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The apparent bimolecular rate constakigM ! s1), for the formation of C&" complexes of a series of acyclic

(edta, egta, cdta) and macrocyclic (dota, teta, do3a) poly(amino carboxylate) ligands were determined in the pH
range 713 using the fluorescent ligand quin2 in a stopped-flow apparatus to monitor the ligand competition
reaction. Thek; values are observed to reach maximum constant values at high pH, characteristic of reactions
involving the fully-deprotonated ligand species. Bimolecular formation constiants kca't, and kg2,
characteristic of the reaction of the fully-deprotonated and mono- and diprotonated ligands, respectively, were

derived from the pH dependence of thevalues. Thekcs- values of the acyclic ligands are edta, 41L.0° M~!
s1; egta, 2.1x 10° M~1s7%; and cdta, 2.3« 10° M~ s71, while the corresponding values for the macrocyclic
ligands are dota, 4.% 10/ M~1s7% teta, 1.1x 10’ M~1s71; and do3a, 1.0< 10° M~1s71. The smaller values

for the macrocyclic ligands are consistent with ligand-dictated constraints imposed on the conversion of a stable
intermediate to the final complex, a process which involves the simultaneous stripping of several water molecules

from the first-coordination sphere of the €adon.

Introduction ence of stable intermediates suggests that ligand structure and
conformational constraints play an important role in determining
the rates of formation reactions. On the basis of a recent study,

| We'? proposed that the rate-determining step in thé"Eulota

gystem is the entry of the metal ion into the cavity of the
macrocyclic ligand. Protonation of ring nitrogen atoms appears
to hinder conversion to the final product by blocking inversion
of configuration at the ring nitrogens. The detailed mechanism
that we suggested involves Olbn-induced removal of protons
from the ring nitrogens. Our suggested mechanism goes further
than the widely-used empirical mechanism wherkijgs is
directly proportional to the hydroxide ion concentration at all
pH values. Our mechanism predicts that the formation rate will
reach a limit at high pH values where protonated species no
longer exist.

Most kinetic studies of complexation reactions of this type
have been carried out over a relatively-narrow region of low
pH values where the free ligands exist predominately in
protonated forms. The lower complexation rates of protonated

The influence of the structure of multidentate amino car-
boxylate ligands on the kinetics of their complexation with metal
ions is a topic of fundamental interest and one with practica
consequences for metalloreagent therapy and diagnostic chelat
treatment:2 For acyclic poly(amino carboxylate) ligands, most
complexation reactions are extremely rapid with formation rate
constantsk;, greater than~10° M~1 s™1. Although there is
only fragmentary evidence for the existence of discrete inter-
mediates in complexation reactions of acyclic ligahfispac-
rocyclic ligands such as those involving 9- to 14-membered tri-
or tetraaza rings and three or four carboxylate-bearing side
chains exhibit relatively slow rates of complexatfoi! Indeed,
relatively-stable intermediates have been directly observed using
"Fo— 5Dy luminescence excitation spectroscopy of Eim the
cases of formation of complexes with défajo3al® and tetd3
with this ion. Such an intermediate has also been observed by
absorption spectroscopy in the Te-dota systeni. The exist-
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otherwise, all of the concentrations reported are the concentrations after
mixing. Both quin2 and ligand are in excess concentration over the
total C&" (5 uM) in each run in order to obtain pseudo-first-order
kinetics. The buffers used were Hepes (pH8J, piperazine (pH
9-10), and Caps (pH 1011). For pH values greater than 12, the
solution has a strong self-buffering capacity; therefore, no buffer was

HOZCJ / \_wzH HochU\cozH

dota teta used in this pH region.
Results
HO,¢ HO2C
Ho"‘c_\N/_\Nf COH HO,C HO:C KNJ Determination of the Apparent Formation Rate Constant,
l: j \NJ ki. The formation rate constants for poly(amino carboxylate)

