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Csaladomnak To my family

»Ma...szemtanui vagyunk a kisérletes tudomany gyors elterjedésének, amint megvaltoztatja
az emberi lét paramétereit, és egy merdben uj vilagot teremt... Ennek a valtozasnak egy uyj,
tudomanyos gondolkodas az alapja. Ennek a gondolkodasnak alapveté vondsa az
alazatossag, tokéletlenségiink felismerése. Ez a gondolkodds el6szér is arra dsztonéz
benniinket, hogy bizonyiték nélkiil semmit se fogadjunk el, a problemakkal mint olyanokkal,
hideg fejjel, félelem vagy eloitélet nélkiil, a gondolkodas meg nem alkuvo becsiiletességével,
félelem, remények, vagy érdek altal nem befolydsolva nézziink szembe.”

Szent-Gydrgyi Albert

“Today...we see experimental science in rapid expansion, changing all the parameters of
human existence, creating an entirely new world... What underlies this change is a new
scientific thinking. The essential feature of this thinking is humility, the realization of our
imperfections. The first command of this thinking is to accept nothing without evidence, face
problems as such, with a cool head, without fear or prejudice, with uncompromising honesty
of thought, unbiassed by fear, hopes, or interest.”

Albert Szent-Gyérgyi
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i;ZZ(}eneralIntroductknl

Imaging of internal human organs with exact and non-invasive methods is
very important for medical diagnosis, treatment and post-treatment follow-
up. Before the recent advances in medical technology, our knowledge of the
internal structure of the human body had mostly relied on surgical methods,
hence the word anatomy (from Greek: cutting up). Nowadays, tomography,
another word with Greek origin, is associated with a virtual “cutting up”
process (tomos: a cut, graph: written).

In x-ray computer-assisted tomography (CT) the signal intensity in the final
picture reflects electron density. The technique applies ionising radiation, x-
rays. Usually tungsten is used as x-ray tube target material. The resulted x-
ray emission spectrum is a combination of general radiation
(Brehmsstrahlung) (maximum intensity is at 45-50 keV, maximum photon
energy is 150 keV) and characteristic radiation (57-69 keV). The low-energy
photons are removed by aluminium or copper filtration for safety reasons.!
When x-ray beam traverses matter, the reduction of beam intensity due to

absorption and deflection leads to attenuation, following Eq. 1.1.

[=Ie™ Eq. 1.1
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where [ is the transmitted, /) is the incident x-ray intensity and x is the
thickness of the absorber. The mass attenuation coefficient, p, is expressed in
cm®/g. p is the sum of three contributions: the coherent scattering, the
photoelectron effect and the Compton scattering. Coherent scattering is so
minor as we can exclude from further consideration, photoelectron effect is
briefly an interaction between the x-ray photons and the inner-shell electrons
while Compton scattering arises from the interaction between x-ray photons
and outer-shell electrons. Therefore, without going into details, the value of
can provide information about the electron density of the matter under study.
If we study two neighbouring regions with different mass attenuation
coefficients, the percental difference between the two transmitted intensities,
I; and I, is defined as the x-ray contrast and as a function of the thickness

and the mass attenuation coefficients of the different tissues (Eq. 1.2, Figure

1.
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Figure 1. Schematic representation of a patient undergoing an x-ray CT
imaging procedure. /, is the incident, /; and /, are the transmitted intensities.

X-ray attenuation is also a function of x-ray photon energy. The differences
among mass attenuation coefficients of body tissues (bone, muscle, fat)
become smaller as x-ray photon energy increases, leading to poor contrast.
To gain better contrast, contrast-enhancing agents (contrast agents, CAs) with
differential uptake in different tissues are used in CT. All x-ray contrast
agents contain a heavy element (I, Ba, Ce, Gd, Tb, Dy, Yb, Au, Pb, Bi) and
contrast enhancement mainly results from the photoelectron effect due to
their large atomic numbers. The photoelectron effect induces sharp increase
in the mass attenuation coefficient at the K-shell binding energy, therefore
results in higher contrast.!

In 1979, Allan M. Cormack and Godfrey Newbold Hounsfield were awarded
the Nobel Prize in Physiology or Medicine for the development of computer-
assisted tomography.2 By this method the cross-sectional imaging was born.
The basic feature of the method is that the x-ray tube permits the rays to
sweep in many directions through the cross-section of the body under
examination. The detection is made by sensitive crystal detector and the
signals are stored and analysed by a computer. The obtained two-dimensional
picture corresponds to the examined cross-section of the body as each
individual tiny square (pixel) in the picture corresponds to a tiny part of the
examined organ. The main advantage is that the separate parts do not
influence each other during the image reconstruction and there is no

overlapping of elements in the image, in contrast with the traditional x-ray
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examination. Like its predecessor, CT, magnetic resonance imaging (MRI) is
also a computer-based imaging modality. In MRI, ionising radiation is not
used; the nuclear magnetic resonance (NMR) signal intensity of the 'H nuclei
is measured. The 'H nuclei have the advantages of high NMR sensitivity,
high natural abundance and their omnipresence (more than 70% in weight of
the human body is water).

Spatial encoding in MRI is obtained by using field gradients superimposed
on the main, homogenous magnetic field (Figure 2). While the intense main
field, By is aligned in the z direction (in MRI, the z direction is defined along
the lying patient from the head to the toe), the gradient fields are generated in
z, x, and y direction and are extremely weak in comparison with By.

Slice selection in MRI involves the use of the z gradient and a selective (soft)
radiofrequency pulse during the excitation period. Since the applied z
gradient results in the 'H nuclei at different positions resonating at different
fields (By+B;, Bo+B,, By+Bs3, etc. where B;, B, and Bj; are the different field
components caused by the field gradient), the excitation of the desired slice
(the slice selection) can be easily made by adjusting the frequency of the
selective radiofrequency pulse so that only the 'H nuclei of this slice are at
resonance.

Phase encoding is used to determine the distribution in the y direction.
Usually it is performed by a sequence of independent measurements with
stepwise incrementation of the strength of the y gradient pulse during the
signal evolution period. The rate of dephasing of the magnetisation vectors is
dependent on the strength of the y gradient, therefore on the position of the

"H nuclei in the y direction.
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Figure 2. Schematic representation of a patient undergoing an MRI
procedure. 1. Slice selection, 2. Phase encoding 3. Frequency encoding, 4.
The final pixel. Gz, Gx, Gy are the applied magnetic field gradients in the
appropriate directions

Frequency encoding is used in the readout stage and gives information about
the distribution in the x direction. This is carried out by applying x gradient
during the acquisition of the NMR response. 'H nuclei at diverse positions in
the x direction experience different values of the gradient therefore are
detected at different precessing frequencies.3

After detection, by a computer-assisted mathematical process similar to the
one used in CT, it is possible to reconstruct the image. By this “back-
projection”, the contrast among the pixels in the final image corresponds to
the difference in signal intensities of the various tiny cubes (voxels) of the
examined part of the body.4

The obtained signal intensity reflects the density of mobile "H nuclei
modified by the chemical environment, e.g. by the relaxation times, 7}

(longitudinal or spin-lattice relaxation time) and 7> (transverse or spin-spin

5
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relaxation time). One of the most commonly used measuring pulse sequence
is the spin-echo sequence. The signal intensity obtained by applying this
sequence is given by Eq. 1.3.

[=N(H)(1-e™")e ™" fv) Eq. 1.3

Here, N('H) is the proton density, TR (repetition time) and TE (echo delay
time) are inserted time intervals in the spin-echo sequence and f(v) is a

parameter dependent on flow.”

By using appropriate values of 7R and 7F it is possible to construct images
not only with contrast reflecting differences in 'H density (proton-density
weighted images), but images emphasising the differences in 7; (T;-weighted
images) or 7, (T,-weighted images). Among common clinical problems are
the detection of brain oedemas, primary or metastatic tumours, inflammation,
or infarction. Since oedema has longer 7; and 7, than normal brain, and
tumours have usually even longer 7; than oedemas, T, or T,-weighted images
can be used to determine the alteration.> The contrast can be increased by
using MRI contrast agents, which are usually paramagnetic compounds,
mostly containing Gd*"-ions. CAs decrease 7; and T, values of the
surrounding water protons, and in this way they can enhance the contrast.
The recent advances in MRI CAs beyond the obtained increased image
quality, such as special targeting of various tissues, design of responsive CAs
for altering physiological conditions or inventing special CAs for MR

angiography definitely assisted the MRI technique to become a widely



known and acknowledged diagnostic method in medicine. In 2003, Paul C.
Lauterbur and Peter Mansfield were awarded the Nobel Prize in Physiology
or Medicine for their discoveries concerning magnetic resonance imaging.2
Both in CT and MRI, the used CAs are facing with strict requirements. They,
when administered to a patient, should enter and pass through anatomic
regions of interest to provide contrast enhancement. Afterwards, these agents
must be essentially completely excreted without being metabolised.

The undesirable biodistribution and excretion profile of heavy metal ions can
be altered successfully by using metal chelate complexes. In general, the
metal chelate complexes have lower in vivo absorption and therefore lower
toxicity than the metal ions themselves. For example, Gd*" as free metal ion
rapidly hydrolyses under physiological conditions, forming insoluble
Gd(OH);. In this form, it accumulates in liver or bones from where it is
successively released. The Gd’" can compete for binding sites usually
occupied by endogenous ions such as Ca®", Cu®" and Zn®".67 A chelate
complex with high thermodynamic stability and kinetic inertness under
physiological conditions can reduce the interaction with the biological
system; therefore the metal complex can be excreted without significant
accumulation or metabolisation.

The other requirement for these contrast agents is to provide large contrast
with low administered dose, in other words, to have high efficacy. The
parameters influencing this effectiveness are discussed in the Bibliographic
Review. To develop efficient CAs it is necessary to gain information about
the inherence between the structural and dynamic properties of these

compounds and their effectiveness.
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During my Ph.D. work at the University of Debrecen, Hungary and at the
Technical University of Delft, The Netherlands, the structure and dynamics of
several, inert and labile complexes formed with polyamino-polycarboxylate
(EOB-DTPA) and macrocyclic (DOTA) ligands have been investigated,
mainly by multinuclear NMR spectroscopy. Our aim was to unravel new
structural and dynamic properties according to the contrast agent
applications, mainly focusing on the presence of various isomers in solution
and the dynamic exchange processes among them. In the case of a new type
of MRI contrast agent, Gd(Ill)-loaded zeolite nanoparticles, parameters
influencing the relaxivity (efficiency of the MRI contrast agent) have been
planned to study systematically, in order to clarify the mechanism of contrast

enhancing effect of nanoparticles.



2 Bibliographic review

2 Bibliographic review

2.1 Metal complexes as MRI contrast agents

Although MRI is regarded as a non-invasive technique, there are occasions
when CAs are administered into the patient to enhance the contrast of the
image. Paramagnetic ions, when administered, can reduce 7; (and 7>) values
of the water protons, even at low concentration. The most commonly used
CAs are Gd*" chelates (Table 1, Figure 3).8 Gd*", with its seven unpaired
electrons is highly paramagnetic. Another advantage is that, due to its highly
symmetric S-state, it has slower electronic relaxation, resulting in more
effective 7, (and 7»)-reducing effect on water protons.

The effectiveness in reducing relaxation times is expressed as the relaxivity.
Relaxivity is the relaxation rate enhancement attributed to 1 mM Gd**

concentration, according to Eq. 2.1.

ha = L1 1 Eq. 2.1
]—{,2 obs ]LZ dia ch3+

where 1/T1, .55 i1s the observed relaxation rate at cgg3+ concentration, and
1/T1 2 4ia 1s the relaxation rate measured in the absence of the paramagnetic
contrast agents, in other words, in diamagnetic environment. cgy3+ is usually

given in mM and therefore 7, , is expressed in s mM™.
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The total relaxivity consists of two terms, an inner-sphere term (rl,zls) and an
outer-sphere term (rl,zos) (Eq. 2.2a), and the same is true for the observed

relaxation rates (Eq. 2.2b).

IS oS
Ko =T, *h, Eq.2.2a

1 1 IS 1 [N
= + Eq. 2.2b
]11 ,20bs ]1,2 obs Ti,Z obs

Generally, the coordination sphere of the overall nine-coordinated Gd**

consists of eight donor atoms of the chelate ligand and (at least) one inner-
sphere water molecule. The protons of this coordinated water molecule in the
immediate proximity of the paramagnetic metal centre relax fast due to the
dipole-dipole interactions between the nuclear spins and the fluctuating local
magnetic field raised by the unpaired electron spins. These inner-sphere
water protons can exchange fast with the bulk water protons, thus the

fastening of relaxation can be transferred to the bulk.



Table 1. Examples for commercially available MRI contrast agents

Chemical name Generic name Brand name Company Classification
5 gadopentetate ) )

[GA(DTPA)(H,O)]~ Magnevist Schering extracellular
dimeglumine

[GA(DOTA)(H,0)]" gadoterate meglumine Dotarem Guerbet extracellular

[GA(DTPA-BMA)(H,0)] gadodiamide Omniscan Nycomed-Amersham extracellular

[Gd(HP-DO3A)(H,0)] gadoteridol ProHance Bracco extracellular

[Gd(DO3A-butrol)(H,O)]  gadobutrol Gadovist Schering extracellular

[Gd(DTPA-BMEA)(H,0)] gadoversetamide OptiMARK  Mallincrodt extracellular

[Gd(BOPTA)(H,0)]* gadobenate dimeglumine MultiHance  Bracco hepatobiliary/extracellular

[Gd(EOB-DTPA)(H,0)]*  gadoxetic acid disodium Eovist Schering hepatobiliary
gadophostriamine

MS-325 o AngioMark  EPIX/Mallincrodt blood pool
trisodium

11
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Figure 3. Structure of several ligands with MRI CA application (for the appropriate complexes see Table 1.)
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The outer-sphere solvent molecules randomly diffusing in the surroundings
of the paramagnetic centre also experience the paramagnetic relaxation rate-

enhancing effect (Figure 4).

Figure 4. Schematic representation of the parameters affecting the relaxivity
of contrast agents

2.1.1 Inner-sphere contribution

The inner-sphere proton relaxivity is a result of chemical exchange reaction
between the coordinated water protons and the bulk. In this two-site
exchange reaction, the bulk is the more populated and therefore the only
observable site; the relaxation rate enhancement is measured at this bulk
water signal. The longitudinal and transverse inner-sphere relaxation rates are

described by Eq. 2.3 and Eq. 2.4.9:10

IS
c 3+
L) et 1) _p ] Eq. 2.3
) 555\T,+%,) "T,+t

Im m

13
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Eq.2.4
T q

20bs

IS
( 1 J P | T2 4t'T) + Aw

T -1, 1) 2
m ('Cm +]12m) +A(’0m

where cgy3+ 1S the Gd*" concentration in mM, ¢ is the hydration number (the
number of bound water molecules per Gd3+), P,, 1s the mole fraction of the
bound water, T, is the lifetime of the water molecule in the coordination

sphere (the reciprocal water exchange rate, 1/k.,), Aw,, is the chemical shift
difference between the bound and the bulk water protons, and 1/7;, and
1/T>,,, are the longitudinal and transverse proton relaxation rates of the bound
water.

1/T}y and 1/T5, can be described by the sum of three distinct contributions
arising from the dipole-dipole (1/7;°"), the scalar coupling (1/T;°°) and Curie
(1/T) mechanisms.

