250 DarLe W. MARGERUM, B. A. ZABIN, AND D. L. JaNES

Multidentate Ligand Kinetics. VIII.

Inorganic Chemisiry

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
PURDUE UNIVERSITY, LAFAYETTE, INDIANA

The Effect of Hydroxide, Acetate, and Azide

Complexes of Copper(II) in Its Reaction with Ethylenediaminetetraacetate Complexes

By DALE W, MARGERUM, B. A. ZABIN, axp D. L. JANES

Received August 2, 1965

The kinetics of the reaction of copper(II) with the ethylenediaminetetraacetatozincate(II) and -nickelate(II) complexes are

studied in the presence of various anions at 25.0° and an ionic strength of 0.10.

From pH 5 to 7, the rate of the exchange

reaction of Cu*2 with Zn-EDTA increased about 10-fold with increase in pH. This is attributed to the reaction of hydroxo-

copper(II).

On the other hand, the azide and acetate ion complexes of Cu(II) reduce the rate of the exchange reaction with

Zn-EDTA. The rate of reaction of Cu(II) with Ni-EDTA also is accelerated above pH 5 and the effect is attributed to

CuOH*.

Introduction

Previous papers in this series! have dealt with the
effect of the bonding of the multidentate ligand in
exchange reactions. The structure of the ligand and
the ability of segments of the ligand to bond to metal
ions have been used to characterize the reaction path.
In the present work attention is turned to the metal
ion and the kinetic effect of substituting a simple
monoanionic complex for the aquo metal ion in the

exchange of EDTA between two metals, The reac-
tions studied are

Cu+? ++ ZnY 2 —> CuV =2 -+ Zn+t 1)

CuOH™* + ZnY~? —> CuY 2 + Zn*? 4+ OH~ (2)

CulAct 4+ ZnY -2 —> Cu¥Y "2 4+ Zn*? + Ac~ (3)

CuNs*™ + ZnY 2 —> Cu¥ 2 4+ Zn*? 4+ N~ (4)

CuOH™* 4+ Ni¥~? —— Cu¥~? 4+ Ni*? 4+ OH~ (5)

In eq. 2 and 5 the reactant is written as CuOH~*
although a thorough study by Perrin? showed that
hydrolyzed copper exists as Cuy(OH),*%. However,
his copper solutions were greater than 10—* 3 while
in the present study many reactions have 105 M/ copper-
(II), and, as will be seen, the monomer is more apt to
be the reactive species. The exchange of copper with
zinc-EDTA previously has been examined in acetate
media,? where it was assumed that the reaction of the
copper acetate species was negligible compared to the
reaction of the hydrated metal ion. The present work
confirms this assumption but shows that in contrast to
the acetate complex the monohydroxocopper(II) com-
plex is much more reactive than the aquo copper ion.

The system studied is

Zny 2 + Cur_ koY
rapid direct reaction

Znt? ko YT CuY 2 4 Znt? (6)
+ indirect reaction

Y + Cur

(1) (a) T.]J. Bydalek and D, W. Margerum, J. Am. Chem. Soc., 83, 4326
(1961); (b) D. W. Margerum and T. J. Bydalek, Inorg. Chem., 1, 852 (1962);
(c) D. W. Margerum, D, B, Rorabacher, and J. F. G. Clarke, Jr., ibid., 2, 667
(1963); (d) T. J. Bydalek and D. W. Margerum, ibid., 2, 678 (1963); (e}
D. W, Margerum and T. J. Bydalek, ibid., 2, 683 (1963); (f) D. B. Rora-
bacher and D. W. Margerum, ibid., 8, 382 (1964).

Thus, in EDTA exchange reactions the kinetic reactivity is CuOH *>> Cu+2 > Culct, CuN;t.

where ZnY ~? is in rapid equilibrium with EDTA com-
pared to the rate of either copper(II) reaction. The
term Cury refers to all species of Cu(II) not complexed
with EDTA, while the term Y1 refers to the sum of the
acid forms of EDTA.

