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Methane oxidation is extremely difficult chemistry to perform
in the laboratory. The C—H bond in CH, has the highest bond
energy (104 kcalmol ') amongst organic substrates. In nature,
the controlled oxidation of organic substrates is mediated by
an important class of enzymes known as monooxygenases and
dioxygenases,!) and the methane monooxygenases are unique
in their capability to mediate the facile conversion of methane
to methanol.”*! With a turnover frequency approaching 157},
the particulate methane monooxygenase (pMMO) is the most
efficient methane oxidizer discovered to date. Given the
current interest in developing a laboratory catalyst suitable
for the conversion of methane to methanol on an industrial
scale, there is strong impetus to understand how pMMO
works and to develop functional biomimetics of this enzyme.
pMMO is a complex membrane protein consisting of three
subunits (PmoA, PmoB, and PmoC) and many copper
cofactors.”! Inspired by the proposal that the catalytic site
might be a tricopper cluster, we have recently developed
a series of tricopper complexes that are capable of supporting
facile catalytic oxidation of hydrocarbons.*! We show herein
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that these model tricopper complexes can mediate efficient
catalytic oxidation of methane to methanol as well.

The oxidation of CH, mediated by the tricopper complex
[Cu'Cu'Cu'(7-N-Etppz)]'" in acetonitrile (ACN), where 7-N-
Etppz corresponds to the ligand 3,3'-(1,4-diazepane-1,4-
diyl)bis[1-(4-ethylpiperazine-1-yl)propan-2-ol], is summar-
ized in Figure 1A. A single turnover (turnover number;
TON =0.92) is obtained when this Cu'Cu'Cu' complex is
activated by excess dioxygen in the presence of excess CH,
(Figure 1B). The reaction is complete within ten minutes,
clearly indicating that the oxidation is very rapid. In
accordance with the single turnover, the kinetics of the
overall process is pseudo first-order with respect to the
concentration of the fully reduced tricopper complex with
a rate constant k; =0.065min"' (Figure 1B, inset). If we
assume that the kinetics is limited by the dioxygen activation
of the Cu'Cu'Cu’ cluster with the subsequent O-atom transfer
to the substrate molecule being rapid, then &, = k,-[O,],, and
from the solubility of oxygen in ACN at 25°C (8.1 mm),"! we
obtain the bimolecular rate constant k, of 1.33x10 "M 's™!
for the dioxygen activation of the Cu'Cu'Cu' cluster. This
second-order rate constant is similar to values that we have
previously determined for the dioxygen activation of other
model tricopper clusters at room temperature.”*

The process can be made catalytic by adding the
appropriate amounts of H,0O, to regenerate the spent catalyst
after O-atom transfer from the activated tricopper complex to
CH,. This multiple-turnover reaction is depicted in Figure 1 C.
In these experiments, the [Cu'Cu'Cu'(7-N-Etppz)]'" catalyst
is activated by O, as in the single-turnover experiment
described earlier, but the spent catalyst is regenerated by two-
electron reduction by a molecule of H,O, (Figure2A).
Because the effective turnover number (TON), or the total
equivalent of products formed over the time course of the
experiment, peaks at approximately six when the turnover is
initiated with 20 equivalents of H,O, it is evident that
abortive cycling begins to kick in when the steady-state
concentration of the H,O, concentration exceeds approx-
imately ten equivalents. When the steady-state H,O, concen-
tration is above this level, reductive abortion of the activated
catalyst becomes competitive with the O-atom transfer to
methane to produce methanol. In this case, the rate of O-atom
transfer is limited by the relatively low solubility of CH, in
ACN under ambient conditions of temperature and pressure
(Figure 2B).

