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The kinetics of ligand-ligand replacement have been studied polarographically for the reaction of a 12-membered macrocyclic 
tetraamine (L) with Pb2+ complexes of polyethers ( Y )  including a linear pentaether (V) and macrocyclic 12-membered 
tetra- (I), 15-membered penta- (11), 18-membered hexa- (111), and 24-membered octaethers (IV) in acetate buffers at 
I = 0.1 M and 25 OC. The formation of PbL2+ is first order in [L] and first order in [Pb(OAc)+] and simultaneously 
in [PbY2+]. The rates are resolved into those with mono- (HL') and diprotonated tetraamine species (H2L2+). The relative 
rates of the replacement of Y by L are approximately inversely proportional to the relative stabilities of the PbY2+ complexes, 
with I11 being replaced most slowly. Mixed complexes are proposed as the reaction intermediates prior to the rate-determining 
step. The observations are linked to the dependence of the complex stability constants upon the size of the cyclic ring, 
Le., the cation selectivity of the cyclic polyethers. 

The selectivity shown by certain cyclic polyethers toward 
cations is well documented. The demonstration of cation 
selectivity by these compounds has resulted in much interest 
in them for possible use in many areas where this property is 
important. While much equilibrium work has already been 
done,* kinetic data3 are still deficient despite their fundamental 
importance for understanding and applications of the cation 
selectivity. 

In this paper, we report results of a kinetic study of ligand 
replacement of cyclic polyethers I-IV and a linear pentaether 
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V by a cyclic tetraamine L in lead(I1) complexes according 
to eq 1 (where Y denotes a polyether and the degree of pro- 

PbY2+ + L - PbL2+ + Y 

tonation to L is not indicated). The use of a series of 
structurally related polyether ligands might provide some 
pictures about the nature of the rate-determining step of the 
ligand-exchange reactions involving dissociation of the 
polyethers. That might help elucidate the mechanism by which 
the selective binding of the cyclic polyethers to cations occurs. 

The reactions (1) were conducted in acetate buffers, where 
(i) the conditional stability constant of the product PbL2+ is 
much larger than those of the reactant PbY2+,4,5 (ii) the 
disappearing PbY2+ (in equilibrium with aqua and acetate 

(1) 
k 
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complex species) and the appearing PbL2+ in the course of the 
reaction are easily discerned on polarograms, and (iii) the rates 
of the ligand-ligand exchanges are moderate. Hence, we have 
employed a polarographic method to pursue the kinetics, as 
so done on PbL2+ complexation from a Pb(OAc)+ r e a ~ t a n t . ~  
Before running the kinetics, we determined the formation 
constants for Pb2+-I, -11, and -1V polarographically. 
Experimental Section 

The cyclic polyethers I (Borregaard A S ,  Norway), IV (Nisso, 
Japan), and the linear ether V (Tokyo Kasei, Japan) were used without 
further purification. I1 (Nisso, Japan) and I11 (Aldrich, U S A . )  were 
purified by the methods described in l i t e r a t ~ r e s . * ~ ~ ~ g  The cyclic 
tetraamine L was synthesized using the method of Richman and 
AtkinsS6 The protonation constants of L determined previously (at 
Z = 0.2 M)437 were corrected to I = 0.1 M: log K1 = 10.72 and log 
K2 = 9.77. A standard Pb2' solution was prepared by dissolving 
Pb[NO3I2 (analytical grade) in redistilled water. Tetraethylammonium 
perchlorate (TEAP) was prepared by the method of Fujinaga et aL8 
Acetate buffer was prepared from acetic acid and tetraethylammonium 
hydroxide (analytical grade). The total ionic strength ( I )  of 0.1 M 
was made up with TEAP. 

The equilibrium5 and kinetic experiments4 were performed in a 
polarographic apparatus using the general approach outlined in 
previous papers. A decrease in reduction wave height of PbY2+ in 
acetate buffers was observed as the PbL2+ complex formed. The 
observed second-order rate constants were determined by the ini- 
tial-gradient method. Under the experimental conditions (see Table 
11), the 50% substitution required ca. 120, 150, 1200, 70, and 120 
s for I, 11, 111, IV, and V, respectively. 