The copper exchange with nickel-EDTA is extended'®
to higher pH at an ionic strength of 0.1 in order to com-
pare the results with the zinc-EDTA reaction.

Experimental Section
The experimental procedures were similar to those reported
previously. The témperature was 25.0 &= 0.1° and sodium per-
chlorate was used to adjust the ionic strength to 0.10 M in all
cases. Reactions 1, 2, and 5 were followed spectrophotometri~
cally at 260 mu where ecyy was 3100 and the absorption of the other
species was very small. The effect of acidity on the reactions in
eq. 6 was examined from pH 4.8 to 7.3. At high pH reaction
times were 1 min. or less and reactants were mixed in the cell
compartment by a syringe technique. XNo buffer was needed at
lower pH but a borate-mannitol buffer was used above pH 5.7.
There was spectrophotometrically observable interaction between
copper (1-3 X 107% M) and mannitol (0.36-0.75%,) above pH 6.4,
but 959 of this interaction was removed by presence of the borate
(a mixture of 2.5 X 1073 M NayB4O7 and 2.5 X 1072 M H;3BO;s).
This buffer also was used for reaction 5. Kinetically the con-
centration of the borate-mannitol buffer had no effect. Reac-
tions 3 and 4 werc studied in the presence of excess acetate and

azide ions which served as their own buffers.

Results

Copper(II) and Ethylenediaminetetraacetatozincate-
(II).—The reactions showed first-order dependence in
both [ZnVY—2] and [Cur] and inverse dependence in
[Zn+2] below pH 5.7. Excellent second-order plots
were obtained in the presence of excess zinc ion under
conditions where the reverse reaction in eq. 1 was not
appreciable. - The reactions were followed over the first
409, completion. Figure 1 shows the variation of the
observed rate constant, k, (defined in eq. 7 and 8), with
pH at three different zinc concentrations. Below pH
5.7, the curves were resolved using eq. 8 where Kz,v’ is
the conditional stability constant* of zinc-EDTA at the

d[Cu¥Y 2] /dt = ko[Cur][ZnY 2] (7
ko = kcoZoY + ke YT[Znt] Kzay’ (8)
(2) D.D. Perrin, J. Chem. Soc., 3189 (1960).
(8) K. Kato, Bull. Chem. Soc. Japen, 33, 600 (1960),

(4) A, Ringbom, “Complexation in Analytical Chemistry,” Interscience
Publishers, New York, N. Y., 1863,
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Figure 1.—The effect of pH and [Zn *?] on the observed second-
order rate constant for the reaction between copper(II) and
ZnV-2; 25.0°, 0.10 g, Cup = ZnVr = 1.10 X 1075 M; [Zn*?]
= 146 X 10~* M {(open circles), [Zn*?] = 8.06 X 10t M
(crosses), [Zn*2] = 6.16 X 10—* M (solid circles). The curves
fit the values of kcy¥YT, kcupZnY, and the conditional stability
constants of ZnY ~2,

pH in question. A series of plots was made of %
against 1/[Zn*?] at different pH values using points
taken from the smooth curves drawn through the ex-
perimental points. A value of ko™ equal to 67 M~
sec. ! was found from the intercept of eq. 8 over the pH
range from 5.0 to 5.4. Values of ko, *r were obtained
from the slopes of eq. 8 at different pH and were re-
solved in terms of the acid forms of EDTA giving a value
of 1.3 X 10° M~ for the rate constant for the reaction of
Cur?with HY 3. Compared to this reaction, the Cu*?
reaction with H,Y~? was not significant. This is in
agreement with the ratio of these rate constants found
by Ackermann and Schwarzenbach® at 0° in polaro-
graphic studies uncorrected for acetate complexation.

