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Summary

Activation of alkanes can be achieved with different types of catalysts, spanning over enzymes,
homogeneous and heterogeneous metal catalysts. Though a tremendous amount of knowledge has been
accumulated in the literature, the connections between different types of catalysts are rarely discussed due
to the differences among the three catalysis fields in terms of catalyst structures, reaction conditions and
catalytic performances. There are also similarities among the various systems in terms of the structural
features of the active sites and reaction mechanisms. In this Review, we attempt to show the
interconnections among the three catalysis fields regarding the nature of active sites and reaction
mechanism for metal-catalysed alkane activation reactions. We will show the lessons obtained from well-
defined enzymatic and molecular catalysts developed in bio- and homogeneous catalysis, and how can be
translated into fundamental understanding and further developments of heterogeneous metal catalysts, for

practical applications related to alkane activation.

Keywords: Alkane, C-H activation, Enzyme, Isolated metal atoms, Metal clusters

UN Sustainable Development Goals
SDGY7: Affordable and clean energy

SDG12: Responsible consumption and production



1. Introduction

The conversion of alkanes, especially light alkanes (methane, ethane, propane and butane), into
chemicals (such as olefins, aromatics, alcohols) and fuels have tremendous significance for chemical
industry!. Among the numerous approaches for activation of alkane molecules, the use of a homogenous
or heterogeneous metal catalyst or a combination of both is one of the most important routes®>. The
activation of the inert C-H and C-C bonds in alkane molecules and selective transformation of the
intermediates into value-added products are also the key chemical problems in this field, which are
strongly associated with fundamental understandings on the nature of the active sites and development of
more efficient catalysts and catalytic processes®.

Looking into the literature, the activation of alkanes has been intensively studied by chemists in bio-,
homogeneous and heterogeneous catalytic systems, resulting in a tremendous accumulation of knowledge”
8, However, the link between these three fields are not well established, which could be caused by the
different reaction conditions (liquid-phase reaction vs. fix-bed gas-solid reactions, relatively low
temperature vs. high temperature), distinct catalysts used (enzymes, molecular metal compounds vs.
solids), and different reaction pathways®.

From the point view of homogeneous catalysis, the mainstream works on metal-catalysed alkane
conversion are to synthesize new molecular metal complexes and study the reaction mechanism with those
well-defined molecular metal catalysts'®. However, taking into account the catalyst cost, feasibility for
scale-up, catalyst stability and other related practical problems, it is not always possible to use
homogeneous catalysts for alkane conversion at the industrial level. Meanwhile, in the heterogeneous
catalysis field, the majority of the research efforts are devoted to the development of solid catalysts and
to study how the alkane molecules interact with the catalyst’s surface as well as the structural evolution
of the solid catalysts during the catalytic process'* 2. The intrinsic complexity of solid catalysts makes it
very difficult to identify the exact nature of the active sites in the working catalyst under reaction
conditions. The recent advances on subnanometric supported metal catalysts (containing isolated metal
atoms and clusters with a few atoms with sizes below 1 nm) have made promising progress on the precise
control of the structure of the metal centres at atomic and molecular levels™ 4. However, for some
challenging reactions, such as selective oxidation of methane to methanol, the performances of currently
reported catalysts are still far below the standards for large-scale industrial applications, though the
reaction mechanism has been studied at the molecular level*®. Certainly, more research efforts are required

to improve the performance of current heterogeneous systems and to deepen the fundamental



understanding on how the geometric and electronic structures of the metal species and their environment
can influence the reactivity for reactions related to alkane activation.

In terms of the active sites, there are some similarities between the three fields if we are considering the
use of isolated metal atoms or subnanometric metal clusters (with a few atoms) as the active sites for
alkane activation reactions. For enzymes, the metal centres are surrounded by the protein scaffold, which
assists the activation of the substrate molecule. For homogeneous catalysts, the metal centre is coordinated
by the ligand, solvent or reactant. In these two fields, the metal centres show well-defined geometric and
electronic structures. In the case of heterogeneous metal catalysts, the solid support serves as the “ligands”
for the metal entities to modulate their geometric and electronic structures® 7. Despite the solid support
is much more rigid than the protein scaffold in biocatalysis and organic ligands in homogeneous molecular
catalysts, the insights and knowledge accumulated with bio- and homogeneous catalysis should also be
applied, or at least partially, to the studies with heterogeneous catalysis. Indeed, some examples are
showing the common chemistry principles in the two different fields. For instance, binuclear/trinuclear
Cu centres are proposed to be the active sites in methane monooxygenase (pPMMO), which can catalyse
the selective oxidation of methane to methanol under ambient conditions*®. Inspired by nature, chemists
have prepared binuclear and trinuclear Cu complexes for oxidation of methane and other alkanes!® 2,
Interestingly, in heterogeneous systems, Cu clusters with two or three atoms confined in zeolites have also
been reported to be the active sites for oxidation of methane to methanol. We would like to show the
interconnections among the three fields on the active sites and reaction mechanisms for alkane activation,
by highlighting the representative works done with enzymatic and homogeneous metal catalysts and

comparing the similarity and dissimilarity with the solid catalysts and their chemical behaviour.

2. Learning from the enzymes
As mentioned before, natural enzymes can transform a broad range of alkanes (C1 to C40 and even
longer) into oxygenates and other products to sustain microbes?. In this section, we will briefly summarize

and discuss the general mechanism of enzymatic oxidation of alkanes and the structure of the active sites.

2.1 Monooxygenase for alkane oxidation

Taking the monooxygenase as an example, two types of enzymes have been widely founded in microbes
for alkane oxidation reaction: the particulate methane monooxygenase (pMMO) as a membrane protein,
and the soluble methane monooxygenase (SMMO). From a mechanistic point of view, in the presence of



cofactor such as NADPH (nicotinamide adenine dinucleotide phosphate reduced), both enzymes can
catalyse the aerobic oxidation of alkanes using binuclear metal sites. Though the metal component (Cu
for pMMO and Fe for sSMMO) and the protein scaffold conformation is different in the two type of
enzymes, the mechanism for O activation is similar, involving the formation of peroxide intermediate
and subsequent cleavage of O-O bond, as illustrated in Figure 1A%?, The C-H activation is believed to be
a critical step for alkane oxidation by enzymes, as confirmed by kinetic isotopic effect (KIE) on oxidation
of methane?. Besides, the oxidation states of the metal centre can vary between +4, +3 and +2 during the
catalytic cycle, as observed with Fe-sMMQ?* (see Figure 1A).

One important feature of enzymatic catalysis is its very high chemoselectivity for transforming a
specific reactant to target product, which is also reflected in the enzyme-catalysed alkane oxidation
reactions. Increasing the chain length of the alkane substrate from methane to C2+ alkanes will cause a
clear decrease of reactivity?. For instance, by introduction of an artificial mutation to enlarge the “pocket”
of the scaffold, the substrate scope can be extended from methane to larger molecules such as ethane and
propane. Interestingly, when switching the substrate from methane to propane, the KIE studies indicate
that the bonding of substrate on the active sites becomes a more rate-limiting step rather than the C-H
activation?®,

By introduction of additional functional components to the monooxygenase, the alkane hydroxylase
systems can convert longer alkanes (e.g. C5-C12 alkanes) into the corresponding alcohols, indicating the
importance of the surrounding environment of the metal active sites in enzymes?’. The synergy of different
functional components in terms of mass transfer of the intermediates and electron transport pathways is
critical for achieving the above transformation. Tandem transformations of alkanes have also been
reported with homogeneous and heterogeneous systems (as will be discussed later in this Review).
However, the organization of different functional components is not as ordered as that in enzymatic system,
which could be one of the reason accounting for its unique selectivity and high efficiency.

2.2 Cytochrome P450 for alkane oxidation

Changing the nuclearity of the abovementioned binuclear sites into mononuclear sites gives another
type of enzymes (cytochrome P450), which are also capable of oxidizing alkanes. Notably, the Fe centre
is stabilized in the porphyrin ring of cytochrome P450 while the binuclear Fe centre is coordinated by the
scaffold of the peptide chain in monooxygenase. The basic catalytic redox cycle shares common principles

for both cytochrome P450 and monooxygenase, which could be caused by the similarity between the



electronic feature of the Fe centres in the two types of enzymes? 2, Noted that, the activation of Oz on
SMMO and cytochrome P450 shares a similar mechanism, in which superoxide and peroxide species are
the intermediates (see Figure 1B)%. Notably, the activation of O; is facilitated by hydrogen bonding
between the secondary coordination sphere and the reactant®. Though the alkane oxidation is an
exothermic reaction, the use of a cofactor as reduction agent for regeneration of the oxidized metal centres
into reduced state is required. The flexible transformation between the oxidized and reduced state of the
metal centre is considered to the key for the enzyme-catalysed alkane oxidation reaction.

The change of enzyme’s catalytic behaviour can be caused by a single mutation in its structure, as
demonstrated by switching a histidine residue to a phenylalanine in the P450 CYP101B1 enzyme. This
mutation makes the active site more hydrophobic, therefore improving its activity for catalysing the
oxidation of cycloalkanes to corresponding alcohols®. If more sites are changed, the scaffold surrounding
the active centre will be modified accordingly, leading to distinct catalytic properties. For instance, the
reaction rate and regioselectivity in the reaction of oxidation of cycloalkanes into corresponding alcohols
by two P450 enzymes are quite different, though they share a common electron transfer system that
performing the catalytic reactions®®. The difference is caused by the geometric shape of the scaffold
surrounding the active centres, which further influenced the binding orientation of the substrate molecules.
Another successful showcase is the engineering of a medium-chain (C12-C18) fatty acid monooxygenase
into an alkane hydroxylase suitable for alkanes of medium chain length (C3-C8) by introducing 11
mutations in the original enzyme (from the cytochrome P450 enzyme family)3*. Remarkably, the evolved
enzyme can directly catalyse the conversion of alkanes to alcohols without the assistance of other proteins
while the natural alkane hydroxylase is a complex of several functional enzymes. The critical role of the
scaffold surrounding the active sites inspire us to prepare solid catalysts through an “ab initio” strategy
based on mimicking the transition states of the target reaction, which will be discussed later in this Review.

