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Abstract

GdDOTMA

T 280 300 320 340 360
Temperature | K

The chemistry of polyamino carboxylates and their use as ligands for Ln3* ions is of considerable
interest from the point of view of the development of new imaging agents. Of particular interest is
the chemistry of the macrocyclic ligand 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA) and its derivatives. Herein we report that the tetramethylated DOTA derivative,
DOTMA, possess several properties that, from an imaging agent development point of view, are
more advantageous than those of the parent DOTA. In particular, the Ln3* chelates of DOTMA
exhibit a marked preference for the monocapped twisted square antiprismatic coordination isomer
which imparts more rapid water exchange kinetics on the chelates; 7,29 was determined to be 85
ns for GADOTMA. Differential analysis of the 17O Ry, temperature profiles of both GADOTA and
GADOTMA afforded the 7298 values for the square (SAP) and twisted square antiprismatic
(TSAP) isomers of each chelate that were almost identical: 365 ns (SAP) and 52 ns (TSAP). The
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Supporting Information. Crystallographic data in CIF format. Further details are given in Figures S1-S5. This material is available
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origin of this accelerated water exchange in the TSAP isomer appears to be the slightly longer Gd-
OH, bond distance (2.50 A) that is observed in the crystal structure of GdDOTMA which
crystallizes in the P, space group as a TSAP isomer. The Ln3* chelates of DOTMA also exhibit
high thermodynamic stabilities ranging from log Ky = 20.5 for CeDOTMA, 23.5 for EUDOTMA
and YbDOTMA comparable to, but a shade lower than, those of DOTA.

INTRODUCTION

The chelation chemistry of rare earth metal ions with octadentate polyamino carboylate
ligands has been widely studied over the past three decades or so. Ligands based upon the
azacrown cyclen have received particular interest as a result, in large part, of the application
of GADOTA as an MRI contrast agent. The success of GADOTA, and other structurally
related chelates derived from cyclen, for in vivo applications stems from the high
thermodynamic stability and kinetic inertness of these structures. The high stability of these
chelates ensures that, when employed in biological systems, there is minimal risk of the
Ln3* jon being released. First reported in 1976,2 1,4,7,10-tetraazacyclododecane- 1,4,7,10-
tetraacetic acid (DOTA,; Chart 1) has since provided the basis for the design of many Ln3*
chelates used in nuclear medicine, as luminescent probes, as well as MRI contrast agents. To
date, over 1,000 papers have been published examining the chemistry and application to
biomedicine of chelates of DOTA. It is a matter of some surprise therefore that DOTMA,
the tetra-methylated analogue of DOTA (Chart 1), should have been a primary subject of
only 10 original research papers®-12 since it was first reported in 1984,3 just eight years after
DOTA was first reported.

One reason for the apparent unpopularity of DOTMA may be the introduction of four
stereogenic centers. Conventionally the term “DOTMA” is used to refer to the RRRR-
enantiomer,3 in part because this is the easiest and least expensive single enantiomer of the
ligand to produce. In this paper we will follow this convention; however, three other
diastereoisomers are possible. By extension from studies on the related TCE-DOTA
chelates,13-15 each of the diastereoisomeric chelates would be expected to have very
different properties. As a result, a stereo-selective synthetic approach is required for the
preparation of DOTMA, an additional challenge when compared to the preparation of
DOTA. Despite this complication, we have found that in some respects DOTMA exhibits
ligating properties that are somewhat more advantageous than those afforded by DOTA. In
the developing fields of molecular imaging and targeted therapy, in which metal chelates are
to be targeted and bound to specific biological markers thereby increasing their in vivo half-
lives, the slow kinetics of chelate formation observed for DOTMA reported herein, and by
extension the slow kinetics of dissociation these imply, could be a critical advantage.

EXPERIMENTAL SECTION

General Remarks

All solvents and reagents were purchased from commercial sources and used as received. 1H
NMR spectra were acquired on a Bruker Avance Il NMR spectrometer operating at 400.13
MHz. The 1/T; nuclear magnetic relaxation dispersion profiles of water protons were
measured over a continuum of magnetic field strength from 0.00024 to 0.5 T (corresponding
to 0.01-20 MHz proton Larmor frequency) on the fast field-cycling Stelar Spinmaster FFC
2000 relaxometer equipped with a silver magnet. The relaxometer operates under complete
computer control with an absolute uncertainty in the 1/T; values of +1%. The typical field
sequences were used, such as the NP sequence between 40 and 8 MHz and the PP sequence
between 8 and 0.01 MHz. The observation field was set at 13 MHz. Sixteen experiments of
2 scans were used for the T determination for each field. Additional data at higher fields

