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Water Exchange and Rotational Dynamics of the Dimeric Gadolinium(lll) Complex
[BO{Gd(DO3A)(H20)},]: A Variable-Temperature and -Pressure 'O NMR Study?
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Rapid water exchange and slow rotation are essential for high relaxivity MRI contrast agents. A variable-
temperature and -pressuf® NMR study at 14.1, 9.4, and 1.4 T has been performed on the dimeric BO(RO3A)
2,11-dihydroxy-4,9-dioxa-1,12-bis[1,4,7,10-tetraaza-4,7,10-tris(carboxymethyl)cyclododecyl]dodecane, complex
of Gd(Ill). This complex is of relevance to MRI as an attempt to gain higHerelaxivity by slowing down the

rotation of the molecule compared to monomeric Gd(lll) complexes used as contrast agents. FPraNhiR
longitudinal and transverse relaxation rates and chemical shifts we determined the parameters characterizing water
exchange kinetics and the rotational motion of the complex, both of which infludtheelaxivity. The rate
constant and the activation enthalpy for the water exchagand AH*, are (1.0+ 0.1) x 10° s~tand (30.0+

0.2) kJ mot?, respectively, and the activation voluney*, of the process is#0.5+ 0.2) cn® mol~2, indicating

an interchange mechanism. The rotational correlation time becomes about three times longer compared to
monomeric Gd(lll) polyaminepolyacetate complexes studied so fag = (250 £ 5) ps, which results in an
enhanced proton relaxivity by raising the correlation time for the paramagnetic interaction.

Introduction Chart 1. Structural Formula of the Ligand BO(DO3A&}-
Recently there is a growing interest in the design, synthesis 0 o o o

and characterization of new Gd(lll) chelates of polyamino 2: :S

polycarboxylates as potential contrast agents in magnetic N/w OH N 0

resonance imaging (MR¥).The image contrast is a consequence 'o\n/\gﬂ N\/K/O\/\/\o \
Y N

,}
of different relaxation rates of water protons in different tissues, O k/ \ﬁ\)\o

which can be enhanced by paramagnetic ions likétGrsed N

in the form of stable and inert complexes for safety reasons. g:O 0:2

The relaxivity of such an agenits ability to accelerate proton

relaxation—is either due to short range dipolar interactions

between the unpaired electron spins and the proton nuclei ofbamoyl)methyl]-1,4,7-triazaheptane-1,4,7-triacetate or diethyl-
water molecules bound in the first coordination sphere of the enetriaminepentaacetatebis(methylamide)). The MRI contrast
paramagnetic metal, mediated to the bulk by chemical exchangeagents can be characterized by the magnetic field dependence
(“inner-sphere relaxation”), or to long range, through space Of their proton relaxivity (nuclear magnetic relaxation dispersion
dipolar interactions between the paramagnetic metal ion and(NMRD) profiles). However, this method falls short in
the bulk water (“outer-sphere relaxation”). In the Gd complexes determining the exchange rate of the bound water and can at
currently used as contrast agents, which contain one inner-spherdest give an under limit. In order to better understand the
water molecule, the contribution of these two effects is of similar function and efficacy of contrast agents it is desirable to
magnitude®* The inner-sphere relaxivity is governed by four determine their significant parametersn( tr, T124 from
correlation times: the correlation time for the rotation of the independent measurements, too. For that purbf@&MR is
complex,tr, the residence time of a water proton in the inner a perfect tool as the oxygen atom of the coordinated water
coordination sphere;, (or its inverse, the exchange rdtg = molecule is directly bound to the paramagnetic ion and thus
1/ty), and the longitudinal and transverse electronic relaxation experiences a far more efficient relaxation enhancement than
rates T129. The proton residence time, at least at neutral pH, the protons and permits us to observe for example the water
equals the residence time of the oxygen nucleus, as the protorexchange rate directly, a parameter that will be limiting once
exchange at neutral pH takes place via the exchange of wholeone tries to boost relaxivity by optimizing the other parameters.
water molecules. This was confirmed recently e.g. for Gd- One of the approaches to gain higher proton relaxivity is

