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« The decomposition of H:O;, catalyzed by the Fée’*
complex of 4,4',4”,4" -tetrasulfophthalocyanine (Fe'!'-
PTS), was investigated in the pH range 5.5 to 10 by
measuring the initial velocity, v., of the increasing
concentration of O, (25°; I = 0.1). Due to the dime-
rization and polymerization of Fe''PTS the catalyst
and its reaction order are difficult to establish: Evi-
dence is given that v, is proportional to [Fe'PT-
S]monomer. In the pH range 5.5 to 8 a pH-dependent
and a pH-independent reaction occur, for both of them
v, is proportional to the concentration of H;O,. The
experimental results in this pH region can be explain-
ed by a complex rate law according to the pH-depen-
dent

H,0,=H*+OO0H"

k
Fe"PTS + OOH - == Fe''PTS - OOH-

k.

Fel'PTS - OOH —KHX

and the pH-independent reactions

k .
Fe'™PTS +H,0,==Fe"PTS - H,0,

k.

Fe'"PTS - HzOlk—’rx

In the alkaline pH range 8 to 10 v. is practically in-
dependent of pH and proportional to [H.0:]?, which
indicates a new reaction course.—The catalatic activi-
ties of Fe'"'PTS, hemin, and several other catalysts are
compared and the mechanism of the irreversible step
of the reactions considered: A species, analogous to
FeO’* (already postulated for the reaction with Fe'*
as a catalyst) is suggested as an intermediate in the
pH range 5.5 to 8.

Introduction

The Cu?*-catalyzed decomposition of H:O; occurs
within the coordination sphere of the metal ion.?

(1) Part XX1II: P. Waldmeier and H. Sigel, Chimia (Aarau), 24, 195
1970).

(2) H. Sigel, Angew. Chem., 81, 161 (1969); Angew. Chem. Intern.
Ed. Engl., 8, 167 (1969).

Therefore, the catalase-like activity of Cu?* is strong-
ly dependent on the saturation degree of its coordin-
ation sphere. Usually the Cu?* 1:1 complexes with
bidentate ligands are more active than those with
tridentate ones,” while tetradentate ligands form inac-
tive complexes.

In aqueous solution Cu?* usually has a coordination
number of 4%¢ and Fe’* one of 6.° On this basis it
could be expected that Fe’* complexes formed with
a tetradentate ligand are catalytically active. Wang’
showed this for the Fel*-triethylenetetramine system.
To exclude the possibility of a cis-trans isomerism—
as is imaginable with Fe’*-triethylenetetramine—we
used for the present investigation the Fe’* complex
of the tetradentate, cyclic, and planar ligand, 4,4',4”
4’"-tetrasulfophthalocyanine (Fe™PTS).  The steric
conditions of Fe™PTS would simplify the interpreta-
tion of the kinetic results, because the formation of a
cyclic peroxo intermediate (as proposed by Wang’ for
the Fe’*-triethylenetetramine system) can be excluded,
while the known® dimerization of Fe™PTS would
probably render the interpretation more difficult.
However, it seemed to us worthwhile to study the
kinetics of the known! catalase-like activity of this
Fe3* complex especially due to its structural similari-
ties with hemin. The catalase-like activity of Fe™-
PTS was measured in the pH range 5.5 to 10 using
an oxygen sensitive electrode. The activity of the
catalyst was characterized by the initial rate of the
O; formation (vo = d[O:]/dt; mole 17! sec™?).

$03
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Fe'"PTS

(3) H. Erlenmeyer t, P. Waldmeier, and H. Sigel, Helv. Chim,
Acta, 51, 1795 (1968).
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Experimental Section

Materials. The FeMPTS used is the same sub-
stance as recently described,® which consists of Nay
Fe"PTSX4H,0 (and maybe some Na,Fe'PTS - OH
X2H,0). H:0; pro analysi, TiOSOs;, and KHSO,
were obtained from Merck AG, Darmstadt (Germany).
Hemin was from Fluka AG, Buchs Switzerland).

Apparatus. The concentrations of the H,O; stock
solutions were determined with titanyl sulfate in 1.5
M H,S0, at 410 nm® (¢ = 737 1 mole~! ¢m~") using
Beckman B or DB sspectrophotometers. Absorption
spectra were taken with a Beckman DB spectrophoto-
meter (connected with recorder Model 43 from Photo-
volt Corporation) or a Cary 14 spectrophotometet.
The pH measurements were performed with a Me-
trohm potentiometer E 353 B and U micro glass elec-
trodes. The concentration of oxygen originated in
the reaction solution was determined using an oxy-
graph of Gilson Medical Electronics, Middleton (Wis-
consin, U.S.A.) equipped with a Beckman-Clark elec-
trode. The recorder was calibrated using water satu-
rated with air ([O;] = 2.58X10~* M)

Measurements of Catalysis. The reaction solutions
(volume 5 ml; 25°) were usually 0.05 M in phosphate
buffer or 0.1 M in borate buffer; Na* was 0.1 M (sup-
plemented by NaClO,). The exact concentrations of
all reagents are given in the legends of Figures 1 to 8.
After pipetting all reagents except H:O; into the reac-
tion vessel this solution was flushed with pure N,
until the concentration of O; was less than 2XX107° M.
Thep the reaction vessel was closed and through the
capillary of the stopper the desired amount of oxyvgen-
free H.O; was injected and the increasing concentra-
tion of O, recorded in its dependence on time.

