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Introduction

The peculiar stereochemical properties of the macrocyclic

ligand DOTA (DOTA = 1,4,7,10-tetraazacyclododecane-

N,N',N"",N""'-tetraacetic acid) are responsible for the remarkable
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at the two ends of the lanthanide series. Now, having
established that the solid state structure of MDOTAS10 (M

= Ew*, G, Ludt, Y3") corresponds to isomeM, it is
worthwhile to determine the structure of LaDOTAwhich
should correspond to isomer.

Experimental Section
Synthesis of the Complex. The procedure used was the same as

thermodynamic stability and kinetic inertness of its complexes for the 1:1 complexes of the series. The acid form of the ligand (H

with lanthanide(lll) ions.™3 LnDOTA complexes are under

intense scrutiny since GADOTA is one of the most relevant
contrast agents for MRI. The previously reported X-ray crystal

structures of LADOTA complexes (Ln= Eu Gd? Lu®) show

DOTA), prepared by following the published procedtiveas provided
by Bracco Spa (Milan, Italy). The complex was prepared as its sodium
salt by mixing stoichiometric amounts of,BOTA, lanthanum(lll)
oxide (Aldrich Chemical Co.), and NaOH. Typically, 0.425 g otQa
(2.3 mmol), 1.056 g of DOTA (2.6 mmol), and 1.3 mLf@2 N NaOH

that the ligand provides eight donor sites (four oxygens and \ere added to 24 mL of deionized water. The white suspension was

four nitrogens) arranged insjuare antiprismatigeometry with

heated at 85C under magnetic stirring for several days, until a clear

the oxygen plane capped by a coordinating water molecule, solution was obtained with a pH value around 7. The reaction mixture

irrespective of the fact that, in solution, according to tHeir
and 13C NMR, spectra, two structural isomers (with relative
population markedly variable along the series) are present.

Insights into the structural differences between the coordina-
tion geometries of the two isomers were gained by analysis of

the'H NMR dipolar shifts of the YB' derivative. On this basis,

was then allowed to cool to room temperature, filtered, and centrifuged
in order to remove a small amount of undissolved solid. After
evaporation to dryness under reduced pressure, 1.4 g of the complex
was recovered as a white solid (93%)H NMR (D;0) (ppm): 3.01

(4H, acetate), 2.72 (4H, ring GHaxial), 2.37 (4H, acetate), 2.29 (4H,
ring CH,, axial), 1.82 (4H, ring CH equatorial), 1.70 (4H, ring CHl
equatorial). 13C NMR (D;0) (ppm): 181.1 (CO), 62.1 (acetate g§H

it was inferred that the structure of the more abundant isomer 55 3 (ring'cH), 51.0 (ring CH).

M of YbDOTA™ is very similar to that found in the solid state
whereas the less abundant specie$, (vhile maintaining the
same conformation of thil macrocycle, displays an inverted
arrangement of the acetate arhf{See Chart 1.)

Interestingly, the solution NMR spectra of several DOTA-

like Ln(lll) derivatives appear to contain noticeable amounts

of the inverted square antiprismatit isomer?
Our interpretation of thé&3C NMR spectra of the diamagnetic

La®™ and Lt complexes led us to suggest that there is the
occurrence of an opposite distribution of the isomeric species
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Instrumentation. Proton and carbon NMR spectra were recorded
at 298 K on a JEOL EX-400 spectrometer operating at 9.4 TO D
was used as solvent amert-butyl alcohol as an internal standaid}(
= 1.29 ppm;dc = 31.3 ppm).

Crystal Structure Determination. Single crystals suitable for X-ray
analysis were obtained by diffusion methods from water and acetone
(room temperature) after several days.

