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Abstract. Hydrogen peroxide and peroxymonocarbonate anion-based bleach reactions are impor-
tant for many applications such as paper bleach, waste water treatment and laundry. Nonheme
iron(III) complexes, [FeIII(L1−4)Cl2] with the 1,3-bis(2′-Ar-imino)isoindolines ligands (HLn , n =1–4,
Ar = pyridyl, thiazolyl, benzimidazolyl and N-methylbenzimidazolyl, respectively) have been shown
to catalyze the oxidative degradation of morin as a soluble model of a bleachable stain by H2O2 in
buffered aqueous solution. In these experiments the bleaching activity of the catalysts was signifi-
cantly influenced by the Lewis acidity and redox properties of the metal centers, and showed a linear
correlation with the FeIII/FeII redox potentials (in the range of 197–415 mV) controlled by the mod-
ification of the electron donor properties of the ligand introducing various aryl groups on the bis-
iminoisoindoline moiety. A similar trend but with low yields was observed for the disproportionation
of H2O2 (catalase-like reaction) which is a major side reaction of catalytic bleach with transition metal
complexes. The effect of bicarbonate ions might be explained by the reduction of Fe(III) ions and/or
the formation of peroxymonocarbonate monoanion, which is a much stronger oxidant and could in-
crease the formation of the catalytically active high-valent oxoiron species.
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1. Introduction

Oxidation reactions including low-cost and non-
toxic transition metallic catalysts and green oxidants
such as H2O2 have been extensively studied [1–4]. We
have shown previously that iron, manganese, copper,
cobalt and nickel 1,3-bis(2′-Ar-imino)isoindoline

∗Corresponding author.

complexes can mediate many types of redox re-
actions depending on their oxidation state, redox
potential and the choice of oxidant [5]. Depend-
ing on the substrate, these reactions have been
used as functional models of superoxide dismu-
tase [6–8], catalase [9–11], phenoxazinone synthase,
catechol oxidase [12], catechol and flavonol dioxy-
genase enzymes [13,14]. Furthermore, their iron
complexes can be used as catalysts for the oxidation
of alcohols and sulfides [15,16]. The activity of the
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hydrogen peroxide-based bleach reactions can also
be increased by the use of transition metal-based cat-
alysts [17–19]. These include mainly manganese and
iron complexes with salen, macrocyclic tetraamido
and other polypyridyl-type ligands [20–30]. Re-
cently, we synthesized a series of divalent man-
ganese complexes MnII(HL1−6) with the 1,3-bis(2′-
Ar-imino)isoindolines and which are used as bleach-
ing catalysts [31]. We have shown that the activity of
the catalysts is significantly influenced by the Lewis
acid and redox properties of the metal centers which
can be controlled by varying the aryl substituent
on the bis-iminoisoindoline moiety. The great vari-
ability of possible metal and ligand might result in
a large variety of complexes with tunable catalytic
properties. As a continuation of these studies, efforts
have been made to evaluate the bleaching poten-
tial of our previously prepared [FeIII(L1−4)Cl2] com-
plexes by the use of morin as a model compound for
bleaching stain, to understand how the parameters
influence the activity and how the catalytic activity
can be optimized compared to our manganese sys-
tem (Scheme 1). These kinds of catalytic systems are
increasingly important for many applications such
as pulp and paper bleach and waste water treatment.

2. Experimental section

2.1. Materials and methods

The ligands 1,3-bis(2′-Ar-imino)isoindolines (HLn ,
n = 1–4, Ar = pyridyl, thiazolyl, benzimidazolyl and
N -methylbenzimidazolyl, respectively) and their
complexes [FeIII(L1−4)Cl2] (1–4) were prepared ac-
cording to published procedures [5]. UV/Vis spec-
tra were recorded with an Agilent 8453 diode-array
spectrophotometer with quartz cells.

