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KINETICS OF THE FORMATION OF THE NICKEL(II) COMPLEX
WITH N,N'-DIMETHYLETHYLENEDIAMINEDIACETIC ACID AND
THE METAL EXCHANGE REACTION BETWEEN. N,N'-~-DIMETHYL-
ETHYLENEDIAMINEDIACETATONICKEL(II) AND COPPER(II)

Roger A. Karel, M.A.
Western Michigan University, 1984

The kinetics of the reaction of aquonickel(II) ion
with N,N'-dimethylethylenediaminediacetic acid has been
studied at 25°C and 0.1M ionic strength over a pH range
of 6.0 to 9.3 using stopped-flow techniques. Formation
reactions in all cases were first-order in Ni(II) and in
ligand. The formation rate constant for the protonated
and unprotonated specles were evaluated and compared to
thelr theoretical value. The rate-determining step is
shown to be ring closure. A comparision of this system
with other studies involving complexation of nickel(II)
confirm the magnitude of the internal conjugate base
effect and also shows a correlation between the internal
conjugate base rate enhancement and the structural envi-
ronment of the nitrogen donor atom.

The exchange reaction between copper(II) and
N,Nt—-dimethylethylenediaminediacetatonickelate(II) was
studied at 25°C over a four fold variation in copper
concentration with an ionic strength of 1.25M and a pH
of 3.26. The reaction was shown to be first-order in
NiDMEDDA and zero-order in copper. This zero-order
dependence shows the inablity of DMEDDA to unwrap from
nlckel and twlst into,a conformation suitable for bonding
to copper prior to the rate limiting step.
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INTRODUCTION

The development of techniques for the kinetic study
of rapid reactions has resulted in an extensive accum-
mulation of rate data for reactlions of the type

M(Hy0) g™t + LP- M(H0)gL(2)* om0 (1)
The results of these systems have been reviewed by
several authors (1-3). Because many of its reactions
proceed at rates accessible to stopped-flow investli-
gations, hexaaquonickel(II) has been used extensively as
a substrate for these studies. The behavior which has
been observed for nickel(II) is typlcal of that for a
large class of aquometal ions. The characteristic
kinetic features of these reactlions can be summmarized
briefly. (i) The rate law for the formation of M(H20)5L
1s second-order over all, first-order in metal ion, and
first-order in ligand. (i1) Tor a given metal ion, large
varlations in formation rates can be observed with
different ligands. 1In general, lligands bearing a large
negative charge react rapldly, while those bearing a
less negative charge react more slowly. Ligands having
the same charge tend to react at the same rate; such
variations as are observed fall to correlate with
expected relative nucleophilicities. (i11l) For a range
of metal ilons, ligand-substitution rates parallel the
rates of water exchange.

These observations are accounted for by a general
dissoclative mechanism formulated by Eigen (4) which has
been sucessful in prehicting experimentally determined
rate constants for many 1:1 complex formation reactions
involving a varlity of ligands.  For the reaction of
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aquated N12* with a bidentate ligand, the Eigen-Tamm
mechanism is written as follows

K

NL(Hp0)g2* +  (L-L)" 2 L NL(Hp0)g (L-L)2M " (2)
A

K
1

A-—"——’,_____(HQO)SNi-L—La'n + Hy0 (3)
K1 .
k L
2

B—*—>(H20),4N1<| + Hy0 ()
K, DL

In the above reaction sequence, (L-L)n‘ represents the
bidentate ligand whereas, Ni(H20)62+ is the aquated nickel
ion in solution. The initial step (equation 2) represents
a diffusion controlled rapld pre-equilibrium of reactants
to form an outer-sphere complex A.. The assoclatlion equil-
ibrium constant for speclies A 1s represented by K,g. In
equation 3, specles A loses a water molecule from the in-
ner coordination sphere of the nickel(II) lon, and this
process is immediately followed by coordlination of ligand
L-L to glve the monocoordinated species B. The forward
rate constant for this step (equation 3) 1is denoted

Ky = kNi-HEO (5)
This latter equation describes water exchange at nickel.
The reverse process in equation 3 involves rupture of the
Ni-L bond to form A, and the corresponding reverse rate
constant is called k_;. The final step (equation U4)
describes the loss of a second coordinated water molecule
from the inner coordihation sphere of species B, followed
by ring closure of L-L to form the binary complex,
speciles C. The forward and reverse rate constants for
the last step are given by k, and k_, respectively.
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In order to derive a rate expression {or product
formation using the Eigen-Tamm mechanism, three assump-
tions ‘are normally made:

1) the pre-equilibrium (equation 2) is rapid

2) the monocoordinated species B 1s a steady
state intermediate

3) k_o 1s small and maybe neglected

Using these three assumptions, the derived rate law for
product formation 1s written

arc _ KosKi1Ko
gt] B (kii+k2) [Ni(H2o)62+][(L2)n-] (6)

Thus the kinetic behavior 1s expected to be first-order
with respect to each reactant, with an overall second-

order rate constant kﬁi given by

L
ko= Koskiko (7

Steps following the first loss of a coordinated
water molecule from the metal ion in the outer-sphere com-
plex are usually raplid so that the first such metal-water
bond rupture represents the rate-determining step, even
for reactions of multidenate ligands 'which involve subse-
quent bonding steps (5). Under these conditions, the for-
mation rate constant, kﬁ, can be expressed as

L M-H,0
kK = K.k 2 (8)

M 0S
For such systems the reaction intermediate preceed-
ing water loss 1s a true "ion pair," and the value of the
association equilibrium constant, K,s, can be calculated
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(5,6) with a falr degree of accuracy from diffusion equa-
tions (&:8). The rate constant for metal-water bond rup-
ture, k 2 , has been determined independently for metal
ions from temperature-jump (4,9,10), sound absorption
(4), and nuclear magnetic resonance measurments (4,11).
Therefore, the formation rate constant kﬁ, in many
instances, can be approximated from a priorl calculatlon
using equation 8. In this manner comparison can be made
between theoretical and experimental rate constant values
as a test for the applicablility of the dissoclative mech-
anism (9). The constancy of formation rate constants for
reactlons involving a series of ligands of the same charge
reacting with a specific aquometal ilon also serves to
support this mechanism (4,5).

Instances in which the theoretical and experimental
rate constants differ have led to the postulation of
ligand effects to explain these differences,

Studies with highly basic N-substituted diamines
(12,13) have shown formation rate constants which markedly
exceed the theoretical values. To account for this appar-
ent devliation, a modificatlion of the general mechanism as
gliven in equations 2, 3, and U4 is postulated (9) wherein
a basic donor atom of the reacting multidenate ligand
forms a hydrogen bond to a coordinated water molecule,
thereby stabllizing the outer-sphere.intermediate and
labilizing subsquent water loss. As a result, the multi-
dentate ligand promotes 1ts own coordination. This
"internal conjugate base" (ICB) mechanism has been
observed in the formation reactions of Ni(II) ion with a
varlety of multidentate ligands including 2-aminomethyl-
pyridine (14), N,N'-dibenzyethylenediamine (DBEDA),
N,N'-bis~(2-picolyl)ethylenediamine (BPEDA) (15), and
triethylenetetramine (trien) (16).

