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U3BO/I

OtkpuheM aHTUTYMOpPCKOT JiejcTBa IUcIuiatuHe o ctpaHe b. Pozen6epra 60-ux ronuna
JIBAJIECETOT BeKa OTIOYENA je IpaBa PeBOIyLIMja Y TEpaljH TEHIKKX O0JIECTH JIEKOBUMA Ha 6a3u
KOMIUICKCA jOHA MpeTa3HuX MeTasna. MHOTroOpojHa UCTPaKUBaKka Y OBOj 00JIACTH JIOBEA Cy 10
TOTa J]a e JaHac MOpe MUCIIaTHHE U HeKu aApyru koMiuteken Pt(1l), kao mro cy kapOomnatuna
U OKCAJMIUIATHHA, UHTE3UBHO KOpucTe y xemorepanuju. [lociaenmux 40 roanHa BETUKH OpOj
ApYyTruX KOMIUIEKCa IJIaTUHE CHUHTETHCAH je ca LUJbeM Ja C€ MOCTHrHe 00Jba aKTHBHOCT Y
omHocy Ha mwmcriatuHy. Ilopen komrmiekca Pt(I) ca yoOwdajeHOM KBaJpaTHO-TUIAHAPHOM
CTPYKTYPOM HCIIUTHBAHH Cy M T3B. HEKJIACHYHM KOMIUIEKCH IUIATHHE, I/Ie CHaaajy KOMIUIEKCH
Pt(IV), nonunykneapuu Pt(II) kommiekcu, anu u KOMIUIEKCH APYTUX JOHA MeTaja.

Kommniekcu Ru Majy BelMKy MOTEHIMjall 3a ynoTpedy y Tepanuju KaHuepa 300r CBOjUX
3HAYajHUX KapaKTePHCTHKA, Kao IITO Cy KWHETHKA JIMTaHJHE W3MEHe, IIUPOK OIICer
OKCHJAITMOHUX CTama U CIMYHUX OCOOMHA pyTeHHjyMa M TBOkhe y OMOXEeMH]CKUM MPOoIleChMa.
Kunernka nuranmHe m3ameHe ojpeljyje OMOJOIIKY aKTHBHOCT KOMILIEKCa MeTala M HErOBY
MHTEPaKIHjy ca MaKpOMOJIEKyJIuMa, Kao IITO Cy NpoTeuHH. Takole cy mojjeHaKo BakHE H
MHTEpaKIfje ca aMHHO KHCEeIMHaMa, MeNnTHAMMa W HykieoTuauma. [lapamerpu KHHETHKe
nuranade u3Mene 3a komruiekce Ru(Il) m Ru(Ill) jona cy camvam mapameTpuma 3a KOMILIEKCE
Pt(Il) jona. Pyrenujym y (hU3HOIOUIKMM yCIOBHMA MOCTOjJH Y TpU OKcuaanuona crama: Ru(Il),
Ru(Ill) u Ru(IV), koja xapakrepuury pasnuuute Ouomnomnike aktuBHocTH. Kommnexcu Ru(IIl) cy
ononomkn nHepTHUjU 0f aHanoraux Ru(Il) m Ru(IV) xomrmiekca, a moceGHO je Ba)KHO TO IITO
MoJl yTHUIjeM CpeAuHE MOTy TPOMEHHUTH CBOj€ OKCHUIAIMOHO CTame. PyTeHHjym ce Ha
MOJIEKYJIapHOM HHBOY TOHama Kao rBoxkhe M Moxe ce Be3aTH 3a alOyMHH M TpaHC(EpHH.
[Tomrro henuje kaHuepa mmajy nosehany morpely 3a rBoxhem, Ha HHXOBOj MOBPIIMHHU je
noBehan Opoj TpaHchepwHCKUX perienTopa ox 2 go 12 myra y omgHocy Ha 3iapaBe hemnwje.
Kommiekcu Ru ce taga Be3yjy 3a TpanchepuH U TUME CEIIEKTUBHU]E JIETY]y Ha TyMOpPCKa TKHBA,
Ia Cy U CIOPEJHHU HEeXEJbeHH e(PeKTH CMambEeHM. JOII jeHa BaKHA KapaKTEPHCTUKA KOMILJIEKca
pyTeHHjyMa je CpedaBame 0J1Bajarba U MUTPALlje TYMOPHHUX TKHBA, KA0 M BbUXOBE aJXe3uje Ha
y/1aJbeHUM MECTHMA.

3a UCNIUTHBAaKC KMHETHKE M MEXaHW3Ma CYICTUTYIIMOHUX peakiuja komruiekca Pt(ID)

jemumema Pd(I) nmpencrasspajy moroane mozene, y3uMajyhu y 003up YUEHUILY Aa KOMIUIEKCH



Pd(II) pearyjy 10°-10° myra Opxe ox anamorux kommiaekca Pt(II). 36or jako Bemmkor
apUHATETa TIpeMa CyMIIOp- M a30T-J0OHOPCKHUM JIMTaHANMa, Ka0 M jaKO BEJIHWKE PEaKTHBHOCTH,
cenexktuBHOCT KoMmruiekca Pd(I) mpema OGmomonekynuma je mania, IMTO OrpaHW4YaBa ymorpedy
OBUX jelMIbEHha Kao aHTUTYMOpPCKUX areHaca. MelhyTtum, mocnenmux roauHa yTBheno je nma
Heku komiuiekcn Pd(Il) unak nocenyjy aHTUTYMOPCKY aKTUBHOCT.

Y OKBHpPY OBOr paja TPEACTaBBEHH CY pe3yJNTaTH JOOHMjeHH HW3y4aBambeM
cynctutymnonux peaknuja Ru(ll) m Pd(I) xommuiekca ca pa3nuuuTUM CyMmop- W a30T-
JTOHOPCKUM HykKJIeopunuma. MHTepakinuje KOMIUIEKCa joHa NpeNa3HUX MeTaja ca a3oT- U
CYMIIOp-IOHOPCKMM ~ OMOMOJIEKYJIMMa Cy 3HauyajHe, jep ce TMoMohy mux ofjammaBa
AHTHUKAHIEPOTeHA aKTUBHOCT KOMILJIEKCA, aJTH U FhHXOBAa TOKCHYHOCT.

JloOujeHn pe3yaTaTu Cy MpeACTaBIbEHH ClieIchuM peIociieIoM:

e Kuneruka cynctutynuonux peakuuja [PdCl(tpdm)]" u [(TLBY)PdCI]* kommiexcHux

jona ca mykineopmwiuma Tu, I, Br, NO2, py u DMSO wucnurupana je y 0,1 M
NaClOs4. Peakuyje cy u3zyuaBaHe Kao peakuuje pseudo-npBor peaa y GYHKUHJU OX
KOHIIGHTpallMje JMraHga u Temueparype ,,stopped-flow” cnextpodoTomeTpujcku.
Temneparypcka 3aBUCHOCT KOHCTaHTE Op3WHE peakije pseudo-ipBor pena, Kobs, je
npoyuasasa 3a peakuuje cyncruryuuje [(TLBY)PACI]" ca I u Py, xao u 3a peakuuje
cyncruryrmje [PACl(tpdm)]* ca I, Br, Py 1 DMSO. Koxa usyuaBaHux mpoieca
CYINICTUTYIIM]€ COJIBOJIUTUYKH IyT je enumuHucaH goxatkoM 10 mM NaCl, ma ce
peakiyje TUPEKTHE CYIICTUTYIIHjE OJUTpaBajy Kao peBep3ubmian mnporuec. JJodujenn
pesynrati ykasyjy na [PdCl(tpdm)]" pearyje npuOnumxHO Tpu IyTa OpiKe HEro
[(TL®*)PACI]". Takohe, TMOypea je HajpeKTHBHMja y OJHOCY Ha OCTaje yJjasHe
JUraHjae, 10K je 30or Behe nonapuzadbunHocty I™ joH peaktuBHMju o1 Br™ u NO2™ joHa.
Maua peaktuBHOCT DMSO 1 nupuauHa je nocieania ctepaux edekara. Heratusae
BPEHOCTH EHTPOMNHje aKTUBHpama 3a CBE M3yYaBaHE peakidje yKasyjy Ha
acoIMjaTHBHU MEXaHU3aM CYIICTUTYIIH]E.

e Kuneruka CYTICTUTYIIMOHUX peakiyja [Ru(trpy)(bpy)H201** ca Tu,
L-Met, L-Cys i GSH ucnutusana je 'H u '*C NMR metonom. Peakuuje cy npahene y
€KBUMOJIADHOM OJHOCy peakraHata y D20, Ha Ttemmepatypu ox 295 K u
pH =4 - 5,3, kao u y npucyctBy ¢pocharror mydepa Ha pH = 7,4. HakoH pacTBapama

nonassor [RuCl(trpy)(bpy)]” y Boau monasu 1o 6p3e xumpoause u GopMUpara aKksa



ananora. PeakTMBHOCT ysasHMX nuranaga npema [Ru(trpy)(bpy)H20]1*" omama y
Hu3y: Tu >> L-Met > L-Cys > GSH. [Iponec cyncrutyuuje Ha pH = 7,4 je HemTo
Op>xu Hero Ha pH =4 - 5,3.

e KuHeTMka ¥ MeXaHU3Ma CYICTUTYLIHOHUX peakimja  [RuCl(trpy)(bpy)]"
KoMmIuiekcHor joHa ca Tu, L-His, DMSO wu 5-GMP je wucnuruBana
cnekrpodoTtometpujcku Ha 310 Ky 0,1 M NaClOs y3 nonatak 20 mM NaCl, na 6u
ce cnpeunia cnonTtana xuaponusa Ru(ll) kommiekca. Peakuuje cy m3ydaBaHe mon
yCIIOBHMa peakiuje pseudo-npBor pena. Ha ocHOBy noOujeHMX BpEIHOCTH 3a
KOHCTaHTy Op3uHE peakifje Ipyror peaa, ko, oapehen je pemocnes peakTUBHOCTH
uykineopuna: Tu > 5'- GMP > L-His > DMSO. Peakuuja usmely [RuCl(trpy)(bpy)]*
u Tu npoyuaBana je Ha Tpu paznuuure Temmneparype (288, 298 u 308 K), a Ha ocHOBY
u3padyHaTe BpEAHOCTH CHTPOIHUje aKTUBUpama TOTBpHEH je acouujaTUBHH
MeXaHU3aM CyICTUTYLH]€.

e McnuruBame xuaponuse [Ru(trpy)(bpy)H20]*" BpiuIeHO je MOTEHLIMOMETPHjCKOM MU
CHEKTPO(OTOMETPUjCKOM  MeToIOM. M3pauyHaTa KOHCTaHTa KHCEJIOCTH 3a
[Ru(trpy)(bpy)H201*" je pKai = 4,27. TlpBu KoOpak XHAPOIM3€ IOApa3symMeBa
dopmupame xuapokco-komiiekca [Ru(trpy)(bpy)OH]", 1ok y apyrom crymmy
XHIpoNM3e HacTaje Bpio cremuduuan komruieke [Ru(trpy)(bpy)(O)], Ha pKax =
10,11. Onpehena je paBHOTEKHA KOHCTAHTa 3a peakuujy nuMmepusanuje, Kdim, = 3,45.
Ha ¢usuonomkoj pH Bpeanoctn [Ru(trpy)(bpy)H20]*" mpBencTBeHO ersuctupa y
xuapokco oomuky [Ru(trpy)(bpy)OH]".

e lcnuTuBameM peakiuja Kommuekcupama usmehy [Ru(trpy)(bpy)H20]*" u 5'-GMP
wn L-His norerunomerpujckom metogom y 0,1 M NaClOs na 298 K uzpauynare cy
KOHCTaHTe CTaOMIHOCTH Harpal)eHHX KOMIUIEKCa, Kao M HUXOB cacTaB. JloOujeHe
BPEJIOCTHU 33 KOHCTaHTe CTaOMIHOCTH, logp,1,0, MOKa3yjy Aa je koMiuiekc ca 5'- GMP
MHOTO CTa0WIHUjU Yy oOJHOocy Ha Kommuiekc ca L-His 306or mnpucyctsa
MHTPAMOJIEKYJICKMX BOJOHUYHUX BE3a.

PesynraTi oBe HOKTOpPCKE AMCEpTanyje IMyOJUKOBAaHM Cy Y OKBUpPY 3 HaydyHa paaa y

IMO3HAaTUM MHTCPHALIMOHAJTHHUM YaCOIIMCHUMaA.



SUMMARY

Discovery of the antitumor activity of cisplatin by B. Rosenberg during the 60’s of the
twentieth century started a real revolution in the treatment of severe disease drugs based on the
transition metal ion complexes. Most of the results in this field have led to the conclusion that
today, beside cisplatin, other complexes of Pt(Il), such as carboplatin and oxaliplatin, are used
extensively in chemotherapy. In the past 40 years a large number of other platinum complexes
were synthesized in order to obtain a compound with better activity than cisplatin. In addition,
the complexes of Pt(I) with conventional square-planar structure and so-called nonclassical
platinum complexes, which include complexes of Pt(IV) and polynuclear Pt(II) complexes have
been studied as well. However, the complexes of other metal ions were also included in these
investigations.

Ruthenium complexes have a great potential for application in cancer therapy because of
their significant features, such as kinetics of ligand exchange, different oxidation states and
property that ruthenium can mimic iron in biochemical processes. Kinetics of the ligand
exchange determines their biological activity and interactions with macromolecules, such as
proteins. The interactions with other biomolecules (amino acids, peptides and nucleotides) are
also very important. The parameters of the ligand exchange kinetics for the Ru(Il) and Ru(III)
complexes are very similar to the values obtained for Pt(II) complexes. Under the physiological
conditions ruthenium can exist in three oxidation states: Ru(Il), Ru(IIl) and Ru(IV). Each of
them has different biological acivity. Complexes of Ru(Ill) are biologically more inert than
analogue Ru(Il) or Ru(IV) complexes. Nevertheless, the ruthenium ion can easily change its
oxidation state depending of the environment. Ruthenium can mimic iron and it may be bound to
albumin and transferrin. Since cancer cells have an increased need for iron, on their surface
accumulates increased number of transferrin receptors, 2 to 12 times more than in the case of
healthy cells. Then, the ruthenium complexes bind to transferrin and thereby selectively act on
tumor tissue, whereas side effects are reduced. Another important feature of the ruthenium
complexes is preventing the separation and migration of tumor tissues and their adhesion on
remote locations.

For study of the kinetics and mechanism of the substitution reactions of Pt(I) complexes

Pd(I) complexes are very suitable models, taking into account the fact that Pd(II) complexes



react 10°-10° times faster than the Pt(II) analogous. Due to the very high affinity for sulfur and

nitrogen donor ligands, as well as a very high reactivity, the selectivity of Pd(I) complexes

toward bio-molecules is small. All these facts limit the application of these compounds as

antitumor agents. However, in recent years it was established that some complexes of Pd(II)

possess antitumor activity.

In this thesis are presented results obtained from the study of substitution reaction of

some Ru(Il) and Pd(II) complexes with different sulfur- and nitrogen-donor nucleophiles. The

interactions of the complexes with sulfur- and nitrogen-containing bio-molecules are very

important since that their antitumor activity as well as toxic side effects could be explained by

these interactions.

The results are presented in the following order:

Kinetic of the substitution reactions of [PdCl(tpdm)]* and [(TL®“)PdCI]* with
nucleophiles such as Tu, I', Br, NO*, py and DMSO were studied in 0.1 M NaClOs.
The reactions were studied as a pseudo-first order reactions as a function of ligand
concentration and temperature by stopped-flow spectrophotometry. Temperature
dependence of the pseudo-first order rate constants was studied for the substitution
reaction of [(TL®*)PdCI]* with I and Py as well as for the substitution reactions of
[PACI(tpdm)]" with T", Br’, Py and DMSO. In all studied systems solvolytic pathway
was eliminated by addition of 10 mM NacCl. So, all reactions occur in a reversible
manner. The obtained results indicate that [PdCI(tpdm)]" reacts approximately three
times faster than [(TL)PdCl]". Furthermore, thiourea is the most reactive ligand
compared with the other incoming ligands. The great polarizability of I" can explain
its higher reactivity comparing with reactivity of Br and NOz ions. Small reactivity
DMSO and pyridine is the result of steric effects. Negative values of entropy of

activation for all studied reactions indicate the associative substitution mechanism.

Kinetics of the substitution reaction of [Ru(trpy)(bpy)H20]*" with Tu,
L-Met, L-Cys and GSH was studied by 'H and '*C NMR spectroscopy. The
concentration of the reactants was equimolar for all studied systems. The reactions
were monitored in D20 at 295 K and at pH 4.0, 5.3 and 7.4. After dissolution of the
starting [RuCl(trpy)(bpy)]” ion in water a rapid hydrolysis and the formation of aqua



analogs occurs. Reactivity towards incoming ligands of [Ru(trpy)(bpy)H20]*
decreases in the order: Tu >> L-Met > L-Cys > GSH. Process of the substitution at

pH 7.4 is faster than at pH 4 and 5.3.

e Kinetics and mechanism of the substitution reactions of [RuCl(trpy)(bpy)]” with Tu,
L-His, DMSO and 5'-GMP was monitored spectrophotometrically at 310 K in 0.1 M
NaClOs with the addition of 20 mM NaCl, to prevent spontaneous hydrolysis of
Ru(Il) complexes. The reactions were studied under the pseudo-first order conditions.
Based on the obtained values for the calculated second-order rate constants, ko, the
order of reactivity of the nucleophile was determined: Tu > 5'-GMP > His L >
DMSO. The reaction between [RuCl(trpy)(bpy)]" and Tu has been studied at three
different temperatures (288, 298 and 308 K). On the base of the calculated value for

entropy of activation an associative mechanism of substitution was confirmed.

e The hydrolysis of [Ru(trpy)(bpy)H20]** was studied by potentiometric and
spectrophotometric ~ method. The calculated  acidity = constant  for
[Ru(trpy)(bpy)H20]>" complex is pKal = 4.27. The first hydrolysis step involves the
formation of hydroxo [Ru(trpy)(bpy)OH]" complex while in a second step of the
hydrolysis a very specific ion [Ru(trpy)(bpy)(O)] at pKaz = 10.11 was formed. The
equilibrium constant for the dimerization reaction was calculated, Kdaim = 3.45. At
physiological pH [Ru(trpy)(bpy)H20]*" exists primarily in the form of hydroxo
[Ru(trpy)(bpy)OH]" complex.

e Study of the complexation reactions between [Ru(trpy)(bpy)H20]*" and 5'-GMP and
L-His by potentiometric method in 0.1 M NaClOs at 298 K enables a calculation of
the stability constants of formed complexes as well as their composition. The
obtained values of stability constants, logf1,1,0 show that the complex with 5'-GMP is
more stable than the complex with L-His due to the presence of intramolecular

hydrogen bonds.

The results of this doctoral thesis were published within three scientific papers in international

journals.



CKPA'REHUIIE U O3HAKE

Uv-Vis CHEKTPO(OTOMETPHja Y YATPaJbyOHIacTO] U BUAJHHBO] 00JIACTH
NMR HYKJICAPHO MarHeTHa pe30HaHTHA CHEKTPOCKOIHja
IR uH(palpBeHa CeKTPOCKOIHja

stopped-flow
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KapOoraTuHa

cis-muamuH(1,1-1ukno0yranqukapookcunaro)miatuHa(1l)
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YBO/JI

KommiekcHa jenumema, mopea CBOT  (DyHIAMEHTATHOT 3Hadaja y  OKBHPY
KOOpJMHAIIMOHE XeMHje, 3ay31UMajy MOCceOHO MECTO y OMOHEOPraHCKO] U MEIUIIMHCKO] XeMUjH
300r MpUMEHE Y AMjarHOCTHLM M JIeUeHhY Pa3IMYUTUX BpcTa 000JbeHa, Kao IITO Cy KaHIep,
apTpuTHC, aujadetec, Anxajmeposa 6onect, uta. 2 C TUM y Be3H, MHOTOOPOjHA MCTPaKMBAMKA
Cy JlaHac yCMepeHa Ka JM3ajHupamy U 100Hjakby HOBUX KOMIUICKCHUX jeIkbeha Koja he 3a b
MMaTH YCIICIIHHU]E JICUCHE, alTl U IPEBEHIIN]Y Pa3IHUYUTHX OOJIECTH.

Jenan on rmaBHUX IIMJbeBa OMOHEOPraHCKe XeMHje TPEHYTHO j€ UCTIUTUBAkhe MEXaHn3aMa
JIeTIOBaba KOMIUIEKCA jOHA TPENIa3HuX MeTana y OMOJIOMIKMM CHCTEMHMA, jep ce caM IMOYeTaK
OosyecT onurpaBa Ha hemnjcKOM HHMBOY W Ty Tpeba TpaKMTH OJATOBOPE HA MUTama Ja JIH €
moryhe Tok Gosectu 3aycTaBuTH M He.' ™

OTtkpuheM aHTUTYMOPHUX KapaKTEPUCTHKA KOMIUIEKCA IIMCIUIATHHE KpajeM IIe3eCceTux
TOAMHA TIPOLUIOT BEKa IOKPEHYTa Cy OICeKHA HCTpPAKUBama y OO0JAaCTH IIATUHCKUX
jenumera.? Yerex nucIUIaTHHE M3a3Bao je BEIMKU MHTepec 3a pasBoj Houx Pt(Il) kommekca,
TaKo J]a ce JaHac KapOOIUTaTHHA M OKCAIMIUIATHHA WHTCH3MBHO KOPHCTE Ka0 aHTUTYMOPCKHU
nekoBu. [lopen Tora, ycienuia je CMHTe3a MHOTUX JPYTUX HETUIATHHCKUX KOMIUIEKCA, Ca IUJbEM
nobujama jenumema Koje he umatu Behy OHONOIIKY aKTMBHOCT, @ Malby TOKCHYHOCT Y OJHOCY
Ha HACIUIATHHY.

VY nocamammum uctpaxkuBamuma komruiekcd Ru(Il) m Ru(Ill) mokazanm cy 3aBumHy
AHTUTYMOPCKY aKTHBHOCT Y in Vitro yCIIOBHUMA, JIOK C€ CaMO HEKOJHMKO KOMILICKCA HAIa3H Y
KJIMHUYKUM UCIMTUBambUMa. MexaHu3aM aHTHTYMOPCKOT JI€jCTBA KOMILIEKCA PyTEHHjyMa jOII
YBEK Y MOTITYHOCTH HUje pa3jalllibeH U MPEICTaBIba MPEIMET MHOTOOPOJHIX UCTPAKUBAba. 3aTO
j€ UCTIMTHBAKE Peakiifja CYICTUTYIIM]€ KOMIUIEKCa pyTEHHjyMa ca Pa3IuIUuTHM CyMIIOp- U a30T-
JOHOPCKUM OMOMOJICKYJIMMA OJ1 BEJIMKOT 3Havaja.

Kommnekcu Pd(Il) He mokasyjy aHTUTyMOPCKY aKTUBHOCT, alld M3a3UBajy BEIHUKY MaXbY

y UCTpaXKMBamkUMa ycCJel TOTa INTO IMOKa3yjy CIMYHO XEMH]CKO TOHAMIamke Kao M KOMIUIEKCH
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Pt(II), ¢ Tum wmro pearyjy 10°-10° myTa Gpske. OHu ce Ipe CBera KOPHUCTE Kao MOTOIHH MOJIE/IH
3a UCTPAKMBAbA.

VY oKkBHpY OBE JOKTOPCKE AMCEPTAIH]je PUKA3AHH CY PE3YITATH JOOU]jEHU MTPOyUYaBakbeM
cynctutynuonux peakunuja komriekca Ru(Il) u Pd(I) ca pasnuuutum cymmop- u a3o0T-

JOHOPCKUM OMOMOJIEKYJINMA.

» YV OmnmteMm jaeiny JIeTajbHO Cy ONHUCaHE CYICTHTYIMOHE pEaKlnje KOMIUIEKCHUX
jenMmbema, Kao M MeToie 3a onpehuBame MeXaHM3Ma CYINCTHTYIMOHHMX pEakIildja.
JletaJbHO Cy TpHKa3aHe CYNCTUTYIMOHE peakiMje KBagpaTHO-IUIAHAPHUX U
OKTaeIapCKUX KOMIUIEKCAa ca MOCEOHMM OCBPTOM Ha (hakTope KOjH YTHUy Ha IPOIEC
cynctutyumje. Takohe, naT je mperyien OMOJIONTKE AKTUBHOCTH U HAYWHA aHTUTYMOPCKOT
nejctBa kommiekca Ru(Il), Ru(Ill) u apenckux Ru(Il) xommuekca. I[lpukazanu cy u

J0caIallkby My OIMKOBaHH pe3ynTatu uctpakuBama Pd(1l) kommiiekca.

» YV EKCHeprMEHTaJIHOM Jely, Cy TOpel IpHIpeMe peareHaca M pacTBOpa, OIMCaHE
CHHTE3¢ IMPOyYaBaHMX KOMIUIEKCA M MeEToJle KOpuIIheHe NPWINKOM HCITHTHBAKbA
KUHETHUKE CYNCTUTYLIMOHUX  peaKIyja. JerasbHO Cy  ommucaHe MeToAE
(TOTEHITMOMETPHjCKA W CIEKTPOPOTOMETPUjCKA) 32 H3y4YaBamkEe XUAPOIU3EC U

koMmruiekcupama Ru(Il) joHa.

» VY nornasiby Pesynratu u nuckycuja pesyniraTa MpBo Cy NpUKa3aHW JOOUjEHH pe3ysTaTu
UCIMTHBAha KHHETHKE M MeXaHu3ma cyncruryimonux peakiuja [PACl(tpdm)]" wu
[(TLB")PACI]* ca I, Br, NO2, Tu u DMSO y 3aBHCHOCTH O] TeMmIepaType H
KOHIIEHTpanyje Hykiaeodwmra. McnutuBama Ccy BpIIeHa CHEKTPOPOTOMETPH]CKH,
METOJIOM 3ayCTaBJbeHOI ToKa. IloTOM cy TmpHKa3aHu pe3yiTaTH HCIHTHBAKA
CYNCTUTYIIMOHUX peakiuja MoHodyHkuuoHamHor kommekca [RuCl(trpy)(bpy)]” ca
muraganma L-His, 5°-GMP, Tu 1 DMSO UV- Vis cnektpodortomerpujcku Ha 298 K,
JIOK je caMo peakirja ca Tu ucnutuBana Ha 288, 298 u 308 K. Hakon Tora npukazanu cy
pe3yiTaTH WCIHUTUBAaPka KUHETUKE CYINCTUTYLUHOHHX peakiHja MOHO(YHKIIHOHAIHOT
xomiuiekca [Ru(trpy)(bpy)H20]" ca nmurannauma L-Met, L-Cys, GSH u Tu nomohy 'H i

13C NMR cnekrpockonuje Ha 295 K y npucyctBy pochaTror mydepa. Takohe, netamHo
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Cy ONHCaHU pe3yJiTaTH JOOHjeHH MOTEHIIMOMETPHJCKUM HCIUTHUBAKBEM XHJIPOJIH3E
[Ru(trpy)(bpy)H20]" u xommiekcupama [Ru(trpy)(bpy)H20]" jona ca L-His u 5°-GMP.
pKa spexnoct [Ru(trpy)(bpy)H20]" oapehena je u UV-Vis criekrpodoToMeTpujcKu.

Pesynratu oBe IOKTOpCKE aucepTanudje 00jaBJbeHM Cy y OKBHPY 3 Hay4yHa pajaa y

MO3HAaTUM Mel)yHapoIHUM Yyaconmucuma.
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1. onmTu 10

1.1. KuHeTnka XeMHjCKHX peaKlHja PyTeHUjyMa U MAJaIUjyMa

N3yyaBame KMHETHKE XEMHUJCKE peakidje MMa 3a Wb yTBphHBame Op3WHE KOjOM O]
peakTaHaTa HacTaje MPOU3BOJI pPeakiihje, Kao U yTBphUBame yTHIaja pa3IMUUTUX IMapaMerapa
(mpoMeHa KOHIICHTpalMje peakTaHara, pH, mpomeHa TeMmiiepaType W TPUTHCKA, YBoheme
KaTanu3aropa, UT/.) Ha Op3uHy peakuuje. Y TBphUBame eIeMEHTapHUX PEAKIIMOHUX KOpaKa Koju
BOJIC Ka HACTaHKy MPOU3BOJA peakivje, Tj. oapehuBame MeXxaHu3Ma peakiuje je, Takohe, jeman
01 IWJbEBAa H3y4YaBama XEMHjCKe KHHETHKE peaknuja. OnpehuBame MeXaHH3Ma peakiuje
MoJpasyMeBa aHallM3y HaYMHA Ha KOjU Ce HEKa XEMHjCKa Be3a pacKuia, a 3aTUM W HauWHA Ha
KOjU ce HOBa XeMHjcka Be3a (opmupa. [lomro ce y ToM ciaydajy Mopa y3eTd y 003HUp /1a CBaKH
€JIEMEHTApHH KOpaK pEeakKlHjeé HWMa CBOj MEXaHHM3aM, KOMIUIETHO O00jallmherhe PEeaKIMOHOT
MeXaHU3Ma j€ TEIIKO JOCTHKAH IUJb.

Ca Illeme 1.1. mory ce Bunetu oapehene dasze koje ce MOpajy y3eTu y 003Up NPUINKOM

ozxpehuBama MeXaHU3Ma XeMHjCKe peakiyje.’

KupcaEa peasipgijc > Mecxanmad peaxmjgjc
SamscmocT oX;:

Mcpcssc EDBCTRETC OpsEEC ——| Kopngesrpanmje, pH,
‘TCMIEPATYPE, IPHTHCEA

Exmmpaicxn T >

Teopercsd 3ax0H Gp3mBe

Hlema 1.1. Kopayu y oopehueary mexanusma xemujcke peakyuje.’
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[IpoyuaBame MeXaHW3Ma HEOPTaHCKUX peakiHja J0KHWBJbaBa CKCIAH3H]y pa3BoOjeM
OpraHOMETAJIHE M OMOHEOPraHCKE XEMH]je, OJHOCHO ca Pa3BOjeM HOBHX EKCIIEPUMEHTATHUX
texuuka  (Uv-Vis  cmekrpodortomerpuja, = NMR  cmekrpockonuja,  ,,stopped-flow”

cnekrpodotomerpuja, HPLC, utn.).

1.2. CyncrutynmnoHe peakuuje KOMIUIEKCHHUX jeIHbemha

CyncTuTymoHe peakiyje KOMIUICKCHUX jedumbemha MOTy OuTH enekrpodunHe (Sg) u
HykJeopuaHe (SN) y 3aBHCHOCTH OJf TOra Ja JIM y MPOIECY CYNCTUTYIH]E J0Ja3u 10 3aMEHE
[IEHTPAJTHOT jOHA MeTaJla WK JINTaHa a. Y KOJIMKO Ce Y TOKY PEaKilHje CYICTUTYHIIE jOH MeTala,
Tj. enekTpodui, y MUTamy je peakuuja enexkrpodunHe cymncrtutynuje, jenHaumna (1.2.1), a
YKOJIMKO C€ BPIITU 3aMEHA JIMTaHa/1a, KOMIUIEKC MOJIJIeKe peakluju HyKJIeoPHIIHE CYTICTUTYIH]E,

jennaunna (1.2.2).

[ML,] + M<s=—= [M')] + M SE 1.2.1

[ML,] + X == [ML,,X] + L SN 122

HykneouiHe cyncTHTyLMOHE peakuuje, npema Jlanrdopay u I'pejy (Langford, Gray),®
OJIBUjajy C€ M0 TPH Pa3ININTa MEXaHU3Ma:
4+ JluconujatuBHOM Mexauusmy (D)
# ACOIMjaTHBHOM MeXaHu3My (A)

+ Mexanusmy usmene (I)

Kon nmucomumjatuBHOr wmexanusma (D) y mpBoM cCTymmy peaknmje JJ0ja3d 10
IMCcOLMjalyje jemHor nuraHga L w3 KoopauHamumoHe cdepe KOMIUIeKca, NMpPH 4YeMy HacTaje
UHTEpMEIMjep ca CMamkbEeHUM KOOPAMHAIIMOHUM OpojeM. VY cieneheM CTymmy yiaa3HH JUraHm X
ce Besyje 3a HeHTpasHu joH Mertana. C 003MpOM Ja je MpBU CTyNawm pEakldje CIOPHjH, OH
onpelyje yKyIHy Op3uHY peakiije CYICTUTYIIH]e.

Kon acoumjatuBHOor mexanumsma (A) y mpBoj (asu ynasau nurana X ce Besyje 3a
LEHTpPaJIHU jOH MeTajia, rpaaehu umHTepMmenujep ca moBehaHuM KOOPAMHALMOHUM OpojeM, a

3atuM, y aApyroj ¢dasm omrazehm mwrang L HamymTa KoopauWHAIMOHY cdepy KOMILISKCa.
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Peaknmja rpahema mHTEpMeaujepa ca moBehaHMM KOOpAWHAIIMOHMM OpojeM je CropHja U OHa

onpelyje Op3uHy OBOT TIpolieca CyNCTUTYIIH]E.

I Mexanu3zam

Hlema 1.2. Mexanusmu Hykneoguine cyncmumyyuje KOMNIeKCHUX jeOurberva.

Mexanuzam u3mene (I) je mporec koa xora ce, y mpBoj (asu, yina3Hu JTUTaHg X Besyje
SNIEKTPOCTATUYKHUM CHJIaMa 3a CIIOJballllby KOOPANHALMOHY cdepy Komiuiekca. [lotom nosa3u 10
MUTpalMje yJa3HOT JIMTaHIa W3 CIHOJballllbe y VYHYTpalllby KOOPIUHANMOHY chepy y3
UCTOBpPEeMEHY Murpainmjy ojanaseher nuranna L w3 yHyTpallme y CIOJbAllbY KOOPIUHAIMOHY
chepy. Kpajuu mpomec je packumame Be3e m3Mely komruiekca u oanaseher mmranma. OBaj
MeXaHHM3aM, 33 Pa3IMKy OJ MPETXOJHA JBa HEMa MHTEPMEIHjepa ajli MOCTOjU TPENIa3HO CTambe,
Tj. TIPOIIEC TIOCEIyj€ CBOJY €HEPTH]y aKTUBUpama. MexaHn3aM U3MEHE c€ MOXKE MOACIUTH Ha [a 1
ld MexaHM3Me. YKOJIMKO MpOIeC pacKuiama Be3e uMely IIeHTpaTHOT joHa MeTaja W ojajaseher
nmuranga L uma Behu yTumaj Ha Op3uHYy peaknuje, MexaHu3aM ce oOenexana ca ld, a yKOIUKO
nporec hopMupama HOBE Be3e u3Mel)y IICHTpaTHOT jOHa MeTaja M yJIa3HoT Juranaa X uma Behu

yTHIIaj Ha OP3MHY XeMHUjcKe peaKiyje, MexaHu3aM ce obernexana ca la.%’
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1.3. AKTHBaNMOHH apamMeTpH

OnpehuBame MexaHM3Ma XEMHJCKE pEaKlMje 3acHHMBAa C€ Ha aHaIu3U JOOMjeHHX
BPEIHOCTH TepMOIMHAMHUYKuX mapamerapa (AH?, AS*, AV7), koju kapakrepuury oxapeheHu
npouec. HeonxoaHo je npBo neduHuCaTH BPEAHOCT KOHCTAHTE Op3uHe Xxemujcke peakiyje k, 3a
yje oxapehuBame MOCTOjU BETUKHM Opoj eKcrepuMeHTamHuX Metoxa. M306op oaromapajyhe
METO/Ie 3aBHUCH Kako o] Op3uHE mpoleca KOju ce MpoydaBa, TaKO M O OCOOMHA yYECHHKA
xemmjcke peakuuje.’

[lo3HaBawke BpEeAHOCTH KOHCTaHTE Op3WHE XEMHUJCKE peaklMje Ha pa3IuduTuM
Temreparypama omoryhaBa oapehuBame ocTamux TepMOAMHAMUYKHX IMapamerapa. BpemHocT

eHepruje akTuBUpama Ea oapehyje ce momohy Apenujycose (Arrhenius) jemnaunne (1.3.1).51°

k =k exp(~E,/RT) (1.3.1)

y k0joj je k koHcTaHTa 6p3uHe xemujcke peakuyje, ko paxrop yuectanoctu, R racHa koHcTaHTa U
T Temnepatypa Ha K0joj je onpeheHa BpeIHOCT KOHCTaHTe Op3uHe. JlorapuTMoBameM jeTHauNHE

(1.3.1) mobwuja ce u3pas:

Ink = Ink, — E,_/RT (13.2)

y KOME IOCTOju JmHeapHa 3aBuUCHOCT Ink ox 1/T. OBa 3aBUCHOCT je JNHMHEapHa y YyXXeM
temneparypHoM uHTepBaiy oz 30 - 40°C. To 3Haum n1a MO3HABaKHEM BPEAHOCTH KOHCTAHTE
Op3rHE XEMUjCKe peaKlirje 3a HajMambe TPH TeMIlepaType, rpa@uIKuM MyTeM MOXKE C€ OJIPEIUTH
BpeHOCT wiaHa —Ea/R, 0JHOCHO, BpeJIHOCT eHEpruje aKTHBHMpaha 3a U3yYaBaHy peakiujy.®’

[MpomeHna enTanmuje aktuBupama AH” onpehyje ce u3 jeqnaunne (1.3.3).

AH” =E_, —RT (1.3.3)
IIpomena enTponuje akTHBHpama AS”* je BeIMYMHA KOja MPEACTaBba MEPUIIO
Heype)eHOCTH crcTeMa, OJTHOCHO, poMeHy ciioboaHe (Gibbs-oBe) enepruje AG* ca mpoMeHOM

temneparype T u Mmoxe ce u3pasutu nomohy jeanaunne (1.3.4)
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(d(A(f )] = —AS (13.4)

Bpennoct AS* onpehuje ce Ha ocHoBy Ajpunrose (Eyring) jennauunne (1.3.5):

RT AG”
k=—-exp|l — 1.3.5
Nh p( RT J ( )

C 0063upom 11a ce mpomeHa cinoboauae eHepruje AG* MOKe U3pa3UTH IIPEKO MTPOMEHE SHTAIITH]e

aKTHUBHpama U MPOMEHE SHTPOIIHje aKTUBHpama, jenHaunHa (1.3.6):
AG* = AH*+ TAS* (1.3.6)

3ameHoM y uspasy (1.3.5) naje jemnaumny (1.3.7):

RT AS” AH”
k=—ex exp| — 1.3.7
Nh p{ R ] p( RT] (12.7)

JloraputmoBameM jenHauunne (1.3.7) nobuja ce uzpas:

in[ K)o R) AT _AH (1.3.8)
T Nh) R RT

Ha ocHoBy m3pasa (1.3.8) Bunumo aa nmocroju JimHeapHa 3aBucHocT In(k/T) ox 1/T, 1j. rpaduaku

Ha OCHOBY OB€ jeJHAUMHE U3 Harnba jpo0ujeHe mpase ojapelyje ce BpeTHOCT MPOMEHE SHTAIH]e
aKTHBHpAama, a U3 OJCeYKa MpaBe M3padyHaBa C€ BPEIHOCT NPOMEHE CHTPOIHje aKTHBHpAmbA.
IIpsu unan, In(R/Nh), je konctanTa u Ha 25°C uznocu 23,8101

[ToBe3aHOCT KOHCTAaHTE Op3WHE XEMHjCKE PeakKldje W MPOMEHE 3alpeMHHE aKTHBHPAha

AV* nara je Baut-Xodosom (Van't Hoff) jeqraunnom (1.3.9):
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(d(lnk)) __AV” (139)
dP ), RT o

Bpennoct 3a AV* nobuja ce mpahemeM NpPOMEHE KOHCTAHTE Op3WHE XEMUJCKE peakiuje y

3aBHCHOCTH O] TPUTHUCKA, a HAa OCHOBY jenHauyuHe (1.3.10):
AV” =—bRT (1.3.10)

y K0joj b mpencrarspa Haru6 npase Ink = f(P). 3anpemuna aktuBupama AV* cactoju ce u3 JiBa

ynaHa, jenHaunHa (1.3.11).
AV” = AVZint + AV7s01 (1.3.11)

ITpBu unan AV7int OJHOCH C€ Ha MMPOMEHE Y MHTEPHYKJICApHUM PacTOjalbMMa U YIIIOBUMA
Be3a MPUJIMKOM HACTajamba aKTUBUPAHOT KOMIUIEKCA, TOK APYTH 4iaH AV7sl ONUCYje MPOMEHE Yy
HaelleKTpUCamky, Kao M JMIOJIHE WHTEpaKUHUje y aKTUBUPAHOM KOMIUIEKCY. 3aTO, YKOJMKO
pearyjy HaeJIeKTPUCAHH JOHH y MPOLECY CYTICTUTYIHje JOMPHUHOC APYTOT YjaaHa Moxke Outh Behu
O]l TIPBOT, Ma BPEIHOCT 3allpEMHUHE aKTUBHpama HHjE TOY3JlaH KPUTEPHJyM 3a oapehuBame
MexaHuszMa. MehyTum, Kajga y TOKy Ipoleca CYNCTHTYLMje HEMa MPOMEHa y HaeleKTpucamy,
npyru uwiaH y uzpasy (1.3.11) moxe ce 3aHeMaputu, Tj. Taja 3alpeMHHA aKTHBHpama 3aBUCH
camo of AV7in. Y TOM ciyyajy je BpeaHocT AV” Hajnoy3/laHUju KPUTEPHjyM 3a oapehuBame

MexaHu3Ma cyncrutymuje. >

1.4. OppehuBame MexaHH3Ma HYKJIEO(PUIHUX CYNICTUTYHIMOHUX PeaKkIuja

OnpehuBame MexaHM3Ma HyKJICO(QHIHE CYNCTUTYILHOHE pEaKlfje BPIIM c€ Ha OCHOBY

3 KOjM KapaKTepHIly IIpOyuYaBaHM IIpoliec. JemaH

BPEHOCTH TePMOJAMHAMHYKHX Mapamerapa,’ !
o]l mapamerapa nmoMohy Kora ce Ha BpJIO jeTHOCTaBaH HAauMH MOXE NPETMMUHAPHO OJIPEIUTH
MeXaHu3aM CYICTUTYIIHje je KOHCTaHTa Op3uHe XeMujcke peakiuje. Ha ocHOBY jeqHaunHa Koje

KapakTepHIIly TPOIece AMCOLNjaTHBHOT, aCOIMjaTHBHOT U Mexann3Ma uzmene (Lllema 1.2) moxe
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ce BUJCTH JIa je MPOoIleC CYNCTUTYIH]jE TI0 TUCOLNjaTHBHOM MEXaHHW3MY peakKilfja MpBOT peaa, a
M0 acOILMjaTHBHOM MEXaHM3MY peakiyja apyror peaa. C THM y Be3H, YKOJIUKO C€ TMPUINKOM
M3ydaBamka HEKE PEaKIMje YCTAaHOBU Jia TPUPOAA YyJA3HOT JIMTaHIa HE YTUYe Ha Op3uHY
peakiuje, Taxa ce paad O AUCOLMjaTMBHOM MM ld Mexanusmy cyncrutyuuje. M oOpHyTO,
YKOJINKO Op3WHA XEMUJCKE PeaKIlhje 3aBHCH O] MPUPOJC yJIA3HOT JINTaH/Aa, peaKirja ce JeIaBa
10 acolLMjaTUBHOM WM l. MexaHusmy cynctutynuje.>’

[oy3nanuju kpuTepHjyM 3a oapehuBame MexaHHU3Ma je MO3HABAKE BPEJIHOCTH MPOMEHE
eHTponuje aktuBupama AS”. [lomTo je eHTponuja akTUBHpamka MEPUIIO HeypeheHOCTH cucTema,
a Ha OCHOBY Ca3Hama Jia ce KOJ pa3IMuyUuTHX MeXaHu3ama GpopMupa uHTepMeanjep ca BehoM mim
MamOoM Heypehenomhy, oBaj mapamerap omoryhaBa onpehuBame MexaHHW3Ma CynCTUTyLHje. Y
ciydajy D MexaHn3Ma HacTaje HHTepMeaujep ca CMambeHUM KOOPAWHAIIMOHUM OpOjeM, OJTHOCHO,
noehaBa ce HeypeheHocT cucrema m AS” mWMa TO3MTHMBHY BpenHocT. Kox acommjaTuBHOT
MEXaHW3Ma HacTaje HMHTepMenaujep ca noBehaHWM KOOpIMHAIIMOHMM OpojeM W CMamyje ce
HeypeheHocT cuctema, oqHOCHO, AS”™ MMa HeraTuBHY BpenHOCT. Y ciydajy | mexanuzma AS” je
MPUOJIMKHO je€THAKO HYJIH.

