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Broader context

The conversion of methane into methanol is very difficult chemistry requiring
catalysts operating at elevated temperatures and pressures. The prospects of a
future methanol economy depend on successful development of robust and efficient
catalysts that can accomplish this chemistry under mild conditions. In nature, the
particulate methane monooxygenase (pMMO), a membrane-bound metalloenzyme,
catalyzes methane oxidation with total selectivity and atom efficiency. Inspired by
what we have learned about the pMMO over the past two decades, a tricopper
complex based on the catalytic site of this enzyme has been developed and shown to
mediate methane oxidation to methanol selectively. However, as a homogeneous
catalyst, the catalytic efficiency is low because of the low solubility of methane in the
solvent supporting the catalyst. Here, we describe the immobilization of the
tricopper catalyst into mesoporous silica nanoparticles (MSN) to take advantage of
the “over solubility” of methane in liquids confined in nanoporous materials relative
to the bulk solubility. This heterogeneous formulation of the tricopper cluster is
capable of converting methane into methanol with high catalytic efficiency and
excellent product yields without over-oxidation at room temperature. The
heterogeneous catalyst is also robust and reuseable.
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Abstract

The development of a heterogeneous catalyst capable of efficient selective conversion
of methane into methanol with multiple turnovers under ambient conditions is reported
here. The catalyst is assembled by immobilizing into mesoporous silica nanoparticles the
tricopper complex [Cu'Cu'Cu'(7-N-Etppz)]'", where 7-N-Etppz stands for the organic
ligand  3,3’-(1,4-diazepane-1,4-diyl)bis| 1-(4-ethylpiperazine-1-yl)propan-2-ol].  This
tricopper cluster complex has been previously shown to mediate efficient methane
oxidation without over-oxidation in homogeneous solution when the catalytic turnover is
driven by hydrogen peroxide in acetonitrile. The turnover mechanism of the catalyst is

similar between the two formulations. However, the heterogeneous formulation exhibits
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dramatically higher catalytic efficiencies and turnover numbers, with commensurate
improvements in chemical yields, offering the most proficient catalyst for selective
conversion of methane into methanol at room temperature developed to date. To explain
the efficient methane oxidation, the over-solubility of nonpolar gases, such as methane, in
liquids confined in nanoporous solids is evoked. The much higher solubility of methane
within the pores of the mesoporous silica nanoparticles, as compared to the bulk solubility,
led to very efficient turnover of the concentrated confined methane. This success
underscores the advantages of using nanoparticles to support chemical catalysts for this

difficult chemical transformation under these conditions.

Introduction

Successful development of a robust heterogeneous catalyst capable of mediating
efficient methane (CH,) oxidation to methanol (CH3OH) and other components of natural
gas to their corresponding alcohols will be a major step toward replacing petroleum as the
source of chemical feedstocks in the chemical industry.' This advance will ultimately lead
to an economy based on CH;OH ** and hydrogen® instead of petroleum. New methods
will be developed for the manufacturing of fuels, fine chemicals, fibers, plastics, advanced
materials, pharmaceuticals, and foodstuff that will be greener and energy more efficient
with lower carbon footprint on the environment.” This will revitalize the chemical industry
globally, creating intellectual opportunities for new science and technologies, and
employment for young scientists in many fields, especially in chemistry, chemical

engineering, biotechnology, etc.
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Future of the CH3;0H economy rests on the development of inexpensive catalysts and
energy-efficient and green processes for the direct oxidative conversion of CH4 into
CH;OH to take advantage of the huge deposits of CH4 on Earth.*’ In recent years, there
have been a number of attempts directed toward developing a catalyst for selective CHy

L8105 mercury-catalyzed sulfuric acid

oxidation. These include platinum catalysts,
system,11 Cu-based zeolites,lz'15 Fe-ZSM-5'® and Cu-Fe-ZSM-S,”’18 Cu-mordenites,lg'23
among others.”** Recently, we have also developed a homogeneous catalyst for CHy
oxidation based on the tricopper cluster complex [Cu'Cu'Cu'(7-N-Etppz)]'", where 7-N-
Etppz stands for the organic ligand 3,3°-(1,4-diazepane-1,4-diyl)bis[1-(4-ethylpiperazine-
1-yl)propan-2-0l] (Scheme 1).”**" This tricopper complex is capable of efficient
conversion of CH4 into CH30H upon activation by dioxygen (O,) without over-oxidation
under ambient conditions. This development is significant as the design is based on our
understanding of the catalytic site in the particulate methane monooxygenase (pMMO)
from the methanotroph Methylococcus capsulatus (Bath), the most efficient CH4 oxidizer
discovered to date.”*>? A recent study on tricopper-oxo clusters stabilized in copper-

exchanged zeolites has also demonstrated the efficacy of the trinuclear copper system

toward CHy oxidation.?
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Scheme 1. Space-filling model (/eft) and ball-and-stick model (right) of the optimized
structure of [CuHCuH(|,L-O)2CuIH(7-N-Etppz)]1+ showing the funnel-like opening or cleft at
the bottom for a CH4 substrate molecule to access the “hot” oxene group harnessed. H,

white; C, gray; N, blue; O, red; and Cu, brown. Taken from Reference 26, Fig. 3.

The catalytic cycle for the [Cu'Cu'Cu'(7-N-Etppz)]'" catalyst is depicted in Scheme 2.
To initiate the catalysis, the fully reduced tricopper complex is first activated by O, to
form the highly reactive [CuHCuH(|,L-O)2CuHI(7-N-Etppz)]1+ intermediate harnessing the
“’hot” oxene group in acetonitrile (MeCN).2%*"2%*! The activation of the tricopper
complex by O, and the transfer of one of O-atoms to an organic substrate, with the
remaining O-atom embedded in the tricopper complex, has been confirmed by '*0,
experiments.”> When a CH, molecule becomes associated with the hydrophobic substrate-
binding cleft at the base of the tricopper complex, the activated tricopper cluster can
mediate facile O-atom transfer to one of the C—H bonds in the transition state (Scheme 2,
upper panel).26 This binding pocket is selective to small straight-chain alkanes from
C1-C6.” Moreover, no over-oxidation is observed for CHy, ethane and propane,
underscoring the importance of selectivity in the controlled oxidation of these alkanes.”’
To regenerate the catalyst, the “spent” catalyst, namely, the [Cu'Cu"(p-O)Cu"(7-N-
Etppz)]"" species, is reduced by one molecule of hydrogen peroxide (H,05) to produce O,
and H,O. Note that the H,O; is acting as a reductant in the turnover cycle, not the oxidant,
which is 0,.°*"" Thus, the catalyst is functioning as a methane monooxygenase, just like
the pMMO enzyme, and one molecule of CH3;0OH is produced per molecule of H,O,
consumed. Interestingly, although the catalyst is activated by O,, there is no net

consumption of O,, as a molecule of O, is recovered from the reduction of the “spent”
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catalyst with H,O,. This scenario does not obtain when other reductants are employed to

regenerate the catalyst and drive the catalytic turnover.
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Scheme 2. Upper panel: The turnover cycle driven by H,O; in the catalytic oxidation of
CH,4 mediated by the immobilized [Cu'Cu'Cu'(L)]"" complex and O,. Lower panel: The
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abortive cycle of the catalytic system, a competing process that aborts the activated

tricopper cluster by direct reduction with H,O,. L denotes the organic ligand 7-N-Etppz
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used to construct the tricopper cluster complex.

In Scheme 2, the turnover frequency (TOF) of the catalyst is determined by the rate of
regeneration of the catalyst via reduction of the “spent” catalyst by H,O,. This is the rate-
limiting step in the turnover cycle. The activation of the [Cu'Cu'Cu'(7-N-Etppz)]'
catalyst by O, is extremely facile.”* Without a CH, molecule occupying the hydrophobic
substrate-binding cleft in the activated tricopper complex, however, the latter can be
aborted by H,0, as well. This abortive process (Scheme 2, lower panel) is also rapid
because of the strong oxidizing power of the [CuHCuH(|,L-O)2CuHI(7-N-Etppz)]1+

3931 When the tricopper complex is operated as a homogeneous catalyst in a

species.
solvent like MeCN, this abortive process limits the turnover number (TON) and the
product yields due to the low solubility of CHy4 in the solvent. In fact, at sufficiently high
concentrations of H,O, used to drive the turnover, the productive cycling can be
outcompeted by abortive cycling.”**” The outcome is that the tricopper complex is merely
mediating the decomposition of the H,O, used to drive the turnover to form O, and H,O
without the production of CH3;0H. Although the TOF is proportional to the concentration
of H,O, in the medium, it is evident that one must compromise between productive and
aborting cycling to accomplish optimal performance of the catalyst for CH;OH
production.

