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KINETICS OF THE METAL-EXCHANGE REACTION BETWEEN 
N-(2-PYRIDYLMETHYL)IMINODIACETATONICKEL(II)

AND COPPER(H)

Kassahun W. Beyene, M.A.

Western Michigan University, 1987

The reaction between N-(2-pyridylmethyl)iminodiacetatonickel(II), (NiPylDA), 

and copper(II) was studied spectrophotometrically over the range of pH 2.30 to pH 

3.30 and a 10-fold variation in copper concentration at an ionic strength of 1.25 M, and 

a temperature of 25.0 ±  0.1°C. The reaction is first order in both NiPylDA and copper 

(IT). The reaction is pH sensitive, and terms involving proton attack and a copper 

dependent dissociation of the nickel complex were resolved from the data. The kinetic 

data are consistent with an exchange reaction which proceeds through a dinuclear inter­

mediate having a 2-aminomethypyridyl segment bonded to nickel and an acetate bonded 

to copper with the second acetate arm uncoordinated. The rate-determining step 

involves the rupture of the nickel-aliphatic nitrogen bond in the dinuclear intermediate. 

Evidence is given for a postulated mechanism of unwrapping PylDA from the nickel 

complex, followed by copper attack to give a dinuclear intermediate.

A comparison of the present system to analogous metal-exchange reactions with 

copper(II) is made and used to account for the important kinetic features of the reaction 

which involve the absence of an order shift in the copper concentration as the copper 

concentration is increased.
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INTRODUCTION

The exchange of multidentate ligands from one metal to another, as represented by 

equation 1,

ML + M’ —-> M'L + M ( 1 )

has been extensively studied for a variety of metal ion and aminocaroxylate ligand 

combinations under different conditions, using many different methods (1 ,2 ,3 ,4 ,5 , 

6,7 ,8 ,9 ,1 1 ,1 2 ,1 3 ) . One report dealt with an interesting type of polyamine ligand 

having both aliphatic and aromatic dentate sites (1 4 ) . The ligand, N,N-bis- 

( 2-picolyl)ethylenediamine, is unusual in that the aromatic nitrogens are relatively quite 

acidic yet without a corresponding decrease in metal-ligand complex stability (4 ,5 ) . 

The log stability constant of N-(2-pyridylmethyl)iminodiacetatonickel(II) is 11.22 (16, 

17), while that of iminodiacetatonickel (II) is 8.13 (1 2 ), indicating a certain degree of 

added stability due to the 2-pyridylmethyl group. Thus compared to complexes of ali­

phatic analog, the complexes from ligands wth aromatic nitrogens are far more stable in 

acidic solutions (13 ,15 ,18 ,19 ,20 ). This makes the metal-exchange reactions 

possible at lower pH values. Furthermore, the replacement of aliphatic nitrogens by 

aromatic nitrogens has a pronounced steric effect upon formation reactions with transi­

tion metals (1 4 )  and it is of interest to see whether the same effect will manifest itself 

in metal exchange reactions as well.

Detailed studies have shown the mechanism of these reactions to follow the 

successive breaking of series of coordinate bonds from the intial metal-ligand 

complex, followed by a stepwise coordination to the attacking metal ( 1, 2, 3 ,4 ,5 ,6,

7 ,13 ,21 ,). This process leads to the formation of a dinuclear intermediate found in all

1

r
•
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cases, where sterically possible (4 ,5 ,2 2 ,2 3 ,2 4 ,2 5 ) , followed by breakup to form 

products. Depending upon the system, the position of the rate determining step is a 

function of pH ( 5 ,7 , 8,1 0 ), attacking metal concentration (7 ,8 ,1 1 ,1 2 ,1 3 ) , the 

relative stability of the intermediate metal segment (3 ) ,  and the relative rate of water 

loss from the aquo metal complex (9 ) . In most cases, the ratio of the rate constant of 

the two metal-exchange systems can be approximated by the ratio of the relative stabi­

lity constants for the dinuclear intermediates involved (2 ,3 , 5 ,6, 8,11 ,1 2 ,1 3  ). In 

a few cases, a change in the attacking metal concentration and hydrogen ion concentra­

tion caused shifts in the rate determining step ( 7 ,8, 1 2 ).

The present study is concerned with the exchange reaction between Cu(H) and 

N-(2-pyridylmethyl)iminodiacetatonickel(II), as shown in equation 2,

NiPylDA + Cu+2 ---------> CuPylDA + Ni+2 ( 2 )

The PylDA ligand has both aromatic and aliphatic nitrogen dentate sites in 

comparison to the ligands utilized in the other metal-exchange systems ( 3 ,6,7 , 8, 10, 

11,12,13). Ligand structures are shown in Table 1.

This study demonstrates that the reaction shown in equation 2 proceeds through 

two pathways: ( a ) a hydrogen dependent pathway, and ( b ) a copper dependent 

pathway, which proceeds through a dinuclear intermediate, Ni(PyIDA)Cu, having a 

2-aminomethylpyridyl segment bonded to nickel and one acetate bonded to copper, and 

the other acetate uncoordinated. The structure of the dinuclear intermediate has been 

characterized by comparison of the rate constant ratios to the relative stability constant 

ratios using other similar systems. Further, a kinetic scheme has been developed that 

accounts for the existence of such an intermediate.
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Table 1

Nickel-ligand Complex, Abbreviations and Ligand Line Formulas

NiL Complex Abbreviations Ligand Line Formula

Ethylenediaminetetraacetato-
nickelate(II) NiEDTA2'

(HOOCCH2)2N-CH2CH2-N(CH2COOH)2

Ethylenediaminediacetato-
nickel(II) NiEDDA

HCXX:CH2 NHCH2CH2HNCH2COOH

Bis(iminodiacetatoamino-N,0,0') 

nickelate(II)
Nitrilotriactatonickelate(H)

Iminodiacetatonickel(II)

Ethylenediamine-N,N'-dipropionato-
nickel(II)

Ni(E)A)22"

NiNTA-

NilDA

NiEDDP

HN( CH2COOH )2

N(CH2COOH)3

HN(CH2COOH)2

HOOCCH-NHCH2CH2HN-CHCOOH

N,N'-bis(2-picolyl)ethylenediamine-
nickel(II) NiBPEDA2+

< ^ - n h c h 2c h 2h n ^

N-(2-pyridylmethyl)iminodiacetato-
nickel(II) NiPylDA

< ^ C H 2N(CH2COOH)2

F..................... .............. ..
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APPARATUS AND REAGENTS

Apparatus

All spectral measurements were done on a Cary Model 14 spectrophotometer. 

