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ABSTRACT: We report a detailed characterization of the
thermodynamic stability and dissociation kinetics of Gd**
complexes with DO3A derivatives containing a
(methylethylcarbamoylmethylamino)acetic acid (L'),
(methylpropylcarbamoylmethylamino )acetic acid (L?), 2-dime-
thylamino-N-ethylacetamide (L*), or 2-dimethylamino-N-pro-
pylacetamide (L*) group attached to the fourth nitrogen atom
of the macrocyclic unit. These ligands are model systems of
Ca’"- and Zn*"-responsive contrast agents (CA) for application
in magnetic resonance imaging (MRI). The results of the
potentiometric studies (I = 0.15 M NaCl) provide stability
constants with log Kgq values in the range 13.9—14.8. The
complex speciation in solution was found to be quite
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complicated due to the formation of protonated species at low pH, hydroxido complexes at high pH, and stable dinuclear
complexes in the case of L. At neutral pH significant fractions of the complexes are protonated at the amine group of the amide
side chain (log Kgg 4y = 7.2—8.1). These ligands form rather weak complexes with Mg®* and Ca*" but very stable complexes
with Cu?* (log K¢y, = 20.4—22.3) and Zn** (log Ky, = 15.5—17.6). Structural studies using a combination of "H NMR and
luminescence spectroscopy show that the amide group of the ligand is coordinated to the metal ion at pH ~8.5, while
protonation of the amine group provokes the decoordination of the amide O atom and a concomitant increase in the hydration
number and proton relaxivity. The dissociation of the complexes occurs mainly through a rather efficient proton-assisted
pathway, which results in kinetic inertness comparable to that of nonmacrocyclic ligands such as DTPA rather than DOTA-like

complexes.

B INTRODUCTION

MRI contrast agents capable of following biological processes
are receiving increased attention in molecular imaging,
especially those that exist as complexes of paramagnetic
lanthanide metal ions with cyclen-based macrocyclic ligands."
These so-called bioresponsive or smart CAs (SCAs) change
their properties due to perturbations occurring in their
microenvironment that are triggered by the analyte or event
of interest, such as a change in concentration of a target ion, or
enzyme activity.”” For instance, SCAs that are suitable for T}-
weighted MRI undergo changes in their longitudinal relaxivity
r, and consequently the T, relaxation times of solvent water
molecules vary as a result of biological stimuli. This | alteration
is induced by changes in one or a combination of several
parameters that affect r;, such as the number of inner-sphere
water molecules (g), their exchange rate with bulk water (k.,),
or the rotational correlation time (z,)."

v ACS Publications  © Xxxx American Chemical Society

Taking advantage of changes in the hydration number of the
complexes, we have developed a considerable number of
potential SCAs that were designed to respond to pH,
endogenous ions such as Ca?* and Zn?', or amino acid
neurotransmitters.” """ Moreover, these initial or structurally
modified SCAs exhibited very advantageous properties in
different buffered media, living brain slices, in vivo or also at a
frequency suitable for '’F MRL*'™"°

The responsive units of many of these SCAs consisted of a
DO3A chelator for paramagnetic Gd*', coupled via ethyl or
propyl linkers and an amide bond to the desired recognition
unit, e.g. EGTA, TACN, or crown ether derived chelators for
Ca’, Zn*, or amino groups, respectively. Furthermore, our
initial studies on the exact triggering mechanism with this
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particular responsive unit revealed an intricate process that
involves different interactions of two geometrical DO3A
isomers with the same target analyte. Namely, the major
isomer present in solution, which presents an SAP coordination
environment, contains a carboxylate group of the EGTA moiety
coordinated to Gd*'. Addition of Ca** causes the flipping of
this carboxylate to bind Ca** and its decoordination from the
paramagnetic metal center giving rise to a higher ¢."> On the
other hand, the minor TSAP isomer apparently does not
undergo the Ca-induced q alteration process—the carboxylate
group does not initially coordinate to the paramagnetic metal
center in the absence of Ca?*, and hence complexation with
Ca®" has no major influence on q and consequently r;.
Intrigued by the findings of these preliminary mechanistic
studies, we programmed a more detailed coordination
chemistry investigation of these chelating systems that provide
SCAs. To this aim, we designed the four ligands L'** that
should mimic the behavior of the DO3A-derived responsive
units of SCAs in the presence and absence of Ca*" or Zn*" (e.g,
SCA'?),° without actually having Ca- or Zn-binding units
(Chart 1). Specifically, we anticipated that two ligands (L"?)

Chart 1. Structures of Paramagnetic Complexes LnL'* (Ln =
Gd, Eu, Yb) Investigated in This Work and Their Analogy to
the Ca-Responsive Bis-Macrocyclic Contrast Agents SCA"? ¢
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can mimic the coordination of the responsive unit with the
paramagnetic metal center in the absence of the analyte by
installing a carboxylate on the N-methylene group of the side
chain (i.e, SCA"? in the absence of Ca**). On the other hand,
the absence of the carboxylate at the N,N-dimethyl group in the
remaining two ligands L** could serve as the model of
coordination properties in the presence of the metal analyte
(i.e., SCA"* in the presence of Ca’*), as we anticipated that the
missing carboxylate group coordinates to the added analyte and
is not available to the DO3A-derived responsive unit. In
addition, the influence of the distance of the 2-(methylamino)-
acetate group or N,N-dimethylamino group was investigated by
preparing ligands with two different chain lengths between the
DO3A unit and the amide bearing the aforementioned amine
groups, specifically ethyl or propyl linkers for ligands L"* and

L**, respectively. Following their successful synthesis, we
prepared different paramagnetic metal complexes and inves-
tigated their coordination properties by means of NMR
spectroscopy, steady-state and time-resolved luminescence
spectroscopy, and DFT calculations, as well as the thermody-
namic stability by pH-potentiometry supplemented with 'H
relaxometry and the inertness of the Gd** complexes accessed
by studying metal exchange reactions. In addition to the
determination of the stability constants of the complexes with
Gd** ions, we also investigated the stabilities of the complexes
formed with divalent metal ions available in vivo (Mg**, Ca*',
Zn>* and Cu®").

B RESULTS AND DISCUSSION

Ligand Synthesis. The ligands L'™* were prepared in a
straightforward fashion using previously reported bromides and
commercially available amines as hydrochloride salts (Scheme
1). In the first step, the alkylation of sarcosine fert-butyl ester
hydrochloride or dimethylamine hydrochloride with 1 and 2°
yielded tBu ester protected compounds 3 and 4 or § and 6,
respectively. The macrocycles 3—6 underwent acid hydrolysis
of the Bu esters with formic acid or HCI to afford L'™*.

Protonation Constants of the Model Ligands L'~*. The
protonation equilibria of ligands H,L"? and H,L** were
studied by pH-potentiometry. The protonation constants
defined by eq 1 were evaluated from the corresponding pH—
V (mL) titration curves. The results were compared with the
protonation constants of ligands DO3A, DOTA, EAEA-DO3A,
and EAPA-DO3A in Table 1 (see also Chart 2).

