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ABSTRACT: We report a detailed study of the thermodynamic stability and dissociation kinetics of lanthanide complexes with
two ligands containing a cyclen unit, a methyl group, a picolinate arm and two acetate pendant arms linked to two nitrogen atoms of
the macrocycle either in cis (1,4-H;DO2APA) or trans (1,7-HsDO2APA) positions. The stability constants of the Gd** complexes
with these two ligands are very similar, with logKgq. values of 16.98 and 16.33 for the complexes of 1,4-HsDO2APA and
1,7-H;DO2APA, respectively. The stability constants of the complexes with 1,4-H;DO2APA follow the usual trend, increasing
from logK s = 15.96 to logK .. = 19.21. However, the stability of [Ln(1,7-DO2APA)] complexes decreases from logK = 16.33 for
Gad®* to 14.24 for Lu®*. The acid-catalyzed dissociation rates of the Gd** complexes differ by a factor of ~15, with rate constants
(k1), of 1.42 and 23.5 Ms? for [Gd(1,4-DO2APA)] and [Gd(1,7-DO2APA)]. This difference is magnified across the lanthanide
series to reach a five orders of magnitude higher k; for [Yb(1,7- DO2APA)] (1475 Ms?) than for [Yb(1,4-DO2APA)] (5.79 x 107
M1sh). The acid-catalysed mechanism involves the protonation of a carboxylate group, followed by a cascade of proton-transfer
events that result in the protonation of a nitrogen atom of the cyclen unit. DFT calculations suggest a correlation between the
strength of the Ln-Ocamoxylaste ONds and the kinetic inertness of the complex, with stronger bonds providing more inert complexes.
The 'H NMR resonance of the coordinated water molecule in the [Yb(1,7-DO2APA)] complex at 176 ppm provides a sizeable
chemical exchange saturation transfer (CEST) effect thanks to a slow water exchange rate (15.9 + 1.6) x 10°s).

INTRODUCTION bas_ed Iumme_scent comp!exes have_ beer! devel_oped for appli-

] ) cation as optical probes in optical imaging or in cellulo stud-

Lanthanide complexes based on the macrocyclic 1,4,7,10- jeg.12-15

tetraazacyclododecane (cyclen) containing different types and Whatever the targeted medical or biomedical application of a
numbers of pendant arms were intensively investigated in the lanthanide complex, the chelate must present a high stability to
last decades due to the important medical and bioanalytical avoid the toxic effects associated to the dissociation of the
applications of their metal complexes.™? For example, gadolin- complex in vivo.1Y" Nowadays it is widely recognised that a
ium complexes of cyclen derivatives are currently Ufed as high kinetic inertness with respect to their dissociation is more
contrast agents in magnetic resonance imaging (MRI),” while important than a high thermodynamic stability of the com-
analogous complexes with other lanthanide ions are currently plex.181° For instance, it has been shown that lanthanide com-
being investigated as paramagieetulzg 17'"9 chemical excha?ogﬁ plexes with cyclen derivatives containing four acetamide
saturation transfer (paraCEST),"> “F"" and paraSHIFT™ pendant arms are extremely inert,2° which allowed their safe in
MRI contrast agents. Furthermore, many lanthanide cyclen- vivo application, 2% in spite of their low thermodynamic
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stabilities compared with those of the carboxylate analogue
DOTA®

We recently reported a series of ligands based on the cyclen
platform functionalized with both acetate and picolinate pen-
dant arms (Chart 1). The first member of this series to be
investigated was H,DO3APA, which forms lanthanide com-
plexes with thermodynamic stabilities and Kinetic inertness
clearly inferior to those of DOTA.** More recently, we also
reported the 1,4-H;DO2APA and 1,7-H;DO2APA ligands,
whose lanthanide complexes were shown to possess some
dramatically different properties in spite of having identical
donor sets.?® For instance, the exchange rate of the coordinated
water molecule in [Gd(1,4-DO2APA)] was found to be three
orders of magnitude faster than that of [Gd(1,7-DO2APA)],
which was attributed to the weak coordination of the inner-
sphere water molecule in the former due to the capping bond
effect.?2" In subsequent works we also showed that Y** and
Gd** complexes of regioisomeric pyclen-based ligands showed
rather different thermodynamic stabilities and dissociation
Kinetics. 22
Chart 1. Structures of the ligands discussed in this work.
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Given the very different exchange kinetics of the coordinat-
ed water molecules observed for the Gd** complexes of
1,4-DO2APA and 1,7-DO2APA, we sought to analyze wheth-
er the different arrangement of the ligand donor atoms around
the Ln® ions also had an effect on the thermodynamic stability
and dissociation kinetics of the complexes. Thus, herein we
report protonation constants of the ligands and the stability
constants of the metal complexes formed with several Ln%
and divalent ions available in vivo (Mg%, Ca*, Zn* and
Cu?). For this purpose, we employed a combination of poten-
tiometric, relaxometric and spectrophotometric measurements.
The dissociation kinetics of the Ln® complexes was investi-
gated by following the exchange reactions of the correspond-

ing complexes with Cu?" at different pH values. A computa-
tional study was performed to gain insight at the molecular
level into the trends observed across the lanthanide series. We
will show for the first time that the rates of dissociation can
vary dramatically across the lanthanide series, and that the
different arrangement of the donor atoms around the metal ion
may result in dissociation rates differing up to six orders of
magnitude. Finally, we report paraCEST studies that provided
the exchange rate of the coordinated water molecule in
[Yb(1,7-DO2APA)].

