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Reaction of (N4Py)Fe with H2O2 and the relevance of its
Fe(IV)=O species during and after H2O2 disproportionation
C. Maurits de Roo,[a] Andy S. Sardjan,[a] Roy Postmus,[a] Marcel Swart,[b, c] Ronald Hage,*[a] and
Wesley R. Browne*[a]

The catalytic disproportionation of by non-heme Fe(II) com-
plexes of H2O2 the ligand N4Py (1,1-bis(pyridin-2-yl)-N,N-
bis(pyridin-2-ylmethyl)methanamine) and the formation and
reactivity of Fe(III)-OOH and Fe(IV)=O species is studied by UV/
Vis absorption, NIR luminescence, (resonance) Raman and
headspace Raman spectroscopy, 1O2 trapping and DFT meth-
ods. Earlier DFT studies indicated that disproportionation of
H2O2 catalysed by Fe(II)-N4Py complexes produce only 3O2,
however, only the low-spin state pathway was considered. In
the present study, DFT calculations predict two pathways for
the reaction between Fe(III)-OOH and H2O2, both of which yield
3O2/H2O2 and involve either the S=1/2 or the S=3/2 spin state,
with the latter being spin forbidden. The driving force for both
pathways are similar, however, a minimal energy crossing point
(MECP) provides a route for the formally spin forbidden
reaction. The energy gap between the reaction intermediate
and the MECP is lower than the barrier across the non-adiabatic
channel. The formation of 3O2 only is confirmed experimentally

in the present study through 1O2 trapping and NIR lumines-
cence spectroscopy. However, attempts to use the 1O2 probe (
a-terpinene) resulted in initiation of auto-oxidation rather than
formation of the expected endoperoxide, which indicated
formation of OH radicals from Fe(III)-OOH, e.g., through O� O
bond homolysis together with saturation of methanol with 3O2.
Microkinetic modelling of spectroscopic data using rate con-
stants determined earlier, reveal that there is another pathway
for Fe(III)-OOH decomposition in addition to competition
between the reaction of Fe(III)-OOH with H2O2 and homolysis to
form Fe(IV)=O and hydroxyl radical. Notably, after all H2O2 is
consumed the decay of the Fe(III)-OOH species is predominantly
through a second order self reaction (with Fe(III)-OOH). The
conclusion reached is that the rate of O� O bond homolysis in
the Fe(III)-OOH species to form Fe(IV)=O and an hydroxyl
radical is too low to be responsible for the observed oxidation
of organic substrates.

Introduction

H2O2 is a widely used terminal oxidant in organic trans-
formations since it is kinetically stable, despite being a'high
energy’ reagent, and is atom efficient with only O2 and H2O as
by-products. The decomposition of H2O2 is an important
process in biology, and nature has evolved mechanisms to
deactivate it without production of reactive oxygen species.[1]

At low concentrations of H2O2, oxidases operate effectively with

two-electron reductants, in much the same way as H2O2 is used
as an oxidant in transition metal catalysed reactions through
generation of reactive species that are then used to oxidise
organic substrates.[2] At high concentrations of H2O2 its role as a
substrate for these same species can be observed and is indeed
how organisms deal with H2O2 under those circumstances,
through enzyme catalysed disproportionation of H2O2 to O2 and
water (i. e. catalases).[3] The active center of these enzymes
typically includes a transition metal center, e.g., a heme iron
center that reacts with H2O2 by heterolytic cleavage of the O� O
bond to form an Fe(IV)=O species (Compound I) and water.[3]

Although this deactivates one molecule of H2O2, the resulting
high valent species can engage in one or two-electron
oxidation of substrates, including H2O2 to liberate O2, recovering
the initial state. Enzymatic deactivation of H2O2 generally seeks
to avoid production of reactive oxygen species such as hydroxyl
radicals and 1O2. Replicating this selectivity is a challenge in
biomimetic systems where the focus is typically to harness the
oxidising power of H2O2 towards oxidation of organic sub-
strates.

In contrast to iron dependent catalases, synthetic non-heme
iron complexes based on pyridyl-amine based ligands, such as
TPA, BPMEN, and N4Py (Figure 1), and indeed the antibiotic Fe-
Bleomycin, rapidly undergo ligand exchange and/or oxidation
reactions to reach a meta-stable Fe(III)-OOH species, which are
proposed to form Fe(IV)=O species through homolytic cleav-
age of the O� O bond.[4,5] It is these latter species that are
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deemed responsible for the oxidation of organic substrates.[6,7]

This paradigm mechanism has recently shown exceptions, such
as in the (transient) formation of Fe(V)=O species,[8,9] in the
direct dihydroxylation of alkenes with Fe(III)-OOH species
reported recently by the Nam group,[10] and in olefin epoxida-
tion and alkene hydroxylation with a diferric peroxo intermedi-
ate reported by the Que group.[11] Additionally, control of the
formation of either Fe(IV)=O or Fe(III)-OOH species using a
phenol-bearing ligand and base was reported by the Banse
group.[12,13]

Recently, we reported[14] that the complex
½FeðIIÞðN4PyÞðCH3CNÞ�

2þ (1), where N4Py is 1,1-bis(pyridin-2-yl)-
N,N-bis(pyridin-2-ylmethyl)methanamine),[4,5,15,16] was an effec-
tive catalyst for the disproportionation of H2O2 into O2 and H2O
in methanol. 1 undergoes solvolysis in methanol to form
½FeðIIÞðN4PyÞðOCH3Þ�

þ (2) and upon addition of H2O2 rapidly
forms ½FeðIIIÞðN4PyÞðOOHÞ�

2þ (3). We demonstrated that while
the homolytic cleavage of the O� O bond in to yield an Fe(IV)=
O species (4) is generally assumed, this last process (Figure 2
pathway b) is not kinetically competent and instead H2O2 reacts
directly with 3 to form ½FeðIIIÞðN4PyÞðOCH3Þ�

2þ (5a), H2O and O2,
(Figure 2 pathway a). DFT calculations indicated that O2 was
formed as 3O2 in a S ¼ 1

2 state that results from two unpaired
electrons on 3O2 (ms ¼ 1) coupled to one unpaired electron on
iron (ms= �

1
2). Nevertheless, the formation of 1O2 should be

excluded experimentally due to the latter’s ability to initiate
undesirable reactions. Disproportionation of H2O2 is undesirable
in the context of catalytic oxidations of organic substrates due
to its impact on efficiency, and a common approach is to use a

low steady state concentration of H2O2 to increase atom
efficiency. Such an approach appeared to be effective in regard
to the oxidation of methanol to methanal by H2O2 and 1.[14]

However, the generation of reactive oxygen species, not least
hydroxyl radicals and 1O2 can impact selectivity, or in the case
of 1O2, enable new reactions with H2O2.

