
Catalysis
Science &
Technology

COMMUNICATION

Cite this: Catal. Sci. Technol., 2024,

14, 4854

Received 24th May 2024,
Accepted 22nd July 2024

DOI: 10.1039/d4cy00661e

rsc.li/catalysis

Efficient catalytic direct C–H hydroxylation of
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iron phthalocyanine dimer†
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Hydroxylation of benzene directly into phenol without

converting it into other compounds by using a metal complex-

based oxidation catalyst is challenging because of the chemical

stability of benzene. We demonstrated that a graphite-supported

μ-nitrido-bridged iron phthalocyanine dimer, which acts as a

potent iron–oxo-based molecular methane oxidation catalyst,

can efficiently catalyze the direct benzene hydroxylation at 25 °C

in an aqueous acetonitrile solution containing excess H2O2. It

was confirmed that the catalytic benzene hydroxidation activity

of the graphite-supported μ-nitrido-bridged iron phthalocyanine

dimer was significantly higher than that of the silica gel-

supported μ-nitrido-bridged iron phthalocyanine dimers.

1. Introduction

High-valent iron–oxo species are an important class of
reactive intermediates that are often involved in the oxidation
of organic substrates by natural oxygenases such as methane
monooxygenase and cytochrome P450.1–3 Inspired by the fact
that these oxygenases achieve difficult C–H activation of
organic molecules by utilizing high-valent iron–oxo species
under mild reaction conditions, a large variety of artificial
iron–oxo-based molecular catalysts have been created.3–6

Artificial iron–oxo-based molecular catalysts are expected to
be applicable to the catalytic oxidation reactions of various
organic compounds.

μ-Nitrido-bridged iron porphyrinoid dimers such as
μ-nitrido-bridged iron phthalocyanine dimers are an
important class of potent artificial iron–oxo-based molecular
catalysts.7–23 For instance, the iron–oxo species of a μ-nitrido-
bridged iron phthalocyanine dimer 1O, which can be
generated by treating 1 or its 1e−-oxidized product 1+ with
H2O2 in an acidic aqueous solution, have such a high
oxidizing ability that can even catalytically activate the inert
C–H bonds of methane at temperatures lower than 100 °C
(Fig. 1a).7–9,11,13,14,18 Moreover, we recently demonstrated that
the catalytic activity of 1 is significantly enhanced by stacking
on the π-surface of graphite.22 We considered that stacking
interaction between 1 and graphite would change the
electronic structure of both of 1 and 1O to affect the
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Fig. 1 (a) Formation of a high-valent iron–oxo species 1O from 1 or
1+ for C–H activation of methane. (b) Efficient C–H activation of
methane by a graphite-supported high-valent iron–oxo species 1O/G
generated from a μ-nitrido-bridged iron phthalocyanine dimer stacked
on graphite 1/G. (c) Direct benzene hydroxylation reaction. (d)
μ-Nitrido-bridged iron phthalocyanine dimers 2 and 3+·I− that catalyze
benzene hydroxylation.
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catalytic activity of 1. In order to confirm this assumption, we
compared the catalytic methane oxidation activity of the
graphite-supported μ-nitrido-bridged iron phthalocyanine
dimer 1 (1/G) with that of 1 or 1+·I− on silica gel-support (1/
SiO2 or 1+·I−/SiO2). Actually, 1/G showed more than 70 times
higher methane oxidation activity than 1/SiO2 or 1+·I−/SiO2 in
an acidic aqueous solution at 60 °C. A detailed examination
of 1/G via electrochemistry and DFT calculations suggested
that the high catalytic activity of 1/G is derived from the
electronic interaction between the catalyst molecule and
graphite, to cause the partial charge transfer from the catalyst
molecule to graphite without changing the redox states of the
iron ions in the μ-nitrido-bridged iron phthalocyanine dimer
and also lower the singly occupied molecular orbital (SOMO)
level of the catalyst molecule on graphite. As a result,
electron transfer from methane to 1O/G in the proton-
coupled electron transfer process could have been facilitated
(Fig. 1b).