Effect of Hydroxide.—At pH values greater than 5.8,
the rate was independent of [Zn+?] because Kz,v’
(eq. 8) increases with pH and the indirect reaction
became negligible. Although there is no significant
change in the possible forms of zinc-EDTA in this pH
range, the hydrolysis of copper ion begins to become
significant? and as seen in Figure 1 the observed reac-
tion rate constant increases with pH. The effect is
even more striking at higher pH and k¢, ~"Y reaches a
value of 2100 M ~'sec.7'at pH 7.3. The zinc ion or the
PH has been adjusted so that only the direct reaction
path is appreciable for the data in Table I. A rate ex-
pression including species that might be applicable is
given in eq. 9 and some related constants are defined in
eq. 10-12.

kCuTZnY[CuT] [ZnY—2] = kcuZnY[Cu +2] [ZnY _2] +
kowor®Y [CuOH ] [ZnY 2] + kouyom, 1% Y [Cug(OH )] [H¥] X
[Z0Y =] + kosyom, 2 [Cux(OHX] [ZnY 2] (9)

[Cur] = [Cu*?] 4+ [CuOH*] + 2(Cu(OH),+?] (10)

+ [+

*Keuor = {C_u?%jzgi{_] = 1078 (value uncertain) (11)
L2 [H

*Br = Lg%?]]ﬁm—h = 10"11.0 (4 = 0.1, 25°)2 (12)

(8) H. Ackermann and G. Schwarzenbach, Helv. Chim. Acta, 85, 485
(1952).
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TABLE I

EFFECT OF pH ON kcuTZ“Y AT 25.0°, u = 0.10

rH Conditions® kcuTz"Y, M1 sec. "1
5.88 B 122
5.91 C 127
5.95 B 136
5.99 A 143
6.00 B 162
6.02 A 155
6.03 C 144
6.09 B 165
6.09 C 168
6.10 A 159
6.27 C 208
6.30 C 220
6.66 D 515
6.80 E 795
7.03 D 1030
7.05 E 1380
7.28 D 1940
7.33 E 2120

¢ Condition (initial concentration of reactants (M), added
[Zn2*] (M): A, 1.1 X 1071, 1.46 X 10~%; B, 1.1 X 1075,3.05 X
10—4; C, 1.0 X 1075, 6.16 X 1074 D, 3.0 X 1075 0; E,1.2 X
105, 0.

According to Pedersen® the value of *Kouor is 1078
while Perrin? suggests the value is much less than 108
but admits his measurements were not sufficiently ac-
curate to assign a new value for the hydrolyzed mono-
mer. Under our reaction conditions the copper ion
concentration was varied threefold so that the per cent
of dimer varied significantly at the same pH. The
reaction rate did not increase with increased dimer con-
centration but appeared to decrease slightly. Secondly,
the reaction rate increased with 1/[H~] and not with
1/[H*]? as would be required by the last term in eq. 9.
Therefore, on both counts this term can be dropped.
The next to last term in eq. 9 would correspond to a
reaction between Cuy(OH),?* and a protonated form of
zinc-EDTA. The value of Kznny is 10% so that [Zn-
HY~] is only 0.1 to 0.019, of [ZnYr] from pH 6 to 7
and is an unlikely reactant. However, if zinc-EDTA
must unwrap an iminodiacetate group in order to
react as is the case with nickel-EDTA,” then the free
nitrogen might be protonated.

‘OOC——-CHz CH2_'COO
N\
ﬁN—— CH,—CH,—N—Zn = ZnHY*~
~_
~00C-—~CH, CH,—COO

Thus, a reaction "between Cu,(OH),2+ and ZnHY*—
might be imagined that would depend on 1/[H+].
However, this would require the protonation constant of
ZnY*~? to have a log K greater than 8 because ZnY *—2
should be much more reactive to copper than ZnHY*~,
However, the pK values of EDTA are 10.26, 6.16,
2.67, etc., and it is most unlikely that ZnY*-? would
add a proton so much more readily than HY 3. There-
fore, the next to last term on the right-hand side of
eq. 9 can be dropped. It does not have the proper

(6) K.J. Pedersen, Kgl. Danske Videnskab Selskab, 20,7 (19043).
(7) D. W. Margerum, D. L. Janes, and H. M. Rosen, J. Am. Chem. Soc. ,
87, 4463 (1965). ‘
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copper dependence and the necessary protonated intet-
mediates are unlikely.