In contrast to the rate enhancement of the ICB
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effect, studlies of the reaction of Ni(II) lon with N-
alkyl-substituded monoamines (17) and N-alkyl-substituted
ethylenediamines (12) have shown that steric constraints
exert a pronounced rate-depression effect on the form-
ation rate constant as a result of blocking the site of
coordination.

Turan's study of N-methyl substituted ethylene-
diamine (18) demonstrated that for appropriate ligands,
steric effects are superimposed upon internal conjugate
base rate enhancements for reactions involving Ni(II) ion
with unprotonated ligands and that the magnlitude of the
ICB effect 1s a direct function of multidentate ligand
basicity.

Other. ligands such as N,N,N',N'-tetrakis(2-hydroxy-
ethyl)ethylenedlamine (TKED), N,N,N' ,N'-tetrakis(2-
hydroxypropyl Jethylenediamine and amino acids (13,19,20)
react anomalously slowly with Ni(II) ion. These results
have been rationalized by assuming that the rate-deter-
mining step in the reaction mechanism is shifted to the
loss of a second water molecule. In these reactions,
"sterically controlled substitution" may occur when
steric constraints block "normal substitution' (5) or
when chelate ring closure is sufficiently slow as to
become the rate-determining step.

Another widely studled type of complexation reaction
involves multidentate ligand transfer between two metal
lons, as represented by equation 9. These metal exchange
reactions have been the subject of extenslve study for a
variety of metal ion combinations and amlnocarboxylate
ligands (21-31)

Mm + ML—M'" + ML (9)

The mechanism of these reactions has been shown to follow
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the successive breaking of a series of coordinate bonds
from the metal-ligand complex, followed by a stepwlse
coordination to the attacking metal (21-23,26-29,31).
This process leads to the formation of a dinuclear inter-
mediate found in all cases where sterically possible (23,
25,30) followed by breakup to form products. The stablil-
ity of each reactlon intermediate relative to the react-
ants can be estimated from the stability constant of the
coordinated ligand segments to each metal and terms esti-
mating electrostatic attraction or repulsion. Further,
the rate constant for each step can be estimated from the
exchange rate constant of the aquometal ion and the sta-
bility constant of the coordinated segment. Flnally, a
change in reactant concentration and hydrogen ion concen-
tration can cause a shift in the rate determining step
(28,31).

Polyaminocarboxylate ligands having N-alkyl-substit-
uent branching have not been studlied with respect to form-
mation reactions. - Stelnhaus has recently investigated
metal exchange reactions using ethylenedlaminedlacetic
acld derivatives having alkyl substituents on the acetate
arms (32,33). These studles have shown that an a-methyl
group substituted on the acetate arms of EDDA resulted
in a 10-fold decrease in the exchange rate of copper with
ethylenediamine~-N,N'~-di-~a-propionatonickel (II) (N1iEDDP)
and prevented a shift in reaction order with respect to
copper as the copper concentration was varled (32). The
related system involving 2,7-diisopropyl-3,6~diazaoctane-
dioatonickelate(II) and copper which has a-lsopropyl
groups substituted on:the acetate arms of EDDA i1s
currently understudy énd appears to react in a fashilon
similiar to NiEDDP (33).

The present study was undertaken to investigate the
mechanism of nickel complex formation with a sterically
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hindered aminocarboxylate ligand, to establish the
mechanism of the metal exchange reaction of this complex .)
with copper(II) and to determine the extent of the

steric hinderance of a N-methyl group on a polyamino-
carboxylate. The reactions chosen are shown in equations)
10 and 11, and involve Ni(II) with N,N'-dimethylethylene-
diaminediacetic acid, abbreviated DMEDDA (Structure I),
which is shown here with protonation representative of

the predominate reactant in neutral solution and
copper(II) with N,N'-dimethylethylenediaminediacetato-
nickelate(II), abbreviated as NiDMEDDA

Ni2t + HDMEDDA™ ———  ~NiDMEDDA + H' (10)

NiDMEDDA + Cu2t—— . CuDMEDDA + Ni2% (11)

s i
HOOC—CH2—N-CH2—CH2—N—CH2—COOH

Structure 1

The kinetic study of the rate of complex formation
was designed so as to determine the locatlion of the rate
determining step. From previous studles, both ICB and
steric effects were anticipated for this reaction.

The nickel complex formation study will attempt to
show (i) that reaction 10 proceeds by the Eigen mechanism,
(ii) the sequence of bond formation, (iii) the presence
or absence of the ICB effect, and (iv) the magnitude of
the steric effect. Cbmparison will be made of thils study
with other work on tHe kinetics of formation of Ni(II)
complexes with 'a variety of ligands analogous to DMEDDA.

The kinetic study of the metal exchange reaction 1s
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patterned after the work on copper(II) and ethylenedi-
aminediacetonickelate(II) (31). PFrom a consideration of
the general mechanism for thls type of a reaction and
the simllarity of the ligands, 1t was surprising that
‘the present study found that the reaction proceeded by a
copper independent pathway and that the observed rate
constant 1s two order of magnitude smaller than for the
similar system studied by Steinhaus and Swann (31).

o —— e e e e o
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EXPERIMENTAL
Chemicals
Reagent grade chemicals were used except as noted.
All solutions were made using double distilled water and
all stock solutions were filtered through a 0.45 micron

Millipore filter at the time of preparation.

‘Double distilled water

Distilled water was passed through an ion exchange
column containing a mixed bed resin (Amberlite MB-3)
prior to its introduction to the first still. Two all
glass stills were set-up in series and a polypropylene
contalner was used to store the dlstillate.

Acetic acid-sodlum acetate buffer

Sodium acetate (Na02H302'3H20), from the J.T.
Baker Co., (270 g) was dissolved along with 60 mL of
glacial acetic acid and one liter of water to give a 3 M
solution (acetate concentration) at pH 5.0.

Ammonia-ammonium chloride buffer

Ammonium chloride (NH,Cl), from the J.T. Baker
Co., (70 g) was dissolved in 430 mL of water to which 570
mL of concentrated ammonium hydroxide was added to pro-
duce a buffer with a pH value of 10.0.

HEPES Buffer

The buffer HEPES (N-2-hydroxyethylpiperzine-N'-2-
9
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10

ethanesulfonic acid), pK, 7.55 (34), was obtained from
the Sigma Chemical Co. This buffer was used over the 6.8
to 8.2 pH range at a concentration of 0.05 M.

MES Buffer

The buffer MES (2[N-morpholinolethane sulfonic acid),
pK, 6.15 (34), was obtained from the Sigma Chemical Co.
This buffer was used over the 5.5 to 6.7 pH range at a
concentration of 0.05 M.

TAPS Buffer

The buffer TAPS (tris[hydroxymethyl]methylamino-
propane sulfonic acid), pK, 8.4 (34), was obtained from
the Sigma Chemical Co. This buffer was used over the 7.7
to 9.1 pH range at a concentration of 0.05 M.

CHES Buffer

The buffer CHES (cyclohexylaminoethane sulfonic
acid), pK, 9.55 (34), was obtained from the Sigma
Chemical Co. This buffer was used over the 8.6 to 10.0
pH range at a concentration of 0.05 M.

Primary standard copper(IIl) nitrate

A standard solution of copper nitrate was prepared
by welght from a heavy copper foll. This latter constit-
uent at 99.96% purity was obtalned from the J.T. Baker
Co. The preparation entailed rinsing the foll with dil-
ute nitric acld, deionized water, and absolute ethanol.
The copper foil was then dried, welghed, and dissolved 1in
a minimum amount of concentrated nitric acid. After
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11
dilution to volume, the concentration was 0.09616 M.

