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ARTICLE INFO ABSTRACT

Keywords: The 1,7-diacetate-4,10-diacetamide substituted 1,4,7,10-tetraazacyclododecane structural unit is common to
Coordination chemistry several responsive Magnetic Resonance Imaging (MRI) contrast agents (CAs). While some of these complexes
Complexes (agents capable of sensing fluctuations in Zn?>*, Ca®* etc. ions) have already been tested in vivo, the detailed
PhySicofChemical parameters physico-chemical characterization of such ligands have not been fully studied. To fill this gap, we synthesized a
:Z:;ﬂ;s;s representative member of this ligand family possessing two acetate and two n-butylacetamide pendant side-arms
Inertness (DO2A2M™" = 1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid)-4,10-di(N-butylacetamide)), and studied its

complexation properties with some essential metal and a few lanthanide(III) (Ln(IIl)) ions. Our studies revealed
that the ligand basicity, the stability of metal ion complexes, the trend of stability constants along the Ln(III)
series, the formation rates of the Ln(III) complexes and the exchange rate of the bound water molecule in the Gd
(II1) complex fell between those of Ln(DOTA)~ and Ln(DOTA-tetra(amide))®* complexes (DOTA = 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid, DOTAM = 1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetra-
azacyclododecane). The only exception is the stability of Cu(DO2A2M"®") which was found to be only slightly
lower than that of Cu(DOTA)?~ (log K¢y = 19.85 vs. 21.98). This is likely reflects exclusive coordination of the
negatively charged acetate donor atoms to the Cu®>* ion forming an octahedral complex with the amides re-
maining uncoordinated. The only anomaly observed during the study was the rates of acid assisted dissociation
of the Ln(III) complexes, which occur at a rate similar to those observed for the Ln(DOTA) ™~ complexes. These
data indicate that even though the Ln(DO2A2M™®")* complexes have lower thermodynamic stabilities, their
kinetic inertness should be sufficient for in vivo use.

Water exchange rate

1. Introduction thermodynamically stable and kinetically inert toward dissociation
[2,3]. Hence, the toxicity of these many chelated forms of the Ln(III)
ions is much lower than that of the free Ln(II) ions [4-6]. Three dif-

ferent macrocyclic chelates of Gd(III) (GA(DOTA)~ (Dotarem), Gd(HP-

Over the past three decades, various chelated forms of the lantha-
nide ions have found applications in different fields of biomedicine. Due

to the special magnetic, optical and nuclear properties of the lanthanide
(I1I) ions (Ln(III) ions), their complexes are widely studied as Magnetic
Resonance Imaging (MRI) contrast agents (CAs) (Gd(III)), optical
probes (Eu(Ill), Tb(III), Yb(II)) as well as diagnostic and therapeutic
radiopharmaceuticals (°°Y, 1>3Sm, 1®®Ho, 1”7Lu) [1]. The most widely
used chelate in these applications has been either DOTA (1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetic acid) or a derivative of DOTA
(Fig. 1). The chemical properties of the Ln(DOTA)~ complexes are in
general quite favorable for biological applications because they are

* Corresponding authors.

DO3A) (Prohance), and Gd(DO3A-butrol) (Gadovist)) are widely used
as MRI CAs (HP-DO3A = 2,2,2”-[10-(2-hydroxypropyl)-1,4,7,10-tetra-
azacyclododecane-1,4,7-triyl]triacetic acid and DO3A-butrol = 10-
(2,3-dihydroxy-1-hydroxymethylpropyl)-1,4,7,10-tetra-
azacyclododecane-1,4,7-triacetic acid). These CAs are administrated
intravenously and after rapid distribution through all extracellular
space are eliminated by glomerular filtration through the kidneys
[7-9].

In order to modify the complexation properties of DOTA or to attach
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Fig. 1. Structure of DOTA and some amide derivatives.

DOTA to a biological vector, one of the four carboxylate groups is often
modified to form a substituted amide. A number of DOTA-monoamide
derivatives have been prepared and their Gd(III) complexes used as the
basic design of a responsive CA for detection of biomarkers such as
extracellular pH or for attachment to a specific targeting molecule
[10-15]. The thermodynamic stability of the GdDO3A-monoamide
complexes is somewhat lower than [Gd(DOTA)] ™~ because the Gd(III)-
amide oxygen bond is weaker than a Gd(IIl)-carboxylate oxygen bond
[16-18]. The substitution of amides for all four carboxylate groups of
DOTA affords DOTA-tetra(amide) ligands such as DOTAM (1,4,7,10-
tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) and DTMA
(1,4,7,10-tetra(methylcarbamoylmethyl)-1,4,7,10-tetra-
azacyclodoecane) (Fig. 1). These ligands form Ln(III) complexes with
lower thermodynamic stability but the resulting complexes remain
reasonably kinetically inert as their dissociation rates are comparable to
those of the Ln(DOTA) ™~ complexes [19,20]. This feature makes them
attractive candidates for certain selective applications. For example, the
positively charged complexes, Ln(DOTAM)>* and Ln(DTMA)®*, have
been use to catalyze cleavage of ribonucleic acid (RNA) oligomers [21].
DOTA forms complexes with the Ln(IIl) ions by occupying eight
coordination sites on the metal ion in either a square antiprism (SAP) or
twisted square antiprism geometry (TSAP) geometry with a water
molecule coordinated to the Ln(III) ion in a capping position. In Gd
(DOTA)(H,0) ", this water molecule exchanges rapidly with the sur-
rounding water molecules and transfers the paramagnetic relaxation
effects of GA(III) into the bulk water pool of protons. The net result of
this exchange is an increase in proton relaxation rates, both R; and R,.
This relaxation rate, expressed as i, (i = 1, 2) relaxivity (referenced to
the proton relaxation rate of a sample containing 1 mM paramagnetic
agent), strongly depends on the rate of water molecule exchange be-
tween the inner-sphere of the Gd(III) complex and bulk water. The
replacement of only one carboxylate group on DOTA with an amide
alters the water exchange rate only slightly (by a factor 3 in case of
DO3AM™" and DO3AMPN9?®™ or by a factor of 5 in case of
DO3AMCPHIO-CO2Hy 15 15 9971 but if all the carboxylates are replaced by
amides, the rate of water exchange in Eu(DOTA(gly)s) ™ (DOTA(gly), is
the tetra-glycinate amide of DOTA = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetrakis(acetamidoacetic acid)) [23] is more than three orders
of magnitude slower than that in Gd(DOTA)(H,0)~ [5]. Given this
surprisingly low rate of water exchange, it was quickly recognized that
the DOTA-tetraamide complexes of Eu(III), Dy(III), Tm(III) and Yb(III)
might be used as paramagnetic chemical exchange saturation transfer
(paraCEST) agents in which the slowly exchanging inner-sphere water

molecule and the amide -NH protons can be selectively saturated to
generate different CEST effects [5,24,25].

