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INTRODUCTION

Multidentate ligand transfer between two metal ions,
as represented by equation 1, has been the subject of
extensive study for a variety of metal ion combinations
and aminocarboxylate ligands (1-12),

ML + M' = M'L + M (1)
Detailed studies of these reactions have shown the mech-
anism to follow the successive breaking of a series of
coordinate bonds from the metal-ligand complex, followed
by a stepwise coordination to the attacking metal (1~3,
5-83, 11}, This process leads to the formation of a
dinuclear intermediate found in all cases where steri-
cally possible (4,9,10) followed by breakup to form
products, The stability of each reaction intermediate
relative to the reactants can be estimated from the
stability constant of the coordinated ligand segments to
each metal and terms estimating electrostatic attraction
or repulsion, The ratio of rate constants of two systems
can be approximated by the ratio of relative stability
constants for the dinuclear intermediates involved (3).
The location of the rate-determining step is a function
of metal ion concentration and the hydrogen ion concen-

tration (7,11),.
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. The present investigation was undertaken to establish
what effect a coordinated ligand has upon the rate of
metal attack on a second coordinated ligand, The reaction
betwveen bisiminodiacetatonickelate(II), Ni(IDA)z, and
copper(II), shown in equation 2,

Ni(IDA)] + 2Cu*a= 2CuIDA + Nit? (2)
where IDA is HOOCCH,NHCH,COOH, served as a model system,
It was found that the reaction proceeded in. two steps:

a fast reaction represented by equation 3, and a slower

reaction represented by equation 4,

+2

Ni(IDA), + Cu*® == NiIDA + CulIDA (3)
NiIDA + cu*P== ¥i*? , cuIpa’ (4)

This investigation demonstrates that the above
reactions do proceed through dinuclear intermediates,
that the structure of the intermediates could be esti-
mated from the relative stability constants of the
coordinated segments involved, and that the rate-deter-

“mining step is dependent on the initial copper and
hydrogen ion concentrations, It is interesting to note
the profound influence that the second coordinated
iminodiacetate group has on reaction 3 as compared to

reaction &4,
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APPARATUS AND REAGENTS
Apparatus

All spectrophotometric measurements were made in
ten centimeter cells on a Cary Model 14 spectrophoto~
meter, The spectrophotometric cells were maintained at
25°C £ 0,1 in the spectrophotometer with water jacketed
cell holders,

The spectrophotometer settings for all measurements
were as follows: wavelength-685 nm, dynode-2, slit con-
trol-20, slit height-20 mm, spectral slit width-program-
med which varied from 0,175 to 0,325 depending on the
concentration of the reagents, source-tungsten, and the
chart speed was varied from 1 inch per minute to 1/3
inch per minute, The wavelength calibration was accurate
to + 5 X and the spectrophotometric accuracy was good to
X 0.003 absorbance units.

All pH measurements were made with a Beckman
Research Model 110 pH meter, A glass-calomel electrode
pair was used, In the reference electrode sodium
chloride was substituted for potassium chloride to avoid
any interference due to the precipitation of potassium

perchlorate,
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Reagents

A1l solutions were prepared from deionized water
that had been prepared by passing distilled water through

a deionizing column of Amberlite MB-3 mixed bed resin.

Primary standard copper nitrate

Baker Analyzed Reagent copper foil (99,96% pure)
waé cleaned and rinsed with dilute nitric acid, The foil
was further rinsed with water and ethanol and then dried.
A weighed portion was dissolved in a minimal amount of

concentrated nitric acid and diluted to volume,

Ethylenediaminetetraacetic acid (EDTA)

Reagent grade ethylenediaminetetraacetic acid
(99.0%) pure) from the Raker Co, was further purified by
two successive recrystallizations from ethanol and water,
The EDTA solution was standardized at pH 10 by titration
against the primary standard copper nitrate solution

using murexide as the indicator (13).

Iminodiacetic acid (IDA)

Reagent grade iminodiacetic acid disodium salt
monhydrate was obtained from Eastman Organic Chemicals,
The IDA was further purified by two successive recry-
stalizations from hot water with the addition of enough

sodium hydroxide to effect precipitation, The IDA
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solution was standardized by titration against a carbonate
free sodium hydroxide solution using bromcresol purple
as the indicator, and by potentiometric titration against

a carbonate free sodium hydroxide solution,

Copper perchlorate, nickel perchlorate

Copper and nickel perchlorate were obtained from the
G. Frederick Smith Chemical Company as hexahydrates,
Both solutions of copper perchlorate and nickel per-
chlorate were standardized by titration against a
standard EDTA solution using murexide as the indicator

(13).