RESULTS AND DISCUSSION

Ligand protonation constants. The protonation constants
of 1,4-DO2APA* and 1,7-DO2APA?, defined as in egn (1),
were determined using pH-potentiometric titrations in 0.15 M
NaCl. The logK" values are compared with those of
DO3APA* and DOTA* in Table 1.24%

o _ [Hil]
t [Hi—;L][H*]

withi=1,2,...., 5 @)

The protonation constants of 1,4-DO2APA* and
1,7-DO2APA?® are very similar, as expected for two ligands
having identical nature of their protonation sites. The first and
second protonation processes are associated to two nitrogen
atoms of the macrocycle in trans position, which allows a
larger charge separation of the protonated sites.3! The remain-
ing three protonation constants are attributed to the stepwise
protonation of the three carboxylate groups of the ligand or
additional N atoms of the macrocyclic unit. The first protona-
tion constant is two logK units lower than that reported for
DOTA*, which might be related, at least in part, to the higher
negative charge of the latter. The total basicity (ZlogK", i = 1-
4) of 1,4-DO2APA* and 1,7-DO2APA?®* is somewhat lower
than that of DOTA*, but slightly higher than for
DO3APA® (Table 1). The values of the first protonation con-
stants logK;" are significantly reduced on increasing the con-
centration of the background electrolyte from 0.15 M to 1 M
(NaCl), which can be attributed to the formation of relatively
stable Na* complexes with these ligands.?*

Stability constants of the metal complexes. The stability
constants of the Mg?, Ca®* and Zn?** complexes with
1,4-DO2APA®* and 1,7-DO2APA* were determined using
direct pH-potentiometric titrations. The stability constants are
defined as in eqn (2), while the protonation constants of the
complexes are expressed in egn (3):

(ML]
(M][L]

@

Ky =

MH;L
KMHiL = (3)

[MH;—;L][H*]

The two ligands form rather weak complexes with Mg?*
and Ca?, the corresponding stability constants being several
orders of magnitude lower than those of DOTA* and
DO3APA* (Table 1). This comparison should be taken with
caution due to the different ionic strengths used for stability
constant determination. However, the Zn?" complexes present
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thermodynamic stabilities comparable to those of the
DOTA* and DO3APA* analogues. It is noteworthy that the
Ca®* complex of 1,4-DO2APA? is almost four orders of mag-
nitude more stable than that of 1,7-DO2APA®,

The stability constants of the Cu?* complexes could not be
determined by direct potentiometric titrations, as the formation
of a protonated complex was quantitative at the beginning of
the titrations at pH~1.7. Thus, the formation of the complexes
was followed by monitoring the changes of the d-d absorption
bands of the metal/ligand systems as a function of proton
concentration. At pH~1 the two systems present an absorption
band in the visible spectrum at ca. 705 nm (g = 125 Mcm™?)

whose intensity decreases upon increasing proton concentra-
tion (Fig. 1, see also Fig. S1, Supporting Information). Under
these conditions, the absorption spectra are very similar to that
measured for the Cu?:DO3A% system,* suggesting that the
diprotonated form of the complex dominates the solution
speciation at this pH possesses a similar structure. In the case
of [Cu(H.DOTA)],* an X-ray structure evidenced coordina-
tion of the four nitrogen atoms of the macrocycle and two
oxygen atoms of carboxylate groups, while the two uncoordi-
nated arms are protonated.

Table 1. Ligand protonation constants as well as stability and protonation constants of metal complexes of 1,4-DO2APA?®* and

1,7-DO2APA* determined by pH-potentiometry (0.15 M NaCl, 25 °C) and literature data for related systems.

Metals / Ligand 1,4-DO2APA* 1,7-DO2APA* DO3APA*:¢ DOTA*¢
logKy" 10.21(1); 9.44(5)°  10.15(2); 9.25(6)° 9.21 12.09
logK." 9.46(1); 9.55(2)°  9.26(2); 9.32(2f°  8.94 9.76
logKs" 417(2); 4195  4.22(2); 4.29(5)°  4.82 4.56
logK.," 3.65(3); 3.82(4)°  3.25(3); 3.49(4°  3.52 4.09
logKs" 1.95(3); 1.95(3°  2.38(3); 2.41(3F  1.39 -
Ylogki" (i = 1-4)  27.49; 27.00° 26.88; 26.35° 26.49 30.50
Mg logKg. 6.59(1) 7.25(8) 10.44 11.91
|OgKMgH|_ - - 6.89 3.92
|OgKMgH2|_ - - 6.37 -
pM" 6.0 6.0 8.2 6.2
Ca logKcat 12.72(1) 8.96(7) 14.82 17.23
logKcarL 4.28(5) - 459 3.54
logKcara - - 4.32 4.19
pM" 8.8 6.1 12.4 11.1
Cu logKcuL 23.84(3)*¢ 23.52*¢ 23.20 22.25
logK curt 4.10(2) 3.93(3) 4.17 3.78
logK curiat 2.97(1) 2.80(3) 3.31 3.77
|OgK(;uH3|_ - - 1.97 -
th 19.9 19.9 20.8 16.2
Zn logK zn. 19.36(4) 20.23(4) 20.25 21.09
logK zoL 3.92(3) 3.55(3) 4.42 4.18
l0gK znkat 3.28(1) 2.84(1) 3.06 3.52
|OgKZnH3|_ - - 1.98 -
th 154 16.6 17.8 15.0
La logK Lot 15.96(1) 15.26(1) 21.17 21.7"
|OgK|_aHL 2.55
th 12.0 11.6 18.8 15.6
Gd logKcaL 16.98(2), 17.12(2)  16.33(2)%, 2331 24.7' 2539
16.69(2)°
|OgKGdH|_ - - 2.65 -
pM" 13.1 12.7 20.9 18.6
Lu logKLuL 19.6(2), 1921(2)°  15.24(2)%, 22.82 25.4f
14.55(2)°
|OgK|_uH|_ - - 2.48 -
pM" 15.7 11.6 20.4 19.3