As mentioned before, the oxidation of alkane requires the energy input from co-factors such as NADPH.
For oxidation of linear alkane into terminal alcohol catalysed by soluble cytochrome P450 relays on the
electron and proton transfer by Fdx ferredoxin and FdxR ferredoxin reductase®. The intermolecular
energy transfer system in enzymes is quite unique because of the high efficiency and high accuracy. This
feature is even more amazing in natural enzymes involved in photosynthesis systems, which is superior
to the energy transfer systems constructed by either molecular complexes or solid materials®®. Indeed, this
is a direction in which researchers are trying to imitate artificial systems to achieve high efficiency in

chemical transformation and energy conversion®’.



In conclusion, the enzymatic oxidation catalysts contain binuclear and mononuclear metallic (for
instance Cu and Fe) centres stabilized by proteomic or porphyritic groups that allow reversible changes in
the oxidation state of the metal species. This structural feature together with the scaffold, that helps to
activate or stabilize adsorbed reactants or transition states and to facilitate the electron transfer across the

enzyme, are the two key factors to explain enzymatic activity and selectivity.

2.3 Anaerobic oxidation of alkanes

Besides the aerobic oxidation of alkanes, some microorganisms can convert alkanes into chemicals
under anaerobic conditions®. For instance, over 3x108 tons of methane is estimated to be removed by
anaerobic oxidation in ocean by microbes®. There are several types of mechanisms reported for anaerobic
oxidation of methane based on Ni-containing enzymes, by employing sulfate, nitrite or sulphide as the
oxidant. The substrate can also be extended to long-chain alkanes (C3-C16), though the reaction
mechanism at the molecular level is not fully revealed®°. The capabilities of microbes for utilization of
alkanes depend on their environment, which is the driving force to gain desired capabilities through

evolution.

2.4 Directed evolution of enzymes

The concept of “directed evolution” is widely applied in the biocatalysis field, which can accelerate the
discovery of more efficient enzymes for targeted reactions*' 2. The “directed evolution” strategy relies
on the iterative mutation of the enzymes, resulting in an efficient optimization of the enzyme’s
performance for chemo-, stereo- and regioselectivity*>. The mutation can occur either at the binding pocket
or at a remote site of the binding pocket**. For an enzyme with multiple mutations, the cooperative effects
among different mutated sites within the three-dimensional protein structure can be understood by
combining experimental and theoretical studies and the design of new enzymes can be guided by machine
learning™®.

It can be expected that, starting with a concept and carrying out the preparation and reactivity test of
heterogeneous catalysts with high-throughput experimental setups, the discovery of a new catalyst could
also be dramatically shorten®®. However, the successful implementation of “directed evolution” for
heterogeneous catalysis will be more difficult than that in biocatalysis because of the complexity of solid
catalysts, which makes it very challenging to describe the structural features of the solid catalysts by a

group of parameters.



3. Learning from homogeneous systems

Activation and selective transformation of alkanes have been a long-standing field in homogeneous
catalysis, in which numerous molecular metal complexes have been developed for various purposes®’.
Compared to the heterogeneous systems that will be discussed later, the homogeneous systems have
superior advantages in constructing C-X bonding (e.g. C-C, C-N, C-0O, C-B, etc.) through metal-catalysed
C-H activation*®. The core concept in the homogeneous systems is to modify the electronic structure of
the metal centres by ligands and therefore influence the reactivity and selectivity for desired reactions with
alkanes*. In most of the cases, the homogeneous catalytic reactions occur in an organic solvent at higher
temperatures than enzyme-catalysed alkane activation reactions, which usually offers higher reaction rates

and wider scope of reactions.

3.1 Metal complexes for methane oxidation

Inspired by natural enzymes, numerous Cu complexes with two or more Cu atoms have been developed
for oxidation of methane to methanol with a mixture of Oz and H2021%2°, The role of H20x is to regenerate
the oxidized trinuclear Cu complex (Cu'Cu"Cu") into its reduced state (Cu'Cu'Cu'), which is similar to
the role of the co-factor in the enzyme-catalysed methane oxidation reaction. This model catalyst has been
employed to clarify the structure of the active sites in pMMO enzyme, whose structure and catalytic
mechanism is still not fully consented>*>*. The results are consistent with the biochemistry of pMMO,
inferring a plausible presence of trinuclear Cu species as active sites in pMMO. Among the related
literature, the binuclear copper model is widely used while the mononuclear copper model is supported
by the evidence obtained from electron paramagnetic resonance and mass spectrometry in recent works>®
% There are other works on molecular Cu complexes for selective oxidation reactions (such as ortho-
hydroxylation-defluorination of 2-fluorophenolates), showing the tunable reactivity by modulating the
ligands and Cu nuclearity*® . In particular, it has been shown that tetranuclear Cu complex is more active
than binuclear and trinuclear Cu complexes for oxidation of alkanes with H202*. Those results/insights
are helpful to understand how the coordination configuration and composition of the metal centres can
affect the catalytic properties.

Oxidation of methane to methanol by molecular Pt complex in concentrated or fuming sulfuric acid can
achieve high single-pass yield (72%) for conversion of methane to methyl bisulfate, which can be further

converted to methanol through hydrolysis. In this system, the mononuclear Pt complex is the active species

8



while H2S04/S0s act as transfer oxidants®® . By adjusting the ligand of Pt in the complex and optimizing
the reaction medium, a high reaction rate can be reached®®. Formation a Pt(I1) intermediate is proposed as
the active species for C-H activation®®, and an electrophilic electron transfer mechanism between the Pt(11)
and Pt(1V) intermediate complex is proposed to clarify the missing piece of the whole catalytic mechanism.
It will be interesting to consider the abovementioned inter-molecular charge transfer in the heterogeneous
analogue of the molecular Pt complex, which consists of isolated Pt atoms on N-doped carbon support.
It could be the metal-support interaction or the interaction between neighbouring Pt atoms that participate
in the process to maintain the Pt(ll) species. It should be noted that inter-molecular charge transfer
mechanism as well as structural evolution of molecular metal complexes is commonly observed in
homogeneous metal catalysts as examples of the synergistic effect of multiple active sites, while it is rarely
observed in enzymes®. Of course, the mechanisms for selective oxidation of alkanes by different metal
complexes could be more complicated than the above-mentioned aspects, for which the intrinsic electronic
structure of the metal elements, the secondary coordination environment of the metal species and the
reaction intermediates should be considered®?. Interestingly, the formation of binuclear Pd(I11) complexes
are found as active species for Pd-catalysed activation of methane in H.SO4/SO3z medium, indicating the
importance of the formation of metal-metal bonding and the difference in the oxidation states of different
metal elements®3,

For the abovementioned two reactions for methane valorisation, the one-electron transfer process occurs
within the oxidation of methane to methanol with Cu complexes, as observed within the enzymatic
systems. While in the case of Pt-catalysed oxidation of methane to methyl bisulfate, a two-electron transfer
process is involved during the transformation between Pt(11) and Pt(1V). Such difference could be caused
by the intrinsic electronic properties of the metal centres (first-row transition metals vs. noble metals) and
the ability of the oxidant used in the reaction (O2 vs. H2SO4/S0O3).

3.2 Alkane metathesis

Another interesting application of molecular catalysts for alkane activation is alkane metathesis, which
involves the coupling of alkane dehydrogenation to alkene and alkene metathesis reactions in a tandem
process for converting light alkanes into heavier ones, as described in Figure 2A%. Alkane metathesis has
not been reported with natural enzymes, which could be related to the absence of natural enzymes for
olefin metathesis. Using Ir complex as the catalyst for alkane dehydrogenation reaction, alkanes can be

converted into terminal alkenes and further transformed into long-chain olefins through olefin metathesis



on either heterogeneous (e.g. Re/Al.03) or homogeneous catalyst (molecular Mo catalyst) (Ref. %®67). The
initial dehydrogenation of alkane into alkene intermediate is proposed to proceed via a classic 6-bond
metathesis ([26 + 20] cycloaddition reaction to generate metal-alkyl intermediate) and subsequent f3-
elimination®® . It should be mentioned that the isomerization of terminal alkene to internal alkene via a
n-Allylic mechanism may also occur®. These olefins with longer carbon chains can be hydrogenated into
alkanes, or even further react by olefin metathesis with other intermediates, resulting in a broad range of
alkene and alkane products (see Figure 2C-D).

The alkane metathesis can also be catalysed by a single type of metal species, i.e. organometallic
complexes (such as tungsten, tantalum and zirconium complexes) grafted on solid carriers (as displayed
in Figure 2B), through a similar process as the abovementioned tandem process®*. The reactivity of
different isolated metal species for alkane metathesis could be influenced by the reactivity of the alkyl
alkylidene intermediates’*. Though the isolated metal species (such as tantalum hydride complexes) need
to be grafted on solid carriers, the physicochemical properties of the support have limited impacts on the
catalytic performance of supported tantalum hydride species, which is quite different to the marked
support-dependent behaviour observed with heterogeneous metal catalysts’?. Such distinction could be
caused by the lower degree of interaction between the grafted organometallic complexes and the solid

carrier compared to the metal-support interaction in conventional supported metal catalysts.

3.3 Role of coordination configuration of the metal centres

The abundance of C-H bonds in alkane molecules and the high stability of the C-H bonds make the C-
H activation as a key scientific issue for alkane activation. One important lesson we can learn from
homogeneous catalysis is the numerous strategies developed for C(sp®)-H activation reactions, including
ligand-assisted C-H activation’®, hydrogen atom transfer’* and radical-involved C-H activation™. In
particular, the remote activation of C(sp®)-H bond achieved with a transient directing group has similarity
to the enzymatic C-H activation process’®, in which the scaffold surrounding the metal centre also

participates in the substrate recognition and activation process (see Figure 3).

In a similar manner as observed with the “pocket effect” in enzymatic catalysis, the vacant sites in
molecular metal complexes can influence the adsorption and activation of the substrate molecule, as
revealed by the low-temperature NMR spectroscopic and X-ray crystallographic studies’” '8, Captured by

ultrafast spectroscopy, metal complexes with under-coordinated configuration can easily react with alkane

10



molecule’. When tuning the ligands coordinated to the metal centres, the reactivity of the organometallic
complex towards the activation of alkane can be improved, as demonstrated with the comparison between
[Re(Cp)(CO)(PFs)] and [Re(Cp)(CO)] for the interaction with n-pentane®’.

In addition to the geometric factors, the electronic properties of the metal centres can also be influenced
in a remarkable manner by the ligands. For instance, it is demonstrated that the reactivity of Pd-catalysed
C-H activation reaction can be greatly improved by playing with the functional groups in the quinone
ligands®!. The complex electronic properties of transition metal elements cause difficulties to rationalize
the relationships between electronic structure and reactivity in a simple way because both spin and

oxidation state should be considered when carrying out theoretical studies®?.

