FULL PAPER

{DOTA -bis(amide)}lanthanide Complexes: NMR Evidence for Differences in
Water-Molecule Exchange Rates for Coordination Isomers

Shanrong Zhang,!?! Zoltan Kovacs,?! Shawn Burgess,?! Silvio Aime,!!
Enzo Terreno,‘! and A. Dean Sherry*[* "]

Abstract: Two derivatives of 1,4,7,10-
tetraazacyclododecane with trans-ace-
tate and trans-amide side-chain ligating
groups have been prepared and their
complexes with lanthanide cations ex-
amined by multinuclear NMR spectros-
copy. These lanthanide complexes exist
in aqueous solution as a mixture of
slowly interconverting coordination iso-
mers with 'H chemical shifts similar to
those reported previously for the major
(M) and minor (m) forms of the tetra-
acetate ([Ln(dota)]”) and tetraamide
([Ln(dtma)]**) complexes. As in the

between the axial (D;) and non-axial
(D,) components of the magnetic sus-
ceptibility tensor anisotropy in the m
and M coordination isomers and the
energetics of ring inversion and m< M
isomerization as determined by two-
dimensional exchange spectroscopy
(EXSY). O shift data for the Dy3*
complexes showed that both have one
inner-sphere water molecule. A temper-
ature-dependent 7O NMR study of bulk
water linewidths for solutions of the
Gd** complexes provided direct evi-
dence for differences in water exchange

The bound-water lifetimes (z%{®) in the
M and m isomers of the Gd** complexes
ranged from 1.4-2.4pus and 3-14ns,
respectively. This indicates that 1) the
inner-sphere water lifetimes for the
complexes with a single positive charge
reported here are considerably shorter
for both coordination isomers than
the corresponding values for the
[Gd(dtma)]** complex with three pos-
itive charges, and 2) the difference in
water lifetimes for M and m isomers in
these two series is magnified in the
[Gd{dota-bis(amide)}] complexes. This

[Ln(dota)]- and [Ln(dtma)]** com-
plexes, the m/M ratio proved to be a
sensitive function of lanthanide size and
temperature. An analysis of 'H hyper-
fine shifts in spectra of the Yb** com-

L . water exchange
plexes revealed significant differences :

Introduction

The trivalent lanthanide ions (Ln**) provide a versatile series
of spectroscopic probes for biological experiments, including
applications as MRI contrast agents["2 NMR shift re-
agents,>4 in vivo temperature reporters,>”’ luminescent
probes® % and RNA cleavage catalysts.l'”) There is consid-
erable interest in using macrocyclic-based ligands (L) in these
applications because of the high thermodynamic stability and
kinetic inertness of the resulting [LnL] complexes. Two
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rates for the two coordination isomers.

Keywords: lanthanides -
clic ligands - NMR spectroscopy -

feature highlights the remarkable role of
both charge and molecular geometry in
determining the exchange rate of the

macrocy- .
coordinated water.

interesting physical features of many lanthanide complexes
([LnL]) derived from 1,4,7,10-tetraazacyclododecane (cyclen)
are the presence of two stereochemical isomers (designated
the major (M) and minor (m) isomers in studies of the
[Ln(dota)]~ complexes; DOTA = 1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid) and the differences in water
exchange rates for cyclen derivatives with different coordi-
nating side-arms. [Gd(dota)]~, for example, has a single inner-
sphere-bound water molecule that exchanges relatively rap-
idly with bulk water (73® =244 ns as measured by 'O
NMR).M"I This parameter is considered fundamental in
optimizing the relaxivity of MRI contrast agents because
transfer of proton relaxation between water bound at the
paramagnetic center and bulk water should not be limited by
exchange. Conversely, the water relaxivity of [Gd(dtma)]** (in
which DTMA is the tetra-substituted N-methyl amide of
DOTA) is limited by slow exchange of a single inner-sphere
water molecule (73;® = 19 ps).l' Water exchange in [Gd{dtpa-
bis(methylamide)}] (DTPA = diethylenetriamine-N,N',N"',N"’-
pentaacetic acid) is also much slower!!l than in [Gd(dtpa)]*,
so this appears to be a general feature of complexes that
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contain amide side-chain ligating groups. Since water ex-
change in these complexes occurs by a dissociative mecha-
nism, the simplest explanation for these differences is that the
water exchange rate decreases with the inverse of the overall
complex charge, with positively charged systems like
[Gd(dtma)]** displaying much slower water exchange than
negatively charged systems like [Gd(dota)]~. However, more
recently Aime et al.l’¥l reported that water exchange is about
50 times faster in the twisted, square antiprismatic isomer (m)
than in the isomeric square antiprismatic (M) complex of
identically charged lanthanide tetraamide complexes. This
indicates that factors other than the charge of the complex
play a role in determining the water exchange rate in
lanthanide macrocyclic complexes. Separate 7O resonances
for bound water were also recently observed for [Eu-
(dotam)]** (DOTAM is the simple tetraamide of dota) and
a reanalysis of water exchange in this system revealed that
molecular exchange (as reported by 7O NMR spectroscopy)
and prototropic exchange (as reported by '"H NMR spectros-
copy) were equivalent for these complexes in acetonitrile.['¥
Again, water exchange was found to be 40-fold faster in the m
isomer compared with the M isomer (z3*=3 ps vs 120 ps,
respectively). More recently, Woods, et al.'¥l studied a series
of diastereomeric gadolinium complexes of the DOTA-
tetra(carboxyethyl) derivative and found that the R,R,R,R
complex stereoisomer existed predominately as the m isomer,
whereas the R,S,R,S complex was largely the M isomer. Here,
as with [Gd(dota)]~, 7O NMR linewidth data alone could
not distinguish differences in water exchange rates for the
two isomers, but empirical fit of the rates along with an
independent measure of isomer populations led to the
conclusion that the bound-water lifetime for the m isomer
was constant (72%~45ns) for a series of DOTA-type
complexes.