A few GdDOTA-(amide), derivatives having trans-acetate and
-amide groups have been recently reported as responsive agents for
detection of Zn2?" ions in vivo [26-29]. The amide groups in these
systems each have a highly selective Zn®>* binding unit, N,N-bis(2-
pyridyl-methyl)ethylene diamine (di-(2-picolyl)amine, DPA) which
upon binding of Zn®* then form a ternary complex with human serum
albumin (HSA). This results in slower molecular rotation of the entire
Gd(III) complex and consequently a remarkable increase in r; relax-
ivity. This mechanism allows the agent to highlight or brighten only
those tissues that secrete Zn>" ions in response to a biological event
such as an increase in plasma glucose. So far, these Zn?" responsive
agents have been used to image beta-cell function and prostate cancer
in animal models by MRI [26,29].

The structure, luminescence and relaxation properties of the Ln(III)
complexes of the DO2A-bisamide type ligands and some potential
biological applications have been reported to the literature [30,31].
Very recently T. J. Sorensen and co-workers have studied the structure
and luminescence properties of Eu(Ill) and Yb(III) complexes formed
with a large variety of cyclen based chelators (DOTA-mono-, di- and
tetra(amide)s as well as some DO3A-derivatives) [31], including a
DO2A-bis(amide) type ligand, but there is relatively scarce information
on the stability and kinetic properties of these complexes. To obtain
more fundamental information about the effects of acetate-to-amide
substitution in complexes of this type, we prepared DO2A2M™®" (Fig. 1)
as a model compound and studied the thermodynamic and kinetic
properties of complexes formed with Mg®*, Ca®*, Zn?*, Cu®* and
some Ln(III) ions.

2. Results and discussion
2.1. Synthesis of the macrocyclic ligands

The synthetic scheme for preparation of DO2A2M"" is shown in
Scheme 1. The starting material 1,4,7,10-tetraazacyclodoecane-1,7-di
(acetic acid tert-butyl ester) (DO2A-tert-butyl ester) (1) prepared by
published methods was alkylated with N-(butyl)-2-bromoacetamide
(2). Hydrolysis of the tert-butyl ester intermediate (3) in di-
chloromethane with trifluoroacetic acid (TFA) followed by repeated
lyophilization form diluted HCl solution afforded the desired final
product 1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid)-4,10-di(N-
butylacetamide) (DO2A2M"™®") (4) as dihydrochloride salt.
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Scheme 1. Synthesis of 1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid)-4,10-di(N-butylacetamide) (DO2A2M"5Y).

2.2. Equilibrium studies

The complexation properties of DO2A2M™®" are expected to be
different from DOTA due to the presence of the two butyl-amide groups.
To evaluate these differences, the stability constants of the complexes
formed between DO2A2M™" and some biologically important metal
ions (Mg?*, Ca®*, Zn®*, Cu®>*) and lanthanide ions were determined.
Given that the kinetic inertness of the Ln(III) complexes is an important
consideration for in vivo safety, the formation and dissociation kinetics
of some Ln(DO2A2M"®")* complexes were also examined.

2.3. Stability constants

The protonation constants of the ligand DO2A2M"™", determined by
pH potentiometric titrations, are listed in Table 1 as log K;" values (the

Table 1
Protonation constants of ligands and stability constants of complexes formed
with Mg?*, Ca®*, Zn®* and Cu®* ions (25 °C, 1.0 M KCl).

DOTA*  DO3AM™“ >  DO2A2M"E® © DO2A® DTMA'
log K;% 119 10.17 10.31(1); 8.31(H)¢  10.91 9.56
log K, 9.72 9.02 9.04(1); 8.57(1)¢ 9.45 5.95
log K% 4.60 4.41 2.86(2); 3.06(2)" 4.09 -
log K, 413 2.94 2.21(3); 2.22(2)° 3.18 -
log Ks"  2.36 1.99 1.93(4) - -
MgL 1185 - 8.30(1) 5.40 433
MgHL - - 5.78(4) - -
Cal 17.2 - 13.29(1) 7.8%7.16"  10.1
CaHL 3.7 - 3.56(5) - -
ZnlL 20.8 - 17.67(4) 18.2¢ 13.66
ZnHL 4.24 - 3.21(2) 4.0 -
ZoHL_;, - - 5.83(6) - 10.71
CuL 21.98 - 19.59(2)* ! 21.17 14.61
CuHL 4.08' - 2.67(1)" 3.0 -
CuH,L 3.41 - 1.77(1)% - -
CuHL_; - - 11.64 (3)%) - 8.78"
2 Ref. [32].
b Ref. [15].
¢ This work.
4 Determined by using 1.0 M NaCl ionic background.
€ Ref. [33].
f Ref. [20].
& Ref. [34].
' Ref. [35].

i logKcunar = 0.83 and log Kcyo1, = 2.42 were also published in 0.15 M NaCl.

J Determined by simultaneous fitting of pH-potentiometric and UV-vis
spectrophotometric data (ESI Fig. S1) by using 1.0 NaCl as the ionic strength.

kK A second deprotonation step was also detected in the Cu(DTMA)?* com-
plex [20].

calculated standard deviation values are given in parenthesis while
their definitions were included in the ESI). The protonation constants of
DOTA, DO3AM™®" (DO3AM"®" = 1,4,7,10-tetraazacyclodoecane-1,7-di
(acetic acid) -(N-butylacetamide)) DO2A (DO2A = 1,4,7,10-tetra-
azacyclodoecane-1,7-di(acetic acid)) and DTMA are also listed for
comparison purposes.

The data listed in Table 1 show that the protonation constants of
DOTA-amide derivatives generally decrease with each successive re-
placement of a DOTA carboxylate group with an amide. This reflects
loss of charge stabilization provided by ionic interaction between a
protonated macrocyclic amine and a deprotonated carboxyl group on
acetate attached to that amine [36]. The microscopic protonation steps
in DOTA and its derivatives have been previously determined by 'H and
13C NMR spectroscopy [37,38] and on the basis of those previous ob-
servations, the protonation sites in DO2A2M™®" are easily predicted.
The first and second protonation steps occur on the two trans-macro-
cyclic nitrogen atoms that carry the acetate groups, stabilized by charge
interactions between the protonated nitrogen atoms and the negatively
charged carboxylate groups. The log K5" and log K, values of the
DO2A2M"B" are much lower than those of the DOTA (Table 1) because
the third and fourth protonation steps likely occur at the two carbox-
ylate groups involved in charged interactions with the protonated
amines.

The stability constants of complexes formed with divalent M>*
metal ions are also presented in Table 1. The stability of the Mg>*
Ca?" and Zn®* complexes were determined by direct pH-potentio-
metric titration whereas UV-vis spectrophotometric titrations per-
formed for the Cu®>* complex over the acid concentration range of
0.01-1.00 M (ESI Fig. S1). It was found that the log Ky, values decrease
with an increase in number of amide groups, consistent with a stronger
interaction of the M?* metal ions with the carboxylate donor atoms
than with the amide oxygen atoms (for the GA(III) ion it was evidenced
by calculating the pGd values for the representative complexes vide
infra). While Mg®* and Ca®* ions form more stable complexes with the
octadentate DO2A2M™®" than with the hexadentate DO2A, the log Ky,
values of Zn?>* and Cu®?* complexes with these same two ligands are
similar, likely reflecting a lower coordination number of six for both
Zn2" and Cu?* (as observed for Cu?* in CuH,(DOTA) and Cu,(DOTA)
complexes [39,40] by X-ray crystallography in the solid state). In these
two complexes, the two amide groups in DO2A2M™" would not be
expected to participate in metal ion binding. It is also interesting to note
that protonation of the M(DO2A2M"®") complexes to form the MHL
species is more difficult (lower MHL constants) for those complexes of
greatest stability (Cu®* > Zn?* > Ca?* > Mg?"). This indicates
that protonation of the ML complexes occurs at carboxylate groups
which are already coordinated to the metal ion.

