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The diastereomers of two Ln'-EPTPA derivatives have
been separated by reversed-phase HPLC, and the water
exchange rate on their GdII complexes has been directly
determined by 170 NMR (HsEPTPA = ethylenepropylene-
triamine-pentaacetic acid).

The ligand ethylenepropylene-triamine-pentaacetate (EPTPA)
(Scheme 1) has recently proved to be an ideal chelator of Gd'!
for the devel opment of high relaxivity, macromolecular contrast
agents for Magnetic Resonance Imaging. The water exchange
rate on the Gd""' complex, which is one of the parameters to
determine efficacy of contrast agents, is optimal to attain
maximum relaxivities.2 In addition, the sufficiently high
thermodynamic stability of Gd'"'"EPTPA ensures safe in vivo
application.t

Introducing a pending arm in the 4-position of EPTPA
generates a chiral centre. A second chira centre arises when
Gd'!! is coordinated to the central nitrogen. Consequently, two
diastereomers appear in solution (46S, 4R6R and 46R, 4R6S).
Diastereomers may have different chemical and physical
properties, thustheir water exchange rate may also be different.
Diastereomers can be separated on aRP-HPLC column asit was
shown for Ln""' complexes of 4-aminobenzyl- and 4-ethox-
ybenzyl-DTPA (DTPA-bz-NH, and EOB-DTPA).34

The nitrobenzyl derivative of EPTPA has recently been
synthesized and the water exchange rate published on its Gd'!
complex.t Here we report the HPLC separation of the two
diastereomers of Ln!"" complexes with two chira EPTPA
derivatives, EPTPA-bz-NO, and EPTPA-bz-NH, and the
determination of the diastereomer ratio for the whole Ln3+
series. For the first time, we measured individual water
exchange rates on the two diastereomers of acyclic Gd"
complexes. For LnDOTA complexes it was previously ob-
served that the exchange rate of the coordinated water may
depend on the isomer conformation.>

The HPLC chromatograms of Ln(EPTPA-bz-NO,)2— and
Ln(EPTPA-bz-NH,)2— solutions show two peaks (Fig. 1).8 As
the starting ligands were racemic mixtures of 4R and 4S
enantiomers, the two peaks represent the coelution of the 4565
4R6R, and 46R/4R6S enantiomers, respectively. Unfortu-
nately, from the HPL C chromatogram one cannot decide which
peak corresponds to which diastereomer. Therefore we simply
assign the first peak in the Ln(EPTPA-bz-NO,)2— chromato-
gram to species A and the second to species B, similarly to
assignments in the literature.4
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Scheme 1 Structure of the ligands.

T Electronic supplementary information (ESI) available: Table S1-$4 and
Figs. S1 and S2. See http://www.rsc.org/suppdata/cc/b3/b308253a/
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Theratio of the A and B diastereomersisidentical within the
experimenta error for the two EPTPA derivatives and does not
changewithpH (7 < pH < 10). However, it changesdrastically
along the lanthanide series (Fig. 2). This is rather remarkable
since for the few DTPA-derivatives where diastereomer
separation was performed by HPLC, the A : B ratio was always
independent of the metal ion. (For instance, 65 : 35 wasreported
for Gd(EOB-DTPA)2-, 60 : 40 for La(EOB-DTPA)2- and 60 :
40 for various Ln"(DTPA-bz-NH,)2— complexes.)34 Moreo-
ver, in our case the A : B ratio has a maximum around the
middle of theLn''" series. Based on observation on Ln(DOTA)—
complexes,5 one possible explanation could be that with
decreasing metal ion size there is no more space for the inner
sphere water, thus what we see for the late lanthanides at the
elution time of B isin reality a different species (without inner
sphere water) eluted at the same time. The other possibility is
that the size of the middle lanthanides matches the best with the
specific steric conformation of diastereomer A and this gives
rise to an increased stability of A over B. A maximum in the
stability along the lanthanide series is not unusua for Ln'!
complexes.” Work is currently under progress to clarify this
point.

It isalso remarkable that on mixing abuffered ligand solution
with Ln3*, thetwoisomersforminan equal ratio, independently
of the metal. The B isomer is then slowly converted to A to
reach equilibrium. This conversion, which can be conveniently
followed by HPL C, isfaster for the early, and slower for thelate
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Fig. 1 Separation of the diastereomers A and B of Gd(EPTPA-bz-
NOz)zf.
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Fig. 2 The molar fraction of diastereomers A (white column) and B (dark
column) for both Ln'"'—EPTPA derivatives.
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lanthanides. To our knowledge, such behaviour has never been
observed.

For Gd(EPTPA-bz-NH,)2—, the transformation of B to A was
also monitored by recording *H NMR spectra as a function of
time following the mixing of the ligand with Eu3*. In parallel,
HPLC injections were done after the same periods of time. In
the NMR spectrum two series of signals appear that we assign
to the two diastereomers. Indeed, at each time point, the integral
of their NMR peaks corresponds to the integral of the HPLC
peaks (see ESIT). On the other hand, the A : B ratio of
Gd(EPTPA-bz-NH,)2— determined from 1H NMR does not
change with temperature (0-50 °C) or pH (5<pH <9).