In the case of Gd3+-chelates, 1/T;, and 1/T5, are governed mainly by the
dipole-dipole mechanism, which is affected by the reorientation of the
nuclear spin-electron spin vector (molecular rotation), by the electron spin

relaxation and by the water exchange, according to Eq. 2.5-Eq. 2.8.11

TL:T%-’_%’ where i =1,2 Eq. 2.5

1 1

2 2 2 2
= LR (s o | [ 7oy Ta
T 15\ 15y 4r I+ot I+o;t;

s vc2

Eq. 2.6
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2 2 2 2
iD _ 1 LERs g(s+1)| P | 13— 43T 44
T, I5\ 75, 4r I+ot I+o;t,

s vc2

Eq. 2.7

l/rci :l/rR +1/7;e +k

. oWherei=1,2 Eq. 2.8

vr 1s the nuclear gyromagnetic ratio, g is the electron g-factor, g is the Bohr
magneton, rggy 1S the electron spin-proton distance and ; and ®s are
respectively the nuclear and the electron Larmor frequencies. tz is the
rotation correlation time, 7,, and 7, are the longitudinal and transverse
electron spin relaxation times of the metal ion, respectively.

The contribution of scalar or contact mechanism to the inner-sphere
relaxation rates is very small in the case of the monomeric Gd* complexes. It
is modulated only by the electron spin relaxation and the water exchange rate,

as it is given in Eq. 2.9-Eq. 2.11.12

128+ (AY( =,
= = | —= Eq.2.9
T 3 (h] [lﬂnfrfz a
1SS+ (A .,
5 = — | |57 Eq. 2.10
3 (hj [1+m3132 ‘ q
/=T, +k, ,wherei=1,2 Eq. 2.11

15
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A/h 1s the hyperfine (scalar) coupling constant between the electron of the
paramagnetic ion and the proton nuclei of the coordinated water.

Electronic relaxation rates also depend on the magnetic field. For Gd(III)-
complexes, Bloembergen, Morgan and McLahlan interpreted the electron

relaxation in terms of zero field splitting interactions (Eq. 2.12-Eq. 2.14).13.14

1) L. S Eq. 2.12
1, 1+(05Tv I+4mgT,

=z
0 ( 2

l+ogt,” 1+4ogT,’
C :%A T, {4S(S+1)-3} Eq.2.14

The Curie or susceptibility mechanism has significant contribution to the
overall relaxivity when tz is at least four orders of magnitude larger than T,
at high magnetic field and mainly in 7. Superparamagnetic nanoparticles
having high Curie-contribution act as 7>-reducing agents at high field.!5> For
Dy(IIT)-DTPA derivatives characterised by very short 7;, Vander Elst et al.
showed experimental evidence of the Curie mechanism even in longitudinal
relaxation.16

The Curie mechanism is based on the dipolar interaction between the nuclear
spin and the large static magnetic moment arising from the electrons, as it
was first described by Gueron.!7 It is modulated by the rotational correlation

time and the chemical exchange, as it is shown by Eq. 2.15-Eq. 2.17.16
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1 2 Moj 24 4q2 1 1 3ec
¢ 5(47: 1B g (S ) r (3k,TY | 140,
Eq. 2.15
11 uojz 2 4 4w 11 3
— ’B ST(S+1) — 4r . +——C—
Tzc 5(47[ Yi By Up & ( ) K (3kBT)2 cc 1+03127ccz
Eq. 2.16
1x e =l/t, +k, Eq. 2.17

2.1.2 Outer-sphere contribution

The outer-sphere contribution to the relaxation enhancement is the result of

the dipolar interaction between the paramagnetic centre and the water

molecules diffusing around it. The most commonly used model for

describing the outer-sphere mechanism is based on the Freed-equations (Eq.

2.18-Eq. 2.19).18.19

oS 327 38
5 [405j(40j v, v, h S(S+1)—[3J )+ 7 (. T,) ]

Eq. 2.18

17
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1/2
1+l i(m:d+r—d
4 T,
J(“)arje):Re 172 A 372
1+(i(ord+T"J +[i(x)rd+TdJ+£lmrd+d]
L je 9 T/’e je
Eq. 2.19
2
, a
]=1,2;‘Cd=3

2.2 Chemical Exchange Saturation Transfer (CEST) contrast
agents

Magnetisation transfer in MRI context was first used by Balaban et al.20
They performed a magnetisation transfer experiment by selective saturation
of urea, and they found a significant loss in the intensity of the tissue proton
signal. They demonstrated that image contrast could also be altered by
applying a frequency-selective radiofrequency pulse at the resonance
frequency of an NH or OH group of an intrinsic amino acid, sugar, nucleotide
or other metabolite molecule prior to collection of imaging data.2!

Slow water exchange could be a serious weakness for Gd**-based MRI CAs.
This disadvantage can be turned into an advantage for the new type of MRI
CAs based on chemical exchange saturation transfer. In these contrast agents
the paramagnetic centre is a lanthanide other than Gd**. As a consequence of
the low water exchange rate and the large paramagnetic shift on the bound
water (“slow exchange region”) in these lanthanide complexes, it is possible
to accomplish selective saturation transfer from the lower populated site (the

coordinated water) to the bulk water signal, therefore to alter its intensity.
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Zhang et al. gave detailed description about the CEST effect of DOTA-
tetraamides.22-24
In the case of amidic protons of DOTA-tetraamides similar CEST relevance

was observed.25-27

2.3 Particulate paramagnetic contrast agents

Since the very beginning of using MRI CAs, need has risen for MRI contrast
agents that can be administered orally and can be used to enhance the MRI
image of the gastrointestinal (GI) tract. Insoluble particulates as Gd(III)-
loaded zeolites,28-30 clays containing Mn(II) or Gd(III),31-33 or porous, and
also particulate ion exchange resins with paramagnetic ions bound to their
surface34:35 were investigated.

For magnetic resonance angiography, small paramagnetic particulates are
possible to use as CAs. They remain in the vascular system for longer time
than the Gd(III)-complexes due to their slower clearance through the renal
system, providing sufficient contrast for longer measurements. Nanosized
Gd(II)-loaded  zeolites,3¢ metal-loaded nanoparticles with core-shell
morphology,37 and also colloidal particles prepared by specific phase
organization of ampiphilic Gd(II)-chelates with cholesterol38 were suggested

for this purpose.

2.4 Metal complexes as CT contrast agents

Metals, metal oxides, metal salts, or metal particulates with high mass
attenuation coefficients were widely used as x-ray contrast agents from the

very beginning of the practical radiology. The first radiograph of a bismuth-
19
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enhanced segment of the gastrointestinal (GI) tract was made in 1897, using
5% suspension of bismuth subnitrate. Other metal salts and oxides such as
CsCl, ThO,, Gd,03 and Dy,O3 also had several applications, but, because of
their poor elimination profiles and both acute and long-term toxicity issues,
today they are succeeded by various heavy metal coordination compounds.
The only metal salt remained in clinical use is BaSQOy.!

The first testing of Gd(DTPA)* as x-ray contrast agent started by an
unexpected x-ray enhancement detected in the urinary tract of a patient, who
received Gadovist in an MRI procedure prior to his CT scan. Subsequent
studies on Gd(DTPA)* and other metal complexes such as Yb(DTPA)>,
Gd(DTPA-BMA), Gd(HP-DO3A) and Gd(DO3A-butrol) showed
comparable or even greater contrast in comparison with equimolar quantities
of iodinated contrast agents, mainly at higher tube voltages. They can be used
as alternative x-ray CAs to patients with renal insufficiency or allergy to
iodinated compounds. The lipophilic EOB-DTPA complexes of Gd**, Dy*"
and Yb*" have proved to be efficient CAs for CT of liver and spleen.3
Bi(II)-complexes such as Bi(DTPA)* and Bi(Ill)-tartrate were also
investigated in vivo on animals as CT contrast agents. Although both of them
showed diagnostically useful features ((Bi(DTPA)> in angiography, Bi(III)-
tartrate in imaging of the liver, kidney and spleen), toxicity and solubility
problems call for further search for Bi(Ill)-complexes with more favourable

biodistribution.!
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2.5 Structure and dynamics of DTPA and DOTA lanthanide
complexes

The Gd(IIl)-based MRI contrast agents function through -catalytically
relaxing water protons. The achieved relaxivity enhancement allows the CAs
to be administered at a lower dose. Relaxivity depends on the electronic
properties of the ion, the number of the water molecules in the inner
coordination spheres, the ion-hydrogen distance and the mean lifetime of
these water molecules in the inner-sphere, and the rotational correlation time
of the complex (Section 2.1). Each of these parameters is related to the
solution structure and intra/or intermolecular dynamics of the complex
concerned. The electronic relaxation rate of the Gd** ion, 1/T;, 1s strongly
related to the flexibility of the complex. The water exchange rate, k., between
the bound water and the bulk is dependent on the overall charge and on the
steric strain around the water molecule. The rotation correlation time, tp is
determined by the tumbling motion of the molecule. Therefore, elucidation of
solution structure and dynamics of these complexes is indispensable for
understanding the obtained results and for further developments in this field.
Major methods in this field are NMR spectroscopy and luminescence. X-ray
crystallography provides a strong support by means of the corresponding
solid-state structures.

Gd**-complexes, due to their intensive paramagnetism causing signal
broadening, cannot be easily studied by NMR spectroscopy. However, it is
common for a ligand to form nearly isostructural complexes within the

lanthanide series.40
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The Ln®" ions have unique properties in the periodic system. The first and
last member, La>" and Lu’" are diamagnetic, the others, with 1-7 unpaired 4/
electrons, are paramagnetic. The 4f electrons are shielded by the 5s and 5p
electrons. Therefore, they are not readily available for covalent interactions
with ligands, and, as a consequence, the Ln’" ions have very similar chemical
behaviour. The differences in chemical behaviour can be attributed to the
decrease in ionic radius from La’" to Lu®" (1.216 A-1.032 A).41

Owing to their large size, lanthanides tend to favour high coordination
numbers in aqueous media. Until now, all Gd*"-complexes approved for use
in MRI are nine-coordinate complexes, in which a ligand occupies eight

binding sites and the ninth coordination site is occupied by a water molecule.

2.5.1 Structure and dynamics of Ln(DTPA)* complexes

X-ray structures for Ln(DTPA)* complexes showed a nine-coordinated metal
ion bonded to three nitrogens and five monodentate carboxylate oxygen
atoms of the DTPA ligand, as it is illustrated in Figure 5. In most cases, the
geometry is best described as a distorted tricapped trigonal prism. The ninth
coordination place is usually occupied by a coordinated water molecule,
however, dimeric structure is also known for Gd(DTPA)®, where the
coordinated water is substituted by an oxygen atom of a bidentate
carboxylate group from the neighbouring complex.

The solution structure was consistent with the crystallographic results,
showing nonadentate coordination, as it was deduced from lanthanide

induced relaxation rate (LIR) enhancements of the *C nuclei in the Nd**
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complex.42 Lanthanide induced 'O chemical shifts (LIS) indicated one

coordinated water molecule in the lanthanide complexes.

Figure 5. X-ray structure of Eu(DTPA)z' (ball and stick representation)
showing the two different arrangements of the acetate arms in the
enantiomers

The intramolecular dynamics showed interesting features both in the '*C and
"H NMR spectra. At 21 °C, the ?C NMR spectra of Nd(DTPA)> showed six
broad signals while two resonances (the middle acetate -CH,- and -COO"
carbon signals) did not show any broadening. Increasing the temperature to
73 °C resulted in a significant sharpening of the broad signals. That was
explained by exchange phenomena related to the conformational mobility of
the complex. The number of signals expected in static situation, according to
the low-symmetry x-ray structure is 14. The number of signals detected (8) at
73 °C indicates that the exchange phenomena result in an effective mirror
plane through the middle nitrogen atom and through the the middle acetate -
CH;- and -COO" carbons which were always very sharp regardless to the

temperature.*2
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By means of 'H two-dimensional (2D) exchange spectroscopy (EXSY), the
solution dynamics of Pr(DTPA)*, Eu(DTPA)* and Yb(DTPA)* was
investigated.43 Raising the temperature caused the number of 'H resonances
to decrease from 18 to 9, consistent with exchange between two enantiomers
(Figure 6). The helical chirality of the complex arises from the coordination
of the carboxylate moieties. The intramolecular exchange (enantiomerisation)
involves the change in this helical chirality and the flip-flop motion of the

ethylene-diamine backbones.
OH,

Ha

Figure 6. Exchange between two enantiomers in Ln(DTPA)Z' complexes

The exchange rate between the two enantiomers for Eu(DTPA)” is around
1500 s at 298 K and the activation parameters are AH* = 38.5 + 2.4 kJmol™
and AS™=-56.8 + 7 Jmol 'K,

The water exchange rate between the coordinated water in
[Gd(DTPA)(H,0)]* and bulk water was determined by variable temperature
70 NMR and was found to be k,°** = (4.1+£0.3) - 10° s'. Dissociative

mechanism was suggested based on the obtained positive activation volume
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(AV*=12.5 £ 0.2 cm’mol™) and the large activation enthalpy (AH” = 52.0 +
1.4 kJmol™") and positive activation entropy (AS*=56.2 + 5 Jmol 'K ™").44

2.5.2 Structure and dynamics of Ln(DOTA)" complexes

DOTA is an octacoordinated ligand based on the tetraazadodecane ring in
which each nitrogen atom bears an acetic substituent. The four nitrogens and
four oxygens wrap around a lanthanide ion, resulting in high thermodynamic
and kinetic stability.

It was early shown that the Ln(DOTA)" complexes can adopt either a square-
antiprismatic (SA) or an alternative twisted square antiprismatic (TSA)
geometry. The SA and TSA arrangements differ mainly in the twist angles
between the planes formed by the coordinated N (basal plane) and O
(capping plane) atoms, with ca 40° for the SA and ca —30° for the TSA
geometry. Both TSA and SA geometries exist as pairs of enantiomeric
structures. Structures either with eight- or nine-coordinated lanthanides
(where the ninth coordination site is occupied by a water molecule) can be
found in both cases. Among the -crystallographic data reported on
Ln(DOTA) family until now, eight refer to SA geometry with nine-
coordinated lanthanides, two to the TSA type with nine-coordinated
lanthanides and one each to the eight-coordinated SA and TSA structures.*>
All arrangements show C4 symmetry in the complexes (Figure 7).

A thorough NMR study on the DOTA complexes of the lanthanide series
showed that the four possible arrangements (TSA and SA enantiomer pairs)

could coexist and interconvert in solution.46-51
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Figure 7. X-ray structure of Ce(DOTA)(H,0) (TSA, left) and
Nd(DOTA)(H,0) (SA, right)

The ratio between the interconverting isomers in equilibrium is strongly
dependent on the ionic radius of the lanthanide ion. Larger lanthanide ions,
such as La’", prefer the TSA arrangement, while smaller lanthanide ions

favour the SA geometry (Figure 8).51-33
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Figure 8. Ionic radius-dependent isomeric ratio of Ln(DOTA) complexes

along the lathanide series. ® nine-coordinated square-antiprismatic, O nine-
coordinated inversed-square-antiprismatic and B eight-coordinated inversed-
square-antiprismatic arrangements 53

In the Ln(DOTA) complexes two types of helical chirality appear: one
belongs to the tilt of the ethylene bridges in the macrocycle (& or A), and the
other belongs to the acetate arms’ helicity A or A) upon coordination to the
lanthanide ion. Consistent with the C4 symmetry, all of the ethylene bridges
adopt the same conformation and the same is true for the acetate arms.
Consequently, each geometry consists of two enantiomers; A-(AAAL) and A-
(0500) correspond to the SA, while A-(AAAA) and A-(00656) to the TSA
arrangement.

