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The macrocyclic ligand DO2A (1,4,7,10-tetraazacyclododecane-1,7-bis(acetic acid)) was prepared and used as a
building block for four new macrocyclic ligands having mixed side-chain chelating groups. These ligands and
their complexes with M Cd', and LA were studied extensively by potentiometry, high-resolution NMR, and
water proton relaxivity measurements. The protonation constants of all compounds compared well with those of
other cyclen-based macrocyclic ligands. All'Gamplexes were found to be more stable than the corresponding
Mg" complexes. Trends for the stabilities of the''Likomplexes are discussed and compared with literature
data, incorporating the effects of water coordination numberd, dontraction, and the nature of the side chains

and the steric hindrance between thethl. NMR titrations of DO2A revealed that the first and second protonations
take place preferentially at the secondary ring nitrogens, while the third and fourth involved protonation of the
acetates.?’0O NMR shifts showed that the DyDOZAcomplex had two inner-sphere water molecules. Water
proton spir-lattice relaxation rates for the GdDO2A&omplex were also consistent with water exchange between
bulk water and two inner-sphere aoordination positions. Upon formation of the diamagnetic complexes of
DO2A (Cd', Mg", La", and LU"), all of the macrocyclic ring protons became nonequivalent due to slow
conformational rearrangements, while the signals for the acetatepfiitbns remained a singlet.

Introducti
ntroduction X\ /~\ /Y

Recent interest in polyazamacrocyclic paramagnetic and N N
radioactive metal ion chelates largely results from their biomedi-
cal applications such as (i) magnetic resonance imaging (MRI)
contrast agents? (i) shift reagents for NMR-active catiors, N 2 1 N

and (iii) diagnostic and therapeutic radiopharmaceutitafs Z/ \ / \X
a result of intensive investigations of the chemical (thermody-
namic, kinetic, structural, spectral, and electrochemical) and ef cd

pharmacological properties of macrocyclic complexes, a number gigyre 1. Macrocyclic ligands discussed in this study. Cyclen=x
of paramagnetic GH chelates are now used clinically as MRl Y =z =H. DOTEP: X=Y = Z = CH,P(O)(Et)O". X = CH,COO~

contrast agentsind somé®Y'" chelates are useful bioconjugates for the following. DO2A: Y= Z = H. DO3A: Y = CH,COO, Z =

for monoclonal antibody radioactive labelif§:8 H. DOTA: Y = Z = CH,COO". DO2A-2HE: Y = Z = (CH,).0H.

The ligand DOTA (see Figure 1), derived from 1,4,7,10- go_zﬁﬁ"'cpﬁ (é:a)zoi CS(S%HA(%;%&%H.YD(_)S?_EFEHYFT(C():)TE)CE%((;’
= 2 . - . = = 2| .
tetraazacyclododecane (cyclen), forms one of the most thermo-DOZA_ZEP: Y=2 = CH,P(O)(Et)O . Numbering is for DO2A (a,b:

CH,COQO™ protons).
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Telephone: 972-883-2907 or 214-648-5877. Fax: 972-883-2925 or 214-

648-5881. Email: sherry@utdallas.edu. dynamically stable and kinetically inert complexes with the
IUn!verS!ty of Texas at Dallas. trivalent lanthanide cations of any known chelt&. These
University of Minho. properties make GADOTAone of the most effective and safest

§ University of Coimbra.

Il University of Texas Southwestern Medical Center. MRI contrast enhanqeméraggnts available. GAdDOTAlike
€ Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. all current commercially available MRI contrast agents, is a
(1) Lauffer, R. B.Chem. Re. 1987 87, 901. nonspecific extracellular agent, also known as “perfusion agent”,

(2) Sherry, A. D.J. Less-Common Met989 149, 133.
(3) Sherry, A. D.; Geraldes, C. F. G. C. lranthanide Probes in Life,
Chemical and Earth Sciences, Theory and PractRianzli, J.-C. G.,

which distributes throughout all extracellular space before being

Choppin, G. R., Eds.; Elsevier: Amsterdam, 1986; Chapter 4. (8) Cox, J. P. L.; Jankowki, K. J.; Kataky, R.; Baker, D.; Beeley, R. A.;
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(5) Runge, V. M.Enhanced Magnetic Resonance Imagi@gV. Mosby S.; Warker, CJ. Chem. Soc., Chem. Commu®89 797.
Co., St. Louis, MO, 1989. (9) Cacheris, W. P.; Nickle, S. K.; Sherry, A. lorg. Chem 1987, 26,
(6) Order, S. E.; Klein, J. L.; Leiche, P. K.; Frincke, J.; Lollo, C.; Carlo, 958.
D. J.Int. J. Radiat. Oncol. Biol. Phyd986 12, 277. (10) Bricher, E.; Laurenczy, G.; Makra, Zhorg. Chim. Actal987, 139,
(7) Washburn, T. T.; Hwasun, J. E.; Crook, J. E.; Byrd, B. L.; Carton, J. 141.
E.; Hung Y.-W.; Steplewski, Z. 9nt. J. Radiat. Appl. Instrum., Part (11) Wang, X.; Jin, T.; Comblin, V.; Lopez-Mut, A.; Merciny, E.; Desreux,
B 1986 13, 453. J. F.Inorg. Chem 1982 31, 1095.
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excreted through the kidneys. This lack of tissue specificity
means that a relatively high dosage of such perfusion agents i
required for significant MRI contrast enhancement. The
relatively high osmolality of GADOTA and other ionic contrast
agents led to the development of neutral low-osmolality agents
which can be safely used at higher dose lel#&13. The nonionic
Gd" complex of DO3A-HP, a derivative of the heptadentate
ligand DO3A, has favorable thermodynamic and kinetic proper-
ties'415and is used clinically as an MRI agent.

A lower dose could be employed if the contrast agent were
delivered to a specific organ, tissue, or cell type, resulting in a

high localized concentration. The development of organ/tissue-

Huskens et al.

characteristics with My Cd', and Gd' were determined and
scompared with literature data on similar compounds.

Experimental Section

General Procedures and Reagents1,4,7,10-Tetraazacyclodode-
cane (cyclen) tetrahydrochloride was purchased from Parish Chemical
Co. Cation exchange resins5){(—)-propylene oxide, phosphorous
acid, paraformaldehyde, 37% w/w formaldehyde, diethyl phosphite,
dichloroethylphosphine, gadolinium chloride hexahydrate, standardized
disodium dihydrogen ethylenediaminetetraacetate (0.0499 M), xylenol
orange, anhydrous solvents;@ NaOD, and all other standard reagents
were obtained from Aldrich Chemical Co. Volumetric standard

specific radiopharmaceutical agents allows diagnostic evaluationselutions of NaOH (1.0 M), HCI (0.1 M), and KOH (0.1 M) were

of hepatobiliary and kidney function and brain, myocardial, and
bone imagind®1” mostly using®Tc-based complexes.8-20
while radiotherapeutic agents involvirf§Y'"'-labeled mono-
clonal antibodies have also been developed Tissue-specific
delivery of Gd'-based MRI contrast agents could be designed
through variation of the lipophilicity, molecular weight, and

ionic charge of the chelafg-20

obtained from Ricca Chemical Co., Arlington, TX. Filtrations and
extractions of air-sensitive or hygroscopic compounds were ac-
complished with a Schlenk-type apparatus under a nitrogen atmosphere.
Infrared spectra were recorded on a Mattson 2025 FT-IR spectrometer.
Elemental analyses were obtained from either Galbraith Laboratories,
Inc., or Oneida Research Services, Inc.

