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METAL IONS AND HYDROGEN PEROXIDE
XXIX. On the Kinetics and Mechanism of the Catalase-like Activity
of Nickel(Il) and Nickel(II)-Amine Complexes !

HELMUT SIGEL, KURT WYSS, PETER WALDMEIER, and ROLF GRIESSER
Institute of Inorganic Chemistry, University of Basel, Spitalstrasse 51, CH-4056 Basel, Switzerland

(Received February 13th, 1973, in final form December 4th, 1973)

The disproportionation of H,Q,, catalyzed by NiZ§ and several Ni**-amine complexes, was investigated. (i) With
Nij4 in the pH range 6.6-82 and without buffer the following rate law holds:
vo =d|0, |/dt = k[Ni**| [H,0,]%/[H"] (k=(1.77 + 0.23) x 10™® mol™' L sec™'). In the presence of phosphate
buffer and in the pH range 6--7 the initial rate, v,, is proportional to 1/{H*]. (ii) For the buffer-free
Ni®*-2,2"-bipyridyl 1:1 system in the pH range 4.5-8 v, = ((k,/[H*|)+ k,)[H,0, ] ([Ni**] tot = [Bipy] tot)0-5
where k, = (1.35 + 0.20) x 107" 2 mol0-5 [70.5 sec™! and k, = (2.5 + 0.5) x 107° mol 0.5 10.5 sec~' . With borate
buffer v, is increased, but in the pH-dependent part the given proportionalities between v, and [reactants] are
valid. For these conditions the Ni**-2,2"-bipyridy! 1:1 complex is the catalytically most active species. (iii) In the
buffer-free system with Ni(ethylenediamine)3* as catalyst in the pH range 8.2— 10 it appears that an analog rate law
holds as given above for Nid§ (cf i). Borate buffer has a rate enhancing effect on the catalytic activity of Ni(En)?*
Also there is evidence for v, being proportional to 1/{H"]? and this means two HOO "~ (or corresponding borate
derivatives) are participating in the reaction before the rate determining step. (iv) With 2-picolylamine the 1:1
complex reaches about the activity of Ni**, while with 4-aminomethylimidazole or histamine none of the complex
species is as active as Ni**. — As far as possible the reaction laws are given for the mentioned systems. Reaction
mechanisms and the structure of the active species, as well as the rate enhancing effect of borate, are discussed.

© Gordon & Breach Science Publications Ltd
Printed in Great Britain

INTRODUCTION

Among the complexes of metal ions of the first
transition series which catalyze in homogenous phase
the disproportionation of H,0,. (reaction 1), com-

2H,0, —— 0, +2H.0 6))

plexes of iron>* and copper® are most extensively
studied. This is probably due to the presence of these
two metal ions in redox-active enzyme systems
oceurring in nature.

A suitable catalyst for reaction 1 has to have at
least the following three distinct qualities:® (i) The
metal ion has to be redox active; ie., there must be
two or more different oxidation states. (ii) “Free”
coordination positions must be available; ie., peroxo
species must be able to coordinate. (iii) The coordina-
tion sphere of the metal ion must be “labile™; i.e.,
sufficiently high exchange rates are necessary that a
catalyst may be effective.

Next, the catalase-like activity of a free (hydrated)
metal ion with one of its complexes has to be
compared. Even though the mentioned iron- and
copper-complexes are among the most effective
catalysts, 3,5 the activity of the corresponding “free”

2358

metal ions is difficult to study due to their large
tendency for hydrolysis. However, nickel(I1) is stable
towards hydrolysis up to a pH of approximately 8,°
and thus is suitable for such a study, although it is
not a very powerful catalyst (in accord with its low
redox activity).” To elucidate also the influence of
ligands and to see if different reaction paths are
used by the metal ion and its complexes, the Ni**
systems containing 2, 2'--bipyridyl, ethylenediamine,
2-picolylamine, 4-aminomethylimidazole or histamine
have been included. Additionally, as far as possible
the influence of buffers ([Na'] =0.1; 25° C) on the
reaction rate as well as on the kinetics was demon-
strated.

EXPERIMENTAL SECTION

Materials

Ethylenediamine, 2,2 -bipyridyl, Ni(ClO4), - 6 H, 0,
and NaClO, were obtained from Fluka AG, Buchs,
Switzerland. H, 0, pro analysi, TiOSO,, KHSO,,
H;BO;, Na,HPO,, HCIO4, and NaOH were from
Merck AG, Darmstadt, Germany. o-Picolylamine
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(2-amino-methylpyridine) was from Dr. F. Raschig
GmbH, Ludwigshafen, Germany, and 4-aminomethyl-
imidazole was the same as described recently.”

Measurements

The concentration of O, (the vessel was closed with a
capillary) was determined with a Beckman Fieldlab
TM Oxygen Analyzer connected with a Walz and
Walz Recorder (Model 2011) or with an oxygraph of
Gilson Medical Electronics. Middleton (Wisconsin,
U.S.A)) equipped with a Beckman-Clark electrode.
The recorders were calibrated using O,-free water and
watcr saturated with air. In the latter case (0;] =
455x 107 M, 395 107, 351 x107*, 3.14x
107, 258 x 107, 235x 107, 2,19 x 107, and
20x 107% at 0°, 57,107, 15°, 257, 30", 35°, and
45" C. respectively.” The other apparatus and the
determination of the concentrations of the H,0,
stock solutions were described recently.® as well as
the experiments in the presence of buffer. Where no
buffer was used the pH was adjusted with con-
centrated NaOH or HCIO, : as the pH was not stable,
parallel experiments were carried out under exactly
the same conditions: in one the [O,] was measured
and in the other the pH. In this way to cach initial
rate, r,. the initial pH. ie. pHg.p,, could be
determined. In Figure 1 a typical pair of experiments
is shown together with their evaluation.® The exact
concentrations of all reagents are given in the legends
to the figures.