Evaluation of the Data. The initial reaction velo-
city, vo = d[0.]/dt (mole 17! sec™!), was taken from

101075 4 ] [0,]

5105

420105 M

1 12 24 36 sec

Figure 1. Example of a measurement and evaluation for the
evolution of 0, from H,O. (1.25x 10-* M) by Fe"'PTS (2.5x
10~* M) at pH 9.20 ([borate] = 0.1 M; [Na*] 0.1 M; 25°).
Initial rate, vo = 4.20x10-°/15 = 280x10"* mole L.-!
sec™’, ie. log v, = —5.55,

(4) The only known « exception » from this rule is the cis diagquo
isomer of the Cu?+.2,2°.bipyridyl 1: 2 complex. Cf. R. Griesser, B. Prijs,
and H. Sigel, J. Amer. Chem. Soc., 91, 7758 (1969).

(5) D.D. Perrin, I.G. Sayce, and V.S. Sharma, J. Chem. Soc., A,
1755 (1967).

(6) F.A. Cotton and G. Wilkinson, « Anorganische Chemie », Verlag
Chemie, Weinheim/Bergstr. 1967, p. 834 and 792,

() 1.H. Wang, J. Amer. Chem. Soc., 77, 822, 4715 (1955).

(8) H. Sigei, P. Waldmeier, and B. Prijs, fnorg. Nucl. Chem.
Letters, 7, 161 (1971).

(9) H. Brintzinger and H. Erlenmeyer, Helv. Chim. Acta, 48, 826
(1965); A.C. Egerton, A.}. Everett, G.]. Minkoff, S. Rudrakanchana,
and K.C. Salvoja, Analyt. Chim, Acta, 10, 422 (1954).

(10) §. D’Ans and E. Lax, « Taschenbuch filir Chemiker », Springer-
Verlag, Berlin, Gottingen, Heidelberg, 1949, p. 968. - Gmelins Hand-
buch der Anorganischen Chemie, System-Nr 3: « Sauerstoff », Lieferung
4, Verlag Chemie, Weinheim /Bergstr. 1960, p. 92t.
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the slope of the tangent of the O, concentration-time
curve at the time, t = 0. Figure 1 shows an example
of the measurements together with its evaluation.
The logarithms of the initial velocities were plotted
against the logarithms of the varied concentration of
the reagent. From the slope of the straight line por-
tion the relation between the reaction rate and the
concentration of the reagent was taken.!

Results and Discussion

Oxidation Sensitivity of the Catalyst. The oxida-
tion of Fe™PTS by H:0; (c¢f. ref. 12) is nearly linear
with time during the first minute. The extent of de-
composition was determined at the absorption maxi-
mum (634 nm) and is given with its dependence on pH
in Table 1. This effect was minimized by using only
the first 20 sec of the reaction for the evaluation and
by extrapolating to the initial velocity (cf. Figure 1).

Table I. Oxidation of Fe"PTS by H:;0, Measured by the
Decreasing Extinction at 634 nm in Dependence on pH (25°C).
Given is the percentage of the extinction still present after 1
minute of the reaction. Concentrations cf the solutions for
measurement: [H;O0:]we = 1.25x107° M, [Fe""PTS8]w =
10™* M, [phosphate] = 0.05 M (at pH 5.50, 6.00, 6.84, and
7.64) or [borate] = 0.1 M (at pH 8.4, 9.2, and 10.0), [Na*]
= 0.1 M (adjusted with NaClO,).

pH 5.50 6.00 6.84 7.64 8.40 9.20 10.00
%Ee 91 88 89 81 62 81 100

-504 I“’g leog [H’]

-6.0 4 ¢

P R S

-8 -95 -90 . -85 -80 -75 -70 -65 -60 -55

Figure 2. Catalase-like activity of Fe"'PTS (@, 2.5x10°° M;
©, 10°* M). Dependence on pH at an initial concentration
of [H:0;] = 1.25x10°* M, determined as the initial rate,
v,, (mole 1.7! sec ') of the O, evolution. For comparison the
catalase-like activity of hemin (Q) is also given ([hemin]
= 10* M, [H:O:]wwwor = 1.25x10 7 M). Buffers: [phos-
phate] = 0.05 M, pH 5.5 through 8; [borate] = 0.1 M,
pH 8 through 10. In all cases [Na*].. = 0.1 M and the
temperature = 25°. Experiments without or only with litile
buffer: ®, pH adjusted by dotting with NaOH or HCIO,;
®, [phosphate] = 5x 10~ M.

Dependence of the Reaction Rate on pH and Con-
centration of H:;O,. The catalysis of the decomposi-
tion of H,O, was investigated in two series at a con-
stant initial concentration of H,O, and a constant con-

(11) A.A. Frost and R.G. Pearson, « Kinetics and Mechanism », .
Wiley, New York 1953; Th. Kaden and H. Sigel, Helv. Chim. Acta,
51, 947 (1968).

