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A series of lanthanide(III) complexes formulated as M[Ln(Hdo3ap)]‚xH2O (M ) Li or H and Ln ) Tb, Dy, Er, Lu,
and Y) with the monophosphonate analogue of H4dota, 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic-10-
methylphosphonic acid (H5do3ap), was prepared in the solid state and studied using X-ray crystallography. All of
the structures show that the (Hdo3ap)4- anion is octadentate coordinated to a lanthanide(III) ion similarly to the
other H4dota-like ligands, i.e., forming O4 and N4 planes that are parallel and have mutual angle smaller than 3°.
The lanthanide(III) ions lie between these planes, closer to the O4 base than to the N4 plane. All of the structures
present the lanthanide(III) complexes in their twisted-square-antiprismatic (TSA) configuration. Twist angles of the
pendants vary in the range between −24 and −30°, and for each complex, they lie in a very narrow region of 1°.
The coordinated phosphonate oxygen is located slightly above (0.02−0.19 Å) the O3 plane formed with the coordinated
acetates. A water molecule was found to be coordinated only in the terbium(III) and neodymium(III) complexes.
The bond distance Tb−Ow is unusually long (2.678 Å). The O−Ln−O angles decrease from 140° [Nd(III)] to 121°
[Lu(III)], thus confirming the increasing steric crowding around the water binding site. A comparison of a number
of structures of Ln(III) complexes with DOTA-like ligands shows that the TSA arrangement is flexible. On the other
hand, the SA arrangement is rigid, and the derived structural parameters are almost identical for different ligands
and lanthanide(III) ions.

Introduction

Polyazamacrocycles with coordinating pendant arms form
very stable complexes with a wide range of the transition
metal ions and also with lanthanides. Ligands encapsulate
metal ions in macrocyclic cavities, and the complexes often
exhibit thermodynamic as well as kinetic stabilities that are
essential for in vivo applications.1 Convenient properties of
these complexes have been explored in several areas, e.g.,
as contrast agents in magnetic resonance imaging (MRI),2

in labeling of biomolecules with metal radioisotopes for both
diagnostic and therapeutic purposes,3 or as luminescence

probes.4 The most widely studied, H4dota (H4dota )
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, Chart
1), is a prototype ligand for the above applications. Therefore,
a number of H4dota derivatives and analogues have been
synthesized and studied.1-4

In this area of chemistry, the design of better MRI contrast
agents is of high interest.2,5,6 Most currently approved MRI
contrast agents are Gd3+ complexes with ligands derived
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from open-chain H5dtpa (H5dtpa ) diethylenetriamine-
pentaacetic acid) and macrocyclic H4dota. The coordination
environment of the central ion is formed by eight donor
atoms coming from the ligand and one water molecule, which
is responsible for transfer of magnetic information to the bulk
water. The efficiency of such contrast agents is commonly
expressed asrelaxiVity, r1 (enhancement of the water pro-
ton relaxation rate). Relaxivity is governed by several
parameters:5 the residence time of the coordinated water
molecule τM, the rotational correlation timeτR, and the
electronic relaxation timesT1e,2e. These parameters are
associated with the structure of the complexes, i.e., geometry
and symmetry of the coordination polyhedron, size (molec-
ular volume) of the complex, and distribution of electron
density around the central ion. The relaxivity is also
influenced by the Gd-Ow and Gd-Hw distances between
the central ion and the atoms of the coordinated water
molecule. The prototype dota4- anion is coordinated to a
lanthanide(III) ion by four ring nitrogen atoms and four
carboxylate groups. The nitrogen and oxygen atoms form
N4 and O4 bases that are planar and virtually parallel. The
O4 plane is capped with a water molecule. The ethylene
groups of the macrocycle adopt a gauche conformation
forming a five-membered coordination metallacycle with
either δ or λ configuration. This results in two possible
macrocycle square [3,3,3,3] conformations:δδδδ andλλλλ.7

The pendant acetate arms can occupy two orientations:∆
or Λ. In solution, the ring interconversionδ T λ and acetate
rotation ∆ T Λ lead to four stereoisomers (two racemic
diastereoisomers∆δδδδ/Λλλλλ and∆λλλλ/Λδδδδ, respec-
tively; Scheme 1). In addition, the two diastereoisomers differ
in the angleω formed by the mutual rotation of the O4 and
N4 planes (Chart 2). In the isomers∆λλλλ/Λδδδδ, rotation
of about 40° leads to the square-antiprismatic (SA) isomer
(ideal angle of 45°). This diastereoisomer is also traditionally

termed “major” (M) because of its higher abundance in
solutions of the [Gd(dota)(H2O)]- complex.8 In the pair of
enantiomersΛλλλλ/∆δδδδ, rotation of about-24° corre-
sponds to the twisted-square-antiprismatic isomer TSA (ideal
angle of-22.5°) or “minor” (m) isomer. The signs( are
commonly used for the SA/TSA isomers of the prototype
dota4- complexes and will also be used in this paper.