Cu(IDA)Z, Nl(IDA)2

Cu(IDA)2 and Ni(IDA)2 solutions were prepared by
adding an aliquot of either the standard copper or
nickel perchlorate solution to a standard solution of
IDA. The amount of copper or nickel present in the
solution is a 5% molar excess of 1/2 as many moles of
IDA. The pH of the solutions were raised to pH 9 to
allow completion of the reaction and then raised to
pH 11.5 to precipitate the excess metal as its hydroxide,
The excess metal hydroxide was removed by filtering the
solutions through a millipore filter assembly using
O.Mjﬂ paper, For storage the pH of remaining solutions
was lowered to a value where both complexes exhibit

their maximum stability,
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The Ni(ID\)2 solution was standardized spectrophoto-
metrically at pH 9 by measurement of the absorbance of
the complex at 578 nm, The molar absorptivity was
obtained from a standard Ni(IDN)z solution prepared from
standard nickel perchlorate and an amount of standard
IDA in a 5% excess of twice as many moles of nickel per-
chlorate,

The Cu(IDA)2 solution was also standardized spectro-
photometrically at 680 nm at pH 9.0, The molar absorp-
tivity was obtained from a standard Cu(IDl\)2 solution
prepared from standard copper perchlorate and an amount
of INA in a 5% excess of twice as many moles of copper

perchlorate,

CulbDA

The CulNA solution was prepared by adding a 5%
molar excess of standard copper perchlorate to a standard
iminodiacetic acid solution, The pH of the solution was
raised to pH 6.0 to allow completion of reaction and
then raised to pH 11.5 to precipitate the excess copper
as its hydroxide, The solution was filtered through a
millipore filter assembly using 0.hjﬁ paper to remove
the excess copper. For storage the pH of the remaining
solution was lowered to the pH where the complex

exhibits its maximum stability.
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The CulDA solution was standardized spectrophoto-
metrically at 720 nm at pH 9,0, The molar absorptivity
was obtained from a standard CulIDA solution prepared
from standard copper perchlorate and a 5% molar excess
of IDA,

A11 other chemicals were reagent grade and used

without further purification,
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EXPERIMENTAL
Spectrophotometric Study of Reactants and Products

The absorption spectra of all reactants and products
were obtained from 400 nm to 800 nm, To follow ﬁhe
course of the reaction, a wavelength of 685 nm was
chosen, lThis corresponds to a maximum absorption of
CulIna with minimal contribution from the other species,

The molar absorptivities of all species were deter-
mined at 685 nm, The ionic strength of all solutions
was adjusted to 1,25 with sodium perchlorate so that
the rate constants in this study could be compared to
those obtained in previous work, The molar absorptivi-

ties are listed in Table 1,
Reaction Rates and Conditions

All rates of reaction of equation 2 were studied by
following the increase in absorbance due to the forma-
tion of CulNA, Since there is no net change in the
number of protons in the reaction (see equation 2), no
buffer was necessary. The pH of the reactants was
adjusted using perchloric acid and sodium hydroxide,

The pH of the solution remained constant throughout the
entire course of the reaction as was demonstrated by

monitoring the pH as the reaction proceeded,

8
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TABLE 1

MOLAR ABSORPTIVITIES AT 685 nm, 4 =1.25, 25.0°C

Molar
Species Concentration,M Cell Length,cm Abs, Absorptivity
Ni (IT) 1.07% x 1072 10 0.199 1.85
Cu(II) 1,103 x 1072 10 0.572 5.19
Ni(IDA), 1.07% x 1073 10 0.198 1.8%
XiIDA 1.07% x 1072 10 0,193 1.80
Cu(IDA), 1.103 x 1072 1 0,442 40,1
CuIDA 1.103 x 107 1 0.806 73.1
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10

A 20 to 250 fold excess of copper over Ni(IU'\)9 was
present in all cases, This corresponds to a 10 to 125
fold excess of copper since two CulDA are formed from
every Ni(IDA)z. The experimental conditions used in all
reaction rate studies are given in Table 2,

To initiate the reactions, an aliquot of stock copper
perchloratewas pipetted into a 150 ml beaker., Enough
stock sodium perchlorate was added to give an ionic
strength of 1.25 upon dilution to the final volume, The
solution was adjusted to the desired pH with perchloric
acid and sodium hydroxide. The copper and stock Ni(IDA)2
solutions were placed in a constant temperature bath, -At
the time of the investigation, the copper solution was
poured into a 250 ml beaker which was placed on a magne-
tic stirrer, With a syringe an aliquot of stock Ni(IDA)2
was injected into the stirred copper solution, The
recorder to the spectrophotometer was turned on at the
same time, The resulting solution was mixed for approxi-
mately five seconds before being transferred to a ten cm
spectrophotometric cell,

The reactions were followed for at least 3 half
lives or approximately %5 minutes., Some reactions were
followed for 10 half lives to check for reversibility,

No evidence of a reverse reaction was found in these cases,
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EXPERIMENTAL CONDITIONS USED FOR ALL RATE STUDIES

Reactants:

Tonic Strength:
pH Range:
Temperature:
wavelength:

Cell Path lLength:

TABLE 2

Ni(InA)2 = 2,45 x 107
)
4,21 x 1077
-4
Cu = 4.91 x 10 1 to
1.31 x 107 "M

NaClOu, 1.25 %
3.83 to 4,49
25,0 2 0.1
685 nm

10 cm

5

to
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RESULTS
Kinetic Expression for Reaction

