CALCIUM (I1)- SENSITIVE AND SILSESQUIOXANE-BASED

CONTRASTAGENTS FORMAGNETIC RESONANCEIMAGING

Synthesis, Characterisation and Mechanistic Studies

CALCIUM (I1)- SENSITIVE UND SILSESQUIOXAN-BASIERTE

KONTRASTMITTEL FUR DIEMAGNETRESONANZTOMOGRAPHIE

Synthese, Charakterisierung und Mechanistischersinthungen

DISSERTATION

der Fakultat fir Chemie und Pharmazie

der Eberhard Karls Universitat Tubingen

zur Erlangung des Grades eines Doktors

der Naturwissenschaften

2010

vorgelegt von

Jorg Henig



Tag der miindlichen Prufung:

Dekan:

1. Berichterstatter:
2. Berichterstatter:

3. Berichterstatter:

28. April 2010
Prof. Dr. Lars Wesemann
Prof. Dr. Hermann A. Mayer

Prof. Dr. Martin E. Maier
Prof. Dr. Franc Meyer



Die vorliegende Arbeit wurde am Institut fir Anonggche Chemie der Eberhard Karls
Universitat Tubingen im Zeitraum von Mai 2007 badar 2010 unter Anleitung von Herrn

Prof. Dr. Hermann A. Mayer angefertigt.

Meinem Doktorvater,

Herrn Prof. Dr. Hermann A. Mayer,

danke ich herzlich fur die die Uberlassung des@ssanten Themas,
die Bereitstellung der hervorragenden Arbeitsbadggn,

die zahlreichen wertvollen Anregungen und Diskussig

sein stetes Interesse an meiner Arbeit,

das hervorragende Arbeitsklima,

sowie die Mdglichkeit, meine Ergebnisse auf Tagunge prasentieren.

Dem Fonds der Chemischen Industrie gilt mein Daiik die Forderung durch ein

Promotionsstipendium.



Mein herzlicher Dank gilt:

Herrn Prof. Dr. M.E. Maier fir die guten Ratschlaged die freundliche Ubernahme des

Koreferats.

Herrn Prof. Dr. L. Wesemann fur die Bereitstellw®y sehr guten Arbeitsbedingungen.
Herrn Dr. I. Mamedov (Max-Planck-Institut fir bigische Kybernetik, Ttbingen) fur das
zur Verfigung stellen von Substanzen, die Durchfiigrder Lumineszenzmessungen sowie
die gute Zusammenarbeit.

Frau Dr. E. Jakab Téth (Le Centre de Biophysiquééldaire CNRS Orléans, Orléans) fur
die herzliche Aufnahme in Orléans, die Mdglichké® NMR- und NMRD-Untersuchungen
durchfuhren zu kbnnen, sowie ihre UnterstutzungleeiAuswertung der Daten.

Frau Dr. P. Fouskova und Herrn Bohuslav DrahosGkeatre de Biophysique Moléculajre
CNRS Orléans, Orléans) fiir die freundliche Einfiifgrin die'’O NMR-Spektroskopie sowie
in die Tucken des SMARtracers.

Herrn Dr. K. Eichele fur Rat und Tat bei allen NMRektroskopischen Problemen.

Frau A. Ehmann fir die Pflege der NMR-Spektrometed ihre Unterstitzung bei allen

Belangen, die die Spektrometer betreffen.

Herrn Dr. J. Engelmann und Herrn Dr. S. Gottschidlax-Planck-Institut fiir biologische
Kybernetik, Tubingen) fur die Durchfihrung der R@datsmessungen am 3 T MR Scanner.

Herrn Dr. G. Angelovski (Max-Planck-Institut fur diogische Kybernetik, Tubingen) fir

viele fruchtbare Diskussionen.

Herrn Prof. Dr. N.K. Logothetis (Max-Planck-Institfiir biologische Kybernetik, Ttbingen)

fur die Bereitstellung der Infrastruktur seitens diéax-Planck-Instituts.

Herrn Dr. K. Mdschel fir die freundliche Aufnahmm ilFIB und seine Hilfe in allen



gebaudetechnischen Belangen.

Allen Angestellten und Praktikanten fir ihren Bagirzum Gelingen dieser Arbeit und die

durchgefuhrten Messungen.

Den Mitarbeitern des Arbeitskreises Mayer, allemamoHerrn Wolfgang Leis danke ich fir

viele gute Ratschlage und das freundschaftlichenli

Meinen Eltern, meinem Bruder und ganz besondeffs &k mich wahrend der gesamten
Doktorarbeit uneingeschrankt unterstitzt habenaufdlie ich mich in allen Situationen stets
verlassen konnte.



Parts of this work have been presented:

,Azamacrocyclic C4 sensitive contrast agents for MR imaginGQST D38 workshop
Lisbon, Portugal, 2008

,Ca** sensitive contrast agents for MR imaging - Unetga:coordination behaviour of
lanthanide complexes in the presence of"Ca38" International Conference on

Coordination Chemistry, Jerusalem, Israel, 2008

»The unexpected behaviour of potential calcium@énsitive contrast agents for MRI”,
2" EuCheMS Chemistry CongressTurin, Italy, 2008



Meinen Eltern






TABLE OF CONTENTS

Table of Contents

ADDIEVIATLIONS ...t et e e e e e e e e e e e \Y
R [ 11 70 o 18 ox 1 o o RO PP RTR PP 1
2 GENEIAI BASICS .....oiiiiiiiiiiiiieie e e o st e et e e e e e e e 2
2.1 Magnetic Resonance IMagiNg...........uuuuuummmmeeruuuniaaaeeeeeeeeeseereeeresennnnnnnn————enn. 2
2.2 Contrast Agents in Magnetic Resonance Imaging.............cccceeeeeeiniieeeeeeeenennn. 3.
2.3 Mechanistic Aspects of Gadolinium(lll)-based CostrAgents............ccccvvvvvvennnnn. 4
2.3.1  INner-Sphere RelaXiVity..............uuuuuem e eeeiieiiiiiaas e e e e e e e e eeeceeeeeeneennnneeees 6
2.3.2  Outer-Sphere ReIAXIVILY ........uuuuuuiiiis e 9
2.4  Types of Gadolinium(lll) Chelates for Magnetic Reance Imaging ............c........ 10
2.4.1 Gd-DTPA and DeriVALIVES ..........cccuuiiiiimmmmmn ettt e e e e e e inee 10
2.4.2 Gd-DOTA-type Contrast AQENTS......ccooiiiiiieeieiie e 13.
3 Calcium(ll)-sensitive MRI CoNtrast AQENTS. ....ccoiiiiiiiiiiiiiiiiieeee e eeeeeee e 16
3.1 INETOTUCTION ...ttt e e e e e e e e e e e e s e e e e e e e eeens 16
3.1.1 Responsive or “Smart” Contrast AQeNtS .......cccceervrivieeeriiiiiiiiiiianeeeeeeeeeeeeeen 17
3.1.1.1 Agents sensitive t0 eNzyme actiVIty ........ccccceeiuvriimmmiiiiiiiieeeeeeeeeeeeeeeeeannns 17
3.1.1.2 pH-dependent CONtrast AgeNtS ..........uuiieeeeereeeriieeeiiiiiiiirreee e e e e e e e eeeeen 19
3.1.1.3 Metal ion sensitive contrast agents .........cccceeevieieeeeeeiiieeieeeeiiee e 20
3.1.2  AIM Of thiS PrOJECT.....uuuiiii it e e e e e e e e e ennneeeeees 23
3.2 ReSUItS and DISCUSSION ......cciiiiiiiiiiiieieeeee it e e esenne e e e 24
3.2.1 Relaxivityvs.Calcium(ll) Concentration............cccoeiieeeeereiiesseeeeeeeeeeeeeeeeeennnns 24
3.2.2 Relaxivityvs.Complex CoNCeNtratioN .........coooveeeeeeiieeeeeee e 25
3.2.3  PGSE Diffusion'H NMR SPECIIOSCOPY .....c.vveveeeeieeereesieeeeessesseeesessesesnen, 26
3.2.4  SIPLIH} NMR SPECIIOSCOPY....coouveieieeieeeees e seeeemes e ses et e es e s en e 29
3.2.5 LUMINESCENCE SPECIIOSCOPY ... uuieeeeee s s e e e e e e eeeeaaeeeeeeessnnnnnnnnaaeeeeeas 32
3.2.6 Determination of the Hydration NUMDB@L............ooovviiiiiiiiiiiii e, 33



I TABLE OF CONTENTS

3.2.7 O NMR SPECIOSCOPY ....verreeeereeeeeeeeseeteeseeseeseeeseeeeseeenessesn e en e 36
3.3 CONCIUSIONS ... ettt et e e e e e e e e e e e e s e e e e e e eeeas 41
4  Silsesquioxane-based MRI Contrast AQENtS...ccooi i 43
ot R [ 01 (oo [FTod o] o H TP PP PP RRTTPPPPPPPP 43
4.1.1 High Sensitivity MRI Contrast AQENLS .........coeueiiieiiiiiiiiiiiieaaee e e eeeeeeeeeeeeeens 43
4.1.1.1 Macromolecular contrast agentsS .............ceeemmmrreeriumniiiiiieeeeeeeeeereeeeeenennns 46
4.1.2  SilSESOUIOXANES ....ceveeeeeriieinnnnns s s e eesssesasssssssaaaaaaaaasessssssssssnnnnnsessnns 48
g G 1 0 o ) 1 1 S o 0] [ o 49
4.2  ReSUItS and DISCUSSION .......cceeiiiiiiiiiiieeeae s e e e e eene e e 51
4.2.1 Synthesis Of FSIlSESQUIOXANES ........ccceevirreerrreeees e eeesnsnnssaaeeeeaeaeaaaees 51
4.2.1.1 Synthesis of an amino-functionalisegtdilsesquioxane ...............cccceee..... 51
4.2.1.2 Synthesis of a carboxylic acid-functionalisegslisesquioxane................ 52
4.2.2 Introduction of Macrocyclic Ligandga theirtert-Butyl protected Form ........ 52
4221 Synthesis Of DOTABUYS .....c.ceeveuieeeereeeeeeeeeeteeeee e eeeeases s s seen e e 53
4.2.2.2 Coupling of DOTA[Bu); to octa(3-aminopropyl)silsesquioxane......... 54.
4.2.2.3 Deprotection of the carboxylic acid funCtionS..............ccoooeviiiiiiiiiiinnnnnns 57
4.2.3 Introduction of Macrocyclic ligandga nontert-Butyl protected Forms ......... 58
4.2.3.1 Synthesis of La-DO3A-hexylamine ............oeeeeeiiiiiiiiiiiiiiiiie e 58
4.2.3.2 Coupling of La-DO3A-hexylamine to the silsesquiogan...................... 60
4.2.3.3  SynthesisS Of DOTA(BR)......ccuuuuuuuiiiiiiiieeeeeeeeeeeeeeeeeeveeeeneeessannnnne e as 63
4.2.3.4 Coupling of DOTA(BN) to octa(3-aminopropyl)silsesquioxane......... 64
4.2.3.5 Cleavage of the Denzyl €Sters .............commmmmeeeerrrnniiiiiiieee e eeeeeereeeeeaanenns 66
4.2.4 Introduction of Charged Macrocyclic COmpPIeXeS.cuue.iceeeeeiviiveeieiiiiiiiinnn, 67
4.2.4.1 Synthesis Of DOTAGA ......coo ottt s s e e e e e e e e e aeeeeeannnees 67
4.2.4.2 Synthesis of GAdOXANE G........cevvivvvviiimmmiiiiirne e e e e e e e e eeeeeeeeeeanennnnnes Q7
4.2.4.3 Synthesis of DOTAMA and DOTABA ..........oii et e e e 72
4.2.4.4 Coupling of DOTAMA complexes to the silsesquioxane.................... 76

4.2.45 Synthesis of GadOXaNe B........ccoooiiiiii i 77



TABLE OF CONTENTS 11|

4.2.5 The Molecular Size of Gadoxane G and B......ccccceeiiiiiiiiiiiiiiiiiiieeeeeeen 80
4.2.6 The Stability of the Silsesquioxane Cage in Aquedeslia ............................ 81
4.2.6.1 Time-dependerf’Si NMR MeasUremMents............cccooveverreeeeeeeeesesnenans 81
4.2.6.2 Time-dependent PGSE diffusioH NMR SPectroSCopY ...........cccccveveueunne. 83
4.2.6.3 Time-dependent ESI-MS measurements........cccccceeeeiiiiinnieeeeeeeeeeeeeen. 84

4.2.6.4 Time-dependent relaxivity Measurements .... .o ooeeeeeeeeeeeeeeeeeeeennnnn.. 39

4.2.7 Physico-chemical Characterisation of Gadoxane GBand.................cccccuen.. 87
4.3 Conclusions and PersSpeCtiVES ..........coiicccceeee et e e e e e e e e e e e eeeeeee e 95
5  EXPEerimental Part .........ccooiiiiiiiiee e e e e e e 99
5.1 Calcium(ll)-sensitive MRI CoNtrast AQENtS ....oceeevvvrevuiiiiieeiieeeeeeeeeeeeeeeeeaeninnnns 99
5.1.1  General REMAIKS ........ccuuiiiiiiiiiiemmm et nnee e 99
5.1.2 Relaxivityvs.Calcium(ll) Concentration.............cooooueeeeeeiiiennneeeeeeeeeeeeeeeeinenns 99
5.1.3 Relaxivityvs.Complex CoNCeNntration ............cccoeeeerieeeeeerieeeeeeeeeeeeeeeeeeiiieens 100
5.1.4 PGSE DiffusionH NMR SPECIIOSCOPY ......cvevieeieeeeereieeieeeseseeseeseneeeeenns 102
5.1.5  3P{'H} NMR SPECIOSCOPY......vcviereeeieeereeeeeeememseseeeseeseseseeseee e sesee s e 102
5.1.6 LUMINESCENCE SPECLIOSCOPY....uuruunnnnnnnss s assssaeseeaeasaesseeeessssssnnnnns 102
5.1.7 Luminescence Lifetime Measurements ........ooooooiiiiiiiiiiiiiiiiieeeieeeeeeee 103
5.1.8 O NMR SPECIIOSCOPY .....vevverieeeeeeeeseeesseeeseeseseese s s et een s eenen e 104
5.2 Silsesquioxane-based MRI Contrast AgeNtS....cccceeiveeevveiiiiiiiiiiiiieeeeeeeeeeeen, 108
5.2.1 Materials and General REMArKS .............ccemmmemeeiiiiiiiiieee e 108
5.2.2  DI@fIIIALION ....ovieiiiiiiiiiii e 108
5.2.3  pH-Metric MEASUIEMENLS .........cuvrruernnnnmmmmmmn e eeeeeeeeesneennnnnnsaeeeeeeeeeeeeeeees 109
5.2.4  MaASS SPECITOMEIIY .vuuiiiiiieieiie et s et e et e e et e e e et e e eee e e eennans 109
5.2.5 Elemental ANAIYSIS .........ccooiiiiiiiiieeetcmmmmm e e e e e e e e e e e e e eneaaae s 109
5.2.6 Solid-State NMR SPECIIOSCOPY .......uuurrnns s sssnssnnnseeaaaeaesssessemsemmmnnnn 109
5.2.7 Solution NMR SPECLIOSCOPY ......ceeviiiiiiiiiiiiiiiiiiiiiaiaaaa e e e e e e e eeeeeeeeeeneennnnnens 109

5.2.7.1 NMR spectroscopy for structural analysis ... ..cccccvrerrrreiiinnnnnn.... 109

5.2.7.2 Bulk magnetic susceptibility shift measurements.............cccccceeeeinnennn. 110



vV TABLE OF CONTENTS
5.2.7.3 PGSE diffusionH NMR SPECIrOSCOPY ......cvcueveeeireeieeersereeesenenenns 110
5.2.7.4 RelaxiVity MeaSUIEMENTS ..........uuuuurenn s eeenaassaeseeeeeeeeeeeeeeensennnnnns 111
5.2.7.5 Variable temperaturdO NMR and'H NMRD measurements............... 113

5.2.8  SYNINESES....iii it e e e e e e e 120
5.2.8.1 Synthesis of octa(3-chloroammoniumpropyl)silsesgaie (29)........... 120
5.2.8.2 Synthesis of octa(3-(ethylmercapto)-propionic aildgsquioxane (33) 120
5.2.8.3  Synthesis of DOTABU)3 (36) .....vcveveiireieieieeeeeeese s seee s 120
5.2.8.4 Synthesis of COMpPoUNd 46..........cooiiiiiiceeeee e 121
5.2.8.5 Attempted deprotection of compound 46 .......ccceeeeviriiiiiiiiiiiieeeeeeneen, 121
5.2.8.6 Synthesis of compound 49...........ooiiiiiiceeeee e 122
5.2.8.7 Synthesis of DOTA(BR)(53) ...vecveverierierieieerieriesiessesseesesnessesseeseennns 122
5.2.8.8 Synthesis of compound 54 ... 124
5.2.8.9 Attempted deprotection of compound 54 .......cccceeriiiiiiiiiiii e, 124
5.2.8.10 Synthesis of DOTAGA (B60) ......coeeiiiiiiiiiiimmmmmee et 125
5.2.8.11 Synthesis of Gadoxane G (GG) ......ooeeeeeiiiiieeeee e 128
5.2.8.12 SynthesisS Of DOTAMA (64) ....oiiiiiiiieieiiet e 129
5.2.8.13 Attempted synthesis of compound 77.........ccooeeeeriiiiiiiiiiiiiiiin 131
5.2.8.14 Synthesis Of DOTABA (B5) ...uuuuuuuiiiiieiiiieeeeeeeeeeeeeeeei e 131
5.2.8.15 Synthesis of Gadoxane B (GB).......cccooviiicccc e 133
5.2.8.16 General procedure for the synthesis of complexean@378 .................. 134

B REIEIEINCES .....eiiiiiiieei ettt e e e 136

SUIMIMIATY oottt eemm et e ettt e e e et e e e et e et et e e e e b s eneeams e e eean e e eenneeeannnenens 143



ABBREVIATIONS

Abbreviations

Abbreviation Name

Ty, reduced’O longitudinal relaxation rate
aps reduced O transverse relaxation rate
AIBN azobisisobutyronitrile

Al h hyperfine coupling constant

B magnetic field

BBB blood—brain barrier

BOLD blood-oxygen-level-dependency
BAPTA 1,2-bis(o-aminophenoxy)ethane-N,NNl-tetraacetic acid
BMS bulk magnetic susceptibility

Bn benzyl

BOPTA benzyloxypropionictetraacetic acid

br broad

BT-DO3A 10-(2,3-dihydroxy-1-hydroxymethylpropyl)-C8A
Bu butyl

CA contrast agent

Cos outer-sphere contribution

COosYy correlation spectroscopy

CP cross polarisation

CT computer tomography

d doublet

D diffusion coefficient

DAB diaminobutane

DCM dichloromethane

DD dipole-dipole

DIPEA diisopropylethylamine

DMA dimethylacetamide

DMF dimethylformamide

DMSO dimethylsulfoxide

DO3A 1,4,7,10-tetraazacyclododecane-1,4,7-triaicedaid
DO3A-B-gal |0-(2f3-galactopyranosylethoxy)-DO3A



DOTA
DOTABA

DOTAGA
DOTAMA
DOTASA
DTPA

DTPA-BMEA
DTPA-BMA

DTPA-FA
EDTA
ENDOR
EOB-DTPA
EPR

Er

ESI

Et

FCS

FID

fMRI

G

GB

GG

g

HEPES
HMBC
HOBt
HP-DO3A
HR

HSA

1,4,7,10-tetraazacyclo-dodecane-1,4,7,10¢etraacid
1,4,7,10-tetraazacyclododecane-1-(4-(carlmosthyl)benzoic)-4,7,10-
triacetic acid
1,4,7,10-tetraazacyclododecane-1-glutaric¥)-triacetic acid
1,4,7,10-tetraazacyclododecane-1-malonic¥)triacetic acid
1,4,7,10-tetraazacyclododecane-1-succini¢id-triacetic acid
diethylenetriaminepentaacetic acid
DTPA-bis(methoxyethylamide)

DTPA-bismethylamide

DTPA-fatty acids

ethylenediaminetetraacetic acid

electron-nuclear double resonance

ethoxybenzyl-DTPA

electron paramagnetic resonance

activation energy ofr

electrospray ionisation

ethyl

fetal calf serum

free induction decay
functional magnetic resonance imaging

magnetic field gradient (strength)

Gadoxane B

Gadoxane G

Landé factor
4-(2-hydroxyethyl)-1-piperazineethanesulf@uic
heteronuclear multiple bond coherence
1-hydroybenzotrialzol

10-(2-hydroxypropyl)-DO3A

high resolution

human serum albumin

heteronuclear single quantum coherence
integral

inner sphere

coupling constant of nuclei ja n bonds



ABBREVIATIONS

VI

Ks
Kex

KedL

K* GaL

< 3

MAS
Me
MRI
MRNA
MS

Na
NBS
NSF
NMR
NMRD
(O
PAMAM
PEG
PES
PGSE
Prm
POSS
ppm

r
I

'y
r.t.

Boltzmann constant

water exchange rate
thermodynamic stability constant
conditional stability constant
protonation constant

multiplet

molar mass

molarity

magic angle spinning

methyl

magnetic resonance imaging
messenger ribonucleic acid
mass spectrometry

Avogadro number
N-bromosuccinimide
nephrogenic systemic fibrosis

nuclear magnetic resonance

nuclear magnetic relaxation dispersion

outer sphere
polyamidoamino
polyethylene glycol
polyethersulfone
pulsed gradient spin echo
mole fraction of bound water
polyhedral oligosilsesquioxane
parts per million
hydration number
longitudinal relaxivity
transverse relaxivity
hydrodynamic radius
room temperature
singlet
total electron spin

spatial restriction parameter



SC
SPIO
SS

ti

T1

TAFI
TBTA
TBTU

tert
TFA
TMS
TPEN
Vy
ZFS

scalar

superparamagnetic iron oxide

second sphere

time

half-life

absolute temperature

T type silicon atom (three oxygen neighbours)
longitudinal relaxation time

transverse relaxation time
thrombin-activatable fibrinolysis inhibitor
tert-butyltrichloroacetimidate
O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
tetrafluoroborate

tertiary

trifluoroacetic acid

tetramethylsilane
N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediane
hydrodynamic Volume

zero-field-splitting

gyromagnetic ratio

chemical shift

gradient duration

delay between the midpoints of two gradients
mean-square zero-field-splitting energy
activation enthalpy

activation entropy

reduced’O chemical shift

BMS chemical shift

viscosity

Bohr magneton

spin density

diffusional correlation time

luminescence lifetime in D



ABBREVIATIONS IX
TD,0 luminescence lifetime in ©

Tm water residual time

Ty correlation time of the zero-field-splitting inteteon

TR rotational correlation time

o proton Larmor frequency

Ws electron Larmor frequency






INTRODUCTION 1

1 Introduction

In the early 1980s, magnetic resonance imaging |M&lght the attention of clinicians by its
ability to visualise abnormalities in the posteriossa of the brain and in the upper cervical
spine. Visualisation of lesions in these regions doynputer tomography (CT), the only
alternative imaging technique for such applicatiohad failed before due to the bony
structures of these areas. While in the beginniiR) Mas mostly used only for such special
problems, over the last two decades it has evointx one of the most powerful tools in
diagnostic clinical medicine and biomedical reskaftoday, MRI is not only on a par with
CT - in many diagnostic areas, such as the deteettwl characterisation of brain tumors,
MRI has outstripped CY?3

The strong expansion of medical MRI, however, waly @ossible due to the concomitant
development of a new class of pharmacological ptsjunamed contrast agents (CAs). These
compounds are designed in order to enhance theasbiietween normal and diseased tissue
or to indicate organ function or blood flow aftednainistration of the CA to the patient.
Nowadays, more than 30 % of all MRI investigatiais® a contrast medium, a number still
set to increase.

The CAs which are to date in clinical use, like &em™ or Magnevist™, are mainly low
molecular weight extracellular perfusion agentsalhdistribute non-specifically throughout
plasma and interstitial spaces and are rapidlyet&dria the kidneys or, in the case of more
lipophilic hepatobiliary CAsyia the liver?

Current research is focused on a new generatiddAst These novel CAs are designed in
order to allow a more efficient and more specifiaging. So called targeted CAs are able to
specifically locate certain types of cells and bidecules within the body.Responsive or
“smart” CAs afford the detection of changes in pigsiological environment of the CA, such
as variations in the pH, concentrations of inorgaons, the partial pressure of oxygen or
enzyme activity. This enables the visualisatiorthef cellular function and the follow-up of

the molecular process in living organisms withoerttprbing then.
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2 General Basics

2.1 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is an imaging téghe used primarily in medical
settings to produce high quality images of thedesif the human body. MRI is based on the
principles of nuclear magnetic resonance (NMR) 8pscopy. The human body consists of
water to more than 55%. For this reason MRI pritpamages théH NMR signal from the
hydrogen nuclei of the water molecules.

In order to generate images from an NMR measureniers necessary to encode spatial
information into the NMR signal. This is accompkshby the use of time-dependent, linear
magnetic field gradientS along the three directions in space. The magfieta B(x, t) in x-

direction at a time is thereby given by the following relationship:

B(x,t) = By + G,(t)x (2.2)
where By describes the external magnetic fietds the spatial coordinate along the x-axis,
measured from the magnet centre, &@xt) is the gradient strength. The equation is valid
analogously for the y- and z-directions. Altogetties results in a Larmor frequeneywhich

depends on the spatial positioand the time:

X
w(r,t) = —yB(r,t),r = yl (2.2)

VA

wherey is the gyromagnetic ratio.

With the gained position-dependency of the resomdrequency it is possible to excite only
spins of water protons in certain parts of the boldye use of all three field gradients and
combinations of them thereby allows the assignnwénthe signal intensity to a definite
volume element (voxel). Furthermonda the application of different pulse sequences it is
possible to create a dependency of the signalsiitean the longitudinal relaxation timig,

the transverse relaxation tinfg or the spin densitp of the water protons. Those factors are
in turn influenced by the chemical environment d@mas by the type of tissue in which the
water molecules are located. The NMR signal intgredi each voxel is then transformed into

the brightness of a gray-level scale. A matrixhese voxels makes up the final MR imdge.
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2.2 Contrast Agents in Magnetic Resonance Imagir

Spin-latticerelaxation time<T; and spin-spin relaxation tim@s of NMR active nuclei can b
significantly shortened in the presenceunpaired electron spinghis effect is utilisedn the
application of CAs for MRI. All CAs which are uséd MRI are metal based agents wh
possessinpaired electrons which influenT; and/orT, of the surrounding water proto

CAs which mainly shorten the transverse relaxatiores are calledT,-agents”. Those are
typically iron oxide (FgO4) nanoparticles which are made upsefveral thousand agnetic
ions and are said to have superparamagnetic pregpeftthe magnetic ions are mutue
aligned.By using certain pulse sequences the shorteninecT,-relaxationtime leads to a
significantly reduced transverse magnetisationadlyebefore th free induction decay (FIC
is recorded. This results in a weaker signal aedefiore in darkeregions in the MR imag

On the contrary, a brightening of the affected ax@a be achievevia the use of T;-agents”
(Figure 1).Since any CA which reduceT; must also reducd, this term might seel
inaccurate. However, ag > T, for most tissues, the relative effect oT;-agent onT; is
much larger than the iative effect onT,. With shorter T;-relaxation times,a larger
population of thénydrogennuclei surrounding the CA relaxes bdokthe equilibrium statin

a given delay time after the first pulse sequ. As this results in a higher longitudir
magnetisation before each repetition of the puéspience, the signal intensity and thus
image brightness increas For most application$;-agents are favoured ovT,-agents, as a
positive contrast enhancement is ofmore easily detectable as agative on¢ Typical T;-

agents are based on paramagnetic metal*°

Figure 1. MR imagesof a brain tumor. a) without a CA, b) wittT;-agen

In order b have a strong influence on the longitudinal reteon timeT; of the surrounding
water protons the paramagnetic metal ions do nbt bave topossess a high number

unpaired electrongesulting in a large magnetic moment,y also need long electrcspin
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relaxation timesTie. For example, dysprosium(lll) and holmium(lll) awhe largest
magnetic moments of all elements, but due to tlyenasetry of their electronic states they
show very rapid electron spin relaxation and thasewprotons are hardly influenced by the
effects of these iorsOn the contrary, in the transition metal ions naarese(ll) and iron(lll)
as well as the lanthanide ion gadolinium(lll), hayhalf-filled d or f shells, the pathways for
electronic relaxation are relatively inefficientefte their electron spin relaxation is more
closely in tune with the proton’s frequerity. Gadolinium(lil) is most commonly used in
CAs, as with seven unpaired electrons it has ireggrihe strongest effect on the longitudinal
proton spin relaxation. Additionally favorable iset short residual timer, of the water
molecules on the gadolinium aqua complax £ 0.94 ns), which allows thousands of water
molecules to transiently coordinate to a singledarthe MRI time scal@.

The major drawback of gadolinium(lll) based CAshis high toxicity of free Gt ions. With

an ionic radius (107.8 pm) close to that of Qa14 pm), but a higher charge, gadolinium(lil)
is an inorganic blocker of many types of voltagéedacalcium(ll) channels and several other
calcium(ll) regulated processes within the bddyo diminish the toxicity to clinically
acceptable levels, gadolinium(lll) needs to be demxgd by multidentate ligands. Since the
relaxation time shortening effect of the paramaigmaetal ion on the water protons vanishes
rapidly with increasing metal-proton distance,sitdesirable to have at least one remaining
coordination site on the gadolinium(lll) ion for tea to coordinate. Examples are
[GA(DOTA)H.,O] (Dotarem™ (), Guerbet, France, DOTA = 1,4,7,10-tetraazacyclo-
dodecane-1,4,7,10-tetracetic acid) or [Gd(DTPAH (Magnevist™ 2), Bayer-Schering
Pharma, Germany, DTPA = diethylenetriaminepent&aeetd) (Figure 2).

Figure 2. Structures of the commercially available CAs Demaf™ () und Magnevist™2).

2.3 Mechanistic Aspects of Gadolinium(lll)-based Contrat Agents

The general theory of the influence of paramagmailastances on the nuclear relaxation of
the surrounding solvent was developed by the grofig®lomon, Bloembergen and othé¥s.

12 Accordingly, the observed longitudinal or transeerelaxation rate T{ oops Of the water
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protons consists of a diamagnetic term; 24 describing the relaxation rate of the protons in
the absence of a paramagnetic solute and an awiliff@ramagnetic tertvT; 5, due to the

presence of the paramagnetic compound:

1 1 1
= + (2.3)
Tl,Zobs T1,2d T1,2p

The paramagnetic contribution is thereby directigportional to the concentration [Gd] of
the paramagnetic species:

1 1
=——+1r,[Gd 2.4
Ty 200s  Ti2a 121Gl (24)

The concentration [Gd] is usually given in mmolthgwever for non-dilute systems, the
linear relationship is valid only if [Gd] is expsed in mmol/kg of solvent. The
proportionality constant, » is called relaxivity [mM's™]. For a gadolinium complex in water,
the relaxivity is a direct measure for the efficigrof the complex to act as a contrast adent.
The paramagnetic relaxation of the water protongirates from the dipole-dipole
interactions between the large and fluctuating llecagnetic field caused by the unpaired
electron spins and the nuclear spins of the watgops. Since the magnetic field around the
paramagnetic centre falls off rapidly with distan@ndom translational diffusion of solvent
molecules and the complex as well as specific cb@mnteractions that bring the solvent
molecules close to the metal ion (e.g., within 5d&e important in transmitting the
paramagnetic effect. Each type of chemical intevactcan yield different relaxation
efficiencies as governed by the distance and ticadesof the interaction. The sum of these
contributions and that due to translational diffusigives the total relaxivity of the

paramagnetic speciés.

_H outer sphere O~H

| H
I Oy0
) 0
o N N .o
o H (——:'GQ*‘HHz
Q7N YN inner sphere
"\ \‘/l
o o
: O
H i’

‘0-H second sphere

1

Figure 3. Different types of interactions of water moleculgth a gadolinium(lll) based CA.

The relevant contributions for water proton rel@ycan be classified in three distinct types
of interactions (Figure 3). The effect on bulk wat®olecules which diffuse in the
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surroundings of the paramagnetic complex is defiagduter-sphere (OS) relaxation. For
gadolinium(lll) complexes, the specific interactiismmainly the binding of water molecule(s)
in the first coordination sphere of the metal idimese inner-sphere (IS) water molecules
exchange with the bulk solvent which propagatespdm@magnetic influence into the bulk.
This mechanism is depicted as the inner-sphereribatibn to the overall relaxivity. In
certain agents, solvent molecules that are notttjréound to the first coordination sphere
can also remain in the proximity of the paramagnetintre for a relatively long time, e.g. due
to hydrogen bridges to carboxylate or phosphateuggoof the ligand. The relaxivity
contribution originating from these interactionsaled second-sphere (SS) relaxivity, and to
this contribution the same theory as for the imnsprere term applies. However, as the
involved parameters are hardly available, its ¢ffeasually taken into account in the outer-
sphere ternl: ’ The total paramagnetic relaxation rate enhancemhastto the paramagnetic

agent is therefore generally given by equation @.®xpressed in relaxivities in equation 2.6:

IS 0S
(7)) ()
T1,2p T1,2p T1,2p

rp =110 41,2 (2.6)

For the currently used low molecular weight gadahm(lll) based CAs, like
[GA(DOTA)H.O] (1) and [GA(DTPA)HO] (2) (Figure 2), the outer and inner-sphere
relaxation mechanisms contribute approximatehhtodame extent to the observed relaxivity
at magnetic field strength used in MRHowever, it is the inner sphere term that can be
considerably manipulated by chemists, whereas ther-sphere contribution can hardly be
modified. Since gadolinium(lll) based CAs argagents, the following sections focus on the
factors that determine the longitudinal inner-sphaamnd outer-sphere relaxation mechanisms.

2.3.1 Inner-Sphere Relaxivity

The longitudinal relaxation contribution from thener-sphere mechanism results from a
chemical change of the coordinated water molecuittsthe bulk, and thus represents a two-
site exchange problem. The bulk site is much mangufated than the site of coordinated
water, and the observed signal corresponds toothtite free water. The longitudinal inner-

sphere relaxation rate is therefore given by equai7:

(7) = () = 555 (res) @)

where,Pp, is the mole fraction of bound water nucl€j, is the proton relaxation rate in the

bound waterz, is the lifetime of a water molecule in the innphere of the complex (equal
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to the reciprocal water exchange rate,J/q is the number of bound water molecules per
gadolinium ion (hydration number) and [Gd] is thelah concentration of gadolinium ions. A
schematic representation of a gadolinium(lll) cteelaith the most important parameters of
inner-sphere relaxivity is depicted in Figure 4.

The longitudinal relaxation timé&y,, of the bound water protons is governed by a dipole
dipole (DD) (“through space”) and a scalar (SChi¢ugh bonds”) mechanisms. The dipolar
interaction is modulated by the reorientation o thuclear spin-electron spin vector, by
changes in the orientation of the electron spiecfebn spin relaxatio; »9 and the water
(proton) exchange rate, The scalar interaction does not depend on theergation of the

molecule, but is modulated by electron spin reli@axeand water exchange.
© O w
IR
Kex |,
@ T

Figure 4. Schematic representation of a gadolinium(lll) elelhaving one inner-sphere

water moleculezr is the rotational correlation time of the complix,is the water (proton)
exchange rat€ly, is the longitudinal relaxation time of the boundter protons andl; ,e are
the longitudinal and transverse relaxation timespectively, of the gadolinium(lll) electron

spin.

The longitudinal relaxation rate Tuf, of the bound water protons and its depending

parameters are expressed by the modified Solomoenibergen equatiors:

1 1 1
= 7DD T 7sc (2.8)

1 2 (vig’us Koy? Te2 Tc1
—_— = SS+1)(— 7 +3 2.9
7D 15( e )SEH 0 () T Tenz Y3 T (29)

1 25(S+1)/4\° Tes

SC = (_> 2 2 (210)
T; 3 h) \1+ wéts,
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wherey is the nuclear gyromagnetic ratgis the electron g-factoys is the Bohr magneton,
rean IS the electron spin-proton distan&ds the total electron spin of the metal i@m.and cs
are the nuclear and electron Larmor precessiomuémgies, respectivelyd= yB), andA/ h is
the electron-nuclear hyperfine or scalar couplimapstant. The dipolar and the scalar

relaxation mechanisms are modulated by the comeléimesz.; ; and ., as the following:

+— (2.11)

- 4= 2.12
Te2 TZe Tm ( )

where 1z is the rotational correlation time or, more prelgis¢éhe reorientational correlation
time of the metal-proton vector, afd . are the longitudinal and transverse electron spin
relaxation times, respectively, of the gadoliniuity(bn.

The field dependence % e can be described by the theory developed by Bleegen and
Morgan®® In this theory the paramagnetic electron spinxaian is interpreted in terms of a

zero-field-splitting (ZFS) interaction:

1 \ZFS 1 4

— =2C + 2.13
<Tle) <1 +witz 1+ 4w§r§> (213)

1 \ZFS 5 9

L N 43 2.14

<T23) <1 +wit? 1+ 4wit? > (2149)
1

€ = =5 477, [45(S + 1) = 3] (2.15)

where & is the mean-square zero-field-splitting energy anis the correlation time of the
modulation of the zero-field-splitting interaction.

The inclusion of these equations into the modififdlomon-Bloembergen equations
constitutes a complete theory for relating the olest paramagnetic relaxation rate
enhancement to the microscopic properties, whicgeiserally referred to as the Solomon-
Bloembergen-Morgan theory. However, the theoryased on several assumptidrisirst of
all, they are valid only within the Redfield limithis assumption, referred to as the so-called
strong-narrowing condition, demands that the mationthe lattice must occur on a much
faster time scale than the motions in the spinesysi.e.r < Ti 2 Additionally, two main
assumptions are involved, namely that the electqmn relaxation is uncorrelated with the
molecular reorientation, and that the electron spystem is dominated by the electron
Zeeman interaction and other interactions resuit imnelectron spin relaxation.

The above equations point out that proton relaxigtinfluenced by numerous parameters. In
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any case the inner-sphere contribution to the atlan rate depends linearly on the hydration
numberg. Just in one case, namely when the water (praohange is very slowl{;, <

Im), the exchange rate will be the only further daiaing factor (equation 2.7). Therefore a
fast water exchange is appreciated. However, lhecomes too small, no efficient interaction
can take place. From equation 2.9 it is obviouaf #nslightly longer Gd-H distanaggy
results in a significant decrease irdue to the sixth-power dependence. The influedbeo
other parameters is less evident to predict, asirtfieence of these parameters strongly
depends on the magnetic field.

For the rotational correlation time, the water exchange ratg and the longitudinal electron
spin relaxationm;e, the maximum relaxivity would be achieved when tberelation timer;
equals the inverse proton Larmor frequency(# 1/1r + kex + 1/T1e = a). It can be shown,
that the reachable maximum decreases with incrgdsghd strength. On the other hand, the
use of higher magnetic fields allows a better natsmh and sensitivityT,e iS not important for
optimisation purposes, as the “7-term” in equat®® becomes negligible at field strength
above 0.5 TB of scanners today in clinical use: 1-3°T).

Contrast agents that are currently in clinical asefar-off this optimum. The main reason is
that their rotational correlation time (~1%) is too short and their water (proton) exchange

rate (~ 16s%) is too slow (~ 18 would be optimal}.