3.4 Gas-phase model catalyst for alkane activation

Gas-phase metal atoms or clusters generated by physical methods are ideal model systems to understand
the elementary steps of the activation of alkane molecules in a detailed way®3. The related works have
clearly revealed that, for a single atom or a single metal cluster in a specific reaction, changes in atomicity
(number of the atoms in the cluster), charge or geometric structure can lead to marked changes in its
reactivity accordingly®4. Such structure-dependent reactivity is exhibited in a more remarkable way than
the homogeneous metal complexes, which should be related to the simple, but sensible, structural feature
of the gas-phase metal species. Moreover, thanks to their well-defined structures, the reactivity of gas-
phase model systems can be correlated with the orbital structures of the active sites® . For instance, by
infrared spectroscopy and first-principles calculations, the reaction mechanism of CHs activation on Au
clusters has been revealed, which involves the formation of hydrido methyl complexes, H-Aux(1)-CHs as
the intermediates®”. More related works show that the activation of methane on gas-phase metal clusters
can lead to other reaction pathways and various products, depending on the chemical components of the
metal clusters®®. Obviously, gas-phase metal atoms and clusters are quite different to supported isolated
atoms and clusters on solid carriers. Nevertheless, we believe the detailed mechanistic information
acquired in studies with gas-phase metal species can provide insightful clues on the reaction mechanisms

of heterogeneous metal catalysts.

4. Alkane activation with supported isolated atoms and clusters

Alkane activation with supported metal catalysts has also been intensively studied in the heterogeneous
catalysis community, as reflected in a large number of publications for various types of reactions. Notably,
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most of the reactions involved in alkane activation processes are structure-sensitive reactions, meaning
that the catalytic properties of the metal species are related to the particle size and their coordination
environment®®. Such effects have been firstly studied with single-crystal surface and supported metal
catalysts based on nanoparticles® °. Nevertheless, it is quite likely that catalysts developed in early works
already consisted of isolated atoms or clusters smaller than 1 nm, which were not well characterized due
to limitations with the existing techniques®2. As stated in the Introduction section, we are going to focus
on the recent progress achieved with subnanometric metal catalysts (i.e. isolated metal atoms and clusters
with a few atoms) and we will attempt to extract the insights on the structure-reactivity correlation on

those works.

4.1 Methane activation

As one of the most intensively studied reactions for alkane activation, methane valorisation with
supported isolated metal atoms and clusters have been reported with numerous types of materials (as
summarized in Figure 4), which can be referred to some related reviews® > ¢ %3 Herein, we would like
to mention some representative works and compare them in terms of the reaction mechanism and structure
of the active sites.

By the non-oxidative routes, it usually requires very high temperatures to activate the C-H bond in
methane and subsequently transform it into value-added products. For instance, using isolated Fe atoms
bonded to C and Si atoms on silica support as the catalyst, methane can be directly converted into ethylene,
aromatics and H; at very high temperature (1223-1363 K)%. Mechanistic studies indicate that radicals
(*CHs3) are formed in the gas phase, which further form C-C bonds. Using isolated Pt atoms supported on
CeO: as the catalyst, methane can be directly converted into ethylene with high selectivity (>75% at 950
°C)%. Considering the wide scope of currently available supported single-atom catalysts reported in the
literature, it will be interesting to study how the metal element and support perform in the direct conversion
of methane®3. Certainly, considering the harsh conditions employed for this reaction, it is also crucial to
study the stability of those single-atom species during the catalytic processes.

When the active species are confined in porous materials, e.g. Mo-zeolite catalyst, the conversion of
methane to benzene can be readily achieved at 700 °C though a fast deactivation due to coke cannot be
avoided in reported works®. Both theoretical and experimental studies suggest that Mo clusters (probably
in the form of MoxCy, with 2-4 Mo atoms) are the active sites for methane activation and subsequently

form intermediates (e.g. ethylene) and aromatic products (benzene and naphthalene) inside the 10
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member-ring micropores®” %, The microporous environment is critical for stabilizing the subnanometric
Mo species and the formation of aromatics, which makes this system different to the enzymatic and
homogeneous systems.

In the presence of O, the activation of methane is thermodynamically easier, though a high energy
input is still necessary. For instance, subnanometric Rh clusters confined in zeolites are selective for partial
oxidation of methane to CO and H; at above 450-600 °C®. Switching the continuous reaction into stepwise
chemical looping, methane can be converted into methanol with Cu-zeolite and Cu-MOF samples at 150-
450 °C, though the productivity is quite low!> 1%, The anaerobic oxidation of methane with H2O can also
be achieved with Cu-zeolite materials, showing a similar concept as the anaerobic oxidation of methane
process in nature®. Interestingly, the active sites in the majority of reactions related to methane activation
are composed of isolated metal atoms or binuclear metal species as observed in enzymes or most molecular
metal complexes, with a few other reports on larger clusters such as trinuclear Cu clusters!®? 1%, Though
theoretical studies have clarified the correlation between the electronic structure of the metal species and

their capability for C-H activation®

, other elementary steps such as the desorption of methoxy species in
the presence of H,O could also play a critical role!®. Nevertheless, in the Cu-zeolite materials prepared
via impregnation or ion-exchange method, a considerable portion of the Cu species exist as nanoparticles
(>1 nm), and their role in the oxidation of methane is not clarified'®. Thus, improving the purity of desired
Cu species (either in the form of isolated Cu or Cu clusters) will be crucial for the fundamental
understanding and practical application?’.

If the methane activation is processed in the presence of CO, acetic acid is obtained as the product of
C-C coupling reaction between the *CHjs intermediate and CO, which are both bonded to the isolated Rh
sites dispersed on metal oxide or zeolites®® 1%, Similar to the counterpart industrial process (Monsanto
process) for production of acetic acid from CO and methanol*!°, which relies on the homogeneous Rh
complex as the catalyst together with iodide promotor, the C-C coupling step between CO and *CHs
intermediate occurs on the supported isolated Rh sites, inferring a partially shared mechanism between
the two processes. If so, the optimization experiences accumulated in the industrial process can be
translated to the direct oxidative carbonylation of methane for further development.

As can be seen in the literature, tremendous efforts have been devoted into the direct conversion of
methane into chemicals and fuels, there is still a large gap to cross for large-scale applications*!, though
the oxidative coupling of methane into ethane and ethylene has been tested in pilot plant reactors for

years''?, One may argue that the current catalysts are not optimized and the reaction pathways are not
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fully explored, but the fundamental physicochemical characteristics of the methane molecule could be the
intrinsic barrier that limits the performance of heterogeneous catalysts under current reaction conditions.
Nevertheless, the future landscape of the global energy supply market also has decisive influence on the
utilization of methane for producing fuels and chemicals. From the point view of fundamental research, it
is of much interest to develop new catalysts and to understand the reaction mechanism at atomic and
molecular level. But to make a breakthrough in this direction, it probably requires a new research paradigm
based on new reaction pathways to lower the activation barrier or changing the conventional thermal
catalysis into new forms such as photocatalytic/electrocatalytic/photoelectrocatalytic methane activation,

as will be discussed later in this Review.

4.2 Alkane oxidation

Gas-phase Oxidation of alkanes into oxygenate products or olefins through oxidative dehydrogenation
are well-established processes, usually carried out with metal oxide catalysts'!3. Traditionally, metal
oxides are considered to be different catalytic materials compared to supported metal particles. However,
taking the widely used polyoxometalates as an example, their Keggin-type structure can also be considered
as isolated sites for selective oxidation of alkanes into aldehydes or acids'!* 1°, In the case of supported
metal oxides, the catalytic performance is also related to the size of the domain. For instance, vanadium
dimers were proposed to be the active species for oxidative dehydrogenation of propane to propylene,
instead of isolated vanadium species or vanadium oxide particles''® 17 If this knowledge can be translated
from supported vanadium catalysts to polyoxometalate catalysts, it will be quite interesting to study the
catalytic performance of polyoxometalate clusters (~1 nm or even smaller) confined in microporous or
mesoporous supports for oxidation of alkanes. Those materials comprising isolated Keggin-type structures
may lead to distinct reactivity compared to bulk polyoxometalate materials.

In terms of oxidation of liquid alkanes, it usually follows a radical-involved mechanism and the role of
the metal catalyst is to produce oxygen radicals to initiate the chain reaction. In this context, the difference
among different catalysts is their efficiency to generate radicals and sustain the chain reaction'®. For
instance, subnanometric Au clusters stabilized in MWW zeolite have been reported as more efficient
species than Au nanoparticles to initialize the radical oxidation of cyclohexane into cyclohexanone and
cyclohexanol'®. In another example, isolated binuclear Fe species confined in zeolites show promising
activity for oxidation of alkanes (also for functionalization of aromatics, such as the oxidation of benzene

to phenol) into oxygenates when using peroxides or N,O as oxidant!?°. The introduction of Cu into Fe-
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zeolite catalyst was found to suppress the over-oxidation of methanol into formic acid and CO; for
selective oxidation of methane to methanol. Considering the cost of H>Og, it is more favourable to carry
out the selective oxidation of long-chain alkanes by H»O> into oxygenates as achieved with enzymes*? or
to use a small amount of H,O> as an initiator for oxidation of alkanes with 0,'%2,

Using H20: as the oxidant, oxidation of alkanes has been explored with homogeneous metal complexes.
For instance, the Fe-catalysed oxidation of cyclohexane to cyclohexanone and cyclohexanol also follows
a radical-type mechanism, being similar to the heterogeneous systems'?®. Such a feature makes it difficult
to control the product distributions for alkane oxidation reactions by homogeneous metal catalysts.
Nevertheless, one major advantage of homogeneous Fe catalysts for alkane oxidation reaction is exhibited
in the stereospecific oxidation on the C(sp®)-H bonds, which is based on the development of structurally
rigid bipyrrolidine-based Fe complex as the catalyst*?4. This work indicates that the key to achieve highly
specific reactivity for alkane activation reaction is to construct the active site with suitable geometric
structure, which is a great challenge for heterogeneous systems.

