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to be expected for various leaving groups leads one to
anticipate large differences in the relative dissociation
rate constant trends as a function of solvent composition
upon altering the nature of the leaving group. This
factor could then account for the reversal in the relative
effect of methanol and water upon the dissociation rate
in the current system as contrasted to that reported by
Adamson for the Reineckate ion (where NCS— as the
leaving group would serve as a proton acceptor®#)—a
reversal which is difficult to explain within the context
of an associative process or of solvent structural effects.
Further studies on this aspect are planned.

In view of the evidence supporting the existence of sig-
nificant outer-sphere effects upon the dissociation of the
nickel-ammonia bond, it remains to reconsider the
possibility that such effects are'also present to a signifi-
cant degree in the formation rate constant trends ob-
served in this and the previous study.! If outer-
sphere methanol and water were to have the same rela-
tive effect upon nickel-water and nickel-methanol
bond dissociation rates as is apparent for nickel-am-
monia, then a major contribution to the formation rate
constant trend observed in this study could be at-
tributable to changes in the outer-sphere composition.
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This could lead to the conclusion that the inherent
differences in the two nickel-solvent dissociation rate
constants are much less than indicated by the values
resolved from ignoring outer-sphere effects (¢f. Figures
5and 7). By the same token, however, it must then be
concluded that inner-sphere effects leading to the ob-
served decrease in nickel-solvent and nickel-ammonia
bond dissociations upon replacing coordinated water by
methanol! are much larger than previously assumed.
Thus, to whatever extent outer-sphere effects (including
structural effects) are important in nickel-ligand bond
rupture rate constants in methanol-water solvents, the
magnitude of inner-sphere effects previously reported
must be increased accordingly.
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The kinetics of the ligand substitution of 1,10-phenanthroline (phen) and triethylenetetraminenickel(II) (Ni(trien)?*) has

been studied spectrophotometrically over the pH range of 4.9-6.7 at 25°.
of a mixed-ligand intermediate, Ni(trien)(phen)?*, which then goes on to products.

(phen)?* and zero order in phenanthroline.
1073 sec™! and kgMNiHTP = 53 X 102 M1 sec™1,

The reaction involves an initial rapid formation
The reaction is first order in Ni(trien)-

Experimental rate constants for the dissociation of trien are pNiHTP = 34 X
By comparison to the Ni(trien)?* system, a mechanism is proposed in

which breakage of the last trien bond to nickel is rate determining, followed by the rapid addition of two phenanthroline

molecules.

Formation rate constants for kgr™* and kg,7¥!? are both calculated from the above dissociation constants and

predicted from the Eigen mechanism. - Comparison of these values with the corresponding ones for the Ni(trien)?+ system
shows that coordinated phenanthroline enhances the internal conjugate base effect by a factor of 80.

Introduction

The mechanism of nickel polyamine formation and
dissociation reactions has been thoroughly studied.!=—5
The dissociation involves the following two steps re-
peated sequentially:® nickel-nitrogen bond breakage
followed by nickel-solvent bond formation. This
sequence continues until the polyamine has completely
dissociated from the mnickel ion. Excluding strongly
acidic conditions, the rate-determining step is the last
nickel-nitrogen bond rupture. Similarly, the rate-
determining step for the formation reaction is the rate

(1) A.K.S. Ahmed and R. G. Wilkins, J. Chem. Soc., 3700 (1959); 2895,
2901 (19860).

(2) G.-A. Melson and R. G, Wilkins, +4:d., 2662 (1963).

(3) D. W. Margerum, D. B. Rorabacher, and J. F, G. Clark, Jr., I'norg.
Chem., 2, 667 (1963).

(4) J. P. Jones and D. W. Margerum, J. Amer. Chem. Soc., 92, 470
(1970).

(8) R. G. Wilkins, Accounts Chem. Res., 8, 408 (1970).

of metal-water loss immediately preceding the first
nickel-nitrogen bond formation.

