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Several Bi(lll) complexes are used in medicine as drugs. Bi(DO3A-Bu) has recently been proposed as a nonionic
contrast agent in X-ray imaging (HsDO3A-Bu = 10-[2,3-dihydroxy-(1-hydroxymethyl)propyl]-1,4,7,10-tetraazacy-
clododecane-1,4,7,-triacetic acid). The solution equilibria and NMR structure and dynamics of Bi(DO3A-Bu) and of
the similar Bi(DOTA)~ have been investigated (H,DOTA = 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid). The stability constants were determined with the study of the competition equilibria between Br~ ions and
the ligands DOTA or DO3A-Bu for the Bi(lll) by spectrophotometry. The stability constants, obtained for Bi(DOTA)~
and Bi(DO3A-Bu), are very high, log K = 30.3 and 26.8, respectively. Potentiometric titrations indicated the dissociation
of one of the protons among the three alcoholic OH groups in Bi(DO3A-Bu). The dissociation constant is log K =
7.53 (0.09) indicating that at physiological pH about 50% of the species possess —1 charge. It was shown by 'H
and 3C NMR spectroscopy that the OH group attached to the middle carbon atom of the “butriol” side chain is
coordinated to the Bi(lll) and starts to deprotonate at pH > 5.5. The crystal structure of NaBi(DOTA)-H,0 shows
an octacoordinated arrangement of the donor atoms around the Bi(lll), with no water in the inner sphere. The
crystals belong to the centrosymmetric space group C2/c. The temperature dependent *H and *C NMR spectra
indicate that both Bi(DOTA)~ and Bi(DO3A-Bu)~ complexes are fluxional. For Bi(DOTA), the A(6600) == A(A1AA)
fluxionality was identified, and on the basis of the activation parameters, a synchronous motion was suggested for
the fluxional motion resulting in the change of ring conformation and of the helicity of the complex. The transition
state is supposed to be more symmetrical than the initial state. The deprotonated Bi(DO3A-Bu) has a highly
asymmetric NMR structure in solution, and its fluxional motion is slower than that of Bi(DOTA)".

Introduction important components of a number of remedies used for the
Various coordination compounds of Bi(lll) have been used treat.ment of gastrointestinal disordérghe successf.ul' use

as drugs in medicine, but the complexation properties of of B_|(III) —citrate for the treat_me_nt qf ulcers has initiated

Bi(Ill) have not attracted great interésThis lack of interest  Studies of the complexes of Biwith citrate and other oxy

was probably related to the difficulties involved in the study 2cids, €.g., tartraté.’ _ _

of the complexes of Bi(lll) in solution, because of its strong ~ Bi®" is considered to be a soft metal ion, but it forms

tendency to hydrolyze. The Bi(aq) ion is present only in complexes of high stability with multidentate ligands con-

strongly acidic solutions, and some Bi(G#)s formed even taining O or O anq N donor atoms. The stabi_lity constants
in 1.0 M HCIO.2 However, interest in Bi(lll) has been (109 Kai) of the Bi(lll) complexes of polyaminopolycar-

increasing recently, and various complexes of Bi(lll) have (2) Frank, W.; Reiss, G. J.; Schneider Ahgew. Chem., Int. Ed. Engl.
been successfully characteriZed? Bi(lll) compounds are 1995 34, 2416.

(3) Li, H.; Sadler, P. J.; Sun, H. Biol. Chem.1996 271, 9483.
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BiDOTA and BiDO3A-Butriol Complexes in Solution
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complexometry with the use of standardizedNEDTA solution

and xylenol orange as indicator at about pH 1. DO3A-Butriol was
produced by Schering AG (Berlin), while DOTA was kindly
provided by Guerbet (Roissy, France). The concentrations of the
ligand stock solutions were determined by pH-potentiometric
titration in the absence and presence of &'@xcess. The solutions

of the complexes Na[Bi(DOTA)] and Bi(DO3A-Bu) were prepared
by the reaction of equivalent amounts of Bi(G)©@and the ligand.

To the vigorously mixed solution of NRBOTA or NasDO3A-Bu

to hydrolyze, polyaminopolycarboxylate complexes are stable Was added Bi(Cl@)s solution dropwise. The pH of the solution

up to about pH 18.
In recent years, Bi(lll) complexes have been proposed for
use as X-ray contrast agents in radioldgyhe bismuth atom

has a much larger mass attenuation when compared with

iodine in the iodinated benzoic acid derivatives, which are
currently used as X-ray contrast agents. Using Bi(lll)-

containing contrast agents, the energy of the X-rays used

for the investigations could be significantly higher, so that
the exposure to the patients to radiation would be Idiver.

Since the contrast agents are administered intravenously,

Bi(lll) complexes used for such aims must have high
thermodynamic stabilities and kinetic inertness. Open-chain
polyaminopolycarboxylic acids are known to form complexes
of high stability with Bi(lll), and it is to be expected that
macrocyclic polyaminopolycarboxylates, such as DOTA
(H4,DOTA = 1,4,7,10-tetraaza-cyclododecane-1,4,7,10-tet-
raacetic acid, Scheme 1), will behave similarly.

The complex Bi(DO3A-Bu), formed with the DOTA
derivative ligand DO3A-butriol (Scheme 1), can be expected
to have a high stability constant and high solubility, and on

was controlled, and it was set te-5.5.