HL]
Ki=—" __ =1-6
C T umET (1)

Ligands L' present three fairly basic sites with log K values
in the range 7.4—9.6, in contrast to the protonation constants
observed for DO3A and DOTA,'® which present only two
protonation processes with log K > 7. In this regard, the
protonation sequence of L'™* resembles that of EAEA-DO3A,
EAPA-DO3A, and DMAE-DO3A,"”*® which incorporate amine
groups in one of the pendant arms connected by an ethyl or
propyl linker. Thus, the two highest protonation constants of
L'™* can be assigned to the protonation of two trans nitrogen
atoms of the macrocycle, which is typical of DOTA-like
systems.”” The log K3" values in L'* ligands belong to a basic
amino N atom of the pendant arm.

The log K, and log K, values of L' and L? are very similar
and somewhat lower than those of L* and L* This
phenomenon can be attributed, at least in part, to the longer
propyl linker connecting the nitrogen atom of the macrocycle
and the amide group in L? and L*, which likely results in a
lower electron-withdrawing effect of the amide moiety. Even so,
the log K; values determined for L'™* are considerably lower
than the corresponding constants determined for the ligands
shown in Chart 2. A possible explanation of this effect might be
the different ionic strengths used to determine the two sets of
data (0.15 M NaCl for L'™* and 0.1 M KClI for DO3A, DOTA,
EAEA-DO3A, and EAPA-DO3A), as the formation of a weak
Na® complex competing with the first protonation step can
result in lower protonation constants.”””' Thus, we have also
determined the protonation constants of DO3A using a 0.15 M
NaCl ionic strength (Table 1). Indeed, the first protonation
constant determined for DO3A in 0.15 M NaCl is 1.3 log K
units lower than that obtained in 0.1 M KCIl, which shows that
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Scheme 1. Synthesis of ligands L'*
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“Reaction conditions: (i) sarcosine tert-butyl ester hydrochloride, K,CO5, CH;CN, 70 °C, 16 h; (ii) dimethylamine hydrochloride, K,CO;, CH;CN,

70 °C, 16 h; (iii) HCOOH, 60 °C, 16 h.

Na* complex formation is partially responsible for the low
protonation constants determined for L'~*. The slightly higher
log K, values of L>* in comparison to those of L' might also
be explained by the higher stability of the Na" complexes
formed by the latter ligands. An additional factor that may be
responsible for the log K, values of L'™* may be related to the
formation of intramolecular hydrogen bonds involving the
amide side chain and the nitrogen atoms of the cyclen unit.

The fourth and fifth protonation processes of L'™* occur on
the acetate moieties appended on the macrocycles, while the
sixth protonation likely corresponds either to the protonation
of the 2-(methylamino )acetate moiety (for L' and L?) or to a
third nitrogen atom of the macrocyclic ring (L?).

It is well-known that the stability constants of lanthanide
complexes formed with polyamino polycarboxylates or
polyphosphonates are directly proportional to the total basicity
of the ligands, if all the donor atoms are involved both in

protonation and complexation." Thus, the Zi , log K" values

obtained for L'™* (Table 1) are not adequate for comparison
with ligands such as DO3A and DOTA, since the log K3 value
of L'™* (and the log K" values of L' and L?) corresponds to
the protonation of basic sites that are not involved in the
coordination to the metal ion. For that reason, we have

calculated the Zillog KiH* values by considering only the

protonation constants characterizing the basicity of the DO3A
metal binding unit (Table 1) and omitting the log K; and log

K¢ values for the calculation of Z; , log KiH*. Consequently,

the Z;llog KiH* values obtained for L'™* are clearly lower

than those of DO3A and DOTA, anticipating a lower stability
of the complexes reported here.

The complexation equilibria of L'™* with Mg**, Ca**, Zn®",
Cu’* and Gd’' ions were studied in detail by means of pH-
potentiometric, spectrophotometric, and/or "H-relaxometric
methods. The constants characterizing the formation of metal
chelates can be expressed with eqs 2 and 3, with the former
being the general equation for defining the ligand protonation
constants and the second giving cumulative stabilities of the
complexes.

pM"™ + gH" + L' 5 M HL ™ @)
ﬁ _ [MquLrpn+q—rm:]
M MY 3)

The stability constants (log K values) shown in Table 1 were
calculated from log f values assuming that the log Ky values
are equal to log Py values, whereas the log Kyyy and log
Kyip.1 values are defined as protonation constants. The Ky s
constants correspond to the formation of M,L from ML and M
(the corresponding equations are shown in the Supporting
Information). The stability constants of the Mg**, Ca** and
Zn** complexes could be determined by a direct pH
potentiometric method. Due to the high stability constants of
the CuL'™* complexes (found to form quantitatively already
below pH <1.7), pH-potentiometry was supplemented by UV—
vis spectrophotometry. Finally, the formation of the Gd**
complexes (occurring in the pH range 3—5) is slow. For this
reason, the stability constants of the GAL'™* complexes were
determined using the out-of-cell (batch) method, equilibrating
the samples at 25 °C over a period of several weeks.”” The
equilibrium constants characterizing the deprotonation that
occurs at basic pH (deprotonation of amine groups, as well as
the formation of ternary hydroxido complexes) were
determined from the data obtained via direct pH-potentio-
metric titrations performed on the preformed complexes.

Simultaneous fitting of the titration curves obtained at
different metal to ligand ratios (1:1, 2:1) indicated the
formation of mononuclear ([M(L)]) and monoprotonated
([M(HL)]) forms of the Mg*" and Ca®" complexes of ligands
L'"* in all cases. Furthermore, the fitting of the titration data
also confirmed the formation of binuclear complexes of L' and
L* with Mg*, Cu®, and Zn®* ions ([M,(L)]). Di- and
triprotonated species were also assumed for fitting the titration
data obtained for the L"? systems with Ca** and Cu®* or Zn**,
respectively. The lack of binuclear and diprotonated complexes
of L** with the majority of metal ions studied (except Cu**)
can be attributed to the absence of the carboxylate group on the
amide pendant arm.

The values of the stability constants for the L'™* complexes
with Mg** and Ca®" ions were found to be lower than those of
the DO3A and DOTA complexes (Table 1). This phenomenon
might be explained partially by the lower basicity of the donor
atoms involved in the metal binding and partially by the more
flexible structure of their coordination cavity. Additionally, the
replacement of an acetamide arm with a propionamide unit can
also negatively affect the stability constants.'” However, a
comparison between the third protonation of the L'™* ligands
and the first protonation of the Mg®* and Ca’* complexes
(characterizing the protonation of the amine group of the
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Table 1. Protonation Constants of the Ligands L'~* and Stability and Protonation Constants of the Complexes Formed with

