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The protonation constants (K?) of 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid
(PCTA) and stability constants of complexes formed between this pyridine-containing macrocycle and several different
metal ions have been determined in 1.0 M KCI at 25 °C and compared to previous literature values. The first
protonation constant was found to be 0.5—-0.6 log units higher than the value reported previously, and a total of five
protonation steps were detected (log Kf = 11.36, 7.35, 3.83, 2.12, and 1.29). The stability constants of complexes
formed between PCTA and Mg?*, Ca?*, Cu?*, and Zn** were also somewhat higher than those previously reported,
but this difference could be largely attributed to the higher first protonation constant of the ligand. Stability constants
of complexes formed between PCTA and the Ln3* series of ions and Y** were determined by using an “out-of-cell”
potentiometric method. These values ranged from log K = 18.15 for Ce(PCTA) to log K = 20.63 for Yb(PCTA),
increasing along the Ln series in proportion to decreasing Ln3* cation size. The rates of complex formation for
Ce(PCTA), Eu(PCTA), Y(PCTA), and Yb(PCTA) were followed by conventional UV-vis spectroscopy in the pH
range 3.5—4.4. First-order rate constants (saturation kinetics) obtained for different ligand-to-metal ion ratios were
consistent with the rapid formation of a diprotonated intermediate, Ln(H,PCTA)?*". The stabilities of the intermediates
as determined from the kinetic data were 2.81, 3.12, 2.97, and 2.69 log K units for Ce(H,PCTA), Eu(H,PCTA),
Y(H,PCTA), and Yb(H,PCTA), respectively. Rearrangement of these intermediates to the fully chelated complexes
was the rate-determining step, and the rate constant (k;) for this process was found to be inversely proportional to
the proton concentration. The formation rates (kou) increased with a decrease in the lanthanide ion size [9.68 x
107, 1.74 x 108, 1.13 x 108, and 1.11 x 10° M~ s~* for Ce(PCTA), Eu(PCTA), Y(PCTA), and Yh(PCTA), respectively].
These data indicate that the Ln(PCTA) complexes exhibit the fastest formation rates among all lanthanide macrocyclic
ligand complexes studied to date. The acid-catalyzed dissociation rates (ki) varied with the cation from 9.61 x
1074, 5.08 x 1074, 1.07 x 1073, and 2.80 x 10* M~ s~ for Ce(PCTA), Eu(PCTA), Y(PCTA), and Yb(PCTA),
respectively.

Introduction evaluation of new functionalized open-chain and macrocyclic
ligands that form highly stable and kinetically inert com-
plexes with various lanthanide ions ). The interest in
paramagnetic and radioactive metal ions is largely driven

*To whom correspondence should be addressed. E-mail: sherry@ by advances in magnetic resonance |mag|n.g.(MR.I) Contr?'St
utdallas.edu or dean.sherry@utsouthwestern.edu. Phone: 214-645-2730. agents (mostly Gd complexes), nuclear medicine diagnostic

; University of Texas at Dallas. agents [isotopes used in positron emission tomography (PET)

* Advanced Imaging Research Center, University of Texas Southwestern 9 . p p graphy
Medical Center. and y emitters such a§’Ga**, n3*, or 1%%vb*’], and

Macrocyclics. therapeutic radiopharmaceuticafsegmitters such a®Y3+,

' Department of Radiology, University of Texas Southwestern Medical
Center. 77 y3t, 15859t 16803t or 19Pn?t).1 A total of seven Gé

10.1021/ic0608750 CCC: $33.50 © 2006 American Chemical Society Inorganic Chemistry, Vol. 45, No. 23, 2006 9269
Published on Web 10/18/2006

Recent biomedical applications of lanthanide complexes
have catalyzed a growing interest in the synthesis and
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complexes [four based upon diethylenetriaminepentaaceticintermediates of Ce(DOTA)" and Eu(BDOTA)" have
acid (DTPA) and three based upon 1,4,7,10-tetraazacy-been directly detected by UWis,”~® luminescencé? and
clododecanéN,N',N"'",N'"-tetraacetate (DOTA)] have been NMR spectroscopy* The synthesis of the pyridine-contain-
used successfully as clinical MRI contrast agents for many ing 12-membered tetraazatriacetate ligand 3,6,9,15-tetraaza-
years?® Macrocyclic ligands such as DOTA have some hicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid
advantages over acyclic ligands such as DTPA for certain (HsPCTA) has been described previou¥ly:® This ligand
applications because the rigidity of the macrocyclic ring adds has some attractive features for use in biomedicine including
to the thermodynamic stability and kinetic inertness of the the presence of an aromatic chromophore that acts as an
resulting complexes. The linear and macrocyclic-based antenna for E¥ and TB" luminescence and a high water
ligands exhibit markedly different formation kinetics as well. relaxivity (q = 2 complex) for the G# complexi619-21
Macrocyclic ligands tend to form metal ion complexes much Complexes of’'G&", 8Ga", or 14n3" ions with PCTA have
more slowly? a significant disadvantage when preparing been suggested as radiopharmaceuticals in radio-immuno-
therapeutic metal-based drugs involving short-lived radio- scintigraphy and in PEf based on the calculatedvipand
nuclides. low-osmolality values. These data compare favorably to the
The development of novet®Y3*-labeled monoclonal  pM values for DOTA complexes at physiological piHThe
antibodies and other therapeutic agents has stimulated interes$tabilities of PCTA complexes with Mg, C&*, Zr?t, C/,
in the discovery of new Y complexes that have more EW", and Gd&" have been reported,®2325 but neither
favorable formation kinetics and yet remain inert toward detailed thermodynamics nor formation/dissociation kinetics
dissociation°Y3* is an attractive isotope for radio-immu- of the Ln(PCTA) complexes have been reported in detail.
notherapy because of its favorable emission energy and long The objective of the study was to determine the stability
half-life (t = 64 h). As the ionic radii, oxidation state, and constants for the series of Ln(PCTA) complexes and compare
coordination chemistry of ¥ and the LA* ions are similar,  those to the stability of the complexes formed with structur-
the same types of ligands can be used for these'itinis. ally similar macrocyclic ligands, NOTA (1,4,7-triazacy-
important to emphasize that the kinetic inertness of the clononaneN,N',N"-triacetate), DO3A (1,4,7,10-tetraazacy-
complexes plays a crucial role in determining the amount clododecane-1,4,7-triacetate), DOTA, TRITA (1,4,7,10-
of radioactive ion released in vivo. Even though the tetraazacyclotridecand;N',N''N'"-tetracetate), and TETA
thermodynamic stabilities of DTPA-based ligands With3* (1,4,8,11-tetraazacyclotetradecabl ,N"N'"'-tetracetate). The
are satisfactorily high, they are also more kinetically labile kinetics of Ln(PCTA) complex formation and acid-catalyzed

than required for some applications. Ay 3" or radio- dissociation were also evaluated and compared to other
lanthanide ions released in vivo tend to accumulate in bone systems. The ligands involved in this work are presented in
and can result in high radiation doses to bone marrdiwis, Chart 1.

the general requirements for ¥nor Y3* complexes for
therapeutic applications include a satisfactory thermodynamic Experimental Section
stability and kinetic inertness and rapid complex formation
rates for those radioisotopes having short lifetimes.