Extensive VT 'H and *C NMR studies demonstrated that the intramolecular
exchange between the existing diastereomers could follow two different

pathways: i) by a twist along the C,4 axis of the four oxygen-plane relative to
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the four nitrogen-plane, resulting in A<>A interconversion, or ii) by a
sequential flip of the ethylene bridges without changing the acetate arms’
layout (d<>A). Enantiomerisation involves both rearrangements in a
concerted or a stepwise fashion. For Ln= Ho, Er, Tm, Yb and Lu, a water
coordination-decoordination  equilibrium is  superimposed on the
intramolecular rearrangements (Figure 9). The exchange between
enantiomers was found to occur with similar rate as the exchange between
diastercomers in Yb(DOTA) by means of quantitative 'H EXSY
spectroscopy.49 In the Lu(DOTA)- complex, the enantiomerisation (k> =
18 s, AH,”=100.5+ 0.6 kJmol" and AS,” = 116.0 + 2 Jmol"'K™") was found
to take place much slower than the exchange between diastereomers (k;°°° =
340 s, AH; = 54.4 + 1 kJmol™ and AS,” = -14.1 + 3.5 Jmol'K'"); however,
the authors do not discriminate whether this exchange between
diastereomers, involving either the conformational inversion of the ring or
the reorientation of the acetate arms, has the same or different rate and
activation parameters.>0

The water exchange rate between the coordinated water in
[GA(DOTA)(H,0)] and bulk water was determined by variable temperature
70 NMR and was found to be k,*”* = (4.8+0.4) - 10° s7'. The dissociative
mechanism was supported by the positive activation volume (AV” = 10.5 +

0.2 cm’mol™) and the large activation enthalpy (AH”* = 48.8 + 1.6 kJmol™)

and the positive activation entropy (AS* = 46.6 + 6 Jmol'K™"), similarly to
[GA(DTPA)(H,0)]*.44
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3 Structure and dynamics of Bi(DOTA) and
K(H,DOTA)*™ complexes (x=0-4)
3.1 Introduction

The ionic-radius dependent isomeric composition of Ln(DOTA) complexes
along the lanthanide series and the interconversion reactions among them
were discussed in the Bibliographic review. Recent works have attempted to
unravel the connection between these fluxionalities and the water-exchange
rate of the individual isomers, which is important for applying these
complexes as MRI contrast agents.5*3¢ As an example, studies on
[Eu(DOTAM)(H,0)]’* (DOTAM = 1.,4,7,10-tetrakis(carbamoylmethyl)-
1,4,7,10-tetraazacyclododecane) showed that at 298 K the TSA isomer has 40
times higher water exchange rate than the SA isomer. It was observed that
one SA — TSA interconversion happens every two to three exchanges of a
water molecule on the SA isomer.’> Since the isomeric composition is
strongly dependent on the ionic radius of the coordinated lanthanide ion, a
sharp dependence of water exchange rate versus lanthanide ionic radii was
found for various DOTA-tetraamide complexes.>®

The formation of Ln(DOTA) complexes is exceptionally slow and the
kinetics shows interesting features.5” 38-64, Unusually stable intermediates
were detected by spectrophotometry,57:61 'H-NMR38 and luminescence
spectroscopy.®? The composition and structure of these intermediates were

disputed for some time,0:65 but an agreement seems to be emerging; namely
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accepting the formation of a diprotonated complex, in which the Ln*" has an
“out of cage” position, while two nitrogen donors are protonated.61.62.64 The
[Eu(H,DOTA)]" intermediate contains four or five water molecules
coordinated to Eu’’, revealed by luminescence lifetime studies. 62 The
lifetime of these intermediates is so long that even the stability constants
could be determined by direct spectrophotometry and pH-potentiometry61.62
beyond the kinetic methods.58:62

In this work we continue to search that in what extent the DOTA ligand itself
is responsible for the intramolecular motions of the metal - DOTA complexes
and what is the new feature brought about by the formed complex, which is a
special assembly of the metal ion and the ligand. In the case of Bi(DOTA), a
potential CT contrast agent, the isomeric composition has been studied and
compared with the results obtained for the Ln(DOTA) complexes. By VT 'H
NMR spectroscopy, the dynamic behaviour of the complex has also been
revealed.

On the one hand, when the pH dependence of the NMR spectra is studied, the
application of alkali metal ions is not suitable because the potentiometric
studies indicated interaction between DOTA and Na" or K".66.67 On the other
hand, the study of interaction between the alkali metals and DOTA may lead
to interesting results because at least one condition, the kinetic inertness for
metal ion exchange does not exist any more. Previous studies on alkali metal
complexes of other tetraaza macrocyclic ligands (1,4,7,10-tetrakis(2-
hydroxyethyl)-1,4,7,10-tetraazacyclododecane  (thecl2) and 1,4,7,10-
tetrakis(2-methoxyethyl)-1,4,7,10-tetraazacyclododecane  (tmecl2)) were
made to investigate the intramolecular (macrocyclic internal motion or
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fluxionalities) and intermolecular (ligand-complex) exchange processes in
non-aqueous media. While in the case of [Li(thec12)]" and [Na(thec12)]", the
intramolecular exchange was found to be faster than the intermolecular one,
in the case of [K(thec12)]", the similarity of the activation parameters showed
consistency with the assumption that the intermolecular ligand exchange is
the dominant enantiomerisation mechanism.68.69

In the case of DOTA ligand, in the absence of metal ions, using tetra-methyl-
ammonium counter cation, all events have been found to be too fast for
detection. At pH<1, where mainly the Hi{DOTA?" is present in solution, the
full protonation leads to slower fluxionality of the ligand, however, even at
lower temperature, no scalar couplings could be detected.”® Here we show
that using K" ions, the formed labile complexes have had slower fluxionality
and therefore have provided information about the structure through the
scalar coupling constants. Moreover, some interesting new dynamic
properties have been found, which probably helps to find out more about the
nature of the solution behaviour of the important DOTA ligand.

3.2 Experimental

3.2.1 Materials

The ligand was kindly provided by Guerbet (Roissy, France). The
concentration of the ligand stock solution for preparing Bi(DOTA) was
determined by pH-potentiometric titration in the absence and presence of
Ca®" excess; while we used weighted amounts of the ligand for the NMR

titration resulting K(H,DOTA)“™.
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The chemicals used for preparing the complexes were of analytical grade.
Bi(ClOy4)s solution was prepared by dissolving Bi,0O3; (99.9%, Fluka) in
excess HCIO4. The concentration of the Bi(ClO4); solution was determined
by complexometry with the use of standardized Na,H,EDTA solution and
xylenol orange as indicator at about pH 1. KOD and (CH3)sNOD (TMAOD)
solutions were made by dissolving weighted amounts of chemicals and D,0.
Na[Bi(DOTA)] The 0.2 M solution of the complex Na[Bi(DOTA)] was
prepared by the reaction of equivalent amounts of Bi(ClO4); and the ligand.
To the vigorously mixed solution of NayDOTA, Bi(ClO4); solution was
added dropwise. The pH of the solution was controlled, and it was set to 5-
5.5. To the final solution 20% D,O was added, and the pH was adjusted to
8.6.

K(H,DOTA)®™ The K(HDOTA)®™ species were studied by NMR
titration of the 0.1 M ligand solution in D,O with concentrated KOD solution.
The change of the total concentration of DOTA was negligible. The pH was
measured by a combined glass electrode with a Hanamed pH meter. The read
values +0.4 were accepted as pH.”! As a control measurement, NMR titration

of the ligand was also performed with TMAOD.
3.2.2 Methods

The 'H and *C NMR measurements were performed on Bruker AM 360
NMR and Bruker DMX 500 spectrometers in locked mode.

The chemical shifts were referenced to TMS". The temperature was regulated
by Eurotherm equipment, fitted to the spectrometer. The temperature was

corrected by using methanol chemical shifts according to literature.’2 The "*C
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NMR spectra were recorded in J-modulated decoupling or inverse gated
decoupling mode, depending on the need for getting quantitative spectrum.
Typical pulse width corresponded to 30° flip angle and 10-15 s relaxation
delays were used in order to use the signal integrals determination of
quantitative concentration of 'H spectra.

The 'H-'H COSY spectra were made with the standard Bruker program,
using 45° mixing pulse. The 'H-""C correlation spectra were recorded on
Bruker DMX 500 spectrometer in inverse mode, using gradient pulses in the
z direction with the usual Bruker HSQC pulse sequence. Data processing was
made by Bruker WinNMR software package. The line widths were

determined by deconvolution, fitting Lorentz curves on the peaks.

3.3 Results and Discussion
3.3.1'H and “C NMR studies on Bi(DOTA)

The 'H NMR spectrum of Bi(DOTA) consists of broad peaks at room
temperature; these peaks broaden with increasing temperature. Since the
equilibrium studies and the single crystal x-ray diffraction results indicated
the presence of only one type of complex in solid state and in solution
(Figure 10)73, the broadening of the signals was considered as a consequence
of fluxional dynamic processes, which are fairly common for DOTA

complexes.46:48-50,52
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Figure 10. X-ray structure of Na[Bi(DOTA)](ball and stick representation)
showing TSA ( A—3509) arrangement

In order to acquire more information about the structure and dynamics of the
complex, we first assigned the 'H and ?C NMR peaks on the basis of 2D 'H-
'H COSY and 'H-">C HSQC at 274 K, where the 'H-'H coupling patterns are
well visible (Figure 11).

The number of signals indicates that the complex itself has C4 symmetry in
solution, in the same way as in the crystalline form, where the Bi’" is
coordinated by four nitrogen and four carboxylate oxygen donor atoms,
without coordinated water. In contrast with most Ln(DOTA) complexes, no
other diastereomer was detected. This supports the previous observations
establishing that the diastereomeric composition is dependent on the ionic
radius.5! The Bi’" (eight-coordinated, 1.17 A),4! therefore, behaves similarly
to the larger lanthanides such as La®>" (nine-coordinated, 1.216 A); having one
preferred arrangement, which is, according to the x-ray structure, the TSA
geometry.

At 274 K the ring exhibits four proton signals (Table 2).
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Table 2. '"H NMR data for Bi(DOTA)
'H signal label & (ppm) 2Tum, i iz

r1H(a) 3.75 “Jun{riH(a)-r;H(b)} = -14.2
“Jun{r;H(a)-r,H(b)} = -14.2
S {rH(b)-r,H(b)} = 14.0
r,H(a) 3.63 “Jun{rH(a)-r,H(b)} = -13.6
“Jun{r,H(a)-r,H(b)} = -13.6

r,H(b) 3.36

r,H(b) 3.53 ;
T {rH(b)-r,H(b)} = 14.0
acH(a) 4.02 “Jun{acH(a)- acH(b)} = -17.85
acH(b)
(small intensity because of water 4.45 2J nniacH(a)- acH(b)} =-17.85
suppression)

The staggered conformation is confirmed by the coupling pattern; the
detected large vicinal coupling between r;H(b) and r,H(b) corresponds to the
axial arrangement, while the smaller vicinal coupling between the equatorial

riH(a) and r,H(a) protons could not be detected even at 274 K.
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The acetate protons of Bi(DOTA) give an AB doublet pair with an
exceptionally large (-17.85 Hz) coupling constant. There is a rule, supported
by experimental findings and also quantum mechanical calculations for R-
CH,-COO" fragments, which describes the variation in the *Juy value with the
dihedral angle of the R-C bond and the COO" plane.’4 If this angle is about
90°, then “Jyyy is about —12 Hz, while it is 0° or 180°, then Jy;; can be even —
18-—19 Hz. According to this finding, the preferred coordination mode in
Bi(DOTA)  is where the C—N bond is in an eclipsed position to the COO™
plane (Figure 12).

(0] H

Bi3+

ON \g i

Figure 12. Preferred coordination mode in Bi(DOTA) (the C—N bond is in
an eclipsed position to the COO plane)

The *C NMR spectrum of Bi(DOTA)" at 274 K shows four signals (Table 3).
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Table 3. °C NMR data for Bi(DOTA)

13C signal label 8 (ppm)
rC 50.5
rnC 55.0
acC 58.8
carbonyl 179.1

The C4 symmetry is further supported by detecting only one carbonyl signal
for the four carbonyl C atoms and one acC signal corresponding to the four
acetate-CH,- atoms. The appearance of r,C and r,C signals for the ring
carbons indicates that there are two different environments for these atoms.
The dynamic behaviour of the protons can be observed qualitatively via the
2D EXSY spectra taken at 274 K (Figure 11). There are strong cross-peaks
between the r;H(a) and r,H(b) protons and between the r;H(b) and r,H(a)
protons. These correspond to the motion of the protons originally in the axial
position arriving to the equatorial position and vice versa, while the r; and r,
carbon atoms virtually change their position (Figure 13). With the notation
introduced for DOTA complexes, this rearrangement is the (0680)<> (AAAL)
ring inversion. The existence of the other, weaker cross-peaks is the result of
the NOE effect from neighbouring protons; if they arose from exchange
processes, those would require the break of the metal-ligand bonds.

The existence of the (8608)<> (AAAL) fluxionality is further supported by the
temperature dependence of the 'H NMR spectra (Figure 14). At high
temperature, the ring protons collapse to two signals, probably to a “still

exchange-broadened” AB doublet pair, in which the geminal coupling could
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not be resolved even at this temperature. The temperature dependence of the
'H-NMR spectra for the ring protons could be described quantitatively by
taking into account only this exchange process. The fluxionality of the ring in
the Ln(DOTA) complexes was described with this motion as well.#8-52 The
AB doublets of the acetate arms broaden and collapse to one signal on
elevation of the temperature (Figure 13). This fluxional motion can be
attributed to the change of the acetate arms’ helicity in Bi(DOTA) , denoted
by A<>A. This type of motion has also been detected in Ln®* complexes.4?

The activation parameters obtained for these motions can be found in Table

4,



3 Structure and dynamics of Bi(DOTA)- and K(HxDOTA)(3-x)- complexes (x=0-4)

. )y e ¢ 0.
i 8 T & A
& S ._..
8
o
'y
. — \/ ®
._t N y r_~ =

Figure 13. 'H-'H and “c-"c exchange processes during the dynamic
exchange reaction between the two enantiomers of Bi(DOTA)

Above: exchange between the ring protons, below: exchange between the
acetate -CH,- protons.
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Figure 14. Measured (above) and calculated (below) 'H NMR spectra of
Bi(DOTA) for acetate region (left) and ring (right). The narrow peaks in the
ring region are due to the free ligand



Table 4. Activation parameters for intramolecular motions in several DOTA complexes

AH ring inversion | AS ring inversion | AH ring slewing AS" ving slewing | AH acetate arms AS" cetate arms
kJ mol™ Jmol 'K | KkJmol? |Jmol'K'| kImol' | Jmol'K"
Yb(DOTA)™ 79+ 8 46 + 26 - - 80 + 15 49 + 51
64 + 8 9427 66 + 13 14 +45
La(DOTA)® | 59.4+0.8 4.6+3.3 - - - -
Bi(DOTA) 4047 7615 - - 3546 —96+20
K(DOTA)* 47+1 26424 9547 13324 67+3 48+10
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The complex Bi(DOTA) has one dominant diastereomer in the solution,
which consists of an enantiomer pair denoted as A(AAAL)/A(8855), according
to the IUPAC standard. The concentration of the other A(AAAA)/A(5559)
enantiomer pair is so low that we could not even detect the presence of them.
Therefore, the exchange observed is as follows:
AMMAL) === A(35389)

The similar activation parameters obtained for the ring inversion and for the
change in the acetate arms’ helicity support the suggestion of Jacques et al.
based on 'H-'H 2D EXSY measurements on the complex Yb(DOTA); that
the two types of motions, i.e. the motion of the ring and the acetate arms,
proceed at the same rate in a concerted way.*® Another explanation can be a
two-step mechanism where the slow, rate-determining ring inversion is
followed by a fast change in the acetate arms’ helicity.’> Since the
A(AMAAL)/A(BOOS) enantiomer pair cannot be detected, both accounts can be
applied to explain our results.