The stability constants of the lanthanide DO2A2M"" complexes are
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Table 2
Stability constants (log Kyy) of the lanthanide(III) complexes (I = 1.0 M KCI,
25°C).

Complex DOTA® DO3AM™E P DO2A2M™" © DTMA* DO2A°
Cel. 23.39 19.26 16.98 (8) 12.68 11.31
NdL 22.99 - 18.71 (7) 13.08 12.56
Eul 23.45 - 19.32 (9) 13.67 12.99
GdL 24.67 21.29 19.30 (9) 13.58 13.06
pGd' 18.86 17.87 15.72 12.39 8.44
HoL 24.54 - 19.64 (8) 13.84 13.00
YbL 25.00 - 19.36 (9) - 13.26
LuL 25.41 21.83 19.49 (8) 13.91 13.16

2 0.1 M NacCl, 25 °C Ref. [42].

P Ref. [15].

¢ This work.

4 1.0M KCl, 25 °C Ref. [20].

€ Ref. [35, 43].

f Calculated by using the following conditions: cj;; = 10 pM, cgq = 1 uM and
pH =7.4.

presented in Table 2 along with some comparative values for other
DOTA-derivatives. The stability of the Ln complexes (log Ky) follow
the same trend as observed for the complexes of divalent M®>* metal
ions, i.e., the log Ky, values decrease in proportion with the number of
amide groups in the ligand. These log Ky, data also indicate that the
Ln®*-amide oxygen bonds are weaker than the Ln(IIlI)-carboxylate
oxygen bonds. The stability constants of the Ln(DO2A2M"*")* com-
plexes are approximately six log K units larger than those of the Ln
(DO2A)* complexes, indicating that the coordination of each amide
group improves the stability of Ln(III) complexes by about three log K
units. This gain in the stability due to the coordination of an amide
group is very close to the value (3.38 log K unit) previously predicted
for the increase in stability constants per an additional coordinating
amide moiety [41].

The stability constants of Ln(III) complexes of DOTA-amide ligands
show a similar trend as the Ln(DOTA) ™~ chelates along the lanthanide
series with log Ky, values increasing from Ce(III) to Eu(III)/Gd(III) then
only modest changes for the heavier lanthanide metals. This observa-
tion is assumed to reflect best fit of the medium size ions (Eu(III), Gd
(IID) into the coordination cage formed by the nitrogen and oxygen
donor atoms of the ligands.

2.4. Kinetics of complex formation

Metal ion complexes of DOTA and DOTA-derivatives have the metal
ion in the center of coordination cage formed by the four ring nitrogen
atoms and up to four donor atoms from the pendant functional groups
(carboxylate and amide oxygen atoms etc.). Entry of a tripositive Ln(III)
ion into the cage is generally slow because the donor atoms of the
functional groups, particularly the negatively charged carboxylate
oxygens, form an intermediate complex with the metal ion outside the
cage and this intermediate complex slows movement of the ion into the
final coordination cage. Over the pH range of 3-7 where the com-
plexation of Ln(IIl) ions is typically studied, two macrocyclic ring ni-
trogen atoms are protonated and the repulsion of these positive charges
with the entering Ln(III) also slows complex formation. These protons
must first be removed from the intermediate “uncaged” complex for the
metal ion to enter into the coordination cage [44-46]. The presence of
the negatively charged carboxylate groups in DOTA is also very im-
portant for formation of the “uncaged” intermediates because, in the
absence of such charged groups, the mechanism of complex formation
proceeds by a completely different mechanism. Simple DOTA-tetra
(amides) such as DOTAM and DTMA do not have negatively charged
functional groups, so these ligands cannot form stable intermediates
[23]. Detailed kinetic studies have shown that the Ln(DOTAM)3* and
Ln(DTMA)*" complexes form by direct reaction between the Ln*" ion

Journal of Inorganic Biochemistry 206 (2020) 111042
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Fig. 2. Absorption spectra of CeCls plus DO2A2M™" at different times after
mixing (cce = 5.0 mM; ¢z = 1.0mM; 25 °C; pH = 4.66). The black line in the
spectrum was recorded immediately after mixing (1 min), while the others
correspond to the following time points: 26, 51, 86, 121, 176, 226, 301, 401,
526, 751 min after mixing and at equilibrium (red) from bottom to top.

and the fully deprotonated ligand [20,47]. It is worth noting however,
that in case of DOTA-(gly)4, a ligand with extended carboxylate side-
arms, a complex formation mechanism (more detailed information
about the mechnaism of Ln®* complex formation is given in the ESI)
similar to that observed for the Ln(DOTA) ~ chelates was observed [19].

To examine the mechanism of complex formation in a mixed side-
chain ligand, the formation rates of the Ln(DO2A2M"BY) + complexes
(Ln(IIl) = Ce(IlI), Eu(Ill) and Yb(IIl)) were studied by spectro-
photometry. UV-vis spectra of Ce(Ill) plus DO2A2M™" immediately
after mixing shows an absorption maximum at 295 nm (Fig. 2), a peak
characteristic of the aqueous Ce(Ill) ion. A peak characteristic of an
uncaged intermediate was not detected, similar to the spectra observed
during the formation of the Ln(DOTA-(gly),)~ complexes [23]. The
progress of the reaction is indicated by a gradual increase in an ab-
sorption maximum at 322 nm characteristic of formation of the final
caged complex, Ce(DO2A2M"®")*. The rates of complex formation
were studied further by following the absorbance values at 322 nm at
different Ce(IIP concentrations and solution pH. The concentration of
Ce(Ill) in the samples was 10-40 times higher than that of the
DO2A2M"®" to ensure pseudo-first-order conditions for analysis of the
kinetic data.

Under such conditions, the rate of complex formation can be ex-
pressed as follows (Eq. (1)):

d[LnL], _
T = kobs [L]t (1)

where [L]; and [LnL], are the total ligand and complex concentrations
at time t, while ks is a pseudo-first-order rate constant characterizing
the rate of complex formation. The ks values determined at different
Ce(III) concentrations and pH values are presented in Fig. 3. The de-
pendence of the complex formation rates on the Ce(III) concentrations
follow saturation behavior. This indicates that rapid formation of an
intermediate and slow formation of the final complex involves loss of
proton(s) and concomitant rearrangement of the intermediate to the
fully formed complex [48].

The formation rates of Eu(DO2A2M™®")* were also studied by
monitoring the charge-transfer band of the complex at 250nm by
UV-vis spectrophotometry, where the absorption of Eu(Ill),q ion is
negligible. The k,,s values determined at different Eu(III) concentra-
tions and pH values are shown in Fig. 4. The kops values also show
saturation behavior with increasing Eu(IIl) concentration.

