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Enhanced relaxivity of Gd"'-complexes with
HP-DO3A-like ligands upon the activation of the
intramolecular catalysis of the prototropic
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Gadolinium(i) complexes have been employed for more than 30 years as contrast agents in magnetic
resonance imaging (MRI). In order to further improve the diagnostic accuracy of enhanced magnetic
resonance images or to provide comparable enhancement at a reduced administered dose, current
research is focusing on the development of Gd"-complexes characterized by higher relaxivity. In this
study we describe the synthesis and the equilibrium, kinetic, relaxation and structural properties of two
new Gd"-complexes based on modified 10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid (HP-DO3A) structure which, due to an intramolecular prototropic exchange, display more
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Introduction

Magnetic Resonance Imaging (MRI) is one of the most power-
ful in vivo diagnostic techniques currently employed in clinical
practice. Acquired MR images are essentially proton signal
intensity maps that reflect the distribution of water molecules
within the investigated anatomical regions." MRI has several
advantages over other imaging techniques such as computed
tomography (CT), ultrasounds (US), single-photon emission
computed tomography (SPECT) and positron emission tom-
ography (PET). Among these advantages are high spatial
resolution and temporal resolution, absence of ionizing radi-
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than two-fold higher relaxivity compared to currently available Gd"'-based MRI contrast agents.

ation, deep tissue penetration and the possibility to acquire
three dimensional (3D) anatomical images. Moreover, the
administration of an exogenous contrast agent permits the
addition of functional information to the already superb ana-
tomical information available, enabling more accurate diag-
noses to be made.” The contrast agents currently available on
the market are based primarily on the paramagnetic ion gado-
linium (Gd™).* Although other paramagnetic metal ions such
as manganese (Mn") and iron (Fe"™") have been utilized in con-
trast-enhanced MRI procedures, Gd"' is the preferred para-
magnetic ion because its seven unpaired electrons and long
electronic relaxation time present optimal relaxometric pro-
perties.* In gadolinium-based contrast agents (GBCAs) Gd"-
ion is coordinated with acyclic or cyclic polyaminopolycar-
boxylic chelating agents such as diethylenetriaminepentaacetic
acid (DTPA)® or 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
acetic acid (DOTA) to render them safe for in vivo
administration.®

The efficacy of a GBCA is determined by its relaxivity, which
is a measure of the agent’s ability to shorten the relaxation
time of water protons in its immediate environment. All the
commercial GBCAs have one coordinated water molecule (g =
1) and their longitudinal r, relaxivity values in plasma range
between approximately 3.6 and 7.9 mM " s' at 1.5 T and
37 °C.” GBCAs have been used in more than a third of all MRI
procedures for more than three decades and have an excellent
safety profile in terms of immediate adverse events.®
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Unfortunately, certain GBCAs have been associated with an
extremely debilitating, often fatal, disease called nephrogenic
systemic fibrosis (NSF) in patients with pre-existing severe
renal problems® More recently, an additional source of
concern has come from the discovery that gadolinium is
retained in the brain and body tissues of patients into whom
GBCAs are injected.’ Although no clinical signs or adverse
clinical symptoms other than NSF have yet been associated
with retained Gd, the phenomenon has been observed to a
greater or lesser extent with all GBCAs, even after just a single
administration.’

Because GBCAs are indispensable for current MRI pro-
cedures, there is renewed focus on the design of agents with
enhanced relaxivity which can be used at lower doses than
those GBCAs currently approved for clinical use. An example of
a newer GBCA is gadopiclenol,'"® a novel macrocyclic GBCA
based on the 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1
(15),11,13-triene-3,6,9-triacetic acid (PCTA) chelating struc-
ture."" Unlike currently available GBCAs, gadopiclenol coordi-
nates two water molecules (g = 2) and has an r; relaxivity of
12.8 mM " s™' at 1.41 T in human serum at 37 °C."°

In looking to develop new higher relaxivity GBCAs, rather
than designing and synthesizing new coordinating chelates,
we chose to explore the possibility to modify the substituent
on the hydroxypropyl arm of an existing GBCA (Gd(HP-DO3A),
gadoteridol). GA(HP-DO3A) is known to have high in vivo stabi-
lity and low toxicity.”> To this end, we designed two new
HP-DO3A derivatives (L; and L,, Scheme 1) characterized by
the following features: (1) a macrocyclic HP-DO3A chelating
structure to ensure good in vivo stability; (2) the presence of a
benzyl residue to enable non-covalent binding to biological
macromolecules; (3) a network of functional groups able to
accelerate the prototropic exchange involving the hydroxyl
group of HP-DO3A.

Increased relaxivity of a GBCAs bearing an aromatic ring is
a well-known phenomenon.” A good example is gadobenate
dimeglumine (MultiHance)"* which shows remarkably higher
ry relaxivity in plasma compared to water due to interaction of
the benzyloxymethyl side-chain with albumin."® The intra-
molecular catalysis of the proton exchange of the coordinated
hydroxyl group of Gd(HP-DO3A) still remains a task of con-
siderable importance to attain GBCAs with enhanced relaxiv-

o
HOOC\/ \N/\’( HooC™N /™ /\XL NHz Hooc N/ 1\ /\Q
OH NN NN OH
J (, J [, J
N NN

Hooc—™N__M_coon Hooc N MN_coon  Hooc N N_coom
HyPh-HP-DO3A

H;HP-DO3A HsHPA-DO3A
Hooc—\, /" \/~COOH HooC—\,/~ \ /~COOH

N N
G Jo O (J o
Hooc— "\ / \/K/ Hooc— "/ \/K/H

N
Halg \—PO3zH, HsL,

H,03P

Scheme 1 Structures of the ligands Hsl;, HslL, HsHP-DO3A,
HsHPA-DO3A and HzPh-HP-DO3A. (*) shows the stereogenic centers.
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ity."® Herein we report the synthesis of HP-DO3A derivatives L,
and L,, together with the thermodynamic, kinetic, relaxation
and structural features of novel GdL; and GdL, complexes.