L'™* and Selected DOTA-Based Ligands*”

ligand
EAEA- EAPA- DMAE-
L! L2 i i DO3A" DOTA"* DO3A® DO3A® DO3A/
log K™ 9.15(2) 9.57(1) 9.23(1) 9.59(4) 11.99 11.41 11.77 11.00 11.92
log K, 9.21(1) 9.54(1) 9.03(3) 9.37(2) 9.51 9.83 9.98 9.52 9.84
log K" 7.54(2) 7.11(1) 8.08(2) 7.45(4) 4.30 4.38 9.33 8.98 8.72
log KM 4.60(1) 4.32(1) 429(3) 3.81(5) 3.63 4.63 4.01 4.59 425
log K* 2.84(1) 3.37(1) 2.74(2) 2.64(1) 1.84 192 1.99 3.12 1.93
log K™ 1.99(7) 2.62(1) 1.45(2) 1.58 1.53 1.88
log 3533 (i=6) 3653 (i=6) 3554 (i=6) 3286 (i=5) 3126 (i=5) 3375 (i=6) 3861 (i=6) 39.09 (i=6) 3683 (i=5)
T4 logKH 2580 26.80 25.29 2541 29.43 3025 27.75 27.23 2823
log Kiyg. 7.09(4) 7.69(3) 6.54(4) 7.23(5) 11.64 11.49
log Kyigixi 7.68(3) 7.54(2) 7.99 7.92(6)
log Kyigixng ~ 2:68(8) 2.87(5)
log Kcyp 10.22(6) 9.85(3) 9.02(7) 10.13(7) 12.57 16.11 12.68
log Keaxn 6.90(4) 7.06(2) 7.97(4) 7.53(4) 4.60 3.67 8.72
log Keanixn 5.68(9) 5.64(7) 5.20
log Kz, 17.32(9) 17.64(13) 15.54(8) 16.84(9) 21.57 20.21 20.09
log Ky 7.34(4) 7.01(4) 7.78(4) 7.89(5) 347 4.12 8.75
log Kposn ~ 405(4) 3.88(7) 4.18(5) 3.84(4) 2.07 3.49 3.92
log Kznrois 3:17(2) 3.37(3) 3.81(2) 2.95(2) 2.56 2.63
log Kznmsixn 2.46(4) 3.45(6)
log Kznpsant 11.97(9) 12.69(19)
log Kyt xzn 5.12(9) 5.71(10)
log Kpzoorsarr  8:20(11) 7.88(14)
log Kzpisrn,  9:61(11) 9.29(13)
log Kpzoorsars  12.16(9) 11.85(10)
log K, 21.38(7) 22.33(4) 20.38(3) 20.54(8) 25.89 24.83 24.80
log Keuxu 7.01(5) 7.04(2) 7.72(2) 7.67(4) 3.65 4.12 8.69
log Keupxa 4.16(6) 3.80(2) 4.11(2) 3.59(2) 1.81 3.57 3.79
log Keyrpixn ~ 2:82(6) 3.03(8) 2.88(2) 1.59(2) 0.87 147
log Keunsixu 1.76(3)
log Keyixit 11.75(6)
log Keurxcu 8.37(8) 7.33(5)
log Ko 387(7) 401(1)
log Keuxn  5:71(10) 7.48(5)
log Keporxua  9-38(11) 9.87(6)
log Kewoixns  12.02(13) 12.80(10)
log Kgar 14.80(6) 14.40(8) 14.59(5) 13.89(4) 21.56 24.70 2225 2022 20.56
(19.06(4)%)
log Kgarsn 7.15(8) 7.37(8) 7.66(6) 8.09(9) h 9.24 8.40 7.98
log Kgarrit 9.92(8) 11.77(8) 9.09(6) 11.64(S) i h h
pGd 12.02 11.15 11.77 11.17 15.85 (16.37%) 19.21 14.52 14.93 14.89

“Conditions: 25 °C, I = 0.15 M NaCl. Standard deviations are given in parentheses.

*Data corresponding to DO3A, DOTA, EAEA-DO3A, EAPA-

DO3A, and DMAE-DO3A ligands were obtained from ref 16 with the use of 0.10 M KCL. “Data from ref 16. “For the sake of better data comparlson,
the protonation constants of DO3A were also determined with the use of I = 0.15 M NaCl ionic strength, resulting in the following values: log K" =

10.71(2), log K, = 9.49(4), log K3 = 4.17(6), log K,

=3.55(5), and log K5 = 1.75(8); “Reference 17. FReference 18. £Stability and pGd values
were obtained with the use of I = 0.15 M NaCl ionic strength. This work. "Not detected. “Not studied.

amide pendant arm) indicates that the amine nitrogen of the
pendant arms is not involved in coordination to the metal ion
in the mononuclear species, since the protonation constants of
the amine nitrogen atoms in the complexes are comparable to
those found for the free ligands.

The stability constants of the dinuclear complexes (log
Kygiavg) of Mg,L' and Mg,L? are quxte similar to that of the
[Mg(IDA)] complex (log K = 2.94),*
second Mg”" ion binds weakly to the 2-(methylamino)acetate

suggesting that the

group. Albeit a bit surprising, the formation of a dinuclear

complex for Mg®* and not for Ca>* may be explained easily.

Indeed, the analysis of the stability data for IDA complexes
indicates the formation of a more stable complex with Mg** in

comparison to Ca** (log Kimgoay = 2.94; lo gKicaapay =

2.59).”> Due to the presence of an amide instead of a
carboxylate group in the IDA-like binding units of L' and L?,
the stability constants of the complexes formed with this
fragment (i.e., stability of the dinuclear complex) are expected
to be lower. Thus, in the case of Ca®!, the formation of
dinuclear complexes likely becomes undetectable under the

experimental conditions applied in the current study.
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Chart 2. Ligands Reported Previously in the Literature That
Are Discussed in This Work
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The equilibrium models of ZnL"? and CuL? are more
complex than those of ZnL>* and CuL®*, which is related to
the absence of the terminal carboxylic groups in the pendant
arms of L3 inhibiting the formation of stable binuclear
complexes. The stability constants of the mononuclear Zn**
and Cu** complexes are also lower than those of the
corresponding DO3A and DOTA complexes, which is not
surprising given the lower basicity of the DO3A units of L'™*.
Representative speciation diagrams for the CuL? and CuL*
systems are shown in Figure 1 (see also Figures S1—S6 in the
Supporting Information).

The stability data indicate that the ligands with an ethylene
linker between the amide group and the DO3A moiety (L' and
L?) form Cu®* and Zn** complexes of lower thermodynamic
stability in comparison to those of L* and L*, which contain a
propylene linker. The reason for this may be the protonation of
the amine nitrogen of the pendant arm accross a broad pH
range (Figure 1), which causes electrostatic repulsion between
the metal ion and the protonated N atom. This unfavorable
electrostatic interaction would be more important for
complexes having the shorter spacer. The similarity of the
values of the first protonation constant obtained for the Zn**
and Cu®* complexes to the log K; values of the ligands suggests
that the amide pendant arms do not play an important role in

complex formation. The additional protonation steps are
related to the carboxylate moieties.

A similar trend for the formation of dinuclear complexes of
Mg** and Ca*" ions with the L? systems (see above) can be
observed also with Zn** and Cu®" ions. The stability constants
of [Zn(IDA)] and [Cu(IDA)] are log Kz,pay) = 703 and log
Kicopay) = 10.6, respectively,23 which are higher than those of
the dinuclear complexes formed with L' and L* (Table 1). The
drop in the stability constant of the dinuclear complexes may
again be accounted for by the replacement of an acetate group
with an amide moiety in the IDA-like binding unit, providing
lower basicity and resulting in the formation of weaker
complexes.