2 Determined by simultaneous fitting of pH-potentiometric and UV-vis spectrophotometric data. ® Determined by H relaxometry. ©
Data in 0.1 M KCI from references 24 and 34. ¢ Data in 0.1 M Mes;NNO; from references 30 and 35. ¢ Data determined usinga 1 M
(Cher+Cacr) Tonic strength.  Data in 0.1 M NaCl from reference 38. ¢ Data from reference 39. " pM are defined as —log[M]. for
[M]iot = 1uM and [L]: = 10 pM.
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Figure 1. VIS spectra of the solutions containing nearly equimolar
amounts of Cu?* and 1,4-DO2APA (Ccu2+=2.99 mM, cLig=3.03 mM)
as a function of acid concentration (see inset). The dashed spectrum
corresponds to aqueous Cu?* in 1.0 M NaCl.
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Figure 2. Relaxivity pH profiles of the equilibrated
[Gd(1,4-DO2APA)] (squares) and [Gd(1,7-DO2APA)] (circles)
complexes ([Gd(L)] = 1.5 x 10°° M normalized to 1.0 x 103 M, T =
25 °C, 1 =0.15 M NaCl, B = 0.47 T). The solid lines correspond to
the fits of the data to obtain the stability constants given in Table 2.

The simultaneous analysis of the spectroscopic and potenti-
ometric data afforded the stability and protonation constants
reported in Table 1. The logKcy. values obtained for the com-
plexes of 1,4-DO2APA®* and 1,7-DO2APA® are slightly higher
than those reported for DO3APA** and DOTA*.3%% The corre-
sponding pM values of the complexes containing picolinate
groups are clearly higher than that calculated for the complex
with DOTA*. The speciation diagrams (Fig. S2-S8, Supporting
Information) evidence the formation of protonated complex
species below pH ~ 6. Complex dissociation occurs only at rather
acidic pH values (< pH ~3).

The stability constants of representative Ln® complexes were
obtained by using both pH-potentiometry and the relaxometric
technique (Gd*"),% or by potentiometric titrations only (La®* and
Lu®"). The relaxivity of the [Gd(1,4-DO2APA)] complex meas-
ured at 20 MHz and 25 °C (pH = 4.5) amounts to ry, = 4.2
mM-s?, in good agreement with that reported previously.?® In
the case of [Gd(1,7-DO2APA)] the relaxivity measured in the
same conditions (ry, = 2.7 mMs™) is somewhat higher than that
measured previously without controlling the ionic strength (ry, =
2.0 mMIsh). This is likely due to a faster water exchange of the
coordinated water molecule in 0.15 M NaCl, which is expected
to increase the inner-sphere contribution to relaxivity.*® The

relaxivities of the two complexes increase below pH 4.5 reaching
a value of 13.0 mMs* (Fig. 2) at pH 3, which corresponds to
the relaxivity of [Gd(H.0)s]**.*” The analysis of the relaxivity
data provided the stability constants of the two Gd** complexes,
which turned out to be rather similar (Table 1). The stability
constants determined using relaxometry and pH-potentiometry
are in good agreement. The stability constants determined for the
Gd* complexes resulted to be six-seven orders of magnitude
lower than that reported for [Gd(DO3APA)],** and seven-eight
orders of magnitude lower than the stability constants reported
for [GA(DOTA)].*% This highlights the dramatic effect that
removing one of the carboxylate groups of the ligand causes on
the thermodynamic stability of the complexes. The stability
constants of the complexes with 1,4-DO2APA?® increase across
the lanthanide series from La* to Lu®*, with AlogK =
logKLu - logKiae = 3.2. This trend is observed for most lantha-
nide complexes as a consequence of the increasing charge densi-
ty of the metal ion due to the lanthanide contraction.*°

The stability constants of 1,4-DO2APA®% complexes increas-
es along the series, as usually observed for Ln®* complexes. In
contrast,  the  stability of the complexes  with
1,7-DO2APA?® increases one order of magnitude from La® to
Gd** and then decreases from Gd** to Lu**. This stability trend is
rather uncommon, though has been observed for the complexes
of DTPA®.*t A fully reversed stability trend with the stability
decreasing across the series was also observed for a few systems,
and attributed to the weakening of some Ln**-donor bonds due to
steric constraints.*? As a result, a smaller increase of the overall
electrostatic interaction between the ligand and the Ln® ion
across the 4f period does not compensate the more negative
hydration energies of the lanthanide ions.*

Dissociation kinetics. Both the free metal ion and the ligand
released as a result of complex dissociation are potentially toxic
(the former being more toxic), and thus metal-complexes for
medical applications must have high Kinetic inertness. The inert-
ness of metal complexes with respect to dissociation is often
assessed by measuring dissociation rates under acidic conditions,
sometimes in the presence of Zn?" or Cu?* metal ions as ligand
scavengers. Generally, the dissociation of Gd®* complexes with
cyclen-based ligands such as DOTA* or DO3A® occurs slowly
following the proton-assisted dissociation mechanism, while the
presence of metal ions such as Zn?" and Cu?" in most of the cases
does not affect the dissociation rates.*3

The inertness  of  the [Ln(1,4-DO2APA)] and
[Ln(1,7-DO2APA)] complexes (Ln = La, Gd or Yb) was as-
sessed by studying the rates of the metal exchange reactions
occurring with Cu® ions (Eq 4) at 25 °C by following the for-
mation of the corresponding Cu?* complex at 300 nm (Eq (4)).