RESULTS

1. The Hvdrated Ni** as a Catalvst

L1 The Nija svstem  without buffers  In  the
catalysis of the decomposition of H,0Q, (reaction 1)
the initial rate of the O, evolution. v, = d]0,]/d¢t
(mol 17" sec™), is proportional to [H| 7', (o
[H:.0,]° (¢ff Fig. 2), and to [Ni*7| (varied from
Sx10™* M to 8 x 107* M). This is summarized in
the rate law 2, where k=(1.77 £ 0.23) x 10°% mol™

= dLQE] =k U\ﬁ,zllfl_ZQZJ ’ (2)
dr [H'] -

I. sec "' The activation energy, determined in the
temperature  range of 0% through  45°C
(IH202 1 orr 0y x 1072 M, [Ni**| =2x 107° M),
is AE = 11.4 kCal mol ™",

Pg

1.2. The catalase-like activity of Ni** in the presence
of buffers  As Ni“«phosphate complexes are known

5*10“'5}

0
(03] 211079 M

G - 60 sec

1
721
704
0 50 120 180
sec

FIGURE 1  Example of a pair of measurements: (a) Evolu-
tion of O, from H,0, (107" M) by Nijg (2x107% M);
I = 0.1 (NaClO,); 25°C. Initial rate, v, = d[0,]/dt = 2.1 x
10°°/60 = 3.5 x 1077 mol 1! sec™, ie log v, = —-6.46.
(b) Determination of the initial pH under the above condi-
tions: pH(s=p) = 7.00. The solution containing all reagents
except H, O, had been adjusted to pH 7.81.

F 11 log [Hy0)

log

Vo~ [Hy0,)2

PR

FIGURE 2 (a) Catalase-like activity of Ni33 (2 x 1073 M)
at different [H,0, ltot(r=0) (®, 1.6 x 10‘(} M; ® 107!
M@ 5x107 M;0,25x1072 M;®,10°2 M;©,5x1073
M) in dependence on pH; 1=0.1 (NaClO,); 25°C.
(b) Evaluation of Figure 2a at pH 7.7.

to exist,'' we expected an inhibition of the activity
by the presence of phosphate buffer, so [PO4 ] (04
was varied from zero to 107! M. Surprisingly, the
activity in all these cases (where [Ni**] =2 x 107> M
and  [H;0; |toe(t-0) =5x 1072 M) is about the
same. However, reasonably accurate measurements
could only be carried out in the pH range 6 to 7,
where v, is proportional to [H*] ™' . In the pH range 7
to 7.5 remarkable deviations occur and at pH> 7.5
precipitates are formed.'? Studies in borate buffer
failed due to precipitation.
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2. The Ni**-2.2"-bipyridvi svsten as a catalyst
2.1. The Ni**-2.2"-bipvridvl svstem withour buffers

In Figure 3 the logarithm of », is plotted rersus
log |H'}. The dependence between », and [H']
suggests that at pH=75v, is proportional to
[H] ™' and at pH<S v, is independent of [H*)
while v, is always proportional to [H, 0, |. The latter
is still true at the highest possible concentrations of
the catalyst ([Ni""]y4¢ = [Bipyliog =4 x 107% M:
INiBipy)] = 1.48 x 10™* M)!* and low initial con-
centrations of [H1O0:]oe¢-0) (1077 M 0 1.6 x
107 M. Additionally, v is proportional to
(INi**T 1ot = |Bipy]ia)®® (Fig. 4)."5 An attempt to
vary the ratio of [Ni**], : [Bipy]io¢ failed due to
precipitation. Hence. for reasons of analogy with the
results obtained in buffer (¢f. Section 2.2.), we can
only assume that Ni(Bipy)™ and not Ni(Bipy),?* is
the most active species.'

The results can be summarized in eq. 3, where

[H20,]
[H')
+ k3 [Hy O:J(INi* [ o1 = [Bipy] o0 )

= kl ( [Ni2+]t()t = [Bip}/]tnt )0'5

k 2+ i
:( . +k2)[H202]([Ni‘ Lot = [Bipy ]t )°?
(3)

R —

i ‘lOg LH2025 @(\H ,7h!

P Lot

-64! {log o =%
i
|

pH 67"

ﬂ;H 5.7;

-84

-8
FIGURE 3 Catalase-like activity of the Ni7*-2,2"-hipyridyl
il osystem ([Ni2*{op = |Bipylgeg = 10 1 M: [NitBipy)] =
370 x 100* M, [Ni**] =345 xi0 % M, (NiBipy),| =
224 x 10 * M, |Ni(Bipy),| = 6.0 x 10°* M)'* at different
IH,0,1101g =0) -6 x 10 77 M:iw, 3 x 100 M:o,
1.5x1070 M: @, 107" M x 5x 1072 M@, 2.5x 1072 M)
in dependence on pH; I1=0.1 (NaClO,): 25° C. - (O) cal-
culated with eq. 3 for the conditions of ®.  Inserted figure:
Evaluations at pH4.7,5.7.6.7,and 7.7: v, ~ [H.0,].

(135 £020) x 10 "% molo.s 170.5 sec ' and k2 =
(25 +05)x 107 mol6.5 10.5 sec ' cajculated
with the data obtained for pH 2 7.5 and pH 2 5.0,
respectively. Now, v, can be calculated (¢f. the small
empty points in Fig. 3), and there is a good
agreement between the calculated and measured datu,
The activation energy. AE. for this system
(INI*"] o = [Bipy oy =107 M:
[H;O: ] ot 0y = 107" M) was determined in the
temperature tange of 5 through 45° C. For the
pH-dependent part of the reaction follows: AE =
20.5 Keal mol™': for the pH-independent reaction
AE is also not significantly different.

