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Abstract: Complexes of 4,10-bis(phos-
phonomethyl)-1,4,7,10-tetraazacyclodo-
decane-1,7-diacetic acid (trans-
Hedo2a2p, H¢L) with transition metal
and lanthanide(III) ions were investi-
gated. The stability constant values of
the divalent and trivalent metal-ion
complexes are between the correspond-
ing values of H,dota and Hgydotp com-
plexes, as a consequence of the ligand
basicity. The solid-state structures of
the ligand and of nine lanthanide(IIT)
complexes were determined by X-ray
diffraction. All the complexes are pres-
ent as twisted-square-antiprismatic iso-
mers and their structures can be divid-
ed into two series. The first one in-
volves nona-coordinated complexes of
the large lanthanide(III) ions (Ce, Nd,
Sm) with a coordinated water mole-

cule. In the series of Sm, Eu, Tb, Dy,
Er, Yb, the complexes are octa-coordi-
nated only by the ligand donor atoms
and their coordination cages are more
irregular. The formation kinetics and
the acid-assisted dissociation of several
Ln™ H(L complexes were investigated
at different temperatures and com-
pared with analogous data for com-
plexes of other dota-like ligands. The
[Ce(L)(H,0)]*” complex is the most ki-
netically inert among complexes of the
investigated lanthanide(III) ions (Ce,
Eu, Gd, Yb). Among mixed phospho-
nate—acetate dota analogues, kinetic in-
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ertness of the cerium(III) complexes is
increased with a higher number of
phosphonate arms in the ligand, where-
as the opposite is true for europium-
(IIT) complexes. According to the
'HNMR spectroscopic pseudo-contact
shifts for the Ce—-Eu and Tb-Yb series,
the solution structures of the com-
plexes reflect the structures of the
[Ce(HL)(H,0)* and [Yb(HL)]*
anions, respectively, found in the solid
state. However, these solution NMR
spectroscopic studies showed that there
is no unambiguous relation between
'P/'H lanthanide-induced shift (LIS)
values and coordination of water in the
complexes; the values rather express a
relative position of the central ions be-
tween the N, and O, planes.
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Introduction

Macrocycles, such as Hydota or Hgdotp (Scheme 1) and their
derivatives, form lanthanide(III) complexes that are endow-
ed with high thermodynamic stability and kinetic inert-
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Scheme 1. Structures of the ligands. For H¢L, H,dota and Hgdotp, label-

ling of the protons used to assign the '"H NMR spectroscopic resonances
is shown as well.

ness.'® Therefore, the chemistry of lanthanide(III) com-
plexes with these macrocyclic ligands has been extensively
studied and some of them have found applications as metal
carriers in biomedical research, for example, as luminescent
probes,¥ NMR spectroscopic shift and/or relaxation
probes,”) as well as contrast agents for magnetic resonance
imaging (MRI).?*'% Some of the currently used gadolini-
um-based MRI contrast agents, namely, Dotarem, Gadovist
and ProHance, are based on dota-like ligands. The [Tm-
(dotp)]*~ complex is known as a versatile *Na* NMR spec-
troscopic shift agent, both for perfused tissues and for in
vivo animal studies.""! More recently, radiolanthanide com-
plexes have also been explored for imaging or therapy appli-
cations, for which purpose the labelling of clinically relevant
biomolecules with dota-based bifunctional chelators has
been extensively studied.'’” Although trivalent lanthanides
have a similar coordination chemistry, they can form, with
the same chelator, complexes that show a variety of structur-
al characteristics, and these differences can affect their prop-
erties. A better understanding of structural parameters is of
prime importance for the rational design of complexes en-
dowed with a more favourable behaviour in various biologi-
cal systems, for example, those which exhibit improved bio-
distribution and pharmacokinetics.'"? The structures of
lanthanide(III) complexes with dota derivatives in solution
as well as in the solid state have been intensively investigat-
ed.?*%1 However, solid-state structures of complexes with
derivatives that have phosphorus-containing pendant arms
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have not been studied in so much detail, most probably due
to the difficulties in getting single crystals suitable for X-ray
diffraction analysis."*"!

Generally, the structures of dota and dotp complexes are
similar in a way that all ligand donor atoms are bound to
the central lanthanide(IIT) ion in an octadentate fashion,
thereby forming parallel N, and O, planes that sandwich the
central ion. However, the structures of lanthanide(IIT) dota
and dotp complexes differ in some other aspects. In solution,
NMR spectroscopic studies have shown that the dota com-
plexes are present as a mixture of two isomers that have
square-antiprismatic (SA) and twisted-square-antiprismatic
(TSA) structures.™ However, the complexes of dotp and
other tetraphosphorus derivatives exhibit the TSA arrange-
ment exclusively.'>1¢1821221 Similarly, in the solid state, both
SA and TSA structures were observed for the complexes of
dota-like ligands®®” and only the TSA arrangement was
found in the complexes of dotp and other tetraphosphorus
derivatives.'*'%132122l Dota complexes are nona-coordinated
and have one water molecule capping the O,-plane, except
for the TSA isomer of the Yb** and Lu’* complexes, which
have no inner-sphere water.?® In contrast, the coordinated
water molecule is missing (except the largest lanthanide(III)
ions) in the complexes of tetraphosphorus ligands.'**? Prop-
erties of complexes of the ligands that have one phosphorus
acid and three acetic arms are similar to those of
dota.B'*1519%1 However, only limited data are available for
Ln"™ complexes of the dota-like ligands with other numbers
(two or three) of phosphorus-containing pendant arms.*!

The biological behaviour of lanthanide(IIT) dota and dotp
complexes is also different. The dota complexes have no sig-
nificant preference for any organ, but the dotp complexes
and other poly(phosphonic acid) ligands exhibit a high affin-
ity for calcified tissues.”*” However, the bone affinity is
specific to the complexes of polyphosphonic acids, as com-
plexes of other phosphorus-containing ligands, such as phos-
phinic acids®! or phosphonic monoesters,?*!! have no bone
localisation. The complexes of monophosphorus acid dota
derivatives again show biodistributions similar to those of
dota complexes.*>*!

Following our previous work on tetraazamacrocycles that
bear phosphonate and/or acetate pendant arms,[*-222%30-34]
we have recently reported on the synthesis and characterisa-
tion of 1,4,7,10-tetraazacyclododecane-1,7-bis(acetic acid)-
4,10-bis(methylenephosphonic acid) (trans-Hqdo2a2p, HyL;
Scheme 1), on its interaction with **Sm**+ and 'Ho** ions,
and on the in vitro and in vivo behaviour of these radiolan-
thanide complexes.” To get a better insight into the radio-
chemical and biological behaviour of these radiolanthanide
complexes, we studied the complexation of trans-Hgdo2a2p
along the lanthanide series in more detail.

Herein, we report and discuss the behaviour of
lanthanide(III) complexes of trans-Hgdo2a2p in solution
(thermodynamic and kinetic properties) and their structures
in the solid state. A detailed analysis of lanthanide-induced
shifts (LIS), based on the solid-state and NMR spectroscop-
ic structural data, and leading to the determination of solu-
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tion structures of the complexes is also presented and dis-
cussed. During the work on this project, Kdlman et al. have
published some studies on the same ligand;**! however, our
study is more complete as it allows correlation of the solu-
tion and the solid-state data.

Results and Discussion

trans-Hqdo2a2p (HgL)—Solid-state structure and potentio-
metric studies: During purification of the title ligand (see
the Experimental Section), single crystals of H¢L-4 H,O suit-
able for X-ray crystallographic analysis were obtained. The
molecular structure of H¢L is shown in Figure 1 and the

Figure 1. Molecular structure of the H¢L zwitterion as found in the solid-
state structure of trans-Hgdo2a2p-4 H,O.

most relevant bond lengths and angles are presented in
Table S1 in the Supporting Information. The two trans-nitro-
gen atoms near the phosphonate groups (N1 and N7) are
protonated, which results in NH—C,;,, bond lengths (average
1.516 A) longer than those around the non-protonated N4
and N10 nitrogen atoms (average N—C,,, bond length is
1.488 A). Such a protonation is caused by an increase of the
electronic density on the amine groups due to spreading of
the negative charge of the mono-protonated phosphonate
groups. Such behaviour is common for a-amino phosphonic
acids,® and this mode of protonation has been also ob-
served for the zwitterionic form of Hsdo3ap (Scheme 1) in
the solid state." The two remaining protons are bound to
the oxygen atoms of the two carboxylic groups, which are at-
tached to the non-protonated nitrogen atoms. The protona-
tion mode found in the solid state is preserved in aqueous
solution as well (see below). The protonation of the carbox-
ylate groups is confirmed by the existence of short C=0O
(average 120 A) and long C—O (average 1.31A) bond
lengths. The structural parameters of the phosphonate
groups in H¢L are almost the same as those found for the
zwitterionic Hsdo3apl® and Hgdotp,?”! thereby indicating
that only one oxygen atom per phosphonate group is pro-
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tonated. Four nitrogen atoms of the macrocycle are almost
coplanar and all pendant arms are oriented to the same side
of the macrocyclic plane. One carboxylate pendant arm and
one phosphonate group are positioned just above the plane
due to the presence of intramolecular hydrogen bonds,
whereas the other phosphonate and acetate pendant arms
are oriented away from the ring to form intermolecular hy-
drogen bonds. The whole structure is stabilised by a network
of hydrogen bonds that involve the ligand and water solvate
molecules (Table S2 in the Supporting Information). This ar-
rangement is comparable to that found for Hgdotp®” and is
different from the arrangements found for Hsdo3ap® and
(Hsdota)* cation®®! in which all four pendant arms are posi-
tioned above the N, plane.

To correlate ligand protonation sites found in the solid
state with a protonation sequence in aqueous solution, the
dependence of *'P and 'H chemical shifts of the N-CH,-
PO(OH), moiety on the pH in the range 1.9 <pH < 13.8 was
followed (Figure S1 in the Supporting Information). From
this dependence, values of six stepwise protonation con-
stants (log K, to log K¢: 13.17, 12.22, 6.47, 6.44, 3.17, 2.75, re-
spectively) were reliably determined and they are in a good
agreement with those determined by potentiometry (see
below). Thus, it can be concluded that the first two protona-
tions (pH range 11-14) occur on two trans-nitrogen atoms
N1 and N7 that bear the deprotonated phosphonate moiety.
The third and the fourth ones (chemical shift changes in pH
range of 5.5-7.0) occur on the phosphonate groups with a
redistribution of the N—H™ protons from N1 and N7 to N4
and N10 atoms. Finally, the next two protonations (pH
range 2.0-4.0) have to occur on the carboxylate groups with
another redistribution of the N—H™* protons to the amines
that bear the phosphonate groups (the protonation scheme
is given in Scheme S1). The analogous redistribution of pro-
tons bound to ring nitrogen atoms as a consequence of the
protonation of carboxylate/phosphorus acid pendant arms
has been observed for other phosphorus-containing dota de-
rivatives.[*363]

The protonation constants of the title ligand were deter-
mined by potentiometry, except for the first constant, which
had to be determined from a dependence of *'P{'H} NMR
spectroscopic chemical shift on —log[H?*] under controlled
conditions. The protonation constants found for HgL are
summarised in Table 1 and are compared with the values re-
cently published by Kélman et al.?*! as well as with values
found in the literature for similar ligands. Figure S2 in the
Supporting Information shows the corresponding species
distribution diagram. The overall basicity of the nitrogen
atoms (log K, +1logK,) of H¢L is higher than that of H,dota
and Hsdo3ap but is lower than that of H,doa3p and Hgdotp.
Such a trend is expected, as a higher number of phospho-
nate groups should lead to ligands with a higher basicity."”
However, the first dissociation constant of HgL is slightly
lower than the one found for Hsdo3ap. The higher value
found for the first dissociation constant of Hsdo3ap can be
explained by a different arrangement of intramolecular hy-
drogen bonds in the mono-protonated species of Hsdo3ap

Chem. Eur. J. 2010, 16, 8446 —8465


www.chemeurj.org

Lanthanide(IIT) Complexes

Table 1. Stepwise protonation constants (logK )" of trans-Hgdo2a2p and
some related macrocyclic ligands (25°C; for structures see Scheme 1).

Species®  H L HLY H,dotal Hsdo3ap! H,doa3p®! Hgdotp!

