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Abstract

The mechanism of reaction of hexaquo iron(II) with hydrogen peroxide has been unresolved for 70 years. Most scientists, perhaps
by default, have accepted the free radical chain mechanism of Barb et al. (Trans. Faraday Soc. 47 (1957) 462). However an earlier
proposal involved formation of the ferryl ion, FeO>* (J. Am. Chem. Soc. 54 (1932) 2124). Recent work has favored a mechanism
involving FeO?" and FeOFe’* species. Similarly there are differences of opinion on the mechanism of reaction of iron(III), both
hexaquo and chelated, with hydrogen peroxide. These differences have fostered a recent burst of activity, with claims on one hand
that hydroxyl radicals play a key role, and on the other, that there is a non-free radical mechanism. In contrast, the mechanism of
reaction of the heme-containing peroxidase and catalase enzymes with hydrogen peroxide, orders of magnitude faster than reactions
of iron(II)/(III), now appears to be well established. In this paper I attempt, as objectively as possible, to delineate the proposed
mechanisms, discuss their possible physiological relevance, and summarize the current state of knowledge.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction on the supposedly simplest systems, hexaquo iron(II)
and (I11) at one extreme, and iron(III) in heme-contain-

This is a story about the mechanisms of oxidation of ing peroxidases and catalases at the other. Since much of
iron(IT) and (IIT) by hydrogen peroxide, with emphasis the relevant literature is devoted to reactions involving

oxygen species in oxidation states ranging from 0 to —2,

I shall also discuss reactions of hydroxyl and hydro-
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2. Fenton chemistry

Oxidation of organic substrates by iron(II) and
hydrogen peroxide is called Fenton chemistry, on the
basis of an 1894 paper [1] on the oxidation of tartaric
acid by hydrogen peroxide in the presence of iron(II).
The mechanism of the reaction between iron(II) and
hydrogen peroxide has been widely assumed to be the
following, based upon a comprehensive paper published
by Barb et al. [2].

Fe’* + H,0,— Fe’* + *OH +HO ™~ (1)
Fe’™ +*OH — Fe’™ + HO~ )
*OH + H,0,—- HO,* + H,0 3)
HO,* + Fe?* — Fe’* + HO, 4)
HO,* +Fe’* - Fe’" + 0, +H* 5)

They noted that reaction (5) might better be written as
0, +Fe’" - Fe’™ +0, (5)

The above scheme is a chain mechanism in which
iron(II) is regenerated. Rate constants for many of the
above elementary reactions have been obtained by
radiation chemists and are summarized in Table 1. An
intensive investigation of reaction (4) showed that it is a
composite reaction that can be broken down into
elementary steps [3].

HO,* + Fe** ' Fe® + HO; (4A)

Fe’ + HOy +Fe** & Fe* + HO; Fe?* (4B)

Fe® + *HO; “S Fe** + HO; (4C)

The iron-peroxide species are outer-sphere complexes.
The authors obtained spectra for Fe’tHOs; and
Fe’THO5 Fe?*. They also showed a different dissocia-
tion for the binuclear iron complex:

Fe® + HO, Fe’™ 3 S Fe’*HO, + Fe’* (4D)

Table 1
Elementary rate constants for the reaction of hydrogen peroxide with
iron(II) according to the mechanism of Barb et al. [2]

Reaction num-  Rate constant References
bers

) (53.0+£0.7) M~ 2]

) (3.340.6) x 108 “lgt [63]

(3) 27x 10" M~ st [64,65]
(4A) (1.2040.05) x 10° M~ ! s~ ! 3]

(4B) (6.840.5) x 10° M~ s*1 3]

(4—B) (2.5+0.1) x 10* s ! [3]

(40) (1.8+0.01) x 103 s~ ! [3]

(5) Range: < 1.2 x 10* to 3.6 x 10° [24]

Mg !

H,0, ki Fe?* + 0, + H,0
ki
Fe?* + H,0, === {Fe’* HZOZ} FeO?* \
ky
"6 kg 2Fe>* + 20H

3+

{FeOFe)S" Fe* + Fe** + 0, + H,0

Hzoz

Scheme 1.

