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The thermodynamic and kinetic stabilities of the complexes
of phosphonate and phenylphosphinate analogues of Hsdtpa
with selected transition- and lanthanide-metal ions are pre-
sented. Both phosphorus-containing ligands form thermody-
namically very stable complexes, with stability constants
comparable with or even higher than those reported for the
parent Hsdtpa. However, the kinetic inertness of their gado-
linium(i1) complexes against acid- and metal-assisted de-
complexations is surprisingly much lower. The half-life times
of gadolinium(ir) complexes of the new ligands in the pres-

ence of excess of concurrent metal ions [copper(iI) or europi-
um(1r)] are about 2-3 orders of magnitude shorter compared
to Hsdtpa and its amide derivatives. The behaviour can prob-
ably be attributed to steric strain in the new complexes, to
the high affinity of phosphonate ligand for proton, and/or to
easy formation of binuclear complexes, which act as interme-
diates in the complex dissociation.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Multidentate ligands and their complexes are frequently
used in medicine. Gadolinium(mr) complexes of octadentate
ligands having the ninth coordination site occupied with a
water molecule are utilized as contrast agents (CA) in mag-
netic resonance imaging (MRI).'"3l As such toxic-metal-
containing contrast agents have to be administered in rela-
tively high doses, the gadolinium(ir) ion must be encapsu-
lated in stable complexes. These must survive with no de-
complexation in body fluids containing many concurrent
ligands (amino acids, phosphate anion, peptides etc.) and
metal ions (e.g. Ca®*, Zn?>*, Cu?*). Ligands whose com-
plexes fulfil such stability requirements are mostly deriva-
tives of two prototype ligands (Scheme 1) — macrocyclic
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(Hydota) and acyclic diethylenetriaminepentaacetic acid
(Hsdtpa, 1,4,7-triazaheptane-1,1,4,7,7-pentaacetic acid). In
vivo stability of the complexes may be estimated from
thermodynamic and kinetic properties. The thermodynamic
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stability of metal complexes of Hsdtpa and Hydota (ex-
pressed as stability constants) is very high. Ligands derived
from the linear ligand Hsdtpa are in general much cheaper
and more easily available than derivatives of the macro-
cyclic Hydota. However, the resistance of complexes of
macrocyclic ligands against decomplexation in body fluids
(measured e.g. as acid- or metal-assisted dissociations) is
usually much higher.[3]

According to theory, the water molecule which saturates
the coordination sphere of the central Gd** ion should be
bound in the complex for an optimal residence time before
exchange with bulk water. The residence time should lay in
the range of 20-30 ns for MRI contrast agents used at mag-
netic fields applied in commercial tomographs, and in ad-
dition, the molecular tumbling of the CA should be as slow
as possible.l'>¢1 However, the complexes of Hidota and
Hsdtpa themselves are far from such optimum.[”l In the se-
arch for better MRI contrast agents, sterically crowded li-
gands were developed as the enhanced steric strain around
metal-binding site increases the exchange rate of coordi-
nated water molecule. The steric strain was usually reached
by introduction of one extra methylene group into the back-
bone (propylene group instead of ethylene bridge) or in one
of the pendant arms (i.e. with propionate pendant instead
of acetate),® "1 or by substitution of ligand backbone by
alkyl/aryl group.['%131 The complexes formed with these new
ligands are thermodynamically usually slightly less stable
than those of Hydota and Hsdtpa.[>!%14151 Unfortunately,
no detailed kinetic studies are available in the literature for
these complexes.
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Scheme 1. Structural formulas of the ligands mentioned in the text.

To contribute to this field, we prepared several analogues
of Hydota and Hsdtpa having a bulkier phosphorus acid
pendant moiety instead of the carboxylate group. The cor-
responding lanthanide(ir) complexes of the linear ligands
HgL' and HsL? (Scheme 1) have been studied by NMR and
relaxometry.'®! It was shown, that the water-exchange rate
is much higher for the complexes with phosphorus-contain-
ing ligands than what was reported for the complexes of
Hsdtpa and its amides. Noticeable acceleration of water ex-
change was observed also for macrocyclic ligands with one
phosphorus-based pendant arm (e.g. Hsdo3ap or
H,do3ap”B", Scheme 1) comparing to Hydota.['7-18]
Furthermore, the relatively easy substitution on the phos-
phorus atom offers the possibility to attach the complex to
a macromolecular carrier,'°2!1 or to bind it non-covalently
to plasma proteins (e.g. by hydrophobic interactions).['®]
Here we report on the thermodynamic and kinetic stability
studies of the complexes of two linear ligands — phos-
phonate and phenylphosphinate derivatives HgL! and

H;L?, respectively (Scheme 1) — with selected divalent tran-
sition and trivalent lanthanide metal ions.

Results and Discussion

Crystal Structure of H;L'-HCI-1.5H,0O

In the crystal structure, a molecule of the ligand is pres-
ent in the charged sevenfold-protonated form (H,L")" (Fig-
ure 1). All the nitrogen atoms of the backbone are proton-
ated together with one oxygen atom of the phosphonate
moiety (O1) and three carboxylate oxygen atoms (O111,
0211 and O311). The geometry around the phosphorus
atom is tetrahedral, with noticeably longer P-O bond to the
protonated oxygen Ol comparing to others (Table 1). One
chloride anion serves as counterion. Additionally, two water
molecules were found in the structure, but one of them
(O2W) is best refined with a half-occupancy. Molecules of
the ligand are connected by short hydrogen bonds (2.45-

0212

Figure 1. Molecular structure of (H;L")* with atom numbering scheme.
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2.65A) between protonated and unprotonated oxygen
atoms of acetate and phosphonate moieties. Furthermore,
the protonated amino groups are also involved in rather
strong (2.64-2.77 A) hydrogen binding to oxygen atoms of
neighbouring ligand molecules. Additionally, the solvate
water molecules and chloride anion bind each other (3.04—
3.20 A), and also the water molecule O1W has a short con-
tact to protonated carboxylate oxygen atom O311 (Table
S1).