Inorg Chem. Author manuscript; available in PMC 2012 September 5.
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(40-80 MHz) were measured on a Stelar Spinmaster relaxometer equipped with a Bruker
magnet operating in the range 20 to 80 MHz. Variable-temperature 1’0 NMR measurements
were recorded on a JEOL EX-90 (2.1 T) spectrometer, equipped with a 5 mm probe, by
using D,O as external lock. Experimental settings were as follows: spectral width 10,000
Hz, pulse width 7 s, acquisition time 10 ms, 1000 scans and no sample spinning. Solutions
containing 2.6% of 170 isotope (Yeda, Israel) were used. The observed transverse relaxation
rates were calculated from the signal width at half height.

(1R,4R,7R,10R)-a, a’, a", a”’-Tetramethyl-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic Acid Tetrasodium Salt (NayDOTMA)—To a solution of cyclen
(1.0 g, 5.8mmol) in dry chloroform(30 mL), under an argon atmosphere, was added
potassium carbonate (7.41 g, 53.6 mmol). The reaction was then cooled in an ice-bath and,
with vigorous stirring, ethyl (S)-2-(trifluoromethylsulfonyloxy)propionate (6.71 g, 26.8
mmol) was added dropwise over the course of 5 min. The reaction was heated to 45 °Cunder
an argon atmosphere and stirred for 72 h. After cooling to room temperature, the reaction
was quenched by slow addition of water (30 mL), and the organic and aqueous layers
divided. The aqueous phase was extracted with chloroform (2 x 70 mL), the extracts
combined, dried (Na;SOy), and the solvents removed under reduced pressure. The crude
reaction product was used without further purification and dissolved in tetrahydrofuran (30
mL) and water (40 mL). Sodium hydroxide (1.52 g, 38.0 mmol) was added, and the
resulting biphasic solution heated at 50 °C for 18 h until enough tetrahydrofuran had
evaporated to form a monophasic solution and a colorless precipitate had formed. The
precipitate was isolated from the solution by centrifugation. The precipitate was dissolved in
hot water and filtered while hot, the volume of the filtrate was then reduced to 20 mL by
heating at 70 °C. The title compound crystallized as a colorless solid (2.23 g, 70%). All
characterization data were consistent with those previously published.3

Crystalline H4DOTMA - 2HCI - 3H,0 was subsequently obtained by crystallization of the
sodium salt from ~5 M HCI.

Nay[GdDOTMA(H,0)]>Cl>(H20)12 Crystals—Toa solution of HyDOTMA - 2HCI -
3H,0 (100 mg, 17.0 zmol) in H,O (10 mL) was added Gd,03 (30.9 mg, 8.5 umol). The
resulting suspension was heated to 70 °C with stirring for 3 days. After cooling to room
temperature the reaction pH was raised to neutral by addition of a 1Msolution of NaOH. The
reaction was then filtered through a 20 um syringe filter, and solvents were removed from
the filtrate by lyophilization. The residue was taken up into H,O (2 mL), and a layer of
EtOH (8 mL) carefully added above the aqueous solution. The vessel was sealed and X-ray
quality crystals grown by slow diffusion of EtOH into the aqueous solution.

Crystallography

A crystal, approximately 0.50x0.15x0.05mm?3, was placed onto the tip of a 0.1mmdiameter
glass capillary and mounted on a Siemens SMART Platform CCD diffractometer for data
collection at 173(2) K.16 A preliminary set of cell constants were calculated from reflections
harvested from three sets of 20 frames. These initial sets of frames were oriented such that
orthogonal wedges of reciprocal space were surveyed. This produced initial orientation
matrices determined from 85 reflections. The data collection was carried out using MoKa
radiation (graphite monochromator) with a frame time of 30 s and a detector distance of
4.959 cm. A randomly oriented region of reciprocal space was surveyed to the extent of one
sphere and to a resolution of 0.77 A. Four major sections of frames were collected with
0.30° steps in w at four different ¢ settings and a detector position of —28° in 26. The
intensity data were corrected for absorption and decay (SADABS).17 Final cell constants

Inorg Chem. Author manuscript; available in PMC 2012 September 5.
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were calculated from the xyz centroids of 3658 strong reflections from the actual data
collection after integration (SAINT).18 Please refer to Table 1 and the Supporting
Information for additional crystal and refinement information.

