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Abstract: The solution structure and dynamics of metal-bound water exchange have been investigated in a
series of lanthanide complexes of primary, secondary, and tertiary tetraamide derivatives of 1,4,7,10-
tetraazacyclododecane. In the gadolinium complexes at ambient pH, water exchange lifg{)rdesefmined

by 7O NMR were sufficiently long (19 for [Gd2]3t, 298 K, 17us for [Gc3]3", and 8us for [Gar4]3T)

to limit the measured relaxivity. DireéHd NMR observation of the bound water resonance is possible for the
corresponding Eu complexes at low temperature in@ND, and the rate of water proton exchange is about 50
times faster in the twisted square antiprismatic isomer (m) than in the isomeric square antiprismatic (M) complex.
The ratio of these two isomers in solution is sensitive to the steric demand of the amide substituent, with m/M
= 2 for [Ew-4]3F, but 0.25 for [Eu2]3*. The slowness of coordinated water exchange has allowed the rate of
prototropic exchange to be studied: in basic media deprotonation of the bound water molecule or of proximate
ligand amide NH protons leads to relaxivity enhancements, whereas in acidic media, hydration around the
strongly ion-paired complexes is perturbed, facilitating water exchange. The X-ray crystal structure of ligand
3 reveals a hydrogen-bonded structure with two pairs of ring N-substituents related in a trans arrangement,
contrasting with the structure of diprotonated DOTA in which the ligand is predisposed to bind metal ions. In
the dysprosium complex [B$-OH,](PFs)s, the metal ion adopts a regular monocapped square antiprismatic
coordination geometry, with a water BYD bond length of 2.427(3) A, and a PEounterion is strongly
hydrogen-bonded to this bound water molecule.

Introduction molecular water exchange at the metal center is usually faster
There is considerable interest in understanding the salient{han the rate of proton exchange. It has become clear that the
features that determine the effectiveness of the paramagnetid@te Of dissociative water exchange én= 1 gadolinium
contrast agents that are used to aid diagnosis in magneticcomplexes_IS slower tha_n had be_en originally surmised. For
resonance imagingWater-soluble and kinetically robust gad- example, with the lanthanide aﬁga ions, the water exchange rate
olinium complexes have been devised which enhance the imageS ©f the order of 2x 10° s71.% However, for the anionic
contrast by increasing the water proton relaxation rate in the complex [GA(DTPA)}™ (DTPA = diethylenetriamine penta-
fluids and tissues where they are distributed. The preemlnenceacetate) the rate of water exchangg, (1/rm wherezn is the

l
of Gd(IIl) complexes for this purpose is a consequence of the Water Fxchanlge lifetime), is & 10° s, while in the related
long electronic relaxation timeT{g) and high paramagnetism heutral complex [Gd(DTPA-BMA)] (DTPA BMA= 1,7-bis-

of the Gd* ion. The mechanism of the relaxation enhancement [(N-methylcarbamoyl)methyl]-1,4, 71t£|azaheptane 1,4,7-triace-
involves efficient dipolar magnetic coupling between the proton tat€)kex has a value of 1.25 10° s~1.% Therefore, in seeking
nuclear spins and the unpaired electrons of the Gd ion. There!© 2SSess properly the relative importance of prototropic
are three ways in which such coupling is believed to occur: exchange, systems are required wherein the water exchange rate

first via dissociative exchange of the coordinated water molecule 'i son:ewrat s(ljol\)/v erhthan the?e values. I:]'S Important tr? hlgbhhght
to the bulk (inner-sphere term): next via closely diffusing water the role played by the rate of water exchange, as in the absence

molecules (outer-sphere term); finally via prototropic exchange of prototropic exchange, it determines the efficiency O.f the
of labile protons either in the water molecules bound to the transfer of the paramagnetic effect to bulk water and contributes

metal or in the ligand which is used to chelate the gadolinium directly to the modulation of the electremucleus dipolar
ion2 The importance of this prototropic exchange mechanism interaction. The paramagnetic contribution to the measured water

h n difficul ntil r ntl he r f (2) (a) Meiboom, SJ. Chem. Physl961, 34, 375. (b) Frey, U.; Merbach,
as been difficult to assess until recently, because the rate o ; Powell, D. H. InDynamics of Solutions and Fluid Mlxtures by NMR
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proton relaxation rateRyy) is given by the sum of inner-sphere  Results and Discussion
and outer-sphere terms (eq 1), and the inner-sphere contribution

is given by eq 2 The primary amide ligan@ (DOTAM),%21%the N,N-dimethy!

analoguet (DOTTA),!%tand the secondary ami@gDTMA) 1012

R —=RS + RS @) were prepared using established procedures involving the
o Tp o TP alkylation of 1,4,7,10-tetraazacyclododecane with the appropri-

is Cod ate o-haloamide derivative. The lanthanide complexes were
Ry, = 2) prepared in anhydrous acetonitrile by reaction with the lan-

1p — CE A L\
55.6(Tn + 7) thanide trifluoromethanesulfonate salt, and were purified by

repeated precipitation from GBN/THF or by crystallization
from an aqueous solution containing ammonium hexafluoro-
phosphate. The ligand DTMA, also crystallized from aqueous
water proton relaxation time. #, > Ty, thenz, may determine basic solution, and its crystal structure has been compared to
=rp me. 1m m May detel that of the ligand DOTA, which crystallized as the dihydro-
the inner-sphere contribution to the observed relaxivity. - : .
chloride salt from an aqueous solution (pH 3, dilute HCI). In

The observation that the water exchange rategine 1 .
complexes seemed to decrease as a function of the overallthe structure of3, there are two pairs of trans-related N-

negative charge suggested that cationic complexes should bezulbstltusents, onemn th? plalne gf éhe lZ-rEemdbereddrmg and one
examined. Given that the lanthanide complexes of DOTA elow. Strong Intermolecular hydrogen bonds and contacts to
(tetraazacyclododecane tetraacetatdChart 1), and its deriva- water molecules determine the trans-disposition of the nitrogen
tives exhibit the highest kinetic and thermodynamic stability pendanj[ arms. ) )

of all the commonly studied ligand systefsve decided to _The first two protonations of such Ilgan_ds occur on the 1,7-
study in detail the solution structure and dynamics of the Nitrogen atoms, so that in aqueous solution the ligand may be
tripositive lanthanide complexes of the tetraamide8, and4 expected to take up a different conformation. This is highlighted
(Chart 1). The lanthanide complexes of the primary anskie in the structure of the N,Ndiprotonated form of DOTAL, in