The two diastereoisomers play a key role in MRI applica-
tions. It was found that the lanthanide(III) complexes of
H4dota-like ligands (with one water molecule in the first
coordination sphere) show different residence times,τM, of
the coordinated water for SA and TSA isomers.9,10The water
molecule is exchanged 10-100 times faster in the TSA
isomer than in the SA one. An explanation for the difference
follows from the assumed sterically crowded environment
of the coordinated water molecule in the TSA isomer. The
water exchange rate in the TSA isomers of gadolinium(III)
complexes of the carboxylate ligands approaches the optimal
range ofτM (10-30 ns).9 Thus, gadolinium(III) complexes
with a higher content of the desired TSA isomer should
exhibit a higher relaxivity, especially in high-molecular-
weight molecules with very longτR values. It was also shown
that lanthanide(III) complexes of H4dota analogues with four
phosphonic or phosphinic acid pendant arms are found in
solution exclusively as TSA isomers as a consequence of
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Chart 1. Structures of Ligands Discussed in the Paper Scheme 1. Possible Isomers for Lanthanide(III) Complexes with
H4dota-like Ligands
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the steric requirements of phosphorus atoms.11-13 However,
in these complexes, no water is directly coordinated to
lanthanide(III) ions. If water molecules were coordinated in
similar complexes containing phosphorus pendant arm(s), a
faster water exchange would occur. This effect was observed
in gadolinium(III) complexes of pyridine-containing macro-
cycles with phosphonic acid pendant arms14 as well as upon
coordination of a HPO42- anion to gadolinium(III) complexes
of H3do3a amides (H3do3a ) 1,4,7,10-tetraazacyclodo-
decane-1,4,7-triacetic acid, Chart 1).15 Moreover, it is well-
known that complexes of ligands with phosphonate/
phosphinate pendants exhibit a rather ordered second hydration
sphere that also enhances the overall relaxivity of the
complexes.11-14,16

In the solid state, lanthanide(III) complexes of H4dota form
mostly SA isomers.17-23 TSA isomers were observed in
structures of large ions such as lanthanum(III)24 or cerium-
(III) 17 or for small thulium(III),17 but without a coordinated
water molecule in the case of Tm(III) (such an arrangement
with no bound water molecule is often denoted TSA′ or m′).
On the other hand, complexes of the tetrakis(methylene-
phosphinic) acid analogues of H4dota form exclusively TSA
[(La(III), Ce(III)] 12b,13aor TSA′ isomers [other Ln(III)].13

Therefore, we intended to combine the convenient proper-
ties of H4dota complexes (one coordinated water molecule,
high kinetic inertness, high thermodynamic stability) with

the properties of complexes of tetraphosphonic/tetraphos-
phinic acid analogues of H4dota (bulkiness of the phosphorus
atom, only TSA isomer formation, ordering of the outer
hydration sphere). The monophosphonate analogue of
H4dota (H5do3ap, Chart 1) can be considered as a model
compound for other H4dota-like ligands with one pendant
arm containing a phosphorus acid group. In this work, the
preparation and X-ray structures of a series of lanthanide-
(III) complexes are described. We recently published a
complementary studies dealing with solution properties of
lanthanide(III) complexes of H5do3ap,25 its aminobenzyl-
phosphinate analogue,26 and H5dtpa27 analogues with one
phosphonic/phosphinic acid pendant arm on the central
nitrogen atom. In these papers,25-27 it was shown that the
presence of phosphorus acid moieties does indeed lead to
the faster water exchange and enhanced relaxivity for their
gadolinium(III) complexes.

Results

Synthesis.The complexes were prepared from the corre-
sponding metal chlorides as it is described in the Experi-
mental Section. The very slow vapor or liquid diffusion of
an organic solvent (EtOH,iPrOH) into the aqueous solution
was necessary to obtain crystals suitable for X-ray analysis.
Single crystals of the salts were obtained only in the presence
of lithium(I) as a counterion.

Crystal Structure of Li[Tb(Hdo3ap)(H 2O)]‚0.5HCl‚
5H2O. Aside from the [Nd(Hdo3ap)(H2O)]- ion found in
the structure of Li[Nd(Hdo3ap)(H2O)]‚11.5H2O published
recently,25 only the [Tb(Hdo3ap)(H2O)]- species present in
Li[Tb(Hdo3ap)(H2O)]‚0.5HCl‚5H2O contains directly coor-
dinated water molecule. The structure is shown in Figure 1;
Tables 1 and 2 list the selected bond distances and angles.
The (Hdo3ap)4- anion is coordinated to the terbium(III) ion
by four nitrogen atoms and four oxygen atoms, three from
acetates and one from phosphonate. The nitrogen atoms form
the N4 plane. The three acetates and one phosphonate form
a similar O4 base that is virtually planar. Deviations of the
atoms from planarity for both the planes are listed in Table
2. The O4 and N4 planes are parallel and have a mutual angle
of about 2.6°. The terbium(III) ion lies between these planes,
closer to the O4 base (Table 2).

The mean twist angleω of the planes around the local
4-fold axis is about-27.2° (see Chart 2 and Table 2). Thus,
the arrangement should be termed a twisted-square antiprism
(TSA). The configuration of pendant arms and conformation
of ethylenediamine bridges give the enantiomeric pair
Λλλλλ/∆δδδδ, which also corresponds to the TSA isomer.
A molecule of water capping the O4 plane completes the
coordination sphere of the lanthanide. The deviation of the
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Trans.1999, 3585.

(13) (a) Aime, S.; Batsanov, A. S.; Botta, M.; Dickins, R. S.; Faulkner, S.;
Foster, C. E.; Harrison, A.; Howard, J. A. K.; Moloney, J. M.; Norman,
T. J.; Parker, D.; Williams, J. A. G.J. Chem. Soc., Dalton Trans.
1997, 3623. (b) Aime, S.; Batsanov, A. S.; Botta, M.; Howard, J. A.
K.; Parker, D.; Senanayake, K.; Williams, J. A. G.Inorg. Chem.1994,
33, 4696.

(14) (a) Aime, S.; Gianolio, E.; Corpillo, D.; Cavallotti, C.; Palmisano,
G.; Sisti, M.; Giovenzana, G. B.; Pagliarin, R.HelV. Chim. Acta2003,
86, 615. (b) Aime, S.; Botta, M.; Frullano, L.; Crich, S. G.;
Giovenzana, G.; Pagliarin, R.; Palmisano, G.; Sirtori, F. R.; Sisti, M.
J. Med. Chem.2000, 43, 4017. (c) Aime, S.; Botta, M.; Crich, S. G.;
Giovenzana, G.; Pagliarin, R.; Sisti, M.; Terreno, E.Magn. Reson.
Chem.1998, 36, S200.

