monodentate coordinated ligand, preferably chlo-
ride ion. From Tables 1 and 2, it can be seen that all 'H and '3C
NMR resonances of [Au(Gly-Gly-k3N¢1,N¢2,062)Cl] and [Au(Gly-L-

0 R
HIAUCL] + HzN\/U\ /\(/o
N
|
H

OH

pH=2.0and 3.0
t=40°C

R /O
0 N O
¢

/N
NA, Cl

R=H, CHz

Fig. 1. Schematic representation for the reaction of Gly-Gly and Gly-i-Ala with
H[AuCly].

Table 1

Proton NMR chemical shifts (5, ppm) for the Gly-Gly and Gly-i-Ala dipeptides and the
corresponding  Au(lll)-peptide complexes, [Au(Gly-Gly-k>N¢1,N¢2,0¢2)Cl]  and
[Au(Gly-1-Ala-13Ng,N,0,)Cl], at pH 3.0 in D,0 as solvent with TSP as the internal
standard®.

Peptide/complex Gly-Gly [Au(Gly-Gly- Gly-i-Ala  [Au(Gly-L-Ala-
K3NGlxNGZvOGZ)C1] KBNGvNAxOA)Cl]

Protons

Gly1CH, 3.89 (s) 3.96 (s) 3.84 (s) 3.90 (s)

Gly2CH, 4.07 (s) 4.26(s)

AlaocCH 4.08 (q) 4.15 (q)

AlapCH3 1.40 (d) 1.44 (d)

a

s = singlet; d = doublet; q = quartet.

Table 2

13C NMR chemical shifts (8, ppm) for the Gly-Gly and Gly-1-Ala dipeptides and the
corresponding  Au(lll)-peptide complexes, [Au(Gly-Gly-k>N¢1,N¢2,0¢2)Cl]  and
[Au(Gly-L-Ala-k3Ng,Na,04)Cl], at pH 3.0 in D,0 as solvent with TSP as the internal
standard.

Peptide/complex  Gly-Gly  [Au(Gly-Gly- Gly-i- [Au(Gly-L-Ala-
1Ng1Ne2,062)Cl]  Ala K>Ng,Na,04)Cl]

Carbon atoms

Gly1CH, 43.44 49.95 43.33 49.99

Gly2CH, 45.79 50.25

Gly1Co 170.00 176.06 169.06 175.99

Gly2CO0 178.75 188.16

AlaoCH 54.01 58.06

AlapCH3 20.00 22.34

AlaCOO 182.78 188.60
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Ala-13N¢,N4,04)Cl] complexes with respect to those for the free
Gly-Gly and Gly-i-Ala dipeptides were shifted downfield. These
shifts between the NMR resonances of the Au(lll) complexes and
free dipeptides were caused by tridentate coordination of the
dipeptides to Au(Ill) ion. Downfield shifting of the 'H NMR reso-
nances was observed previously for Gly-Gly-L-His upon its tetra-
dentate coordination in the [Au(Gly-Gly-i-His-k*Ng1,Nea,
Ny, N3)]CI-H,0 complex [15]. Moreover, shifting of the '"H NMR res-
onances between peptide and the corresponding Au(Ill) complex
were also observed in the reaction of Gly-i-Ala with [AuCl]~ at
pH 4.0 [16]. The coordination of Gly-Gly and Gly-1-Ala dipeptides
to Au(Ill) ion is a slow process and the rate of this reaction depends
on pH (Fig. 2). When the reaction between these peptides and
H[AuCl,] was performed at pH > 3.0 (pH 4.0 and 5.0), reduction
of Au(Ill) occurred during time. This reduction process was much
faster at higher pH values and the complete reaction mixture
was dark from elemental Au(0) at pH 5.0 after 12 h at 40 °C.

3.2. Reaction of Gly-Gly with [AuCl,]~

The time dependence of the formation of the [Au(Gly-Gly-
K3Nc1,Ng2,0¢2)Cl] complex in the reaction between Gly-Gly and
H[AuCl,] at the pH 2.0 and 3.0 and at 40 °C was monitored by 'H
NMR spectroscopy; see Fig. 3a. The resonances at 3.89 ppm of
the Gly1CH, and at 4.07 ppm of the Gly2CH, protons for the free
peptide decreased and new resonances at 3.96 and 4.26 ppm,
due to these protons for the tridentate coordinated peptide, in-
creased with reaction time. The reaction was followed for 5 days
and during this time the amount of [Au(Gly-Gly-«3N¢;,N¢2,062)Cl]
complex was calculated from the integral value of the signals for
Gly1CH; and Gly2CH, protons of the free Gly-Gly and the corre-
sponding values of these protons due to the tridentate coordinated
peptide. The total amount of [Au(Gly-Gly-k>N¢1,Ng2,062)Cl] com-
plex formed after 5 days of reaction was 70%. The rate constant
for this reaction was determined when the data from the early part
of the reaction (up to 3 h) were fitted to a second-order process
[17] by plotting x/ag(ap — x) vs. t (where ay is the initial concentra-
tion of Gly-Gly and x is the concentration of [Au(Gly-Gly-
K3Nc1,Ng2,0c2)Cl]  at  time t), yielding a rate constant of
(1.63£0.07) x 107" M~! s~ (Table 3).

3.3. Reaction of Gly-1-Ala with [AuCly]~

The reaction between Gly-i-Ala and [AuCl;]” was performed
under the same experimental conditions as those for Gly-Gly.

pH=2

100 4

[=2]
o
L

Au(lll)-dipeptide complexes, [%]
N
o

The formation of the [Au(Gly-L-Ala-3Ng,Na,0,4)Cl] complex is evi-
dent from the simultaneous decline of the singlet at 3.84 ppm
and the doublet at 1.40 ppm, arising from the GlyCH, and AlapCH;
protons of the free Gly-i-Ala dipeptide, respectively, and the
growth of the singlet at 3.90 ppm for GlyCH, and the doublet at
1.44 ppm for AlagCHs, corresponding to the tridentate coordinated
Gly-1-Ala dipeptide; see Fig. 3b. The total amount of the [Au(Gly-1-
Ala-13N¢,N4,04)Cl] complex formed after 5 days of reaction was
55%. The concentration of the [Au(Gly-1-Ala-k3N¢,N,,0,4)Cl] com-
plex with time was determined from the integral values of the sig-
nals at 3.84 and 3.90 ppm for GlyCH, protons of the free and
coordinated Gly-1-Ala dipeptide, respectively (Fig. 3b). The sec-
ond-order rate constant (ky) for this reaction
((0.71 £0.06) x 10~7 M~!s™!; see Table 3), was obtained by apply-
ing the method previously explained for the reaction of Gly-Gly
with [AuCly]~ [17].

3.4. Comparative study of the reactivity of Gly-Gly, Gly-1-Ala and Gly-
L-His dipeptides with [AuCly]~

In the reactions of Gly-Gly and Gly-1-Ala with [AuCl,]~ at pH 2.0
and 3.0 and at 40 °C, two Au(lll)-peptide complexes, [Au(Gly-Gly-
K3Nc1,Ng2,062)Cl] and [Au(Gly-1-Ala-k3Ng,Na,04)Cl], were formed
(Fig. 1). The NMR ('H and '3C) investigations (Tables 1 and 2) of
these reactions showed that the Au(Ill) ion was capable of displac-
ing the amide proton of the peptide bond under the above-men-
tioned experimental conditions. However, when the reactions of
these two peptides with [AuCl4]~ were performed at pH > 3.0, the
dominant process was the reduction of the Au(Ill) ion. The rate
constant for the Au(lll)-dipeptide complex formation in the reac-
tion of Gly-Gly with [AuCl,]~ was found to be approximately two
times higher than that for the reaction of the Gly-1-Ala dipeptide
(Table 3). The difference in the reactivity between these two dipep-
tides can be attributed to the steric hindrance of the methyl group
of L-alanine. The rate constants of Au(Ill)-peptide complex forma-
tion for the reactions between Gly-Gly and Gly-1-Ala dipeptides
and [AuCl,]~ were compared with that for the reaction of the his-
tidine-containing Gly-L-His dipeptide and [AuCls]; see Table 3.
The Gly-1-His and [AuCly]~ were reacted in a 1:1 M ratio at pH
3.0 and at room temperature and time dependence of the forma-
tion of the [Au(Gly-1-His-3N¢,Ny,N3)CI]* complex [14] was moni-
tored from the integral values of the 'H NMR resonances at 3.78
and 3.98 ppm due to the Gly protons of the free and coordinated
Gly-1-His dipeptide, respectively. The second-order rate constant
for this reaction ((124.00 + 0.30) x 10~ M~ 's~'; see Table 3) was

1T 3 s
day(s)

Fig. 2. Dependence of the formation of the [Au(Gly-Gly-k>Ng1,N¢2,0¢2)Cl], [Au(Gly-1-Ala-k3Ng,Na,04)Cl] and [Au(Gly-1-His-1>N¢,N;,N3)Cl]Cl complexes on the pH in the

reactions of Gly-Gly (—), Gly-1-Ala (- - -) and Gly-1-His (- - -) with H[AuCl,] at 40 °C.



B.D. Glisi¢ et al./Bioorganic Chemistry 38 (2010) 144-148 147

a

b

e JLJHL

JLJUULW R . SR
JLJU}L | S

T T T T T T T T
4.2 4.0 3.8 4.2

T I T T T | T
3.8 1.6 1.4 ppm

Fig. 3. Parts of the '"H NMR spectra during the reaction of Gly-Gly (a) and Gly-1-Ala (b) with H[AuCl4] as a function of time at pH 3.0 and at 40 °C in D,0 as solvent with TSP as
the standard. Resonances are indicated as follows: (a) Gly-Gly + H[AuCl,], (®) Gly1CH, at 3.89 and Gly2CH, at 4.07 ppm of the free dipeptide; (W) Gly1CH, at 3.96 and
Gly2CH, protons at 4.26 ppm of the [Au(Gly-Gly-k3N¢1,N¢2,062)Cl] complex; (b) Gly-1-Ala + H[AuCly], (®) GlyCH, at 3.84 ppm of the free dipeptide and (M) GlyCH, at

3.90 ppm of the [Au(Gly-1-Ala-1c3N¢,N4,04)Cl] complex.

Table 3

Second-order rate constants (k) of the formation of Au(Ill)-peptide complexes for the
reactions of Gly-Gly, Gly-i1-Ala and Gly-1-His with [AuCl,]~ at 25°Cin 1 x 10~> M DCl
in D,0 as solvent.

Reactions kyx 1007 M's!

Gly-i-Ala + H[AuCly] — [Au(Gly-1-Ala-k>Ng,Na,04)Cl] 0.71 +£0.06
Gly-Gly + H[AuCly] — [Au(Gly-Gly-k>Ng1,Ng2,06,)Cl] 1.63 +0.07
Gly-1-His + H[AuCly] — [Au(Gly-1-His-k>Ng,Ny,N3)Cl]Cl 124.00+£0.30

obtained by applying the same methods as those previously ex-
plained for the reaction of Gly-Gly or Gly-1-Ala with [AuCl,]~. From
Table 3, it can be seen that these three dipeptides differed greatly
in their reactivity with the Au(Ill) ion. The difference in the reactiv-
ity of these three dipeptides with the Au(lIll) ion is also clearly
demonstrated in Fig. 2, which shows the time dependence of the
formation of the Au(Ill)-peptide complex for the reactions of
Gly-Gly, Gly-.-Ala and Gly-i-His with H[AuCl,] at pH 2.0 and 3.0
and at 40 °C. From this figure, it is obvious that the concentrations
of the Au(lll)-peptide complexes formed during time were
different. Difference in the yield for these three complexes,
[Au(Gly-Gly-13N¢1,Ng2,062)Cl],  [Au(Gly-1-Ala-1c3Ng,Na,04)Cl] and
[Au(Gly-1-His-k3Ng,Ni,N3)CI]*, as well as difference in the reactiv-
ity of the corresponding dipeptides with Au(Ill) ion, can be attrib-
uted to the fact that the N3 nitrogen atom in the imidazole ring of
the Gly-1-His dipeptide is a much stronger nucleophile than the
other donor atoms present in the none histidine-containing dipep-
tides, Gly-Gly and Gly-1-Ala. The binding of Au(Ill) ion to the N3
nitrogen atom is the rate determining step in the formation of
the [Au(Gly-L-His-1c>Ng,Ny,N3)Cl]* complex. The N3-anchored
Au(Ill) ion showed itself to be very effective in displacing of the

amide proton and next step of this reaction was the very fast coor-
dination of this metal ion to the deprotonated nitrogen atom of the
amide bond and to the terminal amino group as the final step of
the reaction, leading to the tridentate coordination of this peptide.
Finally, from the present study it can be concluded that in acidic
solution the histidine-containing Gly-1-His dipeptide is a better
chelating ligand for Au(Ill) ion than the Gly-Gly and Gly-i-Ala
dipeptides. This chelation reaction can contribute to the stabiliza-
tion of the Au(Ill) oxidation state and to its protection from further
reduction process, which easily occurs in the reactions of Au(III)
with sulfur-containing peptides [5-13].
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Monocationic gold(1ir) Gly-L-His and L-Ala-L-His dipeptide complexes:
crystal structures arising from solvent free and solvent-containing crystal
formation and structural modifications tuned by counter-anions
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Monocationic gold(iir) complexes with histidine-containing peptides, glycyl-L-histidine (Gly-L-His)
and L-alanyl-L-histidine (L-Ala-L-His) have been synthesized and characterized by '"H NMR
spectroscopy and X-ray crystallography. The crystallized Au(1r) complexes, [Au(Gly-L-His-
N,N’,N”)CIINO;-1.25H,0 and [Au(L-Ala-L-His-N,N’,N”)CIINO;-2.5H,0, were obtained from water
solution at pH < 1.0. The chemical shifts in the '"H NMR spectra of [Au(Gly-L-His-N,N’,N”)CI]NO;-
1.25H,0 and [Au(L-Ala-L-His-N,N’,N”)CI[NO;-2.5H,0 complexes were compared with those for the
corresponding Pd(11) complexes and for Pd(11) and Au(iir) complexes with Gly-Gly-L-His tripeptide.
Crystal data for the hydrated [Au(Gly-L-His-N,N’,N”)CIINO;-1.25H,0 complex and its serendipitously
obtained unhydrated form were compared with previously reported X-ray data for the hydrated chloride
complex [Au(Gly-L-His-N,N’,N”)CI]CI-3H,0 and with the analogous, though uncharged, Pd(11) and
Pt(11) complexes. Furthermore, in the present study the crystal structure of the nitrate salt of Au(iin)
complex with L-Ala-L-His dipeptide, [Au(L-Ala-L-His-N,N’,N”)CIINO;-2.5H,0 has been determined.

Introduction

The chemistry of gold and its coordination complexes has recently
undergone an explosive growth.! While in the past research on the
formation of gold complexes has been supported by a number of
chemical industries in order to maximise the recovery and purifi-
cation of gold by the mining industry,? more recently, the discovery
of the anticancer properties of cisplatin initiated an interest in the
area of the interaction of gold(i) with bioligands**~ because of
the potential uses of gold(111) compounds as antitumour agents**
and as luminescent metallointercalators.® Au(1) is isoelectronic
with Pt(11) and forms structurally similar complexes, however
in comparison with Pt(i1) complexes, Au(1ir) analogues turned
out to be relatively unstable and light sensitive,® and undergo
easy reduction to Au(1) or metallic gold.” In order to enhance
the stability of the Au(iir) complexes, multidentate ligands such
as polyamines, cyclam, terpyridine, phenanthroline, amino acids
and peptides that form tridentate N-chelates have been utilized.!
Despite that, data present in the literature are scarce, probably as
a consequence of the high reactivity of Au(iir) complexes. There
are only a few reports of reactions of Au(1ir) with amino acids, and
these have focused on the sulfur-containing amino acids, namely
cyst(e)ine and methionine.**™® Also lacking is the crystallographic
information probably due to intrinsic difficulties in obtaining
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crystals suitable for X-ray analysis. The very few crystal structures
of Au(in)-peptide complexes so far reported include the com-
plexes [Au(Gly-L-His-N,N’,N”)CI|CI-3H,0 and [Au(Gly-L-His-
N,N’,N")];-10H,0,° the former of which contains the dipeptide
ligand coordinated through the amino, amidate (deprotonated
peptide) and imidazole nitrogen atoms with the carboxylic acid
group uncoordinated and the latter of which is tetrameric and
contains the dipeptide ligand coordinated through the amino,
amidate and imidazolate (bridging) groups with the carboxylate
group uncoordinated. In the tripeptide complex [Au(Gly-Gly-
L-His-N,N’,N” . N"")]C1-H,0, the Au(i) is bound to the amino,
two amidate and imidazole nitrogen atoms. With regards to the
cytotoxic properties of these complexes, chloridoglycylhistidine
Au(111) complex was reported to display promising chemical and
biological properties."! This Au(ir) peptide complex manifested
a far higher cytotoxic activity than its Zn(11), Pd(mr), Pt(11) and
Co(11) analogues, proving that the Au(11r) centre has a crucial role
in determining the pharmacological effects.*

Recently in our laboratory, NMR spectroscopy (‘H and *C)
was applied to study the complex formation in the reactions of the
dipeptides Gly-Gly, Gly-L-Ala and Gly-L-His with H[AuCL]."
All reactions were performed at the pH interval 2.0-5.0 and at
40 °C. This study showed that the tridentate coordination of the
corresponding dipeptides with square-planar geometry of Au(1in)
complexes was the dominant process in investigated reactions.
When the reaction between these dipeptides and H[AuCl,] was
performed at pH > 3.0, reduction of Au(i) occurred during
time. This reduction process was much faster at higher pH values
and complete reaction mixture was dark from elemental Au(0) at
pH 5.0 after 12 h at 40 °C. Herein we report the syntheses and
the crystal structures of two crystalline forms of [Au(Gly-L-His-
N,N’,N”)CIINO; hydrated and unhydrated, as well as [Au(L-Ala-
L-His-N,N’,N”)CI][NO;-2.5H,0 complex. To our knowledge the
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latter complex is the first Au(iir) complex with L-Ala-L-His so far
structurally characterized by X-ray analysis.

Experimental
Materials

Distilled water was demineralized and purified to a resis-
tance greater than 10 MQ cm™. The compounds D,0 and
H[AuCL]-3H,0 were obtained from the Aldrich Chemical Co. The
dipeptides, glycyl-L-histidine (Gly-L-His) and L-alanyl-L-histidine
(L-Ala-L-His) were obtained from the Sigma Chemical Co. All
common chemicals were of reagent grade and used without further
purification.