In the present contribution we focus on the mechanism by
which 3 reacts with H2O2. The possible generation of 1O2 and
the rate constant for homolysis of the O� O bond of 3 are
investigated. Two approaches, a chemical probe and chemilu-
minescence, were taken to establish whether or not 1O2 is
formed during disproportionation. We revisit the DFT studies by
considering minimum energy crossing points (MECPs) between
the doublet and quartet surfaces. Furthermore, we use a
microkinetic model based on the mechanism described in
Figure 2 to establish the significance of pathway b (O� O bond
homolysis) overall and thereby the origin of oxidation products
of methanol.

Results

The decomposition of H2O2 to water and oxygen by 1 was
studied earlier by solution and head space Raman
spectroscopy,[14] where a discrepancy in mass balance was
noted (see SI section 1 experimental section for details). The
decomposition is revisited here to establish a full mass balance
in the disproportionation reaction before addressing exper-
imentally and theoretically the spin state of the O2 produced,
and finally kinetic analyses to build a microkinetic model for the
reaction.

O2 release during decomposition of H2O2 by 1

In line monitoring of both the headspace and reaction mixture
with Raman spectroscopy allows for simultaneous quantitative
comparison of the extent of consumption of H2O2 and the
amount of 3O2 released into the head space (Figure 3). It should
be noted, in regard to discussion below, that even were 1O2 to
be formed during the reaction, it relaxes to 3O2 within ca. 9.5 μs
of formation,[17,18] and hence the operando Raman spectroscopy
cannot be used for (dis)proving the presence of 1O2 as one of
the products in the reaction. The amount of 3O2 liberated,
calculated from the change in intensity of the Raman band of
3O2 (i. e.the ~nstr;OO band at 1555 cm� 1, Figure 3A), can be
compared directly with the decrease in intensity of the ~nstr;OO

band of H2O2 at 872 cm
� 1 (Figure 3B) in the reaction mixture,

and from which the absolute amounts of 3O2 formed and H2O2

consumed over time can be determined (Figure 3C, see SI
section 1 for determination of 3O2 concentration, Figures S1–4).
Although a full mass balance is obtained towards the end of
the reaction and the decomposition of H2O2 over time shows
the expected pseudo-first order behavior, the increase in
concentration of O2 in the headspace appears to lag that of
consumption of H2O2. This delay in response is likely a
consequence of the experimental conditions as the solution

Figure 1. Structures of the ligands TPA, N4Py, and BPMEN.

Figure 2. Proposed mechanism for reaction of 1 with excess H2O2 in
methanol.

Wiley VCH Montag, 04.03.2024

2499 / 342544 [S. 2/13] 1

ChemCatChem 2024, e202301594 (2 of 12) © 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Research Article
doi.org/10.1002/cctc.202301594

 18673899, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202301594 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [18/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



was not stirred during the reaction, and hence due in small part
to the delay reaching saturation of the methanol in O2 and the
build up of bubbles of oxygen in the solution and in part due
to lack of convective forces. Experiments with the photo-
sensitiser [Ru(II)(bipy)3](PF6)2, vide infra, confirm that the solution
is saturated in oxygen rapidly after addition of H2O2. Although
the evolution of 3O2 can be determined readily by head space
Raman spectroscopy, detecting 1O2 formed is more challenging
and indirect methods (1O2 trapping) were employed.

Trapping of 1O2 with α-terpinene

α-terpinene is a widely used probe for determining formation
of 1O2 in solution,[19� 21] as the latter is a dienophile in a
cycloaddition to form the endoperoxide ascaridole (Figure 4A).
The disproportionation of excess H2O2 was followed by Raman
spectroscopy (both liquid phase and head space) in the
presence of α-terpinene (Figure 5, and Figure S5). Under these
reaction conditions 22% of the α-terpinene was converted to
another compound within 1 h. However, rather than increasing,
the Raman band of 3O2 in the head space spectrum decreased
over the course of the reaction also (Figure 6). Comparison of
the intensity of the ~nC¼C band of α-terpinene and the O� O
stretch of 3O2 over time shows that the amount of 3O2 in the
head space increases slightly in the first few hundred seconds

Figure 3. Decomposition of H2O2 catalysed by 1 in methanol. A) Head space
Raman spectra (λexc 785 nm) over time. The 3O2 and N2 bands are shown as
insets. B) Raman spectra (λexc 785 nm) of the reaction mixture. The ~nstr;OO
band of H2O2 is shown as an inset. C) Conversion of H2O2 and amount of 3O2

formed over time. Conditions: 0.5 mM 1, 200 mM H2O2 in 1.5 mL MeOH.

Figure 4. A) Cycloaddition of 1O2 to α-terpinene yielding an endoperoxide
(ascaridole). B) Observed oxidation of α-terpinene with the 1/H2O2 system.
0.52 mM 1, 0.25 M H2O2, and 0.5 M α-terpinene in methanol at 19 °C.

Figure 5. Raman spectra (λexc 1064 nm) over 1 h of the reaction of α-
terpinene in methanol with H2O2 and 1. See Figure S7 for the corresponding
head space Raman spectra. Conditions: 0.5 mM 1, 165 mM H2O2 and 0.5 M α-
terpinene in methanol at 19 °C.
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(inset of Figure 6), as expected due to disproportionation of
H2O2, but thereafter decreases to approximately half of its
original amount, i. e., 3O2 was consumed from head space. In
contrast, the intensity of the ~nC¼C band of α-terpinene is
unchanged over the initial period (lag time) and only thereafter
is conversion observed, which tracks closely the loss of 3O2 from
the headspace. Quantification of 3O2 in the head space indicates
that the 3O2 that is consumed from the head space
(0.041 mmol) corresponds to the difference between the
amount of α-terpinene converted (0.165 mmol) and the amount
of 3O2 expected to be liberated by H2O2 disproportionation
(0.123 mmol, i. e., 165 mM H2O2 in a 1.5 mL reaction mixture
gives 0.247 mmol H2O2. Considering that two molecules of H2O2

result into one molecule of 3O2; 0.247/2=0.123 mmol 3O2).
Hence, the conversion of α-terpinene is the sum of the 3O2

produced from H2O2 and
3O2 consumed from the head space.

This correlation indicates that α-terpinene is reacting with 3O2

rather than any 1O2 that would be formed during H2O2

decomposition. Indeed, analysis by 1H-NMR and Raman spectro-
scopy confirms the formation of p-cymene as the primary
product (Figures 4B, S5, and note Raman bands that appear at
around 700 and 810 cm� 1 in Figure 5). This is consistent with α-
terpinene engaging in auto-oxidation (Figure S6),[22] initiated by
radicals and either reacts with 3O2 to form an aromatic product,
p-cymene, or reacts with hydroperoxyl radicals (formed during
formation of p-cymene), to yield allylic epoxides (see SI section
2 for further details).