(15) Bruce, J. I.; Dickins, R. S.; Govenlock, L. J.; Gunnlaugsson, T.;
Lopinski, S.; Lowe, M. P.; Parker, D.; Peacock, R. D.; Perry, J. J. B.;
Aime, S.; Botta, M.J. Am. Chem. Soc.2000, 122, 9674.

(16) (a) Caravan, P.; Greenfield, M. T.; Li, X.; Sherry, A. D.Inorg. Chem.
2001, 40, 6580. (b) Aime, S.; Botta, M.; Terreno, E.; Anelli, P. L.;
Uggeri, F.Magn. Reson. Med.1993, 30, 583.

(17) Benetollo, F.; Bombieri, G.; Calabi, L.; Aime, S.; Botta, M.Inorg.
Chem.2003, 42, 148.

(18) Spirlet, M.-R.; Rebizant, J.; Desreux, J. F.; Loucin, M.-F.Inorg. Chem.
1984, 23, 359.

(19) Benetollo, F.; Bombieri, G.; Aime, S.; Botta, M.Acta Crystallogr.
1999, C55, 353.

(20) Dubost, J.-P.; Leger, J.-M.; Langlois, M.-H.; Meyer, D.; Schaefer, M.
C. R. Acad. Sci., Paris Ser. II1991, 312, 349.

(21) Chang, C. A.; Froncesconi, L. C.; Malley, M. F.; Kumar, K.;
Gougontas, J. Z.; Tweedle, M. F.; Lee, D. W.; Wilson, L. J.Inorg.
Chem.1993, 32, 3501.

(22) Aime, S.; Barge, A.; Botta, M.; Fasano, M.; Ayala, J. D.; Bombieri,
G. Inorg. Chim. Acta1996, 246, 423.

(23) Parker, D.; Pulukkody, K.; Smith, F. C.; Batsanov, A.; Howard, J. A.
K. J. Chem. Soc., Dalton Trans.1994, 689.

(24) Aime, S.; Barge, A.; Benetollo, F.; Bombieri, G.; Botta, M.; Uggeri,
F. Inorg. Chem.1997, 36, 4287.

(25) Rudovsky´, J.; Cı́gler, P.; Kotek, J.; Hermann, P.; Vojtı´šek, P.; Lukesˇ,
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Tb-Ow bond vector from the local 4-fold axis is only 3.6°.
The Tb-Ow bond length [2.678(8) Å] is significantly longer
than that observed in the complexes [Tb(dota-tetraamide)-
(H2O)]- (2.461 Å),28 [Tb(dota-propionate)4)(H2O)]- (2.427
Å),9c and [Nd(Hdo3ap)(H2O)]- (2.499 and 2.591 Å).25 This
corresponds to the value 135.9° observed for the O-Tb-O
angle (opening angleæ, Chart 2), which is close to the
limiting value of 135° for water coordination/noncoordination
documented in a series of lanthanide(III) complexes with
H4dota and its phosphorus acid derivatives.6 The average
bond distances of the terbium(III) ion and the donor atoms
of the ligand lie in the range expected for complexes with
similar type of ligands. Although low-quality diffraction data
did not allow the hydrogen atoms bound to the oxygen atoms
to be located, the coordinated phosphonate moiety is probably
monoprotonated on oxygen atom O13, as can be seen from
differences of phosphorus-oxygen bond connections
[O11 is coordinated to terbium(III) and O12 and O13 to
lithium] and distances [P1-O12 1.508(7) Å and P1-O13
1.522(8) Å]. As mentioned, the lithium(I) ion is coordinated
to the oxygen atoms O12 and O13 of two neighboring phos-
phonates, carboxylate, and two water molecules. Its coor-

dination number is 5, and the lithium subunits connect
terbium polyhedrons into an infinite zigzag chain, as shown
in Figure 2. The Cl- ion is disordered, and the corresponding
proton is probably present as an oxonium cation in the water
of hydration.

Crystal Structures of Isostructural Li[Dy(Hdo3ap)] ‚
5H2O, Li[Lu(Hdo3ap)] ‚5H2O and Li[Y(Hdo3ap)] ‚5H2O
Complexes.The high quality of the crystals of all of the
complexes enable us to refine the positions of the hydrogen
atoms attached to the oxygen atoms. The [Dy(Hdo3ap)]-

anion in the Li[Dy(Hdo3ap)]‚5H2O structure is shown in
Figure 3; Table 1 lists selected bond distances and angles.
The Hdo3ap4- anion is coordinated to the lanthanide(III) ion
in a manner similar to that found in the terbium(III) complex,
i.e., by four nitrogen atoms and four oxygen atoms, three
from acetates and one from phosphonate. The nitrogen and
oxygen atoms form N4 and O4 bases that are planar and
parallel. Deviations of the atoms from planarity are listed in
Table 2, and the mutual angles of these planes vary in the
range 2.7-2.8°. The lanthanide(III) ions lie between these
planes, closer to the O4 base, as shown in Table 2. The twist
anglesω between the O4 and N4 planes around the local
4-fold axis are about-25°, and this corresponds to the TSA
(m) arrangement. No water molecule is coordinated to the
central ions; their coordination numbers is 8. The bond
lengths between the central ions and the donor atoms of the
ligands are in the range expected for this type of compound.
The O12 atom of the phosphonic acid group was found to
be protonated. As is also shown in Figure 3, the lithium(I)
ion is coordinated to the oxygen atoms of one carboxylate
(O172) and three water molecules (O97, O98, and O99),
forming an almost-regular tetrahedron. Crystal packing with
the hydrogen-bond network shown in Figure 5 is discussed
later.