HL, 13.016 12.6 11.9 13.83!1 13.60 14.65
13.016(5)"

H,L, 11.817 1143  9.72 10.35 11.42 12.40
24.833(8)

H;L 6.35 5.95 4.60 6.54 7.69 9.28
31.18(1)

H,L 6.33 6.15 4.13 4.34 6.33 8.09
37.513(9)

H;L 3.13 2.88 2.36 3.09 5.13 6.12
40.64(1)

H(L 2.64 2.77 - 1.63 2.73 522
43.28(1)

H,L - - - 1.07 1.62 1.77

[a] Log K, =logf, and logK,=logf,—logp, ;. [b] Charges are omitted for
clarity. [c] This work (0.1 NMe,Cl); the experimentally determined overall
protonation constants logfS, (B,=[H,L)/([H]"x[L]) are in italics.
[d] Ref. [24a] (Im KCl). [e]Ref. [40] (0.1m NMe,Cl). [f] Ref. [36] (0.1m
NMe,Cl). [g] Ref. [24b] (1M KCIl). [h] Ref. [34b] (0.1 NMe,NOs). [i] Deter-
mined by *'P NMR spectroscopy, without control of the ionic strength.

and HgL. In fact, Hsdo3ap con-
tains a rather strong intramo-

FULL PAPER

grams for the Ho"™-HL and Cu"™-H,L systems (more distri-
bution diagrams are shown in Figure S3).

The values of stability constants determined in this work
and those of Kalman et al.*” are in a good agreement. The
small differences are caused by the difference in ionic
strength and in the values of the dissociation constants. The
title ligand forms very stable complexes with trivalent lan-
thanides as well as with transition-metal ions. Values of sta-
bility constants of the H¢L complexes are intermediate in
comparison with the values of the corresponding constants
of the H,dota and Hgdotp complexes. This order is caused
by the differences in overall basicity of the ligands.®™ The
first two protonations of the lanthanide(IIT) and transition-
metal-ion complexes should take place on phosphonate
groups and, analogously to the corresponding dota com-
plexes, we can suppose that “in-cage” complexes are formed
above pH~4. The values of dissociation constants of these
protonated species are in correlation with the expected
structures of the complexes. In the lanthanide(III) com-
plexes, the phosphonate groups are coordinated and the dis-

Table 2. Stepwise protonation (log K,) or stability constants (log K ,; n=1,2) of complexes of some divalent
and trivalent metal ions with HeL (I=0.1m NMe,Cl, 25°C).

lecular hydrogen bond that in-

; Equilibrium!® Equilibrium constant

volves a protonated amine hy- Sm3+ Ho** y3+ Ca?* cut Zn* Cd+
drogen atom and a dep[;(])topaF— [H,LM]+2H=[H,LM] “2%2.68” “9 % 245" 9% 2.84" — — _ 2 57001
ed phosphonate group.”™ Simi-  [H,LM]+H=[H,LM] - - - 4.48 2.51 2.32 3.02
lar  behaviour has been [HLM]+H=[H,LM] 5.0 4.9 472 7.33 6.66 6.60 6.37
observed for some oyam BOHIRLEMI S s s uam sy pas  am

+M= X 5 5 . . . .
(1,4,8,11 -t.etrz%azacyc.:lotetrade- [LM,] + H—[HLM,] - 39 30 697 s62 - -
cane) derivatives with phospho- (M) 4 M=[LM,] 5.5 5.5 5.48 5.15 6.19 447 -

rus acid pendant arms.****!! The
values of dissociation constants
determined in this work gener-
ally agree with those deter-
mined by Kalman et al.? The differences should be as-
signed to the difference in the background electrolyte and
its concentration in these two measurements. It is known
that dota-like macrocycles, and especially phosphonic acids,
are able to interact with alkali metal cations,”*****% which
lowers the protonation constants values, and so the use of
the non-complexing NMe,* cation in the present work is
more appropriate for the title ligand.

Thermodynamic stability of metal complexes of HL: We
have recently reported that the radiolanthanide complexes
133Sm-H,L or '“Ho-H(L are very stable in vivo and we have
found their biological behaviour to be very similar to that
observed for the corresponding dota complexes (in the same
animal model).’* To better understand the in vivo stability,
we determined the stability constants of the H,L complexes
with Sm™ and Ho™ and with several other cations. The
equilibrium constants are compiled in Table 2 and the stabil-
ity constants are compared with those for other ligands in
Table 3. A full set of the constants as determined from the
titration experiments is given in Table S3 of the Supporting
Information. Figure 2 presents the species distribution dia-
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[a] Charges are omitted for clarity. [b] Equilibrium constant (logK,) for equilibrium [H;LM]+H=[H,LM].

Table 3. Comparison of stability constants (log K;y) of metal complexes
with H¢L and with other related ligands.

Ligand Sm** Ho’* Y3 Ca’*t Cu*t  zZn’t  Cd
H,LE 26.9 275 2654 1474 2517 2326 2278
H,LM - - 266 151 249 225 -
H,dotal"! 2300 24814 246 172 223 208 213
H;do3ap 28.671 28511 2601 — - - -
H,doa3pld — - - 1450 273 229 -
Hdotp 28.1M 292 _ - 2540 _ -

[a] This work (0.1m NMe,Cl). [b] Ref. [24] (1M KCl). [c] Ref. [40] (0.1m
NMe,NO;). [d] Ref. [44] (1.0m NaCl). [e] Ref.[33] (0.1m NMe,Cl).
[£] Ref. [36] (0.1 NMe,Cl). [g] Ref. [24b] (1.0m KCI). [h] Ref. [45] (0.1m
NMe,NO,). [i] Ref. [46] (1.0M KNO,).

sociation constant values are lower than the corresponding
ones in the free ligand. In the transition-metal complexes,
the pendant arms can be unbound, thus leading to the
higher values of the dissociation constants compared to
those for lanthanide(III) complexes, in which all pendant
arms are coordinated, as well as to those of the free ligand,
in which the pendant arms are involved in a strong hydro-
gen-bond network (see above). The tetra-protonated species
of the lanthanide(III) complexes should, in addition to the
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Figure 2. Species distribution diagram for the a) Cu”-HL and b) Ho"'-
HiL (B) systems in L/M =1:1 molar ratio (¢, =c¢y=0.004m).

phosphonate groups, be protonated on two ring nitrogen
atoms to form a stable “out-of-cage” complex that does not
rearrange to form the “in-cage” complex in acidic solutions;
such “out-of-cage” complexes of Ln™ with dota-like ligands
have been observed in the solid state.***! It also agrees with
observations obtained from kinetic measurements (see
below). Similar thermodynamically stable species protonat-
ed on the ring nitrogen atoms have been suggested for anal-
ogous complexes of Hsdo3ap.***!

The stepwise protonation constants of the preformed
[Ln(L)]*~ complexes (Ln=Ce, Pr, Nd, Sm, Eu, Tb, Dy, Er
and Yb) were independently determined from the depen-
dence of the *'P NMR spectroscopic shift of the complexes
on pH (pH range 1.2-13.5). Such determination is possible,
as all the lanthanide(IIT) complexes are stable in a very
acidic solution (pH <2) for up to one week (evidenced by
the absence of the free ligand signal in the *P NMR spec-
tra). For all the complexes studied, only a single P NMR
spectroscopic resonance was observed over the entire pH
range, thereby indicating that the protonated and deproton-
ated species were in a fast exchange. Such behaviour has
also been observed for the [Ln(do3ap)]*~, [Ln(doa3p)]*~ and
[Ln(dotp)]’~ complexes.'"****] Protonation of all the com-
plexes starts at pH near 7.5, as shown by shielding of the

8450
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*'P NMR spectroscopic resonance of the complexes until pH
near 3.7, except for the Er'™ and Yb™ complexes in which
deshielding occurs (Figure S4 in the Supporting Informa-
tion). The & of the [Ln(L)]*~ complexes as a function of pH
could be reliably fitted by the model including two protona-
tion steps (i.e., it suggests the presence of the [Ln(L)]*,
[Ln(HL)]*" and [Ln(H,L)]™ species in the solution). The
stepwise protonation constants, log K,;;, of the lanthanide-
(IIT) complexes determined by *'P NMR spectroscopy are
listed in Table 4. As can be seen in Table 4, there is no spe-

Table 4. Stepwise protonation constants and protonation shifts Ad, for
the [Ln(L)]*" complexes determined by *'P NMR spectroscopy (no con-
trol of ionic strength, 21°C).

Ln" ion LogK; Log K, Adp (ppm)
Ce 6.1(2) 42(1) 87
Pr 6.5(2) 49(2) _416
Nd 6.4(1) 47(1) —6.4
Sm 6.0(2) 48(2) —04
Eu 52(2) 48(1) —47
Tb 57(1) 5.1(2) —356.4
Dy 5.6(1) 45(1) —472.4
Er 5.6(4) 4.6(3) 50.4
Tm Lol el 53.8
Yb 5.3(1) 4301) 4138

[a] Not determined.

cial trend along the lanthanide series for the two dissocia-
tion constants determined. Previous studies!"**?%%*! on the
[Ln(do3ap)]*~, [Ln(doa3p)]*~ and [Ln(dotp)]’~ complexes
have also shown that the log K,,; values for these complexes
are insensitive to the lanthanide(IIT) cation, and the events
have been attributed to protonations of the phosphonate
group(s) coordinated to the lanthanide(III) ion. The values
are in a good agreement with those determined by potenti-
ometry, which confirms that these protonation/deprotona-
tion steps occur on the “in-cage” complexes and they are as-
sociated with pendant phosphonate groups. Table 4 also in-
cludes the calculated *'P NMR spectroscopic protonation
shifts (Adp), the signs and relative absolute values of which
for the different [Ln(L)]*~ complexes are quite well correlat-
ed with the magnetic constants of the Ln'" ion (C?, defined
in the Supporting Information; also see Equations (7) and
(8) below), indicating a progressive decrease of the pseudo-
contact contribution to the *'P LIS values as the complex is
sequentially protonated. This has been previously observed
for the first two protonations of [Ln(dotp)]’~, perhaps due
to relaxation of structure of the complexes and a slight
movement of the coordinated phosphonate groups away
from the paramagnetic metal centre.*!

Formation of lanthanide(III) complexes: The two-step reac-
tion mechanism has been postulated for the formation of
lanthanide(III) complexes with the dota-like macrocyclic li-
gands. The first step is a rapid equilibrium that forms a reac-
tion intermediate {Ln(L)}* (in which L is a general macrocy-
clic ligand) with the lanthanide(III) ion bound incompletely
by the pendant arms (an “out-of-cage” complex). The stabil-
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ity of this intermediate can be described by an equilibrium
constant K*=[{Ln(L)}*]/[Ln] x[L]. During the second (rate-
determining) step, the “out-of-cage” species is transformed
into the [Ln(L)] final product (an “in-cage” complex) and
this step is determined by the individual rate constant k*
(Scheme 2A).1#

[Ln(H0)sl*+ Hol < {Ln(H,0),(H,L)* —K o [Ln(H0),(HL)]  (A)
f
[Ln(H,0)e]* + Hol — [Ln(H,0),(HqL)] B

Scheme 2. General scheme for the formation of the Ln"™ complexes with

dota-like ligands; the charges of ligand and complex species as well as
protons and water molecules produced by the reactions are omitted for
the sake of clarity.

As formation of the cerium(III) and gadolinium(III) com-
plexes of the title ligand have already been published during
the course of our work,”! we focussed on a detailed study
of the reaction mechanism of the europium(II) complex
formation by means of UV spectroscopy (to follow the over-
all reaction, characterised by 'k,; Scheme 2B) and steady-
state/time-resolved luminescence spectroscopy (TRLS, to
follow the individual step characterised by k*). To carry out
the measurements in a reasonable time with the available
techniques/equipment, the experimental conditions (reactant
concentrations and ratio, pH) had to be found and the meas-
urements were carried out at several temperatures. For fur-
ther study, pH 5.5 was chosen because at this value the reac-
tion proceeds on a very convenient timescale. Below this
value, the reaction is too slow because, at 24 h after mixing,
the intermediate is still present; it can be seen from the
value of g in Table S4 in the Supporting Information (g is
the number of inner-sphere water molecules). Above this
pH, the reaction is too fast to be followed by the available
techniques, as the intermediate is quickly rearranged to the
final product (¢ <1, Table S4). However, the reaction mech-
anism is the same over the pH range 4-6 as the lumines-
cence spectra (Figure S5) of the reaction intermediate, {Eu-
(H,0),(H,L)}*, formed immediately after mixing of the re-
actants in this pH range, are the same.