In an effort to explore how complexes that contain ligands
which differ only in the type of side-chain donor might alter
water exchange and isomer populations, we synthesized two
new cyclen-based macrocyclic derivatives containing two
acetate- (like DOTA) and two amide-ligating (like DOTAM
and DTMA) side chains. The synthetic route to such mixed
side-chain systems has been reported previously.l'] Reported
here are the results of multinuclear ('H, *C, and 7O) NMR
studies of lanthanide complexes of the two bis-amide deriv-
atives DOTA-2DMA and DOTA-2APA.
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Results and Discussion
High-resolution NMR spectra of the [Ln(dota-2dma)]* com-
plexes: The 'H NMR spectrum of [Ce(dota-2dma)]* showed

14 well-resolved resonances (Figure 1), characteristic of a
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Figure 1. 'H NMR spectra of [Eu(dota-2dma)]* (25°C), [Sm(dota-
2dma)]* (—10°C), [Sm(dota-2dma)]* (25°C), [Pr(dota-2dma)]* (25°C),
and [Ce(dota-2dma)]* (25°C), top to bottom.

single complex with effective C, symmetry. The 'H resonances
in spectra of the Pr**, Nd**, and Sm** complexes were broad,
while the spectrum of [Eu(dota-2dma)]* showed two sets of
relatively sharp resonances, characteristic of two isomeric
species in slow exchange. This last feature, also characteristic
of the parent tetraacetate (DOTA)!> 1722 and tetraamide
(DTMA) lanthanide complexes,'> 3] was seen for all of the
remaining heavier [Ln(dota-2dma)]* complexes (see for
example the spectrum of [Yb(dota-2dma)]* in Figure 2).
The 'H resonances of [Pr(dota-2dma)]* and [Nd(dota-
2dma)]* narrowed somewhat upon cooling to —10°C (data
not shown), while 'H spectrum of [Sm(dota-2dma)]* (with 6 —
7 broad peaks at 25°C) collapsed into ~20 sharper peaks at
—10°C (Figure 1). This indicates that a mixture of isomers is
indeed present in all [Ln(dota-2dma)]* complexes (as ob-
served directly for the heavier Ln complexes), but that
chemical exchange among them appears to be a sensitive
function of cation size, converging from rapid interconversion
between isomers in [La(dota-2dma)]* to slow exchange in
[Eu(dota-2dma)]*.

The high-frequency regions of the 'H NMR spectra of the
Eu** and Yb** complexes of DOTA-2APA, DOTA-2DMA,
and DOTA are compared in Figure 2. The two hyperfine-
shifted resonances shown in the spectra of [Eu(dota)]~ and
[Yb(dota)]- have been assigned to ethylene protons posi-
tioned near the fourfold symmetry axis!'”! (previously desig-
nated as H4)('®l in two, slowly interconverting, coordination
isomers. The H4 resonances of the major (M) and minor (m)
isomers are labeled in the spectra. Hyperfine-shifted reso-
nances were also observed in this same chemical shift region
in the 'H spectra of [Eu(dota-2apa)]*, [Eu(dota-2dma)]*,
[Yb(dota-2apa)]*, and [Yb(dota-2dma)]*. The remaining
resonances in these spectra displayed a chemical shift pattern
similar to those in spectra of [Eu(dota)]~ and [Yb(dota)]~,
complicated of course by the twofold symmetry of the bis-
acetate/bis-amide substituents. Interestingly, two H4 resonan-
ces were resolved in the spectrum of the M isomer (as
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Figure 2. High-frequency regions of the 'H NMR spectra of two [Ln(dota-
2dma)]*, [Ln(dota-2apa)]*, and [Ln(dota)]~ complexes (top-to-bottom)
recorded at 25 °C. (Eu’", left; Yb**, right). The H, resonances of the M and
m isomers are labeled (M, M’ and m, m’ identify degeneracies lifted by the
twofold axis of symmetry in the bis-amide complexes).

expected for a complex with twofold symmetry), while the
two H4 resonances of the m species are nearly coincident.
This is especially evident in the spectrum of [Yb(dota-2apa)]*
in which the H4 resonance of the m isomer is broader than the
remaining resonances at 25°C. The H4 resonances of the m
species in all four samples could be resolved into two
resonances upon cooling the samples to near 0°C. The
differences in magnetic degeneracy of the H4 resonances of
the M and m species could have contributions from two
sources. First, all protons experience smaller hyperfine shifts
in the m isomer, so any magnetic difference between the two
H4 protons is less evident than the H4 protons of the M
isomer. Second, the coordinated acetate and amide oxygens in
the m species are thought to have a smaller twist angle relative
to the four nitrogens and thus the m isomer may more closely
approximate axial symmetry (see hyperfine-shift section
below).

The m/M species ratio in the spectrum of [Eu(dota)]~ as
measured by the H4 resonance areas (Figure?2) is 0.36,
somewhat higher than the ratio reported elsewhere.['*?2] This
ratio is known to be sensitive to ionic strength and can differ
slightly from one sample preparation to another. Aime
et al.l®l have recently shown that the m/M ratio increases in
Eu’* complexes of tetraamide derivatives of DOTA in
proportion to the number of alkyl groups on the amide,
increasing to m/M =2 for the dimethylacetamide derivative.
Their data show that as the steric bulk of the amide
substituents increase, the twisted, square antiprismatic struc-
ture (m) becomes more favored. A similar trend is found here
for the DOTA-bis(amide) systems. As shown in Figure 2 and
reported in Table 1, the m/M ratio increases from 0.36 for
[Eu(dota)]~ to ~0.78 for the bis-amide complexes, [Eu(dota-
2apa)]* and [Eu(dota-2dma)]*. The observation that the m/M
ratios for the two bis-amide ligand complexes are equal
suggests that the steric demands of the dimethylamide (dma)
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Table 1. Ratio of minor/major (m/M) isomers for two [Ln{dota-
bis(amide)}]* complexes at 25°C.