Determination of Protonation and Stability Constants. The
protonation constants of the ligands were determined by pH-
potentiometric titration in 1.0 M NaBr and 1.0 M MeCI. Ligand
samples (20 mL, 1.& 10-3 M) were titrated with NaOH or Mg
NOH solution. Titration vessels were thermostated at@5The
titrated samples were stirred with a magnetic stirrer, andyas
was bubbled through the solution. Titrations were performed with
a Radiometer PHM 85 pH-meter, an ABU 80 autoburet, and G202B
glass and K401 calomel electrodes in the pH range-1283.

Hydrogen ion concentrations were calculated from the measured
pH values by a known methdd.HCI samples (0.01 M) were
titrated with NaOH or MgNOH in 1.0 M NaBr or MeNCl, and
the [H'] versus pH data were used to calculate the hydrogen ion
concentrations from the pH values obtained in the titrations of the
ligands. The ionic product of water was also calculated from the
0.01 M HCl titration data. Thelfy, values obtained in 1.0 M NaBr
and MeNCI are 13.78 and 13.86, respectively.

Spectrophotometric measurements were carried out on the
absorption band of Big#~ in the wavelength range 3690 nm.
Three series of samples were prepared, containing 3075,

5 x 1075 or 8 x 1075 M Bi(ClOy)3, 1.67 x 1074, 2.78x 1074, or

the basis of these properties, it is regarded as a p0temia|4.45>< 10 M ligand, and 1.0 M NaBtr. In each series, six samples

nonionic X-ray contrast agent §8O3A-Bu 10-[2,3-
dihydroxy-(1-hydroxymethyl)propyl]-1,4,7,10-tetraazacyclo-
dodecane-1,4,7,-triacetic acid).

However, the complexation equilibrium of Bi(DO3A-Bu)

were prepared with different pH values in the pH range-B9.
The samples were kept at 26 for about 4 weeks in order for the
equilibrium to be attained. The molar absorptivity of BiBrwas
determined in the concentration rangex110°to 1 x 104 M

has not been studied. Similarly, there are no equilibrium data BiBre*~. For the calculations of the equilibrium data, the absorbance

on the complex Bi(DOTA), although the DOTA complex
formed with thea-emitting radioactive isotopé'Bi (the
daughter element ¢f%Pb) was proposed to be used for the
treatment of cancer (the compléX¥Pb(DOTA) is attached
to monoclonal antibodies or protein§).:

The present article reports results characterizing the
equilibrium properties and solution structures of Bi(DOTA)
and Bi(DO3A-Bu), obtained by pH-potentiometry, spectro-
photometry, andH and*3C NMR spectroscopy. The crystal
structure of Na[Bi(DOTA){H,O, determined by the X-ray
diffraction method, is also reported.

Experimental Section

Chemicals, Stock Solutions, and AnalysisThe chemicals used
for the experiments were of analytical grade. Bi(@i3solution
was prepared by dissolving 83 (99.9%, Fluka) in excess HCIO
The concentration of the Bi(CY} solution was determined by

values were measured at 10 wavelength values between 360 and
390 nm. The spectrophotometric measurements were made in 1.0
cm cells with a CARY 1E spectrophotometer. The protonation
constants of the ligands and the stability constants of the complexes
were calculated with the program PSEQUAD.

NMR Measurements.TheH and'3C NMR measurements were
performed mainly on a Bruker AM 360 NMR spectrometer with a
QNP 5 mm direct probe head. The chemical shifts are reported in
ppm toward higher frequencies, with respect to TMS as an external
standard (0 ppm for both casé4)The H—H COSY spectra were
made with the standard Bruker program using &@ixing pulse.

The 13C NMR spectra were recorded ihmodulated decoupling

or inverse gated decoupling mode, depending on the need for getting
a quantitative spectrum. The -HC correlation spectrum was
recorded on a Bruker DRX 500 spectrometer in inverse mode, using
gradient pulses in thedirection with the usual Bruker HSQC pulse
sequence. The spectra were analyzed with the Bruker WinNMR
software package.

(8) Bottari, E.; Anderegg, GHelv. Chim. Actal967 50, 2349.
(9) Yu, S.-B.; Watson, A. DChem. Re. 1999 99, 2353.
(10) Kumar, K.; Magerstadt, M.; Gansow, O. A. Chem. Soc., Chem.
Commun.1989 145.
(11) Pippin, C. G.; McMurry, T. J.; Brechbiel, M. W.; McDonald, M.;
Lambrecht, R.; Milenic, D.; Roselli, M.; Colcher, D.; Gansow, O. A.
Inorg. Chim. Actal995 239, 43.

(12) Irving, H. M.; Miles, M. G.; Pettit, L.Anal. Chim. Actal967, 38,
475.

(13) Zekany, L.; Nagypa I. In Computational Methods for Determination
of Formation Constantd egett, D. J., Ed.; Plenum Press: New York,
1985; p 291.

(14) Gottlieb, H. E.; Kotlyar, V.; Nudelman, Al. Org. Chem1997, 62,
7512-7515.
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Collection and Reduction of X-ray Diffraction Intensity Data. Table 1. Protonation Constants of the Ligands DOTA and DO3A-Bu
Microcrystals of NaBiDOTAH,O could easily be obtained from and the Stability Constants of Their Complexes with Bi(lll) and Some
aqueous solutions. In order to increase their volumes, an aqueoud="dgenous Metals (25)
solution close to saturation was pipetted into paraffin. Upon addition DOTA DO3A-Bu
of a few seeding crystals, bigger crystals developed at the paraffin/ species 1.0M NaBr 1.0 M M&ICP 1.0 M NaBr 1.0 M MaNCIP
water interface. Most of these crystals were twinned or had only HL 9.01(0.05) 12.67 (0.02) 9.16 (0.01)  11.44 (0.02)