The rate constants for reactions (2)—(5) in Table 1 are of
great utility in evaluating the mechanisms of many
chemical and physiological overall reactions, but per-
haps not in discussing Fenton chemistry! See below.

Over 100 years after the paper by Fenton, a compre-
hensive reinvestigation of the reaction of ferrous ion
with hydrogen peroxide has been published by Kremer
[4]. His mechanism for the iron(II) reaction is shown in
Scheme 1.

This paper deserves serious study, especially by
chemists who think that the mechanism of reaction
ferrous ion with hydrogen peroxide was settled long ago.
Kremer’s mechanism appears to account for all of the
salient features. With iron(II) in excess, oxygen evolu-
tion is negligible. With hydrogen peroxide in excess,
reaction with FeO>" causes oxygen evolution in the
initial stages, whereas in later stages the new species
{FeOFe}> " is responsible. Kremer pointed out that
there is an error in the analysis of Barb et al. [4]. They
assumed a steady state is attained in [Fe? "] whereas in
fact [Fe? "] goes to zero! The appreciable possibility
exists that the mechanism or reaction of iron(II) with
H,0, does not involve free radicals at all, and the
extensive radiation chemistry data on elementary reac-
tions of oxy radicals, while undoubtedly correct, is
irrelevant to Fenton chemistry. A further discussion of
iron-oxo species is given below.

3. Haber—Weiss (Haber—Willstiitter) reaction

Haber and Willstitter believed that the mechanism by
which enzymes reacted with substrates was via initiation
of chain reactions, after which the enzyme played no
direct role [5]. Thus catalase caused the decomposition
of hydrogen peroxide via a free radical chain reaction set
off by the enzyme. The iron of the catalase generated
hydroxyl radicals, so they believed, that reacted in
similar fashion to reaction (3), followed by regeneration
of hydroxyl

*OH + H,0,- 0," ~ + H* + H,0 (6)
0," " +H* + H,0,- *OH + 0, + H,0 ()

Willstdtter remained firmly convinced that enzyme
reactions occurred by catalysis initiated by trace inor-
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ganic elements. Sumner, of jack bean urease fame, was
unable to change Willstdtter’s mind despite a personal
visit to his laboratory. Reactions (6) and (7) are
the Haber—Willstdtter cycle, and reaction (7) has
become known as the Haber—Weiss reaction. In a recent
lecture Koppenol pointed out that one should not name
a reaction that does not occur after the wrong person [6].
To be fair, Weiss was a staunch defender of
reaction (7), and published a later paper with Haber
devoted to the reaction of iron salts with hydrogen
peroxide [7]. The evidence against reaction (7) is over-
whelming.

i) Harcourt showed that when solid potassium super-
oxide is dissolved in water or dilute acid, equimolar
amounts of oxygen and hydrogen peroxide are
rapidly produced [8].

2K*+0; +2H,0'5 0, + H,0, + 2K * +20H "

®)

As pointed out by Bray, HO,* would be formed as
an intermediate in reaction (8) and the stoichiome-
try precludes any significant reaction of HO,* with
H,O, under the experimental conditions that were
used. Bray stated: “‘the specific rate of the reaction
2HO,* =H,0,+0, is much greater than that of
...HO»* +H,0, = *OH+H,0+0," [9].

ii) George worked directly with potassium superoxide
in solutions ranging from dilute alkali to dilute acid
and concluded there was no reaction of superoxide
with H,0,. The amount of oxygen evolved was
independent of whether hydrogen peroxide was
present or absent [10].

iii) Halliwell showed using competition kinetics that the
direct Haber—Weiss reaction does not occur [11].

iv) A radiation chemistry study by Weinstein and
Bielski determined the rate constant for reaction
(7) to be 0.504+0.09 M~ 's~!, so small that the
reaction would be ineffective as a chain carrier [12].

v) Reaction (7) was also shown not to occur in non-
aqueous media [13].

Despite overwhelming evidence to the contrary that
already existed at the time, the Haber—Weiss reaction
was ‘rediscovered’ in 1970. It was claimed that super-
oxide generated by xanthine oxidase reacted with
hydrogen peroxide to form hydroxyl radicals [14]. On
this basis Koppenol predicts its next rediscovery to
occur by about 2018 [6].

