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ABSTRACT

Appropriate deposition of metal complex-based catalysts on solid carriers sometimes results in considerably higher catalytic
activity than that of the metal complex alone, due to interactions between the complex and the solid. These catalysts could be a
part of single-molecule catalysts (SMCs) or site-isolated molecular complex catalysts (SIMCs). Herein, we report a solid-supported
metal complex catalyst for CH, oxidation at room temperature. Specifically, u-nitrido-bridged iron phthalocyanine dimer deposited
on conductive carbon black can oxidatively activate the chemically stable C—H bond of CH, with high efficiency even at 25°C in an
aqueous solution containing H,O, as an oxidant. Its catalytic activity for CH, oxidation is much higher than that of the commonly
used Fenton reaction with Fe** and H,0, under the same conditions. Such high catalytic oxidizing activity is attributable to the
interaction between the specific surface sites of carbon black and the high-valent iron-oxo species of the catalyst molecule.

1 | Introduction

By atomically dispersing isolated metal ions on solid carriers,
single-atom catalysts (SACs) have shown outstanding activity in
avariety of reactions due to their high density of active sites [1-7].
Similarly, single-molecule catalysts (SMCs) [8] and site-isolated
molecular complex catalysts (SIMCs) [9] can be constructed by
dispersing and immobilizing metal complexes on solid carriers. In
these catalysts, the metal center coordinated by ligands functions
as a “single site.” There are two practical ways to tune the
catalytic activity of SMCs and SIMCs: (i) ligand design of the

metal complex deposited on the solid surface, and (ii) tuning
the electronic state of the metal center through interaction with
the solid support. An appropriate combination of coordinating
ligand and solid support in SMCs or SIMCs would result in a
better catalytic performance than that of the conventional metal
complex-based homogeneous catalysts. In particular, carbon-
based supports are extremely promising for SMCs or SIMCs due
to their mechanical and electrochemical stability, high specific
surface area, porous structure, and easy introduction of defects
or substituents, including various heteroatoms such as O, N, and
B [10-12].
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FIGURE 1 | Catalytic CH, oxidation by p-nitrido-bridged iron
phthalocyanine-based catalysts. (a) Production of high-valent iron-oxo
species (1(oxo)) applicable to CH, oxidation through the reaction of u-
nitrido-bridged iron phthalocyanine dimer 1 and H,O,. (b) Comparison of
the initial CH, oxidation rate based on the effective methane conversion
number MCN¢ of 1 supported on SiO, (1/SiO,) and graphite (1/G) at
60°C and 25°C in an acidic aqueous solution using H,0, as an oxidant
[36].

This paper reports an efficient room-temperature CH, oxidation
reaction enabled by a highly dispersed metal complex-based
catalyst on the surface of a conductive carbon support. Since
CH, is abundant in natural gas, shale gas, and methane hydrate,
efficient catalytic activation of its C—H bond will expand its role
as a carbon source for producing chemicals [13-16]. Nevertheless,
this activation remains difficult because CH, has a high bond
dissociation energy (104.9 kcal/mol), low polarizability, and negli-
gible electron affinity. Therefore, although catalysts enabling low-
temperature C—H activation of CH, are indispensable [13-16],
only a few catalysts have achieved this at room temperature [17-
25, 30]. For instance, Cui et al. demonstrated room-temperature
oxidative C—H bond activation of CH, by Fe-carbon-based SAC,
using H, 0, as an oxidizing reagent [21].

We hypothesize that novel SMCs or SIMCs could be used to
prepare efficient catalysts for room-temperature CH, conversion.
Specifically, we chose a u-nitrido-bridged iron phthalocyanine
dimer 1 as the molecular part. The high-valent terminal iron-
oxo species 1(ox0), produced through the reaction of 1 with
H,0,, is known to possess particularly potent oxidation ability
among various artificial metal complex-based oxidation catalysts
(Figure 1a) [31-33]. High-valent iron-oxo species such as 1(oxo)
can activate stable C—H bonds via a proton-coupled electron
transfer (PCET) mechanism, followed by radical recombination

