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Surface organometallic chemistry in
heterogeneous catalysis

Manoja K. Samantaray, {2 Eva Pump,? Anissa Bendjeriou-Sedjerari,? Valerio D’Elia, {2 °
Jérémie D. A. Pelletier,® Matteo Guidotti,” Rinaldo Psaro” © and Jean-Marie Basset () *®

The broad challenges of energy and environment have become a main focus of research efforts
to develop more active and selective catalytic systems for key chemical transformations. Surface
organometallic chemistry (SOMC) is an established concept, associated with specific tools, for the
design, preparation and characterization of well-defined single-site catalysts. The objective is to enter a
catalytic cycle through a presumed catalytic intermediate prepared from organometallic or coordination
compounds to generate well defined surface organometallic fragments (SOMFs) or surface coordination
fragments (SCFs). These notions are the basis of the “catalysis by design” strategy (“structure—activity”
relationship) in which a better understanding of the mechanistic aspects of the catalytic process led to
the improvement of catalyst performances. In this review the application of SOMC strategy for the
design and preparation of catalysts for industrially relevant processes that are crucial to the energy and
environment is discussed. In particular, the focus will be on the conversion of energy-related feedstocks,
such as methane and higher alkanes that are primary products of the oil and gas industry, and of their
product of combustion, CO,, whose efficient capture and conversion is currently indicated as a top
priority for the environment. Among the main topics related to energy and environment, catalytic
oxidation is also considered as a key subject of this review.
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the past few decades under the name of surface organometallic
chemistry (SOMC), which progressively opened the way to
surface organometallic catalysis." New catalytic reactions have
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been discovered (e.g. Ziegler Natta depolymerisation, alkane
metathesis, non-oxidative coupling of methane to ethane and
hydrogen, etc.)* or known ones have been considerably improved
in terms of activity, selectivity or lifetime.? Its methods, based
on grafting organometallic transition metals onto highly
dehydroxylated metal-oxide supports handled under a strict
controlled atmosphere, allow generation of catalytic sites that
are in principle identical (single-site or single complex). This
strategy presents considerable advantages over traditional tech-
niques for the preparation of heterogeneous catalysts such as
impregnation that lead to the formation of a variety of active
sites. In this framework, the coordination sphere of the grafted
metal can be opportunely designed with high certainty (well-
defined catalytic site) because all preparative steps are carefully
controlled with the concepts and tools of organometallic and/or
coordination chemistry. Another advantage of this chemistry
is that the surface is considered as a rigid ligand preventing,
in most cases, undesired interplay between the catalytic sites
(e.g- bimolecular deactivation).
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The synthesis and grafting of ‘“surface organometallic
fragments” (SOMFs) or “surface coordination fragments” (SCFs)
in which one or several fragments of reaction intermediates are
linked to a surface-supported metal (e.g M-H, M-R, M=—CR,,
M=CR, M—0, M—NR, M-O-OR) has enabled the strategy of
“predictive catalysis” or “catalysis by design” by providing direct
access into the “presumed catalytic cycle”.> Such a “presumed cycle”
is based on the concepts of molecular chemistry (organic, organo-
metallic, coordination chemistry, biochemistry etc.) which explains
quite well how bonds can be broken and reformed.” According to
this strategy, the following remarks are considered as valid:

- During the various steps of a catalytic reaction of hydro-
carbon molecules, SOMFs or SCFs convert into each other by
bond cleavage and/or bond formation (if one excludes electron
transfer reactions, acid-based catalysis);

- Each SOMF or SCF has a specific reactivity toward the
substrates;

- The same surface metal atom can display one or more
SOMF or SCF simultaneously;
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Scheme 1 Flowchart showing how the catalysis-by-design approach of
SOMC can be applied to improve or discover catalytic reactions.

- The rules (structure and reactivity) of molecular chemistry
can be applied easily to these fragments, although the surface
brings additional properties.

According to these hypotheses, the concepts and elementary
steps of molecular chemistry textbooks can be transposed to
surfaces and employed to “reinvent” and/or rationalize hetero-
geneous catalysis. This model does not take into account reaction
parameters specific to surfaces that should also be considered
(chemical: redox, acid-base; physical: semi-conductive, porosity,
hydrophilicity, hydrophobicity etc.). A simple method to improve
existing or discover new catalytic reactions by the SOMC approach
is given in Scheme 1.

Once a catalyst is prepared as a single-site (e.g. all sites
are mostly identical and isolated from each other), its coordi-
nation sphere can be fully characterized by combining modern
techniques: surface microanalysis, in situ IR, UV, and solid-
state (SS) NMR spectroscopy,’” DNP-SENS (dynamic nuclear
polarization-surface enhanced NMR spectroscopy)® and several
X-ray absorption-based technique such as ex situ or in operando
XAS (X-ray absorption spectroscopy), EXAFS (extended X-ray
absorption fine structure) and XANES (X-ray absorption near
edge structure).”"" This means that all ligands coordinated to
the metal and all atoms in its close proximity can be identified.
The fact that each site is identical makes its characterization
easier. Recent advances demonstrate that the best tools to
characterize SOMFs are SS NMR,'>*® DNP-SENS'®*° and
EXAFS.*°** Establishing a relationship between the structure
and activity becomes then possible by knowing the structure of
the SOMF or SCF.

In parallel to the latest advances in SOMC, the younger field
of single atom catalysis (SAC), in which isolated single atoms
are often dispersed on metal oxide supports,>*>° is gaining
momentum in heterogeneous catalysis.*** The concept at the
base of SAC is that the progressive decrease of the metal
nanoparticle size toward the limit of the single atom leads
to an increase of the so-called metal dispersion, activity and
selectivity. It should be recognized that, whereas SAC is generally
applied with noble metal atoms,*' and SOMC is mostly concerned
with early transition metals, in both cases, the active site
consists of a ‘“single metal atom”. Yet, in SOMC, the metal

This journal is © The Royal Society of Chemistry 2018
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atoms are coordinated by “ligands” that are specifically
selected for the targeted reaction. In SAC the metallic atoms
must adopt, with the reagents, the right coordination sphere to
achieve the required reaction,>** and the “spectator ligands”
(oxo, halogen, N-heterocyclic carbene, amido, imido, nitrido,
etc.), which are often crucial to tune the metal centre in SOMC,
are lacking.'"**?”

Besides the nature of the metal centre, the outcome of
catalytic reactions depends mostly on the SOMF structure. Each
catalytic reaction requires a certain combination of the metal
and ligands to achieve the desired reactivity. For example,
metal hydrides are necessary for C-H bond activation as well
as chain walking, whereas a metal carbene is essential for olefin
metathesis.”"*® Without them, these reactions may not proceed
effectively even if some SOMFs can be regarded as precursors of
other catalytically active species (e.g. a metal alkyl or a metal
carbyne may be the precursor of a metal hydride).

Compared to focused"***' and comprehensive reviews*>
on SOMC and well-defined heterogeneous catalysts published
in recent years, in this work the discovery of catalysts for
reactions that are relevant to energy and environment is
discussed with the main focus on the SOMF structure and
design. Typical examples of SOMFs and of the catalytic reac-
tions associated with some of these fragments are given in
Scheme 2.

In this context, the first part of the review will be dedicated
to C-H activation for the valorisation of alkanes by SOMC. Light
alkanes contained in natural gas are key feedstock for energy
generation and chemical industry and, at the same time, main
sources of environmental concerns; their valorisation is
regarded as a crucial topic for energy and environment.****
Non-oxidative coupling of methane and alkane metathesis are
key reactions in SOMC-based functionalization of alkanes and
will be discussed in detail. To note, the (oxidative and non-
oxidative) dehydrogenation of alkanes to olefins by SOMC-
synthesized catalysts has become an emerging area of research
in very recent years.>**™*” This field will likely be mature for
review in the near future and will not be discussed here in
detail. In the second part of the review, the focus will be on
different transformations that are also crucial for energy and
environment. Obviously, the activation and conversion of CO,, the
product of combustion of alkanes (flaring, energy production)
and the main player in anthropogenic global warming, will be
discussed as carried out using recently reported SOMC catalysts.
Finally, emphasis will be given to the oxidation of hydrocarbons.
Oxidation chemistry poses long-standing environmental challenges
related to the use of hazardous and stoichiometric reagents, poorly
selective catalysts and the generation of toxic wastes as highlighted
by several authors.**>> Therefore, the progress in oxidation
chemistry by well-defined catalysts will be discussed.

The most interesting aspect of SOMC in the context of
catalysis is that the various steps of the catalytic cycle of well-
defined systems allow rationalizing the deactivation, increasing
activity and/or selectivity by modification of the support or
ligand environment of the active site. The gap existing between
heterogeneous and homogeneous catalysis can be bridged by a

Chem. Soc. Rev., 2018, 47, 8403-8437 | 8405
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Scheme 2 Surface organometallic fragments (SOMFs) or surface coordination fragments (SCFs) and the corresponding catalytic reactions in which one

fragment is part of the presumed catalytic mechanism.

methodology such as SOMC that uses a molecular approach to
heterogeneous catalysis.

2. C—H bond activation by SOMC

The transformations of hydrocarbon to valuable products remain
a challenge to the scientific community.**>® The primary
reason is that C-C and C-H bonds are very unreactive towards
most of the organometallic complexes because of their high
bond dissociation energy (85 to 100 kcal mol ). The first C-H
bond activation was reported by Joseph Chatt.”* Since then,
much effort has been made to understand and to expand this
field by studying C-H bond activation of aromatics and
alkanes.>®® Over the years, it has been discovered that
particularly early transition metal hydrides are suitable candi-
dates for the activation of alkanes at lower temperature.
Nevertheless metal carbynes can also be considered as pre-
catalysts for C-H bond activation because they react with
alkanes to give M(alkyl)(carbene) which upon B-H elimination
results in carbine hydrides which are efficient for alkane
activation.®® Herein, the synthesis and application of well-
defined single-site oxide supported catalysts (as metal hydrides,

8406 | Chem. Soc. Rev., 2018, 47, 8403-8437

metal alkyls, and metal carbene hydrides) for activation of
alkanes are discussed.

2.1. Low-temperature catalytic hydrogenolysis of alkanes and
polyolefins [M]-H, with M = Ti, Zr, Hf, Ta, W

In the following text, [M] refers to a transition metal linked to
an oxide surface by one, two or three covalent bonds.

The first well-defined surface complex used in low tem-
perature catalytic hydrogenolysis of alkanes was [(= SiO-);ZrNp;]
(Np: neopentyl).”® The single-site complex was prepared by the
reaction of ZrNp, with dehydroxylated silica at 500 °C (SiOy-500)
and was fully characterized by SS NMR, IR and mass balance
analysis.

During the hydrogenolysis of [(=Si-O-)ZrNp;], gaseous
ethane and methane were produced in place of the expected
neopentane. This discovery improved the understanding of the
catalytic mechanism of the hydrogenolysis of hydrocarbons.
Catalytic hydrogenolysis of the C-C bonds of alkanes®*®' and
even polyethylene and other polyolefins®® to a mixture of
methane and ethane was later reported. The first [Zr]-hydride
was synthesized by hydrogen treatment at 150 °C of the
well-defined [(=SiO-)ZrNp;], to obtain [(=Si-O-)u_xZr(H),]
(x = 1 or 2). Thanks to advances in solid-state NMR

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Illustration of SOMFs for low-temperature catalytic hydrogenolysis
of alkanes and polyolefins.

spectroscopy, two types of [Zr]-hydrides were identified after
hydrogenolysis: (i) zirconium monohydride [(=Si-O-);ZrH], 6
(70-80%) and (ii) zirconium bis-hydride [(=Si-O-),ZrH,], 8
(20-30%).%*

It was understood that the hydrides of d° metal complexes
may be very useful for exploring the catalytic activity of metal-
neopentyl complexes as metal-hydrides are known to activate
the alkane C-H bond effectively (Fig. 1).** Group IV metal
hydrides cleave neopentane into ethane and methane, but do
not cleave ethane. While [(=SiO)_xZr(H),] (x = 1 or 2) and
[(=Si0)4_»HIf(H),] (x =1 or 2) produce a 3:1 ratio of methane
to ethane, in the case of [(=SiO)u,_»Ti(H),] (x = 1 or 2) the
observed ratio was 1:1.

High electron deficiency of the metal center is the key
parameter to reach the required catalytic properties in alkane
chemistry. The use of early transition metals as well as lantha-
nides with a d° configuration was proposed from molecular
chemistry to lead to high efficiency in the hydrogenolysis of
alkanes.®°

The mechanism of such C-H bond activation is expected
to occur through o-bond metathesis with four center inter-
mediates, as earlier proposed in homogeneous catalysis.”®**¢”
This indicates that the elementary steps on surface organo-
metallic fragments should be similar or identical to those of
molecular chemistry.

Using Ti-hydride as a catalyst precursor, the initial product
distribution (propane to ethane 1:1) provides a clear under-
standing about the skeletal rearrangement of the surface
neo-pentyl to the surface iso-pentyl fragment prior to product
formation.®® This field of catalytic hydrogenolysis is not only
restricted to group IV metal hydrides, but also extends to group
V [Ta]-H and VI [W]-H hydrides (Scheme 3).°°

Tantalum-hydrides® catalyze the hydrogenolysis of acyclic
alkanes such as propane, butane, iso-butane, and neopentane.
[Ta]-H, can further cleave ethane, which was not possible
with group IV metal-hydrides. For example, with [Ta]-H,,
propane is completely transformed into methane by succes-
sive C-C cleavage, unlike [Zr]-H,* and [Hf]-H,”° (vide supra)
(Scheme 4). All these studies outlined a simple picture for the
elementary steps of C-C bond cleavage. In the case of group IV
metal hydrides, the cleavage of the C-C bond occurs by a p-alkyl
transfer leading to an olefin and a metal alkyl, while with [Ta]
(group V) the cleavage occurs by a de-insertion mechanism”"
(Scheme 5).

Conversely, in the case of the tantalum hydride(s),
[(=S8i0-),Ta(H),], which cleaves ethane, another mechanism

This journal is © The Royal Society of Chemistry 2018
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Scheme 3 Synthesis of group IV, V and VI neopentyl fragments and their
hydride homologues used for low temperature hydrogenolysis of alkanes
or polyolefins.®®

must occur involving only one carbon atom at a time (Scheme 5).
Among various reasonable possibilities, a [Ta]-methylidene
de-insertion from a tantalum-ethyl species was assumed
because the reverse step is known in organometallic chemistry.”
Note that this reverse step has been postulated as the key step in
Fischer-Tropsch synthesis.”
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2.2. Stoichiometric activation of C-H bonds by silica
supported metal-hydrides [M]-H, with M = Zr, Ta

The transfer of the mechanistic concept of molecular organo-
metallic chemistry to surface organometallic chemistry can only
be achieved if the elementary steps are similar in both cases. This
can only be possible if these elementary steps can be studied
stepwise on SOMC. To study the elementary steps sequentially
stoichiometric activation of reagents on the catalyst is necessary.

