aecw

m

NMR STUDY OF STRUCTURE OF LANTHANIDE COMPLEXES IN SOLUTION
Gregory R. Choppin
Department o f Chemistry

NOTICE

Florida State University
Tallahassee, Florida

32306

Thermodynamic and optical spectroscopic studies of lanthanide complexes in aqueous solution have provided much interesting speculation on
the structures of these complexes.

Unfortunately, however, these

studies

cannot provide the basis for definitive models of these structures.

We

have investigated the use of nuclear magnetic resonance as a tool for
obtaining more direct insight into the structure o f lanthanide complexes
in solution.
in recent years the use of paramagnetic lanthanide
•reagents' has been studied intensively.

ions as

'shift

Although the paramagnetic

induced shifts are useful, the spectra of complexes of the diamagnetic
lanthanides are also a fertile source of structural information.

In.this

paper the diagnostic value of PMR studies of diain."ignet.ic .lanthanide complexes to define the nature of the species in the
system is discussed.

lanthanide-pyruvate

Then the use of NMR spectra of both diamagnetic

and paramagnetic lanthanide complexes to obtain detailed

structural

information is reviewed.
Pyruvate Complexes
Pyruvate has been shown to form sever>al types of complexes in solution in which the ligand is in the keto form, the diol(hydrafe) form and
in a d\meric form.

We measured the overall values of AG^, AH^, and AS^

of complexation with the lanthanides, then used PMR to obtain
on the types and concentration
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information

of the different complexes in a series of
D I S T R I B U T I O N OF T H I S D O C U M E N T IS U N L I M I T E D

•solutions.

The proton shifts are different for the various Digand

in both free and complexed states.

forms

With this data, from a set of mass

balance equations it was possible to resolve the overall stability constant
into individual constants for the keto, diol and dimer complexes.

The

keto form had a stability constant similar to acetate complexes, indicating
no interaction of the ketonic oxygen with the metal ion.

The values of

the diol and dimer stability constants were both similar to that of the
glycolate complexes, supporting a model of chelation involving the a-hydroxy
group (Fig. 1).

HO-Lp3

0
HgC-C—COj?

Lr?

0

H3C~C~C0i

~02C~C-C-C~ c6g

H g JLC H 3

OH
KETO

DIOL

Complexes

FIGURE I
F o r m e d by

HO-LS3

DIMER

Pyruvate

Measurement of the relative shifts in the paramagnetic complexes of
Pr(III) agreed with a model of weakej? eomplexing with the keto ligand
(only the bulk susceptibility shift was observed) and stronger complexing
with the diol and dimer ligands (the .induced paramagnetic shift was observed).
Diamagnetic Aminocarboxylate Complexes
PMR spectra of 1:1 alkaline oarth and diamagnetic lanthanide

(La,

Lu, Y ) complexes of MEDTA, HEDTA EDTA and DPTA (r'ig. 2 ) showed a linear
correlation between the relative
sity, Z 2 / r .

proton shift and the metal charge den-

This correlation aided in the assignments of the shifts and

confirmed the ionic character of these complexes.
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FIGURE 2
Structure of the Ligands EDTA, M E D T A , I IEDTA,DTPA
The relative shifts and the splitting patterns reflected the labilities o f the metal-nitrogen and metal-oxygen bonds.

In all complexes

the latter bonds were labile on an NMR time scale whereas the M - N bonds
were short lived for the alkaline earth metals (except in the
plexes), but longer lived for the lanthanides.

DTPA^com-

In the EDTA complexes, .

all four acetate groups are equivalent, indicating a symmetric placement
about the central metal ion.

By contrast, For the MEDTA complexes d i f -

ferent shifts were observed for each of the three acetates.

Moreover,

the single acetate group on the methyl end of the ligand is apparently
twisted in such a way that one proton is much closer to the metal ion.
Such an orientation would occur if the methyl group is displaced

from

the high field region near the cation by polar groups.
The three acetate groups in HEDTA complexes are also non-eqjivalent.
Moreover, the spectr-

/•

lirect evidence that the alcohol group is

coordinated in the Lu(III) complexes but not (or m u c h more weakly
in the La(III), Y(III) and alkaline earth complexes.

so)

The spectra of the

DTPA complexes are consistent with hexacoordination with the alkaline
earth cations and hepacoordination with the lanthanides.

In the latter

case, the unbound ligand donor group is the lone acetate on the middle
nitrogen.
Paramagnetic Complexes
Pr, Eu and Yb complexes show significant paramagnetic shifts with
adequate resolution to be easily observed.

The complexes studied

should

be of known stoichiometry either with slow exchange with free ligand or
with an insignificant amount of the latter present.

Ligand ridigity is

also necessary if estimates of precise geometries are to be attempted.
The thermodynamics o f complexation of lanthanidos with o,o'-phenylenedioxydiacetate indicated that this was a promising system for NMR
investigation.

The ^-H and -^C spectra were obtained for solutions of

metal:ligand ratios from 0.05 to 3.0.

Values of

were used with these

spectral data to determine values of (J^ which agreed with the
thermochemical values.

Shifts of the ML and ML

assigned from the net shifts and the

earlier

complexes coTild be

values.

In oi\3er to use the theory for dipolar shifts to calculate the
geometry of complexes, it is necessary to detex^inine the relative
tude o f the dipolar (pseudocontact) and the contact terms."

Proton shifts

in lanthanide complexes generally have negligible contact terms
for the 1 3 C shifts the two terms may be of comparable magnitude.

1
these complexes, using

H and

magni-

whereas
In

T}
C shifts, we found that: the contact

term

is always smaller.
The very similar pattern of the shifts of the complexes for each
of the three lanthanide ions suggests that the structure of the complex

is essentially identical for all three systems.

An analysis o f the signs

and the magnitudes of the shifts indicates that the lanthanide ion is
located between the ether oxygens and the single bonded oxygen of the
two carboxylate groups.

Consecuently, the ligand x^ coordinated to the

lanthanide ion through four of its oxygen atoms which are located in the
same plane as the metal (Fig. 3).

Computer analysis of the data has

provided values for M-C and M-H distances and angles, allowing a precise
geometric description of the complex.
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