to afford hydroxylated compounds [34, 35]. As a result, 1 can
catalytically activate the C—H bond of CH, in acidic aqueous
solutions containing excess H,0, at below 100°C to produce the
oxidized products (mainly formic acid, and also methanol and
formaldehyde) [31-33]. Moreover, we recently found that stacking
1 on a graphite surface (1/G) significantly enhanced its ability
to catalytically oxidize CH, compared to the silica-supported
counterpart (1/SiO,), as evidenced by a much higher MCN,
value (to be defined later) of 1.1 x 102 s7! for 1/G versus 1.1 x 10~
s7! for 1/Si0, at 60°C in an acidic aqueous solution (Figure 1b)
[36]. These results are apparently due to the benefits of SMC (or
SIMC). However, the catalytic CH, oxidation performance of 1/G
at room temperature (25°C) was still very low (MCN, = 4.4 X 10~
s71). Hence, it is desirable to develop a strategy to dramatically
improve the catalytic activity of 1/G.

Assuming that the graphite support in 1/G can tune the catalytic
activity of 1 in this SMC (or SIMC), a different solid support may
improve the performance. Conductive carbon black is a good
candidate for this purpose, because it possesses a large z-plane
surface for efficient interaction with 1 and 1(oxo0), even though
its structure is considerably different from that of graphite by
including a number of defects and substituents such as -COOH,
-CHO, and -OH [37, 38]. Here, we dispersed 1 on conductive
carbon blacks such as Vulcan XC-72R in order to improve the
catalytic C—H bond activation of CH, at room temperature.

2 | Results and Discussion

2.1 | Preparation and Characterization of Vulcan
XC-72R-Supported Catalyst

In its neutral form, the u-nitrido-bridged iron phthalocyanine
dimer with no peripheral substituents (1) is poorly soluble in
many organic solvents, making it difficult to prepare supported
catalysts. However, we recently developed a method to efficiently
assemble 1 on a graphite surface by using its le -oxidized
monocationic complex (1*-I7). Heating graphite (1.0 g) with 11~
(8.0 mg, 5.7 umol) in pyridine at 80°C for 24 h quantitatively
produced the desired catalyst 1/G, in which 1 was stacked on
the graphite surface [36]. Pyridine is a good solvent for 1*-I~
because the axial coordination of pyridine with the Fe center
of 17-I" prevents aggregation. X-ray photoelectron spectroscopy
(XPS) analysis of 1/G clearly demonstrated that 1* was reduced
by le” in graphite to the neutral form 1 on the graphite surface
[36]. Using a similar approach, here we prepared a supported
catalyst (1/Vul) on Vulcan XC-72R, a well-known conductive
carbon black, as shown schematically in Figure Sla. It should
be mentioned that the adsorption of the catalyst molecule on
Vulcan proceeded quantitatively under these reaction conditions,
because the solution was almost colorless after heating Vulcan
with 1*-I" in pyridine.

It was difficult to detect the Fe peaks in the XPS spectrum of 1/Vul,
presumably because Vulcan XC-72R has a much larger surface
area than graphite (254 vs. 3.9 m*/g, see Table 1 and Figure S2
in the Supporting Information). Instead, we compared the Fe K-
edge X-ray absorption near edge structure (XANES) of 1/Vul, 1
deposited on silica gel (1/Si0,), solid of 1, 1*-I~ deposited on
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TABLE 1 | Physical properties of carbon supports and the catalytic CH, oxidation activities of supported catalysts (1/Vul, 1/KB, 1/BP, 1/AB, and
1/G) at 25°C for 2 h. Values in parentheses indicate the S.D. of three independent experiments.

