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In the objective of optimizing water exchange rate on stable, nine-coordinate, monohydrated Gd™ poly(amino
carboxylate) complexes, we have prepared monopropionate derivatives of DOTA*~ (DO3A-Nprop* ) and DTPA>-
(DTTA-Nprop®> ). A novel ligand, EPTPA-BAA*", the bisamylamide derivative of ethylenepropylenetriamine-
pentaacetate (EPTPA’") was also synthesized. A variable temperature '"O NMR study has been performed on their
Gd" complexes, which, for [Gd(DTTA-Nprop)(H,O)}* and [GA(EPTPA-BAA)(H,0)] has been combined with
multiple field EPR and NMRD measurements. The water exchange rates, k.. >, are 8.0 x 107 s7!, 6.1 x 107 s~! and
5.7 x 107 s7! for [GA(DTTA-Nprop)(H,0)]*", [Gd(DO3A-Nprop)(H,0)]~ and [Gd(EPTPA-BAA)(H,0)],
respectively, all in the narrow optimal range to attain maximum proton relaxivities, provided the other parameters
(electronic relaxation and rotation) are also optimized. The substitution of an acetate with a propionate arm in
DTPA’ or DOTA*" induces increased steric compression around the water binding site and thus leads to an
accelerated water exchange on the Gd™ complex. The k., values on the propionate complexes are, however, lower
than those obtained for [GA(EPTPA)(H,0)]* and [Gd(TRITA)(H,O)]~ which contain one additional CH, unit in
the amine backbone as compared to the parent [Gd(DTPA)(H,0)]*~ and [Gd(DOTA)(H,0)]". In addition to their
optimal water exchange rate, [Gd(DTTA-Nprop)(H,O)]*~ has, and [Gd(DO3A-Nprop)(H,0)]" is expected to have
sufficient thermodynamic stability. These properties together make them prime candidates for the development of

high relaxivity, macromolecular MRI contrast agents.

Introduction

Paramagnetic Gd" complexes are extensively applied as contrast
agents in Magnetic Resonance Imaging (MRI).! By enhancing
the intrinsic contrast, they largely contribute to the excellent
anatomical resolution of the MR images. Currently emerging
applications, such as molecular imaging call for contrast agents
of much higher efficiency than the marketed ones. The rational
design of high efficacy agents has to consider the relation-
ships between structure, dynamics and the relevant parameters
determining relaxation processes. The relaxivity of a contrast
agent is defined as the paramagnetic proton relaxation rate
enhancement of the bulk water protons, referred to 1 mmo-
lar concentration of gadolinium. The Solomon-Bloembergen—
Morgan theory, which relates the observed paramagnetic re-
laxation rate enhancement to microscopic properties, predicts
proton relaxivities over 100 mM™" s for Gd"™ complexes
provided the three most important influencing factors, rotation,
electron spin relaxation and water exchange are simultaneously
optimised.! The rotation has to be slowed down which has led
in the past few years to the development of macromolecular
agents. The optimisation of the electron spin relaxation on Gd™
complexes remains a difficult issue, despite the recent theoretical
advances.” The optimal value of the water exchange rate, the
third determining factor for proton relaxivity, is situated in
a relatively small range (around k, ~ 5 x 107 s7!). In the
currently used Gd"'-based contrast agents water exchange is
considerably slower (k, ~ 1-4 x 10° s7!).! Some bishydrated

1 Electronic supplementary information (ESI) available: Tables of the
variable temperature 7O NMR, EPR and NMRD data. Figures
of O NMR experimental data and fitted curves for [Gd(DO3A-
Nprop)(H,0)]~, and O NMR, EPR and NMRD experimental data
and fitted curves for [GA(EPTPA-BBA)(H,0)]. Outline of the Solomon-—
Bloembergen—Morgan theory used for the analysis of 7O NMR, EPR
and NMRD data. See http://dx.doi.org/10.1039/b506702b
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Gd"M complexes, like TREN-Me-3,2-HOPO derivatives have
shown faster water exchange.®* However, for bishydrated chelates
a potential drawback is the formation of ternary complexes with
small ligands (carbonate, phosphate, citrate) in biological fluids,
which can erase any relaxivity gain in vivo.*

Nine-coordinate, monohydrated Gd™ poly(amino carboxy-
lates), including all commercial Gd"-based MRI contrast
agents, undergo a dissociative, D, or dissociative interchange,
14, water exchange, in contrast to the associative, A, mechanism
on the eight-coordinate aqua ion, [Gd(H,O)s]**."! The rate of
dissociative exchange processes is primarily determined by the
overall charge of the chelate (a more negative charge leads
to faster exchange), and by the steric crowding in the inner
coordination sphere. An increased steric compression around
the inner sphere water molecule will facilitate its leaving which, in
a dissociative process, constitutes the rate determining step. Re-
cently we have shown that increased steric compression around
the water binding site indeed results in a remarkable acceleration
of the water exchange process. Steric compression has been
induced in the acyclic DTPA- or the macrocyclic DOTA-type
complexes by the insertion of an additional CH, group either in
the amine backbone of the ligand (EPTPA’-, TRITA*"), or in
the carboxylate arm (DTTA-N'prop®~ Scheme 1).>¢ While the
elongation of the amine backbone results in almost 2 orders
of magnitude increase in the water exchange rate of the Gd™
complex in comparison to the parent [Gd(DOTA)(H,O)]" or
[GA(DTPA)(H,O)J*~, the substitution of the central acetate arm
by a propionate on the DTPA’" ligand gives rise only to a
10-fold increase in k.. The water exchange rates determined
for [GA(TRITA)(H,0)]- and [GA(EPTPA)(H,O)]*" are slightly
higher than the value which would be optimal to attain max-
imum proton relaxivities. Indeed, when [Gd(EPTPA)(H,O)*
was covalently linked to different generations of PAMAM
dendrimers, the relaxivity of these macromolecular agents was
partially limited by the too fast water exchange of the Gd™
chelate.” [GA(DTTA-N'prop)(H,0)]*~ was found to ensure a
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smaller, and more optimal water exchange rate, however, its
drawback is the reduced thermodynamic (and very likely kinetic)
stability. It was previously reported that the substitution of a ter-
minal acetate of DTPA’~ by a propionate group (DTTA-Nprop)
results in a smaller decrease of the thermodynamic stability for
the lanthanide complexes.*® The monopropionate derivative of
the macrocyclic DOTA*" ligand can also be expected to form
lanthanide complexes of thermodynamic and kinetic stability
which is sufficiently high for biomedical applications.