and related tetraamid®s have been shown to be kinetically ~Which there are two orienting hydrogen bonds (N(3)B(4),
stable with respect to dissociation in the pH range-20. In 2.35 A; N(3)H+-0(6), 2.45 A; see the Supporting Information
addition, for complexes of Eu and Tb, the immediate neighbors for further details). The four nitrogen substituents are arranged
of Gd in the lanthanide series, luminescence measurements havén the same face of the 12-membered ring, and the protonated
demonstrated unequivocally that one water molecule is boundligand structure closely resembles that found in its lanthanide
in aqueous solutiohIn principle, deprotonation of the bound — complexes (Lr= Gd, Y, Lu)3in a manner which is reminiscent
water molecule or of the ligand amide NH protons in complexes Of the predisposed ligand and complex structures reported for
of 3 and4%b affords a mechanism by which prototropic exchange the related tetrabenzylphosphinate derivative of tetraazacy-

in Solomon-Bloemberger-Morgan theoryt where q is the
number of bound water moleculeS; is the molar concentra-
tion of the paramagnetic complex, aifigh is the longitudinal

may occur. Certain aspects of this work have been reportedclododecané? 1>

recently in preliminary communicatiofis.
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Table 1. Selected Bond Distances (A) and Angles (deg) for SO;)3,5¢ and differs from the reported disordered structure of
[Dy-3](PFe)s [Eu-1(H,0)](CF:SOs)s in which there is a twisted square
Dy—0(2) 2.310(2) N(3)-C(5)-C(6)-N(4) —59.9(2) antiprismatic geometry about Elwith a 30° twist angle. The
Dy—0O(4) 2.348(2) N(1)}C(1)-C(2)-N(2) —58.6(2) Dy-bound water molecule is strongly hydrogen-bonded to@a PF
By:ggg g-ii‘gggi; “Eggﬁ%%’;@m 7%?3513((23)) counterion, and in the lattice there is also a hydrogen bond to
D?;fo(s) 2:427(2) N(2)-C(21)-C(22)-O(1) 29:8(3) the carboxqute oxygen, O(_3), of a sec_ond complex molecule.
Dy—N(3) 2.605(2) O(2)-Dy-O(1) 84.68(5) Thus, the cations (relqted via an inversion center) contact top-
Dy—N(4) 2.640(2) N(3)-Dy-N(4) 68.88(5) to-top and are linked in dimers by a pair of O3)---O(3)
Dy—N(1) 2.643(2) O(4)Dy-N(4) 66.95(5) hydrogen bonds. Trans-related amide NH groups are also
Dy—N(2) 2.654(2) O(3)Dy-0(5) 71.22(9) involved in hydrogen bonding: one pair form hydrogen bonds

to proximate water molecules (O(8S) and O(6S)), while the other
amide NH protons (N(7) and N(5)) are each bound to another
PFK; anion (Figure 1).

In the lanthanide complexes of DOTA, and its achiral
analogues-such as2, 3, and4—two structurally independent
elements of chirality are present, defined by the pendant arm
N—C—C-0 and ring N-C—C—N torsion angles. The 12-
membered ring may adopt two enantiomeric conformations,
given asoodd or AAAA (with respect to each five-ring chelate),
and the pendant arms may be arranged in either a clockwise
(A) or an anticlockwise/) manner8 Interconversion between
the four stereoisomers may occur via stepwise or synchronous
arm rotation and ring inversiof.For [Dy-3-H,0]3", there are
two enantiomeric complexes in the unit cell: the square
antiprismatic complex shown in Figure 1 possesse€NC—N
torsion angles averaging-58.7 and N-C—C—-O angles
averagingt+30.6° consistent with a left-handed ring conforma-
tion (A441) and a right-handedA) helicity in the pendant arm
layout1®

Kinetic Stability of Complexes. The lanthanide complexes
of 2 have been shown to be moderately thermodynamically
stable in aqueous solution, with ML formation constants on the
order of 1031216 As a result of their tripositive charge, they
tend to resist protonation and so are kinetically stable with
respect to acid-catalyzed dissociation. Indeed Morrow has
reported that [Et2]3" has a half-life of 50 days at 60C and
pH 25217 A simple NMR procedure has been used in this work
that allows an estimate of the kinetic stability of the lanthanide
complexes under acidic conditions to be obtained. The analyti-
cally pure gadolinium complexes &f 3, and4 were dissolved
in 2.5 M nitric acid, and the decrease in the water proton
relaxation time,T;, was monitored at 293 K as a function of

i time. The decrease occurs following the release of the free aqua
Figure 1. Structure of [Dy3-OH,](PFs)s in the crystal showing (a, ion, which possesses a relaxivity value that is abot fimes
top) a slightly offset view down th€, axis highlighting the mono- higher than those of the complexes. Dissociation was observed
capped square antiprismatic coordination about the nine-coordinate Dyto occur only very slowly under these conditions, over a period
ion, with N—C—C—N and N-C—C-O torsion angles averaging  of several weeks. The data from such experiments allowed an
—58.7 and +30.6', respectively, and (b, bottom) side elevation astimate of the half-life for complex dissociation (with an

revealing the geometry about the Dy center and.the.positiqn of the estimated error 0f=10%) and, in addition, from the value of
water molecules and the hexafluorophosphate anions; the disorder of.

the P(1)k and P(3)k anions is not shown. Water molecules, except T eXtrapOIateq t.o infinite time, permitted an accurate value of
0O(5) and O(6S) are disordered: seven positions with 25% or 50% the total'g.adolmlum copcentrat!on to be calculated gnd hence
occupancies were located, of which only one compatible set of positions the relaxivity of the starting solution. These concentration values

@08
A

is shown. were consistent with the total concentration of Gd measured
) independently by atomic absorption spectroscopy and by
Crystals of the dysprosium complex 8fwere grown from inductively coupled plasma mass spectrometry. The half-lives

aqueous ammonium hexafluorophosphate solution, and thefor dissociation (2.5 M HN@ 298 K) increased from 4.5 h for

structure (Table 1 and Figure 1) revealed that the dysprosiumne anionic complex of DOTA [Gd]~ to 68, 155, and 384 h

was nine-coordinate, being bound to one water molecule-@y

= 2.427(2) A) and the four ring nitrogen (mean By = 2.63 W(_16) Mﬁ?r&elg JH-A Hag%ock, SR.aE;.ésCf{I;ogégcé; Reibenspies, J. H.;
H _ alinwrignt, K. P.J. Am. em. S0 f .

