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ABSTRACT
Exploring the Reactivity of Well-defined Oxide-supported Metal-Alkyl and
Alkylidyne Complexes via Surface Organometallic Chemistry

Aya Saidi

The aim of this thesis is to prepare and investigate the chemistry and reactivity of
different well-defined surface organometallic complexes that contain alkyl and
alkylidyne ligands. These pre-catalysts were used in various catalytic applications,
including olefin metathesis, CO2 conversion, alkanes hydrogenolysis, and
polymerization reactions.
The first chapter describes an overview of catalysis, the concept of surface
organometallic chemistry, preparation and reactivity of some alkylated SOMC
complexes along with selected catalytic applications.
The second chapter studies and compares the activity between [(≡Si−O−)W(-CH3)5]
and [(≡Si-O-)Mo(≡CtBu)(-CH2tBu)2] pre-catalysts experimentally and by DFT
calculations. In particular, we studied the self-metatheses of linear α-olefins. We also
studied the self-metatheses of linear α, β-unsaturated ester and acetates. We found
that both pre-catalysts perform almost equally in the α-olefin metathesis reaction
giving various classical metathesis products. However, in the case of functionalized
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olefin metathesis reaction, W pre-catalyst provides selective metathesis products and
performs much better than Mo that gives a range of isomerization products.
The third chapter presents the synthesis and characterization for the first time of the
molecular complex (THF)2Zr(CH3)4. This complex was later grafted on SiO2-700
yielding a mixture of [(≡Si−O−)Zr(CH3)3(THF)2] and [(≡Si−O−)2Zr(CH3)2(THF)2]
species. These supported pre-catalysts catalyze the conversion of CO2 and propylene
oxide to cyclic propylene carbonates with a TON of 4227, outperforming the
previously reported pre-catalyst [(≡Si−O−)ZrCl3(THF)2] with a TON of 1640.
The fourth chapter describes the synthesis of the first homoleptic Ti(CH3)4 in the
absence of any coordinating solvent. This complex was immobilized on SiO2-700
yielding two surface species [(≡Si-O-)TiMe3] and [(≡Si-O-Si≡)(≡Si-O-)TiMe3] which
were fully characterized by SOMC techniques. The pre-catalyst was used for the
hydrogenolysis reaction of propane and n-butane; TONs of 419 and 578 were
obtained, respectively.
The fifth chapter deals with the immobilization and characterization of TiMe2Cl2 on
SiO2-700 resulting in [(≡Si-O-)TiMeCl2] and [(≡Si-O-)TiMe2Cl] surface species. These
complexes were reacted with BARF to form the corresponding cationic Ti species
[(≡Si-O-)TiMeCl]+ and [(≡Si-O-)TiCl2]+. The neutral and cationic Ti pre-catalysts were
tested in the ethylene polymerization reaction. They exhibit almost similar activity;
linear HDPE of high molecular weight were obtained.
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Chapter 1
Introduction
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1.1. Catalysis
1.1.1. Introduction
The chemical industry produces a wide range of products for various applications
affecting nearly every aspect of our daily life.1, 2 In this regard, catalytic research and
applications have gained an increased attention for more than a century for different
reasons; catalysis plays an outstanding role for the manufacturing of many existing
chemical products. Additionally, it enhances the selectivity and reduces the reaction
time by eliminating the formation of side products, which saves energy and cost.3, 4
Nowadays, catalysis is contributing to technology development and economic
growth; it is estimated that catalysts are used in more than 75 % of current chemical
manufacturing processes.5
1.1.2. History
catalysis has been widely studied since the beginning of the nineteenth century, but
it was used for a longer time unintentionally in many processes such as the
saponification reaction through the hydrolysis of fat and oil and vinegar’s production
via ethanol oxidation.6
The term catalysis was initially introduced in 1836 by the Swedish chemist Jöns Jacob
Berzelius; he defined it as the decomposition of bodies due to a catalytic force. Later
on, the understanding of chemical reactions was progressed, and tremendous
research was performed, resulting in the discovery of various new catalytic
reactions.7, 8
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In 1895, The German chemist and Noble-prize winner Wilhelm Ostwald had
described the catalyst as a chemical reaction’s accelerator that does not alter either
equilibrium’s position nor the thermodynamics of the reaction.6, 9
After that, several new catalytic reactions have been developed, such as the HaberBosch process for commercial Ammonia synthesis in 1903.10, 11
Up to now, countless new processes and discoveries have been revealed. Besides,
catalysis become influenced by different factors such as the theoretical modeling that
helps to develop better catalytic systems, and the environmental protection
organizations which aim to minimize the chemical pollution on the planet.5
1.1.3. Definition
Catalysis is a molecular phenomenon used to accelerate the rate of a chemical
reaction by lowering its activation energy to reach the transition state using an
appropriate catalyst (Figure 1.1).5,

12

This chemical transformation is achieved

through repetitive catalytic cycles of elementary steps, during the catalytic reaction,
the catalyst should not be consumed and has to be regenerated to its primary state at
the end of each cycle. Generally, a good catalyst is characterized by three factors;
firstly, a high activity defined by either the turnover number (TON), which is the
number of moles of the products divided by the number of moles of the catalyst, or
by the turnover frequency (TOF) which is the TON per unit of time. Secondly, a long
lifetime or stability before the catalyst alters and, finally, an excellent selectivity
towards the desired product.4
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Figure 1.1. Potential energy diagram
1.1.4. Types
There are three main sub-categories in catalysis: Homogeneous, Heterogeneous, and
Biocatalysis.
1.1.4.1.

Homogeneous Catalysis

In Homogeneous catalysis, both of the catalyst and reactant(s) are in the same phase,
which is usually a liquid or gaseous state. Generally, the catalyst is an organometallic
complex, an acid/base, a salt, or an organic compound.13 Interestingly, the
homogeneous catalyst is characterized by well-defined active sites, which together
with its solubility, give an excellent selectivity and a high activity. Besides, the
catalytic mechanism can be explained on the basis of molecular chemistry, which
enables the tuning of the catalyst’s performances by varying the electronic and steric
environment around it. However, the low thermal stability of the homogenous
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catalyst (Maximum limit 250 °C) along with its difficult and expensive separation and
recovery, limits its use in industrial processes.4, 14
1.1.4.2.

Heterogeneous Catalysis

In heterogeneous catalysis, the catalyst and reactant(s) are in different phases.
Typically, the catalyst is solid, and the reactants are in a liquid or gaseous state. Most
often, the catalyst is a metal, metal oxide, or organic complex. Nowadays,
Heterogeneous catalysis is the base of the environmental and industrial chemistry; it
is used in around 85 % of all the catalytic processes such as oil cracking, ammonia
synthesis, etc.4, 15
The significant advantages of the heterogeneous catalyst are the thermal stability and
easy separation and recovery from the products. However, its non-solubility limits
the mass transfer and lowers its activity. Besides, it is difficult to assess and
understand the active centers and the catalytic mechanism. Moreover, the catalyst
can be poisoned when activators are used.13, 16
1.1.4.3.

Biocatalysis

Biocatalysis is based on the use of enzymes as catalysts. Apart from being ecofriendly, biocatalysts possess good activity, high specificity towards the substrates,
and excellent selectivity during the chemical reaction.

They provide 100 %

enantioselectivity for chiral products. However, their industrial application is limited
for multiple reasons such as difficulty in separation and recovery from the products,
the expensive cost to isolate enzymes, and the poor thermal stability.4, 17
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1.1.4.4.

Homogeneous vs. Heterogeneous Catalysis

Heterogeneous and homogeneous catalysis are the main sub-disciplines of traditional
catalysis. Both of them present a set of advantages and disadvantages in their ways;
the following table (Table 1.1) summarizes their major differences:16, 18-21
Table 1.1. Homogeneous vs. heterogeneous catalysis
Homogeneous catalyst

Heterogeneous catalyst

Reactivity

High

Lower

Selectivity

High

Usually low

Catalyst separation / Recovery

Difficult and expensive

Easy and cheap

Relatively easy

Very difficult

Modification of the catalyst

Easy

Difficult

Thermal stability

Poor

Excellent

Structure / Mechanistic
understanding

Only accessible
Active sites

All the molecules

molecules on the
surface

Cost

Expensive

Relatively cheap

1.2. Surface Organometallic Chemistry (SOMC)
1.2.1. Generalities
Heterogeneous catalysis is favored by the chemical industry owing to its enhanced
thermal stability and easy catalyst recovery and separation compared to the

25

homogeneous counterpart.22 However, it involves various types of low-concentrated
active sites with respect to the overall surface, these complex active sites are difficult
to understand, and their atomic structure is unknown. Therefore, the enhancement
or the development of a better catalyst is still hard to achieve.23, 24
From this perspective, the surface organometallic chemistry (SOMC) approach, a new
derivative area from the heterogeneous catalysis, emerged in the early 1970s and
mainly developed in the early 1980s by prof. J. M. Basset and R. Ugo. This strategy is
based on the transfer of the molecular chemistry concept of homogenous catalysis,
characterized by well-defined active sites, to the surface.25-36
The goal of SOMC is to bridge the gap between homogeneous and heterogeneous
catalysis; superficially, the surface organometallic complexes act as heterogeneous
catalysts regarding morphology and facile separation. Whereas they are considered
as well-defined and single-site systems due to their uniformly distributed active sites
throughout the oxide surface and behave like homogeneous systems.12, 24, 37, 38
1.2.2. Well-defined Catalyst
1.2.2.1.

Structure

The catalysts prepared by the SOMC strategy contain two main parts (Figure 1.2); the
organometallic complex composed of the metal and ligands (Functional and spectator
ligands) and the oxide support.39, 40
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Figure 1.2. The general structure of well-defined single-site catalyst prepared by
SOMC strategy 39
The catalytic activity depends on; the nature of the metal, which is usually a transition
metal (e.g., coordination sphere, oxidation state, size), the reactivity or anchoring
behavior or of the ligand(s), and the type of the oxide support (e.g., silica, alumina,
zeolite, titanium oxide). 39, 41, 42
1.2.2.2.

Characteristics

Single site catalysts are the centers where the reaction occurs, in other words, where
chemical bonds are broken and formed.43, 44 These sites are: 45, 46
-Spatially isolated
-Structurally well-characterized
-Usually work independently
-Have the same interaction energy with reactants
SOMC's key advantage consists of the generation of surface well defined single sites
species, which means that the electronic and molecular environment of the catalyst
could be defined.24

27

1.2.2.3.

Characterization Tools

The molecular structure and coordination sphere of SOMC complexes (Both support
and surface site) must be fully characterized and understood to establish a structurereactivity relationship and derive a catalytic mechanism. Multiple spectroscopic and
chemical characterization tools, added to those of solution chemistry, could be used
for that end. For instance; BET and N2 physisorption techniques are used to define
the morphology and surface area of the support, IR spectroscopy (FTIR, RAMAN,
DRIFT) is an essential tool to follow the grafting process and the modification of both
the surface and supported complex after specific treatments, solid-state NMR is a
powerful characterization technique to determine the molecular structure, etc.24, 47
1.2.3. Supports
1.2.3.1.

Generalities

The immobilization of organometallic complexes on the surface could be achieved
with a wide variety of supports with different morphology, porosity, and shapes
according to the grafted complex, targeted application, and reaction conditions.24, 48
The most common supports used in SOMC are silica, silica-alumina, alumina, titanium
dioxide, and zeolites.49-54 The oxide support is considered as an X-type anionic ligand;
hence it should be carefully selected in order to maintain both activity and selectivity
of the catalyst. Typically, supports should have a high surface area and must be
chemically inert and both thermally and mechanically stable.47, 48
1.2.3.2.

Types of Supports
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1.2.3.2.1. Silica
Silica or silicon dioxide SiO2 is an amorphous material characterized by high surface
area (50 - 1000 m2 g−1) and good thermal stability (even above 1100°C for some
types); it is frequently employed and widely reported in the literature as a support
for SOMC species.54, 55
Various forms and types of silica with specific characteristics could be obtained based
on the preparation procedure such as: silica nanoparticles, silica gel, silica
microspheres, and mesoporous silica (e.g., SBAS-15. MCM-41, KCC-1).56-61
For instance, Aerosil® or fumed silica (Figure 1.3), which is a non-porous material
hence minimizes the diffusion problem, is known for its high purity, small particle
size (10-30 nm), and high surface area (100 – 400 m2 g‒1 ).54

Figure 1.3. SEM (a) and TEM (b) image of fumed silica62, 63
Generally, silica is composed of connected tetrahedral units [SiO4], forming siloxane
bridges (≡Si-O-Si≡) and different sizes of siloxane rings (from flexible 12 to
constrained four-membered rings) characterized by infrared stretching band ν(Si-O-Si)
at 909-889 cm-1. The silica network is terminated by three different types of silanol

29

groups (≡Si-OH); vicinal (ν(O-H) = 3650 cm-1), geminal (ν(O-H) = 3750-3740 cm-1), and
isolated silanols (ν(O-H) = 3747 cm-1) as shown in figure 1.4.47, 54, 64

Figure 1.4. Siloxane rings and silanol groups47
The size of the siloxane rings and both of the type and density of silanol groups
present on the surface depend on the thermal treatment of the silica under vacuum.
During the dehydroxylation process of fumed silica under high vacuum (<10-5 bar),
neighbor silanol groups are condensed, adsorbed water is released, siloxane bridges
are formed, siloxane rings are strained and, the types of silanol groups change as their
density decreases. For instance, at 200°C, almost only vicinal silanol groups (≡Si-OH)
groups are identified. At higher temperature, at 500 °C, a mixture of vicinal and
isolated groups are present. Whereas, at 700 °C, only isolated groups (average
distance ≈ 13 Å) remain on the surface and they are easily characterized by one sharp
band in IR spectroscopy at 3747 cm-1 (Figure 1.5).47, 65-67 The amount of OH on silica
could be determined through titration with a precursor of methyl anion such as MeLi
where the liberated –CH4 molecules are quantified by GC.68 SiO2−700 contains ≈ 0.3
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mmol OH/g and it is considered as support of choice for well-defined single-sites
complexes as the grafted compounds are sufficiently equidistant from each other and
hence react independently.54

Figure 1.5. FT-IR spectrum of aerosol silica before and after thermal
dehydroxylation at 200, 500, and 700 °C under vacuum