Nickel(II) perchlorate

Nickel(II) perchlorate (Ni(ClOu)2'6H20) was obtained
from the G. Predrick Smith Chemical Co. A solutlon was
pvepgred and standardized at pH 10 (NH3 - NHu+ buffer) and
60°C by titration with EDTA using murexide as an indica-

tor.

Copper(II) perchlorate

Copper(1I) perchlorate (Cu(ClOu)2‘6H20) was obtalned
from the G. Fredrick Smith Chemical Co. A solution was
prepared and standardized at pH 10 (NH3 - NHy* buffer) by
titration with EDTA using murexide as an indicator.

EDTA

Ethylenedliaminetetraacetic acld, disodium salt di-
hydrate, was supplied by the Aldrich Chemical Co. The
purity of this compound was in excess of 99% (Gold Label
brand). Standardization of EDTA was performed by titra-
tion against a standard copper niltrate solution at pH 10
(NH3 - NHu+ buffer), using murexide as an indicator.

Ionic strength

Sodium perchlorate (NaClOu) was supplied by the
J.T. Baker Co. A 5.0M solution was prepared by dis-
solving 306 grams of énhydrous sodium perchlorate in
water and diluting to volume in a 500 mL volumetrilec
flask. This stock solutlion was used to prepare all
required ionic strength control solutlons.
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N,N'-dimethylethylenediaminediacetic acid

N,N'-dimethylethylenediaminediacetic acid was pre-
pared by the reaction of 1,2 dibromoethane with sarcosine
in the presence of a base (35).

CH3 OH™,C05™ ?choo-
2 HNCH,C00 = + BrCH,CHyBr——~ CH3NCHoCHoNCH3 (12)
H,0-ETOH H,C00~

Sarcosine (44.5 g, 0.5 mol), Columbia Organic Chem-
1cal Co., was dissolved in 100 mL of water contalning
sodium hydroxide (20 g, 0.5 mol). To this solution, 100
mL of water, 125 mL of 95% ethanol and 53.2 g (0.5 mol)
of anhydrous sodium carbonate were added. The mixture
was heated to reflux and a total of 47.0 g (0.25 mol) of
1,2 dibromoethane, Aldrich Chemical Co., was added over a
period of six hours. Refluxing was continued for a fur-
ther three hours after which the reaction was allowed to
stand overnight. The ethanol was distilled from the
mix ture and the distillation continued until a white pre-
cipitate started to form in the reaction mixture.

The reactlon mixture was allowed to cool to room
temperature and 300 mL of 37% hydrochloric acid was
added with cooling. The resultant white precipltate was
filtered and washed with a minimum volume of cold 10%
hydrochloric acid followed by a minimum volume of cold
water. The precipitate was then dried at 60°C

The filtrates were combined and reduced in volume
four more times, with.each volume reduction resulting in
the precipitation of white crystals. Each precipitate
was treated as before and then was tested for the pre-
sence of DMEDDA by adding a small amount (~0.1 g) to 5 mL
of a copper nitrate solution and adjusting the pH to 4 by
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the dropwise addition of base. Only the last precipitate
failed to give a strong positive indication (intense blue
coloration) for the presence of DMEDDA. Therefore, the
last precipitate. was rédected along wlith all remaining
filtrates.

The precipltates were combined (crude yield of 47 g
(64%)) and dissolved in 50 mL of bolling water to which
10 mL of 37% hydrochloric acid had been added. The solu-
tion was filtered while hot and then reduced 1n volume
until crystallization started. After cooling to room
temperature the material was allowed to stand overnight.
The precipitate was then removed by filtration, washed
with a minimum volume of 10% hydrochloric acid, and
suction dried. It was then was placed in a vacumm
desliccator with sodium hydroxide pellets acting as a
desiccant to neutralize any excess hydrochloric acid,
dried at 60°C under reduced pressure for twenty four
hours, and welghed.

The final yield was 29 g (39%) which melted at 226 -
229°C with decomposition. Spectrophotometeric titration
of the DMEDDA with standard copper nitrate at 685 nm (pH
5.0, acetlc acid-sodium acetate buffer) as shown in PFigure
1, gave a purity of 88.3% calculated as DMEDDA"2HCl.

A potentiometric titration, performed at 25°C under a
nitrogen atmosphere using carbonate free sodium hydroxide
gave a purity of 89.0% calculated as DMEDDA®2HCl with
.20.9% chloride present in the form of hydrochloric acid;
Analysis for total chloride (Mohr method) showed the
sample to contain 27.8% total chloride. This discrepency
between the two chloride determinations indicates an
impurity level of ll.é%, calculated as sodium chloride.
Elemental analysls was performed by Midwest Microlab LTD.
Analysis for CpoHigN,0,Cl,*xNaCl, where x represents the
percentage of sodium chloride present in the sample, gave
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Figure 1. Spectrophotometric titration of DMEDDA

at 685 nm and pH 5.0.
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%C 2y %N 20
Calculated  32.55 6.16 9.49 21.68
Found 33.68 6.7T4 9.73 22.39

Proton NMR spectroscopy performed at 60 MHz produced
a NMR spectrum as shown in Figure 2 that was conslstent
with the structure of DMEDDA. - Examlnation of the N!MR
baseline indicated that the materlal was free of contam-
ination by sarcosine hydrochloride which would have
resonated at 2.84 and 4.02 ppm(8) with both resonances
being a singlet (36).

Due to the presence of an impurity, the mole ratio
method was used to standardize the DMEDDA with standard
Cu(N02)2 at a wavelength of 685 nm and pH 5.0 (acetic
acid -~ sodium acetate buffer).

N,N'dimethylethylenediaminediacetatonickelate(II)

In order to prepare a NiDMEDDA solutlion, a slight
molar excess (about 5%) of nickel(II) perchlorate solution
was added to a standardlized DMEDDA solution. The pH was
adjusted to 11, to precipitate the excess nickel as the
hydroxide. The solution was then filtered through a 0.45
micron Millipore filter, in order to remove the precipi-
tate of nickel(II) hydroxide. The resulting solution
was free of particulate and its pH was lowered to 8 by
the addition of perchloric acid. A spectrophotometric
method was employed to standardize the NiDMEDDA solution.
The standardization involved determination of the nickel
content at 267 nm. This was accomplished by adding a 100-
fold excess of KCN (using an ammonia - ammonium chloride
buffer system at pH 10) to the unknown to obtaln Ni(CN)u.
The absorbance of thls latter solution was then compared
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to the absorbance of a standard tetracyanonickelate(II)
solution prepared from standard Ni(Cl10y), and a 100-fold

excess of KCN at pH '10.

Apparatus and Procedure

All spectra were recorded using a Cary Model 14
spectrophotometer. Kinetic measurements of formation
reactions were made using an Aminco Morrow Stopped-Flow
Apparatus attached to a Shimadzu QV-50 spectrophotometer.
A Tektronic 5103N storage oscilloscope was employed to
monitor the spectral changes. In addltion, these spec-
tral changes were stored on a Blomatlion Waveform Recorder
(Model 805) and displayed from memory on a Model SR
Sargent-Welch Recorder. Kinetic measurements for the
rate of exchange were made using a Gilford 2000 Multiple
Sample Absorbance Recorder in conjucntion with a Beckman
DU Spectrophotometer.