Results and discussion

Synthesis

To modify the hydroxypropyl chain of the HP-DO3A ligand, we
identified the bifunctional chelating agent (BFCA)'” 1 as a ver-
satile key intermediate, owing to the presence of the reactive
primary amine. The synthesis of gadolinium complex GdL;
was achieved in four steps (Scheme 2). Compound 1 was pre-
pared according to a literature procedure'® and N-benzylated
by reaction with benzaldehyde; the intermediate imine, not
isolated, was directly reduced with sodium borohydride to the
secondary amine 2. Reaction of the latter with paraformalde-
hyde and tri-t-butyl phosphite'® at 70 °C for 6 h leads to the
phosphonate ¢-butyl ester 3, which is then finally and exhaus-
tively deprotected by treatment with trifluoroacetic acid. The
chelating agent L, was then reacted with GdCl; in aqueous
solution to give the desired complex GdL;.

GdL, was synthesized by reacting compound 1 with 3-phe-
nylpropionaldeyde and diethylphosphite at 80 °C for 8 h to
give the phosphonate ester 4. This was then deprotected by
sequential treatment with bromotrimethylsilane and trifluor-
oacetic acid. Final complexation of the chelating agent L, with
equimolar GdCl; gave complex GdL,. Both complexes were
desalted and purified by adsorption and elution on a poly-
styrene type resin.

Thermodynamic properties of GdL; and GdL, complexes

The Gd™-complexes used as contrast agents in MRI investi-
gations must have high thermodynamic stability to prevent the
transmetallation or transchelation reactions with the endo-
geneous metal ions (e.g. Zn", Cu", Ca™ and Fe™) and chelating
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Scheme 2 Synthesis of gadolinium complexes GdlL; and GdL,.
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compounds (e.g.: phosphate, carbonate, lactate, amino acids, pro-
teins, etc.).”* In addition, knowledge of the equilibrium pro-
perties that characterize the protonation/deprotonation of the
Gd™ complexes formed with HP-DO3A derivatives is crucial to
understand the intramolecular proton exchange processes.'® The
stability and protonation constants of the Ca™, zn™, Cu™ and
Gd™-complexes of L, and L, ligands were determined by pH-
potentiometry, "H NMR relaxometry (Fig. S31) and spectropho-
tometry (Fig. S47). To calculate the stability constants, the proto-
nation constants of the L, and L, ligands (Table S1}) obtained by
pH-potentiometry and NMR spectroscopy (Fig. S1 and S27) were
used. The log Ky, values are summarized and compared with
those of the corresponding metal complexes formed by HP-DO3A
and HPA-DO3A in Table 1 and Table S3.f The experimental
details, as well as the definitions and equations used to obtain
the equilibrium data, are summarized in ESL}

The log Ky, values of the Gd™-, Ca™, Zn™- and Cu™L, , com-
plexes (Table 1) are about 2-4 log K unit smaller than those of
the corresponding HP-DO3A complexes but very similar to those
of the HPA-DO3A complexes (Scheme 1). To approach the physio-
logical conditions, we adjusted the ionic strength to 0.15 M with
NaCl. It is well known that the protonation constants of ligands
in 0.15 M NaCl solution are lower than those determined in 0.1
M KCl or 0.1 M Me,NCl solutions. The largest difference between
the log K values obtained in NaCl and KCl or Me,NCI solutions
has been determined for macrocyclic ligands which form rela-
tively stable complexes with Na’ ion (10g Knapora) = 4.38).
Consequently, the equilibrium constants of the metal-complexes
formed with L, , in 0.15 M NaCl solution are presumably smaller
than they would be in 0.1 M KCl, or Me,NCI. Similar log Kgqr,
values for GdL,, and Gd(HPA-DO3A) obtained at 25° in 0.15 M
NaCl solution might be explained by the comparable but minor
role of the coordinated alcoholic ~OH group in the Gd™ - ligand
interaction. Interestingly, the log Kyuy values of GdL,, com-
plexes characterize the protonation of the remote basic phosho-
nate -O~ and the amino N donor atoms are smaller than those
of the free L,,, which might be explained by the electrostatic
repulsion between the Gd™-coordinated ~OH group and the pro-
tonated basic phosphonate ~OH and amino NH' moieties of the
pendant arm. On the other hand, whereas the protonation con-

Table 1 Stability and protonation constants of Ca'-, Zn'-, Cu"- and
Gd"'-complexes formed with Ly, L,, HP-DO3A, HPA-DO3A (25 °C)

L, L, HP-DO3A" HPA-DO3A”
1 0.15 M NaCl 0.1 M Me,NCI 0.15 M NacCl
CalL 11.53(3)  11.14(4)  14.83 12.13
ZnL 16.86(4)  16.94(3)  19.37 17.18
dcuL 20.99(7)  20.49(1)  22.84 21.53
GdL
Relax. 19.93(7)  19.16(9)  23.8 18.41
pHpot.  20.25(4)  19.66(8)
GdHL 7.36 (1) 7.98 (3) — —
GdH,L 4.00 (2) 4.49 (4) — —
GdLH_, 12.31(1)  11.56(2)  11.31° 6.73
“Ref. 21. PRef. 16d. °Ref. 16b (0.15 M NaCl, 25 °C).
4 Spectrophotometry.
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stant of the alkoxide ~O~ group (log Kgarx_,) of the GdL, complex
is comparable to that of Gd(HP-DO3A), the log Kgary , value of
GdL, is significantly higher. The higher log Kgar , value of the
GdL; complex might be explained by the H-bond formation
between the remote tertiary amino N donor atom and the co-
ordinated -OH group. The logKgay , value of the Gd
(HPA-DO3A) complex that characterizes the protonation of the
alkoxide -O~ group is significantly smaller than that of GdL,,
and Gd(HP-DO3A) due to the presence of the strong electron
withdrawing amide group on the hydroxyl-ethyl pendant arm."*

