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Herein, we report the highly potent catalytic methane oxidation activity of a monocationic p-nitrido-bridged iron

phthalocyanine dimer with 16 peripheral methyl groups. It was confirmed that this complex oxidized methane stably into

MeOH, HCHO, and HCOOH in a catalytic manner in an acidic aqueous solution containing excess H.0: at 60 °C. The total

turnover number of the reaction reached 135 after 12 h, which is almost seven times higher than that of a monocatinoic p-

nitrido-bridged iron phthalocyanine dimer with no peripheral substituents. This suggests that the increased number of

peripheral electron-donating substituents could have facilitated the generation of a reactive high-valent iron-oxo species

as well as hydrogen

Introduction

Methane has long been expected to be a next-generation
carbon resource because it is abundant in nature as natural gas and
methane hydrates.12 However, methane has such a high C-H bond
dissociation energy (104.9 kcal/mol) among a variety of organic
compounds that direct and low-temperature conversion of
methane into more valuable raw chemicals such as MeOH is an
exceedingly difficult conversion that necessitates catalysis.3*
Therefore, the development of novel catalysts that can convert
methane efficiently under mild reaction conditions is strongly
desired.>18

Methane monooxygenase (MMO), a kind of natural oxygenase,
is known to efficiently convert methane into MeOH under mild
conditions.1%20 The fact that some MMOs utilize high-valent iron-
oxo species as the reactive center has led a number of researchers
to develop a variety of biomimetic iron-oxo-based oxidation
catalysts. 21-25> Molecular catalysts have a remarkable advantage in
that their catalytic properties can be designed and fine-tuned by
synthetic modification. For example, it is known that the
generation rate and reactivity of high-valent iron oxo species of a
monomeric iron porphyrin can be controlled by peripheral
substituents.26-2¢ Although these challenges have led to great
success in investigating the reaction mechanism of the high-valent
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abstraction

from methane by the reactive iron-oxo species.

iron-oxo species, only a few of them can actually activate the C-H
bond of methane at lower temperatures below than 100 °C until
nOW.13'17

The p-nitrido-bridged iron phthalocyanine dimer is one of the
most potent methane oxidation catalysts reported to date. Sorokin
et al. found that the treatment of the p-nitrido-bridged iron
phthalocyanine dimer 1 or its 1e—-oxidized monocationic species 1*
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Figure 1 (a) Formation of high-valent iron oxo species 1loxo
from 1 or 1*. 1o shows methane oxidation activity.
Structures of (b) p-nitrido-bridged iron phthalocyanine
dimer bearing eight tert-butyl groups (2), (c) monocationic
u-nitrido-bridged iron phthalocyanine dimer with eight
peripheral 12-crown-4 units (3*), and (d) monocationic p-
nitrido-bridged iron phthalocyanine dimer with sixteen
methyl groups (4+).
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with H,0; in an acidic aqueous solution produced the high-valent
iron-oxo species 1oxo, Which acted as a reactive species for methane
oxidation (Figure 1a).13-16 Until now, 1 (1*), 1ox, and their related
compounds were investigated by using EPR, absorption, Mdssbauer,
Mass, XANES, and EXAFS spectroscopies etc. in order to understand
the electronic structures and reactivities of these complexes.13-16,29-
32 Theoretical calculations were also performed by several groups,
revealing the superiority of the p-nitrido-bridged dinulcear iron
structure for achieving strong methane oxidation activity.33-36
Calculation by de Visser et al. also suggested that the origin of the
high reactivity of 14 is related to the orbital mixing pattern along
with the Fe=N-Fe=0 axis, where the axial FePc=N- moiety (Pc
represents phthalocyanine) donates sufficient electron density to
FePc=0 to affect the basicity of the terminal oxygen as well as the
strength of the O-H bond of the iron-hydroxo complex formed
during the methane oxidation.3*

In the course of pursuing higher catalytic methane oxidation
activity, Sorokin et al. reported that the methane oxidation activity
of 1 was affected by the substituents introduced onto the
phthalocyanine ring.16 The activity was almost doubled when eight
electron-donating tert-butyl moieties were introduced (2 in Figure
1b), but decreased when eight electron-withdrawing sulfonyl
groups were introduced. This suggests that the introduction of
larger numbers of electron-donating substituents at the periphery
of the phthalocyanine ring might help to achieve higher catalytic
methane oxidation activity. However, to the best of our knowledge,
there are no other reports on the stable catalytic methane
oxidation activity of p-nitride-bridged iron phthalocyanine dimers
with electron-donating substituents other than 2.