Consideration of the disproportionation of H2O2, at high
concentrations, by 1, allows for rationalisation of why α-
terpinene shows auto-oxidation with the H2O2/1-system (Fig-
ure 2 pathway b). Several radical intermediates or radical
sources appear in the proposed mechanism and although
pathway (b) is unfavourable, radical abstraction by an hydroxyl
radical or 4 can initiate radical auto-oxidation. Although, 1 is

ultimately responsible for initiating auto-oxidation (conversion
is not observed in the absence of 1, Figure S7), the short lag
period implies that the increase in the concentration of O2 in
solution plays a role also.

The generation of 1O2 from H2O2 using MoO2�
4 as catalyst

was studied extensively by Aubry et al.[23–28] Although the
mechanism of the reaction is complex (e. g., concentration
dependent equilibria involving several peroxomolybdate spe-
cies dependent on [H2O2]), it has been used in large scale
(batch) reactions,[28] as a heterogeneous catalyst by immobiliza-
tion of the molybdate,[29] and in flow reactors.[30] Hence, as a
positive control in the present study α-terpinene was reacted
with 1O2 generated with MoO42� .[31,32] Raman spectra recorded
over time and 1H-NMR spectra before and after the oxidation of
α-terpinene in the presence of Li2MoO4 catalyst and H2O2

(Figures S8 and S9) show the expected ascaridole product.
Hence, the susceptibility of chemical probes for 1O2 to other
oxidation mechanisms that can be initiated during catalytic
decomposition of H2O2 means that it cannot be concluded that
1O2 is not formed by decomposition of H2O2 by 1. Hence the
direct observation of 1O2 by chemiluminescence was explored.

1O2 chemiluminescence with MoO4
2–

Regardless of whether 1O2 is generated by photosensitisation,
using, e.g., Rose bengal, or by thermal decomposition of
another compound,e. g., the disproportionation of H2O2 or
thermal decomposition of an endoperoxide, 1O2 relaxes rapidly
to 3O2 either non-radiatively, or radiatively with emission in the
NIR (1270 nm). Detection of the weak chemiluminescence of 1O2

is challenging due to the low photon flux. Hence, the
decomposition of H2O2 to 1O2 and water by the catalyst
Li2MoO4, which proceeds with unit chemical efficiency, was
used as a positive control.[23–27] The rate of H2O2 disproportiona-
tion by the catalysts was determined using simultaneous head
space Raman spectroscopy (to determine 3O2 released) and the
NIR emission from the 1O2 produced. This combination of
techniques allowed us to apply conditions where the rate of
disproprotionation by 1 exceeds that of the Li2MoO4 / H2O2

system. As for the reaction of 1 with H2O2 (Figure 3), the
reaction of Li2MoO4 with H2O2 was monitored by head space
and solution Raman spectroscopy (Figure S10).

The mechanism of disproportionation of H2O2 by MoO4
2� was

investigated earlier by Aubry et al.,[26] and it is of note that the
reaction kinetics are different to that observed with 1 (Figure S10).
With excess H2O2, 1 shows a relative constant rate of 3O2 evolution
between 0–2500 s (Figure 3), whereas MoO4

2� shows a pro-
nounced initial lag phase, followed by a steady rate of 3O2

evolution for ca. 500 s and thereafter the evolution of 3O2

continues at a much lower rate until it ceases at ca. 3500 s
(Figure S10). The discontinuous time dependence of 3O2 evolution
is due to the different rates at which the various peroxomolybdate
species disproportionate H2O2: the oxotriperoxomolybdate
([MoO(O2)3]

2� ) species disproportionates it 20 times faster than the
dioxodiperoxomolybdate ([MoO2(O2)2]

2� ) and tetraperoxomolyb-
date ([Mo(O2)4]

2� ).[26] This is apparent when comparing the decay

Figure 6. Normalized Raman intensity over time of the nstr;C¼C band of α-
terpinene (red) and the nO¼O band of 3O2 (blue, recorded from the head
space). Mass balance analysis shows that the amount of converted α-
terpinene equals the total amount of converted 3O2. Conditions: 0.5 mM 1,
165 mM H2O2 and 0.5 M α-terpinene in methanol at 19 °C.
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of H2O2 with the formation of 3O2 (Figure S10):
3O2 is liberated in

the head space long after mostly all of the H2O2 has been
consumed. Additionally, the stoichiometric balance of the H2O2:

3O2

is 2 :1 for 1, but 3 :2 for MoO4
2� under the conditions used. It is of

note that the concentration of MoO4
2� gives a maximum of 6

turnovers of which 1 equivalent of H2O2 is used for the initial
oxidation of the catalyst to the resting state. This contrasts with
the much lower concentration of 1 used, which shows 400
turnovers, and the amount of H2O2 needed to generate the Fe(III)
resting state is negligible.

The optical system was arranged such that the 3O2 released
into the head space of a sealed cuvette was quantified by Raman
spectroscopy at 785 nm and the chemiluminescence from 1O2

emitted from the reaction mixture was collected by the NIR
emission spectrometer concurrently. In this way, the rate of 3O2

evolution from decomposition of H2O2 and the chemilumines-
cence from 1O2 over time could be correlated. The relation
between chemiluminescence from 1O2 generated by the catalyst
Li2MoO4 reacting with H2O2 with the evolution of 3O2 into the
headspace is readily apparent in Figure 7A,B, which shows
chemiluminescence from 1O2 and 3O2 evolution, respectively.
Hence, despite that the concentration of OH oscillators (i. e. water,
which quenches 1O2 efficiently) introduced with the H2O2 is
significant, the NIR emission spectrometer is capable of detecting
the emission from the 1O2 produced as it relaxes to 3O2.

Comparison of a plot of number of moles of 3O2 gas released
into the headspace and intensity of NIR emission from radiative
relaxation of 1O2 over time (Figure 7C) with the cumulative
emission intensity over time shows a near perfect overlap with the
release of 3O2 into the headspace. This correlation is expected
since the chemiluminescence from 1O2 indirectly relates to the
overall rate of formation of 3O2. There is, however, an offset
between 1000–2000 s, which is ascribed to a lag time between
the formation of 3O2 in solution (i.e., considering its solubility and
lack of convection) and its appearance in the head space of the
cuvette at the point at which the Raman probe is focused.
Importantly, Figure 7D shows the same reaction progresses at the
final reaction stage in which a trend line between 4200–5000 s is
determined from the 3O2 curve. The rate of release of 3O2 is 9.2
nmol/s in this period (note that Li2MoO4 produces

1O2 from H2O2

quantitatively[24]), and shows that the limit of detection of 1O2

chemiluminescence with the present optical system is sufficient to
detect emission at such low photon fluxes. The rate of release of
3O2 therefore serves as the lower limit of 1O2 chemiluminescence
detection in the H2O2 disproportionation by 1.