The effect that coordinated nitrogens have upon
rate of nickel-water substitution has also been stud-
ied.5-14 Polyamine nitrogens appear to accelerate
water loss’ ¥ whereas aromatic ones do not.11—14

Rorabacher® has shown that the experimentally
measured rate of formation of some metal polyamines

(8) J. P. Hunt, Coord. Chem. Rev., T, 1 (1971),

(7) D. W. Margerum and H. M. Rosen, J. Amer. Chem. Soc., 89, 1088
(1987).
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(10) A. G. Desai, H: W. Dodgen, and J. P. Hunt, +bid., 92, 798 (1970).

(11) M. Eigen and R. G. Wilkins, Advan. Chem. Ser., No. 49, 55 (1965).

(12) R. H. Holyer, C. D. Hubbard, S. F. A. Kettle, and R. G. Wilkins,
Inorg. Chem., B, 622 (1966).

(13) D. Rablen and G. Gordon, #bid., 8, 395 (1969).

(14) M. Grant, H. W. Dodgen, and J. P. Hunt, J. Amer. Chem. Soc.,
932, 2321 (1970).

(15) D. B. Rorabacher, Inorg. Chem., 6, 1891 (1966).
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is faster than predicted from the Eigen mechanism?®
due to an internal conjugate base effect (ICB). The
nature of this enhancement and how other coordinated
ligands affect it is presently unknown.

Ligand-exchange reactions involving nickel poly-
amines and EDTAY'® have been studied and shown
to proceed through an intermediate having both ligands
coordinated to the central metal ion. The reactions
are very sensitive to steric effects.

In this study, the kinetics of reaction 1 were investi-
gated to study further the above-mentioned mech-
anisms and effects. Mixed-ligand intermediates

Ni(trien)?* + 8phen > Ni(phen);?* + trien (1)

should result as trien dissociates, allowing the effect
of coordinated aromatic nitrogens upon the dissocia-
tion to be studied.

Experimental Section

Materials.—All chemicals were reagent grade and used without
further purification with the exception of 2,6-lutidine which was
distilled, and the fraction boiling at 143-144° was collected.
The hydrochloride salt was prepared using the method of Prit-
chard and Long.'* All solutions were prepared by passing
distilled water through a mixed-bed ion-exchange column.

Ni(trien)?*.—Solutions of Ni(trien)?* were prepared by adding
a slight excess of Ni(NOj;): to a solution of triethylenetetramine
disulfate and raising the pH to 11.5 using NaOH. The excess
nickel was filtered off as the hydroxide using a Millipore 6.45-u
filter and the pH of the solution was lowered to 7.5-8.0 using
HCl. The concentration of the Ni(trien)?® was obtained by
spectrophotometrically analyzing aliquots for the nickel content
as Ni(CN).2~ using an excess of CN~. The molar absorptivity
of Ni(CN)i2~ was obtained from a standard nickel solution and
an excess of CN .

Nickel Monophenanthroline.—Crystalline nickel monophen-
anthroline was prepared according to procedures previously
described.® Nickel was analyzed spectrophotometrically as
Ni(CN)s2~ after the addition of excess cyanide and chloroform
extraction of the phenanthroline. The chloroform extracts
were combined and analyzed for phenanthroline at 265 nm.
Anal. Caled for Ni(phen)(H,0)(NO;): Ni, 14.7; phen,
45.1. Found: Ni, 15.6; phen, 44.9.

Kinetic Runs.—All kinetic runs were made using a Cary
Model 14 spectrophotometer by following the increase in ab-
sorbance due to the formation of Ni(phen):?* at 343 nm. A
spectral study of reactants and products showed the largest
change in molar absorptivity at that wavelength. The molar
absorptivities of reactants and products measured at 343 nm,
w = 0.1 M, and 25.0° were as follows (M~ cm™'): phen, 54;
Hphen*, 1080; Ni(trien)?*, 7; Ni(trien)(phen)?**, 335; Ni-
(phen);?*, 1430. Kinetic data were obtained over the pH range
of 4.99~6.75 using lutidine—lutidine hydrochloride or boric acid—
mannitol as buffers. The pH held constant throughout a given
run. This was demonstrated at a pH of 5.10 and 6.60 by mixing
the reactants and monitoring the pH as the reaction proceeded.
The phen: Ni(trien)?t ratio was varied from 3.2:1to 31:1. The
ionic strength was held constant at 0.1 M using NaCl.