The free energy of activation is smaller than for La(DOTA)", but the entropy
of activation is a larger negative value for Bi(DOTA) . Generally, it is not an
easy task to explain the activation parameters for fluxional systems, but some
comment can be made. The entropy of activation characterizes the remaining
hindrance of a certain process when there is no energetic barrier, which
occurs at infinitely high temperature. For La(DOTA), it is close to zero,46
while for Yb(DOTA), it is AS” = 46 + 26 J mol ' K '49 These data were
interpreted that in the transition state the Yb(DOTA) probably loses one

water ligand resulting in increased disorder, while this does not occur for
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La(DOTA) . The entropy of activation for the enantiomerisation reaction of
Lu(DOTA) is even more positive, 116 J mol ' K', which is in agreement
with the water free transition state concept, although Aime et al. did not
analyse the reaction from this point of view.3? The Bi(DOTA) has no water
in the coordination sphere, and the transition state can be conceived as more
symmetrical than either of the reactants or the products, probably as an
antiprismatic arrangement, explaining the high negative value for the entropy

of activation.

3.3.2 pH dependence of "H NMR spectrum of K(H,DOTA)®™" system

The NMR spectrum of 0.1 M H4DOTA solution in DO (pH after dissolution
is 3.5) consists of three peaks. One belongs to the HDO while the other two
are the ring (rH) and the acetate-methylene (acH) protons. At room
temperature, the signal for rH protons is about 25 Hz while for the acH
protons is about 10 Hz broad, and no fine structure of the spectrum from
scalar coupling could be observed. The water peak shows 2 Hz line width.
Titrating with KOD, all peaks show a maximum in line width at about pH =
4.2; then the line widths become constant from pH 6 to 9.5: it is 8 Hz for rH,
5 Hz for acH and less than 2 Hz for the HOD (Figure 15).
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pH

Figure 15. Linewidths of species present in [K(HXDOTA)]G'X)'

system versus pH at 298 K. (A) ring protons (), (M) acetate-CH, protons
and () HOD protons

- water

At pH higher than 9.5, the lines belonging to DOTA broaden dramatically,
while the water signal remains constant narrow. When we repeated the
experiment with TMAQOD, no such phenomena were observed; but the same
effect appeared when KCI was added to the DOTA/TMAOD solutions.
Therefore, we assumed that the formation of [K(HDOTA)]®™" species is
responsible for this behaviour. The observed line broadenings of r(H) and
ac(H) protons originate from the internal motion of the molecule or from
ligand exchange process. On the other hand, the line broadening of HDO
signal must be a consequence of intermolecular proton exchange between the

HDO and [K(H,DOTA)]®™" present in the solution at pH~4.



3 Structure and dynamics of Bi(DOTA)- and K(HxDOTA)(3-x)- complexes (x=0-4)

3.3.2.1 Intramolecular motion at high pH

In order to have a deeper insight into the nature of the dynamic processes of
[K(HDOTA)]®™" species present in alkaline media (where x is probably 0),
temperature dependence of the spectrum was recorded at pH~13. Since at the
freezing temperature of the solution no clear peak separation was achieved,
30% deutero-acetone was added to the solution for further cooling. At 260 K,
the peaks became well resolved and even the following scalar couplings

could also be determined (Table 5).

Table 5. "H NMR spectrum of K(DOTA)- at 260 K

H signal label | & ppm 2JHH, 3 uu Hz
riH(a) 539 | “Juu{rH(a)-r;H(b)} =-11.6
2Jun{tH(a)-r H(b)} =-11.6
rH(b) 451 | minHE-mHD)
JHH {I’lH(b)-rzH(b)} =2.0
’J H(a)-r,H(b)} =-9.9
r,H(a) 569 | i ir2H(2)-nH(b)}
Jun{rH(b)-,H(b)} = 13.2
2 -,H(b)} =-9.9
r,H(b) 439 | TnirH@-HEO)
JHH {I’lH(b)-rzH(b)} =2.0
acH(a) 6.03 | “Juu{acH(a)- acH(b)} =-13
acH(b) 518 | Jun{acH(a)- acH(b)} = -13

The assignment was made on the basis of 2D COSY experiment (Figure 16).
In contrast of most previously investigated DOTA complexes, only one set of

signals was detected. The ionic radius of K’ is 1.51 A4l even larger
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compared to Bi*" and La*". In the case of Bi(DOTA) and at the beginning of

the lanthanide series, for example for La(DOTA)", also only one dominant

enantiomer pair, the A(AAAL)/A(S653) pair was detected.
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Figure 16. 'H-'H cOSY (left) and. 'H-'H EXSY (right) spectra of
K(DOTA)" at 260K

By means of 2D EXSY (Figure 16), intramolecular exchange could be
detected, on the one hand between the acH protons, and on the other hand
between all rH protons. It is known that the ring inversion results in that the
ring carbons switch their positions. It was apparently revealed that in the
meantime the vicinal ring protons also take part in a changeover, following
the riH(a) <> r,H(b) and r;H(b) <> r,H(a) scheme (Figure 17). The rate of the
rC © r,C changeover and the rate of the r;H(a) <> r,H(b) and r;H(b) <>
roH(a) exchange are of necessity the same. Furthermore, besides this known

ring inversion, a new type of intermolecular proton-exchange was detected,



3 Structure and dynamics of Bi(DOTA)- and K(HxDOTA)(3-x)- complexes (x=0-4)

resulting in an exchange process between the geminal ring protons: r;H(a) <>
riH(b) and r,H(a) <> r,H(b). This geminal ring-proton exchange process
requires metal-ligand bond breaking and leads to what we call the ring-
slewing motion (Figure 17).

This fluxionality, therefore, could not be detected in the case of inert
lanthanide-DOTA complexes. Another verification for the existence of this
new process is that by elevating the temperature the ring protons fuse into a
singlet peak, while in the case of inert DOTA complexes, they fuse into an
AB doublet. According to our finding, carbon exchange does not take place
during the ring slewing, only the geminal protons switch their positions. This
observation serves as an excellent tool to separate the two different types of
ring motions.

Between the acH(a) and acH(b) protons we also detected exchange, which is
in connection with the change in the acetate arms’ helicity. Since we could
detect only one enantiomer pair, these three types of motions must occur
between the two enantiomers. The question arises whether the
acH(a)«»acH(b) exchange, which is the A<>A motion, and the two types of
motions of the ring (ring inversion and ring slewing) occur in a parallel way,
independently of each other, or it is a two-step consecutive reaction where
one of the reactions is very fast, leading to steady-state level (not observable

by NMR) of the other enantiomer pair.
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Figure 17. Left: K(DOTA)® ring motions in the case of labile metal-ligand bond: besides the ring inversion well-known
from inert lanthanide-DOTA complexes, there is another way of intramolecular rearrangement (’ring slewing”), which
requires the rupture of the metal-ligand bond

Right: Measured (blue) and calculated (black) 1H NMR spectra of K(DOTA)4- at several temperatures. The rate
costants belong to the ring inversion (k,), the ring slewing (k, ) and the change in the acetate arms’ helicity (k)
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3 Structure and dynamics of Bi(DOTA)- and K(HxDOTA)(3-x)- complexes (x=0-4)

In order to obtain the rate constants at various temperatures for all process
mentioned above, we have made complete band shape analysis by model
calculations, based on the Bloch-McConnell equation. The k; values for the
11C < nC exchange (the ring inversion) at different temperatures were
obtained from modelling the ">C spectra. We used these k; values as fixed
parameters for the r;H(a) <> r,H(b); r;H(b) <> r,H(a) proton exchange. The
k, values, characterizing the r;H(a) <> r;H(b); roH(a) <> r,H(b) exchange (the
ring slewing), were step-by-step varied until the calculated and the measured
'H spectra fitted (Figure 17). The k3 values for the exchange between the
acetate-methylene protons were calculated by modelling the collapse of their
AB doublet pair in conformity with the measured temperature-dependent 'H-
NMR spectra. The Eyring plots for the exchange processes are shown in
Figure 18.

The enthalpy of activation for the ring inversion (AAAA<>3330) of
[K(DOTA)]* is smaller than that of [La(DOTA)], but larger than that of
[Bi(DOTA)]. The energetic barrier looks independent of the lability of the
complexes. The small entropy of activation, AS" = -26+24 J mol™ K™ for
[K(DOTA)]*, shows that there is probably no increase in the number of
species during the ring inversion. We can conclude that for this sort of
fluxionality, ligand exchange process is probably not required. The ring
slewing has larger activation enthalpy than the ring inversion, probably
because of the rupture of K'<(DOTA)* bonds. The large positive entropy of
activation shows that this motion is accompanied by the dissociation of the

coordinated metal ion.
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Figure 18. Eyring-plots for determining the activation parameters of
intramolecular motions of [K(DOTA)]3' complex. (@) for the ring inversion,
(m) for the ring slewing and ( A) for change in acetate arms’s helicity

The big difference in the enthalpy of activation between the two ring
fluxionalities causes that at lower temperatures the ring inversion is the main
ring motion, while the simultaneously existing ring slewing occurs much
slower. The change in the acetate arms’ helicity accompanies the ring
inversion. However, as the temperature increases the K™ ion can dissociate
more easily from the DOTA, giving rise to the new type of ring motion, the
ring slewing. Interestingly, at high temperature the acH(a)<>ac(H)b (A<>A)
exchange process follows the ring slewing; while the ring inversion has
slower rate, compared to the other two motions. We may state that the change
in helicity of acetate arms is not an independent form in the fluxionality of
KDOTA®* complex. For La(DOTA), Jacques et al. came to the same
conclusion by analysing activation parameters. For K(DOTA), the
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3 Structure and dynamics of Bi(DOTA)- and K(HxDOTA)(3-x)- complexes (x=0-4)

fluxionality at low temperatures corresponds to that of La(DOTA), i.e.

probably first a slow ring inversion occurs, followed by a fast change in the
acetate arms’ helicity, resulting in the A(0860) =— A(AAAL) enantiomeric
rearrangement. At higher temperatures, the ring slewing becomes faster than
the ring inversion, and then this is followed by the fast acH(a) == acH(b)
exchange. It means that the ring slewing motion is the dominant ring motion,

driving the A(35868) == A(AAAA) enantiomeric rearrangement.

3.3.2.2 Proton exchange between the water and the DOTA at pH 3.5-5

Between pH 3.5 and 5 and at room temperature, HDO and both of the
[K(H,DOTA)]®™" CH, proton signals show significant line broadening
(Figure 13). This phenomenon is most likely a consequence of the proton
exchange between the bulk water and labile protons of [K(HyDOTA)]®™"
(causes line broadening, observed on HDO signal), accompanied by fluxional
motion of the [K(H,DOTA)]®™" skeleton (causes line broadening, observed
on [K(HyDOTA)]®™" CH, proton signals). Increasing the temperature, all
CH, signals narrowed; while the water signal showed a maximum in line
width, indicating that this latter exchange process is at room temperature on
the borderline of slow and fast exchange. By determining the population of
protons coordinated to DOTA, we found that the population is less than one
percent, compared to the HDO protons in the investigated pH range.
Therefore, the Anet equation for strongly biased systems can be used to

determine the rate constant, 1/t4.
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_4np, 1,0’ SF’

LB=
1+4n’1,” 0% SF?

Eq. 3.1

In Eq. 3.1, LB is the line broadening, measured at the more populated site, pa
is the population of the less populated site ([K(H,DOTA)]®™), SF is the
spectrometer frequency, Ty is the lifetime of the proton on the less populated
site (1/kag), and O is the chemical shift difference between the two
exchanging sites. It is easy to show that the line width of the dominant site
has a maximum with decreasing t4, which is with increasing the temperature.

From Eq. 3.1, it follows that the maximum value of line broadening is

LB =p,0SF Eq.3.2

from which & could be determined because ps can be calculated from the
protonation constants of DOTA. Since we do not know the exact composition
of the exchange partner of HDO, we simply used the average number of
protons on DOTA; in other words we handled the DOTA species present in
this solution as one kinetic unit. Having determined all unknowns in Eq. 3.1,
the kz4 = pu/t4 rate constants were determined at different temperatures. We
obtained the following kinetic parameters: AH" = 54.2 + 2 kI mol and AS" =
33 + 7 I mol™ K at pH = 3.87 with & = 3.35 ppm, while AH" = 52 + 6 kJ
mol” and AS" = -43 + 18 J mol” K™ at pH = 4.318 = 5.55 ppm. The large
change in 0 with increasing pH is not surprising because at pH= 3.87 the

dominant species are K(H;DOTA)', K(H;DOTA) and K(H,DOTA) with
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3 Structure and dynamics of Bi(DOTA)- and K(HxDOTA)(3-x)- complexes (x=0-4)

almost the same contribution, while at pH= 4.31 K(H3;DOTA) is the
dominant. It is difficult to identify what kind of DOTA complex can
exchange protons slowly at pH around 4 with water, however, keeping in
mind the exceptional stability of diprotonated [H,DOTA]*", we suppose that
an ion pair between this anion and K' can be responsible for this
phenomenon. This K(H,DOTA) can be protonated, forming K(H3;DOTA)
assembly, which contains exchangeable protons with HDO. The potassium
probably has an “out-of-cage” position, but it can also slow down the
intramolecular motion of the macrocycle, leading to line broadening in both
of the ring and acetate-methylene proton signals of DOTA (Figure 13). In
order to determine what the state of the dynamics is at pH between 6 and 9.5,
where H,DOTA* and HDOTA® (both partially containing K*) species are
present, we examined the line width of all peaks in a sample of pH 5.94 at
300, 310 and 320 K. The width of water signal was 2.2, 3.2 and 4.3 Hz,
respectively. It means that the detected proton exchange with HOD turns to
slow exchange regime. The line widths of ac and r protons were found to be 6
(300 K), 4.5 (310 K), 3 (320 K) and 9 (300 K), 5 (310 K), 3 (320 K) Hz,
respectively. It means that the fluxionality is in the fast exchange regime
when the pH is between 6 and 9.5, then starts to slow down when the pH is
above 10. Already Desreux et al. assumed that [H,DOTAJ*" (in 1 M NaCl
ionic medium) is a very interesting species. The protonated nitrogens
probably make strong H-bonds with the carboxylate groups of the acetate
arms on the same nitrogen. In the same time, the basicity of the other two
nitrogens decreases dramatically, and becomes even lower than that of the
carboxylates not involved in H-bonds. In the presence of K'-ions, we could
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show that this species is inert for proton exchange; however, it has a
relatively fast fluxionality. The existence and dynamic behaviour of this
species support the slow intermolecular proton exchange hypothesis in the
formation kinetics of lanthanide complexes. The inertness in proton exchange
can be a consequence of the H-bond because at higher pH, when
monoprotonated ligand is present (at pH = 9.5, approximately 50% is in the
form of K(HDOTA)”, practically no change in the proton exchange rate is
observed, since the remaining proton is still in H-bond. Similar observation
was published in the case of tricyclic tetramine ligands (so-called
“adamanzanes”), where the H-D exchange was found to be extremely slow.

