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ABSTRACT: The conversion of methane to methanol by the 30
enzyme particulate methane monooxygenase (pMMO) represents an
important sink in the global methane cycle. However, the exact
molecular mechanism of the enzymatic reaction is unknown. An 10 4
inorganic model system of pMMO is Cu/ZSM-S. There is
experimental and theoretical evidence that the CH,-to-CH;OH
conversion proceeds at a mono p-oxo dicopper site in the latter
system. We have prepared a discrete molecular complex exhibiting a
Cu,O core and found that it catalyzes the monooxygenation of
aliphatic substrates with bond dissociation energies (BDEs) up to 82
kcal/mol. Herein, we show by theoretical calculations that this system
exhibits an energy profile for the activation of C—H bonds that is
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comparable to that of Cu/ZSM-S catalysts.

Bl INTRODUCTION

After CO,, methane is the second most abundant greenhouse
gas. Although its atmospheric concentration is much lower
than that of carbon dioxide, its global warming potential
(GWP) is 2 orders of magnitude higher. The major part (about
60%) of the methane flux into the earth's atmosphere is due to
agriculture, fossil fuel use, and other human activities. Natural
sources of methane are wetlands, where methane is produced
by microbes (methanogens), but methane emissions also
derive from termites, oceans, and other sources. On the other
hand, there are also microorganisms that feed on methane
(methanotrophs), representing an important sink in the global
methane cycle.

The first step of bacterial methane oxidation is mediated by
enzymes converting methane to methanol (methane mono-
oxygenases, MMOs). This reaction is particularly challenging
as methane exhibits the strongest C—H bond of all
hydrocarbons (C—H bond dissociation energy, BDE = 10S
kcal/mol)."” The way in which biological systems mediate
direct methane oxidation under ambient conditions is thus of
profound interest. For the iron-based, soluble form of MMO
(sMMO), the corresponding mechanism has been elucidated,
whereas for the more common, copper-dependent form of this
enzyme (particulate MMO, pMMO), details of this reaction
are still under debate.’”®

Over the years, two functional model systems of pMMO
have been established. The first one, develo;)ed by Chan et al,,
is based on a trinuclear copper complexf’w Upon reaction
with O,, two of the copper atoms form a Cu(II)—O-Cu(III)
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intermediate from the corresponding Cu(I) centers, being able
to transfer one O atom to CH,. The resulting Cu(I)---Cu(II)
site is converted back to Cu(I)--Cu(I) with H,0,. Later, this
system has been grafted to surfaces and optimized toward
practical applications.'”'” The second model system of
pMMO s represented by a copper-containing zeolite, Cu/
ZSM-5.">"* Monooxygenation of methane to methanol is
mediated by a mono-y-oxo dicopper (Cu(Il)—O—Cu(Il))
intermediate, which forms upon reaction of dioxygen (or N,O)
with two Cu(I) centers. These studies have also inspired a
plethora of cation-exchanged zeolites mostly based on mono-,
di-, and tricopper complexes that are anchored within the
zeolite pores.”

To obtain further insight into the formation and
monooxygenase reactivity of mono p-oxo dicopper cores, we
have recently synthesized two dinuclear copper complexes,
[Cu,(bdpdz)]** based on 3,6-bis(di-2-pyridylmethyl)-
pyridazine (bdpdz)'® and [Cu,(bdptz)]** based on 1,4-
bis(2,2'-dipyridylmethyl)phthalazine (bdptz)'” ligands, both
of which form mono p-oxo dicopper cores upon reaction with
oxygen atom transfer reagents or 0,.'" Using a combination
of resonance Raman and X-ray absorption spectroscopy (XAS)
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as well as mass spectrometry, the fate of oxygen was monitored
in these systems, from its initial binding to the copper centers
to its final incorporation into aliphatic substrates."” Notably,
Cu,O species have been identified as reactive intermediates,
mediating the oxygenation of hydrocarbons via H atom
abstraction and subsequent oxygen transfer,”'*'" although
this C—H bond activation could not be achieved for methane
as this would require temperatures at which this system is not
stable. Importantly, however, their atomic-scale structures are
very similar to those postulated for Cu/ZSM-5,> (see Scheme

1).