Here we report the characterization of the Gd™ complexes
formed with the propionate derivatives of DTPA (DTTA-
Nprop) and DOTA (DO3A-Nprop) with regard to contrast
agent applications. Additionally, the bisamylamide derivative
of EPTPA’-, EPTPA-BAA* has been synthesized. The re-
placement of two carboxylates of EPTPA’~ by amide functions
is expected to result in a ~10-fold decrease of k. on the
Gd"™ complex, as previously proved for amide derivatives of
DTPA- and DOTA-type ligands.'"* Based on a variable tem-
perature O NMR study, which was combined with '"H NMRD
and EPR measurements for [Gd(DTTA-Nprop)(H,O)]*~ and
[GA(EPTPA-BAA)(H,0)]*, we have determined the parameters
characterizing water exchange and rotational dynamics on all
three Gd™ complexes. In the case of the novel EPTPA-BAA3-,
we have also measured the protonation constants of the ligand
and the thermodynamic stability constant for the Gd™ complex.

Results and discussion
Experimental

The synthesis of H;DTTA-Nprop, has been previously
reported.” It was carried out in two steps using acidic alkylating
arms: reaction of diethylenetriamine with 3-chloropropionic
acid first, then with chloroacetate. Each step was followed by
long purification by cation exchange chromatography. Here
we present a new synthetic procedure involving #-butyl esters,
which yields products that are easier to purify. The first crucial
step is the monoalkylation of diethylenetriamine with z-butyl
3-chloropropionate. By silica gel chromatography, we could
isolate the compound containing one esterified propionate arm.
Further alkylation of the amines with #-butyl bromoacetate,
followed by hydrolysis of the esters gave the ligand H;DTTA-
Nprop.
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The ligand H;EPTPA-BAA was obtained by conversion of
H;EPTPA" into the bis-anhydride® followed by reaction with
two equivalents of amylamine.

The strategy used to synthesize H,DO3A-Nprop in the
literature'® was to alkylate DO3A-tris(s-butylester) with 3-
bromopropionic acid. Our approach, as for HsDTTA-Nprop,
involved z-butyl esters. However, purification of the intermediate
and the final product was not obvious. We obtained the
ligand H,DO3A-Nprop by repeated additions of r-butyl 3-
bromopropionate (prepared from 3-bromopropionic acid"’) to
commercially available DO3A-tris(¢-butylester), and followed by
hydrolysis of the esters.

Equilibrium studies on H; EPTPA-BAA

pH-potentiometric titrations have been used to determine the
protonation constants of H;EPTPA-BAA (K%, as defined in
eqn. (1)), and the stability constant (K, ) of its Gd** complex
(eqn. (2)).

. omu

K'= 7[H,-,1][H+] i=0,1, 2, 3and4 (1)
_ IML]

Ko = My @

The protonation constants of EPTPA-BAA*" as calculated from
the titration data (81 data points; Fig. 1) are given in Table 1.
For comparison, logK7' values of DTPA*~, DTTA-Nprop®~ and
EPTPA’~ are also presented. The protonation sequence has
been established by 'H NMR titrations for analogous ligands
like DTPA®-, ® DTPA-bis(amides)*~ *° or EPTPA°-,*! and a
similar protonation scheme is expected for the EPTPA-BAAS3-.
The first three protonation steps take place predominantly on
the amine nitrogens. The first proton is attached to the central
nitrogen, while the second protonation step occurs on a terminal
amine, accompanied by the partial transfer of the first proton to
the other terminal nitrogen. Then the third proton is probably
shared by the central nitrogen and the central carboxylate, as

12 -
10 -+

pH
»

base equiv.

Fig. 1 pH-potentiometric titration curves of the EPTPA-BAA ligand
in the absence (left curve) and presence of Gd** (right curve; Gd** /ligand
ratio 1 : 1). I = 0.1 M KCl, 25 °C.