Hajnoy3nanuju kpurepujym 3a oapehuBame MexaHn3Ma je BpEAHOCT MPOMEHE 3alPEMHUHE
akTuBUpama.'>!> Viumajyhu y 003up BpcTy HHTepMemujepa KOJ PaslIMYMTHX MEXaHHM3ama,
noBehame mputHcka he yOp3aBaTH peakiiyje Koje ce JeliaBajy mo A MeXaHu3My, a yCropaBaTH
peaknuje mo D MexaHu3My. 3aTo, HETaTUBHA BpeAHOCT 32 AV” yka3yje Ha A win . MexaHu3am, a
MO3UTUBHA BpeaHOCT 3a AV” ykasyje Ha D wm lq mexanuszam cyncrutynmje. Y ciaydajy

MEXaHH3Ma U3MEHE, MPUTHCAK HE YTUYC 3HAYajHUje HA OpP3UHY CYIICTUTYIIH]C.

1.5. CyncrutyumnoHe peaknuje KBaJpaTHO-IUVIAHAPHUX KOMILIEKCA

KBajpaTHO-IIaHapHE ~ KOMIUIEKCE Tpajie joHM MeTaia ca d°  eleKTpOHCKOM
koH(purypamujom. Y oy rpymy cnaaajy Pt(Il), Pd(Il), Au(IIl), Ir(I), Rh(I) u Ni(Il). Ommmra
(dhopMyIia OBUX KOMIUIEKCHUX jeanmbea je [ML1L2TX], omHoCHO, OHH ce cacToje OJ] IIEHTPATHOT
joHa Mertama W 4etHpH Jmranga. OBa rpyna KOMIUIGKCHHX jelnm-ema moceayje Dan Tpyry

CHUMeTpHje, TaKO Ja Cy Be3e MeTall-TUraH;l ycMepeHe Iy X- u y-oce.'

10
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Cyncrutyuunone peakuuje komruiekca Ir(I) m Rh(I), kao u Pd(II) m Au(Ill), onurpasajy ce
BeoMa Op30. Mehytum, cymncrutynmone peaknuje komiuiekca Pt(II) oauwrpaBajy ce 3HaTHO
cnopuje.'®

Peakuuja CyNncTUTYIHjE JIMTaHAa KoJ KBaJpaTHO-TUIAHAPHUX KoMIulekca®’ IpukasaHa je

Ha [lemu 1.3.

Hlema 1.3. Peaxkyuja cyncmumyyuje 1ueanoa Koo Keaopamuo-niaHapHux KOMNIeKca.

Ha ocnoBy Illeme 1.3 Mosxe ce BUAETH /12 y KOOPAUHAIIMOHO] cepH MOTa3HOT KOMILIEKCa
J0JIa3u 10 CYNCTHUTyLHMj€ Juranaa X ynazHuMm juranaoM Y. Jlurann T ce Hamasu y trans-
MOJIOXKAJy Yy OAHOCY Ha ojazehu nurang X .

CyncTuTynmoHe peakiifje KBaJpaTHO-TUIAHAPHUX KOMIUIEKCa OJBHjajy ce€ Mo JBa
KUHETHYKa TIyTa. JemaH je T3B. IUPEKTHA HYyKJIeopHIHA CYNCTUTYLHja OKapaKTepucaHa
KOHCTaHTOM ko, jenrauwna (1.4.1).

k
[MLL,TX] + Y == [ML,L,TY] + X (1.4.1)

JIpyTH je CONBONMUTUYKH ITyT, OKapaKTepHCaH KOHCTAaHTOM Op3uHe ki, Mo KoMe ce y mpBoj
(ha3um BpIIM CYNCTUTYIIM]jA IUTaHAa X pacTBapadeM S, a moToM, y apyroj dasu Jurany Y yiasu 'y

KOOp/AMHAIMOHY c(epy KOMIUIEKca, 3aMeryjyhu MoJieKyJ1 pacTBapaya.

k
[ML,L,TX] + S == [ML,L,TS] + X (1.4.2)
[ML,L,TS] +Y =—> [ML,L,TY] + S (1.4.3)

11
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W3pa3 3a Op3uHy CYICTHTYIHMOHE peakmuje oO0yxBaTa o0a KHMHETHYKA IyTa M TPUKa3aH je

jennaunHoM (1.4.4).

BRZINA=k,[ML,L,TX]+k,[ML,L,TX][Y] (1.4.4)
OxHOCHO
BRZINA= (k, +k,[YD[MLL,TX] (1.4.5)

Ha Hlemu 1.4. mpukazaH je MexaHW3aM CYNCTHTYLH]€ JIMTaHIAa KOJ KBaJpaTHO-TUIAHAPHUX
koMmiiekca. M3 Illeme 1.4. ce Moke BHUIETH JAa yNa3HH JWrana Y TMpWIa3H KBaapaTHO-
IUTAHAPHOM KOMIUIEKCY TOJA HOpPMajdHUM YyrioM, (opmupajyhu kBaapatHy mnupamuay (3).
Hacrana xBanpatHa nupamuga ce TpaHchopMHuIlEe y TpUTOHaIHY Ounupamuny (5), a morom
MOHOBO Yy KBajapaTHy nupamuay (7), amu ca ominazehum nuranmom X Ha BpXy nupamuae. Ha
Kpajy mpoleca CynCTUTYIMje pacKuaameM Beze u3Mely Merana u oanaseher nuranga X MOHOBO
ce dopmupa xkBagpatHo-IaHapHu Komruieke (9). IlpemasHa crama cy oOkaparepucaHa

noynoxajuma 2, 4, 6 u 8.

12
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Hlema 1.4. Mexanuzam cyncmumyyuje iueanoa u eHepeemcku npoun peaxyuje

cyncmumyyuje Koo K8aopamHo-niaHapHux KOMniexca.

1.6. ¥YTuuaj pa3jauuuTux (pakTopa HA PEAKTUBHOCT KBAJAPATHO-IIJIAHAPHUX
KOMILIEKCca
Ha Op3uHy CYNCTHTYIMOHHMX peakiMja KBaJpaTHO-IUIAHAPHUX KOMIUIEKca yThde Behm
Opoj dakropa, y Koje cranajy: yTUIaj IIEHTPATHOT joHa MeTana, edekar oxanazeher jaurasja,
eekaT yJa3HOT JIMraHna, YTHUIA] JHWraHaa KOju C€ Halla3d Yy (rans-TojioXkajy y OJHOCY Ha
onnazehm mwranpg (frans-epexaTr), Kao W YyTHIA] JWraHiga y cis-monoxajy (cis-edekar).
ExcriepuMeHTaTHN YCIIOBU TIOJ] KOjHMa CE CYNCTHTYIIMOHA peakija oJBHja (KOHIICHTpAIHja
peakTaHaTa, pacTBapay, jOHCKa CHJIa pacTBopa, pH, mprcycTBO Katanu3aropa Wid HHXHOUTOPA),

Takohe, yTudy Ha Op3UHY peakiije.

1.6.1. YTHIaj HeHTPAJHOI joHa MeTaJa

Edexar mnenTpasHOr joHa MeTana Ha Op3WHY CYICTUTYIM]E€ KBaJpaTHO-TUTAHAPHUX
KOMIUIEKCa je BEOMa BEIHMKH. YOUEHO je Jla pEaKTUBHOCT KOMILJIEKCA Y 3aBUCHOCTH O BPCTE

jona metana omaga y mmsy Ni(II) > Pd(I) > Pt(II).” Benuka pasnuka y peaKTHBHOCTH OBMX

13
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KOMIUIEKCAa MOXKE CE€ NMpHUMHcaTH mopacty BenuumHe joHa mertama on Ni(Il) (83 pm) mo Pt(II)
(94 pm), mrro monpurocu aa Ni(Il) jor Mmoxke MHOTO Jlakiie aa moBeha KOOpaAWHAIMOHU Opoj, Tj.
Jla Harpaju WHTEpMeNujep TPUTOHATHO-OMMUpaMUAAIHE CTPYKType, IPEKO Kora ce OJurpaBajy

CYICTUTYLIMOHE PeaKiyje KBaapaTHO-IIaHapHux kommuiekca (Iema 1.4.).%1

E’[3P/// \\\C| M=Ni k2=33 M-IS'1
‘M EtOH o
\ + py —> M=Pd k2 =0,58 M™'s”
PEt;

M=Pt k,=6,7 10 M5!
Cnuxka 1.1. Koncmanma 6p3une 3a peakyuje cyncmumyyuje KOMnieKca joHa memana
d® enexmponcke kongpuzypayuje.’’!
1.6.2. Edexart yaa3nor u onnaseher auranaa
bp3uHa CyncTuTynMOHE peaknuje KBaJpaTHO-TIAHAPHOT KOMIUIEKCA 3aBHCH Ol BPCTE,
OJTHOCHO, HYKJICO(UIHOCTH ynaszHor Juranga. Koa Beiaukor Opoja CyNCTUTYLMOHMX peakija

Pt(Il) xomIuiekca KOHCTaHTa Op3WHE peakiMje AUPEKTHE CyINCTHTynHje, k2, pacte y cnenehem

HU3Y yJa3HUX JIMTaHAa:
H20 <NH3<CIl' = py <Br <I'<CN <PR3

OBaj penocies IUraHaja je JaT Ha OCHOBY BPEIHOCTH 3a HyKJICO(GUIHY PEAKTUBHOCTH Mpy,’ Tj.

Koja ce nedunuiie Ha ocHOBY peakuuje (1.6.2.1).

trans-[PtCly(py),] + Y —= trans-[PtCl(py),Y]" + CI (1.6.2.1)

Ipu 4eMy ce KOHCTaHTa Op3MHE OBe peakiuje obenexasa ca k2 kama je Y = MeOH, u Taza je

npe = 0. BpeaHoCT 3a np y Cilydajy ApyTUX IUTaHaaa 100Hja ce Ha OCHOBY jeqHaunHe 1.6.2.2.

14
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np = log ko/ka’ (1.6.2.2)

BpennocT 3a HykI€o(uIHY pEaKTUBHOCT, /p, HEKUX JIMTaHaza jgarte cy y Tabenn 1.1.

Tabena 1.1. Bpeonocmu uykneoghunne peakmusHocmu, np, 3a yiazHe nqueamoe Y y peaxyuju

(1.6.2.1).

Jmranx CI' NHs py Br I CN" PR3

np¢ 3,04 3,07 3,19 4,18 546 7,14 8,93

Ped: 9,14

Ha ocnoBy BpemHoctn u3 Tabene 1.1. Moxe ce BUAETH Ja YKOJHMKO je yJa3HU JIMTaH[
,MEKIa’’ 0a3a To je meroBa HykieodwiHa peaktuBHOCT Beha. Ha mpumep, Hykneodwina
peaktuBHOCT pacte y Hu3y ClI" < Br < I', a To je yjenHo u cmep mopacta ,,Mekohe’’ OBHX
nuranana. JacHo je ma he Behy peaktuBHocT mpema Pt(II), kao ,,Mexoj’’ KHCEIMHH, UMAaTH
,,Mekmia’’ 6aza.’

Kon cyncrutynmonux peakmuja Pt(I) kommiekca yodeHa je mruHeapHa 3aBUCHOCT U3Mely

ropacTa JorapurMa KoHcraHre op3une, log k2, u np BpegHocTy, 1To je npukazano Ha Cnunu 1.2.

15
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Cauka 1.2. 3asucnocm logk: 00 np 3a peaxyujy trans-[PtCl2(py)2] ca pazriuuumum
nykaeoguiuma y memanony na 298K (3a PPhs, CN-, Me2S) unu 303 K (3a SCN, I, Br, N3, NH;,
MeOH).'¢

Ha ocHoBy jemnaumue (1.6.2.3), oxapehyje ce BpemHOCT 3a ¢hakmop HyKIeopuine
ouckpumuHayuje, s, KOju IMa KapakTepucTudHy BpenHocT 3a oapehenu Pt(I) kommneke. Bberosa
BpeIHOCT ce oxapelyyje u3 Haruba mpaBe 3aBucHOCTH logk: onm np. Bpemnoctu dakropa s 3a

Hekonuko Pt(Il) kommuiekca nate cy y Tabenu 1.2.

logks = s(np) + logk2’ (1.6.2.3)

Tabena 1.2. Bpeonocmu ghaxmopa HyKieopuine Ouckpumunayuje, s, 3a HeKOJIUKO U3a0OpaHux

xomnaexca Pt(1l).

Kommuiexe s?
trans-[PtCl2(PEt3)2] 1,43
trans-[PtCl2(AsEt3)2] 1,25
trans-[PtCla(py)2] 1,00
[PtClz(en)] 0,64
[PtBr(dien)]" 0,75
[PtCl(dien)]" 0,65
[Pt(dien)(H20)]** 0,44
Ped: 14

16
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PenatuHo Mana BpeHoCT (aktopa s 3a [Pt(dien)(H20)]*

y OJTHOCY Ha JIpyTre KOMIUIEKCe
Pt(Il) yka3yje Ha TO Ja je yTHUIlaj yJIa3HOT JHMraHAa Malld, OJHOCHO, /1a je TIOMEHYTH KOMILIEKC
JI0CTa peaKkTWBaH Kajga Cy y NHTamy CYNCTHTYIHOHE peakuuje. To je cBakako MOBE3aHO ca
yumeHu1oM na je H2O nmako ommazehu nurana. Ha Crounum 1.3. npukasana je 3aBucHocT logks of

npe 32 TpU paznuuuta komruiekca Pt(Il).

25+ trans-[IMCL(PEL),]
o

= 1]

o

- [PICI(dien)]*

0 trans{PICL,(cn)]

25—

5.0

=135 T T 1 ]

0 25 50 75 10
gy

Cnuka 1.3. 3asucnocm logk2 00 npi 3a mpu komnnexca Pt(Il)."”

Peakuuje cynctutynuje KBaJpaTHO-TUIAHAPHUX KOMIUIEKCAa 3aBHUCE M OJl TPHPOJIE
h sy j Pt(IT 0 j
omrazeher nuranjaa. ciry4ajy xomruiekca Pt(Il) mokaszano ce na Op3uHa CyNCTHTYIH]E onana

y cienehem HU3y oanazehux nuranana:
H,0 >CI >Br >I">Nj >SCN >NO, >CN

OBaj edekar mpeacTaB/ba MEPWIO JTAOMITHOCTU Be3e MeTan-ojuia3zehu nuranm, a camMmum
THUM yKa3yje Ha Op3uHYy KojoM ojyrazehu Jurana Moxke aa ce cyncruryume. Kao mro ce moxe
BUJIETH MOJIEKYJI BOJIE, KA0 M XaJIOTEHH, CE JIAKO CYNCTHTYHIIY, & CyMIIOP-JIOHOPCKH JINTAHAN
kao 1 CN™ jJoH Texe, LITO je MOBE3aHO Ca TBPIO-MEKHUM KapaKTepUCTHKaMa IpajuTesba Be3e

MCTaJI-JIUTaHA.

17
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1.6.3. Trans-edexar

Kox kBampaTHO-ITaHapHUX KOMILIEKCAa HAa Op3WHY CYIICTHTYIIMOHE peakije BeIMKU
yTHUIA] IMa BPCTa MHEPTHOT JIMTaHa KOJU C€ HaJla3| y {rans-mojioXkajy y OJHOCY Ha ojyiazehu
nuran. Taj edexar je o3HAT Kao KUHETHUKH frans-edekar.®!!

.HI/IFaHILI/I CC MOT'Y IMOJACTIUTH HA cnenehn Ha4YuH:

G-10HOPH: OH < NH3 <CI'<Br <CN-, CO, CH3', <I'<SCN™< PR3 <H

m-aknentopu: Br <I'<NCS < NOz' <CN™ < CO, C2H4

[Monapu3abUITHOCT JIUraHaa y trans-NoJoxkajy 10Boau A0 nojase frans-edexara.’ 1lIto je
noJjlapu3admITHOCT ToT Juranzaa Beha, trans-edexar je jaun. Edexar je HHAYKTHBaH U PEHOCH Ce
ca uaeptHor aurannaa (1) Ha jon metana (M), a ca jona merana Ha jabunau aurasy (L). Ha oBaj

HA4UH frans-epexar UCIoJbaBajy JUraHIu G-JOHOPH.

V cnydajy nuranaza m-JI0HOpa Jojiasu 1o rpahema momatHe m-Bese miMmely snumranpga y
frans-noJyoXajy W joHa MeTajia, Ipu 4eMmy ce cTabwim3yje Mpena3HO CTame, Tj. aKTHBHpPAHH
KOMIUIEKC CTPYKType TPUTOHAJIHE OMIipaMuie. Y akKTUBHPAHOM KOMIUICKCY C€ JIUTaH[ Y trans-
nonoxkajy, omiasehu u ymasHu JMrasa  Hamase |y paBHM, IITO MM oMoryhaBa
n-komyHukanujy.” ' *!® I'paheme nonatne m-Bese mpupeMeHo yuspmihyje Be3y joHa MeTana ca
JIAT@HJIOM, YCIIeJl 4Yera ce OCHpOMallyje eJeKTPOHCKA I'yCTHHA OKO jOHa MeTajia, Tako Jia ce

yJIa3HU JIMTaH]I JIaKIie KoopauHyje ¢hopmupajyhu TpUroHaiHy OUIUpPaMHICY .
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1.7. Xwuapouausa u Xuaparanmja joHa MeTaJa

CBu joHu, 0e3 o03mpa Ha TO Ja JIM Cy TO3WTHBHO WJIM HETATUBHO HACICKTPHCAHH,
pacTBapameM y BOJU ce Xuapartuiny. EHepruja xuaparanuje, y ciaydajy joHa MeTana, MOXe Ja ce
neduHUIIEe Ka0 KOJIMYMHA €Hepruje Koja ce ocio0oau Kajaa clobodaH joH MeTalla Mpeiasu U3

racHe (a3e y BOJEHH pacTBOp M IpHU ToMe ce xuapatumie,'* jennaunna (1.7.1).
M™(@) + nH,0 —> M"™(aq) 1.7.1)

Enepruja xuaparamnuje je mocneania MHTepakiuje u3Mely jona merana u Molekyna Boae. Kaga
ce joH Merana Halle y BOJCHOM pacTBOPY, OH CE€ OKpYXKyje MOJIEKyJUMa BOZE, NMPU YeMy ce
dhopmupajy Tpu XuapaTaimone cdepe.

Jonu merana BenMKOr pajujyca, a Major HaeleKTpHcama, MOAJEXKY Xuaparauuju. Y
Tpyny MeTaja KOjHu XUAPATUIIy CIajajy jOHU alKalHUX M 3eMHOANKaTHUX MeTana (HM3y3eB
Oepunnjyma). MehyTtum, joHH MeTana Major pajaujyca, a BEJIHKOT HACIEKTPHCAmba, MOIJICKY

xuaponusu (A, Fe**,..).

C:1afe e:1leKTpocTATHYIKE
HHTepaKIHje

-@

Jake eJIEKTPOCTATHIKE

0"

Cnuka 1.4. [Ipuxas enekmpocmamuykux unmepaxkyuja uzmehy mMoiekyia 600e u joHa Mmemanud.
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Enexrpocrarnuke wmHTEpakiuje m3Mmel)y joHa MeTala BEIHMKOT HAeJIeKTHCama U BOJE
. L.
JIOBOJBHO Cy jake aa joBeny no ociobahama H' jona m3 monekyna Bonxe (Cnuka 1.4.), mTo ce

Moke npHKaszaty jenHaunHoM!! (1.7.2).

pIM(H,0),]*

[M(OH)((H,0),, o] 9" +qH (1.7.2)

Ha ocHoBy jemnaumne (1.7.2) Moxe ce BHAETH J1a C€ OBH jOHHM MeTaja IMOHAIIajy Kao
kucenune.'*!° Hosuja nctpaxuBama Cy Tokasana Jia YKOJIHKO je yrao m3Mel)y oce Koja mposasu
KpO3 Be3y METaN-KHCEOHHK M Be3e KHCEOHHK-BOoHUK Behu o 50°, Taj jon Metana xuaponusyje,

a yKOJIMKO je yrao Mamu o 50°, jou meTana xunparume.?’

(W
/ ~ 5Q°

VY nmpouecy Xuapoiause joHa MeTalla, y IIOYETKY IIPBO HAcTajy MOHOHYKJIEApHU
XUAPONUTHUKK KoMmiuiekcn Thna [M(H20)m-1)(OH)J*!, koju ce 3aTum y najem TOKy peakiuuje
nonuMepusyjy aajyhu nonunyxieapre komrnekce tuna [Mp(OH)q]# 9", XuapokcumHu joHu cy
Hajyemhe MOCTHH JIMTaH/H, jép MMajy BEIMKY CIIOCOOHOCT Ja Be3yjy BHIIE OJ jeAHOT jOHA
MeTajla, Ma Cy CaMUM THM OATOBOPHHU 3a (GOpMHpame MOIMHYKICAPHUX XHIPOJIUTHUKHUX
KOMILJIEKCa.

Xuaponusa joHa MeTajla 3aBUCH O] IPUPOIe M KOHILEHTpanuje joHa metaia. [lopex Tora,
OHa 3aBHCH O] TEMIIEpaType, JOHCKE CHJIE PacTBOpa, NMPHPOJIE pacTBapaya, Kao M IMPHCYCTBA

onpeheHnx CyncTaHIy KOje MOTY ca JOHOM MeTalla Jia Tpajie KOMIUICKCHA jeTUbCHha.

1.8. Peakumje cyncTutyumje OKTaeJapCKUX KOMILIEKCA

KomMmrnekcHa jenumema ca KOOpANHAIMOHUM OpojeM 6 Hajuenrhe mocenyjy OKTaeaapcKy

reomerprjy. OBa rpyna KOMIUIEKCHHX jenumema uma On rpymy cumerpuje. Bemuku Opoj
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eJieMeHaTa pa3IMYUTHX EJICKTPOHCKHUX KOH(HUTrypaiyja uMa MOryhHOCT Ja Tpaju OKTaemapcke
KOMIIEKCE.

Jonu Na® u Mg?*, koju chmamajy y rpymy s-eJeMeHaTa, MOTY Ja Ipajie OKTaelapcke
KOMIUIEKCE, Ka0 M HEKH p-eleMEHTH IomyT cymnopa u cuaumujyma (SFe m [SiFe]*).57
MehyTtum, HajOpOjHHjU Cy OKTaeAapCKU KOMIUIEKCH JOHA MeTajia rpena3Hux d-eneMeHara.

[Tpouec cyncTuTymyje IMranaaa KoJx OKTaeAapcKuX KOMIUIEKCa pa3siuKyje ce Of mporeca
CYNCTUTYIMj€ JIMraHAa KOJ KBaJpaTHO-TUIaHapHUX KoMmIuiekca. Ca jemHe cTpaHe, pz opOuTana
JOHa MeTana, Koja je KOJ KBaJIpaTHO-TUIAHAPHUX KOMIUIEKCA JIOCTYMHA Jia TMPUMH eJIeKTPOHCKU
nap yJIa3HOT JIMTaH/a y TPOLECy CYNCTUTYIH]jE 0 A MEXaHU3MY, KOJI OKTaeJapCKUX KOMITJIEKCa
je monymeHa. Ca apyre cTpaHe, BOJTyMHHO3HOCT OKTaeIapCKuX KOMILIEKca je Beha y ogHOCy Ha
KBaIPaTHO-TUIAHAPHE, T1a j€ U TIPWJIa3 YJIa3HOT JIMTaH/a OTEKaH.

Peaknuje cymncTuTyimje OKTaeaapcKUX KOMIUIEKCa MOTY ce, Takohe, oxaBujatu mo D, A
wm | mexaHusmy, kKao wmTO je omucaHo y neny 1.1. VHyTpamme-opOUTalHU OKTaeAapCKU
xomiuiekcu (d’sp’ xuGpuausanuja), umju jon MeTana uMa enekTpoHcky koHdurypamujy d°, d!,
d? xao u d* enexkTpoHCKY KOH(HTYpalHjy BHCOKOT CITHHA, CYy KOOPAMHAIMOHO He3acuheHn, Tj.
nMajy mpasHe yHyTpaiime d-opburane. Jlakie, 0B jOHHM MeTana moceayjy MOryhHOCT 1a mpume
€JIGKTPOHCKM Tap YyJIA3HOT JIMraHjaa, Koju Ou, mo A MexXaHHM3My, Harpaguo MHTEpMEAMjep ca
KoopAuHAIMOHUM Opojem 7. M3BecHa MoryhHOCT 32 A MexaHH3aM CYIICTHTYIIH]j€ TIOCTOJU U KO
xoHburypanuja muckor cnmna d° u d*, ykonmuko ce HaKHAaTHMM CIIPE3aEmEM MOXKE HCIIPa3HUTH
jenna d-opb6uTama. MelyTuM, 3a cHOJballlle-OpOUTANHE OKTaedapcke Komiuiekce (sp d?
xuOpuauzanmja) odekyje ce D MexaHuzam cyncTurynuje. Y TOM Cilydajy YKOIMKO je Behe
MO3UTHBHO HAEJEKTPUCAKE LIEHTPAIHOT aKLENTOpa eJIEKTPOHA, KOMIICKCH ¢y MHEepTHHjU. OBa
YUCHUIIA j€ TOTBph)eHAa MOpacTOM HMHEPTHOCTH TpeMa CYICTUTYIUJU KoiA XeKcadryopo-
xommiekca: AlFs* < SiFs> < PFs < SFe. HajcTabumuuju cymmop-xekcadayopus je a06po
T03HATH MHEPTHY Tac ca jakuM KoBaneHTHUM S-F Bezama.®’

HajBehu 06poj CyncTUTYIIHOHUX peakiMja OKTaeqapCKUX KOMILIEKca JiernaBa ce mo D wim
ld MexaHu3My, TOK Ha Op3MHY CYNCTHUTYLM]j€ BEJIMKHM yTHUIIA] UMajy Ipupoja oinazeher nuranaa

U IIPUPO/Ia UHEPTHOT JIMTaHa. Y Cllyyajy OBUX KOMILJIEKCA, CTEpPHE CMETH:E Cy Mame 3HaYajHe.
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1.8.1. ¥YTunaj onnaseher quranga

VYTuuaj oanaszeher aurania Ha Op3UHY CYNCTUTYLIMj€ OKTaeJapCKUX KOMILIEKCAa MOXE ce

00jacHUTH Ha IIPUMEPY KHcene Xuaponuse kommiekca Tuna [Co(NH3)sX]*", jennaumna (1.8.1.1):

[Co(NH3)sX]** + H20 — [Co(NH3)s(H20)]" + X (1.8.1.1)

bp3una kojom oanaszehm nurana X Hamymra KOOPAMHAIMOHY cdepy MOJa3HOI KOMILIEKca
3aBUCH O] jaYMHE XEMHjCKe Be3e m3Mel)y joHa MeTalla U MOCMATPAHOT JIMTaHAa. YKOJIHKO CY Y
MUATalky JIMTAaHAM WCTOT HACJICKTpHCama, Op3WHA peakiHje CYNCTUTYIH]je pacTe ca MOopacToM
BEJIMYMHE JIMTaHAa. MelhyTiuM, ako mocmarpamo JMraHjae pa3iudyuToOr HaelieKTpucama, Op3uHa

peakiyje CyICTUTYILUje ONaja ca HOpacTOM HaeleKTpucama oinaseher muranna.’

Tabena 1.3. Koncmanme 6p3une 3a peakyuje Kuceie Xuopoause

[Co(NH3)sX]"* + H:O — [Co(NH3)s H20]>" + X3,

X k/s! X k/s!

HCO5 1,6:107 SO4+* 1,2:10°
NOs3” 2,6:10°7° F 8,6-10°8

I 8,3-10° NO> BEOMa MaJle
Br 6,3-10° NH3 BEOMa Maje
Cl 1,6-10° OH u CN- BEoMa Majie

1.8.2. YTunaj npupoae nHepTHOT JIMTaHIA

Axo ynopeauMo BpeJHOCTH KoHcTaHTU Op3uHa y Tabenu 1.4 3a xommiekce Co(IlI) ca en
U trien XeJNaTHUM JIUTAHAMMA, KOJl KOjUX HE MOCTOJU Pa3iiuKa y pa3rpaHaToCTH, a HU y BETUYUHU

CaMHMX JIUTaHa/1a, Op3uHe ce 3HATHO Pa3jIHKY]y.

22



OnWMu 0eo

Tabena 1.4. Koncmanme Op3ume 3a Kucemry XuoOpoausy HeKUX mempaamMmMuHOuxiopo- u

nenmaammunxaiopoxkooanm(Ill) komnnexca (camo jeoan CI nueano ce cyncmumyuwe ca H20)

Komiuiekc 107 k/s!
cis-[Co(NH3)4Cl2]" Bpio Bucoka
cis-[Co(en)2Cla]* 2400
cis-[Co(trien) Cl2]" 1500
[Co(NH3)sC1]** 67
cis-[Co(en)2NH3CI]** 14
cis-[Co(trien)NH3CI]** 6,7

Trien xao TeTpaeHapCKH JIMTAH] TPaJ TPH XeJIaTHA NMPCTEHA, TOK JIBa en JTUTaH/a rpaje YeTUpU
(cBaku nuraHj mo JBa) xenaTHa mnpcreHa. bacono u Ilupcon oBaj edexar ojammaBajy
CMamkeHEM XHIparanuje jona. Hamme, pa3iBajambe JOHCKOT Tapa je JIaKIie ako je XujapaTaimja
jemHor u apyror joHa Beha, oJHOCHO, ako je ,JIOKaJTHA® MUEJEKTPUYHA KOHCTAHTAa CpEeIuHE
nu3Mely jona Beha. Ha ocHOBY Tora Moxe ce 3aKJbY4YHTH JIa aKO KOMILJICKC MMa BHIIE XCJIATHUX
MIPCTEHOBA, JIOKAJIHA JUEIEKTPUYHA KOHCTAHTA je Majla, XUApaTalija joHa je CMambeHa, a TUME U
JUCOLHjaluja joOHCKOT mapa.’

C o1pyre cTpaHe WHEPTHH JIMTAHOU CE€ MOTY TIIOCMAaTpaTH IIpeMa HUXOBUM
T-TOHOPCKUM HJTH TT-aKIIEITOPCKUM ocoOrHama. OHU MOTY Jla MCI0JbaBajy yTHIAj Ha ojyiazehu
nauranj X Tako LITO YTHYY Ha JIAOWIIHOCT Be3e MeTan-o uiazehu murann, u To Ha cinenehe HaunHe:

Jluranam m-ZOHOPH, IENOKATU3aIljOM CBOT CIOOOJHOT EJIEKTPOHCKOT Iapa MOTy
YCIIOCTaBJbaTH Y U3BECHO] MEPH JIOJIaTHY T-BE3y Ca JOHOM MeTalia, yuMme ciade Besy usmely joHa

MCTajla U JIMraHaa KOjH CC CYIICTUTYHILIC.

A ® e
/I;lCOL‘Cl —» :OH—Co + :(CI:

Jluranau m-akuenTopH, AEIOKAIN3Y]jy Y U3BECHO] MEPH €IEKTPOHCKH Tap ca joHa MeTana

¢dbopmupajyhu monaTHy m-Be3y 4MMe je 3HATHO I0jadyaHa Be3a joHA METala M JIMraHia Koju ce
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cyncruryume. Ha ocHOBy Tora Tpeba O4eKHMBaTH, aKO jeé MHEPTHH JIMTAH]| TM-aKIEnTop, 1a he

CYNCTUTYIIMOHHU TIPOIieC OUTH 3HATHO CIIOPH]H.

1.8.2.1. YTHunaj nososkaja HHePTHOT JUTraHIA

Ha Op3uny peakiyje CynCTUTYLIMj€ OKTaeJapCKUX KOMIUIEKCA 3HaYajHO yTUYe MPHpOJa
JHUTraHazia KOju ce Halla3e y Cis- WIH trans-moJioXkajy y oJHocy Ha ojrazehu nmurana. Ha npumepy
komiuiekca [Co(en)2XCl]", rae je ca X o3HayeH WHEPTaH aHjOHCKM JIMIaHJ, e(ekar ce MOKe
o0jacHuTH Ha cieaehu HaUWH:

VYkonuko ce X Hanasu y trans-monoxajy y ogaocy Ha Cl°, mabuiaHocT onajga y HU3Y:

OH >NO2 > N3 > CN > Br > Cl" > S04 > NCS"

VYkonuko ce X Hanas3u y cis-monoxajy y onnocy Ha Cl', maGuimHocT onaia y Hu3y:

OH > CI'> Br > NOz2 > SO4* > NCS"

Komrnekcu ca cis reoMeTpujckoM cTpyKTypoM BehnHOM pearyjy Opske Hero oarosapajyhu trans
KOMIIIIEKCH, OCUM Yy CiIy4dajy kaaa je X = NO2 umu N3~ 112!

Kao mro ce Bumu u3 Tabene 1.5, Beha mabunuzanuja y cis HETo y trans TOJIOXKajy
0a3upa ce Ha CTepHUM ePeKTHMa T-AoHOopa. JluconujaTuBHHE Tiporiec Ouhe yTOJIIMKO CHEPreTCKH
MOBOJPHUJH YKOJUKO j€ JIMTaHJ T-IOHOP CHPEMHHjH Ja CBOjOM IONYHEHOM pP-0pOUTANIoOM
npekpuBa npasny d’sp® xuGpuany op6uraimy Co(Ill). Ha ocHoBy Tora moxe ce pehu na je

MIPEKPUBAILE JIAKILE Y Cis HETO Yy {rans-mojioXkajy, KOju 3aXTeBa MpeMeIITake JTUraHaa | mpesas

U3 reoMeTpHje KBaJpaTHO-IUIAHAPHE MUpPaMUIE y TPUTOHAIHY OunupaMuay. 3aTo je XUApoJin3a
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YTOJMKO Oprka YKOJUKO j€ JTUTAaH] X jauyd T-IIOHOP U aKO je Y Cis TIOJI0Kajy y OJTHOCY Ha JIUTaH]]

CYICTUTYEHT.

7.9

Tabena 1.5. Koncmanume opsune 3a peaxyujy cyncmumyyuje (25°C):
[Co(en):XCI]" + H:O0 — [Co(en)2X (H20)]"V* + CI.

H3omep Jurang X 105 k/s! % cis mpoayKTa
Cis OH" 1200 100
Cis Cr 24 100
Cis Br 14 100
Cis N3 24 100
Cis NO» 11 100
Cis SCN- 1,1 100
Cis NH3 0,05 100
Trans OH" 160 75
Trans Cl 3,5 35
Trans Br 4.5 -
Trans N3 25 20
Trans NOz 98 0
Trans SCN- 0,005 60
Trans NH;3 0,03 -
1.8.2.2. YTunaj HaeJeKTprcamba HHEPTHOT JUTAHAA

YTumaj HaeJIeKTpHUCama CTATHO BE3aHWX WHEPTHHX JIMTaHa/la Ha Op3WHY CYIICTUTYIIH]jC

MOXE C€ BUJETH Ha OCHOBY BpemHOCTH natux y Tabemm 1.5. ¥V ckmagy ca D mexanusmom,

KOMIIJICKCH Ca JBa Cl Jura"mjga I/IMa_]y Behy KOHCTAHTY 6p31/IHC 0 CINYHUX KOMIIJICKCa Ca CaMO

jemaum Cl” murangom. [Ipumehyje ce na he mucomwmjanwmja jennor Cl” nuranma OUTH onakiaHa

YKOJIMKO j€ YKYITHO TIO3UTUBHO HAaeJIEKTPUCAhe KOMIUIEKCA Mambe.
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1.8.3. CtepHe cmeTm€

VYKOIMKO TOCTOje CTEepHE CMETHE OKO jOHa MeTaja peaklHje CYNCTUTYIHUje KOJ
OKTaelapCKUX KOMILIEKCa ce OBHjajy mo D mMexaHusMy, IOK ce A MexaHH3aM IOoJpa3yMeBa 3a
CTepHO He3amTuheHne komruiekce. Ha mpumep, peakuuja Xuapoause 3a mezo OOJUK KOMILIEKCa
[Co(bn)2Cl2]", je oko 3 myTa Opska y oxHOCy Ha cMmemny d U [ 06JIMKa, 3aTO IITO je Mezo OOJIUK
Bumne crepHo 3amruhen.?! YV Tabemu 1.6 je mpukasaH yTHIA] CTEPHHX CMETHH DPa3IHUMTHX

JIMraHaja Ha KOHCTaHTy Kucese Xuapoimse komiuiekca trans-[Co(L)2Cl2] .

Tabena 1.6. Koncmanme 6p3une xucene xuoponuse komniexca trans-{Co(L)2Cl2]* npu pH=1

(25°C) npema peaxyuju: trans-[Co(L):Cl2]* + H20 — [Co(L):CI(H20)]** + CI-.