Scheme 1. Structure of the Mono p-Oxo Dicopper
Intermediate of [Cu,(bdpdz)]** (1, left), and Copper-
Doped ZSM-5 Zeolite (within 10-Membered Rings)
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Although homogeneous systems allow monooxygenation
reactions to be performed in a catalytic fashion, only substrates
with a BDE of 82 kcal/mol or lower were found to be
converted. In this context, it should be noted that the methane-
to-methanol conversion with Cu/ZSM-5 requires elevated
temperatures (150 °C)>'*'* whereas the Cu,O intermediate
of 1 is only stable up to room temperature. Moreover, the
presence of surrounding solvent (in this case acetone, BDE =
99.5 kcal/mol by our calculation) practically limits the BDE of
substrates that can be oxygenated with these systems.
Nevertheless, in view of the close structural and electronic
similarity of [Cu,(bdpdz)]** and [Cu,(bdptz)]** to the
dicopper centers in Cu/ZSM-S, it is of high interest to
theoretically evaluate the intrinsic activity toward C—H bond
activation for both of these types of catalysts. To address this
question, we have herein calculated energy profiles of C—H
abstraction for various probe molecules and their further
conversion to the corresponding alcohols on 1 with DFT,
considering various organic substrates with calculated BDEs
ranging from 85 kcal/mol (diphenylmethane) to 109 kcal/mol
(methane, see the Supporting Information Table SS).

B METHODS

DFT calculations were performed using the ORCA program
package.”® The PBEO hybrid density functional was employed with
the D3 Grimme dispersion correction (PBE0-D3)*' in combination
with the def2-TZVP basis set.”> We employed the triplet dication
state for the description of the two copper atoms in the Cu—O—Cu
moiety. Upon reduction of the Cu—O—Cu moiety to Cu(I)—Cu(I),
the system is calculated in the singlet ground state. Importantly, the
triplet—singlet crossing occurring upon transformation of 3 to 4 (see
below) is estimated to have a low barrier of 1.5 kcal/mol (more
information is given in the Supporting Information). Starting from
structure 4, all further structures can be considered closed-shell
singlets. All energies are zero-point energy (ZPE)-corrected, with
vibrations being calculated using a partial Hessian (see the Supporting
Information for details, a complete list of energies, geometries, and
calculated vibrations). We also calculated the solvation energies of all
species using SMD** as implemented in the ORCA code with acetone

as the solvent. All solvation energies are given in Tables S3, S4, and
Ss.

Since theoretical studies in the literature regarding the use of
copper-containing zeolites are typically based on GGA functionals
(often PBE-D3), we also calculated important steps with the GGA-
type PBE-D3***° functional for comparison. Interestingly, PBE-D3
underestimates barrier heights by an average of 10 kcal/mol
compared to PBEO-D3 (see the Supporting Information). We note,
however, that given the different theoretical methods used herein, it is
difficult to assess whether barriers are over- or underestimated.
However, we note that the GGA-type PBE-D3 functional often
underestimates reaction barriers, as also seen for zeolite chemistry.”®
We therefore believe that the barriers calculated with the hybrid
PBEO-D3 functional provide a better estimate, as also highlighted by
the comparison to available experimental data. A comparison of
frontier orbitals derived from PBE-D3 and PBEO0-D3 is given in
Figures S6, S7, and S8.

B RESULTS AND DISCUSSION

Considering the similar reactivity of [Cu,(bdpdz)]** and
[Cu,(bdptz)]**, we focused on the Cu,O intermediate of the
smaller model (1) and compared our results to those found for
similar solid-state systems, such as Cu/ZSM-5."> While it is
experimentally not possible to evaluate the activation of
methane on complex 1 (see above), we aim here at shedding
light on the reactive potential of 1 and, in particular, on the
comparison to Cu/ZSM-S5. Figure 1 shows the calculated
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Figure 1. Calculated ZPE-corrected reaction enthalpy diagram of the
activation of methane over 1. Structures and optimized geometries of
the intermediates 2—$ and transition states TS2-3 and TS3-4 are
shown in Scheme 2 and Figure 2, respectively. All energies are given
relative to the gas-phase species and complex 1. The step S = 6 is
depicting the exchange of methanol with acetone; a specific barrier for
this has not been calculated.

energy profile of methane activation on complex 1 and the
subsequent conversion to methanol; the structures and
optimized geometries are shown in Scheme 2 and Figure 2.
As can be seen from Figure 1, methane adsorption to 1 leading
to 2 is slightly exothermic, mostly due to dispersion
interactions between 1 and the substrate. Activation of the
C—H bond of methane is accompanied by an activation barrier
of 20.3 kcal/mol when measured to adsorbed methane (2).
Interestingly, the geometry of the transition state (TS2-3) has
O-H and H-C bond lengths of 1213 and 1.307 A,
respectively, with the CHj radical floating above the activated
hydrogen atom (cf. Figure 2). This transition-state §eometry is
in close analogy to that calculated for Cu/ZSM-S.