Table 1. Geometry of the phosphonate group in the structure of
HeL!*HCI-1.5H,0.

Distances [A] Angles [°]

P1-O1 1.5740(13) O1-P1-02 110.00(8)

P1-02 1.5038(13) O1-P1-03 110.87(7)

P1-03 1.4977(13) 02-P1-03 115.71(7)

P1-C50 1.827(2) C50-P1-0O1 101.94(8)
C50-P1-02 109.53(8)
C50-P1-03 107.85(9)

Equilibrium Studies

The protonation and complexation equilibrium were
studied by conventional potentiometry. Table 2 lists the pro-
tonation constants of concerned ligands together with those
of Hsdtpa. Distribution diagrams of H¢L' and HsL? are
shown in Figure S1 (supporting information; for supp. inf.
see also the footnote on the first page of this article. As
polydentate aminocarboxylic acids can form relatively
strong complexes with alkali metal ions, the potentiometric
studies were performed using tetramethylammonium chlo-
ride (TMAC) as a background electrolyte. Indeed, the de-
termined values of the highest protonation constants are
systematically higher than those reported previously,!®
which were obtained by NMR and are lower as a conse-
quence of sodium(i)-induced deprotonation (Table2). A
similar trend was observed also for Hsdtpa, where constant
logfl; determined with NaCl as the supporting electrolyte
is about one order of magnitude lower (9.45%) than that
measured in TMAC (10.41,1*21 Table 2). Accordingly to
NMR-assigned sites of protonations!!® and well-known
protonation Scheme of Hsdtpa itself,[>¥! the first and second
protonations take place on the nitrogen atoms of the ligand

backbone. In the case of the phosphonate ligand HgL!, the
third protonation (pK, = 7.57) corresponds to the proton-
ation of the phosphonate moiety. Other protonations have
pK4’s values close to each other and correspond to the car-
boxylate pendants. Deprotonation of the singly protonated
phosphonate ligand (HL')*>" occurs at very high pH (pKx =
11.82) comparing to the phosphinate derivative and Hsdtpa
(pKy's 10.28 and 10.41, respectively), as a result of spread-
ing of high electron density of fully deprotonated phos-
phonate (charge 2-) to the neighbouring nitrogen atom.
This trend is usually observed for analogous aminocarbox-
ylic/phosphorus acid derivatives.?) The potentiometric
data of the ligand/metal mixtures were best fitted according
to a model employing the formation of 1:1 and 1:2 ligand-
to-metal complexes in various protonation states. The re-
sulting stability constants of the complexes are compiled in
Tables 3, 4, 5 and 6. In the case of 1:1 complexes with the
transition-metal ions Cu®>* and Zn?*, all nitrogen atoms of
the ligands are probably coordinated to the metal ion, and
no free metal ions are present in the mixtures above pH =
2.7. As usual, the coordination number of transition metal
ions is 6, and the hapticity of the ligands studied is higher
(8), the coordination sphere of the central metal ion is
closed by two or three oxygen atoms of the pendant arms
and some pendants remain uncoordinated (and can bind
another metal ion in binuclear complexes, see below). The
protonation of the [M(L'")]* species takes place on the
phosphonate pendant moiety, which is probably coordi-
nated (corresponding pKy slightly dropped comparing to
the free ligand, 6.86 and 7.24 vs. 7.57, respectively). Other
protonations takes place on oxygen atoms of the uncoordi-
nated carboxylates (pKy's in range 1.37-3.97). Contrary,
protonation of calcium(ir) complexes takes place on the ni-
trogen atoms, as the corresponding pK,’s are noticeably
higher than that of acetates in the free ligands. In a twofold
excess of the metal ion, complexes of M,L stoichiometry
are formed. They loose additional two protons with increas-
ing pH, forming bis(hydroxo) species. Because the corre-
sponding dissociation constants are similar for both step-
wise deprotonations [9.39 and 7.74 for copper(i) and 8.81
and 8.86 for zinc(i) complexes, respectively], these depro-
tonations occur almost simultaneously. The stability con-
stant of the dinuclear species is lower, but still comparable
to that of iminodiacetic acid, so the coordination of each

Table 2. Protonation constants log 8,121 of HgL!, HsL? and Hsdtpa and corresponding dissociation constants pKa (1 = 0.1 m NMe,Cl,

25 °C, unless stated otherwise).

Constant H(L! H,L? Hsdtpa

present work ref.[161b] present work ref.[161b] ref.??]

log 3, PKa log PKas log pPKas log 3, PKa log PKa
log B 11.82(8) 11.82 10.75 10.75 10.28(1) 10.28 9.60 9.60 10.41 10.41
logf, 20.12(5) 8.30 18.63 7.88 19.29(1) 9.01 18.7 9.10 18.78 8.37
logf; 27.69(3) 7.57 25.55 6.92 22.46(2) 3.17 21.33 2.63 22.87 4.09
logfa 30.78(7) 3.09 28.25 2.70 24.82(2) 2.36 23.48 2.15 25.38 2.51
log Bs 33.33(5) 2.5 3042 217 26972)  2.15 - - 2742 2.04
log 35.23(8)  1.90 - - - - - - - -
log 87 36.44(9) 1.21 - - - - - - - -

[a] B, = [H,LY(H)'[L]); Ka, = ((H][H,_;L])/[H,L]. [b] NMR titration, no control of ionic strength, NaOH/HCI/D,O for pH adjustment.
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Table 3. Stability constants log f,,,[! of complexes of HgL!, HsL? and Hsdtpa with divalent metal ions and corresponding dissociation
constants pK 5,/ (I = 0.1 M NMe,Cl, 25 °C, unless stated otherwise). Metal-coordinated water molecules are omitted for clarity.