All the kinetic measurements were made in a 10-centimeter cell on an automatic 

recording spectrophotometer, Model 2000, Gilford Instrument Laboratories, Inc., 

which used the Beckman DU as a monochromator. The cell compartment of the 

spectrophotometer was maintained at a constant temperature of 25.0 ±  0.1°C by 

circulation of thermostated water from a water-bath.

The spectrophotometer settings for all kinetic measurements were as follows: 

wavelength 740 nm, slit width varied from 0.2-0.8 mm, reciprocal dispersion, ( D’l ),
o

of 37 A /  mm, tungsten lamp source, chart speed 5 inches per hour.

All pH measurements were made using either a Beckman Research Model 110 pH 

meter or an Orion research Model 801 digital pH meter, Scientific Products. A single 

combination electrode was used on both meters. Beckman standard buffer solutions of 

pH 4.01 and pH 6.86 were used to standardize the pH meter. All pH measurements 

were taken at 25.0 ±  0.1 ^C.

Reagents

Primary Standard. CopperfID Nitrate

Baker analyzed reagent grade copper foil, 99.6% pure, was cleaned and rinsed in 

dilute nitric acid. The foil was further rinsed with water and acetone, and air dried. A 

weighed portion was dissolved in a minimal amount of concentrated nitric add and 

diluted to volume.

4
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NickelflD Nitrate

Baker analyzed reagent nickel(II) nitrate, Ni(N0 3 >2 . 6H2 0 , 99.5% pure was 

used to make a nickel(II) nitrate solution, which was standardized by titration against a 

standard EDTA at pH 5.5 using acetate buffer and 0.1% aqueous NAS as the 

indicator.

CopperQD Nitrate

Copper(ll) nitrate, Cu(N03>2 • 3H2 0 , 99.91% pure, from Mallinckrodt Chemical 

Works, was used to make copper(II) nitrate solution, which was standardized with 

standard EDTA at pH 5.5 using acetate buffer and NAS as the indicator.

Ethvlenediaminetetraacetic Acid. Disodium Salt ( Na? EDTA)

Reagent grade ethylenediaminetetraacetic acid, disodium salt, dihydrate, 99+ % 

pure from Aldrich Chemical Co. was used without further purification to make an 

EDTA solution, which was standardized by titration with the primary standard coper(II) 

nitrate solution at pH of 5.5 using acetate buffer NAS as the indicator.

2-Aminomethvlpvridine

2- Aminomethylpyridine, 99% pure, from Aldrich Chemical Company, Inc.was 

distilled under reduced pressure (60-65 °C, 25-30 m m ). The middle fraction was 

saved for further use.

N-(2-pvridvlmethvlliminodiacetic Acid

Condensation of 2-aminomethylpyridine and sodium monochloroacete was used
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to prepare N-(2-pyridyhnethyI)iminodiacetic acid following the procedure of Irving and 

Da Silva (1 6 )  and Thompson (1 7 ).

The synthesis of N-(2-pyridylmethyl)iminodiacetic acid is summarized in the 

following scheme,

A dry, 500 mL, three-necked, round bottom flask was equipped with a Teflon - 

coated magnetic stirring bar, reflux condenser, and a heating mantle. The flask was 

charged with a solution of sodium monochloroacetate (6.99 g, 0.06 mole), dissolved 

in a minimum volume of water (=100  m L ), from which insoluble impurities were 

removed by filtration. Sodium monochloroacetate was obtained from Lancaster 

Synthesis, Ltd. Freshly distilled 2-aminomethylpyridine (3.24 g, 0.03 m ole) was 

added dropwise from a buret over a period of 5-10 minutes. The mixture was stirred 

for 2 hours under reflux while maintaining the pH at about 8-9 by the dropwise 

addition of 5N NaOH from a buret during the period o f the reflux. The tan mixture 

was stirred for 2 hours at a temperature between 75-80°C; chilled in an ice-salt bath 

( temperature, -2°C ) for 2 hours and made strongly acid with 6M H Q  ( pH about 

2.7-2.8 ). Then, the solution was concentrated under reduced pressure with a rotary

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

5M NaOH 6MHC1

H2NH2 + 2CH2CCX)-Na+

pH 8-9 pH 2.7-2.8 

Reflux, 2 hrs 

75-80°C

:H2N(CH2COOH)2



evaporator ( 15-18°C, 15-20 m m ). Slight warming with an oil bath at 18-20°C 

allowed volume reduction at a reasonable rate. The bath was not heated above this 

temperature because higher temperatures caused a dark slurry material to form which 

makes isolation difficult. Needle shaped crystals precipitated ou t More of the crystals 

were harvested when the solution was kept in an ice-salt bath for one day. Similar 

yields were obtained when the reaction mixture was allowed to cool at room tempera­

ture for over three days. The crystals were collected by suction filtration. The product 

was recrystallized from 95% aqueous ethanol and dried in a vacuum dessicator to 

constant weight. Subsequent cropping of the product was difficult because of the 

formation of a dark red viscous oil which upon dissolution in aqueous ethanol 

deposited a variety of crystals as indicated from melting point determination. No 

attempt was made to identify the undesired products. Recovery appeared to be unsatis­

factory after the first crop. The yield of pure N-(2-pyridylmethyl)iminodiacetic acid 

in one crop is 2.46 g ( > 37%). The m.p. was 182-183°C which is to be compared 

to the literature values of 174-175°C (16 ) and 184-18°C (1 7 ). Solutions of 

N-(2-pyridylmethyl) iminodiacetic acid, 0.0523g in 25 mL water-ethanol (95% ), 

were standardized by potentiometric titration against a carbonate-free standard NaOH 

(0.01018 M ) using a Beckman research Model 110 pH meter. Beckman standard 

buffer solutions, pH 4.01 and pH 6 .86, were used to standardize the pH meter. The 

molecular weight determined from the titration was 223.4 g which is within 0.5% of 

the theoretical value of 224.6g. Elemental analysis gave the following: Anal. cald. 

for C 1oH12N20 4 : C.53.6; H,5.4; N, 12.5; Found: C ,51.23; H.5.62; N,

12.22. Elemental analysis was performed by Midwest Microlab, Ltd., Indianapolis, 

Indiana.