The final thermodynamic Eu™ complex, produced by the
equilibration at pH=6, shows emission bands at 580 (elec-
tronic transition °D,—F,), 589-595 (°Dy—’F,, AJ=1) and
610 and 619 nm (°Dy,—'F,, AJ=2) (see Figure S5 in the Sup-
porting Information). The AJ=2/AJ=1 band intensity ratio
is approximately 1; it is between the values 1.6-1.7 reported
for the Hgdotp complex and 0.65-0.75 for the H,dota and
Hsdo3ap complexes.”' ™ The luminescence decay time (1=
0.794 ms) of the Eu™-H(L complex in water leads to g=
0.6+0.5, estimated according to Choppin’s formula.’* As
this method is charged with a large uncertainty, we used
Parker’s formula, considered to be more accurate, for the
estimation of the hydration number upon measurements in
H,0 and D,0;P*! these measurements led to a very similar
value ¢=0.5+0.2. However, the observed value of g~0.5
can also be interpreted as an equilibrium between non-hy-
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drated and mono-hydrated complex molecules.”! To exclude
this possibility, we also performed a “Dy«—’F, absorption
study. As the spectroscopic terms with /=0 are non-degen-
erated, it results in only one absorption band per one type
of the complex environment. As the acquired spectra
showed only one symmetric absorption band (Figure S6 in
the Supporting Information), it means that only one type of
the complex species is present in the solution. Taking into
account also the luminescence measurements on europium-
(III) complexes of tetraphosphorus acid 1,4,7,10-tetraazacy-
clododecane (cyclen) derivatives in which a strong second-
sphere hydration of the complexes was proven™ and the
precision of the above luminescence measurements, it can
be concluded that the final product of Eu™ complexation
has no coordinated water molecule. It also agrees with the
previous 7O NMR spectroscopic measurements.**!

These preliminary measurements showed that the pH
range suitable for the formation kinetics study is rather
narrow (pH~5-6). According to Scheme 2, the rate of com-
plex formation can be expressed as Equation (1).

d[LnL]

& = K*H{Ln(L)}*] = k*K*[Ln™][L] (1)

As the luminescence lifetime of Eu™ complexes is propor-

tional to the number of coordinated (inner-sphere) water
molecules, g, the rate constant k* is directly accessible by
the TRLS measurements using Equation (1).°? Alternative-
ly, the overall reaction can be expressed as the second-order
process determined by the second-order rate constant 'k,

[Eq. @)].

d[LnL]

dr = ik2 [Ln3+]lol [L]lol (2)

in which [Ln**],, and [L],, are total concentrations of the
metal- and ligand-containing species. In this case, the value
of the second-order rate constant can be determined from
the time dependence of absorption spectra. Reaction inter-
mediate {Eu(H,0O),(H,L)}* is formed immediately after
mixing and contains around 3.5 coordinated water molecules
(Figures S7 and S8 in the Supporting Information), whereas
the final thermodynamic product, [Eu(H,L)]? >, has no coor-
dinated water molecules (see above). Combining our and
the previous results,*! the composition of the reaction inter-
mediate is probably {Eu(H,L)(H,O);,} * and the protons
should be bound to ring nitrogen atoms.’>*® It can be also
assumed that the structure of the reaction intermediate and
the reaction mechanism are similar to those involved in re-
actions of the similar ligands as H,dota,”" Hsdo3apt” and
H,doa3p. The reaction intermediate in aqueous solution
with a pH < 5.5 is not converted into the final product over
the course of 24 h (Table S4 and Figure S5 in the Supporting
Information). Reaction intermediate {Eu(H,L)(H,0);_,} * is
probably rearranging very slowly (days to weeks), as ob-
served for analogous species in the Eu"'-H,dota system;""
this is probably caused by a rather high thermodynamic sta-
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bility of the {Eu(H,L)(H,0);4} * species (Scheme 2). It is
also supported by potentiometric data that suggest that the
tetra-protonated species (present in solution at pH<3),
which probably has an analogous structure (two protonated
ring nitrogen atoms and two mono-protonated phosphonate
groups), is fully thermodynamically stable under these con-
ditions (see above). Its equilibrium constant should be simi-
lar to that reported for the {Ce(H,L)} ™ complex (log K*=
10.4).%4 This value is noticeably higher than those found for
the Hydota complexes (logK*=4.5 for {Ce(H,dota)}™* or
logK*=4.4 for |[Eu(H,dota)}**)*] as well as for the
Hsdo3ap complexes (log K*=3.45 for {Ce(H;do3ap)}™* or
log K*=3.0 for {Eu(H;do3ap)}**).26>

In a comparison of the rate of rearrangement of the {Ln-
(H,dota)}* and {Ln(H,L)}* reaction intermediates, the
former one is more stable at a lower pH. The rate constant
of conversion of the {Eu(H,L)(H,0);_,} * intermediate com-
plex, k*=2.09(6)x 10 s™" (25°C, ¢, = ¢, ~0.005Mm, Table 5),

Table 5. The results of UV/Vis (‘k,) and TRLS (k*) measurements on
the Eu'-HgL system (pH 5.5, cg, = ¢; ~0.0005 m).

Yo a7 s gy qea™ ke [1074s 71

Temperature [°C]

20.0 0.477(3) 3.56(4)  0572)  5.0(2)
25.0 0.831(8) 3.46(8)  0.73(4)  5.9(4)
3.28(3)4  0.98(2)1 1 2.09(6)!
30.0 1.558(7) 3.57(7)  053(3)  14.8(9)
35.0 3.647(20) 3.90(13)  0.63(5)  24.4(2)
40.0 8.129(70) 227(8)¢1  0.56(4)  75.4(15)
Activation parameters
E, [kImol™] 109(7) 104(14)
AH* [kImol™'] 106(7) 102(14)
AS* [JK 'mol™]  111(22) 37(48)

[a] UV measurements. [b] TRLS measurements. [c] The errors in paren-
theses correspond to a fitting of the time vs. ¢ dependence; ¢ in any time
point was determined by Choppin’s method® with precision of +0.5
H,O0. [d] ¢g,=c. =0.005M. [e] Rough estimate due to a fast formation re-
action.

is also one order of magnitude lower than that for the inter-
mediate Eu™" complex with Hsdo3ap (4.7x107* s7)"? mea-
sured under identical conditions. Surprisingly, a faster reac-
tion with the rate constant k*=5.9(4)x10"*s™' (25°C,
Table 5, Figure S7 in the Supporting Information) was ob-
served in reactant concentrations that were ten times lower
(cga=¢.=0.0005Mm). This observation can be explained by a
formation of polymeric complexes in which phosphonate
groups bridge the metal ions to form multinuclear species,
as has been observed for the Ln™-Hgdotp complexes in so-
lution®? and in the solid state” as well as for lanthanide-
(IIT) complexes of other tetraphosphorus dota analogues.””
The polymer formation effectively competes with conver-
sion of the (polymeric) intermediate into the final “in-cage”
complex and it is more pronounced under higher overall
concentrations of reactants.

Generally, the overall formation rate characterised by
%k,=0.83mM's™' (measured under analogous conditions) is
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slower than that for the [Gd(dota)]” complex (‘k,=
205m 's ¥ but somewhat faster than for the [Eu-
(doa3p)]*~ complex (k,=0.21m""s71).3

With increasing temperature, the metal-transfer reaction
step is accelerated. This transformation process, followed by
TRLS and absorption spectroscopy in the UV region, was
studied at different temperatures (Figure S7 in the Support-
ing Information and Table 5) and its rate constant and ther-
modynamic and activation parameters were calculated. The
results are compiled in Table 5. The activation energy pa-
rameters for the transformation process characterised by the
rate constant k* are comparable with the values calculated
for a formation of the Ce™ complexes with analogous li-
gands at pH 5.5 (E,=83 kImol™', AH* =80 kJmol ™" for the
Ce™H,dota and E,=108 kJmol™!, AH*=105kJmol™ for
the Ce"-H,teta (Scheme 1) systems, respectively).’) In ad-
dition, the thermodynamic parameters for formation of the
reaction intermediate, {Eu(H,L)(H,0), 4} *, were calculated
(for K*: AH=5 kJmol™, AS°=74 JK 'mol™"). Thus, forma-
tion of the reaction intermediate shows an athermic charac-
ter. It can be explained by the fact that coordinated water
molecules in the Eu™-aqua complex are replaced with the
pendant arms that have the same donor (oxygen) atoms;
this process does not bring any enthalpic gain. The large en-
tropy change implies a high number of particles evolved
over the course of the reaction (the dissociation of water
molecules from Eu™-aqua complex due to the ligand coor-
dination). Analogous data for K* have been observed in the
Ce'""_H,teta system."’

Dissociation of lanthanide(III) complexes: The dissociation
of lanthanide(III) complexes can be written as Equation (3):

_dLn(L)]

dr = dkcohs [Ln(L)}tol (3)

In the commonly accepted dissociation mechanism, the ini-
tial fast protonation(s) of the complex species (on the pen-
dant arm(s)) is followed by a rate-determining rearrange-
ment step that is connected with a proton transfer to a mac-
rocycle amino group, with the simultaneous cleavage of the
Ln—N bonds to form an intermediate complex [{Ln-
(H,L)}*]** (see Scheme 3). Such a process is followed by a
fast cleavage of other coordination bonds and simultaneous

[Ln(L)3-
|

Kipq[+H*

Ln(HL)]>
[Ln(HL) Ln3++(Hﬂ|_)(n—6)

Koqf[+H*
fast

%
- 0,
[Ln(HoL)] very slow

Ky +H" HLn(H, L1

9k
1
Ln(HsL)l —go0 >

Scheme 3. Proposed mechanism of the acid-assisted dissociation of the
[Ln(L)]*~ complexes.
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protonation of other amino groups, which leads to the com-
plex dissociation.

According to the observed dissociation constants of the
Ln™-H(L complex species and the corresponding distribu-
tion diagrams (see Figure2 and Tables2-4 above, and
Table S3 in the Supporting Information), one can assume
that the major species present at pH=3 is the double-pro-
tonated complex. The first two stepwise protonation con-
stants of these lanthanide(IlI) complexes are 5.3-6.5
(logK;;;) and 4.2-5.1 (logK,);); these processes lead to
mono-protonation on each phosphonate pendant arm and
the protonated species are fully thermodynamically stable.
Therefore, the pre-dissociation protonation step is probably
connected with the formation of the [Ln(H;L)] complex in
which the third proton is located on the uncoordinated
oxygen atom of carboxylate or phosphonate pendant arm.
This species undergoes the dissociation reaction described in
Scheme 3. The corresponding rate law is given by Equa-
tion (4) and has usually been used for a description of the
acid-assisted dissociation of lanthanide(III) complexes of
macrocyclic dota-like ligands.!**

dkO + dk1K311 [H+]

dkobs =
1+ K3 [HY]

(4)

In some cases, when Kx[H*]<1 (i.e., if the protonation
constant is very low and/or at a low proton concentration;
here K=Kj;;) and the spontaneous dissociation (character-
ised by ‘) is too slow, the generalised Equation (4) can be
rewritten in a simpler form as Equation (5).

dkobs = dlem [H+] = kH[Hﬂ (5)

The acid-assisted dissociation of several lanthanide(III)
complexes was studied in the region of [H*]=0.05-3.00m
adjusted by perchloric acid. The UV/Vis spectrum of the
[Ce(H,0)(L)]*™ complex shows a maximum at 310 nm that
disappears during the course of the dissociation reaction
(Figure S9 in the Supporting Information) and it fits into the
series of [Ce(H,0)(dota)]™ (319 nm),*! [Ce(H,0)(do3ap)]*~
(313 nm),*  [Ce(H,0)(doa3p)]*” (305 nm)*?*! and [Ce-
(H,0)(dotp)]’~ (300 nm)® complexes. Figure 3 shows the
example of dependence of the observed pseudo-first-order
rate constant, %, of the Ce™-H(L complex on the acidity
of solution and temperature. The other example, dissocia-
tion of the Eu™-HL complex at different proton concentra-
tions, can be found in Figure S10. The parameters according
to Equation (4) were calculated and the results are given
Table 6.