Equilibrium Cu?* Zn>* Ca**
H,L! Hil2 Hidtpa® | HeL! Hil2 Hidtpa® | HeL! HiL2 Hsdtpa™
log Buim
M2+ L0 = [M(L)]"2 1ogfors 2043(6)  1947(4) 212 19.67(6)  18.18(3) 182 10.70@4)  9.38(2) 10.75
M2+ +L + H* = [M(HL)J* ) logfis 28295  2330(3)  26.00 26925 22.15(2)  23.80 18272)  15485)  16.86
M2+ +1 + 2H* = [M(H,L)]" % log s 3195(3)  2590(3)  28.96 30.652)  24321) - 2383(8)  21.03¢4) -
M2+ +L1 + 3H* = [M(H,L)]" 5 log 11 3441(4) - - 32.823)  25.698) - - 24.06(4) -
IMZ* +L7 + 2H,0 = [Ma(OH)(L)J" 2 + 2H*  logfan | 11.02(7)  825(5)  — 7439)  5.10@4) - - - -
IMZ* +L7 + HaO = [Ma(OH)(L)[" ¥ + H* loghan | 2041(7)  1646(1) 162(1) - - - - -
IMZ* 4L = [My(L)]" 10 for 28.15(7)  24.104) - 25.1009)  20818) - 13.238)  11.628) -
2MP* 4L + HY = [My(HL) "> log Bz 32.60(4) - - - - - - - -
PKA him
[M(HL)|" 3 = [M(L)]* 2~ + H* 6.86 3.83 4.80 7.4 3.97 5.60 7.57 6.10 6.11
M(H,L)J" - = [MHL)J" " + H* 3.66 2.60 2.96 3.74 2.17 - 5.56 5.55 -
MHL)J" 9 = [MH,L)]" ¥ + H* 2.46 - - 2.16 1.37 - - 3.03 -
[Mo(OH)(L)]” ¥ + H,0 = [My(OH),(L)]" 2 + H* 9.39 8.21 - 8.81 7,861 - - - -
Mo(L)" 4 + H,0 = [Mo(OH)(L)" 3 + HY 7.74 7.64 - 8.86 7,86 - - - -
IML(HL)J"5" = [My(L)]* 4~ + H* 445 - - - - - - - -

[a] Bum = [HLM,, J((H'ILYIMI™); K i = ((HI[H,-, LM, ])/[H,L,M,, . [b] Ref.?], 0.1 m K* salts as background electrolytes. [c] Simulta-

neous dissociation of two protons.

Table 4. Stability constants logf,,,[ of complexes of HgL!, HsL? and Hsdtpa with trivalent metal ions La**, Eu** and Gd** and
corresponding dissociation constants pKx .,/ (I = 0.1 M NMeyCl, 25 °C, unless stated otherwise). Metal-coordinated water molecules

are omitted for clarity.

Equilibrium La’* Eu’* Gd3*
H,L! H,L? Hidtpa® | HoL! H,L? Hidtpal® | HyL! H,L? Hdtpal®!

1og B
M3* + L = [M(L)]* log for 20.54(8) 17.54(2) 19.5 22.36(3) 19.82(1) 224 22.34(2) 19.47(2) 22,2l
M3* +L" + H* = [M(HL)]|"" % log i1 26.25(5) 20.44(5) 21.1 28.75(1) 22.23(1) 24.6 28.82(1) 22.01(2) 24.6
M3 +L7 + 2H* = [M(H,L)" 9 logho  |29433)  22.86(7) - 3.07(1) 23528 - 3L17() 23.4(1)
M3* +L + 3H* = [M(H,L)["© logfs |- 2526(6) - - - - -
2M3* + L + 2H,0 = [M5(OH)o(L)]~ + 2H"  logfain 7.312) 3.45(4) - 10.94(6) 7.39(6) - 11.53(7) 7.29(6)
M + L' + H,0 = [My(OH)(L)["> + H* loghan |1720 - - 20.04(6) - 2046(8)
IM3* + L = [My(L)J6- logho» |2520) - - 27.535) - 27.92(5  22.1009)
OM3* 4L + H* = [My(HL)[" 7~ logh, |- - - - - - 31.05(8)

PKA jim
[MHL)]" 4 = [M(L)]" ¥ + H* 5.70 2.99 2.6 6.39 241 22 6.48 2.54 24
[M(H,L)]" - = [M(HL)]"*- + H* 3.18 242 2.32 1.29 2.34 1.41
M(H;L)[*9" = [M(H,L)|* 5 + H* - 2.40 - - - - - - -
IMo(OH)(L)]" 9 + H,0 = [My(OH),(L)]" 4 + H* 9.9 - - 9.10 - - 8.92 7,419 -
IMo(L)J" 9 + H,0 = [Mo(OH)(L)" > + H* 8.1 - - 7.49 - - 7.46 7,419 -
[Mo(HL)[" 7 = [My(L)]" © + H* - - - - - - 3.14 - -

[a] Brm = [HLM,, J(HLYIMI™; Kapim = (HIH;, 1 LM, D/[H,L,M,,]. [b] Ref.?3] 0.1 M K* salts as background electrolytes. [c] Ref.[?]

[d] Simultaneous dissociation of two protons.

metal ion to these ligands is probably analogous. Therefore,
one can suggest that both metal ions in the dinuclear com-
plexes are coordinated separately by the opposite H,ida-
like sides of ligands and behave almost independently. The
stabilities of these dinuclear complexes with transition-
metal ions are comparable in the cases of HgL!' and Hsdtpa,
but corresponding complexes of the phosphinate ligand are
much less stable. However, stability of calcium(ir) dinuclear
complexes is comparable in all the cases (Table 6). Repre-
sentative distribution diagrams of copper(i)/ligand systems
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are shown in Figures S2 and S3 (see Supporting Infor-
mation).