The compound was analyzed for organic chlorine, to determine if traces of chloro- 

acetic acid were present as a contaminant. Sodium fusion of the compound, followed

t ■
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by the addition of acidic silver nitrate (2 6 )  showed traces of chloride to be present.

The spectral characteristics are as follows: FT IR ( K Br) spectrum and the IR 

frequencies are shown in Figure 5 and Table 9 in the Appendix A. FT NMR (200 

M H z; D2O ) 9 ( ppm ): 3.61 2 protons, Ha ( singlet), 4.28 4 protons, Hb 

( singlets), 7.51 2 protons, H j, H^' ( multiplets), 8.02 1 proton, Hg ( multiplet ), 

8.45 1 proton, Hf ( multiplet).

H-NMR spectrum for PylDA is shown in Figure 6 in Appendix D.

Previously reported synthesis procedures for the preparation of N-(2-pyridyl- 

methyl)iminodiacetic acid used an isolation method which involved forming a copper 

complex (1 6 ), or a rather laborious multi-operative technique (1 7 )  gives only a 

modest overall yield of the acid. The procedure described here was developed using a 

similar reaction sequence ( see the scheme on page 8 ), and offers advantages because 

manipulations are simple and the procedure can be carried out in a convenient two- 

step operation, on a small or large scale with moderate yield. When using this proced­

ure, it is essential to monitor the temperature and the pH of the reaction mixture. No 

detailed synthesis and spectral characterization of the compound has appeared in the 

chemical literature before.

NAS Indicator

0.1% aqueous solution was prepared using NAS,( Naphthylazone) from G. 

Frederick Smith Co.

H / J c - N(CC00Hg)2
»*f Ha Hb

^  f tH a  Hb

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



9

Acetic Acid-Sodium Acetate Buffer

Granular sodium acetate, NaC2H302 • 3H2O, analytical reagent from 

Mallinckodt, Inc. was used to make the acetate buffer of pH 5.5; pH adjusted to 5.5 

using 6MHC1 and /  or 6M NaOH.

N-f2-PvridvImethvlMminodiacetatonickel(in. ( NiPylDA)

The NiPylDA solution was prepared by mixing equimolar volumes of 

nickel(II) nitrate solution and N-(2-Pyridylmethyl)iminoacetic acid. The solution was 

then adjusted to pH 6.5 with NaOH pellets, and the final concentration of the NiPylDA 

was calculated. The concentration of NiPylDA was also standardized spectrophoto- 

metrically after reaction with 1000 fold excess of cyanide ion at pH 10 to form the 

tetracyanonickelate(II) complex by comparison of the absorbance at 267 mn with that 

of a standard NifCN)^- solution.

N-f2-pvridvlmethvlMminodiacetatocoDDer(ir>. ( CuPvIDA 1

TheCuPylDA solution was prepared by combining equimolar volumes of 

standard copper(II) nitrate solution with standard PylDA followed by adjustment of 

pH with NaOH pellets to pH 6.5.

All solutions were prepared with deionized water that had been treated by 

passing distilled water through a mixed bed ion exchange column, Amberlite MB-3, 

and distilled twice thereafter.

All other chemicals were ACS grade and used without further purification.

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



EXPERIMENTAL

Spectrophotometrie Study of Reactants and Products

The absorption spectra of all reactants and products were obtained from 400 nm to 

800 nm. These spectra showed the largest differences in molar absorptivity between 

reactants and products to be at 740 nm ( Figure 7 in Appendix C ). All kinetic measure­

ments were made at this wavelength. This corresponds to the absorption maximum for 

CuPylDA with minimal contribution from the other species.

The molar absorptivides of all species were determined at 740 nm and are listed in 

Table 2. The ionic strength of all solutions was adjusted to 1.2SM with SM sodium 

perchlorate solution. This ionic strength was chosen in order to make comparisons of 

the results with previous work performed at similar ionic strengths.

Reaction Conditions and Rates

The reaction in equation 2 was studied by measuring the increase in the absor­

bance due to the formation of CuPylDA. No buffer was used since there is no net 

change in the number o f protons in the reaction. This was demonstrated by monitor­

ing the pH as the reaction proceeded. A ten to approximately one hundred fold excess 

copper(II) over NiPylDA was present in the reactions studied. The experimental 

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

To commence the reaction, a volume of stock copper(II) nitrate was introduced in­

to a 150-mL beaker and enough sodium perchlorate was added to give an ionic 

strength of 1.25M upon dilution to the final volume. The pH was adjusted with NaOH

10
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Table 2

Molar Absoipdvides of Reactants and Products at 740 nm.l

Species £ ,  L mol'* cm'*

Ni+2 2.05 ±0.07

Cu+2 9.45 ±0.05

CuPylDA 71.7 ±0.9

NiPylDA 3.24 ±0.07

1 pH 4.00, p. = 1.25M, Temperature = 25.0 ±  0.1°C, and Cell Path-length of 10-cm.

and /  or HC1 while bringing the volume to about 100 mL. The solution was transfer­

red to a 100-mL volumetric flask and filled to the mark with deionized water. Both the 

copper and NiPylDA solutions were transferred into 150-mL beakers, placed in a cons­

tant temperature bath of 25.0 ± 0.1 °C and allowed to equilibrate. At the time of the 

experiment, an aliquot of NiPylDA solution, which contained 1.96 x 10'^ M 

NiPylDA, was injected into the constantly stirred copper solution with a plastic 

syringe. The recorder to the spectrophotometer was turned on at the same time that the 

PylDA solution was injected. The reaction mixture was stirred continuously for one 

minute, equilibrated for an additional minute, and transfered to a 10-cm spectrophoto- 

metric cell.

The reactions were monitored for at least four half-lives or approximately for four 

hours; however, some reactions were monitored for more than ten half-lives to
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ascertain for reversibility. No evidence of a significant reverse reaction was found.