A large number of 9-14-membered tri- or tetraazamac-
rocycles with three to four carboxylate-containing side arms CaCh, ZnCh, CuCh, YCls, and LnCh were prepared from
have been examined. The formation rates of thé‘Ln analytical-grade salts (Aldrich and Sigma, 99.9%). The concentra-

complexes are typically slow, and on the basis of kinetic tjons of the stock solutions were determined by complexometric
data (saturation kinetics), the existence of stable di- or

monoprotonated complexes is often obse’vétiProtonated (12) Wu, S. L.; Horrocks, W. Dinorg. Chem 1995 34, 3724.
(13) Balogh, E.; Tripier, R.; Ruloff, R.; Tth, E J. Chem. Soc., Dalton

General Procedures. The ligand PCTA was prepared as
previously describetf
Thermodynamic Stability Constants. Stock solutions of MgGl|
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Chart 1. Structures of the Ligand Studied and Ligands Used for Comparison in This Work
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determinations. Sixteen 1.5-mL samples containing a known amount
of ligand (with known H concentration) and ¥ or Ln®* were

titration using a standardized pHEDTA solution in the presence
of eriochromeblack T (MgGland ZnC}), calconcarboxylic acid
(CaCb), murexide (CuG)), or xylenol orange (YGland LnC}k) as prepared, and the pH was adjusted to a range where complexation
an indicator® A stock solution of the ligand was prepared, and could be expected to take place based upon literature stability data
the ligand concentration was determined by pH potentiometry on for various G&" and Ed" complexes81925 The samples were

the basis of the titration curves obtained in the absence and presenceealed under a blanket of Ar and kept in an incubator &tG$or

of excess CaGl The protonation constants of the ligand were 1 week (this time period was established by preliminary spectro-
calculated from the data obtained by titrating 2 and 5 mM samples photometric studies on duplicates of the most acidic and most basic
(374 data points) with a standardized KOH solution (0.2 M) in the samples kept together with the rest of the “out-of-cell” samples).

absence of Cd in the pH range of 1.712.2. The protonation
constants of the ligand (log iH) are defined as follows:

H_ [H|L]

e (1)
" [HUH

wherei = 1, 2, ..., 5 and [iH4L] and [H*] are the equilibrium
concentrations of the ligand <€ 1), protonated forms of the ligand
(i=2, ..., 5), and hydrogen ions, respectively. The hydrogen ion

concentrations were calculated from the measured pH values a

described in the literatu®.Briefly, a 0.01 M HCI solution (in 1.0
M KCI) was titrated with a standardized KOH solution, and the

differences between the measured and calculated pH values wer

used to correct the measured pH valteBhe ion product of water
was also established in these experimerks, @ 13.845) and used
for calculations. The ionic strength of all titrated solutions was
maintained constant using 1.0 M KCI (Mallinckrodt). All equilib-
rium measurements (direct titrations) were carried out in 10.00-

mL sample volumes with magnetic stirring under an Ar atmosphere

at 25°C using a 665 Metrohm Dosimat autoburet. The pH was

measured with a Ross semi-microcombination electrode (Orion)

combined with a Thermo Orion EA 940 ion analyzer. The electrode
was calibrated by potassium phthalate (pH4.005) and sodium
tetraborate (pH= 9.180) (Alfa Aesar). The titrant (KOH) was
prepared using degassed, twice distilled water, and its concentratio

was standardized by titration with potassium phthalate. The solution

was kept under an Ar atmosphere to prevent entry 05.CO

The potentiometric measurements for systems that reach equi

librium rapidly (M>" metal ions) were carried out by use of a

computer-controlled automated titration system. Stability constants

for doubly charged metal ions were determined from titration data

preformed at 2:1, 1:1, and 1:2 metal-to-ligand ratios, and the number €max

of points fitted varied between 176 and 321 data pairs. Owing to
the slow formation reactions of Y(PCTA) and Ln(PCTA) com-
plexes, an “out-of-cell” technique was applied for the stability

(26) Schwarzenbach, G.; Flaschka, Bomplexometric Titrations2nd
English ed.; Barnes and Noble: New York, 1969; p 490.

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

S

e

n

After this time period, the samples were removed from the incubator
and reequilibrated at room temperature (fer/edays). The samples
were then opened, and the equilibrium pH was measured. The
stability of the hydroxo complexes was determined in a separate
titration after the complexes were fully formed. In these experi-
ments, complex solutions with a 1:1 metal-to-ligand ratio were
prepared at around pH 6. At this pH, the full complexation takes
only a few seconds. After pH stabilization, a titration was performed
with standardized KOH. The equilibrium of the hydroxo complex
formation was rapid, and the points were recorded with 1-min
intervals. A total of 84-120 data points were recorded in the range
of about pH= 6—12. The softwar@ SEQUADwas used to process
the titration data (calculation of the protonation and stability
constants§¥® The reliability of the protonation and stability constants
are characterized by the calculated standard deviation values shown
in parentheses and the fitting of parameter valugg, (which is
the difference between the experimental and calculated titration
curves expressed in milliliters of the titrant).

Formation Kinetics. The formation rates of Ce(PCTA), Eu-
(PCTA), Y(PCTA), and Lu(PCTA) were studied at 26 and 1.0
M KCl ionic strength by direct spectrophotometry on a Cary 300Bio
UV —vis spectrophotometer using thermostated cell holders and
semi-micro quartz cells (Starna, optical path length 1 cm). Typically,
the concentration of the ligand was 0.2 mM while the concentration
of the metal ion was varied between 0.6 and 4 mM (the reaction is
first-order even at comparable ligand and metal ion concentrations).

Over the range of pH= 3.5-4.4, complex formation is slow

_enough to follow by conventional spectrophotometry by following

changes in ther — z* absorption band of the ligand @tn.x =

261 NM €max = 3.85 x 10° dm® mol~* cm™! at pH= 4.07). Upon
coordination, this band undergoes a red sHiff.{ = 269 nm with

= 4,91 x 10° dm® mol~t cm™1 for the C&* complex at pH=

4.07) as a result of metal ion coordination, and the kinetics of
complex formation were followed by measuring changes in
absorbance at 278 nm (where the absorbance of the metal ions is
weak (C&" and Ed*) or zero (¥ and YB"). Formation of Ce-

(28) Zekany, L.; Nagypé |. In Computational Methods for Determination
of Formation Constantd.egett, D. J., Ed.; Plenum Press: New York,
1985.

Inorganic Chemistry, Vol. 45, No. 23, 2006 9271



Abs.

260
Wavelength (nm)

280 320

Figure 1. Absorbance changes in the UV region recorded for the formation
of Ce(PCTA) after mixing equimolar amounts of Ceand PCTA at pH=

4.07 [Ccepctay = 0.2 mM, 1.0 M KCI, 0.05 M DMP]. Each curve
corresponds to (1) €€ alone in a DMP buffer, (2) immediately after mixing
Ce** with PCTA (“0” min), (3) after 1 min, (4) after 3 min, (5) after 6
min, (6) after 10 min, (7) after 19 min, (8) after 38 min, (9) after 70 min,
and (10) at equilibrium.