BET
Carbon surface Particle
support / area [m? size [CH;0H] [CH;00H] [HCOOH] MCN,4 for
Catalyst /gl [nm] [mM] [mM] [HCHO] [mM] [mM] 2 h oxidation
Vulcan 254 30 0.18 (0.01) 0.69 (0.03) 0.09 (0.01) 1.13 (0.27) 107 (16)
XC-72R / 1/Vul
Black Pearls 1475 15 0.10 (0.01) 0.72 (0.02) 0.04 (0.01) 1.17 (0.11) 117 (6)
2000/ 1/BP
Acetylene 51 35 0.09 (0.00) 0.69 (0.05) 0.02 (0.01) 0.47 (0.06) 72 (6)
Black /1/AB
Ketjen Black 1270 30 0.11 (0.01) 0.70 (0.02) 0.03 (0.00) 0.21 (0.05) 61 (3)
EC-DJ600 /
1/KB
Graphite / 1/G 3.9 <75um  0.02(0.00) 0.04 (0.01) 0.00 (0.00)  0.00 (0.01) 4 (0)
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FIGURE 2 | Characterization of the Vulcan XC-72R-supported catalyst (1/Vul). (a) Fe K-edge XANES spectra of 1/Vul and related materials (1,
1*-I7, 1/Si0,, and 17-17/Si0,). Inset: expanded spectra of the pre-edge region. (b) HAADF-STEM image of 1/Vul. The yellow arrows indicate spots

assignable to 1 on the Vulcan support. (¢) STEM-EDS mapping of 1/Vul.

SiO, (1*-17/Si0,), and solid of 1*-I". The results are shown in
Figure 2a. Their pre-edge peak tops are summarized in Table
S1. The peak of 1/Vul appears at a lower energy (7113.9 ev)
than those of 17-17/SiO, (7115.4 ev) and solid of 1*-I~ (7115.2 ev)
but almost identical to those of 1/SiO, (7114.1 ev) and solid of
1 (7114.1v). These results indicate that 1*-I~ was reduced by
Vulcan during heating in pyridine and then deposited on the
Vulcan surface in its neutral form (1). The high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) image of 1/Vul contains some bright spots on the layer-
by-layer structure of Vulcan, which could be assigned to single
p-nitrido-bridged iron phthalocyanine dimers (Figure 2b). STEM-
energy dispersive X-ray spectroscopy (EDS) mapping of iron and
nitrogen indicated that the u-nitrido-bridged iron phthalocyanine

dimer was homogeneously dispersed over the carbon particle
without forming large aggregates (Figure 2c). Also note that the
EDS signal of iodine was very low (<0.01% in atomic fraction
based on the EDS spectrum), further supporting that 1*-1~ was
reduced by Vulcan to 1 (Figure S3). It should also be noted that
EDS analysis indicated trace Fe in pristine Vulcan XC-72R (Fe
mass fraction = 0.078 + 0.019). After deposition of 1 on Vulcan,
the Fe mass fraction tended to get higher (0.145 + 0.073), although
the EDS quantification uncertainties were relatively large (page
S7-S8 in the Supporting Information). These results do not alter
the conclusions drawn from the HAADF-STEM/EDS results.
It was also confirmed that pristine Vulcan XC-72R exhibited
no apparent CH, oxidation activity at 25°C under the present
conditions (vide infra).
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FIGURE 3 | CH, oxidation activity of 1/Vul at 25°C. (a) 'H-NMR spectrum of CH, reaction mixture. Reaction conditions: 1/Vul (19 uM as 1), 1.0 MPa
of CH,, D,0 (3.0 mL) containing excess H,0, (189 mM) and TFA (51 mM), 25°C, and 2 h. (b) *C-NMR spectra of the reaction mixture using unlabeled
CH, (black) and ¥*CH, (red). Reaction conditions: 1/Vul (19 uM as 1), 0.5 MPa of 3CH, or CH,, D,0 (3.0 mL) containing excess H,0, (189 mM) and
TFA (51 mM), 25°C, and 2 h. (c) Stepwise oxidation of CH, by 1/Vul in an acidic aqueous solution. Time dependence of (d) the concentration of C1
oxygenated products and (e) MCN.g in the reaction of CH4 over 1/Vul at 25°C.