Lanthanide(in) ions are usually fully encapsulated in
eight coordinating atoms of Hsdtpa-like ligands. This coor-
dination mode was also proved in the case of these phos-
phorus-containing ligands.'® Therefore, protonations of
their complexes occurs on non-coordinated oxygen atoms
of the coordinated pendant moieties. In the case of the
phosphonic ligand, first pK,’s are in range 5.70-6.48, which
corresponds to the deprotonation of the coordinated
1979
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Table 5. Stability constants log 3,/ of complexes of HgL!, HsL? and Hsdtpa with the trivalent metal ions Lu** and Y3*and correspond-
ing dissociation constants pKa ;1! (I = 0.1 M NMe,Cl, 25 °C, unless stated otherwise). Metal-coordinated water molecules are omitted
for clarity.

J. Kotek, F. K. Kalman, P. Hermann, E. Briicher, K. Binnemans, I. Luke$

Equilibrium Lu’* Y3
H6L1 H5L2 Hsdtpa[b] H(,Id1 H5]_42 H5dtpa[b]
IOgﬁhlm
M3 + L™ = [M(L)]" - logfor;  |21.824)  19.35(3) 22.5 21.162)  18.80(3) 22.51
M3 +L" + H* = [M(HL)]|" %" logh  |27.852) 21.81(3) 24.7 27.52(1)  21.30(4) 244
M3 +L" + 2H* = [M(H,L)|" logfo;  |30273)  23.79(5) - 30.18(1)  23.34(7)
M3 +L" + 3H* = [M(H,L)[" log 11 211G) - - - - -
DM + L' + 2H,0 = [Ma(OH)(L)["® +  logfla, | 11.998)  8.28(6) — - 67(1) -
2H*
IM3* + L + Ha0 = [Mo(OH)YL)" + H*  logfi, | 20.058) - - 16.48(4) - -
IM + L = [My(L)]" 6 logfoix | 26.74(7) - - - - -
M3 +L + H = [My(HL)J" - loghin  |30.42(6) - - - - -
pKAlem
[M(HL)]" 4~ = [M(L)]* >~ + H* 6.04 2.46 22 6.36 2.50 1.9
[M(H,L)J"5" = [M(HL)|" %~ + H* 2.41 1.98 2.66 2.04 -
[M(H,L)J" 9 = [M(H,L)|* > + H* 1.84 - - - - -
[Mo(OH)(L)]" > + H,0 = [My(OH)(L)|" ¥~ + H* 8.05 - - - - -
[Mo(L)]9~ + H,0 = [My(OH)(L)|" >~ + H* 6.69 - - - - -
[Mo(HL)J" 7 = [My(L)J" 9 + H* 3.68 - - . - -

[a] Bum = [HLLM,, Y(HLYIMI™); Kapim = (HIH,, 1 LM, ])/[H,L,M,,]. [b] Ref.?], 0.1 M K* salts as background electrolytes. [c] Ref.[??!

Table 6. Stability constants of dinuclear complexes [M,L] of HgL!,
H;sL? and Hsdtpa and the complex [ML] of H,ida with selected
metal ions (/ = 0.1 m NMe,Cl, 25 °C, unless stated otherwise).

Ligand |log KM

Cu**  Zn*>* Ca?* La’* Eu’* Gd** Lu*t
H,L! 6.72 5.43 2.53 4.7 5.17 5.58 4.92
H,L? 4.63 2.63 2.24 - - 2.63 -
Hsdtpal® | 6.79 4.48 1.6 - 3.2 - -
H,idal® | 10.56 7.15 2.60 5.88 6.73 6.68 7.61

[a] K = [MLL)/(IM]ML]) for H¢L!, HsL?> and Hsdtpa and K =
[ML)/(M][L]) for H,ida. [b] Ref.>], 0.1 m K* salts as background
electrolytes. [c] Hyida = iminodiacetic acid.

phosphonate arm. Second protonations occur with pK,’s in
the range 2.3-3.2, comparable to that reported for com-
plexes of Hsdtpa (1.9-2.6) and take place on carboxylate
moieties. The phosphonate ligand forms relatively stable di-
nuclear complexes, which is probably a consequence of the

80
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high charge of the deprotonated phosphonate and its ability
to bridge coordination polyhedrons (Table 6). Contrary, di-
nuclear complexes of the phenylphosphinate ligand and
Hsdtpa itself are much less stable and were detected only in
few cases due to a precipitation of metal hydroxides, which
occurred in the other systems.

Representative distribution diagrams of gadolinium(ir)/
ligand systems are shown in Figure 2 and Figure 3. In the
1:1 mixtures, the Gd** ion is fully encapsulated to the com-
plexes above pH 3. Comparing the distributions simulated
for twofold excess of the metal ion, the phosphonate ligand
binds second Gd3* ion much better than the phosphinate,
as a result of the higher negative charge of the ligand and
the better possibility of the phosphonate to serve as a bridg-
ing group in the binuclear complexes (see parts B in Fig-
ures 2 and 3). Relatively high concentration of the free Gd**
ion in Figure 3 (B) at high pH values is not reasonable, and
it is a result of the conditions used for the simulation. In

B

100

[Gdo(Lh]

80 4 Ly
1Gdy(OHXL Y]

60 4

40 4

abundance of Gd** [%]

20 1

Figure 2. Distribution diagrams of H¢L'/Gd?* systems in (A) 1:1 and (B) 1:2 ratios [¢(H¢L') = 0.004 m].
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|GA(LH >

abundance of Gd™ 1%]

pH

Figure 3. Distribution diagrams of HsL?/Gd3* systems in (A) 1:1 and (B) 1:2 ratios [¢(HsL?) = 0.004 m].

the real titration of HsL?Ln3* systems, only 1.5-fold excess
of hydrolyzable Ln* ions was used and, therefore, the con-
centration of the free metal ions was suppressed.

