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I. A vizsgélt ligandumok szerkezeti képlete és elnevezése/ Ligands used
for the studies
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II.  Bevezetés és célkitiizések

Napjainkban az egyik leghatékonyabb orvos-diagnosztikai modszer a
magneses rezonancias képalkotas (MRI), melynek soran - relaxaciosebességet noveld
reagensként - foleg Gd(III)-poliamino-polikarboxilat komplexeket alkalmaznak a kép
élességét fokozd kontrasztanyagként. A Gd(IIl)-komplexek kontrasztanyagkénti
alkalmazhatésaganak egyik legfontosabb kritériuma a nagy relaxivitas mellett az
elegendden nagy kinetikai inertség, mivel a disszociaci6 sordn képzddd Gd**-ion és a
szabad ligandum egyarant toxikus az él6 szervezet szamara. A Gd(III)-komplexek
kinetikai  inertsége disszociaciojuk  sebességével jellemezhetd, amelyet a
[GA(DTPA)]* és szarmazékaik esetében endogén fémionokkal (féként Zn>" és Cu*")
lejatszodd csere reakcioik vizsgélataval tanulmanyoztak. Tekintetbe véve azonban a
testfolyadékokban jelenlévé potencialis komplexképzé ligandumokat is (fehérjék,
aminosavak, endogén anionok), ligandumcsere reakciok révén is lejatszodhat a

Kisérleti tapasztalatok alapjan elmondhat6, hogy makrociklusos
kelatképzok alkalmazasaval, elsésorban DOTA ¢és szarmazékai segitségével
kinetikailag inertebb kontrasztanyagok feljleszthet6k, sajnos azonban ez nem mindig
jar egylitt a komplexek termodinamikai stabilitdsanak a novekedésével. Figyelembe
véve tovabba az €16 szervezetben talalhato kis molekulakat, lejatszodhat a Gd(III)-
komplexekben 1év6 egy vagy tobb kotott vizmolekula kicserélodése példaul laktat-,
citrat-, foszfat- és hidrogénkarbonat ionokkal, mely a kontrasztanyag hatékonysaganak
csokkenésével jarhat, de elvben lehetdséget ad koncentracidjuk meghatarozasara is.

A Debreceni Egyetem Szervetlen és Analitikai Kémiai Tanszékén mar tobb
évtizede folynak intenziv kutatasok a lantanoida(IIl)-aminopolikarboxilat komplexek
koordinacios kémiajanak részletes megismerése céljabol. A kezdetben csak nyiltlanc

ligandumok korére kiterjedd vizsgalatokat egyre inkabb felvaltotta, kiegészitette az
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Ujonnan eléallitott makrociklusos ligandumokkal képzett lantanoida(Ill)-komplexek
tanulmanyozasa.

Munkam soran ezen kutatasokba kapcsolodtam be, altalanosan a kovetkezd
célkitlizések mellett: (i) a klinikai gyakorlatban mar hasznalt, nyilt lanct
ligandumokkal — képzett ~ Gd(III)-komplexek  ([GA(DTPA)]*, [Gd(BOPTA)]*,
korilmények kozott, kiilonds tekintettel a korabban még nem tanulmanyozott
ligandumcsere reakciok korére, (ii) egy Uj, a La Coruna-i Egyetem (Spanyolorszag)
Szervetlen Kémiai Tanszékén eldallitott pikolinat karokat tartalmazé dioxa-diaza-
ciklododekan makrociklusos ligandum (bpl2c4) lantanida(Ill)-komplexei fizikai-
kémiai sajatsagainak jellemzése, (iii) a dr. Tircsé6 Gyula altal eldallitott oxa-triaza-
ciklododekan —makrociklusos —gyiiriin  alapuld, trisz-glicinat ligandum (L)
termodinamikai, kinetikai és relaxometrias vizsgalata, valamint a fent emlitett két 0j
makrociklusos ligandum koordinacios kémiai sajatsagainak dsszehasonlitdsa a DOTA

és DOTA-analog ligandumok tulajdonsagaival.

