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Catalytic methane oxidation was conducted by using a p-nitrido-bridged dinuclear iron complex of a fourfold rotaxane

heterodimer of a porphyrin and a phthalocaynine. Extension of the n-stacked structure of the fourfold rotaxane-based p-

nitrido-bridged iron porphyrinoid dimer by supramolecular complexation with an additional tetraanionic porphyrin

apparently increased

Introduction

Methane is the main constituent of natural gas. Following the
“shale gas revolution,” significant efforts have been
undertaken to develop methods for the direct and efficient
conversion of methane into more valuable raw materials such
as MeOH, formaldehyde, and formic acid.? On the other hand,
since methane has a particularly high C-H bond dissociation
energy (105 kcal mol™) among the family of chemically inert
light alkanes,? efficient and direct low-temperature C-H
activation of methane has been recognized as a long-standing
challenge in the field of catalytic chemistry.3-8

In natural systems, oxygenases such as soluble methane
monooxygenase (sMMOQO), butane monooxygenase, and
cytochrome P450 achieve the low-temperature efficient
conversion of light alkanes by utilizing high-valent iron-oxo
species.®® These examples have encouraged researchers to
produce a variety of biomimetic iron-oxo species and develop
a rich research field of iron-oxo-based molecular systems.17-21
However, only a few bio-inspired iron-oxo species are capable
of oxidizing methane catalytically under mild reaction
conditions.?? 23 Some iron-oxo species lack oxidizing ability,
while others are susceptible to a variety of deactivation
reactions, including oxidation of organic ligands and solvents
and dimerization to form unreactive species.

Despite these bottlenecks, Sorokin et al. found that a p-
nitrido-bridged iron phthalocyanine dimer (FePc(tBu)s);N is
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the methane conversion ability.
capable of oxidizing light alkanes in acidic agueous solution, in
the presence of H,0, at low temperature (< 100 °C).2428 They
reported that an ultra-high-valent iron-oxo species, which was
generated by the reaction of (FePc(tBu),),N with H,0,, was the
actual reactive species in this reaction. (FePc(tBu);),N has
been recognized as one of the most potent molecular-based
methane-oxidation catalysts reported so far.

We recently reported the supramolecular activation of the
ethane oxidation activity of a p-nitrido-bridged dinuclear iron
porphyrinoid dimer-based catalyst. For this purpose, we
designed a p-nitrido-bridged dinuclear iron complex
constructed in a fourfold rotaxane heterodimer of a porphyrin
and a phthalocyanine prepared by using 4,8-diazacyclononyne
(DACN) as a terminal stopper (1°*-5CI~ in Figure 1). Since
1°+-5CI- possesses four peripheral ammonium cations, the
addition of an tetraanionic metalloporphyrin (M-TPPS*-,
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin metal
complex, M = Cu(ll) or Ni(ll)) resulted in extension of the
stacked structure to form 1°*-M-TPPS*-Cl- through =n—x
stacking and quadruple electrostatic interactions, as shown in
Figure 1. The ethane oxidation activity of 1>*-M-TPPS*~-Cl- in
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Figure 1. Schematic representation of supramolecular extension
of a p-nitrido-bridged dinuclear iron complex of a fourfold
rotaxane heterodimer of a porphyrin and a phthalocyanine
15*5CI- by complexation with an
porphyrin M-TPPS%~ (M = Cu?* or Ni%*).
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an acidic aqueous solution, in the presence of H,0, at 60 °C,
was almost twice that before complexation with M-TPPS4~.2°
Thus, 1°*-M-TPPS*~Cl- showed higher catalytic ethane
oxidation activity than that of (FePc(tBu),),N. Herein, we first
applied our fourfold rotaxane-based p-nitrido-bridged iron
porphyrinoid dimer to the most difficult light alkane oxidation,
that is, the methane oxidation reaction. Moreover, we showed
that the catalytic methane oxidation reaction was activated by
the supramolecular extension of the m-stacked structure of the
fourfold rotaxane-based catalyst.