(PCTA) could be studied in the UV range 27320 nm, where the
absorbances of the ligand and metal ion are negligible (Figure 1,
peaks p2 and p3). The peak &f.x = 269 nm is due to the
absorbance of the pyridine unit in the complex, while complexed
Cé" has Amax = 304 nm (Figure 1, p3). Because the molar
absorption coefficientsfay) for ther — s* transitions are much
higher than those for the 46d transitions, complex formation was
typically followed by changes in absorbance at 278 nm. An
experiment in which the reaction was monitored at the absorption
maximum {max = 304 nm) in a more concentrated soluti@péra

= 1.0 mM) gave a formation rate identical with that of measure-
ments aflmax= 278 nm. All formation kinetic studies were carried
out in the noncoordinating bufféd,N'-dimethylpiperazine (DMP;
0.05 M) to maintain a constant pH. The pH of each sample was
remeasured after full complex formation (usually on the next day),

Tircso et al.

points were obtained at 2%5C. The HCIQ stock solution (ap-
proximately 4.0 M) was standardized by aciohse titration against

a standard NaOH solution in the presence of phenolphthalein as
an indicator. The NaCl@solution was prepared by weighing out

an appropriate quantity of NaClOThe reactions were followed

in 0.25 mM complex solutions by direct spectrophotometry at 278
nm, and the complex concentrations were adjusted so that changes
of ~0.9 absorbance units were detected throughout the dissociation
reaction.

Results and Discussion

Protonation and Stability Constant Determinations.
The ligand PCTA has seven protonation sites, but only four
protonation constants have been detected by using éither
NMR spectroscopy or pH potentiomef§23-25 Delgado and
co-workers originally ascribed the first protonation step to
occur at the pyridine N3 yet Aime et al. later showed by
H NMR that the most basic site of the ligand is the N atom
opposite to the pyridine rin¥f. The addition of a second
proton results in a rearrangement of the ring protons such
that the two protons shift to the two tertiary N atoms
positioned trans to each other in the macrocyclic ring and
cis to the pyridine N. In earlier studies, the protonation
constants were determined using relatively low ligand
concentrations (1.67 and 1 mM, respectively) in 0.1 MyMe
NNO; or KCI.23725 At such low concentrations, only a small
portion of the added base is neutralized by the ligand protons
in the range of pH= 11—-12, and this results in a significant
degree of uncertainty in the evaluation of the protonation
constants in this rang&Here, we determined the protonation
constants from titration data generated using two high ligand
concentrations (2 and 5 times higher than those reported
earlie?® 2%, and both titration curves were fitted simul-
taneously. The ion product of water, as determined by
allowing this parameter to vary in the fitting procedure
(pKy = 13.85+ 0.01) and as determined by a separate
titration (K, = 13.845) in the range of pH 10.92-12.21,
was in close agreement. A fifth protonation constant was

and any samples with pH changes greater than 0.025 pH units were?!S0 included in the fitting procedure because the titration

excluded from the calculations.

was initiated at a starting pH of 1.7. As the stability constants

Equation 2 was used to calculate the first-order rate constantsOf the Ln(PCTA) and Y(PCTA) complexes were determined

(kobs for formation andky for dissociation), wheréy,, A, and A

are the absorbance values measured at the start of the reaetion (
0), at equilibrium, and at timg respectively. The kinetic curves
had been acquired usually until equilibrium was reached, and to

obtain the rate constants, the complete kinetic curves were fitted.

However, the dissociaton reactions@n= 0.5 M of HCIO, were
followed only until 85-90% conversion. The data were fitted to
eq 2 with the softwar&cientis{Micromath) using a standard least-

in acidic samples (the final equilibrium pH of the samples
was in the range of pk= 1.75-2.50), the value of |og<;'
will impact this calculation. The protonation constants
determined in this work are compared with previously
reported literature values for PCTA and other related ligands
in Table 1.

The stability constants of Mg, C&*, Zn?*, and Cd" ions

squares procedure. The relative error for the fitting of the absorbanceWith PCTA*™ were reported previously by Delgado efdl

A=A+ (A — Ade )

However, because there was a significant difference between
the total ligand basicity of the ligand determined here in
comparison to the values reported by Delgado, the stabilities

vs time curves in all cases was lower than 1%, and the calculatedof these same complexes were redetermined in 1.0 M KCI.

first-order rate constark,,s andk, values were reproduced within
a 5% error as determined in five identical experiments.
Kinetics of Dissociation. Acid-catalyzed dissociation kinetics
of Ce(PCTA), Eu(PCTA), Y(PCTA), and Lu(PCTA) were studied
in 0.05-3.12 M HCIQ, [NaCIlO, was added to maintain the ionic
strength of 3.12 M (H + Na")CIO,~], and usually 1724 data
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The stability constants of PCTA, NOTA, DO3A, and DOTA
with Mg?*, C&*, Zn?**, and Cd" are summarized in Table
2. The values obtained in this study are somewhat higher

(29) Beck, M. T.; Nagypla I. Chemistry of Complex EquilibriaEllis
Horwood: Chichester, U.K., 1990; pp 34850.
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Table 1. Comparison of the Protonation ConstantsP@TA, NOTA, DO3A, and DOTA { = 25 °C)

ligand | logKj log K3 log K3 log K4 logKs >log K;
NOTA? 0.1 M KCI 11.96 5.65 3.17 20.78
1.0 M NaCIlQP 10.77 6.03 3.16 1.96 21.92
DO3A° 0.1 M EyNCI 11.59 9.24 4.43 3.48 28.74
PCTAd 0.1 M MesNNOs 10.90 7.11 3.88 2.27 24.16
0.1 M KCI® 10.73 7.52 4.2 2.4 24.85
PCTAf 1.0 M KCl 11.36 (0.01) 7.35(0.01) 3.83(0.01) 2.12 (0.01) 1.29 (0.03) 25.96
DOTAY 0.1 M KNO3 12.09 9.76 4.56 4.09 30.45
0.1 M MegyNCIP 12.60 9.70 4.50 4.14 2.32 33.26

aReference 307 Reference 31¢ Reference 104 Reference 232 Reference 25. AV = 1.87 x 1073 for 374 data pairs fitted? Reference 32" Reference

9.

Table 2. Stability Constants of the Complexes Formed with Some
Double-Charged Cations Mg, C&* Cu2t, and Zr#" and Ligands
NOTA, PCTA, and DOTA ( = 1.0 M KClI, 25°C)

complexes, and for Gé, N, and Y¢', the stability
constants of the protonated MHL complexes could also be
calculated from the “out-of-cell” data. The stability of the

Mz eq quotient NOTA PCTA PCTA? DOTA® hydroxo complexes was determined in a separate titration
Mg** {mlﬁi]@/[ll]\ﬂ_l_]][m 3-29 131-% 1%-33 8-8;)) 11-83 after the complexes were fully formed. The stability constants
c#  [MLYMIL] 892 1238 12.72(0.01) 17.23 for Ln(PCTA) and Y(PCTA,) are listed in Table 3. These
[MHLY[ML][H] 5.06 3.66 3.79(0.05) 3.54 data differ somewhat from the published values (they are
cwt EMHLH’)’['&'-L]][H] 2;-(753 11-53? 13-;2 882)) Zg-gg smaller than the reported literature values by about0.8
[MLYIML(OH)JH] ' 103 11.28(005) log K units). This difference, however, is acceptable because
Zn2t  [MLY[M][L] 183b 1822 20.48(0.06) 21.10 of the relatively greater error associated with the competitive
[MHL)/[MLIH] 364  310(0.06) 4.18 relaxometric method used by Aime et!él
[MLY[ML(OH)][H] 9.4  12.31(0.08)

aReference 310 Reference 30¢ Reference 234 AV(Mg?t) = 1.16 x
102 mL, number of data pairs fittegt 176; AV(Ca&*) = 1.25x 1072 mL,
number of data pairs fitteek 321; AV(CW?") = 1.98 x 102 mL, number
of data pairs fitted= 293; AV(Zn?") = 1.21 x 10~2 mL, number of data
pairs fitted= 298. ¢ Reference 33.Reference 32.

