Formation of oligomeric lanthanide complexes with new tripodal

poly(imino carboxylate) ligands
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Reaction of hydrated lanthanide(t) chloride (LnCl,-6H,0)
with tris-(2-aminoethyl)amine and the sodium salt of an o-
ketocarboxylic acid afforded the trinuclear species [(LnL),Na]*
which, on removal of Na*, aggregate further in MeOH to
yield the neutral eight-co-ordinate cyclic tetranuclear species
[Lny(L"Y),] (Ln = Yb™ or Y™), and the linear polymer [Y,(L?),-
(MeOH)],, with alternating eight- and nine-co-ordinate Y™
centres: recrystallisation of adducts of [L']*~ from H,O affords
the nine-co-ordinate mononuclear species [Ln(L')(OH,),]

(Ln = Sm™ or Gd™).

There is currently considerable interest in the design of
polydentate chelating ligands capable of forming stable
complexes of lanthanides for the development of radio-
pharmaceuticals,' and as contrast agents for magnetic reson-
ance imaging (MRI).> Much of the work on MRI agents has
focused on poly(amino carboxylate) ligands,® especially 1,4,-
7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecane
(DOTA) and its derivatives.** As part of a study of the syn-
thesis of new water-soluble, water-stable neutral lanthanide
complexes, we report on a new series of tripodal complexes
formed by the Schiff-base condensation of tris(2-aminoethyl)-
amine and the sodium salt of an a-ketocarboxylic acid in the
presence of the lanthanide ion (Ln) as templating agent.
Related tripodal ligands formed by Schiff-base condensation of
tris-(2-aminoethyl)amine with 2,6-diformyl-4-methylphenol,®
2,6-diformylpyridyl,’ salicycaldehyde® and acetylacetone® have
been reported previously, as have related dimeric bismuth® and
trimeric gadolinium* complexes.

Addition of LnCl;+6H,0 (Ln = Y™, Sm™, Gd™ or Yb™) to 3
mol equivalents of the sodium salts of either pyruvic acid or
a-ketobutyric acid in MeOH, followed by addition of 1 mol
equivalent of tris-(2-aminoethyl)amine under reflux, affords a
clear, pale yellow solution after 2 h. Addition of excess Et,O
affords a white precipitate of 1 (see Scheme 1) and NaCl in high
yield. The fast atom bombardment mass spectrum of 1 shows a
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peak for [(LnL),Na]* although the assignment of 1 remains
tentative, with co-ordination of additional solvent to Ln™
being likely. Sodium chloride can be removed by elution of a
MeOH solution of 1 through a Sephadex LH-20 column, yield-
ing crystals of the Na*-free neutral complex 2.1 Crystals suit-

Fig. 1 View of the structure of [Yb,(L"),] with the numbering scheme
adopted. Selected bond lengths (A) and angles (°): Yb(1)-N(1) 2.609(8),
Yb(1)-N(3A) 2.475(9), Yb(1)-N(3B) 2.448(9), Yb(1)-N(3C) 2.434(9),
Yb(1)-O(6A) 2.250(8), Yb(1)-O(6B) 2.304(7), Yb(1)-O(6C) 2.288(7),
Yb(1)-O(7E) 2.290(8), Yb(2)-N(2) 2.588(9), Yb(2)-N(3D) 2.447(9),
Yb(2)-N(3E) 2.447(9), Yb(2)-N(3F) 2.439(8), Yb(2)-O(6D) 2.226(8),
Yb(2)-O(6E) 2.283(7), Yb(2)-O(6F) 2.287(7), Yb(2A)—-O(7B) 2.278(7),
Yb(l)---Yb(2) 6.01(1), Yb(l):---Yb(2A) 6.28(1); Yb(1)-Yb(2)—-
Yb(1A) 102(1). Atoms Yb(1) and Yb(1A) are related by inversion
through (0, 0, 1) as are Yb(2) and Yb(2A)

