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THE KINETICS OF THE METAL EXCHANGE REACTION BETWEEN 
N-(2-HYDROXYETHYL)IMINODIACETATO- 

NICKELATE(II) AND COPPER(II)

Craig R. Weed, M.A.

Western Michigan University, 1984

The reaction between copper(II) and N-(2-hydroxyethyl)im inodiacetato- 

nickelate(II) (NiHEIDA) was studied betw een pH 4.0 and 5.6 over a 70 fold  

variation in copper concentration at an ionic strength of 1.25 and a  

tem perature of 25° C. The reaction order in both NiHEIDA and Cu(U) is first. 

The reaction rate is pH sensitive and a hydrogen dependent pathway as well 

as copper dependent and copper and hydrogen independent pathways were 

found.

Evidence is given for a stepw ise mechanism for the unwrapping of 

HEIDA from its nickel com plex, follow ed by copper attack to give a 

dinuclear interm ediate, which then breaks up to products. The first-order 

copper rate constant can be predicted from the stability  of the dinuclear 

interm ediate. No pronounced e ffe c t  could be assigned to the hydroxyethyl 

segm ent of HEIDA reacting with either the incoming copper ion or the 

leaving nickel ion.
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INTRODUCTION

M ultidentate ligand transfer between two metal ions, as represented  

by equation 1, has been the focus of considerable study for a variety of 

combinations of metal ion and ligands (1-12).

ML + m ' - * m 'l + M (1)

The mechanism of these metal exchange reactions has been shown to follow  

the su ccessive  breaking of coordinate covalent bonds from the metal-ligand  

com plex, follow ed by a stepw ise coordination to the attacking metal (1-3, 

5-8 ,11). When the attacking metal coordinates to the ligand before it is 

com pletely unwrapped, the process results in the formation of a dinuclear 

interm ediate which greatly speed up the rate of the reaction relative to 

com plete dissociation of the ligand.

There are many factors which a ffec t the rate and mechanism of metal 

exchange reactions. Those studied include dependence of the rate 

determining step upon compiexed metal (7, 13-19), dependence of shift in 

reaction order upon attacking metal concentration (7,11,20), dependence of 

rate upon pH and hydrolyzed forms of the attacking metal (7, 11, 20-23), 

dependence of dinuclear intermediate structure upon dentate site  of the 

compiexed ligand (22), dependence of exchange rate upon anions (8, 23-26), 

dependence of exchange rate upon coordinated ligands (20), and dependence 

of mechanism and exchange rate upon steric e f fe c ts  caused by substituents 

on the compiexed ligand (27).

Hydroxide dentate sites have received very little  attention although 

alcoholic oxygen donor atoms do function as weak dentate s ites . The forma -

1
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tion of nickel(II) and cobalt(II) complexes with the poly(amino alcohol) ligands 

TKED and THPED proceeds through a mechanism in which first bond 

formation involves an alcoholic oxygen donor atom (28). Table 1 illustrates

the structure of these and other ligands pertinent to this study.

The log stability  constant of N-(2-hydroxyethyl)im inodiacetatonickel- 

ate (II) is 9.33 while that of im inodiacetatonickelate(II) is only 8.13, 

indicating a certain degree of added stab ility  due to the hydroxyethyl group. 

On the other hand, the metal exchange reaction of N-hydroxyethylethylene- 

diam inetriacetatonickelate(II) and copper(II) proceeds through the same 

mechanism and with almost identical rate constants as the metal exchange 

reaction of ethylenediam inetetraacetatonickelate(II) and copper(II) (3).

This study was undertaken to establish the e f fe c t  of the hydroxyethyl 

group on the metal exchange reaction involving N-(2-hydroxyethyl)iminodia- 

cetaton ickelate(Il), NiHEIDA, and copper(II), shown in equation 2.

NiHEIDA + Cu2+- >  CuHEIDA + Ni2+ (2)

The study demonstrates that the reaction shown in equation 2 has

three pathways: a copper dependent pathway, a hydrogen dependent

pathway, and a copper and hydrogen independent pathway, that the copper 

dependent pathway proceeds through a dinuclear interm ediate, NiHEIDACu, 

and that the structure of the interm ediates could be estim ated from the 

relative stability  constants of the coordinated segments involved.