The other terms in eq. 9 fit the observed kinetics.
If *Kcworn = 1078 then the reactions have from 1 to
109, CuOH* between pH 6 and 7 and even if *Kcuon
< 1078 it is very likely > 1079 so that the [CuOH*]
would not be unreasonably low for a reactant. Of
course, the hydroxide ion could be assigned as ZnYOH —*
but Kula® reports Kznony = [Zu(OH)Y3]/[ZnY 2]
[OH-] = 1020 At pH 6 ZnYOH™? would be only
0.00019, of ZnVr. Similarly, in the metal iminodi-
acetate complexes hydroxide ion adds to copper but not
to zine.?

Finally, the reaction mechanism cannot involve both
CuOHT and ZnHY*~ because in this case there would
be no pH effect.

Equation 13, which is plotted in Figure 2, gives the
rate constant dependence on copper and hydrogen ion
resulting from the remaining terms in eq. 9 combined
with eq. 10, 11, and 12, except that the small and un-
known correction for the concentration of CuOHT in
eq. 10 is omitted. Once the dimer forms at high pH
kCuTZnY(l + 2*622[Cu~2] '1/ [H +] Z) = kCuZnY +

kowor® Y (*Keuwor/[H™*]) (13)
it apparently does not dissociate rapidly enough to
react with zinc-EDTA, hence the initial concentration
of copper, [Cu™?];, is used in eq. 18. The intercept in
Figure 2 is kc,”™¥ = 50 M~ sec.”!, in approximate
agreement with the value found at pH 5.0-5.4.

The slope in eq. 14 is kCuOHan*KCuOH =11 X 10—*
and if *Kouox < 1078, then kewon™" > 10* M ! sec. ™,
which is more than 200 times the value of koo Z®Y. The
alternate assignment corresponding to ke "¥°® can-
not be used because this rate constant would have to be
108 M~ sec.7%, which is much too large to permit even
partial unwrapping? of the coordinated EDTA from
zine.

Effect of Acetate.—The reaction between copper and
zinc-EDTA was examined with variation of both
acetate and zinc concentrations while maintaining a
constant pH of 5.03 with acetic acid. This pH avoided
any contribution from CuOH* and permitted the effect
of CuAc™ to be measured for both the direct and in-
direct reaction paths. Figure 3 shows that an increase
in acetate concentration suppressed the observed rate
constant. This figure also gives the resolution for the
direct and indirect reactions as expressed in eq. 8.
The acetate concentration was varied from 2 to 30 X
10—% M while the zinc concentration was varied from
0.2 to 1.2 X 107° M, and the copper concentration was
about 10— M. The zinc acetate complex (K = 4.6)
was used to give a corrected [Zn*?] plotted in Figure 3.
The reaction was inverse first order in free acetate con-
centration and the copper acetate complexes react much
slower than (by at least a factor of 10) aquocopper
ion with ZnY 2 or with HY~* The constants re-
solved from Figure 3 (kou, ¥ and ke, ") are given in

(8) R.J.Kula, Anal, Chem., 837, 989 (1965).

(9) G. Schwarzenbach, G. Anderegg, W. Schneider, and H. Senn, Helv.
Chim. Acta, 38, 1147 (1955).
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Figure 2.—Resolution of direct reaction rate constant, kou,20Y,
into rate constants for Cu*? and CuOH* reaction with ZnY ~2
The intercept is kcu?"Y and the slope is kouor?*Y *Kcuon (see ed.
13).
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Figure 3.— Effect of acetate ion on the resolution of thic ob-
served rate constant into its direct rate constant (intercept =
kcupZeY) and indirect rate constant (slope = kcu,YT/Kgny). The
molarity of the acetate ion concentration is shown for each
series, The copper acetate complexes can be considered not to
react with ZnY ~2 by comparison to Cu™?; pH 5.02, ¢ = 0.10,
25.0°.