The rate expression tes ted by plotting the data was

a simple first-order expression shown in equation 35,

-d [Ni(ID.-’-\)Z] - ko[Ni(IDA)zj (5)
dt

where k = = kau]. Equation 5 integrates to

In[Ni(1Da),) o = infNi(Tna)] - ¢ (6)

where the subscripts t and o refer to time t and zero
respectively,

An expression, equation 7, can be derived, see
Appendix, which relates the concentration of Ni(IDA)2 at
any time to the final absorbance, 7., the absorbance at
any time ¢t, At’ the molar absorptivities of reactants and
products, and the cell path length, b,

b€xni(Ipa), = 2€cutna - €ni

Plots of «1ln(Ae = At) versus time showed an initial
curve followed by a linear portion. An example is shown
in Figure 1. The linear portion showed first-order deﬁen-
dence in a.nickel iminodiacetéte species and a slow rate
constant, ks, was calculated from the slope, To demon-
strate that the curvature in Figure 1 was due to an

initial faster reaction, the contribution of the slower

12
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14
reaction was subtracted from the faster one by plotting
“In(Aa = Ag - Ao) versus time (14%). AO is the y inter-
cept of the linear portion of Figure 1, An example of
this is shown in Figure 2, This also demonstrates a
first—order dependence in a nickel iminodiacetate species,

from which a fast rate constant, k was calculated., All

£
values of ks and kf are listed in Table 3 for various
concentrations of copper ion and hydrogen ion. Also
listed are the average values of kS and kf for each set
of conditions. TFrom this point on, only the average
value will be used,

With the appearance of two first-order rate con-
stants, it is believed that the reaction takes place in

two steps,

= o)
Ni(IDa); + cut“= NiIDA + CuIDA (8)

2

NiIDa + Cu*e Ni'° & cuIDa (9)
where equation 8 represents the faster reaction and
equation 9 represents the slower reaction, To further
demonstrate this, if the initial sharper curved portion
of Figure 1 is extrapolated to thé point where it becomes
parallel to the time axis, corresponding to an A, for
the fast reaction, the extrapolated absorbance agrees
well with that predicted assuming NiIDA and CulDA are the
products, Also, the observed A,, seen at the end of the

+
reaction agrees well with that predicted assuming Ni

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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and CuIlIDA are the products, Finally, equation 9 repre-
sents the work of a previous study to which the results
obtained here can be compared (6). The values of kg
agree very well with values obtained in the previous

work under the same conditions,
Resolution of Rate Constants for Slow Reaction

The values of ks are pH dependent as can be seen
by comparing the values of kS at various pH's at a
constant copper concentration, Plots of ks versus H'
at constant copper concentrations, one ok which is shown

in Figure 3, were all linear. Their slopes represented

NiIDA

X , and their inter-

atfirst-order term in hydrogen, k
cepts the possibility of two terms, a copper dependent
exchange and a’hydrogen independent dissociation.

Table 4 1ists these values, As can be seen, the values
of kgiIDA vary, but not in any regular fashion, The

scatter can be attributed to lack of data, only three

points being available at each constant copper concen-

tration, The average value of kglIDA is 0,95 ¥ .35 M-l
sec'1 which agrees very favorably with the value of

1.20 M ! sec™! obtained by Bydalek (6),

Table 4 also shows a direct dependence of the inter-

cept on copper concentration., The values of k can be

s
corrected for their hydrogen ion dependence by subtracting
NiIDA
out the term kql [H+]., A plot of the corrected values

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE &4

NiIDA

Data for the Resolution of kS Into kH

A1l Values at 25°C, 4 = 1.25 ¥

Slope =
] ) .
[Cu+2]x103;\i [}{}10431 ksx104 sec"'1 Intercept ki\;lIDAM'lsec'l
-4
1.13 0,320 1,98 1,78x10 0,530
1.13 0,943 2,21
1.13 1,48 2,60
1
2,11 0.320 2.41 2.22x1o'4 0.811
2,11 0.943 3.12
2,11 1,48 3,34
)
3.25 0.320 2,53 2.43x10" ¢ 0.662
3.25 0.943 3.29
3.25 1.48 3.28
4,20 0.320 2.25 1.80x10’4 1.732
4.20 0.943 3.01
L.20 1.48 3.79
6.66 0.320 3.17 2.68x10 7 1.32
6.66 0.943 3,53
6,66 1,48 .54
]
8,72 0.320 .53 2.94x10" " 1.52
8.72 0.943 3.80
8.72 1.48 5,08
~U
13.3 0.320 4,20 3.86x10 0.645
13.3 0.943 4,18
13.3 1,48 4,97
+

Ave, = 0,95 - .35
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versus copper concentration, shown in Figure %, was linear
with all pH's fitting the same curve, Further, the linear
behavior held true over an extended copper concentration
range as shown in Figure 5, The slope of the line is a

NiIDA

first-order copper dependent term, kKeu , and the inter-

cept, a copper and hydrogen independent dissociation,

kNlIDA. The values kg:ID\ = 1.81 x 10"2 : .33 M-l sec™!
: _!
and kNtIDA 1.45 x 10 *ot .17 sec™! calculated from this

study also agree well with those found by Rydalek (6) of

3 4 -2 - - Ni K
k%ﬁIDA = 2,0 x 10 ML gec™?! kNlIPS‘

-1

-4
and = 1.7 x 10 sec .