Stability Constants.—Data for the calculation of stability
constants for the reactions

Ni(trien)(phen)2* + H*+ == Ni(Htrien)(phen)?+* (2)
Ni(phen)?* + Htrien* == Ni(Htrien)(phen)3+ (3)
Ni(phen)?* 4 trien Z—> Ni(trien)(phen)?+ 4)

were obtained by mixing known amounts of Ni{phen)(H;0).-
(NO;): and trien-2H,S04 in a four-neck round-bottom flask.

(16) M. Eigen in ‘““Advances in the Chemistry of the Coordination Com-
pounds,” S. Kirschner, Ed., Macmillan, New VYork, N. Y., 1969, p 371.

(17) D. B. Rorabacher and D. W. Margerum, Inorg, Chem., 8, 382
(1964).

(18) D. W. Margerum and H. M. Rosen, 7bid., T, 209 (1968).

(19) J. G, Pritchard and F. A. Long, J. Amer. Chem. Soc., 79, 2385
(1957).

(20) R. K. Steinhaus and D. W. Margerum, ¢bid., 88, 441 (1966).
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Figure 1.—Neutralization curve of Ni(trien)(phen)?* with
NaOH at 25°%, 4 = 0.1 . @ = apparent degree of neutralization
of Hitrien*™; pH = (normality of base)(milliliters base added)/
(molarity of trien)(milliliters of initial solution).

This was immersed in a constant-temperature bath regulated to
25.0 == 0.1°. The ionic strength was set at 0.1 M using NaCl
and the solution was titrated using carbonate-free NaOH.
The time for each titration was about 45 min.

Results

Stability Constants of Mixed-Ligand Complexes.—
Stability constants for reactions 2—4 were obtained using
the method of Schwarzenbach,? as described by
Jonassen and Westerman.?? There was no danger of
the dissociation of Ni(phen)?+ before it reacted with
trien or Htrien ™ because at pH 1.7, the half-life for
dissociation is 7 X 10%sec and increases at higher pH.2?
The apparent degree of neutralization as a function
of pH is shown in Figure 1. From this, apparent
basicity constants were calculated, and from them, sta-
bility constants were calculated for reactions 2-4 as
previously described.?? These values along with the
analogous Ni(trien)?* values®? and the protonation
constants for trien?! are listed in Table I.

Kinetics of Phenanthroline Exchange with Nickel-
(trien)?*.—In all kinetic runs the initial absorbance
was found to be higher than the calculated value
based on the molar absorptivities of the reactants.
The higher initial absorbance can be predicted by
assuming the immediate formation of a mixed-ligand
species, Ni(trien)(phen)?*. The molar absorptivity
of Ni(trien)(phen)?+ was measured from solutions both
of Ni(trien)?* and phen and of Ni(phen)?* and trien.
This type of species is not unusual as Ni(phen)?+ is
known to form mixed complexes with diethylene-
triamine and nitrilotriacetate.?

(21) G. Schwarzenbach, Helv. Chim. Acta, 33, 947 (1950).

(22) H. B. Jonassen and L. Westerman, J, Amer. Chem. Soc., T9, 4275
(19357).

(23) D. W. Margerum, R. I. Bystroff, and C. V. Banks, ¢bid., T8, 4211
(19586).

(24) D. B. Rorabacher, W. J. MacKellar, F. R. Shu, and M. Bonovita,
Anal. Chem., 48, 561 (1971).



