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/p bumwanu Ilemposuh maxohe ce 3axeamyjem na yuewthy y Komucuju 3a npezneo, OyeHy
u 006pany mese. [locebno ce 3axsamyjem op I[lemposuh na necebuunoj nomohu moxom uzpaoe u
nucarba 0OKmMopcke oucepmayuje, Ha 3HAY Koje MU je NpeHOCUld MOKOM peanuzayuje 0802
paoa, Kao u Ha MHO20OPOJHUM KOPUCHUM U NPUjaAMe/bCKUM CABemUMa KOju Cy MU NYHO HOMO2IU
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cyeecmujama moKom eKCnepumMenmanio2 paoa u uspaoe oge OOKmMopcke oucepmayuje.

3axearnocm  uspascasam  kpucmanoepaguma npog. Enuy  3anepandy  (Ennio
Zangrando), npog. Hcmoxky Typeny (Iztok Turel) u op Jaxoby Kwyny (Jakob Kljun) xoju cy

Vpaounu peHo2eHcKe CMpYKmypHe aHaiuse U 3Ha4ajHo 0onpuHenu UHmepnpemayuju pe3yaimama.

Hajeehy 3axeannocm oyeyjem ceojum pooumessuma, bpamy u cynpyey Anexcanopy, kao u
C8UM npujamesumMa HA CMAnHoj u 6OespezepeHoj nodpuiyu u pasymesary. Ilocebno ce
3axsamyjem pooumesnsuma Ha 6e3yCl08HO] bYOABU, CIMPRBERY U 0XPAOperY, WMo Mu je nyHO
onaxwano oa 3aspuum Ookmopam. OHU Cy MOj BeIUKU OCIOHAY ) IHCUBOMY U 3AMO UM
noceehyjem o8y oucepmayujy.

Ana Punax Cumosuh
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n3BOJA

Heoprancka jenumema HMajy BaXKHY YJIOTY Yy OHOJOMIKUM W OHOMETUIIMHCKAM
npouecuma. [lo3HaTo je Aa MHOra jequmema Koja ce KOPUCTE y MEIUIMHUA HEMajy camo
OpPraHCKM HauuH jenoBama. Heku cy akrtuBupaHu uiam OuorpaHchopMucaHHM MOMOhy joHa
MeTana, ykibydyjyhu meranoensume. Jpyru umajy IUpeKTaH WIM HMHIUPEKTaH yTULA] Ha
MeTaboNM3aM joHa MeTasa. JOHH MeTayna cy Takoe BeoMa BaKHU 3a CTPYKTYPY U (YHKIH]jY
HYKJIEMHCKHUX KucenuHa. [lopen Tora, HeeCeHIMjalHU JOHH MeTajla BEOMa YeCTO CE€ KOPHCTE Y
OMOJIOIIKUM CHCTEMHMA y TEpareyTCKe U TUjarHOCTUYKE CBpXE.

Haxon Benukor ycnexa IUCIUIATHHE Y JIeYeky KaHIepa, noce0Ha maxma je nocsehena
pa3Bojy pyreaujym(ll/111) komrmiekca Kao MOTEHIHMjAIHUX AHTUTYMOPCKHX arcHaca. [JiaBHe
pasnuke u3Mel)ly pyTeHHjymMa U IUIaTHHE Cy: OICEr JOCTYIHUX OKCHIAIMOHHX CTamba,
KOOpIUHAIIMOHU Opoj u reomerpuja. BesuBame pyTeHHjyMa 3a OHOMOJIEKYyJIE MOXKE OUTH
peBEep3UOMIIHO, ITO MOXKE PEAYKOBATH TOKCUYHOCT MeTala, 3a pa3jIuKy o]l IIaTuHe. PyreHujym
cnana y VIII rpyny npenasHux merana kao u rBoxhe. PyreHujym mosxe na 3amMmeHu rBoxhe npu
BE3WBamby 3a OMOMOJIEKYJIe, a Kako henuje Tymopa uMajy nosehany norpely 3a rBoxkhem, To he
oMoryhutu epukacHujy 10CTaBy KOMIUIEKCA PYTEHH]yMa J0 JKeJbEeHE MeTe.

[TpumapHU 1IMIb pa3Boja PYTEHUjyM aHTUTYMOPCKHX KOMILJIEKca je Hahu TakBO jeANbEmne
Koje he MMaTu aKTMBHOCT IpemMa TyMOpHMa KOJU Cy PE3UCTEHTHHM Ha JIEKOBE IIJIaTHHE.
CexyHapHU IIUJb j€ J1a aKTUBHOCT HE O Tpebano na Oyae mpaheHa BEIMKOM TOKCHYHOIINY,
OJTHOCHO [1a jeINkbeha UMajy A00py MOJHOLUBMBOCT M LIMPOK TEPANeyTCKU OIcer (Tj. BETUKU
oricer e)eKTUBHE /103€ Tpe MojaBe MTETHUX edekara).

Kako je JJHK Bakxna Ouononika mMeTa 3a MHOT€ aHTUTYMOPCKE KOMIUIEKCE Pa3IMYUTHX
MeTaja, OJ] BEJIMKOT j€ 3Hauaja MO3HaBamke MeXaHu3Ma KoopauHoBama 3a JIHK morennujamanx
AHTUTYMOpPCKUX areHaca. YTBpheHo je na ce apena pyreHujym(ll) xomruiekcu koopauHyjy
NpeTeXHo 3a TyaHuH mnpeko N7 a3oroBor aroma. 3aTuM Cy HCTpaxKHBama OKpEHyTa Ka
MHTEPAKIMj aHTUTYMOPCKUX KOMILIEKCAa pyTeHHjyma ca npotenHuMa. HenaBHo je mponalheHo
7la ¥ €eH3UMH MOTY OMTH METe Yy XeMOTEepaIliju KaHIepa.

VY mupy yrBphuBama omgHoca usMely CTpYKType M aKTHBHOCTM HOBHMX MOTEHIIMJATHO

AHTUTYMOPCKUX KOMILJIEKCA Kao U y IHJbY A00Mjama Bulle nHpopmaiyja o Moryhum HaunHIMA
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WHTEpaKIje WCIUTUBAHUX KOMIUIEKCA, Y OKBHPY OBE JIOKTOpPCKE amcepranuje ypaheHa je
CHHTE3a M KapakTepu3anuja MoHOpyHKIMoHamHUX pyTreHnjyM(ll) kommiekca, kao w
WCIIUTUBAKE IbUXOBUX MHTEPAKIMja ca OMOJIOIIKY 3HaYajHUM Juranauma. Jlooujeru pesyiararu

Cy IIpMKa3aHu cieaehumM penociieioM:

» CunHre3a ® Kapakrepuzauuja MOHOQYHKuMOHaTHHMX pyTeHujym(ll) xommiekca ca
mepuaujanHe reomerpujom ommre (opmyine mer-[Ru(Ls)(N-N)X][Y]n (rme je
L; = Cl-tpy (4'-xm0po-2,2":6',2"-repiupuaun) win tpy; N-N = en (1,2-auamunoeran),
dach (1,2-guamunonukinoxekcan) win bpy (2,2-6unupuaun)); X = Cl wim dmso-S;
Y = Cl, PFg umu CF3SO3; n = 1 wnum 2, 3aBucu on npupoze X). bugaenratHu xematHu
nuranad, e€n u dach, usabpanu cy paam moOoJblllarba PAaCTBOPJBHMBOCTH FHHXOBHX
KOMILJIEKCa y BOJIH, Ka0 U 300T IBUXOBE CIIOCOOHOCTH 3a (POPMHpamEM BOJOHUYHUX Be3a
ca KOOpJIIMHOBaHUM HyKJieoOa3ama. OBa mociie/iiha 0cCoOOMHA TI0jaBUIIa ce Kao MPeIyciioB
3a MOCMAaTpame aHTUTYMOPCKE aKTMBHOCTH KOJ MOHO(YHKIMOHaTHUX ,.half sandwich”
pyreaunjym(ll) kommuekca. Pamu nopehema namnpasber je u oarosapajyhu Ru(Cl-tpy)
komiuieke ca N-N = bpy. CBH HOBOCHHTETH30BaHH KOMILIEKCH CY J00pO pacTBOPHH Y
Bomu (> 25 mg/mL), ocum [Ru(Cl-tpy)(bpy)(dmso-S)][Y]. (8, Y = CF3SO; umu PFg).
[IpoyuaBame Xuaponu3e HOBUX KOMIUIEKCa Yy BoJeHOM pactBopy nomohy NMR
criekTpockonuje, mokasano je aa xiaopuao aepusat [Ru(Cl-tpy)(N-N)CI][CI] rae je N-N
= en (1), dach (2) u bpy (3), u [Ru(tpy)(N-N)CI][CI] rme je N-N = en (4) u dach (5)
XHIPOIHN3Yjy 0 oaroBapajyhux akBa Komiiekca. bp3uHa peakuuje XUApOIH3e 3aBHCH
OJ1 IPUPOJIC XEJIATHOT JITaHa (HEKOJIMKO MUHYTa 3a en u dach, Hekonuko catu 3a bpy).
Ca apyre crpane, dmSO gepuBaTH Cy BeoMa CTaOMIIHU y BOJAM, YaK M HAKOH HEKOJIHKO
caTu HUCY youeHe mpoMeHe. He mocroje Heke 3Ha4ajHe pa3iiuKe y MmoHamamy umely tpy
u oxaroBapajyhux Cl-tpy komruiekca. Takohe cy ucnutuBane uHTepakiuje 1, 2 u 3
KOMIUTeKca ca jgepuBatuma ryanuHa, 9MeG  (9-metwnryanmn) wu  5-GMP
(ryano3un-5'-moHodocdar). CBa Tpu KOMIUIEKCa c€ KOOpPAUHY]Y celeKTUBHO 3a N7
a30TOB aToOM TyaHWHAa. bp3WHa peakuuje 3aBUCH OJ MPHPOAE XEJATHOT JIMTaH[a:
KoMIUIeKcH 1 1 2, Koju uMajy aau(aTuyHyu AMaMHUH Kao XeJIaTHHU JIMraHj, pearyjy 10cTa

Oprke (HEKOJIMKO MUHYTA JI0 HEKOJIMKO CaTH) y OJHOCY Ha KOMIUIEKC 3 Koju campxku bpy
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(aexonuko mana). [Topexn Tora, mponalheHo je 1a KoMIuieke 1 mokasyje celeKTHBHOCT MpH

koopauHoBamy 3a 5'-GMP y korkypennuju ca 5'-AMP (aneno3un-5-monodocdar).

Pesynrati ucnuTHBama CyncTHUTyHMOHUX peakiuja asa pyrenujym(ll)-tpy kommiekca,
[Ru(Cl-tpy)(en)CIJ[CI] (1) wu [Ru(Cl-tpy)(dach)CI][CI] (2), ca Ttuoypeom (Tu),
L-uucrennom (L-Cys), L-metnonnnom (L-Met), mupasomnom (Pz), 1,2,4-rpuaszonom (Tz)
u upuarHoM (PY). JloOujeHun pesynrartu 3a peakiuje Komiiekca 1 1 2 ca HCIUTHBAaHUM
JWraHAMMa jaCHO MOKa3yjy Ja Op3WHa peakiyje 3aBHCH OJ] MPHPOJIE XEJIATHOT JUraH/ja:
en komiuieke 1 pearyje 2 myra Opxe y ogHocy Ha dach kommiekc 2. Melyytum, npupoma
yJa3HOT JINTaH/a je BeoMa OuTHA. PeakTMBHOCT M3yuaBaHMX JIMTaHaja onaja y cienehem
uu3y: Tu > L-Cys > Pz > Tz > Py > L-Met. Herarusue Bpenoctn 3a AS” ykasyjy Ha
acorjaTuBHM MexaHm3aMm cymncrurynmje. DT wu3pauyHaBama ykasyjy Ha jacHy
NPEIHOCT KOOpAWHALIMjEe TYaHHWHAa y OJHOCY Ha KOOPAHMHAILM]Yy THOETPa, IITO MOXKeE
UMAaTH BXHY YJIOTY Y (hapMaKoJIOIIKOj aKTUBHOCTH PYTCHHU]jYM TEPIIMPHINH KOMILIEKCA.
VY cknany ca NMR pesynratuma, BaKHO je HalOMEHYTH Ja peakiuje komruiekca 1 u 2
Boge Ka ¢opmmpamy THomaro kommiekca  [Ru(Cl-tpy)(en)(SR)]Y (4) w
[Ru(Cl-tpy)(dach)(SR)]" (11), a 3aTuM 10 OKCHAAIMje THOIHOT CyMIIOpa BE3aHOT 3a
pyrerujym(11), dopmupajyhu cynpenaro xommexce [Ru(Cl-tpy)(en)(RSO)** (5) u
[Ru(Cl-tpy)(dach)(RSO)]** (12). NMR excrepumeHTanHo 10GHjeH: pesynTatu, Takohe,
noKasyjy Jna ce y mouyeTtHoj (asu peaximje, 1z Besyje 3a pyrerujym(ll) mpeko N2
a30TOBOT aToMa, IITO je KWHETUYKH (paBOpU30BaH MpoOIleC, a 3aTUM HakoH 8 10 10 catu
nounwe (Qopmupame TepMoauHamMuuku crtaOunHujer N4 mnpowusBona. Pasnuka y

crabunHoctu N2 u N4 npousBoza je nonatHo gokazaHa u nomohy JIdDT uspauyHaBama.

Pesynarat wucnuTHBama KHHETHKE peakldje XUAPOIM3e 3a TPU KOMIUIEKca
[Ru([9]aneS3)(en)CI][PFs] (1), [Ru([9]aneS3)(bpy)CI][PFe] (2) u [Ru([9]aneS3)(pic)Cl]
(3), rme je [9]aneS3 = 1,4,7-tputnanmkioHoHaH, pPic = nukonuH. Kako ce Bepyje na je
JHK rnaBHa Owonomka MeTa onroBapajyhmx akBa KOMIUIEKCA, HMCIHTHBaHA je
WHTEpaKIMja KOMITIEKca ca JaepuBarnMa ryanuHa, 9IMeG, Guo (ryanosun) u 5-GMP.
Haljeno je na ce xomruiekcu KoopuHyjy cenekTuBHO 3a N7 azotoB atom 9IMeG, Guo u

5'-GMP, pu uemy Op3uHa peakiyje 3aBUCH OJ] IPUPOJIC XEIATHOT JTUTranaa. Penarencka
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cTpykTypHa aHamu3za komiutekca  [Ru([9]aneS3)(en)(9MeG-N7)][PFs]. (4) =u
[Ru([9]aneS3)(pic)(9MeG-N7)][PF¢] (10) mokasyje ma kaga XeNaTHH JIMTaHI IOCELYje
moryhHocT dpopmupama BogonnuHe Bese (Chel = en), nonasu no noxatHe crabuimzanmje
CTBapameM HHTpamolieKyicke Bogonnyne Bese uzmehy C(6)=0 ryanuna u NH rpyme en.
YTBpheHo je na ce xuaponm3a komiviekca 1, 2 u 3 oxuja y Toky 30 muHyTa Ha 298 K,
KOja je 3a JBa peJa BeJIMYHHE Oprka 0] XUAPOJIN3e UCIUIATHHE U 32 jellaH peJl BEINUYMHE
6pxa y oHOCY Ha opraHoMeranHu komiuieke [Ru(n’-apena)(en)Cl]*. Bpsuna peaxumje
xuaponuse pacte y cienachem nusy: 1 (en) > 3 (pic) > 2 (bpy), ykasyjyhu na 3aBucu on
NpUpOJIe U HaelleKTpucama xenatHor juranfga. C o03MpoM Aa Cy peakuuje aHauuje
Takohe Op3e, KOHCTAaHTE PAaBHOTEXKE Cy PEIaTUBHO Majie (1072 M). JloOujenu pesynraTu
UCTIUTUBAkba KHHETHUKE CYIICTUTYIIMOHUX peakiuja komiuiekea 1, 2 u 3 ca 5'-GMP, jacao
nokazyjy na Op3uHa peakiyje 3aBHCH O]l NPUPOAE XENATHOT JIMTaHAa Ipe HEero O
HaeJIeKTpucama komiuiekca. Heyrpannu komrmiieke 3 Besyje 5'-GMP uctom 6p3uHoM Kao
U KaTjOHCKU KOMIUIeKCc 2, a 2,5 myTta Opke y ogHocy Ha KoMiuiekc 1. AcomujaTuBHH
MeXaHU3aM peakifje CYINCTUTYIHje je MOTBpheH Ha OCHOBY MOOWjEHHX BPEIHOCTH 3a

EHTANNHA]y ¥ eHTpOnHjy akTuBHpama (AH” > 0, AS” < 0).

NsyuaBane cy cyncruryuuoHe peakiuje pyrerujym(ll) apena  komruiekca
[Ru"(n®-p-cym)(pydc)Cl] (rme je p-cym = P-U30TPOITHIT TOJyEH,
pydc = 2,3-nmupuauHInKapOOKCHIATO) ca a30T-A0HOPCKUM HYKJIeopHInMa, Kao IITO Cy
5’-GMP, Guo u L-His (L-xuctugun), nomohy UV-Vis cnekrpodoromerpuje 1 NMR
criekTpockomnuje. Peakiuje cy mpahene mon ycioBuMma peakije pseudo-mpBor peaa Ha
pH = 2,5 u pH = 7,2. Pen peakTHBHOCTH MCIMTUBAHUX JIUTaHa/Ja je UCTH Ha obe pH
BpeaHoctu: Guo > 5’-GMP > L-His, ok cy peakiuje Ha pH = 7,2 Opke. AcolujaTuBHA
MeXaHU3aM peakiije CYNCTUTYIHje je MOTBpheH Ha OCHOBY NOOMjeHMX BPEIHOCTH 3a
GHTANNHUjy U eHTpomujy aktuBupama (AH” > 0, AS™ < 0). Jlobujenu pesynratu 3a
KOHCTaHTY Op3uHE peakliije CYNCTUTYLHje TOMOohy 'H NMR cnekTpockonuje Ha 295 K
yKa3yjy Ha MCTH pel peakTHBHOCTH juramma. Xumpommsa [Ru'(n-p-cym)(pydc)Cl]
KOMILJIEKCa je BeoMa Op3a M 3aBpliaBa ce 3a BpeMe CHHMama NpBor crekrpa. [lomarak
suinka NaCl y paBHOTeXHHM pacTBOp JOBOIM IO IMOMEpama PaBHOTEKE Ka XJIOPUIO

BPCTH.
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» UWcnurusana je murotokcuynoct [Ru(Cl-tpy)(en)CI][CI], [Ru(Cl-tpy)(dach)CI][CI] u
[Ru(Cl-tpy)(pic)Cl] xommiekca npema henujckoj TUHHjU TymMopa aeOesor IpeBa MUIa
(CT26). Ha ocuoBy nmobOujenux pesyinrata yrBpheno je ma [Ru(Cl-tpy)(en)CI][CI]
komiuieke mokasyje Hajsehy axtuBHOCT. [RU(CI-tpy)(dach)CI]Cl u [Ru(Cl-tpy)(pic)Cl]
KOMIUICKCH TI0Ka3yjy HWXXY aKTHBHOCT IpeMa HMCTO] NeaujCcKoj JMHHJU W TP HCTHM

KOHI[EHTpaIjama.
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SUMMARY

Inorganic compounds play crucial roles in biological and biomedical processes, and it is
evident that many organic compounds used in medicine do not have a purely organic mode of
action; some are activated or biotransformed by metal ions including metalloenzymes, others
have a direct or indirect effect on metal ion metabolism. Metal ions are also very important for
the structure and function (in the case of RNA) of nucleic acids. Inorganic chemistry offers many
opportunities for medicinal chemistry, and the discovery of metal-based drugs has moved on
from chance discovery to rational drug design. Moreover, nonessential metal ions are very often
used in biological systems either for therapeutic application or as diagnostic aids.

After the great success of cisplatin in cancer treatment, special attention was devoted to
evalaution of ruthenium complexes as potential antitumor agents. The major differences between
ruthenium and platinum are the range of accessible oxidation states, coordination numbers and
geometries available. Potentially, ruthenium binding to biomolecules may be reversible, in
contrast to platinum, which subsequently reduces the toxicity of the metal. Ruthenium is in the
same group of the periodic table as iron (group 8) and may mimic iron in its binding to
biomolecules which, as tumor cells have a high demand for iron, would enable the drug to be
delivered more effectively to the target side.

The primary goal of developing ruthenium antitumor complexes is to find activity against
tumors that are resistant to platinum drugs. A secondary goal is that activity should not be
accompanied by severe toxicity, that the compounds have a good tolerability and a large
therapeutic window (i.e. a large range of effective dosage before the onset of severe adverse
effect).

As DNA is an important potential biological target for many metal-based anticancer
complexes, it is of a great importance to understand DNA binding properties of potential anti-
cancer agents. It has been found that the arene ruthenium(ll) ethylenediamine complexes bind
preferentially to guanine residues in double-helical DNA. Currently drug development involving
ruthenium complexes has shifted from DNA targeting toward protein targeting drugs. Recently,

it was found that enzymes also can be targets in cancer chemotherapy.
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With the aim of expanding the structure-activity relationship investigation and in order to
obtain more information about the possible interaction mode of studied complexes, here we
presented the synthesis and characterization of a series of new water-soluble, monofunctional
ruthenium(I1) complexes, and their interactions with biologically relevant ligands. The results are

presented in the following order:

» Synthesis and characterization of a series of new water-soluble, monofunctional
ruthenium(ll) complexes with a meridional geometry of the general formula
mer-[Ru(L3)(N-N)X][Y]. (where Ls = Cl-tpy or tpy; N-N = en, dach or bpy; X = Cl or
dmso-S; Y = CI, PFg or CF3SOg3; n = 1 or 2, depending on the nature of X). The chelating
ligands en and dach were selected for improving the solubility in water of their
complexes and for their capability to form H-bonds with coordinated nucleobases. This
latter property appears as a prerequisite for observing antitumor activity in
monofunctional half sandwich Ru(ll) compounds. For comparative purposes, the
aromatic N-N donor bpy ligand was also used. With the exception of
[Ru(Cl-tpy)(bpy)(dmso-S)][Y]. (8, Y = CF3SO3 or PFg), all new complexes are well
soluble in water (> 25 mg per mL). Studies on the chemical behavior of the new
complexes in aqueous solution, monitored by NMR spectroscopy, showed that the
chlorido derivatives 1 — 5 release the C1™ ligand to form the corresponding aqua species.
Whereas the rate of the hydrolysis was found to depend markedly on the nature of the
chelating ligand (minutes for en and dach, hours for bpy) its extent was similar in all
cases, with a ca. 1:9 ratio between intact and aquated species at equilibrium. On the other
hand, the dicationic dmso derivatives 6 — 10 were found to be very stable in water; no
release of the dmso was detected even after several hours of observation. No significant
difference was observed between the corresponding tpy and Cl-tpy compounds. We also
investigated the reactivity of 1 — 3 towards the guanine model compounds
9-methylguanine (9MeG) and guanosine-5’-monophosphate (5-GMP). All three
complexes bind selectively to N7 of 9MeG and 5'-GMP, but with rates and extents that
depend strongly on the nature of the chelating ligand: compounds 1 and 2, that have an

aliphatic diamine as chelating ligand, react much faster (minutes to hours) compared to
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the bpy complex 3 (days). In addition, we established that complex 1 has selectivity for
5-GMP when compete with 5'-AMP (adenosine-5'-monophosphate).

The results of investigation of ligand substitution reactions of two ruthenium(Il)-tpy
complexes, [Ru(Cl-tpy)(en)CI][CI] (1) and [Ru(Cl-tpy)(dach)CI][CI] (2), with thiourea
(Tu), L-cysteine (L-Cys), L-methionine (L-Met), pyrazole (Pz), 1,2,4-triazole (Tz) and
pyridine (Py). The kinetic data for the reactions of complexes 1 and 2 with investigated
ligands clearly showed that the rate of the reaction depends on the nature of the chelating
ligand: the en complex 1 reacts ca. 2 times faster than dach complex 2. However, the
nature of the entering nucleophile is very important. The following order of reactivity is:
Tu > L-Cys > Pz > Tz > Py > L-Met. An associative mechanism for the substitution
process is supported by the negative values of the entropy of activation. The experimental
results supported by DFT calculations revealed a clear preference for the coordination of
guanine compared to the coordination of thioether, which could play a significant role in
the pharmacological activity of ruthenium(ll) terpyridine complexes. According to the
NMR results it is worth noting that the reactions of complexes 1 and 2 with L-Cys lead to
the formation of S-bound thiolato complexes, i.e. [Ru(Cl-tpy)(en)(SR)]" (4) and
[Ru(Cl-tpy)(dach)(SR)]* (11), respectively, followed by oxidation of thiol sulfur bound to
Ru(ll) forming the sulfenato complexes [Ru(Cl-tpy)(en)(RSO)]** (5) and
[Ru(Cl-tpy)(dach)(RSO)]** (12), respectively. The NMR experimental evidence also
shows that in the initial stage of the reaction, Tz binds to Ru(ll) through N2 atom that is
kinetically favoured, while after ca. 8 to 10 h starts the formation of thermodynamically
more stable N4 adduct. The stability differences of the N2- and N4-bound Tz was further
supported by DFT calculations.

The results of investigation of the kinetics of the aquation reaction for three complexes
Ru([9]aneS3)(en)CI][PF¢] (2), [Ru([9]aneS3)(bpy)CI][PF¢] (2), and
[Ru([9]aneS3)(pic)CI] (3). In addition, as DNA is believed to be the main biological
target of the corresponding aqua species, we also investigated their binding to the guanine
derivatives 9MeG, guanosine (Guo) and in particular, 5'-GMP. We have shown here that
complexes 1 — 3 bind selectively to N7 of 9MeG, Guo and 5-GMP, with rates and

extents that depend on the nature of the chelating ligand. The X-ray molecular structures
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of compounds [Ru([9]aneS3)(en)(9MeG-N7)][PFs]. (4) and [Ru([9]aneS3)(pic)(9IMeG-
N7)][PFe] (10) clearly showed that when the chelating ligand can act as H-bond donor
(chel = en) the binding is further stabilized by intramolecular H-bonding between C(6)=0
of guanine and one NH of the en ligand. We also established that the aquation of
complexes 1 — 3 occurs within 30 min at 298 K, which is ca. two orders of magnitude
faster than cisplatin and one order of magnitude faster than the organometallic
counterparts

[Ru(n®-arene)(en)CI]*. The rate of aquation increases in the order 1 (en) > 3 (pic) > 2
(bpy), suggesting that it is affected both by the nature and by the charge of the chelating
ligand. As the corresponding anation reactions (binding of CI™ to the aqua species) are
also rapid, the equilibrium constants are relatively small (ca. 102 M). The kinetic data for
the reaction of compounds 1 — 3 with 5'-GMP clearly showed that the rate of the reaction
depends on the nature of the chelating ligand rather than on the charge of the complex:
the neutral complex 3 binds 5'-GMP as fast as the cationic compound 2, and ca. 2.5 times
faster than 1. An associative mechanism for the substitution process is supported by the

measured enthalpies and entropies of activation (AH” > 0, AS” < 0).

The results of investigation of substitution reactions of ruthenium(ll) arene complex,
[Ru"(n°-p-cym)(pydc)Cl] (where p-cym = p-isopropyl toluene,
pydc = 2,3-pyridinedicarboxylato) with biologically nitrogen-donor nucleophiles, such as
5’-GMP, Guo and L-histidine (L-His) were studied by UV-VIS spectrophotometry and
'H NMR spectroscopy. The reactions were studied at pH 2.5 and at 7.2. All reactions
were followed under pseudo-first order conditions with large excess of the nucleophiles.
The reactivity of the used ligands follows the same order at both pH values: Guo > 5’-
GMP > L-His, while the reactions at pH = 7.2 are always faster. The negative entropies
of activation (AS”) support an associative mode of activation. However, the rate constants
obtained by *H NMR at 295 K in D,O follow the same order of the ligand reactivity. The
hydrolysis of the [Ru”(ne-p-cym)(pydc)CI] complex was very fast and completed by the
time when the first spectrum was measured. Addition of excess of NaCl to equilibrium

solutions reversed the hydrolysis.
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» The cytotoxicity of the following  complexes  [Ru(Cl-tpy)(en)CI][CI],
[Ru(Cl-tpy)(dach)CI][CI] and [Ru(ClI-tpy)(pic)CI] is investigated against colon cancer
cell line CT26. Among them, the most active compound was found to be
[Ru(Cl-tpy)(en)CI][CI] complex. [Ru(Cl-tpy)(dach)CI]CI and [Ru(Cl-tpy)(pic)Cl]
complexes exhibit lower activity against the same tumor cell line at the same

concentrations.
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ke KOHCTaHTa Op3WHE peaKivje aHalmje
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YBOJI

JoHn mpena3HMX MeTaja M IHUXOBM KOMIUIEKCH HMajy BeoMa BakHY YIOTY Yy
pa3nuYUTUM OMOXEMHJCKUM M MaTaboNM4yKuM mporecuma. [lopen Tora, joHM HEeCEHIIMjaTHUX
MeTaja ce 4YeCTO MPUMEY]y y OUOJIOIIKAM CUCTEMUMA Y TEPAlleyTCKE U TNjarHOCTUYKE CBpPXE.
[IInpok omcer AOCTYITHUX OKCHIAIMOHUX CTama, KOOPIMHALMOHN OpPOjeBH M T€OMETpHja, Kao u
TEPMOJMHAMHYKE M KHHETHYKE KapaKTEPHCTHKE jOHA MeTajla, BOJE N0 jeAIbEmha Koja Hyne
MOTyhHOCT JM3ajHUpama pa3HUX TepaneyTckux areHaca. Otkpuha y HEOPraHckoj H
GHOHEOPIaHCKO] XEMHUjH MMajy BaKaH YTHIA] HA CABPEMEHY KIMHHUKY MEIHIIAHY.

VY motpasu 3a JeKoBUMa KOjU HUCY Ha 0a3u IUIaTHHE, PYTEHUjyM 3ay3HMa Ba)KHO MECTO,
HAPOUNTO 360T Mare TOKCHIHOCTH i Behe cenexkTiBHOCTH pema henujama kanmnepa.' Bepyje ce
1a je To 30or MoryhHOCTH pyTeHHjyMa Jja 3aMEHU TBOKh)e IpH KOOPAMHOBAKY 33 OMOMOJICKYJIE.
Kako henmje kanmepa wmajy moBehan Opoj TpaHcdepckux pernenrtopa na Ou 3a70BOJBHIIH
noBehany notpeOy 3a rBoxkheM, KOMIUIEKCH pyTeHHjyMa MOTY OUTH e(UKacCHHje UCTIOPYUEHHU JI0
henuja Tymopa. YTBpheHO je Nla HEKOIUKO jeIUI-eHha IMOKa3yje aKTUBHOCT BEOMa CIHYHY
IUCIUTATHHH, @ Y HeKHM CllydajeBuMa 4ak u 0oJpy. Ha npumep, uzoenekrporcku pyrenujym(l11)
komiieken [Him]trans-[RuCly(im)z] u [Hind]trans-[RuCls(ind)z] (im = wmwmmason, ind =
WHJIA30J1) Cy MOKa3ajd aKTHBHOCT MpPeMa HEKOJHMKO Pa3IMYMTUX TyMOpa, HApOYMTO IpeMa
[UIATHHA PE3UCTEHTHHUM KOJIOpeKTamHuM TymopumMa. Takohe, pyrenujym(lll) kommiekc,
[Him]trans-[RuCl,(im)(dmso-S)] je moceOHO akTHBaH MpeMa YBPCTHM MeTacTazupajyhum
tymopuma muma. [Him]trans-[RuCls(im)(dmso-S)] (NAMI-A) u [Hind]trans-[RuCls(ind),]
(KP1019) xowmrutekcu cy yememno mnpouum | ¢asy wucnuruBama. Iloctoju mosehano
MHTEPECOBAE Y NMPUMEHH OPraHOMETAIHHUX jelUbeHha, KOMIUIEKCa ca OapeM jeTHOM MeTa-
YIJbEHUK Be30M, y Ouojoruju u mMeauuuHu. Apena pyrenujym(ll), opranomerannu KOMIJIEKCH
Cy NPUBYKIM BEJIUKY MaXmky, ¢ 003UpOM Ja je MO3HATO Jia apeHa JUTaHIu CTalWIn3yjy
pyTeHujyM y +2 okcupanuonoM ctawy. Komrieken pyrenujyma(lll) cy uHeptHUju y o1HOCY Ha
onroeapajyhe komruiekce pyTeHI/ijMa(II).2 YrtBpheno je gma half-sandwich” apena
pyreaujym(l1) xomrekcw, [(n6-apeHa)RuX(N-N)] (X je xanoren u N-N je OumeHTaTHH JHUTaHN)
94eCTO MOCeayjy J00pYy pacTBOPJHMBOCT Y BOJHU (MPEIHOCT 3a KIMHUYKY yroTpeOy), Kao u Ja Cy

apeHa JIMTaHIW peNaTHBHO WHEPTHM Ha U3MEHE Y (PU3MOJOIIKMM YCIOBHMA. YTHIIA]
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CTPYKTYpHUX BapHjalja Ha aHTHUKAHIIEPOT€HY AaKTUBHOCT apeHa pPYTEHHjyM KOMIUIEKcA je
WHTEH3WBHO UCHUTHBaH. Bepyje ce 1a je riaBHa MeTa apeHa PYTEHHJyM aHTHUKaHLIEPOTCHHX
komruiekca JJHK unu PHK, anu Takohe, Mory Outu u cepym MpOTEHUHHU.

[Tocrneamnx HEKOJIWKO JeleHUja, MHOIOOpOjHAa HCTpaKMBama Cy OWia ycMepeHa Ha
cuatesy pyreHujym(ll) momunmupuann komruiekca. IlpoyuaBaHa je HHXOBa CIIOCOOHOCT
koopauHoBama 3a JJHK, npu uemy je mponaheno na ce BehnHa OBHX KOMILIEKCa KOBaJECHTHO
Besyje 3a N7 arom ryanmna, popmupajyhu MOHO(DYHKIIMOHATHE TPOU3BOJAC, & HEKH OJ HHX
cronupajy perukanujy JJHK. Behuna pyrenunjym(ll) repnimpuans koMiuiekca, koja uma takohe
u N-N nmonmunupugun naurang (Hop. bpy), 3a MOCienuily UMa BeoMa HUCKY PacTBOPJHUBOCT Y
BOJICHOM PacTBOpY, OrpaHnyaBajyhu OMOJIOIIKY peleBaHTHA UCTPAKUBAIbA.

Nmajyhu t1o y BHIy, OWio je oa 3Hayaja yCMEPUTH HUCIUTHBAma Ka CHHTE3H U
kapakrepusanuju pyrenujym(ll) tepnupuanH KoMIuiekca MEpHUIUjaiHE TEOMETPHjEe U HUXOBO)
untepakiuju ca JJHK Hykneo6azama. Y okBHpY OBE JOKTOPCKE IHCEpTalyje UCHUTHBAHHU CY
pyreuujym(ll) apena xomriutekcu, ,half-sandwich” Ru-[9]aneS3 komruiekcu u pyrenujym(ll)
TEPIUPHINH KOMIUIEKCH Y peaklijamMa ca pa3iIuduTuM Ouomosekynmuma. Y Onwimem Oeny
nerasbHO cy omucanu pyreHujym(I1/111) xomrmekcu, HaYMH HBHXOBOT aHTHTYMOPCKOT JI€jCTBa
Kao U HU3 (aKkTopa KOjU YTHUy Ha MeXaHH3aM peaklije W aHTUTYMOPCKY aKTHBHOCT OBHUX
Komruiekca. Jlar je mperien pgocana NyOJMKOBaHMX pe3yiTara Ha I0JbY HMHTEPAKIM]ja
pyrenujym(ll) apena, ,,half-sandwich” Ru-[9]aneS3 u pyrenujym(ll) noaunupuann komriekca
ca JlepuBaTUMa ryaHWHA, CepyM MPOTEMHUMA, NMENTHIUMa U aMUHOKHCcennHama. [IpencraBibeH
je JeTajbaH ONUC CYNCTUTYLIMOHMX PEaKlija OKTaeJapCKUX KOMIUIEKCa ca MOCEOHUM OCBPTOM
Ha OpojHe (akTope KOju YTHUYy Ha Ipoliec CyncTuryumje. Y Excnepumenmantom deny Cy Mopea
HaYMHa pUNpeMe KopuimheHnx peareHaca U pacTBOpa, OMUCaHe METo/ie KOpUITheHe MPHITUKOM
CHHTe3¢ M Kapakrepu3zaiuje HoBux pyreHHjyMm(ll) TepnupuauH KOMIIeKca, Ka0 M MPHIMKOM
UCIHUTHBamka HUXOBUX MHTepakiuja. Takohe, onucaHe cy U METOJE 3a M3Y4aBambe XHUJPOJIH3e
pyrerunjym(l1) komruiekca, kao u kBaHTHO Xemujcka (JJPT) metona. HaBenenu cy u kopumiheHu
WHCTPYMEHTH. Y TIOTNIaBJby Pe3yimamu u Ouckycuja pe3yimama IETaJbHO j€ OTMCaHa CHHTE3a
kapaktepusaiuja HoBux  pyrenujym(ll)  TepmupuamH  KomIiekca ommre  (opmylie
mer-[Ru(L3)(N-N)X][Y],, ®HuxoBa akTHBalMOHA KWHETHKA, HWHTEpaKiMja ca JIepUBaATHMAa
ryanuHa (9-MeG, 5'-GMP u 5-AMP), paznmuuutum xetepounkianunum auranauma (Py, Pz u

Tz), amuHokucenuHama koje caapxke cymmop (L-Cys u L-Met) u Tu, kao u JI®T uspauyHaBama.
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Onpehene cy KOHCTaHTE CTAOMIIHOCTH HOBOCHHTETH30BaHUX KOMIUIEKca. [leTasbHO Cy onmmcaHu
dakTopn KoOju yTH4y Ha aHTtUnposudepatuBHy akTtuBHOCT RU-[9]aneS3 kommiekca,
[Ru([9]aneS3)(en)CI][PFs], [Ru([9]aneS3)(bpy)CI][PFs] u [Ru([9]aneS3)(pic)Cl], muxosa
aKTHBAaI[IOHA KMHETUKA, UHTEpaKlja ca aepuBatuma ryanuHa (9-MeG, Guo u 5'-GMP), kao u
KapakTepu3aiuja GUHATHUX PEaKIMOHUX MPOU3BOAa TOMOhy peHAreHCKe CTPYKTYPHE aHaH3e.
Takohe, mpuka3aHu cy pe3ynTaTd HCIUTHBAaKka KUHETHKE W MEXaHHM3Ma CYNCTUTYITUOHUX
peaxumja kommiekca [Ru(n’-p-cym)(pydc)Cl] ca Guo, 5°-GMP u L-His, npumesoM pasnmudutix
eKCIepUMEHTATHUX MeTofa. Ha kpajy ce Hamase pe3yiTaTd HCIUTHBAaMkA IUTOTOKCHUYHOCTH
onabpaHux KoMIuiekca npema onpehennm henmjckum nuHujama tymopa. [letajbHO pasymeBame
MeXaHu3Ma TOHAlllakha KOMIUICKCA pyTEeHHjyMa y OHMOJIOIIKMM YCIOBHMa je OCHOBa Oymyhux
WCIUTHBamka M Pa3BOja HOBHX AHTUTYMOPCKHX areHaca, Kao M IMpoHaJlacKa ajlTepHATUBHUX
TpeTMaHa y TepIuju KaHIepa.

PesynrtaTtu oBe JOKTOpCKe AucepTalyje 00jaBbeHU Cy Y OKBHPY 4 HayyHa paja.
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1. OIIITH JIEO

1.1. Pyrenujym

Pyrenujym cnaga y VII rpyny npenasuux merana u 3ajeano ca Os, Rh, Ir, Pd u Pt unnun
IUIATHHCKY Tpymy Metana. Mme je mo0mo mo nmaTWHCKOM HasuBy 3a Pycujy (Ruthenia).
Pyrennjym nma atomckn 6poj 44 (Kr 5s'4d”) u aromcky macy 101,07. ITocToju HEKOIHKO
usorona pyrernjyma (P°Ru, *Ru, ®Ru, Ru, **'Ru, **Ru u Ru) ox kojux je msoron ‘Ru
Haj3acTymbeHuju ca 31,6%. PyTeHnjyMm MMa mIHMpPOK OIcer OKCHIAMOHMX CTama of -2 10 +8
TaKo J1a Cy HEroBH KOMIUICKCH PEIyKIIMOHO aKTHMBHM M HbUXOBA NMPHMEHA Kao PeIyKIMOHUX
areHaca y pa3lIM4UTHM XEMHJCKAM peakijamMa je OJ] BEJIMKOr 3Hadaja. Y (U3HOJIOUIIKUM
yCJIOBUMa MOXE IIOCTOjaTH y TpU oOkcuaanuoHa crama: pyrenujym(ll), pyrenujym(ll) u
pyreuujym(1V). Pyrerujym(l11) je mTOMHHAHTHO OKCHAAIIMOHO CTamkhe Y (PU3HOIOMIKMM YCIOBUMA
nok cy pyrearjym(11) u pyreaujym(IV) okcunaimona crama Koja ce J1ako MOCTHXKY Y TIPUCYCTBY
OMONIONIKKMX peayKTaHaTa (aCKOPOMHCKA KMCEIMHA WIIH TIYTaTHOH) MM OKCUJIAI[MOHHUX arcHaca
(O2 unu H,0,). CBa Tpu OKCHIAIMOHA CTama Tpajie KOOPAMHAIMOHA jeIUbCHha OKTaeAapCKe
reomerpuje, g0k  pyrenujym(ll)  opraHomeTasHM ~ KOMIUIGKCH  rpajie  jeAUECHA
TceyIo0KTaeaapeke reoMmerpuje (T3B. ,,piano stool” komriexcu).t

Pyrenujym(Il) nma nmomymene cBe Tpu (tg) d opOuTane mro ra YMHU AUjaMarHETUYHAM
nox pyreanjym(l11) nma jenan Hecrapen enektpoH y (tzg) d opOuranu u oH je apaMarHeTHyaH.
Paznuka y camMo jelHOM eNeKTpoHy u3Mel)y oBa J1Ba OKCHAALMOHA CTamka 3HAYajHO yTHYE Ha
BHUXOBE XeMHjcke Kapaktepuctuke. Pyrenujym(ll) ce monama kao Meka KUCEIMHA M MOXKE
MMaTH T-JIOHOPCKE ocobune,’ a pyreanjym(l11) ce monama kao TBpAa KUCETWHA U MOXE UMATH
T-aKIETITOPCKE ocobune.*

Kommieken pyrenujyma(lll) cy wmHepTHHju y omHOCy Ha oaroBapajyhe Komruiekce
pyrenujyma(ll). M3 Tor pasnora akTHBalMOHM MEXaHHW3aM T3B. ,,aKTHUBAIMja PEAYKIHjOM™
npeioxkeH je oxa crpane npodecopa Clarke-a, koju je 610 Mel)y mpBUMa KOjU Cy MCTPaKHUBAIN
KOMIUIEKCE PYTEHHjyMa Kao TOTCHIIMjaTHE aHTUTYMOPCKE arence.” OH j€ 3ajeIHO0 ca CBOJUM
capagHHIUMa Tpeanoxno aa koMruiekcu pyrenujyma(lll) mpso noanexy in vivo penykuuju 1o
Mmame uHepTHOT pyreHujyM(ll) okcupanoHor crama, a 3aTUM J0JIa3d 10 OTHYIITama XJIOPHI0

JUTaHAa W CTBapama aKkBa METa0OJIUTa KOJH j€ CIIOCO0aH /1a ce BeKe 3a OHOJIOIIKE mete.® OBu
-4 -



Onwmu oeo

KOMIUIEKCH OCTajy y penaTuBHO HeakTHBHOM pyreHHjyM(l1l) okcumanmoHoMm cramy cBe JIOK He
CTUTHY J0 TYMOPCKOT TKMBA TJ€ je NMPHCYTaH HUXKH cap/ikaj KuceoHuka u PH, m mosehana
KOHIICHTpAllija IIIyTaTHOHA (PEIYKIHOHU arcHC) Y OAHOCY Ha HopMmaiHa TkuBa (Ciuka 1.1). YV
OBUM ycioBuMa ojakmrana je peaykuuja pyreaujyma(lll) mo pyrenmjyma(ll). Pemokc
MOTEHIMjall PYyTEHUjyMa je peBep3uOmiIaH, ma MOCTOjU MOTYhHOCT Ja ce akTHBaH KOMILJIEKC
pyrenujyma(ll) y HOpMamHO NMpPOKPBJEEHMM TKMBHMa ca BehOM KOHIIEHTPALMjOM KHCEOHHKA,
OKCHJyje 10 HHEPTHOT KOMILIEKCa pYTeHI/ijMa(|||).7 OBaj akTUBAIMOHM NyT MOXE OWUTH
OJITOBOpaH 3a CEJICKTUBHY TOKCHYHOCT IpeMa KaHIEeporeHuM henujama, Kao U 3a epHUKacHOCT

peMa XUIMOKCHYHUM TyMOpUMa KOjU MOTY OMTH OTIIOPHU Ha XEMOTEPAIHjy U PaIHOTEpanujy.

Peaykuuja
(rayraTHoH, kMcena cpepuna)

’ Be3uBatbe 3a TpaHChepuH
M TPAHCNOPT KPO3
membpaHy

/! N

Ru(in) Ru(li)

Oxcupaumja
Ru(l)  (kuceommr, ensum)

Cnuxka 1.1. IIpeonoosicenu mexanuzam akmusayuje komniexca pymenujyma(lll)

Jom jemHa BaxkHa ocobuHa komruiekca pyrenujyma(lll) je cmocobHocT na 3amenu reoxhe
IpU BE3WBamy 3a MHOre OMOMOJIEKyNle, YKJby4dyjyhu cepyMm mporeuHe (HIp. TpaHChepuH H
andymuH). Pyrenujym ce Besyje 3a TpaHcepuH, IpU 4eMy HacTaje TpaHC(hepUH-PYTEHU]YMCKU
KOMIUIEKC KOjU MOKe OUTH aKTHMBHO TPAHCIIOPTOBAH Y TYMOpPCKa TKHMBA Ha YHjO] CE€ MOBPLIMHHU
Hala3u 3HAaTHO BelM GPoj TPAaHC(EPHCKMX pelenTopa y OJHOCY Ha 31paBa TKuBa.® Kama ce

JEIHOM BeXe 3a TpaHC(PEpHUHCKH PeLenTop, KOMIUIEKC ociobala pyTeHHjyM KOjU ce MOXe JIakO

-5-
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9,10 : :
MHTEPHAIM30BaTH y Tymop.”~ Bepyje ce na je OBO Ipyrd y3pOK CEJICKTHBHOI JICIOBamba
KOMIUICKCa pyTeHHjyMa mnpema henvjama KaHIepa INTO JOBOAU U JO CMamema CIHOPEIHHUX

11
HeXeJbeHHUX edekara Tepanyje.

1.2. AHTUTYMOPCKHM KOMILJIEKCH PYTeHHjyMa

[IpBH KOMILJIEKCH PYTEHHjyMa TECTUPAHU HA aHTUTYMOPCKY aKTUBHOCT Cy XJIOPO-aMHH-
Ru(lll) koMIulekCH jacHO HMHCIIMPHUCAHM I[MCIUIATHHOM, 3a KOje C€ cMarpajlo Ja pearyjy
npumapro ca JIHK. Clarke je 3ajemno ca cBojuM capajHHUIMMa NpBH 00jaBHO pe3ysiTare o
aHTHTYMOPCKO] aktuBHOCTH Kommuiekca fac-[RUCI3(NHs)s] (Cimka 1.2).2 Hcnurusama cy
MoKasaja Jla uMa 4ak U Behy akTHBHOCT y OJIHOCY Ha IHCIUIATHHY y cay4ajy Jeykemmuje P388.
Mebhyrum, HemocTaTak W BEIHMKH MPOOJIEM y MPUMEHH OBOT KOMILUIEKCA IMPEJICTaB/hba HEroBa
cnaba pacTBOPJBHBOCT y (U3UOJIOUMIKOM pacTBOpY, Ha 300r Tora HUKaja HHjE HaIlao
¢dapmakosomky npuMeny. McnuTaHa je ¥ HUTOTOKCHYHOCT jOII jeTHOT PyTEHH)yM-aMHHCKOT
KOMIUICKCA, KOJH C€ KOPUCTH Kao CPEJIICTBO 3a 00jeme alaexul (GUKCHpaHUX MYKOTIOJIUCcCaxapuia
y XHUCTOJIOTHjU, T3B. pyTeHHjyM IpBeHo. CMaTpa ce jga oBa LuUToJomKa 0Ooja MHXHOUpa

tparcnopt Ca(ll) y henujy cenexruBaum BesuBameMm 3a Ca(ll) Tpancnopryjyhe HpOTeI/IHe.Sb'lz’lS

H
H3C\§(-‘: 3
/S H3C s(_j|—|3
HaC 4 O\‘s" 0
NH5 ch%\ 0 S Z‘/‘ o
(. 3
CI/X’!», \\\\\\NH3 O"'.-::::'S/f’f, \\\\CI Cl/”'f/, | \\\\\ I""'h'.n'(j|'|3
RU" ‘Ru', ‘Ru’s
v [~ HaC N HsC M N
CI NH3 “H" CI “ﬂ' Cl
HCY Hac W
Cl S S
0 /E\O 0 /:\0
HC' = HyC' =
CHs CHjs
fac-[RuCl;(NH)] cis-[RuCl,(dmso),] trans-[RuCl,(dmso),]

Cnuka 1.2. Cmpykmypue ¢popmyne HeKux KOMNieKca pymeHujyma Koju noxkasyjy anmumymopcKy

aKmueHocm

-6-
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Mestroni je ca CcBOjUM capajHWIMMa HMCIOUTUBA0 AHTUTYMOPCKY aKTHBHOCT
pyrenujym(l1) xomriekca, cis-[RUCl(dmso)s] (dmso = mumermncyndokenn) (Cmuka 1.2)1
OBaj KOMILIEKC HHUje IUTOTOKCHYAH N Vitro, a in Vivo je moka3ao TOKCHYHOCT TPH ITyTa Mamby Y
OJTHOCY Ha IUcIUIaTHHy. Mnak, mpu MakCHMaIHOj TOJIEPaHTHO] 03U OBaj KOMILIEKC je TI0Ka3ao
BEJIMKY aKTUBHOCT W IIpeMa MPUMapHOM TYMOpYy M IpeMa MeTacTazama Ha MpUMepy MHIIa ca
uBpcTHM Meractasupajyhnm Tymopom.'® Ha MomapHOj OCHOBH, IIHTOTOKCHYHOCT trans m3omepa
(Cnuka 1.2) je wak oxo 20 myra Beha y ogHOCY Ha CiS H30Mep U 0Baj KOMIUIEKC je e(DUKACHUJU Y
cMamewy Opoja W TeKHWHE CIHOHTAHMX MeTacTa3a Koje MOTHYY OJf NMPHMapHHX Tymopa. Y
eKCIIepUMEHTHUMA Ha MHUIIEBHMa KOjUMa j€ OINEpPaTUBHO YKJIOHEH MNPUMAapHH TYMOD,
trans-[RuCl,(dmso)4] je edukacHuju y OAHOCY Ha HMUCIUIATHHY IO MUTAaBkY MMOCTONEPATHBHOT
MPOAYKEHha KUBOTHOT Beka. [lpyrum peunma, oBaj trans maomep je mokazao Mamy aKTHBHOCT
TIpeMa PHUMapHOM TyMOpY, ani Belly CEleKTHBHOCT 1 eMKaCHOCT mpeMa MeracTazama.™” Opa
YHIHCHAIIA yKa3aia je Ha pa3iuKy Yy MEXaHU3My peakiidja KOMIUIEKCa PYyTEeHHjyMa y OJHOCY Ha
KOMILTEKCE TUIATHHE. ™

PeBuje 0 aHTUTYMOpPCKO] aKTUBHOCTH KOMIUIEKCA PYTEHHjyMa, KOje Ccy o0jaBJbeHE
MOCJEIBHUX JECeTaK T'OANHA, KOHIEHTPHUILY CE Ha NAMI-ATY 4 KP1019,20'22 WIH Ha TPyIy

23,24
KOMIIJICKCa Ca CIIMYHUM JIMraHJyuMa, Kao 1MTo CYy aMI/IHI/ISb, MOJIUITUPUANIIN, 50,23,

nonuaMuHKapGokcrmaTh, > win apern, > kao W Ha PA3MMUYMTHM BPCTAMA PEAKTHBHOCTH Y
ouosomkoj cpeauHu. Ca qpyre cTpaHe, CKOpAlLlbH PaJoBU yKa3yjy Ha CIMYHOCTH Y MEXaHU3MY
JIeNIOBaba Pa3IMYMTHUX THUIIOBAa AHTHUKAHIEPOTeHUMX KOMIUIeKca pyTreHujyma. Ha mnpumep,
crenuduyHa aHTUMETACTaTCKa aKTUBHOCT KOja je 0 CKOpO CMaTpaHa Kao jeIMHCTBEHA 0COOUHA
kommuiekca NAMI-A, takohe je nmemonctpupana u 3a RAPTA pyrenujym(ll) apena
kommiekce.”r Kao u kox NAMI-A, anTHMeTacTaTcka aKTHBHOCT pyrenujym(ll) apena
KOMIIJIEKCA j€ y Be3W ca MHTEPAKIMjOM ca BaHNeNnjCKUM MaTpUKCOM M MOBPIIMHOM henwuje, mpe
Hero ca JIHK y henujckom Hy1<neycy.?’l VY npomiocTv, MHOTa UCIIATHBa®kba Cy KOHIEHTpUCAaHA

12,23,32 :
5b,12,23,32,33 0K je of

21,34

Ha Be3uBame KomIuiekca pyreHujyma 3a JIHK u meroe kxommonenre,

HCAAaBHO I'JIaBHU (bOKyc YCMEPCH Ka I/IHTepaKI_II/IjaMa Ca MMPOTCUHUMA KPBHE IJIa3ME.



Onwmu oeo

Lanl—J.TI GYMHH
» L,lRu—\ —>LnRu-OH, N

R L“Ru-'rpam (bepml

/"

h/ L ,Ru-X L Ru-eH3um

hechxa CII00OHE TRLX \
mlemopana PATMKATN /oo n ! - / L,Ru .
L,Ru-/THK

€HJ030M

HOHUTOILTa3Ma

paHheJHjcKH MAaTPHKC

KPBHa IL1a3Ma

Hlema 1.1. Ilpeonoscenu axmuayuoHu nymesu AHMUKAHYEPOSEHUX KOMNJEKCA PYMeHujyma
. 1
(L ¢y unepmuu mueanou, a X je oonazeha epyna)

Ha ocnoBy Illeme 1.1 moxxeMo BHIETH Ja NOCTOje JBa IJaBHAa MeTabOJIMYKa IyTa
pyTeHHjyM KomIutekca omnmte ¢popmyine L,Ru-X, rae cy L nHepTHH IUraHay Kao mTO Cy apeHa

w N-noHopH, a X je oanaseha rpymna Kao mTo je XJIOPUIO0 UM KapOOKCUITATO

" QPOMYCTJBUBOCT henMje mnacuBHOM JM(Y3UjOM WM CHEHUPUYHUM TPAHCIOPTHUM

MEXaHU3MOM U3 BaHNEIM]CKOT y YHYTapheujcKH MpocTop U

"  XHUIPOJIM3a KOMIUIEKCA ¥ BE3MBAE 32 OAroBapajyhe Onomoiiexyse

Hakon nHTpaBeHCKE afMUHUCTpAIM]e, KOMIUIEKC pyTeHH]yMa MOKe mojiehn Xxumponusu

y KpBHOj Ij1a3Mu y Behoj WM Mam0j MEpH, a 3aTUM BE3UBaby 32 CEPyM IMPOTEHHE, Kao LITO Cy
anoymuH winn tpanchepun (Llema 1.1).23% [pennoxenn Mexanmzam je na ce pyreHujym(ll)
ocnobaha w3 pyrenujym(lll)-rpancdepunckor kommiekca yHyrap hemuje, mpm uemy ce

-8-



Onwmu 0eo

peayKIMja BpIIM TJIYTaTHOHOM WJIA aCKOPOMHCKOM kucenHoM.? MehyTtum, yKOJIHUKO
pyreaujym(ll) mocme y henujy y oOnuky crabuiHOT KOMIUIEKca ca TpaHchepuHoM, cieaunhe
metabomuuku 1yt rBOxhe(lll)-Tpanchepunckor KomIiekca, yKJbydyjyhn Be3uBame 3a
TpaHc(EepUHCKE pelenTope Ha MOBPIIMHM hemnuje, 3aTuM eHKarcylanujy y enmo3omy (Illema
1.1), u3 kor ce ociodaha kao komruiekc pyrenujyma(ll) kKoMOMHAIIMjOM €H3UMCKE PEIyKIIHje U
cMarbene PH BpeHocTH y engosomy. >

VYKOIIMKO ce KOMIUIEKC PYTCHHjyMa HE BEXE 3a NMPOTEHHE y KPBHO] IUIa3MH, MOXE
TQyHIOBATH Y BaHNEIHM)CKH MaTPUKC ¥ (OPMHUPATH aIyKTE ca KOJIAreHOM HJIM MPOTEHHUMA Ha
noBpmHU henuje (Kao MmMTO je aKkTUH) KOjU MOTy OWTH OJTrOBOPHHM 33 QHTUMETACTaTCKY

3638 31

aktuBHOCT NAMI u pyreaujym(ll) apena komriekca.

HewuspearoBanu KOMIUIEKC MOXe Jajbe aAudyHIOBaTH Kpo3 hemujcky memOpaHy y
muromtasmy (Illema 1.1) ¥ Be3aTn ce 3a aKTHBHE LEHTPE PasHHX CH3MMA, KOBAJICHTHO ' M
nexosanentHo.'>™ Ha kpajy, Bpcre Koje crurHy o hemmjckor Hykieyca, muy3joM HIHd
TPAaHCIIOPTHIM MeXaHu3MoM, mory popmuparn JJHK axykre.”>**** Croco6roct na ce mparn
MyT KOMIUIEKCa pyTeHHjyMa M3 KpBHE Iula3me 10 henuje, ka0 U XeMujcke TpaHchopmarmje

pyTeHijMa, Cy OJ H3Y3€THC BA)KHOCTH 3a pA3YyMCBAKLC MCXAaHHU3Ma AHTUTYMOPCKE aKTUBHOCTHU

KOMILIEKCa pyTeHHjyMa.

1.3. Kommuiekcu pyrenujyma(lll)

HctpaxkuBamwa KOMIUIEKCA pPYTCHHjyMa T[I0CTa)y WHTCH3MBHHjA HaKOH OTKpuha
AHTUTYMOPCKE AKTUBHOCTH JIBa H30CJIEKTPOHCKA, aHjoHCKa komiutekca pyrtenujyma(lll) ca
xerepouukianyauM Oazama: NAMI-A, [Him]trans-[RuCls(im)(dmso-S)] (im = wumwupason),
cunTeTrcan o crpane Alessio-ose rpyne u KP1019, [Hind]trans-[RuCl4(ind);] (ind = unna3zon),

cunteTucan o crpane Keppler-ose rpyme (Cnuka 1.3).

1.3.1. NAMI-A

Panux 90-tux cunterncan je xommiekc [Na]trans-[RuCls(im)(dmso-S)] (NAMI)
(Cnuka 3a), koju je moceOHO aKTHBaH IpeMa YBPCTUM MeTacTaszupajyhum TYMopHMa.18'45 v
NpeKIMHUYKUM ucTpaxuBambuma NAMI je 3amemeH cBOjUM aHAIOroM, OJHOCHO MMHUAAa30JHOM

cospy uctor komiurekca, NAMI-A [Him]trans-[RuCl,(im)(dmso-S)] (Cnuka 1.3a). OBo je npBu
-9-
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KOMIUIEKC pyTeHHjyMa Koju je ymao y ¢azy | knmuHuukor ucnutuBama, 1999. romune, Ha
xonanackoM MuctutyTy 32 60pOy mpoTtuB paka y Amcrepaamy. NAMI-A nocenyje moBospHE
OMOJIONIKE U XEMHjCKe KapaKTepUCTUKE. J00pa aHTHMETacTaTcKa aKTUBHOCT, HHCKA OIIIITa
TOKCHYHOCT, JIaka U PENpOAYKTHBHA IpUIpeMa, 100pa CTaOMIHOCT, a T€ OCOOMHE WHHULUPA)Y
IBEroB JIaJbu Pa3Boj. YcmemnHo je 3aBpimieHa | ¢aza ucnuruama Ha 24 manujeHTa, mokasyjyhu

I00pY MOAHOLIJBUBOCT IIMPOKOT OICera Cy0-TOKCHYHE J103¢ 0€3 HEOYCKHBAaHE TOKCUYHOCTH.

RV

/ NH | - Na* g
L) NAMI HN, 2 HNS 7
N N N
NH |
Cl///"'Rl wCl / ® ) CI///,,,R W\ClI
u (@) u KP1019
a” | Y N ca” | Yl
SOMe N Na*
2 NAMI-A 7 “NH
KP1339
a) b)

Cnuxka 1.3. Cmpykmypne  opmyne romnnexca pymenujyma(lll) a) [Him]trans-
[RUCly4(im)(dmso-S)] uru NAMI-A, 6) [Hind]trans-[RuCl,(ind);] wru KP1019

1.3.1.1. Xemujcke ocooune NAMI-A

[To3naro je n7a NAMI-A nojsexe HU3Y XUAPOIUTUYKUX MPOIeca Y BOJEHOM pacTBOPY,
yija npupoja u Op3unHa 3aBuce ox pH Bpeanoctu (Lllema 1.2).45b VY ¢duznonomKkuM ycioBuma
(pH = 7,4, docharau mydep), xkommiekc NAMI-A je penatuBHO aOWIaH W IOAJICKE
CTYIE-EBUTO] XUIPOJIU3H JABA XJIOPHUJIO JIUTAaHAa Y TOKY HEKOJIMKO MUHYTA. [IpBU XUIPOIUTHYKA
Kopak je karanu3oBaH momohy pyrenujym(ll) Bpcre. [pyru XuaponuTH4KH Kopak je mpaheH

CIIOPOM JISTTUMUYHOM JTUCOIIHjarijoM dmso-a.

-10 -
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CH T CH CH T+
- H3C\?/:6 H?’C\?/% HBC\?/%
oH, | s” _ S _ s”
Clim,, | WCl -dmso Clom,, | wCl -Cl Clom,, | wOH,  -ClI Clu,, | WOH,
SR e R e R e R
Cl | YCl pH=3.0-50 Cl | YCl  pH=74 cl | YCl  pH=74 H, 0¥ | Y
N N N N
<7 } slow f% ] f? } <¢ ]
HN HN HN HN
NAMI-A
biological
reductants
pH=7.4
CHy |2 CHs _‘ CHs
HsC, = HsC, HsCq
s\éyo 3\570 3\é70
Clum,, | .wCl -CI Clum,, | wOH,  -CI Clum, | .WOH,
Rl Rl ———  _RU{
c” | ¢l pH=74 CI” | YCI pH=74 Cl OH,

I
(o5 {J

NAMI-AR
Hlema 1.2. Xemujcko nonawmarne NAMI-A y 6ooenom pacmeopy npu paznuuumum ycxzoewwa17

Hacynpot Tome, NAMI-A je npuin4Ho nHEpTaH KOMIUIEKC HAa COOHO] TeMIIEpaTypH U Yy
cnabo kwucenoj cpenuan, PpH = 3-5 (ycnoBu yHomewa uHby3ujom). [Ipm oBuM ycrmoBuma
XHMIPOJIA3a XJIOPH/Ia je cy30HjeHa 1 0JIBHja Ce JeMHO Criopa Jaucomujarpja dmso-a.

[TpucycTBO OHONOMIKMX PEAYKIMOHMX areHaca iN VIVO y BEJIMKO] MepH yTHYe Ha
noHamame komekca NAMI-A. TIpu ¢usmnonomnkoj PH BpenHOCTH CTEXHOMETPH)CKE KOTMUNHE
OMOJOUIKMX peAyKTaHaTa (acKOpOMHCKa KHCeNWHA, LHMCTeMH WIM TIyTaTUOH) Op30 u
kBaHTUTaTUBHO  penyky]y NAMI-A 1o  oaroBapajyher  auaHjoHCKOr — KOMIUIEKca
trans-[RuCl,(im)(dmso)]*, NAMI-AR, KOJU 3aTUM TOJIekKe OpP30j CTYMHEBUTO] XUAPOIU3H IBA

4847 JlerasbHM TONAUM JONMPUHOCE YTBphUBaKY 1a JIH je

xmopuno awranaa (Llema 1.2).
celleKTUBHa aHTUMeTacTtarcka akTUBHOCT NAMI-A npoy3pokoBaHa MOTHYHO WIH JEIUMUYHO
ETOBOM PEIYKIIMjOM, Kao M J1a JU XEeMHjCKe TpaHchopmaiuje y BOJECHOM pacTBOPY MOTY

YTHULIATH HA EbCTOBY (I)apMaKonoumy AKTUBHOCT WJIM TOKCHUYHOCT.

-11 -
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1.3.1.2. Mexanu3aM Jej10Bamba

Mexanuzam jaenoBatba NAMI-A je jom yBek HemoBOJbHO To3HAT. In Vitro u in vivo
MCIIMTHBAMA [IOKA3yjy 1a Ce CHAXKHO Besyje 3a IPOTEHHE IUIasMe, anOyMuH U TpaHchepun.
NAMI-A nokasyje cnocooHocT uHTepakije u ca JIHK, anmu cmatpa ce ga To HUje mpuMapHa

) . 36,37
Mera. WHTepakmuja ca akTUHHUMa yHyTap henuje

WIM ca KojlareHoM Banhenujckor
MAaTpHKCa® KOjU I0BOJIE 10 PEyKOBAHE MOOMITHOCTH HHBA3HBHIX heirja KaHIepa, IpeiokeHa
je xao moryhu mexanusam antumeracrarckor nejctBa NAMI-A. Tlokasyje cnocoOHOCT HE camo
Ja TpeBeHTHpa Qopmupame Meractaza Beh M Ja WHXMOMpa HUXOB pacT Kajga cy Beh

yCHOCTaBJLeHe.50 Ha Cnumu 1.4 mpukasan je Mmexanusam JenoBama komruiekca NAMI-A.

yoarbeHe
MeTacTtase

MpumapHu
Tymop

Cliy | RCl
Ryl

CI/T ~c; NAMI-A penyje Ha MeTacTase

(N—7 (roe roa ce Hanase)
HN

@ J f

henwnje henunje 6asanHa eHpoTenujanHe
TymMopa MeTactase MemOpaHa henuje

Cnuka 1.4. Cenexmueno dejcmseo NAMI-A na memacmase mymopa. Pezyimam je craba
peoyKyuja npumapHoe mymopa (e0e memacmasze npeocmasnsajy cyononyiayujy) u uspaxiceto,
CKOpO NOMNYHO YKIarare memacmasa (20e henuje koje memacmazupajy npeocmasmajy cKopo

100% yxynnux I‘aeﬂuja)19

-12 -
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[Ipe UIoKeHH MEXaHH3aM AejCTBa YKIbydyje’. :

"  WHTEpaKIHjy ca peryilanujoM henmjcKkor NUKIyca Koja pe3yaTyje Yy MpoJa3Hoj
akymynanuju henuja y Go/M a3y,

"  YHXUOWIU)Y MATPUKCHUX METAJIONPOTCHHA3a M aKTUBAIU]y aJIXe3UOHUX MOJICKYJIa,

* moBehame neO/pPMHE Kalcylle OKO MPUMApHOT TyMOpa M BaHNEIHjCKOT MaTpUKCa OKO
KPBHHUX CY/IOBa, YUME CIIpedaBa TyMOpCKe henwje qa mpoaupy y OKOJTHO TKUBO U KPBHE
CY/IOBE U

"  Be3WBaKC 32 HYKIEHMHCKE KHUCENUHE, oka3yjyhu aupektau edexat va JJHK Tymopckux

henuja.

1.3.2. KP1019

HcroBpemeno ca pa3Bojem komiuiekca NAMI-A on crpane Alessio-a u capaanuka ca
VuuBep3urera y Tpery, Keppler u meroeu capaguunm ca YuuBepsutrera y bedy cy
cunternszoBanu pyreHujym(I11) kommexc [Hind]trans-[RuCls(ind),] (ind = unmaszon), KP1019
(Cmuka 1.30). KP1019 mnokasyje BeluMKy aKTHBHOCT TIpeMa IPUMapHUM [UCILIATHHA
PE3UCTEHTHUM KOJIOPEKTATHUM TYyMOpUMa, alld He I[I0Ka3zyje 3HadajHy AaHTUMETAacTaTCKy
akTuBHOCT. OBaj KOoMIUTeKC je ymao y | ¢a3y knmuanukux ucnutuBama 2004. ronquHe npu yemy
cy nobujeHu obehaBajyhu pesynrtaTu: MmeT Oj MIECT JOCTYIHUX TallMjeHaTa TOKHUBEJIO |e
crabuinzanyjy 60JecTu U jJeuewme Koje je nmpaheHo jeAMHO yMEpEeHOM TOKCHYHOIIhy, ITO MOKe
OUTH Y3pOK BHUCOKOI' CTETI€HA BE3HMBamba 3a CEPYM NPOTEUHE U CEIEKTUBHE aKTHBAllUj€ Y TKUBY
Tymopa.?># Mebhyrim, 360r pematnBHO ciaGe pacTBOP/GMBOCTH OBAj KOMILICKC j& 3aMEHhEH
CBOJUM aHAJIOTOM, OJHOCHO HaTpujymMoBoM coJjby KP1339, 3a nmajpa KIMHHMYKA WCIIMTHBAMA.
Kommieke je mpuianyHO crabuiaH y WH(GY3MOHOM pPAcTBOPY IUTO je€ O BaKHOI 3Hayaja 3a
CKJIAJUINTEHE W TPAHCIOPT KOMIUIEKCAa Kao M 3a KIMHUYKY ynoTpeOy. bp3una peakiuje
XUAPOJIN3€e 3aBUCH O] TeMIiepaType u PH BpeaHocT pactBopa. Y Boau Ha COOHO] TeMIEpaTypH
Masia KoJIM4MHa Komiuiekca (oko 2%) xumposu3yje y TOKY jefHor cata aajyhu omarosapajyhu
MOHOAaKBa KOMIIJIEKC, TOK y pactBopy nydepa Ha pH 6,00 u 7,40 momyBpeMeHa peakiuje Cy
5,4 u 0,5 caru (na 310 K).

-13-
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1.3.2.1. Mexanu3aM Jej10Bamba

Hakon MHTpaBeHCKOT yHOIIEHa KOMILIEKCa MpeUIokeH! Mexanu3am je cinenehu (Lllema
1.3):

" XHUIpOJIN3a KOMIUIEKCA y KpBH ITpahieHa HHTEPAaKIMjoM ca CepyM NMPOTEHHUMA Kao IITO Cy
aOyMUH U TpaHCEepuH,

"  TpaHCHOPT KOMIUIeKca y henunjy mpeko TpaHCepuHCKOT IHUKITyCa,

= ocrnobahame KOMIUIEKCa MPOY3pOKOBaHO HUx)OM PH BpenHomhy;

"  penykiujay XUIOoKcHuHO] henuju Tymopa;

" BE3WBAC 32 HYKJIIEMHCKE KUCEITUHE U

"  MHIYKIH]ja allolTO3€ MPEKO MUTOXOH/IPH]aTHOT ITyTa.

NHdy3mja [Hind]trans-[RuCl(ind),]
Ru(lll)-npotent aayktu "T""".\-i-\,:i*'-
Kpe L i AN
v" Ocnobahare Ru(lll)
KoMnnekca . Pl

v Pepykumja go Ru(ll)

v Wntepakumja ca OHK v~ » -
ApyruMm Guomonekynuma

v" AnonTosa

Hlema 1.3. Ilpeonoscenu mexanuzam 0enogarba KP1019%

1.4. Opranomerannu pyreaujym(l1) apena kommiexcu

[Mocnenmux roauHa MHOTOOpOjHAa UCTpaXKHBama Cy (POKycMpaHa Ha OpraHoMeTaliHa
,»half-sandwich”, pyrenujym(1l) apena jenumema, koja moceaujy aHTUHTYMOPCKY aKTUBHOCT Yy iN
Vitro, a y HeKkuM ciiydajeBuma, u y in vivo yciosuma. Opranomeranau pyrennjym(ll) kommiekcn
omurre dopmyie [(n°-apen)Ru(XY)Z] (Cimka 1.5), rae je apeH GeH3eH Wi AepuBaT GeH3eHa,
XY neyrpanmau unun MoHoaHjoHCkH N,N-; N,O- umu O,0O-xenmatHu nuranag u Z XaJioreH,

WMHTEH3UBHO Cy MCTpakuBaHa oJ] ctpane Sadler-a u merosux capanHI/IKa.27'52’53 OBu KoMILIEKCH
-14 -
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umajy pseudo-okraemapky ,,piano-stool” cTpykTypy ca HEyTpaJIHHM apeHa JIMTaHIOM KOjH
3ay3uMa TpU KOOPJAMHAIIMOHA MECTa U YHUHH ,,CEJIUIITE CTOJUIE 33 KJIABUP ', a XENATHU JIMTAaH]]

3ajeIHO ca XaJIOT€HOM YHHH ,,HOT'€ CTOJIHIE .