HOZC—/N\—;‘H N, Q ligand complexes of Ca are too large to measure at the high

pH values necessary to achieve full deprotonation of the ligand
do3a species. It was thus necessary to introduce a second chelator,

quin2 quin2, to make a competitive system. The kinetics of this
fluorescent indicator are well-known, and the fully-deprotonated
ligand quinZ~ predominates in solution at pH values above
7.14'15
At higher pH’s the C&" of egs 1 and 2 represents the three
edta species CH (ag), Ca(OHJ(aq), and Ca(OHjaq)181° Although
the kinetics of complexation of the ligands in question with Ca-
HOzC_\N’_—\o/jo/—\N/_COZH (OH)*™ or Ca(OH}(aqg) are unknown, it is shown below that
HO,C—~/ N-COH the relative formation rate constants/k;), can still be
egta determined under conditions of high pH. Furthermore, L in eq
o ) ) ) 1 represents whatever mixture of protonated and fully-depro-
L (eq 1) and C&" binding to quin2 (eq 2). The ligands studied  yynated ligand species that exists at a particular pH value. The
using a fluorescence stopped-flow technitfuare edta, egta, 1o approaches taken to determigk, are described below.
cdta, do3a, and teta (see Chart 1). In ek Andk-; are the Method 1: Measurement of the Apparent Dissociation
Rate Constant of Ca(quin2¥-, keps in the Presence of a

Hozc—\QFOOzH HO,C~ /—\ /~CO:H
N N N N

HO,C~/ . dta\_cozH Ho,c~/ \—COH

K
cat+L - CalL Q) Competing Ligand, L. Under conditions where both quin2
ke and L are in excess over total €a the free C&" ion
K concentration is close to zero, and utilizing the steady state
ca" + quin2” = Ca(quin2§~ 2) approximation for [C&], kosis given by eq 3; see the Appendix
—2
| - . K_o(ki/ko)([L] /lquin2]) + k_;
apparent formation and dissocation rate constants, respectively, Kobs = - 3
of CaL while k, and k—, are the analogous constants for (k/k)([L] /[quin2]) + 1

Ca(quin2j". in the Supporting Information. The total fluorescence intensity,

Experimental Section I(t), partitioned between that due to&&ound and free quin2
. ] is given by eq 4

Materials. Edta (98%), egta (99%), cdta (97%), teta, quin2,
tetramethylammonium chloride (97%), and caps (99%) (3-(cyclohexyl- I(t) = k'[Ca(quianf] + K'[quin2] = 1(0) exp(k.,d) + |
amino)-1-propanesulfonic acid) were purchased from Aldrich Chemical b *
Co. HepesN-[2-hydroxyethyl]piperazinéN'-[2-ethanesulfonic acid]) (4)
and piperazine were purchased from Sigma. @2ELO (99%) was . ' ; ; _
purchased from EM Science. do3a and dota were provided by the Wherek' andk’ are proportlonal!ty constants between fluores

cence intensity and concentration.

Nycomed-Salutar Co. The water used was distilled and deionized. All 4 .

chemicals were used without further purification. A CaGtock I_n eq 3, [quin2 ar‘d (L) re_presemtotal Concer_'trat'ons of

solution was prepared at0.05 M and standardized by an edta arsenazo duin2 and L, respectivelyl(0) is the fluorescence intensity due

titration. Stock solutions~0.1 M in the individual ligands were  to Ca(quin2) at = 0. Since free quin2 is in large excess in all

prepared at a pH of approximately 10. of our experiments, [quin2] is effectively constant and any

Kinetic Measurements. All kinetic measurements were performed  fluorescence due to it, as well as any dark current, is represented

by using a stopped-flow apparatus (Model SF-2001) built by KinTek by the constant.

Instruments _Corp. (State CO”ege, PA) The miXing dead time is about Equation 3 reveals that measuremenmgas a function Of

2 ms. Reactions were followed by excitation at 339 nm, and the emitted [L]/[quin2]; allows the determination d€_» andki/k.. As an

light (2 > 455 nm) was observed using a 450 nm cutoff filter. The o 5 mhie “Figure 1 shows plots of the time course of the

apparent dissociation rate constant of Ca(quin&e.ps Was obtained fluorescence intensity from Ca(quir2)following mixing of

by recording about three to six individual shots after which the data oo . . . .
Ca&" and quin2 in one syringe with three different concentrations

were averaged. These data were fit to a single-exponential function ) k :
(Peakfit Program, Jandel Scientific). of dota in the second syringe at pH 13.02. The traces of Figure

All studies were carried out at 2% and ionic strength of 0.5 M 1 are well-fit by eq 4, yieldingons and 1(0) values. Similar
with (CH3).NCl as an added electrolyte. Typically, the reaction was experiments were carried out with the other ligands involved
initiated by mixing ligand and buffer (50 mM) in one syringe of the in this study at a number of pH values greater than 7. Figure

stopped-flow apparatus with quin2, €aand buffer (50 mM) inthe 2 reveals thak.,sasymptotically approaches a maximum value
other syringe at the appropriate pH. Unless specifically stated

(18) Smith, R. M.; Martell, A. ENIST Critical Stability Constants of Metal
Complexes Databas@rogram developed by R. J. Mortekaits, U.S.
Department of Commerce, Sept. 1993.