THE phen—Ni(trien)?+ EXCHANGE REACTION

TaBLE 1

COoMPLEX STABILITY CONSTANTS FOR Ni(trien)(phen)?* AND
Ni(trien)?* anp Acip DissociaTioN CONSTANTS FOR trien
(25.0°, u = 01 M)

Stability Constants®

log Kyio¥i = 13.82% log KnitpNiP = 13.60°
log KxinTNi = 8.7% log KninTe™MFP = 8,22¢
log KniptNiT = 4.7° log Knintp™TP = 4,71¢

Protonation Constants
log KE(‘T = 3.30¢ log KBQT = 9.31d
log Kgyr = 6.75¢ log Kgr = 10.09¢
2 The terminology for these constants is consistent with the
convention used by L. Sillén and A. B. Martell, “Stability Con-
stants of Metal Ion Complexes,” The Chemical Society, London,
1964: Ky = [NiT]/[Ni][T}; Kg;r = [HT*)/[HsT?*lag.
b See ref 3. © Measured in this study. ¢ See ref 24.

The formation of the mixed complex was complete
within the time of mixing. Thus, the reaction actually
followed is given in eq 5 with protons omitted. The

Ni(trien)(phen)?* 4 2phen == Ni(phen);** + trien (5)

final absorbances were in agreement with those calcu-
lated, assuming Ni(phen);*+ and trien as final products.
When phen was in tenfold or greater excess over
Ni(trien) (phen)?+, the data gave excellent first-order
plots. This established a first-order behavior in
Ni(trien) (phen)?+. However, when the phen con-
centration was only in a threefold excess over Ni(trien)-
(phen)?+, marked curvature was obtained by plotting
the data as a second-order reaction, but replotting the
data as a first-order reaction gave excellent first-order
plots. Further, variation of the excess phen concen-
tration over a tenfold range at pH 5.0 yielded essen-
tially constant values for the rate constant. Thus, the
reaction is first order in Ni(trien)(phen)?+ and zero
order in phen in accordance with the equation
—d[NiTP2+]

rate = a

= ko[NiTP2+] (6)
All rate constants along with reactant concentrations
and pH are listed in Table IT. '

The data in Table IT show that the reaction is pH
dependent. Values of pH higher than 6.8 were fiot

TaBLE 11

FirsT-ORDER RATE CONSTANTS FOR THE DISSOCIATION OF
Ni(trien)(phen)?+ (25° u = 0.1 M)

105[phen], 108[Ni(trien)], 104kq,

pH M M sec™1
6.75¢ 94 .4 4.09 0.366
-6.73 94 .4 4.09 0.297
6.592 47.2 4.09 0.389
6.45 47.2 2.05 0.691
6.18 56.6 18.2 0.941
5.76 56.6 18.2 3.60

5.62 29.1 9.12 4.79, 4.73
5.589 29.1 9.12 4.83

5.55 26.9 8.44 6.63

5.51 26.9 8.44 6.72, 6.95
5.38 27.5 8.61 10.7, 10.4, 10.4
5.30 26.9 8.44 14.8, 14.1
5.26 26.9 8.44 14.0

5.26 29.1 8.59 17.0

5.19 29.1 - 8.59 17.6

5.01 56.6 18.2 31.2

5.01 29.1 9.12 27.6 .
4.99 29.1 9.12 29.4, 27.6
4.96 7.27 0.228 30.4

¢ Lutidene-lutidene hydrochloride buffer. All others used
boric acid-mannitol buffer.

1+Kare[H

o
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Figure 2.—Resolution of the rate constants for the dissociation of
Ni(trien)(phen)?+* at 25°, u = 0.1 M. Plot of eq 9.

practicable due to the slowness of the reaction and
values less than 5 gave small absorbance changes due
to the high molar absorptivity of Hphen+t. In the
pH range for which rate constants were obtained, the
dissociation rate of Ni(trien)(phen)2+ can be expressed
as a two-term function involving one and two protons,
respectively. This can be represented as

ko[NiTP]r = (RNIETP 4 pgNiHTP[H +])[NiHTP?"] (7
where
[NiTP]r = [NiTP2+] + [NiH’rP3+} (8)
Equation 7 can be rearranged to the form
[NiTP]r _ , (1 + KmTpNiTP[Hﬂ) -
[NiHTP*F] ~ “\ KnimreMTP[H ]
ENTP + pyNETP[H*]  (9)

ko

which yielded the linear plot shown in Figure 2. From
the plot, the values A¥HTP = intercept = (3.4 = (0.2)
X 1073 sec™! and kx™¥HT? = slope = (5.3 = 0.3) X
102 M~ sec™! were obtained. The dissociation reac-
tion can be written several ways depending upon the
assignment of the protons. Formation rate constants
can also be calculated from the dissociation rate con-
stants and appropriate stability constants. Table III