1O2 chemiluminescence with H2O2 and 1

The 1O2 chemiluminescence and the evolution of 3O2 from the 1/
H2O2 system are shown in Figure 8A. Figure 8B shows the evolution
of 3O2 and luminescence intensity over time. In contrast to Li2MoO4,
with 1 emission from 1O2 is not observed during the disproportio-
nation of H2O2. The initial rate of

3O2 formation (between 250–750 s)
(Figure 8B) corresponds to 158 nmol/s, which is well above the limit
of detection of the system (9.2 nmol/s) and indicates that no more
than 6% of 3O2 that is liberated through H2O2 disproportionation by

Figure 7. Chemiluminescence from 1O2 and head space Raman spectroscopy
during the reaction of Li2MoO4 with H2O2. A) NIR emission and B) head space
Raman spectra (λexc 785 nm) over time. C) Integrated intensity of emission at
1270 nm (blue), cumulative middle Riemann sum of the 1O2 chemilumines-
cence (purple) and number of moles of 3O2 released into the head space
(red) over time. D) Expansion of between 3500–6000 s from C. Conditions:
43 mM Li2MoO4, 263 mM H2O2 in CD3OD at 19 °C.
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1 may be released initially as 1O2. Hence, the levels of 1O2

corroborate conclusions reached from earlier DFT calculations (vide
infra),[14] that only 3O2 is formed in the reaction with 1. However, an
important factor to consider is that the iron complexes themselves
can potentially act as a quencher for 1O2.

1O2 photoluminescence with ½RuðbipyÞ3�2þ

As a control, the 1O2 photosensitizer ½RuðbipyÞ3�
2þ was used in the

presence of 1 (excitation at 450 nm) in methanol to determine
how significant the quenching by 1 of 1O2 luminescence is
(Figures S11 and S12). Addition of 1 to ½RuðbipyÞ3�

2þ in methanol
decreases the intensity of 1O2 luminescence due to dilution and
the primary inner filter effect (1 and 2 absorb at 450 nm). Similarly,
1O2 luminescence decreased upon addition of a few equivalents of
H2O2 due to the addition of extra OH oscillators. However, when
excess H2O2 (400 equiv.) was added, an initial increase in emission
intensity was observed due to saturation of the methanol with O2

and thereafter the emission intensity remained constant for the
remainder of the reaction, confirming that 3 does not quench 1O2.

Density Functional Theory and microscopic mechanism

The reaction coordinate diagram for the reaction of 3 with H2O2

and energies for all products and transition states is shown in
Figure 9. The first step involves concomitant homolytic cleavage
of the O� O bond with hydrogen atom transfer (HAT) from H2O2

to the nascent hydroxyl radical to form H2O and HOO*. The
lower initial reaction barrier and high driving force makes this
mechanism overall plausible. However, in the study by Chen
et al.[14] only the reaction pathway in black (in the doublet state)
was considered. Inclusion of the quartet state gives a mecha-
nism, which results in a slightly lower final energy. The two
pathways considered here are (i) an adiabatic pathway to form
triplet oxygen, via TS2 and (ii) a non-adiabatic pathway via an
MECP (minimal energy cross point) between the doublet and
quartet states. At the MECP the total spin increases from S¼ 1

2

to S¼ 3
2, i. e., with an unpaired electron at the Fe-OH center that

is coupled to two unpaired electrons on the O2 molecule
(Figure S13).

MECP versus TS2 and nature of products

A Minimal Energy Crossing Point (MECP)[33] provides a route for
spin forbidden reactions to occur. They are defined as geo-
metric points where two (or more) spin states have equal
energy. The energy gap between the intermediate and the
MECP, between the doublet and quartet states, is low
(0.29 kcal/mol) and hence is expected to be a faster route than
the non-adiabatic route. Additionally, the quartet is lower
energy than the doublet product. This low MECP barrier can be
understood easily as resulting from the spin-flip from β to α on
the iron-oxygen moiety. The energy of the final product is
significantly decreased due to the use of broken-symmetry DFT
which produces a solution where the oxygen and low spin
iron’s electrons are ferromagnetically coupled to each other
(Figure S13).

Simulation and fitting of kinetic data

The mechanism proposed earlier for the reactions of 1 with
H2O2 (Figure 2) was simulated using known rate constants for
the individual reactions.[14] The rate constants for the elemen-
tary steps involved in the catalytic disproportionation were

Figure 8. NIR emission spectra and head space Raman spectroscopy during
the reaction of 1 with H2O2. A) NIR emission spectra and head space Raman
spectroscopy (λexc 785 nm) over time. B) Number of moles of 3O2 released
into the head space over time. Conditions: 0.5 mM 1, 275 mM H2O2 in CD3OD
at 19 °C.

Figure 9. Reaction coordinate diagram for the reaction of 3 with H2O2.
Relative energies compared to the reactant are given in brackets. The
product energy is slightly lower for the quartet product.

Wiley VCH Montag, 04.03.2024

2499 / 342544 [S. 6/13] 1

ChemCatChem 2024, e202301594 (6 of 12) © 2024 The Authors. ChemCatChem published by Wiley-VCH GmbH

ChemCatChem
Research Article
doi.org/10.1002/cctc.202301594

 18673899, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cctc.202301594 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [18/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



complemented with k� 1, the reverse of k1 (Figure 10). k� 1 was
obtained by fitting of the concentration of 3 between 0–100 s
with various initial equivalents of H2O2 (Figure 11). The best fit
for k� 1 (between 0.000 s� 1 and 0.045 s� 1) is much lower than k1,
indicating that the equilibrium lies heavily towards 3.

The concentrations of various iron species, 3O2, and H2O2

was modelled using a microkinetic model (Figure 10), using the
differential equations for the rate of change of the reaction
components (iron species, 3O2, and H2O2, etc.) as input with
known rate constants (Figures S14–16). The modelled reaction
progress, in terms of changes in 3O2 and H2O2 concentrations
and partial pressures for 400 equiv. H2O2, is compared to
experimental data (Figure 12 (Top), see Figure S17 for spectral
data). The modelled concentration of H2O2 matches well with
the experimental data; however, the modelled concentrations
of 3O2 deviate from the experimental data in that 3O2 is formed
more rapidly than predicted. An explanation is that the second
order rate constant for H2O2 disproportionation was determined
from the observed rate of H2O2 decomposition, rather than 3O2

formation.[14] The higher than predicted rate of 3O2 formation
hints that the “true” rate of H2O2 disproportionation may be
somewhat greater than 0.8 M� 1 s� 1.