I11. Alkalmazott vizsgalati modszerek

A DTPA, BOPTA, DTPA-BMA ¢és TTHA ligandumok esetében a pH-
potenciometrias titralasokat standardizalt NaOH-oldattal végeztiik 25 °C-on, allando
ionerdsség mellett (0.15 M NaCl). A mintdkat (10 ml) magneses keverdvel
kevertettiik, és allando nitrogén atmoszféra alatt tartottuk. A méréseket Metrohm
6.0233.100 kombinalt {ivegelektrod segitségével végeztik. A  pH-mérd
kalibraciojahoz KH-ftalat (pH= 4.004) és borax (pH= 9.177) puffereket hasznaltunk.
A H"ion koncentraciokat az Irving és munkatarsai 4ltal javasolt médon szamitottuk.

A Gd(llI)-komplexek ¢és a TTHA kozott lejatszodd ligandumcsere

reakciokat a vizprotonok longitudinalis relaxaciosebességének a mérésével kovettik
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MS-4 NMR spektrométer (Institute Jozef Stefan, Ljubljana), 9 MHz; ill. Bruker
minispec mq20 NMR analyzer, 20 MHz alkalmazéasaval. A longitudinalis relaxacios
idéket az inversion recovery modszerrel (180° - [1 - 90°) mértik. A Gd(III)-
komplexek koncentracidja a legtobb esetben 1 mM volt.

A TTHA koncentriacio-fiiggd mérések soran a TTHA koncentracidja 5-40
mM volt, a mintdk pH-jat pedig HEPES puffer (pH= 7.4) segitségével tartottuk
allando értéken. A pH-fiiggé méréseknél (pH= 6.5-11.0), a TTHA koncentracidja 10
mM volt.. Az endogén anionok jelenlétében végzett kisérletek soran a TTHA
koncentracidja 2.0 mM volt, a mintdk pH-jat 7.4 értéken tartva, a citrat-, foszfat- és
hidrogén-karbonat ionok koncentracioja pedig 0-20 mM és 0-40 mM kozott valtozott.
felesleg mellett vizsgaltuk. A reakciokat spektrofotometrias modszerrel 25 °C-on
kovettiik 280 nm-en, a protonkoncentracié 0.001-0.04 M, a komplex koncentracidja
pedig 0.0001 M volt.

A [Gd(bpl2c4)]" és Zn*"-ionok kozott lejatszodé fémcesere reakciot a
vizprotonok relaxaciosebességének mérésével kovettiik Bruker Avance 500, (11.75 T)
NMR spektrométer alkalmazasival a pH =4.6-5.3 tartomanyban. A Zn**-ionok
koncentraciojat  0.005 M és 0.03 M kozott valtoztattuk, mig a Gd** komplex
koncentracioja 0.0002 M volt.. 0.02 M N-metil-piperazint hasznaltunk pufferként, az
allando ionerdsséget pedig 0.1 M KCl segitségével allitottuk be.

A Cu® ionokkal lejatszodd cserereakciot UV-vis spektrofotometria
segitségével kovettik 300 nm-en. A gadolinium(IIT)-komplex koncentracidja 0.0001
M volt, a Cu** ionok koncentracidja pedig 0.001 M és 0.02 M kozott valtozott, a
mérések soran MES puffert hasznaltunk (pH =4.6-5.3).
mértiik, a protonkoncentracio 0.03-0.4 M kozott valtozott, a CeL' koncentracidja

pedig 0.1 mM volt.
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A GdL'-komplex Zn** és Eu®" ionokkal lejatszodd fémcsere reakcidit
relaxometrias modszerrel vizsgaltuk (Stelar relaxométer, 7.2 MHz) a pH=3.5-5.3
tartomanyban 25 °C-on. A Zn>* koncentraciot 0.01 M és 0.071 M kozott, az Eu’
koncentraciot pedig 0.01 M és 0.075 M kozott valtoztattuk, a Gd**-komplex
koncentracioja pedig 0.001 M volt. 0.02 M N-metil-piperazint hasznaltunk pufferként,
¢és 0.15 M NaCl-ot az alland6 ionerdsség beallitasara.