TABLE III

ExPERIMENTAL RATE CONSTANTS FOR Ni(trien)(phen)2* aAND
Ni(trien)?* SysTEMS (25°, o = 0.1 M)

Ni(trien) (phen)?2+ system?® Ni(trien)2+ system?®

Dissociation Constants

ENEHTP = 3 5 X 10~3%sec™! ENEHT = 1.8 X 10~%sec™*

kEaNiTP = 1.7 X 102 M~lsec™! kgNiT = 0.91 M~1sec™!

EpNiHTP = 5.3 % 102 M ~1sec™! kgNHT = 2.3 X 10? M ~!sec!

EapNiTP = 2.7 X 10" M~2sec™! kgMT = 1.2 X 10" M~2sec™?!
Formation Constants

ExipET = 5.7 X 10° M~lsec™ EniHT = 0.3 X 10%® M~lsec™?

EniptT = 43 M~1sec—! byniHT = 97 M~1sec™!

¢ This study. ? See reference 3.
lists the various rate constants for alternate proton
assignments. ,

The overall rate of dissociation can be expressed as
any combination of one and two proton terms such as
eq 7. Calculation of the overall rate using any of the
above-mentioned combinations gave excellent agree-
ment to the experimental data in all cases. Figure 3
is a plot of eq 7. This gives confidence in the resolved
rate constants.
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Figure 3.—Fit of theoretical curve to experimental rate con-

stants for the dissociation of Ni(trien)(phen)?** at 25°, u = 0.01

M. Solid line is the curve predicted by eq 7; circled points are
experimentally observed values.

Discussion

Since this study involves the dissociation of the trien
from Ni(trien)(phen)?*, a comparison with the dis-
sociation of trien from Ni(trien)?+ ® will be helpful in
determining the mechanism. Comparison of the rate
constants for both systems shows that both the dis-
sociation and formation rate constants for all two-
proton terms are practically identical. However, all
one-proton terms are a factor of about 200 higher for
the Ni(trien)(phen)?+ system than for the Ni(trien)?+
system. Previous studies have shown that when simi-
lar rate constants for several related systems are ob-
tained, the same mechanism holds true for those sys-
tems.!»17:2  The similarity of rate constants for the
two-proton terms strongly suggests the same type of
mechanism holds true for both systems.

The experimental data for the present system show
that the rate-determining step must lie after the addi-
tion of phenanthroline to Ni(trien)?* and after two
nickel-polyamine bonds are broken since Ni(trien)-
(phen)2+ was found to form rapidly as Ni(trien)?+ and
phenanthroline were mixed and since a two-proton
dependence is seen in resolving the overall rate con-
stant. Further, the rate-determining step must lie
before the addition of a second phenanthroline since
no phenanthroline dependence is seen in the rate ex-
pression. This leaves rupture of either the third or
fourth nickel-polyamine bond as rate determining
and is thus far identical with the Ni(trien)?* dissocia-
tion.

At this point, two reasonable possibilities exist:
(a) breaking of the third nickel-polyamine bond as rate
determining, followed by the rapid addition of a second
phenanthroline, or (b) breaking of the fourth nickel-
polyamine bond as rate determining, as is the case with
Ni(trien)?+, followed by the addition of a second phen-

(25) T. J. Bydalek and D. W. Margerum, Inorg. Chem., 3, 678 (1963).
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anthroline. These two stepwise pathways are illus-
trated in Figure 4. The addition of phenanthroline
cannot be rate determining since kinetically no phen-
anthroline dependence is seen. Further, rupture of the
third nickel-polyamine bond as rate determining fol-
lowed by rupture of the fourth and then rapid addi-
tion of phenanthroline can be eliminated using steady-
state arguments analogous to those for the Ni(trien)2+
system.?