It is ironic that the Haber—Weiss (Haber—Willstéitter)
reaction became so popular in the biochemical litera-
ture, since the reaction was first proposed by chemists
who refused to admit the true catalytic power of
enzymes.

3.1. Metal-ion catalyzed Haber—Weiss reaction

After failure to gain a new acceptance of the Haber—
Weiss reaction, it was reincarnated in its metal-ion
catalyzed form:

Fe*t +0,° ~ -»Fe* " +0, (5")
Fe’* +H,0, »Fe’ " +*OH+HO - (1)
0,* ~ +H,0,="OH+0,+HO "~ )

Thus the sum of two reactions provides the equivalent of
the Haber—Weiss reaction. The so-called metal-ion-
catalyzed Haber—Weiss reaction is Eq. (1) and (5) from
the mechanism of Barb et al. for the ferrous-ion
catalyzed decomposition of hydrogen peroxide, with
reactions (2)—(4) being ignored.

3.2. Peroxynitrite

Peroxynitrite was discovered in 1952. It can be formed
by the reaction of hydrogen peroxide and nitrous acid
[15], and also by the superoxide/hydroperoxyl reaction
with nitric oxide [16]. The rate constant for reaction 10 is
3.7x 10" M~ s~ 1[17,18].

*NO+0," - ONOO~ (10)

The acid form of peroxynitrite (peroxynitrous acid, pK,
6.8) decomposes slowly by homolytic cleavage of the
peroxy bond [19-21].

ONOOH - *OH + *NO, (11)

Nitric oxide is the endothelium-derived relaxation factor
(EDRF). A plausible, albeit indirect, in vivo route from
superoxide to hydroxyl radical is established via reac-
tions (10) and (11) [22,23].

3.3. Reactive oxygen species

All species from dioxygen to hydroxyl radicals, with
alkoxyl radicals, peroxynitrite, and singlet oxygen
included, are often referred to as reactive oxygen species
(ROS), widely accepted to be harmful. It has become a
cliche that oxygen is the enemy of life and good wine.
However, both the mechanisms of oxidative physiolo-
gical damage and its prevention are, with few excep-
tions, not understood. The harmful physiological iron
complexes are unknown [6]. At one stage controversies
were generating more heat than light. Harmful effects of
ROS for one set of conditions can be beneficial in
another.

4. Superoxide and its dismutation

Three reactions are required to describe the uncata-
lyzed dismutation of superoxide.
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HO," 20," +H* pK=48 (12)

HO,* + HO,* - 0, + H,0,

13
k=(8.3+0.7)x10° M ! 5! (13)
. o — H+
HO,* +0,°~ - 0, +H,0, (14)
k=(9.7+0.6)x 10" M~ s~!
The following reaction (15) does not occur
2H*
Op— + Oy~ —%—» O2+H0, k=o000Mlst (15

The striking pH-rate profile that summarizes the above
results is shown in Fig. 1 [24]. At high pH one can use
potassium superoxide as a direct quantitative source of
0,° ~ [25,26], but at lower pH one must rely upon
radiation chemistry [27]. Bielski and Cabelli discuss in
detail the reactions of superoxide and perhydroxyl
radicals [28].

The landmark discovery that the blue copper—zinc
containing protein erythrocuprein was a superoxide
dismutase was made by McCord and Fridovich [29].
Both iron- and manganese-containing superoxide dis-
mutases were also discovered by Fridovich’s group
[30,31]. In the presence of superoxide dismutase, the
disproportionation of superoxide occurs by a ‘ping
pong’ type of mechanism in which the catalytic metal
ion alternates between M"* and M“~ V¥ oxidation
states. The former catalyzes O, release (rate constant k)
and the latter H,O, (rate constant k,). The rate of
disappearance of superoxide ke, (M~ ' s~ ") is given by

d id .
- PEIONELes _y — M L lsuperoxidel (16
where the subscript tot refers to the total concentration
of enzyme, represented by [M*], and of O,*~ and
HO,*. The value of k¢, is given by a weighted mean of
ki and k» [32].
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Fig. 1. Observed second-order rate constant, kqps, for the decay of HO,/O,* ~ plotted as a function of pH. Reproduced with permission from Ref.

