mfngéAﬂ N Western Michigan University

UNIVERSITY ScholarWorks at WMU

Master's Theses Graduate College

12-1973

Kinetics of the Metal Exchange Reaction between N, N-BIS
(2-Picolyl) Ethylenediaminenickel (Il) and Copper (Il)

Craig Lee Barsuhn

Follow this and additional works at: https://scholarworks.wmich.edu/masters_theses

6‘ Part of the Chemistry Commons

Recommended Citation

Barsuhn, Craig Lee, "Kinetics of the Metal Exchange Reaction between N, N-BIS (2-Picolyl)
Ethylenediaminenickel (II) and Copper (I1)" (1973). Master's Theses. 2619.
https://scholarworks.wmich.edu/masters_theses/2619

This Masters Thesis-Open Access is brought to you for
free and open access by the Graduate College at
ScholarWorks at WMU. It has been accepted for inclusion
in Master's Theses by an authorized administrator of
ScholarWorks at WMU. For more information, please
contact wmu-scholarworks@wmich.edu.

WESTERN
MICHIGAN

UNIVERSITY



http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/
https://scholarworks.wmich.edu/masters_theses
https://scholarworks.wmich.edu/grad
https://scholarworks.wmich.edu/masters_theses?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F2619&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F2619&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.wmich.edu/masters_theses/2619?utm_source=scholarworks.wmich.edu%2Fmasters_theses%2F2619&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wmu-scholarworks@wmich.edu
http://scholarworks.wmich.edu/
http://scholarworks.wmich.edu/

KINETICS OF THE METAL EXCHANGE REACTION BETWEEN
N,N'-BIS(2-PICOLYL)ETHYLENEDIAMINENICKEL(II)
AND COPPER(II)

by

Craig Lee Barsuhn

A Thesis
Submitted to the
Faculty of The Graduate College
in partial fulfillment
of the
Degree of Master of Arts

Western Michigan University
Kalamazoo, Michigan
December, 1973

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



ACKNOWLEDGEMENTS

The author wishes to express sincere appreciation to
Dr. Ralph K. Steinhaus for timely suggestions and constructive
criticism in the course of this study. Thanks are also given to
the faculty of the Department of Chemistry at Western Michigan
University and especially to the members of the author's committee,
Dr. James A, Howell.and Dr. Robert H., Anderson. The financial
support provided by the University is greatly appreciated.

The author also expresses sincere gratitude to his family
for constant encouragement and understanding during his graduate

study.

Craig Lee Barsuhn

ii

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



INFORMATION TO USERS

This material was produced from a microfilm copy of the original document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to help you understand
markings or patterns which may appear on this reproduction.

1. The sign or “‘target’’ for pages apparently lacking from the document
photographed is ‘‘Missing Page(s)”. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

2. When an image on the film is obliterated with a large round black mark, it
is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause a blurred image. You will find a
good image of the page in the adjacent frame.

3. When a map, drawing or chart, etc., was part of the material being
photographed the photographer followed a definite method in
“sectioning” the material. It is customary to begin photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with a smalil overlap. If necessary, sectioning is
continued again — beginning below the first row and continuing on until
complete.

4. The majority of users indicate that the textual content is of greatest value,
however, a somewhat higher quality reproduction could be made from
“‘photographs”’ if essential to the understanding of the dissertation. Silver
prints of “‘photographs”” may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

5.PLEASE NOTE: Some pages may have indistinct print. Filmed as
received.

Xerox University Microfilms

300 North Zeeb Road
Ann Arbor, Michigan 48106

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



MASTERS THESIS M-5083

BARSUHN, Craig Lee
KINETICS OF THE METAL EXCHANGE REACTION
BETWEN N,N'-BIS(2-PICOLYL)ETHYLENEDIAMINE-
NICKEL(II) AND COPPER(II).

Western Michigan University, M.A., 1973
Chemistry, inorganic

University Microfilms, A XEROX Company , Ann Arbor, Michigan

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED.

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



ACKNOWLEDGEMENTS . . .
LIST OF TABLES . e .
LIST OF FIGURES . . .
INTRODUCTION . . . .
APPARATUS AND REAGENTS
Apparatus . e
Reagents e o e
EXPERIMENTAL . . . .
Spectrophotometric

Standardization of

TABLE

Study

NiBPEDA 2

OF CONTENTS

. ¢ o e o .

of Reactants and Products

Solution

2

Kinetics of the Reaction of Cu'® with NiBPEDA'C .

Determination of Ni+2

RESULTS AND DISCUSSION

Resolution of the Rate Data . . . .

Mechanism of the Exchange Reaction .

APPENDIX e s e e e
BIBLIOGRAPHY . . . . .

iii

.

.

Stability Constants of

.

AEAMP

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



LIST OF TABLES

TABLE NO. Page
1 Molar Absorptivity of Copper(II) as a Function
Lo T ) .
2 Values Necessary to Calculate [Ni+2] and [BPEDA ]
by the Secomndary Method . . . . . . . . . . . . . 13
3 Concentrations of Ni+2 and BPEDA Calculated by

the Secondary Method . . . . . . . . . . .. . . 14
4 Experimental Conditions for Reaction Rate Studies . 16
5 Comparison of Exchange Rate Calculated by the

Initial Rates Method to Values Obtained by

Measurement of A and Plotting of the Inte-

grated Rate Equation . . . . . . . . ¢+ . « . . . 19
6 Kinetic Data for the Exchange Reactions . . . . . . 20
T Experimental Data for the Potentiometric

Titration of AEAMP-Ni'® with NaOH . . . . . . . 28

+

8 Acid Dissociation Constants and Ni' - Stability

Constants for AEAMP T 24e |
9 Stability Constants and Formation Rate Constants

for Individual Species of the NiBPEDA+2 System . 32

10 Comparison of Possible Dinuclear Intermediates

2

for the Exchange of NiBPEDA+ with Cu+2 to

Known SyStems . . . . « ¢ o o + = ¢« « « « « « . k9

iv

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



LIST OF TABLES (Cont.)

TABLE NO. Page
11 Stability Constants and Rate Constants Used in
Making Comparisons Shown in Table 10 . . . . . . 52
12 Comparison of Stability Constants Between Ali-

phatic and Aromatic Nitrogen Complexes with

Nickel(II) and Copper(II) . « v v « +« « « « « . 5k

13 Effect of Hydroxide on Stability of Copper(II)
CompleXesS . . v v v v ¢ ¢« v o s o o s s o s o« 59
14 Comparison of Rate Constants for the Attack of

Cu.+2 and CuOH on Various Complexes ., . . « . . 61

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



FIGURE NO.

1

LIST OF FIGURES

pH dependence of the rate of the exchange

reaCtion ¢« + v v 4t e 6 6 e 6 e s e s s 4 e e

Distribution of copper species as a function of

pH L] ) . . . L] . L] - » - * . L] L . . . L] L ] . L]
s . NiL

Initial resolution of rate constant k o e
Cu

. Ni
Resolution of rate constant k iL T2 v e e e e e

CUQ(OH)Q
Non- linear plot demonstrating that CuOH' and

Cug(OH)E? are individual species . . . . « . . .

Comparison of the theoretical curve to experimen-
tally determined values of kg-kgq at total

copper concentration =4 4ok x 1003M . . . ..

Comparison of the theoretical curve to experi-
mentally determined values of kg-kgq at total

copper concentration =8.315 x 10 M . . . . .

Comparison of the theoretical curve to experi-
mentally determined values of ko-ky at total

copper concentration = 1.74%3 x 102 M ... . . .