The [Cu'Cu'Cu'(7-N-Etppz)]'" complex also mediates the
catalytic oxidation of normal C2—C6 alkanes (data not shown)
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Figure 1. Methane oxidation by O,, mediated by the tricopper
Cu'Cu'Cu'(7-N-Etppz)'" complex. A) Formation of methanol was ana-
lyzed by GC (retention time: 5.5 min); inset: assignment of the
product peak to CH;OH was verified by GC-MS, comparing the mass
distribution with that of a CH;OH standard. B) The time course of
methane oxidation; inset: pseudo first-order kinetic plot with rate
constant k; =0.0646 min~' (Cy,=initial concentration of the fully
reduced tricopper complex; C=concentration of methanol produced
at any given time), with the best straight-line fit to the data. C) Left:
Catalytic turnover showing the TON as a function of the equivalents of
H,0, added to regenerate the spent catalyst; right: time course of
catalytic methane hydroxylation by multiple turnovers of the tricopper
complex in the presence of 20 equivalents of H,0O,.

to their corresponding alcohols and ketones with high
efficiencies at room temperature. In these studies, we have
used H,0, to activate the Cu'Cu'Cu' complex to its [Cu"Cu'-
(u-O),Cu™(7-N-Etppz)]'" catalytic intermediate as well as to
regenerate the spent catalyst for multiple turnovers, as we
have previously done with other tricopper complexes in the
oxidation of cyclohexane, benzene, and styrene.** The
catalytic cycle becomes more economical if the tricopper
catalyst is activated with H,O, in lieu of O, when the substrate
is sufficiently soluble in the solvent to favor O-atom transfer
over competitive reductive abortion of the activated catalyst
at the higher concentration of H,0, used.! Space-filling and
ball-and-stick models of the structure of [Cu"Cu"(pu-O),-
Cu"(7-N-Etppz)]'" intermediate optimized by the semi-
empirical PM6 method are shown in Figure 3 together with
a depiction of the singlet oxene transfer across one of the
C—H bonds in methane.”’

To underscore the significance of the above results with
respect to the putative tricopper cluster in the pMMO
enzyme,”) we have prepared a tricopper peptide complex
based on the HIHAMLTMGDWD fragment of PmoA that
lines the empty hydrophilic cavity at the D site in the X-ray
crystal structure of the pMMO purified from Methylococcus
capsulatus (Bath)'” and have shown that it is capable of
mediating facile methane oxidation at room temperature as
well. The HIHAMLTMGDWD peptide binds three copper
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Figure 2. A) Productive cycling and B) abortive cycling in the oxidation
of methane by O,, mediated by the Cu'Cu'Cu'(7-N-Etppz)'" complex in
the presence of H,0, as the sacrificial reductant. BDE =bond dissoci-
ation energy.
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Figure 3. Space-filling model (left) and ball-and-stick model (right) of
the optimized structure of [Cu'"Cu" (u-O),Cu" (7-N-Etppz)]'* showing
the funnel-like opening or cleft at the bottom for a hydrocarbon
substrate to access the “hot” oxene group. Hwhite, Cgray, Nblue,
Ored, Cubrown. Formation of the transition-state complex during
facile singlet oxene transfer to methane from a dioxygen-activated
tricopper complex is shown at the bottom.

ions to form Cu'Cu'Cu’- and Cu"Cu"Cu"-peptide complexes
in the presence of excess acetate or chloride (but not nitrate
or sulfate). Both complexes are insoluble in aqueous buffer.
The Cu"Cu"Cu"-peptide complex forms a blue precipitate,
and the precipitate for the Cu'Cu'Cu'-peptide complex is
white. The copper contained in each peptide is 3.00 £0.05
Cu atoms for the Cu"Cu"Cu"-peptide complex and 3.08 +
0.09 Cu atoms for the Cu'Cu'Cu'-peptide complex, as deter-
mined by inductively coupled plasma optical-emission spec-
trometry (ICP OES). Fast atom bombardment mass spec-
trometry (FAB-MS) of the Cu'Cu'Cu'-peptide complex
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embedded in a 3-nitrobenzyl alcohol matrix (Figure 4A)
reveals a mass peak at m/z 1613.7 (z=1), consistent with
a Cus-peptide species. The corresponding 2:1 and 1:1 copper-
peptide fragments are observed at m/z 1549.8-1551.8 (z=1),
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Figure 4. Characterization of the tricopper-peptide complex. A) FAB-
MS of the solid Cu'Cu'Cu'-peptide complex. The cluster of masses
associated with the Cus-peptide complex hs been highlighted. B) 77 K
EPR spectrum of the Cu''Cu"Cu"-peptide complex. The blue precipitate
was dispersed in KCl (1% by weight) for EPR measurements.