Eu? Yb+

'H NMR 13C NMR 'H NMR
DOTA-2DMA 0.77 0.64 0.25
DOTA-2APA 0.78 0.71 0.17
DOTA 0.36 0.30 0.54

and piperazineamide (apa) side chains are similar in these
systems.

The BC NMR spectra of these complexes (not shown)
provide a second measure of the m/M isomer ratio. As
expected, there are two carboxyl resonances in the spectrum
of [Eu(dota)]~ corresponding to the m (6 =211) and M (0 =
200) isomers. In this case, the paramagnetic shift of the m
species is larger than that of M species; this is likely due to a
contact contribution at the *C nuclei that is less prominent at
the 'H nuclei. The "BC spectra of [Eu(dota-2apa)]* and
[Eu(dota-2dma)]* each show four carbonyl resonances in this
region corresponding to the two carboxyl and amide groups in
the major and minor isomers (the spectrum of [Eu(dota-
2apa)]* has an additional carbonyl singlet from the uncoordi-
nated acetyl groups). Again, the paramagnetic shifts (contact
plus hyperfine) measured in the bis-amide complexes are
somewhat smaller that those measured for [Eu(dota)]~, and
the O chemical shift between the carboxyl and amide
resonances in the M isomer is larger than in the m isomer.
Integration of these peaks provided a second measure of m/M
for the Eu*t complexes (Table 1). A comparison of m/M ratios
for each complex shows that the values determined by
"H NMR spectra tend to be somewhat higher than the values
determined by C NMR spectra; this probably reflects
nonuniform excitation of the most highly shifted resonances
in the 'H spectra. Nevertheless, it is quite clear from both sets
of data that the M isomer dominates in [Eu(dota)]~, while the
m isomer is favored in both [Eu(dota-2apa)]* and [Eu(dota-
2dma)]*.

The most notable difference between the 'H spectra of the
Yb** and Eu** complexes is the m/M isomer ratio (see
Figure 2). For the smaller Yb’* ion, the m isomer is slightly
more populated in [Yb(dota)]~, but the M isomer predom-
inates over the m isomer in both [Yb(dota-2apa)]* and
[Yb(dota-2dma)]*. In the mixed bis-amide systems, the m/M
ratio averages 0.21 (Table 1). It has been suggested that the
resonance corresponding to the m isomer of [Yb(dota)]~ may
actually be an eight coordinate species lacking a water
molecule,? so it is possible that m species seen here in the
'H spectra of [Yb(dota-2apa)]* and [Yb(dota-2dma)]|* may
also differ in structure from the m species detected in 'H
spectra of [Eu(dota-2apa)]* and [Eu(dota-2dma)]*. The exact
details of these structural elements must await crystallo-
graphic analysis of the species in question.

2D-EXSY NMR of [Eu(dota-2dma)]*: 2D-EXSY spectra of
[Eu(dota-2dma)]* proved useful in assigning the 'H resonan-
ces and in measuring activation parameters for the intra-
molecular enantiomerizations. Similar techniques have been
used to measure interchange between m< M isomers in 'H
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spectra of [Yb(dota)]~.2%24 A 2D-EXSY spectrum of [Eu-
(dota-2dma)]* (0.2Mm) collected at 20°C and with a mixing
time of 20 ms is shown in Figure 3. The spectrum shows many
off-diagonal peaks, but the easiest to analyze for our purposes
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Figure 3. 2D-EXSY spectrum of [Eu(dota-2dma)]* at 500 MHz, 20°C,
~0.2M, and pH 7.2. 7,,;,, =20 ms, 32 x 256 scans, the data matrix was zero-
filled to 1 K x 1 K. The corresponding cross peaks can be found for all
exchange subgroups. For clarity, only {H4M, H4m, H3M and H3m} (solid
line) and {H4M’, H4m’, H3M’ and H3m'} (dotted line) were connected to
guide the eye.

were those due to exchange between H4M < H4m (which
reflects arm rotations of the acetate and amide groups) and
H3M < H4M (which reflects enantiomerization due to ethyl-
ene ring inversions plus arm rotations). Of the less highly
shifted ring proton resonances, the resonance assigned to H3
is well resolved from the others in this region. The cross-peak
volumes of H4M' < H4m' and H4M' < H3M' are shown as a
function of mixing time (20°C) in Figure4. As a first

Relative intensity (Z./1q)

0 T T ; T T T ; T ; |
0 10 20 30 40 50

Mixing time [ms]

Figure 4. The curves of the relative intensities of /I, versus the mixing
time at 20 °C for [Eu(dota-2dma)]*, where C4'4’ and C4'3' represent for the
cross peaks of H4M' & H4m’ and H4M' < H3M', respectively.
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approximation, the cross (1) and diagonal (/) peak intensities
are related to the mixing time (7,,), the relaxation time of
exchanging nucleus (T,), and the exchange rate (k,) by
Equation (1).

I, Tmix
ol —exn(-2karlerp (-2 1)

The kinetic parameters determined by fitting data such as
those shown in Figure 4 are listed in Table 2. The free energy
of activation for arm rotation and enantiomerization, AG* =
66.0 £2.5 and 64.6 &+ 3.4 kJ mol !, respectively, were found to

Table 2. Kinetic parameters (298 K) for [Eu(dota-2dma)]* derived from 2D-
EXSY NMR spectra.

Process InA E, AH* AS* AG*
[kImol™!] [kJmol™!] [kJmol™!] [JK'mol™!] [kJmol™]

arm rotation 27.2 60.5 58.0 —26.7 66.0

enantiomerization 34.5 77.1 74.6 333 64.7

be nearly equal and similar to those reported previously
for [La(dota)] (60.7+1.2kJmol~!, enantiomerization),!!”!
[Yb(dota)] (65.1+0.8kJmol~!, enantiomerization and
65.74+1.3kIJmol"!, arm rotation),? and [La(dota-dea)]**
(58.5 kJmol~!, enantiomerization; DOTA-DEA is the tetra-
kisdiethylamide of DOTA).! Interestingly, the activation
energy for enantiomerization in [Eu(dota-2dma)]™ is slightly
lower than that for arm rotation, opposite that found?¥ for
[Yb(dota)] . The enantiomerization and arm rotation rates
for [Eu(dota-2dma)]* were 29 and 17 s7!, respectively, at
25°C.