LnL + Cu®* S CuL + Ln* ()

Where L denotes either the 1,4-DO2APA%* or
1,7- DO2APA® chelator. In the presence of 10-40 fold excess of
the Cu?*-ion, the transmetallation reaction of the complexes can
be treated as a pseudo-first-order process whose rate can be
expressed by egn (5):



d[LnL]

— = = kqa[LnL], ()
where kq is a pseudo-first-order rate constant and [LnL]; is the
concentration of the LnL species at time t.
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Figure 3. Pseudo-first-order rate constants of dissociation of
[Ln(1,4-DO2APA)] complexes (Ln®* = La* (triangles, shades of
green), Gd* (squares, shades of green) or Yb** (circles, shades of
blue)) as a function of H* ion concentration measured by using a
large excess of exchanging Cu?* ion (for Gd ccye+ = 3.33, 5.95,
9.28, and 11.9 mM corresponding to 11.5, 20.5, 30 and 41 fold
metal excess, respectively; in other Ln®* systems 11 (3.37 mM,
closed symbols) and 31 (10.1 mM, open symbols) fold Cu*
excess was applied).
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Figure 4. Pseudo-first-order rate constants of dissociation of
[Ln(1,7-DO2APA)] complexes (Ln* = La®* (green triangles),
Gd®* (green squares) or Yb® (blue circles)) as a function of H*
ion concentration measured by using large excess of exchanging
Cu? ion (Ccuz+ = 2.02 mM;10.1 fold metal excess). The lines
represent the fits of the data as explained in the text.

The rates of the transmetallation reactions of
[Ln(1,4-DO2APA)] complexes were found to be either directly
proportional to the H* concentration (Ln=La* and Yb%) or
showed saturation-like behavior (Gd**). For all systems studied
an increase in Cu?* concentration was found to slow the dissocia-
tion (Figure 3, see also Figure S9, Supporting Information). For
the [Ln(1,7-DO2APA)] complexes (Ln=La®*" and Gd**) satura-
tion-like behavior was observed with hydrogen ion concentra-
tion, while the Yb® system shows a second order dependence on
hydrogen ion concentration (Fig. 4). The pseudo-first-order rate
constants characterizing the dissociation of the Ln® complexes
formed with the 1,7-DO2APA ligand are independent of the Cu?*

ion concentration and thus Kkinetic experiments were performed
while keeping the Cu® ion concentration constant (20 fold ex-
cess was utilized in all kinetic experiments). The total concentra-
tion of the complexes can be expressed by considering the spe-
cies present in solution under the conditions applied in the kinet-
ic studies. Obviously the majority of the complex is present in its
LnL form, but lowering the pH may result in the formation of
mono- and diprotonated intermediate species (LnHL and
LnH,L), while in the presence of a scavenging metal ion (such as
Cu?* used in the studies), the formation of a dinuclear intermedi-
ate (LnLCu) may occur by involving weakly bound (to Ln®*
ions) or uncoordinated donor atom(s) in Ln** complexes (the
latter complex may even protonate to form a Ln(HL)Cu interme-
diate). These reaction pathways are summarized in Chart 2.

Chart 2. Dissociation mechanisms of LnL complexes.

kCuH 3+
Ln(HL)Cu —— Ln3* + Cu(HL)
4
H* KCuH
' kCu 3
Ln(L)Cu —> Ln°* + Cu(L)
A
Cu2+ KCu
ki
Ln(L) ——> Ln3*+L
1
Ky |[H*
y
ky
Ln(HL) ——> Ln3"+HL
Ky (|H
/ H
kH
Ln(H,L) — Ln3* +H,L

The total concentration of the LnL complexes in kinetic exper-
iments ([LnL]wt) can be expressed as the sum of the concentra-
tions of all the different Ln-containing species present in solu-
tion:

[Ln(L)]¢t = [LnL] + [Ln(HL)] + [Ln(H,L)] + [Ln(L)Cu] +
+[Ln(HL)Cu] (6)

Taking this into account and using egn (5) the following rate
equation is obtained:

d[Ln(L
_% = ka[Ln(L)]uor = kunt [Ln(L)] + ky [Ln(HL)] +
+kH[Ln(H,L)] + key[Ln(L)Cu] + k5 [Ln(HL)Cu] @

The rate constants in egn (7) characterize the rate of the spon-
taneous (Kin.), proton-assisted (ku, kn™), copper-assisted (kcy) and
proton-copper-assisted (Kcun) dissociation pathways. Taking into
account the different reaction pathways shown in Chart 2 and the
equations determining the Kp, Ky, Key and Ke,"' equilibrium
constants, the pseudo-first-order rate constant (kg) can be ex-
pressed by eqn (8):

_ hunu + R [HY] + ko [HY]? + ks [Cu™ ]k, [Cu®*][HT]
471+ Ky [H*] + KJ[HY)? + Kg, [Cu*] + K& [Cu?*][HY]

®)



where Ku=[Ln(HL))/[Ln(L)][H,
KyH=[Ln(H.L)]/[Ln(HL)][H"], Keo=[Ln(L)Cu]/[Ln(L)][Cu],
KCUH:[Ln(HL)Cu]/[Ln(L)Cu][H*], klzkH'KH, kzz kHH'KH'KHH,
Ks=kcu-Kcu, and ks= keu™ K. Eqgn (8) takes into account all the
rational/possible dissociation pathways expected to occur under
the applied conditions. As for other systems, this expression can
be simplified to fit the rate constants determined as a function of
pH (for both systems) and Cu?" ion concentration (for the
complexes of dissociation of 1,4-DO2APA). For instance, the
rate of the spontaneous (ki..) dissociation of complexes with
macrocyclic ligands derived from DOTA* is generally extremely
low, and therefore its accurate determination is very challenging
(for the [GA(DOTA)]" the values lie in the range of 5x1078 to
6.7x107 s1).29% In the present work, we could obtain reliable
data for the rate of spontaneous dissociation only in a few cases
(Table 2). For all other systems the given rate constant was fixed
to 0 during the data refinement. On the other hand, involvement
of the metal ion in the dissociation of 1,7-DO2APA complexes
could not be confirmed and thus the terms characterizing this
pathway (rate constants ke, and ke and equilibrium constants
Kcu and Ke,") were neglected during the data refinement. For the
complexes of 1,4-DO2APA? the value of the pseudo-first-order
rate constant decreases with increasing Cu?" concentration,
indicating that the dinuclear intermediate formed in the reaction
acts as a “dead-end” complex. In agreement with this phenome-
non the data fitting returned the stability constants of the dinu-
clear intermediates (Kcu), but the rate constants of the metal-
assisted dissociation had to be neglected. Altogether, these ob-
servations agree with literature data, where the acid assisted
dissociation (characterized by ki and k, rate constants) was
recognized to be the most important pathway for the dissociation
of Ln® complexes formed with DOTA* and its derivatives.