moderate diffraction properties showing broad reflection profiles. | 9.08 (0.02) 9.76 (0.02) 9.15 (0.01) 9.04 (0.03)
For the analysis described here, a colorless platelet with dimensionsHL 4.44 (0.04) 4.65 (0.02) 4.12 (0.01) 4.47 (0.03)
0.35 x 0.35x 0.1 mn? was mounted on a glass rod and used for Hil 3.74(0.03)  4.16(0.02) 2.79(0.01) 3.41(0.04)
data collection on a Siemens P4 diffractometer (sealed tube Hsl. 1.72(0.05) 2.42(0.02) 1.61(0.02) 2.25(0.04)
i - . BiL 30.3(0.02) 26.8 (0.02)
generator; Mo K radiation,A = 0.71073 A, graphite monochro- Fe(llL 29 4 25.7
mator). Using anw scan technique (scan width 1)2 3824 CuL 22.72 20.8
diffraction data were collected up t@2.x = 50°. The intensities ZnL 18.72 18.7
were corrected using a semiempirical absorption correction. The Cal 16.37 13.3

intensities of three standard reflections measured every 100 aRef 33.b This work.

reflections indicated that the crystal was stable during the data

collection. the equilibrium measurements were carried out in 1.0 M
The crystals are monoclinic with = 17.053(3) A,b = 6.587- NaBr. At such a high Br concentration, the species Bi8r

(2) A, c=20.048(6) A, ang8 = 102.00(23. The determination of ~ predominates] and the competition reactions studied are as

the space group cannot be made without ambiguity as often follows:

observed for heavy atom structures. The structure was therefore

solved and refineé®1€in a number of space groups includiRg, BiBr63_ +H,L=BIiL + nH™ + 6Br~ (1)

P2;, Cc, andC2/c. Careful analysis of the E-statistics and the results

of the structure refinement lead to the conclusion that the crystals wheren = 3—5 for both DOTA and DO3A-Bu.

belong to the centrosymmetric space gral@rc. In this space For the determination of the stability constants, the

group, the asymmetric unit contaifis molecule of X, Na+ ion, _ protonation constant$<c* = [HiLJ[H i _1L][H +]) of DOTA

and 2 water molecules. Hydrogen atoms have been included into, 4 pO3A-Bu were determined in 1.0 M NaBr. The

calculated positions and refined using a riding model. The full- protonation constants calculated from the data of three

matrix least-squares refinement converged atR3.7% (wR2(all o .
. g 6 (WR2( parallel titration curves are presented in Table 1. The log

data)= 9.7%) using anisotropic displacement parameters for all " . ;
non-hydrogen atoms. The Naon is disordered over the crystal-  Ki" values obtained in 1.0 M NaBr are much lower than

lographic inversion center, and therefore, no special position those determined in 1.0 M MNCI, indicating the formation
constraint was used during refinement. The results of the X-ray Of Na* complexes. On the basis of the differences in the
analysis are shown in Tables 2 and 3. Figure 3a,b shows theprotonation constants, the stability constants of Na(DGTA)
molecular conformation of NaBiDOTA,O together with the  and Na(DO3A-Buj~ were calculated. The loKna. values

atomic numbering scheme used in this X-ray study. (Kme = [ML)/[M][L]) were found to be 4.65 (0.04) and 2.88
) ) (0.05), respectively. (The standard deviations are presented
Results and Discussion in parentheses.) The determined g, values are quite

close to those reported earlier for Na(DOPA)4.38) and
Na(DO3A-Buy~ (2.32)18

The competition equilibria in the systems*B+Br——H,L
were studied by means of spectrophotometry. The absorption
spectra of BiBg~ (6p— 6s transitions) and Bi(DOTA)or
Bi(DO3A-Bu) differ considerably. The maximum of the
absorption band of BiBf~ is at 372 nm, while those of
Bi(DOTA)™ and Bi(DO3A-Bu) are at 307 nm. The competi-

Equilibrium Studies. Study of the complexation equilibria
in the Bi(lll)—aminopolycarboxylate ligand systems is dif-
ficult because of the high values of the stability constants
and the formation of various Bi(lll) hydroxo complexes.
These difficulties can be overcome through the use of an
appropriate competition reaction. If the stability constants
of the complexes formed with the competing ligands are
sufficiently high, the formation of hydroxo species in the = Y C - ) '
equilibrium system is negligible. Our model calculations 0N €quilibria were studied via the absorption band of
indicated that Br ion can successfully compete with the BiBre>". Spectra were recorded at three differenf'Bi
ligand DOTA and DO3A-Bu for Bi* in the pH range 1.8 concenFratlons and dlfffarent. pH values. Some characteristic
3.2, even if the stability constant of the macrocyclic Bi(lll) 2PSOrption spectra obtained in the systents-BBr-—DOTA
complex is logKgi = 28.0. This is a consequence of the aNd BP*—Br —DO3A-Bu are shown in Figure 1. The
relatively low values of the conditional stability constants 1SOSPestic points in the spectra indicate the presence of two
of the Bi(Ill) complex formed with the macrocyclic ligand ~2PSorbing species, BiBr and Bi(DOTA)" (A) or Bi(DO3A-
at lower pH values. Bu) (B). From grle molar absorptivities and the stability

For successful competition reactions with DOTA and prOdLigt of BiBe™™ reported by Fedorov et al .(IO'@G N
DO3A-Bu, the concentration of Brmust be as high as about 7.94)," the stability constants of Bi(DOTA)and Bi(DO3A-
0.5-1.0 M. In order to maintain a constant ionic strength, Bu) were calculated, and the ldg, values are presented

(17) Fedorov, V. A.; Kalos, T. N.; Amidko, L. |.; Mironov, V. EZh. Neorg.