Syntheses of Au(iir) complexes with Gly-L-His and L-Ala-L-His
dipeptides

The Au(rm) complexes with Gly-L-His and r-Ala-L-His dipep-
tides were synthesized according to the modified procedure
published in the literature for preparation of [Au(Gly-L-His-
N,N’,N”)CIICI-3H,0.°

[Au(Gly-L-His-V,N’,N”)CIINO;-1.25H,0 and [Au(L-Ala-L-
His-V,N’,N”)CIINO;-2.5H,0. The corresponding dipeptide
(84.9 mg of Gly-L-His or 90.5 mg of L-Ala-L-His, 0.4 mmol) was
dissolved in water (5 cm®) and the pH of the solution adjusted
to 1.5 by addition of 1 M HNO;. To this solution was added
H[AuCL]-3H,0 (153.2 mg, 0.4 mmol) dissolved in 3 cm® of water.
The resulting solution was stirred in the dark at ambient temper-
ature for 10 days. The Au(0) particles were filtered off and yellow
filtrate was left standing at ambient temperature in the dark to
slowly evaporate to a volume of 3 cm®. The concentrated solution
(pH ~ 0.9) was then stored in a refrigerator and pale yellow crystals
of [Au(Gly-L-His-N,N’,N”)CIINO;-1.25H,0 and [Au(L-Ala-L-
His-N,N’,N”)CIINO;-2.5H,0 complexes were formed after 3-
5 days. These were filtered off, washed twice with cold acetone, and
dried in the dark at ambient temperature. Yield: 101.4 mg (48%)
for Gly-L-His and 124.2 mg (55%) for L-Ala-L-His. Found: C 18.32,
N 13.14, H 2.50%. [Au(Gly-L-His-N,N’,N")CIINO;-1.25H,0,
CsH 5 5AuCIN;O, 55 (528.15) requires: C 18.19, N 13.26, H
2.58%. Found: C 19.05, N 12.18, H 3.27%. [Au(L-Ala-L-His-
N,N’,N”)CIINO;-2.5H,0, C,H,3AuCIN;Os 5, (564.70) requires: C
19.14, N 12.40, H 3.21%.

[Au(Gly-L-His-N,N’,N”)CIINO;. The unhydrated crystals of
the [Au(Gly-L-His-N,N’,N”)CI]NO; complex were obtained by
serendipity and, therefore, we were trying to establish the con-
ditions at which these crystals grow. One possibility was to
modify the pH of the solute. For this purpose, the Gly-L-His
dipeptide (84.9 mg, 0.4 mmol) was dissolved in water and the
pH of this solution was adjusted to 1.5 by addition of 1 M
HNO;. To this solution was added H[AuCL]-3H,O (153.2 mg,
0.4 mmol) dissolved in 3 cm?® of water. The resulting solution
was stirred in the dark at ambient temperature for 10 days and
during this time the pH of the reaction mixture was kept at
ca. 1.5 by means of 0.1 M KOH. Any colloidal gold formed
was removed by filtration and yellow filtrate was left at ambient
temperature to slowly evaporate to a volume of 3 cm?®. The pH of
the resulting solution was adjusted to 1.5 and then it was stored in
a refrigerator overnight. The pale yellow crystals were filtered off,

washed with acetone and dried in the dark at ambient temperature.
The preliminary X-ray investigations indicated that the newly
formed crystals represent the hydrated form of the [Au(Gly-L-His-
N,N’,N”)CIINO;, complex. Hence, our only source of unhydrated
[Au(Gly-L-His-N,N’,N”)CIINO; crystals remained the sample
that, presumably, deteriorated after a long exposure to the air in
darkness at room temperature. This, obviously, had a considerable
impact on the quality of the collected X-ray data set. By carefully
checking the samples under the microscope we have eliminated a
possibility of the two modifications crystallizing concomitantly.

Measurements

All pH measurements were made at ambient temperature. The
pH meter (Iskra MA 5704) was calibrated with Fischer certified
buffer solution of pH 4.00. The '"H NMR spectra of D,O solutions
containing TSP (sodium trimethylsilylpropane-3-sulfonate) as the
internal reference were recorded with a Varian Gemini 200
spectrometer. The concentration of the solutions was 20 mM
in each complex. The chemical shifts are reported in ppm,
and the coupling constants (J) in Hz. Elemental microanalyses
were performed by the Microanalytical Laboratory, Faculty of
Chemistry, University of Belgrade.

Crystallographic data collection and refinement of the structures

The crystals of [Au(Gly-L-His-N,N’,N”)CIINO;-1.25H,0 and
[Au(L-Ala-L-His-N,N’,N”)CI]NO;-2.5H,0 complexes suitable for
X-ray diffraction analysis were obtained by slow evaporation of
water solution in the presence of nitric acid. The unhydrated
crystalline form of the nitrate salt of [Au(Gly-L-His-N,N’,N")CI]*
complex has been obtained by serendipity, and despite many
efforts we could not repeat the crystallization procedure that lead
to the unhydrated form. The X-ray measurements have been per-
formed for both forms. The most relevant crystal and refinement
data are collected in Table 1. Single crystal X-ray diffraction data
were collected on Xcalibur CCD x-geometry diffractometer with
a graphite monochromated Mo-Ko radiation source. Data collec-
tion strategy was calculated with the program CrysAlis CCD.B
Data reduction and cell refinement were performed with the
program CrysAlisRED.* The intensity data were corrected for Lp
effects. An absorption correction was applied using the algorithm
as implemented in the program CrysAlisRED.* The structures
were solved by direct methods using SHELXS86" and refined
by least-squares techniques with SHELXL97."* Anisotropic dis-
placement parameters were employed for all non-hydrogen atoms.
Restraints for the approximate isotropic behaviour were applied
to the displacement parameters in both Au(Gly-L-His) crystal
structures and to the atoms constituting the nitrate group in
the [Au(L-Ala-L-His-N,N’,N”)CIINO;-2.5H,0 crystal. In general,
precision in the atomic and displacement parameters for the light
atoms in these crystals has been hampered by weak diffraction
of the monocrystals and by the presence of the heavy atom.
The hydroxy H-atoms were positioned using facilities provided
by SHELXL97; HFIX83 for [Au(Gly-L-His-N,N’,N”)CIINO;
or HFIX147 for [Au(Gly-L-His-N,N’,N”)CI]NO;-1.25H,0 and
[Au(L-Ala-L-His-N,N’,N”)CI]NO;-2.5H,0, but water hydrogens
have not been located. The positions of the remaining hydrogen
atoms were calculated at standardized distances and were refined
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Table 1 Crystallographic data collection and structure refinement information for Au(iir) complexes

[Au(Gly-L-His-

N,N’,N")CIINO,-1.25H,0

[Au(L-Ala-L-His-

[Au(Gly-L-His-N,N’,N”)CI]NO; N,N’,N")CIINO,-2.5H,0

Crystal data

Chemical formula CsHi;.50AuCIN;5O; o5

M, 528.15
m.p./°C 154-159
Crystal system Monoclinic
Space group C2

T/K 295(2)

al/A 24.5647(9)
b/A 6.7463(2)
c/A 17.7095(5)
al/°® 90

p/° 91.215(3)
y/° 90

V/A® 2934.17(16)
D, 2.391

VA 8

w/mm™ 10.26

Crystal size/mm 0.10 x 0.03 x 0.02

Data collection

RIF? > 26(F?)] 0.040
WR(F?) 0.060
s 0.77

No. of measured, independent and observed 20068, 5164, 3004

[I > 20(1)] reflections

Rim 9 3
Parameters, restraints 404, 277
A)maxs A)min/€ A7 1.43,-1.04

Flack parameter -0.021(11)

CsH;; AuCIN;Oq CyH s AuCIN;Os 5

505.63 564.70
154-159 87
Orthorhombic Orthorhombic
P2,2,2 P2,2,2

130(2) 295(2)
16.9519(19) 18.0271(6)
6.6137(7) 7.0547(2)
12.0312(13) 13.5470(4)

90 90

90 90

90 90

1348.9(3) 1722.85(9)
2.490 2.177

4 4

11.14 8.74
0.25x0.10 x 0.04 0.30 x 0.04 x 0.01
0.054 0.027

0.130 0.063

1.18 0.97

9819, 2376, 1761 24860, 3048, 2502
6.6 5.2

190, 167 258, 62
2.98,-1.12 1.15,-0.44
0.03(4) —0.002(15)

using a riding model with the following distance constraints:
tertiary C-H = 0.98 A, secondary C-H = 0.97 A, methyl C-H =
0.96 A, imidazole C-H = 0.93 A, amine N-H = 0.90 A, imidazole
N-H=0.86 A and hydroxy O-H=0.82 A. U;,.(H) values were set at
1.2 U (parent) or 1.5 U (parent) for methyl and hydroxyl groups.
The nitrate group in [Au(L-Ala-L-His-N,N’,N”)CIINO;-2.5H,0
was found to be disordered over two sites. The occupancy
factors for the two sites were first refined freely with their sum
constrained to unity. At the final stages of the refinement these
values were kept fixed at 0.56 and 0.44 for the major and
minor component, respectively. Selected groups of atoms were
subjected to weak geometric restraints (1,2 and 1,3, distances in
glycine; imidazole ring of [Au(Gly-L-His-N,N’,N”)CIINO;; nitrate
groups in both [Au(Gly-L-His-N,N’,N”)CI]NO; and [Au(L-Ala-
L-His-N,N’,N”)CI[NO;-2.5H,0). The absolute structure of the
crystals was assumed from the known absolute configuration of
the dipeptides used in the synthesis and was confirmed by the Flack
parameter.'® Figures were prepared using XP'7 and Mercury™®
programs.

Results and discussion

Two histidine-containing peptides, glycyl-L-histidine (Gly-L-His)
and L-alanyl-L-histidine (L-Ala-L-His) were used for syntheses
and structural characterization of Au(ir) complexes. The corre-
sponding peptide and H[AuCL]-3H,0 were mixed in equimolar
amounts in water at pH 1.5, achieved by adding a few drops
of nitric acid, and at room temperature. These reactions were
carried out for 10 days and during this time the pH of the
reaction mixture dropped-down. Consequently the crystallized
Au(11) complexes, [Au(Gly-L-His-N,N’,N”)CI]NO;-1.25H,0 and

[Au(L-Ala-L-His-N,N’,N”)CI]NO,-2.5H,0, were obtained from
water solution at pH < 1.0. The 'H NMR spectroscopy
was applied for structural characterization of these complexes
and the obtained spectra were compared with those for cor-
responding Pd(i1) complexes. The crystal structures for both
hydrated [Au(Gly-L-His-N,N’,N”)CIINO;-1.25H,0 and unhy-
drated [Au(Gly-L-His-N,N’,N”)CI]NO;, and for [Au(L-Ala-L-His-
N,N’,N”)CIINO;-2.5H,0 complexes are reported.

'"H NMR spectral characterization of Au(iir) complexes with
Gly-L-His and L-Ala-L-His dipeptides

'"H NMR spectra of [Au(Gly-L-His-N,N’,N”)CI[NO;-1.25H,0
and [Au(L-Ala-L-His-N,N’,N”)CIINO;-2.5H,0 complexes are
shown in Fig. 1. The chemical shifts of these two complexes
are reported in Table 2 and these data are compared with those
for the corresponding Pd(i1) complexes™® and for Pd(11) and
Au(1r) complexes with Gly-Gly-L-His tripeptide.’® The imidazole
ring of the histidine residue, with its two N3 and N1 nitrogen
atoms,f has been shown to be a good metal-binding site in the
reaction of histidine-containing peptides with Pt(i1) and Pd(1r)
complexes.?*2%" The chemical shifts of the C2H and C5H protons
of imidazole ring showed to be very good indicating parameters
for binding of the metal center to the N3 or N1 nitrogen atom.*
It is well known that Pd(11) anchored to the N3 nitrogen atom in
the histidine side chain is highly effective in displacing the amide
proton and form very stable six-membered chelate ring.2® The

1 The numbering of the imidazole ring used in this section does not match
the one applied in the X-ray studies, reported below.
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Table 2 Proton NMR chemical shifts (8§, ppm) of histidine-containing peptides and corresponding Pd(11) and Au(iir) complexes in D,O. '"H NMR
spectra of Au(11) complexes with Gly-L-His and L-Ala-L-His were measured at pH =2.4

Peptide/Complex

Imidazole protons

C2H

CSH

Chemical shifts of other protons

Gly-L-His

[Pd(Gly-L-His-N,N’,N”)CI]-0.5(CH,),CO™*

[Au(Gly-L-His-N,N’,N")CI]NO;-1.25H,0

L-Ala-L-His

[Pd(L-Ala-L-His-N,N’,N")CI]"*®

[Au(L-Ala-L-His-N,N’,N”")CI]NO;-2.5H,0

Gly-Gly-L-His*

[Pd(Gly-Gly-L-His-N,N’,N”,N"")]1.SH,0°

[Au(Gly-Gly-L-His-N,N’,N”,N"")]Cl.H,O""

8.62

7.92

8.64

7.92

8.20

7.60

8.26

7.31

7.04

7.31

7.34

7.04

7.31

7.11

6.97

7.25

3.83 (GlyCH,)

4.63 (HisaCH)

3.35 (HisBCH), 3.21 (Hisp’CH), J x5 = 15.60 Hz
3.52 (GlyCH,)

4.44 (Hisa.CH)

3.32 (HisBCH), 2.91 (Hisp’CH), J 5 = 15.30 Hz
4.06 (GlyCH), 3.96 (GlyCH’), J 5 = 20.00 Hz
4.69 (Hiso.CH)

3.60 (HisBCH), 3.11 (Hisp’CH), J x5 = 15.90 Hz
4.08 (AlacCH), 1.53 (AlaBCH,)

4.64 (HisoCH)

3.40 (HisBCH), 3.24 (Hisp’CH), J 5 = 15.70 Hz
3.65 (AlaoCH), 1.42 (AlapCH,)

4.44 (Hiso.CH)

3.33 (HisBCH), 2.93 (Hisp’CH), J 5 = 16.00 Hz
4.15 (AlacCH), 1.56 (AlapCHj;)

4.66 (Hiso.CH)

3.58 (HisBCH), 3.10 (Hisp'CH), J 5 = 16.10 Hz
3.86 (GlylCH,)

3.98 (Gly2CH), 3.98 (Gly2CH’), J 5 = 17.20 Hz*
4.49¢(Hiso.CH)

3.21¢(HisBCH), 3.06° (Hisp’CH), J,5 = 15.40 Hz
3.63 (GlylCH,)

3.91 (Gly2CH), 3.89 (Gly2CH')*, J», = 18.90 Hz
4.30 (Hiso.CH)

3.26 (HisBCH), 2.75 (Hisp’CH), J 5 = 15.20 Hz
4.15 (GlylCH,)

4.31 (Gly2CH), 4.25 (Gly2CH’), J 5 = 17.80 Hz
4.52 (HisoCH)

3.51 (HispCH), 2.98 (Hisp’CH), J 5 = 15.80 Hz

“pH =7.0. ®* Proton NMR coupling constants in Gly-Gly-L-His (in 90% H,0-10% D,O, pH = 3.1) [Pd(Gly-Gly-L-His-N,N’,N”",N""")]-1.5H,0O (in D,0,
pH = 7.3) and [Au(Gly-Gly-L-His-N,N’,N”,N"")]CI-H,O (in D,O, pH = 3.1). “ Mean chemical shift value of splitting pattern. “ pH = 7.0. ¢ 500 MHz in

90% H,0 - 10% D,0, pH=6.9./pH =7.0.

JL L
T

(b)

1

Hifi'CH

Jas=16.10 Hr

8.0 7.0
HisCZH HisCSH
___JLL JL_
()
PR TR R CIEEEETTIL
8.0 7.0

Fig. 1

T

HispCH

L

il

3.0

2.0 ppm

'"H NMR spectra of [Au(Gly-L-His-N,N’,N”)CI]NO;-1.25H,0 (a) and [Au(L-Ala-L-His-N,N’,N”)CI]NO;-2.5H,0 (b) complexes.
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estimated pK, for this reaction is ca. 2.0, and the displacement is
observed even in solutions with pH < 2.0.204:2121

The 'H NMR spectra of [Au(Gly-L-His-N,N’,N”)CI[NO;-
1.25H,0 and [Au(L-Ala-L-His-N,N’,N”)CI]NO;-2.5H,0 com-
plexes are very similar and these similarities are specially exhibited
in the chemical shifts for the C5H and C2H imidazole protons;
see Fig. 1 and Table 2. All Pd(i1) and Au(tr) complexes from
Table 2 contain histidine-containing peptides coordinated trough
the N3 nitrogen atom of imidazole ring. The other coordination
sites in these square-planar complexes are deprotonated amide
nitrogen and terminal amino group. From Table 2 it can be seen
that the C2H and C5H resonances of the imidazole are upfield
shifted after peptide coordination through the N3 nitrogen atom
of the imidazole to Pd(i1). The higher field chemical shifts for
the C2H (Ad = 0.60-0.72 ppm) with respect to the C5SH proton
(A6 =0.14-0.30 ppm) result from the fact that this proton is closer
to the N3 binding center. The resonances of the other protons
for all investigated Pd(11) complexes are also upfield shifted with
respect to those for the free histidine-containing peptide. It can be
seen that this upfield shifting is different and strongly dependent
on the nature of the proton and its distance from the Pd(1)
binding nucleophile. Differences in the chemical shifts between the
C2H and CS5H imidazole protons for the Au(ir) complexes and
those for corresponding free histidine-containing peptides are not
significant and they are much smaller in comparison with those for
analogous Pd(11) complexes. The resonances of the C2H proton
for the [Au(Gly-L-His-N,N’,N”)CI]NO;-1.25H,0 and [Au(L-Ala-
L-His-N,N’,N”)CIINO;-2.5H,0 complexes with respect to those
for corresponding free peptides are upfield shifted, Aé 0.06 and
0.08 ppm, respectively, while for the C5H proton these resonances
are almost on the same chemical shifts. However, in the case of
[Au(Gly-Gly-L-His-N,N’,N”’,N"")]CI-H,O complex the resonance
of the C2H proton in relation to this for the free peptide is
downfield shifted (A8 0.06 ppm). Also, the resonances of the other
protons for all investigated Au(1i1) complexes listed in Table 2 in
relation to those for the free peptide are slightly downfield shifted
and the largest shift is observed for the terminal glycine protons
(A6 0.29 ppm).

Crystal structures of Au(iir) complexes with Gly-L-His and
L-Ala-L-His dipeptides

Unlike the previously reported,” all newly investigated Au(Iin)
peptide complexes incorporate into the crystal lattice nitrate
groups as counter-ions. The X-ray analyses have been carried
out for two crystalline forms of Au(Gly-L-His) complex, i.e. hy-
drated [Au(Gly-L-His-N,N’,N”)CI]NO;-1.25H,0 and unhydrated
[Au(Gly-L-His-N,N’,N”)CIINO;. Furthermore, we have deter-
mined the crystal structure of Au(ir) complex with L-Ala-L-His
dipeptide, [Au(L-Ala-L-His-N,N’,N”)CI]NO;-2.5H,0. The crystal
structure of the hydrated chloride salt of the Au(1i1) complex with
Gly-L-His has been reported previously,” while the [Au(L-Ala-L-
His-N,N’,N”)CI]* complex cation has not been so far structurally
characterized by X-ray analysis. Selected crystal data for the three
investigated complexes are presented in Table 1.