(12) D. Vonderschmitt, K. Bernauer, and S. Fallab, Helv. Chim. Acta,
48, 951 (1963).



centration of Fe"PTS in dependence on pH (Figure
2). Obviously, there is no simple relation between
the initial rate, vo,, and [H*]. It should be noted
that in solutions containing no or only little buffer
the rate of the disproportionation is not significantly
different from the other rates determined. The con-
centration of Na* was kept constant (0.1 M) by the
addition of NaClQ;, so the anions of the buffer have
no measureable influence on v..

The curve of the catalatic activity of hemin (Figure
2) is very similar to the corresponding one of Fe™-
PTS, but the initial rate is smaller by about 0.4 to 1
log unit depending on pH.

The dependence of v, on the initial concentration
of H;O, was studied in several series at constant con-
centration of Fe™PTS at pH 5.5, 7.25, and 10.0 (cf.
Figures 3-5). The curves measured at pH 5.5 and
7.25 (Figure 3) show saturation at high concentrations
of H;O;; at low concentrations the slope of the curves
is 1, ie. v, is proportional to [H;O;]. The latter
result is also obtained at these two pH values if [Fe'-
PTS]iw: is greater than the initial concentration of
H.O; (Figure 4). This shows that at the rate deter-
mining step at least one molecule of H;O, participa-
tes. The participation of a second molecule of H,O;
before the rate determining step cannot be excluded
with certainty in spite of the investigations at [Fe™.
PTS] ot > [H:0:]tot1-0), as Fe™PTS dimerizes and po-

-5'07 WQ[TZOZ']QOQ
55 | log vg

-6.0 4

-65 1

-70 4

-7.5

~40 -3 -30 -25 -20 -15 -10

Figure 3. <Catalase-like activity of Fe™PTS (2.5x 10~* M).
Dependence on the initial concentration of H,O, at [Fe™-
PTS]mS[HzOz]m(mO) and pH 550 (@, [phosphate] =
0.05 M) or pH 7.25 (O, [phosphate] = 0.05 M), determined
as the initial rate, v,, (mole 1-'sec™') of the O, evolution;
[Na*]e = 0.1 M; 25°

log [HZO; tot

log v,

60
~65W

-70

-7.5 T T v v T
-50 -45 -4D0  -35 -30

Figure 4. Catalase-like activity of Fe''PTS (O, 2x 10~ M;
@, 4x10~* M). Dependence on the initial concentration of
H;O: at [Fe™PTS]w>[H:0:]wt-0y and pH 5.50 (@) and
pH 7.25 (QO) ([phosphate] = 0.05 M), determined as the
initial rate, v., (mole 1* sec™') of the O, evolution; [Na* ]
= 0.1 M; 25°
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lymerizes,? and the catalyst is probably the monomer
complex (cf. the paragraph on the relation between
vo and [Fe™PTS]) which is present only at small
contentrations.

-45 - ’
iog[Hy02] 1ot

_5_0J log %

-551

-601

Figure 5. Catalase-like activity of Fe'PTS (@, 2.5x 10-* M;
O, 10* M; @, 4x10~* M). Dependence on the initial con-
centration of HzOz at [Fel“PTS]lo(<[HIOZ]IOK((=0) (.; O)
and [Fe"™PTS}i.> [H:O:]wi=0) (@) at pH 10.0 ([borate] =
0.1 M), determined as the initial rate, v,, (mole 1-* sec™") of
the O, evolution; [Na*].. = 0.1 M; 25°

The results at pH 10 (Figure 5) and higher initial
concentrations of H,O; indicate how the slope, m,
of the curves proceeds from m>1 to m = 1 and
m< 1, The investigations at [H;O;]cott-0) < [Fe
PTS]i show clearly that at pH 10 v, is proportional
to [H20.]% i.e. two molecules of H;O, are participat-
ing in the reaction before the rate determining step.
This indicates a reaction course different from the one
at lower pH values.

Influence of the Concentration of the Catalyst on v,.
To determine the dependence of v, on the concentra-
tion of FePTS its concentration was varied at con-

50l tog[Fe¥PTY] o, laglre®PTS]y
log v
-55.
-604 /,o’
,/’o o
~651 i ',”0’
,'/o ,/’
70 L

. 70 -65 -~60 -85 -850 -45 40 -35

Figure 6. Catalasellike activity of the Fe™PTS system.
Right part of the figure: Dependence on the total concen-
tration of Fe"PTS at [H:O:]w-09 = 1.25x107* M and pH
5.50 (@, ), [phosphate] = 0.05 M) or pH 7.25 ((0), [phos-
phate] = 0.05 M) and at [H:O:]w-0y = 2.5x 10 M and
pH 7.25 (@, [phosphate] = 0.05 M), determined as the
initial rate, v., (mole 1-' sec™') of the O, evolution; [Na*].u
= 0.1 M; 25°. Slopes of the straight lines: , @ m =
077, O m = 084; @ m = 0.68. - Left part of the figure:
Dependence on the concentration of Fe"™PTS onomer, calculated
with log Ko = 7.72* and the given data; @@, @ pH 5.5; O,
@ pH 7.25.
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stant pH and constant initial concentration of -H.0.
The slopes obtained (Figure 6)® weore 0.77 at pH 5.5
and 0.84 and 0.68 at pH 7.25.