1.2.3.2.2. Alumina
Alumina or Aluminum oxide (Al2O3), is a porous material with a surface area ranging
from 80 to 250 m2.g−1; it could be used as a catalyst or supporting material in a wide
range of applications (Figure 1.6).69
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Figure 1.6. SEM image of alumina sintered at 1400 °C70
Alumina is composed of a mixture of AlO4 and AlO6 units and presents a variety of
surface functionalities and allotropes (θ, δ, γ and α), which make it a complicated
surface structure to study compared to silica.69, 71 For instance, γ-alumina, which is
the most used form of alumina, incorporates 25% of AlO4 and 75% of AlO6, leading to
different types of Al with coordination number varying from 3 to 6. It possesses
multiple Al-OH sites with various acidic and basic surface sites (Figure 1.7); hence, a
mixture of surface species could generate after the grafting of the organometallic
complex.72-74

Figure 1.7. Different OH groups presented in γ-alumina74
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1.2.3.2.3. Silica-Alumina
Silica-alumina (SiO2-Al2O3) is a synthetic amorphous material composed of a mixture
of silica and alumina; thus, it exhibits their combined features, which makes it a more
complex material to study and understand (Figure 1.8). It can be prepared by
different methods such as sol-gel, co-precipitation, and impregnation.75-77 Same as for
alumina, silica-alumina could be used as a catalyst or as immobilization support.78-80

Figure 1.8. SEM image of calcinated mesoporous silica-alumina with different Si/Al
ratios81
Although the surface of this material contains a variety of sites; silanols (isolated or
bridging), bronsted acid, lewis acid, and bridging Si–(OH)–Al groups as in zeolites
(Figure 1.9), it is dominated by silanols.82, 83 These groups could be characterized by
the similar bands in IR spectra as for silica, however, because of the interaction with
Al sites, the bands are slightly broader.83 It was reported that the grafting process of
organometallic species takes place mainly with the surface silanols. Besides, different
research works revealed that when the silica-alumina partially dehydroxylated at
500 °C, the major grafted complexes are mono-grafted, which resembles to the
grafted species on silica.47, 80, 84
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Figure 1.9. Different OH groups presented in silica-alumina83

1.2.4. Surface Organometallic Fragments (SOMFs)
The SOMC strategy leads to the formation of well-defined surface organometallic
fragments (SOMFs) and surface coordination fragments (SCFs) and the isolation of the
reactive intermediates.85 Once these species are characterized, the structurereactivity relationship can be assessed, and the elementary steps may be predicted,
which eventually gives an insight into the catalytic mechanism. This approach is
defined as catalysis by design as it enables to improve or develop a predictable
catalyst for an existent or a new process, which is the main objective of SOMC.36, 86-88
The outcome of the catalytic process depends on the nature of the metal center and the
structure of the SOMF or SCF (e.g., M-H, M-C, M=C, M≡C) combined. Each type of
fragment displays a specific reactivity to the substrate, so various catalytic reactions
were

promoted

(e.g.,

olefin

polymerization,

alkane

metathesis,

alkane

hydrogenolysis). Besides, these fragments can be transformed into other types of
structures by pretreatments or during the reaction.39, 42, 89
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A variety of SOMFs and SCF were prepared and fully characterized,

85

figure 1.10

highlights typical examples of these fragments along with their corresponding
catalytic reactions.

Figure 1.10. Different SOMFs and SCFs42

1.3. Supported Early Transition Metals
1.3.1. Grafting of Organometallic Complexes over the Surface
Organometallic complex MXnLm (where M is the metal center, X is an X-type ligand, n
is the number of X ligands, L is an L-type ligand, and m is the number of L ligands) is
grafted on the oxide support by reacting with the hydroxyl group of the surface MsOH (Ms is the metal of the support). Multiple examples of early and late transition
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metals immobilized through this strategy were reported.24, 38 Early transition metals
(metals on the left of the periodic table), are electron-deficient as they have empty dorbitals, they possess Lewis acid character, so they are highly oxophilic in nature.
Therefore, the grafting reaction is thermodynamically favorable and proceeds by the
nucleophilic attack of the surface oxygen atom on the M-X bond; this leads to the
formation of covalently bonded well-defined sites 35, 47, as it is explained in figure 1.11
and the following equation:
Ms–OH + MXnLm  Ms–O–MXn-1Lm + HX
Regarding late transition metals (metals on the right of the periodic table), the results
are the same, but the grafting occurs by an electrophilic attack of the surface protons
on the electron-rich metal centers. In this thesis, we will be concentrating only on the
synthesis, characterization, and catalytic properties of early transition metals.90
Besides, for some special cases, when highly dehydroxylated silica (i.e., at 1100 °C) is
used, it was found that the grafting process can take place by opening the strained
siloxane bridges/rings, along with the reaction with the hydroxyl groups.91, 92

Figure 1.11. Grafting modes of organometallic complexes over oxide support35, 91
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The grafting procedure of the organometallic complex on the support is achieved in a
double Schlenk flask under an anhydrous and anaerobic environment. In the first
step, inside a glovebox, the organometallic precursor and the oxide support are
loaded separately on each side of the double Schleck. After that, the flask is evacuated
under high vacuum, and the solvent is transferred to the pre-catalyst precursor
compartment under stirring. Once the pre-catalyst is dissolved, the solution is
transferred to the oxide support chamber through the frit filter. The reaction mixture
is stirred for a specific time to complete the reaction. In the end, the supernatant is
filtered, and the solid is washed a few times with the solvent and dried under vacuum
(Figure 1.12).47

Figure 1.12. Grafting procedure of SOMC complexes
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After grafting, the catalytic complex could be used directly or after post-synthesis
activation, such as thermal treatment or contact with a reactive gas.
1.3.2. Examples of Prepared SOMC Alkylated Complexes
Grafting of organometallic complexes and precisely metal alkyls systems MRn (n=4, 5,
6) of groups 4, 5, and 6 metals on the surface oxide is a thermodynamically favored
reaction generally leading to strongly bonded surface well-defined species Ms-OMR(n-m) (m=1,2) with the elimination of RH product.93,

94

From this perspective,

various early alkylated surface complexes were prepared since the 1970s using
multiple ligands such as allyl, 93, 95 methyl,96 neopentyl,97 benzyl98, and neosilyl.99 In
this thesis, we will focus on methyl and neopentyl/neopentylidyne derivatives.
1.3.2.1.

Group IV Complexes

The first prepared and fully characterized example in this range was the silicasupported zirconium tris-neopentyl system [(≡Si-O-)Zr(-CH2tBu)3]. This complex
was prepared by sublimation of [Zr(-CH2tBu)4] onto SiO2-500100, then SiO2-700101
leading to 100 % monopodal species. Same results were observed with Ti based
complex [(≡Si-O-)Ti(-CH2tBu)3]102, 103 (Scheme 1.1).
Whereas, while [Hf(-CH2tBu)4] is grafted on SiO2-500, the reaction generates a mixture
of 70 % mono [(≡Si-O-)Hf(-CH2tBu)3 and 30 % bipodal species [(≡Si-O-)2Hf(CH2tBu)2].104 But when SiO2-700 was employed, only monopodal species obtained.101
(Scheme 1.1)
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Scheme 1.1. Synthesis of silica-supported Zr, Ti, and Hf tri-neopentyl complexes105
The grafting of these species was performed onto other supports as well, such as
silica-alumina SiO2-Al2O3-500; it was found that Zr complex forms only monopodal
species84 whereas Ti complex forms a mixture of 40 % mono [(≡Si-O-)Ti(-CH2tBu)3]
and 60 % bipodal complexes [(≡Si-O-)2Ti(-CH2tBu)2].106
These supported metal alkyls were the precursors of their corresponding hydrides
[(≡Si-O-)(4-x)M(H)x] (M= Zr, Ti, Hf; x = 1, 2) when treated with hydrogen gas at
150°C.102, 107, 108 The surface metal hydrides are very active in C-H bond activation
reactions (e.g., hydrogenolysis of alkanes).109
1.3.2.2.

Group V Complexes

Different alkyl metals from group 5 were grafted on the surface using the SOMC
strategy. For instance, Ta based complex [Ta(=CHtBu)(-CH2tBu)3] was immobilized
onto

the

silica

surface

to

yield a

mixture

of

65%

mono

[(≡Si-O-

)Ta(=CHtBu)(CH2tBu)2] and 35% bipodal species [(≡Si-O-)2Ta(=CHtBu)(-CH2tBu)]
when SiO2-500 110 is used and 100% monopodal components on the surface of SiO2700.111
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The grafting of this complex occurs differently than other neopentyl containing
precursors; it proceeds via the addition of the Ta carbene bond (Ta=C) to the silanol
bond to generate Ta tetra-neopentyl surface species (in the case of SiO2-700). This
latter will undergo an α-H transfer with the elimination of one Np group to form Ta
neopentylidene tri-neopentyl species [(≡Si-O-)Ta(=CHtBu)(-CH2tBu)2] (Scheme 1.2).
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The Ta precursor [Ta(=CHtBu) (-CH2tBu)3] has been grafted on other oxide supports
such as Al2O3-500 forming a mixture of mono and bipodal complexes in equal ratios.112

Scheme 1.2. Synthesis of silica-supported Ta tri-neopentyl neopentylidene
complex105
A very relevant example is the grafting of the homoleptic Ta pentamethyl complex
[Ta(CH3)5], which is highly unstable and decomposes at room temperature. It was
stabilized upon grafting on silica to yield a mixture of monopodal [(≡Si-O-)Ta(-CH3)4]
(65 ±5%) and bipodal [(≡Si-O-)2Ta(-CH3)3] (35 ±5%) complexes when SiO2-500 is
used113 and only monopodal species in case of SiO2-700 (Scheme 1.3)114.
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Scheme 1.3. Synthesis of silica-supported Ta tetra-methyl complex114
By analogy with group 4 grafted metals, these Ta based complexes are precursors for
Ta-H surface fragments when treated with H2 at 150°C.115, 116
Another example from group 5 is the homoleptic Niobium tetra-methyl complex
immobilized on silica 700 [(≡Si-O-)Nb(-CH3)4]; the preparation of this compound
proceeded differently in two steps; firstly, NbCl3(CH3)2 was immobilized onto SiO2-700,
then the resulted complex [(≡Si-O–)NbCl3(-CH3)] is alkylated with dimethyl zinc
(Scheme 1.4).117

Scheme 1.4. Synthesis of silica-supported Nb tetra-methyl complex117

1.3.2.3.

Group VI Complexes

Similar to the metals of groups 4 and 5, various group 6 metal alkyls have been
stabilized over oxide supports. For instance, W and Mo tri-neopentyl neopentylidyne
complexes ([W(≡CtBu)(-CH2tBu)3] and [Mo(≡CtBu)(-CH2tBu)3]) were grafted onto
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SiO2-700 giving their corresponding monopodal species [(≡Si-O-)W(≡CtBu)(CH2tBu)2] and [(≡Si-O-)Mo(≡CtBu)(-CH2tBu)2] (Scheme 1.5).118, 119 These complexes
were found very active in olefin metathesis and hydro-metathesis reactions in
contrast to the alkane metathesis reaction.105, 120
To enhance the activity in alkane metathesis reaction, the corresponding hydrides of
the supported W complex [(≡Si-O-)W(≡CtBu)(-CH2tBu)2] were isolated after
treatment under H2 at 150 °C. However, the reactivity has not been improved.105, 121
After that, W complex was grafted on Al2O3-500 to enhance the Lewis acidity of the
metal center hence its activity. 80
Likewise, chromium tetra-neopentyl [Cr(-CH2tBu)4] was grafted on SiO2-500 to yield
monopodal organometallic fragment [(≡Si-O-)Cr(-CH2tBu)3], while when SiO2-200 is
used, only bipodal surface fragments [(≡Si-O-)2Cr(-CH2tBu)2]were obtained (Scheme
1.5).99

Scheme 1.5. Synthesis of silica-supported W, Mo and, Cr neopentyl complexes99
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Among the most relevant examples in SOMC is the immobilization of tungsten
hexamethyl [W(-CH3)6] on oxide supports. This homogeneous complex was firstly
prepared by G. Wilinkson and his research group in 1975, and it was classified as an
explosive and extremely unstable complex at room temperature.122 However, this
complex was grafted on silica for the first time by M. Samantaray and al. in 2014.123
Interestingly, its stability was significantly enhanced up to 100 °C, and various
catalytic reactions based on the activation C–H and C–C bonds were accessible and
mechanistically understood.42, 105 [W(-CH3)6] was grafted onto SiO2-700 to generate the
monopodal complex [(≡Si-O-)W(-CH3)5] (Scheme 1.6).123

Scheme 1.6. Synthesis of silica-supported W hexamethyl complex123
The reactivity of [W(CH3)6] was extended by grafting it onto other supports such as
SiO2-Al2O3-500, forming a mixture of mono [(≡Si-O-)W(-CH3)5] and bipodal species
[(≡Si-O-)2W(-CH3)4] by transferring one –CH3 group to the aluminum atom. The
catalytic activity was enhanced to achieve a TON of 350 in n-decane metathesis but
with similar products distribution as that with silica.124
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The complexes of group 6 metals are well known for their activity in olefin
polymerization and metathesis reactions as well as in metathesis and hydrogenolysis
of alkanes at lower temperatures.125, 126
1.3.3. Reactivity of SOMC Complexes and Surface Organometallic Fragments
SOMC complexes are extremely electron-deficient (sometimes 8-12 electrons), thus
highly reactive towards specific catalytic applications depending on the coordinated
organometallic fragments in addition to the metal’s properties and the support’s
nature.
Among the most essential catalytic applications is the conversion of different classes
of chemicals such as carbon dioxide, alkanes, and olefins to more valuable products,
various processes have been developed for this end like the dehydrogenation of
propane to propene127 or the direct transformation of liquefied petroleum gas to
useful aromatic compounds through C-H and C-C bonds activation.89 Nevertheless,
the activation of these bonds remains a challenge due to their elevated dissociation
bond energy (85 - 100 kcal/mol).42
J. Chatt and J. M. Davids have reported the first C-H bond activation in 1965.128 Since
that time, tremendous efforts were dedicated to explore and understand this field. It
was found that the resulted SOMC complexes having a hydride (M-H), alkyl (M-R),
alkylidene (M=R) and/or alkylidynes (M≡R) ligands are able to react specifically with
hydrocarbons. The C-H bond activation proceeds through the formation of
organometallic intermediates during the reaction’s steps. These intermediates are
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the key for various reactions such as metathesis and cross-metathesis of linear and
cyclic alkanes and olefins, hydrogenolysis of alkanes, and hydrogenation and
polymerization of alkenes.23, 39, 85
The first step in the C-H bond activation by the SOMC d0 complexes is the formation
of M-alkyl bond either via σ-bond metathesis using M-H and M-C fragments, or via an
addition reaction using M=C and M≡C bonds. After that, the intramolecular reactions
could take place; firstly, R-H abstraction on bis-alkyl or alkyl-alkylidene surface
species allow the formation of M-alkylidene and M-alkylidyne intermediates,
respectively. After that, hydrogen transfer or abstraction processes take place leading
to chain transfer and walking reactions and catalyst’s deactivation.36, 89, 129
1.3.3.1.