2.2. Description of the catalytic bleaching

Bleaching experiments were carried out as described
previously for 1,3-bis(2′-Ar-imino)isoindoline man-
ganese complexes to allow comparison of the two
systems. Kinetics of morin bleach were monitored on
an Agilent 8453 diode-array spectrophotometer us-
ing thermostated quartz cells equipped with a mag-
netic stirring unit. The initial absorbance of morin in
buffer solution was measured, and its bleaching re-
action was followed as the decrease in absorbance

Scheme 1. Structure of the 1,3-bis(2′-Ar-
imino)isoindoline ligands used for the synthe-
sis of [FeIII(L1−4)Cl2] (1–4) catalysts involved in
this study.

at 410 nm. In a typical experiment, the cuvette (l =
1 cm) was filled with 3 mL buffer solution contain-
ing 0.62 µM catalyst, 160 µM morin, and the bleach-
ing reaction initiated by adding 10 mM H2O2 into
the reaction mixture (Tables 1 and 2). The pH was
adjusted by 50 mM sodium carbonate–bicarbonate
(CO2−

3 /HCO−
3 ) buffer (pH 10) or 25 mM borax buffer

(pH 8.5), respectively. First-order rate constants were
calculated using Biochemical Analysis Software for
Agilent ChemStation software.

2.3. Description of the catalase-like activity

Catalytic reactions were performed at 20 °C in a
30 mL thermostated reactor connected with a grad-
uated burette filled with oil. To determine the time
dependence of H2O2 decomposition, 0.211 mM
(final concentration) of the complex dissolved in
1 mL DMF was added to 19 mL of a stirred sodium
carbonate–bicarbonate (CO2−

3 /HCO−
3 ) buffer solu-

tion (0.05 M NaHCO3/0.1 M NaOH, pH 9.6) contain-
ing 0.447 M H2O2, and the evolved oxygen measured
volumetrically at time intervals of 15 s. Initial rates
were expressed as M·s−1 by taking the volume of
the solution into account, and calculated from the
maximum slope of the evolved dioxygen versus time
(Tables 3 and 4).

C. R. Chimie — 2021, 24, n 2, 351-360
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Table 1. Summary of kinetic data for the catalytic oxidation of morin with [FeIII(L1)Cl2] (1) in sodium
carbonate–bicarbonate (CO2−

3 /HCO−
3 ) buffer at pH 10 (and in borax buffer at pH 8.5) and 25 °C

[1]
(10−7 M)

pH [H2O2]
(10−3 M)

[CO2−
3 /HCO−

3 ]
(10−3 M)

[Morin]
(10−4 M)

kobs

(10−3 s−1)
kox

(107 M−3·s−1)

6.2 8.5 10 — 1.6 0.691 —

6.2 10 10 50 1.6 3.20 1.03±0.03

16 10 10 50 1.6 8.10 1.01±0.04

25 10 10 50 1.6 12.63 1.01±0.06

6.2 10 7.5 50 1.6 2.43 1.04±0.03

6.2 10 5 50 1.6 1.64 1.05±0.02

6.2 10 12 50 1.6 3.90 1.04±0.04

6.2 10 10 100 1.6 6.41 1.03±0.02

6.2 10 10 200 1.6 12.53 1.01±0.04

6.2 10 10 300 1.6 18.76 1.01±0.04

6.2 10 10 50 1.2 3.27 1.05±0.02

6.2 10 10 50 0.8 3.23 1.04±0.03

6.2 10 10 50 0.4 3.26 1.05±0.01

Table 2. Summary of kinetic data for the cat-
alytic oxidation of morin with [FeIII(L1−4)Cl2]
(1–4) in sodium carbonate–bicarbonate
(CO2−

3 /HCO−
3 ) buffer at pH 10 and 25 °C

Cat. kFe

(103 s−1)
kox

(107 M−3·s−1)
Epa (FeIII/FeII)

(mV)

1 5.011 1.03 415

2 2.253 0.45 302

3 1.615 0.32 229

4 1.255 0.25 197

([CO2−
3 /HCO−

3 ] = 50 mM, [Fe] = 0.62 µM, [Morin]
= 0.16 mM and [H2O2] = 10 mM).