The interpretation of these results is complicated
by the dimerization (eq. 1) and especially the polyme-

2Fe"'PTS = (Fe'PTS),
Ko=[(Fe™PTS),]/[Fe"PTS]? M

rization of Fe™PTS (the latter occuring in solutions
with low ionic strength at concentrations> 107> M).
Both reactions are favored by the presence of Na®.
As the present experiments had to be done at [Fe'-
PTS]w: >10"3M and [Na*]1=0.1 M the dimerization
constant, log Kp = 7.72+0.16 (estimated for | =
0.1, NaClOs; 25°)® can only be used with great reser-
vation for calculations. If in spite of this the given
value is used to calculate the concentrations of mono-
mer FePTS (this is in all cases <7% of [Fel'l-
PTS]w:) and if their logaritm is plotted versus log v
the curves of Figure 6 (left side) are obtained. Even
though the points due to the three series of measure-
ments still differ remarkably from a slope of 1, it may
be supposed that in this system the monomer Fe'"'PTS
is the catalyst. This view is further supported by the
recent results of Brown et al.'* that the catalytic acti-
vities of ferrihems are also determined by the propor-
tion of monomer present.

A further difficulty in obtaining an unequivocal in-
terpretation of the relation between v, and the cata-
lyst at higher pH is the tendency of Fe™PTS to hydro-
lysc. The hydrolysis is more extensive the more di-
lute the solutions are For this reason the depen-
dence of v, on [Fe™PTS]. at 10.0 was still measured
(Figure 7) but no calculations were done.

75011 LoglFelPTS],
55 log vo

-604

-6.5 4

-70 L — -

55 50 .45 40 -35

Figure 7. Catalase-like activity of the Fe'PTS system. De-
pendence on the total concentration of Fe™PTS at
[Hzoz]mt(x:o) = 5x10* M (O) or 1.25x 10 M (.) and
pH 10.0 ([borate] = 0.1 M), determined as the initial rate, v,
(mole I-' sec”') of the O, evolution; [Na*].. = 0.1 M; 25°

Influence of the Ionic Strength and Imidazole on
vo. The influence of the concentration of Lit, Na*,
and K* on the initial rate, v,, is shown in the upper
part of Figure 8. The measurements show no signi-
ficant differences among these three ions.

The decreasing v, up to an ionic strength of about

(13) The ability to reproduce these experiments well is evident
from the two series at pH 5.5 in Figure 6 (c¢f. also pH 7.25 in Figure 3).
The difference in time between these two measurements is more than
6 months.

9((!)4) S.B. Brown, T.C. Dean, and P. Jones, Biochem. }., 117, 741
(1970).

Inorganica Chimica Acta | 5:4 | December, 1971

0.5 is in agreement with the postulation that the mo-
nomer Fe™PTS is the catalyst, because the polymeri-
zation increases with increasing [.* However, it is
not clear why v, is increasing somewhat at [=>1 be-
fore decreasing rapidly. One explanation could be
that the negative charge of the sulfo groups (including
the monomer Fe'PTS) is compensated by ion pair
formation with the alkali ions, which would facilitate
the formation of a peroxo adduct with HOO-. The
catalatic activity in solutions of pH 9.2 is approxima-
tely paralleled by the extinction measured in Fe!"'PTS
solutions at 634 nm (cf. lower part of Figure 8).” At
1>1.6 Fe™PTS probably forms large aggregations
before precipitation."

-55 m
60 1 w ™,
»
s |lo0% el o
100 T "._.—H\\
80 4
60
404 ‘% Eou¢ [e] K
0 1 2 M

Figure 8. Catalase-like activity of Fe'"PTS (5x 10~° M), De-
pendence on the ionic strength (O, LiClO.,; @ NaClQO,;
O KNO;) at [Hzoz]m((l:(}) = 5x10°* M and pH 9.20
([borate] = 0.01 M), determined as the initial rate, v,
(mole 1-' sec™') of the O, evolution (25°). The same experi-
ment was performed with NaClO, (®) at pH 7.25 (EFe‘“-
PTS]m = 25x 1075 M; [HzOz]m‘(ljo) = 1.25x 10~ M;
[phosphate] = 5x 1077 M).

For comparison the percentage of the extinction decrease at
634 nm (% Eq) with increasing ionic strength (@ NaClQ,)
is also given for solutions with [Fe'PTS].. = 10~° M and
pH 9.2 ([borate] = 0.01 M); 25°

The presence of imidazole inhibits the catalysis,
suggesting that this ligand is in competition with the
substrate for the « free » coordination positions at the
catalyst. A complex formation between imidazole and
Fe"PTS could be expected, because it is known® that
pyridine favors the formation of monomer Fe™PTS
which can also be explained only by the assumption
of complex formation.

Mechanism of the Reactions

The pH-Dependent Reaction. The results obtained
in the pH range 5.5 to 8 suggest that the initial velo-
city, v,, of the disproportionation of H.O: is propor-
tional to the concentrations of H,O," and FePTS.
From the slope of the dependence between log v, and
pH in Figure 2 no unequivocal relation can be obtain-
ed. Assuming that v, is proportional to 1/[H*], the

(15) The same behavior is observed in solutions with pH about 5.2
If the extinction is measured at 666 nm (absorption of the monomer)
then log v, is paralleled at low [Me+]; cf. Figure 3 in ref. 8

(16) This assumption is supported by the observation that Col'PTS
forms under these conditions already as a precipitate (unpublished
results).