Results and Discussion 
Formation Constants of PbY2+. Data for Y = I11 and V 

have been previously givenG5 In the present experiments the 
data for I, 11, and IV were obtained. 

M) in the solutions containing I or 
I1 (ca. 10-2-10-* M) at pH 2.0 (adjusted with HC104) and 
25 "C gave reversible polarographic waves at the dropping 
mercury electrode. Complexation of PbY2+ was demonstrated 
by the negative shift of E!lz, AEIl2,  upon increasing the 
concentration of Y. A linear relation between antilog 
[AE,,2/0.0296 + log (kpb/kPbY)] and [Y] for both 1 and 11 
(Figure 1) indicates formation of only the 1:l  complexes, where 
the log of the diffusion current constant ratio, kpblkpby, was 
0.10. The stability constants, KPbY, were estimated from the 
gradients, An identical treatment was applied to Y = I11 
previously. 

For determination of Kpby for Y = IV, we used the method 
of KacBna and M a t ~ u S e k , ~  since the solutions containing IV 
exhibited irreversible reduction waves. The mean diffusion 
constant D of the simultaneously diffusing free and complexed 

Pb2+ ions (ca. 2 X 
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Figure 1. Determination of &by for Y = I (0) and Y = 11 (0) by 
plots of antilog (AE,/f0.0296 + log (kpb/kbY)) against 10z[Y]. Data 
at  [Pbz+] = 2 X 10- M, pH 2.00, I = 0.1 M, and 25 O C .  

Table I. Stability Constants of Lead(I1)-Polyether Complexes. 
log Kpby and Resolved Rate Constants kH' and k2H' (M-' s-') 
for PbL2+ Complex Formation from PbYa+ and L 
at I = 0.1 M and 25 "C 

Y log Kpbyb kHiC k 1 HIC 

I 2.00 2.1 x 105 1.5 X 10 
I1 2.05 1.8 X los  2.1 

111 4.4a 1.7 x 10' 3.5 x lo-' 
IV 2.54 9.1 x 104 3.1 
V O.Sa 6.3 x 105 2.0 x 10 

From ref 5. +0.05. r0.5. 

Pb2+ is expressed in terms of diffusion constants of free (&b) 
and complexed Pb2+ (&by) and by 

This is transformed into (3) by application of the Ilkovic 

equation at  constant concentration of the metal ion. Here, 
(id)pb and (id)pbY are diffusion currents of free and complexed 
metal ions, respectively. The (id)PbY value was estimated by 
extrapolating the observed diffusion current (id) at Y = 00, 
The Kpby was determined from the slope of the linear relation 
in Figure 2.1° All the results are summarized in Table I. 

To our knowledge, the Kpby values for Y = I and IV have 
not been reported. For Y = 11, the log &by value of 1.85 (at 
Z 0.1 M and 25 "C) had previously been determined calori- 
metrically by Izatt et al.,2b which agrees fairly well with our 
value of 2.05 (at Z 0.1 M and 25 "C). We used our value for 
the following kinetic study. 

It is of interest that relatively big Pb2+ forms a complex with 
the 12-membered tetraether I as stable as that with the 15- 
membered pentaether 11, although less favorable complexation 
might be anticipated based on the cavity-cation size con- 
sideration. Temperature dependence of KpbI gave AH = -1.8 
kcal mol-' and AS = 3 cal K-' mol-' (because of a very small 
gradient, the accuracy is limited), as compared with AH = 
-3.6 kcal mol-' and AS = -2.5 cal K-' mol-' for Pb-II,2b 
indicating a significant contribution of favorable entropy 
change to the stability of the Pb-I complex. The less favorable 
complexation of 24-membered IV with respect to 18-membered 
I11 may arise from the need for large conformational changes 
to accommodate the relatively small Pb2+. Similar trends were 
already reported for alkali metal ion complexes.2c 
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Figure 2. Determination of &by for Y = I (0) and Y = IV (A) by 
plots according to eq 3. Data at  [Pb"] = 2 X low4 M, pH 2.00, I 
= 0.1 M, and 25 O C .  