The stability constants of the Ln(PCTA) complexes
increase from C& to EW" and then remain relatively
constant for the heavier lanthanides, with a slight increase
toward the end of the series (Y%). This trend, similar to
that found for the Ln(NOTA) and Ln(DOTA)complexe$* 36
indicates that the size match between the lanthanide ion and

than the values reported earlier largely because of differencespe coordination cage determined by the four N atoms of

in the ligand basicity ¥log K between the two studies.
As noted by Delgado et al., the stability of Zn(PCTA}
somewhat higher than that of Cu(PCTA(ppposite to that
predicted by the IrvingWilliams order). In the absence of
X-ray structures, it is difficult to explain the origin of these
differences, but the higher stability of Zn(PCTAjompared

to Cu(PCTA) suggests that PCTA could potentially be used
for the selective complexation of Zhover C#+.

the macrocyclic ring and the three carboxylate O atoms is
more favorable for the heavier lanthanides (from3Eu
through L#*). The total basicity of PCTAYlog K is
about 3 orders of magnitude less than that of DO3A (Table
1) and 4 orders of magnitude higher than that of NOTA. On
the basis of total basicity comparisons of NOTA, PCTA, and
DO3A, one would predict a priori stability constants on the
order of logK ~ 17—18 for Ln(PCTA) complexes. Interest-

Fewer thermodynamic studies of the Ln(PCTA) complexes ngly, the experimentally determined values (Table 3) were

have appeared likely due to slow complexation kinetics that ~.2 |og K units higher than that predicted on the basis of
excludes the use of conventional pH potentiometry. The pasicity alone. This difference may be attributed, in part, to
stability constant for Gd(PCTA) was, however, determined preorganization of the macrocyclic cavity by the pyridine

by Aime et al. by competitive binding between DTPA and
PCTA for Gd**. The competition reaction was followed by

ring.
Kinetics of Complex Formation. The complex formation

relaxometry, and the stability constant was reported as logrates of L+ ions with macrocyclic ligands are typically

Kea. = 21.01% More recently, Siaugue and co-workers
studied the luminescence properties of Ewith azapyri-

several orders of magnitude slower than the rates of complex
formation with flexible multidentate ligands such as DTPA.

dinomacrocycles and reported stability constants for pCTA has a convenient built-in chromophore due to2

Eu(PCTA) also in the range of loge,. = 211°?°Because
of slow complex formation, we determined the stability
constants of PCTA with C&, Nd&®*, EW*t, Y3*, Ho**, and
Yb®" ions using an “out-of-cell” potentiometric method. Only
mononuclear species (ML) were found for the Ln(PCTA)

(30) Delgado, R.; Sun, Y.; Motekaitis, R. J.; Martell, A. lBorg. Chem.
1993 32, 3320.

(31) Bevilacqua, A.; Gelb, R. I.; Hebard, W. B.; Zompa, Linbrg. Chem.
1986 26, 2699.

(32) Chaves, S.; Delgado, R.; Fsia Da Silva, J. J. RTalanta1992 39,
249.

(33) Delgado, R.; Frato da Silva, J. J. RTalanta1982 29, 815.

sr* transition of the pyridine moiety, the maximum of which
exhibits a red shift upon complexation with a metal ion
(Figure 1). The red shift was large enough to be used to
monitor the complex formation. Owing to the highax [for
Ce(PCTA),emax = 4.91 x 10° dm® mol™t cm™ at Amax =

269 nm and pH= 4.07], large changes in absorbance were

(34) Cacheris, W. P.; Nickel, S. K.; Sherry, A. Dorg. Chem1987, 26,
958.

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

(36) Kumar, K.; Chang, C. A.; Francesconi, L. C.; Dischino, D. D.; Malley,
M. F.; Gougoutas, J. Z.; Tweedle, M. rorg. Chem1994 33, 3567.
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Table 3. Stability Constants of the 15 Complexes Formed with the LigarICTA (I = 1.0 M KClI, 25°C)2

M3+ eq quotient NOTA DO3Ae PCTA DOTAP

cet IMLY[MI[L] 13.23 19.7 18.15 (0.04) 23.39
IMHLJ/ML][H] 1.25 2.89 (0.06)
[IMLI/[ML(OH)][H] 11.30 (0.01)

N+ IMLV[MI[L] 13.17 20.15 (0.04) 22.99
[MHLJ/[ML]H] 2.41 (0.08)
IMLI[ML(OH)][H] 11.63 (0.02)

Ew* IMLV[MI[L] 13.86 20.26 (0.09 23.45
[MLJ/[ML(OH)][H] 11.31 (0.01)

G+ IMLV[MI[L] 14.27, 13.7¢ 21.1 20.39 (0.04) 24.67,25.8
[IMLI/[ML(OH)][H] 2.06 11.10 (0.03) 2.8

Ho3* IMLV[MI[L] 15.21 20.24 (0.06) 24.54
[MLJ/[IML(OH)][H] 11.09 (0.01)

Y3+ IMLV[MI[L] 21.1f 20.28 (0.02) 24.3
IMHLI/ML][H] 1.81 (0.15)
[MLJ/[ML(OH)][H] 11.10 (0.01)

Yb3* IMLV[MI[L] 15.35, 15.95¢ 23.0' 20.63 (0.06) 25.0, 25.4¢
IMLY/[ML(OH)][H] 10.26 (0.01)

aThe literature values for Ln(NOTA), Ln(DO3A), and Ln(DOTAEomplexes are also listed for compariséiReference 34¢ Reference 69 Refers to
log KLuL. € Reference 35\ Reference 36¢ The literature values of the stability constant for Eu(PCTA) are 20.9 and 21.1 from refs 19 dhtii@Bliterature

value of the stability constant for GA(PCTA) is 21400.5 from ref 16.

registered even in quite dilute solutions (0.2 mM). The
kinetics of formation were studied for four metal ions *CGe
Ew', Y3, and YB', in the presence of-320-fold excess
metal ion.

In the presence of excess 1'n the rate of complex
formation may be described as

d[LnL]/dt = k,, JPCTA]; 3
where [PCTA] is the total concentration of the free ligand
andkopsis a pseudo-first-order rate constant. The formation
reactions were investigated in the range of$3.56-4.40
with seven to nine pH readings while varying the concentra-
tions of Cé&", EL**, or Y*" and in the range of pH 3.56—
4.07 with five pH readings for formation of the ¥b
complex. At higher pH values, complex formation was too
fast to be followed by conventional spectrophotometry, and
below pH 3, complex formation was not complete. A plot
of pseudo-first-order rate constants vs concentrations 9f Ln
and/or ¥* showed a saturation curve at all pH readings
[Figure 2 for Eu(PCTA) and Y(PCTA) complexes and Figure
S1 in the Supporting Information for Ce(PCTA) and Yb-
(PCTA) complexes]. This behavior can be described by rapid
formation of an intermediate protonated complex that rear-
ranges to the final product, Ln(PCTA), in a slow rate-
determining step? A similar mechanism has been reported
for other Lr#* macrocyclic polyaminopolycarboxylic acid
ligands [Ln(NOTA), Ln(DO3A), Ln(DOTAJ, Ln(TRITA) -,
and Ln(TETA)].5

The dependence d&f,svalues on the metal ion concentra-

tion may be described by eq 4, whee"HPCTA s the
erLn(EZPCTA)ZJr[Ln?H']
kObs_ con (4)

o 1+ KLn(HZPCTA)2+[Ln3+]

cond

conditional stability constant of the intermediate dads

0.06 -

Eu’*

0.05 <

0.04 <

0.03

kobs (3-1)

0.02 -

0.01 <

0.00

0.035 —

0.030 4

0.025 4

0.020 -

bs (8-1)

0.015 o

(o]

x

0.010 -

0.005

0.000

T T T T
3
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Figure 2. Pseudo-first-order rate constarits,s as a function of the Bt

ion concentration at different pHs in the formation reaction of some

M(PCTA) complexes [pH readings from top to bottom are 4.40, 4.21, 4.14,
4.07, 3.97, 3.86, 3.72, and 3.56 for Eu(PCTA) and 4.40, 4.21, 4.14, 4.07,
3.97, 3.86, and 3.72 for Y(PCTA)].

intermediate to the product. The diprotonated complex Ln-
(H,PCTAY" is identified as a common intermediate by pH

the rate constant for deprotonation and rearrangement of thePotentiometry (C¥, El**, and ¥¢*) and UV-—vis spectro-

(37) Kasprzyk, S. P.; Wilkins, R. Gnorg. Chem.1982 21, 3349.