A) and amide carbonyl oxygen atoms (meqn—[@ N 2.35 (17) Amin, S., Voss, D. A.; Horrocks, W. de W.; Lake, C. H.; Churchill,

A). The geometry about the dysprosium ion is a fairly regular . R.: Morrow, J. R.Inorg. Chem.1995 34, 3294.

monocapped square antiprism, with a twist angle (the relative  (18) Dickens, R. S.; Howard, J. A. K.; Maupin, C. L.; Moloney, J. M.;

rotational orientation of the Nand Q, moieties) of 39 between ~ Parker, D.; Peacock, R. D.; Riehl, J. P.; Siligardi,New. J. Chem1998§

the N\, and Q planes. The structure closely resembles that ~~(19) Aime, S.: Botta, M.; Fasano, M.; Harques, M. P. M.: Geraldes, C.

reported recently for the enantiopure complex {&if,0)](CFs- F. G. C.; Pubanz, D.; Merbach, A. Fhorg. Chem 1997, 36, 2059.
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[EuDOTA]” . of 2. This variation of isomer ratio accords with the general
observation that increasing the steric demand at the bound metal
54 ion favors the twisted square antiprismatic structure. Such

. behavior has been noted with the RRRR/SS&8lkylated
J . J analogues of DOTA, e.g., DOTMAG, and the carboxyethyl
analogue7?%-22 (Chart 1), where the m/M isomer ratio is also
[EuDOTAM}3* approximately 4:1 for their europium complexes. In the tetra-
10 methyl- and tetrabenzylphosphinate europium complexes, e.g.,

[Eu-8]~ and [Eu9]~ (Chart 1), such is the steric demand around
A 1 u the four stereogenic phosphorus centers that only the twisted
A square antiprismatic structure (RRRR or SSSS at P) is evident

. % in solution, and the bound lanthanide ion is eight-coordikéte.
[EuDTMA]3 Of course, the isomer ratio m/M is a sensitive function of the
size of the lanthanide ion and may also be perturbed by the
32 concentration and nature of the counterd®?? With the
B 1 dysprosium complexes & and3, the M isomer was strongly
favored in solution (m/M< 0.12). For [Eu3]3", the m/M isomer
ratio was 0.31 in DO and decreased to 0.25 in gDD, and in
[EuDOTTA] 3+ CDsCN less than 7% of the twisted square antiprismatic isomer
was evident at-40 °C. Clearly differential solvation of the two
05 ! isomers is sufficient to perturb the relative concentrations of

A the two species.

) The europium complexes q:f—4have previously been shown

40 30 20 10 0 -10 20 to bind one water molecule in the pH range2 by lumines-
Figure 2. H NMR spectra (273 K, 400 MHz, pD 6) for [EDOTA]~ cence lifetime measurements in® and BO.” In anhydrous
(top), [Eu2]3*, [Eu-3]3*, and [Eu4]** showing the variation in the  acetonitrile, the rate constant for depopulation of the Eu excited
M/m isomer ratio as a function of the steric demand near the bound state in a dried sample of [E8]3" (298 K, 1 mM complex)
oxygens. was measured to be 0.74 10° s, compared to a value of

1.82 x 10° s71 in pure water. By measuring the variation of

for the cationic complexes of DOTAM2, DTMA, 3, and the rate of decay of the Eu luminescence at 618 Ad £ 2
DOTTA, 4, respectively. The more sterically encumbered transition) with added water concentration, the association
dimethylamide complex dissociated most slowly with a half- constant for hydration of the Eu complex in @EN was
life under the cited conditions of 16 days! Consistent with this determined. Analysis of the resultant isotherm using a 1:1
behavior, at room temperature and in the pH rangd % no binding model (i.e., ignoring the quenching effect of unbound
traces of decomposition were evident from an examination of water molecules, whose effect is only important at higher added
the shifted'H NMR spectra of the corresponding europium water concentration) gave a value & of 33(+4) ML
complexes in solution, over a period of several weeks. BetweenTherefore, at 298 K with a total water concentration of ca. 30
pH 1 and pH 4, the spectra remained unchanged over a periodmM, 50% of the monohydrated and unhydrated complexes exist
of at least 72 h. In particular the line width of the resonances in solution.
was unchanged, as was observed with the corresponding Yb This water molecule may be directly observedbyNMR

L ]
*

complexes, confirming the absence of any significani%o) in dry CDsCN: in the case of [E®]3t (10 mM undried
dissociation. complex, 80 mM total water concentratieas determined by
Solution Speciation, Hydration, and Water Proton Ex- NMR integration of the coalesced water signal at 323 K versus

change DynamicsIn agueous solution, two diastereoisomeric the four-proton Hix Signal at ca. 30 ppm) the coordinated water
species are present in complexes of DOTA with the central resonated as an exchange-broadened singlet in the temperature
lanthanides, namely, the square antiprismatic complex (M) and range 0 to—40 °C, and at—40 °C it had a shift of+86.1 ppm.

the twisted square antiprismatic structure (m), with a different Water bound to the minor (m) isomer was also detectegt 2
helicity around the metal center. When the two isomers are in ppm. With the primary amide complex, [El}**, there was a
slow exchange on the NMR time scale, two sets of six higher proportion of the m isomer in solution at low temperature,
resonances are observed for the diastereotopig>CHand ring and signals due to the bound water for each species were
NCH,CHyN protons. ThéH NMR spectra of the three triamide  discerned att+84.1 (M) and+19.0 (m) ppm (232 K, CECN).
complexes and of [EIDOTA]~ are compared in Figure 2, under  This assignment was confirmed by taking a sample of 2Eu
conditions where exchange between the isomers is slow on thethat had undergone H/D exchange and running?ttsNMR

NMR time scale (273 K, pD 5, 400 MHz), allowing the spectrum in CHCN at 232 K: the?H resonances for free and
identification of each diastereocisomer. For fEOTA], it has bound water were observed at the same chemical shift as in the
been established that the major isomer in solution adopts the'H NMR spectrum. In addition th&H NMR spectrum revealed
square antiprismatic structure (M), characterized by a shift to resonances due to the diastereotopic CQINbtons, which
high frequency of the closest of the ring axial protodg,(= were evident at-5.6 and+1.4 ppm, respectively.

+36.5 ppm)y° The minor isomer (m) generally exhibits less Variable-temperaturéH NMR spectroscopy also provided
shifted proton resonances. The m/M isomer ratio increased fromdetails of the dynamics of water exchange in both the M and m
0.19 for [EuDOTA]~ to 0.25 for [Eu2]3" and 0.31 for [Ewu isomers. For [Et2]3" (25 mM in CD;CN, 400 mM total HO)

3]°". In the .Cas.e of [EW*", the t\.NISted gntlprlsmatlc Isomer. (21) Howard, J. A. K.; Kenwright, A. K.; Moloney, J. M.; Parker, D;
was the major isomer observed in solution, with an m/M ratio port m.: Navet, M.: Rousseau, O. Woods, ®hem. Commuri. 998 1381.