Besides O, other oxidants such as CO», can also react with alkanes to give reforming products. One of
the most intensively studied reactions is the dry reforming of CHs with CO, with supported metal
nanoparticles (such as Rh, Ni and Ru). Recent works show that isolated metal species and metal clusters
can be highly active catalysts for this reaction, being superior to conventional nanoparticulate catalysts'?>
127 Replacing methane with ethane or propane, the reforming reaction between alkane and CO results in
the formation of corresponding olefins. Mechanistic studies on supported bimetallic nanoparticles suggest
that metal-oxide interfaces are the active sites and it is possible to modulate the selectivity of ethane
reforming with CO2 to syngas or ethylene via tuning the catalyst’s chemical composition'?. Notably, C3
oxygenates can be obtained when employing supported RhCo bimetallic nanoparticles for the reforming
of ethane with CO. through the C-C coupling reaction between ethylene and CO (by-product in the
reforming reaction)!?. The abovementioned mechanistic studies clearly show the involvement of multiple
sites in the reforming reaction between CO; and alkanes, and these works infer the potential of developing
heterogeneous metal catalysts based on subnanometric metal clusters, which may show different catalytic
behaviour to conventional nanoparticulate catalysts.

The cleavage or formation of saturated C-C bonds in long carbon chains (such as fatty acids) can be
achieved by mutated cytochrome P450*°. Such transformation involves the oxidation of two neighbouring
C-H into C-OH bonds and a subsequent C-C cleavage, resulting in the formation of two aldehyde

molecules. By homogeneous metal complexes, the oxidative C-C cleavage of alkane molecules is also
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feasible. In the case of heterogeneous metal catalysts, the selective cleavage of saturated C-C bonds in
alkane molecules is more challenging due to the over-oxidation of the primary products. To improve the
chemoselectivity, one strategy is to take advantage of the shape-selective properties of microporous
materials to modulate the accessibility of the reactant, as demonstrated with the oxidation of hexane to
adipic acid with CuOx clusters encapsulated in SAPO-34 zeolite nanosheets'®!. The shape-selective
property of two-dimensional SAPO-34 zeolite suppresses the C-C cleavage of C-C bonds in adipic acid,

therefore lowering the formation of CO- by-product.

4.3 Alkane hydrogenolysis and hydroisomerization

Selective ring-opening of cycloalkanes through hydrogenolysis is an important catalytic route to
improve the fuel’s quality!®:. Mechanistic studies indicate the size of the metal particles has significant
regioselectivity for C-C cleavage in this reaction!3*. Compared to large Ir nanoparticles, Ir clusters of ~0.7
nm supported on amorphous silica can give higher selectivity to ring-opening and branched products for
the hydrogenolysis of substituted cyclohexane. Prepared by conventional ion-exchange method, small Ir
nanoparticles (~1 nm) supported on mesoporous Beta zeolite have already shown remarkable performance
for selective ring opening of decalin®®®. In a recent work, it is shown that subnanometric Ir clusters of 0.5-
0.7 nm are the optimized species for hydrogenolysis of alkanes in comparison with smaller Ir clusters and
large Ir nanoparticles (see Figure 5)*32. If the size of the Ir clusters can be precisely controlled in the
subnanometric regime, we expect a further enhanced reactivity of the Ir-Beta catalyst for ring-opening
reactions of alkanes.

In the presence of acid sites, linear alkanes can be converted into branched alkanes through
hydroisomerization, which results from the synergistic effect of the metal and acid sites'®. In the scenario
of homogeneous catalysis, a molecular acid compound is required to assist the transformation, and it is
believed that the acid co-catalyst is working together with the metal complex by forming a coordination
complex as intermediate to achieve the multi-step elementary reactions. However, in a heterogeneous
system, it is found that the intimacy between the metal and acid sites does not follow the rule of “the closer,
the better”*®’. There is an optimized distance between the two functional sites to avoid the undesired
hydrogenolysis of C-C bonds'®, though it requires more work to address such effects in a more
quantitative way.

Notably, in the above-mentioned works related to metal-zeolite materials, a considerable amount of

subnanometric metal clusters is present inside the zeolites, though a broad range of size distribution is
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observed. We expect that new findings can be obtained if the catalytic studies can be done with catalysts
comprising narrow size distribution of metal species and finer structural characterizations to establish the
structure-reactivity correlation%,

As mentioned before, the cleavage of aliphatic C-C bonds in nature can be realized by oxidative
reactions instead of hydrogenolysis reaction. In terms of homogeneous systems, the cleavage of C-C bonds
via hydrogenolysis is also rarely reported. One possible explanation can be the high activation energy
required for breaking C-C bonds through the hydrogenolysis pathway by natural enzymes or homogeneous
metal complexes. According to the above discussion and the reaction mechanism for hydrogenolysis
reaction, it is inferred that supported metal clusters can show their superior activity than homogeneous
complex and natural enzymes because of the participation of multiple metal atoms in the metal clusters

for simultaneous activation of H, and C-C bond in the alkane molecule®* 4°,

4.4 Alkane dehydrogenation

Direct dehydrogenation of alkanes into corresponding olefins is an efficient way to utilize the shale gas
resource. Indeed, dehydrogenation of light alkanes has been commercialized in several industrial
processes based on either supported Pt or CrOx catalysts**2. In terms of the Pt catalyst, which gives much
higher specific activity than the CrOx catalyst, fast deactivation and the use of a large quantity of Pt are
the remaining issues to be further improved. The endothermic nature of the alkane dehydrogenation
reaction requires high energy input. Therefore, materials with high structural stability against sintering
during high-temperature oxidation-reduction treatments are desired. Imposing constraints on isolated
metal atoms or metal clusters by confining them in microporous materials can be a promising solution to
the above challenges since C-H activation, the rate-limiting step is more favourable on smaller metal
particles®. It has been demonstrated that subnanometric Pt clusters can be stabilized in the pores of
microporous zeolites, which can deliver enhanced activity and stability than conventional supported Pt
nanoparticles!*4. Such effects are more profound when the Pt clusters are regioselectively located in the
10 member-ring (10 MR) sinusoidal channels of pure-silica MFI zeolite structure, as presented in Figure
6 (Ref.1*1). The Pt and PtSn bimetallic clusters confined in the channels show superior activity and stability
than the Pt and PtSn nanoparticles.

The reaction mechanism of dehydrogenation of light alkanes on metal nanoparticles (>1 nm) is usually
believed to follow the reverse Horiuti—Polanyi Mechanism, involving the formation of alkyl intermediate

through C-H activation and a subsequent B-elimination. Taking the dehydrogenation of propane to
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propylene as an example, according to a microkinetic study, CHs-*CH-CHs (the “*” notation refers to the
carbon atom adsorbed on Pt site) is formed on Pt(111) surface with well-coordinated Pt atoms as primary
intermediate while *CH>-*C-CHz is formed on Pt(211) surface with under-coordinated Pt atoms due to
the removal of two B-H atoms and one a-H'#. This study inters that the reaction mechanism on
subnanometric Pt clusters could be largely different to that on Pt nanoparticles, which deserves to be
experimentally investigated in detail.

By substituting Pt by a more oxyphilic metal (such as In and Ga), isolated metal atoms can be preserved
in the extra-framework positions within zeolites even after high-temperature reduction treatment (>500
°C) and are able to active light alkanes**® 14’, For instance, isolated indium atoms stabilized CHA zeolite
can transform into isolated indium hydride species and show high activity and stability for
dehydrogenation of ethane to ethylene!#’. The appearance of [InHz]* intermediate is supported by several
spectroscopic characterization techniques and such active species are similar to those observed with metal

complexes in homogeneous dehydrogenation of alkanes'*®

. Compared to other metals such as Zn and Ga,
which are also present as isolated metal hydride species within CHA zeolite, the indium hydride species
are initially less active but show a much lower deactivation rate during the ethane dehydrogenation
reaction. Considering the deactivation mechanism, the faster deactivation rates observed with isolated Zn
and Ga species could be associated with their stronger acidity’*®. Furthermore, the reactivity of extra-
framework species can be modulated by tuning the chemical composition of the zeolite framework (such
as the Si/Al ratio, the doping of heteroatoms) or the location of the extra-framework within the zeolite
structure, being similar to the concept for modifying the ligands of homogeneous metal complexes!®.

If comparing the metal-zeolite catalysts reported for alkane dehydrogenation reaction, one will notice
that noble metals (such as Pt and Pd) exist as small clusters or nanoparticles within zeolite
structure!#1°1:152 while non-noble metals (such as Ga, Sn, In, Fe) mainly exist as isolated metal atoms
under reduction conditions4”1°3, This leads to one question: how are the performances of non-noble metal
clusters compared to their single-atom counterparts?

In principle, isolated metal atoms or clusters confined in zeolites can also be applied to dehydrogenation
of long-chain alkanes (i.e. middle distillate fractions, C9-C14), which can be operated at a relatively lower
temperature (450-500 °C)*®*. Future efforts in this direction can be made to extend this concept to other
pure-silica zeolites to match the size of various reactants and study the influence of the location of

subnanometric metal species on the catalytic performance.
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Despite the well-established industrial processes for dehydrogenation of short alkanes, organometallic
Ir complexes can proceed with the reactions under milder conditions to avoid thermal cracking of C-C
bonds!®®. The reaction mechanism on homogeneous metal complexes follows a similar process as the
heterogeneous single-site metal catalysts, which involves the activation of C-H bonds and formation of
metal-alkyl intermediates. Indeed, by supporting those mononuclear Ir complexes on a solid carrier, it is
possible to perform the dehydrogenation of n-butane into butenes under continuous flow conditions at 300
°C.1%® Though the stability of such system is lower than the solid catalysts, it is worthy to dedicate further
efforts on studying the deactivation mechanism and improving the reactivity and stability. Considering
the numerous examples of the application of metal clusters for alkane dehydrogenation, it is interesting to
develop multinuclear metal complexes and to compare their behaviour with mononuclear metal complexes

and supported metal clusters.

4.5 Alkane dehydroaromatization

The alkane dehydroaromatization reaction involves the alkane dehydrogenation and subsequent
cyclization reaction to form aromatics, which has also been commercialized using Pt catalyst supported
on KL zeolite (LTL-type zeolite modified with K) for converting n-hexane into aromatics®®. The working
principle is the combination of dehydrogenation of alkanes on subnanometric Pt clusters and the
confinement effect of the zeolite structure for shape-selective transformation of the intermediates into
aromatics. Therefore, it can be expected, the location of Pt clusters in the KL zeolite has a significant
influence on the product distribution®®. Besides, since the hydrogenolysis of C-C bonds can be suppressed

159 "precise control on the size distribution of Pt clusters encapsulated

with subnanometric Pt catalysts
inside the zeolite structure can be another key for promoting selectivity to aromatics.