(16) Johnson, K. ATransient-State Kinetic Analysis of Enzyme Reaction
Pathway, The EnzymeAcademic Press, Inc.: New York, 1992; Vol.
Vol XX, pp 1-61. (19) [Ca(OH))/[Ca?'][OH"] = 10 ML, Baes, C. F., Jr.; Mesmer, R. E.

(17) o = 11+ K{P[H] + KPKHH]? + .25 o = o KqP[H] o = The Hydrolysis of Cationslohn Wiley & Sons: New York, 1976; pp
o Ki"KH[H] 2. 88—103.
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1.00 centrations of L. For example, some NMR studi#shave
shown that the exchange reaction constant betweef ealtal
Ca(edtad™ is 74 M1 st at 25°C. In the present study the

5: highest ligand concentration used is about 10 mM which leads
0.75 i to an estimate of the pseudo-first-order rate constant of 0.75
H

s, a value negligible when compared to those measured in
5 this study.

Fitting the kops Vs [L]¢/[quin2]; data to eq 3 yield&-, and
ki’ko. The k—, values thus obtained at two pH conditions are
60.6 s (edta), 54.3 5! (egta), 53.1 s! (dota), and 64.33
(cdta) at pH 13.01 and 59.65(egta) and 56.6 3 (edta) at
pH 7.01. The average value kf, found here (58.13) is in
excellent agreement with those reported in the literature-(55
63 s1) by different authorg>21

These same data revdal; values near zeroy(intercepts,
Figure 2). Reported values for these dissociation rate constants
are 2.72, 0.0443, and 1.0%for Ca(edtaj~, Ca(cdtaj-, and
; : Ca(egtad™, respectively, at pH #22 Ca&" complexes of the
0.00 0.25 0.50 0.75 1.00 more rigid macrocyclic ligands are even more thermodynami-
cally stable and inert to dissociation, making thieis values
even smaller than those of their acyclic analogs. Thuskthe
term in eq 3 can be safely neglected in all cases.

Usingk-, = 58.1 st andk_; = 0, ky/k, values are obtained

0.50 +

Intensity

0.00

Time, s
Figure 1. Time course of Ca(quin2) fluorescence after solutions
containing 10uM C&" and 40uM quin2 in one syringe are mixed,
respectively, with (1) 4«M dota, (2) 160uM dota, and (3) 64&M

dota in the second syringe at pH 13.01°Z5 andu = 0.5 M ((CHy)s- from the data and are collected in Table 2 along Withk&_@
NCI). .. has been subtracted from the data. Note: the concentrationsvValues. The formation rate constant of Ca(quin2ke, is
given are before mixing. estimated to be 5.54& 10®° M~! s71 from the dissociation
equilibrium constantq = 104.8 nM at 0.15 M NaClp and
[L1/IQuin2], the dissociation rate constaki 6 = 58.1 s%). Using the above
000 025 050 075 1.00 estimate fork,, values of the apparent formation constakis,
60 L ! ! were obtained and are listed in Table 2. The pH dependence
(1) edta of the k; values is analyzed in a later section.
50 Method 2: Measurement of the Fluorescence Intensity
of Initially-Formed Ca(quin2) 2-. Reaction of C&" with quin2
- 407 (2) egta and the other ligands of interest are completed upon mixing
U’E within the dead time of the instrument® ms). The dissocia-
& 807 tion processes for both Ca(quid2)and CaL do not proceed to
20 - a a significant extent in this short time. Because of this, only
the formation processes occur in the system for times less than
10 2 ms, and dissociation processes are entirely negligible. Under
these conditions
0
d[CaL] [CaL]; K [L]
60 o= o T T (6)
d[Ca(quin2§] [Ca(quin2f], K:[quin2]
50
where [Cal] and [Ca(quinZ&]; are the initially-formedt(< 2
_ 40+ ms) concentrations. With ligand concentrations in large excess,
‘;’ the total calcium concentratio®, is given byC = [CaL], +
& 30 [Ca(quin2§7];, so from egs 4 and 6 one gets eq 7
20
1(0) = K[Ca(quin2j ] = K C
10 - L+ (lio)([L YIquin2))
(1)
0
0 5|0 1(')0 1éo 280 2;50 300 wherel(0) is the fluorescence intensity of Ca(quiti2ptt =