Table 3

Experimental Conditions

INiPylDA ] 1.96 x IO-4  M

[C u+ 2 1 1.98 x lO-3 M to 1.98xl0-2 M

pH range 2.30 to 3.30 pH units

Wavelength 740 nm

Cell path length 10.0 cm

Temperature 25.0±0.1°C

Ionic strength, p. 1.25 M
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RESULTS

Kinetic Expression for the Reaction

In all rate studies the copper ion concentration was in at least a 10-fold excess over 

the NiPylDA concentration. The reverse reaction was negligible under the conditions 

used.

The reaction of NiPylDA with copper was found to obey the first-order rate 

equation

-d[NiPyIDA] /  dt = d[CuPyIDA] /  dt = ko [ NiPylDA] ( 3 )

where kg represents the pseudo-first-order rate constant. The integrated form of 

equation 3 yields,

In [ NiPylDA]t = In [ NiPylDA]0 - kg ( 4 )

where [ NiPylDA ]t is the concentration of NiPylDA at time t, and [ NiPylDA ]0 is the 

initial concentration. The loss of NiPylDA is inversely proportional to the formation 

of CuPylDA and related to the change in absorbance as the reaction progresses. 

Equation 5 relates the final absorbance, Aoo, the absorbance at anytime time t, At , the 

molar absorptivities of reactants and products, L , and the cell path-length, b, to the 

concentration of NiPylDA. The derivation of equation 5 is given the Appendix D.

Plots o f -In ( Aoo -At) versus time were linear over four half-lives and demons­

trated that the reaction in equation 3 was first-order in NiPylDA. A typical plot is

13

r~-
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A t -  Aoo
[ NiPylDA ] =   ( 5 )

b ( f NiPylDA + £Cu+2 - e CuPyID A -f Ni+ 2 )

shown in Figure 1.

After the kinetic behavior was well established, a curve fitting program was used 

for each set o f data to obtain optimum values of the observed pseudo-first-order rate 

constant, the final absorbance of the reaction, Aoo. and the change in absorbance that 

the reaction experienced, Aj. The program gave the best least-squares fit for equation 

6.

At = Aie-kt + Aoo ( 6 )

Vety good agreement between the predicted and experimental absorbance values 

was found showing that the reaction went to completion.

The order in copper obtained by monitoring reactions at constant hydrogen ion 

concentration in which the copper concentration was varied between a 10- and a 100- 

fold molar excess over NiPylDA. Table 4 lists the data. Figure 2 demonstrates the 

linearity of the plots obtained from the data in Table 4.

The effect of pH variation upon the rate is shown in Figure 2, which demonstrates 

that the exchange reaction is pH sensitive since the rate constant increases with decreas 

ing pH values. The pH range studied was between pH 2.30 and pH 3.30.

The dependence upon hydrogen ion concentration was established by measuring 

the reaction rate over at least a 10-fold excess in copper(II) concentration and varying 

the pH from 2.30 to 3.30. A plot of the intercept for each line shown in Figure 2 is 

plotted as the function of hydrogen ion concentration and Figure 3 is obtained. This is 

linear, thus demonstrating first-order behavior in hydrogen ion concentration.

r--------[:L
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Table 4

Values of ko as a Function of pH and Copper(II) Ion Concentration.!

PH [ Cu +2 ], M k^, sec-1

2.30

2.52

2.75

3.01

1 .9 8 x l0 -3

3.96x10-3

5.93 x 10-3 

7.91x10-3 

1.98x10-3

3.96x10-3

5.93 x 10-3

7.91 x 10-3

1.98 x 10-3

3.95 xlO-3 

5.93x10-3

7.91 x 10-3 

9.89x10-3 

1.19x10-2 

1.58 x 10-2

1.98 x 10-2

1.98 x 10-3

3.96 x 10-3 

5.93x10-3

(6.36 ±  0.04 ) x l 0 ' 4 

(6.09 ±  0.05 )x  lO-4 

( 6.66 ±  0.06 )x  lO-4 

(6.79 ±  0.09 )x  lO’4 

(6.36 ±  0.04 )x  10-4 

(3.61 ±  0.04 )x  10-4 

(3.98 ±  0.03 )x  lO' 4 

(3.88 ±  0.07 )x  10*4 

(1.52 ±  0.08 )x  10-4 

( 1.68 ±  0.04 )x  10-4 

(1.78 ±  0.03 )x  lO' 4 

(1.54 ±  0 .01) x lO*4 

(1.90 ± 0.01) x lO’4 

(2.08 ±0.01 )x  lO' 4 

( 2.21 ±  0.02 )x  10-4 

(2.39 ±0.04 )x  10-4 

(9.28 ±  0.11 )x  10-5 

(9.65 ±  0.13 )x  10*5 

(9.65 ±0.11 )x  10-5
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Table 4 -Continued

PH [C u+2],M ko .sec-V

7.91 x 10-3 (9.85 ±  0.14 )x  10-5

3.30 1.98x10-3 (3.83 ±  0.05 )x  10-5

3.96x10-3 (4.01 ±  0.20 ) x  10-5

5.93x10-3 (3.57 ±  0.20 )x  10-5

7.91 x 10-3 (7.46 ±  0.30 )x  10-5

1 At Constant [ NiPylDA ] = 1.96 xlO ' 4  M. *1=1.25 , T = 25.0±0.1°C.
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Resolution of Rate Constants

The effect that the change in copper concentration has on kg is shown in Figure 2, 

at several pH values. A linear dependence was found throughout the entire copper con­

centration range studied analogous to the NiEDDP-Cu (1 3 ) , NilDA-Cu (1 1 )  and 

NiHEEDTA-Cu (2 6 )  systems. This is in marked contrast to the NiEDTA-Cu (7 ) , 

NiEDDA-Cu ( 8 ) and Ni(IDA)2^'- Cu (12) systems which showed a variation in 

order with respect to copper concentration as the copper concentration was increased. 

The value of the copper dependent term, kQ,NiPyIDAj was obtained from the slopes 

of the lines at constant pH shown in Figure 2. The average value of kQjNiPylDA f 

obtained from the linear least-squares analysis of the data in Table 4 is (6.23 ±  0.22) 

x 10'3 M 'lS 'l .  The intercept of these plots is a hydrogen dependent term for the 

dissociation of NiPylDA.