Syntheses. The derivatives 1,7-bis(benzyloxycarbonyl)-1,4,7,10-
tetraazacyclododecane and 1,7-bis(benzyloxycarbonyl)-1,4,7,10-tet-

Previous reports have described the synthesis, physicochemsaazacyclododecane-4,10-bis(acetic aeittbutyl ester) were prepared

ical characterizatiof and biodistribution studié%of positively
charged GH chelates, which show promising bone-targeted
specificity. One of them is the hexadentate DOTA analogue

DO2A (see Figure 1). Preliminary reports have appeared de-

scribing the synthesis of DOZAand some of the propert#@s?3
of GADO2A'. The present work describes in detail the synthe-
sis of the ligand DO2A, the characterization of its acizhse

as described previousty.
1,4,7,10-Tetraazacyclododecane-1,7-bis(acetic acid) (DO2A),7-
Bis(benzyloxycarbonyl)-1,4,7,10-tetraazacyclododecane-4,10-bis(ace-
tic acidtert-butyl ester) (4.21 g, 6.30 mmol) was dissolved in 100 mL
of 20% hydrochloric acid and refluxed for 1 day. The hydrochloric
acid was removed by rotary evaporation to give a white solid. Absolute
ethanol (50 mL) and then ether (10 mL) were added, and the white
precipitate was filtered off onto a Schlenk filter, washed with an

properties, and the thermodynamic stability constants and somegthanot-ether (1:1) mixture (20 mL) and with ether 320 mL), and

structural features of its Mg Cd', and LA (La", Gd", Dy",
Yb", and LU") chelates in solution using potentiometry,
multinuclear NMR spectroscopy, and water proton relaxometry.

then dried in a stream of nitrogen to give 2.30 g (90%) of a white
solid. Anal. Calcd (found) for GH24N404-2.78HCFL.11H0 (fw =
409.47): C, 35.20(35.12); H, 7.13 (7.12); N, 13.68 (13.72); Cl, 24.03

These properties are compared with those of the parent com-(24.03). *H NMR (D:0), 6 (ppm): 3.57 (s, 4H, CbCOOH), 3.22,

pound, cyclen, and of related tetraazamacrocyclic polycarboxyl-

ates, DO3A and DOTA. The effects of changing the number

of macrocyclic pendant acetate arms on those chelate propertie

are also discussed. Furthermore, DO2A has been used as
building block for the synthesis of several new macrocyclic
ligands with two acetate and two other side-chain chelating

3.10, 2.95 (br, 16H, NCHCHN). *C NMR (D;0), 6 (ppm): 176.45
(CH,COOH), 55.31 CH,COOH), 50.78 CH,NCH,COOH), 44.32
éHNCHz).
4,10-Bis(2-hydroxyethyl)-1,4,7,10-tetraazacyclododecane-1,7-bis-
?acetic acid) (DO2A-2HE). DO2A (729 mg, 1.88 mmol) was
dissolved in 5 mL of water, with stirring, and the pH was adjusted to
between 10.5 and 11.0 by addition of NaOH (5.4 mL of 1.483 M, 8.0

groups. These compounds are useful as potential ligands formmol). The reaction mixture was cooled te-2 °C, and 0.215 mL

MRI contrast agents, providing either positively charged'Gd

(4.3 mmol, 14% excess) of ethylene oxide was added. After slow

complexes using neutral side chains, such as hydroxyethyl (aswarming to room temperature, the reaction course was followétiby

in DO2A-2HE; see Figure 1) or hydroxypropyl (DO2A-2HP),

NMR. After 4 h, no DO2A remained. The mixture was acidified with

or negatively charged complexes using negatively charged sidehydrochloric acid to pH 1.0 and evaporated to near drymesgscuo
chains, such as ethyl methylenephosphonate (DO2A-2PME) orto remove the excess ethylene oxide. The product was dissolved in

methyleneethylphosphinate (DO2A-2EP). Their thermodynamic

(12) Tweedle, M. F.; Gaugham, C. H.; Hagan, J. J. U.S. Patent 4,885,363
1989.

(13) Dischiro, D.; Delaney, E. J.; Emswiler, J. E.; Gaughan, G. T.; Prasad,
J. S.; Srivastava, S. K.; Tweedle, M.IRorg. Chem 1991, 30, 1265.

(14) Kumar, K.; Chang, C. A.; Tweedle, M. fhorg. Chem 1993 32,
587.

(15) Kumar, K.; Chang, C. A.; Francesconi, L. C.; Dischiro, D. D.; Malley,
M. F.; Gougoutas, J. Z.; Tweedle, M. Forg. Chem 1994 33,
3567.

(16) Treher, E. N.; Francesconi, L. C.; Gougoutas, J. Z.; Malley, M. F;
Nunn, A. D.Inorg. Chem.1989 28, 3411.

(17) Linder, K. E.; Malley, M. F.; Gougoutas, J. Z.; Unger, S. E.; Nunn,
A. D. Inorg. Chem 199Q 29, 2428.

(18) Leppo, J. A.; DePuey, E. G.; Johnson,J..Nucl. Med 1991, 32,
2012.

(19) Holman, B. L.; Jones, A. G.; Lister-JamesJJNucl. Med 1984 25,
1350.

(20) Narra, R. K.; Nunn, A. D.; Kuczynski, B. L.; Feld, T.; Wedeking, P.;
Eckelman, W. CJ. Nucl. Med 1989 30, 1830.

(21) Kovacs, Z.; Sherry, A. DOl. Chem. Soc., Chem. Comm®fA95 185.

(22) Kim, W. D.; Hrncir, D. C.; Kiefer, G. E.; Sherry, A. Dnorg. Chem
1995 34, 2225.

(23) Kim, W. D.; Kiefer, G. E.; Maton, F.; McMillan, K.; Muller, R. N.;
Sherry, A. D.Inorg. Chem.1995 34, 2233.

50 mL of distilled water, and the solution was loaded onto a 30 mL
50X8-200 cation exchange column (2.8 cm column diameter). The
column was eluted consecutively with 100 mL of distilled water, 100
'mL of 0.5 M HCI, 100 mL of 1.0 M HCI, 100 mL of 1.5 M HCI, and
1000 mL of 2.0 M HCI. The product came off in the 2.0 M HCI
fractions, while the earlier fractions contained inorganic salts (NaCl)
and impurities. All fractions containing product were evaporated to
drynessn vacuoand coevaporated three times with 250 mL of distilled
water to remove the excess HCI. The product was lyophilized to yield
750 mg (1.44 mmol, 76.3%) of pure DO2A-2HE as a powder. Anal.
Calcd (found) for GeH32N4Oe-4HCI (fw = 522.31): C, 36.79 (36.74);
H, 6.95 (6.94); N, 10.72 (10.23)*H NMR (D,O/TSP),0 (ppm): 3.98
(t, 4H, NCH.CH,0H, 33y = 7 Hz), 3.61-3.44 (m, 20H, ring CH
and NCHCOOH), 3.18 (t, 4H, NE&,CH,OH). *C NMR (D,O/TSP),
o (ppm): 173.03 (COOH), 54.00, 53.79 @M,COOH, NCHCH,0OH),
52.04 (NCH,CH,OH), 49.53, 46.93 (ring C}).
4,10-Bis(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,7-
bis(acetic acid) (DO2A-2HP). A 1.084 g (2.803 mmol) sample of
DO2A was dissolved in a 1.483 M NaOH solution (8.0 mL, 11.86
mmol), yielding a pH of 11.0. The reaction mixture was cooled to 5
°C, and 0.450 mL (373 mg, 6.42 mmol, 15% excess) §F()-
propylene oxide was added. The reaction mixture was stirred for 6 h
at room temperature. AH NMR spectrum of the reaction mixture
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was recorded every hour until the DO2A ring proton resonance at 2.61 mmol, 38.2%) of pure DO2A-2EP as a white powder. Anal. Calcd

ppm had disappeared. The crude product was purified on a 50X8-200 (found) for GgH3sN4OsP,*HCI (fw = 536.92): C, 40.26 (40.21); H,

cation exchange column (36 mL of resin, 2.8 cm column diameter). 7.32 (7.31); N, 10.44 (10.19)H NMR (D,O/TSP),d (ppm): 3.83 (s,

The column was eluted consecutively with 120 mL of water, 120 mL 4H, NCH,COOH), 3.27 (d, 4H, NE,P(Et)(O)OH,2Jpy = 10 Hz),

of 0.5 M HCI, 120 mL of 1.0 M HCI, 120 mL of 1.5 M HCI, 500 mL 3.18-2.95 (br m, 16H, ring Ch), 1.53 (dg, 4H, NCHP(O)(OH)H,-

of 2.0 M HCI, and 250 mL of 2.5 M HCI. The product came off in  CHj), 0.75 (dt, 6H, NCHP(O)(OH)CHCHg, %Jpp = 14 Hz,3Jyy = 8

the 2.0 and 2.5 M HCl fractions. All fractions containing the product Hz).