Mechanism for the reaction of Cd+2 with NiBPEDA%g.

vi

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

39

L1

k3

Lk

k5

55



INTRODUCTION

Metal exchange reactions of multidentate ligand complexes,

represented by equation 1, have been the subject of very extensive

study (1-6).
M + ML —> M. + M (1)

Systematic studies involving comparisons between a series of similar
ligands and a series of similar metals has been very fruitful in
revealing the mechanism by which these reactions proceed and in form-
ing a basis from which mechanisms and rate constants can accurately be
predicted.

Detailed studies have shown the mechanism of these reactions to
be the successive breaking of a series of coordinate bonds from the
metal- ligand complex, followed by a stepwise coordination to the
attacking metal (3). This process leads to the formation of a dinuclear
intermediate found in all cases where sterically possible (5), followed
by breakup to form products, Depending upon the system, the position
of the rate-determining step has been found to be a function of pH
(6-8), attacking metal concentration (7,8), relative stability of the
intermediate metal segments (3) and the relative rate of water loss of
the metals involved (9). In most cases the ratio of rate constants of
the system can be approximated by the ratio of relative stability

constants for the dinuclear intermediates involved (3).
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Other investigations have dealt with the kinetic effect ions
coordinated to the attacking metal have upon the exchange rate,
Hydroxide appears to significantly accelerate the exchange rate in all
cases where azide and acetate have relatively.small effects.

Most of the systems studied thus far have involved aminocar-
boxylate ligands, whereas only two reports of metal exchange reactions
involving polyamine ligands have appeared (10, 11). None of these have
dealt with the interesting class of polyamines having both aliphatic
and aromatic dentate sites, These ligands are unusual in that the
aromatic nitrogens are relatively quite acidic yet without a corres-
ponding decrease in metal stability. Thus their complexes are far
more stable in acidic solutions than the complexes of the aliphatic
analogues.

The present study is concerned with the metal exchange reaction
between N,N'-bis(2-picolyl)ethylenediaminenickel(II) (NiBPEDA+2) and
copper (II). BPEDA (structure I) has both aromatic and aliphatic nitro-
gens positioned such that three five membered chelate rings can form

with a metal ion,

I
N
~
CHoNHCHoCHoNHCHS
IT

HoNCHoCHoNHCHCHoNHCHACHoNH o
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The rate of the exchange reaction is shown to increase with
increasing pH in the region where hydrolysis of copper ion is signifi-
cant. The increase in rate is explained as CuOH+ and Cu2(OH);2 being
more reactive than Cu+2 towards NiBPEDA+2.

A general mechanism is proposed for the exchange reaction and
is found to be consistent with the kinetic data. The dinuclear inter-
mediate prior to the rate-determining step is characterized as being
two nitrogens, an amionmethylpyridine (AMP) unit, bonded to nickel and
an aliphatic nitrogen bonded to copper with the terminal pyridine
nitrogen unbonded,

Comparison to other systems points out interesting differences

in the reaction mechanism due to the influence of the ligand.
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APPARATUS AND REAGENTS
Apparatus

All absorbance measurements and recordings were made with a Cary
Model 14 Spectrophotometer using a hydrogen or tungsten source where
appropriate, slit control 20, dynode voltage setting 2, and a 10 mm or
100 nm quartz cell in a water jacketed cell holder,

All pH measurements were made with a Beckman Research Model 1019
pH meter. A glass-calomel electrode pair was used, In order to pre-
vent interference due to potassium perchlorate precipitation, a satur-
ated sodium chloride solution was substituted for potassium chloride
in the calomel electrode,

During kinetic measurements all solutions were maintained at

25 + 0.1° C with a circulating constant temperature bath,
Reagents

All solutions were made using deionized water prepared by pass-
ing distilled water through a column of Amberlite MB-3 mixed bed resin,

All chemicals were reagent grade unless otherwise specified.

Primary Standard Copper Nitrate

Reagent grade copper wire (B & A) was cleaned with dilute nitric
acid, rinsed with water, dried, weighed and dissolved in a minimum
amount of nitric acid., After dilution to volume the concentration was

0.09937 M.
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Ethylenediaminetetraacetic Acid (EDTA)

Disodium(ethylenedinitrilo)tetraacetate dihydrate (J. T. Baker)
was dissolved in water. The solution was standardized against standard
copper nitrate solution at pH 10 using murexide as the indicator and a

pH 10 buffer., (12)

Copper Perchlorate

Copper perchlorate hexahydrate (J. T. Baker) was dissolved in
water, The resulting solution was standardized against standard EDTA

using murexide indicator and a pH 10 ammoniacal buffer, (12)

Nickel Chloride

Nickel chloride hexahydrate (J. T. Baker) was dissolved in water.
The solution was standardized against standard EDTA solution at pH 10

using murexide indicator and a pH 10 ammoniacal buffer., (12)

Ammoniacal Buffer, pH 10

To an aqueous solution of 70 grams of ammonium chloride was added
570 ml concentrated ammonium hydroxide solution. After dilution to 1

liter the solution was approximately pH 10.

N,N'-bis(2-picolyl)ethylenediamine (BPEDA)

N,N'-bis(2-picolyl)ethylenediimine was prepared as summarized by

the following reaction.
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2 + HoNCHoCHoNHo EtOH

CHO
-~ v’
| - (2)
CH=NCHoCHzN=CH N

Thirty grams (0.28 mole) of pyridine-2-aldehyde (Aldrich) was
dissolved in approximately 50 ml of absolute ethanol in a 300 ml round
bottom flask., To this solution was added 8.4 grams (0.14 mole) of
ethylenediamine with rapid stirring. After standing for about 30
minutes the solvent was removed using a rotary evaporator at about
60° C. As the solvent was removed the product solidified into a tan
wax-like solid, which yielded pale yellow crystals upon recrystalliza-
tion from low-boiling (30-60°) petroleum ether. The recrystallized
product melted at 66-67°C compared to the literature value of 67-68° C.
(13)

N,N'-bis(2-picolyl)ethylenediamine was prepared from the imine as

shown in the following reaction.

- l | ~ Ho
NS =
N CH=NCH2CH2N=CH Pd/C
= | | N (3)
N ~

N CHoNHCHoCHaNHCH
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Thirty grams (0.13 mole of N,N'-bis(2-picolyl)ethylendiimine dis-
solved in ethanol containing 1.5 grams of 10% Pd/C catalyst was reduced
for 4 to 5 hours in a Parr hydrogenation apparatus with a hydrogen
pressure of 50 p.s.i. at room temperature, The solution was filtered
to remove the catalyst and the solvent removed using a rotary evaporator
at about 60° C. The product, an extremely viscous, yellow liquid, was
diluted with anhydrous ethyl ether, Dry HCl was passed through this
solution to precipitate the desired product as the tetrahydrochloride,
Double recrystallization frombmethanol-ether (4:1) yielded colorless
crystalline material which melted with decomposition at 223° C as re-

ported by Gruenwedel (1k4).

Analysis for Cyp,HsoN,Cl,

%C %H %N
Calculated 43,32 5.71 14, 4k
Found 42,21 5.65 14,12

The tetrahydrochloride was dissolved in water and standardized
against copper nitrate using the mole ratio method. Several restan-
dardizations of the stock solution over a period of a week showed it
to be unstable under ordinary conditions and the compound was there-

after stored in crystalline form until needed,

NiBPEDA Solution

The tetrahydrochloride of BPEDA was dissolved in water contain-
ing a 5% mole excess of nickel chloride. The solution was adjusted to

approximately pH 10 by the addition of concentrated aqueous sodium
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hydroxide. The excess nickel was removed as the precipitated hydroxide
by drawing the solution through a Millipore 0.45 micron filter. The pH
of the filtered solution was immediately adjusted to pH 5 by the addi-

tion of concentrated perchloric acid.

CuBPEDA Solution

CuBPEDA was prepared in a manner similar to NiBPEDA using copper

perchlorate,

2-Pyridylmethyl-2'-aminoethylamine (Aminoethylaminomethylpyridine:

AEAMP)

AEAMP was prepared as shown in reaction 4 (15).