Here, we describe the re-formulation of the tricopper cluster complex as a
heterogeneous catalytic system for selective CH,4 oxidation by immobilizing the tricopper
cluster complex into mesoporous silica nanoparticles (MSNs). The advantages of

heterogeneous catalysis are numerous, including ease of product separation and recovery,

recovery and reuse of the catalyst, as well as eventual scale-up of the process. The MSNs
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are particularly suitable for immobilizing small compounds for chemical catalysis because
of their surface areas, controllable geometric parameters, and a surface that can be
conveniently modified to accommodate the types and sizes of molecules that can penetrate

them.*>>*

With a particle size of ~80 nm, the MSNs can also be suspended in solution very
well for the present application. Finally, but more significantly, this strategy of
formulating the tricopper cluster catalyst allows us to exploit the over-solubility of CHy4 in
the mesopores/nanopores of the functionalized MSNs to overcome some of the
shortcomings of the homogeneous catalytic system described earlier.”**” It is now evident
that the solubility of nonpolar gases like N,, CH4 and CO, can be as high as several
hundred times higher than expected from the bulk solubility.””*” For these gases, the
interactions of the gas molecules with the nanoporous solid or with the solvent are
significantly weaker than the interactions of the solvent molecules with the walls of the
confining host framework. The stronger solvent-solid interactions create regions of low
solvent density in the confined solvent, enhancing gas uptakes.*’. Thus, we expect that the

mesopores/nanopores of the MSNs can accommodate large quantities of dissolved gases

like CHy4 and O,.

In this study, we have immobilized two tricopper complexes in MSNs and evaluated
their performance toward selective conversion of CH, into CH3;0OH. Indeed, we find that
the heterogeneous catalyst can mediate the conversion of CHs into CH3OH at room
temperature with high catalytic efficiencies, high TONs, and excellent product yields,

when the catalytic turnover is driven by H,O,.

Experimental section
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Synthesis of the tricopper complexes

The synthesis and characterization of the ligands 3,3'-(1,4-diazepane-1,4-diyl)bis[1-(4-
ethylpiperazine-1-yl)propan-2-ol] (7-N-Etppz) and 3,3'-(1,4-diazepane-1,4-diyl)bis[1-(4-
ethylhomopiperazin-1-yl)propan-2-ol] (7-N-Ethppz), as well as the preparation of the
[CuICuICuI(7-N-Etppz)]1+ and [CuICuICuI(7-N-Ethppz)]1+ complexes have been

. . 262748
described earlier.?%?"

We have repeated the syntheses and preparations following these
established procedures for the present study. Details are presented in Supplementary
Information. (ESI,f) All solvents and chemicals used were of commercially available
analytical grade, if not mentioned otherwise. Solvents for air-sensitive reactions were
distilled under argon.
Synthesis of the negatively charged MSN-TP

In order to anchor the positively charged tricopper complexes to the surface of the MSN
channels, we have functionalized the surface with the anionic 3-(trihydroxysilyl)propyl
methylphosphonate (TP) to generate a negatively charged surface. The procedure is given
as follow: 0.58 g of cetyltrimethylammonium bromide (C,,TAB) was dissolved in 300 g
of 0.51 M ammonia solution (NH4OH (,q)) at 40 °C, and 5 ml of 0.21 M dilute tetraecthyl
orthosilicate (TEOS) solution (in ethanol (EtOH)) was added to the mixture. After stirring
at 40 °C for 5 h, 250 pl of TP dissolved in 1 ml de-ionized H,O and 5 ml of 0.88 M TEOS
solution were added with vigorous stirring for another 1 h. The solution was then aged at
40 °C for 24 h. The as-synthesized materials were collected by centrifugation at 12,000
rpm for 25 min, washed and re-dispersed by EtOH several times. The surfactant templates

were removed by extraction twice in ammonium nitrate/EtOH solution (1 g of ammonium

nitrate/50 ml of EtOH at 60 °C for 1 h). Finally, the modified-MSN was collected by
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centrifugation, washed with EtOH several times, and dried in vacuum for 10 h to obtain a
colorless powder [(MSN-TP)” (NH4")].
Synthesis of the negatively charged AIMSN30-ex

0.386 g of CicTAB was dissolved in 160 g of 0.30 M NH4OH (4 at 50 °C. 1.2 ml of
decane was dissolved in 15 ml of EtOH. Then, aqueous C;sTAB solution was mixed with
the decane/EtOH solution to form an oil-in-water emulsion by stirring. After the emulsion
was stirred at 50 °C for 12 h, 1 ml of 0.167 M aluminum nitrate solution and 3.33 ml of
0.88 M TEOS/EtOH solution were mixed with vigorous stirring at 50 °C for 1 h. The
solution was then aged at 50 °C for 24 h. Then the mixture containing the AIMSN30-ex
and AI-MSF samples were separated by filter paper (55 mm). The filtrate containing the
as-synthesized AIMSN30-ex sample was directly aged at 80 °C for 1 day to form the silica
framework with high co-condensation. The as-synthesized material was then collected by
centrifugation at 14,000 rpm for 30 min, washed and re-dispersed by EtOH several times.
The surfactant templates were removed by extraction twice in ammonium nitrate/EtOH
solution (1 g of ammonium nitrate/50 ml of EtOH at 60 °C for 1 h). Finally, the
AIMSN30-ex sample was collected by centrifugation, washed with EtOH several times,
and dried in vacuum for 10 h to obtain a colorless powder [(AIMSN30-ex) (NH;")].
Immobilization of the Cu"'Cu"Cu" tricopper complexes in the modified MSNs

10.0 mM of the exchange solution (solvent: 80% of MeCN and 20% of EtOH)
containing the selected tricopper complex was prepared and used for the immobilization.
First, 150 mg of the as-synthesized MSNs were well dispersed in 25 ml 99.5% EtOH, and
then 25 ml of 10 mM exchange solution were added slowly and stirred at 30 °C for 24 h.

The solids were collected by centrifugation, washed by 95% EtOH, and dried in vacuum.

Page 10 of 65
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The loadings of the tricopper complexes in the nanoparticles, henceforth referred to as
CuEtp@MSN or CuEthp@MSN samples, were determined by measuring the copper
content via ICP-MS experiments and the ligand content by C/N elemental analysis, and
the results are given in Table 2.

Catalytic oxidation of CH4 mediated by the CuEtp@MSN or CuEthp@MSN samples
in the presence of H,0,

20 mg of CuEtp@MSN or CuEthp@MSN samples (including both the MSN-TP and
AIMSN30-ex samples) were well suspended in anhydrous MeCN (5 ml) in a 50-ml glass
sample bottle sealed tightly with a rubber cap. Then sodium ascorbate was added as a
reducing agent (4 equivalent based on the amount of tricopper complex in the MSNs,
freshly prepared 1 M solution in de-ionized H,O) under a nitrogen atmosphere. The
heterogeneous mixtures were stirred vigorously at room temperature to reduce the
immobilized Cu"Cu"(u-0)Cu"(L) complexes to their corresponding Cu'Cu'Cu'(L)
complexes (L, 7-N-Etppz or 7-N-Ethppz) in situ. The mixture was degassed, followed by
injecting O, (10 ml at STP, 0.44 mmol) and CH4 (100 ml STP, 4.4 mmol) using gas
syringes to fill the total volume of the sample bottle with these two gases. After stirring for
10 min, an aliquot of either 100 equiv. or 200 equiv. of H,O; solution (35%) was added.
The reaction mixture was then stirred continuously for 3 h at room temperature. After
breaking the seal to the glass sample bottle, 30 pl of nitrobenzene was added to the
solution to provide an internal standard (IS) for quantitation of the products.

In the CHy4- or H;O,-limiting experiments, 60 mg of the CuEtp@AIMSN30-ex sample
was well suspended in anhydrous MeCN (5 ml) in a 50-ml glass sample bottle sealed

tightly with a rubber cap. For the CHy-limiting experiments, 200 equiv. of H,O, were used

10
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to drive the catalytic turnover, and two different amounts of CH4 were used: 15 ml and 30
ml of CHy at 1 atm, 30 °C, corresponding to 49.2 and 98.4 equiv., respectively. In the
H,0,-limiting experiments, excess CHy (328 equiv., 100 ml of CHgat 1 atm, 30 °C) was
used and the catalytic turnover was driven by 50 and 100 equiv. of H,O,. Otherwise, the
reaction procedure was the same as in the normal CH,4 oxidation reaction described above.