2.3.2 Outer-Sphere Relaxivity

As mentioned above, all contributions to the reldayifrom water molecules outside of the
inner coordination sphere are usually summarisethénouter-sphere term (2.5), without
distinguishing between second- and outer-sphererwablecules. The relaxivity of the outer-
sphere arises from a dipolar intermolecular intégsadoetween the nuclear sgif the water
protons and the total electron sphof the gadolinium(lll) ion, whose fluctuations are
governed by the random translational diffusion dfe twater molecules near the
gadolinium(lll) complex. In the theory of outer-grh relaxation, both the water molecules
and the paramagnetic complex are treated as haetesp Thus, the outer-sphere relaxation

rate can be described by equations 2.16 and'2°17:

1\% 32n N,[Gd]
—) = yPERES(S + ) ———7) 3 2.16
1+7 _ -

1+Z+gzz+§z3 Tie
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whereN, is the Avogadro numbed, is the closest distance of approach of a wateeoubd
and gadolinium(lll),D;s is the sum of the diffusion coefficien andDs of water and the
gadolinium(ll) complex, respectively arg is the diffusional correlation timay = d’/D,g).

A direct determination of the outer-sphere relayivs only possible for complexes with no
water molecule in the inner-spherg £ 0). The only possibility to approximate the inne
sphere relaxivity of a complex witlp> 0 is the subtraction of the relaxivity of a cheatly
similar complex withg = 0 from the obtained overall relaxivity of thenaplex® The different

types of gadolinium(lll) complexes used in MRI &ighlighted in the following section.
2.4 Types of Gadolinium(lll) Chelates for Magnetic Resmance Imaging

2.4.1 Gd-DTPA and Derivatives

Diethylenetriaminepentaacetic acid (DTPA) is a din®ctadentate ligand, which is easily

derivatised. Their gadolinium(lll) complexes proid widely used group of CAs (Figure 5).

Gd-DTPA (Magnevist™) Gd-DTPA-BMA (Omniscan™)
2 3

Gd-DTPA-BMEA (OptiMARK™)
4

Gd-EOB-DTPA (Primovist™) MS-325 (Vasovist™)
6 7

Figure 5. Commercial Gd-DTPA-based CAs.
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Gd-DTPA @) was marketed as Magnevist™ by Schering in 198Bthareby was the first
intravenous CA for MRI to become available for wal use. The complex is two-times
negatively charged and bears one inner-sphere watdecule. Due to its charge is
hyperosmolar with respect to body fluids. Howeer the injected amounts are low (dosage
about 0.1 mmol kg), the increase in blood osmolality after intravem injection does not
cause significant disturbance of the organism’s aigmbalancé. Nevertheless neutral
derivatives with lower osmolalities, like Gd-DTPAVE\ (Omniscan™) 8) and Gd-DTPA-
BMEA (OptiMARK™) (4) were developed. The ligands of both complexesaanales of
DTPA and are obtained by treating the dianhydrilBBPA with the corresponding amifie.
All three complexes are freely soluble in wateru@ll/ to about 0.5-1.0 M). With relaxivities
in water between 3.5 and 4.2 i at 37°C and 0.47 T (Table 1), their efficiency as
contrast agent is comparably lo@+4 are rapidly distributed in the extravascular spacd
excreted in unchanged form (no metabolism) exctlgivia the kidneys by glomerular
filtration (elimination half-lives are in the rangé 1.5 hours in healthy volunteers, and almost
all of the injected dose is recovered within 24 fsptf Since these CAs do not diffuse
through plasma membranes and are therefore unaldeoss the intact blood—brain barrier
(BBB), they are very efficient tools for detectiagy pathological abnormality of the BBB,

e.g. in tumors of the central nervous system.

Table 1. Clinically used DTPA-type gadolinium(lll) complexasd their ionicity, relaxivity

r1, thermodynamic stability constakgg. and conditional stability constalit gq. at pH 7.4.

Complex Trademark lonicity r,[mM7sY  log Kaq log K* ga
Gd-DTPA Magnevist™ Di-ionic 3.9 22.1° 17.7°
Gd-DTPA-BMA  Omniscan™ Neutral 35 16.9° 14.9°
Gd-DTPA-BMEA  OptiMARK™ Neutral 4.7 16.6° 15.0°
Gd-BOPTA MultiHance™ Di-ionic 436.7°  22.6 16.9
Gd-EOB-DTPA Primovist™ Di-ionic 5.3(7.3)° 23.5° N/A
MS-325 Vasovist™ Tri-ionic 5%919f 23.2° N/A

aRef. 9, water, 37°C, 20 MHZRef. 15, water, 37°C, 20 MHZRef. 15, blood, 37°C, 1.5 TRef. 6;
‘Ref. 16.

In order to allow liver imaging the two CAs Gd-BORTMultiHance™) 6) and Gd-EOB-
DTPA (Primovist™) 6) were developed. Both are Gd-DTPA derivatives Whiave a
lipophilic aromatic moiety in their structure. Tleby they can be taken up by hepatocytes and

undergo partial hepatobiliary excretion (2 %-4 % &0 % for5 and6, respectively}* '’ The
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aromatic ring in5 and6 leads to some weak plasma protein binding, althahg protein-
bound fraction is only about 10 % The protein binding leads to an increase in relgxiof
these compounds in blood compared to that in watdsle 1). However, the binding does not
appear to impact plasma clearance. By contrast3RE{/), being marketed as Vasovist™,
binds reversibly to human serum albumin (HSAg a lipophilic biphenylcyclohexyl group,
which increases the elimination half-life in sultgewith normal renal function to 18.5'h.
The concentration of albumin in plasma is high gmo(600-70QuM) to reversibly bind most
of the CA after injection, leading to a significantrease in relaxivity (Table 1).
All these CAs are usually well tolerated, show feide effects and were considered as
generally safé® However, since a correlation between gadoliniubéhd the development
of a new severe disease named nephrogenic systdmusis (NSF) was reported in early
2006 the in vivo stability of the CAs regained attention. Up to noWFS appeared
exclusively in patients with severe impaired kidrnemction. In these patients the renal
excretion half-life of the CAs is significantly ireased (e.g. for Omniscan™ from ~90 min in
healthy persons to ~ 2000 min in diseased persBi3)e to their eight-dentate ligands the
thermodynamic stabilitiKsq. (defined by equation 2.18) 87 is quite high (Table 1).

Kgar = 16at]

[Gd][L]

To describe thén vivo stability, the conditional stability constalit 4. iS more appropriate

(2.18)

than Kgq. (Table 1).K*gq iIs measured at pH 7.4 and takes into accountratiopation
constants of the ligand. The conditional stabititynstant is defined as:

Gal ™ (1 + K, [H ] + K1 K,[HT? + - + K K K, [HY]Y)

where Ky, K,..., K, are the stepwise protonation constants of thentig&ince also their

(2.19)

K*sqL vValues are fairly large2-7 are generally considered as highly stable. Howesleod
and other body fluids are very complex milieus earihg a large number of potential ligands
and metal ions which can displace the gadoliniun{idbm its complex. Hence, their kinetic
inertia especially towards this so-called “transaiation” must also be considered.
Numerous studies were carried out in order to imgate transmetallation under various

14,2123 |t could be shown that all linear, open-chained sChelease

conditions?
gadolinium(lIl) via transmetallation under physiological conditionsevdby the neutral CAs
3 and4 exhibited a significantly lower kinetic inertned®n their ionic derivatives. Therefore
it is no surprise that most of the reported ca$@$S¥ could be attributed to these two Cs.

However, there are also reported cases of NSFetrgggby Magnevist™2] in patients with
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severe renal dysfunction, showing tlas also not inert enough to prevent the releate®f

high amounts of gadolinium(lll) if the CA remainsthe body for a prolonged period of time.

The comparatively low kinetic inertia of these omained chelates has been modeled by

rapid unwrapping of these molecules due to theif@mnational mobility** The replacement

of the two ionic carboxylate (COYOdonor moieties by non-ionic amide groups in thsecof

3 and4 leads to a weaker binding of these moieties tolgadm(lll). This may introduce

more flexibility and conformational mobility, whicbxplains the significant loss in kinetic

inertness of these systems. On the other handntitzeluction of an aromatic moiety in the

case of5-7 slightly improves kinetic inertia. This can be &{ped by the steric effect of the

bulky substituents that hinders unwrapping of tharld around gadolinium(li5

2.4.2 Gd-DOTA-type Contrast Agents

Macrocyclic MRI CAs show a significantly higher litnc inertia, which is attributed to their

tight packing and their high conformational rigidif 2’ All commercially available

macrocyclic CAs are based on a 1,4,7,10-tetraakasydecane ring (cyclen), which forms

an ideal cavity for the complexation of gadoliniulf)((Figure 6).
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Gd-DOTA (Dotarem™)
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Figure 6. Gd-DOTA and derivatives.

Gd-DOTA (1) was the first macrocyclic MRI CA. It was marketadder the trademark
Dotarem™ in 1989 by the Guerbet Company. Due tdighker kinetic and thermodynamic
stability (Table 2) Gd-DOTAY) is considered as the safer alternative towardDTHA (2).
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Up to now, there is no reported case of NSF ingber reviewed literature which can be
related exclusively to the administrationIofAnother advantage df over?2 lies in its lower
relative viscosity. This allows a faster injectifmm a given applied pressure, which minimises
patient discomfort as a burning sensation due petgsmolality is felt otherwis€.However,
also for the macrocyclic CAs neutral derivatives Gf-DOTA, namely Gd-HP-DO3A
(Prohance™) § and Gd-BT-DO3A (Gadovist™)9] were developed to further reduce

osmolality.

Table 2. Clinically used DOTA-type gadolinium(lll) complegend their ionicity, relaxivity

r1, thermodynamic stability constaligg. and conditional stability constaKkt gy at pH 7.4

Complex Trademark lonicity r,[mM7sY  log Kea log K* ga
Gd-DOTA Dotarem™ lonic 3.4 25.8° 18.8°
Gd-HP-DO3A Prohance™ Neutral 31 23.8° 17.1°
Gd-BT-DO3A Gadovist™ Neutral 3.7 21.8° N/A
Gd-DO3A - Neutral 48 21.0° 15.0°

%Ref. 9, water, 37°C, 20 MHZRef. 28, water, 40°C, 20 MHZRef. 6

Compoundd shows a two orders of magnitude lower thermodynastability thanl (Table

2). This is not unexpected since the hard Lewisd gedolinium(lll) binds more tightly to
negatively charged atoms rather than neutral ofles.introduction of additional hydroxyl
groups in the case & decrease&gq. even further. However, due to their excellent ke
stability the lower thermodynamic stability has mgpact on its use in patients. All three
marketed macrocyclic CAs are extracellular fluictais, which target no specific anatomical
site or physiological functiof®. Their increased stability does not lead to a laclother
properties. They show similar pharmacokinetics lasrtunspecific open-chained counter
parts and, with relaxivities between 3.1 and 3.7 teMat 37°C and 20 MHz, display also
comparable efficiencies (Table 2). As mentionedciapter 2.3.1 the reasons why these
relaxivities are far-off the theoretically possiblalues are their too short rotational
correlation times and too slow water exchange raefsirther reason is their low hydration
numberg. All commercial CAs consist of octadentate ligamadsl thereby possess only one
free coordination site for the interaction with watA system with a heptadentate ligand is
Gd-DO3A (10). The hydration number df0 was determined to be about f¢iowever, a
small fraction of monohydrated species was alsoemfes>’ Due to this coordination
equilibrium the water exchange rdig of Gd-DO3A (0) is as twice as high as that of Gd-
DOTA (1). Hence, with 4.8 mMs™ the relaxivity of10 is about 40 % higher than that bf



GENERAL BAsICS 15

(Table 2). Unfortunately a clinical use d® is prevented by its comparably low conditional
stability constant (Table 2) and by the possibilify reversible oxy-anion binding under

physiological conditions which can lead to the cteteloss of inner sphere watér®
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3 Calcium(ll)-sensitive MRI Contrast Agents

3.1 Introduction

In the field of neuroscience the so-called funadlomagnetic resonance imaging (fMRI)
offers a possibility to locate brain activiya MRI. Today, fMRI in the brain is based on the
increase in cerebral blood flow to the local vaatuie, which is involved in the increase in
oxygen level and glucose consumption that folloesral activity in the brain. The release of
dioxygen from hemoglobin causes its iron to becgaemagnetic by changing from a low
spin state to a high spin stdfeThe so generated “internal CA” accelerates thexeglon rate

of the surrounding water protons which in turn Edad a detectable blood-oxygen-level-
dependent (BOLD) magnetic resonance sighaf fMRI is currently the most widely used
method for brain mapping and studying the neursisbaf human cognitiof’.*? Indeed, more
detailed investigations showed in first approximata linear relationship between the BOLD
signal and the neural response elicited by a sktrhulus duration. However, the
hemodynamic response seems to be better correhdtbdthe local field potentials (input
signals of a neural population), implying that aation in an area is often likely to reflect the
incoming input and the local processing in a giaega rather than the spiking activity. Even
though it can be expected that local field potéstiavill usually correlate with
neurotransmitter release, fMRI experiments basetherBOLD signal may reveal activation
in areas in which no single-unit activity is fouimdphysiological experiments.Additionally,

the indirect hemodynamic BOLD signal is associatgth a time lag which broadens the
response. All this can make BOLD fMRI insufficidot an accurate study of neural activity.

A way to detect neuronal activity in a more dire@nner could be the use of CAs which are
able to respond to changes in the physiologicalrenment directly linked to the release of
neurotransmitters.

Calcium(ll) ions are a promising target for such<C#s they play a central role for the release
of neurotransmitters into the synaptic cleft (Fegi). When an action potential reaches the
axon terminal, the electrical depolarisation of siggaptic membrane causes calcium channels
to open. Calcium(ll) ions flow through the presymi@pmembrane which increases the
calcium(ll) concentration in the interior. This iurn causes vesicles to fuse with the
membrane of the presynaptic cell, thereby opening vesicles and releasing their

neurotransmitter content into the synaptic cl&ft*



CaLcium (I1)- seNsSITIVEMRI CONTRASTAGENTS 17

1. Action potential reaches the
axon terminal

2. Ca-channels open and
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influx of Ca”" ions Axon terminal
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neurotransmitters

Receptor == 2 (o) 4. Neurotransmitters bind to receptors
°.° located on the postsynaptic membrane

Postsynaptic neuron

Figure 7. Schematic presentation of the synaptic signal tnégson in a chemical synapse.

Measurements in the cerebellar cortex of the cataled a decrease in the calcium(ll)
concentration of the extracellular microenvironmehthe active neuron from 1.2 mmol/L to
0.8 mmol/L* This concentration change then needs to be ddtdmtethe responsive or
“smart” CA.

3.1.1 Responsive or “Smart” Contrast Agents

In recent years an increasing number of CAs weserdeed in the literature, which are able
to convert changes in physico-chemical parameteas tharacterise their physiological
environment into a change in relaxivityand hence in a contrast change. Typical parameters

are enzyme activity, pH and metal ion concentration

3.1.1.1 Agents sensitive to enzyme activity

The first enzyme sensitive contrast agent was dpedlin response to the need to correlate
biological events with gene expression during amagmg experiment. The Meade group
thereto developed a CA (Gd-DO3&gal (11)) whose relaxivity r; responds top-
galactosidase mRNA expressitn?* Gd-DO3A3-gal (11) is a derivative of Gd-DOTA1)
which bears a galactopyranose residue (Schemehl3. résidue is a substrate of the
galactosidase enzyme and blocks the open coordimsitile of the gadolinium(lll) ion. As no
water molecule can therefore enter the inner coattin sphere, the relaxivity dfl is
diminished. Upon the production of the targeted yamz the sugar moiety is cleaved
irreversibly from the complex, allowing water taeract with the paramagnetic centre. The
increase in inner sphere water then results in &85tgherr; of 12 as compared ta1,*
which allowed the successful use If in thein vivo detection of3-galactosidase mRNA

expression in living Xenopuslaevis embryos by MRI.
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Scheme 1.

Himmelreichet al. recently developed a contrast agent for imagingesfdritic cells> The
contrast agent, called Gd-DTPA-FA is a Gd-DTF2) derivative which contains two long
fatty acid chains (COOfGH3s) connected to the ligand surfaga an ester bond. These chains
make the CA insoluble in water, resulting in inaetparticles showing no relaxivity. The
particles are internalised into the dendritic celsphagocytosis were they are solubilised by
intracellular lipase activity through cleavage dfe tinsolubilising moieties. Hence, the
increase in intracellular relaxivity is a function of the enzyme activity. MR imagestoé so
labelled cells implanted into the rat brain showied suitability of this CA for functional
cellular invivo MRI.

A CA that is sensitive to the presence of the husaboxy peptidase B, thrombin-activatable
fibrinolysis inhibitor (TAFI), was prepared by Nikazhkinet al.*® The CA is a derivative of
Gd-DTPA @) exposing an aromatic group that has a high affiloit human serum albumin
(HSA), like the biphenylcyclohexyl moiety of MS-32B) (see chapter 2.4.1). In contrasf’to
the aromatic function of this CA is masked by &sine group, preventing a HSA binding.
TAFI, which has been implicated in thrombotic dsgacleaves the trilysine masking group,
allowing the CA to bind to albumin. The resultimanger rotational correlation timg then
leads to an increase in

A further example of enzyme sensitive CAs was rembby Bogdanoet al.*’ Their CA is a
Gd-DOTA (1) derivative which bears a benzene-1,2-diol moidty.the presence of a
peroxidase and an excess of hydrogen peroxide tmomeric CA oligomerises, yielding a
three-fold increase in relaxivity; (0.47 T and 40°C) due to the accompanied increasg
This allows a detection of peroxidase concentraiioiitro and has been used to detect E-

selectin expression on human endothelial cellsiituce.
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3.1.1.2 pH-dependent contrast agents

pH-dependent CAs are of great interest especialtii@ detection of cancer, as the pH on the
surface of tumors is about 0.4 units lower thahealthy tissué®

One CA which shows a pH dependency due to chamges second-sphere was reported by
the Sherry group’ The CA, Gd-DOTA-4AmP, is a Gd-DOTALY derivative where the four
carboxylic acid functions are replaced by amidomigthosphonate groups. In this system the
pH has no direct influence on the water exchangde, rahowever, the
protonation/deprotonation of the phosphonates eséd¢stroys a hydrogen bonding network
which provides a catalytic pathway for the exchaonf@rotons from the bound water with
protons of bulk water. The CA was applied in vieo éxtracellular pH mapping by assessing
the local concentration of the CA through the uksa pH-insensitive analogue, assuming the
same biodistribution for the two systeffs.

In other examples the pH-dependency of the relbxii reflects changes in the hydration
numberg. Mamedovet al. developed a series of pH-sensitive CAs based ¢ibG8A (10),
where the forth cyclen nitrogen is alkylated with ethyl or propylphosphonate moiétyAt
low pH the phosphonate group is mostly protonated therefore not coordinated to the
gadolinium(lll) ion @3 in Scheme 2). This leaves two coordination siteg fior water to
coordinate. When the pH is increased the phospasrcome deprotonated which allows a
coordination of the phosphonate moiety to the pagmatic centrel@d in Scheme 2). The
decrease im results in a reduction of the relaxivity to about 50-60 % of the starting value

when increasing the pH from 4 to 7.

o- O
H,0  Ho0 HO\P/ . H,0 -o_l:o
> T oo
O —_
13 14
Scheme 2.

A similar approach was used by Lowé al.>? Instead of an alkylphosphonate moiety, an
alkylsulfonamide function was introduced, whoseragen is protonated at low pH thus
preventing a coordination. As at higher pH the dowtion of the deprotonated sulfonamide
nitrogen hinders the interaction of any water moleavith the gadolinium(lll) the effect on
r1 is higher in this case.
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Aime et al. prepared a macromolecular CA with 30 macrocycidainium(lll) chelates and
114 ornithine residues, which turned out to haveptd dependent relaxivity? The
gadolinium(lll) complexes are conjugated to theramacid chairvia squaric esters. The pH-
dependency arises from an interaction of the, gldri pH, deprotonated amide side chains
with the squaric esters. This interaction increabesrigidity of the polymer, causing an

increase in the rotational correlation timgand therefore an increase in relaxivity

3.1.1.3 Metal ion sensitive contrast agents

The first MRI CA which showed a change in its réléty r; in the presence of a metal ion
was reported by Aimet al.in 1993°* However, it was not developed in order to respiond
vivo to changes in the surrounding metal ion conceatrabut to obtain a high relaxivity CA.
The CA is a Gd-DTPAZ) derivative functionalised with salicylate moietidJpon addition
of iron(lll), the Gd-DTPA-salicylate complexes bimal the iron(lll) ionsvia the salicylate
functional groups, thereby increasingandr;.

A similar, but much more efficient approach to gese the relaxivity; was recently reported
by Livramentoet al.>® They developed a heterotritopic ligand named [BAVA)-]® which
has two diethylenediamine-tetraacetate units fdotaium(lll) binding and a 2,2’-bipyridine
function for selective iron(ll) coordination. In @epus solution and in the presence of these
metals, the ligand is capable of self-assemblydionfa rigid supramolecular metallostar
structure with six efficiently relaxing gadoliniutilf centres confined to a small molecular
space. The metallostar has a remarkable high wéhaxi particularly at very high magnetic
fields ¢, = 15.8 mM's™ at 200 MHz and 37°C in 40) and has already shown its potenitial
vivo.*®

Hanaokaet al. developed a CA which is capable to respond to gésiin the surrounding
zinc(ll) ion concentratior’ This Gd-DTPA-bisamide comple1%) (Scheme 3) was designed
on the basis that N,N,N’,N’-tetrakis(2-pyridylmetjsthylenediamine (TPEN) readily
complexes with Zfi ions but hardly complexes €aand Md" ions. In the absence of
zinc(ll), water is bound to the gadolinium(lll) iotJpon the addition of Z ions, the
pyridine moieties coordinate to zinc(ll) thus reging the access of water to the
gadolinium(lll) ion (Scheme 3). This decreasejiresults in a decreasernn However, when
the Zrf*-CA molar ratio exceeds 1:1 the relaxivity increaagain ad5 is capable to form the
2:1 complex17 (Scheme 3). In terms of application this is proldém as one cannot
distinguish for example the; values of solutions containing 0.3 and 1.5 eqeintd of
zinc(ll). This problem could be circumvented by leging one of the pyridine moieties on
each of the amide functions b5 by a carboxylate groufy. This CA showed a similar zinc(ll)
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sensitivity without the limitation of an increasingjaxivity above a 1:1 ratio.
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Scheme 3.

The first calcium(ll) sensitive MRI CA, called GAPTA (18) (Scheme 4) was invented by
Li et al.>® It consists of two Gd-DO3A chelates attached 1g2abis(o-aminophenoxy)ethane-
N,N,N’,N'-tetraacetic acid (BAPTA) moiety for selective cai(ll) coordination. As the
zinc(ll) sensitive CAs of Hanaolkat al, 18 is designed in order to change the hydration state
of gadolinium(lll) in the presence of the metal .idthowever, the mechanism works in an
opposite manner (Scheme 4). It is assumed thdteérabsence of calcium(ll) the aromatic
iminoacetates shield the gadolinium(lll) ion fromater resulting in a low longitudinal
relaxivity (3.26 mM's® at 500 MHz and 25°C). With increasing calcium@ncentration the
BAPTA groups begin to coordinate the?Cins. This reorganisation of the complex exposes
the gadolinium ion to bulk water, thereby incregsine relaxivity (plateau at 5.76 mig* at

500 MHz and 25°C after the addition of about one\ajent of calcium(ll)). The assumption
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rests on an observed change in the hydration nugqiem 0.5 for18to 1.0 for19.%°
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Since then several approaches to further optinhises¢lectivity and efficiency of calcium(ll)
sensitive CAs were undertaken in particular byltbgothetis group>®* So far the strongest
increase in relaxivity (98 % at 400 MHz and 27°@pon the addition of calcium(ll) was
observed for Gd-DOPTRA() (Figure 8)°
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Figure 8. Gd-DOPTRA

However, still not one of them proved its suitdpitio detect neuronal activity in the brain.
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3.1.2 Aim of this Project

An alternative to the systems with aminocarboxylaieieties for calcium(ll)-sensing was
developed by I. MameddV in our research group. He synthesised a seriegot#ntial
gadolium(lll)-based calcium(ll)-sensitive CAs begyi an alkylaminobis(methylene-
phosphonate) group as the calcium(ll) sensor (Eig)r Four different ligands with propyl
(LY, butyl 3, pentyl (3 or hexyl (% linkers between the aminobis-
(methylenephosphonates) and DO3A were preparedder ¢o allow an optimisation of the
calcium(ll)-sensitivity.

N

>_/ \J \9/\/ N APOH

LnLLnL% n=1-4

POsH

Figure 9. Structures of the aminobis(methylenephosphonat@s@ potential calcium(ll)
sensitive CAsL.Y, n=1;L% n=2;L% n=3;L% n=4; LA"" = Gd&", Y**, EU**

The aminobis(methylenephosphonate) unit was chesee the introduction of negatively
charged phosphonate groups into commoti-®dsed CAs increases their relaxivitydue to

an acceleration of the water exchange kat@and their ability to form a second sphere water
network around the G complexes. Both factors are important to imprdve MR signal,
especially in high magnetic field$.°® ®*The use of bis(phosphonates) attached to the DO3A
core or to superparamagnetic iron oxide (SPIO)igast was already proposed for potential
bone targeted CA¥: ®®Most importantaminopolyphosphonic acids are well-known chelators
for transition metal ion& ™ but also exhibit high complexation efficiency tods
biologically important metal ions such as’?CaMg** and zi*."2

In a preliminary investigation Mamedov observedakiom(ll)-dependent relaxivity change
for two systems. However; decreased with increasing calcium(ll) concentratichich is
inconsistent with the mechanism (Scheme 4) propdsedhe other calcium(ll)-sensitive
CAs.

The aim of this project was a more detailed ingadgion of the calcium(ll)-sensitivity of
these potiential MRI CAs in order to understand thechanistic aspects leading to the
decrease imr;. This should allow conclusions about the suitabibf the novel type of

calcium(ll) sensor for biomedical applications.
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3.2 Results and Discussion

3.2.1 Relaxivity vs. Calcium(ll) Concentration

Initially, the paramagnetic response of the gadatir{lll) complexesGdL *-GdL* to changes

in the concentration of surrounding calcium(ll) sowas studied by means of relaxometric
titrations at complex concentrations of 2.5 mM (8,£25°C). It could be shown that, already
in the absence of calcium(ll), the length of thegent arm has an influence on the relaxivity
of the complexes; values of 6.92, 7.43, 6.70 and 5.76 eVl were determined fo&dL,
GdL? GdL?3 andGdL* respectively.
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Figure 10. Relaxometric C# titration curves ofGdL'(m), GdL? (o), GdL®(A) and
GdL* (V) at [GdL" = 2.5 mM, 9.4 T, 25 °C, pH 7.3 (HEPES buffer)

Even more considerable were the differences betifeeicomplexe$SdL*-GdL* in theirr,
response to the addition of €dons (Figure 10), namely, the sensitivity of themplexes
towards calcium(ll) increases with the extensiothef aliphatic side chain. No changesin
of GdL' were found over the whole span of calcium(ll) aamteation. In the case &dL?, a
moderate decrease nfwas observed on addition of calcium(ll), wherdsesrt of theGdL>
andGdL* solutions showed a strong dependence on the palmimcentration resulting in the
decrease to 66% and 61% of the initialvalues, respectively. Upon addition of equimolar
amounts of EDTA (ethylenediaminetetraacetic acitdrathe titration ofGdL*® and GdL*
with calcium(ll), the relaxivity of both complexesturned to the values in calcium(ll)-free

solutions, indicating that changes are reversible and exclusively inducecabyrum(ll).
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3.2.2 Relaxivity vs. Complex Concentration

As already mentioned in chapter 3.1.2 the relaxidiécrease observed fGdL>GdL* upon
the addition of calcium(ll) ions is not explicableth the mechanism assumed for the
previously reported calcium(ll)-sensitive CAs (Satee4, chapter 3.1.1.3). SinGslL%-GdL*

all bear only one amino(bismethylenephosphonateiction, a monomeric “blocking”-
mechanism as described for the zinc(ll)-sensitiygesns in chapter 3.1.1.3 (Scheme 3) is
also very unlikely. However, phosphonates, diphosples and aminobis-
(methylenephosphonates) are able to form aggregatsslution, either hydrogen bonded
(units with two or more molecules) or metal-assigte’ which might have an influence on
the relaxivity. As the ratio between aggregated and aggregated complexes should be
concentration dependems, was studied as a function of tBelL'-GdL* concentration itself,

in absence and presence of Oans (Figure 11a and Figure 11b, respectively).
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Figure 11.Concentration-dependencereffor GdL* (m), GdL? (o), GdL® (A) andGdL* (V)
in (a) the absence of €aand (b) the presence of three equiv. of calciunal9.4 T, 25 °C,
pH 7.3 (HEPES buffer).

In C&*-free solutions, onlyadL* has concentration independent relaxivities, whiteGdL %
GdL* ther; values have been found to be concentration deperitiee relaxivity ofGdL?,
GdL® and GdL* dropped by 14, 38 and 17 %, respectively, whencitrecentration was
increased from 2.5 to 20 mM. However, when the saxperiment was performed in the
presence of three equivalents of calcium(ll), thange inr; for GdL® andGdL* was low,
while r, decreased by 19 and 20% f8dL* and GdL?, respectively. This shows that also
GdL' has a calcium(ll)-dependent, however only at higher complex concentrationsitha
used in the initial; measurements@dL '] = 2.5 mM in Figure 10). If the same experiment
would have been performed at a complex CA conceotraf about 18.5 mM the addition of

three equivalents would have resulted in a decréase of 18 % (cf. Figure 11). The
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observed concentration dependences of the relggwe strong evidence for the presence of

aggregates with and/or without the involvemental€icm(ll), depending on the system.

3.2.3 PGSE Diffusion'H NMR Spectroscopy

Pulsed gradient spin echo (PGSE) diffusidnNMR measurements were performed in order

to confirm that the changes in relaxivity are tlesult of an aggregation / disaggregation

process. Over the last years, this method has stmWwe a powerful tool in the elucidation of

aggregation processés’ as well as for the determination of rotationalretation timesrz.”®

As the paramagnetic gadolinium(lll) is not suitafile such measurements, the diamagnetic

yttrium(lll) analogue was used. Yttrium(lll) is appropriate substitute for gadolinium(lll) in

such systems as it has an almost identical iorusaaind all involved interactions are almost

exclusively electrostatic. The diffusion coefficielD of the complexe¥'L* andYL* were

determined in the same range of concentration asctimcentration dependent relaxivity

measurements, both in the absence and presen@é ab@s at 25°C (Figure 12).

-10
4.0x10"7 g)
35x10°{ m = n
| |
3.0x10™- - -

"0 2.5x10™-
£
O 2.0x10™-

1.5x10™°

1.0x10™

2 4 6 8 10 12 14 16 18 20 22
c(YL") [mM]

4.0x10™°-
3.5x10™°-
3.0x10™
"0 2.5x10™-
E
O 2.0x10™-

1.5x10™°

-10

b)
A A A .
A
A AN
A

1.0x10

2 4 6 8 10 12 14 16 18 20 22
c(YLY) [mM]

Figure 12.Concentration-dependence of the diffusion coefficiz of YL * (a) andYL* (b) in

the absence of a(full symbols) and the presence of three equiV¥’ Gempty symbols) at
11.75 T, 25 °C, pH 7.3 (HEPES buffer).

As mentioned above, aggregation is a concentraémendent process. This means that for an

infinitely diluted sample the determined diffusi@oefficient D is that of the monomer,

whereas in highly concentrated sampegorresponds to that of the aggregate. In samples

with concentrations between those two extremes aly averageD is determined,

corresponding to mixtures of aggregated, partlyregmied and monomeric species. For the

guantification of aggregation processes usually viszosity independent hydrodynamic

volume V4 is used?® Vi can be calculated from the hydrodynamic radiysvhich is, for

spherical molecules, related to the diffusion dogfht D via the Stokes-Einstein equation

(equation 3.1), wherkg is the Boltzmann constant, is the absolute temperatum,is the
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viscosity, andy is the hydrodynamic radius. Additionally, the taiaal correlation timerg

can be calculated fromy using equation 3.2.

kyT

D= Gy (3.1)
4rnr
= 3.2
R = BkepT (3-2)

Assuming dilute solutions whemsowution = /soivens Values forry, 7z andVy were calculated
from the obtained diffusion constants (Table 3). €&amparisonD and the related values of

compound1 (Figure 13), where no aggregation is expectede\atso ascertained.

21
Figure 13.Y-DO3A-hexylamine

In this study, the calculated values of, 7r and V4 should only be regarded as
approximations and serve mainly for visualizatiemgoses, as not all complexes and possible
aggregates can be considered as spherical, makmgtien 3.1 valid only within certain
limits. However, it is unambiguous that in the afzseof C&" ions the diffusion constants of
YL?! are significantly higher than those ¥E . The calculated hydrodynamic volurklg of
YL* is about two-times the volume ¥L*, whereasvy of YL! is only slightly higher than
that of the monomeric compourl. This confirms the presence of aggregatesLful *
already in the absence of calcium(lD). of YL* and all related values are therefore only
average values over all forms ¥E * in solution. The aggregation process is also shbyn
the increase iy of YL with higher complex concentrations, at which thesikorium
between aggregated and monomeric species is shifietds the aggregate. As, on the other
hand, the relaxivity ofdL* is decreasing with increasing complex concentnafleigure
11a),r; of these aggregates must be smaller thari the monomeric complex.

The tendency ofnL *to form aggregates is much lower resulting in tigaificantly smaller
hydrodynamic volume. However, in contrast to thiexieity measurementsyy of YL!
shows a small dependence on complex concentratgpecially at higher concentrations.

Therefore it might be possible that a certain amadrweak aggregates is formed at higher
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concentrations dfnL * but they do not seem to influence the relaxivity.

Table 3. Diffusion coefficientD, hydrodynamic radiusy, hydrodynamic volumeé/y, and
rotational correlation timeg at 25°C of21 as well as ofyL? andYL* in the absence and

presence of three equivalents of calcium(ll) asrection of the complex concentration.

Concentration
Complex 2.5 mM 5 mM 10 mM 20 mM
21 3.85x10° 3.85x10° 3.85x10° 3.85x10°
yL? 353x10° 350x10°  3.46x10°  3.30x 10“
D [m?s'] YL!+ 3 equiv. C& 345x10° 3.11x10° 2.93x10° 2.38x 10
yL? 2.85x10° 274 x10° 2.71x10° 2.60x 10
YL*+ 3 equiv. C& 249x10° 195x10° 1.84x10° 1.59 x 10“
21 5.01 5.01 5.01 5.01
yL! 5.47 5.52 5.57 5.84
ru [A]2 YL'+ 3 equiv. C& 5.60 6.21 6.58 8.10
yL* 6.76 7.05 7.12 7.42
YL+ 3 equiv. C& 7.75 9.87 10.51 12.12
21 528 528 528 528
yL? 684 702 725 835
Vu [A%° | YL'+ 3 equiv. C& 736 1003 1192 2228
yL* 1295 1465 1511 1711
YL+ 3 equiv. C& 1953 4031 4867 7454
21 145 145 145 145
yL! 188 193 199 230
1x [psP YL' + 3 equiv. C& 202 276 328 613
yL? 356 403 416 471
YL*+ 3 equiv. C& 537 1109 1339 2050

2Calculated from equations 3.1 and 3.2 usjrg1.13 x 10 Pa x s for RO. °Calculated from

. 4
ry with vV, = gnrg

The addition of three equivalents of calcium(ll)LioL * then clearly induces aggregatiof
of YL atc = 20 mM in the presence of €dons (three equivalents) is about three-times
higher thanVy of YL' in the absence of calcium(ll). However, at ¢ = 28 the
hydrodynamic volume ofYL' with calcium(ll) is only slightly larger than withit
calcium(ll). This implies that calcium(ll) does nstgnificantly increase the amount of

aggregates at this concentration, which is an egpian for the independence af on the
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calcium(ll) concentration in the initiat; measurements at a gadolinium(lll) complex
concentration of 2.5 mM. The ratio of the aggreddtenon-aggregated complexes increases
at higher concentrations of calcium(ll) which inrrturesults in the observed decrease in
relaxivity at [GdL}] = 18.5 mM (cf. Figure 11).

In the case o¥L?“ the addition of C# ions increases the hydrodynamic volume even more
than in the case ofL. TheVy of YL* at ¢ = 2.5 mM in the presence of’C#s 1.5 times
bigger than in its absence. As fonL *, the increased formation of aggregates seems to be
responsible for the decrease in relaxivityof. . With increasing complex concentration the
average size of the species in solution seemgtioefuincrease. However, no influence on the
r, was observed fdBdL * in the concentration dependent experiments (Fifjik.

The results indicate that calcium(ll) generally difigs the formation of aggregates of these
systems. Up to a certain point, the formation afger aggregates results in the observed
decrease in relaxivity. The formation of aggregd¢esls to a slower rotation (segein Table

3). However, the relaxivity enhancing effect of thereasedrr should not be strong at the
applied high magnetic field (9.4 *f)and in the cases where decreases an opposite effect

must be also operative.

3.2.4 *P{*H} NMR Spectroscopy

In order to understand whether the different teoaento form aggregates are related to
differences in the interaction of the phosphonatetaining side arms with the paramagnetic
centre,**P{*H} NMR experiments orEuL' and EuL* solutions (50 mM in BO, pD 7.4)
were performed. The complexes of europium(lll) aseally used to obtain information on
the coordination behaviour of the gadolinium(linadogues by NMR spectroscopy due to
their favourable ratio between paramagnetic indwstgft and line broadening. TH&P{*H}
NMR spectrum ofEuL* measured at 298 K (Figure 14a) shows only oneasign6.8 ppm.
As this is nearly at the same position as*fffesignal of the free ligand (6.6 ppm at pD 7.4),
the phosphonate groups lafiL * are most likely not coordinated to the lanthanae When
the 3'P{'H} NMR spectrum is measured at 273°K (Figure 141 signal becomes more
narrow and is split into two resonances (7.0 pprd &r8 ppm), indicating inequivalent
phosphonates. However, as a coordination to thdaide should have a more significant
influence on the chemical shift, the inequivalenogst likely arises from aggregation where
the phosphonates become chemically inequvalents Thainnot be observed at higher
temperatures due to an increased dynamic or ag&roparamagnetic influence on the

transverse relaxation time from the europium(idi).i
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40 20 0 -20 ppm 30 20 10 0 -10  ppm
Figure 14.3P{*H} NMR spectra ofEuL* at 298 K (a) and 273 K (b). *Impurity from the
ligand synthesis, being hardly visible in solutiaighe free ligand, but more intense in these

spectra as it experiences only a weak paramagnétience.

The addition of calcium(ll) then results in a breashg of the signal but not in a change of
the chemical shift. As fornL * neither of the phosphonate groups binds to thééamde(11)
ion, both groups can interact with calcium(ll).

In the case oEuL?, the**P{*H} NMR spectrum measured at 298 K (Figure 15) shdwse
resonances. The signal at 3.1 ppm matches to #michl shift of the free ligand indicating
the presence of phosphonate species which areoootdlinated to the paramagnetic center.
However, the observation of two strongly upfieldifteld resonances at -102.3 and
-109.6 ppm, respectively, suggests an interactidn phosphonate groups with the

paramagnetic Efiion, as well’®

PR ] 348 K
*
318 K
298 K
T T T T T T T T T T T T T T T T T T T T
50 0 -50 -100 ppm

Figure 15.*'P{'H} NMR spectra ofEuL® at different temperatures. *Impurity from the
ligand synthesis (see above).
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The two upfield shifted signals &uL* merge into one broadened peak when the temperature
Is increased to 318 K, which can be explained leyekistence of two different coordination
isomers at lower temperatur®s® Moreover, when the temperature is further increasee
signals of the free and the coordinated phospheraep broadening and move closer to each
other indicating an equilibrium between coordinaaed non-coordinated phosphonates.