2.2 | Catalytic CH, Oxidation by 1/Vul at 25°C

We investigated the catalytic CH, oxidation activity of 1/Vul
(19 uM as 1) at 25°C in an acidic aqueous solution (3.0 mL)
containing 51 mM of trifluoroacetic acid (TFA) and 189 mM of
H,0, under a CH, atmosphere of 1.0 MPa, the same conditions
we previously used to investigate 1/G [36]. An acidic condition
is necessary for efficient catalysis when using u-nitrido-bridged
iron phthalocyanine dimers, because this condition enhances
the production of high-valent iron-oxo species by facilitating
0O—O0 bond cleavage of the corresponding hydroperoxo species
(Scheme S1) [31-33]. The resulting solution was analyzed and
quantified using gas chromatography-mass spectrometry (GC-
MS) and 'H-nuclear magnetic resonance (NMR) spectroscopy.
Significant amounts of C1 oxygenated products, namely CH;OH,
CH;O00H, HCHO (observed as CH,(OH)(OOH) and CH,(OH), in
NMR), and HCOOH, were found in the solution as summarized
in Figure 3a,d, and Table S2.

Upon replacing the CH, atmosphere with N,, the amount of
Cl1 oxygenated products became much smaller (see Table S2),
indicating that they did not originate from the catalyst itself.
BC-NMR spectrum of the reaction mixture using *CH, as a
substrate confirmed that these products came from CH, instead
of from 1 or Vulcan (Figure 3b). The use of Vulcan XC-72R

alone also afforded a very small amount of oxygenated products
under the same reaction conditions (entries 17 and 18 in Table
S2). It was also confirmed by the hot filtration experiment that
the species on the Vulcan support actually showed the room-
temperature CH, oxidation activity (see page S20-S21 in the
Supporting Information). All these results suggest that 1 adsorbed
on Vulcan efficiently catalyzed the CH, oxidation reaction. The
small amount of oxidized products in the absence of CH, was
presumably generated from organic solvents adsorbed on Vulcan
and/or Vulcan itself (see Table S2).

The addition of excess Na,SO; can effectively quench the reaction
by *OH, whereas oxidation reactions mediated by high-valent
iron-oxo species were reported to be only marginally affected
by Na,SO; [39-44]. However, in the case of CH, oxidation by
1/Vul, excess Na,SO; (100 mM) did not completely quench
the reaction, even though it decreased the total amount of C1
oxygenated products to half of that before addition (entries 15 and
16, Table S2). We also applied electron paramagnetic resonance
(EPR, Figure S4) and electrospray ionization time-of-flight mass
spectrometry (ESI-TOF MS, Figure S8) analyses to the reaction
mixture for CH, oxidation by 1/Vul in the presence of excess 5,5-
dimethyl-1-pyrroline (DMPO, 100 mM) as a radical scavenger. The
amount of trapped *OH was much smaller compared to that of
the C1 oxygenated products (Figure S7). These results suggest
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that CH, oxidation via *OH is not dominant in this reaction
system, and that the metal complex-based species should be the
main reactive intermediate. Based on our previous MALDI-TOF
MS experiment, which clearly showed the high-valent iron-oxo
species of 1 (1(ox0)) after treating 1 deposited on a carbon
surface with H,0, [36], we assumed 1(ox0) on Vulcan to be the
most likely candidate for the reactive intermediate in the present
system.

It is likely that CH, was oxidized in a stepwise manner in
this acidic aqueous solution, as shown in Figure 3c. To discuss
the activities of carbon-supported catalysts, we calculated the
effective methane conversion number [MCN,g, defined in Equa-
tions (1) and (2)] based on the concentrations of C1 oxygenated
products in CH, and N, atmospheres. MCN, directly reflects the
number of C—H bonds in CH, dissociated during the reaction.