The reaction solution was analyzed periodically by using GC-MS. The products of the
CH,4 oxidation reaction were analyzed and confirmed by comparing with the commercially
available standards (CH3;OH, MeCN, and nitrobenzene) and the built-in MS database
software. Product yields and the turnover number are based on the loading of the tricopper

complex in the MSNs.

Results

Immobilization of trinuclear copper complexes in mesoporous silica nanoparticles
Two kinds of silica nanoparticles have been employed for the present study (Scheme 3).
In order to anchor the positively charged tricopper complex to the surface of the MSN
nano-channels, we functionalize the surface with the anionic TP group to generate a
negatively charged surface (MSN-TP). This conjugation of the silica by the negative TP
group increases the loading of the tricopper complex. In addition, we prepare a pore-
expanded MSN by adding decane® and increasing the surface charge density and acidity
by doping Al into the framework (AIMSN30-ex).”® Expansion of the silica pore and
increasing the surface charge density can further increase loading of the immobilized

complexes, which in turn can yield higher conversion of CHy.

11
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Scheme 3. Preparation of the two kinds of mesoporous silica nanoparticles (MSNs) used
in this study. Right: In the MSN-TP sample, the surface of the MSNs is functionalized
with the anionic TP to generate a negatively charged surface to anchor the positively
charged tricopper complex to the surface of the nano-channels. Left: In the AIMSN30-ex
sample, decane is used to expand the pore of the nano-channels and Al doping (Si/Al ratio

= 30) is introduced into the framework to increase the surface charge density and acidity.

Two tricopper complexes have been selected for development of the heterogeneous
catalyst for CH4 oxidation using the two silica frameworks in this study: [Cu'Cu'Cu'(7-N-
Etppz)]'" and [Cu'Cu'Cu'(7-N-Ethppz)]'". 7-N-Ethppz differs from 7-N-Etppz in the
replacement of the six-membered piperazine ring in the latter by the seven-membered
homopiperazine ring. The intent of this change in the ligand design is to tune the size and
hydrophobicity of the hydrocarbon-binding cleft at the base of the assembled tricopper
complex toward its recognition and binding of the hydrocarbon substrate.

We apply an ion-exchange method to immobilize the tricopper complexes in the
functionalized MSN samples to obtain the following four formulations:

(1) CuEtp@MSN-TP: Cus(7-N-Etppz) complexes immobilized in the MSN-TP
nanoparticles;
(2) CuEthp@MSN-TP: Cus(7-N-Ethppz) complexes immobilized in the MSN-TP

nanoparticles;

12
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(3) CuEtp@AIMSN30-ex: Cus(7-N-Etppz) immobilized in the pore-expanded
MSNs with Al-doping (Si/Al ratio = 30); and
(4) CuEthp@AIMSN30-ex: Cus(7-N-Ethppz) immobilized in the pore-expanded

MSNs with Al-doping (Si/Al ratio = 30).
Typically, the Cu''cu(0)Cu"(L)*" form of the tricopper complex is immobilized in the
functionalized MSNs and the Cu'Cu'Cu'(L)"* catalyst is generated by reduction with
ascorbate. The same results are obtained when the reduced tricopper complex is
immobilized in the MSNs if the sample preparation is carried out in the glove box.
Physical characterization of the MSNs with the immobilized tricopper complexes

Transmission electron microscopy (TEM) images of the MSN samples (Fig. 1)
demonstrate that the nanoparticles are well dispersed, with uniform sizes and clear
evidence of nano-channels. The average particle diameter is about 80 nm. Statistical
analysis (Fig. 1, inser) of the TEM images gives a particle size distribution of 71.4 + 7.8
nm for the MSN-TP sample (based on a patch size of 100 particles) and 67.7 + 6.0 nm for
the AIMSN30-ex preparation (based on a patch size of 70 particles). The expanded-pore
AIMSN30-ex sample has a pore diameter of 4.8 + 0.57 nm, and shows cleaner mesopores
than the MSN-TP sample, which has a pore diameter of 2.8 + 0.14 nm (Fig. S1). Doping
aluminum into the framework of the MSN-ex sample does not appear to affect the size of
the nano-silica particles or the definition of nano-channels. *’Si solid-state NMR of the
AIMSN30-ex and the MSN-TP samples (Fig. 2) indicate that the MSN samples are
formed with a high degree of silica poly-condensation with mainly Q3 and Q4

substructure.*”° Al solid-state NMR of the AIMSN30-ex sample (Fig. 2d) reveals only

13
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Al*" occupying the tetrahedron site of Al in the silica framework, indicating good co-

condensation.

v

100m

Fig. 1. Transmission electron microscopy (TEM) images of the functionalized MSN
samples: (a) MSN-TP sample with different scale bars (/eft: 0.2 um; right: 100 nm); and
(b) AIMSN30-ex sample with 200 nm scale bars. Statistical analysis of the TEM images
gives a particle size distribution of 71.4 £ 7.8 nm for the MSN-TP sample (Fig. 1a /eft,

14
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inset, based on a patch size of 100 particles) and 67.7 £ 6.0 nm for the AIMSN30-ex
preparation (Fig. 1b, inset, based on a patch size of 70 particles).

(a) A Q4=4737%||| (b) Q4:61.20%
Q3=4351% Q3:31.81%
Q2=9.12% Q2:6.99%

NS

7

60 80 -100 -120 -140  -60 -80  -100 -120 -140
o (ppm)
(c) p (d)

T~5% |

400 200 0 200 400
6 (ppm)

Fig. 2. »Si solid-state NMR spectra of the functionalized MSN samples: (a) MSN-TP;
and (b) AIMSN30-ex. Each spectrum displays a set of signals Q2, Q3, and Q4, attributed
to the Si(OH),(OSi),, Si(OH)(OSi);, and Si(OSi), substructures, respectively. The peak
percentages are obtained by de-convoluting each spectrum into their components and
fitting the full-width at half-maximum of each component spectrum. (¢) *’Si NMR

spectrum of the MSN-TP sample, comparing the T signals ([C-Si(OH)(OSi),] or [C-

15
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Si(OSi)3]) to the Q signals. Ratio of the areas of the T and Q signals indicates that 5% of
the silica surface is conjugated to the functionalizing TP group. (d) *’Al solid-state NMR
spectrum of the AIMSN30-ex sample. The chemical shift indicates that the Al is co-
condensed with the TEOS in the framework (~56 ppm).

Table 1. Physical properties of the MSN samples with the immobilized tricopper
complexes Cus(7-N-Etppz) and Cus(7-N-Ethppz).

Surface Pore Pore Complex  Zeta-potential
Sample Name Area Volume Diameter Adsorption (©) (mv)
(m’/g)  (emYg)  (am)  (wmolE) T )
MSN-TP 912.4 0.71 2.8 - —36.2 -
CuEtp@MSN-TP 701.9 0.39 1.7 114 —22.6 +13.6
CuEthp@MSN-TP 742.2 0.41 1.8 103 =240 +12.2
AIMSN30-ex 1242.1 1.43 4.8 - —46.1 -
CuEtp@AIMSN30-ex 758.9 0.90 2.6 204 -149 +31.2
CuEthp@AIMSN30-ex 803.9 0.93 2.8 184 -18.3 +27.8

*AC: The change of the values of the zeta-potential after immobilization of the tricopper
complexes in the MSNS.

Loading of the tricopper complex

In the preparation of the tricopper-complex loaded MSNs, the concentration of the
tricopper complex solution used in the immobilization is 10 mM. This concentration is
selected, as it is the lowest concentration of the tricopper complex to give close to
saturation of the monolayer adsorption. For the negatively charged MSN-TP samples, the
amount of loading of the Cus(7-N-Etppz) (114 umol of complex / 1 g of sample) is
somewhat higher than that of the Cus(7-N-Ethppz) (103 pmol of complex / 1 g of sample).
However, when the silica pore size is expanded to 4.8 £ 0.57 nm and the surface charge
density increased by Al-doping of the framework, the loading of the tricopper complex

16
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increases about one fold (CuEtp@AIMSN30-ex: 204 pmol/g, and CuEthp@AIMSN30-ex:

184 umol/g) relative to those of the corresponding MSN-TP samples (pore size: 2.8 + 0.14
nm). These results are supported by Zeta-potential measurements and BET analysis, as

shown in Table 1.