Several base consumption processes were observed in the
titrations of Zn,L"* and Cu,L"* complexes above pH 5. By
comparing the protonation constants of these processes (and
the UV—vis spectra of the Cu** complexes, Figures S7—S14 in
the Supporting Information), one can assume that the first two
constants (which differ quite notably between L' and L?)
belong to the deprotonation of the water molecules
coordinated to the metal ions in the complexes. However,
the deprotonations occurring near pH 12 can be assigned to the
dissociation of the amide proton, as absorption bands shift to
lower wavelengths in both systems (Figures S9 and S11 in the
Supporting Information). This suggests that the amide protons
coordinate to the metal ion through the nitrogen atom upon
deprotonation.”

As previously mentioned, the complexation equilibria of the
GdL'™* complexes could not be followed by direct pH-
potentiometric titrations owing to slow complex forma-
tion.'®**~*" Thus, the stability and protonation constants of
GdL'™* were investigated by T, relaxometry (batch method)
supplemented by pH-potentiometric data obtained via direct
titrations of the preformed complexes with a HCI solution (in
the pH range of 11.85—5.6). Simultaneous fitting of the pH-
potentiometric and relaxometric data obtained for the GdL'™*
complexes indicated the formation of mononuclear species, as
well as their monoprotonated ([Gd(HL)]) and ternary
hydroxo ([Gd(L)(OH)]) complexes (Figure 2). As observed
for the complexes of all other investigated metal ions, the
stability constants of the GAL'™* complexes were lower than
those for the corresponding [Gd(DO3A)] and [Gd(DOTA)]~
complexes. One of the reasons for this behavior could be the
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Figure 1. Species distribution of the Cu**:L* and Cu®*":L* systems. Conditions: 1:1 M:L, [Cu*']
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Figure 2. Species distribution of the Gd**:L systems and their relaxometric profiles recorded at 20 MHz (0.5 T) at variable pH (circles). Conditions:

1:1 Gd:L, [Gd*] = 1 mM, I = 0.15 M NaCl, 25 °C.

use of I = 0.15 M NaCl ionic strength for stability constant
determinations, which better resembles in vivo conditions.
However, owing to complex formation in the presence of Na*
ions, the protonation equilibria occurring at high pH are shifted
to lower pH and thus the ligands appear to possess lower
basicity. On the other hand, the stability constants are also
known to decrease when the methyl carboxylate (or acetamide)
group is replaced by an ethyl or propyl carboxylate (or amide)
moiety.””*® The small and almost negligible differences
between the protonation constant of the exocyclic amine group
in the presence and absence of the Gd*" ion indicate that the
amine nitrogen atom is not involved in coordination to the
metal ion.

The species distribution diagrams calculated for the GdL'™*
complexes indicate that dissociation of the complexes takes
place below pH ~6. At this pH, the main species present in
solution corresponds to the protonated complex, which is also
the main species at physiological pH. In the pH range ca. 8—11,
the main species in solution corresponds to the nonprotonated
complex for GAL>*, while the hydroxo complexes predominate
at rather high pH (>11). For GdL"® the formation of
hydroxido species starts at lower pH.

Structural and Proton Relaxometric Studies. 'H
relaxometric studies performed as a function of pH provide
additional insight into the structure of the complexes in
solution (20 MHz, 25 °C). The relaxivities of the four
complexes increase gradually below pH 10, in line with the
species distribution diagrams obtained from the stability

constants reported in Table 1. The low relaxivities observed
at high pH are related to the formation of hydroxido
complexes, as observed previously for other Gd** complexes.*’
The complex species distribution patterns of GdL"? make it
difficult to estimate the relaxivities of the nonprotonated forms,
while the [Gd(L?)]™ and [Gd(L*)] species largely predominate
at pH ~10. The relaxivities observed at this pH (3.8 and 4.6
mM™ s7! at 20 MHz and 25 °C) are typical of small Gd**
chelates containing one coordinated water molecule (or its
corresponding hydroxide anion). These results suggest that the
amide group on the pendant arm is coordinated to the Gd**
ion, which is in line with our previous observations.'> The
protonated complexes dominate the speciation in solution at
pH ~6 for all complexes. The corresponding relaxivities fall
within the range 7.0—8.5 mM™! s7L, which are in line with the
presence of two water molecules coordinated to the metal
ion.

The longitudinal relaxivities of GAL'~* were also determined
at high magnetic field (300 MHz/7 T), thus allowing for better
comparison with values obtained on previously studied SCAs
sensitive to Ca*".* A series of buffered GAL'™* solutions in
water (pH 7.4) at concentrations ranging from 3.0 to 5.0 mM
were prepared, and their relaxation times were measured
(Figure 3).

The calculated r; values indicated quite different behavior of
the complexes appended with the ethyl (GAL"“®) or propyl
(GdL**) side arms, suggesting very specific coordination
properties among pairs of these systems (Table 2). Namely,
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Figure 3. Determination of the longitudinal relaxivity for GAL' ™ at 7
T, 25 °C, and pH 7.4 (HEPES).

Table 2. Longitudinal Relaxivities of GAL'™* at 7 T, 25 °C,
and pH 7.4 (HEPES)

complex r, (mM™ s7h)
GdL! 5.69 + 0.12
GdL? 4.35 + 0.04
GdL3 625 + 0.24
GdL* 7.19 + 0.17

the r, value of around 5.7 mM ™" s™' for GdL' that is supposed
to mimic the previously studied SCAs in the absence of Ca®" is
much higher than the usual initial relaxivity of these systems
(3.0-3.5 mM™' s7'). The vicinity of the positively charged
amine group due to the shorter ethyl linker in GAL" which was
previously discussed (see above) and its possible repulsion with
the positively charged paramagnetic metal center is likely
preventing efficient coordination of the carboxylate group to
the metal ion. Consequently, the hydration of GAL' is higher
than in the SCA analogues and hence also the r| value. A slight
increase in r; for GdL? speaks in favor of this observation—this
complex without a carboxylate group (and possibility to
coordinate to Gd>* with the side linker) has coordination
properties similar to those of GdL', which leads to the
conclusion that in neither of the complexes with ethyl linkers
do the side arms coordinate to the metal center.

On the other hand, the r| values observed for complexes with
the propyl linkers (GAL**) can be much better correlated to
those of the SCAs. Here the difference in relaxivities of almost 3
mM™ s7' between GdL> and GdL* indicates substantial
differences in their coordination properties: the elongation of
the distance between the positively charged amine and metal
center allows for better interaction of the carboxylate group
with Gd*', resulting in lower hydration and hence the relaxivity
in GdL?. Similarly, the hydration of the metal center in GdL" is
likely improved due to the same reasons (absence of the
carboxylate group concurrently combined with a longer
distance between the amine group and Gd**), which reflects
on the r; value (it exceeds 7 mM ™" s7"), thus matching the r,
values of many Ca-saturated SCAs that were previously
developed by us." However, one should note that, despite
several similarities between GdL'™* and previously studied
SCAs,* the former do not mimic the SCA behavior to a greater
extent, probably due to small but important structural
differences of the amine groups from the side chain, which is
reflected in protonation and consequently the coordination
properties.