Cnuxka 1.5. Omuma cmpykypa pymenujym(ll) apena komnnexca

Crpykrypa pyrenujym(ll) apena komruiekca, 103BoJbaBajyhin Bapujanuje TpH TJaBHE
rpaJuBHE KOMIOHEHTe (MOHO/ACHTATHU Juran Z, ounenrarau jurang XY u apeH), omoryhasa
duHO moseIIaBambe (GAPMAKONOIIKHX OCOOMHA OBHX KOMILIeKca.> TIpHCYCTBO KOOPIMHOBAHOT
apeHCKOr' JInraHjaa npyxa xuapodobHe ocoOrWHE KOMIUIEKCY U CTadWiu3yje pyTeHUujym y +2
OKCHJIAIIMOHOM CTamy, Tako Ja je okcuaanmja 1o pyreaujyma(lll) Beoma temuka. [Ipupona apena
JUraHaa MOXKe Jia TOTIIOMOTHE YCBajame KOMIUIEKCAa W MHTEpakldje ca MOTEHIUjaHUM
ouonomkuM mMetama. Onnaszeha rpyma, koja je 00u4yHO XJyopua U ocinobaha Mecto Ha MeTany 3a
BE3MBamke OWOMOJIEKYJIa, MOXXE OWTH OJf BaXHOCTH 3a KOHTPOJYy KHHETHKE aKTHBAIIH]je
komIuiekca. CyncTUTylMja XJIOpHIa HEKMM JIPYTUM XaJoreHoM (OpOMMIOM WIIM jOIUAOM) HMa
BPJIO MM YTHIA] HAa HUTOTOKCHMYHOCT KOMIUIEKCA. XeNaTHU JMraHa MOXe Ja OJpeau
CTaOMJIHOCT M KHHETHKY CYICTUTYLMje JHMraHaja y Komiuiekcy. Komruiekcu koju caipike
OMJeHTaTHU XeJaTHU JIMraHj Toka3yjy Behy aKTHBHOCT y OJHOCY Ha KOMILIEKCE ca

54
MOHOACHTATHHUM JIMTI'aHIOM.
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HHuTeH3nBHA UCTpakMBamba OJHOCA CTPYKTYPE M aKTUBHOCTH OATOBapajyhux KoMILIeKca
MoKasaja Cy Jla Cy HajaKTUBHHUJU KOMIUIEKCH ca XelnaTHuM JymraHaoM XY = en u omnazehom
rpynom Z = Cl. 3aucra, xommiekcu [(n°-apen)Ru(en)CI][PFs] (Cimka 1.6) mokasamn cy
obchaBajyhy aHTHKaHIIEPOTeHY aKTUBHOCT, IN VItro mpema KaHieporeHuM helujcKuM JIMHUjama,
yKJbYy4yjyhu 1ucmiaTiHa pesuctenTHe kKanieporere hemmje AR2780cis, u in ViVo ca 3Ha4ajHUM

cripeuaBameM pacra A2780 u A2780cis hemnja.>>™

' T O O O
@ benzene p-cymene biphenyl
Ru:,
o0 Ao
o \ g
H,N
- — dihydroanthracene tetrahydroanthracene

[(né-arene)Ru(en)CI]*

Cnuxka 1.6. Pymenujym(l1) apena xomnnexcu ca pasnuvumum apena aueanouma

[{uTOTOKCHYHOCT pacTe ca moBehameM BeIMYWHEe KOOpauHoBaHOT apeHa: OenseH (ben)
< p-ttumen (cym) < oudennn (bip) < auxuapoantparnen (DHA) < terpaxuapoantparen (THA),
Tako 1a bip KoMIUIeKe UMa CITUYHY IIATOTOKCHYHOCT Kao u kapoorutatuHa (1Cso = 6 uM), a THA
KOMILIEKC TMoKa3yje akTuBHOCT kao u 1ucmiatuHa (ICso = 0,6 uM) (Tabena 1.1). CtpykTypHe
dopMyre HEKHMX O]l IOMEHYTHX KOMIUIeKca rnpukazaHe cy Ha Cmumu 1.6. Komruiekcn ommre
dbopmye [(nG-cym)Ru(X)(Y)(Z)] (X, Y wim Z = xanup, aleTOHUTPUJI WM U30HUKOTUHAMM]),
ca TpU MOHOJICHTaTHA JIMraH/aa, HE TOKa3yjy akTHUBHOCT mnpema A2780 henujama kaHuepa
jajHuKa in vitro.>® OBu komIIeKcH MOTY OMTH CYBHIIIE PEAKTUBHU Ca KOMIIOHEHTama henujcKkux
KynTypa u henuja, U 1eakTUBUpPAHHU O] CTpaHe OMOMOJIEKYJa Mpe Hero MITO CTUTHY 0 JKeJbEeHe
MeETE BE3UBambA.

HenaBHu TeCcTOBM LMTOTOKCHMYHOCTH Ha IHMPOK nujama3on pyrenuyjm(ll) apena

KOMIUIEKCa IMOKa3ali Cy Ja je OAHOC u3Mel)y CTpyKType KOMIUIEKCa M HUXOBE aKTUBHOCTH
-16 -
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57,58
Ha npumep, ako ce €n 3aMeHM ca aueTUIALCTOHATHUM JIMTAHJIOM

MHOTO KOMIUIEKCHUjH.
(acac), cym u bip xomruiekcu nmokasyjy Behy murotrokcuanoct oa DHA komiiekca. 3aMemyjyhu
en ca N,N,N’,N’-trerpaMeTUJIeTUICHANAMUHOM WK 2,2’ -OMIUPHINHOM JT00MjaMO KOMILJIEKCE
KOJH HE TIOKa3lyjy 3Ha4yajHy HHUTOTOKCHYHOCT, JOK KOMIUIEKC ca 1,2-a1uaMUHOCH3EHOM Kao
XEJIATHUM JIUTaHJIOM T0Ka3yje YIOPEIUBY WM MOOOJbIIaHy IIMTOTOKCHYHOCT Yy mopehemy ca en

57,58
AHaJIO0T'OM.

TaGeaa 1.1. ICsy Bpemuoctn pyrenujym(ll) apena xommmexca [(n°-aper)Ru(X)(Y)CIJA
[A = PFg 3a mo3uUTHBHO HaeleKTpHCaHe KOMIUIeKce]|, KapOorutaTuHe U muciuiatuie y A2780

. .. 4
henmjama kanIepa jajHnKa HAKOH 24 caTa H3/Iaramba JeKy.”

Apen/Pt komIiekc X Y 1Cs0 (UM)
p-IIMMEH CH3;CN CH3CN > 100
p-uiuMeH Cl M3onukorunamug > 100
CeHsCO,CH3 H2NCH2CH2NH2 56
OeH3eH H2NCH2CH2NH2 17
p-IIMMeH H2NCH2CH2NH2 10
Kapboonramuna 6
CeHsCsHs H2NCH2CH2NEtH 6
CeHsCsHs H2NCH2CH2NH2 5
JUXUAPOAHTpALICH H2NCH2CH2NH2 2
Lucnnamuna 0,6
TeTpaxuApoaHTpaleH H2NCH2CH2NH2 0,5

[Ipe HekoNMKO ToAMHA, CUHTETHCaHA je cepuja HoBux pyreHujym(ll) apena xomruiekca
omure ¢popmyre [(n°-p-cym)Ru(L)Cly] rme L = 3-amerwimupuand, 4-aneTHIAPHAMH,
2-aMHHO-5-XJIOPOTTPHU/INH, W30HUKOTHHCKA WU HUKOTHHCKA KHCEIINHA, "

[(ne-p-cym)Ru(HL)CI] rne HL = 23-nupuaun-, 24-nupuauH-, 2,5-MUPUAUH- U
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59

2,6-tupuaun-aukapookcmnar (Cnuka 1.7).”” HoBOCHHTETH30BaHM KOMIUICKCH IOKa3aJid Cy
HUCKY IIATOTOKCHYHOCT Ha HEKOJIMKO UCIIUTHBAHUX TYMOPCKUX helnjcKuX JTMHUja. Y OUeHO je aa
je 3aMeHa pa3zIMYUTO CYNCTUTYHUCAHWX MUPUIMHCKHUX JIMTaHA/la ca aHjOHOM IHKOJIMHCKE

KHCeIMHe, NpU dYeMy HacTaje kommieke [(n°-p-cym)Ru(pico)Cl], mosema mo moschane

60,61
aHTUIIpOHM(epaTHBHE AKTUBHOCTH OBOT' KOMILIEKCA.

a) b) c)
R4 R6 | R6 |
RS AN R5 R5 | \N/R\U\Cl R5 | \N/RU\CI
R, N Rs R4 R2 R4 ﬂ'
Rs Rz O
Li-H,LO 1-5 6-9

L, 1: R, R4 R, Rg=H; R;=COCH,4
L2, 2: Rz, R3, R5, Re = H; R4 = COCH3
L3, 3:  R,=NHy Rz R4, Rg=H; Rs =Cl
HL% 4. R, R3 Rg, Rg=H; R, = COOH
HL% 5. R, R4 Rs, Rg=H; Ry = COOH
H,L% 6: R,, R3= COOH; Ry, Rs, Rg=H
H,L’, 7: R,,R,=COOH;R3, Rg, Rg=H
H,L8 8. R,, Rg=COOH;R3, Ry, Rg=H
H,LS,

8:
9: RQ, Rﬁ = COOH, Rg, RAv Rg =H

Cnuka 1.7. Cmpykmypue ¢hopmyne a) nueanaoa; 6) KOMHIEKCA ¢Ad MOHOOEHMAMHO 6e3AHUM

) 59
nueandom 1-5; y) komnnexca ca buoenmamno éezanum aueandom 6-9

1.4.1. Xuapoausa pyrenujym(l1) apena xommiaexca

Xuaponu3za je BeoMa OMTaH MEXaHHW3aM aKTUBAIlMje aHTUTYMOPCKHMX KOMILJIEKCa Kao IITO
j€ LUCIUIaTHHA, CTOra MCHUTHBAHO j€ XEMMJCKO IMOHAIlAke PYTEHHJYM apeHa KOMIUIeKca Y
. . +
BOJICHO] CpeiMHH. Y BOICHO] CPeIWHH, KoMIuiekcH ommre (opmyne [(n°-aper)Ru(L)CI]
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momiexxy xumponmsu rpajehm  ogrosapajyhe axsa kommiekce  [(n°-aper)Ru(L)H0]%
(Cnuka 1.8). Ximopua0 KOMITIEKCH TOJIEKY peaKifjama CYICTUTYIH]e JOCTa CIIOpHje Y OJJHOCY
Ha oxrosapajyhie akea Bpcre,”’ ma je BeoMa OHTHO IO3HABAHE KUHETHKE W TEPMOIMHAMUKE
peakmuje xuaponause Tj. (opmupame aktuBHOr o0muka pyreujym(ll) apena komiurekca.
Peakuuje xunponuse [(n°-apen)Ru(en)CI][PFs] xommuiekca (rxe je apen bip, DHA u THA) na
310K, y pactBopy NaClOy4 koruentpaumje 0,1 M (Kqoo = 3,95 - 6,84 x 10 s, cy 3a jeman pex

BE/MUHHE OpKe Y OXHOCY Ha PeaKIije XUAPou3e [ucuaTuae.

Cnuka 1.8. Xuoponuza pymenujym(ll) apena xomnnexca y 6odenom pacmeopy u gopmuparse

akea aoykma

[ToBpatne, peaknuje ananuje y npucyctsy 100 mM NaCl (cauuna KOHIEHTpAIUMjH Y
KpBHO] mmasmu) cy Beoma Op3e (Ko = 0,435 - 0,722 M™'s™). Bpsuna peakumje Xuapoiuse u
aHallMje 3aBHCHU O/l CTEPHUX M €NIEKTPOHCKUX edekara apeHa jquranga. DHA u THA xommiekcu
MOJUTeXY peakiijaMa XUAPOJM3e W aHalMje JBa MyTa Op)ke y OoAHOoCy Ha bhip komruiekc.
Pyrenujym(ll) apena koMIuiekcH mpu ekcTparenyiapHoj konueHtpauuju xaopuaa ([Cl] = 104
MM) npucytHu cy y oONHMKY Mame akTHBHE XJOpPHIO BpCTe, JOK ce yHyTap hemuje rae je
KOHIeHTpanuja xinopuaa 3HatHo Hmka ([Cl] = 4-25 mM) nHanaze ce y oOnuKy akTHBHE akKBa
Bpcre. pKa BpeasocTH aksa komiutekca [(n°-aper)Ru(en)(H,0)]* kpehy ce usmely 7 u 8, Tako
na nipu pusuonomkoj pH, Ru-OH; Bpcte npeoBnanasajy Han mame aktuBHUM RU-OH Bpcrama.
Ha ocHoBYy n0o6ujeHux pesyirara Hal)eHO je 1a KOHCTaHTa Op3uHe peakifje XUAPOIU3e 3aBUCH Y

BCJ'II/IKOj MCEpH o pUpoOaALC GI/II[CHTaTHOF XCJIaTHOI JIMraHaa Kao U O pKa BPCAHOCT aKBa aAyKTa.
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VYKOIMKO 3aMEHMMO HEYTPaJHH €N JUTaHj aHjOHCKMM acaC JHMTraHIoM, J0ja3u 110 noBehama
KOHCTaHTe Op3uHEe peakiyje Xuapoiuse W BpeaHocTu PKa aksa komruiekca ca 8,25 na 9,41

(3a n°-apen = p-cym).”’

1.4.2. Untepakumje pyrenujym(l1) apena kommiiekca ca HykJjieodazama

W3zyyaBawe wunrepakiuja pyrenujym(ll) apena komruiekca ca Hykieo0azama je of
U3Y3€THE BaXXHOCTH ¢ 003upom 1a je JJHK npumapHa Meta aHTUTYyMOPCKHX KOMIUIEKCA Kao IITO
je mucruiatuHa. CTora, UCHUTHBAHE Cy peakiyje KOMILIEKca [(n6-apeH)Ru(en)X]"+, rae je
n-apen = bip, THA, DHA, p-cym u Ph, X = CI" wm H;0, ca nepuBatnmMa HyKICHHCKHX
kucenuna kao mozaenuma JIHK ox crpane Sadler-ose rpyne.62 HUcnutuBama cy mnokasana
peTexXHo (hopMupame MOHO(MYHKIIMOHAIHOT Mpou3Bojaa npeko N7 a3oToBor atoMa ryaHuHa.
PeakTHBHOCT pa3IMYMTHX MeCTa KOOPAMHOBama HykieoOa3a mnpema pyrerujymy(ll) mnpu
HeyTpanHoj pH omama y cnenchem uusy: ryaHo3uH(N7) > tumuana(N3) > muruana(N3)
> aneno3ur(N7) > anenoszun(N1). [IpousBoau uHTepakuuje ca 9-etmnryanunom (9EtG) cy
M30JI0BaHH U OKapaKTEPUCAHU MIOMONY peHareHcke crpykrypHe ananuse (Ciuka 1.9). Youena je
cenektuBHa  RU-N7(ryaHuH)  KoopAuHangja  Koja  je  JOJaTHO  CTa0WIM30BaHa
crepeocrienupuaaoM BogoHnYHOM Be3oM m3Mmelhy C6=0 ryanmmna u NH rpyne en, kao u n-nt

. 2
MHTEepaKIjaMa u3Mel)y apOMaTHYHOT JINraH/a i HyKIeobase.”

a) 6)

dha tha

9-EtG :
06 Ru

en en

Ru 9-EtG
06

Cruka 19.  Kpucmamne  cmpykmype  a)  [(1>-DHA)Ru(en)(9EtG)]** u 6
[(®-THA)RuU(en)(9ELG)]**, npedcmasmajyliu apena-nypun m-m unmepakyujy u 6000HuUHY 6e3y

usmehy NH en u C60 zyaHuHa(G)52
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CrnuuHu pe3ynTatd I00UjeHH Cy M MPH KOMICTUTHBHUM peakihjaMa MOHOHYKIICOTHIA
(5’-GMP, 5°-AMP, 5’-CMP u 5>-TMP) ca [(n°-bip)Ru(en)(CI)]* xomrmiexkcom, y Kojuma je kao
KOHAYHM TIaBHU mpoussoy aoGujen [(n°-bip)Ru(en)(N7-GMP)]?*. ¥V oBuM peakimjama mpBo
JI0J1a31 70 XUAPOJIN3€e XJIOPHUI0 KOMILIeKca U opMHUpara oAroBapajyher akTHBHOT akBa ayKTa
KOjU c€ KOOpJAMHYje 3a HYKJICOTHJ NpPEKo KuceoHuka (ocdarHe rpyme, a 3aTUM J0Ja3u 10

62
CHopor mpeMeniTama u popmupama N7 aaykra Kao riIaBHOT POU3BO/IA.

1.4.3. Autepakuuje pyrenujym(l1) apena kommiiekca ca oaruronykiaeoruauma u JTHK

Wnrepakuuja pyrenujym(ll) apena kommiekca ca JHK je ox moceOHe BaxkHOCTH, jep
JHK wMoxxe OuTH Kpajlba MeTa 3a OBy BPCTy IOTCHIMjAIHUX AHTUTYMOPCKMX areHaca.
Kommeke  [(n°-p-cym)Ru(en)CI][PFs] ce Besyje cemekruBHo 3a ryannn (G) Ha
onuronykieotuauma, popmupajyhu monodynkuronanne npoussoae Ru-G7 u Ru-G8, kao u
OoudyHKIIMOHATHI MIPOU3BOJ G7(Ru)-G8(Ru).* WuTtepaxmmja KOMILJIEKCa
[(m°-bip)Ru(en)CI][PFs] ca aymiekcom d(ATACATGGTACATA)-d(TATYG®*TACCATGTAT)
je mpoydaBana momohy HPLC-ESI-MS wmerone, kao u momohy 2D NOESY NMR
cnektpockonuje. Takohe, Hal)eHO je 1a ce KoopAMHaLMja pyTeH’jyMa oaurpasa mpeko N7 aroma
G, Be3yjyhu ce MOHO- 1 OM(YHKIIMOHAIHO 32 OJMMTOHYKJIeoTH 1. Ha jenHoM KoHpopMepy youeHa
je uaTepkanamuja apena auranaa (bip) usmehy G18 u cycennor tumuna (T17), 1ok Ha apyrom
KoH(popMepy Hema HHTepKajaluje, Beh je apeHa JuraHj HacllomeH Ha Onaro caBujeH T17
(Cruka 1.10).%

Wntepakiujom pyreujym(ll) apena kommutekca ca JIHK nymekcom pomasu 1o
KoopauHanuje mnperexkHo 3a N7 asoroB atom G ocrarka. Ilopen Ttora, mpucytHe cy H
HEKOOPJIMHATHBHE WHTEpaKIHje Kao IITO Cy eJNeKTPOCTaTHYKEe HWHTEpaKiuje, jaka
WHTpaMoJieKyscka BojgornuHa Be3a u3mehy NH rpyme en u C60 ryanmna m xunpodoOHe T-1

MHTepakKiyje n3Mely apoMaTHUHOT JIranja u 6asa JIHK.%®
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Chuka 1.10. Monexynapru Mmooenu 06a KOHGhopmepa 14-mep
d(ATACATGGTACATA)-A(TATYG®TACCATGTAT) 3a «koje je eesan monodynkyuonannu
ppazvenm {(1°-bip)Ru(en)¥** npexo N7 amoma eyanuna (G18) a) noxazyjyhu unmepranayujy
apena usmehy G18 u T17 u 6) nema unmepranayuje, eeh je apena nueano Haciorwen Ha 01A20
casujen T17. (Pymenujym je npeocmasmen myouuacmom 6ojom, en mamHo NiaeoM U apend

63
JIUSAHO 3€/IeHOM)

1.4.4. Peakumje ca aMHHO KHCeJIMHAMA M IPOTEMHUMA

Peakuuje pyrennjym(ll) apeHa koMiuiekca ca aMHHO KHCEIHHAMa KOje CaapikKe CyMIIop,
kao mro ¢y L-tucrenn (L-Cys) u L-mernonunn (L-Met), cy ox Benukor mHTEpeca y MOrieay
Jakor yTHIaja Ha HWHTPAIENYJIApHY XEMH]y aHTHUTYMOPCKHX KOMIUIEKCA IUTATHHE, MOCEOHO
BIXOBO AHTAKOBAE Y JETOKCHDUKALMjH M MexaHmsmy pesucrenmmje.”® Ipotemnn mory
Takoje MMaTH BaXkHy YJIOTy y MexaHusMmy penoBama pyreHujym(ll) apeHa komruiekca,

yKJbYuyjyhu MOTYhHOCT J1a pyTeHH]YM MOK€E 3aMEHHUTH TBOXNE y MPOTEHHUMA.
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Sadler je ca cBojuM capagHUIIMa HCIUTHBAO HHTepakuujy pyreHujym(ll) apena
KOMIUICKCa ca aMHHO kucenuHama, L-Cys u L-Met.®” Ha OCHOBY €KCIIEpUMEHTATHUX PE3yJITara,
naheno je ma [(n®-bip)Ru(en)CI]" komruieke pearyje CIOpo ca THOJHOM aMHHO KHCEIHHOM
L-Cys (1:2) y BogernoM pactBopy Ha 310 K, najyhu Ha moyeTky peakiyje Tpu MOHOHYKJI€apHa
MIPOU3BO/IA, IIPH Y€MY j€ LIUCTEHH KOOPIMHOBAH 3a PYTEHUJYM IPEKO CyMIIOpa WJIM KUCEOHHKA.
Haxon 24 cata youeHa cy W JBa JAWHYKJI€apHa IPOM3BOJA KOja HACTajy Kao pe3yiTar IryOuTKa
KOOP/JIMHOBAHOT CTUJICHIMAMUHA M CAJPXKE jeJaH WM J[Ba MOCTHA IUCTEMHCKA JUraHaa. [lpu
BHCOKMM KoHIeHTapiujama L-Cys gmomasu u 1o rpahema HeyoOHMuajeHOr KiacTepa
{(m®-bip)Ru}s. urepakimja ca troerapckum cymmopom L-Met je Takohe ciaba u camo 28%
[(m°-bip)Ru(en)CI]* KOMILIEKCa pearyje najyhu camo jenan IPOM3BO/T
[(m°-bip)Ru(en)(L-Met-S)]**. CnaGa peakTMBHOCT WCIMTMBAHOI apeHa KOMIUIKca ca
oarosapajyhum amMMHO KHUCEITMHAMa KOje CalDKe aToM CyMmIiopa y OOYHOM HHU3Yy, U BHCOKA
PEaKTUBHOCT TIpeMa TyaHWHY, yKasyje na ce aayktu ca JIHK mory dopmuparn wak u y
MPUCYCTBY aMHHO KHCEJIHMHA, MENTHJA U MPOTEHHA. Y CYNPOTHOCTH ca THUM, cMarpa ce Ja ce
pyrenujym(111) komruiekcu Be3yjy jaue 3a MpOTEHHE K0 IITO Cy alOYyMUH ¥ TpaHC(EPHH HEro 3a
JHK, mpu d4eMy NpOTEMH MOKE€ TNOCIY)KUTH 3a JIOCTaBy KOMIUIEKCA JI0 KaHIIEPOT€HUX
heJ'II/Ija.GS'Gg OBo ykasyje aa ce MexaHu3zaM JenoBamba pyreHujyMm(ll) apeHa aHTHKaHIIEPOTCHUX
KOMILIEKCa pasjukyje o mexanusma pyrenujym(111) kommiekca.

HenaBHo cy ucnutuBaHe KOHKypeHTHe peakuuje pyrenujym(ll) apena kommiekca ca
tpunentuaoM riyratioHoM (GSH) wu mukimmunuMm ryaHosus-3',5'-moHodocharom (CGMP)
nomohy HPLC u LC-MS wmerome, 'H u N NMR cnexrpockommje.”’ TIpu dusHomomKuM
ycaosuma (pH = 7, 22 mM NaCl, 310 K), y peakuuju ca GSH HacTaje THOJIATO HPOHM3BO.I
[(n6-bip)Ru(en)(GS-S)] KOjU j€ CacBMM HEOUYEKHBAHO OKCHJOBaH MOMONY KHCEOHHKa 0
cynadeHaTo KOMIUIeKca [(ns-bip)Ru(en)(GS(O)-S)]. [Tpu oBUM ycliOBUMA, KOHKYPEHTHA PeaKIlyja
ucnuTHBaHOr apeHa komimuiekca ca GSH wuw  cGMP  goBogm 10  dopMmupama
[(m®-bip)Ru(en)(cGMP-N7)]* kao riaBHOT MpOW3BOJA, YaK U y TPHCYTBY BEIHKOT BHIIKa GSH.
OBe penokc peakiuje LUCTeMHWT TnpousBoaa pyreHujym(ll) apena aHTHKaHIEpOTEHHX
KOMILJIEKCA MOTY UMaTH BaXKHY YJIOTY Yy lbUXOBO] OMOJIOIIKO] aKTUBHOCTH.

[Toctoju HekonaMKO NyOIMKOBaHMX paJoBa Yy KOjUMa je HUCHUTHBaHA HHTEpaKiyja

. 71,72 :
pyrenujym(ll) apera xomruiekca ca pa3HHUM MOJIEKyJuMa mporeuHa. ' OBe MHTEpakije Cy
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BeOMa BaXKHE 3a yTBphUBame MexaHH3Ma JIeJIOBarbha OPraHOMETATHHX AHTUKAHIIEPOTCHHX
KOMILIEKCA.

Wurepakiyje JBa apeHa KOMILIEKCa, [(m°-p-cym)Ru(en)CI][PFe] u
[(m°-bip)Ru(en)CI][PFs], ca xymaHuM cepyMm anGyMHHOM, HCIHTHBaHE cy momolly MaceHe
ciexrpomerpuje (MS).” JloGujenn pesyiraty mokasyjy a ce 06a KOMIUIEKCAa KOOPAMHY]Y 3a
xuctuauH (His128, His247, His510) u 3a metnonun (Met298) Ha moBpman andymuna. [lopen
tora, [(n°-p-cym)Ru(en)CI][PFs] komrmuiekc Moxe yhu y IIYIUBMHY NPOTEHHA, BE3aTH ce 3a
Cys34 u u3a3Batu okcuaanujy tuonata ao cyidunara (Ciuka 1.11). C o63upom na ce Cys34
Hamasu yHyrap wymsuse, [(n°-bip)Ru(en)CI][PFs] koMILIeKe ce HE MOKE KOOPAMHOBATH 3a
Cys34, 360r (heHMIT MPCTEHA KOJU MPEJICTaBIba CTEPHY CMETHY. 3aKJbYUCHO j€ Ja apeHa JIUTaH]l
UMa KJbYYHY YJIOTY Yy MHTEpakuujama ca nporermHnMma. CTora TakBe OKCHAAIMOHE peaKiuje
THOJIa U3a3BaHE KOOPJAMHAIM]OM PYTEHHjyMa MOIy OMTH BeoMa 3HauajHe y (papMakoJOoUIKOj

aKTUBHOCTH 0BHUX pyreHujym(Il) komruiekca.

Cnuxa 1.11. Cmpyxkmypa [(n°-p-cym)Ru(en)CI][PFs] xomnrexca ca xymanum anbymumom.

Pymenujym je koopounosan 3a Cys34 koju ce nanazu y wynmunu npomeund.
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1.5. RAPTA koMmmiexkcu

Pyrenmjym(ll)  apena  kommiekcn ommre  dopmyne  [(n-aper)Ru(X)(pta)]
(pta = 1,3,5-tpuaza-7-pocoarpunmknol[3.3.1.1]-nekan, X = Cl wim aukapOOKCHIATH,
Cnuka 1.12), nazsanu RAPTA komruiekcu, cuHTeTHCaHU Ccy of ctpaHe Dyson-ose rpyne.74 Oge
KOMILIEKCE KapaKTepHulle MPHCYCTBO Pta JMranga Ha MECTy €TWICHIUAMHUHA y KOMIUIEKCHMa
CHHTETHCAHUM 0] cTpane Sadler-ose rpyre.

OpraHomMeTaaHu KOMILIEKCH, [(n°-cym)RuCl,(pta)] (RAPTA-C) u
[(m°-Tonyen)RuCl,y(pta)] (RAPTA-T), cy mpeamMer aeTa/bHUX in Vitro u in vivo ncnmrasarma. ™"
In vitro ucnutuBamwa mnokasyjy na je RAPTA-T npakTHYHO JHUIICH IMUTOTOKCHUYHOCTH, aJd
WHTEparyje ca KOMIIOHGHTamMa BaHNENMjCKOr MaTpHWKCa, YMME WHXUOHWpajy Heke ox ¢asa
METacTaTCKOI Mpolleca, Kao MTO Cy O/iBajakbe henuja 0]l MPUMApHOT TyMOpa, MUTpaluja |
azxesvja Ha HOBOM MeCTy.31 Wutepecanto je Aa cy edekTH u3pakeHUWju mpema hemujama
KaHIepa ca BehrM WMHBa3UBHUM IOTEHIIM]aJlOM, HETO IpeMa Mame MHBa3MBHUM henujama. In
VivO, Ha MojieNTy KapImHOMa J10jKe, 00a KOMILIeKca HHXHOupajy Gpopmuparme MeTacrase miyha,
0e3 3HavajHMjer AeoBamba Ha npuMapHu Tymop. RAPTA-T komiuiekc mokasyje in Vvitro u in vivo

noHamame Beoma cimnuHo NAMI-A, o je uznenalyyjyhe ¢ 003upoM Ha CTpyKTypHE pa3iuke.

o <o

I I
/\ \\\‘_Ru\ /\ \\\‘_Ru\
ol e

=N —N
RAPTA-C RAPTA-T

Cnuka 1.12. Cmpyxmypue ¢popmyne RAPTA xomnnexca

1.6. ,,Half sandwich” pyrennjym(l1) kommniiexkcun

ITpe uexomuko rogura Alessio je 3amodeo WcTpakuBame y Wby YTBphHBama J1a Jin je
nb-apena smramg kox opraHomeranHux half sandwich” kommiekca HeomxomaH 3a

AHTUTYMOPCKY aKTHBHOCT WJIM MOXKE€ OUTH YCIEUIHO 3aMEHEH HEKUM JPYTUM HEYTpPaJTHUM
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6-esiekTpoH JoHOpPCKUM ,.face-capping” auraHaoMm, WM ca TPM MOHOJCHTATHA JIUTaHAa Koja
dbopmupajy crabuinan fac-Ru(L); ¢pparmeHT, 10K ocTaiu JuraHay octajy HenpomemweHu (Crmka
1.13). Crora, Alessio je 3ajemHo ca CBOjUM capaJHuIMMa pa3BuO HOBY cepujy pyrenujym(ll)
,,half sandwich” kommiekca ommre dopmyse [Ru(fcl)(chel)X][Y],, y kojuma je apena aurasj
3aMemeH HeyTpaiHum ,face-capping” wmaxpormkimuuauM surangoMm  (fcl) kao mro cy
1,4, 7-rputnarnukiononan ([9]aneS3), 1,4,7-tpuasanukiononan ([9]aneN3), chel je weyrpanuu
win adjoucku xematHu smmrang (N-N, kao mro cy en, dach, bpy wmm cymcruryucan bpy,
cyncruryrcanu Tpuasonu; 0-O, okcanar, mamonar, acac; N-O, nmukonunat (pic)), X je Cl wmu
dmso-S, a'Y je CF3SOs3, PFg uu Cl (n 3aBucH o HaenekTpucama Xeaara u X).76'80

HenaBHo je cunTeTH3oBana u HoBa cepuja pyrenujym(ll) ,,half sandwich” xommiekca
omre dopmye fac-[Ru(dmso-S)s(N-N)CI][PFs] (N-N je en, dach wau 2 NH3), koju ymecro
apeHa ¥ MaKpOIUKJINYIHOT JIMTaHaa caapxe Tpu S-koopanHoBaHa AMSO juranga y ¢amnujarHoM

.81
nomnoxajy.?

Ru(ll) a) )
[ O\ /f.f;,hhl /O
\ \\1‘“‘\“ mh/”" ””m., | ,u\\\\\\“\
C Ru Ru \
S I Ty S
A

[9]aneS3 [9]aneN3 fac-Ru(dmso),

Cnuka 1.13. Cmpyxmypne ¢opmyne pymenujym(1l) , half sandwich” komnaexca xoju ce
paznuxyjy v npupoou ,,face-capping” siueanoa: a) 1,4,7-mpumuayuxiononan ([9]aneS3), 6)
1,4, 7-mpuazayuxnononan ([9]aneN3) u y) mpu dmso-S iueanoa y ¢ayujannom nonosicajy
(dmso-S)3

AnTHnNponudepaTUBHa AKTUBHOCT OBHMX KOMIUIEKCa HCHUTHBAaHA je IMpeMa XyMaHoj
henmujckoj nmuuuju kapuuHoma aojke MDA-MB-231. JloOGujeHu pe3ynTaTd Cy MoKasald Ja
jemuno [Ru([9]aneS3)(en)CI][PFs] u [Ru([9]aneS3)(dach)CI][PFs] (Cnuxa 1.14) xommiekcu

nokasyjy in vitro murorokmunoct. JoGujere 1Cso Bpearoctu cy 80 uM (en) u 124 uM (dach),”
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KOje Cy 3a jeflaH pell BEJIMYMHE BHIIC Y OJHOCY HA HAjAKTUBHUjH OPTaHOMETATHU KOMILIEKC
[Ru(m®-bip)(en)CI][PFe] (ICso = 10 uM, Tabema 1.2).”" OGa osa Ru-[9]aneS3 kommiekca
MOJJIEXKY PEaKIMjH XUAPOJHM3Ee y TOKY HEKOJMKO MHHYTa W TIoceayjy moryhHocT rpahema
BOJIOHMYHE BE3€ MPeKo XejartHor jmradma. OBe 1Be O0COOMHE Cy BeoMa BakKHE 3a
antunpoiudeparuBay akruBHocT. Komruieke kao mro je [Ru([9]aneS3)(bpy)Cl][PFe], maxo
xuaponusyje cauanom Op3uHom kao u [Ru([9]aneS3)(en)Cl][PFs] xommiekc, 300or ryoutka
MOryhHOCTH 1a Tpaad BOJOHMYHY Be3y IIOKa3dyje BeOoMa HHCKY aHTHIPOJH(pEpaTUBHY
aktuBHOCT. Ca Jpyre cTpaHe, KoMIuieken kao mro cy [Ru([9]aneN3)(chel)(dmso-S)][PFe],"

fac-[Ru(dmso-S)s(chel)CI][PF6]®* (rme je chel = en mm dach) (Ciuka 1.14), xoju cy nHepTHH

IpeMa CyNCTUTYIH]H, CYy Takol)e HeaKTHBHH.

,/\ + 1+
Sl, Lo NJ LSI, o ND g,p, ot g
[Ru([9]aneS3)(en)CI]* (1) [Ru([9]aneS3)(dach)CI]* (2) [Ru([9]aneS3)(bpy)CI]* (3)
2+
A~ 2+ 1
| —NH H2_| I ITIH Hz
L Hl,, I ‘_\\‘N L H':.Ru.-“‘
R AN
[Ru([9]aneN3)(en)(dmso-S)]?* (4) [Ru([9]aneN3)(dach)(dmso-S)]** (5)
0 |+ : 0 1+
/,,\ \S// H2 'I’\ \S// H2
o=Sn | N o=Sn | N @
=57 LN =57 LN
" / " /
[Ru(dmso-S);(en)CI]* (6) [Ru(dmso-S);(dach)CI]* (7)

Cnuxka 1.14. Cmpyxmypue ¢opmyne pymenujym(ll) , half sandwich” komnnexca xoju cy

mecmupaHu Ha aHmunpOJzugbepamueHy akmueHocm
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Ta6ena 1.2. 1Cso Bpennoctu oarosapajyhux kommiekca npema MDA-MB-231 henujckoj nuauju

1Cso [UM]
MDA-MB-231 KB
81+20 118+ 120
124+ 12
> 300 109+ 113
>300
> 300
349+ 226
>300
RM175 8.99+12.1 2.60

N O R WN R

1.7. Pyrenujym(l1) motumapuania KoMILIEKCH

[Mocnenmux HEKOJIMKO NEICHUja, PYTEHHjYM MOJUIUPHINI KOMIUICKCH Cy OWJIM MeTa
MHOTOOpOJHMX HCTpakMBamka Kao Moryha airepHatuBa 3a KOpHUIIheme Y KIACHYHO]
XeMOTepaHI/IjI/I.66'82 3a Heke o] WUX je nmpoHaheHo na mocenyjy oGehaBajyhy aHTHTyMOpCKy
akTHBHOCT. JlupekTHa Be3a wu3Mel)ly IUTOTOKCHYHOCTH W KOOPIWMHOBaWka PYTEHUjYM
noyunupuani komiutekca 3a JIHK je mokpenyra o crpane Brabec-a u merosux capaz[HI/IKa.82
[urorokcuunoct Tpu xsoponoiunupuamn pyreaujym(ll) xomrurekca, [Ru(tpy)(bpy)CI][CIl],
cis-[Ru(bpy).Cl;] u mer-[Ru(tpy)Cls] (tpy = 2,2°,6’,2”’-TepnupHInH), UCIUTHBAHA j& MpeMa
pasuuM henujckum ImHAjaMa Tymopa.>>%? Kommiexke mer-[Ru(tpy)Cls] (Cimka 1.15) je mokasao
3HATHO Behy IUTOTOKCHMYHOCT y OJHOCY Ha Jpyra JiBa KOMIUIEKca. BHcOka aKTHBHOCT OBOT
KOMIUIEKCa IMpeanocTaBba ce J1a MoTude o]l merose crnocodHoctu Aa Besyje JHK mpeko nsa
JepuBaTta ryaHuHa y trans mososajy, Ha CyIpOTHUM JIaHIIMMa, 32 Pa3jiuKy OJl Mame aKTHBHOT
komurekca,  Cis-[Ru(bpy).Cl.].# Reedijk u merosu capagHUIM Cy TIOKazanu Ja
cis-[Ru(bpy).Cl;] dopmupa monoamaykt ca 9-ermnryanunom (9EtG), xao m Ja KpucTaaHa
crpykrypa Cis-[Ru(bpy).CI(9EtG)][CI] xommutekca otkpuBa koopmuHanujy 9EtG mpexo N7

asotosor aroma.” Ca npyre crpane, Alberto i meroBu capamHHIN Cy MPOHALLIH, IIPH HCTHM
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yCJIOBUMA, KBAHTUTATUBHY KOOPIMHAIM]Y J1Ba AepuBaTa ryanuHa (9MeG) y CiS monoxajy npexko
N7 atoma.®

TokoM NPETXOAHMX TOMWHA, CHUHTETH30BaH j€ BEIMKH OpOj MOHODYHKIIHOHATHHUX
pyrerujym(l)  TeprmupuamH  kommiekca  ommTe  dopmyne  mer-[Ru(tpy)(N-N)CIT*

(N-N = GumeHTaTHU a30T-TOHOPCKH XEJIaTHU ﬂnraﬂﬂ).24’86'89

[Ipoy4aBaHa je BUXOBA CIIOCOOHOCT
BesuBama 3a JJHK, npu uemy je nponaleno na ce BehrHa oBHX KOMITJIEKCa KOBAJIEHTHO Be3yje 3a
N7 aTtom ryanuHa, ¢popmupajyhn MOHODYHKIIMOHATHE TPOU3BOJE, & HEKU OJ HUX CTOIHPAJY
peTUTKAIIN] Y JIHK 8286

Tpu wmzomepna pyrenujym(ll) momunmupuanmn komiuiekca, o-, B- u y-[RuCly(azpy).]
(azpy = 2-dbenmnazonupuanH) cy TectupaHa Ha cepuje henmujckux ymHuja kanuepa: MCF-7,
EVSA-T, WIDR, IGROV, M19, A498, H266 u A2780).°>% Kommekc o-[RuCly(azpy),]
(Cnuka 1.15) je nokaszao Hajsehy akruBHoct ca |Cso Bpequnomnihy 0,86 u 0,98 uM npema A2780 u
A2780 cisR, mTo je y uctom orcery Kao u murotokcudaoct pyrenujym(ll) apena komruiekca

56

npeMa uctuM henujckuM nwHWjama.”” lcnuThBaHa je WHTEpakldja OBUX KOMIUIEKCA ca

9-CTI/IHI‘yaHI/IHOM U TYaHO3WHOM, IIpU YEMy JOJIa3u OO0 (l)opMI/Ipa}La MOHO(i)YHKI_II/IOHaJ'IHI/IX

IPOH3BO/A.

Tris(ruranx)  kommuiekcn  [Ruls][PFel, (L = 2-beHunazonupuanH WK
O-TOJMIIA30TIPHINH ) Kao " KOMILJIEKCH OImITe bopmye [RUL,'L"][PFs]2
(L = 2-dpenmnazonupunud wid DPY) Cy CHHTETH30BaHH, CTPYKTYPHO OKapaKTEPUCAHH H

VCTINTHBAHM HA IMTOTOKCHYHY akTHBHOCT.” OBH KOMIUIGKCH Cy JM3ajHMPAHH Kako OH ce
ucrntana xumnoresa aa o-[RuCly(azpy);] kommieke nocenyje BUCOKY IUTOTOKCHYHOCT 300T JIBa
CIS XJIOpHIO JIMTaHaa, Koja Mory OWTH 3aMermeHa npu uHTepakimju ca JIHK, kao y ciyuajy
mucriatuae.  Kommekcu  mer-[Ru(azpy)s][PFe]. u  mer-[Ru(tazpy)s][PFs]. cy mnokasanu
UTOTOKCHYHY aKTHUBHOCT 3a cepHjy hemmjckux snuHuja kxanuepa (MCF-7, EVSA-T, WIDR,
IGROV, M19, A498, H266). Tako ma, 4ak ¥ y OJACYCTBY XJOPHIO juraHjaa, npumehena je
[IUTOTOKCHYHA aKTHBHOCT. To Ou 3Haummo aa 2-permnazonupuand pyreaujym(ll) xomriekcu

JIey]y MOTIIYHO JPYTadyujuM MEXaHU3MOM y OJHOCY Ha IUCIIATUHY.
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cis-[RuCl,(azpy)-] mer-[Ru(tpy)Cls]

Cnuxa 1.15. Cmpykmypne opmyne nexux pymenujym(11) nonunupuoun xomnnexca xoju
NOKA3Yjy YUMOMOKCUYUHY akmugHocm, 2o0e je aIpy 2-¢enunazonupuoun u tpy 2,2°,6°,2°-

mepnupuouH

1.8. CyncTuTyuuoHe peaknmje KOMIUIEKCHUX jeIH-EHba

N3yuaBame MeXaHHW3Ma peakilfje uMa 3a IiUJb YTBphHBamke €JIeMEHTApHUX PEaKIIMOHUX
KOpaka KOju BOJI€ Ka HAcTaHKY IpOU3BOJA peaklidje, 3aTUM YTBphUBame Op3MHE KOjOM Of
peakTaHaTa HacTaje MPOU3BOJ peakifje U Ha Kpajy yTBphUBame yTHIdja PEaKIMOHHX YCIOBa
(mpoMeHa KOHLIEHTpallMje peakTaHaTa, IpoOMEeHa TeMIlepaType U MpPUTUCKA, YBohewe
KatanuzaTopa, PH, joHcka jaunHa pacTBOpa, UT/.) Ha Op3uHy peakuuje. OapehuBame MexaHu3Ma
peakimje Takohe moapasymeBa aHaJIM3y HauMHA Ha KOJU CE XEMHjCKa Be3a packua U HauMHa Ha
KOjU ce HoBa Be3a (¢opmupa. [TomTo cBaku eneMeHTapHHU KOpaK peakiifje MMa CBOj MeXaHu3aM,
KOMILJIETHO 00jalllibehe PEaKIIMOHOT MEXaHU3Ma j€ TEIIKO TOCTUXKAH IUJb.

YV Hlemn 1.4 cy npuka3zaHud CBU UYHMHHOIM Koje Tpeda y3eTd y 003up MPHIMKOM

oapehuBama MEXaHU3Ma XeMU]CKe PeaKliiy] e
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Kunernka peakumuje MexaHH3aM peakiuje
A

3ABHCHOCT 01:
" KOHLleHTpauuje, pH,
Mepeme koHcTaHTe Op31IHe —— | rermepaType, NPUTHCKA, HTA.

EMnupujcku 3aKoH 6p3nHe IIpeanoxeHn MexaHH3aM

\ / Teopuja

Teopercku 3aK0H Gp3HHe

Lllema 1.4. Kopayu y oopehusarpy mexanusma xemujcke peaxyuje

[IpoyuaBame MexaHM3Ma HEOPraHCKUX peakildja Harjlo 3allo4uibe ca Pa3BojeM HOBHUX
excnepumentanaux texuuka (UV-Vis crnexrpodoromerpuje, NMR crnekrpockonwje, stopped-
flow cnekrpodoromerpuje, HPLC merone, utn.).

CyICTUTYIIHOHE peakKilhje KOMIUIEKCHUX jeluibelha MOry Outu enekrpoduiane (Sg) u
HykineopunHe (Sy), y 3aBUCHOCTH OJ1 TOTa Ja JIi y MPOLECY CYNCTHUTYIHjE A0Na3H 0 3aMEHE
[EHTPATHOT JOHA METaja WM JIMTaHa/a. YKOJIUKO Ce Y TOKY peakiije CylCTUTYHIIE jJOH MeTala
Tj. €NEKTpodWI, y MHTAkYy j€ peakirja eleKTpopuiaHe cyrncrurynuje, jenHaumaa (1.8.1), a
YKOJIMKO C€ BpIIIM 3aMeHa JIMraHa/ia, KOMIUIEKC MOJUIeKe PEaKINjU HyKJICOPHUIHE CYIICTUTYIIH]E,

jennaunna (1.8.2).
[ML] + M= [ML] + M Se (1.8.1)

[ML] + X = [ML,1X] + L SN (1.8.2)

HykieodriiHe CyIcTUTYLHOHEe peakuuje, npema Langford-y u Gray-y,” oxsujajy ce mo

Tpu paziuunta Mexanu3ma (Illlema 1.5):
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» JucouujatuBHOoM Mexanusmy (D),
» AcouujatuBHOM MexaHm3my (A) u

» Mexanusmy usmene (1)

I MexaHuszam

[ML,] X —— [ML,,X]L | [ML,,X] + @

ZCIR
[ML,X] [ML,,] + @
//’ (D4 +\
[ML,,X] + @ [ML,,X]

Hlema 1.5. Mexanusmu HyKkneogunne cyncmumyyuje KOMnNieKCHUX jeOurbervd

Kon mucommjatuBHor wmexanuzma (D) y mnpBOM CTymmby peakiuje JI0jia3d [0
TucoIjanyje jenHor jmranga L w3 koopnuHanmoHe cdepe KoMmIUieKca, MPU YeMy HacTaje
UHTEpMeIMjep ca CMabeHUM KOOpAMHAIMOHUM OpojeM. Y cieaeheM CTynmy yia3HM Juranj X
ce Be3yje 3a IIEHTPaJIHM joH MeTana. [IpBu cTymam peakiyje je Copuju U oH ojapehyje yKynHy
Op3uHY peakiyje CylCTUTYIIH]e.

Kox acommjatuBHOr mexanm3ma (A) y mpBoj (asu ymasuum aurang X ce Besyje 3a
[IEHTPATHU JOH MeTana, rpaaehu mHTepmenujep ca moBehaHWM KOOPAMHAIIMOHUM OpojeMm, a
3atuM, y apyroj ¢asm oanmazehm nurann L Hamymra KOOpIMHAIMOHY cdepy KOMILIEKca.
Peaknuja rpahema uHTepMenujepa ca nosehanum KoopaWHAIMOHMM OpojeM je cropuja U OHa

onpehyje ykynHy Op3uHY Ipoiieca CyInCTUTYIIH]€.
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Mexanuzam u3mene (1) je mporec koj Kora ce, y npBoj (asu, yaasau gurang X Besyje
SNIEKTPOCTATUYKUM CHJIaMa 3a CIIOJballllby KOOPIMHAMOHY cdepy Komiuiekca. [Torom nornas3u
70 MHTpalyje yJIa3HOT JIMTaHJa W3 CIOJhAllllbe Yy YHYTpallkhy KOOPIWUHAIMOHY chepy y3
UCTOBpPEMEHY MHTpanujy ojnaszeher nuranna L w3 yHyTpamime y criosbaiimby KOOPAHHAIUOHY
chepy. Kpajuu mporec je packumame Bese mamely komruiekca u omnaseher nmuranna. OBaj
MEXaHM3aM, 32 Pa3JIMKy O MPETXOJHA JIBa, HeMa HHTEpMeIUjepa, ajli OCTOjH MPENa3Ho CTambe,
Tj. IPOIIEC TIOCEAYje CBOjY CHEPTHjy aKTHBHpama. MeXxaHn3aM H3MEHE ce MOXKE MOJICIUTH Ha I,
u Iy MexaHn3Me. YKOIMKO MPOLeC pacKuaama Bese umel)y nmenTpanHor joHa merana u oasaseher
muranga L mma Behm ytunaj Ha Op3wHY peakiivje, MeXaHu3aMm ce oOeexkana ca Iy, a yKOJIHKO
nporec hopMupama HOBE Be3e u3Mel)y IeHTpaIHOT joHa MeTalla U yJIa3HOT Juranaa X uma Behu

. . . 95,96
yTuLaj Ha Op3MHY XEMHU]CKEe peakliije, MexaHu3aMm ce obenexana ca l;.

1.9. AKTUBaUMOHM MAPpAMeETPH

OnpehuBambe MexXxaHW3Ma XEMHUJCKE peakldje 3acHWBAa CE HA aHAIW3H JIOOMjCHHUX
BPEJIHOCTH TepMOAMHAaMUUKKX mapamerapa (AH”, AS”, AV”) koju kapakrepuiny oapehenn
nporec. Jenan ox OMTHHMX IMOJaTaka je BPEJAHOCT KOHCTaHTe Op3uHE XeMmujcke peakuuje k, 3a
yuje onpehuBame MOCTOjU BEIUKU Opoj eKcrnepuMeHTaaHux wmerona. M30op oarosapajyhe
METOJIE 3aBUCH KakKo O] Op3WHE Mpolleca KOjU c€ MpoydaBa, TaKo M OJl OCOOMHA Y4YECHUKA
XEMH]CKE pCaKHI/Ije.97 Jeman opx xputepyjyma 3a ojapehuBame MexaHW3Ma j€ TI03HaBambe
BPEIHOCTH TPOMEHE EHTpONHje aKThBupama, AS”. IlomTo je eHTponMja aKTUBHUpAHma MEPHIIO
HeypeheHocTH cucTeMa, a Ha OCHOBY ca3zHama Jla ce KOJ pasIMuMTHX MexaHu3ama (opmupa
uHTepMenujep ca sehoMm minm mawmoMm HeypeheHomrhy, oBaj mapamerap omoryhasa neduHucame
MeXaHu3Ma CyrncTutyuuje. ¥ ciydajy D mexaHu3ma Momro HacTaje MHTepMeIujep ca CMalbeHUM
KOODIMHAIIMOHMM OpojeM, OfHOCHO, ToBehaBa ce HeypeheHocT cucteMa, AS” MMa TO3UTHBHY
BpenHocT. Kon acomujaTuBHOr MeXaHM3Ma HacTaje MHTEpMeAMjep ca  IoBehaHum
KOOPIMHAILIMOHUM OpOjeM, OJIHOCHO, CMambyje ce HeypeheHocT cucteMa, na AS” MMa HETaTHBHY
BpenHocT. Y ciy4dajy I Mexannsma AS” je IpUOIHKHO jeTHAKA HYIIH.

Jla 6u ce oapenuiaa BpeaHOCT 3a AS” HEONXOIHO je TO03HABAME BPEIHOCTH KOHCTAHTE
Op3vHE XEeMMjCKe peaklldje Ha pa3IuuyuTHUM Temieparypama. IIpBo ce oapebyje Bpeanoct

CHEpruje akTHBHpama, E,, momohy Arrhenius-ose jegnaunse (1.9.1).%1%
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k = k,exp(—E,/RT) (1.9.1)

y K0joj je k koHcTaHTa Op3uHe XeMujcke peakuuje, ko pakrop yuecranoctu, R racHa koHcranTa
n T Ttemmeparypa Ha Ko0joj je oapehena BpemHOCT KoHcTaHTe Op3uHe. JlorapuTMmoBameMm

jennauune (1.9.1) nobuja ce uzpas
Ink =Ink, —E,/RT (1.9.2)

y KOMe TocToju JuHeapHa 3aBucHOCT INK y dyukiuju 1/T. OBa 3aBHCHOCT je JIMHEapHa y yXKeM
temneparypuom uHTepBany on 30 — 40 °C. To 3Hauu Aa mMo3HaBamkEeM BPEIHOCTH KOHCTaHTE
Op3vHE XEMH]CKE peaKilyje 3a HajMambe TPH TeMIIepaType, TpapuuKUM yTEM C€ MOXKE OJIPEIUTH
. 97,100
BpenHoCT wiaHa —E,/R, 01HOCHO, BpeTHOCT €HEPruje aKTUBHPambAa.

[Ipomena enTanmuje aktuupama, AH”, onpehyje ce u3 jennaunne (1.9.3).
AH” =E, —RT (1.9.3)

[IpomeHa eHTponmje akTHBMpama, AS”, mpeacraBba mpomeHy crnobomne Gibbs-ose

enepruje, AG”, ca npomenoM temmneparype T, mTo ce Moxke uspasutu nomohy jexnaunne (1.9.4)

(O'(A—G)J =—AS* (1.9.4)
dT

Bpennoct 3a AS”™ ozpelyyje ce Ha ocHoBy EYyring-ose jennauunme (1.9.5)

RT AG”
k=—exp| - 195
Nh Xp( RT j ( )

C 063upom na ce AG” moxe nspasuru mpeko AH” u AS”, jennauuna (1.9.6)
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AG” = AH” - TAS? (1.9.6)

3ameHoM y u3pasy (1.9.5) nobuja ce jeanaunna (1.9.7)

RT AS* AH”
k=—=¢ exp| — 1.9.7
Nh xp( R pr( RT] ( )

JloraputmoBameMm jennaunne (1.9.7) nobuja ce uzpas

In K =In R +AS _AH (1.9.8)
T Nh R RT

Ha ochoBy u3paza (1.9.8) Buau ce na moctoju auneapHa 3aBucHoct wiana IN(K/T) y dyakumju

1/T, 1j. rpadmvku, HA OCHOBY OBE jeTHAUYMHE, U3 Haruba nodujeHe mpase oapehyje ce BpeaHoCT
3a AH”, a u3 oziceuka npase uspauyHasa ce Bpennoct 3a AS”. Ipsu wian y jeanaunnu, In(R/Nh),
je koHctanTta u Ha 25 °C uzHocH 23,8.102103

Hajnoy3nanuju kputepujym 3a onpehuBame MexaHH3Ma j€ BpPEAHOCT TNPOMEHE
3alpeMHUHE aKTHBUPaka, AV* 899 VY3umajyhu y 003up BpcTy MHTEpMEAUjepa KOJ pa3IuuUuTHX
MexaHu3ama, nopehame nputrcka he yop3aBaTtu peakiuje Koje ce JelaBajy 1o A MexXaHusmy, a
yCIIopaBaTH peakimje mo D mexanusmy. 3aTo, HeraTMBHA BpeaHOCT 32 AV™ ykasyje Ha A i I,
MeXaHM3aM, a IO3UTUBHA BpeaHocT AV ykasyje Ha D wnm Iy Mexanusam cyncrurynuje. Y
ciydajy | MexaHu3ma , IpUTHCAK HE yTUYE 3HaYajHHUje Ha OpP3UHY CYIICTUTYIIH]E.

IloBe3aHOCT KOHCTaHTe Op3uHE Xemujcke peakumje u AV” mara je Vant Hoff-oom

jennauraoM (1.9.9)

(d(lnk)j _ AV’ (1.9.9)
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Bpennocr 3a AV” no6uja ce npahemeM NmpoMeHe KOHCTaHTE Op3MHE XEMHUjCKe peakluje y

3aBHCHOCTH O] IPUTUCKA, Ha OCHOBY jenHaunte (1.9.10)

AV* = —bRT (1.9.10)

y K0joj b npesicraBsba Haru6 npase Ink y Gpyukimju npurtrcka, P. 3anpemuna aktusupama, AV,

cacToju ce u3 JBa WwiaHa, jeqHaynHa (1.9.11).

AVi = Aviint + AV¢50| (1911)

[IpBu unan AV OIHOCH Ce Ha IPOMEHE Y HHTEPHYKIICADHUM PACTOjarbuMa M yIJIOBHMa
Be3a NPMIMKOM HACTajama aKTHBMPAHOT KOMILIEKCA, IOK APYrH wian AV g onucyje npoMeHe y
HaeNleKTpUCaby, Ka0 W AWIOJIHE MHTEPAKIHjEe y aKTHBUPAHOM KOMIUIEKCY. YKOJIHMKO pearyjy
HAEJIEKTPHCAHH jOHU JOIPUHOC JPYTOTr 4WiaHa Moe OMTH Behn o NMpBOTr, ma BpeaHocT 3a AV™
HUje TOYy3JlaH KpUTepHUjyM 3a ojpehuBame MexaHu3ma. MehyTtum, kama y TOKy mpoleca
CYIICTHTYIMjeé HeMa NpPOMEHA y HaeleKTpucamwy, Apyrd uian y uspasy (1.9.11) ce moxe
3aHEMapHTH, Tj. TaJga 3alpeMUHA aKTMBMpPama 3aBUCH caMo oa AV V ToMm ciyuajy je

BpenHOCT 3a AV HajIIoy31aHuju KPUTEPUjyM 3a opehuBame MEXaHU3Ma CYIICTHTYIIH] e. %%

1.10. OnpehuBame MexaHu3Ma HYKJI€O(PHIHUX CYNCTUTYIIHOHUX PeaKIuja

OnpehuBame MexaHu3zMa HYKJICO(HIIHE CYNCTUTYIIMOHE PEakilMje BPIINW CE€ Ha OCHOBY
BPEIHOCTH TepMoxrHaMuakix mapamerapa,”® % koju kapakrepuury mpoyuasann mportec. Jexan
0]l apameTapa oMohy Kora ce Ha BpJIO jeIHOCTaBaH HauYMH MOXKE MPETUMHHAPHO OJPEIUTH
MeXaHu3aM CYINCTUTYIHje je KOHCTaHTa Op3uHe XeMHjcke peakuuje. Ha ocHOBY jeHauMHa Koje
KapaKTEpHIIy TIPOIIece TUCOIU]aTHBHOT, acoliijaTuBHOT U Mexann3ma u3mene (Illema 1.5) Buan
ce Ja je Tpolec CYINCTUTYIH]e MO JUCOIMJaTUBHOM MEXaHWU3MYy peakiija MpBOT pena, a To
acoIMjaTHBHOM MEXaHM3My peakiuja japyror pena. C TUM y Be3H, YKOIHUKO C€ HPUIMKOM

H3ydaBamba HCKC peaKque YCTAaHOBU [a IpUpoAa YJAa3HOI JiuraHJia HC YTHU4YC Ha 6p3HHy

peakuuje, Taja ce pagd O AUcouujaTuBHOM win Iy Mexanusmy cyncrurynuje. I obpHyTo,
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YKOJIMKO Op3WHA XEMH]jCKE PEaKIfje 3aBUCH O] IPUPOJIC YIa3HOT JIUTaH/a, peaKilrja ce JeiiaBa
110 acoumjaTuBHOM M I, Mexanusmy cymcrurymuje.”

[Toy3nanuju xkpuTepujyMm 3a onpehuBame MEXaHU3Ma je MO3HABAmbE BPEIHOCTH MPOMEHE
entponuje aktuBHpama AS”. Kao mro je Beh o6jammeno (oxesbak 1.9), entponuja akTuBHpama
je mepmiio HeypeheHOCTH cucTeMa, a Ha OCHOBY Ca3Hama Ja ce KOJ PasInYuTHX MeXaHH3ama
¢dopmupa untepmenujep ca sehom wim mamom Heypehenomhy, oBaj mapamerap omoryhasa
onpehuBame MexaHM3Ma cyncturynuje. Takohe, moy3maH KpuTepujyM 3a oxapehuBame

. 98,99
MCXaHU3Ma J€ BpPCAHOCT IMPOMCHE 3allpCMHUHC AKTHBHUPpABA.

VY3umajyhu y o063up Bpcry
MHTEpMEIUjepa KO/ pa3InuuTUX MeXaHu3ama, nosehame nputrcka he yopzaBatu peakije Koje
ce JemaBajy Mo A MEXaHHW3My, a YCHopaBaTh peaknmje mo D mexaHu3my. 3aTro, HeraTWBHA
BpenHocT AV” ykasyje Ha A uiu I, MexaHu3am, a I03uTUBHA BpeaHocT AV” ykasyje Ha D wn Iy

MeXaHU3aM CYICTUTYIHje. Y Cily4ajy MEeXaHW3Ma H3MeHe, MPUTHCAK He yTW4e 3HavyajHuje Ha

Op3uHY CYIICTHTYIIH]E.
V (= mot] ;#_ @ Vnasum murann
- @ sk rana
Q‘
D
AV <<0
AV =0
> | o [IPOHIBOIM
9 AV>0
NAV>>0
peaKTaHTH N
@ A
—
Peakunona Kopauunara
Illema 1.6. Hlemamcku npuxkasz pasiudumux munoea mexanuzama Ccyncmumyyuonux

peakyuja 3a jedan 3amuul/ber "pasan”’ KOMNIEKC.
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1.11. Peakumje cyncTuTynuje OKTaeJapcKuX KOMILIEKCA

KomruiekcHa jenumema ca KOOpAMHAIIMOHUM OpojeM 6 Hajuemrhe mocenyjy OKTaeaapcKy
reometpHrjy. OBa KOMIUIEKCHUX jenumbermha uMajy Op rpymny cumerpuje. Benuku 6poj enemenara
Pa3IMYUTHX EICKTPOHCKUX KOH(pUTypalyja uMa MOryhHOCT Jla rpajii OKTaeqapcKe KOMILICKCE.

Tako, jonu Na u Mg, xoju criaiajy y TpyImy S-eJeMeHaTa, rpajie OKTaeJapcke KOMILIEKCE,

95,96,100
Mehytuwm,

KA0 ¥ HEKH P-CJIeMEHTH momyT cymmopa u cummmujyma (SFs m [SiF]®).
HajOPOjHUJU CYy OKTaeIapCKH KOMIUIEKCH Mpeia3HuX (-eaemenara.

[Ipouec cyncrutynuje TuraHaga Koja OKTaeAapcKuX KOMILIEKCa PasiIuKyje ce Of mpoieca
CYIICTUTYIIMj€ KOJ KBaJpaTHO-TUIaHApHUX Komiuiekca. Ca jegHe cTpaHe, P, opbOurana joHa
MeTaja, Koja je KOJ KBaJIpaTHO-TUIAHAPHUX KOMIUIEKCA JIOCTYIHA Jla IPUMHU €JIEKTPOHCKHU Iap
YJa3HOT JIMTaH/a Yy MPOIEeCy CYNCTUTYLHje MO0 A MeXaHH3MY, KOJI OKTaeIapCKUX KOMIUIEKCaA je
nonymena. Ca apyre crpaHe, BOJIYMHUHO3HOCT OKTaeAapcKHX KoMIulekca je Beha y omHocy Ha
KBa/PaTHO-IIAHAPHE, T1a j¢ W TIPHIIA3 YIIA3HOT JHTaH/Ia OTeXKaH.

Peaknmje cyncTuTyiije okraeqapcKux KOMILIEKCa MOTY ce, Takohe, onBujatu mo D, A
wim | MexaHu3My, Kao ITO je omucaHo y xaeny 1.7. YHyTpamrme-opOUTaTHH OKTaeaapCKu
xomruiexcr (d%sp® xuGpnamsammja) dmjn jon Merana nma enextporcky koudurypamnjy d°, db, d?
kao n d* €JIEKTPOHCKY KOH(UIYypalMjy BHCOKOI CIIMHA Cy KOOpPAMHALIMOHO He3acuheHH, Tj.
uMajy npasHe yHyTpaiime d-opoutaie. /lakiie, OBU joHU MeTalia Moceayjy MOTyhHOCT Jja prMe
€JIEKTPOHCKHU Tap yJa3HOr JIMTaHja, Koju O6M, mo A MexXaHu3My, Harpajuo HHTEpPMEIHjep ca
KOOpAMHAIIMOHUM OpojeM 7. MehytuMm, 3a crnospalime-opOuTalHE OKTaeJapcKe KOMILJIEKCe
(sp®d? xuGpuamsarmja) ce ouekyje D Mexarmsam cyncrurymmje. Hajselinr 6poj CyncTHTYIIHORRX
peakinyja OKTaedapCcKMX KoMIuiekca Jemasa ce no D wmm |y MexaHusmy, TOK Ha Op3uHy
CYICTUTYLIM]j€ BEIUKH YTHIIA] UMajy IpUpoa oaia3zeher quranaa u npupoaa UHEPTHOT JIMTaH/a.

vy cnyqajy OBHUX KOMIUICKCA, CTCPHE CMCTHLC CY MaAhEC 3HaqajHe.
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1.11.1. YTuuaj onnaseher auranga

YTunaj onnaseher auranaa Ha Op3WHY CYIICTUTYIIH]E OKTaeIapCKUX KOMILIEKCa MOXKE Ce

0GjacHUTH Ha IPUMepPY KHcele Xuapoiuse komiuiekca tura [Co(NH3)sX]*:

[Co(NH3)sX]*" + Ho0 — [Co(NH3)s(H0)]°" + X°

bp3una kojoM omazehn nuran X HamyITa KOOpJAUHAIMOHY cepy 3aBUCH O] jaunHE XEMHU]jCKE
Bese m3Mely joHa MeTana W MMOCMAaTpaHOr JHUraHaa. YKOJHMKO Cy y THTamky JIMTaHIH UCTOT
HaeJIeKTpUCama, Op3WMHA peakiyje CYNCTHTYIHje pacTe ca IOpacTOM BEIWYWHE JIMTaHza.
Mehytum, ako ToOcMaTpamMoO JIMTaHIE Pa3IHYUTOr HAeNeKTpHCama, Op3uHa peakiyje

CYHCTI/ITYI_[I/Ije oIraga ca IropacToM HACJICKTpHUCaba ozmaseher JJMra”zaa.

1.11.2. YTuuaj uHepTHOT JIMTaHJA

Ha Op3uHy peakije cylncTuTyIije OKTaeIapCKuX KOMILJICKCa 3HaYajHO YTUYE U PUPOJIa
JWraHajaa Koju ce Hajase y CiS wiu trans mosioxajy y ogHocy Ha omrasehu jaurani. Ha mpumepy
xommrekca [Co(en),XCI]", rne je ca X o3HayeH MHEPTaH aHjOHCKM JIMTAH]I, MOXeE ce 00jaCHHTH
oBaj edekar. Haume, nmuranmg X moxe ga yrude Ha yabwiaHoct omnascher ClI' nwramma, mo
cieaehem penocueny:

Vkonuko ce X Hajiasu y trans monoxajy y ognocy Ha Cl” mabunHocT onaja y Hu3y:

OH >NO, >Nz >CN > Br >Cl > S0, >NCS

VYxonuko ce X Hana3u y CiS noioxajy y oqnocy Ha Cl” mabumHocT onana y Hu3Y:

OH > CI'> Br > NO, > S0,% > NCS

Kowmruiekcu ca CiS reoMeTpujcKOM CTpYKTYpoM BehrHOM pearyjy Opske Hero oarosapajyhu trans
KOMILIEKCH, ocuM y cinydajy kama je X = NOy wimm N3'. YV npuHIummy, pa3ivke y peakTHBHOCTH

. 104
TOMEHYTa J[Ba TEOMETPHjCKa H30Mepa Cy BPJIO Majie.
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1.11.3. CtepHe cMeTH:€

VKOJIMKO MMOCTOj€ CTEPHE CMETH-¢ OKO IIEHTPATHOT jOHA METajla Peakifje CYICTUTYIIH]je
OKTaeIapCKUX KOMIUIEKca ce oJBHjajy mo D mexanusmy, 1ok ce A MexaHH3aM MO/pa3yMeBa 3a
cTepHO HezamTuheHe komruiekce. Ha mpumep, peakmnmja Xuapoiause 3a MEZ0 oO0IHK KOMILIEKca
[Co(bn),Cl5]", (bn je 6yrunenmuamun), je oxo 30 myTa 6pxka y ogHocy Ha cmemy d u | o6muka,

. 104
3aTo IITO j& MeZo OOJIMK BHUIIIE CTEPHO 3aliTHheH.
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3AJIATAK PAJIA

IIpeamer oBe MOKTOPCKE AMCEpTalMje je cuHTe3a M Kapakrtepusanuja pyreHujym(ll)
NOJMUMHUPUANI  KOMIUIEKCA, Kao M  HCIOUTHBAKkE HMHTEPAKIMja HOBOCHHTETH30BAHUX
pyrenujym(l1)-tpy xommekca, pyrenujym(ll) tputua u pyrenujym(ll) apena xomruiekca ca
JepuBaTHMa T'yaHWHA, aMUHOKHCEIMHAMa M XETEPOIMKIMYHAM jeAumemuma. HaseneHa

HUCIIMTUBamka MOT'y CE€ IIOACIIMTH HA cnez[ehn Ha4YuH:

% Cunre3a u kapakrepuzanuja pyrenujym(ll) tepnupuaun komiuiekca ommre (opmysie
mer-[Ru(L3)(N-N)X][Y]n (rze je Ls = Cl-tpy unu tpy; N-N = en, dach unu bpy; X = Cl
i dmso-S; Y = Cl, PFg miu CF3SO3; n = 1 unum 2, 3aBucu o npupoje X), HCIIUTHBAE
cTabuimHOCTH (peakiyje XHIPOJN3e) HOBOCHHTETH30BAHUX KOMIUIEKCA Y PACTBOPHMA,
Kao u ojapehuBame MexaHM3Ma CYNCTHTYHHOHUX peakuuja pyreHujym(ll) tepnupuaun
KOMIUIEKCa ca OMOJIOIIKY 3HaYajHUM Juranauma. JooujeHu pe3ynraTd cy HOTBpheHu u

nomohy JI®T uspauyHaBama.

% Jlepunucame MexaHu3Ma CyNCTUTYIIMOHHUX peaknuja pyrerujym(ll) Tputna komruiekca,
[Ru([9]aneS3)(en)CI][PFs], [Ru([9]aneS3)(bpy)CI][PFs] u [Ru([9]aneS3)(pic)Cl], ca
nepuBatuma ryannHa npumenom UV-Vis cnekrpodoromerpuje u NMR crniekrpockormyje.
N3onoBame peakIMOHMX Tpou3BoJa M ojapehuBame HUXOBE CTPYKType MoMohy
pPEHIATreHCKE CTPYKTYpHE aHainuze. lM3ydaBame peakuuja XHIpOJIM3e U aHaluje

HUCIIMTUBAHUX TPUTHA KOMILJICKCA.

¢ HcnutuBame KMHETHKE M MEXaHW3Ma CYINCTUTYHHOHUX peakimja pyrenujym(ll) apena
KOMILIEKCa, [Ru”(n6-p-cym)(pydc)CI], ca a30T-JOHOPCKUM HYKJICODUINMa, Kao MITO CY
5’-GMP, Guo u L-His, momohy UV-Vis cnekrpodoromerpuje 1 NMR criektpockonuje
HapH=25upH =72

s HcnutuBame tmroTokcnynoctu pyreaujym(ll) kommrekca, [Ru(Cl-tpy)(en)CI][CI],
[Ru(Cl-tpy)(dach)CI][CI] u [Ru(Cl-tpy)(pic)Cl], mpema henujckoj nuHUju Tymopa
neoernor pesa muma (CT26).
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2. EKCOEPUMEHTAJIHU IEO

2.1. XemMukaJiije u peareHcu

Komrmuteken [(n°-p-cym)RUCly]a, [(n°-p-cym)Ru(pydc)CI], [Ru([9]aneS3)(en)CI][PFs] u

59,79,105
Yucroha

[Ru([9]aneS3)(pic)Cl] cy cunTeTrcanu mo panuje myOJMKOBAHUM MOCTYIIIMMA.
JI00MjeHUX jeMiberba MoTBpheHa je eneMmentannoM aHanuzom, UV-Vis criekrpodoromerpujom,
IR u '*H NMR CIIEKTPOCKOITH]OM.

RuCl3-3H,0 (Acros Organics), D,O (Deutero GmbH 99 %), NaOH (Merck), NaCl
(Zorka Sabac), LiCl (Merck), tpuernnamun (Merck), DMSO (Sigma Aldrich), Hepes mydep
(N-2-xunpoxcuermmnunepazus-N’-2-erancynduana kucenuna) (Sigma Aldrich), cy kopuirhenu
0e3 mpeaXOoAHOT IpeunihaBama.

1,2-nuamunoeran, en, (Merck), (£)-trans-1,2-quamunonukinoxekcan, dach (Acros
Organics), 2,2'-ounupunun, bpy, (Sigma Aldrich), 4'-xmopo-2,2".6',2"-repiupuaun, Cl-tpy,
(Sigma Aldrich), 2,2".6',2"-repiupuaun, tpy, (Sigma Aldrich), 9-merwiryanun, 9MeG, (Sigma
Aldrich), ryanosun, Guo, (Sigma Aldrich), nunatpujymoBa co ryaHo3uH-5-MoHOdoChaTa,
5-GMP-Na,, (Sigma Aldrich), anenosun-5'-monodocdar monoxuapar, 5-AMP-H,-H,0, (Sigma
Aldrich), L-xuctuaun, L-His, (Acros Organics), 2,3-nmupuanHankapOoKCuiiHa KucenrnHa, pydc,
(Acros Organics), tuoypea, Tu, (Acros Organics), L-mmcrenn, L-Cys, (Sigma Aldrich),
L-metnonun, L-Met, (Sigma Aldrich), 1,2,4-tpuazon, Tz, (Fluka), mumpaszon, Pz, (Acros
Organics) u mmpumun, Py, (Sigma Aldrich), kopumhenu cy, Ttakohe, 06e3 NpeTXOAHOT

npeunmhaBama.

2.2. CuHTe3a KOMILIEKCA

Kao mpexypcopu 3a cuntesy pyrenujym(ll) Tepnupuaus kommiiekca KopHIINEHH Cy
cis-[RuCl,(dmso).],*® [Ru(tpy)Cls] (P2),*" u [Ru(tpy)Cly(dmso-S)] (P4),'*® cunrerncanu mo
panuje my6arKoBaHUM mocTynmuma, 1ok ¢y [Ru(Cl-tpy)Cls] (P1)'* u [Ru(Cl-tpy)Cla(dmso-S)]
(P3)110 MIPEKYpPCOPU CUHTETUCAHU 10 MOJIU(UKOBAHUM MOCTYMIIMMAa KOJU Cy paHHje ONMUCAHH Y
auTepatypu. Y TMOKYIIajy J1a Ce€ H30Jyjy HOTOJHU KPUCTAIM 32 PEHATCHCKY CTPYKTYPHY
aHauu3y, BehWHA KaTjOHCKMX KOMIUIEKCA jeé CHHTETH30BaHa ca Pa3IMYUTHM KOHTpa jOHHMA

[CI', PR wm CF3SO5™ (OTF)].
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[Ru(ClI-tpy)Cl3] (P1). 303,3 mg RuCl3-3H,O (1,160 mmol) je pactBopeno y 100,0 ml
€TaHOoJIa U PacTBOp je pedIyKTOBaH CBE JIOK ce 00ja HE MPOMEHM U3 OpaoH y 3eleHy (OKo 2
cara). 3arum je pomaro 282,2 mg Cl-tpy (1,054 mmol) u HactaBibeHO peduiykTOBame join 4
cara. TokoMm pedurykToBama 00ja pacTBOpa je MOHOBO MPOMEHEHA Y OpaoH-IPBEHKACTY ca
ncToBpeMeHuM GopMupameM OpaoH Taora. Hakon xmahema pacTBopa Ha cOOHO] TeMIIEpaTypH,
TAJOT je CaKylbeH (QUITPUpAEM, HCIPAH E€TAHOJIOM W €TPOM W OCYIICH IO/ BaKyMOM.
[Tpunoc: 452,4 mg (90%). Uzpauynaro 3a CisH1oClsNsRu (475,14): C, 37,9; H, 2,12; N, 8,84.
Haheno: C, 37,9; H, 2,15; N, 8,87. Kommnekc P1 je pactBopan y DMSO-y u aneronurpuiy,
cy1abo pacTBOpaH y BOJM, METAHOJIY U €TaHOIY, JOK je HEpPACTBOPAH Y alleTOHY, XJIOpOopopMy U
nuxjaopMmetany. IR U<Br,mn’5:vmy3048(n0,2924-0N) 1590 (s), 1470 (w), 1419 (m), 1145 (s),
794 (s), 579 (W); Vru.c1 316 (M). UV/Vis criekrap (DMSO; Amax, NM (g, M cm™)): 273 (21460),
313 (18092), 320 (17781), 408 (5749), 487 (3186).