Ligand Replacement Kinetics. Earlier,4 we measured the 
rate of complexation of Pb2+ with L in acetate buffers. The 
observed second-order rate constants k (first order in [Pb2+Ii 
and first order in [LIi) were resolved into kH and kZH (due to 
the reaction of Pb(OAc)+ with HL+ and H2L2+, respectively) 
from their dependence on pH and [AcO-] according to ex- 
pression (4), and the results were interpreted in the reaction 
scheme ( 5 )  and ( 6 ) .  Here (aH)L = [L],/[L], [L], = [L] + 

Pbz+ 

~ ( O A C )  HL+ ---+ kH PbLz+ + AcOH (5 1 
Pb(OAc)+ + 

HzL2+ - PbL2+ + AcOH + H' (6) 
zH 

Pb(OAc), 

[HL'] + [H2L2+] etc., PAcO = [Pb2'lf/[Pb2+(aq)] = 1 + 
[Pb$+(aq)] + [Pb(OAc) ] + [Pb(OAc),], and Ki is the ith 
KPb OAc) [AcO-l + KP~$OAC)~P~(OAC)~[AC~-]~~ [Pb2+lf = 

protonation constant (note: in ref 7, Ki stood for the ith 
ionization constant). 

In the present reactions of Pb2+ with L in acetate buffers 
containing a cyclic or a linear polyether Y, the observed rate 
constants k'are first order in [Pb2+Ii and first order in [LIi 
(experimented with [Pb2+Ii and [L], over a three- to fivefold 
range). The k'values are dependent on pH, [AcO-1, and [Y] 
(Table II), and, moreover, k'(aH)L(PAcO + Kpby[Y]f)K1-" 
[H+]-' (this term is called A )  is always larger than 
KP~(oA~)[ACO-](~H + ~ z H K ~ [ H + ] )  (term B ) .  These facts 
suggest that the complexation of L occurs simultaneously 
through Pb-OAc and Pb-Y species. It was further found that 
plots of ( A  - B )  against [H+] give straight lines with intercepts 
of finite values for I-V (Figure 3). 

We propose complexation pathways (7) and (8) along with 

(7) 
1 slow HLt - PbL2+ t Y + H+ 

fast kH, 
Pba+ - PbYa+ 

KPbY I[ '1 
(pbyz2+) HzLa+ PbLZt + Y + 2H+ (8) 

for V5 kaH 

(5) and (6)." Rate equation 9 is then derived in terms of A 

and B (note that the rate expression (4) is written as A = B 
where [Y] = 0). The individual rate constants kH' and kZH' 

A = + KPbYIYlf(kH' + k2HfK2[H+1) (9) 
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Table 11. Dependence of Initial Rates on Concentrations of Acetate and Polyethers for Complex Formation of PbL2+ at I = 0.1 M and 25 "C 
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k'(obsd), k'(calcd), 
M-I g l  M-1 s-1 Y 103[Pb2+]i,M 103[L]i,M pH lo3 [ A d - ] ,  M lo3  [ Y ] ,  M 

I 0.192 0.41 8 

I1 0.192 0.385 

111 0.192 0.418 

IV 0.192 0.418 

V 0.192 0.385 
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Figure 3. Determination of kH' and k2" by plots according to eq 9 
at I = 0.1 M and 25 O C :  Y = I ( 0 )  at  [Pb2+] = 0.1g2, [Y] = 70.4, 
[AcO-] = 48.1, and [L] = 0.385 mM; Y = I1 (0)  at [Pb2'] = 0.1g2, 
[Y] = 48.1, [AcO-] = 38.5, and [L] = 0.38, mM; Y = 111 (A) at 
[Pb2'] = 0.1g2, [Y] = 15.0, [AcO-] = 35.0, and [L] = 0.41, mM; 
Y = IV (A) at [Pbz+] = 0.1g2, [Y] = 10.0, [AcO-] = 48.1, and [L] 
= 0.385 m M ;  and Y = V (0) at [Pb"] = 0.1g2, [Y] = 300, [AcO-] 
= 19.2, and [L] = 0.3& mM. 

