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2 9 14,7,10-tetraaza-13,16-dioxacyclooctadecane-N,N'N"N"“tetraacetic acid (1), 1,4,7,10-tetraaza-
13,16-dioxacyclooctadecane-N.N'.N" N tetramethylacetic acid (2}, ¥ 1.4,7,10-tetraaza- 13,16-dioxacyclooc-
tadecane-N,N'N",N"-tetrapropionic acid (3% Zn* &-E<] §4 9 o8] $2§ 93384 9 Paiepn
Hog 2sigct, 24 2WE LE 250£0.1°C R OlLE 0.10M NaCIO, o10w}. Zn* o3t 13}
2o] R4 WRS-E A F3 A EEZH LS AR G704 Zn o} REA 02 wigisle] ¢l
4= 4R G HAF AEIITH pH ¥ 47657604, 27} AR HLY) e} o4 e =9
= T $EEH 2 PANTYL 4+ Asich 2 I FEe] AL A5 (logKaumn )
2 BEAEE ST Gyt $E8H JE 25 AAET Zo* o] &3 1, 2,9 39 s kg
olAE| o) E 23 89 S| AAFE Cu™ o] &-& ol§3le] s}, BE B9 s w2 ALFR Y
AbZol 1302 AYEE & 4 AUe Zo> BB o) 5] FE v)X= 95 2 B G FEY
BAZ dobgken, ofge] s g A7pAol Wigeidls: X379 Q0| E Sie)=712 =8l

ABSTRACT. The formation and dissociation rates of Zn> Complexes with 1,4,7,10-tetraaza-13,16-diox-
acyclooctadecane-NN' N“ N tetraacetic acid (1), 1,4.7,10-tetraaza-13,16- dioxacyclooctadecane-NN'N" N~
tetramethylacetic acid (2), and 1,4,7,10-tetraaza-13,16- dioxacyclooctadecane-N. NN N"-tetrapropionic acid
(3). have been measured by stopped-tlow and conventional spectrophotometry. Observations were made at
25.020.1 °C and at an ionic strength of 0.10 M NaClQ,, The formation reactions of Zn** ion with 1 and 2 took
place by the rapid formation of an intermediate complex (ZnH.L'y* in which the Zn® ion is incompletely coor-
dinated. This might then lead to be a final product in the rate~determining step. In the pH range 4.76-5.76, the
diprotonated (H,L*) form is the kinetically active species despite of its low concentration. The stability con-
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stants (logKizws+") and specific water-assisted rate constants (ko) of intermediate complexes have been detes-
mined from the kinetic data. The dissociation reactions of Zn* complexes of 1, 2, and 3 were investigated with
Co® ions as a scavenger in acetate buffer. Ali complexes exhibit acid-independent and acid-catalyzed con-
tributions. The effect of buffer and Cu® concentration on the dissociation rate has also been investigated. The
ligand effect on the dissociation rate of Zn** complexes is discussed in terms of the side-pendant arms and the

chelate ring sizes of the ligands.

INTRODUCTION

The metal complexes with the macrocyclic polyoxa-
and polyazapolycarboxylate have attracted considerable
attention because of their structural, equilibrivm, and
kinetic behavior, which are often quite different from
those of the analogous linear polyaminopolycarboxy-
lares."? Several factors are known to influence the sta-
bility and kinetics of the metal complexes with ma-
crocyclic compounds.*® These factors include the metal
ion size and ligand topology, such as internal cavity size,
the number of donor atoms, ligand basicity and rigidity,
and side arm substituents. Recently, the studies on the
formation and dissociation kinetics of the metal com-
plexes with N-pendant arms N;O; (1.4,10-triaza-7,13-
dioxacyclopentadecane)*” and N:Os (1,7,13-tniaza-4,10,16-
trioxacyclooctadecane)'? were repotted. In these studies,
ihe formation Kinetic data of these complexes conformed
to the rapid formation of an intermediate, which con-
verted 10 the final complex. On the other hand, the dis-
sociation of these complexes proceeded via both acid-
independent and acid-catalyzed pathways, and dissocia-
tion rates varied with the size of metal ions and the
ligand topology.