Kinetic inertness of GdL; and GdL,

The kinetic inertness (kinetic stability) of any metal com-
plexes, ie.: a measure of the propensity for release of free
metal ion and ligand, is one of the key parameters for the safe
in vivo applications. Dissociation of the Ln™ complexes
formed with tetraazamacrocyclic ligands is extremely slow and
generally occurs through the acid-catalyzed decomplexation
pathways involving formation of protonated intermediate.
Direct attack by the endogenous metal ions is negligible role
in the dissociation of these metal complexes.?***¢** The dis-
sociation reactions of GdL; and GdL, complexes were moni-
tored by "H-NMR relaxometry (20 MHz and 25 °C) in 0.01-1.0
M HCI solution to establish pseudo-first-order kinetic con-
ditions. The pseudo-first order rate constants (kq) characteriz-
ing the dissociation of the GA™ complexes increase with the
increase of [H'] (Fig. S57), can be interpreted as the proton
assisted dissociation of GdL; and GdL, (k;) via the formation
of a protonated intermediate (the protonation presumably
occurs on the carboxylate group).?#*°*?* The k4 value of the
GdL, complex obtained at [H'] > 0.16 M shows that dis-
sociation of the GdL, complex might take place by the attack
of a second H' ion on the protonated intermediate (k,). The k,
and k, rate constants characterizing the acid-catalyzed decom-
plexation paths of the GdL, and GdL, complexes are presented
and compared with those of Gd(HP-DO3A) and Gd(HPA-DO3A)
in Table 2, together with the k4 rate constants calculated for
PH = 2.0. Using these kg values the half-lives of dissociation of
the complexes (¢, = In2/kg) were also calculated.
Experimental details, as well as the definitions and equations
used to obtain the kinetic data, are summarized in ESL.}
Comparison of the k; values in Table 2 indicates that the
proton-assisted dissociation of the GdL; complex is about 5
times faster than that of GdL,. On the other hand, the acid-
catalyzed decomplexation rates of GdL, and Gd(HPA-DO3A)
are very similar and somewhat slower than that of Gd
(HP-DO3A). The dissociation presumably occurs via proton
transfer, from the -COOH group to the ring N-atom in the pro-
tonated Gd™ complexes, resulting in the substitution of the
Gd™ ion by the H' in the coordination cage. It might be
assumed that the stronger coordination of the -OH group to
the Gd™-ion in GdL, results in less favourable proton transfer
to the ring N-atom and slower dissociation of the GdL,
complex. Comparison of the dissociation rate (k4) and half-
lives (¢1/, = In 2/kq,) at pH = 2 confirms the higher kinetic inert-
ness of GdL, compared to GdL, and Gd(HP-DO3A) (Table 2).
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Table 2 Rate constants (k;) and half-lives (t;> = In 2/kg) characterising the dissociation reactions of [Gd(L,, )], [Gd(HP-DO3A)] and [Gd(HPA-DO3A)]

complexes (0.15 M NaCl, 25 °C)

GdL, GdL, Gd(HP-DO3A)* Gd(HPA-DO3A)”
/M st (1.0 £ 0.1)x107* (1.8 £0.1)x107* 2.9x107* 1.6x107*
kM2 s — (2.2+0.2)x107* — —
kals™' pH =2.0 1.0x107° 1.8x107° 2.9x107° 1.6 x107°
t1)»/hour pH = 2.0 18.7 104 66.4 120
“Ref. 23¢. ” Ref. 16d.
10 A where, ¢, T, and 7, are the concentration, the
8 | longitudinal relaxation time, and the life-time of the -OH proton,
; ) respectively.
GdHL . is+os s B
6 it jsvos— I e The relaxivity values of GdL, and GdL, i in the pH
r ty values o 1 an » increases in the p
4 GdLp pr range 3.0-6.0. Since the concentration of the OH™ ion is very
GaHL pr low the relaxation enhancement of GdL; and GdL, cannot
2 - 1

rip (mM's™)

Fig. 1 The relaxivity of GdL; (A) and GdL; (B). Symbols and solid lines
represent experimental and calculated relaxivity values, respectively.
Calculations have been performed using eqn (3). (20 MHz, 0.15 M NaCl,
298 K).

Relaxation properties of GdL, and GdL, complexes

The effects of the phosphonate group and the amino nitrogen
of the pendant arm on the exchange of the -OH proton have
been examined by measuring the relaxation enhancement of
the GdL, and GdL, complexes as a function of pH (Fig. 1). The
relaxivity of GA(HP-DO3A) derivatives is composed of the
inner-sphere (), outer-sphere (°°) and the proton exchange
(*7") contributions (eqn (1))

rp =1y (1)
The last term in eqn (1) describes the contribution of the

proton exchange between the -OH and bulk water protons,
which can be expressed by eqn (2)."°

pr_ € 1
L1111 T + T

(2)