In this manuscript, we report the direct C–H bond
activation of benzene by 1/G. As benzene is a chemically
stable compound having a high C–H bond dissociation
energy of 113 kcal mol−1, direct C–H bond activation of
benzene at lower temperature is considered as a difficult C–H
activation.24–30 A. B. Sorokin et al. confirmed that 2 can
catalytically oxidize benzene to afford a mixture of phenol
and p-quinone in a homogeneous aqueous CH3CN solution
containing H2O2 at 60 °C.10 Our group also demonstrated
that a monocationic μ-nitrido-bridged iron–phthalocyanine
dimer having 16 electron-donating peripheral methyl groups
on SiO2 (3+·I−/SiO2) showed 10 times higher catalytic benzene
oxidation activity than at 40 °C in an aqueous CH3CN
solution containing H2O2.

20 Considering that 1/G showed
considerably higher catalytic methane oxidation activity than
those of 1 or 1+, we became interested in comparing the
catalytic benzene oxidation activity of 1/G with that of 3+·I−/
SiO2. Herein, we compared the catalytic activity of 1/G with
that of 3+·I−/SiO2 under the same reaction conditions and
demonstrated that 1/G is effective for the efficient catalytic
oxidation of benzene at 25 °C.

2. Results and discussion

The graphite-supported catalyst 1/G was prepared according
to our previous report; that is, a monocationic form of
μ-nitrido-bridged iron phthalocyanine dimer (1+·I−) was
heated with graphite in pyridine at 80 °C to adsorb the
catalyst molecule on graphite, followed by washing with
aqueous trifluoroacetic acid to remove pyridine.22,31 In our
previous report, we confirmed that the adsorbed μ-nitrido-
bridged iron phthalocyanine dimer was reduced by one
electron by graphite to become its neutral form (1) using
X-ray photoelectron spectroscopy (XPS) spectroscopy and
electrochemical analysis.22

Benzene oxidation reactions were performed in a CH3CN
solution containing excess amounts of benzene (450 mM),
TFA (141 mM), and H2O2 (1.04 M) at 25 °C in the presence of

1+·I−/SiO2, 3
+·I−/SiO2 or 1/G (49 μM as 1+, 3+, or 1). A sufficient

amount of TFA was added because acidic conditions are
effective in producing high-valent iron–oxo species
efficiently.7–23 The reaction was monitored and the oxidized
compounds were detected by 1H-NMR spectroscopy.

After a 2 h oxidation by 1/G at 25 °C, the production of
phenol was observed, as shown in Fig. 2a. A low
concentration of p-quinone, which can be generated by the
oxidation of 1,4-dihydroxybenznene, was also observed,
whereas other types of overoxidized products, such as
o-quinone and 1,2-, 1,3-, or 1,4-dihydroxybenzenes, which can
be produced by hydroxylation of phenol, were not found. It is
considered that the peak observed at 8.14 ppm, which is
assignable to HCOOH, was derived from CH3CN because it
was observed in the absence of benzene, as shown in Fig.
S1,† suggesting that 1/G has such a high oxidizing ability that
it can oxidize chemically inert CH3CN even at room
temperature. We also performed benzene oxidation using
H2O as the solvent instead of CH3CN at 25 °C for 4 h (a two-
phase reaction; for details, see ESI† page S4) to confirm that
a significant amount of phenol was produced, but p-quinone
was not observed under these reaction conditions (entry 14
in Table 1 and Fig. S2†). In an aqueous solution, the graphite
surface can be surrounded by benzene molecules because of
the hydrophobicity of both the graphite surface and benzene.
We assumed that this might have caused the lower
production rate of p-quinone by maintaining a high effective
concentration of benzene around the graphite surface.