The structures were solved using Bruker SHELXTL or SHELXS-9719 and refined using
Bruker SHELXTL or SHELXL-97.19 The space group P2 was determined based on
systematic absences and intensity statistics. A direct-methods solution was calculated which
provided most non-hydrogen atoms from the E-map. Full-matrix least-squares/difference
Fourier cycles were performed which located the remaining non-hydrogen atoms. All non-
hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms
were placed in ideal positions and refined as riding atoms with relative isotropic
displacement parameters. The final full matrix least-squares refinement converged to R1 =
0.0355 and wR2 = 0.0837 (F2, all data). The structure of GdDOTMA contains several
severely disordered water molecules in a void space which were explored by Platon/
Squeeze.20

Potentiometric Measurements

All potentiometric titrations were performed using the conditions and methods reported in
our companion paper.2! Because of the especially slow rates of chelation of Ln3* ions by
DOTMA, the stability constants of these chelates were determined using the “out-of-cell”
technique (also known as the batch method). However, unusually long equilibration times
were required even by the slow standard of DOTA-type chelates. Sixteen 1.5 mL samples of
known DOTMA and Ln3* ion concentrations (approximately 2mMeach using a 100%
(Ce3%) or 50% (Eu3* and Yb3*) excess of ligand to prevent the local hydrolysis during
sample prepration) were prepared, and the total acid concentration in the samples was
varied. The pH of the samples was adjusted to a range within which chelation was expected
to take place (predicted by applying an approximate stability constant estimated from the
known value for LnDOTA). Each sample was then sealed under a blanket of N5 and kept in
an incubator at 37 °C for 16 weeks and then at 25 °C for a further 3 months. The minimum
time required to reach equilibrium was established by periodically measuring the absorbance
of the most and least acidic samples of the Ce3* (2 = 320 nm) and Eu3* (2 = 275nm). Only
when no further changes in absorbance were observed were the equilibrium pH values
determined. The data were then analyzed as described in our companion paper.2!

Kinetics of Formation

The rates of EUDOTMA formation were studied at 25 °C and 1.0 M KCl ionic strength
using a Varian Cary 300 Bio UV-vis spectrophotometer. Because of the relatively high
stability of the H,GdL"* intermediate obtained by direct pH-potentiometric titrations, the
complex formation was studied using a 10-fold excess of ligand (1.00 mM Eu* and 10.0
mM DOTMA). The most suitable ligand concentration (excess) was determined by studying
the rates of complex formation versus ligand concentration. It was found that to reach the
saturation value (Kops (S71) = k; (s71)) for EUDOTMA a 5-fold ligand excess would suffice
(see Supporting Information for more details). Below pH 5.5 the rates of chelate formation
were extremely slow so reaction was followed in the pH range of 5.77-8.61 by
spectrophotometry. Samples were buffered using MES (2-(N-morpholino)-ethanesulfonic
acid, log K1 = 6.06), PIPES (piperazine-N,N'-bis-(2-ethanesulfonic acid), log K;" = 6.78)
and HEPES (N-(2-hydroxyethyl)- piperazine-N’-3-propanesulfonic acid, log K;™ = 8.00) at
50 mM).22 Under these conditions excess ligand must be employed to ensure that no
hydrolysis and precipitation of Ln3* ions occurs. The rates of formation were studied at pH
8.01 (HEPPS) varying the buffer concentration in the range of 20-60 mM but maintaining
constant metal and ligand concentrations, demonstrating a general base catalysis.

Inorg Chem. Author manuscript; available in PMC 2012 September 5.
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Figure 4.
Nuclear Magnetic Resonance Dispersion (NMRD) profiles of GADOTMA (blue) and

GdDOTA (red) at 298 K and pH = 7.2.
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Temperature dependence of the 170 transverse relaxation rate constant (Rpy) of solutions of
GdDOTA (35 mM, top) and GADOTMA (58 mM, bottom) at 2.1 T. The profiles are fitted to
a single chelate model (left, data normalized to 50 mM) and to a ratio of SAP (red) and
TSAP (blue) isomers based upon the mole fraction of each isomers determined by 1H NMR
of the corresponding Eu3* chelates, Figure 2, (right) to afford the water exchange rates of

each isomer.
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Table 1

Crystallographic Data for Nay[GADOTMA(H,0)],Cl; - (H20)12

empirical formula
formula weight
temperature (K)
wavelength (A)
crystal system
space group

a(A)

b (A)

c(A)

B

Y

volume (A3)

z

density (calculated) (Mg/m?3)
absorption coefficient (mm™1)
F(000)

crystal color, morphology
crystal size (mm3)