be explained by the OH™ ion catalyzed proton exchange of
the -OH group in this pH range. However, since the depro-
tonation of the remote basic phosphonate -OH group takes
place over the same pH range, the increase in the ry,
values might be due to the basis of the deprotonated phos-
phonate-O~ assisted proton exchange of the -OH group
(°key) in the GdL,; and GdL, complexes. In the pH range
6.0-10.0, the relaxivity values of GdL, are constant.
However, the relaxivity of GdL, increases from pH = 6.5 to
9.5, then the ry, values remain practically constant with a
slightly increase up to pH = 11.5. Since the deprotonation
of the tertiary amino-N donor atom takes place in the
same pH range, the increase in the ry, values might be
due to the simultaneous assistance of the proton exchange
of the -OH group by the deprotonated phosphonate-O™ and
amino-N donor atoms ("*°k.,) in the pendant arm of GdL,.
The slight increase of the r;, values at pH > 10.0 might be
explained by the additional contribution of the OH™ ion
catalyzed proton exchange of the -OH group (kom), which
can also contribute to the overall relaxivity of GdL,. At
higher pH values, the deprotonation of the -OH group
causes a decrease in the relaxivity values of the GdL, and
GdL, complexes. By taking into account all possible
exchange pathways, the exchange life-times of the alcoholic
-OH proton is 7p, = %ke ' and 7 = (N Ckex + kou[OH )"
for the GdHL and GdL species, respectively. Different 7
and r9° contributions to the overall relaxivity of GdH,L,
GdHL, GdL and GdLH_; also to be expected. Considering
the total concentration ([GdL], = [GdL] + [GdHL] + [GdH,L]
+ [GALH_,] and the protonation constants of the Gd"™-com-
plexes (log Kgamr, 10gKganar, 10g Kgain_, Table 1, eqn (S4)
and (S5) in ESIf), eqn (1) can be expressed in the following
form:

1 . . . .
Tip = T a [GdH2LriS+OSI(GdH2LKGdHLKGdLH,1 [H+]3 + GdHLriS+OSKGdLHKGdLH,1 [Hﬂz + GdLr.iSJrosKGdL}_L1 [H+] 4 GdLH_; ris+os
H
KoanKGALH 4 [H*]? ( 0.001 ) N Koar., [HY] 0.001 (3)
111.1 T, 4 Okex ! 111.1 TH, + (N+Oke + kou[OH )"

4 | Inorg. Chem. Front, 2021, 00, 1-T1
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where Koaru [H] +  KeamKoau [HT +

KGdHZLKGdHLKGdLHﬂ[HJrP’ GdHZLri15+os, GdHLrils-H)s, GdLrils-H)s and
GdLH-1is+0s are the sum of r and r$° for GdH,L, GdHL,
GdL and GdLH_, species, respectively. The experimental data
(Fig. 1) were fitted to eqn (3) by using a non-linear least
squares algorithm and the calculated parameters are listed
and compared with those of Gd(HP-DO3A) and Gd(Ph-
HP-DO3A) in Table 3. Since the protonation of the GdL; and
GdL, complexes takes place on the remote amino-N and
phosphonate-O~ donor atoms of the pendant arms, it was
assumed that the sum of r¥ and r%° of the GdH,L, GdHL
and GdL species are identical for the fitting procedure.
Comparison of the 71" values (Table 3) indicates that the
sum of the inner- and outer-contributions of the GdL, GdHL,
GdH,L and GdLH_,; species formed by the GdL; and GdL,
complex are very similar. However, the 715+° values of the GdL,
GdHL, GdH,L and GdLH_, species formed by the GdL, and
GdL, complexes are generally about 1.5-2.0 mM " s~ units
higher than those of the corresponding Gd(HP-DO3A) and Gd
(HP-DO3A)H_; complexes, which might be explained by a
slower reorientational time of GdL, and GdL, relative to the
parent Gd(HP-DO3A) complex. The calculated longitudinal
relaxation times of the -OH proton (7%, Table 3) of the GdL,,
GdL,, Gd(Ph-HP-DO3A) and Gd(HP-DO3A) complexes are very
similar which demonstrates that the relaxation time of the
—-OH proton in Gd(HP-DO3A) derivatives is not influenced by
the presence of the different pendant arms. The koy rate con-
stants of the GdL,, GdL, and Gd(Ph-HP-DO3A) are similar and
about two orders of magnitude lower than that of Gd
(HP-DO3A) complex. Based on the general proton transfer
theory, the reaction takes place by the continuous formation
and breaking of H-bonds between the proton donor and accep-
tor.>* Among the influential factors, the formation of the
internal H-bond with the exchangeable proton of the donor
slows down the general base catalysed intermolecular proton
exchange process, due to the hindrance of the H-bond
between the proton of the donor and the external acceptor.**
Considering the protonation constant of the alkoxide -O~
group of GdL; (log Kgarn_, = 12.31, Table 1), the ~OH proton
forms a strong H-bond with the deprotonated phosphonate
-0~ and amino N donor atoms of the pendant arm, which can
inhibit the solution OH™ ion to interact with the -OH proton

ay =

Research Article

resulting in the slower OH™ assisted proton exchange of the
—-OH group. On the other hand, the basic phosphonate-O~ and
amino N donor atoms can also catalyse the proton exchange of
the ~OH group of the GdL, and GdL, complexes. The Of.x rate
constant characterizing the deprotonated phosphonate O~
assisted exchange of the -OH proton of GdL; and GdL, are
very similar and comparable with that of basic phenol-O™
assisted proton exchange of the -OH group in Gd(Ph-
HP-DO3A). However, the rate of the amino N and phosphonate
O~ assisted exchange of the ~OH proton (Y°k.) of GdL, is
about 1.5 times faster than that of the phosphonate -O™ in the
GdL, complex due to the higher basicity of the amino N donor
atom (log Kgamr, Table 1). On the other hand, the remote sec-
ondary amino N atom does not contribute to the exchange of
the -OH proton, which might be explained by the electrostatic
repulsion between the -OH and the secondary amino NH
groups which overcomes the amino N assisted proton
exchange of the -OH group in GdL,.