L 03HAKAa 105 k/s™!
NH,-(CHz),-NH, (en) 3,2
NH,-CH,-CH(CH3)-NH; (pn) 6,2
dI-NH,-CH(CH3)-CH(CH;)-NH, (dl-bn) 15
mezo-NH,-CH(CH3)-CH(CH3)-NH, (m-bn) 45
NH;-C(CH3),-C(CHj3)2-NH, (megen) BpJIO BHCOKA
NH,-(CH,);-NH, (tn) 1000

1.8.4. Penokc-peaknuje oKTaeJapcKuxX KOMILJIEKCa

OkxTaeaapcku KOMIUICKCH TIOMJICKY M PEIOKC peakiujama. [locroje 1Ba HauyuHA IO
KojuMa ce JelIaBajy peloKc peakiuje. Peakumje crmosbHe chepe Cy peakiuuje MpBOT peaa y
OJTHOCY Ha OKCHJAHT M PEAYKTaHT. Y Mpea3HOM CTamkby OKCHIAHT M PEAYyKTaHT 3alpiKaBajy
CBOje KOOpIWHAIMOHE cepe HETaKHyTe, a MPEHOC eJEKTPOHA je 3HATHO OpKU O]l mpolieca
CYNCTUTYIMj€ JIMTaHaaa, KOju MOXe, alli ¥ He Mopa, Jia mpatu peaokc npouec. Kox peaknuja

yHyTpamime chepe aoaazu 10 GopMupama MocTa u3Mel)y okcumaHTa U peayKTaHTa MpeKo Kora
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Ce BPIIHM MPEHOC EJICKTPOHA. 32 MEeXaHW3aM yHyTpallmke chepe HEOmxoaHo je aa 6ap jenaH oj
peakTaHata Oyje CyNCTUTYIIMOHO JITAaOWJIaH M J]a OKCHUAAHT MOCEAyje JIMTaH[ MOTOJaH 3a YJIOTy
MocTHOr nurasaa. Koucranra 6p3une oBe peakiiyje 3aBUCH O] IPUPOJIE MOCTHOT Turanja.
[TocToje MHOTe pENOKC peakiuje y KOjuMa Cy PEaKTaHTH W TPOAYKTH y TIOTJIEHY
CYIICTUTYIIHj€ JTaOWIIHHU, a IPOMEHE Y KOOPAWHAIIMOHO] chepr MOTy Jia Ce I0T0JIe TIPe WK MoCe
mporeca IMpeHoca €JIeKTpoHa. Y TOM ciydajy HHje Moryhe jacHO pa3IMKOBaTH peakilfje

crioJballibe cepe 011 peakiifja yHyTpaime chepe.

1.9. AHTHTYMOpPCKA aKTHBHOCT KoMILJIeKca Ru u Pd

[Ipena3nu MeTanu UMajy BaXKHy yJIOTY Y TEXHMYKUM IpoliecuMa (KaTajin3a, eKCTpakluja
u mpeuninhaBame METATHUX KOMIUIEKCA) y OWONOTHjU W MeauuuHu (Ouosomku TpaHchep
€JIEKTPOHA, TOKCHKOJIOTHja M KopuInheme KOMIUIEKCAa joHa MeTaja Kao JiekoBa). [locimenmux
rOZIMHA JOHU MeTaja Hajla3e cBe Behy MpUMEHY y MEIULIMHU 3a TEepaneyTcKy NPUMEHY WM Kao
JIMjarHOCTHYKA CpescTBa. Tako ce JaHac HEKHM KOMIUIEKCH jOHa MeTaja KOPUCTE 3a JICUCHE
paznuuuTux Oojectu (KaHIep, apTpuTHc, aujaberec, AnixajMepoBa Oonect, uta). Mexanuzam
JIeNIoBarba HEKMX KOMIUICKCHHX jeIUbCHha Yy OMOJIOIIKMM CHCTEMHMAa jOII YBEK HHje J00po
MO3HAT, TaKO Jla C€ JaHac BEJIWKH Opoj UCTpakuBadya OaBH HCTpaKMBamHMa YMPaBO y TOj
obnactu. [Tomro ce mouerak 6onecTu ogurpasa Ha hennjckoM HUBOY, HAjIpe Ty Tpeda TPaKUTH
OJITOBOPE Ha NUTama Ja i je Moryhe Tok GosecTH 3aycTaBuTH WK He. 224

[lo craTucTHKamMa CBETCKe 3/paBcTBeHe opraHmsauuje 3a 2012. roguny,” manurha
000Jbea Cy 3HayajaH y3pOK MOPTAIMTETa KaKO Y CBETCKO] MOIyJaliju, Tako U Koj Hac. Kon
MyIIKapaua cy HajJOMUHAHTHUJU KapLIMHOMH MpocTaTe U Iutyha, Kao ¥ KOJIOPEKTaIHU KapLIMHOM,
JIOK Cy KOJI ’K€Ha Haj3acTyIJbeHHjH KapLMHOMH J0jKH U miyha.?*

Tymopu cy obospema Koje KapaKTepuile HEKOHTpPOJHMCaHa Jeoba MajurHux henmja u
NpoJMpamke Y OKOMHA 37paBa TKUBA (MeTacTasa).’? TepamujcKé MPHCTYN Jedermhy MAalurHHX
Oomectu mojpasymeBa BuIle (aza: XupylIKa, paguoTepanujcka W XemoTepanujcka (asa.
XemoTepanuje ce 3aCHUBa Ha MPUMEHH OAroBapajyhux murocraTka, jeIumbemha Koja UCTIoJbaBajy
AaHTUTYMOPCKY aKTHBHOCT, a FbUXOBa T7laBHa MeTa je Hajuenthe JIHK mmm vexu npyru 6uomMmonexysn
KOjH y4ecTByje y henujckoj neoou.

Ha Cinumm 1.4. o3HaueHu cy jOHM MeTalla udja jeubelha MMajy 3HauajHy NPUMEHY Y

MEJIMLIMHCKE CBPXE, MIPE CBEra y Jeuelhy KaHIiepa.
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Cnuka 1.4. Ilepuoonu cucmem enemenama Ha kome cy 60jom 03Ha4eHU enemMeHmu Yuja

jeourera noxkazyjy anmumymopcKy aKmusHOCH.

On orkpuha aHTUTYMOPCKHX KapaKTEPHCTHKA yucniamuve IO TAHAC CUHTETHUCAH je
BEJIMKU OPOj KOMIUICKCHUX JEIUbCHa y IUJbY MPOHATACKA IMOTEHITHjaTHUX XeMOTepareyTuka ca
Behom aktuBHomIhy, BehoMm cenektuBHoIhy mpema TymMopckuM henrjama U MambUM HEXEJHEHUM
nejcreuMa.*?>2° Tlaxma je HApOYHMTO yCcMepeHa Ha CHHTE3y ILIATHMHCKUX KomIuiekca. Mako je
CHHTETHCAHO HEKOJIMKO XWJbaZla jeAWbeha JeAMHO CYy Yucniamuua, kapooniamuua W
oxcaruniamuna YUUTd y KIMHWYKY ynotpeby.>’*® I[fucniamuna ce KOpUCTH 3a JiedUeH-e
kapuuHoma 1iyha, Tectuca, Mokpahne Oemmke u rpiauha wmatepuue. Kapbonnamuna ce
ynoTpebsbaBa 3a J€UeHEe UCTUX MATUTHUTETA, ald 300T Mame [MUTOTOKCHYHOCTH y OJHOCY Ha
yucnaiamuHy Kopucte ce Behe no3e oBor seka. Oxkcanuniamux ce KOPUCTH Yy KOMOMHAIM]H ca
5-¢uyopoypaiyioM y Jiederhy KOJIOPEKTATHOT KaplMHOMA. | JTaBHU HEJOCTAalll OBUX jEIUHCHA
Cy pa3BHjalbeé TYMOPCKE PE3UCTEHIMje Ha XEMOTEpareyTHK M BeIHKa TOKCHYHOCT IIpeMa
3npaBuM henujama (HEYpPOTOKCHYHOCT, MH]jETOCYIpPECHja, OTOTOKCUYHOCT, HE(PPOTOKCUUHOCT
UTA.). YIIpaBO U3 TUX pas3jiora MocToju CTallHAa MOTpeda 3a CUHTE30M OO0JBET, IpeMa TYMOPCKHM
henujama eukacHujer, a Mambe TOKCHYHOT XeMOTepaneyTuka>’ >3,

[Tocnenmux roarHa KOMIUIEKCHA JeUI-CHhA JIPYTUX jOHA METajla, HAPOUUTO Tallijyma,
37aTa, THTaHa W PYTeHHjyMa, MpoydaBaHa Cy Y TOTJeqy MOTryhHOCTH TpuMeHe y Tepamnuju

Tymopa.>** T'maBHM LW/ NpPM CHHTETHMCamy AKTHBHUX jEME-CHA j€ MOCTU3AaEEe KOHTPOJIE
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TOKCHYHHX (CTIOpEeTHMX) edeKkaTa U yCMepaBame JejcTBa Ha oapeleHo TkuBo, opran wim henujy
r7ie JoH MeTasa Tpeba Ja UCIOJbU CBOje NEJCTBO. bnomeauimHcka HEOpraHCcKa XeMHja YIpaBo
¥Ma 3a Wb CHHTETUCAkhEe HOBHX TEPANCYTCKUX U JIMjarHOCTHMYKUX areHaca kKoju he omoryhurtu
Nedere U MPEBEHIN]y WM JUjarHOCTHKY 0OJecTH Koje cy aaHac Hemsneuuse.>> Ilopex Tora,
HEOINXOJHO je TO3HaBamke HAaYMHA 32 OJICTPAIHBAKE BHUIIKA jOHA METala W3 OHMOJIOIIKHX
cucteMa. To ce Hajuenthe u3BoaM yBOhemeM MoJIeKyia (JIMraHaa) KOju UMajy BEJIUKU apuHUTET
npeMa joHuMa Merana.>?

L{uTOTOKCUYHH TOTEHIMjajl KOMIUIEKCa PYTEHHjyMa YCTAHOBJbEH je CKOpPO IMpe YeTUpHU
neuenuje.’® Pesynratu HCTpakuBama Cy MOKA3add Ja Cy OBa je/IME-EHa HajlepCHeKTHBHU|A
rpyna aHTUTYMOPCKHX areHaca, ca MPBEHCTBCHO aHTUMETACTATHYKUM MOTeHIWjaoM. [Ipumena
OBHX jeIMICHA Y TEpaluju pa3IUuUTHX BpPCTa TyMOpa 3acHUBA C€ Ha 3HAYajHUM
KapakTepUCTHKaMa KOMIUIEKCa PYTEHHjyMa, Kao INTO Cy: KMHETHKA JIMTAHIHE HW3MEHE, HIMPOK
OTICer OKCHUJAIMOHMX CTamba M OCOOWMHE Ja PYTEHHjyM HMHUTUpA TBOXhe y OHMOXEeMHjCKHM
porecuMma.

Kunernka nurangHe m3meHe onpelyje OMONOIMIKY aKTUBHOCT KOMILIEKCA KPO3 HETOBE
MHTEpaKIMje ca MaKpOMOJIEKyJUMa, Kao IITO Ccy NpoTenHu. Takohe cy momjeHako BakHE U
MHTEpaKIfje ca aMMHO-KHCEIMHaMa, IeNTHIUMAa U HYKJICOTHANMA.

[MapameTpu kuHeTnke nuranane usmene 3a komruiekce Ru(Il) u Ru(Ill) jona cy cnuunun
napamerpuma 3a komruiekce Pt(Il) joma. To mompa3zymeBa ga Mako Cy KOMIUIEKCH pyTeHHjyma
MPBEHCTBEHO OKTaelapCcKe reOMETpHje, HACYNPOT KBaJpaTHO-TUTaHApHUM Komiuiekcuma Pt(1l),
Op3vHa CyNCTUTYLMje JIMTaHla KOMIUIEKCa pPYTEHHjyMa CIWYHA je Op3uHH CYNCTUTYLH]je
nuranana komiiekca Pt(II).%¢

Pyrenujym y (Qu3MOIOMIKMM yCIOBUMa MOXKE IOCTOjaTH y TPU OKCHIAIIMOHA CTama:
Ru(Il), Ru(Ill) u Ru(IV), koja kapakTepuiry pa3au4yute OHOJOMIKE aKTUBHOCTU. Komruiekcu
Ru(IIl) cy 6monomku uneptHuju on anamoruux Ru(Il) u Ru(IV) xommiekca. Takohe, mocroje
jenumema pPYyTCHHjyMa ca MEIIOBUTUM OKCHJIAMOHUM CTalkbMMa jOHAa MeTalla KOju ce
yrnotpebipaBajy kao henmjcke 6oje,>” a Mory JeoBaTH Ka0 MUTOXOHAPHjaIHN HHXHOUTOpU.>® Y
Ty rpyny cmagajy  [(NH3)sRu™ORu"Y(NH3)4ORu™(NH3)5]°*  (pyrennjym-upeeno) wu
[CI(NH3)sRu™O Ru"v(NH3)4OHJ** (Ru360).

Pyrenujym ce Ha MoJeKyJapHOM HHBOY ITOHamia Kao TBokhe M MOXKe ce Be3aTH 3a

anbymun u TpaHchepuH. henmje kanmepa mMmajy moBehaHy moTpeOy 3a rBoxhem, ma je Ha
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BUXOBO]j MoBpmKHKA 1oBehan Opoj TpaHchepuHckux perenitopa on 2 1o 12 myTta y oxHOCy Ha
3apaBe henuje. Tama moctoju MOTYhHOCT /1a ce€ KOMIUIEKCH PYTEHH]jyMa Be3yjy 3a TpaHchepuH u
THME CEJICKTUBHH]E JIeNTyjy Ha TYMOPCKa TKHBA.

Jomr jenHa BajkHA KapaKTEpUCTHKA KOMIUIEKCAa PYTEHHjyMa je CIIpevyaBame OJ[Bajama U
MUTpalfje TYMOPHHUX TKHBA M HUXOBE aJXe3Wje Ha YJaJbeHUM MECTHMA. 3aTO HEKH KOMILIEKCH

39,40

pyTeHHjyMa TIOKa3zyjy Bely CENeKTHBHOCT MpeMa KaHIeporeHnM henujama, a y HEKUM

cilyyajeBUMa 4ak M 60Jby aKTMBHOCT 071 yucniamune. '™

1.10. Kommnuaexkcu pyrenujyma(Ill)

[Momto yucnramuna campxu ABa XJIopuao W nBa amuHcka nuranna, Kmapk (Clarke) u
capagHuiu cy cuHterucanu komiuiekce Ru(Ill) koju, Takole, canpike MmomMeHyTe JUTaHIE,
fac-[Ru™CI3(NH3)3]* u cis-[RuCl2(NH3)4]".#*® Hacynpor yucniamunu, xoja ce JOMUHAHTHO
Be3yje 3a ocTaTtke ryannHa yHyTap jenHor sanna JIHK, nomenytu kommiekcu Ru(Ill) crymajy y
untepakuujy ca JJHK BesuBameM m3mely nBa manma,** mro je HajBepoBaTHHje mociemuIa
OKTaenapcke reomerpuje komiuiekca. Mako cy oBu komruiekcu Ru(Ill) mokasanu Beoma mgo0py
AHTMTYMOPCKY aKTUBHOCT, HUCKA PACTBOPJGMBOCT OrPAHHYMIIA j€ IbUX0BA J1a/ba UCTIUTHBAba. 2

[Tocenmux TOAMHA AETAJLHO Cy HMCIUTHBaHA IMMTOTOKCHYHA CBOjCTBA BEJIMKOT Opoja
Ru(Il) u Ru(Ill) jenumema, kao mro cy noaunupuauHcku komruiekcu cis-[ RuCl2(N,N-bpy)z2] u
mer-[RuCI3(N,N,N-trpy)],>**  amunokap6okcunataun  kommiekcu  [RuCl(N,N,0,0-pdta)]
u [RuCI(N,N,0,0,0-edta)],”>® numeruncyndoxcumuu xkommnekcu cis u  trans-[RuCl(S-
DMSO0)4]°"° u apunazonupuauncku kommiaekcu [RuCla(N,N,N,N-azpy)].*>*

VY ckopuje BpeMe, CHHTETUCAHE Cy W UCIHTAaHE Ha aHTHTYMOPCKY aKTHBHOCT J[BE TPYIIe

CTPYKTYPHO CIMYHHX Komruiekca Ru(IIl),*%!

a KJIMHUYKA WCIUTHBakba HA KaHIEPOTCHHM
henmujama 3a70BOJBMIIA Cy CamMO JBa KOMIUIEKCA: HMMHUJIA30JIU]yM[{rans-TeTPaxioOpuIo
(numeruncyndoxcun)(umunazon)pyresat(l1l)] (NAMI-A) " UMUIa30JIUjyM[trans-
Terpaxnopuno-bis(1 H-unnazon)(umunaszon)pyrenar(lll)]  (KP1019)%*%* (Cimka 1.5). O6a
KOMIUIEKCa Cy TPEHYTHO y Ipyroj ¢asu KIMHHYKOT HchuTHBama. Kommieke NAMI-A je
UCTOJbMO 3HAYajHy e(QHUKACHOCT MpeMa MeTacTa3aMa Ha MPETKIMHUYKUM M KIMHUYKUM
MonenmuMma, ok je KP1019 mcnosbmo ommyHO HUTOTOKCHYHO JAEjCTBO Ha hemnmje mpuMapHHX

Tymopa. %6068
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Cnuka 1.5. Komnnexcu Ru(lll): a) (NAMI-A) u 6) (KP1019).

Kana roBopumo o HaunHy KoopauHoBama koMiuiekca Ru(Ill), npernocrasiba ce ja HAKOH
WHTpaBeHO3HE arutukaiyje komruieke KP1019 6p3o uHTEparyje ca cepyMCKUM MPOTEHHUMA, IITO
MOe OMTH pasor merobe HHUcKe TokcuuHocTH.® Bp3o BesuBame 3a OBe MPOTEHHE CIpevaBa
xuapomusy kommiekca.®’" Tlopen Tora, pesynratu cy mokasanu ga ce kommieke KP1019
KOOp/MHYje 3a TpaHc(hepuH, MPOTEHH KOju MpeHocu reoxhe. Manurne henuje mocenyjy BeTUKH
Opoj peuenrtopa 3a TpaHcpepuH. PyTeHmjym u rBOokhe MOry Jako Ja ce H3MEHmY]y Y
tpancdepuny. Tako ce MPeHOCH PYTEHHjyMCKH KOMIITIEKC Y XeMHUjCKH HEMMPOMEHEHOM 00ITHKY.”!
Haxon ynacka y henujy, Ru(Ill) kommiekc ce y OpucycTBY TIIyTaTHOHA'> U Apyrux pemyKyjyhux
o6uomornekyna penykyje a0 Ru(Il), koju je 3naTHO peakTuBHHjH 00IMK. MehyTum, u y cBoMm +3
okcumanuoHoMm cramy y KP1019, pyTeHyujym je TEHEpaJlHO jakO pPEaKTHBaH, IMOCEOHO Yy
(hU3MOJIOIIKKMM YCIIOBHMA.

Jlo6po je mo3HaTO Jja ce aHTUTYMOPCKA aKTUBHOCT IUIATUHCKMX KOMILUIEKCa o0jallibaBa
unTepakiujom kommiuekca u JIHK wmonekyna.’®’*’ Mehyrtum, MexaHuzam MHTepakuuje
KOMIUIEKCa pyTeHHjyMa joIll YBEK HHje pasjallmeH y notmyHocTH. [IpeamnocTraBiba ce na ce oBa
JjemUmbeHha AKTUBUPA])y MPOIECOM XHUAPOJM3e. Y TPHUHIUITY, AKTHBHPAKE XHIPOIU3OM je
JIOMHUHAHTHO 32 MEXaHHU3aM JIEJIOBamba OBE KJIAace JeAMIEHA, 0K Ja/be XEMHM]CKO MOHALIAKE Y

BeJ'II/IKOj MEpU 3aBUCHU OJ KHCCIOCTHU CpCAUHC U KOHI_IeHTpaI_II/IjC xjiopuaa. Haxon XUAPOJIU3€C

31



OnWMu 0eo

nonasu a0 peaykmuje Ru(Ill) y Ru(Il) kommeke, jep henwja campku pa3nmudure peryKIHOHE

arence.*-05-08

Hacramu Ru(Il) xommiekc pearyje ca JHK wmonekymom, mpu demy je
(aBopu3zoBaHa KoopaMHalMja 3a N7 aToM ryanuna.”’ YIpaBo OBaj akTUBalMOHM MEXaHHM3aM,
npemioxken on crtpaHe Kmapka (Clarke), mocrao je mo3Har kao Xwurortes3a ,,aKTHUBAIHja
penykuujom™.* YV carmacHocTn ca momeHyToM Xumnortesowm, npahena je pexykuuja NAMI-A 1o
NAMI-AR ackopOMHCKOM KUCETMHOM U Tako je yTBpheHo aa je NAMI-A mHoro epukacHuju y
cIpedaBamy pacTa MeTacTasa.’s

VY cnyuajy kommuiekca KP1019, monexyn IHK nHuje rmaBHa meta. YTBpheHo je, na ce mox
YTHLIQjeM OBOT KOMIUIEKCa, armonTo3a henuje olBHja YHYTPALIBHUM, Tj. MUTOXOHAPHjaTHUM
IyTEM, ajiil j€ 3a pa3jallbebe TMOTITYHOT MexaHnu3Ma nenoBama KP1019 HeonxoaHo carnexatu u

HUCTPAKUTHU CBC HOTGHL[I/IjaJ'IHC MCTEC OBOI' KOMHJ’ICKC&.79

1.11. Komnuekcu pyrenujyma(ll)

Kommiekcu Ru(Il) mako mnomiexy oxcupmanuju. BakhHy ymory y crabwiuzanuju
PYTEHHjYMOBOT OKCHJIAIMOHOT CTama +2 WMajy JIMTAaHIU KOjU C€ KOOPJAMHY]Y 3a jOH MeTaia.
Jluranau Koju caapike arome cymmopa, gocdopa u azota ce Bpio Jako koopauHyjy 3a Ru(Il)
jOH, TIpU YeMy HacTajy cTabunHu Kommiekcu.>” 3084 Okraenapcku KoMIIeKcH THNA cis- U trans-
[Ru(DMS0)4X2] (X = Cl, Br) wucnosmunu cy A00py aHTUTYMOPCKY aKTHBHOCT Ipema
MeTacrazama kapuuHoma rutyha: C75B1 u BD2F1, npu uemy je trans usomep nokasao 20 myta
Belly aKkTHBHOCT oA cis u3omepa. Pesynrtatu cy, Takohe, Mokaszanu J1a c€ OBU KOMIUICKCH
KOOP/MHYjy KOBalleHTHO 3a N7 aToM ryaHuna.’’

Pa3HOBpCHOCT y CTPYKTypH aKTHBHHX jeIUECHa 3allPpaBO HABOAHM Ja Pa3InIUTH
MEXaHM3MHU aKTUBALKje MOTY OMTH YK/bYYEHH KOJ Pa3IMUUTHX TUIIOBA jeUH-CHha PyTEHHjyMa.
Kommniekcu ca XxenaTHUM JIUTaHAMMA CY aKTUBHHUJU Y OJTHOCY HAa KOMIUIEKCE 2 MOHOJIEHTATHUM
nmuraauma.® TMocneamux roguHa nmoceOHa Maxkma je nocseheHa KOMIIEKCHMa PyTEHHjyMa ca
HOMUMUPUAMHCKUM Juraaauma.*+347 Apanusom mHTepakimja oBMX KOMIIEKCa, KOjH cajpike
nopej TMOJUIUPUINHCKUX JIMraHa/la W aKBa WIM XJIOpUAO JUrasae, HaljeHo je ma ce OHU
KoBasleHTHO Be3yjy 3a JIHK y henuju. AxBa win XJOpHIO JHMraHId y OBUM KOMILIEKCUMA
MPECTaBIbajy JaKo ojyra3ehe rpyme, HaCynmpoT BeoMa CTAaOMIHUM MOJHIUPHINHCKUM TpyTaMma,

IITO y MHOTUM CHTyalldjaMa OJIaKIllaBa BE3MBamk€ OMOMOJICKYJa 3a JOH MeTaja. XHIpOoJin3a
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Ru-Cl Be3e je Beoma BakHa y aKTHBAIH]jH, ajyhu akBa pou3Boj Koju ce jakiie Besyje 3a JJHK
JaHaI.

Kommiekcn Ru(ll) ca OMNUPHIMHCKUM M TOJUIHUPUIAMHCKUM jeTUHHIIAMA CY WHEPTHU
npeMa CyNCTUTYLHjU, KOOPAWHATUBHO 3acUNEHU M HCIIOJbaBAjy jEJMHCTBEHA PEIOKC CBOjCTBA.
[ToyeTkoM meneceTHX TOMWHA MPOILIOr BeKa MyOIMKOBAaHW Cy TNPBH PE3yJITaTH BE3aHU 32
ouosomky akTtuBHOCT Ru(Il) komruiekca ca OMMUPUAWI W TOMUIUPUINAT JIMTAHIMMa, Kao IITO
cy bpy, phen n trpy 3819 Jlokasano je na ce momumupumun Ru(Il) xommekcu Besyjy 3a
mostekys JJHK HekoBaneHTHMM MHTepakuujama.'®® Takobe, pesysnatu cy nokasaiy Ja IOMEHYTE
MHTEpaKIIUje 3aBKCe OJ] THIa XenaTHor nuradaa. Haume, kommiekc [Ru(bpy):]** mokasyje seoma
cnaby cKIOHOCT Ka BesuBamy 3a JIHK, 10k je Be3uBame [Ru(phen)s]*" kommnnexca 3a JJHK mMHOTO
n3pakenuje. CriocOOHOCT OBHMX KOMILICKca Ja uHTeparyjy ca modekyioMm JIHK 3aBucu of
BeJIMYMHE W Opoja mNpcTeHa NOJMUIUPUAMWIHOT JIMTaHAa. Tako, Ha MpHUMEpP, KOMILUICKCH
[Ru(phen)2(dppz)]** u [Ru(bpy)2(dppz)]*" Beoma mobpo uurteparyjy ca JHK, 1m0k KoMmIuiekcH
[Ru(bpy)2(dpq)]** u [Ru(bpy)2(dpx)]** wucnomapajy u3pasuTo Mamy CIOCOOHOCT 3a

unTepakuujy. '’
1.12. Pyrennjym(Il) apeHcku KoMILIEeKCH
Ru(Il) jor Moxe ce Tako cTaOMIN30BaTH KOOPJAMHALIOjOM ca N° apOMaTHYHUM CHCTEMHHA
dopmupajyhu 13B. ,half sandwich® xommiexce.?**!%® Takxo, Ru(Il) jo rpagum Kommiekc

pseudo-okTaenapcke Tj. ,piano-stool“ reomerpuje, rae apoMaTHYHU NPCTEH popmupa ,,sedlo®, a

MpeocTalia TpH JIMTaHa ,,nogare* kiasupcke cronuie (Crnuka 1.6).

Cnuka 1.6. Onwuma cmpykmypa Ru(ll) komnnexca ca ,piano-stool ceomempujom.
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Opranopyreanjym(Il) komriekcu MoOry JAa caape pa3jiuduTe apeHCKe MOHO- |

ounenrtarue gurammge.th10%-11

Jlocamamima WCTpakMBama Cy IOKasaja Ja HajMame je/laH
XaJIOTeHUHU JUraHa mopa outu koopauHoBad 3a Ru(Il) jon, jep je xuaponuza Bpjo OuTaH
KOPaK y MEXaHH3My HHXOBOI aHTHTYMOPCKOT JeNoBama. > Jo6pa crocoOHOCT Ka XHAPOJIU3H
npaheHa je y BeJIMKOM Opojy cilydajeBa JOOpOM pacTBOPJbMBOIINY KOMILIEKCA, ITO OJIAKIIaBa
najba OMOJIONIKA UCTPAXKHUBAKa, Ka0 M KIMHUYKY NPUMEHY. AKTUBHOCT OBHUX KOMIUIEKCA 3aBUCH
¥ O]l THINA KOOPAMHOBaHOr apeHckor nuranaa.!'>!'> Haume, apomaTuunu nurana crabunusyje
JOH MeTala y HIXKEM OKCHAALMOHOM CTalky M THUME CIipeyaBa MOTYNHOCT MOTEHIIHMjajHe
OKCHJIallhje, a YyjeJHO NpeAcTaB/ba W XUAPOo(GOOHM €0 MOJIEKyJIa KOJH OJIAKIIaBa ITACHBHH
TpaHcnopT Kpo3 henujcky memOpany. Takole, oBM JUraHAM Cy MHEPTHU MpeMa CYNCTUTYIIH]H
noMohy Jpyrux apeHCKHX JHMraHajia, a nosehame apoOMaTHYHOCTH JIMTaHaJa IMOBE3aHO je ca
moryhnomthy nntepakuuje komruiekca u JIHK. Ilpeocrana Tpu mecra Mory 3ay3eTu pa3iuuuTH
MOHO/ICHTaTHU WJIM OUJCHTATHH JIMTAHAU ca a30p-, KHCEOHHK-, CyMIIOp- U (Hocop-I0HOPCKUM
rpynama. '

Jeman o;1 mpBUX KOMILUIEKca OBOT THITa Koju je uciutuBaH 0no je [RuClz(CeHe)(DMSO)]
komiuieke (Cnuka 1.7. a). OBaj KOMIUIEKC je NOKa3a0 3HauyajHy MHXUOMIM]y Tomouzomepase I,
KOjU je jelaH O]l €H3MMa OJIrOBODHHX 3a CIipeuyaBame IyOMTKa TeHeTcke HHpopmaiuje Ha
Tenomepama y Toky Mutose.!'” 3amemom DMSO gwuramma ca  1,3,5-Tpuasza-7-
dbocdharpunukio|3,3,1,1]nexan (PTA) nurangom y Ru(Il) apenckum xomruiekcuma 100HjeHH Cy
KOMIUIEKCH To3HatHju moja uMeHom RAPTA®! kommnexcn (Cmuka 1.7. 6). Ilpucyctso
xunpopunnor PTA nuranaa o6e3behyje 60Jby pacTBOPJBMBOCT OBUX JEUECHA Y BOAM, IITO
3HATHO OJIaKIIaBa OHMOJIONIKA UCIUTHBama. Takohe, ToKa3aHo je J1a OBa jeANCHhA HCIIOJhaBajy
Behy CENeKTMBHOCT, Ka0 W HIKY TOKCHYHOCT. 3aMEHOM apoMartudHor mpcteHa y RAPTA
KOMIUIEKCHMa MAaKpOLMKIOM ca cymnopoMm 1,4,7-TpUTHAIMKIIOHOHAHOM,  JOOWjEeHH CYy

KOMIUIEKCH KOjH Cy MCIIOJbUIIN CIIMYHY i1 Vitro akTuBHOCT. >118
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Cnuka 1.7. a) [RuCl2(CsHs)(DMSO)] u 6) RAPTA- C.

YBohemeM oKkcalaTHOT MM HUKI00yTaH-1,1-1uKapOOKCHITHOT JIMTaHa YMECTO XJIOPUI0
JWTaH/a y CTPYKTYpPY KOMILJIEKCa, Kao MITO je OMO CiIydaj KO oKcaiuniamune U Kapooniamume,
nobujeHa cy jelMmema Koja HMCY MMana 3HadajHy Owmonomky aktusHocT.!!”'? Kommmexcu
omute Qopmyne, [Ru(n®-p-cimen)(X)(Y)(Z)] (X,Y wam Z npencraB/bajy XaloOreHHIE,
AIIETOHUTPHI WJIM U30HUKOTUHAMUJ) Ca TPH MOHOJCHTaTHAa JIUTraHza, Takohe, HUCY MOKa3aiu
3HAa4YajHy aHTUTYMOPCKY akTWBHOCT mpema A2780 henujckoj JAMHMjU XyMaHOT KapIHOMA
jajauka. M3ocTaHak IUTOTOKCMYHOCTH MOXKE C€ OOJaCHHTH HHXOBOM BEIUKOM M Op30M
peakTHBHOIINY ca MajaMM OMOMOJIEKYJIMMa, YMME CE€ CIIpeuaBa Jia IOMEHYTA jeIUbCHha pearyjy
ca r1aBHUM yHyTaphenujckum metama.””?”

Kommekcu ca N,N-xenmaTHUM JUTaHIuMa HAa OpojHUM henwjckuM JIMHUjaMa Cy

77,121

WCHOJbUIIM LIUTOTOKCUYHY AaKTUBHOCT YIOPEIUBY Ca YUCHIAMUHOM. 30or Tora cy

OpraHoMeTanHa jemumema ommure Gopmyne [Ru(aren)(en)(X)]" (aren = OeH3eH WM H-ETOBH

I[epI/IBaTI/I)l 13,114,122

MHTEH3MBHO NpOyYaBaHa, a Pe3ylTaTH Cy MOKa3alM J1a je KOOpIAMHAIHja
XEJNaTHOT €TWIEHIMaMHHA YTHIAJa Ha CMameHhe PEaKTHMBHOCTH KOMIUIEKca, y mopehemy ca
KOMILIEKCHMa KOjH CaJp’Ke MOHOJEHTaTHE JIMTaHje, ITO 3a MOCIEAUIy MMa HHTEPECaHTHY
OMONOIIKY aKTMBHOCT.”” I[MTOTOKCHYHA aKTHMBHOCT OBMX KOMIUIekca mpema A2780 XyMaHoj
henmjckoj JIMHM]M 3aBHCH O BEIMYMHE KoopauHoBaHor apeHckor aena’™!'!” (TaGena 1.7). Jacho

Ce youaBa Ja KOMIUIEKC ca HajXuApoPoOHUjUM apeHCKHM JIMTaHIOM HCIoJhbaBa HajBehy

AHTUTYMOPCKY aKTUBHOCT.
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Tabena 1.7. ICsgepeonocmu’® dobujene MMT mecmom na A2780 heaujckoj aunujuxoja
Jje mpemmana oozosapajyhum Ru(ll) apenckum Komniekcuma, YucniamuHom u KapooniamuHom

24 cama.

Ru-aren/Pt kompleks ICso/pM
[(m%-p-cimen)RuCl(CH3CN),]PFs > 150
[(m%-p-cimen)RuCly(izonikotinamid)] > 150
[(m®-CsHg)RuCl(en)] PFs 17
[(n®-p-cimen)RuCl(en)]PFs 9
[(n®-CsHsCO,CH3)RuCl(en)] PFg 55
[(n®-C¢HsCgHs)RuCl(en)] PFg 6
Karboplatina 6
Cisplatina 0,5

Kao mTo je Beh HamoMeHyTO XHIponM3a XajoreHuga Koja opranopytenujym(Il)
KOMILIEKCAa UMa 3HAYajHy yJIOry y MEXaHH3My MCHOJbaBara IUTOTOKCHYHE akTupHocTy.b!123:124
OrackoM XaJoreHu1a AUCOLMjaTUBHUM IyTeM U AaJbOM PEAKIMjOM ca MOJIEKYJIOM pacTBapada
HACTajy KOMIUIEKCHM KOjU TOJ (HU3MONOMIKMM YyCIOBUMa pearyjy u3y3eTHO Op3o ca
OMOMOJIeKYJIMMa, IITO 3HAa4YajHO yTU4Ye Ha (apMaKOKMHETHYKE U (papMakoJUHAMUYKE
napamerpe.’ " Heku KOMILIEKCH apeHCKOT TUIA MCIOJbaBajy BUCOKY CEIEKTHBHOCT 33 BE3HBAHE
npeko N7 atoma ryanusa.’’%

3ameHa eTHJICHOMAMUHA aHjoHCKUM O,O-XeNaTHUM JIMTaHAuMa HMMa 3a IOCIEIUILy
HaCTajame HeYTPaJTHUX KOMIUIEKCa, Koju nMajy nosehany enekrpoHcky ryctury oko Ru(lIl) jona.
Tana je onakiraHa U3MeHa JIMTaHaIa ¥ TMPOLEC XUIPOJIN3E, ITO y MHOTHM CJIy4ajeBHMMa BOJIHU Ka
60750] pacTBopseMBOCcTH.” McnmTuBameMm Ouosomke akTuBHocTH mojenunux Ru(Il) apenckmx
komiuiekca ca O,0- u S,0- xenatuma IoKas3ajio je /a OBa jelumbera Aeyjy Kao WHXUOUTOpH
nportenn-kunaza.''® Takolhe je mokazaHo ma je celeKTMBHOCT Hekux opranopyterujym(Il)
KomIuiekca ca O, O-OuICHTaTHUM JIMTaHIMMa MpeMa HYKJICHHCKUM 0azama Jpyraduja y OIHOCY
Ha cenextuBHOCcT Ru(ll)-eTmnenamamuuckux kommiekca.'?>'?7 Hamme, xommiaekc [RuCl(n®-p-

cimen)(acac)] mokasyje MHOTo BehH CTeIeH Be3UBamba 3a aJCHUH Hero 3a ryaHus.' 2
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1.13. Komiuiekcu pyTeHujyma ca gurananma edda tuna

KommiekcHa jenaumema pyTeHHjyMa ca IMOJMAaMHHOIOIMKAPOOKCHUIIATHUM XEJIaTHUM
JMraHauMa chajajy y mnoceOHy Tpylly MOTEHIHMjalHUX aHTUTYMOPCKUX areHaca,’’!12%:130
HajpenpesenratuBauju npumep mpezactaBba komiuieke H[Ru(Hspdta)Clz2]-4H20, 3a koju cy
pe3yaTaTH MOKa3aJIM J1a UCTI0JbaBa HAPOUUTY aHTUTYMOPCKY aKTUBHOCT IIpeMa hesinjckoj TUHUjU
mutije neykemuje L1210. [IpoyuaBaHa je MHTEpaKIMja OBOT KOMILIEKCA ca MPOTEHHUMA IIJ1a3Me
(an6ymun u Tpancdepun) nomohy enexrponcke ancopnuuje, CD u NMR cnekrpockonuje.> Ha
OCHOBY OBHX aHaJIM3a JOOWjEHU pe3yJTaTH Cy YKa3aJId Jja ce KOMILIEKC HajBEPOBAaTHH]E BE3yje 3a
MOMEHYTE POTEHHE MPEKO MMHUIa30JI0BOT MPCTEHA XUCTHINHA HAKOH OJIJIacKa XJIOPUJIO JINTaH A
13 KOMILIEKCa, JOK MOMAEHTaTHH JIMTaH ] 0CTaje KOOPAMHOBAH 3a joH MeTana. 31132

[IpBu xommekcu pyteHujyma ca edda murananMa CHHTETHUCAHM CY jOII CelaMAeCeTHX
roauHa npornuior Beka. Hajsnauajuu u3 ose rpyne cy K[RuClz(edda)]-2H20 u [RuCl(edda) H20]
xomiuiekcu.'3* Takohe cy cunretncanu kommiekcu Ru(Ill) ca eddp nuranaom ¥ MOHOJEHTaTHUM
nurasanMa, Hajuernhe xmopumo nurasnom.'>* Ha ocHOBY pesyirata J0OMjeHHX HCITHTHBAHEM
anTUnponudepaTUBHE aKTUBHOCTH U IUTOTOKCHMUHOCTH KomIuiekca K[RuClz(eddp)]-3H20 moxe
ce BUJICTH JIa OH UCII0JbaBa 3HAUajHy CEJICKTUBHY aHTUNIpoiMdepaTuBHy akTuBHOCT npema Hela
u HT-29 hemujckum nuuumjama.'>® Takohe, metomom CD crekTpockonuje U eneKTpodope3om
npaheHa je uwHTepakiuja oBor komruiekca ca pBR322 mmasmmmom JIHK. Pesynratu oBux
WCIMTHBaka YKa3alli Cy Ha KOBAJICHTHY MHTepakiujy udmehy komrmiekca u monekyna JJHK. Osa
MHTEpaKIja ce Hajupe oBHja (opMupameM jenHe XeMHUjCKe Be3e, a HakoH pa3Bujama JIHK
XelIMKca KOOpJHMHAIMja Cce OJBHja IMPEKO JBE Be3e, HajBepoBaTHHUje ca wucror janma JIHK.
Jlobujern pesynaratd ¢y mOTBpAWIM npetnoctaBky nga komruiekcu Ru(Ill) y in vivo cucremuma
Mory na ce Tpancdopmumry y Beoma peaktusne Ru(Il) Bpere. !

I'enepanHo, BpcTa XeNaTHOT JIMTaHIA MMa 3HA4YajHU YTHUIQ] HAa XEeMHUjCKa, (pu3MYKa U
OMOJIOIIKA CBOjCTBA KOMIUIEKCAa pyTeHHjyma. Takole, HEKOBaJICHTHE MHTEPAKIHje, TPUCYCTBO
BOJIOHMYHHX B€3a, pa3inuuTa XuApo(hOoOHOCT JIMraHana U eICKTPOCTATUUKE MHTEPAKIHje UMajy
omtydyjyhy yiory mnpu Be3WBamy KOMILICKCA 3a OWOJIONIKE METE, HAPOUYUTO 3a HYKICHHCKE

KHCCJIMHE. 136
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1.14. Komnaexcu Pd(IT)

Metanu Ni, Pd u Pt Hanaze ce y ucToj rpynu mepuIOHOT CUCTeMa, MehyTum, camo
KOMIUIEKCHA jeMmbela Pt IoKasyje aHTMTyMOPCKY AaKTUBHOCT.'’’ XeMHjcKO IOHAIIame Y
pacTBOpPUMA CTPYKTYPHO CIMYHUX KOMIUIEKCHHX jemumera Pt(II) u Pd(II) je upentuuno.'*® 13
TOT pasjiora ce KomIuiekcHa jeaumerma Pd(I) decto kopucTte kKao MoAEN MOJICKYJIH 3a
UCIIUTHBakE KHHETUKE M MEXaHW3Ma CYNCTUTYIHOHUX peaknuja komriuiekca Pt(I), mana
pearyjy 10°-10° myrta Gpxe oxn ananormux kommiekca Pt(II). 36or jako Benumkor apuHUTETa
peMa CyMITOp- ¥ a30T-J0HOPCKHUM JIMTaHANMa, Kao M jaKO BEITMKE PEaKTUBHOCTH, CETICKTHBHOCT
komruiekca Pd(II) mpema Omomonexynuma je Maina, IITO OrpaHMYaBa HHUXOBY YIOTpeOy Kao
AHTUTYMOPCKHX peareHaca.