(17) As already mentioncd, in this pH range no hint could be ob-
tained for a square dependence between v, and [H,0,); however, due

to eq 1 this possibility cannot absolutely be excluded,



following scheme 2 to 7 can be written where eq. 6
contains the rate determining step.

(FE™PTS) miyme e (FEM PTS i 2
(Fe“‘PTS)d-.mrI/‘éD2Fe'“PTS (3)
KHHm
H,0, — H*+OOH- (4)
11 ~kl 1 _
FePTS+ OOH- ~-Fe'PTS - OOH (5)
2
FelPTS - OOH-—X>X (6)
X + H;0,- 25, Fel"PTS + H,0+ OH- 4 O, ™

As at the end of the cycle of a catalytic reaction the
catalyst is restored, it seems reasonable to treat such
a system according to the steady-state method of
Michaelis and Menten, developed for enzyme Kkine-
tics."® Then in accord with the reaction scheme 2 to
7 for the change of the concentration of Fe!'PTS -
OOH~- holds:

111 . -
dLEe PIS OO ]k [Fe"PTS [ OOH- ]~

—k;[Fe"'PTS - OOH- ]—k;[Fe™PTS - OOH-]=0  (8)

If eq. 8 is solved for [Fe™PTS], [OOH-] replaced
by K"4,0,[ H:0:]/[H*], and the resulting expression
substituted in eq. (cf. *)

[Fe™PTS]iy=[Fe™PTS ]+ [Fe"PTS - OOH" ] ©)
one obtains by solving for [FePTS - OOH-]:?

[Fe"PTS . [H:0:]

kl+kl
—————[H* H:O
le"Hm[ 1+ [H:0:]

[Fe"'PTS+ OOH- 1= (10)

An expression for v, holds as follows from eq. 6:

_d[0:] __ 1 d[HO;
Todr 2

]:k,[Fe'“PTS'OOH‘] (11

o

Substitution of eq. 10 in eq. 11 results in the rate
law 12

k)[ FCmPTS] tat [ H;Oz]

ko +ks
— [H*
le“}ho-‘_[ ] + [HIOZ]

(12)

P

(18) For a detailed discussion see, H.R. Mahler and E.H. Cordes,
« Biological Chemistry », Harper and Row, New York, Evanston, and
London, and j}ohn Weaterhill, Inc., Tokyo, 1966.

(19) As the constants of eq 2 and 3 are not (or not exactly enough)
known in eq 9, only the monomer FelllPTS was taken into account.
For this reason, in the following calculations only experiments with
constant [FeMPTS], (2.5 x 10-5 M; Figures 2 and 3) were used.

Of course, the constants calculated in this way are not absolute va-
lues, but this has no influence on the relative conclusions such as
« redrawing » the pH dependence of v ; at least, this is true as long
as [Fel!PTS+ QOH-] is small compared with [Fe''PTS} , and the
formation of peroxo complexes has no significant influence on the
situation of eqs 2 and 3. :
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Substitution of ks[ Fe™PTS] by the « saturation »
rate, Vo, and (ka+ks)/ki = Ku gives eq. 13:

Vo= [‘}';"*[]H’O’] (13)
v+ [H.0,]
K0,

For constant pH values eq. 13 can further be sim-
plified to eq. 14:

_ Vm[Hzoz]
Y= e + [H.OM (14)

For the determination of the values due to v, and
Ku* the procedure of Eadie and Hofstee® was used,
and eq. 14 transformed to eq. 15:

Vo

1 Voo
NS W 15
(00, Kot (13

Kn*

A plot of vo/[H.0.] against v, results in a straight
line, the intercepts giving Ve, and veo/Km*. In Figure
9 the plot is shown for the experiments of Figure 3 at
pH 7.25. The straight line was drawn according to
a simple regression method (least squares). The re-
sults obtained are ve, = 6.93X107° (mole 1! sec™!)
and ve/Ku* = 821X 10~* from which follows at
pH 725 Ku*=844X10 and Ku/K"s0,=1.50X
10°.

Q
4
8407 o° °
o
(-]
6107 °
®
4-10-‘- o
o
21074 °
1 [w/lH:04]
Yo
0 - . — - ;
0 21076 41078 61078

Figure 9. Determination of the reaction parameters of the
pH-dependent catalysis (cf. eqs 13 through 15) by a plot
according to Eadie and Hofstee and the experimental results
at pH 7.25 of Figure 3.

Using the values obtained for ve and Ku/K%g,o,
for calculating the initial rate, v,, in dependence on
pH according to eq. 13, one obtains the broken-line

(20) In principle, instead of [H,0,] the equation, [H,0,],=
[H,0,);,.. + [ FeMPTS - OOH-], should be used. However, since in the
experiments used for the evaluations (Figures 2 and 3), [H,0,], .0y
> [Fe"'PTS],,, always holds in good approximation, [H,0,], =

[H0:) e
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curve in Figure 10 for [H;O:]wee = 1.25X10~* M and
[Fe™PTS]iw = 2.5X10-°M. For comparison the
experimentally determined values (taken from Figure
2) are also given.