(DTPA-BMA)(H,0)>¢ (DTPA-BMA = 1,7-bis[(N-methylcar- increasing the rotational correlation tirhkéwhich results in a
longer correlation time for the dipotedipole interaction between
® Abstract published ildvance ACS Abstractdfay 1, 1996. the electron spin and the proton spin. This effect can be
(1) High-Pressure NMR Kinetics. 70. For part 69, see ref 2. achieved by increasing the size and the molecular weight of

(2) Powell, D. H.; Furrer, P.; Pittet, P.-A.; Merbach, A.EPhys. Chem. the Comp|ex_ The first step in this approach is represented by

@) igﬁ?feig'ngzczhem Re 1987 87 901 the dimeric polyamine-polycarboxylate complexes.

(4) Koenig, S. H.; Brown, R. D., llIProg. Nucl. Magn. Reson. Spectros. Here we report a variable-temperature and -pressGr&lMR
199Q 22, 189. . study on the dimeric macrocyclic complex of Gd(lll), [BO-
(5) GonZéez, G.; Powell, D. H. Tissikes, V.; Merbach, A. EJ. Phys.  {Gq(DO3A)(H,0)} 5] (see Chart 1 for the structural formula of

Chem.1994 98, 53. . . .
(6) Aime, S.; Botta, M.; Fasano, M.; Paoletti, S.; Anelli, P. M.; Uggeri, BO(DO3A)). This complex incorporates several desirable

P. M.; Virtuani, M. Inorg. Chem.1994 33, 4707. features: as the ligand is a DOTA (DOTAL1,4,7,10-tetraaza-
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Table 1. Composition of the [BQGd(DO3A)(H:0)} ] Solutions 15.0 T T
Used in Variable-Temperature (Samples 1 and 2) and Variable

Pressure (Sample 3JO NMR Measurements ,::1 14.0
sample [G&")/mol kg™ 10°Pn, pH S
acidified water 3.40 £ 1304
1 0.0982 1.77 6.51
2 0.2540 4.57 6.08 12.0
3 0.6900 12.44 6.02

1,4,7,10-tetrakis(carboxymethyl)cyclododecane) derivative, we
can expect high kinetic inertness and thermodynamic stability, 11.04
and as a neutral complex, it is favorable from the point of view
of application (less painful injection because of lower osmola-
lity). The fact that two G&' ions are bound to one molecule
allows for smaller injection volumes for the same total amount
of mmol of Gd/kg of bodyweight. Finally, the increased
molecular weight and volume may result in a longer rotational
correlation time and thus in a higher proton relaxivity. The
kinetic and rotational parameters obtained are compared to those
of the aqua ion as well as to those of some Gd(IIl) complexes
already used as MRI contrast agents, first of all to [Gd(DOTA)-
(H20)]~, which has the most similar structure among the
complexes studied so far ByO NMR.”

10.0 4

In(1/T,,)

9.0

1

rads )

-0.54

(10°

T

Am
N
=]

1

Experimental Section

Sample Preparation. The complex [BQGd(DO3A)(H0)} ;] was w15 25 VR T a0
kindly supplied by Dr J. Platzek, Schering AG, Berlin, Germany, and : - ’ ’
used without further purification. The paramagnetic solutions for the 1000/T (1/K)

170 NMR study were prepared by weight using the solid complex and _

10%0-enriched water. The pH was adjusted using weighed amounts IFlgu_re c} Tlemlpera'gure deper%g)encz ththe 'redlu’ét;a_fjttrafnsv[erae;gnd

of 0.1 m perchloric acid and sodium hydroxide solutions and was 'ongitudinal relaxation rates {8 and chemical shits for [BOGd-
measured with a combined glass electrode, calibrated with Metrohm (DO?’A)(HZ_O)} d aqueous'solutlons at14.10), 9.4 T_D) and 1'41T.
buffers. The absence of free &dn the solutions was verified using ~ (): The lines are functions calculated from a simultaneous nine-
xylenol orange indicatdt. The compositions of the solutions are shown parameter least-squares fit (see text).

in Table 1: most of the measurements were conducted on samples of

two different concentrations to exclude artifacts due to concentration Results

effects.