MCNejf = MCN(CH4) - MCN(NZ) (1)

MCN ¢4 0r MCN 5,

= (Cemson + Censoon + Crcro + Crcoon) Cear @
Next, we investigated the time courses of the concentration
of C1 oxygenated products and MCN.;, and the results are
shown in Figure 3d,e, respectively. The initial linear increase in
MCN, indicated that 1/Vul worked stably under these reaction
conditions. The gradual saturation of catalytic activity, especially
after 2 h, was attributed to three reasons: (i) overoxidation of
HCOOH [36, 45], (ii) consumption of H,0, by the catalase
reaction, as confirmed by our titration experiments (for details see
Figure S9) [36, 46], and (iii) gradual deactivation of the catalyst.
Regarding catalyst deactivation, we confirmed that after 4 h of
reaction with CH,, the activity of 1/Vul decreased to almost
26% of the original value. Considering that the XANES spectra
indicated that the catalyst after CH, oxidation retained similar
oxidation states and coordination as the original one (Figure
S10), the decreased catalytic activity afterwards is attributable
to partial detachment of adsorbed 1 from the Vulcan surface.
This assumption is also supported by the fact that the mass
fraction of Fe in the catalyst after use (4 h reaction at 25°C),
analyzed by EDS, was apparently decreased compared to that
before use (see page S8 in the Supporting Information). Detached
1 from the Vulcan surface did not show apparent CH, oxidation
activity in this reaction condition, as confirmed by the results of
hot filtration experiments (see page S20-S21 in the Supporting
Information).

Here, the initial reaction rate over 1/Vul for the C—H bond
activation of CH, at 25°C reached MCN 4 =1.5x 1072 s~} (55 h™!),
as shown in Table S2 and Figure 3e. The ability of 1/Vul to
catalytically activate the C—H bond in CH, is considerably high
among molecule-based CH, oxidation catalysts and even among
general room-temperature CH, oxidation catalysts reported so
far [17-30]. More importantly, from the viewpoint of SMCs or
SIMCs, here we achieved a high catalytic CH, oxidation activity
that is impossible for the metal complex or carbon substrate
alone, by using an appropriate combination of y-nitrido-bridged
iron phthalocyanine dimer with a conductive carbon black
support.

2.3 | Comparison of Catalytic CH, Oxidation
Activities of 1/Vul and Fenton Reaction Using Fe’*
at 25°C

The Fenton reaction exhibits a high catalytic activity for the
oxidative activation of C—H bonds in various organic pollutants
under mild conditions. The most common Fenton reaction
system uses Fe** and H, 0, in an acidic condition, where Fe** acts
as a catalyst to produce *OH or ferryl iron from H, 0O, as a reactive
intermediate [47]. This system is both potent and simple because
a strong oxidizing ability is obtained by mixing commercially
available reagents without using any special equipment. Thus, it
has long been used to treat wastewater and contaminated soil as
“the last trump card”. Under a condition similar to that of the
Fenton reaction, we compared the catalytic C—H bond oxidation
ability of 1/Vul with that of the Fenton reaction using Fe?*, using
CH, as a substrate.

Wastewater treatment using the Fenton reaction of Fe** and H, 0,
has an optimal pH of approximately 3 [47]. H,SO, is often used
to control the pH value here, and the catalytic activity tends to
decrease at a lower pH. When we investigated the pH dependence
of catalytic CH, oxidation by 1/Vul at 25°C, the optimal pH was
found to be 2 with TFA as an acid (Figure 4a and Table S5). This
reaction also proceeded in the presence of H,SO, as an acid at
25°C, and the catalytic activity was almost comparable to that in
the presence of TFA at pH 3 (Table S6).

We performed 'H-NMR measurements to compare the catalytic
CH, oxidation activities of 1/Vul (19 uM as 1) and the Fenton
reaction using Fe** (326 uM) at pH 3 and 25°C. Figure 4b shows
the experimental results in D,O (3.0 mL) solution containing
excess H,0, (50 uL of 35% H,0,, 189 mM) and H,SO, (0.5 mM,
pH =~ 3) under a CH, pressure of 1.0 MPa for 2 h. In the
case of the Fenton reaction, only a small amount of HCOOH
(0.02 mM) was observed afterwards. In contrast, 1/Vul produced
a significant amount of C1 oxygenated compounds (0.11 mM
of CH;0H, 0.62 mM of CH;00H, 0.48 mM of HCHO, and
2.20 mM of HCOOH, as summarized in Table S6), even though
much less catalyst was used (19 uM as 1 versus 326 uM of Fe?*).
Next, we tested the oxidation of CH;OH, which is easier than
CH, oxidation, in the Fenton reaction at 25°C. The reaction
occurred catalytically (see Figure S11), suggesting that *OH or
ferryl ion was actually generated in this condition. Meanwhile,
EPR experiments in the presence of excess DMPO indicated that
the amount of *OH trapped by DMPO was much larger in the
Fenton reaction than in the reaction using 1/Vul (Figures S5c, S6b,
and S7), suggesting that highly reactive species other than *OH
were involved in the oxidation by 1/Vul. More importantly, 1/Vul
showed more potent C—H activation than the Fenton reaction
under the same reaction conditions at 25°C.