Metal alkyl Surface Fragment (M-R)

Metal alkyl (M-R) surface fragment compromise various complexes, they are known
for catalyzing the polymerization reactions,130 and they are precursors for different
intermediates such as M-H under H2 treatment. Besides, (M-(R)2) fragments were
found to be active in metathesis reactions.131
For instance, [(≡Si-O-)Ta(-CH3)4] and [(≡Si-O-)W(-CH3)5] complexes are precatalysts for alkane metathesis reaction. Upon the thermal treatment, they are
transformed into reactive catalysts; Ta complex is converted to a mixture of Tacarbene species [(≡Si-O-)Ta(=CH2)(-CH3)2] and [(≡Si-O-)2Ta(=CH2)(-CH3)] with the
release of methane gas via α-H transfer. Whereas W complex is transformed to a
mixture

of

W-carbyne

fragments

[(≡Si-O-)W(≡CH2)(-CH3)2]

and

[(≡Si-O-
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)2W(≡CH2)(-CH3)], these species are in equilibrium with W-bis-carbene products
[(≡Si-O-)W(=CH2)2(-CH3)] and [(≡Si-O-)2W(=CH2)2].114, 132
1.3.3.2.

Metal Hydride Surface Fragment (M-H)

Metal hydrides (M-H) were thoroughly studied due to their significance in various
homogenous as well as heterogeneous catalytic processes.
Supported metal hydrides are the simplest structure of SOMF, although they do not
strictly belong to the classification of organometallics. They are usually generated
from metal alkyl via hydrogenolysis reaction (Treatment of M-R under H2 to give MH and RH by σ-bond metathesis reaction),39 besides it was proven that M-R fragments
could be transformed to M-H by β-H elimination in the depolymerization reaction of
polyethylene under H2 using group 4 based complexes.84
M-H could promote various types of C-H bond activation (e.g., alkane metathesis and
hydrogenolysis, isomerization of olefins...) at low temperatures. 39,
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The first

observed M-H example was Zr hydride complex issued from H2 thermal treatment
(100-200 °C) of [Zr(C3H5)4] supported on SiO2–450 in 1970 by Y. I. Yermakov and al.133
Later, the process was extended to different Zr alkyl complexes such as [(≡Si-O-)Zr(-CH2tBu)3] which lead to [(≡Si-O-)(4−x)Zr(H)x] (x = 1 or 2) under hydrogen treatment at
150°C.107 Other catalysts were used as well to generate their corresponding hydrides
like Ti, Hf, Ta, and W based alkyl complexes.134
1.3.3.3.

Metal Alkylidene Surface Fragment (M=R)
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Depending on the substitution at the carbon of the carbene group, two classes of
metal carbenes were reported; the first type is the Fisher carbene prepared by E. O.
Fischer in 1964, it has a carbonyl fragment (M=C-OR) thus an electrophilic carbon
center and characterized by a stoichiometric reactivity explored in organic
synthesis.135, 136 The second type is the Schrock carbene developed by R. R. Schrock
in 1986, it is characterized by a nucleophilic carbene having a hydrogen atom or an
alkyl group (M=C-R).137 This later is known for its stoichiometric and catalytic
activities, specifically in the olefin metathesis reaction, where the catalytic output
depends on the type of spectator ligand and metal center.138, 139
The first isolated SOMC complexes that contain carbenes (M=CR2) were ([(≡Si-O)2Nb(=CH)],140

[(≡Si-O-)Mo(=CHC(CH3)3)(=NH)(-CH2tBu)]

and

[(≡Si-O-

)Re(≡CC(CH3)3)(=CHC(CH3)3) (-CH2tBu)].141
On the other hand, the multifunctional complex containing carbene and hydride
fragments (M(=CR2)(H)) was identified upon the discovery of alkane metathesis
reaction with SOMC hydrides-containing catalysts in 1997 by J.M. Basset et al.

121

These fragments were found to be active in metathesis reactions (of both linear and
cyclic alkanes) such as the conversion of ethylene, 1-butene or 2-butene to propylene
85, 142, 143

1.3.3.4.

and the iso-metathesis of cyclooctane and n-decane.124, 144
Metal Alkylidyne Surface Fragment (M≡R)

Similarly, as for metal carbene groups, metal alkylidyne surface fragment (M≡C-R)
are classified to electrophilic Fisher carbyne (in complexes of 18 electrons) and
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nucleophilic Schrock carbyne (in d0 early transition metal complexes).145, 146 This
latter category is essential in the alkyne metathesis reaction.145
Schrock carbyne could serve as a pre-catalyst for alkane metathesis reaction upon
conversion to metal carbyne alkyl ((M(≡CR)R’) in the presence of an alkane, then to
metal carbyne hydride ((M(≡CR)H) via β-H elimination.147 Additionally, metal
carbyne hydride fragment (M(≡CR)H) is catalytically active in the cyclotrimerization
of alkynes.148

1.4. Catalytic Applications
1.4.1. Metathesis of Alkanes
Alkanes are the major constituents of liquid fuels, specifically, the n-alkanes from the
range of C9-C20, which is considered as the ideal composition for diesel engine149, 150.
However, due to the limitation of natural resources (the petroleum reserves) and the
exponential global increase in the oil demand, alternative methods to transform wax,
methane, and biomass to liquid paraffin have emerged.150
In this context, the alkane metathesis reaction has been discovered and developed
during the past decade. In this reaction, transformation of a given alkane into its
higher and lower homologs takes place at different chain lengths through C-H bond
activation 149-151 as in the following equation:
2 CnH2n+2  Cn+i H2(n+i)+2 + Cn-i H2(n-i)+2 (n>2; i = 1, 2… (n−1))
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Supported metal complexes usually catalyze this reaction,150 two main families of
catalyst systems have been developed according to the mechanism: the dual catalyst
system and the single-site catalyst system.152
In this thesis, we will focus on single-site systems; this complex is a multifunctional
single-site catalyst that can achieve the three steps of alkane metathesis reaction on
a single metal; the dehydrogenation of paraffin to olefins, metathesis of olefins to new
olefins, and finally, hydrogenation of newly formed olefins to alkanes.149, 153-155
Initially, this system was reported by Basset and coworkers in 1997; they have
developed a silica-supported SOMC Tantalum hydride system working at mild
conditions (150 °C). 121
Since that time, efforts have been made to develop better and more efficient catalytic
systems. Consequently, numerous molybdenum, zirconium, tantalum, and tungstenbased complexes have been reported,105, 121, 149 most of them were able to transform
light alkanes into their lower and higher homologs .156
For instance, in the metathesis of propane at 150 ᴼC in a batch reactor, [(≡Si-O-)Ta(CH3)4] exhibits a TON of 49 after 120 h with a distribution of alkanes from methane
to hexane whereas [(≡Si-O-)W(-CH3)5] displays a TON of 127. By comparing these
results with those of [(≡Si-O-)W(≡CtBu)(-CH2tBu)2] (TON<1)

118,

a significant

improvement was achieved. This can be explained by the fact that it is easier to form
metal-hydrides (main intermediates for C-H bond activation) from methyl ligand
rather than neopentyl.42 Besides, less bulky ligand offers better accessibility to the
active center.
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Regarding the mechanistic overview, as it is described earlier, the presence of metalalkyl and metal-hydride intermediates or polyfunctional catalyst (M(=R)(H)) in situ
is crucial for the reaction; the first step is the formation of (M-H) species by σ-bond
metathesis, after that, the resulted alkyl undergoes an α or β-H elimination to
generate the corresponding olefin via a metallacyclobutane through (M=R) fragment.
Finally, the newly formed olefins are reduced to alkanes. The catalytic mechanism of
propane metathesis using the catalyst precursor [Ta]-H in scheme 1.7 clarifies these
steps.89, 105, 157, 158

Scheme 1.7. Detailed Catalytic mechanism of propane metathesis using the
precatalyst [Ta]-H 159
1.4.2. Metathesis of Olefins
Olefin metathesis reaction is considered as one of the most crucial chemical processes
for C=C bond formation as it opens up new synthetic routes to various chemicals that
gain interest in different fields such as in the pharmaceutical and petrochemical
sectors.160, 161 Its history started in 1955, with Anderson and Merckling, who formed
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a new polymer when they employed TiCl4/EtMgBr for the polymerization of
norbornene.162 In 1964, Banks and Bailey reported and described this process as a
new disproportionation reaction that converts alkenes into their higher and lower
homologs.163, 164 Later, in 1967, the “olefin metathesis” name was attributed to this
metal-catalyzed reaction by Calderon and co-workers. 165, 166
After that, in 1971, the catalytic mechanism of olefin metathesis reaction was initially
introduced by Chauvin and Herisson; they proposed that the key intermediate or
active site in this reaction is the metallocarbene formed by the coordination of the
olefin to the M-alkylidene, followed by [2 + 2] cycloaddition then cyclo-conversion as
shown in scheme 1.8. 167-169

Scheme 1.8. Catalytic mechanism of olefin metathesis reaction proposed by
Chauvin and Herisson167
There are multiple classes of olefin metathesis reactions, such as the cross-metathesis
(CM) between two different olefins, the ring-closing metathesis (RCM) characterized
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by an entropic driving force, and ring-opening metathesis (ROM) where the driving
force is the release of the strained olefinic rings. 170
Different classical heterogeneous catalysts are used in industries for this process,
such as WO3/SiO2 and MoO3/Al2O3. However, they operate at high temperature, the
concentration of active sites is minimal, and their structure is unclear.171-173
This has led to the development of various homogeneous and heterogeneous
molecular catalysts that work at lower temperatures, such as Ruthenium based
catalysts and Schrock complexes.174-176
1.4.3. Hydrogenolysis of Alkanes
The hydrogenolysis of alkanes is a useful process to convert alkanes, waxes, or
polymers to new valuable compounds. It consists of “cutting” the hydrocarbon chain
in the presence of hydrogen gas using an appropriate catalyst. This reaction is
possible with SOMC complexes at low temperatures when surface supported metal
hydrides are used.89 These catalysts differ from each other by the reactants
selectivity, final product distribution, and catalytic mechanism.
It was found that group 4 metal hydrides (Ti, Zr, and Hf) are active for hydrogenolysis
of both linear and branched alkanes except ethane.47 The catalytic mechanism
involves firstly, the C-H bond activation of the alkane by σ-bond metathesis to form
M-alkyl bond from M-H bond, followed by C-C bond activation through β-alkyl
transfer to give a metal alkyl coordinated olefin fragment, then the alkane is released
by σ-bond metathesis under H2 followed by insertion of the olefin into M-H bond.
Finally, the metal alkyl is hydrogenated in the presence of H2 (by σ-bond metathesis

52

reaction). 177, 178 Whereas for group VI metals, like Ta and W hydrides, the activation
of the C-H bond of the alkane occurs by α-alkyl transfer to yield metal alkyl alkylidene
intermediate

109

as shown in scheme 1.9, it means they can even activate smaller

alkanes like ethane.

Scheme 1.9. Hydrogenolysis mechanism using Zr-H (left) and Ta-H (right) surface
fragments 42
The importance of the hydrogenolysis process is relevant when long-chain
hydrocarbons are cut into smaller and more valuable chemicals. For instance, the side
products of Ficher–Tropsch (wax) cannot be valorized in industry. However, they
could be converted catalytically to diesel fuel and gasoline products via group 4 metal
hydrides complexes. 106, 109
Another interesting example is the cleavage of polymers

179, 180,

such as the

transformation of linear low-density polyethylene to polyethylene with alkyl
branches abstraction. This was achieved with Zr hydride surface fragment; while ZrH cleaves the polymer chain by β-alkyl transfer, the formed Zr-R intermediate
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undergoes successive β-H eliminations, followed by olefin insertion then release of
branched alkyl.39
1.4.4. Polymerization of Olefins
Polymerization is a highly important process widely used in industries to produce
different kinds of products (e.g., packages, textiles, automotive, resins materials).181
Specifically, olefin polymerization was developed around 70 years ago using firstly
two heterogeneous catalytic systems; Phillips and Ziegler-Natta catalysts. 182 Phillips
catalysts were developed in 1953 183; they are based on chromium oxide supported
on silica and works without co-catalysts in a series of redox reactions.

47

Whereas

Ziegler Natta complexes consist of employing Ti-based catalyst (TiCl4) supported on
MgCl2 with AlR3 (R= alkyl group) as co-catalyst,

47, 184

they were prepared by Karl

Ziegler and Giulio Natta, because of this discovery, they won the noble prize in
1963.185 Later on, the homogeneous metallocene systems coupled with co-catalysts,
notably methyl-aluminoxane (MAO) discovered by W. Kaminsky in 1979,186
enhanced enormously the activity towards olefin polymerization.187, 188
After that, research was directed to immobilize metallocene species on the surface to
create single-site systems. Nevertheless, for instance, when ZrCp*2Me2 was grafted on
silica, the obtained neutral system was almost not active for the polymerization
reaction. Consequently, multiple strategies have been implemented to create cationic
centers.

24, 189, 190

For example, the metallocene complex is converted to cationic

species and form an ionic pair with the surface when this latter is pretreated with an
alkylating agent to remove hydroxyl groups.

However, the metallocene is not
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covalently bonded to the surface in this way.