170 NMR Measurements. Vgriable-temperaturé7o NMR mea- frequencies of the paramagnetic solutiong14/T>, and o,
surements were performed using Bruker spectrometers (AMX2-600,

14.17, 81.4 MHz; AM-400, 9.4 T, 54.2 MHZ; 1.41 T electromagnet 219 Of Ithel ic'c:'rfl'ed Véaterdrefelren?qﬂ' tlfr”\' ﬁ”dr‘]“’*’ o shift
connected to a AC-200 console, 8.1 MHz). Bruker VT-1000 and VT- can caiculate the reduced relaxation rateés and chemical shift,

2000 temperature control units were used to stabilize the temperature, 1/Tin 1/T2 and Awy, which may be writtet? as in egs +3,

which was measured by a substitution techni?juEhe samples were

sealed in glass spheres, fitting into 10 mm NMR tubes, in order to 1 111 1]_ 1

eliminate susceptibility corrections to the chemical sKift.ongitudinal Ty PulTy Tia B Tim ™t Tm

relaxation rates, T4, were obtained by the inversiemecovery method,

and transverse relaxation ratesT;l/were measured by the Cair

Purcel-Meiboom-Gill spin echo techniquéor, for line widths greater 1 — 111 —

than 500 Hz, directly from the line widths. Variable-pressure NMR T, P | T, Toa

measurements were made up to 200 MPa on a Bruker AM-400 T. 724 7 7 14 Ay 2

spectrometer equipped with a home-built probe Héathe temperature 1 Tom Tm Tom @m + 1

was controlle_d by circ_ul_ating qui_d from a temperature bath and was Tm (Tm_l + T2m_1)2 + Ame Toos

measured using a built-in Pt resistor. The transverse relaxation rates

were measured as for the variable-temperature work. The relaxation

rates and, for the variable-temperature measurement, the chemical shift P 1 (0 — w,) =

were measured for the paramagnetic solutions and for a reference” " P, A

solution (a perchloric acid solution of pH 3.4, containing 1% kt’O); Aw

thus, the diamagnetic shift was neglected. m + Awys (3)
The simultaneous least-squares fitting was performed by the program 1+ rmTZm_l)2 + rmZAw 2

Scientist for Windows by Micromath, version 2.0.

From the measurefO NMR relaxation rates and angular

1
+ = 1)
Tlos

)

m

where 1T and 1M, are the relaxation rates of the bound

(7) Micskei, K.; Helm, L.; Bfiher, E.; Merbach, A. Bnorg. Chem1993 water,Awm is the chemical shift difference between bound water

®) %%hﬁ%i%lz’ G.: Randin, MHely. Chim. Actal959 42, 1927. and bulk water (in the absence of a paramagnetic interaction

(9) Ammann, C.; Meier, P.; Merbach, A. B. Magn. Reson1982 46, with the bulk water) Py, is the mole fraction of bound water,
319. andry is the residence time of water molecules in the inner

(10) Hugi, A. D.; Helm, L.; Merbach, A. EHelv. Chim. Acta.1985 68,
508.

(11) Meiboom, S.; Gill, DRev. Sci. Instrum.1958 29, 688.

(12) Frey, U.; Helm, L.; Merbach, A. BHigh Pressure Re4.990Q 2, 237. (13) Swift, T. J.; Connick, R. EJ. Chem. Phys1962 37, 307.

coordination sphere. The total outer-sphere contributions to the
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Table 2. Kinetic and NMR Parameters Derived from thH® Relaxation and Chemical Shift Data as a Function of Temperature and Pressure
[Gd(H0)]3" 2  [GA(DTPA)(H,0)]> ® [Gd(DTPA-BMA)(H,0)]° [Gd(DOTA)(H0)]"® [BO{Gd(DO3A)(H:0)}]¢