The modelled concentration of 3 over time with 400 equiv.
H2O2 (Figure 12 (Bottom)) shows good agreement with exper-

imental data for the first 3000 s. Thereafter the prediction and
experimental data deviate strongly, indicating that an addi-
tional decay reaction for 3, not considered in the mechanism, is
important when essentially all of the H2O2 has undergone
disproportionation. We surmised that 3 may react with itself in
a second order process.

H2O2 disproportionation was examined with different initial
concentrations of 1 (5 mM, 1 mM, 50 μM, Figure S18–19) to
explore this hypothesis. UV/vis absorption spectroscopy shows
that the decay of 3 is much faster with 5 mM 1 than with 50 μM
1, consistent with bimolecular reactivity. In Figure 13 the extra
elementary step is added to the mechanism with second order
rate constant k6, estimated to be between 10 and 15 M� 1 s� 1.
Furthermore, the first order rate constant k3 was determined to
be greater (between 0.002 and 0.007 s� 1) from experiments
carried out with 50 μM 1. Here the second order process (k6) is
of less importance, and thus the first order process (k3) may be
estimated as it determines the decomposition of 3 primarily.
Figure 14 shows the predicted concentrations of 3, H2O2, and
3O2 taking into consideration the extra elementary step (k6) and
the adjusted value of k3. The modified model indicates that the
prediction for H2O2 and 3O2 remains accurate, and here the
modelled decay of 3 approximates the experimental data better
also. The estimated rate constants k3 and k6 are relevant for

Figure 10. Proposed mechanism of 1 with excess H2O2 in methanol including
k� 1 and k5. k5 is the pseudo-first-order rate constant for the reaction of 4
with methanol.

Figure 11. Fitting of k� 1 from change in concentration of 3 over time after
addition of H2O2. Conditions: 0.25 mM 1 and various initial concentrations of
H2O2 (10 equiv., 30 equiv., and 200 equiv. w.r.t. 1).

Figure 12. Experimentally determined reaction progress with the simulated
progress based on model shown in Figure 10 for an initial 400 equiv. H2O2.
Top: 3O2 (red) and H2O2 (blue) reaction progress determined by Raman
spectroscopy. Bottom: concentration of 3 over time from visible absorption
spectroscopy. Conditions: 0.46 mM 1 and 190 mM H2O2 in methanol. Visible
absorbance, head space and liquid phase Raman spectra were recorded
concurrently. See Figure S17 for spectral data and further details regarding
the model used.
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understanding the formation of OH radicals (through O� O
bond cleavage in 3). Figure 15 shows the relation between kobs
vs [3] for the homolytic decay (k3) and the 2nd order decay (k6)
processes, respectively.

The concentration dependence of the two decay processes
show a salient point at ca. 0.13 mM 3 where the dominant
decay pathway switches, which is consistent with data shown in
Figure 14 (bottom). From Figure 15 it is apparent that formation
of hydroxyl radicals and 4 proceeds at a rate of ca. 1 μM/s with

[3]=0.5 mM, which is possibly responsible for initiating auto-
oxidative reactions. In methanol alone, both hydroxyl radicals
and the 4 oxidise methanol to formaldehyde. From Figure 15
the amount of formaldehyde formed can be identified by
determining the area under the homolytic decay pathway
(purple line) between the initial concentration of 3 (ca.
0.45 mM) and its final concentration (zero). However, the
0.125 mM formaldehyde that would be formed in this case
(multiplying [3]=0.5 mM and kobs=1 μM/s and dividing by 2),
results in >0.1% efficiency of formaldehyde formation w.r.t.
H2O2 added (200 mM), whereas an efficiency of 2% was
determined earlier for similar conditions of [H2O2] (800 eq).[14]

This discrepancy may be rationalised if the assumption that OH
radicals react with methanol stoichiometrically is false; indeed it
is known that OH radicals induce chain reactions of methanol-
to-formaldehyde oxidation in the presence of H2O2.

[34,35] These
radical processes were not included in the catalytic model, and
are indeed difficult to model, but can be assumed to be
responsible for a part of the H2O2 decay (HAT from H2O2 by
hydroxyl radical to form water and superoxide) and the
formation of formaldehyde also.

Discussion

The disproportionation of H2O2 catalysed by 1 was investigated
earlier by Chen et al.,[14] from which it was confirmed by
reaction monitoring that the species responsible for H2O2

oxidation was 3. Initial DFT studies confirmed the energetic
soundness of this conclusion, including the prediction of an
intermediate formation of a hydrogen bonded superoxide
radical, and predicted that the reaction would lead to the
generation of 3O2, but only the low-spin state was considered.
In the present study the formation of 1O2 was investigated using
both chemical probes and by chemiluminescence. Near infrared
emission spectroscopy, with the well-established singlet oxygen

Figure 13. Proposed mechanism focused on the reactivity of the 3, with the
additional elementary step of the second order decay of 3 (k6).

Figure 14. Reaction progress expected on basis of modified mechanism
shown in Figure 13 for the conversion of 400 equiv. H2O2 compared with
experimental data. Top: Concentration of 3O2 (red) and H2O2 (blue) over time.
Bottom: Concentration of 3 over time. Visible absorbance, and head space
and liquid phase Raman spectroscopy were recorded concurrently. Con-
ditions: 0.46 mM 1 and 190 mM H2O2 in methanol. See supporting
information for details of model.

Figure 15. Relation between the observed rate, kobs, and the individual decay
processes for 3; the homolytic decay, k3 (estimated 0.002 s� 1), and the 2nd

order decay, k6 (estimated 15 M� 1 s� 1).
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generator ½MoO2�
4 � was used as a positive control and, by

ensuring the rates of disproportionation of H2O2 were similar
under the experimental conditions employed, it was confirmed
that 1 does not produce 1O2 corroborating the predictions
made by DFT calculations.

Revisiting the mechanism by DFT methods considering
broken symmetry calculations and possible MECPs, we found
here that the two step process involving a transient protonated
superoxide intermediate was followed by a very low barrier for
the subsequent step to form oxygen. The low barrier is
consistent with the absence of reactivity of the transiently
formed 4 (Fe(IV)O) H-bonded to the protonated superoxide, as
they react immediately by a second HAT. It is of note that
should the protonated superoxide escape 4, it will react rapidly
with methanol and this side reaction may account for some of
the methanol oxidation observed. The present DFT studies also
considered a minimum energy crossing point (MECP) between
the doublet and quartet surfaces, which provides a second
channel by which only 3O2 is formed.