The "H NMR spectra of the Eu** complexes of L* and L*
were recorded in D,O solutions (30 mM) at pD 9. The spectra
show relatively sharp resonances that spread over the range

~=25 to +40 ppm due to the paramagnetic shifts induced by
the metal ion (Figure 4). It is well-established that DOTA-like
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Figure 4. '"H NMR spectra (300 MHz) of the EuL® and EuL*
complexes recorded in D,O solution at 298 K (pD 9.0).

complexes may exist in solution as two different diaster-
eoisomers, providing either an SAP or a TSAP coordination
around the lanthanide(III) ion. These isomers differ either in
the orientation of the pendant arms of the macrocycle, which is
often denoted as A or A, or the conformation of the cyclen
moiety (6688 or AAA1).>"** In Eu®* complexes of DOTA and
DO3A derivatives, the signals of the pseudoaxial protons on the
cyclen rings are usually found between 24 and 45 ppm in the
SAP isomer and below 25 ppm in the TSAP isomer.””** The
spectrum of the EuL* complex shows these signals in the range
30—40 ppm, although additional signals in the range 15-23
ppm suggest the presence of an important TSAP population as
well (Figure 4). A rough estimation from signal integration
suggests approximately equal populations of the SAP and TSAP
isomers. The '"H NMR spectrum of the paramagnetic YbL*
complex is also relatively well resolved (Figure S1S in the
Supporting Information). It shows paramagnetically shifted
signals from ca. —100 to 140 ppm. The four signals of the axial
protons of the cyclen unit pointing to the hydrophobic side of
the complex are observed at 134.5, 119.6, 108.2, and 105.6
ppm. The chemical shifts of these signals are characteristic of a
SAP coordination geometry around the two metal ions by
comparison with related compounds.”~*' Thus, the relative
population of the SAP isomer increases from Eu** (ca. 50%) to
Yb** (100%), in line with a stabilization of the SAP isomer on
proceeding across the lanthanide series observed for a related
system.

The spectrum of EuL? also presents two sets of signals due to
the pseudoaxial protons. The signals of the axial protons of the
SAP isomer are observed in the range 37—40 ppm and present
a lower intensity with respect to those of the TSAP isomer,
which are observed between ca. 21 and 24 ppm. The relative
intensity of the signals due to TSAP and SAP isomers point to a
2.8:1 (TSAP:SAP) isomer ratio. Thus, increasing the length of
the spacer joining the cyclen unit and the amide group of the
side chain provokes a stabilization of the SAP isomer, likely due
to an increased steric hindrance introduced by the bulkier
pendant arm.*” Nevertheless, the complex of EuL?® presents a
significant population of the hydroxide species at the pH used
for NMR studies (Figure 2), and thus the different isomeric
compositions of EuL® and EuL* might also be related to a
higher abundance of the [EuL(OH)]~ species in the former.

Additional structural information was gained by recording
the emission spectra of the Eu®" complexes. Considering the
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lack of suitable chromophoric units for the indirect excitation of
the metal ion through the antenna effect, emission spectra were
recorded using rather concentrated solutions (107> M) with
direct excitation of the metal ion at 395 nm (°Lg « F,
transition).”” The corresponding emission spectra display the
typical D, — 7FJ transitions of Eu®>" (J = 0—4, Figure S). The

Intensity (arbitrary units)

550 600 650 700 750

wavelength (nm)

Figure 5. Emission spectra of the Eu®* complexes recorded from 10~
M solutions under excitation at 395 nm (pH 8.5).

emission spectra of the complexes EuL', EuL? and EuL* are
very similar, pointing to similar coordination environments
around the metal ion. In particular, the intensity of the D, —
’F, transition is relatively independent of the ligand environ-
ment due to its magnetic dipole character, while the electric
dipole D, — ’F, transition is very sensitive to changes in the
coordination environment. The complexes Eul!, Eul? and
EuL* present very similar (A] = 2):(AJ = 1) intensity ratios, in
line with similar solution structures, while the (A] = 2):(A] =
1) intensity ratio is clearly different for EuL® (Table 3),** which

Table 3. Photochemical Properties of the Complexes
EuL'™*“

pH AJj=2A]=1" T,0/ms”  Tpo/ms” qd q°

EuL! 8.4 3.0 0.512 1.90 1.3 12
6.6 2.5 0.317 1.70 2.8 2.5
Eul? 8.4 3.1 0.504 223 1.4 1.3
6.5 2.6 0.330 1.61 2.6 2.3
Eul? 8.4 2.3 0.516 1.80 1.3 1.1
5.4 2.5 0.386 1.57 2.0 1.8
EuL* 8.4 2.8 0.597 1.63 0.9 0.7
6.7 2.8 0.368 1.70 2.3 2.0

T 395 nm. PRelative intensity of the D, — ’F, and D, — 'F,
transitions. “Emission lifetimes; estimated error +10%. “Calculated
according to ref 45. “Calculated according to ref 46.

is in line with the NMR spectra of EuL?® and EuL* showing a
different ratio of the SAP and TSAP isomers in solution. This
might be related again to the rather different speciation of EuL?
with respect to the other three complexes at pH 8.5 (see Figure
2).

The lifetimes of the D, excited states of Eu** were measured
in solutions of the complexes in H,0O and D,0O at pH 8.5 to
determine the number of water molecules coordinated to the
metal ion (Table 3). The lifetimes measured in H,O solutions
for the four complexes are very similar, falling within the range
0.5—0.6 ms. These values are shorter than those measured for
the responsive agents containing Ca’* chelating units,’ pointing

to increased hydration numbers and certain but important
differences in coordination chemistry and hence the behavior of
the responsive and analogous model systems. This is confirmed
by the hydration numbers calculated according to the methods
developed by Parker*® and Horrocks,*® which predict hydration
numbers of about 1 for the four complexes.

The hydration numbers obtained from lifetime measure-
ments indicate coordination of the amide pendant arm to the
metal ion, nine-coordination being completed by an inner-
sphere water molecule. This indicates that the carboxylate
groups of the amide arms in EuL' and EuL® are not
coordinating to the metal ion, which can be supported by
DFT calculations, as they predict rather short Eu—O,, 4.
distances in comparison to those involving the carboxylate
oxygen atoms (Figure 6; see also Figures S16—S18 in the

2408

2,697 \2.412

Figure 6. Molecular geometries of the SAP (top) and TSAP (bottom)
isomers of the EuL? complex obtained with DFT calculations.
Hydrogen atoms are omitted for simplicity. Bond distances are given
in A.