9274 Inorganic Chemistry, Vol. 45, No. 23, 2006

photometry (YB). When the reactants were mixed in a
weakly buffered solution, a rapid pH drop was first observed
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followed by the slow decrease in the pH. The number of
protons released in each of these steps could be determined
in an independent titration from the amount of base needed
to neutralize the same amount of a buffer solution. However,
the number of the protons released in the first step depended
upon the starting pH of the buffer used. For the metal ions
examined here, the composition of the intermediate was
determined at pH= 3.86 in weakly buffered solutions (0.01

M DMP). Upon mixing of solutions of the ligand in the form
H25PCTA and L+ (CPCTA =5x 104 M, C|_n3Jr =25x

1073 M; V = 10.00 mL), the amount of protons released in
the slow process was about 4 times more than that in the
initial step. This suggests that the intermediate is the
diprotonated complex Ln(#PCTA)*. Because of rapid [OH]x10"° (M)

formation of the Yb(PCTA) complex, pH changes upon Figure 3. Formation rates of M(PCTA) complexes vs Okbn concentra-
complexation cannot be followed with an electrode. There- tion for Ce (squares), Eu (triangles), Y (diamonds), and Yb (circles) (
fore, a spectrophotometic method was used to ensure that-0 M KCl; t = 25°C).

the intermediate in this system is the diprotonated
Yb(H,PCTAY" complex. The conditions for this experiment
were similar to those listed above, but the pH changes upon
mixing of the reactants were followed spectrophotometrically
with the use of an acidbase indicator (methyl orange; range

- 0.06

- 0.045

ke (™)
(9™

 0.03

» 0.015

lated for each of the metal ions studied. Because of the
relatively fast formation of the complexes, it was impossible
to obtain stability constants of the intermediates by pH
potentiometric titration (no reliable data can be obtained).

of pH=3.1-4.4;,Cyo =2 x 10°M; V= 1.20 mL). The KLN(HPCTAR

absorbance changes of the sample containing an indicator k—e™ 1%

in weakly buffered solutions (0.01 M DMP) were calibrated _ Oyt

by the addition of a known amount of acid & of 0.1084 Kops = KLN(HPCTAR~ ©)
M HCI). A kinetic curve was then recorded for the system L R— Ry

H,sPCTA plus 5 equiv of YB". The changes in the Oh,pcTa

absorbance can be expressed in the volume of added acid o N ) )
(0.1084 M HCI), and the approximate amount of protons From kinetic data, the stability constants of the intermediate

released can thus be determined. Similarly to the oth&r Ln  SPecies were found to be reasonably pH-independent over
ions studied, the experiments strongly suggest the formationth€ PH range examined (calculated stability constants at each
of a diprotonated intermediate, YofPCTA). Diprotonated ~ PH reading are listed in Table S1 in the Supporting
intermediates have been identified in the complexation Information). The averages of the stability constants of the
; i + + -+
reactions of Ln(DOTAY), various LnDOTA derivatives, and ~ ntermediates Ce(fPCTAP, Eu(HPCTAY", Y(HPCTAP™,
Ln(TRITA)7 and Ln(TETAT ComplexeS?fg'l}“'% HOW' and Y(HZPCTA)2+ were 281:': 003, 312:': 002, 297:|:
ever, for Ln(NOTA) and for complexes of some DO3A 0.06, and 2.69= 0.06, respectively. The values obtained from
deriv:atives monoprotonated intermediates has been fo@#. the kinetic data are higher than those for the monoacetate
It was found that the protonation degree of the intermediate C0Mplexes [Ln(CH—-COOF™].* On the other hand, the

depended on the relative values of protonation constants ofStabilities of the L& and Yo" complexes formed with
the N atoms and on the differences between them. The firstdicarboxylic acid-glutarate are 3.02 and 3.25, respectively,
two protonation constants of some 9- and 10-membered Which are close to the values obtained in our study, indicating
macrocyclic ligands such as NOTA and DETA were found that the number of acetate arms coordinated to the metal
to differ with 6-8 orders of magnitude, which is possibly ions in_ the intermediates was likely greater than one and
the reason for the presence of monoprotonated [Ln(HL)] most likely two? The stability constants calculated from
intermediate&$ In the case of PCTA. the differences between the kinetic data of the intermediates are lower than those
the first and second protonation constants were found to bec’bta'nid from pH potentiometric titration for the LngH
(log K" — log K*) 3.99 logK units, which lies between the DOTA)" complexes (4.4, 4.3, and 4.2 for Ce, Eu, and Yb

values obtained for DOTA and NOTA (2.32.90 and 4.74 intermediates, respectively) and somewhat higher than those
6.31, respectively; Table 1) o ' reported for a DO3A derivative ligand (2.4, 2.5, and 2.43

The final form of the equations used for fittings is eq 5 for the Ce, Eu, and Yb intermediates, respectivefy).

. . ) . The rate constanis are inversely proportional to the'H
(for additional equations, see the Supporting Information). . . _ + o
Thekops values at different pHs and Enion concentrations lon concentration ako = ky/Kw ([H"J[OH"] = K, where

X o Kw is the ionic product of water; eq 6 and Figure 3). Similar
were fitted to eq 6{ and the.rate co(nsgg&tgnd the stability relations were found for a large number of ®4-membered
constants of the intermediatek ;{2 ) were calcu-

tri- or tetraazamacrocycles with three or four carboxylate-

(38) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum: New (39) Szilayi, E.; Tah, E; Kovacs, Z.; Platzek, J.; Radhel, B.; Bricher,
York, 1977; Vol. 3. E. Inorg. Chim. Acta200Q 298 226.
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Table 4. Rate Constantkon, Characterizing the Rearrangements of Ce(PCTA), Eu(PCTA), Y(PCTA), and Yb(PCTA) Complexes@ M KCI, 25
°C) Compared to the Literature Data for Complexes Formed with Macrocyclic Ligands

kOH (M—l S—l)
cet Ewd+ G+ Yb+
NOTA? 6.3x 107 7.1x 107 5.5% 107
DO3Ab 2.1x 107
PCTA (9.68+ 0.34)x 107 (1.74+ 0.03) x 108 (1.13+ 0.03) x 108¢ (1.11+ 0.03) x 107
DOTA¢ 3.5x 106, 1.16x 10522.7 x 108 1.1x 107, 7.2 x 1060 5.9 % 1060 4.1x 107, 9.3 x 107
TRITAY 6.9x 10° 2.6x 107 5.0x 107

TETA® 5.58x 1P

aReference 5° Reference 12 Refers to Y(PCTA){ Reference 8¢ Reference 40; for Ce(TETA) the term with second-order dependence on the OH
ion concentration was observed, té&eference 99 Reference 13.