The two minima in the line width of the non-dissociable protons can be
interpreted as follows. At pH~2, H{DOTA®" and HsDOTA" species are
present. The fluxionality is slow in these species, however, its rate may
increase by further deprotonation (line narrowing). This acceleration is
stopped by the formation of K(H,DOTA)®™" species (line broadening), then
the fluxional motion speeds up again, when K(H,DOTA) and K(HDOTA)*
are forming. The rate of the fluxionality does not change until the potassium
starts to coordinate to the nitrogens. Consequently, the line widths remain
constant until pH about 9.5, where, according to our suggestion, the
formation of K(DOTA)"" starts. We assume that this species contains an “in-
cage” coordinated K, similarly to the DOTA complexes of lanthanides and
other metal ions. It seems to be reasonable to state that the protonation and
fluxional phenomena described here play an important role in the early stage

of mechanism set up for the formation of inert DOTA complexes.
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4 Structural and dynamic aspects of C5-substitution on DTPA

4 Structural and dynamic aspects of C5-substitution
on DTPA. Studies on the Lu(S-EOB-DTPA)> complex

4.1 Introduction

Gd(S-EOB-DTPA)* was designed as a hepatobiliary MRI contrast agent
(Eovist:  (45)-4-(4-ethoxybenzyl)-3,6,9-tris(carboxylatomethyl)-3,6,9-triaza-
undecanedioic acid, gadolinium complex, disodium salt).”5.76 This complex
is specifically taken up by the hepatocytes via a not fully described
mechanism, but not by the tumour cells, resulting in contrast in the MRI
image.”” Novel studies showed its moderate non-covalent binding to human
serum albumin, HSA, therefore a possibility to provide a good relaxivity
enhancement also in blood vessels.”®

The introduction of the ethoxybenzyl-group into the 5-position has several
physicochemical, structural and stereochemical consequences, compared with
the DTPA and its complexes. Gd(EOB-DTPA)* shows increased relaxivity,
compared to Gd(DTPA)*, and it was explained by the expected longer
rotational correlation time accounted to the molecular weight increase and by
the significantly shorter distance between the hydrogen atoms of the
coordinated water molecule and the paramagnetic ion.”> The water exchange
rate also slightly increased, compared with the parent compound. In a recent
article, it has been shown that in a new type, bifunctional contrast agent,
Gd(S-EOB-DTPA-BMA), the presence of the EOB-group fastens the water
exchange, compared to Gd(DTPA-BMA) 7°
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In the ligand, the carbon in the 5-position becomes asymmetric, resulting in
two enantiomers, S-EOB-DTPA and R-EOB-DTPA. In aqueous solution, as
expected, Gd(S-EOB-DTPA)* and Gd(R-EOB-DTPA)* have the same
relaxivity. However, Gd(S-EOB-DTPA)* showed more pronounced
interaction with human serum albumin than Gd(R-EOB-DTPA)*, and
competition between Gd(S-EOB-DTPA)* and Gd(R-EOB-DTPA)* for the
same binding site was detected.”8

The coordination of the Ln** to the EOB-DTPA induces another chiral center
appearing on the central nitrogen, N2. As a consequence, two diastereomers
appear in solution (C5SN2S, C5RN2R and C5SN2R, C5RN2S) (Figure 19,
20). Diastereomers can be separated on a reverse phase HPLC column. In the
case of Gd(S-EOB-DTPA)”, the isomerisation kinetics of the separated
diastereomers (C5SN2S and C5SN2R) was followed by HPLC, which
allowed an estimate of 75.3 kJmol' for the activation energy. NMR
investigations on diamagnetic La(S-EOB-DTPA)> assigned the major
component (60%) as the C5SN2R and the minor isomer as the C5SN2S
diastereomer. The two separated diastereomers, therefore, differs in the

configuration of the N2 central nitrogen.”6
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Figure 19. Stereochemical consequences of introducing an ethoxy-benzyl
group into the 5-position in the case of Ln(EOB-DTPA)2- complexes

However, both isolated components can be mixtures of diastereomers that
differ in the position of the acetate arms. Among the five coordinated acetate
oxygen atoms, four are in one plain, while the fifth one is on the opposite
side of this plain, compared to the coordinated water molecule. This fifth
acetate arm can be on the side closer to the EOB-group (labelled by e) or on
the other, “non-EOB” side (labelled by #). In the case of La(S-EOB-DTPA)”,
the interconversion (wagging process) between these isomers was detected to

be fast on the NMR time scale (Figure 19, 20).
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Figure 20. The four possible diastereomers in Ln(EOB-DTPA)> complexes
and the wagging processes interconverting the pairs differing in the acetate
arms’ helicity (the small green ball represents the EOB-group)

These four possible diastereomers all differ in chemical and physical
properties. Recently, in the case of EPTPA (ethylenepropylene-triamine-
pentaacetate) separate water-exchange rates were determined for individual
diastereomers differing in the configuration of the central nitrogen.30

In the case of Ln-DOTA-like complexes, it was already observed that the
exchange rate between the coordinated water and the bulk may be affected by

the isomer conformation.8!
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Our aim was to gain information about that in Ln(S-EOB-DTPA)* systems
(Ln=Lu), to learn which isomers can be assigned, what the ratios and the
structural differences are between them, and what kind of interconversion

processes can be detected between them.

4.2 Experimental

The ligand was kindly provided by Schering AG, Germany. The LuCl; stock
solution was prepared by dissolving 99.9% Lu,0s (Fluka) in HCI, followed
by evaporating the HCI excess. The concentration of the LuCl; solution was
determined by complexometric titration with standardised Nay(H,EDTA)
solution, using xylenolorange indicator.

The 0.2 M solution of the Lu(S-EOB-DTPA)* complex was made by
dissolving appropriate amount of the ligand in distilled water, followed by
dropwise adding of stoicheiometric amount of LuCls. The pH was adjusted
between 6-6.5 at the end by adding NaOH. The H,O was evaporated and the
remaining solid complex was dissolved in 600 pl D,O. This evaporation-
dissolution procedure was repeated in two more times.

The NMR measurements were made on Bruker AM 360 or Bruker DMX 500
spectrometers in deuterium-locked mode. The chemical shifts were
referenced to TMS'. The temperature was regulated by Eurotherm
equipment, fitted to the spectrometer. The temperature was corrected by
using methanol chemical shifts according to literature.’2 The '*C NMR
spectra were recorded in J-modulated decoupling or inverse gated decoupling
mode, depending on the need for getting quantitative spectrum. Typical pulse
width corresponded to 30° flip angle and 10-15 s relaxation delays were used
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in order to use the signal integrals determination of quantitative concentration
of 'H spectra.

The 'H-'"H COSY spectra were made with the standard Bruker program,
using 45° mixing pulse. The "H-""C correlation spectra were recorded on
Bruker DMX 500 spectrometer in inverse mode, using gradient pulses in the
z direction with the usual Bruker HSQC or Bruker HMQC pulse sequence.
Data processing was made by Bruker WinNMR software package. The line
widths were determined by deconvolution, fitting Lorentz curves on the

peaks.

4.3 Results and Discussion

At 300 K temperature, two sets of signals appear both in '*C and 'H-NMR.
The signals are broad, however, the integration of the 'H NMR signals shows
that the ratio between the two sets of signals is 35:65. These isomers differ in
the configuration of the central nitrogen, similarly to the observation of
Schmitt-Willich et al.76 Elevating the temperature, the signals of the two sets
showed separate narrowing, showing that the change in the configuration of

the central nitrogen is too slow to detect on this NMR time scale (Figure 21).
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Figure 21. 'H NMR spectrum of Lu(EOB-DTPA)z' at 330K. Index a labels signals for the minor isomer.
A,B,C,D,E label the acetate CH, protons for the major, a,b,c,d,e for the minor isomers
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At 330 K, the assignment of the signals was possible by 2D 'H-'H COSY
(Figure 22), 'H-">C HMQC and 'H-">C HMBC techniques. Especially the 'H-
*C HMBC proved to be very useful to assign the CH, protons neighbouring
the COO™ groups. In the 'H spectra (Figure 21), these protons can be found
separately in the chemical shift range 3.35-4.50 ppm, except that in this range
the 22 (“major isomer”) and 22a (“minor isomer”) ethoxy CH, proton (4.35-
4.45 ppm) and the 5 (3.7-3.8 ppm) and 5a (3.4-3.5 ppm) asymmetric CH

proton signals also appear.
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Figure 22. 'H-'H COSY spectra of Lu(EOB-DTPA)” at 330K. Index a
labels signals for the minor isomer
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By the 'H-'"H COSY, we could assign which protons are geminal among the
COO -neighbouring CH,-s. They are labelled with the same letter (small for
the minor, capital for the major isomer). The further assignation showed at
1.6-1.7 ppm the 23 and 23a, between 2.45 and 3.35 ppm the diethylene-
triamine backbone protons (except 5 and Sa), and the aromatic protons of the
ethoxy-benzyl group at 7.25-7.30 ppm (19, 19a, 20, 20a) and at 7.50-7.55
ppm (17, 17a, 18, 18a). At 330 K, despite the partly overlapping signals,
several coupling constants could be determined. For the minor isomer, the
7a(l), 7a(2), 8a(l), 8a(2) protons could be (partly) separated, and their
couplings could be determined by modelling the spin system (Figure 23). The
obtained coupling constants are the following: J7,¢1)-742) = 12 Hz, J7a1)-8a¢1) =
8 Hz, J7a01)-8a2) = 2 Hz, Jsa(1)-8a2) = 12 Hz, Jsa(1)-702) = 2 HZ, Jsa(2)-7002) = 2 Hz.
It indicates the staggered conformation of the ethylene-diamine backbone,

already shown for Ln(DTPA)* complexes.

UM BV UV

8a(1) 8a(2) 7a(l) 7a(2)
336 332 328 324 320 316 312 308 304 300 296 292 285
(ppm)

Figure 23. Modeling the coupling scheme for the 7a-8a ethylenediamine
backbone of the minor isomer of Lu(EOB-DTPA)z'
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Other characteristic couplings could be (partly) determined: the /5(2) and
15a(2) protons couple with their geminal pairs (/5(1) and /5a(1)) and with
the vicinal 5 and 5a protons. The geminal coupling constants have almost the
same value, Jisi)-152) = 13.7 Hz, Jis5a01)-150¢2 = 13.5 Hz, while the vicinal
coupling constants differs, J;s5:).5s = 10.6 Hz, J;5402)-5 = 2.2 Hz. Since we could
not separate the /5(1)- and /5a(1)-proton signals, we can only assume that in
both cases among the /5 and /5a protons one couples with the 5 and 5a
protons with large coupling constant, indicating an axial position (/5(2),
15a(1)), and the other couples with smaller coupling constant, indicating a
gauche position (15(1), 15a(2)).

At temperatures lower than 300 K, the lines of the two isomers showed
separate broadening. This observation is a consequence of the change in the
acetate arms’ helicity, “wagging”, which is observable on the NMR time
scale. However, until freezing it remained in the “fast” exchange region, so
we could not determine the population of those diastereomers differing in the
acetate arms’ positions. In the case of the Ln-DTPA complexes, the wagging
process occurs between enantiomers with equal populations. Here, the
wagging occurs between diastereomers (Figure 20). In our case, an
assumption can be made for the populations of the diastereomers, which are
in fast exchange, resulting in the average signals of the minor isomer. The
“wagging” process results in a rearrangement shown in Figure 24, concerning
the 7a(l), 7a(2), 8a(l), 8a(2) moiety: while in one position, two vicinal
protons are in axial position with large vicinal couplings, the other two have
smaller vicinal coupling constant. In the other position, the second two turn

into axial position, while the others occupy the equatorial position. In fast
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exchange, it results in a population-averaged coupling constant. Model-
calculations showed that in our case the pattern, seen in the 330 K 'H-
spectrum, could be obtained only if the ratio of the populations is at least 1:8

or 1:10 (Figure 25).

N N2 8HE) C5SN2Rn Nt C5SN2Sn
TH() 6H(1)
6H1
sH EOB N3 8H() SH EOB
6H(2) 7TH(1) 6H(2)
5 ) N EOB
. N THQ) N2 6H(1)
C5SN2Re 7H®) CSSN2Se
EGR N1 8H{(1) 8H(2) SH() sH(1) NI 5H
6H(2) TH(1) ) 6H(2)

Figure 24. Schematic representation of the wagging process through the C5-
C6-N2-C7-C8 bonds

To answer the question what the dominant position is for the major and
minor isomers, we can get some information by investigating the coupling
scheme for the 5 and 5a protons. Since their signals cannot be resolved, only
the 330 K 2D 'H-'H COSY cross-peaks provide qualitative information
(Figure 22). The 5a proton shows intensive cross-peaks with two signals, the
15a(1) and 6a(2) protons. Similar observation is possible in the case of the 5
proton, which shows intensive cross-peaks with the /5(2) and 6(1) protons.
Moreover, in the case of the separated 6(2) proton signal, only the geminal
coupling with the 6(1) can be resolved, indicating the small, non-detectable
vicinal coupling with 5. This can be explained by the larger population of
C5S8N2Sn and C5SN2Re isomers in the equilibrium which takes place by the

change in the acetate arms’ helicity. In these isomers, the position of the 6
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and 6a protons results in one large vicinal (axial) and one smaller vicinal
(gauche) coupling. In the C5SN2Se and C5SN2SRn isomers the position of
the two 6 and 6a protons is gauche to the 5 and 5a protons, and it would be

indicated by two-two small vicinal couplings appearing on 5 and Sa (Figure

24).
Slow exchange Fast exchange
[major]/[minor] =8 [major]/[minor] =8

Slow exchange Fast exchange

[major]/[minor] =1 M [major]/[minor] =1

Figure 25. Modeling the coupling scheme and the dynamics for the 7a-8a
ethylenediamine backbone of the minor isomer of Lu(EOB-DTPA)z'

With the obtained information we can state that the two isomers existing in
observable population are the C5SN2Sn and C5SN2Re. However, we cannot
distinguish which one gives the major and which one gives the minor set of
signals. A recent publication about the chiroptical examination of the
diastereomers of Eu(S-EOB-DTPA)> has arrived to the same conclusion:
they have found that both isomers have A helicity, according to the acetate
arms’ position.82 If we applied this notation initially introduced for DOTA

complexes, we can see that this A helicity appears exactly in the C5SN2Sn
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and C5SN2Re with our abbreviation; while the C5SN2Sn and C5SN2Re
would show A helicity (Figure 20).

With decreasing temperature, the proton signals of the minor isomer showed
more intensive broadening than the proton signals of the major isomer.
Therefore we can say that the thermodynamically less stable isomer shows
larger temperature dependence (larger activation energy) in its internal
motion, and at 273 K it is slower than the similar internal motion of the major
isomer. Since we could not reach the slow exchange region even at freezing
temperature and therefore we don’t know the exact population of the four

diastereomers, these statements remain only qualitative.
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5 Gd**-loaded zeolites as potential particulate MRI

contrast agents

5.1 Introduction

The development of the MRI technique has provoked an increasing interest
in specific contrast agents that target certain organs and regions in the human
body. Gadolite, which is a Gd’"-modified NaY zeolite for the targeted
imaging of the gastrointestinal tract, was developed by Balkus et al.28:83
More recently, Reynolds er al. have synthesised Gd’"-loaded core-shell
polymer nanoparticles with a diameter of 120 nm to be of a potential use both
in the gastrointestinal part and the intravascular system, being small enough
to pass through the vasculature.3” More examples can be found in the
Bibliographic review.
Zeolites are chemically and thermally resistant crystalline aluminosilicates.
They have well-defined pore structure and channel system of molecular
dimensions; their framework consists of AlO4 and SiO,4 tetrahedra, which are
linked through oxygen bridges. Through these connections pores with various
size can form.
The framework of zeolite Y is based on sodalite cages (which can be seen as
truncated octahedron) that are joined by O bridges between the hexagonal
faces. Eight sodalite cages are linked, leaving a large central cavity or
supercage with a diameter of 12.5 A. The supercages share a 12-membered
ring with an open diameter of 7.4 A. (Figure 26)
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The framework of zeolite A is also made up of sodalite cages but the
arrangement of them is different from the framework Y. Here, the eight
sodalite cages are connected through the tetragonal faces, leading to cubic
arrangement. The supercage formed between the eight sodalite cages,
therefore, is smaller, with 9.6 A diameter, so is the 8-membered ring with an

open diameter of 4.1 A. (Figure 26)

sraller frcages d,,=6.6 &

“Internal cavity: 12,5 A
Internal cavity: 9.6 &
Pore “window™ 7.4 &

Pore “window™; 4.1 &

Zealite &

Figure 26. Structure of zeolite A and zeolite Y framework

The cations that balance the negative charge of the AlO4 units can be
exchanged, which allows incorporation of paramagnetic ions into the
structure. Therefore these various aluminosilicate frameworks can serve as
“carrier matrices”, encapsulating the Gd(III)-ion. This simple model already

predicts that the accessibility of the encapsulated Gd(III) ions for water plays
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a crucial role in the mechanism of “spreading” the paramagnetic effect to the
bulk water.