2.4 | Discussion of the Reaction Mechanism

To investigate the reason for the high catalytic oxidation activity of
1/Vul, we prepared other carbon-supported catalysts (1/KB, 1/BP,
and 1/AB) using similar methods and commercially available
conductive carbon blacks (Ketjen Black EC-DJ600 (KB), Black
Pearls 2000 (BP), and Acetylene Black (AB)). In each case,
5.7 umol of 1 was quantitatively adsorbed on 1.0 g of carbon
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FIGURE 4 | Comparison of catalytic CH, oxidation activities of 1/Vul and Fenton reaction at 25°C. (a) pH dependence in the catalytic CH, oxidation
activity of 1/Vul at 25°C. The pH values of the solution containing 51 mM of TFA were adjusted by the addition of aqueous NaOH. The details are shown
in SI. (b) '"H-NMR spectra of the CH, reaction mixtures with 1/Vul (top) and FeSO, (bottom) at pH 3. Reaction conditions: 1.0 MPa CH,, 1/Vul (19 uM
as 1) or FeSO, (326 uM), D,0 (3.0 mL) containing H,SO,4 (0.5 mM) and excess H,0, (189 mM), 25°C, and 2 h. (c) Dependence of the total amount of
C1 oxygenated products on the loading amount of 1 on Vulcan. (d) Proposed reaction mechanism of CH, oxidation over 1/Vul. Error bars in (a) and (c)

indicate the S.D. of three independent experiments.

support after heating in pyridine, as in the case of 1/Vul. The
catalytic CH, oxidation activities of 1/Vul, 1/KB, 1/BP, 1/AB, and
1/G are summarized in Table 1. All of them showed significantly
higher activity of 1 compared to that of 1/G. However, the initial
reaction rate (at 2 h of oxidation) seemed to depend on the
type of carbon support, even though the loading of 1 was the
same. Table 1 shows no apparent correlation between the catalytic
CH, oxidation activity and the surface area or particle size of
the carbon support. Rather, the catalytic activity of adsorbed 1
could have been affected by different electronic structures of the
carbon blacks owing to variations in their structures. In fact, the
Raman spectra indicate that the carbon blacks have considerably
different Ij,/I; ratios from that of graphite (Figure S12), which is
indicative of their structural differences [48].

To obtain further insight into the interaction between 1 and
Vulcan, we prepared catalysts with different loadings of 1 per
1.0 g of Vulcan XC-72R and performed CH, oxidation experiments
at 25°C. As shown in Figure 4c and Table S7, the total amount
of C1 oxygenated products increased almost linearly at lower
loadings but apparently became saturated at higher loadings. The
highest catalytic activity was obtained at 11 umol/g of 1. Based

on the Brunauer-Emmett-Teller (BET) surface area of Vulcan
(254 m?/g) and the molecular surface area of 1 (ca. 1.6 nm?, Figure
S13), the coverage (q) by 1 at this loading was calculated to be 0.05.
This result suggests that the high catalytic activity is due to not
only the simple stacking of 1 with the carbon surface but also the
interaction between 1 and particular surface sites on Vulcan.