In this paper, we report the formation and dissociation
kinetics of Zn® complexes with macrocyclic tetraaza-
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Fig. 1. Structure of the tetraaza-crown-alkanoic acids.

diaxa ligands with acetate, methylacetate, and propionate
groups as N-pendent arms (Fig. 1). We intend to inves-
tigate the effect of the ring size and rigidity of the mac-
rocycle as wel} as ring substituent effect on the kinetic.
properties of these complexes,

EXPERIMENTAL SECTION

Reagents. |4.7,10-Tetrauza-13,16-dioxacyclooctade-
cane tetrahydrobromide was synthesized by previously
reported procedures.”’ The ligands, 14,7,10-tetraaza-13,16-
dioxacyclooctadecane-N NN N tetrascetic acid (1), 14,7.10-
tetraaza-13,16-dioxacyclooctadecane-NN N N'"-tetrame-
thylacetic acid (2), and 1,4.7,10-tetraaza-13,16-dioxacy-
clooctadecane-N N N"N"-tetrapropionic acid (3), were
prepared by the literature method." The concentrations
of the ligand stock solution were determined by titration
against a standardized Cu(ClO,); solution with murexide
as an indicator. A stock solution of Zn** was prepared
from ZnClL; {Aldrich, 99.9%), and &ts concentration was
determined by oomplexomeﬁ‘ic titration with xylenal
orange as indicator. All chemicals used in the synthesis
were of reagent grade and were used without further
purification. All solutions were made in deionized water.

Measurements. The ionic strength of the sample solu-
tions was adjusted to 0.10 M with NaClQ,, Solution pH
values were measured with a Beckman combination
electrode and Beckman ®71 pH meter. The H" ion con-
centration was established from the measured pH value
by the procedures reported previously.® Kinetic measure-
ments were carried out with a Hi-Tech stopped-flow sp-
ectrophotometer interfaced with a scientific data acqui-
sition system and a UVIDEC-610 spectrophotomeler at
25.0+0.1 °C with the use of a Lauda RM 6 circulatory
water bath.

The formation raies of Zn(L) were studied in weakly
buffered solutions (0.01 M acetic acid/sodium acetate)
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by monitoring the pH decrease with bromocresol green
(4.6<pH<5.2, observation wavelength 615 nm) as an
indicator."” The concentration of the ligands ‘was 20X 10¢
M, while that of Zn* was varied between 4,0% 10 and
4.0X10° M.

The dissociation rates of Zn(L) were studied in acidic
solutions in the presence of excess Cu® jons. Under
these conditions, the dissociation reaction takes place
and the progress of the exchange may be monitored by
the formation of Cu{L) at 285 nm. The conceniration of
Zn(L) was 5.0% 10°M, while that of the Cu? jon was
varied between 2.0 X 10~ and 1.0 X 10 M. The buffer
solutions were made by varying the ratio of concentra-
tion of acetic acid and sodium acetate necessary for
attainment of the desired pH,

RESULTS AND DISCUSSION

Formation kinetics. The formation rates of the com-
plexes were studied at different pH values as a function
of excess [Zn*] to ensure first-order kinetics. At a given
pH, the measured pseudo-first-order rate constant (Kus)
values increased with increasing [Zn>*], and plots of ko
versus [Zn?] show saturation behavior. This is charac-
teristic of rapid formation of the intermediate complex
that reacranges to the final product in a rate-determining
step. A similar behavior was also observed for the for-
mation of MN;OxAC) (M=Co?*, Ni¥*, Cu*, Zn™, N;OyAc
=14,10-triaza-7,13-dioxacyclopentadecane-N, N', N'-tri-
acetic acid).The dependence of k., values on [Zno™] can
be expresses as'e.