Table 1 Protonation constants (logK}') of various ligands and stability
constants (logKy, ) of their Gd** complexes (25 °C). The values in
parenthesis correspond to one standard deviation

Ligand DTPA* DTTA-Nprop® EPTPA® EPTPA-BAA°
L+ H 10.41 9.64 10.60 9.08 (0.05)
LH + H* 8.37 8.86 8.92 5.76 (0.07)
LH, + H* 4.09 4.52 5.12 3.57 (0.08)
LH; + H* 2.51 3.54 2.80 2.22(0.08)
LH, + H* 2.04 2.79

Gd*+L  22.50 19.74 17.5¢ 13.44(0.03)
GdL 4+ H* 1.80 3.74

«Ref. 127 = 0.1 M (CH,),NCL. * Ref. 8 = 0.1 M KNO,. ¢ Ref. 21 ] =
0.1 M (CH,),NNO,. “Ref. 6 I = 0.1 M (CH,),NCL. * This work / =
0.1 M KCl.
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in DTPA-bis(amide) derivatives. In comparison to DTPA*",
DTTA-N-prop>~ and EPTPA®-, all protonation constants of
EPTPA-BAA*" are significantly lower. This decrease in logK7
brought by the replacement of two carboxylates by amide groups
may result from the formation of hydrogen bonds between amide
hydrogens and amine nitrogens or carboxylate oxygens.'>?

The stability constant of Gd(EPTPA-BAA) was determined
by direct pH-potentiometry (from 50 data points at pH 1.9-
4.8). The titration curve in the presence of Gd** is shown in
Fig. 1; the stability constant is given in Table 1. The formation
of protonated [GdAH(EPTPA-BAA)(H,0)]* complex could not
be detected. Among the selection of ligands listed in Table 1,
which all similarly contain oxygen and nitrogen donor atoms,
EPTPA-BAA® forms the least stable complex with Gd**. Due
to the propylene bridge between two amine nitrogens, EPTPA-
type complexes all contain one six-membered chelate ring, less
stable than a five-membered ring. This is the reason why EPTPA-
derivatives form lower stability complexes with metal ions than
the DTPA-analogues.® In addition, the replacement of two
carboxylates with amide groups further destabilizes the complex,
as a consequence of the lower negative charge and reduced amine
basicity of amide derivatives.

70 NMR, EPR and NMRD measurements

The water exchange rate was determined for the Gd™ complexes
of the ligands DTTA-Nprop’>~, DO3A-Nprop and EPTPA-
BAA?* from a variable temperature 7O NMR study. Ad-
ditionally, variable temperature EPR spectra were recorded
and proton relaxation rates measured on aqueous solutions
of [GA(EPTPA-BAA)(H,0)] and [Gd(DTTA-Nprop)(H,0)]*-
with the objective of assessing all parameters that describe water
exchange, rotation, electronic relaxation and proton relaxivity.
All available experimental data for a given Gd™ complex, i.e.
the oxygen-17 chemical shifts (Aw,), longitudinal (1/7,) and
transverse (1/7T,) relaxation rates, the electronic relaxation
rates (1/7.) and the longitudinal proton relaxivities (r;, when
measured) were analysed simultaneously. The 7O NMR data
on [Gd(DO3A-Nprop)(H,0)]- were fitted to the Solomon—
Bloembergen—Morgan equations.! For the two other complexes,
where we had variable field EPR and variable temperature
NMRD data in addition to the 'O relaxation rates and chemical
shifts, the electronic relaxation has been described by the Rast—
Borel theory, involving both transient and static zero-field-
splitting contributions.>* Equations used in the fit can be found
in the ESI+.

For all three Gd™ complexes we assumed one inner sphere
water molecule (¢ = 1). This is based (i) on the analogy
to previously studied, DTPA- or DOTA-type Gd"-chelates
where the ligand possesses eight donor atoms, and (ii) on the
experimental 7O chemical shifts, which are proportional to the

Gd™ concentration and to ¢ (the value of the scalar coupling
constant, 4/h, does not change much within the family of simi-
lar Gd™ complexes). In the analysis of the 7O NMR, EPR and
NMRD data, some of the parameters were fixed to common and
physically meaningful values. For the distances we used rg4 =
2.5 A (Gd electron spin and O nucleus distance), rqq = 3.1 A
(Gd electron spin and 'H nucleus distance) and agey = 3.5 A
(closest approach of the bulk water protons). The longitudinal
70 relaxation is related to motions of the Gd-coordinated water
oxygen vector, while the proton relaxation is determined by
motions of the Gd-coordinated water proton vector. For the
ratio of the rotational correlation time of the Gd-H,,. and
Gd—O,,. vectors, try/Tro, similar values have been found for
various small molecular weight, monohydrated Gd™ complexes,
both by experimental studies and MD simulations (tgy/Tro =
0.65 + 0.2).» This 7xy/7tro ratio, within the given error, is
considered as a common value for the ratio of the two rotational
correlation times. In the simultaneous analysis of "O NMR,
EPR and NMRD data for the [Gd(DTTA-Nprop)(H,O)]*~ and
[GA(EPTPA-BAA)(H,0)] complexes, we fixed the 7y /1zo ratio
t0 0.65. The quadrupolar coupling constant for the bound water
oxygen, y(1 4+ #*/3)"?, was fitted and a value of 10.9 & 2.5 and
7.3 £ 1.6 MHz was found for [Gd(DTTA-Nprop)(H,0)*~ and
[GA(EPTPA-BAA)(H,0)], respectively. The empirical constant
C., that characterizes the outer sphere contribution to the 7O
chemical shift, was fixed for all three Gd"™ complexes studied
to 0.1. Proton relaxivities only above 5 MHz were included in
the fit, within the validity of the Redfield relaxation theory. The
limits of the Redfield theory have been previously discussed.
The experimental ’O NMR, EPR and NMRD data and the
fitted curves for [GA(DTTA-Nprop)(H,O)]*~ are presented in
Fig. 2; for the two other complexes the figures can be found in the
ESIt. The most relevant parameters obtained in the fit are shown

in Tables 2 and 3. The diffusion constant, DZ5,, and its activation

Table 3 Parameters obtained from the fitting of 7O NMR data for
macrocyclic Gd™ complexes