A Beckman Research Model 1019 pH Meter, whlch pos-
sesses a relative accuracy of #0.001 pH units, was
employed for all pH measurements. All pH measurements
were done at a temperature of 25.0f0.1°C.

The final pH for each solution used in the rate of
formation study was obtained by measuring the pH of a
solution produced by mixlng equal volumes of each
reactant. To prevent interference due to the formation
of nickel(II) hydroxide, the pH of the nickel solutlons
were maintained at a pH of 5, and the pH of the ligand
solutions were adjusted to a value slightly greater then
desired. Several noncomplexing buffers were employed to
malntain the desired pH.

The final pH for each solution in the rate of
exchange study was obtalned by measuring the pH of the
reactant mixture prior to i1ts Ilntroduction into the cell.
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Prior to mixing of the rcactants, the pH of each reactant
was adjusted to the desired pH. Since there 1is no

net change in the hydrogen ilon concentration during the
course. of the reaction (see equation 11), all kinetic
measurements were made with unbuffered solutions.

The wavelength of maximum absorbance for the form-
atlon studies was located by the following procedure.
Absorbtion spectra of aqueous solutions of the ligand L
and Ni(II) complex NiL were taken at known concentrations
of thelr respective solutions. These spectra were taken
in the ultraviolet spectral reglion in which the ligand L
showed a moderately strong absorption. However, the
absorption of the complex NiL was much greater. It was
posslible to find a wavelength at which there was a marked
difference between the absorptions of the ligand L and
the complex NiL. At 240 nm, the complex NiL and the free
ligand L each possess an absorption. The molar absorp-
tivities of the free ligand L and the complex NiL at this
wavelength are U6 and 237 L-mole~l-cm~1 (see Table 1)
respectively. Therefore, a wavelength of 240 nm was
chosen to monitor the kinetics of the reactions between
Ni(II) ion and the ligand L.

The rate of formation of the ligand complex was
examined using a stopped-flow technique. Prior to each
run, an appropriate buffer was added to the ligand sol-
ution to give a total buffer concentration of 0.05 M
upon mixing with the nickel (II) solution. The ionic
strength of each reactant solution was adjusted to 0.1 M
with 1.0 M sodium perchlorate and the pH of the ligand
solution was adjusted to the desired final pH by the
addition of sodium hyaroxide. The temperature was main-
tained at 25.0%0.1°C by the means of a constant tempera-
ture bath connected to the reservior site of a compart-
ment within the stopped-flow apparatus. The wavelength
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Table 1

Molar Absorptivities of DMEDDA
and NiDMEDDA at 240 nm2

Speciecs Concentration® Cell Length  Abs.®  Molar

(M) {(cm) Absorptivity
DMEDDA 9.44 x 10-3 1 0.431 45.7
7.44 x 10-3 1 0.348 46.1
5.66 x 103 1 0.262 - U6.3

Average Molar Absorptivity: 46.0%£0.3

NiIDMEDDA  4.88 x 10~ 1 0.528 238
3.01 x 10-% 1 0.491 235
2.15 x 104 1 0.475 236
1.03 x 10-% 1 0.454 238

Average Molar Absoptlvity: 237+2

a. JTonic strength, = 0,11M; pH 8.0 (HEPES bhuffer at a
total concentratfon of oE M)

b. Refers to total concentration of ligand or complex

C. Referenced against a_ solution of 0.05 M HEPES buffer
at pH 8. a total lonic strength of 0.1 M
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control of the Schimadzu QV-50 spectrophotometer was set
at 240 nm, which gave a maximum absorbance change between
product and reactant.

For each set of reaction conditions the formation of
the complex NiL. was followed by measurement of percent
transmittance (%T) versus time (t). A preliminary run
was performed in order to obtain a value for the final
percent transmittance which could be read from the
oscilloscope trace. On initiating a reaction, %T values
versus time changes were stored in the Blomation Waveform
Recorder as the reaction progressed. These values were
subsequently displayed on a Sargent-Welch Model SR
Recorder. Trom this latter trace, it was possible to
make a table of %T versus time, which was then entered
into a computer file so that calculations, for the
purpose of extracting rate coefficients from the data,
could be performed.

The kinetic measurements were made under pseudo-
first-order conditions in which the total ligand was
present in at least a 10-fold excess over that of the
Ni(II) ion and the pH was systematically varied over the
pH range of 6.0 - 9.5. Each reported kinetic run is for
a speciflic set of reaction conditions and 1s the average
of three to slx separate stopped-flow runs.

The wavelength of maximum absorption for the exchange
reaction was located by the following procedure. Absorp-
tion spectra of aqueous solutions of the NiDMEDDA complex
and the CuDMEDDA complex were taken at known concentrations
of their respective solutions. These spectra were taken
in the visible region in which the NiDMEDDA complex showed
a wealc absorption. However, the absorption of the CuDMEDDA
complex was much stronger. At 685 nm, the CuDMEDDA complex
possesses 1ts maximum absorbance with a molar absorptivity
of 151 L-mole"l—cm‘1 and the NiDMEDDA complex has a molar
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absorptivity of 2.9 L-mnole~l-cm~1 (see Table 2). The
wavelength of 685 nm was chosen to monitor the exchange
reaction.

The rate of exchange between NiL and Cu(II) ion was
examined using a Gilford 2000 Multiple Sample Absorbance
Recorder attached to a Beckman Model DU Spectrophotometer.
Prior to each run, the ionic strength of the copper(II)
solution was adjusted to 1.25 M by the use of 5.0 M sodium
perchlorate and the pH of this solution was adjusted to
the desired final pH by the addition of sodium hydroxide
or perchloric acid. ' The temperature was malntalined at
25.0%0.1°C by the means of a constant temperature bath
connected to the cell compartment of the spectrophotom-
eter. The wavelength control of the Beckman DU Spectro-
photometer was set at 685 nm, which gave a maximum absor-
bance change between product and reactant.

For each set of reaction condltions the formation of
the complex Cul was followed by measurement of absorbance
{abs.) versus time t. From thls trace it was possible to
make a table of absorbance versus time, which was then
entered into a computer file so that calculations, for
the purpose of extracting rate coefficients from the data,
could be performed.

The kinetic measurements for the rate of exchange
were made under pseudo-first order conditions in which
Cu(II) ion was present in a 10 to 50-fold excess over
that of the NiDMEDDA complex. For all kinetic runs, the
pH was held constant at a pH of 3.26.
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Tabhle 2

Molar Absorptivities of N1IDMEDDA
and CuDMEDDA at 685 nm?

Speciecs ' Concentration  Cell Length Abs. Molar
(M) {(cm) Absorptivity

NiDMEDDA 1.01 x 103 10 0.030 2.98

2.21 x 10~3 10 0.064 3.02

4.07 x 10-3 10 0.118 - 2.90

5.93 x 10~3 10  0.169 2.85

Averagé Molar Absorptivity: 2.94+0.08

CuDMEDDA  5.18 x 10~ 2 0.153 149
1.09 x 103 2 0.332 152
2.46 x 10-3 2 0.726 148
3.78 x 10~3 2 1.163 150

Average Molar Absorptivity: 1513

a. Ionic strength = 1,25 M; pH = 5.0 (acetic aclid-
sodium acetgte’bgffer) > M p 5:0 (

~
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RESULTS
Data Reduction

All formation reactions were carried out to comple-
tion; the cxchange reactlons were carried out through at
least 2.5 half-lives. For all runs, pseudo-first-order
conditions were maintained. The formation reactions were
carried out by using at least a ten-fold excess (in total
concentration) of ligand with respect to nickel(II) ion
and the exchange reactions were carried out by using at
least a ten-fold excess of copper(II) ion with respect to
the N1DMEDDA concentration.