Supporting Information). The lack of coordination of the
carboxylate group of the amide pendant in EuL' and EuL? is in
contrast to the behavior of the responsive Ca®* and Zn**
contrast agents reported before,”'> which showed a relaxivity
increase associated with an increased hydration number (from g
=0 to g = 1) in the presence of the divalent metal ion and
partially to the obtained r, value for GAL* (see above). On the
other hand, the results match well to properties obtained for
GdL? which exhibited a higher r, value (see above). The
OFF—ON relaxivity responses are probably related to the weak
binding of the remote carboxylate group occupying a capping
position in the coordination polyhedron,”” whereas all the
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investigated responsive and model systems (SCA"* and Gd/
EuL'™* respectively) present coordinations that are right on
the edge regarding this particular aspect, thus displaying
different properties depending on other surrounding factors.
Consequently, subtle changes in the ligand structure may favor
the noncoordination of the carboxylate at the apical position.

Protonation of the terminal amine group in the amide side
chain results in a noticeable shortening of the emission lifetimes
(Table 3), which indicates further changes in coordination
properties of EuL'™* and possible decoordination of the amide
group from the metal jon under these conditions. This is
confirmed by the g values obtained from luminescence lifetime
measurements at pH ~6, where the protonated species
dominates the overall solution speciation. The hydration
numbers obtained under these conditions are close to 2, as
expected for complexes with heptadentate DO3A derivatives,
and are in line with observations made with GdL'™* and their r,
values at low magnetic fields (Figure 2). Thus, the repulsive
electrostatic interaction involving the metal ion and the
protonated amine nitrogen atom provokes the decoordination
of the amide group, which reflects directly on the r, values.

Dissociation of the GdL'~* Complexes. Different studies
reported in the past several years demonstrated that the kinetic
inertness of in vivo applied Gd-based agents is more important
than their thermodynamic stability, as slow dissociation kinetics
ensures that the complex remains intact until the excretion
through the kidneys.*® Thus, it is very important to ensure that
SCAs also possess sufficient inertness for their wider and
routine in vivo application. On the other hand, dissociation
kinetics data of the recently reported SCAs based on Gd*" are
scarce.”” For instance, the Caravan group has recently
highlighted that the use of macrocyclic platforms does not
necessarily guarantee the kinetic inertness of the complexes of
DO3A-like ligands. It was also shown that the side arms
attached to the macrocycle can have a noticeable effect on the
rates of dissociation, so that the inertness can decrease upon N-
alkylation despite higher ligand denticity.”® With this in mind,
the dissociation kinetics of the Gd*" complexes formed with the
L'* model compounds was studied, aiming to investigate the
effect of the linear pendant arms bound to the DO3A platform
on the inertness of these complexes.

It is known that dissociation of the metal complexes in vivo
can be promoted either by endogenous metal ions such as Ca*",
Zn**, and Cu® or by endogenous ligands such as citrate,
phosphate, and carbonate."””" Therefore, the characterization of
the kinetic inertness of Gd** complexes is usually carried out
using metal exchange reactions with Zn** (relaxometric
method) or with Cu®* (spectrophotometric method) as
exchanging partners. In these reactions, the competing metal
ion is applied in at least 10-fold excess to ensure the pseudo-
first-order conditions. In our study, the dissociation reactions of
GdL'"* were studied in the presence of high excess (10—40-
fold) of the Cu*" ion (Figure 7 and Figures S19 and S20 in the
Supporting Information).

The rate of such a reaction can be expressed by eq 4, where
ky is the pseudo-first-order rate constant and [GdL],, is the
total concentration of the Gd** complex.

_M = ky[GdL],,

dt (4)

The exchange reactions were executed in the pH range 3-5,
so that the GdL'* complexes are present in solution mainly in
monoprotonated form (Figure 2). The dissociation reactions of
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Figure 7. Dependence of the pseudo-first-order rate constants (k,) on
the concentration of H* ions for the metal exchange reaction between
GdL? (a) and GdL?® (b) complexes and the Cu* ion. The excess of
Cu?* ion was X10-fold (purple O), x20-fold (blue A), X30-fold
(green @), and X40-fold (red M). The solid lines correspond to the
fits of the data as described in the text.

the Gd** complexes can mainly occur via spontaneous, proton-
assisted, metal-assisted and proton—metal-assisted pathways
(Scheme 2).!

Scheme 2. Reaction Mechanisms Responsible for the
Dissociation of Gd*>* Complexes”

K, K
Gd(L) =2 Gd(L)M —2w Gd** + M(L)

KGdHI,

H

k,
Gd** + H,L = Gd(HL)

Gd** + M(L) + H

H
H

KGdHZL

Gd(H,L)

“Charges are omitted for clarity.

The rate constants ky, ky, ki, ky, and ky, characterize the
rates of the spontaneous, proton-assisted, metal-assisted, and
proton—metal-assisted (when the exchanging metal attacks the
protonated complexes) reaction pathways, respectively. In
addition, Kggyr, Kgapa, and Kggy are the protonation
constants of the complexes [Gd(HL)] and [Gd(H,L)] and
the stability constant of the mixed dinuclear complexes
[Gd(L)M], respectively.

Taking into account the different reaction pathways in
Scheme 2 and the equations determining the Kgapr, Kgarar,s
and Kggqpy equilibrium constants, the pseudo-first-order rate
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Table 4. Rate Constants Characterizing the Dissociation of the Gd** Complexes of L'™*, DTPA, DO3A, EAEA-DO3A, and

EAPA-DO3A Ligands®

L' L’ L}
k, (M~ s7h) 04 + 0.1 26 +02 0.53 + 0.02
ky (M7!s7h)
Ko, (M) 106 + 43 466 + 389
ky (M~ s7h) (12 £0.5) x 1073
Kgam M) 100 + 33 39 + 16
ks at pH 6.0° 4% 1077 2.6 x 107¢ 53 x 1077
ti, (s7') at pH 6.0° 4814 73.8 363.3

L* DO3A® DTPA® EAEA-DO3AY EAPA-DO3A?
32401 0.023 0.58 2.6 x 1076 2.1 % 1073
31x10°° 3.5 x 1072
100 3.1 15
0.93
13
32 %107 23 %1078 9.9 x 107¢ 2.6 X 10712 2.1 x 107
60.2 8.4 x 10° 19.5 7.4 X 107 9.2 X 10*

“Conditions: 25 °C, I = 0.15 M NaCl bReference 16. “Reference 51. “Reference 17. “The concentration of the Cu>* used in the calculation was 10

UM.

constant (ky) can be then expressed by eq 5, where Kgay =
[GA(HL)]/[GA(L)][H'], Keamor = [Gd(H,L)]/[Gd(HL)]-
[H+]) Keam = [Gd(L)M]/[Gd(L)][M], ki = kyKgaun b =
kHHKGdHLKGdHZL) ky = knKgaw and ky = kyp Keaime

P kot k[H'] + k[H'T + k[M™] + k,[M"™][H']
’ 1+ Keg [H'] + I<GdH2L[H+]2 + Keam[M™]
(%)

Equation S is a general equation for describing the rates of the
metal exchange reactions. The k; values of the metal
exchanging reactions increase with increasing of the H'
concentration in all cases (Supporting Information), while the
metal-assisted pathway plays a role only in the dechelation
reaction of GdL? (Figure 7). Considering these facts, eq 5 can
be simplified to eqs 6—8 for GdL?, GdL}, and GdL**
complexes, respectively.