Although the rate of exchange betw een copper(II) and NiHEIDA was 

slightly depressed compared to that of NilDA, no pronounced e f fe c t  could be 

assigned to interaction between the incoming copper ion and the 

hydroxyethyl ligand segm ent, or to interaction between the hydroxyethyl 

segment and nickel as the ligand unwrapped from nickel.
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Table 1

Ligand Structures and Abbreviations

Ligand Structure Abbreviation

O
II

C H -  C-O H

im inodiacetic acid HN IDA
\

CH -  C-O H  
2 II

O
II

HO- CH-- CH- CH-— C-OH
\  /

N-(hydroxyethyi)ethylene N -C H jC H ^N  HEIDA
diam inetriacetic acid /  ■ \

HO-C — CH„ C H --C -O H
ii 2 2 ii
o  o

o  o
II II

H O -C -H -C  C H - C - O H
2 \  /  2 

ethylenediam inetetracetic N-CH^-CHr-N EDTA
acid /  2 . 2 \

H O -C -H -C  C H - C - O H
II 2 2 II
o o

o 
II

2-hydroxyethylglycine HO-CH2-CH^-NH-CH2-C-OH HEG
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Table 1 (Continued)

Ligand Structure Abreviations

O O
II II

ethylenediam ine- HO-C-CH^NH-CH-CH~-NH-CHj C-OH EDDA
diacetic acid

O
II

CH2-C -O H
/

N-(2-hydroxyethyl)- H O -CH 2- C H 2- N  HEIDA
iminodiacetic acid \

CH --C -O H  
£  i i

HO-CH^-CH2 ^c h - c h 2 oh

N, N, N \  N' -tetrak is V - C H v - C H  - N  TKED
(2-hydroxyethyl)ethelenediam inie /  \

h o - c h ^-o ^  CH^-CH^OH

OH OH
I I

CH3-  c h - c h 2 c h -̂ c h - c h 3
\  f

N, N, N', N' -tetrak is N -C H 2~ C H 2- N  THPED
(2-hydroxypropyi)ethylenediamine /  \

c h j Ch- c h 2 c h ^-c h - c h 3

OH OH

O
II

HO-C-CH_ O
\  ii

N itrilotriacetic acid N-CH,,— C -O H  NTA
/  2 

HO-C-CH-
II 2
O
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A PPA R A T U S AND REAG ENTS

Apparatus

All spectra were taken on a Cary Model 14 recording spectrophoto­

m eter. All kinetic measurements were made in five or ten centim eter cells  

on a Beckman DU spectrophotom eter with a Gilford 2000 multiple sample 

Absorbance Recorder and a Gilford Auxilliary O ffset Control. The 

spectrophotom etric ce lls were maintained at 25 + 0.1 °C in the

spectrophotom eter with water jacketed ce ll holders.

The spectrophotom eter settings for all measurements were as follows: 

wavelength 735nm, slit width varied between 0.2 -  0.3mm, source tungsten, 

and chart speed 5 inches per hour.

All pH measurements were made with a Beckman Research Model 110 

PH m eter. A glass-calom el electrode pair was used. In the reference  

electrod e sodium chloride was substituted for potassium chloride to avoid any 

interference due to precipitation of potassium perchlorate. Beckman standard 

buffer solutions (pH 4.01 and 6.86) were used to standardize the pH m eter.

Reagents

All solutions were prepared from deionized water that had been 

treated by passing distilled water through a deionizing column of Amberlite 

MB-3 mixed bed resin.

N-(2-hydroxyethyl)im inodiacetic acid (HEIDA)

N-(2-hydroxyethyl)im inodiacetic acid was obtained from Sigma Chemi-

5
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6

cals and was further purified by two successive recrystallizations from hot 

deionized w ater. The HEIDA solution was standardized by potentiom etric  

titration against a carbonate .free standard sodium hydroxide solution.

E thylenediam inetetracetic acid (EDTA)

Standard EDTA was obtained from Anachemia Chemical Ltd. as an 

Acculute standard volumetric solution and was prepared with deionized water 

according to the instructions provided.

Copper(H) perchlorate, nickel(II) perchlorate

Copper(II) and nickel(II) perchlorate were obtained from the G. 

Frederick Smith Chemical Company as hexahydrates. The copper(II) 

perchlorate and nickel(II) perchlorate were standardized by titration against 

a standard EDTA solution using NAS as the indicator (29).

CuHEIDA

The CuHEIDA solution was prepared by combining equimolar volumes 

of standard copper (II) perchlorate with standard HEIDA follow ed by 

adjustment of the pH with solid sodium hydroxide to pH 6.5.

NiHEIDA

The NiHEIDA solution was prepared by adding a measured excess of 

standard nickel(II) perchlorate to a standard solution of HEIDA, to suppress the 

formation of NKHEIDA^. A computer program, GENDIS, was used to calcu late  

the amount of nickel in excess over HEIDA which was necessary to suppress the 

formation of NKHEIDA^ to the point where NiHEIDA/NUHEIDA^ was 1.25 X

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



l o \  For a 3.80 X 10”  ̂ VI solution of NiHEIDA this amounted to an excess nickel
_2

concentration of 2.03 X 10 M_. The solution was then adjusted to pH 6.5 with

solid sodium hydroxide.

