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METAL IONS AND HYDROGEN PEROXIDE 
XXIX. On the Kinetics and Mechanism of the Catalase-like Activity 

of Nickel( 11) and Nickel(I1)-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 Fi,hruary 13th. 1973; in final form Dccemhrr 4th. 1973) 

The disproportionation of H, 0,, catalyzed by NiG and several Ni2+-amine complexes, was investigated. (i) With 
Niih in the pH range 6.6- 8.2 and without buffer the following rate law holds: 
V ,  = d [ O ,  I /d t=klNi2’ I  ~ H 2 0 2 ~ 2 / [ H + ]  (k=(1 .77  + 0 . 2 3 ) ~  mol-’ 1. sec-I). In the presence ofphosphate 
buffer and in the pH range 6 ~7 the initial rate, v , , ,  is proportional to l / [H t ] .  (ii) For the buffer-free 
Ni2’-2,2’-bipyridyl 1:l system in the pH range 4.5-8 v, = ((k,/[H’I + k, ) [H,O,]  ([Ni2’l tot = [Bipyltot)0.5 
where k ,  = (1.35 + 0.20) x l o - ’  n 1 0 l ~ ~ ~  ITo5 sec-’ and k ,  = (2.5 + 0.5) x l o +  mol-0.5 1.0.5 sec-’ .With borate 
buffer v o  is increased, but in the pHdependent part the given proportionalities between v ,  and [reactants] are 
valid. t o r  these conditions the Nil+-2,2’-bipyridyl 1: 1 complex is the catalytically most active species. (iii) In the 
buffer-free system with Ni(cthy1enediamine):’ as catalyst in the pH range 8.2- 10 it appears that an analog rate law 
holds as given above for Nii’q (cj: i). Borate buffer has a rate enhancing effect o!i the catalytic activity of Ni(En)i+ 
Also there is evidence for v 0  being proportional to l / [H+l  and this means two HOO- (or corresponding borate 
derivativcs) are participating in the reaction before the rate determining step. (iv) With 2-picolylamine the 1 :  1 
complex reaches about the activity of Ni2+, while with 4-aminomethylimidazole or histamine none of the complex 
species is as active as N i 2 + .  ~~ A s  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. 

I NT RODUCTI 0 N 

Among the complexes of  metal ions of  the first 
transition series which catalyze in homogenous phase 
the disproportionation of H 2 0 2 .  (reaction 1). coni- 

2H2 0 2  + 0 2  +2I i ,O  ( 1 )  

~ ~ e x e s  of  iron2’ and copper4 are rriosi extensively 
studied. This is prohahly due t o  the prescnce of these 
two metal ions in redox-active en/ymc systems 
occurring 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; i.c.. there must be 
two or more different oxidation states. (ii) “Free” 
coordination positions must be available; i.e., peroxo 
species must be able to  coordinate. (iii) The coordina- 
tion sphere of the metal ion must be “labile”; i.(. .. 
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 t o  be 
compared. Even though the mentioned iron- and 
copper-complexes are among the most effective 
catalysts.3.5 the activity of the corresponding “free” 

metal ions is difficult to  study due t o  their large 
tendency for hydrolysis. However, nickel( 11) is stable 
towards hydrolysis up t o  a pH of approximately 8,6 
and thus is suitable for such a study, although it is 
not a very powerful catalyst (in accord with its low 
redox a ~ t i v i t y ) . ~  To elucidate also the influence of  
ligdnds and to  see if different reaction paths are 
used by the metal ion and its complexes, the Ni2+ 
systems containing 2. 2‘ bipyridyl, ethylenediamine, 
2-picolylamine, 4-aminomethylimidazole or  histamine 
have been included. Additionally, as far as possible 
the influence of buffers (“a’] = 0.1; 25” C) on the 
reaction rate as well as on  the kinetics was demon- 
strated. 

EXPERIMENTAL SECTION 

Materials 

Ethylenedianiine, 2,2’-bipyridyl, Ni(C104)2 * 6 H2 0, 
and NaClO, were obtained from Fluka AG, Buchs, 
Switzerland. H 2 0 2  pro anaLvsi, TiOS04,  KHS04, 
H 3 B 0 3 ,  Na2HP04,  HC104, and NaOH were from 
Merck AG, Darmstadt, Germany. a-Picolykdmine 
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2 Rh SIGt-1.. W' A L  

(~-amino-metl iyIpyridine)  was from Dr. F .  Kaschig 
Gm bH , laud w igsh a fen. Germ ail y , and 4-an1 i nom ethyl- 
iniidamle was the same as described recently.x 

Mcasurcw cii I S  

The concentration of02  ( the  vessel was closed with a 
capillary) was determined with a Beckman Fieldlab 
TM Oxygen Analyzer connected with a Walz and 
Wab Kecorder (Model 701 1 )  o r  with an oxygraph of 
Gilsoii Medical tJlectronics. Middlcton (Wisconsin, 
U.S.A.) equipped with a Beckinan. Clark electrode. 
The recorders were calibrated using O,-frec water and 
watcr sattirated with air. In the latter case [02 I = 
4.55 x M .  3.95 Y IW4.  3.51 x 3.14 x 
IW4.  3.SX x lo..'. 2.35 x 2.19 ,x and 
2.0 x m4 at o", s", 10". I S " ,  2 9 ,  30". 3s".  and 
45" C, respectively.9 The other apparatus and the 
determination o f  the concentrations of the H z O z  
stock solutions were described recently,s as well as 
the experinients in the presence of buffer. Where no 
buffer was used the pH was adjusted with con- 
centrated NaOH o r  HCIO,: a s  the pH was not stable, 
parallcl cxperiinents were cai-ried out under exactly 
thc s a m e  conditions: in one thc [O,  1 was measured 
and i n  the other the  pH.  In this way to each initial 
rate, I , , , .  the initial pH. i.c. pHyZo , ,  could be 
determined. I n  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. T k  Ifidrated jYi2+ as a Catallw 