To get more information about differences in kinetic in-
ertness of the lanthanide(IIT) complexes, the acid-assisted
dissociation was studied for Ce™, Eu™, Gd"™ and Tb™ com-
plexes under identical conditions (/=3.0m, 50°C). The de-
pendences of %, on the solution acidity are shown in
Figure 4 and the parameters calculated according to Equa-
tion (4) are given in Table 6. The dependence of %, on
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r r
0.0 0.5 1.0 15 2.0 2.5 3.0
[H*] /mol dm=

Figure 3. Dependence of the observed pseudo-first-order rate constant of
the acid-assisted dissociation (“k.) of the [Ce(H,O)(L)]*” complex on
solution acidity at different temperatures (/=3.0m (H,Na)ClO,; & =25,
0=40, A=50 and v=60°C).

Table 6. Kinetic parameters for acid-assisted decomplexation of the
[Ln(L)]>~ complexes according to Equation (4) (I=3.0m (H,Na)CIO,; in
all cases, %, was found to be zero).

Temperature k(=% x K311) Ky [M7] 4k, [107%s7"]
[°C] [10*m's™

Cel“

25.0 3.5+0.1 0.193+£0.018 1.81+0.18
40.0 17.7+£0.7 0.300+£0.010 5.90+0.30
50.0 50.0+£0.7 0.400+£0.013 12.50+0.44
60.0 131.3+3.0 0.771£0.029 17.03+0.75
Activation or thermodynamic parameters

E, [kJmol™] 85.6+0.6 - 545453
AH [kJmol™] AH*=83.0+0.6 AH"=31.1+57 AH*=519+£53
AS[JK'mol™'] AS*=-329+18 AS"=89.8+17.9 AS*=-122.7+16.9
EuIII

25.0 52403 1.64+0.13 0.317+0.031
40.0 332459 2.3440.55 1.42+0.42
50.0 85.4+10.1 2.31+0.36 3.70+£0.72
60.0 165.0+£20.0 1.83+£0.30 9.0+1.8
Activation or thermodynamic parameters

E, [kJmol™] 82.5+59 - 79.0+0.5
AH [kJmol™] AH*=799+6.0 AH'=4+17 AH"=764+0.5
AS [JK'mol™"] AS*=-388+19 AS'=6+20 AST=-557+15
GdIII

50.0 207.5+£32.1 5.8+1.1 3.57+£0.87
TbHI

50.0 270.8+£23.5 4.72+0.49 5.73+0.7

proton concentration observed in the case of Ce™ has a dif-
ferent shape from those for other lanthanide(III) ions
(Figure 4); however, it just corresponds to a much lower
value of the protonation constant K;;; compared to the com-
plexes of the other ions (about one order of magnitude; see
Table 6). Such an observation might be explained by struc-
tural differences between the complexes of cerium(III) and
the other lanthanide(III) ions (see below for the solid-state
structures). As the Ce™ ion has the largest ionic radius, it is
able to form nona-coordinated complexes (with an apical
inner-sphere water molecule) even with tetrakis(methyl-
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Figure 4. Dependence of observed pseudo-first-order rate constant of the
acid-assisted dissociation (“k.,) of the [Ln(L)]*~ complexes on solution
acidity (50°C, /=3.0m (H,Na)ClO,; m=Ce, 0 =Eu, A=Gd and v=Tb).

phosphorus acid) cyclen deriva-
tives.'"”! The cerium(III) com-

Ce™ and 52x107*m7's™" for Eu™ vs. 1.95x107*m 's™" for
Gd™ P4 respectively).

The reactivity of the Ce™ and Eu™ complexes of H,dota,
Hsdo3ap, H¢L, H,doa3p and Hgdotp can be compared (as
measurements were done under the same experimental con-
ditions) through the rate constant ky (Table 7). The values
change with an increasing number of phosphonic acid pen-
dant arms; they decrease for the Ce' and increase for the
Eu™ complexes. For the Gd™ complexes, an analogous
order was not found. The order of kinetic inertness of the
lanthanide(IIT) complexes can be possibly explained from a
structural point of view. All Ce™ complexes probably con-
tain one coordinated water molecule, which may participate
in a hydrogen-bond network with the protonated phospho-
nate groups. Then, access of the next proton to already

Table 7. Kinetic parameters for acid-assisted decomplexation of the [Ln(L)] complexes [according to Equa-
tion (4); 25°C, I=3.0m (Na,H)ClO,].

plex is harder to protonate to Ligand ky K ‘ky eors [107°571] kons [107*s7'] Ref.

get kinetically important tripro- (10w s [w] (10 ]  (H*]=001m)  ([HT]=3.0m)

tonated species; it leads to a Sle: g 200 gl o4t 4

lower logKﬁ.1 value. But once H:dgt;;p s B B " 66 {36}

the complex is protonated it de- 1y go2a2p 35 0.19 18 35 671 this work

composes faster than the other H,doa3p 24 0.92 3.0 24 1.91 [25]

ones (%, in Table 6), possibly Hdotp 0.46 3.3 - 0.46 118 [60]

due to a better exposure of the By

central ion to solvent. Such con- 1o 0.14; 10 14,012 001;62 021 16 [49]

siderations are also supported  y_do3ap 0.98 021 46 0.96 1.8 [52]

by the fact that this protonation trans-Hedo2a2p 5.2 1.64 32 5.1 2.6 this work

process for the [Ce(H,L)- Hjdoadp 235 0.29 8.0 23 4.1 [25]
H,dotp 9.8 2.0 6.2 127 5.6 (53]

(H,0)]™ complex is largely en-

dothermic because the access to  [a] ko= ki X [H ]+ kyp, x [H* ] [b] 50°C. [c] kops =

the next proton is blocked,

probably due to presence of a

system of hydrogen bonds that

involve the inner-sphere water molecule. The same process
for the [Eu(H,L)(H,0)]™ complex is athermic.

The completeness of the acid-assisted complex dissocia-
tion of the Eu™ complex was studied by luminescence spec-
troscopy. The average number of water molecules coordinat-
ed to the Eu™ ion slowly increases with time (Figure S11 in
the Supporting Information) as the fluorescence intensity of
both °D,—’F, and *Dy,—’F, emission bands simultaneously
decreases. It is caused by a slow release of the Eu™ ion
from the macrocyclic cavity. Measurements of the lumines-
cence emission spectra and the luminescence decay time
confirmed that the dissociation reaction is finished in about
4-5h and the final product is the [Eu(H,O),]** ion (25°C,
3m HCIO,).

A key role in the evaluation of the acid-assisted dissocia-
tion is given by the value of ky; at 50°C, it increases along
the lanthanide series with similar activation parameter
values (Table 6). However, at laboratory temperature, this
behaviour changes and the value of ky for the [Ln(L)]*"
complexes with lighter lanthanides is slightly higher than
that for the [Gd(L)]’” complex (k;=3.5x10"*m"'s™" for
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_ kay x Ky x[H ko x Ky x Ky x [H
THHK, x[H [ 11K <K < [HT P

mono-protonated phosphonate group(s) is better blocked
when more phosphonate groups are present. On the other
hand, the order of inertness of the Eu™ complexes is the op-
posite of the Ce™ ones. Because the complexes of H¢L and
Hgdotp with the smaller Eu™, Gd™ and Tb™ ions do not
contain coordinated water molecule, the proton transfer into
the coordination cage is easier and therefore the complexes
of ligands with more phosphonate groups are less inert.

Structural analysis of lanthanide(III) complexes in the solid
state: Single crystals of the Ln™-HgL complexes (Ln=Ce,
Nd, Sm, Eu, Tb, Dy, Er and Yb) suitable for X-ray analysis
were obtained by slow vapour diffusion of a iPrOH/EtOH
(1:1) mixture into an aqueous solution of the complexes at
pH~4.5 (in which mostly the diprotonated species should
be present, Figure 2) over the course of 3-4 months at room
temperature. In all the complexes, the usual features of
lanthanide(III) complexes of dota-like ligands are pre-
served.P’! The tetraazamacrocyclic ring displays a quadrangu-
lar [3333] conformation and four nitrogen (thus forming an
N, plane) and four oxygen (one from each pendant arm;
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that is, two from acetate and two from phosphonate groups,
thus forming an O, plane) atoms of the ligand are bound to
the central ions. The O, and N, planes are parallel (Table 8).
The same sign of the rotation of the pendant arms and of
the conformation of macrocyclic chelate rings lead to an ex-
clusive formation of the AAAAMASOOO enantiomeric pair,
which is usually labelled as a “twisted-square-antiprismatic”
(TSA) diastereoisomer. Mean twist angles w of the pendant
arms (for a definition of the structural parameters, see Fig-
ure S12 in the Supporting Information) change in the range
of 22.8-28.3° and therefore is also consistent with TSA iso-
mers (theoretical value of 22.5° compared to 45° for a
square-antiprismatic arrangement). Generally, bond lengths
between the central ions and the donor atoms of the title
ligand are in the range expected for this type of complexes.

In  the isostructural ~ compounds K[Ln(H,L)-
(H,O)]‘KCI:;5H,0 (Ln=Ce and Nd), the central ion is
nona-coordinated; eight donor atoms come from the ligand
and one from a water molecule that caps the O, plane
(Figure 5). The opening angles ¢ (Figure S12 in the Support-

Figure 5. Molecular structure of the [Ce(H,L)(H,O)]™ anion found in the
structure of K[Ce(H,L)(H,0)]-KCI-5H,0. Hydrogen atoms bound to
carbon atoms are omitted.

ing Information) are higher than the limiting value of 135°,
thereby assuring enough space for water molecule coordina-
tion.[}141219351 Qystematically, the angles ¢ between phospho-
nate pendant arms are about 7° (Table 8) lower than those
between carboxylates. In these two complexes, each phos-
phonate group is mono-protonated (corresponding protons
were located in the difference electron map). This feature is
also evident from differences in P—O bond lengths; P1-02
and P2—O7 are longer (~1.57 A) than the other P—O bonds
(~1.50 A). The complex molecules form zigzag chains by
means of the coordination of carboxylate and phosphonate
oxygen atoms to potassium(I) ions. The coordination chains
form warped planes in the xz direction, with solvate water
molecules and chloride anions placed between these planes
(Figure S13). Similarly, one of the Sm™ complexes, K;[Sm-
(H,L)(H,0)][Sm(HL)(H,0)]-KCI-16 H,O, contains the api-
cally bound water molecule as well. In this structure, two in-
dependent complex units were found that show the same
binding mode and a very close geometry (Table8, Fig-
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ure S14 in the Supporting Information). The first of the
complex molecules is double-protonated, whereas the
second one only mono-protonated. Such a protonation
scheme is also reflected by P—O bond lengths. In the crystal
structure, the complex units are connected through potassi-
um(I) ions into a two-dimensional coordination polymer,
thereby forming planes in the xz direction (Figure S15 in the
Supporting Information). Lengths between the Ln™ ion and
the coordinated water molecule, Ln—O,, are similar for the
Ce™ and Nd™ complexes and for one molecule of the Sm™
complex (~2.55A); for the other independent molecule
found in the same Sm™ structure, the length is slightly
longer (=2.60 A). These values lie in the range of those
found for the series of [Ln(dota)(H,0)]” (2.42-2.59 A) and
[Ln(Hdo3ap)(H,0)] (2.50-2.68 A) complexes.'*!56!]

In the second isostructural series, K,[Ln(HL)]-6.5H,0,
with smaller lanthanides (Ln=Sm, Eu, Tb, Dy, Er and Yb),
the central ion is only octa-coordinated by the ligand donor
atoms. There is not enough space for apical water coordina-
tion, as the values of the opening angle (¢) (P)O-Ln-O(P)
are much lower than the border value of approximately 135°
that is crucial for water binding (Table 8).31413193] However,
there is a large difference in the values of ¢ between phos-
phonate and carboxylate groups. The opening angles (¢) are
131-136° for the carboxylate pendant arms but the values
are about 20° smaller for the (P)O-Ln-O(P) angles (113-
116°). This structural feature pushes central ions deeper into
the ligand cavity (see Ln—QN, lengths) and, together with
the absence of coordinated water molecule, it leads to
longer Ln—QO, lengths (Table 8). The molecules of the
complexes possess a crystallographic two-fold symmetry and
are connected into chains through a very short symmetric
hydrogen bond (d(O-+0Q’)=2.40 A). This hydrogen bond is
reflected also in differences in the P—O bond lengths be-
tween protonated oxygen atom (P1-02~1.53 A) and the
second one with the phosphoryl group character (P1-O3
~1.50 A). As an example, Figure 6 shows the molecular
structure of the Dy™ complex. The complex chains are con-
nected into double chains by coordination bonds to counter
potassium(I) cations (Figure S16 in the Supporting Informa-
tion). In the crystal structure of K,[Eu(HL)]-6.5H,0, a huge
disorder in the complex molecule was found (Figure S17 in
the Supporting Information), which leads to relatively poor
statistical parameters of the refinement. However, it is obvi-
ous that this compound is isostructural with others in the
series. Due to the disorder, the calculated lengths and bond
angles are loaded with a high error, but their values are very
reasonable and fall into the trends of the values found in
the other structures (Table 8).