The SOMF [M]-H (Fig. 2) was first observed by reproducing
stepwise the alkane hydrogenolysis.®® This fragment has been
shown to be the only one to activate alkane (until the recent
discovery of C-H bond activation on [M]=CR.”*”” Nevertheless,
metal-carbynes can also be considered as a pre-catalyst because
they react with alkanes to give [M]}-alkyl-carbenes which upon B-H
elimination result in [M]-carbene-hydrides which is efficient for
alkane activation). The first example of [M]-H was identified with
the isolation of silica supported zirconium hydride.®>®!

The silica-supported Zr(iv) mono-hydride 6 and bis-hydride
8, obtained after controlled hydrogenolysis of [(= SiO-)ZrNps]

(Fli) n
[M] Activation of Alkanes

Metal Hydrides
Neutral / cationic

Fig. 2 Illustration of SOMFs for C-H bond activation.
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Scheme 6 Stoichiometric activation of methane and cyclooctane with

hydride species 6, 8 and 12.84

(see the previous section), are well-known catalysts for hydrogen/
deuterium exchange in saturated hydrocarbons,”®’® olefin
polymerization®®' as well as alkane or polyolefin hydro-
genolysis.®”®* The different reactivities of [(=SiO-);Zr-H] 6
and [(=Si0-),ZrH,] 8 towards methane (to generate methy-
lated zirconium, Scheme 6)*>** were investigated by in situ IR
spectroscopy and solid-state "H and *C NMR spectroscopy
using C isotopically labeled methane. The bis-hydride
[(=Si0-),ZrH,] 8 was identified by "H SS NMR and it was found
to activate methane quantitatively at moderate temperature
(150 °C) whereas the same reaction with the mono-hydride remains
incomplete even after 48 hours in a batch reactor (Scheme 6).

The 'H MAS NMR spectra of the reaction of [(= SiO-)4_-
Zr(H),] (x = 1 or 2) with methane showed a partial disappearance
of the resonance of [( = SiO-);ZrH] [d(ZrH) = 10 ppm] whereas that
of [(=Si0),ZrH,] [d(ZrH,) = 12 ppm] completely disappeared.®***
No other changes were observed as compared to the NMR spectra
of the starting material. The different reactivities of both zirco-
nium hydrides for methane incorporation were corroborated by
in situ IR.

Similarly, when cycloalkane reacted with [Ta]-H at room
temperature the evolution of one mole of hydrogen was
observed, hence confirming a stoichiometric and not a catalytic
reaction of cycloalkane with [Ta]-H at room temperature. The
evolution of hydrogen is due to o-bond metathesis which is
already observed for group IV metal hydrides.®>%¢

2.3. Methane catalysis

Most commercial processes convert methane through an
indirect route, for example, methane to syngas followed by its
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transformation into hydrocarbons, alcohols, light olefins or
gasoline.’”® Alternatively, methane can be directly converted
through oxidative or non-oxidative routes. In the direct oxida-
tive route,”®°> methane is transformed into ethylene and water
(thermodynamically favorable);”> however, hydrocarbons are
readily oxidized to form CO, CO, and water. Labinger has
shown for the direct oxidative coupling of methane®®® there
is an inherent limit for ethylene yield at around 30% due to the
gas phase free radical reaction initiated on the surface.””
Therefore, the selectivity of this process decreases dramatically,
even at a high conversion of methane. In the direct non-oxidative
coupling of methane, light alkanes and alkenes, aromatics, coke
and the respective amount of hydrogen can be produced from
methane. The thermodynamics towards ethane and ethylene are
less favorable compared to the oxidative route,’* yet no CO and
CO, are generated.

2.3.1. Non-oxidative coupling of methane to ethane and
hydrogen. The non-oxidative coupling of methane to ethane
and hydrogen via SOMC was discovered in 2008,°® using a silica
supported single-site [Ta]-H catalyst. Methane can be converted
over [Ta]-H in a continuous flow reactor (250 to 450 °C, 50 bar
of CH, pressure) to hydrogen and ethane (selectivity >98%)
with traces of other hydrocarbons (propane and ethylene)
(TON = 40, 147 h, 475 °C, 50 bar).

This reaction was also tested using silica-alumina and alumina
supported [W]-H systems.®” Only ethane, traces of propane and
hydrogen were observed, but no olefins. [W]-H catalysts are
significantly more stable (up to 10 days with a constant con-
version maintaining the high selectivity for ethane) than their
[Ta]-H counterparts.

To understand the reaction mechanism, reaction intermediates
of [Ta]-H and [W]-H were characterized by spectroscopic methods
(IR, SS NMR) after **CH, activation (150 °C for 24 h). For both
metals, IR studies show a strong decrease of the n(M-H) bands
after bringing the [M]-H catalysts into contact with CH,. *C CP
MAS NM spectra show four distinct resonances corresponding
to Si-CHs;, [M]-CH;, [M]—CH, and [M]=CH for both
systems.’®%”

Solid state characterization suggests that [Ta]-H and [W]-H
follow a similar reaction mechanism which includes the
aforementioned SOMFs (Fig. 3) [M]-hydride, [M]-CHj;, [M}—CH,
and [M]=CH. The proposed mechanism is shown in Scheme 7.

The initial elementary step is the activation of methane by
[M]-H forming [M]-CH; and H, via c-bond metathesis (i).
[M](=CH,)(H) is then generated by o-H transfer (ii). [M]=CH
is formed by further o-H abstraction followed by evolution of H,
(iii). Another methane molecule reacts with the carbyne to form

“]” n
Alkanes [M] >

Activation of
Metal Hydrides
MNeutral f cationic

Methane
Coupling to
Ethane

Metallocarbenes
Hydrides [ Alkyl

Fig. 3 Illustration of SOMFs for methane catalysis.
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Scheme 7 A detailed mechanism of coupling of methane to ethane,
ethylene and hydrogen using single site [M]-H catalysts. The structures
in the blue circles have been characterized by spectroscopic methods.*®

[M](=CH,)(CH3) (iv). This SOMF can be formed directly by
activation of methane with [M](—CH,)(H) (v). An insertion of
the methylidene into the M-methyl bond leads to the formation
of [M](-CH,-CHj3) (vi). Ethane is then released by c-bond metath-
esis with another molecule of methane (vii). For [Ta]-H, p-H
elimination also occurs (viii), followed by the release of ethylene
and [Ta]-H (ix).

The ageing of the catalyst is demonstrated by NMR: the
Si-Me observed at —10 ppm is obtained by the transfer of one
methyl of [M]-CH; to the adjacent silicon by opening a Si-O-Si
bond (Scheme 8). This is a general mechanism that has been
frequently observed on surfaces not only with hydrides, but also
with methyl groups. The oxygen of the support reacts with [M],
which is then deactivated as it becomes unable to produce the
active site which should contain a methylidene and a hydride
[M](=CH,)(H).

2.3.2. Non-oxidative coupling of methane to ethane and
hydrogen. The most efficient systems for the non-oxidative
aromatization of methane are bifunctional Mo/ZSM-5 based
on the pioneer work of Wang et al.°® and the single-site iron
catalyst Fer SiO, based on the work of Guo et al.*® which are
discussed in more detail below.

Bifunctional catalysts (Mo/ZSM5). Typical systems®%%1017104
are based on transition metals on zeolites according to the
pioneer work of Wang et al. using Mo/ZSM5.%° From a thermo-
dynamic point of view, at around 730 °C and 1 bar pressure, a
conversion of 15% of CH, is expected with high selectivity for
benzene and naphthalene.'® In reality, similar methane conver-
sions of 15% can be reached.'® However, the selectivity towards
aromatics is much lower because of the concomitant coke

formation which, consequently, leads to the deactivation of the
107

catalyst with time on stream.

Scheme 8 A possible way for the ageing and deactivation of the catalyst
on alumina after prolonged exposure to the reactant at 150 °C through the
reaction of the metal with the oxygen atom of the framework.

Chem. Soc. Rev., 2018, 47, 8403-8437 | 8409
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Scheme 9 Illustration of steps of non-oxidative aromatization of
methane on bifunctional catalysts (formation of coke is not explained
here).

Improving the understanding of the mechanism of non-
oxidative coupling of methane might benefit the development
of catalysts for methane dehydro-aromatization under non-
oxidative conditions. A mechanism based on a bicomponent
catalytic system (Scheme 9) has been proposed:*°*'%%1% (1) the
non-oxidative coupling of methane to ethane and ethylene over
transition metals and (II) the oligomerization, cyclization and
aromatization on Brgnsted acidic sites of the zeolite; step I is
the rate determining step in this reaction.

Molybdenum was found to be reduced to molybdenum
carbide (Mo,C, (x =1, 2, 3, 4, 6)''° or M00,C,)'*” nanoparticles
which are produced during the activation phase.'** This species
first activates methane''” to ethylene and hydrogen (we suspect
that this occurs by non-oxidative coupling of methane to ethane
followed by dehydrogenation of ethane to ethylene, which
becomes more favorable at high temperature). The real struc-
ture of the molybdenum carbidic species has not yet been
resolved, but the activation of methane has been postulated
by DFT calculation using various models, such as Mo,(CH,)5>",
Mo,(CH,);>" and Mo(CH,),(CH;)".""" Controlling the non-
oxidative coupling of methane, e.g. with the help of SOMC,
might be the key to improve the catalytic activity of methane
dehydrogenative aromatization.

Once ethylene is formed, the Bronsted acidic sites of the
zeolite become relevant for further transformations
(Scheme 9).'°%'"311% A detailed mechanism has been proposed
by DFT calculations'®® in which the chemisorbed light alkenes
undergo acid-catalyzed chain growth within the zeolite channels
(oligomerization). Once the olefinic cyclohexyl carbenium, C¢Hy; ",
is formed, cyclization into a cyclic carbenium ion is assumed to
occur prior to undergoing a series of desorption and protolysis
steps to form an adsorbed cyclic unsaturated species which is
converted instantaneously into benzene. Similarly, toluene,
xylene, naphthalene, and other polyaromatics are formed in
these aromatization steps.

Single-site Fer SiO,. Single-site iron sites lattice-confined in
nonacidic silica (Fer Si0,)'°>''*"' were developed to optimize
the performance of highly dispersed Fe cations on ZSM5,'*7~12°
which are active in MDA, however, with severe coke deposition
induced on the Bronsted acidic sites of the zeolite. Guo et al.'%
reported that non-acidic silica as the support with “embedded”
single-iron sites (Fig. 4) can activate methane and avoid inten-
sive coke deposition.

Catalysis was performed at high working temperatures
(=950 °C). At 1090 °C (WHSV = 21400 mL g., " h™'), the
reaction reached a maximum conversion of 48%. The selectivity
towards hydrocarbons exceeded 99%, the selectivity for
ethylene peaked at 48%, for benzene at B 20-30% and for
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Fig. 4 A single site iron catalyst for methane activation is represented
here. Reprinted with permission from ref. 100, Copyright 2014 American
Association for the Advancement of Science.

naphthalene at B 25-30%. No deactivation of the catalyst was
observed for 60 h of reaction time. The stability of the system
has encouraged focusing on designing a single-site metal
catalyst for conversion of methane into aromatics, which was
verified by HAADF-STEM and XANES. The difficulty in avoiding
carbon formation is related to an “ensemble” of atoms which
favor the formation of graphite. It is well known that the
formation of graphite, carbon nanotubes, graphenes, etc.
involves a wide range of Fe-nanoparticles with exposed specific
planes.*

A free radical mechanism is postulated to occur at >1000 °C
in the gas phase generating CH,;* radicals on the iron sites,
which is followed by product formation in the gas phase.'

2.4. Metathesis of alkanes

In this section, we focus on metathesis of alkanes (light
alkanes, branched alkanes, heavy alkanes, and cycloalkanes)
through SOMC. Alkane metathesis represents a powerful tool
which could be applied in various fields of chemistry and petro-
chemistry. Alkane metathesis might afford a solution for
processing of fuels such as crude oil and natural gas; it also
can lead from natural gas to ethane by non-oxidative coupling
and then to liquid hydrocarbons by metathesis.'**

Alkane metathesis is described by the following general
equation:

2C,Haonso = CpiHopnipwa + CpaiHonria

where i = 1, 2,..n — 1; with i = 1, 2 favoured for n 0 4.

Consequently, this reaction was identified as a process
where an alkyl fragment of one alkane molecule is transferred
to another one. The methyl group is the smallest alkyl fragment
and the easiest to be transferred. Also, ethyl and propyl groups
can be transferred as known from cross-metathesis of olefins.
Indeed, heavier alkanes result either (i) from successive reactions
or (ii) from a heavier alkyl group transfer.

In 1968 Heckelsberg and Banks reported an unprecedented
dual functional catalyst based on tungsten oxide on silica and
chromia-alumina that could transform propane to heavier
olefins and paraffins at 600 °C.">* Along with the main product
propylene, various cracking products were observed, which was
understood to be due to high temperature. In 1973, Burnett and
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Hughes reported a dual functional catalytic system for molecular
redistribution of alkanes at lower temperature (E 400 °C), known
at that time as “disproportionation of alkane”."** In 1997, Basset
et al. reported a single-site silica supported [Ta]-H catalyst which
could perform an alkane disproportionation reaction at 150 °C
under 1 atm.* This new reaction was named “alkane metathesis”
due to its similarity with olefins metathesis.