Resolution of Rate Constants for Fast Reaction

Table 3 shows that k. varies directly with both

f
hydrogen and copper ion concentrations, However, since
other nickel aminocarboxylate copper exchange systems

have shown an unusual copper dependence (7,11), varying

from first to zero and back to first-order, and since k

f
for equation 8 may also involve this dependency, treatment
N i !
-of the kg data to resolve kgl(In\)2 as was done above for

kg would not be successful because the slope would repre-

sent the sum of two hydrogen dependent terms which can
not both be resolved. Nevertheless, it is most likely
that the copper independent terms, kgi(IDA)Z and K N1(IDA)2
are contributing to the observed values of ky., These
terms can be calculated and the kf values corrected for
them resulting in a ke value which depends only on copper

ion,
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The value of kN]‘(InM2 can by calculated from know-

ledge of Kgtap and k?;iDA for equation 10,
. -2 . =2
NiIDA + IDA™ —s Ni(IDA), (10)
. 6 NiIDA
The value of Kgy . is 6.39 x 10" (15) and kIDA may be

calculated usihg a general mechanism and an equation
suggested by Rorabacher (16),
Ni ~-Ho O NiIDA-
kNiIDA ) KoskNlIDA Hp kglIUﬂ Hs0

Tha kNi-oac (11)

The value of Kos may be calculated using the equation for
outer-sphere complex formation (17) assuming the center-

to-center distance of closest approach between YiIDA and

1

-2 0 -
IDA 7 to be 3.5 A (3). Thus, XK _ is 0,16 M™* at 25°c,

\"§ Aw 4
X11DA Hzohas been measured to be 5 x 10

.
sec™l (18) and, although ky:1PA-H20

The value of k
has not been experi-
mentally measured, workers have estimated a 20-40 fold

( NIDA-H20 NiL=Hp0 L oo 4o

decrease for k compared to k
rotational barrier around the coordinated oxygen of a
2-~amino ethanol (19,20), The situation involving IDA is
quite similar with fhe exception of a carbonyl oxygen., The

carbonyl oxygen causes about a 3 fold decrease, analogous

to the difference between kgﬁED and kgngn which involves
a methyl group (16). The factor of 40 x 3 is therefore
most appropriate, making kgiIDA-HQO - 4.1 x 10°, The
value of kNi-oac has been measured to be 5 x 103 (21).
Thus, kipio) = 6.4 x 10° M1 sec™! and
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NiIDA
. )
kNl(IDA)Q _  IDA = 6.4 x 102 =1 x 10”° (12)
Ni(IDa), 6.4 x 10°
Stab

The value of kNl(IDA)2 will differ from kNi(iDA)Z

H
NiInAa NiIDA

by the same factor as kh and k differ (6) since

the presence of hydrogen serves only to protonate the
dissociated nitrogen of IDA thus preventing reformation
of the chelate ring, This occurs to the same extent whether

a second undissociated INA is present or not, Thus,

Ni(Ibpa), }NiIDA _

54 = “H = 7000 (13)
N i nA N 1 A

kgl(IJ\)g (NiTIDA

and kgi(IDA)E

k

W7 M“l sec—1,

Values of kf can now be corrected for a copper

independent dissociation path by subtracting

kg= (¥E(IPA)2  NE(IDA)2 )] ) (1x10™" + 7x1071[E"T]).
Plots of the corrected kf values versus the copper
concentration for a given pH, shown in Figures 6 - 8,
demonstrate that as the copper concentration was increased
a marked decrease in copper dependence appeared which
seems to appreach a zero-order behavior in copper,
However, as the copper concentration was further increased,
a second first-~order copper dependence appears before the
zero-order dependence is fully realized, as seen in

Figure 9 for pH 3.8.
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The data in Figures 6 - 8 can be explained as a
shift in the rate-determining step from one which occurs
after copper attack to one which becomes rate determ%ning
before copper attack as the concentration of copper
increases and confirms the necessity for the prior esti-
mation of K4. Similar behavior was found in previous
studies of the attack of Cu on both NiEDTA (7) and
NiEDDA (11), Equation 1% (7,11) can be used to resolve

the two rate constants involved.

k, = k [ou] = %—E“%%' (1%)

Here a is the rate constant for zero-order depen-
dence and b is the rate constant for first-order depen-
dence, At low copper concentration a>b[Cdl and at high

copper concentrations a(b[Cd}. Rewriting equation 14 as

{cul 1 + [cu]
k, b T a (15)

makes it suitable for plotting as shown in Figure 10,

The recipricals of the intercepts, which are hydrogen
independent, are kgi(IDA)z and are listed in Table 5,
Their average value is used to construct line A in Tigures
6. - 8, This linear first-order behavior is approached

at low copper concentrations, Further, the higher the

pH, the lower the concentration of copper needed to cause

deviation from the first-order copper dependency. The

reciprical of the slopes, however, are hydrogen dependent
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TABLE 5