[Ru(Cl-tpy)Cly(dmso-S)] (P3). Kommneke cis-[RuCly(dmso)s] (400,0 mg, 0,826 mmol)
pactBopeH je y 20 ml xopodopma koju je mperxoaHo neracudukoBan, 3atuM je poaar Cl-tpy
(243 mg, 0,908 mmol) u peakumona cmema je peduykroBana 7 catu. TOKOM peduryKToBama
pacTBOp ToOCTaje JbyOMYacT M J0Ja3d JIO0 TOCTEICHOT TalloXKewha OpaoH Tasora. [locme
ylapaBama Ha BaKyM ynapuBady Jio 3anpemuse ol 5 mL u cknaaumrema Ha —20 °C, HacTamu
Tajor OpaoH 0oje je caKylJbeH QPUITPUPAkEM, UCIIPAH €TPOM U OCYIIEH 1o BakyMoM. [Ipunoc:
290,2 mg (68%). U3pauynato 3a C17HsCI3NsORuS (517,82): C, 39.4; H, 3,11; N, 8,11. Haheno:
C, 39,4; H, 3,18; N, 8,07. HacynpoT cuHTe3u 00jaBJbE€HO] Y JUTEPATYpH Yy KOjO] je M30JI0BaH
camo frans wszomep P3 mnpekypcopa, mpu oaroapajyhuiM eKCIEpUMEHTATHUM YCIOBHMA
MIPOM3BO/JI j€ M30JI0BAaH Kao CMeIlla IBa U30MEepa, Cis U rans, y CKOpo jeTHAKUM KOJMYNHAMA, Kao
rro ce Bumu omohy NMR criexrpockormje. 'H NMR (DMSO-d6): trans- usomep: 9,37 (d, 2H,
J=15,3 Hz, C6H/C6"H), 8,94 (s, 2H, C3'H/C5'H), 8,68 (d, 2H, J = 7,2 Hz, C3H/C3"H), 8,02 (t,
2H, J = 17,7, CAH/C4"H), 7,57 (t, 2H, J = 6,1 Hz, C5H/C5"H), 3,59 (s, 6H, CH3 dmso-S); cis-
nuzomep: 9,03 (d, 2H, J = 4,9 Hz, C6H/C6"H), 8,81 (s, 2H, C3'H/C5'H), 8,66 (d, 2H, J= 7,2 Hz,
C3H/C3"H), 8,18 (t, 2H, J = 7,8, C4AH/C4"H), 7,83 (t, 2H, J = 6,5 Hz, C5H/C5"H), 2,59 (s, 6H,
CH; dmso-S). IR (KBr, cm™): Vipy 3013 (m), 2919 (w), 1594 (s), 1467 (w), 1421 (s), 1118 (s),
794 (s), 579 (W); vs=0 1096 (s), 1079 (s); Vru-s 427 (8); Vruc1 318 (m). UV/Vis cnektap (CH3;CN;
Amax, M (g, M cm™)): 238 (27187), 271 (15175), 312 (16346), 326 (12756), 386 (2042), 515
(3639), 670 (726).
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Onmru  mocrynmak 3a  cuHTedy [Ru(Cl-tpy)(N-N)CIJ[Cl]] (1a - 3a) H
[Ru(tpy)(N-N)CI][C1] (4¢1 - 5c1) KOMILIEeKca:

N3mepena kommumnaa [Ru(Cl-tpy)Cl;] (P1) je nomata y cmemry eraHoi/Boaa (3:1) koja
caapxu 10 eq. LiCl u 3 eq. tpuernnamuna (Et;N) kao penyKnoHO cpencTBo. 3aTuUM je Joaatr
xenmatau qurasg N-N (1,2 eq.; N-N = en, dach, bpy) u cmema je pedaykroBaHa oko 3 cara y3
CHaXXHO Memame. Bpyh spyOmvact pactBop je mpomehen nma Ou ce yKIOHHMO HEpacTBOpaH
MaTepHjaj. YmapaBamkbe Ha POTALIMOHOM YIApuBady IOJ CHIDKEHHM IPUTUCKOM JI0 OKO Y
nojlazHe 3anpeMune u ckinaaumrene Ha 4,0 °C TokoMm 24 cara mpoy3pOKOBaio je GpopMHpame
TaMHOT Tajiora. Tajor je cakylybeH QUTPUPAEM, HCIIPAH XJIaJHOM BOJIOM, XJIaIHUM alleTOHOM
U eTpOM, M OCyIlIeH 1oj BakyymoM. OnroBapajyhu tpy koMiuiekcu 4 U 5 cy CHHTETHCAHU IO

cimyHoM noctynky kopuctehu [Ru(tpy)Cls] (P2) xao mona3zHu KOMIUIEKC.

[Ru(Cl-tpy)(en)CI][C]] (1¢c). 100,0 mg (0,210 mmol) P1 mnpekypcopa, 16,8 pL
(0,252 mmol) en, 89,0 mg (2,100 mmol) LiCl u 87,9 pL (0,630 mmol) Et;N je nomato y 20 ml
cmeme eranon/H,O (3:1), mpu yemy nonasu 10 ¢dopMupama TaMHO JbyOMYacTOT Tajiora
komruiekca 1. Ilpunoc: 70,6 mg (67%). Uzpauynaro 3a Ci7H;3CIsNsRu (499,79): C, 40,9; H,
3,63; N, 14,01. Haheno: C, 40,8; H, 3,71; N, 13,92. Kommuiekc 1 je pacTBOpaH y BOJI, METAHOITY
U eTaHoIy, c1abo pacTBOpaH y aleToOHy U HUTPOMETaHy, JOK je HEpacTBOPaH y XJopodopMy U
muxnopmerany. 'H NMR (D,0): 8,92 (d, 2H, J = 5,5 Hz, C6H/C6"H), 8,42 (s, 2H, C3'H/C5'H),
8,35 (d, 2H, J= 8,0 Hz, C3H/C3"H), 7,99 (t, 2H, J = 7,7 Hz, CAH/C4"H), 7,71 (ddd, 2H, J =74,
5,6, 1,3 Hz, C5H/C5"H), 5,71 (t br, 2H, J= 5,1 Hz, NH, en), 3,25 (m br, 2H, CH, en), 2,69 (s br,
2H, NH, en), 2,36 (m br, 2H, CH, en). 'H NMR (CD3NOy): 8,95 (d, 2H, J= 5,5 Hz, C6H/C6"H),
8,42 (d, 2H, J = 8,1 Hz, C3H/C3"H), 8,38 (s, 2H, C3'H/C5'H), 8,06 (t, 2H, J = 7,6 Hz,
C4H/CA"H), 7,73 (t, 2H, J = 6,3 Hz, CSH/C5"H), 5,34 (s br, 2H, NH; en), 3,48 (m br, 2H, CH,
en), 2,62 (m br, 2H, CH, en), 2,02 (mpeknommben ca curHaiom H,O, NH, en). BC NMR
(CD3NO»): 162,4 (C2'/C6"), 160,8 (C2/C2"), 153,6 (C6H/C6"H), 137,6 (C4AH/C4"H), 136,7 (C4"),
128,7 (C5H/C5"H), 124,4 (C3H/C3"H), 122,5 (C3'H/C5'H), 46,92 (CH; en), 46,91 (CH; en). IR
(KBr, cm™): v 3256 (m); Vipy 3036 (m), 1599 (s), 1474 (m), 1423 (s), 1119 (s), 787 (s), 566
(W); Vruc1 320 (m). UV/Vis crextap (H2O; Amax, nm (e, M cm™)): 239 (24310), 277 (20993),
317 (29034), 370 (4375), 503 (4390), 562 (3830).
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[Ru(Cl-tpy)(dach)CI][C]] (2¢). 100,0 mg (0,210 mmol) P1 npekypcopa, 30,3 pL
(0,252 mmol) dach, 89,0 mg (2,100 mmol) LiCl u 87,9 uL (0,630 mmol) Et;N je nomaro y 20 ml
cmemte eranoi/H,O (3:1), mpoy3pokyjyhu popmupame TaMHO JbyOHUACTOT Tajora KOMIUIeKca 2.
[Tpunoc: 80,2 mg (69%). U3pauynaro 3a C,H4ClsNsRu (553,88): C, 45,5; H, 4,37; N, 12,64.
Haheno: C, 45,4; H, 4,29; N, 12,72. Komrieke 2 je pacTBOpaH y BOJH, METAHOIY U €TaHOJY,
JIETMMUYHO PAcTBOpaH y HHUTPOMETaHy, JIOK je HepacTBOpaH y aleToHy, xiopodopmy u
muxnopmerany. 'H NMR (D,0): 8,98 (d, 1H, J = 5,1 Hz, C6H), 8,89 (d, 1H, J = 5,2 Hz, C6"H),
8,45 (s,1H, C3'H), 8,44 (s, 1H, C5'H), 8,37 (t, 2H, J = 6,5 Hz, C3H/C3"H), 8,01 (t, 2H, J = 7,6
Hz, CAH/C4"H), 7,71 (t, 2H, J = 6,1 Hz, C5H/C5"H), 6,05 (d, 1H, J = 7,7 Hz, NH dach), 5,19
(m, 1H, NH dach), 2,76 — 2,61 (m, 2H, NH + CH dach), 2,61 — 2,51 (m, 1H, CH dach), 2,37 (m,
1H, NH dach), 2,09 — 1,97 (m, 1H, CH dach), 1,83 — 1,69 (m, 2H, CH dach), 1,55 (d, 2H, J =
10,1 Hz, CH dach), 1,24 (m, 1H, CH dach), 1,11 (m, 1H, CH dach), 0,89 (m, 1H, CH dach). 'H
NMR (CD3;NOy): 8,98 (d, 1H, J= 5,4 Hz, C6H), 8,93 (d, 1H, J=5,1 Hz, C6"H), 8,42 (t,2H, J =
8,9 Hz, C3H/C3"H), 8,37 (dd, 2H, J = 10,7, 1,7 Hz, C3'H/C5'H), 8,05 (t, 2H, J = 7,8 Hz,
C4H/CA"H), 7,72 (m br, 2H, C5H/C5"H), 5,68 (d br, 1H, NH dach), 4,85 (t, IH, J= 12,2 Hz, NH
dach), 2,94 (m, 1H, CH dach), 2,69 (d br, 1H, CH, dach), 2,31 (m, 1H, CH dach), 2,11
(mpexnomben ca curHanom H,O, NH dach), 1,92 — 1,79 (m, 2H, CH, dach), 1,74 (br m, 1H, NH
dach), 1,68 (d br, 1H, J = 13,1 Hz, CH, dach), 1,59 (d br, 1H, J = 12,7 Hz, CH, dach), 1,34 (m,
1H, CH, dach), 1,21 (m, 1H, CH, dach), 1,01 (ddd, 2H, J = 24,9, 12.5, 3,5 Hz, CH, dach). "°C
NMR (CD3NO»): 162,44 (C2"), 162,37 (C6"), 160,8 (C2), 160,7 (C2"), 153,7 (6"H), 153,6 (C6H),
137,6 (C4H), 137,5 (C4"H), 137,0 (C4"), 128,9 (C5"H), 128,6 (C5H), 124,4 (C3H), 124,3
(C3"H), 122,54 (C3'H), 122,48 (C5'H), 61,9 (CH dach), 61,7 (CH dach), 36,4 (CH, dach), 35,1
(CH, dach), 25,7 (CH, dach), 25,3 (CH, dach). IR (KBr, cm™): vy 3285 (m); Vipy 2930 (m),
1602 (s), 1472 (m), 1423 (m), 1109 (s), 785 (s), 563 (W); Vruc1 310 (w). UV/Vis cnekrap (H,O;
Amax, DM (g, M cm™)): 239 (24530), 278 (21080), 317 (29220), 369 (4430), 502 (4690), 561
(4010).

[Ru(Cl-tpy)(bpy)CI[C]] (Ba). 50,0 mg (0,105 mmol) P1 mnpekypcopa, 19,7 mg
(0,126 mmol) bpy, 44,5 mg (1,050 mmol) LiCl u 43,9 pul (0,315 mmol) Et;N je nogaro y 10 ml
cmeme etanoin/H,O (3:1), mpoy3pokyjyhu TamMHO LpBEHM KpPHUCTaIHM Talor KoMIuiekca 3.
[Tpunoc: 48,8 mg (78%). U3pauynaro 3a C,sH 3ClsNsRu (595,87): C, 50,4; H, 3,04; N, 11,75.
Haheno: C, 50,4; H, 3,13; N, 11,71. Iloronnu KpucTaiu 3a peHAT€HCKY CTPYKTYPHY aHaIU3y
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nobujeHn cy u3 BojaeHor pactBopa 3¢y moaatkom Buika NaCl. Kommiekc 3 je pactBopaH y
BOJIM, METAHOIY, ETAHOIy, alleTOHy, XIopodopMy, AMXJIopMeTany u Hurpomerany. 'H NMR
(D20): 9,95 (d, 1H, J = 5,5 Hz, CaH), 8,67 (s, 2H, C3'H/C5'H), 8,66 (d, 1H, J = 8,4 Hz, CdH),
8,41 (d, 2H, J = 8,0 Hz, C3H/C3"H), 8,36 — 8,29 (m, 2H, CgH/CcH), 7,99 (t, 1H, J = 6,4 Hz,
CbH), 7,93 (t, 2H, J=7,8 Hz, CAH/C4"H), 7,79 (d, 2H, J= 5,3 Hz, C6H/C6"H), 7,70 (t, 1H, J =
7,9 Hz, ChH), 7,38 — 7,29 (m, 3H, CjH/C5H/C5"H), 6,95 (t, 1H, J = 6,7 Hz, CiH). >C NMR
(D20): 158,9 (C2'/C6"), 158,6 (Cf), 157,6 (C2/C2"), 156,1 (Ce), 152,5 (C6H/C6"H), 151,8 (CjH),
151,8 (CaH), 141,8 (C4"), 137,5 (C4H/C4"H), 137,0 (CcH), 135,9 (ChH), 127,7 (C5H/C5"H),
126,9 (CbH), 125,8 (CiH), 124,1 (C3H/C3"H), 123,4 (CdH), 123,1 (CgH), 123,0 (C3'H/C5'H).
IR (KBr, cm'): Vipy 3043 (m), 1600 (m), 1463 (m), 1421 (s), 1117 (s), 788 (s), 568 (m); Vru-ci
351 (w). UV/Vis criextap (Hy0; Amax, nm (e, M ecm™)): 239 (19670), 281 (19500), 290 (19240),
313 (18090), 488 (5810).

[Ru(tpy)(en)CI][C]] (4c). 100,0 mg (0227 mmol) P2 mnpekypcopa, 18,2 uL
(0,272 mmol) en, 96,0 mg (2,264 mmol) LiCl u 94,7 uL (0,679 mmol) Et;N je momato y 22 ml
cmeme eranoin/H,O (3:1), mpu yemy nonasu 10 ¢opMupama TaMHO JbyOMYacTOr Tajora
komruiekca 4. [punoc: 46,4 mg (44%). Uspauynaro 3a Ci7H;9Cl,NsRu (465,34): C, 43,9; H,
4,12; N, 15,05. Haheno: C, 44,0; H, 4,18; N, 15,00. Kommuiekc 4 je pacTBopaH y BOAU, METAaHOTY
U €TaHoly, c1abo pacTBOpaH y alleTOHY U HUTPOMETaHY, JIOK j€ HepacTBOpaH y xJopodopMmy U
muxnopmerany. 'H NMR (D,0): 8,92 (d, 2H, J = 5,5 Hz, C6H/C6"H), 8,40 (d, 2H, J = 7.9 Hz,
C3H/C3"H), 8,36 (d, 2H, J = 8,1 Hz, C3'H/C5'H), 8,00 (t, 2H, J = 7,2 Hz, CAH/C4"H), 7,82 (t,
1H, J = 8,0 Hz, C4'H), 7,68 (m, 2H, C5H/C5"H), 5,62 (t br, 2H, NH, en), 3,24 (m br, 2H, CH,
en), 2,62 (t br, 2H, NH, en), 2,34 (m br, 2H, CH, en). '"H NMR (CDsNO,): 8,96 (d, 2H, J = 5,8
Hz, C6H/C6"H), 8,41 (d, 2H, J= 7,6 Hz, C3H/C3"H), 8,36 (d, 2H, J = 8,0 Hz, C3'H/C5'H), 8,02
(td, 2H, J = 7,8, 1,5 Hz, CAH/C4"H), 7,81 (t, 1H, J = 8,0 Hz, C4'H), 7,69 (m, 2H, C5H/C5"H),
5,33 (s br, 2H, NH, en), 3,46 (m, 2H, CH, en), 2,61 (m, 2H, CH,; en), 2,03 (s br, 2H, NH, en).
BC NMR (CD;NO»): 161,8 (C2'/C6"), 161,6 (C2/C2"), 153,5 (C6H/C6"H), 137,4 (C4H/C4"H),
130,7 (C4'H), 128,2 (C5H/C5"H), 123,8 (C3H/C3"H), 122,4 (C3'H/C5'H), 46,9 (CH; en), 46,8
(CH; en). IR (KBr, cm'): vy 3233 (m), 3152 (m); Vipy 3055 (m), 2937 (m), 1616 (m), 1447 (s),
1116 (s), 767 (s), 619 (m); Vry-c1 309 (w). UV/Vis criektap (Amax, N (€, M em™)): 232 (20830),
274 (20151), 317 (28290), 368 (3800), 481 (4433), 539 (3524).
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[Ru(tpy)(dach)CI][C]] (5¢c). 50,0 mg (0,113 mmol) P2 mpekypcopa, 16,3 puL
(0,136 mmol) dach, 47,9 mg (1,130 mmol) LiCl u 47,0 uL (0,339 mmol) Et;N je nomaro y 10 ml
cmemre eranon/H,O (3:1) nmpoy3pokyjyhu ¢popmupame TaMHO JbyOHMUYACTOT Tajora KOMILIeKca 5.
[Tpunoc: 41,2 mg (70%). U3pauynaro 3a C,HpsCl,NsRu (519,43): C, 48,6; H, 4,85; N, 13,48.
Haheno: C, 48,8; H, 4,79; N, 13,52. Komrieke S je pacTBopaH y BOJW, METAHOIY U €TaHOY,
JEIMMUYHO PpacTBOpaH y HUTPOMETaHy, JOK j€ HEepacTBOpaH Y aleToHy, Xjopodopmy u
muxnopmerany. 'H NMR (D,0): 8,97 (d, 1H, J = 5,3 Hz, C6H), 8,88 (d, 1H, J = 5,6 Hz, C6"H),
8,40 (t, 2H, C3H/C3"H), 8,36 (t, 2H, J = 8,1 Hz, C3'H/C5'H), 8,00 (m, 2H, C4H/C4"H), 7,81 (t,
1H, J = 8,1 Hz, C4'H), 7,68 (m, 2H, C5H/C5"H), 5,97 (dd, 1H, J= 11,9, 4,7 Hz, NH dach), 5,11
(t, 1H, J= 11,3 Hz, NH dach), 2,76 — 2,52 (m, 3H, NH + CH + CH, dach), 2,34 (t, IH, J= 10,7
Hz, NH dach), 2,10 — 1,96 (m, 1H, CH, dach), 1,83 — 1,68 (m, 2H, CH, dach), 1,55 (d, 2H, J =
11,9 Hz, CH, dach), 1,24 (m, 1H, CH, dach), 1,11 (m, 1H, CH, dach), 0,88 (m, 1H, CH, dach).
"H NMR (CD;NO»): 8,98 (d, 1H, J= 5,1 Hz, C6H), 8,92 (d, 1H, J = 5,0 Hz, C6"H), 8,41 (t, 2H,
J =93 Hz, C3H/C3"H), 8,36 (dd, 2H, J = 9.5, 8,4 Hz, C3'H/C5'H), 8,01 (t, 2H, J = 7,8 Hz,
C4H/CA"H), 7,80 (t, 1H, J = 8,0 Hz, C4'H), 7,67 (m br, 2H, C5H/C5"H), 5,64 (d br, 1H, NH
dach), 4,81 (t, 1H, J= 12,2 Hz, NH dach), 2,92 (m, 1H, CH dach), 2,68 (m, 1H, CH, dach), 2,31
(m, 1H, CH dach), 2,00 (zenumuuno mpexiornsbeH ca curnaioMm H,O, NH dach), 1,87 — 1,79 (m,
3H, 2 X CH, + NH dach), 1,68 (d br, 1H, J= 12,7 Hz, CH, dach), 1,59 (d br, 1H, J = 12,2 Hz,
CH, dach), 1,34 (m, 1H, CH; dach), 1,21 (m, 1H, CH, dach), 1,01 (ddd, 1H, J = 25,4, 12,6, 3,7
Hz, CH, dach). >C NMR (CDs;NO,): 161,78 (C2), 161,75 (C2"), 161,66 (C2'), 161,57 (C6"),
153,6 (C6H/6"H), 137,4 (C4H), 137,3 (C4"H), 130,6 (C4'H), 128,3 (C5H), 128,1 (C5"H), 123,8
(C3H), 123,7 (C3"H), 122,44 (C3'H), 122,36 (C5'H), 61,8 (CH dach), 61,7 (CH dach), 36,5 (CH,
dach), 35,2 (CH, dach), 25,7 (CH, dach), 25,3 (CH, dach). IR (KBr, cm™): vny 3240 (m), 3141
(m); vipy 2931 (s), 2856 (m), 1601 (s), 1446 (s), 1112 (m), 768 (s), 618 (m); Vru-c1 310 (W).
UV/Vis ciektap (Amay, nm (g, M cm™)): 233 (23896), 274 (23385), 318 (33757), 370 (4354),
493 (4660), 544 (4194).

AxBa npomssoan [Ru(Cl-tpy)(N-N)(H.0)]** (laq — 3aq) u [Ru(tpy)(N-N)(H.O)]**
(4aq —5aq):

[Ru(Cl-tpy)(en)(H.0)]** (1aq). *H NMR (D,0): 8,99 (d, 2H, J = 5,3 Hz, C6H/C6"H),
8,51 (s, 2H, C3'H/C5'H), 8,42 (d, 2H, J = 8,2 Hz, C3H/C3"H), 8,08 (td, 2H, J = 7,9, 1,4 Hz,
C4HIC4"H), 7,76 (ddd, 2H, J = 7,3, 5,6, 1,3 Hz, C5H/C5"H), 5,84 (t br, 2H, J = 5,1 Hz, NH; en),
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3,26 (m br, 2H, CH, en), 2,54 (t br, 2H, NH, en), 2,35 (m br, 2H, CH, en). **C NMR (D0):
161,3 (C2'/C6"), 159,3 (C2/C2"), 152,8 (C6H/C6"H), 138,6 (C4"), 137,4 (CAH/CA"H), 127,9
(C5H/C5"H), 123,5 (C3H/C3"H), 121,9 (C3'H/C5'H), 45,1 (CH; en), 44,7 (CH; en).
[Ru(Cl-tpy)(dach)(H,0)]** (2aq). *H NMR (D,0): 9,04 (d, 1H, J = 5,4 Hz, C6H), 8,94
(d, 1H, J =5,4 Hz, C6"H), 8,51 (d, 1H, J = 1,5 Hz, C3'H), 8,49 (d, 1H, J = 1,6 Hz, C5'H), 8,42 {t,
2H, J =7,3 Hz, C3H/C3"H), 8,09 (dd, 2H, J = 8,5, 7,1 Hz, C4H/C4"H), 7,76 (dd, 2H, J=7,2, 6,0
Hz, C5H/C5"H), 6,20 (dd, 1H, J = 12.5, 3,8 Hz, NH dach), 5,32 (t, 1H, J = 12,0 Hz, NH dach),
2,75 - 2,61 (m, 2H, CH dach/NH dach), 2,61 — 2,54 (m, 1H, CH; dach), 2,28 (t, 1H, J = 11,4 Hz,
NH dach), 2,02 (m, 1H, CH dach), 1,84 — 1,70 (m, 2H, CH, dach), 1,56 (d, 2H, J = 12,2 Hz, CH,
dach), 1,24 (m, 1H, CH, dach), 1,10 (m, 1H, CH, dach), 0,88 (m, 1H, CH. dach). **C NMR
(D20): 161,3 (C2/C6"), 159,4 (C2/C2"), 152,8 (C6H), 152,6 (C6"H), 138,3 (C4"), 137,3
(C4H/C4"H), 127,8 (C5H/C5"H), 123,5 (C3H/C3"H), 121,9 (C3'H/C5'H), 60,3 (CH dach), 59,7
(CH dach), 34,6 (CH; dach), 33,1 (CH, dach), 24,0 (CH, dach), 23,4 (CH; dach).
[Ru(Cl-tpy)(bpy)(H-0)]** (3aq). *H NMR (D-0): 9,55 (d, 1H, J = 5,5 Hz, CaH), 8,73
(s, 2H, C3'H/C5'H), 8,70 (d, 1H, J = 8,4 Hz, CdH), 8,46 (d, 2H, J = 8,1 Hz, C3H/C3"H), 8,39 —
8,33 (m, 2H, CcH/CgH), 8,05 (t, 1H, J = 6,6 Hz, CbH), 8,01 (td, 2H, J = 7,9, 1,4 Hz,
C4HIC4"H), 7,84 (d, 2H, J = 5,5 Hz, C6H/C6"H), 7,71 (t, 1H, J = 7,9 Hz, ChH), 7,38 (m, 2H,
C5H/C5"H), 7,35 (d, 1H, J =5,8 Hz, CjH), 6,96 (m, 2H, CiH). **C NMR (D,0): 159,5 (C2'/C6"),
159,0 (Cf), 158,1 (C2/C2"), 156,2 (Ce), 153,1 (C6H/C6"H), 152,6 (CjH), 150,2 (CaH), 142,9
(C4", 138,3 (C4H/C4"H), 137,4 (CcH), 136,0 (ChH), 128,0 (C5H/C5"H), 127,2 (CbH), 125,9
(CiH), 124,4 (C3H/C3"H), 123,3 (C3'H/C5'H), 123,3 (CdH), 123,2 (CgH).
[Ru(tpy)(en)(H.0)]* (4aq). *H NMR (D.0): 8,97 (d, 2 H, J = 5,4 Hz, C6H/C6"H), 8,43
(d, 2H, J = 7,6 Hz, C3H/C3"H), 8,39 (d, 2H, J = 8,1 Hz, C3'H/C5'H), 8,06 (td, 2H, J=7,9, 1,4
Hz, C4H/C4"H), 7,88 (t, 1H, J = 8,1 Hz, C4'H), 7,72 (m, 2H, C5H/C5"H), 5,76 (t br, 2H, NH,
en), 3,24 (m, 2H, CH; en), 2,52 (t br, 2H, NH, en), 2,33 (m, 2H, CH, en). **C NMR (D,0): 161,2
(C2/C6"), 159,9 (C2/C2"), 152,7 (C6H/C6"H), 137,4 (C4H/C4"H), 131,8 (C4'H), 127,4
(C5H/C5"H), 123,1 (C3H/C3"H), 121,7 (C3'H/C5'H), 45,0 (CH; en), 44,5 (CH; en).
[Ru(tpy)(dach)(H,0)]** (5aq). *H NMR (D,0): 9,02 (d, 1H, J = 5,5 Hz, C6H), 8,92 (d,
1H,J=5,2 Hz, C6"H), 8,43 (t, 2H, J = 7,5 Hz, C3H/C3"H), 8,39 (t, 2H, J = 8,7 Hz, C3'H/C5'H),
8,06 (t, 2H, J = 7,9 Hz, C4H/C4"H), 7,87 (t, 1H, J = 8,1 Hz, C4'H), 7,72 (m, 2H, C5H/C5"H),
6,12 (d br, 1H, NH dach), 5,23 (t, 1H, J = 11,9 Hz, NH dach), 2,72 — 2,52 (m, 2H, CH dach/CH,
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dach), 2,24 (d, 1H, J = 11,1 Hz, NH dach), 2,08 — 1,96 (m, 1H, CH, dach), 1,83 — 1,69 (m, 2H,
CH, dach), 1,55 (d, 2H, J = 11,9 Hz, CH, dach), 1,24 (m, 1H, CH, dach), 1,10 (m, 1H, CH,
dach), 0,88 (m, 1H, CH, dach). *C NMR (D,0): 161,23 (C2'), 161,18 (C6'), 161,0 (C2), 160,9
(C2"), 153,4 (C6H), 153,2 (C6"H), 137,9 (C4"H), 137,7 (C4H), 132,5 (C4'H), 128,1 (C5"H),
127,9 (C5H), 123,84 (C3H), 123,78 (C3"H), 122,38 (C3'H), 122,36 (C5'H), 60,5 (CH dach), 60,3
(CH dach), 35,5 (CH; dach), 33,9 (CH, dach), 24,9 (CH, dach), 24,6 (CH; dach).

Onmru nocrynak 3a cunredy [Ru(Cl-tpy)(/V-NV)(dmso-S)][CF3SO0s]z (6orr - 8orr) 1
[Ru(tpy)(N-N)(dmso-S)][CF3S03]2 (9ots — 1007r) KOMILIIEKCaA:

N3mepena xonuunna komriuiekca [Ru(Cl-tpy)(N-N)CI][CI] (N-N = en (1a1), dach (2q)),
bpy (3c1)) je pacTBOopeHa y pacTBOpPY MeTaHoJIa KOju caapku Benuku Bumak DMSO (oko 35 eq.).
Hakon nonatka 2,1 eq. AgCF3;SOs, peakmuona cmemia je 3arpeBaHa u pediaykToBana 2 cara y
Mpaky. Tokom pedirykroBama 00ja pacTBopa je MpoMemeHa U3 JbyOudacte (TaMHO LIPBEHE 3a
8orr) y upBeHo-Hapannpacty. Hactanu tanor AgCl je ykinomeH (GUITpalujoM, a METaHON je
UCTapeH MOJI CHIKEHUM TPUTHCKOM. YJbaHU OCTaTaK je PacTBOPEH Yy €TaHOJy, 3aTUM je JT0JaT
eTap y kanmuMma 1o 3acuhema, u pactBop octaB/beH Ha 4 °C Tokom 24-48 catu. Kpucranuu tanor
L[pBEHO-HapaHyacte 00je je CakylsbeH QUITpUpambEM, UCIIPAH XJIQJHOM CMELIOM eTaHoj/eTap U
€TPOM U OCYIIEH I0]] BAKyMOM.

Onrosapajyhu tpy xomrekcu, 9ors 1 10071f, Cy CHHTETUCAHU TIO CIMYHO] TPOLETYypPH
kopuctehu [Ru(tpy)(en)CI][Cl] (4¢1) u [Ru(tpy)(dach)CI][CI] (5¢)) kao mona3He KOMILIEKCE.

[Ru(Cl-tpy)(en)(dmso-S)|[CF3SOs]2 (6or1). 25,0 mg (0,050 mmol) kommiekca 1¢ u
27,0 mg (0,105 mmol) AgCF;SO; je nopato y 7 ml pactBopa meranona koju caapxu 125,0 uL
DMSO, mro noBono 1o GopmMupama IPBEHO-HAPAHIACTUX WUIVIMYACTHX KpHCTajla KOMILIEKCa
6071 IOTOTHUX 3a PEHIATEHCKY CTPYKTypHY aHanuzy. [Ipunoc: 33,4 mg (83%). U3pauynato 3a
C11H24CIF¢NsO7RuS; (805,15): C, 31,3; H, 3,00; N, 8,70. Haheno: C, 31,3; H, 3,03; N, 8,67.
Kommieke 6ot je pacTBOpaH y BOJM, METaHOIY, €TaHOIYy, alleTOHY U alleTOHUTPUIY, JOK je
HepacTBopaH y xuopodopmy u muxiaopMerany. 'H NMR ((CD3),CO): 9,23 (d, 2H, J = 5,5 Hz,
C6H/C6"H), 8,86 (s, 2H, C3'H/C5'H), 8,81 (d, 2H, J = 7,6 Hz, C3H/C3"H), 8,39 (t,2H, J= 7.8
Hz, C4AH/CA"H), 7,95 (t, 2H, C5H/C5"H), 5,62 (t br, 2H, NH, en), 4,18 (t br, 2H, NH, en), 3,37
(m br, 2H, CH, en), 2,95 (m br, 2H, CH, en), 2,52 (s, 6H, CHs dmso-S). >*C NMR ((CD5),CO):
160,2 (C2'/C6"), 159,5 (C2/C2"), 154,9 (C6H/C6"H), 1444 (C4"), 140,1 (C4H/C4"H), 129,8
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(C5H/C5"H), 126,1 (C3H/C3"H), 124,5 (C3'H/C5'H), 46,6 (CH; en), 45,7 (CH; en), 43,3 (CH;
dmso-S). IR (KBr, cm™"): vng 3274 (m), 3191 (m), 3169 (m); Vipy 3070 (m), 1598 (s), 1473 (m),
1425 (s), 1125 (s), 794 (s); vs=o0 1087 (s); vore 1246 (vs), 1222 (vs), 1163 (vs), 1025 (vs); Vru-s
423 (s). UV/Vis crexrap (H2O; Amax, nm (e, M7 cm™)): 236 (45432), 273 (40473), 289 (45396),
329 (32826), 420 (8220).

[Ru(Cl-tpy)(dach)(dmso-S)][CF3SOs]2 (7or). 25,0 mg (0,045 mmol) kommiiekca 2¢; 1
24,3 mg (0,095 mmol) AgCF;SO; je momaro y 6 ml pactBopa MeraHomna koju caapxu 113,0 uL
DMSO, mTo npoy3pokyje cTBapame LPBEHO-HApaHIIAcTe mioye Komruiekca 7ors. [Ipunoc: 34,5
mg (89%). Uzpauynaro 3a C,sH30CIFsNsO7RuS; (859,24): C, 35,0; H, 3,52; N, 8,15. Haheno: C,
34,9; H, 3,59; N, 8,09. Kommuiekc 7or1f j€ pacTBOpaH y BOJIU, METAaHOJY, €TaHOIY, alleTOHY U
ALCTOHUTPHILY, JOK je HepacTBOpaH y xiopodopmy u auxiopmerany. 'H NMR ((CDs),CO):
9,32 (d, 1H, J = 5,4 Hz, C6H), 9,17 (d, 1H, J = 5,4 Hz, C6"H), 8,84 (s, 1H, C3'H), 8,83 (s, IH,
C5'H), 8,79 (dd, 2H, J = 7.9, 4,6 Hz, C3H/C3"H), 8,37 (dd, 2H, J = 13,9, 6,5 Hz, C4H/C4"H),
7,93 (dd, 2H, J = 12,6, 6,3 Hz, C5H/C5"H), 5,79 (d br, 1H, J = 9,5 Hz, NH dach), 5,09 (t br, 1H,
J =11,9 Hz, NH dach), 4,27 (d br, 1H, J = 10,0 Hz, NH dach), 3,94 (t, IH, J = 11,6 Hz, NH
dach), 2,95 (m, 1H, CH dach), 2,65 (m, 1H, CH dach), 2,56 (d br, 1H, J = 13,4 Hz, CH, dach),
2,52 (s, 3H, CH; dmso-S), 2,46 (s, 3H, CH; dmso-S), 1,83 (m br, 2H, CH; dach), 1,78 (d br, 1H,
J=15,3 Hz, CH, dach), 1,61 (d br, 1H, J= 12,2 Hz, CH, dach), 1,35 — 1,15 (m, 3H, CH, dach).
C NMR ((CD3),CO): 160,4 (C2"), 160,1 (C6"), 159,7 (C2), 159,4 (C2"), 155,2 (C6"H), 155,0
(C6H), 144,3 (C4"), 140,1 (C4H), 140,1 (C4"H), 129,9 (C5"H), 129,8 (C5H), 126,10 (C3H),
126,09 (C3"H), 124,5 (C3'H), 124,4 (C5'H), 61,4 (CH dach), 60,3 (CH dach), 43,6 (CH3 dmso-
S), 43,0 (CH3; dmso-S), 35,1 (CH; dach), 34,8 (CH; dach), 25,2 (CH, dach), 24,8 (CH, dach). IR
(KBr, cm'): vai 3263 (m), 3186 (m), 3169 (m); Vipy 3059 (m), 2932 (m), 1595 (s), 1472 (w),
1426 (m), 1122 (s), 786 (s), 574 (m); vs-0 1085 (s); vore 1253 (vs), 1224 (vs), 1160 (vs), 1028
(vs); Vrus 419 (s). UV/Vis crextap (H20; Amax, nm (e, M cm™)): 236 (40275), 273 (34830),
294 (39110), 329 (28820), 421 (8027).

[Ru(Cl-tpy)(bpy)(dmso-S)][CF3SOs], (8ors). 25,0 mg (0,042 mmol) 3¢ koMmIuiekca u
22,6 mg (0,088 mmol) AgCF;SO; je nogato y 6 ml pactBopa metanona koju caapxu 105,0 uL
DMSO, npu ueMy HacTajy IpBEHO-HapaHacTe Ijioue KomIuiekca 8ors KOje Cy IMOrojHe 3a
PEHIreHCKY  CTpYKTYpHY aHamu3zy. Ilpunoc: 32,9 mg (87%). MWspauynato 3a
C9H24CIF¢NsO7RuS;3 (901,24): C, 38,7; H, 2,68; N, 7,77. Haheno: C, 38,7; H, 2,69; N, 7,79.
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Kommieke 8ors je pacTBopaH y BOIM, METAHONY, €TAHONIY, alleTOHY W alleTOHUTPUIY, JIOK je
HepacTBopaH y xiopodopmy u muxiopmerany. 'H NMR ((CD;),CO): 10,31 (d, 1H, J = 5,6 Hz,
CaH), 9,12 (s, 2H, C3'H/C5'H), 8,95 (d, 1H, J = 8,0 Hz, CdH), 8,88 (d, 2H, J = 8,0 Hz,
C3H/C3"H), 8,75 (d, 1H, J = 8,0 Hz, CgH), 8,51 (td, 1H, J=17,9, 1,4 Hz, CcH), 8,30 (td, 2H, J =
7,9, 1,4 Hz, C4H/C4"H), 8,17 (d, 2H, J = 5,4 Hz, C6H/C6"H), 8,15 (t, 1H J = 8,1, CbH), 8,11
(td, 1H, J= 8,1, 1,4 Hz, ChH), 7,66 (ddd, 2H, J= 17,5, 5,5, 1,2 Hz, CSH/C5"H), 7,60 (d, 1H, J =
5,6 Hz, CjH), 7,38 (t, 1H, J = 6,7 Hz, CiH), 2,67 (s, 6H, CH; dmso-S). *C NMR ((CD;),CO):
159,3 (C2'/C6"), 157,8 (C2/C2"), 157,5 (Ce), 156,9 (Ct), 156,0 (CaH), 155,2 (C6H/C6"H), 150,2
(CjH), 147,2 (C4"), 140,7 (C4H/C4"H), 140,4 (ChH), 139,9 (CcH), 130,5 (C5H/C5"H), 128,9
(CbH), 128,6 (CiH), 127,1 (C3H/C3"H), 126,6 (C3'H/C5'H), 125,7 (CdH), 124,9 (CgH), 42,9
(CH;3 dmso-S). IR (KBr, cm™): Vipy 3073 (m), 3012 (m), 2923 (m), 1598 (s), 1472 (w), 1424 (m),
1123 (s), 791 (m), 570 (m); vs—o0 1093 (s); vors 1260 (vs), 1222 (s), 1145 (s), 1028 (vs); Vru.s 430
(s). UV/Vis criekrap (H,0; Amax, nm (g, M7 cm™)): 236 (30530), 249 (27538) 274 (41680), 284
(39942), 314 (23230), 329 (26052), 405 (7996), 520 (428).

[Ru(tpy)(en)(dmso-S)][CF3SOs]2 (9or1r). 25,0 mg (0,054 mmol) 4¢; xkomiuiekca u
29,0 mg (0,113 mmol) AgCF3SOs je nomaro y 6,5 ml pactBopa metaHosa koju caapxu 125,0 uL
DMSO, npu uemy pnonazu 10 ¢opMupama LPBEHO-HAPAHIIACTUX HWIVIMIA KOMILIeKca 9orr.
[Tpunoc: 36,1 mg (87%). Uspauynaro 3a C,1H,sFsNsO7RuS; (770,71): C, 32,7; H, 3,27; N, 9,09.
Haheno: C, 32,6; H, 3,23; N, 9,11. Kommekc 9¢rf je pacTBOpaH y BOAM, METAHOJY, €TaHOIY,
alleTOHY W alleTOHUTPUIIY, JOK jeé HepacTBOpaH y XJopodopMy U JUXJIOPMETaHY. 'H NMR
((CD3),C0O): 9,22 (d, 2H, J = 5,1 Hz, C6H/C6"H), 8,72 (d, 2H, J = 7,8 Hz, C3H/C3"H), 8,71 (d,
2H, J= 8,1 Hz, C3'H/C5'H), 8,34 (td, 2H, J = 8,0, 1,5 Hz, CAH/C4"H), 8,32 (t, 1H, J = 8,1 Hz,
C4'H), 7,90 (ddd, 2H, J =74, 5,6, 1,2 Hz, CSH/C5"H), 5,61 (m br, 2H, NH, en), 4,20 (m br, 2H,
NH,; en), 3,36 (dt, 2H, J= 11,4, 5,8 Hz, CH, en), 2,94 (dt, 2H, J= 11,0, 5,6 Hz, CH, en), 2,52 (s,
6H, CH; dmso-S). °C NMR ((CD;),CO): 160,4 (C2/C2"), 159,2 (C2'/C6"), 154,9 (C6H/C6"H),
140,0 (C4H/C4"H), 137,4 (C4'H), 129,3 (C5H/C5"H), 125,5 (C3H/C3"H), 124,2 (C3'H/C5'H),
46,6 (CH, en), 45,7 (CH, en), 43,5 (CH3 dmso-S). IR (KBr, cm '): vy 3243 (m), 3165 (m); Vipy
3077 (m), 1603 (m), 1449 (m), 778 (S), 573 (S); vs=0 1071 (m); vors 1246 (vs), 1222 (vs), 1155
(vs), 1024 (vS); Vru.s 426 (s). UV/Vis crekrap (H20; Amax, nm (e, M cm™)): 239 (33153), 272
(40851), 287 (46104), 330 (35481), 421 (8139).
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[Ru(tpy)(dach)(dmso-S)][CF3SO3]2 (1001s). 25,0 mg (0,048 mmol) kommnekca Sc;p u
26,0 mg (0,101 mmol) AgCF;SO; je nogato y 6 ml pactBopa meranomna koju caapxu 120,0 uL
DMSO, npu deMmy Hacrajy npBeHO-HapaHpacte riode komruiekca 10ors. Ilpunoc: 32,4 mg
(82%). Uspauynato 3a CysH31FsNsO7RuS; (824,80): C, 36,4; H, 3,79; N, 8,49. Haheno: C, 36,3;
H, 3,86; N, 8,52. Kommiekc 10¢o1f je pacTBOpaH y BOJHM, METAHOJY, €TaHOJY, aleTOHY W
ALeTOHUTPHILY, JOK je HepacTBOpaH y xiopodopmy u auxiopmerany. 'H NMR ((CDs),CO):
9,34 (d, 1H, J = 5,0 Hz, C6H), 9,20 (d, 1H, J = 5,0 Hz, C6"H), 8,74 — 8,61 (m, 4H,
C3H/C3"H/C3'H/C5'H), 8,36 — 8,20 (m, 3H, C4H/C4"H/C4'H), 7,92 — 7,75 (m, 2H, C5H/C5"H),
5,85 (d, 1H, J = 10,8 Hz, NH dach), 5,04 (t, 1H, J = 11,2 Hz, NH dach), 4,35 (d, 1H, J = 10,7
Hz, NH dach), 3,93 (t, 1H, J = 11,6 Hz, NH dach), 2,90 — 2,82 (m, 1H, CH dach), 2,62 — 2,47
(m, 8H, CH dach + 2 X CHj; dmso-S + CH; dach), 1,89 — 1,70 (m, 3H, 3 X CH, dach), 1,60 (d,
1H, J = 9,6 Hz, CH, dach), 1,38 — 1,15 (m, 3H, 3 X CH, dach). >C NMR ((CD3),CO): 160,0
(C2", 159.9 (C2), 159,7 (C6"), 159,6 (C2"), 155,5 (C6"H), 155,1 (C6H), 139,8 (C4H/C4"H),
137,3 (C4'H), 129,3 (C5"H), 129,1 (C5H), 125,41 (C3H), 125,36 (C3"H), 124,1 (C3'H), 124,0
(C5'H), 61,6 (CH dach), 60,1 (CH dach), 44,0 (CH3; dmso-S), 43,9 (CH3 dmso-S), 35,1 (CH;
dach), 34,7 (CH, dach), 25,3 (CH, dach), 24,9 (CH, dach). IR (KBr, cm™): vnn 3282 (m), 3240
(m), 3157 (M); vipy 2936 (M), 2878 (m), 1603 (m), 1445 (s), 774 (s), 572 (M); vs=0 1100 (S); vorr
1251 (vs), 1220 (vs), 1161 (vs), 1022 (vs); Vru.s 429 (s). UV/Vis crektap (H20; Amax, NM (g, M™
cm™)): 239 (36975), 272 (43410), 296 (51957), 330 (38535), 418 (8337).

Pyrenujym(ll) tputna xommiekc [Ru([9]aneS3)(bpy)CI][PFs] je cunTetncan o
Mou(pUKOBAaHOM TOCTYNKY 3a oaroapajyhu CF3;SO; xommiekc Koju je paHuje OmHucaH y
nureparypu.’°

[Ru([9]aneS3)(bpy)CI][PFs]. 100 mg xommiekca [Ru([9]aneSs)(dmso-S),CI][PFs]*
(0,26 mmol) je nemumuuno pactBopero y 10 ml meranona, 3aTuM je gomara eKBHMOJIapHA
kommuunHa bpy (25,6 mg, 0,16 mmol) u peakimona cmeria pediaykroBana oko 1 car. Tokom
peduykToBama 60ja pacTBOpa je MpPOMEHmEHA U3 KyTe y HapaHLacTy, MpHU uYeMy je J00HjeH
TaMHO XyT Tajmor. Hakon xmahema pacTtBopa Ha cCOOHOj TeMIiepaTypH, TaJlOT j€ CaKyIUbeH
bunTpUpameM, UCIIPaH €TAHOJIOM U €TPOM, M OCyIlIeH moj BakyymoMm. [Ipunoc: 69,4 mg (70%).
N3zpauynato 3a Ci6H20CIFgN,PRUS;3 (618,03): C, 31,09; H, 3,26; N, 4,53%. Haheno: C, 30,98;

H, 3,07; N, 4,38%. CnekrpaqHu moJaly OBOI' KOMIUIEKCAa C€ ClIaXy ca IojaluMa 3a
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oarosapajyhe CF3SO3 jemumeme.”® *H NMR (CD3sNO,,  ppm): 9,08 (d, 2H, J = 5,4 Hz,
C6H/C6'H), 8,48 (d, 2H, J = 8,1 Hz, C3H/C3'H), 8,14 (t, 2H, J = 7,9 Hz, C4H/C4'H), 7,63 (t,
2H, J = 7,9 Hz, C5H/C5'H), 3,13 — 2,50 (m, 12H, CH, [9]aneS3). *H NMR (D-0, 5 ppm): 9,05
(d, 2H, J = 5,6 Hz, C6H/C6H), 8,47 (d, 2H, J = 8,3 Hz, C3H/C3H), 8,13 (t, 2H, J = 7,7 Hz,
C4H/C4H), 7,63 (t, 2H, J = 6,5 Hz, C5H/C5H), 3,08 — 2,47 (m, 12H, CH, [9]aneS3).

2.3. AucTpymeHTH

Mono-mumersnonaman (‘H (200, 400 wm 500 MHz), **C (100,5 wm 126 MHz),
31p (202 MHz)) u Gu-mumensuonanan (‘H-'H COSY, H-C HSQC, 'H-*C HMBC) NMR
criekTpu cHEUMaHu cy Ha Varian Gemini-200, JEOL Eclipse 400FT u Varian 500 criektpomeTpy.
H xemujcka rmomepama y D;O cy pmara y oOmHOCY Ha HMHTEPHH  CTaHAAp
2,2-mumeTtni-2,2-cunnaneHran-5-cyndonar (DSS) na & = 0,00 ppm, y nojeanHuM ciiydajeBuMa y
OJJHOCY Ha HAaTpUjyM-TpuUMeTHICHIHInponan-3-cyndar (TSP) wium y omHocy Ha J0AaTH
1,4-nmuokcan (8 = 3,75 ppm). Y apyrum pacTBapadynma, XeMHjCKa TIOMepama Cy Jara y OJHOCY
Ha pe3UayaJHH NHUK HeAeyTeprcaHor pactBapada [6 = 4,33 ppm 3a CD3NO,, 2,05 ppm 3a
(CD3),CO, u 2,50 ppm 3a gumerun cyndokerny (DMSO)-d°]. *C xemujcka nomepama y D,0 cy
Jata y OJHOCY Ha ekcTepHe pactBapaue (6 = 17,5 u 58,1 ppm 3a ertanon, 39,4 ppm 3a DMSO),
JIOK Cy Y IpYTHUM pacTBapaduMa JaTH y OJHOCY Ha PEe3HIyallHH MUK HEeJeyTepHCaHOT pacTBapayda
(8 = 62,8 ppm 3a CD3NO,; 29,84 ppm 3a (CD3),CO; 39,52 ppm 3a DMSO-d®). 3P xemujcka
nmoMepama cy jgara y omgHocy Ha ekcrepHu 85% H3PO, crammapn ma 0,00 ppm. Ceu NMR
criekTpu cy cuuMann Ha 298 K. pD Mmepema cy Bpmena momohy inoLab Sen Tix® Mic pH
MHUKPOETIEKTPOJIE.

UV-Vis criektpu caumanu ¢y nomohy Jasco V-500 UV-Vis criektpodoTomerpa Koju je
ompeMJbeH perynaropom Temmeparype Peltier wnum momohy Perkin Elmer Lambda 35
cniekrooromerpa ca repmoctarupanom 1,00 cm kBapiiHoM Suprasil kuserom (3,0 ml).

IR cnextpu cy caumanu Ha Perkin EImer 983G cnekrpomerpy.

Enemenrtanna anammsa palena je y JlemapTMeHTy 3a XeMHjCKe HayKe U TEXHOJOTH]Y,
VYuuBep3utera y Y iunama, Uranuja.

Penarencka crpykrypHa ucnuthBama 3a kpuctaine [Ru(Cl-tpy)(en)(dmso-S)][CFs;SOs].
(6orr) u [Ru(Cl-tpy)(bpy)(dmso-S)][CF3SOs], (8otr) kommuiekca cy Bpruena na Oxford

Diffraction SuperNova nudpakToMeTpy ONPEMIBEHHM ONTHYKMM orjiegaiom u Ha Atlas
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nerekropy kopucrehnm Mo u Cu mukpodokyc m3Bopa X-3paka (T = 150(2) K). Penarencka
CTPYKTypHa UCIMTHBAbA 3a KpHUCTaje [Ru(ClI-tpy)(bpy)CI][CI] 3al u
[Ru(Cl-tpy)(en)(dmso-S)][PFes]. 6prs cy BpiieHa Ha audpaxiMOHO] JHMHHUjU cHoOma X-3paka
cunxpoTpona Elettra (Tper) ma 100 K, A = 0,7000 u 0,88560 A. Penarencka cTpyKkTypHa
anamu3a 3a kpucraie [Ru([9]aneS3)(bpy)CI][PFs], [Ru([9]aneS3)(en)(9MeG-N7)][PFs], wu
[Ru([9]aneS3)(pic)(9MeG-N7)][PFs] xommiekca Bpmiena je Ha Nonius DIP-1030H
nudpaxromerpy (Mo-Ka pamujanmja, A = 0,71073 A, T = 293(2) K), ma Nonius Kappa CCD
nudpaxromerpy (Mo-Ka pagujaruja, A = 0,71073 A, T = 150(2) K) u na Cu porupajyhoj anoau
onpembenoj Brucker CCD2000 perexropom (A = 1,54178 A, T = 293(2) K).

3a mepewe pH pactBopa kopumthen je Jenway 4330 pH-metap ca KOMOMHOBaHOM

Jenway crakiieHOM eIeKTpOIOM CTaHaapau3oBaHoM momohy Fischer cranmapauux mydepa duju

je pH = 4,00; 7,00; 10,00.

2.4. KuHeTH4YKa Mepema

2.4.1. Peakuuje XHAPOJIH3e u CYNCTHTYLHje [Ru(ClI-tpy)(en)CI][CI] |
[Ru(Cl-tpy)(dach)CI][CI] komnekca

Kunetnka peaknmja xuaponuse [Ru(Cl-tpy)(en)CIJ[CI] u [Ru(Cl-tpy)(dach)CI][CI]
koMIuiekca u3ydaBana je UV-Vis crektpodoromerpujckn Ha 298 K. PactBopm Komiiekca
(0,10 mM) mpunpemanu cy y AecTUlIOBaHOj Boau wiu y 25 mM Hepes nydepy (pH = 7,4).
Panna tanacHa myxxuHa onpel)eHa je CHUMambeM CIEeKTapa pacTBOpa MCIUTHBAHUX KOMIUIEKCA Y
onpeheHuM BpeMEHCKMM HHTepBainMa. Kao pamHa TanacHa Iy)XHHAa y3MMa Cc€ OHa TajlaCHa
Ty’)KWHA Ha K0joj je HajBeha mpomeHa y ancopOuuju pacTBopa ca BpeMeHoM. [loObujeHa mpomeHa
aricopOaHIIe je nokaszaja HajooJbe cilarame Kaja je mocMarpaHa Kao eKCIIoHeHIMjanHa (QyHKIHja
npBor pena (jenHauuHa 2.4.1.1), npu yemy je 1oOMjeHa BPEAHOCT KOHCTaHTE Op3uHE peakxiiuje

xugaponuse, Kuoo (K).

A =Co+ Ce™ (2.4.1.1)
Co u C1 xommjyrepcku obpahene koHcTanTe, A je aricopbaHIia HAKOH BpeMeHa t.

Kunetnka peaxiyja cyncTuTylije oBa JBa KOMIUIEKca ca JiepuBaTtuma ryanusa (9MeG u

5’-GMP), kao u ca cymmop- (Tu, L-Cys u L-Met) u a3oT-monopckum 6uomosiekyiauma (Pz, Tz u
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Py) je Takohe m3yuaBana criekTpodoToMeTpHjckH. Peakije cy mpoydaBaHe Ha TPH pa3iMyUTE
temneparype (288, 298 u 310 K) y 25 mM Hepes nydepy (pH = 7,4) y3 nogarak 30 mM NaCl.
KuHeTrika WCIUTHBAaHHUX peakija je mpaheHa moja ycjaoBuMa peakidje pSeudo-mpsor pena
(koHIIEHTpanyja JuraHaa je Ouna HajMame 10 myTra y BUINIKY y OJHOCY Ha KOHIIEHTPAIU]jY
komiutekca). CYICTHTYLMOHE peakumje cy 3amodere MemameM 0,3 CM° pacTBopa KOMIUIEKCA
(1,00 mM) ca 2,7 cm® pactBopa jaurauga (5,56 mM). CrnekrpodoTOMETPHjCKO oapehuBarmbe
KOHCTaHTe Op3uHe peakimje PSeudo-mpsor peaa, Kopsd, BpIm ce mpahemeM mpoMeHe arncopOIiuje

pacTBopa A; ca BpeMeHOM t Ha o1pel)eHOj TanacHoj TyKHHH, " Ha OCHOBY jenHaunHe (2.4.1.2).
In(A, —A)=In(A, - A, )— Kt (2.4.1.2)

3aBucHoct IN(A; — A.) o1 BpeMmeHa t je TuHEapHa, Tako Ja ce U3 Haruba mpase 1001ja BPEIHOCT
3a Kopsg. Benmumumna A, mpeincTaBiba ancopOlHjy pacTBOpa HAaKOH ,,06CKOHAYHO Jyror
Bpemena.”® JloGujeHa BpeIHOCT 3a KOHCTAaHTy Op3uHe peakimje pseudo-mpeor pema, Kopsd,
MPEJCTaBIba CPEIby BPEIHOCT 2 10 3 HE3aBUCHUX KHMHETHUYKHUX Meperma. 3a o0paay mojaraka

koputihenu cy komijyrepcku mporpamu Microsoft Excel 2007 u Origin 8.

2.4.2. Peakumuje XHIPOJIH3e | CYNCTUTYIHje [Ru([9]aneS3)(en)CI][PF],
[Ru([9]aneS3)(bpy)CI][PF¢] u [Ru([9]aneS3)(pic)Cl] kommiaexca

Kunernka peakmuje xuaponuse [Ru([9]aneS3)(bpy)CI][PFs] u [Ru([9]aneS3)(pic)Cl]
KOMILIEKCa, Ka0 M peakuuje aHanumje oxroeapajyhux axea spera [Ru([9]aneS3)(bpy)H.01** u
[Ru([9]aneS3)(pic)H20]" je m3yuaama momohy UV-Vis cnekrpodoromerpuje, mpahemem
poMeHe amncopOluje pacTBopa Ha ojAropapajyhoj TaqacHO) AYXKMHH y (DYHKUIMjU BpeMeHa.
Pagna TamacHa qyXMHA 3a CBakKM NPOYYaBaHW CHCTEM je ojpeljeHa Ha HAYMH Kao MITO je
ormucano y aeny 2.4.1. (Ciauka 2.1). 3a peakiujy xuaposuse, Koja je m3Bohena Ha 298 K,
npunpemanu cy 0,1 mM pacreopu y 0,1 M NaClO,, npu demy je ancopbaHia cHUMaHa Ha
onpehenoj TamacHoj AyxuHU cBakux 30 S. BpeaHocT KoHCTaHTe Op3uMHE peakliuje XHIPONn3e,
Knzo (K), je moOujeHa Ha OCHOBY MPETXOHO onucaHe jenHaunne 2.4.1.1.

3a ucnHMTHBaKkE peakija aHanuje npunpemsbeHo je 10 ml pactBopa McCIUTHBaHHX
komiuiekca kontentpauuje 0,1 mM y 0,1M NaClO,4. AnukBot 3anpemune 2,5 ml oBor pactBopa

je TpeHeT y KuBETy M KopumrheH 3a peakinujy xuapoiuse. OcTaTak OBOI pacTBOpa, HAKOH
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MIOCTUTHYTE PAaBHOTEXKE, Tj. OCTBAPEHE XHUJIPOJIHM3E KOMILIEKCA, MOJIEJbEH j€ Y jOII TPU KHUBETE U
nonara je oxarosapajyha konmentpanuja NaCl y cBaky kusery (50, 100, 200 u 300 mM).
AricopOaHIia OBUX pacTBopa je MepeHa Ha onapehenoj TanacHoj xyxunau cBakux 30 S. BpenHoct
KOHCTaHTe Op3uHE peakiuje apyror pena, Kcj, moOujeHa je W3 HaruOa MpaBe 3aBUCHOCTH

KOHCTaHTe Op3uHe peakuuje pseudo-mpeor pena, Ker, ox konuenTpanuje xnopuaa [Cl].
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Cnuxka 2.1. [lpomena ancopbanye ca 6peMeHOM 34 peakyujy Xuopoiauze KOMWIEKCd
[Ru([9]aneSs)(bpy)CI1[PFes]l (2, nesa cmpana) u [Ru([9]aneSs)(pic)Cl] (3, decna cmpana) y
0,1 M NaClO4 na 298 K. (AA = A; - Ay, 20e je Ai = ancopbanya narxon epemena t u

Ag = ancopbanya naxou pemena Koje je nompeoHo 3a CHUMArLe NP8o2 CNeKmpa,)

Bpennoct koHcrante paBHOTeke Kgyq peakiujeé XHMOpOaHM3e HCIHUTHBAHUX KOMILIEKCA

nobuja ce Ha OCHOBY jenHaunHe (2.4.2.1):
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Kag = Knzo/ Kei (2.4.2.1)

Kunernka peakiuja CYICTHUTYIIH]E [Ru([9]aneS3)(en)CI][PFs],
[Ru([9]aneS3)(bpy)CI][PFs] u [Ru([9]aneS3)(pic)Cl] xommuiekca ca 5’-GMP je Ttakohe

M3y4aBaHa CIIEKTPOPOTOMETPHU)CKU HA HAUMH Kao IITO j€ OMHCAHO Yy oJeJbKy 2.4.1.

2.4.3. Cymncruryunuone peakuuje pyrenujym(11) apena [(n°-p-cym)Ru(pydc)Cl] kommiexca

KHHeTHKa 1 MeXaHH3aM CyICTHTYLHOHHX peakumja [(n°-p-cym)Ru(pydc)Cl] xommiekca
ca 5’-GMP, Guo u L-His u3yuyaBanu cy UV-Vis cnektpodoromerpujcku npahemeM mpomeHe
aricopOIIije pacTBopa ca BPEeMEHOM Ha paJiHOj TaJlaCHOj AYXWHU. Peaknuje cy M3yvyaBaHe Ha
pH =25 (0,1 M NaClOy) u na pH = 7,2 (25 mM Hepes nydep) y npucyctey 10 mM NaCl na
310 K, uzyseB peaknuje ca 5’-GMP, koja je m3yuaBana u Ha 298 K u 318 K. ¥ cBum cucremMnma
KOHIIEHTpallMja JIMTaHaa OwWia je y BeIMKOM BUIIKY (HajmMame 10 myrta) y omHOCY Ha
KOHIICHTPAIIKjy TOTa3HOT KOMIUIEKCa, Kako OU ce 00e30eaun yciaoBU peakiuje PSeudo-mpBor

pena.

2.5. 'H NMR mepema

Kunernka peakuuje cymcrurymuje [(n°-p-cym)Ru(pydc)Cl] kommiekca ca 5°-GMP, Guo
u L-His msyuasana je '"H NMR crexTpockomujoM y momapHOM omHocy 1:1, mpu uemy cy
MOYETHE KOHIEHTpanmje peakTaHata Owmie 8 MM. PactBopm kommiiekca W JwWraHaza cy
npurnpemanu y 300 pL D,O Hemocpenano mpe modeTrka cHUMama crekTapa. CBU CIIEKTPH Cy
cHuMaHu Ha 295 K, a n1o0ujeHn pe3ynTaTu Cy aHaJU3UpaHu MOMONY KOMITjYTePCKUX IMporpama

Origin 8, Microsoft Excel 2007 u MestReNova .

2.6. pH TuTpauuje

pH TUTpAIIH]e aKBa KOMIUIEKCHUX joHa [Ru(Cl-tpy)(en)(H20)]*,
[Ru(Cl-tpy)(dach)(H,0)]** u [Ru(Cl-tpy)(bpy)(H-0)]**, xao u TUTpalKje TPOU3BOa KOMIUIEKCA
ca gepusaruma ryanmna, [RU(Cl-tpy)(en)(9MeG-N7)]* u [Ru(Cl-tpy)(en)(5’-GMP-N7)]*,
BpIlIEHE Cy moMohy 'H u *'P NMR CHEKTpOocKomnuje. PacTBOpy HMCIUTHUBAHUX KOMILIEKCA CYy

npunpemann y 10% D,0/90% H,O y konunentpammju 4 mM u 1O 24 cata mpe moyerka
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TUTpanje Kako OW ce TOCTUIIa TOTIHyHa  XHWApOJHM3a KOMIUIekca. PactBopu
[Ru(Cl-tpy)(en)(9MeG-N7)]** u [Ru(Cl-tpy)(en)(5’-GMP-N7)]** komiuiekca cy mpumpemMaHu y
D,0, mpu yeMy cy KOMIUIEKC W JIMTaHi Y MojickoM oxHocy 1:1,3 3a 9MeG (4 mM), u 1:1 3a
5’-GMP (10 mM). Tutpamnuje oBUX pacTBOpa Cy U3BOheHe 6 aHAa HAKOH MeIllamba KOMILIEKCa U
onromapajyher nuranma.

pH Bpennoct NMR y3opaka je mepena Ha 298 K aupektHo y NMR kuBetn xopuctehu
AMEL (momen 334B) pH wmerap ompemsben Ingold MHKpOKOMOMHOBAHOM €IIEKTPOIOM
crangapau3oBanom nomohy Ingold mydepckux pactBopa umju je pH = 4,0; 7,0; 10,0.

PH BpemHOCT pacTBOpa je moeiniaBana paszdaakeraum pactsopom DCIO, u NaOD.

2.7. KBaHTHO XeMHjcKa MeTo1a

B3LYP/LANL2DZp, xuOpuHa Teopuja dyHKIHOHATA I'yCTHHE, ca

: : 111,112
NCCyA0-IOTCHIU]aJIOM ITPUMCHCHA J€ Ha MCTAJL.

Tokom onTuMH3anyje CTPyKTypa camo ce
CHUMeTpHja y3uMaia Kao KoHcTaHTa. Ilopen Tora, noOujeHe CTPYKType Cy OKapaKTepHcaHe
n3padyHaBameM BHOpannMoHHX (pekBeHIMja. PemaTuBHE eHepruje cy KOpPHrOBaHE 3a HYITY
Tauky BHOparnmonux eHepruja (ZPE). 3a uspauynaBama kopuiihen je GAUSSIAN 03 maker
nporpama.'® Yruuaj pacreapaua xopurosan je xopuuhemem ,single-point calculations”
MeToJa a y3 nomoh CPCM ¢bopmanuzma Tj.

B3LYP(CPCM)/LANL2DZp//B3LYP/LANL2DZp."*

2.8. Penarencka cTpyKTypHa aHaJIm3a

Penarencka CTPYKTypHa aHaM3a [Ru(Cl-tpy)(bpy)CI][CI] (3c),
[Ru(Cl-tpy)(en)(dmso-S)][PFel.  (6prs), [Ru(Cl-tpy)(en)(dmso-S)][CFsSOs]. (6o,
[Ru(Cl-tpy)(bpy)(dmso-S)][CF3sSOs3]. (8oTr) u [Ru(tpy)(dach)(dmso-S)][PFe]. (10prs) xoMIUTEKCA

115
2.

je ypahena nomohy nupekTHUX MeToaa uMmiieMeHTupanux y SIR9 VYTaumaBame CTPYKType

j€ BpLIEHO KopHIIhemeM MEeTOJie HajMamMX KBaJpara, F, nomohy mporpama SHELXL-97.1
CBH aTOMH, OCHM BOJOHHKOBHX, Cy oOjpeeHH aHW30TpOmHO. BOJOHWKOBH aToMu Cy
MOCTaBJbEHH Ha M3padyyHaTHUM MO3UIMjaMa W TpeTHpaHu ymnorpedom oxaromapajyhux ,.riding”
Mojena. 3a aHanu3y O0OMjeHMX IoJaTaka W MPUIPEMYy CJlIMKa KOpHIINeHH Cy Hporpamu
Mercury, ORTEP, Platon u Diamond Crystal. Kpucranorpagcku mnomanu 3a MOMEHYTe

KOMIUIeKce cy aaTu y Tabemn 2.1.

-58 -



Excnepumenmannu oeo

Tabena 2.1. Kpucranorpadcku nmogamu 3a 3¢, 6prs, 60T U 80T KOMILIIEKCE.

Kommiexe 3a ! 6p|:6 60Tf 2 80Tf
gfgﬁsgcm CsoHaoClsN 1006 50RU |C1oH24CIF12NsOP,RUS | CpH24CIFeNO7RUSs | CagHaaCIFsNsO7RUS,
M 1308,83 796,95 805,15 901,23
Temneparypa (K) 100(2) 100(2) 150(2) 150(2)
Kpucran MoHOKJIMHUYaH TpukiuHU4aH TpukiuHU4YaH MoHOKIMHUYaH
[IpoctopHa rpyma P 2,/c P-1 P-1 P 2,/c
N 14,3440(9) 10,2101(12) 12,6542(3) 20,1168(5)

b (A) 14,6880(10) 11,1212(15) 14,7584(3) 8,8764(2)
c(A) 27,2930(14) 13,4013(18) 18,2199(4) 21,5672(5)
a(®) 90,0 89,420(11) 72,481(2) 90
5°) 98,020(11) 72,275(13) 83,636(2) 116,406(3)
7 () 90,0 70,412(13) 82,552(2) 90
Sanpemuta, V (A 5694,0(6) 1358,4(3) 3208,17(12) 3449,33(14)
Z 4 2 4 4
Dispaeymara (9/CMT) 1,527 1,048 1,667 1,735
Bemriiia 033x0,26x0,22 | 0,35x0,30%x0,30 | 0,20x0,10x0,05 | 0,30x 0,20 x 0,20
kpucTaiga (mm)

Boja Kyt Hapanyact Lpeen Lpren
Caxynenn 27961 / 14608 14621/ 3921 22228 /13037 21948 / 7037
HoIanu

Rin 0,0477 0,0340 0,0326 0,0327
Bpoj orpanicrea / 0/715 0/381 105/ 816 0/471
Opoj mapamerapa

F 1,079 1,038 1,076 1,154

Ry, WR, [>20(I)] | 0,0599/0,1771 0,0359/0,1005 0,0636/0,1825 0,074570,2288
RL, WR2 (can) 0,0680/0,1844 0,0373/0,1018 0,0959 70,1976 0,077370,2301
Hajpehu ugpaicu. |y 17/ 1 g4 0,427 / -0,440 1,738 /-1,276 3,083/ -1,301
ik (eA”)

Penarencka CTPYKTypHa aHaIn3a [Ru([9]aneS3)(bpy)CI][PFe],

[Ru([9]aneS3)(en)(9MeG-N7)][PFe]l. u [Ru([9]aneS3)(pic)(9IMeG-N7)][PFs] xomruiekca je

ypahena momohy mupekTHHX Metoma mMmiemenTupannx y SIR92'M u SIR97M°, u subsequent

Fourier analyses. YTaumaBame CTpyKType je BpIIeHO KopuiThemheM MeTOo/Ie HajMambiX KBaapara,

F2M° BomonukoBu atomu Cy TIOCTaBJb€HH Ha HU3pauyHaTHUM [O3UIMjaMa U TPETHUpPaHU

yrnotpeboM oxarosapajyhux ,,riding” monena. Cea m3pauyHaBama BpieHa cy momohy WinGX
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System, Ver 1.80.05.18 Kpucranorpadcku nomanu 3a moMeHyTe KOMILUIEKCE Cy AaTu y Tabenu

2.2.

Tabena 2.2. Kpucranorpadcku moaaimu 3a mpoyyaBaHe KOMILIEKCE.

Kommnieke [Ru([9]aneS3)(en)(9MeG- | [Ru([9]aneS3)(pic)(9MeG
[Ru({9]aneS3)(bpy)ClIIPF] N7)][PFel,'H,O -N7)][PFs]-1.5(H,0)

CDOpMYJ'Ia CleHg()CIFeszRUSg C14H29F12N702P2RU83 C13H26F6N604.50PRUS3

M 618,01 814,63 740,67

Kpucran MoOHOKIMHUYAH TpuknuHu4an MOHOKIMHUYAH

IIpocTopHa rpyna P 2,/c P-1 P 2,/c

a, A 16,6200(14) 8,5941(2) 10,3000(10)

b, A 9,6130(9) 11,3013(2) 14,2830(11)

c,A 14,6900(11) 14,8054(3) 18,1920(14)

a, ° 90 99,263(1) 90

B, ° 111,888(9) 91,080(1) 91,741(11)

y, °© 90 92,016(1) 90

Sanpemuna, V, A® 2177,8(3) 1417,90(5) 2675,1(4)

VA 4 2 4

D spasynaras § CM 1,885 1,908 1,839

u(Mo-Ka), mm ! 1,262 0,995 8,272 14

F(000) 1232 816 1496

0 oncer, deg 2,59 — 26,42 3,05 27,45 3,94 — 64,35

Bpoj CaKyTUBEHUX 33504 11707 24838

peduiekcuja

Bpoj HE3aBHCHUX 4201 6449 4125

pediekcuja

Rint 0,0341 0,0198 0,0760

Bbpoj pednexcuja 6449

1>20(1) 3347 2995

bpoj napamerapa 297 386 369

F? 0,992 1,131 0,961

R1, WR2 (1 >20(1)) 0,0361, 0,0986 0,0271,0,0585 0,0571, 0,1421

R1, wR2 (cBu 0,0451, 0,1016 0,0354, 0,0612 0,0759, 0,1503

MOJTAIN)

Hajsehu nudpaxm. 0,616, 0,426 0,409, -0,679 1,056, -1,530

K, e/A
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2.9. UcnuTuBamkbe MUTOTOKCUYHOCTH
2.9.1. heanjcke KyaType

TecroBu cy m3Bohenu Ha henujckoj nmuauju Tymopa muma CT26 (ATCC® CRL-2638).
3anehena kpuo Bajnmuma ca 1 ml hemujcke cycnensmje je omiehena, cagpkaj je mpebaveH y
enpyBery ca 9 ml kommierHor meaujyma (Dulbecco’s modified Eagle’s medium, DMEM, ca
10% detycuor roseher cepyma (Fetal bovine serum, FBS), 100 jequnuma/ml nenupiuaa u 100
pug/ml crpentomunuua u neHtpudyrupan 10 munyra Ha 125 G. CynepHaTaHT je OJUIMBEH,
ucTanoxene henuje cy pecycreHioBane y 5 ml kommuieTHor Meaujyma u mpebauene y T-25
nopmanau cyn (BD Falcon, Cjemumene /[lpxase). henuje cy rajeHe y HMHKyOaropy ca
CTaHJIapJHUM yclioBuMa (TeMernieparypa 37°C u MpoUeHTyamHu yaeo yribeH-muokcuaa, CO,, y
Bazyxy 5%). Ilomro henuje nmocrany cyOkoH(IyeHTHE IpecejaBaHe Cy y HOBE (IacKoBe Y
onHocy 1:3.

Ilpecejasare henuja: TOKYIIJBEH j€ MEMjyM U3 HOPMAJIHOT CyZa U henuje cy BUIIIE ITyTa OIpaHe

PBS-omMm, n3 HOopMaiHOT cyna je nokymsbeH U PBS u nonato 1ml tpurncuna (0,25% Ttpuricus ca
EDTA), Hopmanuu cyn je BpaheH y uHKybarop Ha 2 10 5 MuHYTa, Kako Ou ce henuje omienmie.
Thenuje cy mocne oxanemybuBama MOKYIJbeHE M INpebaueHe y enpyBeTy koja caapxu 14 ml
KOMILUIETHOT MEJIMjyMa, pecycrieH0BaHe cy u npedadeHe y 3 HoBa T25 nHopmainHna cyaa (mo 5 ml
y cBak#). CBe Tope HaBeIeHe MPOIIeIype CY U3BOheHEe y CTEPUITHUM yCIIOBUMA Y JIAMUHAPY.
henuje cy npukynibeHe U3 HOPMAIHOT CyJia Ha MPETXOIHO OMKMCAaH HAYMH, alli Cy MOCcie
neHTpudyrupama pecycnennorane y 3 ml FBS-a ca 10% DMSO-a u mpebaueHe y Kpuo

Bajiuie. 3aehene cy Ha -80°C u mocie 24 cara cy npebadeHe y TeUHU a30T.