Benmuku Opoj crpykrypHo aHanoraux komruiekca Pd(I) ca xommexkcuma Pt(ID)
CHUHTETHCAHO j€ U MCIUTHBAHA je KUHETHKA U MEXaHMU3aM HHXOBHUX CYCIICTHUTYIIHOHUX peaKiyja
ca pa3IMYUTHM OHOMOJIeKynuMa. VIcnuThBaHE Cy CYNCTUTYIHOHE peakluje KOMILIeKca
[PdClx(en)] ca pa3nuyuTHUM CyMIIOp- U a30T-IOHOPCKUM OHOMOJIEKYJIUMa, MPU Pa3IHuYUTUM
eKCIIepUMEHTaTHUM ycloBuMa. Tako, y peakuujama ca L-Met HacTaje S,N-xenatr. MehyTtum, y
peakiuju ca S-Met-L-Cys He gonasu g0 ¢popmupama S,N-xenata, Beh ce 1Ba MoJeKyja THOETpa
koopaunyjy 3a Pd(II). Takohe je mcnmuTMBaHA pPEaKTUBHOCT ETHJICHIUAMHHCKHAX KOMILJIEKCA
Pd(Il) xox kojux cy y CTPYKTypU E€TWICHAMAMHUHA HEKU OJ aMHHCKHUX BOJIOHMKOBHX aToma
3aMEHEHH METWI- WM eTWI-rpynaMa. 300r MPUCYTHUX CTEPHUX CMETEHH PEAKTHBHOCT OBHX
jenumema je ymameHna.'*” V peakiujama ca a30T-JOHOPCKUM HYKJIEO3UIMMA M HYKJIEOTHIUMA,
[PdCl2(en)] xommuiekc pearyje uumeHTHYHO oxaroBapajyhem kommekcy Pt(II), Besyjyhm ce
MpBEHCTBEHO Tpeko N7 aroma a3ora, JOK je Be3a mpeko NI 3acTymbeHa y MamO0j MEpH.
PeakTUBHOCT HYKJICOTH/Ia U3pAKEHH]A j€ Y OJHOCY Ha PEaKTUBHOCT HYKJICO3UIa, 300T HacTajama
NPOU3BOJIa KOjH Cy JOJaTHO CTAaOMIM30BaHM MHTPAMOJICKYJICKMM BOJOHHYHMM Be3ama.'40-143
Hexun ox mpom3Bojga OBHX XEMHjCKHX PEaKIMja Cy M30JI0BAaHH M OKapaKTEpPHCaHH, Kao IITO je
ciydaj ca [Pd(en)(N7-IMP)2] kommiekcom. '+

Takohe cy ucnutuBaHe WHTEpakuuje u Apyrux OudyHkunoHanmHux komiuiekca Pd(II)
AQHAJIOTHUX KOMIUIeKcHMa iatune. Jeman on TakBux komruiekcea je [PACl2(SMC)]. ¥V peakuujama
[PACI2(SMC)] xomrutekca ca ¢pparmentuma JJTHK (INO, 5°-IMP u 5’-GMP) ytBpheno je na je

Mosekyn 5°-GMP Haj6ossn Hykneodun.!* IpucycTBO MUPHAMHCKOT MPCTEHA y KOMILIEKCY
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Pd(I) moBehaBa enekTpoMIIHOCT joHA MeTana Ha WUCTH HAYMH Kao W Koxa komruiekca Pt(Il).
Taxohe cy ucnutuBama nokasana aa je komriekce [PdCla(bpy)] 3HaTHO peakTUBHMjU Y OJJHOCY Ha
[PdCl2(en)] u To y peakuuju ca THOypeoM, TeTpameTwiTuoypeoMm u 5’-IMP, mro je cBakako
ToC/IeIMIa NPUCYTHUX MMPHAMHCKHX jeauHuna. *© Mehytum, kommneke Pd(Il) ca nunepusunom,
[Pd(Pip)(H20)2]**, koju Takohe uMa CIIOCOGHOCT eTeKTPOHCKE KOMYHHKALMjE ca JOHOM MeTaa,
y peakuuju ca 5’-GMP mokasyje Mamwy peakKTHBHOCT HETO KOMIUIEKC Ca €THJICTUAMUHOM, IITO je
nocieuIa CTepHuX cMeTmbu. 4

Kowmmnekc [PdClz(dach)], xoju caapxkwu 1,2-mTuaMUHIIMKIOXEKCAaH, HCIHTUBAH je& Y
peaknujama ca GSH u okcunoBarum GSSG. Pesynratu ¢y mokasaim jaa jaonasu 10 GopMuparma
S,N-xenara,'*® ok ce y peakijama ca HykineotuauMa u pparmentuma JJHK kommiekc monamra
Ha yoOuuvajeH HauuH. VcnuTHBaHe Cy M peakiifje aHAIOTHUX KOMILUIEKCA Y KOjUMa Cy XJIOPHUIO
JIMTaHIMd CYNCTHTYMCAHU pa3IMYUTHM OWJICHTATHUM JIUMTAHAMMA, Tj. KOMILUICKCH THIIA:
[Pd(dach)(CBDCA)], [Pd(dach)(Gly)], [Pd(dach)(L-Met)] u [Pd(dach)(ox)] y peakuujama ca
INO, 5’-IMP u 5’-GMP.!* Kapaxrepuctuuno je ma npupona oxnaseher nuranaa 1j. CBDCA,
Gly, L-Met wim ox y Beaumkoj MepH yTHYe Ha Op3MHY KOjoM he ce oJBHjaTH MPOIeC

CYTICTHTYIIHjE, IIPH YEMY je pe/lociie]l peakTMBHOCTH KoMIulekca caeaehmu: !

[Pd(dach)(gly)] > [Pd(dach)(ox)] > [Pd(dach)(CBDCA)] » [Pd(dach)(L-wet)]

On n3abpanux Hykieopuna 5’-GMP je pearoBao HajOpxe.

Takohe cy cuHTETHCAaHM W WCTIUTHBAHU DPA3IMYUTH MOHO(DYHKIIMOHAIHU KOMIUIEKCH
Pd(II). Jenan on nzyuaBanux xomiuiekca je [PACI(V,N,S-Gly-Met)] y kome ynory TpuaeHTaTHO-
KoopauHOBaHoOT Juranaa nma aunentua Gly-Met koopaunoBan 3a Pd(Il) mpexo aroma cymmopa
nu3 moJiekyna L-Met, azota U3 nenTuaHe Be3€ U a30Ta U3 TEpMUHAIHE aMuHO-Trpyne. [lonamame
OBOI' KoMILIekca Yy peaknujama ca TmonuMma (L-Cys, GSH, DL-neHuuuiaMuHoOM) je WACHTUYHO
HOHAIIAKY OCTanMX MoHO(YHKIMoHAmHUX kKommaekca PA(I) u Pt(I1).!*° Tako je [PdCl(dien)]"
KOMIUIEKC HWCHHWTHBAaH Yy peaknujaMa ca pasIuuuTHM CyMIIOp- W a30T-IOHOPCKUM
oumomonekynuma. Y peaknujama ca troiauma (L-Cys, GSH, DL-neHunmuiaMuHOM) 10J1a3U 10
CYIICTUTYLIMj€ XJIOPUIO JUraHaa Moisiekysnom tuosa. Mosnekyn GSH je HajpeakTMBHMjH, JIOK je
peakiuja ca DL-nennumnamuaoM Hajcriopuja. Ca mopactoMm pH BpeaHocTH, mopes HacTajama
KomIutekca Ttumna 1:1, mpuMeheHo je MpHCYyCTBO AMHYKJICAPHHX KOMIUIEKCa Ca CyMIIOPOM Kao

MocTHUM Jurasaom.'’! TlomTo ekcrnepuMeHTanHH YCIOBH jako yTH4y Ha ojpeleHe mporece
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CYICTHUTYLIje, yIpaBo je y ciydajy peakuuje cyncruryudje [PdCl(dien)]” komruiekca ca
L-Cys u GSH ucnutuBaH yTHIlaj MpoMeHe pacTBapaya, JOHCKe cujie pactBopa, pH BpemHoctu u
IPUCYCTBa aHjOHCKMX TeH3una. >? Y peakuujama ca pparmentuma JJHK monekyna, [PdCl(dien)]*
joH pearyje hopmupajyhu npoussoae npeko N7 aroma azora.!'>

[IpucycrBo nupuauHCcKOr npctena y komiuiekcy Pd(I1) mosehasa enekTpodmiiHOCT joHA
MeTajla Ha MCTH HayuH Kao u koj komiuiekca Pt(I). Tako cy ucnuTuBama mokaszana na je
kommieke [PdCla(bipy)] 3HaTtHO peakTuBHMju y ofaHocy Ha [PdClx(en)] u 1O y peakuuju ca
THOypeoM, TeTpamerunTuoypeom u 5’-IMP, mTo je cBakako mMmocieauia MPUCYTHUX
NUPUIMHCKUX MoJleKya, !> 199

Kon wmonodynkumonamaux xkomiuiekca Pd(II) youeno je ma Opoj um pacmopen
MUPUIMHCKHUX jEJUHUIIA Y TPUIACHTATHO KOOpAMHOBAaHOM NNN-JOHOPCKOM JIUTaHAy y BEIUKO]

MEpHU yTHUYy Ha PEaKTUBHOCT KOMILIEKca. YnopehuBameM peakTUBHOCTH MOMEHYTHUX KOMILJIEKCa

NOOMjEeHO je Ja peaKTUBHOCT KOMILJIEKCA OMaia y HU3y:

[PACI(trpy)]* > [PACl(bpma)]* > [PdCl(dien)]"

IITO je CBAaKako Yy CarjlacHOCTH ca pe3ynraruMa no0ujeHuM 3a oxarosapajyhe Pt(ID)
xommnekce. %157 Komnnexcuu jon [Pd(trpy)Cl]" me pearyje ca Tnoerpuma,'*® a y peakumjama ca

tuomuma (GSH, L-Cys, DL-nenununamun)'>’

OH C€ TMOHalla UACHTUYHO frpy komiuekey Pt(ID).
VYnopehuBameM onHOCa KOHCTaHTHM Op3uWHA peakuuja CYINCTUTYLIMje OAroBapajyhmx
MoHodyHkunonanHux Komriekca Pd(IT) 1 Pt(Il) ca Tmonma, HajMama pasiuka y peakTUBHOCTH j&
y cayyajy trpy xommnekca.'®® V peaxmujama ca ¢parmentuma JJHK momexyna [PdCl(trpy)]
pearyje 3HaTHO 6pike.'®! Takohe, Beha peakTHBHOCT OBOT KOMILIEKCHOT jOHA Y OJJHOCY Ha OCTalle
MoHo(pyHKknoHaHe Komriuiekce Pd(II) mpumehena je m y peaknujama CyncTHTyIUje ca
MUPUIMHOM H para-nepuBaTuMa upuanHa. '

Kowmmnexchu jon [Pd(bpma)(H20)]*" ucnurusan je y peakuyjama ca cepujoM JIMTaHaja:
Cl, I', Br, SCN-, Tu, DMTU u TMTU.!® JloGujenun pemocnes; peakTUBHOCTH MOCMAaTpaHHUX
murananga je: I° > DMTU > Tu > SCN™ > TMTU > Br" > CI" , mto je y carjlacCHOCTH ca
eJeKTPOHCKMM M cTepHUM edektuma. Hapenenum kommiekc pearyje oko 10 myra Gpike o
oxrosapajyher Pt(I) amanora.'®® OBu pesnmyratu jomr jeqHOM TOKa3yjy KONHKO TPHUCYCTBO

MUPHUIMHCKUX jeMHUIIa yBehaBa Op3uHYy CYNCTUTYLHMOHHX peakiyja. Takohe, ucuTUBaHA je U

PEaKTHBHOCT NUPUAMHA M JepuBara nupuauHa npema [PACl(bpma)]* kommnekcHoMm jony,'® a
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yTBphEHO je 1a peakTHUBHOCT JepuBaTa MUPHIUHA 3aBHCH OJf KapaKTEPUCTHKA MPHUCYTHUX
cynctutyenara.'® [PdCl(bpma)]" KoMIIeKCHM jOH MCIUTHBAH je y peakiujaMa ca a30iuMa n
IWa3MHUMA, CHeUU(OUYHOM TPYNOM  MICCTOWIAHUX M TETOWIAHUX  a30T-IOHOPCKHUX
xereponukia.'® Asonu cy jako 3HauajHM ca OMOHEOPraHCKOr CTAHOBMINTA, C OO3MPOM Ja
MMMIA301 YIIa3u y cacTaB xemornporenna.'® Takobe, azomu mory na uHxubupajy Besusame CO
3a HEKE IHUTOXpOME, JOK HEKH JEpUBAaTH TpHas3ojia TMOKa3zyjy aHTHOAKTEpHjCKO [€JCTBO Ha
natorene Gakrepuje 6usbaka.'®® Jenumema Koja y cBOM cacTaBy caipike NMPHIA3MH, THPUIMH,
Kao0 M JIpyra XeTepoLUuKINYHA jeIUbeha, KOPUCTE CE y TePaIrjCKe CBPXE 3a JICUCHE PeyMaTCKOT
apTPUTHCa, OCTEOAPTPUTHCA, OCTEoNopo3e, ncoprjaze u ap.'®” Tlopen Tpuasona, nepuBaTH Ha
6a3u MUpUIAa3MHA U MKpa3oja Takohe MoKasyjy aHTHOAKTEPUjCKO M AHTHIJBMBHYHO JejcTBO.'®
A3oyii, Ka0 WM JIMA3MHU, YECTO CE KOPUCTE Ka0 MOCTHHU JIUTaHAM TpHU rpahemy AUHYKICAPHUX
xommiekca Pt(I1).''° On wucnmruBanmmx asona u auasuHa HajBely peaKTMBHOCT HpeMa
[PACl(bpma)]" KOMILIEKCHOM jOHY MMa TpHa3oi.' %

Kommueke [PdCl(tpdm)]’, xom xora cy 3a pasmuky ox [PdCl(trpy)]” xommuekca
MUPUIMHCKA TPCTEHU Pa3[IBOjJeHW METHICHCKHUM Tpylama, pearyje ca CyMIIOp- H a30T-
JIOHOPCKUM MOJIEKYJIMMa 3HAaTHO criopuje. PeaktuBHOCT KomIuiekcHor jona [PACl(tpdm)]™ je
rotoBo ucror peaa seanuune kao [PACl(dien)]” kommiekca. Kapakrepuctuano 3a [PACI(tpdm)]*
KOMIIIIEKC je 11a pearyje ca L-Met, 3a pasnuky ox [PdCl(trpy)]".!"!

[locnenwux TroJMHAa YHHE CE€ HAMoOpH Ja ce YyBOheHmeM pa3IMYMTUX JHraHaga y
koopauHaiony cdepy kommiekca Pd(Il) nobuje komruiekc koju he ucnosbaBaTu HUTOTOKCHUHY
akTuBHOCT. CuHTeTHCaHO je Hekonuko komriuiekca Pd(II) koju cangpxe 4-tomyencyndonun-L-
aMUHO KHUCEIMHOYy U AUUMHH (bpy unu phen). CBU KOMIUIEKCH Cy IOKa3ajd aKTHMBHOCT Ha
henmjama kapumnoma. Hajsehy axtusHOCT mokasao je [Pd(phen)(TsleuNO)] H20.!7? Cunretncan
je u xommuekc Pd(II) ca nuranmom Koju y CBOjoj CTPYKTYpH CaApXU MUPUAUH U aMHU],
N-(4-xnopodenun)-3-nupuauHkapookcuamua. JloOMjeHn KOMIUIEKC HuMa frans TeOMETpH]y.
YTBpheno je ma ce on koopaunHyje 3a moiekyn JIHK u j1a ncrmospaBa MUTOTOKCUYHOCT HA HEKE
henuje kanmnepa. MehyTum, akTHBHOCT HaBEIEHOT KOMILJIEKCA Mama j€ y OJHOCY Ha KOMIUIEKC
Pt(IT) ca ucroumenum nurangom.'’

[Topen anTuTyMOpCcKe akTUBHOCTH, Heku Komruiekcu Pd(Il) moka3yjy akTUBHOCT MPOTUB
TyOepkysio3e, kao mTo je Komiuiekc trans-[PdXz(isn)2] (X= Cl, N3, SCN, wmu NCO;

1SN = W30HUKOTHMHAMHJ), TIPU YEMY j€ HAJaKTUBHHJU KOMIUIEKC ca a3uaoM. OBU KOMIUIEKCH Cy
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MOKa3ald M aHTMTYMOPCKY aKTMBHOCT, ajl¥ 3HATHO Mamby y OJHOCY Ha UMcIuiaTthHy.'’
AmuHOanKoxonu, kao mro cy (-)-edbenpun, (-)-Hopedenpun, L-mpomunon, L-BamuHonm u
L-u3oneynunon, kopumhenu cy y cuntesu komruiekca Pd(Il), mpu yemy cy 1oOujeHrn KOMIUIEKCH
TOKa3aIl U3BECHY aHTUTYMOPCKY aKTMBHOCT.! "

XenaTHU JHTaHAW 3ay3MMajy Ba)XKHO MECTO Y MOJEpPHO] OpPraHOMETANHO] XEMHjH,
XOMOTeHoj KaTanusu,'’® xao y 6uoHeopranckoj xemuju.!”” Benuku 6poj pasnuuntux Schiff-6a3a
KOPHCTH C€ Kao NMOMONHM JIMFaHAM y peaklijaMa KaTaau30BaHUM IIpela3HuM MmeTamuma.! 17
3axBasbyjyhu BemMKOM ycnexy AMMMHHCKUX JIMTaHA/a, aHAJIOTHH JIMTaHIM Ca CTUJICHOM WIIU
MUPUINHOM KAa0 MOCTHHUM JIMTAaHIOM KOjU TOBe3yje bis(MMUIAa30JUH-2-UMUHO) JIUTAHIE CYy
cuHTeTucanu. HaBenenu nuranau ca bis(MMuIa30IMH-2-UMUHOM) CaJp>Ke€ UMHH Kao JOHOP, KOjU
je jako 0a3zaH W caMUM THM H3Y3€THO jaK HYKJICOo(Hs, IITO je MOcCieAula CIHOCOOHOCTH
YIMH/Ia30JI0BOI TIPCTEHA Ja CTaOWiIu3yje IO3MTHBHO HaejlekTpucame.'*’ Benmka enekTpoH-
JIOHOPCKA COCOOHOCT OBHX JIMTaHAaJ1a, KAa0 U BEJIMKA PEaKTUBHOCT IIpeMa Mpeja3HuM METalnMa,
notBhena je cmHTe3oM Beoma peaktuBHOT Cu(l) KOMIUIEKCa M CHHTE30M MOJHOICHCKUX U
PYTEHUJYMCKHX  CEHJBHY KOMIUIEKCA, KOJU Cajpke JOII W  [HUKJIOXEHTAaTPUCHHUII,
LMKJIONEHTaAueHu 1 apena nuranze. 81182 Takole, oBu IuraHmu MMajy cocoGHOCT ja Tpajie
KOMIUIEKCE Ca METaluMa M3 IIpBe Ipyle Mpela3sHuX MeTana, Tj. O] MaHraHa Jo IuHKa.'®® Y

OKBHY OBOT pajia CHHTETHCaHa cy jBa kKomruiekca Pd(II) ca nuranauma oBor tuma.

1.15. KiacuyHM U HeKJIACMYHHM XeMoTepaneyTHIH

U naxon 30 roauHa akTUBHOT Kopunhema HUCIUIATUHE Y JICYeHhy KaHIepa OHa OCTaje
HAjTIPUMEHCHUAJU aHTUTYMOPCKH JIEK, YIPKOC BEIIMKAM HeIOCTaluMa Kao IITO Cy OrpaHHyYeH
Opoj KaHIlepa Ha KOjH Jelyje, PE3UCTEHTHOCT U TOKCHYHOCT. [lopen mucmiaTtuHe, OKO JeceTak
IPYTHX TUIATHHCKUX jEeAMI-EHha O0J00pEeHO je 3a MEIMLMHCKY ymnoTpeOy, alu joul YBEK HHUCY
pelieny npobIeMH ca KOjuMa ce Cy04aBago TOKOM yHoTpeOe IUCIIaTuHE.

JlaHac ce aHTHUTyMOpCKAa jeAWIEeHha MOTY TOACTUTH Y [BE TIpyle: KIACHYHU U
HeknacuuHn xemotepaneyTunu.>!8+1% [lucnnatura nemyje Ha Taj HauuH IOTO JOBOAM MO
mucrop3uje JHK, ma ce TepMuH ,,KIacCHYHU XeMOTEpaneyTUIM ~ KOPHCTH 3a OHA jeTUbEemha Koja
umajy 3a mety AHK. YBonehemwem npyrux jona merana y CHUHTE3y KJIACHUYHUX aHTUTYMOPCKHUX

arcgaca TCXH CC HOBChaH)y AHTUTYMOPCKEC AKTUBHOCTH, INIHUPEM CICKTPY [A€JI0Bamka, aJll U
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MpeBa3HIaKemhy MOMEHYTHX HeraTuBHUX edekrata. Ha Commm 1.8 mpukasana cy jenumema
pa3IMUUTUX JOHA MeTajla Koja Clajgajy y Tpylny KIACHYHHUX XEeMOTeparneyTHKa TPEHYTHO

34CTYIIJbCHA Y PA3JIMIUTUM (paaaMa MCAMIIMHCKHX HUCIIMTHBAahA.

KP1018

(a)

(h) (i) G

Os.
/N o CI/ L\“Hz
| Hy \/I
Drug Discovery Today

Cnuka 1.8. Kracuunu xemomepaneymuyu: (a) Kpucmaina cmpykmypa, Ha Kojoj ce euou eesa
yucniamune u JIHK; (b) NAMI-A; (c¢) KP1019; (d) omwma ¢opmyna pymenujym(ll) u
ocmujym(ll) apena komnnexca, (e,f) npumepu yumomoxcuunux pymenujym(ll) apena komniexca;
(g) mooen koju nokazyje unmepakyujy pymenujym(ll) apema womnnexca u JIHK;

(h)[g-Ru(azpy):Cl2] (i,j) npumepu yumomoxcuunux ocmujym(ll) apena xomnnexca,’

Jlu3ajHupame ,,HeKJIaCHUYHUX XeMOTepaneyTuka’’ yCIeauiio je HaKOH OTKpuha perenropa
u ¢akropa pacta y hemmjama xannepa. OBo otkpuhe omoryhwmio je pa3Boj HOBE CTpaTeruje y
NU3aJHUPaky aHTUTYMOPCKHX jeIUEHa, Tj. YKa3aJio Ha TO Ja YIpaBO PEHEnToOpu U (aKkTopu
pacta y KaHIeporeHuM henujama Mory OMTH HOBa MeCTa 3a KOOpAHHOBame. CXOMHO TOME,

yCJIEMIIa j€ CHHTE3a jeIMmbEmha ,,HEKIaCHIHMX XEMOTepaneyTHKa , Koja Ou Ouia MmorojaHa 3a
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KOOPJMHOBAKE ca MPOTEMHUMA U €H3UMHUMa, Kao [ubHUM rpynama. Ha Crnunum 1.9 npukaszane cy

2

CTPYKTypHE (hOpMYJi€ HEKUX O] HHX.

(b) (c)

¥ =H, Me,
OMe, Br, C1

(d)

(9) (h) 0 (0C)Co—_ R
i (o) Hﬂ)j% Co(con
do/\q? Py
° (o) Ho—
I~
OH g Discavery Todey

Cnuxka 1.9. Ilpumepu anmukanyepocenux jeourberba ca NPOMeUHUMAd U eH3UMUMA Kao YumHUM
epynama: (a) snamo(l) xomnnexc, (b) snamo(lll) mezo-mempaapurnoppupurcku xomniexc, (c)
KP46, (d) eanujym tris-manmonam; (e) DW1; (f) Ru(ll) apene xomnaexcu ca pta aueanoom,; (g)
KoMnIexkc kobarma aunanoe acnuputy; (h) xekcaxapOonun ouKooaim KOMNIEKe ca HyKieo3uoom

Kao aucanoom.”

VY 1iIby MpoHANIacKa jeuibeba ca MTO 00JbHMM aHTHTYMOPCKHUM KapakTepHCTHKaMa, ajld
M ca IITO MambHM CIIOpeIHNM e(DEeKTHMa, BEJIMKa MaKiba MOKIakha Ce Pa3Bojy jeAnbeba Koju hie
y OpraHu3My HUMaTh YJIOTY MPEKypcopa, T3B. Mpo-Jieka. Y TOKY MeTa0oJIM3Ma OBUX jeIUbCHa
ocnobahajy ce akTHBHA jeMbCHA KOja TIOKa3yjy aHTUTYMOPCKY akTUBHOCT. OBa jeHmbEHa ce

MOTY AaKTHBHpAaTH (DOTOXEMH]CKMM Mpolecuma, s

OKCHUJAIIMJOM WU PEAYKIHjOM, Kao H
CYIICTUTYIIHOHMM peakimjama. J[u3ajHupame OBUX KOMIUIEKCA 3aXTeBa MO3HABAKE KOHCTAHTH

Op3WHa CYNCTUTYIIMOHUX peakija, PeIOKC MOTeHIrjana, (GoToxemuje, ocoOMHa joHa MeTana,
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K40 M TMO3HaBame e(eKTa KOOPAMHOBAHMX JMraHaja y Kommiekcy.'> VY oBy rpymy jenumema

) 169,187-189
2

cnanajy QoroaktuBHa jeaumema Pt(IV kao u kommuiekcu Pt(IV) xoju pemykumjom

npenase y oarosapajyhe xommuekce Pt(II).!°'? Takohe, y oBy rpymy jenumema crnanajy u
jenumera reoxkha, kobaiTa, poaujyma u pyTenujyma. %3

@apen (Farell) ca capagaunmMa je IpBU MyT JOIIA0 HA ULy JJa CHHTETHIIIE KOMIUIEKCHO
JEIUBbEHE KOje CaapKU JBa jJOHA TJIATHHE MOBe3aHa (PIICKCUOMIIHUM MOCTHUM JIMTAHJIOM, a Koja
¥Majy aHTUTYMOPCKY aKTHBHOCT.'** HakoH CHHTe3e MCIMTHBAHUMA je YCTAHOBJHEHO Jia Ce OB
jenumera koopauHyjy 3a JJHK.!*>1%® 3atum je ycnemuna cuHTe3a 1 HCIIUTHBa€ aHTUTYMOPCKE
akTUBHOCTH Beher Opoja muHykiaeapHux komruiekca Pt(Il), mpu uemy cy ce Kao MOCTHH JIMTaHH
KOPHCTH/IN XeTEPOLMKIHAYHA WK anuaTUIHA jeanumemna azoTa. >’

[Topen nuHyKI€apHUX, CHHTETUCAHU CY U TpuHYyKIeapHHu komruiekcu Pt(Il), koju ce mory
ouQyHKIMoHanHo KoopauHoBatu 3a JIHK.!”®!% Takohe, cunreTncanm cy u aunykIeapHu
KOMIUIEKCH Ca Pa3InYMTUM joHuMa MeTtana. Hajuemrhe cy To KOMIUIEKCH KOjH CaApPKibe TUIaTHHY,
6akap umu pyTenujym.’®22 Cunresa oBor Tuma Mosekyja MMa 3a IUMJb, KA0 Uy CBHM

MPETXOIHUM CJIydajeBUMa, J00H]jamke KOMITIEKca ca 00JbUM aHTUTYMOPCKHUM KapaKTepuCTHKama

Y OAHOCY Ha LIUCIIIAaTUHY.
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3AJATAK PAJIA

[IpenMer oBe NOKTOPCKE AHCETpaIfje OMO je WCIUTHBAME CYICTUTYIIHOHUX peakivja
komrutekca Ru(Il) u Pd(I) ca 6Guonomku 3HavajHuM auraganMa. HaBenena ncnutruBama MOTY ce

MOAEINUTH Ha ciieaehn HauMH:

> HcnuTuBame KMHETHMKE M MEXaHM3Ma CYINCTHTylMoHuX peakuuja [(TLBY)PACI]" nu
[PACI(tpdm)]" kommiekca ca nykineopuauma: Tu, I, Br, NO2, py u DMSO vy
0,1 M NaClO4 y mpucyctsy 10 mM NaCl nHa tpu temmnepatype (288, 298 u 308 K)

,,Stopped-flow* ciekTpodoTomMeTpujCKH.

» HcnutuBame KHUHETHKE peaxiyja CYIICTUTYIIH]C [RuCl(trpy)(bpy)]” ca
5’-GMP, L-His, DMSO u Tu na 298 K y 0.1 M NaClO4 y npucyctsy 20 mM NacCl
Uv-Vis cnektpodoTtomerpujcku. Peakuuja ca Tu je uzyuyaBana Ha 288 K, 298 K u 308 K.

> HWcnutuBame peaknuja cyncrurymuje [Ru(trpy)(bpy)H20]*" ca cymmop-Be3uBHUM
Hykieopunuma kao mto cy: L-Met, L-Cys, GSH 1 Tuna pH =5,3 u 7,4 y D20 na 295 K,

"Hu *C NMR cnekrpockonujom.
> Cnexrpodoromerpujcko oapehupame pKa Bpennoctu [Ru(trpy)(bpy)H201** jona.
> W3syuaBame IIpolleca XMAPOJM3€ M KoMIUlekcupama [Ru(trpy)(bpy)H201*" jona ca

a30T-Be3uBHUM Hykieopumuma 5°-GMP u L-His moTeHIMOMETpUjCKOM METOAOM Ha

KoHCTaHTHOj Temrieparypu o 298 K, y 0,1 M NaClOa.
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2. EKCIIEPUMEHTAJIHA JTEO

2.1. Pearencu u pacTsopu

Kommekcu  [RuCl(trpy)(bpy)]ClOs4, [(TL*)PACI]CI04 wu [PdCl(tpdm)]CIOs cy
CHUHTETHCAHH 110 paHHje MyOnuKoBaHMM mnocTymmuma.'’12032% Upcroha nobujennx jeammema
notBphena je enemenranHom asanusoMm, Uv-Vis chekrpodortomerpujom, IR m 'H NMR
CIIEKTPOCKOIIH]OM.

RuCls-3H20 (Acros Organics), PdCl2 (Strem Chemicals), D20 (Deutero GmbH 99 %),
NaOH (Merck), NaCl (Zorka Sabac), NaClOs (Merck p.a.), HClO4 (Merck p.a.), AgClOs4
(Merck), HCI (Merck), eranon (Merck), H2SOs (Merck) cy kopumhenu 6e3 mnpeaxogHor
npeunmhaBama.

L-xuctunmn, L-His, (Merck), ryanosms-5-moHodocdar, 5-GMP, (Acros Organics),
rrytatioH, GSH, (Acros Organics), tuoypea, Tu, (Acros Organics), 2,2-0Ounupuaus, bpy,
(Aldrich), 2,2"6'2"-trepnupuaun, trpy (Sigma Aldrich), L-muctenn, L-Cys, (Aldrich),
L-metnonun, L-Met, (Aldrich), aumermncyndoxcun, DMSO, (Acros Organics) kopuiutheHu cy,

Takolhe, 6e3 npeaxoaHor npednihaBama.

2.2. CuHre3a KOMILIEKCA

2.2.1.Cunre3a xyaopuao-2,2'-ounupuans-2,2":6',2" -repnupuagunpyrenunjym(1l)-nepxiopara,
[RuCl(trpy)(bpy)|ClO4:

Kommeke [RuCl(trpy)(bpy)]” je npunpemsben mo Beh my6mukosanoj metoau.’2% Co
pytenrjyma RuClz-3H20 je pacTBOpeHa MelameM M 3arpeBameM y 30 cm? ancoayTHOT eTaHoa.
Hakon pactBapama, 0.21g (0.89 mmol) nuranna f7py je 10AaTo U MemaHo y3 peIyKTOBamHE OKO
3 cara.’™ 3arum je y pacTBop nojaTa ekBuMojiapHa Konuuuna bpy (0.14g, 0.89 mmol) u
HEeNOKyMHa cMmema pediaykroBana jomr 4 cara ca LiCl y Bumky (1.5 mmol) u TpuetrmamuaOM

(0.4 mmol) kao pexyxuuonum cpenctsoM.””> OBum mporecom fonasu a0 peaykuuje Ru(Ill) u
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Kao Kpajmu npomsBo Hactaje Ru(ll) komruiekc. Hakon xmahema, HacTaim npBeHO-HAPAHIIACT
TAJOr C€ MpPOIEIH, HCIepe ETAaHOJIOM M €TPOM M CyIIM Ha Ba3ayxy. Pesynratm anammse
N0OMjeHor KOMILIEKca TIoMohy eneMenTanHe anamuse, Uv-Vis ciektpodoromerpuje u 'H NMR
CHEKTPOCKOIIHjE Ce I00pO ClIaxy ca IPeTX0aHO mybaukoBanuM pesyararuma.’2% Ipunoc: 350
mg (89,31%). Haheno: C, 53.74%; H, 4.44%; N, 12.56. Uzpauynaro 3a RuCLaNsCzsHi9: C,
53.48%; H, 3.41%; N, 12.56%. Amax = 239 nm, 281 nm, 290 nm, 313 nm, 488 nm. IR (Vmax ,
KBr): 3043 cm™! C-H, 1600 cm™ C-N, 1463 cm™' C=N, 568 cm™' Ru-Cl. '"H NMR (8, D20): 9.95
ppm (d, He-bpy) 7.79 ppm (d, Hqd- trpy).

2.2.2. Cunre3a xjopuao-2,6-bis[(1,3-qu-terc -0y THJaIuMuIa30IMH-2-HMHAHO)METHJI|

nmupuanananagujym(Il)-nepxaopara, [(TLBY)PACIClO4:

Kommnekc [(TL®*)PACI]ClOs4 je npunpemsben no Beh my6mukosanoj metoan>"°. PactBop
nmuranaa 2,6-bis[(1,3-nu-terc-6yTunuMuaaszonus-2-umMuHo )Metia [nupuauaa (TLEY) 207 200 mg,
(0,405 mmol) y Bomu (10 cm®) nonar je y xanuma y eksumonapHy cycnensujy PAClz y Bomu (10
cm?®) Ha cobHoj Temmeparypu. pH BpernocT je mogemeHa Ha 5 gomatkom 0,1 M HCIlOs.
Jlobujenu pactBop je peduyktoBan 24 h Ha 50 °C. HakoH Tora, 3anpeMiHa pacTBopa je CMambeHa
Ha 5 cm® ynapaBameMm, a IIPOM3BOJI j€ TAlokKeH JoaaTkoM 3acuhenor pacteopa NaClO4 (20 cm®).
HaxoH ¢unTpupama NpoU3BOJ je HCIPaH alKoXoloM U areToHoM (20 cm?), a TaMHO-IpBEHH
mpax je cymieH moja BakymoM. Kpucranuzamnuja komriekca ypaheHa je y cMelu areToH/eTaHol,
nporehen je u cymeH noa BakymoM. KoMIuieke je okapakTepUCaH €JIeMEHTATHOM aHaJIU30M U
'"H NMR cnexrpockonujom. Ipunoc: 250 mg (94%). Haheno: C, 47,8%; H, 6,2 %; H, 13,5 %.
Uzpauynaro 3a C3oHs2Cl:H704Pd: C, 47,9 %; H, 6,97 %; H, 13,0 %; 'H NMR (5, D20): 7,56
ppm (d, m-Py), 7,45 ppm (t, p-Py), 4,57 ppm ( s, Py-CH2) u 1,68 ppm (s, CCH3).

2.2.3. CunTe3a KkoMILIeKca xyopuao(repnupuauaanmeran)nanaaujym(Il)-nepxiopara,

[PACl(tpdm)]ClO4:

Kowmmnekc [PACl(tpdm)]ClOs4 je cunreTncan mno seh my6nukosanoj metomu.'’! Y ponenu

pactBop koju cagpxku Immol (0,326g) KoPdCls pomara je exBuMonapHa KOJIMYMHA
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mukiookragueHa (COD) (Immol, 0,108g) u pactBop je meman lh. Hactamu cnabo pactBopan
komiuiekc [PACl2(COD)] ce npoduntpupa u octaBu Ja ce ocymd. HakoH cyuiema, KOMIUIEKC ce
pactBopu y cMmemn MmeTanon/Bona (50/50, v/v) m y moOujeHM pacTBOp J0Aa E€KBUMOJApHA
KOJMYMHA TePIHUPUANHINMETAH JUraHaa ({pdm), KOjU je CHHTETHUCAH O paHHuje MyOJINKOBaHO]
metoan.”® CycneHsuja je MellaHa HEKOIIMKO CaTH, a TEMIEPAaTypa OpKaBaHa KOHCTAHTHOM Ha
50 °C. Haxkon xmalhema, pacTBOp je OCTaBJbeH y Jeay npeko Hohu. XXyTu Tayior je oaBojeH 0.
pacTBopa, MPEKPUCTAIUCAH M3 BOJAC M OKapaKTEpHUCaH eleMEHTaTHOM aHanu3oM, Uv-Vis u IR
cnektpockonujom. Ilpunoc: 380 mg (94,32%). Uspauynato 3a Ci7Hi1sCL2N3Pd:
C, 46,53 %; H, 3,42 %; N, 9,58 %. Haheno: C, 44,07 %; H, 3,92 %; N, 8,37 %. Amax = 265,1 nm,
IR (Vmax , KBr): 786 cm™ Pd-N, 1454 cm™ C-N, 1591 cm™ C=N, 3400 cm™' O-H.

2.3. MucTpymeHTH

3a mepewe pH pactBopa xopuihen je Jenway 4330 pH-metap ca komOuHOBaHOM Jenway
CTaKJICHOM €JIeKTpOJIOM cTaHmapauzoBaHoMm mnomohy Fischer crammapmuux mydepa uwmju je
pH =4.00; 7.00; 10.00.

Enementanne anammsze (C, H, N) pahene cy momohy Carlo Erba Elemental Analyser 1106.

Uv-Vis cnektpu cHuMmanu cy mnomohy Perkin Elmer Lambda 35 Uv-Vis
cnektodoromerpa ca repmoctarupanom 1,00 cm kBapiiHoM Suprasil kuBeToM.

»Stopped-flow* Mepema Bpmiena cy nomohy Applied Photophysics SX.18MV stopped-
flow uHCTpYyMEHTA.

"H NMR cnektpu cuumanu cy Ha Varian Gemini-200, Bruker Avance DPX 200 u 400
WB cnektpomeTpy, 10K cy pD Mepema BpmieHa nomohy inoLab Sen Tix® Mic pH

MUKPOCIICKTPOAL.
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2.4. KuneTHuka Mepema
2.4.1. CyncTutyniuoHe peakuuje komiuiekca pyreaujyma(ll)

Kunernka peakmnuja cyncruryiuje [RuCl(trpy)(bpy)]Cl xommutiekca ca 5°-GMP, L-His,
DMSO u Tu um3yyaBana je Uv-Vis cnekrpodoromerpujcku. CBe peakiuje cy mpoydyaBaHe Kao
peakuuje pseudo-npBor peaa Ha Temmepatypu ona 25 °C y 0.1 M NaClOs y3 gogatak 20 mM
NaCl, a ca Tu je peakuuja uzyuaBana Ha 15 °C, 25 °C u 37 °C.

Pagna TtanmacHa nyxmHa ojapeheHa je CHUMamEeM CIIEKTapa pEeaklIHOHE CMele Yy
onpeheHrMM BPEeMEHCKUM MHTEpPBAJIMMA y OIcery TajmacHux nyxuHa u3Melhy 220 u 450 nm. Kao
pagHa TalacHa Oy>KMHA Yy3MMa Ce€ OHa TajacHa OyKMHAa Ha Ko0joj je HajBeha mpomeHa y
ancopbumju pactBopa ca BpeMeHOM. CYINCTHUTYIIMOHE PEakifje Cy 3arodere MEIIambeM HCTUX
3ampeMKMHAa PacTBOpa KOMILIEKca M pacTBopa juradia (mo 1,5 cm®). Konuentpauuja nurasia
Owia je y BeJIMKOM BHIIKY (HajMame 10 myTa) y 0OJHOCY Ha KOHIIEHTPAIM]y KOMILJIEKCa, KaKo Ou
ce o0e30enunu ycinoBu peakuuje pseudo-mnpor pena. CrnexTtpodoToMmeTpHjcko oapehuBame
KOHCTaHTe Op3uHe peakije pseudo-npBor pena, kobs, Bpim ce mpahemeM mpomMeHe ancopOrje
pacTtBOpa At ca BpeMeHOM t Ha ofipel)eHoj TamacHoj qyKUHH, HA OCHOBY jeqHaunHe 2.4.1.1.