A Cu**-ionokkal végbemen$ fémcsere reakcidt —spektrofotometrias
modszerrel kovettiik 272 nm-en. A gadolinium(IlI)-komplex koncentracidja 0.0001 M
volt, a Cu*" koncentracié pedig 0.0004 M és 0.02 M kozott véltozott, N-metil
piperazint hasznaltunk a. kiilonb6z6 pH-k (4.3-5.25) beallitasara.

A 'H- és *C-NMR méréseket a [La(DTPA-BMA)] és az [Eu(DTPA)]*
komplexek esetében Bruker Avance (500 MHz) spektrométeren végeztiik a 274-298 K
hémérséklet tartomanyban, esetenként ligandum felesleget is alkalmazva. A mintak
pH-jat 7.4-re allitottuk be. A La(DTPA-BMA) és az EuDTPA koncentracidja
kozelitleg 0.1 M volt, mig a feleslegben alkalmazott ligandumok (DTPA-BMA és
DTPA) koncentracidja 0.25 és 0.5 M kozott valtozott.

PARACEST méréseket végeztink az YbL' komplex esetében Bruker
Avance 500 (11.75 T) NMR spektrométerrel laktat, valamint karbonat-ionok jelen-és
tavollétében, 37 °C-on. Az YbL' koncentraciéja 20 mM volt, a karbonat ionoké 0-1.0
M, mig a laktat ionoké 1.5 M volt. 0.01 M HEPES puffert hasznaltunk a mintak
alland6 pH-janak fenntartasara (pH=7.4). A mintak 10 % D,O-t tartalmaztak.

Az O-NMR vizsgalatokat (GdL' és [Gd(bp12c4)]") Bruker Avance 500
(11.75 T, 67.8 MHz) spektrométeren végeztiik. Megmértilk a transzverzalis és
longitudinalis relaxaciés idéket és kémai eltolodasokat (''0) a 287,2-343,3 K
hémérséklet tartomanyban. A GdL' komplex készitése soran (3 %) ligandumfelesleget

alkalmaztunk, hogy elkeriiljiik a mérés szempontjabol zavaré fémion felesleget.
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Relaxometrias modszerrel vizsgaltuk vegyes komplexek képzddésének a
lehetéségét a GdAL'/Gd(bpl2c4) komplexek és karbonat-, foszfat-, laktat-, citrat-
ionok, valamint endogén fémionok (Cu, Zn, Ca) k6zott (Stelar relaxométer, 7.2 MHz,
25 °C). A Gd(III)-komplexek koncentracioja minden esetben 1 mM volt, a méréseket
10 mm NMR cs6ben hajtottuk végre novekvd anion/kation koncentracio mellett (0-
300 mM). A komplexek ¢és a hozzaadott endogén (anion/kation) pontos
koncentraciojat minden egyes mérési pontban korrigaltuk. 0.01 M HEPES pufferrel
allitottuk be a mintak pH-jat 7.4 koriili értékre, az allandd ionerésségként pedig 0,15
M NacCl-ot hasznaltunk.

IV. Uj tudoményos eredmények

Vizsgaltuk a [Gd(DTPA)]*, [Gd(BOPTA)]* és [Gd(DTPA-BMA)]
komplexek és a TTHA kicseréld ligandum kozott lejatszodd ligandumcesere reakciok
sebességét. Megallapitottuk, hogy a reakcié a TTHA kozvetlen tamadasaval jatszodik
le, és sokkal gyorsabb a biszamid-szarmazék komplex esetében, mint a masik két
ligandumnal. A kiilonboz6 pH értékeknél kapott eredmények alapjan elmondhato,
hogy a [Gd(DTPA)]* és [GA(BOPTA)]* reakcidjanak sebessége minimum gorbe
szerint valtozik a pH-val, mig a [Gd(DTPA-BMA)] esetén a reakciosebesség kozel
exponencialisan né a pH novelésével. A semleges [Gd(DTPA-BMA)]-komplex és a
kicserél6 TTHA ligandum kozott nem 1ép fel taszitds, igy nagy a cserereakcid
sebessége. A[GA(DTPA)]* és [GA(BOPTA)]* két negativ toltésii: pH> 8.5 esetén a
reakciosebesség novekedés a TTHA kevésbé protonalt formainak kozvetlen
tdmadasaval magyarazhat6, mig a pH csokkenésével tapasztalt sebességnovekedés a
protonalt H;TTHA és H,TTHA ligandumrél a Gd-komplexre torténd protontranszfer