A prismatic (white) crystal of dimensions 0.320.42 x 0.16 mm
was lodged in a Lindemann glass capillary and centered on a four-
circle Philips PW1100 (Febo System) diffractometer with graphite-
monochromated (Mo K) radiation ¢ = 0.710 69 A). The orientation
matrix and cell dimensions were determined by least-squares refinement
of the angular positions of 30 reflections. Data were collected at room
temperature. Three standard reflections were monitored every 200
reflections. There were no significant fluctuations of intensities other
than those expected from Poisson statistics. The intensity data were
corrected for LorentzPolarization effects and for absorption as
described by North et . No correction was made for extinction.

The structure was solved by the heavy atom metoBefinement
was carried out by full-matrix least-squares procedures; the function
minimized wasy w(F2 — F?)2 All nonhydrogen atoms were refined
with anisotropic thermal parameters. The H atoms were placed in
calculated positions with fixed, isotropic thermal parametersUd,?
(parent carbon atom)). Structure refinement was carried out with
SHELXL-93" using the scattering factors included therein; drawings
were produced using ORTEP\. Crystal data and experimental details
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Table 1. Crystallographic Data for
Na[La(DOTA)La(HDOTA)}10H,0O

Notes

Table 3. Selected Bond Distances (&) and Angles (deg) for

Na[La(DOTA)La(HDOTA)}10H,0

mol formula LaNaCszH13N016' 10H0 La(1)-N(2B) 2.806(6) La(2)N(1) 2.780(6)
mol wt 1282.74 La(1)-N(1B) 2.783(6) La(2FN(2) 2.788(6)
space group P2:/n (No. 14) La(1)-N(3B) 2.792(5) La(23N(3) 2.758(5)
a 16.425(3) A La(1)-N(4B) 2.797(5) La(2yN(4) 2.750(5)
b 11.942(3) A La(1)-O(1B) 2.480(5) La(2)O(2A) 2.537(5)
c 25.384(5) A La(1)-0(2B) 2.506(5) La(2r0O(1) 2.483(5)
B 94.75(4) La(1)-O(3B) 2.478(5) La(2)0(2p 2.510(5)
v 4962(2) & La(1)-O(4B) 2.507(5) La(2r0O(3) 2.490(5
T 23°C La(1)-O(5A) 2.568(5) La(2)-0(4) 2.485(5)
yl 0.71069 A
Z 4 N(3B)-La(1)-N(4B)  64.4(2) N(3)-La(2)-N(4) 98.2(2)
pea 1.717 g cmi3 N(1B)—La(1)-N(4B)  64.4(2) N(2)-La(2)—N(4) 65.3(2)
/[“ 18.00 onrt N(1B)—La(1)-N(3B)  98.0(2) N(2)-La(2)-N(3) 64.3(2)
R(Fo)? 0.040 N(2B)-La(1)-N(4B)  97.8(2) N(1)}-La(2)—N(4) 64.5(2)