The final state of the C—H activation process is the
formation of the O—H bond and a CHj radical that is
physisorbed on top of the hydrogen atom (3) in a geometry
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Scheme 2. Structures of 1 with the Transition State of H
Abstraction (TS2-3), the Interaction with the Methyl
Radical (3), Methyl Bound to Copper (4) after Crossing to
the Singlet Ground State, the Transition State of C—O
Coupling (TS4-5) to Produce Adsorbed Methanol (5), and
with (6) Showing the Complex with Adsorbed Acetone
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that is very similar to the preceding transition state TS2-3.
This process is calculated to be 12.4 kcal/mol uphill in energy
when referenced to adsorbed methane (2; 9.9 kcal/mol with
respect to the gas phase (1)), with both the geometry and
energy strikingly similar to those obtained for Cu/ZSM-S.
Note that intermediate 3 is calculated to be in a triplet state. Its
subsequent transformation to a singlet state (4) is exothermic
by 20.0 kcal/mol and accompanied by the movement of the
CH; group to bind to one of the copper atoms. The
corresponding spin crossover is associated with a small barrier
that we calculated to be 1.7 kcal/mol using the NEB method
UKS (see Figure S5 and the corresponding discussion for
details). We used minimum-energy crossing point (MECP)
optimization for finding the conical intersection between 3 and
4, and this conical intersection was (logically) found to be very
close to 3 (see the Supporting Information for more details).

The reaction proceeds via oxygen insertion into the Cu—C
bond to yield methanol coordinated between two copper
atoms (5) with an energy barrier of 18.2 kcal/mol when
referenced to the preceding state (4). Finally, methanol bound
to the two copper atoms is exchanged with the solvent acetone,
yielding 6, being downhill by 6.8 kcal/mol. Note that the
adsorption of methanol in § is —74.7 kcal/mol when
referenced to methanol in the gas phase, as it is coordinated
to two copper atoms.

From the described computational results, we conclude that
the activation of methane over 1 follows a very similar
mechanism to the one calculated for Cu/ZSM-3, both in terms
of energetics and geometries. This also emerges from a
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Figure 2. Optimized geometries of TS2-3, 3, 4, sTS4-5, and S. Cu
atoms are depicted in orange, oxygen in red, nitrogen in blue, carbon
in cyan, and hydrogen in gray. Distances for the most interesting O—
H and C—H bonds are given in pm.

quantitative comparison of our results with literature data on
the methane-to-methanol conversion over Cu/ZSM-5 (Table
1). Note that we also calculated the important steps of the
pathway using the GGA PBE-D3 functional (cf. Table 1; see
the Supporting Information for details) to have a better
comparison with literature data that used PBE or other GGA
functionals.

When comparing the activation barrier of the hydrogen
atom transfer to the Cu—O—Cu moiety, we find that this
barrier has been experimentally determined to be 15.7 kcal/
mol for Cu—O—Cu in MFI, with calculated values ranging
from 16.3 to 22.2 kcal/mol, depending on the employed
functional and active-site motif (Table 1). Interestingly, the
adsorption of the formed methanol (5) is quite a bit stronger
on 1 compared to that found for the Cu—O—Cu zeolites. The
corresponding barrier (TS4-S), however, is similar. The high
binding of product methanol prevents its overoxidation. For
the solid-state systems, however, liberation of the formed
methanol requires a stepwise process,'”'> whereas in the
homogeneous system, the formed alcohols are further oxidized
to the corresponding ketones in a follow-up reaction.'”

For comparison, we also investigated C—H bond activation
at compound 1 for four additional organic molecules, namely,
propane, toluene, diphenylmethane (DPM), and acetone,
which is the solvent used in the above homogeneously
catalyzed process. Figure 3 shows the optimized geometries of
C—H bond activation; the energetics are given in Figure 4 and
Table S3. As can be seen from Figure 4, the adsorption
becomes stronger when going from methane to propane,
toluene, DPM, and finally acetone. We attribute this to
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Table 1. Energies (kcal/mol) with Respect to the Methane-Adsorbed State (2), Calculated for CH, —» CH;OH at Cu in

Compound 1 and Zeolites

ref. activ. barrier 2 — 3 CH, radical (3) trans. state 4 — S bound CH;0H (5) functional remark
this work 20.3 12.4 18.2 -27.6 PBEO-D3
9.8 8.9 PBE-D3
? 18.5 ~14 B3LYP calc. ZSM-5
2 157 expt. ZSM-$
7 14.8 9.0 -17.5 BEEF-vdW mordenite
2 163 13.1 19.6 —-14.2 PBE-D2 mordenite
> 19.6/10.4 -18.5 0 ~=23 PBE ZSM-5 adsorbed state at 0
0 222 154 ? -124 PBE ZSM-5
propane
TS2b-3b
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TS203c 10 4 methane
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Figure 3. Geometries of optimized initial states (ISs), transition states 3e_ acetone
(TSs), and final states (FSs) of propane, toluene, acetone, and DPM —30 1 3d DPM
with dicopper complex 1.

increased vdW interactions with an increasing size of the
adsorbate. Our calculated transition-state energies (see Figure
3 for structures) are 7.8, —3.3, —11.8, and —20.0 kcal/mol for
propane, toluene, DPM, and acetone, respectively, when
referenced to the corresponding molecule in the gas phase.
Note that the final-state energies (see Figure 3 for structures)
also decrease in a similar manner going from —2.8 (propane),
—16.0 (toluene), and —30.1 (DPM) to —28.9 kcal/mol
(acetone). While C—H bond activation thus follows a similar
pattern to that observed for methane, one obvious outlier is
represented by acetone (which has been used as a solvent in
the experimental investigations). C—H activation of acetone
differs markedly as it coordinates strongly to one of the copper
atoms in the initial, transition, and final states, thus deviating
from all other investigated molecules.