191

An alternative method is to use

supports with Lewis acid center such as alumina and-silica alumina; therefore, the
grafting of the Zr complex may induce the transfer of methyl group to adjacent vacant
Al sites. It was found that [Cp*ZrMe3/Al2O3(500)] has the best activity using this
strategy, but it is still lower than the homogeneous counterpart189. Another
interesting approach is to use a non-coordinating Lewis acid such as B(C6F5)3 as a cocatalyst with the Zr complex and neutral surface to create ionic pair species of the
type [[(≡Si-O-)ZrCp2*Me]+[MeB(-C6F5)3]-] when ZrCp2*Me2 is employed. This can be
achieved either by grafting Zr complex first on the surface, then adding the Lewis acid
or the opposite by reacting the co-catalyst with the surface prior to the grafting of the
catalyst. 24, 130 Interestingly, a new approach was established by EXXON Corporation
to yield high active single-site and floating cationic catalysts through the treatment of
the silica with both B(C6F5)3 and dimethylaniline before introducing a dialkyl based
complex. 192, 193
Many SOMC catalysts and supports with tuned properties were investigated for this
reaction. For instance, Hf and Zr tetraneopentyl supported on alumina yield a mixture
of [(≡Al-O-)2M(-CH2tBu)2] and [[(≡Al-O-)2M(-CH2tBu)+][AlCH2tBu−]] (M= Zr, Hf) and
display a good reactivity for ethylene polymerization.194, 195
1.4.5. Valorization of Carbon Dioxide
Global warming and subsequent climate change coming from emissions of
greenhouse gases in the atmosphere are considered as one of the biggest problems in
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our century. The increasing level of these harmful emissions is altering the
environment dramatically and threatening human health. 196, 197
Carbon dioxide (CO2) is considered as one of the leading greenhouse gases and
environmental pollutants. Its concentration is regularly increasing in parallel with
the population of the earth. It is accumulating in the air in a way that cannot be
treated. In 2018, CO2 emission reached 415 ppm. 198, 199
Consequently, to control these hazardous gases, international efforts were
dedicated to developing efficient strategies to reduce these emissions and to
minimize the use of fossil fuels by replacing them with renewable resources. 197, 200,
201

Nevertheless, due to the current industrial and economic growth, the decrease in CO2
emissions is extremely challenging and almost impossible. 198 Thus, CO2 recycling and
valorization to fuels and industrially relevant compounds are optimal strategies to
solve this problem. 202
One pertinent example is the dry reforming of methane; this process uses two
greenhouse gases, CH4 and CO2, and convert them to synthesis gas composed of a
mixture of CO and H2. This approach has gained significant attention at it uses a large
amount of CO2 and produces valuable gases that could be used for Fischer–Tropsch
synthesis.203 Meta-based complexes usually catalyze this process (i.e., Rh, Pt, Au, Ni,
Cu) in the form of nanoparticles.204, 205
Another important process is the use of CO2 as a renewable and non-toxic C1 building
block for the preparation of useful chemicals. Specifically, the conversion of CO2 and
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epoxides to cyclic organic carbonates, which are considered as long term storage of
carbon dioxide.

202, 206

These carbonates could be used as electrolytes in lithium

batteries, nanoparticle stabilizers, and polar solvents.

207-209

Besides, they are

considered as crucial intermediates for the preparation of various useful chemicals
such as; polycarbonates, methanol, and ionic liquids. 210-212
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2.1. Introduction
2.1.1. Olefin Metathesis Reaction
Olefin metathesis is an essential part of catalysis in chemical and petrochemical
research.1-5 It was early discovered by Anderson and Merckling in the 1950s,6 then
by Banks and Bailey in the 1960s 7. The understanding of its mechanism came in the
1970s by Y. Chauvin et al., which led him to be awarded the Nobel prize in 2005 along
with R. H. Grubbs and R. R. Schrock for their relevant work in the olefin metathesis
field.8, 9, 10
Since the discovery of this reaction, much progress has been achieved in this area. 11
Predominantly, the progress in the understanding of this reaction, came from the
homogeneous catalytic systems, specifically Ruthenium based catalysts and
Molybdenum Schrock complexes rather than the heterogeneous ones.11-14 The
primary problem encountered in heterogeneous catalytic systems is the fact that the
so-called “active sites” are not well-defined.4 Till now, there are not enough tools
developed for their characterization to comment precisely on both the nature and
number of these active sites. This problem slowed down the development process of
heterogeneous catalysts. On the other hand, homogeneous catalytic systems are in
principle well-defined in nature, which makes them fully adaptable to develop further
new catalysts for various catalytic reactions.1, 15
2.1.2. Olefin Metathesis using SOMC Complexes
Early transition metal-oxide (WO3, MoO3, and Re2O7) supported on oxide supports
and late transition metals, specifically organometallic ruthenium complexes, are well
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known for olefin metathesis reaction.4, 16 Surface organometallic chemistry could be
a good approach to erase the existing gap between homogeneous and heterogeneous
catalysts by grafting the molecular organometallic complex on various oxide surfaces
making them heterogeneous. This opens up opportunities for easier and better
characterization as well as further development of new catalysts.17-19
In this regard, M. Chabanas et al. prepared the first well-defined surface catalyst for
olefin metathesis reaction [(≡Si-O-)Re(≡CtBu)(=CHtBu)(-CH2tBu)] in 2001.

20, 21

Later, series of Mo, W and Re carbene containing catalysts were developed such as
[(≡Si-O-)M(=NR)(=CH(CMe2R’))(-CH2tBu)] (M=W, Mo) where the spectator ligand
(e.g., oxo, imido, alkyl) has a significant influence on the catalytic activity of the
complex.22-24 For instance, [(≡Si-O-)W(=NAr)(=CHtBu)(-CH2tBu)] prepared by B.
Rhers and al. in 2006 catalyzes the metathesis of propene with a TON of 16000 at 30
°C after one day.25 Alongside, a variety of well-defined metal-alkyl precatalysts such
as the alkylidyne complexes [(≡Si-O-)M(≡CtBu)(-CH2tBu)2] (M=W, Mo) and oxo alkyl
compounds [(≡Si-O-)M(=O)(-CH2tBu)3] were proved to catalyze the olefin metathesis
reaction effectively. With these complexes, the carbene, which is the key intermediate
for the olefin reaction, is formed in situ via α-H transfer as in the case of [(≡Si-O)W(=O)(-CH2tBu)3] prepared by E. Mazoyer et al. 28 This latter complex is proved to
be highly active in propene metathesis reaction achieving a TON of 22000 at 80 °C
after 95 h. Later in 2018, J. M. Basset’s research group has reported the preparation
of silica-supported tungsten neopentyl di-oxo complex [(≡Si–O−)W(═O)2(-CH2tBu)]
which was active in the self-metathesis reaction of 1-octene at 150 °C in a batch
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reactor, a TON of 318 is obtained with a selectivity of 42 % towards the target olefin
tetradec-7-ene (C14H28) after 72 h.26
2.1.3. Catalytic Applications of [(≡Si-O-)W(-CH3)5] and [(≡Si-O-)Mo(≡CtBu)(CH2tBu)2]
Silica supported tungsten [(≡Si-O-)W(-CH3)5] 3, and molybdenum [(≡Si-O)Mo(≡CtBu)(-CH2tBu)2] 4 precatalysts were previously synthesized and wellcharacterized by our group.27, 28
Interestingly, precatalyst 3 was found to be stable as compared to its homogenous
counterpart [WMe6] that explodes at room temperature.28 The catalytic properties of
3 were explored extensively in alkane and various metathesis reactions.28-33 For
instance, in n-decane metathesis, 3 achieves a TON of 142 after 120 h at 150 ᴼC in a
batch reactor yielding a wide distribution of linear alkanes ranging from propane up
to triacontane.31 Whereas in 1-decene metathesis, a final TON of 1790 is obtained
after 168 h at 150 ᴼC with a wide distribution of linear olefins from C5 to C20.29
Additionally, 3 can promote the metathesis of cycloalkanes such as cyclooctane, a
TON of 450 was obtained after 190 h at 150 ᴼC with products ranging from ring
contracted (cC5-cC7) to macrocyclic (cC12-cC40) alkanes.30
In contrast, the catalytic properties of 4 have not been much studied,34 recently it was
tested by our group along with 3 and [(≡Si-O-)Ta(=CtBu)(-CH2tBu)2] in the hydrometathesis reaction of 1-decene at 150 ᴼC under 0.8 bar of H2 in a batch reactor,
affording diesel range alkanes.34 We found that with Mo based precatalyst, olefin
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metathesis is faster than isomerization of the double bond (TON 808 after 72 h). In
contrast, with W (TON 818) and Ta (TON 334), the isomerization is faster than the
metathesis, followed by the reduction of the olefins to alkanes.
Regarding the catalytic mechanism of olefin metathesis reaction, the molecular
transformations of 3 were studied in detail. When heated at 70 ᴼC (temperature of
our metathesis reactions) or under UV light at RT, 3 is transformed into [(≡Si-O)W(≡CH)Me2] which is further giving [(≡Si-O-)W(=CH)2Me] via hydrogen transfer
from the Me group to the W-methylidyne upon coordination of a ligand L (phosphine
or olefin) at room temperature.35 This latter complex undergoes a series of [2+2]
cycloaddition and cycloreversion with the initial and newly formed olefins (through
isomerization of the double bond), explaining the wide distribution of products. In
the case of 4, similar behavior is expected.
2.1.4. Functionalized Olefin Metathesis Reaction
Metathesis of functionalized olefin (alkenes containing one or more heteroatoms or
functions) has attracted significant interest for decades. This reaction opens up the
route to make various valuable chemical products.36 The first reported reaction was
by P. B. Van Dam and coworkers in 1972 for the metathesis of unsaturated fatty acid
esters with WCl6/Me4Sn catalytic system.37
Henceforth, numerous catalytic homogeneous and heterogeneous systems (W, Mo,
Ru) that can tolerate functional groups were developed.24 Specifically, Grubbs
catalysts consisted of Ruthenium based carbene complexes have been considered as
the best active homogeneous catalysts for this reaction.38 Multiple generations of
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Grubbs complexes have been developed for a wide range of applications (Figure 2.1).
11, 39

Figure 2.1. Examples of Grubbs catalysts 40
In 2016, N. Riarche et al. have employed for the first time the SOMC catalyst [(≡Si-O)WMe5] in the metathesis of unsaturated fatty acid esters (ethyl undecylenate).33
They found that only the diester is formed as the primary self-metathesis reaction
with the release of ethylene, a final conversion of 12 % and TON of 26 were achieved
at 150 ᴼC, whereas at 80 ᴼC, the conversion is slightly increased to 14%.

2.2. Chapter Scope
In this chapter, we disclose and compare the catalytic reactivity of [(≡Si-O-)W(-CH3)5]
and [(≡Si-O-)Mo(≡CtBu)(-CH2tBu)2] precatalysts in the self-metatheses of linear α-

olefins (1-hexene, 1-octene, and 1-decene) as well as functionalized olefins (ethyl 6heptenoate, 3-butenyl acetate, and 4-pentenyl acetate). Additionally, we carried out
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cross olefin metathesis reaction between 1-octene and 6-ethyl heptenoate to better
understand the reactivity of W and Mo SOMC precatalysts (Figure 2.2).41

Figure 2.2. Olefin metathesis using [(≡Si-O-)W(-CH3)6] and [(≡Si-O-)Mo(≡CtBu)(CH2tBu)2]

2.3. Results and Discussion
2.3.1. Synthesis and Characterization of W(-CH3)6 and Mo(≡CtBu)(-CH2tBu)3
2.3.1.1. Synthesis of W(-CH3)6
W(-CH3)6 1 was first prepared by G. Wilkinson and coworkers in 1975 by reacting
WCl6 and Me3Al in petroleum ether at −70 ᵒC as shown in equation 1:
WCl6 + 6 Me3Al  WMe6 + 6 Me2ClAl

Equation 1
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However, the separation of the hexamethyl tungsten from the reaction mixture is
difficult and time-consuming. Besides, the authors reported that this complex is
potentially explosive and must be handled with great care.42
In 2014, our group reported a new synthesis route and full characterization of the
homogeneous complex WMe6 and its corresponding surface species [(≡SiO−)WMe5].28
The synthesis of 1 proceeds in an inert atmosphere; in the first step, the catalytic
precursor WCl6 is sublimated under a high vacuum. After that, in a glovebox, WCl6 (1.8
g) is dissolved dry dichloromethane (25 mL) then allowed to react with the alkylating
reagent Zn(CH3)2 (14 mL, 1M in heptane) under stirring at -80 ᴼC for 3 h then at -35
ᴼC

for 1 h (Scheme 2.1).

Scheme 2.1. Synthesis of W(-CH3)6
In the end, the reaction mixture of 1 is filtered and washed several times with pentane
(25 mL), affording a red solution of 1.
2.3.1.2. Liquid-state NMR Analysis of W(-CH3)6
W(CH3)6 was characterized by 1H and

13C

NMR spectroscopy, the spectra were

recorded using CD2Cl2 as a solvent at 203 K (Figures 2.3 and 2.4); 1H NMR spectrum
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depicts one peak at 1.7 ppm, and 13C NMR spectrum shows one peak as well at 82.3
ppm corresponding to the methyl group bonded to tungsten.

Figure 2.3. 1H NMR spectrum of W(-CH3)6

Figure 2.4. 13C NMR spectrum of W(-CH3)6

2.3.1.3. Synthesis of Mo(≡CtBu)(-CH2tBu)3

79

The synthesis of [Mo(≡CtBu)(-CH2tBu)3] 2 is carried out according to the literature
procedure (Scheme 2.2).43 A solution of NpMgCl (90 mmol) in THF (20 mL) is added
slowly to a solution of MoO2Cl2 (15 mmol) in THF (20 mL) at -50 ᴼC and stirred for
one hour. Then, the reaction mixture is filtered at room temperature, and then the
solvent is removed under vacuum affording a brownish-black solid. This latter is
extracted with pentane (50 mL), dried, and distilled (sublimated) at 80 ᴼC under
vacuum giving yellow crystals of 2.