All other chem icals were ACS grade and used without further 

purification.
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EXPERIMENTAL

Spectrophotometric Study of R eactants and Products

The absorption spectra of all reactants and products were obtained 

from 400nm to 800nm. To follow the course of the reaction , and wavelength  

of 735nm was chosen. This corresponds to an absorption maximum for 

CuHEIDA with minimal contribution from the other sp ecies.

The molar absorptivities of all sp ecies were determined at 735nm and 

are listed  in Table 2. The ionic strength of all solutions was adjusted to 1.25 

with sodium perchlorate so that rate constants in this study could be 

compared to those obtained in previous work.

Reaction Rates and Conditions

All rates of reaction of equation 2 were studied by measuring the 

increase in absorbance due to the formation of CuHEIDA. 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 

hydrochloric acid and sodium hydroxide. The pH remained constant 

throughout the entire course of the reaction as demonstrated by monitoring 

the pH as the reaction proceeded. A ten to approximately 100 fold excess of 

copper over NiHEIDA was present in all ca se s . The experimental conditions 

used in all reaction rate studies are given in Table 3.

To in itiate the reactions, a volume of stock copper perchlorate was 

introduced into a 100-ml volumetric flask with a buret. Enough stock sodium 

perchlorate was added to give an ionic strength of 1.25 M_ upon dilution to

8
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TABLE 2

Molar Absorptivities at 735 
pH = 4.00 p = 1.25

nm
M

SPECIES *735nm

CuHEIDA 65.4

NiHEIDA . 2.65

„  2+ Cu 8.97

m -2+Ni 1,56

TABLE 3

Experimental Conditions

Constant pH

Copper (II) 6.67 X 10“2\^ 9.53 X 10"V

NiHEIDA 7.46 X

1O

9.24 X 1 0 " \ [

Hydrogen ion 1.00 X -410 M_

Constant Copper(II)

Copper (II) 3.77 X

si
CO1O

NiHEIDA 3.73 X

IO

3.46 X 10 “*M

Hydrogen ion 9.89 X io~5 m 2.50 X 10“6M1

Temperature = 25.0 + .1°C and p = 1.25M  ̂ for all reaction mixtures.
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the final volum e. The flask was filled  to the mark with deionized w ater. The 

copper and stock NiHEIDA were placed in a constant temperature bath at 

25.0°C and allowed to equilihrate. At the time of the experiment the copper 

solution was poured into a 150-ml beaker which was placed on a magnetic 

stirrer. An aliquot of stock NiHEIDA was injected into the stirred copper 

solution with a syringe. The recorder to the spectrophotom eter was turned 

on at the same time that the NiHEIDA was in jected . The pH was then 

adjusted with hydrochloric acid and sodium hydroxide. The reaction mixture 

was stirred continuously during this process before being transferred to a 5 

or 10-cm spectrophotom etric ce ll.

The reactions were monitored for at least three half lives or 

approximately three hours, although some reactions were monitored for more 

than tw enty half lives to check for reversib ility . No evidence of a significant 

reverse reaction was found in these cases.
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RESULTS

K inetic Expression for Reaction

In order to correctly  interpret the kinetic data it is necessary to

determine if the reaction being studied is going to com pletion. Two studies

were undertaken to test for completion of the reaction . The first involved  

obtaining the change in absorbance for a reaction mixture allowed to react

in excess of tw enty half liv es . The second involved calculating the change in

absorbance for a solution of the same composition based on the reaction  

going to com pletion, using the experim entally obtained molar absorptivities. 

A comparison of the two values showed excellen t correlation , and establishes 

that the reaction shown in equation 2 proceeds com pletely to the formation 

of products.

The rate expression tested  was the simple first-order expression  

shown in equation 3.

-d[NiHEIDA] = kjNiHEIDA] (3)
dt u

where

kQ = H ~y[C u2+] W

The integrated form of this expression is shown in equation 5.

In[NiHEIDA]t = ln[NiHEIDA]Q -  kQt (5)

where the subscripts t and 0 refer to time t and zero respectively .

The loss of NiHEIDA is equal and opposite to the gain of CuHEIDA 

and can be obtained from the change in absorbance as time passes. Equation 

6 can be derived, see appendix, which relates the concentration of NiHEIDA

11
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at any time to the final absorbance, A j, the absorbance at any tim e, A^, the 

molar absorptivities of reactants and products, and the ce ll path length, b.