Recently, Peters et al. have presented a detailed study of Gd**-loaded NaY
zeolite nanoparticles showing relaxivity substantially higher than the one of
Gadolite.3¢ The nanoparticles had an average size of 80-100 nm, as
determined by TEM and XRD. The structure was determined by means of
multinuclear solid state NMR spectroscopy. The NMRD (NMR dispersion)
profiles, obtained for aqueous suspensions of samples with various Gd**
loading within the range 1.3-5.4 wt% at various temperatures, showed
relaxivities ranging between 11.4 and 37.7 s'mM™" at 60 MHz and 37 °C.
The relaxivity increased drastically as the Gd*'-loading decreased. The
combined EPR and NMRD experimental data were explained by the use of a
model considering two-step water exchange: first between the water
molecules in the coordination sphere of the immobilised Gd** and the water
in the interior of the zeolite pores; followed by the relatively slow diffusion

of the water from the pores into the bulk water (Figure 27).
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Figure 27. Representation of the two-step model suggested by Peters ef al. to
explain the r; enhancement caused by Gd’"-loaded zeolite nanoparticles

The relaxivity measured on the bulk water can be expressed similarly to the
Swift-Connick equation used for the “classic” contrast agents, since the
population of the bulk water is larger than the population of the water inside

the zeolite pores.%10.36

R T 1 Eq. 5.1
¢ Ti,obs ‘T{,dia 1000555 T +Tzeo

Gd** 1zeo

In Eq. 5.1, cgq3+ 1s the Gd*" concentration in mM, T s is the measured T in

presence of the Gd3+-exchanged zeolite, T; 4, 1s the measured T in presence
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of the zeolite without Gd* ", x is the number of free water molecules inside the
zeolite per Gd>™ ion (water molecules not coordinated to Gd*"), ¢ is the
number of inner sphere water molecules coordinating to the Gd** 10N, Tzeo 1S
the residence time of the water protons inside the zeolite, and 7., is the
longitudinal relaxation time of water protons inside the zeolite.

However, inside the zeolite, the population of the water molecules
coordinated to Gd** and the population of free water molecules inside the
zeolite per Gd*" ion (water molecules not coordinated to Gd*") do not differ
much, therefore we should use Eq. 5.2 for chemical exchange in a

concentrated system to express 77.¢,.36-84.85

1
Tl = 2 Eq.5.2
fzeo rm+]}m(1+qj
x

in which 77, is the longitudinal relaxation time of inner sphere water protons,
and 1, 1s the mean residence time of water protons in the inner sphere of the
Gd’* ions. The longitudinal relaxation rate of the inner sphere water
molecules is governed by the dipolar mechanism, according to Eq. 2.6.11-13

The results of the simultaneous fitting of the NMRD and EPR measurements
showed that the relaxivity is mainly limited by the relatively slow diffusion
of water protons from the interior of the zeolite cavities towards the bulk
water. The Gd*" ions are immobilised very efficiently in the zeolite cavities,
which was indicated in the very long tr. ¢ was estimated to have a value of 7;
the model is: the Gd*" ions are immobilised by two O-bridges to the zeolite.

The decrease of relaxivity observed with increased Gd**-loading is mainly
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due to the decrease in the number of water molecules inside the cavities. The
water exchange rate located in the zeolite pores is within an order of
magnitude of that on Gd(HzO)g3+ but decreases drastically when the Gd**
loading increases.

Our aim was to study systematically the effect of changing various
parameters such as Si/Al ratio within the zeolite framework, pore size and
Gd** distribution on the relaxivity. Therefore NaA zeolite with similar
particle size was synthesised, NaY and NaA =zeolite samples were
dealuminated by using milder and severe methods prior to Gd**-loading. We
used calcination to change the distribution of Gd** ions inside the zeolite and
to revise its effect on the relaxation rate enhancement. To gain more
information about the mechanism, r, transverse relaxivities were also
measured at higher fields, and equations were worked out for interpreting the

results.

5.2 Experimental

5.2.1 Materials

The batch of zeolite NaY used in this study was a gift from Akzo Nobel. The
chemicals used for zeolite NaA synthesis were aluminium-isopropylate,
tetramethyl-ammonium-hydroxide, Ludox HS30 and NaOH (all of them from
Aldrich). GdCl; ~ 6 H,O, DyCls © 6 HO and xanthan gum were also
purchased from Aldrich.

The zeolite NaA synthesis was made according to Traa et al.8¢ 80.4 g

tetramethyl-ammonium-hydroxide solution, 4.8 g 1 M NaOH solution, 6.0 g
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aluminium-isopropylate and 15.6 g distilled water were stirred in a 250 cm’
Nalgene polypropylene bottle until the aluminium-isopropylate was
dissolved. In another polypropylene bottle, 16.0 g H,O and 18 g Ludox HS30
were mixed together. This mixture was added to the basic aluminium-
isopropylate solution, and the polypropylene bottle was capped tightly. The
obtained opalic solution was slowly stirred magnetically at 80 °C in an oil
bath for 24 h. After 2 hours, the solution became clear; the final product was
white solid dispersed in the mother liquid. The bottle was cooled by ice and
water, and the zeolite was separated by centrifugation with 4000 rpm for 60
min at 5 °C. The resulting solid was washed three times with appropriate
amount of water under ultrasonication, followed by centrifugation with 4000
rpm for 60 min at room temperature. The NaA zeolite was dried at 80 °C
overnight. Afterwards the NaA zeolite was calcined, using the following
temperature ladder: 25 °C — 5 °C/min — 150 °C 1 hour — 5 °C/min — 550
°C 3 days — -5 °C/min 25 °C. The weight of the resulted NaA sample was
around 1 g.

The dealumination of both NaA and NaY was completed in two ways. The
mild dealumination was made by using (NH4),SiF¢ (Riedel-de-Haén), while
in the severe method we used 0.5 M HCL

For the mild method 1 g was used from each type of zeolites. First, highly
ammonium-exchanged zeolite was made by subjecting 1 g of the zeolite to
ion exchange with 20 cm’of 1 M NH4NO; solution (Merck) at 60 °C for 1
hour. After product recovery and washing, the zeolite samples were dried at
room temperature to avoid damage to the zeolite structure. For the actual

mild dealumination step, the samples of NHjs-exchanged zeolites were
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dispersed by ultrasonic treatment in 70 cm’® of 1 M NHj-acetate solution
(Aldrich) in 125 cm’ polypropylene Nalgene flasks. Using vigorous stirring,
0.25-0.25 g (NH4).SiFs was added. The flasks were capped and were kept at
60 °C for 1 hour in an oil bath with further vigorous stirring. The solid
samples were separated by centrifugation and washed three times with
demineralised water to remove all soluble by-products. For stabilisation, the
obtained materials were treated twice with 1 M Na-acetate solution (Aldrich)
and washed again with water three times. The solid samples were dried at
room temperature.

The severe dealumination of NaA and NaY was made by stirring 0.6 g NaA
and 0.5 g NaY with 10-10 cm® 0.5 M HCl at 80 °C for 4 hours. The solid was
separated by centrifugation and washed three times with demineralised water
to remove all soluble by-products. The solid was dried at room temperature.
Before Gd*-exchange, the four dealuminated NaA and NaY samples were
stirred with 10 cm® 1M NaCl overnight. The Gd®"-exchange was completed
by using 0.3 g NaA dealuminated by HCI, 0.5 g NaA dealuminated by
(NH4),SiFg, 0.2 g NaY dealuminated by HCI, and 0.3 g NaY dealuminated by
(NH4),SiF. The solid samples were dispersed under ultrasonication in 2 cm’
demineralised water, except that the 0.5 g NaA dealuminated by (NH4),SiFg
was dispersed in 3.3 cm’ water. The pH of the samples were 4.1, 8.4, 7.3 and
6.8, respectively. The pH was adjusted with 0.1 M HCI or 0.1 M NaOH to pH
5.5. Next, 0.013-0.013 g GdCl; - 6 H,O was added, except that to the 0.5 g
NaA dealuminated by (NH4),SiFs 0.019 g GdCl; © 6 H,O was added. The
samples were stirred overnight. Afterwards, the Gd’"-exchanged zeolites

were transferred into dialysis tubes (Sigma-Aldrich, 1 c¢cm diameter), and
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dialysis was made for 24 hours against water. The water was removed by
rotation evaporation, and the Gd*"-exchanged zeolites were dried at room
temperature.

The calcination of the original GANaY with 1.3 weight% Gd used by Peters
et al36 was made as it follows. 0.1 g-0.1 g GdNaY were heated in a
calcination oven with continuous, mild air flow for 1 hour at 100, 300, 400 or
500 °C, respectively. We used the following temperature programme: 25 °C
— 5 °C/min — the desired temperature 1 hour — -5 °C/min 25 °C.

The characterisation of the obtained zeolites was made by using x-ray power

diffraction (XRD), ’Si and Al MAS NMR, and ICP.
5.2.2 Methods

The XRD patterns were obtained with a D-5000 Siemens diffractometer, with
Ni-filtered Cug, radiation (A= 1.5406 A). MAS NMR spectra were recorded
on a Varian VXR-400S spectrometer with resonance frequencies of 79.460
MHz (¥’Si) and 104.229 MHz (*’Al).

High-resolution transmission electron microscopy (HRTEM) was performed
on a Jeol JEM-2010 electron microscope operated at 200 kV.

The NMRD measurements were made on a Stelar equipment, the 7; and 7>
measurements on 20 and 60 MHz were made on Bruker Minispec
relaxometers, the 300 MHz measurements were made on a Varian Inova-300
spectrometer, using inversion recovery sequence for 7; and CPMG spin-echo
sequence for 7> measurements. The 500 MHz measurements were made on a
Bruker DMX 500 spectrometer, using inversion recovery sequence for 7; and

CPMG spin-echo sequence for 7, measurements.
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For the NMRD measurements, 10 mg of the given Gd*"-exchanged zeolite
was dispersed under ultrasonication in 10 cm’ demineralised water,
containing 0.2% xanthan gum as surfactant. The diamagnetic term was
measured by using 10 mg of NaY or NaA dispersed in 10 cm® demineralised

water, containing 0.2% xanthan gum as surfactant.

5.3 Results and Discussion

5.3.1. Synthesis

During the NaA synthesis we followed the procedure described in the
literature.8¢ In the synthesis of nanocrystalline zeolites usually tetraalkyl-
ammonium salts are used as organic templates, around which the pore
formation could start. Therefore the shape and the size of the pores can be
tailored, the requested type of framework can be formed. The use of the
tetramethyl-ammonium hydroxide as a template in the synthesis led to the
formation of high crystalline zeolite A. The relatively high concentration of
the used template promoted the nucleation and, thus, the formation of small
crystals. The yield, however, is low since crystallisation time longer than one
day would have led to undesired larger crystal size.87 The template was
removed by calcination afterwards. The obtained crystals were characterized
by XRD, which gave the typical zeolite A pattern and HRTEM, which
showed high cubic crystalline particles with average crystal diameter around

130 nm (Figure 28).
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Figure 28. HR-TEM pictures of zeolite A with average diameter of 130 nm.

Dealumination of zeolites is an often-applied method to gain zeolites with
higher Si/Al molar ratio in the framework, which makes them more
hydrophobic. It has high importance in catalysis or gas separation when the
nanocrystals are incorporated in hydrophobic polymers, providing increased
compatibility between the polymer and the zeolite particles. However, with
dealumination we also create vacancies in the zeolite framework by (partly)
removing the Al, so loss in crystallinity and appearance of extra pores can
also occur. We used two methods for dealumination of the zeolites with Y
and A framework. The “mild dealumination” was completed by using
(NH,),SiFs. First, the Na' counter cations were exchanged to NH4  ions.
After ammonium ion exchange, the zeolite frameworks were not destroyed.
This dealumination reaction was resulted in significant increase in the Si/Al

ratio, as it was shown by ICP, and loss in crystallinity was demonstrated by

80



5 Gd3+-loaded zeolites as potential particulate MRI contrast agents

the decreased signal intensities in XRD. It can be seen that using the same
conditions, the less stable A framework suffered larger loss in crystallinity
(Figure 29).

The “severe dealumination” was completed by using 0.5 M HCI. Here, higher
Si/Al ratios were gained compared to the samples obtained from the “mild
dealumination” method. The loss in crystallinity was also higher; the XRD
signals completely disappeared in the case of the A framework, indicating the

collapse of the structure and appearance of amorphous material.
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Figure 29. XRD patterns for zeolite NaY (left) and zeolite NaA (right), effect of mild (b and e) and strong (c
and f) dealumination
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5.3.2. Relaxivity measurements

The Gd*"-exchanged, dealuminated Y zeolites were studied by NMRD. For
the NMRD fitting, we used the model first described by Peters et al. For
initial parameters, we used the parameters obtained for the original, non-
dealuminated GdNaY with 2.3 weight% Gd. We tried to prepare the Gd*'-
exchanged dealuminated Y zeolites with similar Gd’"-loading, since it is
known that with increased Gd**-loading the relaxivity decreases. We
obtained the following two samples: GdNaY/(NH4),SiFs-1.8 and
GdNaY/HCI-2.3 where the numbers indicate the Gd*"-loading in weight%.
The relaxivity is increased upon dealumination and the mild dealuminated

sample showed the highest relaxivity (Figure 30).
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Figure 30. Measured NMRD curves for the dealuminated samples compared
to the original GdNaY zeolites
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If we compare the NMRD parameters obtained for the two dealuminated
samples and for the original, non-dealuminated GdNaY zeolites with 1.3 and
2.3 weight% Gd’"-loading, interesting conclusions can be made (Figure 31,
Table 6). The tz rotational correlation time remained very long, indicating
that the Gd®" ions are still successfully immobilized. The difference appears
in increased t..,, which is most likely due to the increased Si/Al ratio and,
therefore, slower diffusion through the more hydrophobic zeolite pore
windows. The other difference is the smaller t,, which means that the water
exchange inside the zeolite becomes faster between the water molecules
coordinated to the Gd** ions and the water inside the zeolite pores. The x
values increase so there are more non-coordinated water molecules per Gd**
ion inside the pores. The latter two parameters can be explained by the bigger
pores induced by removing the Al from the framework; that could lead to

“more diluted Gd*" solution” inside the pores.
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Figure 31. Measured and calculated NMRD curves for the dealuminated
samples (left: GANaY/(NH,),SiF6-1.8, right: GdANaY/HCI-2.3
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Recording NMRD curves was not possible in the case of GdNaA zeolites
since the relaxivities were very low at lower fields and it could have caused
thermal effects during continuous wave experiments at lower fields.
However, at 20, 60 and 300 MHz we made measurements comparable with

the original and the dealuminated GdNaY zeolites.