Analysis of the 'H hyperfine shifts of [Yb(dota-2dma)]*: The
hyperfine 'TH NMR shifts observed for Yb** complexes are
considered to be largely pseudocontact in origin,?! so
structural information can be derived by fitting the observed
shifts to the dipolar Equation (2),

A 1 13 Tiy) 3cos’6 — 1 sin?Ocos2¢
pc — m (Xzz - 1v4 <r73>+ (XXX - ny) <F73>

1 sin?@sin2¢ sin?6Ocosgp sin?@sing
., ) i)
N r r r

in which r, 6, and ¢ are the spherical coordinates of the ith
nucleus in the molecular coordinate system with the Yb** ion
located at the origin, y is the magnetic susceptibility tensor,
and Try = Yx + Xyy + X2,- For clarity, the molecular coordinate
system was converted into the principal magnetic axis system
by diagonalizing the y susceptibility matrix into axial (D, =
%xx — 1/3Try) and non-axial (D,=7y —y,,) terms. The dia-
magnetic component of each shift was assumed to be constant
(an average value of 3 ppm was used for all diamagnetic shifts
upon complexation by La** or Lu*t). Many resonances in the
'H NMR spectrum of [Yb(dota-2dma)]* could be assigned by
direct comparison with those of [Yb(dota)]~ or with those of
[Eu(dota-2dma)]* based upon the EXSY spectra discussed
above, while others could not be assigned by simple inspec-
tion. A complete assignment was achieved by using the Shift
Analysis technique described by Forsberg et al.?’l Molecular

@
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mechanics calculations (MM + ) were performed after fixing
the Yb*'—O,poxy bond lengths to 2.279 A as found exper-
imentally®? for [Lu(dota)]~ and the Yb*—O,q (2.355 A),
the Yb*-N (2.633A), and Yb*—O,,, bond lengths
(2.427 A) to those reported™ for [Dy(dtma)]** (a tetraamide
system). All remaining atomic bond lengths and angles in the
molecule were allowed to vary during energy minimization,
essentially following the procedure outlined in Forsberg,
etal.® By using this procedure, two minimum energy
structures were found, one corresponding to the square
antiprism (M) structure and another to the twisted square
antiprism (m). The coordinates of all protons in each structure
were then entered into the Shift Analysis program and the
resonance assignments were reshuffled to give the best
agreement between calculated and observed hyperfine
shifts.

We first tested the method by generating proton coordi-
nates for the m and M structures of [Yb(dota)]~. Comparisons
were done by using [Yb(dota)]~ hyperfine shifts from the
literature (from 'H spectra recorded at —2°C)! and from
our own data (from 'H spectra recorded at 25°C). An analysis
of the hyperfine shifts recorded at —2°Cl'7l gave D, values of
4022 and 2585 for the M and m isomers, respectively, and D,
values near zero, as expected for complexes with axial
symmetry. The hyperfine shift analysis performed by Brittain
and Desreux!!”) using earlier published crystal coordinates?’]
of [Eu(dota)]~ gave agreement factors (R = [Z(Aaica — Aobs)?/
SApZ]) of 3.6% and 11% for the M and m isomers,
respectively, while our analysis of their data gave much better
agreement factors, R=0.19% and 0.58% for M and m,
respectively. This indicates that the crystal coordinates of
[Eu(dota)]~ do not serve as useful reference points for the
structure of [Yb(dota)]~ in solution and that the coordinates
generated by MM + minimization better describe the hyper-
fine shifts. A discrepancy between two different published
crystal structures of [Eu(dota)]~ has been recently noted.?"!

An assignment of all 'H resonances of [Yb(dota-2dma)]*,
and a comparison of the measured versus calculated shifts by
using the combined MM + and Shift Analysis method is
presented in Table 3. As found in the [Yb(dota)]~ analysis,

Table 3. Experimental and predicted 'H chemical shifts for [Yb(dota-
2dma)]*.

m isomer
LISE (exptl) LIS® (caled)

M isomer
LISl (exptl) LISEI (caled)

H1 —285 —-241+26 -19.0 —143+1.7
HI" —-734 —645+£2.6 —46.5 —418+1.6
H2 19.6 204+1.6 122 153+1.0
H2 13.2 7.0+1.9 0.8 23+1.0
H3 24.7 254+1.6 10.4 11.0+£1.0
H3' 16.6 13.8+1.6 10.8 13.0+1.0
H4 125.4 128.5+2.9 72.4 71.8+1.6
H4 120.8 116.6 +2.8 72.4 73.4+1.6
HS —58.8 —63.7+£2.7 —523 —55.0£19
HY —74.9 —81.1+2.4 —49.0 —-515+19
H6 —40.0 —398+1.7 —185 —-163+1.0
Ho6’ -333 —335+18 —34.7 -315+1.0
D, 3807.1 £65.4 2409.9 £+ 38.6

D, —1212.7+685 9259+425

R 0.0048 0.0047

[a] LIS =lanthanide-induced shift.
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there was excellent agreement for both the M and m isomers
of [Yb(dota-2dma)]* (R=0.48% and 0.47 %, respectively).
Although the axial D, term dominates the hyperfine shift for
most protons near the twofold symmetry axis of these
complexes, the non-axial D, term is quite significant for
others, especially the HS and H6 protons. Interestingly, the D,
term has opposite signs for the two isomers (D, is — 1213 for
the M isomer and +926 for the m isomer).