The time dependence of the concentrations of phenol and
p-quinone produced in the reaction at 25 °C in CH3CN was
summarized in Fig. 2b and Table 1. Because benzene
oxidation can proceed in a stepwise manner from phenol to
p-quinone, we calculated the turnover number for benzene
consumption (TONBC), according to the following eqn (i),
where Cphenol and Cp-quinone, and CCat represent the
concentrations of phenol, p-quinone, and the catalyst
molecule, respectively.

TONBC = (Cphenol + Cp‐quinone)/CCat (i)

As shown in Fig. 2c, the amount of TONBC increased
almost linearly during the initial stage of the reaction (up to
2 h) and then gradually saturated. The initial linear increase
in TONBC suggests that 1/G worked stably under these
reaction conditions, as in the case of CH4 oxidation in an
acidic aqueous solution containing excess H2O2.

22 We also
confirmed that 1/G was reusable after the reaction at 25 °C
for 1 h with its catalytic activity almost unchanged from that
before use (95%) as summarized in page S6 in the ESI.† The
gradual saturation of TONBC was presumably due to the over-
oxidation of p-quinone and a decrease in the concentration
of H2O2. In our previous study, we confirmed that the
concentration of H2O2 gradually decreases through the
catalase reaction by 1/G in an acidic aqueous solution
containing excess H2O2.

22 Oxidation of CH3CN could also
contribute to the decrease in the H2O2 concentration. At an
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elevated temperature (80 °C), the concentrations of over-
oxidized products, including p-quinone, maleic acid,
oxaloacetic acid, and formic acid, increased, as shown in Fig.
S3.† These results indicate that 1/G has such a high oxidizing
ability that it can even decompose the benzene ring in the
presence of H2O2, as observed with 3+·I−/SiO2.

The catalytic benzene oxidation rate of 1/G was compared
with those of 1+·I−/SiO2 and 3+·I−/SiO2 at 25 °C for 2 h of
oxidation (entries 2, 11, and 12 in Table 1). 1+·I−/SiO2 did not
show apparent benzene oxidation activity under these
reaction conditions (entry 12 in Table 1). While it was
observed that 3+·I−/SiO2 catalyzed benzene oxidation even at
room temperature (entry 11 in Table 1), 1/G showed a
considerably higher benzene oxidation activity (entry 2 in
Table 1). We previously reported that the catalytic CH4

oxidation activity of 1/SiO2 was nearly identical to that of
1+·I−/SiO2 in an aqueous solution containing excess H2O2 and
TFA at 60 °C.22 Moreover, in this research, we confirmed that
both of 1+·I−/SiO2 and 1/SiO2 did not show benzene oxidation
activity at 25 °C in aqueous CH3CN solutions containing
excess H2O2 and TFA (see entries 12 and 13 in Table 1).

Considering that small amounts of HCOOH, which were
generated from CH3CN, were observed for both of the
reactions of entry 12 and 13, the reaction without using CH3-
CN and/or a longer reaction time should be necessary for
1+·I−/SiO2 and 1/SiO2 to show apparent benzene oxidation
activities at room temperature. Although it was difficult to
check the benzene oxidation activity of 3/SiO2, where a
neutral complex 3 is used as the catalyst molecule, because 3
is easily oxidized in the air, it seems that the high catalytic
activity of 1/G is not derived from the difference in the
oxidation state of the μ-nitrido-bridged iron phthalocyanine
dimer but from the significant effect of the graphite substrate
on the electronic structure of the μ-nitrido-bridged iron
phthalocyanine dimer.