Table IT with corrections for [Cur] to give ke ™Y and
koY, The stability constants’ for the copper com-
plexes at ionic strength 0.20 and 25.0° were used:
log Kcuae = 1.72, log Bouse, = 1.97. At these concen-
trations the monoacetatocopper(Il) complex was the
predominant acetate species. The resolved rate con-
stants are consistent with the values obtained without
acetate ion, indicating that CuAcT is much less reactive
than Cut2,

(10) N. Tanaka and K. Kato, Bull. Chem. Soc. Japan, 88, 417 (1960).
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TABLE 11
Cur REACTION WITH ZnY ~? IN THE PRESENCE OF ACETATE [ON AT
25.0°%; p = 0.10, [Curlinitia = [Z0Y "initia1 = 1.10 X 1075
Rour?2Y (M 71 sec.™h)  kourHY (M -1 sec. 7))
(1 + KouaelAe™) + (1 + Kouaolde™] +

[Ac~], M BOuac, [Ac™1?) [Ac~]®)
0.0020 47.7 1.47 X 10°
0.0040 50.2 1.32 X 10°
0.0100 44 .8 1.37 X 10°
0.0197 42.6 1.34 X 10°
0.0296 47.2 1.16 X 10?
0.0492 41.6 1.33 X 10¢

Av. kgyZ2Y = 47 M~1sec.”!; av. keoBY = 1.3 X 10 M1 sec.™!

Effect of Azide.—A study of the CuN;* reaction with
ZnVY~? was made in a manner similar to the acetate
study. The monoazo complex!! with a stability con-
stant KcuN, = 280 was used. The limited concentra-
tion range of azide possible (10~ to 6 X 10— M) and
the low stability of the copper complex mean that a
maximum of only 149, of the copper was complexed.
Nevertheless this is sufficient to answer the question of
whether or not CulN;™ reacts more readily or less read-
ily than Cu¥*2 Table III lists the results obtained
which show (with some minor fluctuations at very low
azide concentration) that the rate constants kcur™">
and kCuTYT tend to decrease as the azide concentration
increases. When these rate constants are corrected for
the CuNj;* concentration the resulting values are nearly
constant. This suggests that only Cu*?is reacting and
that by comparison CuN3;*T has a negligible reaction
with ZnV—2

TasLE 111

EFFECT OF AZIDE IOoN ON THE REACTION RATE CONSTANTS FOR
Cur wite ZnY 2 At pH 4.8, 0.10 4, 25.0°

kCuTYT

_Four®Y T Keuxs,

keur?ZY, Rour®T, (1 + KcuNg' [Ns~])

[Ns—1, M-t M1 sec,™? [Ns=]) M ~tsec,—!
M sec, 71 X 10-9 -1 gec. -t X 109
2.0 X 10%5¢a 556.6 1.43 56.4 1.44
5.5 X 105e 59.1 1.24 60.2 1.26
10.7 X 105« 57.5 1.13 59.4 1.16
11,7 X 103°% 50.0 1.32 51.5 1.35
22.8 X 10-5% 50.0 0.98 53.0 1.04
60.2 X 10—35? 44 .2 1.14 51.7 1.33

Av. kcu®Y = 55; av. kou¥T = 1.3 X 10¢
o [Curlinitial = {Z0Y "2inital = 1.10 X 1075 AL, ® [Cur]initial

= [Z0Y "innial = 2.21 X 1078 M.

Copper(II) and Ethylenediaminetetraacetatonickel-
ate(II}.—The exchange reaction between copper ion
and nickel-EDTA also is catalyzed above pH 5. The
data in Figure 4 at 10—* M reactants show that the
initial effect is very similar to that observed with zinc-
EDTA. The same pH behavior was found at 10—* M
copper which cannot be the case if Cu;(OH),7? is the
reactant. The ratios of slope/intercept in Figures 2
and 4 are 2.2 X 107 for zinc and 0.9 X 10—¢ for nickel.
When 1073 M copper and nickel-EDTA are used there
is no hydroxide ion effect between pH 5.6 and 6.1 (see
Table IV). This is due to a sluggish reaction of nickel-
EDTA which must precede its reaction with copper.