Water coordination number of [Dy(dota-2dma)]* and [Dy-
(dota-2apa)]*: It has been shown®! that the 7O shift of bulk
water in the presence of a Dy’* complex, assuming rapid
exchange, can provide a direct readout of the number of inner-
sphere water molecules (g). Plots of 7O shifts versus complex
concentration were linear over the concentration range 5-—
50mwm (data not shown), and the slopes of such plots divided
by the contribution of a single water molecule (40 ppmm 1)
indicated that ¢=1.3+0.1 for both [Dy(dota-2dma)]* and
[Dy(dota-2apa)]™ at 25°C. Titrations performed at higher
temperatures (50°C) gave identical values, thus proving that
the value of g determined in this experiment was not limited
by exchange at 25°C. Furthermore, this result indicates that
the M < m interconversion does not affect the g value
suggesting that both isomers in the Dy** complexes have a
single inner-sphere water molecule. A g value significantly
greater than 1 was also been reported?! for [Dy(dota)]~ and
attributed to a non-zero dipolar contribution to the measured
70 contact shift.

170 linewidth analysis of [Gd(dota-2dma)]* and [Gd(dota-
2apa)]": The temperature dependence of the paramagnetic
contribution to the 7O water transverse relaxation rate (Ry,)
of [Gd(dota-2dma)]* and [Gd(dota-2apa)]* are reported in
Figure 5 (top). The shape shown by these profiles is very
different from those reported previously['3'%3% for related
Gd™ chelates, for which smooth curves are more typically
seen. Given that high-resolution 'H NMR spectra of the
[Ln(dota-2dma)]* and [Ln(dota-2apa)]* complexes show that
two isomers coexist in solution in similar amounts, is it easy to
ascribe the shapes of the profiles shown in Figure 5 (top) to
two isomeric species endowed with very different exchange
lifetimes. Further support for this model was gained by
measuring the proton relaxivity (r;) of the two Gd** com-
plexes as a function of the temperature (Figure 5, bottom).
For both chelates the resulting profiles are far from the
regular pseudoexponential decay expected for systems con-
taining one coordinated water molecule in fast exchange with
the bulk solvent. It is straightforward to suggest that the two
species present in solution are the m and M isomers observed
in the 'H NMR spectra of the corresponding Eu and Yb
analogues. Further support comes from recent observations
made on the NMR spectra of [Eu(dota-tetrakis(amide)]
derivatives in CD;CN (for which it has been possible to
observe the signals of the coordinated water molecules);!'3 14l
these have shown that the twisted antiprismatic isomer (m)
has a water exchange lifetime significantly shorter than that
seen for the antiprismatic isomer (M).

Before carrying out a detailed analysis of the variable-
temperature 'O R,, data on the basis of contributions from
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Figure 5. Temperature dependence of the 7O water linewidth (top), R,p,
and the 'H water relaxivity (bottom), r;, of [Gd(dota-2dma)]* and
[Gd(dota-2apa)]t at 2.1 T and 0.47 T, respectively.

the two isomers, it is necessary to include the temperature
dependence of the m/M ratio. The m/M ratio (as measured by
'H NMR) of each EuL complex ranged from ~0.83 (5°C)
to~0.69 (60°C). By using these data and Equation (3), AH°
was estimated at —2.56 kI mol~".

KT:%:Kmexp [ATISI((;&*%H (3)

Then, the measured R$, values (RS, = RS, — R3;) were
treated as the sum of two contributions arising from the m and
M isomers at the molar concentration given by Equation (4):

i DM g RO ) RO+ Ao
S oss6 [RIM™ 4 7M)~1] 4 Aw)M?2
2Mm2 Mm\~1 p2Mm Mm2 (4)
m RZMm2  pMm)™" RaMm A Mm
+‘I1[ ](r",”"‘)’l ) -
55.6 [R3V™ 4+ 73™) ] + Awg™?

in which R and Aw? (i=M or m) represent the
transverse relaxation rate and the chemical shift difference
(with respect the bulk water) of the metal-bound water
molecule. The first term is dominated by the nucleus-electron
scalar relaxation mechanism that may be evaluated through
Equation (5):

1/A TE2i
RSy = §<E>2S(S+1)<TE“+7) Q)

1+ withy

in which § is the electronic spin quantum number (7/2
for Gd™), A/h is the Gd-'7O scalar coupling constant and 7;
(j=1,2) are the correlation times for the dynamic processes
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that modulate the scalar interaction. The scalar interaction
can be described by the longitudinal and the transverse
electronic relaxation times (7}z and T,g) modulated by the
exchange lifetime of the metal bound water molecule

[Eq. (6)]-
Te =T+ Tii ©)

The scalar coupling constant is related to the electron
unpaired spin density at the 7O nucleus and mainly depends
on the distance between the metal ion and the metal bound
70O nucleus. Since this distance does not seem to vary
significantly for polyaminocarboxylate Gd™ chelates with a
single inner-sphere water molecule, we used the A/h value
reported for [Gd(dota)]- (—3.8x10°rads™!)BYU for both
isomers (m and M).

For Gd™ complexes T} is basically related to the modu-
lation of the transient zero-field splitting (ZFS) of the
electronic spin states arising from dynamic distortions of the
ligand field caused by the solvent collisions. This can be
described by Bloembergen-Morgan-Rubinstein theory as
given in Equations (7) and (8).

Tyi 41,
Tih=YsA2[4S(S +1) -3 {7+7] 7
ihi=YsA7[48(S +1) ]Hw% T i @)
ok = VoA2[4S(S +1) 3][3 L 2% ] ®)
i = /50 - L Y I
" 1+ w?t 1+40it

Here A? is related to the square of the mean transient ZFS
energy, 7,; is the correlation time for the collision-related
modulation of the ZFS hamiltonian and w, is the electronic
Larmor frequency.

The temperature dependence of RS, is, therefore, ex-
pressed by the temperature effect on 7%, 7, , and w$;
according to Equations (9) and (10).