(15) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—473. Khim. 1971, 16, 2393.
(16) SHELXTLF; Bruker Analytical X-ray Systems, Bruker AXS: Madison,  (18) Tah, E; Kiraly, R.; Platzek, J.; Radunel, B.; Bricher, E.Inorg. Chim.
WI, 1997. Acta 1996 249, 191.
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BiDOTA and BiDO3A-Butriol Complexes in Solution

lez Bi(DOTA)"

0]

Bi(DO3A-Bu)

260 290 320 350 380 N(nm)

2
0.8 A % 0.5 1 1.5 2 25 3
Abs B 3 Base equiv.

4 Figure 2. Titration curves of Bi(DOTAY (1.95x 103 M) and Bi(DO3A-

0.4 g Bu) (1.95x 103 M). ckon = 0.179 M.
J[ As regards Bi(DO3A-Bu), it can be assumed that its
0~ - " ‘ ' structure is similar to that of Bi(DOTA)and that the Bi"
270 300 330 360 399 A /nm

_ _ I occupies a position in the coordination cage determined by
E'g‘fes 1'8 XAf(STOSr,a“%” Spe_c”lallgfxtq%fyl\jte& B—ffgz_(?)quAlz(A()z')- the four N and three carboxylate O atoms. It is very probable
Bi — 9. » LDOTA — L. 1 - &4 ) & ’ . . .
2.32 (3); 2.53 (4); 2.71 (5); 1.0 M NaBr. Absorption spectra of the system that one of the three alcoholic OH groups is also coordinated

Bi®*—Br- —DO3A-Bu (B).cgi = 3.1 x 10> M, Cposa—su = 1.67 x 1074 and at higher pH values the proton from the coordinated OH
M, pri=1.99 (1); 2.21 (2); 2.41 (3); 2.65 (4); 2.81 (5); 3.01 (6), L.OM o can dissociate. On the assumption that the dissociation
' is as follows

in Table 1. The stability products of the complexes BB~

(n = 1-6) were determined by Fedorov et al. at different Bi(DO3A-Bu) + H,0 = Bi(DO3A-Bu)” + H,0" (2)
ionic strengths? The background electrolytes were 1.0 M

for HCIO, and 0.5, 1.0, 2.0, 3.0, or 4.0 M for LiClcand ~ the dissociation constakt (Kq = [BiL "][H:O"]/[BiL]) was
LiBr.17 The stability product of BiB#", log s, used for the calculated with the use of 86 titration data points. The
calculations, was obtained by extrapolation to an ionic dissociation constant obtained-sog Kq = 7.53 (0.09). The
strengthl = 1.0 M. The difference in the nature of the dissociation of an alcoholic OH group was observed earlier
background electrolyte used in this work presumably does for the lanthanide(ll-DO3A-Bu complexes, e.g., for
not result in any significant error in the loig values ~ Gd(DO3A-Bu),—log Ky = 9.45!In the case of Bi(DO3A-
obtained because Fedorov et al. found that partial replace-BU). the dissociation of the coordinated alcoholic OH group

ment of CIQ- for Br- has practically no effect on the ©OCCUrs at lower pH than for the Enh complexes, which
stability product of BiBg~.17 probably means that the Bi-alcoholic OH interaction is

. . . stronger than the [%1—alcoholic OH interaction.
This statement seems to be reliable, since thgfloglue . o .
obtained by Ahrland and Grenthe in 2.0 M (HGIG- The high stability constants suggest that Bi(DOTANd

NaClO, + NaBr)° is close to that obtained by Fedorov et il\sgsotisg;i%l;)s Cljgwt;ie?a{tegyhgjzdbénng,:ggIfﬁ;td;?(%nggz?
al.in 1.0 M HCIQ, + 1.0 M (LiCIO4 + LiBr).1” In Table 1, 9 ' ’

- . Bu) cannot be regarded as a nonionic diagnostic agent
e e o DEcause at physiloicl o sbout S0% o the compe i

o ; S resent as a mononegative anion as a result of the dissocia-
the stability constants of Bi(DOTA)and Bi(DO3A-Bu) are D g

. - . tion of an alcoholic OH group of the ligand. In view of the
in general significantly higher than the oG, values of extremely high thermodynamic stabilities, Bi(DOTAand
the complexes formed with the other metal ions. The only '

. fEanhi Bi(DO3A-Bu) are expected to be very inert. Kumar et al.
exceptions are the complexes o e’Vh'Ch are much n;i)re found that the absorbance of Bi(DOTAglid not change in
stable+than the complexes of the dipositive ion$'Cin, 1.0 M HCIO, even during 1 month, which indicates that any
or C&". In order to obtain information on the stability of 10 assisted dissociation of the complex is extremely
the BP™ complexes in weakly basic solutions, the samples slow10

of Bi(DOTA)~ and Bi(DO3A-Bu) were titrated with KOH Crystal Structure of NaBi(DOTA) -H,0. The fractional

?n the pH range 311_. The titration curves indicqted N0 atomic coordinates and the isotropic temperature factors for
interaction between Bi(DOTA)and OH . However, in the the non-hydrogen atoms are listed in Table 2. All bond

titration of Bi(DO3A-Bu), 1 equiv of KOH was consumed  |engths and angles are in the range expected for this kind of
in the pH range 610, as may be seen in Figure 2. The girycture?-22 The central Bi* is octacoordinated. The
consumption of base cannot be a result of the hydrolysis of packing in the unit cell is stabilized by intermolecular
Bi(lll) because this was not observed in the titration of

Bi(DOTA)". (20) Aime, S.; Botta, M.; Ermondi, Gnorg. Chem.1992 31, 4291.