Table 6. Parameters obtained from NMRD fitting for the dealuminated

samples compared to the original GdNaY samples
GdNaY/HCI-2.3 | GdNaY/(NH,),SiF6- GdNaY- GdNaY-
Si/Al=3.4 1.8S1/AI=2.6 1.3Si/Al=1.6 | 2.3Si/Al=1.6
w310K >10"
[s]
T,e0 310K 3.24+0.04 3.0+0.05 2.8
(107 5]
T 310K 1.6+0.2 1.6+0.3 3.6 5.6
[ns]
X 94+3 90+4 60+21 3713
T,.310K 5.19 3.74 1.90 1.86
034T
10" 5]

If we compare the non-dealuminated GdNaY and GdNaA samples with
similar Gd-loading, we can see that the GdNaA sample has significantly
lower relaxivity. (Figure 32) Since we could not made NMRD measurements
in this case, our explanation remains only qualitative but we can assume that
it can be connected with i) the lower x values inside the smaller pores and ii)
the lower water exchange rate through the smaller and more hydrophobic

pore windows to the bulk.
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Figure 32. r, relaxivities of GANaY-1.3, Si/Al = 1.6 (vertical stripes) and

GdNaA-1.5 Si/Al = 1.0 (horizontal stripes) samples at 37 °C and at different
fields

The dealuminated GdNaA samples behaved differently compared to the
dealuminated GdNaY samples. The “mild dealumination” increased the
relaxivity, similarly to what we have seen with the GdNaY samples but it had
still lower relaxivity compared to them. However, the “severe dealumination”
completely destroyed the framework; it could not even retain the Gd**
immobilised. It reflected in very low Gd*"-content and very low relaxivity.

The relaxivities of the non-dealuminated and mildly dealuminated GdNaA
samples increased with increasing temperature (Figure 33). That is a good
indication that the proton relaxivity is limited by the relatively slow water

exchange, in the same way as for GdNaY.
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Figure 33. Temperature dependence of r; relaxivities of GdNaA samples at
20 MHz

It was already shown by luminescence®® and MAS NMR spectroscopy?? that
the lanthanide ions “travel” from the supercages towards the inside of the
sodalite cages. There, the water exchange is very low between the sodalite
cages and the supercages or between the sodalite cages and the bulk water, so
we would expect that these lanthanide ions are “’lost” from our point of view,
since they have not relaxivity enhancement effect. On the other hand, x is
expected to increase with this treatment, which would lead to increased
relaxivity. Therefore we studied the effect of the calcination at various
temperatures on the room temperature r; and r, relaxivities (300 MHz) of the
GdNaY sample with 1.3 weight% Gd.

The sample calcined at 100 °C did not show significant change in its
relaxivity. However, the sample calcined at 300 °C already showed
significant loss in the relaxivity, while the samples calcined at 400 and 500
°C had relaxivity reduced by half, compared to the untreated GdNaY sample.
(Figure 34)
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Figure 34. Effect of calcination on ; and r, relaxivities of GdNaY-1.3 at
room temperature and at 300 MHz

Interesting result came out when we measured the transverse (r,) relaxivities
of the calcined samples. They did not change at all after calcination. We
decided to extend the two-step exchange model to understand these
unchanged 7, values. Nevertheless, we wanted to check whether the
parameters obtained from the NMRD fitting of the dealuminated GdNaY
samples are also appropriate to describe the field dependence of the 7, values
measured in the same samples.

The two-step model already used for describing the field dependence of r;
can also be applied for the r, values. For both processes of this two-step
model, we can derive approximate equations from the exact solutions of the
Bloch equations for the transverse relaxation time of a system in which two
water protons undergo chemical exchange between two magnetically distinct

environments A and B (Eq. 5.3.).
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1/2 1/2

G+(G2+EF)

Eq.5.6.a

Eq.5.6.b

Eq.5.6. ¢

Eq.5.6.d

In Eq. 5.6. T4 is the intrinsic relaxation time in the A environment, and 7, is

the residence time in the A environment. Analogous definitions apply for the

B environment. Aws and Awg are the frequencies of the protons in the A and

the B environment, respectively. Considering the B system as the water

inside the zeolite cavities and the A system to constitute the bulk water, we

can assume that 7;,>>T;3 and 1,>>1,. If we take Awa=0 (on resonance) we

obtain Eq. 5.7.

Toflop T + Ao,

L_ Top Tou
1 2
& 5 tAw,
TaB
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and, consequently, 7, is given by Eq. 5.8:

L L_ki +A0‘)zzeo
— 1 (q+x) ];ZEO 7-'2260 ’CZC’O
1000 55.57_,, 1 1Y
| +A’,
T T

2zeo zeo

Eq.5.8

2

in which Aw,,, is the frequency difference between the water in the bulk and
in the zeolite cavities; the other symbols have analogous meaning like in
equations describing 7;.

The inequality t,>>1; does not hold for the interior of the zeolite. Therefore,
to evaluate 7»..,, we assume a chemical exchange between two magnetically
distinct environments in a concentrated system; water protons in the interior
of the zeolite (A environment) and water molecules coordinated to the Gd**
ion (B environment).

In fast exchange, where the conditions are (1/t,+1/t)>>|(1/T24)-(1/T>p)| and

1/714>>(Aw4-Awp), the transverse relaxation time is given as

1 f fb 2 9
— =La  Jb 4 T A®  —A® E(l 5.
]12 T’ZA ]—'23 ﬁf;’ ab( ’ B)

where f, and f;, are the mole fractions and t, is given as 1/1,= 1/1,+1/7p. If
we take Awa=0 and we substitute the parameters used for the two-site
system in the zeolite cavities we obtain Eq. 5.10:

where f, and f;, are the mole fractions and 7, is given as 1/1,= 1/1,+1/7p. If
we take Amwa=0, we obtain Eq. 5.10, describing /7> .., in the zeolite interior

cavities:
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1
- = 49 M ¢ (re,)  Eq5.10
]12,zeo (‘x + q)]—VZ,water (‘x + q)]—VZm (‘x + q)

in which T3, is the transverse relaxation time of inner sphere water protons,
T water 18 the transverse relaxation time of water protons not coordinated to
Gd*" in the zeolite cavities and Am,, 1s the chemical shift difference induced
by the Gd®" ions. The other parameters have the same meaning as above.
Similarly to the model describing 7}, first we assumed that 75, is mainly
governed by the dipole-dipole interactions. Then, 75, is described by Eq 2.7.
Since the parameters determining 75, are the same as the ones for 77, we
performed a simulation to estimate the field dependence of 75, compared to
T1m, based strictly on the dipole-dipole interaction. For this calculation we
used the parameters obtained from the 7; fitting in the case of the GANaY/F-
1.8 sample.

We found that at lower fields 77, and T3, are equal, while, because of the
41, term, at higher fields (> 0.1 T) T, gradually becomes shorter than 77,
and above 1 T the difference becomes significant. From the simulation we
could estimate the length of 73, to be less than 3 - 10° s in the whole field

range.
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Figure 35. 7, and T,,, vs. B according to the model using dipole-dipole
contact mechanism and the parameters obtained for GANaY/ (NH,),SiF4-1.8

Therefore we can state that in Eq. 5.10 the first term is negligible compared
to the second term, containing //75,. With a simple calculation, using the
parameters obtained for the GANaY/F-1.8 sample, we obtain that to have the
third term comparable with the second term, we should have a chemical shift
difference about 10'* ppm at 300 MHz. Consequently, Eq. 5.10 can be
simplified to Eq. 5.11.
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1 q
]12,zeo ('x+q)7—'2m

Eq. 5.11

A model calculation using Eqs 5.8, 5.12 and 5.11 and the parameters
obtained from the r; fitting of the NMRD curve of GdNaY/F-1.8 showed that
even with gradually increased Awm..,, we can not reach the high », values
measured at 300 MHz. The maximum r, obtained with this model and with
these parameters is around 60 mM'ls'l, while the measured r, at 300 MHz is
120mM's™.

In the particulate contrast agents, the Curie contribution is often very high,
mainly in 7, and mainly at high field. Therefore we integrated the Curie terms
both in 7}, and 75,, according to Eqs 2.15 and 2.16, resulting Eqs 5.12 and
5.13.

2
Lo L, L _2fvewm S(S+1)| Lo | |7—2 43 Za |y
T, T2 1 ° 15\ 15, 4 l+oi’, l+o;t)

Im

2( 1 Y 11 3
+2| 20 B u, ' g's* (S +1) — cc
5(4njy’ 'S (S 41) r (3k,TY | 140,

2 2 2 2
LI S S [Yfgé “BJ5(5+1)(—“ J (13 To i3 Ta +4td]+
r,, T, T, 15\ 1oy 4n l+ot, 14+o7);
1 Moj 2 4 42 2 1 1 3TCC
+ ’B S (S+1) ———
5(47[ Yir Do Hp & ( ) 6 (3kBT)2 cc 1+(012'Ccc2
Eq. 5.13
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In Figure 36, we can see that the Curie contribution in 75, is negligible since
T ]mc is very long. However, the Curie contribution in 75, is also smaller
compared to the dipole-dipole contribution, even at 300 MHz because 75,  is

here still one order of magnitude longer than 75,,”".
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Figure 36. Calculated dipole-dipole and Curie contributions in //7}, and
1/Ton

Another explanation could be for the high », values that these particles have
superparamagnetic effect expressed in 7, shortening. Superparamagnetic
particles not only have a much greater magnetisation as compared e. g. to the
widely used Gd’*-complexes, but also this magnetisation has a component
oriented along the external field, which does not fluctuate with time in
direction. In a widely used model, the water dispersion of these
superparamagnetic particles is treated as a heterogenous system, composed of

randomly distributed, stationary magnetic spheres surrounded by water
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proton spins with unrestricted, isotropic diffusion.0 Only the relaxation
caused by the interaction between the magnetic spheres and the nearby spins
(within the effective range of the spheres’ dipole field) is considered.

In our case, the possibility of superparamagnetism is further supported by the
calcination experiment on GdNaY-1.3 because the position of the Gd** ions
is not expected to alter the diffusion rate of the water molecules outside the
zeolite particles.

Based on this model, two frequency scales are present, each characterising
one relaxation mechanism: the dynamic frequency scale and the magnetic
frequency scale.

The dynamic frequency scale is the diffusion rate 1/1, and it specifies how
fast the spins are relaxed during the imaging time, on average, by the
randomly distributed magnetic spheres they encounter as they move about. 7,

the translational correlation time is defined by Eq. 5.14.

t1=R/D Eq. 5.14
Here, D is the translational diffusion coefficient of the spins relative to the
magnetic spheres, and R is the radius of the magnetic sphere.

The magnetic frequency scale is defined as the equatorial field (Bey(R)) in
frequency units, determined by Eq. 5.15.

dow =y B, (R)=y 4TTCA)CBO Eq. 5.15
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Here, v is the proton gyromagnetic ratio, Ay is the susceptibility difference
between the sphere and its surroundings, By is the external field. In other
words, dm represents the characteristic Larmor frequency difference at the
equator surface due to the field perturbation caused by the presence of the
sphere, as it is experienced by the nearby spins.

Based on the relative magnitude of these two characteristic frequencies, the
relaxation behaviour of these spin-sphere systems can be categorised in five
diffusion regimes. The empirical equations describing the transverse
relaxation rates in these regimes are given as follows:

In the outer-sphere (1//1 >>0m) and in the fast diffusion (//1 >dw) regimes,

the empirical equations show squared dm dependence, therefore squared By

dependence.
| R,. Rz( 4n jz
—=aqf —(0®) =af —|y —AYB Eq.5.16
T, fD( ) fD T3 1

Here, a is a proportionality constant, and f is the volume fraction of the
magnetic spheres in the medium.
In the slow diffusion regime (1/r <dw), the transverse relaxation rate is

derived according to Eq. 5.17, not showing B, dependence.

1 D
—r = Eq. 5.17
T f 2 q
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In the static dephasing regime (1/t1 <<4w), R approaches infinity in Eq. 5.17,
therefore transverse relaxation rate enhancement is not observed.
In the intermediate regime, where //t and d are comparable, the following

empirical equation was proposed:?°

2
a[ SSR]
Ti=f(8w) Eq.5.18

Here, the field dependence of the transverse relaxation rate shows a
maximum curve. Regarding Eqs 5.16-5.18, already the nature of the field-
dependent r, relaxivity curve could give an impression about the diffusion
regime the system under study belongs to.

To obtain further information on 7, (and r;) field dependence, we performed
T, (and 7;) measurements also at 500 MHz. The obtained curves both for
GdNaY/(NH,),SiF6-1.8 and GdANaY/HCI-2.3 showed maximum at 300 MHz
in r; (while they both showed monoton decrease in r;) (Figures 37, 38).
Therefore we can assume that these systems are in the intermediate regime,
where //1 and d® have comparable values.

These (modified) GdNaY zeolite nanoparticles show significant r;
enhancement at lower fields, where the traditional MRI works. However, at

the higher fields of the recently designed MRI equipments they can be used
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as rr-enhancing contrast agents, due to their large superparamagnetic

contribution.
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Figure 37. Field dependence of »; and r, relaxivities in water dispersion of
GdNaY/(NH,),SiF6-1.8 zeolite
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Figure 38. Field dependence of ; and r; relaxivities in water dispersion of
GdNaY/HCI-2.3 zeolite.
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6 Summary

This thesis deals with structural and dynamic aspects of several compounds
related to contrast agents of current or promising use in medical imaging
techniques. We have studied: i) the structure and dynamics of an inert and a
labile complex of the macrocyclic DOTA ligand ((BiDOTA) and
K(H,DOTA)®™", i) the effect of C5-substitution on the structure and
dynamics of the DTPA-skeleton (Lu(S-EOB-DTPA)z') iii) the effect of the
pore size, the Si/Al ratio and the calcination on the relaxivity of Gd-loaded
zeolite nanoparticles. The main tool for these studies was the NMR
spectroscopy, but x-ray diffraction (powder or single crystal), NMR
relaxometry, or ICP was also used to gain more information.

In Chapter 3 we continued to search that in what extent the DOTA ligand
itself is responsible for the intramolecular motions of the metal - DOTA
complexes and what is the new feature brought about by the formed complex,
which is a special assembly of the metal ion and the ligand. In the case of
Bi(DOTA), a potential CT contrast agent, the isomeric composition has been
studied and compared with the results obtained for the Ln(DOTA)
complexes. We have found that the Bi(DOTA) prefers the twisted square
antiprismatic (TSA) arrangement, similarly to DOTA complexes formed with
the larger lanthanide ions. By VT '"H NMR spectroscopy and the 2D EXSY
spectra taken at 274 K, the dynamic behaviour of the complex has also been

revealed. The observed fluxionalities correspond i) to the motion of the ring
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protons and ii) to the change of the acetate arms’ helicity. With the notation
introduced for DOTA complexes, these fluxionalities are i) the (8869)«>
(AAM) rearrangement for the ring and ii) the A<>A rearrangement for the
acetate arms. The similar activation parameters obtained for the ring
inversion and for the change in the acetate arms’ helicity (Table 4) support
the suggestion of Jacques ef al. based on 'H-"H 2D EXSY measurements on
the complex Yb(DOTA); that the two types of motions, i.e. the motion of
the ring and the acetate arms, proceed at the same rate in a concerted way.4?
Another explanation can be a two-step mechanism where the slow, rate-
determining ring inversion is followed by a fast change in the acetate arms’
helicity.>> Since the AAAAA)/A(BS63) enantiomer pair cannot be detected,
both accounts can be applied to explain our results.