The formation rates of Yb(DO2A2M"™®")* complex was studied by
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Fig. 3. Pseudo-first-order rate constants, kops, for the formation of Ce
(DO2A2M™®")* complex. cig = 0.5mM; pH = 4.37, 4.67, 4.88, 5.26, 5.55 and
5.81 going upwards.
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Fig. 4. Pseudo-first-order rate constants, kops, for the formation of Eu
(DO2A2M™B%) *, cig = 0,5mM; pH = 4.37, 4.67, 4.88, 5.26, 5.55 and 5.81
going upwards.

the “indicator method” since none of the reactants (Yb(III) and the
DO2A2M™" ligand) or the product of the reaction (the Yb
(DO2A2M™®")* complex) possess an absorption band in the UV or vis
range of the electromagnetic spectrum [49]. The measured pseudo-first-
order rate constants, kops, for the formation of Yb(DO2A2M™®")* are
presented as a function of Yb3* concentration in the ESI (Fig. S2).

The saturation curves in Figs. 3-4 and S2 show that the complex
formation rates depend on the Ln®* ion concentration. These curves
can be described by Eq. (2) [48]:

_ keKg[Ln’t]
T 14 KLt (2

obs

where K¢* is the conditional stability of the intermediate and k¢ is the
rate constant for the complex formation when the intermediate for-
mation is complete (at the saturation of the curves Kc*[Ln(III)] > 1 and
kobs = kf). The k¢ and Kc* values were calculated by fitting the kqps
values to Eq. (2). The experiments were performed in the pH range 4-6
where the ligand is present in the form of H,L, H3L, H4L and HsL
protonated species so the stability of the diprotonated intermediate K*
(Ln(H,L))* detected during formation of Ln(DOTA), other LnDOTA-
derivative complexes, and Ln(DO2A) [44-46,50] can also be calculated
from these kinetic data. K* = [Ln(H,L)] / [Ln(III)] [H,L] can be calcu-
lated by use of Kc* conditional stability constants determined in the
kinetic studies as follows: K* = ay * Kc', where og =1+ K5
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Table 3
Formation rate constants (kog, M~ *s™ 1) for several Ln(DOTA)~ and DOTA-
type complexes and the stability constants of the reaction intermediates (K*).

Ligand Ce(IID) Eu(lIl) Yb(III)
DOTA? 3.5 x 10° 1.1 x 107 4.1 x 107
DO3AM®™ © 9.7 x 10° 1.7 x 107 -

DO2A° 2.8 x 10° - 2.5 x 10°
DO2A2M"Bw 4 1.33(6) X 10°  6.6(3) x 10° 1.18(3) x 107
DOTAM® * 7.7 x 10° 2.7 x 10* 6.6 x 10°
DTMA" ¢ 3.0 x 10* 4.8 x 10* 6.5 x 10°

log K*(Ln(H,DOTA) *)" 7.61 (La); 4.5°  7.25 (Gd); 4.3'  7.46 (Lu); 4.2
log K*(Ln(H;DO3AM®™)3+)" 4.91 (La) 4.89 (Gd) 4.44 (Lu)

log K*(Ln(H,DO2A)3*)* 1.98 - 1.60

log K* (Ln(H,DO2A2M™") ¢ 266 + 0.05 2.47 + 0.07 1.26 + 0.04

@ The formation of Ln(DTMA)3" and Ln(DOTAM)3* complexes is a second
order reaction (k: M~ 2s™!) between the Ln(IIl) ion and deprotonated ligand.

b Ref. [44].

¢ Ref. [18].

9 Ref. [50].

¢ This work.

T Ref. [47].

& Ref [20].

" Ref [53] determined by pH-potentiometric method.

I Ref. [44] determined by UV-vis method form kinetic data.

[H*] + K5"K,P[H' 12 + K3PK,"Ks"[H* 13, The resulting calculated K*
stability constants characterizing the extent of formation of a reaction
intermediate are presented in Table 3.

The rate constants k¢ characterizing the formation of the Ce(Ill), Eu
(I11) and Yb(III) complexes at different pH values are presented in Fig. 5
as a function of OH™ concentration. The data in Fig. 5 show that the k¢
rate constants are proportional to the OH™ concentration i.e. k¢ = koy
[OH™]. This very simple rate law is similar to those observed for the
complex formation reactions of DOTA and other DOTA derivatives
[44,46,50-52]. The formation of Ln(IlI) complexes is a general base-
catalyzed reaction (the catalyst is OH™ or any other base present in the
sample). The validity of a base-catalyzed mechanism for the formation
of the Ln(DO2A2M™")* complexes was confirmed by studying the
rates of formation reactions at constant pH by varying the concentra-
tion of the buffer (see details in the ESI, Fig. S3). The calculated koy
values are listed in Table 3 where some data for the formation of other
DOTA-amide derivative complexes are also shown for comparison.

The comparison of the koy; rate constants in Table 3 generally shows
a similar trend that was observed for the formation of Ln(DOTA)™
complexes. The koy values increase with the decrease of the ionic size
of Ln(Ill) ions likely reflecting a decrease in stability of the
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Fig. 5. Formation rates of the Ln(DO2A2M™BY) complexes (Ln = Ce (green), Eu
(blue), Yb (red), 25 °C, 1.0 M KCI).
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intermediates from Ce(IIl) to Yb(III) [44,50]. The replacement of the
carboxylates with amide groups only slightly diminishes the formation
rates of complexes, even though this substitution appears to strongly
affect the stability of intermediates.

The linear increase of the formation rates of complexes with in-
creasing OH™ concentration suggests OH ™~ catalyzed deprotonation of
the Ln(H,L)* intermediates, but the interpretation of experimental data
is somewhat more complicated. Detailed studies have shown that a
dissociation equilibrium exists between the Ln(H,L)* and Ln(HL)* in-
termediates (Ln(H,L)* 2 Ln(HL)* + H™). It is well known that the rate
determining step of complexation is the loss of proton from the
monoprotonated intermediate [46]. However, the concentration of the
Ln(HL)* intermediate is directly proportional to 1/[H*] because of the
dissociation equilibrium [45,46]. The 1/[H*] dependence of the for-
mation rates can be simply described as a dependence on OH™ con-
centration, so the koy rate constants can be conveniently used for
comparison. The formation rate constants of DOTA-mono(amide) and
-bis(amide) complexes in Table 3 cannot be directly compared with the
rate constants characterizing the formation rates of the Ln(DOTAM)3+
and Ln(DTMA)®+ complexes because the formation of these complexes
does not involve protonated intermediates. The formation rate con-
stants, koy, gradually increase from Ce(III) to Eu(IlI) and to Yb(III) for
all three Ln(DOTA) ~, Ln(DO3AM®") and Ln(DO2A2M™™")* complexes.
This trend is the opposite to the variation of the water exchange rate on
the Ln(III) aqua ions along the lanthanide series, which decreases from
kex?® = 83 to 4.7 x 107 s~ ! between Gd(III) and Yb(III), while the
water exchange mechanism remains associatively activated [54].
Therefore, one can conclude that water exchange has no implication in
the formation reaction. Conversely, the water exchange could play a
role in the formation reactions of the Ln(DOTAM)®* and Ln(DTMA)3*
complexes because the rates of both the complex formation and the
water exchange follow the same trend, they increase along the lan-
thanide series [20,47].