Values of the intercepts, kj, of the lines shown in Figure 2, are copper independ­

ent terms for each pH studied. A plot of kj versus hydrogen ion concentration 

shown in Figure 3 was linear. The slope of this line represents the hydrogen depend­

ent term, kfjNiPylDA. jjje value obtained from the least-squares analysis for 

kHNiPyIDA is (1.28 ± 0 .06) x 10‘1 The intercept was a small negative

number, kj = (-5.34 + 2.01) X 10*5 S‘*, which indicates that the copper and hydro­

gen independent dissociation of NiPylDA is negligible or non-observable under the 

experimental conditions studied. Similar conclusions were arrived at in other studies 

(1 1 ,1 3 ) for copper-independent and hydrogen-independent pathway. The resolved 

rate constants are listed in Table 5.

Previous studies on similar systems ( 7 , 8,9 ,1 0 ,1 1 ,1 2 ,1 3 ) have shown the 

following terms to contribute to the rate of metal-exchange reaction: Proton attack, 

copper attack, and pH and copper-independent dissociation of the initial nickel
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complex. Each of these play a large or small role or may be non-observable in a given 

metal-exchange system depending upon the ligand and metal pair involved.

A complete rate equation for metal-exchange, showing all possible terms, is given 

in equation 7.

-d[NiPyIDA]/dt = ( k Q , ^ 10^  Cu+2]+kHNipyIDA[ H+]+ kNiPylDA [NiPylDA] (7)

Since the term kNiPylDA js experimentally not observed, equation 7 can be 

expressed as shown in equation 8 for the system under study.

-d[NiPyIDA]/dt = ( k c uNipyIDA [ Cu+2 ] + kHNiPyE>A [ H+ ] )  [NiPylDA] (8)

where k0 = k c uNipyIDA [ Cu+2 ] + kHNipyIDA [ H+ ] .

Table 5

The Resolved Rate Constants for the Reaction of NiPylDA-and Copper

Constants Values

kjjNiPylDA ( 1.28 ±0.06 Jx lO ’iM ^ S -1

k^N iPylD A ( 6.23 ±0.22 )x  lO’3 M ^S ’1

1 p.= 1.25 M ,T  = 25 .0±0.1°C .
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DISCUSSION

The NiPyIDA-Cu(II) reaction appears to proceed through two different pathways: 

( a ) a proton-assisted dissociation of NiPylDA followed by attack of copper(II) ion 

on the dissociated ligand, the pathway represented by kjjNiPylDA t and ( b ) an 

attack by copper(II) ion on partially unwrapped NiPylDA to yield a dinuclear inter­

mediate, the pathway represented by kQjNiPylDA,

The structure of the dinuclear intermediate may be obtained using the same pro­

cedures followed for other similar systems (3 ,4 ,5 ,8 ,1 1 ,1 2 ,1 3 ) . Previous metal- 

exchange studies have shown that the structure of the dinuclear intermediate immediate­

ly prior to the rate-determining step may be characterized by comparison of the rate 

constant ratios involving similar systems to the relative stability constant ratios for the 

same system as shown in equation 9.

w , NiPylDA K Ni(PyIDA)Cu
__________  =   ( 9 )

kCuNiL KrNi( L ) Cu

The comparison assumes the rate-determining step to hold for both systems. The 

values of Kr is calculated according to equation 10 where KNisegment ^

K q ,  segment 3116 stability constants of that portion of the ligand bonded to nickel 

and copper respectively and Kjqj complex is the stability constant of the original 

nickel ligand. The values of Kr were calculated from known stability constants listed 

in Table 6 chosen to be as consistent as possible with respect to temperature and ionic 

strength. Table 7 lists the comparison between the known structures and the seven

22
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Table 6

Stability and Rate Constants used in Making Comparisons of Likely
Dinuclear Intermediates.2

Complex Kstab M k c uNiL.

M-JS ' 1

NiPylDA 1.66 xlO,1* Cu 6 .2 3 x l0 ‘3 b
NiEDDP 1.58x10*2 Cu 7 .5 1 x 1 0 -3c
NiEDDA 4.46 x lO 13 Cu 7.49 x 10' 3 d
NiEDTA2- 3.31x10*8 Cu 1.6 x l0 -2 e
NiHEEDTA" 1.25 x 1017 Cu 1.5 x l 0 ‘2 f
NiNTA- 3.16 x 10* * Cu 1.3 x 10’3 S
NilDA „ 1.34 x 10® Cu 1 .4 8 x l0 ‘2 h
NiBPEDA2+ 2.51 x lO 14 Cu 4.9 x lO *41

Intermediate metal segment

Ni(glycinate)+ 1.95 x 103
Ni(NH3)+2 5.01 x 102
Ni(acetate)+ _ 5.5
Ni(pyridine)+2 6.31 x 10*
Ni(2-aminomethylpyridine)+2 1.26 x 107
Ni(N-(2-pyridylmethyl)glycinate)+ 1.58 x 10*“
Cu(glycinate)4  3.63 x 107
Cu(NH3)+2 1.99 x lO 4
Cu(acetate)+ 5.25 x 10*
Cu(pyridine)+2 2.51 x 10f
Cu(IDA) 1.23 x 10“
Cu (2-aminomethylpyridine)+2 3.16 x 10'
Cu(N-(2-pyridylmethyl)glycinate)+ 6.31 x 10“

a all values are either at 25 °C and |J. = 0.1M or chosen to be as close to these 
conditions as possible. Except as noted all values are taken from reference 28,29, 
30,31. “This work. c reference 13. “reference 1 ,8. Reference 7. Preference 3. 
Reference5. “ referenced. Reference 11.

r----------
t;
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Table 7

Comparison of Likely Dinuclear Intermediates, NiPylDA-Cu for the Exchange of NiPylDA
with Cu (II) to Known Systems.a

♦ t A - 0 - C u 4
J )

H JJH h C u 4
?