(22) Spirlet, M.; Rebizant, J.; Desreux, J. F.; Loncin, Mlsfarg. Chem.
(20) Aime, S.; Botta, M.; Ermondi, Gnorg. Chem 1992 31, 4291. 1984 23, 359.
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Table 2. Summary of Relaxivity Data and Water and Proton
b Exchange Equilibria Obtained by Fitting the pH/Relaxivity Profiles
IRR to egs 1, 2, and-811 (298 K, 20 MHz, triflate salts, 0.001 M)
[Gd-DOTAM]3" [Gd:DTMA]3" [Gd-DOTTA]*"
Rip(MM™tsh)2 25 25 3.0
Tim (us) 55 5.5 5.5
\ Tm (uS) 19 17 7.8
Ka (M) 1.1x 1077 7.9x 10°8 8.5x 1078
\ | \ Kaex(S1) 3.6 x 1P 3.4 10F 1.8x 10°
i | ik Koex (571) 1.5x 10% 1.3x 101 6.2x 10°
Ji i Ul Ks (M?) 10x 10  81x 102
— ——— e N —_— - Jo W 2 2
* T’ (‘uS) 18 18
Ros(s7Y) 1.8 1.8 1.8
a : .
g Haxiar (4H) ‘ 2 Relaxivity values are quoted at pH 6; under the same conditions,
i for [GADOTA] ", Ryp = 4.7 mM1sL,
! ‘ 61 @ DOTAM
M: H,0 | ’\ ; $ oo .°3.
] 5 %
| I | ) g o
ﬁ | m:H0 ‘\ } ) - e0
80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 = o *®
54 ppm 2 1 eve, o° 2
q % +s R
Figure 3. *H NMR spectrum of [Ee2]3" at 235 K in CQCN showing "o°ooood5§0.o
(a) the bound water signals of the M and m isomers and (b) the effect 2 . ! i ' . i ‘
of saturation of the free water signal. 2 4 6 8 10 12 W4

pH

the bound water proton resonance for the m isomer, at 400 MHz, Figure 4. Relaxivity versus pH profiles for the triflate salts of [&d
broadened on raising the temperature above 230 K and2®’. [Gd-3]*", and [Gd4]*" (20 MHz, 298 K).

disappeared at temperatures above 245akiemperature at

which the rate of arm rotation and ring conversion is very slow Of water in the M isomer was studied by saturation transfer and
on the NMR time scale (400 MHz). For the M isomer, the onset relaxation rate measurements in the range-28D K. Analysis

of exchange broadening was evident only at temperatures inOf the Ink vs T™* plot revealed thakoes = 6.4(£1.5) x 10°
excess of 273 K. Over the range 22303 K, the free water ~ S %, similar to the value obtained with [E2}3". The free energy
signal (ca.+3.6 ppm) first broadenedwith maximal line- of activation was estimated to be 3Z.5) kJ mot*, with a
broadening at 248 &and then sharpened up, before broadening large positive entropy of activatiod§" = +148+ 35 J mot™*
again at temperatures above 280 K. Selective irradiation of the K™*) consistent with a strongly dissociative exchange process
signal due to free water at 232 K had almost no effect on the in which there is a late transition state, wherein considerable
position and intensity of the resonance-g84.1 (M isomer, loosening of the ordered hydration and ion-paired structure
OH,) but significantly reduced the intensity of the bound water OCCUIS.

signal due to the m isomer (Figure 3). Repeating this saturation The important conclusion from these NMR studies is that
transfer experiment at 283 K gave rise to saturation of the bound dissociative water exchange at a lanthanide center occurs at a
water signal in the M isomer. Such behavior is consistent with rate which is dependent upon the nature of the coordination
chemical exchange of free and bound water, which occurs at ageometry at the metal center. In the case of these DOTA-like
different rate in each isomer. Line-shape analysis using the complexes, exchange occurs around 50 times more rapidly, at
DNMR-SIM program, over the temperature range 2396 K, 298 K, in the twisted square antiprismatic complex. Gadolinium
allowed the rates of exchange at each temperature to be assessegomplexes which prefer to adopt this geometry in solution will
At 298 K in CDsCN, the rate of water exchange was estimated therefore possess an inner-sphere relaxivity which is less likely
to be 3.84:1.5) x 1P s7* for the minor isomer and 8.3(2.0) to be limited by the water exchange rate.

x 10® s71 for the square antiprismatic (M) isomer. The free Relaxometric and 70O NMR Investigations. The longitu-

energies of activation at 298 K were estimated to\@ = 41 dinal relaxivity values for [GeDOTA]~ and the three cationic

+ 2 and 50.6+ 2.5 kJ mof? for the m and M isomers, with a  tetraamide complexes were measured at 298 K (pH 6, 20 MHz;

positive entropy of activation in each case. Table 2). The values found for the amide complexes are lower
The ratio of the two isomers for [L.@]3* in solution is than that which is normally expected forga= 1 complext

sensitive to the nature of the lanthanide ion. InsCN at 233 The relaxivity of aqueous solutions of the triflate salts of the

K, the m/M ratio was measured to be 8:1 for EnPr, 4 for three amide complexes was markedly dependent upon solution

Nd, 1.5 for Sm, 0.4 for Eu, 0.06 for Th, and 0.03 for Dy. pH (Figure 4). For [GeR](CF3S0Os)3 and [Gd3](CF3SOs)s, the

Therefore, it is reasonable to estimate that there is no more tharrelaxivity was constant over the pH range-& but in either

10% of the m isomer for [G@]3" at 233 K, and as the  more acidic or more basic media there was a strong relaxation

population of this isomer decreases with increadinthere is enhancement. The behavior of [@HCF;SOs); was distinc-

likely to be less than 5% of the m isomer at temperatures abovetively different, and it showed a decreaseRaf in the pH range

273 K. 6—8 and then a much less pronounced increase in the basic pH
With [Eu-3]3*, there was insufficient minor isomer present region. The relaxivity of [GeDOTA]~ is 4.7 mM st over the

in solution at low temperatures to allow a reliable estimate of pH range 2-12, and this same value was measured at pH 8.5

its exchange rate to be assessed. However, the rate of exchang®er [Gd-2]3" and 9.5 for [Gd3]3+.
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Figure 5. Comparison of the NMRD profiles for [GBOTA]~ and 350
[Gd-3](CF3S0s); at pH 9.5 and 7.0 (298 K). The continuous line shows
the fit to the experimental data. 280
210 |

The NMRD profile for [Gd3](CF;S0;s); was measured on
the Koenig-Brown field cycling relaxometer at 298 K and pH
9.5 and is compared to that for [GRIOTA]~ (Figure 5). The
profile shows a single dispersion centered near 4 MHz and two
plateaus in the regions of low and high magnetic fields. The
high value of the relaxivity in the low-field region is indicative
of a long value of the electronic relaxation time, as typically 273 293 313 333 353 373
observed in the case of macrocyclic, highly symmetric Gd
complexes. Indeed by adopting standard valuesi,f@, andr
(9= 1) and fitting the profile using well-established procedures,
a long s, value is obtained (600 ps, as expected for a highly
symmetric, relatively rigid Gd complex), along withravalue

of 80 ps (consistent with the size of the complex) andna  explained by a change in the proportion of the m isomer (which
value of about 30 ns. Such an approach is reasonable becausgndergoes faster water exchange), as this ratio was observed to
it has been established that minor structural differences in pe independent of pH in the range 3, in the’H NMR spectra
“DOTA-like” complexes, while giving rise to significant  of the corresponding europium complexes. The NMRD profile
changes ins, do not significantly affect the NMRD profile, as  may be fitted very well only by changing; even if 3% metal

it is dominated byz,. Thus, at this pH, the relaxivity of this  gissociation had occurred, this would have markedly changed
tetraamide complex may be accounted for using structural andihe NMRD profile. That this did not occur, over a period of
dynamic relaxation parameters that are very similar to those of days, accords with the acid stability defined earlier.