The rate constants obtained by fitting the kq first-order
dissociation rate constants are presented and compared in Table
2. The results show that the complexes of the two regioisomeric
ligands behave very differently as far as their dissociation
kinetics concerns. The comparison of the k; rate constants shows
that removal of an acetate pendant arm from the
DO3APA* ligand results in a considerable drop in the inertness
of the complexes formed with Ln* ions.** Indeed, the Gd*
complexes of DO2APA3 exhibit rate constants 3-4 orders of
magnitude higher than that of the Eu(DO3APA) chelate. This is
not unexpected, since a similar increase in the rate constants
characterizing the acid-assisted dissociation process can be
observed when the data of Gd(DOTA) and Gd(DO3A) are
compared.®2 More striking are the differences observed when the
data of the two isomeric complexes are compared. The
complexes of the 1,4-regioisomer behave very much like the
majority of the complexes formed with DOTA* and DOTA
derivative ligands: the rate constants of acid-assisted dissociation
decrease with decreasing size of the Ln*' ions. However, the
complexes of the 1,7-regioisomer become considerably less inert
as the size of the Ln® ions gets smaller due to the lanthanide
contraction. As an interplay between the two opposite trends, the
ratios of the k; values of the complexes with the two ligands are
2, 16 and 2.5x10° for the La%*, Gd* and Yb* complexes,
respectively. To the best of our knowledge, the complexes of
1,7-DO2APA?® represent the first example of Ln® complexes
with DOTA derivatives that show an increase in the rate
constants of acid-assisted dissociation across the lanthanide
series. The different trends observed for the complexes of
1,4-DO2APA and 1,7-DO2APA are very likely related to the
labile capping bond effect, which was introduced to explain the
differences in terms of water exchange rates of Gd* complexes
formed with the 1,4- and 1,7-regioisomers investigated here.?

Table 2. Dissociation rate and equilibrium constants characterizing the dissociation of the [Ln(1,4 DO2APA)] and [Ln(1,7
DO2APA)] complexes (1 =0.15 M NaCl, 25 °C, Ln = La, Gd or Yb) and related systems provided for comparison.

Metal (M) / Ligand 1,4-DO2APA™? 1,7-DO2APA*?  DO3APA*P DOTA*°
0.15 M NaCl 0.15 M NaCl 0.1 M KCI 0.15 M NaCl
La®* ko, s 3.1(7)x10° - - -
ki, M5 6.02(5) 12.2(7) 2.40x10°% (Ce*)  8.0x10"(Ce*)
ko, M2 - 7(2)x10° - 2.0x10° (Ce*)
Ku - 3.5(7)x10* - -
Ky 12(1) - _ _
Gd** ko, s 5.8(6)x10° - - 6.7x10%;
<5x10°%; ©
5.8x10%° (37
oc);f
ki, M5t 1.42(4) 23.5(5) 1.56x10° (Eu*)  1.8x10%; ¢
8.4x10%; °
2x10° (37 °C);
ko, M2 - 2.1(3)x10° 4.8x10* (Ev*) -
K 7.9(9)x10? 2.0(3)x10* - -
Keu 6(2) - - -
Yb3 ko, 51 1.0(5) x107 - - -
ki, M5t 5.8(3)x10° 1.48(7)x10° 2.79x10° -
ko, M2 - 6(1)x10° - -
Ky - - - -
Keu 13(8) - -

2 This work. Values within parenthesis represent the statistical errors of the fits in the last significant digits. ® Data from Ref 24. ¢ Data
from Ref 46. ¢ Data from Ref 32. ¢ Data from Ref 45. " Data from Ref 43.



Complexes with regioisomeric ligands derived from a pyclen
platform were also found to present significant differences in
terms of kinetic inertness.®2° However, the amplitude of the
differences in the dissociation rates are considerably less
pronounced for the pyclen derivatives. Furthermore, pyclen
derivatives present k; values four orders of magnitude lower.
This can be rationalized in terms of different rigidity of the
parent macrocycles (cyclen vs. pyclen). The pyclen
macrocycle is considerably more rigid than cyclen, and thus
the energy cost required to rearrange the complex structure
during the dissociation process is expected to be higher for the
more rigid pyclen derivatives.
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Figure 5. CEST spectra of [Yb(1,7-DO2APA] in H,O (15
mM, pH 7, saturation time 10 s) recorded using different
saturation powers at 25 (top) and 37 °C (bottom).

The Z-spectra (25 °C, saturation time 10 s) recorded from a
15 mM solution of [Yb(1,7-DO2APA)] present a prominent
CEST feature at 176 ppm that is already visible at low satura-
tion powers (3% at B; = 5 uT) and reaches 33% at B; = 30 uT
(Fig. 5). The CEST peak becomes broader and shifts to 162
ppm at 37 °C (29% at B, = 30 uT, Fig. S10, Supporting Infor-
mation). The analysis of the CEST spectra using Bloch equa-
tions®® provides a ke?® value of (15.9 + 1.6) x 10° s™. This

value is similar to that estimated for the Gd** analogue using
!H NMRD and YO NMR measurements (kex*® = 8.8 x 10°
s1).22 Water exchange is faster at 37 °C with a ke ' value of
(51.6 + 0.9) x 10° s*. Thus, CEST experiments confirm the
very slow water exchange of the coordinated water molecule
in [Ln(1,7-DO2APA)] complexes, as a result of a strong
Ln-Owaeer interaction. Slow water exchange rates were also
reported recently for [Ln(AAZTA)(H:O)]" (Lh = Tm, Yb)
derivatives in spite of their negative charge.** These results
represent another evidence that positively charged Ln®* com-
plexes (or their derivatives) are not a prerequisite to achieve
slow water exchange rates, useful for the design of paraCEST
agents.