3. Results and discussion

Porphyrin and phthalocyanine metal complexes are
known for many transition metals, but iron and man-
ganese metals are the most suitable choices for a
wide range of oxidation reactions due to their vari-
able oxidation states and readily tunable proper-
ties such as Lewis acidity and redox potentials [32–
35]. The chemical modification of porphyrin led to
the 1,3-bis(2′-Ar-imino)isoindolines, where the sol-
ubility, electronic structure and steric properties of
the ligand as well as their complexes can be easily

tuned, introducing various aryl groups on the bis-
iminoisoindoline moiety [5]. This system resulted in
several oxidation catalysts with high catalytic effi-
ciencies and selectivities. Recently we reported a ki-
netic study of H2O2 and morin oxidation in aque-
ous solution by 1,3-bis(2′-Ar-imino)isoindoline man-
ganese complexes, where both the catalase-like and
the bleaching activity showed a linear correlation
with the MnIII/MnII redox potentials, and were re-
markably influenced by the concentration of the bi-
carbonate ions [31]. We now report a kinetic study
of the H2O2 and morin oxidation by 1,3-bis(2′-Ar-
imino)isoindoline iron(III) complexes and compare
the reactions of the manganese and iron catalysts.

3.1. Catalytic oxidation of morin

The bleaching activity of [FeIII(L1−4)Cl2] (1–4) was in-
vestigated in the oxidation of morin dye as a model
marker for wine stains, utilizing H2O2 as the cooxi-
dant and bicarbonate as additive at 25 °C (Scheme 2).
It is well known that H2O2 reacts with bicarbonate
anion to generate the peroxymonocarbonate which
is a promising oxidant for bleaching [36].

First we investigated the effect of the pH value of
the aqueous solution and found that the best activity
was observed at pH 10 for 1 (Figure 1). Lowering

C. R. Chimie — 2021, 24, n 2, 351-360
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Scheme 2. Catalytic oxidation of morin by [FeIII(L1−4)Cl2] (1–4) complexes.

Table 3. Comparison of the [FeIII(L1−4)Cl2] (1–4) catalyzed disproportionation reaction of H2O2 in
sodium carbonate–bicarbonate (CO2−

3 /HCO−
3 ) buffer at pH 9.6 and 20 °C

Cat. E o
pa(FeIII/FeII) (mV) Yield (%) TONa TOFb (h−1) V0 (10−4 M·s−1)

1 415 21 451 9216 5.80

2 302 17 376 7164 3.95

3 229 11 239 5292 2.81

4 197 9 199 4428 2.30

FeCl3 — 3.5 75 — —

([Fe] = 0.211 mM and [H2O2] = 0.447 M).
a Turnover number = moles of converted substrate (H2O2)/moles of catalyst.

b Turnover frequency = TON/h.

Table 4. Bicarbonate dependence of the
[FeIII(L1)Cl2] (1) catalyzed disproportiona-
tion reaction of H2O2 in sodium carbonate–
bicarbonate (CO2−

3 /HCO−
3 ) buffer at pH 9.6 and

20 °C

Cat. [CO2−
3 /HCO−

3 ]
(M)

Yield
(%)

V0

(10−4 M·s−1)

1 0.05 21 5.80

1 0.1 22 6.41

1 0.3 24 9.44

1 0.5 25 11.1

1 — 3.5 —

([Fe] = 0.211 mM and [H2O2] = 0.447 M).

the pH resulted in a significant drop in the observed
reaction rates (kobs = 3.2 × 10−3 s−1 at pH 10, and
0.691 × 10−3 s−1 at pH 8.5). This finding is consis-
tent with the protonation state of the substrate (pKa
values of morin are 3.5 and 8.1) and H2O2 (the con-
centration of HOO− is high at pH 10), factors that

Figure 1. Time-dependent UV–Vis spectra of a
0.16 mM solution of morin at pH 10 in the pres-
ence of 10 mM H2O2 and 0.62 µM [FeIII(L1)Cl2]
(1) at 25 °C. (Inset) Time course of the bleach-
ing activity at pH 10 and pH 8.5.

determine the reactivity [19]. Under these conditions
the bleaching of morin was completed within 5 min
with approximately 45 catalytic cycles per minute

C. R. Chimie — 2021, 24, n 2, 351-360
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Figure 2. Catalytic oxidation of morin with [FeIII(L1)Cl2] (1) in sodium carbonate–bicarbonate
(CO2−

3 /HCO−
3 ) buffer at pH 10 and 25 °C. (A) Dependence of the first-order rate constant (kobs) on

the H2O2 concentration (Table 1). (B) Dependence of the first-order rate constant (kobs) on the HCO−
3

concentration (Table 1). (C) Dependence of the first-order rate constant (kobs) on the [FeIII(L1)Cl2] (1)
concentration (Table 1). (D) Dependence of the initial reaction rate (Vo) on the morin concentration
(Table 1).