The amounts of the tricopper complexes immobilized in the various MSN samples are
determined from the copper contents obtained by ICP-Mass analysis and the ligand
contents by C/N elemental analysis. As shown in Table 2, the copper-to-ligand molar
ratios of the four MSN samples loaded with the tricopper complexes are very close to the
stoichiometric values of the tricopper complexes. That the tricopper complexes remain
intact during the immobilization in the functionalized MSN samples is confirmed by
electron paramagnetic resonance (EPR) measurements on the MSN samples (Fig. S2,
ESI,f), which, in each case, exhibits an EPR signal expected of a spin-frustrated
Cu"Cu"Cu" spin system at liquid nitrogen temperature.”’ The observed differences in the
Cu’" EPR spectra between the CuEtp@MSN-TP and CuEtp@AIMSN30-ex samples may
be attributed to the greater site heterogeneity of the tricopper complexes within the nano-
channels of the CuEtp@AIMSN30-ex system. EPR provides a sensitive probe of the
structural heterogeneity of the fully oxidized tricopper complex located in different
regions of the nano-channels. With a capping “oxo”, the EPR spin-Hamiltonian
parameters associated with the three unpaired electrons of the Cu" triad of the oxidized
[{Cu"Cu"(u-0)Cu"}(L)]** complex, especially the electrostatic super-exchange
interactions between adjacent spins, are sensitive to the dome-ness of the bridging “O* ™,

The dome-ness of the capping “ox0” is in turn influenced by its interactions with the

environment of the tricopper complex in the MSNs. Accordingly, the structural
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heterogeneity reflects the site heterogeneity, which is expected to be present in the
undulating pores of the MSN sample. In any case, the EPR data provide us with an
important spectroscopic control to ensure that the [{CuHCuH(u-O)CuH}(L)]2+ complex has
been assembled correctly before reduction by ascorbate to form the fully reduced
[{Cu'Cu'Cu"}(L)]"" complex, which is EPR silent. It is the [{Cu'Cu'Cu'}(L)]"" tricopper

cluster complex that is the functional catalyst.

Table 2. Compositions of the Cus(7-N-Etppz)- and Cus(7-N-Ethppz)-immobilized

MSN samples: Contents and mole ratios.

“pmol of " pmol of

Sample Cu per ligand per .Cu /
ligand

gram of gram of .

ratio
sample sample

CuEtp@MSN-TP 345.2 113.8 3.03
CuEthp@MSN-TP 310.1 102.6 3.02
CuEtp@AIMSN30-ex 612.9 203.6 3.01
CuEthp@AIMSN30-ex 556.3 183.6 3.03

“ Copper content is determined by ICP-Mass experiments.
» Ligand content is based on results from C/N elemental analysis.

In leaching tests, we observe loss of no more than 25 ppm (~0.0025%) of the tricopper
complexes from each of the MSN samples after stirring for 10 h at 25 °C. (Table S1,
ESI, ). Note that these leaching experiments are carried out on the Cu"Cu"Cu" complexes
immobilized in the MSNs, not under conditions in which the tricopper catalyst is turning
over (vide infra).

Catalytic conversion of CH; into CH;OH by H;0, mediated by the tricopper-

complexes in the presence of O, in the MSNs
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As expected, the tricopper complexes immobilized in the various MSN samples support
the catalytic conversion of CH4 into CH30OH after reduction of the cul'cul'cu® complexes
by a stoichiometric amount of ascorbate to form the Cu'Cu'Cu' complexes. This reduction
of the tricopper complexes is performed by adding a slight excess (ca. 4 equiv.) of sodium
ascorbate in 250 pl H,O into a flask containing 20 mg sample of the MSNs in 5 ml of
MeCN. After stirring for 10 min and vacuum drying, 100 ml of CH4 (986-1953 equiv.,
based on the catalyst) and then 10 ml of O, (98.6-195.3 equiv., based on the catalyst), each
at a pressure of 2.44 atm, are injected into the sample. An aliquot of either 100 equiv. or
200 equiv. of H,O, solution (35%) is then added, and the reaction mixture is stirred
continuously for 3 h at room temperature. At various intervals over this 3-h period, an
aliquot of the solution is withdrawn for GC-MS analysis to monitor the formation of
CH;O0H (and other possible products).

Turnover numbers. Fig. 3 summarizes the TONs observed at various times for each of
the four MSNs studied when the turnover of the catalyst is initiated with 200 equiv. of
H,0,. These heterogeneous formulations of the tricopper complexes can be seen to be
highly active toward CHy4 oxidation. As expected, dramatically higher TONs are obtained
when the [Cu'Cu'Cu'(7-N-Etppz)]'" tricopper complex is reformulated as a heterogeneous
catalyst compared to when it was used earlier as a homogeneous catalyst for CHy
oxidation in MeCN.?**” This comparison is depicted for the CuEtp@AIMSN30-ex
formulation in Table 3. As a homogeneous catalyst, only a maximum TON of 6.5 was
observed when the catalytic turnover was initiated by 20 equiv. of H>O,, and essentially
no CH3;0H was detected with 200 equiv. of H202.27 Interestingly, reasonable TONs are

now obtained for the CuEthp@MSN-TP formulation. In our earlier study on CHy
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oxidation by homogeneous formulations of the tricopper cluster complexes, no CHy
oxidation was observed with the Cus(7-N-Ethppz) complex.30 Even for the present
heterogeneous MSN formulations, however, the TONs are dramatically lower for the
Cu;(7-N-Ethppz) catalyst, underscoring the importance of substrate recognition of the
catalyst to control futile cycles (vide infra). By comparison, the effects of Al-doping seem
relatively minor, when we compare the TONs between the CuEtp@MSN-TP and the
CuEtp@AIMSN30-ex samples, and between the CuEthp@MSN-TP and the
CuEthp@AIMSN30-ex formulations. As expected, the CH4 conversion yields are about
double for the formulations with the Al doping because of approximately twice the
loading of the MSN samples. Since the amounts of CH4 (O, as well) are in significant
excess within the system in each of these experiments, the CH4 conversion yield depends
on the amounts of the starting CH4. Accordingly, it is only meaningful to compare CHy4
conversion yields when the experiments are conducted using the same amounts of CHy.
According to the TON criterion, the CuEtp@AIMSN30-ex formulation is the best
performing catalyst. To delineate the operational characteristics of this heterogeneous
formulation, we have compared the turnover when it is driven by 50, 100 and 200 equiv.
of H,O, (Fig. S3, ESL ). The TON increases more or less proportionally with the amount
of starting H,O, used. From the limiting TONs obtained in each case, we have concluded
that the tricopper complex in the MSNs is activated by O,, not H,O,, just as we had hoped
for. When the tricopper complex is activated by H,O,, two additional H,O, molecules are
consumed per catalytic cycle, and the limiting TONs would be lower by a factor of 3
based on the amount of H,O, available for the turnover.>? In contrast, there is no overall

consumption of O, when tricopper catalyst is activated by O,. As noted earlier, a molecule
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of O, is produced in the regeneration of the catalyst in the turnover cycle, replacing the

molecule of O, that is consumed in the initial activation step.
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Fig. 3. The time course of the TONs for the CH4 oxidation reaction catalyzed by each of
the two tricopper complexes immobilized into the two types of MSNs at room
temperature. The catalytic turnover is initiated with 200 equiv. of H,O,: (a)
CuEtp@MSN-TP; (b) CuEthp@MSN-TP; (¢) CuEtp@AIMSN30-ex; and (d)
CuEthp@AIMSN30-ex. In each case, the MSN sample is well dispersed in O,-free
MeCN before 100 ml of CH4 and 10 ml of O,, each at a pressure of 2.44 atm, are injected
into the sample. After stirring for 10 min, an aliquot of 200 equiv. of H,O, solution (35%)
is finally added. The TONs of CH3;OH are expressed by moles of CH;OH formed per

mole of the tricopper complex mediating the catalytic conversion of CH4 into CH;OH.
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Table 3. Comparison of the performance (limiting TONs) of Cuz(7-N-Etppz) complex as
a homogeneous catalyst for conversion of CHy into CH3OH versus its reformulation as a

heterogeneous catalyst in AIMSN30-ex nanoparticles at room temperature.