2.2, The Ni*%-2.2"-bipyridvl svstem with borate buf-

fer  First, experiments were carried out with con-

stand {H:0,1 414 o). pH and INi**} (or. but dif-
ferent |2.2"bipyridyl],,,. The results (Fig. §)'2.17
indicate clearly that the most active species is the
2.2%bipyridyl-Ni** 111 complex. The data, given in
Figure 61809 show that at pH<7.7 r, is pro-
portional to 1/|H']. while at higher pH values the
reaction rate becomes more and more independent
of  the pH. Allover r, is proportional (o
INi(Bipy)**]0-5: this and the dependence of vy, on
fH.O,] is presented in Figure 7. The slope of the
curves  obtained by plotting log v, versus log
{H:0: ltotcr -0y proceeds from 1 1o <1 indicating
saturation of the catalyst. As in the unbutffered
system, even at small ratios of [H2O021y40¢ o)
[catalyst]. no deviation from a slope of 1 is observed,

. - , s i |
6 ; log [H*] ‘Og(LN'zﬂtot:{B‘L‘Y}fot - :
l0g v JT ’%H@“'
1; i 2405y )
|
75
ﬁ
-84

FIGURL 4 Catalase-like activity of the NiZ*-2.2"-bipyridyl
b osystem at [0, Jopr=0) =10 1 M und different
concentrations  of  catalyst ([N iop = [Bipylior: @,
2x10 "M@ 10 PM® 5 x10 P M0, 25x10* M.
10 * M: ®. Sx10° M:; @ 10 ° M: Ni(Bipy) 37.06%,
Nit* < 34.8%, NitBipy), < 22.4%_, NitBipy), < 6.17%) Y in
dependence of pH: 1= 0.1 (NaCt0O,): 25" C. The dotted lines
are {entatively extended.  [nserted figure: Fvaluations at pH
5.7.6.7.and 7.7: v, ~ ([Ni®* 101 = [Bipyliop)9-5.
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ie., there is again no hint for a higher order
dependency between vy and [H,O,]. These results
indicate that in the active species HOO™ is co-
ordinated. Hence, principally the same kinetic param-
eters are observed in borate and in the buffer-free
system with two slight differences: (i) In the buffer-
free system saturation of the catalyst is not reached.
(i) In borate buffer no pH-independent reaction is
found in the pH range studied.

The experiments given as an insertion in Figure 6
show that at [H3BO3]o¢ <1072 M the measured vy
is identical with the one of the unbuffered system.
However, with increasing concentrations of borate v,
increases too unitl with 0.5 M solutions saturation is
reached. This rate of enhancing effect can only mean
that borate, or derivatives thereof, participate in the
catalysis.

The activation energy for the activity
(IH202] tote =0y = 1.25 x 107 M) of Ni(Bipy)**
([Ni®*] 40t = [Bipyliot = 107* M) in the presence of
0.1 M borate buffer at pH 8.30 was determined in the
temperature range of 5° through 45° C: AE=
17.9 Kcal mol ™"

2.3. The Ni**-2,2"-bipyridyl system in the presence
of phosphate buffer It appears that in certain pH
regions phosphate has a slight increasing effect on the
reaction rate (Fig. 8), but no unequivocal statement
can be made. However, another feature is definite: As
in the buffer-free system at lower pH values, vy is
independent of [H']; then the rate increases with
increasing pH and becomes again independent of pH,
thus indicating saturation, This is evidence for the
participation of H,0, at lower pH values and of
HOO™ at higher pH values in the reaction process.

3 The Ni**-Ethylenediamine System as a Catalyst

3.1 The Ni“-ethylenediamine system without
buffers  As usual, first we studied the background
catalysis of the disproportionation of H,0,, iLe.
reaction mixtures containing all reactants except Ni**
were tested. It was in the order of the reaction rate in
the presence of the Ni**-ethylenediamine 1:2 com-
plex,?® even though great care was taken to exclude
1'mpurities.2 ! Hence, only tentative conclusions could
be drawn. The results (for pH 82 to 10) are
summarized in eq. 4, where the estimated rate
constant, k =

vy = ¢(0;] =k [Ni(En),*"] [H,0,]?
°T ar [H]

“4)

30 25

] log [Bipyliot

oot .\
¢

L
-6.51—— — + —-
T

tog [Bipyloy
-30 -25

FIGURE § Catalase-like activity of Ni’*-2,2"-bipyridyl.
Upper part: Dependence on {2,2"-bipyridyll ¢,¢ at [Ni** (ot
=107 M, [H,0, 0t 1=0) = 1.25 x 107% M, and pH 9.36
([borate] ¢ = 0.1 M); &Na Ttot = 0.1 M; 25°C. The dashed
line indicates uncertainty due to a possible precipitation. The
lower part shows the distribution of the several species'?
under the above conditions'” in their dependence on
[2.2"-bipyridyllyoe: Ni** (®), Ni(Bipy)** (@), Ni(Bipy),*
(O), and Ni(Bipy),** (®@).

-6
O o o
-7
(log Vo
log [H*]
-10 -9 -8 —'}

FIGURE6  Catalase-like activity of Ni(Bipy)** ([Ni**} tot
[Bipyliot = 107> M; [Ni(Bipy)] =3.71 x 107* M, [Ni**]
3.45 x 107 M, [Ni(Bipy), ] =2.24 x 10™* M, [Ni(Bipy), |
6.0x107° M)!3:.17 in dependence on pH (e, ©).18,19
[H,0, ) tot(=01 =125 x 1072 M; [borate] ¢yt = 0.1 M;
[Na'] ¢o¢ = 0.1 M; 25°C. - Calculated v, (cf eq.12:k, =
3.82 x 107° mol¥-5 170.5 sec™! | K3, =4.02 x 107° mol 1™')
for the above conditions: (O). - Inserted figure: Activity of
Ni(Bipy)** ([Ni**]¢ot = [Bipy] ot = 107* M) in dependence
on | borate] 1o at pH 8.10. [H, 0, ] toy(r=0) = 1.25 x 107 M;
[Na'] {5t = 0.1 M; 25°. The dashed-line indicates the activity
of Ni(Bipy)’* in a buffer-free system (calculated for the
above conditions with eq. 3).

iHon o
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constant K=(3.52 1) x 107" mol™" l.sec™ (1=0.1,
NaCiO4: 25°C),'° must be considered rather as an
upper limit. From measurements in the range of 15°
to 45°C AE was estimated to be 15.7 Kcal mol ™.