(Figure 1). A similar, but slightly smaller value (∼20)
was observed for the analogous manganese(II) com-
plex [MnII(L1)Cl2] [31]. However, the bleaching ac-
tivity of the 1,3-bis(2′-Py-imino)isoindoline iron(III)
complex is at least 15–20 times smaller than that
of manganese terpyridine (TOF ∼ 800/min), and
one order of magnitude smaller than that of iron
phthalocyanine complexes [22].

To get more insight into the mechanism of this
important reaction, detailed kinetic measurements
were carried out. In order to determine the rate de-
pendence on the various reactants, oxidation runs
were performed with only the initial concentration
of one reactant being varied and the other three
initial concentrations remaining the same (pseudo-

first-order conditions). The concentrations related
to the investigation of catalyst dose variations were
as follows; [1]:[H2O2]:[HCO−

3 ]:[Morin] = (6.2 − 25) ×
10−4:10:50:0.16 mM. In the case of oxidant variation;
[1]:[H2O2]:[HCO−

3 ]:[Morin] = 6.2 × 10−4:(5–12):50:
0.16 mM. In the case of bicarbonate variation;
[1]:[H2O2]:[HCO−

3 ]:[Morin] = 6.2× 10−4:10:(50–300):
0.16 mM). Finally, in the case of substrate variation;
[1]:[H2O2]:[HCO−

3 ]:[Morin] = 6.2 × 10−4:50:50:(0.04–
0.16) mM. The results from the investigation are
summarized in Figures 2A–D.

Based on these results, the rate of morin decom-
position can be described by the following equation,
−d[morin]/dt =V = kox[1−4][H2O2][HCO−

3 ][Morin],
where kox = 1.03 × 107 M−3·s−1 for 1 and 0.25 ×

C. R. Chimie — 2021, 24, n 2, 351-360
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107 M−3·s−1 for 4. The bleaching activity of the
pyridyl containing complex was at least four times
higher than that of [FeIII(L4)Cl2] (4) with benzim-
idazolyl side chains. A similar trend was observed
for the analogous [MnII(HL1−4)Cl2] system, where
the kox value of [MnII(HL1)Cl2] with pyridyl arms
(kox = 0.53×107 M−3·s−1) was twice as small as that
of 1 under the same conditions. We can conclude
that the iron complex shows a significantly higher
activity than the corresponding manganese complex.
In summary, the reaction shows first-order depen-
dence with all reactants; H2O2 (Figure 2A), HCO−

3
(Figure 2B), [FeIII(L1)Cl2] (Figure 2C) and morin
(Figure 2D).

Similarly to our system, the non-innocent role of
the phosphate and sodium carbonate–bicarbonate
(CO2−

3 /HCO−
3 ) buffers has been established in the

H2O2 oxidative decomposition of various aromatic
pollutants, catalyzed by iron(III) tetrasulfophthalo-
cyanine [37] and iron(III) TAML complexes [38]. In
the latter case, it was clearly revealed that picric acid
was not oxidized in their absence. The role of buffer
components has been clarified by kinetic measure-
ments, which was of first order in the concentra-
tion of the catalyst, and showed ascending hyper-
bolic dependencies in the concentrations of H2O2,
substrate and phosphate/carbonate, suggesting pre-
equilibrium processes before the rate-determining
step. Our results are in line with the above. The
key step is the formation of the high-valent oxoiron
species, which can be explained by two alternative
mechanisms (Scheme 3).

The increase in activity in the presence of HCO−
3

might in part be caused by a direct interaction of
the deprotonated HOO− anion with the coordinated
(Route 1a in Scheme 3) or noncoordinated (Route 1b
in Scheme 3) bicarbonate anion in a nucleophilic
step resulting in their partial conversion to peroxy-
monocarbonate monoanion (HCO−

4 ). This species is
a much stronger oxidant than H2O2 and could in-
crease the formation rate of the catalytically active
high-valent oxoiron species, which is responsible for
the morin (H2O2) oxidation (Scheme 3).