k K(Zn*]
abs = T a4

L 2+ (1)
1+4K{Zn™"]

where X is the equilibriom constant for the formation of
the intermediate complex and &, is the rate constant for
the reatrangement of the intermediate (o the final prod-
uct. Plots of 1/ against 1/[Zn*] lead to straight lines as
shown in Fig. 2. The values of ,, X, and the second-
order rate constant b=k K were obtained from eq 1 and
are summarized in Tuble 1. The protonated forms of 1
and 2 could contribute to the Kinetics of complex for-
mation of Zn** ion between pH 4.77 and 5.79. The con-
centrations of protonated ligands were calculated with
the use of ligand protonation constants.” For example, 1,
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Fig. 2. Plots of kes ' vs [Zn*]" for the formation kinetics of
Zn(1) 2 different pH values. [1)=2.0x10°¢ M; [OCAc}=0.0]
M; T=25.040.1 °C; I=0.10 M (NuClO,); pH=4.79 (*), 4.91
€0, 512,527 (¢ ),541 (¥ ), 558 (A), 566 (#),579(W).

HiL™ is major species in this pH range (from 60.57 to
93.42%), H.L is an important contributor (from 38.67 to
5.89%), and H,L*" represents from 0.043 to 0.68% of the
total ligand concentration. On the basis of these results,
the formation reaction of Zn** jon with ligands may be
expressed by egs 2-4.

HL
1 K &
Zn%}lll,r = (ZnHL*)* — products Q)
Zo*+H;L = (ZaH,LY* — products 3)
Kk
Zo*+HsL(or H,L>) — products @)

_ The stability constants of the intertnediates (ZnH,L*)y*

may be evatuated from X values at a given pH, the ligand
protonation constants, and with the use of eq 5.

Kazutur=K(HKJH I+ KK{H'P) &)

The calculated stability constants of the intermediate
complexes of 1 and 2 are summarized in Table 2. The
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Tuble 1. Rate datu for Zn™ complex formation with 1 and 2 at 25.0+0.1 °C, [=0.10 M (NaClOs), and {OAC I=1.0x1072M

Ligands pH k(s KM™) AM's™)
1 479 (3.3620.11)x10' (2.9940,14)x 17 (1.09+0.10)x 10"
491 (3.99+0.06)x10’ (3.2240.10)x10? {1.28+0.08)x10"
5.12 (4.8320.12)x10' {3.9440.16)x 1 (¥ (1.9120.15)x10!
527 (5.9140.15)x10’ (4.2320,17)x 107 (2.50+0.16)x10"
541 ( 7.4910.07x10’ (4.3640.05)x10? (3.27+0.06)<10°
5.58 (15.2:0.12)x10' (4.5440.15)<1¢¢ (4.61£0.12)x10¢
5.66 {11.620.13)x 10" (4.70£0.18)x10? (5.4740.18)x10*
5.79 (15.2+0.17)x 10" (4.5320.19)x I¢¥ {6.86£0.21)x10°*
2 4.77 1.10+0.05 (1.01£0.05) 10 (1.10£0.06)x10?
439 1.13+0.07 (1.45£0.08%10° (1.64+0.14)x 10
5.11 1.41+0.08 (1.8620,10)x10? (2.6110.17)x 10
5.26 1.6840.05 (2.2120.07)x10? (3.70+0.15)x10?
540 2.1310.09 (2.26:0.11)x10? (4.80+0.18)x10?
5.58 3.0040.07 (2.2920.08)x10? (7.1740.20)x10*
565 3.4620.14 (2.79£0.15)x10* {9.64+0.27x 10
578 427+0.12 (2.9120.16)x1¢° (12.440.29)x£0?

Table 2. Stability constants {logKzany+*), second-order rate constants (Kuw), and waterassisted rate constants (kay) of the inter-

mediate complexes at 25,020.1 °C and 1=0.10 M (NaClO,)