Cus(7-N-Etppz) CuEtp@AIMSN30-ex
Homogeneous Heterogeneous
HzOz (equiv.) TONCH3OH aOCE HzOz (equiv.) TONCH3OH aOCE
0 1 - 0 1.0 -
20 6.5 0.33 20 15.9 0.80
40 ~0 ~0 50 42.5 0.85
100 ~0 ~0 100 81.1 0.81
180 ~0 ~0 200 171.2 0.86

* OCE denotes the overall catalytic efficiency, as estimated by the ratio of the CH;0H
produced (Neuson) in the experiment to the amount of H,O, used to initiate the turnover
(No), namely, Ncpson/N, (see text).

Catalytic efficiencies. In addition, the overall catalytic efficiency (OCE) of the
CuEtp@AIMSN30-ex sample is very high (see Tables 3 and 4). The OCE denotes the
effectiveness of the [Cu'Cu'Cu'(L)]'" complex as a catalyst for CH4 oxidation based on the
starting amount of H,O, used to drive the turnover. It is given by the ratio of the yield of
CH;0H at the end of the catalytic run (Ncyson) to the amounts of H,O; used to initiate the
catalysis (N,). According to the stoichiometry depicted in Scheme 2, OCE = Ncyszon/No <
1. It is 100% if every H,O, molecule is consumed and contributes to the production of a
CH;0H molecule.

Table 4 summarizes the TONs, product yields, and OCEs for the four formulations,
when the turnovers are initiated with 100 and 200 equiv. of H,O, (starting with the same
amounts of CHy). With CuEtp@AIMSN30-ex, our best performing catalyst, we obtain a
limiting TON number of 171 using 200 equiv. of H,O, and 81 using 100 equiv. of H,O,.
These results are remarkable as the OCEs are greater than 80%, with the bulk of the H,O,

consumed in turning over the tricopper catalyst for CH4 oxidation. Given that as not all the
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H,0, added to initiate the CHy4 oxidation is actually available for turnover of the catalyst,
abortive cycling of the tricopper catalyst must be very low. At sufficiently low H,O,
concentrations, this reductant no longer has sufficient reducing power to regenerate the
catalyst, especially with the amounts of O, present in the medium. In a typical turnover
experiment, the catalysis eventually stops, yielding the limiting TON with some amounts

of the initial H,O, remaining in the solution.

Table 4. The limiting TONs, conversions, and OECs of CH4 oxidation mediated by the
Cus(7-N-Etppz) and Cu;(7-N-Ethppz) tricopper complexes immobilized in the two MSN

formulations.?

Sample Name 100 equiv. H,0, 200 equiv. H,0,

b c b c
TON  ‘Conversion ‘OCE "TON ‘Conversion ‘OCE

CuEtp@AIMSN30-ex 81.1 8.23 0.81 171.2 17.4 0.86
CuEthp@AIMSN30-ex 24.4 2.23 024 633 5.79 0.32
CuEtp@MSN-TP 78.4 4.44 0.78 156.5 8.87 0.78
CuEthp@MSN-TP 19.6 1.00 0.20  60.5 3.10 0.30

“These data represent the average of three separate experiments using the same
formulation of a given catalyst.

® TON = moles of CH;0H produced per mole of tricopper complex immobilized in the
MSNSs.

¢ Conversion = moles of CH3;0H produced per mole of CHy injected) x 100%.

4 OCE denotes the overall catalytic efficiency measured by the ratio of the CH;OH
produced (N¢yon) in the experiment to the amount of H,O, used to initiate the turnover
(No).

The OEC provides an overall index of performance of our catalytic system, A better
measure of the performance of the tricopper catalyst is offered by the catalytic efficiency

(CE) defined by the ratio of the number of productive turnovers of the catalyst to the total
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number of turnovers including both productive and abortive cycles during the course of
the experiment.27 As the CE is directed at the operations of the tricopper complex itself, it
measures the efficacy of the complex to convert CH4 into CH3;OH at the molecular level.
For example, upon activation of the tricopper catalyst by O,, productive cycling of the
catalyst gives one CH3OH product per H,O, consumed. However, a futile cycle takes
place when the activated tricopper catalyst is reduced (and aborted) by a molecule of H,O»
to produce O, and H,O instead of reacting with CH4 to form CH3;OH. Thus, the CE is

given by
nproductive/ (nprodcutive + 2 % nabortive) = NCH30H/ (No -2 X Nabortive — nremaining)a

where N, Dprodeuctives Nabortives AN Nremaining denote the amount of H,O, used to initiate the
catalysis (defined earlier), the amount consumed by productive cycling, the amount
consumed by abortive cycling, and H,O, remaining in the solution at the end of the
catalytic run, respectively. Comparing the CE and OCE, it follows that CE > OCE;
moreover, if Negson/N, or the OCE exceeds 80%, CE must approach 100%. If so, naportive

and Nremaining Must be low.

For our most efficient heterogeneous formulation of the catalyst, namely,
CuEtp@AIMSN30-ex, OCE = 81% and 86% for [H,O,}¢= 100 equiv. and 200 equiv.,
respectively. According to the above expressions for CE and OEC, the OEC should
decrease at the higher [H,O;]o used to initiate the catalytic turnover. The reverse trend is
observed. In the case of CuEtp@MSN-TP, OCE = 78% for both [H,0,}¢= 100 equiv. and
200 equiv. Thus, it is evident that abortive cycling is not significant in the turnover for our

catalytic formulations. Rather, the data indicate that not all the H,O, used to initiate the
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catalysis are consumed for turnovers, productive or abortive. The data are consistent with

about 10% of the H,O, remaining in the system.

Clearly, with an OCE in excess of 80% when the catalysis is initiated with 100 or 200
equiv. of H;O,, the CuEtp@AIMSN30-ex is functioning extremely well as a CHg
oxidation catalyst. The performance of the CuEtp@MSN-TP catalyst is similar, with an
OCE approaching 80% when it is operated under the same conditions. In contrast, the
CuEthp@AIMSN30-ex and CuEthp@MSN-TP catalysts perform relatively poorly, with
OECs of only ~30% and ~20% when these catalysts are turned over with 200 equiv. and
100 equiv. of H,O,, respectively. Clearly, abortive cycling must be accompanying
productive cycling with these two catalysts. We will compare the performance of the
CuEtp@MSN and CuEthp@MSN catalysts more fully later.

Product yields. It is customary to assess the overall performance of a catalyst by
comparing product yields. Although the conversion yields for the aforementioned
experiments are only 17.4% and 8.23%, respectively (Table 4), these numbers do not
provide a good measure of performance of the catalytic system, as noted earlier. The CHy4
concentration is significantly higher than the H,O, concentration used to perform the
turnover so that the H,O, is depleted or its reducing power spent well before the CHy
available to the catalyst is exhausted. In any case, the amounts of CH3;OH produced are
substantial in the two experiments. When the turnover is mediated by the
CuEtp@AIMSN30-ex formulation using 200 equiv. of H,0O,, the concentration of

CH;O0H in the final solution is ca. 133 mM.

To illustrate this point further, we have undertaken CHs-limiting experiments, in which

the amount of CHy available for oxidation is less than the amount of H,O, added to drive
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the turnover. The outcome of this experiment is shown in Fig. 4a. Here, 200 equiv. of
H,0, are used to drive the catalytic turnover, and two different amounts of CHy are used:
15 ml and 30 ml of CH4 at 1 atm, 30 °C, corresponding to 49.2 and 98.4 equiv.,
respectively. In the experiment corresponding to the lower amount of CHy, the limiting
TON obtained is 48.1, and for the higher amount of CHy4, 97.8. These TONs correspond
essentially to 100% conversion of the CH, into CH3OH; in other words, total consumption
of the CH4 available to the catalyst, or the maximum numbers of turnovers possible
commensurate with the amount of CHy available for oxidation.

For comparison, we have also undertaken the above CH4 oxidation experiments using
excess CHs (328 equiv., 100 ml of CH4 at 1 atm, 30 °C), but under H,O,-limiting
conditions (50 and 100 equiv.). The results are shown in Fig. 4b. As expected, the limiting
TONSs are not as high as might be expected on the basis of the amounts of H,O, added to
initiate the turnover. At 50 and 100 equiv. of H,O,, abortive cycling is not an issue.
However, as noted earlier, at sufficiently low concentrations, H,O; is no longer a good
reductant to regenerate the catalyst under the conditions of these experiments. In any case,
despite the rather comparable TONs observed, the product yields are substantially lower,

as a percentage of the CH4 converted.