The beneficial effect of HCO−
3 on iron reduction

has also been postulated in the presence of various
chelating ligands [39]. Morin as a chelating ligand is
a good candidate for the complexation with Fe(III).
This equilibrium step above can be supported by the
first-order dependence on the morin concentration

Figure 3. Time course of the bleaching activity
in the absence and in the presence of 2,4,6-tBu-
PhOH at pH 10 and 25 °C ([1] = 0.62 µM and
[H2O2] = 10 mM).

and the appearance of a new absorption band in the
spectrum (∼450–500 nm), which can be assigned to
the formation of stable five-membered chelate ring
with the iron(III) ion [40–42]. It can also been seen
that the reaction was significantly inhibited by the
use of sterically hindered 2,4,6-tri-tert-butyl phenol
(2,4,6-tBu-PhOH) as •OH scavenger (Figure 3). In
this manner, the formation of hydroxyl radicals and
their non-selective reactions cannot be excluded,
but for the bleaching applications a distinction be-
tween •OH and a high-valent oxoiron species may
not be necessary. In summary, the mechanism of the
bleaching reaction might be explained by the paral-
lel selective metal-based, and non-selective radical
processes (Scheme 4), where the first step is the hy-
drogen atom transfer (HAT), resulting in the forma-
tion of morin radical. This radical can then easily re-
act with dioxygen and/or hydroperoxyl radical form-
ing 1,4-endoperoxide, which decomposes by loss of
CO to substituted O-benzoylsalicylic acid and their
hydrolyzed products [43], similarly to a quercetinase
enzyme reaction [42]. The base-catalyzed air oxi-
dation of morin is negligible under our conditions
[40,41].

The modification of the ligand in the model cata-
lysts (pyridyl (1), thiazolyl (2), benzimidazolyl (3) and
N-methylbenzimidazolyl (4) show a decreasing reac-
tion rate in the listed order (Figure 4A). The cyclic
voltammograms of the catalysts 1–4 exhibited a de-
creasing oxidation potential in DMF, 1 = 415, 2 = 302,
3 = 222 and 4 = 197 mV (100 mV·s−1 scan rate, Fc/Fc+

C. R. Chimie — 2021, 24, n 2, 351-360
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Scheme 3. Proposed mechanism of bleaching reaction and H2O2 disproportionation.

internal standard, 0.1 M) (Table 3) [13,44]. The de-
crease in the redox potential stabilizes the Fe(III)
state, while the increase in it makes the Fe(III) center
more easily reducible, stabilizing the iron(II) form.
This is in agreement with the assumption that a faster
reaction rate is observed with higher oxidation po-
tential of the catalyst (1) (Figure 4B). Figure 4B shows
that complex 1 with pyridine arms is the best oxidant
and has the highest kFe among these complexes.

3.2. Catalytic oxidation of H2O2

Our model experiments with morin revealed that
the complexes are relatively stable under aqueous

alkaline conditions in the presence of hydrogen per-
oxide and bicarbonate ions, and the optimal pH for
bleaching activity is around 10, where the reactiv-
ity values are slightly higher than those of analogous
manganese complexes. To get high bleach (or oxida-
tion) performance, one of the most important crite-
ria of the catalysts, is that it must possess a low activ-
ity to catalyze the non-productive decomposition of
H2O2. This process is the major side reaction of the
transition metal catalysts. To test the catalase-like ac-
tivity of the 1,3-bis(2′-Ar-imino)isoindoline-iron(III)
complexes the reactions were performed in alka-
line aqueous solution at pH 9.6 (sodium carbonate–
bicarbonate (CO2−

3 /HCO−
3 ) buffer) and 20 °C (Fig-

ure 5). Figure 5A shows the time dependence of the

C. R. Chimie — 2021, 24, n 2, 351-360
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Scheme 4. Proposed mechanism of the morin oxidation.