-50

-55]

_5.0J

6]

70+

\o\
754 [bg Y S
log[H] \q

100 -95  -90 -85  -80 7% <70 -85
Figure 10. Comparison between the experimentally deter-
mined and the calculated dependence on pH of the initial
rate, V., (mole 17! sec™) of the O; evolution. (@) Experi-
mental results of Figure 2 ([Fe"PTS).. = 25x107° M;
[H:O:]wowi-0 = 1.25x 107 M); (QO) calculation under the
assumption of a pH-dependent catalysis according to eqs 12
through 14; (®) calculation under the assumption of a pH-
independent and a pH-dependent catalysis according to
eqs 22 and 23.

-60 -85

The pH-Independent Reaction. A comparison bet-
ween the experimentally determined curve and the
calculated one in Figure 10 shows only little agree-
ment, indicating the existence of a second, pH-inde-
pendent, reaction. At pH 5.5 this pH-independent
course is the main one;? the proportionalities obtain-
ed suggest a mechanism analogous to the pH-depen-
dent one (cf. egs. 2 to 7). It may be formulated by
egs. 16 to 18 without re-writing egs. 2 and 3:

FeMPTS + H,0,5 Fe"PTS - H,0, (16)
>

Fe"'PTS » H,0,.55X (17)

X+ H;0, 28 FepTS + 2H,0 + O, (18)

Analogous to the pH-dependent reaction, for the pH-
independent one a rate law (eq. 19) may be deduced:

ky'[Fe""'PTS ][ H:O:] Ve[ H:0:]
Vo= ——— =—
k. :k) +[H:0:] K'u+[H:0,]

’
1

(19)

Using the data of Figure 3 at pH 5.5 for a Eadie-
Hofstee-Plot one obtains the parameters of the reac-
tion, v = 1.92X 107% (mole 17! sec™!) and v'oo/K'm
= 1.75%x107% ie. K'y = 1.10Xx 1072

The Total Reaction in the pH Range 5.5 to 8. For

(21) In fact, at pH 5.5 the calculated log v, is smaller by about 1 log

unit compared with the experimentally determined one. Therefore, at
pH 5.5 the rate of the pH-dependent reaction is only about 10 percent of
the measured rate, v_.
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this pH range it is now possible to formulate a new
rate law. The experimentally determined v, contains
the contributions of the pH-dependent and the pH-
independent reactions. In the calculations we have
to take into account now that [Fe!"PTS - OOH-] and
[Fe™PTS - H:0,] are dependent on each other. One
can derive for v, eqs. 22 and 23 using eqs. 8, 20
(which characterize the steady state), and 21.”

d[Fe"PTS * H,0,]

= =k,'[Fe"™PTS |[H,0; ]—k.'[ Fe"PTS  H,0:]

—k,[Fe"PTS  H,0,] =0 (20)

[Fe"PTS Juw=[Fe"'PTS] +
+[Fe™PTS » H,0, ]+ [Fe™PTS - OOH- ] @1)

Vo= k;[FCmPTs]m[HzOz] +
T , ke+ks [H+]/ k' H.O.]
[Hlol]T kl KHH101\1+ K +ky )
ks [Fe"PTS ] [H:0: ]
K40, ki[H;0,]
[H*] (k:+ks)

+ (22)

[HzOz]+k‘k+,k’ (1+
1

Vo= Voo [ Hzoz] +

[H,0.]+-Ku_[h7(14LH0:],
K"'lol KM

Voo [ HzOz]

s KHHI()) [HzOZ]
[H:0. ]+ K1+ Ko ——[H*])

+- (23)

The values due to v, and Ku/K"y,0, of the pH-
dependent reaction (Figure 9) and those for v’y and
K’um of the pH-independent reaction have been deter-
mined for the conditions [Fe"'PTS], = 2.5x107°
M. Using these values and eq. 23 one can calculate
Vo in its dependence on pH. For [H:0:]w: = 1.25X
10~ M one obtains the curve with the crossed points
in Figure 10 which agrees reasonably well with the
experimentally determined curve in the pH range 5.5
to 8. This result suggests that the assumptions made
are correct, particularly, the hypothesis of a simulta-
neous occurance of a pH-dependent and a pH-inde-
pendent reaction course in this pH region.

The Catalysis in the pH Range 8 to 10. In this pH
range the catalyst is less active than expected on the
basis of the calculations (cf. Figure 10). This may
either be due to a competitive inhibition (hydrolysis)
of the mechanism described by eq. 23 or the occu-
rance of a different reaction course. Evidence for
the latter is supported by the observation that at pH
10.0 under the condition, [H;O:]iwei-0y < [Felll-
PTS]wt, Vo is proportional to [H.0,]? (cf. Figure 5).
Such a dependence to the square was not observed
at pH 7.25 nor at pH 5.5 (Figure 4).

In the pH range 8 to 10 where Fe™PTS is strongly
hydrolyzed,® one may presume that Fe™PTS - OH-
is a possible new catalyst. Starting with this species
(and neglecting eqs. 2 and 3) one may postulate the
mechanism given in eqs. 24 to 26.