+ Cl- CHoCHoNHo

\ 4

CHoNHo

+ HC1 (4)
CHoNHCHoCHoNH o

A 13,65 gram (0.17 mole) sample of 2-chloroethylamine monohy-
drochloride (Aldrich) was neutralized with saturated aqueous potassium
carbonate., After removal of the precipitated KCl, the free base
solution was added dropwise with rapid stirring to a refluxing solu~
tion of 25 grams (0.27 mole) of 2-aminomethylpyridine (Aldrich) dis-
solved in an equal volume of ethanol., The mixture was refluxed for

2 hours after all the 2-chloroethylamine had been added. The ethanol
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was removed by rotary evaporation, the residue poured onto crushed
ice and the mixture neutralized with 25% KOH followed by the addi-
tion of excess KOH pellets, The dark orange-brown solution was ex-
tracted several times with chloroform, the chloroform extracts com-
bined and dried over anhydrous MgSO,. After removal of the chloro-
form by rotary evaporation the residue was vacuum distilled, The
liquid boiling at 120° C at 0.5 mm Hg was collected. After a second
distillation the liquid was dissolved in ethanol and the trihydro-
chloride was precipitated by saturating the solution with dry HCL,
Recrystallization from methanol-ether (k:1) produced a fine white
crystalline material which melted at 209° C compared with a litera-

ture value of 217° C. (15) Analysis for CgHigNsCla.

%C %H %N

Calculated 36.87 6.19 16.12

Found 36.99 6.17 16.42
The trihydrochloride was dissolved in water and standardized
potentiometrically against standard carbonate-free sodium hydroxide

solution.
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EXPERIMENTAL
Spectrophotometric Study of Reactants and Products

The spectra of all reactants and products of equation 5 were

obtained from 200 to 800 nm.

NiBPEDATC + cCut? <> cuBPEDA™® + Ni'© (5)

Maxima were observed for CuBPEDA+2 and NiBPEDA+2

at 610 nm and 560 nm,
respectively., The maximum change in absorbance from reactants to
products was seen at 610 nm and this wavelength was used for all kine-
tic studies. The molar absorptivities of Ni'e, NiBPEDA'Z and CuBPEDA'®
at 610 nm were 0,1, 4,167, and 154.1, respectively, at 25 + 0.1° C,

and 0.1 M ionic strength. The molar absorptivity of Cu+2 varied with

pH. Molar absorptivity as a function of pH is listed in Table 1,
. . . +2 .
Standardization of NiBPEDA Solution

The concentration of NiBPEDA.+2 was determined by measuring the
nickel content of NiBPEDA.+2 in the following manner: A 2 ml aliquot
of approximately 0.05 M NiBPEDA+2 was transferred to a 100 ml volumetric
flask, 10 ml pH 10 buffer and 40 ml of 1M NaCN (100-fold excess) were
added and diluted to volume., From 1 to 5 ml aliquots of this solution
were diluted to 100 ml with water and the absorbance measured at 268
nm. The absorbance at this wavelength and pH is due to Ni(CN): and
BPEDA, which have molar absorptivities of 1.176 X 10% and L.T74 X 103,
respectively, and is represented mathematically as

10
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TABLE 1

MOLAR ABSORPTIVITY OF COPPER(II) AS A FUNCTION OF pH.

[Cu(Cloy)o] =2.491 x 1072 M Temp. =25 + .1° C,
Cell pathlength = 10.0 cm Wavelength = 610 om
Molar
pH Absorbance Absorptivity
3.93 0.274 1.10
L6k 0.280 1,12
k.90 0.286 1.1
5.13 0.304 1.22
5.2k 0.317 1.27
5.41 0.372 1.k9
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12

A= e(Ni(CN):)[Ni(CN):]b + ey ppps [BPEDA B (6)

where A is the absorbance, ¢ is the molar absorptivity of the subscrip-
ted species, b is the cell path length in cm and [ ] represents molar

concentration of the enclosed species. Since
[Ni(CN)z] = [BPEDA] = ¢ 7
then

C = &/ (eryi(en)T) * SppEpal® 8)

The validity of the above standardization procedure was confirmed
by determining the concentration of both Ni+2 and BPEDA using a differ-
ent method, An aqueous solution of the tetrahydrochloride of BPEDA was
prepared and standardized against standard copper perchlorate solution
spectrqphotometrically by the mole ratio method. This standardized
solution was used immediately to determine the molar absorptivity of
BPEDA at four different wavelengths. A solution of Ni(CN)Z of known
concentration was prepared from standard NiCl, and excess NaCN and the
molar absorptivity of Ni(CN),) was determined at these same wavelengths.
The absorbance of a NiBPEDA+2 solution containing a 100 fold excess of
CN~ was then determined at each of the four wavelengths. The concen-

2

tration of both Ni'“ and BPEDA was obtained by simultaneous solution

of several pairs of the following equation.

—)[Ni(CN)Z]b + [BPEDA]b = A (9)

(Ni(CN), 3 PEDA

Data and results of this method are summarized in Tables 2 and 3.
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TABLE 2

VALUES NECESSARY TO CALCULATE [Ni+2] AND [BPEDA ]| BY THE SECONDARY METHOD.

[BPEDA] = 1.392 X 10 “*M, [Ni(CN)z] = 7.976 X 107°N, [NiBPEDA+2] = 5.32 X 10™°M
Wavelength Ani(on); Ni(CN), AppEDA “8PEDA ANiBpEDAT?
(nm)
250 0.075 9.40 X 102 0.699 4,81 X 103 0.303
261 0.478 5.99 X 103 1.038 7.38 X 10° 0.713
268 : 0.955 1.20 X 10* 0.69k4 4L.,98 X 10° 0.30k4
290 0.199 2.50 X 108 0.00k4 2.87 X 10t 0.128

¢1



TABLE 3

CONCENTRATIONS OF Ni+2 AND BPEDA CALCULATED
BY THE SECONDARY METHOD,

Wavelengths 40 _

Used (nm) [N LM [BPEDA J, M
250 & 261 5.4.7 X 107° 5.23 X 1075
261 & 268 5.35 X 107> 5.32 X 1073
268 & 290 5.06 X 10°° 5.98 X 1075
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Kinetics of the Reaction of Cu'2 with NiBPEDA'Z

The kinetics of the reaction of Cu+2 with NiBPEDA+2 were studied
by following the increase in absorbance at 610 nm due to the formation
of CuBPEDA+2. The reaction was followed under pseudo-first order con-
ditions by maintaining a Cu+2 concentration of at least 10-fold molar
excess. The experimental conditions are summarized in Table L4,

The solutions for the kinetic studies were prepared in the follow-
ing manner: Solutions of copper perchlorate of the required concen-
tration were prepared by dilution of appropriate volumes of stock
Cu(Cl04), containing sodium perchlorate for ionic strength control.

The pH was adjusted by addition of concentratéd solutions of NaOH or
HC104. NiBPEDA-‘h2 solutions were prepared by diluting appropriate
volumes of stock NiBPEDA+2. These solutions were placed in a water
bath maintained at 25 + 0.1 C for at least thirty minutes before use.

The spectrophotometer was allowed to warm up for 15 minutes before
use. Zero absorbance was set using water filled cells. A water filled
cell was always used as the reference cell,

Aliquots of both the NiBPEDA™® and Cu(C104 )5 solutions were pip-
etted into a flask ana mixed well by shaking. The spectrophotometer
cell was rinsed several times with a portion of this solution before
finally being filled. The cell was placed in a thermostated water jac-
ket in the spectrophotometer and the absorbance recording begun exactly
one minute after mixing. Initially, recordings were made continuously

for the first 100 minutes and then at appropriate intervals for 4 to 5

half-lives. Aeo was measured when the absorbance was at a final
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TABLE L

EXPERIMENTAL CONDITIONS FOR REACTION RATE STUDIES

[NiBPEDA™? ] 4,05 x 107* to 8.10 x 107* M
[cu™®] b.hok x 1072 to 1.743 x 1072 M
Ionic strength 0.1 M

pH range 3.44 - 6,07

Temperature 25+ 0.1° C.