were evaporated to dryneissvacuoand coevaporated three times with Potentiometry. All potentiometric titrations were performed in a

250 mL of water to remove the excess HCI. Lyophilization gave 1.234 jacketed vessel at 258 0.1 °C under a N atmosphere. The ionic

g (2.383 mmol, 85.0%) of pure DO2A-2HP as a powder. Anal. Calcd strength of all samples was adjusted to 0.1 M prior to titration using

(found) for GgHseN4O6-3.11HCI (fw= 517.74): C, 41.77 (41.73); H, MesNCl or KCI. Hydrogen ion concentrations were calculated from

7.62 (7.61); N, 10.83 (10.37)H NMR (D,O/TSP),6 (ppm): 4.27 the measured pH values using &.pof 13.81 and a H activity

(m, 2H, NCHCH(CHz)OH), 3.61 (d, 4H, NEI,CH(CH;)OH, 3Juy = coefficient of 0.82, determined in separate titrations containing known

10 Hz), 3.54 (s, 4H, NCKCOOH), 3.34-3.19 (br m, 16H, ring CH), amounts of acid or base. Unless stated otherwise, the titrations were

1.21 (d, 6H, NCHCH(CHs)OH). 13C NMR (D,O/TSP, pD= 11), 6 evaluated using a spreadsheet program described previdugiif.

(ppm): 181.00 (COOH), 66.74, 65.92 QNM,CH(CH3)OH), 61.42 titrations were performed at least twice.

(NCH,COOH), 52.43-51.40 (br, ring CH)), 22.86 (NCHCH(CHy)- The protonation constants of DO2A were determined by potentio-

OH). metric titration of 5 mM DO2A [ = 0.1 M, MeNCI or KCI) with
1,4,7,10-Tetraazacyclododecane-1,7-bis(acetic acid)-4,10-bis(ethyl  either 0.1 M M@NOH or 0.1 M KOH. Since all ligands in this study

methylenephosphonate) (DO2A-2PME). A 926 mg (2.39 mmol) form complexes with Caand Md' relatively quickly, the stability

sample of DO2A was dissolved in 10 mL of water and the pH adjusted constants of these systems could be determined by direct potentiometric

to 10.6 by addition b1 M NaOH. Water was removeid vacuoand titration of 1:1 metal:ligand solutions. Such titrations were carried out

the product dried under high vacuum for 3 h. The resulting product on 5-10 mL solutions containing 1:52.5 mM ligand and metal ion

was dissolved in 2.512 mL (33.52 mmol, 600% excess) of 37% (three separate titrations for each metal ion). The stability constant of

formaldehyde, and the solution was stirred for 30 min at room CaDO2A was also determined by titrating a solution containing 5 mM

temperature. A 1.260 mL (9.585 mmol, 100% excess) portion of diethyl (MesN):DO2A and 5.5 mM CaGlwith 0.1 M HCI. In this case, sample

phosphite was then added to the reaction mixture and stirred for 16 h equilibration required about-25 min after each addition of acid.

at room temperature. The product was evaporated to dryness and Gd", however, forms complexes with these ligands too slowly for

coevaporated with water to remove the excess formaldehyde. Thedirect potentiometric titration. Therefore, these stability constants were

mixture, dissolved in 20 mL of water, was washed three times with 50 evaluated in two different ways. First, an “out-of-cell” potentiometric

mL of methylene chloride and five times with 25 mL of diethyl ether titration was performed by preparing 15 samples of'Guhd ligand

to remove the excess diethyl phosphite. The aqueous layer containedand adding different amounts of 0.1 M KOH to each sample. The pH

the diethyl ester product, which was hydrolyzed to the monoethyl ester was measured in each sample daily until no further changes were

with 25 mL of 1 M NaOH (522% excess) under reflux until judged detected, indicating that the sample had reached equilibriurdl@7

complete by NMR (4 h). The product was loaded onto a 50X4-200 days). The volume of KOH added to each sample and the final pH

cation exchange column (100 mL) and eluted with 500 mL of water readings were used to calculate the stability constants with a Simplex/

followed by 250 mL of 0.5 M HCI. The fractions containing the
product were combined, and the solvent was remawvedcua After

Marquardt algorithm prograit. The stability constants of LnDO2A
(Ln = La", Gd", Yb") were also determined in potentiometric

coevaporation with three 250 mL portions of water to remove excess competition experiments in which 2.0 mM LnCt 2.0 mM (MeN)2-
HCI, the product was redissolved in water and precipitated by addition DO2A + 2.0 mM (MeN),EDTA was titrated with 0.1 M HCI. The

of ethanol. After filtration and washing with diethyl ether, 624 mg
(1.17 mmol, 48.9%) of pure DO2A-2PME was obtained as a white,
hygroscopic powder. Anal. Calcd (found) ford3sN4O10P2 (fw =
532.46): C, 40.60 (40.51); H, 7.19 (7.18); N, 10.52 (10.2H.NMR
(D20), 6 (ppm): 3.98 (gn, 4H, P(O)OE,CHs, 3Jun = 3Jpn = 6.5 HZ),
3.65-3.08 (br m, 24H, ring Ck{ NCH,COOH, and NCHP), 1.31 (t,
6H, P(O)OCHCHg). 3C NMR (D,O/TSP),0 (ppm): 175.45 (COOH),
65.09 (P(O)@H,CHz, 2Jpc = 6 HZz), 54.72 (\CH,COOH), 51.38, 43.79
(ring CH), 48.64 (NCHP, XJcp = 148 Hz), 16.36 (P(O)OCHTH5).
1,4,7,10-Tetraazacyclododecane-1, 7-bis(acetic acid)-4, 10-bis-
(methyleneethylphosphinate) (DO2A-2EP).With vigorous stirring,
2.1 mL (20.2 mmol) of dichloroethylphosphine was added dropwise
to 4.2 mL of cold (5°C) water. The reaction mixture was allowed to

protonation constants of EDFA as well as the stability constants of
LnEDTA" in 0.1 M MeNCI were obtained from the literatufe. These
titrations were performed with allowance of up to 15 min equilibration
after each addition of titrant, but equilibration was generally reached
within 5 min.

NMR Experiments. NMR spectra were obtained on either a Varian
Unity 500, a Bruker (GE) GN-500, or a JEOL FX-200 spectrometer.
Probe temperatures in all instruments were accurateltC. *H NMR
spectra were recorded in CDGbersusTMS) or DO (versussodium
3-(trimethylsilyl)propanesulfonate (TSP) or HDO (4.80 ppmjfC-
{*H} NMR spectra were recorded in CDGbersusCDCl; (77 ppm))
or D,O (versusTSP (0 ppm) or Chlof tert-butyl alcohol (31.2 ppm)).

Solutions of DO2A (0.02 M) for NMR pH titrations were prepared

warm to room temperature. The presence of ethylphosphinic acid wasin DO, and the pD was adjusted with DCI, NaOD, or a 1.106 M

confirmed by!H NMR. In a 50 mL three-neck round-bottom flask

fitted with a reflux condenser, a stirring bar, an inlet and an outlet for
nitrogen, and addition tubing, DO2A (915 mg, 2.37 mmol) was
dissolved in the freshly prepared ethylphosphinic acid solution. The
reaction mixture was refluxed gently, and 6.6 mL (34.5 mmol) of a
paraformaldehyde solution (157 mg/mL, 6.0 M HCI) was added at a
rate of 0.55 mL/h over 12 h, after which the reaction mixture was
refluxed for an additional 6 h. The reaction mixture was cooled to

standardized KOD solution. The final pH was determined with a Crison
2002 micro-pH meter fitted with a combined Ingold 405 M3 micro-
electrode and calibrated at 21 0.5 °C with two standard buffers at

pH 4.000 and 7.020 and corrected for the deuterium isotope effect using
pH = pD — 0.427% The'H NMR spectra were recorded as a function
of added base using a single solution below pH 12. Above this pH,
individual solutions were prepared from a DO2A stock solution at pH
12 by adding known amounts of NaOD or KOD solution. The p[H]

room temperature, evaporated to dryness, and coevaporated three timesas calculated for each solution by assuming that the ligand is

with 100 mL of water to remove the excess HCI. The crude product
was purified by passing it over a column of 150 mL 50X4-200 cation
exchange resin (2.8 cm column diameter), eluted with 250 mL of
distilled water followed by 250 mL of 0.66 M HCIl. The fractions
containing the product (b4 NMR) were evaporated to dryness. After
uptake in water, the product was precipitated by addition of ethanol.
The product was collected by filtration under nitrogen. After being
washed once with 10 mL of ethanol and three times with 15 mL of
diethyl ether, the product was driédl vacuoto yield 486 mg (0.905

(24) Huskens, J.; Van Bekkum, H.; Peters, JCAmput. Cheml995 19,
409.