RW(E 2 0.138 N(2B)-La(1)-N(3B)  64.6(2) N(1}La(2)~N(3) 64.8(2)
° ' N(2B)—La(1)-N(1B)  64.4(2) N(1)}La(2)-N(2) 98.6(2)
aR(Fo) = 3IFol — IFcll/Y|Fol. * Ru(Fe?) = (Z[W(IFo*> — FAA/ O(4B)-La(1)-O(5A)  72.8(2) O(2A)La(2)-O(4)  70.6(2)
SIW(F2A}22, O(3B)-La(1)-O(5A) 76.1(2) O(2)La(2)-0(3) 71.1(2)
_ _ N O(3B)-La(1)-O(4B)  83.1(2) O(2AYLa(2-O(1) 75.5(2)
Table 2. Selected Final Atomic Positional Parameters and O(2B)-La(1)-0O(5A) 70.6(2) O(H—La(2)-0(4) 145.3(2)
Equivalent Isotropic Thermal Parameters? (& 10%) with ESD's in O(2B)-La(1)-0(4B)  90.1(2) O(1¥La(2-0(3) 146.2(2)
Parentheses for Na[La(DOTA)La(HDOTAJOH,O O(2B)-La(1)-O(3B) 146.6(2)
O(1B)-La(1)-O(5A)  75.2(2)
atom X y z U O(1B)-La(1)-0(4B) 147.9(2)
La(1) 0.46287(2) 0.24443(3)  0.28352(1) 21.1(1)  O(1B)-La(1)-O(3B)  88.0(2)
La(2)  0.72525(2) 0.08647(3)  0.10584(1) 20.6(1)  O(1B)-La(1)-O(2B)  80.6(2)
N(1) 0.6844(3)  —0.0588(5) 0.0222(2) 30(2)
N(2) 0.8420(3) 0.2144(5) 0.0594(2) 30(2) Nar--O(2B) 2.340(6) Ne-O(3) 2.519(7)
N(3) 0.8542(3)  —0.0313(5) 0.0700(2) 25(2) Nar+-O(5A) 2.781(6) Nar-O(2A) 2.861(7)
N(4) 0.6704(3) 0.1869(5) 0.0120(2) 31(2) Nar--Ow(2Bf 2.29(2) Na--Ow/(2A)°* 2.48(2)
N(1B)  0.4238(3) 0.0561(5) 0.3409(2) 28(2) Nar--Ow(3yf 2.33(2) Na--Ow(12¥ 2.52(2)
N(2B)  0.4617(3) 0.0408(5) 0.2284(2) 26(2) a3 — v 1y 1 — 5 b3 _ 1 Y _ ¢ -
N(3B)  0.3408(3) 0.2233(5)  0.2008(2)  27(2) f2 =% M2 = ¥, %2 = 2 >z = %, 2+, 2 = 2 “ Population 0.5.
N(4B)  0.3028(3) 0.2362(5) 0.3133(2) 26(2)
883 8:22‘11283 061_‘533251‘(‘21) O(')lgg%é%;) 3:%2) antiprisni arrangement to differentiate it from the usual square
0(3) 0.7533(3) 0.2797(4) 0.1394(2) 45(2) antiprismatic geometry found in the previously mentioned
0(4) 0.5778(3) 0.1345(5) 0.0917(2) 38(2) derivatives. The two similar coordination spheres of the
O(1B)  0.5731(3) 0.1518(4) 0.3403(2) 36(2) lanthanum ions are completed in the capping position by an
gggg 8"5123883 g'gégggg; g'gégj% jg% extra oxygen, belonging to a carboxylic group of the adjacent
0(4B) 0'4123(3) 0'4177(4) 0'2356(2) 42(2) unit. The two square antiprisms are oriented perpendicularly
O(2A)  0.6666(3) 0.1079(4) 0.1947(2) 34(2) one to another (the angle between the two oxygen squares is
O(5A)  0.5766(3) 0.3920(4) 0.2964(2) 36(2) about 90). This basic unit is repeated according to the crystal

