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INTRODUCTION

Multidentate ligand transfer between two metal ions, 
as represented by equation 1, has been extensively studied 
for a variety of metal ion and aminocarboxylate ligand 
combinations (1-13).

ML + M' -* M'L + M (1)

Previous papers have dealt with the characteristics of 
these reactions as well as forming a basis from which 
mechanisms and rate constants can accurately be predicted.

Most of the systems studied thus far have involved 
aminocarboxylate ligands, whereas only three reports of 
metal exchange reactions involving polyamine ligands have 
appeared (11,14,15). One report dealt with an interesting 
polyamine, N,N'-bis (2-picolyl)-ethylenediamine, having both 
aromatic and aliphatic dentate sites (11). The structure 
of this ligand and others mentioned in this thesis are 
illustrated in Table 1. In a recent study the metal 
exchange of another ligand, N-(2-pyridylmethyl) 
iminodiacetic acid, having both aromatic and aliphatic 
dentate sites was investigated as well (16).

The steric effect that a noncoordinating substituent 
placed on or between dentate sites of a multidentate ligand 
can have on a metal exchange reaction has also been studied

1
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2
Table 1

Ligand Structures and Abbreviations

Ligand Abbreviations Ligand Structure

Ethylenediaminetetra- 
acetic acid EDTA

(h oo cc h2) 2n ch2ch2n (CH2COOH) 2
Ethylenediamine-N, N* - 
diacetic acid EDDA

h oo cc h2nhch2ch2hnch2cooh
Nitrilotriacetic acid NTA

N(CH2COOH)3
N,N*-bis(2-picolyl) 
ethylenediamine BPEDA

Q ^ N H C H jCHjH N - ^
N-(2-pyridylmethy1) 
iminodiacetic acid PylDA

<^~Vc h£n (c h2c o o h)2

Ethylenediamine-N, N1 - 
di- ̂ -propionic acid EDDP 9H3 9H3

hoochc-nhch2ch2hn-chcooh
Ortho-phospho-DL-
serine OPS n h2

h2o3p-o c h2chcooh
N-hydroxyethylethylene- 
diaminetriacetic acid HEEDTA ch2ch2oh

HOOCCH2NCH2CH2N (CHjCOOH) 2
Triethylenetetraamine Trien

h2n c h2ch2n hc h2ch2n h c h2ch2nh2
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(13,17,18) . Two of the studies involved substituents on the 
ethylene backbone of the ligand. In one case the ligand, 
cyclohexylenediaminetetraacetic acid, showed such a large 
steric effect that, for some metal pairs, no dinuclear 
intermediate formed (17). The second case involved a 
series of Schiff base ligands and again no dinuclear 
intermediate was postulated (18). In the other system the 
ligand ethylenediamine-N,N'-di-a-propionic acid, which has 

a methyl group on the a-carbon of each acetate arm, was 

investigated for possible steric effects (13). Comparison 
of the results with the structurally similar NiEDDA-copper 
system (8) showed the mechanism to be affected by the a- 

methyl substituents.
Another study dealt with the kinetic effect ions 

coordinated to the attacking metal have upon the exchange 
rate (9). Hydroxide appeared to significantly accelerate 
the exchange rate in all cases, whereas azide and acetate 
have relatively small effects. Subsequent studies, includ
ing this one, have shown the accelerating effect that 
hydrolyzed copper species have upon metal exchange 
reactions (10,11,13).

Detailed studies have shown the mechanism of these 
reactions to follow the successive breaking of a series of 
coordinate bonds from the original metal-ligand complex, 
followed by a stepwise coordination to the attacking metal
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(1,2,3,5-13). This process leads to the formation of a 
dinuclear intermediate found in all cases where sterically 
possible (4,19,20), followed by breakup to form products. 
Depending upon the system, the position of the rate deter
mining step has been found to be a function of pH (7,8,10) , 
attacking metal concentration (7,8,12), the relative 
stability of the intermediate metal segments (3) and the 
relative rate of water loss from the metal complexes 
involved (9).

The present study is concerned with the metal exchange 
reaction between ortho-phospho-DL-serinenickelate(II), 
NiOPS", and copper(II) as shown in equation 2. This study 
was undertaken to determine the effect phosphate coordi
nation has upon metal exchange.

NiOPS" + Cu2+ -» CuOPS" + Ni2+ (2) 

Ortho-phospho-DL-serine is a biologically occurring amino 
phosphate ester and is potentially tridentate binding 
through the carboxylate, phosphate, and amino moietiest 
The final step in the biosynthesis of serine is the 
hydrolysis of ortho-phosphoserine which is catalyzed by an 
enzyme that in turn is activated by the presence of 
divalent metal ions. Therefore, the reaction shown in 
equation 2 may have biochemical significance since metal- 
exchange reactions can serve as models for metallo-enzyme 
studies.
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This study demonstrates that the reaction shown in 
equation 2 does proceed through the formation of a 
dinuclear intermediate. The rate of exchange is shown to 
increase with increasing pH. The increase in rate is due 
to CuOH+ which is more reactive than Cu2+ towards nickel- 
phosphoserine. Evidence of a hydroxide ion attack upon 
water molecules coordinated to the NiOPS" complex is also 
seen. The structure of the dinuclear intermediate has been 
characterized by comparison of the rate constant ratios to 
the relative stability constant ratios using similar 
systems. Further, a general mechanism is proposed for the 
exchange reaction consistent with the kinetic data and the 
structure of the dinuclear intermediate.
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APPARATUS AND REAGENTS

Apparatus

All spectrophotometric measurements of systems at 
equilibrium were made on a Cary Model 14 spectrophotometer. 
Typical settings were as follows: wavelength 245 nm, slit
control 20, hydrogen lamp source, dynode voltage setting

O2, slit height 20 mm, spectral band width 1.1 A.
All pH measurements were made at 25.0 + 0.1°C using 

either a Corning Model 12 Research pH meter or a Beckman 
Model 1019 pH meter. A single combination electrode was 
used on both pH meters. Beckman standard buffer solutions 
were used to standardize the pH meters.