Wavelength 610 nm

S1lit program 20

Light source Tungsten filament lamp

Cell pathlength 100 nm
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maximum. In later studies the absorbance was measured for the first
200 minutes only.

The pH of the solution was determined soon after mixing and was
found to remain constant through the reaction. The pH range over which
kinetic measurements could be made was limited at higher pH by the
formation of a copper hydroxide precipitate and at lower pH by the
extreme sluggishness of the exchange reaction.

The rate expression for reaction 1 may be expressed by the follow-

ing second-order equation,

+2] +2]

~d [NiBPEDA d [CuBPEDA

) k [NiBPEDA 'S Jcu, ] (10)
dt dt

where CuT refers to the sum of individual copper species present.

Assuming a constant copper concentration due to a 10-fold or

greater excess equation 10 reduces to the pseudo-first-order equation,

_a[niBPEDAT®] = d[cuBPEDATC] = ko[NiBPEDA+2] (11)
dt dt
where ko is the observed first order rate constant
ko = k[CuT] (12)
Integration of equation 11 yields
Ln[NiBPEDA+2] = Ln[NiBPEDA+2]o - ket (13)

where [NiBPEDA+2:b is the initial concentration. The loss of NiBPEDA+2
is equal to the formation of CuBPEDA+2 and is related to change in ab~

sorbance as the reaction progresses. Equation 14 relates the final ab-
y
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sorbance, A.,; the absorbance at any time t, At, the molar absorptivi-
ties of reactants and products and the cell path length to the concen-

tration of NiBPEDA%g and is derived in the appendix.

[NiBPEDAT 2] = Aoo - Bt (k)
b (CcumpEpat® " SnimpEDAYS "ONiTe _Scu™@)
Plots of log (A, - At) versus time showed excellent linear behavior

demonstrating first-order dependence on NiBPEDAfe.

Due to the impracticability of determining A for each reaction
because of the time involved, the method of initial rates was used in
determining kg after the kinetic behavior of the system had been well
established. To employ this method the assumption must be made that
over a small enough time interval -ANiBPEDA+2 /bt is constant. With
the use of a digital computer kg could be determined over many small
overlapping time intervals from a knowledge of A, t, initial concen-
tration and molar absorptivities. By taking the average of these many
individual values, kg could be determined by following only the first
200 minutes of a reaction which could take up to 14 days to reach
equilibrium. Values obtained by this method were checked with those
obtained by measurement of A, , and subsequent plotting of the inte-
grated rate equation using the same solutions. The results, which
gave excellent agreement, are shown in Table 5. Table 6 lists the

values of kg as a function of pH and total copper concentration.
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TABLE 5

COMPARISON OF EXCHANGE RATE CALCULATED BY THE INITIAL
RATES METHOD TO VALUES OBTAINED BY MEASUREMENT OF A oo
AND PLOTTING OF THE INTEGRATED RATE EQUATICN,

[NiBPEDA™2] = 8.10 X 10°%M [Cu™2] = 7.4 X 107° M

b= 0.1M T =25+ 0.1° C

Rate by Rate by
pH Plotting Initial Rates

(sec™ ) (sec” 1)
L.33 5.16 X 10 © 5.30 X 10°©
L. 34 5.05 X 10" © 5.16 X 10 ©
L.36 5.08 X 10 © 5.22 X 10" 6
5.08 7.84 X 10°© 8.35 X 10" 6
5.09 8.14 X 10°6 8.35 X 1076
5.10 8.0k X 10°° 8.51 X 10" 6
5.58 1.82 X 10°° 2.28 X 1075
5.61 2.26 X 10 ° 2.57 X 10° S
5.62 2,18 X 10°° 2.31 X 10°5
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TABLE 6

KINETIC DATA FOR THE EXCHANGE REACTIONS.

pH ' ko X 105, sec”?

Cu, =k, hok X 1073 M

T

3,73 0.22k
L.o1 0.272
L.09 0.228
h.21 0.269
4,30 0.294
4,31 0.303
L, 32 0.268
h.33 0.279
L. 39 0.282
4,48 0.31k
b5k 0.308
L.68 0.335
4.69 0.334
k.99 0.421
5.25 0.715
5.28 0.708
5.50 1.12

5.52 1.12

5.55 1.20
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TABLE 6 (Cont.)

5.59 1.56
5.61 1.56
5.65 1.71
5.70 2.10
5.80 2.60
5.89 3.17
2.97 L,21
6.01 3.96
6.02 b k1
6.03 3.95
6.07 L.79
Cup, = T.U71 X 107N
5.00 0.528
5.00 0.5k40
5.00 0.559
5.32 1.10
5.33 1.08
>.33 1.10
5.62 2.h2
5.62 2.46
5.63 2.43
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TABLE 6 (Cont.

)

=7.948 X 1073 M

Cu,

T

O.

0'

0.

0.

1

=8.315 X 10 3

385
495

520

709

.03
1,

a2



TABLE 6 (Cont.)

5.30 0.541
5.31 0.597
5.32 0.617
5.40 1.50
5.54 2.11
5.61 2.7h
Cu, = 9.962 X 1003 M
4,96 0.681
4,96 0.696
k.99 0.719
5.0k 0.773
5,04 0.775
5.0k 0.815
5.15 1.01
5.31 1.33
5.31 1.39
5.31 1.35
5.33 1.ko
5.33 1.k2
5.33 : 1.57
5.44 1.95
5.44 1.99
5.49 . 1.94
5.58 2.88
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TABLE 6 (Cont,)

259 2.83
5.60 2.90
5.60 3.45
5.60 3.42
5.60 3,46
Cup =1.245 X 1072 M
L.61 0.55k
k.65 0.535
L.65 0.569
5.01 0.865
5.04 0.777
5.0k 0.819
5.31 1.43
5.31 1.kg
5.32 1.50
5.48 2.19
5.49 2,11
5.49 2.12
5.65 3.82
5.65 3,90
5.67 3.71
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k.32
4, 32
h.33
L. 49
k.50
k.59
k.59
4.59
4.8k
.8k
k.87
2.05
>.05
5.06
5.17
5.18
5.20
5.32
5.33
5.33
5.43
5.43
5.4
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TABLE 6 (Cont)

= 1.495 X 1072

M

O’

O.

0.

O.

489
512
4ol
523

.522
51k
. 548
.563
LT34
cTh3
.807
N

.07

.26

=N

.52
.38
L3
.78
.72
Th
.12
.26

.11

25



TABLE 6 (Cont.)