The relaxivity values of the GdL, and GdL, complexes were
also assessed at the imaging fields of 0.47, 1.41 and 3 Tesla
and at 37 °C in human plasma (Table 4). In human plasma,
the relaxivity values of the GdL, and GdL, complexes decrease
by about 3 and 4 mM ™" s7' respectively, from 0.47 T to 3 T.
Similar phenomena has been identified for Gd(Ph-HP-DO3A)
complex.'® This finding supports the view that the complexes

Table 4 Relaxivity values (r,/mM™ s™) of Gdl;, GdL, Gd(Ph-
HP-DO3A) (GdPh) and Gd(HP-DO3A) (GdHP) complexes at 0.47, 1.41
and 3 T and 310 K in saline (S) and human plasma (HP)

0.47 T (20 MHz)  1.41T (60 MHz) 3 T (128 MHz)

GdL, S 7.1+0.2 6.7+ 0.1 6.3 +0.1
HP  10.9+0.1 9.5+ 0.1 7.6 +0.1
GdL, S 8.3+0.3 8.2+0.3 7.5+ 0.1
HP 12.5+0.6 10.7 + 0.5 8.7+ 0.1
GdPh* S 4.8 4.4 —
HP 9.1 7.4 —
GdHP* S 3.5 3.0 —
HP 4.8 4.1 —

“Ref. 16c.

Table 3 Kinetic and relaxation parameters for the proton exchange reactions of GdlL;, GdL,, Gd(Ph-HP-DO3A) and Gd(HP-DO3A) complexes

(20 MHz, 0.15 M NaCl, 298 K)

GdL, GdL, Gd(Ph-HP-DO3A)" Gd(HP-DO3A)”
OAHZLsros Mt 57 5.93 £ 0.09 5.99 £ 0.08 — —
Gl s os Mt 57 4.80 —
et /mM ! 57! 4.86 4.28
GALH=Aistos M= 71 6.7+ 0.1 6.9+ 0.1 5.50 4.54
T, x10%s 3.0+ 0.1 3.1+03 3.1 5.0
Oltex/s™" (3.4 + 0.4)x10° (7.3 £ 0.7)x10° 5.6 X 10° —
NHOk /st (1.0 + 0.2)x10° — —
kou/M 's7! (8 £ 1)x10° (2.5 £ 0.5)x10® (8 £ 1)x10” 1.0 x 10"
“Ref. 16a 400 MHz, 298 K, 0.15 M NaCl. ” Ref. 16d 20 MHz, 298 K, 0.15 M NaCl.
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interact with some component(s) present in plasma resulting
in systems characterized by a slower reorientational time rela-
tive to the parent complexes. As it is well known that aromatic
molecules may form host-guest adducts with human serum
albumin (HSA)” in the case of functionalized Gd™-complexes,
the associated elongation of the reorientational correlation
time of the paramagnetic system results in marked relaxivity
enhancements. The formation of the adduct between GdL,,
and HSA was investigated by means of 'H proton relaxation
enhancement (PRE) technique by measuring the variation in
the longitudinal relaxation rate (R;) of the paramagnetic guest
for increasing concentrations of the host.*® In these experi-
ments the R, values of the 0.1 mM GdL,; and GdL, solutions
were measured in the presence of HSA at 20 MHz and 310 K
(Fig. S6T). The observed enhancement values presented in
Fig. S67 appears consistent simply with the increased viscosity
of the albumin solution and therefore the formation of
adducts between these complexes and albumin cannot be
invoked as the reason for the higher relaxivities shown by the
GdL, and GdL, complexes in blood serum.

Moreover, the acquisition of the nuclear magnetic relax-
ation dispersion (NMRD) profiles of these complexes in serum
(Fig. S7t) indicate that the relaxivity humps occur at Larmor fre-
quencies that are a bit lower than the values of 35-40 MHz
usually observed for Gd™-complexes interacting with albumin.
The position and the entity of the observed relaxation humps are
similar to that reported for the related Gd(Ph-HP-DO3A) complex,
for which an association with the formation of an adduct with
albumin was analogously ruled out.'® On this basis, we envisage
an interaction with slowly moving system(s) that endows the Gd
(HP-DO3A)-like complexes with motional characteristics slightly
different from those commonly expected for the adducts with
albumin. The identification of the species responsible for the for-
mation of these supramolecular adducts remains undetermined
at the moment. Moreover, we cannot discount the possibility that
serum components may contribute to enhance the catalysis of
the proton exchange.

X-ray structure of [LuL,(H,0)]’~ complex

To confirm the intramolecular interaction between the -OH
group and the remote deprotonated phosphonate-O™ and the
amino-N donor atoms of the pendant arm, the crystal structure
of the [LuL,(H,0)]*~ complex was determined by X-ray diffrac-
tion studies. Specifically, single crystals of formula
{(C(NH,)3),[LuL,(H,0)]}-3H,0, although of low quality but just
suitable for X-ray diffraction studies, were grown by the slow
diffusion of an EtOH and Et,O mixture to aqueous solution of
LuL, prepared from equimolar Lu(OH); and racemic HsL;. To
obtain the unprotonated LuL,; complex, the pH of the aqueous
solution was adjusted to 9 with guanidine-carbonate. A simpli-
fied structure of the [LuL,(H,0)]*~ complex with the selected
bond distances is presented in Fig. 2. Other details regarding
the structure of [LuL,(H,0)]*” are provided in the ESL.}

The X-ray structure of [LuL,(H,0)]*” is similar to that of [Gd
(HP-DO3A)(H,0)].>° The asymmetric unit of [Gd(HP-DO3A)
(H,0)] contains both capped square antiprismatic (SAP) and

6 | Inorg. Chem. Front.,, 2021, 00, 1-11
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Fig. 2 View of the [LuLy(H,0)]>" ion present in the single crystal of
{(C(NH3)3)2[LuLy(H,0)1}-3H,0. Hydrogen atoms are omitted for simpli-
city. Color code: Lu (green), O (red), N (blue) and C (grey). Selected
bond distances (A): Lu—N1 2.65(6), Lu—N4 2.89(6), Lu—N7 2.68(13), Lu-
N10 2.94(8), Lu-0O1 2.29(4), Lu-011 2.31(4), Lu-030 2.37(4), Lu-041
2.49(5), Lu-071 2.18(4), O30-051 3.63(4), O30—-N50 2.96(4), O51 —
H30 2.96(1) and N50 — H30 3.32(8).