lehetdségével értelmezhetd.
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Vizsgaltuk a plazméaban 1év6 citrat, karbonat és foszfat ligandumok hatasat
a [Gd(DTPA))*, [GA(BOPTA)* és [Gd(DTPA-BMA)] ligandumcsere reakciora.
Mindhdrom ligandum novelte a Gd(IlI)-komplexek ligandumcsere reakcidinak
sebességét: a karbonat-ionnak van a legjelentésebb hatasa: a [GA(DTPA)]* és
[GA(BOPTA)]* ligandumcsere sebessége kozelitéleg 50%-kal, mig a [Gd(DTPA-
BMA)]-¢ 100%-kal n6 meg a karbonat-iont nem tartalmazé mintakéhoz képest. A
citrat-ionnak csak a [Gd(DTPA-BMA)]-komplex ligandumcsere reakcidjara van
észlelhetd hatasa, mig a foszfat-ionok sebességnoveld hatasa gyakorlatilag
elhanyagolhaté mindhdrom komplex esetében. A tanulmanyozott ligandumcsere
reakciok sebessége alapjan a komplexek kinetikai inertsége a [Gd(DTPA)*
>[Gd(BOPTA)]*>[Gd(DTPA-BMA)] iranyban csokken.

Megallapitottuk, hogy az bp12c4 ligandum és a lantanida(Ill)ionok kozott
pillanatszerien gyors a komplexképzodés. Megallapitottuk a direkt pH-
potenciometrids mérések alapjan, hogy a ligandum stabilis komplexeket képez a
lantanida(IIl)ionokkal, a [Zn(bpl2c4)]- és [Cu(bpl2c4)]-komplex stabilitdsa pedig
kozel azonos a Gd(bp12c4) stabilitasaval.

Vizsgaltuk a [Gd(bp12c4)]” és a Zn(Il), valamint Cu(I)-ionok kozott
lejatszodo fémcesere reakciok lefolyasat. Megallapitottuk, hogy a Zn(II) jelenlétében
lezajlo fémcsere reakcié lejatszodhat a Zn(Il)-ionok kozvetlen tdmadasaval, illetve
protonkatalizalt Gton is. A Cu(Il)-csere esetében nem vart pH-fiiggést tapasztaltunk: a
sebességi allandok értékei a pH novelésével néttek. Magyarazatul a Cu(I)-ionok
hidroxokomplex képz6dési hajlama szolgalhat, ami alacsonyabb pH-n bekovetkezhet,
mint Zn(II)-ionok esetében. A fémcsere reakciok soran kapott sebességi allandok
Osszevetésébol az latszik, hogy a [Gd(bp12c4)] kinetikai inertsége nem nagyobb, mint
a [Gd(DTPA)]*-komplexé.

A Gd(IlI)-komplexek relaxacios hatasat befolyasolhatja a belsé szféraban

kotott vizmolekula cseresebessége, ezért '"O-NMR  vizsgalatok segitségével
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meghataroztuk a Gd(bpl2c4) komplexben kotott vizmolekula/vizmolekulak
cseresebességét az oldoszer vizmolekulakkal. Vizsgalatainkbol kideriilt, hogy a mért
vizesere sebesség értéke kozelitdleg azonos a Gd**(aqua) ion vizcseresebességével, és
a masodik legnagyobb érték az irodalomban mindezidaig fellelhetd értékek kozott.

Megvizsgaltuk egy uj, altalunk eldallitott makrociklusos ligandum (L)
komplexképzddési sajatsagait lantanida(Ill)-, és biologiai szempontbol jelentds
fémionokkal. A kapott eredmények alapjan elmondhatd, hogy az L' ligandum
viszonylag stabilis komplexet képez a lantanida(IlI)-ionokkal, azonban a fémioncsere
reakciok vizsgalata alapjan a GdL' komplex kinetikai inertsége messze elmarad a
varttol. Ennek oka feltehetdleg a spontan disszociacié nagymértékii hozzajarulasa a
kiilonb6z6 fémionokkal lejatszodo reakcidutakhoz.