the anionic complex [GOTA]". Such an analogy suggested  proton and Oxygen ExchangeTo understand better the pH
that the marked pH dependence of the relaxivity was most likely gependence of the longitudinal proton relaxivity, a variable-
to be related to the pH dependence of the proton exchangeiemperature, proton-decoupl&® NMR study was undertaken,
lifetime, for those labile protons which are close to the proping the nuclear transverse relaxation ratd’ef nuclei in
paramagnetic center. The experimental data for the relaxivity pe aqueous solvent. Such a study gives information on the
of [Gd-3]** in the pH-independent region may now be fitted exchange rate of the whole water molecule. At both pH 7 and
by keeping fixed all those parameters found at pH 9.5 (&g,  pH 12 R,, increases with temperature, in the range80 °C
andr;) and allowingzy, to vary. The result is that the data are  (Figure 7), and is consistent with the occurrence of slow to
fitted well for a value forry, of 19 us, which is considerably  intermediate rates of water exchafyg.e., Rop ~ 1/tm = Kex).
longer than that found for any other Gd compfexhis long For [Gc+3](CFsS0s)s, the T, value was estimated to be L&

Tm value substantially reduces the contribution of the inner- t 29g K tm = 6.9us at 302 K, 3Qus at 288 K, and 21&s at
sphere component ag > Tin (slow exchange condition). The 277 K). Analogous results were obtained for [@&* (tm =
effect is further exemplified in the temperature dependence of 19us, pH 7), and for [Ged]3* the value was slightly lowerf,

the relaxivity, at a fixed field. Three distinct temperature ranges — 7.8us, pH 7). These values are likely to reflect the weighted
may be defined (Figure 6): (i) from 0 to 3% 7w > Timand  contribution from the dominant, but slow-exchanging M isomer
the relaxivity is determined by the outer-sphere component gn the faster exchanging minor m isomer. Indeed solution NMR
which increases as the temperature is reduced; (ii) from 35 to analysis of a series of [:8]3" complexes had earlier suggested
50 °C; a small and increasing contribution of the inner-sphere that there would be less than 10% of the m isomer present in
relaxivity may be discerned, but the sum%f + T is still solution for the analogous Gd complex, above 273 K.
dominated byrm, which decreases witfi, and thereforeRy, The water exchange rate for [€JB+ was also measured to
rises slightly; (iii) above 50C; nowz, < Tim, and the classical  pe the same at pH 7 as at pH 12. The fact that the water
behavior of a small anionic chelate is observed with a decreaseexchange rate is the same at pH 7 and 12 at first sight seems
in Ryp asT increases. surprising. A similar lack of variation of the water exchange

Similar considerations apply at lower pH in accounting for rate was found for [G®]3*, with no significant change in the
the relaxivity behavior, and the NMRD profiles may be fitted

; ; i (23) Hoeft, S.; Roth, KChem. Ber1993 126, 869.
well to the data with an appropriate choicergf For example, (24) Frey, U.; Merbach, A. E.; Powell, D. H. IDynamics of Solutions

the NMRD profile at pH 1 may pe a}ccounted fO( usingn@ and Fluid Mixtures by NMRDelpuech, J.-J., Ed.; John Wiley & Sons
value of 1.1us. Such a reduction is rather unlikely to be Ltd.: Chichester, 1995; pp 26307.
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Figure 7. Temperature dependence of th® NMR transverse
relaxation rate of bulk water in the presence of {&(CF;SGO;); (49
mM) at 298 K,z = 17 us.
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rate of water exchange measured at pH 6, 8, and 10. To givebe regarded as inert to oxygen exchange. This analysis confirms
insight into the physical basis of this seemingly surprising result, that thefasteststep involved in oxygen exchange is likely to

a triangular kinetic reaction scheme may be considered. Similarinvolve the rate of association of water with the short-lived,
kinetic scheme® are used to account for the behavior of a eight-coordinate gadolinium complex. At the same time, it
reactive intermediate in competing substitution reaction mech- should be recalled that thrate-determiningstep in dissociative
anisms. In this scheme, it has been assumed that unimoleculavater oxygen exchange ks, i.e., the loss of water from the
dissociation of a hydroxide anion from the (LGdOH) species is nine-coordinate species.

very unlikely and that acid catalysis of this step proceeds only  ynder the conditions of very slow water exchange found for
via (LGAOH), i.e., via protonation on the bound hydroxy group. - the cationic tetraamide complexes, the additional contribution

to the proton relaxivity observed may be assigned to the
occurrence of a prototropic exchange which can be either base

KialH'] Ko or acid catalyzed. In the pH regime—3, the prototropic
exchange rate is much slower than the water exchange rate,

//k2l k\ whereas in more acidic or basic media the prototropic exchange
rate becomes faster than the water exchange tatés then

less thanTi,, and the relaxivity increases. Hence, the pH
dependence of the relaxivity may be fitted by using an
expression whereiny, is given by the inverse of the sum of the

This triangular reaction scheme is characterized by two rate water and prototropic exchange rates.

processed the first of which (eq 3) is associated with the Prototropic exchange may occur either at the metal-bound
water molecule or in the labile amide ligand protons that are

k =k [H+] +k ©) close to the paramagnetic center. A potentiometric titration for
rooe 2 [Gd-3](CF3S0y); revealed a K, = 7.90(:0.03) ( = 0.1 M
proton-transfer equilibrium, and is expected to be fast. The NMe“L\IOS’ 298 K) assoc_:lated with deprotonation of _the bound
second process is associated with oxygen exchange and ié/vater. Thgreforg, there is a base-catalyzed pI:OtOt.I’OpIC exchange
described by eq 4, in whictKi, = 1/Ka The [Ka for process, mvolvmg_ the Gd-bound wat_er, which is common to
all three of the amide complexes studied. Deprotonation causes
a decrease in the effectivg™value from 1.0 to 0.5, and this
+ kg [OH ] + ks (4) is particularly evident in the case of [&°", where the inner-
1+ Ky [H'] sphere component makes a detectable contribution to the
relaxivity because of the slightly higher value of the water
[Gd-2(OH,)]3* has been measured independently by potenti- €xchange rate. The relaxivity values for [G}F* and [Gd2]3*