All kinetic measurements were made on an American 
Instrument Company stopped-flow apparatus attached to a 
Shimadzu QV-50 spectrophotometer using a Beckman DU power 
supply. The wavelength was set at 245 nm for all kinetic 
measurements and the slit width varied from 1.1 to 1.7 mm. 
Voltage received from the photomultiplier tube was fully 
damped by an American Instrument Company kinetic photometer 
attached to a Kepco power supply set at 0.8 kv. Spectral 
changes were displayed on a Tektronix R5103N storage 
oscilloscope and recorded on Polaroid film using a 
Tektronix C-5 oscilloscope camera. Reservoir sites for

6
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the reactant solutions within the stopped-flow apparatus 
were maintained at a constant temperature of 25.0 * 0.1°C 
using a circulating constant temperature bath.

Reagents

All solutions were prepared with double distilled 
deionized water prepared by passing distilled water through 
a deionizing column of Amberlite MB-3 mixed bed resin and 
distilled twice thereafter.

Primary Standard Copper(II) Nitrate. 0.1 M

Baker Analyzed Reagent copper foil (99.96% pure) was 
cleaned and rinsed with dilute nitric acid. The foil was 
further rinsed with distilled water followed by ethanol and 
air dried. A weighed portion was dissolved in a minimal 
amount of concentrated nitric acid and diluted to volume.

Ethvlenediaminetetraacetic Acid Disodium Salt. 0.1 M

An EDTA solution was prepared from Aldrich gold label 
ethylenediaminetetraacetic acid, disodium salt dihydrate 
(99+%) . The EDTA solution was standardized at pH 5 by 
titration against primary standard copper(II) nitrate 
solution using naphthylazoxine S (NAS) as the indicator.
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Copper(III Nitrate. 0.1 M

A stock copper(II) nitrate solution was prepared from 
Baker Analyzed Reagent copper(II) nitrate trihydrate and 
standardized by titration against EDTA solution at pH 5 
using NAS as the indicator.

Nickel(I H  Nitrate. 0.1 M

A stock nickel(II) nitrate solution was prepared from 
Baker Analyzed Reagent nickel(II) nitrate hexahydrate and 
standardized by titration against standard EDTA solution 
at pH 5 using NAS as the indicator.

Acetic Acid - Sodium Acetate Buffer

An acetate buffer solution, pH 5, was prepared from 
Fisher A.C.S. crystal sodium acetate trihydrate and Baker 
Analyzed Reagent glacial acetic acid (99.9% pure).

Boric Acid - Sodium Borate Buffer

A 0.1 M borate buffer solution was prepared from 
analytical reagent boric acid, H3B03, and A.C.S. reagent 
grade sodium borate decahydrate, Na2B407 • 10-H20. Reagent 
grade D-mannitol was used to adjust the pH of the borate 
buffer solution.
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Naphthvlazoxine S Indicator. NAS

A 0.1% aqueous solution was prepared from G. Frederick 
Smith Naphthylazoxine S.

Sodium Perchlorate. Ionic Strength

A 5 M sodium perchlorate solution used to control 
ionic strength was prepared from G. Frederick Smith 
anhydrous reagent grade sodium perchlorate.

Ammonia Buffer. pH 10

An ammonia buffer was prepared by adding a volume of 
concentrated ammonium hydroxide to distilled water and 
adjusting the pH to 10 with dilute hydrochloric acid.

O-Phospho-DL-Serine. OPS

O-phospho-DL-serine was obtained from the Sigma 
Chemical Company with a reported anhydrous molecular weight 
of 185.1 g/mole. The purity and molecular weight of OPS 
as determined by potentiometric titration with standard 
carbonate-free sodium hydroxide solution was 99.6% and 
185.82 respectively. These values were calculated from the 
2nd equivalence point of the potentiometric titration curve 
shown in Figure 1.
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O-Phospho-DL-Serinenickelate(II). NiOPS~
11

A 0.05 M NiOPS" solution was prepared by mixing 
equimolar volumes of nickel(II) nitrate and O-phospho-DL- 
serine stock solutions. The NiOPS" solution was 
standardized spectrophotometrically by adding 100-fold 
excess sodium cyanide at pH 10 to form the tetracyano- 
nickel(II) complex and the comparing the absorbance at 267 
nm with that of a standard Ni(CN)42" solution.
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EXPERIMENTAL

Spectrophotometric Study of Reactants 
and Products

The absorption spectra of all reactants and products 
were obtained from 200 nm to 400 nm. These spectra showed 
the largest differences in molar absorptivity between 
reactants and products to be within the wavelength range 
of 240 nm to 250 nm. Through trial kinetic runs a wave
length of 245 nm was chosen to follow the course of the 
reaction. All kinetic measurements were made at this 
wavelength. This corresponds to the maximum absorption of 
products, CuOPS” and CuHOPS, with minimal contribution from 
the other species.

The molar absorptivities of all species were determ
ined at 245 nm and are listed in Table 2. The ionic 
strength of all solutions was adjusted to 0.1 M with sodium 
perchlorate solution.