Scheme 1. Suggested Most Probable Formation Scheme of 8.5 +
Ln(PCTA) Complexes X
H,PCTA 75
H,PCTA | Kin KA., 51
Ln3 + HjPCTA, —=2 | n(H,PCTA)?* —=~ | n(HPCTA)* + H*
H,PCTA? | ow-ra- .
. |OH (B:) .
e
Ln(PCTA) + H* =
containing side arm%.'* Interestingly, among all acetate 5.51
derivatives studied, Ce(TETA)is an exception in that this °
complex shows a second-order dependéf@ais behavior 45

was explained by a hydroxide ion catalyzed rearrangement 105 15 125 135
of the ligand TETA, a ligand that is less preorganized than log K,
1
(I?.;‘)TA. Th.e ko; values are preselptel_d ar:jd pomp;red to Figure 4. Correlation of logkon obtained for some 12-membered
ifferent tri- and tetraazamacrocyclic ligands in Table 4. macrocyclic ligands with the first protonation constant (IQQ') of the
ligand (kon value characterizing the formation rate of Eu(PCTA) marked

k.= k/[H = kou[OH ] (6) with an asterisk).

The tetraazamacrocycle PCTA can be regarded as a moreCe(TETA) % In these cases, tHey rate constants deviate
preorganized triacetate derivative of DOTA or DO3A. from the values presented in Table 4b695%, but the errors
Because of the similarities in their structures, the complex in the ko and kyon values cannot be determined by the
formation mechanism is expected to be similar to that of program, possibly because of the limited interval of pH used
DOTA.8® The linear dependence of the complex formation for the study.
on the OH" ion concentration can be interpreted as rapid  The gata of Table 4 indicate that the formation rates of

. . : . i
deprotonﬁt'lon of the intermediate LnPCTAF™ to Ln- the Ln(PCTA) complexes are at least 1 order of magnitude
(HPCTA)" in an equilibrium step followed by'release ofthe taster than they are for the corresponding Ln(DOTA)
second proton in a r_ate-determlnlng step. Itis easy to Prove complexes. Because of the presence of a pyridine moiety,
that the concentration of the monoprotonated complex is pcTa seems to be more preorganized than other tetraazmac-
inversely proportional to the Hion (or linearly proportional ;v cles. Kumar et al. found a linear correlation between
to the OH ion) concentration. The validity of general base e rate of rearrangement of the intermediate and the first
catalysis hasj:‘ been shown for DOTA and some DO3A ngionation constant of the ligad®lA similar correlation
derivatives;*® and also in our case, theys values depend 5 he established for GAL complexes of several 12-
linearly on the buffer concentration (basic form of the buffer, \ombered tri- and tetraacetate (DOTA and DO3A deriva-
not shown). The evidence for the existence of general baseyjyes) ligands based on the literature data (Figure 4; the values
catalysis supports the rate-controlling role of the deproto- seq for generation of the figure are listed in Table S3 in
nation of the monoprotonated |ntermed|at_e and the formation ¢, Supporting Information). It is important to note, however,
of the Ln(PCTA) complexes. D_eprot(_)nanon IS follpwed bY  that the Iogj([' values of the ligands strongly depend on the
a fast structurql refarrangement n which the meFaI 10N MOVESiqnjc strength used in each experiment. The rate of formation
to the “coordination cage” defined by the ligand. The ¢ £\, (pcTA) (marked with an asterisk) as determined in
proposed reaction steps for the formation of Ln(PCTA) yiq \york is somewhat higher than expected based on the
complexes are illustrated in Scheme 1. However, it is worth log K" value, which can be attributed, in part, to the more

1 , ’ 1

_mentioning that the plot d{’ vs [OH ] for all studied metal preorganized structure of PCTA [the rates of formation for
ions can also be fitted with second-order dependence on thetWO neighboring LA&* ions differ only slightly, and Eu-

OH~ ion concentration, as it was found for the formation of (PCTA) can be compared to Gd(PCTA)]. The X-ray structure

(40) Chang. C. A Liu, Y.-L.; Chen, C.-Y.; Chou, X.-Maorg. Chem of the parent macrocyclic amine pyclen indicates a preor-
2001, 40, 3448. ganized, rigid structur®, but in the absence of X-ray
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Scheme 2. Dissociation of LnL Complexes

K.
Uil — s L +L (3)

Ln3* + HL \ (2) KL’LnL L*
Kinch K k
v LnlH == LnL == Ln 4L (1)
K- i H* Kot
Ln®* + HL <k Kinim || M2+
kK,

LM —Y s e ML (4)

crystallographic data for the PCTA ligand itself or some of
the Ln(PCTA) complexes, it is difficult to ascribe the
unusually fast formation kinetics exclusively to preorgani-

zation.
L . . L . Figure 5. Dissociation rateskf) for CePCTA (squares), EUPCTA
Kinetics of Dissociation. The kinetics of complex dis- (triangles), YPCTA (diamonds), and YbPCTA (circles) as a function of

sociation is an important parameter to consider if the Ln- the H" concentration.

(PCTA) complexes are to be used in vivo. In the past 2 ) ]

decades, the dissociation kinetics of several lanthanide(ll) four acetate pendant arms including PCTA, eq 8 can be
polyaminopolycarboxylate complexes formed with both Simplified to

open-chain and macrocyclic ligands have been studied by LnLl. = [LnLd = [LAHLT 4 [LnH.L

various method3On the basis of these data, the dissociation [Lnt] = [Lnb] + [LnHL] + [LnH L] ©)

of the complexes in vivo can occur through one of the rq ¢ig.catalyzed dissociation rates of Ln(PCTA)YCe
fpllowmg pathways (Scheme 2): (1) spontaneous dissocia- EW+, and YBY) and Y(PCTA) were studied in weak acid
t|on_ chara(?terlzgd_ by the rate _constak_m;L, (2) proton- _ (0.05-3.12 M HCIQy), where the complexes are thermody-
assisted lessomanon Hcharacterlzed with the protonation namically unstable and dissociate completely. The rates of
canstantsK_LnHL and K, and rate constantsnm and  gissociation can be expressed by eq 7, and the plot of the
K naLs (3) ligand-assisted dissociation characterized by the obtainedky values vs H concentration is shown in Figure
stability constant of mixed ligand complexks .~ and rate 5

constantkiini-, and (4) metal-ion-catalyzed dissociation | general, two types of curves were observed: (1) the

Cu. (M)

characterized by the stability of dinuclear complekesim  rate of dissociation is linearly proportional to the acid con-
and rate constaiit,v. The rate of the dissociation is directly  centration [Eu(PCTA) and Yb(PCTA) in the concentration
proportional to the total concentration of the complex: range 0.051.0 mol dnt¥ and (2) saturation kinetics

[Ce(PCTA), Y(PCTA), and Yb(PCTA) at high acid concen-
trations]. Similar results were reported for rates of dissoci-
ation of complexes formed with other macrocyclic
whereky is a pseudo-first-order rate constant. Taking into ligands5-81113.143541The saturation kinetics are in good
account all possible dissociation pathways according to agreement with the presence of an intermediate protonated
Scheme 2, the total concentration of the complex [l.o&h complex, rapidly forming at the beginning of the reaction.