and m/z 1487.9 (z = 1), respectively. The Cu"Cu"Cu"-peptide
complex exhibits the featureless isotropic 77 K electron
paramagnetic resonance (EPR) signal near g~2.1, as pre-
viously reported for pMMO-enriched membranes and
pMMO isolated from Methylococcus capsulatus (Bath),>!
providing a direct link between the tricopper-peptide complex
and the putative tricopper cluster that has been implicated at
the Dsite in the pMMO enzyme. This EPR signal has
previously been simulated by a spin Hamiltonian for a triad of
ferromagnetically coupled Cu" spins in the S;=3/2 ground
state (J ~15-20 cm™') with an axial zero-field splitting D =+
0.017 cm™" and E/D =0.15.'

Structural elucidation of the Cu"Cu"Cu™-peptide com-
plex is shown by the ligand structure deduced from K-edge
extended X-ray absorption fine structure (EXAFS). To
obtain high quality data, the peptide is covalently linked to
the C-terminus of the TEL-SAM protein (see the Supporting
Information). The EXAFS spectrum of the Cu"Cu"Cu"-
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protein complex formed by treating the TEL-SAM-PmoA-
(38-49) fusion protein with Cu(OAc), is shown in Figure 5.
The average first-shell (O/N), S, and Cu coordination
numbers of the three copper ions are 3, 0.3, and 2,

12
Best Fit
1 CN Predicted R (A)
10 4Cu-0 3 2.67  2.02(1)
Cus 03 033  2.52(2)
T CuC 2 3.14(4)
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Figure 5. Cu K-edge EXAFS spectrum for the TEL-SAM-PmoA (38-49)
fusion protein with the peptide sequence HHHAMLTMGDWDPD; left
inset: best fit of the ligand structure for the tricopper cluster. Right
inset: the fitted K’y (k) data. The average coordination numbers (CN)
predicted from the ligand structure proposed in an earlier model of
the D sitel® are shown below.

respectively, in excellent agreement with the ligand structure
of the tricopper cluster modeled earlier into the D site of the
enzyme."! The corresponding Cu-ligand distances and details
on the fitting of the EXAFS data are provided as insets in
Figure 5. The fitting requires a capping oxo group, to account
for the ferromagnetic coupling among the three Cu" ions
inferred for the cluster from the EPR spectra (Supporting
Information, Figure S5). The assignment of the observed EPR
signal to the S;=3/2 ground state of a triad of ferromagneti-
cally coupled Cu" spins is confirmed by magnetic suscepti-
bility measurements on the Cu"Cu"Cu"-peptide complex
(Supporting Information, Figure S6).

EXAFS data have also been collected for the
Cu"Cu"Cu"- and Cu'Cu'Cu’-peptide complexes without the
TEL-SAM protein, and these results are compared in Fig-
ure S8 and Table S2 of the Supporting Information. The
measurements on the Cu'Cu'Cu’-peptide complex were
undertaken at 100 K to suppress artifacts arising from the
extreme sensitivity of the complex to traces of dioxygen in the
sample. Analysis of the EXAFS data indicates that the
structure of the Cu'Cu'Cu' triad in the complex is similar to
that of the oxidized cluster, but without the capping oxo
group. The Cu—Cu distance has also increased to approx-
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imately 4 A from 3.5 A in the Cu"Cu"Cu"-peptide complex,
as expected.