5.55 L.02
225 k.02
Cu, =1.743 X 1072 M
L.27 0.668
4,28 0.643
k.30 0.620
b.97 1.00
b9t | 1.00
k.97 1.07
5.25 1.64
5.25 1.70
5.25 1.75
5.56 3.81
5.58 3.86
5.58 3.91
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Determination of Ni+2 Stability Constants of AEAMP

The complex stability constants of Ni+2 with AEAMP, described

by equations 15 and 16, were obtained using

- [NiaEmMP*? ] (15)
[Ni™2 ][ AEAMP]
[(Ni)oAEAMPH4) 16)
Ko = 1
= [Nit2 I INiAEAMP 2]

the method of Bjerrum (16) described by Jonassen, LeBlanc and Rogan
(17). Data from potentiometric titrations were obtained as follows.
A 100 ml aliquot of a solution which was 1.007 X 1073 M in respect to
AEAMP-3HC1, 0.1 M in NaClO,, and 5.37 X 10 # M in Ni(Cl04)p was de-
livered into a four-necked flask immersed in a constant temperature
bath maintained at 25 + 0.1° C, The four-necked flask was equipped
with a mechanical stirrer, a glass and calomel electrode pair and a
nitrogen bubbler., The titration was carried out by the addition of
0.1727 N carbonate- free NaQOH from a 5 ml buret, The results are
listed in Table 7. The values of log Kj and log Ko were calculated
using the acid dissociation constants determined by Romary, Barger

and Zzachariasen (15) and are listed in Table 8.
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TABLE T

EXPERIMENTAL DATA FOR THE POTENTIOMETRIC TITRATION

OF AEAMP-Ni'

2

WITH NaOH,
[NaOH] = 0.1727 N Initial volume = 100.0 ml
b o= 0.1M [AEAMP*3HC1]; = 1.00T7 X 1073 M
T = 25+ 0.,1°C [Ni(Clo4)2 = 5.370 X 104 M
NaOH (ml) pH

0.000 2.898

0.100 2.955

0.298 3.091

0.401 3.181

0.500 3.257

0.597 3.319

0.69h 3.408

0.800 3.521

0.896 3.635

1.002 3,780

1.131 5.992

1.220 k. 151

1.301 4,285

1.403 b b7l

1.500 L.675

1.600 b.95k

1.707 5.667

1.7h0 7.020

1.820 7.720

2.011 8.032

2.270 8.851

2.392 9.195
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TABLE 8

ACID DISSOCIATION CONSTANTS AND N:i.+2 Stability

CONSTANTS FOR AEAMP

Constant ‘ Value Reference
pKy 2 1.84 15
PK2 5.91 15
PK3 9.5k 15
Log Klb 11.90 This work
Log Ko 9.76 This work

% pK; = pH - Log [AHn--l:|

(At ]

T ML
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RESULTS AND DISCUSSION

Resolution of the Rate Data

2

The formation of CuBPEDA'® from NiBPEDA'® and cu' may proceed

through either or both of two pathways as shown in equation 17.
+2

A W et

2 .ty -nH'

%
+

Cu [NiBPEDACu]+u

cuBPEDAH®

(17)
/

NiBPEDA'

Pathway A represents a complete dissociation of NiBPEDA+2 prior
to copper attack. Protons will be involved in the dissociation due to
the basicity of BPEDA. The rate determining step cannot be the copper
attack on BPEDA due to the sluggish nature of Ni-1ligand dissociation
and the very rapid rate of formation of copper complexes, Pathway B
involved a direct attack of copper on NiBPEDA"F2 and results in the
formation of some type of dinuclear intermediate prior to complete
dissociation of BPEDA from NiBPEDAfE. Intermediates of this type are
quite common in metal exchange studies involving aminocarboxylate
ligands (1-6) although there have been only two studies showing simi-
lar intermediates involving polyamine ligands.(10,11).

The contributison of pathway A to the total exchange rate can be

2 from Nit®

calculated since the kinetics of the formation of NiBPEDA'
and BPEDA, HBPEDA' and H2BPEDA+2 has been studied (18).and the stab-
ility constant associated with each reaction can be calculated. Since
these species have been shown to be kinetically important in the

2

formation of NiBPEDA'S, the dissociation of NiBPEDAT® must follow the

30
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same pathway and the rate of dissociation at constant pH can be

written as shown in equations 18 and 19,

d[NiL] = ky[NML] = KV PINL ] + kNlL[N Limt] + kNlL[NlL][HF (18)
ka = KO0+ kO] o+ kR P (19)
Since
Ni,L kﬁi
b
Kyin = Tmit (20)
K
HL
Kgl ,HL KNiL _ kNl (21)
iL KHL kN1L
H
Hol
NiLHoL  _ ML _ M (22)
L Koo X Kyop kg;IL

NiL

values of k'L, ky " and KL

oy can be calculated using the known values

of formation rate constants and equilibrium constants listed in Table 9

and defined in the appendix. Thus,

ky =T.32x 1012gec™  + 1.98 x 1074[H" Jsec™®

+ 25.8[H+:Fsec-l (23)

and equation 23 allows calculation of the contribution of pathway A to
the overall exchange rate at each pH studied, The dissociation term,

kq, becomes negligible above pH 4.5. Below pH 4.5 the observed rate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE 9

STABILITY CONSTANTS AND FORMATION RATE CONSTANTS FOR INDIVIDUAL

SPECIES OF THE NiBPEDA+2 SYSTEM.

All values at 25° C and y = 0.1 M

Reaction KgiiHnL kg?L, yflsec-la Ky Lb
N2 4 1, 2.52 x 10%% 1.82 x 10° -
Nite 4 mt 1.91 x 108 2.62 x 102 -
Nit2 ¢ oL 2.96 x 105 1.15 x 102 ——
H'— H + L ——-- ———- 5.25 x 10-°
Hol 2 0+ mLY —oee — 3,39 x 1076

reference 18

)
Il

reference 1k

o
i
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3k

constant, kg, is corrected for the term by subtraction.

Pathway B involves a direct copper attack on partially dis-
sociated NiBPEDA+2. Further, plots of kp-kyg against pH at constant
total copper concentration, shown in Figure 1, indicate that the ex-
change reaction is pH sensitive since the rate increases greatly with
increasing pH. The rate, however, varies inversely with [H+], not
directly as would be expected if [H+j were attacking the partially
dissociated BPEDA. Thus, the pH behavior rules out proton assisted
dissociation. Actually, this is to be expected since the terminal
dentate sites which are first to unwrap from NiBPEDA+2 are pyridyl
groups with pK, values < 2., Further, no stable protonated complexes
such as NiBPEDAH+5, analogous to the known Ni(trien)H+3, have been
found.

One possible explanation for the inverse [H+] behavior would be
the existence of hydroxy complexes of NiBPEDA+2. Such species do exist
in the case of Ni(trien)+2 but only above pH 9 (19). It is most un~-
likely that replacement of two terminal aliphatic nitrogens by pyridyl
groups could cause a shift in hydrolysis of 6 pK units, The other
explanation for the inverse hydrogen ion effect involves the attack of
hydrolyzed copper species on NiBPEDA+2. There is both thermodynamic
and kinetic evidence for their existence. Many hydrolyzed species have

+ +
been proposed, for example CuOH ", CUQ(OH);2, Cus(OH)ah, Cu0H 5

and
Cun(OH)Zg_g (20-22). Only the existence and formation constant of
CU2(OH);2 is well documented and agreed upon, although the existence

of CuOH' 1is accepted by all workers except Perrin (21). Assuming the
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existence and kinetic activity of CuOH+ and Cug(OH)Z2 to be the ex-

planation for the pH behavior seen, equation 24 can be written.

(ko-kq) INiBPEDA™®] = 17 kol cut® ) (niBpEDA™® )
NiL NiL

+(kCuOH+)[CuOH+][NiBPEDA+2] + (kCu2(OH);2)ECug(OH)gj[NinEDAfgj (2k4)

By use of the relations

O
811 =E—“—%%«Q-g}]—l—] (25)
and
[cup(0n)E2 108 P
Baz = ?Cu+2§2 (26)

equation 24 may be rewritten as

_ /o NL NiL P11
ko-kg = (kCuLE * kowor" I
+2
NiL [Cu "] +2
+ kCug(OH)Zg 822——-—‘—) [Cu (27)

e

The free copper concentration at any pH and total copper concentra-
tion can be calculated from equation 28 using known values of the
formation constants for each species corrected to 0.1 M ionic strength,
The corrected values are B33 = 5.0 x 1078, By = 1.4 x 107, and Bop =

2.5 x 10" ' which are derived from the values determined by Ohtaki and
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Kawai (20).