Ligand DOTA* DO3A-Nprop® TRITA*
k287107 7! 0.46 6.1£19 270
AH*/kJ mol™! 54.5 392+34 17.5
AS*/J mol'K~! +65 +35.6£5.7 —24
A/R/10° rad s7! —4.0 —33+£0.5 —3.8
Tro>*/PS 100 153+12 82
Ex/kJ mol™! 20 224 +6.1 21.9
7,28/ ps 0.65 7.0 ¢

E,/kJ mol™! 8.6 1.0 d
A?/10% 572 — 0.97 £ 0.08 4

“Ref. 23 From O NMR, NMRD and EPR data. ® Present work.
¢ Ref. 5. 4 Not obtained. Underlined parameters were fixed in the fit.

Table 2 Parameters obtained from the simultaneous fitting of O NMR, NMRD and EPR data for various acyclic Gd" complexes

Ligand DTPA“ DTPA-BMA® DTTA-N'prop* DTTA-Nprop? EPTPA° EPTPA-BAA“
k287107 s7! 0.38 0.043 3.1 8.0+ 1.5 33 5.7£0.8
AH*/kJ mol™ 52.9 46.6 30.8 19.5+3.0 27.9 282437
AS*/J mol~'K™! +54 +18.9 +2.0 —282+5.1 +11.0 —-22+6.0
A/k/10° rad s™! -39 -3.6 -33 -34+03 -39 —35+0.8
Tro 2/ PS 115 167 121 107 + 16 75 192 + 18
Er/kJ mol™! 20 21.6 17.4 20.0 £ 4.2 17.7 19.0 £+ 5.9
7,28/ ps 0.10 34 18 7.7+0.5 22.4 40+0.3
E,/kJ mol™! 1.0 9 1 0.8+0.3 1 1

A*/10% 572 — 0.38 1.2 — 0.76 —

g 1.99 — — 1.99 £ 0.01 — 1.99 £ 0.02
a,/10" 7! 0 — — 0.51 +£0.02 — 0.39 +0.03
a, /10" s7! 0.016 — — 0 — 0

ag/10" s7! 0.0280 — — 0 — 0

a,r/10" 7! 0.48 — — 0.48 +0.01 — 0.38 +0.01

“Ref. 23. * Ref. 24  Ref. 6, only from 7O NMR. ? Present work. ¢ Ref. 6 from '"O NMR and EPR data. Underlined values were fixed in the fit.
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Fig. 2 Temperature dependence of reduced '"O transverse (@), longi-
tudinal (M) relaxation rates (a), reduced chemical shifts (b) at 9.4 T;
proton relaxivities at 5.1 °C (¥), 25.0 °C (@), 37.1 °C (W) and 49.7 °C
(#) (c); EPR peak-to-peak line widths (d) and the apparent g-factor (e)
at 9.4 GHz (@), 35 GHz (H) and 94 GHz (only one point: ¥-measured,
¢-calculated) for [GA(DTTA-Nprop)(H20)J*~. The curves represent the
fit to the experimental data points.

energy, Epcan, were calculated to be (19 £ 2) x 1071 m?
s, (20 £ 2) x 107" m? s7' and (23 £+ 1) kJ mol™', (30 £
3) kJ mol™! for [GA(DTTA-Nprop)(H,0)]*~ and [Gd(EPTPA-
BAA)(H,0)], respectively.

The values of the rotational correlation time obtained from the
70 longitudinal relaxation rates for [Gd(DO3A-Nprop)(H,0)]~
and from the "O and 'H longitudinal relaxation rates for
[GA(DTTA-Nprop)(H,O)I* and [GA(EPTPA-BAA)(H,0)] are
in the usual range expected for small molecular weight
chelates. The 755 calculated for the bisamylamide [Gd(EPTPA-
BAA)(H,0)] complex is only slightly higher than that of
[GA(DTPA-BMA)(H,0)] which shows that—as expected—the
five-carbon chain is still too short to promote micellar aggrega-
tion in aqueous solution that would considerably slow down the
rotational motion.

It has to be noted that all three Gd™ complexes studied here
present “intermediate” water exchange rates. This means that
the slow exchange regime is not visible in the In(1/75) vs.
1000/ T curves, on the other hand, we are far from the “very
fast” exchange, where the electron spin relaxation has negligible
contribution to the experimentally measured O transverse
relaxation rates. For a Gd™ complex with slow water exchange,
at low temperatures the reduced transverse '’O relaxation rates,
1/T,, increase with increasing temperature (slow exchange
regime). Under such conditions, 1/ 7, is determined exclusively
by the water exchange rate, and electronic relaxation does not
contribute to the experimental '"O relaxation rates. Therefore,
even in the lack of EPR data, k., can be determined with high
exactitude. On the other hand, the reduced transverse '"O relax-
ation rates can also decrease with increasing temperature (fast
exchange regime). Here they are influenced by the relaxation rate
of the coordinated water oxygen, 1/T»,. 1/ T, is determined by
both the rate of water exchange and the rate of electron spin
relaxation. The faster the water exchange, the less influence
the electron spin relaxation has. In the situation of a “very
fast” water exchange, electron spin relaxation has no, or only
a negligible role in determining the experimentally measured
7O 1/T, rates, as was typically the case for Eu(H,0),** (k2* =
5.0 x 10° s7')* or [GA(EPTPA)(H,O)]*~ (K¥* = 3.3 x 10® s7';
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contribution of 1/T,. to 1/T,, was 6% maximum ). For an
intermediate water exchange rate, however, the contribution of
the electron spin relaxation to the observed transverse relaxation
rate in O NMR can be important, therefore independent
information from EPR is very helpful in determining exact
water exchange rates. It is also well-known that the traditional
Solomon-Bloembergen—-Morgan theory has serious limitations
in describing the magnetic field dependence of the electron
spin relaxation rates. Therefore, it is particularly important that
in the case of [GA(DTTA-Nprop)(H,O)]*~ and [Gd(EPTPA-
BAA)(H,0)] which both present intermediate water exchange
rates, we had independent information on electronic relaxation
from EPR data, and the combined analysis of EPR and O
NMR (and NMRD) was performed by using an adequate theory
of electronic relaxation, capable of describing field dependences
in a large domain (the EPR data were obtained at B =0.34 T
(X-band), 1.25 T (Q-band) and 3.41 T (W-band), whereas the
7O NMR was performed at 9.4 T). On the other hand, the water
exchange rate on [Gd(DO3A-Nprop)(H,0O)]” was calculated
only from 7O NMR data. Consequently, the realistic, physically
meaningful error on it is clearly higher; one can estimate it to be
~ =% 50%, in contrast to the statistical error of the fit as given in
Table 3.