The peptide HIHAMLTMGDWD provides the bulk of
the potential metal-ligating residues of the PmoA fragment
that we have previously used to build the tricopper cluster
into the Dsite of the crystal structure of pMMO.®! The
residues highlighted in bold in the peptide sequence corre-
spond (from left to right) to His38, Met42, Asp47, and Asp49
of PmoA and are found to be absolutely required for the
formation of the tricopper-cluster complex, according to
studies on peptide mutants with single amino-acid replace-
ments (Supporting Information, Table S1). In the tricopper
cluster modeled into the protein, the remaining ligands are
provided by the carboxylate side-chains of Glul00 from
PmoA and of Glul54 from PmoC. In the biomimetic
tricopper-peptide complex, these carboxylates are replaced
by exogenous anionic acetate or chloride in the peptide/
copper solution during the formation of the tricopper-peptide
complex.

Cu X-ray absorption near-edge spectroscopy (XANES) of
the solid Cu'Cu'Cu'-peptide complex confirms that the
copper ions in the complex are fully reduced. XANES and
EPR spectra reveal that the copper ions in the Cu'Cu'Cu-
peptide complex are rapidly re-oxidized in the presence of air
or dioxygen, as is observed for the putative tricopper cluster
in pMMO (Supporting Information, Figure S8 A). However,
upon activation of the Cu'Cu'Cu'-peptide complex by dioxy-
gen in the presence of propylene or methane, we observe
rapid oxidation of these substrates. The dioxygen-activated
tricopper-peptide complex is capable of mediating facile
epoxidation of propylene, as well as methane oxidation.
Because the Cu'Cu'Cu'-peptide complex is insoluble in
aqueous buffer, we have carried out oxidation of the substrate
with the Cu'Cu'Cu'-peptide complex encapsulated in meso-
porous carbon (Figure 6). With propylene as the substrate,
only propylene oxide is produced according to GC-MS. The
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Figure 6. Gas chromatograms recorded for the oxidation of A) meth-
ane and B) propylene by O,, mediated by the Cu'Cu'Cu'-peptide
complex. The reactants and products were identified by GC-MS.
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maximum TON possible should then be one, assuming that all
the tricopper-peptide complexes encapsulated in the meso-
porous carbon are active, or can be activated by dioxygen.
Based on the total product yield at the end of the two hour
experiment, close to 80% of the Cu'Cu'Cu’-peptide com-
plexes have participated in the epoxidation of propylene
(Figure 7 A). We can see from the time course of the reaction
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Figure 7. Time-course experiments showing A) the conversion of
propylene into propylene oxide and B) the oxidation of methane into
methanol by O,, mediated by the Cu'Cu'Cu'-peptide complex.

that the propylene epoxidation is extremely efficient. Over
50% of the expected propylene oxide is formed within ten
minutes. The yield for methane oxidation is substantially
lower, only 12% based on the tricopper-peptide complexes
encapsulated in the mesoporus carbon over the two hour
experiment (Figure 7B). These experiments clearly demon-
strate that the Cu'Cu'Cu’-peptide complex is capable of
mediating facile O-atom transfer to organic substrates upon
activation by dioxygen.

In summary, we have reported herein two tricopper
complexes that are capable of facile conversion of methane to
methanol: a tricopper-peptide complex derived from pMMO
and a biomimetic model tricopper complex. Previously,
a number of catalytic systems have also been developed for
methane oxidation.'>"” They all function at high temper-
atures and several are heterogeneous systems operating in
zeolites."*"®! Our biomimetic tricopper complex oxidizes
methane efficiently at room temperature and can be formu-
lated either as a homogeneous or heterogeneous catalyst. It is
a functional catalyst based on the physicochemical principles
acquired from understanding the structure and reactivity of
the putative tricopper cluster in the copper monooxygenase.
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