I .  1. Tlic hriiG .s,i,stoii wYtlioiit h u j f i m  In the 
catalysis o f  the decomposition of  H z O z  (reaction 1 j 
the initial rate of the O2 evolution. I)( ,  = d[O,]  l d t  
(niol I.-' st'c-' 1, is p1-opoi-tionul Io IH'I - ' . to 
[ H 2 0 2  1 '  (cj: Fig. 2 ) .  and t o  [Ni"l ( v a l i d  froni 
5 x M to X x lo-" M ) .  This is suniniat-ized i n  
the rate law 2 ,  whcrc k =( 1.77 * 0.23) x l o - "  niol- '  

1 ,  sec-i . 1 0  The activation energy, determined in the 
temperature range o f  0" through 45°C 
( I H 2 0 2  1 t c , t ( t  o ) S  x lo-' M ,  M ) .  
is L IE  = 1 I .4 kCal inol-' . 

[ N i 2 + l  = 2 x 

1.2. Tlic catalasc-like activit-y of Ni2+ it1 the prcwricc 
of hirffcrs As Ni*'-phosphate complexes are known 

0 60 120 180 
sec 

FIGURE 1 Example of a pair of measurements: (a) Evolu- 
tion of 0, from H,O,  (10.' M) by Ni:: (2  x 10.' M); 
I = 0.1 (NaCIO,); 25°C. Initial rate, v o  = d[O, ] /dt = 2.1 x 
10-' /60 = 3.5 x l o - '  mol I:' s ec- l ,  i.e. lop v ,  = --6.46. 
( b )  Determination of the initial pH under the above condi- 
tions: pH 0) 7.00. The solution containing all reagents 
except H I L T  ha: been adjusted to  pH 7.81. 

-8 -7 

b"'GUKE 2 ( a )  vatakase-like activity of NiG+ ( 2  x M) 

M;.. 5 x 1W2 M; 0 , 2 . 5  x 10 M; 0 ,  M; C), 5 x lo- '  
M) in dependence on pH; I = 0.1 (NaClO,); 25" C. 
( b )  Evaluation of Figure 2a at pH 7.7.  

at different [H,O,  ] t o t ( t = O )  !*@, 1.6 x 10-  9 M; 0 ,  l o - '  

to  exist,' I we expected an inhibition of  the activity 
by the presence of  phosphate buffer, so [PO,3-] to t  
was varied from zero t o  lo-' M. Surprisingly, the 
activity in all these cases (where [Ni2+l = 2 x M 
and [ H 2 0 2 ]  t o t ( t - o )  = 5 x M) is about the 
same. However, reasonably accurate measurements 
could only be carried out  in the pH range 6 to 7, 
where Y ( ,  is proportional to [H'] - I .  In the pH range 7 
t o  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. 7 1 1 ~  iVi"-2._7'-hit~~'ri~j'l ,fj'stcvii us u cntalvsl 

2. 1. Thr Ni2'-2.I ' -hi~) . i~rici~~~~ s.i..strni it3ithoui hii,ffirs 
In Figure 3 the logarithni of rI ,  is plotted i'crsi4s 

log IH']. The dependence between 1',, and IH+] 
suggests that at pH 2 7.5 v,) is proportional to 
[H'( - I  and at pH < 5 vI) is independent of IH+( 
while vCi is always proportional to [ H 2 0 2  1 .  The latter 
is still true a t  the  highest possible concentrations of 
the catalyst ( [Ni2+]  = [Bipy] t o t  = 4 x lo-.' 112: 
INi(Bipy)l = 1.48 x lo-" M)' and low initial con- 
centrations of [H202 I t o t ( t - O )  ( lo - '  M to 1.6 x 
lo-' M . '  Additionally, 1'0 is proportional t o  
( [Ni2+] t o t  = [Bipyl (Fig. 41.' ' An attempt to 
vary the r a t i o  of [Ni'+J : [Bipy] failed due to 
precipitation. Hence. for reasons o f  analogy with the 
results obtained in buffer (c t :  Section 2.2 . ) .  wc can 
only assunie that Ni( Bipy)" and not  Ni(  Bipy)? 2 +  i s  
the most active species.' ' 

Tlic results can be s u n i i n a r i m ~  in eq. 3. where 
/ i =  

)1() = . ' 

I 

d l 0 2 1  
dt 

(1..?5 + 0.70) x 10 
calculated (2 .5  f 0.5) x I O - "  1 i i o I 0 . 5  1 . 0 - 5  sec ' . I o  

with the d a t a  obtained for pi1 2 7.5 and pti 2 5.0, 
!-espectively. Now. I,,, can he calculated (c j ;  the small 
empty points in Fig. 3 ) .  and there is ;I good 
agreement between tlie calculated and iiieasui-ed da ta .  

The activation energy. A t .  foi this svstetii 
( [ N i 2 + ] t l , t  = (Hipyl,,,, = l o - '  M :  
[ H z O r  I t o t ( ,  0 )  = I0 ' M) was detcrniined in t h e  
teinperaturc range o; 5'' th rough 4.5'' c'. For the 
ptl-dcpendent part ol' the reactioii follows: LIE  = 
20.5 Kcal mol - I  : foi- t h e  pll-independent reaction 
AE i s  also not sipnificanrly differcrrt. 