Reaction Conditions and Rates

The reaction in equation 2 was studied by measuring 
the increase in the absorbance due to the formation of 
CuOPS" and CuHOPS. A boric acid - sodium borate buffer was 
used to maintain a constant pH. The pH of the reaction was

12

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



1 3

Table 2
Molar Absorptivities of Reactants 

and Products

Species 6, L mol”1 cm”1

Ni2+ 62.4
Cu2+ 98.3
NiOPS” 852
NiHOPS 237
CUOPS" 1585
CUHOPS 2437

Note. A = 245 nm, n = 0.1 M

measured by mixing 5 ml of each reactant solution adjusted 
to the same pH. In all cases there was little or no change 
in pH upon mixing. The pH range over which kinetic 
measurements could be made was limited at higher pH by the 
formation of a copper(II) hydroxide precipitate and at 
lower pH by the lack of a suitable buffer.

The kinetic measurements were made under pseudo-first- 
order conditions in which the total copper(II) concen
tration was present in at least a 10-fold excess over that 
of nickel-phosphoserine. Each reported kinetic run is for 
a specific set of reaction conditions and is the average
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of at least 4 separate stopped-flow runs. The experimental 
conditions used in all reaction rate studies are given in 
Table 3.

Table 3
Experimental Conditions

[NiOPS] ,otal 
[CU2+]

2.56 X 10"5 M, 2.65 X 10“5 M
2.61 X 10"* M to 1.32 x 10"3 M

pH range 
Wavelength

3.96 to 5.20
245 nm

Temperature 25.0 + 0.1°C
Ionic strength, n 0.1 M

The nickel-phosphoserine reactant solutions were 
prepared by adding a volume of stock NiOPStota) into a 150 ml 
beaker and enough sodium perchlorate solution was added to 
give an ionic strength of 0.1 M upon dilution to the final 
volume. An approximately 10-fold excess concentration of 
nickel(II) over the concentration of NiOPStota) was added to 
increase the concentration of phosphoserine coordinated to 
nickel(II). Following the addition of 10 ml borate buffer 
the volume was increased to around 90 ml and the pH adjust
ed through the addition of mannitol to the desired value. 
This solution was transferred to a 100 ml volumetric flask
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1 5

and diluted to volume. The resulting nickel-phosphoserine 
reactant solution was transferred back into a 150 ml 
beaker, placed in a constant temperature bath at 25.0 + 
0.1°C and allowed to equilibrate.

The copper(II) reactant solutions were prepared by 
adding a volume of stock copper(II) nitrate into a 150 ml 
beaker and enough sodium perchlorate solution to give an 
ionic strength of 0.1 M upon dilution to the final volume. 
Following the addition of 10 ml borate buffer the volume 
was increased to around 90 ml and the pH adjusted through 
the addition of mannitol to the desired value. This 
solution was transferred to a 100 ml volumetric flask and 
diluted to volume. The resulting copper(II) reactant 
solution was then transferred back into a 150 ml beaker, 
placed in a constant temperature bath at 25.0 + 0.1°C and 
allowed to equilibrate. Both copper(II) and nickel- 
phosphoserine solutions were allowed to equilibrate for at 
least 20 minutes in the thermostated waterbath before being 
used.

The spectrophotometer and oscilloscope were allowed 
to warm-up for at least 20 minutes prior to use. With 
distilled water in the stopped-flow cell the oscilloscope 
was calibrated to full scale deflection for 0% T and 100% 
T. Syringes were then used to fill the reservoir sites 
within the stopped-flow apparatus with the nickel-phospho-
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serine and copper(II) reactant solutions. A preliminary 
run was performed in order to obtain a value for the final 
percent transmittance read from the oscilloscope trace. 
For each set of reaction conditions the formation of 
copper-phosphoserine was followed by measurement of percent 
transmittance (%T) versus time (t). The resulting 
oscilloscope traces were recorded on Polaroid film. These 
traces were used to obtain the values of %T and time. 
These data were used in an iterative curve-fitting program 
to obtain values of the observed pseudo-first-order rate 
constants.
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RESULTS

Kinetic Expression for the Reaction

The rate expression for the reaction NiOPS- and copper 
may be expressed by the following second-order equation

= = k[NiOPS-nCuT ] (3)

where CuT refers to the sum of the individual copper 
species present. Assuming a constant copper concentration 
due to a 10-fold or greater excess equation 3 reduces to 
the pseudo-first-order equation

. d r chops'! . ko[Hiops-, (4)

where k0 represents the observed pseudo-first-order rate
constant.

k0 = k[CuT ] (5)
The integrated form of equation 4 yields

In [NiOPS-] t = in [NiOPS-] 0 - k0t (6)
where [NiOPS-]t is the concentration of NiOPS" at time t, and 
[NiOPS-]0 is the initial concentration. The loss of NiOPS" 
is inversely proportional to the formation of CuOPS- and 
related to the change in absorbance as the reaction pro
gresses. Equation 7 relates the final absorbance, A®, the 

absorbance at any time, Afc, the molar absorptivities of

reactants and products, £, and the cell path length, b, to

17
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1 8

the concentration of NiOPS-. The derivation of equation 7 
is given in Appendix A.

A. " A®
[NiOPS-] t =  ________________________ (7)

b(6NiOPS- + £Cu2+ “ €CuOPS- “ 6Ni2+*
In order to show the absence of any stable inter

mediates in the exchange reaction, expected absorbance 
values were compared to observed absorbance values as shown 
in Table 9 in Appendix B. No evidence of any stable 
intermediates is found since the difference between 
observed and expected absorbances, AA, is nearly identical 

over 6 half-lives. The consistent difference between 
expected and observed absorbance values can be attributed 
to the fact that molar absorptivites used to calculate the 
expected absorbance values were determined on an instrument 
other than the one from which absorbances were observed.