Resolved Values of K _ into
Copper Nependent and Independent Terms,
A11 Values at 25°C and 4 = 1.25M

kﬁi (ID':\)Z, I\I-l secm1 kl?. X 10:2 , sec-1
19.5 1.35
17.2 1,06
12,1 0.915

"‘\veo = 16-3 : 3.1
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as Figure 10 shows., Their values are listed in Table 5
and are used to construct line B3 in Figures 6 - 8, The
linear relationship found at each pH in Figure 10 is in
agreement with the transition from first-order to zero-
order copper dependence,

The values of kﬁi(IDA)z and k12 inserted in equation
14 allow calculation of a theoretical plot of kf versus
the copper concentration, This is shown in Figure 6 - 8
using solid dots, As can be seen, the zero-~order
behavior never really materialized but as the copper con-
centration increased to IO'ZM, a second first-order
copper dependence appeared., This is dramatically seen in
Figure 8, This type of behavior is not unknown and is
believed to arise from the formation of a weakly bonded
species involving copper bonded to an acetate segment of
the nickel ligand species, This type of intermediate has
appeared in several other aminocarboxylate metal exchange

studies (7, 10, 11),
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NISCUSSION
Mechanisms and General Kinetic Expressions

Since the overall reaction takes place in two steps,
it is necessary to arrive at mechanisms that account for
the continued first-order copper dependence and the pH
sensitivity of the slower reaction and to account for the
shifts in copper dependency and the pH sensitivity of the

faster reaction,
Slow Reaction

Since the slow reaction, corresponding to equation
9, has already been characterized with respect to the
rate-determining step and structure of the dinuclear
intermediate (6), results relative to it found in this study
only serve to confirm the assignment of the mechénism.
However, a general kinetic expression involving the step-
wise rate constants has not been derived and this will
be done,

A mechanism which is consistant with the results
obtained for the slow reaction,‘represented by equation
9, is presented in Figure 11, Protons are omitted from
the mechanism for simplicity, although step 1+2 is proton

dependent,

37
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The dependence of the reaction order with respect to
copper will depend on the location of the rate determining
step, NBecause reaction steps 2=3 and 4-5 involve the
very labile aquo copper ion, neither step should be rate
limiting,

Both reaction paths 1+2-4+5 and 1-2-3-5 are possible
and contribute to the formation of the products; however,
the former reaction path would be controlled by the rate
of dissociation of NiIDA and is therefore zero-order in
copper.,

From the results obtained in the preceding section
it is possible to subtract out the contribution of
reaction path 1-+2-+4-5 from kg It is this corrected
value that is used in obtaining rate information and in
subsequent discussions,

The structure of the dinuclear intermediate, species
3, may by confirmed by comparing the ratio of relative
stability constants of the various dinuclear intermediates
which form prior to the rate-determining step with the
ratio of experimental rate constants for metal attack
upon various nickel nitrogen ligand complexes (3). Pre=-
vious work (3, 5, 6, 11) has shown that the ratio of
experimental rate constants is directly proportional to the
ratio of intermediate stability constants if the bonding
to nickel in the intermediate is the same for each set of

intermediates compared, If the bonding in the rate-
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determining step is the same for each intermediate com~
pared, equation 16 could be reduced by cancellation of

the last term,

'NiIDA NiIDA=Cu NiIDA~Cu
kCu - Kr x K (16)
. A i)\ NilL-=}
kﬁlL KVlL { k\lL {
) r

Since the ratio of the intermediate stability con-
stants is used, it is more appropriate to use relative
values for these constants, The relative stability
constant, K., for each dinuclear intermediate is defined
in terms of the stability constant of the CulDA and the
NiIDA segments of the intermediate structure compared to
the stability constant of the initial complex,

KCu segment x KNi segment

. =
KNi complex (17)

ho

In some intermediate comparisons, additional stability,

via an electrostatic attraction, helps to stabilize one
structure relative to another, Kel can be estimated

using the following equation (3)

ZAZBe2
E., = RT InK . =
el el
nr (18)
AR
where the value of r the charge separation distance,

AB’

o
has bheen measured using molecular models and is 6 A (3)
and the value of D, the dielectric constant of water, 1is
80, In comparing the intermediate of NiIDA-Cu to

NiEDTA-Cu, there is a net attraction of an unbound acetate
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group for the nickel glycinate group which does not
exist in the NiIDA-Cu structure, In this case, log Ker =
0.5.

In addition the formation of some intermediates are
favored statistically over the formation of others, For
example, the NiENDTA-Cu intermediate invelves a glycine
segment of EDTA bonded to nickel and an IDA segment
bonded to copper which can be formed.in four independent
ways whereas the NiIDA-Cu intermediate involve§ a glycine
segment of IDA bonded to nickel and an acetate segment
bonded to copper which can be formed in only two indepen-
dent ways.