0. Since both L and quin2 are present in large excess over Ca
these concentrations are effectively constant at their total
Figure 2. Plots ofkes Vs [L]/[quin2], where L is (a) (1) edta and (2)  concentrations after mixing. Two different experiments were
egta and (b) dota at pH 13.01, 28, andu = 0.5 M ((CHg)4NCI). performed to determink’. In the first, C&" (10 uM) in one

The curves are hyperbolic least-squares fits to the data. syringe was mixed with excess quin2 (32B1) in the other,

as the [L}/[quin2] ratio increases. The fact that large excess resulting (Figure 3, trace 1) in a horizontal trace of amplitude
concentrations of ligand L do not increase the rate of Ca(cfin2)
dissociation shows that the ligand-dependent exchange reactior{20) Kula, R. J.; Rabenstein, D. 1. Am. Chem. Sod 967, 89, 552-556.

. o L 21) Bayley, P.; Ahl P.; Martin, S. R.; F hem. Biophys.
(eq 5) is negligible under these conditions. Such exchange ) Rgg_eg‘omr’mmsg&mizq’18;”'{2,5 + Forsengsochem. Biophys

[L/[Quin2],

. - . (22) Smith, P. D.; Liesegang, G. W.; Berger, R. L.; Czerlinski, G.; Podolsky,
L + Ca(quin2j~ < CaL + quinZ* (5) R. J.Anal. Biochem1984 143 188-195.
) o ) ) (23) Delgado, R.; Silva, Jralanta1982 29, 815-822.
reactions become significant only at considerably-higher con- (24) Bryson, A.; Fletcher, 1. SAust. J. Chem197Q 23, 1095-1110.
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Figure 3. Stopped-flow traces after mixing of 1@M C&* in one (4) dota; (5) teta systems. The solid curves are the theoretical fits
syringe with (1) 32QuM quin2; (2) 100uM quin2 + 10004M teta; ~ 2ccording to eq 12 described in the text.

(4) 360uM quin2 + 40 uM egta; (5) 32QuM quin2 + 40 uM edta in

the second syringe. Trace 3 was recorded after/80@uin2 and 10
uM Ca&* in one syringe were mixed with 40M egta in the second

Table 1. Protonation Constants and Calcium Complex Stability
Constants for edta, cdta, egta, do3a, teta, and quin2

syringe. For each tracé. has been subtracted. The instrumental  ligand logK; log K2 log K3 log K4 log KcaL

conditions were carefully kept constant _for aII_the runs: pH 13.(_)2_, 25 odia 10.22 6.12 2.86 1.8 10.28

°C, andu = 0.5 M. Note: the concentrations given are before mixing. 4tz 13.09 6.21 3.69 263 13.68
egta 9.40 8.78 2.66 2.0 10.86

1(0). In a second experiment a mixture ofZ410 uM) and dotep 12.09 9.68 4.55 413 17.23

quin2 (600uM) in one syringe was mixed with a solution of ~ do3& 11.59 9.24 4.43 3.48

another ligand (40:M egta) (Figure 3, trace 3). The trace in Iqejif 1085 1013 4.11 3.27 6 3932

this experiment starts out d{(0) (characteristic of 5uM

Ca(quin2}~) and decreases as the dissociation reaction proceeds. ?Reference 3y = 0.5 M ((CH;)4NClI), 25°C. " Reference 23y =

Thek' values obtained from the above two experiments agree 0-19 l\/ld (CH)4NCI), 25°C. ¢ Reference 11u =°O.10 M (CH;):NCI),

perfectly. The remaining experiments were carried out with 2°°C-*Reference 18 =0.10 M (RINCI), 25°C. ©Reference 1%

; . ; . - =0.15 M (NaCl), 25°C.