ko + k,[H'] + ky[M"]

k=1 + Kogu [H'] + Koy [M™] (6)
= ko + k,[H']

1+ Kggpp [H] + Kggu[M™] (7)
k= ko + k,[H']

1 + Kgg [HY] (8)

The proton-assisted dissociation processes mostly occur by a
proton transfer from a protonated side arm to the nitrogen
atom of the macrocyclic ring, followed by the release of the
Gd*" ion from the coordination cavity. In the metal-assisted
decomplexation reaction, the exchanging metal attacks the
complex directly, forming the dinuclear intermediate [Gd(L)-
M], which dissociates to Gd** ion and a ML complex. The
kinetic parameters were obtained for GAL'™* from the fits of
the k4 values and were compared with those for [Gd(DO3A)],
[Gd(EAEA-DO3A)], [Gd(EAPA-DO3A)], and [Gd-
(DTPA)]*~ that were previously reported in the literature
(Table 4).'7'%>

During the fitting process, k, values characterizing the
spontaneous dissociation were found to be negligible in all
cases, suggesting the insignificant role of spontaneous
dissociation in the dissociation of the monoprotonated
[Gd(HL)] complexes. The values of Kggyy constants for
[GA(L?)] and [Gd(L*)] were lower than their standard
deviation and therefore were omitted during the fitting
procedure. The proton-assisted dissociation rates of [Gd(L")]
and [Gd(L?)] are comparable with that of [Gd(DTPA)]*~ and
one order of magnitude higher than for [Gd(DO3A)]. Both
[GA(L?)] and [Gd(L*)] dissociate a few times faster than

[GA(DTPA)]>*". The faster dissociation of [Gd(L'™*)]
complexes in comparison to [Gd(DO3A)] indicates that the
presence of the amine-containing pendant (protonated under
the used experimental conditions) notably decreases the kinetic
inertness of the corresponding complexes. Obviously, the
presence of an exocyclic amine prone to protonation cannot be
compared with examples of cyclen-based ligands (e.g, Ln**
complexes of DOTA-gly,, DO3A-picolinate, or DO3AP
ligands) where the presence of protonation sites in the
complexes (carboxylate groups) did not result in a notable
acceleration of the dissociation rates.”~

The relatively fast dissociation kinetics of GAL'™* complexes
are obviously related to the presence of a protonation site in the
amide side chain of the ligand, as previously reported for the
Gd** complexes of the aryl-phosphonate derivatives of
DO3A.” Protonation of the amine group of the pendant arm
may promote proton transfer to the macrocycle, forming an
intermediate in which the electrostatic repulsion between the
protonated group and the Gd*' ion triggers complex
dissociation. The relatively low protonation constants
(Kgam) of the [GA(HL"?)] species (Table 4) indicate that
the protonation in these complexes is likely occurring at a
carboxylate group.

The difference in the kinetic inertness of the [Gd(L"?)] and
[GA(L**)] complexes obviously results from the length of the
linker used to tie the pendant arm to the macrocyclic platform.
This is rather interesting, since the amide pendant arm is not
coordinated to the metal ion in the protonated complex (or in
the dinuclear kinetic intermediate [Gd(L)Cu] that forms
immediately upon mixing of the components for L' and L?).
Perhaps the higher flexibility of the propyl linker of L* and L*
facilitates the approximation of the protonated amine group to
an acetate pendant arm, triggering a cascade of proton transfer
events that eventually results in complex dissociation.

The involvement of the dinuclear intermediates in the metal
exchange reactions of GdL' and GdL? suggests the
coordination of the Cu®' ion (formation of the dinuclear
intermediate) to the 2-(methylamino)acetate group. The
transformation of these intermediates to the products of the
reaction (Cu** complex and free Gd**) is hindered, as this
pathway has little effect on the rates of dissociation in the case
of L% whereas it was proved to be a dead-end complex for
GdL".

Owing to the different mechanisms responsible for the
dissociation of GAL'~* complexes, we have calculated their half-
lives (t,/,) of dissociation at pH 6.0 for comparison purposes
(Table 4). The pH for the calculation was selected by keeping
in mind that at pH 6.0 the Gd(HL'™*) complexes are
quantitatively present in solution, while partial deprotonation
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of amine nitrogens occurs near pH 7.4, resulting in the
formation of GAL'™* species. The results obtained show that
the dissociation half-lives (t,,,) of GAL'™* are lower than for
analogous DO3A or DOTA-type complexes but are still higher
than those for [Gd(DTPA)]* (Table 4).

B CONCLUSIONS

Herein we have presented a very detailed characterization of
the thermodynamic stability and inertness of a series of DO3A
derivatives that were designed as model compounds of an
efficient family of responsive MRI contrast agents. However,
these “simple” model systems were found to behave differently
with respect to the parent, responsive probes. For instance, the
longitudinal relaxivities of GAL'™* did not completely match
those observed for SCA analogues, partially as the carboxylate
group present in the amide side arm of GAL' or GdL? is not
involved in the metal ion binding. We also found that
protonation of the side chains of the ligands occurs at a rather
high pH, provoking decoordination of the amide group. The
protonation of the amide group is detrimental to the stability of
the complexes in solution due to the electrostatic interaction
between the protonated amine group and the metal ion.
However, we want to highlight that the constants characterizing
the protonation of the amine group (log Ky = 7.2—8.1) are
higher than the first protonation constant of a EGTA-bisamide
metal binding unit (6.6—6.8),”* which is the typical Ca-binding
moiety present in the responsive chelates. Thus, the Ca-
responsive CAs are likely not protonated under physiological
conditions, which is expected to improve their stability profile.
Moreover, this difference in protonation constants may have
very important consequences on the interaction of the pendant
arm with the metal center and hence the hydration of the
complex and its relaxivity.

The protonation of the amine nitrogen of the pendant arm
also likely triggers proton-assisted dissociation of the
complexes. Nevertheless, dissociation experiments were
performed for the monoprotonated complexes, and one cannot
directly extrapolate these results to the [Gd(L'™*)] complexes,
which are expected to have better dissociation kinetic
properties.

The results obtained for the GAL'™* complexes afforded a
collection of valuable information for the future design of
responsive probes. They also provide clear strategies to
improve the stability profiles of Gd-based MRI contrast agents.
Complexes with better stability profiles should avoid the
presence of basic sites close to the Gd-binding unit, as this is
clearly detrimental to the thermodynamic stability and kinetic
inertness of the complex. While improving these properties is
important for application in humans, the responsive agents
developed in previous works have kinetic profiles likely superior
to that of [Gd(DTPA)]*~ (which is commonly used in clinical
practice) and thus likely they can be safely applied in animal
studies.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Equilibrium Measurements. The chemicals used in the studies
were of analytical grade. The concentrations of metal chloride
solutions were determined by complexometric titration. The GdCl,
solution was prepared by dissolving Gd,0; (Fluka, 99.9%) in 6.0 M
HC], and the excess acid was evaporated off. The concentration of
transition- and alkaline-earth-metal chloride solutions were determined
by complexometric titration with the use of standardized Na,H,EDTA

and xylenol orange (GdCly, ZnCl,), murexid (CuCl,), Patton &
Reeder (CaCl,), and eriochrome black T (MgCl,) as indicators.