In(A, -A,)=In(A, - A, )—k,t (2.4.1.1)

S

3aBucHocT In(At — A«) ol BpeMeHa t je JnHeapHa, Tako Ja ce U3 Haruba mpase noduja
BpeaHOCT 3a Kobs. Benmmunna A« mpencTaBiba ancopOIujy pacTBopa HaKoH ,,06CKOHa4HO™ JAyror
BpemeHa (oOumuHo mocie 8-10 momyBpemena peakiuje). JloOMjeHa BpPEAHOCT 3a KOHCTAHTY
Op3uHe peakiuje pseudo-pBOT pena, Kobs, MpeCTaBiba Cpeamby BPEIHOCT 4 70 5 HE3aBUCHUX

KHHETHYKUX MEPEHa.
2.4.2. CyncTuTyunoHe peakuuje komiiekca najaagujyma(ll)

Kuneruka peakuuja cyncruryuuje [(TLB*)PACI]" u [PACl(tpdm)]* nmomohy nuranana Tu,
I, Br, NOz, py u DMSO npahena je nomohy Uv-Vis ,,stopped-flow* cniekrpodorometpuje. Ca
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KHHETHYKAa Mepema cy BplieHa mpahemem mpomeHe amcopOiuje pacTtBopa Ha onarorapajyhoj
TaJacHO] Ay>XKWHHU y (YyHKIMjU BpeMeHa. PajiHa TanmacHa qy’KMHA 3a CBaKW MPOYYaBaHHU CHCTEM je
onpeheHa Ha HAYMH Kao IITO je omucaHo y neny 2.4.1. Peakiuje cy 3amoueTe MEIIambeM HCTUX
3ampeMuHa pacTBOpa KOMIUIEKCA W JIMTaHa/la JAUPEKTHO y amapaTy. KuHeTWka MCIHUTHBAaHUX
peaknuja je mpaheHa moJ yclioBUMa peakiuja pseudo-npBor pefa (KOHIEHTpAINHja JTUTaHaa je
owra 10-30 myTta Beha y ogHOCY Ha KOHIIEHTpAIHjy KoMmIuiekca). CBe CyNCTUTYIIMOHE PEaKIlnje
cy npoyuaBatde y 0,1 M NaClOs4, 3aT0 mTo ce nepxjopaTtHu joH He koopaunyje 3a Pd(Il) u Pt(II)
jone y BozieHOj cpemuan.’”’ V nuiby cy36ujama Xuaponuse KoMILIeKca peakiuje cy usBoheHe y3
nomatak 10 mM NaCl. Temreparypcka 3aBHCHOCT KOHCTaHTE Op3WHE pEakifje APYror peaa
npoyuasana je 3a peakuuje [(TL?*)PACI]" ca I u py, a 3a [PdCl(tpdm)]" ca I, Br, py u DMSO.
Bpennoctu 3a koHcTaHTe Op3uHE peakuuje pseudo-npBor penaa, kobs, 10OHjeHE Cy aHATU30M

CHEKTpAIHUX MojaTaka y3 momoh komrjyrepckor nporpama ORIGINPRO 8.

2.5. "TH NMR mepema

Peakunje cyncrurymuje [Ru(trpy)(bpy)H201*" ca L-Met, L-Cys, GSH i Tu usyuaBane cy
"H NMR cnekrpockonujom y mojiapHoM oaHocy 1 : 1. IlodeTHe KOHIEHTpalMje peakTaHaTa
owme cy 8 mM, cem y ciydajy GSH, umja je modeTHa KoHIEHTpaIija omna 20mM.

PactBop Komruiekca mpunpeman je pactBapameM oamepere koauurae y 300 L D20 oxo
8 caru mpe mouerka u3Bohema ekcrnepuMmeHTta. Jla Oum ce mocturia 0ojba PacTBOPJHUBOCT
KoMIUIekca Kopuinhena je ynrtpasByuna kaga. 'H NMR crektpu cy caumanu Ha 295 K y
MIEPHOY OJT HEKOJIMKO JaHa J0 Tpu Henesbe. CyncTurynuone peaknuje npahene cy Ha pH = 5,3
u Ha pH = 7.4, y npucyctBy docharHor mydepa, ma Ou ce oxkapakTepuUCaIH MPOIECH Yy
¢usnonomkum ycnosuma.?'? Kucenocr pactopa, pD (pD = pH + 0,4),2'° nonemasana je
nonatkom 0,01-0,05 M pactBopa NaOD unu DCI. CBa xemujcka nomepama Jiata cy y 0oJHOCY Ha
TSP (maTpujym-TpuMmeTHiacumiponan-3-cyndar). JoOujeHu pesynraTd Cy aHaIH3HpaHH

nomohy kommjyrepckux mporpama Origin 6.1 u Microsoft Excel 2003.
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2.6. Cnexrpodoromerpujcka Turpanuja joua [Ru(trpy)(bpy)H20]**

YV mmy oxpehusama pKa BpemHocTH, pacTBOp akBa komruiekca [Ru(trpy)(bpy)H201%,
yuja je koHuentpauuja 0,02 mM, TutpoBaH je momohy crangapasnor pactsopa NaOH na 25 °Cy
orcery pH ox 1,15 mo 11,53. CacraB cuctema y 3aBHCHOCTH OJf IPOMEHE KHUCEIOCTH mpaheH je
Uv-Vis cnekrpodoTomeTpujcku. JoHCKa cpeawHa pacTBOpa TojemieHa je  momohy
0,01 M NaClOa.

Jla 6u ce nuzberia Kopekuuja ycies pa3diakuBama, 32 TUTpaLUjy je KopuinheHa Beluka
noyeTHa 3ampeMuHa pactBopa kommiekca (100 cm®). Ilpomena pH u3 2 y 3 mocTurHyTa je
JOaTKOM TadyHO ojaMepeHe KoiuwumHe uBpctor NaOH, a 3atum je pacTBOp THTpOBaH
crangapaauM pactBopoM NaOH konnenrpanuje 0,1000 M momohy wmukponumnere. Pamgu
CrpevaBama KOHTAMUHAIIM]e pacTBOpa KOMILJIEKCa YCIIe] ypamama eJIeKTPOJIE, 32 CBAKO MEpEHhe
y3UMaHe Cy 3alpeMuHe oj 1o 2 cm’ pacTBopa. KoMOMHOBaHa eleKTpona KaauOpucaHa je
nydepuma crangapaaux pH Bpeanoctu 4,00 u 7,00. OnepatuBHu napameTpu Owmu cy cieaehu:
Op3uHa CKeHupama 2nm/s, mupuHa mpope3a 0,3 nm, ¢oro ocerspuBoct 0,2 abs jeaunmIA.
CHuMaHHU cy CHEKTpH y MHTEpBay TanacHuX ayxkuHa ox 220-1020 nm. Kopunthene cy kBapiHe
KuBete nedspuHe lem.

Crnextpodoromerprjcku momanu cy oOpahuBaHM MOMONy KOMIjyTEpCKOT Iporpama
pHADB2006,%'! a pacrosiena XUAPOIUTHIKUX BPCTAa y PacTBOPY M3padyHaTa je momohy mporpama

Hyss 2006.21

2.7. lloTeHIIUOMETPHjCKA Mepema

CBe NOTEHIIMOMETPH]jCKE TUTPAIHje U3BOHEHE Cy y OalIOHY ca TBOCTPYKUM 3HJI0M. TOKOM
CBUX THUTpalldja OJpKaBaHa je KOHCTaHTHa Temmepatypa (298,0 + 0,1 K), kpyxemem
TepMOCTaTHpaHe Boje Kpo3 3uaoBe O6anoHa. Kpo3 pacTBop TOkoM TUTpalyje je yBol)eH a30T Kako
O0u ce oOe30eamia MHEpTHa arMocdepa W MelIame pacBopa. PacTBop je AOAaTHO MemaH y3
nomoh marnerHe Memanuie. CraHmapaHH pacTBOp 0a3e je IMOCTENEHO JOJaBaH y MaJuM
anmuksotuma (0,005-0,01 cm®) momohy ayromarcke Gupere. [IpomMeHa moTeHIujana GenexeHa je

Mocjie CBAKOT J1o/1aTKa TuTpaHTa. IIpoTokon TuTpanuje n3adpaH je Ha TakaB HAYMH J1a peakiyje

52



eKcnepumenmainu 0eo

XHIPOIN3€ W KOMIUIEKCHpama MPOTHYYy Y YCIOBHMa TOTOBO HJIEGHTHYHHUM Ca CTBApPHOM
paBHOTE)XOM. [IpocedyHo Bpeme ycrnocTaBbamka KOHCTAHTHOI NOTEHLMjajla 32 CBaKy TadyKy Ha
MOYETKY TUTpaluje 6Uio je 5 min, a KacHUje 3HaTHO Buule. OynTaBaHe BPeTHOCTH NOTEHIIMjajIa
ycraspuBaie cy ce Ha + 0,1 mV/min.

Koncrante crabuimHocTH KoMImiekca oapehene cy tutpamujom 1,0 m 2,0 mM pactBopa
komruiekca crannapaHuM pactBopom NaOH. Koncrante popmupama xomiuiekca onapehene cy
TUTPAIMjOM pacTBOpa y KOME je OJHOC KOHIIEHTpaluja KOMIUIeKca M juranga 6wo 1:1 m 1:2
(xoMILIEKC : auraHm). PacTBop Koju ce TMTpyje MMao je 3ampemuny o 20,0 cm®. Kao joncka
cpenuna koputrhen je 0,1 M NaClO4. Cge tutpanuje cy u3BoleHe qBa myTa u ciarama u3mehy
TUTpalrja cy Ouia Beoma 100pa, ca oacTynamuMa MambuM o1 1%.

Ornirte KOHCTaHTE NPOTOHOBama 5'-GMP u L-His ysere cy u3 nureparype.’!?

[Morennmomerpujckn momauu cy oOpahuBann mnoMohy KOMIjyTepckor mporpama
Hyperquad 2006,°'* a pacnonena XuapONMTHYKHX BPCTa Y PacTBOPY HM3padyHaTa je momohy

nporpama Hyss 2006.%!2
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3. PE3VJITATU U IUCKYCHUJA PE3YJITATA

3.1. UcniuTHBame KHHETHKe CyncTuTyuuonux peakumja [(TLBY)PACI]" u

[PACl(tpdm)]* kommiIexca

Peakumje cyncrutynuje monodpyukiuonanaux Pd(Il) xommnekca ca Hykneodpunnma
Tu, I, Br, NO2, py u DMSO cy wusyuaBane ,,stopped-flow” crnekrpodoromeTpujckom
meronoM. Ha Crunu 3.1 npukazane cy cTpykTypHe (opMyjie MCIOMTHBAHUX KOMILJIEKca U
HykJeo¢puna. Peakiyje cy u3ydaBaHe Tako IUTO je IMpaheHa NpoMeHa y ancopOaHLM CUCTeMa
Ha TIOTOAHMM DPAaJHUM TaJacCHUM IyKMHaMa y (YHKUUjH BpeMeHa. Y eKCHepUMEHTAIHOM

JIeTy je IeTaJbHO OMMCaH Ha4YMH 32 opehuBame pajiHe TajdacHe Ty>KUHE.

+
| X
NP TN
N N
N\(/ \FI’ d/ AN N
&Nﬁ C|3| %N\)
[(TLBY)PdaCI* [PACI(tpdm)]*
N N 5S [ g% ]
HutputHu jon BpoMuanu jon JoauaHu joH
\ q ﬁ
.,///////
Pz O/ \ CHs A
Iupupun Jumernicyndoxenn Tuoypea

Cnuka 3.1. CmpyxmypHhe ¢hopmyiie npoyuasanux KOMnieKca u Hykieopuid
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HcnutuBame cyncrurynnone peakiuje [(TLBY)PACI]" u [PACI(tpdm)]* cy 3anouera
MellambeM jeIHAKUX 3allpeMHHA pacTBopa KOMIUIEKca U HyKieoduna JUPEKTHO Yy ,,stopped-
flow* unctpymenty. KoHneHTparuje peakranata uzabpane cy Tako na o0e30elhyjy ycnoe
peaknuje pseudo-npBor pena. Hajuemnihe je koHIleHTpamuja quraiaa Owiia y BEIMKOM BHIIKY,
HajMame 10 myTa y olHOCY Ha KOHIIGHTpaIujy komiuiekca. Caka peakiuja je npahena mo
3aBpIIETKa, OJHOCHO y Tpajamy o 8-10 momyBpeMeHa peakiuje.

Cge cyncrutynuone peakmuje cy m3ydasade y 0,1 M NaClOs, jep mo3HaTo je aa ce
IEPXJIOpaTHU joH He Koopaunyje 3a Pt(IT) u Pd(II) jone y Bogenum pactsopuma.’’® V pactsop
xyopugo kommiekca gonat je 10 mM NaCl, kako Ou ce chpeunsia CIIOHTaHa XUIPOJIH3A
KOMILIeKca ¥ rpal)erbe akBa YeCTHIIE.

CyncTuTyoHe peaknuje KBaJpaTHO-TUIAHAPHUX KOMIUIEKCA CE€ OJUTpaBajy IO IBa
napanenna nyrta.” [Ipeu MyT yKibydyje AMPEKTaH HYKIEO(DWIHM HAmaa OJ CTPAHE yJIa3HOT
JMTaHIa, JOK JPYTH, COJBOJIMTHYKU IyT, 3all0OYUEHE MPBO KOOPAHMHAIMjOM pacTBapaya 3a
[EHTPAIHU jOH MeTaja, a TMOTOM JOJIa3H JI0 CYNCTHTYIMje MOJIEKyJia paTBapada yJa3HUM
nurapgoM. Y HamieM ciydajy, kox usydaBanux [(TLBY)PACI]" u [PdCl(tpdm)]* kommuiekca,
COJIBOJIMTUYKH MyT je enumuHucad gogatkoM 10 mM NaCl, tako na ce peakinuja AUpEeKTHE

CYIICTUTYIIHj€ OIMTPaBa Kao peBep3uOmIIaH Mporiec, MTo je npukazano Ha [llemu 3.1.

[(X)PACI]" + L —11‘(2—- [(X)PALT" + CI
1

X = TLBU tpdm
L= Tu, I', Br, DMSO, py, NO,

Illema 3.1.

Koncranta k2 mpencraBiba KOHCTaHTy Op3uHE peakuje IUPEKTHE HyKJIeo(puiIHe
CYIICTUTYyLIMj€, JOK KOHCTaHTa ki mpeacTaBiba KOHCTaTy Op3uWHE TIOBpAaTHE peakiyje.
Koncranta Opsune ngpyror pema, k2, ce wu3pauynaBa u3 Harmba TmpaBe mo0ujeHe
(hyHKIIMOHATHOM 3aBHUCHOIINY M3Mel)y KOHCTaHTe Op3uHE peakiuje pseudo-npBor peaa, Kobs,

y YHKIMjH KOHIIEHTpalvje HyKiieoduia, Ha OCHOBY jenHauune 3.1.1:

kobs = k2[L] + ki[CI] 3.1.1)
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[TocmaTpana koHCTaHTa Op3uHE peakiyje pseudo-npBor pena, Kobs, je U3pauyHaTa Kao
Cpelli-a BPeTHOCT HEKOIMKO (Hajuenhe 4 10 8) He3aBUCHUX KMHETHYKHUX MEpema, Kopucrehu
nporpam OriginPro8. Temreparypcka 3aBUCHOCT KOHCTaHTE Op3WHE peakiuje pseudo-npBor
pena, kobs, je mpoy4aBana 3a peakuuje cyncrurynuje [(TLBY)PACI]" ca I u Py, kao u 3a
peakumje cyncrurynuje [PdCl(tpdm)]*" ca I, Br, Py u DMSO. ExcriepuMeHTaIHN pe3ysiTaTu
Mepema npukazanu cy Ha Cioukama 3.2; 3.3; 3.4 u 3.5, a u3padyHare BpeHOCTH Cy CyMUpaHe

y Ta6enn 3.1.

150
107k, /s

120 -

90 -

60 -

30 -

. LULSTAT N 103[Py]/M

0 2 4 [ 8 10 12 0 2 4 6 b 10 12

Cnuxa 3.2. 3asucnocm xowcmamwme Opsune peakyuje pseudo-npgoe peoa, kobs, 00
Konyenmpayuje nykieoguna u memnepamype 3a peaxyuje cyncmumyyuje [(TL*)PdCI]" ca

IF'u Py y0,1 M NaClOy4, [CI] = 10 mM.
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103 [DMsO]M| . . 103[Br-]/M|
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Cnuxa 3.3. 3asucnocm roucmanme Op3une peaxyuje pseudo-npeoz peoa, kovs, 00
KOHyenmpayuje Hykieoguia u memnepamype 3a peakyuje cyncmumyyuje [PdCl(tpdm)]™ ca

I, Py, DMSO u Bry 0,1 M NaClO4, [CI] = 10 mM.
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02k /s
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103[NO,]/M
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Cnuxa 3.4. 3asucnocm roncmamwme Opsune peakyuje pseudo-npgoe peoa, kobs, 00
KoHyenmpayuje nykieoguia za peaxyujy cyncmumyyuje [PdCl(tpdm)]* ca NOz» y 0,1 M
NaClOq, [CF] = 10 mM.

57



pesyimamu u OUCKycuja pe3yimama
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Cnhuka 3.5. 3asucnocm «xowcmawme Opsume peakyuje pseudo-npgoe peoa, kobs,

00

Konyenmpayuje nykneoguna sa peaxyujy cyncmumyyuje [(TL®)PdCI]" ca Tu, Br, NOr u
DMSO y 0,1 M NaClOq, [CI'] = 10 mM.
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Tabena 3.1. Koncmanme 6p3une u axmusayuoHu napamempu 3a CyncCmumyyuone peaxyuje

[(TL®)PdCIl]* u [PdCl(tpdm)]* ca pazruuumum nyxaieogpuiuma y 0.1 M NaClOs u 10 mM

NaCl.

[PACI(tpdm)]* ko/M1s! Ki[CI'/MsT  AHy*/kJmol!  AS;#/J K-'mol!
Tu? 298  (5,8+0,2)-10° 0,37+0,08 20+3 -75+38
I 288 526+3 12+1
298 646 +5 47 +2 8+3 -180+9
308 693 +6 230+5
Br 288 43 + 1 3,2+0,1 / /
298 90 +2 26+ 1
NOz 298 63,5+0,5 30+ 1 / /
py 288 25,1+0,1 0,36 + 0,01
298 47,5+0,2 5,0+0,1 31+7 -120+20
308 61,9+0,2 3942
DMSO 288 40,4+ 0,5 7,0+0,1
298 47 +1 16+1 10+1 -195+3
308 56 +2 30+2
[PA(TLBYCI]* k2/M1s! Ki[CI'/M st AH */kJmol!  AS;#/J K'mol™!
Tu 298 1,3 +0,3)-10° 39+2 / /
I 288 49 + 1 1,3+0,1
298 79 £ 1 13,8 £0,1 2246 -150 £20
308 95+2 20,2 +0,2
Br 298 22,1+£0,4 21+ 1 / /
NO2 298 14+2 23+ 1 / /
Py 288 12,8+0,5 1,4+0,1
298 13,6 £ 0,5 2.8+0,1 10+5 -205+15
308 17.8+0,8 40+0,2
DMSO 298 10,9 + 0,5 24+2 / /
aPed. 171

I'enepanno, no3naro je ga komruiekcu Pd(I) u Pt(Il) umajy Benuku admHuTeT peMa

HyKJIeoQuIMMa KOJU CaJpiKe CyMIIOp-JA0OHOPCKE aToMe.

147,214

Ha ocHoBy pe3yiarara

UCIIUTHBAkha IPHKAa3aHUX y OBOM Jeny HajBehy peakTHBHOCT O CBHX HM3y4aBaHHX
HyKJIeo(puniIa mokasyje Thoypea. Hajjaya HyKJI€ODWIHOCT THOypee NpPOU3MIAa3H U3 HECHUX
JBOJHUX OCOOWHA, a TO Cy 0COOMHE THOJIHE TpyIe Kao G-J0HOpa W THOETapCKe Tpyre Kao
o-I0HOpa U T-akuenTopa.!’!213

Bospa peaktuBHocT I” jona y mopehemy ca Br u NO2™ jornma moxke ce 00jacCHUTH
paznmuuuToM mojapu3admiHomhy oBux Hykieopuna (Cnouka 3.3). Hamme, I jon je

HajIoaapu3abIHKMju XanoreHuaHu jou (4,7-102%cm?)?'® u moxe ce kimacupukoBaTu Kao
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»Meka“ 6aza. [lomro je Pd(Il) ,,mexa™ kucenvnHa, BemMKa peakTUBHOCT ca [ joHOM je
oyekuBaHa. >’
[Monapuzabuinoct Br jona je 3,05-102%cm?®. OBaj jou je Hewro mame ,,MeKka* 6aza y

onHocy Ha I jom,?!®

ma je TO TJIaBHH pa3Jior 3a Mamy peakTHBHOCT Br™ jona. Kako je NO2 jon
mpenasHa ,,TBpJo-MeKka™“ 0a3a, OueKkHBaHa je W JOOMjeHa HEroBa Mama PEaKTUBHOCT Y
nopehemy ca xanorenuaHuM joauma (Cnuka 3.4 u Crnuka 3.5).

Mana peaktuBHOcT DMSO Hykneodwuna je Takohe odekWBaHa, YIpaBO 3aTO IITO
DMSO uma cneunduune xkapakrepuctuke (Cnuka 3.3 u Cnuxka 3.5). Haume, DMSO uma nBa
noHopcka atoma, atoM O u arom S. [lomTo cnasa y rpyny aMOUIEHTaTHUX JIMTaH/A, YBEK Ce
KOOpMHYje MOHO/IeHTaTHO. Ha ocHOBY paHuje myOIMKOBaHMX pesynrara Jo0po je Mo3HaTo
na ce DMSO y peaknujama ca Pd(II) jonom mpBo koopamnyje mpeko aroma O, rme je
JIOKaJIM30BaHA HEraTMBHA MaplyjaJiHa IIapXa, a HaKOH TOTa J0JIa3d 10 WHTPAMOJEKYJICKe
n3oMepH3almje, Kajaa HacTaje TePMOANHAMHYKY CTaOWIaH MPOU3BOA KOJ KOTa je jOH MeTaja
KOOpAMHOBaH npeko atroma S.'®2 Ha apyroj cTpaHm, BOJYMHHO3HOCT [BE METHI IpyNE Y
Moniekynny DMSO, ka0 W BOJIYMHHO3HOCT TPHACHTATHOT HMHEPTHOT JIMTaHAA Y
KOOpPAMHAIMOHO] cepr MoNa3HUX KOMIUIEKCA, MOTY JOJAaTHO OMETaTH (OpMHUpamE Be3e
METaN-JIMTaH/l ¥ THME YCIIOPUTH MPOIEC CYNCTUTYIIH]E.

Mana peasiTHBHOCT NMUPHUJIMHA Ce MOXE 00jaCHUTH Ha JiBa HaumHa. Hamme, 300T
MIPHUCUCYBA BOJYMUHO3HUX WHEPTHHX JIMTAHA/IA Y CTPYKTYPH TOJIA3HUX KOMIUIEKCA OTEXKaH je
Mpuja3 IIECTOWIAHOT LMKIMYHOT TpcTeHa M ¢opmupame HoBe Bese. Ca npyre crpase,
MMUPUANH je 3HATHO ClIa0uju HyKIeo(hmsT y OAHOCY Ha OCTaie, jep chaaa y rpymy ,,TBPAO-
Mekux* 0aza.

PeakTMBHOCT W3y4yaBaHMX KOMIUIEKCa IIpeMa OAa0paHuM HyKJIeopuIuMa je
neduHMCaHa Ha OCHOBY TMojaraka o KoHcrantd OpsuHe (Tabema 3.1). [PACl(tpdm)]*
KOMIUIEKC pearyje npuOawkHo Tpu nyta Opxke Hero [(TLBY)PACI]" kommiekc. O6a
KOMIUIEKCAa Cy CTEpHO BeoMa 3amThheHa WHEPTHUM TPUACHTATHUM JIMTAaHIUMA, ajH
NPHUCYCTBO BOJNYMUHO3HUX ferc-Oytun rpyme y crpykrypu [(TLBY)PACI]" xommiekca
3Ha4YajHO yTHYE Ha ONaJiamke Op3MHE CYTICTHTYIIMOHOT NPOIleca OBOT KOMIUIEKCA.

Nmajyhu y Buay na cy onabpaHu KOMIUIEKCH HOBOCHHTETHCAHH, 32 00JbE pasyMeBambe
IbUXOBUX KapaKTepUCTHKa yrnopeheHe Cy wu3pauyHaTe BpPEIHOCTH 3a KOHCTaHTe Op3uHa
peakiyja cyncturynuje ca I° joHoM ca BpenHocTuMa JO0OWjEeHUM 3a Jpyre CTEPHO

samtuhennx Pd(Il) kommekce, Tabena 3.2.
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Tabena 3.2. Kowcmamme Opsuna cyncmumyyuonux peakyuja 3a cepujy [Pd(L)CI]*

xomnnexca ca I’ jonom xao nyxkreoguiom na 298 K.

JIurann ky /M5!
[PACI(tpdm)]* 646 + 5
[(TL)PdCI]* 79+1
[PdCI(dien)]* 4446 + 407
[PACI(1,4,7-Mesdien)]" 3542 +300°
[PACI(1,4,7-Etsdien)]" 932 + 42
[PACI(1,1,4-Etsdien)]* 2124030
[PACI(1,1,7,7-Meadien)]* 0,28 = 0,502
[PACI(1,1,7,7-Etadien)]" 8,0+ 1-104

“Pedp. 215

Ha ocHoBy nopnartaka u3 Tabene 3.2 Moe ce 3aKJbYYHTH Ja UCIIMTUBAHU KOMIUICKCH
[(TLBYPACI]" u [PACI(tpdm)]* uMajy cIM4YHYy PEaKTMBHOCT Kao jako CTEPHO 3amTHheHu
[PACI(1,4,7-Etsdien)]" u [PACI(1,1,4-Etsdien)]" kommiekcn.?!3

PeakTHBHOCT KOMILIEKCA KOjH CajpKe HHEPTHE TPUICHTATHE a30T-JOHOPCKE JIMTaH/Ie
ca TNUPUIMHCKMM TPCTEHOBMMA jaKO 3aBUCH O Opoja W pacnopena MHPHIAHCKHX
jenuanna.’'® Ha mpumep, y ciydajy #rpy JMranaa MHTEpakiuja u3Mely joHa MeTana u
NUPHUIMHCKUX MIPCTEHOBA j€ jaka, OCeOHO ca LIEHTPATHUM MUPUANHCKUM npcTeHoM. Hacrane
WHTEPAaKIKje JIOBOJE JIO M0jaBe CHAXHOT KUHETHUKOT frans-e(heKTa, KOoju, ca Jpyre CTpaHe,
npoy30Kyje Beoma Op3e mporece cymcryryuuje. [IpoyuaBanu [PACl(tpdm)]" kommiekc,
Takole, calp’Ku MUPUINHCKE MPCTEHOBE, M CY y TPUIACHTATHOM JIUTAHIy OHU pa3aBOjeHH
METHJICHCKHM TpyTaMa, 1la je CAaMUM THM CHUCTEM MHOTO (PIIEKCHOWIHHjU. Y OBOM CIIHYAjy
WHTEPAKIMje WHEPTHOT JIMTaHJa Ca jOHOM MeTajlla ca 3HAaTHO Mame H3PaXKEeHe, Ma je H
peaktuBroct [PACl(tpdm)]* kommiekca y panry [PdCl(dien)]" kommuiekca, Koju He CaapiKu
NHUPHUINHCKE MPCTeHOBE. !

W13 cBera HaBEeJEHOT jaCHO C€ MOXE 3aKJbYYHTH JIa U PEATUBHO Maye CTPYKTypHE
MoaudHKaIyje TPUASHTATHOT JTUTaH/[a MOTY UMaTH jaK YTHUIIa] Ha PEAKTHBHOCT KOMILIIEKCA.

Veramenn pen apunmrera [(TLBY)PACI]" m [PACl(tpdm)]* mpema ucnuruBaHuM
Hykieodunma nobujen je kopumhemeM u LFER (Linear Free Energy Relationship) merone.
Besa m3melyy nmoraputma koHcTaHTte Op3uHe peakmmje apyror pena (logka) m koHcTaHTe

HykieohuaHocTH (np°) IprKa3aHa je jeqHadnHoM (3.1.2):
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JloOujenn mogamnu npukasanu cy y Tabenu 3.3.
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(3.1.2)

Tabena 3.3. Koncmanma wuykaeoguanocmu (np) u log k2 3a peaxyuje cyncmumyyuje

[(TLB*)PdCI]* u [PdCl(tpdm)]" xomnaexca ca pasnuuumum nykneoguiuma.

L npe logk; logk;
[((TL®Y)PACI]* [PdCI(tpdm)]*
Tu 5,78 3,11 3,76
I 4,03 1,90 2,81
Br 2,79 1,34 1,95
NO» 1,83 1,14 1,80
Py 1,74 1,13 1,68

Ha ocnoBy mopmaraka u3 Tabene 3.3. rpaduuku je nmpukasaHa JInHeapHa 3aBUCHOCT 3a

o06a xommrekca, Cimka 3.6.

h

logk,

u[PdCl(tpdm)]*

S [PA(TLAYCI]*

Tu

Cnuka 3.6. Jlocapumam wroucmanme Op3une peaxyuje oOpyzoe peda y @YHKyuju 00

nykneogunnocmu aueanada 3a npoyec cyncmumyyuje [(TLBY)PACI]* u [PdCl(tpdm)]* na
298 Ky 0.IM NaClO4 u 10 mM NaCl.
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Kao mro ce ca npuoxeHe ciMke MoKe BUJIETH J0OM]jeHa je TMHeapHa 3aBUCHOCT LITO
je jacaH JIokas Jia ce CyNCTHTYIHja XJIOPHIHOT jOHa U3 MCIUTUBAHUX KOMILJIEKCA OJ[BHja 1O
ucToM MexaHm3My. Harm® mpaBe ce o3HauaBa ca § M MpEACTaB/ba CTENEH apUHHUTETA
KoMIuIeKca mnpema Hykneopuniuma.?'? JloOujena Bpemnoct daxropa s 3a [(TLEY)PACI]*
komruieke usnocu 0,47, a 3a [PACI(tpdm)]* kommiekc je 0,51. Haume, s BpeaHoCT aehuHHMIIE
PEaKTUBHOCT KOMIUIEKCa, OJHOCHO INTO je OHa Beha KOMIUIEKC je PEaKTUBHUJU Mpema
W3y4aBaHUM JIMTaHIIMA.

OceT/bMBOCT KOHCTaHTE Op3WHE peakije Ha TPUPONY YJIa3HOT JIMraHga, Kao W
U3payyHaTe HEraTUBHE BPEJHOCTH 3a CHTPOIUjYy aKTUBUpama, nare y Tabenu 3.1, noTsphyjy

YUHCHHUILY J1a C€ OBE CYNCTUTYIIMOHE Peakilvje O/IBHjajy MO acoljaTUBHOM (A) MEXaHHU3MY.
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3.2. UcnuTHBame KHHETHKEe CYNCTHTYUMOHHMX peakuuja [Ru(trpy)(bpy)H.0]**

KOMILJIEKCA

Kommneckn pyTeHHjyMa ce TOCHEIHBMX TOJMHAa WHTCH3MBHO H3y4aBajy, jep cy
MOKa3anu jako Jo0pe ocoOuWHe Kao MOTEHLHMjadHH aHTHUTyMOPCKM JIEKOBH. 3ajeHUYKa
BOJCHUM pacTBopuma. Komruiekc

0cOOMHAa CBHX KOMILUIEKca je

XUAponusa y
[RuCl(trpy)(bpy)]", KOju je ucIUTHBaH y OBOM pajay, Takohe MOaIene XUAPOJIU3H, IITO je
notepheno 'H NMR wmeromom. Ha Comum 3.7 npukasan je 'H NMR cnekrap

[RuCl(trpy)(bpy)]" komiutekca y D20, y TauHO gepUHHUCAHUM BPEMEHCKMM HHTEPBAIUMA.
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min. \
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Cnuxa 3.7. Xuoponusa [RuCl(trpy)(bpy)] " komnnexca npahena 'H NMR cnexmpockonujom
(x - Ho-bipy y [RuCl(trpy)(bpy)] " x — He-bpy y [Ru(trpy)(bpy) H20]**

Hawnwme, unatensuter curnana va 9,95 ppm, koju oxroapa He npotony bpy nuranaa y
XJIOPU/I0O KOMILIEKY, OMaja, JOK HCTOBPEMEHO HHTEH3UTET CHUrHajga Ha 9,56 ppm, koju
onroBapa He¢ mporony bpy nuranma y akBa KOMIUIEKY, pacte ca BpemeHoM. [Ipomec

XUOPOJIU3C je 3aBpUICH 3a OKO 8 CaTH, a u3padyyHaTa KOHCTaHTa XHUJAPOJIU3C Ha 295 K m3HOCH

64



pesyimamu u OUCKycuja pe3yimama

kio = (1,07 £0,4) 10 s7! (t12 = 1,8 h). Ha ocHOBY 0BuX TOJaTaka MOXE CE€ 3aK/bYYHMTH Ja
pacTBapameM MOJIa3HOT KOMIUIEKCA Y BOJAM JI0Ja3H 10 Op3e xujaponuse u (hopMuparma akBa
aHasora.

KoopaunoBanu wmonekyn Boge y [Ru(trpy)(bpy)H20]" moxe ma mnomjierse

JIETTPOTOHAIN]jU, (POPMHPA]YITU XUIPOKCO KOMILUIEKC, IITO je MpruKa3aHo jeqHadnHoM (3.2.1).

[Ru(trpy)(bpy)H20]** + H20 [Ru(trpy)(bpy)OH]* + H30™" (3.2.1)

CriocoOHOCT 1a OTIYCTH HPOTOH, Tj. KHUCEJIOCT aKkBa KOMIUIEKCa, OKapaKTepHucaHa
pKa Bpennomurhy, 3aBucH 0J1 CTPYKType KOMIUIEKCA U €IEKTPOHCKUX eeKaTa y KOMILIEKCY.
VYKOMMKO y KOMIUIEKCY TOCTOjU BHIIE T-akIenrtopa, KoMmiuiekc he mmarnm Hmky pKa
BpenHocT, u 00pHyTo. Ha Crmin 3.8 mpukaszanu cy pesynratu ofpehuBama pKa BpeqHocTH
[Ru(trpy)(bpy)H20]>* xommnekca 'H NMR cnektpockonujoM, npahemeM IPOMEHE
WHTEH3UTETA MOTOHOT CUTHaNIa y PpyHKIHMju o1 pD BpenHocTH. Y 0BOM citydajy omabpaH je
Hd mporton #rpy nuranna. Anamuzom nobujene NMR TuTpanmoHe KpuBe H3pauyHaTta je

BpeaHoct 3a pKa = 5,19 + 0,06.

a(ppm)

Cnuka 3.8. Ilpomene nonoscaja Ha npomona trpy aueamnoa ca npomerHom pD epednocmu
pacmeopa mokom mupayuje [Ru(trpy)(bpy)H20]?* komnnexca na 295 K, Crugupy)bpy)H:07* =
2-10°M

Beha kucenoct [Ru(trpy)(bpy)H20]*" ce MOke mpuInmcaTd 7T-aKIENTOPCHM JEjCTBY

WHEPTHUX XeNaTHHUX Juranaaa (trpy u bpy), KOju 1olaTHUM UHTEpaKIdjaMma ca jOHOM MeTaja
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nosehaBajy meroBy enekpoduiHOCT, ITO 32 MOCIEAUIy UMa cMambee pKa BpeaHoCTH akBa
KOMILIEKCA.

Kuneruka cyncrurynnonux peakuuja [Ru(trpy)(bpy)H20]*" ca Tu, L-Met, L-Cys u L-
GSH nuranguma ucrmtubana je 'H NMR u 3C NMR cnekrpockomujom. OBe peakuuje Cy
W3ydJaBaHE y €KBUMOJIAPHOM OAHOCY peaktanara y D20 na 295 K u pH = 4 — 5,3 y nepuony
oIl TpU Henesbe. VcTe CynCTUTYIMOHE peakiuje MpoyvaBaHe Cy U Y MPHUCYCTBY (ochaTHOT
nydepa Ha pH = 7,4. OBu ycnoBu cy xopumiheHu na Ou ce 00e30ennian yciaoBH ONHUCKH
¢usnonomkuM. CTpyKTypHE (OpMyIie H3ydaBaHOT KOMIUIEKCA W JIMraHaa MpHuKa3aHe Cy Ha

Cmunu 3.9.

| Ru(trpy)(bpy)H,0| **
X =Cl, H,0
HS
o cu, W
HOOC c: ﬂ (|?H N COOH
H
DN e NI T Ue P
RO
NH, H 0

L — I'mytatuon

H, H, S
HOOC C S
\IC{/ \SH HOOC\H/C\ PN ﬂ
C C CH; PN
H, H,N NI
NH, NH,
L - Hucreun L — Metuonun Tuoypea

Cnuka 3.9. Cmpyxmypa Komniekca u 00a0panux cymnop-00HOPCKUX aueanaod.
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Peakumja cyncrutyndje [Ru(trpy)(bpy)H20]>* ca Tu, L-Met, L-Cys u GSH je

peBep3ubmIaH npoiec, Kao mTo je npukazaHo Ha [llemu 3.2.

[Ru(trpy)(bpy)H,0]**
k
+ L ~———= [Ru(trpy)(bpy)L]*"
[RuOH(trpy)(bpy)]"
L = Tuoypea, L-Met, L-Cys nunmu GSH

Lllema 3.2.

KoncranTta Op3uHe peakuumje apyror pena, ko, ompelyje ce Ha OCHOBY jemHaunHE
(3.2.2):

Kt=— (3.2.2)

a,(a, —x)

y K0jOj ao MPECTaBJba MOYETHY KOHIICHTPAIN]y peaKTaHaTa, a X MpeICTaB/ba KOHIECHTPALU]y
MPOM3BOJIA peaKImje y onpeheHnM BpeMeHCKHM HHTEpBATUMA. .

I'yrenxajmMoBa (Guggenheim) 3aBUCHOCT 4iiaHa X/ao(a0-X) Y QYHKIUjH O BpEeMEHA 3a
cyncruryuone peakuuje [Ru(trpy)(bpy)H201** ca Tu, L-Met, L-Cys u GSH cy nuneapse,
mro ce Moxe BuiaeT Ha Ciwmkama 3.10, 3.11 u 3.12. Bpeanoctu 3a KOHCTaHTy Op3uHE
peakuuje npyror peaa, ko, uspauyHare cy u3 HaruOa JOOHMjEeHUX JIMHEAPHHUX 3aBUCHOCTH U

npukasane cy y Tabemnu 3.4.

67



pesyimamu u OUCKycuja pe3yimama

Cnuka 3.10. [yeenxajmoea 3asucnocm unauma x/ao(ac-x) y @yHxyuju 00 6pemeHa, 3a
cyncmumyyuony peaxkyujy [Ru(trpy)(bpy)H:0]** (4 mM) ca L-Met (4 mM) y D20 na 295 K,
pD =5,3.

L-Cys

102 - x. ag{ag-x)

Cnuka 3.11. [yeenxajmoea 3asucnocm unama x/ao(ac-x) y @QyHxyuju 00 6pemeHa, 3a
cyncmumyyuony peaxkyujy [Ru(trpy)(bpy)H:0]** (4 mM) ca L-Cys (4 mM) y D20 na 295 K,
pD =5,0.
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105t/

Cnuka 3.12. [yeenxajmoea 3asuchocm unauma x/ao(ao-x) y @QyHxyuju 00 6pemeHa, 3a
cyncmumyyuony peaxyujy [Ru(trpy)(bpy)H:0]** (10 mM) ca GSH (4 mM) y D20 na 295 K,
pD=4,0.

Tabena 3.4. Koncmanme Opsune Opyeoe peoa, k2 3a cyncmumyyuone peakyuje

[Ru(trpy)(bpy)H20]*" ca cymnop-donopckum auzanouma y D20 na 295K.

Jlurann pH 104 ky/ Mls!
Beoma 6p3a
5,3 ;
Tu peaknuja
74 Beoma 6p3a
peakija
5,3 46+0,2
L-Met
74 5,8+0,8
5,0 2,49 + 0,06
L-Cys
7,4 3,26 £ 0,05
4,0 0,050 £ 0,001
GSH
7,4 0,99 + 0,02

Ha ocHoBy nopataka natux y Tabenu 3.4 Moxe ce 3aKJbyydTH Ja Cy peakluje

CYNCTUTYIIMje BeoMa CIope, ca HM3y3eTKoM peakiuje ca Tu. Bemwka peaktuBHOCT Tu je
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objammena y neny 3.1. Takohe, Ha ocHOBY BpemHocTu gatux y TabGemm 3.4 ce Buam na
Op3uHa CyNCTUTYNHje He3HaTHO 3aBuich o1 pH Bpeanoctu. Peaknmje na pH = 7,4 cy HemTo
Opxe Hero Ha HWwkuM pH Bpegnoctuma (4 — 5,3) 3a cBe u3ydaBaHe cucreme. Mako je
OYEKMBAHA 3HATHO Op)ka CYNCTUTYIMOHA peakinuja Ha ¢u3uonomkoj pH, mporommsa aksa
KOMILIEKCa U (OPMHPAkHEe Mamkbe PEaKTUBHOT XHIPOKCO KOMITIEKCA UMa JOMHHAHTAaH YTHUIA]
Ha Op3WHY CYNICTUTYIH]E.