In general, the central ions lie closer to the O, plane
(~0.8 A) in the nona-coordinated hydrated species (TSA)
than in the octa-coordinated ones (TSA’, ~1.1A)
(Table 8).515%1 Although the conformation of the macrocy-
cle is the same over the whole series and the ligand cage
represented as d(QN,—QO,) also remains the same along
the series (Table 8), the twist angles change significantly. In
the case of TSA species, the twist angle of methylphospho-
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Table 8. Selected bond lengths [A], bond angles [°] and other molecular parameters for the lanthanide(I1T) complexes of trans-Hydo2a2p.

Compound K[Ce(H,L)(H,0)]- K[Nd(H,L)(H,0)]-  K;[Sm(H,L)(H,0)] K,[Sm(HL)]- K,[Eu(HL)]-6.5 H,O"
KCI-5H,0 KCI-5H,0 [Sm(HL)(H,0)]-KCl-16 H,0*'  6.5H,0

d(Ln—N1) 2.797(4) 2.762(6) 2.726(7)/2.718(7) 2.630(2) 2.693(21)/2.660(30)

d(Ln—N4) 2.720(4) 2.709(6) 2.692(6)/2.695(7) 2.631(2) 2.630(18)/2.600(29)

d(Ln—N7) 2.784(4) 2.769(6) 2.705(6)/2.752(7) - -

d(Ln—N10) 2.753(4) 2.727(6) 2.687(7)/2.709(7) - -

mean d(Ln—N) 2.765 2.742 2.703/2.719 2.631 2.662/2.630

d(Ln—QN,) 1.774 1.749 1.715/1.729 1.584 1.616/1.615

d(Ln—01) 2.406(4) 2.384(5) 2.341(5)/2.342(5) 2.298(2) 2.318(15)/2.296(22)

d(Ln—04) 2.501(3) 2.476(5) 2.393(5)/2.375(5) 2.396(2) 2.414(13)/2.434(20)

d(Ln—06) 2.411(4) 2.384(5) 2.346(5)/2.343(5) - -

d(Ln—09) 2.480(3) 2.450(5) 2.422(5)/2.423(5) - -

mean d(Ln—O) 2.450 2.424 2.376/2.371 2.347 2.366/2.365

d(Ln—0,) 2.545(4) 2.542(5) 2.555(6)/2.602(5) - -

d(Ln—QO,)t 0.822 0.835 0.801/0.819 1.063 1.101/1.086

d(QN,—~QO,) 2.596 2.584 2.516/2.547 2.647 2.716/2.700

twist angles @

pendant(N1) —26.4(1) —26.9(2) —30.0(3)/-27.7(3) —20.8(1) —19.6(8)/19.7(1.0)

pendant(N4) —21.9(2) —23.1(2) —27.1(3)/1-25.9(3) —24.7(1) —25.1(7)/23.2(1.1)

pendant(N7) —26.1(1) —26.5(2) —29.1(3)/-28.2(3) - -

pendant(N10) —21.9(2) —22.8(2) —27.0(3)/1-25.8(3) - -

mean o —24.1 —24.8 —28.3/-26.9 -22.8 —22.4/21.5

opening angles ¢ (O-Ln-O)

¢(phosphonates) 136.9(1) 136.1(2) 137.4(2)/135.3(2) 116.3(1) 115.5(7)/115.1(1.0)
¢(carboxylates) 144.4(1) 143.2(2) 143.8(2)/143.8(2) 135.2(1) 132.9(7)/134.6(1.0)
N,—O, angles

planeN,—planeO, 0.92(1) 0.89(1) 0.26(8)/0.96(9) 0.00 0.00/0.00
QN,-Ln-QO,“ 178.4 178.2 179.01177.7 180.0 180.0/180.0
Compound K,[Tb(HL)] -6.5H,0 K,[Dy(HL)]-6.5H,0  K,[Er(HL)]-6.5H,0 K,[Yb(HL)]-6.5H,0

d(Ln—NT1) 2.615(5) 2.581(3) 2.580(4) 2.565(3)

d(Ln—N4) 2.592(6) 2.575(3) 2.568(4) 2.560(3)

d(Ln—N7) - - - -

d(Ln—N10) - - - -

mean d(Ln—N) 2.604 2.578 2.574 2.563

d(Ln—QN,)!! 1.552 1.532 1.524 1.507

d(Ln—01) 2.271(4) 2.246(2) 2.244(3) 2.218(2)

d(Ln—04) 2.369(5) 2.334(2) 2.330(3) 2.314(3)

d(Ln—06) - - - -

d(Ln—09) - - - -

mean d(Ln—0O) 2.320 2.290 2.287 2.266

d(Ln—0,,) - - - -

d(Ln—QO,)™ 1.079 1.077 1.086 1.094

d(QN,—~QO,)! 2.631 2.610 2.610 2.601

twist angles @

pendant(NT1) —21.5(2) —22.2(1) —23.4(2) —23.4(1)

pendant(N4) -25.2(2) —25.3(1) -26.0(2) —25.7(1)

pendant(N7) - - - -

pendant(N10) - - - -

mean @ —23.4 —23.8 —24.7 —24.6

opening angles ¢ (O-Ln-O)

¢(phosphonates) 114.7(2) 114.4(1) 114.5(2) 113.0(1)
¢(carboxylates) 133.6(2) 132.6(1) 131.4(2) 130.8(1)
N,—O, angles

planeN,—planeO, 0.00 0.00 0.00 0.00
QN,-Ln-QO,* 180.0 180.0 180.0 180.0

[a] Two independent molecules in the elementary unit ([Sm(H,L)(H,0)]/[Sm(HL)(H,0)]*" fragments). [b] Two disordered parts of the complex mole-
cule (more abundant part AAMAMless abundant part Ad8d9). [c] QN, and QO, are centroids of the N, and O, planes, respectively.
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Figure 6. The motif of hydrogen-bond connections between [Dy(HL)]>~ complex units found in the structure
of K,[Dy(HL)]-6.5H,0. Hydrogen atoms bound to carbon atoms are omitted.

nate arm is much larger (&27-30°) than in the octa-coordi-
nated TSA' species (~20-23°). The larger twist angle results
in a wider opening angle between phosphonate oxygen
atoms, thereby allowing water coordination. On the contra-
ry, the twist angle of acetate pendants changes from approx-
imately 22° (Nd) to around 27° (Sm) in the hydrated species
and remains unchanged in the non-hydrated TSA’ species
(~25-26°). Similarly, smaller twist angles of the carboxylate
pendant arms versus that of the phosphonate arm were
found in the solid-state structure of the [Nd(Hdo3ap)-
(H,0)]” complex.”! The non-hydrated TSA’ Ln""-Hsdo3ap
complexes have twist angles that are almost the same for
both carboxylate and phosphonate pendant arms,'¥! thereby
confirming that the addition of only one phosphonate group
to the dota structure changes the properties of the com-
plexes only slightly. The nitrogen atoms of the macrocycle
almost form a regular plane (distances of the nitrogen atoms
from the mean plane are ~0.01 A). On the contrary, the O,
plane is more unsymmetrical due to the different character
of the pendant arms (differences of ~0.06 A for TSA spe-
cies and ~0.15 A for the TSA’ species, respectively). As the
radius of the Ln' decreases, the central ions shift from the
O, plane towards the N, base, as observed for Ln"" com-
plexes of H,dota or Hsdo3ap.'*>!*6! Despite a huge disor-
der of water solvate molecules found, the high number of
water molecules and their localisation close to the O, plane
point to a strong second-sphere hydration of the complexes,
as suggested from the luminescence study on the Eu™HgL
complex. Analogous hydration has been observed in
lanthanide(IIT) complexes of Hsdo3ap!'*! in the solid state
and in europium(III) complexes of tetraphosphorus acid de-
rivatives of cyclen in solution.® The crystal structures of
the lanthanide(III) complexes of trans-Hqdo2a2p confirm
again that phosphorus-containing pendant arms are able to
enhance the second-sphere hydration, which increases the
relaxivity of gadolinium(IIT) complexes of such ligands.®*!

Solution-structural NMR spectroscopic studies of the
lanthanide(III) complexes of trans-Hydo2a2p: The structures
of the [Ln(L)]*~ complexes in solution are expected to have
strong similarities to those of the corresponding [Ln(dota)]~
and [Ln(dotp)]’~ complexes.’ NMR spectroscopic studies
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have shown that, due to the ri-

gidity of the tetraaza macrocy-

clic ring, the [Ln(dota)]” com-

plexes are present in solution as
\ a mixture of two diastereoiso-
meric forms that differ in the
mutual rotation of the N, and
® O, planes, thus giving a square-
antiprismatic arrangement (SA,
torsion angle 6>35° with op-
posite sign of rotation of the
pendant arms (A/A) and the
conformation of the ethylene
bridges in the macrocycle ring
(8/\), represented as the AMAN/
AdddO enantiomeric pair) and a twisted-square-antiprismat-
ic arrangement (TSA, torsion angle 6 <30°, with the same
sign of rotation leading to the AMAA/AOOOO enantiomeric
pair).’” However, the [Ln(dotp)]’~ complexes, as well as
those of various alkyl- (phosphinates) or alkoxy- (phospho-
nate monoesters) dotp analogues, occur exclusively in the
TSA conformation.'®2% The [Ln(dota)]” complexes show
both enantiomerisation and isomerisation in aqueous solu-
tion, whereas the more rigid [Ln(dotp)]>~ complexes only
display the enantiomerisation process.

To obtain further structural information on the [Ln(L)]*
complexes in solution, 'H and *'P NMR spectra were ac-
quired for the whole lanthanide series. Whereas the C, sym-
metry of the [Ln(dota)]” and [Ln(dotp)]’~ complexes leads
to 'H NMR spectra with six signals, and one *P NMR spec-
troscopic signal for [Ln(dotp)]’~,”*?" the [Ln(L)]*~ com-
plexes with C, symmetry show one *'P and twelve 'H NMR
spectroscopic resonances.” The diamagnetic (Ln=La, Lu,
Y) complexes at 298 K exhibit '"H NMR spectra with the ex-
pected twelve multiplets (chemical shifts in Table S5 of the
Supporting Information), the assignments of which were
based upon the previously published studies for the La™
and Lu'™ complexes® and g-COSY experiments. The spec-
tra obtained at 298 K are broader than those reported at
low temperature (272 K, see ref. [24]), which results from an
increased rate of enantiomerisation within the single TSA
isomer present in solution for these complexes.” The corre-
sponding *'P NMR spectroscopic chemical shifts are in
Table S5.

The 'H and *'P NMR spectra of the whole series of para-
magnetic [Ln(L)]*~ complexes (Ln=Ce-Yb, except Pm and
Gd) in solution were also obtained at 298 K. The 'H spectra
(Figures 7 and S18, chemical shifts in Table S5 of the Sup-
porting Information) show the expected twelve resonances,
which were assigned on the basis of g-COSY spectra for the
Ce™-Eu™ and Yb™ complexes, on the assignment published
for the Eu complex® and also by comparison with the
shifts of the corresponding protons for the [Ln(dotp)]>~ and
[Ln(dota)]~ complexes.”*?!) The protons of the complexes
are represented in accordance with the labelling in
Scheme 1. The corresponding *P NMR spectra show a
single signal (chemical shifts on Table S5). The 'H and

é)
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Figure 7. '"H NMR spectra of the [Ln(L)]*" complexes in D,O (10 mwm,
298 K): A) Nd"; B) Tb'™; C) Yb™ (see inset for expansion of one of the
signals).