The intermediate structures compared, the Kr values,
and electrostatic and statistical factors where needed
are presented in Table 6. A comparison of the ratio of
relative stability constants for the dinuclear intermedi-
ates with the ratio of experimental rate constants shows
that only structure I gives good agreement, Other possible
intermediates give Kr values which were either very high
or very low, Thus, the dinuclear intermediate which exists
in the NiIDA, Cu(II) system involves a glycine segment
bonded to nickel and an acetate segment bonded to copper,

3 -1

Since nickel acetate bonds cleave at 5 x 10” sec (21)

1 (19), the

while nickel nitrogen bonds cleave at 5,8 sec”
rate-determining step, k35, for the mono IDA system is

actually the breaking of the nickel nitrogen bond, If

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE 6 (continued)

K._. values are based on the following stability constants

which have been chosen from references 15,

22 to match

temperature and ionic strengths as nearly as possible,
The experimental ratio of rate constants are based on the

following values, all at 25,0°C % ,1 and =

1.25M,

Complex K M L ki\;il‘;‘vf”lsec'1 Ref,
. = 18 - -2
NiEDTA 3.63x10 Cu EDTA 1.6 x 10 1
e 13 . =2
NiEDDRA 3.16x10 Cu EDDA 7.5 x 10 11
1 -
NiHEENDTA™ 1.00x10 7 Cu HEEDTA 1.5 x 10 2 3
- = 14
Ni(Inpa), 4,07x10 Cu bis-IDA 16.3 this work
NiIDA 1.62x103 Cu  IDA 1.81 x 10™° this work
CuIbaAa 1.23x1011

Ni(glycinate)¥1,95x10”

Cu(glycinate)+3.63x107
Ni{acetate) 5.5

1
Cuf{acetate) 5,25x10
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nickel acetate bond cleavage were rate-determining, in
conjunction with the Kr value of the NiIDA-Cu intermediate,
Krkjj greatly exceeds the experimentally observed rate
constant, Therefore, nickel nitrogen bond breakage is the
rate-determining step for the NiIDA system, This is
consistant with previous work on the copper-NilDA system
(6) as well as the copper=NiEDTA (3) and copper-NiEDDA

system (11),

NiIDA
Cu

1+2-3-+5 of Figure 11 and a general kinetic rate expression

The reaction sequence represented by k

can be derived for it,

-afxiTpal _ d[curnal _ )
5 = = = ko[NiIDA] = kg [3B]  (19)

Applying steady state approximations to species 2 and 3
gives the following expressions,
[ kyp1l + x5 [3]
2 = (20)
Ko + k23[Cu]

k23[2] [cu]
(3] - (21)

k32 + k35

Substituting equation 20 into equation 21 gives the

following

o k12k23[1] [cu] o)

KaiKgs + Kaykgy + kyokgfou]

Substitution of this expression into the general rate

expression gives

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-d{NiIDA] K1pKsaKgs (1] [cu])

= T (23)
dt Kapkgg + kpikgp + k23k35[cd]

where

. kqokagkgs [Cul
o

" — (24)
kpqkgs +Kg Ky + Kpqk g5 Cu]

Comparing terms in the denominator of equation 24,
k23k35[0u] is about a factor of 10 greater than ko Kk

!
because k,3 is about 104 greater than k91 due to the

35

difference in rate of water less between Cu and Ni (273),

vet [Cu] -10-3M. However, k32 is about 107 greater than

k35. Thus, k°1k39 becomes larger than the other two terms
and equation 24 becones
k12k23k35[bu]
kg = (25)
k21k32

which demonstrates a first-order copper dependence,

Equation 26 gives the second-order rate constant

NiIDA Kanka  k
Koo - Kiokogkss (26)
Ka1K32

where the rate limiting step is k35.

A continued first-order copper dependence, described
by equation 25, was found over the entire copper concen-
tration range studied., This continued dependence occurred
because the rate of the reaction was sufficiently slow
such that the partial unwrapping of NiIDA,.klz, never

becomes rate limiting,
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Fast Reaction
For.the fast reaction the results not only indicate
a shift in copper dependence from first-order to zero-
nrder, but as the concentration of copper is increased up

to 10" 1y

, @ second first-order copper dependence appears,
In order to suggest a mechanism for this reaction, the
structure of the intermediates responsible for the three
terms which are observed must be identified,

The zero~order term, which was obtained from the

slope of Figure 10, is pH dependent. Equation 27, plotted

in Figure 12 shows the pH denendency,

Kqo = kﬁiﬁTni)? R 1 (27)
The slope of the line yields kgi(InA)g = 35.3 w1l sec-l
and the intercept, k§%é1nﬁ)2 = 7.67 x 10”3 sec‘l_ By esti-
mating the value of k§§£1ﬂﬁ)?, based upon the extent

to which IBA has unwrapped, the structure of the partially
unwrapped intermediate, can be predicted using equation

28 (7). Equation 28 relates a ratio of stabilities to a
ratio of rates and has been the basis for other similar

predictions,

Ni (IDAa)o KNi(ID\)UJ

Kdis = Koy * r X Kgp x ¢ (28)