Complexes logKann® kng2-(M1s™) k- M7's7) eonM's™h)
Zn(1) 270004 (1.1920.04)x 10 (9.0510.16)x10¢ (1.6120.06)x10"°
Zn(2) 3,24+0.06 {(8.951+0.25)x10° {74710.25)x ¢ 4.11£0.08)x10"

stability constants of the intermediates obtained here are
Jarger than those for the corresponding monoacetate and
monomethylacetate complexes.” This suggests that the
Zn™ ion is coordinated to more than one carboxylate
group in the intermediate. The stability constant for the
intermediate of Zn(2) is somewhat larger than that of
Zn(1). This fact' may be attributed to the thermodynamic
stability (logBz=13.00 versus logBux=14.53)." From
the kinetic data, the second-order raie constant Ay, also
represents (4 K. If one species is markedly more reac-
tive than all the others, the second-order rate constant
could be obtained from the following expression.'®

kbt { L+ Koy, ™ [H*])! (6)

where Kipay.is the protonation constants of 1 and 2.
From the plots of k; against (14+Kupay 'TH'))™, the sec-
ond-order rate constants for the HoL>~ and H,L~ species
are collected in Table 2. Despite of their very low con-
centration in the pH range observed, the HJL™ species
appears to be kinetically much more reactive than the
HiL™ species, even though the larter is the predominant

species in solution. The same conclusion was reported
previously by Kasprzyk and Wilkins." The low reactiv-
ity of the HyL™ form may be assigned to the formation of
trizwitterionic form of 1 and 2. The three N-H* groups in
the 18-membered cycle of H;L™ probabty hinder the rear-
rangement of the infermediate complex into the final
chelate product due to the electrostatic repulsion with the
incoming Zn* ion.

The values of k increased with increasing pH as
shown in Table 1. This indicates that the rearrangement
of the intermediate complex into the final chelate prod-
uct is catalyzed by the hydroxide ion. A plot of & vs
[H*T"is expected to be a straight line as shown in Fig.
3. This observation is consistent with the previously
reported warks >*'*" An expression consistent with this
functional dependence is given by eq 7.1

kl=\kll2()+koﬂk'w[H+]_] (N

where ku,q and ko are the water and hydroxide-catalyzed
rate constants of the rearrangement of the interrnediate.
The kou values calculated trom the slope of the straight

Journal of the Korean Chemical Soceiety
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10°H'T" 7 "
Fig. 3. Plots of % vs [H*]" for the formation Kinstics of
Zi(1) at 25.040.1 °C and I1=0.10 M (NaClO,).

line in Fig. 3 and eq 7 (logK,=13.78) are listed in Table
2. A significant coatribution from the base form of the
buffer is not expected, since the concentration of buffer
used in the present work is low, The kg value of Zn(2)
is about 30 times smaller than that of 2n(1). This indi-
cales that the substitution of four methyl groups on the
acetate pendant arms of 1 makes the ligand more rigid.*

Dissociation kinefics. Since the stability constants of
Cu® complexes are much greater than those of corre-
sponding Zn™ complexes,' the exchange reaction is
driven fo completion in the presence of excess Cu®* ions

Zn(L+Cu™—CuLHZn** ®

where L is the H,L~ form under the pH range 4.37-5.58.
The experimental data show excellent psendo-first-order
reaction rates. The observed rate constants (k.,) were
found 1o be independent of [OAc™] but dependent on
[Cu™). The dependence of &4, on [Cu™) is plotted in Fig.
4 for different pH values. In each case, the data fit
straight lines with measurable nonzero intercepts which
is the evidence that the exchange reaction proceeds via
both of [Cu®]-independent and [Cu*]-dependent path-

2000, Vol, 44, No. 5

10°[Cu™}/ M
Fig. 4. Plots of & vs [GJZ*] for the dissociation kinetics of
Zn(1) at different pH values. [Zn(1)]=5.0x107° M; [OAcT]=
0.01 M; T=25.0+0.1°C; [=0.10 M (NaClOJ); pH=4.43 (B ),
4.63 (@), 4.80 (a), 5.00 (v ), 531 (&), 5.60 (+).