Comparison of the determined stability constants of
phosphorus acid derivatives with those found for Hsdtpa
and H,ida shows differences. The stability constants in
H»ida series follow the expected trend and increase from
lanthanum(1mr) to lutetium(mm). For Hsdtpa, the values in-
crease from La'! to Eu''' and then are similar to the end
of lanthanide series. For the phosphorus acid derivatives,
the highest values were found for Eu'" and Gd™, and then
decrease to Lu™ and Y™, These results indicate that size
of the coordination cavity of Hsdtpa and its phosphorus
acid derivatives is optimal for ions in the middle of lantha-
nide series. In contrast to the Hsdtpa, in the new ligands
the phosphorus groups are too large and the ligands form
bigger cavity which do not fit to the heavy lanthanides(III)
or yttrium(Ii).

Dissociation Kinetics

In preliminary experiments, the gadolinium(i) com-
plexes with the new ligands were found to be much less
stable against proton- and metal-assisted dissociations,
comparing to the gadolinium(ir) complex of Hsdtpal?® and
its mono- and bis-amides.?”-?® Therefore, the kinetic data
had to be acquired by a stopped-flow technique. Dissoci-
ation reactions were performed in high excess (10-70x) of
the concurrent metal ion (Cu>* or Eu**), ensuring pseudo-
first-order reaction conditions, and in buffered solutions
(pH in range 3.5-5.7). The dependences of the observed
pseudo-first-order rate constants on the acidity of the solu-
tions are shown in Figure 4, together with the best fits of
the experimental data (for discussion of fittings see below).

For decomplexation of the gadolinium(ir) complexes of
Hsdtpa-like ligands, the general reaction Scheme is usually
accepted,*®) where proton and metal-assisted pathways are
taking place as shown in Scheme 2.
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Scheme 2. Reaction mechanism of the dissociation of gadolini-
um(1r) complexes of Hsdtpa-like ligands (charges are omitted for
clarity).

Rearrangement of the corresponding rate law gives de-
pendence of pseudo-first order constant k,peq. On proton
and concurrent metal ion concentrations as given in Equa-
tion (1), similarly as it was evaluated for the fitting of disso-
ciation kinetics of the [Gd(dtpa)]> complex.”®! Here, the
constants Ky and Ky, are the protonation constant of the
gadolinium(i) complex [Gd(HL)] and the stability con-
stant for the mixed dinuclear gadolinium(i)-attacking
metal-ion complex [Gd(L)M], respectively. The protonation
and stability constants of [Gd(H,L)] and [Gd(HL)M] can
be omitted from the denominator as the concentration of
these complexes is negligible (the values of the correspond-
ing constants are low).

oo R TR AT A B M A HTIMT] g
obsd 1+ K, [H* |+ K, [M™]

As kKt and k%! are independent of the nature of concur-
rent metal ion, the dissociation kinetics for copper(i) and
europium(in) systems with the same starting gadolinium(1ir)
complex were fitted simultaneously keeping these param-
eters identical in both cases. The results of these fittings are
1981
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Figure 4. Dependence of pseudo-first-order rate constant ks, On proton and metal ion concentrations. Excess of the concurrent metal
ion: 10x: full diamond; 20x: full square; 30x: full triangle; 40x: open diamond; 50x: open square; (A) [Gd(L")]*/Cu?* system, (B)
[GA(LH*/Eu?* system, (C) [Gd(L?)]>/Cu?* system, (D) [Gd(L?)]>*/Eu** system.

compiled in Table 7 and the representative fits of the pH-
dependence of the first-order rate constants ke are
shown in Figure 4.

As the pH region where dissociations were studied is
much lower (3.5-5.7) than the pK4 of the [GA(HL")]*" com-
plex (6.5, Table 4), one can suggest that the singly proton-
ated complex species [GA(HL')]*>" is the major species in

the reacting solution (Figure 2). Therefore, the calculated
constant Ky corresponds to the second protonation of the
complex species. This hypothesis can be supported by the
relatively low value of this constant (the corresponding pKa
is 3.7, Table 7).

In the case of the copper(i)-assisted dissociation of the
[GA(LH]* complex (Figure 4, A), the most complicated rate

Table 7. Rate and equilibrium constants characterizing the dissociation reactions between the complexes [GA(L")]*", [Gd(L?)]> and

[Gd(dtpa)]*>", and Cu?* and Eu?* ions (25 °C, 1.0 M KCI).

Constant Complex

[GA(LYHP [GA(LH]? [Gd(dtpa)]*
! s (3.38%£0.22)x 103 (1.57£0.18) x 103 0.58
K2 s (1.02£0.20)x 107 (1.51£0.11)x 107 9.7-10%
KSv v s 33+3 - 0.93
kS M2 s (9.4+1.3)x10° (5.4%0.3)x10° -
Koo ] - - 13
vt s - 22105 4.9-104
K2 s - - 40
Kg, [M71] 507 20.0+2.3 20
Ky M1 (5.7£0.8)x10? - 100

[a] Ref.[26]
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law was found. The best fits were obtained according to
Equation (2) which is formally derived from Equation (1)
when the term Ky;[Cu?*] in the denominator is neglected,
as can be because the Ky, value is low, comparing to the
value of the protonation constant Ky. The reaction rate in-
creases with both proton and copper(i) concentrations, and
a saturation-like shape of kg dependences (Figure 4, A)
reveals a formation of the protonated complex, which
slightly slow down the dissociation reaction as the Cu** ion
cannot easily attack the less negatively charged protonated
complex [Gd(H,L")]" in comparison with [Gd(HL")}>.

b = EH ]+ H T + £ [Cu™ 1+ £ [HY ) [Cu™)

= (2)
absd. 1+KH [H+]

However, in the europium(in)-promoted dissociation of
[GA(LH]* complex, only proton-assisted pathways were
found, as the observed rate constant k,,sq can be extrapo-
lated to zero at zero proton concentration. Furthermore,
the increase in the Eu’* concentration dropped the value of
kopbsa. (Figure 4, B), which is an evidence for the formation
of a dinuclear complex. This complex is kinetically rela-
tively stable, and its structure should be analogous to the
dinuclear [Gd,(L")] species (Figure 2, B). The presence of
the highly charged metal ions bound on opposite sides of
the complex prevents the attack by an additional proton.
Therefore, the data were best fitted according to Equation

3).