According to our previous density functional theory (DFT)
calculations and electrochemical experiments, the stacking inter-
action of 1 with the z-surface of carbon material could cause a
slight charge transfer due to interaction of the singly occupied
molecular orbital (SOMO) of 1 with the 7z-orbital of carbon, which
can lower the SOMO level of the catalyst [36]. This may be key to
elucidating the role of Vulcan.

Figure 4d shows the proposed mechanism of CH, oxidation by
1/Vul. Considering (1) the different optimal pH values between
1/Vul and Fenton reaction as well as the much higher catalytic
CH, oxidation activity of 1/Vul with less *OH trapped by DMPO
and (2) our previous MALDI-TOF MS observation of the high-
valent iron-oxo species 1(0xo0) on a carbon substrate, the reaction
of 1/Vul could involve 1(oxo0) as the dominant reactive inter-
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mediate. 1(oxo0) can efficiently activate the C—H bond of CH,
via the PCET mechanism, in which both electrons and protons
are extracted from CH, in a concerted manner [34, 35]. The
enhanced catalytic ability of 1/Vul could be explained by the
electronic interaction with carbon, in particular, a lower SOMO
of the high-valent iron-oxo species that promotes PCET with
CH, and efficient formation of *CHj;. Nevertheless, it is difficult
to discuss the detailed mode of interaction between 1 and the
Vulcan surface. In total, a series of C1 oxygenated products could
be produced through oxidation by high-valent iron-oxo species
instead of by *OH.

3 | Conclusions

We demonstrated that depositing the wu-nitrido-bridged iron
phthalocyanine dimer 1 on an appropriate conductive carbon
support dramatically enhanced its catalytic oxidation ability. The
supported catalyst (1/Vul) achieved efficient C—H activation of
CH, at 25°C in acidic aqueous solutions. Its catalytic ability
exceeded that of the Fenton reaction using Fe** and H,0,, a
system that has long been employed for wastewater treatment
under the same conditions. We also demonstrated that the high
catalytic activity of 1/Vul occurs by the interaction of 1 with
particular surface sites on Vulcan. It has been difficult for
pure artificial high-valent iron-oxo-based molecular catalysts to
achieve such a high CH, oxidation activity at room temperature.
In SMCs or SIMCs, the activity of the molecular catalyst can
be tuned through its interaction with the solid support. This
strategy enables the modulation of interactions between the
carbon surface and molecular metal complex-based catalysts to
create novel catalysts for even more difficult reactions.

4 | Experimental Section
4.1 | Preparation of Supported Catalysts

In a typical experiment, the monocationic u-nitrido-bridged iron
phthalocyanine dimer 1*-I- (16.3 mg, 11.6 umol as a pyridine
adduct) was dissolved in pyridine (10 mL) to obtain a deep blue
solution (Figure S1b). After adding a suspension of Vulcan XC-
72R (1.93 g, Cabot Corp.) in pyridine (50 mL), the mixture was
sonicated for 1 h. The resulting suspension was stirred for 20 h
at 80°C. After filtration, the filtrate was almost colorless (Figure
Slc). The separated solid was successively washed with pyridine
(20 mL x 2) and CH,Cl, (50 mL x 2) and dried under reduced
pressure (~1 mmHg) at 80°C for 1 h.

The obtained solid was suspended in H,O (50 mL) containing
5.0 mL of TFA and sonicated for 1 h. Then, the solid was separated
by filtration and washed with H,O to neutral pH. The purified
solid was resuspended in H,O (50 mL) containing 5.0 mL of TFA
and sonicated for 1 h, followed by filtration again. The obtained
solid was washed with H,O to neutral pH and then dried under
reduced pressure (~1 mmHg) at 80°C overnight. Finally, the solid
was kept in air at room temperature until its weight became
constant, giving 1/Vul (1.87 g, Figure S1d). 1/KB, 1/BP, 1/AB, and
1/G were prepared similarly on different supports.

When mixing more than 11 umol of 1*-I- with 1.0 g of Vulcan
XC-72R, the color of the filtrate after heating at 80°C in pyridine
remained deep blue. In these cases, the solvent was evapo-
rated slowly to maximize the adsorption of remaining catalyst
molecules in the solvent on Vulcan. After evaporation, the same
washing procedure was performed as described above.