Initially the first-order rate expression shown in
equation 13 was tested in both the formation and exchange

diNi] s [NAL] = k_[NL] or [NiL] (13)
studies. Plots of the integrated form of equation 13 were
linear for at least three half-lives thus establishing
first-order behavior in nickel for the formation study
and first-order behavior in NiL in the exchange study.
Typical first-order plots are shown 1n Fligure 3 for the
formation study and Figure 4 for the exchange study.

From this polnt on, an itterative curve fitting program
was used to calculate the rate constants from the raw
kinetic data. The method used involved a non-linear
least squares analysis. The input data set for this
program consisted of percent transmittance or absorbance
values versus time for a completed kinetic run. The out-
put conslsted of thveé parameters and their corresponding
standard deviations. Two of the output values, Ap and
Agq, were absorbance values. The first of these, Ap
represents the final absorbance value for the reaction;

23
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Figure 3. A typical first-order rate plot. Data
for the rate of formation of NiDMEDDA.
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this corresponds to time infinity. The latter, Ay, repre-
sernits  the absorbance change of the reaction mixture,
denoted by Ap-A4, where A; 1s the initial absorbance of
the reaction mixture. ' In the present study, product
formaﬁion was followed, so that absorbance values always
increased with reaction time t. The third and most
important parameter obtained from the computer calculation
was kg, the pseudo-first-order rate constant. The formula
in which all three of the above output variables are

expressed 1s given by
At = (Ai - Af)exp(—kot) + Af (lli)

On the left-hand side of equation 14, the term Ay 1s the
absorbance of the reaction mixture at time t. Rate con-
stants for all kinetic runs were obtalned by applylng the

above method.

Kinetic Systems Involving NiDMEDDA

Ni(II) - DMEDDA

The above system was studied over the pH range 5.9
to 9.3 using either HEPES, MES, TAPS, or CHES buffers at
a concentration of 0.05 M. For this reaction a wave-
length of 240 nm was chosen for study.  The order in
ligand was established by obtalning the pseudo~first-order
rate constant, k,, at various concentrations of total
ligand at the same pH. Table 3 shows the kinetic data
which are ordered in terms of increasing total ligand
concentration. A plo% of k, versus total ligand concen-
tration is shown in Figure 5 which demonstrates excellent
linear behavior, thus establishing first-order behavior
in total ligand. Since the reaction is first-order in
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Table 3

Rate Constants ko for the Reaction of DMEDDA with
NL(II)® at constant pH

[L]p x 103 | X, pH
M S

1.888 5.21 7.002

ave. 5.20
3.776 10.31 7.008

‘ ave. 10.40
5.664 16.28 7.008

ave. 17.70
7.552 21.31 7.013

ave., 21.53
9. 440 26.83 7.013

ave. 27.55
11.328 29.61 ’ 6.978

ave. 32.45

b.
(I

[N12*], = 1.801 x 10~% M
For all runs: T+*= 25.0+0.1°2 C, p = 0.1 M

Reported as the average of the best of three out of
five determinations.

HEPES buffer at a total buffer concentration of 0.05 I
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nickel, the over-all recaction 1s second-order. - All
runs, as previously stated, were conducted at a total
DMEDDA concentration [DMEDDA]T in excess over Ni(II) by
a factor of at least ten.

Over the pH range studied, DMEDDA may exlst in three
distinet forms: H,DMEDDA, HDMEDDA™, and DMEDDA2~. Since
the dentate sites are blocked iIn the diprotonated species,
this species is assumed to be unreactive. Consequently,
for the Ni(II)-DMEDDA system, there are two simultaneous
reactions leading to the formation of Ni(DMEDDA):

L2~
2 k
Ni(II) + DMEDDA Ni . Ni(DMEDDA) (15)
HL™
k
Ni(II) + HDMEDDA—NL | Ni(DMEDDA) + HY (16)

Furthermore,the kinetic data can be resolved into the
rate constants shown in reactions 15 and 16 according to
the formula:

HL- L2~ 2-

kg = kNi [HL™] + kNi [L ] (17

The deprotonation of H2L proceeds according to equations

18 and 19
HoL ——HL™ + HF (18)
HL~———L2~ + H* (19)

with equilibrium constants (37) given by:

- [HLTIH'I) _ .03 % 10-6
Ka, Fit,L] 1.03 x 10 (20)
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K . [L2met) 1.06 x 1010 (21)

Solving equation 21 for [L2~] and substituting into
equation 17 glves:

. HL - -
k. =k HL-7] + k. k. LHLT) 22
° T T (22)

Equation 22 is easlly rearranged to:

_ 2— B N :
HL L
ko = kgt kNixaé__i___ (23)
— +
[HL™] ("1

The concentration of HL™ can be determined using

. equation 24
[Llp = [H,L] + [HL"] + ([L27] (24)

which, after substituting appropriate values for [H2L] and
[LQ‘] from equations 20 and 21, followed by a rearrange-
ment gives equation 25. In equation 25, Lp refers to the
total amount of ligand.

+
LK, [H']

[HLT) (25)

72 n
[H712 + Ky [H'] + Ky Ky,

In Table Y4 are presented the kinetlic data which are
ordered 1in terms of increasing pH. Within thils table are
also presented concentrations of the reactive species,
HDMEDDA™ and DMEDDA2‘, and the pscudo-first-order rate

constants ko.
Figure 6 shows a plot of the left-hand side of
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Tahle 4

Experimental Conditions and Rate Constants for the

Reaction of NL(II)2 Ion with DMEDDAP

pH [L~2] x 10° [HL=] x 103 e
M M s—1
5.998 0.02 1.91 5.79
6.098 0.03 2.13 6.22
6.405 0.07 2.73 8.60
6.699 0.17 3.16 8.63
7.110 0.48 3.64 12.8
7.252 0.68 3.75 13.4
7.400 0.97 3.63 15.7
7.620 1.62 3.67 19.6
7.808 2.52 3.69 18.5
7.901 3.12 3.70 24.2
8.058 4. 48 3.70 22.8
8.223 6.53 3.69 25.3
8.516 12.7 3.64 27.7
8.776 22. 4 3.55 40.9
9.018 37.5 3. 40 56 .2
9.140 48.1 3.29 79.5
9.220 56. 4 3.21 94,2
9.334 70.2 3.07 117.1

[

. [N12%]p = 1.8 x 1074 1
. [DMEDDAlqp = 3.78 x 1073 1
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equation 23 versus the reciprocal of the hydrogen lon
concentration using the data listed in Table 4. The line
represents the least-squares best fit of the data. The
slope and intercept correspond to the following terms in

equation 23:
12"

a) k K slope
) ni Kape p

b) kHL int t
nterce
Ni® p

Rate. constants for the reaction of both HDMEDDA™ and
DMEDDA2~ are given in Table 5. Also reported within
this table are the standard deviations for each rate
constant along with the correlation coefficient for the
kinetic plot. As Filgure 6 shows, excellent linearity is
obtained using equation 17 and therefore the assumption
that the diprotonated species is unreactive 1is valid.

