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-endo-2,3-dicarboxylic acid upon binding of the
Ln(NOTA) paramagnetic complexes. Fast exchan-
ge was observed and the measured paramagnetic
shifts were purified of existing contact contribu-
tions and compared with theoretical values calcu-
lated from assumed structures. The results obtai-
ned indicate that Ln(NOTA) chelates should be
very useful NMR paramagnetic probes to be used
in conformational analysis of small ligands or in
binding to protein surfaces.
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NMRD INVESTIGATION OF Mn 2+ AND Gd 3+

NOTA COMPLEXES,
AND A COMPARISON WITH
THE ANALOGOUS EDTA COMPLEXES

It is well established that the longitudinal (spin-
-lattice) and transverse (spin-spin) relaxation rates
of solvent protons in solutions of complexes of
paramagnetic ions, e.g., metalloproteins or small
chelates, depend on the strength of the applied
static magnetic field and on the chemical environ-
ment of the ions [1,2]. The magnetic field depen-
dence of the proton relaxation rates of water, cal-
led nuclear magnetic relaxation dispersion
(NMRD) profiles, have been previously studied in
detail for complexes of Gd 3+ and Mn 2+ with the
chelates ethylenediaminetetraacetic acid (EDTA)
and diethylenetriaminepentaacetic acid (DTPA)
[2]. In this work, we report a study of the 1/T 1.

NMRD profiles of Gd 3+ and Mn 2 + ions complexed
with the cyclic triazamacrocyclic ligand 1,4,7-
-triazacyclononane- N,N',N "-triacetic acid
(NOTA), and compare them with results for the
analogous EDTA complexes. We also discuss their
potential utility as paramagnetic contrast agents in
NMR imaging.
Fig. 1 shows the NMRD profiles of solvent pro-
tons of Mn(EDTA) and Mn(NOTA) complexes,
which are independent of pH in the range of
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5.8 to 10.5. Addition of excess EDTA to the
Mn(NOTA) solution does not affect the rates,
showing that Mnz+ forms at least a 50-fold stron-
ger complex with NOTA than it does with EDTA.
The Mn(NOTA) NMRD profile shows that its re-
laxivity is very low, probably arising only from
outer sphere effects. The absence of inner sphere
water molecules in Mn(NOTA) would agree quite
well with X-ray crystal structures of the Cr 3+,
Fe3', and Cue+ NOTA complexes [3]. On the
other hand, the results strongly suggest that
Mn(EDTA) is indeed seven coordinated, with one
inner sphere water molecule, as discussed pre-
viously [4-6].
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l/T1 NMRD profiles of solvent protons of solutions of Mn 2+

complexes with EDTA and NOTA

Fig. 2 shows the Gd(NOTA) NMRD profiles un-
der various conditions and compares them with
the Gd(EDTA) results. At pH near neutrality, the
Gd(NOTA) NMRD curve has a lower relaxivity
than Gd(EDTA), particularly at low fields, due to
a combination of a decreased correlation time for
the dipolar interaction and a decrease of water
coordination number. A water coordination num-
ber of 3.3 has been proposed for Eu(NOTA) on
the basis of optical [7] and NMR results [8,9] and
the present data are certainly compatible with this
view. Addition of equimolar quantities of EDTA
restores the NMRD profile of Gd(EDTA), indica-
ting that EDTA competes successfully with NOTA
for Gd 3+ at neutral pH, and that the Gd(NOTA)

Fig. 2

1/T1 NMRD profiles of solvent protons of solutions of Gd3+

complexes with EDTA and NOTA. The dashed line is com-

puted from a least squares comparison of theory and experi-

mental data (2J

complex is substantially weaker than Gd(EDTA).
We also see a gradual decrease of relaxivity of
Gd(NOTA) as the pH is increased from 7.4 to
10.9, equivalent to an effective decrease of appro-
ximately one proton. This is not due to Gd(OH) 3

precipitation, and we propose that inner sphere
water molecules of Gd(NOTA) are involved at
high pH, giving mixed Gd(NOTA)(H z 0),,(OH) n

species. This is in agreement with high resolution
NMR observations on the Lai* and Lu 3+ NOTA
complexes [10].
In conclusion, the very stable Mn(NOTA) com-
plex, although allowing an estimate of outer sphe-
re effects for other Mnz+ complexes, probably
would not be an efficient relaxation enhancement
agent. The Gd(NOTA) complex is quite an effi-
cient relaxation agent, particularly at high fre-
quencies, but could be quite a toxic contrast agent
in NMR imaging due to its ready release of
the Gd 3+ caused by a relatively modest stability
constant.
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SUBSTITUENT EFFECTS
ON THE DISSOCIATION KINETICS
OF HEAVY METAL ION CRYPTATES

The dissociation kinetics of the cryptates of 2.2.2, 2.2.20 ,

28 .28 .2 and 4-.2,2 with Tl + and Pb2+ have been studied in

water and methanol-water (90:10) at 25.0°C. The dissociation

reactions generally displayed parallel solvolytic (k,) and acid-

-catalyzed (k8) pathways consistent with the rate law:

-d[MCrypn+ J/dt=(kd +k Hill'J) [MCrypn+ J.

The introduction of a decyl side chain (2.2.4) produced only

minor variations in the values of kd and kH when compared

with the parent cryptand, 2.2.2. Larger effects are observed

with the dibenzo-derivative (28.28.2) with Tl' and for the dicy-

clohexano-derivative (20 .20 .2) with both Pb2+ and TI'. The

rate constants for the uncatalyzed and acid-catalyzed pathways

in methanol-water decrease by 20- to 200-fold compared with

the corresponding values obtained in water.

INTRODUCTION

The macrobicyclic polyoxa-diamines (cryptands)
introduced by LEHN and co-workers form stable
complexes with alkali-, alkaline-earth- and heavy
metal cations [1,2]. The relative rigidity of these
ligands results in peak type selectivity related to
the ratio of ligand cavity to metal cation diame-
ter. In addition to cavity size, parameters such as
donor atom type and ligand backbone substituents
also affect the complexation properties of the
cryptands [1-3]. The introduction of hydrophobic
decyl-, benzo-, and cyclohexano-moieties into the
cryptand (see Fig. 1) structure increases their abi-
lity to solubilize salts in non-polar media [4] and

Fig. I

Structures of 2.2.2 Cryptands

membranes [5,6]. In view of the demonstrated
ability of the parent compound, cryptand 2.2.2,
to enhance elimination of toxic heavy metal ions
[7,8] an evaluation of substituent effects on the
complexation properties with Pb 2+ and Ti' was
carried out and the results are reported in this
communication.

EXPERIMENTAL

Cryptands 2.2.2, 2.2.2 D, 2 B .2 B .2 and 2 c .2 c .2
were obtained from E. Merck and used without
further purification. Stock cryptand solutions we-
re analyzed spectrophotometrically [9]. Kinetic
studies were carried out by mixing equal volumes
of the appropriate cryptate (3.0-7.0 x 10 -5 NO with
a solution of known HCIO4 concentration (1.12-
-74.5 mM). The reactions were monitored in the
wavelength region of 245-255 nm on either a Dur-
rum stopped-flow or a Hitachi 80-100 spectropho-
tometer. The cell temperature was maintained at
25.0 (±0.1)°C using a thermostated water bath.

2.2.2, R=H

2 .2.2 D, R = cIOH21 213.213.2 2c.2c.2
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