_ R+ THT 3
T 14 K [Eu']

The copper(i)-assisted dissociation of the [Gd(L?)]*
complex can be best fitted by Equation (4), which can be
derived from Equation (1) by neglecting of the stabilization
of the gadolinium(1ir) complex by the protonated and dinu-
clear species formation [i.e. 1 >> Ky[H'] + Ky[Cu?'] in
the denominator of Equation (1)], as the stability of the
dinuclear complex with Cu?* is even lower for the phosphi-
nate derivative HsL? comparing to phosphonate ligand
HgL' and also because of the lower protonation constants
of the [Gd(L?)]* complex the term Ky[H*]is of a low im-
portance. The representative data are given together with
the best fits in Figure 4 (C).

ko = K H 1+ A [H ) + £ [H][Cu™ ] 4

obsd.

In the case of the europium(i)-assisted dissociation of
the [Gd(L?)]* complex, the crossing region in kp.q. depen-
dences on the proton concentration was found at [H*] of
about 5-10° M (pH = 4.3, Figure 4, D). At higher proton
concentrations, the increase in Eu3* concentration slows
down the reaction rate, contrary, at low proton concentra-
tions, the reaction accelerates with increasing Eu®* concen-
tration. Similar behaviour was reported for the Eu’*-pro-
moted dissociation of the [Gd(dtpa)]> complex.[*] The
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non-zero reaction rate at the zero proton concentration is
an evidence for the proton-independent term in the rate law.
Therefore, the best fits were obtained using Equation (5).

_RP[H 1+ AJ[HT T + A [Eu™]

3+ (5)
1+ K, [Eu™]

k obsd.

Spontaneous dissociation of diprotonated complex
[GA(H,LY] and the monoprotonated complexes [Gd(HL?)
is about three orders in magnitude faster than in the case
of [Gd(Hdtpa)]" complex (Table 7). Further protonation
causes noticeable increase in the reaction rate of about four
orders in all the cases.

To compare the kinetic inertness of the complex species
with the new ligands and that with Hsdtpa, we calculated
half-life times of all the complex species under various con-
ditions (Table 8).

Table 8. Comparison of half-life times of the complexes [Gd(L")]*,
[GA(L*»)J> and [Gd(dtpa)]* in various reaction media (25 °C, I =
1.0 M KCI).

Conditions Half-life times [s]
[GA(LYHP [GA(LY)? [Gd(dtpa)]®
pH =4.0
without metal ions 2.5 2.2 680
0.001 m Cu?* 1.9 1.9 360
0.001 m Eu?* 2.6 2.3 690
0.01 m Cu?* 0.6 0.8 77
0.01 m Eu3* 33 2.5 780
pH =5.0
without metal ions 21 40 4.5-10*
0.001 m Cu* 9.5 31 740
0.001 m Eu?* 22 37 4.3-10*
0.01 m Cu?* 1.6 9.7 84
0.01 m Eu?* 31 21 3.4:10*
pH = 6.0
without metal ions 210 440 1.0-10°
0.001 m Cu>* 19 330 750
0.001 m Eu?* 220 190 5.8:10°
0.01 m Cu?* 2.0 99 84
0.01 m Eu’* 310 35 1.4:10°

In general, the stability of the complexes of new phos-
phorus-containing ligands is much lower comparing to that
of [Gd(dtpa)]*>". Increase in copper(il) concentration speed-
up the dissociation reaction in all the cases, bud especially,
for [Gd(dtpa)]>~ complex in neutral solutions, where is the
half-life time comparable to that calculated for [Gd(L?)]*.
It is a consequence of a spontaneous dissociation of dinu-
clear [Gd(dtpa)Cu] complex. In the case of [Gd(L?)]*, the
lower basicity of the donor groups results in lower ability of
binuclear complex formation (see also the values of stability
constants of dinuclear species, Table 6) and therefore, to
worse formation of such reactive intermediate. For europi-
um(mn)-promoted dissociations, the stabilization of [Gd(L)]
complexes with increasing Eu** concentration was found in
all the cases at low pH. It is the result of formation of
[Gd(L)Eu] complexes, which cannot be easily attacked by
1983
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proton and their own dissociation is slower comparing to
proton-assisted pathway. Increasing the pH, half-life times
slightly drop with increasing Eu®* concentration for
[Gd(dtpa)]* and [Gd(L?)]>* complexes, as result of their
spontaneous dissociation. However, in the case of [Gd(L")
Eu], there was no evidence for such process and therefore,
half-life times still increase.