KNi (1na),
Here, KNi(IDA)(L) represents the stability of the complex
with a portion, L, of the first IDA still coordinated to

nickel, The value of kglis the rate of water loss of
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nickel IDA and has been measured as 5 x 10u sec"1 (18).
Ne1 1s an electrostatic term to compensate for interaction
of the unwrapped segment of INA with the negative nickel
(IDA) (L), calculated using equation 18, and % is a statis-
tical factor which favors the dissociation,. From equation
28, assuming L is acetate, that is a glycine segment has
unwrapped, kﬁ%élni)? = 8,70 x 10=3 sec=! which is in good
agreement with the observed value of 7,67 x 10'3 sec'l.
Either a larger or smaller extent of unwrapping would
necessitate the use of a different stability constant in
equation 28 and would result in severe disagreement
between the predicted and experimental values, Thus, the
zero-order path involves a Ni(INDA)} (acetate) intermediate
with a glycine segment unwrapped,

The structure of the dinuclear intermediate for the
first-order copper term at low copper concentration can
be determined as discussed earlier, However, some inter-
mediates testeddoes not inveolve nickel-nitrogen bond
breakage as the rate-determining step but rather had
nickel-acetate bond cleavage as rate-determining, 1In
these cases, the ratio of rate constants is defined as
in equation 16 except that k¥i{INA)2-Cu 35 pickel acetate
bond c¢leavage measured to be 5 x 103 sec'1(21) and kNiL”Cu
1

is nickel nitrogen bond cleavage approximated as 5.8 sec”

(19) and the terms do not cancel.
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The intermediate structures are shown in Table 7
along with the Kr values, the electrostatic and statistical
factors and the predicted and experimental ratios. A
comparison of the ratio of relative stability constants
with the ratio of experimental rate constants shows that
structure V gives good agreement, As before, any other
possible intermediates give Kr values either very high or
veryylow, Thus, the first order term in copper at low
copper concentration has a glycine segment unwrapped
from nickel and coordinated to copper,

At copper concentrations greater than 0,02M a second
first-order copper dependence appears rather than the
expected zero-order dependence, This new dependence is
attributed to a weakly coordinated Ni(IDA)e-Cu intermediate,
involving a copper acetate bond, which is in rapid
equilibrium with the reactants and is different from the
dinuclear intermediate which occurs latter on in the
mechanism, This type of complex is not unknown (7, 10, 11)
and has been seen in the reaction of copper with NiENDA (11)
and NiEDTA (7) and of lead and copper with trans-1,2-
diamino-cyclohexanetetraacetocadmate (II) (10). 1In all
cases, an acetate segment of the ligand has unwrapped
and‘is bonded to the attacking metal.

However, the structure of this dinuclear intermediate
cannot be obtained directly by comparison of proposed

structures to those of other systems. The difficulty
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arises in éstimating the values of the relative stability
constants for the structures of the dinuclear intermediates
of other systems and the lack of sufficient kinetic data.
Nevertheless, in each previous study the only difference
between the reactant and the intermediate is an unwrapped
acetate segment which is subsequentiy bonded to the
attacking metal, Therefore, it is assumed that the
structﬁre of this dinuclear intermediate has copper bonded
to an unwrapped acetate segment of INA, Thus, the structure
of the dinuclear intermediate for the first-order term in
copper at high copper concentration has a glycine segment
bonded to nickel and the unwrapped acetate segment bonded
to copper.

A mechanism can now be proposed, shown in Figure 173,
which is consistent with the observed results since the
structures of the intermediates are known, Protons are
again omitted for the sake of clarity, The reaction
order with respect to copper will dictate the location
of the rate-determining step., Step 2-5, 1-4 and 3-6
involve the very labile aquo copper ion, thus none of them
should be rate limiting, Further, the contribution from
pathway 1+2—=3=~6 has been estimated and subtracted from
the observed fast rate constant, Therefore, the rest of

k, must be due to pathways 1-+2-5-6 and 1+4=5+6 |,

-
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At low copper concentration, either step 5+6 or step
4«5 must be rate limiting corresponding to line A of
Figures 6 - 8, Since 4=5 does not allow for the experi-
mentally seen shift from first to zero and back to first-
order ,in copper as the copper concentration increases,
step 5-06 must be rate limiting. As the concentration of
copper increases, the concentration of species 5 increases
and k56[5] > klzlﬁ]. Thus, k., becomes rate limiting
and the reaction shifts to zero-order in copper, However,
as the concentration of copper becomes larger, the weakly
bonded complex, species Y4, is formed in appreciable
amounts and the reaction proceeds through path 1+4-+5-6,

Considering only the reaction paths 1=2-5-6 and
l=4-+5+6 the general kinetic expression is

-d[Ni(In1),] _ da[cuIny]
dt dt

=k LNi(Im)g] = kgg[s]  (29)

-

Using steady state approiimations for species 2 and 5 and
assuming a rapid equilibrium between species 1 and 4

(Khl = klh/kul)’ the following expressions can be derived,

=1 - ‘12Ul x5 51 (30)

kpp + kg5 fou]

R k, s [cul [2]

5{ = (31)
{] k52+ksu+k56

Substitution of equation 30 into equation 31 gives
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Sk

kygkys[1] [ou] + wy g, [1] [oulteg + 1, Teu])

sl - (32)

ko lkgy + kg + ko) kzs[cu](ks.4 + kgg)

Substitution of equation 32 into the general rate expres-

sion gives

K56 [Cu] k12k25 + klﬁjKll-l (k21 + k25 [Cu] ) 5)
- 33
k21(k52 + ksu + k56) + k25[Cd](k5h + k56)

Simplification of equatiun 33 is not possible since
neither the absolute nor the relative values of the
various stepwise rate constants or of Khl is known. 1In
particular the effect that a coordinated IDA has upon
nickel-ligand bond breakage is unknown but would be impor-
tant in all steps except k52 and ksu.