Water exchange

Tables 2 and 3 summarize water exchange parameters for a
selection of MRI-related, linear (DTPA-type) and macrocyclic
(DOTA-type) Gd™ complexes. Despite the structural similarity
of the ligands, the water exchange rates on their Gd" complexes
cover three orders of magnitude from the DTPA-bisamide to
EPTPA®". The origin of this remarkable variation is the differing
steric compression that the ligand induces around the water
binding site. By varying the distance between the donor atoms
that coordinate to the metal, one can tune the steric crowding in
the inner coordination sphere.?” All these nine-coordinate Gd™
complexes undergo a dissociatively activated water exchange, for
which steric crowding is of primary importance. The leaving of
the coordinated water molecule, which is the rate-determining
step, is largely facilitated by an increased steric crowding.

Unfortunately, when one ethylene is replaced by a propy-
lene bridge in the amine skeleton of the ligand, the ther-
modynamic and kinetic stability of the complex is reduced.
Moreover, the water exchange rate on [Gd(EPTPA)(H,O)]~
and [Gd(TRITA)(H,O)]- already exceeds the optimal value.
Both problems can be resolved if the steric compression is
introduced by elongation of a carboxylate arm. [Gd(DTTA-
Nprop)(H,0)F*~ and [Gd(DO3A-Nprop)(H,0)]~ have interme-
diate water exchange rates, which fall exactly in the optimal
range. It is interesting to observe in the DTPA-family that
the position of the propionate arm also has an influence
on the water exchange rate; the complex with the terminal
propionate exchanges its inner sphere water 2.6 times faster
than the analogous chelate with a central propionate. This
structural difference also has a significant consequence on the
thermodynamic stability of the Gd™ complex: for the central
propionate the stability constant is three orders of magnitude
lower than that for the terminal propionate (logK g, = 16.7 vs.
19.7).%°

The thermodynamic stability constant has not been reported
for [GA(DO3A-Nprop)(H,O)]~, however, we can expect that
it is higher than logKg, = 19.17 for [Gd(TRITA)(H,0)]".*®
The substitution of an acetate with a propionate arm in
[GA(DTPA)(H,O)]*~ decreases the stability constant of the
complex by 2.7 logK units (Table 1), thus for [Gd(DO3A-
Nprop)(H,0)]~ one can expect logKgy ~ 22 (logKsipora =
24.7%). Beside the thermodynamic stability, kinetic inertness is
also very important for biomedical applications of metal com-
plexes. No data are available for the linear [GA(EPTPA)(H,0)]*.
For [Gd(TRITA)(H,0)]", it has been recently proved that
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the kinetic inertness, characterized by the dissociation half-
live of the Gd™ complex, is three orders of magnitude lower
than for [GA(DOTA)(H,0)]~ * (though still higher than for
[GA(DTPA)(H,0)]*~, the most widely used MRI contrast
agent). Similarly to the thermodynamic stability, we can as-
sume a higher kinetic inertness for the propionate complexes
[GA(DTTA-Nprop)(H,0)]*~ and more particularly [Gd(DO3A-
Nprop)(H,0)]- as compared to [GA(EPTPA)(H,O)]* or
[GA(TRITA)(H,O)]~, and this kinetic inertness would certainly
fulfil the requirements of safe in vivo application.

The water exchange rate on [Gd(EPTPA-BAA)(H,0)] is one
order of magnitude lower than that on [Gd(EPTPA)(H,O)]".
A decrease in k., has been previously observed for all amide
derivatives with respect to the carboxylate parent complexes.
The magnitude of this decrease on replacing one carboxylate
by an amide function was found to be little dependent of the
ligand structure: it was a factor of 3-4 per each carboxylate
replaced in both DTPA- or DOTA-type ligands. Thus the value
of 5.7 x 107 s7! for [GA(EPTPA-BAA)(H,0)] as compared to
33 x 107 s7! for [GA(EPTPA)(H,O)]* follows well this empirical
observation.