■ A. -  A . (6)
[NiHEIDA] = — -̂-----   —

b(tNiHEIDA + *Cu " CCuHEIDA “ W  

Plots of -  ln(Aj -  At ) versus tim e, see Figure 1, were linear over

three half lives and demonstrated that the reaction follow ed equation 5 and

was first order in NiHEIDA. Consequently a curve fittin g  program was used

for each determination to obtain optimum values of the observed

pseudo-first-order rate constant, kg, and the change in absorbance that

the reaction experienced , A^. The program gave the best least squares fit to

equation 7.

At = Aj e ^ V  + Af  (7)

The order in copper was obtained by monitoring reactions at constant 

pH in which the copper concentration was varied betw een a ten and ninety 

fold molar excess relative to NiHEIDA. The excess copper causes the copper 

concentration to be essentially constant. Table k lists the data. Figure 2 

demonstrates the linearity of the plot obtained from the data in Table 4, 

establishing a first-order dependence in copper.

The dependence upon hydrogen ion was established by measuring 

reactions at a constant ten fold excess copper(II) concentration and varying 

the pH from U.O to 5 .6 , Table V lists the data. A plot of kg corrected for 

copper dependent pathway versus hydrogen ion concentration , shown in 

Figure 3, is linear thus demonstrating first-order behavior in hydrogen ion.
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Table 4

Values of kg as a Function of Copper(II) Concentration at 
Constant Hydrogen Ion Concentration

T = 25.0 °C, p = 1.25M, [H+] = 1.00(10)"** M

[C u2+],M_ [NiL],M. kQ X (10)**, s"

6.67(10)"2 7.46(10)"** 6.97 + .04

5.72(10)"2 7.46(10)'** 5.92 + .09

5.72(10)"2 7.46(10)"** 6.32 + .07

4.77O0)"2 7.46(10)"** 5.93 ± .06

4.77 (10 )~2 7.46(10)"** 4.92 + .09

4.20(10)~2 7.46(10)'** 5.46 ± .09

3.76(10)"2 7.46(10)"** 4.86 + .09

3.43(10)"2 7.46(10)"** 4.37 ± .02

3.05 (10 )"2 7.46(10)'** 5.34 + .09
<N|1OOo

•
cr\ 7.46(10)"** 4.36 + .06

2.86(10)"2 7.46(10)'** 4.16 + .03

2 .67(10)~2 7.46(10)"** 4.59 ± .05

2.63(10)~2 7.46(10)'** 4.98 + .01

2.29(10)"2 7.46(10)'** 3.56 i  .01

2.25(10)"2 7.46(10)'** 4.37 ± .04

1.88U 0)'2 7.46(10)'** 3.91 + .03.

1.50(10)“2 7.46(10)"** 3.62 + .03

1.13(10)"2 7.46(10)"** 2.98 + .03

7.51 (10)'3 7.46(10)'** 2.92 + .02
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Table 4' (Continued)

[C u2+],M [NiL],M kQ X (10)4, s ' 1

3.76(10)-3

■Sf1o• 2.52 + .02

2.86(10 f 3 7.11(10)'4 2.27 i  .02

1.91 (10)—3 9.24(10)"5 2.03 + .02

1.72(10 )-3 9.24(10)“5 2.27 + .03

1.53(10 )-3 9.24(10)’5 2.27 + .02

i . « ( i o  r 3 9 .2 4 (1 0 f5 2.04 + .02

1.14(10)'3 9.24 (10 )"5 2.44 + .01

9.53(10)"^ 9.24 (10 f 5 2.48 + .04
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Table 5

Values of kQ as a Function of Hydrogen Ion Concentration  
at Constant Copper(II) Concentration

T = 25.0 °C, p = 1.25M, Cu2+ = 3.77(10)"3 M

[NiL] X 104 ,M [H+],M

1(/)OXo

3.46(10)"^ 2.50(10)"6 1.07 + .01

3.46(10)"^ 3.19(10)-6 1.18 + .01

.3.46(10)“^ 4.01 (10)"6 1.15 + .006

3.46U0)"4 5.15(10)"6 1.19 + .005

3.46(10)“* 7.57(10)"6 1.23 + .02

3.46(10)'*

vO1.<"*NoX00•00 1.15 + .02

3.46(10)'* 1.05(10)"5 1.26 + .01

3.46(10)'* 1.23U0)"5 1.22 + .01

3.73(10)'* 1.56(10)"5 1.23 + .01

3.73(10)"* 1.71(10)"5 1.25 + .02

3.73(10)"* 1.98(10)"5 1.27 + .01

3.73(10)"* 2.42<10)"5 1.32 + .006

3.73(10)"* 3.06(10)"5 1.53 + .01

3.73(10)"* 3.95 (10)"5 1.68 + .01

3.73(10)'* 5.00(10)~5 1.73 ± .07

3.73(10)"* 6.00(10)"5 1.88 + .01

3.73(10)“* 7.80(10)~5 1.84 + .006

3.73(10)'* 8.91 (10 f 5 1.94 + .01

3.73(10)'* ' 9.89<10)-5 2.30 + .02
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Resolution of Rate Constants

Figures 2 and 3 show that kg varies directly with both hydrogen and 

copper(II) ion concentration suggesting a copper dependent pathway and a 

hydrogen dependent pathway.