(21) Aime, S.; Barge, A.; Botta, M.; Fasano, M.; Ayala, J. D.; Bombieri,
G. Inorg. Chim. Actal996 246, 423.

(19) Ahrland, S.; Grenthe, Acta Chim. Scandl957, 11, 1111. (22) Hoeft, S.; Roth, KChem. Ber1993 126 869.
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Table 2. Atomic Coordinates %10% and Equivalent Isotropic
Displacement Coefficients for NaBi(DOTA)H,02

X y z Ueq) x 10%/A2
Bi(1) 0 560(1) 2500 24(1)
N(L) —496(3)  —1605(9)  3360(2) 27(2)
c2) 191(4) —2491(12)  3844(3) 33(2)
c(3) 841(4) —3264(12)  3498(3) 34(1)
N(4) 1146(3)  —1628(9)  3118(3) 29(1)
c(5) 1590(4) —2481(12)  2624(3) 33(1)
C(12) —1030(4) —3264(11) 3017(3) 33(1)
C(13) —945(4)  —238(12)  3729(4) 30(1)
C(14) —509(4) 1754(12)  3939(3) 33(1)
0(14) 69(3) 2237(8)  3674(2) 36(1)
0(15) —769(3) 2763(10)  4369(3) 57(2)
C(16) 1678(4) —226(13)  3575(4) 35(2)
c(17) 1773(3) 1842(12)  3271(3) 34(2)
o(17) 1336(3) 2259(8)  2699(3) 39(1)
0(18) 2272(3) 2960(9)  3612(3) 46(1)
Na(1) 2510(3) 2912(9)  4813(3) 39(1)
O(1WA) 2911(5) 5958(13)  4762(4) 68(2)
O(2WA) 3799(3) 1315(11)  5053(3) 49(1)

aEquivalent isotropicU defined as one-third of the trace of the
orthogonalizedJ; tensor.
hydrogen bonds involving carbonyl O atoms, solvent water
and N& ion. It should be noted that there are no direct
interactions between the ligand molecules: all contacts are
mediated via solvent molecules as Figure 3b shows. The Bi
ion is deeply located in the cage formed by the O and N
atoms. The O14Bi—014A angle is 129.3 while the N1~
Bi—N1A angle is 110.9 (Table 3). If these are compared
with the corresponding data for crystalline Lu(DOTAJt
can be seen that, despite its smaller ionic size, th¥ i
less deeply located in the caffe.The corresponding
O—Lu"—0 angles are between 141ahd 143.3 while the
N_Lu3+._N angles are be.tween 105.2nd 105.4. The Figure 3. Crystal structure of NaBiDOTA-0. (a) The numbering scheme
reason is that the softer Bibonds more strongly to the N s’indicated. Bond distances and angles are given in the text and more in
donor atoms of the ring. Further, the lack of coordinated the Supporting Information. Packing of NaBiDOT4,O and disorderd Na
water in the Bt complex lets the central ion sink deeper ©n along the crystallographic axis (b).
toward the ring. Accordingly, the mean £IN bond lengths Table 3. Selected Bond Lengths and Bond Angles for
are longer by more than 30 pm than the-t@ bond lengths. NaBi(DOTAYH,0*

The Bi—N and Bi~O bond lengths differ by less than 10 bond length/A bond angle/deg
pm only as can be seen in Table 3, where selected bond g;1) ") 2.516(5)  N(1}-Bi(1)—N(4) 71.18(16)
distances and angles are shown. Bi(1)—0(14) 2.580(5)  N(1)#Bi(1)—N(4) 71.20(17)
This is in accordance with the higher thermodynamic S:EB:S((&#;# 2255%3‘(5)((55)) ’N\l((%#;‘?('{)l)_ll’zﬁ)lgt ﬂgg(é))
stability (Table 1) and the differences in fluxional behavior  g;(1)_N(s 2535(5) O(17)Bi(1)~O(14)%  79.69(16)
(see later). The twisting angle between the squares deter- Bi(1)—0(17) 2.495(4)  O(1ABIi(1)—0(14) 78.17(16)
mined by the four O and N atoms of the ligand is’36r Bi(1)—N(4)# 253505  O(1ABi(1)-O(17)#  126.7(3)
LUDOTA™ while for Bi(DOTA)™ it is only ca. 30 whereas BICh-O(N#L 24554 N(Oj)ﬁg;ﬁgiggj;ﬁ 152;8@%}7)
45° is considered to be ideal for the regular square antipris- N(4)#-Bi(1)—O(17)# 65.87(18)

manc .arrangement.. Other cryst_allographlc parameters. are ajp Figure 3. Atoms denoted with letter A in Figure 3 (denoted in this
listed in the Experimental Section and in the Supporting table with #) are equivalent, generated by the following symmetry
Information. The solution structure of the complex will be transformation:—x, y, =z + */s.

discussed in comparison with the crystal structure shown in theIH NMR peaks on the basis of 2D COSY and HSQC at
Figure 3a. 274 K, where the coupling patterns are well visible. (Figure
'H and **C NMR Studies. The proton spectrum of  S1ab, Supporting Information). We use the following
Bi(DOTA)™ consists of broad lines at room temperature; notations for the carbon atoms: r denotes the ring carbons
these vary with a Change of the temperature (Figure 4) Since(and the protons on them)’ e.g., a proton of a rin@ @fd,up
the equilibrium studies indicate the presence of only one js rH(a) or rH(b) ac denotes Ciicarbons of the acetate
complex in solution, the broadening of the signals is probably
a result of fluxional dynamic processes (vide infra), which (23) Desreux, J. Anorg. Chem.198Q 19, 1319.