various ligands at various pH values (Figure 3, Table S1 in

Supporting Information) in order to obtakwk, ratios according The sensitivity of thek; values to pH in the range pH-711

to eq 8 which follows from eq 7. In these experiment$Ca  implies a large effect of ligand protonation on formation reaction
rates. Over the entire range studied here, the following three

k, KC [quin2], species need to be considered*” L HL®", and HL?", which
P [(@) - L (8) participate in reactions 9, 10, and 11, respectively. Considering
2 t
_ ked _
L* + cd" — cal? (9)

(10uM) in one syringe is mixed with a mixture of excess ligand "

L and quin2 present in known ratios in the other syringe. The HL® + c&t et cal® +H" (10)
1(0) values thus obtained (Figure 3, traces 2, 4, and 5) along
with k' values are given in Table 3. The relative formation 2— + Ked 2- +

constants obtained by method 2 are in reasonable agreement HL™ + ca Cal™ +2H (1)

with those determined by method 1 and considered to be the relevant time scale for the present experimegis Yalues

confirmatory only. The values determined by method 1 are usedin the range 542 s%), protonation equilibria among free ligand

in the remainder of this paper. species will be established throughout the course of the complex
Bimolecular Rate Constants for Reactions of C&" with formation reactions. Thus, the apparent rate constantay

L, HL, and H,L. The apparent formation rate constarks, be expressed as eq 12 whéggl, ked't, and ket are the

for each CaL complex are plotted as a function of pH in Figure

4. Initially, the k; values for all the complexes increase with K, = Kea 0 + ke oy + kCaHZLaHZL (12)

increasing pH. This finding corresponds to the increase in mole

fraction of less protonated forms of the free ligands as the pH bimolecular rate constants for reactions 9, 10, and 11, respec-

increases. At pH values greater than 11 khealues for edta,  tively, anda,, an, and o, are the respective distribution

egta, and teta become approximately constant as expected sinciinctions for a given free ligantl. Fitting the data of Figure 4

log K1 protonation constants are all less than 11 (Table 1) . to eq 12 yields the bimolecular rate constants listed in Table 3

Thek; values for these ligands in the pH region-13, where and the computed curves shown in Figure 4. Some literature

hydroxocalcium species become important, are the same as thosgalues are included (in parentheses) for comparison.

at pH 11, where Cd(aq) is the predominant metal ion species.

This suggests that they represent true values for the formation

constant; these values are not significantly affected by the A two-step process (Eigen mechanisrhis generally used

presence of hydrolyzed €aspecies. to describe the complexation of a metal ion, M, by a ligand,

Discussion
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Table 2. Apparent Rate Constants for the Reaction of'Gaith dota, do3a, teta, cdta, edta, and egta at Various pH Conditions 4@ 25du
= 0.5 M ((CHs)4NCI), Obtained Using Method 1

ligand pH [quin2)/[L] @M/uM) Kobs (S7Y) ki/kz ki (M~ts™)
dota 13.01 a 0.12+ 0.01 (6.7 0.1) x 10’
12.28 50/500 17.& 0.1 0.041+ 0.03 (2.3+£0.1) x 107
11/04 50/1000 17.+ 0.3 0.021+ 0.05 (1.2+0.1) x 10/
10.01 50/2000 19.6 0.5 0.0127+ 0.005 (7.1 0.3) x 10°
9.10 50/4000 22.%0.9 0.0077+ 0.0004 (4.2 0.0) x 10°
do3a 13.01 20/100 28481.1 0.186+ 0.1 (1.0+£0.1)x 1
12.28 50/250 14.4 0.6 0.066+ 0.004 (3.7 0.2) x 107
11.04 25/250 5.2&¢ 0.1 0.009&+t 0.0003 (5.5£0.2) x 10°
10.01 25/500 3.340.1 0.00305+ 0.0001 1.740.1)x 1¢°
teta 13.01 50/500 134 0.5 0.031+ 0.002 1.7+ 0.1) x 107
12.28 50/1500 22.8 0.6 0.022+ 0.001 (1.2 0.1) x 107
11.01 50/2000 21.6 0.6 0.015+ 0.001 (8.2 0.3) x 1(®
10.01 50/2500 6.86-0.1 0.0027+ 0.0005 (1.5£0.1) x 1¢°
9.10 50/5000 5.3& 0.1 0.0010+ 0.0003 (5.6£0.2) x 10°
cdta 13.01 a 1.8+0.1 (1.0+0.1) x 1°
12.28 50/50 21.61.0 0.59+ 0.04 (3.3£0.2) x 1C°
11.04 50/100 5.2& 0.2 0.049+ 0.003 (2.7+0.2) x 107
10.01 50/500 7.44 0.2 0.015+ 0.001 (8.1+0.3) x 1¢°
9.10 50/2000 18.¢ 0.5 0.012+ 0.001 (6.7+0.2) x 10°
8.02 50/5000 3011 0.011+ 0.001 (5.4 0.3) x 10°
edta 13.01 a 11.3+0.1 (6.2+0.1) x 10°
12.28 160/20 29.¢1.2 8.5+ 0.5 (4.7£0.3) x 1
11.04 80/20 30,14 45+ 0.3 (25+£0.2) x 1
10.01 50/25 34.31.2 2.9+ 0.1 (1.64 0.1) x 10°
9.10 50/70 28.2£1.0 0.68+ 0.03 (3.7£0.2) x 1C®
8.02 50/200 20.& 0.9 0.13+0.01 (7.3 0.5) x 107
7.01 50/1000 31.11 0.058+ 0.003 3.2+ 0.2) x 10
egta 13.02 a 9.54+0.1 (5.3 0.1) x 1
12.28 80/20 35211 6.1+ 0.3 (3.4+£0.2) x 1
11.01 80/20 28.2 0.9 4.0+ 0.2 (22+0.1)x 1@
10.01 50/25 33212 28+0.1 (1.6+£0.2) x 1°
9.10 50/80 41.6:1.1 1.6+0.1 (8.7£0.3) x 1¢®
8.02 50/200 27.205 0.22+0.01 (1.3£0.0)x 1C°
7.01 50/1000 19.6:0.3 0.025+ 0.001 (1.4+0.0) x 107