CEST studies. Chemical exchange saturation transfer experi-
ments allow estimating the exchange rates of protons in slow-
to-intermediate exchange with bulk water.® Among the
different Ln® ions, Yb® induces relatively large pseudocon-
tact shifts without extensive line broadening due to paramag-
netic relaxation effects.®*52 In a previous work, we showed
that the coordinated water molecule present in
[Gd(1,7-DO2APA)] shows a very low water exchange rate.®
Thus, we performed CEST experiments using the Yb** ana-
logue to assess the water exchange rate of the coordinated
water molecule and provide further experimental evidence of
the labile capping bond phenomenon.

Computational study. The unusual variation of the stability
constants and dissociation rate constants across the lanthanide
series prompted us to perform a computational study to gain
insight into the structural origin of these effects at the molecu-
lar level. The structures of the [Ln(1,4-DO2APA)(H.0)]-2H,0
and [Ln(1,7-DO2APA)(H,0)]-2H;0 systems (Ln = La, Gd or
Yb) were optimized at the TPSSh/LCRECP/6-31G(d,p) level
following the methodology described before®® (see also com-
putational details below). The model systems investigated
include two second-sphere water molecules, which were found
to be crucial to provide a good description of the environment
around the coordinated water molecule.® These water mole-
cules are involved in hydrogen-bonding interactions with the
inner-sphere water molecule and oxygen atoms of carboxylate
groups, but they do not coordinate to the metal ion. Our previ-
ous relaxometric and luminescence study pointed to the pres-
ence of a hydration equilibrium in [Gd(1,4-DO2APA)] involv-
ing a nine-coordinated species with an inner-sphere water
molecule and an eight-coordinated species lacking the coordi-
nated water molecule.> We therefore initiated the computa-
tional study by exploring the potential energy surface of the
[Ln(1,4-DO2APA)(H,0)]-2H,0 systems (Ln = La, Gd or Yb)
by increasing the distance between the metal ion and the oxy-
gen atom of the coordinated water molecule. The correspond-
ing relaxed potential energy surface scans are shown in Fig. 6.
Our results indicate that the hydrated species is clearly more
stable for the La® complex, while the situation is reversed for
Yb*. In the case of the Gd* complex the q =1 and q = 0
species (g is the number of coordinated water molecules)
present very similar energies, which is in nice agreement with
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the hydration number of q = 0.55 estimated from the analysis
of 'H NMRD and O NMR data.?®
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Figure 6. Relaxed potential energy surface scans computed
for the [Ln(1,4-DO2APA)(H,0)]-2H,0 systems (Ln = La, Gd
or Yb) by increasing the distance between the lanthanide ion
and the oxygen atom of the coordinated water molecule in
steps of 0.1 A.

Fig. 7 presents the optimized geometries of the
[Yb(1,7-DO2APA)(H,0)]-2H;0 and
[Yb(1,4-DO2APA)(H-0)]-2H,0O complexes and the number-
ing scheme adopted for the donor atoms of the ligands. The
[Yb(1,7-DO2APA)(H.0)]-2H,0 complex presents a capped
square antiprismatic coordination geometry in which an oxy-
gen atom of the picolinate group (O3) occupies the capping
position. The steric compression around the capping position
results in a rather long Yb-O3 distance (2.385 A) compared to
the distances involving the oxygen atoms of acetate groups
(Yb-O1 =2.278 A; Yb-02 = 2.320 A). This is in line with the
capping bond effect introduced recently by our group.?>?% In
[Yb(1,4-DO2APA)(H.0)]-2H,0, the capping position is oc-
cupied by the coordinated water molecule, which presents a
very long Yb-Olw distance (2.483 A) compared to that ob-
tained for the 1,7-DO2APA derivative (2.390 A). As a result,
the most stable for of the Yb®" complex with 1,4-DO2APA
does not contain a coordinated water molecule. Thus, the
change in hydration state on going from the La®* complex
(9=1) to Yb** (g=0) is a direct consequence of the steric com-
pression around the capping water binding site. In
[Ln(1,7-DO2APA)(H.0)]-2H,O complexes the coordinated
water molecule occupies a coordination position in the upper
square plane of the SAP coordination polyhedron, and thus
remains tightly bound throughout the lanthanide series from
La®* to Yb®".

The bond distances of the metal coordination environment in
lanthanide complexes generally decrease across the lanthanide
series due to the lanthanide contraction.’” As a consequence,
an analysis of the strength of the Ln-donor bonds in terms of
bond distances is not straightforward. Thus, we calculated the

electron densities at the critical points of the Ln-donor bonds
(pece), Which have been shown to provide a measure of the
strength of the concerned bonds.?*2” The results of this analy-
sis are presented in Fig. 8 (see also Table S1, Supporting In-
formation). The Ln-O bonds involving carboxylate groups
present higher pgce values than the Ln-N bonds, as would be
expected considering the hard nature of the Ln** ions in Pear-
son’s classification. All Ln-donor bonds are characterised by
positive values of the Laplacian of the electron density at the
bond critical points (VZpgce, Table S1, Supporting Infor-
mation) and pace Values well below 0.2 au. This indicates that
the electron density is locally depleted at the bond critical
points, pointing to ionic interactions.*®% The electron densities
of the critical points at the Ln-Owaer bonds are higher for the
complexes of 1,7-DO2APA?, which is in agreement with the
slow water exchange rate measured for the Gd** complex.?5%