In our previous research, we synthesized a p-nitrido-
bridged iron phthalocyanine dimer bearing eight 12-crown-4
unis (3*17), as shown in Figure 1c.3” We expected 3*:I- to show
high catalytic methane oxidation activity. However, it
decomposed in an acidic aqueous solution containing H,0; at
60 °C, although the decomposed compound showed Fenton-
type methane oxidation activity. It is possible that the
introduction of alkoxy moieties on the periphery of
phthalocyanine ring destabilized the species
generated in situ. Therefore, we decided to introduce methyl
groups instead of 12-crown-4 units because the Hammett
substituent constant of the methyl group (o, = —0.17) is almost
comparable to those of the tert-butyl group (o, = —0.20) and
the methoxy group (G, =—0.27).38 In this study, we synthesized
a novel p-nitrido-bridged iron phthalocyanine dimer with 16
methyl groups on the phthalocyanine units (4*1- in Figure 1d)
and investigated its catalytic methane oxidation activity.

iron-oxo

Results and Discussion

The synthesis of 4*I- is shown in Figure 2a. An iron
phthalocyanine with eight methyl moieties (6) was obtained by
thermal tetramerization of the 4,5-dimethylphthalonitrile 5 in
ethylene glycol in the presence of Fe(CO)s. Heating a mixture of 6
and NaNs in 1-chloronaphthalene at 190 °C gave the neutral species

of p-nitride-bridged iron phthalocyanine dimer 4. As 4 was gradually

2 | J. Name., 2012, 00, 1-3

oxidized in the air, it was converted into its le—-oxidized
monocationic species 4*:I- by oxidation with |, without purification.
Although 4*I- showed poor solubility in many common organic
solvents, which made purification by column chromatography or
recrystallization difficult, fortuitously, the solubility of 4*I-
improved when pyridine was used as a solvent and this allowed us
to purify the product. This is presumably because pyridine
coordinated to the iron center and prevented the formation of the
stacked aggregate of 4+.39.40

The MALDI-TOF-MS spectrum of 4*:I- showed signals at around
m/z = 1374, which was in good agreement with the signals in the
calculated isotopic distribution pattern of 4* as depicted in Figure
S3 in the Supporting Information. The 1H-NMR spectrum of 4*I-
showed signals at 9.21 ppm and 3.23 ppm (Figure 2b), which

corresponded to the alpha proton of the phthalocyanine ring and
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Figure 2 (a) Synthesis of 2*:I-. (b) TH-NMR spectrum of 2*:1-in

pyridine-ds.
the methyl group protons, respectively. Both of these signals were
observed as singlets, suggesting that the upper and lower
phthalocyanine rings are equivalent in pyridine. The neutral p-
nitrido-bridged iron tetraphenylporphyrin dimer that includes a
Fe(lll) and a Fe(IV) centers has been reported to exhibit a significant
broadening of IH-NMR signals, whereas its le™-oxidized
monocationic species, which possesses two Fe(lV) centers, shows
sharp IH-NMR signals.1-43 This suggests that the two Fe(lV) centers
interact antiferromagnetically in a monocationic species.373944As
4+~ showed sharp 'H-NMR signals, we concluded that 4*I- also
possesses two Fe(lV) centers.