(25) Cacei, M. S.; Cacheris, W. Byte 1984 9, 340.

(26) Martell, A. E.; Smith, R. M.; Motekaitis, R. NIST Critical Stability
Constants of Metal Complexes, NIST Standard Reference Database
46; NIST: Gaithersburg, MD 20899, 1993.

(27) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188.

(28) Delgado, R.; Frausto da Silva, J. J. R.; Amorim, M. T. S.; Cabral, M.
F.; Chaves, S.; Costa, Anal. Chim. Actal991, 245, 271.
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Table 1. Protonation Constants of DO2A and Its Derivatives
Compared with Those of Other Macrocyclic Ligandd & 0.1 M
and 25°C

protonation constaft

Huskens et al.

of the cyclen ring nitrogens with pendant acetate functionalities
increases the lo¢& value from 10.6 for cyclen to 11-411.7

for the derivatives, a change of the number of bound pendant
acetates from 2 to 4 has virtually no effect on the second

ligand electrolyte  lok;  logK. logKs logKs protonat?on constant of the ligand. 'The third and fourth
cycler? 106 96 15 07 protonation constants of DO2A are similar to the analogous
DO2AC Me.NCI  11.38(2) 9.62(3) 3.95(3) 2.62(4) values for DO3A and DOTA. An interesting question now
KCl 10.91(14) 9.45(13) 4.09(8) 3.18(16) arises as to where the first two protonations occur in DO2A, at
DO3Ad MesNCI 11.59(3) 9.24(3) 4.43(2) 3.48(3) the secondary or tertiary nitrogens or some combination thereof.
KCl 11.55(8) 9.15(9) 4.48(2) Secondary nitrogens typically have better electron-donating
NaCl ’ 10.51(1)  9.08(4) 4.36(13) capabilities, but protonation at a tertiary nitrogen in systems
DOTA MesNCl 11.73(3) 9.40(2) 4.50(4) 4.19(6) . . . .
MeNNOS 12.09(4) 9.68(1) 4.55(1) 4.13(1) such as these is often assisted by hydrogen bonding with the
MeNCIF 11.22(1) 9.64(2) 4.86(2) 3.68(1) directly bon(_jed acetate_side ch&ﬁ’nAIthough potentiometry
KCld 11.14(7) 9.50(1) 4.61(9) 4.30(9) cannot provide these microscopic detalld, NMR spectra of
ﬁl(\ljl(?se ﬂiigg g.gggg 23;8 gggﬁg such ligands collected as a function of pH are usually quite
: : : : informativi low).
NaCFH 9.37(3) 9.14(8) 4.63(12) 3.91(7) Oh ative (See. below) df q
DO2A-2HE  KClI 10.71(5) 8.98(13) 4.06(4) 2.73(4) The protonation constants measured for DO2A-2HE an
DO2A-2HF  KCI 12.23(16) 8.92(9) 4.04(3) 3.00(5) DO2A-2HP follow trends similar to those seen for DO3AHP
DO3A-H  MesNClI  11.96 9.43 4.30 3.26 and the acetate derivatives described above. The protonation
DO2A-2PME KClI 10.60(9) 9.25(5) 4.41(4) 3.56(3) constants of DO2A-2PME and DO2A-2EP were comparable
DO2ZA-2EF  KCl 10.84(1)  8.61(23) 3.96(13) 2.89(7) to those reported earlier for DOTEP.In each case, both the
DOTEP KNO3 10.94(3) 8.24(3) 3.71(3) . .
first and second protonation constants tend to be lower for the
2K; = [HiLV[H][H i-1L]; errors represent standard deviations for two  methylenephosphonate ester and phosphinate derivatives com-

or three separate titrationsReference 29 Present work? Reference
15. ¢ Reference 30.Reference 319 Reference 33.

completely deprotonated at these high pH valuéid. NMR spectra
for the pH titrations were recorded on the Varian Unity 500 spectrom-
eter at probe temperatures of 25 and°%s

Solutions of the diamagnetic metal ion (M¢cd', La", and LU")
complexes of DO2A for NMR measurements contained 10 mM DO2A
and 1 equiv of the MYy Cd', or lanthanide(lll) chloride in BD adjusted
to pH 8-9. All pH adjustments for these samples were made with
DCI or NaOD. Proton 1D and 2D COSY spectra of the complexes
were obtained at various temperatures on the Varian Unity 500
spectrometer, using decoupler presaturation to suppress the residu
solvent signal.

170 NMR spectra were recorded on the GE 500 spectrometer at 6
°C. To a solution of 30 mM DO2A (pH 10) in 10%:D in HO was
added Dyd in 12 equal aliquots up to 50 mM. The pH was measured

after each addition and adjusted to above 9 if necessary. Then, EDTAMultiplets.

pared to the analogous acetate derivatives. Itis remarkable that
the third protonation constant of DO2A-2EP is only little larger
than the corresponding value for DOTEP, even though this step
likely involves protonation of an acetate group in the former
and protonation of an ethylphosphinate side chain in the latter
compound.
(b) NMR Titrations. To study the microscopic protonation
sequence of the ligands, we performetHaNMR pH titration
of DO2A at 75°C using K" as the counterion and compared
this (see Supporting Information) with analogous data for
OTA34 and other tetraazamacrocyclic amino polycarboxyl-
tes3 At this temperature, the proton NMR spectrum of DO2A

o consisted of three sharp resonances at all pH values: the acetate

methylene protons (a,b) appeared as a singlet, and the macro-
cyclic methylenic protons (c,d and e,f) appeared as two complex
NMR pH titrations of macrocyclic ligands are

was added in three aliquots, up to 50 mM, and 1.5 mL of the sample usually performe#-343%in the presence of K as this cation

was diluted by the addition of 1.5 mL of 10%,0 in H,O. This
procedure was repeated four times.

Water Proton Relaxation Rates. Water proton (IF,) relaxation
rates were measured as a function of [GdL] (685mM) on 100 mL
samples of complex at pk 6.8 (PIPES buffer), at 28C using an
inversion recovery pulse sequence on a spin-lock pulsed NMR
instrument (Model CPS-2) operating at 40 MHz. Since equilibrium
was not reached immediately upon mixing'Gdith ligand, Tou was

does not bind significantly to macrocyclic ligands of this type
at high pH. Chemical shiftersuspH curves collected in the
presence of Nainstead of K were shifted somewhat at high
pH values, due to the formation of the NaDO2&omplex at
high pH, analogous to the binding of N#&o other tetraazacy-
clododecane derivativéd:36

The NMR titration curve of DO2A shows the effect of

measured each day until changes could no longer be detected. Aftersuccessive protonations of the various basic sites of the
equilibrium had been established, the paramagnetic contributions to molecule. The first two inflections at high pH (1%Q3.0 and

the water relaxation rates {lub) were evaluated for each complex by  9.0—-11.0) were observed only for the ring protons e,f and, to
subtracting the diamagnetic water relaxation rate from each observedg smaller extent, c,d. These correspond to the first and second
paramagnetic relaxation rate. The slope of a plot ofy@/vs [GdL] protonations, as obtained by potentiometry (Table 1). Another
(obtained by linear regression) provided a measure of the relaxivity jnfaction was observed at lower pH values (pH-2400) which

(Ry) of each complex. had a greater effect upon the acetate protons (a,b). Qualitatively,

Results and Discussion these shifts parallel the third and fourth protonations as

Ligand Protonation Studies. (a) Potentiometric Titrations.
The protonation constants of DO2A (I6g= 11.38, 9.62, 3.95,
and 2.62) were determined by titration of the ligand with,Me
NOH (see Table 1). The protonation constants of DO2A in 2 >

. M . 33) Lazar, I.; Sherry, A.D.; R , R.;'Bher, E.; Kiraly, Rlnorg.
0.1 M KCI were quite similar, and protonation of DO2A ( )Cﬁze?,; 1991 2[)'?’5016. amasamy ' raly, Rinorg
followed the same trend, two protonations above neutral pH (34) Desreux, J. F.; Merciny, E.; Loncin, M. Fiorg. Chem 1981, 20,
and the remaining below, as for cycl&h,DO3A5 and a5 9AS7- 3 R Delaado. R.: Erausto da Siva. J. J. Rhem. S
DOTA.153931 |t can be concluded that, although derivatization °) Parkin Tans, '2’1935?2}8(;’_ » Frausio da siva, J. & khem. 5oc.
(36) Geraldes, C. F. G. C.; Sherry, A. D.; Cacheris, WIrdrg. Chem
1989 28, 3336.