3.2. The Ni**-ethylenediamine system in the pres-
ence of borate buffer This system showed no, or
only a very insignificant, background catalysis. The
most active species is the Ni**-ethylenediamine 1:2
complex (¢f Fig. 9) which is formed to a reasonable
degree only from pH 8 through 10.23 The slope of
the curve in Figure 10 increases from —1 to zero, i.e.
with increasing pH vy becomes increasingly indepen-
dent on [H'], obviously at pH <8 v is proportional
to 1/[H"]. The good reproducibility of these experi-
ments is also evidenced; the full and empty circles
show results obtained by two people with a differ-
ence in time of more than two years.

The dependence of v, on [H,0,] was studied at
pH 8.09, 810, 922 and 9.36 under the condition
[H202 ] tot¢ =0) > [Ni(En), 2*]. The plots (c¢f. Fig.
11) show that vy is proportional to [H,0,]. How-
ever, experiments at pH 8.10 where [H,0, Ji01¢ = 0)
< [N1(Er1)22 | demonstrate unequivocally that actu-
ally two molecules of H,0, participate in the re-
action before the rate determining step. This means,
the catalyst is already present as a peroxo complex
when [H;0:]141¢ = =0) > [Ni(En), **]. Under all con-
ditions (Fig. 12) v, is proportional to [Ni(En),**].

r‘—-———)
tog{H,0,]
log v

,71

— T T T T T T v
-3 -2 -1 0

FIGURE 7  Catalase-like activity of Ni(Bipy)** ([Ni®* ] (ot

= [Bipy]]tot =107 M) in dependence on [H,0, ]tot(z 0)
at pH 7.65 (O) and 9.60 (®); [borate] 4, =0.1 M [Na]¢ot
=0.1 M; 25° C. — Inserted figure: Activity of Ni(Bipy)>*
({Ni**] ¢t = [Bipyl¢ot in dependence on [Ni(Bipy)**] at pH
9.20 and [H, 0, liot(1=0) =5 x 102 M (®); [borate|
=0.1 M; [Na ]tot 0.1 M; 25° C. The results obtained from
Figure 5 (®) are shown for the ratios [Bipy |4o¢/[Ni* 1ot =
0.75, 1, 1.25, 1.5, 1.75, and 2. Calculated v, (O) for the
conditions of (®) with eq. 12, k, = 3.82 x 10~° mol0-5 170.5
sec™!,and Ky =4.02 x 107° mol I7").

FIGURE 8 Influence of phosphate-buffer on the catalase-
like activity of Ni(Bipy)** ([Ni**]¢ot = [Bipy] = 107 M) at
{phosphate]| ¢ = 0.05 M. Lower part: Dependence on pH
at [H, 0, ltot(s=0) = 1.25 x 107 M (®). For comparison the
activity in the presence of borate (0.1 M; ¢f. Figure 6) (O)
and in a buffer-frce system (®; calculated for the above
conditions with eq. 3) is also shown. Upper part:
[H,0; | tot(e=0)> = 1.25 x 107" M (@). The corresponding
catculated (®) (eq. 3) activity in a buffer-free system is given
for comparison.

FIGURE 9 Catalase-like activity of Ni“-ethylenediuminc.
Dependence on {ethylenediamine 1oy at [Ni** ] = 107> M
[H,0, Jtot(s=0) = 1.25 x 107> M, and pH 9.36 ([borate] =
0.1 ) [Na']¢or = 0.1 M; 25° C. The lower part shows the
distribution of the several species’® under the above condi-
tions' 7 in their dependence on [ethylenediamine]qe: Ni®*
(®), Ni(En)** (O), Ni(En)2* (@), and Ni(En)3*(©).
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FIGURE 10 Catalase-like activity of Ni(en), 2" ([Ni** |0t
=W[Enlioy = 1077 M) in  dependence on  pH.
{H 0 Vot(r= 0)-1 25 x 1072 M;  |borate]yor =0.1 M;
ltot = %) ;257 C. |Ni(En), **| changes over the pH
r‘mgctmm757 x107* M107.97 x 107 M.}7,23

Thus, the kinetic parameters observed in borate and
in the buffer-free system are quite similar.

Nevertheless, vy is significantly influenced by
borate (Fig. 13): At [H3BO; 01 <2 x 1072 M vy is
proportional to [H3BOj;],¢, while at concentra-
tions = 0.1 M the system is saturated and the activity
of Ni(En),** is enhanced by a factor of more than 40
as compared with the borate-free system. Solutions
containing all reactants but no Ni** or no Ni**-ethyl-
enediamine showed no activity. This means, borate
itself is no independent catalyst, but only an inter-
mediate “supporter”.

log v

-8 T T T T
-3 -2 -1
FIGURE 11 Catalase-like activity of Ni(En), ** ([Ni** | ¢
=W[Enlior: @, @, O, 107> M; ® 25 x 107 M) in
dependence  on  [H,0, ligrrmg) 8t INi**|gop <
[H;0; | tot(r=0). and pH 8.09 (O) 8.10 (@), 9.22 (®), und
9.36 (e), [borate] o = 0.1 [Na'}ior =0.1 M; 25° C.
Percentage  of  Ni(En),** undt.r the given conditions
([Ni**] 4ot =100%): O, e, 7148%; ®, 789%; 8,
79.6%.17.23 . Dependence  on  [H,0, lto(s= 0) at
INI*"|gor 2 IH,0, ]to t(r=0) (©) and pH 8.10. ([Nl ot =
nikn) o =102 M: i(En), | =7.95 x 1() 3 [Ni**] =
267 x107° M, [Nl(l‘n)] =1.14x107? [Nl(l*n), | =

8.75 x 107 M);17,23 [borate] 4oy = 0.1 M3 [N*f]tot =0.1 M;

25°C. - Calculated v, (<) with eq. 18 for the conditions at pH
8.09 (O).