P NMR spectroscopic shifts are pH-dependent in the 2.0-
8.0 range, which is associated with the protonation of the
two Ln™-unbound phosphonate oxygen atoms (see also
above). The spectrum of the Eu™ complex that shows the
presence of two characteristic resonances at about =
24.5 ppm, assigned to two mac-

eight cross-peaks that correspond to the six geminal proton
(H"*°, n=1-6) couplings and to two vicinal frans couplings
(H',H* and H* H*) within the macrocyclic ring.

For each nucleus studied (i means 'H or *'P) in the para-
magnetic [Ln(L)]>~ complexes, the lanthanide-induced shift
(LIS) consists of three contributions,® diamagnetic (AY),
contact (A{) and pseudo-contact (or dipolar) (A¥) [Eq. (6)].
LIS, = A! + A + A (6)
Upon subtracting the diamagnetic contribution that results
from conformational changes, inductive effects and/or
direct-field effects (La™ was used for Ce™-Eu™ and Lu™
for Tb™-Yb™), the paramagnetic contribution for nucleus i
(LIS) of the [Ln(L)]>" complexes was obtained and com-
pared with those of the TSA isomer of the corresponding
[Ln(dota)]~ complexes®™ and of the [Ln(dotp)]’~ com-
plexes??'? (see Table S6 in the Supporting Information). The
contact and pseudo-contact contributions to the observed
LIS; values for the [Ln(L)]*~ series of complexes were sepa-
rated using Equations (7) and (8)/*

LIS,/ <S.>;=F,+(C°/ < S. > )G, (7)

LIS;/C? = (< S. > ;/CP)F; + G, (8)

in which the meaning of the Ln"™-dependent parameters

(<S8,>; and C/.D) and the nucleus-dependent parameters (F;
and G)) is defined in the Supporting Information.

The plots obtained are illustrated in Figure 8 for the H™
and *'P nuclei according to Equation (7).

The plots for all nuclei studied using Equations (7) and
(8) are shown in Figures S20 and S21, respectively, of the
Supporting Information. All plots show a break between the
early (Ce—Eu) and late (Tb—Yb) lanthanide half-series.
Plots according to Equation (8) (Figure S20) show some
scatter in the data due to the low contact contribution in the
LIS values of the corresponding nuclei. Such breaks have
been observed for many series of Ln" complexes,®** in-
cluding the [Ln(dota)]™®! and [Ln(dotp)]’~ series.”* In the

. . k)
rocyclic axial protons H'™ and -\*\QSm H3a 4 ap
H* (for atom labelling, see 101 D/?g?\ 1
Scheme 1) corresponds to the ] B
TSA isomer. The spectrum is Aol \\\\ N NS -
very similar to that published -l N w | T 13w
previously; at 274 K, two sets of = - = 0] ¥ B

) ) £ _10 B 0 é_. N
twelve resonances were report- @ \ ) \\.05
ed for this complex that corre- < \ S B T
spond to 93% TSA isomer and - N » \\\O
7% SA isomer, which coalesce Oﬁﬁ\
at 298 K. = ~ 0] T )
The g-COSY spectra of the 4 2 0 2 4 6 8 10 4 2 0 2 4 6 8 10

Ln™ (Ln=Pr, Nd, Sm and Eu)
complexes (Figure S19 in the
Supporting Information) show

8458 ——

www.chemeurj.org

CP/ <S>

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CP/ <8,>

Figure 8. Plots of the H* and *'P LIS data for separation of contact and pseudo-contact contributions accord-
ing to Equation (7) for the [Ln(L)]*" complexes.
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case of *'P LIS values, the breaks observed for the benzyl-
phosphinate complexes, [Ln(dotp®)]~ (for structure of
H,dotp®, see Scheme 1), which occur in solution as one
main isomer (RRRR or SSSS) at the P atoms, were attribut-
ed to a change of water inner-sphere coordination from g=
1 for (Ce—Nd) to g=0 for (Eu—Yb).””! The phenylphos-
phinate complexes, [Ln(dotp™)]~ (for structure of H,dotp™,
see Scheme 1), present in solution as a mixture of the six
possible isomers with R or § orientations at the P atoms, did
not show such a break and, thus, were considered to be iso-
structural, with hydration number ¢ =0 all along the lantha-
nide series.'”l However, these conclusions must be taken
with care. It has recently been shown for the predominant
RRRR (SSSS) solution isomer of the several Ln™ tetraaza-
phosphinate and tetraazaphosphonate complexes across the
lanthanide series, as well as for the [Ln(dotp)]>~ complexes,
that the positions of the breaks observed in the plots of the
7O water LIS values, which directly reflect the change of
inner-sphere water coordination (g value), do not corre-
spond with those observed for the *'P LIS data.l'3??! The
breaks of the 7O LIS plots occur at the beginning of the Ln
series, which corresponds to a change of g=1 for the Ce™
complexes to g=0 for the rest of the series."®! The P LIS
breaks (and also for the other ligand nuclei, for example,
'H) are observed at the middle of the Ln series, thereby in-
dicating a change in both F and G for the ligand nuclei of
these complexes along the Ln series. In the case of the
[Ln(L)]*~ complexes, the crystal structures described in this
work show an abrupt structural change from nona-coordina-
tion (¢=1) for the Ce—Sm, to octa-coordination (¢ =0) for
Sm—Yb (in solution, g=0 for the [Gd(L)]’*®¥ and
[Eu(L)]>~ complexes; see above). They also show a gradual
change of the structure of the twisted-square-antiprismatic
(TSA) coordination cage, as the distance of the lanthanide-
(IIT) ion to the N, plane decreases gradually from 1.777 A
for the Ce™ complex to 1.584 A for the Sm'' complex, and
then remains almost constant in the second half of the lan-
thanide series (1.507 A for the Yb" complex). It reflects the
movement of the lanthanide(III) ion inside the ligand cavity
towards the N, plane upon going from La to Sm, after
which it remains at a nearly constant position for the rest of
the series. Thus, the '"H and *'P LIS breaks may not directly
reflect a change of hydration number of the complex but
rather the gradual geometrical change of the lanthanide(III)
coordination sphere.

To try to answer this question, the structural analysis of
the [Ln(L)]*" complexes in solution was pursued through
the analysis of the 'H and *'P LIS values. Tables S7 and S8
in the Supporting Information show the values of F and G
and their standard deviations obtained from the linear least-
squares analysis of the LIS data using Equations (7) and (8),
respectively, by separating the data into two subgroups of
lanthanide(III) cations. Sm and Tm atoms were also re-
moved from the fitting procedure.

The analysis of the pseudo-contact shifts to obtain struc-
tural information was initiated by assuming structures for
the [Ln(L)]*" complexes in solution, thereby allowing the
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calculation of the geometric factors for the 'H and *'P
nuclei. Firstly, for the comparison between the experimental
'H and *'P pseudo-contact LIS values of the [Ln(L)]*~ com-
plexes, taken as the experimentally obtained geometric
terms of nucleus i (G; values) of Tables S7 and S8, two geo-
metric models were considered. For each model, the atomic
coordinates of the '"H and *'P nuclei for the complex with
the Ln"™ fixed at the origin of the system were used as input
to the calculation. The atomic coordinates were obtained
from those of the crystal structure of the [Ce(L)(H,O)]*~
complex described before, in which the Ce™
ordinated by one oxygen of an inner-sphere water molecule,
and four macrocyclic nitrogen atoms and four oxygen atoms
of the pendant arms, which form two parallel N, and O,
planes with a twisted-square-antiprismatic (TSA) coordina-
tion geometry. With g=1, this structure is a good starting
model for the structure of the complexes of the first half of
the Ln series. The other model, used for the second half of
the Ln series, was obtained from the crystal structure of the
[Yb(L)]*~ complex described above, in which the Yb™ ion is
octa-coordinated by the ligand also with a twisted-square-
antiprismatic (TSA) coordination geometry as in the previ-
ous case.

The calculated LIS values for the "H and *'P nuclei of the
models were used simultaneously in the calculations, the
magnetic symmetry of the complex was assumed to be
rhombic and equal weights were used for all LIS values
when running the least-squares analysis in the SHIFT
ANALYSIS program. Table 9 shows that the agreement be-
tween the calculated shifts and experimental G; values, ob-
tained from Table S7 in the Supporting Information, is quite
reasonable for the first part of the Ln series (agreement
factor AF,;=0.286; for definition, see the Experimental Sec-
tion) and excellent for the second half (AF;=0.052). Similar
results (Table S9) were obtained using the experimental G;
values from Table S8. These results lend support to the con-

ion is nona-co-

Table 9. Comparison of observed!® and calculated®™ proton pseudo-con-
tact LIS values for the paramagnetic [Ln(L)]*~ complexes (standard devi-
ations for the shifts are also shown).

Nucleus Ce—Eu (—Sm) Tb—Yb (—Tm)
LISexpll (Gr) LIScalcd LISexptl (Gl) LIScalcd

H" 1.55+0.29 0.51+1.34 —-1.954+0.09 —1.54+0.61
H' 1.014+0.26 1.734+0.73 0.63+0.03 0.45+0.40
H* 2.75+0.06 3.48+1.05 3.78+0.58 3.81+0.58
H* 1.18+0.16 1.044+0.69 0.90+0.18 0.29+0.39
H3* —0.76 +0.20 —1.144+1.20 —3.624+0.22 —2.69+0.65
H3 1.13+0.11 0.33+0.69 0.75+0.10 0.10+£0.35
H* 2.15+0.27 2.42+1.07 3.72+0.54 3.57+0.50
H* 0.15+0.22 0.39+0.69 0.27+£0.05 0.41+0.34
H* —4.444+0.26 —2.44+1.15 —-3.154+0.77 —3.09+0.54
H® 0.25+0.25 —1.224+0.64 —-0.994+0.26 —1.98+0.35
H* —2.77+0.10 —-1.16+1.09 —2.244+0.14 —2.854+0.65
H® 0.44+0.09 —-0.78+0.71 —-0.924+0.11 —1.18+0.35

[a] The observed proton pseudo-contact LIS values are taken as experi-
mentally obtained G; values of Table S7 [Eq. (7)]. [b] Values calculated
using the program SHIFT ANALYSIS and the crystal coordinates ob-
tained for the [Ce(L)]*” and [Yb(L)]*~ complexes; AF;=0.286 (Ce-Eu)
and AF;=0.052 (Tb-Yb).
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clusion that the '"H and *'P LIS breaks do not reflect the
change of hydration number of the complexes that occurs at
Sm™, but rather the gradual geometrical change of the
metal coordination sphere.

Calculations were also performed using the experimental
'H LIS values for the [Yb(L)]*" complex. It was assumed
that these LIS values are exclusively of pseudo-contact
origin, which is usually a good approximation.®” Table 10
shows an excellent agreement between the experimental
LIS values for the complex and those calculated using the
SHIFT ANALYSIS program and the crystal coordinates of
the [Yb(L)]’~ complex (AF,;=0.005). The magnetic suscepti-
bility tensor (x) obtained for the complex has rhombic sym-
metry, with main components y,,=—1402.70, y,, =2415.22
and y.,=—1012.52, in units of VVkmol ™.

Table 10. Comparison of the observed and calculated proton pseudo-con-
tact LIS values for the [Yb(L)]*~ complex.