—d[LnL]/dt = kJLnL], @)

be expressed as The protonation likely occurs first on the acetate O atom(s),

and then the proton is transferred to the N atom(s) of the

[Lnt], = [LnL] + [LnHL] + [LnH,L] + [LnLM] + ring. After the proton transfer, the metal ion moves out of
[LLnL*] (8) the macrocyclic ring cavity (“coordination cage”) and the

dissociation takes place from this species where the metal
In the systems of L# ion and octa- or nonadentate jon is in an “out-of-cage” position. In slightly different

macrocyclic ligands, the probability of a ligand-exchange scenarios, either the proton transfer or the structural rear-
reaction is very low because formation of the ternary complex rangement or both may occur slowly. During the rearrange-
(LLnL*) is unlikely. The stabilities of the complexes of Eh ments, a second protonation may occur on the ring N atom,
ions formed with endogenous ligands (e.g., citrate, glutamate)and as a result of the electrostatic repulsior?lieaves the
are several orders of magnitude less than they are for“coordination cage”.
macrocyclic lanthanide(lll) polyaminopolycarboxylate com- For the linear correlation, the dissociation ratg tan be
plexes® On the other hand, the metal-ion-catalyzed dis- expressed as follows:
sociation has not been detected either for Ln(NOTA) and
Ln(DO3A) or for Ln(DOTA)-, possibly due to the absence ky=ky+ kl[H+] (20)
of dinuclear LnLM complexes. However, this is an important
dissociation route for L complexes formed with DTPA  wherek is a constant that describes dissociation independent
derivatives and macrocyclic ligands derived from larger :
cyclic amines such as Ln(TRITA)and Ln(TETA) 322 In (41) Kang, S. I.; Ranganathan, R. S.; Emswiler, J. E.; Kumar, K,;

. Gougoutas, J. Z.; Malley, M. F.; Tweedle, M. IRorg. Chem.1993
general, for 12-membered tetraazamacrocycles with three to 32, 2912.
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on the acid concentration (most likely the spontaneous species according to
dissociation) andk; a constant describing acid-catalyzed

dissociation. Small, and in some cases even negative, values, _ [Ln(HPCTA)'] and
with large errors were obtained fdg during the fitting 1 [Ln(PCTA)[H]
procedures (see the Supporting Information for details). This CTARH
is not surprising because the spontaneous dissociation = [Ln(H,PCTA)]
Ky = - (12)
pathway is negligible in strongly acidic solutions, where the [Ln(HPCTA)H ]

formation of a protonated species predominates. Therefore,
during the fittings, thék values have been set to 0. The rate
of the spontaneous dissociation of the Ln(DOTAJom-
lexes was also reported to be extremely low and can be I 12
pmeasured directly with high errors. However, when the - ko T KiKq[H T+ KKy Ko[H ]
spontaneous dissociation rate of the LnL complexes formed 1+ Kl[H+] + K1K2[H+]2
with 9—14-membered macrocyclic ligands is compared with
the acid-catalyzed dissociation rate of these complexes, theAs described earlierk, was fixed to zero and the rate
rate of spontaneous dissociation can be predicted (at aboutonstants; andk, (k. andk;},  from Scheme 2) and the
4—6 orders of magnitude slower than the acid-catalyzed protonation constant&; and K, (K{' and K ,, from
dissociation). According to our assumption, the order of Scheme 2) were fitted to eq 13.
magnitude of the spontaneous dissociation of Ln(PCTA) It is possible to determine th¢; value independently by
complexes can be predicted and values of83d0° s™* pH potentiometry. For the complex Eu(DOTA)T6th and
would be expected. The values are negligibly small, but it co-workers determined the protonation constant 14 +
is worth noting that, at physiological conditions, spontaneous 1.2 Our attempts to determine the protonation constants of
dissociation may have a larger contribution to the dissociation the complexes failed because no acceptable data could be
rate (eq 10) than the terka[H "] because of the low acid  obtained in titrations at about 5 mM complex solutions with
concentration at pH= 7.4. a HCl solution. This is likely due to the fact that PCTA has
The linear dependence k&f on the H ion concentration  lower protonation constants than DOTA and, because of the
in the entire range was detected for Eu(PCTA), and it is in lower logK " values of PCTA, lower log ' values of the
good agreement with the dissociation of the monoprotonated_n(PCTA) complexes would be expected. The IQQ for
Eu(HPCTA)" complexes. For dissociation of Ce(PCTA), Eu(DOTA) is already quite low (1.15)and determining a
Y(PCTA), and Yb(PCTA), saturation curves were obtained. protonation constant lower than 1.15 would be difficult. We
It can be interpreted by assuming an accumulation of did not consider the use of UWis spectrophotometry to
diprotonated complexes with an increase of the idn determine the protonated complex stability because the
concentration. For these complexes, dissociation will proceedprotonation occurs presumably on the acetate arm, which is
with the formation of mono- and diprotonated [Ln(HPCTA)  far away from the pyridine chromophore. The first-order
and Ln(HPCTAY*] species. In these complexes, presumably constantsk; andk,) obtained in the fittings of thig values
the acetate group(s) are protonated in equilibrium processesto eq 13 for Ce(PCTA), Y(PCTA), and Yb(PCTA) must be
The proton transfer to the ring N atom(s) in the monopro- converted to the second- and third-order rate constants for
tonated species can be the rate-determining step, especiallproper comparison with the literature data. The results of
at lower H" ion concentrations, where the concentrations of the fittings are listed and compared to some other macro-
the protonated species are low. At higher proton concentra-cyclic LnL complexes in Table 5.
tion, the diprotonated species are predominant and they The uncertainty in the productsK; and kKK, cannot
rearrange in the rate-determining step to an intermediate inbe determined, but the uncertainties in the first-order rate
which the metal ion is coordinated only by three acetate armsconstants do provide some important insights. These values
in the “out-of-cage” position. The dissociation of this arek, = (1.08+ 0.08) x 104 st andk, = (1.79+ 0.25)
intermediate will therefore be very fast. This dissociation x 1073 s* for Ce(PCTA),ky = (6.24+ 0.58) x 104 st
mechanism is analogous to the one suggested’ iy &tcal. andk, = (3.25+ 0.40) x 103 s ! for Y(PCTA), andk; =
for dissociation of Eu(DOTA) and by other authors for  (2.83+ 0.53) x 104 st andk, = (7.98+ 0.24) x 104
dissociation of some DO3A derivatives [e.g., Kumar et al. s for Yo(PCTA).
for Gd(DO3A) and Gd(HP-DO3A) and Kang et al. for Gd- ~ When theky values for Ce(PCTA) and Y(PCTA) were
(DO3MA)].841 Taking into account all possible dissociation  fitted to eq 13, the rate constahisandk, and the protonation