The integration ratio between the signal at 3.1 @ma the two upfield shifted signals is not
1:1, but rather 3:2. Therefore, it is possible ttit solution contains a mixture of species
where in two cases one of the two phosphonate®asdmated and the other one is not
coordinated resulting each in an upfield shifteghal and a signal in the range of the free
ligand, and a small fraction where both phosphaate non-coordinated which results only
in a signal in the range of the free ligand. Sitiediffusion measurements indicated a weak
tendency to form aggregates at higher complex curaions, as are necessary for the
3p{’H} NMR measurements, an intermolecular interact@@mnot be excluded, as well.
Nevertheless, it is possible that both signalsrgelo the same complex with one coordinated
and one non-coordinated phosponate group. Theepiaocy between a therefore expected
1:1 integration ratio and the observed 3:2 can x@aeed by the difficulty of correct
integration in these paramagnetic systems as ttema@netic influence can also determine
the signal intensity. This is most obvious for gignal at about 16 ppm which belongs to a
small impurity being already visible in ti&{*H} NMR spectrum of the free ligand. Though
there the signal is negligible, the ratio betwdendignal of the impurity and the signals of the
complex is significantly increased in the specfrthe paramagnetic europium(lll) complex.

a) b)

Mol

0 -100  ppm 0 -50 -100 ppm
Figure 16.%'P{*H} NMR spectra ofEuL' at 298 K in the absence of calcium(ll) (a) and in

the presence of three equiv. calcium(ll) (b). *Impufrom the ligand synthesis.

After the addition of three equivalents of calcitid(the **P{*H} NMR spectrum ofEuL®
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(Figure 16b) shows a signal at 3.9 ppm and st tipfield shifted signals, now at -104.3 and
-131.6 ppm, respectively. The addition of’‘Cins affects the chemical shift of the signals
corresponding to coordinated phosphonate groups,ichwh means that the
aminobis(methylenephosphonate) groupLoiL * can interact with G4 ions while one
phosphonate group is still coordinated. In thisecasly one of the phosphonates is free to
interact with calcium(ll) resulting in smaller ahelss stable aggregates and explaining the
lower affinity to form aggregates, as was obselndtie diffusion measurements (see Table 3
in chapter 3.2.3). By contrast, in the caselLol * where only species with two free
phosphonate groups exist, the formation of morglstand larger aggregates involving one or

even more Cd ions is possible.

3.2.5 Luminescence Spectroscopy

Luminescence emission spectratfL'-EuL? in aqueous media give further details about
their coordination environment. An advantage os ttéchnique is that it requires a much
lower concentration of the complex than f&P{*H} NMR spectroscopy, thereby giving the
opportunity to observe concentration dependent gémnForEuL?, the coordination of a
phosphonate group in the absence and presencelainedl), already observed in the
3p{*H} NMR spectra for a complex concentration of 50 méduld be confirmed for all
measured complex concentrations (5 mM — 50 mM). dpeearance of a distinctive band at
625 nm and the form and splitting of tAd = 1 manifold in the luminescence emission
spectrum ofEuL® (Figure 17a) is a clear evidence for the coorimabf a phosphonate

group to the europium(lll) centré.®*
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Figure 17. Luminescence emission spectratfL’ (a) andEuL* (b) in the presence and
absence of three equiv. calcium(ll) (5 mMM=395 nm, 25 °C, pH 7.3, HEPES).

Since the coordination can be observed also at domplex concentrations where the

diffusion measurements indicated no significantraggtion, it is much more likely that the
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coordination to the lanthanide(lll) ion is an imtr@lecular rather than an intermolecular
process. This results in complexes, where one plurste is coordinated and the other one is
free to interact with calcium(ll). None of the lumescence emission spectrafaflL -EulL*
exhibit the characteristic pattern for a phosphemraiordination, neither in the absence nor in
the presence of calcium (Il). This confirms that fthosphonate groups of these complexes
are not coordinated to the lanthanide(lll) ion otle whole range of complex concentration.

The spectrum ofuL* is shown in Figure 17b as an example.

3.2.6 Determination of the Hydration Number q

The differences in the coordination behaviout.nf.* and the other three complexeasL *
LnL* can explain the differences in the tendency tanf@mggregates in the absence and
presence of calcium(ll), but do not give an explamafor the decrease in relaxivity. A
possible reason for a lowei could be a reduction in the number of inner-spheater
molecules,q, accompanied with aggregation. This could overcamspte the positive effect
of an increase in the rotational correlation timeon the relaxivity and therefore lead to an
overall drop inr; (see equations 2.7 - 2.12 in chapter 2.3.1).

The measurement of luminescence lifetimes w® Fand DO solutions of the complexes
offers a possibility to estimate the hydration nemip The method is based on the difference
in the effectivity of O-H and O-D oscillators tota&s a quencher of the excited state. O-H
oscillators close to the europium(lll) ion are ab®200 times more efficient for non-radiative
desactivation than O-D oscillatorg.can then be calculated by using the empirical &oua
3.3%

_ -1 _ -1 _
q=12x(T . ,— T, —025) (3.3)
wherety,, andty,, are the luminescence lifetimes in®iand BO, respectively.

Using this equation, the hydration numtgeof EuL*-EuL* was determined in the absence

and presence of calcium(ll) (Table 4).

Table 4. Luminescence emission lifetimes and estimatedlues ofEuL *-EuL* (4-5 mM) in

the absence and presence of'Gans (three equiv.).

Complex 1y o[ms] tp,0[MS] q Complex + C& Th,o[MS]  Tp,o[MS] q
EuL® 0.42 1.37 1.7 EuL®+ C&* 0.54 1.75 1.2
EuL? 0.58 1.55 1.0 EuL?+ C&" 0.68 1.65 0.7
EuL?® 0.50 1.63 1.4 EuL®+ c&* 0.84 1.60 0.4

EuL’ 0.65 1.66 0.8 EuL’+ Cca* 0.89 1.75 0.4
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For EuL?, the only complex with a coordinated phosphonateum, aq value of 1.7 is
obtained at 5 mM complex concentration in the abseri C4" ions, suggesting the presence
of dihydrated species. Since a coordination nundfeten is unlikely for europium(lll)
complexes, this is only possible if the solutiomteins a fraction of species with non-
coordinated phosphonate groups allowing two inphiese water molecules. As mentioned in
chapter 3.2.4, the presence of such species watldyenerally be in contradiction to the
results of the phosphorous NMR study and can atéde excluded from the luminescence
spectra. However, equation 3.3 is an empirical g#giaworking already for systems with no
second sphere only with an error of +0.5. Furtheenii has been shown previoufythat
the non-consideration of additional oscillator(sjought into the proximity of the
europium(lll) ion as in our case by the coordinatad the aminobis(methylenephosphonate)
group (Figure 18a) might increase the obtaigedalue, thereby suggesting two hydrated
species where only monohydrated species existoBrast, forEuL>-EuL ?, theq values are
rather one than two in the absence of'Qans. This still agrees with the fact that no
experimental evidence of the coordination of phospites to the paramagnetic centre is
found, as it is known that non-polar moieties dtttto the fourth cyclen nitrogen can reduce

the overall coordination number in water (Figur®)18
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Figure 18. Solution structures afnL * andLnL * with possible oscillators (red) influencing

the luminescence lifetimes of the europium compexe

The addition of three equivalents of calcium(ll)simlutions ofEuL *-EuL* reducedq for all
four complexes (Table 4). As Matczak-Jeh al.”? have shown that the coordination of
calcium(ll) by an aminobis(methylenephosphonatedsdaot involve the amino nitrogen, the
N-H or N-D oscillator (see Figure 18) remains umaed upon the addition of calcium(ll)
and has therefore no influence on the decreage @n the other hand, this means that even
though the apparerg value might not represent the exact number of dinated water
molecules in the inner-sphere, in all cases theateah of the apparend values must be

related to a decreasing number of water O-H and &@dilators, respectively. This can arise
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from a lower number of inner-sphere water molegudsswell as from a reduction of second
sphere water on the aminobis(methylenephosphogabeps (see Figure 18). In both cases
the observed reduction in the obtaimpealues explains the observed decrease fior GdL >
GdL* at low CA concentrations, although the relatiotweenq andr; is not linear. This is
most obvious in the case bfiL * where a decrease of n0.5 results in hardly amy change

at a complex concentration of 5 mM. By contrast,EaL* q decreases by only 0.4 whereas
r, of GdL* for the same concentration decreases from 5.54'siib 3.86 mM's*(-30%).

The hydration numbey was also determined as a function of the compt@xcentration in
the absence and presence of three equivalentslo@iroéll) (Figure 19a and Figure 19b,
respectively). Similar trends were observed as tf@ concentration-dependence of the

relaxivities (see Figure 11 in chapter 3.2.2).
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Figure 19. Concentration-dependence @for EuL* (m), EuL? (o), EuL® (A) andEuL* (V)
in (a) the absence of €aand (b) the presence of three equiv. of calciynaii25 °C, pH 7.3
(HEPES buffer).

In the systems where was independent of the gadolinium(lll)-complex cemtrationg also
remained unchanged. However, in all cases wherdecreased with increasing complex
concentration, the hydration number also droppedhi® respective europium(lll) complexes.
It could be shown in chapter 3.2.3 that the deereasrelaxivity is accompanied with the
formation of aggregates, thus the aggregation reat to structures in which the water
access to the inner and/or second sphere of thiealside ion is significantly hindered. The
lower number of water molecules being able to adtewith the paramagnetic centre, is then
reflected in the reduced relaxivity. Similarly, RejQuijancet al. reported a decrease qf
with increasing complex concentration for the plmmspate containing Ln-PCTA-(ampORBu)

which was related to oligomer formatigh.
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3.2.7 O NMR Spectroscopy

In order to assess parameters characterising ther wachange and rotational dynamics on
the gadolinium(lll) complexes, variable temperattnansverse and longitudinalO NMR
relaxation rates and chemical shifts were measardd.7 T in aqueous solutions GHL -
GdL* at concentrations of about 50 mM. A detailed diséen of this method can be found in
ref. 1. A short summary involving all important edons is given in the experimental part
(chapter 5.1.8) of this thesis. Therein the reddd®drelaxation rates (I{ ») and the reduced

1’0 chemical shiftgle are defined as the following:

(7)ol =) o
Tl,ZT‘ Pm T1,2 Tl,ZA .

1
Aw, = B (wp — a)A) (3.5)
m

where Py, is the molar fraction of bound water moleculesl;}/is the longitudinal or
transversé’O NMR relaxation rate of the paramagnetic solutibfi; -4 is the longitudinal or
transverse 'O relaxation rate of a reference amgland w, are the'’O chemical shifts of the

paramagnetic solution and the reference, respégtive
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Figure 20. Variable temperature reducétD transversel) and longitudinal A) relaxation
rates and chemical shift®) for GdL'. B = 11.75 T. The lines correspond to the least-sguar

fit as explained in the text.
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For complexessdL® (Figure 20),GdL? andGdL® (Figure 21), the reducedO transverse
relaxation rates (I4;) decrease with increasing temperature in the wtesigerature range
investigated, indicating that they are in the fasthange region. In the fast exchange regime,
the reduced transverse relaxation rate is defiydthd transverse relaxation rate of the bound
water oxygen I, which is in turn influenced by the water exchangge ke, the
longitudinal electronic relaxation rateTl{ and the scalar coupling constai. The reduced
1’0 chemical shiftslay are determined bgvh. Transversé’O relaxation is governed by the
scalar relaxation mechanism, thus contains no nmétion on the rotational motion of the
system. In contrast to T4, the longitudinal’O relaxation rates I{; are determined by
dipole-dipole and quadrupolar relaxation mechanjdnash related to rotation. The dipolar
term depends on the gadolinium(lll)-water oxygestahcergqo, While the quadrupolar term

is influenced by the quadrupolar coupling constat+77/3)Y%. For GdL? and GdL?3, the
experimentally measured paramagnéf® chemical shifts were considerably smaller than
what would be expected for a gadolinium(lll) compleith the giveng value, which is why
they have not been included in the final fittingdAninution of the chemical shifts has been
previously reported in systems with a significagtand sphere contributiSn.®°

The behaviour of5dL* is unusual, as the T values at high temperature start to increase
(Figure 22). On the other hand, thd,l/alues show only small temperature dependences.
This can be related to the presence of the relgtiaege amount of aggregates even in the
absence of G4 ions, being observed in the PGSE NMR diffusionesipents (see Figure
12b in chapter 3.2.3). The formation of such agateg is likely temperature dependent.
Therefore no further analysis of thH® NMR data orGdL* was performed.
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Figure 21.Variable temperature reducéfD transversel) and longitudinal A) relaxation
rates forGdL? (a) andGdL*(b). B = 11.75 T. The lines correspond to the least-sepifir as

explained in the texy=1
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At the concentration used for th@ NMR measurements, some aggregation is expected in
the absence of calcium(ll) faBdL', based on the slight concentration-dependencéef t
diffusion NMR data onYL?* (see Figure 12a in chapter 3.2.3). However, thexieties of
GdL* (see Figure 11a in chapter 3.2.2) andghelues ofEuL® (Figure 19a in chapter 3.2.6)
showed no dependence on the concentration. In #ise of GdL? and GdL® stronger
aggregation is expected, though, no unusual behawias observed for Tj; and 171, It was
thereforedecided to further analyse the three systems. eless, one should be aware that
changing the temperature might change the aggoegstiate and thereby the size and also the
hydration number of the systems, which should besiciered in the judgement of the

obtained data.
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Figure 22.Variable temperature reducétD transversel) and longitudinal A) relaxation

rates forGdL*. B=11.75T.

Even though a highey value has been obtained fBuL® from the luminescence lifetime
measurements (Figure 19 in chapter 3.2.6) and tssilplity of the existence of some
dehydrated species with uncoordinated phosphonatepg cannot be excluded from the
luminescence andP NMR data, the hydration number GHL* was fixed to one in this
analysis, ag| = 1 correlates better with the obtained valuehefreduced chemical shifthg
thanqg = 1.7. This indicates that it is more likely th&etluminescence data pretend an
increasedy value rather than the existence of dehydratedispeEorGdL? and GdL? the
increased formation of aggregates at 50 mM conagotr might lead to a reduction of inner
sphere water, which was indicated by a reductiotm 0.7 in the concentration-dependgnt
measurements (Figure 19a in chapter 3.2.6). Howeasgrthe equation used in these
measurements is not optimised for this systemregtaction can also only be due to a change
in the second sphere and the number of inner spliater molecules might still be one.
Therefore, forGdL? andGdL? two fits of the’’O data were performed by assuming 0.7
orqg = 0.7 (Figure 21 shows the fit with= 1).
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The experimental data f@dL*-GdL* were fitted according to the Solomon-Bloembergen-
Morgan theory of paramagnetic relaxation (see @apB) using the equations presented in
the experimental part (chapter 5.1.8). In theniitiprocedureycqo has been fixed to the

Y2 \was set to the

common value of 2.50 & The quadrupolar coupling constaxtl+7/3)
value for pure water, 7.58 MHz. F&dL? andGdL?, the scalar coupling constafith, was
fixed to -3.6 MHz, the value obtained f6dL*. The electron spin relaxation ratel was
fitted to a simple exponential function. Since iakas a negligible contribution to the
transverse relaxation rates, the fit of parameatgeged to the zero-field splitting mechanism,
as usually done, has very low confidence. The Walig parameters were adjusted: the water
exchange ratk.Z>°, or the activation entrop;l§, the activation enthalpy for water exchange
AH*, the rotational correlation timeyo>®, and its activation enerdyk, and the electron spin

298

relaxation rate at 298 K Tf."" as well as its activation ener@t. The values obtained for

these parameters are presented in Table 5.

Table 5. Parameters obtained from the fitting of 1@ NMR data at 11.75 T.

GdL' GdL? GdL? Gd-DOTA
o 1 1 0.7 1 0.7 1
ke [10° sT] 170+13  160+15 120+15 190+15 130+10 4.1
AH*[kI mol']  27.2+0.5 16.8#0.4 16.3+0.4  13.4+05  13.4+0.5 49.8
AS [J mol* K™ 0+2 -32+2 -36+2 -42+2 -44%2 +48.5
An[10°rads] -3.6#03 -3.6 -3.6° -3.6° -3.6° 3.7
Tro " [PS] 290+10  390+10 540+10 380+10 550+20 90
Er [kJ mol] 17.8+0.9 17.1+0.7 16.3+0.7  16.5%0.9  16.6+1.0 17

3fixed in the fit."Ref. 88

For 12 for all three GAL'-GdL® complexes values between (1.1-xB) s were
obtained, whileEr was fixed to 1 kJ/mol, otherwise small negativkiga were obtained. It is
noticeable that the electron spin relaxatiomdmakes a limited contribution in any of the
three systems, representing maximum 10 % in theledion timez, governing the relaxation
rate of the bound water oxygenT44 (U1 = kex + 1/T1o). Therefore, the water exchange rate
can be obtained with a very good certitude.

The second sphere water molecules that are preseand the phosphonate groups might
affect the'’O longitudinal relaxation rates, governed by dipalad quadrupolar interactions.
However, this effect is difficult to describe quigatively, which is why no second sphere

effect was included in the fit. On the other hatf) T relaxation is mainly driven by the
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scalar contribution, thus it is not sensitive ttatmn and consequently to the presence of a
second hydration shell. Consequently, the wateha&xge rates calculated are not influenced
by second sphere effects.

The water exchange rate is very high on all theatgadolinium(lll) complexes. It is in the
same order of magnitude as for the [Gsths]>* aqua ion K28 = 8x10% s%), and this
dependents only to a very small extent on dhealue assumed fo&dL? and GdL>. As
already mentioned in chapter 2.3.1, DOTA- or DO3p& complexes have in general much

(*®= (4-10)x16 s*) though one example of a very fast water

slower water exchangeke
exchange has been reported on the gadolinium@hl)pdex of a Gd-DO3A complex bearing
an N-linked CHCH,NHCO—pyridyl moiety ke2>® = 1.1x10° s1).%° For GdL? andGdL?, the
fast water exchange can be likely related to tlse@ative nature of the exchange mechanism.
Indeed, the strong negative values of the actinagiatropy obtained foBdL? andGdL® are
clearly indicative of an associative activation rapth contrast to the large positive value
reported for Gd-DOTA X), with a dissociatively activated water exchange. mentioned
above, forGdL? andGdL?3, an overall coordination number of eight with peeticipation of
seven donor groups of the ligand and one innerrsphvater molecule (cf. Figure 18b in
chapter 3.2.6) is assumed fp= 1 or even partly seven-fold coordination in tase ofg =

0.7. Since the common coordination numbers for aidan(Il) are eight or nine, eight- and
seven-coordinate gadolinium(lll) complexes typigalindergo associative water exchange.
The associative character, as indicated by theamn entropy of zero, is less important for
GdL'. A plausible explanation for this difference betémesdL' and GAL¥GdL? is the
existence of an overall coordination number of ninethe case ofLnL' due to the
coordination of one phosphonate group to the landeglll) ion and one inner-sphere water
molecule. In this case, the fast exchange can Heerraelated to the presence of the
coordinated phosphonate group. Indeed, the phogph@oordinating group has been often
recognized to induce fast water exchange on th# Guinplexes® One should note that even
if the hypothesis off = 1 was not correct foBdL*, the water exchange would be fast (if we

298 = 3.4x10° s1). However, for a dehydrated complex where no

assume = 2, we calculatée
phosphonate group is coordinated to the gadolidilinngn the observed fast water exchange
is hard to explain.

The rotational correlation time of the gadoliniut¢vater oxygen vectoriza®, as obtained
from the analysis of the longitudindlO relaxation rates foGdLY, is similar to that
calculated from the NMR diffusion experiments foety analogue (see Table 3 in chapter

3.2.3). It is longer thamkra™® of Gd-DOTA (1) which can be explained in terms of a less
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compact structure brought by the side-chain and High number of water molecules
hydrogen-bound to the bisphosphonate group whici wonsiderably increase the
hydrodynamic radius of the complex and the existeot a small fraction of aggregated
species at this concentration. The rotational ¢atioe times ofGdL? and GdL*® depend on
the g assumed, but in any case, they are longer thanfah&dL?, indicative of stronger
aggregation. FoiGdL?, the longitudinal'’O relaxation rates were also measured in the
presence of three equivalents of calcium(ll). Thelvalues were higher than in the absence
of C&" ions, being in accordance with a longer rotatiotmtdrelation time and indicating

again the calcium(ll)-induced aggregation.

3.3 Conclusions

A series of novel DO3A-type gadolinium(lll) compks having alkylaminobis(methylene-
phosphonate) moieties were extensively investigadadrds their relaxivity response to the
presence of calcium(ll). At low complex concenwas (2.5 mM), the longitudinal relaxivity
of GAL?*GdL* decreased after addition of calcium(ll), wher&@di_* had no calcium(ll)
dependence. Concentration-dependent relaxivity B@SE H diffusion measurements
showed that calcium(ll)-induced aggregation is oesgble for the observed changes in
relaxivity. GdL* has a lower tendency to form aggregates in theepiee of calcium(ll) than
GdL2GdL*? resulting in a calcium(ll) dependent relaxivitiamge only at high complex
concentrations. This is attributed to a differenbrclination behaviour of the phosphonate
groups inGdL* as compared t&dL%-GdL*. *P{*H} NMR spectroscopy and luminescence
measurements on the europium(lll) analogues inelicabordination of a phosphonate group
to the lanthanide(lll) ion foGdL?, but not forGdL?GdL*. Since the coordination in the
case ofGdL' can be observed also at low complex concentrationsre the diffusion
measurements indicated no significant aggregatiobnis much more likely that the
coordination to the lanthanide(lll) ion is an imtralecular rather than an intermolecular
process. Form the obtainédP{'H} NMR and luminescence data, it cannot be cladifie
whether exclusively complexes with one coordinadéd one uncoordinated phosphonate
group exist in solution or also a certain amountspécies exists with no coordinated
phosphonate group at all. However, according toittkegration ratio of thé'P{*H} NMR
spectrum, this amount is maximum 20 % and due ¢opitoblems with integration in the
paramagnetic solutions it is likely even less. Ef@e most or perhaps dldL' complexes
have one coordinated and one free phosphonate .g8inge the'P{*H} NMR spectra show
that the phosphonate group remains coordinatedhdolanthanide(lll) ion even after the

interaction of the aminobis(methylenephosphonateyg with calcium(ll), only one of the
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phosphonates is free to interact with calcium(lhis results in smaller and less stable
aggregates and is the reason for the lower affofitgdL* to form aggregates. In contrast, for
GdL2GdL* where no coordination of a phosphonate grouphto lanthanide(lll) ion is
observed, both phosphonate groups can be involveithd calcium(ll)-induced aggregate
formation, resulting in larger and more stable aggtes. In these aggregates, the water
access to the inner and/or the second spherensgicagtly hindered, shown by a reduction in
the apparent hydration numbey which therewith explains the observed decrease in
relaxivity. A still remaining question is the higtpparent hydration numbgrof GdL?! in the
absence of calcium(ll). The luminescence lifetimesasurements resulteddnvalues between
1.7 and 1.6 for complex concentrations betweendbShmM. If one assumes a mixture of
monohydrated complexes with one coordinated phaosgtleayroup and dihydrated complexes
with two uncoordinated phosphonate groups} walue of 1.7 would refer to a mixture of
30 % monohydrated and 70 % dehydrated complexeto(80 % forq = 1.6). However, this
is in contradiction to the results from tH&{*H} NMR measurements which allowed
maximum 20 % dehydrated species. Therefore it iig irkely that the used equation is not
valid for this system due to the additional ostifa brought in the proximity of the
lanthanide(lll) ion and @ value of about one is a more realistic reflectodrthe hydration
state in a solution ddL® than ag of 1.7. This is also supported by the better dati@n ofq

= 1 with the obtained values of the reduced chensltts A« in the variable temperature
1’0 NMR measurements as compared t01.7.

Furthermore, thé’O NMR measurements revealed an extremely high wetehange rate
kex 2 for these complexes, being in the same order afnitade as that of the [Gd(B)g]>*
agua ion. All these physico-chemical data show sivaicturally relatively simple lanthanide
complexes might have unexpected and complicatedisnlchemistry behaviour.

In terms of potential MRI applications, baBdL * andGdL* show a relaxivity increase upon
decrease in calcium(lizoncentration (at lowGdL" concentration), thus the drop in
extracellular calcium(ll) associated to brain atgiwould result in increased image intensity.
However, the complexity of their solution behaviewsuld prevent any practical use: the MR
signal intensity and the calcium response woul@lbe influenced by their aggregation state
thereby making data analysis extremely complicafddvertheless, the obtained results

demonstrate that the quest for responsive CAs eanhched with novel approaches.
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4 Silsesquioxane-based MRI Contrast Agents

4.1 Introduction

4.1.1 High Sensitivity MRI Contrast Agents

Since the development of the first gadolinium(BBsed CA for MRI, there has been a quest
for improving the efficiency e.g. the longitudin@laxivity r; of the agents. Two reasons are
mainly responsible for this ambition. The first $ea is that due to their low relaxivity, most
commercial CAs are only effective at high concdidres. The smallest change in the
observed relaxation rate Thjys necessary to be detected as a change in congradiout
0.15 §~.%° For Dotarem™ 1), having the typical low relaxivity of 3.4 m&* at 37°C and a
proton Larmor frequency of 20 MHzthis means a CA concentration of at least 0.044 mM
(cf. equation 2.4 in chapter 2.3). To achieve asf@g contrast enhancement usually
concentrations of more than 0.1 mM are appifedfor certain applications like MR
angiography, which is the visualisation of bloods@s, even double and triple this dose is
sometimes used. The high dose, but also the relategr exposure of the body to the CA,
increase the risk of a release of free gadolinitlint{ Compounds with high relaxivity can be
detected at lower doses, or provide greater cdnahequivalent doses as compared to
compounds with lower relaxivity. The second reasmmevelop high sensitivity CA is the
desire to detect molecular targets by MRI. Thialbed molecular imaging has the aim to
locate certain types of cells or biomolecules wittlie body in order to visualise molecular
events occurring at cellular levels. This wouldresent a breakthrough in clinical settings as,
in addition to provide early diagnosis, it wouldoal the assessment of the underlying
therapy. The early knowledge of processes on theaular level will largely anticipate the
time currently required for assessment based otommeal changes and thereby reduce the
time required to decide whether a chosen theragpiisg to provide the expected effects or
another approach might be more promising. Howeteetocate such biomarkers they must
coordinate or at least interact with an appropri@eand in order to visualise this evesih
MRI, the concentration of the respective cell arbolecule must be in the range of the CA.
As outlined above, this would require a biomarkamaentration of at least 0.044 mM, better
0.1 mM or more for the typical commercially aval@bCAs, which strongly limits the
number of potential biological targets.

The parameters mainly determining the relaxivityraventroduced in chapter 2.3 and are

namely the number of coordinated water moleculeshe water exchange ratg, the
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rotational correlation timeg, the electronic properties of the gadolinium(itip 1/T;. and the
external field expressed by the proton Larmor fesguy w. It was already mentioned in
chapter 2.4.2 that an increase in the hydrationb®unep can provide a significant increase in
relaxivity independently from the other parametétewever, as this involves a reduction in
ligand denticity, it is often accompanied with anwanted decrease in complex stability.
Furthermore, the existence of more than one freedowation site can allow reversible oxy-
anion binding under physiological conditions whiohturn can lead to the complete loss of
inner sphere watéf: * As described in chapter 2.3.1 the dependenceeofefaxivity on the
other parameters is more complicated. For an optislaxivity, equation 4.1 needs to be
fulfilled, which would require the simultaneous iopsation of all three parameters

depending on the magnetic field desired for théi@adar application.

i=l+i+kex=w, (4.1)

Te1 TR Tie
However, it could be shown, thlat, and 7 of the currently used CAs are generally too slow
and too short, respectively at any field strengbm8& useful empirical relationships have
emerged which influence water exchange rates of. ®&placing an acetate oxygen donor
with an amide oxygen donor will result in a sloweater exchange rate. As most of the
studied complexes undergo dissociative water exg#amcreasing the steric bulk will
increase the water exchange rate. For examplecieglan acetate oxygen donor with the
larger phosphonate oxygen donor increases the egeheate (see also chapter 3.9%7).
However, the development of CAs with faster watezthange rates is not straight forward,
and changes in the coordination sphere can be g@ued with a loss in stability.
Furthermore, at the mostly used field strength.6fTLthe short rotational correlation tinag
is the most limiting factor of current CAs algk becomes only important when rotational
motion is slowed dowf:
The influence of the applied magnetic field on thptimal values of the parameters
determining the relaxivity of a CA can be identfiécom the equations of the Solomon-
Bloembergen-Morgen theory in chapter 2.3. A bit engraphical is the measurement of so
called'H nuclear magnetic relaxation dispersion (NMRD)fikes. In a’'H NMRD profile the
relaxivity of a CA is measured as a function of thagnetic field expressed by the proton
Larmor frequency. ThéH NMRD profile of Gd-DOTA (Dotarem™)1) together with the
range of magnetic fields currently used in clinitéiR scanners is shown in Figure 23. By
using the Solomon-Bloembergen-Morgan equations &maultaneous fitting of this profile
together with’’O NMR (cf. chapter 3.2.7) and electron paramagneisonance (EPR) data
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Powellet al.determined the values of the relevant parametessribed abové®
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Figure 23."H NMRD profile (black squares) of Gd-DOTA)(at 312 K (39°C) (data from
Ref. 88). Range of magnetic fields (grey area)antty used in clinical MR scanners (1-3 T).

In order to visualise the effect of a slower ranél motion, the so obtained values can be
used in simulatedH NMRD profiles where only the value of the rotaid correlation time

Tr is varied and all other parameters remain fixaguie 24).
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Figure 24. Simulated’H NMRD profiles (for 37°C) on the basis of the paeter values

obtained for Gd-DOTAZX) and varying onlyri.

From Figure 24 it is obvious, thak of Gd-DOTA (@) is with only 77 ps far too short. A
prolongation ofzy results generally in an increaserinbut most interesting is the appearance
of a so called “high field peak” being especiallyeetive in the magnetic field range of
interest for clinical use. All these aspects mdies grolongation of the rotational correlation

time 7 the prior aim in the development of high sengyi@G@As for MRI.
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4.1.1.1 Macromolecular contrast agents

Several approaches have been reported in ordemptimise the rotational motion. The
Guerbet group developed a molecule called gadavhédilso called P792 or Vistarem™) that
can be described as Gd-DOTA) (ith large hydrophilic groups appended to eaclhefa-
carbons on the acetate arfdlthough there is flexibility within the hydropfil arms, the
Gd-Hyater Vector cannot rotate independently of the entirdemde, which results in a
remarkably high relaxivityrg = 39.0 mM's* at 37°C, 0.47 T). Fultoet al. showed that the
rotational effect can be modulated by adjustingsize of the hydrophilic “arms™

The approach of Livramentet al. to slow down the rotational motion by self-assgmdi
2,2’-bipyridine functionalised gadolinium(lll) corfgxes binding around an iron(ll) ion was
outlined already in chapter 3.1.1.3. Another prongsype of self-assembled macromolecular
CAs are amphiphilic gadolinium(lighelates which form micelles in aqueous mé&did®
Additional to the increase ink, the self-assembly of functionalised gadolinium(ll
complexes to a micelle results in a higher locatajjaium(lll) concentration, which
multiplies the efficiency when used as a targetsijpeCA. Furthermore, the increased size
can prevent a leakage of the CAs into the intaustitand slows down the renal clearance
from the body, thus allowing more efficient bloodop and tumor angiogenesis imagitg®®
However, for micellar aggregates it is essentiahtntain the monomer concentration in the
body above the critical micelle concentration, vhimight prevent the application of lower
concentrations of the CA in certain ca$és.

The grafting of many low molecular weight gadolmi(lll) complexes to one macromolecule
would be a concentration independent way to obthigher local gadolinium(lll)
concentration and slower rotational motion. Numerapproaches have been reported in this
direction. The noncovalently binding of MS-32F (0 HSA as an example for increasing
by conjugation to biomolecules was already desdribechapter 2.4.1. Linear polymeric CAs
from the conjugation of Gd-DTPA2) to polydL-lysine chains were reported by Spanoghe
al.'® Other examples of this type of CA include alteimgtcopolymers of DTPA-class
gadolinium(lll) conjugates, linked hy,w-alkyldiamides$®* *®?or a modified dextran polymer
with DO3A-monoamide chelates with a total molecukaight of 52 kD&% However, the
increase in relaxivity of these linear polymersugially much smaller than expected. The
lower relaxivity can be attributed to anisotropmcal rotational motions of the bound
paramagnetic moiety with components rapid as coetpdo the overall motion of the
macromolecule itself. The local motion may be rapecause the linkage between the

gadolinium(lll) complex and the macromolecule igtiy flexible or because of rapid local
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motion of the macromolecule itself, particulariytie gadolinium(lll) complex is bound to a
highly flexible linear polyme?™ ' Furthermore, their random morphology can lead to
inconsistent and unpredictable pharmacokineticsslwmay limit experimental repeatability.
Dendrimers are large molecules with well-define@roital structures, with a regular and
highly branched three-dimensional scaffold. Théiucure can be separated in three major
components, namely the core, the branches andhthgreups. The synthesis of dendrimers is
a process using a series of repetitive steps rsgaktith the central initiator core. Each
subsequent step represents a new “generation” eofdémdrimer with a larger molecular
diameter, doubles in general the number of reactivéace sites, and approximately doubles
the molecular weight from that of the preceding egation. Unlike classical polymers,
dendrimers therefore have a high degree of moleauwidormity, narrow molecular weight
distribution, specific size characteristics, arighly functionalised surface. Numerous types
of dendrimeric CAs with various types of gadoliniiiifhy complexes, dendrimeric cores,
branches and generations were reported over thd%agears. The most often used type of
dendrimer for the development of macromolecular G#e so called polyamidoamino
(PAMAM) dendrimers (G2-PAMAM dendrime®p) is depicted in Figure 25Y: 104199
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Figure 25.G2-polyamidoamino (G2-PAMAM) dendrimer.
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The high-generation versions of these water soldbledrimers are generally accepted to be
globular molecules, with the core and interior lgeamost completely shielded owing to the
numerous terminal surface groups.

Other examples of dendrimers being used for MRI C&g diaminobutane (DAB)-based
dendrimerg® and dendrimers having polydysine branches on a polyethylene glycol (PEG)
coré'® or a trimesoyl triamide corél In contrast to linear polymeric CAs, in these
dendrimeric CAs the effect of the increased mokacwleight on relaxivity is more realised as
the dendritic structure imposes a more isotropitatimnal dynamic allowing higher
relaxivities® Nevertheless, the large systems are often relgtflexible and medium-sized
dendrimeric contrast agents may no longer have ladeéned three-dimensional spherical
structure. To minimize nonspecific interactions hwitealthy tissues and lower systemic
accumulation, however, a compact and globular sh@#ewould be preferred.

An important drawback of very large CAs is alsoitlsow excretion from the body, which
increases the possibility to release toxic gadein(ill) from the complexes, e.g. by
transmetallatiorf: ** *" °The kidneys, being the exclusive excretion orgamast MRI CAs,
possess a filtration system, called glomerulusciviias small pores with an effective radius
of 3-5 nm'*? 3Everything that is small enough can freely difftis®ugh those pores and is
rapidly cleared from the body. However, most of ldnge macromolecular CAs have sizes in
the range of these pores or even higher and threraefed to diffuse through so called “shunt
pathways” being significantly lower in number thamall pores® which slows down the

excretion rate.

4.1.2 Silsesquioxanes

Silsesquioxanes are all structures with the formiRI&iO, g, where R is hydrogen or any
alkyl, alkylene, aryl, arylene, or organofunctionddrivative of alkyl, alkylene, aryl, or
arylene groups. They were first discovered by D3&btt in 1946 when he was investigating
the thermal rearrangement of the co-hydrolysis pecodf dimethyldichlorosilane and silicon
tetrachloride’™* Since then silsesquioxanes have found an everedsitrg number of
applications. Most of these applications are inftekel of materials science where differently
functionalised silsesquioxanes are used as adsltiyolymers and precursors for
inorganic/organic hybrid materials™® The silsesquioxanes used in these applications
include random polymeric structurea3), ladder structure2f) and cage structure%27)
(see Figure 26)*> " 9The cage structures are called polyhedral oligesiuioxanes
(POSS) and their nomenclaturgréfers to the number of Si-OR’ functions (T: threg/gens

attached to the silicotff and to the number of silicons involved in the cage. POSS
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compounds embody a truly hybrid (inorganic—orgamichitecture, which contains an inner
inorganic framework made up of silicon and oxygkattis externally covered by organic
substituents. By functionalisation of these subetits, especially the symmetrig-FOSS
(26) has already shown its potential as dendrimenie ¥ **0Owing to its three-dimensional
structure and the generally accepted nontoxic ptieseof silica compound$® Tg-POSS
cubes could therefore be ideal building blockstlha development of dendrimeric CAs which

possess already a compact globular shape at loveensnof generations.
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Figure 26. Structures of various silsesquioxanes.

4.1.3 Aim of this project

From Figure 24 in chapter 4.1.1 it is obvious ttie#g maximum achievable relaxivity
increases with increasingz, however, the maximum of the resulting high figlelak shifts
towards lower field strength. This is easily untemsglable from equation 2.9 in chapter 2.3.1.
Oncew’1.;” in the “3-term” becomes larger than one, the i&iax rate becomes slower and
disperses with increasing frequency (field). Anr@asedry, increasesr;; and therefore

w’r®> 1 is already fulfilled at a lower proton Larménequency. To achieve a high
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relaxivity at field strength currently used in etial MRI, novel macromolecular CAs should
therefore be only of moderate size. Due to the BeBtpkes equation (equation 3.2 in chapter
3.2.3) for example a rotational correlation timeof 10 ns, being the longegtused in Figure
24, belongs to a hydrodynamic radiysof about 2 nm in water.

As outlined in chapter 4.1.1.1, for an acceptableretion rate of the CA from the body it is
also essential to keep the hydrodynamic radiuh@fGA below the effective radius of the
small pores of the glomerular filtration system.

On the other hand, for the development of targetifip CAs, large CAs with a high number
of gadolinium(lll) ions are favourable, as eachgoaagnetic centre on the CA which locates a
biomolecule in the body serves as a multipliepwlhg the detection of lower concentrated
biomarkers.

CAs based on gfpolyhedral oligosilsesquioxanes could be the ideahpromise, asgfPOSS
cubes form a precast three-dimensional platformtersynthesis of compact globular CAs,
loaded with a high number of gadolinium(lll) comyds already at the lowest possible
number of dendrimeric generations.

The aim of this project is therefore the developt@drsynthetic strategies to functionalisg T
silsesquioxanes with eight appropriate gadolinilbn(@omplexes each. Once a working
protocol is established, novel potential CAs shallsynthesised and fully characterised. All
aspects of their solution behaviour shall be ingas¢td by means of various analytical
techniques in order to optimise their propertiea &A.
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4.2 Results and Discussion

4.2.1 Synthesis of B-Silsesquioxanes

Two differently functionalised gsilsesquioxanes were prepared to serve as thdirmil
block for macromolecular silsesquioxane-based G#s,amino-functionalised one for the
coupling of carboxylic acid-functionalised ligandystkems and a carboxylic acid-

functionalised silsesquioxane for the binding ofrasrfunctionalised ligand systems.

4.2.1.1 Synthesis of an amino-functionalised gsilsesquioxane
Aminopropyl-functionalised gsilsesquioxanes can be directly obtained by hytimol
condensation of-aminopropyltriethoxysilane in methanol-conc. hyahoric acid (Scheme
5) 124
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Scheme 5.