2.4.1. 1st generation of catalysts [M]-H, with M: Ta, W. The
first generation catalysts correspond to hydrides of [W] and
[Ta] prepared from their metal neopentyl fragments. Tantalum
hydride is the first well-defined surface organometallic catalyst
used for alkane metathesis reactions. This Ta hydride is
a precursor of the real coordination sphere of a single site
[M](=CHR)(H) (vide infra) (Fig. 5 and 6). The surface
complex, [(=Si-O-),TaH], was synthesized by the reaction of
[(=S8i-0-),Ta(=CHCBu)(CH,C'Bu);_,] (x = 1 or 2) with hydrogen at
150 °C for 15 hours followed by a plateau of 200 °C for 2 hours.'*
The parent surface tantalum neopentyl complex was synthesized
by the reaction of [Ta(=CHC'Bu)(CH,C'Bu);] with silica dehydr-
oxylated at 500 °C (SiO,-500) (Scheme 10). It is worth noting that
the reaction between SiO,500 and the tantalum precursor
[Ta(=CHC'Bu)(CH,C'Bu);] produces a mixture of monopodal
(65%) and bipodal (35%) tantalum surface complexes. This is
in sharp contrast to group IV metal precursors like Zr(Np), and
Ti(Np), which are known to form exclusively monopodal
surface complexes with SiO,500.°"®® In contrast, Hf(Np),
follows the same pattern as [Ta] on SiO,50 generating a
mixture of monopodal and bipodal species.'*®

The reaction of surface silanol with [Ta(=CHCBu)(CH,C'Bu);]
proceeds through the addition of [Si-OH] into the tantalum
carbene bond (with formation of a monopodal tetra-neopentyl
and a bipodal tantalum tris-neopentyl) (Scheme 10). The mono-
podal tetraneopentyl and the bipodal tris neopentyl undergo
rearrangement by o-hydrogen transfer with formation of a neo-
pentylidene followed by elimination of neo-pentane. This leads to
the formation of one Ta-carbene ligand per tantalum center
(Scheme 10). This observation was clearly demonstrated by using
deuterated silanol as the silica source.'””

* n-Alkane
Metathesis

* Branched Alkane
Metathesis

* iso-Metathesis of

" n-decane

Metallocarbenes * Cycloalkane iso-

Hydrides / Allyl | Metathesis

Fig. 5 Illustration of SOMFs for alkane metathesis.

(H] n * n-Alkane
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Fig. 6 Illustration of 1st generation SOMFs for alkane metathesis.
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Scheme 10 The reactivity of [Ta(—CHC'Bu)(CH,C'Bu)s] towards SiO».500
which leads to a mixture of mono and bipodal complexes 4 and 18 is
shown.?”

Propane metathesis. Kinetic studies of propane metathesis
were carried out using a continuous flow reactor. When [Ta]-H
was brought into contact with propane, [Ta]-n-propyl and
[Ta]-iso-propyl are formed by o-bond metathesis with evolution
of hydrogen. Subsequently, [Ta]-n-propylidene hydride or
[Ta]-iso-propylidene hydride is formed by o-H abstraction.
In parallel, propene is formed by B-H elimination from
[Ta]-n-propyl or [Ta]-iso-propyl. Once the olefin is formed, it
can coordinate to [Ta]==CRH, 19 or 20 in two different ways (syn
or anti) resulting in four different metallacyclobutanes having
methyl or ethyl in the 1,2 or 1,3 position (21, 22, 23, 24)
(Scheme 11). To avoid steric constraints, the most favorable
metallacyclobutane has the substituent at the 1,3 position
(conformer 21, 23) rather than the 1,2 position (conformer 22,
24)."*® Upon cycloreversion and subsequent reduction, methane,
ethane, butane (n-butane, iso-butane) and pentane (n-pentane,
iso-pentane) are formed.

It was observed that (i) the formation of butanes (n-butane,
iso-butane) C(n + 1) is higher than the formation of pentanes
(n-pentane, iso-pentane) C(n + 2). Similarly the formation of
ethane C(n — 1) is higher as compared to methane C(n — 2)
when n 0 4 (ii). Furthermore, it was also observed that linear
products are favored over branched products.”” To understand
the reaction mechanism, the flow rate in the continuous flow
reactor was varied from 1 mL min~ " to 100 mL min~". At low
contact time, the formation of hydrogen and olefin increases
and the formation of alkane decreases. This confirms that the
initial products of alkane metathesis are olefins and hydrogen.
Subsequently, the newly generated olefins participate in olefin
metathesis and new alkanes are formed after reduction
with hydrogen. Based on the product distribution of alkanes
and taking into account their selectivities, a mechanism was
proposed for propane metathesis (Scheme 11).

Both the proposed reaction mechanism and the obtained
product selectivities indicate that olefin metathesis is part
of alkane metathesis."”® To increase the reactivity in alkane
metathesis reactions, the focus shifted from group V, [Ta], to
group VI metals, specifically [W], as tungsten catalysts are well
known for their improved performances for the olefin metathesis
reaction over their tantalum counterparts."*° During the reaction it
was observed that [( = Si-O-)W(= C'Bu)(CH,'Bu),] was not active
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Scheme 11 Detailed pathway showing the formation of the metathesis products from propane using [Tal-H as the catalyst precursor.”®

in the alkane metathesis reaction whereas on silica-alumina
[(=5i-O-)sio,-a1,0,W(=C'Bu)(CH,Bu),] and on alumina supported
[(Al¢-O-)W(= C'Bu)(CH,'Bu),] catalysts a TON of approximately 30
was achieved. The corresponding tungsten hydrides are much closer
to the coordination sphere, which is necessary for the alkane
metathesis reaction, than the carbyne alkyl. These [W]-hydrides, as
catalyst 14, were prepared and tested in the propane metathesis
reaction reaching a TON of 129 (Fig. 7).

Mechanistic investigation in alkane metathesis clearly indicated
that a metal carbene hydride is the active species influencing the
reaction rate as well as the TON. To form a metal carbene hydride
on the surface, the focus was shifted from the synthesis of metal
neo-pentyl complexes to well-defined metal methyl of the active

100 300

90+
250
80+
0 ] 200
60
1 =
504 150 O
F
404
100

Product Selectivity %)

30

50

Fig. 7 Product distribution observed in propane metathesis with
various supported metal carbene/carbyne and hydride catalysts. Note:
WNp corresponds to [WI(=C'Bu)(CH,'Bu),; TaNp corresponds to
[Tal(=C'Bu)(CH,'Bu),; WMe corresponds to [-WMes] and W(=CHy)H
corresponds to [-W(CH>)Hsz].
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metals (W, Ta), which opens up the door for “2nd generation
catalysts” in alkane metathesis reactions.

2.5. Development of the 2nd generation catalysts

The first generation catalysts, neopentyl complexes and their
corresponding hydrides, reached a maximum TON of 130 in
propane metathesis. To increase the reactivity, the focus was
laid on the synthesis of metal methyl complexes. The belief was
that the generation of a metal carbene hydride from a metal methyl
would be comparatively easy. The silica supported [(= Si-O-)WMes]
and [(=Si-O-)TaMe;] catalysts were prepared by the reaction of
silica (Aerosil-200) dehydroxylated at 700 °C (SiO,700) and the
corresponding molecular counterpart WMe, and TaMe, at
—50 °C to —30 °C to obtain a golden yellow [(=Si-O-)WMe;]"*!
and a light grey colored [(=Si-O-)TaMe;]”® (Scheme 12). These
compounds were fully characterized by SS NMR, IR, elemental
analysis, and gas quantification methods and proved to be mono-
podal on SiO,.;90. These compounds are thermally stable at room
temperature. Upon thermal exposure for a specific time period,
complexes 31 and 34 transform into a mixture of monopodal and
bipodal (i) metal carbyne in the case of [ = Si-O-)WMes] and (ii) metal
carbene in the case of [ = Si-O-JTaMe,] (Fig. 8). The [Ta]-carbene and
[W]-carbyne species are fully characterized by SS NMR.

The primary goal was to design metal carbene hydride/
carbene methyl on the surface to enhance the reactivity in
alkane metathesis reactions.

In the case of [(=Si-O-)WMes] the catalytic cycle can be
entered via two separate paths: (i) [W]-carbene-hydride and
(ii) [W(=CH)Me]. (i) A [W]-carbene-hydride is formed after con-
trolled hydrogenolysis treating [( = Si-O-)JWMes] with H, starting at
—78 °C followed by a stepwise warming up to 150 °C (Scheme 13).
The modification of the catalyst was monitored by FT-IR at various
temperatures: —78 °C, room temperature and 150 °C.

The hydrogenolysis reaction at —78 °C gives a strong, sharp
band at 1959 cm ™" corresponding to N(W-H) stretching bands.
With increasing temperature, the intensity of the sharp band at

This journal is © The Royal Society of Chemistry 2018
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Scheme 12 General procedure for the synthesis of silica supported
[(ESi—O—)W(CH3)5]131 and [(ESi—O—)Ta(CHg)ﬂ98 and their corresponding
carbyne and carbene complexes upon subsequent thermal treatment.
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Fig. 8 Illustration of second generation SOMFs for alkane metathesis.

1959 cm ™' decreases and a new band at 1978 cm ™" is detected
corresponding to another n(W-H) vibration. The SS NMR of the
hydrogenolysis product at —78 °C confirms the presence of a
[W]-carbene-hydride with characteristic peaks at 231 ppm for
carbene *C NMR and a [W]-H peak at 15 ppm in 'H NMR."**
Furthermore, DFT studies confirm [(= Si-O-)W(H;)(—CH,)] to
be the most stable species resulting after the hydrogenolysis of
[(=Si-O-)WMes]. For the first time, a coordination sphere that
incorporates both functionalities, a [W]-carbene-hydride, was
observed (Scheme 13). This [W]-carbene-hydride complex
[(=Si-0-)W(H;3)(=CH,)] was tested in the propane metathesis
reaction achieving a TON of 261 while with [(=Si-O-)WMes],
the TON was 130 (Fig. 7). (ii) A [W(=CH)Me], which is formed
after thermal treatment from [(=Si-O-)WMes] activates
alkanes through o-bond metathesis with the metal methyl
groups. After bringing [W(= CH)Me] into contact with olefins,
which are generated after B-H elimination, a [W]-bis-carbene might
be formed, which can then undergo the olefin metathesis step.
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Scheme 13 Formation of [W]-carbene/hydride [(=Si-O-)WHsz(=CH,)]
from [(=Si-O-)W(Me)s] with hydrogen at —78 °C.1%

Indeed, by SS NMR it was found that upon the addition of
cyclohexene, the [W]-carbyne methyl species [W(=CH)Me] is in
equilibrium with a bis-carbene [W(—CH,),Me]."** A more detailed
mechanism is provided in the following paragraph.

In the case of [(=Si-O-)TaMe,] the elementary steps of ethane
metathesis were considered starting from [Ta](—CH,)Me (which
is formed from [( = Si-O-)TaMe,])*® (Scheme 14). The first step is a
o-bond metathesis between ethane and [Ta]-methyl generating a
tantalum carbene ethyl which undergoes o-H abstraction leading
to a [Ta] methyl ethylidene (evidenced by NMR spectroscopy).
This clearly shows that alkane metathesis can be performed by a
[Ta]-alkyl-carbene. All the other steps have been explained earlier.

Ta— ‘w— 216 ppm

a-bond metathesis CH,

JA \13“5
220 ppm
=/¢»f
o-bond metathesis
\&—iond metathesis
H
%
Ta—

B-H elemination

olefin rlserturl\ /\ / __——_._
I'
Ta—

[2+ 2] cycloaddition
a

[2+2] cyclorc\rcrsmn H
Scheme 14 Possible mechanistic steps of ethane metathesis using

[(=Si-O-)TaMey| as the catalyst precursor. Intermediates characterized
(by SS NMR) are surrounded with a red or blue circle.®®
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2.5.1. Higher alkane iso-metathesis C,, > C;. Higher alkane
iso-metathesis is directly derived from alkane metathesis. Typical
alkane metathesis is carried out with gaseous low molecular
weight alkanes in fixed-bed reactors. With high molecular weight
alkanes, which are liquid at low temperature (low saturation
pressure), the reactions are carried out in a batch reactor. Using
the same catalyst precursor [( = Si-O-)W(CHj);5] a TON of 150 was
found, together with a much higher proportion of lower alkane
in the batch reactor using n-decane as the reactant."** The
explanations are simple: (i) when the alkane is liquid, its
concentration in a batch reactor is higher (contact time of
catalyst to reactant) and (ii) C-H bonds are more abundant in
the molecule and its rate of metathesis increased. For example,
butane metathesis gives liquid products up to C;, Cg, while
n-decane metathesis gives a great variety of alkanes ranging
from C, to Cs3 (Fig. 9) instead of C;5 and ethane. This broad
range of alkanes can be only observed if there is a sequential
(i) isomerization of the alkenes resulting from the alkane. It
occurs by insertion of the olefin into the metal hydride, then
double bond migration takes place by p-H elimination. (ii) This
is followed by olefin metathesis and (iii) reduction of the newly
formed olefins to new alkanes or newly formed olefins undergo
stepwise double bond migration which further broadens the
product distribution as compared to the low molecular weight
alkane metathesis reaction (Scheme 15 and Fig. 9).

Hence, a new term has been introduced to describe this
phenomenon, alkane “iso-metathesis”**>'*® (Scheme 15 and
Fig. 9), which was further generalized to a great variety of
paraffins and to a great variety of catalysts (Scheme 16).

In n-decane metathesis using [(=Si-O-)WMes], a TON of
around 150 was reached."®* To improve the reactivity of this
SOMF, the support was changed from conventional silica to
silica-alumina, a more acidic support.**®* WMeg was grafted on
silica-alumina (dehydroxylated at 500 °C) to form a mixture of
mono- and bipodal complexes, while on silica (dehydroxylated
at 700 °C) a monopodal complex is exclusively formed. The
bipodal complex originates from the migration of a [W]-methyl
to the alumina center (Scheme 17). To generate [W]-carbyne
species the sample was heated to 120 °C for 12 hours resulting
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Fig. 9 Distribution of n-alkanes observed during the metathesis on
n-decane using catalyst precursor [(=Si-O-)W(Me)s]. Reprinted with
permission from ref. 134, Copyright 2015 John Wiley and Sons.

8414 | Chem. Soc. Rev., 2018, 47, 8403-8437

View Article Online

Chem Soc Rev

Ry

R R

RP(:/ ! ) R,’H_,J... WH 2\=)_R‘

o —— H""l\!ﬂ_ i — Ay — - om

]
1
W=, ==,
Rs Rs Ry

double bond

insertion into W-H p-H-elimination

Scheme 15 Schematic representation of double bond migration as a
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in the formation of two sets of [W]-carbyne species: (i) one
comes from the neutral [W] center and (ii) the other comes
from the cationic [W] center (Scheme 17). The formation of the
cationic [W]-species suggests that a methyl group from the
W center was abstracted by an adjacent Al-center resulting in a
Al-Me and a cationic W (Scheme 17). The n-decane metathesis
reaction attained a TON of 350 using this complex."**

2.5.2. Metathesis of cyclic alkanes. Metathesis of cyclo-
alkanes follows a similar mechanistic sequence to that of the
metathesis of linear alkanes. It leads to their corresponding
lower and higher homologues, viz. dehydrogenation to olefin,
olefin metathesis and hydrogenation of the metathesized
olefins. Using cycloalkanes as feedstock (primary class of
compounds found in petroleum products) offers a valuable
access to the synthesis of a broad range of saturated macro-
cycles which are important building blocks for pharmaceutical
intermediates (i.e. macrolides), fragrance (i.e. musk) and as a
biomarker for b. Braunii (biotechnology)."**"*°

After the synthesis of the well-defined precursor [ = Si-O-)WMes]
and its successful use in propane™' and n-decane metathesis,"**
[(=Si-0O-)WMe;] was tested for the metathesis of cyclic alkanes,
using cyclooctane as the benchmark.”®® A maximum TON of
around 450 was found after 190 hours using [(=Si-O-)WMes];
only cycloalkanes were observed without olefins and polymeric
products. The overall selectivity is limited to macrocyclic alkanes
of carbon numbers cC;,-cC,o and ring contracted products
(cCs—cC;). By contrast, homogeneous tandem systems have
displayed a good selectivity for products with a carbon number
of a multiple of 8, yet generating significant amounts of oligomers
and polymers which is very different from our single site system.