For DMEDDA, equation 22 allows calculation of the
observed rate constant as a functlion of pH since the
resolved rate constants, as gilven in Table 5, and the
appropriate ligand concentrations are known. The cal-
culated and experimentally determined values are pre-
sented in Table 6. Comparison of these calculated values
with the experlimentally observed values gives excellent
agreement for the entire pH range studied. This is shown
in Figure 7 in which the fraction of ' DMEDDA and the exper-
imentally determlined pesudo-first-order rate constant, k.,
are ploted as a function of pH. The solid curve for k,
represents the calculated values for ko as a function
of pH.

<

NiDMEDDA - CuDMEDDA Reaction

All kinetic runs for the NiDMEDDA-CuDMEDDA reaction
were preformed at a wavelength of 685 nm on unbuffered
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Table 5

Resolved Fromation Rate Constants for the Reaction
of N1(II) Ion with DMEDDA

.Specles kf Std. Dev.
l"l"lsec"1 M"'lsec'l
H,DMEDDA 0= o mm————
HDMEDDA™ 3.50 X 103 6.9 X 102
DMEDDA 2~ 1.46 X 10° 8.4 X 103

Correlation Coefficient = 0.994
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Table 6

Expéerimental and Calculated Values of the Observed
Rate Constants as a Function of pH

pH Calculated Experimental?
ko,sec"1 ko,sec‘1
5.998 - 6.71 5.79
6.098 7.50 6.22
6.405 9.66 8.60
6.699 11.3 8.63
7.110 13.4 12.8
7.252 14.1 | 13.4
7.400 14,4 15.7
7.620 15.2 19.6
7.808 16.6 18.5
7.901 17.5 24,2
8.058 - 19.5 22.8
8.223 ‘ 22.5 25.3
8.516 31.2 27.7
8.776 45.2 4o.9
9.018 ‘ 66.7 56.2
9.140 81.8 79.5
9.220 93.6 . 94.2
9.334 113.3 117.1

a. For all runs: T = 25.0%0.1° ¢,u = 0.1M
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Fraction of species

Figure 7. Fraction of DMEDDA and ko, as a
function of pH
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solutions which had been adjusted to a pH of 3.26 at an
lonic strength of 1.25 M. The experimental results are
provided in Table 7 where the pseudo-first-order rate
constants are arranged according to lncreasing concen-
tration of Cu(II) ion.

Table 7

Experimental Conditions and Observed Rate Constants
for the Exchange Reaction Between NLiDMEDDA? and Cu(II)

[cu?*] x 102 M kZ x 102 sec~l
0.532 5.58
0.822 4.63
1.336 5.23
1.542 5.43
1.850 6.15
2.055 5.53

a. [NLDMEDDA]qp = 4.76 x 10=%
b. For all runs: T = 25.0%t0.1° C, p = 1.25 M, pH = 3.26

Figure 8 shows a plot of the pseudo-first-order rate
constant, k,, versus the copper(II) ¢oncentration for a
given pH. As Figure 8 demonstrates, the copper(II)
dependence 1s zero-order. The reaction had previously
been shown to be first-order in NiDMEDDA. Due to the
extremely long half lives, approximately 39 hours, and
the zero-order copper dependence, further Ilnvestigation
of thls reaction was %erminated.
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Cu*?
Observed exchange rate constant as a function of copper

concentration at pH 3.26.

Figure 8.
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DISCUSSION

As stated in the Introduction, the Eigen-Tamm equa-
tions 7 and 8 are useful in predicting formation rates
only for idealized systems, for these equations fail to
take into consilderation the effects that the ligand exert
on the rate of formation. Experimental evidence has bheen
advanced to show that modifications of the Eigen-Tamm
mechanlsm are necessary.: The most important factors that
have better defined the nature of complex formatlon reac-
tions, and are relevant to the present study include:

1) ICB (internal conjugate base) effects

2) Steric hindrance effects
Each of the above effects are dependent upon the nature
of the ligand. 1In the system under study, the ICB effect
1s precluded for HDMEDDA™, but must contrlbute to the
reaction involving DMEDDA‘2, since this specles contains
a donor atom with a pK, which 1s greater than elght.
This high pK, will allow the donor atom to form a
hydrogen bond with a water molecule coordinated to the
nickel(II) ion, thereby stablizing the outer-sphere
intermediate and labilizing subsquent water loss. As a
result, the ligand promotes its own coordination. ICB
effects will be discussed in more detall in later
sections. The second effect presented above involves
steric hindrance and its mechanistic consequences and 1is
focal point of the present study. It will be discussed
in detall in the followling sections.

General Mechanism fpr Nickel-DMEDDA Formation Reaction

On the basis of earlier studies (5,16) of nickel(II)-
polyamine reactions, the nickel (II)-polyaminocarboxylate

39

Reproduced with permission of the copyright owner. Further reproduction prohibit‘edﬂ\rxvithout permission.




4o

rcactions are presumed to follow a stepwlse bonding of

the ligand to the metal with the individual bonding steps
belng dissociative in nature (4). On this basis, the loss
of a coordinated water molecule must precede the formation
of each metal-donor bond and the short-lived nature of

the five coordinate intermediate dictates that the react-
tants must be adjacent at the time of metal-water bond
ruptdre in order for reaction to occur.  Thus, the rate

of initial bond formation is limited by the extent of
ion-pair (outer-sphere) formation.

For DMEDDA, the rate-limiting step can occur no
further in the mechanism sequence than coordination of
the second dentate site or ring closure of the first
ring. The reason is that closure of this ring coordin-
ates an aliphatic nitrogen to nickel which, in turn,
causes a 10-fold acceleration in the formation rate of
the next dentate site (38). Since the rotational bar-
riers for each ring are similiar, having only slight
differences, which could not offset a 10-fold increase in
the rate of water loss, the subsequent ring closure rates
will be at least 10 times faster than the initial one.

The first dentate site to coordinate 1s the carboxy-
ate group which 1s consistent with published results (39).
There are several reasons why this weaker donor group is
the first to bond: (1) electrostatic attraction, (2) ICB
contribution from the stronger donor, and (3) secondary or
tertlary nitrogen atoms.