Results and Discussion

A p-nitrido-bridged dinuclear iron complex of the fourfold
rotaxane heterodimer 1°*-5ClI-, and its stacked assemblies with M-
TPPS* (M = Cu?*: 15*-Cu(ll)-TPPS*~-CI-, M = Ni2*: 15*-Ni(ll)-TPPS*~-CI-
) were synthesized according to our previous report.?® Catalytic
methane oxidation reactions using these catalysts were performed
in an acidic aqueous solution in the presence of H,0,. H,O is a
suitable solvent for this reaction because the catalysts can
decompose most organic solvents, including DMF and CH3;CN.>
Since the catalysts were insoluble in H,0, they were pre-adsorbed
on silica gel to prepare solid-supported catalysts. It has already
been confirmed by UV-Vis spectroscopy that the stacked structures
of 1°* with M-TPPS*~ do not change during adsorption on Si0,.%°

We first investigated the products of the methane oxidation
reaction by 1°*5CI/SiO, using 'H NMR spectroscopy. The
heterogeneous oxidation of methane was performed using 1°*-5CI-
/Si0, (141 puM as 1°*:5CI7) in D,0O (1.5 mL) containing H,0, (160
mM) and trifluoroacetic acid (TFA, 51 mM) under a methane
atmosphere (1.0 MPa) in a 10 mL reaction vessel at 60 °C for 8 h.
TFA-acidic condition is useful for alkane oxidation by metal ion in
the presence of H,0, as well as H,SOy-acidic condition.®3° In this
case, acidic condition is necessary for acceleration of the generation
of high-valent iron-oxo species by protonation of iron-hydroperoxo
species.?* 2> The 'H NMR spectrum of the solution is shown in
Figure 2. After the reaction, a signal corresponding to formic acid
was observed at 8.26 ppm. The signals at 5.07 and 3.89 were
assignable as formaldehyde methyl hemiacetal, whereas signals due
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Figure 2. 'H NMR spectra of the reaction mixture for methane
(1.0 MPa) oxidation by 15*-5CI-/SiO, (141 pM as 15*-5CI) in the
presence of H,0, (160 mM) and TFA (51 mM) in D,0 at 60 °C for
8 h.
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to formaldehyde monohydrate was not observed.3132 This indicated
that formaldehyde generated in situ reacted with MeOH under the
acidic conditions. A very small signal attributed to free MeOH was
observed at 3.38 ppm under these conditions. These oxidation
reactions did not proceed in the absence of H,0, and were very
slow in the absence of TFA. Moreover, these oxidized compounds
were formed in apparently smaller amounts or were not observed
in the absence of methane, as shown in Figure S1. These results
clearly indicated that 1°*-5Cl-acted as a methane oxidation catalyst
under the present reaction conditions to produce formic acid,
formaldehyde, and methanol. Formic acid observed in the absence
of methane might be derived from the organic compounds
adsorbed on SiO,, such as organic solvents. The actual reactive
species should be the high-valent iron-oxo complex generated in
situ,*» 27 which we previously observed by electrospray-ionization
Fourier transform ion cyclotron resonance mass spectroscopy (ESI-
FT-ICR MS).?®

Based on these results, we next investigated the time dependence
of the concentrations of each product of the catalytic methane
oxidation by 1*5CI=/SiO,. After the reaction in H,0 (1.5 mL) in the
presence of 1°*5CI/Si0, (71 uM), H,0, (160 mM), and
trifluoroacetic acid (TFA, 51 mM) under a methane atmosphere (1.0
MPa) in a 10 mL reaction vessel at 60 °C, the reaction mixture was
analyzed by GC-MS. Formic acid and MeOH were successfully
quantified by direct injection of the resulting solution by GC-MS
system. MeOH was found to be dissociated from formaldehyde
under the GC-MS conditions. However, since direct quantification of
formaldehyde was difficult, we derivatized formaldehyde into an O-
alkyloxime by reaction with 0-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine (PFBHA) for GC-MS quantification,
according to the report by Yu et al.33 34

The results of GC-MS analysis are summarized in Figure 3 and
Table S1 (runs 1-10) in the Supporting Information. A gradual
increase in the amount of formic acid was observed during the
course of the reaction. The concentrations of MeOH and
formaldehyde were much lower than that of formic acid even at the
initial stage of the reaction (after 1 h). This indicated that the rates
of oxidation of MeOH into formaldehyde and formaldehyde into
formic acid were much higher than those of methane into MeOH
and formic acid into CO,. We calculated the total turnover number
(TTNes) and methane conversion number (MCNgs) as indicators of
the reaction progress. TTNcs; is defined by equations (i) and (ii),
where C represents the concentration of each species. This is based
on the reaction shown in Figure 3(a), where methane was oxidized
stepwise into formic acid through MeOH and formaldehyde. On the
other hand, MCN is defined by equations (iii) and (iv). MCNes
indicates the number of methane molecules converted into MeOH
by a single catalyst molecule, whereas TTN reflects the number of
H,0, molecules consumed by single catalyst molecule for a series of
oxidations of methane and its oxidized products. In order to
calculate the effective TTN or MCN (TTNgss or MCNs) for methane
oxidation, TTN (MCN) under a N, atmosphere was subtracted from
that (MCN) under a CH4 atmosphere.