In conclusion, we have demonstrated that by minor, appropri-
ate changes in the ligand structure one can fine-tune the steric
compression around the water binding site in nine-coordinate,
monohydrated Gd™ poly(amino carboxylate) complexes, which
translates to the fine-tuning of the rate of water exchange.
The introduction of one six-membered chelate ring in the
complex always gives rise to an increased steric crowding. The
steric crowding and the consequent acceleration of the water
exchange is more important on the elongation of the amine
backbone (EPTPA’", TRITA*") than on the elongation of the
carboxylate pending arm (DTTA-Nprop®~, DO3A-Nprop*).
For the propionate derivative ligands DTTA-Nprop®~, DO3A-
Nprop*~ we observe a moderate, (optimal) water exchange rate.
This, together with the limited reduction of the stability of
the Gd™ complexes makes the ligands DTTA-Nprop®~ and
DO3A-Nprop* prime candidates for the development of high-
relaxivity, macromolecular MRI contrast agents.

Experimental

The synthetic procedures of compounds H;DTTA-Nprop,
H;EPTPA-BAA and H,DO3A-Nprop are summarized in
Schemes 2, 3 and 4. Commercially available chemicals were
reagent grade and were used without further purification. -Butyl
3-chloropropionate was synthesized according to a published
procedure.’® H;EPTPA was obtained following the literature.™
DO3A tris(z-butylester) was purchased from Macrocyclics.

Synthesis of the ligands
H;DTTA-Nprop

COOBu
N/ \ Cl/\/ N/ T\ A~COOBY hutyl bromoacetate,
N N W, ——————— N W N _—
H NaOH, H,0 H H DMEF, K,CO;3
~ J\ ~/Co0Bu TFA AN\ N\
Buooc” W W N ———— HOOC" N N N
Bu00C Yoomy  COOMBu Hooc COOH CooH
2 HsDTTA-Nprop

Scheme 2

Synthesis of compound 1. -Butyl 3-chloropropionate (2 g,
12.15 mmol) was added to a refluxing solution of diethy-
lene triamine (3.9 ml, 36.29 mmol) and NaOH (0.486 mg,
12.15 mmol) in water (3.6 ml) and reflux was continued for
25 min. After cooling, the resulting yellow solution was extracted
with CH,Cl, (10 ml). Purification by silica gel chromatography

using CH,Cl,/MeOH/NH; (50 : 25 : 5) as eluent afforded 0.72 g
(26%) of compound 1. Jy/ppm (400 MHz, CDCl;) 2.94 (t, J
6.5Hz,2H),2.90 (t, J 5.7 Hz, 2H), 2.83 (s, 4H), 2.78 (t, J 5.9 Hz,
2H), 2.52 (t, J 6.5 Hz, 2H), 1.54 (s, 9H); d./ppm (400 MHz,
CDCl;) 172.4, 80.6, 52.6, 49.3, 45.3, 41.9, 36.0, 28.3.

Synthesis of compound 2. To a solution of 1 (0.55 g,
2.38 mmol) in DMF (12 ml) was added -butyl bromoacetate
(1.92 g, 9.88 mmol) and K,CO; (1.38 g, 10.0 mmol) and the
resulting mixture was stirred overnight at room temperature.
After filtration and evaporation of the solvent, the crude product
was extracted with H,O (9 ml) and CHCI; (16 ml). The organic
phase was dried with Na,SO, and evaporated to dryness.
Purification through a silica gel column using EtOAc/heptane
(1/1) as eluent afforded 1.3 g of compound 2 (yield 80%). m/z
(MS-ESI) 689 [M + HJ*; du/ ppm (400 MHz, CDCl;) 3.43
(4H, s), 3.32 (2H, s), 3.26 (2H, s), 2.89 (2H, dd, J 7.2 Hz, J
7.5 Hz), 2.77 (4H, m), 2.70 (4H, s), 2.34 (2H, dd, J 7.2 Hz, J
7.5 Hz), 1.43 (36H, s), 1.41 (9H, s);0/ ppm (400 MHz, CDCl;)
172.0,171.1, 170.9, 170.8, 81.0, 80.8, 80.3, 56.3, 56.0, 53.2, 53.0,
52.6, 52.5, 50.5, 34.8, 28.3, 28.2.

Synthesis of H;DTTA-Nprop. A solution of 2 (1.27 g,
1.86 mmol) in TFA (20 ml) was stirred at room temper-
ature for 18 h. The light yellow solution was filtered and
evaporated to dryness. The residue was dissolved in water
(50 ml) and evaporated. This operation was repeated twice.
Et,0 (50 ml) was added and then evaporated. This operation
was also repeated twice. A beige powder was obtained (1.0 g,
92%). (Found: C, 36.80; H, 4.65; N, 6.78; F, 14.22. Calc.
For C15H25N3010(CF,COOH)1.5(H,0)0.5: C, 36.80; H, 4.72;
N, 7.15; F, 14.55%); m/z (MS-ESI) 408 [M + H]*; 6,/ppm
(400 MHz, D,0O) 3.12 (2H, t, J 6.9 Hz), 3.35 (2H, t, J 6.1 Hz),
3.40 2H, t, J 6.6 Hz), 3.67-3.72 (4H, m), 3.479-3.82 (4H, m),
4.27(2H, ), 4.30 (4H, s). 5c/ppm (400 MHz, D,0) 174.3, 173.9,
169.3, 168.7, 55.5, 54.5, 53.9, 53.5, 52.7, 50.9, 49.7, 49.0, 28.3.