2.5. Kinetic inertness of some representative Ln(DO2A2M™")* complexes

The kinetic inertness of a lanthanide(III) complex is an important
requirement for their use in diagnostic medicine because both the Ln
(II) ions and the aminopolycarboxylate ligands formed by dissociation
are known to be toxic, although the ligand is known to have a less
pronounced impact. Previous studies have demonstrated the high ki-
netic inertness of many Ln(DOTA) and LnDOTA-derivative complexes
[44,50,51,55-57]. These studies have also indicated that the transme-
tallation reactions of the Ln(DOTA) type complexes with biological ions
such as Cu®>* and Zn®* do not take place directly via an associative
pathway but rather occur after proton or endogenous ligand assisted
dissociation of the complexes [44,50,55,56]. Proton assisted dissocia-
tion of the Ln(DOTA) type complexes is very slow at physiological pH
values so dissociation rates can be conveniently studied only in acidic
solutions (e.g. in 0.1 M HCI [56]) where the complexes are thermo-
dynamically unstable and their dissociation is quantitative. Accord-
ingly, the dissociation rates of Ce(DO2A2M"®")* and Eu
(DO2A2M™")* were studied by spectrophotometry in the 0.2M -
2.0 M HCI concentration range by maintaining constant ionic strength
with the addition of NaCl keeping the sum of the HCl and NaCl con-
centrations at 3.0 M. The concentration of complexes was significantly
lower (1.0 and 2.0 mM for Ce and Eu complexes, respectively) than the
H™ concentration so the dissociation reactions could be regarded as
kinetically pseudo-first-order and the rate of dissociation of complexes
could be expressed by the Eq. (3):

d[LnL]J;
— ——— = k4[LnL
dr d [ ]t (3)
where [LnL], is the total concentration of the complex and k4 is the
pseudo-first-order rate constant. The kq first-order dissociation rate
constants, obtained from plots such as those shown in Fig. 6, increase
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Fig. 6. Dependence of the rate of acid catalyzed dissociation of Ln
(DO2A2M™BW) + complexes as a function of H* ion concentration (Ce
(DO2A2M™®"* - blue; Eu(DO2A2M™%) * - red).

linearly with increasing H* concentration and the dependence of kq
values on the [H*] can be expressed by Eq. (4):

kd = ko + k1 [H+] (4)

In Eq. (4) the ko and k; rate constants characterize the spontaneous
and proton assisted dissociation rates of the complexes, respectively.
The ko values were found to be very small and the calculated errors
were relatively high, which indicates that the spontaneous dissociation
of Ce(DO2A2M™")* and Eu(DO2A2M™®")" is negligible. The dis-
sociation rates of the DOTA and DOTA derivative complexes can gen-
erally be described by the Eq. (4), so the ko and k; values listed in
Table 4 can be used to compare the kinetic behavior of complexes. It
should be noted that spontaneous dissociation (k, values) plays an
important role in the dissociation of Ln(DOTA-tetra(amide)) complexes.

The comparison of the k; rate constants presented in Table 4 shows
that, like the stability constants (Table 2), the kinetic inertness of the
complexes also increases from the from Ce(II) to Eu(Il) (the rates of
proton assisted dissociation decrease in the order of Ce(Ill) > Eu
(II) > Yb(ID). However, while the stability constants gradually de-
crease with the successive substitution of amides for the carboxylates of
DOTA, the k; rate constants are not affected appreciably by the re-
placement of one or two carboxylate groups.

Mechanistically, the acid catalyzed dissociation of these complexes
starts with the protonation at a non-coordinated carboxylate oxygen
atom. In order for the complex to dissociate, the proton must be
transferred to a ring nitrogen so that the Ln(III) can move out of the
coordination cage as a result of the electrostatic repulsion between the
protonated nitrogen and the Ln(III) ion. The complexes of the DO3A-
mono(amide) and DO2A-bis(amide) ligands possess carboxylate groups
that can be protonated, so the presence of 1-2 amide group(s) in the
ligands does not significantly hinder the protonation and proton as-
sisted dissociation of the complex and, consequently, the dissociation
rate of these complexes is similar to that of the corresponding Ln
(DOTA)~ complexes. The situation is different for the Ln(DOTAM)*
and Ln(DTMA)* complexes because the electrostatic interaction be-
tween the Ln®>* ion and neutral ligand is weaker so spontaneous dis-
sociation becomes more likely even though proton assisted dissociation
(ky) is slower compared to the Ln(DOTA) ™ complexes due to the low
basicity of the amide oxygen atoms. The relatively high rate of spon-
taneous dissociation of Ce(DTMA)®* (ko = 1.1 x 10™°s™!) governs
the 17.5h dissociation half life (t;,» = Iny/ko) independent of the pH
while the proton assisted dissociation of this complex is very slow at
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Table 4
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Rate constants, ko and k;, that characterize dissociation of the Ln(III)-DOTA-amide complexes.

Ln DOTA

DO3AM®™ © DO2A2M™B% f DTMA®

Ce(III) ko ™ -

ki M~ ts™h 33x107%*

ko s™hH) _

ki M~ ts™h 1.4x10°%>"

ko ™1 6.7 x 10711 ¢

iy M~ts™Y) 8.4x107%9
1.8x107%¢

Eu(IID)

Yb(III)

1.1 x107°
2.6 x 107°

_ 1.64(4) x 1073
- - 1.5 x 1077
- 1.22(6) x 107° 56 x 1077

2.6 x 107° - -

2 Ref. [57].
b Ref. [44].
¢ Ref. [55].
4 Ref. [18].
¢ Ref. [51].
f This work.
& Ref. [20].

physiological pH values (t;,» = 1.85 X 10%h). These data show that
spontaneous dissociation can significantly diminish the kinetic inert-
ness of the positively charged LnDOTAM-like complexes. However, this
pathway was found not to contribute significantly to the dissociation of
the Ln(III) complexes of tetra-amide ligands having charged groups
such as DOTA-(gly)4 [23].

The thermodynamic and kinetic studies in this work clearly de-
monstrate the high thermodynamic stability and kinetic inertness of the
Ln(DO2A2M"B%)* complexes. It was also shown that these complexes
have negligible spontaneous and very slow proton assisted dissociation
making them suitable candidates for biological applications such as
those recently reported for the detection of Zn®* ions by MRI [27-30].

2.6. The rate of water exchange in Gd(DO2A2M™%)*

The kinetics of water exchange is an important property for Gd-
complexes used as MRI contrast agents. Indeed, the paramagnetic effect
of the metal ion is transmitted to bulk via the exchange of typically a
single inner-sphere coordinated molecule and bulk water. This solvent
exchange can be neither too slow nor too fast in order to observe effi-
cient nuclear relaxation of bulk water protons. In the last decades, the
rates and mechanisms of water exchange have been assessed in a large
number of Gd-complexes, including many derivatives of Gd(DOTA) ~. It
has been established that most of these complexes undergo water ex-
change via a dissociative mechanism and that replacement of carbox-
ylates by amides results in slower water exchange rates.