For the Hsdtpa and its various amide derivatives, all the
gadolinium(mr) complexes have similar kinetic stability
comparing to each other.?* 2% Surprisingly, we found that
the gadolinium(m) complexes with Hsdtpa-analogues de-
rived on the central nitrogen atom by the phosphorus acid
pendant arm are much less kinetically stable with the half-
life times about two to three orders of magnitude shorter.
This can probably be attributed to a steric strain in the new
complexes, which coordination sphere is not so compact
and which can be attacked by a proton or by an additional
metal ion. Furthermore, the complex of phosphonate li-
gand can easily be protonated due to the high basicity of
the pendant arm. Also, it can easily form dinuclear com-
plexes, which are the intermediates in the dissociation
mechanism. Anyway, the rate constants for complexes of
both ligands with phosphorus pendant arm are comparable,
so the stereochemistry of both the complexes and the inter-
mediates is probably similar. It should be noticed that as-
sistance of proton or the metal ions in the decomplexation
is much more pronounced for Hsdtpa complex itself. The
results obtained here correspond very well with trans-chela-
tion experiments between the gadolinium(i) complexes
and Zn?" followed by 'H relaxation measurements (Gd3*
complex/Zn>* = 1:1, pH 7, phosphate buffer, 37 °C).['8] The
experiments gave the same relative kinetic inertness of the
complexes [Gd(dtpa)]* >> [Gd(L)]** = [Gd(L*]>. On
the other hand, a difference in kinetic inertness (pH 2,
25 °C) of the gadolinium(i) complexes of Hydota and its
monophosphonate analog Hsdo3ap are much smaller; the
[Gd(do3ap)]* complex decomposes about one order of
magnitude faster (7;, = 7.9 h) than the [Gd(dota)] com-
plex (t;, = 95.5 h).27!

Conclusions

The study of thermodynamic and kinetic stabilities of the
complexes of phosphonate and phenylphosphinate ana-
logues of Hsdtpa (derived by phosphorus functionality on
the central nitrogen atom) with selected transition and lan-
thanide metal ions is presented. Both phosphorus-contain-
ing ligands form thermodynamically very stable complexes,
with stability constants comparable or even higher than
those reported for parent Hsdtpa. However, the kinetic sta-
bility of their gadolinium(ir) complexes against acid- and
metal-assisted decomplexations is surprisingly much lower.
The half-life times of the gadolinium(ir) complexes of the
new ligands in the presence of an excess of the concurrent
metal ions [copper(11) or europium(in)] are shorter by about
2-3 orders of magnitude comparing to those of Hsdtpa and
its amidic derivatives. This can probably be attributed to
1984
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the steric strain in the new complexes, to a high affinity
of the phosphonate ligand for protons and/or to the easy
formation of binuclear complexes, which acts as the inter-
mediates in the dissociation mechanism. The data presented
here show that lanthanide(u1) complexes of this class of li-
gands are less suitable for medicinal use due to the rather
low kinetic inertness.

Experimental Section

Materials: The ligands used in this work were prepared according
to reported procedures.'®) Metal salts were of analytical grade and
were used as obtained from commercial sources or after re-
crystallization from water. The deionized water (Milli-Q, Millipore,
20 kQ) was used for physico-chemical experiments. Materials (ana-
lytical grade) for preparation of the buffer solutions were obtained
from commercial sources.

Equilibrium Studies

The stock solution of hydrochloric acid (ca. 0.03 mol-dm3) was
prepared from 35% aqueous solution (quality “puriss.”, Fluka).
Commercial NMe,Cl (99 %, Fluka) was recrystallized from boiling
iPrOH and the solid salt was dried with P,Os in vacuo to constant
weight (this dried form of the salt is extremely hygroscopic).[*’ Car-
bonate-free NMe4OH solution (ca. 0.2 mol-dm~>) was prepared
from NMe4Cl using ion exchanger Dowex 1 in the OH™ form (elu-
tion with carbonate-free water, under argon). The hydroxide solu-
tion was standardized against potassium hydrogen phthalate and
the HCI solution against the ca. 0.2 mol-dm 3 NMe4OH solution.

The ligand stock solutions (¢ =~ 0.02 mol-dm ) were prepared by
dissolution of a weighted amount of the solid hydrochloride salts
of ligands (H¢L'"HCI-2H,O and HsL?2HCI-H,O, respectively) in
an appropriate amount of deionized water. The exact content of
hydrochloric acid was determined gravimetrically as AgCl. Concen-
trations of the ligands were calculated from potentiometrical data
during the determination of the protonation constants using the
OPIUM program package.*) The exact concentrations of metal
chlorides stock solutions were determined by titrations with stan-
dardized solution of Na,H,edta.

Titrations were carried out in a vessel thermostatted at 25+0.1 °C,
at an ionic strength /(NMe,Cl) = 0.1 mol-dm > and in the presence
of extra HCl in the —log[H"] range 1.5-12.0 (except of titrations in
presence of excess of hydrolyzing metal ions, which were finished
at —-log[H*] of about 9.5) using a PHM 240 pH meter, 2-mL ABU
900 automatic piston burette and a GK 2401B combined electrode
(Radiometer). The initial volume of the measured solution was
about 5cm® and concentrations of ligands were about
0.004 mol-dm 3. For determination of the stability constants of
metal complexes, the mixtures with one or 1.5-2 equivalents of
metal ions were used. Titration of each system in each M:L ratio
was carried out at least three times and each titration consisted of
about 40 data points. An inert atmosphere was ensured by constant
flow of dinitrogen saturated with the water vapour by passing
through 0.1 mol-dm~ solution of NMe4Cl. The concentration pro-
tonation constants f;, are defined by the equation

B = H,LY(H[L])

As dissociation constant Ky j, is commonly defined by
K = ((H]H,,  L]Y[H,L],

it is evident, that pK, 5, = logf}, — logf, ;.
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The concentration stability constants /3, are defined by the equa-
tion

ﬂhlm = [HhLlMWI]/([H]I’[L]/[M]m)a

and dissociation constant Ky, can be defined similarly to the
case of free ligand as

Kanim = (HI[H; 1 LM, D/[H,LM,, ).
Analogously, pKa jm = 108 Buim — 108 By 11m-

The constants (and their standard deviations) were calculated with
the OPIUM program package.’” This program minimizes the cri-
terion of the generalized least-squares method using the calibration
function