(LGdOH,)**

(LGdOH)** —e————— (LGd)* +H,0
ks, [OH]

k2 — (k23K12)[H+]

ometry to be 7.99(298 K, | = 0.1 M NMe&yNOy), i.e., Ky = at pH 11 (Figure 4) are higher than can be accounted for by a
1.26 x 1078, Equation 4 may be rearranged as follows: reasonable value of the prototropic exchange rate. In these two
cases, there must be an additional contribution to the observed
Ky H 1 - relaxivity. Deprotonation of the amide NH protons may occur
)= + Kgq[OH ] + Ks, (5) in very basic media, and for [G2]3" a potentiometric titration
[H'] +K, revealed two [, values at 11.02 and 11.89% 0.1 M NMey-
NOs, 298 K) consistent with stepwise deprotonation of trans-
At pH 12, [H'] tends to zero, so eq 5 simplifies to related amide NH protons. Such an exchange process affords
an additional mechanism by which the relaxivity may be
k, = K3, [OH ] + k3, (6) enhanced?® which is not possible for the complex of the

dimethylamide derivative [Gd]3".
Around pH 7, the base and acid concentrations are small, so Model of the Prototropic Exchange Mechanisms In
the term in [OH] becomes very small. Given thig, is likely accounting for the full pH dependence of the observed relaxivity,
to be greater tharkys (i.e., the equilibrium constant for three separate pH regimes may be defined. First in the region
association of water with the (LGd) species is finite, so that the 4—7, the relaxivity is given as the sum of the inner- and outer-

bound water species predominates, in agreement wittKthe  sphere contributions and is determined by the valug,0fVater
value of 33 M measured by luminescence methods for-[Eu exchange is

3]3" in MeCN), the equation simplifies to
K, = ks @ Ry, = Ry, + Ry (1)

Thus, the rate of water oxygen exchange may be independentVhere
of pH provided that the base concentration is not too high, e.g.,

in the pH range 611. The species (LGdOR) must therefore RS — Ciod @
10" EE A L - )
(25) In accord with this hypothesis, thid NMR specra of [Et2]3+ and 55.6(Ty + 7,7)
[Yb-2]3", at pD 7, 11.4, and 12, reveal an increasing proportion of a second
solution species, lackinGs symmetry. . . .
(26) Banyai, |- Glaser, J.. Read, M. C.: SandsiroM. Inorg. Chem slow and there is no significant prototropic exchange. Thus,
1995 34, 2423, for [Gd-3]3* usingR}; = 1.8 mM1s%, g = 1, andry = 17

(27) Bruker Analytical X-Ray Instruments (1998) SHELX96: suite of 5 an excellent fit of the relaxivity profile is obtained and the
programs for data reduction, solution, and refinement of crystal structures.

(28) Bernasconi, C. RRelaxation KineticsAcademic Press: New York, values ofTy, correspond very well to those obtained by fitting
1976; p 51. the corresponding NMRD profile. In the pH range 8, with a
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Scheme 1.Hypothetical Hydrogen-Bonding Scheme 6.0-
Showing Solvent-Separated lon Pairs
\\\H‘o ’H'o, _— 5.0
o “0. 0 i \
O=g’ H‘p /s( = 40
e 0, W0 o :
'H\O/H\‘ = 30 .
1 20 )
@ T 4 6 8 10 2 1
pH
triflate counterion, an acid-catalyzed process may be invoked Figure 8. pH dependence of the relaxivity of [G4)(CF:SO;)s and
(eq 8). A good fit to the observed data is obtained wkgp= [Gd-3](CF:SOs); (open circles), (20 MHz, 298 K), showing the fit to
the experimental data.
is __ Ctthl 1 (8)
1p — .
55.6\T,,, + 1/l + koofH]) wherein

2 x 10° s71. The relaxivity increase in the acidic pH region _ KyCy
0—3 is reversible and may not reasonably be ascribed to Ce= K +[H*

. - L . 2t [H']
dissociation of one or more of the pendant arms (giving a higher
“q” value) because the luminescence measuremegtoof the Ca=Cu—Cg
related Eu complex gave the same value of £0L@) at pH 1, .
2, and 5. Information on the nature of the acid-promoted C.— KaCs
relaxation enhancement has been gained by measuring the c— K’ + [H*]Z

a

longitudinal relaxation timd; of the 1°F nuclei in the triflate
counterions. In the presence of 40 mM §SBE:Na, a solution
containing 2 mM [Ge3](CFsSOs) gave rise to a sufficiently
intense'°F resonance to alloW; measurements to be made. In
the pH range 82, theT; value was constant{75 ms) but

andk = 0.5, w = 2 = the number of second-sphere water

molecules, and ' = 1.9 x 10°~ s = the longitudinal water

proton relaxation time for the ligand deprotonated species at
. 3t . :

increased abruptly as the pH fell below 2, indicative of a longer high pH. For [Gad]**, amide deprotonation cannot occur, and

distance between the fluorinated anion and the paramagneticthKe rfela>t<;IV|tybprof(|jIe (Ftlguref87, (')I' fble d2) IS f'ltted fweltlhwngl a
center. It is possible that long-lived, strong ion pair interactions Pra Tor the bound water of /.01 and a va ueifr € base-
(Figure 1 and Scheme 1) occur above pH 2 which are cataly;ed proton exchange ratg% of 6 x 10° 7% Such a .
progressively weakened as the®t concentration increases: value is about 1_ord_er_of magnitude higher than t_hat found in
the onset of the breakup of these ion pairs is a sensitive functionPure water and is similar to the rate of prototropic exchange

i 3+ 3+
of the nature of the counteranion, and addition of excess Cl catalyzed by buffer anior®. For. [Gar2]*" and [GdS.] o
or SO~ caused thd’F T; to increase significantly at higher allowance needs to be made at higher pH for successive amide

pH values. The separation of the [GH+/X® ion pairs may be deprotonation. It is reasonable to assume that NH deprotonation

related to the establishment of a lower energy pathway for proton prc;}mote.s thi.fc}zrmailon Ofl a v:/ell-deflnﬁd dsecondb hygratlon
exchange from the coordinated water molecule to the bulk. SuchSPNere, in which water molecules may hydrogen bond coop-

a process could involve a proton transfer to the second hydrationeL&."t'VheIy tt?] th_e alrlmde center Tllndttpt? boufnt(:] hydlro>_<y_lt g(rjmip.
sphere hydrogen-bonded water molecules, as has been show IS hypothesis allows an excelient litting ot the relaxivity data

to take place for the kinetically inert [RhB)e]3" species® (Figure 8) to be obtained, when twa ¢ 2), rapidly exchanging

Further aspects of this behavior will be defined in a forthcoming (Tanr > 7) "second-sphere” water molecules are considered,
publication. and the_ best fit was obtained for a distance of 3.6 A between
Finally, in the pH region above 7, allowance must be made the Gd ion and these second-sphere water molecules.
for the base-catalyzed exchange of both the bound water Protons- o nclusion
and the proximate amide NH protons (egs 9 and 10).
The cationic gadolinium complexes of 12-Nased tetraamide

Ka 4 complexes exist in solution as two major isomers, with a square
MLH,(OH,) == MLH,OH+H ©) or a twisted square antiprismatic coordination geometry. The
Ca Ce relative proportions of these two isomers are governed by the
K nature of the amide substituents. Water exchange occurs

MLH ,(OH) == ML(OH) + 2H" (10) sufficiently slowly at the metal center to limit the observed

relaxivity but is about 50 times faster in the twisted antiprismatic

The processes are depicted schematically in Scheme 2. Thecomplex. This result suggests that new conirast agents may be

relaxivity in the basic pH regime may then be given as developed b_y dewsmg_ DQTA'“ke. comple_x structures yvh_ereln
the proportion of this isomer in solution is maximized.