To compare water exchange rates for GA(DO2A2M"®")* with pre-
viously published values, a variable temperature ’O NMR study was
performed to measure the 170 transverse () and longitudinal (A)
relaxation rates (1/T, and 1/T;) and chemical shifts (#) on an aqueous
solution of the complex (Fig. 7). The paramagnetic contribution to the
transverse and the longitudinal relaxation rates were determined as the
difference between 1/T; , values of the Gd(DO2A2M™")* and a re-
ference sample (acidified water). As shown in Fig. 7, the reduced
transverse relaxation rates decrease with decreasing temperature over
most of the temperature range studied (275-350 K). This corresponds to
a slow water exchange system. Similarly, the chemical shift (Aw) ap-
proaches zero as the sample is cooled, also consistent with relatively
slow water exchange. Under these conditions, no information can be
obtained from the chemical shift values about the number of inner
sphere water molecules. On the other hand, the transverse relaxation
rates are almost exclusively dependent on the water exchange rate,
therefore the exchange rate can be determined with good confidence.

The relaxation rates and the chemical shifts were analyzed using
standard Solomon-Bloembergen-Morgan theory of paramagnetic re-
laxation (the equations are included in the ESI). In this analysis, the
hydration number was fixed at 1 based on similar complexes. The fol-
lowing parameters were fitted to these data: k.2°%, the activation
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Fig. 7. Temperature dependence of the reduced transverse 1/T,. () and
longitudinal 1/T;, (A) 7O relaxation rates, and the reduced '”O chemical
shifts, Aw, () for GA(DO2A2M™®") . The curves represent the best fit to the
experimental data as described in the text.

enthalpy AH' and entropy AS' of the water exchange, the rotational
correlation time z>°® and activation energy, Eg. Also included in the fit
was an empirical constant describing the outer sphere contribution to
the chemical shifts, C,s, and the parameters describing the electron spin
relaxation, 7,2°® and 42, the correlation time for the modulation of the
zero field splitting and the energy of zero field splitting. However, these
electronic relaxation parameters are determined with poor accuracy
because the slow exchange regime T, depends only on the water ex-
change rate and electron spin relaxation has a role only at the highest
temperatures. Other parameters were fixed to typical values, such as
the scalar coupling constant A/h = —3.8 MHz, the distance between
the Gd and the coordinated water oxygen, rgqo = 2.5 ;\, and the
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Table 5
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Parameters obtained for GA(DO2A2M™®)* from the fitting of the transverse and longitudinal 170 NMR relaxation rates and chemical shifts as a function of
temperature at 11.7 T. The analogous parameters for GA(DOTA)~ and the monoamide Gd(DO3AMPN®?®™) are also shown for comparison. Underlined parameters

were fixed in the fit.

GA(DOTA)* Gd(DO3AMPNO2Em)b Gd(DO2A2M™®") Gd(DOTA-diBPEN)® Gd(DOTAM)!

q 1 1 1 1 1
kex??® (10571 4.1 1.6° 0.77(3) 0.72 0.05
AH™ (kJ.mol™1) 49.8 40.9 30(2) 38.0 -
AS™ (J.mol 'K™1) +48.5 +11 —33(5) -5 -
w=2%%(ps) 90 210 144(4) 375 -
Eg (kJ.mol™ 1) 16.1 17.7 19.3(6) 15 -
©,2%8(ps) 11 - 2.7(2) 11 -
A*(10%%s71) 0.16 - 0.7(2) 0.16 -
A/h(10°rad.s™1) -3.7 -3.8 -3.8 -3.7 -
Cos 0.21 0.06 0.2 - -

2 Ref. [58].

b Ref. [59].

¢ Ref. [60].

4 Ref. [19].

© Similar rate constant was determined for the structurally similar GA(DO3AM™") [15] and Gd(DO3AM®>H10-CO2Hy complexes [22].

quadrupolar coupling constant n(1 + 12/ 3)/2 = 7.58 MHz (the value
for pure water). All equations used in the fit are presented in the sup-
porting information. A summary of all calculated parameters are given
in Table 5.

The water exchange rate, 0.77 X 10°s™!, was found to be about one
fifth of that of Gd(DOTA) , about Y2 of that measured for Gd
(DO3AMPNO2EM) 3 DOTA-monoamide complex, and essentially iden-
tical to that measured for Gd(DOTA-diBPEN)*, a bis-amide complex.
These data are fully consistent with the previous observations that the
rate of water exchange gradually decreases in proportion to the degree
of carboxylate to amide substitutions [61,62]. Such decrease in ke,
generally by a factor of ~3 upon the replacement of one carboxylate
function by an amide, is observed in the family of both macrocyclic
DOTA- and linear DTPA-type chelates (DTPA = diethylenetriamine-
N,N,N’,N”,N”-pentaacetate). For instance, water exchange rates varies
from ke”*® = 3.3 X 10°s™! for GA(DTPA)*~ to 1.3 x 10°s™" for the
monoamide and 0.43 x 10°s~? for the bisamide derivative complexes
[63].

Interestingly, the activation entropy was found to be negative.
Although this would suggest an associatively activated water exchange
mechanism, the attribution of the mechanism is not possible solely on
the basis of the activation entropy and the activation volume would
need to be measured to fully confirm that conclusion [64]. It should be
noted however that the decrease in activation entropy from the large
positive value in GA(DOTA) ~ was already observed for the monoamide
complex, Gd(DO3AMPNO2E™) The value of the rotational correlation
time, 732°® = 144 ps, is consistent with the molecular weight of Gd
(DO2A2M™") *,

-1

3. Summary

The present work shows that substitution of acetamide functional-
ities for the acetate pendant arms on DOTA significantly changes the
properties of the ligand. The protonation constants of the macrocyclic
amines decreases dramatically as the number of the amide pendant
arms increase and, as a result, the stability of the Ln(DO2A2M"BY) *
complexes are lower than those of the corresponding Ln(DOTA)™
complexes. The rates of complex formation were also generally slower
than those observed for the Ln(DOTA) ™~ complexes, suggesting that the
protonated LnH,(DO2A2M"®")3* intermediates formed in the initial
step dissociate more slowly in these complexes. Interestingly, there
were only minor differences in the rates of the acid catalyzed dis-
sociation of the Ce(Il) and Eu(Ill) complexes of DO2A2M™" and the
corresponding Ln(DOTA)~ complexes even though the bis(amide)
chelates exhibit much lower thermodynamic stability. Keeping in mind

that the Ln3™" complexes of DOTA-tetra(amide)s exhibit greater inert-
ness than the Ln(DOTA)~ complexes (especially those formed with
ternary amides) one can conclude that the presence of two acetate
metal binding units still allows the acid catalyzed dissociation to occur
with a rate observed for the Ln(DOTA)~ complexes. Therefore, the
kinetic inertness of such complexes could be improved by further de-
creasing the number of protonation sites. The water exchange rate on
Gd(DO2A2M™%)* | as directly assessed from the variable temperature
170 transverse relaxation rates, is in accordance with a slower exchange
typically observed upon replacement of carboxylate functions with
amides.