Figure 2, the plot of kg versus copper(II) concentration at constant 

pH has a non-zero intercept suggesting either a hydrogen dependent 

dissociation of NiHEIDA or a hydrogen independent dissociation of NiHEIDA 

or both. The non-zero intercept of Figure 3, the plot of kg -  ( k ^ J j ^ ^  

[Cu^+])versus hydrogen ion concentration at constant copper concentration, 

suggests either a copper dependent pathway or a hydrogen independent 

pathway or both.

The copper dependent term , k ^ ^ EIDA, is obtained from the slope of 

Figure 2. The value of k £ ^ EIDA, obtained from a linear least squares 

analysis of the data, is (7.06 + .37) X 10"^ Mf^ s * .

Values of kg at a constant copper concentration, shown in Table 5, 

were corrected for the copper ion dependence by subtracting out the term 

k£llEE^ A[Cu^+]. A plot of these corrected values versus hydrogen ion 

concentration, shown in Figure 3 was linear. The slope of this line represents 

the hydrogen dependent term , k^j^E^ A , and the intercept a copper and 

hydrogen independent dissociation term, fcNiHEIDA  ̂ vajues obtained from

linear least squares analysis are ^NiHEIDA _ q u  ^ .06)M~* s~* and

. NiHEIDA ... v  ,_ -5  -1k = (5.71 + .27) X 10 s .

The overall rate expression, as shown in equation 3 may be expressed

as

"d< N‘H E , D A )  .  (k N i H E I D A  7 +]  ,  j N i H E I D A  ^  + ^ N i H E I D A ,  [ N i H E , D A ]  ( g )

dt c u H
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where

= kNiHEIDA [Cu2+] + .NiHEIDA [H+] + .NiHEIDA
o Cu 1-1

Some metal exchange system s involving the copper attack on nickel 

complexes show a CuOH+ term which is revealed by an inverse dependence in 

hydrogen ion at constant copper concentration or an increase in observed 

rate as pH increases (30). This system did not display those characteristics,

nevertheless the possible presence of a CuOH+ term was tested  for by

running multiple linear regression analysis of the data in Table k using 

equation 10.

kQ = kNiHEIDA + k ™ f IDA [Cu2+] + k"iHEIDA [H+]

, NiHEIDA „ CuOH „ 2+] (10)
CuOH K

[H ]

KCuOH k  l C l 2+  ̂ ( n )where

and

[CuOH+] = w

[H+]

[CuOH ]k ^ u u h  = ------  .  2 0 x  1Qb {31) (12)

[Cu ] [OH"]

A very small negative value resulted for the term showing it to be

insignificant.

The resolved rate constants of equation 9 , listed in Table 6, have 

been used to construct the solid lines of Figures 2 and 3. The reasonable fit 

of the experimental points to the lines lends confidence to the resolution of 

the rate constants.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



Table 6

Resolved Rate Constants

. NiHEIDA v  m -3 ,.-1  -1= (7.06 + .37) X 10 M sCu " —

.NiHEIDA ,,-1  -1
K|_l = 1.11 + .06 s

.NiHEIDA v  , n-5 -1k = (5.71 + .27) X .10 s

1
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DISCUSSION

The NiHEIDA -  copper (II) reaction appears to proceed through three 

different pathways: (1) com plete dissociation of NiHEIDA follow ed by

attack of copper on dissociated HEIDA, the pathway represented by 

kNiHEIDA. a proton-assisted dissociation of NiHEIDA follow ed by attack  

of copper, the pathway represented by k^lH^IDA; and (3) an attack by

copper on partially dissociated NiHEIDA to yield a dinuclear interm ediate,

+i .. . . , , NiHEIDAthe pathway represented by k^.^

The structure of the dinuclear interm ediate may be obtained using the

same procedure followed for other similar system s (3-5). Previous work has

established that the ratio of experim ental rate constants for metal attack

upon various nickel-ligand complexes is d irectly  proportional to the ratio of

the relative dinuclear interm ediate stability  constants immediately preceding

the rate of determining step . Where the rate determining step for the two

system s being compared involves cleavage of d ifferent ligand segm ents, the

ration of nickel-ligand dissociation rate constants is used to account for the

d ifferen ce. Equation 13 illustrates the calcu lation .