(11) G. Saini and G. Ostacoli, J. Inorg. Nucl. Chem., 8, 346 (1958).
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Figure 4.—Resolution of the reaction rate constant, kgu;NiY
into rate constants for Cu*? and CuOH * reaction with NiY —2:
O, 107t M data; A, 1075 M data.

The deviation at higher values of 1/[H*] in Figure 4
may be related to the same phenomena but more likely
is due to the difficulty in maintaining copper in solution
at this high pH. When 10-% M reactants were used
for nickel-EDTA and copper the reaction was exceed-
ingly slow (requiring 1 week for less than 509 reaction)
and the results at high pH were erratic—due in part to
loss of copper to the walls of the vessels.

TABLE IV
REeactioN oF Cu(Il) wrtH NiY 2 aT 25.0°, 4 = 0.10
Condi- k, Condi- &,
pH tions® M 1 sec. ™! pH tions? M 1 sec.™ !
5.49 A 0.044 5.81 A 0.041
5.63 A 0.041 5.81 B 0.045
5.70 A 0.040 5.82 A 0.043
5.73 C 0.045 5.90 C 0.043
5.77 C 0.043 5.98 C 0.044
5.81 C 0.043 6.05 C 0.042

@ Conditions: A, 1.2 X 1073 M reactants; B, 1.5 X 1038 M
reactants; C, 1.10 X 1073 3/ Cu*?, 2,50 X 107 M NiY 2

Correction for the copper hydroxy dimer in Figure 4
is not given because it is very small. Once again
CuOH appears to be the reactant.

Discussion

The rate of the reaction between Cu(II) and zinc-
EDTA is suppressed by copper acetate and copper
azide complexes but is accelerated by increased pH
in the region where hydroxide complexes of copper are
appreciable. Bydalek!? has shown that acetate com-
plexes of copper(II) also suppress its reaction with
nickel-EDTA. Our initial studies at 10~% M copper
failed to show a pH effect (between pH 5.6 and 6.1)
in the reaction with nickel-EDTA.?® However, a re-
cent study” indicates that this was due in large part toa
rate-limiting step involving the half-unwrapping of
EDTA from nickel. When the copper concentration

(12) T. J. Bydalek, Inorg. Chem., 4, 232 (1965). :

(13) D. W. Margerum and B. A, Zabin, Abstracts of Papers, 144th Na-

tional Meeting of the American Chemical Society, Los Angeles, Calif., 1063,
p. 6K.
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Figure 5.—Proposed mechanism for transfer of EDTA from
zine(II) to copper(II).

is lower (10—* to 10~% A/) the reaction rate again is
copper dependent and there is a similar pH effect for
both nickel-EDTA and zine-EDTA.

It is extremely difficult to assign the pH effect on the
rate constants to any phenomenon other than an in-
creasing concentration of a more reactive CuOH™ ion.
Copper(II) and its methyliminodiacetate complex both
hydrolyze appreciably in this pH range while zinc(II),
nickel(IT), and their methyliminodiacetate complexes
do not.? In addition a similar pH effect has been ob-
served for the reaction between Cu(II) and triethylene-
tetraminenickel(II).}* Furthermore, we have seen
that the pH effects with the nickel- and zinc-EDTA
complexes are about the sameé. But the hydrolysis
constants of these EDTA complexes are much differ-
ent, 10%5 and 1029, respectively.®'® Thus, the amount
of hydroxy species at any given pH differs widely and
the acceleration observed would be expected to differ
also. Finally, the reaction of Fe(III) and zine-EDTA
has a similar pH effect shifted to lower pH where Fe-
OH? formation begins, which suggests the pH effect
is associated with the reacting metal ion.!®