The activation mechanism has been proposed by DFT
calculations, rationalizing all elementary steps of alkane
metathesis: (i) CH-bond activation of cyclo-octane followed by
B-H elimination forming an olefin, (ii) olefin metathesis and
(iii) hydrogenation of the new olefin.

The broad distribution range of resulting cycloalkanes using
[(=Si-O-)WMe;s] is due to the competition of olefin metathesis
vs. double bond migration (DBM) (Scheme 18) as expected from
a multifunctional catalyst.”* Theoretical calculations have shown
that DBM is favored under the applied reaction conditions.
Therefore, mainly ring contracted products, such as cC,, ¢cCg and
cCs (having beneficial ring strain), are observed when using
[(=Si-O-)WMes] on silica nanoparticles.

To improve the selectivity for cyclooctane metathesis, a new
strategy was adopted to take advantage of confinement
effects.”” Instead of conventional spherical silica nanoparticles
(dparticte = 15 nm), mesoporous silicas with various pore diameters

This journal is © The Royal Society of Chemistry 2018



Published on 25 September 2018. Downloaded by Universita Studi di Milano on 11/21/2018 6:55:14 PM.

Chem Soc Rev

a-H transfer

o~ ‘\\ n

Si
H*u ”’,.\
B\ LH/

Si( \

Y e

[2+2] eycloaddition
|242] eycloreversion

]
?’ R
Si (

(

—
B-H elemination
I

View Article Online

Review Article

B-H elemination

PN

( \ o-H transfer

N
,W-
T ™
Si (

\\ [2+2] eycloaddition

H,,,,‘L!r

e

Si
// [2+2] eycloreversion

®—Q

1
///uhain\mlklug
)n )“

H”:v{(\\’ﬁ

Ha,

|| ==
?’V‘izl)
Si (

Si

Scheme 16 General schematic representation of how isomerization of olefin occurs during the metathesis of alkanes using the [(=Si-O-)W(= CH)(CHs),]

catalyst precursor.®’

[SBA15 (dpore = 6.0 nm) and MCM41 (dpore = 3.0 and 2.5 nm)] were
used as grafting support. Deep solid state characterizations such
as TEM, N, sorption and DNP-SENS confirmed the occurrence of
the catalytic reaction inside the channel of the mesoporous silica
support. Catalytic tests of cyclooctane metathesis showed clear
correlations: (i) of improving selectivity toward the macrocyclic
¢C,6 with decreasing pore size and (ii) of getting high selectivity
for ring contracted products for large pore size. To understand
this counterintuitive behavior, the pore size effect was investigated
using detailed computational analyses (Sterimol parameter,
effective volume). Calculations found that double bond migration
is reduced using small pore sizes because intermediates and
transition states are bulkier (transition state shape selectivity).
In large pores, sizes significantly improve the TON due to better
site accessibility."**

This journal is © The Royal Society of Chemistry 2018

2.6. 3rd generation: invention of bi-metallic catalysts for
better performance in alkane metathesis reactions

With the development of [(=Si-O-)WMes], the most efficient
catalyst for alkane metathesis reactions was discovered. This
catalyst led to a TON of up to 260 for propane metathesis and
even higher for n-decane metathesis (TON = 350) and cyclooc-
tane metathesis (TON = 450)."**"** Studying the elementary
steps of alkane metathesis, C-H bond activation was under-
stood to be the rate determining step.”* With increasing
concentration of olefins, the rate of the reaction, as well as its
productivity and its lifetime, should increase as well. In the first
attempt Zr(Np), was introduced together with WMe, on silica to
form a well-defined bi-metallic catalyst [(= Si-O-)W(CHj;)s/
(=Si-0-)Zr(Np);] on surface (Scheme 19).'**> By association
with group IV metals which were found to activate the C-H

Chem. Soc. Rev., 2018, 47, 8403-8437 | 8415
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Scheme 17 Schematic representation showing the evolution of [W]-Me
to [W]=CH on silica—alumina.
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Scheme 18 |llustration of the formation of a broad product distribution
(dimeric product vs. ring contracted product) in cyclooctane metathesis
using [(=Si-O-)WMes| as the pre-catalyst; ROM = ring opening metathesis,
RCM = ring closing metathesis, DBM = double bond migration.”*

bond of paraffin and produce olefin by B-H elimination with
the original [W]-catalyst, the concentration of the olefin and its
resulting metathesis rate could be increased. A new method
was developed to synthesize bimetallic systems (Fig. 10) on
surfaces keeping [W] intact and additionally introducing group
IV metals. The reason was the following: as explained in the
first section of this article, metals of group IV are very good
candidates to activate C-H bonds of paraffins.
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The sample was characterized by SS NMR spectroscopy
(*H, "*C and HETCOR) (Fig. 11). Additionally, the NMR
double-quantum (DQ) and triple quantum (TQ) study showed
strong autocorrelation peaks for W-CH; groups and [Zr] neo-pentyl
groups which confirms the grafting of WMe, and Zr(Np), without
rearrangement of their coordination sphere. Along with the
expected original autocorrelation peaks, another cross-correlation
peak (observed outside the diagonal) corresponds to the methyl
peak of [Zr]-(CH,—C(CH3);) and that of [W]-CH3 thus confirming
that [W]-CH; and [Zr]-(CH,C(CH3)3) are in close vicinity to each
other (Fig. 11). The hydrides were prepared by hydrogen treatment
of [(=Si-O-)W(CHj;)s/(=Si-O-)Zr(Np);] at room temperature for
15 hours or by heating at 100 °C with hydrogen for 12 hours.

This catalyst proved to be very efficient in alkane metathesis
reactions with a TON of 1436 for the n-decane metathesis
reaction. To further improve the reactivity of bimetallic systems,
[Ti] was introduced in place of [Zr] as Ti is better than Zr for
hydrogenolysis of alkanes.®® It is known that hydrogenolysis
begins by C-H bond activation, a common step between
dehydrogenation and hydrogenolysis. A new, well-defined
bi-metallic silica supported catalyst was prepared using [Ti] as
the dehydrogenating source and [W] as the metathesis catalyst
[(=Si-O-)WMe;/(=Si-O-)TiNp;] (Scheme 19). In the [W]/[Ti]
bi-metallic catalyst, a similar SS NMR spectrum to that of
[W]/[Zr] was observed, indicating that also [W]-CH; and
[Ti]<(CH,C(CHj;);) are close by. The bimetallic system
[(=Si-O-)WMes/( = Si-O-)TiNps] tested for the propane metathesis
reaction in a continuous flow reactor resulted in the highest TON
(10 000) obtained to date for any SOMC catalyst (Fig. 12)."**

To understand the synergistic effect between both [W] and
[Ti] catalysts, three catalytic beds were prepared. (i) One contained
the bimetallic [W]/[Ti] system, (ii) the second one contained a
layer of [(=Si-O-)W(CHj,)s5) and [(=Si-O-)Ti(Np);] separated by a
layer of glass wool and (iii) the third one was a physical mixture of
both [{(=Si-O-)WMes} + {(=Si-O-)TiNp;}]. In all cases, the
metal loading of the metathesis catalyst was kept constant.
Comparing the results of all three combinations, it was observed

H3C CH,
H H HiC-W-CH; _H
? b WMeg,-40°c @ CHs ¢
/O"'.fSI‘ Ov‘s'. —_— 0‘”.:5" /O"'SI‘
0 ke e 0
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Scheme 19 Synthesis of a bi-metallic W/Zr precursor catalyst.'*?
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Fig. 11 One-dimensional H MAS solid-state NMR spectrum of
[=Si-O-W(CHz3)5=Si-O-Zr(Np)s] acquired at 600 MHz (14.1 T) with
22 kHz MAS frequency, a repetition delay of 5 s, and 8 scans. (B) Two-
dimensional *H-H double-quantum/single-quantum (SQ) and (C) *H-*H
triple-quantum/SQ NMR spectra of 4 (both acquired with 32 scans per t;
increment, 5 s repetition delay, 128 individual t; increments). (D) **C CP/MAS
NMR spectrum of 4 (acquired at 9.4 T (f O*H) = 400 MHz) with 10 kHz MAS
frequency, 10000 scans, 4 s repetition delay, and 2 ms contact time).
Exponential line broadening of 80 Hz was applied prior to Fourier trans-
formation. (E) 2D *H-3C CP/MAS dipolar HETCOR spectrum of 4 (acquired at
9.4 T with 10 kHz MAS frequency, 3000 scans per t; increment, 4 s repetition
delay, 64 individual t; increments, and 0.2 ms contact time). For all spectra
depicted here, only W-Me in 4 was 50% C labelled. Reprinted with
permission from ref. 142, Copyright 2016 American Chemical Society.

that (i) [W]/[Ti] grafted on silica [ = Si-O-)WMes/( = Si-O-)Ti(Np)s]
yielded much higher TONs (up to 10 000) than either (ii) the mixed
metal [{(=Si-O-)WMes} + {(= Si-O-)TiNp;}] catalyst (TON 5204)
or (iii) the layered [ = Si-O-Ti(Np);] and [(= Si-O-)WMe;] catalyst
(TON 639). This study proved that the synergistic effect that comes
from the proximity of the metals is the key for much better results
than the other catalysts.

3. CO, chemistry by SOMC

The conversion of CO, to useful chemicals and fuels has
become a main focus of industrial and academic research.
Several efforts have targeted mitigation of CO, emissions by
using it as a renewable C-1 feedstock as an alternative to the
devalorizing geological dumping approach."**™*® Several recent
reviews have discussed the synthesis of industrially attractive
compounds and intermediates from CO,, such as dialkyl

This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Turnover number vs. time for pre-catalyst [(=Si-O-)WMes/
(=Si-O-)TiNps3] (4) (0.34 wts W and 1.02 wt% Ti) (violet color), the mixture
of [(=Si-O-)W(Me)s] and [(=Si-O-)Ti(Np)s] (0.27 wt% W, 1.05 wt% Ti)
(green color), and a layer of [(=Si-O-)TiNps] (1.1 wt% Ti) followed by a
layer of [(=Si-O-)WMes] (0.34 wt% W) (red color). TON is expressed in
moles of propane transformed per mole of W. Reprinted with permission
from ref. 143, Copyright 2017 American Chemical Society.

carbonates,"®" cyclic organic carbonates,>*'** syngas,'****!
fOI'mlC acid’148,151,157 methan01’148,149,151,157*159 methyl_
amines,"*®'*11%°  methane,’®*  Fischer-Tropsch  fuels,"*’

ethers," and CO,"*”"*° by heterogeneous and immobilized
catalysts along with the challenges and intricacies of such an
approach. This section will cover exclusively those studies
reporting the reactions of well-defined single site surface
species with CO, and will provide insights into the pathways
of CO, activation by such compounds. To note, several
chemical processes that are of relevance for industry and
academia involve the reduction of CO,, ie., CO, to methane
and methanol and the dry reforming of methane (reaction of
CO, plus CH,)."*>""138 In the heterogeneous phase, these
processes are generally catalyzed by transition metals in the
form of highly active nanoparticles."*>'****"'%> gurface-supported
complexes (e.g. Cu, Ni, Au, etc.) prepared by surface organometallic
chemistry can serve as precursors of metal nanoparticles upon
reduction with H, leading to the formation of tiny, uniformly
dispersed, well-defined and narrowly distributed nanoparticles
on the support surface.’®*™% Catalysts prepared by such a
methodology have been recently applied for the dry reforming
of methane'®® and for the reduction of CO, to methanol;'®”
however, as they do not involve the direct participation of
surface organometallic fragments (SOMFs), they will not be
described here in detail.

3.1. Stoichiometric activation of CO, by zirconium hydride

Until recent years, the only SOMC approach to CO, conversion
was the stoichiometric reaction with supported metal hydrides
(Fig. 13). The first example of CO, activation by surface organo-
metallic complexes was with zirconium hydride supported onto
silica in 2004.%® CO, was used as a molecular probe to inves-
tigate the nature and the reactivity of supported tripodal
monohydride (44) and bipodal bis-hydride (45) zirconium
complexes. One molecule of CO, could be inserted per Zr-H
bond to produce the corresponding formate complexes (46, 47).

Chem. Soc. Rev., 2018, 47, 8403-8437 | 8417
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Scheme 20 Reactivity of zirconium mono- and bis-hydrides with carbon
dioxide.®*

Both mono- or bis-formate were detected by '*C CP/MAS NMR
according to the podality of the initial hydride (Scheme 20).'°®
Several years after this seminal paper, the insertion of CO, in
zirconium hydrides was the subject of further theoretical and
experimental studies, and DFT calculations using models of a
supported tripodal zirconium monohydride [(= Si-O-);ZrH]
and bipodal zirconium bis-hydrides [(=Si-O-),ZrH,] were
published."® It was shown that the reaction of CO, with both
complexes is initiated by the formation of a weak adduct
[0=C=O0- - -Zr] leading to a n' and later to a more stable n*
coordinated formate. The insertion of CO, into [( = Si-O-);Zr-H]
is virtually barrier-less and highly exothermic releasing about
10 kecal mol™ ' with respect to the reagents. The insertion of
each CO, molecule into [(=Si-O-),Zr(H),] is similarly highly
exothermic and barrier-less with the exception of the steps of
rearrangement from the n* to the n* coordination of the first
formate that has a small barrier of about 1.5 keal mol ™.