Magnevist Omniscah Dotaren§

@28/106 st 8304 95 41+£0.3 0.434+0.2 484+ 0.4 1.0+ 0.1
AH¥/kJ mol? 1494+ 1.3 52.0+1.4 46.6+ 1.3 48.84-1.6 30.04+2
AS/ImolrtKt —2414+4.1 +56.2+ 5.0 +18.8+ 4.0 +46.6+ 6 —29+8
AVF/cm® mol? —3.3+0.2 +12.5+ 0.2 +7.3+£0.2 +10.5+ 0.2 +0.5+0.2
A/h/10%rad st —5.334+0.22 —-3.84+0.2 —-3.6+0.3 —-3.44+0.3 —-2.84+0.2
z§98/1012 s 29+ 2 103+ 10 167+ 5 90+ 15 250+ 5
Er/kJ mol? 15+2 1842 21.64+0.1 17+ 3 26.14+0.7

aReference 19 Reference 7¢ Reference 59 This study.© Schering.! Nycomed.? Guerbet.

reduced relaxation rates and chemical shift are represented byin solution thatr = 0.25 nm!> With thisr value, the dipole

1T10s UT20s and Awos’ dipole mechanism (the first term in eq 6) contributes to 68% of
It has been proven that the outer-sphere contributions in eqs1/Tim.
1 and 2 can be neglectéd.The maxima observed in the We assume that the rotational correlation timg, has a

temperature dependence of In{4) as depicted in Figure 1 are  simple exponential temperature dependence as in eq 7, where
characteristic of a changeover from the "fast-exchange" limit

at high temperatures, whefern, is the dominant term in the T = 12 exp Ex/R(L/T — 1/298.15) )
denominator of eq 2, to the "slow-exchange" limit at low

temperatures, wheng, is the dominant term.  SincBim > Tom, 72%is the rotational correlation time at 298.15 K aglis the

the maximum in 1y, is shifted to lower temperatures and can activation energy of rotation. The binding time (or exchange
hardly be seen in the results in Figure 1. rate,key) of water molecules in the inner sphere is assumed to

The changeover between fast- and slow-exchange limits is gpey the Eyring equation as depicted in eq 8, whg and
also manifested iMAw,, the maximum in the plot of Tb,

corresponding to the points of inflection in the plots &db,. 1 () AS  AHF

At high temperatures, the inner-sphere contributior\te is i Kex = h €x R _RT T

given by the chemical shift of the bound water molecuiesn, m

which is determined by the hyperfine interaction between the kﬁi*’T AH*{ 1 1

Gd®* electron spin and th&O nucleusvia eq 4, whereg, is 2081551 R \29815 T (8)

_ 9usS(S+1)BA 4 AHF are the entropy and enthalpy of activation for the exchange

m- KT h “) process andd;® is the exchange rate at 298.15 K. The
transverse relaxation rate of the bound watef,ql/ was

the isotropic Landg-factor (g = 2.0 for G&™"), Sis the electron assumed to have an exponential temperature dependence as can
spin (S= "/, for GA"), A/h is the hyperfine or scalar coupling be seen in eq 9, wherE, is the activation energy of the
constant, and is the magnetic field* We assume that the  relaxation of the bound water andT$]’ is the relaxation rate
outer-sphere contribution taw, has a similar temperature  of the bound water at the given field at 298.15 K.
dependence tdAwmn and is given by eq 5, wher€y is an

Aw

empirical constant. 1 1 F{Em( 1 1)} ©)
Awy = Cyhar, (5) Tom T2 R\298.15 T,

The 170 longitudinal relaxation rates in &t solutions are A more detailed approach to tHéO transverse relaxation
dominated by the dipotedipole and quadrupolar mechanists ~ rate of the bound water in Gd solutions can be given by
and are given, to a good approximation, by eq 6, where including the electronic relaxation parameteté. This full

treatment, however, requires reliable values for the parameters
1 o [ 4o 2V|2752 characterizing the electron spin relaxation, which can only be
7= /g In 5 S+ 1)+ obtained from EPR measuremetftsTo check the validity of

im r eq 9 we have refitted the previously published data for [Gd-

32 243 , 5 (l_DTP_A-BMA)(HgO)]5 using this equation, _and_ the_ _resulting
1_0I2(T—1)X 1+ n13)|rg (6) Iélnetlc parameters were not affected by this simplified proce-
ure.