42N H H *-C u4 2

£
NKBPEDA)CuNi(ED0A)Cu HI (D A ) Cu fa(N T A )C u NKEDOPJCu

K r- t.V I K r" 0 2 4 4 K r-0 .0 2 2 1 ^*0 .0428
K .,-1 0 *

Kr * 0 0 0 1 2

STRUCTURES

tot>»T»sttd
K rN KPvD AKu /  KrN K Py('A )C u/ KrNi(PylC>A)Cu/ Kr N<PvlDA)Cu/ K^NtfPyOAlCu/ 

Kr KrNKEDDMCu iya< l>A )C u k | m (NTA)Cu KrW(EMP)Cu KrNKBPEDAXu

II .♦2^o-Cu* 3.9 

lll.421«^h$u4 \z 

N.*I^X-Cu42 2.1

V.4% j2£c*i42

VII.

kN«>y0A

kW-

228x10*3 2.52x10*4 5.91x10*3 1.44x10*3 0.162*

0
6.56x10*2 0J513* 3.798«*d 0.293* 1045*

b
2.28x1 CT2 0.178* • 1*2*4 1.02* 86.3*

b
4.88x10*4

b
3.82x10*3 282x1 O'2

b
2.18x10*2 0.777*

b
123x10**

b
982x10^

b
1J09X10*4

b
5J59XI0*5

b
1.99x10*3

24J9 1918 2127 1098* 39000

b
125x10*5

b
9.79x10*3

b
188x10*3

b
5.58x10*4

b
1.99x10*2

8.20x10*2 0.421 4.79 0*28 12.7

a Kr values are based on the stability constants given in Table 6 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 
6, with \l = 1.25M, T = 25°C.b Electrostatic factor 3.15.c Electrostatic of 31.5 
included, d Statistical factor of 2/3 included.e Reference 15.

E ' """■  " " ............
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logical dinuclear intermediate structures for NiPylDA-Cu.

_  ^N i segment x ^Cu segment 
Kr  — -----------------------------------  ( 1 0 )

^N i complex

In some comparisons an electrostatic attraction helps stabilize one intermediate 

relative to the other (13 ,27). The added stability of this contribution is an electro­

static factor, Kgj, and can be estimated using equation 11 in Bydelek and Margerum 

( 4 ) .

ZAZB e2
logK d  =  —  ( 1 1 )

2.303 R T ^ a B

Where and Zg the charges involved, e is the charge, £  is the dielectric constant of 

water, r^ g  is the charge separation estimated from molecular models, T is temperature 

in Kelvin, and R is the gas constant

There may also be a statistical factor which favors the formation of one inter­

mediate over another and this term must be included in making comparisons.

Values of Kgj and statistical factors are included where appropriate. The last row 

in Table 7 shows the ratios of experimental rate constants. A comparison of the ratio 

of experimental rate constants to the predicted ratios of intermediate stability constants 

shows that structures II and m  give values which agree closely to the experimental rate 

constant ratios. Other structures listed in Table 6 and as well as some not listed were 

tested and gave values which differ by several orders of magnitude.

In order to determine which of the two structures, II or m , is the dinuclear inter­

mediate, the value of k£uNiPyIDA is estimated for each and compared to the 

experimental value of 6.23 x 10"3 As shown in equation 12 the value of
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kQjNiPylDA can be estimated from the relative stability constant of species II or HI, 

an estimate of the value of the rate - determining step, klxjs, for that species and any 

appropriate electrostatic factor.

kQjNiPylDA = Kr krd skei (1 2 )

Structure II has both an aliphatic nitrogen and an aromatic nitrogen bonded to 

nickel. The rate - determining step will be the slower of the two cleavages. Since 

nickel - aromatic bonds cleave at 38.5 S'* (1 4 )  and nickel-aliphatic nitrogen bonds 

cleave at 0.3 S'*, ( 11,27), the rate - determining step would seem to be the nickel- 

aliphatic bond cleavage. Structure m  involves breakage of the nickel aromatic- 

nitrogen bond as the rate - determining step. These bonds cleave at 38.5 S 'l  (14).

Species II involves an electrostatic factor of 31.5 while that for species m  is 

3.15. Thus the predicted values of kQjNiPylDA are 3.76 x 10*3 M 'lS ‘1 for 

species II and 1.67 M*1 S*1 for species HI. Comparison to the experimental value of 

6.23 x 10*3 M*1 S"1 shows species II to give a value only a factor of 2 lower than the 

experimental value, whereas species HI gives a value 268 times greater than the experi­

mental value. This suggests that species II as the likely dinuclear intermediate.

A similar estimation can be made for the value of kpjNiPylDA > the proton 

dependent dissociation, assuming species II to be correct. Equation 12 is again used. 

The value of Kr is calculated from equation 10 with Kjj.segment in place of 

KCu-segment • The value of pKaj for glycine = 2.36 (30 ,31 ) is used to calculate 

KH-segment • There is also an electrostatic factor of 31.5. Thus, Kr is 1.74 x 10*2 

and equation 12 g i v e s  kjjNiPylDA — 1,54 x 10*̂  M*^S*  ̂ for species n  which 

compares favorably with the experimental value of 1.28 x 10*1 M*lS*l. The 

calculated k jj NiPylDA value for species in  is 2.11 M*1 S*1 which is 13 times
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larger than the experimental value. The estimated and experimental values of both 

kQjNiPylDA and kjjNiPylDA are shown in Table 8.

Table 8

Calculated Rate Constants for NiPylDA-Cu System

Calculated Experimental

KcuNiPyIDA 3.76 x lO '^M 'lS"! (6.23 ±  0.22 )x  lO-3 M ^S ' 1

KjjNiPylDA 1.64 x lO ^M -iS ' 1 (1.28 ±  0.06 Jx lO -1 M-iS ' 1

A mechanism which is consistent with the results obtained for the exchange 

reaction is presented in Figure 4. Protons are omitted from the mechanism for simpli­

city although step 1—> 2 is proton dependent. Further, the sequence 1—>2—>3—>5 

will be shown to be negligible.

The copper dependent exchange pathway in Figure 4 is 1—>2 —>4—>5. Step 

2~>4 should not be rate-limiting since it involves reaction of the labile aquo- copper 

ion which has a rate of water loss o f 3 x 10® S'* (32  ). Step 1—>2 could not be rate 

limiting because it would result in zero-order behavior in copper for all the pathways 

of the exchange. This leaves step 4—>5 as the rate-limiting step for copper dependent 

pathway, k c uNiPyH)A.

The reaction paths 1—>2™>4—>5 and 1—>2—>3™>5 both contribute to the 

formation of products. The latter reaction path, however, is controlled by the rate of
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a — O'NiPylDA ^
( 23 v / u

•52 ^ X / \ 0 *

+

Cu♦  2
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Cu* 2

24
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N

42 35

s k

*2 I «. k45 v ,
Nl— N— O -C u  ------------^  - - -  - •  —+2CuPylDA ♦ N i ^

(4) <5)

♦  2 *2
Figure 4 .  Mechanism of T r a n s f e r  of PyIDA f ro m  Ni to Cu .
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disssociadon of NiPylDA, and is not dependent on copper or hydrogen ion concentra­

tion and was experimentally shown to be negligible in the present study.