aSee data in Figure 2.

Table 3. Formation Rate Constants of CaL Complexes {€5x = 0.5 M ((CHs)aNCI))

ligand ket (M~1579) ket (M~1s79) ket (M~1s71)
dota 4.7% 100 1.2x 107 (7.9 x 10P)2 45x 10

teta 1.1x 107 1.0x 1P (2.3 x 10°)2 49x 10°

do3a 1.0x 108

cdta 2.3x 10° (L4 x 1P 6.1x 10 (1.7 x 10°)b

edta 4.1x 1(° (2.4 x 1019® 3.9x 107 (3.7 x 107)¢

egta 2.1x 10° (<2.5x 10°) f 75x 108 (2 x 1P (1.65x 107) 2.2x 10 (1.5 x 10°)°

2 Reference 6° Reference 3¢ Reference 249 Reference 22, measured at pH 8.4,°25 u = 0.1. ¢ Reference 22, measured at pH 7,25 u
= 0.1.735°C; Mirti, P. J. Inorg. Nucl. Chem1979 41, 323.

L. Reaction 13 represents the rapid formation of an outer-sphere  On the basis of the Eigen mechanism, Carr and SwartZager
predict akcd- value of 2.5x 10 M~1 s~1 for the reaction of
C&" with a ligand of charge-4. Our measurements yield
kefde=41x 1P M 1s? kefda=23x 10° M~1s71 and
=0 - kef92= 2.1 x 10° M1 s71, which are from about six to ten
[M(H,0) L] ™ ——[M(H,0),_-L]" "+ H,0 (14) times smaller than the predicted value. Thus, it appears that
the multidentate nature and/or other structural features of these
complex with an association constatgs The rate-determining  ligands exert a non-negligible effect on the kinetics of com-
step, reaction 14, is controlled by the characteristic water plexation. These findings prove that the formation rate constants
exchange constaid®'~":0 of the metal ion. This mechanism are not limited solely by the rate of water ligand dissociation.

KOS
M(H,0),"™ + L™ < [M(H,0),L]" " (13)

leads to the formation rate const&ngiven by eq 15. If ligand For the macrocyclic ligands thkcs values are markedly
Meho smaller than those of the acyclic ligands. For instance, the
ki =K, z (15) measured formation rate constant values for dota, teta, and do3a