Minthogy a GdL'-komplex két vizmolekulat tartalmaz a belsd
koordinacios szféraban, erés vegyeskomplex képzédést figyeltink meg laktat- és
hidrogénkarbonat ionokkal, mely a GdL' in vivo relaxivitasinak csokkenéséhez
vezethet. Meghatéroztuk a GdL' vizcseresebességét, és vizsgaltuk az Yb-komplex
PARACEST tulajdonsagait laktat- és hidrogénkarbonat ionok jelenlétében.

V. Az eredmények varhaté gyakorlati alkalmazasa

Bar vizsgalataink alapkutatas jellegiiek, a kapott kisérleti eredmények, és
az altaluk felallitott hipotéziseink segitséget nyujthatnak az MRI kontrasztanyagok
esetleges in  vivo disszociacijanak pontosabb megértésében, illetve {j
kontrasztanyagok tervezésében.

A ligandumcsere reakciokat mindezidaig kevesen tanulmanyoztak ilyen
részletességgel. A részletes kinetikai vizsgalataink soran egy jol leirhaté modellt

allitottunk fel a ligandumcsere reakcié mechanizmusanak leirasara, melynek alapjan

Osszehasonlitottuk harom, a klinikai gyakorlatban mar alkalmazott kontrasztanyag
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kinetikai inertségét. Eredményeink alapjan elmondhato, hogy a [Gd(DTPA-BMA)]-
komplex kinetikai inertsége elmarad a varttol.

Megallapitottuk, a [Gd(bp12c4)]™-komplex esetében a vizcsere sebesség
kimagasloan gyors. Figyelembe véve, hogy egy komplex relaxivitasat nagymértékben
befolyasolja annak vizcsere sebessége, ezen megtigyelésiink uj, nagyobb relaxivitassal
bir6 (hatékonyabb) kontrasztanyagok fejlesztésének elsé 1épése lehet.

Alatamasztottuk, hogy a GdL' komplex kinetikai inertsége messze elmarad
a varttol. Az észlelt PARACEST effektus az YbL' komplex esetében azonban - a
ligandum atalakitasaval a kelld termodinamikai stabilitas és kinetikai inertség elérése
érdekében — olyan U ligandumok eldallitasanak a lehetdségét vetiti eld, melyekkel

klasszikus MRI és PARACEST kontraszt anyagok is tervezhetdek.

I1. Introduction and objectives of the thesis

Over the last few decades, Magnetic Resonance Imaging (MRI) has
become one of the most powerful and highly efficient methods in medical diagnostics.
This technique is based on the measurement of water proton relaxation rates in human
tissues, and provides three dimensional, high resolution images. Since the water
proton relaxation rates differ in healthy and diseased tissues, important diagnostic
informations can be obtained with the use of MRI. In order to reduce the time of
examinations and significantly increase the contrast of the images, contrast agenst
(CA) are widely used in the clinical practice. Contrast agents are paramagnetic
compounds — Gd(III)-chelates in majority — which can improve the sensitivity and
specificity of MRI. Nowadays, more than 30 % of the clinical MR examinations are
assisted by the use of contrast agents. The efficiency of MRI contrast agents is
described with their relaxivity; the longitudinal paramagnetic relaxation rate

enhancement of water protons in the presence of 1 mM of the contrast agent.
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There are several advantages of MRI: it is a non-invasive technique and in
contrast to X-ray or computer tomography, utilizes non-ionizing radiation. In addition,
the measurement of the in vivo concentration of certain metabolites (enzymes,
endogenous anions and cations, pH, pO,) might be possible with the use of the so-
called smart or intelligent contrast agents, which have been introduced recently and

which are in spectacular development.