A general mechanism for the stepwise unwrapping
and transfer of EDTA from nickel to copper has been
outlined.” A similar mechanism is proposed for zinc-
EDTA in Figure 5. Iou-pair association of the reac-
tants is suggested as the first step in the mechanism.
This avoids possible diffusion-control limitations be-
cause of the very small concentration of half-un-
wrapped Zn-EDTA. The half-unwrapping of zinec-
EDTA is a relatively labile process and the estimated
rate constant,” kg, is too large to be rate limiting.
(This is confirmed by the fact that at lower pH com-
pletely dissociated Zn-EDTA contributes to the rate.
The half-unwrapping rate is much faster than the full
dissociation rate.) Eguation 14 results from a steady-
state approximation for species 4. However, ks >> ki

Faskas i 2
T+ b k“[spemes 3] (14)

rate =
(14) J.J. Latterell, M.S. Thesis, Purdue University, 1962.
(153) T. R. Bhat and M. Krishnamurthy, J. Inorg, Nucl. Chem., 26, 1147

(1963).
(16) B. A. Zabin, Ph.D. Thesis, Purdue Uuniversity, 1962,
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because the dissociation rate constant of zinc from its
iminodiacetate complex can be shown to be much
greater than the corresponding constant for copper.
Thus

oy ZnY = [species 3]
u

= W k34 - KCu’kIM (15)

where species 3 is considered in equilibrium with the
reactants and Kc,’ is its equilibrium constant.

A comparison with the rate constant for the nickel
ion reaction with zinc-EDTA®™ provides one test of this
mechanism because step 3, 4 should be rate limiting in
both cases, and it is the characteristic water-exchange
rate constant for each metal. If species 3 results from

kco®Y  Kou'kou "B - 3 X 108 sec.™*
fyiZnY Kxi bxi HeO 1 X 104 sec.™t

=3 X 10* (18)

jion-pair formation then Kg,' &4 Kx;’ and eq. 16 gives
the theoretical ratio of rate constants using the char-
acteristic rate of water substitution for each metal.’?
The experimental ratio is 1.5 X 10%, which is in excellent
agreement. Prior metal bonding to an acetate group
of EDTA in species 3 would lead to a larger ratjo in eq.
16 because Kouao > Knise, but NiAcT is reported to
have a larger water-exchange rate constant than aquo
nickel(IT).}? Therefore the ratio of rate constants will
not differ greatly for this variation in the mechanism.
Unlike the exchange reactions with nickel-EDTA, the
experimental ratio kou”Y/kxi""Y has no relationship
to the ratio of stabilities of the iminodiacetate complexes
(Kcu'™P*/K 7,"P* is only 190).

Anion complexes of copper could have two opposing
effects on the mechanism in Figure 5: (1) The stability
of the ion-pair or copper-EDTA segment in species 3
could be lessened. (2) The combined rate of loss of
water and nitrogen coordination to copper in step 3, 4
could be increased. For the azide and acetate ions the
first factor appears greater than the second, and the
net result is a suppression of the reaction rate. On
the other hand, hydroxide ion seems to have an enor-
mous effect on the second factor, giving a much faster
rate.

The large hydroxide ion effect suggests that CuOH™*
loses coordinated water much faster than Cu*? or in
some way can react more readily with the accessible
nitrogen atom. Electrostatic repulsion between the
zinc at one nitrogen atom and the copper near the
other nitrogen atom as in I may be important despite

. /
Zn “2€——N-—C—C—N:Cu*? (or CuOH™)
I

the presence of the negative acetate groups. For cither
an acceleration of water loss or a diminished repulsion
between Zn*t2 and CuOHY, it is clear that hydroxide ion
must be acting quite differently from the other anions,
neither of which shows such an effect.

If we assign the hydroxide effect entirely to the rate
of loss of water from copper(II) then kowor ™° must
be several hundred times larger than kc,” ™ because
koworr?®Y would be this much larger than kouZ™Y if
*Kowon equals 1078, This gives an extraordinarily
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large value (~10% sec.~1), which is greater than the
characteristic water substitution rate constant of any
other metal ion. Only the values for Hg*? and Ba*?
are greater than 10° sec.—. A constant greater than
1010 sec.—! approaches the limiting rate of a first-order
transformation.”” Thus, some but not all of the hy-
droxide effect might be attributed to an increased water-
substitution rate. The accelerating effect of the
hydroxo group in coordination compounds was first
demonstrated by Brgnsted® and has been shown with
other cobalt(III) compounds.!®® It has also been ob-
served with Cr(III)c and with Fe(III).d This in-
creased lability of the hydroxo complexes compared
to the aquo complexes is not due simply to the de-
creased charge of the complex and has been explained
in terms of 7 bonding in the transition state.’®® How-
ever, this is the first evidence to suggest that the rate of
ligand loss from a divalent metal ion is strongly affected
by hydroxide ion. The effect was not expected for
Cu(II) because its HyO exchange is already extremely
rapid.t®%