The hydrated form of [Au(Gly-L-His-N,N’,N”)CI]NO; complex
crystallizes with two crystallographically independent, though
geometrically very similar, structural units (Z” = 2), while the
other two crystals contain one formal molecule in the asymmetric

part of the unit cell (Z” = 1). All three types of crystals are
chiral by virtue of the homochiral peptide linkers. The peptide
Gly-L-His and r-Ala-L-His ligands exist as monoanions with
the C- termini protonated and with single deprotonation of
the peptide fragment. The existence of CO,H group is, apart
from NO;~ being present in these crystals, also evident from
the significantly different bond lengths between C=—O0O(3) and
C-OH(4). The Gly-L-His and r-Ala-L-His anions coordinate in
the expected tridentate N,N’,N” fashion. The [Au(Gly-L-His-
N,N’,N”)CI]* and the [Au(L-Ala-L-His-N,N’,N”)CI]* complex
cations, constituents of the corresponding hydrated complexes
[Au(Gly-L-His-N,N’,N”)CI]NO;-1.25H,0 and [Au(L-Ala-L-His-
N,N’,N”)CIINO;-2.5H,0, are illustrated in Fig. 2, while Table
S1, included in ESLf contains selected bond lengths and va-
lence angles. Gold(im) is co-ordinated to the amino group of
the glycyl/alanyl residue, to the deprotonated amide nitrogen
of the dipeptide, to the nitrogen atom of the imidazole ring
and to the chloride ion. In its dipeptide complexes, Au(In)
has a square-planar co-ordination geometry, with some marked
deviations in angles about the metal caused by the bite of the
tridentate peptide ligand. In all these structures the carboxyl
group adopts an axial orientation with respect to the coordination
plane. The imidazole rings are planar, but the five-membered
glycyl/alanyl rings deviate significantly from planarity: the average
torsion angle magnitude in two independent complex cations of
[Au(Gly-L-His-N,N’,N”)CIINO;-1.25H,0 amounts to 20.3 and
13.1°, in the [Au(Gly-L-His-N,N’,N”)CI]NO; complex it is 19.9°,
and in the [Au(L-Ala-L-His-N,N’,N”)CIINO;-2.5H,0 complex it
reaches the value of 17.1°. This is contrasted with the average
value of 1.9° observed in [Au(Gly-L-His-N,N’,N”)CI|CI-3H,0,
containing the chloride atom as a counter-ion.” Hence, it seems
as though the marked non-planarity of the glycyl/alanyl rings
might result from the presence of the nitrate, as opposed
to the chloride, anions. The six-membered ring of the L-His
entity represents a very distorted half-boat conformation with
only C4 markedly out of the plane. The average endocyclic
torsion angle magnitude for this ring amounts to 33.6 and
29.0° in two independent complex cations of [Au(Gly-L-His-
N,N’,N”)CIINO;-1.25H,0, 31.4° in its unhydrated analog, and
31.0° in the [Au(L-Ala-L-His-N,N’,N”)CI[NO;-2.5H,0 complex,
very much like in the previously reported® [Au(Gly-L-His-
N,N’,N”)CI|CI-3H,0, chloride complex where it amounts to
32.2°. The noteworthy distinction between the previously reported
[Au(Gly-L-His-N,N’,N”)CI|CI-3H,0 structure and the structures
presented in this paper is that in all three investigated crystal
structures the square-planar coordination of Au(1n) is com-
pleted to an elongated octahedron by two more distant chloride
ions belonging to the neighbouring complexes. In [Au(Gly-
L-His-N,N’,N”)CI]NO;-1.25H,0 crystal the Au’--- Cl distances
(primes designate the other crystallographically independent
molecule) amount to 3.339(6) and 3.444(6) A. The corresponding
Au---Cl" dipoles are much longer (3.630(6) and 3.694(6) A),
and they are not parallel to the Au’---Cl dipoles. Hence, in
this crystal structure the Au’---Cl interactions are involved
in building solely the Cl---Au---Cl---Au--- chain motif. At
variance, in the unhydrated analogue and in the [Au(L-Ala-L-
His-N,N’,N”)CIINO;-2.5H,0 crystal, the mutually antiparallel
Au—Cl dipoles are involved in Au--- Cl interactions which leads
to the formation of the 1D ladder motif. The corresponding
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@ Cl1

(@)

Fig. 2 Ellipsoid representation of [Au(Gly-L-His-N,N’,N”)CI]*

(@) and [Au(L-Ala-L-His-N,N’,N”)CI}*

@Hen

(b)

(b) cations in the crystals of

[Au(Gly-L-His-N,N’,N”)CI]NO;-1.25H,0 (only one of the two crystallographically independent molecules is presented) and [Au(L-Ala-L-His-
N,N’,N")CIINO;-2.5H,0. Displacement ellipsoids are drawn at 40% probability level. The hydrogen atoms are presented in an arbitrary scale.

distances amount to 3.163(6) and 3.489(6) A ([Au(Gly-L-His-
N,N’.N”)CIINO;) and 3.479(3) and 3.654(3) A ([Au(L-Ala-L-
His-N,N’,N”)CIINO;-2.5H,0). Some of these values are slightly
greater than the sum of the van der Waals radii of the two atoms
(3.41 A)." The Au--- Au separation within the chains/ladders
varies from 4.044(2) to 4.401(1) A. These chains/ladders extend
along the crystallographic direction with a unit translation of
about 7 A, as illustrated in Fig. 3. Interestingly, such motifs
are absent in the crystals of the chlorido complex [Au(Gly-L-
His-N,N’,N”)CI]|CI-3H,0,’ where the closest Au - - - Au separation
amounts to 6.453 A. We have performed a survey of the literature
via the Cambridge Crystallographic Data Base?® in a search for
this type of supramolecular motifs among various Au(1ir), Pd(ir)
and Pt(11) chlorido complexes. It turned out that in both crystal
forms of neutral [Pd(Gly-L-His-N,N’,N”)CI] complex'** the
ladder motif is not present, although in one of these structures,
i.e. [Pd(Gly-L-His-N,N’,N"")Cl]-0.5(CH;),CO™* discrete Pd--- Cl
dimers around two-fold axis, with a Pd - - - Cl distance of 3.439 A
are observed. These Pd - - - Clinteractions complement the square-
planar arrangement around Pd(i) into an elongated pyramid,
at variance with an elongated octahedron formed in the crystal
structures reported in this paper. The ladder motifs can be
observed in neutral complexes of the type [PdL,Cl,]. However,
the Pd--- Cl distances are relatively long, ranging from 3.559 to
3.764 A (the sum of the van der Waals radii of the two atoms
is equal to 3.38 A).” Contrasted with this is the presence of the
ladder motifs in various types of Au(iir) complexes, i.e. [AuL,CL]*,
[AuLCl;] as well as [AuCL]". The Au--- Cl distances range from
3.183 to 3.648 A, being, in majority of cases, shorter than the
analogous Pd - - - CI distances. Rather unexpectedly, we were not
able to find the analogous Pt - - - Clinteractions in any of the crystal
structures deposited in the CSD. This might be an indication
that Au--- Cl interactions, which complement the square-planar
arrangement of ligands around the metal centre into an elongated
octahedron and lead to the formation of ladder motifs, are
particularly favoured by Au(ii) cations (see for example ref. 24a—c)

although in some cases the steric bulk of the organic ligand might
shield the intermolecular Au- - - Au or Au- - - Cl contacts.?*

Formation of Au---Cl ladder motifs leads to this type of
packing in which the organic fragments are situated alternately
on both sides of the ladder (Fig. 3). The dipeptide units, having
their polar groups directed outwards, form hydrogen bonds with
counter-ions and water molecules situated in between the ligand
polar groups (the hydrogen-bond donor groups). The arrange-
ment of water molecules and nitrate anions in the investigated
crystal structures is illustrated in Fig. S1 in the ESI,T while the
hydrogen bond parameters are listed in Table S2. In all presented
crystal structures the imidazole NH group invariably acts as
a donor to one or two oxygen atoms from the nitrate group,
forming either two- or three-center N-H(imidazole) - - - O(nitrate)
hydrogen bonds, while the carboxylate groups donate their
protons either to the nitrate or water oxygen atoms. Except
for the amine---amide hydrogen bonds, which are present in
both crystal forms of [Au(Gly-L-His-N,N’,N”)CI]NO;, but not
in the crystal of [Au(L-Ala-L-His-N,N’,N”)CIINO;-2.5H,0, no
direct hydrogen bond linkage between complex cations is present:
the complex cations are H-bonded via either water or nitrate
molecules. Obviously, the hydrogen bonds to the nitrate groups are
mediated by electrostatic interactions. At variance, in two crystal
forms of neutral [Pd(Gly-L-His-N,N’,N"")Cl] complexes’®*** no
cation - - - anion interactions exist, so the molecules are directly
connected by a series of hydrogen bonds in which the amine
and carboxylate groups donate their protons to the amide and
carbonyl oxygen atoms of the neighbouring molecules or to the
coordinated chloride ion. In these crystals, the closest Pd---Pd
separation amounts to only 3.963 and 3.728 A in monoclinic®*
and trigonal™ forms, respectively.

Conclusions

It has been a primary objective of this work to synthesise and
spectrally as well as structurally characterize Au(iil) complexes

This journal is © The Royal Society of Chemistry 2010

Dalton Trans., 2010, 39, 8906-8913 | 8911


http://dx.doi.org/10.1039/C0DT00163E

Downloaded by University of Belgrade on 06 October 2010
Published on 20 August 2010 on http://pubs.rsc.org | doi:10.1039/CODT00163E

View Online

Fig. 3 The arrangement of Au-Cl dipoles (represented as balls
and sticks) in hydrated (a) and unhydrated (b) crystal forms of
[Au(Gly-L-His-N,N’,N”)CI]NO;, and in [Au(L-Ala-L-His-N,N’,N”)Cl]-
NO;-2.5H,0 crystal (¢). Such arrangement supplements the square-planar
coordination around Au(i) to an elongated octahedron by two more
distant chloride ions and leads to the formation of either chain (a) or
ladder motifs (b and c) held together by Au- - - Cl interactions. Hydrogen
atoms have been omitted for clarity.

with Gly-L-His and L-Ala-L-His dipeptides. The results of this
study confirm that deprotonated peptide groups are potential
coordinating sites for Au(111) in interactions of this metal ion with
proteins particularly in the presence of other coordinating groups
(‘anchors’) such as side chain donor atoms.

The most obvious difference with the previously reported metal
complexes of this type, is the incorporation of nitrate groups as
counter-ions into the crystal lattice. The nitrate salts display a
tendency to associate with apparently prevailing Au--- Cl inter-
actions throughout the crystal, a feature not generally observed
in chloride complexes of this type. The Au---Cl interactions
supplement the square-planar coordination around Au(1i) to an
elongated octahedron by two more distant chloride ions. Hence,

our investigations point out that the mode of association of Au(1ir)
dipeptide cations is dependent on the type of the counter-anion
and is substantially different than that of platinum(ir) and palla-
dium(11) analogues which are of neutral charge.” This indicates
that despite profound structural similarities, i.e. the preference
for square planar coordination and d® electronic configuration,
the supramolecular properties of Au(1r) peptide complexes differ
from those of Pt(i1) and Pd(11) complexes.

Another manifestation of this difference is that Au(i) com-
plexes display different "H NMR spectral properties than their
Pd(m) analogues. Important modifications are detected in the
characteristic '"H NMR chemical shifts in Pd(i1), while the
spectra of [Au(Gly-L-His-N,N’'N”)CI]NO;-1.25H,0 and [Au(L-
Ala-L-His-N,N’,N”)CI]NO,-2.5H,0 are almost unaffected.
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Abstract The 'H nuclear magnetic resonance spectroscopy
was applied to study the reaction of the dipeptide glycyl-D,
L-methionine (H-Gly-D,L-Met-OH) and its N-acetylated
derivative (Ac-Gly-D,L.-Met-OH) with hydrogen tetrachlor-
idoaurate(IlT) (H[AuCly]). The corresponding peptide and
[AuCl,] were reacted in 1:1, 2:1, and 3:1 molar ratios, and
all reactions were performed at pD 2.45 in 0.01 M DCI as
solvent and at 25°C. It was found that the first step of these
reactions is coordination of Au(Ill) to the thioether sulfur
atom with formation of the gold(Ill)-peptide complex
[AuCl3(R-Gly-Met-OH-S)] (R=H or Ac). This intermediate
gold(Ill) complex further reacts with an additional methi-
onine residue to generate the R-Gly-Met-OH chlorosulfo-
nium cation as the second intermediate product, which
readily undergoes hydrolysis to give the corresponding
sulfoxide. The oxidation of the methionine residue in the
reaction between H-Gly-D,L-Met-OH and [AuCly] was five
times faster (k,=0.363+0.074 M's™") in comparison to the
same process with N-acetylated derivative of this peptide
(k»=0.074+£0.007 M's™"). The difference in the oxidation
rates between these two peptides can be attributed to the
free terminal amino group of H-Gly-D,L-Met-OH dipeptide.
The mechanism of this redox process is discussed and, for
its clarification, the reaction of the H-Gly-D,L.-Met-OH
dipeptide with [AuCly]” was additionally investigated by
UV-Vis and cyclic voltammetry techniques. From these
measurements, it was shown that the [AuCl,] complex
under these experimental conditions has a strong tendency
to disproportionate, forming [AuCly] and metallic gold.
This study contributes to a better understanding of the
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mechanism of the Au(Ill)-induced oxidation of methionine
and methionine-containing peptides in relation to the severe
toxicity of anti-arthritic and anticancer gold-based drugs.

Keywords Glycyl-D,L-methionine - Gold(IIT)-induced
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Introduction

The clinical use of gold compounds, chrysotherapy, is an
accepted part of modern medicine [1-4]. Injectible gold(I)
thiolates, such as sodium aurothiomalate, aurothioglucose,
and aurothiopropanol sulfonate, and the oral drug auranofin
are used clinically against rheumatoid arthritis [1-4]. A
large number of gold(I) compounds have also been tested
for antitumor activity against various cancerous cell lines
[5-9]. A wide variety of phosphinegold(l) thiolates display
significant cytotoxicity in vitro [10, 11]. Gold(Ill) com-
plexes, isostructural and isoelectronic with platinum(II),
have also been evaluated as potential candidates for cancer
treatment. In comparison to Pt(Il) complexes, Au(II)
analogs are relatively unstable, light-sensitive [12], and
easily reducible, which makes them less effective [13] and
probably more toxic as metal-based drugs. However, in
recent years, new gold(Ill) compounds were synthesized,
characterized, and shown to have appreciable stability
under physiological conditions [14]. In order to enhance
the stability of the gold(IIT) center, polydentate ligands,
such as polyamines, cyclam, terpyridine, phenanthroline,
and dithiocarbamates, were used [13—16]. Some of these
gold(IT) complexes displayed in vitro cytotoxicity compa-
rable or even higher than cisplatin toward several human
tumor cell lines resistant to cisplatin [11, 16-22].
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The clinical application of gold complexes is limited
because of severe toxicity such as blood disorders and
kidney damage [23]. It was suggested that Au(Ill) produced
from Au(I) drugs might be responsible for the toxic side
effects encountered in chrysotherapy [20, 23-25]. Strong
oxidants, which can oxidize Au(I) to Au(Ill), are potentially
available in vivo in inflammatory situations [26, 27]. Anti-
arthritic gold(I) drugs can be oxidized to Au(Ill) by the
hypochlorite ion generated from H,O, and CI in the
presence of the enzyme myeloperoxidase, which is pro-
duced and released by phagocytic cells [27]. Au(IIl) is very
short-lived in the presence of different biomolecules
because it can rapidly oxidize them, thereby being reduced
to Au(l). It has been known for some time that Au(IIl) can
oxidize thiols to disulfides [28, 29], cleave the disulfide
bond of cystine to give the sulfonic acid [28-31], oxidize
dialkyl sulfides to sulfoxide [32], the sulfur atom of the
amino acid methionine stereospecifically to methionine-
sulfoxide [33-37], and can desulfonate thioamides [38].
The structural consequences of these reactions can play an
important role in the toxic side effects of gold-based drugs.

Previous kinetics studies of the reaction between
[AuCly] and amino acid L-methionine provide evidence
that this reaction occurred in two stages [34, 35]. Very fast
substitution of one chloride ion in [AuCl;]  complex by a
methionine molecule was followed by slow reduction of
this intermediate Au(IlI)-methionine complex with forma-
tion of the methionine-sulfoxide and Au(l) species as the
final products of this reaction. Although the oxidation of
amino acid methionine by Au(IIl) ion has been extensively
investigated, the mechanism of the redox process is not yet
completely understood. In order to gain more information
on the mechanism of methionine oxidation with gold(III)
ion in the present study, special attention was paid to the
identification of intermediate and final products for the
reactions of glycyl-D,L-methionine dipeptide and its N-
acetylated derivative with hydrogen tetrachloridoaurate(III).

Experimental

Materials

Tetrachloridoaurate(IIT) acid (H[AuCl,4] 3H,0), the dipeptide
glycyl-D,L-methionine (H-Gly-D,L-Met-OH), and deuterium
oxide (99.8 %) were obtained from the Sigma-Aldrich
Chemical Co. Hydrochloric acid and potassium chloride
were obtained from Zorka Pharma, Sabac. All the employed
chemicals were of analytical reagent grade, and doubly
distilled water was used throughout. The terminal amino
group in the H-Gly-D,L.-Met-OH dipeptide was acetylated by
a standard method [39].

@ Springer

"H NMR spectroscopy

All the 'H nuclear magnetic resonance (NMR) spectra were
recorded on a Varian Gemini 2000 spectrometer (200 MHz)
using 5-mm NMR tubes. Sodium trimethylsilylpropane-3-
sulfonate (TSP) was used as an internal reference. The 'H
NMR spectra were acquired using the WATERGATE
sequence for water suppression. Typical acquisition con-
ditions were as follows, 90° pulses, 24,000 data number
points, 4 s acquisition time, 1 s relaxation delay, collection
of 16128 transients, and final digital resolution of 0.18 Hz
per point. All the NMR spectra were processed using the
Varian VNMR software (version 6.1, revision C). The
chemical shifts are reported in parts per million (ppm).

The NMR samples were prepared in 0.01 M DCI in D,O
as solvent, and the total volume was 600 pl. Fresh solutions
of dipeptide and H[AuCl4] 3H,0 were prepared separately
and then mixed in different molar ratios (1:1, 2:1, and 3:1)
at room temperature. The initial concentration of H{AuCly]
was 20 mM. All rate constants were obtained from 'H
NMR measurements. The values of the rate constants for
the reactions between equimolar amounts of [AuCl,] and
R-Gly-D,L-Met-OH dipeptide (R=H or Ac) were determined
when the data from the reactions were fitted to a second-
order process [40] by plotting x/a,(a,—x) against ¢ (where a,
is the initial concentration of the R-Gly-D,L-Met-OH
dipeptide and x is the concentration of the corresponding
sulfoxide at time ¢).

UV-Vis spectrophotometry

The ultraviolet-visible (UV-Vis) spectra were recorded on a
Perkin Elmer Lambda 35 double-beam spectrophotometer
equipped with thermostated 1.00-cm quartz Suprasil cells.
Stock solutions of H[AuCl4]3H,O and dipeptide were
prepared directly before use in 0.01 M HCI (pH 2.00). H-
Gly-D,L.-Met-OH and H[AuCl,] were mixed in 1:1, 2:1, and
3:1 molar ratios, respectively, at room temperature, with the
concentration of H[AuCly] in the final solution being 5 x
10~ M. The kinetic measurements were made by repeti-
tively scanning the spectra at set time intervals over the
wavelength range 200-500 nm. Data were collected and
analyzed using Origin 6.1 and Microsoft Office Excel 2003
programs.

Voltammetric measurements by cyclic voltammetry

Cyclic voltammetric (CV) measurements were performed
with an Autolab potentiostat (PGSTAT 302 N). The
working electrode for the cyclic voltammetric measure-
ments was glassy carbon (GC) with 3 mm inner and
9 mm outer diameter of the PTFE sleeve. Prior to use,
the GC electrode was wet-polished on an Alpha A
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polishing cloth (Mark V Lab) with successively smaller
particles (0.3- and 0.05-um diameter) of alumina. The
electrode was washed twice with doubly distilled water
and then with the background electrolyte solution. The
washed electrode was then placed into a voltammetric
cell with supporting electrolyte solution. The reference
electrode was a saturated calomel electrode type 401
(Radiometer, Copenhagen), and the counter electrode was
a platinum wire.