Following the literature procedure, octa(3-chloroammiumpropyl)silsesquioxan9g) could

be synthesised in 39 % vyield. All analytical daterevin agreement with those reported in the
literature'®* 29 needs to be isolated as the octaammonium chlsetiesince the octaamine
species is marginally stable in solution and deaws®p rapidly when the solvent is removed.
At least two different pathways for the decompositiof the silsesquioxane cage of the
octaamine species were proposed. The most rapidpoaiEbly involves the formation of
hydroxide ionsvia reaction of water with the free amine. Supporttfos pathway was given
from the observation that other silsesquioxane éworks are slowly decomposed by
exposure to amine bases (e.gNgtin wet solvents and the fact that decomposiisomuch
slower in anhydrous solvents (e.g. MeOH over 3dves). However, as decomposition still
occurs when solutions of the octaamine speciep@eared in dimethylsulfoxide (DMSO)
and stored over molecular sieves a second mechanigshbe operative that does not require
water. It is believed that this mechanism involthe nucleophilic attack of the amino

nitrogen on the silicon on which it is bound'td.
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4.2.1.2 Synthesis of a carboxylic acid-functionalised gsilsesquioxane

So far, there is no method for direct hydrolytiadensation of acid-functionalised T-silicon
monomers. Therefore a two step route, developediirgroup by D. Ruiz-Abatf> was used
for the synthesis of carboxylic acid-functionalis@g-silsesquioxanes. In the first step,
octavinylsilsesquioxane3{) was synthesised by the hydrolytic condensatio@CHSICk
(30) in an excess of methanol containing acidic AmteerdR-120, following the method
reported by Daret al. (Scheme 6J2° The synthesis of pure produgt in 15 % vyield was
confirmed by the agreement of the analytical dath those reported in the literature. In the
second step the so obtained octavinylsilsesquiof@t)envas treated with mercaptopropionic
acid (32) in the presence of azobisisobutyronitrile (AIBAS a radical initiator in toluene
(Scheme 7). This radical addition yielded seletyihe octa(3-(ethylmercapto)propionic
acid) silsesquioxane3®) as theanti-Markovnikov product in an excellent yield of 98 %l

analytical data were in full accordance with thoseorted in the literature?
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Scheme 7.

4.2.2 Introduction of Macrocyclic Ligands via their tert-Butyl protected Form

It was discussed in detail in chapter 2.4.2, thas Gased on macrocyclic DOTA-type ligand
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systems are a much safer alternative as compartbe tmpen chained linear systems, as their
higher inertness significantly slows down the |legkof toxic free gadolinium(lll) ions from
the ligand systems. As was reinvestigated recdntlthe context of the gadolinium(lll)-
related decease NSF* ! 2%his can be essential for the development of nmaoteclar CAs
being designed to remain longer in the body thar ttow molecular derivatives. It was
therefore decided to use macrocyclic DOTA-type nidasystems for the development of

silsesquioxane-based CAs.

4.2.2.1 Synthesis of DOTA(BuU)3

The most common way to introduce DOTA-type ligami® macromolecular systems is to
use the monoreactive prochelator DOBA(); (4,7,10-tricarboxymethyllert-butyl ester
1,4,7,10-tetraazacyclododecane-1-acetic aB8), (Scheme 9), which can be coupled to e.g.
amino-functionalised systemsa its free carboxylic acid group. Furthermore, Febeal.
already demonstrated the octafunctionalisation ofta(@-chloroammoniumpropyl)-
silsesquioxane2@) with N-protected amino acids amdiprotected di- and tri-peptides under
standard peptide coupling conditiofis.

Divergent from the literature method which startéhwthe monoalkylation of cycletf®
DOTA(Bu); (36) was synthesised in two steps from téitbutyl 1,4,7,10-
tetraazacyclododecane-1,4,7-triacetate (DCB#§ (34)). In the first step the secondary

nitrogen of34 was alkylated by benzyl bromoacetate (Scheme 8).
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Scheme 8.

34

The successful synthesis of 4,7,10tntbutyl-1-benzyl-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate (DOTB():Bn (35)) in 87 % vyield could be shown by the appearance
of new signals in the aromatic region of fieNMR spectrum in the correct ratio of integrals
and the agreement of the analytical data with thieperted in the literaturé® Deprotection

of the benzyl ester was accomplished by catalydrdgenation using palladium on charcoal
(Scheme 9)36 was isolated in 87 % vyield and the obtained arwldata agreed with that
reported in the literatur&® Due to their hygroscopic properties no elementeilysis was
carried out for the macrocyclic ligands.
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4.2.2.2 Coupling of DOTA('Bu)s to octa(3-aminopropyl)silsesquioxane

Following the procedure reported by Fekeml?’ for the attachment dfi-protected amino
acids, octa(3-aminopropyl)silsesquioxa@8)(was treated with an excess of liga&lin the
presence of classical peptide coupling reagentsaabdse. Analogous to Fehetr al. O-
(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium trafluoroborate (TBTUY® (38) and 1-
hydroybenzotrialzol (HOBt)44) were used as coupling reagents and diisopropyéettine
(DIPEA) was used as base. The proposed mechanisrsufth reactions is depicited in
Scheme 10 It involves thein situ formation of the highly reactive hydroxybenzotobz
ester42, which reacts with the amino compondatto yield the amiddb5.
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Feheret al. carried out their syntheses in dimethylformamib&E) or DMSO and allowed
the solutions to stir for one day at room tempegtds 29 needs to be available in its
deprotonated form a large excess of DIPEA was us#ten DOTA[BuU); (36) was reacted
with 29 under the conditions decribed by Feleeral. in both dry DMF and dry DMSO, a
yellowish crude product could be isolated. Theand **C{*H} NMR spectra of the crude
products measured in DMSO-d6 showed the signalesmonding to théert-butyl protected
DOTA-type ligand systems and also the signals & pgmopyl groups attached to the
silsesquioxane core. Furthermore, tHeNMR spectra showed the changes in chemical shift
of the resonances of the propyl groups (%Co 0.71 — 0.59 ppm, SiCkCH,: 01.71 —
1.60 ppm, NG, 2.75— 3.19 ppm), being characteristic for the amide fation on29.*%’
The deprotonation of the ammonium group as thecsotor the observed changes in the
chemical shift could be excluded, as theNMR spectrum o029 in DMSO-d6 did not show
such changes after the addition of excess DIPEASs Ttearly shows the successful
attachment 086. However, no resonance could be observed if*8i€'H} NMR spectra of
the crude products. A possibility why no signal vediserved could be the broadness of the
signal due to hindered rotation, leading to a lagnal intensity. Moreover, it is also possible
that the silsesquioxane cage partly decomposesnglthie long reaction time. As was already
mentioned in chapter 4.2.1.1, silsesquioxane fraonksvcan slowly decompose by exposure
to amine bases in wet solvents. Even though dmests were used for the attachmenB86f

to 29, HOBt was added as its monohydrate, allowing tdrention of hydroxide ions which
in turn can destroy the cage.

In order to investigate the stability of the silg@®xane cage under the used conditions and to
exclude that the loss of the silicon signal is daehindered rotation accompanying the
successful reaction, octa(3-aminopropyl)silsescanex@9) was dissolved in dry DMSO-d6
and transferred in an screw capped NMR tube undgmaatmosphere arfdSi{*H} NMR
spectra were recorded (Figure 27). Due to the csjoiametry of29, the spectrum shows only
one resonance at -66.5 ppm which is in the typiaaie of T groups'?° After 145 minutes
the equivalent amount of DIPEA as used in the dogpteactions was added and another
spectrum was recorded. After further 240 minutes 20 h additional spectra were recorded.
As was mentioned earlier, it was reported, thatddygrotonation of the ammonium groups of
29 leads to the decomposition of the silsesquioxage chowever, in this study no decrease
in signal intensity was observed. Only the additidra small amount of water (about five
times the amount that would have been included@BHH,O) to the solution resulted in a

fast decrease in signal intensity with an almoshglete disappearance of the signal already
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after 110 minutes. For comparison the same invatsbig was carried out with the carboxylic
acid functionalised octa(3-(ethylmercapto)propicaid) silsesquioxana8). In this case the
signal also decreased only after the addition dewadowever, the loss in signal intensity
was significantly slower than f@9 resulting in a noticeable decrease only after@ir$ The
longer alkyl chain in the case 88 might hinder the approach of the hydroxide ionse T
reason why no new signals appear in the spectpaoisably the reduced symmetry of the
partly degraded cages, which generates numerousetieglly inequivalentSi nuclei in

poor concentrations circumventing their detectioa reasonable time.
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Figure 27.2°Si{*H} NMR spectra of29 in dry DMSO-d6, without base, directly after the
addition of DIPEA, 240 min and 20 h after the aditof DIPEA and 25 and 110 min after

additional addition of water.

HOBLt (44) is usually added in peptide coupling reaction# asproves the stereocontrol by
preventing racemisation. However, in the couplifB6 to 29 racemisation is not an issue
and therefore it was omitted in further reactiaiereover, the reaction was reset in a screw
capped NMR tube under argon atmosphere and moditoye'H NMR spectroscopy to
optimise the reaction time. It could be shown, thlatost immediately after the addition of
DIPEA, which was the last component added, thenasces became broad and were shifted
in the characteristic way. Completeness of theti@aevas indicated after about 20 minutes.
This shows that a reaction time as long as usetheninitial attempts is not required to
achieve octafunctionalisation of the silsesquioxane

In a new attempt the octaammonium silsesquioX&neas therefore treated with an excess of
DOTA('Bu); (36), TBTU (38) and DIPEA in dry DMSO under argon atmosphere tred
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mixture was stirred for only 30 minutes at room penature (Scheme 11). Workup resulted in
the desired produet6 in excellent yield. ThéH NMR spectrum of the obtained yellowish
solid dissolved in CDGlshowed the signals of the product in the corratibrof integrals
indicating a complete octafunctionalisation. Fumthere, according to the spectrum the
yellowish solid contained mostly the product, hoaga small amount of TBTU byproducts
was also observed. This time tAiSi{*H} NMR spectrum revealed a single resonance at

-66.9 ppm suggesting the intactness of the silsesgne core.

R\ R
Ry R _Si—0— S|
,Si—0O=Si R O |
RSiLOOéSi/S (|3 %\ /A /—< S;—OOSI‘,VR O
e o s', 36, 38, DIPEA_ % OR//SIUO S'R
R0 o™ R bwso T >0 a2 L
Z N I— |
Cl HSNWSI_O SI O>_/ \ \/ \/\/ R
) h4
29 46
Scheme 11.

4.2.2.3 Deprotection of the carboxylic acid functions

A typical way to cleaveert-butyl esters is their hydrolysis under acidic dtinds, using
formic acid or trifluoroacetic acid (TFA) in dichlomethane (DCM). Furthermore, Feledr
al. used TFA in DCM to remove their Boteft-butoxycarbonyl) protecting groups without
decomposition of the silsesquioxane cage undeetheislic conditions?’

Thus,46 was stirred in TFA:DCM (1:2) for about eight houaster which the volatile matter
was removed under reduced pressure. The residuereapitated from acetone after the
addition of diethyl ether. ThBH NMR spectrum (Figure 28b) of the obtained crud@lpct in
D,O showed an almost complete disappearance of somaace at about 1.4 ppm, belonging
to thetert-butyl hydrogens. Unfortunately, the two signalghe methylene groups SiGEH,
and SiCH, of 46 at 1.6 and 0.6 ppm, respectively, also changeeé. dipnal of the Si8;
methylene group, being adjacent to the silicon atgplit in several resonances. Due to the
also measuredH-*C HSQC NMR spectrum, at least three distinct resoes: could be
assigned. Together with the disappearance of trakin the?*Si{*H} NMR spectrum, this
indicated the decomposition of the silsesquioxaagecunder the used conditions. The
cleavage was therefore attempted using milder tiondi 46 was stirred in formic acid:DCM
(1:1) for 16 hours at room temperature. In thisecéise obtained product remained soluble in
DCM and its'H NMR spectrum revealed that the protecting grobad only partly been
removed. However, also in this case the resonah@6gpm split, indicating again the
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decomposition of the cage.

a) b)

i

L D e e |
15 1.0 0.5 ppm 15 1.0 0.5 ppm

Figure 28.*H NMR spectra of (a6 in DMSO-d6 and (b) the crude product of the reacti
of 46 with TFA:DCM, measured in fD.

As in the case of the coupling reaction, it is h@réxplain why under the chosen conditions
decomposition of the silsesquioxane cage takeseplac these systems, but not for the
systems described by Feletral. It is known that strong acids can break Si-O<@ids, even
in the absence of water. Acids like HPBF;, CRSO:H or CHSO:H are used for the
selective cleavage of one corner fromsilsesquioxaneS? 3! Furthermore, it is possible
that due to the hygroscopic nature of the DOTA nyieater is introduced into the systems

leading to acid catalysed hydrolysis.

4.2.3 Introduction of Macrocyclic ligands via non tert-Butyl protected Forms

As the deprotection of theert-butyl protected carboxylic acids proved unsucadsgfvo
alternative ways to introduce macrocyclic liganat® isilsesquioxane systems were explored

contemporaneously.

4.2.3.1 Synthesis of La-DO3A-hexylamine

André et al. have shown that it is possible to directly coujpiectionalised gadolinium(lIl)
DOTA-complexes to a designated molecule withouhgigirotecting groups, since the four
DOTA-carboxylate groups are protected by the comtitin to the gadolinium(lll) iof® This
would make a later deprotection and complexatiamegassary. For this approach initially the
lanthanum(lll) complex 48) of the in our lab available 1-aminohexyl-1,4,7,10
tetraazacyclododecane-1,4,7-triacetic acid (DO3Rylanine) ligand® (47) was prepared
(Scheme 12). The successful coordination was auoafir by electrospray ionisation mass
spectrometry (ESI-MS) (m/z: 582.4 ((M+B] 604,2 ([M+Na])). Lanthanum(lll) was chosen



SILSESQUIOXANE-BASED MRI CONTRASTAGENTS 59

as'®La is an NMR active nucleus whose chemical shitves conclusions about the number
of coordinated carboxyl and amino functidiisThis should indicate whether the hexylamino
moiety is coordinated to the lanthanide(lll) ionrat and hence is free to be coupled to the

carboxylic acid functionalised silsesquiox&&or not.

S/ L O/ O
HO ON N7 oH o N No
[ j LnClz(aq) o [ L3+ j
HO, N N _~_~_"~ H0,pH 7, 70T 5 >N NS
077—/ -/ NH, O»—’ _/ NH,
47 48
Scheme 12.

Contrary to thé*La NMR spectrum (Figure 29) of La-DO3A (cf. compdutD in chapter
2.4.2), which showed a broad resonance at aboup@®bcorresponding to four coordinated
nitrogen atoms and three negatively charged oxyges; > the **_.a NMR spectrum o#8
did not show a signal corresponding to a coordthasnthanide(lll) ion. Due to the
comparably large quadrupolar momentta and the reduced symmetry as compared to the
La3+aq ion, the signal of La-DO3A already has a line-\widf about 8600 Hz. As no signal is
observed for48, the amino function terminating the hexyl chain nsost likely not
permanently coordinated to the lanthanum(lll) igm.solution the flexibility of the hexyl
moiety rather allows the amino group to tumble,rébg sometimes approaching the
lanthanum(lll) ion. This increased dynamics canthfer broaden thé*La NMR signal
leading to the non-observability of the resonance.

[ ' [ ' [ ' [ ' [
600 400 200 0 ppm

Figure 29.1%La NMR spectrum of La-DO3A in fD, pD 7.0, 65°C.

Further evidence for the non-coordination of theytemine function comes from the
NMR spectrum o#8 (Figure 30). Due to the quadrupolar moment oflémthanum nucleus

and the hindered motion, the signals belonging ydrdgens on the DO3A moiety are
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extremely broad. The further apart the nuclei aeated from the lanthanum(lll) and the
higher the flexibility of the respective group ithe sharper is the line-width of the
corresponding NMR signal. As the signals becomeomar from 1 to 5 in Figure 30, the
methylene group 5 is further apart from the lantma¢ill) ion than methylene group 1. This
suggests a free amino group and enables the ammnotidn to react with a carboxylic acid.
Furthermore, when the amino group is not coordthateshould be protonated under the used

conditions and needs to be deprotonated priordhplmg.

* O M\ /—«8_

-0 N N
_o»_EN\IiB;Nj 1 3 2

5 O 24NH2

J

45 40 35 30 25 20 1.5 ppm

Figure 30.'H NMR spectrum oft8in D,O (pD 7.0). 1-5 are the resonances of the methylene

groups of the alkylchain as shown. * is the solvestdual peak.

4.2.3.2 Coupling of La-DO3A-hexylamine to the silsesquioxam

The water was removed from complé8 and the solid residue was dried at 50°C under
reduced pressure over night in order to minimise @mount of remaining water in the
systems. 48 was then coupled to the carboxylic acid functimeml octa(3-
(ethylmercapto)propionic acid) silsesquioxaB®)(in dry DMSO using TBTU and DIPEA
and stirring only for 30 minutes at room temperatirhe mixture was then added drop-wise
to a diluted acetic acid/sodium acetate buffer GB) in order to purify the solutiowia
diafiltration. Unexpectedly, an off-white solid jipitated during the addition. The precipitate
was isolated by centrifugation. It turned out toibgoluble in acetone, chloroform, diethyl
ether and DMF and could hardly be redissolved ingiM In solution, only a podiH NMR
spectrum of the precipitate could be obtained uBIMSO-d6 (Figure 31). Nevertheless, the
spectrum contains signals corresponding to stratlements of the lanthanum(lil) complex
48 and of the silsesquioxan®3, indicating that the formed precipitate is the icbebs

octalanthanum(lll)-functionalised silsesquioxa&®Figure 32).
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I T T TTTTTTTTTT
45 40 35 30 25 20 15 10  ppm

Figure 31.'"H NMR spectra o#i9 (black) and33 (grey) in DMSO-d6. * HO, ** DMSO with

satellite signals due to coupling’fc.

H /N /—Q
R\ /R
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Figure 32.Structure of compoundi.

As compound49 was not sufficiently soluble in any tested solvesutlid state"*C and?°Si
CP/MAS NMR spectra were recorded (Figure 33a amddpectively).

iy

T I ! j j j I j j j j I j j

150 100 50 ppm -50 -100 ppm
Figure 33. (a) *C and (b)*°Si CP/MAS NMR spectra of compourdd. The rotation
frequency was (a) 10000 Hz and (b) 1000 Hz. * resicdicetone.
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Due to the broadness and therefore overlappindghefsignals in thé’C CP/MAS NMR
spectrum (Figure 33a), not all signals correspapdito the former octa(3-
(ethylmercapto)propionic acid) silsesquioxane nyiahd the hexylamine chain can be
assigned unambiguously. However, the signal atpt4 plearly corresponds to thieH,Si
group whereas the signals between 70 and 42 ppondpeb the La-DO3A moiety. The
signals between 183 and 167 ppm can be assigrtbé trarboxylate and amide carbons. The
295i CP/MAS NMR spectrum (Figure 33b) 49 shows a singlet at -67.5 ppm. This indicates
again the octafunctionalisation and points out ititactness of the cage. However, as the
signal is broad and the spectrum shows side-bandstal the low rotation frequency, this
cannot finally be ascertained.

Since compound9is insoluble in aqueous media at moderate pks,nbt suitable as a CA in
MRI. When compound!9 was placed in BD and the pD was decreased to 2-3 by adding
conc. hydrochloric acid (HCI) to the stirred susfien, the compound slowly dissolved. At
this pH the carboxylate groups become protonatedanthanum(lll) can be released, in turn
leading to a protonation of the nitrogens. Theodtrced charge increases the solubility in
water by improving the dipolar interaction with sumnding water molecules. THel NMR

of the solution shows all signals expected for @d3B-hexylamine moiety attached to a
octa(3-(ethylmercapto)propionic acid) silsesquiax@figure 34). The release of quadrupolar
lanthanum(lIl) is indicated by the much sharpenalg of the DO3A moiety as compared to

those in the spectrum of complé® (see Figure 30).

*

**

R R R D D D
45 40 35 30 25 20 15 10 ppm
Figure 34. 'H NMR spectrum of compound9 in D,O after decreasing the pD to 2-3.

* residual solvent peak, ** residual acetone

The also measured®Si{'H} NMR spectrum shows only one resonance at -6pra.p
However, the intensity is poor and therefore thgeeaaight have started to slowly decompose.
Nevertheless, the addition of Na@éjup to pH 7 resulted again in a precipitation o th
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compound. When the pH was further increased to tapbul2 the precipitate redissolved
again. This time the increased solubility is makstly related to the decomposition of the

silsesquioxane cage, as the subsequent decrealdenim longer resulted in a precipitation.

4.2.3.3 Synthesis of DOTA(Bn}

The second approach to introduce macrocyclic ligantb silsesquioxane systems without
using acidic or basic cleaved protecting group®ived the attachment of benzyl protected
ligands. Therefore the benzyl protected analoguB@TA('Bu); (36) was synthesised. The
synthesis of DOTA(Bn) (4,7,10-tricarboxymethyl-benzyl ester 1,4,7,10daata-
cyclododecane-1-acetic acifi3) has already been reported by Anellial.*** Their route
involved the monoalkylation of cyclerb@ with tert-butyl bromoacetate followed by the
alkylation of the remaining three nitrogens usirmnzyl bromoacetate. For this study it was
decided to first synthesise tri-benzyl 1,4,7,10a®tacyclododecane-1,4,7-triacetate
(DO3A(BnNY; (51)), the benzyl protected analogue of DOBA; (34). 51 should allow faster
access to various carboxylic acid- or amino-funaised DO3A(Brg-derivatives, once the
attachment of gadolinium(lll) complexes to silsdsganesvia benzyl protected ligands
proved successfubl was synthesised by alkylation of three of the eycb0) nitrogens

using 2.8 equivalents benzyl bromoacetate (Sche&e 1

% /—<
b

NH HN —0O
[ j benzyl bromoacetate
NaHCO3; ACN, OC—>RT o
NH HN ,: S/ j ,N HN

)
50
Scheme 13.

The synthesis resulted in a mixture of mono-, wli-,and tetra-alkylated cyclen derivatives.
Mono- and di-alkylated species could almost conghfebe removedsia filtration as their
bromide salts are poorly soluble in acetonitrilewdver, the separation 6f. from the tetra-
alkylated DOTA(Bn) could not be achieved by traditional separatiochnéjues. The
isolation of 51 was finally accomplishedia elution from an Amberlite XAD1600 resin
column using a water/acetonitrile gradient. AmlerlKAD1600 is a polystyrene resin, to
which DOTA(BnN), due to its four aromatic groups, has a higheiniajf than 51, which
possesses only three aromatic groups. The procastharacterised by multidimensiofill
and*C NMR spectroscopy and ESI-MS. Unfortunately, vitily 10 %, the yield remained
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poor.
In the next step the forth cyclen nitrogensdfwas alkylated withert-butyl bromoacetate in
order to obtain 4,7,10-tri-benzyligft-butyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetate (DOTA(BEBU (52)) (Scheme 14).

Q% 3s Q% %Q

tert-butyl bromoacetate

okt Cy ) onots @w o<

Scheme 14.

The successful synthesis 82 in 70 % vyield could be shown by high resolutionssa
spectrometry (HR-MS) and by the appearance teftbutyl hydrogen signal at 1.43 ppm in
the 'H NMR spectrum, being in the correct ratio of integ to the signals in the aromatic
region of the spectrum. Finally, deprotection df tért-butyl protected carboxylic acid was
achieved by stirring a solution &2 in TFA:DCM (1:1) for 22 h at room temperature
(Scheme 15).

TFA

gw %O% & ©ﬁ>_/\_/L<

Scheme 15.

The crude product was purifietha elution from an Amberlite XAD1600 resin column ngia
water/methanol gradient, however DOTA(BI33) only eluted at 100 % methan&3 was
obtained in 43 % yield and was characterised bytidimiensional *H and *C NMR
spectroscopy and ESI-MS.

4.2.3.4 Coupling of DOTA(BN)3 to octa(3-aminopropyl)silsesquioxane

Analogous to the synthesis described in chapte2 £ Zor the coupling of DOTABU); (36),
DOTA(BN); (53) was attached to octaammonium silsesquiox2déy treating29 with an
excess 0b3, TBTU (38) and DIPEA in dry DMSO under argon atmosphere stivdng the
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mixture for 30 minutes at room temperature (Sch&f)e

R
RSI —0— SIR I_ _SII
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Sl_OOSI/R O Q S \ /_\ /_< Q SI O SI |
Cl)Fb’S'CI)'O s'. 53, 38, DIPEA__ [ ] 030//5'00 ~SiR!
cl HSN\/\/S:LO s| DMSO @ >~ \—\(N\/\/S'_O S' R’
%{—/
R 2 /
R’
29 54
Scheme 16.

Workup afforded a dark yellow solid. Thid NMR spectrum of a CDGlsolution of the solid
showed the signals of the desired prodbdt(Figure 35). However, the spectrum reveals
several peaks of residual solvents and TBTU byprtsdiand most important the SigEH,
group shows not only the signal at 1.60 ppm, ben al small signal at 1.79 ppm. Th&-?Si
HSQC NMR spectrum shows that also the signal @ pgn in the'H NMR spectrum
consists of two resonances, a main peak at 0.58qmupling to &°Si signal at -67.0 ppm

and a small proton signal at 0.63 ppm coupling $dieon signal at -67.5 ppm.

LA

8 7 6 5 4 3 2 1 ppm
Figure 35.*H NMR spectrum in CDGlof the crude product of the synthesi5df

Since the chemical shifts of the signals furthearagrom the silsesquioxane core differ
stronger, it is more likely that a certain amouhthe octaaminopropylsilsesquioxane is not
octafunctionalised rather than a degradation of s$iisesquioxane cage. The ratio of
integration of the signals at 1.60 and 1.79 ppnthia *H NMR spectrum is about 8:1,

indicating mostly incomplete functionalisation. Mdi&ely the excess of ligand was not high
enough to achieve full octafunctionalisation in gieen time. Nevertheless, it was decided to

initially use the obtained product to investigatee tpossibility of deprotection of these
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systems.

4.2.3.5 Cleavage of the benzyl esters

As the obtained dark yellow solid turned out toitoluble in methanol, the hydrogenolytic
cleavage of the benzyl esters was attempted in DIMEE. solid was dissolved in dry DMF,
Pd/C (10 % Pd) was added and the solvent was dmtja§he mixture was stirred under a
dihydrogen atmosphere for 2.5 h at room temperatdosvever, after workup, the residual
solid was insoluble in water, but still soluble@DCls. As the'H NMR spectrum showed no
cleavage of the benzyl esters, the reaction wast iesDMF with new catalyst and the
mixture was stirred for two days. Thed NMR spectrum of the reaction solution (Figure 36)
showed only little toluene formation, indicating$ethan 30 % deprotection. Furthermore, the
spectrum revealed the appearance of a new sigBal&ippm, being in the intensity range of
the solvent rather than the solutes (integrati®io iaf 0.5 as compared to the DMF signal at

about 8 ppm).

Tol

Bn

I\

""""" AR AR RARARARARS RARRARAARY RAARRARAS RARRARRARY RARARRAAR) RARRARRANY
8 7 6 5 4 3 2 1 ppm

Figure 36.*H NMR spectrum of the reaction solution of the mipéed deprotection dB4.

The signals of remaining benzyl esters are inditate “Bn”, whereas the resonances of the
formed toluene are labelled by “Tol”. * DMF. ** mbkkely dissolved dihydrogen.

The*H-**C HSQC NMR spectrum indicates that the hydrogerthisfsignal are not attached
to a carbon and thi#d-'H COSY NMR spectrum shows no coupling of the hyeroguclei to

other hydrogen nuclei. As anhydrous solvent wasl,uge signal corresponds most likely to
dissolved dihydrogen. The small signal appearin@.&fppm might belong to species with a
decomposed silsesquioxane cage. As no completéunctenalisation was achieved in the

previous reaction, free amine groups could destneycage as described in chapter 4.2.1.1.
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An explanation for the extremely low reaction ratessthe deprotection might be the large
size of the functionalised silsesquioxane whichl@¢qrevent a satisfactory interaction with
the catalytic centres, leading to slow conversaies. Even though comparably large amounts
of Pd/C were used and the catalyst was renewesl aiso possible that sulphur compounds
from residual DMSO poisoned the catalyst, theredmjucing its activity. In order to clarify
this, the synthesis d4 needs to be rerun in DMF using a larger excesS3ofThen the
hydrogenolytic deprotection can be reattempted. él@y the results from the
simultaneously carried out attachment of La-DO3Ay&mnine @8 to octa(3-
(ethylmercapto)propionic acid) silsesquioxaB8)(in chapter 4.2.3.2 pointed out the need of
a charge to obtain sufficient water solubility dlese highly symmetric systems. For this
reason and because the direct introduction of tmaptexes turned out to be much more

convenient, the benzyl protection approach wagpuoctued further.
4.2.4 Introduction of Charged Macrocyclic Complexes

4.2.4.1 Synthesis of DOTAGA

The easiest way to introduce a charge in thosemssts the use of charged complexes. Gd-
DOTA (1) itself is negatively charged due to the four cashate functions complexing the
gadolinium(lll) ion. However, for the attachmentdailsesquioxane an additional functional
group is required. A relatively convenient wayhse functionalisation of the methylene group
of one of the acetic acids with an additional cagflioc acid. Eisenwieneet al. reported the
synthesis of DOTAGABuU), (1-(1-carboxy- 3-carbeert-butoxypropyl)-4,7,10-(carbtert-
butoxymethyl)-1,4,7,10-tetraazacyclododecars) (Figure 37)** 55 is an excellent
prochelator which can be conjugated to amines dtet deprotection and complexation

results in a negatively charged monohydrated coxple

?mf
%OI\*OH

@]
55

Figure 37. Structure of DOTAGABU), (55).

Since the complex should be directly attached &osilsesquioxane in this study, the use of

orthogonal protecting groups was not required. &loee a new route for the synthesis of
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DOTAGA (1,4,7,10-tetraazacyclododecane-1-glutari¢¥D-triacetic acid, 60) was
developed (Scheme 17 and Scheme 18). In the fagtgutamic acid46) was converted into
2-bromoglutaric acidg7) via diazotation analogous to the method described dignblerg™*®
Following the method by Eisenwienet al,'** the crude acid, being about 85 % pure by
NMR, was then directly treated witbrt-butyl trichloroacetimidate (TBTA) in the preserufe
boron trifuoride ethyl etherate to afford the dediditert-butyl protected produd8in about

40 % yield. All steps were characterised"blyand**C{*H} NMR spectroscopy.

(0] O (0] (0]
NaNO,, NaBr TBTA, BF3OEt2 S\ /k
HO OH———————=HO OH
2N HBr, 0C

NH , Br cyclohexane,
2 CHCl; DMA

56 57 58
Scheme 17.

The obtained diert-butyl 2-bromoglutaric acid5g8) was then used to alkylate the forth ring
nitrogen of DO3ABu); (34) in order to obtain the pentart-butyl protected DOTAGABU)s
(59). The successful synthesis&fin 70 % vyield was confirmed by two-dimensiofidl and
13C NMR spectroscopy and HR-MS.

0 0 ) r<o
%‘Oy[\N/_\NiO% 58 e [ 0~
%—o N HN K,CO3 ACN, 70C 9— N\_/ k

O%—oo

34 / 59
TFA, DCM

Scheme 18.

Finally, deprotection was accomplished by stirrangolution of59 in TFA:DCM (3:2) for
23 hours at room temperatuff was obtained as an off-white powder, which stih@ined
a small amount of TFA. Rough titrations of the prodat about pH 6 with a Ygkolution

and xylenol orange as the indicator yielded thewedence point after the addition of about
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0.85 equivalents of yttrium(lll) referred to the lecular mass of the uncharged structure of
60 as shown in Scheme 18. This corresponds to lessdhe equivalent TFA per ligand. The
yield of complexing species was calculated to b&®%As59, 60 was characterised by two-
dimensional'H and®*C NMR spectroscopy and HR-MS. Due to their prolahgelaxation
times and the coupling to the fluorine atoms thé& E&rbons were not visible in tH&C{*H}
NMR spectrum.

Since the protection &7 as its ditert-butyl ester using the expensive TBTA resultedniyo
moderate yields and also the deprotectio®®fvith TFA was not satisfying, an alternative
route for the synthesis of DOTAGA®Q) was evolved (Scheme 19). Instead of théedi-
butyl ester, the dimethyl ester 57 was prepared. This could conveniently be accommgdls
in 75 % vyield by treating the crude/ with catalytic amounts of conc. sulphuric acid in
methanol under reflux. The purity of the obtainachethyl 2-bromoglutaric acidé() was

demonstrated b{H and**C{*H} NMR spectroscopy as well as by elemental analysi

cat. H,SO; )1\(\)1\ P
HOWOH MeOH, reflux © ©
Br Br
57

l34 K,CO3 ACN, 70T

0 0
HO>—\/_\/_<

%\
[N Nj OH 6N HCI, reflux [
o =
HO
>_/

/—<
—N NI\)‘\ :j(\)‘\
_/ OH
© HO™ ~O

Scheme 19.

In analogy to the synthesis of DOTAGR()s (59), DOTAGA(Bu)s(Me), (62) was obtained

by alkylation of DO3A{Bu); (34) with 61 in the presence of a base. The successful syathesi
of 62 in 71 % vyield was also confirmed by two-dimensiott4 and**C NMR spectroscopy
and HR-MS. Complete deprotection of the ligand \aahkieved in excellent yield (about
92 %) by refluxing its aqueous 6 N hydrochloriccesolution overnight. Following this route,
60 was isolated as its ammonium chloride salt. Rditgdtion indicated also in this case the
molecular mass of the uncharged structuré®fo be 85 % of that of the obtained product.
This would roughly correspond to DOTAGA-2.5HCI fine obtained product, however, as

the product is slightly hygroscopic, some water ao contribute to the increased molecular
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mass. Organic impurities are not possible as‘thand**C NMR spectra in BO contained
only signals of the desired product. FurthermorethbNMR spectroscopy and mass

spectrometry data were in agreement with that nethfor60 prepared by the other route.

4.2.4.2 Synthesis of Gadoxane G

Prior to attachment, the lanthanide complexe$®@ieeded to be prepared. Therefore an
aqueous solution &0 was treated with aqueous solutions of Ln@h = G&*, Y**) while
adjusting the pH to 6-7 using hydroxide as baséh€Bre 20). Since the complexes are
negatively charged, the counter ions have a larfjeeince on the solubility of the systems.
To increase the solubility in non-aqueous solvestsequired for the following grafting to the
silsesquioxane, tetnabutylammonium hydroxide was used as base. Wherconaplexes
were required for analytical studies and not fag Hitachment to silsesquioxanes, tetra-
butylammonium hydroxide was replaced by sodium byiie. Complete complexation was
achieved by stirring the solutions for several lsoar increased temperature. The solvent of
the reaction mixture was then removed under redpcessureand the residue was kejot

vacuofor four to six days in order to remove most & temaining water.

0]

%\ /\ /_< - %\ [\ /—< -
HO N OH LnCl;(aq)
[ j o) "Bu,NOH(aq) . [ Ln3* j
HO, N N
OH H,O, pH 6-7, 70C OH
FNS o Uiae
HO™ O O (@]
60 63
Scheme 20.

The covalent binding of63 to octa(3-chloroammoniumpropyl)silsesquioxari9) (was
achieved as for the other systems described alithe silsesquioxane was treated with an
excess of the respective complé® TBTU (38) and DIPEA in dry DMSO. The tetma-
butylammonium salt 063 is fairly soluble in DMSO, however the processaktively slow.
Once63 is dissolved, the coupling to the silsesquioxaae lwe achieved quantitatively within
several minutes. The reaction was quenched afteniB0tes by adding the reaction mixture
to a strongly diluted acetic acid/sodium acetatiéelofpH 5.5). This time no precipitation was
observed.

Purification of the product was achieved diafiltration using a membrane with a molecular
weight cutoff of 3 K. Additionally to the separatiof small molecules from larger molecules,
diafiltration allows the exchange of counter ioBg.using a sodium chloride solution in one

step of the filtration process the tetrdutylammonium counter ion was fully replaced by
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sodium to afford Gadoxane GG) (Figure 38) as its octasodium salt in about 3yiéld. As

the obtained white solid can contain residual sodahloride, the yield was determined by
measuring the gadolinium(lIl) concentration in a¥wm volume using the BMS method (see
chapter 5.2.7.2). The yield can be improved by gisirsmaller cutoff, however, this goes at

the expense of purity.

>—/\ / H/\/\s,i—oillsrR o
o O ,
“_ 0 o RZSIGO—Si-
VT |/O |/o
R _Si—O0—Si
R "R
GG

Figure 38. Structure of Gadoxane &(G).

GG was characterised on the basis of its yttrium(ddmplex by HR-MS as well as

multinuclear tH, *°C, ?°Si) NMR spectroscopy. The absence of non-coordihate
lanthanide(lll) ions was confirmed by the xylenebt'*® The HR mass spectrum of the
yttrium(lll) complex (M = 5228.2 g/mol) is shown Kigure 39.
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Figure 39.HR-MS of the yttrium(lll) complex of Gadoxane GG) [M]?".

The characteristic isotope pattern of the eighetmmegatively charged [M]ion was well
resolved and then/z was determined to be 653.487015 (theor.: 653.4870€0 signals
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corresponding to less than eight-times substitstlsg@squioxanes, partly hydrolysed or free
Y-DOTAGA were detected. This shows that p@& can be synthesised with an intact
silsesquioxane core by this method. Furthermorehyudrolysis products were observed in
samples which were stored at -28°C for more thama6ths.

The NMR spectra were measured ipCDat 25°C and pD 7.0. Thid NMR spectrum is
depicted in Figure 40. A complete assignment of 'tHeand **C NMR resonances to the
structure of GG was achieved using two dimensional techniquesreboice the acquisition
time the®®Si NMR spectrum was also recordéd a 2D*H->°Si HSQC experiment. It shows
only one ?Si signal at -65.3 ppm which is again owed to thibic symmetry of the

undamaged silsesquioxane core.

*%

R D e

50 45 40 35 30 25 20 15 10 ppm
Figure 40. '"H NMR spectrum of the yttrium(lll) complex of Gadme G GG) in D,O
(pD 7.0). *DMSO, **solvent residual peak.

4.2.4.3 Synthesis of DOTAMA and DOTABA
In order to synthesise derivatives ® which posses a further reduced internal flexupilit
and therefore show little anisotropic local rotatib motion (cf. chapter 4.1.1.1), two novel

bifunctional ligands were designed (Figure 41).

H02C“ / \ /_C02 H02C“ / \ /_COZH

( j j CO,H

HOZC—/ \ / Y HOZC—/ \ /
CO,H CO,H
64 65

Figure 41. Structures of DOTAMA§4) and DOTABA 65).
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Insteadvia an ethyl spacer as in DOTAGA(®) the additional carboxylate group is directly
attached to the DOTA moiety in the case of DOTAMA4(7,10-tetraazacyclododecane-1-
malonic-4,7,10-triacetic acid4) andvia a phenyl ring in the case of DOTABA (1,4,7,10-
tetraazacyclododecane-1-(4-(carboxymethyl)benzbig)0-triacetic acidgb).

In analogy to the synthesis of DOTAGAQ), the synthetic strategy for both novel ligands
implies the alkylation of the secondary nitrogen @®3A(Bu); (34) by an appropriate
protected 2-bromodicarboxylic acid.

Dimethyl 2-bromomalonate6y), for the synthesis 064, was prepared in one step from
dimethyl malonate§6) via radical bromination analogously to the method afnter and
McWhertef®” (Scheme 21). Repeated distillation under reducesspre afforde@7 in 45 %
yield. Due to itsH NMR spectrum the final product was 98 % pure \&it% of unreacte@6.

o O
)]\/U\ Br, \OJ\(U\O/
o o~ CCl,, reflux
Br
66 67

Scheme 21.

For the synthesis of DOTABA6E), methyl 4-((methoxycarbonyl)bromomethyl)benzoat®
was synthesised in three steps from the commeyrcalhilable methyl 4-(cyanomethyl)-
benzoate@8) (Scheme 22).

(@)
6
45% H,SO 1
o/ ey (@] 5 OH
reflux )
HO 4 3
69
‘SOCIZ, MeOH, RT
(@)
O/ NBS, AIBN 2 1
- (@) O/
CCl, reflux
1 \ a 2
O 3
70
Scheme 22.