Scheme 2.2. Synthesis of Mo(≡CtBu)(-CH2tBu)3

2.3.1.4. Liquid-state NMR Analysis of Mo(≡CtBu)(-CH2tBu)3
Likewise, 2 was characterized by 1H and 13C NMR spectroscopy using CD2Cl2 at 298
K; 1H NMR spectrum of 2 depicts three signals at 1.03, 1.29, and 1.42 ppm attributed
to (−CH2C(-CH3)3), (−CH2tBu) and (≡CC(-CH3)3) respectively (Figure 2.5). Whereas
13C NMR shows six signals at 28.95, 32.64, 33.13, 52.62, 87.24 and 322.42 ppm (Figure

2.6) corresponding to (≡CC(-CH3)3)), (−CH2C(-CH3)3)), (−CH2C(-CH3)3), (≡CC(CH3)3)), (−CH2tBu) and (≡CtBu), respectively.
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Figure 2.5. 1H NMR spectrum of Mo(≡CtBu)(-CH2tBu)3

Figure 2.6. 13C NMR spectrum of Mo(≡CtBu)(-CH2tBu)3
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2.3.2. Grafting and Characterization of W(-CH3)6 and Mo(≡CtBu)(-CH2tBu)3
onto SiO2-700
2.3.2.1. Grafting Procedure
In a glovebox, an excess of 1 with respect to the number of surface accessible silanols
(ca. 0.3 mmol of −OH groups/g) 44 was mixed with SiO2-700 in pentane at -40 °C for 3
h in a double-Schlenk flask. After that, the grafted complex was washed and filtered
at least three times with pentane (25 mL) to remove the excess of 1, then dried under
high vacuum (10-5 mbar) for one hour, affording a yellow powder of [(≡Si−O−)W(CH3)5] 3 (Figure 1). Same for 2, the grafting proceeded at room temperature, and a
yellow powder of [(≡Si-O-)Mo(≡CtBu)(-CH2tBu)2] 4 was obtained at the end (Scheme
2.3).

Scheme 2.3. Grafting of 1 and 2 onto SiO2-700
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2.3.2.2. FT-IR Analysis
FT-IR analysis of 3 and 4 was performed to follow the grafting process and the
modifications occurring on the surface. The IR spectrum of 3 (Figure 2.7) shows a
decrease in the intensity of the isolated silanol band at 3747 cm-1, and an appearance of
new bands at 3050-2820 cm-1 and 1410 cm-1 attributed to stretching ν(C-H) and bending
δ(C-H) vibrations, respectively of methyl groups bonded to W.

Figure 2.7. FT-IR spectroscopy of silica partially dehydroxylated at 700 oC (blue
curve) and 3 (Orange curve)
Likewise, the IR spectrum of 4 (Figure 2.8) shows a total disappearance of the ≡Si-OH
band at 3747 cm-1, and the appearance of new bands at 3010−2760 cm−1 corresponding
to ν(C-H) vibrations, and at 1480−1400 cm−1 attributed to δ(C=C) and δ(C−H) vibrations of
the neopentyl and neopentylidyne ligands bonded to Mo.
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Figure 2.8. FT-IR spectroscopy of silica partially dehydroxylated at 700 oC (blue
curve) and 4 (Orange curve)
2.3.2.3. Elemental Analyses
Elemental analyses using ICP-OES and CHNO analyzer were carried out to confirm the
structures of 3 and 4. We found that 3 contains 2.06 wt. % W and 0.67 wt. % C,
corresponding to a C/W ratio of 4.98 (theoretical for [(≡Si-O-)WMe5] 1:5), so only
monopodal complexes of W were formed. While 4 contains 2.31 wt. % Mo and 4.36
wt. % C, corresponding to a C/W ratio of 15.09 (theoretical for [(≡Si-O-)Mo(≡CtBu)(CH2tBu)2] 1:15 ) consisting of the formation of monopodal surface species of Mo.
2.3.2.4. Solid-state NMR Analyses
The structure of 3 was further confirmed by solid-state NMR spectroscopy. The 1H
magic-angle spinning (MAS) NMR spectrum shows one signal at 2.0 ppm (Figure 2.9
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A), which autocorrelates on the diagonal of both double-quantum (DQ) and triplequantum (TQ) NMR spectra at 4.0 and 6.0 ppm, respectively (Figures 2.9 B and C),
this peak is corresponding to the -CH3 group bonded to W.
The 13C cross-polarization magic angle spinning (CP/MAS) NMR spectrum shows one
peak at 81.9 ppm (Figure 2.10 A) that correlates in the 2D 1H−13C HETCOR NMR
spectrum with the proton peak at 2 ppm (Figure 2.10 B), confirming their attribution
to methyl groups.
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Figure 2.9. [A] One-dimensional 1H MAS solid-state NMR spectrum of 3 [B] Twodimensional 1H-1H double-quantum (DQ)/single-quantum (SQ) spectra of 3 [C]
Two-dimensional 1H-1H Triple quantum (TQ)/single-quantum (SQ) spectra of 3

Figure 2.10. [A] 13C CP/MAS NMR spectrum of 3 [B] 2D 1H-13C CP/MAS dipolar
HETCOR spectrum of 3

2.3.3. Catalytic Results
As it was mentioned previously, the real coordination sphere or real catalyst of 3 is
[(≡Si-O-)W(=CH)2Me],35 and we are expecting that with 4 the real coordination
sphere at 25 and 70 ᴼC would be [(≡Si-O-)Mo(=CHtBu)2(-CH2tBu)] (Scheme 2.4).
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Scheme 2.4. Well-defined silica-supported pre-catalysts [(≡Si-O-)W(-CH3)5] 3 and
[(≡Si-O-)Mo(≡CtBu)(-CH2tBu)2] 4 and their expected corresponding active species
[(≡Si-O-)W(=CH)2Me] and [(≡Si-O-)Mo(=CHtBu)2(-CH2tBu)]

2.3.3.1. Self-metathesis of α-olefins
All the reactions were performed in batch reactors. In a typical run, the catalyst
precursor (the molar ratio between the olefin and the pre-catalyst is set to 1900) 3
or 4 was mixed with 1 ml of the α-olefin CnH2n (n = (6, 8, or 10)) inside a glovebox.
The reactor tubes were taken out of the glove box, and the reaction mixtures were
frozen with liquid nitrogen, then the tubes were sealed under vacuum, and heated
either at 25 or 70 ᴼC for a specific set of times (1, 3, 5, 7 and 9 days) to determine
conversions and selectivities with respect to time (Figure 2.11). At the end of the
reaction, the reaction mixtures were quenched with CH2Cl2 and analyzed by GC and
GC-Ms. The olefins are assigned based on existing NIST library reference.
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Figure 2.11. Evolution of TON vs. time for C6, C8, and C10 olefins metathesis reactions
using 3 (A) and 4 (B) at room temperature and 3 (C) and 4 (D) at 70 °C in batch
conditions
At room temperature, the initial selectivity towards the primary metathesis product
(C10, C14, and C18 for the metathesis of C6, C8, and C10, respectively) is higher as
compared to secondary products. With time, various secondary products are
observed due to double bond migration, followed by metathesis (Figures 2.12 and
2.13). The primary reason for the formation of secondary products is due to the chain
walking process of the olefinic double bond as shown in scheme 2.5.45
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Scheme 2.5. Double bond isomerization process by SOMC complex (n=number of
carbons, M=transition metal, R=alkyl group)

We observed similar reactivity in the case of C6 and C8, whereas in the case of C10, the
reactivity is slightly lower with both 3 and 4 at room temperature. However, almost
equal TONs are observed at 70 °C.
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Figure 2.12. GC trace of product mixture resulting from the metathesis of neat 1hexene, 1-octene or 1-decene using 3 at 23 °C and 70 °C from 1 to 9 days

90

Figure 2.13. GC trace of product mixture resulting from the metathesis of neat 1hexene, 1-octene or 1-decene using 4 at 23°C and 70°C from 1 to 9 days
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In order to increase the olefins conversion, the reaction temperature was increased
to 70 °C. To our expectations, the selectivity towards primary product decreased with
a simultaneous increase of various secondary products. This is understandable, as at
higher temperatures, double bond migration occurs faster than metathesis reaction.
2.3.3.2. Self-metathesis of Functionalized Olefins
Furthermore, 3 and 4 were tested for functionalized olefin metathesis reactions.
Early transition metal catalysts are known to be oxophilic. Hence they would be
poisoned by oxygen-containing components. We wanted to understand the behavior
of our precatalysts towards functionalized olefin metathesis and cross-metathesis
reactions.
The primary idea was to test these precatalysts with reactants like unsaturated ester
and acetate and compare their catalytic activity. In a typical reaction, 1 ml of the
reactant was taken in a glass ampoule inside the glovebox, and an amount of
precatalyst 3 or 4 (fixed reactant to precatalyst ratio 475) was added. The glass
ampoules were taken outside, sealed under vacuum, and heated at 80 °C. The catalytic
reaction was carried out in neat conditions for five days. At the end of the reaction,
the evolution of the products was analyzed by GC and GC-MS.
With the ester as a reactant, we observed the self-metathesis product exclusively
using 3 with a TON of 77. However, in the case of 4, we observed the primary selfmetathesis product with a TON of 19 (Figure 2.14), along with secondary metathesis
products which come from the isomerization of the di-ester C10H18(CO2C2H5)2
followed by cross-metathesis reaction either with the ethylene (coming from the self-
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metathesis reaction of the ester) to give unsaturated mono-esters C5H9(CO2C2H5),
C7H13(CO2C2H5), and C8H15(CO2C2H5) or with the reactant C6H11(CO2C2H5) resulting in
new di-ester molecule C12H22(CO2C2H5)2 (Scheme 2.6).

Figure 2.14. Products distribution of the metathesis of ethyl 6-heptenoate with 3
and 4 showing (A) only self-metathesis product and (B) all metathesis products

Scheme 2.6. Various pathways (metathesis and isomerization) observed in the
metathesis of different olefinic esters
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Surprisingly, we could not observe any isomerization product with precatalyst 3
though we experienced the isomerization in the case of the non-functionalized olefins
metathesis reaction. Likely, the function is reversibly coordinated to the
metallocarbene and prevents the double bond migration.
In the case of pre-catalysts 3 and 4, the difference of reactivity can have another
origin; with 3 the steric effect of the methyl ligands remaining on W is less
pronounced than that of the neopentyl ligand on Mo.
We further moved to explore the catalytic activity of 3 and 4 towards other functional
groups. We thought of using acetate as a reactant, and we followed the same reaction
conditions as that of the ester with 3-butenyl acetate. In this case, we exclusively
observed self-metathesis product C10H16O4 using both 3 and 4 with a TON of 39 and
15, respectively. It was surprising that we did not observe any isomerization product
(Figure 2.15 A). At this point, we hypothesized that the chain length is playing a role
in the isomerization of the double bond. To further understand the reactivity of the
acetate, we extended the chain length by one carbon (4-pentenyl acetate),
maintaining all the reaction conditions. At the end of the reaction, only the selfmetathesis product C12H20O4 was observed using 3 and 4 with a TON of 193 and 23,
respectively. Interestingly, we observed that the TON increases almost five times in
the case of 3 as compared to 4 (Figure 2.15 B).
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Figure 2.15. Products distribution of the metathesis of unsaturated acetates; (A) 3butenyl acetate (B) 4-pentenyl acetate, using 3 and 4
2.3.3.3. Cross-metathesis between Functionalized and α-olefins
At this point, it was very interesting for us to understand the isomerization process.
This curiosity led us to carry out the cross-metathesis (CM) reaction, where olefinic
ester and olefin are the reactants. We envisioned that we could observe a range of
products as α-olefin can isomerize and cross-metathesize with the unsaturated ester.
For the cross-metathesis reaction, we used 2.85 mmol of ethyl 6-heptenoate and 6.37
mmol of 1-octene, maintaining the reaction conditions as before. At the end of the
reaction, we could observe the cross-metathesis product with both precatalysts,
where 3 performed better than 4. Additionally, we also observed self-metathesis and
isomerization products (Figure 2.16).
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Figure 2.16. Products distribution of the cross-metathesis reaction between ethyl
6-heptenoate and 1-octene with 3 and 4 showing (A) only main cross-metathesis
product and (B) all metathesis products

Interestingly, although we observed earlier isomerization of α-olefins and their
metathesis product with 3 (Figures 2.12 and 2.13), in the cross-metathesis reaction
between olefin and unsaturated ester, we could not observe any isomerization of
olefins (Figure 2.16). Instead, we observed the self-metathesis product of each of the
olefin (C14H28) and ester (C10H18(CO2C2H5)2) and cross-metathesis product between
both of them (C12H23(CO2C2H5)). However, in the case of 4, we observed both self and
cross-metathesis of 1-octene and ethyl 6-heptenoate (C14H28, C10H18(CO2C2H5)2 and
C12H23(CO2C2H5) as well as isomerization products (C7H14, C9H18, C5H9(CO2C2H5),
C7H13(CO2C2H5),

C8H15(CO2C2H5),

C11H21(CO2C2H5),

C14H27(CO2C2H5)

and

C12H22(CO2C2H5)2) as shown in figure 2.16. These isomerization products come from
the double bond migration (isomerization) of the self and cross-metathesis products
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of 1-octene and ethyl 6-heptenoate, followed by cross-metathesis between the newly
formed olefin and olefinic-esters.
During our study of olefin metathesis and cross-metathesis reactions, we understood
that Mo based catalysts are prone to isomerize the double bond in olefinic esters. In
contrast, W catalysts can only isomerize the α- olefins.
To summarize, in the olefin metathesis reaction, especially when early transition
metals are involved, one could observe both metathesis and isomerization of the
reactant. Precisely, from previous experiments as well as in this work, we observed
that isomerization and metathesis both depend on temperature and reaction time.29
At a shorter time with SOMC catalysts, we observed exclusively the primary product,
which is the metathesis product, followed by isomerization (as soon as we mix the
catalyst with the reactant, it first converts olefin to its primary product, and with time
it isomerizes the olefin to various other olefins).29
The main reason for the formation of isomeric products is the formation of the metalhydride fragment (M-H) during the reaction. As metal methyl/neopentyl catalysts are
used in the catalytic reaction, it takes time for the catalyst to form metal hydride and
then isomerization.
We only observed isomerization of the ester in the case of 4, whereas with 3 we do
not observe it, but with both pre-catalysts, we had metathesis product. Because we
believe the bulky Mo group inhibits the coordination of the oxygen of the ester group,
whereas W has a comparatively less bulky surrounding allowing the coordination of
the oxygen moiety hence inhibits the isomerization.30
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2.3.3.4. Mechanistic Insights by DFT Calculations
To verify the role of the nature of the ester and acetate substrates, we took
advantage of the DFT calculations, as shown in schemes 2.7 and 2.8. The better
performance of 3 compared to 4 in functionalized olefin self-metathesis of ester
(ethyl 6-heptenoate) can be rationalized by the kinetic cost of 23.5 kcal/mol for
3 in comparison with 29.3 kcal/mol for 4, for the catalytic cycle. On the other
hand, for the acetate (4-pentyl acetate), the trend is the same. Calculations
confirmed a huge preference for precatalyst 3 with an upper energy barrier of
25.6 kcal/mol, whereas for 4 it goes up to 34.8 kcal/mol. This explains the much
better performance of 3 for this substrate.