In a combined experimental and theoretical study, the
formation of [Zr]-formates was investigated starting from
[Zr]-hydrides supported on amino-modified silica.'”® Accord-
ing to the preparative method, the modified silica surface
displays either bis-silylamino [(=SiNH,),] or silanol/silyla-
mine [(=SiOH)(=SiNH,)] ligands. Using the latter kind of
surface, a mixture of three [Zr]-hydride complexes was pre-
pared: [Zr]-mono-hydride ((=Si-O-),(=Si-NH-)[Zr]H); [Zr]-
bis-hydride ((=Si-O-)(=Si-NH-)[Zr](H),) and an unprece-
dented complex presenting a n-bond between the surface and
the metal ((=Si-O-)(=Si-N—)[Zr]H) (Scheme 21) (48). To
unambiguously prove the formation of the latter compound,
the insertion of CO, into the different metal hydrides was
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Scheme 21 Reaction of two molecules of CO, with ((=Si-O-)(=
Si-N=)[Zr]H) by insertion into the Zr-H bond and addition to the N=Zr
bond.*”°

studied. As previously observed, the formate formation was
in all cases highly exothermic and facile, involving small
reaction barriers (not higher than 10-12 kcal mol ') although
generally higher than what was previously calculated for an
unfunctionalized silica support.'® Interestingly, the reaction of
((=5i-0-)(=Si-N=)[Zr]|(H)) with CO, (Scheme 21) was found
to proceed through two nearly equivalent pathways; (i) the
insertion of a first molecule of CO, into the [Zr]-H bond
followed by addition of CO, to the N=—Zr bond or (ii) the
addition of CO, to the N—Zr bond followed by insertion of
another molecule of CO, into the [Zr]-H bond. Consistently,
when the mixture of surface hydrides was exposed to *CO,,
a carbonyl signal at 161 ppm appeared in the *C CP-MAS
spectrum that was readily assigned to a new cyclic zirconium
formate carbimato complex (49). Additionally, [Zr]-mono-formate
and [Zr}bis-formate were detected at 181 ppm and 168 ppm,
respectively.

The above-discussed literature demonstrates that the insertion
of CO, into the zirconium hydride complexes prepared by SOMC
is facile. In the case of homogeneous Ru,"”"'”> Rh,"”® and Ir'"*
complexes, the catalytic cycle for the synthesis of formic acid is
completed by the reaction with H, that also restores the metal
hydride catalyst. Nevertheless, no reports have surfaced on the
isolation of formic acid from SOMC-prepared complexes.

3.2. Conversion of CO, to cyclic carbonate

Non-reductive processes have emerged as a valuable approach for
the sustainable conversion of CO, including CO, from flue
gas.”>>17>17¢ processes such as the synthesis of polycarbonates,'””
mineral'”® or organic carbonates'>7*"*! and oxazolidinones'®*
can proceed under very mild conditions without requiring high
energy and potentially hazardous reagents such as hydrogen.'*
The synthesis of cyclic organic carbonates, in particular, represents
a way to access commodity chemicals, solvents'®* and key inter-
mediates with ramifications in the synthesis of polymers,'®"'>
methanol,'®® diols,'®* etc. Differently from bulk chemicals such
as urea (also produced from CO,), cyclic carbonates and their
derivatives afford a long-term storage of CO,."*’

Niobium halides and other coordination compounds have
shown excellent catalytic activity for the conversion of CO, to
cyclic organic carbonates under ambient conditions (Fig. 14)."®
DFT and kinetic studies on the cycloaddition of CO, to propylene
oxide promoted by NbCls/DMAP (DMAP: N,N-dimethylamino
pyridine) and NbCl;/TBAB (TBAB: tetrabutylammonium bromide)

This journal is © The Royal Society of Chemistry 2018
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Fig. 14 Illustration of SCFs for conversion of CO, into cyclocarbonates.

have revealed the potential occurrence of a bimetallic cooperative
mechanism in the homogeneous phase between two niobium
centers for the activation of CO,.'*® Indeed, the DFT-calculated
barrier for CO, insertion into the ring-opened epoxide, generated
upon nucleophilic attack of DMAP or Br~ (Nu), was found to be
too high for a process occurring under ambient conditions
(37.1 keal mol %, Table 1, entry 1). Hence, a bimetallic mechanism
was also considered in which a second niobium complex assists the
insertion of CO,. The calculated barrier for the latter process
dropped to just 15.0 kcal mol™" suggesting that the reaction can
proceed under ambient conditions. The observed mechanistic
features represent a potential obstacle for the synthesis of well-
defined supported NbCls-based catalysts by SOMC as the isolated
complexes (as generally prepared by SOMC) are supposed to be
inactive under mild reaction conditions.

Bimetallic interactions have often been observed in
homogeneous-phase catalysts,’*>*°* but the creation of precise
“bimetallic pockets” on metal oxide surfaces by grafting or
impregnation strategies is extremely challenging.

A rare example of cooperative bimetallic catalysts was
prepared by SOMC." The silica supported counterparts of the
homogeneous niobium NbCl; catalysts'*>'%® were prepared
using two silica supports treated at different dehydroxylation
temperatures (SiO,,00 and SiO,.;g0, dehydroxylated at 200 °C
and 700 °C, respectively). These supports differ by the density of
silanol moieties (0.3 mmol g~ for SiO,.-q; 0.78 mol g~ * for
Si0,.,00)° and by their nature on the surface (isolated vs. vicinal
silanols). Whereas the use of SiO,.;, generally leads to isolated
monopodal complexes (Fig. 15, 50), the surface of SiO,.00
displays a mixture of isolated and vicinal silanols and can,
in principle, afford vicinal monopodal or bipodal complexes.

Table 1 Comparison of the reaction barriers for steps Il and IlI* in the
mechanism of cycloaddition of CO, to PO catalyzed by homogeneous and
supported niobium and zirconium chlorides according to monometallic
and bimetallic pathways**

Entry Lewis acid catalyst Pathway Barriers of steps II, I’ Ref.

1 NbCls Monometallic 37.1, 38.3 189
2 NbCl, Bimetallic 15.0, 29.3 189
3 NbCl;@Si0,.700 Monometallic 31.5, 35.2 14

4 NbCls@SiO,.700  Bimetallic 15.9, 18.4 14

5 ZrCl, (A-cis) Monometallic 20.2, 27.1 176
6 ZrCl, (A-cis) Bimetallic 11.5,27.3 176
7 ZrCl, (A-trans) Monometallic 20.8, 30.9 176
8 ZrCly (A-trans) Bimetallic 14.5,28.4 176

% The ring opening step (I) was found to be barrier-less in all instances.
Step (IT): CO, insertion in the metal-alkoxide bond. Step (III): cyclization.
Values are given in keal mol ™.
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Treatment using two different NbCls-OEt,/silanol ratios (0.66
and 1.33) led to two different compounds 51 and 52 with nearly
identical FTIR and 'H and C NMR spectra. However, the
non-equivalence of these compounds could be unveiled by
elemental analysis based on the grafted Nb/(initial silanols)
ratio. Advanced *>Nb NMR experiments, complemented with
DFT models of the surface complexes, validated the prominent
character (monopodal vs. bipodal) of both species. Replacement
of the coordinated diethylether molecules with trimethyl phosphine
followed by *'P CP/MAS SSNMR spectrum showed the presence
of two distinct phosphorous atoms for 51 and 52 in different
proportions (Fig. 15a). Finally, double quantum *'P CP/MAS
SSNMR experiments showed that the monopodal species of 52
are in close proximity (Fig. 15b). By DFT calculations, the grafting
of the precursor on a SiO,,00 model was investigated (Fig. 15c).
Results show that the first complex grafts exothermically in
position A. The grafting of a second niobium complex in the
vicinal silanol position B is also exothermic (AG E —21 keal mol %)
suggesting in principle a viable process. Similar, but less
exothermic values, were observed for positions C-F.

Complexes 50-52 were tested for the cycloaddition of CO,
to propylene oxide under relatively mild reaction conditions
(60 °C, 10 bar initial CO, pressure). The presence of TBAB
necessary as nucleophile (Nu) for the ring-opening of the
epoxide. Results of the catalytic screening (using the same
amount of niobium per system) are presented in Fig. 16.
Compound 50 performed as a poor catalyst for the cycloaddition
reaction confirming the hypothesis that isolated NbCl; complexes
are non-efficient catalysts for the title reaction. The catalytic
activity of 51 was lower than that of catalyst 52. Based on these
results, the catalytic activity increases with the density of grafted
NbCl; complexes (0.9, 1.4 and 2 complexes per nm? for 50, 51, 52
respectively). A higher activity was found for catalyst 52 presenting
vicinal or neighboring monopodal niobium complexes (Fig. 16).

DFT calculations were applied to study the mechanism of
the cycloaddition of CO, to propylene oxide using complexes
50-52. The proposed mechanism (Scheme 22) proceeds through
the steps of epoxide ring-opening (I), CO, insertion into the
metal-alkoxide bond (II) and carbonate ring closure (III).

The ring-opening (I) is generally barrier-less for strong Lewis
acids and should be the same for mono- and bimetallic
systems.'® For the CO, insertion step (II) and the carbonate
ring closure (III) monometallic and bimetallic mechanisms
were considered (Table 1, entries 3, 4).

Results show that the occurrence of a bimetallic mechanism
leads to a strong decrease (Table 1, entry 4) of the barriers for
CO, insertion (II) and ring closure (III) compared to the mono-
metallic mechanism (Table 1, entry 3). This again supports
the conclusion that the presence of a neighboring niobium
complex facilitates reaction under mild conditions.

Although it is extremely challenging to create precise and
identical bimetallic sites on metal oxide surfaces by grafting
strategies, the presented work shows that, by a judicious
selection of the degree of dehydroxylation of the support and
of the ratio between the amount of precursor and the initial
number of silanols, it is possible to create a majority of
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Fig. 15 (a) Comparison of *'P SS NMR and 'H SS NMR of 51 (top trace), 52 (middle trace) and 50 (bottom trace) showing the different proportions of
monopodal and bipodal species in each compound. (b) Double quantum 3'P CP/MAS SS NMR of 52 and (c) model of SiO».,00 With various possible
anchoring positions used for the DFT study of the grafting process of neighboring niobium complexes. Adapted with permission from ref. 14, copyright

2015 American Chemical Society.

neighbouring monopodal complexes placed in a suitable arrange-
ment to give rise to a cooperative catalytic effect. The extension of
this method to other metals or to the combination of metals holds
the potential to explore unprecedented cooperative effects
in SOMC.

Besides several limitations concerning the economic costs,
market size and durability of sequestration, main hurdles
hindering the large-scale conversion of CO, to fuels and chemicals
as a way to reduce the net anthropogenic emissions are repre-
sented by the need for energy intensive processes and reagents
for CO, separation, purification, compression, transportation and
conversion. The carbon costs associated with these processes
could easily offset the environmental benefits of using CO, as a
feedstock.®>*** One possible way to bypass such a limitation
would be the use of untreated flue gas as the source of CO, under
ambient or very mild reaction conditions. This method would
require the development of robust catalytic systems able to
operate under challenging conditions (low CO, partial pressure,
presence of moisture and impurities).

In 2016 Barthel et al.'” reported a study using early transi-
tion metal halides as Lewis acids for the synthesis of cyclic
carbonates prepared by bubbling a flow of diluted CO, or actual
flue gas through a solution of epoxide and a catalyst. Whereas

8420 | Chem. Soc. Rev., 2018, 47, 8403-8437

YCl;/TBAB resulted as the most efficient catalyst after the initial
screening using a flow of diluted CO, as simulated flue gas, and
was later successfully tested using flows of actual flue gas,
ZrCl,/TBAB performed comparably well during the preliminary
screening with diluted CO, (86% CO, conversion for ZrCl,/
TBAB versus 91% for YCl;/TBAB at room temperature using a
50% v/v CO, flow in Ar as a carrier gas). Zirconium being an
abundant metal, the authors selected ZrCl, for the preparation
of a heterogeneous catalyst for the conversion of flue gas
CO, and epoxides to cyclic carbonates.'”’® The authors used
ZrCl,-(OEt,), as the precursor that was reacted with SiO,., and
Si0,.500 (53, Scheme 23). The reaction of the precursor with
the highly dehydroxylated silica support (SiO,.7¢0) led to an
isolated, monopodal Zr complex: [(=Si-O-)ZrCl;-(OEt,),]
(53’) partly present as [(=Si-O-)ZrCl;-OEt,-(Os(-Si=),)] (53")
because of the replacement of an ether ligand with an oxygen
atom of the surface (Og) as a ligand.

As observed for the case of NbCls grafting, the grafting of
ZrCly-(OEt,), on SiO, ., using different amounts of precursor
with respect to the initial number of surface silanols led to mixtures
of monopodal and bipodal species in different proportions.
When an excess of precursor (1.33 equiv.) was used (54), the main
species found on the surface was [( = Si-O-)ZrCl;-OEt,-(O4(-Si =),)]

This journal is © The Royal Society of Chemistry 2018
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Fig. 16 Catalytic activity of compounds 50-52 in the cycloaddition of
CO,, to propylene oxide at 60 °C, 10 bar CO,. Compound 52 is the most
active at any catalytic run. The catalytic activity of the isolated complexes
(50) is very low, mostly due to leached Nb species, as nearly no activity was
detected when the catalyst was reused. Adapted with permission from
ref. 14, copyright 2015 American Chemical Society.
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OFt,-(O(-Si=),)] complexes present in different proportions in 54 and 55.7¢

(53", 80%) with a minor component represented by bipodal com-
plexes [(=Si-0-),ZrCl,-OEt,-(O4(-Si=),)] (20%) (54'). The same
complexes were found on the surface of the compound prepared
using a substoichiometric amount of precursor (0.66 equiv.
with respect to the number of silanols of SiO, 540, 55) but the ratio
of monopodal versus bipodal complexes was closer to one
(Scheme 23).

Complex 54 presents a relatively high density of monopodal
zirconium chloride complexes that could establish a coopera-
tive catalytic effect as in the case of 52. However, when 53-55
were tested for the cycloaddition of CO, to propylene oxide
under mild conditions (60 °C, 10 bar CO,) the best catalytic
performance in the first run was by single-site complex 53
(Fig. 17). The activity of the catalysts was found to decrease
through successive cycles or recovery and reuse as an effect of
partial zirconium leaching, mostly after the first catalytic run,
and likely, also as an effect of a change of the coordination
environment at the zirconium center.

In order to explain the difference of activity between
the niobium- and the zirconium-based catalysts, in terms of
cooperativity between the neighboring monopodal complexes
and activity of the isolated monopodal complexes, DFT calcula-
tions were carried out on homogeneous ZrCl,-(OEt,), as a
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Fig. 17 Catalytic performance and zirconium leaching studies for the
cycloaddition of CO, to PO catalyzed by 53—-55 in the presence of TBAB.
For each catalyst the PC yields for three consecutive catalytic cycles are
shown (red columns). The percent fraction of zirconium leached (with
regard to the initial amount on the catalyst) during the reaction is displayed
(blue columns, right axis). Adapted with permission from ref. 176, copyright
2017, Elsevier.