Following the procedure of Schapest al.”® 68 was hydrolysed to afford 4-
(carboxymethyl)benzoic aci®9) in 84 % vyield. Protection of the acid groups gsthionyl
chloride in methanol gave the dimethyl est)(in 95 % yield. The bottle neck of this route
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was the bromination o7¥0. When 70 was refluxed withN-bromosuccinimide (NBS) and
catalytical amounts of AIBN in carbon tetrachlorifie five hours the conversion was only
about 49 % due tdH NMR spectroscopy. Readdition of AIBN and additibri7 hours
heating to reflux were necessary to achieve att [é896 conversion. Interestingly, much
poorer conversion was obtained if the reaction tmas directly prolonged to 24 hours. As a
complete separation off1 from unreacted70 by column chromatography proofed
unsuccessful, purél could be obtained in only 48 % yield. All stepsreveharacterised by
'H andC{*H} NMR spectroscopy. The purity af1 was additionally shown by elemental
analysis.

DO3A('Bu); (34) was then treated with the two obtained dimethpr@nodicarboxylate§7

or 71 in the presence of a base, to aff@&land73 as the protected forms of DOTAMA and
DOTABA, respectively (Scheme 23). Both alkylatiammuld be carried out in excellent yields
of 84 % and 86 % for2 and73, respectively. The yield of the analogous alkglatreactions
in the syntheses of DOTAGAQ) were with 70 % and 71 % significantly lower. Timsght

be explained by possible eliminations as side m@atin these cases, whereas this is
impossible in the synthesis a2 and 73. 72 and 73 were both characterised by two-
dimensionafH and**C NMR spectroscopy and HR-MS. Noteworthy is thedkied rotation
of the dimethyl malonate moiety @R leading to two distinct signals (52.4 and 52.7 pfon
the methyl groups in thE€C{*H} NMR spectrum.

%\ /A /—< ?
o% N O% T2R= L -
[N HN] 670171 [ j 0 ]

K,CO3 ACN, 70T >, ) 1 i
— 1
73 R=] O
34

4 2
72,73 Z

O

~

Scheme 23.

The deprotection of4 was carried out analogously to that of DOTAG®A(s(Me), (62) by
refluxing its aqueous 6 N hydrochloric acid solatiovernight (Scheme 24). The successful
synthesis of74 in 90 % vyield was confirmed by two-dimension# and *C NMR
spectroscopy and HR-MS. The ligand was again obdaas its ammonium chloride salt and
rough titration of the product at about pH 6 witty@l; solution and xylenol orange as the
indicator, showed also in this case the moleculassrof the uncharged structure6éfto be
85 % of that of the obtained product. This wouldrespond to about three HCI molecules per

ligand. However, also for this ligand the additibimaclusion of water molecules is more
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likely than a triammonium salt as only about sixieglents of base were necessary in the
following complexation reaction to neutralise tldusion of the forming complex.

HO_ O
@)
s S o
HO N N 6

1
6N HCI, reflux [ j
HO

Scheme 24.

In the case of DOTAMABu);(Me), (72) deprotection of the malonic acid moiety under
acetic conditions is not possible due to the inbtatmf malonic acid derivatives at low pH.
Therefore72 was deprotected in two steps (Scheme 25). Initbestep thdert-butyl esters
were cleaved by stirring2 in TFA:DCM (1:1) for 20 hours at room temperatuiiéhe
cleavage was demonstrated by HR-MS and by the pitsmpnce of théert-butyl signals in
the 'H and**C{*H} NMR spectra. The signals of the methyl groupsiaé in both spectra,
however, now also th&C{*H} spectrum shows only one resonance for the meghglips

indicating free rotation of the dimethyl malonateiety after removal of the bulkigrt-butyl

groups.
@) O @) O
>_ >/ \ < >/ \ <
©) N N @] HO N N OH
[ j 0 TFA,DCM [ o
O HO,
T as S e
—0 0 —0O O
12 75
"BuysNOH(aq)

_gyiN/_\N/j_{_
_ O
TN

o o
64*
Scheme 25.

The deprotection of the malonic acid moiety wasoagalished by stirring5 in an alkaline
aqueous solution for one day. When the obtainedrotiegted and deprotonated
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DOTAMA (64*) was intended for the attachment of its compldres silsesquioxane, tetra-
n-butylammonium hydroxide was used as base, whenda it was scheduled for the
characterisation 084* and its lanthanide complexes lithium hydroxidesodium hydroxide

was used. All three methods resulted in the fulyprdtected64* as was shown by two-

dimensionafH and**C NMR spectroscopy.

4.2.4.4 Coupling of DOTAMA complexes to the silsesquioxane

The complex formation of DOTAMAG4*) and the lanthanide(lll) was carried out by tnegti
the respective aqueous solution6df* with an aqueous solution of LnQLn = Gd*, Y3").
Upon the addition of the lanthanide(lll) chlorideligion the pH dropped from about 13 to
7.2+0.1 and a light precipitate was formed, indej@enly of the counter ion. The precipitate
is most likely lanthanide(lll) hydroxide. After sinhg overnight at room temperature, the
precipitate had redissolved. Prior to coupling tleemplexes 76 to the octa(3-
chloroammoniumpropyl)silsesquioxari9), the solvent of the reaction mixture was removed
under reduced pressuaad the residue was kejpt vacuofor two days in order to remove
most of the remaining water. The successful congies was shown by HR-MS on the basis

of the gadolinium(lll) complex having sodium as twnter ion.

o) o) o) o)
- >_\ / \ /—< - - %\ / \ /—< -
o N N o o N N o
[ j o LnCly(aq) [ Ln3* j o
Ke! ~ H0,pH72 O SN N -
07‘ N Nrko 20,pH 7. O} ) ﬁo

Nee! oo
64* 76

Scheme 26.

In a first attempt to coupl@6 as its yttrium(lll) complex to the silsesquioxa@®, the
synthesis was performed in the same manner abdqgoreparation Gadoxane GG&). Once
76 was dissolved in dry DMSO, a DMSO solutiona¥ and TBTU 38) as well as DIPEA
were added under argon atmosphere. The reactiomwasched after 30 minutes by adding
the reaction mixture to a strongly diluted acetasodium acetate buffer (pH 5.5). In order
to purify the desired product, diafiltration with3aKk molecular weight cutoff membrane was
performed. Unfortunately after removal of the salyeno product was obtained. In order to
investigate why no product was obtained, the reaatras reattempted using dry DMSO-d6.
Interestingly, the'H-'H COSY NMR spectrum measured after 15 minutes sHotne

characteristic change in the chemical shift from752pm to 3.09 ppm for the
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SICH,CH,CH,N group (see chapter 4.2.2.2 or ref. 127) indicptime completeness of the
reaction. Therefore, the reaction was quenched d@eninutes. However, workup afforded
again no product. If a complete octafunctional@ativas really achieved, the product must
have decomposed during diafiltration. In the oatafionalised product/(/, Figure 42) of this
reaction, the hydrophilic lanthanide complexes doser to the silsesquioxane core than in
the case of5G. Therefore a hydrolytic cleavage of Si-O-Si bonaight occur significantly

faster and thereby preventing the isolatio of

0.0 8
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—\__/ N/\/\Si—O'?-SI/R (|3
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Figure 42. Structure of the desired coupling product of Ln-DXMA (76) and octa(3-
chloroammoniumpropyl)silsesquioxarf).

4.2.4.5 Synthesis of Gadoxane B

The lanthanide complexes of DOTABAS) were also prepared by treating aqueous solutions
of 65 with aqueous solutions of LnC{Ln = Gd*, Y**) while adjusting the pH to 6-7
(Scheme 27). When the complé& was intended for the attachment to the silses@mex9,
again tetran-butylammonium hydroxide was used as base, othersaslium hydroxide was
used. Complete complexation was achieved by gjirtive solutions for several hours at

increased temperature.

y /_\ /_< 0 — o
O
O LnCly(aq) Oj N N EO 0
[ j OH  "BuyNOH(aq) [ L3 j g
HO H0,pH67,70C 0. Sy
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O
O
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Scheme 27.

The solubility of thé'BusN[Ln(DOTABA)H 0] complex in water turned out to be extremely
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low, leading to a white precipitate once the compias formed. With sodium as the counter
ion the solubility of78 is significantly higher, but still low compared tbe complexes of
DOTAGA (60) and DOTAMA 64). Nevertheless, the solvent of the respective ti@ac
mixture was removed under reduced pressure aftetitiie and the residue was kéaptvacuo
for four to six days in order to remove most of temaining water.

Despite the use of tetrabutylammonium as the counter iof8 is only poorly soluble also in
DMSO. The residue was taken up in a significardhgér amount of dry DMSO than in the
case of the other two systems, still a suspensenained after stirring for two days.
Nevertheless, a DMSO solution 8 and TBTU 88) as well as DIPEA were added. As the
reaction had to be carried out in suspension, ¢hetion time was prolonged to three hours.
The reaction was then quenched by adding the osacdtnixture to the diluted acetic
acid/sodium acetate buffer (pH 5.5). Upon additilbe suspension dissolved. This allowed
the purification of the produatia diafiltration (3K membrane). During the filtratiqggrocess
the tetran-butylammonium counter ion was again fully repladgdsodium ions. In contrast
to the coupling of Ln-DOTAMA 16), the octafunctionalised Gasdoxane@B| (Figure 43)
could be isolated in about 30 % yield. Again thdaam(lll) concentration was determined
by the BMS method (see chapter 5.2.7.2) in ordexatoulate the yield. The absence of non-

coordinated lanthanide(lll) ions was confirmed bg kylenol test®®

_|8_
6. 0
R R

Z [\ <% & ‘Si—o—si”
N 3N 0_6 /O/l /O/l
( ol j H/\/\Si—o-(llsi/R (|3
'O>,_/N\ NN | s o—di.
S / 3 (0] Fé/ @) O/ R
g 00 / ls-io—é/
N R/ | I\
R R
GB

Figure 43. Structure of Gadoxane E&B).

Gadoxane BGB) was characterised by multinucledr (*3C, °Si) NMR spectroscopy on the
basis of its yttrium(lll) complex and by HR-MS ugithe gadolinium(lll) complex. The HR
mass spectrum of the gadolinium(lll) complex (M £56.3 g/mol) is shown in Figure 44.
The characteristic isotope pattern of the eighetimegatively charged [Fl]ion was well
resolved and then/z was determined to be 769.881065 (theor.: 769.880300 signals

corresponding to less than eight-times substitstlsgsquioxanes, partly hydrolysed or free
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Y-DOTABA were detected, showing that pu@B can be synthesised with an intact
silsesquioxane core by this method.

769.881065

Figure 44.HR-MS of the gadolinium(lll) complex of Gadoxang®B) [M] %

The NMR spectra were measured igCDat 25°C and pD 7.0. Thi#d NMR spectrum is
depicted in Figure 45. Again two dimensional teqgueis were used to achieve a complete
assignment of théH and**C NMR resonances to the structureGB. Furthermore, thé’Si
NMR spectrum shows only one signal at -65.4 ppm ttug¢he cubic symmetry of the

undamaged silsesquioxane core.

Bi1

8 7 6 5 4 3 2 1 ppm
Figure 45. '"H NMR spectrum of the yttrium(lll) complex of Gadme B GB) in D,O
(pD 7.0). *solvent residual peak.
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4.2.5 The Molecular Size of Gadoxane G and B

The importance of the molecular size of a CA wasaaly pointed out in chapter 4.1.1.1 and
4.1.3. The size of the CA is not only related te tiotational correlation timeg, it also
influences the distribution of the CA within thedyoand its excretion rate. As described in
chapter 3.2.3, PGSE diffusidii NMR spectroscopy is a powerful tool in determinitme
size and also the rotational correlation time afv@mall to extremely big moleculés.”® 78
Using PGSE NMR spectroscopy, the translational-dififision coefficientsD of the
yttrium(lll) complexes of GG and GB as well as of their corresponding monomeric
complexess3 and78 were determined at 25°@or spherical molecules, like the Gadoxanes
and in good approximation also the monomers, tb&eStEinstein equation (equation 3.1 in
chapter 3.2.3) is valid and allows the calculatdneliable hydrodynamic radiiy. Fromry
the rotational correlation timezpir can be calculated applying equation 3.2 (chapi2i3B

and the hydrodynamic volumé, is obtained using equation 4.2:

4
VH = §7TT13 (42)
As strongly diluted samples (2-3 mM of the Gadoxaaad 15-20 mM for the monomers)

were usedry, Vy and zrpirr could be calculated from the diffusion constarssuaning;soiution
= nso|vent(Tab|e 6):!-39

Table 6. Translational diffusion coefficient D and resultant hydrodynamic radius,
hydrodynamic volumeVy, and rotational correlation timerpir at 25°C of GG, GB,
Y-DOTAGA (63) and Y-DOTABA (78).

Compound D [m?/s] ry [NM] Vi [nm?] Troiff [PS]
Gadoxane GGG) (1.373+£8)x10°  1.442+0.008 12.56+0.22 3370460
Gadoxane BGB) (1.379+£7)x10°  1.436+0.007 12.40+0.19 3320450
Y-DOTAGA (63) (3.97629)x10°  0.499+0.001  0.52+0.00 139+1
Y-DOTABA (78) (3.625+8)x10°  0.547+0.001  0.68+0.01 183+1

Evaluation of the diffusion data revealed almoshiital hydrodynamic radii fd6G andGB
(about 1.44 nm), showing that the different linkeesre no net effect on the size of the CAs.
By contrast, in the case of the monomers, the cepi@nt of the ethylene spacer by a phenyl
ring leads to a significant increase in the hydrayic volumeVy of about 30 % (0.52 nin
and 0.68 nrhfor Y-DOTAGA and Y-DOTABA, respectively). With hyddynamic volumes
of 12.56 nm and 12.40 nrhthe two Gadoxanes are thereby about 20-timesrldnga their

respective monomers. This should result in a dicanitly increase in relaxivity, especially at
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field strength currently used in clinical MRI (seleapter 4.1.3).
Furthermore, the Gadoxanes are still considerahbllsr than the small pores£ 3-5 nm) of
the glomerular filter in the kidneys (see chapter.41), which should allow a sufficiently

fast clearance of the Gadoxanes from the body.

4.2.6 The Stability of the Silsesquioxane Cage in Aqueousédia

Silsesquioxanes are formed in a condensation ceadherefore hydrolysis, being the reverse
reaction, can be an issue in agqueous media. ltbbas reported that degradation of the
silsesquioxane cage occurs in wet organic solvientse presence of amine bas&swhich
could be confirmed in this study (see chapter 42.2However, as most of the so far reported
silsesquioxanes are insoluble in water, not martg dae available on their hydrolysis in
aqueous media. Feheet al’®* referred the stability of octa(3-chloroammonium-
propyl)silsesquioxane2@) to be very high in neutral or acidic solutionfioigh no
quantitative data were given. On the other hanely teported the appearance of a prominent
new set of resonances in 18i NMR spectrum of an alkaline,D solution (pH 9) o9 ten
minutes after preparation. These resonances, vgnmh at the expense of the resonance for
29, are believed to belong to a silsesquioxane cagehich one Si-O-Si bond is cleaved.

Attempts to achieve higher conversion then lecbimglete decomposition of the cage.

4.2.6.1 Time-dependent’®Si NMR measurements

In order to investigate the stability of the silg@®xane cage of the Gadoxanes towards
hydrolysis, initially >°Si NMR spectra of an aqueous solution (pD 7.0)hef yttrium(Ill)
complex of Gadoxane G5G) were measured at 25°C as a function of time. &duce the
acquisition time thé°Si NMR spectra were recordeih a 2D*H->°Si HSQC experiment. The
9Si projections are depicted in Figure 46. The spetimeasured directly after preparation of
the solution shows, as already mentioned in chapt®d.2, only one signal in the typical
range of T groupd® at -65.3 ppm, being owed to the cubic symmetryhef undamaged
silsesquioxane core (trace 0 d). The solution viies tkept at 25°C for two weeks during
which further'H->°Si HSQC NMR spectra were recorded. The intensitjhefresonance at
-65.3 ppm slowly decreased during this period mkti clearly indicating the hydrolysis of the
silsesquioxane. This leads to variods(T = 1-3) species with much lower symmetry which
generate numerous magnetically inequivalefiSi nuclei in poor concentrations

circumventing their detection in a reasonable time.
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Figure 46.%°Si projections ofH-**Si HSQC NMR spectra of the yttrium(lIl) complex G5
after0d, 4d, 7d, 14 d at 25°C (pD 7.0) andraftiitional 8 days at 75°C.

After seven days a new signal appeared at -38.2ppich is in the range of°lgroups*® and
thus is assigned to the fully hydrolysed spe8i@géScheme 28). After 14 days the intensity of
this peak had further increased and a very sngtlasiat -47.9 ppm could also be observed.
As this resonance is in the range fdrgfoups, it is assigned to the (QRBI-O-SiR(OH)
fragment 81) (Scheme 28). To achieve complete hydrolysis,rafi¢days at 25°C the
solution was heated to 75°C. In a spectrum measaftedtwo days the signal due &a had
not vanished, but on the contrary, the intensitieboth 80 and81 strongly increased. The
ratio between them remained unchanged even aftersttution was kept at 75°C for

additional six days, suggesting an equilibrium kestwthe two specie8) and81.
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Scheme 28.
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4.2.6.2 Time-dependent PGSE diffusionH NMR spectroscopy

Simultaneously to th&€Si NMR measurements, the same solution was alsbtosgetermine

the translational self-diffusion coefficiellt of Gadoxane GGG) and of its fragments by
PGSE diffusion'H NMR spectroscopy at 25°C (Figure 47). All fragrreeare measured with
the same sensitivity than the undamaged specieshwimakes PGSE NMR ideal for
following decomposition processes. However, assigaals ofGG and its fragments could
not be separated in the proton NMR spectra, onhaearage diffusion coefficient of all

species was obtained during decompositio®Gf

2.8x10™1
_ 2.6x10™° "
2.4x10™
2.2x10™%
2.0x10™%
1.8x10™°
1.6x10™ "
1.4x10% " ®

Diffusion coefficient D [m’s™
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Figure 47. Average translational diffusion coefficie of Gadoxane G GG) and its

fragments at 25°C (pD 7.0) as a function of time.

The sample was strongly diluted (the initial cortcation of Gadoxane was about 2-3 mM),
thereforery, Vy and 7z were again calculated from the diffusion constastsuming;soiution =
nsoivent(Table 7):*° For comparison, the data of Y-DOTAGAJ] is also included in the table.
As already reported in chapter 4.2.5, 1.37¥10n’s* was obtained for the diffusion
coefficient of the undamagésiG (Time = 0). The average diffusion coefficient@& and its
fragments then slowly increased with time (Figureathd Table 7). As not all fragments are
supposed to be spherical, the Stokes-Einstein iequistin this case not generally valid and
therefore the resulting average values9fVy and 7z during decomposition (Table 7) can
only be considered as approximations. It is stihispicuous that after 14 days the avenge
had only decreased to about half the value of theéamaged Gadoxane. Although the
corresponding®Si NMR spectrum showed no resonances due’*tan@l ¥ groups after that

time, this points out that a considerable amourardy partly degraded species still remains
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under these conditions. Heating the solution taCrteft additional eight days then chanded
significantly, showing that higher temperatures arecessary to obtain mostly small

fragments at neutral pH within a reasonable time.

Table 7. Translational diffusion coefficienD, hydrodynamic radiugy, hydrodynamic
volume Vy, and rotational correlation timg at 25°C of Gadoxane G5GG) (time = 0),

Y-DOTAGA (63), and the average values during the decomposifiGG.

Time [d] D [m?/s] ry [nm] Vi [nm] 1= [ps]
0 (GG) 1.37x10™ 1.44 12.56 3366
0.375 1.39x10'° 1.42 12.00 3216
1 1.43x10'° 1.38 11.05 2960
2 1.43x10'° 1.39 11.14 2985
3 1.48x10'° 1.34 10.01 2682
4 1.47x10'° 1.34 10.17 2726
5 1.51x10'° 1.32 9.54 2555
7 1.54x10'° 1.28 8.83 2367
14 1.64x10'° 1.21 7.38 1979
+ 8d at 75°C 2.63x10'¢ 0.75 1.78 477
Y-DOTAGA (63) 3.98x10" 0.50 0.52 139

4.2.6.3 Time-dependent ESI-MS measurements

A possibility to follow the single steps of the hgtysis in more detail is offered by ESI-MS.
The gadolinium(lll) complex of Gadoxane @GG) was used for this investigation. As the
reaction rate increases with temperature, the agusalution ofGG was kept at 37°C and pH
7.0. ESI mass spectra were recorded at the oafftet,seven hours, 48 hours and 144 hours
(Figure 48). With a molar mass of 5774.95 g/mol #ight-times negatively charged
gadolinium complex has m/z of 721.9. Unlike in the high resolution mass specthe
isotopic pattern of this highly charged compoundildonot be resolved in the ESI mass
spectra. Instead a broad signal appeared in thingtapectrum. Each breaking of a Si-O-Si
moiety involves the addition of a water moleculeg(sScheme 28 in chapter 4.2.6.1). For an
eight-times negatively charged compound this cpords to an increase m/zof 2.25. The
hydrolysis of the first Si-O-Si unit was observdteaseven hours by the appearance of the
signal atm/z= 724.1. After 48 hours the spectrum showed amfthli signals corresponding to
two and three hydrolysed Si-O-Si moieties in theesiquioxane core, but also the appearance

of the isotope pattern of the fully degraded sme@@ at m/z = 749.3. The signal
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corresponding to the undamaged species had alranghed when the solution was kept for
additional 96 hours, whereas the isotope patte®0afas now clearly visible. Interestingly
no signals corresponding to seven- to two-timesatiegly charged fragments could be

observed by this method.
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: 751.2
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Figure 48. ESI mass spectra of the gadolinium(lll) complexGddoxane GGG) and its
fragments after O h, 7 h, 48 h and 144 h at 37Cphh7.0.

4.2.6.4 Time-dependent relaxivity measurements

The degradation rate of Gadoxane @GG) under physiological conditions was testad
relaxivity measurements. Therefore various conedsdir solutions of the gadolinium(lll)
complex of GG in typical cell culture media (20 mM HEPES, pH-7.4) with and without
fetal calf serum (FCS) were incubated at 37°C,difierent periods of timeT;-relaxation
times of the solutions were measured at 3 T anchrigmperature. No significant differences
between the serum containing and serum free sokitcwuld be observed. Thus, for the
further evaluations the data of both experimenteeve®mbined. The respective longitudinal
relaxivitiesr; were calculated from th€ measurements (Figure 49). Without incubation a
longitudinal relaxivity of 10.6 mMs* per gadolinium(lil) ion was obtained. Within thiest
three to four hours of incubation did not significantly change. This is understardas the
gadolinium(lll) ion remains complexed safely anck timitial breaking of Si-O-Si bonds
should not have much influence on the size or rdtieerotational correlation time:. Further
hydrolysis then leads to smaller fragments witkduced averagg; resulting in a decrease of
r1. Fitting the period of decrease with a first ordgponential decay showed a half-lifg of
about 15+3 hours. A plateau of 6.7 mdf is reached after about 125 h. This relaxivityl stil
belongs to an equilibrium between the fully hydsagl80 and fragmen81 (see Scheme 28 in
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chapter 4.2.6.1). A81 was not observable in the ESI-MS measurementscthutd not be
directly verified. However, when the same measuremeere performed in solutions of pH
8.1 to 8.6 (without HEPES and gas exchange) thaydemas much fastetif, about 55 min),
and, even more important, the plateau was signifigdower (5.4 mM's?) showing that the

increase in pH can further shift the equilibriunwvésds80.
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Figure 49. Longitudinal relaxivityr; (3T, r.t.) during the degradation &G under
physiological conditions (cell culture media, 20 mMNEPES, pH 7.4-7.6). The inset

highlights the first four hours of incubation.

The degradation of the silsesquioxane core of Ga®B (GB) was also investigated by its
effect on the longitudinal relaxivitgs. Since the water itself (or rather Qb responsible for
the degradation of the silsesquioxane (see Sch&me ¢hapter 4.2.6.1) and no influence of
serum, but a strong dependence on the pH was @iséov GG, the measurements were
carried out in HEPES buffered water (pH 7.4), wheepH can be adjusted more accurately.
The sample was kept at 37°C and the longitudidakation timeT; was measured at a proton
Larmor frequency of 10 MHz after different periodktime. The longitudinal relaxivities
were calculated from these data (Figure 50). Asotserved foGG, r; of GB also remained
constant (14.14+0.08 mi™) within the first three hours and only then strte decrease.
The decrease, starting after three hours, could laésfitted with a first order exponential
decay. With a half-lifé;,, of 11.2+0.2 h the decay rate is comparable todbtdined foiIGG
(t2 = 15£3 h).

This result verifies the degradation of the silsesgane core also foGB. As mentioned
earlier, the initial period of constant relaxivitgn be explained by the negligible influence of

the breaking of the first Si-O-Si bonds of theesiguioxane core on the rotational correlation
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time. Despite their degradation, the Gadoxanes Idhiherefore allow the performance of
MRI measurements with high reproducibility.
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Figure 50. Longitudinal relaxivityr, of Gadoxane BGB) under physiological conditions as
a function of the time (37°C, pH 7.4, 10 MHz). Tiheet highlights the first six hours.

4.2.7 Physico-chemical Characterisation of Gadoxane G and

The diffusion measurements revealed a rotationakladion time7rpir Of about 3.35 ns for
both Gadoxanes (see chapter 4.2.5), which shosldtra highly efficient CAs. However,
Troitt reflects the rotational correlation time of theohmolecule, and, as was outlined in
chapter 4.1.1.1, the major influence on the relfxiof a macromolecular CA does not arise
from the global rotational movement of the compquingt from the local tumbling of the
attached gadolinium(lll) complexes. The differenbetween the global and the local
rotational dynamics is in turn based on the inteflexibility of the macromolecule. As
mentioned in chapter 4.2.4.3, the phenyl ring ird@@ne B GB) was thus introduced, to
replace the more flexible ethylene spacer in Gadexa GG).

In order to quantify the effect of the differengidity of the linking groups on the rotational
motion of the gadolinium(lll) complexes G andGB, but also to determine the parameters
describing water exchange and electronic relaxatianiable-temperaturfO NMR and’H
NMRD measurements were performed in aqueous sokitdthe gadolinium(lll) complexes
of GG and GB as well as of their corresponding monomers Gd-DGAA(63) and Gd-
DOTABA (78). For both monomers, thFO reduced transverse relaxation ratedy1/
increase at lower temperatures, while above ~3@@el{ decrease with temperature (slow and

fast exchange regions, respectively; Figure 51).akeady mentioned in chapter 3.2.7, a
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detailed discussion of variable-temperatt/@ NMR measurements for the physico-chemical
characterisation of CA, can be found elsewHefée equations involved in thHéO NMR

study are given in the experimental part (chapte} of this thesis.
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Figure 51. Temperature dependence of reduced transverse tielaxetes, IF,, and
chemical shifts,4a, of (a) Gd-DOTAGA 63) and (b) Gd-DOTABA T8). The lines

represent the least-squares simultaneous fit ofaéid points.

In the slow exchange region, the reduced transvefagation rate Tk, is given exclusively
by the water exchange ratg. In the fast exchange regimeTZ/is defined by the transverse
relaxation rate of the bound water oxygef,d/ which is in turn influenced b¥e, the
longitudinal electronic relaxation rateTi), and the scalar coupling constakh. The 'O
reduced chemical shifidaw (Figure 51) are determined Byh, and to a small extent by an
outer-sphere contributioBpos Due to the significantly increased lability okthilsesquioxane
core at higher temperatures, tH®© reduced transverse relaxation rates & reduced
chemical shiftsdaw of the Gadoxanes could only be obtained in a teatpee range of 273-
320 K (Figure 52). Nevertheless, even in this lgditemperature range, both the slow and
fast exchange regimes are observable for GadoxamadsB, evidencing that the water
exchange ratk.x on the gadolinium complexes is not significanttacged by the attachment
to the silsesquioxane core.
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Figure 52. Temperature dependence of reduced transverse tielaxetes, IF,, and
chemical shiftsda, of (a) Gadoxane G3G) and (b) Gadoxane B5B8). The lines represent

the least-squares simultaneous fit of all datatgoin

Since the transversé0 relaxation is governed by the scalar relaxati@emanism, it contains
no information on the rotational motion of the gyst In contrast to T, the longitudinal
YO relaxation rates TI{, are determined by dipole-dipole and quadrupoldaxegion
mechanisms, both related to the rotation of theeswdés. The dipolar term depends on the
Gd**-water oxygen distancercqo, While the quadrupolar term is influenced by the

quadrupolar coupling constan(1+7°/3)"?

. The longitudinal relaxation rates have also been
measured. However, the differences between theatjaatic reference and the paramagnetic
samples were too small because of the low gadati(il) concentration owed to the poor
solubility of the complexes, in particular 8. Therefore, the reduced longitudingD
relaxation rates have not been included in theyaigl The relatively poor quality of the
chemical shifts should also be noted. Neverthelass;cordance to related systems, the shifts
confirm the hydration number of one for all foungmounds.

In recent years, it has become general practicefittc’O NMR and NMRD data
simultaneously, which is thought to yield physigatiore meaningful parametéfsHowever,
such an approach was not possible in the casetbf®adoxanes, as an acceptable fit of the

'H relaxation profile could not be reconciled withet electronic relaxation parameters
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obtained from the'’O NMR studies. This discrepancy is most probabliateel to an
inadequate description of the electron spin relarataving a strong influence on both the
low-field proton relaxivities and the transver<® relaxation rates in the intermediate and
fast water exchange regimes. A new appropriateryitbat is capable of describing the field
dependence (low frequency part of the NMRD cur@02 T;'’O data: 7.05 T) of electron
spin relaxation rates by the inclusion of both $fant and static zero-field splitting (ZFS) has
been reporte! *? However, this theory is only applicable to smalbletular weight
chelates and not to larger compounds like Gadotaaad Gadoxane B. Indeed, attempts to
simultaneously fit'’O T, and NMRD data failed in the case of the “interrageli sized
metallostar compound (cf chapter 3.1.£3).

Therefore, for all four compounds the transver® relaxation rates, which primarily give
access to the water-exchange rate, were fittedhegevith the'’O chemical shifts using the
traditional Solomon—-Bloembergen—Morgan equatioese @hapter 5.1.8). From these fittings

2% its activation entrop\Sf, and enthalpyAH* as well as the

the water exchange ralg
parameters of the electron spin relaxation, narttedycorrelation time for the modulation of
the zero-field-splitting#”®® and the mean-square zero-field-splitting enefyhave been

adjusted. The values obtained for these paramatergresented in Table 8.

Table 8. Parameters obtained from the independent fif@fNMR and*H NMRD data. For
each complex, the left and right semicolumns shiosvdlectron spin relaxation parameters
calculated fromt’O NMR and'H NMRD, respectively. In the NMRD analysis, paraetstof

water exchange were fixed to values obtained’©yNMR.

Gd-DOTAGA Gadoxane G Gd-DOTABA Gadoxane B
AH* (kJ mol*) 49.9+0.5 43.5+0.5 47.5+0.5 42.2+0.5
AS" (Jmol'k?) +52+2 +30+2 +43+2 +25+2
ket (10° 1) 5.9+0.3 5.3+0.5 5.4+0.3 5.540.5
En (kJ mol?) 17.2+0.% 23+0.8 19.7+0.% 20+0.8
v’ (ps) 93+8" 240+10 117+10 380420
Egr (kJ mol) 23+0.8 19.3+0.8
Iy (pS) 1500+400 1900+400
g 0.14+0.02 0.21+0.02
/% (ps) 6.6+0.3 6.5+0.3 3.9+0.4 30+8  9.7+0.7 7.0¢0.4 4.5+0.3 318

A (10% s?) 5.1+0.3 3.9+t0.4 5.0t0.4 0.7£t0.1 5.0+0.3 3.9+0.4 5.0+0.3 0.6x0.1

298

¥ No Lipari-Szabo treatment; only a singig;>*® andEgy is calculated, respectively
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The water exchange rates of all four compoundshaieer than that reported for Gd-DOTA
(1) (ke?®® = (4.1+0.2)x16 5.2 Gd-DOTAGA 63) shows the strongest increasekif™® as
compared tdl (about 40 %). The large activation enthalpié$’ and the positive activation
entropiesAS' suggest a dissociative mechanism for all compatitida such a dissociative
mechanism, the additional negatively charged (atrakpH) carboxyl group ir63, being
relatively close to the coordination cage, can tavthe leaving of the coordinated water
molecule, thus resulting in faster exchange. Thas ywreviously observed for Gd-DOTASA

(82, Figure 53) (DOTASA = 1,4,7,10-tetraazacyclodoaecd-succinic-4,7,10-triacetic acid),
298 _
X

where the carboxylate group is even closer to tle®rdination cage k¢
(6.3+0.2)x16 s1).144

N e
N N (@)

o}
- [Gd3+j _
O, N N o}
O>z—’ \__/Oro\g

82
Figure 53. Structure of Gd-DOTASAZ2)

Beside the effect of the negative charge of thb@aylate on the water exchange, the pending
group might lead to a structural change and indsmme sterical crowding in the inner
coordination sphere of the complex with respedstbDOTA (1). This might also contribute
to the acceleration of the water exchange. Thiscef expected to increase with increasing
length and rigidity of the linker. It is likely opstive for Gd-DOTABA {8), where the
additional negative charge is farther away from itheer sphere, and becomes even more
important for Gadoxane G and B. Indeed, the Gadeaxampounds do not have an additional
negative charge and still present a faster watenange than.

In a second step, the NMRD profiles of all four gmunds (Figure 54 and Figure 55) were
analysed to yield primary information on the raiail dynamics. In these fittings the
parameters describing the water exchamgé®{, AH*) were fixed to the values obtained from
the fit of the'’O NMR data. In additiomggy was set to the common value of 3.10 A based on
recent electron-nuclear double resonance (ENDORXtspscopic resulfd; *° and the
distance of closest approach of an outer-sphererwabton to gadolinium(lll) aggn, to

3.5 A. The diffusion constamgq?>® (23x10%° m? s* (63 and78); 26x10"° m* s* (GG and
GB)) used in the analysis of the proton NMRD data @redcorresponding activation energy
Ecan (22 kJ mot (63 and78); 20 kJ mof (GG andGB)) were adjusted to reasonable values.
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Figure 54. NMRD profile of (a) Gd-DOTAGA and (b) Gd-DOTABA &5°C @) and 37°C

(A). The lines represent the least-squares simultenioof all data points.

The™H NMRD profiles of the monomers (Figure 54) werkeefi according to the equations
described in chapter 2.3 using a single rotatiooalelation timerz,~, corresponding to the
rotation of the Gd-laer vector. It should be noted that due to the intemation of the
coordinated water molecules around the Gd-O axjg>® is usually lower than the rotational
correlation time of the Gd-Qer Vector 1> (Tr/ Tro = 0.65:0.2)14¢ 1*"The obtained values
for /" and its activation energfry, as well as the parameters of the electron spin

298 2
, 4

relaxation ¢, ) are depicted in Table 8.

25 25
a) LT LET M b)
L YYYYY YV
20 7 20
© 157 b 15
Z e
\E; 10 . 107
57 S '
0 4 ey LSRR T T ey T SRR ] N DL 0 T e T T TRy
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
v ("H) / MHz v ('H) / MHz

Figure 55. NMRD profiles of (a) Gadoxane G and (b) GadoxaneatB25°C @) and
37°C (A). The lines represent the least-squares simulteniioof all data points.

For the two Gadoxanes, a satisfying fit of the expental high filed NMRD data
(> 10 MHz) (Figure 55) could only be obtained byingsthe Lipari-Szabo model-free
approacH*® %9 previously applied to evaluate NMR relaxation dath numerous

macromolecular systems (equations are given inteh&p2.7.5). The Lipari-Szabo approach
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allows the separation of the two kinds of rotatiomations influencing relaxation, the fast
local motion being characterised by a correlatiotetziz?®® and its activation energsir, as
well as the slower global motion with a correlatiome rgR298 (activation energ¥gr) (Table
8). A measure for the spatial restriction of thealomotion is given by the parame®r For
an isotropic internal motio® = 0, while for a fully restricted motio® = 1 (Table 8).

Table 9 shows proton relaxivity data and rotatior@irelation times of Gadoxane G and B
and the monomeric complexé& and 78 together with a series of other DOTA-type
gadolinium complexes of various sizes, previouglyarted in the literature. In the case of
Gd-DOTASA @2), the rotational correlation time.~"° is about 60 % larger than that of Gd-
DOTA (1). As referred to the increased molecular weighg would only expect an increase
in 7=y"° of about 10 %. The significantly higher increasesvexplained by the ability of the
negatively charged additional carboxylate to assemater molecules in the second
coordination sphere. They move together with thenglex, thereby further increasing the
rotational correlation time. The rotational cortiga time 7=y of Gd-DOTAGA 63) is also
higher than that of, but with only 20 % the increase is significargipaller than foB2. Due

to the longer alkyl chain the hydrophobicity of tiveker might increase, thereby preventing
the formation of a large second sphere hydratigierlaAs was already observed in the
diffusion NMR study (4.2.5), the larger linker od@OTABA (78) prolongs the rotational
correlation time of78. 1r.,*° of 78 is therefore again in the range of thaBaf The obtained
values for the rotational correlation time&8 and78 by the analysis of the NMRD profiles,
Tri 8, are smaller than those obtained from the diffuidR studies ko> (Table 9 and
Table 6). As mentioned above.,”>® corresponds to the rotation of the Ggaks vector,
being faster than that of the Gq:vector due to the internal rotation of the wateieuule.
On the contraryZroii-° should represent the global rotational motionhef whole complex.
Indeed, if therr,”>® values 0f63 and 78 are multiplied with the above mentioned relation t
R values of 143+12 ps and 180+15 ps, respectivaly, obtained. These values are in
excellent agreement with the obtaingg;*>° values of 139+1 ps and 1831 ps 6&and78,
respectively. As one can assume that thé>® of these monomeric complexes match with
their global rotational correlation times, thessules emphasise that PGSE diffusitthNMR
spectroscopy is an appropriate method for detengitiie global rotational correlation time
of such almost spherical compounds.

The effect of the longer rotational correlation ésnof63 and 78 is reflected in their higher
relaxivities as compared tb. At 25°C and a proton resonance frequency of 2 Miké
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relaxivity of 63is 9 % higher and the relaxivity @8 is even 24 % higher than thatbfSince
at this field and for such small molecular weighinpounds, the relaxivities are exclusively
limited by the rotational correlation time, theaelity of 78 is comparable to that @2

despite the faster water exchange rate of the latte

Table 9. Relaxivity r; (at 25°C and 20 MHz) and parameters characterifiegrotational
tumbling of selected DOTA-type gadolinium complexes

Complex 1> [ps] ¥ ps] S e C [ps] F1[MM™sT]
monomers

Gd-DOTAGA 63) 938" 139+1 5.18
Gd-DOTABA (79) 117+10 183+1 5.87
Gd-DOTASA 82)** 125+ 5.93
Gd-DOTA (1)% T7+4 4.74
dendrimers

Gadoxane GGG) 240+10 1500+400 0.14 3370+60 12.13
Gadoxane B&B) 380+20 19004400  0.21 3320450 17.11
Gadomer 17 760 3050 0.50 16.46
micelles

Gd-DOTASA-G,” 92040 18.03
Gd-DOTA-C,,* 430 1600 0.23 17.24

¥ No Lipari-Szabo treatment; a singig;**%is calculated.