4. Experimental

1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid tert-butyl
ester) (DO2A-tert-butyl ester) (1). Compound (1) was synthesized
following a literature procedure [65].

N-(Butyl)-2-bromoacetamide (2). This compound was prepared
following a literature procedure [66]. K;CO3 (1.42 g, 10.3 mmol) dis-
solved in 20 mL of distilled water was added to a solution of n-buty-
lamine (0.50 g, 6.8 mmol) in dichloromethane (15 mL). The resulting
two-phase solution was cooled to 0°C and a solution of bromoacetyl
bromide (2.07 g, 10.3 mmol) in dichloromethane (10 mL) was added
drop-wise over 30 min to the solution at 0 °C. The reaction mixture was
stirred for 12h at room temperature. The separated aqueous layer was
washed with dichloromethane (3 X 15mL). The combined organic
layer was also washed with water (2 X 15mL), dried over anhydrous
Na,SO, and evaporated by rotary evaporation to yield a colorless oil
(95% yield). "H NMR (400 MHz, CDCl,): § = 0.93 (t, 3H), 1.36 (m, 2H),
1.52 (m, 2H), 3.28 (q, 2H), 3.87 (s, 2H), 6.57 (br s, 1H); *3C{'H} NMR
(100 MHz, CDCls): 13.64, 19.92, 29.29, 31.24, 39.31, 165.26; ESI-MS:
m/z caled: found [M + H]*. ESI-MS: m/z: caled 193.01 [M]*, found
194.01 [M + H] .

1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid tert-butyl
ester)-4,10-di(N-butylacetamide) (3). 1,4,7,10-tetraazacyclodoecane-
1,7-diacetic acid tert-butyl ester (1) (0.20 g, 0.50 mmol) was dissolved
in dry acetonitrile (10mL) and potassium carbonate (0.35g,
2.45 mmol) was added to the solution. The suspension was heated to
reflux. N-(Butyl)-2-bromoacetamide (2) (0.12 g, 1.25mmol) dissolved
in warm acetonitrile (10 mL) was added drop-wise to the refluxing so-
lution, and the reaction was refluxed for 24 h. After allowing the sus-
pension to cool to ambient temperature, the inorganic salts were fil-
tered off and the solvent was removed under reduced pressure. The
crude mixture was purified by column chromatography (di-
chloromethane/methanol, 9:1) to afford the product as a white solid.
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Yield: 0.25 g, 80%. H NMR (400 MHZ, CDCl5): §(ppm) = 0.82 (t, 6H),
1.30-1.21 (m, 4H), 1.39 (s, 18H), 1.50-1.45 (m, 4H), 2.34 (br, 8H),
2.47 (br, 8H), 2.99 (br, 4H), 3.18-3.14 (m, 4H), 3.26 (br, 4H), 7.56 (m,
2H). *C{*H}NMR (100 MHz, CDCl,): § = 13.78, 20.06, 28.00, 31.73,
39.00, 50.44, 55.44, 56.52, 81.44, 171.17, 171.44. ESI-MS: m/z: calcd
626.14 [M] ™, found 627.35 [M + H]*.

1,4,7,10-tetraazacyclododecane-1,7-di(acetic  acid)-4,10-di(N-
butylacetamide) (4). 1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid
tert-butyl ester)-4,10-di(N-butylacetamide) (3) (0.20 g, 0.32 mmol) was
dissolved in a mixture of dichloromethane (5mL) and trifluoroacetic
acid (5mL) and the solution was stirred at ambient temperature for
12 h. The solvents were removed under reduced pressure, followed by
repeated addition and evaporation of dichloromethane (3 x 5mL) to
remove TFA. The sticky solid product was dissolved in water, small
amount of dilute HCI solution was added and the solution was and
freeze dried twice to afford the product as a white solid. Yield: 0.18 g
(85%); Anal. Caled for Co4H46NgOg x 3HCI x 2H,0: C, 43.67%; H,
8.09%; N, 12.73%. Found: C, 43.74%; H, 7.78%; N, 12.40%. 'H NMR
(400 MHz, D,0): 8(ppm) = 0.76 (t, 6H), 1.24-1.14 (m, 4H), 1.41-1.33
(m, 4H), 3.11 (br, 12H), 3.29 (br, 8H), 3.55 (br, 4H), 3.88 (br, 4H).
13¢{'H} NMR (100 MHz, D,0): § =13.61, 20.13, 30.29, 31.10, 40.10,
48.43, 50.95, 52.88, 53.44, 56.05, 163.42, 163.78; ESI-MS: m/z: calcd
514.35 [M] ™, found 515.29 [M + H]*.

4.1. Equilibrium studies

Stock solutions of the metal chlorides were prepared by dissolving
ACS reagent grade salts in triple distilled water. The concentration of
metal and ligand stock solutions were determined by using known ti-
trimetric methods. The stability and protonation constants the ligands
and complexes formed with DO2A2M"®" chelator were determined by
pH-potentiometric method. The stability and protonation constants
determinations on the Cu?* system were also supported by UV-vis
spectrophotometry. pH-potentiometric titrations were performed by
using samples with metal-to-ligand concentration ratios 1:1 and 2:1
(the concentration of the ligand in the samples was generally 0.002 or
0.003 M). pH-potentiometric titrations were carried out using a Thermo
Orion ion analyzer EA940 pH meter using a 6.0234.100 Metrohm
combined electrode in a mixing vessel thermostated at 25.0°C. A
Metrohm DOSIMATE 665 autoburette (5mL capacity) was used for
base additions and 1.0 M KCl was used to maintain the ionic strength
(1.0M NaCl in case of Cu®™). All equilibrium measurements (direct
titrations) were carried out in 6.00 mL samples with magnetic stirring.
During the titrations, argon gas was passed over the sample to maintain
the cell free of CO,. The electrodes were calibrated according to the
standard two point calibration procedure with commercially available
buffers (0.01M borax, pH =9.180 and 0.05M KH-phthalate,
pH = 4.005). The concentrations of H" ions were calculated from the
measured pH values using the method proposed by Irving et al. [67]
This method involves the titration of diluted stock solutions of HCI
(approx. 0.027M in 1.0 M KCl/NaCl) with standardized KOH/NaOH
solutions. The difference between the measured and calculated pH was
then used to correct the pH values obtained in the titration experiments.
The log K, of water was also calculated from these titration data and
was found to be 13.868.

The UV-vis stability constant of the Cu(DO2AM"®") complex was
determined by spectrophotometry by studying the Cu®>* - DO2AM™®"
system at the absorption band of the Cu®>* complexes in the [H"] range
of 0.0117-1.02M and in the wavelength range of 400-875nm
([NaCl] + [HCI] = 1.0 M). The concentration of Cu?>™ and the ligands
in these samples was 0.003 M. The H" concentration in the samples
was adjusted with the addition of standardized 2.0109 M HCIl. The
samples were kept at 25°C for a week in order to achieve the full
equilibration. The absorbance values of the samples were determined at
26 different wavelength values in the range of 600-850 nm. For the
equilibrium calculations of the stability and protonation constants the
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molar absorptivities of the CuCl, and Cu(DO2AM™®") were determined
independently using 0.0015M, 0.003M and 0.0045M solutions. The
spectrophotometric experiments were performed with JASCO V770
UV-Vis-NIR spectrophotometer and 1 cm quartz semi-micro cuvettes at
25°C.