[cul = [ce™®] + [cuon']

total
+ 2[cug08?] + 2[cun(on)ie] (28)

The term Cug(OH)E}L was included originally but represents only a small

fraction of [Cu] , particularly at low total copper concentrations

tota
and so was dropped from subsequent calculations., Figure 2 shows the
distribution of copper species as a function of pH at two total copper
concentrations.

At low pH and low total copper concentrations dimerization is

slight and the last term on the right hand side of equation 27 can be

neglected for a first approximation of kg;&z Equation 27 then re-
arranges to
iL
Ko kg =kg$+2 + kBiy L (29)
[cu™] (5"

Figure 3 shows a least squares plot of equation 29 for the pH range 3.7
to 4.5 using the calculated values of [Cu+2] at a constant total copper
concentration of 4.4Ok x 10"3 M. The intercept yields a first estimate
value of kgi%E =4.92 x 1004 M Ysec”t., This value can be inserted in
equation 27 and the equation rearranged as in equation %0 and plotted
as shown in Figure 4 for the pH range 4.9 to 6.1 again at total copper

concentration of 4.hok x 107 ° M.
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. + .
R e L R O Ve (30)
Cu [Cu+2] CUOH CU.2 (OH) g [H+ ]

The slope and Bpp yielded a value of T.237 x 10" 2M Ysec™ ! for

NiL

kCu2 ( OH)

Substitution of this value into equation 27, rearranging

as in equation 31 and plotting

{ko-kd kNlL(OH)+2[Cu2 OH)2 } / [Cu +2 =

NiL NlL 1
ke " Kouort +)Ba1 e (31)
R:4
over the same pH range as Figure 3 yielded values of 4.975 X 10™4M tsec” !
1 - NilL NiL .
and 0.1080 M “sec” - for k Lo and ko o+, respectively.

Cu

Since Cug(OH)ZE is a dimer of CuOH equation 32 could explain the

pH behavior with only Cu+2 and CuOH+ as reactive species,

kokg = kzlL [ea™®] + Wil s (Touo’] + 2[Cuz(on)E°]) (32)
K L0u*E] + gt s ([Cuok” ] {1 + 2[Cuon"] %ffg} ) - (33)

A plot of (ko-kd)/[Cu+2] against

([cuod" ] {1 + 2[cuon’™] P22 })/[Cu+2], shown in Figure 5, covering the

B11

pH range 3.7 to 6.1 with the total copper concentration at 4.kok x 107 3M
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. . +2 . .
is not linear, Thus, Cup(OH)s~ is a reactive species.,

- NiL NiL NiL .
The resolved values of kcu+2, kCuOﬁ+ and kCﬂg(OH)ZE along with

ky can be used to construct a theoretical curve of ko against pH from
equation 24 at a total copper concentration of 4,404k X 107° M. A com
puter generated curve is compared to the experimentally determined
values in Figure 6. Excellent agreement is seen over the entire pH
range. However, calculated values of ko from equation 24 at higher
copper concentrations show marked deviation from the experimental values.
Comparisons of the experimentally determined points to the theoretical
curves generated by a computer at total copper concentrations of 8.315
x 1003 M and 1.743 x 1002 M are shown in Figures 7 and 8 respectively.
In all cases, the predicted kg values are higher than the experimental
ones, The most likely explanation for this behavior is the existence
of higher order polynuclear hydrolyzed copper species such as those
proposed by Perrin, Cun(OH)Z%_E. These species have not been charac-
terized but would become important at both higher total copper and

2, CuOH' and CU2(OH)£2

higher pH and thus lower the concentrations of cut

which would cause lower experimental values of ko, The actual free

copper present at higher total copper concentrations can be calculated
NiL NilL NilL

using equation 27 and the resolved values of kcu+2, kCu0H+’ kCu2(OH)£2

and kg and kd' Attempts at relating these values to higher order poly-
nuclear hydrolyzed copper species using equations resembling equatiins

25, 26 and 28 failed.
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Mechanism of the Exchange Reaction

The resolved rate constants show the exchange reaction, corrected
for dissociation, to be first order in a copper species in each case,
Thus, copper must be involved either during or before the rate deter-
mining step and clearly prior to complete dissociation of NiBPEDAfz.
The transfer of BPEDA from Ni+2 to Cuf2, analogous to all other dis-
sociation and exchange reactions, most likely proceeds in a stepwise
sequence of bond rupture with the departing metal and bond formation,
limited by water loss, to the attacking metal. Due to the extreme

0. 3 x 108 sec * (23),

lability of the copper formation reaction, k-Hz
and the pronounced sluggish rate of exchange seen in this study, pure
bond formation to copper cannot be rate limiting.

The proposed mechanism involves stepwise dissociation of BPEDA
from Ni+2, followed by coordination of free dentate sites to copper
where sterically possible. This gives rise to a series of dinuclear
intermediates having one of the dissociation steps along the series as
rate determining,

An analysis of the reaction mechanism involves a knowledge of
the stability constants of the nucleophile with various ligands. Since
these values are known for nickel and copper, but not for hydrolyzed
copper species, only the term and pathway involving free copper will be
analyzed in detail.

Previous metal exchange studies have shown that the nature of the

dinuclear intermediate immediately prior to the rate determining step

may be characterized by comparison to other similar systems. The ratio

L6
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of experimental rate constants for metal attack is directly proportional
to the ratio of the dinuclear intermediate stability constants provided
the same rate determining step holds for both systems (3,4,6). Thus,
if a series of dinuclear intermediates are possible, each with a differ-
ent stability constant, the one whose constant gives the closest agree-
ment in comparison to a known system to the ratio of experimental rate
constants is the intermediate immediately prior to the rate determining
step.

The systems chosen for comparison are the copper exchange with

NiEDDA (8), with Ni(trien)+2 (11) and with NiEDTA™2

(7). 1In all of
these systems, the rate determining step has been shown to be the break-
age of a nickel-aliphatic nitrogen bond. 1In the present study both
aromatic and aliphatic nitrogens are involved, and some possible inter-
mediates involve nickel-aromatic bond rupture. Since intermediates are
compared to systems having nickel-aliphatic nitrogen bond rupture, a
correction for the increased lability of nickel aromatic bond is needed.
The ratio of the rate of dissociation of Ni-pyridine to Ni-~ammonia
represents this difference and amounts to a factor of 5.

Equation 34 shows the comparison with L representing any ligand,

and KR the relative stability comstant of the intermediate immediately

prior to the rate determining step.

kCu =

NiL Nil-Cu

kCu KR

NiBPEDA KgiBPEDA—Cu
(3k4)

The relative stability constant, KR’ of each intermediate struc-

ture for each system can be defined in terms of the stability of the
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Ni-ligand and Cu-ligand segments involved as compared to the stability
of the initial complex.

)

KNi—complex

)

(KNi-segment KCu,-segment (35)

KR =

In some comparisons an electrostatic attraction helps stabilize
one intermediate relative tc the other. The added stability of this

contribution, K can be estimated using equation 36

el?
ZAZBe2
AEelectrostatic = DrAB = 2.305 RT log Kel (36)

where ZA and ZB are the charges involved, D is the dielectric constant

of water, is the distance of separation between A and B, T is the

TAB
temperature in °K and R is the gas constant,

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.