4.2 | CH, Oxidation Reactions

CH, oxidation was performed in a stainless-steel autoclave with
a glass tube. A mixture of a solid-supported catalyst (10 mg,
19 uM as 1), TFA (12 pL, 51 mM), and 35% H,0, aq. (50 pL,
189 mM) in H,O (3.0 mL) was stirred by using a magnetic
stirring bar at 25°C in a water bath or an oil bath under a CH,
atmosphere of 1.0 MPa for a given reaction time. After the reac-
tion mixture was filtered through a disposable membrane filter
(ADVANTEC, DISMIC-13CP), the resulting filtrate was mixed
with an appropriate amount of an aqueous isovaleric acid solution
(100 mM) and analyzed by GC-MS (system: Shimadzu GCMS-
QP2020, detection: EI, column: Agilent DB-WAX UI, external
standard: isovaleric acid (5 mM), temperature conditions: initial:
50°C—hold (1 min)—raise to 220°C (10°C/min)— hold (5 min)).
The yields of CH;OH and HCOOH were determined based on the
results of GC-MS.

The yield of HCHO was determined using the method reported
by Yu et al. [49]. Typically, 25 uL of the filtrate obtained from
the reaction mixture was diluted with 50 mL of H,O, followed
by the addition of an aqueous solution (469 uM) of PFBOA-HCl
(3.0 mL). The resulting mixture was stirred for 2 h. Then, sulfuric
acid (1+1) (0.8 mL), NaCl (20 g), and hexane (5.0 mL) were added,
and the mixture was stirred vigorously for 5 min. The separated
organic layer was dried over anhydrous Na,SO,. A mixture of the
resulting solution (1.0 mL) and a 1.0 mM 1-chlorodecane/hexane
solution (10.1 pL) was analyzed by GC-MS (Agilent 7890A
equipped with JEOL JMS-T100GCYV, detection: EI, column: Agi-
lent DB-WAX UI, external standard: 1-chlorodecane (10 uM),
temperature conditions: initial: 70°C—hold (10 min)—raise to
150°C (10°C/min)—raise to 240°C (30°C/min)—hold (3 min)).
In an acidic aqueous solution, HCHO can be hydroxylated to
CH,(OH),. In addition, ®C-NMR study of the reaction mixture
of the ®CH, oxidation reaction (see Supporting Information) by
the catalysts used in this study indicated that H,C(OH)(OOH)
was produced as one of the major Cl oxygenated products.
It is considered that both H,C(OH)(OOH) and H,C(OH), can
be converted into the same oxime through the derivatization
reaction with the reaction PFBOA-HCI mentioned above.

It was reported that CH;OOH was difficult to be quantified
by GC-MS because it can easily be decomposed [45]. There-
fore, CH;OOH was quantified by using 'H-NMR measurement
as mentioned below: A mixture of a solid-supported catalyst
(10 mg, 19 uM as 1), TFA (12 uL, 51 mM), and 35% H,O0,
aq. (50 pL, 189 mM) in D,0O (3.0 mL), was stirred by using a
magnetic stirring bar at 25°C in a water bath or an oil bath
under a CH, atmosphere of 1.0 MPa for a given reaction time.
After the reaction mixture was filtered through a disposable
membrane filter (ADVANTEC, DISMIC-13CP), the resulting fil-
trate was subjected to 'H-NMR measurements using a JEOL
JNM-ECS400 (400 MHz for 'H) spectrometer. 3-(Trimethylsilyl)-
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2,2,3,3-tetradeuteropropionic acid sodium salt (TSP, 10 mM in
D,0) in a glass capillary was used as an external standard.
The concentration of CH;OOH was determined based on the
integration of TSP.

The evaluations of the CH, oxidation reactions using 1/KB, 1/BP,
1/AB, 1/G, and Vulcan XC-72R (with no catalyst molecule) were
performed in a similar manner. The reactions in the presence of
100 mM Na,SO; (entries 15 and 16 in Table S2) were performed in
a similar manner.
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