The fast formation and the subsequent, relatively slow
transformation of B to A allow observing the difference in
various properties of the two isomers. A parallel HPLC analysis
of the samples after mixing ligand and metal will give the actual
A : B ratio at any moment. We studied the water exchange on
the two diastereomers of Gd(EPTPA-bz-NH,)2— and
Gd(EPTPA-bz-NO,)2—. The exchange rate published for
Gd(EPTPA-bz-NO,)2— was evidently measured in an equilib-
rium solution (93 : 7 A : B ratio).? Now we followed the
evolution of 170 1/T, relaxation rates and chemical shifts after
complex formation (25 °C). Concomitant to the transformation
of B to A, the U/T, relaxation rates increase with time for both
complexes showing that the two diastereomers have different
water exchange rates. Since the 17O chemical shifts are
constant, we assume one inner sphere water for both diaster-
eomers (datain ESIT).9 To determine the water exchange rate
for A and B, we fitted the experimental 1/T, values to the
changing mole fraction of the bound water in A and B
diastereomers (Pma and Ppg):
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wherei= A and B, 2P,y = [GdL]/55.55, 7, is the residence
time of the inner sphere water molecules, and /7, = ke isthe
water exchange rate. The Py, values were calculated for each
time point from the A : B ratio obtained from the peak integrals
in the corresponding HPLC chromatogram. Awm is the
chemical shift of the bound water, determined by the A/h
hyperfine coupling constant, the S electron spin (7/2) and the B
magnetic field:
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We assumed identical A/h for the two diastereomers of both
Gd"' complexes (—3.2 X 106 rad s—1).1 Asthe systemisin the
fast exchange regime at 25 °C, 1/T,n, isinfluenced by the rates
of both water exchange and 1/T,, €lectronic relaxation.
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where wsisthe Larmor frequency of the electron spin, A2 isthe
trace of the zero field splitting (ZFS) tensor and 7, is the
correlation time for the modulation of the ZFS These
parameters have been previously determined for GA(EPTPA-
bz-NO,)2— from an 17O NMR and EPR study! and here we
assumethat they areidentical for the A and B isomers. Thiswas
verified: we measured EPR peak-to-peak linewidths at X band
as afunction of the time after mixing the ligand with the Gd3*
solution and detected no change during the isomerization within
the experimental error. Furthermore, the peak-to-peak line-
widths were also similar for Gd(EPTPA-bz-NH,)2—, thus we
used the same electronic parameters for the two diastereomers
in the fit of both Gd(EPTPA-bz-NO,)2— and Gd(EPTPA-bz-
NHz)2— (A2 = 04 X 10052 1, = 22 p3).1
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Fig. 3 Evolution of the 170 1/T, relaxation ratesat B = 4.7 T (circles) and
the HPLC peak areafor the A isomer (squares) as afunction of thetime for
Gd(EPTPA-bz-NH,)2— after mixing the ligand with Gd3*+ solution.

Fig. 3 shows the experimental 17O 1/T, relaxation rates and
the fitted curves for Gd(DTPA-bz-NH,)2— (see ESI for
experimental dataand figure for GA(EPTPA-bz-NO,)2-1). The
calculated kei2%8 valuesare (1.4 £ 0.1) X 108s-1and (2.6 £ 0.2)
X 108 s—1 for A and B of Gd(EPTPA-bz-NO,)2—, and (1.8 +
0.1) x 108 st and (44 + 0.2) x 108 s~1 for A and B of
Gd(EPTPA-bz-NH,)2-. For both complexes, the exchange rate
approximately doubles from A to B. Based on the ke 298 values
of thetwo Gd(EPTPA-bz-NO,)2— diastereomerswe obtain 1.48
x 108 s—1for theequilibrium state (93% A, 7% B) which agrees
well with the average value published before, 1.50 x 108 s—1.1
The average ke2%8 for GA(EPTPA-bz-NH,)2— is 1.98 x 108
s L

In conclusion, an HPLC analysis showed that the diaster-
eomer ratio for Ln''' EPTPA-derivatives varies as a function of
the cation size and has a maximum for the middle lanthanides.
On the formation of these complexes the two diastereomers
formin equal ratio and then one of them slowly convertsinto the
other to reach equilibrium. This allowed us to assess water
exchange for the first time on individual diastereomers. Their
exchange rate is, though not spectacularly, different.

Notes and references

¥ The authors are very grateful to SabrinaLaus, Angélique Sour and Robert
Ruloff for the synthesis of the ligands.

§ HPL C experiments were performed on a Waters 600 instrument equipped
with @10 um Cyg XTerra® column (4.6 x 150 mm). The eluent was water
containing 10 mM TRIS buffer and 5-10% acetonitrile (0.5-1 ml min—1
flow rate). A dua wavelength UV-Vis detector was used for detection
(220/280 nm for Ln(EPTPA-bz-NO,)2—; 240/290 nm for Ln(EPTPA-bz-
NH)2-).

1170 NMR measurements were performed on Bruker 200 and 400
spectrometer at 298 K. 10 mM TRIS buffer (pH = 9.2) was used as
reference. The samples contained 1-2% 170 enriched water.
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