A comparison of possible likely dinuclear intermediates for the
exchange of NiBPEDA+2 with Cd+2 to the known systems previously mentioned
is made in Table 10, Values of KR’ Kel and statistical factors are in-
cluded, The last row in Table 10 shows the ratio of experimental rate
constants. The values of KR were calculated from known stability con-
stants chosen to be as internally consistent as possible with respect
to temperature and ionic strength and are listed in Table 11 along with

experimental values of the rate constants., A comparison of the ratio

of experimental rate constants to the predicted ratios of intermediate
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TABLE 10

COMPARISON OF POSSIBLE DINUCLEAR

INTERMEDIATES FOR THE EXCHANGE OF NiBPEDA"

k9

WITH Cu™ TO KNOWN SYSTEMS.
Nitrien-Cu NiEDDA-Cu NiEDTA-Cu
N
N NN O N—N-0 Ni_N_.b{_bu
\ /
Ni Cu Ni X 0 O/
KR=8 KR=l+x10' 1 KR=6x10' 3
Statistical
factor =2
Ky = 3.16
NiBPEDA-Cu NiBPEDA- Cu NiBPEDA-Cu =
NiBPEDA- Cu Ky KR R Kr
Structure Kgi trien-Cu Kﬁi EDDA-Cu KEiEDTA" Cu
/N
—ANi
1 N 8x10”* 1x10 * 2 2x1o0t
</ \:
N-Cu
/ \
N
11 N-NI  oy10”5 2x10 6 Lx10 S hx10 4
L)
—Cu
/ \
— /. ONi ~ 3 -4 -3 -2
111 N/ 1x10 1.5x10 2x10 3x10
/'—“N-Cu
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TABLE 10 (cont.)

O
IV X 3x102 3x10% 8x102 8x103
P
<::>§'Nl ) b b b
' 6x10” 13 4x10™ 13 1x10” - 1x10°

VI 5x10° 3 3x10 3 5x10° 2 5x10" *

VI N—Ni 8x10 3 1x10 3 2x10” 2 2x10 *

2 1 3 5
VIII N-Cu 1x10 5x10 2x10 2x10
NiBPEDA
kCu - s -
—_— 2x10 4 7x10" 3 6x10” 3
NiL
k
Cu

2 The statistical factor of 2 and the Ke = 3,16 are figured into this

value of KEIEDTAycu.

1

Values include a factor of 5 for the ratio of Ni-NHz to Ni-py bond
breakage.
NiEDDA

® This ratio is somewhat high due to kCu

being measured at p=1.25 M,
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TABLE 10 (cont.)

The value of kI(\}IzEDTA increases by 5 in going from y = 1.25 to
0.1 M, Thus kg;EDDA would also increase making the ratio smaller,
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TABLE 11

STABILITY CONSTANTS AND RATE CONSTANTS USED IN MAKING
COMPARTISONS SHOWN IN TABLE 10.

All values are either at 25° C and u =_ 0.1 M or chosen to be as
close to these conditions as possible,

Ligand Log NiﬁL Log ngﬂL kggL, M tsec”?
BPEDA 14.4° ——— Lh.g x 10"4:
EDDA 13.5 - T. x 10‘2e
EDTA 18.6 ——- 7.5 x 1072
trien 4.1 _—— 2.7f

AMP 7.2 9.6

AEAMP 11.9° k.68

en 7.5 10.6

dien 10.7 16.0

glycine 5.3 7.6

IDA - 11.1

NHg 2.7 k.3

pyridine 1.8 2.4

a

Except as noted all values taken from reference 2k,
Reference 14,

This work.

Reference 8.

Reference 1.

Reference 11.

Reference 15,
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stability constants, shows that structures III and VII give predicted
values which agree closely to the experimental rate constant ratios in
all cases, Other structures listed in the Table as well as some not
listed were tested and gave values which are off by orders of magnitude,

0f the two possible intermediate structures, VII involves dis-
sociation of BPEDA at both ends with an AMP segment chelated to copper
and at the opposite end of the complex a free pyridyl group. This is
highly unlikely since stability constants of nickel with aromatic-
aliphatic mixed ligands show little loss and in some cases a gain by
replacing an aliphatic nitrogen by an aromatic one. The values are
listed in Table 12, Thus, there appears to be no strain in the bond-
ing of an AMP segment to nickel and therefore, no reason for it to
dissociate in a manner such as structure VII, Structure III, however,
is not without its peculiarities in that here copper is bonded to an
internal aliphatic nitrogen and not chelated to the pyridyl group.
Unlike nickel, the replacement of an aliphatic nitrogen with an aro-
matic one does markedly decrease the stability of copper complexes.
In fact, Cudien, X = 10%®, is practically as stable as CuBPEDA,
K = 10%8°3, Table 12 shows the comparisons, Thus, it is not unrea-
sonable to suggest some type of strain or hindrance which prevents
copper from chelating to the free AMP segment of BPEDA. Finally,
structure III does give the best agreement to the ratio of experimental
rate constants.

On this basis a mechanism for the metal exchange of NiBPEDA+2 and
copper can be proposed. This is shown in Figure 9. As previously dis-

cussed, nickel-nitrogen bond breakage is the rate determining step,
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TABLE 12

COMPARISON OF STABILITY CONSTANTS BETWEEN ALIPHATIC AND
AROMATIC NITROGEN COMPLEXES WITH NICKEL (II) AND COPPER (II).

All values at 25° C and p = 0.1 M

Copper
Ligand Log ngiL (LO% izéigﬁatic . Ref.
aromatic)
NHs 4.3 2L
pyridine 2.k +1.9 24
en 10.6 24
AMP 9.6 +1.,0 2k
dien 16.0 2k
AEAMP 14,6 +1.h 15
trien 20.5 2L
BPEDA 16.3 +4.2 14
Nickel

NHs 2.7 2k
pyridine 1.8 +0.9 24
en 7.5 24
AMP 7.2 +0.3 2k
dien 10.7 24
AEAMP 11.9 =1.2 This work
trien 4.1 . 2L
BPEDA 1.4 -0.3 14
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immediately following intermediate III. Further, the sequence I—
I}-eIV—av is nearly negligible and can be corrected for from prior
knowledge of the dissociation of NiBPEDA+2.

The copper dependent exchange pathway in Figure 9 must be

I - XI5 IIT_ >V, A general kinetic expression for the pathway can

be written by assuming the steady-state approximation for species

II and III,
k12(I] + ka2[11I]
(11] = yr: (37)
koy + kas[Cu ]
koalCu 2 ](11]
[111] = (38)
k32 + k35
+2
kiskosksslCu ~ ]
ko = " (39)
kaikaz + koikas + kaskas[Cu "]
Expression 39 reduces to 40 since kaoikszs >> koikas
and > kogkas[Cu'2] at [Cu'2] < 1072 M.
NiBPEDA[ . +2 kyskaskas Cutt]
ko =k [cut©] = KiakasKss (%o0)
+2
Cu k21k32

Thus, the expression derived from the proposed mechanism fits the ex~
perimental behavior.,
Confirmation of the structure of species III in Table 10 may now

be obtained knowing the kinetic expression for the mechanism, It is
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possible to predict the value of kangDA from the relative stabil-

Cu
ity constant of species III and an accurate value of kzg. This assumes,
as seen in equation MO, that the steps prior to the rate determining

step are essentially in equilibrium and equation 40 can be written as

NiBPEDA  _
|3 +2 - KRk:BS ()4- 1 )
Cu
The value of KR is 1.2 x 103 for species III, An accurate estimate
of kas can be obtained from the hydrogen assisted dissociation of
Ni(N—pren), where N-pren is NHoCHoCHoNHCHoCHsCHs. Under strongly aci-
dic conditions protonation of the secondary nitrogen occurs immediately
upon bond rupture making the first bond rupture rate determining
NiBPEDA

rather than the last (25). Thus, kas = 3 x 10 Ysec * and k 0 =
Cu

1.2x 103 x 3x 10 =4 x 1004 M ¥sec™t. The agreement between this
predicted value and the experimentally observed one, 4.9 x 10 %M 'sec™*
is excellent, It may be noted that this calculation ignores the ob-
vious accelerating effect that copper would have on kgg due to electro-
static interaction with nickel, However, also ignored is the decrease
in KR due to the same electrostatic interaction. It has been estimated
(ll) that these terms offset each other in the analogous Ni(trien)+2
copper exchange and there is no reason not to believe the same is true
in the present study.