(30) Delgado, R.; Frausto da Silva, J. R. Ralanta1982 29, 815.

(31) Clarke, E. T.; Martell, A. Elnorg. Chim. Actal991, 190, 27.

(32) Geraldes, C. F. G. C.; Sherry, A. D.; Marques, M. P. M.; Alpoim, M.
C.; Cortes, SJ. Chem. Soc., Perkin Trans.1®91, 137.

(29) Kodama, M.; Kimura, EJ. Chem. Soc., Dalton Tran$976 2403.
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Table 2. Thermodynamic MetatLigand Stability ConstantsK.) of Ln"', Mg", and C4 with DO2A and Its Derivatives Compared with
Those for Other Macrocyclic Ligands &t= 0.1 M and 25°C and Conditional Stability Constants,, at pH 7.4 and Relaxivitied; (mM~*
s ™Y, of the Gd' Complexes at pH 7, 40 MHz, and 2&

|Og Km 2

ligand La Gd Yb Mg Ca lodK?P R
cyclen 3.I°
DO2A 16.6(2) 19.4(1), 19.1(3) 20.6(3) 5.40(5) 7.8(1) 13.2 6.49
DO3A 19.7(4) (C&) 21.0 23.0(2) (Lu¥ 11.74(2) 15.0 4.88
DOTA 22.9 24.6h 25.3(6Y" 24.9 11.92 17.23 19.0 3.60 4.60
DO2A-2HE 21.1(1) 7.03) 10.1(3) 16.2 4.38
DO2A-2HP 22.5(1) 8.0(1) 11.0(4) 16.1 4.16
DO3A-HP 23.8 14.83(9) 17.2 3.68
DO2A-2PME 16.8(1) 7.5(1) 9.4(1) 11.7 5.75
DO2A-2EP 15.8(1) 7.63(5) 9.7(1) 11.1 5.87
DOTEP 16.50(5) 4.41(5) 9.39(5) 12.1 510

a Ky = [ML)/[M][L]; errors represent standard deviations for two or three separate titrattdissq. = [GAL])/[Gd][L] 1, [L]+ = Y[HnL]. ¢ Reference
26. 9By competition with EDTA; see text Reference 15.Reference 42¢ Reference 57; pH 7, 20 MHz, 4TC. " Reference 9. Reference 14.
I Reference 30¢ Reference 33; pH 7, 40 MHz, 2.

determined by potentiometry (Table 1). It is quite clear that the two ligands, on the fact that equilibration is generally faster
the first two protonations occur almost exclusively at the at higher pH, and on the requirement that no mixed-ligand
secondary ring nitrogens despite the fact that the acetate groupgomplexes or complexes with stoichiometry,M, (m, n > 1)
are capable of assisting protonation at the tertiary nitrogens by were formed. The last requirement might be more problematical
hydrogen bonding? The next two protonations occur almost than in the competition between DOTP and DTPA because
exclusively at the carboxylate groups. A more elaborate and DO2A and EDTA are only hexadentate and, therefore, do not
guantitative description using the empirical procedure of Sud- saturate the first coordination sphere of thé''lion. Similar
meier and Reille¥ is given in the Supporting Information.  to that in the experiments with LaDO¥R38 equilibration was
Except for the asymmetry of the protonation of the ring nitrogens reasonably fast (within 5 min) at pH9. Below pH 9,
in DO2A, its protonation scheme is quite similar to that equilibration appeared to be slower. Assuming that LnDO2A
previously described for the symmetric ligand DOT#85 and LnEDTA" are the only complexes formed, l&gy. values

At temperatures below 7%, the macrocyclic ring methylenic ~ for the DO2A complexes of L', Gd", and YB" obtained in
1H resonances of DO2A are quite broad below pH 9. Between this way were 16.64+ 0.2, 19.14+ 0.3, and 20.64 0.3,
pH 9 and 4, with DO2A in its diprotonated formyH the ring respectively. The standard deviations in the stability constants
IH resonances appear as two broad signals of relative intensitydetermined by this method are fairly large only because the
3:1 at 25°C (see Supporting Information). This indicates that differences between the highest protonation const&atelues)
the HL species is locked into a rigid conformation, probably of DO2A and EDTA are small while the difference between
assisted by internal hydrogen bonds within the macrocyclic ring. the second protonation constaris yalues) cannot be optimally
The acetatéH resonance remains a sharp singlet, however, exploited because the pH has toh for kinetic reasons. For
indicating that these groups remain conformationally mobile. EDTA, polynucleat® and hydroxy° complexes are known, but
At lower pH values, the larger of the two broad resonances splits these barely form at the concentrations (2 mM) used in these
into three broad signals, indicating that protonation of the acetateexperiments. The value for GADO2Ay competition com-
groups to produce thedd and HiL species results in an even pared favorably with that determined by the “out-of-cell”
more rigid, asymmetric macrocyclic ring conformation. Such potentiometric method in the absence of EDTA, supporting the
rigid conformations have previously been detected for protonatedassumption that mixed LAEDTA—DO2A complexes were not
forms of asymmetric macrocyclic ligandsbut not for the formed under the conditions exploited here. Further evidence
symmetric ligand DOTA# in support of this assumption was provided B¥D NMR

Complexation Studies. (a) Potentiometric Titrations. The measurements (see below).
stabilities of MgL and CaL (see Table 2) for all ligands studied  Table 2 summarizes the stability constants determined in this
here could be determined from potentiometric titration data for work for a variety of metal ions with DO2A and several DO2A
the ligand in the presence of 1 equiv of Mg@r CaC}. For derivatives. Also shown are data for the analogous DO3A and
the Ln" complexes, this procedure was impractical due to DOTA complexes reported elsewhér:153041.42As expected,
extremely slow equilibration at low pH values. Therefore, about the Kyg. values are lower than the correspondifg. values
15 samples were prepared separately per ligand at different pHfor all ligands reported in Table 2. This reflects the effect of
values and these were allowed to equilibrate over several days.macrocyclic ring size where all 1,4,7,10-tetraazacyclododecane
After the pH stabilized, final readings were taken and used to derivatives show a preference for the largel @a while 1,4,7-
evaluate the stability constants. The stability constant obtainedtriazacyclononane compounds generally bind more strongly to
for GADO2A" using this “out-of-cell” potentiometric method  Mg".4344 The log Ky, values for the Ch complexes with
was confirmed by competition experiments performed using DO2A, DO2A-2HE, and DO2A-2HP were consistently-11
EDTA as a second ligand. This allowed direct potentiometric 11.5 logK units lower than those of the corresponding"Gd
titrations to be performed at high pH-{4.2), where equilibration p—— A Do Ron 3 Husk I Brer E- Toh E. Gerald
s much faster than at low pH. A similar procedure was () Shery & B Ren, b tuskens, o her, ST & Gerges
successfully applied previously for the determination of the 35, 4604.
stability of LaDOTP~.38 This method, in which a 1:1:1 l'h (39) Spaulding, L.; Brittain, H. Glnorg. Chem.1983 22, 3486.
DO2A:EDTA mixture was titrated with HCI from pH 12to 9,  (40) Huskens, J.; Kennedy, A. D.; Van Bekkum, H.; Peters, JJ.Aam.