Although O� O bond homolysis in 3 is frequently proposed
in mechanistic cycles, experiments at low concentrations of 1
confirmed that the rate constant for this reaction estimated
earlier,[14] is indeed much lower than the reaction between two
molecules of 3. Hence, the release of protonated superoxide is
possibly more important as a source of oxidant for methanol
oxidation, in addition to the OH radical induce chain
reactions.[34,35] Thus, there is a second pathway to methanol
oxidation besides pathway b (Figure 10), i. e., via 4 and an
hydroxyl radical. An unexpected observation made in efforts to
establish the generation of 1O2 using chemical probes was that
under such conditions 3O2 was consumed from, rather than
released, into the headspace during disproportionation. While it
would be expected that the trapping of 1O2 would reduce the
amount of oxygen released into the headspace, it should not
lead to a consumption of 3O2. Product analysis confirmed that
the oxygen consumption was due to auto-oxidation solely.
These data indicate that sufficient free radicals are generated
during disproportionation, which combined with the saturation
of the solution with 3O2, creates an ideal condition for auto-
oxidation. This observation prompted us to consider the origin
of these radicals, e. g., do they arise from O� O bond homolysis
in 3.

Using the available data, we constructed a microkinetic
model based on the mechanism shown in Figure 2 to establish
the significance of pathway b (O� O bond homolysis) overall
and thereby the origin of oxidation products of methanol. The
rate constants for the reaction of 3 with H2O2 and with itself are
order of magnitudes larger compared to O� O bond homolysis
in 3. This implies that 4 does not form in significant amounts at
high [H2O2], and hence it is only available as the [H2O2] becomes
negligible. This together with the knowledge that 4 reacts
rapidly with (protonated) superoxide and H2O2 rapidly raises the
question whether 4 plays any role in the oxidation of organic
substrates under these conditions.

In probing the reaction for 1O2 formation using Raman
spectroscopy, it became clear that H2O2 decomposition gener-
ates sufficient free radicals to trigger autooxidation. This shows

the importance of keeping a low [H2O2] not only to limit
disproportionation but also to prevent build up of O2 and hence
radical initated autooxidation. The 1-catalysed disproportiona-
tion of excess H2O2 is a wasteful reaction in regard to efficiency
of organic oxidation reactions but further than that, the
generation of reactive oxygen species needs to be considered
also. Protonated superoxide and hydroxy radicals are likely to
be primarily responsible for reactions with organic substrates
here.

Conclusions

While formation of 1O2 by H2O2 disproportionation can be
excluded both empirically and by DFT studies, the significance
of radical pathways was established, which are promoted by
the presence of the oxygen formed. These radical pathways are
concluded to be of greater importance than direct oxidation of
organic substrates by 4 ([(N4Py)Fe(IV)=O]2+). Although the
present investigation has focused on reactions in methanol, the
solvent plays only a modest role in the disproportionation
reactions, e. g., in regard to H-bonding etc., and as a substrate
for reactive oxygen species. Hence, the observation that 4 is
unlikely to be formed from 3 ((N4Py)Fe(III)OOH]

2+) raises
questions in regard to the benefit of using low steady state
concentrations of H2O2 to circumvent wasteful disproportiona-
tion, except perhaps where the substrate can interact with
complexes equivalent to 3 as shown by Nam and coworkers
with the complex ½FeðIIÞð12 � TMCÞðCH3CNÞ2�

2þ.[10]

Experimental

Materials

Solvents, H2O2 (50 vol%), and reagents were obtained from
commercial sources and used as received (H2O2 from Sigma
Aldrich). Solvents for spectroscopic studies were spectrophotomet-
ric grade. [(N4Py)Fe(II)(CH3CN)](ClO4)2 (1) was available from earlier
studies.[14]

Physical methods

NMR spectra were recorded on a Bruker 400 MHz spectrometer. UV/
vis absorption spectra were recorded on a Specord600 (AnalytikJe-
na) or Specord210plus spectrometer in 1 cm pathlength quartz
cuvettes unless stated otherwise. Raman spectra at 785 nm were
recorded with excitation by an ONDAX Mini-Benchtop Stabilized
Laser at 785 (500 mW at source) or a Cobolt 08-NLDM (500 mW at
source) coupled with a 100 micron multimode optical fibre to a
Raman probe (Avantes). The Raman scattering was collected by the
probe and passed by a round to line bundel optical fibre to the
Shamrock163i spectrograph with a 600 l/mm 830 nm blazed
grating and a idus-420-BEX2-DD CCD camera (Andor Technology).
Raman spectra at 1064 nm were recorded with a 500 mW fibre
coupled 1064 nm CW laser (Cobolt lasers) terminated with a
collimation lens and directed into the optical path of the
spectrometer with a 45° long pass dichroic beamsplitter and
focused onto the sample with a 35 mm focal length 25 mm
diameter lens. Raman scattering was collected by the same lens
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and pass through the dichroic beamsplitter and a long pass filter
(1064 nm, Semrock) to reject Rayleigh scattering and focused with
a 35 mm focal length planoconvex lens into a Shamrock 193i
spectrograph equipped with a idus-InGaAs diode array (Andor
Technology) with a 860 nm blazed 300 l/mm grating. Raman
spectra at 532 nm were recorded using a 300 mW laser (Samba,
Cobolt lasers) in 180 ° backscattering geometry. A 45° long pass
dichroic mirror directed the laser into the optical axis of the
spectrometer. The laser was focused and Raman scatttering
collected with a 7.5 cm planconvex lens. The collimated Raman
scattering pass through the dichroic and a long pass filter before
being focused by a 7.5 cm planconvex lens into a Shamrock300i
spectrograph equipped with a 1200 l/mm grating blazed at 500 nm
and a Newton EMCCD-DU970 camera (Andor Technology). The slit
width was set to 50 μm. Spectra were acquired with Andor Solis
with spectral calibration with cyclohexane (ASTM E 1840). Spectra
were typically 0.1 to 1 s acquisitions and 10 accumulations.

Density Functional Theory

The S12 g functional together with the TZ2P basis set in ADF/
QUILD/AMS 2022 was used for all optimizations, frequency
calculations and MECP optimizations. Broken symmetry DFT was
used for quartet states, where the spin was flipped between the
iron center and the molecular oxygen.