10%HT 1’

0 1 2 3
4 T T T T T T 4

10%,/ 8"

) A TP R S SR 0
0] 1 2 3 4 5

10°%H") s M
Fig. 5. Plots of &yvs [H'1 and ke, vs {H*]™ for the dissociation
Kinetics of Zn(l). [Za(1)]=5.0x10"* M; [OAc)=0.01 M: T=
25.040.1°C; I=0,10 M (NaClO,).
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Tuble 3. Rate constants for the dissociation reactions of Zn®* complexes of macrocyclic ligands at 25.04£0.1°C and [=0.10M

NaCl0y)

Complexes ka(s™) M's™ ko M7 koot M s

Zn(1) (6.4320.21)x107* (5.31:0.08)x 1? 4,6940.29 (5.07+0.10)x 1 0°
Zn(2) (4.59£0.32)x10™ (4.3740.13)x10° 4.280.07 (4.53£0.06)x10°
Zn(3) (6.06+0.23)x10™ (1.290.09x10° (1.28+0.31)x1¢* (8.6420.1 )x10?
Zn{DTPAY 1.8x10! 3.0x10° 2.0x10 a

“Not observed. ‘Reference 23.

way. The latter is first-order in Cu® fon concentration.
Accordingly,

K=otk [CU] ©)

where ks and k., are the functions of acidity, [B*]. Fig. 5
shows that ks is proportional to [H'], while &, is pro-
portional to [H*]™'. Based on these data, the overall rate
of dissociation reaction can be expressed by:

Rate=k{Zn(L)}+kalZn{L)IH " T+kel Za(L)Cu™ o
(ZaL)ICu™]H"T (10)

The rate constants (%, ku. ko, and kast) calculated from
the experimental data are fisted in Table 3. The reaction
between Zn(L) complexes and Cu™ ion proceeds by
reaction pathways that are similar to those reported for
the exchange of the metal ions in their macrocyclic cormn-
plexes." As can be seen, the first and second terms in eq
10 are responsible for the dissociative pathway of the
Cu**-independent mode. The rate-determining step in-
volves the loss of Zn** jon from the complexes and the
rapid reaction of the released ligand with Cu** ion. Equa-
tion 1O also represents the associative pathway of the
Cu®*-dependent mode, which is composed of the direct
attack of the Cu® ion on the partially dissociated Za-L.
and the [H*]"' dependence. [H*)™ behavior can be inter-
preted by the existence of the aitack of hydrolyzed cop-
per species (CuOH") on Zn-L, even though the inves-
tigated pH is not higher. kourt is therefore calculated by
the expression.

ko.n-FMouhB(o.onﬁ 1)

wiere Poorh(=KcarhKs) is 2 stability constant (e, 20X
0%

The effect of figand on the dissociation rate constants
of dissociation reactions of Zn?* complexes can be seen
by comparing the values in Zable 3 along with other lin-

ear DTPA (dicthylenetriaminepentaacetic acid). A com-
parison of the dissociation rate constants of Zn™ com-
plexes indicates that the rates of the dissociative path-
way decrease in the order Zn(3)>Zn(1)>Zn(2). Both rate
constants are significantly affected by the side arm sub-
stituents and chelate ring sizes of the ligands. The dis-
sociation rate of Zn(2) complex was found to be slower
than that of Zn(1) complex. This indicates that the sub-
stitution of four methyl groups on the acetate pendant
arms of 1 increases the rigidity of the macrocycle, yield-
ing a complex with even greater kinetic stability. A
methyl substitution in other triaza-crown-alkanoic acid
has also been observed to increase the inertness of their
resuiting complexes.? The rate constant of both the
acid-independent and acid-catalyzed pathway of the
Zn(3) complex is about one order of magnitude lasger
than that of the corresponding Zn(1). This fact may be
attributed to the destabilizing effect of the six-mem-
bered N-Zn-Q chelate ring involviug the four propionate
group of 3. A similar result has been used te explain the
fact that the dissociation rate of Eu(ENDPDA) (ethyl-
enedinitrilo-N,N'-di(3-propanoic)-N,N'-diacetic acid)”
is much faster than that of Eu(EDTA)". On the other
hand, the acid-independent and acid-catalyzed rate con-
stants of Zn(1) are much smaller than those of Zn
(DTPA)®, even though the stability constant of Za(1)
(logB=13.0)"* is much smaller than that of Zn(DTPA)
(logP=18.29)." This may be due to the rémarkable
Tigidity of cyclic tetraazadioxa ring of 1 compared to
fexibility of linear DTPA.
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