. 25 (24) Jacques, V.; Desreux, J. lRorg. Chem.1994 33, 4048.
are fairly common for DOTA complexéé. In order to (25) Aime, S.; Botta, M.; Fasano, M.; Marques, M. P. M.; Geraldes, C. F.

acquire deeper insight into this behavior, we first assigned G. C.; Pubanz, D.; Merbach, A. Ehorg. Chem.1997, 36, 2059.
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BiDOTA and BiDO3A-Butriol Complexes in Solution

____,/»\-_/‘f\/\/L Scheme 3. Conformation of BIDOTA Ring
r,H(a) r,H(b)

N r,H(b) /N@r,ﬂ(a)
Bi3+ — Bi3+
SN rH(b) \N r,H(a)
r,H(a) rH(b)

a) b)

(a doublet withPJy{rH(b)} = 13.6 Hz), sH(b) at 3.53 ppm
(a “pseudotriplet” with 2Jy{r.:H(a)} = 13.6 Hz and

3Jun{ri(b)} = 14.0 Hz). The other vicinal couplings among
the rest of the protons cannot be resolved either in the 1D
or in the 2D spectra. From these coupling data, the
conformations of the ring protons are axial (lafjg4) and
equatorial (smalleJyy which cannot be detected even at
5 (ppm) 274 K) 28 similar to those of the Ln(lll) complexes, as shown

_ _ _ in Scheme 3°23 Bi(DOTA)~ has a simple’®*C NMR
Figure 4. H NMR spectra of 0.2 M BiDOTA solution at pk 8.6 (20%

D,0) at different temperatures. From the bottom upward: 274, 280, 290, SpeCtrum’ Wlth one signal at 179.1 ppm (.CO)! indicating the
and 300 K. The water signal is suppressed by a binomial pulse sequencemagnetic equivalence of the four coordinated carboxylate

(Watergate, provided by Bruker Gmbh). carbon atoms. Three Ghsignals appear in the spectrum:
Scheme 2. Conformation of Acetate Arms in BIDOTA one of them is due to the acetate arms (ac), at 58.8 ppm,
o while the other two to the ring carbon atomsat 55.0 ppm
and p at 50.5 ppm. The probable reason is that the ring has
—~ a kind of symmetry that results in two different chemical
% o environments for the Cytarbon(r) atoms while the acetate
oN Bi* CH, carbon(ac) atoms are equivalent, similar to the car-
bonyls.
groups, while ch denotes the carbons in the 2,3-dihydroxy-  The analysis of NMR data indicates that the complex itself
(1-hydroxymethyl)-propyl group, which of course is present hasc,, symmetry in solution, which is very slightly distorted
only in the DO3A-Bu complex. (see Scheme 1). for the crystalline form (Figure 3, Tables 2 and 3). These
The acetate protons of Bi-DOTA give an AB doublet with  fingings are in accordance with the COSY and HSQC spectra
chemical shifts of 4.45 ppm for acH(a) (this sideband of the (in Figure S1a,b in the Supporting Information). In contrast
AB doublet is destroyed partially by the water suppression yith the results obtained for most Ln(DOTA) complexes,
sequence in spectra of Figure 4) and 4.02 ppm for acH(b) no diastereomers were detected, which supports the observa-
The geminal coupling constant is 17.85 Hz, which is tijons of Aime et al. that the diameter of the ions is responsible
exceptionally large. There is a rule, supported by experi- for the diastereomerisit. The size of Bi* is very close to
mental findings and quantum mechanical calculations for that of L&+, for which only one diastereomer is dominant
R—CH,COO- fragments, which describes the variation in  (vide infra). We have no direct evidence for the solution
the?J. value with the dihedral angle of thefC bond and  strycture, but there is no reason to say that it is different
the COO plane?*~?If this angle is about 90 then?Junis  from the X-ray structure, which is a distorted inverted
about—12 Hz, while if it is 0 or 180, then®Jun is about  antiprism similar to that of the Ln(lll) complexes.
—18 to —19 Hz. Therefore, we assume that the reason for The dynamic pattern of the protons can be observed
this large geminal coupling is the coordination, which qyajitatively via the 2D EXSY spectrum (Figure S2 in the
stabilizes a conformation with a dihedral angle of about’180 Supporting Information) taken at 274 K. There are strong
The coordination mode is illustrated in Scheme 2, where the cross-peaks between protonsifa) and sH(b) and between
C—N bond is in an eclipsed position to the COO pldhe. rH(b) and sH(a), which correspond to the motion of the
Indeed, it may be seen in the X-ray structure of the complex protons originally in the axial position arriving at the
(Figure 3a) that, for example, the atoms NiB13A— equatorial position and vice versa, while thand 5 carbon
C14A—014A are almost in one plane. atoms virtually change their position (Scheme 3). With the
The ring exhibits four proton signalsiH(a) at 3.75 ppm  potation introduced for ethylenediamine complexes, the
(a doublet with?Jy{riH(b)} = 14.2 Hz), iH(b) at 3.36 ppm  reaction is §00) = (1441).2225The existence of the weaker
(a “pseudotriplet” with 2Juu{riH(@)}} = 14.2 Hz and  cross-peaks which connect tigeminalprotons (iH(a) to
Jnn{r2H(b)} = 14.0 Hz; i.e., the geminal and the vicinal 1) or H(a) to BH(b)), theaxial protons (e.g.r:H(a) to
coupling constants are almost the samg(a) at 3.63 ppm  y,H(a) in Scheme 3a), and treguatorialones (e.g.,1H(b)
to r,H(b) in Scheme 3a) cannot be understood as a result of

45 43 41 39 37 35 33

(26) Barfield, M.; Grant, D. MJ. Am. Chem. S0d.963 85, 1899.