Stock solutions of H{AuCl,]3H,0 and the dipeptide were
prepared just before use by dissolving H[AuCl;]3H,O and
H-Gly-D,L.-Met-OH in 0.01 M HCI, which were then diluted
with 0.01 M HCl to give the working solutions. The required
amount of the dipeptide and H[AuCly] were mixed in
different molar ratios (1:1, 2:1, and 3:1, respectively) with
the final concentration of H[AuCly] being 1.05 mM. The
supporting electrolyte used to perform the cyclic voltam-
metric experiments was 0.04 M NaCl at pH 2.00. The time
interval between two consecutive voltammograms was 30 s.
The measurements were realized in the background electro-
lyte (pH 2.00) at a scan rate of 0.070 Vs '. The conditions
were the following, Epeein=0.0 V, Ecq=1.5 V, and Egep=
0.003 V. All experiments were performed at room temper-
ature and repeated at least three times. The data were
collected and analyzed using the Origin 6.1 program.

pH measurements

All pH measurements were made at room temperature. The
pH meter (Iskra MA 5704) was calibrated with a Fischer-
certified buffer solution of pH 4.00. Reported pD values
were corrected for the deuterium isotopic effect by adding
0.45 units to the pH meter reading [41].

Results and discussion

The reactions between H-Gly-D,L-Met-OH or Ac-Gly-D,
L-Met-OH, and [AuCl,]” were studied by 'H NMR
spectroscopy, and in addition of this study, the reaction of
H-Gly-p,L.-Met-OH with [AuCl,]” was investigated by UV-
Vis and CV techniques. All reactions were performed at pD

2.45 in 0.01 M DCI (or pH 2.00 in 0.01 M HCI) as solvent
and at 25°C. Differences in the reactivity between these two
dipeptides were compared in order to investigate the
influence of the terminal amino group of glycine on the
rate of oxidation of the methionine residue. All reactions
were carried out in different molar ratios (peptide, gold(Ill)=
1:1,2:1, and 3:1, respectively), and for each case, the reaction
mixture was kept at pH 2.00 in order to suppress, or minimize,
hydrolysis of [AuCly]” anion that was reported to be
completed at pH 3.80 [42]. However, in our case, hydrolytic
products of [AuCly] followed by very fast reduction of gold
(IIT) to Au(0) appeared at pH>3.00.

The reaction of [AuCly]” with an equimolar amounts
of H-Gly-D,L.-Met-OH and Ac-Gly-D,L.-Met-OH dipeptides

When an equimolar amount of H[AuCl;]3H,O was
incubated with the corresponding R-Gly-D,L.-Met-OH di-
peptide (R=H or Ac) under the above-mentioned condi-
tions, three NMR detectable products were observed in
solution in the first 3 min of the reaction (Fig. 1). The time
dependence of the formation of the products in this reaction
is shown in Fig. 2. The major product obtained in a yield of
52% was H-Gly-Met-OH sulfoxide and 47% for Ac-Gly-
Met-OH sulfoxide (product 3; Fig. 1), formed by the
oxidation of the corresponding dipeptides with [AuCly,] .
The resonance at 2.71 ppm was assigned to the methyl
protons of product 3, which is in agreement with those
previously reported for [H-Gly-Met-OH sulfoxide] [AuCl,]
characterized by '"H NMR spectroscopy and X-ray
crystallography [37].

The other two products 1 and 2 in Fig. 1, observed in the
first 3 min of the reaction, were intermediate species.
Product 1 resulted from the coordination of Au(IIl) to the
thioether sulfur with formation of the gold(Ill)—peptide
complex [AuCl3(R-Gly-Met-OH-S)]. This intermediate
gold(Ill) complex further reacts with an additional methi-
onine residue to generate Au(I) complex and intermediate
species 2 which readily undergoes hydrolysis yielding to
the corresponding sulfoxide 3 as the final product in this
investigated reaction. The reaction pathway for the present
investigation reaction (see Fig. 1) is thus similar to that

H ? R N i R N i
R ~ “~
SN on W OH W OH
H
- o]
[AuCl,] —
R-GIy-D,L-Met-OH m» c|:| #» . o X
F: 2_5 o Cl—Au—S Au(l)-complexes /S\ /S\
l Cl CHs (6] CHs
] CHs 2 3
R =H or CH3CO (Ac) 1

Y

intermediate products

Fig. 1 Schematic presentation of the oxidation reaction of H-Gly-D,L.-Met-OH and Ac-Gly-D,L.-Met-OH in the presence of H[AuCly]
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Fig. 2 Parts of the 'H NMR a
spectra during the reaction of
H-Gly-D,L-Met-OH (a) and
Ac-Gly-p,L-Met-OH (b) with an
equimolar amount of H[AuCly]
as a function of time at pD 2.45
and at 25°C in 0.01 M DCI in
D-0 as solvent with TSP as the
internal standard. The
resonances at 2.89, 2.79, and
2.71 ppm are assigned for the
S—CHj; protons of the products
1, 2, and 3, respectively

.____JL ML—- 12 min

_.._J e m—-—JL— 60 min

I W

L_ 41 min

e

3

2
2 1
_}L__ MML____«, min —‘A—- —»/VMJL— 3 min

operative in the oxidation of organic sulfides with bromine,
resulting in the corresponding sulfoxides [43, 44]. Further-
more, the same reaction mechanism was suggested by
Natile et al. in the kinetic study of the reduction gold(IIT) to
gold(I) by dialkyl sulfides in aqueous methanol solution
[32]. The formations of products 1 and 2 are evident in the
'"H NMR spectrum from the chemical shifts of the
resonances at 2.89 and 2.79 ppm, due to the methyl protons
of the methionine residue (Fig. 2a, b). The signal at
2.89 ppm belongs to the product 1 while the upfield shifted
signal at 2.79 ppm was assigned to the —SCHj3 protons of
product 2. The concentration of each intermediate product
was calculated from the integral values of these two signals
and during the first 3 min of the reaction these products
were obtained in a yield of 28% (or 30%) for 1 and 20% (or
23%) for product 2 for H-Gly-D,L.-Met-OH and Ac-Gly-D,
L-Met-OH, respectively. The total amount of products 1 and
2 and the final product 3 was always equal to the initial
concentration of the dipeptide. The intensities of the signals
at 2.79 and 2.89 ppm decreased during time with their
complete disappearance after the subsequent 9 min for H-
Gly-p,L.-Met-OH and 57 min for Ac-Gly-D,L-Met-OH
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28 2.6 39 2.9 2.7
ppm ppm

(Fig. 2a, b). During this time, the intensity of the signal at
2.71 ppm for the methyl protons of product 3 was
enhanced, and finally, its concentration was equal to the
initial concentration of the corresponding dipeptide.

From above proton NMR results, it can be concluded
that at the stoichiometric amounts of the reactants, the
oxidation of the methionine residue in H-Gly-p,L-Met-OH
to its sulfoxide was five times faster (k,=0.363+0.074 M's™)
in comparison to the same process between the N-
acetylated derivative of this peptide and [AuCly] (k=
0.074+0.007 M's™"). The difference in the oxidation rates
between these two peptides can be attributed to the free
terminal amino group of H-Gly-pD,L-Met-OH dipeptide.
These results are in accordance with those previously
reported for the reaction of L-methionine with [AuCly],
where it was stated that the NH, group was involved in the
oxidation of this amino acid to its sulfoxide [34, 35].

The reaction of H-Gly-D,L-Met-OH with H[AuCl,]3H,0
was studied by UV-Vis spectrophotometric measurements
in 0.01 M HCI as solvent (pH 2.00) at 25°C; see Fig. 3. As
it can be seen from this figure, when an equimolar amount
of the peptide was added to a solution of [AuCl,], the
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Fig. 3 UV-Vis spectra recorded during the reaction of H{AuCl,] with
an equimolar amount of H-Gly-D,L.-Met-OH at pH 2.00 and at 25°C in
0.01 M HCI as solvent (1:0; 2:30; 3:60; 4:180; 5:720 s of reaction)

absorbance of two maxima at A=226 and A=313 nm
decreased during 12 min of the reaction, which indicates a
decreasing [AuCly]  concentration. After this time, no
change in the absorbance was observed, indicating that this
redox process was finished. The total amount of [AuCl,]”
consumed during this redox reaction was calculated from
differences in absorbance of the maximum at A=226 nm
before addition of the peptide and after 12 min of the
reaction. It was found that approximately 33% of [AuCl,]”
remained in solution after completion of this redox reaction.
Due to the fact that the oxidation of methionine residue in
the presence of gold(Ill) was undoubtedly confirmed as a
stoichiometric reaction [34, 35], obviously, the excess of
[AuCly] resulted from the disproportionation of [AuCl,]"
to Au(0) and [AuCly]. The disproportionation of the
aqueous Au(l) complex was extensively investigated in
literature, and the following reaction for decomposition of
this complex was proposed: 3[AuCl,] < 2Au(0) +
[AuCly] + 2CI" [45, 46]. 1t was found that the rate of this
reaction at room temperature was very slow in the early
stage of the reaction and then rapidly increased to values
that remained approximately constant with further reaction
progress (log K=7.4 at 25°C) [46, 47]. Furthermore, recent
crystallographic results for [H-Gly-Met-OH sulfoxi-
de]'[AuCl,]” obtained by oxidation of the corresponding
peptide in the presence of an equimolar amount of [AuCl,]~
additionally confirmed that disproportionation of [AuCl,]”
occurred under these circumstances [37].

The above '"H NMR and UV-Vis results for the reaction
of H-Gly-p,L-Met-OH with [AuCl,] revealed good agree-
ment with those obtained for CV measurements. The
survey cyclic voltammogram (Fig. 4a) of a 1.05 mM
solution of H[AuCl,] in 0.01 M HCI in the presence of
0.04 M NaCl as background electrolyte recorded at a GC
electrode displayed a distinct cathodic peak I at 0.32 V:
AuCl; +3e” — Au’ +4Cl™ [48]. The Au(Il)-Au(0) re-
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s I(UA)

0

0 4

404
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Fig. 4 a Cyclic voltammograms of H[AuCly] (solid line) and product
1 (dashed line) recorded in the first 30 s of the reaction; b Survey
cyclic voltammograms recorded during the progress of the reaction
between equimolar amounts of H-Gly-D,L-Met-OH and H[AuCly] of a
GC electrode, scan rate=0.070 Vs, Eep=0.003 V, pH 2.00, and
40 mM NaCl as background electrolyte. The vertical arrows indicate
the direction of a change in the peak currents during the course of the
reaction

duction was also evident from the presence of metallic gold
on the electrode surface. In the cyclic voltammogram, no
[AuCl,] complex could be detected due to the fact that the
chlorido ligand is not a m-acceptor which could stabilize
this complex [48]. On the reverse sweep, a definite
oxidation wave I' at 1.02 V was observed (Fig. 4a):
Au’ +4C1" — AuCl, +3e .

As a result of the formation of product 1 (see Fig. 1) in
the reaction between equimolar amounts of H-Gly-D,L-Met-
OH and H[AuCly], the characteristic peak I' was shifted
from 1.02 to 0.85 V (peak II', Fig. 4a). Furthermore, as a
consequence of the progress of this reaction, the current
response decreased with time in relation to characteristic
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anodic peak II', while the characteristic cathodic peak II
increased (at 0.35 V; Fig. 4b). The current enhancement of
the cathodic peak is purely dependent on the degree of
reduction of Au(lll) to Au(0). As can be also seen from
Fig. 4b, the reaction was finished after 12 min. This is
coupled with the fact that, after 12 min, there was no
change of the current response of the characteristic anodic
peak as well as the characteristic cathodic peak.

The reaction of [AuCly]” with an excess
of H-Gly-D,L.-Met-OH and Ac-Gly-D,L.-Met-OH dipeptides

The oxidation of the methionine residue in the presence of
[AuCly] was studied in an excess of the H-Gly-D,L-Met-
OH or the Ac-Gly-D,L.-Met-OH dipeptide. The [AuCl,] and
the corresponding peptide were mixed in 1:2 or 1:3 molar
ratio, respectively, and all reactions were performed under
the above-mentioned experimental conditions. The first "H
NMR spectrum ran in the first 3 min of reaction indicated
that the oxidation of the methionine residue was almost
over. The absence of resonances in the 'H NMR spectrum
at 2.89 and 2.79 ppm due to the methyl protons of the
intermediate products 1 and 2, respectively, (see Fig. 1)
indicates that the redox process with an excess of the H-
Gly-p,L.-Met-OH or Ac-Gly-D,L.-Met-OH dipeptide was
much faster than with equimolar amounts of [AuCl4] and
dipeptide. The amount of product 3 was calculated from the
intensity of the signal at 2.71 ppm in respect to the initial
concentration of the dipeptide, and the total amount of this
product was approximately 50% for the 1:2 and 33% for the
1:3 molar ratio for each sulfoxide. The singlets at 2.50 ppm

Fig. 5 Cyclic voltammograms
of product 1 recorded in the first
30 s of the reaction between
H[AuCl,] and H-Gly-D,L-Met-OH
in 1:1 (solid line), 1:2 (dotted
line), and 1:3 (dashed line) molar
ratios, respectively. The inserted
figure shows the dependence of
the peak current of the character-

120

I(uA)
I(uA) o

80

istic anodic peak of product 1 in 20+

relation to increasing

concentrations of peptide 40

-40

o
!

N
o
!

for H-Gly-p,L-Met-OH and at 2.56 ppm for Ac-Gly-D,
L-Met-OH were assigned to the methyl protons of these
two dipeptides both coordinated to Au(l) through the
methionine sulfur atom. These chemical shifts are consis-
tent with those previously reported for polynuclear Au(I)—
sulfur-type complexes [49]. When the reaction of [AuCly]”
with H-Gly-pD,L.-Met-OH was followed during time, the
signal at 2.50 ppm shifted to a higher field, from 2.50 to
2.11 ppm. It can be assumed that this shifting was caused
by the replacement of H-Gly-D,L.-Met-OH in the polynu-
clear {[Au(H-Gly-Met-OH-S),]},, complex with chloride
ion, resulting after 6 h in the formation of free dipeptide
(signal at 2.11 ppm). These results are in accordance with
those previously reported of the relatively strong affinity
of Au(I) for sulfur-containing ligands, such as thiols,
thiolates, and sulfides, and also of the lability of Au(I)—
sulfur bound species in solution [50]. However, in the
reaction between Ac-Gly-D,L-Met-OH and [AuCl,]” under
the above-mentioned conditions, the chemical shifts of the
resonance at 2.56 ppm due to the methyl protons of the
polynuclear {[Au(Ac-Gly-Met-OH-S),]},, complex did not
change during 6 days of reaction. The consistent value for
the chemical shifts of these protons can be explained by
the higher stability of the polynuclear {[Au(Ac-Gly-Met-
OH-S),]}, complex with respect to that obtained in the
reaction of the non-acetylated dipeptide with a free
terminal amino group. These results are in accordance
with those previously reported by Sadler et al. [36] that the
stability of Au(I)-methionine species is dependent on the
availability of free NH, groups, which catalyze their
disproportionation.

1 2 3
molar ratio (peptide/H[AuCl,])
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The reaction of [AuCl,]” with excess of H-Gly-D,L-Met-
OH was also investigated under the above-mentioned
experimental conditions by UV-Vis and CV measurements.
Very fast change in absorbance of [AuCly] with no
presence of this anion in the UV-Vis spectrum was
observed at the end of these reactions. These findings are
in accordance to the fact that the color of the solution had
finally changed from yellow to colorless. Also, the current
response of the anodic peak also decreased rapidly under
these circumstances (see Fig. 5).

Concluding remarks

From the present investigation of the reactions of H{AuCl,]
with H-Gly-D,L.-Met-OH and its N-acetyl derivative Ac-
Gly-D,L-Met-OH, at pD 2.45 in 0.01 M DCI (or pH 2.00 in
0.01 M HCI) and at 25°C, the following conclusions can be
drawn. The gold(Ill)-induced oxidation of the methionine
residue in these peptides to the corresponding sulfoxides
proceeded in two steps. The first step of this reaction is
very fast coordination of Au(IIl) to the thioether sulfur with
formation of the gold(Ill)—peptide complex [AuCl;(R-Gly-
Met-OH-S)] (R=H or Ac). This gold(Ill) complex further
reacts with an additional methionine residue to generate the
R-Gly-Met-OH chlorosulfonium cation as the second interme-
diate product, which readily undergoes hydrolysis to give the
corresponding sulfoxide. The [AuCl,] complex formed in the
reaction with equimolar amounts of reactants showed a strong
tendency to disproportionate to [AuCl,] and metallic gold as
the final products of this redox process. However, in the
presence of excess of the dipeptide, the resulting polynuclear
H-Gly-p,L.-Met-S-Au(I) and Ac-Gly-D,L.-Met-S-Au(I) com-
plexes showed themselves to be quite stable products. The
finding that the oxidation of the methionine residue in Ac-
Gly-D,L.-Met-OH to its sulfoxide was five times slower than
that in the non-protected H-Gly-D,L.-Met-OH dipeptide
undoubtedly confirmed that the terminal amino group of the
methionine-containing peptide had an evident influence on
the acceleration of this redox process.

The results from this study together with those obtained
in previous studies [33-37] show that gold(Ill)-induced
oxidation of methionine, methionine-containing peptides,
and proteins may be important in relation to the severe
toxicity of gold-based drugs. Based on the above-
mentioned hypotheses, studies aimed at investigating the
interactions of gold(Ill) complexes with sulfur-containing
peptides can be of great importance for the medical
application of gold-based drugs.
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The present review article highlights recent findings in the field of gold(i) complexes with amino acids,
peptides and proteins. The first section of this article provides an overview of the gold(i) reactions with
amino acids, such as glycine, alanine, histidine, cysteine and methionine. The second part of the review is
mainly focused on the results achieved in the mechanistic studies of the reactions between gold(in) and
different peptides and structural characterization of gold(i)—peptide complexes as the final products in
these reactions. The last section of this article deals with the reactions of gold(ir) complexes with proteins
as primary targets for cytotoxic gold compounds. Systematic summaries of these results contribute to the
future development of gold(i1) complexes as potential antitumor agents and also have importance in

relation to the severe toxicity of gold-based drugs.

Introduction

After the great success of cisplatin in cancer treatment,' > special
attention was devoted to evaluation of gold(ir) complexes as
potential antitumor agents*> due to the fact that both Pt(ir) and
Au(im) ions possess the same d® electronic configuration and
preferentially form square-planar complexes. In contrast to
platinum(ir) complexes, gold(in) analogues are not stable enough
under physiological conditions because of their high reduction
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potential and fast rate of hydrolysis.® However, in recent years, a
large number of gold(im) complexes, in which the reduction
potential of the metal center was lowered by the use of polyden-
tate ligands, have been reported to be appreciably stable under
physiological conditions and to manifest very promising anti-
tumor activity against different human tumor cell lines, both
in vitro and in vivo.®*°

The possible involvement of gold(m) complexes in cancer
treatment initiated an interest in the area of gold(in) interactions
with different biologically important ligands such as amino acids
and peptides. It was previously well established that amino acids
and peptides are good chelating ligands being able to coordinate
various metal ions.>'? The naturally occurring amino acids
have two common metal binding sites, amino nitrogen and car-
boxylate oxygen atoms and tend to form stable five-membered
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chelates with different metal ions. Also, different metal binding
sites are present in the side chain residues of amino acids such as
imidazole nitrogen atoms in L-histidine or thiolate and thioether
sulfur atoms in L-cysteine and L-methionine, respectively. In the
case of peptides, terminal amino nitrogen and carboxylate
oxygen are too far from each other to coordinate to the same
metal ion in the form of a stable chelate ring.**> Consequently, in
the reactions of metal ions with peptides, the formation of stable
complexes usually proceeds through the involvement of the
nitrogen atom of the amide bond(s).?? % However, coordination
of a given peptide to a metal ion requires deprotonation of the
NH group of the peptide bond. Only a few metal ions are
capable to induce deprotonation and subsequent coordination to
the amide nitrogen with different pK, values measured for this
process.”’34 Also, the formation of the bond between corre-
sponding metal ions and deprotonated amide nitrogen requires
the presence of a primary ligating or anchoring group.** Among
the nitrogen donors, the terminal amino group and the imidazole
nitrogen atoms of the histidyl residues play a crucial role in the
promotion of amide binding.*

The mechanism of the reactions of different metal ions with
amino acids and peptides as well as the structural characteriz-
ation of the metal complexes formed in these reactions have
been investigated in detail and published in numerous papers
and reviews. Herein we report an overview of the findings in the
field of the reactions of gold(nr) with amino acids, peptides and
proteins. The review focuses on results obtained in our labora-
tories, and on related work in other groups. To the best of our
knowledge this is the first systematic presentation of the results
achieved in this subject.