Anammzom 'H NMR cnekrapa 00MjeHMX 3a  pEakUMju CYICTUTyLHje H3Mehy
[Ru(trpy)(bpy)H207]*" u L-Met na pD = 5,3 (Ciuka 3.13) MOT'y ce yOuuTH JBa CUTHAJIA, jeaH
Ha 2,14 ppm, koju mnoruye ox CHs-rpyne cnobognor L-Met, a apyru Ha
2,76 ppm, curaan ox CHs-rpyne koopaunoBanor L-Met. Curnan CHs-rpyne koopIuHOBaHOT
L-Met mojaBspyje ce Tek HakoH 12 h om moueTka peakiyje ¥ HEroB WHTEH3UTET pacTe ca
BpemeHoM, 1ok curHan CHs-rpyne HekoopaunoBanor L-Met onana ca BpemeHoM. Ha pD =
7,4 oBa nBa curHana cy nmomepena 3a 0,02 ppm ka caabujem mospy. CUTHAIH KOJU MTOTUIY OJT
nmonaszHor Ru(Il) xomriekca Takohe ce Memajy y TOKY CYINCTUTYLHOHOT Iporeca. Tako,
cursan y 'H NMR cnektpy koju noruue ox Hes mpotona bpy nuranna HeCyICTHTYHCAHOT
KOMIUIEKca ce TojaBibyje Ha 9,56 ppm, a cynctutyucasor Ha 9,86 ppm. Y Tabenu 3.5 cy nara
XEMHjCKa TIoMepara MOTOJHUX CUTHAJa JIMTaHa/la Ha OCHOBY Kojux cy mpaheHu mporecu
cyncrutynmje, a y Tabemu 3.6 cy mata xemujcka nomepama He mporona bpy nauranga Koj

HECYICTUTYHUCAHOT U CYIICTUTYUCAHOTI' KOMIIJICKCA.
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23 days M
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2.9 2.6 2.3 2.0 ppm

Cnuka 3.13. '"H NMR cnexmap peaxyuje usmehy [Ru(trpy)(bpy)H:0]** (4 mM) u L-Met (4
mM) u D20 na 295K, pH=53, (m — xoopounosanu L-Met, 6 (CH3(s) = 2,76 ppm; ® —
cnoboonu L-Met, 6 (CHs(s) = 2,14 ppm)

Tabena 3.5. Xemujcka nomeparma no200HUX CucHaia Jaueanada npahenux mokom
cyncmumyyuone peakyuje [Ru(trpy)(bpy)H20]?*  xomnnexca 'H NMR memodom na
295 K, pD=7 4.

Jlurann 3 (ppm)

I'pyna ¢J10001aH KOOPIAMHOBAaH
L-Met CHs (s) 2,16 2,78

CH (dd) 3,89 4,42
L-Cys CH (dd) 4,00 4,14

CH2 (m) 3,08 3,31
GSH Cys-Hp (m) 2,98 -

Cys-Ha (dd) 4,59 -
GSSG Cys-Ha (dd) 4,77 4,45
Tu? C=S 183,6 177,9

2 xemujcka nomepama tio rpyme y *C NMR cnekrpy.
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Tabena 3.6. Ilpomena xemujckux nomeparea Hs-bpy npomona koo [Ru(trpy)(bpy)H:0]**
MOKOM CYNCMumyyuone peakyuje ca 00abpanum cymnop-0onopckum auzanouma 'H NMR

memooom na 295 K, pD = 7 /4.

o (ppm)
Jlurann Hs-bpy Hs-bpy
aKBa CYNCTUTYHCAH
L-Met 9,56 9,86
L-Cys 9,56 9,86
GSH 9,56 10,13
Tu 9,56 10,13

V peakuuju usmely [Ru(trpy)(bpy)H201** u L-Cys na pD = 5 curnan nporona CH-
rpyne cioboanor L-Cys ce nanaszu Ha 4,00 ppm, 10k ce curnain koopauHoBaHor L-Cys, koju
Cce T0jaBJbyje Yy CIEKTPY TeK Tek HakoH 48 h, Hamazu Ha 4,15 ppm (Tabena 3.5). Ha pD = 7,4
MOCMaTpaHH CUTHAIIM Cy Ha TOTOBO MCTHM XEMHjCKHM ToMepamumMa. [lonoxkaj curaana Koju
onrosapajy He mpotonuma bpy nurania cy nata y Tademnu 3.6. u Ha Ciuiu 3.14. Ha ocHoBy
BPEIHOCTH 32 KOHCTaHTy Op3uHe peakuuje, Tabena 3.4, Mmoxke ce BUAETH Ja je peakuuja ca L-
Cys cnopuja on peakuuje ca L-Met, unMe je MOHOBO NMOTBpheHa UMEbEHUIA J1a CYy THOETPU

00Jb1 HYKJICODWIIH OJ THOJIA.

T

'
L]
21 days

i "—‘M" “’J y 10 days

i g " d

MMQW'NLV- 3 days

10.2 9.9 9.6 ppm

Cnuka 3.14. 'H NMR cnexmap peaxyuje usmely [Ru(trpy)(bpy)H20]>* (4 mM) u L-Cys (4
mM) u D20 na 295K, pH = 7,4.(m — cyncmumyucanu xomniexc, o (Hs-bpy) = 9,86 ppm;
® — necyncmumyucanu komniexc, o (Hs-bpy) = 9,56 ppm)

72



pesyimamu u OUCKycuja pe3yimama

3a peakuuje wusmehy [Ru(trpy)(bpy)H201>** m GSH ma pD = 4 wu
pD =7.,4 xemujcka noMmepama cio00THOT U KOOPAWHOBAHOT JIMTaH A faTta ¢y y Tabemu 3.5. YV
Tabenu 3.6 mata cy xeMHjcKa IoMepama MoJIa3HoT U CYNICTUTYHUCAHOT KOMIUIeKca. AHAIH30M
MMOMEHYTHX CHUTHAJIa M3padyHarTa je BpeIHOCT 3a KoHcTaHTy Op3uHe (Tabena 3.4). Ha ocHOBY
OBE BPEIHOCTH MOXKE C€ 3aKJbYUUTH Ja je mporec cyncruryiuje ca GSH jako cop. Hamme,
Ha TIOYETKYy OBe peakiyje npumeheno je ma curHan (Myntumuiet), koju notude onx Cys-Hg
nporona Ha 2,98 ppm, u curnan (ayoiaer ayo6nera), koju motude ox ox Cys-Hq mpoTona, Ha
4,59 ppm GSH omanajy ca BpeMEHOM, JIOK C€ CHTHAJIM KOjU OJroBapajy Moja3HoOM KOMILICKCY
ca BpeMEeHOM He Memajy. [lopen Tora, y cnektpy je npumehen curnain ox Cys-Ha mpoToHa Ha
3,35 ppm, koju oaroapa okcuaoBaHoj Gopmu rayratnona, GSSG. Hakon 5 nana, xana je
nporec oxcunmanuje GSH 3aBpiieH, 3anmounmbe MNpolec CYNCTUTYIMjEe INTO IOTBphyje
MojaBJbuBamke cuTHama Ha 4,45 ppm. Y ucTO Bpeme Jona3u A0 mojaBe curHana He-bpy
aura”ga cyncruryucaHor kommuiekca Ha 10,13 ppm (Cinuka 3.15). [1o6po je mo3Haro na ce
GSH y HeyTpalHUM BOJEHHM PAacTBOPMMA MOYKE OKCHIOBATH KHCEOHHMKOM M3 Basayxa.’?’
Tex HakoH okcupanuje HacTa GSSG MOJIEKYJ 3alOYMEbE MPOINEC CYICTUTYIHjE IITO
oOjammaa manmy peaktuBHocT GSH nHa pH Bpemnoctmma ucmon 7. Y Kucenoj cpeauHH
oTexxaHo je aenporoHoBame GSH nuranga, a caMum TUM M IpoOIeC OKCHIAIM]jE je CIIOPH]jH.

W3 Tor pasnora je oBaj mporec CyICTUTYIIN]j€ HajCTIOPH]H.
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Cnuxa 3.15. 'H NMR cnexmap peaxyuje usmehy [Ru(trpy)(bpy)H:0]?* (4 mM) u  GSH (4
mM) u D20 na 295K, pH=7,4, (m — cyncmumyucanu xomnnexc, 6 (He-bpy) = 10,13 ppm;
® — necyncmumyucanu komniekc, 0 (He-bpy) = 9,56 ppm; + - oxcuoayuonu npooyxm GSSG ,
0(CHz) =2,9-3,4 ppm; x — koopounosanu GSSG O (Cys-Ha = 4,45 ppm).

Kao miro je Beh HamomenyTo, peakija ca Tu je jako Op3a ja OM ce MOTJia MpPaTHUTH
"H NMR cnekTpockonujoM, anu je KoopauHamuja Tu 3a joH MeTana moTBpheHa Ha OCHOBY
curnana y '"H NMR u 3C NMR cnekrpuma. Y '"H NMR cnekrpy curnan 3a He-bpy nporone
HECYIICTUTYHCAHOI KOMIUIEKCa c€ Hayja3u Ha 9,56 ppm, a HakOH KOOpAMHOBama Tu OH ce
nomepa Ha 10,13 ppm. ¥ 3C NMR cnekTpy XeMHjCKO HOMEpame aTromMa yribeHuka us C=S
rpyne y MoJeKyldly HekoopAauHoBaHe Tu Hamazu ce Ha 183,6 ppm, a y MoJekyiy
koopauHoBane Tu Ha 177,9 ppm (Tab6ena 3.5).

Ha ocHoBy nobujeHux pesynTara MOXKe C€ 3aKJbYYUTH Ja j€ y CBUM H3y4YaBaHHUM
cuctemuma xuzapoausa Ru(Il) komruiekca npumapan mpouec, a HaKOH XUAPOJIU3E 3al0UUbe
mporec cymnctutyuuje. Pemocien peakTUBHOCTH YJIa3HHMX JIMTAHAJa 3aBUCH OJ THUIIA,
CTPYKTYpe W XEMHjCKHX KapaKTepucTHka. Takole, cBe peakimje Cy HE3HATHO Opxe Ha

¢usnonomnikoj pH BpegHOCTH.
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3.3. UcnuTnBame KUHETHKe CyncTUTynuoHux peakuuja [RuCl(trpy)(bpy)]*

KOMILJIEKCA

Kuneruka cyncruryimonnx peaknuja [RuCl(trpy)(bpy)]” u nykmeopuna Tu, L-His,
DMSO u 5'-GMP je ucnutuBana criektpodoromerpujcku npahemeM mpoMeHe arcopOaHiie
Ha paJHOj TalacHOj MykuHHW y (yHkuuju ox BpemeHa Ha 310 K. PacTtBopm komrmuiekca u
nauranaga cy npunpemanud y 0,1 M NaClOs y3 nomarak 20 mM NaCl, na Ou ce cnpeunia
cnontana xuaponusa Ru(Il) kommnekca. Konnenrpanuja oq 20 mM NacCl je n3zabpana HakoH
npahema mpoMeHe arcopOaHIle pacTBOpa KOMIUIEKCA MPH PAa3IMYUTUM KOHIICHTpaldjama
NaCl. LlenokynHa KMHETHYKA MCIIMTHBAmba M3y4aBaHa Cy IOJ YCJIOBHMa peakiuje pseudo-
opBOor  pena, TAe je  KOHIIGHTpanMja  Hykileoduia  yBeK Owila  HajMame
10 myra Beha oy kxonmeHTpamuja komiviekca. Ha Crnumu 3.9 cy mpukazaHe CTPYKTypHE
¢dopmyne xomriakca U Tu, a Ha Cnuu 3.16 cy npukasyaHe cTpykTypHe ¢opmyne L-His,

DMSO u 5°-GMP.

H,
/S( on, HOOC\IC{ /C\(\NH
O CH,4 I|\IH2 Ng
JlumeTtuncyndoxcua L-Xuctuanu
O

N
NH
AL
=
N N NH,

OH OH

['yanosun-5'-monodocdar

Cnuka 3.16. CmpyxmypHe gpopmyne uchumudaHux iueanaod.
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[Ipouec cyncrutynuje okraenapckor Ru(Il) kommiekca npukasas je Ha lllemn 3.3:

k
[RuCl(trpy)(bpy)]” + L ‘kz_ [Ru(trpy)(bpy)L]" + CI
1

L=5'-GMP, L-His, Tu, DMSO
Illema 3.3.

3aBUCHOCT KOHCTaHTe Op3WHE peakiuje pseudo-pBOr pefa O KOHIEHTpAIHje

Hykneodwuna [L] mpeacraBibeHa je momohy jeanaunne (3.3.1):
kobs = ko[L] + ki (3.3.1)
Koncranta Op3une peakumje apyror pena, ka, koja Kapaktepuiie QopMmupame

peaKIMOHMX TMPOJyKaTa, U3padyHaTa je u3 Haruba mpaBe kobs = f[L]. JloOujenu pesyaratu

npukaszanu cy y Tabemu 3.7 u npencraBibenu cy va Comnm 3.17.

10 2.6
o |10k, /s ’a [0y 's!
f T 22 4
6 1 2 .
5 18 A
4 1.6 -
37 1.4 1
i | 7
- ml.a [5-_L-;II\_]:P]_J-1\.1 1 102 [IDMSO] M
0 1 2 3 4 5 6 7 0 1 2 3 4 s
3.4 3
31 5 [0k
2.3 1 6 1
25 s
2.2 - 41
19 | 31
L6 - 2 1 5
1.3 1 //
, . . ‘ 104'* [1-His) M 0 : . . 1073 [Tu)/M
0 1 2 3 4 5 0 1 2 3 4 s

Cnuxa 3.17. 3asucnocm roucmaume Opsune peaxyuje pseudo-npgoe peod, kobs, 00
KOHyenmpayuje nueanoa u memnepamype 3a peaxyuje cyncmumyyuje [RuCl(trpy)(bpy)]*
xomnaexca u Hykreoguna Tu, 5- GMP, L-His u DMSO y 0,1 M NaClO4, [CI] = 20 mM,
298 K.
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Tabena 3.7. Koncmanme oOpsune peaxyuje opyeoz peoa, k2 3a cyncmumyyuony peaxyujy

[RuCl(trpy)(bpy)] " ca odabpanum aueanoumay 0,1 M NaClO4 u 20 mM NaCl na 310 K.

Jlurang ky/ Mgt 10% ky/s!
Tu 1,35+0,03 1,4+0,3
5'- GMP 1,33 £0,03 0,16 £0,2
L- His 0,41 +0,02 11+1

DMSO 0,020 + 0,002 1,2+0,6

CarnmacHo pesynrtaruma mpukazanuMm y Tabemu 3.7 m Ha Chumm 3.17 moOujeH je
cienhu pen peakTuBHOCTH juraHaga: Tu > 5-GMP > L-His > DMSO. Kao mro je y
IPeAXOIHUM MOIIaB/bMa HallOMEHYTO OMJIO je odyeKkHuBaHO 1a Tu uMa HajBehy peakTHBHOCT
npema Ru(IT) kommiekcy.!>!% Mehytum, 5'- GMP nokasyje HE3HATHO Marby PEAKTBHOCT OJ1
THOypee. Y3umajyhu y o63up BenuuuHy mosekyna, 5'- GMP 6u tpeGao na pearyje 3HaTHO
cniopuje. Onabpanu HYKJICOTHI, TIOPE KOOPJUHAIHMjE MTPEKO aroMa a3oTa MOXe ce, Takole,
KOOPJIMHOBATH W MIPEKO aToMa KUCeoHuka n3 gocdarHor octatka. OBaj BHJ KOOPIAUHAIIH]E 32
neke Ru(Il) komruiekce je panuje yodeH u myOsnukosad.'’’ Hakon (opmuparma Ipou3Boja
ko kora je 3acturubeHa Ru(Il)-O xemmjcka Besa, 70ja3u 10 CIIOpe HHTPAMOJIEKYJICKE
nzomepuzanuje hopmupajyhn Ru(Il)-N7 xemujcky Besy. Peakmuja ca aMHHO KHCETWHOM
L- His onurpasa ce, mpuMapHO, KOOPJMHALMjOM NPEKO aToMa KHCEOHHMKA M3 KapOOKCHIIHE
rpyre, a IOTOM JI0J1a3M 0 u3oMepusanuje popmupajyhu xemujcky Be3y nsmMel)y jona merana
n N3 atoma ummmaszonoBor npcreHa. Peakmuja ca DMSO je najcriopuja. C 003upom jaa ce
DMSO moke KoOpAMHOBATH MPEKO aroMa S wid npeko aroma O, BeoMa KpyTa TeoMeTpHja
HyKJIeo(HIa YMHA TPUCTYT U (OPMHPAHE BE3€ OTEIKAHUM.

Bpennoctu 3a koHcTaHTy Op3uHe noBpaTHe peakuuje, ki, oapehene cy u3 onceuka
nocMartpane JuHeapHe 3aBUcHOCTH (Crmka 3.17). OHe cy HEKONMKO pejia BEIMYMHE Mambe Y
OJTHOCY Ha BPEIHOCTH 3a k2 M HE3HATHO AONPUHOCE YKYITHO] Op3HHE peakiuje.

Ja Ou ce oapeause BpEAHOCTH TEPMOAMHAMHUKHX IapaMeTapa M JepuHHCA0
MexaHu3aM cynctutyuyje, peakuuja uamely [RuCl(trpy)(bpy)]” u Tu npoydaBana je Ha Tpu
pasznmuunTe Temmeparype. M3padyHaTe BpemHOCTHM 3a KOHCTaHTE Ha ojrosapajyhum
TemepaTypama cy k»® = (0,31 + 0,02) M's! u ko = (0,92 + 0,04) M!s!, a nobujena

HEraTMBHA BPEIHOCT EHTPONHUje akTHBUpama, AS = - (105 + 5) K''M"!, notephyje unmenuiy
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Ja ce cymncTuTyirona peakiuja usmely [RuCl(trpy)(bpy)]” u Tu oaurpasa 1o acouujaTuBHOM

MEXaHU3MY.

3.4. UcnuTuBame XUAPOJIM3e U PeaKnja KOMIJIEKHCHPaha

[Ru(trpy)(bpy)H,0]*" komIIekca

3.4.1. UcnutuBame xuapoJuse [Ru(trpy)(bpy)H20]*" komiuiekca

HOTeHIII/IOMeTpI/IjCKOM METOAOM

Kao mIto je HamomMeHyTo y mpeaxogHuM moriaBbuMa komiuieke [RuCl(trpy)(bpy)]*
nojyiexxe 0p30j XUAPOIU3H, OMIIO je HEONXOAHO JIeTaJbHUje M3ydyaBame MPoLeca XUIPoJIn3e
oaropapajyhum excriepuMeHTaIHUM Meroaama. OppehuBame KOHCTaHTE XMIPOJIN3E
KOMIUIEKCa TOTEHIIMOMETPHjCKOM METOZOM 3acHuBa ce Ha Tturparmuju 1,0, 1,5 u 2,0 mM
pactBopa [Ru(trpy)(bpy)H201*" cranmapauum pactBopom NaOH. Pesynratu cy no6Gujenu

00pazioM eKCIepUMEHTAIHUX ToAaTaka KopumrhemeM KoMIijyTepckor mporpama Hyperquad

2006, a HajOOJBH KHCET0-0a3HA MOZIENH Cy AepuHKMCcaHu ToMohy nporpama Hyss 2006.%12
ITporec XMAPOIHU3E Ce MOMKE OKapaKTepucaTH cieaehum jeHaunHama:
[Ru(trpy)(bpy)H20]*" == [Ru(trpy)(bpy)(OH)]" + H" (3.4.1.1)
(1,0,0) (1,-1,0)
[Ru(trpy)(bpy)(OH)]" == [Ru(trpy)(bpy)(O)] + H" (3.4.1.2)
(1,-1,0) (1,-2,0)

[Ru(trpy)(bpy)H201*" + [Ru(trpy)(bpy)(OH)]" ==[Rux(trpy)2(bpy)2(OH)I** + H20  (3.4.1.3)
(1,0,0) (1,-1,0) 2,-1,0)

logKdimer = logfz0-1 — log fro-1=-1,34 — (-7,12) = 5,78 (3.4.1.4)

W3pauynare BpenHOCTH 32 KOHCTaHTe faate cy y Tabemn 3.8.
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Tabena 3.8. Koncmanme cmabunnocmu [Ru(trpy)(bpy)H:0]>" — HL komnnexca (HL =
5’-GMP unu L-His) hopmupanux y 0,1 M NaClO+ na 298 K.

log Bpqr £t 0

Iorenuuomerpujcku  Cnexktpodoromerpujckn  IloTeHnMoMeTpujcKH

Kommiexkcu

OH OH 5-GMP  L-His
[Ru(trpy)(bpy)(OH)]" -4,27(2) - 4,19(6)
[Ru(trpy)(bpy)(O)] - 14,38(4) - 14,29(6)
[Rux(trpy)2(bpy)2(OH)J** - 0,82(6) -
[Ru(trpy)(bpy)(L)]" - - 8,699)  7,53(7)
[Ru(trpy)(bpy)(HL)]** - - 15,62(6)  14,20(6)
{[Ru(trpy)(bpy)]2(HL)}** - - - 18,69(13)
2= N P U

Ha ocHoBy noOmjeHHx pe3yiraTa W3padyHaTe Cy KOHCTAHTE KHCEIOCTH TOOHjeHHX
XUIPOIUTHUKUX KoMmIuiekca. [IpBu kopak Xxuaponuse mojpazymeBa (GOpMHUpPAE XUAPOKCO-
KoMmIuiekca, rae je pKar = 4,27, a y ApyroM CTymmy HacTaje BpJIO crenupuyaH KOMIUIEKC
[Ru(trpy)(bpy)(0)], rzie je pKa2 = 10,11. ®opmupame kKoMIuiekca ca okcu-paaukanom (0O%) je

panuje my6aukoBaHo. 03221

PaBHOTe)XHA KOHCTaHTa 3a peakuujy ammepusanuje Kdim, je
onpehena u nznocu 3,45 (logKdim = log-P20-1 — logPio-1, jennaunna 3.4.1.4).

Ha Cymmm 3.18. je mpuka3zana pacnojiena XuApOTUTHIKIX KOMITIEKCA.
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100 =
[Ru(trpy)(bpy)(O)]

Ru(trpy)(bpy)H,0**

% ,
80 —

[Ru(trpy)(bpy)(OH)T"

60 —| [Ruy(trpy)a(bpy)2(OH)]*"
40 —

20 —

pH

Cnuxa 3.18. Jucmpubyyuonu oujazpam xudponumuukux épcma koo [Ru(trpy)(bpy)H20]?*
xomnnexcay 0,1 M NaClO4 na 298 K, Crrugupy)ipwr20i?™ = 2.00 mM.

VY Hajkucenujoj obmactu 10 pH oko 4 y cucteMy JOMHHHpA IOJIa3HN aKBa KOMILICKC.
V pH oncery usmely 3 u 6 y cucremy nomunupa [Rux(trpy)2(bpy)20H]** kommeke, ca
MaKCHUMaJTHOM KoHIeHTpauujoMm Ha pH oko 4. OBaj joH mpeacTaBiba TUMEPU3ALMOHH O0IHK
[Ru(trpy)(bpy)H201*" u [Ru(trpy)(bpy)OH]" kommuiekca, kao mro je npukasaHo Ha Illemu
3.4.1.3. [Ru(trpy)(bpy)OH]" komriekcHu joH Hactaje Ha pH Oko 2 W JOCTHXE CBO]
MakcUMyM y KoHIeHTpanuje Ha pH oko 8. Kommiekcuu jon [Ru(trpy)(bpy)(O)] ce dopmupa
Ha pH = 8 u meroBa KOHIEHTpamMja pacte ca nasbuM mopactoM pH Bpegnoctn. Beoma je
OWTHa YMH-CHUIA 1a Ha PU3HOIOMKOj pH BpeTHOCTH 0Baj KOMITJIEKC MPBEHCTBEHO €r3UCTHPA

y XHJIPOKCO OOJIHKY.

3.4.2. UcnutuBame xuapoJuse [Ru(trpy)(bpy)H20]*" komiuiekca

CHEKTPO(POTOMETPHjCKOM METOIOM

IMpouec xmapommse [Ru(trpy)(bpy)H20]>" m3yuaBan je M creKTpo)OTOMETPH]CKH.
UcnutnBame je 3acHoBaHO Ha cHuMamy UV-VIS cmekrapa pactBopa Koj Kora je
KOHILIEHTpAal1ja KOMILJIeKca Oujla KOHCTAHTHA, TOK C€ KHCEJIOCT pacTBOpa Memalla 10JaTKOM
crangapanux pactBopa HCIl nnu NaOH. Cu UV-Vis crektpu cy MoKa3uBald WHTEH3UBHE
Tpake y obmactu o 280 u 300 nm, ka0 u curHaye ciabujer HHTeH3uTeTa y oonactu o1 450 u

470 nm (Crnuxka 3.19).
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Cnuxka 3.19. UV-Vis cnexmap [Ru(trpy)(bpy)H20]?" komnnexca na paznmuuumum pH
speonocmuma. Ymemuymu epaghux: 3asucnocm ancopbanye 00 pH na 1. = 380, 420 u

460 nm.

CBM CHEKTpaJHM Tmojanud cy oOpaljeHn TmoMohy KOMjyTepCKOTr MporpaMa
pHAb 2006.2!'! TTpuxBaT/bMBU pE3yNTaTH OBUX M3pauyyHaBarma aaTu cy y Tabemu 3.8. Ilopen
KOHCTaHTE€ CTaOWJIHOCTH, Yy CHEKTPaJHUM H3payyHaBamUMa J00HjeHa jeé M MoJjapHa
arCOPITHBHOCT KOMIUIEKCA, KA0 U TEOPUCKU JOOMjEHU CHEKTPH PA3IMUYUTUX XUAPOIUTUUKUX
Bpcra npukazanu Ha Counum 3.20. JloOujenu pesynratu moTBplyjy Bpiio m00po ciarame

n3Mel)y MOTeHIIMOMETPH]CKUX B CIEKTPOPOTOMETPH]CKUX Meperha.
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8,0E+05

7.0E405
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Cnuxka 3.20. Cnexmpu paziuuumux xuopoaumuuxux epcma [Ru(trpy)(bpy)H20]?* komnnexca

dobujenu nomohy xomnjymepcroe npoepama pHAb 2006

3.4.3. UcniuTuBama peakuuja kommiekcupama [Ru(trpy)(bpy)H20]*" kommiexca u

auranaaa HL (rae je HL = 5'- GMP uan L- His)

Peakuuje xomruiekcupama usmely [Ru(trpy)(bpy)H20]*" u nuranama 5'-GMP wunm

L-His, o3mauennx kao HL,

npoy4yaBaHe Cy [MOTEHIMOMETPHjCKHMM THTpalujama y

0,1 M NaClOs4 na 298 K. Turpamnmje cy u3BohjeHE y cCHCTEMHMa KOJ KOjUX je OJIHOC

KOHIIEHTpAaI1je KOMILIeKca mpeMa KoHleHTpanuju suranaa HL 6uo 1:1, 1:2 u 2:1. Jlo6ujenn

IIpoOu3BOaAN peaKque KOMIUICKCUpaka O3HadaBaHH

cy ommroM ¢dopmynom MpHgL:

(rme je M = [Ru(trpy)(bpy)H207?", HL = 5'- GMP wnu L- His). W3pauynasama cy BpiieHa

nomohy kommjyrepckor mporpama Hyperquad 2006.2'* KoncranTe cTaOMIHOCTH HACTAIHMX

mpou3Bona gare cy y Tabemm 3.8, a AucTpuOyIMOHHM AMjarpaMH HAacTAIWX KOMILIEKCa

npukazanu cy Ha Cimnum 3.21 n Connwm 3.22.
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100
% —

80 —

2+
opy)(HL)] [Ru(trpy)(bpyl(OH);]

[Ru(trpy)(bpy)(L)]"

60 —

40 — [Ru(trpy)(bpy)(OH)]

20 —

pH
Cnuxka 3.21. Jucmpubyyuonu Oujacpam  Gopmupanux KoMniekca y — CUCHEeMY
[Ru(trpy) (bpy)H20]?* - 5°-GMP, ([komnnexc] : [5’-GMP] =1 :2)
Ha camom mowerky THTpamuje 1onasu 10  (opMHupama  KOMIUIEKCa

[Ru(trpy)(bpy)HL]*" (HL = 5'- GMP) K0ju MakCMMyM y KOHLIEHTPAIMj! J1OCTHKE Ha pH 0Ko
5. Komruiekce ca aenpoToHoBanuM HykieoTuaoM [Ru(trpy)(bpy)(L)]" nounise ma ce hopmupa
Ha pH = 5 ¥ cBOj MaKCUMYM y KOHIIEHTpaIUju AocTxke Ha pH oko 8,5. UucTu XuaponuTHIKK

KOMIUIEKCH Cy Takol)e MpHCyTHU Y pacTBOPY Y 3HATHUM KOJIMYHHAMA.

100

. [Ru(trpy)(bpy)(OH),]
80 —| {[Ru(trpy)(bpy),(HL)}**

[Ru(trpy)(bpy)(HL)]*"
[Ru(trpy)(bpy)(L)]

%

60 —

40 —

7 [Ru(trpy)(bpy)]*
20 —

/

A

4 6 8 10 12
pH
Cnuxka 3.22. Jucmpubyyuonu oujacpam  Gopmupanux KoMnieKca V — CUCHEeMY
[Ru(trpy)(bpy)H20]*" - L- His, ([komnaexc] : [L- His] =1 :2)
Juctpubyumonu mujarpaM 3a CHUCTEM KOJHU  CaIpKH  IOJIA3HM  KOMIUIEKC

[Ru(trpy)(bpy)H2071*" u L- His, npukazan na Counum 3.22, ykasyje 1a je y 001acTH HajHUKHX
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pH Bpennoctu nomuuanran kommieke [[Ru(trpy)(bpy)]2(HL)]** (HL = L- His). ®opmuparme
komiuiekca [Ru(trpy)(bpy)(HL)]?>" 3amounme Ha pH 0ko 2 U MakCMMyM y KOHIEHTpAIUjH
noctmke Ha pH oko 6. Komruteke [Ru(trpy)(bpy)(L)]" nounise na ce popmupa va pH oko 5 u
noctmke cBoj MmakcumyM Ha pH = 8. Yuctu xuaponutuuku komiwiekceu [Ru(trpy)(bpy)OH]" u
[Ru(trpy)(bpy)(OH):] cy, Takohe, mprcyTHH y 3HaTHHM KomunHama Ha pH m3nHan 9.
W3padyyHaTe BpeTHOCTH 3a KOHCTAHTE CTAOMITHOCTH, KOje cy mpukaszane y Tabenu 3.8,
rmokasyje aa je koMruieke ca 5'- GMP mHoro crabwiHUju y ogHOCY Ha Komiuiekc ca L- His.
C o003upoM Ha BeIWYMHY MOJIEKyJIa HYKJICOTHIA ¥ aMUHO-KHCEJIMHE, Kao W Ha
BOJYMHUHO3HOCT HWHEPTHHX JuraHaua y crpykrypu [Ru(trpy)(bpy)H20]*", moxe ce
3aKJbYYHTH J1a WHTPAMOJIEKYJICKE BOJOHMYHE Be3e WIpajy 3HaudajHy ynory y nosehaBamy
cTabuiaHOCTH  JOOWjeHMX  Tpou3Boja. Y  o0a  W3ydaBaHa  CHCTeMa,  CMela
[Ru(trpy)(bpy)(HL)]*>* u [Ru(trpy)(bpy)(L)]* kommiekca 3acTymibeHa je Ha pusnonomkoj pH
BPEIHOCTH, IITO 3HAYajHO MOKE MOMONH JajbeM pa3yMeBamy HHTEpaKidja y OHOJIOMIKHM

CHUCTEMHUMA.
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3AKJbYYAK

Ha ocHOBY n00MjeHHX pe3ysiTaTa y OKBUPY OBE JOKTOPCKE JUCEepTallje MOTy Ce M3BECTH

cnenehu 3aKJpydIu:

Pe3yﬂmamu ucnumuearbad KuUHEmMuUKe U mexanusma CyncCmumyuuoOHux peakuuja

[PdCl(tpdm)]" u [(TL®*)PdCl]* ca Tu, I', Br, NOz, py u DMSO:

Tuoypea je HajpeKTHBHHMja y OJHOCY Ha OCTaJIe yJa3HE JIMTaHIE y MpoIllecuMa
cyncruryuuje [PACI(tpdm)]" u [(TL®BY)PACI]".

360r Behe monapuzadbuinHocty I joH je peaktuBHUju o Br 1 NO2 joHa.

Mana peaktuBHocT DMSO u nupuanHa je mocieauia CTepHux edexara.
[PACI(tpdm)]" pearyje npubmmkHO Tpu myTa 6pxe Hero [(TLBY)PACI]".

W3 cBera HaBeneHOr jaCHO C€ MOXE 3aKJbyUUTH Jla PEJIAaTHBHO Mayie CTPYKTypHE
Moau(duKaIyje TPHUIACHTATHOI WHEPTHOT JIMTaHAa MOTY HWMAaTH jaK yTHUIQ] Ha
PEaKTHBHOCT KOMILIEKCA.

HeratuBHe BpeTHOCTH €HTPONHjE aKTHBUPakha 32 CBE U3yYaBaHE PeaKIivje yKa3yjy Ha

acoIlMjaTUBHU MEXaHW3aM CYIICTUTYIIH]e.

Pesyrimamu O0odujenu ucnumuearem KuHemuke  CYNCHMUMYUUOHUX  peaxKuuja

[Ru(trpy)(bpy)H:0}** ca Tu, L-Met, L-Cys i GSH:

Hakon pactBapama nonassor [RuCl(trpy)(bpy)]" kommiekca y Boau monasu 10 6p3e
xuaponuse u Gpopmupama akpa komriekca, [Ru(trpy)(bpy)(H20)]*".

Hucka Bpeanoct 3a pKa [Ru(trpy)(bpy)H20]*" je nocieauiia m-akLenTopckor aejcTa
WHEPTHUX XeJNaTHUX Juranaga (frpy W bpy), KOju [ONATHUM WHTEpAKIIHjaMa
noBehaBajy eaekpopuIHOCT joHA MeTaJa.

HcnutrBanu CcyMIop-IOHOPCKM JIMTaHIU Cy J00pu HyKIeoQWiIH, a HHXOB pea
peaKkTUBHOCTH onaaa y Hu3y: Tu >> L-Met > L-Cys > GSH.

Ha ocHOBYy n0o0MjeHHX BPEeIHOCTH 32 KOHCTAHTE Op3MHE Peakifje CYNCTUTYIIN]E MOXKe

ce 3aKJbyuyuTH Ja je mpouec cyncrutyuuje Ha pH = 7,4 HemrTo OpXku Hero Ha

pH=4-5_3.
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Pe3yﬂmamu Ooﬁujelm ucnumuearbém KuHemuKke U Mexanuima CynCmumyuuonux

peaxuuja [RuCl(trpy)(bpy)]" ca Tu, L-His, DMSO u 5'-GMP:

PeakTuBHOCT M3yuyaBaHMX JIUraHajaa onaga y Huzy: Tu > 5'- GMP > L- His > DMSO.
5'- GMP mnokasyje HE3HaTHO Mamy PEaKTBHOCT OJf THOypee, INTO je MOocieaula
npuMapHor (QopMmHupama XEMHjCKEe Be3€ joHa MeTalla U aroMa KHCEOHHKa U3
¢docdarHor ocratka. HakoH Tora jonasu 10 criope HHTPAMOJIEKYJICKE H30MepH3allije
kana Hactaje Ru(Il)-N7 mpousBo.

Peaknmja ca L-His oxgurpaBa ce, Takolhe, mpuMapHOM KOOpPIWHAIIMjOM jOHA MeTaia
MPEKO aromMa KHCEOHWKAa W3 KapOOKCHIIHE Tpyme, a IOTOM [0Ja3d 0 CIOope
n3omMepuzaiyje u rpahema TepmoaunamMmuukn craduaauje Ru(Il)-N3 Bese.

Peakmuja ca DMSO je Hajcriopuja ycien MpUCYyTHOT CTEpHOT e(heKTa BOJYMHUHO3HHUX
METUJI rpymna.

Cyncrurynmona peakuuja usmely [RuCl(trpy)(bpy)]” m Tu opurpasa ce 1o

acOIMjaTHBHOM MEXaHU3MY CYNCTUTYILH]E.

Pesynmamu ucnumusara xuoponuse [Ru(trpy)(bpy)H:0[** xomnnexca u peaxyuja

komnaekucuparwa ca 5'- GMP u L- His

WM3pauyHara KoHCTaHTa KucenoctH 3a [Ru(trpy)(bpy)H20]*" je pKai = 4,27.
XuApOIM30M KOMIUIEKCA J0jla3u 10 (GopMHpama BP0 CHEMH(PHIHOT KOMILIEKCA
[Ru(trpy)(bpy)(O)], Ha pKa2=10,11.

Ha ¢usuonomxoj pH spemnoctu [Ru(trpy)(bpy)H20]*"

KOMIIJICKC TMPBCHCTBCHO
ersuctupa y Xuapokco oomuky [Ru(trpy)(bpy)OH] .
Komrieke ca 5'-GMP je mHOTO cTabuimHHUjU y onHOCY Ha Komruieke ca L-His, jep je

J0JaTHO CTa0MIN30BaH HHTPAMOJICKYJICKMM BOJOHUYHHUM BE€3aMa.
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Substitution reactions of the monofunctional complexes [(TL®")PdCI]" and [Pd(tpdm)CI]*, where TL®" =2,
6-bis[(1,3-di-tert-butylimidazolin-2-imino)methyl]pyridine and tpdm = terpyridinedimethane, with nucle-
ophiles such as: thiourea, I", Br~, NO,~, pyridine and dimethyl-sulfoxide (DMSO) were studied in 0.1 M
NaClO,4 aqueous solution in the presence of 10 mM NaCl. The reactions were carried out at three different
temperatures (288, 298 and 308 K) using a variable-temperature stopped-flow technique. The substitutions
were followed under the pseudo-first-order conditions with a large excess of nucleophiles. Obtained results

{)(ZJ(/HW)OMS: show that the complex with tpdm ligand reacts faster than the complexes with TL®" ligand due to the bulk-
Substitution iness of the inert tridentate ligands. Also, the presence of t-Bu groups on the terminal imadazole rings of TL®"
Kinetics ligand significantly slow down the rate of the substitution. The order of reactivity of used ligands is:
Mechanism thiourea > 1~ > Br~ > NO,~ > pyridine > DMSO. This order is in agreement with their electronic and structural
Reactivity characteristics. The negative values reported for the entropy of activation confirmed the associative substitu-

tion mode. These results are discussed in order to find the connection between the structure and reactivity of
the complexes with tridentate sterically hindered ligands.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Coordination compounds of palladium(ll) with tridentate li-
gands such as diethylentriamine (dien), bis(2-pyridylmethyl)amine
(bpma) or 2,2':6',2-terpyridine (terpy) provide very useful sub-
strates for studies on ligand substitution reactions of square-planar
complexes [1-6,21,22]. It is well known that relatively small struc-
tural modifications in a multidentate ligand can produce significant
changes in the reactivity of the complexes [7-9].

There is a high interest among scientists nowadays in the field
of the steric and electronic tuning of the lability of square-planar
Pd(II) complexes as well as their influence on the interaction be-
tween such complexes and bio-relevant nucleophiles and DNA
fragments [10]. Furthermore, some mixed ligand palladium(II)
complexes have shown to act as potential anticancer agents
[11-16].

Recently Zhang et al. synthesized a number of Pd(II) complexes
with unusual ligand 4-toluenesulphonyl L-amino acid and bipy or
phen which show antitumor activity in cancer cell lines [17]. In
addition Pd(II) complex with N-(chlorophenyl)-3-pyridinecarboxa-
mide ligand has a trans geometry and could be coordinated to DNA

Abbreviations: TL™®", 2,6-bis[(1,3-di-tert- butylimidazolin-2-imino)methyl]pyri-
dine; tpdm, terpyridinedimethane.
* Corresponding author. Tel.: +381 (0) 34300262; fax: +381 (0) 34335040.
E-mail address: bugarcic@kg.ac.rs (Z.D. Bugarcic).

0020-1693/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ica.2011.11.031

[18]. Furthermore, Pd(II) complexes generally formulated as trans-
[PdX;(isn),], where X = Cl~, N3, SCN~ or NCO™ and isn = isonicoti-
namide have very small anticancer but significant antituberculous
activity [19] while complexes with amino alcohols, such as L-pro-
linol, t-valinol, L-isoleucinol show certain antitumor activity [20].

As a part of our interest in the synthesis, structure and reactivity
of coordination complexes of Pd(II) with chelating ligands
[1-6,21,22] and with the aim to contribute towards our previously
published work, we synthesized novel tridentate nitrogen-donor li-
gands TL®" = 2 6-bis[(1,3-di-tert-butylimidazolin-2-imino)methyl]
pyridine and tpdm = terpyridinedimethane and the corresponding
Pd(Il) complexes, [(TL®®Y)PdCI]" and [Pd(tpdm)CI]* [23,24]. We
studied and report here complex formation of [(TL®")PdCI]* and
[Pd(tpdm)CI]* with different nucleophiles (Fig. 1) in 0.1 M NaClO,4
aqueous solution and in the presence of 10 mM NacCl to prevent
spontaneously hydrolysis.