We performed a simultaneous least squares fit of the data in
Figure 1 using eqs-19 with the following fitted parameters:
K2 (or AS), AH, A, Cos, T3 % Er, UTon™, 1o, and
En. The resulting curves are shown in Figure 1, and the fitted
parameters are given in Table 2. Since there was no field
dependence of the reduced transverse relaxation rates between
9.4 and 14.1 T, these data were fitted with a single value for
the bound water relaxation at 298 K:T§>"" (“HF” for “high

guuslh is the electron gyromagnetic ratipg = 1.76 x 10!

rad s1T ~1for g = 2.0),y, is the nuclear gyromagnetic ratio
(y1 = —3.626 x 10" rad st T~ for 170), r is the effective
distance between the electron charge and't@enucleus (the
metal-oxygen distance in the pointipole approximation);r

is the rotational correlation time of the compléxs the nuclear
spin ( = % for 170), y is the quadrupolar coupling constant,
and# is an asymmetry parameter (we use here the value for
acidified water,y(1 + 7%/3)' = 7.58 MHz)! We estimate & o0 0 e o org, Chert991 28, 245
from neutron diffraction measurements of lanthanide aqua ions (16) Powell, D. H.; Merbach, A, E.; Gofleez, G.. Bricher, E.. Micskei,

K.; Ottaviani, M. F.; Kdnler, K.; von Zelewsky, A.; Grinberg, O. Y.;
(14) Brittain, H. G.; Desreux, J. Fnorg. Chem.1984 23, 4459. Lebedev, Y. SHelv. Chim. Actal993 76, 2129.
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Figure 2. Pressure dependence of redué&d transverse relaxation

rates (s') for aqueous solutions of [B{Bd(DO3A)(HO)}2] at 9.4 T

and 277.3 K.

field” B = 14.1 and 9.4 T), while for “low field”B = 1.4 T)
the corresponding parametefT3F'" was used. The values
found are 115" = (2.7 + 0.4) x 10° s'L and 1M5>F =
(1.3 £ 0.2) x 10° s'1. E, was fitted for all three fields
simultaneously to a single valu€, = (26.5+ 0.3) kJ mot™.
The value of the empirical constant,{for the outer-sphere
contribution toAwr has been adjusted to 0.380.06.

The pressure dependence of the reduced transverse relaxatio

rates, 1T, for [BO{Gd(DO3A)(H:0)},] at 277.3 Kand at 9.4

T is shown in Figure 2. At this magnetic field and the
temperature chosen, the system is in the slow-exchange limi
and 1T, equals 1y, The small decrease ofThf with pressure

in Figure 2 is, therefore, due to a slight decrease of the water

exchange rate. The pressure dependence of the water exchangtge contrary,

rate may be written as in eq 10, whei&/o* is the activation

1

. %P + A PZ} (10)

m

volume at zero pressure and temperatﬂ'r,e(kex)g is the
exchange rate at zero pressure and temperdiuaad AB* is
the compressibility coefficient of activation. In the fitting

Toth et al.

mechanism of water exchange as well as rotational dynamics.
The values which will be discussed are given in Table 2.

Structure. The Gd* aqua ion has a coordination number
(from here “CN") of 818 and the current contrast agents have
a CN of 9: eight sites occupied by the poly(amino carboxylate)
ligand, and the ninth by the inner-sphere water. The variation
in the gadolinium-oxygen bond length from the [GdgB)g]3"
to the poly(amino carboxylate) complexes is manifested in the
scalar coupling constants. One observes a smaller coupling
constant for the latter, a sign of the larger-&d distance, which
is a consequence of the higher CN. For the dimer, the four
imino, the three carboxylate groups, and the hydroxo group plus
one inner-sphere water molecule are expected to coordinate to
the G&" ion. The hydroxo group is a weaker and more labile
donor than the carboxylate groups. Therefore, one could suspect
that for the dimer a coordination equilibrium exists between an
isomer where the hydroxo group and one water molecule are
bound to the gadolinium and another where the hydroxo group
is replaced by a second inner-sphere water molecule. The small
value of the scalar coupling constant in comparison to that of
the other poly(amino carboxylate) complexes permits us to
exclude the presence of such an equilibrium: there is only one
fyater molecule in the first coordination sphere.