Following the manner of Wilkins (5),the reaction
mechanism is represented schematically in Figure 9.
Assuming that (1) outer-sphere complex formation and
dissoclatlion rates are much faster than the subsequent
steps, (2) the protonation equilibrium in the doubly
bonded complex (Kﬁ) is rapidly established relative to
the rate of nickel-nitrogen bond rupture'(klz), (3) the
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Figure 9. Schematic representation of the reaction mechanism for

aquonickel(II) ion reacting with a tetradentate ligand.
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steady-state conditions may be applied for. the intermedi-
ates, and (U) the rate-determining step does not lie past
step II+III, the rate constants in equation 17 may be
related to the stepwlise rate constants as

-2
L kokq K
Ni (k_1+ kjp)
HL™ Kok K/
— 2°17os _ !
kNi - . kf (27)
(k_q1+ kp)

Recognizing'thatyany difference 1n the rate of
formation between HL™ and L~2 would manifest itself in the
values of K,5 and Kés’ and not in the rate constants
for the individual steps, allows the prime designatlon

for these steps to be droppped from equation 27.
Predicted Formation Rate Constants

In order to predict the formation rate constant, it
will initially be assumed that chelate ring closure is
much faster than breaking of the single bond in intermedi-
ate II so that k, >> k_;, and the kp value reduces to that

in equation 28

Ni-H,0
2 (28)

kp = Kogki = Kgs
Actually, equation 28 can be used even when the rate
constant for ring closure is nearly equal to the rate
constant for breaking of the single bond in intermediate

II. In this case,

1 Ni-H50

ke = 2Kygk (29)
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and the predicated rate constant may be within experi-
mental error of the observed rate constant.
It 1s necessary %to evaluate both Kos and kNi‘H2O.
The association constant, K,s, for the outer-sphere
complex is estimated from diffusion theory using statis-
tical considerations (7,8). The proposed equation for
- Kgg 1s written:

Kos = (4/3)mNa’x10"2exp(-U,/kT) (30)

In the above formula:
1) k is Boltzman's constant
2) T is Temperature (°K)
3) N is Avogadro's number
4) a represents the center-to-center distance
between the ligand and Nickel(II) ion
5) Ua is the Debye-Huckel interionic potential

given by
2 2
Ua = ZMZLe N ZMZLe K (31)
a'D D(1l+xa')

- In equation 31,

6) Zy and Zp are the formal charges on each
of the reacting species M and L (metal and
ligand respectively)

7) e represents the electronic charge

8) D is the dielectric constant of the solvent
(D=78.59 for H50)

9) a' = center-to-center replusive dlstance
between M and L

10) ¢« is the Debye-Huckel ion atmosphere
parameter given by

2 = 8HN92U . (32)

K 25nE P
1000DkT
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and in equation 32,
11) N, e, D, k, and T are defined as before

12) p = ionic strength

The value of a' was assigned uslng the following
considerations: (1) the zwitterion is the major mono-
protonated form of aliphatic amino acids, and (2) the
dipolar end will behave as if it were a neutral species.
Theréfore, a reference state was chosen in that there is
no net contributlon from thesec charge centers in deter-
mining the theoretical value of Kés. The unprotonated
carboxylate group, which also bonds first, can be shown
to be luclO"8 cm from Ni(H20)62+ using molecular models.
Thus, a = a' = luclo"8 cm (with Zy = +2 and Zp = -1) and
equation 30 gives Kés = 2 M‘l.

For the unprotonated species, a reference model was
chosen in which both negatively charged acetate arms are
electrostatically attracted to the positively charged
nickel (II) ion with both center-to-center distances being
equal. Using a = a' = 4x1078 cm with Zy = +2 and 2, = -2
in equation 30 gives Kos = 20 M“l.

According to equation 28, the formation rate con-
stant, kp, can be calculated using the above derived
values of K, g and the liferature value of xN1-H50
(2.7 x 10% s~ (40)). A summary of all predicted and
measured formation rate constants are presented in Table 8.

Reaction Of Nickel (II) With HDMEDDA~™

The experimental value for the formation rate con-
stant, kg, 1s lower by a factor of 15 (see Table 8).
Thus, equation 28 does not apply and equation 27, which
has ring closure as the rate-~limiting step, must be used.
Al though no values have been directly measured for the
dissociation rate constant k_l of equation 27, 1t can
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Table 8

Summary of Predicted and Experimental Formation
Rate Constants

Predicted Experimental
Species Kos ke ke
-1 M-l g-1 M-l s-1
HDMEDDA™ 2 5.4 x 10 3.50 X 103
DMEDDA 2~ 20 5.4 X 109 1.46 X 10°

be approximated by the known value (41) for peﬁtaaquo-
nilckel acetate (k_l = 5 x 103 s“l). The value of kl
remalns equal to kN1-Hp0 Application of these values 1n
equation 33

K ol .5x103M1s-1) (5x104s~1
ey (3.5x sT-)(5x107s™7) (33)

k, =
2
(Késkl' kp) (2 m-1y(2.7x10%s~1) ~ 3.5x103m 151

produces a value of 347 s~! for the rate of ring closure,
ko.  Thus k_; >> k, and ring closure is rate limiting.
The value of k, is a composite which ‘consists of the rate
of water loss from the nickel(II) ion and the energy
barrier imposed by the necessity to twist the polyamino-
carboxylate ligand into a configuration favorable for the
second bond formation. This rotational barrler can be
calculated by S

r = —

2
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The energy barrier due to the twisting of the polyamino-
carboxylate is estimated to be: 2.7x10“/347 = 78 which
through the application of equation 35

Potential Barrier = RT 1ln r (35)
is equilvalent to a potential barrier of 2.6 kcal. mole~1l.

The energy barrier for rotation of a polyamine segment
of trien has been esimated to be 44 (16) and that of a
2-hydroxy ethylamine group in TKED to be 30 (13). Thus,
the value of 78 obtained in the present study is quite
reasonable and represents a modest increase due to the
N-methyl group present in DMEDDA.

Reaction Of DMEDDAZ™ With Nickel (II)

Since the reaction of HDMEDDA™ proceeds with ring
closure as the rate-limiting step and since DMEDDA®™ is
ldentical to HDMEDDA™ save for the absence of a proton
on the third dentate site to bond, it follows that ring
closure must also be rate-limiting for DMEDDA2~ and
equation 26 expresses the appropriate terms in the
formation mechanism.

Table 8 shows DMEDDA2~ to react faster with
Ni(H20)62+ by a factor of 42 compared to HDMEDDA™. This
rate enhancement 1s attributed to a two fold effect. The
larger formal charge on DMEDDA2~ causes an increased
electrostatic attraction to the positively charged nickel
and results in a K,g value of 20 M-l as compared to 2 M1
which was found for the reaction involving HDMEDDA™1L.
Also, the rate of formation 1s enhanced by the ICB effect.
The ICB mechanism can be broken down into five steps: (1)
the formation of an outer-sphere complex, (2) the estab-
lishment of a hydrogen bond between a coordinated water
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other similar systems 1s hindered since some systems have
not yet been studlied and since an accurate value of the
ICB effect for aminocarboxylate ligands has not been
calculated. Comparision to EDDA, identical with DMEDDA
except lacking the N-methyl groups, can not be made
because the rate of formation of nickel EDDA complex has
not been studied. Sarcosine 1s somewhat like DMEDDA in
that'it has an N-methyl group although it 1s a consider-
ably smaller molecule. An indirect estimate for the ICB
effect present as sarcosine reacts with Ni(H20)62+ can be
obtained from the recent study of the reaction of sarco-
sine and N1EDDA (42). A value of 8 was estimated in that
study. The present study lnvolves six open coordination
sltes whereas NLEDDA has only two. Thus statlistically,
the ICB value of 8 for NiEDDA and sarcosine should be
multiplied by three to correct for the increased avall-
ability of sites on Ni(H20)62+. Using an ICB effect of
24 along with other previously described term in equation
28, gives a value of k§2'= 1.3 x 10% u~1s-1, whicn is
about 100 times greater than the experimental value of
1.3 x 1OLl m-ls-1 (43). Thus as has heen suggested (39),
ring closure must be rate-limlting and equation 26 can be
used to calculate the ring closure rate constant, k,.
Supporting evidence for rate-limiting ring closure of
aminocarboxylates includes comparision of their rate of
formation with that of polyamines (39). Equation 26
yields a value of 52 for ring closure of sarcosine on
nickel.  Similar calculations for the reaction of glycine
with nickel, using an estimate of the ICB effect for the
reaction of glycine with NiEDDA (a value of 32 is
obtained (42)) yieldg‘a value of 130 for ring closure.
Table 9 lists the results. Clearly, unhindered glycine
has a larger value for k2 compared to sarcosine. However,
both gly and sar show ko, values considerably less than
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molecule and a basic donor atom of the ligand , (3) loss
of a labllized water molecule from the inner sphere with
rapid substitution of a second donor atom from the same
multidentate ligand molecule, (4) rupture of the original
hydrogen bond and (5) further bonding of the multidentate
ligand by the normal reaction path as outlined in PFigure
9. Modification of equation 26 by including a term for
the ICB effect glves
L-? Kok, K, ok
kp = k = 2°1"0s™1CB (36)
Ni (k_1+ ky)