Reactions of gold(ir) complexes with amino acids
Glycine and L-alanine

The NMR study of the oxidation pathway of amino acids glycine
(Gly) and L-alanine (L-Ala) induced by gold(ir) was reported by
Sadler et al**?® The reactions between tetrachloridoaurate(ur),
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[AuCly]”, and these two amino acids in a 1:2 molar ratio,
respectively, were investigated in acidic solution at pH 2.44 for
glycine and pH 2.90 for rL-alanine at room temperature. The
identification of the intermediates and final products in these
reactions was done by using '>C and '°N isotopically-labelled
amino acids and multinuclear NMR techniques (‘H, 2D ['H,'H]
COSY, 2D ['H,'>N] HSQC-TOSCY, '"*C-{'H} DEPT, 2D
['H,'*C] HSQC NMR). It was found that Au(i) induced deami-
nation and subsequent decarboxylation of both amino acids with
the same reaction mechanism.*>>*® The proposed mechanism for
gold(m)-induced oxidation of glycine and r-alanine is shown in
Fig. 1. In the initial stage of these reactions, a mononuclear
[AuCl;(X-N)] (X = Gly or r-Ala) complex was formed upon
coordination of the amino nitrogen atom to gold(ur). This inter-
mediate product can undergo chelation to form a stable and
unreactive [Au(X-N,0)Cl,] complex or can give rise to an
unstable Au(1)—imine intermediate through a two-electron trans-
fer process from the amino group to the Au(i) ion. The Au(i)—
imine product readily undergoes hydrolysis to give glyoxylic
(from glycine) or pyruvic acid (from vr-alanine) with concomi-
tant formation of NH," and Au(0). Glyoxylic and pyruvic acid
undergoes oxidative decarboxylation in further reactions with
[AuCly]” giving formic and acetic acid, respectively, carbon
dioxide and Au(0).

The kinetics of the oxidation of glycine and r-alanine by the
complex [AuCly]” was studied spectrophotometrically under
pseudo-first-order conditions in acetate buffer medium in the pH
range 3.73-4.77.°7% Under these experimental conditions,
[AuCly]” and [AuCIl3(OH)]™ were the predominant oxidizing
species. It was found that the increase in H' and C1~ concen-
trations had an inhibiting effect on the rate of reaction due to the
fact that the concentration of more reactive oxidizing species,
[AuCI3(OH)]™, decreased in that case. Gold(in)-induced oxi-
dation of glycine was faster than the oxidation of r-alanine and
this difference in the oxidation rates was attributed to the steric
hindrance of the methyl group of L-alanine.

In conclusion it can be stated that the reactions of glycine and
L-alanine with [AuCl,]™ primarily proceed through oxidation of
these two amino acids. However, in the reactions of H[AuCly]
and quinoline derivatives containing one of these two amino
acids, such as HQuingly and HQuinala, two very stable
[Au(Quingly)CI]C1 and [Au(Quinala)Cl]Cl complexes were
obtained.*® The crystal structures of the cations of these com-
plexes (Fig. 2) showed tridentate coordination of both ligands to
the Au(in) ion.***' These complexes were tested against a series
of tumor cell lines including B16-BL6, P388, HL-60, A-549 and
BEL-7402. The obtained data showed that [Au(Quinala)CI]Cl
was active against B16-BL6 with an inhibition rate of 67.52% at
a concentration of 10~ mol dm™. In the reactions between
Quingly— and Quinala—Au(i) complexes and calf thymus (CT)
DNA the same intercalation effect was observed, while in the
reaction between the latter complex and 5'-GMP (guanosine-5'-
monophosphate) an adduct was detected by electrospray mass
spectrometry (ESMS).

L-Histidine

Amino acid r-histidine (L-His) is probably the most important
metal binding site in biological systems, since it is found in the
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Fig. 1 The proposed mechanism for the oxidation of amino acids glycine and L-alanine induced by gold(in) in acidic solution.

(a) (b)

Fig. 2 Ball and stick representation of [Au(Quingly)Cl]" (a) and
[Au(Quinala)CI]" (b) cations in the crystals of [Au(Quingly)CI]CI and
[Au(Quinala)CI]Cl, respectively.’® Hydrogen atoms have been omitted
for clarity and atomic coordinates were taken from CSD.*® This figure as
well as Fig. 6-11 were drawn using the Mercury program.*!

active centers of many enzymes.*** The structure of the L-histi-
dine-metal complexes depends on the properties of the corre-
sponding ion as well as on the solution pH. The complex
formation in the reaction between equimolar amounts of
H[AuCl] and vr-histidine monohydrochloride was studied by
Cuadrado ef al. in aqueous solution at room temperature.**
NMR ('H, '*C) and IR spectroscopy, capillary electrophoresis
(CE), capillary electrophoresis-inductively coupled plasma-
mass (CE-ICP-MS), X-ray fluorescence spectroscopy (XRF),
matrix-assisted laser desorption/ionization (MALDI) and laser

o)

glyoxylic or
pyruvic acid

l H[AUCI,]

O

N

Au(0) + CO, + R OH

formic or
acetic acid

35.36

desorption mass spectroscopy (LDMS) were used in order to
determine the structure of the r-histidine—Au(i) complex. On
the basis of the results obtained by a multi-instrumental
approach, it was found that two r-histidine molecules were
coordinated bidentatedly to Au(in) through the amino and N3
imidazole nitrogen atoms (Fig. 3). The formation of the
[Au(L-His—N,N'),]Cl; complex was a kinetically slow process
under the above-mentioned experimental conditions with its
maximal concentration after 2 h of mixing of the reactants. The
complex started to precipitate after 3 h of reaction as a conse-
quence of the deprotonation of the free carboxyl group, resulting
in an increase of the solution acidity.**

The kinetics of the oxidation of r-histidine induced by
[AuCly]™ were investigated in perchloric acid solution by apply-
ing UV-Vis spectrophotometry and B-imidazolyl-pyruvic acid
was identified as the final product of this reaction (Fig. 3).* It
was found that the first-order rate constant of this reaction (kyps =
110 M~" s7" at 27 °C) decreased with increasing H" and CI~
concentrations.

"H and '*C NMR spectroscopy was used to study the reaction
of the [Au(en)Cl1,]Cl complex (en is diaminoethane) with L-histi-
dine at pD range 1.60-10.40.*° It was found that the rate and
course of this reaction strongly depend on the solution pD value.
At pD 1.60, binding of L-histidine to the complex [Au(en)Cl,]"
starts immediately after mixing of the reactants, while the equili-
brium mixture of 2-oxo-L-histidine and 2-hydroxy-L-histidine

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 The course of the reaction between L-histidine and H{AuCl,] in the presence of HCI (complex formation) and in HC1O,4 (redox process).

formed by the oxidation of rL-histidine was identified in NMR
spectrum after a reaction duration of 1 h. It was concluded that
the L-histidine was coordinated to Au(in) through the amino and
imidazole N3 nitrogen atoms forming the [Au(en)(L-His-N,N')]**
complex (Fig. 4). At higher pD values, a faster oxidation of
L-histidine along with reduction of Au(i) to Au(0) occurred and
the complete reaction mixture was immediately dark due to
elemental gold. The results from the reactions of [Au(L)Cl,]"
type complexes (L is a different bidentate coordinated diamine
ligand) with L-histidine showed that the rate of the reactions
increased in the following order en < 1,3-pn (1,3-diaminopro-
pane) < 1,4-bn (1,4-diaminobutane).*® Moreover, a first-order
rate constant for the reaction of [Au(en)Cl,]" and vL-histidine,
kops = 39 =3 M™! s71, was determined at pH 2.90 and 25 °C by
using UV-Vis spectrophotometry, and it was found to be
approximately three times lower than that for the reaction of this
amino acid with [AuCl,]".*° The large difference in kuys was
attributed to the availability of more exchangeable chlorido
ligands in H{AuCl4] than in the [Au(en)Cl,]" complex with one
side blocked by en ligand.*®

Bugarcic¢ et al. investigated the substitution reactions of the
[Au(en)Cl,]" and [Au(SMC-S,N)Cl,] (SMC is S-methyl-L-
cysteine) complexes with r-histidine and other biologically
important nitrogen bonding nucleophiles such as inosine (Ino),
inosine-5"-monophosphate (5'-IMP) and guanosine-5'-mono-
phosphate (5'-GMP).*” All reactions were studied at physiologi-
cal pH 7.20 in 25 mM Hepes with the presence of 10 mM NaCl
using a stopped-flow technique. It was found that the N3

O

OH + Au(l) + NH,*

N\/NH

f-imidazolyl-pyruvic acid

44,45

nitrogen atom of r-histidine was the best nucleophile for the
[Au(en)Cl,]" complex as a consequence of its steric and elec-
tronic properties.

L-Cysteine and L-methionine

After discovery of the antiarthritic properties of gold(1) thiolates,
there has been an increasing interest in the interactions between
gold(m) complexes and sulfur-containing amino acids, namely
L-cysteine (L-Cys) and L-methionine (L-Met). These interactions
are thought to be responsible for the toxic-side effects encoun-
tered in chrysotherapy such as nephrotoxicity.

L-Cysteine

It was found that the thiol-containing amino acid L-cysteine
reduced gold(im) in aqueous solution.*®*° Cystine was found to
be the major oxidation product in this reaction (see Fig. 5), with
Au(in) being reduced to Au() which can be stabilized with
excess L-cysteine. Disulfide cystine was capable of reducing
Au() to elemental Au(0) while being itself oxidized to cysteic
acid.’™>' Furthermore, cystine was found to be a better reducing
agent than L-cysteine as a consequence of the ability of
amino acid L-cysteine to stabilize gold(1) complex and remove
it from solution.> Thus, in the reaction of L-cysteine and
potassium-tetrabromidoaurate(i), K[AuBry4] in a 1 : 3 molar ratio
in acidic solution, L-cysteinatogold(1) complex was isolated and
characterized.>?
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Fig. 4 Two time dependent reaction pathways of amino acid -histidine with [Au(en)Cl,]" at pD 1.60 and at 25 °C.*¢

OH H,N

Au(lll) - Au(l)

L-cysteine

Fig. 5 Schematic presentation of the oxidation of L-cysteine and its disulfide induced by gold(im).

The reaction of [Au(CN),]~ with L-cysteine in different molar
ratios was followed by using NMR ('H, '*C) and UV-Vis tech-
niques at pH 7.40 and 25 °C.>* When the reaction of this
gold(m) complex and amino acid was performed in a 2:1 and
1:1 molar ratio, respectively, very fast substitution of one
cyanido ligand with formation of a [Au(L-Cys—S)(CN);]~
complex was observed. In the next stage, the reaction between
two monosubstituted intermediates proceeded through reductive
elimination of cystine with concomitant formation of hexa-
cyanidodiaurate(i), [Auy(CN)¢]>~ that disproportionates to
[Au(CN),]~ and [Au(CN)4]". When the reaction of [Au(CN)4]™
and L-cysteine was followed in a 1:2 molar ratio,
respectively, two possible geometric isomers (cis- and trans-) of
[Au(L-Cys—S),(CN),]~ complex were formed. However, only the
cis-[Au(L-Cys—S),(CN),]” isomer underwent reductive elimi-
nation of cystine, along with gold(mr) reduction to [Au(CN),]~.>*

The UV-Vis studies of the reaction between L-cysteine and
diaqua(bis(pyrazol-1-yl)acetatogold() chloride in pH range of

cystine

H2N

III Au(0 -
u(0) S0;

cysteic acid

48-51

2.92-3.72 showed that this reaction proceeded in two steps,
involving the substitution of the aqua ligands with amino acid
and subsequent reduction to gold(1).>* The second-order rate
constant for reduction of this gold(i) complex in the presence of
L-cysteine was found to be 1.0 M~" s™! at 25 °C.

L-Methionine

The mechanism of the redox reaction between [AuCly]” and the
amino acid L-methionine was studied by UV-Vis spectropho-
tometry, thermal analysis, NMR, IR and FT-IR spectroscopy in
acidic solution.” >’ It was found that this reaction occurred in
two stages. Initially, the very fast substitution of one chloride ion
by a L-methionine molecule with formation of the short lived
Au(in)-methionine complex was observed. Additionally, it was
confirmed that the amino group of methionine was involved in
this process even at pH below 2.00.>7 The rate constant for
the first stage of this reaction determined by applying a stopped-
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flow technique was found to be 983 £ 2 M~' s™" at 21 °C.%" The
second stage of this reaction was reduction of the intermediate
Au(i)—methionine complex with formation of methionine sulf-
oxide and a Au(1) complex as the final products. The UV-Vis
results implied that a second L-methionine was required in order
to promote the reduction of the Au(ur)-methionine complex.>>>’
The most plausible mechanism for the reduction step is an atom-
transfer process in which a chlorine atom is transferred from
gold(m) to the thioether sulfur atom of methionine, accompany-
ing by the cleavage of the terminal Au(m)-Cl bond.’® These
simultaneous processes lead to the formation of L-Met chlorosul-
fonium cation which undergoes hydrolysis to give methionine
sulfoxide as the final product of the reaction.’® The rate constant
for the second stage of the investigated reaction was found to be
115 + 0.6 M™' s7! at 21 °C.>7 Furthermore, Natile et al.
reported that the oxidation of rL-methionine was stereospecific
with complete transformation of this amino acid to the corre-
sponding L-methionine-S-sulfoxide.>®

However, the absence of the reaction between [Au(CN),]~
and L-methionine in different molar ratios at pD values 7.00 and
12.00 was confirmed by applying '"H and '*C NMR spec-
troscopy.”® Non-reactivity of the [Au(CN)4]~ complex toward
L-methionine was explained as a consequence of the presence of
a strong Au(m)—CN bond which stabilized this complex.>

Reactions of gold(i1) complexes with peptides
Peptides containing no heteroatom in the side chain

The reactions between two dipeptides, glycyl-glycine (Gly—Gly)
and glycyl-L-alanine (Gly—i-Ala) and H[AuCl,] were studied
at pH 2.00 and 3.00 at 40 °C by "H NMR spectroscopy.”® The
final products in these reactions, [Au(Gly—Gly—N,N',O)CI] and
[Au(Gly-L-Ala—N,N',0)C1] complexes, were identified and
characterized by 'H and '*C NMR spectroscopy. Proton NMR
chemical shifts (6, ppm) for Gly—Gly and Gly-L-Ala dipeptides
and corresponding Au(ir) complexes are shown in Table 1. From
NMR data it was concluded that both dipeptides are tridentate
coordinated to Au(ur) ion through the nitrogen atom of the term-
inal amino group, the deprotonated peptide nitrogen and the
oxygen atom of carboxyl group. The fourth coordination place
in these square-planar complexes was occupied by the chloride
jon. As a result of tridentate coordination, all 'H NMR reson-
ances for the gold(m)—peptide complexes are shifted downfield
with respect to those for the free dipeptides.®® It was stated
that coordination of Gly—Gly and Gly-L-Ala dipeptides to
Au(m) was a slow process strongly dependent on pH. The
[Au(Gly—-Gly—-N,N',O)C1] complex formation was two times
faster (k, = (1.63 £ 0.07) x 10~ M~ s7") than [Au(Gly—L-Ala—
NN, 0)Cl] (ky = (0.71 + 0.06) x 1077 M~! s!). Difference in
the reactivity between these two peptides was attributed to the
steric hindrance of the methyl group of L-alanine. However, the
reactions of [AuCly]” with Gly-Gly and Gly-L-Ala were one
hundred times slower than with glycyl-L-histidine (Gly-L-His)
(kr = (124.00 + 0.30) x 107" M~' s71).5°

The coordination mode of glycyl-containing homopeptides,
from dipeptide to hexapeptide, to Au(in) was reported both in
solution and in solid-state by Koleva et al.° The coordination
modes of these peptides to Au(ir) was clarified by comparison

of IR, NMR and UV-Vis spectra of the free peptides and corre-
sponding Au(i) complexes. It was found that in the case of tri-
peptide the Au(um) ion was bound through the amino, two
amidate nitrogens and carboxylate oxygen atom, while tetra,
penta and hexapeptides acted as tetradentate ligands coordinating
through the terminal amino group and three deprotonated
peptide nitrogen atoms. The geometries of these complexes were
predicted by quantum chemical calculation and for all cases dis-
tortion of the flat square configuration was obtained with devi-
ation of the planarity varying from 0.8-2.4°.

The complex formation in the reactions between L-alanine-
containing peptides, Gly-i1-Ala and Gly-1-Ala—L-Ala with
H[AuCl,] at pH 4.00 in aqueous solution was investigated using
linear-dichroic infrared (IR-LD), NMR and mass spectroscopy as
well as quantum chemical calculations.®' It was shown that the
Au(in) ion was capable of displacing the amide proton of the
peptide bond of these two peptides under the above-mentioned
experimental conditions. The obtained results indicated
tridentate coordination for Gly-1-Ala and tetradentate for
Gly—1-Ala—-Ala with formation of [Au(Gly-L-Ala—N,N',0)Cl]
and [Au(Gly-L-Ala-L-Ala—N,N',N",0)]2H,O  complexes,
respectively.

Summing up, it can be stated that the Au(in) ion is capable of
deprotonating the amide nitrogen in the reactions with peptides
containing no heteroatom in the side chain in the pH range
2.00—4.00. A similar pH range for amide deprotonation was also
observed in the reaction for this type of peptides with Pd(i)
ion.>* However, displacement of the amide proton in the reac-
tions between these peptides and Cu(ir), Ni(1) and Co(i) ions
occurred at higher pH values. Thus, the pK, value measured for
this process induced by Cu(ir) was around 4.00,>* while with
Ni(n) (pK, ~ 8.00) and Co(n1) (pK, ~ 10.00) these values were
much higher.”

The monofunctional gold(i) complex, [Au(dien)CI1]Cl, (dien
is tridentate coordinated diethylenetriamine) has proved to be
very useful as a probe for gold(in) binding sites on different bio-
logical molecules such as peptides and proteins. Thus, NMR
study of the binding of Gly—Gly—Gly peptide to [Au(dien)CI]Cl,
complex showed that the terminal amino group of this tripeptide
was the only gold(m) binding site at pH > 5.00.%% In this study
no evidence was found for the involvement of the carboxyl
group or for deprotonation of the amide nitrogen atom in the pH
range 2.00-10.00.