Pathway A.—Although fitting the experimental
kinetic dependence, pathway A would not be the most
likely mechanism. It can be shown that a factor of
about 70 exists between the breaking of three and of
four nickel-polyamine bonds in Ni(trien)?+.? Since
keNiBTP and koy™TT are approximately equal to ky™iHT
and kM7, respectively, it must be assumed that, for
pathway A to be correct, the presence of phenanthro-
line is causing diprotonated trien to dissociate at a
slower rate than normal.

The presence of phenanthroline basically does not
affect the rate of water loss of Ni(phen)(H,0):?+ 7 or
Ni(phen),(H:0),2*+, ° nor does it affect the stability
constant for the addition of trien (see Table I, Knipr™~F
~ Knit™t). Thus, there is no reason to expect phen-
anthroline to slow down the rate of two-proton dis-
sociation to the point where breakage of the first three
nickel-polyamine bonds is equal to breakage of all
four without phenanthroline. Phenanthroline would
be expected to increase the dissociation of trien both
statistically (twofold) and sterically. This would
leave an even wider gap between the two-proton terms
of both systems. The one-proton terms are about a
factor of 200 higher for Ni(trien)(phen)?+ than for Ni-
(trien)?~ which would be reasonable assuming pathway
A with statistical and steric factors, Thus, in order
for pathway A to be correct the similarity of the two-
proton terms for both systems must be explained on
the basis of the presence of phenanthroline. Experi-
mental work does not support this, so, despite the
apparent agreement of the one-proton terms, pathway
A must be excluded.

Pathway B.—This pathway is analogous to the
Ni(trien)?" system, followed by the rapid addition of
a second phenanthroline, and fits the kinetic order
dependence. The two-proton terms of both systems
are similar, reflecting rupture of four nickel-polyamine
bonds through the rate-determining step in both cases.
Previously discussed evidence shows that phenan-
throline should have no effect on trien dissociation.

The one-proton terms, however, are about a factor
of 200 higher for Ni(trien)(phen)?+ than for Ni(trien)?+,
Since corresponding stability constants for both sys-
tems are about equal, the difference in one-proton dis-
sociation rates cannot be explained on this basis.

If the reverse of reaction 1 is considered, the rate of
formation of Ni(trien)(phen)2+ from Ni(phen);*+ and
trien can be obtained from the experimentally measured
dissociation rate constant and stability constants.
The rate of formation of Ni(trien)?*+ from Ni®** and
trien has been experimentally determined.? The rate
of formation of Ni(trien)(phen)?®+, Ni(Hstrien)(phen)4+,
Ni(Htrien)®+, and Ni(Hstrien)** from Ni(phen)2+
reacting with Htrien™ or Hstrien?* and Ni?* reacting
with Htrient or Htrien?*, respectively, can be cal-
culated theoretically from the thoroughly tested gen-
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Figure 4. —Proposed stepwise mechanism for the dissociation of Ni(trien)(phen)2* in the presence of phenanthroline. Proton

are omitted for the sake of clarity. Phenanthioline is A-A.

eral mechanism postulated by Eigen involving the
formation of an outer-sphere complex between the
metal ion and ligand followed by the loss of a coordi-
nated water molecule as the rate-determining step.'
Assuming pathway B as being correct, microscopic
reversibility predicts that the first nickel-polyamine
bond will be rate determining for the formation reac-
tion. Thus the formation rate constants for the above
system can be calculated as

Eniorniptotel = Kook Ni—H0 (10)

Values of K, can be calculated with fair accuracy® 2
from diffusion equations and the appropriate values
of kENi—H:0 gre known.! Equation 112 is used to cal-
culate K., values. The terms have been previously

4rNa?
Kos = ;0—08 v+? exp(—ZaZre?/DkTa’)  (11)

defined.?® Values of ¢ = 3.5 X 10~® cm and o/ =
14 X 10—® cm for Htrien+ and ¢ = 3.5 X 108 c¢m and
a’ = 9 X 108 for Hytrien?* were obtained from molec-
ular models. The ¢ values were also used in calculat-
ing vy. Equation 11 gives values of K, for both

(26) A. Kowalak, K. Kustin, R. F. Pasternack, and S. Petrucci, J. 4 mer.
Chem. Soc., 89, 3126 (1967).