The oscilloscope traces were used to obtain values of 
%T and time. From trace data, plots of -In (A* - A fc ) 
versus time were constructed. The plots were linear 
demonstrating that the reaction in equation 2 is first- 
order in NiOPS-. A typical plot is shown in Figure 2.

After the kinetic behavior was well established, an 
iterative curve-fitting program was used to convert the %T 
- time data for each run into pseudo-first-order rate 
constants. The program gave the best least-squares fit to
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20
equation 8, where A« is the final absorbance of the 
reaction and Ax is the change in absorbance that the 
reaction experienced.

-ktA, e + A. (8)

The order in copper was obtained by monitoring 
reactions at a constant hydrogen ion concentration in which 
the copper concentration was varied between a 10- and a 50- 

fold molar excess over [NiOPS]total* Table 4 lists the 
data. Figure 3 demonstrates the linearity of the plots 
obtained from the data in Table 4.

The effect of pH variation upon the rate is also seen 
in Figure 3, which demonstrates that the exchange reaction 
is pH sensitive since the observed rate constants increase 
with increasing pH values. The pH range studied was be
tween pH 4.04 and 4.81.

Resolution of Rate Constants

The reaction between Ni°pstotal and coPPer(11) can 
be represented in general by equation 9 where the acid 
forms of the complexes are in rapid equilibrium with each 
other. Mohan and Abbott have concluded from 1:2 Ni(II)- 
ligand titration curves and phosphorus magnetic resonance

NiL 
\

t
NiHL

+ Cu2+

CuL
/j

CuHL
Ni2+ (9)
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Table 4

Values of k0 as a Function of pH and 
Copper(II) Concentration

pH [CuT], M k0/ sec"1

4.050 2.64 X 10"* 27.04 + 1.73
4.020 3.96 X 10"* 27.48 ± 3.32
4.040 5.28 X 10"* 30.28 ± 2.96
4.035 6.60 X 10"* 28.95 ± 1.45
4.065 7.92 X 10"* 32.27 ± 3.43
4.032 9.24 X 10"* 34.08 ± 2.14
4.050 1.06 X 10"3 33.49 ± 4.30
4.030 1.19 x 10"3 38.76 ± 1.38
4.040 1.32 X 10"3 41.70 + 4.30

4.218 2.63 X 10"* 34.06 ± 5.15
4.208 3.96 X 10'* 36.30 ± 2.81
4.217b 5.23 X 10"* 40.83 ± 3.00
4.212 6.60 X 10"* 38.46 ± 1.37
4.233 b 7.84 X 10"* 45.34 ± 4.28
4.213 9.24 X 10"* 48.06 ± 3.49
4.223 1.06 X 10"3 48.38 + 4.18
4.215 1.19 X 10"3 49.81 ± 3.41
4.228 1.32 X 10"3 58.06 + 5.94

4.602b 2.61 X 10"* 44.53 ± 2.05
4.610 3.96 X 10"* 50.38 ± 5.28
4.617b 5.23 X 10"* 53.25 ± 4.75
4.613 6.60 X 10"* 64.04 ± 4.69
4. 611b 7.84 X 10"* 61.83 + 4.09
4.615 9.24 X 10"* 65.03 + 6.64
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Table 4— Continued

pH [CUT], M k0, sec-i

4.616b 1.05 X 10~3 67.34 + 2.96
4.618 1.19 X 10"3 84.34 + 7.81
4.607b 1.31 X 10"3 77.61 + 7.33

4.818b 2.61 X 10"* 52.39 + 2.09
4.805 3.96 X 10"* 62.78 + 5.19
4.811 5.25 X 10"* 62.01 + 5.83
4.802 6.06 X 10"* 66.97 + 4.49
4.808b 7.83 X 10"* 68.75 + 4.96
4.805 9.24 X 10"* 75.71 + 7.11
4.795 1.06 X 10"3 81.72 + 7.65
4.811 1.19 X 10"3 101.11 + 20.82
4.808 1.32 X 10"3 99.95 + 8.51

a All values at [NiOPS]total ■= 2.65 X 10"5 M, *i = 0.1 M,
T = 25.0 ± 0.1° C except as noted.

b [NiOPS]tQtal = 2.56 X 10"5 M,,/i = 0.1 M, T = 25. 0 + 0.1° C,

(31P NMR) evidence that in the unprotonated NiOPS" complex 
the ligand is tricoordinate to nickel (21).

The effect of a change in copper concentration at four 
pH values is shown in Figure 3. A linear dependence of the 
observed rate constant on copper concentration was found 
throughout the entire copper concentration range studied.

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



2 3

<NCMCO

OCM O00oo oOD oCM o

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

Fig
ure

 
3. 

Ef
fe

ct 
of 

Co
pp

er
 

Co
nc

en
tra

tio
n 

an
d 

pH 
on



2 4

Figure 3 indicates that the exchange reaction is pH 
sensitive since the rate increases with increasing pH. How
ever, the rate varies inversely with [H+], not directly as 
would be expected if hydrogen ion were the attacking 
species or if NiHOPS were a reactive species. This pH be
havior rules out a hydrogen dependent term involving 
NiHOPS. Figure 3 also illustrates that the rate increases 
with increasing copper concentration and that there is a 
copper dependent term that is pH dependent because the 
slopes at each pH are different. In addition, Figure 3 
shows a copper independent term that is pH dependent 
because the intercepts at each pH are different.