H,EPTPA-BAA

COOH COOH

HOOC/\N/_\PN/\COOH pyridine %/\N/_\NKAN /\(o
HOocr \COOH acetic anhydride C}/_/ \_«0
3 © 4 o
COOH
AN HOOC/\N/—\N(/\N/\COOH
DMF HNOCr conr
H;EPTPA-BAA

Scheme 3

Synthesis of compound 4. To a suspension of H;EPTPA
3 (1.344 g, 3.30 mmol) in pyridine (2 ml) was added acetic
anhydride in three portions (2.9 ml, 30.88 mmol). The starting
compound dissolved progressively. The solution was heated at
50 °C for 1 h then stirred at room temperature for 3 h. Et,O
(30 ml) was added, the precipitate was washed with Et,O and
dried under vacuum to afford a white and yellow crispy solid 4
which was used without further purification.

Synthesis of H;EPTPA-BAA. To a solution of EPTPA-
bis(anhydride) 4 (1.22 g, 3.30 mmol) in DMF (50 ml) was
added amylamine (0.75 ml, 6.60 mmol) in three portions. The
mixture was stirred for 1 h at 40 °C. After cooling, the solvent
was evaporated. The resulting yellow oil was dissolved in H,O
(15 ml) and Et,O (15 ml). This operation was repeated twice. The
resulting yellow powder was dissolved in hot EtOH (80 ml) and
heptane (5 ml) was added. A white powder precipitated during
cooling, it was collected by filtration, washed with Et,O and
dried in vacuo affording 0.99 g (global yield 55%) of H;EPTPA-
BAA as a white powder. (Found: C, 54.57; H, 8.82; N, 12.67; O,
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22.82. Calc. For C25H47N508(H,0)0.25: C, 54.57; H, 8.70; N,
12.73; F, 23.99%); ,/ppm (400 MHz, D,0) 4.14 (2H, s), 3.90
(2H, s), 3.83 (2H, s), 3.53 (2H, ), 3.51 (2H, s), 3.44-3.35 (6H,
m), 3.28-3.24 (4H, m), 3.18-3.16 (2H, m), 2.24 (m, 2H), 1.56—
1.49 (4H, m), 1.32-1.26 (m, 8H), 0.90-0.86 (6H, m). d/ppm
(400 MHz, D,0) 175.5, 171.5, 170.4, 169.9, 165.2, 58.4, 57.2,
56.7, 55.9, 55.7, 53.6, 53.4, 52.8, 50.8, 39.8, 39.4, 28.5, 28.4,
28.2,27.9,26.5,21.8,21.7, 19.7, 13.4, 13.3.

H,DO3A-Nprop

COOH  7BuOH, H,S0. COOB
Br/\/ 4 Br/\/ By
MgSO4 5
COOBu
H
tBuOOC/[\N/ \N/j A COOMB tBuOOC/E\N/ \Nj
N N CH;CN, NaHCO,4 N N
Bu00G—/ \__/ \—~COOBu Bu00CG—/ \__/ \—~COOBu
OOH
HOOC\ /~ \ /\/:
TFA

EN Nj
N N
HOOG—/ \__/ \_—~COOH

H4DO3A-Nprop

Scheme 4

Synthesis of compound 5. H,SO, (0.92 ml, 16.34 mmol) was
added to a stirred suspension of anhydrous MgSO, (7.87 g,
65.36 mmol) in CH,Cl, (20 ml) under argon. The resulting
suspension was stirred for 15 min then 3-bromopropionic acid
(2.5 g, 16.34 mmol) and -BuOH (7.48 ml, 81.70 mmol) were
added. The mixture was stirred at room temperature for 18 h.
A saturated aqueous solution of NaHCO; (100 ml) was slowly
added and the mixture was stirred until dissolution of MgSO,.
The product was extracted with CH,Cl, (2 x 50 ml). The organic
phase was washed with H,O (40 ml), dried with MgSO, and
evaporated to dryness. A colorless liquid 5 was obtained (1.2 g,
35%). ou/ppm (400 MHz, CDCl;) 3.54 (2H, t, J 13.7 Hz), 2.81
(2H, t, J 13.7 Hz), 1.46 (9H, s).

Synthesis of H,DO3A-Nprop. To a solution of DO3A tris(z-
butylester) (180 mg, 0.35 mmol) in acetonitrile (3.5 ml) was
added Cs,CO; (285 mg, 0.87 mmol) and 5 (73.2 mg, 0.35 mmol)
under argon. The resulting suspension was heated at 60 °C for
2 days. After evaporation of the solvent, the crude product was
dissolved in water (10 ml) and extracted with CH,Cl, (3 x 10 ml).
The organic phase was dried with MgSO, and evaporated to
dryness. The ES-MS spectra showed the presence of a small pic
of the desired compound. The reaction and the work-up were
repeated twice (with addition of 5). The mass spectra showed
that the pic of the final compound was higher than the starting
material and revealed also the presence of secondary products. A
SiO, chromatography eluted with CH,Cl,/MeOH (9/1) allowed
us to obtain 94 mg of the tetra ester in the presence only of the
starting material. This mixture was not purified further and used
for the next step. It was dissolved in trifluoroacetic acid (10 ml)
and stirred at room temperature for 24 h. After evaporation
to dryness the compound was redissolved in water (12 ml) and
evaporated. This operation was repeated twice. Et,O (12 ml) was
then added. Evaporation to dryness gave a yellow powder which
was dissolved in a minimum of water and loaded onto a cation-
exchange chromatography column (Bio-Rad AG 50W-X4, H*
form, 6 ml). The column was washed with water until the pH of
the eluate was neutral and the product mixture was eluted in one
fraction with NH; (0.5 M, 50 ml). This fraction was evaporated
to dryness, dissolved in water (2 ml) and NaOH 1 M was added
until the pH reached 12. This solution was loaded onto an
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anion-exchange chromatography column (Bio-Rad AG 1-X4,
converted into HCOO~ form, 6 ml). The column was washed
with water until the pH of the eluate was neutral and the product
was eluted with a 0.1-0.3 M gradient of HCOOH (total volume
of gradient ~80 ml). The fractions containing the product
were evaporated and the anion-exchange chromatography was
repeated twice until the product could be isolated. After removal
of the solvents and drying under reduced pressure, H,DO3A-
Nprop was obtained as a white powder (20 mg, 14%). m/z (MS-
ESI) 419 [M + H]*.