The reaction sequence 1—>2—>4—>5 of Figure 4 is represented by 

kQjNiPylDA and jCj^NiPyIDA> and a general kinetic expression can be derived from 

it, as shown in equation 13.

-d[NiPyIDAJ /dt = d[CuPyIDA] /dt = ko [ NiPylDA ] = k45 [Species 4] (13)

Assuming the steady-state approximation for species 2 and 4 yields expression 14 

and 15 where X refers to either copper ion or hydrogen ion.

k l2 l l ]  + k 4 2 [4 ]
[ 2 ] =   (1 4 )

*24 + k24 [ X ] 

k2 4 [ 2 ] [ X ]
[ 4 ]  =   (1 5 )

*42 + *45

Substituting equation 14 into equation 15 gives expression 16,

*12 * 2 4 1 11 [ X
[ 4 ] = ________________________________  (1 6 )

*21 *42 + *21 *45 + *24 *45 [ x  ]

and substitution of expression 16 into the general rate expression, equation 13, yields 

equation 17.
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3 0

k 12k24k45 [ 1 ] [ X ] 
d[ NiPylDA ] /d t  = __________________________   (1 7 )

*21*42 + k21^45 + k24k45 I x  ]

k12k24k45 [ x 1
where, ko = ______________________________ (1 8 )

k21k42 + k2llC4S + 1^24^51x  ]

A comparison of the terms in the denominator of equation 18 allows some simpli­

fication of the expression. The term k24k45 [ X ] > k21k45 because k24 /  k2 i is at 

least 1()4 due to the difference in rate of water loss between copper and nickel and the 

fact that ( a ) the largest of the two, copper or hydrogen ion, predominates kinetically 

and ( b ) either the copper or hydrogen ion concentration is always at least 2.0 x 10'3 

M or greater. Further, the term k2 ik42 »  k24k45 [ X ] because the dissociation of 

copper acetate, IC42, is about 10® greater than the dissociation of nickel-amine, IC45, but 

k24 [ X ] is only about 10 times greater than k2 i due to the difference in copper and 

nickel water loss rates and the lower limit on [ X ]. Thus, k2 ik42 predominates in the 

denominator such that equation 18 simplifies to equation 19,which shows the first- 

order dependence in copper and hydrogen ion concentration that was found experi­

mentally.

k 12k24k45 t X ] f
ko = _______________  (1 9 )

k2llt42

The first-order dependence in copper and hydrogen described in equation 19 was
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found to hold over the entire range of copper and hydrogen ion concentration studied.

Likewise, a kinetic expression may be derived for the pathway 1—>2—>3~>5 

by assuming a steady-state for species 2. The expression is given in equation 20.

kNiPyIDA = kl2k23  ( 20)

k2 i + k23

In the denominator of equation 20, k2 i, which represents nickel-acetate bond 

formation, is much greater than k23 which represents nickel-aliphatic nitrogen bond 

dissociation. Thus, equation 20 simplifies to give equation 21 with k23 as the rate 

determining step.

KNiPyIDA = kl2k23  (2 1 )

*21

The contribution from the exchange sequence 1—>2™>3™>5 is minimal as the 

following calculations show. The rate of dissociation NiPylDA, kdiss, can be 

calculated according to equation 22 from the stability constant and predicted rate of 

formation of the complex. The stability constant of NiPylDA is 1.66 x 1 0 ^ . The rate 

of formation may be estimated (3 3 )  from K ^ , outer sphere association, and k '^ O ,  

the rate of water loss of nickel.

Kqs k -H20
Kstab = --------------------  ( 2 2 )

k diss

K os has been calculated to be 20 for the reaction of species whose charges are
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+2, nickel, and -2, PyIDA (33). The distance of closest approach has been 

estimated to be 4 A for an acetate arm . The rate of water loss of Ni( H2O )g+2 js 

2.7 x 1()4 S'* (3 3 ). Equation 22, using the above values, gives ly iss of NiPylDA 

to be 3 x 10'6 S"1 which is two thousand times lower than the contribution from the 

reaction path 1—>2—>4—>5, thus explaining why ly iss of NiPylDA was not 

observed experimentally.

Comparison to Other Ni( Ligand )-Cu Exchange Reactions

All Ni( ligand )-Cu metal exchange reactions are found to proceed through a 

dinuclear intermediate except where there is a large steric hinderance (2 ,2 3 ,2 5 ) and 

the attacking metal cannot kinetically participate in the replacement of another metal in a 

metal-complex. Some show a shift in order with respect to copper from first-order in 

copper at low copper concentration to zero-order in copper at high copper concen­

tration. The copper exchange with NiEDDA ( 8 ), NiEDTA^- ( 7 )  and Ni(IDA)2^‘

(1 2 ,2 7 ) all exhibit this behavior. Other Ni( ligand )-Cu exchange reactions show 

only first-order behavior in copper for the entire copper concentration range studied. 

Systems involving NilDA (1 2 ,2 6 )  NiBPEDA2+ (1 1 ) , NiEDDP (13,25 ), 

NiHEEDTA' ( 3 )  and NiPylDA ( this work ) show this behavior.

The order of the reaction with respect to copper depends upon the value of [species 

4 ] IC4 5 . The concentration of species 4 relative to species 2 is given in equation 23 

using the steady state approximation in the general mechanism in Figure 4. As the 

copper concentration in the solution increases, equation 23 shows that the relative 

concentration o f species 4 increases, and the rate increases.
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[ 4 ]  k2 4 [C u+ 2 ]
—  = _________  (2 3 )

[2]  k42 + k45

Equation 23 also provides the key to understanding why certain exchange systems 

show order shift and others do not exhibit this kinetic behavior.