Figure 4 shows a least-squares plot of the four slopes 
from Figure 3 versus 1/[H+]. The positive slope indicates 
that there is a copper dependent term that varies inversely 
with hydrogen ion concentration and the intercept indicates 
a copper dependent pH independent term for the exchange 
reaction.

An explanation for the inverse [H+] behavior of the 
copper dependent term involves the attack of a hydrolyzed 
copper species on the nickel-phosphoserine complex. There 
is both kinetic and thermodynamic evidence for the exist
ence of hydrolyzed copper species. Many hydrolyzed copper 
complexes exist, for example CuOH+, Cu2(OH)2z+, Cu2OH3+,
Cu3(OH)24+, and Cun(OH) 2n_2z+ (22,23,24). Formation
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constants are known for all the above copper hydroxide 
species.

The four differing intercepts from Figure 3 indicate 
that there is copper independent term that is pH dependent 
for the exchange process. Since the intercepts increase 
as hydrogen ion concentration decreases, a logical expla
nation for this behavior would be the attack of hydroxide 
ion on the nickel-phosphoserine complex.

Figure 5 shows a least-squares plot of the four 
intercepts from Figure 3 versus KW/[H+], The positive 
slope indicates that there is a copper independent term 
that varies with hydroxide ion concentration and the 
intercept indicates a copper independent pH independent 
dissociation of the nickel-phosphoserine complex.

Assuming the existence and kinetic activity of CuOH+ 
and the attack of hydroxide ion on the nickel-phosphoserine 
complex to be the explanation for the pH behavior seen, 
equation 10, a complete rate equation for metal exchange, 
showing all possible terms can be written.

NiOPS NiOPS
k„[NiOPS"] = k [NiOPS"] [Cuz+] + k [NiOPS-] [CuOH+]

Cu2+ CuOH+
(10)

NiOPS NiOPS
+ k [NiOPS-] [OH-] + k [NiOPS-]

OH-
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By use of the relations
Cu2+ + H20 - CuOH+ + H+ (11)
for which

[CuOH+] [H+]
Bn = -----------  ------ (12)

[Cuz+]
and
Kw = [OH'][H+] (13)
equation 10 may be simplified and rewritten

NiOPS NiOPS Bu NiOPS Kw NiOPS
k0 = (k + k   ) [Cu2+] + k + k

Cu2+ CuOH+ [H+] OH" [H+] (14)

Using equation 15, the free copper concentration at 
any pH can be calculated from the total copper concentra
tion and from known values of the formation constants for 
each species corrected to 0.1 M ionic strength. The 
corrected values as determined by Ohtaki and Kawai (22) are 
Bn = 5.0 x 1O-0, B21 = 1.4 x 10'6, and B22 = 2.5 x 10"11 which 
correspond to equations 11, 16, and 17 respectively. Figure 
3 shows a weighted least-squares plot of k0 versus free 
copper concentration at four different pH values.

CuT = [Cu2+] + [CuOH+] + 2 [Cu2OH3+] + 2 [Cu2 (OH) 22+] (15)

2Cu2+ + H20 - Cu2OH3+ + H+ (16)

2Cu2+ + 2H20 - CUz(OH)22+ + 2H+ (17)
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NiOPSThe values of the copper dependent terms, k and
NiOPSkCuOH+ ' were res°lved from Figure 4 using equation 18. The

values obtained from weighted linear least-squares analysis 
of Figure 4 were k ^ 2-?S = (8.80 ± 2.54) x 103 M"1 s"1 and

kCuOH+ = (1*02 ± 0.18) x 107 M"1 s"1.
Slope = K»j8?S + kHiOPS J u  (18)

NiOPSThe values of the copper independent terms, k and
NiOPSk , were resolved from Figure 5 using equation 19. The

values obtained from linear least-squares analysis of
Figure 5 were kJ?J?PS = (3.91 + 0.59) x 1010 m"1 s"1 and 
jNiOPS UH

= 18.8 + 2.0 s"1. The resolved rate constants are
listed in Table 5.

Table 5
Resolved Rate Constants for the Reaction 

of NiOPS" and Copper(II)

NiOPS
k (8.80 ± 2.54) X 103 M"1s"1
Cu2'*'
NiOPS

kCu2+ (1.02 ± 0.18) X 107 M"1S~1
NiOPS

k0H" (3.91 ± 0.59) X 1010 M”1s"1
NiOPS

k 18.8 ± 2.0 s"1

Note. Temp. = 25.0 * 0.1°C, n = 0.1M
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NiOPS Kw NiOPS
Intercept = k + k (19)

OH" [H+]

The resolved values of the rate constants can be used 
to construct a theoretical curve of k0 and pH using 
equation 14 at a 10-fold excess copper(II) concentration. 
The theoretical curve is compared to experimentally 
determined values between pH 3.96 and 5.20 in Figure 6. 
Table 6 lists the data. Good agreement is seen over the 
entire pH range studied.
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Table 6

Values of k0 as a Function of pH at 10-fold 
Excess Copper(II) Concentration0

pH k0, sec-1

3.965 29.31 + 2.44
4.050b 27.04 + 1.73
4.090 30.80 + 1.29
4.218 34.06 + 5.15
4.321b 33.81 + 3.70
4.408 34.51 + 1.99
4.522 41.80 + 5.20
4.602 44.53 + 2.05
4.818 52.39 + 2.09
4.880 56.93 + 5.32
5.010b 69.46 + 5.56
5.205b 89.32 + 4.18