This journal is © The Royal Society of Chemistry 20xx
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(a)
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Figure 3 (a) Cyclic voltammogram of 4*I- (200 uM) in a
pyridine solution containing 100 mM of "BusN*-PFg~ at room
temperature. [Scan rate] = 400 mV/s. (b) Comparison of the
redox potentials (V vs. Fc/Fc*) of 1le- redox wave
corresponding to Fe(lV)-N=Fe(IV)/Fe(lll)-N=Fe(IV) of 1*+I-
(ref. 39), 3+I- (ref. 37), and 4+I-. @ Hammett substituent
constant (op) of methoxy group (-OCHs) was shown for that
of 3+I-.
Figure 3a shows the cyclic voltammogram of 4*I- in pyridine
containing 100 mM "BusN*-PFs~. One quasi-reversible le-redox
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wave and two irreversible oxidation waves were observed in the
potential range of —1.2 V to +1.0 V vs. Fc/Fc*. The redox wave at —
0.67 V corresponded to the 1le~ reduction of the iron center of 4*
(Fe(IV)-N=Fe(IV)/Fe(lll)-N=Fe(IV)),* which showed significant
negative shifts compared to that of the p-nitrido-bridged iron
phthalocyanine dimer with no peripheral substituent (Figure 3b).
The degree of this negative shift of the redox wave (AE” =—-0.09 V)
is almost identical to that of the p-nitrido-bridged iron
phthalocyanine dimer bearing eight 12-crown-4 units (AE*”’ = —0.08
V).37.39 Considering the difference in the Hammett substituent
constant shown in the Table in Figure 3b, this observation confirms
the electron-donating character of the methyl groups introduced on
the phthalocyanine units.

Encouraged by these observations, we used 4*I- for the
methane oxidation reaction. The merit of using the monocationic
species 4* instead of the neutral species 4 is that 4+ is stable against
oxidation by air. H,O was used as the solvent because it is
comparatively stable against the oxidation by the high-valent iron-
oxo species. However, the catalyst molecules were insoluble in H,0.
Therefore, we carried out the reaction by using silica gel-supported
catalysts on which 4*I- was adsorbed. The methane oxidation
reaction was performed at 60°C in an acidic aqueous solution in the
presence of an excess amount of hydrogen peroxide under a
methane atmosphere of 1.0 MPa. GC-MS analysis revealed the
formation of the oxidized compounds of methane, namely MeOH,
HCHO, and HCOOH, were observed as shown in Figure 4b and Table
S1, suggesting that methane was oxidized according to the scheme
shown in Figure 4a. The amounts of these oxidized products were
significantly smaller in the absence of methane (under 1.0 M Pa of
N;), indicating that methane was indeed oxidized under these
reaction conditions. The oxidized compounds observed in the
absence of methane were presumably derived from the organic
solvents adsorbed on the silica surface. It should also be mentioned
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Figure 4 (a) Stepwise methane oxidation reaction. (b) Time dependence of concentrations of each oxidized product (MeOH,
HCHO, and HCOOH) observed in the reaction in the presence of 1.0 MPa of methane (red closed circle) or in the absence of
methane (under 1.0 MPa of N,, blue closed circle) in an aqueous solution (3.0 mL) containing 4+1-/SiO, (55 uM as 4+*1-), H,0,
(189 mM), and TFA (51 mM) at 60 °C. Error bars indicate standard deviations of three independent methane oxidation

reactions.

This journal is © The Royal Society of Chemistry 20xx
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that no apparent bleaching of the catalyst was not observed, which
is in clear contrast to the significant bleaching of 3*I- under the
same reaction conditions (Figure S4).37 Generally, significant
bleaching of the catalyst is observed in the case of the Fenton type
reaction where ¢OH acts as a reactive intermediate. Considering
that the reaction was hardly quenched in the presence of the
radical scavenger, Na,SO; (Table S1, Entries 9 and 10 in the
Supporting Information),® it is reasonable to conclude that the
reaction was proceeded through the high-valent iron-oxo species of
4, as in the case of 1 or 2.

To evaluate the catalytic activity of 4+1-/SiO,, we defined the
effective total turnover number (TTNek) and effective methane
conversion number (MCNes) according to equations (i)—(iv) based
on the rationale that methane is oxidized in a stepwise manner
(Figure 4a). MCNef is useful for evaluating the activity in the C-H
activation of methane, whereas TTN.s reflects the activity against
the C-H activation of methane, MeOH, and HCHO.