(27) The value of ¢’ for Hstrien?+ is a weighted distance calculated from
the fractiohal concentration of each of the four possible isomers of Htrien2+
multiplied by the appropriate center-to-center distance between charges.
Fractional concentrations were obtained from D. B. Rorabacher, Ph.D.
Thesis, Purdue Univetsity, June 1966. It must also be noted that Kos for
Ni?* and Hotrien?* may be calculated from experimental values of kyiHeT
and ENi7H:O gince the ICB effect is inoperable with Hoatrien?*. TUsing
these values, eq 10 gives Kos = 3.5 X 1078 M ! which is in excellent agree-
ment with the values of 1.4 X 10-3 M -1 from eq 11,

TaBLE IV

COMPARISON OF PREDICTED AND EXPERIMENTAL VALUES OF
FormaTiON RATE ConsTANTS (25°, 0 = 0.1 M)
Predicted Experimental
Ni(trien)(phen)?* System
knipHT = 4.8 X 102 M ! knipHT = 5.7 X 108 M1

secle sec”1?
knipH?T = 33 M~1sec™le knipHeT = 43 M~lsec™!?

Ni(trien)2* System
6.1 X 102 M1 b HT
sec~l@
bniHiT = 42 M~1lgec™le
@ Predicted from eq 10
3.

by BT

9.3 X103 M1
sec™l¢
boiHeT = 97 M~lsectc

b Measured in this study. ¢ See ref

Ni(H;0)¢** and Ni(phen)(H;0).2+ reacting with
Htrient as 2.2 X 102 M ! and, for the same two
species reacting with Hytrien?+, 1.5 X 10—% ML

Using these Ko, values along with kNilphem=H:0 —
2.2 X 10%7 and BNITE®® = 2.8 X 10*7 formation rate
constants can be predicted from eq 10. These are
listed in Table IV along with the formation constants
obtained from experimentally measured dissociation
constants and stability constants.

Comparison of the experimental and calculated
values shows that Ni(Htrien)®* forms about a factor
of 15 faster than predicted and Ni(Htrien)(phen)3+
about a factor of 1200 faster than predicted, whereas
Ni(Hstrien)*+ and Ni(H,trien)(phen)** both form at
the predicted rate. Enhanced formation rates for
nickel polyamines have been seen previously and are
attributed to an internal conjugate base mechanism
(ICBM).%
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It has been shown that multidentate ligands with
pK. < 8 do not react via the ICBM with nickel be-
cause they are not basic enough to hydrogen bond to a
coordinated water.”® This is seen in both the present
study and the Ni(trien)?+ system where Hjtrien?+,
having remaining pK, values of 6.75 and 3.39, forms at
the predicted rate, whereas Htrien*, having remaining
pK. values of 9.31, 6.75, and 3.39, forms at an acceler-
ated rate.

Of more interest, however, is the factor of 1200 be-
tween the experimental and predicted formation rate
constants involving Ni(phen)?* and Htrien* com-
pared to only a factor of 15 between the corresponding
constants for the aquo nickel ion and Htrien+. The
presence of phenanthroline in the inner coordination
sphere of nickel has somehow enhanced the ICB effect
by a factor of 80. Realizing that K, values may only
be correct to within a factor of 2-4%% the effect is still
unmistakable. It is possible to account for the in-
crease in formation rate due to the ICB mechanism
from either an increase in K, due to hydrogen bonding,
or an increase in £7H° due to the labilizing effect of a
hydrogen bond on an adjacent water molecule., It is
not known whether an increase in both constants or
in only one is responsible for the enhanced rates.