Regardless of the TONSs, catalytic efficiencies or product yields, the tricopper catalyst
is robust, and the catalytic activity can be sustained further (up to 6 h) by simply injecting
additional H,O, (50 equiv., 100 equiv., or 200 equiv.) into the suspension of MSNs (Fig.
S4, ESLT). In contrast, the injection of only additional CHy4 into the system does not
enhance the TONs as the CH,4 gas is already in excess, a manifestation of the over-

solubility of CH,4 in the MeCN confined in these mesoporous silica nanoparticles.
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Fig. 4. The time course of TONs for the CH, oxidation reaction catalyzed by the
CuEtp@AIMSN30-ex formulation at room temperature with (a) limiting CH4 (1 atm, 15
ml (O); and 1 atm, 30 ml (®)) and (b) limiting H,O, (50 equiv. (O); and 100 equiv. (m))
for 3 h.

Turnover frequencies. From the limiting slopes of the TONs versus time plots in Fig. 3,
we can estimate the turning over frequencies (TOFs) of the catalyst for the two
heterogeneous formulations of the two tricopper complexes. For CuEtp@AIMSN30-ex,
our best formulation, the TOF at the beginning of the experiment after adding 200 equiv.
of H,0, to the suspension is ~2.11 min ' or about 3.5 x 102 s ™" (or 127 h™"). Note that this
quantity should be directly proportional to the concentration of H,O, available in the
medium to drive the turnover, so the TOF decreases as the turnover progresses. In any
case, the highest rate at which we have been able to turn the catalyst over is ca. 10% of ka

estimated for the pMMO in M. capsulatus (Bath).*%""!

However, the two catalytic systems
are not directly comparable. In the case of our tricopper-complex formulation, the TOF is

controlled by the rate of reduction of the “spent” catalyst to regenerate the catalyst. The
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rate of O-atom transfer from the activated catalyst to the CHy is many orders of magnitude
more facile. In the enzyme, the factors controlling k¢, are much more complex. Similarly,
the TOF of our best performing catalyst is an order of magnitude lower than that reported
for the Cu-Fe-ZSM-5 catalytic system by Hutchings ef al.'”'® This group uses H,O, as the
terminal oxidant to activate di-oxo di-iron clusters in the zeolite to convert CH4 to
CH;00H, which is then subsequently reduced by a Cu'-mediated process to form
CH3;0H. Accordingly, it is difficult to accomplish with the Cu-Fe-ZSM-5 system the same
degree of product selectivity that is possible with our tricopper-complex catalyst. Our
catalyst is totally selective to yield CH;OH. Moreover, because of the significantly higher
loading of the CuEtp@AIMSN30-ex catalyst, the amounts of CH3;OH produced per
weight of catalyst are actually higher by more than 10-fold, with a significantly lower
consumption of H,0,. In any case, with our biomimetic catalyst, it is possible, in
principle, to develop more efficient reductants or methods to enhance the TOF.

Further comparison of the CuEtp@MSN and CuEthp@MSN catalysts. The
differences between the Cus(7-N-Etppz) and Cus(7-N-Ethppz) tricopper complexes in
their catalytic efficiencies for CH4 conversion into CH3OH in the MSNs are dramatic.
Structurally, the Cu3(7-N-Ethppz) tricopper complex exhibits a bigger hydrophobic cleft
at the base of the copper triad compared with the Cus(7-N-Etppz) complex. Recognition
of the CHy substrate is critical to the formation of the hydrocarbon-catalyst complex that
culminates in the transition state for ultimate O-atom transfer to generate the product
CH;OH. For this purpose, the smaller cleft constructed at the base of the Cus(7-N-Etppz)
complex is more suitable for effective binding of a small symmetric substrate such as CHa.

CH, recognizes and binds to the hydrophobic pocket of the Cus(7-Ethppz) complex as
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well, but the binding is less restricted resulting in greater conformational entropy of the
CH4 molecule in the larger hydrophobic pocket. In contrast, the reaction of the activated
tricopper complex with H,O, probably occurs via formation of an inner-sphere complex
with the exposed “O” atom of the CuHCuH(u-O)zCuIII species in the abortive process (see
Scheme 2). If so, the abortion of the activated tricopper cluster should be relatively
insensitive to this structural difference in the hydrocarbon recognition and binding cleft.
Given that we observe no abortive cycling in the case of the CuEtp@MSN catalyst, we
surmise that kor >> kap, for the turnover mediated by the Cus(7-N-Etppz) complex,
where kot and kag denote the second-order rate constants for the O-atom transfer to the
C—H bond in CHy4 during the productive cycling and the abortive reduction by H,O; in the
abortive cycling described by the upper and lower panels in Scheme 2, respectively. Since

the onset of abortive cycling would begin to manifest itself when kot [CH4] = kag [H205],

we conclude that kot < kasg, in the case of the Cus(7-N-Ethppz) complex.

Heterogeneous catalysis? Up to this point, we have assumed that the conversion of
CH; into CH3;OH mediated by tricopper complexes in the MSNs to be a quasi-
heterogeneous process. In other words, the conversion is mediated by the tricopper
complex immobilized in the MSNs with the catalyst activated by O, in the
mesopores/nanopores of the nanoparticles and transferring one of the O atoms to a CHy
molecule solubilized in the MSNs, and the H,O, needed to complete the catalytic turnover
taken from the bulk solution phase in which the MSNs are suspended. To verify this
assumption, we have tested for catalytic activity of the bare MSNs, including both the
MSN-TP and AIMSN30-ex samples (Fig. S5, ESL,T). We have also examined the solution

phase of the CuEtp@AIMSN30-ex formulation (and also the CuEthp@AIMSN30-ex
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formulation) for further CH,4 oxidation, after removing the nanoparticles from the solution
by centrifugation following a 40-min catalytic turnover, until the end of the 3-h
experiment (Fig. S6, ESL,T). No catalytic activity is detected with the bare MSNs or for
the solutions without the nanoparticles. Thus, the catalytic activity is intrinsic to the active
tricopper complex immobilized in MSNs, and the catalysis is heterogeneous.

Finally, to ensure that the immobilized tricopper catalyst is not triggering auto-
oxidation to promote the CHs oxidation, we have also performed a parallel control
experiment in which the CH4 oxidation is mediated by the CuEtp@AIMSN30-ex
formulation (as well as the CuEthp@AIMSN30-ex formulation) at room temperature in
the presence of the radical trapping agent 2,6-di-tert-butyl-p-cresol.”® We have detected no
apparent effect of the radical trapping agent on the TONs or product yields throughout the
time course of the experiment (Fig. S7, ESL ). Thus, we conclude that the CH4 oxidation
observed with our heterogeneous formulations is not promoted by auto-oxidation triggered
by the immobilized tricopper complex.

Reuseability of the MSNs

The MSN formulations of the tricopper complexes are reuseable. To verify this, we
have examined the TONs of the CH;OH obtained from the CH4 oxidation reaction
catalyzed by CuEtp@AIMSN30-ex sample at room temperature with 200 equiv. of H,O,
for three cycles at varying times. The samples are easily separated from the reaction
mixture and dried by vacuum after each reaction cycle before performing the next.
Evidently, there is a loss in the activity of the catalyst after each 3-h run (Fig. 5). The drop
off in activity corresponds to ~10% per cycle. After each cycle, the Cu content of the

collected CuEtp@AIMSN30-ex was determined by ICP-MS and the ligand content by
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C/N elemental analysis before performing the next. It is apparent from these data that the
decrease of activity arises from ~10% loss of the tricopper complex during the catalytic
run, due to either dissociation of the complex from the nanoparticles or decomposition of
the tricopper complex. If the data in Fig. 5a, are corrected for the suggested loss of the
tricopper complex, the TONs based on the remaining tricopper-complex content are
superimposable on one another (Fig. 5b). With accumulation of CH3;0H and H,O in the
medium supporting the MSNs following sustained turnover of the catalyst, we can expect
some loss of Cu?" ions from the immobilized tricopper complexes, as Cu®" is significantly
more soluble in H,O/CH3;0H relative to MeCN. Indeed, we observe more rapid loss of the
tricopper complex from the MSNs when we simply turn over the catalyst by H,O; in the
absence of CHy. In the latter experiment, the catalyst can only undergo abortive cycling,
with 2 molecules of H,O produced per cycle.”**” Consistent with this scenario, we find
that the loss of the tricopper complexes from the nanoparticles to be correlated with the
number of the turnover cycles, namely, with the total amounts of H,O, added to the

MSNss, but not with the concentrations of H,O, or the durations of exposures of the MSNs

to the H,O,.
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Fig. 5. (a) TONs of the CH3OH obtained from the CH4 oxidation reaction catalyzed by the
CuEtp@AIMSN30-ex formulation at room temperature with 200 equiv. of H,O; for three
cycles at varying times. The TONs are expressed as moles of the substrate converted per
mole of the Cu3(7-N-Etppz) tricopper complex immobilized in the MSNs. (b) The TONs
of CH30H of the three cycles was re-calculated based on the amount of the tricopper

complex determined by ICP-MS and C/N elemental analysis before the reaction.