Oxygen quantification by head space operando Raman
spectroscopy

Quantification of 3O2 in the head space of a closed cuvette by
Raman spectroscopy requires consideration of the optical arrange-
ment of the spectrometer system used and in particular the overlap
of the confocal volume (volume of space from which Raman
scattering is collected by the Raman probe optics), with the internal
volume of the cuvette, as the confocal depth can exceed the depth
of the cuvette. This overlap was determined by recording Raman
spectra from the headspace of a cuvette before and after purging
with argon (see SI for details, Figure S2). Considering a sealed
cuvette (5.07 mL volume), in which 1.5 mL is liquid phase consisting
of methanol (1.5 mL, solvent), H2O2 (17 μL, 200 mM, 50 wt%
(aqueous)), 1 (0.5 mM, by addition of 0.375 mL of a 2 mM solution
of the complex in MeOH) at 19 °C. The final volume of the
headspace above the reaction mixture was 3.57 mL. Although
disproportionation takes place in the liquid phase, the maximum
solubility of 3O2 in methanol is exceeded rapidly (see SI) and it is
released essentially quantitatively into the headspace. The compo-
sitions of the reaction mixture and the headspace were monitored
by Raman spectroscopy simultaneously with two probes. One
Raman probe (λ785) was focused at the head space to monitor the
change in Raman scattering intensity from 3O2 (1555 cm

� 1) and N2

(2329 cm� 1). A second Raman probe (λ785) was focused at the liquid
phase to monitor conversion of H2O2 through the decay in the
intensity of O� O stretch band of the H2O2 (872 cm

� 1). The oxygen
liberated during the reaction was calculated from the Raman data
obtained.

In our earlier report on the disproportionation of H2O2 by 1 in
methanol,[14] we noted an incomplete mass balance with 28% of
the H2O2 accounted for by disproportionation to H2O and 3O2 and
only 2% of H2O2 used in the oxidation of methanol to
formaldehyde (i. e.the oxidation product of the reaction of meth-
anol with, e.g., 4 and/or hydroxyl radicals). Hence, ca. 70% of the
H2O2 was unaccounted for. We revisited the experiment here and
determined that the incomplete mass balance was due to an error
in the method of calculation used earlier together with unac-
counted for contributions from Raman scattering from air in the the

part of the confocal volume outside of the cuvette (see SI for
details). Reanalysis of earlier data, and repeat of those experiments
here, confirms that the mass balanced was 99% + /� 3% with
regard to H2O2 and hence greater >95% is disproportionated to
H2O and 3O2 as was concluded earlier. The formula (Equation 1) to
quantify the 3O2 liberated from the reaction mixture into the
headspace of the closed cuvette and the method used to calculate
the concentration of 3O2 inside the head space and solution is
discussed in detail in Section 1 in the supporting information).

Number of moles of liberated O2¼ nO2
¼

Raman Integral Ratio � 1ð Þ �

ðpO2 ;i Pa½ � � VH m
3½ � �

1
RTi

mol
Pa�m3

h i
þ

CO2 ;i
m3

m3

h i
� VL m

3½ � �
1

Vm;O2

mol
m3

h i
Þ

(1)

Where pO2 ;i , initial partial pressure of 3O2, VH, volume of the head
space of the cuvette, R, gas constant, T , temperature, CO2 ;i, initial
solubility of 3O2 in methanol, VL, volume of the liquid inside the
cuvette, and Vm;O2

, the molar volume of 3O2.

The area underneath the νOO str band of 3O2, after purging the
cuvette with argon, was subtracted from the area with air, both
normalised to the Raman band of N2. The ratio between these
corrected areas was used as the starting point for the quantification
(Equation 1). It should be noted that the contribution of 3O2 outside
the cuvette to the Raman scattering collected is that the intensity
of the Raman band will always be above the limit of detection/
quantification. The area of a Raman band is linearly proportional to
the partial pressure and therefore the increase in the number of
moles of 3O2 in the head space (Equation 1). The overall increase in
gas pressure increases the solubility of 3O2 in the methanol, which
can be calculated using Henry’s law. Hence, the increase the overall
amount of 3O2 inside the cuvette is the sum of the increase in 3O2 in
the head space and the increase of dissolved 3O2 in the methanol
(Equation 1).

1O2 trapping experiments

Reaction with 1 at 22% conversion of α-terpinene

An empty cuvette was purged with argon and a spectrum recorded
at 532 nm to determine Raman scattering intensity originating from
inside and outside of the cuvette. Then, the cuvette was air-
equilibrated and 0.122 mL α-terpinene (0.75 mmol, 0.5 M) and
14 μL 50% H2O2 (aq.) (0.25 mmol, 166 mM H2O2 ) were added to
1.26 mL of methanol. 0.5 mM 1 (by addition of 0.100 mL of a
solution of 2.6 mg 1 in 0.5 mL methanol) was added to the cuvette
to initiate the reaction and Raman spectra were recorded over
3700 s (at 532 nm head space: a series of 185 spectra with 2 s
acquisition and 10 accumulations per spectrum; at 1064 nm liquid
phase: a series of 250 spectra with 5 s acquisition and 4
accumulations per spectrum).

Reaction with 1 at 50% conversion of α-terpinene

A solution of 1.26 mL methanol, 0.122 mL α-terpinene (0.75 mmol,
0.5 M) and 42.6 μL 50% H2O2 (aq.) (0.75 mmol, 0.5 M H2O2 ) was
prepared. The 1H-NMR spectrum of a sample was recorded. 0.5 mM
1 (added as 0.1 mL of a stock solution of 2.6 mg 1 in 0.5 mL
methanol) was added to the cuvette to initiate the reaction and
Raman spectra were recorded over 7200s (at 785 nm for the liquid
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phase: a series of 360 spectra with 1 s acquisition time and 20
accumulations per spectrum). A sample was withdrawn for 1H-NMR
spectral analysis.

Reaction with α-terpinene with H2O2 and Li2MoO4

A solution of 1.21 mL methanol, 0.122 mL α-terpinene (0.75 mmol,
0.5 M) and 26 mg (0.15 mmol, 0.1 M) Li2MoO4 was prepared. A
sample for 1H-NMR spectroscopy was recorded. 170 μL 50% H2O2

(aq.) (3 mmol, 2 M H2O2 ) was added in portions to the cuvette (3
portions, 56.7 μL each; after 0 h, 1 h and 1.5 h). Raman spectra were
recorded over 7200 s (at 785 nm for the liquid phase: a series of
360 spectra with 1 s acquisition time and 20 accumulations per
spectrum). A sample was withdrawn for 1H-NMR spectral analysis.

NIR emission spectroscopy
1O2 emission spectra were recorded using a spectrometer optimized
for Raman spectroscopy at λexc1064 nm (see experimental section
“physical methods” for details). The spectrograph slit width was
10 μm for Raman spectroscopy and 25 μm for emission spectro-
scopy. The collection path was optimized using Raman scatter from
cyclohexane, and spectra were calibrated using cyclohexane (ASTM
E 1840). Reference spectra for 1O2 emission were recorded using
½RuðbipyÞ3�

2þ with excitation at 450 nm (35 mW) directed to follow
the collection path using a dichroic mirror (DMPL900, Thorlabs).