The pathways involving CuOH' and Cug(OH)Z2 represent a problem
and can be explained several ways. The accelerating effect of hydrox-

ide has been seen in other systems but never explained in a satis-
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factory fashion (9,10,11)., If the same mechanism proposed for free
copper is assumed to hold, then the enhancement in rate must be due
only to an increase in the relative stability of intermediate III.

This is not uncommon as numerous examples can be found illustrating

an increase in stability for reactions such as equation 43.
Cul. + OH T/ CulOH ‘ (43)

Those pertinent to the present system are listed in Table 13. 1In all
cases however, the addition of a hydroxide to the complex increases
the stability by between 10% and 105, but the use of CuOH+ as a re-
actant decreases the stability by 108, Therefore overall there is

not a net gain, but a loss in stability due to CuOH+ of about 10%. In
order to explain the increase in rate the stability should increase,

A second possibility is to assume that intermediate III is a
transition state rather than an intermediate. If this is true, then
an increase in the rate of water loss from copper due to hydroxide
could increase the reaction rate. An increased lability of coordina-
tion compounds due to hydroxide has been seen with Co(III), Cr(III)
and Fe(III) compounds and on this basis might be expected for Cu(II).
However, it is known that there are two values of the rate of water
loss for copper due to the Jahﬁ-Teller effect; axial, which is rapid,
and equatorial, which is sluggish. Further, it is argued that loss of
axial water followed by ligand insertion in the inner coordination
sphere is then immediately followed by a rapid internal interconversion

of axial and equatorial sites (30). Not until three coordination sites
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TABLE 13

EFFECT OF HYDROXIDE ON STABILITY OF COPPER (II) COMPLEXES.

Reaction Log Kstab Reference
Cu(en);—2 + OH —> Cu(en)QOH+ 5.8 26
CuDMEN'E 4 OH™—y Cu(DMEN)OH" 5.9 27
, 12 - , +
Cudien + OH —» Cu(dien)OH 5.0 28
+2 - +
CuHEEN + OH —» Cu(HEEN)OH 6.7 28
.2 - . +
Cutrien + OH —» Cu(trien)OH 3.8 29

en = ethylenediamine

DMEN = N,N'-dimethylethylenediamine
. dien = diethylenetriamine
HEEN = N-(2-hydroxyethyl)ethylenediamine

trien = triethylenetetramine
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are occupied by ligands does copper exhibit a sluggish formation rate.
Thus, it is suggested that the presence of an equatorial hydroxide,
CuOH+, will not greatly affect the rate at which axial water is lost.
As further evidence for this, a study of the formation of mixed ligand
species from Ni(5-x,phen) and dien or NTA showed the effect of the
substituents to be transmitted to equatorial sites three times greater
than to axial sites (31). Unlike copper, all six sites in nickel are
initially approximately equal. |

The third possibility is the formation of some type of hydrogen
bonded intermediate or hydroxide bridge intermediate. The hydroxide
oxygen could hydrogen bond to a proton of one of the waters on nickel
or could form a hydroxide bridge with nickel., This phenomenon is not
uncommon (32). Repulsion of charges appears not to be important be-
cause of the stability of Cue(OH)zz and other similar species such as
Crg(OH);u, Fea.(on);’LF and c:oe(ou)g4 (23). Thus, an added degree of
stability can be imparted to intermediates preceding the rate deter-
mining step. Further, this phenomenon is not unlike the Internal
Conjugate Base Mechanism (ICB) which appears to impart added sta-
bility during formation reactions (33). These systems thus far have
involved weak base;, yet have shown gains of 10 and 20 in reaction
rate (19). Also, the presence of aromaticvnitrogens in the nickel co-
ordination sphere enhances the ICB effect (34). The present system
involves a strong base, hydroxide, and does have an aromatic nitrogen
in the coordination sphere. Analogous metal exchange systems involving
copper as the attacking nucleophile also show enhanced rates due to

CuOH+. Table 1k lists the values, 1In all cases, not involving aroma-
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TABLE 14

COMPARISON OF RATE CONSTANTS FOR THE ATTACK OF
cu™ AND CuOH' ON VARIOUS COMPLEXES .

All rate constants in M *sec * at 25° C and p = 0.1 M

Nil
. ..a CuCH
NilL Nil
Complex k +0 kCuOH+ i Ref.
: Cu k
+2
Cu
NiBPEDA T2 4 .9x10™* .1080 220 This work
Ni(trien)' 2.7 80 30 11
NiEDTA™2 .075 1.4P 18 9
ZnEDTA™ 67 220 33 9

a NiL
Values of kCuOH

b The data used to resolve kNlEgTA

Cu

+ have been calculated assuming B;; = 5 x 1078,

2
were not corrected for any

hydrolyzed copper species,
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tic nitrogens bonded to nickel, it can be seen that CuOH+ is about

30 times more reactive than Cu+2. The added factor of T between these
complexes and NiBPEDA+2 can be attributed to the presence of‘an aro-
matic nitrogen in BPEDA since, as previously mentioned, aromatic nitro-
gens increase the ICB effect.

The reactions involving NiEDTA'g, Ni(trien)+2 and NiBPEDA'™® all
have nickel nitrogen bond rupture as rate determining while the ZnEDTA
system involves copper ligand bond formation as rate determining. Of
the three possible explanations for the increased activity due to
CuOH+, the first, an increase in the stability of the dinuclear inter-
mediate, can not explain why CuOH+ reacts at an accelerated rate with
ZnEDTA because the dinuclear intermediate forms after the rate determin-
ing step. The second explanation, a transition state, could explain
all four systems but is based on the tenuous grounds of an acceleration
in copper water loss due to hydroxide. The third possibility however,
fits all four cases since a hydrogen bonded or hydroxide bridged inter-
mediate would affect the value of Kos’ the outer sphere association
constant, to the same extent that it would affect the stability of a
dinuclear intermediate. Therefore it is suggested that this is the

+
most likely explanation for the increased reactivity of CuOH .,
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APPENDIX

An equation relating the concentration of NiBPEDA+2 to the ab-
sorbance of a reaction solution was derived in the following manner.
The total absorbance is equal to the sum of the absorbances of

the individual species as expressed in equation 1.
Arotal “Aur T Awir T fou T fw
= b( [CuL] + N [NiL] + [Ni+2] + [Cu+2] (1)
‘Cul, Wil Ni cu

+
The concentrations of Ni+2, Cu+2 and CuBPEDA 2 at anytime are related

. . +
to the final concentrations and the concentration of NiBPEDA 2.

[cu*®] = [cu™®1, + uL) (2)
M) = w1, - el (3)
[cuL®] = [CuL+2]f - [NiL] (%)

Substituting equations 2, 3 and 4 into equation 1, gives

At N (GCuL[CuL]f * €NJ'.D\Ii—i-z]f N eCu[c";l-e]f
_eCuL[NiL] + eNi[NiL] - eNiL[NiL] + eCu[NiL])b (5)

At equilibrium the absorbance due to NiBPEDANi—2 is negligible and
_ 42 +2
Ao = (eCuL[cuL] PR (N7 ) + e, [Cu Jg )b (6)

Substituting equation 6 into equation 5 and solving for the concentra-

tion of NiBPEDA+2 gives the desired relation

63
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The constants appearing in Table 9 are defined in the following

manner,

Stability constants

Ni,H L _ (v JEt P
iL
[Ni+2 ][HnL+n ]

Proton association constants

Ky [H,L™™ ]

e, 1 (2 ]
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