Crystal Structures of Isostructural H[Er(Hdo3ap)] ‚
5H2O and H[Lu(Hdo3ap)] ‚6H2O Complexes.Their coor-
dination number of 8 and their molecular structures are
analogous to those found for Li[Dy(Hdo3ap)]‚5H2O as
shown in Figure 3. Selected bond distances are listed in Table
1. Hydrogen atoms were not found; nevertheless, in addition
to phosphonate protonation, we assume that the additional

(28) (a) Parker, D.; Puschmann, H.; Batsanov, A. S.; Senanayake, K.Inorg.
Chem.2003, 42, 8646. (b) Aime, S.; Barge, A.; Batsanov, A. S.; Botta,
M.; Castelli, D. D.; Fedeli, F.; Mortillaro, A.; Parker, D.; Puschmann,
H. Chem. Communn.2002, 1120.

Chart 2. Schematic Drawing of the Complexes with the Depicted
Structural Parameters: (A) Twist Anglesω and (B) Opening Angleæ
and Centroids Q of O4 and N4 Planes

Figure 1. Molecular structure of [Tb(Hdo3ap)(H2O)]- anion with atom
labeling scheme.
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proton is bound to the water molecules of hydration. The
structural motif of the acids is shown for H[Lu(Hdo3ap)]‚
5H2O in Figure 4 as an example. In the crystal packing, two
molecules of the complex are very close and oriented with
their O4 planes to each other. Four water molecules are placed
between these O4 planes, and they probably connect the
oxygen parts of the two molecules through a hydrogen-bond

network. This motif offers the possibility of localization of
the acid protons between these two molecules. Unfortunately,
some molecules of solvate water are disordered, and thus,
the numbers of water molecules in the two formulas are not
the same.

Discussion

Complexes of H5do3ap.The molecular structures of the
studied H5do3ap complexes are very similar. In all of the
complexes, the tetraazacyclododecane ring forms the [3,3,3,3]
conformation with nitrogen atoms lying in the planes with
deviations mostly less than 0.01 Å. The four coordinate
oxygen atoms (three from acetate and one from phosphonate)
also form a plane, but with higher deviations from planarity
(0.01-0.05 Å) than those found for the N4 plane
(<0.01 Å), as is documented in Table 2. In an alternative
view, considering only O3 planes formed with three acetates
oxygen atoms, the coordinated phosphonate oxygen atoms
are located slightly above these O3 planes (0.02-0.19 Å),
and the angles between the O3 and O4 planes are smaller
than 3°. Thus, the positions of the two alternative oxygen
planes with respect to the N4 planes are virtually the same.
The distances between the N4 and O4 planes are about
2.5 Å, and the values are similar in all structures. Lanthanide-
(III) ions are located between these planes, closer to the
oxygen planes (see Table 2). The relative position of the

Table 1. Selected Bond Lengths (Å) in Solid Lanthanide(III) Complexes of H5do3ap (H5L)

bond
Li[Dy(HL)] ‚

5H2O
Li[Lu(HL)] ‚

5H2O
Li[Y(HL)] ‚

5H2O
Li[Tb(HL)(H 2O)]‚

0.5HCl‚5H2O
H[Lu(HL)] ‚

6H2O
H[Er(HL)] ‚

5H2O
Li[Nd(HL)(H 2O)]‚

11.5H2O25b

Ln-O1 - - - 2.678(8) - - 2.499(4) 2.591(4)
Ln-O(11) 2.267(2) 2.225(2) 2.261(1) 2.275(6) 2.221(5) 2.257(5) 2.431(4) 2.403(4)
Ln-O(151) 2.341(2) 2.298(2) 2.331(1) 2.373(7) 2.291(5) 2.336(6) 2.457(4) 2.438(4)
Ln-O(171) 2.323(2) 2.277(2) 2.310(1) 2.350(5) 2.271(5) 2.283(5) 2.435(4) 2.431(4)
Ln-O(191) 2.313(2) 2.271(2) 2.304(1) 2.369(8) 2.279(5) 2.309(5) 2.449(4) 2.430(4)
Ln-Q(O)a 1.035 1.065 1.043 0.853 1.068 1.054 0.783 0.792
Ln-N(1) 2.596(2) 2.559(3) 2.594(2) 2.708(10) 2.552(5) 2.576(5) 2.699(5) 2.696(5)
Ln-N(4) 2.557(2) 2.521(3) 2.555(2) 2.643(12) 2.505(6) 2.533(5) 2.736(5) 2.682(5)
Ln-N(7) 2.578(2) 2.538(3) 2.573(2) 2.662(11) 2.508(6) 2.552(5) 2.750(5) 2.771(5)
Ln-N(10) 2.575(2) 2.526(3) 2.565(2) 2.637(10) 2.534(5) 2.553(6) 2.676(5) 2.733(5)
Ln-Q(N)a 1.531 1.483 1.525 1.663 1.468 1.472 1.738 1.746
Q(O)-Q(N)a 2.564 2.547 2.566 2.514 2.489 2.525 2.519 2.536

a Q(O) is the centroid of the O4 plane; Q(N) is the centroid of the N4 plane.b Two independent molecules in the unit.