A Raman probe (λ785) focused on the head space of the cuvette
equipped with a screw cap and septum holding the reaction
mixture. Experiments with 1 were conducted with 1 (0.5 mM, added
as 0.5 mL of a 1.5 mM 1 solution in CD3OD) with an additional 1 mL
CD3OD. H2O2 (275 mM, 23 μL 50 wt% H2O2 in H2O added) was
added through the septum of the cuvette by syringe to initiate the
reaction. For experiments with MoO4

2� 1, Li2MoO4 (43 mM, 16.5 mg)
was added to 1.59 mL CD3OD, followed by H2O2 (263 mM, 23 μL
50 wt% H2O2 in H2O added by syringe) to initiate the reaction.

A control experiment to determine potential interference of 1 and
its oxidation products with the luminescence of 1O2 emission was
carried out using the oxygen sensitiser ½RuðbipyÞ3�

2þ with excitation
at 450 nm (35 mW). A solution of 30 μM ½RuðbipyÞ3�

2þ in methanol
was prepared (A=1.73 at λmax=285 nm) from which 1.05 mL was
added to a cuvette. 0.15 mL of a 5 mM 1 solution in methanol was
added to the cuvette to obtain 0.65 mM 1 and 27 μM ½RuðbipyÞ3�

2þ

in 1.2 mL methanol and a luminescence spectrum was recorded.
Ca. 3 equiv. H2O2 w.r.t. 1 (2.2 mM H2O2, added as 3 μL of a 883 mM
H2O2 solution in methanol) was added to the solution to convert to
a and another luminescence spectrum was recorded. Consequently,
H2O2 (177 mM, added as 0.3 mL of a 883 mM H2O2 solution in
methanol) was added to the solution and the emission spectrum
was monitored over 2 h. The final concentrations were 21 μM
½RuðbipyÞ3�

2þ, 0.5 mM 1, and 177 mM H2O2 in 1.5 mL methanol.
Head space Raman spectra (λ785) were recorded before and after
addition of excess (177 mM) H2O2.

Computational studies

Computational studies were performed using ADF[36] and
QUILD,35[37,38] as reported earlier.[14] Briefly, geometry optimization
and frequency calculations were performed using the unrestricted
density functional S12 g spin-state consistent functional[39,40] with a
triple-ζ valence plus double polarization (TZ2P) basis set. Free
energy (ΔG) corrections, thermal and entropic corrections were
made from frequency calculations at 298 K. The solvation energy
was considered using methanol as a solvent with the COSMO
solvation model as implemented in ADF.[41] A VeryGood grid was

used for all calculations, except for the frequency calculations
which were run with a Normal grid. Scalar relativistic corrections
have been included self-consistently in all calculations by using the
zeroth-order regular approximation (ZORA).[42] All DFT calculations
were performed using the unrestricted Kohn-Sham scheme.

Numerical simulation of the catalytic decomposition of H2O2

Numerical simulation was performed in Python using the “odeint”
module from the “scipy.integrate” package. The set of elementary
reaction steps with corresponding differential equations of the
species involved, as well as the python script, are reported as
supporting information. The 3, H2O2, and

3O2 were quantified from
experimental data as follows: [3] was estimated from the
absorbance at 550 nm (ε=1100 M� cm� 1), H2O2 from Raman
spectra using a calibration curve (Figure S18), and 3O2 via the
quantification method described earlier.

Reactions with 1 (0.25 mM)

A solution of 0.25 mM 1 in 2 mL methanol (added as 1 mL of a
0.5 mM 1 solution in methanol) was added to a cuvette. While
recording UV/visible absorption (Specord600), 10 equiv. H2O2

(added as 28 μL 176 mM H2O2), 30 equiv. H2O2 (added as 8.5 μL
1.8 M H2O2), or 200 equiv. H2O2 (added as 57 μL 1.8 M H2O2) was
added.

Reaction with 1 (0.5 mM) concurrently monitored by Raman
(head space and liquid phase) and UV/vis absorption
spectroscopy

A solution of 0.5 mM 1 in 1.1 mL methanol (added as 0.3 mL of a
5 mM 1 solution in methanol) was added to a 1 cm path length
cuvette with screw-cap and septum. While recording UV/visible
absorption (home setup, using an Avantes spectrometer and
lightsource), and headspace and liquid phase Raman spectra at
785 nm, H2O2 (194 mM, added as 0.4 mL of a 710 mM H2O2 solution
in methanol) was added through the septum to the cuvette. The
reaction was monitored over 2 h. Head space Raman scattering
were corrected for air in the part of the confocal volume outside of
the cuvette as described before.

Similarly, reactions were performed with different amounts of H2O2:
for 100, 50, 20, and 5 equiv. H2O2, respectively 0.1 mL, 50 μL, 20 μL,
and 5 μL of a 710 mM H2O2 solution in methanol was added to a
solution containing 0.5 mM 1 (added as 0.3 mL of a 5 mM 1
solution in methanol), where different amounts of methanol were
added to result in a 1.5 mL total volume.

Reaction with 1 (50 μM )

A solution of 50 μM 1 in 19.6 mL methanol (added as 0.2 mL of a
5 mM 1 solution in methanol) was added to a 10 cm path length
cuvette. While measuring UV/visible absorption, H2O2 (18 mM,
added as 0.4 mL of a 883 mM H2O2 solution in methanol) was
added as evenly as possible over the length of the 10 cm path
length cuvette and the solution was mixed by pipetting in and out
the solution. The UV/vis absorption spectra were recorded over 3 h.

Reaction with 1 (1 mM)

A solution of 1 mM 1 in 0.9 mL methanol (added as 0.3 mL of a
5 mM 1 solution in methanol) was added to a 1 cm path length
cuvette. While measuring UV/vis absorption, H2O2 (350 mM, added
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as 0.6 mL of a 883 mM H2O2 solution in methanol) was added as
evenly as possible over the length of the 10 cm path length cuvette
and the solution was mixed by pipetting in and out the solution.
The UV/vis absorption spectra were recorded over 2 h.

Reaction with 1 (5 mM)

A solution of 5 mM 1 in 0.5 mL methanol was added to a 2 mm
path length cuvette. While measuring UV/vis absorption spectra,
H2O2 (90 mM, added as 0.057 mL 50 wt% H2O2 (aq.)) was to the
2 mm path length cuvette and the solution was mixed by pipetting
in and out the solution. The UV/vis absorption spectra were
recorded over 2 h.
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Catalytic decomposition of H2O2 by an
iron catalyst is shown to via a Fe-
(III)OOH intermediate. Surprisingly the
expected homolysis of the O� O

bound to yield Fe(IV)=O species does
not occur significantly and oxidation
products are due to radical chain
reactions.
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