I nlol*.s 1:o.s scc ' and l i 2  = 

2. I. 7 h c  ,L'i"-3.3'-/Jip~,ri~l~,~ s v s t ~ i r i  with horutc biijl 
j i>r First. experiments were carried out with coii- 
stand 1H202 1 t l , t ( l  o ) .  pH aiitl (Ni"J  t r , r .  but dif- 
feluxt 12.?'-bipyridyll t l , t .  The results (Fig. 5 ) ' . 3 . '  
indicate clearly t h a t  the iiiost active species is the 
2.2'-hipyridyl-Ni2+ I : I complex. The data. given in 
Figure 6 . 1  8.1 '2 .;how t h a t  a t  pH < 7.7 I-,, is pro- 
portional t o  I/1tI+1. while :it higher pt i  values the 
reaction rate becomes more a n d  more independent 
of tlie pH. Allover I , , ,  is propor-lional l o  
INi( Bipy)"] 0 . 5 :  this arid the dcpendcnce of I',, 0 1 1  

[ H 2 0 2  1 is presented i n  Figui-c 7. The slope of the 
curves obtained by plotting log I * ( ,  vcrsiis log 
[ t 1 2 0 2  I t , , t( t  n )  pi-oceccis f r o i n  I 10 < I .  indicating 
saturation of the catalyst. A s  in the unhiitfei-cd 
systeni, even at sinall ratios of J H 2 0 2  ) t l , t ( ,  ( ) ) :  

[catalyst . no deviation from ;I slope t)f 1 is observed. 

4 I 
I 

-6-  

- 7- 

-8 - 
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SIGEL, ET AL 238  

-7 - 

ie. ,  there is again no hint for a higher order 
dependency between uu and [ H 2 0 2 ] .  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. 
(ii) 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 [H3B03]  tot  < M the measured v o  
is identical with the one of the unbuffered system. 
However, with increasing concentrations of borate v o  
increases too unit1 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 
( [H20~l t , t ( t=o )  = 1.25 x M) of Ni(Bipy)'+ 
([Ni2+],,, = [Bipyltot = 10-A 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: A E =  
17.9 Kcal mol-' . 

2.3. The Ni2+-2,2'-bipyridyl system in the presence 
of phosphate bu,ffer 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, uu 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 H202  a t  lower pH values and of 
HOO- at higher pH values in the reaction process. 

3. The Ni2'-Ethylenediamine System as a Catalyst 

3. I The MA"-ethylenediarnine system without 
buffers As usual, first we studied the background 
catalysis of the disproportionation of H 2 0 2 ,  i.e. 
reaction mixtures containing all reactants except Ni2+ 
were tested. I t  was in the order of the reaction rate in 
the presence of the Ni2+-ethylenediamine 1 :2 com- 
plex," even though great care was taken to exclude 
impurities.' Hence, only tentative conclusions could 
be drawn. The results (for pH 8.2 to 10) are 
summarized in eq. 4, where the estimated rate 
constant, k = 

-6 

-6 5 
-3 

-3 5 

- L  

4 . 5  
T I  

-3.0 -2.5 

FIGURE 5 Catalase-like activity of Ni2'-2.2'-bipyridyl. 
Upper part: Dependence o n  (2 ,2 ' -b ipy r id~ l I~< ,~  at INi"] tot 

= 10 - 3  M ,  [ H , O , ] t , t t = ~ )  = 1.25 x 10.' M ,  and pH 9.36 
([borate] tot = 0.1 M); \Na 1 tot = 0.1 M ;  25°C. The dashed 
line indicates uncertainty due to ;i possible precipitation. The 
lower part shows the distribution of the several species' 
under the above conditions" in their dependence on 
[2,2'-bipyridyl] tot: Ni" (@), Ni(Bipy)'+ (01, Ni(Bipy), '+ 
(0). and Ni(Bipy),'+ (0 ) .  

I 

-10 -9 -8 -7 

FIGURE6 Catalase-likeactivity of  Ni(Bipy)'+ ([Ni"] tot = 
[BipyjtOt = 10'' M; [Ni(Bipy)] = 3.71 x M, [Ni"] = 
3.45 x M, [Ni(Bipy), 1 = 
6.0 x 10.' M)*3,17 in dependence on  pH ( 0 ,  @).*8,19 

[HzPz]tot(~o~ = 1.25 x lo-'  M; [borateJt,t = 0.1 M; 
[Na 1 tot = 0.1 M ;  25°C. Calculated t', (cf: eq. 12; k ,  = 
3.82 x 10.'  nol lo.^ see.', K ~ 4 4 . 0 2  x low6 mol 1:') 
for the above conditions: (0). - Inserted fiKure: Activity of 
Ni(Bipy)'+ ([Ni2++Jtot = [BipyltOt = M )  in dependence 
on (boratelt,t at pff 8.10. [ff,O, Itot(t=o) = 1.25 x M; 
"aC] tot = 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). 

M, [Ni(Bipy), 1 = 2.24 x 
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CATALASt- LIKI AC'TIVITY 01 NlCkhL (11) 2 3 9  

c o n s t a n t ~ = ( 3 . 5 ?  I ) X  1 0 - I '  niol - '  I .  sec-' ( I  = ( ) . I ,  
NaC'IO?; 7_5°C),'o niust be consideled rather as an 
upper limit. From measurements in the range of  I S o  
to  45°C 4 E  was estimated to he 15.7 Kcal mol-' . 