L-Histidine-containing peptides

Amino acid r-histidine-containing dipeptide, glycyl-L-histidine
(Gly—1-His) was used for synthesis and structural characteriz-
ation of the corresponding Au(in) complex.®® The crystal struc-
ture of [Au(Gly-L-His—N,N',N")CI]CI-:3H,O showed square-
planar geometry of this complex, with the Au(ur) ion coordinated
through the nitrogen atom of the terminal amino group of
glycine, the deprotonated peptide nitrogen, the imidazole N3
nitrogen and the chloride ion in the fourth coordination place
(Fig. 6). Selected crystallographic data, bond lengths (A) and
angles (°) for this complex are shown in Tables 2 and 3.
Au-N(amino) and Au-N3 imidazole bond lengths (2.002(9)
and 1.991(8) A, respectively) are similar and slightly longer than
the Au-N(amide) bond (1.94(1) A) (Table 3).%
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Table 1 Proton NMR chemical shifts (8, ppm) for some peptides and corresponding Au(m)—peptide complexes in D,0O as solvent with TSP (sodium

3-(trimethylsilyl)propionate) as the internal standard

Imidazole protons

Peptide/complex C2H

CSH Chemical shifts of other protons

Gly-Gly**®
[Au(Gly-Gly-N,N",0)C1]“>

Gly-L-Ala®*
[Au(Gly-L-Ala—N,N',0)C1]*>°

Gly-L-His"% 8.62

[Au(Gly—L-His—N,N’,N")CIINO5-1.25H,0%%° 8.56

L-Ala—L-His®® 8.64
8.56

[Au(L-Ala—L-His—N,N',N")CI]NO5-2.5H,0%%°

Gly-Gly-L-His"”"° 8.20

[Au(Gly-Gly-L-His—N,N’,N",N"")]CI-H,0""°

8.26

Gly-b,L-Met®"®

[HGly-Met sulfoxide] TAuCly]~ “"°

3.89 (Gly1CHy,)
4.07 (Gly2CH,)
3.96 (Gly1CH,)
4.26 (Gly2CH,)
3.84 (GlyCH,)
4.08 (AlaoCH)
1.40 (AlaBCH;)
3.90 (GlyCH,)
4.15 (AlaoaCH)
1.44 (AlaBCH;)
7.31 3.83 (GlyCH,)
4.63 (HisaCH)
3.35 (HisBCH)
3.21 (Hisp'CH), Jap = 15.60 Hz
7.31 4.06 (GlyCH)
3.96 (GlyCH'), Jap = 20.00 Hz
4.69 (HisaCH)
3.60 (HisBCH)
3.11 (Hisp'CH), Jap = 15.90 Hz
4.08 (AlaoCH)
1.53 (AlaBCH;)
4.64 (Hisa.CH)
3.40 (HispCH)
3.24 (Hisp'CH), Jap = 15.70 Hz
7.31 4.15 (AlaoaCH)
1.56 (AlaBCH;)
4.66 (HisoaCH)
3.58 (HisBCH)
3.10 (Hisp'CH), Jap = 16.10 Hz
7.11 3.86 (Gly1CH,)
3.98 (Gly2CH)
3.98 (Gly2CH'), Jap = 17.20 Hz*
4.49¢ (HisoCH)
3.21¢ (HisBCH)
3.067 (Hisp'CH), Jog = 15.40 Hz
4.15 (Glyl1CH,)
4.31 (Gly2CH)
4.25 (Gly2CH'), Jop = 17.80 Hz°
4.52 (HisoCH)
3.51 (HisBCH)
2.98 (Hisp'CH), Jap = 15.80 Hz
3.89 (GlyCH,)
2.11 (MetSCH;)
2.18 (MetpCH,)
2.60 (MetyCH,)
3.91 (GlyCH,)
2.71 (MetSCHz)
2.40 (MetpCH,)
3.00 (MetyCH,)

7.34

7.25

“pH = 2.00. ? pH = 7.00.  Proton NMR coupling constants in Gly—Gly—L-His (in 90% H,O — 10% D,0, pH = 3.10) and [Au(Gly—-Gly—L-His—N, N,
N",N")]CI'H,O (in D,O, pH = 3.10). “ Mean chemical shift value of splitting pattern.

When the yellow crystals of [Au(Gly—-His—N,N',N")C1]CI-:3H,0
were dissolved in water and the pH was adjusted to 6.00-7.00,
reddish-brown, transparent crystals of cyclic tetramer
[Au(Gly-L-His—N,N',N",N"")]4-10H,O were obtained.®> In this
tetrameric complex each Au(in) ion is coordinated by three nitro-
gen atoms as in a monomeric complex (amino, amidate and N3
imidazole nitrogens), and in addition to the N1 nitrogen of the
deprotonated imidazole ring (Fig. 7a). Thus, the imidazole acts
as a bridging ligand between two Au(in) ions. The crystal struc-
ture of [Au(Gly—L-His—N,N".,N"",N"")]4-10H,O (Fig. 7b) shows

that each of four Au(m) ions in this cyclic tetramer is situated at
the vertices of a distorted tetrahedron with four donor nitrogen
atoms in an approximately —square-planar arrangement.®
The Au—N(amide) bond length in the cyclic tetramer complex
(1.995(8) A) is longer than the corresponding bond in the
[Au(Gly—L-His—N,N',N")CI]CI-3H,0 complex (1.94(1) A)
(Table 3) that has been interpreted as an illustration of the greater
trans influence of the deprotonated imidazole nitrogen than that
of the chlorido ligand. The formation of the cyclic tetramer at
pH 6.00-7.00 makes the [Au(Gly-L-His—N,N',N'")C1]CI-3H,O
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Fig. 6 Ball and stick representation of [Au(Gly-L-His—N,N',N")C1]"
cation present in the crystals of [Au(Gly—L-His—N,N,N")C1]CI-3H,0.%®
Hydrogen atoms have been omitted for clarity and atomic coordinates
were taken from CSD.*

complex different from the Gly—-His complexes of Cu(ir), Ni(ir)
and Pd(i1) which undergo association into tetrameric structures in
alkaline solution (pH 9.00-10.00).%

The solution behavior under physiological conditions, the
cytotoxic activity and the DNA binding properties of the
[Au(Gly—L-His—N,N',N")CI]CI-3H,0 complex were reported by
Messori et al.** Circular dichroism, '"H NMR and UV-Vis spec-
troscopy showed that tridentate coordination of the Gly—i-His
dipeptide stabilized the Au(i) oxidation state and prevented its
reduction to Au(1) or Au(0) under physiological conditions. The
cytotoxic properties of the [Au(Gly—L-His—N,N',N'"")C1]CI-3H,0
complex were evaluated toward the reference tumor cell line
A2780 (human ovarian carcinoma) both sensitive (A2780/S)
and resistant (A2780/R) to cisplatin.64 It was shown that this
complex exhibited significant cytotoxic activity towards the
A2780/S cell line (ICsp = 5.2 = 1.63 uM), only slightly smaller
than the equimolar amount of cisplatin (ICso = 1.6 = 0.58 uM).
Also, the [Au(Gly-L-His—N,N',N")C1]CI-3H,0 complex retains a
relevant cytotoxicity on the A2780/R cell line (ICso = 8.5 +
2.3 uM) with a resistance factor of only 1.6 (in comparison with
a value of 10 found for cisplatin). The observed cytotoxicity for
this Au(ir) complex was ascribed to the presence of the gold (i)
center, because it was found that Zn(ir), Pd(ir), Pt(ir) and Co(ir)
analogues were poorly cytotoxic with ICso values higher than
100 uM.

Recently, in our laboratory, two forms of the [Au(Gly—L-His—
N,N',N")CIINO; complex, hydrated and unhydrated, as well as
the [Au(L-Ala-L-His—N,N',N")CI][NO5-2.5H,O complex were
synthesized and characterized by '"H NMR spectroscopy and
X-ray crystallography.®> "H NMR chemical shifts (5, ppm) of
Gly—1-His and r-Ala—L-His dipeptides and the corresponding
Au(m) complexes are shown in Table 1. Differences in the
chemical shifts between C2H and C5H imidazole protons for
Au(i) complexes and the corresponding peptides are not signifi-
cant. The C2H resonances for the [Au(Gly-L-His—N,N',N"")Cl]-
NO;3'1.25H,0 and [Au(r-Ala—L-His—N,N',N")CI]NO3-2.5H,0
complexes in comparison to these protons of the uncoordinated
peptides are upfield shifted, Ad 0.06 and 0.08 ppm respectively,
while C5H resonances are almost unaffected. However, the

resonances of the other protons for Au(in)—peptide complexes
are slightly shifted downfield with respect to those for the free
dipeptides. From NMR data it was concluded that the coordi-
nation sites of the Au(m) ion in both r-histidine-containing
dipeptides were the N3 nitrogen atom of the imidazole ring, the
deprotonated amide nitrogen and the terminal amino group of
glycine or L-alanine.

The obtained results for the reactions of Gly-L-His and
L-Ala—L-His with Au(in) undoubtedly confirmed that the N3-
anchored Au(i) ion was able to deprotonate amide nitrogen in
these peptides even at pH < 2.00.°*%> The same pH range for
displacement of the amide proton was also observed for the reac-
tion of the Gly—L-His dipeptide with Pd(i1).°® However, deproto-
nation of the amide nitrogen in the reactions of this dipeptide
with Cu(i), Ni(1), Zn(11) and Co(11) occurred at higher pH, and
pK, values 4.15, 6.03, 6.73 and 7.40, respectively, were reported
for these metal ions.®”*® In general, it can be concluded that his-
tidine-containing peptides are more reactive with Au(i) than
peptides containing no heteroatom in the side chain. This differ-
ence in the reactivity resulted from the fact that the N3-histidine
anchoring the Au(m) ion is more effective at displacing the
amide proton than Au(mn) attached to the either carboxylate
oxygen or terminal amino nitrogen atom in no-histidine-contain-
ing peptides.>’

The crystal structures of the [Au(Gly—L-His—N,N',N")CI]* and
[Au(L-Ala—L-His—N,N',N"")C1]" complex cations are illustrated in
Fig. 8a and b while selected crystal data, bond lengths (A) and
angles (°) are presented in Tables 2 and 3. The coordination geo-
metry of these complexes is square-planar with the protonated
carboxyl group in an axial position with respect to the coordi-
nation plane.®> The imidazole rings are planar, but in contrast
to previously reported, [Au(Gly-L-His—N,N’,N")CI1]CI-3H,0,%
these complexes showed significant deviation from planarity
of the five membered glycyl or r-alanyl rings. Moreover,
[Au(Gly—L-His—N,N',N")CI]" and [Au(L-Ala—L-His—N,N",N")CI]"
complexes possessing nitrate as a counter-ion displayed a ten-
dency to associate with relatively short Au---Cl contacts resulting
from nearly antiparallel arrangement of Au—Cl bonds belonging
to the neighbouring molecules, a feature not observed for the
[Au(Gly-L-His-N,N',N")CI]" with chloride as the counter-
anion.®> As a consequence of these interactions the square-planar
coordination of Au(m) is completed to an elongated octahedron
by two more distant chloride ions belonging to the neighbouring
complexes (Fig. 8c). The CSD search*® shows that chlorido
complexes of Pt(i) rarely display the tendency to extend their
coordination sphere beyond four. This different behaviour of the
two isoelectronic metal ions could be ascribed to electrostatic
forces since platinum(ir) complexes are usually of neutral charge
while gold(in) complexes are charged. Also, different coordi-
nation properties of Pd(i1) and Au(ir) have been noted during the
studies on deposition mechanism of these two metal ions in
protein cages.69

The course of the reaction of tripeptide glycyl-glycyl-L-histi-
dine (Gly—Gly-L-His) with [AuCl,]” was studied at different pH
values by "H NMR spectroscopy.”’ Thus, tetradentate coordi-
nation of the tripeptide with formation of the [Au(Gly-Gly—
L-His—N,N",N",N"")]CI-H,O complex as the major product was
observed at pH 2.00. The solid form of this complex was charac-
terized by '"H NMR spectroscopy and X-ray crystallography
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Table 2 Some relevant crystallographic data for Au(m)—peptide complexes

Complex

[Au(Gly—L-His—N,N',-

[Au(Gly—L-His—NiN’ ,-

CIINO;-1.25H,0%

MACGII?

[Au(Gly-L-His-N,N'

N")- [Au(Gly-L-His—N,-
N N")CI]NO; *°

MACGOO“

[Au(L-Ala—L-His—N,N',-
N")CIINO;-2.5H,0%
MACGUU*

[Au(Gly—Gly—L-His—
N,-N',N",]N"")]CI-H,0"°
DAGDIY?

[HGly—Met
sulfoxide] TAuCly]™ 7
KUQFOS*

N")CI1]CI:3H,0% N".N'"")]4-10H,0°
Crystal data PAHHOV* PAHHUB*
Chemical formula C8H17AUC12N406 C32H64AU4N16022
M, 533.13 1812.86
Crystal system Monoclinic Orthorhombic
Space group P2, €222,
a(A) 11.505(1) 12.335(3)
b(A) 6.879(2) 21.542(8)
c(A) 11.606(1) 22.484(7)
a(®) 90 90
B°) 116.94(1) 90
y(° 90 90
V(A% 818.9(3) 5974.5(2)
VA 2 16
4 CSD* refcodes.

CsH 3 5AuCIN5O7 25

528.15
Monoclinic
c2
24.5647(9)
6.7463(2)
17.7095(5)
90

91.215(3)
90

2934.17(16)
8

CgH] 1AU.C1N506
505.63
Orthorhombic
P2,2,2
16.9519(19)
6.6137(7)
12.0312(13)

90

90
90
1348.9(3)
4

CoH3AuCIN;5Og 50
564.70
Orthorhombic

1722.85(9)
4

C]()Hl 5AU.C1N505
517.68
Orthorhombic
P2,2,2,

9.437(2)
10.1389(8)
15.812(1)

90

90

90
1512.9(4)
4

C7H1 5AuCl4N204S
562.04
Triclinic
P1
7.6250(5)
10.2576(4)
10.7160(7)
95.281(4)
107.222(6)
92.001(4)
795.46(8)
2

Table 3 Selected bond lengths (A) and angles (°) for Au(in) complexes with L-histidine-containing peptides

Complex

[Au(Gly—L-His—

[Au(Gly—L-His—

[Au(Gly—L-His—

[Au(Gly—L-His—

[Au(r-Ala—L-His—

[Au(Gly—Gly-L-His—

Bond lengths (A) N,N'.N")CIICI3H,0%  N,N',N'"N")]4#10H,0“%*  N,N',N')CINO;-1.25H,0% NN’ N")CIINO;** N,N',N")CI[NO;2.5H,0%> NN’ N".N")]CI-H,0™°
Au-N(amino) 2.002(9) 2.018(8)  1.993(6) 1.987(8), 2.026(10) 2.034(13) 2.019(5) 2.049(10)
Au-N(amidel) 1.94(1) 1.993(9)  1.999(7) 2.020(10), 2.021(10) 2.010(13) 1.995(5) 1.941(9)
Au-N(amide2) 2.006(10)
Au-N1(imidazole) 1.987(7)  2.038(8)

Au-N3(imidazole) 1.991(8) 1.981(8)  1.985(6) 1.996(9), 1.913(10) 1.998(11) 2.001(6) 2.038(9)
Au-Cl 2273(3) 2.293(3), 2.297(3) 2.294(4) 2.2869(16)

Bond angles (°)

N(amino)-Au-N(amide1) 84.9(5) 912 82.4 82.8(4), 82.3(4) 84.1(5) 81.7(2) 82.8(4)
N(amidel)-Au—N(amide?2) 83.5(4)
N(amino)-Au-N3(imidazole) 175.5(6) 173.5 175.3 175.3(4), 175.4(4) 174.1(6) 175.8(2) 100.4(4)
N(amidel)-Au-N3(imidazole) 90.7(4) 92.3 93.9 92.7(4), 93.2(4) 91.0(5) 94.2(2)

N(amide2)-Au-N3(imidazole) 93.3(4)
N(amino)-Au—Cl 89.5(4) 94.0 94.8 92.5(2), 92.2(3) 94.0(3) 92.93(17)

N(amidel)-Au—CI 174.5(3) 174.8 175.8 174.7(3), 174.0(3) 174.2(4) 174.56(17)

N3(imidazole)-Au—Cl 94.9(3) 92.5 89.1 92.1(3), 92.4(3) 91.3(3) 91.20(17)
N(amino)-Au—N1(imidazole) 94.0 94.8

N(amidel)-Au-N1(imidazole) 174.8 175.8

N3(imidazole)-Au—N1(imidazole) 92.5 89.1

“s.u. values for valence angles not provided by the authors.
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Fig. 7 Structural formula (a) and ball and stick representation (b) of cyclic tetramer [Au(Gly—L-His—N,N', N, N'"")],-10H,0.%®> Hydrogen atoms have

been omitted for clarity and atomic coordinates were taken from the CSD.*

(@) )

Fig. 8 Ball and stick representation of [Au(Gly—L-His—N,N',N")CI]" (a) and [Au(L-Ala-L-His—N,N’,N")CI]* (b) cations in the crystals of
[Au(Gly—L-His—N,N',N")CI]NO5-1.25H,0 and [Au(L-Ala—L-His—N,N',N")CI]NO3-2.5H,0, respectively and antiparallel arrangement of Au—Cl dipoles
leading to the extension of the coordination sphere of gold(in) as seen in the crystal structure of [Au(Gly-L-His—N,N',N")CI]NO; (c).®® Hydrogen

atoms have been omitted for clarity.

(Tables 1-3 and Fig. 9). As it was illustrated in Table 1 all '"H
NMR resonances of the [Au(Gly—-Gly—-His—N,N',N",N'")]CI-H,O
complex with respect to those for the free peptide were shifted
downfield. Differences in the chemical shifts were caused by
tetradentate coordination of the peptide through the terminal
amino group, two deprotonated peptide nitrogens, and N3 imida-
zole nitrogen.”® The coordination mode of the tripeptide and
square-planar geometry of [Au(Gly—Gly-L-His—N,N',N",N'""")]-
CI'H,0 complex are presented in Fig. 9, while some relevant
crystal data and selected bond lengths (A) and angles (°) are
reported in Tables 2 and 3. When the reaction of [AuCly]™ and
Gly—Gly-L-His peptide was performed in buffer at pH 4.00 or
5.00, along with [Au(Gly—Gly—L-His—N,N",N",N"")]" complex,

an imidazole-bridged polymer was also observed. However,
when this reaction was carried out at pH 6.50 to 7.00, only the
product of the cross-linking process was present.””

The pK, values for the [Au(Gly—-Gly—L-His—N.N',N",N"")]-
CI-H,O complex were determined by potentiometry and
additionally confirmed by 'H NMR spectroscopy.’® The first pK,
value of 2.58 was attributed to the carboxyl group, confirming
that this group was not coordinated to Au(m). The second pK,
value of 8.63 was assigned to removal of the proton from un-
coordinated NH group of the imidazole ring through across-the-
ring-ionization by gold(i) attached to N3 imidazole nitrogen.””
It is the lowest pK, value measured so far for any metal, at
which deprotonation of the imidazole NH group takes place. The
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process proceeds by across-the-ring-ionization and illustrates
strong electron-withdrawing properties of gold(ur). The third
value of 11.50 was assigned to the deprotonation of the coordi-
nated terminal amino group of the peptide.