(TFI)ZQS,IS T AH,, 1 1
T = ——exp (— - ©)
298.15 R \298.15 T

_ 8&MpS(S+1)B A

Aoy
M 3ksT 1

(10)

Here the subscripts k refer to the two dynamic processes
(k=M, v), AHy; is their activation enthalpy, B is the magnetic
field strength, kg is the Boltzmann constant, g, is the free-
electron Lande factor (2.0023), and uj; is the Bohr magneton.

Given the large number of the parameters involved in the
fitting of the O R,, data, we found it necessary to fix some of
them. In particular, it was assumed that the two isomers have
the same value of ¢ (= 1), of AH,; (10 kJmol™"), and of AH,,
(50 kI mol~'). With these constraints, the result of the fitting
procedure is quite satisfactory. As shown in Table 4, the most

Table 4. Relaxometric parameters for M and m isomers for the [Gd{dota-
bis(amide)}]* complexes as determined from 7O NMR line-shape analysis.

Parameter [Gd(dota-2dma)]* [Gd(dota-2apa)]*
M isomer m isomer M isomer m isomer
733 [ns] 1350470 142+1.0 2350 £120 3.04+05
A? x 107 [s72] 1.1+£0.5 0.6+0.1 0.840.2 1.8+0.7
7, [ps] 9.7+1.0 2.0+0.2 53402 3.6+0.2
T\ at2.1T [ns] 26.6 17.5 22.0 7.6
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important result is the large difference (ca. two orders of
magnitude) in the water exchange lifetime for the two
isomers. Furthermore, it is interesting to point out that the
M isomers of both [Gd{dota-bis(amide)}] complexes have
longer T, values [calculated at 2.1 T through Eq. (8)] than
the corresponding m isomers. It is likely that such an effect
reflects the structural differences of the coordination cage of
the two isomers, yielding a longer 7' for the more compact M
isomer.

This analysis leads to two main conclusions: i) as in the
[Gd{dota-tetrakis(amide)}] systems,'> 4 it is the m isomer
which shows faster water exchange and ii) the ratio of water
exchange rates for the two isomers in the [Gd{dota-tetra-
kis(amide)}] systems (~40-fold in CD;CN[3 14) seems to be
magnified in the [Gd{dota-bis(amide)}] complexes considered
in this work (100- to 780-fold). Once again it is worth noting
that this finding is highly relevant to the design of more
powerful Gd"-based contrast agents for MRI application
whose proton relaxivity can be limited by a relatively long
exchange lifetime of the coordinated water molecule.P!

Finally, it may be of interest to evaluate the practical
limitations in assessing different exchange lifetimes in the
presence of an isomeric mixture. On the basis of a number of
simulations (not shown), one can easily show that the O RS,
measurements are sensitive to the presence of isomers with
different water exchange lifetimes only if the isomeric ratio is
higher than 0.3 (assuming water exchange in the dominant
isomer is 100-fold faster). Conversely, if the m/M ratio ~1,
then it is possible to discriminate water exchange lifetimes
only if they differ by at least two orders of magnitude.

Conclusion

The [Ln{dota-bis(amide)}]" complexes, like the [Ln(dota)]~
and [Ln{dota-tetrakis(amide)}]** complexes, exist in solution
as a mix of two structural coordination isomers, presumably
the same square antiprism (M) and twisted square antiprism
(m) structures as detected in solution and found in the solid
state for [Ln(dota)]~ complexes. As with the [Ln(dota)]~ and
[Ln{dota-tetrakis(amide)}]** complexes, the m/M isomer ratio
for these complexes is a sensitive function of Ln* cation size
(the m isomer is favored with the larger Ln** cations, while the
M isomer is favored for the smaller cations)? and steric bulk
of the ligand side-chains (greater steric bulk favors the m
isomer).[®¥! Previous 7O NMR temperature-dependent line-
width measurements on Gd** complexes with tetraacetate
DOTA-like ligands and tetrakisamide DOTAM-like ligands
yielded smooth curves that did not directly reveal differences
in water exchange rates for the m and M isomers. However,
unusually slow water-exchange kinetics in some of the
tetrakisamide complexes has permitted direct detection of
bound water signals and this provided the first direct evidence
for differences in water exchange rates for the two coordina-
tion isomers.['> 1432 Since that remarkable observation, the
temperature-dependent 7O NMR linewidth data has been
reevaluated in the context of two distinctly different exchange
rates for water molecules. That reanalysis has revealed that
the water exchange rates in the m and M species of
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[Gd(dotam)]**+ differ by ~40 to 50-fold. In the mixed bis-
acetate bis-amide complexes reported here, the O NMR
linewidth data provided direct evidence for two species in
solution endowed with very different exchange lifetimes. A
combined fitting of the 7O and 'H water linewidths revealed
that the difference in bound water lifetimes in the m (3-
14 ns) and M (1.4-2.4 ps) species is greatly magnified in
[Gd(dota-2dma)]" and [Gd(dota-2apa)]*. Interestingly, the
water lifetime of the M species in these complexes is about the
same as that estimated recently for the M species in several
[Gd(dota)]-like complexes.'’] However, the water lifetimes
estimated in that study!™”! were based upon the assumption
that the difference in lifetimes for the m and M species is
identical for [Gd(dota)]-like complexes and the more slowly
exchanging [Gd{dota-tetrakis(amide)}]** systems. If this as-
sumption is correct, then substitution of two amides for two
acetates has little effect on water exchange in the square
antiprism structure (M), but actually increases the water
exchange rate in the twisted square antiprism (m) structure.
This leads to the conclusion that water exchange in these
complexes is influenced less by complex charge (the [Gd-
(dota)]-like complexes are all negatively charged, whereas
[Gd(dota-2dma)]" and [Gd(dota-2apa)]* carry a single pos-
itive charge) and more by coordination geometry. These
observations suggest that it may ultimately prove possible to
fine-tune water exchange in lanthanide complexes from a few
nanoseconds to perhaps as long as milliseconds by designing
ligands with multiple side-chain pendant arms with different
coordination and steric properties.