The case for accelerated water loss from CuOHY is
reasonable but runs into another difficulty, namely
that a very similar pH effect occurs in the reaction of
copper with nickel-EDTA. A great deal of evidence!
points to the Ni~N bond dissociation rather than Cu-N
bond formation as the rate-determining step. Therela-
tive reaction rates of Zn*2, Cut?, Nit2, H*, and Fe*?
with nickel-EDTA correspond to the stability constants
of their iminodiacetate complexes. Thus, unlike the
situation with Zn-EDTA, a more labile copper ion
should make little difference. On the other hand, the
stability constant of CuOH™* with the iminodiacetate
segment would be important. Rather unexpectedly,
CuOH™ forms complexes nearly as stable as does Cu*?
with iminodiacetate, polyamines, bipyridyl, etc. This
can be shown from the copper hydrolysis constant of
methyliminodiacetate.® According to the proposed
mechanism’ CuOH* must cause a 10% to 10% decreased

(17) M. Eigen and L. De Maeyer in “Technique of Organic Chemistry,’
A. Weissberger, Ed., Vol, VIII, Part II, 2nd Ed., Interscience Publishers
New York, N. Y., 1963, pp. 1042, 1047,

(18) J. N. Brgnsted, Z. physik. Chem., 122, 383 (1926); (b) R. G. Pearson
and F. Basolo, J. Am. Chem. Soc., T8, 4878 (1856); (¢) C. Postmus and E. L.
King, J. Phys. Chem., B9, 1216 (1955); (d) R. E. Connick and C. P. Poppel,
J. Am. Chem. Soc., 81, 6389 (1959).

(19) M. Eigen and K. Tamm, Z. Elekirochem., 66, 93 (1962).

(20) T. J. Swift and R, E. Connick, J. Chem. Phys., 87, 307 (1962).
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KouL

= 100.89 < 10-8
Rowomm. 2 108 for Keuon = 10 (17)

repulsion between nickel and copper in intermediate II.

OOCCH< CH,00 -
Ni N—CH,CH,—N CuOH
AN
OOCCH, CH,COO

II

Repulsion between charges associated with the nitrogen
atoms in EDTA and similar compounds is of appreci-
able magnitude. The two nitrogen protonation con-
stants in EDTA differ by 4 pK units. For compounds
ITI and IV, A log K¢y is 3.76.° Thus, a very large

/CHgCOO
(CHa)aC_‘CHzCHZN_‘*““Cu\\
CH.COO
111
CH.COO
(CH:s)a +N— CHgCHgN"-————CLI
N
CH.COO
v

repulsion between Cu*? and Ni*? in II might be re-
duced by hydroxide ion.

The anomaly is that the pH effect is so veéry similar
for the copper reaction with zinc-EDTA and nickel-
EDTA. In the former case bond formation to copper
and in the latter bond dissociation of nickel appear to
be rate determining. This suggests that the repulsion
is so great in a species such as I that it may be a transi-
tion state rather than an intermediate. For nickel the
transition state may be closer to the products and for
zinc it may be closer to the reactants. Hydroxide ion
need not even form a stable CuOH* entity and still
could enter into the transition state. A more complete
explanation undoubtedly involves the remarkable
stability of the CuOH+ complexes with nitrogen donors.
In any case this work clearly shows that for copper and
metal-EDTA exchange reactions, hydroxide ion exerts a
special effect not found with acetate and azide ions.
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