To further understand the reaction mechanism of benzene
oxidation by 1/G, the initial oxidation rates of several benzene
derivatives were examined and compared with those of
benzene, as shown in Fig. 3 and Table 2. A linear correlation
with a negative slope was observed in the Hammett plot.32

This result apparently indicates the electrophilic nature of
the reactive intermediate in the oxidation reaction of the

Fig. 2 (a) 1H-NMR spectrum of a reaction mixture of benzene oxidation by 1/G at 25 °C for 2 h. (b) Time dependence of the concentrations of
phenol (filled red circle) and p-quinone (filled blue triangle) observed in the benzene oxidation reaction performed at 25 °C. (c) Time dependence
of TONBC (definition is shown in the main text) for the benzene oxidation reaction at 25 °C. Initial reaction condition: [benzene] = 450 mM, [TFA] =
141 mM, [H2O2] = 1.04 M in CH3CN (1.0 mL) containing 10 mg of 1/G ([1] = 49 μM). Error bars indicate standard deviations of the three independent
reactions.

Table 1 Results of benzene oxidation reactions performed at 25 °C. Initial reaction condition: [benzene] = 450 mM, [TFA] = 141 mM, [H2O2] = 1.04 mM,
CH3CN (1.0 mL), 10 mg of 1/G, 1+·I−/SiO2, 3

+·I−/SiO2, or 1/SiO2. ([1] = [1+·I−] = [3+·I−] = 49 μM). The numbers in the parenthesis indicate the standard
deviations of the three independent reactions. The reaction in the presence of 102 mM DMPO (entry 10) was performed only once

Entry Catalyst Reaction time/h Solvent Additive [Phenol]/mM [p-Quinone]/mM TONBC

1 1/G 1 CH3CN ⋯ 14.7 (0.53) 0.6 (0.1) 310 (13)
2 1/G 2 CH3CN ⋯ 28.9 (6.6) 0.8 (0.2) 601 (137)
3 1/G 3 CH3CN ⋯ 37.8 (1.8) 2.1 (0.1) 851 (34)
4 1/G 4 CH3CN ⋯ 45.0 (1.0) 2.1 (0.4) 955 (18)
5 1/G 6 CH3CN ⋯ 50.6 (2.4) 1.8 (0.2) 1057 (54)
6 1/G 8 CH3CN ⋯ 49.8 (5.4) 1.4 (0.1) 1037 (114)
7 1/G 12 CH3CN ⋯ 66.1 (2.9) 2.6 (0.3) 1393 (66)
8 1/G 16 CH3CN ⋯ 62.2 (3.3) 2.3 (0.2) 1303 (70)
9 1/G 24 CH3CN ⋯ 71.0 (2.8) 3.3 (0.5) 1504 (63)

10 1/G 2 CH3CN 102 mM DMPO 18.7 n.d. 378
11 3+·I−/SiO2 2 CH3CN ⋯ 3.43 (0.88) n.d. 69 (18)
12 1+·I−/SiO2 2 CH3CN ⋯ n.d. n.d. 0 (0)
13 1/SiO2 2 CH3CN ⋯ n.d. n.d. 0 (0)
14 1/G 4 H2O/benzene ⋯ 11.3 (2.4) n.d. 239 (51)
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benzene derivatives. In our previous paper, we determined
the Hammett ρ value of 3+·I−/SiO2 in a similar acidic aqueous
CH3CN solution at 40 °C to be −1.14, which is less negative
than that for 1/G at 25 °C (−3.79).20 These results could
suggest that the high-valent iron oxo species of 1/G (1O/G)
become more electrophilic in the benzene oxidation than
that of 3+·I−/SiO2 because of the interaction between 1 and
graphite(G).33

We also examined the kinetic isotope effects (KIE) by
comparing the initial oxidation rates (1 h oxidation) of C6H6

and C6D6. The obtained KIE value (kH/kD) was 1.0 (for details,
see ESI† page S12), implying that the C–H bond cleavage is
not involved in the turnover-limiting step. It is known that
Fenton-type reaction, where a hydroxyl radical (·OH) is the
reactive intermediate, shows KIE values of 1.7–1.8,34 which
are apparently higher than that of the benzene oxidation by
1/G (1.0). Additionally, it was confirmed that the benzene
oxidation by 1/G was not significantly quenched by the

addition of an excess amount of 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO), a well-known radical scavenger (entry 10 in
Table 1).27,29 These results also imply that the high-valent
iron–oxo species 1O/G generated from 1/G should be the
reactive intermediate, as observed in the case of methane
oxidation.22