3.2. The Ni2'-ethyienediamine system in the pres- 
ence ojborate bujfer This system showed no,  or 
only a very insignificant, background catalysis. The 
most active species is the Ni2'-ethylenediamine 1 : 2  
complex (cf: Fig. 9) which is formed t o  a reasonable 
degree only from pH 8 through The slope of 
the curve in Figure 10 increases from -1 to  zero, i.e. 
with increasing pH vo becomes increasingly indepen- 
dent on [H'] , obviously at pH < 8 v u  is proportional 
to  l/[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 u  on [H2O2 1 was studied a t  
pH 8.09, 8.10, 9.22 and 9.36 under the condition 
[Hz 0 2  1 tot(t = o )  > [Ni(En)> 2+]  . The plots (cf: Fig. 
11) show that Y O  is proportional to [ H 2 0 2 ] ,  How- 
ever, experiments a t  pH 8.10 where [ H 2 0 z ] t o t ( t =  0) 
5 [Ni(En), demonstrate unequivocally that actu- 

ally two molecules of HzOz participate in the re- 
action before the rate determining step. This means, 
the catalyst is already present as  a peroxo complex 
when [ H 2 0 2 ]  tot(t  =o)  > [Ni(En)22']. Under all con- 
ditions (Fig. 12) v o  is proportional to [ N i ( E ~ i ) ~ * + l .  

-74, 
-5 -4 -3 

-3 -2 -1 0 

FIGURE 7 Patalase-like activity of Ni(Bipy)'+ ([Ni"] tot 
= [ Bipy 1 ] tot = 10 -' M) in dependence on [ H, 0, 1 tot(t=O) 
at pH 7.65 (0) and 9.60 (0 ) ;  [borate] tot = 0.1 M; [Na+]t,t 
= 0.1 M;  25" C. -Inserted figure: Activity of Ni(Bipy)'+ 
( [NiZf] to t  = [Bipy]tot in dependenceon [Ni(Ripy)'+] at pH 
9.20 and IH, 0, Jtot(j=O) = 5 x M (0 ) ;  [borateIt,,t 
= 0.1 M ;  [Na+Jto t  = 0.1 M; 25" C. The results obtained from 
Figure 5 (@) are shownfor  the ratios [BipyItot/[Ni"Itot = 
0.75, 1, 1.25, 1.5, 1.75, and 2. Calculu/eJ L',, (0) for the 
conditions of (0) with eq. 12, k,3 = 3.82 x l o - '  m ~ l o . ~  l:O.s 
s e c - ' , a n d K M = 4 . 0 2  x moll:'). 

-8 -7 -6  -5 

FIGURE 8 Influence of phosphate-buffer on the catabase- 
like activity of Ni(Bipy)" ( [Ni2 'J tot  = [Bipy] = M) at 
[phosphate1 tot = 0.05 M .  Lower part: Dependence on  pH 
a t  [H, 0, 1 tot(l=O) = 1.25 x 10.' M (0 ) .  For comparison the 
activity in the presence of borate (0.1 M ;  cf: 1:igure 6 )  (0) 
and in a buffer-f'rce system (a; calculated tor the above 
conditions with eq. 3)  is also shown. Upper parr: 
[ H , O ,  I tot(t=O), = 1.25 x l o - '  M (0). The corresponding 
cakculated (Qo) (eq. 3 )  activity in a buffer-free system is given 
for comparison. 

- 
-3 - 

-3.5- 

I 

-3 0 -2.5 

1:IGUKE 9 Catalase-like activity of Ni"-ethylenediamine. 
Dependence on [ethylenediamineItot at [Niz+]tOt  = M ,  
[H,O, ] t O t ( j = O )  = 1.25 x l o - '  M ,  and pH 9.36 ( \bora te ]  = 
0.1 M). "a+] tot = 0.1 M; 25" C. The lower part shows the 
distribution o f  the several species' ' under the above condi- 
tions' in their dependence on (ethylenediamine] Ni2+ 
(@), Ni(En)'+ (O), Ni(En):+ (O), and Ni(En):+(o). 
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I 

-10 -9 -8 

I~’1GlJRli I0 (‘atalase-like activity of Ni(cn), ( [ N i 2 ’  I tot 
= %[lrnJtot  = 1 0  M )  in dependence on pH. 

1.25 x l o - ’  M ;  IhorateItot = ( ) . I  M ;  
25” <’. i N i ( I * k ) 2 2 + l  changcs over the pH 

M t o  7.97 x IW4 M.17,23 

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

Nevertheless, vU is significantly influenced by 
borate (Fig. 13): At [H,BO,],,,, < 2  x M v u  is 
proportional to [Hj B 0 3  ] tc , t ,  while at concentra- 
tions > 0.1 M the system is saturated and the activity 
of Ni(En),? 2* is enhanced by a factor of more than 40 
as compared with the borate-free system. Solutions 
containing all reactants but n o  Ni2+ or n o  Ni2+-ethyl- 
enediamine showed n o  activity. This means, borate 
itself is n o  independent catalyst, but only an inter- 
mediate “supporter”. 

-6- 

1 
-7 i 

I 

-3 -2 -1 

I:IGUKI< 11 (‘atalasc-like activity of Ni(In)>  ’+ ( [Ni2’ 1 rot 
= %[12,n)tot: 0 ,  6, 0, l o - ’  M;  @ 2.5 x M )  in 
dependence on [H,O,  I t o t ( t = O )  a t  INi2+l tOt  < 
I H , O , ] t o t ( t = O ) ,  and pH 8.09 (O), 8.10 ( O ) ,  9.22 ( O D ) ,  and 
9.36 (a); Ihorate]tot =0.1 M; [Na+ltot =0.1 M; 25” C. 
Percentage of Ni(Iln), ’+ tinder the  given conditions 
([Ni”] tot = 100%): 0, 0 ,  74.8%; 8, 78.9%; 6, 
79.6‘1,.17.23 Lkpendcnce on [ H,  0, I to t ( t=o)  at 
[Ni2’l to t  2 [H20, I t o t  t = ~ )  (0) and pH 8.10. ([Ni”] tot = 
% [ E n ]  tot = 10.’ M; lifi(En), I = 7.95 x 1 0 . ’  M ,  [Ni”] = 
2.67 x 1W5 h.1, [Ni([.:nj] = 1.14 x M [Ni(En),j = 
8.75 x 10 M); l7 ,Z3  (boratcltOt = 0.1 M ;  “a’] tot = 0.1 M ;  
25°C. Calculated v , ,  ( c ) )  with eq. 18  for the conditionsat pH 
8.09 (C9. 