240 SIGEL, LT AL

FIGURE 12 Catalase-ike activity of Ni(En), > ([Ni** | ¢t
=Va[En]¢oy) at pH 8.09 (®), 936 (©) and 9.94 (O) in
dependence on [Ni(En), **|. [H, 0, |iot(+=0 Q= =25x10"*
M; [borate] o = 0.1 M [Nd ltot = 0.1 M; 25° C. The results
obtained from Figure 9 (@) are shown for the ratios
[Enjiot/[NiZ* ] =1, 1.25, 1.5, 1.75, 2, and 3.17,23 -
Caleulated v, (©) with eq. 18 for the conditions of ®.

32

"

{ ‘ log [HyBOglt

log vy

-84 N
IlogvO
3 2 9
O}
—
-10 -9 -8

FIGURE 13 Catalase-like activity of Ni(En), ** ([Ni*'] 4ot
= [Enlgoe = 1072 M; [Ni(En), | = 7.95 x 107* M)I17:23
at pH 9.22 and [H,0; [tot(r=0) = 1.25 x 107* M in depen-
dence on [borate] ¢t [Nd Ttot = 0.1 M; 25°. The dotted line
indicates the upper limit of the corresponding activity of
Ni(En),** in a buffer-frec system; calculated with eq. 4 of
Section 3.1. — Inserted figure: Influence of buffer-anions on
the activity of Ni(En),>* ([Ni**] 44 =% [En}ior = 107° M;
¢f. legend of Fig. 10) in dependence on pH at
[H,0; ltor(r=0) =1.25 x 107> M and [borate}yo =0.1 M
(O, cf Fig. 10), [acetate](q =0.1 M (@), or [phos-
phate| ot =0.1 M (®; the same system but without Ni**
gives ®). [Na*|{,¢ =0.1 M (in the case of phosphate [Na*] is
somewhat higher); 25°C. The upper limit of the correspond-
ing activity of Ni(En),>* in a buffer-free system (®) was
calculated with eq. 4 of Section 3.1.
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The activation energy was determined at pH 8.32
([Ni(En),*] =7.71 x 107* M) and 985 (797 x
107" M) in the temperature range of 5° through
45°C (INi*1,0¢ = %IEnly,, = 1073 M:
[H:02]¢ot(r=0y) = 1.25 x 107* M): AE = 16.8 Kcal
mol 424

3.3. The Ni**-ethylenediamine system in the pres-
ence of acetate or phosphate buffer  Borate exhibits
two distinct qualities: (i) [t activates the catalyst,
Ni(En), **. (ii) The impurity (¢f. Section 3.1.) is not
activated, but its activity is rather inhibited. There-
fore, other buffers were also tested. With phosphate
and similarly with carbonate the background catalysis
is very high (c¢f. the insertion of Fig. 13), while
with acetate an activation by a factor of more than
14 is observed. Here, as in the buffer-free system (cf.
Section 3.1), v is proportional to 1/[H’].

-30 25
O . R
.--o- log [Pa]to,
-6.54
log v
-7 4

-30 -25

FIGURE 14 Catalase-like activity of the Ni**-2-picolyl-
amine (2-aminomethylpyridine) system in dependence on
[2-picolylamine] (o¢ at [Ni®*]¢of =107° M, [H, 0, ltat(r=0)
= 125 x 107* M, and pH 9.36 ([borate]¢or = 0.1 M).
[Nal¢ot =0.1 M; 25°C. The dashed line indicates un-
certainty due to precipitation. The lower part shows the
distribution of the severual species® ® under the above condi-
tions'” in their dependence on [2-picolylamine]sqer Ni**
(®), Ni(Pa)** (0), Ni(Pa), ** (®), and Ni(Pa),** (®).

4. The Ni** Systems with 2-Picolylamine, 4-Amino-
methylimidazole, or Histamine as Catalysts

In Figure 14 the catalaselike activity of the
Ni**-2-picolylamine system is shown at constant
[H202] tot¢ =0y, pH and [Ni**], in its dependence
on [2-picolylamine].>® There is no complex species
with a marked activity: it appears that Ni** and
Ni(2-picolylamine)** have about the same effect on
the rate of disproportionation of H,0,. Also in the
Ni**-4-aminomethylimidazole and -histamine systems
(cf. Fig. 15)*® none of the complex species reaches
even the catalytic power of Ni**.

DISCUSSION

Niyy asa Catalyst

Based on the results of eq. 2 the following reaction

log[Nle]
-44 [x=0123 N

454 %
log [Ha]to!
\———r—r’————v—‘—ﬁ'——
-30 25

FIGURE 15 Catalase-like activity of the Ni**-histamine
system in dependence on [histamine]yo at [Ni?']ior =
107 M, [H,0, ltorr0) = 1.25 x 102 M, and pH 9.36
({borate] yo¢ = 0.1 M). [Na‘lqor = 0.1 M; 25°C. The lower
part shows the distribution of the several species® ® under the
above conditions' 7 in their dependence on [histamine] ¢t
Ni‘* (®), Ni(Ha)** (0), Ni(Ha),*" (®), and Ni(Hu),*"
(®). -~ The small points refer to the Ni**-<4-aminomethyl-
imidazole system (conditions correspond to the Ni**-hist-
amine system).17.25
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scheme may be postulated:26.27

KH
H,0, . _
H,0, === H +HOO (5)
k\ +
Ni** + HOO™ === Ni(OOH) (6)
+ k»‘ +
Ni(OOH) +H. 0, w7~ Ni(OOH)H:02)" (7)
+ k< 24+ -
NI(OOH)(H2 02) T N] + O: + Hzo + OH

(8)

From eqgs. 5-8 the observed rate law (eq. 2) may
eusity be derived. where Ak =AsKy o, (ki/k2)
(k,/ks). The rate-determining step is assumed to
occur within Ni(OOHXH, 0, )" eq. 9 shows possible
structures.