Rate and Mechanism of Exchange.The vast majority of
Ln3*complexes are either eight or nine coordinated; ten- and

tseven-coordinated complexes are rare. For this reasor, Ln

complexes of CN= 9 tend to exchange over an activated state
of CN = 8, i.e. via a dissociatively activated mechanism. To
LA™ complexes of CN= 8 will exchange over
an activated state of CK 9, i.e. via an associatively activated
mechanism. The most labile complexes are those that are close
to a coordination equilibrium between these “magic numbers”
8 and 9. This is well exemplified by the aqua idfishe fastest
water exchange rate has been measured on tfeiGa, which

is eight coordinate, but whose ionic radius is close to that of
Smet, for which an equilibrium between CK 8 and CN= 9
was indeed founé® The corresponding trend was observed for
a series of nine-coordinate [Ln(DTPA-BMA){®)] com-

procedure we included a possible pressure dependence of th@!€xes: the smaller the complexed cation {Neb Ho™), the

bound water relaxation rate Tl as given in eq 11. We

{0

RT

1 1
——=——exX

T2m Tgm

(11)

performed a least-squares fit of the data in Figure 2 using egs.

2,4, and 9-11 with (kex)g andAVE as adjustable parameters.
In previous studies, the pressure dependence kfJri{as been
found to be nearly linearso we assume th#ts* = 0, and we
have an activation volume independent of presstihég (nstead

of AVE). The scalar coupling constant was found previously
to be independent of pressuireso we assume that it is constant
and equal to the value in Table 2. Fixing/’, at values from
—5 to +5 cn® mol~* did not alter the values in Table 2 within
the statistical error. The fitted curve is shown in Figure 2, with
the following adjusted parameterske{2’’ = (3.6 + 0.2) x

10° s71, AVF = (0.5 + 0.2) cn® mol1. °

Discussion

The parameters obtained for the [BGJ(DO3A)(HO0)}2]
dimer will be compared with those of the &dqua ion and of
three Gd(lll}-poly(amino carboxylate) complexes used as
commercial contrast agents in terms of structure, rate and

(17) Cossy, C.; Helm, L.; Merbach, A. Ehorg. Chem.1989 28, 2699.

higher the exchange rate, because with the increased steric
crowding of the inner coordination sphere the nine-coordinate
ground state becomes less stable and the eight-coordinate
activated state more stable, increasing the lability of the inner-
sphere water molecule and favoring a limiting dissociative
exchange mechanisff.

In a comparison of [BGd(DO3A)(H:0)} ;] with the aqua

ion, the change in coordination number from 8 to 9 is
accompanied by a change in mechanism from associatively
activated for the aqua ion to dissociatively activateiidt pure
interchange (1), as can be seen from the corresponding activation
volumes, as well as by a decrease in exchange rate by 3 orders
of magnitude. From [Gd(DOTA)(kD)] to the dimeric com-
plex, there is a decrease in exchange rate by a factor of 5, the
mechanism being limiting dissociative (D) for the DOTA
complex, as shown by the strongly positive activation volume.
Whereas the exchange passes an activated state of €ffor

the DOTA complex, the dimeric complex does not change its
CN during the exchange event as it is indicated by the activation
volume being almost zero. Bearing the weakly donating
hydroxo group which leaves more space for the inner-sphere

(18) Cossy, C.; Helm, L.; Powell, D. H.; Merbach, A. Bew J. Chem.
1995 19, 27.

(19) Micskei, K.; Powell, D. H.; Helm, L.; Brcher, E.; Merbach, A. E.
Magn. Reson. Cheni993 31, 1011.