[24].
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2k,
cat kl + k2

For Cu-Zn SOD k¢, has been reported to be constant
from pH 4.8 to 9.5 and to have a value of 4.6 x 10°
M~ 's~ ! Over the latter pH range, with increasing
basicity, [HO,*] is decreasing to the same extent that
[O,* 7] is increasing.

In order to compare the second-order uncatalyzed
and first-order catalyzed rates of the dismutase reaction,
one must plug in arbitrary concentrations. Thus at pH 7
the uncatalyzed rate constant, taken from Fig. 1, is 5 x
10°M~'s™ "' and
= 5x10°[superoxide]? (18)

Vuncatalyzed - tot

(17)

For the superoxide dismutase-catalyzed reaction
Vcatalyzed =~5x 109[M +]tot[SuperOXide]tot (19)

If catalyst concentration [M ™ ],o; is 10~ M and [super-
oxide]o 18 1073 M, then Vuncatalyzed 18 0.5 M s~ ! and
Veatalyzed 18 50 M s ™ ! a 100-fold increase in rate for the
catalyzed reaction. If [M "] is 1077 M and [super-
OXide]tot is 10_3 M, then Vuncatalyzed and Ucatalyzed 4IC
both equal to 0.5 M s~ .

5. Iron-oxo ions and complexes

The ferryl ion species FeO*>™ was first proposed in
1932 by Bray and Gorin [33] as one step in the ferric ion
catalyzed decomposition of hydrogen peroxide. They
connected the ferrous and ferric ion reactions through
the postulated equilibrium

2Fe’" + H,0 = Fe?* + FeO*" +2H™" (20)

With hydrogen peroxide in excess, oxygen evolution was
proposed as follows:

Fe’* +H,0,— FeO*" + H,0 1)
FeO*" + H,0,— Fe?* +H,0 + 0, (22)

Thus their mechanism shows both ferrous and ferryl
ions attacked by hydrogen peroxide, but not ferric ions.

Bray and Gorin also stated: “The proposed mechan-
ism explains also the decomposition of H,O, during the
very rapid oxidation of Fe*" to Fe’™.” This would
occur via reactions (21) and (22) when hydrogen
peroxide is in excess. When ferrous ion is in excess the
stoichiometry is

2Fe’* + H,0, +2H* = 2Fe** +2H,0 (23)

which can be accounted for by reaction (21) followed by
reaction (24)

FeO>* 4+ Fe’* % 2Fe’* 1 H,0 (24)

Reaction (24) was not included in the Bray and Gorin

paper, but the disproportionation of iron(IV) and
iron(IT) was published by Cahill and Taube in a study
of oxygen isotope effects in hydrogen peroxide reactions
[34]. The latter authors say that formation of iron(IV) is
favored in the reaction of iron(Il) with hydrogen
peroxide “under the conditions commonly studied.”

If reaction (21) is slow and reaction (24) fast, then
there is a steady state in FeO”> ™, and the rate law for the
conversion of Fe’ ™ to Fe ™ is:

y = 2k[Fe**][H,0,] (25)

where k, 55.44+0.4 M~ ! s~ ! [4], is the rate constant for
reaction (21).

According to Barb et al. [2], the mechanism of the
reaction of excess ferrous iron with hydrogen peroxide
is:

Fe’* + H,0, 3 Fe’* + *OH + H,0 (26)
22 2
Fe’* +*OH Ij—» Fe’* +H,0 7)

With a steady state in * OH one also obtains the rate law
of Eq. (25). Thus there is no obvious kinetic way to
distinguish the mechanisms and a conflict of opinion of
70 years duration was born. Koppenol has compared
the thermodynamic properties of *OH and FeO*™ [35].
The group of Bossmann provides evidence for ferryl ion
being the active oxidant in Fenton chemistry [36,37].

6. Reactions of iron(III) with hydrogen peroxide

A free radical chain mechanism for the iron(III)-
catalyzed decomposition of hydrogen peroxide was
published by Barb et al. [38]. Essentially they added
reaction (i) (for initiation) to their mechanism for the
iron(II) reaction.