Since C—H bond activation of methane, propane, toluene,
and DPM seems to follow a very similar pattern, we
investigated whether there are correlations between transi-
tion-state energies and the C—H bond strength (also given by
the BDE) as has been observed in previous studies of C—H
activation by copper-containing complexes.31

Figure 5 shows the calculated transition-state enthalpies for
methane, propane, toluene, DPM, and acetone over 1 as a
function of their calculated BDEs. Note that the transition-
state enthalpy is referenced to the gas-phase species (H*)

Figure 4. Calculated enthalpies of the activation of methane (black),
propane (blue), toluene (magenta), diphenylmethane (DPM, green),
and acetone (red) over 1. All enthalpies are given in kcal/mol and
referenced to the reactant molecule in the gas phase.

30
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Figure S. Calculated transition-state enthalpies of C—H activation for
methane, propane, toluene, diphenylmethane, and acetone over 1 as a
function of their calculated bond dissociation energies (BDEs). All
energies are given in kcal/mol and referenced to the reactant
molecules in the gas phase.
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rather than their adsorbed counterpart to avoid complications
arising from the adsorption enthalpies of the molecules. As can
be seen from Figure S, there is a remarkable correlation
between the transition-state enthalpy of C—H activation and
the BDE, with the notable exception of acetone, as one might
expect from the rather different structure. In fact, excluding
acetone, the correlation has a mean absolute error (MAE) of
only 0.5 kcal/mol. We thus conclude that any molecule that
follows a similar activation pattern as methane should fall on
this line and one only needs to know its BDE to estimate the
activation energy. Note also that from our analysis, DPM has a
very low value of the transition-state enthalpy of —12.4 kcal/
mol, corresponding to an activation enthalpy of +6.2 kcal/mol
when measured relative to the initial state with adsorbed DPM.
For 9,10-dihydroanthracene (BDE = 81 kcal/mol), which has
been used in the experiments,'” we estimate a transition-state
energy of —17.4 kcal/mol based on the scaling relationship in
Figure S. Because of this, we failed to calculate the actual
transition-state geometry as the potential energy landscape
around this point is extremely flat. This, in turn, would
correspond to a practically barrierless reaction (see the
Supporting Information for an in-depth discussion of this
issue).

B CONCLUSIONS

To conclude, we used calculated DFT data on the C—H
activation of methane to compare Cu/ZSM-5 to complex 1.
Considering the transition state for methane activation, 1 lies
at 17.8 and 20.3 kcal/mol when referenced to gas-phase and
adsorbed methane, respectively, which is very similar to the
solid-state system. Experimentally, this barrier has been
determined to be 15.7 kcal/mol, whereas DFT calculations
give 18.5 kcal/mol for Cu-ZSM-5 when referenced to the
adsorbed state.” Note, however, that DFT calculations vary
from 10.3 to 22.2 kcal/mol,”* %% with hybrid functionals
usually yielding higher barriers, as we also found when
comparing PBE0-D3 with PBE-D3 (about 10 kcal/mol
difference). In practice, this reactive potential of 1 cannot be
exploited as this complex is subject to thermal decay above
room temperature and thus cannot be heated to the
temperatures applied for the methane-to-methanol conversion
over Cu/ZSM-S (about 150 °C). Moreover, being a
homogeneous system, the solvent would be attacked by the
catalyst under these conditions. Finally, the above analysis has
been conducted for a “naked” Cu,O moiety, whereas in
homogeneous solution, the copper centers of this core may be
coordinated by other (e.g., solvent) molecules. If such
additional ligands are taken into account, both the activation
energy (TS2-3) of the hydrogen atom transfer step and the
energy of the formed alkyl radical (3) increase by up to S kcal/
mol, depending on the ligand (cf. Table S6 and Figure S6). On
the other hand, the methane-to-methanol conversion over Cu/
ZSM-S only proceeds stoichiometrically; i.e., this system has to
be reoxidized after every oxygenation run, whereas the
catalytically active species 1 in the Cu-bdpdz system is
regenerated from O, after oxygen transfer to the substrate(s),
closing the catalytic cycle.'” Although the TONs achieved for
the monooxygenation of aliphatic substrates on the basis of 1
have been low to date, the activity of such systems may be
increased by suitable modification of the catalyst design.’
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