symmetry with the formation of helices (developing along the

of the structure determ_ination and_refine_ment are reported in Table 1, crystallographic axis) (see Figure 2) connected via hydrogen-
selected atomic Coordlna_tes are listed in Table 2, and selected bondyynq interactions with the crystallization water molecules (40
lengths and angles are given in Table 3. per unit cell). Although there are numerous water sites, no water
Results and Discussion is coordinated to the lanthanum ions. Only one sodium position

An ORTEP view of the structure of Na[LaH(DOTA)La- has been detected for the two independent lanthanum ions,
(DOTA)]-10H,0, along with the numbering scheme adopted, suggesting a possible protonation of one carboxylic group. Its
is reported in Figure 1. As expected, the ligand DOTA behaves identification was not unambiguous as the hydrogen atom
as an octadentate ligand toward3tdons, but the resulting  positions were not clearly defined and the assignment of the
molecular structure shows important differences with respect acid hydrogen has been made primarily on the basis of the
to those previously reported for the other members of the possibly significant differences in the @ bonds of the
lanthanide series. The asymmetric unit is formed by two carboxylic groups. We noticed that the-© bond lengths for
different LaDOTA moieties joined via carboxylate bridges, the groups whose oxygen is coordinated to the lanthanum fall
where the four nitrogen atoms form one square plane and fourin a narrow range around 1.27 A except for one having-40C
oxygen atoms, one from each carboxylate group, form a secondpond distance of 1.30 A consistent with the value accepted for
square plane parallel and twisted relative to the previous one.a C—OH carboxylic group (the range of the experimental values
The resulting geometry of the coordinated atoms is almost js 1.30-1.33 A)15 This distance belongs to the—@(4)B
midway between prismatic (twist angle between the planes of moiety where the oxygen is coordinated to La(1). In addition,
0°) and antiprismatic (twist angle 4pwith twist angles of 21 3 difference Fourier map calculated &2 30° shows a residual
and 23 for La(l) and La(2), respectively. Notably, the of 0.3 e/& in the proximity of the O(4)B position at a 0.9 A
orientation of the four-oxygen plane is different from that of distance, which may be assigned to a possible hydrogen position
the four-nitrogen plane and is opposite to that found in the (La—O(4)B—H angle is 99).
corresponding structures of By Gd®*, Lu*, and Y** (twist In addition, while the averages of the @ distances are
angle of about 39 and it can be defined as am?erted square very close in the two coordination polyhedra (LatDa =
2.493(5) and La(2y0.y = 2.492(5) A), there are differences
in the La—N bond distances, the averaged values being La-
(1)-N = 2.794(6) and La(®N = 2.769(6) A. This is in
agreement with the observation made for the compound La-
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Figure 1. Solid state conformation of the [La(HDOTA)La(DOTA)] complex anion. (Ellipsoids are at 40% probability, and hydrogen atom positions

are omitted for the sake of clarity).

Figure 2. Unit cell content showing the formation of helices (Water
positions are omitted for the sake of clarity).

(H20)AH-3H,0 (H:A = EDTA),1® where the removal of the
acid hydrogen produces the [Laf®i);A] ~ 17 complex with a
significant tightening of all chelating linkages. Here the La(2)
anionic entity has a L-aN average distance shorter than that in
the La(1) entity and the La(2)O(2)A distance of the capping
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position (2.537(5) A), is shorter than the corresponding La(1)
O(5)A distance (2.568(5) A), adding further support to the
formulation Na[La(1)(HDOTA)La(2)(DOTA)].

Additional evidence for the 1:2 stoichiometry of Na:La was
obtained by electron microscopy.

In summary, the most important result of this work is the
demonstration that thimverted square antiprismatic geometry
suggested for then isomer from solution NMR data is actually
found for the first time, in the solid state, in the title compound
having a polymeric structure. It is worth noting that tire
isomer is present in the X-ray crystal structures of LaDOTPAM
(DOTPAM = 1,4,7,10-tetrakis(2-carbamoylethyl)-1,4,7,10-tet-
raazacyclododecan&), EUTHP (THP = 1,4,7,10-tetrakis(2-
hydroxypropyl)-1,4,7,10-tetraazacyclododecafi&g3dDO:MA
(DOsMA = (1IR4R7R)-a,0/,a''-trimetyl-1,4,7,10-tetraazacy-
clododecane-1,4,7-triacetic aci)and YbDOTPBz (DOTPBz
= 1,4,7,10-tetraazacyclododecanetetrakis(methylenebenzylphos-
phinic acid)¥* even though they were simply described as
having distorted square antiprismatic geometries. The observa-
tion that them andM structures can be unambiguously assigned
to the isomers present in the solution of LnDOTA complexes
puts this classification on a firm basis. TieandM structural
types can be easily recognized in thd NMR spectra of
paramagnetic complexes as they are characterized by a chemical
shift range narrower for then isomer than for thévl isomer.
From a comparison of the proton spectra of a number &f Ln
ions with DOTA-like ligands bearing substituents either on the
acetate arms or on the macrocyclic ring, it is becoming apparent
that the regular antiprismatic structud) is much less common
than originally expected. The structural data for the complex
reported here will facilitate theoretical investigations on the
energy difference between the two isomeric structures.
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