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ABSTRACT The reaction of hydrogen peroxide with 5,
10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)porphinato-
iron(Il) hydrate [(P)Fem(H20)] has been investigated in water
between pH 1 and pH 12. The water-soluble (P)Fe"'(H20)
neither aggregates nor forms a ,.-oxo dimer. The pH depen-
dence and rate-limiting second-order rate constants (k1y) for
oxygen transfer from H202 and H02 to the iron(III) porphy-
rin were determined by trapping of the resultant higher-valent
iron-ox~o porphyrin species with 2,2'-azinodi(3-ethylbenzthia-
zoline)-6-sulfonate (ABTS). Reactions were monitored
spectrophometrically by following the'appearance of the rad-
ical ABTS-+. From a plot of the logarithm of the determined
second-order rate constants for reaction of hydrogen peroxide
with iron(EI) porphyrin vs. pH, the composition of the
transition states can be assigned for the three reactions that
result in oxygen transfer to yield a higher-valent iron-oxo
porphyrin species. The latter not only reacts with ABTS to
provide ABTS+ in a peroxidase-type reaction but also reacts
with hydrogen peroxide to provide 02 in a catalase-type
reaction? The nitrogen base 2,4,6-coflidine serves as a catalyst
for oxygen transfer from hydrogen peroxide to the (P)Fe"'-
(H20) and (P)Fem(HO) species. The preferred mechanism
involves a 1,2-proton shift concerted with heterolytic cleavage
of the peroxide O-O bond. An analogous mechanism is
believed to occur in the peroxidase enzymes.

A knowledge of the mechanism of reaction of hydrogen
peroxide with iron(III) porphyrins is germane to our under-
standing ofthe mechanisms ofthe peroxidase (1) and catalase
(2) enzymes and the peroxide shunt reaction of the
cytochrome P-450 enzymes (3-10). Though the reaction of
hydrogen peroxide with various iron(III) porphyrins in H20
has received considerable attention, we find that much of the
past work (11-23) is both incomplete and obscured by the
occurrence of metalloporphyrin destruction, aggregation in
water, and dimerization in basic media. These difficulties
have prevented investigators from carrying out a thorough
pH dependence study on this biologically relevant reaction.
To accomplish such a study it is necessary that the iron(III)
porphyrin be water soluble, nonaggregating, and sterically
blocked to prevent u-oxo dimer formation. In addition, the
higher-valent iron-oxo porphyrin species formed upon
oxygen transfer from hydrogen peroxide to iron(III)
porphyrin should be trapped by a suitable substrate to pre-
vent its degradation. These requirements have been com-
pletely met by utilizing 5,10,15,20-tetrakis(2,6-dimethyl-3-
sulfonatophenyl)porphinatoiron(III) hydrate [(P)Fe"'1(H20)]

(P) Fe"' (HO2)

as the iron(III) porphyrin and 2,2'-azinodi(3-ethylbenzthia-
zoline)-6-sulfonate (ABTS) as trapping reagent.

METHODS AND MATERIALS

(P)Fe"'l(H20) has been synthesized and characterized else-
where (24). The diammonium salt of ABTS was obtained
from Sigma. 2,4,6-Collidine was purchased from Aldrich and
shown to be 99.9% pure by gas chromatography. All buffer
and salt solutions were extracted with 0.01%o dithizone in
carbon tetrachloride (below pH 7) or passed over a column of
Chelex 100 (Bio-Rad) to remove any heavy metal contami-
nation. The cuvettes were regularly soaked in 1% EDTA
overnight and washed extensively with doubly distilled
water. The concentration of hydrogen peroxide (Mal-
linckrodt 30%) was determined iodometrically. Oxygen ev-
olution was measured with a Yellow Springs Instrument
model 53 oxygen monitor (5331 oxygen electrode), and
reactions were followed spectrophotometrically with a
Perkin-Elmer 553 rapid-scan spectrophotometer or a Durrum
stopped-flow spectrophotometer interfaced to a North Star
computer equipped with OLIS 3820 data acquisition and
processing software (Qn-Line Instruments Systems,
Jefferson, GA).

Kinetic Studies. All reactions were carried out in aqueous
solutions at 300C and ionic strength ,u of9.21M (with NaNO3)
with [H202]>>[(P)Fe"I'(H20)] = 0.4-5 ,.M. In practice the
concentration ofABTS was 50- to 70-fold in excess over that
ofH202. The following buffers and concentrations were used:
ClCH2COOH/ClCH2COO (pH 2.73, [total buffer, BTI =
10-100 mM), CH3COOH/CH3COO- (pH 3.95 to 5.2, [BT] =

Abbreviations: (P)Fe'll(H20), 5,10,15,20-tetrakis(2,6-dimethyl-3-
sulfonatophenyl)porphinatoiron(IH) hydrate; ABTS, 2,2'-azinodi(3-
ethylbenzthiazoline)-6-sulfonate.
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10-100 mM), 2,4,6-collidine HCl/2,4,6-c'ollidine (pH 6.18 to
8.64, [BTI = 4-60 mM), H2PO4-/HP042- (pH 8.00, [BT] =
2-50 mM), HCO3f/CO32- (pH 9.28 and 9.85, [BT] = 8-80
mM). Below pH 2.7 the acidity was maintained with HCl and
above pH 10 it was maintained with KOH.