In an attempt to repair the system, 0.2 equiv. of CuCl, (based on the original complex
loading) is added to the medium and incubated with the MSNs by stirring for 2 h prior to
reuse of the catalyst. However, we observe only minor recovery of the catalytic activity.
Thus we surmise that there is loss of the ligand supporting the tricopper complex during
the cycling of the catalyst. It is possible that there is greater leaching of the tricopper
complex from the MSNs as it is cycling through the [Cu'Cu'Cul(L)]'" and
[Cu'Cu"(O)Cu™(L)"" oxidation states, compared with the [Cu"Cu(O)Cu(L)* complex
that we examine earlier. If so, this leaching of the tricopper complex should be
accentuated further with the loss of Cu®" from the copper complex with sustained
accumulation of H,O/CH3;OH as the turnover progresses. The fully oxidized tricopper
complex bears at least one additional positive charge so that we expect the tricopper
complex to be less readily released from the mesporous silica nanoparticles. We believe
that this shortcoming with our present quasi-heterogeneous formulation can be remedied

by covalent attachment of the ligand to an organo-silica framework.

Discussion

In 2013, it was reported that the tricopper complex [Cu'Cu'Cu'(7-N-Etppz)]'" could

mediate the selective oxidation of CHs to CH3;OH in MeCN at room temperatture.26 When
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the Cu'Cu'Cu' complex was activated by O, in the presence of CH,, stoichiometric
conversion of CHy to CH30H was accomplished in a few minutes. This chemistry
mimicked the CH, oxidation observed for the Cu'Cu'Cu' tricopper-peptide complex that
was constructed with a peptide derived from the segment of the PmoA alpha-helix lining
the empty hydrophilic site D in the crystal structure of the pMMO from Methylococcus
capsulatus (Bath).?®*? This is the first demonstration of an enzyme active-site biomimic
that is capable of efficient conversion of CH4 into CH;0H.

To accomplish multiple turnovers of the catalytic system, H,O, was subsequently used
to reduce the “spent” catalyst, namely, the [CuICuH(O)CuH(7-N-Etppz)]1+ species formed
after transfer of one of the O atoms to the CH4 substrate from the activated tricopper
catalyst, in order to regenerate the Cu'Cu'Cu' catalyst®’ (Scheme 1, upper panel). In this
manner, the process became catalytic with multiple turnovers, and many turnovers were
achieved without over-oxidation. Since the turnover frequency (TOF) of the catalyst is
proportional to the concentration of H,O, used to drive the catalytic system, attempts were
made to enhance the performance of the system by going to higher H,O, concentrations.
However, it soon became apparent that the activated tricopper cluster was also readily
reduced by H,0, to form O, and H,O, and this abortive process became competitive with
the productive O-atom transfer process that converts CH; into CH3;OH as the H,0,
concentration was increased (Scheme 2, lower panel). Subsequently, it was determined
that the limited solubility of CH4 in the solvent (MeCN) used in the experiment
contributed to this dilemma.”’

Greater access to CHy4 would allow the catalyst to be operated at a higher H,O,

concentration to increase the TOF without compromising the catalytic efficiency.

33

Page 34 of 65



Page 35 of 65

Energy & Environmental Science

However, at sufficiently high concentrations of H,O,, the H,O, will also compete with O,
in the system in the activation of the Cu'Cu'Cu' complex.”’ It turns out the Cu'Cu'Cu'
tricopper cluster can also be activated by two molecules of H202.52 With the two
additional H,O, molecules consumed per catalytic turnover, this scenario is accompanied
by the production of two more H,O molecules. This method of activating the tricopper
complex is wasteful of H,O,, even though the same hydrocarbon oxidation chemistry is
accomplished. To overcome some of these difficulties, it is in principle possible to operate
the catalytic system under higher pressures of the CH,4 and O, gases, or resort to biphasic
catalysis.”> However, a simpler alternative would be to immobilize the tricopper catalyst
in MSNs that are capable of sustaining high local concentrations of both CH4 and O,
dissolved in the mesopores/nanopores of the nanoparticles.***’ Here, we are exploiting the
phenomenon of “over-solubility” in confined liquids to strikingly increase the solubility of
a gas in the solvent confined in nanoporous materials relative to that predicted by Henry’s
constant for bulk solvents. Several groups have recently reported dramatic enhancements
(up to 1000 folds) of hydrogen, N,, CH4 and other light hydrocarbons, and CO, solubility
in solvents confined in mesoporous solids.***'*’

With this quasi-heterogeneous catalytic system, the tricopper cluster catalyst would be
activated by dissolved O, within the mesopores/nanopores and the molecule of H,O;
needed to drive the turnover would be confined to the supporting solution and only
become accessible to the catalyst by diffusion to the surface of the nanoparticles. The
much enhanced local concentration of CH4 would make the productive cycle much more
competitive against the abortive cycle in the catalytic turnover. This is precisely what we

have achieved in this study.
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With our heterogeneous catalytic system, the overall net reaction mediated by the
cu'cu'cd! complex is CHy + H;O, — CHsOH + H,O, as there is no net
consumption of O,. The disadvantage, of course, is that H,O, is significantly more
expensive compared to O, or air. However, to operate the system as a monooxgenase, a
source of reductant is required to regenerate the catalyst in any case. In a methane
monooxygenase, the enzyme is turned over with NADH so that the overall reaction is CHy4
+0, + NADH + H — CH;0H + NAD' + H,O. Under standard conditions of
temperature and pressure, the standard free energy changes (AG) for the two reactions

(1) CH, (g) + O, (g) + NADH (1 M solution, pH7) + H' (pH 7)
— CH;0H (1) + NAD" (1 M solution, pH 7) + H,0 (1),
and
(2) CH4 (g) + Hy0; (pure liquid or 35% solution) —»  CH3;OH (1) + H,O (1),

are —335.1 kJ/mol and —232.8 kJ/mol, respectively, and the corresponding standard
enthalpy changes (AH) are —423.2 kJ/mol and —262.6 kJ/mol, respectively.”* Not
surprisingly, the cellular CH4 oxidation is almost 50% more exergonic and the
monooxygenase reaction also releases 60% more heat, compared to the direct oxidation of

CH4 to CH3;0H by H,0,. Thus, the latter reaction is simpler and more atom and energy

efficient.
Conclusion

In this study, we have shown how to significantly improve the performance of the
trinuclear copper catalyst for conversion of CH4 into CH30H under ambient conditions by

immobilizing the tricopper complex in mesoporous silica nanoparticles. With this
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formulation of the catalyst, it is possible to materially enhance the solubility of CH4 (and
O, as well) inside the mesopores/nanopores of the MSNs. During turnover to oxidize the
CHy, the Cu'Cu'Cu" tricopper cluster is activated by O,, and the catalyst is regenerated by
H,0,. In this manner, we can drive the conversion of CH4 into CH3;OH with H,O, with a
catalytic efficiency approaching 100%, as well as with high energy and atom economy. It
is significant that the CH,4 oxidation is proceeding with multiple or continuous complete
catalytic turnover of the tricopper complex (until all the CHy4 available to the catalyst or
the H,O, driving the catalysis is consumed, whichever is lower), and not by a single
stoichiometric turnover.” In principle the process can be operated at higher H,O,
concentrations to bolster the TOF of the catalyst, but the catalytic efficiency will be
compromised. However, there are other methods to regenerate the catalyst, perhaps, with

greater efficiency, and we are presently exploring the possibility of these alternatives.
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A. Synthesis of ligcands and preparation of tricopper complexes

Preparation of 3,3'-[1,4-diazepane-1,4-diyl]bis(1-chloropropan-2-ol) (1). A solution
of epichlorohydrin (1.85 g, 20 mmol) dissolved in methanol (15.0 ml) was added
drop-wise to a solution of homopiperazine (1.02 g, 10 mmol) dissolved in methanol
(30.0 ml) and stirred at 5 °C. After stirring for 72 h at 5 °C, the resulting mixture was
purified by column chromatography on silica gel using a mixed solvent (8% CH3OH
in CH2Cl2) as the eluent. Compound 1 was obtained in 88% yield (2.50 g).