4 -3 -2 

I X U K I i  12 (’atalase-like activity o f  Ni(l.:n),” ( I N i 2 + l t O t  
= % [ l ’ h I t o t )  at pll 8.09 (O), 9.36 ( 0 )  and 9.94 (0) in 
dcpcndence o n  [Ni(F ,n)22+l .  [ H 2 0 2  ]tot(t:.o) = 2.5 x 1 W 2  
M; [boratel tot  = 0.1 M; {Na+ltOt = 0.1 M;  25” <‘.The results 
obtained from I:igurc 9 ( 0 )  are shown for the ratios 
[ t ~ n ] t o t / [ N i 2 + ~ t o t  = I ,  1.25, 1.5. 1.75. 2, and 3 . 1 7 , 2 3  -~ 
Calcrrlat(d I,,, ( c ’ )  with cq. 18 for the conditions of  0 .  

-7 -7 - 1  

-7- 

-10 -9 -8 

I:lGURF, 13 Catalase-like activity of Ni(En), ’+ ( [ N i 2 + ]  tot 
= !h[EnJ tof  = 10.’ M ;  [Ni(En),] = 7.95 x l W 4  M ) 1 7 2 3  
at pM 9.22 and [ H , 0 2  ] t o t ( r = o )  = 1.25 x 10.’ M in depen- 
dcncc on  [bordte]tot. “a+] tot = 0.1 M; 25”. The dotted line 
indicates the upper limit of the corresponding activity of 
Ni(En),’’ in a buffer-frec system; cdlcukdted with eq. 4 of 
Scction 3.1. - Inserted .figure: Influence of buffer-anions on 
the activity of Ni(En)22’ ([Ni2’]tot = %  [Enl to t  = 1 0 . ’  M ;  
cf: legend of Fig. 10) in dependence on pH at 
[H,O,  ] to t ( t=o)  = 1.25 x M and = 0 . 1  M 
(0, c.f Fig. lo ) ,  [acetateltot =0.1 M ( O ) ,  or [phos- 
phatcItOt = 0.1 M (0 ;  the same system but without Ni” 
gives OD). [Na+Itot =0.1 M (in the caseofphosphate  “a+] is 
somewhat higher); 25°C. The upper limit of the correspond- 
ing activity of Ni(En), 2 +  in a buffer-free system (@) was 
calculated with eq. 4 of Section 3.1. 
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CATALASE LJKE ACTIVITY or NICKEL (11) 2 4  1 

The activation energy was determined at  pH 8.32 
([Ni(En),"] ~ 7 . 7 1  x M) and 9.85 ( 7 . 9 7 ~  

M) in the temperature range of  5" through 
45°C ([Ni2+Itot  = % [ E ~ i l , , , ~  = 

mol -4 

M; 
[ H 2 0 2 ] t o t ( r r 0 )  = 1.25 x M ) :  At! = 16.8 Kcal 

3.3. The Ni2+-ethylenediamine system in the pres- 
ence of acetate or phosphate bufler Borate exhibits 
two distinct qualities: (i) It activates the catalyst, 
Ni(En)22+. (ii) The impurity (c6 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 (cf: the insertion o f  Fig. 13). while 
with acetate an activation by a factor of more than 
14 is observed. Here, as in the buffer-free system (cfi 
Section 3.1), v o  is proportional to  I/[H']. 

-6 5 

-7 

- 3  

-3.E 

- L  

4.: 

-3.0 -2.5 -- 
log Paltot -*--+-t 

i 

-3.0 -2.5 
FIGURE 14 CdVdldSe-like activity of the Ni"-2-picolyl- 
amine (2-aminomethylpyridine) system in dependence on  
[Z-p ico ly lamU~e]~~t  a t  (NiZ+]tot  = M, [H,O, ltOt(t-oi 
= 1.25 x 10.' M ,  and pl-l 9.36 ([boratel tot  = 0.1 M). 
[Na+ltOt =0.1 M; 25°C. The dashed line indicatcs un- 
certainty due to precipitation. The lower part shows the 
distribution of the several species2 under the above condi- 
tions' in their dependence on [2-picolylamine] tot: Ni2+ 
(0 ) ;  Ni(Pa)l' (O) ,  Ni(Pd), '+ (@) ,and  Ni(Pd),'+ (0). 

4. The Ni" Systems with 2-Picolylamine, 4-Amino- 
methylim idazole, or Histamine as Catalilsts 

In Figure 14 the catalase-like activity of  the 
Ni2+-2-picolylamine system is shown at constant 
l H 2 0 2 1  tote pH and [Ni2+J t o t  in its dependence 
on (2-picolylamine] .2 ' There is n o  complex species 
with a marked activity: it appears that Ni2+ and 
Ni(2-picolylamine)" have about the same effect on 
the rate of  disproportionation of H2 0 2 .  Also in the 
Ni2+4-aminomethylimidazole and -histamine systems 
(cf: Fig. 15)* ' none of the complex species reaches 
even the catalytic power of Ni2+. 