Scheme 2.7. Free energy profile (in kcal/mol) using 3 for self-metathesis reaction of
methyl 6-heptenoate (in black) and 4-pentenyl acetate (in blue)
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Scheme 2.8. Free energy profile (in kcal/mol) using 4 for self-metathesis reaction of
methyl 6-heptenoate (in black) and 4-pentenyl acetate (in blue)
Bearing the results with ester, cross-metathesis reaction with 1-octene
worsened the performance of both catalysts. Actually, this is right according to
the upper energy barriers (step IVV) that increase by 5.7 and 4.3 kcal/mol
for 3 and 4, respectively. Comparing with 1-octene energy profiles (Tables 2.1
and 2.2), the ester is kinetically 3.7, and 3.9 kcal/mol favoured for 3 and 4,
respectively. This explains why in the mixture, the self-metathesis of the
olefinic ester is preferred with respect to the 1-octene one despite the excess
of the latter olefin.
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Table 2.1. Relative energies (in kcal/mol) of the reaction pathway bearing 3 as a
precatalyst with 1-octene
Steps
Energy
(kcal/mol)

I

I-II

II

II-III

III

III-IV

IV

IV-I

I

0.0

16.1

-2.8

22.1

1.4

24.4

-1.9

17.8

1.1

Table 2.2. Relative energies (in kcal/mol) of the reaction pathway bearing 4 as a
precatalyst with 1-octene
Steps
Energy
(kcal/mol)

I

I-II

II II-III III III-IV

IV

IV-V

V

V-VI

VI

VI-VII VII

0.0 31.0 9.0 27.1 0.0 17.4

5.1

33.2 5.2 29.7 15.2 16.4

1.0

Regarding the metathesis of α-olefin, screening the results for 3, the conducted
calculations agree with the kinetic cost of the rate-determining transition state (IIIIV), with respect to the intermediate II, of 26.1 and 27.2 kcal/mol for 1-hexene and 1octene, respectively. Then, the energy barrier was further evaluated for ethylene, 1propene, and 1-decene with values of 25.8, 24.4, and 26.6 kcal/mol, respectively.
Overall, for this W based pre-catalyst, the reaction might seem quite independent of
the type of olefin, being worse the performance when increasing the length of the
alkyl chain of the alkene. However, 1-decene does not allow confirming this trend.
For pre-catalyst 4, knowing that experimentally the performance increases when
elongating the alkyl chain of the olefin substrate, but worse for 1-decene,
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computationally the upper energy barriers range from 32.9 kcal/mol for 1-hexene to
33.2 kcal/mol for 1-octene, being lower for 1-decene (32.3 kcal/mol). Even though
the trend that claims that the TON increases together with the length of the alkyl chain
from 6 to 8 carbon centers is in perfect agreement with experiments, the
experimental poorer performance for 1-decene could not be computationally
rationalized here. However, the analyses of the computed transition states that define
the rate-determining step confirmed that the elongation of the olefin length goes
beyond the available space in the silica model. Thus, in the real supported system, this
will be not feasible, increasing the corresponding energy barriers, hence affecting
significantly the reactivity for 1-decene and longer olefins.
Apart from the silica support used to simulate the silica surface, to support this
hypothesis, another larger model of silica was used. For pre-catalyst 3, with the
relatively small model of the silica surface,46, 47 the energy barriers for the rds of C6,
C8 and C10 were still rather similar, whereas increasing the silica surface significantly
the energy barrier ranged from 17.5 and 17.9 kcal/mol for C6 and C8, respectively, to
22.1 kcal/mol for C10. Figure 2.17 confirms the collision with the silica suffered by C10,
whereas it is absent for C6. This was further corroborated for 4, with values of 30.4,
29.7, and 32.1 kcal/mol for C6, C8, and C10, respectively. Thus, the collisions with the
surface negatively affect the activity in olefin metathesis of 1-decene or longer olefins.
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Figure 2.17. Transition state that defines the rate-determining step for 1-hexene
(left) and 1-decene (right) with the extended silica model, main distances are shown
in Å.

2.4. Conclusions
In this chapter, olefin metathesis reaction with various substrates was carried
out using W and Mo pre-catalysts; we understood that both of them are active
in α-olefin, functionalized olefin, and olefin cross-metathesis reactions.
Complexes 3 and 4 perform equally in α-olefin metathesis reactions with a TON
of ≈1700 at 70 °C. However, in the case of functionalized olefin metathesis
reaction of acetate (4-pentenyl acetate) and ester (ethyl 6–heptenoate), 3
performs better with TONs of 193 and 77, respectively, as compared to 4, which
possesses TONs of 23 and 19, respectively. This activity difference was further
analyzed by DFT, which shows that with 4 the energy barrier is slightly higher
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than that with 3. Additionally, we also observed that 4 could isomerize αolefins and di-ester, whereas 3 only isomerizes α-olefins, and both catalysts do
not isomerize mono-esters or acetates. Further studies would be performed to
understand the isomerization process of certain olefins towards 4 and to
increase the lifetime of the precatalysts.

2.5. Experimental Procedures
2.5.1. General Considerations and Materials
All experiments were carried out by using standard Schlenk and glovebox techniques
under an inert argon atmosphere. The synthesis and the treatments of the surface
species carried out using a high vacuum line (< 10-5 mbar) and glovebox techniques.
Pentane was distilled from a Na/K alloy under Ar and dichloromethane from CaH2.
Both solvents were degassed through freeze-pump-thaw cycles. All the reactants
were purchased from Aldrich; ethyl 6-heptenoate, 4-pentenyl acetate, and 3-butenyl
acetate were filtered over activated molecular sieves (3Å) and stored under argon.
Linear Olefins (C6, C8 and, C10) were distilled from Na, degassed through freeze-pumpthaw cycles, and stored under argon.
SiO2-700 was prepared from Aerosil silica from Degussa (specific area of 200 m2/g),
which was partly dehydroxylated at 700°C under high vacuum (< 10-5 mbar) for 16 h
to give a white solid having a specific surface area of 190 m2/g and containing around
0.3 mmol OH/g.
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2.5.2. Liquid-state Nuclear Magnetic Resonance Spectroscopy (NMR)
Liquid state NMR spectra were recorded on Bruker Avance 600 MHz spectrometers.
All chemical shifts were measured relative to the residual 1H or 13C resonance in the
deuterated solvent: CD2Cl2, 5.32 ppm for 1H, 53.5 ppm for 13C.
2.5.3. Fourier-transform Infrared Spectroscopy (FTIR)
IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer by using a DRIFT cell
equipped with CaF2 windows. The IR samples were prepared under argon within a
glove box. Typically, 64 scans were accumulated for each spectrum (resolution 4
cm−1).
2.5.4. Elemental Analyses
Elemental analyses (ICP and CHNO analyzer) were performed at KAUST ACL Core
Lab.
2.5.5. Solid-State Nuclear Magnetic Resonance Spectroscopy (SS NMR)
One-dimensional 1H MAS and 13C CP-MAS solid-state NMR were recorded on a Bruker
AVANCE III spectrometer operating at 400 and 100 MHz resonance frequencies for
1H, 13C

respectively, with a conventional double resonance 4 mm CPMAS probe. The

samples were introduced under argon into zirconia rotors, which were then tightly
closed. The spinning frequency was set to 14 and 10 KHz for 1H and

13C

spectra,

respectively. NMR chemical shifts are reported with respect to TMS as an external
reference. For CP/MAS

13C,

the following sequence was used: 900 pulses on the

proton (pulse length 2.4 s), then a cross-polarization step with a contact time typically
2 ms, and finally acquisition of the

13C

signal under high-power proton decoupling.
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The delay between the scans was set to 5 s, to allow the complete relaxation of the 1H
nuclei and the number of scans was between 3,000-5,000 for carbon, and 32 for
proton. An apodization function (exponential) corresponding to a line broadening of
80 Hz was applied prior to Fourier transformation.
The two-dimensional 1H-13C Heteronuclear Correlation (HETCOR) experiments were
conducted on a Bruker AVANCE III spectrometer using a 3.2 mm MAS probe. The
experiments were performed according to the following scheme: 900 proton pulse,
t1 evolution period, cross-polarization (CP) to carbon spins, and detection of carbon
magnetization under TPPM decoupling 1, 2. For the cross-polarization step, a ramped
radio frequency (RF) field centered at 75 KHz was applied to protons, while the
carbon RF field was matched to obtain an optimal signal. A total of 32 t1 increments
with 2000 scans each were collected. The sample spinning frequency was 8.5 kHz. A
2D Fourier transformation gives through space between pairs of neighboring carbon
(in F2) and proton (in F1) nuclei. Using a short contact time (0.5 ms) for the CP step,
the polarization transfer in the dipolar correlation experiment is expected to be quite
selective, that is to lead to correlation only between pairs of attached 1H-13C spins (CH directly bonded). Using longer contact times (10 ms), we found that it is possible to
observe extra correlation peaks, which arise from longer range dipolar thought-space
interaction. These long-range spectra yield further information about the structure.
Two-dimensional double-quantum (DQ) and triple-quantum (TQ) experiments were
recorded a Bruker AVANCE III spectrometer operating at 600 MHz with a
conventional double resonance 3.2 mm CPMAS probe, according to the following
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general scheme3: excitation of DQ coherences, t1 evolution, Z-filter, and detection.
The spectra were recorded in a rotor synchronized fashion in t1; that is the t1
increment was set equal to one rotor period (4.545 µs). One cycle of the standard
back-to-back (BABA) recoupling sequence was used for the excitation and
reconversion period. Quadrature detection in w1 was achieved using the States-TPPI
method. A spinning frequency of 22 KHz was used. The 900 proton pulse length was
2.5 µs, while a recycle delay of 5 s was used. A total 128 t1 increments with 32 scan
each were recorded. Double (DQ) and Triple (TQ) quantum proton spectroscopies
under fast MAS have recently shown to be powerful techniques to probe the
structural information and dynamics inherent proton-proton dipolar couplings. The
DQ frequency in the w1 dimension corresponds to the sum of two single quantum
(SQ) frequencies of the two coupled protons and correlates in the w2 dimension with
the two corresponding proton resonances. The TQ frequency in the w1 dimension
corresponds to the sum of the three SQ frequencies of the three coupled protons and
correlates in the w2 dimension with the three individual proton resonances.
Conversely, groups of less than three equivalent spins will not give rise to diagonal
signals in the spectrum. Two-dimensional DQ and TQ correlations experiments can
thus apply to determine in a reliable way the number of the attached equivalent
protons.
Details of figure 2.9. [A] One-dimensional 1H MAS solid-state NMR spectrum of 3
acquired at 600 MHz (14.1 T) with a 22 kHz MAS frequency, a repetition delay of 5 s,
and 8 scans. [B] Two-dimensional 1H-1H double-quantum (DQ)/single-quantum (SQ)
spectra of 3 acquired with 32 scans per t1 increment, 5 s repetition delay, 32
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individual t1 increments. [C] Two-dimensional 1H-1H Triple quantum (TQ)/singlequantum (SQ) spectra of 3 acquired with 32 scans per t1 increment, 5 s repetition
delay, 32 individual t1 increments.
Details of figure 2.10. [A] 13C CP/MAS NMR spectrum of 3 acquired at 600 MHz (9.4
T) with a 10 kHz MAS frequency, 1000 scans, 4 s repetition delay, and 2 ms contact
time. Exponential line broadening of 80 Hz was applied prior to Fourier
transformation. [B] 2D 1H-13C CP/MAS dipolar HETCOR spectrum of 3 (acquired at
9.4 T with an 8.5 kHz MAS frequency, 2000 scans per t1 increment, a 4 s repetition
delay, 64 individual t1 increments, and a 0.2 ms contact time.
2.5.6. Catalytic Procedure
All the catalytic reactions were carried out following the given procedure: An
ampoule is filled with a mixture of catalyst and alpha-olefins (1-hexene, 1-octene, or
1-decene, 1 mL) or functionalized olefins (ethyl 6-heptenoate, 4-pentenyl acetate, and
3-butenyl acetate, 0.5 mL) in a glovebox. The molar ratio between classical olefin to
the precatalyst, and functionalized olefin to catalyst are equal to 1900 and 475,
respectively, they are kept constant for all the reactions. At the end of the reaction,
the ampoules were frozen under liquid nitrogen and heated at the desired
temperature (25, 70, or 80 °C) for different sets of time (from 1 to 9 days). Then, the
catalytic mixtures were quenched by the addition of a fixed amount of CH2Cl2. After
filtration, the resulting solutions were analyzed by GC and GC/MS.
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2.5.7. Gas Chromatography (GC)
GC measurements were performed with an Agilent 7890A Series (FID detection).
Method for GC analysis: Column HP-5; 30m length x 0.32mm ID x 0.25 μm film
thickness; Flow rate: 1 mL/min (N2); split ratio: 50/1; Inlet temperature: 250 °C,
Detector temperature: 250 °C; Temperature program: 40 °C (3 min), 40-250 °C (12
°C/min), 250 °C (3 min), 250-300 °C (10 °C/min), 300 °C (3 min); 1-hexene retention
time: tR = 3.75 min / 1-octene retention time: tR = 6.48 min / 1-decene retention time:
tR = 9.5 min / ethyl 6-heptenoate retention time: tR = 10.75 min / 4-pentenyl acetate
retention time: tR = 8.16 min / 3-butenyl acetate retention time: tR = 6.55 min. GC
response factors of the functionalized olefins and available C5-C10 linear olefins
standards were calculated as an average of three independent runs. The plot of
response factor versus olefins carbon number was determined, and a linear
correlation was found, then we extrapolated the response factors for other olefins.
2.5.8. Gas Chromatography-Mass Spectrometry (GC-MS)
GC-MS measurements were performed with an Agilent 7890A Series coupled with
Agilent 5975C Series. GC/MS equipped with a capillary column coated with none
polar stationary phase HP-5MS was used for molecular weight determination and
identification that allowed the separation of compounds according to their boiling
points differences. The used method is the same as that for GC.
2.5.9. DFT Calculations
All DFT calculations were conducted with the Gaussian09 set of programs.48 For
geometry optimizations, the well-established and computationally GGA functional
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BP86 functional of Becke and Perdew was used,49-51 adding the Grimme D3 dispersion
term.52 Geometry optimizations were performed without symmetry constraints, and
the located stationary points were characterized by analytical frequency calculations.
The complete reaction pathways for all the mechanisms discussed in this study were
verified using intrinsic reaction coordinate (IRC) analysis for all transition states.
Structures at the last IRC points were optimized to positively identify the reactants
and products to which each transition state is connected. The electronic configuration
of the systems was described with the split-valence Def2SVP basis set for the main
group atoms,53,

54

while for molybdenum and tungsten we adopted the quasi-

relativistic Stuttgart/Dresden effective core potential with an associated valence
contracted basis set (standard SDD keywords in Gaussian 09).55-57 Single-point
energy calculations in solution were performed at the M06 functional level,58 with the
triple- basis set (Def2TZVP keyword in Gaussian) basis set for main group atoms,
and again the same SDD pseudopotential for Mo and W. Solvent effects were included
with the Solvation Model based on Density (SMD) using 1-pentene as a solvent (for
the sake of consistency, 1-pentene was used as a reference).59 Reported energies are
M06/Def2TZVP~SDD//BP86-d3/Def2SVP~SDD electronic energies corrected with
ZPEs, thermal energies, and entropy effects calculated at 353.15 K using the BP86d3/Def2SVP~SDD method.
The non-covalent interactions (NCI) were calculated using the NCIplot program
developed by Contreras-García,60, 61 via NCI plots.
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Chapter 3
Docking of Tetra-methyl Zirconium to the Surface of Silica: A Welldefined Precatalyst for Conversion of CO2 to Cyclic Carbonates

(Reproduction in part with permission from Chemical Communications 2020, 56,
3528-3531.
Copyright 2020 by the Royal Society of Chemistry).