Synthesis of the ligand (3,3'-(1,4-diazepane-1,4-diyl)bis[1-(4-ethylpiperazine-1-yl)
propan-2-0l]) (7-N-Etppz). K2CO3 (4.15 g, 30 mmol) was added to a CH3CN (15.0 ml)
solution containing compound 1 (4.28 g, 15 mmol), and 1-ethylpiperazine (3.46 g, 30
mmol). The mixture was then heated to 70-80 °C for 48 h under a N2 atmosphere.
After cooling to room temperature, the solution was filtered, and upon evaporation of
the filtrate to dryness, the ligand 7-N-Etppz was obtained. 'H NMR (CDCl3, 300
MHz): 1.8 (t, 2H, CH3); 2.05-2.93 (m, CH2); 3.6 (s, 2H, CH), 4.4 (s 2H, CH). °C
NMR (300 MHz, CDCI3): the major peaks appeared at 11.74, 11.82, 27.10, 52.0, 52.5,
53.2,54.4,55.3,62.2,62.4, and 64.7. The ESI-MS (positive ion): m/z 441.

Synthesis of the ligand (3,3'-(1,4-diazepane-1,4-diyl)bis[1-(4-ethylhomopiperazine
-1-y)propan-2-o0l]) (7-N-Ethppz). Following the same procedure as above,
7-N-Ethppz was prepared by mixing compound 1 (4.29 g, 15 mmol) with
1-ethylhomopiperazine (3.80 g, 30 mmol). Yield: 80% (5.6 g). "H NMR (CDCls, 300
MHz): 1.11 (s, 4H, CH3), 1.14 (m, 4H CH2), 1.15 (d, 6H, CH2), (m, 16H, CH2),
2.41-2.88 (m, 8H, CH2), 3.13 (d, 2H, CH). °C NMR (300 MHz, CDCl3): 12.2, 25.4,

46.2,52.3,52.5,52.7,54.2, 62.0 and 65.5. The ESI-MS (positive ion): m/z 469.
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Preparation of the Cu" Cu" Cu" tricopper complex, Cus(7-N-Etppz). A anhydrous
CH;CN solution (25 ml) containing 7-N-Etppz (2.205 g, 5.0 mmol) and three
equivalents of Cu"(C10y), - 6H,0 (5.49 g, 15.1 mmol) were mixed and stirred for 1 h
to give a deep green solution, which was filtered, washed with CH,Cl,, and dried in
vacuum to give a green powder. The calculated yield was 4.00 g (95%). The
elemental analysis of C,3H46011NsCl,Cus gave C, 32.77; H, 5.50; N, 9.94%, which
were the same as the calculated values within experimental uncertainty: C, 32.72; H,
5.49; N, 9.96%. The ESI-MS (positive ion): m/z 844.02.

Preparation of the Cu" Cu" Cu" tricopper complex, Cus(7-N-Ethppz). A anhydrous
CH;CN solution (25 ml) containing 7-N-Ethppz (2.345 g, 5.0 mmol) and three
equivalents of Cu"(C10y), - 6H,0 (5.49 g, 15.1 mmol) were mixed and stirred for 1 h
to give a blue solution, which was filtered, washed with CH,Cl,, and dried in vacuum
to give a blue powder. The calculated yield was 4.23 g (97%). The elemental analysis
of C,5Hs0011N6Cl,Cus gave C, 34.48; H, 5.82; N, 9.60%, which were the same as the
calculated values within experimental uncertainty: C, 34.42; H, 5.78; N, 9.63%. The

ESI-MS (positive ion): m/z 872.09.
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B. Supplementary Figures S1-S7
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Fig. S1. Plots of the pore size distribution of the MSN-TP and AIMSN30-ex samples.
The pore size is 2.8 + 0.14 nm for the MSN-TP sample and is 4.8 + 0.57 nm for the
AIMSN30-ex sample.
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Fig. S2. X-band EPR spectra of MSN samples at 77 K: (a) CaEtp@MSN-TP; and (b)
CuEtp@AIMSN30-ex. Conditions: Microwave frequency: 9.45 GHz; microwave

power: 10 mW; and modulation amplitude: 8 G.
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Fig. S3. Time course of the TONs for the methane oxidation reaction catalyzed by the

best performing catalyst, CuEtp@AIMSN30-ex, at room temperature using different

amounts of H>O; (equiv.) to drive the catalytic turnover.
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Fig. S4. Sustaining the catalytic turnover of the tricopper complex toward methane
oxidation mediated by [Cu'Cu'Cu'(7-N-Etppz)]'" immobilized in the
CuEtp@AIMSN30-ex formulation. The turnover was first initiated by 200 equiv. of
H,0, in the presence of 100 ml of CHy4 (986 equiv.) and 10 ml of O, (98.6 equiv.), and
the time course of the TON for the methane oxidation reaction was monitored for 3 h
at room temperature. At the end of this period, the sample was re-purged with 50
equiv. of methane and the TON monitored up to 6 h without the introduction of
additional H,O, (black line); or with the introduction of additional H,O»: (a) 50 equiv.;
(b) 100 equiv.; and (¢) 200 equiv. Adding 50 equiv. of methane (black line) did not
increase the turnover number of methanol because the H,O, used to initiate the
original turnover had already been consumed during the first 3 h. However, further

methane oxidation was observed up to 6 h with the injection of a new aliquot of H,O,.
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Fig. S5. GC-MS spectra of the products observed in the methane oxidation reaction
attempted using the (a) bare MSN-TP sample, and (b) bare AIMSN30-ex sample, for
3 h. These control experiments were performed according to the same procedures
used in the methane oxidation reaction mediated by the quasi-heterogeneous tricopper
complex formulations. 20 mg of the bare MSN-TP or bare AIMSN30-ex samples was
first suspended in O,-free acetonitrile (5 ml) in a 50 ml Schlenk flask. The samples
were then purged with O, (10 ml at STP, 0.44 mmol) and CH4 (100 ml STP, 4.4
mmol). Finally, an aliquot of 200 equiv. of H,O, was injected into the sample after
adding the amounts of sodium ascorbate solution typically used in the methane
oxidation with the tricopper complex-immobilized MSN samples. The heterogeneous
mixture suspension was then stirred vigorously at room temperature for 3 h and
analyzed by using GC-MS. No oxidation products were observed. Inset: The fitted

MS spectrum from the built-in MS database software.
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Fig. S6. Time course of the TONSs for the methane oxidation reaction catalyzed by (a)
CuEtp@AIMSN30-ex, and (b) CuEthp@AIMSN30-ex samples at room temperature
with 200 eq. of H,O, (black line). In each case, a parallel experiment was also
conducted under the same conditions, except that the catalytic turnover was
interrupted 40 min into the experiment to quickly separate and remove the MSNs
from the liquid phase by centrifugation. Measurement of the catalytic activity was
then continued on the supernatant until the end of the 3-h experiment (red line). No

catalytic activity was observed for the supernatant.
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Fig. S7. Comparison of the time courses of the methane oxidation reaction mediated
by (a) CuEtp@AIMSN30-ex, and (b) CuEthp@AIMSN30-ex at room temperature
in the absence (black line) and presence (red line) of the radical trapping agent
2,6-di-tert-butyl-p-cresol (1 equiv., based on the amount of the immobilized tricopper
complexes in the AIMSN30-ex samples). The TONs of the products are expressed in

terms of the moles of product formed per mole of the tricopper complex in each case.
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Supplementary Table

Table S1. Time course of leaching of the tricopper Cu"Cu"Cu" complexes from the

MSNs at 25 °C.

Sample CuEtp@MSN-TP  CuEthp@MSN-TP CuEtp@AIMSN30-ex CuEthp@AIMSN30-ex

Time (h) Released (ppm) Released (ppm) Released (ppm) Released (ppm)

0 0 0 0 0

0.5 4 4 2 3

1.0 6 7 5 6

2.0 10 12 8 11

4.0 14 15 11 13

6.0 16 20 13 16

8.0 18 24 16 18

10.0 22 26 18 20