When using light alkanes for dehydroaromatization, the presence active sites for dehydrogenation of
alkanes into alkenes is critical. For instance, the presence of NiGa alloys can facilitate the dehydrogenation
of ethane into ethylene, which can be further converted into aromatics (benzene, toluene, and xylene) by
the isolated Ga species confined in ZSM-5 zeolite®®. Considering the dehydrogenation of light alkanes to
corresponding olefins is more favourable on subnanometric metal clusters, loading a small amount of
subnanometric metal clusters (such as Pt or Ni) on Ga-zeolite crystallites to enhance the initial step
(dehydrogenation of alkane to olefin) may lead to improvements in the yields of aromatics.

The dehydroaromatization of alkanes can also be achieved with homogeneous metal catalysts. In the

presence of sacrificial alkenes, n-alkanes can be directly transformed into aromatics with pincer-ligated Ir
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complexes at a much lower temperature (165 °C) compared to the heterogeneous process (>400 °C),

though the reaction rate is lower when using homogeneous metal catalysts®!

. Interestingly, the
homogeneous Ir catalysts offer different product distributions in the dehydroaromatization reaction.
Taking the reforming of n-octane as an example, 75% of meta-xylene is obtained with Ir complex while
much lower selectivities to xylenes (<10% in total hydrocarbon products) are obtained with a
heterogeneous Pt/KL catalyst (see Figure 7) because benzene and toluene are the major aromatic
products®®?. The distinct selectivities of Ir complex and Pt/KL catalyst could be associated with the
different reaction conditions and the confinement effect of the KL zeolite.

The reaction mechanism for dehydroaromatization of n-hexane has been studied with homogeneous
metal catalysts and supported metal catalysts. When using metal-zeolite catalysts, the aromatization of n-
hexane is suggested to proceed via the pathway shown in Figure 10c because the acid sites in the zeolite
support can favour the cyclization of 1-hexene!®®. While in the case of homogeneous Ir-catalysed
aromatization reaction, it is inferred by theoretical studies that the reaction follows the reaction pathway
described in Figure 10d, in which the cyclization reaction occurs with the 1,3,5-hexatriene intermediate
164.

To avoid the use of sacrificial alkenes, one alternative strategy is to carry out the
dehydrogenation/dehydroaromatization reaction under photocatalytic conditions, as demonstrated with

the dehydrogenation of octane to octenes'®®

and transformation of amines into aniline through the
dehydroaromatization of an enamine intermediate!®®. Translating this lesson into a heterogeneous system,
it could be interesting to immobilize a metal complex on solid photocatalyst as a hybrid catalyst for

photocatalytic dehydrogenation/dehydroaromatization of alkanes.

4.6 Alkane metathesis

As mentioned before, alkane metathesis is an effective route to modulate the chain length of alkanes,
especially to convert short-chain alkanes into higher homologues*®’. Isolated Ta hydride species supported
on silica was firstly reported for converting ethane into methane and propane at 150 °C and atmosphere
pressure!®®. Mechanistic studies indicate that, for metathesis of propane, Ta-carbenic species are firstly
formed, followed by the formation of cyclobutanes due to the reaction between Ta-carbenic species and
propylene formed from dehydrogenation of propane. The subsequent hydrogenolysis of the intermediates

lead to the production of various alkanes'®®.
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Since the alkane metathesis requires several elementary steps to complete the catalytic cycle, it can also
be catalysed by a combination of due active sites instead of a single type metal sites to facilitate the global
reaction. For example, as shown in Figure 8, isolated W and Ti sites can give much higher activity than
spatially separated metal sites because the C-H activation and subsequent B-elimination occur on Ti while
the olefin metathesis occurs on W, resulting in a significant improvement in activity when increasing the
intimacy of the two metal sites'°.

Despite the above works on alkane metathesis, the current catalysts are not stable enough and most of
the reported catalysts give a broad product distribution when using C4+ alkanes. Considering the active
sites are proposed to be isolated organometallic species and mechanistic studies with well-defined
homogeneous metal catalysts, controlling the metal-support interaction and the coordination environment
of the metal centres by loading the metal species onto regular solid surfaces should be an effective
approach. Replacing the open-structure solid carrier into porous supports with a well-defined micro-
environment for the accommodation of the metal species can be a promising strategy to narrow the product
distribution. Nevertheless, tuning the intimacy of the two functional sites (dehydrogenation and olefin
metathesis site) at a more accurate level will also be quite helpful, which also requires a high-precision
control of the solid catalyst’s structure.

4.7 Challenging reactions

Besides the above reactions that have been intensively studied and practiced, there are also some
challenging reactions related to alkane activation which are quite attractive but less investigated in the
literature. We would like to mention some representative ones and discuss the current limitations as well
as promising future developments.

Direct reaction between methane and CO- to form acetic acid is a highly desired reaction observed in
marine sediment but also quite tough to proceed!™ 172, It has been reported that formation of acetic acid
can be achieved with Cu-zeolite samples when reacting with CO2 and CHa at 425-525 °C, though the yield
is low and declines with time on stream!”. Theoretical studies indicate that the simultaneous activation
of CO2 and CHg is related to the coordination environment of Cu atom and Cu clusters’®. Progress on this
reaction requires a deeper understanding on the active sites and catalytic studies on various Cu-zeolite
materials with controlled atomicity and distributions in zeolite structures.

Alkylation of benzene with olefins has been well established by zeolite catalysts. Since olefins can be
produced from dehydrogenation of alkanes, the direct coupling of light alkanes with benzene can be a
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route for the production of alkylbenzene. Bifunctional catalysts such as Pt/MFI and Pt/HsSiW12040/SiO>
catalyst have been reported for this reaction with >80% selectivity to the desired alkylbenzene at 400-500
°C, but the conversion of light alkane is not high (<10 %)™ 17®, Though Pt species mainly exist as
nanoparticles in those reported works, using subnanometric Pt clusters confined in the zeolite structures
and modulating the position and distribution of acid sites can be an effective approach to further improve
the activity and selectivity to alkylbenzene.

Selective halogenation of alkanes is an important route for the production of useful raw materials for
manufacturing chemicals, pharmaceuticals and polymers'’’. The radical-involved reaction mechanism
and multiple possible reaction pathways make it quite difficult to control the product distributions. For
instance, numerous supported Cu catalysts have been studied for ethane oxychlorination into vinyl
chloride monomer (VCM), though the active sites are not fully revealed’’. Since single-site Au catalysts
have been proposed as the active sites for hydrochlorination of acetylene into VCM?8, it will be interesting
to clarify the reactivity of isolated Cu species and subnanometric Cu clusters for oxyhalogenation of
alkanes and the role of metal-support interaction and confinement effect in selectivity control*’®.

Activation and conversion of waste plastics into fuels and chemicals plays a central role towards a
circular economy with sustainability. Polymers such as polyethylene and polypropylene can be considered
as macromolecule alkanes very long carbon chains. It has been reported that polyethylene and
polypropylene can be decomposed into diesel and lower alkanes with single-site Zr species supported on
silica®. The degradation of polyethylene has also been achieved with the combination of homogeneous Ir
complex and supported rhenium catalyst through a cross-alkane metathesis pathway by adding an excess
amount of light alkanes (such as n-hexane) to react with polyethylene for production of liquid fuels and
wax®, The application of a catalyst comprising Pt nanoparticles supported on SiTiOs has also been
reported for hydrogenolysis of polyethylene into liquid lubricants or wax!8t, Considering the higher ability
of Pt nanoclusters for hydrogenation reactions and the potential synergistic effect between Pt nanoclusters
and single-site Lewis acid species, a bifunctional solid catalyst consisting of Pt clusters and isolated metal
species (such as Zr, Ta or W) can be potential catalysts for selective conversion of polyolefins into lower

alkanes or aromatics'®?,

The activation of C-H bonds in alkane molecules through the insertion of carbene and nitrene is a
promising method to directly functionalize the inert alkane molecules, as demonstrated by the Rh-

catalysed carbene insertion reaction shown in Figure 9, which can be proceeded by the carbene transfer
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from metal sites or through the free carbene intermediates®® 84, Currently, this type of reaction has to
proceed with molecular metal complexes (such as Rh, Cu and Ag) and the regioselectivity and
enantioselectivity can be modulated with the ligands*®®1#’, Taking into account the application of Pd-
MOF catalyst for carbene-mediated Buchner reaction of benzene derivatives to give cycloheptatrienes's,
it will be interesting to incorporate Rh or other metal complexes into MOF structures for catalysing
carbene-mediated activation of alkanes. MOFs are versatile hosts to stabilize isolated metal species either
in the organic linkers or inorganic nodes, though the stability of MOF structures during catalytic reactions
should be carefully examined.

For enzymatic and homogeneous systems, there are also some challenging reactions/issues related to
alkane activation that are of interest to be explored or considered in future works. Considering the cost of
homogeneous metal catalysts and enzymes, their strength can be maximized when being applied to
transform alkanes into highly value-added products such as enantioselective oxidation of alkanes into
alcohols, C-C coupling reaction and cascade transformations (for instance, hydroformylation of the olefins
derived from the dehydrogenation of alkanes'®®). Great efforts should be devoted to decrease the cost of
the biocatalytic and homogeneous systems and to improve the robustness of the catalysts/enzymes to
compete with heterogeneous systems. These targets could be achieved by improving the recyclability of
the catalysts and performing the reactions in a continuous way if the catalysts/enzymes can be immobilized

on solid carriers.

5. Comparison of the enzymatic, homogeneous and heterogeneous systems

In the above sections, we have summarized the applications of isolated metal atoms and metal clusters
for alkane activation. There are some similarities among different systems, in terms of the key active
centres, catalytic mechanism and the principles of reactivity modulation by tuning the coordination
environment (see Figure 10). For instance, selective oxidation of methane to methanol has been observed
with Cu sites in enzymes, Cu complex and supported Cu catalyst. According to the literature, the active
sites are associated to binuclear Cu species in most of the works and the insertion of O into the C-H bond
is commonly proposed to be the critical elementary step. As mentioned in the above discussion, the rich
knowledge accumulated in organic chemistry for metal-catalysed C(sp®)-H activation reactions can be
translated into the development of new heterogeneous metal catalysts. However, we would like to
emphasize the dramatic differences between different systems, which can further impact the design
principles for supported metal catalysts.
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5.1 Coordination environment of the active sites

The three types of catalysts discussed in this review have intrinsically different chemical structures. The
coordination environment of metal centres in enzymes and molecular metal complexes is quite flexible
while the inorganic support in heterogeneous metal catalysts is much more rigid. On one hand, supported
metal catalysts also show the strongest interaction between the metal centre and coordination environment,
which leads to much higher stability!®®. On the other hand, the metal-support interaction could also limit
the reactant’s accessibility to the supported isolated atoms or metal clusters due to the limited exposure of
those species, which may further influence their reactivity. Nevertheless, due to harsher reaction
conditions, dynamic structural transformation of supported subnanometric metal clusters can play a
critical role during the catalytic cycles while the structure of the metal sites in enzymes and molecular
metal complexes are relatively more stable!®?.