Fe’™ + H,0,— Fe’* + HO," + H™" @)

In order to explain the results reaction (i) had to be
several orders of magnitude slower than reaction (1) for
the iron(Il) reaction with H,O,. For a high ratio of
[Fe* T )/[H,0,] a second initiation process was postulated
by Kozlov et al. [39], second-order in [Fe’*]. These
authors used tetranitromethane as a radical scavenger in
order to study the initiation process directly. Addition of
a small amount of tetranitromethane caused an induc-
tion period, an indication of a chain mechanism. Their
proposal for the transition state containing two Fe®™
ions is shown in Scheme 2.

H
3 /s
Felt— o-
/ .
Fe** — O~
O0—H
Scheme 2.
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Kozlov et al. write the initiation step, first-order in
Fe’ T, as

Fe’* + HO; — Fe?* + HO," (i)

Their value for k; is 9 x 10° M~ ! s~ !,

Kremer has also been a staunch supporter of iron-oxo
reactive species in the ferric ion reaction with hydrogen
peroxide [40—43], in contrast to the views of Walling
[44,45]. Kremer found evidence for two iron-oxo inter-
mediates, C; and Cyp:

Fe’™ + HO, 2 Fe*"HO; (C) (28)
Fe’"HO, -» HO~ + FeO** (Cy) (29)
FeO’" + H,0,— Fe’* + 0, + H,0 (30)
2H,0, = 0, + 2H,0 (31)

a non-free radical mechanism. He notes that the reaction
can be divided into several phases: (i) the initiation
phase; (ii) the steady state phase, that requires sufficient
excess hydrogen peroxide; (iii) the transient state; and
(iv) the terminal state in which d[X]/d¢=0 for all
species. A finite amount of FeO’" is present in the
terminal state. Spectroscopic evidence exists for iron-
oxo ions and complexes [3,25,33,46,47]. Kremer’s me-
chanism, as well as that of Bray and Gorin, indicates
that in the simplest inorganic system there exists the
equivalent of the compound I species found in perox-
idases and catalases. FeO*>™ contains iron(IV), the same
as found in compound I of peroxidases, whereas FeO> *
contains iron(V).

6.1. Gif chemistry

The imaginative experiments started by the group of
Barton at the CNRS lab in Gif-sur-Yvette are summar-
ized here [48,49]. Barton wondered about the chemistry
that could occur on earth under its early anaerobic
atmosphere. Hydrocarbons, especially methane, were
abundant, and their oxidation kept oxygen levels low.
Hydrogen sulfide, metallic iron and iron(Il) were also
present. “A form of life took advantage of the new
aerobic conditions to oxidize the iron to Fe(IIl) and
deposit it as pure ferric oxide in vast mountain ranges in
Australia and Brazil. This new form of life would have
obtained far more energy from coupling the oxidation of
iron and hydrocarbons together than from just making
ferric oxide [48]. In Barton’s model a hydrocarbon in
pyridine was added to a mixture of iron, hydrogen
sulfide and acetic acid. Dissolution of iron by acetic acid
was aided by a surface effect of the hydrogen sulfide.
Oxidation of the hydrocarbon was observed even
though the excellent reductant hydrogen sulfide was
present. In later experiments hydrogen sulfide was
replaced by zinc as a source of electrons.

Barton moved to Texas A&M University. “In Aggie-
land a new chapter of Gif chemistry began: the GoAgg
system” [49]. He switched to a hydrogen peroxide (or
superoxide) system and postulated that an iron(V) ferryl
species could be formed as follows:

Fell + H,0,

H+
Fell 1 KO, } > Fe"-0-OH -» Fe" =0 +H,0 (32)

As in Barton’s papers the pyridyl rings coordinated to
iron are not shown for simplicity.

A hydrocarbon could be activated in what was called
the “Sleeping Beauty effect.” The Fe¥=0 group reacted
preferentially with secondary positions.