Nucleus LIScqpu LIS uca

H' —36.8 —35.8+3.4
H'® 11.9 7.1+22
H* 70.8 72.7+£32
H* 12.5 12.14+2.1
H* -20.8 —21.7+3.6
H* 12.3 124+1.9
H* 70.7 68.1+2.7
H* 4.5 123+1.9
H —-52.2 —-50.7+2.9
H* -20.4 —22.0+1.9
H* -51.6 —51.5+3.6
H® —28.5 —29.8+1.9

Conclusion

In this paper, we further investigated the complexation
properties of trans-Hgdo2a2p. The structure of the zwitter-
ionic form of the ligand in the solid state exhibits the
common features expected for dota-like ligands. The meth-
ylphosphonate groups that bear nitrogen atoms are proton-
ated. Dissociation constants of the ligand are similar to
those determined previously?® and the differences can be
ascribed to the differences in the supporting electrolyte.
Correspondingly, the values of stability constants of the
metal complexes are similar; however, richer chemical
models for the speciation in solution were determined in
this paper. Kinetics of complexation/decomplexation of the
Ce™ and Eu™ complexes was followed at different pH and
temperature values. For the Eu™ complex, complexation
could be followed only in a very narrow range around
pH 5.5 and, as expected, proceeds through the “out-of-cage”
complex. The rate of dissociation of complexes of these
metal ions showed a monotonous dependence on the
number of phosphonic acid groups in dota-like ligands. For
the Ce™ complexes, an increasing number of phosphonic
acid groups leads to more inert complexes. For the Eu™
complexes, the dependence takes the opposite direction.
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The most interesting data are those obtained from solid-
state structures of the lanthanide(IIT) complexes. The struc-
tures represent one of the most complete published series of
complexes with one ligand and lanthanide(III) ions. All
complexes are present as twisted-square-antiprismatic iso-
mers. However, a change from nona-coordinated complexes,
with one water molecule in the coordination sphere (Ce—
Sm), occurs to anhydrous octa-coordinated complexes
(Sm—YD), whereas the central ions move more deeply
inside the ligand cavity in the Ce-Sm series and then almost
do not move further up to Yb. The experimental 'H NMR
spectroscopic pseudo-contact shifts for the Ce-Eu and Tb-
YD series of complexes could be fitted to the crystal struc-
tures of the [Ce(L)]*~ and [Yb(L)]*~ complexes, respectively.
The observed breaks in the contact and pseudo-contact sep-
aration plots for the 'H and *'P LIS observed at Eu™ reflect
the gradual geometrical change of the metal coordination
sphere rather than the change of hydration number of the
complexes that occurs at Sm™. Thus, measurement of the
O water LIS values is required to study changes of inner-
sphere water coordination of the Ln™ complexes. In general,
this paper presents one of the most complete set of data on
Ln"-macrocycle complexes that deals with a correlation be-
tween structural parameters obtained from X-ray diffraction
studies with those in solution obtained from paramagnetic
NMR spectroscopic studies. In addition, these data helped
to interpret kinetic data along the lanthanide series.

Experimental Section

General: Chemicals and solvents were of reagent grade and were used
without further purification, unless stated otherwise. Deuterium oxide
(99.96% D), DCl (35wt% in D,0, 99% D) and anhydrous LnCl; and
YCl; (Ln=Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb, Lu) were ob-
tained from Aldrich and Alfa Aesar. Deuterated potassium hydroxide so-
lution was freshly prepared just before use. The title ligand, 4,10-bis-
(phosphonomethyl)-1,4,7,10-tetraazacyclododecane-1,7-diacetic acid
(trans-Hqdo2a2p, H¢L) in hydrochloride form, was prepared as previously
reported.

Purification of frans-Hqdo2a2p: The hydrochloride of trans-Hgdo2a2p
(2.5 g) was dissolved in water and purified first using a Dowex 50 column
(3.5x20 cm, H* form) by elution with water and followed by 10% aque-
ous pyridine. The pyridine fractions were collected and evaporated to
dryness. A concentrated aqueous solution of the residue was absorbed
using an Amberlite CG50 column (3.5%20 cm, H form) and the com-
pound was eluted with water. Early fractions that contained the pure
zwitterionic form of the title product were combined and water was
evaporated close to dryness, thus yielding a white solid. This solid was fil-
tered, washed with water and dried in air to give the pure compound as
HL-4H,0 (2.1 ¢g). The single crystals of H,L-4H,O suitable for X-ray
analysis were obtained by a slow evaporation of the concentrated aque-
ous solutions of pure ligand in air.

Synthesis of the lanthanide(III) complexes: Lanthanide(III) complexes
were prepared by mixing aqueous solutions of HgL-4H,O (5 mL, 10 mm)
with stoichiometric amounts of the appropriate solid anhydrous LnCls.
The pH of the mixture was adjusted to 8-9 with aqueous KOH and the
solutions were heated (50°C) for 3 h with continuous re-adjustment of
the pH to 8. After this time, the reaction mixture was allowed to stand at
room temperature for 18 h and then filtered through a SEP-PAK Cj-car-
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tridge (to remove any free Ln"). Then the pH of the filtered solution
was lowered to 3-5 with diluted aqueous HCI (0.1 M) and the solution
volume was reduced to 2 mL in vacuum. Single crystals suitable for X-
ray analysis were obtained by a slow vapour diffusion of a iPrOH/EtOH
mixture (1:1) into concentrated aqueous solutions of the corresponding
Ln" complexes, over a period of 3-4 months.

X-ray crystallographic analysis: A selected crystal of H¢L-4H,O was
mounted on a glass fibre in random orientation using silicone fat. Dif-
fraction data were collected with graphite-monochromatised Moy, radia-
tion using an Enraf-Nonius KappaCCD diffractometer at 150(1) K
(Cryostream Cooler, Oxford Cryosystem) and analysed using the HKL
DENZO program package. Cell parameters were determined from all
data by using the same program package.”! The structure was solved by
direct methods and refined by full-matrix least-squares techniques
(SIR92l and SHELXL97")). The scattering factors used for neutral
atoms were included in SHELXIL97 program. Selected crystals of the
lanthanide(III) complexes were quickly transferred into Fluorolub oil
(Merck) and centred. Diffraction data were collected with graphite-mon-
ochromatised Moy, radiation (A=0.71073 A). Crystallographic data for
the trivalent Ce, Nd, Sm, Eu, Tb, Dy, Er and Yb complexes were collect-
ed using a Bruker AXS APEX CCD area detector diffractometer at
150(1) K (Cryostream Cooler, Oxford Cryosystem) in the w and ¢ scans
mode. A semi-empirical absorption correction was carried out using
SADABS.®l Data collection, cell refinement and data reduction were
done with the SMART and SAINT programs.|) The structures were
solved by direct methods using SIR97"" and refined by full-matrix least-
squares methods with SHELXL97.”) Molecular graphics were prepared
using PLATON98.7!!

In the structure of HyL-4H,O, all non-hydrogen atoms were refined an-
isotropically; all hydrogen atoms were localised in the difference map of
the electronic density; however, in the final cycles, they were fixed in the-
oretical (C—H) or original (N—H, O—H) positions using U(H)=1.2 U(X).
In the isostructural compounds K[Ln(H,L)(H,0)]-KCI-5H,0 (Ln=Ce
and Nd), the non-hydrogen atoms were refined with anisotropic thermal
parameters; in the case of the Nd structure, thermal parameters of one
carbon atom were restrained using the ISOR command to keep them
positive. Hydrogen atoms that belonged to the complex molecule could
be localised in the difference map of the electronic density (even the
ones attached to phosphonate oxygen atoms); however, in the final
cycles, they were fixed in theoretical (C—H) or original (O—H) positions
using U(H)=1.2U(X). In the structures, there remained three large dif-
ference maxima. Two of them, close to oxygen atoms of the complex
molecules, were interpreted as potassium(I) counterions, and the third
one that lay in the relatively free space was attributed to a chloride
anion. The potassium(I) ions connect the neighbouring complex mole-
cules into zigzag chains through relatively long coordination bonds (d-
(0-K)~2.6-2.9 A). Other electronic maxima were attributed to water
solvate molecules, some of them with half-occupancy. The hydrogen
atoms that belonged to most of the water molecules were located in the
electronic density map, and were fixed in original positions using U(H)=
1.2U(0).

In the structure of K;[Sm(H,L)(H,0)][Sm(HL)(H,0)]-KCI-16 H,0, two
complex molecules were clearly identified in the asymmetric unit. The
five largest electronic maxima were treated as four potassium(I) counter-
ions (those close to the oxygen atoms of the complex molecules) and one
chloride anion. The potassium(I) ions connect the neighbouring complex
molecules into a two-dimensional coordination polymer and form
warped plane through relatively long coordination bonds (d(O—K)~2.6—
2.9 A). Other electronic maxima were attributed to water solvate mole-
cules, some of them with half-occupancy. The non-hydrogen atoms were
refined with anisotropic thermal parameters; thermal parameters of two
carbon atoms and two oxygen atoms of water solvate molecules were re-
strained using the ISOR command to keep them positive. All hydrogen
atoms (including those belonging to the water solvate molecules) were
located in the electronic density map. In the final cycles, they and were
fixed in theoretical (C—H) or original (O—H) positions using U(H)=
1.2U(X).
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In the isostructural series K,[Ln(HL)]-6.5H,0 (Ln=Sm, Tb, Dy, Er and
YD), the molecule of the complex possesses a crystallographic two-fold
symmetry. Thus, only one half of the macrocyclic skeleton, one pendant
phosphonate arm and one acetate arm form the asymmetric unit, with
the central metal ion laying on the special (half-occupied) position. The
hydrogen atoms that belong to the complex molecule could be localised
in the electronic density difference map; the one associated with the
phosphonate pendant arm lies on the special position with half-occupan-
cy and connects neighbouring complex molecules into infinite chains.
Such a motif results in a formally mono-protonated complex molecule. In
the structure, the three largest difference maxima were attributed to two
potassium(I) counterions (one maximum lay on the special position with
half-occupancy to one ion, and the remaining two maxima were attribut-
ed to the disordered second potassium(I) ion. The potassium(I) ions con-
nect the chains of the complex molecules into double chains through rel-
atively long coordination bonds (d(O—K)~2.6-3.0 A). Other electronic
maxima were attributed to water solvate molecules, some of them with
half or quarter occupancy to obtain reliable thermal parameters. Some
hydrogen atoms that belonged to the water molecules were also located
in the electronic density map. All non-hydrogen atoms were refined with
anisotropic thermal parameters, and the hydrogen atoms were fixed in
theoretical (C—H) or original (O—H) positions using a riding model with
UMH)=12UX).

The close similarity of crystallographic parameters of the Eu™ complex
points to the isostructurality of this compound with the previous group
and, thus, the formula K,[Eu(HL)]-6.5H,0 was suggested. However, a
brief inspection of the crystal data revealed a huge disorder in the com-
plex molecule. The complex molecule lies on the crystallographic two-
fold axis (as in the case of the whole isostructural series), and was best
refined as a superposition of two overlying enantiomeric molecules (with
refined occupancies of approximately 60:40 % ), which only have the cen-
tral ion and the pivot atoms of the pendant arms in common (Figure S17
in the Supporting Information). The remaining maxima of electronic den-
sity lay very close to each other, thereby suggesting a disorder and non-
full occupancy of the potassium(I) cations and the solvate molecules.
Therefore, a squeeze of the residual electronic density was applied using
PLATONY8.""! After squeezing, there were still two relatively high
maxima left; two maximal peaks (very close to each other) were assigned
as a potassium(I) counterion disordered over two positions and had relia-
ble thermal parameters. The other two maxima were attributed to parti-
ally occupied water solvate molecules. As anisotropic refinement of non-
hydrogen atoms led to several non-positive definites, the ISOR constraint
was applied. Hydrogen atoms attached to carbon atoms were fixed using
a riding model with U(H)=1.2U(C). Although the calculated lengths
and bond angles are loaded with principally high error, their values are
very reasonable and fall into the trends of the values found in the other
structures (see below).

itk

All complexes crystallised in centrosymmetric groups; in all structures,
except that of the Eu" complex, the AMA\ complex unit with clockwise
numbering of the macrocycle was defined as the independent unit to
obtain directly comparable structural parameters (Table 8). In the case of
the Eu'™ complex, the AAMAM torsion was chosen for the more abundant
part, and the less abundant one was chosen as Ad0d0. A summary of the
experimental crystallographic data is given in Table S10 of the Support-
ing Information. CCDC-764613, 764614, 764615, 764616, 764617, 764618,
764619, 764620, 764621 and 764622 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

Potentiometric titrations: The stock/titration solutions of aqueous HCl
(~0.03m), NMe,OH (=~0.2m) and metal chlorides or nitrates used were
the same as in previous studies.***! Titrations were carried out in a
vessel equipped with a thermostat at (25.04+0.1)°C, at ionic strength /=
0.1m (NMe,Cl) and in the presence of extra HCI in the —log[H*] range
1.7-11.9 (or until precipitation of a metal hydroxide) using a PHM 240
pH meter, a 2mL ABU 900 automatic piston burette and a GK 2401B
combined electrode (all Radiometer, Denmark). The initial volume was
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5SmL and the concentration of the ligand was approximately 0.004 M. An
inert atmosphere was ensured by constant passage of argon saturated
with the solvent vapour. For the ligand, five parallel titrations were car-
ried out; each titration consisted of about 40 points. Titrations with metal
ions were performed at metal-to-ligand molar ratios of 1:1 and 2:1 (at
least three parallel titrations, about 40 points each). In the case of
lanthanide(III) ions, the complexation was too slow for conventional ti-
tration and, therefore, the “out-of-cell” method was used. Each out-of-
cell titration consisted of 25 points (solution volume 1mL) in the
—log[H*] range 1.8-6.0 (at least two parallel titrations for each 1:1 and
2:1 metal-to-ligand ratio). Equilibrium was reached after 3 weeks at
room temperature. The constants determined by this technique showed
higher standard deviations due to less precise measurements and a small-
er number of experimental points.