Confinement effects are widely observed in enzymes and molecular metal catalysts and such effects are
subtler than those observed in heterogeneous metal catalysts, which should originate from the well-defined
interaction between the metal active site neighbouring atoms and substrate molecule!®? 1%, Regarding the
confinement effect in solid catalysts, isolated atoms and clusters confined in zeolites are the most typical
examples, which are strongly dependent on the location of the metal species within the zeolite structures.
The heterogeneity of site distribution and non-uniform coordination environment surrounding the
subnanometric metal species on solids preclude the molecular recognition with supported metal
catalysts®*, which leads to the difficulty to carry out enantioselective reactions with solid catalysts.

Compared to the flexible structure of molecular metal catalysts and enzymes, the rigid framework
structures of zeolites can provide strong confinement effect to facilitate the conversion of small molecules
(such as methane and propane) into larger ones such as aromatics (benzene, toluene and xylenes), which
is rarely observed with homogeneous and enzymatic catalysts. MOFs can be the supports that combine
the regular porosity and the relatively flexible framework, which offer the opportunities to carry out chiral

catalytic reactions related to alkane activation®.

5.2 Atomicity
In nature enzymes, the active sites usually consist of one or two metal atoms and the vast majority of
molecular metal catalysts are also mononuclear or binuclear complexes. The much lower stability of

multinuclear structures could be the reason accounting for that phenomena. However, owing to the
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presence of the solid carrier, the formation of metal clusters comprising a few or even 10-20 atoms are
feasible. From a geometric point of view, in some reactions, it may require multiple atoms to interact with
C2+ alkane or O2/H2 molecules. As a result, metal clusters could be more efficient catalysts than isolated
atoms'®. Respecting to that point, studying the size effect, especially in the subnanometric region, of

supported metal catalysts for alkane activation will still be an important topic.

5.3 Oxidation states

Mechanistic studies indicate that the oxidation states of metal sites in enzymes vary between M(Il) and
M(IV) during the catalytic cycle while it may vary from M(0) to M(1V) for most cases of molecular metal
catalysts. In this sense, the oxidation states of the metal species are closed in these two systems. Shifting
to supported metal atoms and clusters, their oxidation states are usually lower than their homogeneous
counterparts, especially in the cases of supported metal clusters due to the formation of metal-metal
bonding and metal-support electronic interaction. For instance, as proposed in the literature, Cu species
may plausibly show Cu(I11)/Cu(ll) variance in pMMO enzyme for methane oxidation reaction while the
Cu species (either in the form of binuclear or trinuclear clusters) confined in zeolites mainly show the
variance of Cu(11)/Cu(1)*®" 1%, Indeed, the high-valence metal species formed in enzymes and molecular
complexes are rarely observed in supported metal catalysts. When the atomicity grows to higher than 4,
the formation of metallic bonding within the metal clusters lead to the shift of oxidation states closed to
0, and thus give to different catalytic properties. This difference also infers that, if the unfeasible oxidation
states of the metal species on solid carriers can be stabilized, unique catalytic properties could be achieved,
as reported with Zr(111), Hf(111) and Pt(l) species stabilized in MOFs!9: 200,

5.4 Reaction conditions

The reactions achieved with enzymes and molecular metal catalysts are usually performed in the liquid
phase and under relatively mild conditions, especially for enzymes. As a consequence, the reaction rate
could be very slow, as limited by kinetics. The vulnerable nature of enzymes and low robustness of
molecular metal complexes almost ban their applications for large-scale conversion of alkanes. In the case
of heterogeneous catalysts, it is feasible to operate the alkane activation reactions under high-temperature
and/or high-pressure conditions to accelerate the catalytic processes. The large difference in reaction
conditions will cause discrepancies in reaction kinetics and even in reaction mechanisms. Because of the

presence of solid-gas or solid-liquid interface when using supported metal catalysts, the mass
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transportation and reactant-catalyst contact time in heterogeneous system will be dramatically different to
the homogeneous systems and such influences can cause differences in product distributions, as discussed
before in this Review for the alkane dehydroaromatization reaction. In this context, modulating the
catalyst-reactant interface to control the diffusion of reactant and product should also be considered to

optimize the catalyst’s performance??.

6. Development of subnanometric heterogeneous metal catalysts for alkane

activation
The above discussions on the similarities and dissimilarities between the different catalytic systems on
alkane activation have attempted to give some insights on how the different catalytic systems work. Based
on those understandings, we will make perspectives on future developments for establishing/designing
new heterogeneous catalytic systems comprising isolated metal atoms and clusters for reactions related to

alkane activation.

6.1 Material design

One approach to combine the advantages of different materials is to prepare hybrid materials. For
instance, by immobilizing a molecular metal complex on an inorganic support, it will be possible to carry
out the alkane activation reactions under flow conditions, avoiding the problem of catalyst recovery. This
concept has been well established with supported organometallic complexes for various reactions, though
the stability can still be an issue in some cases®®. If the molecular metal catalysts can be grafted to “soft”
carriers such as polymers or inorganic-organic hybrid materials, the flexible support may improve the
accessibility of larger alkane molecules and the formation of micelles in the solvent may also facilitate the
reaction of hydrophobic alkanes in green solvents like water?%> 23, This stabilization strategy has already
been applied to supported Rh atoms in organic polymer for hydroformylation reaction and we expect this
concept will be extended to other reactions such as metal-catalysed oxidative carbonylation of methane?%,

The critical role of scaffold surrounding the active sites has been repeatedly emphasized in the above
discussion in this Review. For the target reaction, the synthesis of solid catalyst can follow an “ab initio”
strategy by mimicking the transition states of the target reaction. The candidate catalysts are synthesized
in the presence of structure-directing agents that sharing similar structural conformation as transition states
of the target reaction. In this way, the micro-environment surrounding the active sites can be similar to

the geometric structure of the transition states, which can give better performance than the catalysts
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prepared without such pre-stabilized micro-environment. Considering the positive results obtained in the
previous works on methanol-to-olefins, Diels-Alder reaction and other acid-catalysed reactions 2°-2%7| this
“ab initio” strategy deserves to be tested for some reactions related to alkane activation, such as selective
oxidation of long-chain alkanes and C-H functionalization of alkanes.

When dealing with some very large reactants, such as polyolefin, the design of the scaffold should
consider the accessibility of the reactants to active sites and the way how the active sites can interact with
the reactants. In natural enzymes, a processive mechanism is found in the reactions for destruction of
macromolecules. Translating this knowledge into heterogeneous catalysis, a core-shell mSiO2/Pt/SiO-

catalyst is developed for hydrogenolysis of high-density polyethylene?®

. The linear chain of polyethylene
can access Pt nanoparticles through the mesoporous SiO> channels and contact between the long-chain
polyethylene is limited to a narrow range. As a result, the chain-length distribution of the hydrocarbon
products is narrower than those obtained with conventional Pt/SiO, catalysts. If the porous scaffold
surrounding the Pt catalysts, which can also be replaced to be isolated Pt atoms or clusters, can be
controlled in a more precise manner, better control on the product distribution can be achieved.

The importance of the interfaces between the reactant, product and solid catalyst is well recognized in
heterogeneous catalysis, as shown in the direct aerobic oxidation of toluene to benzaldehyde with colloid
iron oxide nanoparticles in a biphasic system. A remarkably high selectivity to benzaldehyde (>99%) is
obtained in this catalytic system, which is suggested to be related to the unique interface between the
monodispersed iron oxide nanoparticles and the hexadecylphosphate ligand coordinated to the
nanoparticles?®. The presence of multiple interfaces in the reaction mixture is common for liquid-phase
transformation of alkanes. Therefore, it is highly recommended to investigate the adsorption of reactants
and desorption of products in those heterogeneous systems, especially when ligands are involved in the
metal-catalysed alkane activation reactions.

Liquid alkanes can be activated by numerous molecular metal catalysts via C-H functionalization to
form C-X bonding (e.g. C-C, C-N, C-O, C-B, etc.)* 210, An alternative approach to heterogenize this type
of reaction is to anchor the isolated metal species in a metal-organic framework. For instance, inspired by
molecular Ir complex used for alkane borylation, mononuclear Ir species were anchored on the organic
linker in a Zr-MOF support, and the resultant catalysts can afford very high chemoselectivity to
monoborylated methane due to the shape-selectivity of the MOF structure?!!. Inspired by the ligand-
assisted C-H activation in homogeneous catalysis, preparing metal-organic framework (MOF) materials

containing isolated metal atoms with suitable ligands can be an alternative approach to transform the
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homogeneous metal catalysts into a heterogeneous form. This concept has been demonstrated by Pd-MOF

materials for oxidative coupling of arenes?'?

. As a flexible backbone material, it is possible to stabilize the
unfeasible oxidation states (such as Fe(1V) and Cu(lI1) species) in MOF structure?*®, which are proved to
be critical intermediates for alkane activation by enzymes. Those species are rarely observed and difficult
to be generated on conventional solid carriers (such as carbon and oxide materials) due to their low
stability.