Most recently in our laboratory, NMR spectroscopy was applied
to study the reactions of the monofunctional [Au(dien)C1]Cl,
complex with r-histidine-containing peptides, L-His—Gly and
Gly—1-His, and their N-acetyl derivatives, Ac—1-His—Gly and
Ac-Gly-L-His.”' All reactions were performed in aqueous
solution in the pH range 3.00-8.50 at 25 °C and different reac-
tion products were observed depending on the solution pH
and structure of the peptide. Thus, in the reactions of the
[Au(dien)CI]** complex with peptides containing N-terminal
histidine, L-His—Gly and Ac-L-His—Gly, the N3 and N1 nitrogen
atoms of the imidazole ring were found to be the preferred
anchoring sites of this complex. However, when L-His—Gly was
reacted with [Au(dien)C1]*" at pH > 5.00, ring-opening of the
dien ligand and bidentate coordination of the peptide through N3
imidazole and amino nitrogens were observed. In the reactions
between [Au(dien)C1]** and peptides containing C-terminal his-
tidine, Gly—L-His and Ac—Gly—L-His, three final products with
different coordination modes of the peptides, including mono-
dentate through N3, bidentate through N3 and deprotonated
amide for Ac—Gly-L-His, and tridentate coordination through
the N3, deprotonated amide and amino nitrogen atoms for
Gly—L-His were observed. No binding of the carboxylate oxygen
atom to Au(ir) was observed by ?C NMR spectroscopy for all
investigated reactions under above mentioned experimental
conditions.”!

Fig. 9 Ball and stick representation of [Au(Gly—Gly-L-His—N,N',N" -
N"]CI'H,0.”° Hydrogen atoms have been omitted for clarity and
atomic coordinates were taken from CSD.*

R\N/\[(
TAuC

R-Gly-D,L-Met cl
pH 2.00; I
t=25°C

R = H or GHsCO (Ac)

[AUCI5(R-Gly-Met-S)]

L-Cysteine- and methionine-containing peptides

The redox reaction between glutathione (GSH, y-L-Glu—L-Cys—
Gly) and tetracyanidoaurate(in), [Au(CN)4]~ was investigated in
aqueous solution at pH 7.40 by UV-Vis, '>*C NMR and electro-
spray ionization mass spectroscopy (ESI-MS).”>"* It was found
that the reduction of [Au(CN)4]” by glutathione proceeded
through two intermediates, [Au(CN);(GS)]*~ and [Au(CN),-
(GS),]>~. These intermediate species further react with an
additional molecule of glutathione to generate [Au(CN),]” and
glutathione disulfide (GSSG®™) as the final products of the
reaction.”* "

The reaction pathway of gold(ur)-induced oxidation of
methionine-containing peptides, namely glycyl-p,L-methionine
(Gly—b,L-Met) and its N-acetyl derivative (Ac—Gly—p,L-Met) was
studied by 'H NMR, UV-Vis and cyclic voltammetry (CV) tech-
niques at pH 2.00 and room temperature.”* It was found that
gold(m) induced oxidation of the methionine residue to the cor-
responding sulfoxide proceeded in two steps (see Fig. 10). The
first step of this reaction was very fast coordination of Au(i) to
the thioether sulfur with formation of the gold(im)—peptide
complex [AuCl3(R-Gly—-Met-S)] (R = H or Ac) as an intermedi-
ate product. This intermediate further reacts with an additional
methionine residue to generate the R-Gly—Met chlorosulfonium
cation as the second intermediate product, which readily under-
goes hydrolysis to give the R-Gly—Met sulfoxide as the final
product of this redox process. The [AuCl,] complex formed in
the reaction with equimolar amounts of reactants showed a
strong tendency to disproportionate to [AuCly] and metallic
gold. The finding that the oxidation of the methionine residue in
Ac—Gly-n,L.-Met to its sulfoxide was five times slower than that
in the non-protected Gly-n,.-Met dipeptide undoubtedly
confirmed that the terminal amino group of the methionine-con-
taining peptide had an evident influence on the acceleration of
this redox process.”*

The structure of the final product of gold(im)-induced oxi-
dation of methionine-containing peptides was confirmed by
X-ray crystallography (Fig. 11).”> The crystal structure of
[HGly-p,L-Met sulfoxide] TAuCl,]~ consists of discrete square-
planar [AuCly]™ anions and glycylmethionine sulfoxide cations.
It was shown that the cations are disordered at the methionine
side chain due to the presence, at the same crystal site, of two
diastereomers differing in their configuration at the triply bonded
S atom. However, the ratio of the two diastereomers substantially
differed form 1.0 illustrating that crystallization of the oxidation
product is partially diastereoselective, leading to a substantial
excess of L-methionine—R-sulfoxide and D-methionine—

H o
W OH
O
" HZO HCI

Au(l)-complexes

S,
O/ \C Ha

R-Gly-Met chlorosulfonium cation R-Gly-Met sulfoxide

intermediate products

Fig. 10 Schematic presentation of the oxidation reaction of Gly—b,L-Met and Ac—Gly—b,L-Met induced by gold(ur).”
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Fig. 11 Ball and stick representation of the asymmetric unit of the
crystals of [HGly—Met sulfoxide] [AuCl,]”. Hydrogen atoms have been
omitted for clarity. The disorder of the methionine sulfoxide side chain
is caused by the presence at the same crystallographic site of both R-
sulfoxide and S-sulfoxide attached to L-methionine. The ratio of the two
diastereomers is 0.77 : 0.23.7

S-sulfoxide over L-methionine—S-sulfoxide, and D-methionine-
R-sulfoxide.

Other peptides

Coordination abilities of the three L-phenylalanine-containing pep-
tides, r-alanyl-L-phenylalanine (L-Ala—L-Phe), r-phenylalanyl—
L-phenylalanine  (L-Phe-1-Phe) and glycyl-L-phenylalanyl—
glycine (Gly—L-Phe-Gly), to Au(m) ion in solution and in
the solid state were studied by spectroscopic techniques and
theoretical calculations.”®”® In the reaction of L-Ala—L-Phe
with [AuCly]™ only mononuclear [Au(r-Ala—L-Phe-N,0)Cl,]~
complex was formed with bidentate coordination of the dipep-
tide through the oxygen atom of the carboxyl group and deproto-
nated of the peptide nitrogen.”® However, in the reaction of
Au(in) ion with L-Phe—L-Phe only monodentate coordination via
the oxygen atom of the carboxyl group with formation of the
[Au(L-Phe—L-Phe—0)Cl;]~ complex was observed.”” Meanwhile,
tripeptide Gly—L-Phe-Gly acted as a tetradentate ligand coordi-
nating to the metal ion through the terminal amino group, two
deprotonated peptide nitrogens and carboxylate oxygen.”®

Mononuclear gold(im) complexes with two tryptophan-con-
taining dipeptides, L-tryptophyl-L-phenylalanine (L-Trp—L-Phe)
and L-tyrosyl-L-tryptophan (L-Tyr—L-Trp), were characterized by
applying UV-Vis, IR and NMR spectroscopy.’’ In addition, the
structures of these complexes were confirmed by density func-
tional theory (DFT) calculations. The tridentate coordination of
these peptides and square planar geometry of [Au(L-Trp—L-Phe—
N,N',0)C1] and [Au(L-Tyr—L-Trp—N,N',0)CI1]-H,0O with maximal
deviation of total planarity less than 0.9° were notified. The
same mode of coordination was also observed in the reaction of
glycyl-L-serine (Gly—L-Ser) and [AuCly]™ and the solid form of
the [Au(Gly-L-Ser—N,N',0)CI] complex was characterized by
NMR and IR techniques.*® No evidence was found for the invol-
vement of the hydroxyl group of seryl residue in this coordi-
nation reaction.

Fig. 12 Gold(m) mediated G—C base pair in the crystal structure of
RNA duplex (PDB accession code 201J).5%% This figure as well as
Fig. 13 and 14 were drawn using Accelrys DS ViewerPro program.®*
The RNA or protein chain, or the part of it near the metal site, are
shown as a ribbon, while the G—C base pair (or the side chains of the
donor amino acid residues) are shown in ‘stick” form; metal ions, donor
atoms and oxygen atoms of water molecules are shown as spheres.

Reactions of gold(i) complexes with proteins

Recent findings by Messori et al. showed that most of the cyto-
toxic gold(i) complexes have a weak binding affinity for DNA,
which is the primary target for platinum(ir) antitumor drugs.'*®'
However, a crystallographic study of the binding of metal ions to
RNA duplexes confirmed the binding of the Au(ir) ion exactly
between the Watson—Crick sites of a G—C base pair after depro-
tonation of the N1 atom of the guanine base.** The binding of
the Au(u) ion to one oxygen and three nitrogen atoms of RNA
in a square-planar fashion clearly perturbed the base pair but did
not disrupt it (Fig. 12).838% Also, it was found that cytotoxic
gold complexes have shown high reactivity toward different
model proteins.'>®! Consequently, the gold—protein interactions
are thought to be responsible for cytotoxic effects produced by
gold-based drugs. Different proteins have been reported as
targets for cytotoxic gold complexes, including thioredoxin
reductase (TrxR),* the proteasome,*® cysteine proteases®’ as
well as serum albumin (HSA), human glutathione reductase
(hGR) and protein tyrosine phosphatases (PTPs).*® Also, histone
deacetylaze (HDAC), protein kinase C (PKC) and cyclin-depen-
dent kinases (CDK) have been suggested as possible targets for
gold(ir) complexes.®® Moreover, gold(ir) complexes were shown
to efficiently react with zinc-finger PARP domains (PARP is
poly-(adenosine diphosphate (ADP)-ribose) polymerase) with
substitution of the Zn(n) by the Au(in) ion, and formation of the
so called gold fingers.””

Available crystallographic data®® illustrate that in the gold(im)
complex with mutated human H ferritin (H9X), gold(in) ions are
bound to Cys140 and to histidines, His57 and His60, His118,
and His173 (Fig. 13).°" Significantly, the side chains of His60
and His57 undergo conformational changes with respect to the
unsoaked protein in order to accommodate the Au(ur) ion. In
contrast with this binding scheme is the gold(ur) binding site in
the Escherichia coli AphA enzyme (AphA is periplasmic acid
phosphatase).”> The active site of the native enzyme hosts a
Mg(1) ion, while in its AuCls derivative, this ion is replaced by
Au(in), without much interruption of the metal binding site.
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Fig. 13 One of a few gold(m) surroundings in human H ferritin
mutant. Au734 is situated on a four-fold axis and surrounded by four
His173 units (PDB accession code 3ES3).8*°1

4

\\

<D -
N
- A\

Fig. 14 Gold(m) binding site in the AuCl; derivative of the native
Esherichia coli AphA enzyme (PDB accession code 1N8N).%2

Hence, the Au(u) in the AuCl; derivative of AphA enzyme is
surrounded exclusively by the oxygen donors and possesses
octahedral coordination (Fig. 14).

The reactions of six gold(i) complexes, namely [Au(en),]Cl;,
[Au(dien)C1]Cl,, [Au(cyclam)](ClO4),Cl (cyclam is 1,4,8,11-
tetraazacyclotetradecane), [Au(terpy)Cl]Cl, (terpy is 2,2":6",2"'-
terpyridine), [Au(bipy)(OH),][PF] (bipy is 2,2-bipyridine) and
[Au(bipy®™-H)(OH)][PF4] (bipy®™® is 6-(1,1-dimethylbenzyl)-
2,2'-bipyridine), with bovine serum albumin (BSA) were studied
using different spectroscopic methods and biochemical separ-
ation techniques.”® The obtained results showed that the inter-
actions of [Au(en),]’" and [Au(cyclam)]*" with BSA protein
were relatively weak and electrostatic in nature. At variance with
this, tight metal-protein adducts are formed in the reactions of
[Au(dien)CI]Cl, and [Au(bipy*™-H)(OH)][PFs] with BSA. It
was suggested that formation of the gold(m)—protein adducts in
these reactions proceeded through the coordination of Au(i) to
the imidazole side chains of surface histidine residues of the
protein. The stability of these adducts was investigated under

physiologically relevant conditions and it was found that com-
plete detachment of the metal from the protein has occurred
only after the addition of the excess of cyanide. However,
[Au(terpy)CI]Cl, and [Au(bipy)(OH),][PFs] complexes, which
are the stronger oxidizing agents in the investigated series, react
with protein side chains oxidizing them, thereby being reduced
to Au(1). The adduct formed in the reaction of [Au(bipy)(OH),]-
[PFg] and BSA was also studied by X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine
structure  (EXAFS).”* Gold(m) reduction with concomitant
release of the bipyridyl ligand was undoubtedly confirmed by
XANES technique. Furthermore, EXAFS measurements showed
that this reduction process led to the formation of gold(r)—protein
species, in which Au(1) was anchored to the protein nitrogen
atoms.

Reactivity of the [Au(bpMe)Cl,][PF¢] complex (bpMe is 4,4'-
dimethyl-2,2"-bipyridine) towards the model protein ubiquitin
was investigated by ESI-MS technique.”® The gold(i) complex
was reacted with ubiquitin in a 3 : 1 molar ratio during 24 h at
37 °C and an adduct was detected in the resulting spectrum. It
was found that this reaction proceeded through the reduction of
Au(in) to Au(1) with concomitant detachment of the bipyridyl
ligand.

The interactions of two dinuclear gold(in) complexes, namely
[Auy(u-O)(bipy), [PFe]> and [Auy(1-0)x(6,6-diMebipy), |[PF]>-
(6,6'-diMe is 6,6'-dimethyl-2,2"-bipyridine), with a few model
proteins, human serum albumin, cytochrome ¢ and ubiquitin,
were investigated in detail by various spectroscopic techniques.’
It was shown that both complexes manifested a high reactivity
toward the mentioned model proteins. Thus, in these reactions,
reduction of Au(i) associated with the cleavage of a gold—gold
dioxo bridge and with the release of the bipyridyl ligands has
occurred. Also, it was found that the resulting Au(1) ion remained
attached to the protein. These findings are in accordance with the
results obtained for the reaction of [Au,(u-0),(6,6'-diMebipy),]-
[PFg], with human serum apotransferrin by using XANES and
EXAFS techniques.”* However, recent mechanistic studies on
two dinuclear organogold(in) compounds showing appreciable
antiproliferative properties, i.e. [Auy(u-O)(bipy™-H),][PFsl,
where  bipy™ is  6-(1-methylbenzyl)-2,2"-bipyridine  and
[Auy(u-O)(bipy"™-H),][PF¢],, revealed that these complexes
manifested a far higher stability than several other classes of
cytotoxic gold(im) compounds under physiological like con-
ditions even in the presence of ascorbic acid and glutathione.”®
In the reactions with hen egg white lysozyme (HEWL) and
horse heart cyt ¢ used as model proteins, these two complexes
form monometallic adducts, where the gold center remains in
the oxidation state +3 and maintains its ligand. This implies that
in these reactions, the cleavage of the oxygen bridge with the
conversion of the bimetallic complexes into monometallic
species has occurred. In spite of the apparent stability of their
oxidation state +3 these complexes still manifest appreciable
cytotoxic properties when challenged against a representative
panel of 12 human tumor cell lines.

The reactions of K[Au(sac);Cl] and Na[Au(sac),] complexes
(sac is saccharinate ligand) with the model proteins, cytochrome
¢ and lysozyme, were monitored by ESI-MS technique.”’ It was
found that these gold(im) complexes caused moderate protein
metallation with formation of tetragold adducts.

This journal is © The Royal Society of Chemistry 2012
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Recent findings in the field of gold(i) reactions with proteins
showed that the selenoenzyme thioredoxin reductase (TrxR)
seems to be a very specific target for cytotoxic gold com-
plexes.®?® This enzyme contains a cysteine—selenocysteine
redox pair that is involved in the regulation of the intracellular
redox balance.”® The investigation of the mechanism of Trx inhi-
bition by a series of gold(r) and gold(ir) complexes showed that
these compounds produced potent enzyme inhibition only after
its pre-reduction with NADPH, indicating that Trx inhibition
was the result of protein structural changes taking place upon
cofactor binding.'® Matrix assisted laser desorption ionization-
time of flight (MALDI-Tof) mass spectrometry provided evi-
dence for extensive TrxR metallation. While the effects produced
by gold(1) complexes could be ascribed to its coordination to the
enzyme active site selenol, the effects caused by the various
gold() complexes were interpreted as oxidative protein
damage.'® Also, it is important to note that for almost all of the
known active gold(i) complexes, the active metabolites could
be Au() species produced by Au(u) reduction in vivo.'?!

Concluding remarks

The article presents an overview of the results achieved in the
studies of the reactions of gold(ur) ion with amino acids, peptides
and proteins. The amino acid r-histidine and vr-histidine-
containing peptides with N3 anchoring site of the imidazole ring
have been shown as good coordinating ligands for gold(im).
The N3-coordinated Au(m) ion appeared to be very effective
in displacing the amide proton leading to the chelation of the
L-histidine-containing peptides. The chelate gold(n) complexes
with r-histidine-containing peptides have shown appreciable
stability under physiological conditions with promising cytotoxic
activity toward different tumor cell lines. However, the reactions
of gold(mr) with sulfur-containing amino acids and peptides pri-
marily proceed through reduction of gold(i) and oxidation of
the sulfur side chain. This redox process will presumably disrupt
the secondary and tertiary structure of sulfur-containing proteins,
altering and probably preventing their normal biological func-
tion. The content of this review article can contribute to the
developments of new gold(i) complexes as potential antitumor
agents and also can be important in relation to the severe toxicity
of gold-based drugs.
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L -histidine-containing dipeptides. dependence of complex for mation on
the dipeptide structure

BILJANA b. GLISIC, SNEZANA RAJKOVIC and MILOS I. DJURAN*

Department of Chemistry, Faculty of Science, Ursitgrof Kragujevac, R. Domanaia 12, P.
O. Box 60, 34000 Kragujevac, Serbia

The course of the reactions between the monofumattidAu(dien)CIf* complex with L-histidine-
containing dipeptides, L-histidyl-glycine (L-HisK3 and glycyl-L-histidine (Gly-L-His), was studieloly
application ofH NMR spectroscopy. All reactions were performeddueous solution at 3.50pD < 5.50
and at ambient temperature. In the reaction of ffar()CIF* with L-His-Gly only complexi with the N3-
monodentate coordinated dipeptide was formed. Haetion was completed within 3 min and this
complex was very stable during several days withel@ase of the dien ligand from Au(lll). Howevar,
the reaction of [Au(dien)Ci] with Gly-L-His, depending from the pD, differentufll)-dipeptide
complexes were observed. When this reaction wasedaout at 3.5& pD < 4.50 only complex with
tridentate coordination of the dipeptidéa the amino, deprotonated amide and N3 imidazolegen
atoms was observed after 4 days. However, durirgtitine at 4.50 < pBx 5.50 two Au(lll)-dipeptide
products, compleXs which represents an imidazole-bridged speciesgalith the already described
complex4, were observed. The formation of these complexesegeds through the two intermediate
products, complexe®2 and 3 with the N3-monodentate andpN3-bidentate coordinated dipeptide,
respectively, and with complete detachment of fba tigand.
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1. Introduction

Following the discovery of the anticancer propert@ cisplatin [1-3], special attention was
devoted to gold(lll) complexes [4-10] as possiblieraatives to antitumor-active platinum(ll)
complexes due to the fact that both Pt(ll) and Mu(bns possess the samé electronic
configuration and form preferentially square-plamamplexes. The possible involvement of
gold(lll) complexes in cancer treatment initiated iaterest in the area of the interactions of
Au(lll) with different bioligands, such as peptidasd proteins [11-21]The most important
amino acid in the study of interactions of metalsawith peptides and proteins is L-histidine,
since it is found in the active sites of severatatieenzymes [22-24] and of metal transport
proteins [25]. It is worthwhile mentioning that gra few gold(lll) complexes with L-histidine-
containing peptides have been previously descritiease of the dipeptide glycyl-L-histidine
(Gly-L-His), [Au(Gly-L-His-Na,Np,N3)CI]CI'3H,0O [15], [Au(Gly-L-His-
Na,Np,N3)CIINO31.25H0 [16], [Au(Gly-L-His-Na,Np,NJ)CIINO; [16] and [Au(Gly-L-His-
Na,Np,N1L,N3)],10H,0O [15], that of the dipeptide L-alanyl-L-histidirfe-Ala-L-His), [Au(L-Ala-
L-His-Na,Np,N3)CIINO3z2.5H,0 [16] and of the tripeptide glycyl-glycyl-L-hisfite (Gly-Gly-L-
His), [Au(Gly-Gly-L-His-Na,Np1,Np2,N3)]CI'H,O [17]. These complexes crystallized from a 1:1
reaction mixture of [AuG]™ and corresponding peptide at low pH values (1.20008) and their
square-planar geometries were determined by X-najyses [15-17]. From these investigations,
it was concluded that the N3-anchored Au(lll) ienviery effective in displacing of the amide



proton at pH < 2.00 and next step of this reactias the very fast coordination of this metal ion
to the deprotonated nitrogen atom of the amide rahd to the terminal amino group, leading
to the chelation of the L-histidine-containing pdpt[15-17]. This chelation reaction contributes
to the stabilization of the +3 oxidation state ofdgand to its protection from reduction processes
[13,14].