Chem. Soc. Rev., 2018, 47, 8403-8437 | 8421



Published on 25 September 2018. Downloaded by Universita Studi di Milano on 11/21/2018 6:55:14 PM.

Review Article

cycloaddition catalyst considering the ether ligands in the cis or
trans position with respect to each other (Table 1, entries 5-8).
When analyzing the possible occurrence of monometallic or
bimetallic processes, the authors observed that, although a
bimetallic pathway of CO, insertion would proceed with a lower
barrier than the monometallic route, the barrier of the rate-
determining process (cyclization step, III) would not be
affected. This is in good agreement with the outcome of
the catalytic reactions showing nearly no dependency on the
density of the zirconium complexes on the catalyst surface as
observed in Fig. 17. Based on these results, supported ZrCl, can
be considered as a single-site catalyst for the cycloaddition of
CO, to epoxides.

4. Single-site catalytic oxidation

The oxidation of organic intermediates leads to a broad variety
of industrially valuable products, such as alcohols, ketones,
aldehydes, epoxides, carboxylic acids, esters, etc.'****> Oxida-
tion reactions, aiming at the production of high added-value
chemicals, are typically carried out using large amounts of
over-stoichiometric ~ oxidants  (chromium®”  compounds,
permanganate, active chlorine-containing species or organic
peroxoacids). In some cases, significant amounts of co-reactants,
such as sacrificial reagents, or acid/base additives are required.
Large quantities of hazardous wastes are produced and their
disposal is economically burdensome and fosters an interest in
developing greener and sawvier catalytic processes.'”® The best
oxidants in that regard are (i) molecular oxygen, a triplet biradical
where a free radical chain autoxidation dominates, leading,
however, to low selectivity.'®” (ii) Hydrogen peroxide (H,O,)
that oxidizes organic compounds with an atom efficiency of
47% and is relatively cheap (0 0.5 EUR kg~ ' for 100% H,0,)
with respect to conventional lab-scale oxidants for fine chemistry
applications (on a larger scale, H,0, needs an attached production
and poses safe transportation difficulties).’*®'*® Nonetheless, H,0,
is not easily miscible with most of the organic non-polar solvents
and cannot be used under controlled anhydrous conditions.
(iii) Nitrous oxide (N,O) is the ‘optimal’ mono-oxygen donor, just
yielding molecular nitrogen as a co-product. Moreover, its high
stability allows applications under a broad range of reaction
conditions. On a large industrial scale, N,O can be obtained as a
cheap by-product from the synthesis process of adipic acid, but, for
fine chemical applications, it is not suitable for standard batch
liquid-phase reaction equipment as it is a gas.>® (iv) Alkyl hydro-
peroxides (e.g. tert-butylhydroperoxide, TBHP, or cumyl hydro-
peroxide, CHP) are widely used for small-scale oxidations at both
laboratory and industrial levels. They possess good thermal stability
(t172 = 520 h at 130 °C for a 0.2 M solution in benzene) and show
fewer handling risks compared to 70% aqueous H,0, or peroxo-
acetic acid.***** Such hydroperoxides are quite versatile, due to
their reasonable solubility in aqueous and in non-polar media.
Yet, their atom efficiency remains low and they are rarely used
in the presence of medium-pore zeolite supports, as they
cannot be accommodated in micropore channels.

8422 | Chem. Soc. Rev., 2018, 47, 8403-8437

View Article Online

Chem Soc Rev

(a)

M
ROH S
ROOH so
OR
[

(b) X
tROOH
ROH
Icl) (n+2p

X-M
ROH S

ROOH so
x, n#
M

Scheme 24 Mechanism of oxygen transfer involving a (a) peroxometal
and (b) an oxometal 2%

The oxidation reaction generally follows either (i) one-electron
free-radical oxidation (for instance on cobalt or manganese)
involving the formation of alkoxy and alkylperoxy radicals (auto-
oxidation) or (ii) oxygen transfer where an oxygen donor, such as
ROOH or H,0,, heterolytically generates either a peroxometal
(Scheme 24a) or an oxometal (Scheme 24b). Some other metals,
such as V¥, can react through both routes depending on the
substrate and on the reaction condition.**

In the peroxometal pathway the metal centre does not
undergo any change in its oxidation state during the catalytic
cycle. The oxygen-transfer ability of the coordinated peroxo
moiety is due to its Lewis acid character. Early transition metals
with a d° electronic configuration, such as Ti®V, zr™), Nb(¥),
Mo, W' or Re™, which are relatively poor oxidants generally
react via the peroxometal pathway.

In the oxometal pathway the metal centre itself plays the role
of the oxidising species: it undergoes a two-electron reduction
and is eventually re-oxidised by the oxygen donor. Several first-
row and/or late transition metals, such as Mn®"), cr™ or
0sV™ which are good oxidants in their highest oxidation
state, operate via the oxometal pathway.

The challenge lies in the development of well-defined and
more sustainable catalysts for oxidation reactions. This objective
can be reached using the SOMC strategy to design SOMFs or SCFs
having suitable active sites for a given catalytic oxidation. For this
purpose, catalytically active redox metal centres should be used.
Typical oxidation reactions in which single-site heterogeneous

This journal is © The Royal Society of Chemistry 2018



Published on 25 September 2018. Downloaded by Universita Studi di Milano on 11/21/2018 6:55:14 PM.

Chem Soc Rev

catalysts and/or surface organometallic/coordination fragments
are the catalysts are described below.

4.1. Epoxidation of alkenes

4.1.1. Single site titanosilicalite-1 zeotype catalysts.
Titanium-containing microporous molecular sieves and, above
all, titanosilicalite-1 zeotype, TS-1, have been shown to be the
most promising and best-performing heterogeneous systems so
far, displaying well-defined catalytically active sites in a crystalline
zeolitic framework (Fig. 18). A huge variety of efficient and
sustainable oxidation of commodities and fine chemicals, such
as in alkene epoxidation, alcohol oxidation, ketone ammoxidation
or oxidation of sulphur compounds or ethyl lactate,”**"* can be
catalysed using this system. Some processes based on the use of
TS-1 have attained full maturity and an industrial exploitation
level, such as the hydrogen peroxide propylene oxide, HPPO,
processes by Degussa-Uhde BASF/Dow,”'>?'* or the EniChem-
Sumitomo cyclohexanone ammoximation process.*'* Although
these zeotype catalysts were not obtained via SOMC, they are a
milestone and a source of inspiration for the design and the
optimisation of single-site oxidation catalysts featuring similar
SCFs. Indeed, it demonstrates clearly that the presence of single
well-defined metal atoms embedded in a tetrahedral silica matrix
is required for a selective and efficient oxidation reaction.*'?
These characteristics can be relatively easily reproduced and
obtained thanks to the SOMC synthesis strategy and the rational
construction of spatially isolated SCF moieties on the oxide
surfaces, by considering the oxide surface as a rigid polydentate
ligand.216_219

4.1.2. Titanosilicates through bifunctional templating. The
bifunctional templating strategy is an intermediate approach
according to which a metal precursor coordination complex
may act simultaneously as a structure directing agent and as a
precursor for the grafting of the chemically defined metal
centre. The grafting of [Ti] species was optimized by using
triethanolamine,?*>**! where the branched amine played the role
of (i) a template for the mesoporous network and (ii) a ligand for

N d o

Ti@ sivv 0@

Fig. 18 Schematic illustration of titanosilicate-1 zeotype TS-1. In blue is
[Ti], in red is O, and in yellow is Si.
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the titanium complexes. Triethanolamine is prone to form
complexes with titanium alkoxides to yield titanatrane complexes.
In the presence of free triethanolamine, they give rise to meso-
sized aggregates that act as templates for the final mesoporous
titanosilicate catalyst (in this case a Ti-TUD-1 material). By high
temperature treatment, all of the Ti™) coordination complexes are
degraded and triethanolamine is removed, grafting titanium onto
the internal surface of the mesopores.

In this way, the “one-step” grafted Ti-TUD-1 catalyst is about
six times more active in oxidation reactions than in-framework
substituted Ti-MCM-41 and has a similar activity to post-synthesis
[Ti]-grafted MCM-41. Suitable oxidants, on this catalyst, are TBHP,
H,0, and, although with rather modest performance, molecular
oxygen too.%*? This type of tetrahedral [Ti]-containing catalyst was
also used to convert propene into propene epoxide in the presence
of cyclohexylhydroperoxide (a co-product of the manufacture of
cyclohexanol and cyclohexanone, see Section 4.3, hereafter) with
high hydroperoxide conversion and interesting propene epoxide
selectivities (>50%).>*

Chromium and molybdenum centres were incorporated into
the framework of TUD-1 mesoporous silica by a fully comparable
one-pot synthesis procedure, using triethanolamine as a bifunc-
tional template.?**?** Tetrahedrally coordinated Cr-di-oxo sites
incorporated into the TUD-1 silica framework were tested for the
photo-oxidation of propane. High activity and selectivity towards
acetone under blue visible light irradiation was observed. In
contrast, [Mo]-containing TUD-1 silica was active in cyclohexene
epoxidation with TBHP, leading to 88% selectivity towards
cyclohexene oxide. However, this system suffered from active
metal leaching into the reaction medium, especially during the
first reaction runs.”*®

4.1.3. The development of SCFs for oxidation reactions.
This section describes typical catalysts with a marked oxidation
capability (in line with TS-1 zeotypes) and enhanced accessibility
obtained by the SOMC strategy. The most relevant example
for epoxidation of a large variety of alkenes is Ti"™) supported
onto silica or mesoporous silica (Fig. 19) even if other early
transition metals also deserve increasing attention (see hereafter).
Typical titanium-precursors are [Ti]-alkoxides (e.g. Ti(OEt),,>*°
Ti(OBu);,>"2*  Ti(O'Pr),),>*°2*  [SiMe,(n°-C5H,),]TiCl,,2%°
[{Ti(OiPr),(OMenth)},], [Ti(OMenth),] (OMenth = 1R,2S,5R-
(—)-menthoxo),>*” Ti-calixarene chloride***>** or tris(tert-
butoxy)siloxytitanium complex (‘PrO)Ti-[OSi(O'Bu);];.2** 2

The first example of a single-site, surface coordination
fragment is TiO,/SiO, developed by Shell Oil in the late 1960s
for the styrene monomer - propylene oxide process.”’**** This
catalyst is prepared by a gas-phase reaction of TiCl, onto

OR

|
[M] Epoxidation

Metal Alkoxide

Fig. 19 Illustration of SCFs for epoxidation reactions.
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a porous silica support and subsequent calcination, steam
treatment and silylation. This synthesis was improved starting
from [Ti]-H grafted on SiO, 500, Si05.500 OF SiO, 700 using the
SOMC strategy.>'® Starting from these well-defined SOMFs
(already described in Sections 2 and 3), four different mono-
podal, bipodal and tripodal SOMC [Ti]-alkoxyl catalysts (OR = OH,
ONp/OH, OMe and O'Bu) were obtained (Scheme 25).

Four different SOMC [Ti]-alkoxyl catalysts (OR = OH,
ONp/OH, OMe and O‘Bu) were prepared using SiOy.z00, SiOz.500
or SiO,.;00 as the support to obtain monopodal, bipodal and
tripodal surface species (Scheme 25)." Catalysts were tested in
epoxidation of 1-octene using TBHP as an oxidant at 80 °C. The
[Ti]-O'Bu-catalyst was the most active catalyst reaching an initial
activity of almost 1200 h™'. Further, it was found that in all cases
the tripodal catalyst was the most active one (Fig. 20).

Following this work, several studies have reported the synth-
esis of Ti")—silica based catalysts for the epoxidation of alkenes
either in the presence of hydrogen peroxide (H,O,) or alkyl
hydroperoxides (TBHP and CHP). The reaction with H,O,
occurs via an oxygen transfer leading to peroxometal complex
[Ti]-hydroperoxide (Scheme 26). Then, the distal peroxidic
oxygen, activated by its proximity to [Ti], is transferred to
the double bond of the alkene, with parallel formation of a
[Ti]-alkoxide. The latter can undergo a new catalytic cycle along
with a water molecule."**®">*% A comparable mechanism in the
presence of [Ti]-alkylhydroperoxide as an oxidant has been
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Scheme 25 Methods of preparation of mono-, di- and tripodal Ti alk-
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oxides on silica surfaces.
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Fig. 20 Epoxidation of 1l-octene in the presence of TBHP. Reaction
conditions: 1-octene/[Til = 3000; TBHP/Ti = 150; T = 80 °C!
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Scheme 26 Proposed mechanism of epoxidation of alkenes with hydro-
gen peroxide or alkyl hydroperoxides catalysed by Ti(iv) containing SCF
sites.

validated by experimental and theoretical studies, yet the
related alcohol is co-produced.”*® Consistently with a heterolytic
pathway, the reaction retains the C—C bond configuration.
An alkylperoxotitanium moiety, (= Si-O-);Ti-OO-‘Bu, with a struc-
ture in agreement to the one of the intermediate depicted in the
catalytic cycle of Scheme 26, has been synthesised by the reaction
of an excess of TBHP on the surface hydride (=Si-O);Ti-H.
It proved to be an active species for the stoichiometric activation
of alkenes."*'®

In addition, titanium hydroxyl mesoporous based catalysts,
[(=Si-0-);Ti-OH], are active and highly selective (>90%) for
the epoxidation of cycloalkenes,**°>>* and their iso-propoxyl
homologues Ti(O'Pr), showed good results in the epoxidation
of non-functionalized alkenes, dienes and allylic alcohols using
tert-butylhydroperoxide as an oxidant.?*® Interestingly, Ti(O'Pr),-
derived catalysts maintain their catalytic activity under mild
conditions and in the presence of diluted aqueous hydrogen
peroxide too (23% yield after 1 h of reaction).??*>>"254
By addition of chiral tartrates, namely, R-(+)-diethyl i-tartrate
or R-(+)-diisopropyl 1-tartrate, it was possible to induce enantio-
selectivity into the asymmetric epoxidation of styrene with
TBHP.>*>?°¢ Although modest enantiomeric excess values were
attained, they were comparable to their homogeneous counterparts
and, notably, better selectivity to styrene oxide was observed.>>®