Preparation of the stock solutions

The stock solution of Gd(ClO,); was prepared by dissolv-
ing Gd,0; in a slight excess of HCIO, (Merck p.a. 60%)
in double distilled water. Its concentration was determined
by complexometric titration with standardized Na,H,EDTA
solution using xylenol orange as indicator (H,edta = ethylene-
diaminetetraacetic acid). The solutions of the GdL complexes
were prepared by mixing equimolar amounts of Gd(ClO,); and
the ligand. A slight ligand excess (5%) was used and the pH
was adjusted to about 5-5.5 by adding 0.1 M HCIO, or 0.1 M
NaOH. The absence of free metal was checked in each sample
by the xylenol orange test.

In the "O NMR samples, "O enriched water (Izotec, '"O:
11.4%) was used (final enrichment ~1-2%) to improve sensitivity
and the pH was checked again. The concentration and pH of
the samples were the following: [Gd(DTTA-Nprop)(H,O)l*:
4.510 x 1072 mol kg™', pH = 5.4 (O NMR), 9.931 x 10* M,
pH = 5.6 (NMRD), 4942 x 102 M, pH = 5.3 (EPR);
[GA(EPTPA-BAA)(H,0)]: 3.870 x 10~ mol kg™', pH = 5.5
(O NMR), 1.017 x 102 M, pH = 5.6 (NMRD), 4.348 x
102 M, pH = 5.5 (EPR); [Gd(DO3A-Nprop)(H,0)]": 2.420 x
102 mol kg™', pH = 5.8 (YO NMR).

Equilibrium measurements

The protonation constants of EPTPA-BAA?*" and the stability
constant with Gd* were determined by pH-potentiometric
titration at 25 °C in 0.1 M KCl. A Metrohm Dosimat 665
automatic burette, a combined glass electrode (C14/02-SC,
reference electrode Ag/AgCl in 3 M KCIl, Mgeller Scientific
Glass Instruments, Switzerland) and a Metrohm 692 pH/ion-
meter were used for the titrations. The samples (3 ml) were stirred
and N, was bubbled through the solutions.

The concentration of EPTPA-BAA?~ (2 mM) was determined
using the titration curves obtained in the presence and absence
of an excess of CaCl, (cc,/c. ~ 40, when all the dissociable
protons of the ligand dissociate).

Protonation constants were determined in 2 mM EPTPA-
BAA*" solutions titrated with standardized KOH solution
(0.05 M). In the EPTPA-BAA-Gd** system, the ligand and
metal concentrations were both 2 mM. The H* concentration
was obtained from the measured pH values using the correction
method proposed by Irving ez al.*> The PSEQUAD program was
used to calculate the protonation and stability constants.*

70 NMR measurements

Longitudinal and transverse '"O relaxation rates and chemical
shifts were measured between 277 and 371 K. The measurements
were performed using a Bruker ARX-400 (9.4 T, 54.2 MHz)
spectrometer. A Bruker VT-1000 temperature control unit
was used to maintain constant temperature, measured by
a substitution technique. The samples were sealed in glass
spheres, adapted to 10-mm NMR tubes, in order to eliminate
susceptibility corrections to the chemical shifts** A HCIO,
solution (pH = 3.0) was used as external reference. Longitudinal
and transverse relaxation rates, 1/7, and 1/T,, were obtained
by the inversion recovery and the Carr—Purcell-Meiboom-Gill
spin echo technique, respectively.
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NMRD

The longitudinal 'H relaxation rates (NMRD profiles) were
obtained at 278, 298, 310, 323 K on a Stelar Spinmaster FFC
fast field cycling NMR relaxometer equipped with a VTC90
temperature control unit (Stelar, Italy) (2 x 107* — 0.47 T,
(corresponding to a proton Larmor frequency range 0.01-
20 MHz). At higher fields, the longitudinal 'H relaxation times
were measured on Bruker Minispecs mq30 (30 MHz), mq40
(40 MHz) and mq60 (60 MHz) and on Bruker 50 MHz (1.18 T),
100 MHz (2.35T) and 200 MHz (4.70 T) cryomagnets connected
to a Bruker AC-200 console. In each case, the temperature was
measured by a substitution technique.

EPR

The EPR spectra were recorded on a Bruker ElexSys spectrom-
eter ES00 at X-band (9.4 GHz) (278, 298, 310 and 329 K),
Q-band (34.6 GHz) (277, 299, 312 and 322 K) and a Bruker
ElexSys E680 spectrometer at W-band (94.2 GHz) (286.7 K). A
controlled nitrogen gas flow was used to maintain a constant
temperature, measured by a substitution technique. The peak-
to-peak line width was obtained from the experimental spectra
using the MATLAB program.

Data analysis

The analysis of 7O NMR and EPR data was performed either
with a program working on a MATLAB platform version 5.3%
or with Scientist® for Windows™ by Micromath®, version
2.0. The reported errors correspond to one standard deviation
obtained by the statistical analysis.
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