E = Ey+ Sxlog[H™] + jix[H'] + jox K/[H']

where the additive term E, contains the standard potentials of the
electrodes used and contributions of inert ions to the liquid-junc-
tion potential, S corresponds to the Nernstian slope, the value of
which should be close to the theoretical value of RT/zF{log(e)} =
59.159 mV. It was reported in the literature that for a glass electrode
this value can oscillate at about 99.7% of the theoretical value.3!1
The terms j; X [H*] and j, x K,/[H*] = j, x[OH] are contributions
of H* and OH" ions to the liquid-junction potential. By simple
view on the calibration function, it is clear, that they cause a devia-
tion from a linear dependence of E on [H*] and are significant
only in strong acidic and strong alkaline solutions. The calibration
parameters were determined from titration of standard HCIl with
standard NMe,OH before and immediately after the titration of
ligand or ligand-metal system. Thus, two sets of calibration param-
eters for each titration were used for the calculations of the con-
stants. The water ion product pK,, = 13.81 and the stability con-
stants of hydroxo metal complexes were taken from the litera-
ture.[23-321

Kinetic Studies

The stock solutions of ligands of the concentration of about
0.05 mol-dm were prepared by dissolution of a weighted amount
of solid hydrochloride salts (HgL'-HCI-2H,O and HsL>*2HCI-H,O0,
respectively) in appropriate amounts of double-distilled water. Ex-
act content of ligands was determined by addition of a defined
excess of EuCl;y and re-titration with a standardized solution of
Na,H,edta (xylenol orange indicator, pH 5.8-6.0, urotropine
buffer). The concentrations of lanthanide(tr) chlorides stock solu-
tions were determined by titrations with standardized solution of
Na,H,edta. From the solutions, the gadolinium(1r) complexes [¢ =
0.2 mmol-dm™3 for copper(ir)-exchange reaction and 2 mmol-dm3
for europium(i)-exchange reaction, respectively] of each ligand
were prepared. Constant ionic strength of potassium chloride
(I mol"dm™3) and buffers [0.02mol-dm™> boric acid in
0.08 mol-dm 3 mannitol for the copper(in)-exchange reaction and
0.02 mol-dm~3 N-methylpiperazine for the europium(imn)-exchange
reaction] were used to adjust the pH in the range 3.5-5.7. Large
excesses of copper(i1) (10-50%) and europium(ir) (10-70%) chlo-
rides were employed to assure pseudo-first order conditions of the
exchange reactions. All metal-assisted dissociation kinetics experi-
ments were followed spectrophotometrically on a stopped-flow ap-
paratus (Applied Photophisics DX-17MV) at 25 °C at 300 nm [cop-
per(i)-promoted decomplexations], 250 nm [europium(iir)-ex-
change on Gd-H¢L! system] and 290 nm [europium(im)-exchange
on Gd-H;L? system]. The rate constants kpsq. Were determined by
fitting of the time-dependence of the absorbance with 4, = (4. —
Ap)e ¥ + A, and were reproducible within +5% in the independent
runs. The values of the rate constants used for the fittings were the
averages from at least two independent runs using a firmware.
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X-ray Measurement

A single crystal of HgL!"HCI-1.5H,0 suitable for a diffraction ex-
periment was prepared by slow evaporation of a saturated aqueous
solution at room temperature. The colourless block-like crystal was
mounted on a glass fibre by silicone fat. Diffraction data were col-
lected using graphite-monochromated Mo-K, radiation with an
Enraf-Nonius KappaCCD diffractometer at 150(1) K [Cryostream
Cooler (Oxford Cryosystem)] and analyzed using the HKL
DENZO program package (ref.3%). Cell parameters were deter-
mined from all data by the same program package.’¥ The structure
was solved by direct methods (SIR 9714 and refined by full-matrix
least-squares techniques (SHELXL973%)). The used scattering fac-
tors for neutral atoms were included in the SHELXL97 program.
All non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were localized in the difference map of electronic density
and refined isotropically. The pertinent crystallographic data are
presented in Table 9. CCDC-287906 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Table 9. Experimental data for determination of the crystal struc-
ture of HL'"HCI-1.5H,0.

Formula C13H23C1N3012_50P

M 492.80

T [K] 150

Crystal dimension, mm 0.25%0.28 x0.55

Colour and shape colourless block

Crystal system triclinic

Space group P1 (No. 2)

a[A] 8.6219(2)

b[A] 11.8231(2)

¢ [A] 12.0663(3)

a[°] 114.9404(12)

B 1°] 96.9488(12)

Y [1 105.7311(14)

V [A3] 1033.78(4)

zZ 2

Dcig cm 3 1.583

A[A] 0.71073

u [mm™] 0.333

F(000) 518

0 range of data collection [°] 2.63-27.50

Index ranges 11 <h<11
-15<k<15
-15<i1<15

Data, restraints, parameters 4735, 0, 390

GOF on F? 1.025

wR (all data), wR' [I > 2a(])]™
R (all data), R' [I > 2o(D]® 0.0604, 0.0391
Largest diff. peak and hole [e'A3]  0.386, —0.493

[a] WR = [EW(F2 — F2Ew(F2)2Y2, w = U[o*(F,2) + (AXP)? +
BX PJ; where P = (F,” + 2F.2)/3. [b] R = 3|F, - FJ/S|F.

0.1097, 0.0984

Supporting Information (see footnote on the first page of this arti-
cle): Table of hydrogen bonds found in the structure of
HeL'"HCI-1.5H,0; and distribution diagrams of free H¢L!, free
HsL? and 1:1 and 2:1 copper(m)/ligands (HgL! and HsL?) mixtures
on pH.
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