The framework stabilization sites and confinement effect are claimed to stabilize isolated metal atoms
and clusters in porous materials for the conversion of alkanes under harsh conditions in various examples.
Controlling the coordination environment of isolated atoms in porous materials is critical to obtain highly
active catalyst, as shown with Fe-CHA catalysts for oxidation of methane to methanol with N2O, in which
the sitting of Al species can influence the stabilization of isolated a-Fe'' redox active site?!*. For some
reactions employing bimetallic nanoclusters as active sites, such as the dehydrogenation of alkane to
alkenes or hydrogenolysis reaction, the precise control of the chemical composition of the bimetallic

clusters in porous materials is still a challenge?*®

. To further develop this concept into catalysts for cascade
reactions, one needs to anchor two or more types of metal species in the specific location of the porous
matrix and control their spatial intimacy in order to achieve a synergistic effect. This strategy can be
applied to design multifunctional materials for reactions involving tandem reactions, such as alkane
metathesis. In addition to tuning the intimacy of different metal entities, putting the same metal element
but with different atomicity could be another way to generate active sites with different functions for
cascade transformations?® 217, For instance, the hydrogenolysis of alkane may require multiple metal
atoms for activation of H> and C-C bond cleavage while the formation of radical hydrocarbon
intermediates could be more favourable on isolated metal atoms or very small metal clusters. The
combination of both types of metal species could facilitate the transformation of long-chain hydrocarbons
into desired products by using well-controlled supported metal catalysts. Thinking from another angle,
the initial reaction can be catalysed by a molecular metal complex, followed by a subsequent
transformation on solid catalyst. If the metal complex is immobilized on the solid catalyst, the two-step
transformation can be carried out in a one-pot process. This strategy has been applied to combine pincer-
ligated Ir complex and zeolite catalyst for alkyl-aryl coupling reaction?!8,

The practical catalysts used in industrial processes are usually shaped solids comprising functional
components, binder and additives. Obviously, there is a large materials gap between the atomic control of

the coordination environment of the support subnanometric metal catalysts and the macroscopic materials.
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Taking the encapsulated subnanometric metal catalysts in porous materials as an example, considering the
size of the porous matrix can span over tens to hundreds of nanometres?'®, the precise control of the
chemical composition in the whole matrix can also be a quite challenging task, requiring both sophisticated
synthesis methodologies as well as advanced structural characterization techniques for mapping the
chemical compositions with atomic-level resolution®> 229, One way to improve the homogeneity of
supported subnanometric metal catalysts is to perform the materials synthesis under flow conditions or by
additive manufacturing techniques, which allows the production of solid materials in the continuous mode

under well-controlled process management.

6.2 Introduction of an external field

As discussed before, enzymatic and homogeneous catalysts are superior to heterogeneous catalysts
when dealing with radical-involved reactions due to their uniform and well-defined structures. Indeed,
photocatalysis and electrocatalysis based on molecular metal complexes are emerging fields in organic
chemistry, which widely broaden the reaction scope of C-H activation reactions??! 222, In a recent work,
the selective oxidation of methane to methanol is achieved by integrating C-H activation on low-valence
Rh complex and oxygen activation on Si nanowire electrode®®. In a similar concept, biocatalysis is
coupled to electrocatalysis for oxidation of alkane into alcohol by coupling an alkane monooxygenase
(binuclear Fe species the active sites), a soluble electron transfer protein (rubredoxin) and toluidine blue
O (TBO) as an electrochemical mediator??*. The above integration can realize the electron transfer from
the electrode to the working enzyme for oxidation aliphatic C-H bonds to hydroxyl groups. The geometric
conformation of the enzymes (alkane hydroxylase (AlkB) and rubredoxin-2 (AlkG)) can be partly changed
when interacting with the electrode, as inferred by kinetic studies for hydroxylation of C3-C12 n-
alkanes??®. Such subtle changes in geometric structures cause the expansion of the substrate scope of the
hydroxylation reaction to small alkanes such as propane and butane. We expect that the electron-transfer
efficiency can be improved if the metal complex-electrode and enzyme-electrode interface can be further
optimized, leading to improved catalytic performances. Such interface optimizations can be achieved via
installing chemical bonding/interaction between the catalyst (metal complexes or enzymes) and the solid
electrode??® 27,

High-temperature fuel cells are also promising devices for the conversion of alkanes into value-added
chemicals. The high-temperature fuel cells based on methane have already been intensively studied both

in terms of the device fabrication and catalyst design??8, By translating that knowledge into fuel cells using
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other alkanes as the fuel, it may be possible to transform alkanes into oxygenates rather than CO; in
methane-based fuel cells??®. The high-temperature fuel cells for oxidative coupling of methane to ethane
and ethylene is also desired?®. The key to achieve that goal can be the controllable oxidation of alkanes
by the oxygen ions from the solid electrolyte, which involves a selective catalyst to avoid the over-
oxidation reaction and a suitable device design for the separation of the primary oxygenate products. In
respect to the electrocatalyst, isolated atoms/clusters that show high selectivity in partial oxidation of
methane/alkanes can be the candidates. It has been reported that isolated Ru and Ni atoms supported on
CeO: are active and stable for reforming of methane to CO and H> within a high-temperature solid oxide
fuel cells,

Photocatalysis and electrocatalysis based on supported single-atom or cluster catalysts also show great
potential for activation of small molecules (CO2, N2, H20O, etc.)?? 22 as promising approaches for
delocalization utilization of renewable energy for the production of chemicals and fuels?®. Besides, the
introduction of external electric or photo-generated electric fields can modulate the electronic structures
of the supported subnanometric metal catalysts, making them closer to those in nature enzymes or
molecular metal complexes. Therefore, we can expect the deployment of supported subnanometric metal
catalysts in electrocatalysis or photocatalysis can greatly extend the reaction scope of conventional thermal
catalysis for catalytic transformation of alkanes.

One possible research paradigm can be replacing the homogeneous metal catalysts into heterogeneous
metal catalysts comprising isolated metal atoms or clusters in current developed photocatalytic and
electrocatalytic systems. For instance, selective functionalization of methane and other alkanes has been
achieved with cerium photocatalysis, which can enable the amination of alkanes at room temperature
under irradiation of a LED light source?®. Direct functionalization of C(sp®)-H bonds has also been
achieved in numerous other photocatalytic systems using transition metal complexes as photosensitizer
and/or catalyst?®*2%8, Besides, solid materials such as colloid quantum dots or other semiconductor
nanoparticles have also been reported for photocatalytic activation of C(sp®)-H bonds?®. For instance, by
employing decatungstate complex (W10032*) as a photosensitizer and then abstract H from alkane
molecule to form carbon-centred radicals, which can subsequently react with olefins to form C-C bond?*°.
Inspired by these works, the immobilization of metal catalyst in the form of either isolated metal atoms or
metal clusters on semiconductors, can be a promising strategy to realize the above reactions with
heterogeneous catalysts?*. In such a way, the scaling-up of these catalytic systems will be more feasible

and the charge transfer between the immobilized metal entities and the semiconductor support may also

30



bring new physicochemical properties. For instance, it has been reported that the combination of
homogeneous Ni complex and a solid semiconductor (C3N4) can mitigate the sintering of Ni catalyst
during photoredox C-N coupling reaction??2. Another solution for that purpose can be implanting the
photosensitizer and the metal catalyst within the porous structure of MOF?%3, Under this circumstance,
energy transfer between the photosensitizer and the anchored isolated metal species can be facilitated
when they are regularly confined in the MOF structure, which could contribute to the realization of
photocatalytic activation of alkanes under continuous flow conditions®*.

Another strategy can be substituting the reactant in the established photocatalytic or electrocatalytic
systems by alkane molecules. For instance, it has been reported electrocatalytic hydrogenation and
oxidation of biomass-derived compounds into value-added products by supported metal catalyst?4> 246, In
principle, the hydrogenolysis of alkane and selective oxidation of alkane should also be feasible by using
supported metal catalysts, which could be achieved by replacing the solid carrier of conventional catalysts
from insulator supports (such as metal oxides) to carbon-based materials. Though the reaction mechanisms
are different and the active sites may also vary accordingly, the knowledge generated in conventional
thermal catalysis can be translated into this direction and can facilitate the improvement of catalytic
performance.

In terms of photocatalysis, there are already various solid catalysts reported for reactions related to
methane activation®*’, such as oxidative coupling of methane to ethane by Ga-zeolite under UV light®*®,
oxidation of methane with CO for production of oxygenates?*° and photocatalytic or photoelectrocatalytic
conversion of methane to benzene or ethane?®® !, However, for all those works, the reactivity is quite
low, which could be limited by the reaction temperature and the use of metal catalyst without optimized
particle size. The recent advances on photo-thermal catalytic activation of inert molecules (N2, CO2, CHa,
etc.) infer the potential of using supported single-atom or cluster catalysts for photo-thermal conversion
of alkanes!?® 252253 A core-shell type structure comprising a light-absorbent (semiconductor or plasmonic
metal) and subnanometric metal catalysts on the external surface is therefore proposed for such reactions.

Another type of external field that could be applied for alkane activation is non-thermal plasmas, in
which highly energetic electrons with an electron temperature of 1-10 eV can interact and activate inert
molecules such as Nz, CO, and methane?®*. With conventional supported metal catalysts (Cu/y-Al2Os,
Au/y-Al203 and Pt/y-Al203) methane and CO> can be converted into oxygenates, such as acetic acid,
methanol, ethanol, acetone and formaldehyde, under ambient conditions®®°. To the best of our knowledge,

the application of supported subnanometric metal catalysts for plasmas-assisted catalysis is barely
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explored yet. We expect new findings in this direction in the near future to clarify the activation of alkanes
on isolated atoms and clusters in a plasma environment.

Nevertheless, the introduction of microwave irradiation is also recently shown to be effective for
destruction of polyethylene and polypropylene into Hz and multiwall carbon nanotubes using Fe/FesC
nanoparticles supported on alumina as the catalyst’®. The microwave irradiation can accelerate the
activation of C-H in the polymers. These advances encourage the coupling of supported subnanometric

metal catalysts and external microwave irradiation for alkane activation.

6.3 Reaction engineering

As discussed in Section 4, the major challenges of reactions related to the conversion of light alkanes
(methane, ethane and propane) are reactivity and catalyst stability. While for long-chain alkanes,
improving selectivity to desired products is the major challenge. Despite the efforts on materials design
and introduction of an external field, reactor engineering is also an effective way to surpass the limitation
of a conventional thermal reactor, especially in the case of challenging reactions related to alkane
activation.