For the [Ln(1,7-DO2APA)(H-0)]-2H,0 complexes, the pece
characterizing the donor atoms delineating the upper plane of
the square antiprism (O1, O2 and Olw) increase across the
lanthanide series, which indicates that the concerned bonds
become stronger as a result of the increased positive charge
density of the metal ion. However, the Ln-O3 bond, which
involves the oxygen atom of the picolinate group, weakens
across the lanthanide series due to an increasing compression
around the capping bond. Thus, the weaker interaction of the
metal ion with the picolinate oxygen atom appears to be re-
sponsible for the decrease in complex stability for the smaller
Ln® ions. The same effect is likely responsible for the increas-
ing acid-catalyzed dissociation rates observed across the 4f
period. The acid-catalyzed dissociation of the complex pro-
ceeds through the formation of a protonated species involving
negatively charged carboxylate groups of the ligands. Once
protonated, a cascade of proton transfer events causes the
protonation of the more basic amine nitrogen atoms, provok-
ing complex dissociation. The relatively weak coordination of
the picolinate group likely facilitates its decoordination upon
protonation, so that the proton can be more easily transferred
to the amine nitrogen atoms.

The trends obtained for the pgcp values in the complexes of
1,4-DO2APA? indicate that all Ln-O bonds involving the
carboxylate groups of the ligand become stronger across the
lanthanide series, explaining the increasing stability of the
complexes as well as the increasing kinetic inertness with
respect to complex dissociation. The astonishing increase of
the kinetic inertness on going from Gd®* to Yb® is the result of
the more compact structure of the complex associated to the
reduced coordination number in the g = 0 Yb* complex. The
coordinated water molecule in the complexes with
1,7-DO2APA becomes more tightly bound across the series,
while the reverse situation is observed for the analogues of
1,4-DO2APA.



Figure 7.

Optimized
[Yb(1,4-DO2APA)(H.0)]-2H,0 (@) and
[Yb(1,7-DO2APA)(H.0)]-2H,0 (b) systems obtained with
DFT calculations.
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Figure 8. Electron densities at the bond critical points (pgce)
involving Ln-O bonds in [Ln(1,4-DO2APA)(H;0)]-2H,0 (Ln

= La, Gd), [Yb(1,4-DO2APA)] and
[Ln(1,7-DO2APA)(H.0)]-2H.O (Ln = La, Gd, Yb)
complexes.

CONCLUSIONS

We have presented a detailed analysis of the thermodynamic
stability and dissociation kinetics of lanthanide complexes
with two cyclen-based regioisomeric ligands. The two series
of complexes present different stability trends across the lan-
thanide series: The complexes of 1,4-DO2APA show the
typical increase in stability across the series, while the stability
of the 1,7-DO2APA analogues decreases on going from Gd®*
to Lu®". The rates of dissociation of 1,4-DO2APA complexes
decrease slightly from La3 to Gd** and then drop dramatically
for the Yb** complex, an effect that is related to a more tight
coordination of the ligand, associated to the higher positive
charge density of the metal ion and a reduced coordination
number.

The rates of dissociation of the complexes with 1,7-
DO2APA show an unprecedented increase on moving to the
right along the lanthanide series. DFT studies show that this is
likely related to the coordination of the picolinate oxygen
atom at the sterically demanding apical position. The coordi-
nation of the picolinate group becomes weaker on decreasing
the ionic radius of the Ln®" ion, facilitating the decoordination
of this group upon protonation. The coordination of the pico-
linate oxygen atom at the apical position leaves the water
molecule tightly coordinated at the upper square plane of the
square antiprismatic coordination polyhedron. As a result, the
coordinated water molecule exhibits a low exchange rate with
bulk water, as demonstrated by CEST experiments for the
Yb* complex. While the low kinetic inertness of this complex
precludes any potential application as MRI contrast agent, this
result shows that the slow water exchange rates required for
CEST agents may be attained placing water molecules at non-
capping positions.

In summary, the arrangement of the donor atoms of the lig-
and around the Ln® ion plays a crucial role in the thermody-
namic and kinetic properties of the complexes. We have
shown that dissociation rates may vary up to three orders of
magnitude across the lanthanide series. This unprecedented
observation shows that the kinetic inertness of a complex may
not be assured when one lanthanide ion is changed by another.
Furthermore, the rates of dissociation of lanthanide complexes
may vary by up to six orders of magnitude by changing the
arrangement of the donor atoms around the metal ion. These
issues must be carefully considered in ligand design in addi-
tion to the number and type of donor atoms.

EXPERIMENTAL  AND
SECTION

Equilibrium Measurements. The metal salts and other
materials used in equilibrium experiments were of the highest
analytical grade. Standardized Na,H,EDTA was used to
determine the concentration of the MgCl,, CaCl,, CuCl,,
ZnCl; and LnCls solutions by complexometric titration in the
presence of eriochrome black T (MgCl,), Patton & Reeder
(CaCly), murexid (CuCly,) and xylenol orange (ZnCl, and
LnCls) as the indicators.