for the reactions of PbY2+ with HL' and H2L2+, respectively, 
are determined from the intercepts and gradients of the linear 
plots (at given values of [AcO-] and [Y]) in Figure 3. The 
kH and k2H value used for the calculation are, respectively, 
8.3 X lo5 and 1.4 M-' s - ' , ~  The KPb(OAc) value is 102.11.12 The 
results are summarized in Table I. The rate constants k'were 
calculated using the resolved kI{ and k2" at different con- 
centrations of acetate and of Y. The calculated values 
k'(ca1cd) are in good agreement with the observed values 
k'(obsd) as shown in Table 11. 

The rate law for the reactions involving the polyether-L 
exchanges implies that the lead ions exist as mixed complexes 
containing Pb-0 and Pb-N bonds in the activated complexes. 
A comparison of the individual rate constants kH' or k2" for 
the cyclic and linear polyethers investigated shows that the 
18-membered macrocycle I11 is displaced most slowly. 
Furthermore, the relative rates of the replacement by L are 
approximately in inverse proportion to the relative stabilities 
of the PbY2+ complexes. This observation is interpreted in 
that the major segments of Y are decomplexed in the in- 

48.1 70.4 14.4 14.4 
48.1 35.2 13.1 13.4 
96.2 70.4 13.7 13.5 
38.5 44.4 8.58 9 .o 
38.5 88.8 6.86 7.7 
76.9 44.4 10.4 10.5 
35 .O 15 .O 0.36 0.37 
35 .o 30.0 0.22 0.21 
70.0 15.0 0.65 0.67 
48.1 10.0 11.0 11.1 
48.1 30.0 8.8 9.0 
96.2 10.0 11.8 11.7 
38.5 300 7.24 7.24 
57.7 300 7.97 8.04 
96.2 300 8.69 8.54 
96.2 1000 3.62 3.49 

termediate complexes. The subsequent rearrangement of the 
coordination shell with the total loss of Y to be occupied by 
L must take place during the rate-determining step.13 In this 
parallel mechanism throughout for I-V, the identity of the 
attacking ligand would have only a small effect on the relative 
exchange rates. In the large ring system IV or linear system 
V, the flexible configurations would invite facile partial 
displacement to form the stable intermediates, while in the 
small ring system I or 11, their ether oxygens are arranged at 
one side of the cation leaving the other side open for the ready 
attack of L. Intermediate 111 is less likely to form a stable 
mixed-complex species, since the 111 having the right size for 
the metal ion might rigidly surround it in a plane and allow 
limited space for the entry of the bulky L and also have little 
of the configurational flexibility needed for the decomplexation. 
If the present observation is extrapolated to the now accepted 
n~tion~~*'-g that the relative stabilities of macrocyclic complexes 
are predominantly determined by the rates of decomplexation, 
one can conclude that it is the initial stage of the decom- 
plexation mainly associated with conformational changes that 
is critical for the cation selectivity. This conclusion is in accord 
with the one derived from the kinetic study of macrocyclic 
polythioethers by Rorabacher et al.14 

The magnitudes of the resolved rate constants kH' and k2" 
for polyether (free from the cyclization effect, such as V) 
displacement are not essentially different from those of kH and 
kZH for acetate displacement. A similar mechanism of 
complexation of L would be prevalent, which was previously 
di~cussed.~ 
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Bis(glycinamide)copper(II), Cu(H-1Ga)2, undergoes direct nucleophilic attack by triethylenetetramine (trien) with a rate 
constant of 1.4 X lo4 M-' s-' a t 25.0 "C. The trien reactivity with mono(triglycinato)cuprate(II), CU(H-~G~) - ,  is 3 orders 
of magnitude greater, but it is at  least 2 orders of magnitude less with bis(triglycinato)cuprate(II), C U ( H - , G ~ ) ~ ~ - ,  than 
with Cu(H-1Ga)2. Axial coordination of the carboxylate groups in Cu(H-1G3);- is proposed. The reaction of trans- 
cyclohexanediaminetetraacetate, CyDTA, with CU(H-~G~)? -  proceeds by prior protonation of one peptide group to give 
Cu(H-,G3)(G3)- followed by the formation of a ternary complex, Cu(H_]G3)CyDTA, with the displacement of one G3-. 
A similar path occurs with EDTA, but due to increased steric contraints CyDTA is 6 X lo3 less effective as a nucleophile. 
The formation of C U ( H - ~ G ~ ) C ~ D T A  and the displacement of the second G3- to form CuCyDTAZ- both contribute to the 
rate-limiting steps. 