Dl SCUSS ION 

Ni& as a Catalyst 

Based on the results of eq.  2 the following reaction 

-3 0 -2 5 
l;IGURl! 15 Catalase-like activity of the Ni2+-histamine 
system in dependcnce on [histamineltot a t  [Ni2+l to t  = 
10V3 M ,  [ H 2 0 2  Jtot(t:O) = 1.25 x 1 W 2  M ,  and pH 9.36 
([borateI tot  = 0.1 M). [Na'ltOt = 0.1 M; 25°C. The lower 
purl shows the distribution of the several species' ' under the 
above conditions' in thctr dependence on  [histamine] to,; 
Ni" (O), Ni(Ha)2+ (O), Ni(Ha),,+ (@), and Ni(Ha), 
(e). The small points refer t o  the Ni2'4-aminomethyl- 
imidazole system (conditions correspond to the Ni2'-hist- 
amine system).' 7J5 
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scheme may be postulated.26727 

KIHl>"i, 
H 2 0 2  G=== H'f HOO- (5) 

k 
NI'+ + HOO --*-* Nl(O0H)' (6) 

k ,  
Ni(0OH)' f H 2 0 2  -- A N I ( O O H ) ( H ~ O ~ ) +  (7) 

7 4  

k ,  
N I ( O O H ) ( H ~ O ~ ) +  - - + Ni2+ + O2 + HzO + O H -  

(8 f 

From eqs 5 8 the observed rate law (eq 2 )  may 
e'isily be deiived. wheie h = h ,  K , ,  ~ 0 ( h  1 / X z  ) 
(1ij/Lq). The rAe-detetmlnlng step 1s assumed to 
occur within Ni(00H)(H2O2) ' ,  eq (1 shows possible 
structures 

For a trans arrangement of  the two peroxo hgdnds 
evidence was given earlier1 ,S with Co"I-hema- 
toporphyrin as a catalyst, i.e. the electron transfer 
occurs through the central metal ion (cf also28?29). 
A cis arrangement has been suggested with 
Cu(2,2'-bipyridyl)2 + , 4 , 3 0  where two mechanisms for 
the electron transfer appear plausible: (i) the metal 
ion acts only as a clamp (cf Structure B), and (ii) the 
electron transfer occurs through the metal ion ( CJ C). 
We favor the second possibility for two reasons:7JH 
(i) If Structure B would reflect the mechanism, i t  
would be difficult t o  rationalize why only redox 
active metal ions show a catalase-like activity. ( i i )  I n  
Structure C a better use is made of the electron 
attracting qualities of the metal ion. 

Ni(l7,2'-Hip?irid.,,2/2' as a Catahst 

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

2[(Bipy)Ni(OH)] + F==- [ ( B ~ P Y ) N ~ ( O H ) I ~ * +  (10) 
K D  

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 g  and 
[Ni( B i p ~ ) ~ ' ]  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 2 0 2 .  Hence, the formation of  a 
dimer with a large value of K,, that includes either 
OH-  or HOO- must be excluded. 

A dinier independent of pH could be formed with 
H 2 0 z ,  but this postulation must also be rejected: 
( i )  Though H z 0 2 ,  has even better solvation properties 
than H z 0 . 3  it appears unrealistic t o  assume that eq. 
1 1 is completely shifted t o  its right side. (ii) With 

[(Bipy)Ni(H,O?)Ni(Bipy)] '+ ( 1  I )  

[Ni2'] > [ H 2 0 2  ] to t ( f  -0) eq. 1 1  should become 
dependent upon [ H z 0 2  1 ,  but the results give n o  hint 
for a deviation from linear proportionality between 
v u  and [ H 2 0 ,  1 .  

To conclude, we see at prcsent n o  convincing 
hypothesis t o  explain the observed proportionality: 
L J ~  - [Ni(Bipy)2'10-5. However, i t  must be em- 
phasized that the results demonstrate unequivocally 
that different catalytic pathways are verified by Ni$ 
and Ni( Bipy)". 

By calculating log vo in its dependence o n  pH (Fig. 
3) it has been shown that the simple rate law 3 is able 
t o  account for all experimental facts of the buffer- 
free system (</: Section 2.1.). However, in borate 
buffer (Section 2.2.: Fig. 6) saturation is observed, 
i . c  v,, is becoming independent of  [H'] a t  higher pH 
values. This is taken into account in the rate law 1 2,3 

which is based on the steady-state a p p r ~ x i n i a t i o n . ~  
By the procedure of t ad ie  and H o f ~ t e e , ~ ~  one 
obtains from plots o f  u o / [ H Z 0 2  I uersus u o ,  based on 
the experiments of  Figure 7 a t  pH 7.65 and 9.60, and 
[Ni(Bipy)]!(,t =3.71 x M , 3 4  at pH 7.65 k.? = 
3.82 x moIO.s I .  0 - 5  sec-l and K M  = 
4.02 x lo-" mol I.-', and at pH 9.60 k 3  = 

K M  = 7.23 x lo-' inol I.-'. 
The values of k j  agree reasonably well at both 

pH's, while those due to K M  differ by a factor of 
about IS. This may be explained by a competitive 
inhibition, which has no influence on k , ,  but changes 

4.70 x mole.'; sec-' and 
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KM by a factor of ( 1  + Ki [ I ] ) . "  The concentrations 
of OH-  and B(OH)4- 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 (cf:  also18). Using these data and 
eq. 12, v o  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 g  and [Ni(Bipy)"] 
(cf: the insertion in Fig. 7). 

Ni(Etli.vlenediarnine)~ 2+ as a Catalyst 

The rate law for Ni(Eni2 '+ as a catalyst in buffer-free 
solutions (cj: eq. 4) is of exactly the same form as the 
one obtained for Nii'g as catalyst (cf: eq. 2). Hence, 
the reaction scheme outlined in eqs. 5 to 8 can also 
be postulated for the catalase-like activity of 
Ni(En)2 ". 