capped twisted square antiprism (TSAP) forms of the Gd
(HP-DO3A) complex, sharing the same configuration of the
chiral 2-hydroxypropyl pendant arm. The crystallization of the
racemic [Gd(HP-DO3A)(H,0)] complex occurs with the formation
of the conglomerate containing equal amounts of R and S crys-
tals. In the [Gd(HP-DO3A)(H,0)] complex the Gd™-ion is sand-
wiched by the two nearly parallel planes formed by nitrogen
atoms of the macrocycle and the oxygen atom of the pendant
arms. The torsion angle between the two square planes defined
by the oxygen and nitrogen atoms are 38° and —28° for the SAP
and TSAP stereoisomers of [Gd(HP-DO3A)(H,O)], respectively.
The distance of the Gd" ion from the planes formed by the nitro-
gen and oxygen atoms are 1.61 and 0.75 A for the SAP and 1.68
and 0.78 A for TSAP stereoisomers, respectively. The Gd"™-OH,
and Gd™-OH bond distances are 2.51 A and 2.32 A for the SAP
isomer and 2.50 and 2.35 A for the TSAP isomer, respectively.
The Gd™-N and Gd™-O distances in the [Gd(HP-DO3A)(H,0)]
complex are 2.64-2.65 and 2.31-2.38 A, respectively.

The X-ray diffraction studies of [LuL,(H,O)]>” reveal that
the lattice is centrosymmetric with the triclinic space group of
P1 (No. 2). Three nitrogen, four carboxylate-oxygen, and the
alcoholic-oxygen donor atoms of L; and one water molecule in
the capping position provide the coordination polyhedron
around the Lu™-ion in [LuL,(H,0)]*~ (Fig. S91). Donor atoms
of the macrocycle encapsulates the central Lu™ ion between
the four coplanar nitrogen atoms of the ring (N1, N4, N7 and
N10) and the four coplanar oxygen atoms of three acetic and
the 2-hydroxypropyl pendant arms (011, 030, O41 and O71).
The ninth apical coordination site of Lu'"-ion is occupied by a
water molecule (Lu-O1: 2.367 A) to complete the capped
square antiprism geometry (SAP). The distance from the Lu™
ion to the 011-030-041-071 and N1-N4-N7-N10 planes is
0.673 and 1.515 A, respectively. The torsion angle between the
two square planes defined by the oxygen and nitrogen atoms
is 38°. The bond distances of Lu" with the coordinated N and
O donor atoms of L, range from 2.65-2.94 A and 2.18-2.37 A,
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respectively. Importantly, the distances of the -OH proton
(H30) from the deprotonated phosphonate-O~ and amino N
atoms suggest the formation of a H-bond network which con-
firms the involvement of these donor atoms in the intra-
molecular catalysis of the proton exchange of the -OH group
with the water protons.

Experimental
Synthesis

A detailed description of all the synthetic procedures and
characterizations of intermediates, chelating agents L, and L,
and the corresponding Gd™-complexes can be found in ESL

Equilibrium measurements

Materials. The chemicals used for the experiments were of
the highest analytical grade. The concentration of the CacCl,,
ZnCl,, CuCl, and GdCl; solutions were determined by com-
plexometric titration with standardized Na,H,EDTA and
xylenol orange (ZnCl,, and LnCl;), murexid (CuCl,) and Patton
& Reeder (CaCl,) as indicators. The concentration of the L, and
L, ligands was determined by pH-potentiometric titration in
the presence and absence of a large (40-fold) excess of CacCl,.
The pH-potentiometric titrations were made with standardized
0.2 M NaOH.

Equilibrium measurements. The stability and protonation
constants of Ca", zn" and Cu" complexes formed with L; and
L, ligand were determined by pH-potentiometric titration. The
metal-to-ligand concentration ratio was 1:1 with the concen-
tration of the ligand was generally being 0.002 M. The protona-
tion constants of the GdL,; and GdL, complexes were deter-
mined using pH-potentiometry by titrating the pre-prepared
complexes from pH = 3.0 to pH = 12 with 0.2 M NaOH. The
stability constants of the GdL, and GdL, complexes were deter-
mined by the “out-of-cell” technique because of the slow for-
mation reaction. The pH range of the complexation equilibria
and the time needed to reach the equilibria were determined
by relaxometry for the formation of GdL; and GdL,. Eight
Gd™-L, and Gd™-L, samples were prepared, which had pH
values ranging from 2.5-4.0 at equilibrium ([Gd**] = [L] = 0.002
M). The samples were kept at 25 °C for 6 weeks to reach equili-
brium. The equilibrium pH and relaxivity values were
measured 6 weeks after preparation. The stability constants
were calculated both from the measured pH and relaxivity
values. For the calculation of the stability constants of the
GdL, and GdL, complexes, besides the protonation constants
of ligands, the stability constants of the di-protonated *Gd
(H4L) out-of-cage complexes (considered as intermediates)
were also used as fixed values. These were calculated from the
pH-potentiometric titration curve of the Gd**-L; and Gd**-L,
systems obtained in the pH range from 1.7 to 4.0. The relaxiv-
ity of the *Gd(H,L) intermediates were determined by measur-
ing the relaxation rates of 1.0 mM Gd** and 10 mM L, or L,
ligands (pH = 4.0 with 0.01 M N-methyl-piperazine buffer, 0.15
M NaCl, 25 °C) solution as a function of time. The relaxivities
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of the *Gd(H,L) intermediates were obtained by extrapolating
the measured relaxation rates to the time of mixing of solu-
tions (zero time), when the intermediates were completely
formed.