114

3.1. Introduction
3.1.1. Metal-methyl Catalysts
Transition metal alkyls are used as catalysts for numerous reactions,1-3 In particular,
the early transition metals d0 catalysts due to their increased Lewis acidity resulting
in higher reactivity.4, 5 But, because the metal-alkyl σ-bonds are weak, the likelihood
of decomposition of these compounds by facile β-hydride elimination is high.6 To
hinder such decomposition, our group anchored several homoleptic metal-methyl
complexes to various metal oxides, showing that these supported catalysts are
effective for improved alkane metathesis.7-11 An advantage of the anchored
complexes is that some can be readily transformed into reactive organometallic
fragments that are active for various organic transformations. For instance, silicasupported [(≡Si−O−)W(-CH3)5] is converted to a carbyne species after heating, which
is useful for the cyclotrimerization of alkynes in addition to being active for alkyne
and cycloalkane metathesis.7 Further, treatment of [(≡Si−O−)W(-CH3)5] with
hydrogen at various temperatures leads to a carbene hydride that is also an efficient
catalyst for alkane metathesis.12 Homoleptic supported Ta-methyl complexes
[(≡Si−O−)Ta(-CH3)4] are also active for this reaction.8
Besides, methyl ligands lead to better catalytic results comparing to the bulkier alkyl
analogs when associated with early transition metals. For instance, in the propane
metathesis reaction, [(≡SiO–)WMe5](Si-700) exhibits a TON of 127 after 120 hours at
150 °C,4 whereas [(≡Si-O-)W(≡CtBu)(-CH2tBu)2](Si-700) has a negligible activity
(TON<1) in the same conditions.13 Even for Tantalum based precatalyst, [(≡Si-O-
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)Ta(-CH3)4](Si-700) reached a TON of 49 14 while [(≡Si-O-)Ta(=CtBu)(-CH2tBu)2](Si-700)
demonstrated a TON of 35 for the same catalytic reaction and conditions. 15 The
enhanced activity associated with the methyl ligands could be explained by the fact
that it is easier to form hydrides from methyl than from neopentyl groups.
Additionally, less bulky ligands offer better accessibility to the metal center.
3.1.2. Valorization of Carbon Dioxide
As it was described in the first chapter, industrial emission levels of carbon dioxide
are increasing exponentially, which is dramatically affecting both human health and
environment (e.g., air pollution, climate change, ecosystem damage). Thus, more
research and efficient strategies should be emerged and implemented to reduce these
emissions. One well-established approach is to convert CO2 and epoxides in the
presence of a catalyst/precatalyst, and a nucleophile (i.e., TBAB) into value-added
cyclic carbonates. These products could be used as building blocks in various
chemical synthesis reactions in industries as well as organic green solvents.16, 17 In
particular, cyclic propylene carbonate, formed from the corresponding propylene
oxide, is used as an intermediate for many applications such as in methanol
production, fuel additives, electrolyte batteries, CO2 storage, etc.18, 19

3.1.3. Catalytic Cycloaddition of CO2 to Propylene Oxide
The conversion of carbon dioxide and epoxide to cyclic carbonate has been catalyzed
by different homogeneous as well as heterogeneous systems under ambient
conditions.20-22
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In 2013, A. Monassier et al.

23

have made the screening of various transition metal

halides from groups 4-6 for this reaction using 4-dimethyl aminopyridine (DMAP) as
a co-catalyst/nucleophile (Table 3.1).

Table 3.1. Cycloaddition of CO2 to propylene oxide using different metal halides
complexes, n(propylene oxide) = 100 mmol, n(catalyst) = 0.25 mmol, n(DMAP) = 0.5
mmol, T = 50 °C, P(CO2) = 5 bar, t = 12 h 23

Complex

Conversion of propylene
epoxide (%)

TON

TiCl4

61

244

ZrCl4

68

272

VCl3

68

272

NbCl5

96

384

TaCl5

62

248

MoCl5

84

336

WCl6

36

144

The use of a co-catalyst or nucleophile is required for opening the epoxide’s ring,
which is the first step in the catalytic mechanism, followed by the CO2 insertion in the
M-alkoxide bond then finally, the ring-closure of the newly formed carbonate.5
In the same work, the authors have tested different nucleophiles (1,5,7Triazabicyclo[4.4.0]dec-5-ene

(TBD),

Triphenylphosphine

(PPH3),

1,4-

diazabicyclo[2.2.2]octane (DABCO), 4-dimethyl aminopyridine (DMAP), tetra-n-
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butylammonium bromide (TBAB) and tetra-n-butylammonium chloride (TBAC)) for
the same reaction using NbCl5 as indicated in table 3.2. They found out that TBAB and
TBAC were the best candidates for this reaction.
Table 3.2. Testing of different nucleophiles for the cycloaddition of CO2 to
propylene oxide using NbCl5, n(propylene oxide) = 100 mmol, n(catalyst) = 0.5
mmol, n(DMAP) = 0.5 mmol, T = 50 °C, P(CO2) = 5 bar 23

Nucleophile

Conversion of propylene epoxide (%)

TON

Time (h)

TBD

17

34

6

PPH3

30

60

6

DABCO

34

68

6

DMAP

96

192

6

TBAB

100

200

4

TBAC

100

200

4

Later, few SOMC complexes based on the grafting of metal halides on silica, such as
niobium and zirconium chlorides supported on silica, have developed and shown an
excellent catalytic activity towards this reaction. 24-26
The first example was the grafting of NbCl5 in ether on SiO2-700 27 to yield an isolated
monopodal species (complex A) and on SiO2-200, giving a mixture of mono and bipodal
species as indicated in scheme 3.1. Two different ratios of Nb were employed when
SiO2-200 is used; 0.65 and 0.47 mmol of Nb grafted per gram of silica (complexes B and
C, respectively).
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Scheme 3.1. Structures of complexes A, B, and C27
All of the systems were tested in the reaction of cycloaddition of CO 2 to propylene
using TBAB. The catalytic results after 18 hours using 0.33 mmol of Nb, 100 mmol of
propylene epoxide, and one mmol of TBAB at 60 °C under 10 bar CO2 revealed that
after the first run, complex A displays the lowest propylene oxide conversion of 25 %
(TON = 75). In contrast, complex B achieved 90 % conversion (TON = 273), higher
than that of complex C which exhibits 60 % conversion (TON = 194).
This was explained by DFT calculations; the results showed that there is no energy
barrier for the ring-opening step of the propylene oxide due to the Lewis acidity
character of the complex. In contrast, the barriers of CO2 insertion and ring-closing
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steps are much lower when the bimetallic system is used (presenting vicinal
monopodal and bipodal grafted Nb complexes) compared to the monometallic
complex. Thus, the bimetallic system performs better for this reaction at mild
conditions, and its activity increases with the density of grafted Nb based systems.
Consequently, a catalytic mechanism using both mono and bimetallic systems was
proposed (Scheme 3.2).

Scheme 3.2. Catalytic mechanism of the cycloaddition of CO2 to propylene oxide
using mono and bimetallic Nb based systems 27
Later, ZrCl4 was chosen for grafting on silica due to its low-cost, availability, and good
activity in the homogeneous phase compared to other metal halides.25
Like for NbCl4, ZrCl4 was grafted on silica dehydroxylated at SiO2-700, a mixture of
monopodal species was obtained (Complex D), with and without coordination with
the oxygen atom of the siloxane bridge ([(≡SiO-)ZrCl3·OEt2(Os(-Si≡)2))] and [(≡SiO-
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)ZrCl3·(OEt2)2]) as shown in scheme 3.3.26 In the case of SiO2-200, a mixture of mono
and bipodal species ([(≡SiO)ZrCl3.OEt2.(Os(-Si≡)2)] and [(≡SiO)2ZrCl2·OEt2·(Os(Si≡)2]) was obtained (Complex E). Both complexes present coordination with the
oxygen of the siloxane bridge.

Scheme 3.3. Structures of complexes D and E 26
The grafted Zr complexes (0.14 mmol Zr) were tested for the cycloaddition reaction
of CO2 (10 bar) to propylene oxide (43 mmol) in the presence of TBAB (0.43 mmol)
in stainless steel high-pressure autoclave reactor at 60 °C for 18 h. The precatalysts
were recoverable for multiple running cycles with a decrease in the activity due to
the leaching of weakly bonded/adsorbed Zr complexes.
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Despite Nb catalysts, monopodal Zr species (Complex D) exhibit the highest
conversion 96 % (TON = 295) after the first run vs. 90/93 % conversion (TON =
276/286) with complex E depending on the grafted Zr amount. This was explained
by the lower energy barrier of ZrCl4 towards the CO2 activation compared to NbCl4.
Besides, DFT shows that in contrast to the Nb complex, the bimetallic mechanism is
not associated with a lower barrier when the Zr complex is used. Thus, the catalytic
performance does not depend on the degree of isolation and podality of the grafted
Zr species.

3.2. Chapter Scope
Inspired by our recent work of the conversion of CO2 to cyclic carbonates by the silicasupported catalysts made from ZrCl4, we aimed to envision a step beyond with the
preparation of zirconium methyl species on silica.
In the literature, Zr(Me)4 complex was first reported in 1966 by Berthold and Groh,28
they claimed to have synthesized an ethereal bound Zr(Me)4 although no NMR
supporting data were recorded. According to them, the Zr complex was prepared by
adding in a stoichiometric ratio a dissolved ZrCl4 in ether/toluene (2:3 v/v) to an
ethereal solution of methyl lithium under nitrogen at -45 °C for four hours (Equation
1). They have obtained a dark red-brown solution, from which a low-yield red
distillate solution of Zr(Me)4 was separated by distillation in an evacuated closed
apparatus at -30 to -15 °C. This solution is unstable and decomposes at a temperature
below -15 °C; its color turns to black with the elimination of methane gas.

ZrCl4 + 4 MeLi

Ether/Toluene (2:3 v/v)
1/-45 °C, 4h
2/Distillation -30 to -15 °C

ZrMe4 + 4 LiCl

Equation 1
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Later in 1989, Morse et al. reported the synthesis of Zr(Me)4(dippe) (dippe = l,2bis(diisopropylphosphino)ethane).29 The reaction proceeds by alkylation of
ZrCl4(dippe) with two equivalents of MgMe2 in diethyl ether (Equation 2) to form
thermally unstable transparent crystals of Zr(Me)4(dippe) after crystallization from
pentane (1H NMR in C7D8 at -60 °C, δ=1.05 ppm).

ZrCl4(dippe) + 2 MgMe2

Ether
Crystallization

ZrMe4(dippe) + 2 MgCl2 Equation 2

The same synthesis procedure is followed to prepare HfMe4(dippe) from HfCl4(dippe)
(1H NMR in C7D8 at -60 °C, δ=0.65 ppm, 13C NMR, δ=49 ppm).
In 2012 Nishida et al.30 prepared a solution of Zr(CH3)4 in-situ without any
characterization data and used it for the reduction of 2,4,6-trimethyl acetophenone
to 2-mesityl-2-propanol. The first step in the reaction was the addition of a
suspension of ZrCl4 (in ether or toluene/THF mixture) to a solution of MeLi (in ether
or THF) at -78 to -30 °C for 30 min and 30 - 0 °C for 120 min. The resulting mixture is
added to a solution of 2,4,6-trimethyl acetophenone and stirred for 2 h at -20 °C then
for 14 h at -20 - 25 °C to obtain 2-mesityl-2-propal (Scheme 3.4). The yield of the
product depends on the used conditions (solvent, temperature, and reaction time).
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Scheme 3.4. Reduction of of 2,4,6-trimethylacetophenone to 2-mesityl-2-propanol
via Zr(CH3)431

In the same work, ZrCl4 was used as a precursor for the synthesis of Zr(NCH3C2H5)4
and (Ind)2ZrMe2 (Ind = indene) in a microflow reactor.
In this chapter, we disclose for the first time the synthesis and well-characterization
of the homogeneous (THF)2Zr(-CH3)4 complex and its silica-supported counterpart
along with its catalytic properties in the conversion of CO2 and propylene oxide to
cyclic propylene carbonate (Figure 3.1).31

Figure 3.1. CO2 conversion to cyclic carbonates using silica-supported zirconium
methyl species
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3.3. Results and Discussion
3.3.1. Synthesis and Characterization of the Homogeneous Complex (THF)2
Zr(CH3)4
3.3.1.1. Synthesis of (THF)2 Zr(-CH3)4
The synthesis of the supported precatalyst requires first the preparation of pure
(THF)2Zr(Me)4; this latter was synthesized by the reaction between ZrCl4 and MeLi
in THF.
In a typical reaction, under an inert atmosphere, ZrCl4 (120 mg, 0.5 mmol) was
added to one arm of a double Schlenk, then dissolved in 25 mL of dry THF and
cooled to −80 °C. Then, an excess of

13C-enriched

MeLi (70 mg) dissolved in 5

mL of THF was added to the other arm of the double Schlenk and maintained
at 0 °C (Scheme 3.5). After that, the suspension of ZrCl4 was gently mixed with
the enriched *MeLi solution for 5 min at −80 °C; the color of the mixture
changed from transparent to red-brown.
Thereafter, the temperature of the reaction is increased to −10 °C and kept
between −10 and 0 °C for three hours. After the completion of the reaction, the
mixture filtered and dried at −10 °C under a vacuum.