2.9.2. MTT Ttecr

MTT Tect je MeTona KOjoM ce MHIMPEKTHO ojpelyje mpoleHaT mpexuBenux hemnwja.
MTT wmu 3-(4,5-mumeruntraszon-2-ui)-2,5- 1 eHUATeTpa3oauyM OpOMUJ, je KPHCTall KYTe
00je, pacTBOPJbUB y BOJIM, KOJU 300T MO3UTHUBHOI HaeJIeKTpUCama JaKo Mpoja3u Kpo3 hemujcky
MeMOpany. Y wmetabonuuku aktuBHMUM hemmjama MTT ce peaykyje 10 HEpacTBOPHUX

JpyOnvacTux Kpucrana gopmazaHa. MUTOXOHApHjalHA peayKTa3a (CyKUMHAT JEXUAPOreHasa),
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KOja je aKTMBHA caMO Yy JKMBUM henujaMa, Karajau3yje OBY peEakiujy, Ia je peaykiuja

MIPBOOMTHOT jeIM-Eha 0 (popMazaHa TUPEKTHO MPOIOPIIMOHAIHA OpOjy kuBUX hemnuja.

s " MUTOXOHAPUjanHa S
N— penykTasa HN —N
N
N N=—
o I S N
P
3-(4,5-gumeTnnTnason-2-un)-2,5-gudeHunteTpasonuym Gpomng (E,Z)-5-(4,5-gumeTuntnazon-2-un)-1,3-gudeHnndopmasan
MTT dopmaszaH

Cnuxa 2.2. Peoykyuja 3-(4,5-oumemunrmuazon-2-un)-2,5-ougpenunmempaszsoruym 6pomuoa

(MTT) 0o hopmazana nomohy mumoxonopujanne pedykmase.

henuje y excrnoHeHuujanHoj] ¢a3u pacrta Cy MNPUKYIJbEHE U3 HOPMAIHOT CyAa Ha
NPEeTXOMHO OMUCaH HayuH H Opoj je oxpehen kopumthermem Neubauer-oBe komope y3
UCKJbYUeHe MpTBUX henuja, Tj. henrja ob6ojeHux TpumaH miaaBuM. Tpuman miaBo je 60ja Koja
Moxe na mpohe camo kpo3 omreheny henmjcky meMmOpany HeBHjabwiHuX henuja u 60ju
LUTOIUIa3My, JIOK je KoJ BHjaOminHux henuja oBa MoryhHOCT HckJbydeHa. Nenuje cy pazbiaxeHe
no rycrune 5x10% hemmja/ml. Y mukporutap miode ca 96 orBopa je cumano 100 pl (5000
henuja) cycrnensuje mo oTBopy. Y mocebHE OTBOpE je cHUIaH MeaujyMm Oe3 henmuja kako Ou ce
olpeawia ONTHYKAa TycTHHa camor wmeawjyma. I[lmodya ce mpexko Hohu wuHKyOMpana Ha
temneparypu og 37°C u y npucyctBy 5% CO,. ITocie 24 cara MeaujyM je OJUIMBEH M 3aMEmbEH
ca 100 pl xomrulekca pacTBOpEHOr y MeAUjyMy y OAroBapajyhoj KOHIEHTpaluju. 3a CBaKy
KOHIIEHTpalnjy paheH je TpuruimkaT. Y KOHTPOJHE OTBOPE j€ TOHOBO CHUITAH YUCT MEIU]YM.
[Tmoua je muakyOupana 24 wnu 72 cata moj uctuM ycioBuma. Ilo mcreky 72 carta, U3 CBUX
Oynapuuha je ykiomeHa TeuyHocT M jojato je mo 100 pl wncror DMEM-a ca 15 % MTT
pactBopa (5 mg/ml y PBS-y, Phosphate buffer saline). [Tino4e cy nnkybupane jom 2 1o 4 cara.
[To ucrexy MHKyOAIMje MEINjyM je YKIIOWBEH U Yy CBakM oTBOp je cumnano no 150 pl DMSO u 20
ul rmunmackor mydepa (pH = 10,5). [Tnoue cy myhkane g0 pacTBapama kpucrtana ¢hopmaszaHa,
oko 10 munyTra. OnThyka T'yCTHMHa y3opaka je oapeheHa MyATH(QYHKIMOHAIHUM YHUTaYeM

MHUKpoTuTap mioyda, Zenyth 3100.
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Edexar ucniutuBane cyrcranne ce onpehyje mopehemeM mHTEH3UTETa 00je KOjU Aajy
henmuje wm3nmarane camMo MeAMjyMy M WHTEH3WTETa KOjU naajy henuje u3naraHe MCIUTHUBAHO]
cynicraniy. [IpoxykoBanu hopMasan ce pacTBapa y OpraHCKUM pCTBapadyrMa U UHTEH3UTET 00je
ce oapehyje crekrpodoToMeTpHjCKH HA TanacHoj ayxuHH o 570 nm. [IpomeHaT mpexuBenux

henuja je uzpauynar momohy dopmyite (2.9.2.1):

% Bujabunaux hemuja = (E-B) / (K-b) x 100 (2.9.2.1)

y KOjOj E o3nauama OTBOp Ca UCIIMTUBAHUM CYIICTaHIlaMa, b 6J'IaHK, akK OTBOp Ca HCTPCTHUPAHUM

henujama.
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3. PE3YJITATHU U IUCKYCHUJA PE3YJITATA

3.1. Hou pyrenmjym(ll) TepmupuamH KOMILIEKCH: CHHTe3a, KapaKTepHu3aluja,

AKTHBAllMOHA KHHETHKA U I/IHTepaK].(I/lja ca jepuBaTuMa ryaHmHa

Monodyukimonanau pyrerujym(ll) xommiaekcu ommre dopmyne [Ru(Ls)(N-N)X],
¢anujamHe reoMeTpuje Cy MUPOKO UCTPAKUBAHH Y MOTIIEy aHTUTYMOPCKE aKTUBHOCTH, JIOK CY
KOMILIEKCH Ca MEPUIM]aTHOM T€OMETPHUjOM CKOPO MOTITYHO 3aHEMapeHH. THIHYaH TpUICHTaTHH
JUTaH] KOjU C€ KOOPJMHYje Y MEPUAMjaTHOM TOJIOKajy 3a JOH MeTana je TepnupuauH. Behuna
pyreaujym(ll) TepnupumuH Komiiekca, koja uMa Takohe m N-N momunupumun JMrasa
(amp. bpy), uMa BeomMa HECKY pacTBOPJBMBOCT y BOJICHOM PAacTBOPY, LITO OTPaHUYaBa OMOJIOIIKU
pelieBaHTHA HCTpakuBama. OBaj MpoOJIeM je JIOBEO J0 CMameHOT MHTEPECOBama Yy 00JacTH
AHTHUKAHIIEPOTEHE AaKTUBHOCTH MEr KOMIUIEKCa Yy OJHOCY Ha KOMIUIeKce daiujainHe

FGOMeTpI/Ij6.24'82'83'89'119

Nwmajyhu 1O y Buay, OMIIO je Ol 3Hayaja yCMEPUTH HCIHTHUBaKbA Ka
CHHTE3M M KapakTepu3auuju pyreHujym(ll) Tepnupuana koMIuiekca MepuIfjaaHe reoMeTprje U
wmuxoBoj wuHTepakuuju ca JHK Hykieo6a3ama. CunrternszoBana je cepuja pyrerujym(ll)
komiiekca ommre ¢dopmyre mer-[Ru(Ls)(N-N)X][Y],, rme je Lz tpy wmu Cl-tpy
(4'-xmopo-2,2"6',2"-repriupuann), X je Cl wimum dmso-S, N-N je OupeHTaTHH XeTaTHH JIMTaH.
KOjU MMa CIIOCOOHOCT BOJOHHYHOT Be3nBama ca HykieoOasama (N-N = en wau dach), Y je ClI,
PFs i CF3SO3, n = 1 unm 2 y 3aBucHocTH of npupoae quranna X (Cmuka 3.1). bugentarau
XxenaTHu Jranam, en u dach, uzabpanu cy paam mo0OoJbIIakba PAaCTBOPJBUBOCTH HHHXOBHX
KOMILIEKCa Y BOJH, Kao M 300T HBUXOBE CIOCOOHOCTH 3a (OpMHpameM BOJAOHMYHUX Be3a ca
KOOPJAMHOBaHUM HyKJeoOa3ama. OBa mocienma OCOOMHA T0jaBWJIa CE€ Kao MPEayCcioB 3a
OCMaTpare AaHTUTYMOPCKE aKTHMBHOCTH KoOja MoHodyHKinoHanaux ,half sandwich”
pyrenujym(11) kommnekca. Panu nopehema HanpassseH je u oaroapajyhu Ru(Cl-tpy) kommiekc
ca N-N = bpy (Cnuxka 3.1). ®okycupamu cmo ce yrnaBHoMm Ha Cl-tpy nepuBare, 300r npucycTa

Cl xoju Moxe yuecTBOBaTH y (hopMHpamy I0JaTHUX BOJOHHUYHUX Be3a, kao mTo cy O-H-Cl,

N-H:--Cl, C-H---Cl, 3atum ca mpoTenHIMa U )IHK.MO

-64 -



Pesyimamu u duckycuja pesyamama

Z=Cl Z=H
1 4 H,N
HoN
2 5
H,N
3 - 8
=a
N N=

Cnuxa 3.1. llemamcku npuxasz pymenujym(11) mepnupuoun komnnexca 1-10. Hymepuuka wema

queanaoa tpy u bpy koja je kopuwhena 3a NMR kapaxmepuzayujy

3.1.1. Cunre3a u kapakrepu3anuja pyrenujym(l1) repnupuann kommiekca

Katjoucku pyrenujym(Il) komrutekcu [Ru(Cl-tpy)(N-N)CI][CI] [N-N = en (1), dach (2) u
bpy (3)] u [Ru(tpy)(N-N)CI][CI] [N-N = en (4) u dach (5)] cy cunTeTH30BaHN y BeoMa q0OpUM
npuHocuma monazehu  ox  HeyrpamHor pyrerujym(lll)  mpexypcopa  mer-[Ru(Ls)Cls]
[Ls = Cl-tpy (P1) umm tpy (P2)] y peakinjama ca HeyrpanauMm N-N XenaTHUM JIMTaHIOM, Kao
mrro ¢y en, dach wau bpy, y npucyctsy EtsN kao peaykunonor cpenctsa u Butika LiCl, koju je
notpebaH Kako O6u ce cnpeumia auconrjamrja Cl” u3 punanHor mponssoaa Kao u 300 IHHXOBOT
tanoxemwa (Illema 3.1). Oarosapajyhe PFg comu cy nodujene u3 eranonnux pactsopa Cl™ commn
nonaBameM NH4PFg y Bumky. Cunte3a oaroapajyhux JIWKaTjOHCKMX —JepHUBarta
mer-[Ru(L3)(N-N)(dmso-S)][Y]. (6-10, Y = PFg wim CF3S03), y xojuma je Cl nurana 3amemen
MoJiekysiom dmso, u3BesieHa je momohy jaBe antepHaruBHe Metone (Lllema 3.1): jenna je uzmena
Cl/dmso u3 oarosapajyhux xmnopumo nepusara (y3 momoh AQCF3SOs3), a mpyra meroma je
nenoBame npekypcopa P3 mmm P4 ca N-N OupentatHum surangoMm y mnpucyctBy NH4PFe.
[IpoHanum cMO &1a HW30J0Bamke MPOW3BOAA y YHCTOM OOJIMKY MOMOhY Apyre MeToJe YecTo

3aXTEBa npeqnmhaBa}Le IITO AOBOJU 10 CMalkClha IIPHUHOCA.
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RuCl; 3H,0 ——

Z=CI(P1)
H (P2)

cis-RuCly(dmso); ——

Z= Cl H
z=cl (::2) N en 6 9
H
(P4) > = dach7 10
bpy 8

Hlema 3.1. Ilymesu 3a cunmesy komnaexca 1-10°.
“Peacencu u ycnosu: (a) Cl-tpy unu tpy (0,9 eq), EtOH, pegrykmosarse; (6) N-N (1,2 eq; N-N =
en, dach wu bpy), emanon/sooa (3:1), EtsN (3,0 eq), LiCl (10,0 eq), pegpryxmosare; () DMSO
(35 eq), AgCF3S03 (2,1 eq), MeOH, pegrykmosarve; (0) Cl-tpy uru tpy (1,1eq), CH3CI; (e) N-N
(1,2 eq; N-N = en, dach wru bpy), CHCI3/EtOH (2:3), pegpryxmosarve; (f) suwax NH4PFg

CBu KoMILIekcH cy kapakrepucanu momohy 1D (*H u **C) mmi 2D (*H-'H COSY, 'H-*C
HSQC u 'H-C HMBC) NMR u IR cmekrpockommje, UV-Vis crextpoporomerpuje u
eNIeMEHTAJIHE aHAJIH3e.

'H u *C NMR crexrpu [Ru(Cl-tpy)(en)CI][CI] xommexca (1) y CDsNO; cy y ckinany ca
Cs cuMeTrpujoM y pacTBOpy 300T KOH(OpMaIHjcKe MOOMITHOCTH eTHIICHIMaMuHa. Ha 'H NMR
CHEKTPY MOTYy C€ YOUWTH NET CUTHajla Yy apoMaTH4yHO] O0JIaCTH KOJU OJr0oBapajy jeJHaKUM
nonoBuHama Cl-tpy nuranna v Tpu MyaTHILUIETa KOja ce MPUIUCY]y en. UeTBPTH MyITHILIET KOjU
MOTHYE O €N U KOjH je MPEKIOMbeH ca mupoknM curaanoM HOD, mosxe ce yountn y "H-'H
COSY NMR cnekrpy. OBaj curnan je mpunucan NH; mpoToHmMa KOju Cy TOJ 3alITUTHUM
yrunajem cyceasor Cl-tpy muranma (Cimka 3.2). *C NMR crekrap mokasyje ocaM cursana y
o0JlacTH HIDKET TOoJba KOjU Cy JAOJCJbeHH apOMaTHYHHM YIJbeHUKOBHM aTOMHMa W JIBa,

ACIIMMUYHO MPCKIIOIJbCHA, Y 00J1aCTH BHILIET 110Jba, MPUIIMCAaHA YTJbEHUKOBUM aTOMHUMAa U3 EN.
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VYrBphuBame KBaTepHEpHUX yribeHHKOBHX aroma (C2'/C6', C2/C2" u C4') je mOCTUTHYTO
nomohy 2D xeTepoHykiieapHOT 'H-C HMBC NMR excnepumenta (Ciuka 3.2).

'H u ¥C NMR cnexrpu [Ru(Cl-tpy)(dach)CI][CI] kommiekca (2) y CDsNO, cy
KOMIUIMKOBaHMjU y oaHOCy Ha oaroBapajyhe NMR cnektpe kommekca 1, 300r koH(popMalone
KpPYTOCTH KoopauHoBaHor dach muranma, koja moBoiau 10 ryoutka cumerpuunoctd Cl-tpy
quragga. Tako ga, Ha 'H NMR CHEKTPY, CUTHAJIA KOjU MOTHUYY O] POTOHA JBE CaJla HEjeTHAKE
nojosuHe Cl-tpy nuranpga cy nenmuMUYHO NpekiomsbeHu ocuM 3a H6/H6" (mBa nyOnera Ha
0 =28,98 u 8,93 ppm) u H3'/H5' (1Ba nyo6seTa Ha & = 8,39 u 8,36 ppm), Koju Cy jaCHO pa3/IBOjeHH
(Cika 3.3). Ha °C NMR criekTpy MoeMo YOuHTH 3a CBakH yriberukos atom Cl-tpy u dach
jacHo pasznBojen curaai (Cnuka 3.3).

'H NMR cnekrap [Ru(Cl-tpy)(bpy)CI][CI] xommiekca (3) y D,O (3a pasauky ox
KoMIUIeKkca 1 ¥ 2, MOBOJbHO CTa0WIIaH) je y CKIAJy ca CHMETPHjOM KOMIUIEKCA: MET CHTHaIa
npunucado cumerpuynom CI-tpy swmranay w ocaM  MyNTHIUICTa KOjH  MOTHYY  OJ
HEeKBUBaJICHTHUX mojioBuHA bpy nuranga (Cnuka 3.4). Tpeba HAIOMEHYTH J1a CBAKH MUK KOjU
MOTHYE OJ MPOTOHA AKCHjaJIHOT TNpcTeHa DPY JMraHia je 3HayajHO MOMEPEeH Ka HUKAM
BpPEHOCTUMA XEMHJCKOI TOMepama y OJHOCY Ha IMUKOBE OJroBapajyhux mHpoTOHa Apyror
npctena (amp. & = 6,95 ppm 3a Hi, a 6 = 7,99 ppm 3a Hb) 360r 3amrutaor edekra Cl-tpy.
CxomHO TOMe, POTOHH TEPMHUHATHUX apoMmaTHuHuxX TpcreHoBa Cl-tpy cy mon yrumajem bpy,
TaKo Jia Cy ¥ ’UXOBH CUTHAIIM 3HAYajHO IOMEPEHM Ka BHIIEM MOJbY, a HapounTo curHan H6/H6"
MIPOTOHA KOJH Ce HaJjla3| Ha & = 7,79 ppm, mTo je 3a oko 1 ppm Buiie Hero Ko Komruiekca 1 u 2.

'"H (Cnuxa 3.5) u *C NMR cnexrpu [Ru(tpy)(en)CI][CI] (4) u [Ru(tpy)(dach)CI][CI]
komriekca (5) y CD3NO; cy Beoma ciMyHM crnekTpuma Komiiekca 1 v 2, ca OyeKMBaHUM

pasnukama 300T MPUCYCTBA MPOTOHA HA MO3UINjU 4' yMeCTO XJIopa.
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H5/H5"
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Cnuxa 3.2. [Jeooumensuonantu xomonykneapuu “H-"H COSY u xemeponyxneapnu 'H-1¢C HSQC

(ypsenu cross-nuxosu = CH, naasu cross-nuxosu = CHy) u 'H-C HMBC NMR cnexmpu
[Ru(Cl-tpy)(en)CI][Cllkomnnexca (1) y CD;NO; na 298 K
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Cnuka 3.3. /[600UMeH3UOHANHU XOMOHYKIEAPHU "H-'H COSY u XemepoHyKieapHu 'Hb¢ HSQOC
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(ypsenu cross-nuxoeu = CH, nnaeu cross-nuxosu = CH,) u "H3C HMBC NMR cnekmpu
[Ru(Cl-tpy)(dach)CI][CI] xomnnexca (2) y CD;NO; na 298 K. Ymemnymu epaghux: Yeehane

obnacmu 1D cnexmapa

. H6/HE"
\ H3MHS™  Hamar) H5/H5"
Hd 'Hg [ Hi!
/ He Hp ! Hi

6.8

Hi ! — EJ' __________ -_7 0

" 7.2

n - 7 I
HS/HS [I!:J @ ||t; 4[4
- ir i -7.6
——H—i | (L[ |0

He/He" R i 78
n | r— L 0] =
4D i Qt@“"—-"l Y 805
i F =
H 0 P M >

C | A (1 I
H v @ [

H3/H3" © [}, (ﬂ - 8.4

Hd. §— 86

H3'/H5' “ e

Ha % 'j' {r Lio.o
10.0 86 7.8 7.4 7.0
2 (ppm)

Cnuxa 3.4. *H-'H COSY NMR cnexmap xomniexca 3¢y y D20 na 298 K
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H3'/H5' |l

H3/H3"

H4/H4"

H5/H5"

He/HeE"

CH, CH,

™ (T

H3/HS'  Ha/Ha"

Ha'

H5/H5"
CH and CH, of dach

A

H6/HE"
NH

NH

Cnuka 3.5. "H NMR cnexmap [Ru(tpy)(en)CI][CI] (4) u [Ru(tpy)(dach)CI][CI] (5) komnnexca y
CD;NO; Ha 298 K

'H u BC NMR cnektpu komiuiekca 6—10 y D,O wim neyrepucaHoM areToHy ¢y Beoma
CIIMYHU CHEKTpUMa OAroBapajyhux XJOpHIO0 JepuBaTa, ca jaCHUM IPHCYCTBOM CHTHaJIa KOjH
notuye o dMso-S: cuHrIeT 3a Komiiekce 6, 8 u 9 U JBa CHHIIIETA jeJHAKMX UHTEH3UTETA KOja
MOTUYY O] TUjacTePEOM30MEPHUX METWII Tpyla y Mambe cumerpudHuM dach xomruiekcuma 7 u
10 (Cnuka 3.6). YV cBMM KOMIUIEKCHMa CHTHAJI KOjU ojaroBapa dmso-S je 3HauajHO MOMEPEH Ka
HIOKUM BpPEIHOCTHMA XeMHjcKor momepama (6 = 2,50-2,55 ppm) y ogHOocy Ha THIHYHO
xemujcko nomepame (6 = 3,00-4,00 ppm) 360r TOra ImITO Cy METWI TpyHe MHOJ 3alUTUTHUM
yTUI[ajeM apoMaTH4YHHX mpcTeHoBa tpy. MurepecantHo je ma m3mena Cl ca dmso-S wu3as3uBa

3Ha4ajHO momepame akcujarHux NH; npotona en u dach ka Hwkem nossy (AS = 1,30).
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Cnuxa 3.6. 'H NMR cnexmpu dmso depusama 6 — 10 y D0 na 298 K
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Momnekyiacke crpykrype katjonckor [Ru(Cl-tpy)(bpy)CI][CI] (3c) (Cmuka 3.7) u
mukatjoHckux komiwiekca [Ru(Cl-tpy)(en)(dmso-S)][Y]. (Y = PFs (6prs), Cnmka 3.8;
Y = CF3S0s3 (6oTs), Cauka 3.9) u [Ru(Cl-tpy)(bpy)(dmso-S)][CF3SOs], (8ots, Ciuka 3.10) cy
onpeheHe y uBpcToM cramy momMohy peHIreHCKe CTPYKTypHE aHanmuse. Takohe, oapeheHa je u
crpykrypa komiutekca [Ru(tpy)(dach)(dmso-S)][PFs]. (10prs) (Cnuka 3.11), amm 360r Joimer

KBAJIMTETA KPUCTAJIa, HUCY AaTH KpI/ICTaJIOFpa(l)CKI/I moJanu 3a OBy aHAJINU3Yy.

Cnuka 3.7. Monexyarcka cmpykmypa (ORTEP view, eauncouou ca 50% cmenerom
seposamnohe) 3a jeoan 00 0ea HezasucHa kamjoncka komniexca [Ru(Cl-tpy)(bpy)CIl][Cl] (3c)
ca osuaxama 3a xemepoamom. Mzabpane oyacune eeza (A) u yenosu (°): Ipuxasan monexyiu:
Ru(1)-N(1) 2,067(3), Ru(1)-N(2) 1,953(3), Ru(1)-N(3) 2,064(3), Ru(1)-N(4) 2,079(3), Ru(l)—
N(5) 2,032(3), Ru(1)-Cl(l) 2,4205(9), N(3)-Ru(l)-N(1) 158,84(12), N(2)-Ru(l1)-N(4)
177,28(12), N(5)-Ru(1)-Ci(1) 172,05(9). Henpuxazan monexyn: Ru(2)-N(6) 2,072(3), Ru(2)—
N(7) 1,961(3), Ru(2)-N(8) 2,065(3), Ru(2)-N(9) 2,084(3), Ru(2)-N(10) 2,031(3), Ru(2)-ClI(2)
2,4162(9), N(8)-Ru(2)-N(6) 158,89(12), N(7)-Ru(2)-N(9) 176,53(12), N(10)—Ru(2)-Cl(2)
172,09(9)
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Cnuka 3.8. Monexynrcka cmpykmypa (ORTEP view, eauncouou ca 50% cmenenom
séeposamuohe) 3a kamjon xomniexca [Ru(Cl-tpy)(en)(dmso-S)][PFs], (6prs) ca o3naxama 3a
xemepoamom. Uzabpane oyxcune eéeza (A) u yenosu (°): Ru—N(1) 2,087(3), Ru-N(2) 1,967(3),
Ru—N(3) 2,092(3), Ru—N(4) 2,162(4), Ru—N(5) 2,146(3), Ru—S(1) 2,2453(11), N(1)-Ru—N(3)
159,17(15), N(2)-Ru—N(4) 171,94(13), N(5)-Ru—S(1) 177,30(9)

Pesynrtatu peHAreHcke CTpYKTypHE aHaJIM3€ Cy MOKa3ald J1a KOMIUIEKCH MMajy TUITHYHY
U3IY)KEHY OKTaedapCcKy CTPYKTypy, Koju campxke tpuaeHtatHu Cl-tpy wmm tpy nurang y
OUYEKHBAHOM MepHUAMjaTHOM Toyiokajy, N-N OujeHTaTHM XeNnaTHU JUraH] MU IIECTO MECTO
OKYITUPAHO je jOHOM XJopa (y KOMIUIeKCy 3ci) MM MOJIeKynoM dMS0-S KOOpAMHOBAHOT MPEKO
cymnopa (y kommuiekcuma 6, 8 u 10). AcumerpuyHa jeuHHIIIa KOMIUIEKca 3¢) Ce CacTOjU U3 JBa
Kpuctamorpad)CcKu He3aBHUCHAa KOMIUIEKCHA MOJIEKyJa KOJjU HMa]y MPUOIIKHO YIOpeanBe
reomerpuje. J[Ba kpuctamorpadcku HE3aBUCHAa KOMIUIEKCHAa MOJIEKyJa KOjU c€ HEe3HaTHO
pa3NuKyjy y OpjeHTalnuju Mojekyrna dmsO y oJHOCY Ha eKBaTOpujalHy paBaH tpy, Takohe cy
npoHal)eHH y aCHMETPHYHO]j jeTUHUIN KomIuiekca 6ots (Cruika 3.9).

Komrmiekcau katjoHu 3¢ M 8oT TOKa3yjy YIOpEIWBE CTPYKTYpHE KapaKTEPHCTHUKE ca
[IEHTPATHUM a30TOBMM aTtomoM tpy koju mMa Hajkpahe RU-N pactojame (cpemama BpeaHOCT
1,96 A), mro je u ouyekuBaHO 3060I I€OMETPMjCKMX OIpAaHMUYEH-a TPUIEHTATHOT JIMTaHA.
Hacynpor tome, Ru-N(CI-tpy) pacrojame y trans monoxajy uznocu 2,071 A. Ha nyxuny Besa
NUPHIWICKUX TPCTeHOBa DPY nuranma ytude npupoja MOHOAEHTATHOT JuraHnaa. JlyxuHa Bese

Ru-N(bpy) trans y oarocy ra Cl™ (2,031(3) A) je 3natHO kpaha ox xyxune Bese Ru-N(bpy) trans
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y omHocy Ha 0dmso-S (2,097(7) A). Uctu edekar ce maHudecTyje M KO €KBATOpHjajHE
Ru-N(bpy) Bese: 2,126(6) A y 8ot n 2,082(3) A cpenma Bpennoct y 3. PaBHu koje unne
xenatau Juradaau Cl-tpy u bpy cy ckopo oproronanue, dopmupajyhu auxenpaiHe yrioBe
81,12(5)° u 84,15(5)° y mBa 3¢ kommuiekca u 86,40(1)° y xommiekcy 8ots. CTpyKTypHE
KapakTepuctuke 3¢ U 8oTf KOMIUIEKCA Cy CIMYHE KapaKTepHCTHKaMma Koje cy npoHalheHe 3a

oxrosapajyhe tpy nepusare [Ru(tpy)(bpy)CII[PFs] u [Ru(tpy)(bpy)(dmso-S)][CFsSOslo. ™

Cnuka 3.9. Monexyicke cmpykmype (ORTEP view,  emuncouou ca 50% cmenenom
geposamnohe) 3a 08a KpUCMALOZPAPCKU HE3ABUCHA KAMjOHA Y ACUMEMPUHHO] jeOUHUuyU
[Ru(Cl-tpy)(en)(dmso-S)][OTf]. (6ots) ca osnaxama 3a xemepoamom. Hzabpane Oyscune eeza
(A) u yenoeu (°): Jlesu monexyn: Ru(1)-N(10) 2,101(4), Ru(1)-N(16) 1,975(4), Ru(1)-N(22)
2,089(4), Ru(1)-N(6) 2,148(4), Ru(1)-N(9) 2,129(4), Ru(1)-S(2) 2,241(1), N(22)-Ru(1)-N(10)
158,81(17), N(16)-Ru(1)-N(6) 171,17(16), N(9)-Ru(1)-S(2) 174,58(14). /ecnu monexyn:
Ru(31)-N(40) 2,078(4), Ru(31)-N(46) 1,963(4), Ru(31)-N(52) 2,086(4), Ru(31)-N(36) 2,143(4),
Ru(31)-N(39) 2,125(4), Ru(31)-S(32) 2,238(1), N(40)-Ru(31)-N(52) 158,65(17),
N(36)-Ru(31)-N(46) 172,10(16), N(39)-Ru(31)-S(32) 175,87(13)
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Cnuka 3.10. Monexyacka cmpykmypa (ORTEP view, eauncouou ca 50% cmenenom
geposamnohe) 3a kamjon xomnnexca [Ru(Cl-tpy)(bpy)(dmso-S)][CF3S0s3]> (8o1p ca osnaxama
3a xemepoamonm. Mzabpane Oyxcune sesa (A) u yenosu (°): Ru-N(13) 2,083(7), Ru—N(19)
1,971(7), Ru—-N@25) 2,078(7), Ru—N(1) 2,097(7), Ru—-N(7) 2,126(6), Ru—S(31) 2,268(2),
N(13)-Ru(1)-N(25) 158,9(3), N(7)-Ru(1)-N(19) 170,1(3), N(1)—-Ru(1)-S(31) 175,2(2)

Cnuka 3.11. Monexynrcka cmpykmypa xomnaekca [Ru(tpy)(dach)(dmso-S)][PFs/> (10pFs)

dobujena 3a Kpucmai Hed080bHO 000OPoe Kearumema
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Kommiekcn 6pps U 60T IMajy CIIMYHO KOOPIMHAIIMOHO OKPYXKCHE ca JAy)KHHaMa Be3a
Ru-N(CI-tpy) xoje ce mory mopeautu ca ay:kuHama Ko bpy komiuiekca 8o1s. Maio ayxa Ru-N
pacrojama, Tunn4Ha 3a RU-Ngp3 Bese, cy npumehena kox en nuranna: 2,162(4) u 2,146(3) A y
KoMIekcy 6prg 1y obmnactu ox 2,125(4) no 2,148(4) A 3a 1Ba He3aBUCHA KaTjoHA KOMILIEKCA
6oTs, ca HajkpahvM BpeIHOCTHMA 3a OHE KOjU ce Hajiasze trans y omnocy Ha dmso-S. Pacrojama
Ru-S cy Beha y kommiekcy 8orf y omHocy Ha kommiekc 6 (mmp. 2,268(2) A y 8ors, a
2,241(1)/2,238(1) A y 60711). OBO je y cariacHOCTH ca YMIeHMIOM ja je dmso-S ciab
T aKIIENITOP, Kao U Jia je N 00JbH G JOHOP Y OJHOCY Ha bPY (koju je Takohe u 7 aKienTop).

Kapakrepusanuja HoBux pyrenujym(ll) Tepnupuann komiekca je Bpiiena u nomohy IR
cnekrpockonuje. IR crmekTpu cBUX KOMIUIEKCa IMOKa3yjy THIIMYHE Tpake KOje IMOTHYY O]
TePIMPHMHA, IIPU YeMy je KapaKTepHCTHYHA jaka Tpaka y oGmactu ox 1594-1616 cm™, koja

120-122

onrosapa cumerpudnoj suOpauuju C=N Be3e. JukatjoHcku komiuiekcu (6-10) mokasyjy

Tpake y obnactu ox 1106 mo 1071 Cm'l, KOje MOTUYy o] BajeHIMoHuX BuOpamuja S=0O Bese
dmso-S, kao u y obmactu ox 430 mo 419 Cm'l, KOje MoTu4y oJ BHOpaiuja Ru-Sdmso.1°8'123'125
[MpucyctBo CF3SO3 kao koHTpa joHa je morBpheHo momohy nBa jaka curnama wHa 1250 u
1025 cm™ ox SOs, u aBa curana Ha 1223 u 1163-1145 cm™ ox CFs. [IpucycTBO KOHTpa joHA
PFs je motBpheHo jakum curHamiMa Ha 844-833 cm™ i ma 558 cm.79126

EnexTpoHCcKku ancopOIMoOHM crieKTpu HOBHX pyTeHHjyM(ll) koMIuiekca nmajy HEKOJIUKO
WHTEH3UBHHX allCOpOIIMOHMX MaKCHUMyMa y yiaTpajbyoudactoj obmactu (200 < A < 330 nm),
KOJU TpUIaa)y m — 7* mpeja3uMa JuraHaga. Takohe, mocroje ¥ IIMPOKH HHTECH3UBHHU
arncopOIIMOHM  MAakCUMyMH Yy BHJJUBMBO] OO0JIaCTM, KOJU TpHUNANajy  MeTal-JUraHj
dn(Ru) — w*(monmunupuani) mpenasuma. AMCOpPOIHOHM MaKCHMyMH TOCICIBHX Tpenasa Ccy

HOJI CHAKHUM YTHIIajeM HaeleKkTpucama: 3ameHa Cl ca monexyinom dmso n3asmBa nomepame ca

oko 500 nm y komrurekcnma 1-5 Ha oko 420 Nm y komruiekcima 6-10, 10812412

3.1.2. Xemujcko noHamame y BOJA€HOM PacTBOpPYy

CynpoTHO OHOME LITO je MpeaxoAHo npumeheHo Koj BehuHe pyTeHUjyM TEepHUpUIUH
KOMIUJIEKCa, HaIllld HOBU KOMIUIEKCH CE€ JI0OpO pacTBapajy y Boau (MOCEOHO COJM XJIOpHUIA,
> 25 mg/ml) usyseB nukatjorckor bpy komrmiekca 8 (u y oonuky OTF u y o6muky PFg™ conn)

KOjH UMa OTpaHHYeHy pacTBOpJbUBOCT (5 mg/ ml).
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3.1.2.1. NMR ucnuruBama

Xuaponu3a HOBUX KOMIUIGKCA Y BOJCHOM pacTBOpy, Koja je Beoma OWTHa 3a
MOTEHIMjalTHy aHTUTYMOPCKY aKTHBHOCT, NPBO je Ipoy4aBaHa kBanuTatuBHO nomohy NMR
cniektpockonuje. ITokasano ce aa je XJIOpua0 JUranj y KaTjOHCKUM KoMIulekcuMa 1 u 2 Beoma
nabuinad y BoJieHOM pacTtBopy. OnMax HakoH pactBapama y D0, y 'H NMR cnekTpy npumehen
j€ HOB CET CHTHaja y apoOMaTU4YHOj 00JacTH, KOjH MOTHUYY on tpYy juranma, kao u y o0nacTu
BUILIET NOJba KOjU MOoTHYy o en u dach nuranaga. OBM HOBM CHUTHAIM NPUIKMCAHH Cy aKBa

kommrexkcuma [Ru(Cl-tpy)(en)(OH,)]** (1aq) u [Ru(Cl-tpy)(dach)(OH,)]* (2aq) (Lllema 3.2).

VR
Z=Cl Z=H N N Z=Cl Z=H
1 4 en 1aq 4aq
2 5 dach 2aq 5aq
3 bpy 3aq

Hlema 3.2. Xuoponusza komnnexkca 1 — Sy eooenom pacmeopy

Ha ocnoBy unterpassetra NMR cnekrapa, Moxkemo BuaeTu 1a, Beh HaKOH 2 MUHYTa O]1
pactBapama, 40% xomruiekca 1 je mpemnuio y akBa komrieke laq. PaBHoTexa ce mocTyxe y TOKy
1 cata y onnocy 1:9 usmelyy 1 u 1aq (Cnuka 3.12). JlonaBame Benukor Bumika NaCl (1,00 M) y
0Baj pacTBOP MPOY3POKYje Op30 MomMepame paBHOTEXKE Ka MPBOOUTHOM XJIOPHUI0 KOMILIeKCy 1 u
HETOBO JICTMMUYHO Tanioxkeme (y oonuk Cl” conn). XeMujcko moHamame y BOJSHOM PacTBOPY
dach xommutekca 2, kao u oarosapajyhux tpy komriekca 4 u 5, je CIMYHO MOHAIIAKY Kao IITO je
Beh omnucano 3a komriekc 1.

Hacynpor tome, bpy xommuexc 3 ocnobaha Cl nurann 3HatHO cropuje y oaHOCy Ha
MpenxoaHa JBa KomIuiekca, Qopmupajyhu akBa BpCTy [Ru(Cl-tpy)(bpy)(OH.)]**  (3aq).
PaBHOTeXa ce MoCTMKe HaKOH 8 catu of pactBapama. JomaBame Benukor Bumka NaCl y oBaj

pacTBOp MPOY3POKyje OP30 TATOKEHE XJIOPHUIO AepUBaTa 3.
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H3H5' (1aq)
H3er3" (1aq) [Ru(CHpy)(en)(H-0)F* (1aq)

] v on . HEIHE" (12
HE/HB" (1aq) /' H4H4" (1ag) (1aq)

#ﬂtw JMM_J

NH; (1aq)  1h

NH; (1aq) CHz (1aq) \ CTz('Iaq)
J NM A A .
L _ ) / “

10 min

J,Lu JLJ“UJJWM“M R A AN

6 min

4 min
b / N
H3"H5‘\“)T | Hama ) ‘ [Ru(CHpy)(en)CIT" (1)
HBHB" (1) ™\ ¢ H31H3"“)T5’H5"“) e CH (1) N ey,
ooty bl ! el

Mu_ leJIIlL . A“Lj“l,_ﬁ'lm AN f \ l AN

9.2 90 88 86 84 82 78 76 5.8 5.6 34 32 3.0 28 26 24 22

7.2 6.0
f1 (ppm)

Cnuka 3.12. '"H NMR cnexmap [Ru(Cl-tpy)(en)CI][CI] xomnaexca (1) naxon pacmeapara y

D,0 npu pasnuuumum 8peMeHcKUM UHMep8alumMa Ha cobHoj memnepamypu

Beha nabunnoct Cl” nuranaa y xomruiekcuma 1 u 2 ce mpunmcyje jauem trans yruiajy
O-ZIOHOPCKHX JIMTaHa/aa, en u dach, y omHocy Ha T-akienTopcku Jurani, bpy, y kommiekcy 3.

CymnpoTHO pe3ynaTatuma JO0O0HjeHUM 3a XJIOPHIO JepUBaTe, TUKaTjoHCKH dMSO aepuBaTH
6-10, cy Beoma craGmuHE y BojaeHOM pactBopy. FbuxoBu ‘H NMR cmektpn ocrajy
HEMPOMEEHN HEKOJMKO CaTH HAaKOH pacTBapama W HHje mnpumeheHo ocmobahame dmso
muragaa. OBaj 3aKJbydak je y ckiagy ca jakoM RU-S Be3oM 300r MmpHCycTBa jaKMX G-AOHOPCKHX

nuranana, en u dach, koju ce Hanmase y trans nosoxajy y ogHocy Ha dmso.
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3.1.2.2. KuHeTHYKA HCIIUTHBAKA PeaKkuuje XuJaApoau3e

Kunetnka peaxije Xuaposn3e Komiiekca 1 u 2 je KBAaHTUTaTHBHO MPOy4YaBaHa MOMOhy
UV-Vis cniekrpodoromerpuje Ha 298 K y 0,1 M pactBopuma. Ha ochoBy NMR pe3synrara, 3a
komIuiekce 4 u 5 ce odekyje Ja uMajy CIIMYHe KOHCTaHTe Op3MHA peakifje XUaAposu3e, 10K bpy
KOMIUIEKC 3 XHIpOJH3yje JocTa cropuje. bp3o momepame paBHOTEXKE Ka XJIOPUAO BPCTH H
JeTMMHUYHO TAJIOKEHE KOMIUIeKca HaKoH jonaBama NaCl Heno3BosbaBa KHHETHYKA UCTTUTHBAbA

peaxiyje aHaiuje, a CaMiuM THM U U3padyHaBame KOHCTaHTe paBHOTEexke Kag.

Time/min Time/min
2
0,4 __ 5
— 6.5
—95
8 125 g
g 155 =
2 —23 £
2 ——275 2
£ 0?1 ——38 2
OYO T T T T
400 500 600 700
A/ nm
A
0.04 503 nm
' 590 nm 0,04 4 595 nm
A 651 nm
Time/min
3.5
0,00 4 —5
AA 0,00 4 —6,5
Time/min —8
2 B
_ g 1
I ——125 — 12,5
0044 1l —— 155 —14
\‘* —23 0,04 — 155
\ ——38 | —{
T T T T T T
400 500 600 700 400 600
A/nm A/l nm

Cnuxka 3.13. Ilpomena ancopbanye ca 6pemeHoM 3a peakyujy Xuopoiuze KOMNieKca
[Ru(Cl-tpy)(en)CI][CI] (1, reéa cmpana) u [Ru(Cl-tpy)(dach)CI][CI] (2, oecna cmpana) y H,0
na 298 K. (AA = A - Ao, 20e je Ai = ancopbanya nakon épemena t u Ay = ancopbanya Hakom

8pemeHa Koje je nompebHO 3a CHUMAre NP8o2 CHEKmMpa)
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Ha ocnoBy UV-Vis criekrapa 06a KOMILIEKCa, MOKEMO BHICTH IIPOMEHE arcopOaHiie ca
BpeMeHoM y obsactu o1 200 1o 800 Nm ca jacHMM M300€CTHYKUM TadyKama, KOje Y cariacHOCTH
ca NMR pesynratuma, yka3yjy Ha TO Ja C€ peakiyja XHJIPOJU3e OJBHja Y JEIHOM CTYIHY
dopmupajyhu onrosapajyhe axsa xomriekce, laq u 2aq. Kao pagna TamacHa gyXuHa y3era je
OHa TaJlaCHa NYy)XHMHA Ha Kojo] je HajBeha mpomeHa y amcopOIuju pacTBOpa ca BPEMEHOM
(464 nm 3a 1 u 476 nm 3a 2) (Cnuka 3.13). JlobujeHa mpomeHa amcopOaHIe je IMmoKaszaia
HajOoJbe clarame Kaja je mocMaTpaHa Kao eKCIOHEHIMjanHa (YyHKIHMja ImpBOT pena momohy
komrjyrepckor mnporpama Origin 8 (Ciuka 3.14). Ha Taj HauwmH, 3a 00a u3y4yaBaHa cucrema
no0ujeHe Cy BPEIHOCTH KOHCTAHTU Op3WHA peakiuje Xuapoiuse, Kyzo, koje cy nare y Tabenu
3.1. Kommaekc 1 (en) xuaponmsyje oko 1,5 myra crmopuje y omnocy Ha dach komruekc 2.
CnuvHE pe3ynTaTH cy NOOHjeHH Kaja je peakiuja Xuapoiu3e u3BoleHa y pactBopy mydepa
(25 mM Hepes nydep; pH = 7,4; Tabena 3.1 u Cnuka 3.14). BaxHo je HamOMEHYTH J1a Cy
Op3uHe peakiyje Xuaposin3e 3a KoMIuiekce 1 u 2 mano Behe y OHOCY Ha aHTHKaHIEPOTeHE
opranomeraite komiuiekce [Ru(n®-apena)(en)CI][PFe] (1,23 — 2,26 x 102 5%, 1 3a oko 2 pena
Benmumne Behe y oxHocy Ha mucrmatuny (6,32 x 10 1 2,5 x 107> s 3a npeu u apyru crymam

peakiuje xnﬂponme)127.

0,8 S
Illl.....-
- 2 (476 nm)
l..
074 A
&
8 1%
(=
©
K] =
[
o
3
< Rt 1 (464 nm)
.....
o0
."“
0,3 T T T T T T T 1
0 500 1000 1500 2000

Time/ sec

Cnuxka 3.14. I'paghux 3asucnocmu ancopbanye 00 epemena 3a peakyujy xuopoausze komniexca 1

(na 464 nm, 0,1 mM ) u komnnexca 2 (na 476 nm, 0,1 mM) y H,O na 298 K
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Tabena 3.1. KoncranTte 6p3uHe peakiyje Xuapoause u mnoixyspeme peakiuje Ha 298 K y H,O u

pactBopy mydepa 3a komruiekce 1 u 2

HN3o0ecTuuke H,O0 mycdep *
KoMmmnieke
Tauke [nm] ko [107s™] (1) mo [min] ko [107s™'] (f112) mo [min]
1 347,416, 491 2,52+0,01 4,58 £ 0,03 2,82 +0,01 4,10+ 0,03
2 424, 500, 532, 557 3,94 +0,02 2,93 +0,02 4,00 + 0,02 2,90 + 0,02

%y 25 mM Hepes nydepy, pH = 7,4

3.1.2.3. OnpehuBame pK, BpeanocTn

Jla 6u cMO OTBPAWJIM J1a JIA Cy KOMIUIEKCH 1, 2 n 3 MPUCYTHH Kao aKkBa aayKTH WU Kao
Mame PEeaKTHBHE XHJIPOKCO BpcTe y dusuosomkum yciaosuma (pH = 7,2 - 7,4), spiuene cy pH
TUTpanuje akBa komriuiekca laq, 2aq u 3agq nomohy NMR cnektpockonuje. Ha ocnoBy NMR
CIIeKTapa MOKEMO BHUJCTH Jla TIOCTOje 3HAYajHe MmpoMeHe ycien Bapujanuje pH ox 2 no 13. 3a
CBaKy BpPCTY, CUTHaJ KOJU j€ MOKa3ao HajBehy MPOMEHY XE€MH)CKOT TOMepama y 3aBUCHOCTU O]
pH BpeaHoctu je u3zalOpan 3a aHanu3y: curHaiu NH npoToHa Ha HajHM)KEM XEMHJCKOM
noMepamy 3a laq u 2aq, u cunrier koju nmorude ogq C3'H/C5'H 3a 3aq. C o63upom na je pH
BPEJIHOCT pacia TOKOM TUTpalyje, oaropapajyhu cursaim cy ce nomepajiu Ka BUILIEM MOJbY Kao
mTo je nmpukazaHo Ha Coumu 3.15. Ha ocHoBy ananmu3e NMR tutpammone xpuse nobujeHe cy
pK, Bpennoctu: 10,50 + 0,03 3a laq, 10,26 + 0,02 3a 2aq u 9,56 + 0,01 3a 3aq (Cnuka 3.16).
[Tocneama BpeoHOCT ce MOXKE YIOPEIWTH ca BpegHouihy Koja je paHuje noOujeHa 3a
onropapajyhu tpy xomriekc, [Ru(tpy)(bpy)(OH2)]** (pKa = 9,7).*® Moxe ce 3aKJPYYUTH Ja
JETIPOTOHAIIMja aKBa KoOMIUIeKca 3aBuch of npupoze N-N xemaTHOr nurasma: MPHCYCTBO
apomatuvHOr Dpy moBehaBa kmcenocT akBa JiMraHia, A0K W3MeHa €n ca dach muranmmom mma
BeoMa Manu ytuuaj. Mehyrtum, nobujene pK, BpemaHOCTH jacHO MOKa3yjy Ja ce cBa TpH
KoMIUIekca, 1-3, Hanma3ze y aKkTHBHHjeM akBa OOJIMKY Yy pacTBopy MpH ¢usuoiomkoj pH
BpeaHocTH. M3pauynarto je ma ce camo 0,15% laq w 2aq, u 0,75% 3aq Hamaze y XUApOKCO
o0iuky Ha pH = 7,4.
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Cnuxa 3.15. Jlenosu 'H NMR cnexmapa Oobujenu moxom mumpayuje lag, 2aq u 3aq
komnaekcuux jona y pH obnacmu 00 2 oo 13 (10% D,0/90% H,0, 298 K). (m) NH; npomonu 3a
[Ru(Cl-tpy)(en)(OH)]** (1aq), (®) NH npomon 3a [Ru(Cl-tpy)(dach)(OH2)]** (2aq), (A)
C3'H/C5'H 3a [Ru(Cl-tpy)(bpy)(OH)]?* (3aq)
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8.8 1
74 %
8.6
8.5 7-;
3 ('H)
2.5 4 = =
244
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21 1| lag(m)  NH, 10,50 + 0,03
20 7| 2aqa(e) NH 10,26 0,02
194 | 3aq(A) C3H/IC5H 9,56+0,01
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Cruxka 3.16. 'H NMR pH mumpayuone wpuse 3a [Ru(Cl-tpy)(en)(OH)]*" (lag, w),
[Ru(Cl-tpy)(dach)(OH,)]"" (2aq, ) u [Ru(Cl-ipy)(bpy)(OH,)]*" (3aq, A) na 298 K

3.1.3 UnTepakumje ca 1epuBaTHMA 'yaHUHA

PeaxtuBHOcT kKommiekca 1, 2 m 3 ca amepuBaruma ryanuHa, 9-MeG u 5'-GMP, je
WCIIUTUBaHA TOMOhy 'Hu %P NMR cnekrpockonuje y D,O Ha coOHOj TeMIiepaTypH.

Honarak Gmaror Bumika 9-MeG (1,3 eq) y paBHOTeXHH pacTBOp Komruiekca 1 (4 mM,
pH = 7,78 ppm) y D,0 y3pokyje Beoma Op3e mpoMeHe y 'H NMR cnektpy (Cnuka 3.17). Hos
ceT cHrHaua Koju motuue o mpomssoxa [Ru(Cl-tpy)(en)(9MeG-N7)]?* (11) moueo je na pacre
HAKOH HEKOoJHMKO MuHyTa. Mako BesuBame pyreHujym(ll) jona 3a N7 a30TOB aToM MypHHCKOT
ocTaTKa WHIYyKyje THNUYHO ToMepake H8 mporoma ka HWXKEM TMOJbY Yy OIHOCY Ha
HEKOOPJIMHOBAH JIMTaH/, y HallleM ciy4ajy, Be3uBame komiiekca 1 3a N7 arom 9MeG nooaun
70 3HAyYajHOT ToMepama cuHriera H8 mporona ka Bumem mnosby (0 = 6,20 y omHocy Ha
7,77 ppm, Ad = —1,57) 360r 3amrutHor edekra cyceanor Cl-tpy. Ciauuan moMak, Hako Mame
uspaken, npumehen je u 3a CH3 cunrnet (6 = 3,18 y oxnocy Ha 3,68 ppm). Mcrto noHamame je
JIETEKTOBAHO 3a CBE MCIUTHBaHE cucreMe U Hehe OUTH Jajbe KoMeHTapucaHo. KBaHTUTAaTHBHO
dopmupame komiuiekca 11 ce memaBa 3a oko 3 caTa, HAKOH 4Yera HHUje OWJIO CIIEKTPaTHHX

IIPOMEHa.
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Cnuka 3.17. 'H NMR cnexmap [Ru(Cl-tpy)(en)Cl]" xomnaexca (I, 4 mM) 10 munyma naxon

pacmeaparea ¥y D0 (a) u y paziuyumum 8peMeHCKUM uumepsanuma (6-2) HaKoH 000amka
IMeG (1,3eq, pH = 7,78)
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Peakja xommiekca 1 ca 5-GMP (1:1, 10 mM, D,O, pH = 7,03) moBomu m0
KBaHTUTATUBHOT (hopMmupama jeanor ¢uuaaaor npoussoga [Ru(Cl-tpy)(en)(5-GMP-N7)] (12),
Koju je unentugukosan momohy ‘H (Cimka 3.18) u *'P (Cimka 3.19) NMR crekrpockornje.
Peaknwmja je penaruBHo Op3a, Ha IMITa yKa3yje Op3a mojaBa curHaia mpousBojaa 12 ogmax HakoH
Memama. KBanturatiBHO hopMupame mpou3Boja ce JemaBa y poKy o1 2 caTa M HaKOH Tora
HHU]je OUJI0 CTIeKTpaHUX TpoMeHa. IHTepecanTHoO je na je cBaku Cl-tpy curHan pa3BojeH Ha J1Ba
CHTHAJIa jeIHAKUX HMHTCH3WTETa (ICTUMHYHO MPEKJIOIJbEHA OCHM CUTHanmu npoToHa H6/HGE"):
cTepeorenu neHTap koopanHoanor 5'-GMP y3pokyje ryOuTak paBHU cUMETpHje KOjy YMHE JIBE
jennake nojosune Cl-tpy y 1 u laq. Takohe, y 3'p NMR CIEKTPY MOXE ce BUAETU Camo jeIaH
HOB CHHIJIET KOjU pacTe y TOKY peakiuje u mpunucan je npousBoay 12 (Cnuka 3.19). Ogaj
CUTHAJ je 0J1aro moMepeH Ka BpeHOCTUMA BHIIIET XEMHU]jCKOT moMepama (6 = 3,31ppm) y oxHOCY
Ha curHan croboHor 5'-GMP (5 = 2,99 ppm), mro je u Tummuso 3a N7 Besusame.®”'?* Baxuo
je HalmoMEeHyTH Ja HHCY JETeKTOBaHM HHTEpMeaujepu kao y ciydajy ,half sandwich”
pyrenunjym(11) komrutekca (Ha mp. Be3uBamwe 5'-GMP npeko kuceonuka docdartre rpyne:).ez’129

3a mpoBepy maeHTuTeTa mpousBoga 11 u 12, oqHOCHO Ja ce KOOPAMHOBAHKE JepHUBaTa
ryarnsa 3a {RU(Cl-tpy)(en)}** ¢parment gemasa npexko N7 aroma, ypahere cy pH turparuje
pacTBOpa HaKOH 3aBpLICHE CBake peakluje W paau mnopehema y eKBUMOJIAPHUM pacTBOpHUMA
cobomHnx Hykimeobasa. pH 3aBucHOocT je mpahena momepamem H8 cumrzera y ‘H NMR
criekTpy ¥ momepameM currana POsH y *'P NMR crektpy, Koji ¢y moceGHO OCET/bHBH Ha
nporoHauujy N7 atoma u aenporonanujy ¢ocdaTtHe rpyme. 'H u ¥'P NMR TUTPALMOHE KPUBE
cy npeacraBibeHe Ha Cnukama 3.20 m 3.21. pKa BpegHocTH, Koje cy aoOujeHe momohy
Henderson-Hasselbalch-ose jennaunne, cy nare y Tabenu 3.2. 3a 9MeG cy oapehene e pKa
BpeaHoctH, 9,90 u 2,88, mpunucane nenporonanuju N1H u nporonanmju N7 aTtoma, 1m0k cy 3a
5'-GMP nobujene tpu BpeaHoctu, 10,09, 6,71 u 2,44, npunucane aenporoHanuju N1H u PO3H,
u nporoHauuju N7 atoma. Haile ekciepuMeHTalIHE BPEAHOCTH Cy BeoMa OJIMCKE BPEJHOCTHMA

. . 130,131
KOj€ Cy paHHje MyOJIUKOBaHe.

Ha ocHOBY 100MjeHUX TUTPALIMOHUX KPUBH, MOKE C€ BHJIETH
na komriekce 11 momnexe aenporonaruju N1H (pKa = 9,47), anmu ve u nporonarnuju N7 aroma
(Crmuka 3.21). Kommnekce 12 momnexe apenporonamuju camo POsH (pKa = 6,31) u N1H
(pKa =9,12) (Cnuxa 3.20). OBu pe3yiaTaTH 1ajy jacHe JOKase Jia ce ACpHBATH I'yaHHHA Be3yjy 3a

pyrenujym(11) mpexo N7 aszoroBor aroma.
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ca. 10 min
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vt H5'gmp (12)

A A o

b H8 (5'-GMP) > min
i

a  H3H5'|1qa

)
H3/H3" (1 E 2
H6/HE" (1aq) | |~ Ha4 3921aq) Ru(CHpy)(enkH;O)F™ (1aq) NHZ‘\“(a:ﬂLﬂaq)
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0 5.5
1 (ppm)

Cnuka 3.18. "H NMR cnexmap [Ru(Cl-tpy)(en)Cl]" komnnexca (1, 10 mM) 10 munyma naxon

pacmeapara y D,0 (a) u y paziuyumum eépemeHckum unmepganuma (0-¢p) Hakor dooamka

5-GMP (1 eq, pH = 7,03)
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"‘ 15 min
mwwwwlw
!
5-GMp 5 min

5 4
f1 (ppm)

Cnuka 3.19. *'P NMR cnexmpanne npomene moxom peaxyuje [Ru(Cl-tpy)(en)Cl]" komnnexca
(1) ca 5'-GMP (1:1,10 mM, pH = 7,03) y D0 y paznuuumum 8pemerHcKum UuHmepeaiuma

9,0 - ] a
(A) (B)
8,5 1 N7-bound
3+ 5'-GMP (12)
1 Free 5'-GMP
5 ('H) a1
5(P)
8,0+
U= 2
Free 5'-GMP
7,04
N7-bound 14
5'-GMP (12)
6,5 -
T T T T T T 0-5 T T T T T
2 4 6 8 10 12 2 4 6 8 10 12
pH pH

Cnuxka 3.20. 3asuchocm xemujckoe nomeparna H8 (A) u POsH (b) 00 pH 3a crobodan 5'-GMP
(m) u [Ru(Cl-tpy)(en)(5'-GMP-N7)] xomnnexc (12, A) na coonoj memnepamypu
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8,6

8,4
8,2
8,0

] Free 9MeG
7,8 1
7,6

s(H) 7T

6,2

1 N7-bound 9MeG (11)
6,0 -

2 4 6 pH 8 10 12

Cnuka 3.21. 3asuchocm xemujckoe nomeparwa HSE 00 pH 3a cnobodan 9MeG (m) u

[Ru(Cl-tpy)(en)(9MeG-N7)] xomnrexc (11, A) na 298 K

Ta6ena 3.2. pK, Bpexrocts 3a 9MeG u 5'-GMP u muxosux {Ru(Cl-tpy)(en)}”*" npoussona Ha

co0HOj TeMIlepaTtypu

BpCTE rpyna pPKa (1H) pPKa (31P)
9MeG N7 2,88+0,10

N1H 9,90 + 0,26
[Ru(ClI-tpy)(en)(9MeG-N7)] (11) N1H 9,47 +0,10
5-GMP N7 2,44 £ 0,04

_OP;H  6,71+0,04  6,63+0,01
N1H 10,09 + 0,02

[Ru(Cl-tpy)(en)(5-GMP-N7)] (12) _OPsH 6314002  637+0,03
N1H 9,12 +0,15

Comaan pesyntatu cy nobujenn u 3a [Ru(Cl-tpy)(dach)CI]" (2) ca xBanTuTaTHBHEM
dopmupamem  [Ru(Cl-tpy)(dach)(9MeG-N7)]** (13) y Toky 2 cara (Cmmka 3.22) u
[Ru(Cl-tpy)(dach)(5'-GMP-N7)]** (14) y ToKy jennor carta (Ciuka 3.23).
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o4 al NT7-9MeG 24
Q
-CI
ca. 10 min
9MeG (o]
2 2aq 13
</7 1NH
NH,
H3H5' (13) . :
f i ; H4/H4" (13) CH and CH, of dach (13)
HE/H6" (13) ,r' HEHS" (13) e \
N\ NHz (13) NHz (13) . NH2 (13)NH; (13)
- J n I S _wm_dwuwh_
1h

-

e A I T Y e

b Hs (9MeG) CH: (9MeG)

_MA_JLU N Y

H3'H5' (2aq)

| Ha/H3" (2aq) [Ru(Cl-tpy)(dach)(H.0)** (2aq)
HE/HE" (2aq) | S ‘ﬁ?f'.%n (2aq)
A -
T T T T T T T T T T T T T
9.0 85 8.0 75 7.0 6.5 6.0 , (5.5) 35 3.0 25 20 15 1.0
ppm

Cnuka 3.22. "H NMR cnexmap [Ru(Cl-tpy)(dach)Cl]™ komnaexca (2, 4 mM) 5 munyma naxon

pacmsapara y D0 (a) u y paziuuumum epemeHcKum unmepsanuma (6-¢) Hakow odooamka

IMeG (1,1eq, pH = 7,91)

-90 -



Peszynmamu u ouckycuja pesyimama

5'-GMP

o 8
I 5 N 3)\
0—P—O0 o N NH;
(lj— +KA HA 1
OH  OH
AN 3' 2‘ S
H3VH5' (14)
| H3H3" (14) : H2'Gue (14)
S H& (14 \ ' )
f - b H4iHAT(14) 1 ) H'ayp (14) ';I H:?JISI.1P[14]
HGIHE™ (14) / HEIHE" (14) y \ Héaue (14) CH and CH, of dach (14) 19 h
n J 1 = ¢ A
H5'aue (14) r N
e
1h
d
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C
10 min
b H8 (5'-GMP)
| 2 min
b 0} LM_J‘LA—NL/\AM\
a I H3/H3" (2aq) [Ru(Cltpy)(dach)(Hz0)** (2aq)
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5.0
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Cnuka 3.23. "H NMR cnexmap [Ru(Cl-tpy)(dach)Cl]™ komnnexca (2, 10 mM) 5 munyma naxon
pacmsapara y D;0 (a) u y paziuuumum epemeHcKum unmepsanuma (6-¢) Hakow oooamka

5-GMP (1 eq, pH =7,12)
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Kommiekc 14 ce jaBiba y 00JMKY JIBa AMjacTepeon30oMepa TMOIjeTHAKO 3aCTyIJbeHa, 300r
KOH(pOpPMAaIMOHE KPYTOCTH KoopauHoBaHor dach muranma um crepeoreHor ieHrpa Ha 5-GMP
(Crmuka 3.24). MHOrHM CcUrHaiM Cy JEITMMHYHO INPEKIOIJbeHH, mehyTum, nBa cuHriera H8
(6 =6,57 u 6,54 ppm) u yetupu ayodaera H6/H6" nmporona (6 = 9,08, 9,03, 8,93 u 8,88 ppm) cy
jacHo pa3aBojeHa. Ha ocHOBY p NMR CIIEKTpa MOXXEMO BHJIETH CaMO jeJaH HOB CHUTHAI
(6 = 3,37 ppm), mako ce odeKyjy IBa CHUHIJETAa 3a aBa aujactepeomsomepa (Cimuka 3.25).
CMmarpamo J1a cy BUX0OBa XEMHjCKa MOMepama BeoMa 0u3y a Ou ce Morjia yOuHuTH, ¢ 003upoM

na je POsH rpyma naneko oj1 cTepeoreHux meHrapa.

N N
NH H,N
H,N 2 2 NH,
N O = Ru N
N, N, N = Cl-tpy

Cnuka 3.24. Koughopmayuonu uzomepu Ru(NH,-CH-CH-NH,) npcmena xoju je gopmupan
sesusarbem xenamHoz JU2anHoa dach 3a pumenujym(Il) yeumap y

[Ru(Cl-tpy)(dach)(5'-GMP-N7)]** (14)

(14) 1h

h
WMM«WMMWMMWM IWNMMMW

T T T T T T T T T T T T T T T T T T T
95 8.5 75 6.5 55 4.5 35 2.5 1.5 0.5
1 (ppm)

Cnuka 3.25. 7'P NMR cnexmap [Ru(Cl-tpy)(dach)(5'-GMP-N7)]*" (14) chummen jedan cam

HaxoH peaxyuje komniexca 2 ca 5'-GMP y D,0 na coonoj memnepamypu
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3a pasmuky on 1 u 2 xommiekca, peaknuja [Ru(Cl-tpy)(bpy)Cl]" xommnekca (3) (1:1,
4 mM, pH = 6,87) ca 9MeG je BeoMa cropa: HOB CET CHUTHala, MPHUIIUCAH IPOU3BOIY
[Ru(Cl-tpy)(bpy)(9MeG-N7)]* (15), je mocrao Bumwsus y '"H NMR criekTpy 3a HEKOIMKO CATH.
CucteM je MOCTHrao paBHOTEXY HaKoH 5 nmaHa, ca 45% 9MeG KOOpAMHOBAHOT 32 PYTCHUjYM

(15), 50% 3aq u 5% xommieka 3 (Cnuka 3.26).
CH: (15)

H8 (15)
Ha (15) i 5d
Ha (3aq) )

1 m TN T L

d
2d
A S T N T Ve |
C
l 14
P W | A N Y J j
b CH: (3MeG)
H8 (9IMeG)
! 1h
| u J [ h . 1
a
[Ru(C-tpy)(bpy)(H0)1*" (3aq)
Ha (3aq)
L MUMJLM Mo

10.0 95 9.0 8.5 8.0 T(.S 7.0 6.5 6.0 4.0 35 3.0

Cnuka 3.26. 'H NMR cnexmap [Ru(Cl-tpy)(bpy)Cl]™ komnnexca (3, 4 mM) 24 cama naxon
pacmeaparea y D0 (a) u y pazmuuumum epemeHcKum uHmepgaiuma (0-e¢) HaAKOH 000amKa

IMeG (1,0 eq, pH = 6,87)
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Peakmuja xommiekca 3 ca 5-GMP (1:1, 10 mM, pH = 7,23) je Takohe Beoma cropa y
nopeley ca peakuujama xomruiexkca 1 u 2. Y 'H NMR cnextpy, 20 MHHYTa HAKOH IOJATKa
5'-GMP y paBHOTeX)HH pacTBOp KOMILIeKca 3, mpuMeheH je mopact HOBOT ceTa CUTHAJA, KOjU je
npurcan [Ru(Cl-tpy)(bpy)(5'-GMP-N7)]** (16) (Cimuka 3.27). CHCTEM IOCTHKE PaBHOTEKY
HakoH 24 cara ca 40% mnpousBona 16, 47% 3aq u 13% xommnekca 3. V ckiany ca '"H NMR
pe3yiaTaTuma, camo jenan HoB curHai (0 = 3,45 ppm) je nerekToBaH Ha $'p NMR CHEKTPY TOKOM

peaxiyje.

28h
H8 (16)
Ha (16) |

d 2h

AA_L_JJ\JMLMQ [ JlengA

IS 1T — ST

H1' (5'-GMP)

| J)JMLJU [ T

[Ru(Cl-tpy)(bpy)(H:0)]*" (3aq)

SR '1"E Ts

T p T Y T T X T ' T T T T T

10.0 95 9.0 6.0 55 50 45 4.0 35

7.0 6.5
1 (ppm)
Cnuka 3.27. 'H NMR cnekmap [Ru(Cl-tpy)(bpy)Cl]" xomnnexca (3, 10 mM) 24 cama naxon

pacmeaparea y D0 (a) u npu paziuyumum 8pemMeHCKUM unmepsaiuma (b-e) HakoH 0o0amia

5-GMP (1,0 eq, pH = 7,23)
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Ha ocroBy NMR cnektpockonckux pesyiaraTa, 3aKJbYUeHO je J1a KoMIUIeKcH 1 u 2, Koju
caapke anudaTuyHe TMaMUHE Kao XeJaTHe Juranae, pearyjy ca 9MeG u 5'-GMP mHOro 6pxe y
onHocy Ha bpy kommiekc 3. Peakumje kommiekca 1 w 2 ca JgepuBatuMa TyaHWUHA Cy
KBaHTHTATHUBHE, JIOK peakiuje komruiekca 3 nucy. Yumennna na cy Ru(ll)-tpy kommnekcu koju
caaprKe MUPUJINI JIUTaHJIe CIIOpH y cBOojuM peaknujama ca JIHK 6azama je mpumehena u panwje.
Ha npumep, 3a peaxmujy [Ru(tpy)(Mesbpy)CI]* xommekca ca 5'-GMP motpe6HO je 4 cara Ha
310 K, nox y peaxumju [Ru(tpy)(apy)(H20)]** kommekca ca 9EtG dopmupa ce HakoH 5 1amHa
camo 20% mpoussoza [Ru(tpy)(apy)(9EtG-N7)]** na ucroj Temmeparypu.

3.1.4. Wurepakumje [Ru(Cl-tpy)(en)CI]" wxommiexca (1) ca 5'-AMP H KOHKypeHTHe
peakuuje ca cmemom 5'-AMP u 5'-GMP

Jla Ou wucnutasm adUHUTET KOOPAMHOBaKka HOBUX KOMIDICKCAa ca HyKIeoOazama,
MpoydaBaqd CMO HHTepakuuje KoMmiuiekca 1 ca nepuBatoM aaeHos3uHa, 5-AMP, kao u
KOHKYpeHTHe peakuuje komiuiekca 1 ca cmemom 5-GMP u 5-AMP. OBe peakuuje cy
ucrmrnBane npuvesoM 'H u P NMR cmekrpockommje y DO Ha coGHOj Temmeparypu
(Crnuka 3.28).

JlonaBambeM paBHOTEKHOT pacTBopa komiiekca 1y pactBop 5-AMP (Cing = 10 mM,
1:1, D,O, pH = 7,00) mona3u mo Op3ux, anu Beoma Majiux, npomeHa y NMR crektpy
(Cnuka 3.28). MHore HOBE pe30HAHIE Cy ce IMOjaBWJIe OJMaX HAKOH Mellama, MpU 9eMy je
paBHOTEXa MMOCTUTHYTA y TOKY jenHor cara. Ha ocHoBY nHTerpanuje, Mawe o 10% peaxranara
j€ ImpeluIo y mpou3BoJi, Tako Jja HUje Omiio Moryhe ypaauTu UHTEpHpeTannjy HOBUX PE30HAHIIH.
3Ip NMR criextap y carmacuocty ca 'H NMR pesynratima, mokasyje GOpMIpame HOBUX BPCTA,
Kao ITO je TPHKa3aHO MPOIIMPEHUM CHTHaJoM ciobomuor 5-AMP (& = 3,04 ppm), 360r
JeIMMUYHOT TpeKianama ca HOBUM curHanuma. OBH pe3yaTaTH jacHO MOKa3yjy Ja KoMiuiekce 1
uMa Beoma Manu apuHMTET 3a 5-AMP. V KOHKYpeHTHO] peakuuju ca cmemom 5-AMP u
5'-GMP y monapHoM oxnocy 1:1, xommiekc 1 moxa3syje Benuku adunuter npema 5'-GMP.
[pumenom 'H (Cimka 3.29) u Sp (Crmuka 3.30) NMR criekTpockoruje youeHo je GhopMuparbe
uckbyunBo [Ru(Cl-tpy)(en)(5-GMP-N7)] mpoussoma (12) y TOKYy HEKOJHMKO CaTd HAKOH
nojaTka Komruiekca laq y pactBop ekBumosiapaux kojuuuHa 5-AMP u 5-GMP (Cfina = 10

mM, 1:1, D,0, pH = 7,07).
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Cnuxa 3.28. '"H NMR cnexmap y D>O c10600H02

5"-AMP (10 mM, pH = 7,00) (a) u HakoH

dooasarba [Ru(Cl—tpy)(en)(HgO]Z+ (laq, 1,0 eq, 298 K) npu paziuuumum 6pemMeHCKUM

unmepeanuma (6-e). CueHanu npunucanu HOBUM HeudeHMUPUKOBAHUM 8PCMAMA CY O3HAYEHU Ca

(®). Pe3onanya na 3,75 ppm (o3uauena kao *) nomuue 00 1,4-ouokcana xoju je xopuwihen xao

UHmMepHU CIMaHoapo
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H3'H5' (12)
R ) P00 | 21
Vo '.
) | H5H5"(12) | i (2) ‘ CH:;(12) CH»(12)
W A
H2 (5'-AMP) _—~H8 (5'-AMP) H1' (5"-AMP)
€ S | th
~ '.
d 30 min
¢ 10 min
b 3 min
a 12 (5-Amp) 1 (5-GMP) h
=~ | H8 (§-AMP) H1' (5"-AMP) | *
| H1'(5-AMP) ‘I |

| _J’u|L I UL
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Cnuka 3.29. 'H NMR cnexkmap cmeute 5'-AMP u 5'-GMP (1:1, 10 mM, pH = 7,07) y D;0 (a) u
nakon dooasara [Ru(Cl-tpy)(en)(H,0]°" (lag, 1,0 eq, 298 K) npu pazmuuumum 8pemeHcKum
unmepsanuma (6-¢). Pezonanya na 3,75 ppm (o3nauena xao *) nomuue 00 1,4-0ouokcana xoju

je kopuwihen kao uHmepHu cmanoapo
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Cnuxa 3.30. *'P NMR cnexmpanne npomene moxom peaxyuje [Ru(Cl-tpy)(en)(H0)] " (laq) ca
5"“AMP u 5-GMP (1:1:1, 10 mM, pH = 7,07, 298 K) y DO y paziuuumum 8pemMeHCKUM

unmepeaiuma

3.1.5. UV-Vis ucnurnBama peaknuje KoMmiekca 1 u 2 ca repuBarumMa ryaHnHa

Kunetnka cyncrurynnonux peakuuja kommiekca 1 u 2 ca 9MeG u 5'-GMP ucnurupana
je cmektpodoromeTpujcku TpahemeM TpoMeHe arcopOumje pacTBopa Ha oaronapajyhoj
TaJlacHOj AY)XKMHU Y (QYHKIHjU BpeMeHa. Peakiivje cy m3ydaBaHe Kao peakiuje pPseudo-mpsor
pena, mpu uyeMy je KOHIEHTpaluja juragaa Ouna HajMame 10 myra Beha y omHocy Ha
KOHIICHTPALKjy MOJIa3HOT KoMIuiekca. CBe CYNICTUTYLIMOHE peakiifje U3y4aBaHe Cy y MPUCYCTBY
30 mM NaCl, kako 6u ce cy30mna xuaponusa Komiuiekca. OBa BpeaHOCT je oapeljeHa mpe
KHHETHYKHAX MEperha Ka0 MUHUMAalTHA KOHIICHTpaIHja XJIOPH/Ia 32 KOjy HACY YOUSHE CIIEKTpaTHe

npomene (Cnuka 3.31). /loOujena nmpomeHa arcopOaHiie je mokaszaia HajooJbe ciarame Kaja je
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rmocMaTpaHa Kao eKCIIOHCHIHjalHa (DyHKIHMja MPBOT pefa MOMONYy KOMIIjJYTEpCKOT mIporpama
Origin 8.

0.18

0.16 1

8

L 4
®

0.14 A

0.12 1

0.1 1

0.08 1

0.06 1

0.04 1

0.02 1

[CI/M

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Cnuxa 3.31. Ilpomena ancopbanye y 3asucrocmu 00 konyenmpayuje xaopuoa, [ClT], 3a

[Ru(Cl-tpy)(en)CI]" xomnrexc (1) na 401 nmy 0,1M NaClO4 (310 K)

CyInCTUTYIIMOHE peakiuje KoMmIiuiekca 1 u 2 ca jJepuBaTHMa T'yaHHHAa MOTY OWTH
npeacrasibere jeanaunaoM (3.1.5.1), y xojoj N-N o3HauaBa OMIEHTATHU WHEPTHH JUTaHz (en
wn dach), a L ynasuu nurang (9MeG wiu 5-GMP), npu yemy n = +2 win 0 y 3aBUCHOCTH OJ1
HaeJIeKTprcarma yiaasHor quranaa. Koncranrta K, je koHcTaHTa Op3uHE peakiifje Apyror peaa u
KapaKTepHIlle Peakilijy TUPEKTHE CYIICTUTYIIM]E, JTOK KOHCTaHTa K; KapakTepuiiie peBep3nOnIHI

npoIIec.