TTNess = TTN(cHa) — TTN(n2) (i)
TTN(cHay or TTN(n2) = (Cueon + 2 X Chcrio + 3 X Cucoon) / Ceat (ii)
MCNEff = MCN(CH4) - MCN(Nz) (III)
MCNcHa) of MCNn2) = (Cwmeon + Chcio + Chcoon) / Ceat (iv)
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Figure 5 (a) Change in TTN.x for the methane oxidation
reaction by 4+:1-/SiO,. Error bars indicate standard deviation of
three independent methane oxidation reactions. (b)
Comparison of TTNet and MCNeg for the methane oxidation
reactions for 4 h by 1*I- and 4+*1-.
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The time dependence of the TTNes is shown in Figure 5a. TTNes
was increased almost linearly in the initial 12 h, suggesting this
catalyst was stable under these reaction conditions. This
observation is also different from the methane oxidation by 3*-I-
/SiO, under the same reaction conditions, where TTNess was almost
negligible initially and gradually increased after 2 h.37 The gradual
decrease in TTNess of 4+1-/SiO, after 8 h can be attributed to the
decrease in the concentration of H,0, by the catalase reaction*®
and also to the overoxidation of HCOOH because of the high
reactivity of the iron-oxo species of 4*. It was confirmed that
HCOOH was gradually oxidized under the same reaction conditions
(Figure S5) because of the strong oxidizing activity of the oxo
species of 4+,

Figure 5b shows the comparison of TTNes and MCNegr of 4+~
/SiO, after 4 h with those of 1*-17/SiO,. Both TTNesf and MCNe¢s of the
reaction with 4+1-/SiO, were significantly higher than those of the
reaction with 1*I-/SiO,. The TTN of a p-nitrido-bridged iron
phthalocyanine dimer bearing eight tert-butyl
reportedly as almost twice as that of 1 under similar reaction
conditions.® Considering that both of the catalysts (4*1-/SiO, and
1+1-/Si0,) were stable without any apparent bleaching under these

units 2 was

reaction conditions,1416 the higher degree of enhancement is
presumably due to the increased number of electron-donating
substituents introduced on the periphery of the phthalocyanine
unit of the catalyst center of 4+

The proposed reaction mechanism and possible elucidation of
the contribution of electron-donating methyl groups to the high
methane oxidation activity of 4*-I- are summarized in Figure 6. The
reactive intermediate is considered to be a high-valent iron-oxo
species generated in situ.131> It is generally considered that
methane oxidation by high-valent iron oxo species undergoes a
proton coupled electron transfer (PCET) mechanism, in which H
atom abstraction and 1le- oxidation proceed in a concerted
manner.4748 Based on calculation, Sorokin and de Visser proposed
that the introduction of electron-donating substituents is
advantageous for H atom abstraction.1¢ This can also be understood
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Figure 6 Proposed reaction mechanism and possible elucidation
for the contribution of electron-donating methyl groups to the
high methane oxidation activity of 4*.
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as electron-donating substituents increasing the basicity of the oxo
species. On the strength of their experimental results, Sorokin and
de Visser also suggested that the introduction of electron-donating
substituents is beneficial for the formation of high-valent iron-oxo
species,16 and yet another possibility is that heterolytic cleavage of
the O-0 bonding of hydroperoxo species to produce the high-valent
iron-oxo species is facilitated by electron-donating substituents.2®
Although the introduction of electron-donating substituents might
be detrimental to achieving a more positive oxidation potential of
the oxo species for efficient electron transfer from methane to the
catalyst, the actual increase in the catalytic activity of 4 having 16
electron-donating groups may be explained by the predominating
effect of increased basicity and production rate of the oxo species
in this case.

As for a p-nitrido-bridged iron porphyrin dimer that also shows
high methane oxidation activity, DFT calculation by Phung and
Pierloot suggested that the low-lying mixed valence excited state of
the complex, O=Fe(V)-N=Fe(lV), might be essential for high
reactivity.3¢ In order to address the question how the peripheral
electron-donating substituents of a p-nitrido-bridged iron
phthalocyanine dimer affect on the mixed-valence excited state,
further research should be conducted.