For the pH measurements and titrations, a Metrohm 888
Titrando titration workstation Metrohm-6.0234.110 combined
electrode was used. Equilibrium measurements were carried
out at a constant ionic strength (0.15 M NaCl) in 6 mL samples
at 25 °C. The solutions were stirred, and N, was bubbled
through them. The titrations were made in the pH range from
1.7 to 12.0. KH-phthalate (pH = 4.005) and borax (pH = 9.177)
buffers were used to calibrate the pH meter. For the calcu-
lation of [H'] from the measured pH values, the method pro-
posed by Irving et al. was used as follows.>” A 0.01 M HCI solu-
tion was titrated with standardized NaOH solution at 0.15 M
NaCl ionic strength. The differences (4) between the measured
(PHreaa) and calculated pH (-log[H']) values were used to
obtain the equilibrium H' concentration from the pH values
measured in the titration experiments (4 = 0.024). For the equi-
librium calculations, the stoichiometric water ionic product
(pK.) was also needed to calculate [OH™] values under basic
conditions. The Vyaon—PHreaa data pairs of the HCI-NaOH
titration obtained in the pH range 10.5-12.0 were used to cal-
culate the pK,, value (pK, = 13.85).

The stability constants of the CuL, and CuL, complexes
were determined by spectrophotometry studying the Cu™-L,;
and Cu"-L, systems at the absorption band of Cu™ complexes
at [H'] = 0.01-1.0 M in the wavelength range of 400-800 nm.
The concentrations of Cu", L, and L, were 0.002 M. The H"
concentration in the samples was adjusted with the addition
of calculated amounts of 3 M HCI (I = [Na'] + [H'] = 0.15, [H']
< 0.15 M). The samples were kept at 25 °C for a week. The
absorbance values of the samples were determined at 11 wave-
lengths (575, 595, 615, 635, 655, 675, 695, 715, 735, 755 and
775 nm). To calculate the stability and protonation constants of
the CuL, and CuL, complexes, the molar absorptivities of CuCl,,
CuL, Cu(HL), Cu(H,L), Cu(H;L), Cu(H,L) and Cu(HsL) species
were determined by recording the spectra of 1.0 x 1073, 1.5 x
1073, 2.0 x 10~ and 2.5 x 10~ M solutions of CuCl,, CuL, and
CulL, in the pH range from 1.7 to 12.0. The pH was adjusted by
stepwise addition of concentrated NaOH or HCI solutions. The
spectrophotometric measurements were made with the use of a
PerkinElmer Lambda 365 UV-Vis spectrophotometer at 25 °C,
using 1.0 cm cells. The protonation and stability constants were
calculated with the PSEQUAD program.*®

'H and *'P NMR studies. 'H, and *'P NMR measurements
were performed either with a Bruker DRX 400 (9.4 T) spectro-
meter equipped with a Bruker VT-1000 thermocontroller
(298 K) and a BB inverse z gradient probe (5 mm). The 'H and
31p NMR chemical shifts of L, and L, were determined as a
function of pH to evaluate some of the protonation constants
of the ligands. For these experiments, a 0.02 M solution of L;
and L, in 0.15 M NaCl aqueous solution was prepared using a
capillary with D,O for lock. The pH was adjusted by stepwise
addition of a solution of NaOH and HCI (both prepared in
H,0). The chemical shifts are reported in ppm, relative to DSS
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for 'H and H;PO, for *'P as the external standard. The proto-
nation constants were determined by fitting of the chemical
shift versus pH data using Micromath Scientist, version 2.0
(Salt Lake City, UT).

'H NMR relaxometry

The relaxivity values (r;) were calculated from the longitudinal
relaxation time of H,O protons (7;) measured with a Bruker
MQ20 Minispec spectrometer at 20 MHz. The temperature of
the sample holder was controlled with a thermostated air
stream. The longitudinal relaxation time was measured with the
“inversion recovery” method (180°-7-90°) by using 12 different =
values. The measurements were performed with 1 mM solutions
of the GdL, and GdL, complexes, so the relaxivity values were
given as ry = 1/Typ + 1/Ty,, where Ty, and Ty, were the relaxation
time of water protons in the presence and absence of the GdL,
and GdL, complexes. To determine the stability constants of
the GdL, and GdL, complexes, we measured the proton relax-
ation rates of the samples obtained by the “out-of-cell” method
in the pH range from 2.5 to 4.0 ([Gd™] = [L,,] = 0.002 M, 25 °C,
0.15 M NaCl). In the equilibrium systems besides the free Gd™
ions and Gd(H,L,,) complexes, some *Gd(H,L,,) out-of-cage
complexes (intermediate) were also present. Although it had low
concentration (<10%), its contribution to the relaxivity was sub-
stantial because of about 4 or 5 coordinated water molecules in
the inner-sphere of the GA™ ion. The relaxivity of the four-proto-
nated *Gd(H,L, ) out-of-cage complex was calculated from the
relaxivity — time kinetic curve obtained for the reaction of 1 mM
Gd*" with 10 mM of L, at pH = 4.0, 20 MHz and 25 °C. The
variable pH relaxivity measurements of the GdL;, complexes
could be carried out by direct titration of the samples at higher
pH values (4.5 < pH < 12.5; [GdL;,] = 1.0 mM, 20 MHz and
25 °C, 0.15 M NacCl).

The r, values of the GdL, and GdL, complexes at 37 °C and
0.47 T (20 MHz), 1.41 T (60 MHz) and 3 T (125 MHz) were
measured with Bruker Minispec MQ-20 and MQ-60 relax-
ometers and with a Bruker Biospec 30/40 MRI spectrometer at
pH = 7.4 in 0.15 M NaCl solution and in human plasma
(control Plasma N, Siemens). To study the interaction with
HSA, the r; values of the GdL, and GdL, complexes were
measured with a Bruker Minispec MQ-20 relaxometer at pH =
7.4, 20 MHz and 37 °C in the presence of 0, 0.1, 0.2, 0.4, 0.6,
0.8, 1, and 2 mM HSA ([GdL] = 0.1 mM).