Table 2. Distances (Å) and Angles (deg) in Solid Lanthanide(III) Complexes of H5do3aP (H5L)

Li[Dy(HL)] ‚
5H2O

Li[Lu(HL)] ‚
5H2O

Li[Y(HL)] ‚
5H2O

Li[Tb(HL)(H 2O)]‚
0.5HCl‚5H2O

H[Lu(HL)] ‚
6H2O

H[Er(HL)] ‚
5H2O

Li[Nd(HL)(H 2O)]‚
11.5H2O25c

Distances
O1 from O3 0.189(3) 0.192(4) 0.191(3) 0.034(14) 0.190(10) 0.162(11) 0.022(8) 0.111(8)
O from O4a 0.047 0.048 0.048 0.016 0.047 0.041 0.006 0.028
N from N4a 0.001 0.001 0.001 0.010 0.006 0.003 0.004 0.002
Ln-(plane O4) 1.039(1) 1.064(1) 1.043(1) 0.852(4) 1.067(2) 1.054(2) 0.782(2) 0.792(2)
Ln-(plane N4) 1.530(1) 1.483(1) 1.524(1) 1.663(4) 1.468(3) 1.506(3) 1.739(2) 1.744(2)

Angles
O4-N4 angle 2.77(6) 2.72(7) 2.78(5) 2.6(3) 1.9(2) 1.6(3) 1.8(2) 2.1(2)
twist angleω of

pendant 1 (N1) -25.53(7) -26.7(1) -25.82(6) -26.9(3) -26.6(2) -26.4(2) -30.0(2) -28.9(2)
pendant 2 (N4) -24.72(8) -26.0(1) -24.95(6) -27.2(3) -25.9(2) -24.2(2) -23.3(2) -23.3(2)
pendant 3 (N7) -25.74(7) -26.4(1) -25.39(6) -27.4(3) -25.9(3) -24.0(3) -28.6(2) -28.1(2)
pendant 4 (N10) -25.17(8) -26.3(1) -25.25(6) -27.1(3) -25.5(2) -25.0(3) -24.0(2) -23.5(2)

mean twist angleω -25.3 -26.4 -25.4 -27.2 -26.0 -24.9 -26.5 -26.0
opening angleæb 123.5(5) 120.77(6) 123.01(5) 135.9(2) 126.9(2) 122.2(2) 142.2(1) 140.3(1)

a Mean deviations of the atom from the plane.b Smaller value from O11-Ln-O171 and O151-Ln-O191 angles.c Two independent molecules in the
unit.

Figure 2. Infinite chain in the structure of Li[Tb(Hdo3ap)(H2O)]‚0.5HCl‚
5H2O with additional numbering scheme.

Crystal Structures of Lanthanide(III) Complexes

Inorganic Chemistry, Vol. 44, No. 16, 2005 5595



lanthanide(III) ion shifted toward the N4 plane is dependent
on the size of the ion, and it is deeper along the series from
neodymium(III) to lutetium(III).

The average values of the twist anglesω of the pendants
and their orientation with respect to the five-membered
coordination rings of cycle skeleton point to the TSA (m)
conformation in all of the complexes studied. The twist
anglesω for each complex fall into a very narrow region
within 1° (see Table 2). In contrast, in the structure of
Li[Nd(Hdo3ap)(H2O)]‚11H2O published previously,25 the
ω value is in the range between-23 and-30° for two
independent molecules.

The influence of the external counterion, lithium(I) or
proton, on the crystal packing is variable. The frequently
observed formation of infinite chains [here, through lithium-
(I) ions] connecting the coordination polyhedrons was found
in Li[Tb(Hdo3ap)(H2O)]‚0.5HCl‚5H2O (Figure 2) and also
in Li[Nd(Hdo3ap)(H2O)]‚11.5H2O (ref 25). On the other
hand, in the isostructural Li[Ln(Hdo3ap)]‚5H2O (Ln )
Dy, Y, Lu) complexes, the lithium(I) ion is bonded only to
one carboxylate group and does not form any chain. In the
H[Lu(Hdo3ap)]‚6H2O and H[Er(Hdo3ap)]‚5H2O acids, the
O4 planes of two molecules face each other. Thus, in both
of these structures, the building motif seems to be a
hydrogen-bond network between the water molecules them-
selves and water molecules linked with carboxylate and
phosphonate groups. Hydrogen atoms attached to oxygen
atoms were found in the isostructural series Li[Ln(Hdo3ap)]‚
5H2O (Ln ) Dy, Y, Lu); the packing found in Li[Dy-
(Hdo3ap)]‚5H2O is shown in Figure 5. From this picture, it
is clear that the water molecules form layers and mostly link
to each other and also to the acetates. In the direction of the
c axis, water molecules connect the protonated phosphonate
and acetate groups and also show additional contacts to other
water molecules (Figure 5). Unfortunately, the hydrogen-
bond network arrangement in the other structures can only
be estimated from the distances between the oxygen atoms.
Their positions indicate variations in organization of the
hydration. In the Li[Tb(Hdo3ap)(H2O)]‚0.5HCl‚5H2O struc-
ture, a single water molecule is coordinated, and the O‚‚‚O
distances indicate hydrogen bonds to the free water molecule
above the O4 plane. However, the main water layer is on
the opposite side of the complex. This organization of the

hydrogen-bond network is different from that found in Li-
[Nd(Hdo3ap)(H2O)]‚11.5H2O (ref 25). In the structure of the
Nd(III) complex, two independent molecules were found and,
consequently, two different Nd-O bond lengths, were
observed in the two molecules [2.499(4) and 2.591(4) Å]
with different hydrogen-bond contacts to water molecules
of hydration; however, both of the molecules involve
hydrogen-bond contacts to the phosphonate of the neighbor-
ing molecule.

In the acids H[Lu(Hdo3ap)]‚6H2O and H[Er(Hdo3ap)]‚
5H2O, two molecules of the complexes are probably con-
nected by a hydrogen-bond network through four hydrate
water molecules. The found O‚‚‚O distances between oxygen
atoms from phosphonate or carboxylate groups on one side
and water oxygen atoms on the other side are in the wide
range 2.59-3.30 Å. The contacts of about 2.6 Å are shorter
than those observed in complexes with coordinated water
molecules such as those involving neodymium(III)25 and
terbium(III) (>2.7 Å). This arrangement, with short
(P)O‚‚‚O(water) contacts, indicates a stronger interaction
between ligand oxygens and close water molecules in acid
solution than in the neutral one. The enhanced interactions
toward the close water molecules would decrease the water
exchange and, thus, increase the water residence timeτM. It
was really observed at pH lower than 5.25

Figure 3. Molecular structure of{[Li(H 2O)3][Dy(Hdo3ap)]} fragment with
atom numbering scheme.