2. Experimental
2.1. Materials and methods

The ligands thiourea (Kemika, Zagreb), Nal, KBr, NaNO,, pyridine
(Zorka, Sabac) dimethylsulfoxide (DMSO) (Fluka) were used without
further purification. The complexes [(TL®®*)PdCl]* and [Pd(tpdm)CI]*
were prepared according to published procedures [23,24]. Prepara-
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Fig. 1. The structures of investigated complexes.

tion of the ligands TL®" and tpdm has been also previously published
[25,26]. All the other chemicals were of the highest purity commer-
cially available.

2.2. Instrumentation

UV-Vis spectra were recorded on Perkin Elmer Lambda 25 spec-
trophotometers with thermostated 1.00 cm quartz Suprasil cells.
Kinetic measurements were performed on an Applied Photophys-
ics SX.18 stopped-flow instrument coupled to an online data acqui-
sition system. The temperature was controlled throughout all
kinetic experiments to +0.1 K.

2.3. Kinetic measurements

The substitution reactions of the [(TL®®*)PdCl]* and [Pd(tpdm)CI]*
complexes with the nucleophiles: thiourea, I, Br~, NO,~, pyridine
and DMSO were studied spectrophotometrically by following the
change in absorbance at suitable wavelengths as a function of time.
Spectral changes were recorded over the range from 200 to 400 nm
to establish a suitable wavelength at which kinetic measurements
could be performed. Substitution reactions of [(TL®")PdCI]* and
[Pd(tpdm)CI]* complexes were initiated by mixing equal volumes
of complex and ligand solutions directly in the stopped-flow instru-
ment and the reaction was followed for at least eight half-lives. The
substitution process was monitored as change in absorbance with
time under pseudo-first-order conditions.

All substitution reactions were studied in 0.1 M NaClO,4 aqueous
solution. The NaClO; was taken because it is well known that
perchlorate ions do not coordinate to Pt(Il) or Pd(Il) in aqueous
solution [27]. To the solution was added 10 mM NacCl to prevent
the spontaneous hydrolysis of the complexes.

The temperature dependence of the second-order rate con-
stants was studied for the reactions of [(TL®")PdCI]* complex with
I~ and pyridine and for the [Pd(tpdm)CI]" complex with I-, Br-,
pyridine and DMSO.

The observed pseudo-first-order rate constants, kons, were
calculated as the average value from four to eight independent
kinetic runs using the program oricinero 8. Experimental data are
reported in Tables S1-S11 (Supplementary material).

3. Results and discussion

Substitution reactions of the [(TL®“)PdCI]" and [Pd(tpdm)CI]*
complexes proceeds according to Scheme 1.

Substitution reactions of square-planar metal complexes pro-
ceed according to two parallel pathways [28]. One involves the for-
mation of a solvent-coordinated complex, followed by rapid
substitution of the coordinated solvent molecule by the entering
nucleophile (solvolytic pathway), and the other involves direct
nucleophilic attack by the entering nucleophile. In the present
study direct nucleophilic attack proceeds in a reversible manner
as suggested in Scheme 1. Under pseudo-first-order conditions,
these rate constants can be determined from the plot of the linear
dependence of ks versus total nucleophile concentration, accord-
ing to the Eq. (1). The slope of the line represents k,, whereas the
intercept represents k;[Cl~]. All kinetic data are summarized in
Tables S1-S11 (Supporting information, ESI).

The observed pseudo-first order rate constant, kops, as a function
of total ligand concentration is given by Eq. (1).

Kops = ka[L] + k1 [C17] (1)

Direct nucleophilic attack is characterized by the rate constants
k,, and the reverse reactions are presented by the rate constants
k1. The second-order rate constant k,, characterizing the formation
of the product, can be evaluated from the slope of a plot ks versus
ligand concentration. The experimental results for the displacement
of chloride ion from [(TL®")PdCl]" and [Pd(tpdm)Cl]" complexes are
summarized in Table 1. Representative plots are shown in Figs. 2-5
(others are given in Supplementary material, Figs. 1S-7S). As can be
seen in all cases kons, depends linearly of the entering ligand
concentration.

According on the values of k,, from the Table 1, the used nucle-
ophiles are good entering ligands for the substitution reactions of
the Pd(II) complexes. Comparing the reactivity of the nucleophiles
we observed that the reactivity decreases in the following order:
thiourea > I~ > Br~ > NO,~ > pyridine > DMSO.

It is generally known that the Pt(II) and Pd(II) complexes have a
very high affinity towards nucleophiles containing S-donor atoms.
Recently published rate constants for the substitution reactions of
some Pd(II) complexes with sulfur-donor nucleophiles are very high
[29,30] whereas the highest reactivity shows thiourea compared to
the other used ligands. Thiourea is a very useful nucleophile since it
combines the ligand properties of thiolates (c-donor) and thio-
ethers (o-donor, m-acceptor) [22,24] so it shows the strongest
nucleophilicity. Our results confirm this explanation. Better reactiv-
ity of I~ ion compared to that of Br~ and NO, ™~ ions can be explained
by different polarizability of these nucleophiles. Namely, iodide ion
is the most polarized halide ion (4.7 x 10724 cm?) [31], so it can be
classified as “the softest” halide ion. “Soft” (polarizable) nucleophile
favors “soft” substrate. Since Pd(II) is a “soft” acid its high reactivity
with iodide is not surprising [32]. The polarizability of the Br~ is
3.05 x 1072* cm?® [31], so this ion is also “soft” base, but less “soft”
than iodide. This is the main reason for the lower reactivity of
bromide. Since NO,~ ion is a “transition hard-soft” base, we
expected and observed lower reactivity compared to that of halide

[(X)PACIT" + L —T(2—~ [OPL + CI
1

X =TL B, tpdm
L= thiourea, I", Br", DMSO, pyridine, NO,"
Scheme 1. Schematic presentation of the substitution reactions of the

[(TL®®)PdCI]* and [Pd(tpdm)Cl]* complexes with nucleophiles: thiourea, I-, Br~,
NO, ", pyridine and DMSO.
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Table 1
Rate constants and activation parameters for the substitution reactions of [(TL®®")PdCI]* and [Pd(tpdm)Cl]* complexes with different nucleophiles in 0.1 M NaClO,4 and 10 mM
NacCl.
[Pd(tpdm)Cl]* ky (M~1s71) k[l (M Ts7T) AH,™ (k] mol~1) ASy” (JK~ ' mol™1)
Thiourea?® 298 (5.8+0.2) x 10° 0.37 £0.08 29+3 -75%8
I~ 288 526+3 12+1
298 646+ 5 47 +2 8+3 -180+9
308 693 +6 230+5
Br- 288 43+1 3201 | /
298 90+2 261
NO,~ 298 63.5+0.5 301 / /
Pyridine 288 25.1+0.1 (36£0.1)x 10" 31+7 -120+20
298 47.510.2 5.0+0.1)
308 61.9+0.2 392
DMSO 288 404 +£0.5 7.0+0.1
298 47 +1 161 10+1 —-195+3
308 562 302
[Pd(TL®Y)CI]*
Thiourea 298 (1.3+0.3) x 103 39+2 / /
I~ 288 49+ 1 1.3+0.1
298 791 13.8+0.1 22+6 -150+20
308 95+2 20.2+0.2
Br- 298 22.1+04 21+1 / /
NO,~ 298 14+2 23+1 / /
Pyridine 288 12.8+0.5 14+0.1
298 13.6 £ 0.5 2.8+0.1 105 -205+15
308 17.8+0.8 4.0+0.2
DMSO 298 10.9+0.5 24+2 / /
@ Ref. [24].
150 12 -
107Ky, /5! 308K Kos/st s
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120 - 298K
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Fig. 2. Pseudo-first order rate constants, kops, as a function of ligand concentration
and temperature for the substitution reactions of [(TL®")PdCI]* complex with I~ in

0.1 M NaClO4 and 10 mM NacCl.
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308K
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Fig. 3. Pseudo-first order rate constants, kops, as a function of ligand concentration
and temperature for the substitution reactions of [(TL®“)PdCI]* complex with
pyridine in 0.1 M NaClO4 and 10 mM NacCl.

4
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Fig. 4. Pseudo-first order rate constants, kops, as a function of ligand concentration
and temperature for the substitution reactions of [Pd(tpdm)CI]* complex with I” in
0.1 M NaClO4 and 10 mM NacCl.

120
107k s
100 | 308K
80 1 298K
)]
60 1 288K
40 1 A
20 o
. 10[DMSOYM|
0 2 4 6 8 10 12

Fig. 5. Pseudo-first order rate constants, kops, as a function of ligand concentration
and temperature for the substitution reactions of [Pd(tpdm)Cl]* complex with
DMSO in 0.1 M NaClO4 and 10 mM Nacl.
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ions. Small reactivity of DMSO was also expected since DMSO has a
specific feature. It has two donor atoms. In studied reactions DMSO
is first coordinated through the oxygen atom, where the negative
partial charge is localizes. Than, the Pd(II)-O bond breaks forming
the thermodynamically more stable sulfur-coordinated product.
On the other side, the bulkiness of two methyl groups in the
molecule of DMSO as well as the bulkiness of the inert tridentate
ligands in the structure of the studied complexes could prevent
the formation of the metal-ligand bond and slow down the rate of
the substitution. The reactivity of pyridine is almost the same as that
for DMSO. Here we have a competition between the type of donor
atom and size of the entering ligand.

The reactivity of the studied complexes toward selected nucle-
ophiles is determined from the data of the rate constants (Table 1).
The [Pd(tpdm)CI]* complex reacts faster than [(TL®“)PdCI]" com-
plex (approximately three times). Both complexes have a sterically
hindered inert tridentate ligand. But, the presence of tert-butyl
groups in the structure of [(TL®")PdCI]* complex has a significant
influence on the decreasing of the substitution rate.

Having in mind that these complexes are novel, for better
understanding of their characteristics we compared the rate con-
stants for the substitution reactions with I~ with earlier published
values for some other sterically crowded monofunctional Pd(II)
complexes, Table 2. According to the values for the second-order
rate constant can be concluded that both complexes [(TL®")PdCI]*
and [Pd(tpdm)CI]* have the reactivity between those of [Pd(1,4,7-
Etsdien)CI]* and [Pd(1,1,4-Etzdien)CI]* complexes [22].

The reactivity of the complexes that contain inert tridentate
NNN-donor ligands with pyridine rings largely depends on the
number and arrangement of the pyridine rings [33]. For example,
in the case of the terpy chelate, there is strong interaction between
the metal ion and the pyridine rings, especially with the central
pyridine ring in the terpy chelate, resulting in a strong trans-effect
and very fast substitution reactions. In contrast, [PdCl(dien)]* does
not contain pyridine rings and react much more slowly. The

Table 2
Second order rate constants, k,, for the substitution reactions of series of different
[PA(L)CI]* complexes with I~ at 298 K.

L ky (M~1s71) Ref.
tpdm 6465 This work
TL®Y 791 This work
Dien 4446 + 41 [22]
1,4,7-Mesdien 3542 +319 [22]
1,4,7-Etydien 932+4 [22]
1,1,4-Etdien 212403 [22]
1,1,7,7-Meydien 0.28 £ 0.53 [22]
1,1,7,7-Etudien 8.0x 10~ [22]
S5

logk,
4 4 thiourea

= [Pd(tpdm)C1]*
+[PA(TLAYCI]*

thiourea

np®

0 1 2 3 4 5 6

Fig. 6. Linear Free Energy Relationship of [(TL®")PdCl]* and [Pd(tpdm)CI]" com-
plexes with different nucleophiles.

studied [Pd(tpdm)Cl]" complex also includes pyridine rings, but
in the tridentate tpdm ligand they are separated by methylene
groups, so the system is more flexible in comparison with terpyri-
dine. This is confirmed by the crystal structure of the [Pd(tpdm)CI]*
complex [24]. Observed results clearly illustrate that a relatively
small structural modification of the tridentate ligand has a strong
influence on the reactivity of the complex.

In order to determinate the affinity of [(TL®“)PdCI]" and
[Pd(tpdm)CI]* complexes towards studied nucleophiles, a Linear
Free Energy Relationship (LFER) was used. The relationship be-
tween second-order rate constant, k», and nucleophilicity con-
stants of the nucleophiles (n9,) is given by Eq. (2) while the
values of logk, and n9, are given in Table 12S.

logk, = snd, + logk; (2)

A plot of logk, against the nucleophiles nucleophilicity con-
stants (n9,) is shown in Fig. 6.

Since the points appear approximately on a straight line, it is an
indication that the substitution of a chloride ion from studied com-
plexes by selected nucleophiles occurs via the same mechanism
(Fig. 6.). The slop of the line presents the s value, which represents
degree of affinity of the complex towards the nucleophiles. The s val-
ues for [(TL*®Y)PdCI]* complex is 0.47 and for [Pd(tpdm)CI]* complex
is 0.51. These values are lower than the value of the standard sub-
strate trans-[Pt(py).Cly] (s =1.00) [34]. This means that studied
[(TL®Y)PACI]* and [Pd(tpdm)Cl]* complexes are less discriminated
in comparison with trans-[Pt(py),Cl,] complex for the substitution
reactions with different nucleophiles. The [(TL®")PdCI]* has a
slightly lower discriminating factor, so it reacts slower than
[Pd(tpdm)CI]*, what is in agreement with experimentally observed
results.

The sensitivity of the rate constants on the nature of the enter-
ing ligands and the negative entropies of activation given in Table 1
indicates that the substitution reactions proceed via an associative
mode of activation.

4. Conclusion

The substitution reactions of two novel Pd(Il) complexes con-
taining different chelating inert ligands with selected nucleophiles
were investigated. The obtained results show that the nature of
entering ligand as well as the nature of the inert tridentate ligand
play an important role in the kinetic behavior of the Pd(Il) com-
plexes. These results also show that the complex with tpdm ligand
reacts faster than the complex with TL™®" ligand, which could be
explained by the bulkiness of the inert tridentate ligands. Namely,
the presence of t-Bu groups on the terminal imadazole rings of
TL™®" ligand significantly prevent the substitution. The order of
reactivity of entering ligands is: thiourea >1~ > Br~ > NO,~ > pyri-
dine > DMSO. The mechanism of the substitution reactions is asso-
ciative supported by the negative values of AS™.

Acknowledgements

The authors gratefully acknowledge financial support from the
Ministry of Science and Technological Development of the Republic
of Serbia, Project No. 172011.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ica.2011.11.031.


http://dx.doi.org/10.1016/j.ica.2011.11.031

304 A. Mijatovic et al./Inorganica Chimica Acta 383 (2012) 300-304

References

[1] Z.D. Bugar€i¢, G. Liehr, R. van Eldik, J. Chem. Soc., Dalton Trans. (2002) 951.
[2] R. Karkali¢, Z.D. Bugar¢i¢, Monatsh. Chem. 131 (2000) 819.
[3] D. Jaganui, F. Tiba, 0.Q. Munro, B. Petrovi¢, Z.D. Bugar¢i¢, Dalton Trans. (2006)
2943.
[4] Z.D. Bugarci¢, S. Nandibewoor, M.S.A. Hamza, F. Hainemann, R. van Eldik,
Dalton Trans. (2006) 2984.
[5] B. Petrovi¢, Z.D. Bugar<i¢, R. van Eldik, Dalton Trans. (2008) 807.
[6] T. Soldatovi¢, M. Shoukry, R. Puchta, Z.D. Bugar¢i¢, R. van Eldik, Eur. ]. Inorg.
Chem. (2009) 2261.
[7] (a) M.R. Plutino, L.M. Scolaro, R. Romeo, A. Grassi, Inorg. Chem. 39 (2000) 2712;
(b) R. Romeo, M.R. Plutino, L.M. Scolaro, S. Stoccoro, G. Minghetti, Inorg. Chem.
39 (2000) 4749. and references cited therein.
[8] D. Jaganyi, A. Hofmann, R. van Eldik, Angew. Chem., Int. Ed. 40 (2001) 1680.
[9] M.T. Rau, R. van Eldik, in: A. Sigel, H. Sigel (Eds.), Metal lons in Biological
Systems, Marcel Dekker, New York, 1996, p. 339.
[10] T.A. Al-Allaf, LJ. Rashan, Boll. Chim. Farmac. 140 (2001) 205.
[11] EJ. Gao, F.C. Liu, M.C. Zhu, L. Wang, Y. Huang, H.Y. Liu, S. Ma, Q.Z. Shi, N. Wang,
Enzyme Inhib. Med. Chem. 25 (2010) 1.
[12] EJ. Gao, L. Wang, M.C. Zhu, L. Liu, W.Z. Zhang, ]J. Med. Chem. 45 (2010) 311.
[13] R. Jose, D.V. Mar1a, C. Natalia, L. Gregorio, H. Concepcion, B. Delia, M. Virtudes,
V.J. Laura, J. Inorg. Chem. 47 (2008) 4490.
[14] R. Jose, L. Julia, V. Consuelo, G. Lopez, M.L. Jose, M. Miguel, X.A. Francesc, B.
Delia, M. Virtudes, A. Laguna, J. Inorg. Chem. 47 (2008) 6990.
[15] R. Guddneppanavar, J.R. Choudhury, A.R. Kheradi, B.D. Steen, G. Saluta, G.L.
Kucera, C.S. Day, U. Bierbach, J. Med. Chem. 50 (2007) 2259.
[16] E.J. Gao, M.C. Zhu, H.X. Yin, L. Liu, Q. Wu, Y.G. Sun, ]. Inorg. Biochem. 102 (2008)
1958.

[17] J. Zhang, L. Li, L. Wang, F. Zhang, X. Li, Eur. ]. Med. Chem. 45 (2010) 5337.

[18] C.Y. Shi, EJ. Gao, S. Ma, M.L. Wang, Q.T. Liu, Bioorg. Med. Chem. Lett. 20 (2010)
7250.

[19] RA. de Souza, A. Stevanato, O. Treu-Filho, A.V.G. Netto, A.E. Mauro, E.E.
Castellano, I.Z. Carlos, F.R. Pavan, C.QF. Leite, Eur. J. Med. Chem. 45 (2010)
4863.

[20] F. Accadbled, B. Tinant, E. Henon, D. Carrez, A. Croisy, S. Bouquillon, Dalton
Trans. 39 (2010) 8982.

[21] Z.D. Bugaréi, B.V. Petrovic, E. Zangrando, Inorg. Chim. Acta 357 (2004) 2650.

[22] E.LJ. Breet, R. Van Eldik, Inorg. Chem. 23 (1984) 1865.

[23] J. Bogojeski, R. Jeli¢, D. Petrovi¢, E. Herdtweck, P.G. Jones, M. Tamm, Z.D.
Bugarci¢, Dalton Trans. 40 (2011) 6515.

[24] B. Petrovi¢, Z.D. Bugar<i¢, A. Dees, 1. Ivanovié-Burmazovié¢, F. Heinemann, R.
Puchta, R. van Eldik, 2011, submitted to Inorg. Chem.

[25] A.N. Vedernikov, ].C. Huffman, K.G. Caulton, Inorg. Chem. 41 (2002) 6244.

[26] D. Petrovi¢, LM.R. Hill, P.G. Jones, W.B. Tolman, M. Tamm, Dalton Trans. (2008)
887.

[27] T.G. Appleton, J.R. Hall, S.F. Ralph, C.S.M. Thompson, Inorg. Chem. 23 (1984)
3521.

[28] Inorganic Reaction Mechanisms, in: M.L. Tobe and ]. Burgess (Ed.), Addison
Wesley Longman Inc., Essex, 1999, p. 74.

[29] P. lllner, S. Kern, S. Begel, R. van Eldik, Chem. Commun. (2007) 4803.

[30] A. Shoukry, M. Brindell, R. van Eldik, Dalton Trans. (2007) 4169.

[31] B. Pitteri, G. Marangoni, L. Cattalini, T. Bobbo, ]J. Chem. Soc., Dalton Trans.
(1995) 3853.

[32] R.G. Pearson, J. Am. Chem. Soc. 85 (1936) 3533.

[33] A. Hofmann, D. Jaganyi, 0.Q. Munro, G. Liehr, R. van Eldik, Inorg. Chem. 42
(2003) 1688.

[34] R.G. Pearson, H. Sobel, J. Songstad, ]J. Am. Chem. Soc. 90 (1968) 319.



Inorganica Chimica Acta 394 (2013) 552-557

journal homepage: www.elsevier.com/locate/ica

Contents lists available at SciVerse ScienceDirect

Inorganiea
Acta

Inorganica Chimica Acta

NMR kinetic studies of the interactions between [Ru(terpy)(bipy)(H,0)

*

and some sulfur-donor ligands

Aleksandar Mijatovi¢?, Biljana Smit?, Ana Rilak?, Biljana Petrovi¢?, Dragan Canovic®,

Zivadin D. Bugar¢i¢ **

2 University of Kragujevac, Faculty of Science, R. Domanovica 12, P.0. Box 60, 34000 Kragujevac, Serbia
> University of Kragujevac, Faculty of Medicine, S. Markoviéa 69, 34000 Kragujevac, Serbia

ARTICLE INFO

Article history:

Received 9 April 2012

Received in revised form 15 September
2012

Accepted 19 September 2012

Available online 27 September 2012

ABSTRACT

Substitution reactions of monofunctional [Ru(terpy)(bipy)(H.0)]?>* complex, where terpy = 2,2':6/,2"-ter-
pyridine and bipy = 2,2’-bipyridine, with biologically relevant sulfur-donor nucleophiles, such as thio-
urea, L-methionine, L-cysteine and glutathione, are studied in aqueous solutions by 'H and '*C NMR
spectroscopy techniques. All reactions are studied at pH 7.4, in the presence of phosphate buffer, to
mimic the physiological environment during the substitution process. The reactions are carried out at
295 K under the second-order conditions. Observed results show that the rate of substitution strongly
depends on the type and the structure of the entering nucleophile. The obtained order of reactivity for

gﬁ{ggﬂfﬁl(m the entering sulfur-donor ligands is: thiourea > L-methionine > r-cysteine > glutathione. The pK, value
Complexes of coordinated water ligand was determined in D,0 by the 'H NMR technique. These results confirm
Substitution the strong influence of inert polypyridyl ligands on the chemical behavior of Ru(Il) complex as well as
Kinetics their influence on the lability of coordinated water molecule.

NMR study © 2012 Elsevier B.V. All rights reserved.

1. Introduction

Metal complexes offer potential in medicinal chemistry and
drug design [1-3]. In the search for anticancer agents containing
metal ions other than platinum, ruthenium compounds offer a
good potential [4-9].

In attempts to find novel, metal-based drug with the activity
complementary to that of cisplatin, complexes containing ruthe-
nium mainly in its lower oxidation state, have also been prepared
and tested for antitumor activity [10-12]. Several ruthenium com-
pounds with nitrogen ligands have shown not only good activity in
screening studies, but many are also preferentially localized in tu-
mor tissue. The significant structural differences between ruthe-
nium and most platinum-based antitumor drugs offer a potential
that ruthenium-based drugs could be suitable alternatives to cis-
platin and carboplatin. Antitumor ruthenium compounds possess
octahedral, six-coordinated geometry as opposed to the square-
planar one of cisplatin or carboplatin. In addition, the two addi-
tional coordination sites for ruthenium as opposed to platinum(II)
center may allow for new modes of binding to intracellular targets.

Ruthenium has therefore been considered to be an attractive
alternative to platinum, in particular since many ruthenium

* Corresponding author. Tel.: +381 34 300262; fax: +381 34 335040.
E-mail address: bugarcic@kg.ac.rs (Z.D. Bugarcic).

0020-1693/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ica.2012.09.016

compounds are not very toxic and some ruthenium compounds
have been shown to be quite selective for cancer cells [13,14].

Ruthenium anticancer chemistry has already shown many
promising results. Several compounds have been described to
shown the activity comparable to that of cisplatin and in some
cases even better [15-19]. Indeed, two ruthenium compounds
are currently in clinical trials [20,21]. For one of these, NAMI-A,
the compound does not show dramatic cytotoxicity against tumor
cells in vitro, but it shows a very high activity against metastases
[20,21].

Ruthenium complexes, such as KP1019 and NAMI-A, are among
the most interesting next-generation anticancer drugs in clinical
trials and most importantly, in addition to their tumor-inhibiting
properties, the treatment is not accompanied by major drug-re-
lated side effects [20-23].

Nevertheless a large variety of potential ruthenium drugs have
been synthesized, with ligands such as ammines, amines, imines,
DMSO, polypyridyl compounds and arenes [6,13,24-26]. The diver-
sity in structures of the active compounds in fact suggests that
different mechanisms of action may be involved for different types
of ruthenium complexes [27]. Complexes containing chelating
ligands tend to be more active than those containing only
monodentate ligands [28].

In the last decades, particular attention has been paid to ruthe-
nium complexes of polypyridyl ligands [29,30]. The analogues of
these ruthenium complexes containing, besides polypyridyl
ligands, aqua or chlorido groups have been also synthesized and
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Fig. 1. Structure of the [Ru(terpy)(bipy)(H,0)]** complex.

were found to bind DNA covalently in cell-free media. The aqua or
chlorido ligands in these complexes represent the leaving ligands,
in contrast to the kinetically more stable pyridyl groups, and this
facilitates the binding of the biomolecule to the metal centre.
Hydrolysis of the Ru-Cl bond appears to be important for the acti-
vation, giving the aqua adducts which can bind to DNA and form a
monofunctional adduct. The chelating ligand can play a crucial role
in the anticancer activity [18].

With the aim to extend our earlier work [31], we reported here
kinetic studies for the ligand substitution reactions of the
monofunctional [Ru(terpy)(bipy)(H-0)]** complex (Fig. 1) with
biologically relevant sulfur-donor nucleophiles, namely thiourea,
L-methionine (L-Met), L-cysteine (1-Cys) and glutathione (GSH)
(Fig. 2). The pK, value of the coordinated water has been deter-
mined. The reactions are studied in aqueous solution and in the
presence of phosphate buffer (pH 7.4) and monitored by the 'H
and '3C NMR spectroscopy techniques.

It was envisaged that this study could throw more light on the
mechanism of the interactions for some Ru(Il) complexes with sul-
fur-donor ligands, and to provide a better understanding of the
mechanism of chemo-protection and ruthenium metabolism.

2. Experimental
2.1. Chemicals and solutions

RuCl5-H,0 (Precious metal Online, Ru content about 40%),
2,2":6',2"-terpyridine (terpy) (Aldrich) and 2,2’-bipyridine (bipy)

o

HOOC
N

NH, H 0

Glutathione (GSH)

NH,

HS O

OH

L-Cysteine (L-Cys)

553

(Acros Organics) were used as received. Ligand stock solutions
were prepared shortly before use by dissolving the chemicals,
L-cysteine (Fluka, Assay >99.5%), glutathione (Fluka, Assay >99%),
i-methionine (Fluka, Assay >99%) and thiourea (Merck, p.a.).
Methanol (Centrohem, p.a.) was dried over Mg/I,. Deuterium-oxide
(99.9% Deutero GmbH) is commercially available and used as
received. All other chemicals were of the highest purity commer-
cially available and were used without further purification. Ultra
pure water was used in all experiments involving aqueous
solutions.

2.2. Preparation of complexes

[Ru(terpy)(bipy)Cl]Cl was prepared according to the already
published method [32-34]. First, [Ru(terpy)Cls3] was synthesized
by stirring of the mixture of RuCls-H,O (0.4 mmol) dissolved in
water and 2,2':6',2"-terpyridine (0.4 mmol) dissolved in MeOH
for about 3 h [32]. The obtained brown powder was filtered and
dried. Then, the equimolar amounts of [Ru(terpy)Cl3] (0.2 mmol)
and 2,2’-bipyridine (0.2 mmol) were heated at reflux about 4 h in
the mixture of MeOH/H,0 (75/25, v/v) with the addition of an
excess of LiCl (1.5 mmol) and triethylamine (0.4 mmol) as a reduc-
tant [33,34]. Under this procedure the reduction of Ru(Ill) occurs
and the final product is Ru(Il) complex. Elemental analysis, UV-
Vis, and 'H NMR spectral data were in a good agreement with
those found in the literature [32-34] (Figs. 1S and 2S, Supplemen-
tary material). Anal. Calc. for RuC;sH9NsCly: C, 53.48; H, 3.41; N,
12.47. Found: C, 53.74; H, 3.44; N, 12.56%.

The aqua adduct [Ru(terpy)(bipy)(H,0)]** was prepared by
treatment of [Ru(terpy)(bipy)CI]Cl (10 mM, 0.0113 g) with AgClO,
(20 mM, 0.0083 g) in 2 ml D,O at room temperature overnight
and removal of AgCl by filtration. The aqua complex was confirmed
on the basis of "TH NMR spectra [33,34].

2.3. Instrumentation

Elemental analyses were performed on a Carlo Erba elemental
analyser 1106.

UV-Vis spectra were recorded on a Perkin-Elmer Lambda 35
double beam spectrophotometer in 1.00 cm quartz Suprasil cells.

In D,0 solutions, the pH values were measured with an InoLab
SenTix® Mic pH Microelectrode. The pH meter was calibrated with
Fisher-certified buffer solutions of pH 4.00, 7.00 and 11.00. Meter
readings were corrected for the deuterium isotope effect by adding

H
| S
N COOH
\/
HoN NH,
Thiourea
NH,
N 0]
S
OH

L-Methionine (L-Met)

Fig. 2. Structures of studied sulfur-donor ligands.
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0.4U to the display readout. The pD was adjusted with 0.01-
0.05 M solutions of KOD and DCI.

The NMR spectra were acquired on a Varian Gemini-2000 spec-
trometer equipped with 5 mm probe. All chemical shifts are refer-
enced to TSP (3-trimethylsilylpropionic acid-D4 sodium salt).

Potentiometric measurements were carried out using a Mettler
Delta 350 digital pH meter with a resolution of +0.01 mV, with a
combination glass electrode. This electrode was calibrated using
standard buffer solutions of pH 4 and 7 obtained from Sigma.
Titrant was delivered from a Metrohm (Donau, Swiss) Dosimat
model 665 autoburette. The constant temperature was maintained
with a VEB Prufgerate model E3E circulating ultrathermostat.

2.4. 'TH NMR kinetic measurements

TH NMR measurements of the reactions between [Ru(ter-
py)(bipy)(H,0)]** complex with -Met, 1-Cys, GSH and thiourea
were carried out in NMR tubes. The 8 mM solution of the complex
(20 mM in the case of GSH) was prepared in 300 puL D,0 approxi-
mately 8 h prior to the start of the kinetic experiment. The
300 pL D50 solution with the same concentration of ligand was
added to the solution of the complex to initiate the reaction. 'H
NMR spectra were recorded at 295 K over a period of several days
up to three weeks. The same substitution reactions were followed
at pH 7.4 (pD = pH + 0.4) [35] in the presence of phosphate buffer,
to characterize the processes at physiological conditions. Experi-
mental data are reported in Tables S1-S3 (Supplementary
material).

2.5. Potentiometric studies

The hydrolysis of the complex was determined by titrating 1.0,
1.5 and 2.0 mM solution of [Ru(terpy)(bipy)(H>0)]?>* complex with
NaOH. The starting volume was 20 cm?, All titrations were per-
formed in a double mantled, thermostated glass vessel closed with
a Teflon stopper. A constant temperature of (298 +0.1) K was
maintained by circulating thermostated water through the jacket.
Purified and oxygen-free nitrogen gas was bubbled through the
solution to provide an inert atmosphere and stirring. Additional
stirring was achieved with a magnetic stirrer. To reduce the con-
centration of the hydrogen ion, the alkali was added stepwise from
an auto burette in small aliquots (0.005-0.01 ml). The potential
was monitored after each addition of titrant.

The hydrolysis of [Ru(terpy)(bipy)(H,0)]** complex were char-
acterized by fitting the potentiometric titration data to various
acid-base models [36]. The experimental data were obtained by
glass electrode Emf measurements in 0.1 M NaClO, medium at
298.0 K. To find the model that gives the best fit to the experimen-
tal data, the following complex and various combinations of hydro-
lytic species were included in Hyperquad2006 calculations [37].
The distribution diagrams for the hydrolyzed [Ru(terpy)(bipy)(H,-
0)]?* complex are shown in Fig. 3S (Supplementary material).

3. Results and discussion

The aqua adducts of the anticancer Ru(Ill) complexes may play
key roles in the biologically mechanism of action of this classes
of complexes. However, it is important to gain a detailed under-
standing of the interactions between the aqua Ru(Il) complexes
with biomolecules such as nucleobases, DNA, oligonucleotides,
amino acids and proteins. Particularly the reactions with sulfur-
bonding ligands could be very important [38]. Also several
sulfur-donor ligands (glutathione, thiourea) are usually co-admin-
istered with platinum-based drugs to reduce the toxicity [39,40].

8.45

d(ppm)
3.4 1

8.35 1
8.3 1
8.25 1
8.2 1
8.15 1

8.1 1 pD

5.05 T T T T T
0 2 4 6 8 10 12

Fig. 3. The changes of chemical shifts of Hq proton of terpyridine as a function of pD
for the [Ru(terpy)(bipy)(H,0)]** complex at 295 K.

The rate of hydrolysis of chlorido complex is also of interest
with regard to storage and clinical application of ruthenium com-
plexes as well as to further reactions of drugs in blood and in the
cell. Synthesized [Ru(terpy)(bipy)Cl]" complex in aqueous media
forms aqua complex, [Ru(terpy)(bipy)(H,0)]?*, what we confirmed
by NMR (Fig. 2S, Supplementary material). According to the de-
crease of the signal intensity with time for H6 proton of bipyridine
at 9.95 ppm, which correspond to the chlorido complex, and in-
crease of the signal intensity at 9.56 ppm for the same proton in
the aqua analogue, can be seen that the hydrolysis starts after
10 min and it is over after about 8 h. The calculated rate of
hydrolysis for [Ru(terpy)(bipy)Cl]* complex at 298K is
Kizo=(1.07 £0.4) 10 *s~! (t;2=1.8 h). This result confirms the
fact that in our studied systems hydrolysis occurs before the sub-
stitution process started.

However, the coordinated aqua ligand undergoes acid dissocia-
tion to form hydroxo complex [Ru(terpy)(bipy)(OH)]*, which is
usually less reactive than the aqua analogue. We have determined
the acid dissociation constant of the aqua adduct (pK,) by 'H NMR
spectroscopy following the changes in chemical shifts of suitable
signal as a function of pD. Here, we selected Hq proton of terpyri-
dine which shifts to a lower frequency if pD increases. The results
used for the calculations are given in Table 4S (Supplementary
material). Analysis of the NMR titration curve (Fig. 3) gave
pK,=5.19 £ 0.06. This value is much lower than the pK, values
for some other Ru(Il) complexes. This could be contributed to the
strong m-back bonding properties of coordinated polypyridyl li-
gands, such as terpyridine and bipyridine, which increase the elec-
trophilicity of metal center and reduce the pK, value. Also, by
potentiometric measurements we defined the distribution diagram
for [Ru(terpy)(bipy)(H,0)]>* hydrolytic species in 0.1 mol dm3
NaClO, ionic medium at 298 K (Fig. 3S, Supplementary material).
However, the dominant specie in the system at physiological pH
is monohydroxo (1,—1,0) complex, [Ru(terpy)(bipy)(OH)]". This
notification is very important for explanation of the observed rate
constant for studied substitution reactions.

Substitution reactions of the [Ru(terpy)(bipy)(H,0)]*" complex
with selected sulfur-donor ligands (L) proceed according the Eq.

(1)

[Ru(terpy)(bipy)(H,0]*" + H,0,
L = Thiourea, L-Met, L-Cys or GSH (1)

]2+

These interactions of [Ru(terpy)(bipy)(H,O]** complex with
1-Met, 1-Cys, GSH and thiourea were studied by 'H NMR spectros-
copy. First, these reactions are followed in a 1:1 M ratio in D,0 at
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295K for a period of several weeks. Then, the same substitution
reactions were studied in phosphate buffer at pH 7.4 by the same
technique. These conditions were selected to mimic the physiolog-
ical environment during the substitution process. Although, there
is now a possibility for ligand exchange reactions with the buffer
components, these results can help for a better understanding of
all occurrences in the cell.
Second order rate constants, k,, were calculated from Eq. (2).

kyt = x/ag(ag — X) (2)

where x represent the concentration of formed product of the sub-
stitution reaction, while ag is an initial concentration of complex
(and ligand). Calculations were performed by relative integration
(estimated error is 5%) of the suitable proton signals in 'H NMR
spectra of free and coordinated ligand during the reaction time. In
the Tables 1 and 2 are given the chemical shifts for suitable protons
of the complex and ligands before and after substitution occurs. The
values of the rate constants were determined from the Guggenheim
plot of x/ag(ag — x) versus reaction time t. The slope of the straight
line, which passes through the zero, represents the value of the sec-
ond order rate constant k. The results are summarized in the Ta-
ble 3. The rate constant at pH 7.4 are slightly higher than the
values at lower pH (4-5) for all studied systems. However, we ex-
pected a much faster substitution at physiological pH, but the pro-
tolysis of aqua complex and formation of less reactive hydroxo
complex have a dominant influence on the observed rates.

Analyzing spectra obtained for the reaction between [Ru(ter-
py)(bipy)(H,0)]** and L-Met (Fig. 4) at pH 5.3 two signals of methyl
group could be seen at 2.14 ppm for free and at 2.76 ppm for coor-
dinated -Met. The signal of coordinated ligand appears after 12 h
of the reaction and its intensity increases with the time, while
the signal for free ligand decreases. At pH 7.4 these two signals
are moved downfield just for 0.02 ppm (Fig. 11S, Supplementary
material). The signals which correspond to the protons of started
Ru(Il) complex also undergo changes of their positions during the
substitution. We followed the intensities of very specific signal
for Hg proton of bipyridine at 9.56 ppm of [Ru(terpy)(bipy)(H,0)]**
and at 9.86 ppm for substituted product with .-Met. The significant
chemical shifts are given in the Tables 1 and 2.

The reactions at pH 5.3 and 7.4 were followed about 3 weeks
and the Guggenheim plots are shown on Fig. 5. Calculated second
order rate constant k, are summarized in Table 3. On the base of
the values for the rate constants can be concluded that this substi-
tution is very slow and its rate slightly depends on the pH. How-
ever, from the distribution diagram of the complex species
(Fig. 3S, Supplementary material) can be mentioned that at both
selected pH values dominant species is hydroxo complex, which
is less reactive then the aqua analogue. On the other side, distribu-
tion diagram of 1-Met system (Fig. 4S, Supplementary material)
confirm presence of the same chemical species in solution at pH
5.3 and 7.4. So, protolytic forms of the complex and ligand does
not much define the observed rate.

Table 1
The chemical shift for Hg proton of inert bipyridine in [Ru(terpy)(bipy)(H,0)]**
complex during the substitution reactions with selected sulfur donor ligands at 295 K,
PH 7.4.

Ligand & (ppm)
He-bipy free He-bipy substituted
L-Met 9.56 9.86
L-Cys 9.56 9.86
GSH 9.56 10.13
Thiourea 9.56 10.13

Table 2
The chemical shifts for some suitable protons of sulfur donor ligands during the
substitution reactions with [Ru(terpy)(bipy)(H,0)]** at 295 K, pH 7.4.

Ligand Group § (ppm)
Free Coordinated
L-Met CHs(s) 2.16 2.78
CH(dd) 3.89 442
1-Cys CH(dd) 4.00 4.14
CHy(m) 3.08 3.31
GSH Cys-Hp(m) 2.98 -
Cys-Hy(dd) 4.59 -
GSSG Cys-Hy(dd) 4.77 4.45
Thiourea® =S 183.6 177.9

2 Data from '*C NMR.

Table 3
The second-order rate constants k, for the substitution reactions of [Ru(ter-
py)(bipy)(H,0)]?>* complex with sulfur donor nucleophiles in D,0 at 295 K.

Ligand pH 10% ky/M 15!
L-Met 5.3 46+£02

7.4 58+0.8
1-Cys 5.0 2.49 £ 0.06

7.4 3.26 £0.05
GSH (GSSG) 4.0 0.050 £ 0.001

7.4 0.99 +0.02
Thiourea Very fast

'
[ ]
t
]
23 days M Jﬂ\\
16 days
11 days % L N
7 days
48 h |
18 h oo
15 min q"‘*-*—-——-—-—-—
2.9 2.6 2.3 2.0 ppm

Fig. 4. '"H NMR spectra of the reaction between [Ru(terpy)(bipy)(H,0)]** complex
(4 mM) and 1-Met (4 mM) in D,0 at 295K, pH 5.3. (B - coordinated L-Met, §
(CHs(s)) = 2.76 ppm; @ - free .-Met, 6 (CH5(s)) = 2.14 ppm).

In '"H NMR spectra of the reaction between [Ru(terpy)(bipy)(Ha.
0)]** and 1-Cys at pH 5.0 we monitored the signals of CH proton at
4.00 ppm for free and 4.15 ppm for coordinated -Cys (Fig. 5S, Sup-
plementary material). The reaction started after 48 h. At pH 7.4 the
signals of the same CH proton is at 4.00 ppm for free and at
4.14 ppm for coordinated 1-Cys, while the signal of CH, group is
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Fig. 5. Guggenheim plot for the substitution reaction between [Ru(terpy)(bipy)(H,0)]**complex (4 mM) and .-Met (4 mM) in D,0 at 295K, (a) pH 5.3; (b) pH 7.4.

f

) 4
‘-F"‘-JLFPAW 21 days

10 days

3 days
10.2 9.9 9.6 ppm

Fig. 6. 'H NMR spectra of the reaction between [Ru(terpy)(bipy)(H,0)]**complex
(4 mM) and 1-Cys (4 mM) in D,0 at 295 K, pH 7.4. (M - substituted complex,  (He-
bipy) = 9.86 ppm; @ - unsubstituted complex, 6 (Hg-bipy) = 9.56 ppm).