Owing to the slow formation reactions of Ln(DO2AM™BY) complexes,
the “out-of-cell” titration method (also known as the batch method) was
applied for the stability constant determinations of these chelates.
Typically, a 3.0mL mixture of Ln(Ill) and ligand (both at 3.0 mM
concentration) were prepared and the pH was adjusted with HCI or
KOH to cover the pH range of 1.7-3.5 where complexation takes place
as predicted by model calculations. Typically 16 samples were prepared
sealed and placed in a 25 °C incubator for 90 days to ensure that the
samples reached equilibrium. UV-vis experiments performed on the
samples with Ce(IIl) indicated that this time period was sufficient for
the samples to reach equilibrium (as further measurements performed
on the 120th day indicated no change in the UV spectra of the reaction
mixture). The pH of the samples were then measured and the data
processed. The protonation and stability constants were calculated with
the program PSEQUAD. [68]

4.2. Formation kinetics

The rates of complex formation of Ln(DO2AM"EY) complexes were
studied at 25 °C and 1.0 M KCl ionic strength using Cary 300 Bio UV-Vis
spectrophotometer. The formation reactions at low pH were sufficiently
slow and were followed by conventional UV-vis spectroscopy. A typical
concentration of DO2AM™" was 0.5 mM while the concentration of the
metal ions was varied in between 5.0 and 55.0mM (10 to 110 fold
metal excess) when the saturation curves were recorded. The formation
reactions with Ce and Eu were studied in the pH range of 4.37-5.81
while the studies involving Yb were performed in the pH range of
3.97-5.26. The reactions were followed at 322 (Ce) and 250 nm (Eu).
The formation rate of Yb(DO2A2M™")* complex was studied by the
“indicator method” [49]. This involved the preparation of weakly
buffered solutions in which the complex formation led to pH changes of
about 0.025-0.05 pH unit. The changes in pH were followed by spec-
trophotometry with the use of an acid — base indicator such as bro-
mocresol green (615nm) or bromocresol purple (590 nm). During the
formation kinetic studies the non-coordinating buffers N-methylpiper-
azine (NMP, log KM = 4.83) and N,N’-dimethylpiperazine (DMP, log
Kot = 4.18) were applied at a concentration of 0.05M (Ce(III) and Eu
(II1)) or was experimentally determined (typically it was in the range of
0.025-0.035 M for the (III)) to maintain the pH constant.

Ar=Ac + (Ag — Ap)elHom) ®)

Eq. (5) was used to calculate the first order rate constants (ks for
formation and k4 for dissociation), where Ay, A. and A, are the absor-
bance values measured at the start of the reaction (¢t = 0), at equili-
brium and at time t, respectively.

4.3. Kinetics of dissociation

The acid catalyzed dissociation kinetics of Ce(DO2AM™®%)* and Eu
(DO2AMPEY) * complexes were measured under pseudo-first-order
conditions by mixing the appropriate complexes with large excess of
hydrochloric acid (0.25-2.0 M) while keeping the ionic strength con-
stant at 2.0 M with added KCl [(H" +K*)Cl™]. A total of 8-10 reac-
tions were followed by direct spectrophotometry at 25°C until the
conversion reached 80-100% in 1.0 mM complex solutions. The data
were fitted to Eq. 5 with the software Scientist (Micromath) using a
standard least square procedure.

4.4. Temperature-dependent 170 NMR measurements

Transverse and longitudinal '”O relaxation rates (1/T,, 1/T;) and
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chemical shifts were measured in aqueous solutions of GdL (0.028 mM,
pH = 6.84) in the temperature range 277-340K, on a Bruker Avance
500 (11.7 T, 67.8 MHz) spectrometer. The temperature was calculated
according to previous calibration with ethylene glycol and methanol
[69]. An acidified water solution (HClO,4, pH 3.3) was used as external
reference. Longitudinal relaxation times (T;) were obtained by the in-
version-recovery method, and transverse relaxation times (T,) were
obtained by the Carr-Purcell-Meiboom-Gill (CPMG) spin-echo tech-
nique [70]. The technique of the ’O NMR measurements on Gd>*
complexes has been described elsewhere [71]. The samples were sealed
in glass spheres fitted into 10 mm NMR tubes to avoid susceptibility
corrections of the chemical shifts [72]. To improve the sensitivity, 170-
enriched water (10% H,'”0, CortectNet) was added to the solutions to
reach around 2% enrichment. The 170 NMR data have been treated
according to the Solomon-Bloembergen-Morgan theory of para-
magnetic relaxation (see Supporting Information). The least-squares fit
of the 70 NMR data were performed using Visualiseur/Optimiseur
running on a MATLAB 8.3.0 (R2014a) platform [73].

Abbreviations

MRI Magnetic Resonance Imaging

CAs contrast agents

DO2A2M"™®" 1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid)-4,10-di
(N-butylacetamide)

Ln(III) ions lanthanide(III) ions

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

HP-DO3A 2,2/,2”-[10-(2-hydroxypropyl)-1,4,7,10-tetra-
azacyclododecane-1,4,7-triyl]triacetic acid

DO3A-butrol 10-(2,3-dihydroxy-1-hydroxymethylpropyl)-1,4,7,10-tet-
raazacyclododecane-1,4,7-triacetic acid

DOTAM 1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetra-
azacyclododecane

DTMA  1,4,7,10-tetra(methylcarbamoylmethyl)-1,4,7,10-tetra-
azacyclodoecane

RNA ribonucleic acid

SAP square antiprism

TSAP twisted square antiprism

paraCEST paramagnetic chemical exchange saturation transfer

DPA N,N-bis(2-pyridyl-methyl)ethylene diamine or di-(2-picolyl)
amine
HSA human serum albumin

DO2A-tert-butyl ester 1,4,7,10-tetraazacyclodoecane-1,7-di(acetic
acid tert-butyl ester)

TFA trifluoroacetic acid

DO3AM™" 1,4,7,10-tetraazacyclodoecane-1,4,7-tri(acetic
(N-butylacetamide)

DO2A 1,4,7,10-tetraazacyclodoecane-1,7-di(acetic acid)

DOTA-(gly), 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(acet-
amidoacetic acid)

acid)-10-

DTPA diethylenetriamine-N,N,N’,N”,N”-pentaacetate
NMP N-methylpiperazine

DMP N,N’-dimethylpiperazine

T: longitudinal relaxation time

Ty transverse relaxation time

CPMG  Carr-Purcell-Meiboom-Gill
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Supplementary data to this article: definition of protonation/stabi-
lity constants, mechanism of formation of Ln®>* complexes, absorption
spectra of the Cu?*-D0O2A2M"B" system, pseudo-first-order rate con-
stants (kops) for the formation of Yb(DO2A2MnBu)* and dependence of
kobs values on the buffer concentration for the formation of Ce>*, Eu®*
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