For Ni(En)22' 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)22']tot 2. [H20zl to t ( t  = o )  (cf: Fig. 11) 
show, (i) that v u -  [ H 2 0 2 ]  and (ii) that at pH 8.10 
and [Ni(En)2"]tot:[Hz02~t,t~,~o~ = 1:2 the 1 : l  
peroxo complex with Ni(Enj2 '+ is completely form- 
ed. Hence, as with the ratio [Ni(En)z2+]tot  : 
[ H z 0 2 ] t o t ( t = 0 ) >  1 : l S  in the pH range 8 t o  9 a 
dependence on  the pH is still observed (cf: Fig. lo) ,  
this must mean that the first. as well as the second 
coordinating peroxo species is HOO- and no/ H 2 0 2 .  

Hence. a reaction scheme similar to eqs. 5 to  X can be 
outlined: * ' 

(13) 

(14) 

(15) 

Ni(Eii)2Z' + HOO- FA==+ Ni(En)2(OOH)' 
k* 

k3 

k4 

k ,  Ni(En)z(OOH)2 ___ 

Ni(En),(OOH)++HOO- - = = f  Ni(En);?(OOH): 

-+ 

Ni(Enj2'++ O2 + 2 0 H -  (16) 

Based on eqs. 13 to  16 and taking into considera- 
tion that at the end of the cycle o f  a catalytic 
reaction the catalyst is restored, the rate law 17  can 
be derived.35 However. eq. 17  holds only for the 

experimental condition [HzO,] > 
[Ni(En)2 2 + ]  t o t ,  because the approximation 
[ H Z O 2 l t o t  = [ H 2 0 2 ]  was made. 

d[Ozl v =----  
I, dt 

As the left handed curve of  Figure I 1  reveals 
(when [ H ~ O ~ I t o t ( t = o )  = 2 " i ( E n ) ~ ~ + l t ~ t  and 
pH 2 8) ,  eq. 14 is already shifted towards its right 
side, and then v O  is proportional only to  
[Ni(En)z "1 t o t ,  [ H ~ O Z  1 t o t ( t r O ) ,  and IH'I (4 Fig. 
10, 11, and 12). Hence, in eq. 17 the terms 
containing k2 /k l  or l /k  become negligibfe and one 
obtains the simpler rate law 18 (c f  eq. 1 2  in ref.3): 

As the studies under excess [ H 2 0 2 ] t O t ) ( r = O )  did 
not lead t o  a significant saturation of the catalyst (cj; 
Fig. 1 l ) ,  we estimated ( k ,  + k 5 ) / k 3  and k5  from the 
data in Figure 10. With yo  = mol I.-' sec-' a t  
pH 8 and v,, = 4 x lo-'  mol 1 .-I sec-' at pH 10, the 
conditions of Figure 10, K:,02 = 1.55 x 
and eq. 18 one ohtains (k4 + k , ) /k3  = 5 x lo-'  mol 
I - '  and k s  = 5 x 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 vo and [Ni(En)22+] agree 
excellent (Fig. 12), while the one between uo and 
[ H 2 0 2 ]  (Fig. 1 1 )  is less satisfying. This is probably 
because the value estimated for ( k4  + k 5 ) / k ,  ' is 
somewhat too  large due t o  a competitive inhibition3 
by the OH- or B(OH)4- a t  higher pH values. 

The stability constants of the Ni(En)2 "-perox0 
adducts of eqs. 14 and 15 are given by  k l / k 2  and 
k3 /k4 .  Based on Figure I I (pH 8.09) one may 
estimate a lower limit for the stability of  the 1:l  
peroxo adduct: log K N i ( k < n ) 2 ( 0 0 H )  Z 6.4.38 For the 
stability o f  the 1:2 peroxo adduct (eq. 15) also a 
rough guess may be made as the relationship holds: 

N i ( F . n ) 2 ( 0 0 H )  = k,/k4 > k 3 / ( k 4  + k , )  = 2 x lo5 

hence, log K N i ( i . : n ) 2 ( ~ ( ) H ) 2  2 5.3.39 These values 

N i( K n ) 2  

K N  i( I.:n)z( 00 H ) 2  
Ni( F. n ) 2 (0 0 H ) 
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may be compared with the stability constant of  the 
1: 1 complex between HOO- and CoIII-hema- 
toporphyrin (CoHP): log K C c , H p ( O O H )  = 7.84.’ Tak- 
ing iiito account that in both complex centers the 
metal ion has a formal charge of  two (in CoHP one 
positive charge of Co1ll is neutralized by the de- 
protonated ring) and that  in two cases a I :  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 Ni2+-per- 
0x0 complex is slower by  a factor of  about 100, as 
can be seen by  comparing the rate o f  the decomposi- 
tion of Ni(En),(OOH), ( k ,  = 5 x sec- ’ )  and 
CoHP(OOH)(H,O,) ( kS  = 6.76 x lo -*  sec-’ ; c f ’ ) .  