The most important requirement for a contrast agent to be applied in vivo
is non-toxicity. In order to avoid toxicity, Gd** is complexed with suitable
multidentate ligands, poly-amino-carboxylates in general. Indeed, the free gadolinium
ion can not be injected into the body since it may interact with endogenous
metabolites in many different ways (it can bind to the donor groups of different
proteins or small anions, replace other metal ions in enzymes, or, due to its ionic
radius similar to Ca®*, it may interfere in Ca®- regulated signal transmission
processes. Moreover, Gd*" tends to form hydroxo complexes and precipitate under
physiological conditions (pH= 7.4). These processes are strongly related to the in vivo
dissociation of CA, when the highly toxic free Gd** ion and the toxic free ligand
capable of forming chelates appear in the body. By consequence, the dissociation of
Gd-based contrast agents leads to toxicity (LDs, values for free Gd** and for
uncomplexed ligands are in the range of 0.1-0.2 mmol/kg). In addition to the general
requirements of being efficient and non-toxic, contrast agents have to meet other

demands, such as good water solubility and low osmolality.

The objectives of the thesis are (i) to develop novel Gd** complexes with
improved relaxivity and to understand the relations between the structure of the
complex and all parameters that will influence relaxivity and (ii) to investigate the

thermodynamic stability and kinetic inertness of the complexes formed with Gd** and
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other lanthanide ions, two factors directly related to the in vivo safety of contrast

agents.

I11. Experimental methods

In the case of DTPA, BOPTA, DTPA-BMA and TTHA, the pH-
potentiometric titrations were made with standardized NaOH solution at 25 °C at a
constant ionic strength, (0.15 M NaCl). The samples (10 ml) were stirred with a
magnetic stirrer, while a constant N, flow was bubbled through the solutions. A
Metrohm 6.0233.100 combined electrode was used to measure the pH. The pH-meter
was calibrated using standard KH-phtalate (pH= 4.004) and borax (pH= 9.177)
buffers. The potentiometric measurements were carried out with the use of a
computer-controlled Methrom 702 SM Titrino automatic burette. The H' ion
concentrations have been calculated from the measured pH values by the method,
suggested by Irving et al.

The progress of the ligand exchange reactions between the Gd**
complexes formed with the DTPA derivatives (GdL) and H{TTHA (HiX) in the
absence and presence of the endogenous anions was followed by measuring the water
proton relaxation rates (1/T)) of the samples with an MS-4 NMR spectrometer
(Institute Jozef Stefan, Ljubljana) at 9 MHz or a Bruker minispec mq20 NMR
analyzer at 20 MHz. The longitudinal relaxation times were measured by the inversion
recovery method (180° - t - 90°) by using 8-10 different T values. The concentration of
the GdL complexes in the samples was generally 1.0 mM.

For studying the effect of TTHA on the reaction rates, the concentration of
TTHA was varied between 5-40 mM, while the pH of the samples was maintained
constant (pH= 7.4) by a non-coordinating buffer, HEPES. In the pH-dependent

measurements the pH of the samples was varied in a broad pH range (6.5-11.0), when
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the concentration of TTHA was 10 mM. In the samples containing the different
endogenous anions, the concentration of TTHA was 2.0 mM, the pH was adjusted to
7.4, the citrate-, phosphate- and hydrogen-carbonate concentrations were varied
between 0-20 mM and 0-40 mM, respectively.

The proton assisted dissociation of the Ce** complex of bp12c4” has been
studied in the presense of a large excess of HCI, when the complex is unstable. The
reaction was followed at 25 °C by monitoring the decrease of the absorbance of the
complex at 280 nm in the range of proton concentrations 0.001-0.04 M. The
concentration of the complex was 0.0001 M.

The exchange reactions between Gd(bp12c4)(H,0)," and Zn** have been
studied by measuring the longitudinal relaxation rates (1/T,) of water protons on a
Bruker Avance 500 (11.75 T) NMR spectrometer in the pH range 4.6-5.3. The Zn*"
concentration varied between 0.005 M and 0.03 M, while the concentration of the
Gd*" complex was 0.0002 M. 0.02 M N-methyl-piperazine was used as buffer and the
ionic strength was 0.1 M KCL.

The dissociation rate constants of the metal exchange reaction with Cu**
were determined by UV-vis measurements following the increase of the absorbance at
300 nm. The concentration of the gadolinium(III)-complex was 0.0001 M, the Cu**
concentration varied between 0.001 M and 0.02 M and MES was used as buffer. The
rate of the exchange reaction was studied at different pHs (4.6-5.3).