relies on the differences between the protonation constants of 4, g?;?;'r Sﬁfl,??aikll&,::;éw_ Chem., Int. Ed. Engl976 15, 686.
(42) Kumar, K.; Tweedle, M. F.; Malley, M. F.; Gougoutas, J.lZorg.
(37) Sudmeier, J. L.; Reilley, C. Mnal. Chem1964 36, 1698, 1707. Chem 1995 34, 6472.
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complexes. Kumar et &k.recently reported a linear relationship 25
between the stability constants of GdL and the corresponding DO2A-2HP
CalL systems, for a large number of five- and six-membered *
chelates. This relationship, ld¢zq. = (1.4+ 0.1) logKcaL +
(2.5 £ 1.2), predicted that logca. should be 12, 13.3, and
14.3 for DO2A, DO2A-2HE, and DO2A-2HP, respectively,
compared to measured values of 7.8, 10.1, and 11.0. Thus, the
differences between calculated and observed stability constants
for Cd' complexes with these three ligands were 4.2, 3.2, and
3.3 logK units. Since the log{m value for GADO2A agrees
well with linear correlations between logcq. and Ylog K; 10
values (see below), we assume that these differences reflect a 15 20 25 30
problem with C4 binding in these systems. Similar descrep-
ancie4® were reported previously for the ligands DTPA, EGTA, 2 log K,
and TTHA and ascribed to the occupation of less coordination
sites by these ligands for binding to 'Ceompared to LK. If
this is correct, our results suggest that DO2A, DO2A-2HE, and o ) ) o
DO2A-2HP, unlike DOTA, do not use all possible ligand donor  for @ limited number of ligands is shown in Figure 2. Only the
groups in forming complexes with €an aqueous solution. n most basic sites were included in théog K; values for each

A comparison of the stability constants of the'Gcomplexes ~ il9and in this plot, where n= the number of protonations
of the three tetraazamacrocyclic amino carboxylates illustrates 'éguired to yield a neutral ligand. The data for DOTA, DO3A,
clearly the order DOTA> DO3A > DO2A, approximately DO2A, and Mp other macrocycllc d|acet§1te I|gand§, PC2A and
paralleling the differences in the number of donor atoms and BP2A exhibit a very good linear relationship, with a slope
five-membered chelate rings formed in these complexes. Theidentical to that reported earlier for a much larger number of
L' chelates of DO2A show a marked increase in stability (4 llnear polyaza polycarboxylate liganéfs.The data for DO2A-
log K units) from the beginning of the series {tgato the end ~ 2HE, DO2A-2HP, and DO3A-HP all appear to fall above this
(Yb'), somewhat larger than that observed previously for the linear relationship, suggesting that these complexes are more
DO3A complexes (3.3 log units)4 and a factor of 2 larger ~ Stable than expected on the basis of ligand basicity alone. This
than that observed previously for the DOTA complexes (2 log 29rées with the previously observed phenomenon for polycar-
K units)? Thus it appears that the decrease in ionic radius of P0Xylate compounds containing neutral-oxygen donor sites,
the LA ions across the lanthanide series has a more pronouncedVhich also form more stable Ihcomplexes when compared
effect on chelate stability for the LnDOZAand LnDO3A to polycarboxylate ligands lacking these neutral-oxygen donor
complexes than for the LnDOTAcomplexes. This is in  Sites®
contrast to the generally observed phenomenon that the increase Substitution of two acetate groups of DOTA by ethyl
in LnL stability constants across the lrseries is larger for ~ Phosphonate or ethylphosphinate side-chain functionalities actu-
ligands with a higher coordination number due to the larger @lly decreases the stability of the complexes. In this case, not
formation entropies for the heavier ¥rions4s only are the G complexes of DOZA-Z'PME and DO2A-2EP

For comparison of the @&binding strengths, the conditional 1SS stable than DO2A, but the latter is even less stable than
binding constani. at physiological pH (7.4) is commonly  the fully substituted GADOTER This suggests that steric
regarded as a better measure thag.. Listed in Table 2 are hmplraqce in complexe; with these mlxe.d side-chain function-
log K. values at pH 7.4, as calculated from the protonation @lities is greater than in complexes with only one type of
constants (in M@NCI where available) given in Table 1 and coordinating side chain. In fact, the plane of coordinating
the Kea. values from Table 2. Interestingly, the loss of one ©OXygens has a different twist angle relative to the plane of ring
acetate group from DOTA to DO3A has a much larger effect Nitrogens in LnDOTA' (40°) compared to the ¥ complex of
on the conditional stability constam (log Kc) = 4.0) than the the tetrasubstituted benzylp_ho_sphmate denvahvé)(;‘»fQNhlc_h
loss of a second group from DO3A to DO2A(log Ko) = probably has a structure similar to that of LnDOTEPThis
1.8). Substitution of an acetate group on DOTA by a hydroxy- indicates that, in ligands with two acetates and two phosphinate
propyl group to give DO3A-HP results in only a small decrease side chalns, these side chains will h{:\ve confhg’ung geometric
in complex stability A\(log K¢) again is 1.8), despite the lower ~N€eds in order to accommodate theflLion, resulting in lower
overall charge. Substitution of a second acetate group by aStabilities or even partial coordination as suggested by the results
second hydroxypropyl side chain to give DO2A-2HP again has Presented here.
a smaller effect 4(log K¢) = 1.1) when compared with Gd- (b) Water Coordination Numbers for LnDO2A . The
(DO3A-HP)). The Gd(DO2A-2HE) and Gd(DO2A-2HP) number of water molecules in the first coordination sphere of
complexes are about 1 order of magnitude more stable thanDYDO2A" was determined by Di+induced"O shift measure-
GdDO3A at pH 7.4, indicating that the additional chelate bonds Ments of the bulk water resonance, as described previéUsly.
in the eight-coordinate DO2A-2X derivatives contribute more This method relies on the fact that the water molecules in the
to the stability of the complexes than the additional negative first coordination sphere of Bygenerally exchange rapidly with
charge on DO3A. the bulk water, so that one averagéa signal is obtained using

A linear relationship between ligand basicity and complex Only the naturat’ abundance. As shown befdtethe bound
stability has been reported for numerous polyaza polycarboxylateSNift of a coordinated water molecule is approximately 2000

ligands of this type. A plot of lodaaL versusylog K; values ppm, arising mainly from a contact interaction betweenlfke
water nucleus and the unpaired electrons of thé' yn.

+
DO3A-HP

DO2A-2HE *

T
20 DO3A

DO2A

log Kggt

Figure 2. log KgaL versus) log K; for various macrocyclic ligands.

(43) Huskens, J.; Sherry, A. . Am. Chem. Sod 996 118 4396.

(44) van Haveren, J.; DeLeon, L.; Ramasamy, R.; Van Westrenen, J.; (46) Aime, S.; Batsanov, A. S.; Botta, M.; Howard, J. A. K.; Parker, D.;
Sherry, A. D.NMR Biomed1995 8, 197. Senanayake, K.; Williams, Gnorg. Chem 1994 33, 4696.