Figure 4. Arrangement of a “dimer” in the H[Lu(Hdo3ap)]‚5H2O structure
with atom numbering scheme and O‚‚‚O distances (Å).

Figure 5. Crystal packing in the Li[Dy(Hdo3ap)]‚5H2O structure.
Hydrogen bonds are shown as dashed lines.
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Comparison of Structures of Complexes of H4dota-like
Ligands. A comparison of the structures of the lanthanide-
(III) complexes with H4dota, H4dota-amides, H8dotp [H8dotp
) 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methyl-
phosphonic acid), Chart 1], H3do3pPh {H3do3pPh )
10-methyl-1,4,7,10-tetraazacyclododecane-1,4,7-tris[methyl-
(phenyl)phosphinic acid], Chart 1}, H4dotpR [H4dotpR )
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(methylphos-
phinic acid), R) Ph, Bn; Chart 1], and H5do3ap based on
the geometry of the cyclen skeleton and on the distances
and twist angles of O4 and N4 planes (see Table S1) points
to some general remarks.

The conformation of the cyclen ring follows from the signs
of its torsion angles. The values found for the H5do3ap
complexes are virtually the same as those observed in the
series of H4dota complexes.17 The twist angleω between
the O4 and N4 planes (ca.-25°) observed in the H5do3ap
complexes for lanthanide(III) complexes from neodymium-
(III) 25 to lutetium(III) confirmed the expected influence of
the bulky phosphonic acid moiety and, therefore, the forma-
tion of isomers with the TSA or TSA′ geometry in the solid
state. In solution{pH ) 2.5-3.5, the monoprotonated
complex [Ln(Hdo3ap)(H2O)]- is the main species (>90%)},
the abundance of the TSA isomer ranges from 100%
[Nd(III) complex], through approximately 50% [Tb(III)
complex], to ca. 20% [lutetium(III) complex].25 In compari-
son with the H4dota complexes, the proportion of the TSA
form in solution is higher for H5do3ap complexes through
the lanthanide series. Probably because of a lower solubility,
crystallization of the TSA form is preferred for complexes
of the phosphonic acid derivative. A comparison of these
structures with those found for complexes with H4dota, its
tetraamides, and tri- and tetra(phosphorus) analogues is
shown on the plot of the distances between the O4 and N4

planes for the various lanthanides (Figure 6, Table S1). From
the figure, it is clear that the distances found for the H8-
dotpR and H3do3pPh complexes are in the range 2.63-2.82
Å, and they increase slightly with increasing size of the

lanthanide(III) ion. The distances observed for the H4dota
and H4dota-tetraamide complexes are split into two groups.
The H4dota complexes of lanthanum(III), cerium(III), and
thulium(III) with the value of ca. 2.5 Å correspond to the
TSA (La, Ce) or TSA′ (Tm) geometry, and the other
lanthanide(III) complexes with the value of ca. 2.3 Å conform
to the SA arrangement. As mentioned above and shown in
the plot, H5do3ap complexes exhibit the distance of ca. 2.5
Å and, thus, follow the range of H4dota complexes with the
TSA and TSA′ arrangements (with and without a coordinated
water molecule, respectively).

In solution, the H4dota complexes with trivalent lan-
thanides from Nd to Lu are partly present as the TSA isomer.
Therefore, the structures determined for the H5do3ap com-
plexes can be used for estimating the structural parameters
of the corresponding TSA isomers of the H4dota complexes.
From this point of view, the structure of the TSA isomer of
[Gd(dota)(H2O)]- species can be estimated from the structure
of Li[Tb(Hdo3ap)(H2O)]‚0.5HCl‚5H2O. The O-Gd-O angle
(æ) in the TSA isomer of [Gd(dota)(H2O)]- would be lower
than those found in the solid state for the SA isomer of this
complex (143.6°)20,21 but close to those found for the
[Tb(Hdo3ap)(H2O)]- species (135.9°). The Gd-Ow distance
should also be similar to that found in the Tb(III) structure
(2.678 Å). To the best of our knowledge, the Tb-Ow bond
length of 2.678 Å is the longest distance between the
lanthanide(III) ion and the coordinated water found in
complexes of H4dota-like ligands. In addition, the value
135.9° observed for the O-Tb-O angle (angleæ, see
Scheme 1) is the lowest value found in a series of lanthanide-
(III) complexes with H4dota-like ligands and coordinated
water.6 Thus, these values would confirm the expected steric
strain above the oxygen plane of the TSA isomer of
[Gd(dota)(H2O)]-, which results in the observed high rate
of water exchange for such TSA isomers.9

A plot of the distance between the O4 and N4 planes as a
function of twist angleω is shown in Figure 7. We can

Figure 6. Dependence of distance between the O4 and N4 planes in
complexes of H4dota-like ligands on the lanthanide: H5do3ap (open red
circles), H4dota (open orange squares), ligands with four phosphorus atoms
(full green triangles), and H4dota-amides (full blue triangles).

Figure 7. Dependence of the distance between the O4 and N4 planes on
twist angle ω for lanthanide(III) complexes with H4dota-like ligands:
H5do3ap (open red circles), H4dota (open orange squares), ligands with
four phosphorus atoms (full green triangles), and H4dota-amides (full blue
triangles).
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distinguish two main point clusters: a compact high-density
cluster corresponding to the SA isomers and a scattered
cluster containing two groups belonging to the TSA isomers.
It is clear that, for the SA isomers, the distances and angles
fall into a very narrow range and, thus, their structures are
very rigid and tight. The range of the TSA isomers is rather
spread, and one can observe a group corresponding to
H4dota and H5do3ap complexes and another belonging to
complexes of H8dotp, H4dotpR, and H3do3pPh. The arrange-
ment of the points indicates that the structure of the TSA
isomers is not as rigid as that of the SA isomers, being much
more influenced by some other interactions.