TTNefr = TTN(cHay — TTN(n2) (i)

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a) Stepwise methane oxidation reaction by 15*-5CI-/SiO,. (b) Time dependence of the concentrations of each oxidized
product during CH, (1.0 MPa) oxidation by 15*5CI-/SiO, in the presence of H,0, (160 mM) and TFA (51 mM) at 60 °C (black:
methanol, blue: formaldehyde, and red: formic acid). Time dependence of (c) TTNe; and (d) MCN. for methane oxidation
calculated based on the concentration of each product. Error bars indicate standard deviation of three measurements.

TTN(CH4) or TTN(NZ) = (CMethanoI +2x CFormaIdehyde +3x CFormic acid) / CCat
(i)

MCNeff = MCN(CH4) - MCN(Nz) (III)

MCN(CH4) or MCN(NZ) = (CMethanoI + CFormaIdehyde + CFormic acid) / CCat (IV)

TTNess increased almost linearly up to 8 h, as shown in Figure 3(b),
indicating that the catalyst was not degraded and worked stably
during this reaction time. However, after 8 h of reaction, TTNs was
saturated. Considering that catalyst degradation hardly occurred for
24 h ethane oxidation under similar reactions, this decrease in the
methane oxidation rate was not attributed to catalyst degradation?6
but to the overoxidation of formic acid into CO,. Although direct
observation of the amount of CO, generated during the reaction

was difficult, we confirmed that formic acid was gradually oxidized,
as shown in Figure S2. This indicated that the oxidizing ability of
1°*-5Cl- is so strong that even formic acid can be oxidized. Moreover,
catalase activity might also contribute to the decrease in catalytic
activity by consuming H,0,.3> Furthermore, TTNg; after 8 h of
methane oxidation was almost one-fourth of the value for ethane
oxidation under the same conditions (Table S1, run 11). This
reflected the higher C-H bond dissociation energy of methane
compared to that of ethane. Possible reaction mechanism for
methane oxidation by 1°* is shown in Figure 4.2° This mechanism is
composed of two reaction cycles and the reactive intermediates are
the high-valent iron-oxo species 1-c and 1-d. In our previous paper,
we confirmed that homolytic cleavage of O-O bonding of
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Figure 4. Possible reaction mechanism for methane oxidation by the p-nitrido-bridged dinuclear iron complex 15+,

This journal is © The Royal Society of Chemistry 20xx
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hydroperoxo species (1-b to 1-d) hardly occurred in this reaction
condition.?®

The methane oxidation ability of supramolecular stacked
assemblies (1°*-Cu(ll)-TPPS*-Cl= and 15*-Ni(ll)-TPPS*~-Cl-) were
examined in the same manner with 15*5CI- at 60 °C by using the
silica-supported catalyst (Figure 53¢ and Table S1 (runs 12, 13)). As
in the case of 1°*, the supramolecular conjugate was stable at least
up to 24 h.2° The MCNg values for 1°*—Cu(ll)-TPPS*- and 1>*—Ni(ll)-
TPPS* were 18 and 19 after 8 h, which were almost 1.4 times
higher than that before complexation. The same trend was
observed for TTNgs. The oxo-species of the conjugate should be
formed on the iron porphyrin center because Cu(ll)-TPPS* fully
covers the iron center of the phthalocyanine unit in 15+.37 38 15+
Ni(ll)-TPPS*~ showed similar reactivity as the 1>—Cu(ll)-TPPS*
conjugate, although Cu(ll)-TPPS*~ has a spin of S = 1/2 while Ni(ll)-
TPPS* has no spin (S = 0) on its metal center. This suggests that the
effect of the central metal ion of TPPS* is not significant despite
the close and direct contact of M-TPPS*~ with the Fe-N-Fe center of
15+,

80

60

40

TTNert (8 h) or MCNett (8 h)

20

TTNet  MCNert TTNett  MCNott TTNew  MCNert

Figure 5. Comparison of MCN. after 8 h oxidation of
methane by p-nitrido-bridged iron porphyrinoid dimer-based
catalyst on silica supports in the presence of H,0, at 60 °C.
Error bars indicate standard deviation of three
measurements.3®