Furthermore, the slowness of water exchange in such complexes

. C
fp = a9 + has allowed the contribution of prototropic exchange to be
55.6(T; + L/(Key T KpedOH 1)) evaluated for the first time. Base-catalyzed prototropic exchange
Cgak N Cw 1 1) mechanisms have been identified involving either deprotonation
55_6(|-1m + (1/(kex + kbex[OH_])) 55'6T1m” (29) Hertz, H. G.; Versmold, H.; Yoon, @er. Bunsen-Ges. Phys. Chem

1983 87, 577.
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Scheme 2.Base-Catalyzed Prototropic Exchange Mechanisms
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of labile protons on the ligand or deprotonation of the bound [Stelar, Mede(PV), Italy] by means of the inversiarecovery technique
water molecule. In more acidic media, the studies reported here(16 experiments, 4 scans). The reproducibilitffireasurements was
are limited to triflate complexes; however, it is likely that higher within less than 1%. The temperature was controlled by a JEOL airflow

acid concentrations may cause a breakup of the strongly:‘eater eﬁ“ippet(:]""ithE‘%Op%&o”aama” thsrm?hcoulglek: tgg IZ?EJ.a.'t |
hydrated tight ion pairs. Indeed the slowness of the water o Perature in the probenead was measured with a Fiuke < Kij digita

exchange rate at the metal center is likely to be a consequencethermommer with an uncertainty of 0.5 K.
The 1M, NMRD profiles of water protons were measured over a

of the tight ion pairing: the bound vv_ater molecule_ls strongly continuum of magnetic fields from 0.000 24 to 1.2 T corresponding to
hydrogen bo”de‘?' to the counteranion (as seen in the X'raya 0.01-50 MHz proton Larmor frequency on the KoeriBrown field-
structural analysis, reported here and elsewrféra))d. the  ¢ycling relaxometer installed at the University of Florence, Italy. The
unusually high barrier to water exchange may be associated withtemperature inside the probe was controlled by circulation of perfluo-
the need to disrupt not only the primary (water-separated) ion roalkanes. Data at higher frequencies were also obtained from JEOL
pair but also the well-defined secondary solvation shell associ- EX-90 and EX-400 spectrometers.

ated with such tightly bound ion pairs. Such an interpretation  The ke parameters for{ Ew-2]3* were obtained by fitting the
requires that the onset of acid-mediated relaxivity enhancementsexperimental data obtained on a JEOL instrument at 400 MHz with
is anion-dependent, and this effect has been observed in the¢he DNMR-SIM line-shape simulation program for dynamic NMR

presence of different anions, and will be discussed in more detail SPectra (version 1.00, 1994), developed by G. Haegel and R. Fuhler,
in a subsequent publication. Institit fur Anorganische Chemie, Univer&itausseldorf (available on

the Internet at http://www.uni-dusseldorf.de/WWW/Mathnat/AC1/for-
sch.ung/nmr/dnmr-sim.htm). In the fitting procedure the chemical shift
difference between the two exchanging peaks was allowed to vary to
General Procedures Reactions requiring anhydrous conditions were  SOMe extent, to allow for the temperature dependence of the paramag-
carried out using Schlenk-line techniques under an atmosphere of drynetic shift (ca. 0.46 ppm/K over the range 23141K). For [Eu3]*",
argon. Water was purified by the “Purite.-plus” TM system. Thin- the rate of water exchange was assessed on Varian VXR 400 instrument
layer chromatography was carried out on neutral alumina plates (Merck by saturation transfer methods, measuring the relaxation rate of the
AST 5550) and visualized by iodine staining. Infrared spectra were Pound water proton resonance, using the inversiecovery method
recorded on a Perkin-Elmer 1600 FT spectrometer using GRAMS- (€.9-,Ri = 337(£20) s'* at 264.5 K). The integral of the bound water

Experimental Section

Analyst software; solids were incorporated into KBr disks. peak was measured in the absence and presence of saturation of the
The NMR spectra were acquired using & BFUAC250 spectrometer fre_e water signal (at ca. 2_.5 ppm)_. The probe temperature was calibrated
operating at 250.13, 62.9, and 235.3 MHz fef, 3C{*H}, and 'F- using the MeOH chemical shift thermometetQ.3 K), and the

{1H} measurements, respectively, a Varian VXR 200 operating at 200 fésenance of the most shifted axial ring proton at ca. 33 ppm was used
MHz for H, a JEOL EX-90 operating at 90 MHz féH and 12 MHz as an internal calibrant for the integration measurements of the bound
for 170, a JEOL EX-400 operating at 400 and 100.6 MHz #drand and free water signals.

13C{*H}, respectively, and a Varian VXR 400 operating at 400 MHz ~_ Electrospray mass spectra were recorded on a VG Platform II
for 'H. Two-dimensional spectra were run on a JEOL EX-90 and a (Fisons) instrument, operating in positive ion mode.

Varian VXR 200 spectrometer. Variable-temperattHeNMR studies Ligand and Complex Synthesis The tetraamide ligand® and 4
were carried out on a Varian VXR 400, a JEOL EX-90, and a JEOL were prepared following published procedui#¥and crystals of ligand
EX-400 instrument. Spectra were referenced internally relativerto 1 were obtained as the oxonium salt of the dihydrochloride from dilute
butyl alcohol ¢y O; dc 31.3) for paramagnetic complexes or to the aqueous HCI (Table 1).

residual protiosolvent resonances, relative to TMS. 1,4,7,10-Tetrakis[(N-methylcarbamoyl)methyl]-1,4,7,10-tetraaza-

Variable-temperature proton-solvent longitudinal relaxation times cyclododecane (3)To a solution of 1,4,7,10-tetracyclododecane (2.09
were measured at 20 MHz at Torino on a Spinmaster spectrometerg, 11.6 mmol) in dry ethanol (50 mL) were added potassium carbonate
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(6.45 g, 46.7 mmol) andN-methylchloroethanamide (5.46 h, 50.7 CONH), —8.78 (s, 4H, ring CH axial), —9.31 (s, 4H, ring CH
mmol). The mixture was heated under reflux for 48 h, solvent was equatorial),—18.0 (s, 4H, CHCO), —18.4 (s, 4H, CHCO); (minor
removed under reduced pressure, and the residue was taken up in hosomer) 19.0 (br s, 2H, bound water), 7.41 (s, 4H, ring@Huatorial),
ethanol, filtered, and cooled. Slow addition of diethyl ether led to 7.40 (s, 4H, ring Chlaxial), 3.57 (s, 4H, CONH), 2.43 (s, 4H, GH

formation of 3.06 g (58%) of a colorless solid. Mp: 268 °C. H CO),—1.52 (s, 4H, ring CH axial),—3.64 (s, 4H, CHCO),—10.4 (s,
NMR (250 MHz, CDC}): 6 3.07 (s, 8 H, CHCO), 2.81, 2.80 (s+ s, 4H, CONH), —13.1 (s, 4H, ring CH equatorial).
6H + 6H, CH:N), 2.63 (s, 16 H, ring CkN). 23C NMR (62.5 MHz, [Eu-4](CFsS0s)-3H,0. Anal. Calcd for GiHisEURNgO;1sSs:

CDCl): 6 171.2 (CO), 58.8 (NCKCO), 52.8 (CHN ring), 25.9 (NMe). 3H,0: C, 27.8; H, 4.63; N, 9.60. Found: C, 27.5; H, 4.31; N, 9.40.
IR (KBr): 3283 (nw), 3077, 2826%cH), 1667 fco), 1552, 1308, 1264, LRESMS: (M+ (CFS0s)2)*" 960.7, (MF* 406.3, 407.4, (M)" 221.4,
1233, 1106 %co), 992, 973, 737, 679, 576 crh Anal. Calcd for 222.0.'H NMR (400 MHz, pD 6, 273 K): 6 (major isomer/twisted
CaoHa2NsO4:1.5 HO: C, 49.6; H, 8.89; N, 23.1. Found: C, 49.4; H, antiprismatic structure) 9.7 (s, 4H, ring gbiial), 1.70 (s, 12H, NC},
9.04; N, 23.0. LRESMS: (M+ Na)" 479.7. Crystals of the ligand 0.8 (s, 12H, NCH), —1.20 (s, 4H, CHCO), —2.3 (s, 4H, ring CH,
suitable for X-ray analysis were obtained by slow evaporation of an axial), —6.2 (s, 4H, CHCO) —9.6 (s, 4H, ring CH equatorial),—11.9
aqueous solution (Table 1). (s, 4H, ring CH equatorial) (minor isomer/square antiprism) 35.8 (s,
Representative Procedure for Lanthanide Complex Formation. 4H, ring CH axial), 2.3 (s, 12H, NChk), —1.4 (s, 4H, ring CH
[Eu-3](CF3S05)3:4H.0. To a solution of europium trifluoromethane-  equatorial),—0.9 (s, 12H, NCH), —8.3 (s, 4H, ring CH equatorial),
sulfonate (0.34 g, 0.57 mmol) in dry acetonitrile (15 mL) was added a —10.4 (s, 4H, ring CHaxial), —17.5 (s, 4H, CHCO), —17.9 (s, 4H,
solution of ligand3 (0.275 g, 0.60 mmol) in dry methanol (1 mL), and  CH,CO).
the mixture was heated under reflux for 8 h. The volume was reduced  Crystallography. Single-crystal X-ray diffraction experiments were
by one-third, and to the cooled solution was added dry tetrahydrofuran carried out at 150 K for the ligands using a Rigaku AFC6S four-circle
until the complex precipitated. The resultant solid was filtered and diffractometer {-scan mode forl and w—26 for 3). Graphite-
redissolved in acetonitrile (5 mL) and precipitated again following THF monochromated Cu & radiation ¢ = 1.541 84 A) and an Oxford
addition. The dried solid, 0.41 g (72%), was isolated as a white powder. Cryostream open-flow Ngas cryostat were used. The experiment with
Anal. Calcd for GsHsoEURNgO13S:°4H,0: C, 24.5; H, 4.29; N, 9.93. [Dy-3(H20](PFs)s was carried out on a Siemens SMART-CCD dif-

Found: C, 24.3; H, 3.94; N, 9.75. LRESMS: (M(CFRSGs)2)*" 907.3, fractometer using graphite-monochromated Ma Kadiation ¢ =

(M)2+ 379.41, (M§+ 202.94.1H NMR (300 MHz, CDXCN, 233 K): o 0.71073 A). The structures of the ligands were solved by direct
86.1 (br s, 2H, bound water), 38.6 (s, 4H, ring £Hxial),—0.4 (s, 12 methods, and the complex was solved by Patterson and Fourier methods
H, NCH;), —1.8 (s, 4H, ring CH equatorial),—5.4 (s, 4H, NH),—8.1 and refined by full-matrix least squares agaiRstfor all data using

(s, 4H, ring CH axial), —9.3 (s, 4H, ring CH equatorial),—18.0 (s, SHELXTL software?” All non-H atoms, excluding solvent, were refined
4H, CH,CO), —19.8 (s, 4H, CHCO). At 233 K, the shift for the with anisotropic displacement parameters; all H atoms were located
coordinated water in the minor isomer wag2.2 ppm. IR (KBr): 3676 from difference Fourier maps (or were placed in calculated positions
(vow), 3587, 3460 %nn), 1607 ¢co), 1260 (so), 1173, 1045, 1037, where necessary) and were refined in isotropic approximation. Data
706 cnTl. are summarized in Table 1, and atomic coordinates and displacement

[Gd-3](CF3S0;5)-4H,0. This complex was prepared in an analogous parameters and bond distances and angles have been deposited at the
manner. Anal. Calcd for £H40GdRNgO13S::4H,0: C, 24.4; H, 4.27, Cambridge Crystallographic Data Centre.

N, 9.89. Found: C, 24.1; H, 3.78; N, 9.69. LRESMS: (M (CFs-
SO),)* 912.0. Gadolinium complexes ¢ and 4 were prepared Acknowledgment. We thank the EU-COST program, Bracco
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(90 MHz, 293 K, pD 6):0 241 (br s, 4H, CHCO), 126 (br s, 4H, ring

CH; axial), 79 (br s, 4H, CBCO), 39 (12H, CHN), —92 (br s, 4H, Supporting Information Available: A summary table of

ring CH, equatorial),—94 (br s, 4H, ring CH equatorial),—390 (4H, crystallographic information and figures of the X-ray structure

br s, ring CH, axial). of 3, of diprotonated DOTA, BO'[H-Cl;], a representative
[Eu-2](CF3S0s)3:4H,0. Anal. Caled for GoHaEUFRNgO13Ss: example of the rate of dissociation of the complex, ankl \is

4H0: C,21.3;H, 3.74; N, 10.4. Found C, 21.0; H, 3.50; N, 18H.  T-1 plots for [Eu3]3* (PDF). This material is available free of
NMR (400 MHz, CRCN (400uL + 5uL of H,0), 232 K): 0 (major charge via the Internet at http://pubs.acs.org.

isomer) 84.1 (br s, 2H, bound;B), 38.2 (s, 4H, ring CHl axial), 0.61
(s, 4H, ring CH equatorial),—1.51 (s, 4H, CONH),—5.31 (s, 4H, JA990225D