0 All values at [CuT] = 2.61 x 10"4 M, /* = 0.1 M,
T ~ 25.0 + 0.1° C except as noted. 

b [CUT] = 2.64 X 10"'' M , fi = 0.1 M, T = 25.0 ± 0.1° C.
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DISCUSSION

The exchange reaction between NiOPS" and copper(II)
appears to proceed through three different pathways: (a)
a complete dissociation of NiOPS" followed by attack of

NiOPScopper, a pathway represented by k , (b) a copper
independent hydroxide ion attack on NiOPS" followed by

NiOPS
copper attack, the pathway represented by k , and

OH"
(c) an attack by either copper(II) ion or CuOH+ on NiOPS"
to yield a dinuclear intermediate, pathways represented by
NiOPS NiOPS

k or k
Cu2+ CuOH+

The structure of the dinuclear intermediate immedi
ately prior to the rate determining step may be confirmed
by comparing the ratio of relative stability constants 
involving similar systems to the ratio of experimental rate 
constants for metal attack for the same systems as shown 
in equation 20.

NiOPS
k
Cu

NiL
k
Cu

33
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Previous work (3,5,8,11,12,13,16) has shown that the 
ratio of experimental rate constants is directly proport
ional to the ratio of dinuclear intermediate stability 
constants assuming the same rate-determining step to hold 
for both systems. If the dinuclear intermediates have 
different rate-determining steps, a ratio of rate constants 
for the different bond cleavages is used to correct for the 
difference.

The relative stability constant, .Kĵ, for each dinu
clear intermediate is defined in terms of the stability of 
the Ni-ligand and Cu-ligand segments involved as compared 
to the stability of the initial Ni-ligand complex.

^i-segment x KCu-segment
K r  =   (21)

^i-complex
The values of were calculated from known stability 

constants chosen to be as internally consistent as possible 
with respect to temperature and ionic strength and are 
listed in Table 7 along with experimental values of the 
rate constants. Table 8 lists the comparisons between the 
known structures and three possible dinuclear intermediate 
structures for the exchange of the nickel-phosphoserine 
with copper(II).

In some comparisons an electrostatic attraction or 
repulsion helps stabilize one intermediate relative to the
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Table 7

Stability and Rate Constants Used in Making Comparisons 
of Likely Dinuclear Intermediates®

Complex Kstab M
NiL
k
Cu

, M-1s_1

NiEDDA 4.46 X 1013 CU 7.5 X 10"2 b
NiEDTA2' 3.31 X 1018 Cu 1.6 X 10"2 C

NiNTA" 3.16 X 10n Cu 1.39 X 10“3 d
NiHEEDTA 1.25 X 1017 Cu 1.5 X 10“2 e
NiOPS" 2.09 X 108 9 Cu 9.5 X 10"3 f

Intermediate metal segment
Ni(acetate)+ 5.5
Ni(glycine)+ 6.03 X 105
Ni(alanine)+ 2.51 X 10s
Ni(methylphosphate) 8.13 X 101
Ni(o-phosphoethanolamine) 7.41 X 101
Ni (NH3)2+ 5.01 X 102
Cu(acetate) 6.76 X 101
Cu(glycine)+ 1.41 X 108
Cu(alanine)+ 1.35 X 108
Cu(OPS)" 2.51 X 109 9
Cu(o-phosphate) 1.58 X 103
Cu(NH3)2+ 1.74 X io*

® All values are at 25.0°C and n = 0.1M or chosen to be as 
close to these conditions as possible. Except as noted 
all values are taken from References 25, 26, 30.

b Reference 8.
0 Reference 7.
d Reference 5.
6 Reference 3.
f This work.
9 Reference 31.
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Table 8

Comparison of Possible Dinuclear Intermediates for the Exchange of NiOPS' 
With Cu(II) to Known Systems

0 0 A  / sHi - H-N - CU \ / \ /0 0

0 0 ̂ A  A  ,♦HI - H-H - Cu* HI - M - O-Cu*
Y

. , A*H1 - H-H - CU 
0 0

n h q u m c u Hi(Em)cu Hidmicu HKBBsmucu
V 1.50 Kg- 1.91 Kg* 0.0286 Kg- 0.448

Structures to be 
Tested

Kg Ni(0PS)Cu 
Kg Hi(ETO)CU

Kg Ni(0FS)CU 
Kg NKBUlCu

Kg N1(0PS)CU 
Kg Hl(HB)Ca

Kg HKOFSlCU 
Kg Hl(BEEDBiCa

8
c-o-cu+

J
11. ĈHCHj-o-P-o-ea*

2.63 x 10-3 -1 «id1.74 x 10 1 -1 bid 2.73 X 10 1 1.22 X 10* C,d 11.7 x 10*1 b|d

1.91 x 102 3.19 x 10* * 5.0 X 10* b 2.23 X 103 ° 2.13 x 102 b

H 'H
H B

9 s \ni. <ni-o-p-o-ch2chx Cu+ 
0. 'g-o7

5.29 x 103 6.95 X 10® b,d 1.09 x 10® d 4.66 X 107 4.65 x 10* d

.Hi OPS” 
*Cu
k"iLCu

5.72 X 105 1.22 X 10® 6.56 X 10® 6.10 x 10S

Note. K r values are based on the stability constants given in Table 7 and chosen to be 
as internally consistent as possible with respect to temperature and ionic strength. The 
experimental ratios of rate constants are based upon the rate constants given in Table 7, 
with u = 0.1M and T = 25.0^0. a Statistical factor 1/4. b Statistical factor 1/2. 
c Statistical factor 1/3. d k^i-phosphate /  kNi-NH3  -  3 9 7 , e Statistical factor 2/3.
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other. The added stability of this contribution is an 
electrostatic factor, Kei' which can be estimated using 
equation 22 where ZA and ZR are the charges involved, e is 
the electronic charge, D is the dielectric constant of 
water, rAB is the charge separation estimated from mole
cular models, T is the temperature in Kelvin, and R is the 
gas constant.