(27) Barfield, M. Hruby, V. J.: Meraldi, J.-Rl. Am. Chem. Sod975 this exchange process. Moreover, a detailed study of the
98, 1308. molecular model indicates that these exchanges may require

ggg m%’:‘e"’fséy\g.f;ﬁg%d'\f“l_cll'Q]Ma,ag'gﬁle;%gbﬁf?gfggi ig,algg: the rupture of all metatligand bonds which must be slow.

(30) Bodor, A.; Bawyai, |.; Tah, I. Coord. Chem. Re 2002 228 175. The explanation of the appearance of these cross-peaks may
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be cross-relaxation resulting from closer and more distant
neighborhood protons. The existence of the fluxionality
(0006) = (11A1) already described and illustrated in Scheme
3 is supported by the temperature dependence of théH1D
NMR spectra. At high temperature, the ring protons collapse
to two signals, probably a still “exchange-broadened” pair
of AB doublets, in which the geminal coupling could not be
resolved even at this temperature (Figure S3). Further
evidence is that the temperature dependence dHI¢MR
spectra for the ring protons could be described quantitatively
by taking into account only this exchange process with the
activation parametersH* = 39.6 kJ mot* andAS = —76.3 ®) , I ||
Jmolt K1 (Figure S4a). The fluxionality of the ring in the . N l ! l{
Ln(lll) —DOTA complexes can be described exclusively with “MLW — . NN
this motion as well, which also supports our find#fg?224.25 |

The AB doublets of the acetate arms broaden and collapse |

to one signal on elevation of the temperature (Figure S3).

This process has activation paramet&ks= 35.0 kJ mof? 180 76
andAS* = —96 J moi! K1 (Figure S4b). This fluxional

motion can be attributed to the change in the helicity of Figure 5. *H NMR spectrum (a) and®C (J-modulated) NMR spectrum
Bi(DOTA) -, denoted byA = A. This type of motion has (b) 07 0.1 M BI(DO3A-BU) in DO at pH 8.73 at 298 K.

also been detected in the case of Ln(lll) compleXe¥. barrier, which occurs at infinitely high temperature. Fof',a
The complex Bi(DOTA) has one dominant diastereomer it is close to zerd?® ASt = —4.6 & 3.3, while for YB" it is
in the solution, which consists of an enantiomer pair denoted ASF = 52 4+ 39 J mott K~1.24 These data were interpreted
asA(0000) andA(4444) according to the [IUPAC standard, in such a way that in the transition state Yb(DOTA)
or m; and m (this notation originates from theinorisomer  probably loses one water ligand resulting in increased
of Ln**—DOTA complexesf> We came to this conclusion  disorder, while this is not the case for La(DOTAF The
by investigating the X-ray picture that is shown in Figure entropy of activation for Lu(DOTA) is even more positive,
3a. This is not surprising because the size &f B similar 116 J mot! K=1, which is not in contrast with the water
to that of L&". We calculated the ionic sizes as follows: free transition state concept, although Aime et al. did not
Aime et al. published ionic sizes 101.9 and 107.5 pm for analyze the reaction from this point of view in their paper.
octacoordinated and nonacoordinated ¥on, respectively, Bi(DOTA)~ has no water in the coordination sphere, and
in the Y-DOTA™ complex. Having known the ¥—O the transition state can be conceived as more symmetrical
distances from the Cambridge Crystallographic Database, Wethan either of the reactants or the products. This symmetric
calculated the “size” O donor atom and subtracted this value transition state can have a temporarily ordered water shell,
from the Bi—O distances in BIDOTA complex. In this way, explaining the high negative value of the entropy of
we obtained the size of the Biion as 124-133 pm, and activation.
122-125 pm was given for L& by doing the same Bi(DO3A-Bu). As it is seen in Figure 5a,b, Bi(DO3A-
calculation. On the basis of this similarity and in accordance Bu) exhibits complicatedH and 3C NMR spectra. From
with the observation of Aime et al. on Eg we can state  these spectra, we can set out to find which of the three
that the concentration of the other enantiomer p4#144) alcoholic OH groups of the “butriol” group is coordinated
(traditionally namednajor, M1) and A(6899) (M) is low; to the BB*. With regard to the dissociation constant of
we could not even detect the presence of this enantiomer ofBj(DO3A-Bu), —log Kq = 7.53, it is probable that at pH
BiDOTA™.% Therefore, the exchange detected is as follows: 8.73, where the spectrum (Figure 5a) was recorded, the
coordinated alcoholic OH group of the ligand is predomi-
A(0000) == A(AA14) nantly deprotonated. In this respect, inspection of 4He
NMR spectrum is very useful, because a proton signal is
The results support the suggestion of Desreux based onvery strongly shifted to the lower fields, since it appears at
*C NMR measurements on the complex La(DOTApat  5.35 ppm (see insert in Figure 5a). A comparison of the
the two types of motion, i.e., the motion of the ring and the integrated signal intensities shows that this signal is produced
acetate arms, proceed at the same rate in a synchronous walfy one proton, which must be close to the coordinated
in Bi(DOTA)~ as well?® The free energy of activation is  alcoholic OH group because it is strongly deshieldied.
the same as for the complex La(DOTA)ut the entropy  The multiplet structure (a doublet of triplets by scalar

of activation is a largemegatve value for Bi(DOTA). coupling to one and two other protons) indicates that this
Generally, it is not an easy task to explain the activation
parameters for fluxional systems, but some comment can be(31) Sudmeier, J. L.; Reilley, C. Mnal. Chem1964 36, 1699, 1707.
made. The entropy of activation characterizes the remaining ¢ 586;reux' J. F.; Merciny, E.; Loncin, M. Forg. Chem 1981, 20,

hindrance of a certain process when there is no energetic(33) Clarke, T.; Martell, A. Elnorg. Chim. Actal991, 190, 2.