6 range for data collection
index ranges

reflections collected
Independent reflections
observed reflections
completeness to  =25.05°
absorption correction

max. and min transmission
refinement method
data/restraints/parameters
goodness-of-fit on F2

final R indices [l > 24(1)]

R indices (all data)

absolute structure parameter

largest diff. peak and hole

CaoHgsC12GdaNgNasO39
1636.53

173(2)

0.71073

monoclinic

P2

9.6639(12)

9.6379(12)

18.926(2)

90°

98.266(2)°

90°

1744.5(4)

1

1.558

2.067

828

colorless, block

0.50 % 0.15 x 0.05

2.11to 27.51°
-12<h<12,-12<k<12,0<1<24
18679

7882 [R(int) = 0.0352]
7068

99.4%

multiscan

0.90 and 0.70

full-matrix least-squares on F2
7882/1/395

0.992

R1 =0.0355, wR2 = 0.0813
R1=0.0426, wR2 = 0.0837
0.000(11)

0.783 and —0.877 e A3
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Table 2

Comparison of Selected Distances and Angles from the Crystal Structures of RRRR-
Nas[GdDOTMA(H,0)]5Cly(H20)12 and SSSS-Hs[GATCE-DOTA(H,0)](H,0)3.14

N-C-C-O
torsion angle

parameter

GdTCE-DOTA®&

GdDOTMA

space group
coord. geometry

q

max N-C-C-N (deg)
min N-C-C-N (deg)
max N-C-C-O (deg)
min N-C-C-O (deg)
a (deg)P

Gd-OH2 (A)

c(A)

dic(A)

/8 (deg)

£ (deg)

PI
SAP

—61.41
—-58.0
+40.67
+17.53
39.2

2.431
2.326
0.69
144.87
144.49

P2
TSAP

—60.56
—59.23
—35.39
-13.63
26.1

2.50
2.457
0.68
140.87
140.86

éLI'aken from ref 14.

ba = the N4—0O4 torsion angle.
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Table 3

Protonation and Thermodynamic Stability Constants of DOTMA, DOTA and NB-DOTA (I = 1.0MKClI, 25
°C).a

logKi"  DOTMA  DOTAP NB-DOTACH (TCE-DOTACE

Protonation Constants

log Ky 12,59 (0.02) 1260 10.93 12.22

log K, 9.28(0.02) 9.70 9.14 9.18

log K" 4.66 (0.05) 4.50 4.44 417

logK,H  5.78(0.02) 414 419 3.93

logKs*  1.84(0.02) 2.32 2.33 2.88

log KgH 1.40 n.d.

TlogKH 3343 33.26 32.43 32.38f

Thermodynamic Stability Constants

logKee 2047 (0.09) 9349

log Kgo N 20-96 (0.02)

log Kew  2352(0.05) 9479

log Kea 2360 2479 24.2 24.03

log Ky 2356 (0.05) 9509

log Ky 245

aValues in bold highlight instances were the fourth pKg is higher than the third.

bData taken from ref 40.

I = 0.1 M NMe4C;

dData taken from ref 26.

e . . .
Data taken from ref 15, pKg’s of peripheral carboxylates are not given herein.

fi =1-5only;

gData taken from ref 38.

hDetermined by spectrophotometry.

i .
Data taken from ref 41; n.d. = not accurately determined.
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Fitting Parameters Used in the Global Fitting of the NMRD and 170 Relaxation Profiles of GADOTMA and

GdDOTA?

GdDOTA  GdDOTMA

Foan (A)P

3.02 3.10

v Weighted average (ns) 261+ 13 85+5

AHy; (kI mol™)
1019 A2 (s72)

v (ps)

R (PS)

AHy (kImol=1)P
a (AP

105D (cm?s71)P
AR (108 rad s71)

52.6+2.8 445+22
16+0.1 1.7+01
7.7+03 79+04

66 +3 81+2
1.0 1.0
4.0 4.0
2.24 2.24

-37t01 -37t0.2

GdDOTA GdDOTMA
SAP TSAP SAP TSAP

Mol. frac". (298 K)  0.83 0.17 0.19 0.81
v (nS) 360+15 536 370+17  50+4

AHy (kimol?)

v (ps)

58.1+25 419+31 534%29 403%22

7.8+0.2 8.0+0.3 8.1+0.2 78+0.1

aln fitting the data to a two chelate model the values of A/h and AH\/ obtained in the single chelate analysis were employed and the value ofa2

fixed to 1.6 x 1019 §72,

bParame'{er fixed during fitting.
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