The effect of coordinated ligands upon the rate of
water loss has been studied by several workers (18, 24, 25),
The results definitely indicate that coordinated 1ligands do
affect the rate of water loss with different ligands
exhibiting different effects., Coordinated IDA, for
example, increases the rate of water loss of nickel by
about a factor of two (18), and NTA by about five (18).
However, what is needed is the effect of coordinated ligands
upon the breakage of metal-ligand bonds other than water,
The type of metal-dentate site being broken may well cause

the effect of a coordinated ligand to be felt to a greater

or lesser extent compared to water,
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Another complicating factor involved in assigning
values of the stepwise rate constants is the existance of
twvo water exchange rates for nickel (25), seen under certain
conditions, The ligands tren and NTA, when coordinated to
nickel appear to cause enough structural difference
betweeﬁ the remaining water molecules so as to result in
two different water loss rates, the difference being about
a factor of 17 in the case of tren, Both tren and NTA
are branched ligands whereas INDA is not, nevertheless, the
exact geometry of the various intermediates having one 1INA
molecule and part of another coordinated may sufficiently
resemble the geometry induced by NTA or tren so as to
create two nonequivalent sites,

Finally, the value of Ky, is not known, The linear
behavior of Figure 8 above 0,02  copper indicates that
the only reaction path involved is I=4-5+6, Using a

steady state treatment for species 5 and assuming [b] =

Ky [cu] [¥i(ID1),]}, equation 3% results.

K I¥i(Ina),] - ko [5] (34)
Ky, 5k 565y, [0u]
K = (35)

Thus, the slope of Figure 9 represents k'5k56fgl but

k56 + ksu
gives no way of obtaining a value for Khl' Values of
Khl in the previously cited studies ranged from 7 (7) to an
estimate of 0,1 (11),
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In conclusion, The reaction of Ni(IDA)Z with copper
is found to proceed through two steps, The first involves
the stepwise unwrapping of INDY followed by coordination
to copper, The portion of INDA which must be unwrapped
before copper attack is a function of the copper concen-
tration, The structure of the intermediate found at each
point can be clearly identified from the experimental
data. The rate at which the various nickel-INA bonds
break are seen to be affected by the presencé of a coor-
dinated INA, The need for more study on the effect of
coordinated ligands on various type of metal-dentate
bond breakage is clearly shown from this study.

The second step of the reaction involves the step-
wise unwrapping of the second IDA and subsequent copper
attack, This reaction proceeds through an identifiable
intermediate, the rate of reaction of which follows the
behavior expected from comparison to other systems. The
difference between the "mormal'" second step and the first
step provide an interesting contrast and example of the
effect a coordinated ligand can have on metal bond

breakage,
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APPENDIX

The relationship shown ‘in equation 7 “etween

Ni(IDi), and the absorbance at any time, A the final

t!
absorbance, \g, and the molar absorptivities  of reactants
and products is derived as follows., Assuming no stable
intermediate to be present which was shown by spectral
scans of the reaction, the absorbance at any time 1is
equal to the absorbance of the reactants left and the

products formed, Beer's Jaw is assumed to hold and the

following equations can be written,

\ - G.Ni(I!)’\)gb[Ni(IDA)2]+ €ryrnaP louTna] +

CoirpapINiIn] + g nINd] + €, b [ou] (36)
Loul = [oul, + 2{vi(zon))] (37)

Ivi] - [vil, = [vi(ooa))] (38)
fcurm] = [outna] o - 2[vi(rD0)) (39)
4[;\*'110;,\]= Ivi], - [wi(zna)) (40)

57

Where f represents final, Substitution of these expressions

into equation 36 and rearranging gives equation U1,

2¢ - €

Ap = [“1(1”“)2]*’(%1(10,“2 = “Toutma

2 -
Ni “€Cu

€vitny) * €ournad [c;ulm,:\f + éNib[Ni]f + €50 [cu'_\f (41)
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Since
teo = €gppaPlouzna], + € pINi] L - (Cul)[Cul (b2)

substitution of equation 42 into equation Y41 and rear-

ranging, yields

Yy - Yoo - &g b Vi
[\:1(1!1;\)2]= (7)

o(€ys (tna), * 2€cu - 2€curnn ~ &yi - ExiTon!

The value of (Nih[N{]f is constant and negligable compared

to a because

-4
Y x 10 .,

€Vi is 1.8 and [Ni]f between 2 x 10"5 and
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