Conclusions

In this study, we synthesized a novel p-nitrido-bridged iron
phthalocyanine dimers with 16 peripheral electron-donating methyl
groups on the phthalocyanine moieties 4*-I- and investigated its
catalytic methane oxidation activity in an acidic aqueous solution
containing excess H,0,. In contrast to the decomposition of the p-
nitrido-bridged iron phthalocyanine dimer bearing eight 12-crown-4
units (3*1-) under the same reaction conditions, 4*-I- was stable and
catalyzed the conversion of methane into MeOH, HCHO, and
HCOOH in a catalytic manner. It was found that 4*-I- showed one of
the most potent methane oxidation activities among a variety of
molecular methane oxidation catalysts. We expect that these
results will provide valuable information for designing more potent
methane oxidation molecular catalysts based on p-nitrido-bridged
iron porphyrinoid dimers.

Experimental

General All reagents and solvents were purchased at the highest
commercial quality available and used without further purification,
unless otherwise stated. Monocationic p-nitrido-bridged iron
phthalocyanine dimers (1*1-) was prepared according to our
previous report.3® 1H NMR spectra were recorded on a JEOL JNM-
ECS400-A (400 MHz for H) spectrometer at a constant temperature
of 298 K. Elemental analysis was performed on a Yanaco MT-6
analyzer. The absorption spectrum was recorded with a Hitachi U-
4100 spectrophotometer in pyridine solutions at 20 + 0.1 °C in 1.0
cm quartz cells. MALDI-TOF MS was performed on Bruker Daltonics
ultraXtreme using a-CHCA as a matrix.

Synthesis of 1,2-dicyano-4,5-dimethylbenzene 5. 1,2-dibromo-4,5-
dimethylbenzene (2.0 g, 7.7 mmol), CuCN (2.9 g, 32 mmol), and dry
DMF (90 mL) were added to a 100 mL schlenk flask. Oxygen was

This journal is © The Royal Society of Chemistry 20xx
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removed by freezing-thaw method by 4 times. The suspension was
stirred at 160 °C for 87 hrs, and then poured into 28% aqueous NHs
(200 mL). After stirring under air for 3 h, the resulting mixture was
extracted with AcOEt (300 mL x 3). The combined organic layer was
washed with H,0 (200 mL x 2) and brine (100 mL x 2), dried over
anhydrous Na,SO,, filtered, and evaporated to give colorless solid
(1.1 g). The crude product was dissolved in hot MeOH (70 mL) and
filtrated. The filtrate was evapolated to afford the desired product 5
as a colorless solid (1.1 g, 7.0 mmol, 91 %). 'H NMR (400 MHz,
CDCl3/TMS) : 6 = 7.56 (s, 2H), 2.38 (s, 6H).

Synthesis of 6. This reaction was performed under Ar atmosphere.
1,2-dicyano-4,5-dimethylbenzene 5 (2.11 g, 13.5 mmol) was
dissolved in ethylene glycol (48 mL) in a 100 mL schlenk flask.
Fe(CO)s (1.0 mL, 7.41 mmol) was added slowly at 180 °C. The
mixture was stirred for 1 h at the bath temperature of 200 °C, and
then, cooled to room temperature. After the mixture was diluted
with 50 mL of H,0, the resulting precipitate was filtered, washed
with H,0 (300 mL) and MeOH (300 mL) successively to afford the
desired compound 6 as a dark green solid (1.11 g, 1.63 mmol, 48%).
This compound was used for the next reaction without further
purification. MALDI-TOF MS : m/z = 680.21: calcd for CsoH32FeNs
([6]*) found: 680.26.