[Ru(Cl-tpy)(N-N)CI]* + L [Ru(Cl-tpy)(N-N)L]" + CI” (3.1.5.1)

[ToBe3zaHocT KOHCTaHTe Op3uHe peaknuje Pseudo-mpsor pena, Kopsd, ca TOMEHYTUM

KOHCTaHTaMa 3a IMPEKTaH U MOBpaTaH MpoIec CYNCTUTYIH]je aaTa je jeanadnnom (3.1.5.2):

Kobsd = ki[CI'] + ko[L] (3.1.5.2)
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Ha Cnumm 3.32 npukasana je eKCIepuMeHTaTHO JT001jeHa 3aBUCHOCT KOHCTaHTe Op3uHe

peakmuje pseudo-mpBor pena, Kopsg, Y OXHOCY Ha KOHIIEHTpPAIMjy yJIa3HOT JIMTaHa |

TEMIIEpaTypy.
0 TT0%kopeals ® il PPV, m
obsd’S [Ru(tpy-Cl)(en)CI]* 318K 10%Kopsals [Ru(tpy-Cl)(dach)CI]*
80 318K
60
70
50
60
© 310k | %
30 40
30
20
298K 20
10 10
. 103[5'-GMP]/M . 103[5'-GMP]/M

0 1 2 3 4 5 6 0 1 2 3 4 5 6

10 25
104Kopsals [Ru(tpy-Cl)(en)Cl]* 10%Kopsals™ [Ru(tpy-Cl)(dach)Cl]*
8 20 1

6 1 15 1

4 1 10 1

108 [9MeG]/M 103 [9MeG]M

0 ZII. é I3 ;1 5 6 0 ZII. é 1; éll 5 6
Cnuka 3.32. 3asucnocm xroncmaume 6Op3une peakyuje pPSseudo-nmpseoe peda, Kopsd, 00
KOHYyewmpayuje Jaueanda u memnepamype 3a peaxyuje — CYncmumyyuje  KOMIIEKCd
[Ru(tpy-Cl)(en)CI]" u [Ru(tpy-Cl)(dach)CI]" ca depusamuma eyanuna y 25 mM Hepes nygepy
(30 mM NaCl, pH =7,4)

Ha ocnoBy Crnuke 3.32 Moke ce BHJIETH Jia jé Y CBUM Clly4ajeBuMa J00HjeHa JIMHeapHa
3aBUCHOCT KOHCTaHTe Op3HHe peaknuje PSeudo-mpBor pea ol KOHIEHTpaIje yaa3HOT JIUTaHaa.
Koncranrta Op3uHe TUPEKTHE peakiuje CyNCTUTyIHje, Ko, je u3pauyHara u3 Haruba q00HjeHHX
npaBa, JOK je KOHCTaHTAa KOja KapaKTepulIlle MOBpaTHU mporec K; m3padyHara u3 ojcedka,
nojiesbeHa ca koHueHTparujom xiopuna, [Cl], (30 mM NaCl). ob6ujene BpemHOCTH 3a

KOHCTaHTe Op3uHe nate cy y Tabenu 3.3.
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Tabena 3.3. Koncrante Op3uWHE M aKTHUBAllMOHW IapaMETPH 3a pEaklHje CYICTUTYIH]S

komiuiekca 1 u 2 ca 5'-GMP u 9MeG (25 mM Hepes mydep, 30 mM NaCl, pH =7,4)

TIK] ko [10°M7s?]  k[10° M7s?]  AHY [kdmol™]  AS,” [JK'mol™]

1

5'-GMP 298 1,5+01 49+0,9 69 +3 45+ 8
310 4,7+0,3 16,0 £ 3,0
318 8,8+0,2 30,0+2,0

9MeG 310 1,3+0,1 4,1+0,8

2

5'-GMP 298 33+0,2 1,8+0,2 51+£3 -101+£9
310 7,1+£0,2 3,0+£0,2
318 12,6 £ 0,6 4,7+0,7

9MeG 310 3,1+£0,2 10,0+2,0

HcnutruBame peaknuja CyNCTUTYIHje HW3ydaBaHUX Komiuiekca ca 5’-GMP  Ha
pa3nMuYUTAM TemmepaTypama omoryhmino je oapehuBame BpEeIHOCTH TEPMOAMHAMUYKHX
napamerapa Koje cy gate y Ta6emn 3.3. Mane Bpeasocts 3a AH” u HeraTieHe BpegHOCTH 32 AS”
yKa3yjy Ha acollMjaTUBHU MeXaHHu3aM cyrnctutyuuje. OBaj MeXaHU3aM je NpEeAsioKeH M 3a
peakiyje CYyICTHTYLHje OpraHOMETAHMX pPYTeHHjyM apeHa Komiuiekca u ,half sandwich”
Ru-[9]aneS3 komruiekca, Koje CMO MPETXOJHO MPOydYaBald ca OHOJIOMIKA PEJICBAaHTHUM
murasgaMa, 9MeG, ryanosuaom (Guo), 5'-GMP u L-xuctimumom (L-His). 2%

Ha ocHoBy BpenHocTH npuka3anux y Tabemn 3.3 Moke ce BUIETH J1a KOHCTaHTa Op3uHe
Kk, 3aBrCcH o1 mpUpo/Ie OMICHTATHOT XEeIaTHOT JIMraH/aa: KOMIUIeKe 2 pearyje ox 1,5 mo 2,5 nyra
Opxe y ogHocy Ha komiuiekc 1. Takohe, 3aBucHM M O] HaeleKTpucama YJIAa3HOT JHUTaHAa:
peaknuje ca 5-GMP cy 2,3 no 3,7 myra Opxe y ogHOCY Ha peaknuje cyrncrurynuje ca IMeG.
Beha peaktuBHOCT 5'-GMP ce Moke 00jaCHUTH JISjCTBOM jaKUX €ICKTPOCTATHUKHX WHTCPAKIIH]ja
n3Mely nonasHor komiuiekca U 5'-GMP koju je npu onabpaHUM €KCIIEPUMEHTAIHUM YCIOBHMA
HAEJIEKTPUCaH 2-" 1ok je 9MeG HeytpanaH.

Pamu mopehemwa, ucnutuBanu cy u ,,half sandwich” Ru-[9]aneS3 komruiekcu ormiire
dopmyre [Ru([9]aneS3)(N-N)CI][PFg], xoju mMajy BpeaIHOCTH 3a KOHCTaHTY Op3HWHE peakije
IUPEKTHE cyncTtutynuje, Ko, on 1,2 1o 4 myra Mamy y OJHOCY Ha BpeAHOCTH K, moOujeHe 3a

ucriutubane Ru(ll)-tpy kommiekce npu naTepakuuju ca 5'-GMP nmon uctim ycnomzma.lzg
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3.2. Hurepakuuja pyrenujym(ll) TepnupuamH KoOMILIeKca ca CYMIOpP- H

a30T-AOHOPCKUM 6I/IOMOJ'IeKyJII/IMa

[Tocnenmsux rognHa BEIMKKA OpOj HCTPAXKMUBAHA j€ YCMEPEH Ka UCTIUTUBAIY UHTEPAKIIHja
pyrenujym(11/111) xomruiekca ca cepyM NpoTEeMHHMA U aMUHO KUCEIMHAMa KOje CajpKe CyMIIOp.
OBe MHTEpaKIje Cy BeOMa Ba)KHE jep HaKOH MHTPABEHCKOT YHOIICHa KOMILIEKCAa PyTCHH]jyMa,
MPOTEHHH IIJIa3Me I0CTajy MOTEHIHjaHe MeTe 3a KoopauHoBamwe pyreaujym(l1/111) kommiekca.
ExcnepuMmeHTanHM TOoJanM MPHUKYIUBEHH [0 cada IMpyxkajy HHQOpPMaLUjy O HIDKO]
PEaKTHBHOCTH aMWHO KHCEIMHAa W mpoTenmHa mnpema pyreHujym(ll) KoMIuTeKcuma, /073134
PenatuBHO crmaba Be3a aMMHO KHCENTMHA M TNPOTEHHA Ca OBUM KOMIUIEKCHMAa MOXKE OUTH
OJIrOBOpHA 32 TPAHCIOPT M JONpeMame KOMIUIEKCAa PYTEHHjyMa 0 KaHIeporeHux henmja,
OJJHOCHO HEKE aMHHO KHCEIMHE, MEeNTHAM M NPOTEMHM MOTY Jia CIy)Xe Kao pe3epBoapH
pyrearjyma. OBO MOXe OMTH M Y3pOK MamUX CHOPEIHUX HEKEhEHHX e(ekaTa KOMIUIEKCa
pPYTEHHjyMa Y OHOCY Ha KOMIUIEKCE TIATHHE.

Wmajyhu y Buay na cy oBe HMHTEpakiyje OJl M3Y3€THE BAXXHOCTU 3a Pa3yMeEBambE
MeXaHU3Ma aHTUTYMOPCKE aKTUBHOCTH KOMIUIEKCA PYT€HHjyMa, Y OBOM pajy MpOYy4aBaad CMO
peakuuje pyrenujym(ll) tepmupuann komiiekca ca TuoypeoM (TU), aMHHO KHCEIMHAMa KOje
cagpke cymmnop (L-Cys m L-Met) u xerepormknuma koju caapxe aszor (Pz, Tz u Py).
Crpykrypae dopmyine [Ru(Cl-tpy)(en)CI][CI] (1) u [Ru(Cl-tpy)(dach)CI][CI] (2) kommaekca cy
Beh npukasane y onesbky 3.1. (Cruka 3.1), 10K cy CTpyKTypHE (POpMYsie HCIMTHBAHUX JIUTAHAIA

nare Ha Ciouuum 3.33.
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Camka 3.33. CtpykTypHe popMysie MCIUTUBAHUX JIMTaHAAA

3.2.1. UV-Vis ucnuruBama peaknuje komiuiekca 1 u 2 ca cymMmnop- U a3oT-A0HOPCKHM

0MOMoJIeKyIUMa

Kunernka peakuuje cyncrutynuje ClI° numramma ca cymmop- M a30T-JOHOPCKHM
JUraHauMa y Komiuiekcuma 1 u 2 ucnurrBaHa je crekTpo(oToMeTpHjckH npahemeM MpoMeHe
aricopO1Mje pacTBopa Ha oAroBapajyhoj TanacHoj 1y>KMHU y pyHKIMjU BpeMeHa. CBa KMHETHYKA
Mepema Cy BpIleHa MO YCIOBHMA peaknuje pseudo-npBor pena y oaHocy Ha Hykieopwmt. Kako
Ou ce crpeunsia crioHTaHa xuaponu3a pyreHujyMm(ll) TepnupuanH KoMIUIeKca, CBe peakuuje cy
npoyyaBane y npucyctBy 30 mM NaCl. Oa BpeanocT je oapelena Ha HaumH Koju je Beh
orucad y onesbKy 3.1.5. (Cruka 3.31). Cyncrutyiinone peakiuje ¢y 3arnodere memamem 0,3 ml
pactBopa komruiekca (1,00 mM) ca 2,7 ml pactBopa nauranaa (5,56 mM), na 298 K y 25 mM
Hepes nydepy (pH = 7,4). UnTepakuuje ncnuTHBaHMX KOMIUIEKca ca TU u Py cy u3ydaBaHe u Ha
288 n 310 K. JIoOujena nmpomeHa ancopOaHIie je mokasaua HajooJbe cliarame Kaja je mocMaTpaHa
Kao eKCIOHEHIMjaHa (GYHKI[Mja IPBOT pesia momMohy komijyrepckor mporpama Origin 8.

Cymncrutynuone peaknuje komruiekca 1 m 2 ca oaroapajyhum GuoMolieKyaumMa MOTy
outH npesnctaBibeHe jenHaunHoM (3.2.1.1), y kojoj N-N o3HayaBa OMICHTATHU WHEPTHU JIMTaH]
(en wim dach), a L ynasuu nurana (Tu, L-Cys, L-Met, Pz, Tz unu Py), npu yemy je n = +2 win

+1 y 3aBHCHOCTH OJ] HaeNIeKTpHCama yJIa3HOT JIMTaH .
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[Ru(Cl-tpy)(N-N)CI]” + L [Ru(Cl-tpy)(N-N)L]" + CI” (3.2.1.1)

1

Koncranta K, je xoHcTanTa Op3uHE peakiifje IPYyror peia W KapaKTepHIIe PEeaKilujy
JMPEKTHE CYNCTHUTYIMje, TOK KOHCTaHTa Kj kapakTepwuiie peBep3uOmiHu mpoiec. JloOujene
BpPEIHOCTH 3a KOHCTaHTe Op3uHe aate cy y Tabenu 3.4.

[ToBe3zaHocT KOHCTaHTe Op3uHE peakiuje Pseudo-mpBor pena, Kopsd, ca HMOMEHYTUM

KOHCTaHTaMa 3a IMPEKTaH U MMOBpaTaH MpoIeC CYICTUTYIH]E 1aTa je jeaHaunHoM (3.2.1.2):

Kobsg = Ka[CI] + ko[L] (3.2.1.2)

Ha Cmukama 3.34 u 3.35 mpukazana je eKCIEPHUMEHTATHO JOOHMjeHa 3aBHUCHOCT
KOHCTaHTe Op3uHe peakuuje PSeudo-mpBor peaa, Kopsd, Y OJHOCY Ha KOHICHTPAIH]Y YJIA3HOT
JUTaHJa, IPU YeMY je 3a CBE peakiMje J100MjeHa JTuHeapHa 3aBHCHOCT. McnuTuBame peakiuja
CYIICTHTYIIH]jE U3y4yaBaHUX KOMIUIEKca ca TU u Py Ha pasnuuuTiM Temneparypama omoryhuo je
onpehuBame BpPEIHOCTH TEPMOIAMHAMHYKHX TapameTapa kKoje cy gare y Tabemn 3.4. Maie
BPEIHOCTH 3a AH” u HeraTHBHe BPETHOCTH 32 AS? yKa3yjy Ha acoIlMjaTUBHM MeXaHH3aM
cyncrurynuje. OBaj MexaHH3aM je MPeJUIoKEeH M 3a peakifje CYNCTUTYLHje OpraHOMEeTaTHUX
pyTeHHjyM apeHa Komiuiekca, ,half sandwich” Ru-[9]aneS3, kao wu pyrenujym(ll)-tpy

KOMILIEKCa KOjeé CMO IMPETXOJHO NpOYyYaBalHM ca OWJIONIKM peleBaHTHUM lmrananma, IMeG,

Guo, 5-GMP u L-His, 1213213

-104 -



Pesyimamu u duckycuja pesyamama

Tabena 3.4. Koncrante Op3uWHE M aKTHUBAllMOHW IapaMETPH 3a pEaklHje CYICTUTYIH]e

komiutekca 1 u 2 ca ucnuruBanum jauranauma (25 mM Hepes mydep, 30 mM NaCl, pH = 7,4)

TIK] ko [10°M'sT] Kk [10°MTs?]  AHY [kImol™]  AS,7 [IK mol™]
1 (en)
L-Cys 310 7,20 +0,30 18,00 + 3,00
L-Met 310 1,50 = 0,05 15,00 + 0,60
Py 288 0,40 + 0,02 0,50 + 0,20 44 + 1 -155+3
298 0,80 = 0,05 3,00 + 0,50
310 1,60 + 0,20 10,00 + 2,00
Tz 310 4,60 + 0,20 3,40 + 0,10
Pz 310 6,60 + 0,30 6,00 + 2,00
Tu 288 4,20 + 0,20 2,00 + 0,20 32+1 17943
298 7,00 + 0,40 3,00 + 0,40
310  11,30+0,20 4,00 + 0,20
2 (dach)
L-Cys 310 3,70 + 0,20 17,00 + 2,00
L-Met 310 0,80 + 0,07 5,00 + 0,70
Py 288 0,30 + 0,02 1,10 + 0,20 38 + 4 178 + 12
298 0,60 + 0,04 1,30 + 0,40
310 0,90 + 0,03 1,60 + 0,30
Tz 310 1,20 + 0,04 1,80 + 0,40
Pz 310 2,40 + 0,20 1,90 + 0,10
Tu 288 1,40 + 0,04 0,20 = 0,02 59+5 -155+ 14
298 4,10 + 0,30 2,00 + 0,06
310 8,70 + 0,50 7,60 + 0,50
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Ha ocHoBy n00MjeHnX BpeaHOCTH 3a KoHCTaHTy Op3une Ky (Tabena 3.4) Moke ce BUAETH

na en komiuieke 1 mokasyje Behy peakTHBHOCT mpemMa oJabpaHuM JUraHauMa y oganocy Ha dach

Kommuieke 2. OBO ce MoOXe OOjaCHHUTH TPUCYCTBOM IIO3UTHBHOT HHAYKTHBHOT eQeKTa

[IUKJIOXEKCAHOBOT TPCTEHA, KOJU CMamyje eJICKTPOPHIHOCT joHa MeTana, a CaMHUM THM H

133

PCAKTUBHOCT KOMILICKCA. Moxe ce 3daKJbYUUTHU Jia IIPUPOJa HMHCPTHOI XCJIATHOT JIMIaHIa

yTu4e Ha Op3uHY peakiyje CYyNCTUTYIM]je UCTUTUBAHUX KOMILUIEKCa.

10% Kopeals™ [Ru(Cl-tpy)(en)CI]*

310K

103 [tul/M

0 1 2 3 4 5 6

10 Kopsis™ [Ru(Cl-tpy)(dach)CI]* 310K

103 [tu)/M

10% Kopeals™ [Ru(Cl-tpy)en)CII*

5 L-cysteine

L-methionine

108 [L)/M

2.5

0.5

104 Kopsals™ [Ru(Cl-tpy)(dach)CI]* _
L-cysteine

L-methionine

M

0 1 2 3 4 5 6

0

0 1 2 3 4 5 6

Cnuka 3.34. 3asucnocm xroncmauwme 6Op3une peakyuje pPSeudo-mpseoe peda, Kopsd, 00

KoHyenmpayuje ueanoa u memnepamype 3a peaxyuje cyncmumyyuje [Ru(tpy-Cl)(en)CI]" u

[Ru(tpy-Cl)(dach)CI]" komnnexca ca cymnop-oonopckum 6uomonexymuma (Tu, L-Cys, L-Met) y

25 mM Hepes nygepy (30 mM NaCl, pH =7,4)
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5 1.8

10% Kopsals™ [Ru(Cl-tpy)(en)CIT* pyrazole 10% Kopsals™ [Ru(Cl-tpy)(dach)CI*
4.5 4 16 pyrazole
41 14 )
3.5 1
1.2
3 triazole ]
2.5
5 0.8 triazole
15 0.6
®
1 4 0.4
0.5 0.2
103 [L]IM .
0 0 10°[LI/M
0 1 2 3 4 5 6 0 1 2 3 a 5 6
14 6
108 Kopggls™ [Ru(Cl-tpy)(en)CI]* 0K 10° Kopsafs™ [Ru(Cl-tpy)(dach)CI]* 310K
12
5
<
10
4
*
8
3
6 298 K
2
4
288 K
) 1
0 103 [pyridine}iM 0 108 [pyridine]/M

0 1 2 3 4 5 6 0 1 2 3 4 5 6

Cnuxa 3.35. 3asucnocm roncmanme 6psune peaxyuje PSeudo-npeoe peda, Kopsd, 00
KoHyenmpayuje nueanda u memnepamype 3a peaxyuje cyncmumyyuje [Ru(tpy-Cl)(en)CI]" u
[Ru(tpy-Cl)(dach)CI]™ xomnaexca ca azom-donopcxum 6uomonexymuma (Pz, Tz, Py) y 25 mM
Hepes nygepy (30 mM NaCl, pH =7,4)

ExcniepumenTanno 1o0MjeHN pe3ynTaTh jacHO MOKa3yjy Ja KOHCTaHe Op3WHa 3aBUCE U O]1
NpUpOJIc W HAeJeKTpHcama yjaa3HOr Juraniaa. Ha OCHOBY BpemHOCTH KOHcTaHTe K 3a
CYIICTUTYLIMOHE peakiuje Komiuiekca 1 u 2 ca oaroapajyhum cymmnop-70HOPCKUM JIMTaHIMMA
nobujen je cienehm pen peaxtuBHoctH: Tu > L-Cys > L-Met. HajpeakTuBHHMju JMrann je

136,137 .
3613 Peaknuje ca Tnonom

THOYypea, ¢ 003UPOM J1a TToceyje OCOOMHE U G-AOHOPa U T-aKIENTopa.
(L-Cys) cy oko 5 myrta Opke y ogHOCy Ha peaknuje ca Thoetpom (L-Met). Beha peaktuBHOCT
L-Cys Mosxe ce mpUmnucaTH pa3iInuuToj HyKICOQUIHOCTH THOJIA U THOETPA, alld U YMEECHHU Ja Cy

138

THOJIM Ha ucnuTHBaHoj PH BpeaHocTH nenporoHoBanu (Ciuka 3.36).”" Tuonathu joH (RS') uma

jaun ahUHUTET KOOPAMHOBaKa M 3aXBaJbyjyhu BeroBOj 00Jh0] G-TOHATOPCKO] CIIOCOOHOCTH.
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2.0 mM L-Cys
100 —

L-CysH,
80 —

60 —

40 —\

20 —

pH

Cnuka 3.36. Jucmpubyyuonu oujacpam 3a amuno kuceauny L-Cys y dhunxyuju pH

PeakTuBHOCT a30T-mOHOpPCKUX JMraHanga onaga y cieaehem nuzy: Pz > Tz > Py. Beha
peaktuBHOCT PZ y omHocy Ha Tz moxe ce obOjacHUTH moMohy 0a3HOCTH KOOPAMHOBAaHUX
a30ToBHX aToma: Oasuuju Pz (pKa = 2,52) pearyje 2 myra Opxe y onHocy Ha Tz (pKa = 2,19),
360r mojaTHHX asoroBux artoma. '’ Ca gpyre crpame, Hajmama peakTHBHOCT Py MOKe ce
00jJacCHUTH JIEIOKAIM3aIlMjOM €JIEKTPOHA ca a30TOBOT aTOMa KOjU YUYECTBY]Y Y popMupamy Be3e
ca pyrenujym(lIl) jOHOM.139 Takohe, Mana peakTuBHOCT Py ce Moke 00jaCHUTH U CTEPHUM
epexToM, uMajyhu y Buay na Py caap:ku mectodsiaHu MpPecTeH, 3a pa3iuky oa Pz u Tz koju cy
nerouwnanu. C 003UpOM Ja ce peaklyja CYNCTUTYLHje OJBHja MO A MEXaHM3MY, Kako JOHHU
MeTasa Inocenyjy MoryhHocT na mpuMe eleKTPOHCKM Iap YyJa3HOr JUraHja, Harpaauhe ce
WHTEepMeaujep ca moBehanuM KoopauHaImoHuM 6pojem 7. Kao mocmeauiia Tora BOJYMUHO3HU]U
Py Texxe npuiiazu joHy MeTasla y OJHOCY Ha Mambe BOITyMUHo3aH Pz u Tz.

JloOujeHe BpemqHOCTH KOHCTaHTE Ky 3a peakuuje komiuiekca 1 m 2 ca cymmop- U a3or-
JOHOPCKUM JIMTaHIMMa Cy 3a jeJlaH pell BeJIMYMHE Mame Yy OJHOCY Ha peakmuje ca 5'GMP
(0,13-1,26 M'ls'l)135 mpu ucTuM yciioBuma. OBO ykasyje /1a cy JAepuBaTH r'yaHuHa 00JbH YIa3HU

HYKJ'ICO(I)I/IJ'II/I O UCIIMTUBAHUX CYMIIOpP- U a30T-AOHOPCKUX JIMT'aHAAA.
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3.2.2. NMR wucnurtuBama peakuuje KkoMiiekca 1 W 2 ca CyMIOOpP-A0OHOPCKHM

OMOMOJIeKyJIMMa

Peakiuje xomruiekca 1 u 2 ca cymmnop-gonopckum jmranguma (Tu, L-Cys u L-Met) cy
ucrmrnane momohy *H NMR criexrpockommje y D20 Ha 295 K y TOKy HEKOIHKO JaHa.

Jlonatak Tu y paBHoTesxHH pactBop [Ru(tpy-Cl)(en)CI]* xommiexca (1) (1:1, 5 mM,
pH ~ 5) u3asuBa crmope mpomeHe y 'H NMR cunektpy (Cnuka 3.37). HoB cer curnama y
apoMaTHuHOj oGnactu, nmpummcan npoussoxy [Ru(Cl-tpy)(en)(tu)]** (3), mocremeHo 3amemyje
curHaie xoju motuay ox [Ru(Cl-tpy)(en)(H,0)]** (1a). dy6uer H6/H6” nporona (5 = 8,75 ppm)
je TIOMEepeH Ka HUXHM BPEIIHOCTUMA XEMH]jCKOT TTOMEpama y OJHOCY Ha ayoier la xomruiekca

(6=9,01 ppm). Hakon 16 catu nocturayra je paBuorexa usmely la u 3 y omHocy 2:8.

16h

UIUWMM

7.6h

H6/H6"(3)
|

D,

=

e MWJM

5h

MK 'MMVWfM

2.30h

Mo M UA»\_JA’MWMM

0.45h

H6/H6" (1a)

JI Vo .JJ b\bﬁf‘w\“w

T e
89 8.7 8.4 8.2 8.0 7.8 76 74
f1 (ppm)

Cnuka 3.37. '"H NMR cnexmpu [Ru(Cl-tpy)(en)H>0)]*" komnnexca (la) y paznuuumum

8pemeHCcKUM unmepeanuma nakon oooamka Tu (1 eq, 5 mM, pH ~ 5,0) na 295 K
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Cnuka 3.38. 'H NMR cnexmpu [Ru(Cl-tpy)(en)(H0)]°" komnaexca (la) y paznuuumum
epemeHcKum unmepeanuma naxkor oooamka L-Cys (1 eq, 5 mM, pH ~ 5,0) na 295 K

Peaknuja L-Cys ca kommiekcom la (1:1, 5 mM, pH ~ 5) y D,0 je npahena momohy 1D
'H u 2D 'H-'H COSY NMR crexrpockommje y Toky jente Hepesse (Cinka 3.38). Ha mouerky
peakiuje uHTeH3uTeT HOBOr ceta HO6/H6” u B-CH, pesonanm (6 = 8,85, 1,65 u 1,78 ppm) pacrte
ca BPEMEHOM, 0K MHTEH3WTeT curHaiga la u cimoboxuor L-Cys (6 = 9,01, 3,04 u 3,12 ppm)
omaga. OBaj HOB ceT CHrHama je mpummcaH Tuonarto mpowmssoxy [Ru(Cl-tpy)(en)(RS)]" (4).
HcToBpeMeHo, MOTY C€ YOUNTH HEKH Marb¥ CUTHAJIN HEUACHTU(DUKOBAHUX HHTEPMEINjepa Kao u
pe30HaHIe TUMMYHE 32 LUCTHH (IyoneT ayoneta Ha 4,15 ppm u nap ny6ner ny6nera Ha 3,21 u
3,40 ppm).®""*"® Hakon 24 cara, Tnomaro komruiekc 4 1ocTaje JOMHUHAaHTHA BPCTa, IPH YeMy ce
1a u 4 nanaze y ognocy 1:1 (Cnuka 3.39). Melyyrum, HakoH 48 caTé CUTHAIHM KOjU MOTHYY O
KoMIUIiekca 4 cy 3amemeHu HoBuM cetomM H6/H6”, a-CH u B-CH, pesonanmu (6 = 8,81, 3,85,
2,47 u 2,35 ppm), Koju je TpHUNKCaH CyJI(HEeHATO KOMIUICKCY [Ru(Cl-tpy)(en)(RSO)]** (5)
(Cnuka 3.40). Cucrem MOCTHKE paBHOTEXKY HakoH JBa naHa udmely 1a u 5 y ogHocy 1:1, 10k je

caB HenspearoBanu L-Cys okcuaoBaH 10 IUCTHHA.
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_H3H5' (4)
H3IH3" (4)
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Cnuka 3.39. [sooumeszuonarnu 1H-1H COSY NMR cnexmap 3a peakyujy xomnnexca la ca
L-Cys (1:1) y D20 na 295 K naxon 24 cama

H3'H5' (5) ~_

BCH; (5)

aCH (5) A
' I CH,;(5) CH;,(5)
MNH, (5) cystine

2.0
BCH, ()< 0 0 H@
A 2, H
CH? [5} 0 @I @.ﬂ- = 2.5
= 3.0
CH; (5) ® = ) @] )
: Tl oson d
1] (L L= -
aCH(5) @ o
- k4.0
o) ® g
NH, (5) ﬁ O B 5o o
75
H5/H5" (5) 00 0o &
= te.n
HaIH4" (5)— c? §
H3/H3" (5). =0 @0 I
H37HS5' (5) G >
@ @
HBIHE" (5)~ ® @ 8 oo
90 88 86 B84 82 BO 78 76 5.2 5.0 4.2 40 38 36 34 32 30 28 26 24 22

2 (ppm)

Cnuka 3.40. /[sooumesuonannu 1H-1H COSY NMR cnexmap 3a peaxyujy xomnnexca la ca
L-Cys (1eq) y D20 na 295 K naxon jeone nedesmwe
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Jobujenn pesynraru nomohy NMR criekTpockonuje omoryhaBajy Ham J1a IpeIcTaBUMO
peakmmone myrese (Illema 3.3). L-Cys ce koopaunyje 3a 1a mpeko aroma cymiiopa (3a HEKOJIUKO
MuHyTa) (opmupajyhu Tuonaro xommiexkc [Ru(Cl-tpy)(en)(SR)]" (4), xoju okcunamujom

KOOPAMHOBAHOT THOJA, IIOTIIYHO Hpenasu y cyndenaro kommieke [Ru(Cl-tpy)(en)(RSO)]** (5).

ca. 10 min [ - CI

Hoo gyt
cystine o

Illema 3.3. Peakumonu mytesu [Ru(tpy-Cl)(en)CI]* (1) ca L-Cys y BogeHOM pacTBopy
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Jlonatak L-Met y paBroTesxnu pactsop [Ru(tpy-Cl)(en)CI]* xommnekca (1) (1:1, 5 mM,
pH ~ 5) y D,0 y3pokyje criope nmpomeHe y 'H NMR criektpy (Ciuka 3.41), Tie HOB CET CHTHaja
Cl-tpy u CH;3 nporona xoopmuroBaror L-Met, npunucan npoussoxy [Ru(Cl-tpy)(en)(MeSR)]**
(6), pacre ca Bpemenom. HoB CHj curnan je 3HauajHO TOMEPEH Ka HIKMM BPEIHOCTUMA
xeMmujckor momepama (6 = 1,35 ppm) y oxgHocy Ha crmoboman L-Met (6 = 2,14 ppm) 360r
samtuTHOr edekra cycemnor Cl-tpy nwranma. Hakon 2 mana, mojaBibyje ce HOB CHHIVIET Ha
0 = 2,76 ppm, xoju motuye ox CHs rpyme MeTHOHUH-CyApOKCHIA, Tj. OKCHJOBAHOT OOJIMKA
L-Met (Cnuka 3.41). OBu NMR ekcriepuMeHTalIHU MTOIallK YKa3yjy Ja peakifja komiuiekca 1 ca
L-Met Boau ka nenumuyHOM popMHUpamy camo jeJHOT IPOU3BOJIa, KOMILIEKca 6, 10K HaKOH JBa
naHa, ycien cmnope okcuaaunuje cinobomnor L-Met, nmonmasu mo Qopmupama METHOHUH-
cyndokcumaa (llema 3.4). Hakon 6 maHa cucteM MOCTHXE paBHOTEKY ca 44% xomruiekca 6, 29%

METHOHHH-CYyI(okcuaa u 27% nekoopauHoBanor L-Met.

| H3H3" (6) \
H6/H6” (6) l H4/H4"(6)  HEHS” (6)
2days
._.._,.JA._J\f'\.,._,JJJ'ﬁwW W S S e P A, l Ll,l_rwu,.. adiraman, ok
18h
__,__/\-‘\&..M_.____LJJ\.._._...MML AN 1 S JJ| T o w_l
7.50h
.__J.v,___.__XLM._._._...ML MR s JAL e A I»l T 1N s
i CH; L-Met 0.45h
H3'Hs (1a) HOM3" (12)
H6/H6" (1a) \ H4/H4” (1a) H5/H5” (1a)
Mo, V) AN AA I JJ w‘k

92 90 88 86 84 82 80 78 76 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12

f1 (ppm)

Cnuka 3.41. '"H NMR cnexmpu [Ru(Cl-tpy)(en)H>0)]*" komnnexca (la) y paznuuumum

8PEeMEHCKUM uHmepsaiuma Hakor dooamxa L-Met (1 eq, 5 mM, pH ~5,0) na 295 K
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-Cr ca. 18h
+ L-Met
ca. 10 min
HN Oxidation
1 la 6
S C
- ~_
HaC o
NH3+

methionine-sulfoxide

Illema 3.4. Peaktmonu mytesu [Ru(tpy-Cl)(en)CI]* (1) ca L-Met y Bonenom pactopy

18h
H6/H6"(10)

A\

9.5h

___lehkmmpm

I

2.50h

MMAMUMW

0.80h

H6/H6" (2a)

/\

S | T T T T T T T T T

92 90 88 86 84 82 80 78 76 74

Cnuka 3.42. 'H NMR cnexmpu [Ru(Cl-tpy)(dach)H,0)]*" (2a) y pasnuvumum epemenckum
unmepsanuma Haxkon oooamxa Tu (1 eq, 5 mM, pH ~ 5,0) na 295 K
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Peaxumje [Ru(Cl-tpy)(dach)(H,0)]" (2a, 5 mM, pH ~ 5.00) ca eKBHMOIapHOM
KoJMYMHOM oxaroBapajyhux mykneodwmma (Tu, L-Cys u L-Met) cy y Benmukoj Mepu cliuuHe ca
peakiujaMa KomIiekca la, mro ce MoXe BUJETH Ha OCHOBY '"H NMR cnekrpockonuje. Taunuje,
peakiyja KOMIUIEKCa 2a ca TU BOOUM HUCKJBYYHBO Ka (OpMHUpamy jJEeJHOT TPOU3BOJA
[Ru(Cl-tpy)(dach)(tu)]** (10). PaBroTexa je mocTurayTa HakoH 18 catu ca 77% komiuiekca 10 u
23% wneuspearoBajor komiiekca 2a (Ciuka 3.42). Peaknuja komruiekca 2a ca L-Cys Boau 10
dunansor mpomssoga [Ru(Cl-tpy)(dach)(RSO)]** (12) mpeko ¢opmupama nHTEpMeHjepa
[Ru(Cl-tpy)(dach)(SR)]" (11). PaBHOTexa je mocTHTHyTa MOCNE jeiHE Helelbe, IPU 4eMY je
onHoc u3Mmelyy xommiekca 2a u 12 6uo 3:7, nok je caB HeuspearoBainu L-CyS okcugoBaH y

nuctuH (Cnuka 3.43 u 3.44).

1week
H3' /Ha (12)

H4/H4"

_M'U. k WM ‘LL JJ Jﬂ ’d‘lw AJ v

48h

_MU'W(LUJ T T hJJMJu.J»kMW L,

24h

ﬂ’jfi/.g))u,‘u\ﬁj n A Jk\ MLMMJ-L‘M_/L\}UW\ A

H3'H5' (2a)

H3/H3” (2a) i
i , L-Cys
H6/Hs" (2a) IHaHa” 2a) A CHand CH, of dach

H5/H5" (2a) L ( ; \
. L‘J I )-v_AJL A_ﬁ.. i JVMUAU"U»"A__

9.0 8.5 8.0 75 70 65 6.0 55 5.0 45 40 35 3.0 25 2.0 15 10 05
1 (ppm)

Cnuka 3.43. '"H NMR cnexmpu [Ru(Cl-tpy)(dach)H,0)]*" komnuexca (2a) y paznuuumum
gpemencKum unmepganuma Hakor oooamxa L-Cys (1 eq, 5 mM, pH ~ 5,0) na 295 K
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H3'H5" (12)
| HaHa” (12)
HeiHs” (12) || | HSIHS™ (12) cystine

aCH (12)
\ (
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f
___,UM J)’\J VRO ' tuuﬁu LY WM
3 ALY A
= [ERRRNS cam)
— -
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H5IH5" (12) 1 &
HMHJTQ}—:%%? Fe le
/ —
Hamsuza/'—=ﬂ § Lo
H6/H6" 12) _1

L

10

T T T T T T T T T T T T T T T T T
00 95 90 85 80 75 70 65 60 S5 S50 45 40 35 30 25 20 15 L0 OS5
72 (pprn)

Cnuka 3.44. J[sooumensuonarnu 1H-1H COSY NMR cnexmap 3a peaxyujy xomniexca 2a ca
L-Cys (1eq) y D20 na 295 K naxon jeone nedesmwe

Peaknuja xommekca 2a ca L-Met noBoaum 10 ¢opmupama caMo jeIHOT MPOH3BOA
[Ru(Cl-tpy)(dach)(MeSR)]** (13). Ilocie 2 mana monasu go okcuaaumje L-Met u popmuparsa
METHOHHMH-CyJI(oKcuaa. PaBHOTEka je MOCTUTHYTa HakoH 8 mnaHa, ca 37% KOOpAMHOBAHOT

L-Met 3a pyrenunjym(1l) u 12% oxcunoBanor L-Met no metnonun-cyndokcuna (Cnuxa 3.45).
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8 days

: o CH; (13)
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Cnuxa 3.45. '"H NMR cnekmap [Ru(Cl-tpy)(a’ach)HgO)]z+ Komniexkca (2a) y paziuyumum
8peMeHCKUM unmepeanuma Hakox oooamka L-Met (1 eq, 5 mM, pH ~ 5,0) na 295 K

3.2.3. A®T uspauyHaBama 3a cuctem usmene Gua/SMe,

Kako 6u ce noOuiM mTO MOy3JaHMjH, NMpe CBEra KBAaHTUTATUBHU MOJAIM O PA3IHLU Y
crabmwiHoctn u3Mel)y Ru-S(tmoerap) m Ru-N(JIHK) xoopaumuaunmje, Bpmena cy HADT
u3padyHaBama Ha Mozen peakuuju (3.2.3.1). Kao u y ciyuajy kommiexca miatuse, " *** ysetn
Cy JeIHOCTaBHU MOJICKYJIH, TyaHuH (Qua) u aumetwsi Troetap (SMey). YV naroj jenHaunHu
(3.2.3.1) ryanun npubmmkHO onarosapa aepuBatima ryanuna, S(CHs), mpencrasipa reHepudku

tuoetap, & N-N npencrasspa en wiu dach. Pagu nopehemwa, onrosapajyhu Ru-tpy xommuiekce, rae

je N-N = bpy, takole je ucnurusas.

[Ru(tpy)(N-N)(N7-gua)]** + SMe, — [Ru(tpy)(N-N)(SMe2)]** + gua (3.2.3.1)
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141
Canuno xomriekcuma ruiatuae(ll),

MOTBphEeHa je jacHa MPEAHOCT KOOPIMHAIIH]E
ryannHa. Pasnuka y craGuiHocty je 3a oko 30 kcal/mol 3a xommutekce [Ru(tpy)(en)(gua)]** u

[Ru(tpy)(dach)(gua)]**, u oxo 20 kcal/mol 3a [Ru(tpy)(bpy)(gua)]** (Ta6ena 3.5).

TaGeaa 3.5. Mspauynara enepruja y kcal/mol 3a msmeny Gua/SMe, y [Ru(tpy)(en)(gua)]*,
[Ru(tpy)(dach)(gua)]*" u [Ru(tpy)(bpy)(gua)]**

N-N B3LYP B3LYP(CPCM)
En + 27,0 kcal/mol + 6,2 kcal/mol

dach + 27,1 kcal/mol + 6,8 kcal/mol
bpy + 19,2 kcal/mol + 4,5 kcal/mol

Y ucrnuruBarnm [Ru(tpy)(en)(gua)]** u [Ru(tpy)(dach)(gua)]** kommiekcnma (opmupa
ce BogonnyHa Besa usMmel)y CO rpymne ryanuna u NH; rpyme en u dach (pacrojame N-H--O
msnocu 1,92 A u 1,81 A y [Ru(tpy)(en)(gua)]** u y [Ru(tpy)(dach)(gua)]**) (Cnuxa 3.46). To

JOTIPUHOCH cTabuIn3anuju npoussoaa Ru-ryanus.

[Ru(tpy)(en)(gua)]** [Ru(tpy)(en)(SMe)1**
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[Ru(tpy)(dach)(gua)]** [Ru(tpy)(dach)(SMez)]**

Cnuka 3.46. Hspauynasarbem (B3LYP/LANL2DZp) npeosuhena cmpykmypa
[Ru(tpy)(en)(gua)]**, [Ru(tpy)(en)(SMe2)]**, [Ru(tpy)(dach)(gua)]*" u [Ru(tpy)(dach)(SMe,)]**

VYropehusamem en u dach komruiekca ca bpy komruiekcom, mpousuiasu fa ¢y en u dach
komruiekcu 3a 8 kcal/mol crabunauju on dach komriekca 3axBaspyjyhul BoJOHHYHO] Be3u. Kako
Ou ce mpu u3padyHaBamy y3eo y 003up edekar pactBapada, u3spireHa cy CPCM m3pauyHnaBama
(B3LYP(CPCM)/LANL2DZp/IB3LYP/LANL2DZp). Melhyrum, enepruja (Tabema 3.6.)
n00MjeHa OBUM M3pauyHaBamuMa Mama je 3a 50%, anu je u Jajbe KoOpJHMHalija MPeKo ryaHuHa
jacHo (aBopu3oOBaHa.

Jaspu mperyien npeABUhEHHX CTPYKTypa IMOKasyje Ja je KoopauHamnwja tpy nmuraHaa
BEOMa CIIMYHA Y CBUM HU3padyHaBaHHM CHCTeMuMa. [IMpHIVH KOjU ce Hamasu y cpeauHu tpy
JMraHja KOOPJMHOBAH je 3a PyTeHMjyM Ha pacTojamy on 2,00 A, HesaBucHo on trans-yrumaja
en, dach u bpy nmuranma. OxomHM TUPUAMHM TOKa3yjy BapHjandje y OyXHHH Be3a Ru-N

xommnekca (2,12 A — 2,15 A). Jacan yrtunaj trans-nuranga Moske ce yOUYMTH KOJ TyaHMHA H
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TUMeTUa  Thoerpa. DopmaiHo Spg-XI/I6pI/I,I[I/130BaHe HoN-rpyrie Boge 1mo kpahe Ru-N
([Ru(tpy)(en)(gua)]*": 2,16 A, [Ru(tpy)(dach)(qua)]*: 2,17 A) u Ru-S Bese
([Ru(tpy)(en)(SMe2)]** u [Ru(tpy)(dach)(SMe2)]**: 2,45 A) y ommocy Ha (opmamHO
sp?-xubpunm3oBane npuanHCcKe nperesose bpy murana (Ru-N y [Ru(tpy)(bpy)(gua)]?*: 2,19 A,
Ru-S y [Ru(tpy)(bpy)(SMe,)]**: 2,48 A) (Crika 3.46 u 3.47).

Cnuxka  3.47.  HUspauynasarem (RB3LYP/LANL2DZp)  npeosuhene  cmpyxkmype
[Ru(tpy)(bpy)(gua)]** (zes0) u [Ru(tpy)(bpy)(SMe2)]*" (decno)

3.2.4. NMR ucnutuBama peakuuje koMmimiaexkca 1 u 2 ca a30T-10HOPCKUM OMOMOJIEKYJIHMAa

Peakumja Pz ca xommiexcom la (1:1, 5 mM, pH ~ 50) y ckiagy ca ‘H NMR
pesyiTaTiMa, Bo Ka popmuparsy jeaHor npomssoaa, [Ru(Cl-tpy)(en)(Pz)]* (7) (Crka 3.48).
Wurensurer HoBor cera curnana Cl-tpy m xoopamHoBaHOT PZ pacte criopo ca BpeMEHOM, JIOK
WHTEH3UTET CUTHala KomIuiekca la u cmobomnor Pz omanma. MHTepecanto je na je ayOner

exBuBanienTHUX H3/H5 nporona cioboanor Pz (6 = 7,72 ppm), Koju je MOCTENEHO 3aMCHEH Ca
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JBa AyOJIeTa jeIHAKUX MHTEH3UTETA, 3HAYajHO MOMEPEH Ka BHIeM moJby (6 = 7,40 u 6,77 ppm)
36or 3amrutHOr edekra Cl-tpy nuranma. OBa aBa jayOsera Cy HpHUIKMCaHa HEEKBUBAICHTHUM

nporornma H3p; u H5p, kommekca 7.

+Pz

pH ~5.0
ca.2days
1 la 7
H3'HS' (7) 2days
H6IH6" (7) ™\ [HaH3 7) HAHE" () pgpse 7) H3IHS Pz (7)
e H4 Pz(7)

I " I

UL'L__ALM I

19h

J
T /O Y\ S | bk e

11h

M uw*ﬁk I 1 I i,

4.30h

Mo JLLN\ ﬂuﬁﬂk A . J& e
H3'IH5' (1a) 0.80h

i HS/H5" (1a) H3/H5 Pz
H6/H6" (1a) " #
H3/MH3" (1a) H4/H4" (1a) | / H4 Pz

JL . LJUL_.MLJ , A

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
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Cnuka 3.48. 'H NMR cnekmpu [Ru(Cl-tpy)(671)H20)]2+ xkomnnexca (la) y pazruyumum

8PEMEHCKUM unmepeaniuma Hakor oooamka Pz (1 eq, 5 mM, pH ~ 5,0) na 295 K
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Jlonarak Tz y paBHOTE)HHU pacTBop Komiuiekca 1 (1:1, 5 mM, pH ~ 5,0) y D,O y3pokyje
10jaBy JIBa HOBA C€Ta CUTHAja y 'H NMR cnektpy (Cnuka 3.49). Jenan ceT curHaia, IpUIIKHCaH
npoussoxy [Ru(Cl-tpy)(en)(Tz-N2)]** (8), nojaBibyje ce HakOH caT BpeMeHa H IIOCTEICHO PacTe
ca BpemeHoM. Curran H3/H5 npotona ciodoanor Tz (6 = 8,53 ppm) nocreneHo je 3aMermbeH ca
JIBa CHHIJIETA jEeIHAKMX HWHTeH3uTeTa Ha O = 7,69 m 7,49 ppm, koju Cy NpHUIHCAHU
HeekBuBaieHTHUM mnporonuMa H3t, uw H57; xommuekca 8. Jlpyrm H3t1/H571, curnan
(8 = 7,7 ppm) mupummcan je mupomssoxy [Ru(Cl-tpy)(en)(Tz-N4)]** (9) mokasyjyhu
koopauHanujy npeko N4 aroma 3a pyrenujyMm. CHcTeM HOCTHKE PaBHOTEXKY Iociie 3 1aHa ca

41% npoussoaa 8, 50% npousBoaa 9 u 9% HekoopaUHOBAHOT TZ.

H3' IH5 (9) 3days
H6IH6" (9) ) H3IH3" b H5/H5" (9) H3IF?5T:(9)
| | L |
.,__,,/v’v’\'-‘L__._,_.Jj' UW ’\/\ rU M AV "L—N \'\.Jk L b W s NV W
H3 H5' (8) Sl
HEIHE" (8) Hf"“ gy I(s) H3IH5 Tz(8)
A ’L‘l b f M) A
NS U 'W\Jﬂ M MWV ! e N
14h
A ‘ \
JUAVATA AR |.JJ 1Y) U‘anﬂuﬂbﬂleL " 2 Py N o
8h
__Ma, N U\I k'“k_M__,mL ,lf'fw ’ M ORI, e
4.5h
[l
, (
____,M'V\,\ ALJ Lth JJ"*‘\\.‘ JJM P J\\ .—-\_.,./\n"\._...
H3HS' (1) | e (1a) ) 0.80h
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n L
"Al |
M WA A M P M
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Cruxa 3.49. 'H NMR cnexmpu [Ru(Cl-tpy)(en)H20)1** komnaexca (1a) Y pasiudumum

gpemencKum unmepsaniuma Haxon oooamka Tz (1 eq, 5 mM, pH ~ 5,0) na 295 K
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Ha ocroBy NMR ekcnepumeHTanHo J00MjeHHX pe3yJiTaTa MPOU3WIa3u J1a Y peakiuju
komruiekca 1 ca Tz, Ha moderky peakuuje nonasu no0 (popmupama N2 mpousBoma, koju je
KUHETHYKHA (PaBOPU30BAaHUjH, JOK HAKOH 8§ caTu IMOouYume (OpMHUpPABE TEPMOIUHAUKU

crabmnujer N4 npoussosa (Illema 3.5).

ca. 10 min || - cI

Illema 3.5. Peaxnmonu nyresu [RU(Cl-tpy)(en)CI]* xomnnekca (1) ca Tz y BoseHOM pacTBOpy

Takohe, peaknuja komruiekca 2a ca Pz (1:1, 5 mM, pH ~ 5,0) noBoau HUCKIBYYHBO 10
dopmupama jexsor mpomssoma [Ru(Cl-tpy)(dach)(Pz)]** (14) wro ce moxke BumeTH moMohy
NMR cnekrpockonuje (Cnuka 3.50). PaBHoTeka je mocturmyra mocie 3 maHa ca 82% Pz

KOOP/IMHOBAHOT 32 PYTEHU]yM.
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Cnuka 3.50. 'H NMR cnexmpu [Ru(Cl-tpy)(dach)(H.0)]** komnaexca (2a) y pasnuuumun

gpemenckum unmepsanuma Haxon oooamka Pz (1 eq, 5 mM, pH ~ 5,0) na 295 K

Ca gpyre crpaHe, peakija KOMIUIeKca 2a ca TZ Jaje [Ba NpOM3BOAa: KOMIUIEKC y KOME
je koopmuHaumja octeapeHa mpeko N2 asorosor aroma, [Ru(Cl-tpy)(dach)(Tz-N2)]** (15), u
KOMIUIEKC y KOME je KoopauHauuja ocTBapeHa npeko N4  asoroBor aroma,

[Ru(Cl-tpy)(dach)(Tz-N4)]** (16) (Cxuxa 3.51). PaBHoTexKa je mocturuyta nocne 3 nana ca 42%

TZ KOOpAMHOBAHOT 3a PYTEHH]YM.
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Cnuka 3.51. '"H NMR cnexmpu [Ru(Cl-tpy)(dach)H,0)]*" komnuexca (2a) y paznuuumum

8pemMeHCKUM unmepeaniuma nakor oooamka 1z (1 eq, 5 mM, pH ~ 5,0) na 295 K
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ExcniepumenTanno ao0ujeHH pes3yinraTd mokasyjy ga oba pyrenujym(ll) teprmpuana
KOMILIEKCA pearyjy ca CyMIIOp- M a30T-AOHOPCKUM JHraHauMma najyhui MOHOQYHKIIMOHATHE
npousBojie. Peaknuje komruiekca 1 u 2 ca Tz noBoje 10 Gpopmupama 1Ba HOBa MPOU3BOJA, JOK
peakuuje ca Pz u Tu mo rpahema camo jeaHor mpou3Boaa. Peakiuje npoyyaBaHuX KOMIUIEKCA ca
L-Cys u L-Met noBojae o dhopmupama jeTHOT TJIABHOT MPOU3BOJIa U OKCHUIOBAHUX ITPOU3BOAA
cI000IHUX JIMTAaHa/Aa, Tj. IUCTHHA W METHOHHMH-CyI(okcuaa. VICIUTHBaHU JUTaHIH pearyjy

135 Mama

criopo ca pyrenujym(ll) TeprnupuanH KOMIUIEKCHMMa y OJIHOCY Ha JiepHBaTe T'yaHUHA.
peakTHBHOCT KoMIuiekca 1 u 2 ca oxrosapajyhum cymmnop- u a30T-ZOHOPCKHUM OMOMOJIEKYIINMA,
a BHCOKa peakTHBHOCT ca ryanuHoMm /IHK, mpemnaxy na mpom3Boau ca aMHHO KHCEIMHAMA,
NEeNTUAUMA U MPOTEMHUMA MOTY TOCIYKHTH Kao pe3epBoapy KOMIUIEKCA PYTEHHjyMa M MOTY
noMohu TpaHCHOPT | JomnpeMame KoMIuiekea 1o henuje kanuepa. CaudHa 3anaxama Cy youeHa
1 3a peaKIyje OpraHOMETaTHIX KOMILIEKCA ca aMHHO KUCelMHaMa Koje canapke cymmop (L-Cys
u L-Met) u nepuBatuma 1"yaHI/IHa.52’67'70

JlonaTHu momanu o CTaOWUITHOCTH MPOM3BOAA y KoMme je TZ xoopauHoBaH mpeko N4
a30TOBOT aToMa MOTY c€ JOOMTH Ha OCHOBY KBAaHTHO XEMHJCKMX HM3padyyHaBama Kao IITO je
npukasano y Tadenu 3.6. Y cBum ciyuajesuma, N4 koopaunanmja Tz 3a pyreaujym(ll) jon Bonu
Kka Gopmuparsy crabumHmjer npomnssoa.* OBo je y carmacHoCTH ca H3padyHATHM aQUHHTETOM
npoToHa 3a Tz y racHoj ¢asu. I[Ipotonanuja N4 azoToBor atoma je (haBopu30BaHMja y OJTHOCY Ha
npotoHaijy asotoBor atoma N2. IlporonoBan N2 1474 kcal/mol, mporonoBan N4 160,3
kcal/mol. OBo ce mpunucyje naenektpucamy Ha N2 u N4 aromuma 1,2,4-tpuazona. N4 arom

144

uMa TIpUPOAHO HaenekTpucamwe [RP-charge] -0,57, mox N2 mnoxkasyje 3a 40% Huxe

HaenekTpucame -0,33.

Ta6ena 3.6. JIOT-uzpauyHnate penaTHBHE €HEprHje 3a MOJEN jelumema 1 u 2

noka3yjyhu N2 u N4 koopaunanujy 3a Tz

[Ru(tpy)(en)(Tz-N2)I”*  [Ru(tpy)(en)(Tz-N4)]**

B3LYP 4.6 kcal/mol 0,0 kcal/mol
B3LYP(CPCM) 3,5 kcal/mol 0,0 kcal/mol
[Ru(tpy)(dach)(Tz-N2)]**  [Ru(tpy)(dach)(Tz-N4)]**
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B3LYP 4,5 kcal/mol 0,0 kcal/mol
B3LYP(CPCM) 3,9 kcal/mol 0,0 kcal/mol
B3LYP:
RB3LYP/LANL2DZp + ZPE(B3LYP/LANL2DZp)
B3LYP(CPMC):

B3LYP(CPCM)/LANL2DZp + ZPE(B3LYP/LANL2DZp)//B3LYP/LANL2DZp

3.3. ®akropH Koju yrmuy Ha antunposndeparuBHy axktuBHoct Ru'-[9]aneS3

KOMILIJIEKCA: aAKTUBAIlMOHA KUHCTUKA U HHTepammje ca JjepuBaTuMa ryanHmHa

Alessio je 3ajexno ca CBOjMM capaIHWIMMA IOKa3a0 Ja 3aMEHA 1)°-apeHa JIMraHga Koj
OMOJIOIIKO aKTUBHUX OPraHOMETATHMX KOMIUIEKCa Ca HEYTPAIHUM O6-€JIeKTPOH JOHOPCKUM
,face-capping” nuraHaoMm, WM ca TPU MOHOJCHTATHA JIMraHna Koja Qopmupajy crabuia
fac-Ru(L); pparmenT, Boau ka 100ujamy KOMILICKCA KOjH OpKaBajy 100py MUTOTOKCHYHOCT IN
vitro. Crora, cuHTeTH30BaHa je HoBa cepuja pyrerujym(ll) ,half-sandwich” xomrmuiekca ommire
dopmyse [Ru(fel)(chel)X][Y]n, y KojuMa je apeHa JUrana 3aMemeH HeyTpaaHuM ,,face-capping”
MakpouukianyHuM Jsraiaom  (fcl) kao mro cy 1,4, 7-rputnanukioHoHaH  ([9]aneS3),
1,4,7-tpnazanuxiononan ([9]aneN3), chel je Heyrpanuu win a"joncku xenatHu jaurada (N-N,
Kao mro cy en, dach, bpy umu cyncruryucan bpy, cyncruryucanu tpuazonu; O-O, okcanar,
mainonat, acac; N-O, mukonuHar (pic)), X je Cl wiu dmso-S, a Y je CF3SOs;, PFg wmu Cl
(n 3aBUCH 0]1 HaEeNIEKTPUCaka XeaTa u X).76'80

AnTHNIpoMQepaTHBHa aKTUBHOCT OBHX KOMIUIEKCA HMCIMTHBAaHA j€ TNpeMa XyMaHO]
henujckoj nuHuju kapuuHoma aojke MDA-MB-231. JloOujeHn pe3yiTaTtd Cy MOKa3ald Ja
[Ru([9]aneS3)(en)CI][PFs] u [Ru([9]aneS3)(dach)CI][PFs] xommiekcu mokasyjy in Vitro
wrorokmanocT (ICso = 80 uM (en) u 124 pM (dach)).”

3.3.1. Xemujcko nonamame Ru-[9]aneS3 kommiiekca 1, 2 u 3 y BojieHOM pacTBOpy

Kommexcu [Ru([9]aneS3)(en)CI][PFs] (1) u [Ru([9]aneS3)(pic)Cl] (3) (Ciuka 3.52) y
BOJICHOM PacTBOPY MOJUICKY peraTuBHO Op30 xumponusu Cl” nuranna Ha COOHO)] TeMIiepaTypH

(< 2 wmuayra 3a 1, mw oko 10 wmwmuyra 3a 3) pgajyhm oxaroBapajyhe akBa BpCTe
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[Ru([9]aneS3)(en)(H.0)]* (1la) wu  [Ru([9]aneS3)(pic)(H-0)]" (3a).”  Kommueke
[Ru([9]aneS3)(bpy)CI]" (2) (Ciuka 3.52) xunponusyje cropuje y oaHOCY Ha KomIuiekce 1 u 3 u
y 3HaTHO Mamoj Mepu. PaBHorexa wusmely wommiekca 2 (30%) wu akBa BpcTe
[Ru([9]aneS3)(bpy)(H20)]*, 2a (70%), moctuxke ce y Toky 30 MHHYTA.

Wutepakimje komimiekca 1, 2 u 3 ca aepuBaruma ryanunna (9MeG, Guo i 5-GMP) cy
mocMaTpaHe J10JaBambeM OAroBapajyher JMraHaa y paBHOTEKHH pacTBOp Komiuiekca (2 min,

10 min 1 30 min HaKOH pacTBaparma KoMIuiekca 1, 2 u 3).

. S H, i S
’:s,,,, | N s,, \\N 3 ~S,, | \O-—_-0
‘Ru. J L L ‘Ru.
cl H2 R Cl (A
5 5
1 2 3
o) o) o)

4 ) 4
I%l NH, HoH l?\)l NH, 3 HoH N NH,
1 (@]
HI3 2| H H I3 2| H
OH OH OH OH
9-MeG Guo 5'-GMP

Cnuka 3.52. Cmpyxmypue gpopmyne ucnumu8aHux KOMniIeKca u 1ueanaod

3.3.2. NMR ucnuruBama

PeaktuBHOCT KoMIuiekca 1, 2 i 3 ca Tpu jepuBaTa ryaHuHa je ucnuTHBaHa momohy 'H u

3P NMR cnektpockonuje y D,O na 298 K.

[Ru([9]aneS3)(en)CI][PFs] (1). '"H NMR crekrap xommiekca 1 He mokasyje Opse
npomeHe HakoH goaaBarba 9IMeG (1 eq, 4 mM, pH = 7,60) (Cnuka 3.53). HoB cer H8 u CHjs
curnana (6 = 8,22 u 3,67 ppm), moMepeH je Ka HIKEM IM0JbY Y OAHOCY Ha CHTHAJE CI000IHOT

9MeG (6 = 7,74 u 3,65 ppm). OBo nmomepame H8 mpoToHa kKa BUIIMM BPEITHOCTHMA XEMH)CKOT
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roMepama, Koje je TunmuaHo 3a N7 Be3uBame MypUHCKHUX 0a3a 3a joHe meraa, #14 yKazyje na

ce pyreaujym(ll) Besyje 3a N7 arom 9MeG. Hose pesonaniie cy HpHIIKMCAHE IPOM3BOLY
[Ru([9]aneS3)(en)(9MeG-N7)]** (4). PaBrotexa je mocrurnyra Hakon 30 caru, y ogHocy 5:1

n3mely mpoussona 4 u ciodogHor IMeG.

A 7* A TZ* @S\HZ"‘S s

Ru—~=N
LS/, \\N S/, \\N + 9MeG i/s/ \ H2 o
ol ) = [\ omil J - \
S N < 1m/n S N ca. 1d 8</7 | )N\H
—
N
1 1a ) N NH,

CH; (4)

HB (4) \‘

I 1 f\JIL s AUMWWJW

| 1h
) 1 - L JMUMWL
Cc
k 10 min
—JL M f\_,-J J MMM“\
b CHs (9MeG)
H8 (9MeG) 2 i
\ N A | /L JJM J\\
: | CHzen (1a)
| ~CH2 [9laneS3 (1a)
| |
. '|NH en (1a) NH en (1a) T
[Ru([9]ane S$3)(en)CI] L B - N | '\Jlilll A ""'[au'“'.\" m,\
83 so 17 74 48 43 40 37 34 31 28 25 22

1 (ppm)
Cnuka 3.53. 'H NMR cnexmap [Ru([9]aneS3)(en)Cl]" komnaexca (1, 4 mM) 5 munyma naxon
pacmsaparea y D0 (a) u y pasmuyumum 8pemeHcKuM unmepsaiuma (b-e) Hakow 0oodasarba

IMeG (leq, pH = 7,60, 298 K)
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Peakmuja Guo ca xommiekcom 1 (1:1, 4 mM, pH = 7,63) y D,O Bonu xa ¢gopmMupamy
camo jegHor mpomssoga [Ru([9]aneS3)(en)(Guo-N7)]*" (5) mro ce MoXe BHUIETH Ha OCHOBY
HoBor cera curHana y NMR cnekrpy (Cnuka 3.54). HakoH 3 naHa MOCTUTHYTA je paBHOTEXA y

onHocy 9:1 uzmehy xomruiekca 5 u cno6onuor Guo.

H8 (5)

H1' (5) 3d

J j J.,L | (ONE L\ M

J J[ h _J'l “L/\J\_J'\_W!N-_A_A__\_,JM MM

2 h 20 min

1. ‘ A e g Mo U * e

HB (Guo) (
’ H1' (Guo)

‘ M 2 min
| w

y —T T T
86 84 82 80 78 6.2 6.0 5.8 50 48 ‘}16( 4")# 42 40 38 36 34 32 30 28 26 24 22 2.0
ppm

Cnuxa 3.54. '"H NMR cnexmpu 3a peaxyujy [Ru([9]aneS3)(en)Cl]" komnuexca (1) u Guo (1:1,
4 mM, D;0, pH 7,63, 298 K) y pasnuuumum 8pemeHcKum UHmepeaiuma
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Peaxkija 5-GMP ca komruiekcom 1 (1:1, 10 mM, pH = 7,60) y D,0 je npahena momohy
"H u *'P NMR crekrpockomnuje y Toky jente Hepesse (Cimka 3.55). Y 0BOM cirydajy, 101aBambe
5'-GMP y paBHOTe)HH pacTBOp 1 M3a3uBa mojaBy /1Ba HOBa curHana H8 mporona. Jeman curHan
(6 = 8,15 ppm), momepeH ka BHUIIEM IMOJbY y OaHOCY Ha cioboman 5-GMP (6 = 8,20 ppm),
M0jaBHO C€ 0JIMaxX HAKOH Melllama aJlid j¢ HeCTao HaKoH caT BpemeHa. OBa mojaBa curHana H8
IIPOTOHA HA HUKO]j BPEAHOCTH XEMHjCKOI ITOMEpama yKasyje Ha koopauHanujy pyreaujyma(ll)

52,147 . .
WuTensuter apyror H8 curnana, koju je 3Ha4ajHO

3a KHCEOHHMKOB aToM (ocdaTHe rpyme.
MOMEpeH Ka HWXKeM ToJby (6 = 8,66 ppm), MOCTENEHO pacTe ca BPEeMEHOM. AHAIIOTHE
CIEKTpaliHe TpoMeHe cy noOujeHe, Takohe, u y obmactu HI1' mpotona (6 = 5,92 ppm 3a
cnobonan 5'-GMP), rie ce mojaBibyjy nBa HOBa 1y0OjeTa oAMax HAaKOH Memlama. JemaH Ayoner
Ha O = 5,91 ppm je y moderky OMO WHTEH3WBHHjH, M j¢ HECTA0 HAKOH CaT BPEMEHa, JIOK
WHTEH3UTET Apyror ayosera (6 = 5,95 ppm) mocreneHo pacTe ca BpeMeHOM. 3a Mame o1 24 cara
HOCTUTHYTA je paBHOTEXka, pu uemy je 86% 5'-GMP Besano 3a pyrenujym(ll).

¥p NMR CIIEKTap je y carflacHOCTH ca 'H NMR pesynratuma (Cnuka 3.55). Jenan HOB,
WHTEH3WBaH MUK, KOJU je 3HA4YajHO MOMEpPEeH Ka HWkeM mospy (6 = 9,92 ppm), y ogHocy Ha
cio6oman 5'-GMP (6 = 3,63 ppm), mojaBruo ce 0JIMax HAKOH MEIIamka, a 3aTUM HECTa0 y TOKY caT
BpeMeHa. IHTEH3UTeT APYror CHrHaia, Koju je ¢iabo moMepeH Ka HuxkeM mossy (6 = 3,80 ppm),
nocreneHo pacte ca BpemMeHoM. OBu NMR excnepumeHTanHuM pe3yaTaTd Cyrepuily Ja ce
peaknuja komruiekca 1 ca 5-GMP oxsuja mpeko dhopmupama WHTEpMEIUjepa, MPOU3BO ca
5-GMP Bezanum npeko kuceonukosor aroma [Ru([9]aneS3)(en)(5'-GMP-0O(PO3))] (6a), 1ok Ha
Kpajy Jdona3su 10 Qopmupama ¢GuHanmHor mpousBoga ca N7 Besanum  5'-GMP
[Ru([9]aneS3)(en)(5'-GMP-N7)] (6b).
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Cnuka 3.55. 'H NMR (neso) u *'P NMR (decno) cnexmpanne npomene mokom peaxyuje
[Ru([9]aneS3)(en)Cl]" komnaexca (1) ca 5-GMP (1:1, 10 mM, pH 7,60, 298 K) y D,O npu
PAsIuNuUmumM  8peMeHckum  uumepeanuma; 6a = [Ru([9]aneS3)(en)(5'-GMP-O(PO3))],
6b = [Ru([9]aneS3)(en)(5-GMP-N7)]

Pangu moTBpae uaeHTUTETa HHTEPMEINjEepa U MMPOM3BO/Ia, UCTA PEaKIIHja je N3BEJCHA IIPH
Huckoj pH Bpennoctu (PH = 3,30) Ha kojoj cy ¢ocdarna rpyna u N1 arom nmpoToHOBaHH
(pKa = 6,3 u 9,5), nok je N7 aTom JeIPOTOHOBAH | JIOCTYIIaH 32 KoopauHoBame (pKa = 2,4).148
Ipu oBuM yemosuma, "H NMR crekrap (Ciuka 3.56) mokasyje criopo GopMHUpare camMo jeHe
BpCTe, IITO Ce MOXKE BHJIETH Ha ocHOBY curHaia H8 n H1' mporona (6 = 8,56 u 5,98 ppm), koju
Cy MOMepeHH Ka HIKEM I0JbY Y OAHOCY Ha ciobonan 5'-GMP. OBu curHanu cy mpuIucaHH

nponseozy [Ru([9]aneS3)(en)(5-GMP-N7)] (6b). Mcro ce Moxe younts n mpumerom >-P NMR

criektpockonuje (Cruka 3.57).
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Cnuxa 3.56. 'H NMR cnekmpu 3a peaxyujy [Ru([9]aneS3)(en)Cl]" xomnnexca (1) u 5'-GMP
(1:1, 10 mM, D,0, pH 3,30, 298 K) y pasnuuumum 8pemeHCKUM UHMEPBATUMA
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(6b)

1 week

40 min

15 min

5 min

5'-GMP

Cnuka 3.57. 3'P NMR cnexmpu 3a peaxyujy [Ru([9]aneS3)(en)Cl]" xomnaexca (1) u 5'-GMP
(1:1, 10 mM, DO, pH 3,30, 298 K) y paznuuumum 8pemeHCKUM UHmMepeaiuma

Ha ocuoBy no6ujerux NMR pesynrara, peakinuja komrmiekca 1 ca 5-GMP moxe ce
npencrasutu nomohy Ileme 3.6. 5'-GMP ce xoopaunyje 3a 1a mpeko docharHe Tpyme y nmpBux
HEKOJIMKO MHHYTA, a 3aTUM npeko N7 aToMa y TOKy HEKOJIHMKO caTH. 3a BpeMe peakluje A01a3u
1o xomrutetHe murpanuje pyrenujym(ll) ¢pparmenra ca pocdarne rpyne va N7 arom. Cianyna
3amaxkama €y ~ MyOJMKOBaHa M 3a  peakiije  OpraHOMEeTallHUX  KOMIUIeKca

[Ru(n®-arene)(en)CI][PFg] ca 5'-GMP.%
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Illema 3.6. MnTepakuuja [Ru([9]aneS3)(en)C1]" xommuexca (1) ca 5'-GMP y BoseHOM pacTBOpy

[Ru([9]aneS3)(bpy)CI][PFs] (2). MHomasame 9MeG y paBHOTEXHH pPacTBOP
[Ru([9]aneS3)(bpy)CI]" (2) (1:1, 4 mM, pH = 7,88) y D,0 y3pokyje criope npomere y *H NMR
cnektpy (Cimuka 3.58). HoB cer curHama koju motude oj bpy u koopmuHoBanor 9MeG
npuncat je npoussoxy [Ru([9]aneS3)(bpy)(9MeG-N7)]** (7). PaBHoTexka je MOCTHIHYTA HOCIE
17 caru, npu yemy je, HHTErpajbeeM criekrapa, Haljeno ma je 55% pyrenujyma(ll) Besano 3a
9MeG (7).

Takohe, peakumja kommiekca 2 ca Guo (1:1, 4 mM, pH = 7,74) nosoau n0 dpopmupama
JeIHOT MPOU3BOJIa [Ru([9]aneS3)(bpy)(Guo-N7)]** (8) (Cimka 3.59). HakoH Melarma, HOB ceT
CUTHAJIa KOjJU TpUIa/a MPOU3BOLY 8 MOCTENEHO 3aMebyje CUTHAIE KOjU MOTUYY Of CI000IHOT
Guo u 2a. Kao mro je ouekuBaHo, H8 curnain je momepeH ka HuxeM mosby (6 = 8,25 ppm), a H1'
CUTHAJ Ka BHIIEM ToJby (0 = 5,77 ppm) y oxHOCy Ha curHan ciodogHor Guo (6 = 7,99 u
5,90 ppm). BaxxHO je HarmOMEHYTH Jia je CBaKM CHUTHAJ KOjU MMOTHYe o1 DPY pas3nBojeH Ha JBa
CHTHaJa jeJHAKMX WHTEH3UTETa, KOjU Cy JeIMMHYHO MpPEKJIOIUbeHH, ocuMm 3a H6/HGE'.
CrepeoreHn 1eHTPH Ha KoopauHOBaHOM GUO y3poOKyjy TyOWTaK paBHU CHMETpHjE KOjy UMHE

CKBUBAJICHTHH MUPUAWICKA MPCTEHOBH bPYy y xomruiekcy 2. PaBHOTeka ce MOCTHXKE IMOCIe
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jennor naHa mpu yemy je 40% Guo Beszano 3a pyrenujym(ll) (8), nox je y pacrBopy ocraio 51%

akBa BpcTe 2a u 9% xomruiekca 2.
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Cnuxa 3.58. *H NMR cnexmap [Ru([9]aneS3)(bpy)CI]™ komnrexca (2, 4 mM) 30 yunyma naxon
pacmsaparwa y D,O (), u naxon oooasarwa IMeG (leq, pH 7,88, 298 K) y pazmuuumum

gpemenckum unmepsaiuma (6-2)
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Cnuxa 3.59. "H NMR cnexmpu [Ru([9]aneS3)(bpy)Cl] “komnaexca (2, 4 mM) 30 yunyma naxon

pacmsapara u GUO (1:1, pH 7.74, 298 K) y pazruuumum epemenckum unmepeanuma
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CymnpotHo oHome mmTO je mpumeheHo koj komruiekca 1, peakiuja Komruiekca 2 ca
5-GMP (1:1, 10 mM, pH = 7,65) moBoau 10 ¢GopMmupama caMO jeIHOI MPOU3BOAA, KOjH je
nnentuduxosan momohy *H i *'P NMR crexrpockonuje (Cimka 3.60 1 3.61). To je npoussox y
KOMe ce KoopauHaiuja octBapyje mpeko N7 atoma, [Ru([9]aneS3)(bpy)(5'-GMP-N7)] (9).

VY 0BOM cily4ajy, HHje JETCKTOBaH MPOM3BOA y KoMe ce KoopauHaiuja pyrenujyma(ll)
Bpuu nipeko O atroma u3 docdarne rpyne 5'-GMP. Peaknuja je penatuBHo Op3a mTO yKasyje
Op3a 1mojaBa HOBUX CHUTHAJIa OJIMaX HaKOH Memama. CHUCTEM MOCTUKE PAaBHOTEKY HAKOH jEIHOT
nana ca 30% 5'-GMP koopmunoBanor 3a pyrenujym(ll). Heyobuuajua nomepama H8 u H1'
npoToHa y npousBoay 9 ka BurieM nosby (6 = 8,07 u 5,69 ppm), mpoy3pokoBaHa Cy 3allITUTHUM
yTUI[ajeM apoOMaTHYHUX NPCTEHOBAa DpPy, MmTO je 3amakeHO H KO OpraHOMETATHHX
xomrurekca.'*® J[Ba mupumnicka mperena bpy HECy eKBHBANEHTHA, HAKO Cy CaMO TPHILICTH
H5/H5' nporona jacHo pasneojern (Cimka 3.60). **P NMR crexrpockommja je y ckmany ca *H
NMR pesynratuma: neTEeKTOBaH je caMO jeJaH HOB DMK, TOMEpPEH Ka HHUXKEM IO0JbYy

(6= 3,81 ppm) y omgHocy Ha nuk cioboauor 5-GMP (6 = 3,58 ppm).
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Cnuka 3.60. 'H NMR cnexmpu  [Ru([9]aneS3)(bpy)Cl]" xomnnexca (2, 10 mun Haxou
pacmsapara) u 5'-GMP (1:1, 10 mM, D,O, pH = 7,65, 298 K) y pazmuvumum épemencKum

unmepeaiuma
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Cnuxa 3.61. *'P NMR cnexmpu [Ru([9]aneS3)(bpy)Cl] " komnnexca (2) u 5'-GMP (1:1, 10 mM,

D0, pH = 7,65, 298 K) y paznuuumum 8pemerHcKum uHmepeaiuma

[Ru([9]aneS3)(pic)Cl] (3). Peaknuja xomriekca 3 ca IMeG (1:1, 4 mM, pH = 7,73) je
npahena nomohy ‘H NMR crexrpockormje y Toky 3 mana (Ciuka 3.62). VIHTEH3HTET HOBHX
CHUTHaJla pacTe mnocreneHo ca BpemeHoM. CurHan H8 mporoHa je momepeH Ka BHIINM
BpeHOCTHMA XeMHjcKor nomepama (6 = 8,01 ppm), nok je cunrier CH; nmpoToHa moMepeH ka
HIKUM BpeaHocTuMa (6 = 3,63 ppm), y oaHocy Ha ciobogan IMeG. PaBHoTeka je MOCTUTHYTA
y Toky 5 catu ca 78% 9MeG Be3zanor 3a pyrerujym(l1).