In the reaction of copper with NilDA, NiEDDP, NiBPEDA2+ and NiPylDA, and 

NiEDDA, NiEDTA2- and Ni(IDA)22", k24 and k45 are essentially the same, copper 

rate of water loss and nickel-nitrogen bond dissociation, respectively. Thus the value 

of 1^2 is important in determining the relative size of [ species 4 ]. The structure of the 

dinuclear intermediate actually determines the value k$2 since the extent of unwrapping 

and subsequent coordination to copper determines what segment must dissociate from 

copper in step 4—>2. Dinuclear intermediates where very little ligand has unwrapped 

or where copper does not fully bond to the unwrapped segment will have large values 

of k42 approximately 10^ and 10^ S 'l  (1 2 )  which is much larger than 1(45. There­

fore the relative concentration of species 4 will be small. The k42 values are approxi­

mated from the rate of water loss of copper, 3 x 10^ S'* (34), and the relative stabi­

lity constant of the ligand segment bonded to copper. When a large portion of the 

ligand has unwrapped, smaller values of k ^  results. The NiEDDA, NiEDTA2- and 

Ni(IDA)22- systems represent this class and have k ^  values of approximately 10 S 'l  

( 1 2 ), 10'3 S 'l ( 1 2 ), and 10*3 S‘ l (3 4 ), respectively which are similar to or less 

than k45 so that the relative concentration of species 4 will be large. Thus, the relative 

concentration of species 4 will be considerably larger for the NiEDDA, NiEDTA2- and 

Ni(IDA)2- systems than NilDA, NiBPEDA2+, NiEDDP and NiPylDA system. For a 

given system with a large portion of the ligand unwrapped, both k j2 and k ^  will be
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small so that an increase in copper concentration can cause ( a ) the relative concentra­

tion of species 4 to increase, and ( b )  [ 4 ]k 45 to exceed k}2> thus making k j2 rate 

limiting. The rate limiting step shifts from step 4—>5 to step 1—>2 as a function 

copper concentration.

Experimentally, no order shift was seen NiPylDA-Cu system. Since only an 

acetate group is bonded to copper, both k \2 and k42 must be quite large. Thus the 

relative concentration of species 4 is small and the increase in copper concentration is 

not enough to cause [ 4 ] IC45 > k j2, resulting in first-order behavior in copper over 

the entire copper concentration range.

The general conclusion has been drawn earlier (1 2 ,1 3 ) and again from this study 

that systems in which the dinuclear intermediate occurs early in the unwrapping process 

with the correspondingly large values k j2 anti a large value of IC42 will not show an 

order shift as the concentration of the attacking metal is increased. The same conclu­

sion can be reached if the attacking metal does not fully bond to the unwrapped ligand 

since this will cause IC42  to be large despite the fact the k j2 may be small. However, if 

large portions o f the ligand unwrap and bond to the attacking metal prior to the rate 

determining step, a shift in order with respect to the attacking metal can be expected.
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Appendix A

Infra Red Spectrum of PylDA
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Table 9

List of IR Frequencies for PylDA Obtained From Nicolet 5DXB FT IR
Spectrophotometer. *

Wave numbers,cm* 1 Functional Group

3425 (m ) ( O-H )stretch> Carboxylic hydrogen

3072,3040 (m ) ( C-H )stretch> Aromatic

2976,2944 (m ) ( C-H )stretch, Aliphatic

1720,1691 ( s ) ( C =0 )stretch> Carboxylic

1594,1572 ( s ) ( C=C )stretch» Aromatic

148,1439 ( s ) (-CH2* )bend

1350 ( s ) ( C-N )bend> Amine

997 ( s ) ( C-N )bend, imide

832,892 ( s ) ( C-H )bend> aromatic

1 m, s stand for medium and strong absorption, respectively.
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Appendix B

H-NMR Spectrum of PylDA
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Appendix C

Molar Absorptivity as a Function of Wavelength for CuPylDA, Cu(H), NiPylDA,
Ni(II)
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Table 10

Comparison Between Observed and Expected Absorbance Values for the Exchange 
Reaction of NiPylDA with Cu(II). *

Number of 
Half-lives

^observed ^expected

1 0.0565 0.0595

2 0.0848 0.0982

3 0.0989 0.104

4 0.106 0.111

5 0.110 0.115

6 0.111 0.117

7 0.112 0.118

1 pH = 2.75, p. = 1.25, half-life for the exchange reaction is 4.92 minutes. The 
Chi-Square value calculated is equal to 3.29 X 10~3 and Chi-Square value from the 
table at degree of freedom 6 and 95% confidence level is 1.64, which shows that there 
is no significant difference between the observed and expected absorbance values.

r   'h.
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Appendix D 

Concentration and Absorbance Relationships
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CONCENTRATION AND ABSORBANCE RELATIONSHIPS

The relationship shown in equation 5 between [ NiPylDA ], the absorbance at any 

time t, At, the final absorbance, Aoo, and the molar absoiptivities of reactants and 

products is derived under two assumptions. First, it is assumed no stable intermediate 

is present, which was shown by calculating expected absorbances at various times of 

an exchange reaction and comparing them with the actual values. The absorbance at 

anytime, t is equal to the absorbance of the reactants left and of the productsformed, 

the comparisions are shown in Table 10 in the Appendix 3. The second assumption 

is that the Beer-Lambert Law is obeyed. Thus, equation 3 can be derived as follows,

At = ^NiPylDA b [NiPyIDA]t + b [Cu+2]t + b [Ni+2]t +

^CuPylDA b[CuPyIDA]t (2 4 )

and [Cu+ 2 ]t = [C u + 2 ]oo + [Ni+2 ]t (2 5 )

[ Ni+2 ]t = [ Ni+2 ]oo - [ NiPylDA ]t (2 6 )

[ CuPylDA ]t = [ CuPylDA ]oo - [ NiPylDA ]t (2 7 )

Substitution of the expression in equations 25,26, and 27 into equation 24 and 

rearrangement yields equation 28.

At = [ N iP ylD A ]b(^jipy joA +% u+ 2 -^4i+2 - CuPylD A ) +

f Cu [ Cu+2 ]oo +£Ni [ Ni+2 loo + fiCuPyIDA [ PylDA ]oo (2 8 )

45
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4 6

Since A,* = ‘tuPyiD A  b[ CuPylDA U  b[ Cu+2 b[ Ni+2 ]„  (2 9 )

and substitution of equation 29 in to equation 28, rearrangement and solving for 

[NiPylDA] gives the desired equation S.

• Aoo
[NiPylDA] = ________________________   ( 5 )

b (N iPylDA + % i +2 - C u P y lD A -5N i+ 2 )
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