T Satisfactory elemental analyses, IR and mass spectral data were
obtained for all compounds.
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Fig. 2 View of the structure of [Y,(L*),MeOH], with the numbering scheme adopted. Selected bond lengths (A): Y(1)-O(6A) 2.267(14),
Y(1)-O(6B) 2.309(14), Y(1)-O(6C) 2.323(11), Y(1)-N(3A) 2.50(2), Y(1)-N(3B) 2.43(2), Y(1)-N(@3C) 2.47(2), Y(1)-N(1) 2.61(2), Y(1)-O(7F)
2.225(11), Y(2)-O(6D) 2.313(14), Y(2)-O(6E) 2.313(14), Y(2)-O(6F) 2.413(12), Y(2)-N(3D) 2.57(2), Y(2)-N(3E) 2.54(2), Y(2)-N(3F) 2.452(14),
Y(2)-N(2) 2.65(2), Y(2A)-O(7F) 2.366(13), Y(2)-O(1M) 2.53(2). Atoms Y(1A) and Y(2A) are related to Y(1) and Y(2), respectively, by a unit cell

translation along a

able for X-ray diffraction were obtained for the Y™ and Yb™
complexes with [L']*~ and the Y™ complex with [L*]*".

The Yb™ (Fig. 1) and Y™ complexes of [L']*~ were found to
be isostructural tetrameric structures [Ln(L")], with one carb-
oxylate group from each ligand bridging to the next metal
centre.] Since the two halves of the tetramer are related by an
inversion centre, the four Yb atoms are exactly planar, forming
a parallelogram. The Yb™ and Y™ centres are eight-co-
ordinate, bound by the heptadentate tripodal ligand and an
additional carboxylate oxygen of an adjacent complexed lig-
and. There is a high degree of planarity in the fragments C(2)—
C(8) due to conjugation between the imine and carboxylate
groups with mean deviations from the plane of only 0.024—
0.132 A. The tetrameric structure is surrounded by independent
MeOH and H,O solvent molecules, which are involved in
intermolecular hydrogen bonding. These Yb™ and Y™ com-
plexes are, to our knowledge, the first structurally characterised
cyclic tetramers of the lanthanides.'® Interestingly, electrospray
mass spectrometry suggests that the Y™ tetramer does exist, at
least in part in aqueous solution.

In contrast, the Y™ complex of [L**” is a linear polymer
[Y,(L*»,MeOH], (Fig. 2) rather than a cyclic tetramer as
observed for [L']*". The complex aggregates via a bridging
carboxylate group linking metal centres. The Y™ centres alter-