The pH-potentiometric titrations were carried out with a Metrohm
827 pH Lab titration workstation using a Metrohm 6.0234.100
combined electrode. The solutions (6.00 mL) were thermostated at 25
°C, stirred, and kept under an inert atmosphere (N,) to avoid the
effect of CO,. KH-phthalate (pH 4.005) and borax (pH 9.177) buffers
were used for the calibration of the electrodes. The concentration of
the ligand solutions were determined by pH-potentiometric titration.
The protonation constants of the ligands and the stability and
protonation constants of the metal complexes formed with Ca*, Mg*,
and Zn*" as well as the protonation constants of the Cu®* complexes
were also determined by pH-potentiometric titration. The metal to
ligand concentration ratios were 1:1 and 2:1, and the concentrations of
the ligands were in the range of 2—4 mM for L' and L* and 1.5-2 mM
for L* and L*. During the titration 200—300 mL:pH data pairs were
recorded between pH 1.7 and 12. For the calculation of [H*] from the
pH values, the Irving method was used by titrating a 0.01 M HCI
solution (I = 0.15 M NaCl) with a standardized NaOH solution.”” The
ion product of water was determined from the same experiment (pH
11.5—12). The protonation and the stability constants were calculated
with the PSEQUAD program.*’

The determination of the stability constants of Cu** complexes was
carried out by means of the UV—vis spectrophotometric method,
because of the high conditional stability of the [Cu(L)] complexes. For
this reason, 9—12 samples were prepared containing 2 mM of
[Cu(L'*)] and various concentrations of acid in the range of 0.05—
1.0 M. The stability constant and the molar absorptivity of the
complexes were determined in the wavelength range of 570—770 nm.
The protonation and stability constants of Cu** complexes were
determined by simultaneous fitting of pH-potentiometric (obtained at
1:1 and 2:1 metal-to-ligand ratio) and UV—vis spectrophotometric
data (obtained at 1:1 and 2:1 metal to ligand ratios (direct titrations)
including out-of-cell samples prepared by using equimolar amounts of
Cu?* and L'™*). The constants were calculated with the PSEQUAD
program.

The stability constants of the Gd** complexes were determined by
measuring the longitudinal relaxation times (inversion recovery
technique) using a Bruker Minispec MQ20 NMR analyzer (20
MHz, 25 °C). A total of 20—25 samples were prepared in the pH
range 3—10, where the concentrations of the complexes were 1.65 mM
for L' and L? and 1 mM for L? and L* in the presence of 0.15 M NaCl
as well as NMP (N-methylpiperazine) and DMP (dimethylpiperazine)
buffers. Because of the slow formation of the Gd** complexes, the
[GA(L'™*)] complexes were prepared as follows: the pH of the ligand
solutions was set to 8.5 followed by the addition of the exact amount
of the Gd** while vigorous stirring was used. After the formation of the
complexes the pH was adjusted to 6. This complex solution was used
to prepare the samples. Over a period of a few days, when equilibrium
was reached, the values of the relaxivity were recorded. The stability
constants were calculated using the relaxivity of the Gd** aqua ion and
the protonation constants of the ligands and the Gd*" complexes.

Kinetic Measurements. The metal exchange reactions of the
[GAH(L'™)] complexes were determined by UV—vis spectropho-
tometry following the formation of the [Cu(L'™*)] complexes. The
reactions were followed at 300 nm in the pH range 3.6—5.3. The
concentrations of the complexes were 0.25 mM for GdL"? and 0.1
mM for GAL>*, while for Cu®* ion concentration a 10—40-fold excess
was used to ensure pseudo-first-order conditions. The temperature was
maintained at 25 °C, and the ionic strength was 0.15 M NaCl. To keep
the pH constant, NMP and DMP buffers were used at 30 mM
concentration. The pseudo-first-order rate constants (k;) were
calculated by fitting the data (absorbance versus time) to the equation

A=Ay —A)e ™ 4+ A, (9)

where A, Ay, and A, are the absorbances at time ¢, at the start and at
the equilibrium of the reactions. The fittings were carried out with the
computer program Micromath Scientist using a standard least-squares
procedure.
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Relaxometric Experiments. The complexes GdL'™* were
dissolved in water, the concentration of stock solutions was
determined using the bulk magnetic susceptibility method,”" and a
series of buffered GdL'™* solutions ranging from 3.0 to 5.0 mM were
prepared at pH 7.4 in HEPES (50 mM). The solutions were
transferred into a S mm NMR tube equipped with a coaxial insert tube
filled with D,O to lock the frequency. The longitudinal relaxation
times were determined using the standard inversion recovery
experiment on a 300 MHz (7 T) Bruker Avance III NMR
spectrometer. The obtained relaxation times were converted into
relaxation rates and plotted as a function of Gd** concentration in
mM. The longitudinal relaxivities of GdL'"* (r, values) were
determined from the slope of the fitted line defined by eq 10, where
R s is the determined longitudinal relaxation rate, R4 is the
diamagnetic longitudinal relaxation rate (R, in the absence of
complex), and [Gd*] is the concentration of Gd** (equal to
concentration of complex) used in the experiment.

Rl,obs = Rl,d + Vl[GdH] (10)

Computational Details. Full geometry optimizations of the EuL"
complexes (n = 1—4) were using the hybrid meta-GGA TPSSh
exchange-correlation functional® and the Gaussian 09 package
(Revision B.01).%® The lar: rge-core relativistic effective core potentials
(LCRECP) of Dolg et al.”* and the related [Ss4p3d]-GTO valence
basis sets were used for Eu. This ECP includes 52 electrons in the core
for Eu®. Since the six 4f electrons are included in the core, calculations
were performed in a pseudo-singlet-state configuration. The ligand C,
H, N, and O atoms were described with the standard 6-31G(d,p) basis.
The stationary points found on the potential energy surfaces as a result
of the geometry optimizations were confirmed to correspond to
energy minima rather than saddle points using frequency analysis.
Solvent effects (water) were evaluated by using the integral equatlon
formalism variant of the polarizable continuum model (IEFPCM),*
implemented in Gaussian 09.
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Bl ABBREVIATIONS

CA = contrast agent

DFT = density functional theory

DO3A = 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid
DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid

DMAE-DO3A = N,N-dimethylaminoethyl-DO3A

DMP = N,N’-dimethylpiperazine

DTPA = diethylenetriamine-N,N,N’,N”,N”-pentaacetic acid
EAEA-DO3A = ethyleneamineethylamide-DO3A
EAPA-DO3A = ethyleneaminepropylamide-DO3A

EDTA = ethylenediaminetetraacetate

EGTA = ethylene glycol-bis(2-aminoethyl ether)-N,N,N',N'-
tetraacetic acid

HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid

IDA = iminodiacetate

MRI = magnetic resonance imaging

NMP = N-methylpiperazine

SAP = square antiprismatic

SCAs = bioresponsive or smart CAs

TACN = 1,4,7-triazacyclononane

TSAP = twisted square antiprismatic
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