Fe'"PTS - OH~ + H,0, = Fe"PTS(OH Y H.O, (24)



Fe'""PTS(OH)H.0: + H;0,<=Fe™PTS(OOH")H,0,+ H,O (25)

Fe"‘PTS(OOH‘)HzOzf—a-S—t>Fe“'PTS *OH +0;+H,O (26)

In this scheme it was taken into account that v, is
rather independent of the concentration of H* but
dependent on the square of the concentration of H,O..
In addition, care was taken not to include the species
Fe"'PTS - OOH- which decomposes according to
eq. 6.

Digest of the Several Pathways of Catalysis. In
Chart I the different courses of catalysis for the de-
composition of H,O; by Fe'"PTS are summarized.

OH-(7
(FEMIPTS), mmms  (FEVPTS). woilm (FePTS - OH-),

@r

Feoprs OHLRED | Cowprs-HO-

H:V &?H' w“:oz
(M(H:0)

Fe"'PTS+ H,0, TF!:"'PTS * OOH " sy Fe'"PTS(OH- )H,0;

T

X b Fe PTS(OOH")H0;+ H,0

H.0: leOx |(’.’)

Fe"PTS+2H,0+0;, Fe"PTS+H,0+OH-+0. Fe"PTS-OH + on+01}
\

Al

— v
pH 35 through 8 pH 8 through 10

Scheme 1.

Conclusions

Comparison of the Catalytic Activity of Hemin and
Fe'"PTS. Euler and Josephson? studied the hemin-
catalyzed disproportionation of H.0, and observed
that the rate of the reaction is proportional to the
total concentration of hemin. The order of the reac-
tion changed with increasing [H,0.] from 1 towards
0 which suggests the formation of a hemin—H,O;
adduct.®?* Kremer™ extended these studies and found
in the weak acid pH range an increase of the reaction
velocity with increasing pH which he explained by
the deprotonation of the hemin-H,O, adduct. In
the weak alkaline pH range the reaction rate decreas-
ed again. According to Gatt and Kremer® this is
due to the hydrolysis of hemin. Our own series of
measurements, given in Figure 2, confirm this beha-
vior; over the whole pH range hemin is a somewhat
less effective catalyst than Fe'PTS,

The complex formation between hemin and H:O;
cannot be observed spectrophotometrically.?® We

(22) H. v. Euler and K. Josephson, Liebigs Ann. Chem., 456, 111
(1927).

(23) M.L. Kremer, Nature, 205, 384 (1965).

(24) M.L. Kremer, Trans. Faraday Soc., 61, 1453 (1965).

(25) R. Gatt and M.L. Kremer, Trans. Faraday Soc., 64, 721 (1968).

(26) Probably the equilibrium, monomer «— dimer, of Fel''IPTS is

not significantly disturbed by the formation of peroxo complexes.
This assumption is supported by the observations of the hydrolysis of
Fel'PTS.? In spite of hydrolysis no significant spectral changes can be
observed; this can only mean that the equilibrium, manomer <= dimer,
is not significantly influenced. - This supposition is plausible: the
coordination of H,O to the fifth and sixth coordination positions of Fe!+

in Fe!IPTS (compare with Cu?+ having a coordination number of 4 in
Cu"PTS) does not prevent polymerization.! Accordingly, it may be sup-
posed that this also does not occur by the coordination of OH-~ or H,0,

(or a derivative of the latter). In addition, the fixation of H,0, into the
polymer would explain the decomposition of FelliPTS.
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had the same experience with FePTS, at least, as
far as this could be judged due to the oxidative de-
composition of the catalyst (cf. also®). The results
of Kremer with hemin (Hm) are summarized in egs.
27 to 29:%

Hm + HzOz‘_—’Hm . HzOz ) (27)
Hm* H;0;—=H*+Hm+OOH- (28)
Hm + OOH-—»products (29)

This mechanism is the same as that formulated for
Fe"'PTS as a catalyst in the pH-dependent reaction
in the pH range 5.5 to 8 (egs. 4 to 7). On the basis
of data obtained by studies of the kinetics it is not
possible to distinguish between the coordination of
H;O, and subsequent deprotonation (which is more
probable) or the coordination of OOH-. Kremer
does not report a pH-independent reaction for the ca-
talysis by hemin. Based upon the « parallelism » bet-
ween the catalytic activity of Fe'™PTS and hemin
(cf. Figure 2) one is led to assume that with hemin
in the low pH range a pH-independent catalysis might
also occur.

In another report? dealing with the hemin-cata-
lyzed peroxidase-like reaction between HO, and
ascorbic acid Kremer postulates an irreversible trans-
formation of Hm - OOH™ as the rate determining step.
He suggests that this «secondary hemin-H,O; adduct»
reacts rapidly with the second substrate molecule.
This is analogous to our suggestion which we derived
from the fact that we found only a linear proportion-
ality between v, and [H.0;] in the pH range 5.5 to 8.

Estimation of the Turnover Numbers in the Fe''.
PTS System. The turnover number gives the number
of substrate molecules which are brought into reac-
tion within one minute by one molecule of the ca-
talyst, i.e. in the present case the number of H:O; per
Fe"PTS. As v, = d[0;]/dt and ve, = ks[Fe'll-
PTS]iw, the turnover number is twice the rate con-
stant, ks. Due to the (polymerization and) dimeriz-
ation it is not unequivocally clear which number
should be used for [Fe''PTS]i:.®® One limit is given
by the total concentration of Fe'PTS, and the other
one may be estimated by calculating the concentration
of the monomer Fe"'PTS species. The turnover num-
bers of Table II were calculated using the results of
the Eadie-Hofstee plots and [FePTS]ix = 2.5X
105 M on the one hand (lower values in Table II)
and with the estimated concentrations due to the
monomer FePTS on the other (upper values).