68 60 52
(ppm)
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BiDOTA and BiDO3A-Butriol Complexes in Solution

Scheme 4. Possible Conformations of BiDOTA-Butriol Side Chain sponds to thdk,Sor S,Rconfiguration of the butriol chain
HH H and trans position between ch2 and ch3 protons. The
@ e CH,0H molecule can hold thigrans position even in the probable
Bt (CHOH o 1 “cmoH A = A change in helicity.
o CH,0H H

From this point, the assignment cannot be continued in
2SS or RR bRS or SR this way, because the chain is a separated spin system.
Further investigation of the spectra allows the conclusion

CH proton has a CH and a GHyroup in its immediate  that the coordination of the “butriol” side chain results in
neighborhood and is most probably attached to the ch3complete asymmetry in the ligand structure, which, besides
carbon atom (Scheme 1), while the coordinated and depro-the complicated proton spectrum, leads to as many CH
tonated OH group also bonds to this carbon atom. carbon signals in th&’C NMR spectrum as there are gH

In order to find more evidence, we need to understand carbon atoms in the molecule. In the Supporting Information,
and interpret théH and'3C NMR spectra of Bi(DO3A-Bu).  we describe the further assignments of tHeand'3C NMR
Therefore, we recorded 2D homonuclear and heteronuclearspectra of the Bi(DO3A-Bu) complex. From the relatively
correlation spectra (see Figure S5a,b in Supporting Informa- broad*H NMR peaks, we can conclude that the ring probably
tion). A comparison of the spectra, presented in Figures 5akeeps the fluxional properties of the BiDOTA skeleton,
and Sb5a, suggests that the proton signal at 5.35 ppm is partausing this broadening. However, the lack of a single crystal
of the spin system and is coupled to three protons. TheseX-ray structure prevented us to work out the details of it.
three protons form multiplets at 3.45, 3.76, and 3.85 ppm.
However, it turns out from the HSQC spectrum (Figure S5b) Concluding Remarks
that the pro?on at 5.35 ppm correlates to a CH carbon atom The Bi(lll) forms complexes of high stability with the
at 77 ppm (in thel-modulated*C NMR spectrum, the CH o e gerivative ligands DOTA and DO3A-Bu. In Bi(DO3A-
_car_bon signals appear in thg _neganve phase). Thgse fmdmgsBu)’ the middle alcoholic OH group of the “butriol”
indicate that the only possibility is that this proton is bonded deprotonates in the pH range-8. Therefore, at physiologi-

to the ch3 carbon atom (Scheme 1), as stated already.Cal pH about 50% of the Bi(DO3A-Bu) complex, which is
Through the use of the correlation spectra, we could continuea potential X-ray contrast agent, has negative charge

the assignment of the peaks of thg bgtnol side chain. It The solid state structure of Bi(DOTA) is similar to that

follows fro”.‘ the HSQC spectrum (in Figure S5b) that the of the DOTA complexes of lanthanides, but no water

proton multiplets qt 3.45, 3.76, and 3.85 ppm must belong molecule is coordinated in the inner sphere of'BiThe

to ﬂzr?éo;ﬁzsa\fvgéc? ar(:non the ch2 carbon atom at 66.4 absence of the water molecule in the inner coordination

ppFinaII the rotoﬁs %?1 the chl carbon atom appear as asphere of the BI(DOTA) complex is probably due to the

naty. P . PP . “lone” electron pair of the central atom and the shorter

multiplet Ef‘t 3'78. ppm (see Figure S5a), and the cor_re_spond|ngBi3+_N bond distances which cause more compact coordi-

carbon signal is at 60.8 ppm. The valuable vicin&l) ( nation than in the case of the lanthanides

coupling constants for the butriol chain can be calculated The Bi(DOTA) complex shows fluxionalit3./ both changes

from the spectrum, as follows*Jy[C(ch2H—C(ch3H] = o ) A

9.7 Hz 3J p[C(cL;14)I—b—C(cr\1l;)Hle_v[ 3(H3)(from(the3)tri]plet in ring conformation and acetate arm helicity in a synchro-
: S . nous way, probably via a symmetric transition state. The

at 5.35 ppm), Yu[C(ch2)H-C(ch)H] = 4.6 Hz, and relatively large negative entropy of activation also supports
3 h4)H— =2.
Jus[C(ehd)H C(Ch3)H]= 2.9 Hz (from the group of peaks the lack of the water molecule from the inner coordination

at 3.68 ppm). The lower coupling constants at around 3 Hz . N . L .
ppm) Ping sphere. Since B is different in coordination properties from

indicate that the attached protons are ingaeicheposition. ) L . :
The two CH protons with large coupling constants can be the Ianthamdeg, the similarity in the dynamics of 'Fhelr DOT_A
complexes points to the fact that these dynamics look like

in thetrans(a dihedral angle close to 180or in theeclipsed . .
position (a dihedral angle near t6,Gee Scheme 4). the own featu_re o_f the ligand rather than the result of a special
way of coordination.

The ligand DO3A-Bu contains two asymmetric carbon

atoms, ch2 and ch3. A simple molecular model clearly  Acknowledgment. This research was supported by the
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