The fact that gNi—H:0 gnd ENP-1:0 gre about equal’
shows that the presence of phenanthroline has no
effect on the nickel rate of water loss unless another
ligand is present to hydrogen bond by the ICB mech-
anism before initial formation with nickel. Thus, phen-
anthroline must somehow facilitate either electron
redistribution as a result of hydrogen bonding to cause
faster nickel~water bond rupture or hydrolysis of water
in the inner coordination sphere of nickel. Present
data do not allow a choice between the two explana-
tions. The earlier statement that phenanthroline
does not affect trien dissociation is still true, provided
no hydrogen bonding is possible. This is the case
with the two-proton terms and would be true for both
the one- and two-proton terms of pathway A.

It must be noted at this point that if an ICBM is
also postulated for the formation reaction via pathway
A, the two-proton terms of both systems should still
differ by at least a factor of 70 since the ICBM does
not operate when the free nitrogen pK, values are less
than 8.

Thus, it is concluded that pathway B fits the experi-
mental data best, based upon comparison with Ni-
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(trien)?* and upon knowledge of the effect of phen-
anthroline on formation rates and stability constants.

Comparison to Similar Systems.—It is instructive to
compare the Ni(trien) (phen)?+ system with other nickel
polyamine formation and dissociation studies. The
effect of coordinated polyamine nitrogens and ammonia
has been shown to accelerate the loss of water from
Ni(Hs0)s_,L, in a linear fashion.”~1® This is substan-
tiated in a study of the ethylenediamine (en) reaction
with Ni(en)s**+.* The results of the present study in-
volving coordinated aromatic nitrogens are in contrast
to coordinated polyamine nitrogens and show no effect
on water lability or polyamide dissociation rate, pro-
vided no hydrogen bonding involving the polyamine
is possible. This reaffirms previous work in the
area.ll—hﬁ

Compared to the Ni(en),?t system, the present
study also reveals that phenanthroline is able to en-
hance the ICB effect by a factor of about 80 when hy-
drogen bonding is possible, whereas the ratio of experi-
mental rate of formation of Ni(en);?t from Ni(en).2+
and en to the predicted rate is only about 1.2 (this
includes an estimated ICB effect).?® Thus, apparently,
coordinated polyamines are not able to enhance the
ICB effect whereas coordinated aromatic nitrogens are.

The reactions of diethylenetriaminenickel(IT) (Ni-
(dien)?+)1® and of Ni(trien)?+ ¥ with EDTA have also
been studied. Both show that the flexible EDTA
can coordinate to nickel by occupying sites as they are
left open from the partially dissociated polyamine.
Thus dien and trien dissociation is enhanced to the
point where only one polyamine bond is broken prior
to the rate-determining step. This is in contrast to
the rigid phenanthroline molecule which apparently
requires four open sites.

It has also been noted that due to the bulky nature
of the two multidenate ligands involved, exchange re-
actions should be very sensitive to steric effects.V’
This is seen in the present study and can be used to
explain the failure of phenanthroline to coordinate
until four sites are available.

(28) Equation 9 predicts kxNi(H:0),°" = 2.8 X 103 M ~1 sec ™! using Kos =
0.1 M-+ 4 and kNi7H:0 — 2.8 % 104 sec~1.” The experimental value of
ENi(H20)6%" = 4 X 105 M ~lsec™1.5 The ICB effect per enis thus 140. Equa-
tion 9 predicts ANi(en):®® = 1.2 X 105 M "1 sec™! using Kos = 0.1 M ™1 ¢ and
pNilen):—HyO = 1.9 % 108 sec-1.8 The experimental value of ENi(en)®" =
5.5 X 106 Mt sec~1,¢ Correcting the predicted value for the ICB effect
(140) and a statistical factor (1/s) gives 5.6 X 105, Thus, there is no ICB
enhancement by two coordinated en molecules.