The attachment of Gd-DOTAGAG68) and Gd-DOTABA {8 to the octa(amino-
propyl)silsesquoxane core results in the expectegh®field” peak in the NMRD profiles
(Figure 55) of Gadoxane G5(G) and Gadoxane BEB) being typical for macromolecular
CAs, where the rotation of the gadolinium(lll) chiels is substantially slowed down (see
chapter 4.1.1.1). However, especially in the cas&®@ the peak is not as distinctive as it
could be for a CA of that size. At 25°C and a pnotesonance frequency of 20 MH2G
only revealed a relaxivity of 12.13 mig™. This reflects the still high flexibility of the
ethylenecarboxyl linker on the Gd-DOTAGA moiety étiger with the aminopropyl group on
the silsesquioxane part, resulting in a short lomairelation timezg?®® of only 240 ps.
Remarkably, the replacement of the ethyl spac#énarinking group ofGG by a phenyl ring

in GB increaseszg?*®

to 380 ps and, more important, it leads to a &wamtly higher
relaxivity (17.11 mM's® at 25°C and 20 MHz). This points out that DOTABSS) can be in

general an extremely useful ligand for attachingblst DOTA-type complexes to
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(bio)macromolecules and thereby achieving highxreiges. The apparent global rotational
correlation times ofcG and GB calculated from the NMRD profiles are 2 and 1lrhes
shorter, respectively, than those obtained fromdiffeision measurements. This difference
can be attributed to the still relatively high fileikty of the systems and hence the poor
correlation &) between the local and the global motion. Witheater rigidity of the systems
the global motion is better represented in the NMRBfiles. This is supported by the better
consistency of the two obtained valuggd’® and 7rpir™) for the global rotational correlation
time of Gadoxane BGB) compared to Gadoxane G@). As is evident from Table 9, the
relaxivity of GB is comparable to other DOTA-type macromoleculandieners and
micelles. The increase in relaxivity of more thah% fromGG to GB, however shows the
potential for even higher relaxivities by furthacreasing the rigidity of these systems.

Note, that fortGG andGB, the electron spin relaxation parameters obtafred 'O NMR
data are significantly different from those obtair®y the evaluation of thtH NMRD data
(Table 8). As this is related to the shortcomin§she electron spin relaxation theory used,

the interpretation of these values in terms of pafsneaning is not possible.

4.3 Conclusions and Perspectives

In order to obtain moderate sized macromolecular s,CAeveral approaches to
octafunctionalise gsilsesquioxane cages with gadolinium(lll) compkexeere carried out.
First of all, an amino functionalised s-Silsesquioxane 29) and a carboxylic acid
functionalised §-silsesquioxane3@) were synthesised. These silsesquioxanes shdold al
the attachment of various protected macrocycliadds bearing an additional amino or
carboxylate moiety in high yields by using claskpeptide coupling reagents. Initially, the
tri-tert-butyl protected DOTA ligand6 was coupled ta®29. An issue in these coupling
reactions is the hydrolysis of the silsesquioxaagecunder the used basic conditions in the
presence of even small amounts of water. Complatgunctionalisation without destruction
of the silsesquioxane cage could be achieved hycred the reaction time to 30 minutes and
avoiding hydrated reagents. This points out theability of peptide coupling reagents to
synthesise eight-fold functionalised silsesquiosanéhout generating complicated mixtures
with less functionalised systems. Nevertheless,ithtial route turned out to be unsuitable for
the synthesis of silsesquioxane-based CAs, as |daage of theert-butyl esters of the
octafunctionalised6 could not be fulfilled without decomposition oktkilsesquioxane cage.
A route where thetert-butyl esters were replaced by benzyl esters tadattme harsh
conditions necessary for the cleavagetaf-butyl esters, also proved unsuccessful as a
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complete deprotection could not be achieved unHer used conditions. A much more
promising and also much more convenient approachtixa direct eight-fold grafting of the
hexylamine functionalised DO3A-type compl&8 to 33. In this case, the carboxylate
moieties of the macrocyclic ligand are protectedcbgrdination to the lanthanide(lll) itself.
This makes a later deprotection and subsequentleaatn unnecessary, which reduces the
risk of destroying the silsesquioxane cage. Unfaately, the obtained produd® turned out

to be insoluble in aqueous media at moderate phit wiakes it unsuitable as a MRI CA.
However,49 could be dissolved by reducing the pH to about 2t3his pH the carboxylate
groups become protonated and the lanthanide(li)can be released, in turn leading to a
protonation of the nitrogens. Since this suggesitedneed of a charge to obtain sufficient
water solubility of these highly symmetric systemsacrocyclic ligands were synthesised
which form charged lanthanide (Ill) complexes. Thet of these systems was DOTAGA
(60). 60is a DOTA-type ligand having an additional eth@eararboxylate function on one of
the methylene moieties for the coupling 28. As the lanthanide (Ill) complexe$3)
themselves were attached2® no orthogonal protecting group chemistry was ireguin the
synthesis of60. The counter ion of the negatively charged congsed3 is an important
factor for the solubility of63. Thus, for the binding of the complexes 28, tetran-butyl
ammonium was used as the counter ion to increasesotubility in DMSO. Complete
octafunctionalisation could be achieved within 3@utes using TBTU38) and DIPEA. The
obtained product was purified by diafiltration. Blisation also allowed the exchange of the
tetran-butyl ammonium counter ion by sodium to yield thater soluble silsesquioxane-
based CA, Gadoxane &G(), as its octasodium salt. The yttrium(lll) complekGG was
synthesised in order to allow its characterisaticith multinuclear tH, °C, %°Si) NMR
spectroscopy and HR-MS. The data showed, that@@e&an be synthesised by this method
with a fully condensed silsesquioxane cage. Engmday this success, two novel ligand
systems, DOTAMA §4) and DOTABA ©5), were designed and prepared. In these systems
the flexible ethylene spacer by which the additiocexboxylate group is attached to the
DOTA moiety in DOTAGA 60) is replaced by a rigid phenyl ring in the casé®and in the
case of64 the carbxylate group is directly attached to ohe¢he methylene groups of the
DOTA moiety. This should further reduce the intériexibility of the system, resulting in
higher relaxivities. Unfortunately, a silsesquiogapearing eight Ln-DOTAMA complexes
(76) could not be isolated, even though th¢ NMR spectrum of the reaction solution
indicated the successful octafunctionalisatior2@fBy contrast, the eight-fold grafting @8

with Ln-DOTABA (78) succeeded after allowing the reaction mixturstiofor three hours.
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The longer reaction time was necessary&awas poorly soluble in DMSO and DMF, even as
its tetran-butyl ammonium salt. Nevertheless, as in the ch<eG, the desired Gadoxane B
(GB) turned out to be water soluble and could be isdlafter diafiltration as its octasodium
salt. GB was also characterised by multinucledid,(**C, %°Si) NMR spectroscopy and
HR-MS.

A key issue of the Gadoxanes is the stability ef shsesquioxane cage towards hydrolysis in
aqueous media. This point was initially investigase neutral pH on the basis 86 by *°Si
NMR and PGSE diffusiotH NMR spectroscopy as well as by ESI-MS. It couélshown
that aqueous solutions @G can be stored at -28°C for at least 10 months witlamy
decomposition. However, already at 25°C and pHa7sbw hydrolysis of the silsesquioxane
core was observed, which accelerated by increagiagtemperature. Additionally, these
experiments showed that having a single resonancehe °Si NMR spectrum is not
necessarily a proof of an intact silsesquioxane.cor fact, several techniques should be used
to fully describe the state of the silsesquioxamgec Relaxivity measurements@ andGB
were then used to determine the degradation rateeofage under physiological conditions
(pH 7.4, 37°C) in the presence and absence ofcatlire media and fetal calf serum. Since
the water itself is responsible for the decompositof the silsesquioxane, no significant
effect of the added serum on the degradation ragzolsserved. Interestingly, the relaxivity of
both compounds remained constant within the firstd hours, before starting to decrease due
to the shorter rotational correlation time of thragiments. The initial period of constant
relaxivity can be explained by the negligible imfhce of the breaking of the first Si-O-Si
bonds of the silsesquioxane core on the rotaticoaklation time. This time frame should be
sufficient to perform MRI measurements with higlpnaducibility. With half-livest;, of
15+3 and 11.2+0.2 hours, the decay ratesG& and GB, respectively, are then already
significantly faster than at neutral pH. The infige of the pH on the hydrolysis rate becomes
obvious, when the same experiment is carried opHaB.1 to 8.6. In this case a half-lifg

of only 55 minutes was observed for the degradatbrGG. In terms of toxicity the
degradation of the silsesquioxane core is a veugialr aspect. Since silica monomers are
nontoxic?® the hydrolysis of the core is not supposed toedase the toxicity by itself.
However, if silsesquioxanes are used as the deerddmcore, the stability of the
gadolinium(lll) complex must not depend on the att@ss of the silsesquioxane, since then
the risk of gadolinium related diseases increases. the other hand, if appropriate
gadolinium(lll) chelators are applied, like DOTAGA0) and DOTABA 65) in the case of

GG andGB, the decomposition of the silsesquioxane corenbasfluence on the stability of
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the gadolinium (lll) complex. On the contrary, tlability of the silsesquioxane core may
allow the development of even larger and still wadfined macromolecular CAs for MR,
whose fragments are then readily excretadhe kidneys.

However, with a hydrodynamic radius of about 1.44 s obtained by PGSE diffusioH
NMR spectroscopy, botBG andGB are still significantly smaller than the small gsrof the
glomerular filtration system and hence should bereted relatively fastia the kidneys, even
before a significant amount of the silsesquioxaagges is fragmented.

PGSE diffusion'H NMR spectroscopy revealed also rotational cofi@iatimes of about
3.35 ns for bothGG and GB. Even though variable temperatf® NMR measurements
showed that both CAs have also almost identicalewakchange rates, the longitudinal
relaxivities ofGB are significantly higher than those®6G (54 % at 37°C and 20 MHz) over
almost the whole range of magnetic fields. The rdigancy arises from a different local
rotational correlation time of the Gdzkir vector of GG andGB, due to the lower internal
flexibility of GB towardsGG, as was intended. Having already relaxivitieshea tange of
other, larger macromolecular CASB still possesses a fairly high internal flexibilityhis,
together with the observed strong effect of replgan ethylene by a phenyl spacer on the
relaxivity, points out the high potential of silgeggoxane-based CAs to become extremely
efficient, once the rigidity is further improveddathe water exchange rate is optimised.
Furthermore, the introduction of additional funotd groups into these systems, e
functionalisation of the remaining methylene groopshe complexes, could allow their use

in the targeting of biomolecules within the body.
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5 Experimental Part

5.1 Calcium(ll)-sensitive MRI Contrast Agents

5.1.1 General Remarks

All LnL*-LnL* complexes used in this part of the thesis werellkimprovided by Dr. I.
Mamedov, Max-Planck-Institute for Biological Cybetits, Tubingen. pH and pb values

of the aqueous solutions were measured using attStandylab pH12 pH-meter equipped
with a Hamilton Spintrode or a Mettler-Toledo Inldticro glass electrode. The absence of
the non-coordinated metal ions in the systems veadirmed by the xylenol test® The
calcium(ll) chloride stock solutions were prepareg dissolving an accurately weighed
amount of the chloride salt in the appropriate wwdu of distiled water. The exact
concentration was determineth complexometric titration with Titriplex 1l in a uffered

indicator solution (Merck indicator buffer tablet@dnc. ammonia).

5.1.2 Relaxivity vs. Calcium(ll) Concentration

The relaxivity measurements were performed at 9.25FC and pH 7.3-7.4 (maintained by
HEPES buffer). A solution of calcium(ll) chloridef &nown concentration was added
stepwise to the respective complex solution anddhgitudinal proton relaxation time, of
the water peak was measured after each additidheofnalyte. The initial gadolinium(lll)
concentration was determined by measuring the magnetic susceptibility (BMS) shift of
the solution (see chapter 5.2.7-2)The relaxivityr; was calculated according to equation 2.4
from chapter 2.3, using the respective gadoliniliin@oncentration at each point of the

titration.

Table 10.Relaxometric calcium(ll) titration dBdL* at 25°C, pH 7.3 and 9.4 T.
[Gd®] (mM) [Ca™] (mM) [Ca&J/[CA] Ti(ms) r; (mM's?)

2.490 0.000 0.00 56.869 6.915
2.441 1.225 0.50 58.070 6.904
2.394 2.404 1.00 58.217 7.022
2.349 3.538 1.51 59.219 7.033
2.306 4.630 2.01 61.075 6.943
2.264 5.682 2.51 62.207 6.940
2.223 6.696 3.01 63.405 6.929
2.184 7.675 3.51 64.874 6.890
2.147 8.621 4.02 66.457 6.839
2.110 9.534 4.52 67.901 6.806

2.075 10.417 5.02 69.336 6.774
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Table 11.Relaxometric calcium(ll) titration dBdL? at 25°C, pH 7.3 and 9.4 T.
[Gd*] (mM) [Ca®] (mM) [C&V[CA] Ti(ms) ry(mM?sh

2.500 0.000 0.00 52.783 7.432
2.451 1.225 0.50 54.596 7.324
2.404 2.404 1.00 58.128 7.004
2.358 3.538 1.50 61.672 6.720
2.315 4.630 2.00 65.328 6.455
2.273 5.682 2.50 68.027 6.307
2.232 6.696 3.00 70.769 6.166
2.193 7.675 3.50 72.075 6.160
2.155 8.621 4.00 74.706 6.041
2.119 9.534 4.50 76.659 5.984
2.083 10.417 5.00 80.068 5.819

Table 12.Relaxometric calcium(ll) titration dBdL > at 25°C, pH 7.3 and 9.4 T.
[Gd*T (mM) [Ca®] (mM) [CaJ[CA] Ti(ms) ry(mM?'s?)

2.520 0.000 0.00 57.987 6.698
2471 1.225 0.50 62.942 6.283
2.423 2.404 0.99 71.899 5.589
2.377 3.538 1.49 82.757 4.929
2.333 4.630 1.98 87.024 4.768
2.291 5.682 2.48 92.989 4534
2.250 6.696 2.98 95.433 4.494
2.211 7.675 3.47 98.422 4.431
2.172 8.621 3.97 100.227 4.424
2.136 9.534 4.46 102.642 4.391
2.100 10.417 4.96 104.209 4.395

Table 13.Relaxometric calcium(ll) titration dBdL* at 25°C, pH 7.3 and 9.4 T.
[Gd®>] (mM) [Ca] (mM) [Ca&J/[CA] Ti(ms) ry(mM7's?

2.540 0.000 0.00 66.734 5.755
2.490 1.225 0.49 72.389 5.400
2.442 2.404 0.98 81.963 4.846
2.396 3.538 1.48 95.151 4.233
2.352 4.630 1.97 105.052 3.892
2.309 5.682 2.46 109.725 3.788
2.268 6.696 2.95 115.238 3.665
2.228 7.675 3.44 118.426 3.626
2.190 8.621 3.94 120.841 3.612
2.153 9.534 4.43 123.108 3.604
2.117 10.417 4.92 127.143 3.543

5.1.3 Relaxivity vs. Complex Concentration

Like the calcium(ll) dependent relaxivity measuremse the complex concentration
dependent measurements were performed at 9.4 T 268 pH 7.3-7.4 (maintained by
HEPES buffer). The initial gadolinium(lll) conceation of each complex solution was
determined by measuring the bulk magnetic susdéptitBMS) shift of the solution (see

chapter 5.1.2). From these solutions, two new &woilatper complex were prepared, one

without calcium(ll) and the other one with threaieglents of CaGl The longitudinal proton
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relaxation timeT; of the water peak was measured of these solutindss@measured after
each dilution step. Dilution was carried out by iidd of appropriate amounts of dest.(H
and the gadolinium(lll) concentration was calcufatecluding the additional volume. The

relaxivity r; was calculated according to equation 2.4 from tdrap.3, using the respective

gadolinium(lIl) concentration.

Table 14.Complex concentration dependent relaxivityGafL* at 25°C, pH 7.3 and 9.4 T.

Without calcium(ll) With three equivalence of calgi(ll)
[GET(MM) Ty (ms) ry (mM's?) | [GA] (mM) T, (ms) ry (mM?'s?
18.25 8.032 6.802 18.55 9.584 5.605

14.95 9.786 6.811 14.95 11.476 5.804

12.25 12.027 6.758 12.20 13.656 5.972
10.00 14.637 6.795 10.00 16.234 6.123
7.50 19.327 6.850 7.50 20.998 6.301
5.00 29.398 6.730 5.00 30.518 6.480
2.50 57.117 6.857 2.50 56.766 6.900

Table 15.Complex concentration dependent relaxivityGafL ? at 25°C, pH 7.3 and 9.4 T.

Without calcium(ll) With three equivalence of calgi(ll)
[GT(MM) Ty (ms) ry (mM's?) | [GA ] (mM) T, (ms) ry (mM?'s?
19.58 8.179 6.226 18.13 11.331 4.848

14.86 10.593 6.328 14.83 13.689 4,901

12.21 12.657 6.441 12.20 16.081 5.067
10.01 15.077 6.589 10.00 19.321 5.139
7.51 19.854 6.658 7.50 24.576 5.377
5.00 28.995 6.825 5.00 34.639 5.701
2.50 54.301 7.220 2.50 64.59 6.047

Table 16.Complex concentration dependent relaxivityGafL * at 25°C, pH 7.3 and 9.4 T.

Without calcium(ll) With three equivalence of calgi(ll)
[GET(MM) Ty (ms) ry (mM's?) | [GA ] (mM) T, (ms) ry (mM?'s?
18.54 12.987 4.133 19.88 11.61 4.314

15.00 15.279 4.339 14.70 15.803 4.280

12.19 17.258 4.723 12.21 18.381 4.426
10.00 19.887 4.992 10.01 21.767 4.553
7.50 24.632 5.364 7.51 29.988 4.392
5.00 33.217 5.948 5.00 41.944 4.695
2.50 58.844 6.651 2.50 83.545 4.641

Table 17.Complex concentration dependent relaxivityGafL * at 25°C, pH 7.3 and 9.4 T.

Without calcium(ll) With three equivalence of calgi(ll)
[GAT(MM) Ti(ms) ry (mMs?) | [GAE] (mM) T, (ms) r, (mM’s?
17.19 11.891 4871 17.16 14.659 3.954

14.98 13.615 4.879 14.77 16.911 3.979

12.22 16.374 4.968 12.17 20.891 3.903
9.98 19.375 5.135 9.98 24.796 4.004
7.50 25.185 5.245 7.50 34.485 3.818
5.00 35.635 5.539 5.00 50.853 3.860
2.50 66.662 5.854 2.50 100.918  3.817
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5.1.4 PGSE Diffusion'H NMR Spectroscopy

Appropriate amounts o¥L* and YL* were dissolved in BD and in a solution of three
equivalents of CaG| respectively. The samples were diluted stepwiséevkeeping the pD
at 7.2-7.4. The measurements were performed by ubie standard stimulated echo pulse
sequence on a Bruker Avancé H00 MHz spectrometer equipped with a gradient ani a
multinuclear inverse probe with a Z-gradient cdhe temperature was 298 K and the sample
was not spun. The shape of the gradient pulsesre@angular, their durations] was
between 1.4 and 1.8 ms, depending on the samplthaindstrength®@) was varied during the
experiments. The delay between the midpoints ofgriiaglients ) was set to 200 ms. The
spectra were recorded using 32 — 1K scans, 32Ktqamnrelaxation delay of 1.4 — 3.8 s, a
spectral width of 7500 Hz and were processed wilineabroadening of 2. The intensity of
the *H resonances of the alkyl groups of the side chas determined in all spectra. The
plots of In{/lo) versusG® were fitted using a linear regression algorithmotwain theD
values according to equation 5.1, whereintensity of the observed spin-echgs intensity

of the spin-echo without gradienjs= magnetogyric ratia) = length of the gradient pulsb,

= diffusion coefficient,4 = delay between the midpoints of the gradients @ne gradient
strength.

I 5
In-= —(y6)2D<A—§)GZ (5.1)

5.1.5 3*P{*H} NMR Spectroscopy

Appropriate amounts dEuL* andEuL* were dissolved in BD and the pD was adjusted to
about 7.4. Thé’P{*H} NMR spectra were recorded on a Bruker DRX 400 Mithd a Bruker
Avance II' 500 MHz spectrometer. The temperature was measusity an external
thermocouple (PT 100). The signals were externafgrenced to 1 % phosphoric acid in
D,0 via deuterium lock. Calcium(ll) was added via an hyglebncentrated solution of
CaCb-6H,0 in D,O while maintaining the pD at about 7.4.

5.1.6 Luminescence Spectroscopy

Solutions of EuL*-EuL* were prepared in # (pH 7.3, HEPES) at various complex
concentrations (5-50 mM) in the presence and alesehdhree equivalents of CaClIThe
luminescence steady-state emission spectra weferped at 25°C on a QuantaMastér

PH fluorescence spectrometer from Photon Techndiagynational, Inc., USA.



EXPERIMENTAL PART 103

5.1.7 Luminescence Lifetime Measurements

The decay experiments were performed @@ ldnd RO (25°C, pH 7.3, HEPES) solutions of
EuL'-EuL* at concentrations ranging from 5 to 50 mM. As tloe steady state spectra, a
QuantaMastét’ 3 PH fluorescence spectrometer from Photon Teclgyohternational, Inc.,
USA was used. The europium(lll) ion was directlyciead at 395 nm and the emission
intensity at 615 nm was recorded withd€resolution. Excitation and emission slits were se
to 15 and 5 nm bandpass respectively. Datasetavamge of 25 scans and each reported
value is the mean of three independent measuren@htained curves are fitted to the first

order exponential decay withf + 0.99. Theq values were calculated using equation 3.3
described in chapter 3.2.6.

Table 18.Emission lifetimes and estimatgd/aluesof EuL* at 25°C and pH 7.3.

Without calcium(ll) With three equivalence of calgi(ll)
[EUL'] (MM) 70 (MS) 7p20(MS) g | [EUL'] (MM) 7ip0 (MS) 7po0(MS) g
50 0.43 1.34 1.6 50 0.73 159 0.6
25 0.43 1.36 1.6 25 0.65 1.71 0.8
10 0.43 1.38 1.6 10 0.58 176 1.1
5 0.42 1.37 1.7 5 0.54 1.75 1.2

Table 19.Emission lifetimes and estimatgdzaluesof EuL? at 25°C and pH 7.3.
Without calcium(ll)

With three equivalence of calgi(ll)

[EUL®] (MM) 7120 (MS) 7p00(Ms) g | [EUL?] (MM) 71450 (MS) 7pp0(MS)
50 0.66 1.45 0.7 50 0.77 1.45 0.4
25 0.63 1.46 0.4 25 0.75 1.57 0.5
10 0.60 1.48 0.9 10 0.72 1.64 0.6
5 0.58 1.55 1.Q 5 0.68 1.65 0.7

Table 20.Emission lifetimes and estimatgdzaluesof EuL® at 25°C and pH 7.3.

Without calcium(ll) With three equivalence of calgi(ll)
[EUL®] (MM) 7140 (MS) 7p00(Ms) g | [EUL®] (MM) 7450 (MS) 7pp0(MS)
50 0.67 1.50 0.7 50 0.86 1.45 0.3
25 0.62 1.60 0.9 25 0.86 1.48 0.3
10 0.55 1.64 11 10 0.85 1.53 0.3
5 0.50 1.63 1.4 5 0.84 1.60 0.4

Table 21.Emission lifetimes and estimatgdzaluesof EuL“ at 25°C and pH 7.3.

Without calcium(ll)
[EUL“] (MM) 70 (MS)  7p20(MS)

With three equivalence of calgi(ll)

q [ [EUL] (MM) 710 (MS) 7pp0(Ms) g
50 0.69 1.52 0.6 50 0.88 1.57 0.3
25 0.67 1.59 0.7 25 0.88 1.61 0.3
10 0.66 1.65 0.8 10 0.88 1.70 0.4
5 0.65 1.66 0.9 5 0.89 1.75 0.4
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5.1.8 'O NMR Spectroscopy

The 'O NMR experiments were performed on a Bruker Avab@e spectrometer (11.75 T,
67.8 MHz). The longitudinal (T) and transverse (Id) ‘O NMR relaxation rates were
measured for complexe§SdL*-GdL* in the temperature range of 275-350 K. The
concentration of the samples was about 50 mM aagbkhof the solutions was adjusted to 6
using KOH/HCI. To improve the sensitivity ifO NMR, *’O-enriched water (10 % 44O,
CortecNet) was added to the solutions to yield abb®b 'O enrichment. The exact
gadolinium(lll) concentration was determined usthng BMS method described in chapter
5.1.2. The samples were sealed in glass sphemdén to eliminate the influence of the bulk
magnetic susceptibilit}?> The exact temperature was calculated accordingréavious
calibration with ethylene glycol and methan®l. The 1T;-data were obtained by the
inversion recovery method, while theTZMdata were measured by the Carr—Purcell-
Meiboom-Gill spin-echo technique. Acidified watétGlO4, pH 3.3) was used as external
reference. The least-squares fit of tfil® NMR data was performed by using Microniath
Scientist] version 2.0 (Salt Lake City, UT, USA). The repdrterrors correspond to one
standard deviation obtained by the statisticalysisi

The least-squares fits were carried out using dlewing equations based on the Solomon-
Bloembergen-Morgan theory (cf. chapter 2.3).

As outlined in chapter 3.2.7, the reduced relaxataies, IF,,, 1/T,, can be calculated from
the measured’O NMR relaxation rates of the paramagnetic soljdir;, 1/T,, and of the
reference, s 1/T,a by using equations 5.2 and 5vyere Py, is the molar fraction of
bound water, T, 1/Tom are the relaxation rates of the bound water Adad is the chemical

shift difference between bound and bulk water.

1 1 /1 1 1
<_> - (_ _ _> - - (5.2)
T, Bn\Ty Tia Tym + T
(1)_ 1(1 1) 1 T52 + 1l T + Aw’,

Ty) Py T T (T + T2 + Aw,

T; Taa

(5.3)

Ay, is determined by the hyperfine interaction betwidengadolinium(lll) electron spin and
the 'O nucleus. Therefore, the hyperfine or scalar dogptonstantd//i can be directly
obtained from the chemical shifts measured forghemagnetic sampley, referred to the

chemical shift of the referencey, through equations 5.4 and 5.5.

1 Aw,,

Aw, =—(w, —wy) =
r Pm( p A) (1 + 1, T )2 + 12,403,

(5.4)
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_ gugS(S+1)BA
B 3kgT h

whereda is the reduced’O chemical shiftB represents the magnetic fieBlis the electron

Aw,, (5.5)

spin andg is the isotropic Landg factor.

The’O longitudinal relaxation rate of the coordinateatev molecules, T, is governed by
quadrupolar and dipolar mechanismdg;;dand 17,4, respectively, with the quadrupolar term
being the major contribution. The terms are giveequation 5.6-5.9, whekgis the electron
andy; is the nuclear gyromagnetic ratia (= 1.76<10" rad §' T 7, y=-3.626<10" rad §' T},

r is the effective distance between the electrorrgehand thé’O nucleus) is the nuclear

spin (5/2 for'’0), x? is the quadrupolar coupling constant anig an asymmetry parameter:

1 _1 1 3
—_— — —_— 5.
Tim qu Tiq (5:6)

L_3nt( 243\ Lo 0 o
T, 10\F@-D)* 3 /tRO (5.7)

1 1 2 (h2y2y? T
—=—(£) ( h VS)S(S +1) <6Td1 + 14%) (5.8)
T,;, 15\4m T6do 1+ wgty,

where:

1 1 1 1
=—+ +— (5.9)

Ta12 Tro Tl,Ze Tm

The rotational correlation time of the Gdr@: vector, 7ro, is assumed to have a simple

exponential temperature dependence with the aiivanhergyEg as follows:

Eg

11
TR0 = Tho €XP {? (? - 298.15>} (5-10)

Note that due to the internal motion of the cooattid water molecules around the Gd-O axis,

% is usually lower tharrrs™®

the rotational correlation time of the Gdg: vector, s’
(Tre Tro = 0.65:0.2) 146 147

Since the oxygen is directly coordinated to gadoti(lll), in the }’O transverse relaxation
rate of coordinated water molecules;T;4{ the scalar contribution, Tfs, IS the most
important (equation 5.11). In this equationzilis the sum of the exchange rate constant and

the electron spin relaxation rate (equation 5.12).

(5.11)

1 1 S(S+1) (A>2
= = 7] Ts1
TZm TZSC 3 h
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1 1 1
— =y (5.12)
Ts1 Tm Tle
The inverse binding time (or exchange rkgg of water molecules in the inner sphere is
assumed to obey the Eyring equation (equation 5vli®reAS' andAH* are the entropy and
enthalpy of activation for the exchange, &ad”®is the exchange rate at 298.15 K.

1 kgT AS*  AH7 k28 AH* ;1 1
Ao ks _ - — = 1
o e =7 exP{ R RT} 20815 T | 'R (298.15 T) (®.13)

The electron spin relaxation rateTd4 has been fitted to a simple exponential equation:

1 1 {ET(l 1 )} 514
Tre T28 PR \T ™ 29815 (-14)

Table 22.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of &dL* solution withcsg = 0.0509694 mol/LB =11.75 T and using = 1.
T(K) Tia(Ms) Toa(MS) @a (PPmM) Ty (Ms) T, (Ms) « (ppm) IN(1/Ty) IN(1/T2)  Awr (H2)
278.1 3990 3972 1566 3.080 0.904 -0.532 11.30 13.74 -9.74E+05
283.1 4652 4632 1389 3537 1.088 -0.849 11.21 13.55 -1.04E+06
293.1 6.092 6.052 0.761 4.754 1.612 -1.435 10.83 13.11 -1.02E+06
300.8 7.663 7.464 0.45 5804 2.172 -1.624 10.73 12.78 -9.63E+05
308.1 9.436 9.142 0.139 7.032 2804 -1.721 1058 1250 -8.64E+05
318.2 11.633 11.408 -0.312 8.699 3.830 -1971 10.36 12.15 -7.70E+05
328.1 13.829 13.656 -0.935 10.701 5.112 -2.539 10.04 11.80 -7.45E+05
338.2 16.508 16.424 -1.203 12.767 6.756 -2.612 9.87 11.46 -6.54E+05
348.1 19.548 19.242 -1.697 14906 8.402 -2.905 9.76 11.20 -5.61E+05

Table 23.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of &dL? solution withceg = 0.0540287 mol/LB =11.75 T and using = 1.
T(K) Tia(Ms) Toa(MS) @a (ppm) Ty (Ms) To (Ms) @ (ppm) IN(1/Ty) In(1/T)  Awr (H2)
278.1 3.924 3.870 2212 2819 1.144 0.669 1144 13.26 -6.14E+05
288.1 5.257 5.162 1.791 3.769 1.342 0.157 11.16 13.15 -6.51E+05
300.8 7.673 7.462 0.871 5.151 1.808 -0.88 11.00 12.88 -6.97E+05
308.1 9.307 8.674 0.626 6.227 2.186 -1.045 10.81 12.68 -6.65E+05
318.2 11.299 11.070 0.34 7549 2736 -1.299 10.62 12.46 -6.53E+05
328.1 13.833 13.686 -0.484 9.419 3.588 -2.002 10.36 12.17 -6.05E+05
338.2 16.496 16.424 -0.618 11.309 4568 -2.039 10.17 1190 -5.66E+05
348.1 19.418 18.784 -1.1 13.747 5.762 -2.069 9.90 11.63 -3.86E+05
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Table 24.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of &dL * solution withcgg = 0.0632339 mol/LB =11.75 T and using = 1.
T(K) Tia(ms) Toa(Ms) @a (ppm) Ty (Ms) Tp (Ms) « (ppm) In(1/Ty) In(1/T2)  Awr (H2)
278.1 3.924 3.870 2212 2.753 1.134 1255 11.20 12.95 -2.76E+05
288.1 5.257 5.162 1.791 3.753 1522 0.858 10.85 12.65 -2.69E+05
300.8 7.673 7.462 0.871 4.814 1.758 -0.307 10.87 12.59 -3.39E+05
308.1 9.307 8.674 0.626 5.740 2.139 -0.502 10.72 12.38 -3.25E+05
318.2 11.299 11.070 0.34 7.184 2.728 -0.618 10.44 12.14 -2.76E+05
328.1 13.833 13.686 -0.484 8.872 3.402 -1.472 10.22 1191 -2.84E+05
338.2 16.496 16.424 -0.618 10.985 4.238 -1.295 9.93 11.68 -1.95E+05
348.1 19.418 18.784 -1.1 13.202 4582 -1.63 9.70 11.62 -1.53E+05

Table 25.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of &dL* solution withcgg = 0.0540287 mol/LB =11.75 T and using = 1.
T(K) Tia(Ms) Toa(Ms) @a (ppm) Ty (Ms) T, (Ms) « (ppm) IN(1/Ty) In(1/T2)  Awr (H2)
278.1 3.990 3.972 1.566 3.182 1.772 1.121 11.09 12.68 -1.95E+05
283.1 4652 4632 1.389 3.699 2004 0.901 10.95 1258 -2.14E+05
293.1 6.092 6.052 0.761 4.882 2502 0.236 10.64 12.39 -2.30E+05
300.8 7.663 7.464 0.45 5926 2974 -0.124 10.58 12.25 -2.51E+05
308.1 9.436 9.142 0.139 7.096 3560 -0.233 10.49 12.08 -1.63E+05
318.2 11.633 11.408 -0.312 8.64 4110 -0.66 10.33 11.98 -1.52E+05
328.1 13.829 13.656 -0.935 10.226 4.466 -1.362 10.17 11.95 -1.87E+05
338.2 16.508 16.424 -1.203 12.217 4.656 -1.624 9.99 11.97 -1.84E+05
348.1 19.548 19.242 -1.697 14.164 4.564 -2.069 9.90 12.05 -1.63E+05

Table 26.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of a&dL" solution in the presence of three equivalentsabéiom(ll) with
Caq = 0.0540287 mol/LB =11.75 T and using = 1.
T(K) Tia(ms) Toa(mMs) aa (ppm) Ty (ms) T, (ms) a (ppm) In(1/Ty) In(UT,) Aw (Hz)
278.1 2.750 1.154 1.328 3924 3.870 2212 11.68 13.40 -4.11E+05
300.8 5.098 2.328 0.181 7.673 7.462 0.871 11.18 12.68 -3.20E+05

318.2 6.589 3.102 -0.16 11.299 11.070 0.34 11.14 12.44 -2.32E+05
338.2 9.398 4.660 -0.831 16.496 16.424 -0.618 10.82 12.03 -9.89E+04
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5.2 Silsesquioxane-based MRI Contrast Agents

5.2.1 Materials and General Remarks

(3-Aminopropyl)-triethoxysilane (99%), boron trilide ethyl etherate, lanthanum
trichloride heptahydrate (99.999 %), yttrium trictitle hexahydrate (99.99 %), xylenol
orange and methyl 4-(cyanomethyl)-benzoate (96 %@rewpurchased from Aldrich.
Vinyltrichlorosilane (techn, 97%), azobisisobutyitoie (AIBN), benzyl bromoacetate
(purum, 97%), dimethyl sulfoxide (DMSO), purris.salut, over molecular sieves), Amberlite
IR-120, tert-butyltrichloroacetimidate (TBTA) were obtained rind-luka. Mercaptopropionic
acid, palladium on charcoal (Pd/C, 10% PdY-(benzotriazol-1-yl)-N,N,N’,N’-
tetramethyluronium tetrafluoroborate (TBTU» 98 %), 1-hydroybenzotrialzol hydrate
(HOBt), diisopropylethylamine (DIPEA), trifluoroame acid (TFA), L-glutamic acid,
dimethylacetamide (DMA), N-bromosuccinimide (NBS)arbon tetrachloride, dimethyl
malonate, tetra-butylammonium hydroxide (20 % in water) were pasdd from Merck.
Acetonitrile (extra dry, over molecular sieves, &at50 ppm) andert-butyl bromoacetate
(99%) were bought from Acros Organics. Amberlite XA600 was obtained from Rohamd
Haas. 1,4,7,10-tetraazacyclododecane (cyclen, 9828 purchased from CheMatech.
Gadolinium trichloride hydrate (99.99 %) was ob#infrom Chempur. Dihydrogen (purity
5.0) and argon (purity 5.0) was bought from Air Liide. DO3A{Bu); and DO3A-hexylamine
were kindly provided by Dr. I. Mamedov, Max-Planieistitute for Biological Cybernetics,
Tubingen. All reagents not mentioned were obtaifiean the chemicals store at the
University of Tubingen.

The lanthanide(lll) chloride stock solutions wereegared by dissolving an accurately
weighted amount of the chloride salt in the appadprvolume of distilled water. The exact
concentration was determine complexometric titration with the disodium saltEIDTA in

an acetic acid / sodium acetate buffer (pH 5.8)giglylenol orange as indicator.

Reactions under inert conditions were performedrnirargon atomosphere applying standard
Schlenk techniques. Column chromatography was pedd using silicagel 60. The absence
of non-coordinated metal ions in the solutionsG®, GB, Gd-DOTAGA ©63) and Gd-
DOTABA (78), used in the analytical studies, was confirmedHeyxylenol test>®

5.2.2 Diafiltration

Diafiltration was carried out on a Pall Minimate ™nigential Flow Filtration System using a

Pall Minimate™ TFF Capsule with an Omega™ 3K PH&filtration membrane.
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5.2.3 pH-metric Measurements

pH and pB°° values of aqueous solutions were measured usBthatt handylab pH12 pH-

meter equipped with a Mettler-Toledo Inlab Micragg electrode.

5.2.4 Mass Spectrometry

HR mass spectra were recorded on a Bruker DaltaghicsT APEX Il FT-ICR instrument
equipped with an ESI source. In the positive mqu@@priate polyethylene glycol molecules
were used for internal calibration and perfluordhapic acid, perfluorooctanoic acid,
perfluorodecanoic acid and perfluorododecanoic @tk used in the negative mode.

ESI mass spectra were recorded on a Bruker Dattasquire3000plus mass spectrometer

(quadrupolar ion-trap) with an ESI interface.

5.2.5 Elemental Analysis

Elemental analysis was performed on an Elementas MiCRO cube elemental analyser.

5.2.6 Solid-State NMR Spectroscopy
The solid staté*C and?*Si CP/MAS NMR spectra were recorded on a Bruker 288 MHz

spectrometer in a 4 mm ZgQ@otor and on a Bruker ASX 300 MHz spectrometea ifi mm
ZrO, rotor, respectively. Magic angle spinning was gerfed at 1 KHz for thé°Si NMR
spectrum and at 10 KHz in the case of ¥@ NMR spectrum. Th&*C NMR spectrum was
recorded at 50.33 MHz and tfiiSi NMR spectrum was recorded at 59.62 ppm

5.2.7 Solution NMR Spectroscopy

5.2.7.1 NMR spectroscopy for structural analysis

'H and C{'H} NMR spectra were recorded on a Bruker Avancdd0 MHz or a Bruker
Avance I 500 MHz spectrometer at room temperature, unlpssified otherwise'H and
3C resonances were assigned using standard 2D dgeeisntH-'H COSY, *H-*C HSQC,
'H-13c HMBC)#Si{*'H} NMR spectra were recorded on a Bruker Avance 500 MHz
spectrometer at room temperatwia 2D 'H-?°Si HSQC experiments or using a DEPT45
sequence**La NMR spectra were recorded on a Bruker Avant&M0 MHz spectrometer
operating at 65°C. The NMR spectra were recordetiefollowing frequenciesH NMR:
400.13 and 500.13 MHZC NMR: 100.61 and 125.76 MHZ}Si NMR: 99.36 MHz;"*.a
NMR: 77.66 MHz. Except fotH NMR spectra measured in,®, which were referenced to
the residual HDO peald ¢ 4.79), all*H, **c{*H} and *°Si{*H} NMR spectra were externally

referenced to 1% TMS in CD&Via deuterium lock>* *La NMR spectra were externally
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referenced to 10 mM Lagin D,O via deuterium lock.

5.2.7.2 Bulk magnetic susceptibility shift measurements

The gadolinium(lll) concentration in water can betetmined by measuring the bulk
magnetic susceptibility (BMS) shift of the solutjandependent of the state of coordination
of the gadolinium(Il)**! For the BMS measurements a small amourtedfbutanol (5uL)
was added to the respective solution and the clarshift of its'H NMR resonance was
measured relative to a reference (internal capildth tert-butanol/H0O). The concentration

was then calculated according to equation 5.15:

(5.15)

2.84)2 3A,T
7.94 4m
whered, = BMS chemical shift in ppm anfl= absolute temperature.