(45) Huskens, J.; Peters, J. A.; Van Bekkum, H.; Choppin, GnBrg. (47) Peters, J. A.; Huskens, J.; Raber, DPtbg. NMR Spectrosd 996
Chem 1995 34, 1756. 28, 283 and references cited herein.
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10 R, Figure 4. *H NMR spectra of 20 mM DO2A with 1 equiv of Mg
Figure 3. Dy"-inducedO NMR shifts for a sample containing 30 (p|'19-5), C4 (pH 9.5), or L&' (pH 7.0), as measured at 500 MHz and
mM DO2A and G-30 mM DyCk versuspy = [Dy]/[H20] (lower x 75°C.
axis) ando. = [Dy]/[DO2A] (upper x axis), as measured at 67.8 MHz,
60 °C, and pH>09. molecules), and Dy(DO2A)(EDTAj (without any water
o ) molecules) were the only complexes present, about 50% of the
The water coordination number of DyDO2Avas determined  pyll gppeared to be in the mixed-complex formhag, = 2
by measuring thé’0 NMR shifts as a function of the amount  mM (60°C, pH 10.4). The stability of this complex is probably
of added DyC{ for a sample containing 30 mM DO2A and  gyerestimated with about 0.6 Idg unit, since a decrease of
10% D,O for locking purposes. A temperature of 80 was  the protonation constantsé\Hi. = —35 kJ mof for DOTA
maintained to provide a sharp&O resonance and to ensure  and—33 kJ mot? for cyclen® and a concomitant increase of
rapid exchange of the water molecules between bound and bulkihe apparent complex stability are usually the main effect of an
water on the NMR time scale. The pH was checked and kept jycrease in temperatufé. Therefore, under the conditions

above pH 9, since the potentiometric titrations had shown that exploited in the potentiometric competition experimentsi@5

the exchange between bound and free DO2A became slow al\,, = 2 mM, Gd":DO2A:EDTA = 1:1:1), less than 10%
pH <9 (see above). Figure 3 shows the'Dipduced'’O water  contribution of this mixed complex was estimated at pHI9.

shift as a function opw = [Dy)/[H ;0] (lower x axis) ando. = The presence of Ln(DO2A)(EDTA) in the potentiometric
[DyJ/[L] (L = DO2A; upperx axis). Atp. =1, atotalbound  competition titrations would cause an overestimation of the
shift of 4000 ppm was calculated, leading to a water coordina- | h\pO2A* stability constants, and a variation k.. over the

tion number of 2. This agrees with the observation that the pH range exploited should have been observed. Since this was
Dy"! aguo ion has eight water molecules in the first coordination not the case and the calculatégy, is even lower than the value
sphere®9so complexation by the hexadentate ligand, DO2A,  getermined by the regular potentiometric method without EDTA,
results in removal of six water molecules from the first \ye conclude that the influence of the mixed-ligand complex
coordination sphere. Fei = 0-0.5, the bound shiftwas only  on the potentiometric competition experiment was negligible.
2000 ppm, corresponding to a single bound water molecule. (c) NMR Studies of DO2A Complexes with Diamagnetic
This is consistent with formation of a Mlcomplex which may lons. The conformations of the 1:1 complexes formed in
consist of a nine-coordinate Byion complexed by a six- aqueous solution between the macrocyclic chelate DO2A and
coordinate DO2A ligand, a two-coordinate DO2A ligand (using e diamagnetic cations MgCd', La", and Lu" were studied
either two acetates or one acetate and one ring nitrogen), andoy one- and two-dimensiondH NMR techniques. When less
one water molecule. An expansion of the'Dgoordination  than 5 stoichiometric amount of cation was added to a DO2A
sphere from 8 to 9 is known to occur when two or more gqution or, in the cases of the cations 'Mgnd Cd, when

(negatively charged) ligands are coordinatedzor p. = 0.5- stoichiometric solutions were used at some pH values, reso-
1, the addition of DY leads to redistribution of DO2A from  hances for the free and bound ligands were detected ifrthe
ML to ML. NMR spectra. Figure 4 shows typical spectra for MgDO2A,

At pr =1, EDTA was added to the sample to investigate the capo2A, and LaDO2A obtained at 348 K. The acetate
possibility of formation of mixed-ligand complexes (the pHwas  hrot0ns (H, Hy) appear as a singlet in these complexes. This
constant at 10.4). Indeed, addition of 1 equiv of EDTA led t0 qntrasts with the MDOTA complexes (M= Y, La", Lu'")
an almost complete reversal of the 'Dynduced ™0 shift, ~\yhich show AB type pattems for the acetate proté. In
suggesting formation of a 1:1:1 complex with no bound water e |atter complexes, this reflects the maintenance of the screw
molecules. This complex may consist of a hexadentate DO2A ¢onformation of the plane of coordinating carboxylate oxygens
and a tridentate EDTA, the latter probably via an IDAun#(  compared to the plane of the ring nitrogens, due to the steric
one nitrogen and its attached acetates), coordinated to a nineyemands of the four acetates. A twist of these planes is slow
coordinate DY ion. Dilution of this sample by a factor 16 (in - g, the NMR time scale in the MDOTAcomplexes. In the

increments of factors of 2) led to an initial increasé 0 shift MDO2A complexes, however, the presence of the acetate singlet
followed by a decrease due to the dilution. Assuming that

DyDO2A*, DyEDTA~ (both with two coordinated water (50) Broan, C. J.; Cox, J. P. L: Craig, A. S.. Kataky, R.; Parker, D.;
Harrison, A.; Randall, A. M.; Ferguson, @. Chem. Soc., Perkin.
(48) Cossy, C.; Barnes, A. C.; Enderby, J. E.; Merbach, AJ.EChem. Trans. 21991 87.

Phys 1989 90, 3254. (51) Aime, S.; Botta, M.; Ermondi, G.; Fedelli, F.; Uggeri,IRorg. Chem
(49) Cossy, C.; Merbach, A. Pure Appl. Chem1988 60, 1785. 1992 31, 2422.
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Table 3. *H NMR Chemical Shifts of Aqueous Diamagnetic M M_
Complexes of DO2A and DOTA | Y AN
proton chemical shifts) (ppm}p : N2 : N1
ligand  cation H Hp Hec Hq He Hs N1 H, N2 H,
DO2A* ¢ 3.20 2.78 2.63
Mg" 3.29 295 264 272 291
cd' 3.20 284 270 239 275 H H H H
La" 3.46 307 284 262 296 f e d e
Lu™ 3.54 311 3.07 284 281 H H
DOTA ¢ 3.15 2.55 d f
Mg" d 3.12 284 248 284 248
cd'¢ 342 268 3.06 224 208 268 1 11

La"e 375 3.05 342 248 236 298 . I
Lue 355 324 340 268 244 2.76 Figure 5. Newman projection along the -€C bond of the two
vt 357 319 338 273 240 273 staggered conformations of the ethylenediamine moieties of metal-

bound DO2A and DOTA.
a Proton chemical shifts, taken as the central value of the observed

multiplets, relative to TSRh.  This work; at 348 K and at pH 7.0 for

the Md' and C#4 complexes and pH 9.4 for the Yaand LU" . . . .
complgxesFShifts for tﬁe free ”gang’ pH 12, d Reference 52; 293 mations of the macrocycle, is responsible for the nonequivalence