.NiHEIDA „NiHEIDACu v  .NiHEIDA . . . .k ~  X k (13)Cu_____ _J________________
■jint '  KNiLCu x  kNiL
Cu r

Proposed dinuclear intermediate structures for the system under study which 

are not correct yield relative dinuclear interm ediate stability  constants

which, inserted in equation 13, do not give agreem ent with the rate constant

ratio.

The relative stability  con stan t, Kp1**^0 , for each dinuclear interm edi-

22
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ate is defined in terms of the CuHEIDA and the NiHEIDA segm ents of the 

interm ediate structure compared to the stab ility  constant of the initial 

com plex, as in equation 14.

K X KCu segm ent Ni segment (14)

KNiICu

KN. com plex

Dissociation rate constants for the various nickel species are either  

known (^NKacetate) _ 5 x  10^ s”*) (32) or are calculated from formation  

rate constants (33) and stability  constants (34) as shown in equations 14 and 

15 for glycine and IDA respectively .

^glycine 2 .2 X 104 (15)

kNKglyci"e)__________________   = .036 s ' 1

. K stab ility  X l0>

k

kIDA 8.8  X 104 (16)

NilDA = -------------   =   = 6.6 X 10"* s"1

K . . . . . . .  1.34 X 108stability

E lectrostatic factors, arising when two different dinuclear 

interm ediates have different charge separations, are calculated  from 

equation 17

Z . Z Re 2 (17)
lo8 K i =

2 . 3 RTDr AB

where and Zg are the charges, e is the charge on an electron , R is the 

gas constant, T the absolute tem perataure, D the dielectric constant of 

water, and r ^  the charge separation estim ated from molecular models. Some 

dinuclear interm ediates are favored sta tistica lly  over others. S tatistica l and
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e lec tro sta tic  factors are included in the calcu lated  ratio of relative stability  

constants.

The interm ediate structures compared and their Kr values are 

presented in Table 7. Dinuclear interm ediate structures having uncoordinated 

dentate s ites  were not tested  since that is an unrealistic situation which has 

not been found in other system s. A comparison of the ratio of relative  

stab ility  constants with the ratio of experim ental rate constants 

dem onstrates good agreement using structure I! as the proposed dinuclear 

interm ediate. Thus, the dinuclear interm ediate which ex ists in the NiHEIDA -  

copper(II) system appears to involve an hydroxyethyl glycine segment bonded 

to nickel and an a ce ta te  segment bonded to copper. Nickel-nitrogen bond

cleavage must be the rate-determ ining step since nickel-am ine bonds cleave

-1 3 -1at 6 s while n ickel-acetate  bonds cleave at 5 X 10 s . This is consistent

with previous work involving copper(II) and nickel-am inocarboxylate 

com plexes (3-6 , 11, 20).

A mechanism which is consistent with the results obtained for the 

exchange reaction , as shown in equation 8, is presented in Figure 4. Protons 

are om itted from the mechanism for sim plicity although step  1 -*■ 2 is proton 

dependent.

The dependence of the reaction with respect to copper will depend on

the location of the rate-determ ining step . Steps 2 -*■ 3 and 4 -> 5 should not

be rate -  limiting as these involve formation reactions of the labile

9 -1aquo-copper ion which has a rate of water loss of 5 X (10) s (36). Step 1

-* 2 could not be rate limiting because it would result in zero-order behavior

in copper for all pathways of the exchange. This leaves step 3 -> 5 as the

rate-determ ining step for the copper dependent pathway |<NiHEIDA
>«*» Li
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Table 7

Comparison of NiHEIDA -  Cu and NiL -  Cu Reaction Interm ediates'

Part I

Known Dinuclear Intermediates

O O 
/ \  / \

O O O O OH O
/ \  / \  / \  / \  ! / \

N i - N - O - C u  N i - N - O - C u  N i - N - N - C u  N i - N — N - C u  N i - N - N  — Cu
\ /  \  /  \  /  \  /  \  /

O ~

Ni(IDA)Cu
K = .236 r

O

Ni(NTA)Cu
K = .0223 r

O O O

Ni(EDDA)Cu
K = 1.91 r

Ni(HEEDTA)Cu Ni(EDTA)Cu
K = .448 r K = 1.50 r

Structures to 
be tested

K K r
Ni(HEIDA)Cu

KNi(IDA)Cu

KNi(HEIDA)Cu KNi(HEIDA)Cu • KNi(HEIDA)Cu KNi(HEIDA)Cu

KNi(NTA)Cu KNi(EDDA)Cu KNi(HEEDTA)Cu ^Ni(EDTA)Cu

I  N i - O - l s i —VCu .224 1.33 X 105 b 2.03 X 107 C,e,S 1.64 X 10^ b
OH

2.80 * t>»g 2.27 X 105 C,f,g

A
II N i - I J I - O - C u  .037 .157

OH

. N iH E ID A ^, k / m L .485

24.3 d .e .g

5.17

.0194

.0957

.0330 g

.479

.271

.49

d ,f,g

N)