[Gd]in mM = (

5.2.7.3 PGSE diffusion'H NMR spectroscopy
'H PGSE diffusion NMR measurements were performedubing the standard Bruker
stimulated echo pulse sequence on a Bruker Avdh&®0 MHz spectrometer equipped with
a gradient unit and a multinuclear inverse probthvai Z-gradient coil. Solutions of the
yttrium(lll) complexes ofGG, GB, Y-DOTAGA (63) and Y-DOTABA (78) were prepared in
D,O having a pD of 7.0 £ 0.1. The concentrations westimated from the BMS
measurements of the analogous gadolinium(lll) cexgs (2-3 mM of the Gadoxanes and
15-20 mM for the monomeric complexes). The tempeeatiuring the measurements was
298 K and the sample was not spun. Rectangularegriapulses with durationg) of 1.5 and
1.6 ms for the monomers and 2.4 and 3.0 ms foGdidoxanes were applied. Their strength
(G) was varied during the experiments. The delay beitwthe midpoints of the gradient) (
was set to 150 ms for the monomers and 200 mshi®rGadoxanesd was also kept at
200 ms during the degradation®. The spectra were recorded using 32 to 256 sGa#ks,
points, a relaxation delay of 1.6-3.5 s, a speetrdth of 7500 Hz and were processed with a
line broadening of 2 Hz. The intensities of titeresonance of the following moieties were
determined in each spectrum: CHLfor Y-DOTAGA (63), Ar-2-H and Ar-6-H for Y-
DOTABA (78), CH,Si for theGB as well as foilGG and its fragments. The plots of llif{)
versusG? were fitted using a linear regression algorithnoltain theD values according to
equation 5.16:

ln%= —(y6)2D<A—§)GZ (5.16)
where | = intensity of the observed spin-echg, = intensity of the spin-echo without
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gradientsy = magnetogyric ratioj = length of the gradient pulsB, = diffusion coefficient,

A= delay between the midpoints of the gradients@ndgradient strength.

5.2.7.4 Relaxivity measurements

Relaxivity measurements during the degradatio®Gfwere performed at room temperature
(~21 °C) in a 3T (123 MHz) human MR scanner (MAGNEM Tim Trio, Siemens
Healthcare, Germany), using a 12-channel RF Heddaod slice selective measurements
from a slice with a thickness of 1 mm positionerbtigh the samples. The samples (0.8 ml)
were freshly prepared for each time point (0-200¥h)naking dilutions oGG at 0, 12.5, 25,
37.5, and 50 uM gadolinium(lll) (1.56, 3.12, 4.6Adu6.25 UMGG) in culture medium
(Dulbecco’s modified Earle’s medium, £ FCS, + HEPEStubes and incubating them at
37°C and 10% C@with or without gas exchange. The samples were #mit into two
0.65 mL tubes prior to the MR relaxivity measuretsenThe pH of the solutions was
estimated after the MR measurements. Solutionsascong HEPES buffer had a pH in the
range of 7.4-7.6 whereas the samples without HEBBE® no gas exchange during the
incubation period had pH values between 8.1 andT8.&as measured using an inversion-
recovery sequence, with an adiabatic inversiongpfddowed by a turbo-spin-echo readout.
Between 10 and 15 images were taken, with the beteeen inversion and readout varying
from 23 to 3000 ms. With a repetition time of 1QL§, echoes were acquired per scan and
averaged six times. All experiments scanned 26&els in a field-of-view of 110 mm in both
directions resulting in a voxel volume of 0.43 ¥®x 1 mni. Data analysis was performed
by fitting to relaxation curves with self-writteroutines under MATLAB 7.1 R14 (The
Mathworks Inc., United StatesThe series ofT; relaxation data were fitted according to

equation 5.17 with varying=T;:

-t -t
S - SO <1 - eT_1> + STI:() <eT_1> (5.17)

Nonlinear least-squares fitting of three parame$gr§r - ¢, andT: was done for manually

selected regions-of-interest with the Trust-Redraflective Newton algorithm implemented
in MATLAB. The quality of the fit was controlled byisual inspection and by calculating the
mean errors and residuals. The obtained relaxairoas Tiops Were used to evaluate the
relaxivity r,; according to equation 2.4 in chapter 2.3. Thealues were plotted vs. the

incubation time and fitted by a first order expatmndecay function to get the degradation
kinetics of Gadoxane. In case of the incubatiohigher pH a fit assuming a second order
decay gives a better result indicating to a vest faitial degradation of the silsequioxane

core at pH > 8.



112 EXPERIMENTAL PART

The degradation of the silsesquioxane cor&Bfwas studied by measuring the longitudinal
relaxation rates (Thon) Of Water protons of an aqueous solutiorG& (c(Gd*) = 1.99 mM,

pH 7.4 (HEPES buffer)) on a Stelar SMARtracer Hastd Cycling NMR relaxometer at
10 MHz and 37C after different periods of time. During the fi&8 h the sample was kept in
the relaxometer, then the sample was kept in anbaitd (37°C) between the measurements.
The longitudinal relaxation rates were measuredguan inversion-recovery sequence. The
values were calculated from the obtaine®,dt values according to equation 2.4 in chapter
2.3. Then the; values were plottedersusthe time and fitted by a first order exponential
decay function using ORIGIN™ (Microcal, USA). Theported errors correspond to one

standard deviation obtained by the statisticalysisi

Table 27.Longitudinal relaxivityr; of Gadoxane BGB) under physiological conditions as a
function of the time (37°C, pH 7.4, 10 MHz).

Time (h)| Ti(s) Ti(s) Tui(s) | MeanTy(s)| ry (mM?'s?
0 0.03479 0.03492 0.03503] 0.03491 14.14
1 0.03475 0.03488 0.03482| 0.03481 14.18
2 0.03503 0.03466 0.03453| 0.03474 14.21
3 0.03517 0.03513 0.03503| 0.03511 14.06
4 0.03596 0.03623 0.03591| 0.03603 13.70
5 0.03693 0.03707 0.03698| 0.03699 13.34
6 0.03759 0.03788 0.03779] 0.03775 13.06
7 0.03897 0.03922 0.03926| 0.03915 12.59
8 0.04050 0.04013 0.04055| 0.04039 12.20
9 0.04100 0.04161 0.04116| 0.04126 11.94
10 0.04211 0.04236 0.04226| 0.04224 11.66
12 0.04454 0.04501 0.04485| 0.04480 10.98
14 0.04655 0.04619 0.04705| 0.04660 10.55
24 0.05535 0.05555 0.05590| 0.05560 8.81
27 0.05831 0.05825 0.05861| 0.05839 8.38
29 0.05943 0.05962 0.05987| 0.05964 8.20
32 0.06079 0.06118 0.06101] 0.06099 8.02
35 0.06231 0.06265 0.06260; 0.06252 7.82
37 0.06345 0.06364 0.06401] 0.06370 7.67
48 0.06723 0.06724 0.06729| 0.06725 7.25
57 0.06775 0.06792 0.06764| 0.06777 7.20
72 0.06960 0.06944 0.06984| 0.06963 7.00
96 0.07136 0.07167 0.07192] 0.07165 6.80
120 0.07205 0.07260 0.07198| 0.07221 6.74
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Table 28. Longitudinal relaxivity r; (3T, r.t.) during the degradation &G under
physiological conditions (cell culture media, 20 nHMEPES, pH 7.4-7.6) with and without
fetal calf serum (FCS).

r, (mM?sh
Time (h) | With serum Without serum Mean value
0 10.62 10.59 10.60
0.5 10.15 9.79 9.97
1 10.54 9.88 10.21
2 10.74 - 10.74
4 10.49 9.80 10.15
6 9.29 10.29 9.79
19 8.23 8.34 8.28
45 7.52 7.51 7.52
200 6.90 6.54 6.72

5.2.7.5 Variable temperature 'O NMR and *H NMRD measurements

The transverse and longitudindlO relaxation rates (I{,) and the chemical shifts were
measured in the aqueous solutions of the gadolifiijrmomplexes in the temperature range
275-361 K for the monomeric complex&s,(78) and 275-320 K for the Gadoxanes, on a
Bruker Avance Il 300 MHz (7.05 T, 40.69 MHz) speateter with a 10 mm broad band
probe. The gadolinium(lll) concentration of the gd@s was between 9.9 and 16.6 mM and
the pH of the solutions was 6.7 (HEPES buffer)iffiprove the sensitivity in’O NMR, *’O-
enriched water (10 % 440, CortecNet) was added to the solutions to yiéldua 3 %0
enrichment. The exact gadolinium(lll) concentratiwas determined using the BMS method
(chapter 5.2.7.2). The temperature was determiryechémasuring the chemical shift of neat

£>> An acidified water solution was used as refereftt@lO,, pH 3.0). The

ethylene glyco
samples were sealed in glass spheres fitted intoriONMR tubes, to eliminate susceptibility
corrections to the chemical shift€.Longitudinal'’O relaxation timesT,) were measured by
the inversion-recovery pulse sequence, and thevesse relaxation time3) were obtained

by the Carr-Purcell-Meiboom-Gill spin-echo techrequ

Proton NMRD profiles were recorded on a Stelar SNtABer Fast Field Cycling NMR
relaxometer (0.01-10 MHz) and a Bruker WP80 NMRctetanagnet (20, 40, 60 and
80 MHz) adapted to variable field measurementscamdrolled by the SMARtracer PC-NMR
console. The temperature was controlled by a VT@&8@iperature control unit and maintained
by a gas flow. The temperature was determined douprito previous calibration with a Pt
resistance temperature probe. The relaxivitiess@t 200 and 500 MHz was measured on a

Bruker DRX 250 MHz, a Bruker Avance Il 400 MHz aadBruker Avance 11 500 MHz
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spectrometer using an inversion-recovery sequehice.temperature was determined with
ethylene glycol™ The least-squares fits of th® NMR and'H NMRD data were performed
by using Micromathl Scientist] version 2.0 (Salt Lake City, UT, USA). The repdrerors
correspond to one standard deviation obtained égtétistical analysis.

The equations involved in the analysis of tf@ NMR measurements were already reported
in chapter 5.1.8. For the analysis of th& NMRD profiles the equations of the modified
Solomon-Bloembergen-Morgan theory as given in @ragt3 were used. The electronic
correlation time for the modulation of the zerddisplitting interaction,7,, in equations
2.13-2.15 and the sum of the diffusion coefficiddi@ndDs of water and the gadolinium(lll)
complex, Dis, were thereby assumed to have simple exponengpérdienceversus 1/T
(equations 5.18 and 5.19).

E, 1 1

_ 298 v(= _ 5.18

=t exp{ze<T 29815)} (5.18)
Es/ 1 1

— 298 IS i 5.19

Dis = Dis exp{}€(29815 T>} (519)

whereE, andEs are their respective activation energies.

For the two Gadoxanes, the Lipari-Szabo approachapalied. In this model two statistically
independent rotational motions are distinguishedapid local motion of the Gd+dr vector
with a correlation timajy and a slower global motion of the entire molecuiin\a correlation
time rgr. Supposing the global molecular reorientatiors@ropic, equation 2.9 in chapter 2.3

is written as the following:

1 2 (yPg*ud 1o 2
700 = E( L )SE+ D (5) Tsite) +3@iten) (5.20)
where
SZ‘L’ng (1 - SZ)Tczl
i Tep) = 5.21
J(@siTea) = 7 0ith, 1t with, (5.21)
SZTCZ (1 - SZ)TCZ
i Te1) = 5.22
J(@r3Tc1) 1+ w,zrflg 1+ wptéy, ( )
with

1 1 1 1
- (5.23)

Tcl,Zg TgR Tl,Ze Tm

1 1 1 1
=—+ +— (2.24)

Ter2t T Tize Tm
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The general order parame®rdescribes the degree of spatial restriction oflésal motion.
If the local motion is isotropicS’ = 0; if the rotational dynamics is only governed thg

global motionS = 1.

Table 29.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of a Gd-DOTAGAGR) solution withcgg = 0.01655 mol/LB =7.05 T and
usingqg = 1.

T (K) Tia(Ms) Toa (MS) @k (PPM) Ti (MS) T2 (Ms) w(ppm) IN(1/Ty) In(1/Tz) Awy (Hz)
2755 3.544 3522 4292 3.059 1944 4.000 11.92 13.56 -2.51E+05
286.0 5109 5.092 6550 4.312 1.736 6.355 11.71 14.06 -1.67E+05
299.1 7.387 7.416 3.131 6.346 1578 2947 11.22 14.33 -1.58E+05
309.7 9.304 9426 5416 8.030 1.692 4931 1096 1430 -4.16E+05
328.1 13.969 13.94 1.757 12.263 2.874 1.215 10.42 13.74 -4.65E+05
342.8 17.858 17.318 3.894 15.465 4.486 3.428 10.28 13.23 -4.00E+05
360.8 23.207 22.816 0.333 20.089 8.078 -0.082 10.02 12.50 -3.56E+05

Table 30.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of a Gd-DOTABA7Q) solution withcgg = 0.01248 mol/LB =7.05 T and
usingqg = 1.

T (K) Tia(Ms) Toa (MS) ah (ppm) Ty (Ms) T, (Ms) w(ppm) In(/Ty) In(1/Tz) Awy (H2)

275.8 3.457 3.500 7.064 3.205 2.154 6.883 1152 1359 -2.06E+05
286.0 5.127 5.032 6.632 4567 2.228 6.341 11.58 13.92 -3.31E+05
2975 7.325 7.522 6.056 6.513 2.060 5.694 11.23 14.27 -4.12E+05
309.7 9.515 9.548 5.475 8.320 2.116 5.164 11.12 1431 -3.54E+05
3194 11.654 11.592 5.008 10.338 2.474 4.624 10.79 14.16 -4.37E+05
342.8 17.485 17.452 4.035 15.772 4.768 3.593 10.23 13.43 -5.03E+05
360.8 23.495 22.996 3.088 21.443 8.806 2.665 9.81 12.65 -4.81E+05

Table 31.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of a Gadoxane G@) solution withcgg = 0.01285 mol/LB =7.05 T and
usingqg = 1.

T(K) Tia(ms) Toa (MS) ah (ppm) Ty (Ms) T, (Ms) w(ppm) In(1/Ty) In(1/To) Aw (H2)
275.8 3575 3.592 6.855 3.091 2.196 6.800 12.15 13.55 -6.08E+04
286.0 5109 5.092 6550 4.328 2.338 6.406 11.94 13.82 -1.59E+05
29757318 7.334 5895 6.203 2372 5629 1157 14.03 -2.94E+05
309.79.304 9.426 5416 7.959 2596 5.074 11.27 14.00 -3.78E+05
319.4 11.612 11.500 5.009  9.942 3.050 4.628 11.04 13.86 -4.21E+05
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Table 32.Variable temperature reduced longitudinal and trarse’’O relaxation rates and
chemical shifts of a Gadoxane BB) solution withcgg = 0.00994 mol/LB =7.05 T and
usingq = 1.

T (K) Tia(mMs) Toa(Ms) an (ppm) Ti(ms) T, (ms) w(ppm) In(1/Ty) In(1/Ty) Awy (H2)

275.8 3.457 3.500 7.064 2981 2344 6.904 12.46 13.58 -2.29E+05
286.0 5.127 5.032 6.632 4207 2586 6.393 12.38 13.86 -3.42E+05
29757325 7522 6.056 5960 2.644 5773 12.07 14.13 -4.04E+05
309.7 9.515 9.548 5.475 7686 2970 5.232 11.85 14.08 -3.47E+05
319.4 11.654 11.592 5.008 9536 3270 4.659 11.58 14.02 -4.99E+05

Table 33. NMRD data of Gd-DOTAGA §3) at 25°C and 37°C.céq = 2.02 mM for
v(*H) < 10 MHz andcgg = 2.49 mM forv(*H) > 10 MHz).

v(*H) (MHz) r, (mM?*st) at25°C  r, (mM?s?) at 37°C
500 4.19 3.23
400 4.64 3.52
250 5.18 3.86
80 4.64 3.59
60 4.81 3.73
40 4.86 3.78
20 5.17 4.14

10.001 6.69 5.53
6.951 7.40 6.17
4.833 8.36 7.10
3.360 9.38 7.84
2.336 10.52 8.60
1.623 11.27 9.13
1.129 11.81 9.47
0.785 11.93 9.67
0.546 12.07 9.77
0.379 12.26 9.82
0.264 12.26 9.90
0.183 12.28 9.93
0.128 12.38 9.92
0.089 12.20 9.95
0.062 12.34 9.87
0.043 12.25 9.91
0.030 12.23 9.93
0.021 12.35 9.94

0.014 12.49 9.96
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Table 34. NMRD data of Gd-DOTABA T18) at 25°C and 37°C.c§g = 2.00 mM for
v(*H) < 10 MHz andceg = 2.01 mM forv(*H) > 10 MHz).

v(*H) (MHz) r.(mM's) at25°C  r; (mM’s?) at 37°C
500 4.46 3.55
250 5.70 4.15
80 5.39 4.19
60 5.41 4.45
40 5.53 4.34
20 5.87 4.73

10.001 6.95 5.68
6.951 7.48 6.23
4.833 8.62 7.16
3.360 9.72 8.00
2.336 10.90 8.97
1.623 11.88 9.61
1.129 12.47 10.17
0.785 12.82 10.38
0.546 13.02 10.57
0.379 13.19 10.62
0.264 13.22 10.66
0.183 13.29 10.66
0.128 13.25 10.78
0.089 13.34 10.67
0.062 13.30 10.65
0.043 13.35 10.72
0.030 13.30 10.78
0.021 13.37 10.72

0.014 13.18 10.79
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Table 35. NMRD data of Gadoxane GGG) at 25°C and 37°C.c§q = 2.00 mM for
v(*H) < 10 MHz andcgg = 1.99 mM forv(*H) > 10 MHz).

v(*H) (MHz) r,(mM's) at25°C  r, (mM7s?) at 37°C
500 4.99 4.17
400 5.93 5.17
250 8.03 6.70
80 11.20 9.13

60 11.55 9.38

40 12.19 9.58

20 12.13 9.58
10.001 11.87 9.52
6.951 11.73 9.51
4.833 12.08 10.14
3.360 12.95 10.87
2.336 14.49 12.34
1.623 16.01 13.56
1.129 17.06 14.48
0.785 17.83 15.17
0.546 18.23 15.58
0.379 18.57 15.73
0.264 18.76 15.93
0.183 18.73 15.96
0.128 18.96 16.03
0.089 18.83 16.00
0.062 18.97 16.12
0.043 18.76 16.12
0.030 18.98 15.98
0.021 18.98 16.13

0.014 19.04 16.32
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Table 36. NMRD data of Gadoxane BGB) at 25°C and 37°C.c§q = 1.99 mM for
v(*H) < 10 MHz andceg = 2.00 mM forv(*H) > 10 MHz).

v(*H) (MHz) r.(mM's) at25°C  r; (mM’s?) at 37°C
500 4.46 4.20
250 7.70 7.31
80 14.04 12.73
60 15.61 13.83
40 16.73 14.56
20 17.11 14.76

10.001 16.53 14.28
6.951 15.58 13.55
4.833 15.35 13.30
3.360 15.51 13.64
2.336 17.07 15.45
1.623 18.85 17.13
1.129 20.31 18.53
0.785 21.19 19.50
0.546 22.01 20.49
0.379 22.48 20.83
0.264 22.83 21.08
0.183 22.69 21.22
0.128 22.95 21.20
0.089 23.05 21.38
0.062 23.13 21.34
0.043 22.98 21.37
0.030 23.01 21.47
0.021 23.05 21.38

0.014 22.97 21.45
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5.2.8 Syntheses

5.2.8.1 Synthesis of octa(3-chloroammoniumpropyl)silsesqui@ne (29)
29 was synthesised according to the literdttinerocedure in 39 % vield.

5.2.8.2 Synthesis of octa(3-(ethylmercapto)-propionic acigjlsesquioxane (33)

Synthesis of octavinylsilsesquioxane (31)
31 was synthesised from vinyltrichlorosilane accogdia the literatur€® %°in 15 % yield.

Synthesis of octa(3-(ethylmercapto)-propionic acidjlsesquioxane (33)
33 was prepared frorf@1, mercaptopropionic acid and AIBN as the radicdlator according
to the literatur®in 98 % yield.

5.2.8.3 Synthesis of DOTA(Bu)s (36)

Synthesis of DOTA[Bu)sBn (35)

Under argon atmosphere DO3Bi(); (34) (500 mg, 0.973 mmol) was dissolved in dry
acetonitrile (35 mL) and benzyl bromoacetat (246 h@71 mmol) was added followed by
K,CO; (202 mg, 1.460 mmol). The mixture was stirred 16&h at 70°C. After cooling to
room temperature the solid was filtered off and sbkvent removed under reduced pressure.
The crude product was purified on a silica gel oodDCM, increasing the ratio of MeOH to
15%) resulting in a yellow oil (564 mg, 87 %).

'H NMR (500.13 MHz, CDG)): = 7.39-7.28 (m, 5H, Ar-H), 5.11, (s, 2HHgPh) 3.91-1.95
(br m, 24H, NG1,), 1.46, 1.43 (s, 27H, C{)s). *C{*H} NMR (125.76 MHz, CDCJ): J=
173.7 COOBn), 173.2, 173.1G0O0Bu), 135.3 (ArC), 128.7, 128.6, 128.5 (ATH), 82.0,
81.9 (C(CHs)3), 66.9 CH.Ph), 55.9, 55.7, 55.2, 51.9, 51.0, 50.6CHy), 28.1, 28.0
(C(CHa)y).

Synthesis of DOTA(BuU)3 (36)

Pd/C (10 % Pd, 200 mg) was added to a solu®i1280 mg, 0.422 mmol) in dry degassed
methanol (25 mL). The mixture was stirred vigorqusinder a dihydrogen atmosphere
(balloon) for 3 h. The catalyst was filtered offdathe solvent removed under reduced
pressure to afford a pale yellow solid (210 mg%8)7

'H NMR (500.13 MHz, CDG): J= 3.93-1.95 (br m, 24H, N&), 1.44, 1.43 (s, 27H,
C(CHa3)3). °C NMR (125.76 MHz, CDG): d= 174.5 COOH), 172.3 COOBu), 82.5, 82.2
(C(CHg)3), 56.1, 55.9, 55.6, 53.6-51.8 (br), 49.5-48.0 (MICH,), 28.2, 27.9 (QTHa)3).
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ESI-MS: [M+H]" calc. 573.4 , found 573.5.

5.2.8.4 Synthesis of compound 46

Method 1: Under argon atmospher29 (50 mg, 4.26x1®mol) and 36 (295 mg,
5.11x10* mol) were dissolved in dry DMSO (4 mL). HOBt (7gm5.11x10" mol) and
TBTU (160 mg, 5.11xI®mol) were added followed by DIPEA (75Q, 4.38x10° mol).
The mixture was stirred for 20 h at room temperatamd then added drop-wise to distilled
water (10 mL) at ~ 0°C while a yellow precipitatassformed. The precipitate was filtered off
and dissolved in methanol (30 mL). Removal of tbhlvent under reduced pressure resulted
in a pale yellow solid (219 mg). No signal in tfiSi NMR spectrum. Destruction of the
silsesquioxane core.

Method 2: Under argon atmosph@(10 mg, 8.51x18 mol) and36 (59 mg, 1.02x198 mol)
were dissolved in dry DMSO (5QQ.) and TBTU (33 mg, 1.02xIbmol) was added
followed by DIPEA (10QuL, 5.84x10" mol). The mixture was stirred for 30 min at room
temperature and then added drop-wise to distillatexv(10 mL) in a centrifuge tube which
was kept in an ice bath. The formed precipitate esagrifuged, washed four-times with cold
water and dissolved in methanol (1 mL). Removalthd solvent under reduced pressure
resulted in a pale yellow solid (43 mg, 95 %).

'H NMR (500.13 MHz, CDG): J= 3.75-1.92 (192H, Cyclen N, CH,CO), 3.19 (br, 8H,
NCH,CH,), 1.60 (br, 8H, NChCH,), 0.59 (br, 8H, E,Si), 1.43 (s, 216H, C(8s)3). “*C{*H}
NMR (125.76 MHz, CDG)): o= 173.3-170.7 (brCO), 81.2 (br,C(CHs)3), 56.4-46.1 (br
Cyclen NCH,, CH,CO), 41.5 (br, NCH,CH,), 27.5 (CCH3)3), 22.4 (br, NCH,CH,), 9.4 (br,
CH,Si). °Si{*H} NMR (99.36 MHz, CDC}): J= -66.9.

5.2.8.5 Attempted deprotection of compound 46

Method 1: To a solution of46 (36 mg, 6.768x18mol) dissolved in DCM (0.5 mL)
trifluoroacetic acid (0.25 mL) was added drop-wiaéer stirring for 8 h at room temperature
the volatile matter was removed under reduced pres§he residue was taken up into a
small amount of acetone. The addition of diethyleetresulted in an off-white precipitate.
The precipitate was drieth vacuo *H NMR of the product in BO indicated an almost
complete deprotection but a decomposition of tlsesquioxane core, as well.

Method 2: To a solution of6 (36 mg, 6.768x1®mol) dissolved in DCM (0.5 mL) conc.
formic acid (0.5 mL) was added drop-wise. Afterrgtg at room temperature for 16 h the
solvent was evaporated under reduced pressureeriiove the excess of formic acid, DCM

and methanol were added and evaporated off, twige.product remained soluble in DCM.
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'H NMR of the product in CDGI revealed incomplete deprotection and also the

decomposition of the silsesquioxane core.

5.2.8.6 Synthesis of compound 49

DO3A-hexylamine 47) (54 mg, 1.214x16mol) was dissolved in distilled water (0.36 mL)
and a stock solution of Lag(1.1 equiv.) was added. The pH was adjusted teinfgua 1 M
solution of NaOH. The mixture was heated to 60°C ®h. After cooling to room
temperature, the pH was verified to be 7.0 andstiteent was evaporated and the remaining
solid residue was drieid vacuoat 50°C over night.

Under argon atmosphere, the residue was then deskotl dry DMSO (4 mL) and a solution
of 33 (60 mg, 4.048x1®mol), TBTU (156 mg, 4.856xIbmol), HOBt (76 mg,
4.856x10" mol) and DIPEA (16QL, 9.344x10%) in dry DMSO (2 mL) was added. After
stirring at room temperature for 30 min, the reacimixture was added drop-wise to an acetic
acid/sodium acetate buffer (buffer capacity of 1fafiL, pH 5.5, 50 mL). The formed
precipitate was centrifuged, washed four-times vethd water (10 mL), followed by four-
times acetone (10 mL) and one-times diethyl ethérniL) and driedn vacuo (off-white
solid, 170 mg).

13C CP/MAS (50.33 MHz):0= 183-167 COO, CON), 70-58 CH,COO), 57-42 CH.N),
41-33 CH,NCO, NOCCH,CH,S), 32-19 (alkylCH,, CH,SCH,), 14 (CH.Si). °Si CP/MAS
(59.62 MHz):0=-67.5.

5.2.8.7 Synthesis of DOTA(BnN} (53)

Synthesis of DO3A(BN3 (51)

Under argon atmosphere cyclé®) (4.31 g, 25 mmol) and NaHG®6.30 g, 75 mmol) were
suspended in dry acetonitrile (50 mL). At Of&t-butyl bromoacetat (10.98 mL, 70 mmol)
dissolved in dry acetonitril (200 mL) was addedmvase over 6 h. The mixture was then
allowed to reach room temperature and stirred fdayd The formed white precipitate was
filtered off and the solvent was removed under cedupressure. The solid residue was
dissolved in a 10 % acetonitrile/water mixture (24D0) and the pH was adjusted to 3 using
HCl,q The solution was loaded onto a column of AmberlXAD 1600 (200 mL),
equilibrated with 10 % acetonitrile/water and etuteiith a stepwise acetonitrile/water
gradient. The product in a mixture with the undssirDOTA(Bn) eluted at 30 %
acetonitrile/water. At higher ratios of aceton@rDOTA(Bn), eluted exclusively. Removal of

the solvent under reduce pressure resulted in &guhixture and 5 g pure DOTA(Bn)The
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mixture was again dissolved in 10 % acetonitrileaévanixture (200 mL) (pH 3) and loaded
onto an Amberlite XAD 1600 column. The ratio of tmeetrile was slowly increased starting
from 20 %. The pure product eluted at an acetdminatio of 28-29 %. Removal of the
solvent under reduced pressure resulted in a ywhbinaler (1.5 g, 10 %).

'H NMR (500.13 MHz, CDG)): = 7.37-7.16 (m, 15H, Ar-H), 5.15, (s, 2HHgPh), 5.00 (d,
2Jun = 11.4Hz, 2H, EHPh), 4.90 (d,%Jun = 11.4 Hz, 2H, CHPh), 4.58 (br, 2H,
NCH,COO), 4.05, 3.72 (br m, 4H, CyclerHg), 3.57, 3.43 (br m, 4H, Nd,COO), 3.44, 3.30
(br m, 4H, Cyclen E,), 3.40, 2.98 (br m, 4H, CyclenHy), 3.37, 2.90 (br m, 4H, Cyclen
CH,). **C{*H} NMR (125.76 MHz, CDCJ): = 171.6, 166.4GO0Bn), 135.1, 134.1, 128.9,
128.8, 128.75, 128.72, 128.6, 128.5 (Ar-C), 687134CH,Ph) 54.7, 53.3 (8H,COO0), 52.7,
50.4, 48.2, 42.8 (Cycle@H,). ESI-MS: [M+HJ' calc. 617.3 , found 617.5.

Synthesis of DOTA(Bn}Bu (52)

Under argon atmospheBd (600 mg, 0.973 mmol) was dissolved in dry acetdai{35 mL)
and tert-butyl bromoacetat (228 mg, 1.171 mmol) was addgidvied by KCO; (202 mg,
1.459 mmol). The mixture was stirred for 23 h at@.0After cooling to room temperature the
solid was filtered off and the solvent removed unegeluced pressure. The crude product was
purified on a silica gel column (CH{ lincreasing the ratio of MeOH to 15%) resultingain
sticky yellow solid (497 mg, 70 %).

'H NMR (500.13 MHz, CDG)): = 7.37-7.23 (m, 15H, Ar-H), 5.19-5.0, (br, 6HH&h),
3.87-1.95 (br m, 24H, Ni&,), 1.43 (s, 9H, C(B3)3). *C{*H} NMR (125.76 MHz, CDCJ):
0=173.9, 173.8, 173.300), 135.3, 135.2 (br), 128.74, 128.71, 128.68,.8,2828.5 (Ar-
C), 82.3 C(CHa)3), 67.07, 67.06 GH,Ph), 56.0, 55.4, 55.3 @H.COO), 53.9-46.3 (br,
CyclenCH,), 28.1 (CCHs)s). HRMS (FTICR): [M+H] calc.: 731.40144, found: 731.40083.

Synthesis of DOTA(Bn} (53)

52 was dissolved in DCM (10 mL) and trifluoroaceticidca (10 mL) was added carefully.
After stirring for 22 h at room temperature theatdé matter was removed under reduced
pressure. To remove the excess of trifluoroacetid, &©CM (10 mL) was twice added and
evaporated off. The solid residue was dissolved(r®6 MeOH/water (60 mL) and the pH
was brought to 2 using Hgl The solution was loaded onto a column of AmberfAD
1600°% (160 mL), equilibrated with 10 % MeOH/water andutel with a stepwise
MeOH/water gradient. The product only eluted at ¥%®eOH. Evaporation of the solvent
under reduced pressure resulted in a yellow sab& (ng, 47 %).

'H NMR (400.13 MHz, CDG)): d= 7.36-7.27 (m, 15H, Ar-H), 5.10, (s, 4HHgPh), 5.09, (s,
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2H, CH,Ph), 3.68 (s, 2H, B,COOH), 3.57 (s, 2H, B,COOBN), 3.50 (m, 4H, Cyclents),
3.42 (s, 4H, E,CO0BN), 2.98 (m, 4H, CyclenHs;), 2.73 (m, 4H, Cyclen By), 2.73 (m,
4H, Cyclen ®,). **c{*H} NMR (100.61 MHz, CDCJ): d= 171.2, 170.5G0O0BN), 170.5
(COOH), 135.5, 135.3, 128.68, 128.62, 128.52, 1281488.42, 128.32 (Ar-C), 66.6, 66.4
(CH2Ph), 56.1 CH,COOH), 55.9, 55.6GH,COOBN), 53.5, 53.3, 50.5, 48.3 (Cycl&Hi.).
ESI-MS: [M+NaJ calc. 697.3, found 697.3.

5.2.8.8 Synthesis of compound 54

Under argon atmospher29 (10 mg, 8.51x1®mol) and53 (64 mg, 9.48x18mol) were
dissolved dry DMSO (50QL) and TBTU (33 mg, 1.02xIbmol) was added followed by
DIPEA (100pL, 5.84x10" mol). The mixture was stirred for 30 min at roa@mperature and
then added drop-wise to distilled water (12 mLainentrifuge tube which was kept in an ice
bath. The formed precipitate was centrifuged andhed four-times with cold water. The
residue was dissolved in chloroform (0.4 mL) arahéferred into a schlenk tube, (rinsed with
0.4 mL chloroform). Removal of the solvent undetueed pressure resulted in a dark yellow
solid (44 mg, 86 %). Due to tHel and®*Si NMR data no complete octafunctionalisation was
achieved.

Data of the octafunctionalised species:

'H NMR (400.13 MHz, CDG): J= 7.40-7.23 (m, 120H, Ar-H), 3.67-2.40 (192H, Gyl
NCH,, CH,CO), 3.11 (br, 8H, NB,CH,), 1.58 (br, 8H, NCKCH,), 0.57 (br, 8H, Ei,Si).
13c{*H} NMR (100.61 MHz, CDC}): o= 171.6-170.7 (brCO), 135.9, 128.7, 128.4 (br, Ar-
C), 66.1 (br, G,Ph), 57.1-47.3 (br Cyclen GH,, CH,CO), 42.1 (br, NCH,CH,), 22.7 (br,
NCH,CH,), 9.5 (br,CHSi). ?°Si NMR (99.36 MHz, CDG)): J= -67.0.

5.2.8.9 Attempted deprotection of compound 54

54 (44 mg, ~7.16x1®mol) was dissolved in dry DMF (1 mL). Pd/C (10 %, R0 mg) was
added and the solvent was degassed. The mixturestwaed vigorously under a dihydrogen
atmosphere for 2.5 h at room temperature. Theysttalas filtered off, and the solution was
added drop-wise to diethyl ether (11 mL) in a aéuge tube which was kept in an ice bath.
The formed precipitate was centrifuged, washed widthyl ether and dried under reduced
pressure. The residual solid was insoluble in watet still soluble in CDGl As the'H NMR
spectrum showed no cleavage of the benzyl estergetiction was reset. Therefore the solid
residue was dissolved in dry DMF (1 mL) and Pd/O ¥4 Pd, 12 mg) was added. After
degassing the solvent, the mixture was stirredreiggly under a dihydrogen atmosphere for

2 days at room temperature. TieNMR spectrum of the reaction solution showed ditile
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toluene formation, indicating less than 30 % degzthon.
5.2.8.10Synthesis of DOTAGA (60)
Route 1:

Synthesis of 2-bromoglutaric acid (57)

To a stirred solution of L-glutamic acicbg) (16.50 g, 112 mmol) and sodium bromide
(40.00 g, 389 mM) in aqueous 2 N hydrobromic ad&i@d(mL) cooled to 0°C sodium nitrite
(14.00 g, 203 mM) was added gradually over 2 h.uad® min after the last addition conc.
sulphuric acid (6 mL) was added. The mixture wasaeted three times with diethyl ether.
The combined organic phases were washed with [zt dried over magnesium sulfate.
Removal of the solvent under reduced pressureteesirl a yellow oil (11.13 g, 47%, about
85 % pure due ttH NMR).

'H NMR (400.13 MHz, CDG)): = 9.99 (br s, 2H, COB), 4.42 (dd2Jn = 7.3 Hz,*Jun =
6.2 Hz, 1H, ®&Br), 2.73-2.60 (m, 2H, B,COOH), 2.49-2.27 (m, 2H, CHBIg). *C{H}
NMR (100.61 MHz, CDGJ)): d= 178.8 (CHCOOH), 175.0 (CHBEOOH), 44.1 CHBYr),
31.3 CH,COOH), 29.3 (CHBEH,).

Synthesis of ditert-butyl 2-bromoglutarate (58)

The crude 2-bromoglutaric aci®®) (3.20 g, ~13 mmol) was dissolved in CH@0 mL)
under argon atmosphere. A solution tefrt-butyltrichloroacetimidate (TBTA) (13.25 g,
60.66 mmol) in cyclohexane (40 mL) was added dragevover 15 min. The formed white
precipitate was dissolved by the addition of dimktbetamide (DMA) (12 mL). Boron
trifluoride ethyl etherate (600L) was added as catalyst and the solution wasdtiior three
days at room temperature. The mixture was condedti@nd the remaining DMA phase was
extracted three times with hexane (50 mL). The doptbhexane phases were washed three
times with brine, dried over magnesium sulfate #mel solvent was removed. The crude
product was purified on a silica gel column-hexane:ethyl acetate 15:1) resulting in a
colorless oil (1.69 g, 40 %).

'H NMR (400.13 MHz, CDG)): = 4.23 (dd 33y = 8.4 Hz,2Juy = 6.0 Hz, 1H, EIBr), 2.44-
2.36 (m, 2H, E,COOBuU), 2.35-2.13 (m, 2H, CHBIg,), 1.48 (s, 9H, COOC(@3)s), 1.45

(s, 9H, COOC(Els)s). “*C{*H} NMR (100.61 MHz, CDCJ): = 171.6 (CHCOOBuU), 168.6
(CHBrCOOBu), 82.8 (CO®@(CHs)s), 81.0 (COW@(CHs)s), 47.0 CHBr), 33.0
(CH,COOBuU), 30.1 (CHBEHy), 28.3 (COOCCHs3)3), 81.0 (COOCCHS3)3).
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Synthesis of DOTAGA(BuU)s (59)

DO3A(Bu); (34) (1200 mg, 2.332 mmol) was dissolved in dry acétiten (50 mL) under
argon atmosphere arsB (820 mg, 2.565 mmol) was added followed byCK; (483 mg,
3.498 mmol). The mixture was stirred for 16 h atGQAfter cooling to room temperature the
solid was filtered off and the solvent removed unaeluced pressure. The crude product was
purified on a silica gel column (pure CHCgradually increasing the ratio of MeOH to 10%)
resulting in a yellow solid (1.228 mg, 70 %).

'H NMR (500.13 MHz, CDG): J0= 3.45 (dd, Jun= 9.9 Hz, 3Juyy = 1.7 Hz, 1H,
NCHCOOBuU), 3.38 (d,2Jun = 17.3 Hz, 1H, NEIHCOOBuU), 2.78 (d,2Jun = 17.3 Hz, 1H,
NCHHCOOBU), 3.36 (d,2Juy = 17.2 Hz, 1H, NEIHCOOBuU), 2.78 (d2Jn = 17.2 Hz, 1H,
NCHHCOOBU), 3.34 (d 3wy = 17.5 Hz, 1H, NEIHCOOBU), 2.78 (d2Juy = 17.5 Hz, 1H,
NCHHCOOBU), 3.22, 2.10 (br m, 2H, CyclerH3), 3.20, 2.13 (br m, 2H, CyclenH3), 3.19,
2.10 (br m, 2H, Cyclen &), 3.03, 2.47 (br m, 2H, CyclenH), 2.50, 2.31 (br m, 2H,
Cyclen Hy), 2.50, 2.34 (br m, 2H, CyclenHy), 2.49, 2.30 (br m, 2H, CyclenHy), 2.48,
2.26 (br m, 2H, Cyclen 8,), 2.47, 2.42 (m, 2H, C¥H,COOBuU), 1.95, 1.66 (m, 2H,
CH,CH,COOBU), 1.44 (s, 9H, C(B3)3), 1.413 (s, 9H, C(B3)3), 1.409 (s, 18H, C(B3)3),
1.39 (s, 9H, C(El3)3). *C{*H} NMR (125.76 MHz, CDC}): = 174.9 (NCHCOOBuU), 173.0
(NCH,COOBuU), 172.9 (2C, NCLCOOBuU), 172.2 (CHCH,COOBuU), 82.3, 81.9, 81.8 (2C),
80.5 (C(CHs)3), 59.9 (NCHCOOBU), 55.9, 55.8, 55.6 (BH,COOBuU), 52.7 (2C), 52.5, 48.7,
48.6, 48.2, 47.2, 44.3 (CyclebH,), 33.6 (CHCH,COOBu), 28.1, 27.9, 27.8, (CHs)3),
19.7 CH.CH,COOBU). HRMS (FTICR): [M+2HF" calc.: 379.26970, found: 379.26962.