In the mechanism as given by eqs. 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 trans to  
each other? As the stability constants,23 log ~ z i ~ ~ ~ )  log KG;[E;], = 6.97 - 6.18 = 0.8 and log 
K;:[;:]2 . 4.38 = 1.8, 
evidence that N ~ ( E I I ) ~  I+ :refers a trans orientation, 
the following scheme (eq. 19) may be outlined: 

COHP 

log K g i  b: ; = 6.18 

H 

Obviously, Structure D in  eq. 19 has one weak 
point: its symmetry, i.e. what initiates an electron 
transfer? In the buffer-free system vo is proportional 
only t o  l/[H+] ( c t  eq. 4) and, hence, one of the 
HOO- species in Structure D must be replaced by 
H,Oz which then corresponds t o  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 o f  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 H3B03 (B(OH),) acts as a Lewis 
acid by  coordinating t o  HOO- which itself is already 
coordinated to Ni(En), ’+ appears unsatisfactory 
because it is not applicable t o  explain the rate 
enhancing effect of  acetate ( c t  Fig. 13). We think 
that the more convincing explanation, which is 
applicable to borate and acetate, is the formation of 
peroxo intermediates, like ( H 2 B 0 3  * H 2 0 2 ) - ,  
(H2B03 * 2 H,O& ( ~ . . / 1 ~ ~ ) ,  (HOO)B(OH)<, 
(HOO),B(OH),- (4:“ ) and BZ(02)2(OH)42-  

(ct42343) or CH3CO(02)-.44 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 z O 2 .  This 
could also favor the reactivity. Additionally, it is 
known that the decomposition of perborates” and 
p e r a ~ e t a t e ~ ~  is catalyzed by a number of transition 
metal ions. Finally, it  must be noted here that borate 
enhances also the catalase-like activity of Co2+46 and 
the oxidation of thiocyanate by H z 0 2  .4 ’  Thus, i t  

appears that cooperative effects of the described kind 
are a general f e a t ~ r e . ~  

GENERAL CONSIDERATIONS AND 
CONCLUSIONS 

From the present studies one may conclude that 
buffers influence the rate of the disproportionation 
of H 2 0 ,  but  not the principal mechanism. In the case 
of a competitive inhibition this is easily rationalized 
because the buffer species may coordinate t o  the 
metal ion and thus prevent the substrate from 
coordination. However, where the buffer leads t o  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 
(cJ: 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, O2 occurs within the coordination 
sphere of the metal ion as already indicated for Ni;: 
and Ni(En),” in eqs. 9 and 19. The existence of 
2,2’-bipyridyl-NiZ+-peroxo complexes was proved 
spectrophotometrically.7.4 

From a comparison of the catalytic qualities of 
Ni2+ and its complexes (Table 1) it is immediately 
obvious that the ligand bound t o  NiZ+ 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)2+ and Cu(Bipy)2+ different reaction paths 
are used. On the other hand, such different com- 
plexes as Cu(Bipy)*+ and CollIHP show the same 
kinetic parameters for their catalase-like activity. 

I t  should also be noted, that  the influence of 
ethylenediamine and 2,2’-bipyridyl on Ni2+ is able to  
achieve different reaction paths for the dispropor- 
tionation of H,Oz.  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 t o  the u bonds 7~ (back donating) bonds. 
I f  Ni2+ is “confronted” with a mixed quality, as in 
the complexes of 2-picolylamine (Fig. 14), 4-amino- 
methylimidazole and histamine (Fig. 15) (cf Section 
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TARL,t< I 
Kinetic parameters of several catalase-like systems 

245 

Proportionalities between the initial 
rate, I,,, , and the concentration of  the 
reactants 

[<'atalystIx [11>02 I y  [H']" 
Catalyst x Y z Ref. 

N i F  I 2 -1 Section 1 
Ni(En)>'+ 1 2 - 1 ; -2" Section 3 
Ni(Bipy)2' 0.5 I 0; ~b Section 2 
('u(B1py"' I 2 1 4.30 
0,"IHPL 1 2 1 5 

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

hIn the buffer-free system a pH-dependent as well as a 
pH-independent reaction was observed (cf: Section 2.1 .); the 
same i s  true for the system with phosphate (cf Section 2.3.), 
while in borate only the pH-dependent part was observed. 

CCoIII hematoporphyrin. 

TABLE 11 
Comparison of the initial rate of the 0, evolution, u ,  = d [ O ,  \ /d t  (mol 1:' sec-'), f o r  
several catalase-like systems ( I  = 0.1 ; 25" C)" 

Normalized rates at 
pFI 6 pH 8 pH 10 Ref. 

b Ni? 0.01 1 
Ni(an), '+ C - -0.02 -2 b 
Ni(En), '+ in 0.1 M [Boratejt,t 6.7 27 b 
Ni( Bipy)*' 0.07 2.5 b 
Ni(Bipy)'+ in 0.1 M [BorateIt,,t - 19 66 b 
Cu(Bipy)'+ - 1  700d - 30 
co 1 ' 1  H F I 700 3170 3190 5 

- 

- 

- 

"The data given correspond to the conditions [catalyst] = l o - '  M, [H,O, ]tot(t=O) = 
M and are calculated from the known rate laws for those pH values for whlch the 

validity of the rate laws was proved. All data are normalized for the catatlase-iike activity of 
Niih ;it p H  8: Y,, = 1.77 x 10.' mol 1 :' sec- ' .  

hThis work. 
Tf. Section 3.1. and footnote 20. 
dValid for natural ionic strength, I < 0.004, and under the condition that vo = d[O,  11 

dt  = %dlH,O, I /dt .  
"Coili-hematoporphyrin. 

4), neither the reaction path for Ni(Bipy)2' nor the 
one for Ni(En), '+ can be verified. and "free" Ni" is 
the most active species. 

Finally, the Ni2+ systems must be classified as 
rather poor catalysts, compared t o  Cu(2,2'- 
bipyridyl)2+ and CoIIl-hematoporphyrin (cf Table 
11); this is probably because Ni2+ is not very redox 
a ~ t i v e . ~  In the buffer-free systems at pH 8 Ni(En), 2+ 

is less active than free Ni::, while in borate ( c t  Fig. 
9) this is reverse. Thus, with the mentioned excep- 
tion, the Ni2'-amine systems are more active than 
Ni::. The rate enhancing effect of borate is obvious 
with Ni(En), 2+ and Ni(Bipy)*+ as catalysts. 
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