4 .Al‘ t + o+
L] X I’

——

10.2 9.6 ppm

at 3.08 ppm for free and at 3.31 ppm for coordinated thiol (Table 2
and Fig. 12S, Supplementary material). The changes of chemical
shifts are also mentioned in the region for Hg bipyridine proton,
at 9.56 for aqua and 9.86 for substituted complex (Fig. 6), Table 2.
The calculated second order rate constants k, are given in Table 3
and the Guggenheim plots are shown on Fig. 6S, Supplementary
material. As it was explained for the substitution process with L-
Met, dominant chemical species in this system at pH 5.0 and 7.4
are almost the same (Figs. 3S and 7S). The substitution is slower
than the reaction with .-Met what confirm again the higher nucle-
ophilicity of thioethers than thiols.

Figs. 7, 8S and 13S (Supplementary material) shows the time
course of the reaction between [Ru(terpy)(bipy)(H.0)]** and GSH
at pD 4.0 and 7.4. Chemical shifts are given in the Tables 1 and 2.
According to the intensities of the corresponding signals in spectra
we calculated rate constants at both pH values, given in Table 3
(Figs. 8S, 9S and 10S, Supporting material). These rate constants
are very small, about order of magnitude less than the rates for
other reactions. Following this reactions by 'H NMR we noticed
that the signal of reduced form of GSH at 2.98 ppm decrease with
the time, but the new signal of substituted complex does not

20 days

5 days
4.4 3.8 3.2 2.6 ppm

Fig. 7. '"H NMR spectra of the reaction of [Ru(terpy)(bipy)(H,0)]**complex (4 mM) and GSH (4 mM) in D,0 at 295K, pH 7.4.(Mm - substituted complex, § (He-
bipy) =10.13 ppm; @ - unsubstituted complex, § (Hg-bipy) = 9.56 ppm;+ - oxidation product GSSG, ¢ (CH,) = 2.9-3.4 ppm; X - coordinated GSSG ¢ (Cys-Hy = 4.45 ppm).
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appear in the spectra. Moreover, we noticed the appearance of the
signals for oxidized form of glutathione, GSSG, at 3.35 ppm. After
5 days, when the oxidation was over, the process of substitution
started and the signal of substituted complex at 10.13 ppm
appeared in the spectra, Fig. 7. Namely, it is well known that in
neutral water solutions GSH could be oxidized by air [2]. Finally,
after oxidation, formed GSSG molecule undergoes substitution
reaction with [Ru(terpy)(bipy)(H>0)]>* complex. This could be a
reason for the unexpected very slow substitution with GSH.

The substitution reaction between [Ru(terpy)(bipy)(H,0)]*"
complex and thiourea was too fast for 'H NMR time scale
(Fig. 14S, Supplementary material). However, coordination to the
complex was resulted in the >C NMR spectra in an upfield shift
of 6 ppm for the resonance of C=S carbon, Table 2, as well as by
the signals in 'H NMR for free, at 9.56 ppm, and for substituted
complex, at 10.13 ppm, Table 1. This huge reactivity of thiourea
was usually explained by the fact that it combines the ligand prop-
erties of thiolates (o-donor) and thioethers (c-donor, m-acceptor)
[41,42].

The reactivity of the studied complex toward selected nucleo-
philes is determined from the data of the rate constants. Rate of
substitution depends on the type, structure and chemical charac-
teristics of entering nucleophile. The obtained order of reactivity
for entering ligands is: thiourea > 1-Met > 1-Cys > GSH. However,
obtained spectra show primary hydrolysis of Ru(Il) complex before
the substitution with selected nucleophiles. Also, in all systems
only one product of the substitution reaction was confirmed.

4. Conclusions

Here we determined the rate constants for the substitution
reactions of [Ru(terpy)(bipy)(H,0)]** complex with four sulfur-do-
nor nuclephiles. The reactions were studied in water without and
with phosphate buffer. The obtained order of reactivity for the
entering sulfur-donor ligands is: thiourea > .-methionine > L-cys-
teine > glutathione. The reactivity of the used ligands is in a good
agreement with their electronic structure and chemical character-
istics. All reactions are slightly faster at physiological pH value. For
the reaction with GSH, primary oxidation of the ligand is followed
by the very slow substitution. The acid dissociation constant of the
aqua complex, [Ru(terpy)(bipy)(H,0)]?*, is pK,=5.19 £ 0.06. The
lower value is the result of strong electronic interactions between
inert polypyridyl ligands (terpy and bipy) in the complex.
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Abstract Kinetics and mechanism of the substitution
reactions between [Ru(trpy)(bpy)Cl]T with nucleophiles
guanosine-5’-monophosphate, L-histidine, thiourea, and
dimethylsulfoxide were studied spectrophotometrically in
0.1 M NaClOy4 at 310 K. The observed order of reactivity
for selected ligands is: thiourea > guanosine-5'-mono-
phosphate > L-histidine > DMSO. This order is associated
with the electronic, structural, and chemical characteristics
of complex and nucleophiles. The substitution reaction
with thiourea was studied at three different temperatures
(288, 298, and 310 K). Negative entropy of activation AS™
confirms the associative mode of activation. The complex
formation of [Ru(trpy)(bpy)H,O]*" with ligands guano-
sine-5’-monophosphate and L-histidine was investigated by
potentiometry and spectrophotometry as well. The stoi-
chiometry and stability constants of the species formed in
these systems were determined. The concentration distri-
bution diagram of the various complexes has been
evaluated as a function of pH. Comparing the calculated
values for logfi, we determined that the product with
nucleotide is more stable than the product with L-histidine.
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Introduction

Since the antitumor activity of cisplatin was discovered, a
number of platinum complexes have been synthesized and
evaluated as potential chemotherapeutic agents [1-3]. The
limited range of activity of cisplatin and its analogs and
their several side effects have stimulated the search for
other metal-based anticancer drugs with metal ions differ-
ent from platinum [4, 5]. Ruthenium complexes are
today the most promising compounds for the investigation
of antitumor activity of metal-containing pharmaceuticals
[6-10].

The first ruthenium compounds studied for antitumor
activity were the chlorido-ammine complexes fac-
[Ru(NH3);Cl;] and cis-[Ru(NH3),Cl,] [11]. However,
although active, these compounds were not soluble enough for
pharmaceutical use [6, 7]. In the following years, a large
number of different Ru(Il) and Ru(Ill) compounds were
studied for their cytotoxic properties, such as polypyridyl
complexes cis-[Ru(N,N-bpy),Cl,] and mer-[Ru(N,N,N-
trpy)Cls] [12, 13], aminocarboxylato complexes [Ru(V,-
N,0,0-pdta)Cl,] (pdta = 1,2- propylenediaminetetraacetato)
and [Ru(N,N,0,0,0-edta)Cl] (edta = ethylenediaminete-
traacetato) [14, 15], dimethylsulfoxide complexes cis-
and trans-[Ru(S-DMSO),Cl,] [16-18], and arylazopyrdine
complexes [Ru(N,N,N,N-azpy),Cl,] (azpy = 2-phenylazo-
pyridine) [19, 20]. More recently, two classes of structurally
similar Ru(IIT) complexes were synthesized and investigated
for antitumor activity: [HL]trans-[RuCl4L,] (L = imidaz-
ole or indazole) [21] and [HL]trans-[RuCl4(DMSO-S)L]
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(L = heterocyclic nitrogen ligand) [22]. In particular just
two compounds are undergoing clinical evaluation today, the
indazole (ind) derivative cytotoxic to cancer cells [Hind]-
trans-[RuCly(ind),], known as KP1019, and the imidazole
(im) derivative [Him]trans-[RuCly(DMSO-S)(im)], known
as NAMI-A, which is relatively non-toxic but has antimet-
astatic activity [21-25].

It is generally accepted that the antitumor activity of
platinum drugs can be ascribed to interactions between
complex and DNA molecules [1-5]. However, the mech-
anism of action of ruthenium compounds has not yet been
clarified. It was proposed that they are activated by
hydrolysis, mainly of the chlorido ligands. After hydroly-
sis, the reduction of Ru(Ill) to Ru(l) complex occurs
because cells contain different amounts of reducing agents
[23-25]. Finally, the Ru(II) complex formed reacts with the
DNA molecule, binding preferentially to guanine residues
via N7 coordination [26]. This activation mechanism,
proposed by Clarke, has become known as the “activation
by reduction” hypothesis [25]. In accordance with the
“activation by reduction” hypothesis, NAMI-AR, obtained
by the reduction of NAMI-A with ascorbic acid prior to
administration was found to be more efficient than NAMI-
A against metastasis growth [27].

Today, many different ruthenium complexes have been
synthesized and investigated to elucidate the relationship
between the structure of inert ligands and properties of the
complexes. Complexes with polypyridyl ligands [9, 28-30]
and organometallic half sandwich ligands [31-37] are
studied frequently in order to gain insight into the factors
that influence hydrolysis and binding to bio-molecules. In
particular, activation through hydrolysis is important for
the mechanism of action of this class of compounds, and
their chemical behavior depends to a great extent on the
acidity and chloride concentration.

Taking into account that biomedical and pharmaceutical
utilizations of terpyridine-type ligands (e.g., as DNA-binding
or active antitumor agents) are currently fast growing fields of
research [38—41], we studied the kinetics of the substitution
reactions between [Ru(trpy)(bpy)Cl]" and nucleophiles such
as thiourea (Tu), dimethylsulfoxide (DMSO), L-histidine
(L-His), and guanosine-5’-monophosphate (5'-GMP) by con-
ventional UV—Vis spectrophotometry. The ligands L-His and
5'-GMP are biologically relevant molecules. Tu is commonly
used as a “protective agent” for the better excretion of “soft”
metal ions [3-5], while DMSO is already present in the
structures of some Ru complexes, such as NAMI-A. Also, we
studied the hydrolysis of [Ru(trpy)(bpy)H,O]" as well as
complex formation equilibria between [Ru(trpy)(bpy)H,0]"
and L-His or 5-GMP by potentiometric and spectrophoto-
metric methods. The structures of [Ru(trpy)(bpy)Cl]* and
nucleophiles are shown in Fig. 1.
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Fig. 1 The structures of complex and nucleophiles

Results and discussion
Kinetic studies

Kinetics of the substitution reactions of [Ru(trpy)(bpy)Cl]+
with nucleophiles Tu, L-His, DMSO, and 5'-GMP were
investigated spectrophotometrically by following the
changes in absorbance at suitable wavelengths as a func-
tion of time at 310 K. The complex and ligands were
dissolved in aqueous 0.1 M NaClO4 with the addition of
20 mM NaCl to prevent the spontaneous hydrolysis of
Ru(Il) complex [42-44]. The concentration of 20 mM
NaCl was chosen after recording the changes in absorbance
of the complex at different chloride concentrations. The
obtained results are given in the Supplementary material
(Table 1S; Fig. S1). All kinetic experiments were per-
formed under pseudo first-order conditions, where the
concentration of nucleophiles was always in at least tenfold
excess (Supplementary Material, Tables 2S-5S).

Substitution reaction of selected octahedral ruthe-
nium(IT) complex can be presented as shown in Scheme 1.
The pseudo first-order rate constants were found to be
linearly dependent upon the concentration of nucleophile
(L), as presented in Eq. (1).

kobsa = ka[L] + ki (1)
The second-order rate constant k, characterizing the
formation of the reaction product can be evaluated from the
slope of a plot kypsa Vs. [L]. The experimentally obtained
results are summarized in Table 1 and presented in Fig. 2.
The value for the rate constant of the reverse reaction &y,
which is independent on the concentration of nucleophile
L, is determined from the intercept of the observed lines
(Fig. 2). It is very small and contributes little to kqpsq-
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According to the results shown in Table 1 and Fig. 2,
the following order of reactivity of the selected nucleo-
philes was observed: Tu > 5'-GMP > L-His > DMSO. It
was expected that thiourea has the highest reactivity toward
the Ru(Il) complex studied, because it combines the ligand
properties of thiolates (c-donor) and thioethers (c-donor,
n-acceptor) [45, 46]. However, 5'-GMP reacts slightly
slower than thiourea. Taking into account the size of the

Scheme 1 ko
[Ru(trpy)(bpy)CIT* + L <k—’ [Ru(trpy)(bpy)L]* + CI
1
L = 5-GMP, L-His, Tu, DMSO

Table 1 Rate constants for the substitution reaction of [Ru(trpy)
(bpy)Cl]2+ complex with selected nucleophiles in 0.1 M NaClOy,
20 mM NaCl at 310 K

Nucleophile koM™ s™! 10* kyfs™!
Thiourea 1.35 £ 0.03 14 £03
5'-GMP 1.33 + 0.03 0.16 £+ 0.2
L-His 0.41 £ 0.02 11+1
DMSO 0.020 + 0.002 12406
10
10K, /5!
8 9
6 9
4 E
2 g
104[5'-GMP]/M
0 T T T T T T
0 1 2 3 4 5 6 7
103K, /s°!
33 [T
(3
5 .
2.7
2.4
(3
2.1 1
1.8 1
103[L-His}/M
15 . . T r T
0 1 2 3 4 5

molecule, we expected that 5'-GMP reacts very slowly.
But, besides nitrogen donor atoms in the structure of the
purine base and the well-known coordination to metal ions
via N7 atoms, this nucleotide could be bound to Ru(Il) via
phosphate oxygen atoms as well. This kind of coordination
has been already published for some Ru(II) complexes [9,
26]. After formation of an adduct where the metal ion is
coordinated to oxygen from the phosphate group, very slow
isomerization to the N7 atom of purine takes place. The
reaction with amino acid L-His could also proceed in a
similar way by coordination via oxygen atoms followed by
slow isomerization to N3 from the imidazole ring. The
reaction with DMSO is the slowest. This was unexpected
because DMSO could coordinate via sulfur or oxygen.
However, here a very rigid geometry of the nucleophile
makes access and bond formation difficult.

As mentioned above, Ru(Il) complexes have a huge
potential for antitumor activity. The investigation of their
interactions with biomolecules could help a lot toward better
understanding of some cell processes. On the basis of the
chemical characteristics of such complexes and biologically
relevant molecules, some interactions could be predicted.
One of the most important facts is knowledge of their “hard”
and “soft” behavior. The ruthenium compounds belong to
the “border line” group, which means that they are somehow

24

104 kobs/sil
2.2 1 r{

1.8 4
1.6 1
1.4 1

1.2 1

10 [DMSO}/M|

0 1 2 3 4 5

310K

10K/

W o= A a0 2

10%[thiourea]/M|

0 1 2 3 4 S 6

Fig. 2 Pseudo-first-order rate constants as a function of nucleophile concentrations for the substitution reactions of [Ru(trpy)(bpy)CI]" in 0.1 M

NaClOy4, 20 mM NaCl at 310 K
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“harder” than platinum(Il) complexes [47]. This clearly
explains and supports the bond formation via oxygen atoms
rather than via sulfur or nitrogen, as was the case with anti-
tumor “soft” platinum complexes.

For determination of the values for thermodynamic
parameters to define a mechanism of substitution, the sub-
stitution reaction between [Ru(trpy)(bpy)C1]+ and thiourea
was studied at three different temperatures. Values for kqpsq
as a function of different ligand concentrations and temper-
ature are given in the Supplementary material (Table 4S).
Calculated values for the rate constants at 288 and 298 K are
K% =031 +002M 's7! and k°® = 0.92 + 0.04 M!
s~'. Finally, a negative value for the entropy of activation,
AS” = —105 + 5 K"'"M™!, confirms the fact that the
substitution reaction between [Ru(trpy)(bpy)Cl]+ and thio-
urea undergoes an associative mechanism.

Hydrolysis of [Ru(trpy)(bpy)HO]**

Potentiometric measurements

The hydrolysis constants of the complex were determined
by titration of 1.0, 1.5, and 2.0 mM solutions of [Ru(tr-
py)(bpy)H,0]** with NaOH. The acid-base chemistry was
characterized by fitting the potentiometric data to various
acid-base models. The best model, selected according to
the above-mentioned method of calculation, was consistent
with the deprotonation of water molecules and formation of
hydroxo and p-hydroxo complexes, as given in Eqgs. (2—4).
The calculated values of hydrolysis constants are given in
Table 2.

[Ru(trpy) (bpy)H20]"" = [Ru(trpy) (bpy) (OH)] "+ H* 5,
(1,0,0) (1,-1,0

)
[Ru(trpy) (bpy) (O)]+ H* (3)

A distribution diagram for [Ru(tlrpy)(bpy)HzO]2+
hydrolytic species is shown in Fig. 3. The complex ion
[Ruz(trpy)z(bpy)z(OH)]3 * is present in the system in a pH
range between 2.0 and 7.0, with the maximum in concen-
tration at pH = 4. This ion is assumed to form through the
dimerization of [Ru(trpy)(bpy)H,O]*" and [Ru(trpy)(bpy)
(OH)]" complexes via the hydroxo group as shown in
Eq. (4). The [Ru(trpy)(bpy)(OH)]* ion begins to form at
pH = 2 and reaches the maximum in concentration at
pH = 8. The complex ion [Ru(trpy)(bpy)(O)]* begins to
form at pH = 8, and its concentration increases with further
increasing of pH. Very important is the fact that at physio-
logical pH the aqua complex is completely converted into a
hydroxo form.

Spectrophotometric titration

Spectral measurements were performed on [Ru(trpy)
(bpy)H20]2+ solutions in which the concentration of
complex was kept constant while pH was varied by the
addition of standard HC] or NaOH solutions, as appropri-
ate. All UV-Vis spectra show evidence of an intensive
band between 280 and 300 nm and another lower energy
broad band between 450 and 470 nm (Fig. 4).

The spectral data were first evaluated with the aid of the
computational program pHAb 2006 [49]. The calculations
were carried out in the following way: the complexes found
by potentiometry were included in pHAb calculations, and
their stability constants were allowed to float. When the
best fit of the spectra was achieved, the stability constants
were varied one at a time simultaneously with variation of
molar absorptivities. The accepted results of the calculation
are given in Table 2. Along with the stability constants, in
spectral calculations, the molar absorptivities of the com-

[Ru(tpy) (bpy) (OH)]" = plexes were calculated. Finally, the calculated spectra of
(1,0,0) (1, -2,0) different hydrolytic species are presented in Fig. 5.
K 3
[Ru(trpy) (bpy)H2O]* + [Ru(trpy) (bpy) (OH)]" = [Rua(trpy), (bpy), (OH)] " + H,O (4)
(1,0,0)  (1,-1,0) (2,-1,0)

Proton dissociation from an [Ru(trpy)(bpy)H,O]*"
complex proceeded in two steps (pK, = 4.27 and
pK.» = 10.11). The first step simply produced [Ru(tr-
py)(bpy)(OH)]" species, while the second one gave an
unusual [Ru(trpy)(bpy)(O)]". The formation of complex
with oxyl radical (O™) has already been published [29, 48].
The equilibrium constant (K) for the dimerization reaction
(Eq. 4) was determined to be log K =345 (=log-

B20-1 — log Bio-1).

@ Springer

The obtained values confirm a good agreement between
potentiometric and spectrophotometric measurements.

Complex formation of [Ru(trpy)(bpy)H>OJ*+ with HL
(where HL = 5'-GMP or L-His)

The complex formation of [Ru(trpy)(bpy)Hzo]2+ with
ligands 5'-GMP or L-His, symbolized by HL, was studied
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Table 2 Stability constants of [Ru(trpy)(bpy)HzO]H—HL complexes (HL = 5-GMP or L-His) formed in a 0.1 M NaClO, ionic medium at
298 K

Complexes Log B4 0
Potentiometric Spectrophotometric Potentiometric
OH™ OH~ 5'-GMP L-His
[Ru(trpy)(bpy)(OH)] * —4.27(2) —4.19(6)
[Ru(trpy)(bpy)(O)]* —14.38(4) —14.29(6)
[Ruy(trpy)2(bpy)o(OH)** —0.82(6) -
[Ru(trpy)(bpy)(L)] ™ - - 8.69(9) 7.53(7)
[Ru(trpy)(bpy)(HL)** - - 15.62(6) 14.20(6)
[[Ru(trpy)(bpy)]o(HL)I** - - - 18.69(13)
Statistics 7 =13.32 7 =10.32 7 = 13.06 =129
s =196 s=173 s=151 s =273
Fig. 3 Distribution diagram of 100 —
[Ru(trpy)(bpy)H,01>* Ru(trpy)(bpy)H,O** [Ru(trpy)(bpy)(O)]*
hydrolytic species in 0.1 M B Ru(t b OH)I*
NaClO; ionic medium at 298 K 80 [Ru(trpy)(bpy) (O]

(Clruupy) bpyyrz0)> " = 2.00mM)
60 — [Rus(trpy)>(bpy)o(OH)**

% -

40 —

20 —

pH

Fig. 4 The UV-Vis spectra of 45
[Ru(trpy)(bpy)H,01** at
different pH values

pH
—1.15
1.44
2.97
——3.63
4.86
—6.10
6.89
—7.70
——10.64
—11.53

620 720
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Fig. 5 The calculated spectra 8.0E +05

of [Ru(trpy)(bpy)H,01**
hydrolytic species

7.0E +05
6.0E +05
5.0E +05
w 4.0E +05
3.0E +05

2.0E +05

1.0E +05

— [Ru(trpy)(bpy)H20]2+

— - = [Ru(trpy)(bpy)(OH)]+

- = - = [Ru(trpy)(bpy)(O)}+

0.0E +00
220

320 420 520 620 720 820 920 1020

Fig. 6 Distribution diagram of 100
[Ru(trpy)(bpy)H,0]**-HL

(where HL = 5'-GMP) species

at a ligand-to-metal 80 —
concentration ratio = 1:2 and

total [Ru(trpy)(bpy)H,0]** B
concentration 1.0 mM 60

% —

40 —

20 —

[Ru(trpy)(bpy)(OH),]

[Ru(trpy)(bpy)(L)]"

[Ru(trpy)(bpy)(OH)]*

by potentiometric titrations in aqueous 0.1 M NaClO, at
298 K in concentration ratios of 1:1, 1:2, and 2:1 (metal:-
ligand). The composition of the species of the general
formula M H/L, (where M = [Ru(trpy)(bpy)H20]2+,
HL = 5’-GMP or L-His) was calculated using the computer
program Hyperquad 2006 [50]. The formation constants
calculated for the selected systems are given in Table 2,
while the distributions are shown in Figs. 6 and 7 (Sup-
plementary Material, Figs. 3S and 4S5).

It is well known that 5-GMP can coordinate to metal
ions via N1 and N7 positions, but binding through the N7
position in a neutral or weakly acidic medium has been
verified. Also, depending mainly on the type of metal ion
5'-GMP has the possibility to coordinate via phosphate
oxygen. However, the product formed usually undergoes
isomerization to an N7 bounded form. L-His could be
coordinated to metal ions via amino, imidazole, and car-
boxylate groups. In biological systems, there are numerous

@ Springer
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metalloproteins in which metal ions are bound to an
L-histidine through N1 or N3 atoms of imidazole. However,
this amino acid can coordinate some metal ions via car-
boxylate oxygen but the thermodynamically more stable
product is always N3 or N1 bounded.

Figure 6 shows that complex formation between
[Ru(trpy)(bpy)H20]2+ and nucleotide 5-GMP starts
almost at the beginning of the potentiometric titration
giving [Ru(trpy)(bpy)(HL)]*" (HL = 5-GMP) complex
with the maximum in concentration at a pH of about 5. The
complex with deprotoneted nucleotide [Ru(trpy)(bpy)(L)]"
starts to form at pH 5, and its maximum in concentration is
reached at a pH of about 8.5. The pure hydrolytic com-
plexes of [Ru(terpy)(bipy)H20]2+ are present in solution in
considerable amounts (Supplementary Material, Fig. 35).

The distribution diagram of the [Ru(trpy)(bpy)-
HZO]2+ + L-His system, shown in Fig. 7, indicates
that in highly acidic solution the complex [Ru(trpy)
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Fig. 7 Distribution diagram of 100
[Ru(trpy)(bpy)H,0]**~HL
(where HL = L-His) species at a

ligand-to-metal concentration 80 — {[Ru(trpy)(bpy)l,(HL)}*

ratio = 1:2 and total

[Ru(trpy)(bpy)H,01** ]
concentration 1.0 Mm 60 —|

% m

40 —

20 —

[Ru(trpy)(bpy)(OH),]

[Ru(trpy)(bpy)(HL)J**
[Ru(trpy)(bpy)(L)]*

(bpy)]z(HL)]4+ (HL = r-His) is dominant. Formation of
the complex [Ru(trpy)(bpy)(HL)]2+ starts at pH = 2 and
reaches its maximum concentration at pH = 6. The com-
plex [Ru(trpy)(bpy)(L)]* starts to form at pH = 5 and
reaches its maximum concentration at pH =~ 8. The pure
hydrolytic complexes [Ru(trpy)(bpy)OH]" and [Ru(tr-
py)(bpy)H,O]*" are also present in considerable amounts
at pH > 9 (Supplementary Material, Fig. 4S).

Calculated stability constants for the species (Table 2)
show that complexes with 5'-GMP are more stable than
complexes with L-His. Taking into account the volumi-
nosity of 5'-GMP and L-His as well as the bulkiness of inert
ligands in the structure of [Ru(trpy)(bpy)H,O]*", it can be
concluded that here intramolecular hydrogen bonds play a
significant role for the stability of products. In both systems
studied, mixtures of [Ru(trpy)(bpy)(HL)]2+ and [Ru(tr-
py)(bpy)(L)]" complexes are present at physiological pH.
This observation could be very important for further
understanding of interactions between Ru(Il) complexes
and bio-molecules structurally similar to those investigated
in this work.

Conclusions

We present results for the rate constants of the substitution
reactions between [Ru(trpy)(bpy)Cl]" with the nucleo-
philes 5-GMP, r-His, Tu, and DMSO obtained by
conventional spectrophotometry. The best nucleophile is
thiourea. The order of reactivity for selected ligands is:
Tu > 5'- GMP > L-His > DMSO. This is in a good
agreement with their electronic, structural, and chemical
characteristics. The associative mode of substitution is
confirmed for the substitution reaction with Tu. The mono-
functional complex [Ru(trpy)(bpy)CI]t with 5'-GMP and
L-His forms very stable products, especially with 5'-GMP.

R (trpy)( /
T
4

pH

Finally, knowledge of the composition and stability of the
species in the studied systems, especially at physiological
pH, could contribute to a better understanding of some
interactions in biological systems.

Experimental

RuCl;3-xH,O, a starting salt for other synthesis, was pur-
chased from Acros Organics. The ligands thiourea (Tu),
dimethylsulfoxide (DMSO), guanosine-5’-monophosphate
sodium salt (5'-GMP), 2,2'-bipyridine (bpy) (Acros Organ-
ics), L-histidine (L-His) (Merck), and 2,2':6,2"-terpyridine
(trpy) (Sigma Aldrich) were used without further purifica-
tion. All other chemicals were of the highest purity
commercially available.

The solutions of complex and ligands for kinetic mea-
surements were prepared in 0.1 M NaClO4. To prevent
hydrolysis of the Ru(II) complex 20 mM NaCl was added
to the solution. Ligand stock solutions were prepared
shortly before use by dissolving the chemicals in purified,
deionized water. The ionic strength of the solutions was
adjusted to 0.10 M using NaClO4 (Merck, p.a.). The pH of
the solutions was adjusted using HCIO4 and NaOH. The
sodium hydroxide solution was prepared from concentrated
volumetric solution (Merck, p.a.) by diluting with freshly
boiled double-distilled water, cooled under constant flow of
purified nitrogen. The alkali concentration was checked by
titration against potassium hydrogenphthalate. For the
preparation of perchloric acid solution, HCIO, (Merck,
“Suprapure”, p.a.) was used. The concentration of the
resulting solution was determined by potentiometric
titration against tris(hydroxymethyl)aminomethane. The
concentration of HCIO, solution was 0.0923 M, and the
concentration of NaOH solution was 0.0982 M. Nitrogen
gas, used for the stirring of solutions and providing an inert
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atmosphere during the titrations, was purified by passing it
through 10 % NaOH, then 10 % H,SO,, and finally dis-
tilled water. Ultrapure water was used for preparation of all
solutions.

Preparation of the complexes

The complex [Ru(trpy)(bpy)CI]Cl was prepared according
to the published procedures [29, 30, 51]. Ruthenium salt
RuCl3-xH,O (assuming x = 3; 0.20 g, 0.89 mmol) was
dissolved with stirring and heating in 30 cm® absolute
ethanol. After dissolution, 0.21 g ligand 2,2:6',2"-terpyri-
dine (0.89 mmol) was added and the mixture refluxed
about 3 h. Then, an equimolar amount of 2,2'-bipyridine
(0.14 g, 0.89 mmol) was injected into the flask. The system
was refluxed for 4 h with the addition of an excess of LiCl
(1.5 mmol) and triethylamine (0.4 mmol) as a reductant.
Under this procedure, the reduction of Ru(IIl) occurs, and
the final product is the Ru(Il) complex. Finally, when the
mixture was cooled to room temperature, the red-orange
precipitate that formed was filtered, washed with ethanol
and ether, and air-dried. The chemical analysis, '"H NMR
and UV-Vis spectroscopic data were in good agreement
with previously published results.

The chlorido complex was converted into the aqua
analog [Ru(trpy)(bpy)H,O1** by addition of two equiva-
lents of AgClOy, heating the mixture to 50-60 °C for 1 h
and removing the formed precipitate AgCl by filtration
through a 0.10-pum pore membrane filter. Great care was
taken to ensure that the resulting solution was free of Ag™
ions and that the chlorido complex had been converted
completely into the aqua species.

Kinetic measurements

UV-Vis kinetic measurements were carried out on a Per-
kin-Elmer Lamda 35 double-beam spectrophotometer
equipped with thermostated 1.00-cm quartz Suprasil cells.
The kinetics of the substitution reactions of [Ru(trpy)
(bpy)Cl]Jr with nucleophiles 5-GMP, L-His, Tu, and
DMSO were studied by following the changes in absor-
bance at a suitable wavelength as a function of time. The
working wavelength for each reaction system was deter-
mined by recording the spectra of the reaction mixture over
the wavelength range between 220 and 450 nm. These
values are presented in the Supplementary material
(Tables 1S-4S). The reactions were initiated by mixing
equal volumes of complex and nuclephile solutions
(1.5 cm?®) in the quartz cuvette. The concentration of ligand
was always large enough (at least a tenfold excess) to
provide pseudo first-order conditions. The kinetic traces
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gave an excellent fit to a single exponential (Supplemen-
tary Material Fig. 2S).

Potentiometric measurements

Potentiometric titrations were carried out in a double-
walled glass vessel, thermostatted at 298 + 0.1 K. Mea-
surements were made by a Mettler Delta 350 digital pH
meter (precision + 0.01 mV or £0.002 pH units) equip-
ped with a combination glass electrode. This electrode
was calibrated using standard buffer solutions of pH
4 and 7, obtained from Sigma. The Metrohm Dosimat
model 665 automatic burette with an anti-diffusion tip
was used for delivery of the titrant. The ionic
strength of all test solutions was adjusted to 0.1 M with
NaClOy.

To reduce the concentration of the hydrogen ions, the
alkali was added stepwise from an autoburette in small ali-
quots (0.005-0.01 cm?). The potential was monitored after
each addition of titrant. The titration protocol was chosen in
such a way that the hydrolysis and complex formation
reactions would proceed in conditions as close as possible to
true equilibrium. The potential readings were taken every
2 min until steady values to +0.1 mV min~' were obtained.
The average equilibration time for each point was 5 min at
the beginning of the titration and 10 min when the com-
plexation occurred. Stability constants were determined by
titrating 1.0 and 2.0 mM solutions of complex with standard
NaOH solution. The formation constants of complexes
formed were determined by titrating the solution mixture of
Ru(Il) complex (2 mM) and ligand (5-GMP or L-His) in
concentration ratios of 1:1 and 1:2 (complex:ligand). The
titration solution mixtures had a volume of 20.0 cm®. All
titrations were carried out in duplicate. The agreement
between duplicate titration was better than 1 %.

Spectrophotometric titrations

Spectral measurements were made on a model Lambda 35
double-beam UV-Vis spectrophotometer (Perkin-Elmer,
USA). Operational parameters were: scan speed: 2 nm/s;
slit width: 0.3 nm; photometric sensitivity: 0.2 abs. units.
Matching pairs of 1-cm quartz cuvettes were used for
measuring the spectra. Spectral measurements were made
on solutions in which the concentration of [Ru(trpy)
(bpy)H,O1*" complex was 0.02 mM while the pH was
varied between 1.15 and 11.53. The pH of the test solutions
was measured with a combined electrode, which was cal-
ibrated using standard buffer solutions of pH 4 and 7
obtained from Sigma. Spectra of the test solutions were
recorded in 220-1.020-nm wavelength intervals.
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Data treatment

The species formed in the studied systems were charac-
terized by the general equilibrium:

pM +qgH +rL = M,H/L; [fp,q‘r

(M = [Ru(trpy)(bpy)H,0]*"; HL = 5/— GMPH or L — HisH)

(5)
and the corresponding constants are given by:

[M,H,L,]
ﬂp,q.r =

MP[HIILY (©)

where L is the deprotonated molecule of the ligand.

In this study, the convention has been adopted whereby
a complex containing a metal ion, M, proton, H, and
ligand, L, takes the general formula M,H,L,, where p, ¢,
and r are the stoichiometric indices of the components in
the complex. A negative value for g refers to proton
removal or hydroxide ion addition during formation of the
complex. Thermodynamically, these two processes are
equivalent and cannot be distinguished by potentiometry.
The equilibrium constant for the formation of this complex
from its components is then designated by the symbol
Bp.qr For simplicity, the charges of these species are
omitted.

Three kinds of equilibria should be considered in the
present study: (a) protonation of the ligand anion,
(b) hydrolysis of the [Ru(trpy)(bpy)HZO]2+ ion, and
(c) general three-component equilibria, which include the
case g = 0, i.e., the formation of pure binary complexes of
[Ru(trpy)(bpy)H,0]**. The overall protonation constants
of 5-GMP and L-His anion were taken from the literature
[52]. The stability constants of hydrolytic complexes of
[Ru(trpy)(bpy)Hgo]2+ ion were determined in separate
experiments. Thus, in evaluation of three-component
equilibria (c), the binary models (a) and (b) were consid-
ered as known. The concentration stability constants of the
complexes, f3,,, were calculated with the aid of the suite
of computer programs Hyperquad 2006 [50]. In Hyperquad
calculations, the identity and stability of complexes that
give the best fit to the experimental data were determined
by minimizing the objective function U, defined by:

U = Z;W;(Eops — Eca10)2 ()

where E,,s and E.,. refer to the measured potential
calculated from Eq. 5. The weighting factor W; is defined
as the reciprocal of the estimated variance of the
measurement.

W, =1/0 = 1/[o} + (6E/6V)’c}) (8)
where or and oy, are the estimated variances of the

potential and volume readings, respectively. The quality
of the fit was judged by the values of the sample standard

deviation S and the goodness of fit %> (Pearson’s test). At
o = 0.1 mV (0.001 pH error) and oy = 0.005 cm?, the
values of S in different sets of titrations were between 1.0
and 1.8, and ;(2 was between 11.0 and 13.0. The scatter of
residuals (Eqps — Ecaic) versus pH was reasonably ran-
dom, without any significant systematic trends, indicating
a good fit of the experimental data. The finally accepted
sets of complexes are given in Table 2. Statistical
parameters, which determine the quality of the fit, are also
given.

The spectrophotometric data were evaluated with the aid
of the program pHAb 2006 [49] (which also belongs to the
Hyperquad family but possesses some additional and
improved features) and the program Hyperquad 2006,
which can treat spectral data. Potentiometric and spectro-
metric data were made consistent by concomitantly
evaluating both kinds of data with the aid of the Hyperquad
2006 suite of programs using the best model obtained in
separate treatments. Distribution of species in solution was
calculated by the program Hyss 2006 [53].
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OBPA3AII 1.

H3zjaBa o ayTopcTBY

Ilotnucany — a /_\ LEKCAHAAP M UJATORU l’tl
6poj ymuca__ 2/ /0

N3jaBmyjem

Jla je JOKTOpCKa JUcepTalyja Mo HacJIOBOM

KUHETUKA U MEXARUBAM CYICTUTYLUOHUK  PEAKLLUIA
KOMIAEKCA  TANANUTYMA (1) U PYIEHUTYNA (1)

pEe3yNTaT CONCTBEHOI HCTPAKUBAYKOL paja,

Jla IpeJUIoKeHa TUcepTaluja y LeJMHNA HU Y JIeIOBUMa Hije OnIIa IpeuloyKeHa 3a
nobujame OUII0 Koje TUIIOME IpeMa CTYAMjCKUM IIporpaMuMa Apyrux
BHCOKOUIKOJICKUX YCT@HOBA,

1ia Cy pe3yJaTaTH KOPEKTHO HAaBEIECHH U

Jla HACaM KpIIHO/JIa ayTOpCKa MpaBa 1 KOPUCTHO UHTEJIEKTYaIHY CBOJUHY APYTUX
JMLA.

IToTnuc ayropa

V Kparyjesuy, 09,04, 2015

Q[emcwxc[cw J\/LUCLJ[G\A\C'




OBPA3AII 2.
N3jaBa 0 HCTOBETHOCTH HITAMIIAHE H €J1EKTPOHCKE Bep3Hje JOKTOPCKOT paja

VMe u mpe3uMe ayTopa A/LEKCA HAAP M UWIATOR W b&

Bpoj ymuca_ 2/ /O

Crymujcxu mporpam AO KTOPCKE  AKANE MeiE  CTYAUKIE"

Hac1oB pana KUKETUIE W MEARUZAM QI LUOH PACILUIA KOMITIERCA WU IMA (i) U PYREHUIIMA-(1)
Mentop_[[Poch AP Iftubasuu A byrapqukh

[ToTnucanu A ANEKCAHAAD H UWIATOB LL{/'L

H3jaBjbyjeM [a je [iTamIlaHa Bep3Hja MO TOKTOPCKOI pajia UCTOBETHA €JEKTPOHCKO] BEP3HjH
KOjy caMm Impermao/nia 3a o0jaBjbMBame Ha 1nopTany Jlururaasmor pemosuTopujyma
Yuusep3urtera y Kparyjesuy.

Jlo3BoJ/baBaM Ja ce 00jaBe MOjH JHYHHU TTOJAllM BE3aHH 3a J00HMjame akaIeMCKOr 3Barba JOKTOP
HayKa, Kao IITO Cy UMe ¥ Mpe3rMe, FOJIMHA B MECTO polersa U 1aTyM oaOpaHe paja.

OBM JIWYHH IIOJALM MOry ce O0jaBHTH Ha MPEKHHM CTpaHHUIlaMa JUTUTagHe OubiuoTeke, y

eJIEKTPOHCKOM KaTajory u y myOsiukanujama YHuBep3utetra y Kparyjesmy.

ITormuc ayropa

V Kparyjesity 0904' 2015,

Alexsaunclor Ju'w atovic’




OBPA3AII 3.
H3jaBa o kopumhemy

OsnamhyjeM YHUBEp3UTeTCKY OMOMMOTEKY na y JlururanHu PETO3UTOPUjYM Y HUBEP3UTETA Y
KparyjeBiy yHece MOjy JOKTOPCKY IMCEPTAL]y MO HACTIOBOM:!

KUBETUKS U MEXAHUBAN  CYNTUTYLUORUX  PEAK 1L UOA

LOMREKcA DATDANUOYMA (1) u  PYTEANIYHA [1I)

KOja je Moje ayTOpPCKO JIeJIo.

JlucepTamyjy ca CBHM TPUJIO3MMA [PENao/la CaM y ENEKTPOHCKOM (opMaTy IMOTOIHOM 32
TPajHO ApPXUBUPAHE.

Mojy HOKTOpCKY MMCEPTalLHjy HOXpameHy y JUruTaisu pEo3UTOpUjyM Y HUBEP3UTETA Y.
Kparyjesiry Mory ja ce KOPHCTE CBH KOjH IOLITY]Y ozmpenfde campXaHe y onabpaHoM THILY
munenne Kpearusne 3ajenauie (Creative Commons) 3a Kojy cam ce OJUTy4HO/N1a. "

@ AyTOpCTBO

2. AyTOpCTBO — HEKOMEPLIHjalHO — 0e3 mpepaje

3. AyTOpCTBO — HEKOMEPIIU)alHO — JIEJIUTH IO HCTHM yCIOBUMA
4. AytopcTtBo — 6€3 mpepaje

6. AyTOpPCTBO — ICTHUTH I10J UCTUM YCJIOBAMA

(MoJIEMO J1a 320KPYIKHTE CaMO jeHy OJ IEeCT HOHY)eHNX JTHIEHIH, YHjH je KpaTaK Omuc

nar je Ha oOpacity 6poj 4.).

IMoTnuc ayropa

V Kparyjesuy 09.04. 20/ 5.
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(
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