ZA ZB e2log K , = __________________  (22)
2.303 R T D rAB

There may also be a statistical factor which favors 
the formation of one intermediate relative to another and 
this term must be included in making comparisons.

Structures I and II involve cleavage of a nickel- 
oxygen bond as the rate determining step whereas all the 
structures to which it is being compared have nickel-nitro- 
gen bond breakage as rate determining. A factor of 397 is 
used to compensate for this difference and is obtained from 
the ratio of nickel-methylphosphate dissociation, 3570 
s~l , and nickel-amine dissociation, 9 s"1. These dissoci
ation constants, k^, were determined from known stability 
constants (25,26) and experimental formation rate con
stants, kf, for nickel-methylphosphate, 2.9 x 105 s"1, (27) 
and nickel-amine, 4.5 x 103 s-1 (28,29) using equation 23.

kf
Kstab = —  <23>

kd
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Values of Kel, statistical factors, and a factor to 
compensate the difference between cleavage of a nickel- 
oxygen bond compared to that of a nickel-nitrogen bond are 
included where appropriate. The last row in Table 8 shows 
the ratios of experimental rate constants. A comparison 
of the ratio of experimental rate constants to the pre
dicted ratios of intermediate stability constants shows 
that only structure III gives predicted values that agree 
closely to the experimental rate constant ratios. Other 
structures listed in Table 8 as well as some not listed 
were tested and gave values which differed by several 
orders of magnitude.

Structure III, the proposed structure of the dinuclear 
intermediate, consists of nickel bonded to a phosphate 
oxygen and copper bonding to the glycine segment of OPS. 
This is much like the dinuclear intermediate found in other 
polyaminocarboxylate exchange reactions, with the exception 
being the NiNTA-Cu intermediate as shown in Table 8.

Knowledge of the structure of the dinuclear inter
mediate allows a mechanism to be postulated for the metal- 
exchange of NiOPS" and copper. This is shown in Figure 7. 
The reaction pathway 1 •+ 2 -*■ 4 represents kNl0PS with k12 

being the rate determining step. The pathway 1 -*■ 3 -*• 4, 

proceeding through the dinuclear intermediate, represents
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Ni(OH)(OPS) <- 

+
Cu2+ 

k 6 s||k 5 6  

Ni(OH)(OPS)Cu (6)

k!5
(1)

OH- + NiOPS- 

+
Cu2+

A

*31 *13

O
ii

H H
\ /

+Ni-0-P-0-CH2CH Cvfr 
o  'c oU .  ii

CuOPS- + Ni(OH)+ (3) 0

(7)

kJ? v  

*21

*34

(2)
OPS3- + Ni2+ 

+
Cl|2+

*24

CuOPS- + Ni2+ 

(4)

Figure 7. Proposed Mechanism for the Transfer o f Ortho-phosphoserine
From Nickel to Copper.

COto
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NiOPS NiOPS

k and k , depending upon the attacking species.
Cu2+ CuOH+

Step 3 -*• 4, rupture of the nickel-oxygen bond in species 3

is the rate-determining step for the copper dependent
pathway. Pathway 1 -> 5 -+ 6 -> 7 also contributes to the
formation of products. Step 1 5, represented by kNl0PS,

OH"
involves the attack of hydroxide on one of the three water
molecules coordinated to NiOPS" to abstract a pi ton and
form Ni(OH)OPS. The value of the experimental rate
constant kNl0PS, 3.91 x 1010 M“1s"1, is within the range 

OH"
1010 - 10u reported by Eigen for the abstraction of a 
proton from a water molecule coordinated to a metal ion 
(32) . Coordinated hydroxide has been shown to labilize 
subsequent reactions of nickel complexes (33). Thus, at 
very low hydroxide ion concentration, step 1 -*• 5 becomes 

rate limiting because pathway 5 -*■ 6 -*• 7 is identical to 

1 -*■ 3 -*• 4 except that the former has a labilizing coordi

nated hydroxide attached to nickel and therefore proceeds 
faster. This is the reason that no copper dependency is

NiOPS
seen in the hydroxide attack term k

OH"
The rate constant for the attack of CuOH+ on NiOPS" 

shows enhanced behavior compared to that for copper as can 
be seen by comparing rate constants in Table 5. The
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accelerating effect of hydrolyzed copper has been seen in 
other systems as shown in Table 9.

The explanation that has been previously set forth is 
that the enhanced rate of attack of CuOH+ is due to the 
formation of some type of hydrogen-bonded or hydrogen- 
bridged intermediate that would impart an added degree of 
stability to the intermediate (11,13). In the present 
system, the hydroxide hydrogen could hydrogen bond to one 
of the oxygens in the phosphate group, or the hydroxide 
oxygen could form a hydrogen bond to a proton of one of the 
water molecules coordinated to nickel. Structure I illus
trates hydrogen bonding in the dinuclear intermediate for 
the interaction of CuOH+ with a phosphate oxygen.

0H2

0H 2

0H2

Structure I
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A space-filling molecular model of Structure I was built 
and showed the center to center distance between the phos
phate oxygen and the hydroxide hydrogen to be approximately
O2A. The strength of the hydrogen bond illustrated in

Structure I or the strength of a hydrogen bond between the
hydroxide oxygen and water coordinated to nickel would
cause a considerable increase in the stability of the
intermediate, and would be reflected in the kN^0PS / kNiOPS

CuOH+ Cu2+
ratio.