The constants (with standard deviations) were calculated with the pro-
gram OPIUM."” The program minimises the criterion of the generalised
least-squares method using the calibration function E = E,+ S xlog [H*]+
A x[H*]+j,x (K,/[H]), in which the additive term E, contains the stan-
dard potentials of the electrodes used and contributions of inert ions to
the liquid-junction potential, S corresponds to the Nernstian slope (the
value of which should be close to the theoretical value) and the j, x [H*]
and j,x[OH ]=j,x (K,/[H"]) terms are the contributions of the H™ and
OH™ ions to the liquid-junction potential. It is clear that j, and j, cause
deviation from a linear dependence of £ on pH only in strongly acidic
and strongly alkaline solutions. The calibration parameters were deter-
mined from titration of the standard HCI with the standard NMe,OH
before each ligand or ligand-metal titration to give a pair of calibration/
titration values, which was used for calculations of the constants. The
overall protonation constants 3, are concentration constants, defined by
B.=[H,L)/([H]"x[L]). The stability constants are defined by p,,=
[H,LM,,)/([H]" x[L]'x [M]™). The water ion product pK,, (13.81) and sta-
bility constants of the M""~OH™ systems included into the calculations
were taken from ref. [73]. The highest protonation constant cannot be
measured by potentiometry (it is too high and therefore out of the range
in which the glass electrode can be reliably used); it was therefore calcu-
lated from changes of dp of the phosphonate groups in the strongly alka-
line solutions (see below). In the final calculation of the protonation con-
stants, a simultaneous fitting of the NMR spectroscopic and potentiomet-
ric data was used.

NMR spectroscopic experiments: The quantitative *'P{'H} NMR spectro-
scopic titration experiments for the determination of the first protonation
constant of HgL (—log[H*] range 11.5-13.6, about 15 points) were carried
out under conditions close to the potentiometric titrations (aqueous solu-
tion, /=0.1M (NMe,(CIL,OH)), 25.0°C, ligand concentration~0.004 M) ac-
cording to the IUPAC recommendation.”™ The measurements over
—log[H*]=13 were done without control of the ionic strength. The
NMR spectra were recorded using a Varian UnityPlus 400 spectrometer
at 169 MHz with an external standard (85% aqueous H;PO,); a coaxial
capillary with D,O was used for the lock. The solution —log [H*] was ad-
justed with aqueous NMe,OH or HCI solutions.

The solutions (2x10>m) used for the NMR spectroscopic titration meas-
urements over the whole pH range were made using D,O as solvent and
the pD value was raised to near 13 by adding CO,-free KOD. These solu-
tions were then titrated to low pD with DCI/D,O and 'H and *'P NMR
spectra were recorded as a function of pD. The pD values were measured
directly in the NMR spectroscopy tube with a combined microelectrode
(Mettler-Toledo U402-M3-S7/200) and transferred to pH using pH=
pD—0.40."! The microelectrode was calibrated with standard buffer solu-
tions (pH 4.01, 7.00, 9.21). The NMR spectra were recorded using Varian
Inova-300 NMR spectrometer (‘H 300 MHz; *'P 121.5 MHz) with the in-
ternal reference (2-trimethylsilyl)propionic acid (0y=0.0 ppm), and ex-
ternal reference 85% aqueous H;PO, solution (8,=0.0 ppm) for 'H and
'P, respectively.

NMR spectra of the Ln"-H(L complexes were recorded using Varian
VNMRS-600 ("H 600.14 MHz), Varian Unity-500 (‘H 499.82 MHz), or
Varian Inova-300 NMR spectrometers ('H 300 MHz; *'P 121.5 MHz).
The NMR spectra were recorded in D,O (min 99.96% D, Aldrich) and
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the '"HA'P NMR chemical shifts (6) are given in ppm relative to (2-trime-
thylsilyl)propionic acid (TSP, internal reference; 0y;=0.0 ppm), and to
85 % aqueous H;PO, solution (external reference; d,=0.0), respectively.

The Ln"™-H(L solutions for the NMR spectroscopic pH titration were
prepared as follows. A solution of H¢L in D,O (10 mm) was neutralised
with a freshly prepared solution KOD/D,O (& 1.5m) and a stoichiometric
amount of anhydrous LnCl, dissolved in D,0 (~0.2 mL) was added. The
pD of the reaction mixture was continuously measured until stabilisation
and then the pD was slowly increased to about 13 by adding the KOD/
D,O solution. These solutions were then titrated to low pD with DCl/
D,O and 'H and *'P NMR spectra were recorded as a function of pD.
The pD measurements for these NMR spectroscopic studies were per-
formed using an ORION SA 720 potentiometer directly in the NMR
spectroscopy tube with a combination microelectrode U402-M3-S7/200
(Mettler-Toledo) calibrated at (21+0.5)°C with three standard buffers
(pH 4.01, 7.00 and 9.21). Before plotting the data, the pD values of these
D,O solutions was converted to the pH values using the deuterium iso-
topic correction pH =pD—0.40.”) The protonation constants of the free
ligand and of its lanthanide(IITI) complexes were calculated with the
HYPNMR program using the d, of the complexes at the different pH.!
The 10 mMm solutions of the [Ln(L)]*" complexes (Ln=La-Lu and Y,
except Pm and Gd) were used to obtain 1D spectra, whereas only some
of them (Ln=La, Ce, Pr, Nd, Sm, Eu, Lu and Y) were used for 2D g-
COSY measurements. These studies were performed at pH~10 and 7=
298 K using Varian Unity-500 or Varian Inova-300 spectrometers. The
paramagnetic contributions to the lanthanide-induced shifts (LIS) and re-
laxation rates were determined as previously described.'*) The LIS data
were analysed with the SHIFT ANALYSIS program developed by Fors-
berg,” in which no assumption is made about the magnetic symmetry of
the complex and which uses as input data the Cartesian coordinates of
the complexes with the lanthanide(III) ion at the origin. The experimen-
tal pseudo-contact LIS geometric factors (G) were fitted to calculated
values for various isomeric structures using the components of the sus-
ceptibility tensor as adjustable parameters; averaging of G values of sym-
metry-related resonances was not carried out prior to the comparison
with the experimental values. The agreement between the observed and
calculated values was evaluated using Hamilton’s crystallographic agree-
ment factor,” defined as AF,=[Z{(65""—6:" )’ J/[Z(67™")]", in which
o™ and 63" represent the observed and calculated shift values of a nu-
cleus i in a given Ln™ complex j, respectively.

Kinetic measurements: The experimental methodology for the kinetic
studies on the [Ln(L)]>” complexes was the same as described else-
where.**23" All kinetic measurements were carried out using a UV 2
(Pye Unicam) double-beam spectrometer, an HP-8453A (Hewlett—Pack-
ard) diode array spectrophotometer and/or an Aminco Bowman AB2
fluorimeter. Luminescence spectra/lifetimes of the [Eu(L)]*~ complexes
dissolved in H,O or D,O were measured using an Aminco Bowman AB2
fluorimeter.

The experimental methodology for the time-resolved luminescence spec-
troscopy (TRLS) experiments and their application in kinetic studies (the
Eu' complex) were described elsewhere.*>*! The time dependence of
the number of coordinated water molecules, g, determined by TRLS was
fitted using Equation (9) to afford the value of the rate constant k*.

4: = ¢ g o(EuL¥) — g,_ (BuL)] + g, (EuL) (10)

The formation kinetics were measured at pH 5.5, /=0.1m KCl, tempera-

ture range 20-40°C and ¢, =cg,=0.0005M. The luminescence lifetimes
were measured at 594 nm (°D,—F, transition). The second-order rate
constant, k,, was calculated from UV/Vis spectroscopic data obtained
analogously to the published methodology.”!

The acid-assisted decomplexation reaction of the [Ln(L)]*~ complexes
was performed at ionic strength /=3.0m (H,\Na)ClO, (cp, ~(1-2.5)x
107> M) and [H*]=0.05-3.00 M. The progress of the reaction was followed
by a change of emission spectra (Eu: A.,.=394 nm; Gd: A..=272 nm;
Tb: A...=368 nm; changes followed over the whole emission spectra) or
absorption spectra at the CT band (Ce: A=310 nm). The activation pa-
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rameters for the Ln" complex dissociation were obtained from the tem-

perature dependence in the range 25-60°C. The data from kinetic experi-
ments were processed by non-linear regression using EXCEL, HP and/or
PROK-II"" software with identical results and the measured values of
the analytical signal were corrected for a background signal. Changes of
the hydration number, g, were followed as above.

UV/Vis spectra of the Eu"™ complex: The [Eu(L)]>" complex was pre-
pared by mixing ligand hydrate (0.100 g) with an aqueous solution of
EuCl; (1 equiv), and aqueous KOH solution was added stepwise over 2 h
to reach a constant pH of 6.5. To ensure the full complexation, the solu-
tion was stirred overnight. Then, the pH was adjusted to 7.5 and the con-
centration of the complex to 20 mm. UV/Vis measurements were carried
out using a Perkin—Elmer Lambda 19 spectrometer in the 577-581 nm
region with data steps of 0.01 nm. The temperature was maintained con-
stant by using thermostatable cells with an optical length of 10 cm. The
quality of the results was increased by recording a large number of spec-
tra (40 spectra for 298 K, 80 spectra for 343 K).

Supporting Information available: Experimental detailed data with Fig-
ures S1-S21 on NMR pH titrations and protonation sequence of (L)*,
species distribution diagrams of the Cu"-H¢L and Ho"'-H¢L from poten-
tiometry, *'P NMR titration of the [Pr(L]*~ and [Yb(L)]>~ complexes, ab-
sorption spectrum of Eu™-HgL, absorption spectra during dissociation of
the [Ce(H,O)(L)]*~ complexes in acidic medium, luminescence emission
spectra for the Eu"-HgL complex formation, number coordinated water
molecules during the formation of the [Eu(L)]*~ complex followed by
TRLS, dependence of pseudo-first order rate constant of the acid-assisted
dissociation of [Eu(L)]*", definition of the geometric parameters of Ln™
complexes with dota-like ligands, crystal packing of
K[Ce(H,L)(H,0)]-KCI-:5H,0, molecular structures of the
[Sm(H,L)(H,0)]™ and [Sm(HL)(H,O)]*" anions found in the structure of
K;s[Sm(H,L)(H,0)][Sm(HL)(H,0)]-KCl-16 H,O and crystal packing in
the structure, crystal packing of K,[Dy(HL)]-6.5H,0, disordered struc-
ture found in the structure of K,[Eu(HL)]-6.5H,0, 'H 1D and g-COSY
NMR spectra of paramagnetic [Ln(L)]*~ complexes, plots of the proton
LIS data for separation of contact and pseudo-contact contributions for
the [Ln(L)]*~ complexes, protonisation scheme of HgL, tables with select-
ed bond lengths and angles of the trans-Hcdo2a2p molecule and hydro-
gen-bond geometries in the solid-state structure of H¢L-4H,O, overall
stability constants (logf,,,) of complexes of some divalent and trivalent
metal ions with HgL, average hydration number of complex species pres-
ent in reaction mixtures in the Eu"-HL system at pH values of 4, 5 and
6 after 24 h, '"H and *P NMR spectroscopic chemical shifts and LIS
values of the [Ln(L)]*"and comparison with the values for the equivalent
nuclei in the TSA isomer of the corresponding [Ln(dota)]” and
[Ln(dotp)]’~ complexes, separation of contact and pseudo-contact contri-
butions to the observed LIS values in the [Ln(L)]*~ complexes, compari-
son of observed and calculated proton pseudo-contact LIS values for the
paramagnetic [Ln(L)]>" complexes and experimental crystallographic
data for HyL and for its lanthanide(IIT) complexes; text on theory of sep-
aration of contact and pseudo-contact contributions to LIS of complexes.
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