Introduction 
The rates of ligand-exchange reactions of the doubly de- 

protonated tripeptide complexes of copper(II), C ~ ( H - ~ t r i -  
peptide)-, are very sensitive to steric factors in both the at- 
tacking and the t r i ~ e p t i d e . ~ ~  The planarity of 
the coordinated deprotonated-peptide groups causes substantial 
hindrance to the equatorial coordination of incoming ligands. 
As a result nucleophiles such as EDTA which contain tertiary 
amine groups are not very reactive. On the other hand, 
triglycine (G3-) catalyzes3 the exchange reaction between 
Cu(H-,G3)- and EDTA by forming bis(trig1ycinato)cup- 
rate(II), C U ( H _ , G ~ ) ~ ~ - .  While EDTA appears to react more 
rapidly with Cu(H-,G3)?- than it does with CU(H..~G~)-, just 
the reverse is true for trien, a nucleophile with primary amine 
groups. 

In the present work the kinetics and mechanism of the 
reaction of CyDTA (trans- 1,2-diaminocyclohexanetetra- 
acetate) with Cu(H-,G3)2- and of trien with bis(g1ycin- 
amide)copper(II), C U ( H - , G ~ ) ~ ,  are reported. The CyDTA 
study helps to confirm the mechanism proposed for the EDTA 
r e a ~ t i o n , ~  in which [Cu(H-,G3)G3]- is the reactive species. 
Greater steric hindrance for CyDTA compared to EDTA 
greatly decreases its rate of attack on [Cu(H_,G3)G3]- and 
hence shifts the rate-determining steps to later stages in the 
mechanism than is the case for EDTA. The Cu(H-,G+2- 
complex itself is not very reactive toward any nucleophiles. 
By contrast trien reacts quite rapidly with Cu(H-,Ga),. The 
bis(g1ycinamide) complex of copper(I1) is known to be doubly 
deprotonated4" and has the spectral characteristics of 
square-planar copper complexes.6 Raman data suggest the 
cis geometry shown in structure L2 The bis(trig1ycine) 
complex also appears to prefer a cis configuration and a 
coordination geometry similar to that in structure I was 
proposed earlierS2 However, the large difference in the trien 
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I 

reactivity with C U ( H _ , G ~ ) ~  and with C U ( H _ , G ? ) ~ ~ -  leads to 
the proposal that the carboxylate groups in the bis(trig1ycine) 
complex are axially coordinated as shown in structure 11. 

1-1 
0- 
I N,H 

d H  I 
1 0  

I1 

Other physical properties provide some supporting evidence 
for the proposed axial coordination. 
Experimental Section 

Chromatographically homogeneous triglycine and glycinamide 
hydrochloride (Ga-HC1) were used without further purification. 
trans- 1,2-Diaminocyclohexanetetraacetic acid was recrystallized as 
the monosodium salt and triethylenetetramine disulfate was twice 
recrystallized from ethanol-water. A stock 0.101 M C U ( C I O ~ ) ~  
solution was prepared from the twice recrystallized salt and 
standardized with EDTA (murexide indicator).' The CyDTA and 
trien solutions were standardized by the mole ratio method against 
the Cu(I1) solution and the copper(I1)-triglycine and glycinamide 
solutions were freshly prepared prior to each day's experiments. The 
ionic strength was maintained at  0.20 M with NaC104. Hydrogen 
ion concentrations were calculated from the measured pH using the 
relationship -log [H'] = pH - 0.14.8 
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