The proton assisted dissociation of CeL' has been studied in the presence of
a large excess of HCI, where the complex is unstable. The reaction was followed by
monitoring the decrease of the absorbance of the complex at 270 nm in the range of
proton concentrations 0.03-0.4 M. The concentration of the CeL' was 0.1 mM.

The exchange reactions between GdL' and Zn*" and Eu** have been studied
by measuring the longitudinal relaxation rates (1/T;) of water protons on a Stelar

relaxometer (7.2 MHz) in the pH range 3.5-5.3, at 25 °C. The temperature in the
12
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sample holder was maintained with an air stream. The Zn®* concentration varied
between 0.01 M and 0.071 M, the Eu®" concentration varied between 0.01 M — 0.075
M, while the concentration of the Gd** complex was 0.001 M. 0.02 M N-methyl-
piperazine was used as buffer and the ionic strength was 0.15 M NaCl.

The dissociation rate constants of the metal exchange reaction with Cu?
were determined by UV-vis measurements following the increase of the absorbance at
272 nm. The concentration of the gadolinium(IIT)-complex was 0.0001 M, the Cu**
concentration varied between 0.0004 M and 0.02 M and N-methyl piperazine was
used as buffer. The rate of the exchange reaction was studied at different pHs (4.3-
5.25).

'H- and “C-NMR spectra of La(DTPA-BMA) and Eu(DTPA)* were
recorded on a Bruker Avance 500 MHz spectrometer in the temperature range 274-
298 K in the absence and presence of ligand excess. The pH of the samples was
adjusted to 7.4. The concentration of La(DTPA-BMA) and Eu(DTPA)* were 0.1 M,
while the concentration of DTPA-BMA and DTPA excess were varied between 0.25
and 0.5 M.

PARACEST spectra of YbL' were measured on a Bruker Avance 500
(11.75 T) NMR spectrometer in the absence and presence of lactate and carbonate
ions at 37 °C. The concentration of YbL' was 20 mM, the concentration of carbonate
was varied between 0-1.0 M, while concentration of the lactate was 1.5 M. 0.01 M
HEPES was used as buffer to maintain a constant pH=7.4, in case of lactate binding
measurements the pH was varied between 6.5-8.0. 10 % D,O was added to the
samples.

Variable-temperature 0-NMR measurments on the
GdL'/Gd(bp12c4)” complex were performed on Bruker Avance 500 (11.75 T, 67.8
MHz) spectrometer. Transverse and longitudinal '"O relaxation times and chemical

shifts were measured between 287,2 K and 343,3 K. GdL' was prepared by mixing the
13
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ligand stock solution with a GdCl; solution. A slight excess of ligand (3 %) was used
to ensure complete coordination of Gd(IIl), and the pH was adjusted to 5,55 with
addition of NaOH. The absense of free Gd(III) was controlled with the xylenolorange
test.

The formation of ternary complexes between GdL'/Gd(bpl2c4) and
carbonate, phosphate, lactate and citrate ions as well as some endogenous metal ions
(Cu, Zn, Ca) has been studied by measuring the longitudinal relaxation rates (1/T;) of
water protons on a Stelar relaxometer at 7.2 MHz at 25 °C. The concentration of the
Gd(III) complex was 1 mM while the concentration of each anion varied between 0-
300 mM depending on the relaxivity changes by adding small portions of known
concentration of cation/anion stock solution to 1.0 ml complex solution in a 10 mm
NMR tube. The exact concentration of the complex and the added ions were corrected
at each point. 0.01 M HEPES buffer was used, and the samples were contained 0,15
M NaCl.

IV. Results

The Gd(DTPA)*, Gd(BOPTA)* and Gd(DTPA-BMA) complexes, used as
contrast agents in MRI, undergo exchange reactions with multidentate ligands, like
TTHA. The dissociation of Gd** complexes through the ligand exchange reactions
occurs significantly faster at pH=7.4 than the dissociation via the proton assisted
pathway. The ligand exchange reactions take place with the direct attack of the
H,TTHA®"" species on the Gd** complexes, through the formation of ternary
intermediates. The formation of ternary intermediates is related to the intramolecular
rearrangements, occurring in the Gd** complexes. The rate of the rearrangements is

higher in the Gd(DTPA-BMA) (it is indicated by NMR studies) and so the rates of the
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ligand exchange reactions of this complex are about two to three orders of magnitude
higher than those of the Gd(DTPA)* and Gd(BOPTA)*. The lower kinetic inertness
of Gd(DTPA-BMA) is consistent with the experiences, showing that it dissociates
faster than Gd(DTPA)” or GA(BOPTA)*, so the amount of retained Gd** in the living
systems can be higher when Gd(DTPA-BMA) (Omniscan) is used as MRI contrast
agent.