Rearrangement of equation 36, followed by insertion of
the values given earlier for k_q1, kNi‘Hzo, Kogs Ko and
the experimentally determined formation rate constant

ke into equation 37

Ke(k 1+ k 1.46x10°M 1s=1(5x1035- 1434751
Kiegp = plkoar o) o & (ox10787 #3475 ) (37)

(Kyskqko) (20m~1)(2.7x10%s71) (3u7s71)

gives a value of 4.2 for the ICB effect. This modest
value for the ICB rate enhancement is a factor of 30
lower than an estimated value of 120 for the reaction of
DMEDDA2“ with nickel(II) ion. This estimate is based

on the work of Turan (18) in which the internal conjugate
base rate enhancement was shown to be a function of the
ligand basicity. The graphical proof of this correlation
(a plot of log ICB versus log Ky where Ky, 1is defined as
the protonation constant for the basic site) was used to
estimate the internal conjugate base effect for DMEDDA 2-.

Comparision To Other Aminocarboxylate Systems

Comparision of the results from the present study to
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Table 9

Comparision of the Rate of Ring Closure and ICB
Effect for Sarcoslne, Glycine, and DMEDDA

Rate of Ring

S i Cl 1CB K

ecles osure

P -1 Effect Pla
sec

Sarcosine 52 24 9.99

Glycine 130 32 9.57

DMEDDA 347 h.2 ) 9.97

that of DMEDDA, which 1s a larger molecule with four
dentate sites and which has negative charges on each of
the terminal dentate sltes. Thils has the effect of
bringing the whole molecule of DMEDDA in close proximlty
to that of nickel such that very little rearrangment and
rotation prior to ring closure is needed. Hence, a
larger ring closure rate constant 1s expected. It is
likely that comparision of ring closure rates between
small bildentate ligands and large multidentate ligands 1s
not valid. The steric effect of the N-methyl group can
not be accurately determined until the formatlon reaction
between Ni(H,0)¢2" and EDDA is studied.

The ICB values for sar and gly, estimated to be 24
and 32 respectively, are higher then that of 4.2 found
for DMEDDA. Although sar has an N-methyl group like
DMEDDA, the nitrogens in DMEDDA are tertiary while that
in sar is a secondary and the nitrogen of gly is primary.
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Clearly larger ICB effects are to be expected from
uncluttered, unhindered dentate sites and the values in
the three cases cited above follow that pattern. The
N-methyl group of DMEDDA does appear to limit the effec-
tiveness of that ligand from particlpating in a strong
ICB interaction. . The PKy values of sar and DMEDDA are
almost indentical (9.99 and 9.97 respectively (37)) such
that dentate site basiclty does not cause any difference
to be expected in these two ICB values. The pK, of

gly, 9.57 (37), 1s lower than sar and DMEDDA. Thus, the
larger ICB effect seen for gly is decelving and placed on
a scale of basicity equal to that of sar and DMEDDA, the
ICB effect of gly would be considerably larger. Thus
secondary and tertiary nitrogens do limit the effective-
ness of ICB participation.

NiDMEDDA-Copper (II) Exchange Reaction

The previous discussion has established that the
rate-limiting step in the formation of NiDMEDDA from
Ni(H20)62+ and DMEDDA2~ is the formation of the second
bond. - Microscopic reversibility thus dictates that the
rate-limiting step in the dissociation of NiDMEDDA is
rupture of the second nickel-nitrogen bond or opening of
the third chelate ring of NiDMEDDA.

As shown in Figure 8 the copper(II) dependence is
zero-order for the exchange reaction between NiDMEDDA and
copper(II). For this to occur, the rate-determining step
must occur prior to attack by copper(II) ion. After the
rate-limiting step, copper may attack to form a dinuclear
intermediate having the remaining carboxyl group of DMEDDA
still bonded to nickel and one, two, or all three of the
unwrapped dentate sites bonded to copper, or, DMEDDA may
completely dissoclate from nickel before forming a complex
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with copper. In elther case, the copper dependence is
zero. The unusual feature of this zero order dependence
is the inablity of copper to coordinate to the half-
unwrapped DMEDDA or sarcosine segment. A possible
explaination lies in the inablity of DMEDDA to unwrap
from nickel and twist into a configuration suitable for
bonding to copper before the rate-limiting step - rupture
of tﬁe last nickel-nitrogen bond. It is evident from a
consideration of molecular models that the N-methyl
groups hinders rotation of the unchelated segments of
DMEDDA thus making it difficult for copper to coordinate
to the partially unwrapped lligand. This may prevent
formation of a dinuclear intermediate prior to the rate-
limiting step, a feature seen in metal exchange studies,
and results in a zero-order behavior in copper.  EDDA
(31), having no such methyl substitution to hinder 1ts
rotation, 1s free to extend itself smoothly away from the
metal and reaction proceeds wlith an enhanced rate as a
result of dinuclear intermediate formation.

Conclusions

The present study has found that for the formation
reaction a shift in the rate-limiting step from initial
bond formation to second bond formation (ring closure)
occurs. - The rate of this ring closure is considerably
larger for DMEDDA than for the simple amino acids glycine
and sarcosine and is attributed to the need for very
little rearrangment and rotation prior to ring closure.
This rotational barrier has been measured and reflects a
modest lncrease due tb the presence of the N-methyl group
in DMEDDA as compared to the rotational barrler present
in the reactions of nickel(II) with trien and TKED. In
contrast, the ICB rate enhancments of glycine and sarco-
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sine are larger than the ICB contbibution of DMEDDA. The
effectiveness of ICB participation 1s not only dependent
upon the relative basicity of the donor group, but also
upon the structural environment of the donor group; with
tertiary donors being the least effectlve,

The metal exchnge reaction was found to have a zero-
order dependence in copper.  DMEDDA may lack the ablity
to unwrap from nickel and twist into a conformation
suitable for bonding to copper(II) prilor to the rate-
limiting step.

Suggestions For Further Study

The formation reaction between Ni(H20)62+ and EDDA
needs to be studied to allow an accurate determination of
the steric effect of the N-methyl group. It would also
be interesting to study the metal exchange reactlon of
N-methylethylenediaminediacetatonickelate (II) with
copper{1I) ion to see if it also has a zero-order depen-

dence in ‘copper.
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