! ngo—o\ (9
CO“'?J/ i \.O_S/H (B)
le* or <J —_— er'* 02
So¥ HoA + OH + MO
H H . 5_2;(9@
A N O
T iteL0

For a rrans arrangement of the two peroxo ligands
evidence was given earlier!.5 with Col!ll-hema-
toporphyrin as a catalyst, ie the electron transfer
occurs through the central metal ion (¢f. also28.29).
A cis arrangement has been suggested with
Cu(2,2-bipyridyl)2+, 4,30 where two mechanisms for
the electron transfer appear plausible: (i) the metal
ion acts only as a clamp (¢f. Structure B), and (ii) the
electron transfer occurs through the metal ion (¢f. C).
We favor the second possibility for two reasons:7.28
(i) If Structure B would reflect the mechanism, it
would be difficult to rationalize why only redox
active metal ions show a catalase-like activity. (ii) In
Structure C a better use is made of the electron
attracting qualities of the metal ion.

Nif2,2"-Bipyridvl)** as a Catalyst

Here, the most outstanding feature is that vy is
proportional to [Ni(Bipy)2*]0-5 (Sections 2.1. and
2.2.) in the whole pH range from 4.3 to 10. An
exponent of 0.5 may be explained by a monomer-
dimer equilibrium, ¢.g. eq. 10:

K
2[(Bipy)Ni(OH)]© === [(Bipy)Ni(OH)],** (10)

In case this equilibrium is on its right side and the
monomer species is the catalytically active one, an
exponent of 0.5 for the dependence between v, and
[Ni(Bipy)**] results. However, potentiometric titra-
tions revealed that Ni(Bipy)** hydrolyzes only at
pH > 8. Similar results were obtained from titrations
in the presence of H,0,. Hence, the formation of a
dimer with a large value of K;, that includes either
OH™ or HOO™ must be excluded.

A dimer independent of pH could be formed with
H,0,, but this postulation must also be rejected:
(i) Though H, 05, has even better solvation properties
than H,0.*" it appears unrealistic to assume that eq.
11 is completely shifted to its right side. (ii) With

2Ni(Bipy)** + H, 0, ===
[(Bipy)Ni(H, O, )Ni(Bipy)| ™" (I1)

[Ni*"] 101> [H20: Jtote =0) €q. 11 should become
dependent upon [H, 0, ], but the results give no hint
for a deviation from linear proportionality between
vy and [H,0, 1.

To conclude, we see at present no convincing
hypothesis to explain the observed proportionality:
vy ~ [Ni(Bipy)**]°-5. However, it must be em-
phasized that the results demonstrate unequivocally
that different catalytic pathways are verified by Nijj
and Ni(Bipy)**.

By calculating log v,, in its dependence on pH (Fig.
3) it has been shown that the simple rate law 3 is able
to account for all experimental facts of the buffer-
free system (c¢f. Section 2.1.). However, in borate
buffer (Section 2.2.: Fig. 6) saturation is observed,
i.c. v, is becoming independent of [H] at higher pH
values. This is taken into account in the rate law 12.°

_4[02] _ k3 [H205 ] [Ni(Bipy) ™"} iy
dr (Ku/Kg o )[H'} + [H,0-]

(12)

Vo

which is based on the steady-state approximation.®?
By the procedure of Fadie and Hofstee,*® one
obtains from plots of vy/{H, 04 ] versus v, based on
the experiments of Figure 7 at pH 7.65 and 9.60, and
[Ni(Bipy)| (o =3.71 x 107" M.>* ut pH 7.65k; =
382x 107 mol®S 105 g™ und Ky =
4.02x107° moll™, and at pH 960 k; =
470 x 107° mol0-5],-0.5 gec ™! and
Ky =7.23x 107° mol 171,

The values of k; agree reasonably well at both
pH’s, while those due to Ky differ by a factor of
about 18. This may be explained by a competitive
inhibition, which has no influence on k;, but changes
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Ky by a factor of (1 + K, [I]).7* The concentrations
of OH™ and B(OH), increase with increasing pH,
both species may act as inhibitors. Therefore, we
consider the results obtained at pH 7.65 as the more
appropriate ones (¢f. also'®). Using these data and
eq. 12, vy was calculated (empty points) in its
dependence on pH for the experimental conditions of
Figure 6: both series agree reasonably well. The same
is true for dependence between v, and [Ni(Bipy)>*]
(cf. the insertion in Fig. 7).

Ni(Ethvlenediamine),** as a Catalyst

The rate law for Ni(En), ** as a catalyst in buffer-free
solutions (c¢f. eq. 4) is of exactly the same form as the
one obtained for Nlaq as catalyst (¢f. eq. 2). Hence,
the reaction scheme outlined in egs. 5 to 8 can also
be postulated for the catalase-like activity of
Ni(En), **.

For Ni(En),** as a catalyst in borate buffer it
appears that the same proportionalities hold between
v, and the concentration of the reactants; however,
with the exception of [H'], as the following reason-
ing reveals. The studies under the conditions
[Ni(En); ™01 R [H202]101¢=0) (¢f. Fig. 11)
show, (i) that v¢~ [H,0,]*, and (ii) that at pH 8.10
and [Ni(En)2“']1ot:[H202 | tot¢ =0) = 1:2 the 1:1
peroxo complex with Ni(En), ** is completely form-
ed. Hence, as with the ratio [Ni(En);*]io¢ :
[H202]¢ot(r=0)> 1:15 in the pH range 8 t0 9 a
dependence on the pH is still observed (¢f. Fig. 10),
this must mean that the first, as well as the second
coordinating peroxo species is HOO ™ and notr H,0,.
Hence, a reaction scheme similar to eqgs. 5 to 8 can be
outlined:?°