RESULTS AND DISCUSSION
Under the conditions of constant pH and [ABTS] >>
[hydrogen peroxide] >> [(P)Fe"'1(H2O)] the pseudo-first-
order rate constants (kobJ) for the formation (660 nm) of
ABTS-'
were found to be independent of the initial concentrations of
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ABTS and hydrogen peroxide and to be linearly dependent
upon the concentration of added (P)Fe"'l(H20). The initial
rates (k) were found to be linearly dependent upon the
concentrations of added hydrogen peroxide and (P)Fel"-
(H20) but independent of the concentration of ABTS. These
results establish that (t) the iron(III) porphyrin catalyst is not
saturated with hydrogen peroxide; (ii) the rate-determining
step is the reaction of hydrogen peroxide with iron(III)
porphyrin; and (iii) ABTS is oxidized to its radical ABTS+ in
a rapid reaction that follows the rate-determining step. Plots
of kobS vs. total buffer concentrations at constant values ofpH
(pH 2.73 to 9.85)-with chloroacetate, acetate, phosphate,
and carbonate buffers-were found to provide zero or very
slight positive or negative slopes. This result shows that these
buffers do not catalyze the reaction. Dividing the values of
kob, at zero buffer concentration by the concentration of
added iron(III) porphyrin provides the pH-dependent sec-
ond-order rate constants kly. Fig. 1 is a plot of log kly vs. pH.
Inspection of the figure shows that at low, intermediate, and

5-

3 41
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high pH there exist plateaus at which the rate constant kly is
independent of pH. The ascending portion of the curve that
connects the plateaus at low and intermediate pH reflect the
PKa of (P)FeII'(H20), which was determined independently
by spectrophotometric titration (393 and 413 nm) as 7.25 (Eq.
1), while the ascending curve

(P)Fe"'(H20) +± (P)Fe"'l(HO) + H+ [1]

connecting the intermediate pleateau and the plateau at high
pH pertains to the pKa of H202. The pH-log kly profile of Fig.
1 defines the composition of the iron(III) porphyrin-hydro-
peroxide complexes involved in the three competing reac-
tions for hydroperoxide oxidation of the iron(III) porphyrin.
The compositions of these complexes are (P)Fe"'(H20)-
(H202) at low pH, (P)Fe'II(HO)(H202) at intermediate pH,
and (P)Fe"'(OH)(HO2) at high pH. A homolytic peroxide
0-0 bond cleavage in intermediates would provide HOW plus
iron(IV)-oxo porphyrin, while a heterolytic 0=O bond
cleavage would result in the formation of iron(IV)-oxo
porphyrin ir-cation radical and H20. The products of either
reaction type would be rapidly, trapped by ABTS, and at high
pH hydrogen peroxide can also act as a trap. At low pH
ABTS*+ is formed in 100% yield; as the pH increases, the
yield decreases to 20% while the percent yield of 02 in-
creases.
A number of kinetically equivalent structures may be

drawn for the transition states associated with the reactions
at low, intermediate, and high pH, TS1, TS2, and TS3,
respectively. The kinetically equivalent structures differ by
the position of a proton. Possible structures are shown in Fig.
2. The structure TS1B represents general-acid catalysis and
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FIG. 1. Plot of the log of the rate constants for non-buffer-
catalyzed (ky) reaction of (P)FeII'(H20) with hydrogen peroxide vs.
pH (30TC, IA = 0.21 M).
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FIG. 2. Possible structures of transition states.
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TS1C represents specific acid catalysis by H30. Structure
TS1B is considered highly unlikely on the basis ofthe inability
to detect general catalysis by ClCH2CO2H/GlCH2CO2 and
CH3CO2H/CH3CO2- buffers at lower pH values. The inabil-
ity to observe such catalysis is not due to ligation of the
carboxylate species to the iron(III) porphyrin. Binding stud-
ies showed no evidence for carboxylate ligation for (P)Fe"'-
(H2O). Among the TS2 structures, TS2D may be discounted
on the basis that the observed rate constant would require
ligation of the HOO- moiety with an equilibrium constant of
about 107 M-1, which is unlikely since iron(III) porphyrins do
not strongly ligate two highly basic oxyanions. Thus, spec-
trophotometric titration of (P)Fe"I(HO) to pH 14 shows no
evidence for ligation of a second HO- species, and likewise
the addition of CH30- to a dichloromethane solution of
(P)Fe"'l(CH3O) does not result in the dimethoxy species,
(P)Fe"'(CH3O)2. The structure TS2B should be somewhat
more stable than TS2A on the basis of the base strengths
anticipated for the ligated oxygens of HO- and HOO-. In
summary, at low pH the transition state structure is most
likely represented by TS1A orTS1C, while at intermediate pH
values TS2A, TS2B, and TS2C are the likely candidates, and
at high pH the transition state structure can be represented
only by TS3.
For the transition state structures TS1C and TS2C the