NMRD profiles were recorded on a Stelar SpinMaster Fast-
Field-Cycling (FFC) relaxometer at a continuum of proton fre-
quencies from 0.01 MHz to 20 MHz; additional points were
obtained between 21.5 MHz and 70 MHz with a Bruker WP80
electromagnet coupled to a Stelar SpinMaster spectrometer.
Both systems were equipped with Stelar VI'C-91 temperature
control and the internal temperature checked with a calibrated
RS PRO RS55-11 digital thermometer. Measures were carried
out at 37 °C. The two samples consisted of 1 mM GdL, or
GdL, complexes in human plasma. Data, reported as ry,, were
obtained by subtracting the diamagnetic contribution of pure
plasma from the observed relaxation rates as a function of the
magnetic field strength.

8 | Inorg. Chem. Front,, 2021, 00, 1-11
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Kinetic studies

The kinetic inertness of the GdL; and GdL, complexes was
characterized by the rates of the dissociation reactions taking
place in 0.01-1.0 M HCI solution. The dissociation reactions of
the Gd"™-complex were followed by measuring the longitudinal
relaxation time of H,O protons (7;) with a Bruker MQ20
Minispec spectrometer at 20 MHz. The temperature of the
sample holder was controlled with a thermostated air stream.
The longitudinal relaxation time was measured with the “inver-
sion recovery” method (180°-7-90°) by using 12 different 7
values. The measurements were performed with 1 mM solution
of GdL, and GdL, complex. The relaxivity values were given as
r1 = 1/Ty, + 1/Ty, where Ty, and T, are the relaxation times of
the bulk water protons in the presence and absence of Gd"-
complex. The pseudo-first-order rate constants (kq) were calcu-
lated by fitting the relaxation rate (r, = 1/T;,) data to eqn (4).

re=(r, —r)e 7k 4 p, (4)

where 1, and r, are the relaxivity values of the reactants, the
product (Gd": r;, = 13.12 (2) mM ™' s™*, 20 MHz, 25 °C) and r,
is the measured relaxivity at reaction time ¢. The temperature
was maintained at 25 °C and the ionic strength of the solu-
tions was kept constant at [H'] < 0.15 M, [HCI] + [NaCl] = 0.15
M. The calculation of the kinetic parameters were performed
by the fitting of the absorbance - time and relaxation rate —
time data pairs with the Micromath Scientist computer
program (version 2.0, Salt Lake City, UT, USA).

X-ray diffraction studies

Single crystals of {(C(NH,);),[LuL,(H,0)]}-3H,0 were obtained
by the slow diffusion of EtOH and Et,O mixture to aqueous
solution of LuL, prepared by equimolar Lu(OH); and racemic
HsL,. The pH of the LuL, solution was adjusted to 9 with gua-
nidine-carbonate. Several crystals were studied and XRD data
collection was carried out at 293 K using Mo-Ka radiation (4 =
0.71073 A) with a Burker-Nonius MACH3 diffractometer
equipped with point detector. Unexpectedly, all crystals diffr-
acted rather weakly, even the large volume ones and the peaks
were very diffuse, an example is shown in Fig. S8.f Moreover,
crystals were decomposing under X-ray radiation, showing a
decay of 40%. Even low temperature data collection could not
give better results as crystals further degraded by cooling and
in spite of several attempts no further batches of crystals could
be prepared. After careful integration the structure could be
solved by SIR-92 program®’ and refined by full-matrix least-
squares method on F®> using the SHELX program.*
Unfortunately, only heavy Lu™-ion and phosphorous atoms
could be refined with anisotropic atomic displacement para-
meters using the SHELX package while the light atoms needed
to be kept isotropic to prevent collapse of the refinement.
Fortunately the atoms and their connectivity to the ligand could
be localized, in some cases even hydrogen atoms of the solvent
water molecules could be found on the difference electron
density map. Remaining significant peaks were very close to the
Lu™ ion. Distances of hydrogen and oxygen atoms were
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restrained in the final stage of the refinement and several other
enhanced rigid-bond restraints (RIGU) were applied to regulate
thermal parameters of carbon atoms. Altogether hydrogen
atoms were treated with a mixture of independent and con-
strained refinement. Publication material was prepared with the
WINGX-suite.®" Also, especially the water molecules had signifi-
cant shifts even after prolonged refinement. These features of
the structure resulted in high R values, shift, and several ‘A’ and
‘B’ level errors in the checkcif report. Nevertheless the overall
structure of the complex is sufficient to answer the structural
questions ie. coordination of Lu™ and indicate extensive and
complex hydrogen bond network, for a simplified packing
diagram see Fig. S10.1 Further crystallographic data are shown
in the ESI and deposited in the Cambridge Crystallographic
Data Centre under CCDC 2042633.F

Conclusions

Our results show that the relaxivity of Gd-HPDO3A can be
markedly increased at physiological pHs by exploiting the pro-
totropic exchange of the coordinated hydroxy group when a
proper intramolecular H-bonding framework is set up. A phos-
phonic moiety appears to be particularly useful as the deproto-
nated phosphate oxygen may act as proton acceptor (from the
coordinated alcoholic group). It may be the site for operating a
fast prototropic exchange with the bulk water solvent. Also, the
N-sites, both in L; and L,, appear to play a role in establishing
the H-bonding network. Importantly, the chemical modifi-
cations performed on the HP-DO3A ligand, leading to the
improved prototropic exchange of these new Gd™ complexes,
do not compromise their thermodynamic and kinetic pro-
perties. These observations, together with the fact that phos-
phonates may not be used “in vivo” since they are bone-
seekers, may likely lead to the design of related systems by
changing the characteristics of the proton accepting/donating
groups in the set-up of the H-bonding with the coordinated
—-OH functionality. Moreover, the aromatic substituent on the
surface of the complex appears instrumental to promote an
interaction with serum components that, in turn, results in a
further enhancement of the relaxivity in this medium.
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