(kH 5)° .
MH,0, =222 JH'+2HOO"
(13)
k, .
Ni(En),?" + HOO™ ===2== Ni(En);(OOH)
2 (14)
k3

Ni(En), (OOH)"+HOO"~ —— Ni(En),(O0H),
) (15)

ke

Ni(En), (OOH),
Ni(En),* + 0, + 20H™ (16)

Based on egs. 13 to 16 and taking into considera-
tion that at the end of the cycle of a catalytic
reaction the catalyst is restored, the rate law 17 can
be derived.>® However, eq. 17 holds only for the

experimental condition [H202]tot(r=0) >
[Ni(En); **}(o¢»  because the  approximation
[H20, ] t0¢ = [H20,] was made.
d[0.]
= 4ival 17
WS (17)

ks [Ni(En), J¢ot[H202] 2
“keksths LHI

ki k; (K 0)2

N (,’.‘5. N ’Eej_k_s) [H]

ke ks K‘f,o

[H,0;] + [H,0,]?

As the left handed curve of Figure 11 reveals
(when  [H;02]101(s=0) = 2 [Ni(En), "ot and
pH > 8), eq. 14 is already shifted towards its right
side, and then v, is proportional only to
[Ni(En)2 *Ttot> [H2021t01(t=0), and [H'] (cf Fig.
10, 11, and 12). Hence, in egq. 17 the terms
containing k,/k; or 1/k; become negligible and one
obtains the simpler rate law 18 (¢f eq. 12 in ref.*):

_d]05] _ ks [Ni(En)> 1o [H, 05 ]

d[ ]_C:';'i'ks _[E_]_+[I_[ O ]
2V2

(18)

0

As the studies under excess [H,0; Jtot)(r=0) did
not lead to a significant saturation of the catalyst (¢f.
Fig. 11), we estimated (k4 + ks)/k3 and ks from the
data in Figure 10. With vy = 1077 mol [7! sec™ at
pH 8 and v, =4 x 1077 mol 17! sec™ at pH 10, the
conditions of Figure 10, Kﬂz()2 =1.55x1071%3¢
and eq. 18 one obtains (k; + k5)/k; =5 x 107° mol
17 and ks =5x 107 sec™?.

With these results and eq. 18 one may calculate
the dependence between v, and the concentration of
the reactants. The calculated and measured data for
the dependence between v, and [Ni(En),**] agree
excellent (Fig. 12), while the one between v, and
[H,0,] (Fig. 11) is less satisfying. This is probably
because the value estimated for (k; +ks)/k; 'is
somewhat too large due to a competitive inhibition®’
by the OH™ or B(OH), at higher pH values.

The stability constants of the Ni(En),>"-peroxo
adducts of eqgs. 14 and 15 are given by k,/k, and
k3/k,. Based on Figure 11 (pH 8.09) one may
estimate a lower limit for the stability of the 1:1
peroxo adduct: log KE:§§;:§§((,()H) >6.4.3% For the
stability of the 1:2 peroxo adduct (eq. 15) also a
rough guess may be made as the relationship holds:
KNIm0 ), = kafks > kaf(ke + ks) =2 x 107

hence, log KN,EH%%%?)SE;Z >53.3° These values
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may be compared with the stability constant of the
I:1 complex between HOO™ and Colll-hema-
toporphyrin (CoHP): log Kgﬁﬁ,‘i(oom =7.84.° Tak-
ing iuto account that in both complex centers the
metal ion has a formal charge of two (in CoHP one
positive charge of Colll is neutralized by the de-
protonated ring) and that in two cases a 1:1 and in
the third a 1:2 complex is formed, the orders of the
three stability constants correspond well with each
other. However, the decomposition of the Ni**-per-
oxo complex is slower by a factor of about 100, as
can be seen by comparing the rate of the decomposi-
tion of Ni(En),(OOH), (ks =5x107% sec™) and
CoHP(OOH)(H,0,) (ks =6.76 x 1072 sec™!; cf.°).

In the mechanism as given by egs. 13 to 16 it is
assumed that the rate-determining step occurs within
the complex Ni(En),(OOH),, and thus, the question
is: are the two peroxo ligands bound cis or frans to
each other? As the stability constants,®® log
KNigay log KNitER], =697 —6.18 = 0.8 and log
KNIER] - log KE}&EE} =6.18 - 438 = 18,
evidence that Ni(En), prefers a trans orientation,
the following scheme (eq 19) may be outlined:

_O/ 0
N NN 2
NIZ’ Q —— Ni(En); 2 (19)
H,0
on-

r’o /O?

(D)

SR

Obviously, Structure D in eq. 19 has one weak
point: its symmetry, ie. what initiates an electron
transfer? In the buffer-free system v, is proportional
only to 1/[H] (¢f. eq. 4) and, hence, one of the
HOO™ species in Structure D must be replaced by
H,0, which then corresponds to the asymmetric
Structure A of eq. 9. In the buffer-containing system
this prcblem could be overcome by allowing a
cooperative effect of borate during the reaction. This
would explain, (i) the rate enhancing effect of this
buffer on the catalase-like activity of Ni(En),*" (cf
Fig. 13) and (ii) the symmetry of the two peroxo
species in Structure D would be eliminated. An
explanation that H;BO; (B(OH);3) acts as a Lewis
acid by coordinating to HOO ™ which itself is already
coordinated to Ni(En),?" appears unsatisfactory
because it is not applicable to explan the rate
enhancing effect of acetate (¢f. Fig. 13). We think
that the more convincing explanation, which is
applicable to borate and acetate, is the formation of
peroxo intermediates, like (H,BO; * H,0,)",
(H,BO; - 2H,0,)”  (¢f*°),  (HOO)B(OH)y,
(HOO), B(OH)," (cf*') and Bz(oz)z(OH)zxz_