Synthesis of 4*:I-. 6 (162 mg, 238 umol), NaNs (185 mg, 2.85 mmol),
and 1-chloronaphthalene (2.7 mL) were placed in a 50 mL flask. The
mixture was refluxed under air at the bath temperature of 190 °C
for 20 h. After the reaction mixture was diluted with hexane (50 mL),
the precipitate was collected by suction filtration, washed with
hexane (100 mL) and H,O (300 mL), successively, dried under
vacuum to give blackish green solid (160 mg). The crude product
was dissolved in pyridine (500 mL). After iodine (138 mg, 1.09 mmol
as 1) was added, the resulting solution was stirred for 37 h at room
temperature, followed by evaporation of the volatile compounds.
The residue was washed with Et,0 (500 mL x 3) to remove the
remaining iodine, and then, dried under reduced pressure to give
dark green solid. The obtained solid was dissolved in pyridine (500
mL) and the undissolved compound was removed by filtration. H,O
(1.5 L) was added in the filtrate to give dark green precipitate (98
mg). The precipitate was dissolved in a mixture of pyridine and
CHCl5 (1 : 1 (v/v), 30 mL) and the undissolved solid was removed by
filtration. After the filtrate was evaporated, the residue was purified
by silica gel column chromatography (4.5 cm¢ x 8.0 cm, hexane :
CHCls : pyridine =1 : 2 : 1) to give the desired compound 4*1- as a
bluish green solid (26 mg, 17 umol, 14%). 'H-NMR (400 MHz,
pyridine-ds/TMS) : & = 9.21 (s, 16H), 3.23 (s, 48H). MALDI-TOF MS :
m/z =1374.42 : calcd for CgoHssFeaN17 ([4]*) found: 1374.48. Anal.
calcd for Cia0H104F€2IN,s (4*:1--8Pyridine): C; 67.51, H; 4.91, N; 16.40,
found: C; 67.62, H; 4.63, N; 16.28 (0.28% error).

Preparation of silica-supported catalyst (4+1-/SiO,). 4*I- (9.6 mg,
4.7 umol) was dissolved in 25 mL of mixture of pyridine and CHCl;
(1:1 (v/v)). After the addition of silica gel (830 mg) to the solution,
the mixture was sonicated for 15 min. Solvent was evaporated.
Pyridine (5 mL) and CHCl3 (5 mL) was added to the residue, followed
by sonication for 10 seconds. After solvent was evaporated, the
residue was dried under vacuum at 60 °C for 13 h. The catalyst was
suspended in an aqueous TFA (TFA 5.0 mL + H,O 50 mL). The
mixture was sonicated for 10 min and then the solid was filtered.

J. Name., 2013, 00, 1-3 | 5
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This TFA wash procedure was repeated twice. Finally, the resulting
solid was washed with H,O (700 mL) and dried under vacuum at
60 °C for 12 h. The silica-supported catalyst was obtained
quantitatively. Silica-supported catalyst of 1+I- (1*1-/SiO;) was
prepared in a similar manner.

Cyclic voltammogram of 4+|-. Cyclic voltammograms were
measured with a BAS Electrochemical Analyzer Model 750Ds at
room temperature in pyridine solutions containing 100 mM TBAPFs
in a standard one-component cell under an N, atmosphere
equipped with a 3 mm-0.D. glassy carbon disk working electrode,
platinum wire counter electrode, and Ag/AgCl reference electrode.
All solutions were deoxygenated by N, bubbling for at least 20 min.
Obtained E* vs. Ag/AgCl were converted to those vs. Fc/Fc* based
on measured redox potential of ferrocene. Tetrabutylammonium
hexafluorophosphate (TBAPFg) was recrystallized from 95% EtOH
and dried under vacuum overnight at 100 °C.

Methane oxidation reactions. Methane oxidation reaction was
performed in a stainless-steel autoclave with a glass tube. A mixture
containing the catalyst on SiO; (30 mg, 55 uM as 4*I- or 1*I7), 35%
aqueous H,0; (50 pL, 189 mM), and TFA (12 pL, 51 mM) in H,0 (3.0
mL) was heated at 60 °C under 1.0 MPa of methane for 4—-16 h with
continuous stirring (900 rpm). After the autoclave was opened, the

reaction mixture was filtrated through a disposable membrane filter.

The filtrate was analyzed by GC-MS (system: Agilent 7890A
equipped with JEOL JMS-T100GCV, detection: El, column: Agilent
DB-WAX Ul, external standard: isovaleric acid (5 mM), temperature
conditions: initial: 70 °C to 220 °C (10 °C/min) — hold (5 min)). The
yields of methanol and formic acid were determined based on the
results of GC-MS. The yield of formaldehyde was examined using
the method reported by Yu et al as reported in our previous
paper.17,19.25
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