Cascade reactions in fix-bed reactors have shown great potential for conversion of syngas into
chemicals and fuels, by separating the hydrogenation of CO/CO- and the subsequent transformation of
intermediates (methanol or ketene) on metal oxides and zeolites, respectively?>” 2, The spatial
distribution of two catalyst components in the fix-bed reactor has a profound influence on product
distributions. If one attempts to perform cascade reactions to transform alkanes into some target products,
the optimization of the spatial distributions of the catalyst components is a critical issue. Perhaps, additive
manufacturing can be an alternative option for transforming supported metal catalysts as well as other
components into well-defined practical granular catalysts?®°. Moreover, the pristine materials for additive
manufacturing are better to be prepared in a continuous way, because this can help to control the
reproducibility and quality of the final catalysts?6® 262,

The combination of conventional fix-bed reactor and membrane reactor is a quite promising strategy to
surpass the thermodynamic equilibrium of the conventional thermal process. For instance, the integration
of Mo-zeolite catalyst with an oxygen-conducted membrane enables the removal of H, from the product
mixture and the combustion of coke on Mo-zeolite catalyst, which dramatically improves the yield of
benzene and alleviated the catalyst deactivation®®?. This concept can also be extended to other reactions

such as oxidative coupling of methane?° and alkane dehydrogenation reaction?®3, which should be able to
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shift the thermodynamic equilibrium by extracting Hz from the product mixture. It can be expected that
the low-temperature performance of the newly developed catalysts containing subnanometric metal
species can be further promoted by the deployment with a membrane permselective to hydrogen, in order
to decrease the energy consumption. Moreover, the prompt separation of desired products can mitigate
the selectivity limitations by avoiding the subsequent overreaction. The application of oxygen-permeable
membrane reactors has been shown effective for improving the selectivity to olefins in oxidation of light
alkanes?®,

Chemical looping is a versatile route to carry out some chemical transformations in a more selective
way than conventional catalytic routes, as discussed above with Cu-zeolite materials for methane
oxidation?®. In a recent work, TiO, supported Ag-phosphotungstic acid has been reported to be an
efficient material for selective conversion of methane into ethane and propane under photothermal
conditions through a chemical looping mechanism?®. AgOy nanoparticles of 1-2 nm can activate methane
and carry out the C-C coupling reaction under the assistance of phosphotungstic acid and then will be
reduced to metallic Ag accordingly. The AgOyx nanoparticles are easily recovered by exposure to air under
light irradiation, and the optimized material are reused for more than 10 cycles without deactivation.
Considering the interaction of alkane with metal particles is strongly related to the atomicity, it will be of
great interest to study the chemical looping performance with isolated Ag atoms and Ag clusters supported

on various semiconductor carriers.

7. Conclusions

We have summarized some representative works on alkane activation with supported isolated metal
atoms and clusters and discussed the similarities and dissimilarities between enzymatic, homogeneous and
heterogeneous catalytic systems. Despite the large difference among the three systems, some concepts
from bio- and homogeneous catalysis can be translated into heterogeneous systems for potential large-
scale practical applications. To facilitate the translation, interdisciplinary studies and integration of

different systems are promising approaches to overcome current limitations.
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Figure Captions

Figure 1. Mechanism of alkane activation by enzymes. (A) Reaction mechanism of selective oxidation
of methane to methanol by soluble methane monooxygenase (SMMO) with binuclear Fe species as the
active centres. (B) Reaction mechanism of alkane oxidation by cytochrome P450. In this figure,
intermediates (1 to 9) are illustrated to show how alkane and oxygen are activated on the isolated Fe site
in cytochrome P450. (A) Reprinted with permission from Kopp et al.2 copyright 2002 Elsevier. (B)
Reprinted with permission from Guengerich et al.®® copyright 2018 American Chemical Society.

Figure 2. Metathesis of alkane. (A) Mechanism of alkane metathesis reaction for transforming propane
into ethane and butane through a three-step process: dehydrogenation of alkane into olefin, olefin
metathesis of propylene and hydrogenation of olefin products into alkanes. (B) Schematic illustration of
the single-site Ta species supported on SiO,. Three types of Ta species could be present, depending on
the coordination of the Ta centres. (C) Reaction mechanism of the metathesis of propane for the production
of CH4, C2Hs and linear higher alkanes (n-butane and n-pentane). (D) Reaction mechanism of the
metathesis of propane for the production of CHs, C2He and branched alkanes (isobutane and 2-methyl-

butane). (B-D) Reprinted with permission from Basset et al.®* copyright 2010 American Chemical Society.

Figure 3. Schematic illustration of ligand-assisted C(sp®)-H activation. In this example shown in (a),
a directing group is present in the reactant, which can coordinate with the metal species (such as Pd) and
then activate a C-H bond in the saturated carbon chain. A general reaction mechanism for ligand-directing
C-H functionalization is illustrated in (b). The target C-H bond is activated by the metal coordinated by
the directing group. The functional group will transfer from the metal centre to the activated C-H bond.

DG, directing group; M, metal catalyst; FG, function group.

Figure 4. Several strategies for conversion of methane into chemicals and fuels. The corresponding

commonly used catalysts are indicated in this figure.

Figure 5. Ir clusters confined in pure-silica MWW zeolite for hydrogenolysis of propane. (A) High-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of the
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0.24Ir@MWW sample (prepared by one-pot synthesis with an Ir loading of 0.24 wt%) after reduction by
H. at 650 °C, showing the good dispersion of Ir clusters in the MWW zeolite crystallite. (B) HAADF and
(C) the corresponding integrated differential phase contrast (iDPC) image of the 0.24lIr@MWW sample,
showing the location of Ir cluster at the 10MR window between the two neighbouring 12MR supercages.
(D) Catalytic performance of 0.24lr@MWW and 0.07Ir/MWW-imp (prepared by conventional
impregnation with an Ir loading of 0.07 wt%) for hydrogenolysis of propane to methane and ethane. As a
result of the preparation method, the spatial distribution of the two samples is distinct, as illustrated in (D).
Each catalyst was pre-reduced by H: at different temperatures to tune the size distribution of Ir species, in
order to correlate the size distribution and the catalytic performance. According to the catalytic results, Ir
clusters of 0.5-0.7 nm are the most active species for hydrogenolysis of propane. Reprinted with

permission from Liu et al.}*? copyright 2020 Wiley-VCH.

Figure 6. Catalytic performance of Pt-zeolite materials for propane dehydrogenation. (A) Initial
turnover frequency (TOF) of various Pt-zeolite materials for propane dehydrogenation reaction at 600 °C
based on the exposed Pt sites determined by the average particle size derived from electron microscopy
and EXAFS results. (B) Initial reaction rates of various Pt—zeolite materials for propane dehydrogenation
reaction at 600 °C based on the mass of Pt in the solid catalyst. The K-containing Pt-zeolite samples (K-
Pt—-MFI and K-PtSn—MFI) show higher rates than the K-free samples, indicating the significant promotion
effect of potassium and higher reactivity of subnanometric Pt clusters. (C) Deactivation constant of PtSn—
MFI, K-Pt-MFI and K-PtSn—MFI samples in the first 10 hours during the first catalytic cycle of the
propane dehydrogenation reaction. (D) Initial propane conversion on PtSn—MFI, K-Pt-MFI and K-PtSn—
MFI catalysts in different catalytic cycles (C1, C2 and C3 denote the first, second and third catalytic
cycles). The initial conversion of propane decreases significantly when the K-free PtSn—MFI sample is
regenerated for the second and third catalytic test, which is caused by the sintering of Pt. Notably, both
K-Pt—MFI and K-PtSn—MFI show good recyclability in three consecutive reaction-regeneration cycles,
indicating the high stability of subnanometric Pt clusters confined in the sinusoidal 10-membered-ring
channels. (E-H) HAADF-STEM images of various pristine Pt—-MFI catalysts after reduction by H> at
600 °C: (E) Pt-MFI, (F) K-Pt-MFI, (G) PtSn-MFI and (H) K-PtSn-MFI. (I-L) HAADF-STEM images
of various pristine Pt—-MFI catalysts after propane dehydrogenation: (1) Pt-MFI, (J) K-Pt-MFI, (K) PtSn-
MFI and (L) K-PtSn—MFI. By comparing the size of Pt particles in the pristine and used catalyst, the
sintering of Pt nanoparticles in the K-free samples is observed. By contrast, in the K-promoted samples,
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subnanometric Pt clusters can be preserved after the catalytic tests for propane dehydrogenation. EXAFS,
extended X-ray absorption fine structure; HAADF-STEM, high-angle annular dark-field scanning
transmission electron microscopy. Reprinted with permission from Liu et al.**! copyright 2019 Springer
Nature.

Figure 7. Dehydroaromatization of n-heptane to aromatics with Pt/KL catalyst. (A) Preparation of Pt/KL
catalysts by controlling the conditions for atomic layer deposition of Pt particles on the KL zeolite support.
When tuning the exposure time to organometallic Pt precursor, it is possible to vary the Pt loading in the
KL support. With a longer exposure time, more Pt species can enter into the KL zeolite crystallites. (B)
Catalytic performance of Pt/KL catalysts for dehydroaromatization of n-heptane into aromatics. Reaction
conditions: 420 °C, atmosphere pressure and Hz/n-heptane=6. The Pt/30AIl-KL sample was prepared by
depositing Pt on Al-modified KL zeolite, in which the Pt particles are mainly located on the external
surface of the KL zeolite crystallites. These catalytic results indicate that Pt particles located inside the
KL zeolite are more active and selectivity for the conversion of n-heptane into aromatics. (C, D) Proposed
reaction mechanisms for aromatization of n-hexane to benzene. In the mechanism shown in (C),
cyclization reaction occurs after the formation of 1-hexene, followed by the subsequent dehydrogenation
of cyclohexane to benzene. In the mechanism shown in (D), 1,3,5-hexatriene is formed after consecutive
dehydrogenation reactions and then transformed into benzene by cyclization reaction. Reprinted with

permission from Xu et al.®” copyright 2018 Elsevier.

Figure 8. Metathesis reaction of propane with bifunctional supported organometallic catalysts. (A)
Preparation of isolated Ti and W sites on amorphous silica support via surface grafting of organometallic
complexes. (B) Different types of catalyst packing methods for continuous metathesis of propane. (C)
Influence of the spatial distribution of the Ti and W sites on the catalytic performance of metathesis of
propane. When the W and Ti sites were closely generated in the solid carrier, high activity for propane
metathesis reaction could be obtained. On the contrary, when the two types of sites are separated, very
low activity was observed. Reprinted with permission from Samantaray et al.*’® copyright 2017 American
Chemical Society.

Figure 9. Rhodium-catalysed alkane functionalization by carbene insertion into the C-H bond. (a)

The product distribution observed with the carbene insertion reaction with n-pentane. (b) Proposed
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reaction routes of the carbene transfer steps. In Route A, the carbene specie is transferred from the metal
sites to the alkane while the C-C coupling reaction occurs between alkane and free carbene in Route B.

The reaction pathway is dependent on the functional groups of the carbene intermediates.

Figure 10. Comparison of the enzymatic, homogeneous and heterogeneous catalysts for alkane
activation. In this figure, three types of Fe-containing catalysts are illustrated to represent the three
different systems. The features of three catalytic systems are also summarized. (A) enzyme, (B) molecular

metal complex and (D) isolated metal atom supported on solid carrier.
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