Finally, the pseudo-first-order rate constaki can be
expressed with eq 9 as

(13)

pathways, the rate of dissociation can be given as constantskK; and K, could be estimated with reasonable
certainty (in all cases, the uncertainty was less than 10%).
_d[L”(PCTA)]t = kJLn(PCTA)], = ko[Ln(PCTA)] + For dissociation of Yb(PCTA), a somewhat larger uncertainty
dt ! was found when all of the data were fitted to eq 13. However,

k [Ln(HPCTA)'] + k[Ln(H,PCTAY"] (11) the correlation is linear in the 0.68..0 mol dn® H* ion
concentration range, and fitting the data to eq 10 resulted in
The concentrations of the protonated complexes can bea valuek; = (3.874 0.04)x 10*M~1s™% This is somewhat
calculated with the stability constants of the protonated larger than the value obtained from saturation kinetics
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Table 5. Rates of Dissociation for Ce(PCTA), Eu(PCTA), Y(PCTA), and Yb(PCTA) Complekes 1.0 M KCI, 25°C)*

ligand Lt cer G+ Yh3+
NOTA ko (s7) 2.5% 1075 8.3x 10°6 2.7 x 1076b
kk(M~1s™h 4.3x 102 2.3x 102 1.6x 1073P
DO3A ko (s71) 1.8x 1073 4.0x 1074
ki (M~1s™h 1.12x 101 2.51x 10°2¢ 2.77x 10°2¢
PCTA ko (s7) d d d
ki (M~1s7D) (5.084 0.04) x 1074 (3.87+0.04)x 1074h
kiKi (M~1she 9.61x 1074 1.07x 10739 2.80x 104
koK 1Ko (M2 5722 2.07x 1073 6.32x 10749 8.85x 1074
K'i' 8.90+ 0.87 1.72+0.1R 0.99+ 0.16
K? 0.13+ 0.02 0.11+ 0.03 1.124+0.10
DOTA ko (s71) 5 x 10710]
ke (M~1s7Y) 8 x 10741 2x 10°6j 1.4 x 1075k

aData for some other complexes formed with macrocyclic ligands are also listed for comp&aiefers to Er(NOTA)¢ Calculated from data in ref 35
for the dissociation of Lu(bDO3A)?*. d Fixed to zero (see the texfCalculated from determinekh, kp, Ki, and K, values (see the text)Refers to
Eu(PCTA).9 Refers to Y(PCTA) " Fittings for the H ion concentration range of 0.64..0 to eq 7! The second-order dependence on tHeidth concentration
with third-order rate constant 2:0 103 M~2 s was also observed in ref 7Reference 9k Calculated for Eu(DOTA) from ref 8.k, also can be calculated
= 1.04 x 103 M2 s 1 with the use ofk; = 1 x 10® s andk, = 6.2 x 107* s 1 and protonation constanks, = 14 M~ andK, = 0.12 ML,

(k1 = 2.80 x 10* Mt s, Mathematically, the rate
constank; is calculated from the data obtained in the range
0.05-0.5 M; at higher acid concentrations, the contribution
of the termk;K;[H™] to kq is very low (eq 13); therefore, the
uncertainty ink; is high. Similar conclusions were drawn
by Tath et al. when dissociation of the Eu(DOTAgomplex
was studied. According to Tdh et al., the unity term can
be neglected in the denominator when working at high H
ion concentrations so eq 13 simplifies to eq 14. Fittiqg

koKo[H ]

1+ K,[H'] (14)
data collected in the range of +.8.12 M H ion concentra-
tions to eq 14 gavk, = (9.544 0.18) x 10*s tandK, =
0.67 + 0.03 ML. These data indicate that the dissociation
of Yb(H,PCTAY" at high acid concentration occurs mainly
through the formation and dissociation of the diprotonated
complex [from Yb(HPCTAJ] as a result of the shift of the

tonation constant of the complex, respectivElfhe rate of

the proton-catalyzed dissociation of the monoprotonated
complex k) is very close to that found for Yb(PCTA). It
appears that the protonation constants of the ligands are
critical when the ligand is chosen for complexation and in
vivo use. However, all of our attempts to find a correlation
between the first (or a sum of the first and second)
protonation constants of the ligands and the rate of the acid-
catalyzed dissociation of the complexes failed. This is most
likely due to the larger uncertainties in the kinetic data,
differences in the ionic media used for the evaluation of both
equilibrium (protonation constants) and kinetic data and
differences in the dissociation mechanisms.

Conclusions

The thermodynamic stabilities of a few Ln(PCTA) com-
plexes were determined and found to be in the range from
18.15 for Ce(PCTA) to 20.63 for Yb(PCTA). The trend of
the stability constants is similar to that of the Ln(NOTA)

rate-controlling step. When these data are compared to theand/or Ln(DOTA) complexes involving a large increase at

constants obtained by Kumar et al. for Gd(DO3Ry) € 4.0
x 10%s 1 k,=193x 102s % K, =1.3 M) and for
Lu(DO3A) (k= 3.6 x 10357, K, = 7.7 M™1),%it can be

the beginning of the series, practically constant values for
Ln3" ions in the middle of the series, and a slight increase
of the stability at the end for Yb(PCTA). The mechanism of

concluded that the rate of direct dissociation of the protonatedcomplex formation is similar to that reported earlier for

complex Yb(HPCTAYJ is similar to the one found for Gd-
(DO3A) but the complex Yb(HPCTA)appears to be more

DOTA and DOTA derivatives, but formation of Ln(PCTA)
proceeds at least 10 times faster than the corresponding Ln-

resistant to the acid-catalyzed dissociation. This can be (DOTA) complexes. The formation rates increase with

attributed partially to the difference in the second protonation

decreasing lanthanide size, and there is an order of magnitude

constants of the ligands (Table 1). The rate of proton-assisteddifference between thkoy values for Ce(PCTA) and Yb-

dissociation of the complex Gd(DO3MA) was found to be
very similar. In 0.1 M NaCl, the first two protonation
constants are somewhat lower (I8g' = 10.82; logK
8.42) than the value measured in 0.1 MANEI (log KZ' =
13.38; logK} = 9.15)% In those cases where a higher
concentration of background electrolyte was used, this
difference will be even higher and the values will probably

(PCTA). According to our studies, Ln(PCTA) complexes

have the fastest formation rates among all4-membered

tri- or tetraazamacrocyclic ligands studied so far. The fast

formation kinetics can be attributed, at least in part, to

preorganization of the ligand by the pyridine ring.
Spontaneous dissociation of the Ln(PCTA) complexes was

too slow to be evaluated here, but acid-catalyzed dissociation

be close to the values measured for the ligand PCTA (Tableof Ln(PCTA) complexes occurred at about an order of

1). The rate constants obtained for Gd(DO3MA) &re=
37x 10%s?t k,=52x 10*s% andK, = 5 M

magnitude faster than that of the corresponding Ln(DOTA)
complexes. The acid-catalyzed dissociation rates decrease

characterizing the direct dissociation, the proton-catalyzed with decreasing L¥ ion size. While Ln(PCTA) complexes

dissociation of the monoprotonated complex, and the pro-

dissociate somewhat faster than Ln(DOTA) complexes in
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acid, these complexes are still kinetically quite inert at A. Welch Foundation (Grant AT-584). This work was carried
physiological pH values and appear to have sufficient kinetic out in the framework of the EU COST Action D18.
inertness for in vivo applications.

The current study may have implications for the future Supporting Information Available: Evaluation of the equations
design of complexing agents that have both favorably fast for formation _data fittings, plot of the firs_t—order_rate consta_nts,
formation kinetics and favorable kinetic inertness toward Kovs asafgnctlon Of. the Lt fon concentration at different pHs in
dissociation. On the basis of the present thermodynamic andthe formation reactions of Ce(PCTA) and Yb(PCTA) complexes

S . . (Figure S1), table with conditional and thermodynamic stability
Kinetic data, PCTA seems to be an attractive ligand for constants obtained for several Ln(PCTA) complexes from formation

constructing radiopharmaceutical applications that require ;. v qata (Table S1), tables with the observeg values for

rapid formation kinetics. formation (Table S2) and, for dissociation of Ce(PCTA), Eu-
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