Table 7 (Continued)

Complex

Part II

^Stability
kNiL, M"1 s ’ 1

NiHEIDA 2.14 X 109 7.06 X 10"3 h

NilDA 1.34 X 108 1.48 X 10"2 1

NiNTA- 3.16 X 1011 1.39 X 10-3  ]

NiEDDA 4.46 X 1013 7.5 X 10-2  k

NiHEEDTA” 1.25 X 1017 -2  11.5 X 10 Z 1

NiEDTA"2 3.31 X 1018 1.6 X 10"2 m

NiHEG* 1.51 X 106

Ni(glycine)+ 6.03 X 105

N i(acetate)+ 5.5

CuIDA 3.71 X 1010

Cu(glycine)"1" 1.41 X

00o

CuHEG 8.71 X 107

C u(acetate)+ 52.5

a . Kr values are based on the stability constants given in Part II of this 
table and chosen to be as internally consistent as possible with respect to 
temperature and ionic strength. The experim ental ratios of rate constants 
are based upon the rate constants given in Part II at 25 °C and p = 1.25M. 
All stability  constants are taken from references (33; 34).

b. kNiOAc/k Nigly = ^  x  1(J5 h> This WQrk

c. kNiOAc^kNiIDA _ y  ̂ x  10^ i. R eference 20

d. kNlgly/k NlIDA = 5.5 X 101 j. R eference 5

e . S tatistica l factor of 1.5 k. R eference 11

f .  S tatistical factor of 2 1. R eference 3

g. E lectrostatic factor of 2.5 m. R eference 1
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(1)

NiHEIDA “
^21

(2)
O

k12 9  k24 .
A Ni— N - CH - C -  O- -----

CH.

OH

+
.2 +Cu

32

Oii

k23

M2

(4)
O

O-C-CHi O
N -C H r C - 0 - 4 -  Ni
CHZ
CHt
OH

O -C -C H . O  
+Ni— K l-C H rC -O -C u 4

k35

C H .

? H a
OH

(3)

2 +

Cu 2 +

45

CuHEIDA +  Ni

(5)

:2 +

Figure 4. Mechanism for transfer of HEIDA from nickel to  copper.
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2 ■> (f as the rate determirting step for the copper independent pathways

. NiHEIDA . . NiHEIDA k|_j and k

Reaction paths 1 -» 2 -» k -> 5 and 1 2 -> 3 •> 5 both contribute to

the formation of products. The former reaction path, however, is controlled

by the rate of dissociation of NiHEIDA and is not dependent on copper or 

hydrogen ion concentration .

The reaction sequence l - * - 2 - » 3 - > 5 o f  Figure 4 is represented by

, NiHEIDA . . NiHEIDA , ■ w  ̂ ^k ^ ^  and k|_| and a general k inetic rate expression can be derived

for i t ,  as shown in equation 18.

-dCNiHEIDA] = d(CuHEIDA] = kQ[NIHEIDA] = k35[3] (18)

dt dt

Application of steady sta te  approximations to species 2 and 3 yields the 

following expressions where X refers to either copper ion or hydrogen ion.

k 12Cl] + k32 [3] (19)
[2] =

k21 + k23 ^

k , ,  [2] [X] (20)
[3] = - i f -------------

k32 + k35

Substituting equation 19 into equation 20 gives the following expression.

k . ,  k _ , [1] [X] (21)
[33 = - I f  23__________________________

k21 k35 + k21 k32 + k23 k35

Substitution of this expression into the general rate expression yields

k ._  k _ , k - s [ X ] [1] (22)
-d[NiHEIDA] = ■ ^ ------------------------------

dt k21 k35 k21 k32 + k23 k35 [X]

where i
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A comparison of terms in the denominator of equation 23 allows some

sim plification of the expression. The term k23 [X] is at least a factor of

10 greater than k2j k ^  because k23 is about 10^ greater than k2j due to 

the d ifference in the rate of water loss betw een copper and nickel and
h

either copper or hydrogen is always at 9 X 10 or greater. Comparing

k21 k32 k23 k35 k32 ^ a*X5Ut ^  greater than k ^  whereas k23 ^

only about 105 greater than k ^ .  Thus, k21 k32 becomes larger than the

other two terms and equation 23 reduces to

k12 k23 k35 CX] {2k)
ko = — k

21 32

which demonstrates the observed first-order dependence in both copper and 

hydrogen. Equation 25 gives the second-order rate constant

k12 k23 k35 ^
^NiHEIDA

X
k21 k32

Where the rate-lim iting step is k ^ .