K. e Reference 51: 273 K (the shifts for LaDOT/are of the minor of the corresponding protons dete.cted in their NMR spectra (see
isomer, and those for LuDOTAare of the major isomerjReference ~ Table 3). The observed broadening of those proton resonances
50; 273 K. at higher temperatures reflects a faster< A intercon-
version®%-53 However, in the case of the DO2A complexes,
suggests that the two acetates can rearrange quickly andhe chemical nonequivalence of the two types of macrocyclic
independently from each other. The four protons of each ring nitrogens, N1 and N2, leads to a rather different situation.
ethylene ring moiety (§ Hg, He, Hr) of the DO2A complexes Even if theA <= A interconversion is fast on the NMR time
appear as four octet resonances, corresponding to a first-ordec@/€; the proton pairs dH. and H;, Hr do not become
ADMX spectrum. This was most easily seen in the spectrum magnehcally equivalent. This fast interconversion process was
of LaDO2A*. The assignment of these proton signals was based found experimentally at 348 K for all the DO2A complexes, as
upon standard 2D homonuclear correlated (COSY) spectra ofth® observed broadening of their ring resonances as the
the complexes (see Supporting Information). These SIOeCtratemperature is Iowered to 323 and 298 K reflects the slowing
showed strong cross-peaks for the geminal-coupled protons (c,d@Wn of that dynamic process.
and e,f) and the single vicinal coupling between protons located "€ Proton coupling constants observed for the DO2A
close to a trans conformation (e.g. c,f), whereas the vicinal _complexes at 348 K are also indicative of a fast (_:onf_ormatlonal
couplings close to a gauche conformation gave very weak or interconversion between _theandll fo_rms .sh_own in Figure 5.
no cross-peaks. The values of those couplings are quite similar for all the DO2A
Table 3 summarizes thiH chemical shifts for the DO2A complexis studied, so we report here only those found for
complexes and compares them with similar data for the DOTA LaDO2A™. Two geminal couplings 0f-13.5 and—13.9 Hz
complexe®5tof Lal, Lu', and Y and with our own result8 and four vicinal couplings of 7.8, 7.6, 3.2, and 3.0 Hz were
for the Md' and C4 complexes. The 12-membered macrocyclic OPServed, consistent with gauehgauche or transgauche
ring of DO2A, like that of DOTA% likely has an enantiomeric ~ @veraging according to Figure 5. No large trans coupling,
square{ 3333 conformation in aqueous solution, similar to that characteristic of a rigid conformation such as between the axial
found for cyclododecar®®:55 Thus, in the corresponding metal ~ Protons Rand H of form I in Figure 5, was seen for the DO2A
complexes, there are two enantiomeric conformations of the COMPlexes, as opposed to a trans coupling of 14.2 Hz, reported
macrocycle in solutionA andA, each one corresponding to a  1of LADOTA?", characteristic of a rigid macrocyclic rirg.
distinct combination of thé andA configurations of the four Comparison of the proton chemical shifts of the DO2A
rings formed by the ethylenediamine bridges bound to the metal COmplexes with those of the deprotonated ligand (Table 3) shows
ion within the chelate (see structureandll of Figure 5). The  that the acetate protons,ldnd H, and the axial ring protons
A < A conformational interconversion process of the macro- Heand H are consistently deshielded upon complexation, while
cycle is caused by interconversions of conformatibasd i the equatorial protons have complexation shifts of variable sign.
of each ethylenediamine bridge. In the case of the DOTA N the case of the DOTA complexes, only the protons Ht,
complexes, as the four nitrogens are chemically equivalent, that2nd H have positive complexation shifts. These complexation
fast interconversion process causes an exchange between thghifts must be dominated by electric field effects from the
H. and H. protons and between theyldnd H protons, making ~ negatively charged oxygens of the ligand cartgoxylates as well
them magnetically equivalent. This was the case found s the metal ion polarization of the-@i bonds® o
experimentally for the MgDOTA complex at 298 K, which (d) Water Proton Relaxivities. Table 2 shows the relaxivity
gives an AAXX' type spectrum (see Table ®).However, the  Values of the G complexes of DO2A and the four derivatives
cd', La", Lu", and Y complexes of DOTA give ADMX type ~ ©f DO2A containing mixed side-chain ligating arms, all
1H spectra for the ring moiety, indicating that this interconver- measured at pH 6.8, 2%C, and740 MHz. These values are
sion process is slow on the NMR time scale between 298 and compared with literature valug$”for GADOTA", GADOTF™,
373 K50-53 This increased rigidity, with a rather high energy GJDOTEP, GADO3A, GdDTPA", and Gd(DOSA-HP)o. A
barrier of the interconversion process between the two confor- inéar relationship between the relaxivitig:( 20 MHz, 40°C)
and water coordination numbag) (has been reported for a series

(52) Geraldes, C. F. G. C.; Marques, M. P. M.; Sherry, A. D. Manuscript

in preparation. (56) Geraldes, C. F. G. C.; Sherry, A. D.; Kiefer, G.E.Magn. Reson
(53) Desreux, J. Anorg. Chem198Q 19, 1319. 1992 97, 290.
(54) Dale, JActa Chem. Scand 973 27, 1115, 1130. (57) Zhang, X.; Chang, C. A.; Brittain, H. G.; Garrison, J. M.; Telser, J.;

(55) Anet, F. A. L.; Rawdah, T. WJ. Am. Chem. Sod 978 100, 7166. Tweedle, M. F.Inorg. Chem 1992 31, 5597.
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of lineaP® and macrocycli¥’ amino polycarboxylate complexes chains with decreasing cationic radius for DOTA and DO3A
of Gd". TheR; value reported in Table 2 for GdADOZAcan than for DO2A, thereby offsetting the expected increase in
be adjusted downward to correct for the lower temperature and stability due to an increase in charge density across thé Ln
higher frequency at which this measurement was made by series. This is also reflected in the water coordination numbers
comparison to the two values for GADOTAeported in Table of these complexes, with GdDOTAhaving one inner-sphere

2 (one at 20 MHz, 40C, and another at 40 MHz, 2XC). If water (total CN of 99" and GdDO3A having two inner-sphere
one assumes that the frequency dependendg, dor small waters (total CN of 937 while GADO2A" also appears to have
complexes such as these is quite small between 20 and 40 MHzfwo inner-sphere waters with a total coordination number of 8.
then the primary effect would be due to temperature. Rhe  This shows that the less crowded DO2A ligand can more easily
value of GADO2A corrected to 40C would be about 4.77,  encapsulate a L'h cation, remove more waters of hydration,
corresponding to approximately two inner-sphere water mol- and respond more readily to changes in cation size along the
ecules. This value is quite similar to th& value reported series. The equivalence of the acetate @idtons in LaDO2A
previously for GdADO3&’ The smallelR; values for GADO2A- shows that steric hindrance between the two acetate groups is
2HE- and GdDO2A-2HP were consistent with a changedn small and that their decoordination and recoordination occur
from 2 to 1. However, the observation that both GADO2A- independently of each other. This is in contrast to the behavior
2PME" and GADO2A-2EP have higher relaxivities than either  of the LnDOTA™ complexes, where the nonequivalence of the
GdDOTA™ or GADOTEP suggests that the mixed side-chain CH, protons is attributed to the steric demands of the four
ligands form complexes with dd with fewer than eight acetates, resulting in the presence of a square of coordinating
coordination sites, consistent with the low stability constants oxygens that is twisted with respect to the square of coordinating
of these complexes. A more thorough analysis of these dataring nitrogens and in the formation of two distinctly different
must await measurement of the frequency dependend of isomers>®

for these complexes. The Gd' complexes of the ligands with two acetates and
_ two ethyl phosphonate or ethylphosphinate groups were less
Conclusions stable than both parent complexes GdDOTahd GADOTEP.

The hexadentate macrocylic ligand, DO2A, forms kinetically This may be attributed to greater steric hindrance between the

inert and thermodynamically stable complexes with the trivalent S‘P‘e chains O_f the mixed side-ch.ain ligands than for the ligands
lanthanide cations. The thermodynamic stability of GdDo2A  With four equivalent groups. This effect may be so severe that
was found to be about 28 orders of magnitude lower than coordination of these mixed side-chain ligands may not be
that of GdADO3A and about 5 orders of magnitude lower than complete, as_sugge_s_t_ed by th_e high relaxivities and lower
that of GADOTA". The Gd!' stability constants for this series thermodynamic stabilities of thelr. G'dcomp]exes. T_he struc-

of tetraazacyclododecanepolycarboxylate ligands correlatedUre (.)f thesq complexes and their dyr!amlc .beh'awor 'm|ght be
nicely with Tlog Ki. The Gd' complexes with the DO2A-2X very interesting and deserves further investigation, sincé Ln
ligands containing two acetates and two 2-hydroxyethyl or complexes with uncoordinated side chains and higher water

2-hydroxypropy! groups were more stable than similar macro- coordination numpers co_uld coordinate yvith other .metal ions
cyclic ligands with only acetate side chains, as predicted by and therepy have Interesting, new relaxation properties that may
the relationship between Idgw. andlog K; (Figure 2). This € useful in some MRI applications.

property was also the key to the success of HP-DO3A as an  Acknowledgment. This research was supported in part by
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stability is also barely compromised compared to that of C.F.G.C.G. thanks the JNICT, Portugal (Grant PBIC/S/SAU/
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Intere;tlngly, t.he Ln[.).OZA. complexeg showed. a.much Supporting Information Available: Text, a table, and a figure
greater increase in stability with decreasing metal ionic radius describing the analysis of thél NMR shift versuspH titration data
along the LA series than found previously for the LnDO3A  for po2A and figures showing thiH NMR spectra of DO2A at pD
and LnDOTA™ complexes. Although this observation was 2.5 and 5.3 (25C) and the COSY spectrum of LaDO2A46 pages).
based solely on data from three'L.cations (Ld', Gd", and Ordering information is given on any current masthead page.
Yb'"), this trend probably reflects more pronounced steric ICO61131X
hindrance or electrostatic repulsion between the acetate side
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