Peakmuja xomruiekca 3 ca Guo (1:1, 4 mM, pH = 7,70) unaaykyje crope nmpoMeHe y H
NMR coexktpy. Moxke ce yOYHUTH HOB CE€T CHUTHAlla, KOJU je TPHUIHCAH TMPOU3BOAY
[Ru([9]aneS3)(pic)(Guo-N7)]" (11) (Cnmka 3.63). Hexn curranu xoopamHoBaHOT GUO Cy jacHO
pa3/IBOjEHH Ha JIBa CUTHAJa jeTHaKuX WHTeH3uTeTa. /[Ba cuuriera Ha 0 =8,30 u 8,28 ppm, xoja
notudy oa H8 mporona, cy moMepeHa ka BUIIMM BPEIHOCTHMA XEMHjCKOT ITOMEpama y OAHOCY
Ha crno0onaH nuradj. Y npousBoay 11 pyTeHujyMoB aToM je cTepeorenu neHrap (3 je pauemcka
cMema Koja caapXH jeJHaKe KOJIMYHMHE [[Ba CHAaHTHOMEpa), TaKO Ja Ce OBH CUTHAIH MOTY
MIPUIACATH JIBEMa jeJTHAaKUM KoyimunHama mujactepenzomepa (Crouka 3.64). Ilocne 24 cara,

CHCTEM IOCTHKE paBHOTEXY Yy ofHocy 2:1 u3melhy 11 u 3a.
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Cnuka 3.62. 'H NMR cnexmpu [Ru([9]aneS3)(pic)Cl] xomnnexca (3) y D,O 10 mun Haxou
pacmsaparea (a), u Hakon dodasarwa IMeG (1:1, 4 mM, pH = 7,73, 298 K) y pazruuumum

8peMeHCKUM unmepeaniuma (6-e)

-141 -



Peszynmamu u ouckycuja pesyimama

S 4 S
LS// ’ \\\\O O -CI_ —_S/’// | ‘\\\O O +Gu0

Ru — ‘Ru ——
B ol o
7 | NTS® ca. 10min s” | NT=3 ca. 5h

C A HO A GHa

5 5
3 3a
HE (11
!_( )H‘”"") H1' (11) CHz [9]anes3 (11)
| H3 (1) _

HE (11) . 1 day

1 Mmua: _L D w._J_MMw_

B S TUT S .. W

‘ 10 min
«_L mdﬂm ’x J A L
H3 (3a) H3(3) CH;z [9]aneS3 (3)
HE (3a) Ha(3a) HAR) o o) CH, [QaneSSISa
H8(Guo)
/ H5(3 3 min
HG (3) e G“‘”j ! JJ\

9.4 9.0 8.6 8.2 7.8 7.4 5.8 4 6 4.2 3.8 3.4 3.0 2.6 2.2

f1 (ppm)

Cnuka 3.63. 'H NMR cnexmpu 3a peaxyujy [Ru([9]aneS3)(pic)Cl] komnuexca (3, 10 mun naxon
pacmsaparwa) u Guo (1:1, 4 mM, D,O, pH 7,70, 298 K) y paziuuumum 6pemeHCKum

uUHmepeaiuma
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Cnuxa 3.64. Illemamcku npuxas 06a oujacmepeouzomepa [Ru([9]aneS3)(pic)(Guo-N7)]" (11) u
[Ru([9]aneS3)(pic)(5'-GMP-N7)] (12). 3se30uye osnauasajy cmepeozene yenmpe

HcnutrBana je u peakiuja komruiekca 3 ca 5'-GMP (1:1, 10 mM, pH = 7,95) nomohy H
u 3P NMR cnektpockonuje (Crnuka 3.65 u 3.66). AHanTU30M CIieKTapa MOKe Ce MPHUMETHUTH,
takole, mojasa nBa aujacrepeonsomepa [Ru([9]aneS3)(pic)(5'-GMP-N7)] (12, Cnuka 3.64). /Isa
HOBa cuHriera H8 mpoToHa jeqHaKMX MHTEH3UTETA Cy JaCHO pa3ziBojeHa Ha & = 8,21 u 8,18 ppm,
IOK cy octaine pe3oHanie 5-GMP u pic genumuyHO mpekiomsbeHe. Peakiuja je mocra Opxa y
onHocy Ha peakuuje ca IMeG u Guo. PaBHOTeka je MOCTUrHyTa HakoH jeaHor cara ca 65%
npousBosaa 12. vV 1P NMR CIEKTPY MOTY C€ BUAECTH ABa ACIMMHYHO IPEKIOIUbEHA CUHIJIETA,
KOja Cy NOMEpeHa Ka BHIIMM BPEJHOCTHMA XeMHjcKor momepama (6 = 3,80 u 3,79 ppm), y
onHocy Ha cinoboman 5-GMP, & = 3,71 ppm, (Cnuka 3.66). OBu curHaiu mOTUYY OF JBa
aujactepeon3oMepa Komiuiekca 12. Pe3oHaHie koje yka3yjy Ha Be3uBame mpeko O aroma
docdaTtHe rpyre HUCY NETEKTOBaHE, YaK HA OJIMaX HAKOH MeEIIamkba.

NMR ekcriepuMeHTaIHM pe3yaTaTH MOKasyjy nga cBa Tpu RuU-[9]aneS3 komrutekca
pearyjy ca JepuBaTuMa I'yaHMHa Jajyhu MOHO(YHKIIMOHAHE Tpou3Boje. bp3una peakuuje 3a
CBaKM KoMmIuiekc pacte y cieaehem Huzy: 5-GMP >> Guo > 9MeG. Jlurana 5'-GMP ce
KOOp/nHYje 3a KoMIutekce 1, 2 u 3 Opike 01 OCTaIuX JUraHaa 300T HETaTHBHOT HAelIEKTPHUCAha.
[Topen Tora, 3a cBa Tpu KOMIUJIEKca Op3MHA peakIije ca IepuBaTUMa ryaHrnHa pacTe y cienehem
Husy: 3 (pic) > 2 (bpy) > 1 (en). Tako nma, koMIUieKC 1, ynpkKoc ToMe IITO Op30 XHIPONHU3Yje,
Hajcriopuje pearyje. To yka3yje na Op3uHa peakiuje He 3aBucu o Op3uHe cyncrurynmje Cl

nuranzaa, Beh ox Op3une popmupama RU-N7 Bese.
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Cnuka 3.65. 'H NMR cnexmpu 3a peaxyujy [Ru([9]aneS3)(pic)Cl] komnnexca (3, 10 mun naxon
pacmsaparea) u 5-GMP (1:1, 10 mM, D0, pH = 7,95, 298 K) npu paznuyumum epemencKum

uHmepeaiuma
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Cnuxa 3.66. *'P NMR cnexmpu 3a peaxyujy [Ru([9]aneS3)(pic)Cl] xomnnexca (3) u 5'-GMP
(1:1, 10 mM, D,O, pH 7,95, 298 K) npu pasnuuumum 8pemeHcKUM UHmMep8aiuma

3.3.3. Penarencka cTpyKTypHa aHAJIM3a

Crpykrype [Ru([9]aneS3)(en)CI][PFs] (1) u [Ru([9]aneS3)(pic)Cl] (3) xommekca cy
onpehene momohy X-ray nudpakimoHux HCITUTHBAA. Morekyiicka CTpyKTypa KOMILIeKca 2 y
o6miky Cl (2-C1)™° 1 CF3S03 (2-OTf)"® conu je pannje onmcana. Y TOKy HALIMX HCTIATHBAA,
NOOMjeHN Cy KpHCTalnu KoMmIuliekca 2 y o0iauky PFg comu, morogHu 3a peHAreHCKy CTPYKTYpHY
ananu3y. theroBa mMosekyicka cTpykrypa npukaszana je Ha Crnunum 3.67. Pyrenujym(ll) jon numa
OUYCKMBAHY OKTaeHapCKy T€OMETpHjy, NP HYeMy Cy IyKuHe Be3a RU-nmurann mpuOIMKHO
jenHake myxuHama koje cy nponahene y apepuBatuma 2-Cl u 2-OTf. PaBan y kojoj ce Hanasu
bpy nurann je Omaro HarHyra Ka XJOpHIO JIMTaHay, ycielq T-T WHTepakuuja m3mehy bpy
JMraHaza CHMETPUYHO TOBe3aHuX Komiuiekca y pemetku (Cruka 3.68).

Kyt KpPHUCTAJH [Ru([9]aneS3)(en)(9MeG-NT7)][PF¢]2 4) "
[Ru([9]aneS3)(pic)(9MeG-N7)][PFs] (10) komrmuiekca TOTOJHH 3a PEHITCHCKY CTPYKTYPHY
aHanM3y, JOOMjeHH Cy M3 pacTBopa peakmuje komruiekca 1 m 3 ca 9MeG, HakoH noaaBama
Benukor Bumka NH4PFg. Monekyncke cTpykrype koje cy mpukazane Ha Crnukama 3.69 u 3.70
MoKa3yjy na y cBakoMm komiuiekcy pyrenujym(ll) jon uma usayxeHy okraenapcKy reomMerpujy,

10k ce IMeG koopauuyje 3a pyrernjym(l1) jor mpexo N7 aroma asora.™
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\(1016

Cnuka 3.67. Monexyncka cmpykxmypa (ORTEP view, emuncouou ca 30% cmenenom
seposamnohe) 3a kamjon xomniexca [Ru([9]aneS3)(bpy)CI][PFs] (2). H3abpane oyscune sesa
(A) u yenosu (°): Ru-N(1) 2,103(3), Ru-N(2) 2,093(3), Ru-S(1) 2,2965(9), Ru-S(2) 2,3027(9),
Ru-S(3) 2,2830(9), Ru-Cl 2,4338(9); N(1)-Ru-N(2) 77,68(11), N(1)-Ru-Cl 86,51(8),
N(1)-Ru-S(1) 172,67(8), N(1)-Ru-S(2) 97,11(8), N(1)-Ru-S(3) 97,87(8), N(2)-Ru—Cl 87,17(8),
N(2)-Ru-S(1) 97,77(8), N(2)-Ru-S(2) 174,65(8), N(2)-Ru-S(3) 93,35(8), S(1)-Ru-S(2)
87,29(3), S(1)-Ru-S(3) 88,07(3), S(2)-Ru-S(3) 88,52(4), S(1)-Ru-Cl 87,54(3), S(2)-Ru-Cl
91,34(4), S(3)-Ru—-CI 175,61(3)

Chuka 3.68. [[enmpocumempuunu pacnopeo y Kpucmaty Komniexca 2
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Cnuka 3.69. Monexyacka cmpykmypa (ORTEP view, eauncouou ca 50% cmenenom

seposamuohe) 3a kamjon komniexca [Ru([9]aneS3)(en)(9IMeG-N7)] [PFs] > (4)

N2

C19 20

Cnuka 3.70. Monexyicka cmpykmypa (ORTEP view, enuncouou ca 40% cmenenom

seposamuohe) 3a kamjon xomnaexca [Ru([9]aneS3)(pic)(9MeG-N7)] [PFs] (10)
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Onrosapajyhe myxuHe Be3a u yriioBu u3Mmely Besa y kommuiekcuma 4 u 10 npukaszanu cy

y Tabenu 3.7.

Tabena 3.7. [lyxune Besa (A) u yrnosu usmel)y sesa (°) y kommaekcuma 4 u 10

4 (X=NG)) | 10 (X=0(2))
Ru-N(7) 2,1549(16) 2,164(5)
Ru-S(1) 2,2934(5) 2,2984(16)
Ru-S(2) 2,2993(5) 2,2760(17)
Ru-S(3) 2,2852(5) 2,2765(17)
Ru-N(4) 2,1422(17) 2,104(5)
Ru-X 2,1609(17) 2,132(4)
N(7)-Ru-S(1) 90,48(5) 88,02(14)
N(7)-Ru-S(2) 92,58(3) 92,83(15)
N(7)-Ru-S(3) 178,54(5) 176,11(14)
N(7)-Ru-N(4) 88,97(6) 93,1(2)
N(4)—Ru-S(1) 176,26(5) 172,10(16)
N(4)-Ru-S(2) 95,66(5) 99,47(16)
N(4)-Ru-S(3) 91,72(3) 90,27(15)
S(1)-Ru-S(2) 88,065(18) 88,28(6)
S(1)-Ru-S(3) 88,753(19) 88,38(6)
S(2)-Ru-S(3) 88,636(19) 88,55(6)
N(4)-Ru—X 80,28(7) 78,48(19)
N(7)-Ru—X 87,15(6) 89,16(19)
S(1)-Ru-X 96,00(3) 93,73(12)
S(2)Ru-X 175,93(5) 177,22(12)
S(3)-Ru—X 91,69(5) 89,58(13)

Bpennoctu ayxune Be3a RU-N(7) cy yobuuajue m msnoce 2,1549(16) u 2,164(5) A.
OpjeHTanyja TyaHHHa y OJAHOCY Ha €KBAaTOpHjaJIHy paBaH je ciauyHa y Komiuiekcuma 4 u 10.
Kommieke 4 je gogaTtHO CTaOMIIM30BaH MOMONY MHTpaMOJIEKYJICKe BOJOHMYHE Bese H3Mmely
KkapOoHUIHOT KuceoHHKoBor atoma 9MeG u NH rpyme en, npu uemy N(4)---Ol pacrojame
m3HocH 2,865 A, a yrao Bese N(4)-H---Ol usnocu 159,16° (Cnuxa 3.69). McTu a30TOB atom
ydecTByje y rpahemy BOJOHMYHE Be3e ca MoiieKyinma KpuctaiHe Boje (Cnuka 3.71). Osa

(en)N-H:--O(ryanun) nnrepakiuja je npumehena y [(n°-apena)Ru(en)(9EtG-N7)]*" kommiekcy
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on crpane Sadler-a u meropux calpatI[HI/n(a.52 [Ipemoxeno je ma To Oyme KJbydHa ocoOMHA 3a
cenekTuBHO BesuBame pyreHujym(ll) apena komruiekca 3a JIHK, a camum TiM u 3a

AHTUTYMOPCKY aKTHUBHOCT.

Cnuka 3.71. Kpucmanno naxogarwe y komnuekcy [Ru([9]aneS3)(en)(9MeG-N7)][PFs], (4):
MONEKYIU KPUCIATHE 800€e N0Be3Yjy MemaiHe KOMNieKce 6000HUYHOM 8e30M popmupajyhu 1D

nanay oy b-oce

Cnuka 3.72. Kpucmanno naxosarwe y xomnaexcy [Ru([9]aneS3)(pic)(9MeG-N7)][PFs] (10)

nokasyjyhu nanay uzepahen uHMepmMoneKyICKOM 6000HUYHOM 8€30M OYIHC a-0ce

VY xomrmutekcy 10 ryanmnH Gopmupa auxeaparau yrao ox 74,7(1)° ca exBaTopujaTHOM
S1/S2/N4/O4 cpenmwom paBHH, ocrenyjyhu popmupame HHTEPMOJICKYJICKE BOJOHHYHE Be3e. Y
crBapu, N(1)H u N(2)H; rpyne ryanuna ¢gopmupajy nap BoJOHHYHUX Be3a ca KapOOKCHIATHOM
TPYNIOM THKOJIMHA CHMETPUYHO TIOBE3aHMX KOMIUIeKca, cTBapajyhm 1D nanar nyx a-oce

(Cmuka 3.72). T'yanun je jemmna JIHK 6a3za koja mma moryhHocT (opmupama OBE JBe
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BOJIOHWYHE Be3e ca KapOokcunmaTHUM Tpynama. Ocrane 6a3e HeMajy JBE TOHOPCKE Ipyme y

. 152
MIPaBHJIHOM TOJI0XKajy.

3.3.4. UV-ViSs KHHeTHYKA HCIIHTHBAaKkA PeaKluje XHuIApoin3e H aHALHje

Kunerrka peakuyje XMapoiiM3e M aHaiuje komiviekca 2 u 3 je mcnuruBana UV-Vis
CHeKTpoOTOMETPUjCKU. XUAPOIU3a KOMIUIEKca 1 HUje uCMTHBaHa, jep ce JeliaBa Beoma 0p30,
y TOKY 2 MHHYTa ce ycmocTaBjba paBHOTexka. [locme 30 MuHyTa O pacTBapama KOMILIEKCa,
UV-Vis criektpu KoMIuiekca 2 ¥ 3 Yy BOJACHOM PacTBOPY MOKa3yjy Majie, ajld jaCHO MEpJbUBE
poOMeHe arcopOaHIle pacTBopa ca BpeMeHoM y obOmactu ox 200 mo 550 nm. IlpucycrtBo
M300€CTHYKUX TavyaKa yKa3zyje Ha OJMIPaBamke XUAPOIUTHYKOT TPOIECa Y jEAHOM CTYIY,
3ampaBo Mpesia3ak MOJTa3HOT XJOPHIO KOMIUIEKCa y onroBapajyhm akBa komruiekc. TamacHa
Iy)KWHA Ha K0joj je Hajeha mpomeHa y amcopOuuju pacTBopa ca BPEMEHOM je m3albpaHa 3a
KAHETHYKA UCTIUTHBama (446 Nm 3a komiuieke 2 u 466 nm 3a komiutekc 3). Peaknuje xuaponuse
cy uctiutuBade Ha 298 Ky 0,1 M NaClO,. [lobujera npomeHa ancopOaniie je mokasaia Hajoosbe
clarame Kaja je mocMarpaHa Kao eKcrnoHeHIMjajiHa (yHkuuja npeor pema (Cmuka 3.73).
JloOujeHe BpeJHOCTH KOHCTaHTe Op3uHE peakirje Xuaponause, Kyoo, npukasane cy y Tabenu 3.8.
Kowmmuieke (bpy) 2 xuaponusyje oko 5 myra cniopuje y ognocy Ha komiuieke 3 (pic). Koncranre
Op3uHe peakiuje xuaponuse oapehene cy u y unctoj H,O (Tabena 3.8). [Ipema Breonsted-oBoj
] e/[HAYMHH > KOHCTAaHTa Op3uHEe peakirje XUIPOoIN3e He 3aBUCH O] JOHCKE jaunHe Kaja je OapeM
jenan onx peakranata Heytpanad (1j. H,O). BaxxHo je HamoMeHyTH Ja Cy KOHCTaHTE Op3uHe
peaxiyje XUAPOIN3e aHTUTYMOPCKOT KOMIUIekca muciuiatuHe (6,32 x 10° 1 2,5 x 10° s 3a
NpBM M APYTH XJIOPHIO JHMranm)’’ Huwke 3a [Ba pela BENMYMHE Y OAHOCY Ha TOOHjeHe
KOHCTaHTe Op3uHe 3a Komiutekce 2 U 3. OBo ykasyje Ha To jna Hamu Ru-[9]aneS3 kommiekcu
mpena3e y oxaroBapajyhe akBa BpcTe MHOTO Opke y OJHOCY Ha IMHCIUIATMHY TPH HHCKO]
KOHIIGHTPALMjU XJIOPHJIA, KOja OAroBapa MHTpaleNyJapHuM ycioBuMma. MelyTum, fokas3aHo je
na Op3a XuApoiu3a KOMIUIEKCa MOXKE JIOBECTH /IO CMambeHe AaKTMBHOCTM U moBahaHe
TOKCHYHOCTH 300T Op30T KOOPJIMHOBaWkA 32 Pa3IudUTe OMOMOJIEKYJIE KOjU HUCY OJITOBOPHU 3a
nponudepannjy Tymopa.

C oG3upom na komriekc 1 xuapomnusyje Opke y OJHOCY Ha KOMIUIEKC 3, MOXE Ce
3aKJbYUUTH J1a Op3MHA XUIPOJIHU3€E 3aBUCH O MPHUPOJIE U HACTIEKTPUCAha XEIaTHOT OUIEHTaTHOT

nurasaa u onanaa y cieaehem musy: en (1) > pic (3) > bpy (2).
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Cnuka 3.73. I'paguk 3asucnocmu ancopbanye 00 8pemeHa 3a peakyujy Xuopoiuse u auayuje
komniekca 2 u 2a (neso, na 446 nm, 0,1 mM), u komnnexca 3 u 3a (decrno, na 466 nm, 0,1 mM) y
0,1 M NaClO4 pacmeopy na 298 K. Osuaxe: xuopoausza (m), anayuja naxon dooamxa 50 (e),
100 (A), 200 (V) wnu 300 (¢) mM NaCl y pasnomesicnu pacmeop. Ymemuymu epaghux:

3asucnocm koncmanme 6p3une peaxyuje nceydo-npsoe peoa, K'cy, od [Cl]

Ta6esa 3.8. Koncrante Op3uHe ¥ KOHCTaHTE CTAOMITHOCTH 3a peaklyje XUIpoian3e KoMIUIeKca 2

n 3 Ha298 K
PacrBapau Kino [107° 5] () mo [min] ko [MT's™'] Kaq [107° M]
H,0 1,99 + 0,01 5,80 £ 0,03
2
0,1 M NaClO, 2,07 + 0,02 558+0,05 0,101 +0,005 20,5+1,2
H,0 9,73 + 0,16 1,19 + 0,02
3

0,1 M NaClO4 10,42 + 0,07 1,11 +0,01 0,137 + 0,008 76,1 £5,0

Penarencka cTpykTypHa aHaimu3a mokasyje na je Beza Ru-Cl y xommutekcy 1 Hajmyxka
mehy oBa Tpu kommiekca (2,4480(16) A), mox je Besa Ru-Cl y xommmekcy 3 kpaha
(2,2429(16) A) y oamocy Ha nyxuny Bese y kommtekcy 2 (2,4338(10) A ). To 3Haum na
packuname Bese RU-Cl Huje kopak koju oapeljyje Op3uHy peakiiuje XUaApou3e, OJHOCHO Ja ce

peaKiMja XHapoJIn3e MOYKE OJWIPaBaTH M MPEKO acolujaTuBHOr Mexanu3ma usMene (la). Mcru
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la mMexaHu3aMm je TpeUIOKeH M 3a PEKIUje XHUIPOJIM3e OpPraHOPYTEHHjYMOBHX KOMILIEKCA
[Ru(n®-apena)(en)Cl]*, koju umajy koucTanTe 6p3uHe cimuHe KoMIUIekey 3.%°

Peakiuje amanuje cy mnpoyuaBane mgomaTkoM Buinka NaCl y werwpu pasnuumre
koHueHTpanuje (ox 50 mo 300 mM) y paBHOTeX)HE pacTBOpE XJOPUIO KOMIUIEKca 2 U 3 Ha
298 K. Peaknuje ananuje cy ousne penatuBHO Op3e (Cnuka 3.73) U paBHOTEXaA j€ MMOCTUTHYTA Y
toky 10 mMunyra. BpeaHoctn koHCTaHTe Op3uHE peakuuje Apyror pena, Keci, nodujene cy us
Haruba TmIpaBe 3aBUCHOCTH KOHCTaHTe Op3uHe peaknuje psSeudo-mpeor pema, Ko on
koutenrpanuje xjaopuaa [Cl] (ymernyru rpaduk Ha Cnunun 3.73) u npukasane y Tabenu 3.8.
Koncrantre Op3uHe peakuuje pseudo-mpor pexpa, K'c, pacTy IHHEapHO ca IOPAacTOM
konueHrpanuje Cl'. Moxe ce 3ak/by4nTH Ja je peakiivja aHaiuje aksa Bpcre 3a 1,5 myra Opxka y
OJTHOCY Ha KOMIUIEKC 2a. YIPKOC TOME IITO je 2a JUKATjOHCKM KOMIUIEKC, Y OBOM CIy4ajy
npeoBnal)yjy CTepHHM ¥ €JICKTPOHCKM e(eKTH XeJNaTHUX JIMTaHaja Haja YKYITHHM
HAeJICKTPHCAmhEM KOMIUIEKCa Y KOPUTOBabY KOHCTaHTE Op3UHE peakiifje H3MEHEe JTUraHaa.

BpenHocTn KOHCTaHTH PaBHOTEXE 3a PeaKLUjy Xuapoiuse komruiekca 2 u 3 Ha 298 K,
u3pauynate u3 ogHoca KypolKc), npukazane cy y Tabenm 3.8. 3a komImwiekc 2 H3HOCH
20,5 x 10° M a 3a xommiexc 3 76,1 x 10° M y 0,1 M NaClO,. loGujene BpeaHOCTH Cy ¥
carimacHocTu ca BpegHoctuma nooujenum nmomohy NMR excniepumenara (K = 13,6 x 10° M 3a
2159,0%x10°M3a3 y D;0). ITopex tora, Ha ocHoBy NMR pesynrara Xxuaposiuse KoMmIiekca
1 moryhe je m3padyHaTHm KOHCTaHTY paBHOTEexe (27,2 X 108 M), koja uma BpenHocT u3Mmely
BpenHOCTH 3a KoMiutekce 2 u 3. Pagu mopehema, ,,half sandwich” opranomeranHu KoMIUIEKCH,
[Ru(n®-apena)(en)CI][PFe], 3a koje ce Bepyje aa ce Besyjy MoHO(YHKIHOHANHO 3a JIHK HakoH
XHUAPOJIN3E XJIOPHUIO JIUTaH/Ia, UMajy BPEIHOCTH KOHCTaHTe paBHoTexe (7,3 — 9,7 x 10° M) Koje
cy ox 2 o 10 myra Mame 0J1 OHUX 32 KOMIUICKCE 2 U 3.9

JNlobujene K Bpemnoctn, omoryhwmiie cy aa MpeaBUAMMO pacrmojeny BpcTu 3a ,.half
sandwich” kommuiekce 2 u 3 npu pa3uIuTUM OnonomkuM ycinoBuma (Tabena 3.9). YV BogeHoM
pactBopy koju canpxu 104 mM NaCl (ekcrpanenymapua konnentpanuja Cl), paBHOTEKHE
KOHIIeHTpanuje onrosapajyhux aksa Bpctu cy 17% 3a kommuieke 2 u 42% 3a KOMIUIEKC 3.
Mehyrum, y henuju, rae je konnentpanuja Cl” Hika (oko 4 mMM), paBHOTEXKHE KOHIICHTpAIIHje
akBa BpcTU 2a u 3a pacty u 110 83% u 95% (Tabena 3.9). Cniuuna pacroena je OYeKrBaHa U 3a
komruieke 1 Ha ocHoBy NMR noGujene Bpennoctu koHcrante K: 21% akBa xomriuiekca la y

pactBopy koju caapxu 104 mM NaCl, u 87% y 4 mM pactBopy NaCl.
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Tabena 3.9. Pacriogena oaroeapajyhux Bpctu 3a komrmiekce 2 U 3 y 0,1 M pactBopy NaClOq4

IpH YCIIOCTaBJbarby paBHOTEKe Ha 298 K, mpu GMOJIOMIKY pelleBaHTHUM KoHIeHTpanujama Cl™*

% BpcTe
Komiuieke [CI'] mM
XJIOPH/10 aKBa
[Ru([9]aneS3)(en)CI]" (1)° 104 a3ma 79,3 20,7
22,7 [UTOILIa3Ma 45,5 54,5
4 jenpo 13,0 87,0
[Ru([9]aneS3)(bpy)Cl1]" (2) 104 naazma 83,5 16,5
22,7 UTOILIa3Ma 52,6 474
4 jenpo 16,6 83,4
[Ru([9]aneS3)(pic)Cl] (3) 104 ma3ma 57,8 42,2
22,7 [IUTOILIa3Ma 23,0 77,0
4 jenpo 5,1 94,9

‘Muunujanya KoHuedTpanuja komiuiekca je 80,0 puM, 1j. ICsy BpemHocT wu3pauyHara 3a
aTUKBHU]jU KOMIUTEKC 1.

bPe3yJ1TaTI/I 3acHOBaHM Ha BpeaHoctuma K kommiekca 1 npobujennx mnomohy NMR
eKkcrepuMenarta, 1j. K,q = 27,2 x 103 M.

3.3.5. UV-Vis ucnutuBama peaknuje kommiaekca 1,2 u 3 ca 5'-GMP

HcnutnBama CYICTUTYIIHOHHUX peakuja [Ru([9]aneS3)(en)CI][PFs] (1),
[Ru([9]aneS3)(bpy)CI][PFs] (2) u [Ru([9]aneS3)(pic)Cl] (3) xomiuiekca ca 5’-GMP Bpiiena cy
UV-Vis cnektpodoromerpujcku pahemeM MpoMeHe aricopOaHIle pacTBopa Ha oarosapajyhoj
panHOj TajnacHo] AYXMHH y (QYHKIMjU BpeMeHa. Peakumje cy 3amouere Mmemamem 0,3 ml
pactBopa komruiekca ca 2,7 ml pactBopa ymrania y kBapiiHoj kuBetn. KoHileHTpanuja Jurasia
je yBek Omna y BUIIKY (HajMame 10 myTa) y oHOCY Ha KOHIICHTPAIH]y KOMILIEKca, Kako Ou ce
00e30emmu yciioBu peakiuje pseudo-mpeor pena. CBe CyNCTUTYIIHOHE peaKIlfje U3ydaBaHe Cy

y npucyctBy 30 mM NaCl, xako 6u ce cy30omna xumponmsa komiuiekca. JloOujeHa mpomena
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arcopOaHIIe je mokasaja HajooJke cilarame Kaja je mocMarpaHa Kao eKCIoHEeHIMjaaHa QyHKIHja
pBOT pena momohy Komirjyrepckor mporpama Origin 8.

Cyncrutynuone peaknuje kommuiekca 1, 2 u 3 ca 5’-GMP mory 6utn npezacraBibeHe
jennaunaoM (3.3.5.1), y k0joj chel o3nauaBa OujeHTaTHU WHEPTHU JuraHa (en, bpy u pic), npu

quyje n=+1 mm 0 Y 3aBUCHOCTH OJ] HACJICKTpHUCamka 6I/II[CHT3THOF XCJIaTHOT JIUura”nja.

[Ru([9]aneS3)(chel)CI]" + 5-GMP # [Ru([9]aneS3)(che)(5-GMP)]™® +CI'  (3.3.5.1)

Koncranra Op3une peakuuje pseudo-mpBor peaa, Kopsg, oapehera momohy mporpama
Origin 8, mocMarpaHa je y 3aBHCHOCTH OJi KOHIIEHTpAIlMje yJa3HOT Jurasaa. Pesynratu cy
npukazanu Ha Ciuiy 3.74, Ha OCHOBY KOJHX C€ MOYKE BHJICTH Ja j& 3aBUCHOCT KOHCTAHTE Kopsg
OJl KOHIICHTpAIlMje JMraHajga JIMHeapHa y CBUM CllydajeBUMa. BpemaHOCT KOHCTaHTe Op3uHe

JIMpEeKTHE peakimje, Ko, ompehyje ce m3 Harmba mpaBe Kopsg = f([L]), Ha ocHOBY jenHaummue

(3.3.5.2).

Kobsa = ki[CI'] + ko[5'-GMP] (3.3.5.2)

Koncranrta Kj, omucyje moBpaTHy peakijy u onapelyje ce u3 ojcedka IojesbeHa ca
kourenrpanujom xaopuaa, [Cl], (30 mM NaCl). U3pauynare Bpeanoctu 3a koHcTanTe Ko 1 Kj
nare cy y Tabemu 3.10.

a) 6)

» 50
10 K,y g/s- 318K 10* Kopsals™ 318K
45

%0 40

35
40

30 30K
30 25
20
20
208 K L 298 K
10
10
Mw" i MM/

10° [5-GMPYM| 10° [5'-GMPYM|

0 1 2 3 4 5 6 0 1 2 3 4 5 6
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Cnuxa 3.74. 3asucnocm koncmanme Op3une peaxyuje pPseudo-npeoe peoa, Kopsd, 00
KOHYenmpayuje Jaueanda u memnepamype 3d peaxyuje CYnCmumyyuje  KoMNIeKcd
[Ru([9]aneSsz)(en)CIT™ (1, @) [Ru([9]aneSs)(bpy)CI1™ (2, 6), [Ru([9]aneSs)(pic)CI] (3, u) ca
5-GMP y 25 mM Hepes nygepy (30 mM NaCl, pH = 7,2)

Ta6ena 3.10. Koncrante Op3uHE W aKTHBAIIMOHU MapaMeTpH 3a peEakKlHje CYICTHTYIHje

komruiekca 1, 2 u 3 ca 5'-GMP (25 mM Hepes nydep, 30 mM NaCl, pH =7,2)

TIK] /k[10"'M's"  K[@0°M's"]  AHY [kJmol']™  AS,” [JK 'mol]"!

1 298 0,67 + 0,02 0,40 £ 0,20 60+2 -84 +5
310 1,74+ 0,13 0,80 + 0,30
318 3,29+0,11 1,83 +1,13

2 298 1,49 +£0,12 8,17+ 1,23 56+3 -91+8
310 3,84 +0,23 16,10 £2.,40
318 6,39 + 0,29 22,83 + 3,03

3 298 1,58+ 0,14 10,37+ 1,40 61+3 -75+£10
310 3,97+0,19 22,40 £ 1,97
318 7,80 + 0,62 31,23 £ 6,47

fa] BpennocTu xoje ce olHOCE Ha AUPEKTHY CYNICTUTYIIMOHY peakunjy (k)
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HcnutuBame peakiyja CYNCTUTYIMje H3y4daBaHMX Komiuiekca ca 5’-GMP nHa Tpm
paznuunte Temmneparype omoryhuiio je onpehuBame BpeIHOCTH TEPMOAMHAMUYKHX MTapaMeTapa
Kxoje cy mare y TaGenu 3.10. Mane Bpeguocts 3a AH” 1 HeraTusHe BpeguocTH 3a AS” ykasyjy Ha
acOlMjaTUBHM MexaHu3aM cyncturyije. OBaj MeXaHuW3aM je TPEeasioKeH M 3a peakiuje
CYIICTUTYIIMje OpraHOMETaTHUX PYTEHHJyM apeHa KOMIUIEKCa ca OWJIONIKH PEIeBAHTHUM
auraganma (Guo, 5'-GMP u L-His).132

Ha ocHOBY noOujeHux pesysitaTa MOKE CE 3aKJbYYHTH Ja KOHCTaHTE Op3MHA 3aBHCE O]l
MPUPOJIC XeNaTHOr OWICHTATHOT JUTaHJa: KOMIUlekcu 2 u 3 pearyjy 2,5 myra Opxke on
komiuiekca 1. Ha npumep, BpemHOCTH KOHCTaHTH Op3MHA peakiuje Apyror peaa, Ko, va 310 K
n3Hoce 1,74 + 0,13 M Sfl, 3,84 + 0,23 M Sfl, u 3,97 £0,19 M s 3a kommexce 1,2u3.
Komruieken 2 u 3 cajipske m-aKIENTOPCKE MUPHIUICKE TPCTCHOBE y CiS MOJI0XKajy y OAHOCY Ha
ommazehu nurang. [lpucycTBO T-aKUENTOPCKHX JIMTaHaga moBehaBa eneKTpo(UIHOCT joHa
METaJia, a ca TUM H HErOBY PEaKTHUBHOCT. Y CKJIaay ca OBUM, KoopauHoBame 5-GMP mpeko
kuceoHuka docdarne rpymne npumeheHo je camo 3a komrieke 1, oarosapajyhu nntepmenujepu
3a KOMILIEKce 2 ¥ 3 MMajy BeoMa KpaTKO MOJyBpeMe peakiije Aa Ou Ouiin AeTeKTOBaHU momohy

NMR cnekrpockonuje.

3.4. KuHeTnka W MeXaHHM3aM CYNCTHUTYUHOHMX peaknuja pyrenujym(ll) apena

KOMILJIEKCa ca OMOJIOIIKH P€JA€BAHTHUM JIMTaHIUMa

[Mocnenmux roaumHa MHOTOOpPOjHA HMCTpakMBama cy (pOKycMpaHa Ha OpraHoMeTallHa
pyrenujym(Il) apena jequmerma, Koja MoceAnjy aHTUTYMOPCKY aKTUBHOCT y IN VItro, a y HeKuM
ciydajeBuma, U y in Vivo ycroBuma. CuHTeTHT30BaHa je cepuja HoBux pyrenujym(Il) apena
KOMIUIeKca ommre (opmyre [(ns-p-Cym)RU(L)C|2], rie je L = 3-anetunnupuiau,
4-ane TUIIIUPHUIIUH, 2-aMUHO-5-XJIOPONUPUINH, U30HUKOTHHCKA WM HUKOTHHCKA KHCEIWHA, U
[(MP-p-cym)Ru(HL)CI] tome je HL = 2,3-mupumun-, 2,4-IUpuauH-, 2,5-MAPHAMH- U
2,6-mupuauH-nkapGokerar (Cimka 1.7 nprkasana y onessky 1.4).%°

W3zyyaBawe wunTepaknuja pyreHujym(ll) apena kommuekca ca Hykineo0Oa3zama je of
U3y3€THE BaXXHOCTH ¢ 003upom 1a je JJHK mpumapHa MeTa aHTUTYMOPCKUX KOMIUIEKCa Kao ILTO
je uucruiatuHa. Crtora, y OBOM pajay HCIHTHBAaHE CY pEaKIuje [Ru(nG-p-cym)(pydc)CI]

KOMILIEKca ca aepuBaruMa ryannna (Guo u 5'-GMP), kao u ca L-His (Ciuka 3.75).
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Ru
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O COOH

[Ru"(n°’-p-cym)(pydc)Cl]

Cnuka 3.75. Cmpyxmyphe ¢hopmyne ucnumuanoe KOMnieKca u 1ueanaoa

3.4.1. UV-Vis kuHeTHYKA Mepemha

Kunernka cyncrurynuonnx peakimja [Ru(m®-p-cym)(pydc)Cl] kommiekca ca 5'-GMP,
Guo u L-His ucnimtuBana je UV-Vis cnekrpodoromerpujcku npahemeM nmpoMeHe ancopOuuje
pacTBopa Ha ojroapajyhoj TamacHoj my>kuHu y QyHKIHUjU BpeMeHa. Peakiuje cy nzydaBaHne Ha
pH = 2,5 (0,1 M NaClO4) u na pH = 7,2 (25 mM Hepes nydep) y npucyctey 10 mM NaCl na
310 K, usy3zeB peaknmje ca 5'-GMP, koja je m3yuaBana u Ha 298 K u 318 K. ¥ c¢BumM cucremMnma
KOHIIGHTpallMja JUrapaa Owia je y BeIMKOM BHUIIKY (HajmMame 10 myra) y omHOCy Ha
KOHIICHTPAIIMjy TOJIa3HOT KOMIUIEKCa, Kako OM ce 00e30eanian yciaoBu peaknuje PSeudo-mpBor
pena. OBa BpegHOCT je oapeheHa Npe KMHETHYKHX Meperma Kao MUHUMAaJlHA KOHIICHTpaIldja

XJIOpUa 3a KOjy HHCYy yodeHe crektpaiade mnpomene (Cawmka 3.76). JloOwjeHa mpomMeHa
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arcopOaHIIe je mokasaja Hajoosbe cilarame Kaja je mocMaTpaHa Kao eKCIoHEeHIMjaHa (QyHKIH]ja

pBOT pena momohy Komirjyrepckor mporpama Origin 8.

05
Amax
0.4 1
0.3 1
0.2 1
0.1 1
10%[CI'/M
O U U U U
0 5 10 15 20 25

Cnuxa 3.76. Ilpomena ancopbanye y 3asucrocmu 00 konyenmpayuje xaopuoa, [Cl7], 3a

[Ru"(7°-p-cym)(pydc)(H-0)]* komnaexc na 291 nm y 0,1 M NaClO, (310 K)

Cyncrutyimorne peakimje  [Ru(m®-p-cym)(pydc)Cl] kommiekca ca N-goHOpckum
JMTaHAnMa MOTY OWTH IpeicTaBbeHe jeqnauntoMm (3.4.1.1), y kojoj pydc o3HauaBa OUACHTATHH
uHepTHH jurann, a L ynasuu murann (5-GMP, Guo u L-His ), npu uemy je n = -1 wmmn +1 y
3aBHCHOCTHU O]l HaeJeKTpHcama ynasHor juranaa. Koncranra K je koHCTaHTa Op3HMHE peakiuje
JAPYTOT pefa U KapaKTepHIlle Peakiijy AMPEKTHE CYICTUTYIIM]e, TOK KOHCTaHTa K; KapakTepuiie

peBepP3UOUITHYU TIPOIIEC.

[Ru(m®-p-cym)(pydc)Cl] + L [Ru(m®-p-cym)(pydc)L]" + CI” (3.4.1.1)

[ToBe3aHOCT KOHCTaHTe Op3uWHE peakije PSeudo-mpBor peaa, Kopsg, ca MOMEHYTHM

KOHCTaHTaMa 3a IMPEKTaH U MOBpaTaH MpoIec CYNCTUTYIIH]e aTa je jeanaunHoM (3.4.1.2):

Kobsd = ki[CI'] + ko[L] (3.4.1.2)
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Koncranra 6p3une peakuuje pseudo-mpsor pema, Kopsd, oapehena momohy mporpama

Origin 8, ucnuThBaHa je y 3aBUCHOCTH OJI KOHIICHTpallMje yJa3HOr Juranga. Pesynratu cy

npukazann Ha Cnukama 3.76 u 3.77, Ha OCHOBY KOJHX C€ MOXE BHUACTH Ja je 3aBUCHOCT

KOHCTaHTE Kopsg O/ KOHIGHTpalMje JMraHaja JIMHEApHAa y CBHM CliydajeBMMa. BpemHoct

KOHCTaHTE Op3uHE JUPEKTHE peakiuje, Ko, oapeljyje ce uz naruba mpase Kopsg = f([L]). oOujene

BpPEIHOCTH 3a KOHCTaHTe Op3uHe aare cy y Tadenu 3.11.

25

20

15

10

10%Kopsals™

318K

310K

298 K

10%5'-GMP]/M

5

6

] 104k0bsd/5-1

104k0b5d/s'1

103[gu0]/M

10%[L-His]/M

0 0.5

Cnuka 3.76. 3asucnocm kroncmauwme Op3une peakyuje pPSeudo-npsoe peoa,

1

15

2 25 0 0.5

1

15 2

2.5

3

3.5 4 4.5

kobsd, 00

KoHyenmpayuje aueanda u memnepamype 3a peaxyuje cyncmumyyuje [Ru(n>-p-cym)(pydc)CI]
komnnexca ca 5'-GMP, Guo u L-His, y 25 mM Hepes nygepy (10 mM NaCl, pH = 7,2)

-159 -



Pesyimamu u duckycuja pesyamama

Cnuxa 3.77. 3asucnocm roncmanme 6psune peaxyuje pPSeudo-npeoe peda, Kopsd,

18
6 10%Kopsals™ 318 K
14
12 A 310K
10
i A 289K
6
4
i 10%5'-GMP]/M
o 1 2 2 i : :
4.5
10%Kopsals™ N 10*Kgpsals™
3.5 1
3
2.5 4
2]
1.5 1
1.
0.5 1 o
10%[guo]/M 0 ' ' ' ' ' 1? [hlstlldln]/M
0 0.5 1 15 2 2.5 0 0.5 1 1.5 2 25 3 35 4 45

00

KOHyenmpayuje ueanda u memnepamype 3a peaxyuje cyncmumyyuje [Ru(nP-p-cym)(pydc)CI]

komnnexca ca 5'-GMP, Guo u L-His, y 0,1 M NaClO,4 (10 mM NaCl, pH = 2,5)
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Tabena 3.11. Koncrante Op3uHE M aKTHUBAIIMOHH TapaMETPH 3a PEaKIMje CYICTUTYIH]E

[Ru(n®-p-cym)(pydc)Cl] kommiekca ca 5'-GMP, Guo u L-His

Kommiexe® T/K pH k[107M's] k& [107°M's]  AH/[kImoll] AS/[IK'mol™]
Guo 310 25  2,00+0,20 2,40 + 0,20 - -

5-GMP 1,20+ 0,10 4,10 + 0,30 2242 -193+6
L-His 0,55 + 0,02 1,70+ 0,05 - -

Guo 310 72  2,70+0,30 1,10 + 0,40 - -

5°-GMP 2,50 + 0,10 2,00 + 0,30 3746 142+ 19
L-His 0,70 + 0,05 3,10 £ 0,20 - -

Kommueke? T/K pD k; [10~> M 's7"]

Guo 295 84 4,30 £ 0,03
5’-GMP 3,40 +0,02
L-His 0,60+ 0,01

*Koncrante ozxpehene nomohy UV-Vis excnepumenara y 0,1 M NaClO4 u 25 mM Hepes nydepy.
"Koncrante onpehene momohy "H NMR criexrpockornje.

Vcrmusame peakimja cyncrurymmje [Ru(n®-p-cym)(pydc)Cl] kommiekca ca 5°-GMP Ha
TPU pazIUuuTe TemIeparype omoryhuno je oxapehuBame BPEeJHOCTH TEPMOJMHAMHYKUX
napameTapa koje cy gare y TaGemu 3.11. Mane Bpexnocty 3a AH” u HeraTmBHe BPEJHOCTH 3a
AS” yKa3yjy Ha acOIMjaTHBHI MEXaHH3aM CYIICTUTYIIHjE.

Ha ocHoBy no0ujeHux pesynrara MOKe ce€ BHJAETH Jla Cy OAroBapajyhu a3oT-A0HOPCKU
OuoMonekynu BeoMa a00pu ynazHu swmranaun 3a pyreHujym(ll) kommiekce. ['yaHosuH je
Haj00JbM HYKJICO(WII, TIPH YeMy PEaKTUBHOCT JHTaH/a omnaaa y Huzy: Guo > 5'-GMP > L-His.
Penocnen peakTMBHOCTH MCTIMTMBAHUX JIMTaHaAa WACHTHYaH je HAa pH = 2,5 mw va pH = 7,2,
Mehytum, KoHCTaHTe Op3WHA peakifje Ipyror pema umajy Behe BpemHoctn Ha pH = 72 y

onHocy Ha pH = 2,5.
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Monekyn 5°-GMP moxe na ce koopaunyje 3a jone merana npeko N1 u N7 moHopckux
aToma. Y HeyTpaiHoj U cinabo kucenoj cpenuan N1 atom y monekyny 5’-GMP  je nmpoToHOBaH,

PKa(N1) = 9,3, 5ok je N7 arom, unmja je xomcranta kucemoctu pKa(N7) = 2,48,'%

y THM
ycJIoBHMa JienpoToHoBaH. Ha Taj HaumH ce objammaBa (haBOPHU30BAHO KOOPIMHOBAE jOHA
Metana npeko N7 atoma uz 5’-GMP y Guosonikum cucremuma. " Guo ce nonama Beoma
cimaHo ¢ o63upoM ga cy pKa Bpenmoctn cimune: pKa(N7) = 2,11 u pKa(N1) = 9,22.1%
Awmunokucenuna L-His ce moxe koopauuHoBatu 3a joHe Mmertaysia npeko N1 u N3 aroma
MMU/Ia30JI0BOT  TIPCTEHA. Koopaunamuja ce mpeBacxogHo Bpmu mnpeko N3  atoma
(PKa(N3) = 6,5).1°%1%9 5. GMP je y cBumM ciyuajeBuma mokazao Behy peakTHBHOCT y OHOCY Ha
amuHokucenuny L-His. Beha peakrtuBHoct 5°-GMP ce Moke 00jacHUTH J€jCTBOM jaKHX

CJIIEKTPOCTATUIKUX HWHTepaknuja usMmely monazHor komiuiekca u 5’-GMP koju je mnpum

1
011abPaHIM EKCIIEPHMEHTATHAM YCIOBUMA HaeIeKTprcan 2-. "%

3.4.2. 'H NMR knneTH4Ka Mepema

[Ipu  ¢usmomomkuM  ycjaoBMMa  METaJHH  KOMIUIEKCH ~ OOWYHO  TOJICKY
TpaHnchopmaljamMa mpe Hero mTo CTUTHY 70 oAroBapajyhe mere. Tpancopmainja KoMIuiekca
MOXKE€ YKJbYUYHUTH peakiidje WU3MEHe JIMTaHaJa UIU PeayKIujy joHa Metana. OmmTa MexaHu3am
aKTHBalMje MOHO(QYHKIMOHAIHUX OpPraHOMETAJIHMX KOMIUIEKca YKJbyuyyje Op3y XUApPOIU3Y
XJTOPHJIO JTHTaH/1a i (GOPMHpAbe aKTHBHOT aKBa KOMITIEKca. >

Xnopuzo muraug y [Ru(n®-p-cym)(pydc)Cl] komruiekcy je Beoma nabunan y BOICHOM
pacTBOpy W JIako mojyieke cynctuTyuuju. OBaj apeHa KOMIUIEKC TOJJIeke Beoma Op30
xuaponusu, Beh y Toky cHumama npBor NMR cnektpa, ¢opmupajyhu oarosapajyhu aksa
komruieke. Jlomatak Bumka NaCl y paBHOTe)KHM pacTBOp JOBOJAM 10 TOMEPama PaBHOTEKE Ka
(bopMupamy XJIOPUI0 KOMIUIEKCA.

Kunernka CyNCTUTYIIMOHHX peakiiuja [Ru(nG-p-cym)(pydc)(HQO)]+ KOMIUJIEKCa ca
azor-poHopckuM Jsmranauma (5'-GMP, Guo u L-His) ucnutuBana je u momohy 'H NMR
cniekTpockonuje. Peaknuje cy npahene y eKBUMOIapHOM OJHOCY KOMILIEKCa U Juranaa (4 mM)
Ha pD = 8,40 y BpemeHckoM nHTepBay on 5 catu. KoHcraHTa Op3uHe peakimje Apyror peaa, Ko,

y OBOM cllyuajy, oapeleHa je Ha ocHOBY jenHaunHe (3.4.2.1):
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k2t - X
ao(a0X) (3.4.2.1)

y KO0joj ap TpeAcTaBjba IOYETHY KOHIEeHTpanujy akBa pyrenujym(ll) xommiekca, a X
KOHIGHTPALM]y INPOM3BOAA CyNCTHTYLHOHe peakmuje.”’ 3pauyHaBame KOHIECHTpAIje
MPOM3BOJIa PEaKIMje je BPIICHO HAa OCHOBY MHTEH3UTETa OJroBapajyhux curHaia y 'H NMR
CHEKTPY KOjU IMOTHYY OJ KOOPAMHOBAHOT W CIOOOAHOT JUraHja (rpeuika mpoieHe je 5%).
Bpennoctu 3a koncrante Op3una (Tabema 3.11) noGujajy ce u3 HaruOa I'yrenxajMoBe

(Guggenheim) HpaBe,lol,leo

KOja Mpe/icTaBsba 3aBUCHOCT X/ap(8p-X) ox Bpemena t (Cinka 3.78).
Ha ocHOBY wW3padyyHaTux KOHCTAHTH MOXE C€ IMOTBPIUTH KCTH PEIOCIe]l PEaKTUBHOCTH
ucnuTHUBaHUX JuraHazaa. [lopex tora, koHcTaHTe H0OHjeHE 'H NMR CHEKTPOCKOMUjOM ¢y oA 3
10 9 myra Mame o1 BpeaHocTu nooujeHux nomohy UV-VIis criektpodoTomerpuje, mTo ¢e MOXKE
MPUITMCATH YTHIA]y TeMIlepaTtype, umMajyhu y Buny aa cy 'H NMR eKCTIIEpUMEHTH M3BOl)eHU Ha

295 K.

350
xlao(ay-Xx)
300
250
200
150 1

100 A

50 1

10°t(s)
0 T

o 1 2 s 4 s s 7
Cnuka 3.78. Guggenheim-osa sasucnocm xlag(ao-X) y @yuxkyuju 00 eépemena t 3a peaxyujy

cyncmumyyuje (4 mM) [Ru(nG-p-cym)(pydc)CI] komniexca ca (4 mM) Guo ma 295 K na
pD = 8,40

WuTepakmmja [Ru(ne-p-cym)(pydc)CI] (1) xommiekca ca 5-GMP (1 eq, 4 mM) y D,O
ucnuTHBaHa je momoly Mmono- (‘H) u  gBo-mmmemsmomanmse (‘H-'H  COSY) NMR
criektpockonuje (Cnuka 3.79 u 3.80). AHanu3oM H0OMjEeHHX CIIeKTapa MOXE C€ YOUUTH HOB CET

H8 u CHj3 curnama (6 = 7,91, 1,93 u 1,91 ppm), koju je mOMEpeH Ka HIKUM BPEIHOCTHMA
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XEMH]jCKOT IIOMepamba y 0JJHOCY Ha CUTHAJIE CJI00O0IHOT JIMraH/1a U apeHa koMiuiekca (6 = 8,11 u

2,20 ppm).

é/@%@@

+5'-GMP
X N7/

<1min
0 P 0 F 0 P
(0] COOH (0] COOH (0] COOH
1 la 2
L7 CH; (2)

H(CH,), (2)

=

1h

iy

5h H/]a ?) H|8 ? m
il
i

30min j‘(
BTN R U VORI " U | VO YA A
H8 (5'-GMP) e (1\a) CH(CHj), (1a)
t=4 min
J
9.5 8.0 6.0 4.5 4.0 2.5 2.0 1.5 1.0

f1 (ppm)

Cruxa 3.79. 'H NMR cnexmpaine npomene moxom umnmepaxyuje [Ru(nG-cym)(pydc)CI]
xkomniaekca ca 5’-GMP (1 eq, 4 mM) y D,O na 295 K

HoB cer curnama koju motude ox Pydc u xoopauHoBaHor 5-GMP mnpumnucan je mpou3Boay
[Ru(ne-p-cym)(pydc)(S'-GMP-N7)]' (2). Ananorue criekTpaiiHe poMeHe Cy J100ujeHe, Takohe, u

y obsacti H6 mporona pydc nuranma u CH; nporona usonpomnun rpyne (8 = 9,39 u 1,18 ppm),
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IJIe Ce MojaBJbyjy Mo aBa HoBa ayOiera (5 =9,55, 1,10 u 1,02 ppm). BaxkHo je HAlIOMEHYTH 1A je
PYTEHHU]YM XUpaJIHU LIEHTap y apeHa KOMILUIEKCY, UMajyhul Tpu pa3inyuTa JOHOPCKA aToMa, TaKo
na KoopanHoBameM 5'-GMP cBaku cUTHaN je pa3ABOjeH HA JIBa CHTHAIA jeIHAKMX WHTEH3UTETA,
KOjU Ce MOTY MPUIHCATH jeJHAKUM KOJIMYMHAMa JHjacTepeon3omepa. PaBHoTeka je MOCTUTHYTA
HakKoH 5 catu ca 75% mnpousBoja 2.

CH; (2)

H8 (2)

- & [

CH; (2 L
3[/|} ) 1.5
= 2.0

r2.5

r4.0

1]
L] ™
18

r4.5
r5.0

f1 (ppm)

r5.5

r6.0

H8 (2) e

r8.0
r8.5
r9.0

@ - oD r9.5

95 90 85 80 60 55 50 45 4.0 25 20 15 10
f2 (ppm)
Cnuxa 3.80. *H-'H COSY NMR cnexmap chummen 5 camu wnaxon ummepaxuyuje [Ru(n®-
D PAKYU] n

cym)(pydc)Cl]xomnnexca ca 5’-GMP (1 eq, 4 mM) y D,0 na 295 K.

HcnutuBana je u peaknuja komuiekca 1 ca Guo (leq, 4 mM) nmomohy moHo- (*H) u
neoanmensuonanae (‘*H-'H COSY) NMR cnektpockonuje (Crnuka 3.81 u 3.82). Anamuzom
CreKTapa  MOX€  Cce€  NpUMETHTH, Takohe, T0jaBa  JBa  JHjacTepeouzoMepa
[Ru(m®-p-cym)(pydc)(Guo-N7)]* (3). Jisa HoBa curriera CH; NpoTOHA jeAHAKUX WHTEH3HTETa
cy jacHo pasznBojena Ha 6 = 1,95 u 1,94 ppm, nok cy ocrane pezonaniie GUO u pydc nmuranaa
JIeTUMHYHO TMpekyiombeHe. MuTen3uter HoBux pezoHanuu H8, H6 u CH3; nporona m3omnpornuin

rpyne (6 = 9,56, 8,34, 1,13 u 1,02 ppm) pacte y TOKYy peakiuje, JOK WHTCH3UTET CHUTHaIa
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cmoboxunor GUO u apena komiuiekca omaga (6 = 9,43, 8,23, 1,20 u 1,17 ppm) ca BpeMEHOM.

PaBHOTEXA je mocTUrHyTa HaKOH 5 catu ca 82% npoussoja 3.

Ty = /VQ%W/%Q

(¢} COOH COOH COOH
1 la

CH(CH,), (3)
CH; (3)

5h H8 (3)

J&G(T)J LM M‘UWM h

—

LWMMW M l
N MMM b1 4

CH; (1a)
~

t=4 min CH(CH;), (1a)
H8 (Guo)

LLM M“LUM N

T T T T T T T 1 T

=

=

;%

96 94 84 82 80 78 7.6 74 6.2 60 58 46 44;14(}2 4)0 38 36 30 28 26 24 22 20 18 16 14 12 1.0 0.8
ppm

Cnuka 3.81. 'H NMR cnexmpanne npomene moxom unmepaxyuje [Ru(n®-cym)(pydc)CI]
xkomnaexca ca Guo (1 eq, 4 mM) y D,O na 295 K

NMR  eKcriepuMeHTanHH pesyntatd mokasyjy xa [Ru(n’-cym)(pydc)Cl] xommrekc
pearyje ca a3oT-IOHOPCKHM OHOMOJeKyIuMa fajyhu MOHO(YHKIIMOHATIHE Tpou3Boje. bp3una

peaknuje 3a ucnutuBanu pyreaujym(ll) apena komrekc pacre y cneaehem nuzy: Guo > 5'-GMP
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> L-His. BaxxHo je HAmOMEHYTH Ja HHCY JETEKTOBAHH MHTCPMEAHjEpH, Tj. Be3uBame 5-GMP

npeko Kuceonuka (ocdarHe rpyme, kao y caydajy ,.half sandwich” pyrenujym(ll) tputna

62,129
KOMIIJIEKCA.
CH, (3)
Hs (3) |
_j_.-_ L_ML ALXLJ; .J "
= ﬁg 1.0
1.5
CH; (3) .
.= 2.0
-

me 25
e B —_
4.0 E
- B = 2
-s 3@ r4.5 g

—_— e- = /)
.3 - - O
e, = °° L6.0
O~ *@
2 - Y =1
HE (3) -° e 8.0
-
_.1 o e %9.5
9.5 8.0 6.0 4.5 4.0 2.5 2.0 1.5 1.0
f2 (ppm)

Cruxa 3.82. 'H-'H COSY NMR cnexmap cuummen 5 camu naxkon unmepaxyuje

[Ru(n®-cym)(pydc)Cl] xomnaexca ca Guo (1 eq, 4 mM) y D20 na 295 K

3.5. UcnuTuBame HUTOTOKCHYHOCTH pyTeHujym(l]) mosmnmupuana kommiekca

[urorokcuunoct pyrenujym(ll) nomumupuann  xomrutiekca, [Ru(Cl-tpy)(en)CI]Cl,
[Ru(Cl-tpy)(dach)CI]CI u [Ru(Cl-tpy)(pic)Cl], ucnutusana je npema hemujckoj THHHjH TyMOpa
ne6enor npesa muma (CT26). Ha Cnuuu 3.83 npkasanu cy pe3ynraTH UCIIUTHBama. JJoOujeHn

pe3yaTaru cy ynopehuBaHu ca HUTOTOKCHYHOIINY IUCIUTATHHE MTpeMa UCTOj helujcKoj JIMHUjH.
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Cnuka 3.83. [Jumomoxcuunocm mecmupanux komniekca mepera nomohy MTT mecma

[uroTokcHuHa akTUBHOCT ucnuTuBanux pyrerujym(ll) repnupuaun Komiiekca 3aBucu
0J1 BPCTE KOMIUIEKCA, J103€ KOMILUIEKCa U BpeMeHa u3narama. Hajsehu nurorokcuunu edekar je
npumehen koa [Ru(Cl-tpy)(en)CI]Cl kommiekca. OH je moka3zao CKOpO HACHTHYAH edeKar Ha
CT26 henuju kao u nucriaruHa. Y KoHueHtpandjama sehum ox 125 uM [Ru(Cl-tpy)(en)CI]CI
je yaumraBao npexo 50% CT26 henuja, a y konuentpanuju 1000 uM roroso cee CT26 henuje
(92,84%). Iuroroxcuunoct [Ru(Cl-tpy)(en)CI]Cl xommnekca je 3uauajuo Beha y oaHOoCy Ha
ocrama gaBa kommiekca pyrerujyma(ll). [Ru(Cl-tpy)(dach)CIICI u [Ru(Cl-tpy)(pic)Cl]
KOMIUIEKCH CY MOKa3allk c1a0dy HMUTOTOKCUYHOCT, U3PA3UTO CIa0Hjy y OJHOCY Ha IHCIUIATHHY.
[Mpouenar mpteux CT26 henuja HakoH Tpetupama ca komiuiekcuma [Ru(Cl-tpy)(dach)CIICl u
[Ru(Cl-tpy)(pic)Cl] y xounenrpanmjama 7,8-250 uM je Ouo penaruBHO Hu3zak < 15%.
[Ru(Cl-tpy)(pic)Cl] xommnekc je u y xonmentpamujama 500 uM (mporieHar MpTtBux henuja je
12,6) u 1000 uM (mponenar mpTtBux henmja je 43,06) umao cnaby HMTOTKCHUYHY aKTHBHOCT.
[Ru(Cl-tpy)(dach)CI]Cl kommuekc je Tek y koHuentpammju on 1000 pM umao penaTHBHO

BHCOKY IIUTOTOKCUYHOCT, 86,73% MpTBUX henuja.
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3AK/bYYAK

Ha ocHoBy nobujenux pesyirara y OKBUPY OBE JOKTOPCKE JUCEPTAlllje MOTY CE U3BECTH

cienehu 3aKIbydIn:

1. Hoeu pymenujym(l1) mepnupuoun komniexcu: cunmesa, Kapakmepusauujd,

aKkmueauuoHa Kunemukxka u uumepammja ca 0epueamuma 2YAHUHA .

o Pesynratu peHAreHCKe CTPYKTypHE aHaiu3e Cy IOKa3ad Ja KOMIUIEKCH HUMajy
TUIIMYHY M3Y)KEHY OKTaeHapCKy CTPYKTYpy, Koju campxe TpuaeHtatHu Cl-tpy mim
tpy nurann y odekuBaHOM MepuaujanHoMm monoxajy, N-N OuneHtaTHu XenaTHU
JIUTaH] ¥ IeCTO MECTO OKYITUPAHO j€ JOHOM XJiopa (y KOMILIEKCY 3¢j) M MOJIEKYJIOM
dmso-S koopauHOBaHOT Mpeko cymiopa (y komruiekcuma 6, 8 u 10).

. CBU HOBOCHMHTETH30BaHH KOMILUICKCH Cy M00po pactBopHH y Boau (> 25 mg/mL),
ocuM [Ru(Cl-tpy)(bpy)(dmso-S)][ Y], xommiekca (8, Y = CF3SO3 miu PFg).

o Xnopuno nepuBati 1-5 xuaponusyjy penatuBHO Op3o, Aok cy dmSO jgepuBartu
WHEPTHH Y BOJICHOM PacTBOPY.

o Pen peakTHBHOCTHM MCIUTHUBAaHMX KOMIUIEKCA 3a peaklUjy XHUIPOJIM3e 3aBUCH O]
npupojie OupeHTaTHOr XenaTHor smranaa: 2 (dach) > 1 (en).

. 3a oarosapajyhe pyrenujym(Il)-tpy xomrutekce oxapehene cy pK, BpeaHocTu:
10,50 + 0,03 3a laq, 10,26 + 0,02 3a 2aq u 9,56 + 0,01 3a 3aq. /lenmporoHanuja akBa
KoMmIuiekca 3aBucu o npupoje N-N xeraTHOr Juranaa: IpucycTBo apoMatuuHor bpy
noBehaBa KMCEIOCT akBa JHWraHa, JOK U3MeHa en ca dach muranmoMm nma Beoma Maiiu
YTHII].

. Pen peakTHBHOCTM HMCHHMTHBAHUX KOMIUIEKCa 3a peakuujy cyncruryuuje ca IMeG u
5-GMP 3aBucu ox mpupojne xemartHor juranga 2 (dach) > 1 (en), xkao u of
HaeJIeKTpucama ynasHor juranaa (5°-GMP > 9-MeG).

o WHTEepakijoM HCIUTUBAHUX PYTEHHjyM-IPYy KOMIUIEKca ca JepuBaTMMa TyaHWHA

HacTaje caMo jeaaH MoHo(GyHKIMOHaIHH mpon3Boa Ru-(N7)DNA.
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o Kommeke 1 moka3zyje CelneKTHBHOCT MpH KOOpAuHOBamy 3a 5'-GMP y komnernuuju

ca 5'-AMP.

2. Humepaxuyuja pymenujym(ll) mepnupuoun romnnexca ca cymnop- u azom-

OOHOPCKUM OUOMONIEKYIUMA.

J Pesynratu ucnuTHBama CyncTUTYIIMOHUX peakiuja aBa pyrerHujym(l1)-tpy kommekca,
[Ru(Cl-tpy)(en)CI][CI] (1) u [Ru(ClI-tpy)(dach)CI][CI] (2), ca Tu, L-Cys, L-Met, Pz, Tz
u Py jacHo moka3zyjy Ja Op3uHa peakiiyje 3aBUCH OJ MPUPOJE XeNaTHOT JHUraHia: en

komiuieke 1 pearyje 2 myra Opke y ogHocy Ha dach kommiekc 2.

° PeakTuBHOCT M3y4yaBaHUX JMraHaaa onaaa y cieaehem nuszy: Tu > L-Cys > Pz > Tz >
Py > L-Met.

. HeratuBHe BpenHOCTH 32 AS” yKa3yjy Ha aCOLHMjaTHBHN MEXaHH3aM CYIICTHTYIIH]e.

. J®T u3pauyHaBama yka3yjy Ha jacHY MPEIHOCT KOOPIWHAIIM]jE TYaHWHA y OJHOCY Ha
KOOpIWHAIIH]Y THOCTpA.

o VY cknagy ca NMR pesynratuma, peakuuje kommiekca 1 u 2 Boge ka Gopmupamy

tronaro xommuekca [Ru(CI-tpy)(en)(SR)]" (4) u [Ru(Cl-tpy)(dach)(SR)]" (11), a 3aTum
710 OKCHJAIHje THOJHOT cymiopa Be3aHor 3a pyrerujym(ll), dopmupajyhu cyndenaro
kommzekce [Ru(Cl-tpy)(en)(RSO)]** (5) u [Ru(Cl-tpy)(dach)(RSO)]** (12).

. Pazmuka y crabunroctr N2 n N4 npomsBopa je mopen NMR cnekTpockomnuje 1oaaTHo

notBphena u nomohy APDT uzpauyHaBama.

3. ®axkmopu Koju ymuuy na anmunponugepamusny akmusnocm Ru'-[9]aneS3

Komnjiekca, akmueauyuona Kunemuka u unmepakuuje ca 0epu3amuma 2YAHUHA.

o bp3una peakiiuje XHUJIPOJIH3E [Ru([9]aneS3)(en)CI][PFs] (1),
[Ru([9]aneS3)(bpy)CI][PFs] (2) u [Ru([9]aneS3)(pic)Cl] (3) xomruiekca 3aBucH 0
MIPHUPOJIC U HAaeJeKTpUcama OuIeHTaTHOT XenatHor guragaa: 1 (en) > 3 (pic) > 2 (bpy).

o Pen peakTHBHOCTHM MCHIMTHBAHUX KOMILIEKca 3a HHTepakuuje ca 5'-GMP 3aBucu takohe

o[ pupoze xenatHor juranaa: 3 (pic) > 2 (bpy) > 1 (en).
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3akwyuakx

o WHuTepakinjoM UCIMTUBAHUX PYTCHUjyM-TPUTHA KOMIUIEKCA ca JIepUBaTUMa ryaHuHa
HacTaje caMo jedaH MoHoyHKunoHaaHu npou3Box RuU-(N7)DNA, nupekTHO WM
NPEKO HHTEpMEHjepa.

o Penarencka crpykrypHa ananmu3za komiutekca [Ru([9]aneS3)(en)(9MeG-N7)][PFe]. (4)
u [Ru([9]aneS3)(pic)(9MeG-N7)][PFs] (10) mokasyje na Kaga XeJaTHH JIMTAH.I
nocenyje moryhHoct ¢opmupama BojgonnuHe Beze (Chel = en), momasum mo nomarHe
cTabwin3ainyje CTBapameM MHTPAMOJIEKyJICcKe BogoHndyHe Bede wu3mehy C(6)=0
ryannHa u NH rpyme en.

J Herarure BpeanocTs 3a AS” yKkasyjy Ha acOIMjaTHBHI MEXaHH3aM CYIICTHTYIIHjE.

4. Kunemuxa u mexanuzam cyncmumyuyuonux peaxyuja pymenujym(ll) apena

Komnjiekca ca ouonouku peieeanmnum JAUAHOUMA.

. Pen peakTHBHOCTM HMCIUTHBAHMX JHMraHaga y peakuuju ca pyreaujym(ll) apena
kommzekcom, [Ru"(n®-p-cym)(pydc)Cl], je uctu Ha o6e pH Bpexnoctu: Guo > 5°-GMP
> L-His.

o Ucnutusan pyreaujym(ll) apena komruiekce je mokasao Behy peaktuBHocT Ha pH = 7,2
y OHOCY Ha peakTUBHOCT Ha PH = 2,5.

J Heratusre BpeaHocTH 3a AS™  ykasyjy Ja ce Tpolec CYNCTHTYIHje MCIIMTHBAHOT
KOMILJIEKCa OJ[BHja MO aCOIUjaTHBHOM MEXaHHU3MY.

e Xugpommsa [Ru"(n’-p-cym)(pydc)Cl] xomruekca je Beoma Gpsa u 3aBpumasa ce 3a

BpEeMe CHUMarba MPBOT CIIEKTPA.
5. Hcnumuearwe yumomokcuunocmu pymenujym(11) norunupuoun komnnekca:

o [Mutotokcuunoct [Ru(Cl-tpy)(en)CI]Cl kommekca npema henujckoj JIMHUJU Tymopa
neoenor npesa (CT26) je 3mauajuo Beha y omuocy Ha [Ru(Cl-tpy)(dach)CI]Cl u
[Ru(Cl-tpy)(pic)Cl] xommekce.

. [Ru(Cl-tpy)(en)CI]Cl xommiekc je mokazao ckopo uaeHTH4yaH edekar Ha CT26 henuju

Kao U nucIijiaTuHa.
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The reactions of ruthenium(Il)-arene complex [Ru'(n®-p-cym)(pydc)Cl] (where p-cym = p-isopropyl
toluene, pydc = 2,3-pyridinedicarboxylato) with biologically nitrogen-donor nucleophiles, such as
guanosine-5-monophosphate (5'-GMP), guanosine (Guo) and t-histidine (L-His) were studied by UV-
Vis spectrophotometry and 'H NMR spectroscopy. The reactions were studied at pH 2.5 and at 7.2. All
reactions were followed under pseudo-first order conditions with large excess of the nucleophiles. The
selected nucleophiles have a high affinity for Ru(Il)-arene complex. The reactivity of the used ligands fol-
low the same order at both pH values: Guo > 5'-GMP > -His, while the reactions at pH 7.2 are always fas-
ter. The negative entropies of activation (AS™) support an associative mode of activation. However, the
rate constants obtained by 'H NMR at 295 K in D,0 follow the same order of the ligand reactivity. The
hydrolysis of the [Ru'(n®-p-cym)(pydc)Cl] complex was very fast and completed by the time the first

spectrum was measured. Addition of excess of NaCl to equilibrium solutions reversed the hydrolysis.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The interactions of metal complexes and biologically relevant
molecules are very important not only from the fundamental, but
also from the biological and medical point of view. However, tran-
sition metals and their reactions are in general important in the
biology and medicine (biological electron transfer, toxicology and
use of metal complexes as drugs). Moreover, non-essential metal
ions are very often used in biological systems either for therapeutic
application or as diagnostic aids.

Metal complexes have been used for decades as drugs in medi-
cine [1]. For instance, platinum-based antitumor drugs such as cis-
platin, the second generation carboplatin and a third generation
oxaliplatin are still the most widely used agents for the treatment
of different types of cancer. The success of cisplatin has aroused
great interest in the study of metal complexes as possible applica-
tion in medicine [2-4]. The use of cisplatin is restricted by its
side-effects, which include kidney toxicity, neurotoxicity, gastroin-
testinal toxicity, ototoxicity, etc. A limiting factor in the use of

Abbreviations: [Ru"(n%-p-cym)(pydc)Cl], chlorido(p-cymene)(2,3-pyridinedi-
carboxylato)ruthenium(Il); p-cym, p-isopropyl toluene; pydc, 2,3-pyridinedicarb-
oxylato; 5'-GMP, guanosine-5-monophosphate; Guo, guanosine; L-His, L-histidine;
Hepes buffer, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; TSP, trimeth-
ylsilylpropionic acid.

* Corresponding author. Tel.: +381 (0)34300262; fax: +381 (0)34335040.

E-mail address: bugarcic@kg.ac.rs (Z.D. BugarCié).

0277-5387/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.poly.2011.06.019

platinum based drugs is resistance of cells to these drugs being
developed with time [4].

Ruthenium complexes have potential as anticancer drugs [5].
Moreover, ruthenium based drugs are generally less toxic than
the platinum based derivatives, which makes them suitable for
medical applications. Different types of ruthenium complexes have
been tested with the aim of discovering behaviors similar to that of
cisplatin, but it has been found that just a few exhibit this [5].
Ruthenium complexes of the most common oxidation states, Ru(II)
(d® diamagnetic) and Ru(lll) (d°> paramagnetic), are octahedral in
geometry and inert to ligand substitution, especially Ru(Ill) com-
plexes [6]. This makes them attractive as drugs as they should ide-
ally arrive at the target intact.

The most significant was the entry of two Ru(Ill) octahedral
complexes into clinical trials for cancer treatment. They have low
toxicity towards cancer cells, but is particularly effective against
solid tumor metastases [7,8]. It has been suggested that Ru(III)
complexes are activated by reduction in vivo to Ru(ll) and they
should coordinate more rapidly to biomolecules [9,10] due to the
increased lability of Ru(Il)-Cl bonds compared to that in Ru(III)
complexes, which tend to be more inert towards ligand substitu-
tion. Two Ru(lll) complexes, [(Him)trans-[RuCly(S-DMSO)(im)]
(im = imidazole) known as NAMI-A, and Hind trans-[RuCl,(ind);]
(ind = indazole) known as KP1019 have attracted much attention
since they have completed phase I in clinical investigation as
anticancer drugs [11,12].

The piano-stool organoruthenium complexes of the type [(Nn°-
arene)Ru''(chel)X]* (where arene is benzene (bz) or bz derivatives,
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chel = chelating ligand and X = halide) have been studied as poten-
tial anticancer agents [13-15]. These complexes display a pseudo-
octahedral structure, with the arene occupying three coordination
sites forming the “seat” of the stool and the other ligands occupy-
ing the three remaining coordination sites forming the “legs”. In
this type of complexes, the arene provides a hydrophobic face for
the complex and stabilize Ru in the +2 oxidation state so that oxi-
dation to Ru(Ill) is difficult. The arene is considered as a m-acceptor
ligand towards Ru and the chelating ligands provide additional sta-
bility. Complexes containing chelating ligands tend to be more ac-
tive than those containing monodentate ligands [13]. The nature of
the chelating ligand can play a crucial role in anticancer activity
[13-15]. The structure activity relationships of these complexes
have been discussed [13-17].

Antitumor activity of Ru complexes have been explained by the
interactions with DNA [5,18], forming intrastrand crosslinks to
adjacent guanosine residues [19]. The mechanism of cytotoxic ac-
tion of Ru(Il) arene complexes is thought to involve hydrolysis of
the Ru-X bond generating reactive Ru-OH, species that can future
bind to DNA and form monofunctional adducts. Therefore the
hydrolysis rates are of high importance in order to relate them to
anticancer activity [20].

In this paper we report the kinetics of complexation between
the monofunctional Ru(ll)-arene complex, [Ru"(n®-p-cym)
(pydc)Cl], and nitrogen-donor ligands, namely guanosine-5’-mono-
phosphate (5'-GMP), guanosine (Guo) and r-histidine (1-His), Fig. 1.

2. Experimental
2.1. Chemicals and ligands

RuCl; x H,O was purchased from Precious metal Online and
was used as received (Ru content about 40%). The ligands

c1// ST
) | -
O  COOH

[Ru"'(m’-p-cym)(pydc)CI]

o o
{Njf‘\NH {Njf‘\r\m
N N)\NHz N N)\NHz

I
H,N—CH—C—OH

CH,

N \
\\7NH
L-His

Fig. 1. The structures of investigated complexes and ligands.

guanosine-5'-monophosphate disodium salt (99%), guanosine hy-
drate (99%), L-histidine (98%) and 2,3-pyridinedicarboxylic acid
(99%) were obtained from Acros Organics. Nucleophile stock solu-
tions were prepared shortly before use by dissolving the chemicals.
Methanol (Centrohem, p.a) was dried over Mg/l,. Deuterium-oxide
(99.9% Deutero GmbH) is commercially available and used as re-
ceived. Hepes buffer (N-2-hydroxyethylpiperazine-N’-2-ethanesul-
fonic acid, 99.5%) were obtained from Sigma-Aldrich Co. All other
chemicals were of the highest purity commercially available and
were used without further purification. Ultra pure water was used
in all experiments involving aqueous solutions.