Besides these types of fluxionalities, a new type of ring motion appears in the
case of K(DOTA)> at pH~13. This ring-proton exchange process requires
metal-ligand bond breaking and leads to we called the ring-slewing motion
(Figure 17). This fluxionality, therefore, could not be detected in the case of
inert lanthanide-DOTA complexes. According to our finding, carbon
exchange does not take place during the ring slewing, only the geminal
protons switch their positions. This observation served as an excellent tool to
separate the two different types of ring motions.

The analysis of the activation parameters showed that at lower temperatures
the ring inversion is the main ring motion, while the simultaneously existing
ring slewing occurs much slower. The change in the acetate arms’ helicity
accompanies the ring inversion with similar rate. However, as the

temperature increases the K ion can dissociate more easily from the DOTA,
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giving rise to the new type of ring motion, the ring slewing. Interestingly, at
high temperature the change in the acetate arms’ helicity follows the ring
slewing; while the ring inversion has slower rate, compared to the other two
motions. We may state that the change in helicity of acetate arms is not an
independent form in the fluxionality of K(DOTA)*" complex.

By line shape analysis of the HDO- K(HyDOTA)®™" system at lower pH, we
have found that besides the intramolecular dynamic processes, exchange
occurs also between HDO and K(H,DOTA)®™". It is difficult to identify
what kind of DOTA complex can exchange protons slowly at pH around 4
with water, however, keeping in mind the exceptional stability of
diprotonated H,DOTA?", we suppose that an ion pair between this anion and
K" can be responsible for this phenomenon. This K(H,DOTA) can be
protonated, forming K(H;DOTA) assembly, which contains exchangeable
protons with HDO. The potassium probably has an “out-of-cage” position,
but it can also slow down the intramolecular motion of the macrocycle,
leading to line broadening in both of the ring and acetate-methylene proton
signals of DOTA (Figure 13). At pH between 6 and 9.5, where H,DOTA”
and HDOTA™ (both partially containing K) species are present, the detected
proton exchange with HOD is in the slow exchange regime, while the
fluxionality is in the fast exchange regime.

In Chapter 4, we studied what are the structural and dynamic consequences
of introduction of an ethoxybenzyl-group into the 5-position in the Lu(S-
EOB-DTPA)* complex. At 330 K, two sets of signals appear both in °C and
'H-NMR, which were assigned to isomers differing in the configuration of
the central nitrogen, with ratio 35:65. At temperatures lower than 300 K, the
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lines of the two isomers showed separate broadening. This observation is a
consequence of the change in the acetate arms’ helicity, “wagging”, which is
observable on the NMR time scale. By analysing the coupling patterns of the
ethylene-diamine protons we determined that in both cases the preferred (and
only detectable) arrangement of the acetate arms corresponds to the A
helicity.

In Chapter 5, our aim was to study systematically the effect of changing
various parameters as Si/Al ratio within the zeolite framework, pore size and
Gd’" distribution on the r; relaxivity. To gain more information about the
mechanism, 7, transverse relaxivities were also measured at higher fields, and
equations were worked out for interpreting the results. Dealumination of
zeolites is an often-applied method to gain zeolites with higher Si/Al molar
ratio in the framework, which makes them more hydrophobic. However, with
dealumination we also create vacancies in the zeolite framework by (partly)
removing the Al, so loss in crystallinity and appearance of extra pores can
also occur. Dealumination of the Y framework resulted in higher relaxivities
of the GdNaY system, which can be explained by the larger water content
inside the zeolite pores, overcompensating the slower diffusion through the
more hydrophobic zeolite pore windows, as it was shown by NMRD fittings..
If we compare the non-dealuminated GdNaY and GdNaA samples with
similar Gd-loading, we see that the GdNaA sample has significantly lower
relaxivity, due to the smaller pores (lower water content inside the zeolite
pores) and smaller pore windows (slower diffusion), as it was shown by

NMR relaxometry.
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The calcination induced Gd**-"travelling" inside the Y framework from the
larger pores towards the smaller ones, which have very slow water diffusion
rate towards the larger pores and the bulk in the NMR time scale. It resulted
in reduced r; values. However, r, transverse relaxivities did not change upon
calcination. This result and the fact that using the dipolar mechanism to
describe the magnetic field dependence of 7, was unsuccessful in the case of
dealuminated GdNaY samples lead to the conclusion that outer-sphere effects
play significant role in the transverse relaxivities. 7, values measured at 20,
60, 300 and 500 MHz for the dealuminated GdNaY samples showed a
maximum at 300 MHz, therefore by help of the available empirical equations
we could assume that these systems are in the intermediate regime, where //t
(diffusion rate of the bulk water around the zeolite particles) and 0w (the
characteristic Larmor frequency difference at the equator surface due to the
field perturbation caused by the presence of the sphere) have comparable

values.
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7 Osszefoglalas

Az értekezésben az orvosi képalkotdé modszerekben eredményesen hasznalt
vagy igéretes tulajdonsagokat mutatd kontrasztanyagokkal kapcsolatos
szerkezeti és dinamikai vizsgélatainkat mutatjuk be. Ph.D. munkam soran a
kovetkez6 témakkal foglalkoztam:

e gy inert (BIDOTA)) és egy labilis (K(H,DOTA)*™") DOTA-komplex
szerkezetének ¢€s dinamikéjanak felderitése

e (C5-helyzetli szubsztiticid hatdsanak tanulmanyozasa a DTPA alapvazat
tartalmazo komplexek esetében a Lu(S-EOB-DTPA)* példajan

e a porusméret, a Si/Al ardny és a kalcinalas hatdsanak vizsgalata Gd-
tartalm zeolit nanorészecskék esetén.

Ezekhez a vizsgalatokhoz a 6 eszk6z az NMR spektroszkopia volt, de por-
¢és egykristaly-rontgendiffrakciot, NMR relaxometriat, illetve ICP-t is
hasznaltunk kiegészité informaciok megszerzésére. A 3. és 4. fejezetben
talalhatd eredményeket a Debreceni Egyetem Fizikai Kémiai Tanszékén
végzett munka sordn értilk el. Az 5. fejezetben leirtak a Delfti Miiszaki
Egyetemen Marie Curie 0sztondijasként végzett munkam Gsszefoglalasa.

A 3. fejezetben azt kutattuk, milyen mértékben felelés maga a DOTA
ligandum a DOTA fémkomplexeinél detektalt bels6 mozgasért, és mi az 1j
tulajdonsag, amit a mar kialakult komplex eredményez. A Bi(DOTA)
esetében, ami egy potencidlis CT kontrasztanyag, megvizsgaltuk a komplex

izomerdsszetételét és az eredményeket Osszehasonlitottuk a széleskoriien
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tanulmanyozott Ln(DOTA)" komplexekkel. Azt talaltuk, hogy a Bi(DOTA) a
csavart négyzetes antiprizmas (twisted square antiprismatic, TSA)
elrendezddést preferalja, hasonldan a nagyobb méretii lantanida ionok DOTA
komplexeihez. A "H-NMR spektrumok hémérsékletfiiggése és a 274 K-en
felvett 2D EXSY spektrum segitségével felderitettiik a rendszer dinamikajat.
A detektalt fluxionalis mozgasok a kovetkezok: 1) a gylirli mozgésa, amely
gylriiprotonok kozti cserefolyamatot jelent ii) az acetat karok helicitdsanak
megvaltozdsa, amit az acetat-metilén protonok kozotti cserefolyamattal
detektalhatunk. A DOTA komplexeknél bevezetett jelolésekkel, ezek a
fluxionalitasok i) a (0803) <> (AAAL) atalakulas a gytiriben, illetve ii) a A <>
A atalakulas az acetat karok helicitasdban. Hasonlo aktivalasi paramétereket
kaptunk a kétféle mozgasra (4. tadblazat), ami alatamasztja Jacques et al.
javaslatat, amelyet Yb(DOTA) 'H-'H 2D EXSY vizsgalata alapjan tettek,
miszerint a kétféle mozgas ugyanazzal a sebességgel, egyidében jatszodik le.
Egy masik magyardzat lehet egy kétlépéses mechanizmus, ahol a lassu,
sebességmeghatarozd gylirliinverziot koveti a gyors valtas az acetat-karok
helicitdsdban. Mivel a A(AAAA)/A(3500) enantiomer part nem detektaltuk,
mindkét megkozelitést alkalmazhatjuk tapasztalataink értelmezésére.

Emellett a két fluxionalitas mellett, egy 1) tipusu gylriimozgas jelenik meg a
K(DOTA)> esetén pH~13 kériil. Az Gjfajta gylirimozgas a 17. dbran lathato
modon a fém-ligandum kotés felhasadasat igényli, ezért ez nem észlelhetd az
inert lantanida-DOTA komplexeknél. Azt talaltuk, hogy ennél az 1
mozgésnal, amelyet gyirtatfordulasnak neveztiink el, a gylri szénatomjai

nem cserélnek poziciot, csak a geminalis protonok. Ez a megfigyelés alapot
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adott arra, hogy a kétféle (a régi és az uj) gytrlimozgast megkiilonboztessiik
egymastol.

Az aktivalasi paraméterek elemzése az mutatta, hogy alacsony hdmérsékleten
a gylriinverzi6 a f6 gylirimozgas, mig a szintén jelenlévd gytliriatfordulés
sokkal lassabb. az acetat karok mozgasa a gylriimozgast koveti. Magasabb
hémérsékeleten a K'-ion konnyebben disszocial a komplexbél, igy az 1j
mozgas, a gytriatforduldas elétérbe keriil. Erdekes tapasztalat, hogy
magasabb hdmérsékleten az acetat-karok mozgasa a gytirtidtfordulast koveti,
mig a gylriiinverzié a masik két mozgashoz képest sokkal kisebb sebességgel
zajlik. Mindezek alapjan megallapithatjuk, hogy az acetat-karok mozgasa
nem fiiggetlen a gy(irtimozgastol a K(DOTA)> komplex esetén.
Vonalszélesség-vizsgalatok alapjan azt talaltuk, hogy a HDO- K(H,DOTA)®™"
rendszerben kisebb pH-n az intramolekularis cserefolyamatok mellett
cserefolyamat zajlik a HDO és a K(H,DOTA)®™" kozstt. Azt nehéz volna
meghatdrozni, milyen DOTA complex mutat lassii protoncserét a vizzel
pH=4 koriil, azonban, felidézve a diprotonalt H,DOTA” részecske nagy
stabilitasat, feltételezziik, hogy egy e részecske és a K'-ion kozott kialakuld
ionpar felelés ezért a jelenségért. A K(H,DOTA) részecske tovabb is
protonalodhat, és a kialakul6 K(H3DOTA) tartalmaz olyan protonokat,
melyek a HDO-val cserereakcioba léphetnek. A kaliumion feltehetden a
koordinaciés tiiregen kiviil helyezkedik el és csak az acetat-karokhoz
koordindlodik, de még igy is lelassithatja a makrociklus mozgasat,
jelszélesedést eredményezve a DOTA gylirii-és acetat-metilén proton jelein
(13. abra). pH=6-9,5 kozott, ahol (részben K-+-ionokat koordinald)
HzDOTAz' and HDOTA?®" részecskék vannak jelen, szobahdmérsékleten a
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detektalt intermolekuléaris protoncserefolyamat a HDO-val lassu, mig a
fluxionalitas gyors az NMR iddskalan.

A 4. fejezetben azt tanulmanyoztuk, milyen szerkezeti ¢és dinamikai
kovetkezményei vannak, ha a DTPA molekuldt az 5-6s helyzetben egy
etoxibenzil-csoporttal szubsztitualjuk. Ezeket a kovetkezményeket a Lu(S-
EOB-DTPA)* komplex konkrét esetén vizsgaltuk. 330 K hémérsékleten, két
kiilon jelkészletet detektaltunk mind a ">C, mind a '"H NMR spektrumban,
izomerként azonositottunk, melyek ardnya 35:65. 300 K-nél kisebb
homérsékleten, a két izomerhez tartozd jelek egymastol fiiggetlen
jelszélesedést mutattak a hémérséklet csokkenésével. Ezt az acetat-karok
helicitasanak valtozasaval magyaraztuk. Az etilén-diamin protonok kozotti
csatolasok elemzésével meghataroztuk, hogy az acetat karok preferalt (és igy
kizarolagosan detektalhato) elrendezddése mindkét izomernél a A-val jelolt
helicitasnak felel meg.

Az 5. fejezetben Gd-tartalmu zeolit nanorészecskék vizes diszperzidjaban
mért r; relaxivitdsanak valtozasat vizsgaltuk kiilonbozd paraméterek, mint a
porusméret, a Si/Al arany valtoztatdsa és a kalcinalas hatasara. Hogy a
mechanizmusrol tobb informécidt nyerjlink, r, relaxivitdsokat szintén
mértiink magasabb térerékon és kiillonb6zd, irodalombodl ismert egyenletekkel
probaltuk magyardzni a tapasztalatokat.

A dealuminalas egy 4ltalanos modszer nagyobb Si/Al molaranyd, igy
nagyobb hidrofobicitast zeolitok eldallitdsara. A dealuminalas azonban Al
eltavolitasaval jar a szerkezetbdl, igy a kristalyszerkezet szabalyossaga
romlik, extra porusok jelennek meg. Az Y szerkezet dealuminélasa
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relaxivitdsnovekedéssel jart a GdNaY zeolitok esetében, amit NMRD
illesztéseink alapjan a porusok megnovekedett viztartalmaval magyardztunk,
amely ellentételezte a megndvekedett hidrofobicitasivd valt zeolit
porusnyilasokon keresztiili lassabb vizdiffizidt. Az eredeti, nem dealuminalt,
hasonlé Gd-tartalmi GdNaY ¢és GdNaA mintdk Oszehasonlitasakor azt
tapasztaltuk, hogy a GdNaA mintanak sokkal kisebb a relaxivitidsa, amelyet a
kisebb porusokkal (kisebb belsd viztartalom) és kisebb porusnyilasokkal
(lassabb diffuizid) magyaraztunk.

A kalcinalas a Gd*"-ionok részleges vandorlasat eredményezte az Y zeoliton
beliili nagyobb iiregekbdl a kisebb iiregek fel¢, amelyek azonban az NMR
id6skalan igen lassan cserélnek vizet mind a nagyobb porusokkal, mind a
zeoliton kiviili vizzel. Ez az r; értékek csokkenését eredményezte, azonban az
r; értékek nem valtoztak. Ez a tapasztalat, és az, hogy a dealuminaalt GdNaY
mintak esetén r;, téreréfliggését nem tudtuk a dipolaris mechanizmussal leirni,
ahhoz a kovetkeztetéshez vezetett, hogy kiilsé szféras hatasok jelentds
szerepet jatszanak a mért magas transzverzalis relaxivitas kialakuldsédban. 20,
60, 300 és 500 MHz-en mért r, relaxivitasok a dealuminalt GdNaY mintak
esetében maximumot mutattak 300 MHz-en. A rendelkezésre all6 empirikus
egyenletek segitségével megallapitottuk, hogy a vizsgélt rendszerek abban a
tartomanyban vannak, ahol 7/t (a viz diffuzidésebessége a zeolit részecskék
koriil) és Ow (a paramagneses részecske altal létrehozott magneses tér
perturbacié  indukalta  Larmor-frekvenciakiilonbség a  részecske

kozelében) hasonld nagysagrendiiek.
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