The rates of the ligand exchange reactions of Gd(DTPA-BMA) increase
with the increase of pH from 6.5 to 9, because the attack of the less protonated
HTTHA®"" species via the formation of the ternary intermediates is more efficient.
The increase of the rates of the exchange reactions of Gd(DTPA)* and Gd(BOPTA)*
from pH 8.5 to 11 can be interpreted similarly, but on the contrary, the increase of pH
from 6.5 to 8.5 results in a decrease in the rates of the reactions. This unexpected trend
has been interpreted by assuming the validity of the general acid catalysis, which has a
lower effect at higher pH. The proton(s) from the H,TTHA"" species, can be
transferred to the coordinated DTPA or BOPTA, when the dissociation of these
ligands from the Gd** complex is more probable.

The ligand exchange reactions take place faster in the presence of the
endogenous citrate, phosphate and carbonate ions at pH= 7.4. The rates of the
exchange reactions increase with the increase in the concentration of these ions, but
the effect of the citrate and phosphate is very low at their physiological
concentrations. Phosphate ions may have significant effect on the reaction rates,
particularly on that of the GA(DTPA-BMA), when the kinetic studies are carried out in
phosphate buffer. The effect of the carbonate ions on the reaction rates is well
measurable, because of its higher physiological concentration, when the increase in
the rates of the exchange reactions is the largest for the Gd(DTPA-BMA).

The stability constants of the Ln(bp12c4)" complexes have been obtained

from direct potentiometric titrations, as the complex formation is fast. The stability
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increases from the early lanthanides to the middle of the series, then remains relatively
constant or slightly declines for the heavier lanthanides, similarly to Ln(DTPA)*
chelates. In the presence of Zn**, the dissociation of Gd(bp12c4)" proceeds both via
proton- and metal-assisted pathways, and in this respect, this system is intermediate
between DTPA-type and macrocyclic chelates, for which the dissociation is
predominated by metal- or proton-assisted pathways, respectively. The Cu®>” exchange
shows an unexpected pH-dependency, with the observed rate constants decreasing
with increasing proton concentration.

The Gd(bp12¢4)(H,0)," complex is present in hydration equilibrium
between nine-coordinate, monohydrated and ten-coordinate, bishydrated species. The
rate of water exchange as assessed by 70O NMR is extremely high, close to that of the
Gd*" aqua ion itself. This fast exchange can be accounted for by the flexible nature of
the inner coordination sphere. The activation entropy suggests a strong associative
character for the water exchange which presumably involves only the nine-coordinate,
monohydrated species. Relaxometric and luminescence measurements, together with
DFT calculations, indicate strong anion binding to Ln(bp12¢4)(H,0)," complexes,
consistent with the complete replacement of the inner sphere water molecules.

For the novel ligand L', based on an oxa-aza macrocyclic ring, a
comprehensive study was performed, including thermodynamic, kinetic, relaxometric,
O-NMR and PARACEST measurements of its lanthanide(III)-complexes.
Lanthanide ions form stable complexes with L'. Strong ternary complex formation
was observed between GdL' and lactate and carbonate ions. In the presence of
carbonate ions, a strong PARACEST effect was detected which increases with
increasing carbonate concentration. It is necessary to make a complex 'H-NMR study
in order to understand the origin of this effect.

The constants characterizing the metal-exchange reactions between GdL'
and Eu(IIl)and Zn(II) ions, as well as the water exchange rate were determined at 25

°C. Surprisingly, the most important pathway in the transmetallation reactions is the
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spontaneous dissociation, which makes the GdL' complex kinetically much less inert
(half time of dissociation is approximately 14 h) than Gd(III) complexes formed with

other macrocyclic ligands.
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