Experimental Section

NMR measurements and data processing: Variable-temperature, proton-
solvent longitudinal relaxation times were measured at 20 MHz at Torino
on a Spinmaster spectrometer (Stelar, Mede(PV), Italy) by means of the
inversion-recovery technique (16 experiments, four scans). The reproduci-
bility in 7} measurements was within 1 %. The temperature was controlled
by a JEOL airflow heater equipped with a copper constantan thermocou-
ple. The actual temperature in the probe head was measured with a
Fluke 52k/j digital thermometer with an uncertainty of 0.5 K. Variable-
temperature 7O NMR measurements were performed on a JEOL EX-90
(2.1 T) spectrometer equipped with a 5 mm probe, by using a D,0 external
lock. 'H and ®C NMR spectra were recorded on a Varian INOVA-500
spectrometer, with observing frequencies of 500 and 125.7 MHz, respec-
tively. 'H,'H 2D-EXSY experiments were performed on the same
spectrometer by using methods used previously."”>?! The mixing times
(Tmix) Were varied from 0 to 100 ms by using 32 scans and 256 increments
and the data were zero-filled to 1024 x 1024 for spectral processing. tert-
Butyl alcohol (0.5% v/v) was used as internal reference for 'H and ®C
spectra recorded in D,0O. Hyperfine paramagnetic shifts were analyzed
using a program developed by Forsberg et al.! referred to in the text as
Shift Analysis. Molecular mechanics minimizations (MMX) were per-
formed by using the MM + force field in HyperChem™ (release 5.01,
Hypercube, Inc).

Complex preparation: Lanthanide complexes of DOTA-2DMA and
DOTA-2APA were prepared by mixing a 1:1 molar ratio of LnCl; in water
and the ligand in water followed by addition of NaOH to maintain pH
between 7 and 8. The reaction mixtures were stirred at room temperature
for a minimum of 24 hours until free Ln3* ions could no longer be detected
by using xylenol orange as indicator (in 0.2M NaAc/HAc buffer solution at
pH 5.2). The samples were then freeze dried to remove water and the
resulting solid was redissolved in D,O for NMR measurements.
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Synthesis and characterization of ligands.