The first-order dependence in copper and hydrogen, described by 

equation 2k, was found to hold over the en tire range of copper and hydrogen 

concentrations studied.

Likewise, a kinetic expression may be derived for the pathway 1 -* 2 

-* k -* 5 by assuming a steady state for species 2. The expression is given in 

equation 26
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In the denominator of equation 26, k^  which represents n ick e l-a ceta te  bond 

formation is much greater than k2  ̂ which represents n ickei-glycine  

dissociation. Thus, equation 26 sim plifies to equation 27 with k£^ as the rate 

determining step .

kNIL _ k12 k24 (27)

k21

Further evidence for the general mechanism as expressed by equation  

24 and 27 is found by calculating values of kNlL, , and k£[|L using

relative stability constants calculated  from equation 13 substituted  into 

equations 24 and 27 for the ratios anc* k12 k23^k21 k32

s"1, the rate of dissociation of nickel glycine as k2  ̂ or k ^ .  The value of

0.036 s ' 1 is obtained from the rate of formation of nickel g lycin e, 2.2 X 10^

.M- * s ' 1 and the stab ility  constant of nickel glycine, 6.03 X 10^ The

value of is equal to the relative stability  constant of species 2 in

Figure 4, 7.1 X 10^ and the value of k ^  ^23^21 k32 *s eclua  ̂ to

relative stability constant of species 3 in Figure 4 with either copper or

hydrogen bound to the d issociated aceta te  arm. When copper is bound, the

-2 1 value is 3.7 X 10 and when hydrogen is bound, the value is 4.0 X 10 . The

calculated rate constants are shown in Table 8. As can be seen agreement

between the calculated  and experim ental rate constants is ex ce llen t,

indicating that the general kinetic expression is correct.

It is apparent that the 2-hydroxyethyl arm of HEIDA does not play a

significant role in the exchange reaction . The stability  constant of
A

N-(2-hydroxyethyl) glycine reacting with nickel is greater than that of
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Table 8

Calculated Rate Constants for the NiHEIDA -  Cu System

Calculated Experimental

kNiHEIDA 8.0 X 10"5 s"1 (5.71 ± .27)10‘5 s ' 1

^NiHEIDA 4.1 X 10"3 M-1 s-1 (7.06 ± .37)10-5 M_1s"

^NiHEIDA 4.48 X M"1 s"1 1.11 ± .O S M 'V 1

glycine reacting with nickel; the same can be said for HEIDA compared with 

IDA. These d ifferences are taken into account in calculating the relative  

stab ility  constants which give excellen t agreem ent with the various rate 

constant ratios. Since none of the relative stability  constants include a term 

for interaction between copper and the 2-hydroxyethyl group, it can be 

concluded that that group does not a ffec t the exchange k inetics and that 

there is no interaction as copper a ttack s. Apparently, the only a ffec t which 

that group has is to enhance the basicity of the amine nitrogen which 

strengthens the nickel-nitrogen bond.
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APPENDIX

Concentration -  Absorbance Relationship

The relationship shown in equation 6 between NiHEIDA and the 

absorbance at any tim e, A^, the final absorbance, A^, and the molar 

absorptivities of reactants and products is derived as follow s. Assuming no stable  

interm ediate to be present, which was shown by spectral scans of the reaction , 

the absorbance at any time is equal to the absorbance of the reactants le ft  and 

the products formed. The Beer-Lambert law is assumed to hold and the following  

equations can be w ritten.

\  -  W l D A b[N1HEIDA:i * W * 0 "2* 1 * fNib[Ni2+]

+ *CuHEIDAbl-CuHEIDA 

[Cu2+] = [Cu2+]f + [NiHEIDA]

[Ni2+] = [Ni2+]f -  [NiHEIDA]

[CuHEIDA] = [CuHEIDA]f  -  [NiHEIDA]

Where f  represents final. Substitution of these expressions into equation 28 

and rearranging gives equation 32.

At = [NlHEIDA:ib(fNiHEIDA + ^Cu " *Ni " ^CuHEIDA* +

b(W Cu h + W Nl ■'f + ^CuHEIDA[CuHEIDAV
since

Af = ( CuHEIDAb[CuHE,DA1f * 

substitution of equation 33 into equation 32 and rearranging, yields

[NiHEIDA] = _______ A -  Af ■ ________

b(tNiHEIDA + *Cu _ *Ni '  fCuHEIDA)

32

(33)

(34)

(35)

(28)

(29)

(30)

(31)
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