leaving group must be H20 and thereforeO-O bond scission
would be heterolytic. With the transition state structures
TS1A, TS2A, TS2B, and TS3 the leaving group can be either
HOP or HO-, dependent upon whether the O-O bond
scission is homolytic or heterolytic. We have previously
presented evidence (25) in favor of rate-determining homo-
lytic bond scission for the reaction of 5,10,15,20-tetrakis-
(phenyl)porphinatoiron(III) chloride with alkyl peroxides
and hydrogen peroxide in methanol (Eq. 2). In Eq. 2 the
species (+.Ph4P)FeIvO(Cl) represents the chloride salt of the
iron(IV)-oxo tetraphenylporphyrin ir-cation radical.

(Ph4P)Fe"I'Cl + ROOH-.[(Ph4P)FeIvO(Cl) RO*]

[(Ph4P)FeIvO(Cl) RO.H-(+.Ph4P)FeIvO(Cl) + RO-

[(Ph4P)Fe'vO(Cl) RO.]+(Ph4P)FeIvO(Cl) + ROY [2]

Though ClCH2COOH/ClCH2COO-, CH3COOH/CH3-
COO-, H2PO4j/HPO42-, and HCO3-/C032- buffers did not
exhibit catalysis ofthe reaction ofhydrogen peroxide and the
iron(III) porphyrin species, marked catalysis was seen in the
presence of 2,4,6-collidine H+/2,4,6-collidine buffer in the
pH range of the intermediate plateau. Sample buffer dilution
plots are shown in Fig. 3. From the slopes of such plots there
may be calculated the third-order rate constants (kBH 2.0
x 104 M-2.S-1, kB = 8.2 x 104 M-2s-1) for the reactions
involving H202 + (P)Fe"'l(HO) + 2,4,6-collidineH+ and
H202 + (P)Fe"II(HO) + 2,4,6-collidine, respectively. The
finding that the collidine buffer exhibits catalysis whereas the
other buffers do not is unusual. If the collidine buffer
catalysis is attributed to general-acid and general-base catal-
ysis, then catalysis by both oxygen acid and base buffers
would be expected. The rate constants for general-acid and
general-base catalyzed proton transfer from oxygen are
primarily dependent on the proton basicity of the buffer base
and secondarily on electrostatic effects (26-29) in the tran-
sition state which are related to the nature of the basic atom

(i.e.,-O vs. -N:). Further studies with other oxygen- and

nitrogen-centered buffer pairs are required to clarify this
aspect of the study.
As in the case of the structures depicting the transition

states for the noncatalyzed reaction of hydroperoxide and
iron(III) porphyrin at low, intermediate, and high pH, a

20 30 40
Collidine, mM

FIG. 3. Change in second-order rate constants (k2) with change in
the concentration of total collidine at different pH values. Every k2
value is derived from a plot of the observed pseudo-first-order rate
constant (kb,) vs. [(P)Fe"'I(H20)].

number of structures may be considered for the transition
states of both the 2,4,6-collidine H' and 2,4,6-collidine free-
base catalysis. These differ by the position of a proton, and
their kinetic competence can bejudged by a knowledge ofthe
various acid-base equilibrium constants. Structure TSB be-
low represents a competent structure for 2,4,6-collidine
general-base catalysis. The stoichiometry of the transition
state for the 2,4,6-collidine H+-catalyzed reaction is [2,4,6-
collidine H'] + [(P)Fe"I(HO)(H202)]. Since the pKa values
of 2,4,6-collidine H+ and (P)FeI"I(H20) are almost identical
(7.48 vs. 7.25), there is little thermodynamic barrier to free
transfer of the buffer acid proton to (P)Fe"I(HO) to provide
2,4,6-collidine + (P)Fe"'(H20). This consideration establish-
es TSBH' as a competent transition state structure for
2,4,6-collidine H+ buffer catalysis. The mechanisms associ-
ated with TSB and TSBH are general-base-catalyzed 1,2-
proton shifts with concerted O-O bond cleavage.

CH3

H3C C CH3
H..

6 H

Fe"'
OH

TSB TSBH
Since H20 is the leaving group, the mechanism of0-0 bond
cleavage is required to be heterolytic. Structures TSB and
TSBH are both kinetically plausible transition states and we
suggest them as models for the distal base catalysis proposed
in the peroxidase enzymes.
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