are smaller by factors of 87, 360, and 39, respectively, than
L is multidentate, it is generally assumed that subsequentthose forkc£9%2(Figure 4, Table 3). The complexation of many
replacement of first-coordination-sphere water molecules by macrocyclic ligands, including those studied here, with labile
ligand donor atoms is more rapid than the initial one lfd° metal ions (e.g., G4, Ln3") have been found to involve rapidly-
is still rate-determining. According to this mechanism the formed intermediates which convert slowly to the final
energetics of ligand conformational changes will not affect the products=13 These slow conversions necessarily involve ligand
rate of complexation. It is instructive, then, to comparekhe  conformational changes and ligand-dictated first-coordination-
value predicted by eq 15 with actual measurements of this sphere rearrangements, the energetics of which are crucial to
quantity. the rates of these processes.” &rer and Sherffirst proposed,
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in the case of the reaction of &dwith the triaza tricarboxylate  of Gd(H:O)¢*" and dot4™, the first step in Scheme 1 requires
macrocyclic ligand, nota, that the Ohbn assists in conversion  about 1 ps while the second step takes 4°3§. The fact that
of the intermediate to the final product. Since thenOHn conversion of I— Il requires the near-simultaneous stripping
catalysis of complex formation has been observed in many of probably four water molecules from the Laion is
systems, leading to a general expression for the observedundoubtedly important in determining the rate-limiting barriers.
formation rate constark,,s under conditions of a large excess In the case of the Edi—dota system, the intermediate involves

of metal ion, given by eq 16. The rate constadaio, for the five coordinated water molecules compared with one water in
the final complexX? Since C&" generally exhibits a coordina-
Kobs = Kii,0 T KonlOH' ] (16) tion number smaller by one than that for¥Eyit is likely that
the C&*—dota intermediate involves four water molecules in
non-hydroxide-assisted pathway has generally been found toan 8-coordinate structure (Scheme 1). Ca(dote) known to
be negligible leading to be 8-coordinate with no waters in the solid stdtbéence the
need to simultaneously remove four water molecules in the rate-
Kops = Kou[OH ] (17) determining step. For acyclic ligands, no such requirement for

simultaneous metal ion dehydration is necessary.

The data obtained by a number of authors, generally over a In our previous work? it was pointed out that for reactions
narrow range of pH values below neutrality, fit well to empirical carried out at pH 6 and below the most stable intermediates
eq 17. In the low pH region partially-protonated forms of these found in the reaction of either Etior C&* and dota are most
ligands predominate and the intermediates themselves involvelikely the diprotonated, [M(ktota)]" ', species. When a
protons. Under these conditions hydroxide ion-induced depro- proton is removed from such an intermediate, the monoproto-
tonation dominates the kinetics and obscures other factors, sucthated intermediate becomes poised for conversion to the final
as ligand structure, which affect the rate-determining conversion product with concomitant expulsion of the final proton. The

of the intermediate into final product. close correspondence in the present study ofkg”* and
We earlier pointed o in conjunction with our study of the L@ values (Table 3) lends support to this mechanism.
kinetics of formation of Eu(dota)that at high pH where neither Finally, it should be noted that while thed- values are

the free ligand species nor the intermediate can involve protons,roughly equal (within a factor of 2) for all the acyclic ligands
the kinetic rate constant should be independent of hydroxide (edta, egta, cdta), thkc- values range over 2 orders of
ion concentration. The present study was designed to confirm magnitude withkcgicda < ko fHedia < ko Hedta (Taple 3). This
this prediction and has done so. We also suggested that bothorder correlates with the decreasing difficulty of removal of the
the existence of the intermediate itself and the sluggishness offinal proton from each of the ligands as reflected in their log
its conversion to final product result from the structure of the K; values (Table 1).

macrocyclic ligand which inhibits the facile transit of the metal Conclusions. Apparent formation rate constantk,, for

ion into the binding cavity. It was further suggested that multidenate ligand complexes of &areach constant maximum
protonation of ring aza nitrogens serves to inhibit their inversion values at high pH (1213), characteristic of their formation from
and thereby blocks ligand conformational changes necessaryfully-deprotonated ligand species. The bimolecular formation
to achieve full coordination of the metal ion. It was projected rate constantics for fully-deprotonated ligands are smaller
that the limiting rate constants at high pH values, where for macrocyclic ligands than for those of their acyclic counter-
deprotonation is not involved, will reflect differences in ligand  parts, owing to constraints imposed in the conversion of rapidly-
(and intermediate) structural constraints. This is consistent with formed intermediates to final products. In the case of macro-
the present finding that formation rate constants for the cyclic ligands this conversion involves ligand conformational
macrocyclic ligands are less than those of their acyclic changes and the simultaneous stripping or decoordination of

counterparts. several coordinated water molecules from thé'Can.
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