Synthesis of DOTAGA (60)

59 (1.200 g, 1.585 mmol) was dissolved in dichlordmaee (10 mL) and trifluoroacetic acid
(15 mL) was added carefully. After stirring for B3at room temperature the volatile matter
was removed under reduced pressure. To removextess of trifluoroacetic acid, methanol
(20 mL) was twice added and evaporated off. Theowis residue was taken up in a minimum
amount of methanol and added drop-wise to colchglietther. The formed precipitate was
filtered off and the procedure repeated with wategtone. Again the precipitate was filtered
off and driedin vacuoto yield the ammonium TFA salt of DOTAGA (contaigiabout 85 %
pure DOTAGA) as an off-white powder (541 mg, 61 %).

'H NMR (400.13 MHz, BO): 0= 3.99 (dd*Jun = 9.0 Hz,%J4y = 3.8 Hz, 1H, NEICOOH),
3.95-2.90 (br, 22H, NB), 2.68 (m, 2H, CHCH,COOH), 2.01 (m, 2H, B,CH,COOH).
¥3c{*H} NMR (100.61 MHz, DO): d= 177.4 (CHCH,COOH), 175.2, 174.0, 170.4 (br,
NCH,COOH), 59.6 (br,CHCOOH), 55.9, 53.8, 51.0, 48.5, 45.6, 44.3 (bCHY), 31.4
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(CH,CH,COOH), 21.7 CH,CH,COOH). HRMS (FTICR): [M+H] calc.: 477.21912, found:
477.21900.

Route 2:

Synthesis of dimethyl 2-bromoglutarate (61)

The crude 2-bromoglutaric aci@?) (5.00 g, ~20 mmol) was dissolved in a solutiorcoc.
sulphuric acid (700 pL) in methanol (50 mL) and thixture was heated to reflux for 1 h.
The solution was allowed to reach room temperatmd concentrated under reduced
pressure. Diethyl ether was added and the orgdrasgpwas washed with aqueous NaHCO
(5%) followed by brine and dried over magnesiuniagal After removal of the solvent under
reduced pressure, the crude product was purified simort silica gel column (n-hexane:ethyl
acetate 9:1) resulting in a colorless oil (3.60%%6).

'H NMR (400.13 MHz, CDG): = 4.32 (ddJun = 8.4 Hz,*Jun = 5.8 Hz, 1H, EiBr), 3.72

(s, 3H, CHCOOHs3), 3.63 (s, 3H, CHBrCOORs), 2.54-2.40 (m, 2H, B,COOCH;), 2.38-
2.16 (m, 2H, CHBr&.). **C{*H} NMR (100.61 MHz, CDC}): d= 172.4 (CHCOOCH),
169.8 (CHBECOOCH;), 53.0 (CHCOCQOCH3), 51.8 CHBrCO®@Hs), 44.6 CHBr), 31.2
(CH.,COOCH;), 29.7 (CHBECH,). Anal. calc. for GH1:BrO4: C, 35.17, H, 4.64, found: C,
35.13, H, 4.38.

Synthesis of DOTAGA(Bu)3(Me) (62)

Under argon atmosphere DO3B(); (34) (470 mg, 0.913 mmol) was dissolved in dry
acetonitrile (25 mL) an@1 (240 mg, 1.000 mmol) was added followed byCK; (242 mg,
1.749 mmol). The mixture was stirred for 16 h atGQAfter cooling to room temperature the
solid was filtered off and the solvent removed urméeluced pressure. The crude product was
purified on a silica gel column (pure CHCgradually increasing the ratio of MeOH to 15%)
resulting in a yellow solid (435 mg, 71 %).

'H NMR (500.13 MHz, CDG): d= 3.59 (s, 3H, NCHCOOM;), 3.53 (s, 3H,
CH,CH,COOQH;), 3.48 (dd,*Jun = 10.3 Hz,%Jun = 2.4 Hz, 1H, NEICOOCH;), 3.32 (d,
2Jun = 17.3 Hz, 1H, NEIHCOOBU), 2.73 (d,2Juy = 17.3 Hz, 1H, NCHCOOBU), 3.27 (d,
17.6 Hz, 1H, NEIHCOOBU), 2.74 (d2Ju = 17.6 Hz, 1H, NCHCOOBU), 3.27 (d,
2Jun = 17.0 Hz, 1H, NEIHCOOBU), 2.72 (d,%Jun = 17.0 Hz, 1H, NCHCOOBU), 3.08,
2.05 (br m, 6H, Cyclen B,), 2.96, 2.37 (br m, 2H, Cyclen H;), 2.49 (m, 2H,
CH,CH,COOCH;), 2.43, 2.25 (br m, 4H, CyclenH3), 2.41, 2.25 (br m, 2H, CyclenHy),
1.92, 1.68 (m, 2H, B,CH,COOCH), 1.34 (s, 9H, C(83)3), 1.33 (s, 9H, C(85)3), 1.31 (s,

2
JHH
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9H, C(CH3)3). *C{'H} NMR (125.76 MHz, CDC)): d= 175.9 (NCHCOOCH), 173.2
(CH,CH,COOCH), 173.0, 172.9, 172.7 (NGBOOBU), 82.0, 81.90, 81.863(CHa)s), 59.2
(CHCOOCH), 55.7, 55.6, 55.4 (@H,COOBuU), 52.6, 52.5, 52.3, 48.5, 48.4, 48.0, 47.0, 44.6
(Cyclen CHp), 52.1 (NCHCO@Hs), 51.5 (CHCH,COOCH;), 31.6 (CHCH,COOCH)),
27.73, 27.72, 27.68, (CHs)3), 19.0 CH,CH,COOCH;). HRMS (FTICR): [M+Na] calc.:
695.42017, found: 695.42074.

Synthesis of DOTAGA (60)

62 (435 mg, 0.647 mmol) was dissolved in aqueous ByNrochloric acid (30 mL) and
refluxed for 18 h. The solution was allowed to feasom temperature, washed with diethyl
ether and the solvent removed under reduced peessyield the ammonium chloride salt of
DOTAGA (containing 85 % pure DOTAGA) as an off-wdpowder (333 mg, 92%).

'H NMR (400.13 MHz, RO): d= 3.99 (dd3Jn = 9.0 Hz,*Jyn = 3.8 Hz, 1H, NEICOOH),
3.95-2.90 (br, 22H, NB), 2.68 (m, 2H, CHCH,COOH), 2.01 (m, 2H, B,CH,COOH).
¥3c{H} NMR (100.61 MHz, DO): d= 177.4 (CHCH,COOH), 175.2, 174.0, 170.4 (br,
NCH,COOH), 59.6 (br,CHCOOH), 55.9, 53.8, 51.0, 48.5, 45.6, 44.3 (bCHY), 31.4
(CH,CH,COOH), 21.7 CH,CH,COOH). HRMS (FTICR): [M+H] calc.: 477.21912, found:
477.21900.

5.2.8.11Synthesis of Gadoxane G (GG)

60 (49 mg, 8.74x1®mol) was dissolved in an aqueous solution neBus;NOH (20 %,
548pL, 4.18x10" mol), followed by the addition of 1.1 equivalertf a stock solution of
LnCls. The pH was verified to be between 6 and 7. Theatisa was heated to 70°C for about
3 h. The solvent was removed under reduced pressuteéhe remaining solid residue was
dried for 4 to 6 daysn vacuo Under argon atmosphere the residue was takem ujoyi
DMSO (1 mL) and stirred for 1 day. To the resultigution 29 dissolved in dry DMSO
(10 mg, 8.51x18mol in 0.5 mL dry DMSO) was added, followed by B¥ (0.1 mL,
5.84x10* mol) and TBTU (33 mg, 1.02xX0mol). After 30 min of stirring at room
temperature the reaction mixture was added drop-t@ien acetic acid/sodium acetate buffer
(buffer capacity of 12 mmol/L, pH 5.5, 50 mL). The®lution was poured into 50 mL of
distilled water in the reservoir of a Pall Minim&fe Tangential Flow Filtration System.
Diafiltration was carried out using a membrane vatimolecular weight cutoff of 3K. The
permeated volume was continuously replaced by ae@es solution of NaCl (1 %, 400 mL),
followed by pure water (400 mL). After the volumeplacement was stopped, the diafiltration
was continued until the volume had reduced to ald@utnL. The remaining solution was
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collected in a schlenk flask (rinsed with 10 mk(H. The solvent was removéa vacuoat
25°C to affordGG as a white solid. Absence of non-coordinated kmthe ions was
confirmed by the xylenol te$t° The yield calculated from the gadolinium(lll) cemtration
obtained by the BMS method (see chapter 5.2.7.2)abaut 37 %.

Characterisation data of the yttrium complex:

'H NMR (500.13 MHz, RO,): = 3.63 (br d, 16H, BHCOO), 3.25 (br d, 16H, CHCOO),
3.63 (br d, 8H, EIHCOO), 3.22 (br d, 8H, CHCOO), 3.48, 2.47 (br, 32H, CyclenHp),
3.45, 2.44 (br, 16H, CyclenHg), 3.36 (br, 8H, NEICOO), 3.25, 3.14 (br, 16H, N&,CHy),
3.07, 2.81 (br, 16H, CyclenHs), 2.84, 2.73 (br, 16H, CyclenHy), 2.77 (br, 32H, Cyclen
CHy), 2.67 (br, 16H, Cyclen), 2.63, 2.35 (br, 16H{LON), 2.04, 1.88 (br, 16H, CH{),
1.64 (br, 16H, E,CH,Si), 0.75 (br, 16H, 8,Si). *C{*H} NMR (125.76 MHz, DO): J=
180.7, 180.5, 180.3500), 175.4 CON), 68.4 (NCHCOO), 65.9, 65.8 (brCH,COO) 56.1,
55.9, 55.6, 55.4, 55.1, 54.7, 54.4, 45.8 (br, Qy@&el,), 41.6 (NCH,CH,), 34.8 CH,CON),
22.0 CH,CH,Si), 20.4 (CKCH,), 8.4 CH,Si). 2°Si{*H} NMR (99.36 MHz, DO): J= -65.3.
HRMS (FTICR): [MF calc.: 653.48706, found: 653.48702

5.2.8.12Synthesis of DOTAMA (64)

Synthesis of dimethyl 2-bromomalonate (67)

To a solution of dimethyl malonaté@) (13.21 g, 100 mmol) in freshly distilled carbon
tetrachloride (15 mL) dry bromine (16.2 g, 101 mmahs added gradually under stirring.
After the first few milliliters of bromine had be@uded to the solution, an electric bulb was
held under the flask until the reaction startederthe rest of the bromine was added at such
a rate as to keep the solution boiling gently. Aftee last addition the solution was refluxed
for 45 min. The mixture was cooled, washed with eeams KCO; (5%) and dried over
magnesium sulfate. Repeated distillation undercedypressure afforded the product in 98 %
purity (2 % dimethyl malonate) as a colorless kij(8.60 g, 45 %).

'H NMR (500.13 MHz, CDG)): d= 4.85 (s, 1H, EBr), 3.83 (s, 6H, COORBs). *c{H}
NMR (125.76 MHz, CDG)): 6= 165.1 COOCH), 54.1 (CO@Hs3), 41.7 CHBY).

Synthesis of DOTAMA(Bu)3(Me); (72)

Under argon atmosphere DO3Bi(); (34) (600 mg, 1.166 mmol) was added to a solution of
67 (271 mg, 1.282 mmol) in dry acetonitrile (25 mlpllowed by KCO; (242 mg,
1.749 mmol). The mixture was stirred for 16 h atG.0After cooling to room temperature the

solid was filtered off and the solvent removed urméeluced pressure. The crude product was
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purified on a silica gel column (pure CHCgradually increasing the ratio of MeOH to 15%)
resulting in a yellow solid (631 mg, 84 %).

'H NMR (400.13 MHz, CDG)): = 4.22 (s, 1H, B(COOCH),), 3.73 (s, 6H, COOBx),
3.43, 2.78 (m, 2H, NB,COOBu), 3.38, 2.53 (m, 2H, CyclenH5), 3.36, 2.10 (m, 2H,
Cyclen (H,) 3.34, 2.81 (m, 4H, NB,COOBuU), 3.30, 2.11 (m, 4H, CyclenH3), 2.87, 2.30
(m, 2H, Cyclen @), 2.47, 2.31 (m, 2H, CyclenHs;), 2.45, 2.35 (m, 4H, CyclenHs;), 1.41,
1.40 (s, 27H, C(83)3). “C{*H} NMR (100.61 MHz, CDC)): Jd= 173.1, 172.9
(NCH,COOBU), 171.0, 167.1GO0OCH), 82.4, 82.0 C(CHs)3), 64.6 CH(COOCH),), 55.9,
55.6 (NCH,COOBuU), 52.8, 52.3, 48.8, 48.3, 48.2, 46.0, (CydBHh), 52.7, 52.4 (COCH),
27.9, (CCH3)3). HRMS (FTICR): [M+Na] calc.: 667.38887, found: 667.38902.

Synthesis of DOTAMA(Me), (75)

72 (265 mg, 0.411 mmol) was dissolved in dichlororaath (5 mL) and trifluoroacetic acid
(5 mL) was added carefully. After stirring for 20ah room temperature the volatile matter
was removed under reduced pressure. To removextess of trifluoroacetic acid methanol
(5 mL) was twice added and evaporated off. Theouisaesidue was taken up in a minimum
amount of methanol and added drop-wise to colchdietther. The precipitate was filtered off
and dried under reduced pressure to yield 171 mg)®f an off-white powder.

'H NMR (500.13 MHz, BO): = 5.24 (s, 1H, 6(COOCH;),), 4.00 (br, 4H, NE,COOH),
3.83 (s, 6H, CO083), 3.69 (br, 2H, NEI,COOH), 3.60, 3.50 (m, 4H, CyclenHg), 3.57,
3.47 (m, 4H, Cyclen B,), 3.28, 3.19 (m, 4H, CyclenHy), 3.13, 3.02 (m, 4H, CyclenH).
¥3c{*H} NMR (125.76 MHz, DO): o= 174.3 COOH), 169.7 COOH), 168.8 COOCHy),
63.3 CH(COOCH;),), 56.0 CH,COOH), 53.3 (COQH3), 52.8 CH,COOH), 51.6, 71,0,
47.9, 45.5 (Cycle€H,). HRMS (FTICR): [M+Na] calc.: 499.20106, found: 499.20143.

Synthesis of DOTAMA (64*)

Method 1:75 (49 mg, 1.02x10 mol) was dissolved in an aqueous solutiomdus,;NOH
(20 %, 682uL, 5.20x10" mol) and HO (500uL) was added. The solution was stirred for
21 h, after which the solvent was removed undenced pressure.

Method 2:75 (26 mg, 5.46x18 mol) was dissolved in an aqueous solution (1 nflyamlium
hydroxide (11.6 mg, 2.89xT0mol) and the solution was stirred for 26 h, aftérich the
solvent was removed under reduced pressure.

Characterisation data of the sodium salt:

'H NMR (400.13 MHz, BO): J= 3.98 (s, 1H, €(COO),), 3.12 (br, 4H, N&,COO), 3.07
(s, 2H, N@H,COO) 2.72, 2.71, 2.58, 2.42 (br, 16H, CyclerHf: “C{'H} NMR
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(100.61 MHz, RO): = 180.6, 180.0 (NCHCOOQO), 177.1 (CHCOO),), 70.7 CH(COQO),),
58.2, 57.9 (KCH,COQO), 51.3, 50.5, 50.1, 48.2 (Cycle@H,). HRMS (FTICR) of the
gadolinium(lll) complex o64: [M]" calc.: 602.074376, found: 602.074098.

5.2.8.13Attempted synthesis of compound 77

DOTAMA("BusN)s (64*) (1.02x10* mol) was dissolved in distilled water (0.8 mL) ahd
equivalents of a stock solution of Y{Glere added. A light precipitate could be observduw:
pH was verified to be 7.2+0.1 The suspenion wasestiat room temperature for 17 h, after
which a clear solution (pH 7.0) was obtained. Thé/ent was removed under reduced
pressure and the remaining solid residue was dised2 daysin vacuo Under argon
atmosphere the residue was taken up in dry DMS@L(land stirred for 2 days. To the
resulting almost clear solution TBTU (33 mg, 1.08%ol) and a solution of octa(3-
chloroammoniumpropyl)silsesquioxane in dry DMSO (¢, 8.51x10 mol, 0.5 mL dry
DMSO) were added, followed by DIPEA (0.1 mL, 5.88%Imol). After 30 min of stirring at
room temperature the reaction mixture was added-dise to an acetic acid/sodium acetate
buffer (buffer capacity of 12 mmol/L, pH 5.5, 50 mThe solution was poured into 50 mL of
distilled water in the reservoir of a Pall Minim&8teTangential Flow Filtration System.
Diafiltration was carried out using a membrane vatmolecular weight cutoff of 3K. The
permeated volume was continuously replaced by araes solution of NaCl (1 %, 400 mL),
followed by pure water (400 mL). After the voluneplacement was stopped, the diafiltration
was continued until the volume had reduced to all@utnL. The remaining solution was
collected in a schlenk flask (rinsed with 10 ml,Q). The solvent was removed under

reduced pressure at 25°C. No product could be roddai
5.2.8.14Synthesis of DOTABA (65)

Synthesis of 4-(carboxymethyl)benzoic acid (69)
69 was prepared from methyl 4-(cyanomethyl)-benz@@8 according to the literatul& in
84 % yield.

Synthesis of methyl 4-((methoxycarbonyl)methyl)berzate (70)

Under argon atmosphef® (1.00 g, 5.55 mmol) was dissolved in dry methg@6l mL) and
cooled to 0°C. A solution of thionyl chloride (1 mL3.78 mmol) in dry methanol (20 mL)
was added drop-wise over 15 min. The solution Wasvad to reach room temperature and
stirred for 22 h. Removal of the volatile mattersler reduced pressure resulted in a yellow
oil (1.10 g, 95 %).
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'H NMR (400.13 MHz, CDGJ)): 5= 8.00 (m, A-portion of an [AB}system, 2H, Ar-2-H, Ar-
6-H), 7.37 (m, B-portion of an [AB]system, 2H, Ar-3-H, Ar-5-H) 3.67 (s, 2HH?3), 3.90 (s,
3H, ArCOOM5), 3.69 (s, 3H, CHCOOCH;). “C{*H} NMR (100.61 MHz, CDC}): J=
171.1 (CHCOOCH;), 166.7 (ACOOCH;), 138.8 (Ar-4-C), 129.8 (Ar-2-C, Ar-6-C), 129.3
(Ar-3-C, Ar-5-C), 128.9 (Ar-1-C), 52.5 (CI£OOCHS3), 52.4 ArCOQCH3), 41.2 CH,).

Synthesis of methyl 4-((methoxycarbonyl)bromomethybenzoate (71)

Under argon atmosphere N-bromosuccinimide (NBS®7@®@g, 5.450 mmol) and AIBN
(50 mg, 0.304 mmol) were added to a solutio@®(1.075 g, 5.163 mmol) in freshly distilled
carbon tetrachloride (20 mL). The mixture was heatereflux for 5 h, after whichkH-NMR
indicated only 49 % conversion. Therefore new AIEN mg, 0.304 mmol) was added and
the mixture was refluxed for additional 17 h. Theite solid was filtered off and the solvent
removed under reduced pressure. The crude pro@Béb(due tdH NMR) was purified on a
silica gel columnr{-hexane:ethyl acetate 3:1) resulting in a colortes&711 mg, 48 %).

'H NMR (250.13 MHz, CDG)): 6= 8.04 (m, A-portion of an [AB}system, 2H, Ar-2-H, Ar-
6-H), 7.63 (m, B-portion of an [AB]system, 2H, Ar-3-H, Ar-5-H) 5.39 (s, 1HHBr), 3.93
(s, 3H, ArCOOGs), 3.81 (s, 3H, CHBrCOO®s). *C{*H} NMR (62.90 MHz, CDC}): d=
168.4 (CHBCOOCH;), 166.3 (ACOOCH;), 140.5 (Ar-4-C), 130.9 (Ar-1-C), 130.0 (Ar-2-C,
Ar-6-C), 128.7 (Ar-3-C, Ar-5-C), 53.6 (CHBrCQmM3), 52.3 ArCOQCH3), 45.4 CHBY).
Anal. calc. for GiH11BrO, : C, 46.02, H, 3.84, found: C, 46.22, H, 3.54.

Synthesis of DOTABA(Bu)3(Me), (73)

Under argon atmosphere DO3B(); (34) (600 mg, 1.166 mmol) was dissolved in dry
acetonitrile (25 mL) and1 (368 mg, 1.282 mmol) was added followed ByCK; (242 mg,
1.749 mmol). The mixture was stirred for 17 h at@QAfter cooling to room temperature the
solid was filtered off and the solvent removed unaeluced pressure. The crude product was
purified on a silica gel column (pure CHCgradually increasing the ratio of MeOH to 10%)
resulting in an off-white powder (719 mg, 86 %).

'H NMR (500.13 MHz, CDGJ)): d= 8.00 (m, A-portion of an [AB}system, 2H, Ar-2-H, Ar-
6-H), 7.11 (m, B-portion of an [ABJsystem, 2H, Ar-3-H, Ar-5-H), 4.72 (s, 1H,
CHCOOCH), 3.89 (s, 3H, ArCO08j3), 3.67 (s, 3H, CHCOOR®z), 3.56 (d,2Jqy = 17.4 Hz,
1H, NCHHCOOBU), 2.87 (d,2Jun = 17.4 Hz, 1H, NCHCOOBU), 3.41 (dJun = 17.5 Hz,
1H, NCHHCOOBU), 2.94 (d )4 = 17.5 Hz, 1H, NCHCOOBU), 3.37 (d2Juy = 17.3 Hz,
1H, NCHHCOOBU), 2.83 (d,%Juy = 17.3 Hz, 1H, NCHCOOBU), 3.34, 2.22 (m, 2H,
Cyclen Hy), 3.27, 2.12 (m, 2H, CyclenHs;), 3.24, 2.09 (m, 2H, Cyclentg), 3.17, 2.25 (m,
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2H, Cyclen ®y), 2.86, 1.71 (m, 2H, CyclenHy), 2.71, 2.52 (m, 2H, CyclenH;), 2.51,
2.35 (m, 2H, Cyclen B,), 2.50, 2.36 (m, 2H, CyclenHy), 1.46, 1.43 (overl. s, 27H,
C(CHa3)3). *C{*H} NMR (125.76 MHz, CDCJ): o= 174.7 (CHCOOCH;), 173.9, 173.3,
173.1 COOBu), 166.5 (ACOOCHs), 136.9 (Ar-4-C), 130.3 (Ar-1-C), 130.1 (Ar-3-CyA-
C), 129.7 (Ar-2-C, Ar-6-C), 82.5, 82.2, 82.C(CHs3)3), 65.0 CHCOOCH), 56.1, 55.9, 55.6
(CH,COOBu) 52.9, 52.6, 52.5, 49.0, 48.5, 48.3, 48.1, 4%Qyclen CH,), 52.6
(CHCOQCHs3), 52.3 (ArCOQCHs3), 28.1, 28.0, 27.9 (@Hs)3). HRMS (FTICR): [M+Na]
calc.: 743.42017, found: 743.42024.

Synthesis of DOTABA (65)

73 was dissolved in aqueous 6 N hydrochloric acid ) and refluxed for 16 h. The
solution was allowed to reach room temperatureaashed with diethyl ether. Removal of
the solvent under reduced pressure afforded the cawium chloride salt of DOTABA
(containing 85 % pure DOTABA) as an off-white pow¢291 mg, 90%).

'H NMR (500.13 MHz, DO): 5= 8.01(m, A-portion of an [AB}system, 2H, Ar-2-H, Ar-6-
H), 7.55 (br m, B-portion of an [AB]system, 2H, Ar-3-H, Ar-5-H), 5.45 (br s, 1H,
CHCOOH), 4.63-2.38 (br, 22H, ). “*C{*H} NMR (125.76 MHz, BO): o= 174.9, 173.5,
168.9, 167.8 (extr. br)QOOH), 169.6 (ACOOH), 138.4 (Ar-4-C), not observed (Ar-1-C),
130.5 (Ar-2-C, Ar-6-C), 130.4 (Ar-3-C, Ar-5-C), &8.(CHCOOH), 54.9, 53.2, 52.0(br),
51.2(br), 50.0-46.1(extr. br), 45.6, 438H). HRMS (FTICR): [M+H] calc.: 525.21912,
found: 525.21938.

5.2.8.15Synthesis of Gadoxane B (GB)

65 (65 mg, 1.02x18 mol) was dissolved in distilled water (1 mL) andagueous solution of
n-Bu;NOH (20 %, 802uL, 6.12x10" mol) was added, followed by 1.1 equivalents ofczls
solution of LnC4. The pH was verified to be between 6 and 7. Tispension was heated to
70°C for about 3 h. The solvent was removed unel@unged pressure and the remaining solid
residue was dried for 4 to 6 daysvacuo Under argon atmosphere the residue was taken up
in dry DMSO (5mL) and stirred for 2 days. To thesulting suspension octa(3-
chloroammoniumpropyl)silsesquioxane (10 mg, 8.51%t®l) was added, followed by
DIPEA (0.1 mL, 5.84x18 mol) and TBTU (33 mg, 1.02xTmol). After 3 h of stirring at
room temperature the reaction mixture was added-dise to an acetic acid/sodium acetate
buffer (buffer capacity of 12 mmol/L, pH 5.5, 50 mlresulting in a clear solution. This
solution was poured into 50 mL of distilled water the reservoir of a Pall Minimate™

Tangential Flow Filtration System. Diafiltration saarried out using a membrane with a
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molecular weight cutoff of 3 K. The permeated volumvas continuously replaced by an
agueous solution of NaCl (1 %, 400 mL), followedpare water (400 mL). After the volume
replacement was stopped, the diafiltration wasinaetl until the volume had reduced to
about 10 mL. The remaining solution was collectedaischlenk flask (rinsed with 10 mL
H,0). The solvent was removead vacuoat 25°C to affordsB as a white solid. Absence of
non-coordinated lanthanide ions was confirmed leyxylenol test. The yield calculated from
the gadolinium(lll) concentration obtained by th&8 method (see chapter 5.2.7.2) was
about 30 %.

NMR characterisation data of the yttrium complex:

'H NMR (500.13 MHz, DO): d= 7.77 (m, A-portion of an [AB}system, 16H, Ar-2-H, Ar-
6-H), 7.37 (br m, B-portion of an [ABJsystem, 16H, Ar-3-H, Ar-5-H), 4.70 (br s, 8H,
CHCOO), 3.79 (br, 8H, EIHCOQO), 3.31 (br, 8H, CHCOO), 3.69 (br, 8H, EIHCOO),
3.31 (br, 8H, CHCOO), 3.66 (br, 8H, EIHCOQO), 3.28 (br, 8H, CHCOO), 3.29, 2.63 (br,
16H, Cyclen Ely), 3.29, 2.35 (br, 16H, CyclenHy), 3.29, 2.06 (br, 16H, CyclenHy), 3.22
(br, 16H, NGH,CHy), 2.94, 2.75 (br, 16H, CyclenH3), 2.94, 2.37 (br, 16H, CyclenHp),
2.83, 2.21 (br, 16H, CyclenH;), 2.81, 2.47 (br, 16H, CyclenHy), 2.79 (br, 16H, Cyclen
CH,), 1.71 (br, 16H, E,CH,Si), 0.76 (br, 16H, 8,Si). *C{*H} NMR (125.76 MHz, DO):
0=180.8 (br, CHCOO), 178.3 (br, CKLOO), 168.8 (br, ACON), 135.3 (br, Ar-4-C), 133.9
(br, Ar-1-C), 132.7 (br, Ar-3-C, Ar-5-C), 126.8 (bAr-2-C, Ar-6-C), 74.1 (brCHCOOQO),
66.0 (br, CH,COO), 56.0, 55.9, 55.4, 55.2, 55.0, 54.7, 45.7 (brcl@y CH,) 41.7
(NCH,CHy), 22.2 CH,CH,Si), 8.4 CH,Si). 2°Si{*H} NMR (99.36 MHz, DO): 5= -65.4.
HRMS data of the gadolinium complex:

HRMS (FTICR): [MF calc.: 769.880308, found: 769.881065.

5.2.8.16General procedure for the synthesis of complexes &®&d 78

Ligand 60 or 65 was dissolved in distilled water (0.5 mL) and @cktsolution of Ln({ (1.1
equivalents for YGland 0.9 equivalents for Gdfflwas added. The pH was adjusted to 6-7
using a 1 M solution of NaOH. The mixture was heéate70°C for 1 h. After cooling to room
temperature, the pH was adjusted to 7.0 using a sbMtion of NaOH, followed by the
evaporation of the solvent. The absence of nondioated Gd" ions in the gadolinium(lll)
complexes was confirmed by the xylenol test.

NMR data of Y-DOTAGA 63):

'H NMR (500.13 MHz, RO, pD 7.0): 5= 3.63 (br d, 2H, BHCOQO), 3.25 (br d, 2H,
CHHCOQ), 3.63 (br d, 1H, GHCOQ), 3.22 (br d, 1H, CHCOO), 3.48, 2.47 (br, 4H,
Cyclen H,), 3.45, 2.44 (br, 2H, CyclenHy), 3.38 (br, 1H, NEICOO), 3.07, 2.81 (br, 2H,
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Cyclen (Hy), 2.84, 2.73 (br, 2H, CyclenHy), 2.77 (br, 4H, Cyclen B), 2.67 (br, 2H,
Cyclen), 2.58, 2.29 (br, 2H, GBH,COO), 1.99, 1.86 (br, 2H, CHE,). “*C{’H} NMR
(125.76 MHz, RO, pD 7.0):0= 181.0 (CHCH,COO), 180.7 (brCOO), 68.6 (NCHCOO),
66.0, 65.7 (brCH,COQ), 56.1, 55.9, 55.6, 55.4, 55.1, 54.7, 54.3, 4br7 CyclenCH,), 36.2
(CH,CH,COQ), 20.4 (CHCHy,).

NMR data of Y-DOTABA {9):

'H NMR (400.13 MHz, BO, pD 7.0):0= 7.93 (m, A-portion of an [AB}system, 2H, Ar-2-
H, Ar-6-H), 7.37 (br m, B-portion of an [ABJsystem, 2H, Ar-3-H, Ar-5-H), 4.76 (br s, 1H,
CHCOO), 3.79 (br d, 1H, 6HCOQO), 3.31 (br d, 1H, CHCOQ), 3.69 (br d, 1H,
CHHCOO), 3.31 (br d, 1H, CHCOO), 3.66 (br d, 1H, EHCOQO), 3.28 (br d, 1H,
CHHCOO), 3.47, 2.47 (br, 2H, Cyclent), 3.46, 2.80 (br, 2H, Cyclent), 3.43, 2.43 (br,
2H, Cyclen ®1y), 3.02, 2.76 (br, 2H, CyclenHy), 2.99, 2.37 (br, 2H, CyclenHy), 2.96,
2.39 (br, 2H, Cyclen B,), 2.81, 2.48 (br, 2H, CyclenH;), 2.79 (br, 2H, Cyclen &,).
3c{*H} NMR (100.61 MHz, DO, pD 7.0):d= 180.7 (CHCOO), 179.4 (CHLOO), 175.3
(ArCOOH), 136.2 (Ar-4-C), 133.9 (Ar-1-C), 132.0 (Ar-3-@r-5-C), 128.6 (Ar-2-C, Ar-6-
C), 74.5 CHCOQO), 65.9 (br,CH,COO), 56.0, 55.9 (2), 55.3, 55.1, 55.0, 54.7, 45.6 (br
CyclenCH,).
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Summary

The evolvement of magnetic resonance imaging (M&ne of the most powerful tools in
medical diagnosis is strongly related to the dgwalent of paramagnetic contrast agents
(CAs). Today, more than 30% of all MRI investigatouse a CA. These are mainly
gadolinium based extracellular perfusion agentchvidistribute non-specifically throughout
plasma and interstitial spaces. The next generaifdDAs is aimed at a more efficient and
more specific imaging.

Since calcium(ll) plays an important role in redurg a great variety of neuronal processes,
there is a strong interest to generate gadoliniliyrgdmplexes which can act as calcium(ll)-
sensors in functional magnetic resonance imagiMR(f. In this work the mechanistic
aspects of the calcium(ll) sensitivity of a sersDO3A-based lanthanide(lll) chelates,
bearing an alkyl aminobisphosphonate group (alkprepyl-hexyl,L '-L“) as the additional

coordination site, were investigated.

%\/_\/—‘{

()

>/-—/ \/ \@/\/ \/PO3H

LnL L-LnL4 n=1-4

POsH

Instead of increasing, as observed for other caldi) sensitive CAs, the longitudinal
relaxivity r; (the paramagnetic longitudinal proton relaxatiaterenhancement referred to
one millimolar concentration of G of the respective gadolinium(Ill) complexeslofL*
decreased after the addition of calcium(ll) at mmcentrations of the CA (2.5 mM), whereas
r, of GdL* showed no calcium(ll) dependence at this comptecentration.
Concentration-dependent relaxivity and pulsed grtdspin echo (PGSE) diffusidhl NMR
measurements revealed that calcium(ll)-induced exggion is responsible for the observed
changes in relaxivityGdL' has a lower tendency to form aggregates in theepie of
calcium thanGdL2GdL* resulting in a calcium(ll) dependent relaxivityange only at high
complex concentrations. This can be attributed wifi@rent coordination behavior of the
phosphonate groups iBdL' as compared t@dL%GdL* P NMR and luminescence
measurements on the europium(lll) analogues inglicette coordination of one phosphonate

group to the lanthanide(lll) ion faBdL® in the absence and presence of calcium(ll), btit no
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for GAL%GdL? In the case ofGdL®, only one phosphonate group per lanthanide(lll)
complex is involved in the calcium(ll)-induced aggation, explaining the lower tendency to
form aggregates. In contrast, f8dL>-GdL* where no coordination of a phosphonate group
to the lanthanide(lll) ion is observed, both phaspte groups can be involved in the
calcium(ll)-induced aggregate formation, resultindarger and more stable aggregates. In all
cases, the water access to the inner and/or tlimdephere of the lanthanide(lll) complexes
is significantly hindered after aggregation, sholmna reduction in the apparent hydration
numberg. The hindered access of water molecules to thenpagnetic centre is therewith the
explanation for the observed decrease in relaxityrthermore, variable temperatur®
NMR measurements revealed an extremely high waxehamge ratekex ° for these
complexes, being in the same order of magnitudbaf the [Gd(HO)g]** aqua ion.

The second part of the dissertation focuses on enaaecular silsesquioxane based CAs.
Macromolecules are considerably useful for consitigchighly-sensitive CAs as their high
molecular weight increases the rotational correfatiime of the molecule and therefore
enhances their relaxivity especially at higherdistrength as used in today’s clinical MR
scanners. Furthermore, the grafting of several lgadm(lll) complexes to a macromolecule
leads to a higher local concentration of paramagreeintres. Both factors allow the use of
significantly lower CA concentrations, while achmy the same or even better contrast
gualities. A high local concentration of gadolini{if) complexes with high relaxivities is
particularly needed for the development of targelés. The main drawback of most of the
so far developed large macromolecular CAs is thleiwv excretion rate from the body, which
increases the risk of releasing toxic gadoliniuthffom the chelates. Furthermore, such large
macromolecules often have poorly defined structuned therefore random morphologies,
which can lead to inconsistent pharmacokinetics.

Functionalised g-silsesquioxanes could be ideal building blocks ttoe development of
macromolecular CAs, which overcome these problerAs. the dendrimeric core,
functionalised ¥-silsesquioxanes could allow the binding of eigatdiginium(lll) complexes
already in the first generation. This would resulinacromolecular CAs which possess a high
local gadolinium(lll) concentration, while still img a defined globular structure and a
molecular size small enough to be excreted fronbtidy within reasonable time.

Hence, several synthetic strategies to functioeallg-silsesquioxanes each with eight
appropriate gadolinium(lll) complexes were inveategl in the course of this work. It turned
out to be more convenient to directly graft the aedum(lll) complexes to the
silsesquioxane than to introduce a protected liganich needs subsequent deprotection and



SUMMARY 145

complexation. These reaction steps increase tkeofiglestroying the silsesquioxane cage.
Furthermore, it could be shown that the introductaf a charge is necessary to achieve
sufficient solubility of these highly symmetric $gms in aqueous media. Therefore
macrocyclic ligands were synthesised which formrgbd lanthanide(lll) complexes and
possess an additional functional group for bindm@ silsesquioxane. Two of these systems
could be successfully attached to gsilsesquioxane to yield Gadoxane GQ@&) and
Gadoxane BGB).

8-

R\ R
~Si—O=ZSi
OO o7
‘Si—ofllsz CI)
('3 R;Si(ID—O—/Si R
[
Si—O0—Si,
R R
o 0]
M / \ /—‘QO O / \ ©
e} N N _ ~0 N N _
© N ©
- 0 Ln3* - N Ln3*
R= -0 R = H -0
N N N N
\/\H)J\/j: %O %O
0" O o~ O
Gadoxane G (GG) Gadoxane B (GB)

Both Gadoxanes possess eight monohydrated lang#hidLn®" = Gd&**, Y3*) complexes,
spherically arranged around the silsesquioxane, drediffer in the rigidity of the linking
group. The structure and size of the novel CAs fulig characterised by multinucleatH,
3¢, #si) NMR spectroscopy, high resolution mass speattomand PGSE diffusionH
NMR spectroscopy. Relaxivity measurements revetdely high longitudinal relaxivities;
per gadolinium(lll) as compared to commercial Cke IDotarem™. At a proton resonance
frequency of 40 MHz and a temperature of 37 (f GG is about three-times amg of GB

iIs more than four-times higher thanof Dotarem™. Per CA the relaxivity @B is even 35-
times higher than that of Dotarem™. The discrepancthe relaxivities of the Gadoxanes
arises from a different local rotational correlattome of the Gd-kaer vector ofGG andGB,
due to the higher rigidity of the phenyl ring@B as compared to the ethylene space® Gt
Apart from their distinct increase in relaxivitjiet most important feature of these CAs is the
lability of the silsesquioxane core in aqueous aethe hydrolysis of the Si-O-Si bonds was
investigated by°Si NMR and PGSE diffusioitH NMR spectroscopy, ESI-MS as well as by
relaxivity measurements. No decomposition was oleskewhen the solutions were stored at -
28°C for at least 10 months. At 25°C and pH 7.@rblysis takes place within days to weeks,
whereas at 37°C and pH 7.4 the compounds decompitka several hours. Since the
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cleavage of the first Si-O-Si moieties has negl@ibfluence on the structure of the CA, the
relaxivity and most likely the pharmacokinetics emunchanged within the first three to
four hours, after which a decrease in relaxivity ba observed due to the shortened rotational
correlation times of the arising fragments.

Even though both Gadoxanes are small enough tadreted sufficiently fastia the kidneys,
the lability of the silsesquioxane core may alltve tevelopment of even larger and still well
defined macromolecular CAs for MRI, whose fragmeate then readily excreted. In
addition, the strong effect of the replacementrotthylene spacer BG by a phenyl ring in
GB on the relaxivity points out the high potential ©ifsesquioxane-based CAs to become
extremely efficient, once the rigidity is furthemproved and the water exchange rate is
optimised. Moreover, the introduction of additiofiahctional groups into these systems, e.g.
via functionalisation of the remaining methylene groub the complexes, could allow their

use in the targeting of biomolecules within theyood
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