1-Acetyl-4-bromoacetyl piperazine: 1-Acetylpiperazine (1.0 g, 6.1 mmol)
was dissolved in dichloromethane (100 mL). Diisopropylethylamine (1.1 g,
6.7 mmol, 10% excess) was added to the solution and the reaction vessel
was cooled to —90°C. Bromoacetylbromide (1.7 g, 5% excess) was
dissolved in dichloromethane (10 mL) and added dropwise to the reaction
vessel over 5 min. The reaction was allowed to warm to room temperature
and then extracted with 10% HBr solution (3 x 10 mL). The dichloro-
methane phase was dried over sodium sulfate/potassium carbonate and
decolorized with activated carbon. After filtering off the activated carbon,
the solvent was removed under vacuum by rotary evaporation. The residue
was washed with (3 x 20 mL) diethyl ether to yield a white powder (1.2 g,
79%). '"H NMR (CDCl;): 6=3.90 (brs, 2H; methylene protons), 3.65
(brm, 4H; CH;NCH,CH,N), 3.54 (brm, 4H; CONCH,CH,N), 2.14 (s, 3H;
methyl protons); *C NMR(CDCl;): 6 =169.18 (NCOCH,Br), 165.50
(NCOCH;), 46.50, 46.23, 45.52, 45.74, 41.89, 41.72, 40.92, 40.70 (ring
carbons), 25.38 (NCOCH,Br), 21.14 (NCOCHj;); elemental analysis caled
(%) for CgH,3N,BrO,: C 38.57, H 5.26, N 11.25; found: C 39.62, H 5.39, N
11.25.
4,10-Bis(1-acetyl-4-carbamoylmethylpiperazine)-1,7-bis(zert-butoxycarbo-
nylmethyl)-1,4,7,10-tetraazacyclododecane: Di-tert-butyl 1,4,7,10-tetraaza-
cyclododecane-1,7-diacetate (1.2 g, 3.0 mmol) was dissolved in anhydrous
acetonitrile (20 mL). Potassium carbonate (3 g, 18 mmol, 350% excess)
was suspended in the reaction solution. 1-Acetyl-4-bromoacetyl piperazine
(1.52 g, 6.1 mmol, 2 % excess) in acetonitrile (10 mL) was then added to the
reaction vessel. The reaction was stirred at 40°C for 24 h and 60 °C for 8 h.
The potassium carbonate was filtered off and the solvent was removed by
rotary evaporation. The residue was dissolved in dichloromethane (25 mL)
and the solution was extracted with water (3 x 25 mL). The organic phase
was dried over sodium sulfate for 24 h. The solvent was removed under
vacuum to give 2.0 g of yellow solid. This crude product was loaded onto a
neutral alumina column (200 g) and eluted with 2% methanol 98 %
acetonitrile. The fractions containing the pure product were combined, and
the solvent removed to give colorless solid (1.8 g, 67 % ). 'H NMR (CDCl,):
0=3.61 (s, 2H; NCH,CON), 3.43 (s, 2H; CH,COOtBu), 3.52 (br, 16H;
CONCH,CH,NCO), 2.82 (br, 16H; NCH,CH,N), 2.15 (s, 6H; CHj;), 1.46
(s, 18 H; C(CHs);); *C NMR(CDCly): 6 =172.50 (NCH,COO-tert-butyl),
171.50, 169.31 (NCOCH;), 52.51, 48.53 (macrocyclic ring carbons) 46.50,
46.23, 45.52, 45.74, 41.89, 41.72, 40.92, 40.70 (piperazine carbons), 25.38
(C(CH;);), 21.14 (NCOCH;); HRFAB: m/z: 759.4739 [M+Na]*
(deviation = —0.8); elemental analysis calcd (%) for C;Hg,NgOg-2HBr:
C48.11, H 740, N 12.47; found C 48.24, H 7.44, N 12.53.
4,10-Bis(1-acetyl-4-carbamoylmethyl-piperazine)-1,4,7,10-tetraazacyclodo-
decane-1,7-diacetic acid (DOTA-2APA): 4,10-Bis(1-acetyl-4-carbamoyl-
methylpiperazine)-1,7-bis(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacy-
clododecane (1.0 g, 1.1 mmol) was placed into a 250 mL round-bottom flask
and dissolved in HCl (6M, 50 mL). This solution is stirred at room
temperature for 0.5 h. The solvent was removed by rotary evaporation at
5 mbar, and the residue was placed under high vacuum to remove the
excess HCI. The residue was partially dissolved in water (0.5 mL) and then
completely dissolved by adding absolute ethanol (4 mL). Diethyl ether
(200 mL) was added dropwise to this stirred solution to precipitate the
product. The product was filtered under a nitrogen atmosphere to yield a
white hygroscopic powder (0.9 g, 94%). '"H NMR (D,0): 6 =3.67 (br, 8H;
COCH,NCH,CH,NCH,CON), 3.65 (br, 4H; NCH,COO), 3.63 (br, 4H;
NCH,CON), 3.55 (br, 8H; COCH,NCH,CH,NCH,CON), 3.49 (br, 2H;
CONCH,CH,NCO), 3.37 (br, 2H; CONCH,CH,NCO), 3.15 (br, 2H;
CONCH,CH,NCO), 3.07 (br, 2H; CONCH,CH,NCO), 2.15 (s, 3H;
NCOCH;); BC NMR (D,O): 6=17533 (NCH,CON), 173.58
(NCH,COO), 164.57 (br, NCOCHj;), 55.88 (br, NCH,CON), 53.84
(NCH,COO), 52.62, 48.65 (br, macrocyclic carbons), 46.21, 46.14, 44.76,
44.50, 42.65, 42.30, 41.88, 41.76 (piperazine carbons), 21.16 (NCOCHs;);
HRFAB: m/z: 625.3672 [M+H]* (deviation=—0.2); elemental analysis
caled (%) for C,sHgNgOg - 2HBr-2HCI: C 36.44, H 6.44, N 12.14, (Cl+Br)
25.00; found: C 36.53, H 6.26, N 12.11, (Cl+Br) 25.44.
1,7-Bis(tert-butoxycarbonylmethyl)-4,10-bis(dimethylcarbamoylmethyl)-
1,4,7,10-tetraazacyclododecane: Di-tert-butyl 1,4,7,10-tetraazacyclodode-
cane-1,7-diacetate (1.00 g, 2.5 mmol) was dissolved in anhydrous acetoni-
trile (10 mL) and potassium carbonate (1.5 g) was added. Bromoacetic acid
dimethylamide was dissolved in acetonitrile (5 mL), and the solution was
added to the reaction mixture in small portions. The mixture was stirred at
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50°C for two days. Acetonitrile was removed by rotary evaporation, and
the residue was taken up in dichloromethane (20 mL). Potassium carbo-
nate/potassium bromide was filtered off, and the solvent was removed by
rotary evaporation. The yellow amorphous solid (1.70 g) crystallized upon
treatment with diethyl ether (20 mL). The product was filtered on a
Schlenk filter, washed with diethyl ether (3 x 10 mL) and dried in nitrogen
stream to give a white powder (1.56g, 90.7%). 'H NMR (CDCl;,
500 MHz): =147 (s, 18H; rBu), 2.15 (br; NH"), 2.93 (s, 6H; NCHj),
2.99 (s, 6H; NCH;), 2.6-3.6 (br, 16H; NCH,); *C NMR (CDCl,,
125 MHz): 6=27.78 (CCHj;), 35.19 (NCH,), 36.24 (NCH,), 49.10 (br,
NCH,), 52.12 (br, NCH,), 55.29 (NCH,CO), 56.78 (NCH,CO), 81.37
(OCCH,;), 169.95 (CO), 171.82 (CO); elemental analysis calcd (%) for
CyHs5y,NOg - 1.47 HBr: C 48.76, H 8.11, N 12.19; found: C 48.79, H 8.04, N
12.12.

4,10-Bis(dimethylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane-1,7-
diacetic acid (DOTA-2DMA): 1,7-bis(tert-butoxycarbonylmethyl)-4,10-
bis(dimethylcarbamoylmethyl)-1,4,7,10-tetraazacyclododecane (1.00 g,
1.4 mmol) was dissolved in a small amount of water (2-3 mL) and 20 %
hydrochloric acid (10 mL) was added. After the mixture was stirred at
room temperature for 1h, the water/hydrochloric acid was removed by
rotary evaporation at 5 mbar. The residue was taken up with diethyl ether
(10 mL), filtered on a Schlenk filter, and dried in a stream of nitrogen to
give a white solid (0.98 g,99 % ). 'H NMR (D,0, 500 MHz): 6 =2.97 (s, 6 H;
NCH,), 2.99 (s, 6H; NCHs), 3.11 (non-first-order multiplet, 8 H; NCH,),
3.52 (brs, 8H; NCH,), 3.58 (brs, 4H; NCH,CO), 4.38 (brs, 4H; NCH,CO);
BC NMR (D,0, 125 MHz): 6 =37.06 (NCH3), 37.5 (NCH,), 49.34 (NCH,),
53.44 (NCH,), 54.39 (NCH,CO), 56.88 (NCH,CO), 166.41 (CO), 175.21
(CO); elemental analysis calcd (%) for C,)H33N¢Og-1.47 HBr-1.66 HCl -
2.43 H,0: C 35.21, H 6.80, N 12.32; found: C 35.21, H 6.80, N 12.33.
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