COMPUTATIONAL



The concentration of the ligands was determined by pH-
potentiometric titration in the presence and absence of a large
excess of CaCl,. To obtain the protonation constants of
1,4-DO2APA* and 1,7-DO2APA* acidified (HCI) ligand
solutions (2 mM) were titrated with 0.15 M NaOH in the pres-
ence of 0.15 M NacCl as ionic strength. The stability and pro-
tonation constants of the Mg*, Ca%, Cu® (by using 1.0 M
ionic background for this particular system) and Zn* com-
plexes were determined by pH potentiometric titration where
the metal to ligand ratios were 1:1 using 1.7 mM ligand con-
centration (100-200 V(mL) NaOH - pH data pairs were rec-
orded). The pH-potentiometric titrations were carried out with
a Metrohm 888 Titrando workstation with the use of a
Metrohm 6.0234.100 combined electrode in the pH range of
1.70-11.80. For the calibration of the pH meter, KH-phtalate
(pH = 4.005) and borax (pH = 9.177) buffers were used. The
titrated samples (6 mL) were thermostated at 25 °C and me-
chanically stirred under inert atmosphere (N2). The method
proposed by Irving et al.%° was used to calculate the H* con-
centrations from the measured pH values. The Irving factor
and the ion product of water (pK,=13.75) was determined in
the same HCI — NaOH titration experiment. In the case of the
Cu?" complexes pH-potentiometry was supported by spectro-
photometric measurements performed on batch samples, since
the formation of protonated Cu?" complexes was found to be
quantitative even near pH=1.5 (thus only the deprotonation
events of the complexes could be characterized in the pH
range of 1.70-11.80). The absorbance spectra were recorded
with a Cary 100 Bio spectrophotometer at 25 °C, using 1.0 cm
cells. For determining the stability constants of the Cu?* com-
plexes 8 separated samples were prepared with different acid
concentrations (in the acid concentration range of 0.01 — 0.70
M) and the absorbance data measured at 7 wavelengths in the
650 - 800 nm range were used for the calculations. In these
experiments, the ionic strength of the samples was setto 1.0 M
(cHCI+cNaCl=1.0 M), and thus the protonation constants of
the ligands were also determined under the same conditions
(Table 1). Beside the pH-potentiometric data, the measured
absorbance and molar absorptivity data determined inde-
pendently were taken into account to determine the equilibri-
um constants.

Due to the relatively slow formation of the Ln®" complexes,
the so called "out-of-cell" technique was utilized to determine
their stability constants. Samples with total volume of 2.50 mL
containing the Ln® ion (2 mM) and the ligand (2 mM) were
prepared in the pH range of about 3.0 — 6.5. The ionic strength
in the samples was set to 0.15 M by using NaCl. The closed
samples were kept at 25 °C for 4 weeks to reach the equilibri-
um and then their pH and relaxivity (for the Gd®*" complexes)
were measured. These data allowed determining the stability
constants by using the pH-potentiometric (by knowing the acid
concentration of the samples and their pH at equilibrium) and
'H relaxometric method (by using the pH and the relaxivities
of the samples). These two sets of data were fitted simultane-
ously.

The equilibrium constants have been calculated from the ti-

tration data with the program PSEQUAD..®

Kinetic studies. The rates of the dissociation of the Ln®*
complexes in metal exchange reactions taking place with the
Cu?" ion were studied by spectrophotometry at 300 nm in
thermostated cells (1.0 cm, 25 °C) with Cary 100 Bio
(1,4-DO2APA*) and Jasco V770 (1,7-DO2APA*) spectro-
photometers in the presence of 0.15 M NaCl. The concentra-
tion of the [Ln(1,4-DO2APA)] and [Ln(1,7-DO2APA)] com-
plexes was 0.3 mM and 0.2 mM, respectively. The Cu®" ion
was used in 10- to 40-fold excess for the [Ln(1,4-DO2APA)]
complexes, while a 10-fold excess was applied in the case of
[Ln(1,7-DO2APA)] complexes. A non-coordinating buffer at
0.05 M concentration was used to keep the pH constant (DMP:
1,4-dimethylpiperazine, pK.=4.17). The exchange reactions
were studied in the pH range 3.4-5.0. For the calculation of the
pseudo-first-order rate constants (kq), the absorbance values
measured at different t times were fitted to the following equa-
tion:

At = (AO - Ae)e_kdt + Ae (7)
where Ao, A; and A. are the absorbance values measured at the
start, at time t and at equilibrium, respectively.

Relaxometric measurements. Measurements of longitudi-
nal relaxation times (T.) were performed by using a Bruker
Minispec MQ-20 NMR Analyzer operating at 0.49 T (corre-
sponding to 20 MHz proton Larmor frequency) at 25.0+0.2 °C
(set by a circulating water bath). The T, values were deter-
mined with the inversion recovery method (180° — t — 90°) by
averaging 4-6 data points obtained at 10 different z delay
values.

NMR studies. CEST spectra have been recorded at 25 and
37 °C, at diverse radiofrequency fields (B: = 2.5, 5, 10, 15, 20,
25 and 30 uT) on a Bruker Advance 300 MHz spectrometer.
Z-spectra of 15 mM complex aqueous solutions were per-
formed using a saturation time of 10 s and a 2 ppm frequency
resolution. The pH of the solution was adjusted to pH 7.0 by
adding 0.01 to 0.1 M NaOH or HCI solutions. The exact con-
centration of the solutions was determined by elemental analy-
sis of the complexes.

DFT calculations. Full geometry optimizations of the
[Ln(1,4-DO2APA)(H20)]-2H.0,
[Ln(1,7-DO2APA)(H.0)]-2H,0 (Ln = La, Gd or Yb) and
[Yb(1,4-DO2APA)] systems were performed employing DFT
calculations at the TPSSh/LCRECP/6-31G(d,p)% level with
the Gaussian 09 package (Revision E.01).5® LCRECP refers to
the large-core quasi-relativistic pseudopotential of Dolg el al.
and its associated (7s6p5d)/[5s4p3d]-GTO valence basis set.5
Solvent effects were included by using the polarizable contin-
uum model (PCM), in particular the integral equation formal-
ism (IEFPCM) variant.%5 No symmetry constraints have been
imposed during the optimizations. An ultrafine integration grid
and the default SCF energy convergence threshold (10 a. u.)
were used. The stationary points found on the potential energy
surfaces as a result of geometry optimizations were character-
ized via frequency analysis. The electron density (p) and its
Laplacian (V2p) at the bond critical points (BCPs) were com-
puted with the Multiwnf program (version 3.2).%
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The arrangement of the ligand donor atoms around the lanthanide ion provokes dramatic differences in
the thermodynamic stabilities and dissociation kinetics of lanthanide complexes, as demonstrated by
investigating the complexes with two isomeric cyclen-based ligands, containing a picolinate arm and

two acetate arms either in positions 1,7 or 1,4 of the macrocyclic structure.
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