Highly versatile tripodal [(=Si-O-);Ti-OH] moieties were
obtained by grafting titanocene dichloride onto a previously
activated mesoporous MCM-41 SiO, 50, support.”>”>>® Following
this approach, the bulky cyclopentadienyl ligands should inhibit
the coalescence of Ti"¥) species on the surface of the support and
control the formation of undesired large TiO,-like domains.
However, with high loadings of titanium species (higher than
5 wt%) a non-negligible contribution of DRS-UV bands, attribu-
table to TiO,-like moieties was also observed.”***®° This shows
that Ti contents around 2 wt% are the ideal compromise between
titanium loading and active site isolation. Non-ordered or non-
porous silica oxides, previously activated at 500 °C, have been
used as supports as well.”®! Titanocene-grafted silicas revealed
promising results in the epoxidation with TBHP of a wide
variety of substrates, such as unsaturated cyclic terpenes
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(e.g limonene, carveol, isopulegol, carvotanacetol, terpinen-4-ol
and o-terpineol).**?%* By grafting Ti™) acetylacetonate, Ti(acac),,
onto the surface of porous silica supports, TOF values six times
higher than the ones obtained over embedded Ti-silica systems
could be achieved.?®* In addition, thanks to the chemical environ-
ment surrounding the [Ti] SCF and to the role of the OH-function
in directing the oxygen transfer from the oxidant to one specific
side of the six-membered ring of the terpene, a complete
diastereoselective epoxidation (100% d.e.) was achieved on
homoallylic and bishomoallylic substrates, o-terpineol and
terpinen-4-ol, respectively.”*> When the OH-group in o-terpineol
was replaced by an acetyl moiety (o-terpinylacetate), the diastereo-
isomeric excess decreased from 100% down to 66%. Unfunctio-
nalized terminal aliphatic alkenes, whose epoxidation over
heterogeneous systems remains challenging due to the frequent
undesired opening of the terminal oxirane ring, could be selec-
tively converted into 1,2-epoxides by judiciously modifying the
chemical environment around the [Ti]-centre, e.g. by silylation of
the nearby silanols or by a fine tuning of the catalyst/oxidant/
solvent combination as well as the surface polarity.>*> ¢’

Analogously, unsaturated fatty acid methyl esters (FAMEs),
such as methyl oleate, methyl elaidate, methyl linoleate and
mixtures of methyl esters obtained from high-oleic sunflower,
castor, coriander and soy-bean oils, were successfully epoxidized
over grafted [Ti]-OH SCFs.>*?*® The very high yields of trans-
epoxystearate obtained using methyl oleate and methyl elaidate
substrates (in cis and trans configurations, respectively) demon-
strated the crucial role of the structural features of Ti-MCM-41 as
an ordered solid. Very high yields of epoxidized FAMEs (up to 95%
yield of epoxidized methyl linoleate or 96% yield of epoxidized
castor oil methyl ester in 24 h) were obtained using Ti-MCM-41
with a relatively small excess of TBHP oxidant (only 10% over the
stoichiometric amount).’***”° By this method, unsaturated
FAMEs could be epoxidized without the addition of peroxoacids
(as in the widely-used Prilezhaev methodology).

The use of aqueous hydrogen peroxide is typically difficult
over most mesoporous titanosilicates. Experiments on the
interaction of TBHP and H,0, with Ti"¥) centres have clarified
that the addition of aqueous H,O, leads to a rapid and
irreversible transformation of the Ti™) centres into TiO,-like
domains that are catalytically inactive in epoxidation.>®® The
role of the slow addition of H,0, is thus crucial to avoid, or at
least minimise, the decomposition of the oxidant and to keep
the local water concentration as low as possible. Applying a
controlled, drop-wise addition of aqueous H,0, (4.17 mmol
H,0, h™" g 1), excellent selectivity (>98%) and interesting
yields (44% to 63%) were obtained in the epoxidation of
cyclohexene.”*® Higher epoxide yields were found over Ti-MCM-48
compared to Ti-MCM-41 or Ti-SiO, and explained by the better
site isolation, dispersion and stability of the Ti"V) sites. The side
production of allylic oxidation compounds (cyclohexenol and
cyclohexenone) is negligible and the selectivity to the desired
epoxide is very high.>*"*** Specific immersion calorimetry
studies evaluating the interaction between the reactant and the
catalyst indeed evidenced the very good affinity of cyclohexene
towards titanosilicate, a crucial factor in the epoxidation
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Scheme 27 Grafting of titano(iv)calixarene chloride onto an activated
silica support. From ref. 238.

reaction.>”*

By optimizing the reaction conditions (especially,
the catalyst to substrate ratio), high yields of up to 91% for the
epoxide were obtained for Ti-MCM-41 with high stereo-
selectivity (80%) towards the cis-epoxide.

The use of bulky ligands at the [Ti] centre as ‘spacers’ to
generate well-dispersed, isolated Ti") sites has been explored
by using multidentate calixarenes (Scheme 27).23%239272
Ti®™)—calixarene precursors were grafted onto activated SiO,_500
at surface densities ranging from 0.1 to quasi-monolayer
coverages (0.025-0.25 units nm ). Kinetic analyses during
the epoxidation of cyclohexene confirmed that the calixarene-
bound [Ti]-sites were significantly more active than their homo-
geneous analogues. The immobilisation on the silica surface,
indeed, prevents the detrimental formation of aggregates and
unselective Ti-O-Ti structures.

The bulky calixarene spacers could be removed by calcination
at high temperature (550 °C under pure O,) in order to afford
highly dispersed [Ti]-OH SCFs, showing high activity towards
cyclohexene and styrene epoxidation.”’>*”® In addition, thanks
to a specific in situ poisoning of the [Ti]-OH sites by means of
phenylphosphonic acid, the Ti™ species available on the silica
surface were titrated in order to determine the single-site intrinsic
turnover frequency for cis-cyclooctene epoxidation from the
surface density of active Ti sites.>”*

Other transition metals have been grafted onto activated
mesoporous silica supports. Several examples employed
chemically defined metallocene precursors of Zr™), MoV,
cr™, vom™) 275277 and Nb™,?”® metallocalixarene species of
zr™), 7™, vo™, Ta and Nb)272279.280 tetraneopentyl-
zirconium®? as well as alkoxy and siloxy coordination complexes
Of Ta(V),255,2817284 W(VI),285 MO(VI)284,286 and Fe(III)‘287,288

In particular, with regard to tantalum, a complementary
approach has been pioneered by Tilley and co-workers.?%"2%
An oxygen-rich metal precursor, such as Ta(O'Pr),[0Si(0'Bu)s]s,
was grafted onto a metal oxide support via the thermolytic
molecular precursor method at moderate temperature
(r 200 °C in air).”®® The [Ta] SCF underwent surface hydro-
phobization with RMe,Si-NMe, species in order to obtain a
more hydrophobic local environment, adequate to accommodate
the apolar alkene substrate (Scheme 28).>*> Typical supports used
were the high-area mesoporous silica solids MCM-41 and SBA-15,
the latter being more thermally stable than the former, especially
for this thermolytic purpose.
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Scheme 28 Grafting of Ta(QiPr),[0Si(O'Bu)sls onto SBA-15 via a thermo-
lytic molecular precursor approach, followed by surface modification by
means of a silylating agent. R = Me, n-Bu. Adapted from ref. 282.

Trialkylsiloxy-modified Ta) centers obtained in this way
exhibited excellent selectivity in epoxide formation (up to 98%
after 2 h) in the oxidation of cyclohexene in the presence of
aqueous H,0, and an enhanced lifetime in aqueous media.>®*
The remarkable stability and robustness of these [Ta] systems
were later investigated by means of [Ta]-polysilsesquioxane
model compounds. The presence of p-oxo and p-hydroxo
bridges in surface dinuclear Ta-O-Ta moieties has been
invoked as a possible key feature for the stabilization of Ta
during the catalytic turnover.>*°

These studies paved the way to the use of analogous Ta()
SCFs as catalytic sites for the epoxidation of alkenes and, in
particular, [Ta] SCFs derived from grafted Ta(v)-calixarenes
precursors proved to be not only up to 3 times more active
in the epoxidation of cyclooctene than the corresponding
TaCls-derived catalysts at high surface [Ta] densities, but also
more selective (up to 95%) towards the direct, non-radical
formation of the epoxide.>”**°" This class of catalysts demon-
strates the utility of ligand-protected, supported [Ta] moieties
for epoxidation when aqueous H,0, is used as the oxidant and,
according to this approach, ultra-high vacuum techniques were
used to obtain supported monoatomic [Ta] species applied in
the conversion of cyclohexene into cyclohexene epoxide and
cyclohexanediol in moderate yields.?”

Along group V metals, niobium-based SCFs also attract
noteworthy attention. For example, niobocene™ dichloride can
be first grafted and then calcined in dry air to give rise to tripodal
(Si-0);-Nb—O oxo-species (Scheme 29). This anhydrous tetra-
coordinated Nb") oxo-species undergoes hydration when exposed
to water-containing reaction media forming a hexacoordinated
diaquo-oxo Nb™ moiety. A fully comparable [Nb]=0 SCF can be
obtained starting from a grafted NbY—calixarene moiety, after a
calcination step, as for the case of [Ti] (Scheme 27).>°> These species
constitute the catalytically-active site as confirmed by combined
DR-UV-Vis, NIR, Raman, XRD, XANES and EXAFS analyses.””>*%

[NDb]-silica catalysts showed excellent performance in the
hydrogen peroxide-driven epoxidation of cyclic alkenes,>**2%*
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Scheme 29 Formation of single-site niobium(v) surface coordination
fragments from niobocene(wv) dichloride.28°

unsaturated fatty acid derivatives®***°® and squalene.’>®” High

yields (up to 73%) and excellent chemoselectivity to the desired
epoxides (up to 98%) were obtained in short reaction times
(1 h) over Nb-grafted mesoporous silica catalysts. As observed
for the analogous [Ta]-based systems, [Nb]-containing silica
catalysts were very stable in water-containing media. Remark-
ably, aqueous H,0, was an optimal oxidant for [Nb]-containing
catalysts, whereas TBHP was the oxidant of choice in the
presence of [Ti]-silica systems (Table 2). Additionally, Nb-SiO,
catalysts showed an unexpected regioselectivity towards the
epoxidation of electron-deficient C—=C bonds, such as the ones
in the exocyclic unsaturation of limonene®®* or «,B-unsaturated
ketones.>?”**® Such unusual behaviour was explained by two
factors: (i) invoking the rate-limiting oxidation of the solvent
acetonitrile to generate peroxycarboximidic acid, which then
reacts with electron-poor alkene bonds, and, (ii) on non-
ordered amorphous silica supports for steric reasons.

4.2. Baeyer-Villiger oxidation

After TS-1, the only redox-active zeotype material which has shown
a genuine heterogeneous character so far and remarkable stability
and recyclability is a Sn™)-substituted zeolite beta, Sn-BEA
(Fig. 21).>°°% 1In this solid, isolated tetrahedral tin sites are
inserted and evenly dispersed into the zeolite BEA framework.
They show noteworthy and enhanced activity for the Baeyer-
Villiger oxidation of cyclic ketones, aromatic aldehydes and
o,B-unsaturated aldehydes. The singular behaviour of [Sn]-BEA
with hydrogen peroxide was first evidenced in comparison with
[Ti]-BEA. These two zeolites were studied in the oxidation of
dihydrocarvone under the same conditions. Major amounts of
the corresponding cyclic lactone were observed over the former,
whereas the latter formed large amounts of the epoxidised
product. It is noteworthy that titanium-containing zeolites are
practically inactive in the Baeyer-Villiger oxidation.*** Detailed studies
combining spectroscopic (IR spectroscopy of adsorbed acetonitrile),

This journal is © The Royal Society of Chemistry 2018
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Table 2 Comparison of the catalytic performance of grafted [Ti]-SiO, and [Nb]-SiO, catalysts in the liquid-phase epoxidation of limonene in the

presence of TBHP and H,O,. Adapted from ref. 294

Catalyst Oxidant C“1h (%) S? 1 h (%) Endo/exo® 1 h C*3 h (%) s 3 h (%) SAct’ 1 h (h™)
Nb/SiO,-liq H,0, 64 >98 24:76 74 >98 46
Nb/SiO,-liq TBHP 29 80 76:24 30 80 20
Ti/SiO,-lig H,0, 12 62 91:09 18 20 3
Ti/Si0,-liq TBHP 52 93 92:08 77 81 14

Conditions: dry CH;CN solvent; 100 mg cat; 1.0 mmol limonene; 2.0 mmol aq. H,0, or 1.1 mmol dry TBHP; solvent reflux temperature; glass batch
reactor.? Limonene conversion. ? Selectivity to limonene epoxide. ¢ Endocyclic/exocyclic epoxide ratio. d Specific activity ([molconvertedlimonenel

[molyp, h] ™) after 1 h.

Bayer Villiger
Oxidation

Metal Hydroxyl ‘

Fig. 21 Illustration of SCFs for Baeyer-Villiger oxidation.

mechanistic (DFT calculations) and kinetic experiments demon-
strated that the active site is correlated with the presence of
partially hydrolysed framework tin centres. In these systems, a
Lewis acidic site and an adjacent basic site on the oxygen atom
of the [Sn]-OH group formed upon hydrolysis are simulta-
neously present.>*® Such an acid-base pair is required to accom-
plish the following proposed catalytic mechanism (Scheme 30):
(i) coordination of the cyclic ketone to the [Sn] center and of
hydrogen peroxide to the [Sn]-OH ‘“stannol” SCF; (ii) oxygen
transfer from H,O, to the coordinated ketone and (iii) desorption

H
0/
W |
on o 9 v
[sm] ——™ [Sn]—OH [Sn]—OH
i+ o]
6 i
H,0 Hz0

Scheme 30 Mechanism of the Baeyer-Villiger oxidation of cyclohexa-
none over Sn-BEA.2%°

This journal is © The Royal Society of Chemistry 2018

of the lactone and water. The determining step for chemo-
selectivity towards Baeyer-Villiger oxidation products is the first
one, the so-called “loaded complex”, where the oxygen atom to be
inserted from H,O, is aligned for the nucleophilic attack of the
activated carbonyl group of the coordinated ketone.

For Baeyer-Villiger transformations, Sn-BEA combined with
hydrogen peroxide is a potential alternative to the use of
conventional oxidants, such as peroxoacids, as the catalyst
can be easily filtered from the reaction mixture and no detectable
metal leaching is observed. In particular, Sn-BEA was successfully
tested in the oxidation of delfone into &-decalactone (an
important creamy and fruity aroma for the flavours and fragrances
industry) in a stirred reactor. The desired product was obtained in
high yields (up to 86%), the zeolite remained active for a long time
and turn-over numbers of ca. 10000 were attained. Moreover,
carrying out the reaction of the R-isomer of delfone (the most
useful for flavouring purposes), the enantiomeric configuration of
the migrating carbon atom was retained. This is an important
feature when enantiopure ketone oxidization is carried out.