1 All crystals were mounted on a two-stage fibre with RS3000 perfluoro-
polyether oil before being transferred to the diffractometer. Crystal
data for CgH 4N ;c03,Yb [Yby(L"),], M =2301.8, triclinic, space group
P1 (no. 2), a=11.16(2), b=14.75(3), c=14.94Q2) A, a=87.91(13),
B =69.06(13), y=87.94(15)°, U=2295(7) A%, T=150 K, Mo-Ka X-
radiation (A =0.710 73 A), Z=1, D, = 1.668 g cm 3, p(Mo-Ka) = 4.106
mm™'. 9231 Data from two crystals, 6053 unique [R;, = 0.104] and
5174 with F, = 4c(F,). Final Rl [F, = 40(F,)]=0.0390, wR2 [all
data] = 0.1013 for 527 parameters, S = 1.15, (A/6)pax = 0.02, Apax = 1.25
e A7 near Yb. Crystal data for C,H,oNgO,Y, [Y,(L?),MeOH],,
M =1096.86, monoclinic, space group P2,/n (no. 14), a=12.348(3),
b=31.304(14), c=12.762(4) A, p=96.35(3)°, U=4903(2) A?, T=150
K, Mo-Ka radiation, Z=4, D,=1.486 g cm*, p(Mo-Ka) =2.430
mm~'. 7155 Data, 6964 unique [R;,=0.213] and 2935 with
F,=40(F,), were used in all calculations. Final Rl [F,=
46(F,)] =0.1364, wR2 [all data] =0.3212 for 374 parameters, S = 1.03,
(AI0)max = 0.04, Ap,. =148 ¢ A7 near Y. Crystal data for
C;sHyN,O,sSm  [Sm(L')(OH,),], M =665.85, monoclinic, space
group P2/c (no. 14), a=10.708(3), b=12.487(3), c¢=19.358(6) A,
B =98.38(6)°, U=2560.7(12) A® T=150 K, Mo-Ka radiation, Z =4,
D.=1.727 gecm 3, W(Mo-Ka) = 2.368 mm ™. 5365 Data from two crys-
tals, 4509 unique [R;,, =0.044] and 3883 with F, = 4o(F,). Final R1
[F, = 40(F,)] =0.0296, wR2 [all data]=0.0670 for 374 parameters,
S=1.19, (A/6) e = 0.06, Apa. = 1.19 ¢ A~* near Sm. CCDC reference
number 186/711.
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Fig. 3 View of the structure of [Sm(L')(OH,),] with the numbering
scheme adopted. Selected bond lengths (A): Sm—N 2.625(3), Sm—-N(3A)
2.595(3), Sm—N(3B) 2.518(3), Sm—N(3C) 2.533(3), Sm—O(6A) 2.444(3),
Sm—O(6B) 2.424(3), Sm—O(6C) 2.360(3), Sm—-O(1W) 2.507(3),
Sm—O(2W) 2.522(3)

nate between eight-co-ordinate Y (1) and nine-co-ordinate Y(2),
respectively, with the ninth co-ordination site filled by a MeOH
molecule. The Y™-donor atom bond lengths are generally
longer for the nine-co-ordinate centres. These linear polymeric
chains are hydrogen bonded to each other and to MeOH
molecules. The remarkable differences in structure between
[Y,(L*»,MeOH],, and [Y(L")], show how an apparently minor
change of an organic substituent remote from the metal centres
can have a dramatic effect on the observed structure.
Dissolution of the Sm™ and Gd™ complexes of 1 in H,O
results in the slow growth of X-ray quality crystals of the
mononuclear species [Ln(L')(OH,),] 3.7 Both 2 and 3 are of
much lower solubility in H,O and MeOH than 1. It is thought
that 1 and 3 are in equilibrium in H,O, thereby explaining the
slow crystallisation of 3 from a solution of 1. The structure of
[Sm(L")(OH,),] shows (Fig. 3) a tripodal, heptadentate Schiff-
base ligand co-ordinated to a nine-co-ordinate Sm™ centre. The
two remaining co-ordination sites on Sm are occupied by two
H,O molecules, each positioned between two tripod arms. Each
arm of [L']*” shows a high degree of planarity allowing effect-
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ive conjugation of the imine with the carboxylate groups and
stabilising the imine moiety. In [Sm(L')(OH,),], the angle
between the mean planes of chains A and B is 56.3°, whereas
A-C =104.0° and B-C = 160.1° where there is a H,O molecule
separating the arms. The complex [Sm(L)(OH,),] crystallises as
a heptahydrate with extensive intermolecular hydrogen bond-
ing. The Gd™ complex [Gd(L')(OH,),] is isostructural.

The novel tripodal ligands reported here are heptadentate,
whereas the lanthanide metal ions are usually of eight- or nine-
co-ordination. It is therefore necessary for the Ln™ centres to
include additional donors in their co-ordination spheres. Com-
plex 2 is crystallised from MeOH, in which the best donors
available are the carboxylate oxygens of neighbouring com-
plexes, resulting in the observed oligomeric structures. How-
ever, 3 is crystallised from H,O which is itself a good donor,
resulting in a monomeric complex.

In conclusion, aggregation in the above systems appears to be
controlled by Na™ cations, by solvent, and by variation in the
tripodal polychelate as illustrated by the formation of mono-
nuclear, cyclic tetranuclear and polymeric complexes.
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