In the case of CH4 oxidation, oxidation by high-valent
iron–oxo species generally proceeds through a proton-
coupled electron transfer (PCET) mechanism, wherein proton
and electron abstractions from the substrate occur in a
concerted manner.35,36 The results of benzene oxidation
suggest that the abstraction of the π-electron of the benzene
ring by 1O/G could be involved in the turnover-limiting
step of benzene oxidation, whereas the opposite should be
observed for the proton abstraction process. Possible reaction
mechanisms are summarized in Fig. 4. First, the high-valent
terminal iron–oxo species 1O/G is produced through the
reaction of 1/G with H2O2. 1O/G act as the reactive
intermediate to cause the successive C–O bond formation
coupled with electron transfer between 1O/G and benzene.
Our previous DFT calculation on 1/G suggested that
interaction of 1 with graphite support cause SOMO
stabilization and partial charge transfer from 1 to graphite.
Since it is reported that 1O also has a SOMO distributed
mainly over OFe–NFe center,7,37 stabilization of SOMO of
1O with partial charge transfer could also occur on
graphite support as described in Fig. 4.22 This electronic state
can enhance the electron abstraction ability of the high-
valent iron–oxo species compared to those of 1+·I−/SiO2 and
3+·I−/SiO2 to facilitate the successive C–O bond formation
coupled with electron transfer between 1O/G and
benzene.38 This assumption does not contradict the fact that
the Hammett ρ value of 1/G (−3.79) was much more negative
than that observed for 3+·I−/SiO2 (−1.14).

Conclusions

In conclusion, we investigated the oxidation reaction of
benzene in an aqueous CH3CN solution containing excess
H2O2 and TFA by using a graphite-supported μ-nitrido-
bridged iron phthalocyanine dimer (1/G) as a catalyst. It was
demonstrated that 1/G efficiently oxidized benzene into

Fig. 3 Hammett plot of the turnover numbers (TONs) for the
oxidation of benzene derivatives by 1/G. In the Hammett plot, the
following substrates were used: PhH (σp = 0.00), PhCl (σp = 0.23), PhBr
(σp = 0.23), PhCF3 (σm = 0.43), PhNO2 (σm = 0.71). (Ref. 32) for benzene
(PhH) oxidation, TONBC at 2 h oxidation (entry 2 in Table 1) was used
as the TON.

Table 2 Summary of the oxidation reactions of benzene derivatives by 1/G at 25 °C for 2 h. Turnover numbers of benzene derivatives (TONs) were
calculated from the total concentration of the oxidized products obtained from the results of 1H-NMR measurements. N.d. indicates “not detected” in
the 1H-NMR measurement. Details of the oxidation reaction is summarized in page S7 in the ESI†

Entry Benzene derivative P1/mM P2/mM P3/mM Q1/mM TON (total)

1 PhCl (X = Cl) 2.67 (0.29) 0.88 (0.25) 2.33 (0.11) n.d. 122 (13)
2 PhBr (X = Br) 2.11 (0.45) 1.30 (0.25) 1.93 (0.10) n.d. 111 (15)
3 PhCF3 (X = CF3) 0.20 (0.28) 1.61 (0.07) 0.72 (0.14) n.d. 52 (3)
4 PhNO2 (X = NO2) 0.04 (0.06) 0.01 (0.01) 0.00 (0.00) n.d. 1 (1)
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phenol and p-benzoquinone even at 25 °C and its catalytic
activity was much higher than that of silica gel-supported
catalysts 1+·I−/SiO2 and 3+·I−/SiO2 in the same reaction
conditions. These results apparently indicate the
significant effect of the graphite support on the catalytic
oxidation activity of μ-nitrido-bridged iron phthalocyanine
dimer, which can facilitate the electron transfer from
benzene to 1/G.
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