As expected, the turnover number rises within the
FeMPTS system from the pH-independent to the pH-
dependent reaction. Considering the similarity bet-
ween the ligand systems of Fe"PTS and hemin it is
not surprising that the turnover numbers are of the
same order. This is especially true if one takes into
consideration that ferrihems also dimerize® (this was
not taken into account in the number given). However,
none of the mentioned catalysts reaches even distantly
the activity of catalase, and this despite the fact that the
mechanisms are, at least partly, related and comparable

(27) M.L. Kremer, Trans. Faraday Soc., 63, 1208 (1967).
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Table II. Comparison of the Turnover Numbers for Fe'PTS with Some Other Fe’*-—<ontaining Catalysts of the Disproportion-
ation of H:0..
System °C pH Turnover Numbers Ref.
Fe"PTS 25 5.5 9¢ - appiox. 480° —
25 7.25 33¢ __ approx. 1720°% —
25 100 58 a¢ — approx. 3000 b€ —_
Hemin approx. 25 7 approx. 354 24
Fe’t—triethylene tetramine 25 71 1300 7
Catalase 5 x 10 28

a Lower limit. ? Upper limit.
according to Eadie and Hofstee.

¢The data of Figure 5 at [Fe"'PTS].:
4 At 0°C and pH 7 the turnover number is 5.8;* the value given in the Table was estimated

25x10° M (and m < 1) were used for a plot

assuming that the activation energy is of the order of 12 kcal/mcle. The given number is probably too low, as no dimerization,
which is known to occur with ferrihems,” was taken into account.

as we shall see in the next paragraph. The reasons may
be seen in the hydrophilic and hydrophobic qualities
of the protein surrounding the porphyrin groups, and
also in the participation of sulfhydryl groups, and di-
sulfide bridges in the reaction, respectively.*

The Irreversible Step of the Catalysis. In the pH-
dependent as well as in the pH-independent reaction
(pH range 5.5 to 8) a Fe!"PTS-peroxo adduct is form-
ed which undergoes an irreversible transformation
(eqs. 6 and 17) in the rate determining step. Only
then a second H.O, participates. The same mecha-
nism was also postulated for the disproportionation
of HO, by Fe** (cf. "), Fe’*-triethylenetetramine,’
hemin,®#®?% and catalase.® The mechanism via a cy-
clic H,O; adduct as suggested by Wang’ for the Fe*-
tricthylenetetramine system is not possible with Fe!™-
PTS, since no cis coordination positions are available.
The variant of a mono-coordinated intermediate™ re-
mains as an alternative that is not distinguishable
from Wang’s mechanism on the basis of kinetic re-
sults alone. During the rate determining step (eq. 6)
negative charge is probably shifted from the bonded
O atom of OOH~ to the peripheral one: Fe* ...
-OLD-H. Following this step the resulting FeQ**
would react with a second molecule of H,0,.

The observation in the FePTS system that the
rate determining step can also occur (however, more
slowly) in a pH-independent pathway (eq. 17) with
the adduct, Fe''PTS - H,0,, supports the proposed
mechanism: obviously a charge transfer to the peri-
pheral O atom is rendered more difficult, if the central
O atom is protonated.

(28) P. Karlson, « Biochemie »,
1962, p. 67.

(197((2))9) S.B. Brown, T.C. Dean, and P. Jones, Biochem. [., 117, 133

(19&?) H. Hermel and R. Havemann, Biochim. Biophys. Acta, 128, 283

(31) M.L. Kremer, Trans. Faraday Soc., 58, 702 (1962).

Georg Thieme Verlag, Stuttgart,

Inorganica Chimica Acta | 5:4 | December, 1971

For the catalytic systems® with catalase, Fe**-tri-
ethylenetetramine,” and Fe’* (cf. *) it is known that
the resulting O; descends from an —O—O— bond.
The same may be surmised for the Fe'PTS system,
i.e. the postulated FeOQ* is to be reduced by a second
H20..

In the alkaline pH range 8 to 10 the results suggest
a bimolecular catalysis with regard 10 H;O,. There-
fore, one may assume that the decomposition proceeds
intramolecularly by an electron transfer through the
iron ion, because in Fe"PTS(OOH-)HO; only a
trans arrangement in the peroxo complex is possible.
Evidence was given of such a mechanism, however,
in a cis arrangement for the catalysis of the H,O, di-
sproportionation by the Cu?*-2,2"-bipyridyl complex.*

For the whole catalysis of the decompsition of
H;O; by Fe'PTS one may assume with reasonable
security that the reaction proceeds within the coordin-
ation sphere of the metal ion. For this hypothesis
evidence was given for the catalysis by Cu?* com-
plexes.?* In addition, the mechanism with the form-
ation of free radicals once proposed by Haber and
Weiss® for the Fe'*-catalyzed reaction was excluded
by the studies of Kremer.?
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