Sn-Containing Y zeolites were prepared by two-step post-
synthetic methods, via hydrothermal dealumination and post-
incorporation of the [Sn] centres by chemical vapor deposition or
impregnation.’® However, high [Sn]-content in the Sn-Y zeolite
(up to 3.4 wt%) led to the formation of many inactive amorphous
extra-framework [Sn] species, which also caused partial blockage of
the zeolite pores and, hence, loss of catalytic efficiency.

[Sn]-OH SCFs were then obtained over mesoporous silica
by grafting various R,SnX, , precursors onto an activated
MCM-41 surface.**® In the presence of molecules with kinetic
diameter smaller than the Sn-BEA pore openings (ca. 0.6-0.7 nm),
mesoporous [Sn]-containing MCM-41 materials were less active
than the zeotype counterpart. However, on bulkier cyclic
ketones, such as adamantanone, cyclocitral, safranal, myrtenal,
cinnamaldehyde, para-methoxycinnamaldehyde and piperonal,
Sn-MCM-41 obtained from n-Bu,SnCl, showed good conver-
sions (up to 90%), high TONs and excellent selectivity.??*~3%¢
Such higher conversions (compared to Sn-BEA) are attributed to
large pore size and scarce hindering effects to diffusion.
[Sn]-based silica catalysts proved to be robust towards leaching,
although, catalyst deactivation was observed in some cases,
likely due to the strong absorption of lactone derivatives onto
the catalytically active sites. Interestingly, unsaturated ketones
can be oxidised with good chemoselectivity to unsaturated
lactones over [Sn]-OH sites, as they are practically inactive in
the epoxidation reaction.**?

Chem. Soc. Rev., 2018, 47, 8403-8437 | 8427
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4.3. Deperoxidation of cyclohexylhydroperoxide

The decomposition of cyclohexylhydroperoxide (chhp) into
cyclohexanol and cyclohexanone is a key step in the broader
oxidation process to obtain nylon-6 and nylon-6,6 polymers
from cyclohexane. At the commercial level, the decomposition
of chhp is performed over a homogeneous cobalt catalyst,
leading to KA-oil with a quite high overall selectivity. However,
the use of large amounts of alkaline species to neutralize the
carboxylic acid by-products is the major drawback in such an
approach.

Transition metals supported over inorganic oxides are suitable
solid catalysts for the deperoxidation of chhp (Fig. 22).>'83%7
Heterogeneous cobalt-containing catalysts were indeed able to
promote this transformation, mainly when they are grafted on
alumina, since the dimerization of the [Co]-species, leading to
loss of catalytic activity, is inhibited when the metal centres are
deposited on the oxide surface.**® The system proved to be
robust against Co leaching and full deperoxidation could be
achieved in short reaction times (60 min), with no evident
deactivation. On the other hand, when Co was embedded in a
mesoporous silica matrix, as in Co-TUD-1, the deperoxidation
activity of the metal sites was rather limited and the formation
of some cyclohexanone due to uncatalyzed thermal propagation
or termination reactions of the cyclohexylperoxo radical
was invoked.***"" Transition metals capable of undergoing a
one-electron switch, such as Co'™, Mn™ or cr™, are able to
catalyze the homolytic cleavage of chhp, then giving rise to the
formation of cyclohexanol, cyclohexanone and other oxyge-
nated side products (among which also molecular oxygen).*"?

Well-characterised surface-coordination species could be
prepared with group 4 metals over SiO,;, using the SOMC
approach.?'®3%7313 In these systems, group IV centres, which
are less prone to undergo a redox switch, promote the deper-
oxidation reaction via a heterolytic pathway. Accordingly, the
[M]-OR SCF acts as a coordination site for the cyclohexylperoxo
moiety, according to a mechanism that is fully consistent to the
one observed for chhp deperoxidation over metal-free acid beta
zeolites.”™*

Comparative deperoxidation tests showed that supported
[Ti] was the most efficient catalyst amongst the metals of group
4 (Table 3).*'* However, its activity is lower than the corres-
ponding molecular catalysts. It should also be mentioned that
metal leaching was detected for the initial reaction time
(ca. 30% of the overall amount), although specific heterogeinity
tests confirmed that leached species were not responsible for
the catalytic activity.**” Furthermore, the co-presence of radical
(uncatalyzed) pathways cannot be fully excluded.**

?R

[M] Deperoxidation

Metal Alkoxide

Fig. 22 Illustration of SCFs for the deperoxidation reaction.
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Table 3 Comparison of group 4 metals in cyclohexylhydroperoxide
deperoxidation

Ratio Ratio Conv. Init
Catalyst chhp/catal chhp/catal (h) (%) TON TOF (h™")
(=Si0);Ti(0'Bu) 260 6 85 221 187
(=si0),;zr(0'Bu) 260 6 45 118 32
(=si0);Hf(0'Bu) 260 11 40 104 20

“ TOF calculated at 0.5 h.

Group V metals (vanadium, niobium, tantalum) were stu-
died with a focus on alkoxo-type derivatives. This was due to the
difficulty to prepare alkyl or hydride-type compounds. Surface
organometallic complexes were prepared (i) either by grafting
an alkyl-complex in the presence of an alcohol or (ii) by starting
directly from an alkoxy-compound on silica. In all cases,
resulting complexes have been characterized by all surface
organometallic chemistry techniques (EXAFS and solid NMR
(1D and 2D with *C labeled compounds)). Several (mono-,
bi- and tri-podal) compounds were reported.*"?

Group V compounds presented comparable catalytic
performances to those obtained for Ti SCF. Remarkably, no
metal leaching was detected in solution, a rare case in hetero-
geneous catalysis with such reactive media, indicating a true
heterogeneous nature of the catalysts. As desired, two major
reaction products, cyclohexanol and cyclohexanone, were identi-
fied (Schemes 31 and 32). Since relatively lower yields were
achieved, with respect to the conventional homogeneous systems,
Ta-based SOMC have not yet found full industrial exploitation.*'®

4.4. Phenol oxidation into quinones

The selective oxidation of substituted phenols plays a key role
in several organic syntheses as well as in biochemical systems.
TS-1 zeotype cannot be efficiently used as the average kinetic
diameter of the substrate molecules are larger than the micro-
pores of the catalyst itself.*’” For this reason [Ti]-containing
mesoporous silica catalysts obtained by SOMC (Fig. 23) were

CIJJ = ?"’ h\ o~ oM
Si . L .2 rtal [a)
o
&d N
Ao MeOH \ /

f \' 0OH

H;0

Scheme 31 Possible mechanism of deperoxidation of cyclohexylhydro-
peroxide using a monopodal [Tal-methoxy catalyst.*'®
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Scheme 32 Possible mechanism of deperoxidation of alkyl-
hydroperoxide using a monopodal [Tal-bis-alkoxy catalyst.2®

Phenol Oxidation inte
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Fig. 23 lllustration of SCFs for phenol oxidation.

applied to the oxidation of 2,6-di-ter¢-butylphenol, DTBP, into
para-benzoquinone in the presence of aqueous H,0,.

Nevertheless, it is worth highlighting that the use of
[Ti]-catalysts with too large mesopore sizes or with a non-
porous structure (using a pyrogenic silica as a support)*”® did
not lead to any improvement in terms of catalytic performance
either.

Mesoporous [Ti]-, [Zr]- and [V]-silica catalysts were prepared
by grafting metallocene precursors onto the activated silica
surface. Even though these complexes were active in phenol
oxidation,?*”?18319320 gome of these systems suffered from
leaching of active species in the reaction medium. In particular,
this was observed for [V]-systems and, to a lesser extent, for
[zr]-based ones.*"’

A [Ti]-containing system, obtained by grafting titanocene
dichloride onto commercial non-ordered activated silica,**!3%2
was found to be the optimal catalyst, for the oxidation of 2,3,6-
trimethylphenol, TMP, to trimethyl-para-benzoquinone, TMBQ,
an important vitamin E intermediate. A quasi-quantitative yield
of TMBQ (99% yield) was obtained after 1 h and no leaching
of the homogeneous [Ti]-species was found, confirming the
heterogeneous nature of the catalysis. To further enhance
the catalyst performance (i) a polar aprotic solvent, such as
acetonitrile, was used together with (ii) a slight excess of H,0,,
(iii) a low phenol to [Ti] site ratio and, above all, (iv) an optimal
[Ti]-concentration in the range of 0.7-1.0 sites per nm*.**? The
plot of the chemoselectivity to TMBQ vs. [Ti] surface concen-
tration displayed a clear bell-shaped trend (Fig. 24).**> Indeed,
lower [Ti] concentrations led to poorly selective mixtures
of TMBQ and 2,2,3,3',5,5"-hexamethyl-4,4"-biphenol, while too

This journal is © The Royal Society of Chemistry 2018
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Fig. 24 Trend plot of TMBQ selectivity vs. [Ti] SCF surface density for a
series of mesoporous Ti-grafted silica catalysts. Reaction conditions: 0.1 M
TMP, 0.35 M H;0,, 0.006 mmol Ti sites, 1 mL acetonitrile, 80 °C, glass

batch reactor. Adapted with permission from ref. 322, Copyright 2009,
John Wiley and Sons.

high densities of [Ti] sites led to TiO,-like nano-domains and
consequently to an undesired disproportionation and decom-
position of H,0,.>%*

From experimental and spectroscopic evidence (especially
by DR-UV-vis and Raman spectroscopy), it was concluded that
[Ti]-OH were distributed in close proximity across silica meso-
pores. This is a key feature in order to reach high TMBQ
selectivity values. Moreover, the occurrence of a homolytic
pathway, leading to the formation of active phenoxyl radicals
during TMP oxidation over the [Ti]-silica catalyst, was confirmed
by EPR techniques using the spin-trap agent, 3,5-dibromo-4-
nitrosobenzene-sulfonic acid. Such evidence led to a mechanistic
picture of the catalytic oxidation of substituted alkylphenols to
quinones as reported (Scheme 33).>'%321:324

A fine tuning of the surface concentration of [Ti] SCFs was
confirmed on other thick-walled mesoporous Ti-SBA-15 systems
too, when used for the oxidation of a wide series of di- and
tri-substituted phenols.**®

4.5. Considerations and future perspectives

Single-site heterogeneous catalysts containing redox-active cen-
tres can find an application as alternatives to stoichiometric
non-catalytic processes, still largely used in oxidation reactions.
In these transformations, hazardous or environmentally
unfriendly reactants, also in over-stoichiometric ratios, are
indeed still largely employed. Single-site catalysts, with defined
SFCs, proved in some cases to be robust, easily recyclable and
virtually ideal candidates for setting up innovative chemo- and
regio-selective oxidation processes at the large-scale level.
Furthermore, thanks to large mesopore silica supports, bulky
substrates, typically used in fine chemical synthesis, can be
easily accommodated and the high added-value of the obtained
product can pay back the use of catalysts prepared by using
expensive or unusual building blocks.

Chem. Soc. Rev., 2018, 47, 8403-8437 | 8429
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Scheme 33 Oxidation of substituted alkylphenols to related quinines in
the presence of aqueous H,O, over dinuclear [Ti]l-OH SCFs. Adapted from
ref. 322 and 324.

However, the development of bio-inspired truly inorganic
equivalents of enzymes based on porous catalysts obtained via
SOMC, which show comparable activity and selectivity, is still
a challenge in most cases. The only notable exceptions are
the successful examples of zeolites and zeotypes containing
titanium (TS-1) and tin sites (Sn-BEA). This ends up in a major
limitation to the efficient use of single metal site catalysts at the
industrial level.

In this case too, a trans-disciplinary approach, based on the
interlinked cooperation across chemists with different skills
and backgrounds (in heterogeneous catalysis, organometallic
chemistry, molecular modelling, biochemistry, organic synthesis,
materials sciences, etc.) can be the only successful strategy to
obtain durable results in this field in the following years.

5. Conclusion

Energy and environment are crucial challenges of our modern
societies. Catalysis is at the centre of this paradigm. Among the
most important catalytic transformations related to energy and
environment, we have selected the activation functionalization
of methane and paraffins, the activation and functionalization
of CO, and the oxidation reactions. We have tried to show that
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when the active site is well defined, mostly, but not necessarily,
by the SOMC strategy, the resulting single site approach leads
to a rational understanding of the catalytic phenomenon. This
rational understanding leads (i) to the discovery of new catalytic
reactions which did not exist in homogeneous or hetero-
geneous catalysis, and (ii) to improved activities, selectivities
and lifetimes of already existing reactions.

For almost each case, the mechanisms proposed are derived
from the elementary steps postulated or demonstrated in
molecular chemistry. By mechanism, we mean here the ways
bonds are broken or formed to give the products and not the
full range of steps going from the adsorption of reactants, their
diffusion to the active site and the desorption of the products
from the surface to the gas or liquid phase. In most cases, we
have shown in this review article that the synthesis of the
catalyst is starting from a ‘“reaction intermediate” that was
postulated in molecular chemistry and presumed to be part of
the catalytic cycle. This reaction intermediate is either a surface
organometallic fragment (SOMF) or a surface coordination
fragment (SCF). In the case of the SOMF we have represented
this reaction intermediate by [M](-R)(-R’), but we have added a
spectator ligand X which may control the coordination, the
electron density of the metal, along with the steric requirements.
R and R’ can be identical or different. For example, in alkane
metathesis one generation of catalyst contains R = H for C-H
bond activation and R’ = CH,, for olefin metathesis. We have thus
introduced the concept of “‘cascade reactions” occurring on the
same metal. The concept of cascade reactions may also be
introduced by a combination of metal and support (as in
the case of methane dehydro-aromatisation with Mo/ZSM-5). In
the case of coordination fragments mostly used in oxidation they
frequently employ alkoxides or oxygen containing ligands (hydro-
peroxy). Lewis acids belong to this category as explained in the
mechanism of cyclic carbonate formation from CO, and epoxides.

Obviously other parameters than surface organometallic
fragments or surface coordination fragments play a role such
as (i) the rigidity of the surface which prevents bimolecular
reactions responsible for deactivation, (ii) the chemical properties
of the surface (e.g. acidity, redox, - ), (iii) the physical properties
of the surface (hydrophobic and hydrophilic, porosity, etc.). The
“single site” approach is thus enriched by the superposition of
the properties of the active metal/ligand associated with the
properties of the support, which makes this field unique, outside
classical homogeneous or classical heterogeneous catalysis.
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