The comparison indicates that the TSA vs SA isomer
preference is based on the geometry of the donor atom cavity,
which is defined by the ligand, and the size of a lanthanide-
(III) ion. The geometry and resulting size of the cavity in
complexes of H4dota-like ligands can be governed only by
rotation of the pendants. As was shown, this rotation leads
to the different distances between the N4 and O4 planes. The
SA arrangement should be preferred because of the lower
repulsion of the donor atoms. Large lanthanide ions such as
La(III) and Ce(III) enforce a larger cavity and thus the
N4-O4 distance of 2.5 Å or higher and the formation of the
TSA isomer are mostly required for their complexes. As the
radius of the lanthanide decreases, the ion moves to the N4

plane, as was documented in ref 6 and is shown for
[Ln(Hdo3ap)(H2O)n]- (n ) 0, 1) complexes in Table 1. For
complexes with non-phosphorus H4dota-like ligands, the
shorter distance between the planes is adequate for the
lanthanide ions after Ce(III), and thus, the formation of the
SA isomer is preferred. In phosphonic and phosphinic acid
derivatives, the pendants show a different geometry resulting
from the tetrahedral arrangement of the donor groups, and
in addition, the C-P and O-P bonds are longer than the
C-C and O-C in the acetate pendant. Therefore, the
H4dota-like ligands even with only one phosphonic acid
group prefer longer distances from the N4 plane and the
formation of TSA isomer. The ligand cavity in TSA isomers
of the small lanthanides is not rigid, as demonstrated above
and in Figure 7.

The results and their discussion point to the possibility of
the increasing abundance of TSA (m) isomer in complexes
of H4dota-like ligands by modification of one of the pendants.
A higher abundance of the TSA isomer was observed for
complexes of H4dota-like ligands where acetate methylene
hydrogen atoms were substituted by an alkyl group.9a,9c,29

On the other hand, the fast exchange of water can be
governed only by strain of the O4 plane, and a high
abundance of the TSA isomer is desired exclusively for the
H4dota complexes. Then, modification of the H4dota-like
ligands could also be directed to the ligands forming only
SA (M) complexes with the strain on the O4 plane and,
consequently, with the fast exchange of water molecules.
We have confirmed the existence in lanthanide(III) com-
plexes of H4dota derivatives with one pyridine oxide pendant
arm that are present in solution exclusively as SA isomers

and that the Gd(III) complex exhibits a short water residence
time (τM ) 39 ns).30

Conclusion

The X-ray structure determination of the series of prepared
M[Ln(Hdo3ap)(H2O)n]‚xH2O complexes (M ) Li, H;
Ln ) Nd, Er, Tb, Dy, Lu, Y;n ) 0, 1; x ) 5-11.5) shows
that the (Hdo3aP)4- anion is octadentate and is coordinated
to a lanthanide(III) ion similarly to other H4dota-like ligands,
forming O4 and N4 planes that are parallel and have a mutual
angle of less than 3°. The lanthanide(III) ions lie between
these planes, closer to the O4 than the N4 plane. All of the
structures present the lanthanide(III) complexes in their
twisted-square-antiprismatic (TSA) configuration. Direct
coordination of the water molecule to the central ion was
found only in the neodymium(III) and terbium(III) com-
plexes. The terbium(III) complex showing the longest
Ln-Ow distance so far observed is a reasonable model for
TSA isomers of gadolinium(III) complexes such as [Gd(dota)
(H2O)]-. Organization of the water of hydration in the solid
state points to a possible arrangement of the second hydration
sphere for complexes with H4dota-like ligands in solution.
It shows that protonation of the pendant arms influences the
formation of a hydrogen-bond network from the coordinated
water and water of hydration above the O4 plane, and this
might change the water exchange rate in solution. Such an
explanation has been used to interpret the difference in the
water exchange rate between deprotonated and protonated
gadolinium(III) H5do3ap complexes.25 The design of new
MRI contrast agents should consider that the exclusive
formation of the complexes with the TSA configuration
might lead to a too-long Gd-Ow distance, thus decreasing
the overall relaxivity, as was stated for europium(II) amino-
carboxylate complexes.31 On the other hand, the second-
sphere water arrangement in complexes with ligands capable
of forming an extended hydrogen-bond network might
significantly change the observed quantities relevant to MRI
utilization.

A comparison of distances of the O4 and N4 planes with
the twist angle of the pendants for a number of Ln(III)
complexes with H4dota-like ligands shows that the arrange-
ment of the TSA isomers is flexible. On the other hand, the
arrangement of the SA isomers is rigid, and the derived
structural parameters are almost identical for different ligands
and lanthanide(III) ions. Complexes of monophosphorus acid
derivatives make just a borderline between complexes of lig-
ands with acetate pendants (H4dota and H4dota-amides) and
phosphorus acid pendants (H8dotp, H4dotpR, and H3do3pPh).

Experimental Section
Solutions of the complexes were prepared by mixing stoichio-

metric amounts of H5do3ap25 and the appropriate LnCl3 hydrates
in water. The pH was slowly adjusted to∼8 with a dilute solution
of LiOH, and the solutions were briefly heated. After being allowed
to stand overnight, the solutions were filtered, and the pH was

(29) Brittain, H. G.; Desreux, J. F.Inorg. Chem.1984, 23, 4459.

(30) Polášek, M.; Rudovsky´, J.; Hermann, P.; Lukesˇ, I.; Elst, L. V.; Muller,
R. N. Chem. Commun.2004, 2602.