In our previous study on ethane oxidation, we observed a more
apparent (almost twofold) enhancement of the catalytic activity
after the formation of the stacked assembly with M-TPPS*~.2° We
attributed this enhancement to electron donation through the n—=n
stacking of 1°* with M-TPPS*~ because the redox potentials of both
the le~ redox waves of Fe(lll)/Fe(lV) and m/n* showed negative
shifts (difference in the redox potentials before and after
complexation (AE) was up to 0.03 V and 0.02 V, respectively, in
CH,Cl, solutions including 0.1 M nBusN*PF¢"). Sorokin reported that
a p-nitrido-bridged phthalocyanine dimer with an electron-donating
substituent showed much higher methane oxidizing ability than did
that with an electron-withdrawing substituent.?> Moreover, the
push effect for the monomeric iron porphyrin is well known, i.e.,
electron-donating substituents can facilitate the generation of a
reactive oxo species by enhancing the liberation of the OH™~ group
from the hydroperoxo-iron species.3*42 In Figure 4, this liberation of
OH- corresponds to the conversion from 1-b to 1-c or from 1-f to 1-

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

d. However, the degree of enhancement in the case of methane
oxidation was significantly lesser than that for ethane oxidation.
This difference implies that electron donation by the stacked
assembly formation mainly contributes to an increase in the rate of
generation of the reactive oxo species (1-c or 1-d in Figure 4), but
does not necessarily increase the reactivity of the oxo species.

Conclusions

Herein, we investigated the methane oxidation reaction by
utilizing p-nitrido-bridged iron porphyrinoid dimer-based
catalysts  constructed in a porphyrin-phthalocyanine
heterodimer connected via a fourfold rotaxane structure.
Methane was catalytically oxidized into MeOH, formaldehyde,
and formic acid in an acidic aqueous solution, in the presence
of H,0,. Since the fourfold rotaxane heterodimer scaffold has
four peripheral ammonium cations, the addition of a
tetraanionic porphyrin resulted in close stacking on the
phthalocyanine side of the heterodimer. This complexation
enhanced the methane oxidation ability of the p-nitrido-
bridged iron porphyrinoid dimer by increasing the generation
rate of the reactive oxo species via electron donation through
ni—n stacking. The findings of this study might contribute to the
development of more potent oxidizing catalysts based on iron-
OXO species.

Experimental
General

All reagents and solvents were purchased at the highest commer-
cial quality available and used without further purification, unless
otherwise stated. The fourfold rotaxane 15*5CI- and its stacked
assemblies with M-TPPS*- (1°*-Cu(ll)-TPPS*~-CI~ and 1°*-Ni(ll)-TPPS*-
-CI") were prepared according to our previous report.2?

Preparation of silica-supported catalysts. Silica-supported catalysts
were prepared according to the reported procedure.?® In a typical
method, 1°*-5CI~ (2.81 umol) was dissolved in 15 mL of CH,Cl,. After
the addition of silica gel (473 mg) to the solution, CH,Cl, was
evaporated, and the resulting 1°*-5Cl-/SiO, was dried under vacuum
at 60 °C for 8 h.

1H NMR analysis of the reaction mixture after CH, oxidation by
15+.5CI~. Methane oxidation was performed in a stainless-steel
autoclave with a glass tube. A mixture of the catalyst/SiO, (211
nmol of Fe complex), TFA (6.0 uL, 78 umol), and 30% H,0, aq. (25
ulL, 245 umol) in D,0 (1.5 mL) was heated at 60 °C under 1.0 MPa of
methane for 8 h. After the reaction, the mixture was filtrated
through a disposable membrane filter, and the filtrate was
subjected to NMR analysis using [2,2,3,3,-D4] sodium 3,3-
(trimethylsilyl)propanate (TSP) in D,0 as an external standard. NMR
spectra were recorded on a JEOL ECA600 (600 MHz for 1H)
spectrometer at a constant temperature of 298 K.

Methane oxidation reaction. Methane oxidation was performed in
a stainless-steel autoclave with a grass tube. A mixture of the
catalyst/SiO, (106 nmol of Fe complex), TFA (6.0 pL, 78 umol), and
30% H,0, aq. (25 pL, 245 pmol) in H,0 (1.5 mL) was heated at 60 °C

This journal is © The Royal Society of Chemistry 20xx
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under 1.0 MPa of methane for 1-24 h. After the reaction, the
mixture was filtrated through a disposable membrane filter, and the
resulting 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 2C to 220 2C (10 2C/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.3%32 Typically, 25 uL of the filtrate
obtained from the reaction mixture was diluted with 50 mL of H,0,
followed by the addition of an aqueous solution (469 pM) of
PFBOA-HCI (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 1.0 mM 1-
chlorodecane/hexane solution (10.1 pL) was analyzed by GC-MS.
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Catalytic CH4 oxidation by p-nitrido-bridged iron porphyrinoid dimer was succesufully
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