R M o R
C + FeV=0 ——> + H,0 33
C
7 N\ /7 N\
R H R Fell

Addition of dioxygen followed by reduction or hydro-
lysis leads to alcohol or ketone production. Below is
shown the formation of an alcohol, in which the FeV=0
species is regenerated from dioxygen.

R R AH R H
/
BCA — Fl —> ?C pel \C + Fe¥=0
R R ] , 7 N\
R OH
0= O O0O—o0

(34)

Barton proposed that this catalytic system could be an
improvement over use of enzymes for drug design and
production [49].

7. The continuing controversy

A review by Sawyer et al. [50], based on years of
meticulous research [51,52], supported the concept that
hydroxyl radicals are not formed in Fenton-like chem-
istry, referring to non-aqueous media, chelated metal
ions, and cases where ROOH oxidants replace H,O,.
Walling [53] and MacFaul et al. [54] claimed the
opposite, whereas Goldstein and Meyerstein [55] sup-
port the idea that hydroxyl radicals are not generated.
Kremer has provided further arguments that hydroxyl
radicals are not important in Fenton chemistry [56].

What is the nature of an Fe'V=O species? The
mechanism most cited for the action of cytochromes
P450, by Groves and McCluskey, may be relevant [57].
In this ‘hydrogen abstraction/oxygen-rebound’ mechan-
ism, using a saturated hydrocarbon as an example, the
following reaction occurs.

Fe=O + H-C »[Fe---O---H---C]—>
[Fe---HO"® ---*C]- Fe + HO-C (35)
They used a modified Fenton model system, and state

that the results ‘“‘are completely consistent with our
proposed mechanism of the intermediacy of a metal oxo
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species, formally a ferryl ion, which is subsequently
responsible for hydroxylation.”

8. Peroxidases and catalases

There appears to be a better agreement about the
mechanism of hydrogen peroxide reactions with cata-
lases and peroxidases than those with ferrous and ferric
salts. The first step is the following:

Peroxidase/catalase + H,0,—» Compound I+ H,O
(36)

The rate constant is always of the order of 10’ M~ ! s~ 1.

Details for horseradish peroxidase include the following:
(1) transfer of a proton from hydrogen peroxide to a
distal imidazole side chain as the ~OOH group binds to
the heme iron(IIl); (ii) transfer of the proton to the
oxygen atom of the FeOOH group farthest removed
from the iron to form a water leaving group; (iii)
formation of a formal Fe¥=O group that is actually
Fe'V=0, with an unpaired electron on the porphyrin
ring. Thus compound I contains a ferryl group and a
porphyrin m-cation radical [58]. Recent contributions to
the mechanism of compound I formation include a
density functional analysis [59], and a proposal that
electron circuits through the protein play an important
role [60]. Subsequent reactions of peroxidases usually
involve one-electron reactions with organic substrates,
so that compound I is reduced via an intermediate called
compound II back to native enzyme [58].

In the case of catalases, compound I formation is
followed by further reaction with hydrogen peroxide:

Compound I + H,0,— Catalase + O, + H,O 37

a reaction so exothermic that it is used by the bombadier
beetle to generate steam. A very recent explanation of
the different reactions of catalases and peroxidases is the
following [61]. Water is released in compound I forma-
tion and the fate of this water determines the subsequent
reaction path. In peroxidases water is retained in the
active site so it blocks further access of hydrogen
peroxide. (Compound I reduction of peroxidases by
organic substrates occurs at the porphyrin edge, not at
the iron site, so retained water in the active site does not
interfere with compound I reduction [62].) In catalases
the water is rapidly released from the active site into
bulk water, so that hydrogen peroxide can diffuse into
the heme pocket as readily in compound I as it can in
native catalase [61].

9. Conclusions

No one has been able to get a Fenton-like reagent nor
a heme ferryl species to react with methane, yet hydroxyl

radicals readily attack it. The weight of evidence favors
ferryl ion formation in the reactions of iron(II)/(III) with
hydrogen peroxide, a 2e~ reaction. Despite its long
popularity the le™ reaction to form hydroxyl radicals
appears not to occur.

Not only does the Haber—Weiss reaction not occur,
but the most commonly assumed source of hydroxyl
radicals appears not to exist.
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