2.2. Synthesis of the complex

The complexes [(N®-p-cym)RuCl], and [Ru'{(n®-p-cym)(pydc)
Cl] were prepared according to literature methods [21,22].

2.3. Instrumentation and measurements

Chemical analyses were performed on a Carlo Erba Elemental
Analyser 1106. '"H NMR measurements were performed on Varian
Gemini 2000, 200 MHz NMR spectrometer and on Bruker Avance
III 500 spectrometer (500.26 MHz). The measurements were per-
formed with a commercial 5 mm Bruker broadband probe. All
chemical shifts are referenced to TSP (trimethylsilylpropionic acid).
In D,0 solutions, the pH* (pD = pH + 0.4) was measured with an
inoLab SenTix® Mic pH Microelectrode.

UV-Vis spectra and kinetic traces were recorded on a Perkin-EIl-
mer Lamda 35 double-beam spectrophotometer in thermostated
1.00 cm quartz Suprasil cells. Temperature was controlled to
+0.1 °C. The pH of the solution was measured using a Mettler Delta
350 digital pH meter with a combined glass electrode. This elec-
trode was calibrated using standard buffer solutions of pH 4, 7
and 9 obtained from Sigma.

2.4. Kinetics measurements

The kinetics of the substitution of coordinated chloride was fol-
lowed spectrophotometrically by following the change in absor-
bance at working wavelengths as a function of time. The working
(suitable) wavelengths were determined by recording spectra of
the reaction mixture over the wavelength range 220-450 nm (Rep-
resentative graph is shown in Supplementary data Fig. 1S). The
wavelength with the largest change of the absorbance of the solu-
tion with the time is taken as working wavelength. All kinetic
experiments were performed under pseudo-first-order conditions,
for which the concentration of the nucleophile was always in at
least a 20-fold excess. The reactions were initiated by mixing
0.5 ml of Ru(Il) complex solution with 2.5 ml of thermally equili-
brated nucleophile solution in the UV-Vis cuvette and reactions
were followed for at least 8 half-lives. The observed pseudo-first-
order rate constants, kopsq, represent an average value of two to
three independent kinetic runs for each experimental condition.
Reactions were studied at three temperatures (298, 310 and
318 K)in 0.1 M NaClO,4, 10 mM NacCl at pH 2.5. To be closer to phys-
iological conditions the reactions were also studied in an aqueous
25 mM Hepes buffer at pH 7.2 in the presence of 10 mM NaCl.
Hepes buffer was selected because it is sterically more crowded
than Tris and do not coordinate. The experimental data are summa-
rized in the Supplementary data (Tables 1S-6S). The values of con-
stants and other thermodynamic parameters were determined
using the computer programs micrRosoFT EXCEL 2007 and ORIGINPRO 8.

2.4.1. 'TH NMR kinetic experiments
TH NMR kinetic measurements of the reaction of the Ru(Il) com-
plexes with nitrogen-bonding ligands were done on a freshly
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prepared sample of the reactants. All reactions were carried out in
NMR tubes. D,O was used as a solvent. A 8 mM solution of the
complex was prepared in 300 pL D,0O approximately 10 min prior
to the start of the kinetic experiment and put in an ultrasonic bath
until complete dissolution (2 min). Also 8 mM solutions of the li-
gands were prepared in 300 pL of D,O0. NMR spectra were recorded
at 295 K over a period of 3 h, until completion of the reaction was
reached. No buffer was used to prevent increased activation of the
complexes due to coordination of phosphate, or interfering signals
in the observed peak area. The pH* changed slightly from 7.4 to 8.4
upon completion of the reaction.

3. Results and discussion
3.1. UV-Vis measurements

The kinetics of the substitution of coordinated chlorido ligand
from the complex, [Ru'(n®-p-cym)(pydc)Cl], was investigated
spectrophotometrically by following the change in absorbance at
working wavelengths as a function of time. Guanosine-5-mono-
phosphate (5'-GMP), guanosine (Guo) and r-histidine (His) were
investigated as nucleophiles because of their different nucleophi-
licity, steric hindrance, binding properties and biological relevance
(see Fig. 1). As mentioned above, all kinetic experiments were per-
formed under pseudo-first-order conditions with respect to the
nucleophile in order to force the reactions to go to the completion.
To suppress spontaneous hydrolysis of the chloride from the coor-
dination sphere of the complex all reactions were studied in the
presence of 10 mM NacCl. This concentration is determined before
kinetic measurements according to the changes of absorbance at
different chlorido concentration (Fig. 2S, Supplementary data).

The substitution reactions of the complex, [Ru"(n®-p-cym)
(pydc)Cl], with 5'-GMP, Guo and 1-His can be represented by Eq. (1).

[Ru'" (1°-p-cym) (pydc)Cl] + L % [Ru' (1°-p-cym) (pydc)L] + CI-

L = 5-GMP, Guo and L-His (1)

Here, k; is the second-order rate constant for the forward reaction,
kq, accumulates the rate of solvolysis reaction followed by the very
fast displacement of water molecule by the nucleophile. The sec-
ond-order rate constants k, were obtained directly from the slopes
of plots of ks Versus entering nucleophile concentration. The rate
of the reaction is described by Eqgs. (2) and (3).

- d[Ru“(n-p-Cgtrn)(pydC)Cl} = kobsa[Ru" (7-p-cym) (pydc)Cl]  (2)

kobsd =k [Cli] +ky [L} (3)

All kinetic runs could be fitted by a single exponential function
and no subsequent reactions were observed. The observed pseudo-
first-order rate constants, kopsq, Were calculated as the average va-
lue from two to three independent runs.

The experimental results for the substitution reactions of
[Ru"(n8-p-cym)(pydc)Cl] complex with 5'-GMP at pH 7.2 is shown
in Fig. 2 (Graphs for the other substitution reactions are given in
Supplementary data Figs. 35-7S). A linear dependence on the
nucleophile concentration was observed for all reactions.

The kinetic data clearly show that these nitrogen-bonding
nucleophiles are very good entering ligands for the Ru(Il) com-
plexes. Guanosine is the best nucleophile and the order of reactiv-
ity is: Guo>5-GMP > L-His. Furthermore, the pH at which
antitumor complexes bind to DNA is significantly higher than
2.5, so we studied the complex formation at pH 7.2 as well. How-
ever, the second order rate constants for the forward reactions are
higher at pH 7.2 than at pH 2.5.

% 4 1
10 Kobsals™ 318K
20
310K
15 4
®
101 298 K
5 4
10*[5'-GMP]/M
0 T T T T T
0 1 2 3 4 5 6

Fig. 2. Pseudo-first order rate constants, kopsg, as a function of ligand concentration
and temperature for the substitution reactions of [Ru"(n®-p-cym)(pydc)Cl] complex
with 5'-GMP in 25 mM Hepes buffer, 10 mM NaCl, pH 7.2.

The temperature dependence of these rate constants enabled
the calculation of the activation enthalpies (AH™) and entropies
(AS™) by use of the Eyring equation. Rate constants and activation
parameters derived from these experiments are summarized in Ta-
ble 1.

Guanosine-5’-monophosphate (5-GMP) and guanosine (Guo)
can coordinate to metal ions via N1 and N7, while L-histidine can
coordinate via N3 (pK,(N3)=6.02) [23]. Under our experimental
conditions (pH 2.5) only the N7 position of 5-GMP will bind to
the central metal atom (pK; = 1.2) since at this pH the N1 position
is protonated (pK, = 8.88) [24]. Binding through the N7 position in
a neutral or weakly acidic medium has been verified [25-28]. Guo
behaviors similar because its pK; values are pKy(N7)=2.11 and
PKA(N1) = 9.22 [24].

The second order rate constants, k,, were studied as a function
of temperature. All available activation parameters support the
operation of an associative mechanism [29]. The significantly neg-
ative activation entropies for the forward reactions in (1) suggest
that the activation process in the studied systems seems to be
strongly dominated by bond making [29]. The results are in excel-
lent agreement with data reported before [30-32].

3.2. NMR spectroscopy

Under physiological conditions metal complexes usually under-
go transformation before reaching the target. The transformation
of the complex can include ligand substitution, reduction of the
metal ion or modification of the ligands that are still bound to
the metal. The general mechanism for monofunctional complexes
[(n®-arene)Ru"(chel)CI]" involves the rapid hydrolysis of the chlo-
ride with formation of more reactive aqua species [19].

The chlorido ligand in the complex, [Ru"(n°-p-cym)(pydc)Cl], is
very labile in aqueous solution. The hydrolysis of the [Ru"(1®-p-
cym)(pydc)Cl] complex was very fast and completed by the time
when the first spectrum was measured. Addition of excess of NaCl
to equilibrium solutions reversed the hydrolysis, as shown in Fig. 3.

We also studied the complex formation of the complex [Ru'{(n°-
p-cym)(pydc)D,0]" with N-bonding ligands by 'H NMR spectros-
copy. The obtained results are also presented in Table 1.

The reactions of [Ru'(n®-p-cym)(pydc)Cl] complex (4 mM) and
5-GMP, Guo or 1-His, (4 mM) at pD = 8.4 and 295 K were studied
by 'H NMR for a period of 5 h. Second-order rate constants, ks,
were obtained from Eq. (4).

kat = x/ag(ao — x) (4)
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Table 1

A. Rilak et al./Polyhedron 30 (2011) 2339-2344

Rate constants for the substitution reactions between [Ru'(n°-p-cym)(pydc)Cl] complex with nucleophiles.

[Ru(n®-p-cym)(pydc)CI]? T (K) pH 10" k3M's7! 10% ks ™! AH,”[k] mol ! AS,”[J K~ mol ™!
Guo 310 2.5 1.87+0.14 2.38+0.17 - -

5'-GMP 1.15£0.09 4.05+0.27 222 -193+6
\-His 0.55 +0.02 1.64 £0.05 - -

Guo 310 7.2 2.69£0.25 1.07 £ 0.40 - -

5'-GMP 2.41+£0.10 1.960.30 37+6 -142+19
\-His 0.65 +0.05 3.07+0.20 - -
[Ru(n®-p-cym)(pydc)Cl]® T (K) pD 102 /M 1571

Guo 295 8.4 4.26 +0.03

5'-GMP 3.34 £0.02

1-His 0.58 +0.01

¢ Rate constants obtained by UV-Vis experiments in 0.1 M NaClO,4, 10 mM NacCl.
b Rate constants obtained by '"H NMR.

where x is the amount of [Ru'(1n®-p-cym)(pydc)(L)] (L is 5'-GMP,
Guo or L-His) and ag is initial concentration of aqua Ru(ll)-arene
complex. Calculations were performed by relative integration (esti-
mated error is 5%) of suitable proton signals of both reaction prod-
ucts and starting materials during the reaction. The values of the
rate constants were determined from Guggenheim plot, in which
x/ag(ag — x) is plotted against time, shows a straight line passing
through the origin as shown in Fig. 4. The values of the second-
order rate constants, ko, were calculated from the slope of this line.
The obtained 'H NMR kinetic data are given in Table 1 as well. There
is a difference in the values of the second order rate constant, k5, ob-
tained by UV-Vis and NMR because the experimental conditions
were different. In the UV-Vis experiments we used constant ionic
medium 0.1 M NaClO4, 10 mM NaCl, pH was 7.2 and the tempera-
ture was 37 °C. In the NMR experiments temperature was 22 °C
and experiments performed in D,0 at pD 8.4 without the ionic med-
ium or any buffer.

Ru is a chiral center in p-cymene complex having three different
donor atoms. The representative '"H NMR spectra of the reaction

DM KaCl

between [Ru'(n®-p-cym)(pydc)Cl] complex and Guo is shown in
Fig. 5. The singlet at 2.225 ppm corresponds to methyl group of cym-
ene ligand of started aqua (deutero) Ru(Il) complex. During the reac-
tion with Guo signal at 2.225 ppm decrease, while the signal of the
product, [Ru"(n®-p-cym)(pydc)(Guo)], appear at 1.925 ppm and in-
crease with the time. However, the singlet gives two signals which
correspond to the products of two diastereoisomers. Two doublets
at 1.205 ppm and 1.195 ppm correspond to two methyl protons of
isopropyl-group of cymene ligand for the started complex. The
intensities of these signals decrease with time in the reaction with
Guo forming the signals in the range between 1.100 ppm and
0.900 ppm. These signals also confirm the presence of mixture of
diastereoisomers. NMR spectra and 'H-'H COSY NMR spectrum
are given in Supplementary data Figs. (8S and 9S). The reaction be-
tween the complex and ligand could be also seen from the signals
of Guo as well. The signal at 8.220 ppm is a signal for the free Guo,
and the signal at 7.950 ppm corresponds to the coordinated ligand.

The recorded spectra for the reaction between [Ru'(m®-p-
cym)(pydc)Cl] complex and 5-GMP also confirm the fact that the
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Fig. 3. 'H NMR spectra of the studied complex in D,0, and with solutions of NaCl.
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Fig. 4. Guggenheim plots for the reaction of [Ru'(n°®-p-cym)(pydc)Cl] complex
(4 mM) and Guo (4 mM) at pD = 8.4 and 295 K.
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Fig. 5. "TH NMR spectra of the substitution reaction between [Ru'(n5-p-cym)-
(pydc)Cl] complex (4 mM) and Guo (4 mM) in D,0 at 295K, pD = 8.4.

products of the substitution exist as two diastereoisomers (Figs.
10S and 11S, Supplementary data). The free 5-GMP has a signal
at 8.220 ppm and the coordinated at 7.956 ppm. During the time
the peak correspond to coordinated ligand increase with time,
and for the free ligand decrease with time (Supplementary data
Fig. 10S).

It is assumed that chlorido Ru(Il) arene complexes are dominant
species in blood plasma (pH 7.4) where the chloride concentration
is ca. 104 mM. In the cell nucleus where the chloride concentration
is lower (ca. 4-20 mM) increased concentration of aqua Ru(lI) spe-
cies is more likely to occur. Once a Ru(Il) arene complex is acti-
vated through hydrolysis and the aqua species is formed, Ru is
potential center for nucleophilic attack by biomolecules. Moreover,
DNA is an important potential target for many metal-based anti-
cancer agents [3]. The binding of Ru(Il) arene complexes to 5'-
GMP, constituents of DNA, is special interest. Therefore it is of great
importance to understand binding of nitrogen-bonding ligands to
Ru complexes.
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Half sandwich Ru(ir)-[9]aneS3 complexes ([9]aneS3 = 1,4,7-trithiacyclononane) are being studied for
their antiproliferative activity. We investigated here the activation kinetics of three such complexes,
namely [Ru([9]aneS3)(en)C1](PFy) (1), [Ru([9]aneS3)(bpy)C1](PFy) (2) and [Ru([9]aneS3)(pic)Cl] (3)
(en = 1,2-diaminoethane, pic = picolinate), and their interaction with DNA model bases. The aim of the
study was to assess how they are affected by the nature and charge of the chelating ligand. The model
reactions of 1-3 with the guanine derivatives 9-methylguanine (9MeG), guanosine (Guo), and guanosine
5'-monophosphate (5-GMP) were studied by NMR spectroscopy. All reactions lead, although with
different rates and to different extents, to the formation of monofunctional adducts with the guanine
derivatives N7-bonded to the Ru center. Two products, the complexes [Ru([9]aneS3)(en)(9MeG-N7)]-
(PF¢), (4) and [Ru([9]aneS3)(pic)(IMeG-N7)](PF,) (10), were structurally characterized also by X-ray
crystallography. The structure of 4 is stabilized by strong intramolecular H-bonding between an NH of en
and the carbonyl O6 of 9MeG. The kinetics of aquation and anation of complexes 2 and 3, as well as the
kinetics and the mechanism of the reaction of complexes 1-3 with the biologically more relevant 5'-GMP
ligand were studied by UV-Vis spectroscopy. The rate of the reaction of 1-3 with 5-GMP depends on the
nature of the chelating ligand rather than on the charge of the complex, decreasing in the order 3 ~ 2 > 1.
The measured enthalpies and entropies of activation (AH” > 0, AS™ < 0) support an associative

mechanism for the substitution process.
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of 1-3 with 9MeG, Guo and 5-GMP in D,0; *'P NMR spectral
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Introduction

Among the several metal compounds that are currently under
investigation for their anticancer activity, those of ruthenium
occupy a prominent position.! Research on ruthenium-based
antitumor drugs has become more intensive after two anionic
Ru(m) coordination compounds developed in the late 1980s,
namely NAMI-A ([Him]#rans-[RuCly(im)(dmso-S)], where im =
imidazole) and KP1019 ([Hind]trans-[RuCly(ind),], where ind =
indazole), have completed phase I clinical trials with good
results.>® Currently, the investigations are mainly focused on
organometallic half sandwich Ru(i)—arene compounds,*> many
of which were found to possess anticancer activity in vitro and,
in some cases, also in vivo.®” Representative examples are com-
pounds of the type [Ru(n®-arene)(chel)X](PFs), (chel = a neutral
or monoanionic N—N, N-O, or O—O chelating ligand; X =
halide; n = 1 or 0, depending on the charge of chel) and
[Ru(n®-arene)X,(pta)] (X = Cl or X, = chelating dicarboxylate;
pta = 1,3,5-triaza-7-phosphatricyclo[3.3.1.1]decane) developed,
respectively, by Sadler and Dougan® and by Dyson and co-
workers.’

In particular, those with the general formula [Ru(n®-arene)(en)-
CI](PF¢) (en = 1,2-diaminoethane) have been studied in great
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detail as they show promising anticancer activity, both in vitro
against human cancer cell lines, including the cisplatin-resistant
variant A2780cis, and in vivo with significant growth delay
against A2780 and A2780cis xenografts.''* These compounds
are considered as prodrugs with a mechanism of action similar
to Pt-based drugs (finctional compounds):'® their activation is
believed to involve rapid dissociation of the Cl ligand, thus gen-
erating an active mono-functional Ru—OH, metabolite that
targets DNA,'* binding preferentially to guanine residues via
N7 coordination.'”> Both [Ru(n6-arene)(en)(nucleobase)] and
[Ru(n’®-arene)(en)(nucleoside)] adducts were isolated and charac-
terized by X-ray crystallography. According to solution and solid
state evidence, the main Ru—-N7(guanine) coordination bond is
assisted by stereospecific hydrogen bonding between the carbo-
nyl O6 of guanine and one NH of en, and by m—=n stacking
between the aromatic ligand and the nucleobase.'®

In this context, we have developed a series of new half sand-
wich Ru(i) coordination compounds of the general formula
[Ru(fel)(chel)X](Y),, in which the arene has been replaced by a
neutral face-capping macrocyclic ligand (fcl) such as 1,4,7-
trithiacyclononane  ([9]aneS3) or 1,4,7-triazacyclononane
([9]aneN3), chel is a neutral or anionic chelating ligand (N-N,
e.g. en, 1,2-diaminocyclohexane (dach), bpy or substituted bpy,
substituted triazoles; O—-O, e.g. oxalate, malonate, acac; N-O,
e.g. picolinate (pic)), X is either Cl or dmso-S, and Y =
CF3S0s, PFg, Cl (n depends on the charge of chel and X).”’21
We found that most of the new compounds have no significant
antiproliferative  activity —against the breast carcinoma
MDA-MB-231 cell line; only [Ru([9]aneS3)(en)C1](PF¢) and
[Ru([9]aneS3)(dach)C1](PF4) showed moderate in vitro cyto-
toxicity, with an ICsq ca. 80 and 124 uM, respectively,”” i.e. one
order of magnitude higher than that of the most potent organo-
metallic compound [Ru(n®-bip)(en)Cl1](PFs) (bip = biphenyl;
ICso = 10 uM)."® It is worth noting that both Ru—[9]aneS3 com-
plexes hydrolyze the chloride ligand at a reasonable rate (i.e.
within minutes) and are capable of acting as hydrogen bond
donors through the chelating ligand. These two features seem to
be a prerequisite for antiproliferative activity. Complexes such as
[Ru([9]aneS3)(bpy)Cl1](PFy), that release the Cl ligand at a rate
comparable to that of [Ru([9]aneS3)(en)CI](PF¢) but lack the
possibility to behave as H-bond donors, display very low — if
any — antiproliferative activity. On the other hand, complexes
such as [Ru([9]aneN;)(chel)(dmso-S)](PFs), *° and fac-[Ru-
(dmso-S)s(chel)C1](PFg)** (where chel = en or dach), that are
substitutionally inert, are also inactive.

With the aim of gaining insight into the factors that influence
the activity of our coordination half sandwich compounds,
including hydrolysis rates, binding of Ru to guanine, preferred
binding sites and additional interactions, e.g. H-bonding between
the chelating ligand and the nucleobases, we have now studied
the reactions of three Ru(i)—[9]aneS3 complexes, [Ru([9]aneS3)-
(en)CI](PFe) (1), [Ru([9]aneS3)(bpy)Cl](PFe) (2) and [Ru([9]-
aneS3)(pic)Cl] (3), with the guanine derivatives 9-methylgua-
nine (9MeG), guanosine (Guo) and guanosine 5’-monophosphate
(5'-GMP) (Fig. 1). The characterization of the final products and
of the intermediates was performed in solution using NMR spec-
troscopy, while the molecular structures of two products, i.e.
[Ru([9]aneS3)(en)(9MeG-NT7)](PF¢), (4) and [Ru([9]aneS3)(pic)-
(9MeG-NT7)](PF¢) (10), were determined also in the solid state

o] [e] o]
7 7 7
N-~3-6 Ny N~5-6™ 56 A
s | s || 8, ||
9 Py 9 2 it 9 e
N N HO 4 N7 NH, ©O—P—O N NH
| 2 4 HoH . 3 2 | . HoH ; 3 2
H 3 2] H HI3 2] H
H O H Ol
9-MeG Guo 5.GMP

Fig. 1 Schematic structures of the half sandwich Ru(i)-[9]aneS3
coordination compounds 1-3 and of the guanine derivatives used in the
present study with numbering schemes.

by X-ray crystallography. In addition, the kinetics of aquation
and anation of complexes 2 and 3, as well as the thermodyn-
amics and kinetics of selected reactions were studied using
UV-Vis spectrophotometry.

Experimental
Materials

9-Methylguanine (9MeG), guanosine hydrate (Guo) and guano-
sine 5’-monophosphate disodium salt hydrate (5'-GMP-Na,)
were purchased from Sigma-Aldrich and used without further
purification. The complexes [Ru([9]aneS3)(en)C1](PF¢) (1) and
[Ru([9]aneS3)(pic)Cl1] (3) were synthesized according to pub-
lished procedures.>’ The preparation of [Ru([9]aneS3)(bpy)Cl]-
(PF¢) (2, ESIY) is similar to that previously described for the cor-
responding CF3SO5 compound.'’

Instrumental methods

Mono- ("H (400 or 500 MHz), '*C (100.5 MHz), *'P
(202 MHz)) and bi-dimensional (‘"H-'H COSY, 'H-"*C HSQC,
"H-'*C HMBC) NMR spectra were recorded on a JEOL Eclipse
400FT or on a Varian 500 spectrometer. 'H chemical shifts in
D,0O were referenced to the internal standard 2,2-dimethyl-2,2-
silapentane-5-sulfonate (DSS) at 6 = 0.00, while those in
CD3;NO, were referenced to the peak of the residual non-deuter-
ated solvent (6 = 4.33). All NMR spectra were run at 298 K. The
UV-Vis spectra were obtained on a Jasco V-500 UV-Vis spectro-
photometer equipped with a Peltier temperature controller or on
a Perkin-Elmer Lambda 35 double beam spectrophotometer,
using 1.0 cm path-length quartz cuvettes (3.0 mL).

X-ray crystallography

Crystals of 2 suitable for X-ray analysis were obtained from a
methanol solution of 2 saturated with diethyl ether upon standing
at room temperature. Yellow crystals of [Ru([9]aneS3)(en)-
(9MeG-N7)](PF¢), (4) and of [Ru([9]aneS3)(pic)(IMeG-N7)]-
(PF¢) (10) suitable for X-ray analysis were obtained from the
aqueous solutions of the reactions of 1 and of 3 with 9MeG,
respectively, upon addition of a large excess of NH,4PF¢ after
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Table 1 Crystallographic data for compounds 2, 4-H,O and 10-1.5(H,0)

2

Formula C 1 6H20C1F6N2PRUS3
Formula mass 618.01
Crystal system Monoclinic
Space group P2/c

a () 16.6200(14)
b(A) 9.6130(9)
c(A) 14.6900(11)
a(°) 90

B(°) 111.888(9)
7 () 90

V(A% 2177.8(3)

z 4

Deatea (g €m™) 1.885
u(Mo-Ko) (mm™") 1.262
F(000) 1232

6 range (°) 2.59-26.42
No. of reflns collctd 33504

No. of indep reflns 4301

Rin 0.0341

No. of reflns 7> 20(/) 3347
No. of refined params 297
Goodness-of-fit (F°) 0.992

Ry, wR, (I>20(]))"
Ry, WR, (all data)
Residuals (e A7)

0.0361, 0.0986
0.0451, 0.1016
0.616, —0.426

“u(Cu-Ka). " Ry = Z||Fy| — |Fll/EIFy), WRy = [Ew(F,> — F2)XEw(F, 2"

4-H,0 10-1.5(H,0)
C14H29F 12N70,P>RuS; C18Ha6FsN6O4.50PRUS;
814.63 740.67
Triclinic Monoclinic
Pl P21/C
8.5941(2) 10.3000(10)
11.3013(2) 14.2830(11)
14.8054(3) 18.1920(14)
99.263(1) 90
91.080(1) 91.741(11)
92.016(1) 90
1417.90(5) 2675.1(4)

2 4

1.908 1.839

0.995 8.272¢

816 1496
3.05-27.45 3.94-64.35
11707 24 838
6449 4325
0.0198 0.0760
6449 2995

386 369

1.131 0.961

0.0271, 0.0585
0.0354, 0.0612
0.409, —0.679

0.0571, 0.1421
0.0759, 0.1503
1.056, —1.530

completion of the reaction (controlled by NMR spectroscopy)
and standing for several days at room temperature. Data collec-
tions of 2, 4 and 10 were carried out on a Nonius DIP-1030H
system (Mo-Ka: radiation, A = 0.71073 A, T =293(2) K), on a
Nonius Kappa CCD diffractometer (Mo-Ko radiation, 4 =
0.71073 A, T=150(2) K) and on a Cu rotating anode equipped
with a Bruker CCD2000 detector (1 = 1.54178 A, T =
293(2) K), respectively. Cell refinement, indexing and scaling of
the data sets were performed using the programs Denzo and
Scalepack.”> All structures were solved by direct methods
implemented in SIR92%* (for 4) or SIR97*° (for 2 and 10) and
subsequent Fourier analyses”® and refined by the full-matrix
least-squares method based on F> with all observed reflections.*®
The hydrogen atoms were either placed at calculated positions
and treated using appropriate riding models or determined from
the difference electron density map (water molecules at full
occupancy in 4 and 10, and N(1)-H of 9MeG in 4). The PF¢
anion in 2 was found to be disordered over two positions with
the occupancy of F atoms refined at 0.804(7)/0.196(7). The
asymmetric unit of complex 4 contains three crystallographically
independent PF¢ anions, two of which are at half occupancy
with their P atoms located on centers of inversion. All the calcu-
lations were performed using the WinGX System, Ver 1.80.05.%7

Crystal data and details of data collections and refinements for
the structures reported are summarized in Table 1.

Kinetic analysis

The kinetics of aquation of complexes 2 and 3 and those of
anation of the corresponding aqua species [Ru([9]aneS3)(bpy)-
(H,0)]*" (2a) and [Ru([9]aneS3)(pic)(H,0)]" (3a) were studied
by UV-Vis spectrophotometry by following the change in

absorbance at specific wavelengths as a function of time. The
working wavelength for each reaction corresponded to that of a
maximum change in absorption (derived from the difference
spectra). The samples (0.1 mM) for the aquation studies — per-
formed at 298 K — were prepared in 0.1 M NaClO4 and the
absorbance at the selected wavelength was recorded every
30 s. The absorption/time data for each complex were computer
fitted to the first-order rate equation (eqn (1)), which gave the
k0 value (k) for each aquation process:

A:C0+C1€7kt (1)

Cyp and C; are computer-fitted constants, and A4 is the absorbance
at time .

For the anation studies a 10 mL stock solution of each com-
pound (0.1 mM) in 0.1 M NaClO, was prepared. An aliquot
(2.5 mL) of this solution was transferred into a cuvette and this
sample was used for the aquation studies. The rest of the stock
solution was left to equilibrate. When the sample reached equili-
brium, the stock solution was dispensed in three additional cuv-
ettes, an appropriate amount of solid NaCl was added to each
cuvette and the absorbance at selected wavelengths was
measured every 30 s. Four NaCl concentrations were investi-
gated: 50, 100, 200 and 300 mM. The second-order rate con-
stants k¢ of the anation reactions were calculated from the slope
of the pseudo-first-order rate constants (k'c|) versus chloride con-
centration [C17].

The equilibrium constants K, for the aquation reactions of 2
and 3 were calculated from the equation K,q = ky,o/kcr.

The kinetics of the substitution reactions of complexes 1-3
with 5'-GMP were studied also spectrophotometrically. All
kinetic measurements were performed under pseudo-first-order
conditions (i.e. the concentration of the nucleophile was at least
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20-fold that of the complex). The reactions were initiated by
mixing a solution of each complex (0.3 mL, 1.00 mM) with
2.7 mL of a thermally equilibrated nucleophile solution
(5.56 mM) in the UV-Vis cuvette and the reactions were fol-
lowed for at least 8 half-lives. The observed pseudo-first-order
rate constants, ks, represent an average value of two to three
independent kinetic runs for each experimental condition. Reac-
tions were studied at three different temperatures (298, 310 and
318 K) in 25 mM Hepes buffer containing 30 mM NaCl at pH
7.2. The second-order rate constants k, for the substitution reac-
tions with 5-GMP were obtained directly from the slopes of kyps
plots versus the concentration of the nucleophile. All kinetic data
were computer-fitted to the appropriate equation using the pro-
grams Microsoft Excel 2007 and Origin 8.

Results and discussion

Chemical behavior of Ru—[9]aneS3 complexes 1-3 in aqueous
solutions

As previously reported by us, [Ru([9]aneS3)(en)C1](PFg) (1) and
[Ru([9]aneS3)(pic)Cl] (3) in aqueous solutions undergo rela-
tively fast hydrolysis of the CI™ ligand at ambient temperature
(<2 min for 1 and ca. 10 min for 3) to give the corresponding
aqua species [Ru([9]aneS3)(en)(H20)]2+ (1a) and [Ru([9]aneS3)-
(pic)(H,0)]" (3a), which at equilibrium are predominant
(ca. 90%).*° The behavior of [Ru([9]aneS3)(bpy)Cl]" (2) is
similar, but the release of Cl is slower than from 1 and 3, and
occurs to a smaller extent. At NMR concentrations and room
temperature, equilibrium between 2 and [Ru([9]aneS3)(bpy)-
(H,0)*" (2a) (ca. 30 : 70%) is reached within ca. 30 min.

In the present work, the reactions of 1-3 with the guanine
derivatives (9MeG, Guo and 5'-GMP) were performed by
addition of the appropriate ligand to an equilibrated solution of
each compound (i.e. 2 min, 10 min and 30 min after dissolution
of 1, 2 and 3, respectively).

NMR investigation

The reactivity of compounds 1-3 towards the three guanine
derivatives was primarily investigated by 'H and *'P NMR
studies in D,O at 298 K. Selected chemical shifts for the pro-
ducts are shown in Table S1.}

[Ru([9]aneS3)(en)C1](PFg) (1). The 'H NMR spectrum of 1
showed no rapid changes after the addition of 1 equiv. of 9MeG
(4 mM, pH 7.60) (Fig. S1}). A new set of H8 and CH; reson-
ances (0 = 8.22 and 3.67, respectively), shifted to higher fre-
quencies compared to those of free 9MeG (6 = 7.74 and 3.65,
respectively), grew slowly with time. The remarkable downfield
shift of the H8 resonance, typical for N7-binding of purine moi-
eties to metal ions,?®%° suggests that the Ru center binds to the
N7 of 9MeG, and thus the new resonances were assigned to the
product [Ru([9]aneS3)(en)(OMeG-N7)]*" (4). Equilibrium was
reached after ca. 30 h, with a ratio between 4 and free 9MeG of
ca. 5: 1, and no spectral changes were observed afterwards.

Similarly, the reaction of Guo with 1 (1:1, 4 mM, pH 7.63) in
D,O led to the exclusive formation of [Ru([9]aneS3)(en)-
(Guo-N7)I** (5) as evidenced by the growth of a single new set

of resonances in the NMR spectrum (Fig. S2, Table S17). At
equilibrium, after ca. 3 days, the ratio between 5 and free Guo
was ca. 9: 1.

The reaction of 5'-GMP with 1 (1:1, 10 mM, pH 7.60) in
D,0O was monitored by 'H and *'P NMR spectroscopy for a
period of ca. 1 week (Fig. 2). In this case addition of 5-GMP to
an equilibrated solution of 1 induced the appearance of two new
HS signals. One signal, shifted slightly upfield compared to free
5'-GMP (6 = 8.15 vs. 8.20), appeared immediately after mixing
but vanished after ca. 1 h. The upfield shift of the H§ resonance
suggests coordination of the Ru center to the O of the phosphate
group.'®*® The second H8 peak, remarkably shifted downfield
(6 = 8.66), increased gradually with time. Analogous spectral
changes were observed also in the H1' region (6 = 5.92 for free
5'-GMP), where two new doublets appeared immediately after
mixing: the one at § = 5.91 was initially more intense but disap-
peared after ca. 1 h, whereas the other doublet (6§ = 5.95) gradu-
ally increased with time. At equilibrium, which was reached in
less than 24 h, ca. 85% of 5'-GMP was bound to Ru. The time
evolution of the >'P NMR spectrum (Fig. 2) was consistent with
the '"H NMR results. One new intense peak, very downfield
shifted compared to free 5'-GMP (6 = 9.29 vs. 3.63), appeared
immediately after mixing and then decreased with time, even-
tually disappearing after ca. 1 h. A second peak, only slightly
downfield shifted (6 = 3.80), gradually increased with time and
was largely predominant at equilibrium. This NMR experimental
evidence suggests that the reaction of 1 with 5'-GMP proceeds
through the formation of an intermediate, most likely the species
with O-bonded 5'-GMP [Ru([9]aneS3)(en)(5'-GMP-O(PO3))]
(6a), eventually yielding as a final product the corresponding
Ru complex with N7-bonded 5-GMP [Ru([9]aneS3)(en)-
(5'-GMP-N7)] (6b).

To confirm the identities of the intermediate and the product,
the same reaction was performed at low pH (3.30) where the
phosphate group and N1 are protonated (pK, = 6.3 and 9.5,
respectively) while N7 is not (pK, = 2.4) and is thus available
for binding.*! Indeed, under these conditions the "H NMR spec-
trum (Fig. S37) showed the slow formation of only one species,
characterized by H8 and H1' resonances (6 = 8.56 and 5.98,
respectively) downfield shifted with respect to free 5'-GMP at
that pH and assignable to [Ru([9]aneS3)(en)(5'-GMP-N7)] (6b).
Correspondingly, in the *'P NMR spectrum (Fig. S47), only one
new peak (6 = 0.20, vs. 0.16 for free 5-GMP) slowly grew
during the reaction time. These new peaks were assigned to
[Ru([9]aneS3)(en)(5'-GMP-N7)] (6b).

These results allowed us to draw the reaction pathways shown
in Scheme 1. 5'-GMP binds to 1a either through the phosphate
group (within minutes) or through the favoured N7 binding site
(within hours). During the time course of the reaction, the com-
plete migration of the Ru fragment from the phosphate group to
N7 occurs. Similar observations have been reported for the reac-
tion of the organometallic counterpart [Ru(né-arene)(en)Cl](PFG)
complexes with 5-GMP."®

[Ru([9]aneS3)(bpy)C1](PFs) (2). Addition of 9MeG to an
equilibrated solution of [Ru([9]aneS3)(bpy)CI]™ (2) (1:1,
4 mM, pH 7.88) in D,O induced slow changes in the "H NMR
spectrum (Fig. S51), where a new set of bpy resonances and of
coordinated 9MeG, attributed to the product [Ru([9]aneS3)(bpy)-
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Scheme 1 Reaction pathways of [Ru([9]aneS3)(en)C1]" (1) with 5’-GMP in aqueous solutions.

(OMeG-N7)*" (7), grew with time. Equilibrium was reached
after ca. 17 h and the distribution of the species, as determined
by integration, was 55% of 7, 38% of 2a and 7% of 2.

Also the reaction of 2 with Guo (1:1, 4 mM, pH 7.74) —
according to 'H NMR evidence — led to the formation of a

single product, ie. [Ru([9]aneS3)(bpy)(Guo-N7)]*" (8)
(Fig. S67). After mixing, a new set of resonances assignable to 8
gradually replaced those of free Guo and 2a. As expected, the
new HS8 peak was shifted to higher frequency (6 = 8.25) and that
of H1' to lower frequency (6 = 5.77) compared to those of free

11612 | Dalton Trans., 2012, 41, 11608-11618

This journal is © The Royal Society of Chemistry 2012



Guo (6 = 7.99 and 5.90, respectively). It is worth noting that
each bpy peak is split into two equally intense resonances (par-
tially overlapped except for H6,6"): the stereogenic centers on
coordinated Guo cause the loss of the symmetry plane that makes
the pyridyl rings of bpy equivalent in 2. After ca. 1 day the
system reached equilibrium with ca. 40% of Guo bound to Ru
(i.e. 8), while in the solution remained 51% of 2a and 9% of 2.

Contrary to what was observed for 1, the reaction of 2 with
5'-GMP (1:1, 10 mM, pH 7.65) yields only one product, that
was identified by 'H (Fig. S71) and *>'P NMR (Fig. S8%) spec-
troscopy as the N7-bonded neutral species [Ru([9]aneS3)(bpy)-
(5'-GMP-N7)] (9). No intermediates with O-bonded 5'-GMP
could be detected in this case. The reaction is relatively fast, as
indicated by the rapid appearance of the signals assigned to 9
immediately after mixing. However, as compound 2 does not
dissolve completely at 10 mM concentration (instrumental to
recording the *'P NMR spectrum), the overall reaction rate was
affected by the continuing dissolution process. After ca. 1 day
the system reached equilibrium, with 30% of 5’-GMP bound to
Ru (ie. 9), and remained unchanged afterwards. The unusual
upfield shifts of the H8 and H1’ protons in 9 (6 = 8.07 and 5.69,
respectively) are caused by the shielding of the bpy aromatic
rings and are consistent with similar observations on organo-
ruthenium complexes bearing bpy and substituted bpy ligands.*
Also in this case, as for the Guo derivative described before, the
two pyridyl rings of bpy are inequivalent, even though only the
H5,5' triplets are well resolved (Fig. S7+). The *'P NMR spec-
troscopy is consistent with the '"H NMR findings: only one new
peak, shifted to higher frequency (6 = 3.81) compared to that of
free 5'-GMP (6 = 3.58), was detected.

[Ru([9]aneS3)(pic)Cl] (3). The reaction of 9MeG with [Ru-
([9]aneS3)(pic)C1] (3) (1: 1, 4 mM, pH 7.73) was monitored by
"H NMR for a period of 3 days (Fig. S9t). A new set of peaks
assigned to the [Ru([9]aneS3)(pic)(9MeG-N7)]" (10) species, in
which the HS resonance is shifted downfield (6 = 8.01) — and the
CHj; singlet is shifted slightly upfield (6 = 3.63) — compared to
free 9MeG, grew slowly with time. Equilibrium was reached
within ca. 5 h, with ca. 78% of 9MeG bound to Ru.

The reaction of Guo with 3 (1:1, 4 mM, pH 7.70) induced
the slow growth of a new set of resonances in the 'H NMR spec-
trum (Fig. S10t) attributed to [Ru([9]aneS3)(pic)(Guo-N7)]"
(11). Some of the resonances of coordinated Guo are clearly split
into two signals of equal intensities: for example there are two
singlets at 6 = 8.30 and 8.28 for HS, downfield shifted compared
to the free ligand. For most of the other resonances the splitting
is too small and they are not resolved. As in 11 the Ru atom is
also a stereogenic center (3 is a racemic mixture containing
equal amounts of the two enantiomers), these peaks can be
assigned to the two equally abundant diastereomers (Fig. 3).
After ca. 24 h the system reached equilibrium with a 2: 1 ratio
between 11 and 3a.

Also the reaction of 3 with 5-GMP (1:1, 10 mM, pH 7.95)
led to the formation of two stereomers of formula [Ru([9]aneS3)-
(pic)(5’-GMP-N7)]~ (12, Fig. 3) as evidenced by NMR spec-
troscopy (Fig. S117). The two equally intense H8 singlets are
well resolved at § = 8.21 and 8.18, but the splitting for the other
resonances of 5'-GMP or pic is smaller and the corresponding
signals are unresolved or partially overlapped at best. The

Ho N NH, HoH N NH,
* *1 * *1
* k| H B H
OH OH OH OH
R =OH, 11

R = 0O(PO);%, 12

Fig. 3 Schematic representation of the two diastereomers of [Ru([9]-
aneS3)(pic)(Guo-N7)]" (11) and of [Ru([9]aneS3)(pic)(5'-GMP-N7)]~
(12). The asterisks indicate stereogenic centers.

reaction is remarkably faster compared to that of 3 with 9MeG
and Guo: ca. 2 min after mixing, already 30% of 5'-GMP is
bound to Ru. The system reached equilibrium after ca. 1 h with
65% of 12, and no changes were observed afterwards. The
3P NMR signals of the two diastereomers of 12, two partially
overlapped singlets, are shifted slightly downfield (6 = 3.80 and
3.79) compared to free 5'-GMP (6 = 3.71) (Fig. S127). No other
resonance, indicative of O-binding, was observed in the
3P spectrum, even immediately after mixing. The full assign-
ment of each stereomer was not attempted.

The experimental evidence shows that all three Ru—[9]aneS3
complexes react with the guanine derivatives yielding monofunc-
tional adducts. The rate of the reaction for each complex
increases in the order 5'-GMP > Guo > 9MeG. Most likely
5'-GMP binds to 1-3 faster than the other ligands because of its
negative charge. In addition, for complexes 1-3 the rate of the
reaction with each guanine derivative increases in the order
3 (pic) > 2 (bpy) > 1 (en). Thus, complex 1, despite being
readily accessible for the reaction (i.e. hydrolyzes rapidly), is the
slowest, indicating that the rate limiting step for the reaction is
not the release of Cl but rather the formation of the Ru-N7
bond.

X-ray investigation

The structures of compounds 1 and 3 have been previously
determined in solid state by X-ray diffraction investigations.?
The molecular structure of complex 2 has also been reported
earlier as Cl (2-C1)** and as the CF5SO; (2-OTf)"” salt. In the
course of this study, we obtained crystals suitable for X-ray
investigation also for compound 2 as PFg¢ salt (Fig. S13%). In
2 the ruthenium centre presents the expected octahedral coordi-
nation geometry, with Ru—ligand bond lengths closely compar-
able to those found in 2-Cl and 2-OTf derivatives. Interestingly,
the plane of the bpy ligand is canted towards the chloride, an
arrangement likely induced by the m—r interaction (centroid-to-
centroid distances of 3.766(2) A) between bpy ligands of sym-
metry related complexes in the lattice (Fig. S147).

Yellow crystals of [Ru([9]aneS3)(en)(9MeG-N7)](PFs), (4)
and of [Ru([9]aneS3)(pic)(9MeG-N7)](PFs) (10) suitable for
X-ray analysis slowly grew from the mother liquor of the reac-
tions of 1 and of 3 with 9MeG, respectively, upon addition of a
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Fig. 4 ORTEP view (50% probability ellipsoids) of the cation of [Ru-
([9]aneS3)(en)(9MeG-NT7)](PF¢), (4) with the atom labelling scheme.

N2

© (5 C16

Fig. 5 ORTEP view (40% probability ellipsoids) of the cation of [Ru-
([9]aneS3)(pic)(9MeG-NT)](PFe) (10) with the atom labelling scheme.

large excess of NH4PF¢. The molecular structures show that in
each complex the metal ion adopts a distorted octahedral coordi-
nation geometry with the 9MeG exhibiting the typical N7
coordination (Fig. 4 and 5).34

The coordination bond distances and angles of complexes 4
and 10 are listed in Table 2. The geometrical values are un-
exceptional, with the Ru—N(7) bond lengths (2.1549(16) and
2.164(5) A, respectively) comparable within their esd’s. The
orientation of the guanine with respect to the equatorial coordi-
nation plane is similar in complexes 4 and 10, but the former is
further stabilized by an intramolecular hydrogen bond between

Table 2 Selected coordination bond distances (A) and angles (°) for
compounds 4 and 10

4 (X=N(5)) 10 (X = 0(2))
Ru-N(7) 2.1549(16) 2.164(5)
Ru-S(1) 2.2934(5) 2.2984(16)
Ru-S(2) 2.2993(5) 2.2760(17)
Ru-S(3) 2.2852(5) 2.2765(17)
Ru-N(4) 2.1422(17) 2.104(5)
Ru-X 2.1609(17) 2.132(4)
N(7)-Ru-S(1) 90.48(5) 88.02(14)
N(7)-Ru-S(2) 92.58(5) 92.83(15)
N(7)-Ru-S(3) 178.54(5) 176.11(14)
N(7)-Ru-N(4) 88.97(6) 93.1(2)
N(4)-Ru-S(1) 176.26(5) 172.10(16)
N(4)-Ru-S(2) 95.66(5) 99.47(16)
N(4)-Ru-S(3) 91.72(5) 90.27(15)
S(1)-Ru-S(2) 88.065(18) 88.28(6)
S(1)-Ru-S(3) 88.753(19) 88.38(6)
S(2)-Ru-S(3) 88.636(19) 88.55(6)
N(4)-Ru-X 80.28(7) 78.48(19)
N(7)-Ru-X 87.15(6) 89.16(19)
S(1)-Ru-X 96.00(5) 93.73(12)
S(2)-Ru-X 175.93(5) 177.22(12)
S(3)-Ru-X 91.69(5) 89.58(13)

the carbonyl oxygen of 9MeG and one NH of en (see Fig. 4,
N(4)---O1 distance of 2.865 A, N(4)-H---O1 angle of 159.16°).
The same N atom is involved in a hydrogen bond with the lattice
water molecule (Fig. S15F). Such (en)N-H---O(guanine) inter-
action was also observed in the [(116-arene)Ru(en)(9EtG-N7)]2+
complexes reported by Sadler and co-workers,'® and it has been
proposed to be a crucial feature for the selective binding of the
Ru—arene complexes to DNA and therefore for their antitumor
activity.

Interestingly, in complex 10 the guanine forms a dihedral
angle of 74.7(1)° with the equatorial S1/S2/N4/04 mean plane,
perhaps to favour the formation of intermolecular hydrogen
bonds. In fact, both the N(1)H and N(2)H, groups of guanine
form a pair of hydrogen bonds with the picoline carboxylate of a
symmetry related complex, thus generating a 1D chain along the
a-axis (Fig. S16t). Guanine is the only DNA base that is
capable of forming these two hydrogen bonds with carboxylate
groups; none of the other bases has two donor groups in the
correct position.*”

UV-Vis kinetics of aquation and anation

The aquation and anation kinetics of complexes 2 and 3 were
studied quantitatively by UV-Vis spectroscopy at concentrations
of 0.1 mM. The aquation of complex 1, as mentioned above, is
faster — equilibration occurs within 2 min at 298 K — and thus
was not investigated. Within 30 min after dissolution of each
complex, the UV-Vis spectra of compounds 2 and 3 in aqueous
solutions show minor — but clearly measurable — time-dependent
changes in the region 200-550 nm (Fig. S17 and S187). In each
case the presence of isosbestic points suggested the occurrence
of a single hydrolytic process, i.e. conversion of the initial chlor-
ido complex into the corresponding aqua species, consistent with
the NMR observations. The wavelength corresponding to a
maximum change in absorption (Fig. S18,f difference spectra)
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Fig. 6 Time-dependence of the absorbance for the aquation of 2 and anation of 2a (left, at 446 nm, 0.1 mM) and of 3 and 3a (right, at 466 nm,
0.1 mM) in 0.1 M NaClOy, solutions at 298 K. The full lines represent computer fits giving the first order rate constants for aquation, and pseudo-first-
order rate constants for anation. Labels: aquation (m), anation after addition of 50 (@), 100 (A), 200 (V) or 300 (¢) mM NaCl to the equilibrated
solution. Insets: Plot of the observed pseudo-first-order rate constants &'cy vs. [C17].

Table 3 Rate and equilibrium constants for aquation of complexes 2 and 3 at 298 K

Solvent ko (107 s7h (fi2)120 (min) ket M7 s™h Koq (1073 M)
2 H,0 1.99 +0.01 5.80 £0.03

0.1 M NaClOy4 2.07 +0.02 5.58 £0.05 0.101 + 0.005 205+1.2
3 H,0 9.73+0.16 1.19 +0.02

0.1 M NaClOy4 10.42 + 0.07 1.11 £0.01 0.137 + 0.008 76.1 £5.0

was selected for the kinetic studies (446 nm for 2 and 466 nm
for 3), performed at 298 K in 0.1 M NaClO,. In each case the
time dependence of the absorbance followed first-order kinetics
(Fig. 6), corresponding to the rate constants ky,o listed in
Table 3. The bpy complex 2 hydrolyzes about 5 times more
slowly than the pic complex 3. The aquation rates were also
determined in pure H,O (Table 3). As expected, according to the
Bronsted equation,® the rate constants are almost independent of
the ionic strength since at least one of the reactants is neutral
(i.e. HyO). It is worth noting that the rate constants of Pt—Cl
hydrolysis in the established anticancer drug cisplatin
(6.32 x 107> and 2.5 x 107> s™! for the first and second chloride
ligands, respectively)®’ are significantly lower (ca. two orders of
magnitude) than those found for 2 and 3, implying that our
coordination compounds evolve to the active aqua species much
faster than cisplatin in low chloride concentration environments
corresponding to intracellular conditions. However, it has been
proved that fast aquation of complexes might lead to reduced
activity and/or to increased toxicity due to their fast binding to
biomolecules other than those responsible for tumor proliferation
such as DNA.

As complex 1 hydrolyzes faster (¢, < 1 min) than 3, it can be
concluded that the rates of aquation are strongly influenced by
the nature and charge of the chelating ligand and follow the
order en (1) > pic (3) > bpy (2). However, the X-ray structural
analysis shows that, whereas the Ru—Cl bond length in 1 is the
longest among the three complexes (2.4480(16) A), it is shorter
in 3 than in 2 (2.2429(16) vs. 2.4338(10) A), implying that
bond-breaking alone is not the rate-determining step of the

aquation process and suggesting that it might occur through an
associative interchange mechanism (/). The same 7, mechanism
has been proposed also for the aquation of the active organo-
ruthenium [Ru(n®-arene)(en)C1]" compounds that have aquation
rate constants similar to 3.*®

The reverse anation reactions were studied by adding an
excess of NaCl (four different concentrations, from 50 to
300 mM) to equilibrated solutions of the chlorido complexes 2
and 3 at 298 K. The anation reactions were relatively fast
(Fig. 6), and equilibrium was reached within ca. 10 min. The
second-order rate constants kc; were calculated from the slopes
of the plots of the pseudo-first-order rate constants &'c; vs. [C17]
(insets in Fig. 6) and are listed in Table 3. The pseudo-first-order
rate constant increases linearly with increasing Cl™ concen-
tration. It can be seen that the anation reaction of the pic aqua-
species 3a is ca. 1.5 times faster compared to the bpy complex
2a, despite this latter being a dication, suggesting that variations
in the steric and electronic effects of the chelating ligand prevail
on the total charge of the complex in modulating the rates of the
ligand exchange reactions.

The values of the equilibrium constants for the hydrolysis
reaction of complexes 2 and 3 at 298 K were calculated from the
ratios of kyy o/kci: 20.5 x 107> M for 2 and 76.1 x 107> M for 3
in 0.1 M NaClOy. These values are in qualitative agreement with
those obtained from the NMR experiment (K = 13.6 x 107> M
for 2 and 59.0 x 107> M for 3 in D,0). In addition, the NMR
results of the hydrolysis of complex 1 allowed us to calculate its
equilibrium constant (27.2 x 107> M), that has a value between
2 and 3. For comparison, the half sandwich organometallic
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compounds [Ru(n’-arene)(en)C1](PFy), that are believed to
behave as monofunctional binders to DNA after chloride
hydrolysis, have K values (7.3-9.7 x 107> M) that are ca. from
2 to 10 times smaller than those of 2 and 3, respectively.*®

The obtained K values allowed us to predict the species distri-
bution for the half sandwich complexes 2 and 3 under various
biological conditions (Table S27). In an aqueous solution (0.1 M
NaClO,4) containing 104 mM NaCl (extracellular CI~ concen-
tration) at equilibrium about 17% of 2 and 42% of 3 are aquated
(i.e. the parent chlorido compounds are the dominant species).
However, under cell nucleus conditions, where the chloride con-
centration is lower (ca. 4 mM), the equilibrium concentrations of
the aqua species 2a and 3a increase to about 83% and 95%,
respectively (Table S27). Similar species distribution is expected
also for complex 1 according to its NMR-derived K value: 21%
or 87% of 1 is aquated in solutions containing 104 mM or 4 mM
NacCl, respectively.

UV-Vis studies of the reaction of compounds 1-3 with 5'-GMP

The substitution kinetics of CI~ with 5'-GMP in complexes 1-3
were also investigated spectrophotometrically by following the
change in absorbance at selected wavelengths as a function of
time. All kinetic experiments were performed under pseudo-first-
order conditions with respect to the nucleophile in order to force
the reactions to go to completion. To suppress spontaneous
hydrolysis of the chloride from Ru, all reactions were studied in
the presence of 30 mM NaCl. This value was determined prior
to kinetic measurements as the minimum chloride concentration
for which no spectral changes were observed (Fig. S197).

The substitution reactions of the complexes 1, 2 and 3 with
5'-GMP (charge = —2) can be represented by eqn (2).

[Ru([9]aneS3)(chel)Cl]"

+ 5’-GMP% [Ru([9]aneS3)(chel)(5-GMP)] "V + CI~ @
1

where chel = en, bpy or pic; n =

charge of chel.

Here, k, is the second-order rate constant for the forward reac-
tion, involving the direct nucleophilic attack, and k; for the
reverse reaction. The second-order rate constants k, are obtained
directly from the slopes of the plots of kupus versus the concen-
tration of the entering nucleophile, whereas the k; values are
derived from the intercepts divided by [C17] (i.e. 30 mM). Their
values are listed in Table 4. The rate of the reaction is described
by eqn (3) and (4).

+1 or 0 depending on the

B d[Ru([9]aneS3)(chel)CI1)"" — pe[Ru([9anes3) (chel )CI"*

dt
3)

kobs = k1 [Cl_] + ky [5/-GMP] (4)

All kinetic runs could be fitted by a single exponential func-
tion and no subsequent reaction was observed. The pseudo-first-
order rate constants, ks, Were calculated as the average value of
two or three independent runs and are given in Tables S3—S5.71

Table 4 Rate constants and activation parameters for the substitution
reactions between complexes 1, 2 and 3 with 5'-GMP (25 mM Hepes
buffer, 30 mM NaCl, pH 7.2)

k(107! k(1073 AH,” @ AS,” ¢
TK) M's™h M~'s7h (kI mol™)  (JK™' mol™)
1 298  067+0.02 040+020 60+2 -84 +5
310 1.74+0.13  0.80+0.30
318 329+0.11 1.83+1.13
2 298  149+0.12 817+123 56+3 —91+8
310  3.84+023 16.10 +2.40
318 639+029 22.83+3.03
3 298  158+0.14 1037+140 61+3 —75+10
310 3.97+0.19 22.40+1.97
318 7.80+0.62 31.23+6.47

“ Values referring to the forward substitution reaction (k).

60
T 318K
50 +
40 1
30 1
20 +
208K
10 .MH'__
. 108 [5'-GMP}/M
0 1 2 3 4 5 6

Fig. 7 Pseudo-first-order rate constants, ks, as a function of ligand
concentration and temperature for the substitution reaction of [Ru([9]-
aneS3)(en)Cl1](PFs) (1) with 5-GMP in 25 mM Hepes buffer (30 mM
NaCl, pH 7.2).

The experimental results for the substitution reactions of the
three complexes with 5'-GMP at three different temperatures are
shown in Fig. 7 and S20.7 A linear dependence on the nucleo-
phile concentration was observed for all reactions. The activation
parameters (AH” and AS¥), obtained from the Eyring plots, are
summarized in Table 4. It can be seen that in all cases AS™
values are negative, suggesting that the activation process is
strongly dominated by bond-making. The small values of AH”
and the negative values of AS” clearly support the associative
mechanism for the substitution process. Similar mechanisms
have been proposed for the substitution reactions of organo-
metallic complexes with biologically relevant ligands.>®

It can be seen that the rate constants depend on the nature of
the chelating ligand, rather than on the charge of the complex:
the half sandwich complexes 2 and 3 react ca. 2.5 times faster
than 1 (Table 4). For example, the second-order rate constants k,
at 37.0 °C (i.e. the biologically relevant temperature) are 1.74 +
0.13 M™" s7' for 1, 3.84 £ 0.23 M™" s7' for 2, and 3.97 =
0.19 M~ 57! for 3. Compounds 2 and 3 contain m-acceptor
pyridyl rings in cis positions relative to the leaving ligand. The
presence of the m-acceptor ligands increases the electrophilicity
of the metal center and, considering that the entering 5-GMP
has a —2 charge, is expected to stabilize the transition state better
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than c-donors (such as en in 1). Consistent with these findings,
binding of 5-GMP through the phosphate group could be
observed only for complex 1: the corresponding intermediates
for compounds 2 and 3 are probably too short lived to be
detected by NMR spectroscopy.

Conclusions

We have recently developed a series of half sandwich Ru(i)
coordination compounds of the general formula [Ru([9]aneS3)-
(chel)CI](PFg),, whose in vitro antiproliferative activity depends
on chloride hydrolysis and is tuned by the nature of the chelating
ligand (chel).'7182921 Thys, we decided to investigate the kin-
etics of the aquation reaction for three selected complexes in this
series, namely [Ru([9]aneS3)(en)CI](PF¢) (1), [Ru([9]aneS3)-
(bpy)CI](PF¢) (2), and [Ru([9]aneS3)(pic)Cl] (3). In addition, as
DNA is believed to be the main biological target of the corres-
ponding aqua species, we also investigated their binding to the
guanine derivatives 9MeG, Guo and — in particular — 5'-GMP.

We have shown here that complexes 1-3 bind selectively to
N7 of 9MeG, Guo and 5-GMP, with rates and extents that
depend on the nature of the chelating ligand. The X-ray molecu-
lar structures of compounds [Ru([9]aneS3)(en)(9MeG-N7)]-
(PF¢), (4) and [Ru([9]aneS3)(pic)(9MeG-N7)](PF¢) (10) clearly
showed that when the chelating ligand can act as a H-bond
donor (chel = en) the binding is further stabilized by intramole-
cular H-bonding between C(6)=O of guanine and one NH of
the en ligand.

In the early stages of the reaction between 1 and 5’-GMP, tran-
sient binding of ruthenium to the phosphate group was detected,
followed by its complete migration to N7 after ca. 1 h. Such
phosphate binding was not observed for complexes 2 and 3,
most likely because the transients are too short lived.

Hydrolysis is known to be an important mechanism of acti-
vation for functional compounds such as the anticancer drug cis-
platin, and the aquation rate plays a crucial role in the antitumor
activity of such compounds. We established that the aquation of
complexes 1-3 occurs within 30 min at 298 K, which is ca. two
orders of magnitude faster than cisplatin and one order of magni-
tude faster than the organometallic counterparts [Ru(n’-arene)-
(en)Cl1]". The rate of aquation follows the order 1 (en) > 3
(pic) > 2 (bpy), suggesting that it is affected both by the nature
and by the charge of the chelating ligand. As the corresponding
anation reactions (binding of CI™ to the aqua species) are also
rapid, the equilibrium constants are relatively small (ca. 1072 M).
Hence, in blood plasma these complexes will exist largely as the
less reactive chlorido derivatives and the percentage of aqua
species will increase markedly in the cytoplasm and nucleus
where the chloride concentration is lower. In addition, the aqua-
tion rate constants for 1-3 are unrelated to the Ru—CIl bond
length, indicating that bond breaking is not the rate-controlling
step and that an associative mechanism occurs.

The kinetic data for the reaction of compounds 1-3 with
5'-GMP clearly showed that the rate of the reaction depends on
the nature of the chelating ligand rather than on the charge of the
complex: the neutral complex 3 binds 5'-GMP as fast as the cat-
ionic compound 2, and ca. 2.5 times faster than 1. An associ-
ative mechanism for the substitution process is supported by the

measured enthalpies and entropies of activation (AH” > 0,
AS™ <0).

These studies, that afforded quantitative data on how the rate
and extent of chloride hydrolysis in [Ru([9]aneS3)(chel)Cl]-
(PF¢),, compounds — as well as their binding to guanine deriva-
tives — depend on the nature and charge of the chelating ligand,
provide a basis for optimizing the design of this series of half
sandwich Ru(i) coordination complexes and — in principle — for
improving their anticancer activity. Now the question arises if
the current results can be correlated to the existing cytotoxicity
data to afford some tentative indication, despite the limited
number of entries. As mentioned already, among the half sand-
wich Ru(nr) coordination compounds that we tested in vitro, only
[Ru([9]aneS3)(en)CI1](PFg) (1) showed moderate antiproliferative
activity against the breast carcinoma MDA-MB-231 cell line
(ICso ca. 80 uM). All the others were very mildly active (e.g.
[Ru([9]aneS3)(dach)CI1](PFg), ICso ca. 124 uM) or not active at
all, including 2 (compound 3 has not been tested in vitro
yet).! 7182021 We could establish that inert complexes were inac-
tive, i.e. the hydrolysis of the leaving group (i.e. Cl) is a pre-
requisite for antiproliferative activity.

All three compounds investigated here have kinetics of acti-
vation that are quite fast on the time scale of the biological
experiment. If we consider the overall reaction rate with the
target (i.e. kinetics of activation plus kinetics of reaction with 5'-
GMP) we notice that the most active complex 1 hydrolyses
faster than the others but it is slower in reacting with the guanine
derivatives. This relatively slow binding rate might be advan-
tageous in that it allows the active aqua species to reach the
target before undergoing unwanted side-reactions with other bio-
ligands in the cell.

Nevertheless, we believe that the overall modest kinetic differ-
ences that we found between 1 and 2 are not sufficient to explain
the different antiproliferative activities of these two very similar
compounds: probably the most important feature for such com-
plexes to have anticancer activity is the ability of the chelating
ligand to act as a H-bond donor, thus stabilizing the monofunc-
tional adducts and inducing significant perturbation to DNA.
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ABSTRACT: With the aim of assessing whether ruthenium(II) compounds with meridional geometry might be utilized as
potential antitumor agents, a series of new, water-soluble, monofunctional ruthenium(II) complexes of the general formula mer-
[Ru(L;)(N-N)X][Y], (where L; = 2,2":6'2"-terpyridine (tpy) or 4'-chloro-2,2":6’,2"-terpyridine (Cl-tpy), N-N = 1,2
diaminoethane (en), 1,2-diaminocyclohexane (dach), or 2,2’-bipyridine (bpy); X = Cl or dmso-S; Y = Cl, PF, or CF;SO3; n = 1
or 2, depending on the nature of X) were synthesized. All complexes were fully characterized by elemental analysis and
spectroscopic techniques (IR, UV/visible, and 1D and 2D NMR), and for three of them, i.e,, [Ru(Cl-tpy)(bpy)CI][Cl] (3¢y),
[Ru(Cl-tpy)(en)(dmso-S)][Y], [Y = PF4 (6pg,), CF3SO; (601¢)] and [Ru(Cl-tpy)(bpy)(dmso-S)][CF;S0;], (8¢1y), the X-ray

structure was also determined. The new terpyridine complexes, with the exception of 8, are well soluble in water (>25 mg/mL).
'H and *'P NMR spectroscopy studies performed on the three selected complexes [Ru(Cl-tpy) (N-N)CI]* [N-N = en (1), dach
(2), and bpy (3)] demonstrated that, after hydrolysis of the Cl ligand, they are capable of interacting with guanine derivatives
[i.e,, 9-methylguanine (9MeG) or guanosine-S’-monophosphate (5'-GMP)] through N7, forming monofunctional adducts with
rates and extents that depend strongly on the nature of N-N: 1 & 2 > 3. In addition, compound 1 shows high selectivity toward
5’-GMP compared to adenosine-S’-monophosphate (5'-AMP), in a competition experiment. Quantitative kinetic investigations
on 1 and 2 were performed by means of UV/visible spectroscopy. Overall, the complexes with bidentate aliphatic diamines
proved to be superior to those with bpy in terms of solubility and reactivity (i.e., release of Cl~ and capability to bind guanine
derivatives). Contrary to the chlorido compounds, the corresponding dmso derivatives proved to be inert (viz,, they do not
release the monodentate ligand) in aqueous media.

B INTRODUCTION During the last decades, a large interest in ruthenium
In the search for nonplatinum antitumor drugs with a different polypyridyl complexes as structure- and site-specific DNA
spectrum of activity and fewer side effects than those of binding agents with attractive photophysical properties has
cisplatin and its analogues, ruthenium compounds appear to be grown.*® Studies on ruthenium polypyridyl complexes that
the front runners,' especially after the introduction of two feature at least one coordination site occupied by a good
ruthenium(II) complexes, namely, [indH]trans-[RuCl,(ind),]

(ind = indazole, KP1019) and [imH]trans-[RuCl,(dmso- Received: March 6, 2014

$)(im)] (im = imidazole, NAMI-A), into clinical trials.>> Published: June 2, 2014
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Figure 1. Schematic representation of complexes 1—10. Inset: Numbering scheme of the tpy and bpy ligands used for the NMR characterization.

leaving group revealed that, besides being good intercalators,
they can also coordinate DNA nucleobases in a two-step
process, similar to cisplatin:® release of the labile ligand(s) with
formation of the corresponding aqua species, followed by
binding on nucleobases (functional compounds).6 Some of them
were found to possess also promising in vitro antitumor
activity. For example, the complexes mer-[Ru(tpy)Cl;] (tpy =
2,2":6',2" -terpyridine) and a-[Ru(azpy),Cl,] (azpy = 2-phenyl-
azopyridine) showed remarkably high cytotoxicity against most
of the tested cell lines (with ICy, values in the low micromolar
range).”® In particular, the high activity of mer-[Ru(tpy)Cl]
was assumed to derive from its ability to bind DNA through
two guanine derivatives in a trans configuration, forming
interstrand cross-links.” This hypothesis was supported by the
observation that the monofunctional complex [Ru(tpy)(bpy)-
Cl][C1] (bpy = 2,2'-bipyridine), which can also bind to DNA,
displays a markedly lower activity than mer-[Ru(tpy)Cl;].”

Over the past years, a number of monochloridoruthenium-
(1) terpyridine complexes of the type mer-[Ru(tpy)(N-N)CI]*,
and/or their monoaqua analogues, containing different N-
donor chelating ligands (N-N), such as bpy,'® 4,4'-dimethyl-
2,2"-bipyridine (Me,bpy),"" 4,4'-diphenyl-2,2’-dipyridine
(biphbpy),’* 1,10-phenanthroline (phen),"”'" 3,4,7,8-tetra-
methyl-1,10-phenanthroline (tmephen),"* dipyrido[3,2-a:2",3'-
c]phenazine (doppz),mb’12 N,N,N’,N’-tetramethylethylenedi-
amine (tmen),'*'> 2,2'-azobispyridine (apz),13 azpy,"*" and
2-phenylpyridinylmethyleneamine (impy),"** have been pre-
pared and studied for their DNA binding ability. It is important
to note that all of these complexes contain exclusively N-donor
chelating ligands that are unable to form strong hydrogen
bonds. It was found that most of the Ru'-tpy complexes are
capable to bind covalently to DNA (mainly at guanine
residues) forming monofunctional adducts, and some of them
to stop DNA replication.”">

On the other hand, most of the recent research on anticancer
ruthenium(II) compounds has been focused on half-sandwich
organometallic ruthenium(II) species of the general formula
[Ru(r7%-arene) (N-N)X][PF¢], known also as “piano-stool”
compounds, which were found to possess promising activity
both in vitro (with ICg, values ranging from 0.6 to 9 uM,
depending on the arene and on the cell line) and in vivo, in
particular when N-N is capable of making hydrogen bonds
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[e.g, N-N = 1,2-diaminoethane (en)]."*'* Their activation is
believed to require dissociation of the monodentate ligand X,
ie, X = CL' and thus they can be classified as prodrugs (or
functional compounds), with a mechanism of action similar to
that of platinum drugs. These monofunctional compounds bind
preferentially to N7 of guanine in DNA, and the coordinative
bond can be complemented by specific hydrogen-bonding
interactions between the N—H of the chelating ligand and the
carbonyl C6=0 of guanine, as well as by intercalative binding
of the arene.'” These additional interactions result in unique
modes of binding to duplex DNA and structural distortions that
are distinctly different from those caused by cisplatin.'®
Therefore, the presence of a chelating ligand capable of acting
as a hydrogen-bond donor, such as en, is believed to play a
crucial role in the activity of piano-stool compounds.'”

Recently, our group contributed to this field, developing a
series of new half-sandwich ruthenium(II) coordination
compounds structurally similar to the organometallic complexes,
ie., with a facial tridentate ligand in place of the arene (e.g,
[9]aneS3 = 1,4,7-trithiacyclononane), a bidentate chelating
ligand, and a labile entity."”” We found that among the new
series of complexes with the general formula [Ru([9]aneS3)-
(N-N)CI][PF¢] only those with N-N = en or dach (dach = 1,2-
diaminocyclohexane) showed moderate in vitro cytotoxicity,
with ICg, values of ca. 80 uM (en) and 124 uM (dach) against
the MDA-MB-231 breast carcinoma cell line.'”*~® It is worth
noting that these are the only compounds among those tested
that fulfill simultaneously two important features: both are
capable of hydrolyzing the chloride ligand at a reasonable rate
(i-e., within minutes) and of acting as hydrogen-bond donors
through the chelating ligand. Further studies on [Ru([9]-
aneS3)(en)Cl][PF,] showed that this compound, similar to the
organometallic analogues [Ru(#®-arene)(en)CI][PF], is capa-
ble of binding guanine derivatives through N7, forming
monofunctional adducts after the relatively fast release of the
Cl ligand. The coordinative binding is also assisted, as observed
for the organometallic counterparts, by hydrogen bonding
between the carbonyl of guanine and one NH of en, as
evidenced by X-ray structural analysis in the case of
[Ru([2§anes3)(en)(9MeG-N7] [PF¢], (9MeG = 9-methylgua-
nine).
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Therefore, it appears that both fac and mer ruthenium(II)
complexes of the general formula [Ru(L;)(N-N)X]* (where L,
is a tridentate ligand) are capable of making monofunctional
adducts with DNA and of inducing cytotoxicity in cancer cells
in vitro. However, despite some promising results, the solubility
problems of terpyridine derivatives reduced the interest in the
class of mer compounds, and they have been much less
explored for anticancer activity compared to those with facial
geometry.7’9’ll’13 It is therefore of interest in this context to
obtain more insight at the molecular level on ruthenium
complexes with the mer geometry.

In this work, building on the experience gained with half-
sandwich ruthenium(II) coordination compounds, we inves-
tigated a series of mer-[Ru(L;)(N-N)X][Y], complexes in
which L; is either tpy or Cl-tpy (4'-chloro-2,2":6,2"-
terpyridine), X is a supposedly labile entity (X = Cl or dmso-
S), N-N is a bidentate chelating ligand capable of hydrogen
bonding with DNA nucleobases (N-N = en or dach), Y = C],
PFq, or CF;80;, and n = 1 or 2, depending on the nature of X.
We focused mainly on Cl-tpy derivatives because the Cl, as a
hydrogen-bond acceptor, might be advantageous by forming
additional hydrogen bonds, such as O—H:--Cl, N—H---Cl, and
C—H---Cl, with the hydrogen-bond donors of the proteins (for
transportation) and DNA (for activity).* For comparative
purposes, the corresponding Ru(Cl-tpy) complexes with N-N =
bpy were also prepared and investigated. All new terpyridine
complexes (Figure 1) were fully characterized by elemental
analysis, IR, UV/visible, and 1D and 2D NMR spectroscopy.
The molecular structures of three complexes, ie., [Ru(Cl-
tpy) (bpy)CII[CI] (3cr), [Ru(Cl-tpy)(en)(dmso-5)][¥], [Y =
PF, (6PF6) and CF;S0O; (601p)], and [RU(CI'tPY)(bPY)(deO'

S)][CF;SO;], (801¢), were determined also in the solid state by
X-ray crystallography. The chemical behavior in aqueous
solution of the new complexes and the binding properties of
compounds 1—3 toward the guanine derivatives 9MeG and §'-
GMP (guanosine-S’-monophosphate), as model DNA bases,
were investigated primarily by NMR spectroscopy in D,O at
ambient temperature. The relative affinity of 5'-GMP and 5'-
AMP (adenosine-S’-monophosphate) toward complex 1 was
also established by a competition experiment. The kinetics of
the aquation of 1 and 2 and of the subsequent interaction with
9MeG and 5'-GMP were established quantitatively by UV/
visible spectroscopy.

B EXPERIMENTAL SECTION

Materials. 1,2-Diaminoethane (en), (%)-trans-1,2-diaminocyclo-
hexane (dach), 2,2'-bipyridine (bpy), 4'-chloro-2,2":6’,2"-terpyridine
(Cl-tpy), 2,2:6',2"-terpyridine (tpy), 9-methylguanine (9MeG),
guanosine-S’-monophosphate disodium salt hydrate (S’-GMP-Na,),
and adenosine-S’-monophosphate monohydrate (5'-AMP-H,-H,0)
are commercially available and were used as received. The precursors
cis-[RuCl,(dmso),],”> [Ru(tpy)Cl;] (P2),>* and [Ru(tpy)Cl,(dmso-
$)] (P4)** were prepared as described in the literature, whereas the
corresponding precursors [Ru(Cl-tpy)Cl,] (P1)** and [Ru(Cl-tpy)-
Cly(dmso-S)] (P3)*' were synthesized according to published
procedures with some modifications and are reported in the
Supporting Information (SI). All other chemicals were used as
purchased without further purification.

Instrumental Methods. Monodimensional ['H (500 MHz), *C
(126 MHz), *'P (202 MHz)] and bidimensional (*H—'H COSY,
'"H-"C HSQC, 'H-"*C HMBC) NMR spectra were recorded on a
Varian 500 spectrometer. 'H chemical shifts in D,O were referenced
to the internal standard 2,2-dimethyl-2,2-silapentane-S-sulfonate at &
0.00 or to added 1,4-dioxane (5 3.75), whereas in other solvents, they
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were referenced to the peak of a residual nondeuterated solvent [§
4.33 for CD;NO,, 2.05 for (CD;),CO, and 2.50 for dimethyl sulfoxide
(DMSO)-d®]; *C chemical shifts in D,O were referenced to the peaks
of traces of external solvents (§ 17.5 and $8.1 for ethanol and 39.4 for
DMSO), whereas in other solvents, they were referenced to the peak
of a residual nondeuterated solvent [§ 62.8 for CD;NO,, 29.84 for
(CD,),CO, and 39.52 for DMSO-d®]. 3'P chemical shifts were
referenced to an external 85% H,;PO, standard at 0.00 ppm. All NMR
spectra were run at 298 K. The UV/visible spectra were obtained on a
Jasco V-500 UV/visible spectrophotometer equipped with a Peltier
temperature controller or on a PerkinElmer Lambda 35 double-beam
spectrophotometer, using 1.0-cm-path-length quartz cuvettes (3.0
mL). IR spectra were recorded on a PerkinElmer 983G spectrometer.
Elemental analysis was performed at the Dipartimento di Scienze e
Tecnologie Chimiche, University of Udine (Italy).