It is interesting to note that in the present system
NiOPS NiOPS

the ratio of k to k is 1235 and nearly identical
CuOH+ Cu2+

to the ratio of 1240 for the NiEDDP system (13). In that 
system, a strong hydrogen bond between a free carboxylate 
group and the hydroxide bonded to copper was proposed to
explain the large increase in rate seen in comparing
kNiL to kNiL 
CuOH+ CU2+.
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Table 9

Comparison of Rate Constants for the Attack of 
Cu2+ and CuOH+ on Various Complexes®

Complex
NiL

k
Cu2+

NiL
k
CuOH+

NiL NiL 
k / k 
CuOH+ cu2+

NiBPEDA2+ 4.9 x 10"* 0.108 220b
Ni (trien)2+ 2.7 80 30°
Ni (EDTA)2" 0.075 1.4 18 d'8
Zn(EDTA)2" 67 220 33f
Ni(OPS)- 9.15 X 103 1.13 X 107 12359
Ni(EDDP) 7.51 X 10"3 9.29 1240h

a All rate constants in M_1s_1 at 25° C.
Reference 11. 

c Reference 15.
Reference 7.

NiEDTA NiEDTA
The data to resolve kCu and kCu0H were not cor
rected for any hydrolyzed species.

f Reference 9.
^ This work.
Reference 13.
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Concentration and Absorbance Relationships

Equation 7 relating the concentration of NiOPS” to the absorbance 
at any time t, Â., the final absorbance, Aro , and the molar absorpt- 
ivities of reactants and products was derived in the following manner. 
The absorbance at any time, Aj., is equal to the sum of the absorbances 
of the reactants retaining and of the products formed.

*fc * ^NiOPS-^^[NiOP3-]̂  + fi^-tbJCCuOPS-lt + 6N12+(b)[Ni2+]t

+ e Cu2+(b)[c“2+3t <24>

The concentrations of Ni2+, Cu2+, and CuOPS” at any time are related 
to the final concentrations and the concentration of NiOPS” at any 
time.

[Ni2+]t = [Ni2* ^  - [NiOPS”]t (25)

[Cu2+]t = [Cu2-*-]̂ + [NiOPS”]t (26)

[CuOPS“]t = [ CuOPS” Jjq - [NiOPS“]t (27)

Substitution of equations 25, 26, and 27 into equation 24 and re
arrangement gives equation 28.

At = [NiOPS”]t(b)( 6 N.ops_ + 6cu2+ ” 6 ^ *  * £CuOPS” > +

(28)€ Cu2+(b)CCtt2+]flD + e Ni2+(b)[Ni2+]00 + 6cu0ps_(b) [CuOPS-]*

At equilibrium the absorbance due to NiOPS” is negligible, therefore, 
the final absorbance is expressed as follows
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4 7

\o= W  £ Cu2+CCu2+]t0 + 6 N12+[Mi2+loo + 6-Cu0PS-[Cu0PS"1®  > (29)

and substitution of equation 29 into equation 2B and solving for the 
concentration of NiOPS" gives the desired relation, equation 7.

[Niops-]t = ----------------fo—r A°°--------------------  (7)

b^fiNiOPS" + 6 Cu2+ ~ £Ni2+ “ fiCuOPS“ *
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Agreement Between Observed and Expected Absorbance Values 
to Show the Absence of Stable Intermediates

To show the absence of any stable intermediates in the metal- 
exchange reaction, expected absorbance values were compared to 
observed absorbance values over six half-lifes as shown in Table 10.
The difference between observed and expected absorbances, A A, can 
be attributed in part to cell path length (b) differences between 
the Cary 14, where b = 1.00 ± 0.01 can, and the stopped-flow cell 
where the cell path length is 1 an and not known with the same pre
cision. Another contributing factor is the error in reading absorbance 
values from photographs, where the width of the line drawn through 
the traces could be significantly greater than the error in the ab
sorbance value read from the Cary 14.

The expected absorbance values were calculated by summing the 
contribution to the total absorbance the absorbance of all reactants 
and products. Using equilibrium concentrations of all reactants and 
products at each half-life and the molar absorptivities given in 
Table 2, expected absorbances were calculated using equation 27. The

^expected = <b)( £ + « Ni2+[»i2+]t * S i 0 P S-[N:i0PSrIt +
(30)

£ NiH0PS[NiH0PS]t + -Cu0PS-[CU°PS"]t + W > S [CuH0PS]t }

observed absorbance values were determined from %T and time data taken 
directly from polaroid photographs of oscilloscope traces.

Since the difference between observed and expected absorbances is 
nearly identical over six half-lifes, no evidence of any stable inter-
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Table 10
5 0

Comparison Between Observed and Expected Absorbance Values 
for the Exchange Reaction of Nickel-phosphoserine 

and Copper(II)

Number of 
half-lifes ^observed Aexpected A A

1 0.0542 0.0768 0.0226
2 0.0596 0.0822 0.0226
3 0.0623 0.0848 0.0225
4 0.0637 0.0857 0.0220
5 0.0644 0.0861 0.0217
6 0.0647 0.0863 0.0216

Note. pH = 4.218, ju = 0.1 M, half-life for the exchange reaction 
under these conditions is 0.02 seconds.

mediates is found. The consistent difference between expected and 
observed absorbance values can be attributed to the fact that molar 
absorptivities used to calculate the expected absorbance values were 
determined on an instrument other than the one from which absorbances 
were observed.
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