The present paper reportsth NMR investigation of the reactions of the [Au(aj€I]**
complex (dien is diethylenetriamine tridentate cimated to Au(lll) ion) with the L-histidine-
containing dipeptides L-His-Gly and Gly-L-His inw@&pus solution at 3.50pD < 5.50 and at
25 °C. The data obtained from this study were capbavith those for the reactions of [Au{CI
and [M(dien)(HO)]** complexes (M = Pt(ll) and Pd(ll)) with different histidine-containing
peptides [15,16, 26-29].

2. Experimental

2.1. Materials

Distilled water was demineralized and purified toeaistance of greater than 1@Mm™. The
compounds BD, DCI, KOD, H[AuCl]3H,0, diethylenetriamine (dien), the amino acid glgcin
(Gly) and glycineamide (GIyNp were purchased from the Sigma-Aldrich Chemical. Co
Hydrochloric acid, sodium hydroxide and sodium cide were obtained from Zorka Pharma,
Sabac. The dipeptides L-histidyl-glycine (L-His-Glgnd glycyl-L-histidine (Gly-L-His) were
obtained from Bachem A.G. All the employed chensoakre of analytical reagent grade. The
amino group in the glycine was acetylated by ada#teshmethod [30].

2.2. Synthesis of the [Au(dien)CI]Cl, complex

The complex [Au(dien)CI]Glwas prepared by a modification of a procedure iphbd in the
literature [31, 32]. To a solution of H[AugBH,O (354 mg, 0.9 mmol) in water (2 émwas
added slowly under stirring a solution containirgnd(0.26 cm, 2.35 mmol) and 6 M HCI (1.20
cm®, 7.05 mmol) in a 1:3 molar ratio, respectively.eTkellow precipitate, which formed
immediately, redissolved after addition of a saatof NaOH (160 mg, 4 mmol) to the reaction
mixture. The resulting yellow solution was stirrieal 2 h at 0 °C, and then left standing in the
dark at ambient temperature to evaporate slowlyioWecrystals of the [Au(dien)CI]Glcomplex
that formed after 2 days were removed by filtratgod washed with a small amount of ethanol.
The yield was 227 mg (62 %). The purity of the cterpwas checked by elemental
microanalyses:H NMR spectroscopy and UV-Vis spectrophotometrye Bhtained data were in
accordance with those reported previously for g dien)CI|CL complex [33,34].

2.3. NMR measurements
All the *H and**C NMR spectra were recorded on a Varian Gemini 2Q@@trometer at 200 and
50.3 MHz, respectively, using 5 mm NMR tubes kept 25 °C. Sodium 3-
(trimethylsilyl)propionate (TSP) was used as aerimal reference. Both tHel and**C chemical
shifts are reported in ppm.

Fresh solutions of the [Au(dien)&ljcomplex and the corresponding dipeptide (L-His-
Gly and Gly-L-His) were prepared separately igOlas solvent at an initial concentration of 60
mM and then mixed in an NMR tube in 1:1, 2:1 an2 rfrolar ratios, respectively. In order to
investigate the effect of the chloride concentratan the formation of the Au(lll)-dipeptide
complex, the reaction between equimolar amounts[Aef(dien)CI** and L-His-Gly was
performed at pD 5.00 and at 25 °C in the preseheedium chloride, with the Ctoncentration
varying from 0.01 to 1.00 M.

2.4. pH measurements
All pH measurements were performed at ambient teatpee. The pH meter (Iskra MA 5704)
was calibrated with Fischer certified buffer sabat of pH 4.00. The reported pD values were



corrected for the deuterium isotopic effect by addd.45 units to the pH meter reading [35].
However, in conceptual references to acidity arsiditg, the common symbol pH was used.

3. Results and Discussion

3.1. Reaction of [Au(dien)CI]** with L-His-Gly

When the [Au(dien)Cf[ complex was incubated with an equimolar amountLéfis-Gly
dipeptide at 3.5& pD < 5.50 and at 25 °C, the compléxwith N3-monodentate coordinated
dipeptide was the only NMR detectable species iatism (figure 1). The formation of complex
1 was very fast and the investigated reaction waspteted within 3 min. This complex was very
stable during several days and no release of the litjand from Au(lll) was observed. The
formation of complexl was evidenced by the appearance of new resonamdée iH NMR
spectrum at 8.22 and 7.22 ppm, corresponding to GBel and C5H imidazole protons,
respectively (figure 1 and table 1). These chematafts are slightly shifted upfield with
increasing pDA4¢ = 0.16 for C2H and 0.12 ppm for C5H). The chemgtdfts of these protons
are consistent with those previously reported fier Kl3-bound isomers obtained in the reactions
of [M(dien)(H,0)]** (M = Pt(Il) and Pd(ll)) with L-histidine-containinpeptides (Gly-His, His-
Ala, His-Gly-Ala, Pro-Gly-Ala-His and His-Pro-GlydA-His) [26-29]. However, the presently
investigated selective binding of [Au(dien)€lfo the N3 imidazole nitrogen atom of the L-His-
Gly dipeptide is in contrast with the reactions[®f{dien)(H,0)]*" with the above mentioned
peptides, in which both N3- and N1-imidazole boismers are formed [26-29].

The pD dependence of the dipeptide consumptiorcantplex1 formation are shown in
figure 2a. The concentrations of complexand free L-His-Gly present in solution after 3 min
were calculated from the integrated resonances@fC2H and C5H protons for the free and
those for N3-bound dipeptide (see figure 1 andetab). The observed chemical shifts for
complex1 are an average of those of the two species, &t pRcvalue. The percentage of the
N3-bound L-His-Gly dipeptide increased with inciegspD, which can be attributed to the
deprotonation of the secondary nitrogen atom ofdiem ligand, resulting in the formation of
more reactive [Au(dien-H)Cllcomplex (dien—H means that the secondary nitr@gem of this
tridentate coordinated ligand is deprotonated) [33]. The K, value of this deprotonation
reaction is 4.00 in 0.5 M ClQor 4.70 in 0.5 M CI1[32, 33]. Deprotonation of the secondary
amine group affected that the multiplets for thethnglene dien protons at 2.93 - 3.16 and 3.52 —
3.65 ppm (pD 4.50) were shifted upfield to 2:3265 and 3.34 - 3.52 ppm, respectively (pD
5.50). These chemical shifts are in accordance thitise previously observed in the study of
[Au(dien)CIF* in solution by'H NMR spectroscopy [34]. It was shown that differerin the
reactivity between [Au(dien-H)ClJand [Au(dien)C" can be attributed to the greateans
influence of N than of NH [32]. This statement was supported ftbm crystallographic results
of these two complexes confirming that the Au-Cindbois longer in the [Au(dien-H)CI]
[2.330(10)] than in the [Au(dien)Cl][2.273(8) A] complex [32]. On the basis of thisustural
information we could have expected an increasaerrate of chloride substitution for [Au(dien-
H)CI]" in respect to [Au(dien)Ci].

The [Au(dien)CIf* and the corresponding dipeptide were mixed inghd 1:2 molar
ratios, respectively. Thid NMR spectrum run in the first 3 min of reactioasvalmost identical
with that obtained during the reaction between mglar amounts of these reactants, confirming
that binding of the [Au(dien)Cl] complex proceeds only through monodentate coctidmaf
the dipeptidevia the N3 imidazole nitrogen atom of the L-histidmesidue.

In the present study, the influence of chloridacamtration on the amount of complex
formed in the reaction between equimolar amounthefgold(lll) complex and the L-His-Gly
dipeptide at pD 5.00 was investigated (figure 8was shown that the amount of compliex
markedly decreased with increasing chloride comaéioh. Moreover, no formation of the
complex1 was observed in th#H NMR spectrum after this reaction was performectha



presence of 1.00 M NaCl. This undoubtedly confitimst competitive chloride coordination to
the [Au(dien)f" moiety significantly reduces the amount of complex

The possible coordination of deprotonated carbasytexygen (K. = 2.32+ 0.02) [36]
to the [Au(dien)" moiety was investigated b¥C NMR measurements. No change of the
chemical shift for the carboxylate carbon atomhef free dipeptide at 177.03 ppm was observed,
even after prolonging the reaction time to 10 daysddition, the absence of coordination of the
carboxylate oxygen to the Au(lll) center was supgodrby the'H NMR measurements for the
reaction of [Au(dien)CH" with N-acetylated glycine (Ac-Gly). No change of the chehshift of
GlyCH, protons was observed during several days of thetiom. Complexes in which L-
histidine-containing peptides (Gly-His, His-AlaisHzly-Ala, Pro-Gly-Ala-His and His-Pro-Gly-
Ala-His) are coordinated through the carboxylatgg®en have never been formed during their
reactions with [Pd(dien)()]** [26-29]. However, the formation of considerablyalde
complexes in which these peptides are coordinaiadcarboxylate oxygen to Pt(ll), was
previously reported only for the reactions with(fiken)(HO)]** in strongly acidic solutions [26-
29].

For confirmation that the binding of the terminahino group to the [Au(dien)Ci]
complex did not occur, a separdteNMR experiment for the reaction between this clexand
glycineamide (GlyNH) was performed in the investigated pD range. Nange in the chemical
shift for the GlyCH protons were observed even after prolongatiorhefreaction to several
days. This finding is in agreement with that presiy reported for the reaction of [Au(dien)€l]
with the tripeptide glycyl-glycyl-glycine (Gly-Glgly), when it was stated that the Niroup of
tripeptide was the only Au(lll) binding site at p+5.00 [18].

3.2. Reaction of [Au(dien)CI]?* with Gly-L-His

When an equimolar amount of the [Au(dienfCBomplex was mixed with Gly-L-His dipeptide
at 3.50< pD < 5.50 and at 25 °C, twitd NMR detectable Au(lll)-dipeptide complexesand3,
were observed in the first 60 min (figure 4). Thesaction products were distinguished by
observation of the differences in the chemicaltshiff the C2H and C5H imidazole protons
between comple® or 3 and free dipeptide under the same experimentalitonsl (figure 5 and
table 1). The chemical shifts for the imidazoletpns of complexX2 are similar with those for
complex1 indicating that the same monodentate coordinatiode of Gly-L-His and L-His-Gly
dipeptides, respectively, occurred in these two meres. The bidentate coordination of Gly-L-
His in the complex caused the opening of one Au(lll)-dien ring thatld be detected in thel
NMR spectrum by the appearance of new multipleB.4¥ — 3.26 ppm. This multiplet is
positioned between two multiplets at 2.80-3.04 art8-3.59 ppm due to the methylene protons
of tridentate coordinated dien ligand and its cluainghits are almost identical with those for the
free dien (see table 1). When the reaction betvi@e(dien)CI[** and Gly-L-His was prolonged
for a further 48 h new complexdsand5 were observed in thtH NMR spectrum. However,
during this time, the previously detected resonaricecomplexe® and3 decreased in intensity
and had completely disappeared after 4 days. Timeation of complexed and5 is strongly
dependent from the pD value of reaction (figurend 5). When the reaction was carried out at
3.50< pD < 4.50 only complexX was observed after 4 days. In this complex Glyik-tipeptide
acts as a tridentate ligand binding to the Auhbough the terminal amino group of glycine,,N
the deprotonated amide nitrogery &hd the N3 nitrogen atom of the imidazole ringe Bame
complex was previously obtained in the reactiomben this dipeptide and [AugT at pH 1.50
and square-planar geometry of [Au(Gly-L-His;Np,N3)CIINO;1.25H,0 was determined by the
application ofH NMR spectroscopy and X-ray crystallography [TH)e proton NMR chemical
shifts of this complex are identical with thosegametly reported for the compléx(table 1). The
tridentate coordination of Gly-L-His caused theeesle of dien ligand from the [Au(dien)€l]



what can be easily detected in thé NMR spectrum. The intensities of two multipletistoe
methylene dien protons due to the coordinatechntigwvere decreased and new multiplet at 3.22-
3.29 ppm appeared (table 1). Upon addition of dgand to the reaction mixture, the resonances
of this multiplet were enhanced. The amount of demg was determined from the known initial
concentration of Gly-L-His and from the integratedonance of the C2H proton of compfet
was found that 10% of this complex was formedra?telays, and 26% when the reaction was
carried out at pD 4.50 during 4 days (figure 2b)wedver, when the reaction between
[Au(dien)CIF* and Gly-L-His was performed at 4.50 < g[5.50, a new comple% along with
the already described compléxappeared in solution after 4 days (figure 4). Bynparison of
the chemical shifts of the C2H and C5H imidazoletgns of comple) with those previously
reported for the cyclic tetramer [Au(Gly-L-HMNx,Np,N1,N3],10H,0 [15] we assume that the
presently investigated compl&xs also an imidazole-bridged oligomeric speci@able 1). This
assumption is supported by the fact that chloiigknid in the fourth coordination site of complex
4 can be easily replaced by the deprotonated N1aimoig nitrogen atom of the second
monomeric [Au(Gly-L-HisNa,N5,N3)]* unit [15]. Moreover, the tetramer structures haeen
described for the Gly-L-His complexes of Ni(ll) ardi(ll) formed between pH 9.00 and 10.00
[37]. Also, it was found that [Au(dien)Cl] complex can coordinate to the imidazole N1 atom of
[AU(Gly-Gly-L-His-Na,Np3,Np5,N3)]* at pH values as low as 3.50 [38]. The total amanfnt
complex5 was calculated by applying the method alreadyaémrptl for complexd and it was
found that about 20% of this complex had been farmepD 5.50 after 4 days (figure 2b). In
order to confirm that compourtdrepresents an Au(lll)-imidazole bridged speciespegormed

an additional experiment. The solution containiAg(dien)CIF* and Gly-L-His dipeptide at pD
7.00 was left at room temperature for several daythe dark. The reddish-brown precipitate
formed under these conditions was dissolved.@ Bnd'H NMR spectrum of this precipitate
was almost identical with that for the cyclic teter [Au(Gly-L-His-Na,Np,N1,N3],10H,0 [15].

No influence of an excess of [Au(dien)€lor Gly-L-His on the coordination mode of this
dipeptide was observed. However, the rate of th&ction was increased by increasing the
amount of the reactants.

4. Conclusions

From the present investigation, it can be stated #t 3.50< pD < 5.50 and at 25 °C the
monofunctional [Au(dien)Cf] complex selectively binds to the N3 imidazole ogen atom of
the dipeptide containing an N-terminal histidineHls-Gly. This reaction was completed within
3 min and the resulted complex was very stablenduseveral days with no release of the dien
ligand from Au(lll). On the other hand, in the réan of this gold(lll) complex with the
dipeptide containing a C-terminal histidine, Gly-is, depending from the pD value, different
Au(ll)-dipeptide complexes were observed. Thidgtaan contribute to the better understanding
of quite complicated mechanism of the reactionsveeh antitumor-active gold(lll) complexes
and biomolecules, such as histidine-containingigept
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Table 1. CharacteristitH NMR chemical shifts observed in the reactiond#is-Gly and Gly-L-His dipeptides with [Au(dien)i&f complex.
All spectra were recorded in,D solutions containing TSP as the internal refezenc

Dipeptide/Au(lll)-dipeptide complex CharacteristicH NMR chemical shifts§ ppm;Jas,Hz)

pD Imidazole protons ) .

CoHE  C5HE) Gly dienm)

L-His-Gly 4.50 8.67 7.47 3.88], Jag = 17.40)
[Au(dien)(L-His-Gly-N3)]*" (1)° 4.50 8.22 7.22 3.88)(Jap = 17.40) 2.93-3.16; 3.52-3.65
Gly-L-His 4.50 8.60 7.27 3.83y(Jas = 18.90)
[Au(dien)(Gly-L-HisN3)]** (2) 4.50 8.17 7.05 3.83)(Jas = 18.90) 2.80-3.04; 3.43-3.59
[Au(dienN,N")(Gly-L-His-Np,N3)]** (3) 4.50 8.24 7.33 3.83)(Jas = 18.90)  2.80-3.04; 3.14-3.26; 3.43-3.59
[Au(Gly-L-His-Na,No,N3)CI] (4) 4.50 8.54 7.24 4.0Q)(Jas = 20.14)
[Au(Gly-L-His-Na,No,N3)CIINO31.25H0 [16] 2.40 8.56 7.31 4.04( Jag = 20.00)
Au(lll)-imidazole bridged oligome(5) 5.50 7.39;7.21 7.14;6.78 3.96-4.09 (
[Au(Gly-L-His-Na,No,N1,N3],10H,0 [15] 550  7.38;7.20 7.14;6.79

#The multiplet of the methylene protons of free digand is at 3.22-3.29 ppm (pD 4.50).
®The chemical shifts for compleixare an average of those of the two species, atpRwalue.
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Figure 1. Schematic presentation of the reaction between [Au(dien)Cl]*" and L-His-Gly and proton NMR
spectra in the imidazole region (C2H and C5H protons) recorded after 3 min. The observed chemical
shifts for complex 1 are an average of those of the two species, at each pD value.
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Figure 2. pD dependence of the Au(lll)-dipeptide complex formation [%] for the reactions of
[Au(dien)CI]?* with an equimolar amount of L-His-Gly (a) and Gly-L-His (b) dipeptides. The
concentrations of complexes were determined after 3 min for 1, and after 4 days for 4 and 5.
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Figure 3. The influence of chloride concentration on the complex 1 formation in the reaction
between equimolar amounts of [Au(dien)Cl]*" and L-His-Gly at the pD 5.00 and at 25 °C.
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Figure 4. Schematic presentation of the reaction between [Au(dien)Cl]** and Gly-L-His. The
coordination of Au(lll) through the terminal amino, the deprotonated amide and the imidazole nitrogen
atoms are designated as Na, Np and N3, respectively.
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Figure 5. Parts of proton NMR spectra for the reaction between equimolar amounts of [Au(dien)CI]**
and Gly-L-Hisrecorded at pD 4.50 (a and b) and 5.50 (c).
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