(cf42+43) or CH;CO(0,) . ** Hence, one HOO™ in
Structure D could be replaced by such a peroxo
intermediate, for which better coordinating qualities
may be surmised than for HOO™ and H,0,. This
could also favor the reactivity. Additionally, it is
known that the decomposition of perborates*”® and
peracetate*® is catalyzed by a number of transition
metal ions. Finally, it must be noted here that borate
enhances also the catalase-like activity of Co***® and
the oxidation of thiocyanate by H,0,.*' Thus, it
appears that cooperative effects of the described kind
are a general feature*”

GENERAL CONSIDERATIONS AND
CONCLUSIONS

From the present studies one may conclude that
buffers influence the rate of the disproportionation
of H, 0, but not the principal mechanism. In the case
of a competitive inhibition this is easily rationalized
because the buffer species may coordinate to the
metal ion and thus prevent the substrate from
coordination. However, where the buffer leads to an
enhancement of the activity the retention of the
mechanism could not be expected. As the presence of
a buffer leads rather to a variation of the substrate
(cf. the preceding section) the mechanism must be
predetermined by qualities of the complex. This is in
agreement with the evidence that the actual de-
composition of H, O, occurs within the coordination
sphere of the metal ion as already indicated for N1
and Ni(En),* in egs. 9 and 19. The existence of
2,2 -bipyridyl-Ni*"-peroxo complexes was proved
spectrophotometrically.7.48

From a comparison of the catalytic qualities of
Ni** and its complexes (Table 1) it is immediately
obvious that the ligand bound to Ni?* has an
influence on the reaction mechanism. However, the
same ligand bonded to different metal ions does not
necessarily lead to the same mechanism: with
Ni(Bipy)** and Cu(Bipy)** different reaction paths
are used. On the other hand, such different com-
plexes as Cu(Bipy)** and Co!l'HP show the same
kinetic parameters for their catalase-like activity.

It should also be noted, that the influence of
ethylenediamine and 2,2"-bipyridyl on Ni?* is able to
achieve different reaction paths for the dispropor-
tionation of H, 0, . The difference between these two
amines is that one offers “aliphatic” and the other

“aromatic’” binding sites, the latter being able to form
in addition to the o bonds 7 (back donating) bonds.
If Ni** is “confronted” with a mixed quality, as in
the complexes of 2-picolylamine (Fig. 14), 4-amino-
methylimidazole and histamine (Fig. 15) (¢f Section
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TABLE 1
Kinetic parameters of scveral catalase-like systems

Proportionalities between the initial
rate, v, , and the concentration of the

reactants

[(‘atulyst]x [“102 Iy [H+]Z

Catalyst X

z Ref.

NiZ} 1
Ni(&n): EA
Ni(Bipy)** 0.5
Cu(Bipy)** 1
Colllype 1

N — N

-1 Section 1

—1;-28 Section 3
0:- 1b Section 2

-1 4.30

-1 5

4For the buffer-free system the evidence obtained is z = —1
(cf. Section 3.1.). For the borate containing system was
deduced, z = -2 {(¢f. the discussion part for this system).

bin the bufferfree system a pH-dependent as well as a
pH-independent reaction was observed (¢f. Section 2.1.); the
same is true for the system with phosphate (¢f. Section 2.3.),
while in borate only the pH-dependent part was observed.

cColll hematoporphyrin.

TABLE N

Comparison of the initial rate of the O, evolution, v, =d[0,]/dt (mol 17" sec™), for
several catalase-like systems (I =0.1;25° ()2

Normalized rates at

Catalyst pH6 pH 8 pH 10 Ref.
Niz§ 0.01 1 - b
Ni(ﬂn)2 e - ~0.02 ~2 b
Ni(En), ** in 0.1 M [Borate]{o¢ - 6.7 27 b
Ni(Bipy)** 0.07 2.5 - b
Ni(Bipy)** in 0.1 M [Borate],¢ - 19 66 b
Cu(Bipy)** ~17004 - - 30
Colllppe 1700 3170 3190 5

aThe data given correspond to the conditions [catalyst] =107° M, [H,0, ltot(s=0) =
107 M and are calculated from the known rate laws for those pH values for which the
validity of the rate laws was proved. All data are normalized for the catalase-iike activity of
Nijy at pH 8: v, =1.77 x 107 mol 17" sec™".

PThis work.
€CY. Section 3.1, and footnote 20.

dyalid for natural ionic strength, [ < 0.004, and under the condition that v, =dJO, ]/

dt = %d[H, 0, | /dt.
¢Co!-hematoporphyrin.

4), neither the reaction path for Ni(Bipy)>* nor the
one for Ni(En), ** can be verified. and “free” Ni** is
the most active species.

Finally, the Ni** systems must be classified as
rather poor catalysts, compared to Cu(22'-
bipyridyl)>* and Col!l-hematoporphyrin (¢f Table
[I); this is probably because Ni** is not very redox
active.” In the buffer-free systems at pH 8 Ni(En),**
is less active than free Ni, while in borate (cf. Fig.
9) this is reverse. Thus, with the mentioned excep-
tion, the Ni**-amine systems are more active than
Niazg. The rate enhancing effect of borate is obvious
with Ni(En), ** and Ni(Bipy)>* as catalysts.
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log KRIEY: =5.5. - 4-Aminomethylimidazole:

H - H o
pKg ma) = 4.1, pKH“ﬁ], —'9.37,
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Based on the assumption that a formation of
Ni(En), (OOH) to less than 507 would be recognized;
757 gives log KNItEM2 (OOH) > 6.9.

The coordinating peroxo species may be actually not
HOO~ but perborate derivatives (cf the end of this
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This does not mean that borate always leads to an
acceleration of the reaction rate; sometimes borate has
no cffect,3>5 or even inhibits the reaction.*?

The results of ref.” evidence only that the complex
contains one HOO™ but it is not clear if the ubsorbing
complex is a monomer or a dimer, because
[Ni(Bipy)**] could not be varied for reasons of
absorption and solubility.