Figure 4. Catalytic oxidation of morin with [FeIII(L1−4)Cl2] (1–4) in sodium carbonate–bicarbonate
(CO2−

3 /HCO−
3 ) buffer at pH 10 and 25 °C (Table 2). (A) Dependence of the first-order rate constant

(kobs) on the [FeIII(L1−4)Cl2] (1–4) concentration (Table 2). (B) Dependence of the rate constant (kFe)
on the oxidation potential (Epa) of the [FeIII(L1−4)Cl2] (1–4) complexes in sodium carbonate–bicarbonate
(CO2−

3 /HCO−
3 ) buffer (pH 10).

disproportionation of H2O2, measuring the evolved
dioxygen. It took less than 3 min to have about
21% yield (TON = 451 based on H2O2) for com-
plex 1 and it decreases in the order 2 (17%) > 3
(11%) > 4 (9%). A much lower yield was obtained for
FeCl3 (∼2%) (Table 3). It is worth noting that com-
plex [FeIII(L1)Cl2] (1) is a less efficient catalyst (cata-
lase mimic) when compared to the previously pub-
lished manganese analogous [MnII(HL1)Cl2] (Yield =
33%, TON = 692 for H2O2 decomposition). It is
worth noting that most of the used catalysts bleach

well with the peroxide level typically present in the
detergents.

Based on kinetic studies, the reaction rate is di-
rectly proportional to the concentration of H2O2

and shows Michaelis–Menten-type saturation kinet-
ics on [HCO−

3 ]0 with Vmax = 1.29(6) × 10−3 M·s−1,
KM = 96 mM, kc = 6.1 s−1 at 20 °C, establishing a
pre-equilibrium process (Figure 6A). Similarly to
the bleaching process including both the 1,3-bis(2′-
Ar-imino)isoindoline-iron(III) and manganese(II)
systems, the higher the redox potentials of the

C. R. Chimie — 2021, 24, n 2, 351-360
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Figure 5. Kinetic analysis for the hydrogen peroxide disproportionation catalyzed by [FeIII(L1−4)Cl2] (1–
4) complexes in sodium carbonate–bicarbonate (CO2−

3 /HCO−
3 ) buffer at pH 9.6 and 20 °C (Table 3).

(A) Time traces for reaction of [FeIII(L1−4)Cl2] (1–4) with H2O2 in the presence of bicarbonate ions.
(B) Dependence of the reaction rate on the oxidation potential (Epa) of the [FeIII(L1−4)Cl2] (1–4) (Table 3).

Figure 6. Kinetic analysis for the hydrogen peroxide disproportionation catalyzed by [FeIII(L1)Cl2] (1–4)
complexes in sodium carbonate–bicarbonate (CO2−

3 /HCO−
3 ) buffer at pH 9.6 and 20 °C (Table 3). (A) De-

pendence of the initial reaction rate (Vo) on the H2O2 concentration. (B) Dependence of the initial reac-
tion rate (Vo) on the HCO−

3 concentration. Conditions: [1]0 = 2.11×10−4 M.

FeIII/FeII redox couple (Epa), the higher the rate of the
H2O2 disproportionation (logV0) which means that
the catalyst which is easier to reduce reacts faster, the
electron-deficient (Lewis acid) catalyst (1) is much
more active than the electron-rich derivatives (3, 4)
(Figure 6B).

4. Conclusion

We have found that our simple 1,3-bis(2′-Ar-
imino)isoindoline iron(III) complexes effectively
oxidize the morin in aqueous solution under mild
conditions in the presence of bicarbonate ions. We
have also found that increasing the Lewis acidity and

oxidation potentials (Epa) of the catalyst by introduc-
ing pyridine arms on the bis-iminoisoindoline moi-
ety significantly improves the bleach performance in
model experiments under European washing condi-
tions at 25 °C. The optimal pH for bleaching activity
is about 10, and our catalysts possess a relatively low
activity for the disproportionation of hydrogen per-
oxide. Based on detailed kinetic measurements the
bleaching rates depend on the initial concentrations
of each reactant. Since the sterically hindered phe-
nols inhibited the reaction, the radical chain mech-
anism cannot be excluded. The beneficial effect of
bicarbonate ions might be explained by the reduc-
tion of iron(III) to iron(II) complexes, and the forma-

C. R. Chimie — 2021, 24, n 2, 351-360
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tion of the peroxymonocarbonate monoanion which
is a much stronger oxidant than H2O2, and could
easily form a catalytically active high-valent oxoiron
species with the iron(II) form. Similar results, trends,
and mechanisms were observed for the analogous
1,3-bis(2′-Ar-imino)isoindoline manganese(II) com-
plexes, but with lower bleaching and slightly higher
catalase-like activities.
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