(20) Pubanz, D.; Gonzalez, G.; Powell, D. H.; Merbach, Ainérg. Chem.
1995 34, 4447.
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water molecule, the free energy gap between nine- (with inner- and Gd(HO)s®" species. The radius of [Gd(B)g]3" is ca.
sphere water) and eight- (without inner-sphere water) coordinate0.35 nm, which was obtained from neutron diffraction measure-
species is too great. On the other hand, there is too muchments. On the basis of thisy for the dimer should be around
crowding in the first coordination sphere to allow for a tenth 0.72 nm. This does not correspond to the increase in diameter
donor atom, and the incoming water molecule cannot really across the largest dimension of the dimer, as could be expected,
participate in the activation of the exchange event. becauserr is a correlation time of global rotation, including
Rotation. The rotational correlation timeg, as computed rotations around all axes and intramolecular rotation, which is
from the reduced’O longitudinal relaxation rates, is consider- important for the dimer with its flexible bridge. Nevertheless,
ably longer for [Bd Gd(DO3A)(H0)},] than for any of the there is a significant increase ik which gives rise to some
monometallic Gd complexes previously studied, as it is expected gain in proton relaxivity compared to e.g. [Gd(DOTAYB)] :
for a larger molecule. In comparison to [Gd(DOTAXB)]~ Ry = 4.61 s mM~ for [BO{Gd(DO3A)(HO)}2]?? and Ry
there is an almost 3-fold increase. Thigvalue is a correlation = 3.4 st mM~1for [Gd(DOTA)(H,O)]~ 2 (T = 310 K, at 20
time for both the dipolar and quadrupolar interactions between MHz in water)?4 Of course the loss in water exchange rate
the gadolinium electron spin and the oxygen nuclear spin, the will prevent much higher increase in proton relaxivity. How-
two contributions being 68% and 32%, respectively. We ever, at the present staies. with rotation still far from being
interpret this correlation time as the inverse tumbling rate of frozen out and with nonoptimal electronic relaxation times, the
the molecule. Theg value is correlated with the values used water exchange does not limit proton relaxivity at physiological
for the effective distance between the Gd electron spin and thetemperature (37C), but it nevertheless presents a barrier if
oxygen nucleus, as well as for the quadrupolar coupling constantone wants relaxivities much higher than 20 m\s1.
and its asymmetry parameter. The choice of the distance is  acknowledgment. We thank Dr. L. Helm for useful
especially crucial as it enters into the 6th power in eq 6: an giscussions and advice. This work was financially supported
error of £0.02 nm leads to an uncertainty &{30% onzg. by the Swiss National Science Foundation (Grant No. 45419.95)

However, since we use the same valuesrfgy, andy in this and the Swiss OFES as part of the European COST D1 action.
and previous papeps;1°the comparison of the tumbling rates

. . . . e .
of [BO{Gd(DO3A)(HO)}5] and the different monomeric Supporting Information Available: Variable-temperaturé’O

transverse and longitudinal relaxation rates and chemical shifts of [BO-

complexes is justified. _ {Gd(DO3A)(HO)} 5] solutions and of acidified water at 1.4, 9.4, and
Th? Deby? formul# (eq 12) can be used to estimaig, the 14.1 T (Table S£S3, respectively) and variable-pressti@ transverse
effective radius of the complex, from the viscosiyof the relaxation rates of [BOGd(DO3A)(HO)} ;] solutions at 9.4 T (Table
S4) (3 pages). Ordering information is given on any current masthead
At o page.
RT BT (12) IC951492X

(22) Private communication from J. Platzek.
Solutlon and thaR Value determ|ned by NMR. Th|s |eads to (23) ‘Meyer, D, Schaef'fer, M, DOUCet, D. @ontrast and Contrast Agents

- in Magnetic Resonance Imaging, Proceedings of A Special Topic
anreg ratio of the order of 2 for the [BEGA(DO3A)(H:0)} 2] Semingar Trondheim, Norway,%egt 1213, 1988? D 33. P P

(24) A reviewer has suggested that an even higher relaxivity valu& (6
(21) Hertz, H. G. InWater, A Comprehens Treatise Franks, F., Ed.; mM~1 s71) would be reasonable for a complex of such a molecular
Plenum: New York, 1973; Vol. 77, p 685. weight. This discrepancy may arise from the uncertaintyrgn