Synthetic Procedures. In an attempt to isolate crystals suitable
for X-ray analysis, most of the cationic complexes described below
were synthesized with different counterions [either Cl~, PF,~, or
CF;S0;~ (OTf)]; in such cases, only one preparation is reported
here, whereas the others are detailed in the SI. Complexes that differ
only in the nature of the counterion are labeled with the same number,
as it is associated with the cation. When needed, the nature of the
counterion is indicated as a subscript. The aqua species that are
obtained in aqueous solution from some complexes upon hydrolysis of
Cl™ are labeled with the same number of the parent compound
followed by “aq”. The NMR assignments of these species are reported
in the SL

General Synthetic Procedure for [Ru(Cl-tpy)(N-N)CII[CI] (1¢—
3¢) and [Ru(tpy)(N-N)CII[CI] (4¢, and 5)). A weighed amount of P1
was suspended in an ethanol/water (3:1) mixture containing 10 equiv
of LiCl and 3 equiv of triethylamine (Et;N) as a reductant. The
chelating ligand N-N (1.2 equiv; N-N = en, dach, and bpy) was then
added, and the mixture was refluxed for ca. 3 h under vigorous stirring.
The violet-to-purple solution was filtered while hot to remove any
undissolved material. Rotary concentration under reduced pressure to
ca. '/, of the initial volume and storage at 4.0 °C for 24 h induced
formation of the product as a dark solid. It was collected by filtration,
washed with ice-cold water, cold acetone, and diethyl ether, and
vacuum-dried. The corresponding tpy complexes 4 and S were
prepared with a similar procedure using P2 as the starting material.

[Ru(Cl-tpy)(en)CIJ[CI] (1¢). A total of 100.0 mg (0.210 mmol) of
P1, 16.8 uL (0.252 mmol) of en, 89.0 mg (2.100 mmol) of LiCl, and
87.9 uL (0.630 mmol) of Et;N in 20 mL of ethanol/water afforded 1
as a dark-purple solid. Yield: 70.6 mg (67%). Anal. Caled for
C,,H,;sCL;N Ru (499.79): C, 40.9; H, 3.63; N, 14.01. Found: C, 40.8;
H, 3.71; N, 13.92. Complex 1 is soluble in water, methanol, and
ethanol and slightly soluble in acetone and nitromethane, whereas it is
insoluble in chloroform and dichloromethane. '"H NMR (D,0): § 8.92
(d, 2H, J = 5.5 Hz, C6H/C6"H), 8.42 (s, 2H, C3'H/CS'H), 8.35 (d,
2H, ] = 8.0 Hz, C3H/C3"H), 7.99 (t, 2H, ] = 7.7 Hz, C4H/C4"H),
7.71 (ddd, 2H, J = 7.4, 5.6, and 1.3 Hz, CSH/CS"H), 5.71 (t br, 2H, |
= 5.1 Hz, NH, en), 3.25 (m br, 2H, CH, en), 2.69 (s br, 2H, NH, en),
2.36 (m br, 2H, CH, en). "H NMR (CD;NO,): § 8.95 (d, 2H, ] = 5.5
Hz, C6H/C6"H), 8.42 (d, 2H, J = 8.1 Hz, C3H/C3"H), 8.38 (s, 2H,
C3’H/CS5'H), 8.06 (t, 2H, J = 7.6 Hz, C4H/C4"H), 7.73 (t, 2H, ] =
6.3 Hz, CSH/CS"H), 5.34 (s br, 2H, NH, en), 3.48 (m br, 2H, CH,
en), 2.62 (m br, 2H, CH, en), 2.02 (overlapped with the H,O
resonance, NH, en). *C NMR (CD,;NO,): § 162.4 (C2'/C6’), 160.8
(C2/C2"), 153.6 (C6H/C6"H), 137.6 (C4H/C4"H), 136.7 (C4'),
128.7 (CSH/C5"H), 124.4 (C3H/C3"H), 122.5 (C3'H/CS'H), 46.92
(CH, en), 46.91 (CH, en). Selected IR (KBr, cm™): vy 3256 (m);
Vypy 3036 (m), 1599 (s), 1474 (m), 1423 (s), 1119 (s), 787 (s), 566
(W); Vge—c1 320 (m). UV/visible spectrum [H,0; A, nm (¢, M™
am™)]: 239 (24310), 277 (20993), 317 (29034), 370 (4375), 503
(4390), 562 (3830).

[Ru(Cl-tpy)(dach)CII[CI] (2¢). A total of 100.0 mg (0.210 mmol) of
P1, 30.3 uL (0.252 mmol) of dach, 89.0 mg (2.100 mmol) of LiCl, and
87.9 uL (0.630 mmol) of Et;N in 20 mL of ethanol/water (3:1)
afforded 2 as a dark-purple solid. Yield: 80.2 mg (69%). Anal. Calcd for
C,H,,CL,NRu (553.88): C, 45.5; H, 4.37; N, 12.64. Found: C, 45.4;
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H, 4.29; N, 12.72. Complex 2 is soluble in water, methanol, and
ethanol and partially soluble in nitromethane, whereas it is insoluble in
acetone, chloroform, and dichloromethane. '"H NMR (D,0): § 8.98
(d, 1H, J = 5.1 Hz, C6H), 8.89 (d, 1H, J = 5.2 Hz, C6"H), 8.45 (s,1H,
C3'H), 8.44 (s, 1H, CS'H), 8.37 (t, 2H, ] = 6.5 Hz, C3H/C3"H), 8.01
(t, 2H, ] = 7.6 Hz, C4H/C4"H), 7.71 (t, 2H, ] = 6.1 Hz, CSH/CS"H),
6.05 (d, 1H, J = 7.7 Hz, NH dach), 5.19 (m, 1H, NH dach), 2.76—2.61
(m, 2H, NH + CH dach), 2.61-2.51 (m, 1H, CH dach), 2.37 (m, 1H,
NH dach), 2.09-1.97 (m, 1H, CH dach), 1.83—1.69 (m, 2H, CH
dach), 1.55 (d, 2H, J = 10.1 Hz, CH dach), 1.24 (m, 1H, CH dach),
1.11 (m, 1H, CH dach), 0.89 (m, 1H, CH dach). 'H NMR
(CD;NO,): § 8.98 (d, 1H, J = 5.4 Hz, C6H), 8.93 (d, 1H, J = 5.1 Hz,
C6"H), 8.42 (t, 2H, ] = 8.9 Hz, C3H/C3"H), 8.37 (dd, 2H, J = 10.7
and 1.7 Hz, C3'H/C5'H), 8.05 (t, 2H, ] = 7.8 Hz, C4H/C4"H), 7.72
(m br, 2H, CSH/C5"H), 5.68 (d br, 1H, NH dach), 4.85 (t, 1H, ] =
12.2 Hz, NH dach), 2.94 (m, 1H, CH dach), 2.69 (d br, 1H, CH,
dach), 2.31 (m, 1H, CH dach), 2.11 (overlapped with the H,O
resonance, NH dach), 1.92—1.79 (m, 2H, CH, dach), 1.74 (br m, 1H,
NH dach), 1.68 (d br, 1H, J = 13.1 Hz, CH, dach), 1.59 (d br, 1H, J =
12.7 Hz, CH, dach), 1.34 (m, 1H, CH, dach), 1.21 (m, 1H, CH,
dach), 1.01 (ddd, 2H, J = 24.9, 12.5, and 3.5 Hz, CH, dach). *C NMR
(CD;NO,): 6 162.44 (C2'), 162.37 (C6'), 160.8 (C2), 160.7 (C2"),
153.7 (6"H), 153.6 (C6H), 137.6 (C4H), 137.5 (C4"H), 137.0 (C4),
128.9 (CS"H), 128.6 (CSH), 124.4 (C3H), 124.3 (C3"H), 122.54
(C3'H), 122.48 (C5'H), 61.9 (CH dach), 61.7 (CH dach), 36.4 (CH,
dach), 35.1 (CH, dach), 25.7 (CH, dach), 25.3 (CH, dach). Selected
IR (KBr, cm™): vy 3285 (m); 14,, 2930 (m), 1602 (s), 1472 (m),
1423 (m), 1109 (s), 785 (s), 563 (W); re_ci 310 (w). UV/visible
spectrum [H,0; A, nm (&, M™' cm™)]: 239 (24530), 278 (21080),
317 (29220), 369 (4430), 502 (4690), 561 (4010).

[Ru(Cl-tpy)(bpy)CII[CI] (3¢). A total of 50.0 mg (0.105 mmol) of
P1, 19.7 mg (0.126 mmol) of bpy, 44.5 mg (1.050 mmol) of LiCl, and
43.9 uL (0.315 mmol) of Et;N in 10 mL of ethanol/water afforded 3
as a dark-red crystalline solid. Yield: 48.8 mg (78%). An alternative,
less efficient, preparation of this complex has been recently reported.*
Anal. Calcd for CysH3CLl;NgRu (595.87): C, 50.4; H, 3.04; N, 11.75.
Found: C, 50.4; H, 3.13; N, 11.71. Crystals suitable for X-ray analysis
were obtained from an aqueous solution of 3¢ to which an excess of
NaCl had been added. Complex 3 is soluble in water, methanol,
ethanol, acetone, chloroform, dichloromethane, and nitromethane. 'H
NMR (D,0): § 9.95 (d, 1H, J = 5.5 Hz, CaH), 8.67 (s, 2H, C3'H/
CS'H), 8.66 (d, 1H, ] = 8.4 Hz, CdH), 8.41 (d, 2H, ] = 8.0 Hz, C3H/
C3"H), 8.36—8.29 (m, 2H, CgH/CcH), 7.99 (t, 1H, ] = 6.4 Hz, CbH),
7.93 (t, 2H, J = 7.8 Hz, C4H/C4"H), 7.79 (d, 2H, ] = 5.3 Hz, C6H/
C6"H), 7.70 (t, 1H, ] = 7.9 Hz, ChH), 7.38—7.29 (m, 3H, CjH/CSH/
CS5"H), 6.95 (t, 1H, ] = 6.7 Hz, CiH). '*C NMR (D,0): 5 158.9 (C2'/
C6"), 158.6 (Cf), 157.6 (C2/C2"), 156.1 (Ce), 152.5 (C6H/C6"H),
151.8 (GjH), 151.8 (CaH), 141.8 (C4'), 137.5 (C4H/C4"H), 137.0
(CcH), 135.9 (ChH), 127.7 (CSH/C5"H), 126.9 (CbH), 125.8 (CiH),
124.1 (C3H/C3"H), 1234 (CdH), 123.1 (CgH), 123.0 (C3'H/
CS'H). Selected IR (KBr, cm™): vy, 3043 (m), 1600 (m), 1463 (m),
1421 (s), 1117 (s), 788 (s), 568 (m); vge_c 351 (w). UV/visible
spectrum [H,0; A, nm (g, M~ em™)]: 239 (19670), 281 (19500),
290 (19240), 313 (18090), 488 (5810).

[Ru(tpy)(en)CII[CI] (4¢). A total of 100.0 mg (0.227 mmol) of P2,
18.2 uL (0.272 mmol) of en, 96.0 mg (2.264 mmol) of LiCl, and 94.7
uL (0.679 mmol) of Et;N in 22 mL of ethanol/water afforded 4 as a
dark-purple solid. Yield: 46.4 mg (44%). Anal. Calcd for
Cy,H,,CLNRu (465.34): C, 43.9; H, 4.12; N, 15.05. Found: C,
44.0; H, 4.18; N, 15.00. The synthesis of this complex has been
reported previously, as an intermediate in the preparation of the aqua
species [Ru(tpy)(en)(H,0)][ClO,],, with insufficient character-
ization.”™” Here, we described a slightly modified preparation, with
unambiguous characterization of the product. Complex 4 is soluble in
water, methanol, and ethanol and slightly soluble in acetone and
nitromethane, whereas it is insoluble in chloroform and dichloro-
methane. '"H NMR (D,0): § 8.92 (d, 2H, J = 5.5 Hz, C6H/C6"H),
8.40 (d, 2H, J = 7.9 Hz, C3H/C3"H), 8.36 (d, 2H, J = 8.1 Hz, C3'H/
CS'H), 8.00 (t, 2H, J = 7.2 Hz, C4H/C4"H), 7.82 (t, 1H, ] = 8.0 Hz,
C4'H), 7.68 (m, 2H, C5SH/CS5"H), 5.62 (t br, 2H, NH, en), 3.24 (m
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br, 2H, CH, en), 2.62 (t br, 2H, NH, en), 2.34 (m br, 2H, CH, en).
'"H NMR (CD;NO,): § 8.96 (d, 2H, ] = 5.8 Hz, C6H/C6"H), 8.41 (d,
2H, ] = 7.6 Hz, C3H/C3"H), 8.36 (d, 2H, J = 8.0 Hz, C3'H/CS'H),
8.02 (td, 2H, J = 7.8 and 1.5 Hz, C4H/C4"H), 7.81 (t, 1H, ] = 8.0 Hz,
C4’'H), 7.69 (m, 2H, CSH/CS"H), 5.33 (s br, 2H, NH, en), 3.46 (m,
2H, CH, en), 2.61 (m, 2H, CH, en), 2.03 (s br, 2H, NH, en). *C
NMR (CD,NO,): 5 161.8 (C2'/C6'), 161.6 (C2/C2"), 153.5 (C6H/
C6"H), 137.4 (C4H/C4"H), 130.7 (C4'H), 1282 (CSH/C5"H),
123.8 (C3H/C3"H), 122.4 (C3'H/C5'H), 46.9 (CH, en), 46.8 (CH,
en). Selected IR (KBr, cm™): gy 3233 (m), 3152 (m); Vipy 3055
(m), 2937 (m), 1616 (m), 1447 (s), 1116 (s), 767 (s), 619 (m); r,_ci
309 (w). UV/visible spectrum [4,,,, nm (&, M~ cm™)]: 232 (20830),
274 (20151), 317 (28290), 368 (3800), 481 (4433), 539 (3524).

[Ru(tpy)(dach)CIJ[CI] (5¢). A total of 50.0 mg (0.113 mmol) of P2,
16.3 uL (0.136 mmol) of dach, 47.9 mg (1.130 mmol) of LiCl, and
47.0 uL (0.339 mmol) of Et;N in 10 mL of ethanol/water (3:1)
afforded § as a dark-purple solid. Yield: 41.2 mg (70%). Anal. Calcd for
C,H,sCLNRu (519.43): C, 48.6; H, 4.85; N, 13.48. Found: C, 48.8;
H, 4.79; N, 13.52. Complex § is soluble in water, methanol, and
ethanol and partially soluble in nitromethane, whereas it is insoluble in
acetone, chloroform, and dichloromethane. 'H NMR (D,0): § 8.97
(d, 1H, J = 5.3 Hz, C6H), 8.88 (d, 1H, ] = 5.6 Hz, C6"H), 8.40 (t, 2H,
C3H/C3"H), 8.36 (t, 2H, J = 8.1 Hz, C3'H/CS'H), 8.00 (m, 2H,
C4H/C4"H), 7.81 (t, 1H, J = 8.1 Hz, C4'H), 7.68 (m, 2H, CSH/
CS"H), 5.97 (dd, 1H, J = 11.9 and 4.7 Hz, NH dach), 5.11 (t, 1H, J =
11.3 Hz, NH dach), 2.76—2.52 (m, 3H, NH + CH + CH, dach), 2.34
(t, 1H, J = 10.7 Hz, NH dach), 2.10—1.96 (m, 1H, CH, dach), 1.83—
1.68 (m, 2H, CH, dach), 1.55 (d, 2H, J = 11.9 Hz, CH, dach), 1.24
(m, 1H, CH, dach), 1.11 (m, 1H, CH, dach), 0.88 (m, 1H, CH,
dach). "H NMR (CD,NO,): & 8.98 (d, 1H, ] = 5.1 Hz, C6H), 8.92 (d,
1H, J = 5.0 Hz, C6"H), 8.41 (t, 2H, ] = 9.3 Hz, C3H/C3"H), 8.36 (dd,
2H, ] = 9.5 and 8.4 Hz, C3'H/CS'H), 8.01 (t, 2H, ] = 7.8 Hz, C4H/
C4"H), 7.80 (t, 1H, ] = 8.0 Hz, C4'H), 7.67 (m br, 2H, CSH/CS"H),
5.64 (d br, 1H, NH dach), 4.81 (t, 1H, J = 12.2 Hz, NH dach), 2.92
(m, 1H, CH dach), 2.68 (m, 1H, CH, dach), 2.31 (m, 1H, CH dach),
2.00 (partially overlapped with the H,O resonance, NH dach), 1.87—
1.79 (m, 3H, 2 X CH, + NH dach), 1.68 (d br, 1H, J = 12.7 Hz, CH,
dach), 1.59 (d br, 1H, J = 12.2 Hz, CH, dach), 1.34 (m, 1H, CH,
dach), 1.21 (m, 1H, CH, dach), 1.01 (ddd, 1H, J = 25.4, 12.6, and 3.7
Hz, CH, dach). *C NMR (CD,;NO,): § 161.78 (C2), 161.75 (C2"),
161.66 (C2'), 161.57 (Cé6'), 153.6 (C6H/6"H), 137.4 (C4H), 137.3
(C4"H), 130.6 (C4'H), 128.3 (CSH), 128.1 (C5"H), 123.8 (C3H),
123.7 (C3"H), 122.44 (C3'H), 122.36 (C5'H), 61.8 (CH dach), 61.7
(CH dach), 36.5 (CH, dach), 35.2 (CH, dach), 25.7 (CH, dach), 25.3
(CH, dach). Selected IR (KBr, cm™): vy 3240 (m), 3141 (m); vy,
2931 (s), 2856 (m), 1601 (s), 1446 (s), 1112 (m), 768 (s), 618 (m);
Upa—c1 310 (w). UV/visible spectrum [4,,, nm (g, M™" ecm™)]: 233
(23896), 274 (23385), 318 (33757), 370 (4354), 493 (4660), 544
(4194).

General Synthetic Procedure for [Ru(Cl-tpy)(N-N)(dmso-
S)I[CF5S0;], (60178017 and [Ru(tpy)(N-N)(dmso-S)I[CF;SO;],
(9o1s and 10o7¢). A weighed amount of [Ru(Cl-tpy)(N-N)CI][CI]
[N-N = en (1), dach (2¢;), and bpy (3¢;)] was dissolved in a solution
of methanol containing a great excess (ca. 35 equiv) of DMSO. After
the addition of 2.1 equiv of AgCF;SOj;, the reaction mixture was
heated to reflux for 2 h in the dark. During this time, the color of the
solution changed from violet (dark red for 84yy) to red-orange. At the
end, AgCl was removed by filtration over Celite, and methanol was
evaporated under reduced pressure. The oily residue was dissolved
with ethanol, diethyl ether was added dropwise until saturation, and
the solution was stored at 4 °C for 24—48 h, which induced formation
of the corresponding product as a red-orange crystalline solid. The
solid was collected by filtration, washed with cold ethanol/diethyl
ether and diethyl ether, and vacuum-dried.

The corresponding tpy complexes 9gp¢ and 10y were prepared
with a similar procedure using 4 and S¢j, respectively, as starting
materials.

[Ru(Cl-tpy)(en)(dmso-S)I[CF3SO0sl; (6ors. A total of 25.0 mg (0.050
mmol) of 1¢; and 27.0 mg (0.105 mmol) of AgCF,;SO; in a solution of
7 mL of methanol containing 125.0 uL of DMSO afforded 6o as red-
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orange needles suitable for X-ray analysis. Yield: 33.4 mg (83%). Anal.
Calcd for C,;H,,CIF,N,O,RuS; (805.15): C, 31.3; H, 3.00; N, 8.70.
Found: C, 31.3; H, 3.03; N, 8.67. Complex 6qr¢ is soluble in water,
methanol, ethanol, acetone, and acetonitrile, whereas it is insoluble in
chloroform and dichloromethane. '"H NMR ((CD;),CO): 6 9.23 (d,
2H, J = 5.5 Hz, C6H/C6"H), 8.86 (s, 2H, C3'H/CS'H), 8.81 (d, 2H, |
= 7.6 Hz, C3H/C3"H), 8.39 (t, 2H, ] = 7.8 Hz, C4H/C4"H), 7.95 (t,
2H, CSH/CS"H), 5.62 (t br, 2H, NH, en), 4.18 (t br, 2H, NH, en),
3.37 (m br, 2H, CH, en), 2.95 (m br, 2H, CH, en), 2.52 (s, 6H, CH,
dmso-S). *C NMR ((CD,;),CO): & 160.2 (C2'/C6"), 159.5 (C2/
C2"), 1549 (C6H/C6"H), 1444 (C4'), 140.1 (C4H/C4"H), 129.8
(CSH/CS"H), 126.1 (C3H/C3"H), 124.5 (C3'H/C5'H), 46.6 (CH,
en), 45.7 (CH, en), 43.3 (CH; dmso-S). Selected IR (KBr, cm™"): 14gy
3274 (m), 3191 (m), 3169 (m); vy, 3070 (m), 1598 (s), 1473 (m),
1425 (s), 1125 (s), 794 (s); vs—o 1087 (s); vors 1246 (vs), 1222 (vs),
1163 (vs), 1025 (vs); Upy_s 423 (s). UV /visible spectrum [H,0; A,
nm (g, M™' ecm™)]: 236 (45432), 273 (40473), 289 (45396), 329
(32826), 420 (8220).

[Ru(Cl-tpy)(dach)(dmso-S)I[CF;SOs], (7ord- A total of 25.0 mg
(0.045 mmol) of 2 and 24.3 mg (0.095 mmol) of AgCF;SO; in a
solution of 6 mL of methanol containing 113.0 uL of DMSO afforded
7ot¢ as red-orange plates. Yield: 34.5 mg (89%). Anal. Calcd for
C,sH;,CIF{N;O,RuS; (859.24): C, 35.0; H, 3.52; N, 8.1S. Found: C,
34.9; H, 3.59; N, 8.09. Complex 7y is soluble in water, methanol,
ethanol, acetone, and acetonitrile, whereas it is insoluble in chloroform
and dichloromethane. 'H NMR ((CD,),CO): § 9.32 (d, 1H, ] = 5.4
Hz, C6H), 9.17 (d, 1H, ] = 5.4 Hz, C6"H), 8.84 (s, 1H, C3'H), 8.83
(s, 1H, CS'H), 8.79 (dd, 2H, J = 7.9 and 4.6 Hz, C3H/C3"H), 8.37
(dd, 2H, J = 13.9 and 6.5 Hz, C4H/C4"H), 7.93 (dd, 2H, ] = 12.6 and
6.3 Hz, CSH/CS"H), 5.79 (d br, 1H, J = 9.5 Hz, NH dach), 5.09 (t br,
1H, J = 11.9 Hz, NH dach), 4.27 (d br, 1H, J = 10.0 Hz, NH dach),
3.94 (t, 1H, J = 11.6 Hz, NH dach), 2.95 (m, 1H, CH dach), 2.65 (m,
1H, CH dach), 2.56 (d br, 1H, J = 13.4 Hz, CH, dach), 2.52 (s, 3H,
CH, dmso-S), 2.46 (s, 3H, CH; dmso-S), 1.83 (m br, 2H, CH, dach),
1.78 (d br, 1H, J = 15.3 Hz, CH, dach), 1.61 (d br, 1H, J = 12.2 Hz,
CH, dach), 1.35—1.15 (m, 3H, CH, dach). *C NMR ((CD,),CO): §
160.4 (C2'), 160.1 (C6'), 159.7 (C2), 159.4 (C2"), 155.2 (C6"H),
155.0 (C6H), 144.3 (C4'), 140.1 (C4H), 140.1 (C4"H), 129.9
(C5"H), 129.8 (CSH), 126.10 (C3H), 126.09 (C3"H), 124.5 (C3'H),
124.4 (CS'H), 61.4 (CH dach), 60.3 (CH dach), 43.6 (CH; dmso-S),
43.0 (CH; dmso-S), 35.1 (CH, dach), 34.8 (CH, dach), 25.2 (CH,
dach), 24.8 (CH, dach). Selected IR (KBr, cm™): vyyy 3263 (m), 3186
(m), 3169 (m); vy, 3059 (m), 2932 (m), 1595 (s), 1472 (w), 1426
(m), 1122 (s), 786 (s), 574 (m); vs—p 1085 (s); vors 1253 (vs), 1224
(vs), 1160 (vs), 1028 (vs); v,_g 419 (s). UV/visible spectrum [H,O;
Amaw 0 (g, M7t cm™)]: 236 (40275), 273 (34830), 294 (39110),
329 (28820), 421 (8027).

[Ru(Cl-tpy)(bpy)(dmso-S)I[CF;S0;], (8ord. A total of 25.0 mg
(0.042 mmol) of 3¢, and 22.6 mg (0.088 mmol) of AgCF;SO; in a
solution of 6 mL of methanol containing 105.0 L of DMSO afforded
801 as red-orange plates suitable for X-ray analysis. Yield: 32.9 mg
(87%). Anal. Caled for C,oH,,CIF(N;O,RuS; (901.24): C, 38.7; H,
2.68; N, 7.77. Found: C, 38.7; H, 2.69; N, 7.79. Complex 8¢ is
soluble in water, methanol, ethanol, acetone, and acetonitrile, whereas
it is insoluble in chloroform and dichloromethane. 'H NMR
[(CD,),CO]: 6 1031 (d, 1H, J = 5.6 Hz, CaH), 9.12 (s, 2H,
C3’H/C5'H), 8.95 (d, 1H, J = 8.0 Hz, CdH), 8.88 (d, 2H, ] = 8.0 Hz,
C3H/C3"H), 8.75 (d, 1H, J = 8.0 Hz, CgH), 8.51 (td, 1H, ] = 7.9 and
1.4 Hz, CcH), 8.30 (td, 2H, J = 7.9 and 1.4 Hz, C4H/C4"H), 8.17 (d,
2H, ] = 5.4 Hz, C6H/C6"H), 8.15 (t, 1H J = 8.1 Hz, CbH), 8.11 (td,
1H, J = 8.1 and 1.4 Hz, ChH), 7.66 (ddd, 2H, ] = 7.5, 5.5, and 1.2 Hz,
CSH/CS"H), 7.60 (d, 1H, J = 5.6 Hz, CjH), 7.38 (t, 1H, ] = 6.7 Hz,
CiH), 2.67 (s, 6H, CH; dmso-S). *C NMR [(CD;),CO]: § 159.3
(c2'/ce’), 157.8 (C2/C2"), 157.5 (Ce), 156.9 (Cf), 156.0 (CaH),
155.2 (C6H/C6"H), 150.2 (CjH), 147.2 (C4'), 140.7 (C4H/C4"H),
140.4 (ChH), 139.9 (CcH), 130.5 (CSH/CS5"H), 128.9 (CbH), 128.6
(CiH), 127.1 (C3H/C3"H), 126.6 (C3'H/C5'H), 125.7 (CdH), 124.9
(CgH), 42.9 (CH; dmso-S). Selected IR (KBr, cm™): Vypy 3073 (m),
3012 (m), 2923 (m), 1598 (s), 1472 (w), 1424 (m), 1123 (s), 791
(m), 570 (m); vs—p 1093 (s); vore 1260 (vs), 1222 (s), 1145 (s),
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1028 (vs); Upy_s 430 (s). UV/visible spectrum [H,0; A, nm (¢, M™*
em™)]: 236 (30530), 249 (27538) 274 (41680), 284 (39942), 314
(23230), 329 (26052), 405 (7996), 520 (428).
[Ru(tpy)(en)(dmso-S)][CF3SO0sl, (9ors. A total of 25.0 mg (0.054
mmol) of 4¢; and 29.0 mg (0.113 mmol) of AgCF;SO; in a solution of
6.5 mL of methanol containing 125.0 4L of DMSO afforded 9¢y as
red-orange needles. Yield: 36.1 mg (87%). Anal. Calcd for
C,H,ysFN;O,RuS; (770.71): C, 32.7; H, 3.27; N, 9.09. Found: C,
32.6; H, 3.23; N, 9.11. Complex 9qy¢ is soluble in water, methanol,
ethanol, acetone, and acetonitrile, whereas it is insoluble in chloroform
and dichloromethane. '"H NMR [(CD;),COJ: §9.22 (d, 2H, J = 5.1
Hz, C6H/C6"H), 8.72 (d, 2H, ] = 7.8 Hz, C3H/C3"H), 8.71 (d, 2H, |
= 8.1 Hz, C3'H/CS'H), 834 (td, 2H, J = 8.0 and 1.5 Hz, C4H/
C4"H), 8.32 (t, 1H, ] = 8.1 Hz, C4'H), 7.90 (ddd, 2H, ] = 7.4, 5.6, and
1.2 Hz, CSH/CS5"H), 5.61 (m br, 2H, NH, en), 4.20 (m br, 2H, NH,
en), 3.36 (dt, 2H, J = 11.4 and 5.8 Hz, CH, en), 2.94 (dt, 2H, ] = 11.0
and 5.6 Hz, CH, en), 2.52 (s, 6H, CH; dmso-S). *C NMR
[(CD,),CO]: § 1604 (C2/C2"), 159.2 (C2'/Cé6'), 1549 (C6H/
C6"H), 140.0 (C4H/C4"H), 1374 (C4'H), 129.3 (CSH/C5"H),
125.5 (C3H/C3"H), 124.2 (C3'H/CS'H), 46.6 (CH, en), 45.7 (CH,
en), 43.5 (CH; dmso-S). Selected IR (KBr, cm™): vpgy 3243 (m),
3165 (m); vy, 3077 (m), 1603 (m), 1449 (m), 778 (s), 573 (s); vs—o
1071 (m); vors 1246 (vs), 1222 (vs), 1155 (vs), 1024 (vs); vpy_g 426
(s). UV/visible spectrum [H,0; 4., nm (g M™' cm™)]: 239
(33153), 272 (40851), 287 (46104), 330 (35481), 421 (8139).
[Ru(tpy)(dach)(dmso-S)J[CF3SOsl;, (10o7). A total of 25.0 mg
(0.048 mmol) of 5 and 26.0 mg (0.101 mmol) of AgCF;SO; in a
solution of 6 mL of methanol containing 120.0 uL of DMSO afforded
107 as red-orange plates. Yield: 32.4 mg (82%). Anal. Calcd for
CysH; FgN;O,RuS; (824.80): C, 36.4; H, 3.79; N, 8.49. Found: C,
36.3; H, 3.86; N, 8.52. Complex 10y is soluble in water, methanol,
ethanol, acetone, and acetonitrile, whereas it is insoluble in chloroform
and dichloromethane. '"H NMR [(CD,),COJ: § 9.34 (d, 1H, ] = 5.0
Hz, C6H), 9.20 (d, 1H, ] = 5.0 Hz, C6"H), 8.74—8.61 (m, 4H, C3H/
C3"H/C3'H/CS'H), 8.36—8.20 (m, 3H, C4H/C4"H/C4'H), 7.92—
7.75 (m, 2H, CSH/CS"H), 5.85 (d, 1H, J = 10.8 Hz, NH dach), 5.04
(t, 1H, J = 11.2 Hz, NH dach), 4.35 (d, 1H, J = 10.7 Hz, NH dach),
3.93 (t, 1H, J = 11.6 Hz, NH dach), 2.90—2.82 (m, 1H, CH dach),
2.62—2.47 (m, 8H, CH dach + 2 X CH; dmso-S + CH, dach), 1.89—
1.70 (m, 3H, 3 X CH, dach), 1.60 (d, 1H, ] = 9.6 Hz, CH, dach),
1.38—1.15 (m, 3H, 3 x CH, dach). *C NMR ((CD;),CO): § 160.0
(€27), 159.9 (C2), 159.7 (C6'), 159.6 (C2"), 155.5 (C6"H), 155.1
(CéH), 139.8 (C4H/C4"H), 137.3 (C4'H), 129.3 (CS"H), 129.1
(CsH), 12541 (C3H), 125.36 (C3"H), 124.1 (C3'H), 124.0 (CS'H),
61.6 (CH dach), 60.1 (CH dach), 44.0 (CH; dmso-S), 43.9 (CH,
dmso-S), 35.1 (CH, dach), 34.7 (CH, dach), 25.3 (CH, dach), 24.9
(CH, dach). Selected IR (KBr, cm™): vy 3282 (m), 3240 (m), 3157
(m); 1y, 2936 (m), 2878 (m), 1603 (m), 1445 (s), 774 (s), 572 (m);
Vg—o 1100 (s); vore 1251 (vs), 1220 (vs), 1161 (vs), 1022 (vs); Upy_sg
429 (s). UV/visible spectrum [H,O; A, nm (g, M™" em™)]: 239
(36975), 272 (43410), 296 (51957), 330 (38535), 418 (8337).
X-ray Crystallography. X-ray diffraction data for compounds 6 ¢
and 8op¢ were collected at 150(2) K on an Oxford Diffraction
SuperNova diffractometer equipped with mirror optics and an Atlas
detector by using Mo and Cu microfocus X-ray sources, respectively.
Intensity data for 3¢y and 6pg, were carried out at the X-ray diffraction

beamline of synchrotron Elettra (Trieste) at 100 K, with 4 = 0.7000
and 0.88560 A, respectively. Cell refinement, indexing, and scaling of
the data sets were carried out using CrysAlis Pro, Mosflm, and Scala.””
The structures were solved by direct methods implemented in STR92°®
and refined by a full-matrix least-squares procedure based on F* using
SHELXL-97.* All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were placed at calculated positions and treated
using the appropriate riding models. The programs Mercury, ORTEP,
Platon, and Diamond Crystal were used for data analysis and figure
preparation.® Crystal data and details of refinement are given in Table
S1 in the SL

Interactions with Nucleobases. (a) 9MeG: NMR samples of
complexes 1-3 (4 mM) were prepared in D,0. When hydrolysis of
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Scheme 1. Synthetic Pathways for the Preparation of Complexes 1—10“

a
RuCly 3H,0 ——

Z=ClI(P1)
H (P2)

d
cis-RuCly(dmso)y ——

Z=CI(P3)
H (P4)

Z= Cl H
N en 6 9

) = dach7 10
N bpy 8

“Reagents and conditions: (a) Cl-tpy or tpy (0.9 equiv), EtOH, reflux; (b) N-N (1.2 equiv; N-N = en, dach, or bpy), ethanol/water (3:1), Et;N (3.0
equiv), LiCl (10.0 equiv), reflux; (c) DMSO (35 equiv), AgCF;SO; (2.1 equiv), MeOH, reflux; (d) Cl-tpy or tpy (1.1 equiv), CH;Cl; (e) N-N (1.2
equiv; N-N = en, dach, or bpy), CHCL/EtOH (2:3), reflux; (f) excess NH,PFq.

the complex was completed, 1 equiv of solid 9MeG was added. (b) 5'-
GMP: NMR samples of complexes 1—3 (10 mM) were prepared in
D,0O. When hydrolysis of the complex was completed, 1 equiv of solid
5'-GMP was added. (c) 5'-AMP: The pH of a solution of 5'-AMP in
D,0 (0.4 mL, 12.5 mM) was adjusted to ca. 7.00, and then a solution
of 1laq in D,0 (0.1 mL, 50.0 mM) was added. (d) $'-AMP/S’-GMP
competition: an NMR sample containing a 1:1 mixture of 5'-AMP and
5-GMP in D,0 (04 mL, 12.5 mM) was prepared and the pH
adjusted to ca. 7.00. To this sample was added a solution of laq in
D,0 (0.1 mL, 50.0 mM).

pH Titrations. (a) Aqua species lag—3aq: NMR samples of
complexes 1—3 were prepared in a concentration of 4 mM in 10%
D,0/90% H,0O 24 h prior to titrations in order to ensure complete
hydrolysis of the complexes. (b) Guanine adducts 11 and 12: The
NMR samples used to monitor formation of these adducts in D,0
lie, 1 + 9MeG (4 mM, 1:1.3) for 11 and 1 + 5'-GMP (10 mM, 1:1)
for 12] were used for the titrations, performed 6 days after the mixing.

The pH values of the NMR samples were measured at 298 K
directly in the NMR tube using an AMEL (model 334B) pH meter
equipped with an Ingold microcombination electrode calibrated with
Ingold buffer solutions at pH = 4.0, 7.0, and 10.0. The pH values were
adjusted with diluted DCIO, and NaOD solutions. No correction was
applied for the effect of deuterium on the glass electrode.

Calculation of pK, Values. The pH titration curves were fitted to
the Henderson—Hasselbalch equation using the program Origin 8 with
the assumption that the observed chemical shifts are weighted averages
according to the populations of the protonated and deprotonated
species.

Kinetic Analysis. The hydrolysis kinetics of complexes 1 and 2
were studied by UV/visible spectroscopy at 298 K. The samples (0.10
mM) were prepared in distilled water or in a buffer solution (25 mM
Hepes buffer, pH = 7.4). The working wavelength of each reaction
corresponded to that of a maximum change in absorption derived from
the difference spectra. The absorbance at the selected wavelength was
recorded at 30 s intervals, and the absorption/time data for each
complex were computer-fitted to the first-order rate equation (eq 1),
which gave the ki o value (k) for each aquation process:

A=Cy+ Ce™ (1)

Co and C; are computer-fitted constants, and A is the absorbance at
time £.
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The kinetics of the substitution reactions of complexes 1 and 2 with
guanine derivatives (9MeG and S'-GMP) were also studied
spectrophotometrically. All kinetic measurements were performed
under pseudo-first-order conditions (ie, the concentration of the
nucleophile was at least 10-fold that of the complex). The reactions
were initiated by mixing a solution of each complex (0.3 mL, 1.00
mM) with 2.7 mL of a thermally equilibrated nucleophile solution
(5.56 mM) in the UV/visible cuvette, and the reactions were followed
for at least 8 half-lives. The observed pseudo-first-order rate constants,
kqpeay Tepresent an average value of two to three independent kinetic
runs for each experimental condition. Reactions were studied at three
different temperatures (298, 310, and 318 K) in 25 mM Hepes buffer
containing 30 mM NaCl at pH = 7.40. The second-order rate
constants k, for the substitution reactions with guanine derivatives
were obtained directly from the slopes of kg plots versus the
concentration of the nucleophile. All kinetic data were computer-fitted
to the appropriate equation using the programs Microsoft Excel 2007
and Origin 8.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Complexes.
Treatment of the neutral ruthenium(IIl) precursors mer-
[Ru(L;)CL] [Ly = Cl-tpy (P1) or tpy (P2)] with a neutral
N-N chelating ligand, such as en, dach, or bpy, in the presence
of Et;N as the reductant and an excess of LiCl, needed to
prevent Cl™ dissociation from the final products and necessary
for their precipitation, afforded the cationic ruthenium(II)
complexes [Ru(Cl-tpy)(N-N)CI][CI] [N-N = en (1), dach (2),
and bpy (3)] and [Ru(tpy)(N-N)CI][CI] [N-N = en (4) and
dach (5)] in fair to very good yields (Scheme 1). The
corresponding PF4~ salts were obtained by the addition of
excess NH,PF, to ethanol solutions of the chloride salts. The
preparation of the corresponding dicationic derivatives mer-
[Ru(L;)(N-N)(dmso-S)][Y], (6—10; Y = PF, or CF;SO;), in
which the CI ligand is replaced by a dmso molecule, was
performed by two alternative methods (Scheme 1): either by
Cl/dmso replacement on the parent chlorido derivatives
(assisted by the addition of AgCF;SO;) or by treatment of
the ruthenium(Il) precursors P3 or P4 with N-N in the
presence of NH,PF,. We found that with the second method
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isolation of the product in pure form often requires purification
steps that reduce the yield.

All new complexes were characterized by 1D (‘H and "*C)
and 2D (*"H-'H COSY, '"H-"3C HSQC, and 'H-'*C HMBC)
NMR, IR, and UV spectroscopy and elemental analysis.

The 'H and C NMR spectra of 1 in CD,;NO, are
consistent with a C; symmetry in solution due to the
conformational mobility of the en backbone that averages it
to a planar ligand. In the '"H NMR spectrum, there are five
aromatic resonances assigned to the equal halves of Cl-tpy and
three resolved upfield multiplets attributed to the en ligand.
The fourth, and most upfield, en resonance, which overlaps
with the broad HOD peak and is evident in the '"H—"H COSY
NMR spectrum (Figure S1 in the SI) was assigned to the NH,
protons that fall into the shielding cone of the adjacent Cl-tpy
ligand. The “C NMR spectrum displays eight resolved
resonances in the downfield region for the aromatic carbon
atoms and two, partially overlapped, upfield resonances
assigned to the en carbon atoms. The assignment of the
quaternary carbon atoms (C2'/C6’, C2/C2”", and C4’) was
achieved by the long-range 2D heteronuclear 'H—"C HMBC
NMR experiment (Figure S1 in the SI).

Conversely, the 'H and *C NMR spectra of 2 in CD;NO,
are more complicated due to the conformational rigidity of
coordinated dach'***" that removes the mirror plane bisecting
the Cl-tpy ligand in 1. Thus, in the "H NMR spectrum, the
resonances of the corresponding protons in the halves of Cl-tpy
are partially overlapped except for H6/H6” (two doublets at §
8.98 and 8.93) and H3'/HS’ (two doublets at & 8.39 and 8.36),
which are well-resolved (Figure S2 in the SI). Similarly, in the
3C NMR spectrum, each carbon atom of Cl-tpy and dach has a
resolved resonance (Figure S2 in the SI).

The "H NMR spectrum of 3 in D,O (where, unlike 1 and 2,
it is sufficiently stable) is consistent with the symmetry of the
complex: five resonances attributed to the symmetric Cl-tpy
ligand and eight multiplets assigned to the inequivalent halves
of bpy (Figure 2). It is worth noting that each peak of the axial
bpy ring is remarkably shifted upfield compared to that of the
corresponding proton on the other ring [e.g, §(Hi) 6.95 vs
S6(Hb) 7.99] due to the shielding effect of Cl-tpy.
Correspondingly, the protons of the terminal aromatic rings
of Cl-tpy are affected by the shielding cone of bpy, and their
resonances are also remarkably upfield-shifted; in particular, the
H6/H6" protons resonate at § 7.79, that is, ca.  1.00 more
upfield compared to 1 and 2.

The 'H (Figure S3 in the SI) and *C NMR spectra of 4 and
5 in CD;NO, are similar to those of 1 and 2, respectively, with
the expected differences due to the presence of a proton in
position H4' instead of the chloride.

The 'H (and C) NMR spectra of complexes 6—10, in
either D,O or deuterated acetone, are very similar to those of
the corresponding chlorido derivatives, with the obvious
presence of the dmso-S resonance: a singlet in 6, 8, and 9
and two equally intense singlets for the diasterotopic methyl
groups in the less symmetrical dach complexes 7 and 10
(Figure S4 in the SI). In all compounds, the dmso-S resonance
is remarkably upfield-shifted (§ 2.50—2.55) compared to its
typical chemical shift range (i.e, from & 3.00 to 4.00) because
the methyl groups fall into the shielding cone of the tpy
aromatic rings. Interestingly, replacement of Cl by dmso-S
induces a remarkable downfield shift (A§ ~ 1.30) of the
resonances of the axial NH, protons of en and dach.
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Figure 2. Downfield region of the '"H-'H COSY NMR spectrum of
3¢ in D,O at 298 K (for the numbering scheme, see Figure 1).

The molecular structures of the cationic compound 3¢
(Figure 3) and of the dicationic complexes [Ru(Cl-tpy)(en)-

Figure 3. Molecular structure (ORTEP view; thermal ellipsoids at the
50% probability level) of one of the two independent cations of 3¢
with a heteroatom labeling scheme. Selected bond lengths (A) and
angles (deg) for the molecule shown: Rul—N1 2.067(3), Rul—N2
1.953(3), Rul—N3 2.064(3), Rul—N4 2.079(3), Rul—NS 2.032(3),
Rul—CIl 2.4205(9); N3—Rul—-N1 158.84(12), N2—Rul-N4
177.28(12), N5—Rul—Cl1 172.05(9). Selected bond lengths (A)
and angles (deg) for the molecule not shown: Ru2—N6 2.072(3),
Ru2—N7 1.961(3), Ru2—N8 2.065(3), Ru2—N9 2.084(3), Ru2—N10
2.031(3), Ru2—CI2 2.4162(9); N8—Ru2—N6 158.89(12), N7—Ru2—
N9 176.53(12), N10—Ru2—CI2 172.09(9).

(dmso-S)] [Y]z [Y = PFq (6PF6)) Figure 4; Y = CF;S0; (60Tf);
Figure SS in the SI)] and 84y (Figure S) were determined in
the solid state by X-ray crystallography. The structure of
[Ru(tpy)(dach)(dmso-S)][PF], (10pg,) was also confirmed by
X-ray crystallography (Figure S6 in the SI); however, because
of the low quality of the crystals, no crystal data are reported for
this analysis. In all structures, the ruthenium ion displays the
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Figure 4. Molecular structure (ORTEP view; thermal ellipsoids at the
50% probability level) of the cation of complex [Ru(Cl-tpy)(en)-
(dmso-8)][PFq4], (6pg,) with a heteroatom labeling scheme. Selected

bond lengths (A) and angles (deg): Ru—N1 2.087(3), Ru—N2
1.967(3), Ru—N3 2.092(3), Ru—N4 2.162(4), Ru—N5 2.146(3), Ru—
S1 2.2453(11); N1-Ru—N3 159.17(15), N2—Ru—N4 171.94(13),
NS—Ru—S1 177.30(9).

Figure 5. Molecular structure (ORTEP view; thermal ellipsoids at the
50% probability level) of the cation of complex 8¢ with a heteroatom
labeling scheme. Selected bond lengths (A) and angles (deg): Ru—
N13 2.083(7), Ru—N19 1.971(7), Ru—N2S5 2.078(7), Ru—N1
2.097(7), Ru—N7 2.126(6), Ru—S31 2.268(2); N13—Rul—N25
158.9(3), N7—Rul—N19 170.1(3), N1-Rul—-S31 175.2(2).

typical distorted octahedral geometry with the tridentate Cl-tpy
or tpy ligand coordinated with the expected meridional
geometry, the N-N donor as the chelating ligand, and the
sixth coordination site occupied either by a chloride ion (in 3¢;)
or by a dmso molecule bonded through sulfur (in 6, 8, and 10).
The asymmetric unit of 3¢, comprises two crystallographically
independent complex molecules having closely comparable
geometry. Two crystallographically independent complex
molecules that slightly differ in the orientation of the dmso

molecule with respect to the equatorial plane of Cl-tpy were
also found in the asymmetric unit of 64y (Figure SS in the SI).

The complex cations of 3¢ and 8yp¢ show comparable
structural features, with the central nitrogen atom of Cl-tpy
having the shortest Ru—N distance (mean value 1.96 A), as
expected because of the geometrical constraints of the
tridentate ligand. In contrast, the Ru—N(Cl-tpy) bond
distances in the trans position average to 2.071 A. The
coordination bond lengths of the pyridyl rings of bpy are
influenced by the nature of the monodentate ligand (and thus
by the total charge of the complex): the Ru—N(bpy) bond
length trans to Cl™ is significantly shorter than that trans to
dmso-S [2.097(7) vs 2.031(3) A, mean value for the latter], and
the same tendency is manifested also by the equatorial Ru—
N(bpy) bond [2.126(6) A in 8¢ vs 2.082(3) A mean value in
3c)- The planes of chelating Cl-tpy/bipy ligands are almost
orthogonal, forming dihedral angles of 81.12(5) and 84.15(5)°
in the two complexes of 3¢; and of 86.40(1)° in 8y Overall,
the geometrical features of 3¢ and 8¢ are comparable to those
found in the corresponding tpy derivatives [Ru(tpgr) (bpy)Cl]-
[PF4] and [Ru(tpy)(bpy)(dmso-S)][CF;S0,],.%*?

In the en derivatives 6pp, and 6q1¢ the cation presents a

similar coordination environment with Ru—N(Cl-tpy) bond
lengths comparable to those of the bpy compound 8¢re
Slightly longer Ru—N distances, typical for Ru—Nj,; bonds, are
observed in the en ligand: 2.162(4) and 2.146(3) A in 6, and

in the range of 2.125(4)—2.148(4) A for the two independent
cations of 6y with the shortest values being those located
trans to dmso-S. The Ru—S distances are sensibly longer in the
case of 8oy compared to 6 [eg, 2.268(2) A in 8o vs
2.241(1)/2.238(1) A in 6gr]. This trend is consistent with
dmso-S being a moderate 7 acceptor and with en being a better
o donor than bpy (which, in addition, is also a 7 acceptor).

The solid-state IR spectra of all new complexes show the
typical bands of the terpyridine ligands, with the most
characteristic being a strong band in the region 1594—1616
cm™" assigned to v(C=N) stretching.3’2 All of the dicationic
complexes (6 — 10) display bands in the region 1106—1071
cm™, typical for the S=O stretching of dmso-S, and in the
region 430—419 cm™, assigned to the Ru—Sy,,, stretching.**>>
The presence of CF;SO;™ as a counterion is confirmed by two
strong peaks at ca. 1250 and 1025 cm™" and two at ca. 1223 and
1163—1145 cm™" for the SO; and CF; stretching modes,
respectively,'**** and that of PF¢~ by the very strong peaks at
844—833 cm ™! and at ca. 558 cm ™%

The electronic absorption spectra of the new complexes
exhibited several intense bands in the UV region (200 < 4 <

Scheme 2. Chemical Behavior of Complexes 1—5 in Aqueous Solution

~
Z=Cl Z=H N N
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Table 1. Rate Constants for the Aquation and Half-lives at 298 K in Water and Buffer Solution for Compounds 1 and 2

water

buffer®

compound isosbestic points [nm] ko [x107° s7']
1 347, 416, 491 252 + 0.01
2 424, 500, 532, 557 3.94 £ 0.02

“In 25 mM Hepes buffer, pH = 7.4.

ko [x107° s7]
2.82 + 0.01
4.00 + 0.02

(t1/2)m,0 [min]
4.10 + 0.03
2.90 + 0.02

(t1/2)m,0 [min]
4.58 + 0.03
293 + 0.02

330 nm), attributed to intraligand (z — 7*) charge-transfer
transitions, and a broad intense band (with an unresolved
shoulder in cases of 1—5) in the visible region attributed to
metal-to-ligand dz(Ru) — #*(polypyridyl) charge-transfer
transitions.”®****3% The absorption maximum of the latter
band is strongly influenced by the charge: replacement of CI™
by dmso induces a blue shift from ca. 500 nm in 1-S5 to ca. 420
nm in 6—10.2%3"¢

Chemical Behavior in Aqueous Solution. Contrary to
what was previously observed for most polypyridylruthenium
terpyridine compounds, our new complexes are well soluble in
water (in particular, the chloride salts, >25 mg/mL), with the
exception of the dicationic bpy compound 8 (both as OTf™ and
as PF~ salt), which has limited solubility (ca. S mg/mL).

NMR Investigation. The behavior of the new complexes in
aqueous solution, which is of great importance for compounds
with potential antitumor activity, was first investigated
qualitatively by NMR spectroscopy. The chloride ligand in
the cationic compounds 1 and 2 turned out to be very labile in
aqueous solution. Immediately after dissolution in D,0O, a new
set of resonances was observed to grow both in the aromatic
(Cl-tpy resonances) and in the upfield (en or dach resonances)
regions of the '"H NMR spectra. These new resonances, which
grew at the expense of those of the parent compound, were
attributed to the aqua species [Ru(Cl-tpy)(en)(OH,)]** (1aq)
and [Ru(Cl-tpy)(dach)(OH,)]** (2aq), respectively (Scheme
2). In particular, according to integration, 40% of 1 is already
aquated 2 min after dissolution, and the system reached
equilibrium within ca. 1 h with a 1:9 ratio between 1 and laq
(Figure S7 in the SI). The addition of a large excess of NaCl
(ca. 1.00 M) to this solution induced rapid reversion of the
equilibrium toward the parent compound 1 and eventually to
its partial precipitation (as a Cl salt). The chemical behavior in
aqueous solution of the dach derivative 2, and of the
corresponding tpy compounds 4 and S, is similar to that
described for 1.

Conversely, the bpy compound 3 releases the CI™ ligand,
yielding the aqua species [Ru(Cl-tpy) (bpy)(OH,)]** (3aq) ata
much slower rate (even though eventually to a comparable
extent). The equilibrium was, in fact, reached ca. 8 h after
dissolution. The addition of a large excess of NaCl to the
equilibrated solution induced rapid precipitation of the chlorido
derivative 3.

The greater lability of the CI” ligand in compounds 1 and 2
is attributed to the stronger trans influence of the pure o-donor
ligands en and dach, respectively, compared to the (also) z-
acceptor bpy in compound 3.

Contrary to that observed for the chlorido derivatives, the
dicationic dmso derivatives 6—10 are very stable in aqueous
solution; their NMR spectra in D,O remained unchanged for
several hours after dissolution, and no release of dmso was
observed. This finding is consistent with a strong Ru—S bond
(notwithstanding the 2+ charge) due to the presence of a good
o-donor ligand (en and dach) trans to dmso.

6121

Kinetics of Aquation. The kinetics of aquation of
compounds 1 and 2 were quantitatively studied by UV/visible
spectroscopy at 298 K on 0.1 mM solutions. From the NMR
data, complexes 4 and § are expected to have similar kinetics,
whereas compound 3 hydrolyzes the Cl ligand at a much slower
rate. The rapid reversion of the equilibrium and the partial
precipitation of the complexes upon the addition of NaCl
prohibited anation kinetic studies and, therefore, calculation of
the equilibrium constants K.

The UV/visible spectra of both compounds show significant
time-dependent changes in the region 200—800 nm (Figure S8
in the SI) with clean isosbestic points that, consistent with the
NMR observation, suggest the occurrence of a single hydrolytic
process (ie., conversion of the initial chlorido complex into the
corresponding aqua species laq and 2aq, respectively). The
wavelength corresponding to the maximum change in
absorption (Figure S8 in the SI, difference spectra) was
selected for the kinetic studies (464 nm for 1 and 476 nm for
2). In each case, the time course of the absorbance followed
first-order kinetics (Figure S9 in the SI), which afforded the rate
constants ki g listed in Table 1. The en complex 1 hydrolyzes

about 1.5 times slower than the dach complex 2. Similar results
were obtained when aquation of the complexes occurred in a
buffer solution (25 mM Hepes buffer; pH = 7.4; Table 1 and
Figure S9 in the SI). It is worth noting that the aquation rates
of 1 and 2 are slightly faster than those of the anticancer active
half-sandwich organometallic compounds [Ru(i7®-arene)(en)-
CI)[PFq] [(1.23—2.26) x 107> s7']*” and ca. 2 orders of
magnitude higher than those of the established anticancer drug
cisplatin (6.32 X 107 and 2.5 X 107° s for the first and
second aquation processes, respectively).*®

pK, Determinations. With the aim of assessing whether the
complexes 1—3 are present as the aqua adducts or as the less
reactive hydroxo species in physiological conditions (i.e., pH =
7.2—7.4), pH titrations were performed on the aqua species
lag—3aq. Their NMR spectra showed significant changes upon
variation of the pH from 2 to 13. For each species, the
resonance that showed the largest pH-dependent variation of
the chemical shift was selected for analysis: the most upfield
NH resonance for laq and 2aq and the singlet assigned to
C3'H/CS5'H for 3aq. As the pH was increased, those peaks
shifted upfield, as shown in Figure S10 in the SI. Analysis of the
NMR titration curves gave pK, values of 10.50 + 0.03, 10.26 +
0.02, and 9.56 =+ 0.01 for species 1laq—3agq, respectively (Figure
S11 in the SI). The latter value is closely comparable to that
reported for the corresponding tpy complex, ie., [Ru(tpy)-
(bpy)(OH,)1** (pK, 9.7).3 It can be seen that
deprotonation of the aqua ligand is influenced by the nature
of the N-N chelating ligand: the presence of the aromatic bpy
ligand makes the aqua ligand slightly more acidic, whereas
replacement of en by dach has little influence. However, the
obtained pK, values clearly indicate that all complexes 1—3 are
largely in the reactive aqua form once dissolved in a medium
with physiological pH; only ca. 0.15% of laq and 2aq and ca.

~
~
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0.75% of 3aq are calculated to be in the hydroxo form at pH =
7.4.

Interaction with Guanine Derivatives. The reactivity of
compounds 1—3 toward two guanine derivatives, i.e, 9MeG
and 5’-GMP, as model DNA bases, was investigated primarily
by 'H and *'P NMR spectroscopy in D,0O at ambient
temperature (for the numbering scheme of 9MeG and S'-
GMP, see the corresponding figures in the SI). The assignment
of selected resonances of the products is reported in Table S2
in the SI

The addition of a slight excess of 9MeG (1.3 equiv) to an
equilibrated solution of 1 (4 mM, pH = 7.78) in D,0 induced
relatively fast changes in the '"H NMR spectrum (Figure S12 in
the SI). A new set of resonances attributed to the product
[Ru(Cl-tpy)(en)(9MeG-N7)]*" (11) started to grow within
minutes. Although binding of a ruthenium(II) center to N7 of
purine moieties typically induces a downfield shift of the H8
resonance compared to the free ligand,lé'zo’39 in our case,
binding of 1 to N7 of 9MeG led to a remarkable upfield shift of
the H8 singlet (6§ 6.20 vs 7.77; A§ = —1.57) because of the
shielding effect of the adjacent Cl-tpy. A similar shift, even
though less pronounced, was observed for the CH; singlet (&
3.18 vs 3.68). The same behavior was detected for all studied
systems, either with 9MeG or 5-GMP, and will not be
commented on further. Quantitative formation of 11 occurred
within ca. 3 h, and no spectral changes were observed afterward.

Similarly, the reaction of 1 with §’-GMP (1:1, 10 mM, D,0,
pH = 7.03) yielded quantitatively one final product that was
identified by 'H (Figure S13 in the SI) and *'P (Figure S14 in
the SI) NMR spectroscopy as the N7-bonded neutral species
[Ru(Cl-tpy)(en)(5’-GMP-N7)] (12). The reaction is relatively
fast, as indicated by the rapid appearance of the signals of 12
immediately after mixing; 100% conversion occurred within ca.
2 h, and no spectral changes were observed afterward.
Interestingly, each Cl-tpy peak is split into two equally intense
resonances (partially overlapped except for H6/H6"): the
stereogenic center of coordinated 5'-GMP causes a loss of the
symmetry plane that makes the halves of Cl-tpy equivalent in 1
(and in 1aq). In the 3'P NMR spectrum, consistent with the ‘H
NMR findings, only a new singlet grew during the reaction time
and was assigned to 12 (Figure S14 in the SI). Indeed, the new
resonance is slightly shifted to higher frequency (5 3.31)
compared to that of free 5'-GMP (5 2.99), which is typical for
N7 binding.lé’20 It is worth noting that no transient
intermediates, such as those reported for the half-sandwich
active compounds (e.g., oxygen binding to the phosphate group
of 5'-GMP),"*° were detected.

To verify the identity of products 11 and 12, i.e,, that binding
of guanine derivatives on the {Ru(Cl-tpy)(en)}** fragment
occurs through N7, pH titrations were carried out on the
solutions after the accomplishment of each reaction and, for
comparison, on equimolar solutions of the free nucleobases.
The pH dependence was monitored by the shift of the H8
singlet in the "H NMR spectra and by the PO,H resonance in
P NMR spectra, which are particularly sensitive to
protonation of N7 and deprotonation of the phosphate
group, respectively. The 'H and *'P NMR titration curves are
shown in Figure 6 amd Figure S15 in the SI; the pK, values,
determined by computer fits of the Henderson—Hasselbalch
equation, are reported in Table 2. Two pK, values were
determined for free 9MeG, 9.90 and 2.88, attributable to
deprotonation of NIH and protonation of N7, respectively,
whereas three values were obtained in the case of free 5'-GMP,
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Figure 6. Plots of the pH dependence of the H8 (A) and phosphate
(B) NMR resonances for free 5-GMP (M) and 12 (A) at ambient
temperature. The curves are computer-fitted (red lines), yielding the
pK, values listed in Table 2.

Table 2. pK, Values for 9MeG and 5'-GMP and Their
{Ru(Cl-tpy)(en)}** Adducts at Ambient Temperature

species group pK, ("H) pK, ('P)
IMeG N7 2.88 + 0.10
N1H 9.90 + 0.26
11 NI1H 9.47 + 0.10
5'-GMP N7 2.44 + 0.04
—OP;H 6.71 + 0.04 6.63 + 0.01
NI1H 10.09 + 0.02
12 —OP;H 6.31 + 0.02 6.37 + 0.03
NI1H 9.12 + 0.15

10.09, 6.71, and 2.44, attributable to deprotonation of N1H and
PO;H and protonation of N7, respectively. Our experimental
values are closely comparable with those determined by
others.*® From the titration curves, it can be seen that
compound 11 undergoes deprotonation of N1H (pK, of 9.47)
but no protonation of N7 (Figure S1S in the SI). Similarly,
complex 12 undergoes deprotonation only of PO3H (pK, of
6.31) and N1H (pK, of 9.12) (Figure 6). These observations
provide clear evidence that the guanine derivatives bind to the
ruthenium center through N7.

Similar results were obtained with [Ru(Cl-tpy)(dach)CI]*
(2), with quantitative formation of [Ru(Cl-tpy)(dach)(9MeG-
N7)]** (13) in ca. 2 h (Figure S16 in the SI) and of [Ru(Cl-
tpy)(dach)(5’-GMP-N7)]** (14) in ca. 1 h (Figure S17 in the
SI). Compound 14, due to the conformational rigidity of
coordinated dach and to the stereogenic center on 5'-GMP, is
obtained as a pair of two equally abundant diastereomers
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(Figure S18 in the SI). Many proton resonances are partially
overlapped, but two resolved singlets for H8 (6 6.57 and 6.54)
and four doublets for H6/H6” (5 9.08, 9.03, 8.93, and 8.88)
were clearly observed. When the reaction leading to 14 was
monitored by *P NMR spectroscopy, only one new peak (&
3.37) was detected, even though, in principle, two singlets
would be expected for the two diastereomers (Figure S19 in the
SI). We speculate that their chemical shifts are too close to be
resolved, consistent with the PO;H group being far from the
stereogenic centers.

Contrary to 1 and 2, the reaction of [Ru(Cl-tpy)(bpy)CI]*
(3) (1:1, 4 mM, pH = 6.87) with 9MeG is very slow: a new set
of resonances, attributable to [Ru(Cl-tpy)(bpy)(9MeG-N7)]*
(15), became apparent in the '"H NMR spectrum within the
first hours. The system reached equilibrium after ca. S days,
with ca. 45% of 9MeG bound to ruthenium (i.e., 15), 50% of
3aq, and 5% of 3 (Figure S20 in the SI).

The reaction of 3 with 5'-GMP (1:1, 10 mM, pH = 7.23) is
also very slow compared to those of 1 and 2. More specifically,
20 min after the addition of 5'-GMP to an equilibrated solution
of 3 the growth of a new set of resonances, assignable to
[Ru(Cl-tpy) (bpy)(5'-GMP-N7)]** (16), was observed in the
"H NMR spectrum (Figure S21 in the SI). The system reached
equilibrium after ca. 24 h, and the distribution of the species
was ca. 40% of 16, 47% of 3aq, and 13% as 3. Consistent with
the '"H NMR data, only one new peak (§ 3.45) was detected in
the *'P NMR spectrum during the time course of the reaction.

The above NMR evidence clearly shows that complexes 1
and 2, with an aliphatic diamine as the chelating ligand, react
with 9MeG and 5'-GMP much faster compared to the bpy
complex 3. In addition, the reactions of 1 and 2 with the model
bases are quantitative, whereas those of 3 are not. The fact that
Ru"-tpy complexes with pyridyl ligands are rather sluggish in
their reactions toward model DNA bases has also been
observed previously. For example, the partial reaction of
[Ru(tpy)(Me,bpy)Cl]* with 5’-GMP required ca. 4 h at 310 K,
and only 20% of [Ru(tpy)(apy)(9EtG-N7)]*" (9EtG = 9-
ethylguanine) is formed after S h at 310 K when [Ru(tpy)-
(apy) (H,O)]*" is treated with 9EtG."""**

Interaction of [Ru(Cl-tpy)(en)CI]* (1) with 5-AMP and
Competitive Reaction with a Mixture of 5-AMP and 5'-
GMP. To investigate the binding preference of the new
complexes toward nucleobases, we studied the interaction of 1
with an adenosine derivative, ie., 5’-AMP, as well as the
reaction of 1 with 5’-GMP in competition with 5'-AMP. These
reactions were investigated by "H and *'P NMR spectroscopy
in D,O at ambient temperature (for the numbering scheme of
S’-AMP, see Figure S22 in the SI).

The addition of an equilibrated solution of 1 to a solution of
S"-AMP (Cg,a = 10 mM, 1:1, D,O, pH = 7.00) gave rise to
rapid, but relatively minor, changes in the NMR spectrum
(Figure S22 in the SI). Many new resonances appeared
immediately after mixing, and an equilibrium was reached
within 1 h. Overall, according to integration, less than 10% of
the reactants were transformed into the new species. No
assignment of the new resonances was attempted. The *'P
NMR spectrum, consistent with the '"H NMR data, showed the
formation of new minor species, as indicated by the broadening,
due to the partial overlap of the new resonances, of the peak of
free S’-AMP (5 3.04). These results clearly indicate that 1 has a
minor affinity for 5-AMP. Indeed, in a competition reaction
with a 1:1 mixture of 5’-AMP and 5'-GMP, complex 1 showed
a large preference toward 5'-GMP. More specifically, the
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exclusive formation of 12 was observed within the first hours
after the addition of laq to a solution containing equimolar
amounts of both 5-AMP and 5'-GMP (Cg,, = 10 mM, 1:1,
D,0, pH = 7.07), as evidenced by 'H (Figure S23 in the SI)
and *'P (Figure S24 in the SI) NMR spectroscopy.

UV/Visible Studies of the Reaction of Compounds 1
and 2 with Guanine Derivatives. The kinetics of the
reactions of complexes 1 and 2 with 9MeG and 5’-GMP were
determined spectrophotometrically (Figure S25 in the SI) by
following the change in absorbance at selected wavelengths,
corresponding to the maximum change (Figure S26 in the SI,
difference spectra), as a function of time. All kinetic
experiments were performed under pseudo-first-order con-
ditions with respect to the nucleophile. To suppress
spontaneous hydrolysis of the chloride from ruthenium,
experiments were performed in the presence of 30 mM
NaCl. This value was determined prior to kinetic measurements
as the minimum chloride concentration for which no spectral
changes were observed (Figure S27 in the SI).

The substitution reactions of complexes 1 and 2 with
guanine derivatives can be represented by eq 2

[Ru(Cl-tpy)(N-N)CI]* + L

2 [Ru(Cl-tpy) (N-N)L]" + CI
ky ()

where N-N = en or dach, L = 9MeG or 5'-GMP, and n = +2 or
0 depending the charge of the entering ligand.

Here, k, is the second-order rate constant for the forward
reaction, involving the direct attack of the nucleophile L, and k;
is the rate constant for the reverse reaction. The second-order
rate constants k, are obtained directly from the slopes of the
plots of kg versus the concentration of entering nucleophile,
whereas the k; values are derived from the intercepts divided by

Table 3. Rate Constants and Activation Parameters for the
Substitution Reactions between Complexes 1 and 2 with §'-
GMP and 9MeG (25 mM Hepes Buffer, 30 mM NaCl, pH =
7.4)

T ky [x107! k [x107° AHF[IJ  ASF[JK!
K] M s M s mol™] mol ]
1
5-GMP 298 1.5+ 0.1 49 + 0.9 69 +3 —45 £ 10
310 4.7 +£0.3 16.0 + 3.0
318 8.8 + 0.2 30.0 +£ 2.0
IMeG 310 1.3 +£0.1 41 +08
2
5'-GMP 298 33 +02 1.8 + 0.2 S1+3 —-101 £ 9
310 7.1 £0.2 3.0+ 02
318 12.6 + 0.6 47 £ 0.7
IMeG 310 3.1+02 10.0 + 2.0

[CI7] (i.e,, 30 mM). Their values are listed in Table 3. The rate
of the reaction is described by eqs 3 and 4.

_ d[Ru(Cl-tpy) (N-N)CI]*
dt

= kgpsalRu(Cl-tpy) (N-N)CIJ*
3)
(4)

All kinetic runs could be fitted by a single-exponential function,
and no subsequent reaction was observed. Each pseudo-first-

kobsd = kl[CI_] + kZ[L]

dx.doi.org/10.1021/ic5005215 | Inorg. Chem. 2014, 53, 6113—6126



Inorganic Chemistry

70 90
4 -1 -
10%Konsals [Ru(tpy-Cl)(en)CIT* 318K 10*Kopsals™ [Ru(tpy-Cl)(dach)CI]* 318K
60 1 80 A
70 -
50 1
60 -
40 1 J
310K | 90
30 1 40 1
30
20 1
298 K 20 1
10 1
10 1
, 10°[5-GMPIM | 103 [5'-GMP]/M
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Figure 7. Pseudo-first-order rate constants, kg, as a function of the ligand concentration and temperature for the substitution reactions of 1 (left)
and 2 (right) with $’-GMP in 25 mM Hepes buffer (30 mM NaCl, pH = 7.4).

order rate constant, kg, was calculated as the average value of tpy or tpy; N-N = en, dach, or bpy; X = Cl or dmso-S; Y = Cl,
two or three independent runs (Tables S3—S6 in the SI). PF, or CF;S0;; n =1 or 2, depending on the nature of X). The

The experimental results for the substitution reactions of the chelating ligands en and dach were selected for improving the
two complexes with 9MeG and S’-GMP (at three different solubility in water of their complexes and for their capability of
temperatures) are shown in Figure S28 in the SI and Figure 7, forming hydrogen bonds with coordinated nucleobases. This
respectively. A linear dependence on the nucleophile latter property appears as a prerequisite for observing antitumor
concentration was observed for all reactions. The activation activity in monofunctional half-sandwich ruthenium(II) com-
parameters (AH* and ASY), obtained from the Eyring plots, pounds. For comparative purposes, the aromatic N-N-donor

are summarized in Table 3. The small values of AH¥ and bpy ligand was also used. With the exception of [Ru(Cl-
negative values of AS* clearly support the associative tpy) (bpy)(dmso-S)][Y], (8, Y = CE;SO; or PF), all new

mechanism for the substitution process. Similar mechanisms complexes are well-soluble in water (>25 mg/mL). Studies on
have been proposed for the substitution reactions of organo- the chemical behavior of the new complexes in aqueous
metallic ruthenium arene complexes and of half-sandwich Ru- solution, monitored by NMR spectroscopy, showed that the
[9]aneS3 coordination compounds studied in our previous chlorido derivatives 1—5 release the CI” ligand to form the
work with biologically relevant ligands, e.g,, 9MeG, guanosine corresponding aqua species. Whereas the rate of hydrolysis was

(Guo), 5'-GMP, v-histidine (r-His).?>*!

It can be seen that the rate constants depend on the nature of
the chelating ligand and on the charge of the entering ligand:
complex 2 reacts from 1.5 to 2.5 times faster than complex 1,
and the reactions with 5’-GMP occur 2.3—3.7 times faster than
with 9MeG (Table 3), most likely because it has more favorable
electrostatic interactions with the cationic complexes. For
comparison, the half-sandwich ruthenium(II) coordination
compounds with the general formula [Ru([9]aneS3)(N-
N)CI][PF4] have k, values that are ca. from 1.2 to 4 times
smaller than those of 1 and 2 for the reaction with 5'-GMP
under the same conditions.*®

found to depend markedly on the nature of the chelating ligand
(minutes for en and dach and hours for bpy), its extent was
similar in all cases, with a ca. 1:9 ratio between intact and
aquated species at equilibrium. On the other hand, the
dicationic dmso derivatives 6—10 were found to be very stable
in water; no release of dmso was detected even after several
hours of observation. No significant difference was observed
between the corresponding tpy and Cl-tpy compounds.
Because DNA is considered to be a potential biological target
for metal-based antitumor agents, we investigated the reactivity
of 1-3 toward the guanine model compounds 9MeG and §'-
GMP. All three complexes bind selectively to N7 of 9MeG and
5’-GMP but with rates and extents that depend strongly on the

B CONCLUSIONS nature of the chelating ligand: compounds 1 and 2, which have
Whereas monofunctional ruthenium(II) complexes of the type an aliphatic diamine as the chelating ligand, react much faster
[Ru(L;)(N-N)X]"* with facial geometry have been widely (minutes to hours) compared to the bpy complex 3 (days). In
investigated for their antitumor activity and some structure— addition, the reactions of 1 and 2 are quantitative, whereas
activity relationship rules are already established, those with a those of 3 are not. In no case were intermediates observed. In
meridional geometry are almost neglected. The typical addition, we established that complex 1 has selectivity for 5'-
tridentate ligand selected for imposing the meridional geometry GMP when competing with 5’-AMP. Not surprisingly, the
to the complex is tpy. In most of the RuH-tpy compounds nature of the bidentate ligand N-N is very relevant in affecting
reported so far in the literature, also N-N is a polypyridyl ligand the reactivity of the meridional complexes, since it is trans to
(e.g, bpy): as a consequence, the complexes typically suffer the unique reactive coordination position. According to our
from low solubility in aqueous media, limiting biologically results, the complexes with the bidentate aliphatic diamines en
relevant investigations. With the aim of contrasting this and dach proved to be clearly superior to those with bpy in
tendency, we described here the synthesis and structural terms of solubility and reactivity (ie., release of Cl and
characterization of a series of new water-soluble, monofunc- capability to bind guanine derivatives).

tional ruthenium(II) complexes with meridional geometry of Therefore, complexes 1 and 2, and the similar 4 and §, are
the general formula mer-[Ru(L;)(N-N)X][Y], (where L, = Cl- promising antitumor candidates. In vitro biological evaluation
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of their activity is currently underway, and the results will be
reported elsewhere.

Given the premise that the relatively rapid availability of one
coordination position on the ruthenium center of monofunc-
tional compounds is apparently an essential, even though not
unique, requirement for observing anticancer activity, the dmso
derivatives 6—10 could be considered as inactive. However, a
number of inert and coordinatively saturated metal complexes,
ie, compounds that are unable to bind coordinatively to
biological targets (structural compounds),® were shown to
display biological activity.*> Therefore, investigation toward
this direction might be of interest.
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Huceprauniy ca caum npuncsuma NPEABC/NE CaM ¥ ENEXTDOHCKOM GOpMAaTY NOroQHoOM 3a
TPAJHO apxusuparse,

Mojy noxropeky AvcepTaunly noxparsedy v Qurutanuu pencauTopmiym Yuusepsurtera vy
Kparyjesuy Mmory aa kopucre ceu Koju nowryly oapenbe caapwawe ¥ oaabpanoM Tuny
anuerue KpeatupHe sajelnuie {Creative Commons) sa KOfY cam ce oanyyuo/na.

1. AyToperso

2. Ayropcrso - HEKOMEDUMIaNHO

3. Ayropcrso - HexoMepuurjanto - Ges npepage

4. Ayropcree - HEKOMEDUMIBNHG ~ JennTy nog UcTuM YoRoBuma
5. Ayropcrao ~ 6e3 npepage

6. AYTODPCTBO ~ Z@AUTU NOA MCTHM YCACBUMA
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: (Monumo aa 3aokpymute camo jeary oa wect nowyhexux nulenum, 4MiK je Kpartax onuc
AaT je na obpacuy 6poj 4.).
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