(31) Burai, L.; Tóth, EÄ .; Moreau, G.; Sour, A.; Scopelliti, R.; Merbach, A.
E. Chem. Eur. J.2003, 9, 1394.
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lowered to∼4 (lithium salts) or∼2.5 (acids) with dilute HCl.
Diffraction-quality crystals of the complexes were grown from
aqueous solutions by the slow vapor diffusion of alcohols (EtOH,
iPrOH) at room temperature over the course of several weeks.
Selected crystals were quickly transferred into Fluorolub oil,
mounted on glass fibers in random orientation and cooled to
150(1) K. Diffraction data were collected using a Nonius Kappa
CCD diffractometer (Enraf-Nonius) at 150(1) K (Cryostream Cooler
Oxford Cryosystem) withλ ) 0.71070 Å using CCD rotating scans.
They were analyzed using the HKL program package.32 The
structures were solved by direct methods and refined by full-matrix
least-squares techniques (SIR9233 and SHELXL9734). The scattering
factors for neutral atoms were included in the SHELXL97 program.
Final geometric calculations were carried out with SHELXL97 and
a recent version of the PLATON program.35 Table 3 reports
pertinent crystallographic data. All of the data for the reported
structures have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication numbers CCDC-250495

{Li[Dy(Hdo3ap)]‚5H2O]}, CCDC-250497{Li[Lu(Hdo3ap)]‚5H2O},
CCDC-250500{Li[Y(Hdo3ap)]‚5H2O}, CCDC-250496{H[Er-
(Hdo3aP)]‚5H2O}, CCDC-250498{H[Lu(Hdo3ap)]‚6H2O}, and
CCDC-259499{Li[Tb(Hdo3ap)(H2O)]‚0.5HCl‚5H2O}. Copies of
the data can be obtained free of charge by application to the CCDC,
e-mail deposit@ccdc.cam.ac.uk, or as Supporting Information to
this paper.
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Table 3. Experimental Data for the X-ray Diffraction Studies of Studied Ln Complexesa

param
Li[Dy(HL)] ‚

5H2O
Li[Lu(HL)] ‚

5H2O
Li[Y(HL)] ‚

5H2O
Li[Tb(HL)(H 2O)]‚

0.5HCl‚5H2O
H[Er(HL)] ‚

5H2O
H[Lu(HL)] ‚

6H2O

Mw 695.88 708.35 622.29 746.56 698.74 722.45
cryst dimen/mm 0.25× 0.30× 0.35 0.13× 0.25× 0.38 0.12× 0.25× 0.25 0.05× 0.18× 0.20 0.20× 0.25× 0.30 0.08× 0.15× 0.40
shape prism prism plate plate prism prism
color colorless colorless colorless colorless colorless colorless
a/Å 12.7145(2) 12.6830(2) 12.7110(2) 33.9680(3) 8.6769(1) 8.7320(2)
b/Å 13.2805(2) 13.1770(2) 13.2590(2) 9.1920(6) 9.4160(2) 9.3130(2)
c/Å 14.9862(2) 14.9850(2) 15.0090(2) 16.9130(9) 16.8348(3) 16.8830(4)
R/deg 90 90 90 90 83.126(1) 82.742(1)
â/deg 93.355(9) 93.017(1) 93.298(1) 90 83.251(1) 83.364(1)
γ/deg 90 90 90 90 67.494(1) 68.355(1)
Z 4 4 4 8 2 2
space group P2(1)/c (No. 14) P2(1)/c (No. 14) P2(1)/c (No. 14) P2(1)/c (No. 14) P1h (No. 2) P1h (No. 2)
U/Å-3 2526.32(6) 2500.88(6) 2525.35(7) 5280.8(4) 1257.68(4) 1262.36(5)
Dc/g cm-3 1.830 1.881 1.637 1.878 1.834 1.895
µ/mm-1 3.094 4.085 2.446 2.870 3.473 4.051
F(000) 1396 1416 1288 3016 698 724
θ range of data
collection/deg

2.55-27.48 2.57-27.50 3.12-27.50 3.60-25.04 3.67-7.45 2.56-27.51

index ranges
h 0, 16 0, 16 0, 16 -39, 38 -11, 11 -11, 11
k -17, 17 -17, 17 0, 17 -10, 10 -12, 12 -12, 12
l -19, 19 -19, 19 -19, 19 -19, 20 -21, 21 -21, 20

reflns measd 36006 34027 11278 3300 10537 23023
Rσ 0.0361 0.0495 0.0402 0.0437 0.0337 0.0679
reflns obsd
[I > 2σ(I)]

5430 5035 4613 2847 5420 5251

ind reflns 5774 5721 5789 3300 5690 5740
Rint 0.0718 0.1091 0.0289 0.0000 0.0214 0.1133
coeffs in weighting 0.0220 0.0436 0.0274 0.0074 0.0697 0.0734

schemeb 3.3099 1.7940 1.4783 55.8024 10.1675 6.7893
data/constraints/
params

5774/0/466 5721/0/466 5789/0/466 3300/0/354 5690/0/347 5740/0/370

GOF onF2 1.107 1.083 1.022 1.080 1.095 1.023
final R, R′ indices 0.0249, 0.0318, 0.0309, 0.0390, 0.0523, 0.0509,

[I g 2σ(I)]c 0.0639 0.0838 0.0634 0.0738 0.1366 0.1289
max shift/esd 0.003 0.003 0.001 0.002 0.001 0.003
largest diff peak 0.786 2.077 0.417 0.788 2.200 3.008

and hole/e Å-3 -1.026 -2.658 -0.379 -0.531 -1.736 -2.925

a Data were obtained at 150(1) K, using CCD rotation scans (λ ) 0.71070 Å).b w ) 1/[σ2(Fo
2) + (AP)2 + BP], whereP ) (Fo

2 + 2Fc
2)/3 (SHELXL9734).

c R1 ) ∑|Fo - Fc|/∑|Fc|; wR2 ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2 (SHELXL9734).
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