Scheme 3.5. Synthesis of (THF)2 Zr(-CH3)4 1
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3.3.1.2. Liquid-state NMR Analysis of (THF)2 Zr(-CH3)4
An aliquot of (THF)2 Zr(-CH3)4 was taken and characterized by 1H, 13C, and HSQC
NMR spectroscopy, the spectra were recorded using THF-d8 as a solvent (Figures
3.2-3.4).

Figure 3.2. 1H NMR characterization spectrum of (THF)2 Zr(-CH3)4
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Figure 3.3. 13C NMR characterization spectrum of (THF)2 Zr(-CH3)4

Figure 3.4. HSQC NMR characterization spectrum of (THF)2 Zr(-CH3)4
In the 1H NMR spectrum, we observed two peaks at 0.257 and 0.07 ppm because we
used 100% enriched *MeLi (carbon-proton coupling results in the splitting of the 1H
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signal). Peaks observed at 3.6 and 1.8 ppm are assigned to the THF coordinated to Zr
and the solvent (d8-THF).
The single resonance in the 13C NMR spectrum at 40.83 ppm is assigned to Zr-CH3 and
those at 23.96-25.29 and 66.16-67.26 ppm correspond to THF. These assignments
were confirmed by the results of HSQC experiments where the Zr-CH3 carbon peak at
40.83 ppm correlates with the peak at 0.186 ppm (almost the average between the
two peaks of Zr-CH3 observed in 1H NMR spectrum), and the two THF peaks at 1.81
and 3.66 ppm correlate with the peaks at 25.9 and 67.9 ppm
Further, we did 35Cl NMR spectroscopy (Figure 3.5); the results confirm that no Zr-Cl
bonds remain in the sample after the synthesis (these are typically observed at
approximately 300 ppm),32 the peak at −44.6 ppm come from the excess soluble LiCl
in the sample. These data, taken together, confirm the clean synthesis of
(THF)2Zr(CH3)4 complex.
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Figure 3.5. 35Cl NMR characterization spectrum of (THF)2 Zr(-CH3)4
3.3.2. Grafting and Characterization of (THF)2Zr(-CH3)4 onto SiO2-700
During the synthesis, it became evident that (THF)2Zr(-CH3)4 is unstable at room
temperature; thus, it was challenging to use it as a precatalyst for further
experimentation. Consequently, realizing that mounting on oxide supports stabilizes
metal methyl complexes,7, 8 we were motivated to use the Zr complex as a precursor
of a grafted complex to test it for catalysis. For that end, we chose silica from Degussa®
and treated it at 700 °C under vacuum before use and applied SOMC grafting methods.
3.3.2.1. Grafting Procedure
The grafting of (THF)2Zr(-CH3)4 was carried out by stirring it with SiO2-700, with the
number of molecules of the complex being in excess with respect to the number of
reactive silanols on the support (ca. 0.3 mmol of −OH groups/g).33
The anchoring reaction took place at -10 °C for 3 hours under an inert atmosphere in
a double-Schlenk flask. In the end, the grafted complex was washed with THF three
times (3 × 20 mL), dried under vacuum for one hour at -10 oC, then under a high
vacuum (10-5 mbar) for another one hour. The anchored Zr complex was obtained as
a light brown powder composed of a mixture of [(≡Si−O−)Zr(-CH3)3(THF)2] and
[(≡Si−O−)2Zr(-CH3)2(THF)2] (Scheme 3.6).

129

Scheme 3.6. Grafting of (THF)2Zr(-CH3)4 onto SiO2-700

3.3.2.2. FT-IR Analysis
An IR spectrum of 2 (Figure 3.6) shows that the anchoring of (THF)2Zr(-CH3)4 led to a
disappearance of the band at 3742 cm-1 characterizing the isolated silanols on the silica
and indicating that these groups reacted with 1. Concomitantly, new bands were observed
in the range of 2900-2850 cm-1 and at 1450 cm-1, which are assigned, respectively, to ν(CH)

and δ(C-H) vibrations of methyl groups and THF ligands bonded to Zr.
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Figure 3.6. FT-IR spectra of SiO2−700 before (Red) and after grafting of
(THF)2Zr(-CH3)4 (Blue)

3.3.2.3. Hydrolysis Reaction
Analysis of the gas-phase products formed during the hydrolysis of 2 with degassed
water at 150 °C showed that the reaction produced 2.4 equivalents of methane,
suggesting that a mixture of a monopodal (theoretical: 3) and bipodal (theoretical: 2)
zirconium methyl species is formed on the silica surface, besides the bipodal
complexes are the major species.
3.3.2.4. Elemental Analyses
Furthermore, to demonstrate the structure of 2, elemental analyses using ICP-OES
and CHNO analyzer were carried out. We found that 2 contains 3.9 wt. % Zr and 5.23
wt. % C, corresponding to a C/Zr ratio of 10.2 (± 0.2) and consistent with the
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formation of a mixture mono (theoretical: 11) and bipodal (theoretical: 10)
complexes of zirconium on the surface.
3.3.2.5. Solid-state NMR Analyses
To confirm more the structure, solid-state NMR measurements were conducted. For
all spectra depicted here, −CH3 was 55% 13C labeled.
The 13C CP/MAS NMR spectrum includes four resonances, at 67, 58, 23 ppm, and -5
ppm (Figure 3.7 A), which were correlated with proton resonances at 3.5, 1.5, and 1.4
ppm, as indicated in the 2D 1H-13C HETCOR NMR spectrum recorded with a contact
time of 0.2 ms (Figure 3.7 B). By comparing these chemical shifts with those observed
in the solution NMR spectrum of (THF)2Zr(-CH3)4, we inferred that the resonances at
67 and 23 ppm correspond to the THF coordinated to Zr, and the peak at 58 ppm
corresponds to methyl bound to Zr.
Besides, we have a strong correlation of the Z-CH3 at 58 ppm with the THF peak at 3.5
ppm; this is because the intensity of THF protons is very high, and these protons are
close to the Zr-CH3.
The Zr−CH3 peak in the grafted species is shifted downfield comparing to its
homogeneous counterpart; this shift is understandable as up to two -CH3 groups
(bipodal complexes are the major species) on the catalytic precursor were replaced
by two sigma bonded oxygen atoms of the surface.
Apart from the signals corresponding to Zr−CH3 and Zr−THF in the spectra of the
supported species, we also observed a signal at −5 ppm, which is well known to be

132

evidence for ≡Si-Me bond. The formation of such a surface species is known to result
from a transfer of -Me group from Zr-Me to an adjacent ≡Si-O-Si≡ bridge, leading to
the formation of a bipodal surface Zr species as shown in scheme 3.7.

Figure 3.7. [A] 13C CP/MAS NMR spectrum of 2 [B] 2D 1H-13C CP/MAS dipolar
HETCOR spectrum of 2
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Scheme 3. 7. Formation of Zr bipodal surface species [(≡Si−O−)2Zr(-CH3)2(THF)2]
by the migration of -Me group from Zr-Me to an adjacent Si-O-Si bridge
1H

magic-angle spinning (MAS) solid-state NMR spectrum of 2 includes two broad

signals, at 3.5 ppm of the Zr-THF and at 1.4 ppm of the Zr-CH3 and Zr-THF (Figure 3.8
A), which were found to be auto-correlated in a double quantum (DQ) at 7 and 2.8
ppm (Figure 3.8 B) and in triple quantum (TQ) at 10 and 5 ppm, respectively (Figure
3.8 C) confirming the presence of -CH3 groups. The proton signal of Zr-THF is autocorrelated in the triple quantum, although it is a –CH2 group due to the nature of the
THF; cyclic molecule with close protons that can all see each other resulting in a
correlation in the triple quantum.
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Figure 3.8. [A] One-dimensional 1H MAS solid-state NMR spectrum of 2 [B] Twodimensional 1H-1H double-quantum (DQ)/single-quantum (SQ) spectra of 2 [C]
Two-dimensional 1H-1H Triple quantum (TQ)/single-quantum (SQ) spectra of 2

3.3.2.6. DFT Simulation of NMR Chemical Shifts
Further, DFT calculations of NMR chemical shifts were conducted to clarify the
structure of 2. Firstly, the simplicity of the homogeneous complex 1 (calculated NMR
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value 0.2 ppm) confirmed a near agreement with the experimental 1H NMR peaks at
0.18 ppm. Secondly, DFT calculations on monopodal (models 1 and 2) and bipodal
(model 3) silica models were carried out to check if there is an NMR chemical shift
due to the methyl groups bonded to the metal center.21 The calculated shift is
equivalent to only 0.5-1 ppm on average for the monopodal as well as bipodal models,
which is in close agreement with the experimental data (1.5 ppm for Zr-CH3). Thus,
the experimental proton peaks at 3.5 and 1.4 ppm are assigned to be THF bound to Zr
center.
Additionally, calculations were carried out to understand the carbon peak at -5 ppm,
which is formed due to the methyl migration from Zr-CH3 to a nearby silicon atom.
Our calculations showed that it comes around -2 ppm, which is also closely in
agreement with the experimental data (-5 ppm). All the DFT calculations for the
calculated chemical shifts are presented in table 3.3, and the DFT optimized
structures are shown in figure 3.9.
Table 3.3. Chemical shift parameters (in ppm) obtained from simulations of 1H
NMR and 13C NMR spectra by DFT calculations

Chemical group
THF

1H

NMR

13C

NMR

(O)-CH2-(CH2)

3.5

66.2

(CH2)-CH2-(CH2)

1.5

27.4

ZrMe4

Zr-CH3(1)

0.3

30.4

Zr(Me)4(THF)1

Zr-CH3(2)

0.1

32.8

(O)-CH2-(CH2)

3.7

68.4
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Zr(Me)4(THF)2

Model 1 -Zr(Me)3
Model 1 -Zr(Me)3(THF)1

Model 1 -Zr(Me)3(THF)2

Model 2 -Zr2(Me)6

Model 2 -Zr2(Me)6(THF)4

(CH2)-CH2-(CH2)

1.7

27.0

Zr-CH3

0.2

33.0

(O)-CH2-(CH2)

3.6

68.1

(CH2)-CH2-(CH2)

1.6

28.3

Zr-CH3

0.4

31.7

Zr-CH3

0.0

29.9

(O)-CH2-(CH2)

3.9

69.5

(CH2)-CH2-(CH2)

1.7

23.8

Zr-CH3(1)

-0.1

30.5

Zr-CH3(2)

0.0

35.2

Zr-CH3(3)

-0.2

24.6

(O)-CH2-(CH2)

3.8

68.9

(CH2)-CH2-(CH2)

1.7

27.0

Zr-CH3(1)

0.7

35.4

Zr-CH3(2)

0.6

33.0

Zr-CH3(1)

0.9

35.1

Zr-CH3(2)

-0.1

21.2

Zr-CH3(3)

0.0

31.3

Zr-CH3(4)

0.2

34.1

Zr-CH3(5)

0.1

27.6

Zr-CH3(6)

0.0

27.2

3.8

68.4

1.6

24.8

4.1

68.7

1.8

26.8

(O)-CH2-(CH2)
(1)
(CH2)-CH2-(CH2)
(1)
(O)-CH2-(CH2)
(2)
(CH2)-CH2-(CH2)
(2)
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(O)-CH2-(CH2)
(3)

3.8

67.4

(CH2)-CH2-(CH2)
(3)

1.6

27.4

4.1

70.8

1.8

24.1

Zr-CH3(1)

1.1

41.8

Zr-CH3(2)

0.8

35.8

Zr-CH3(1)

0.5

37.0

Zr-CH3(2)

0.7

33.7

(O)-CH2-(CH2)

4.3

70.7

(CH2)-CH2-(CH2)

1.9

26.9

Zr-CH3(1)

0.6

31.2

Zr-CH3(2)

-0.1

Zr-CH3(3)

0.1

Zr-CH3(4)

0.1

Zr-CH3(5)

0.1

Zr-CH3(6)

0.3

(O)-CH2-(CH2)

4.2

70.7

(CH2)-CH2-(CH2)

1.9

26.9

Zr-CH3

0.2

30.9

(O)-CH2-(CH2)

4.1

70.7

(CH2)-CH2-(CH2)

1.9

26.9

-Si-CH3

0.4

-1.6

(O)-CH2-(CH2)
(4)
(CH2)-CH2-(CH2)
(4)
Model 3 -Zr(Me)2

Model 3 -Zr(Me)2(THF)1

Model 3 -Zr(Me)2(THF)2

Model 3 -Zr(Me)2(THF)2
methylated

32.9
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Figure 3.9. 3D view with the selected bond lengths in Å for all the DFT optimized
structures (Blue: Zirconium, red: oxygen, dark grey: carbon, light grey: silicon, and
white: hydrogen)
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3.3.3. Catalytic Testing of the Zr Complex
[(≡Si−O−)Zr(-CH3)3(THF)2] and [(≡Si−O−)2Zr(-CH3)2(THF)2] were tested for
catalysis in the CO2 conversion reaction (Scheme 3.8). Realizing that supported
catalysts formed from ZrCl4 are active for the conversion of CO2 to cyclic carbonates,
we anticipated that 2 might be more active.

Scheme 3.8. Conversion of CO2 to cyclic carbonates using 2 as a catalyst precursor
In a typical reaction, precatalyst 2 (10 mg, 3.3 ×10−3 mmol), CO2 and propylene oxide
(reactants) and TBAB (nucleophile) were introduced into a high-pressure batch
reactor (Appendix 2).
Three different initial volumes of propylene oxide were employed at NTP; 1 mL
(14.34 mmol), 2 mL (28.68 mmol), and 3 mL (43.03 mmol). To these mixtures, 47 mg
(0.14 mmol), 94 mg (0.28 mmol) and 141 mg (0.42 mmol) of TBAB were added
respectively. Then, 100 psi of CO2 were introduced into each mixture. The vessel was
heated to 60 °C and held for 16 h. Then the mixture was cooled to room temperature,
mixed with dichloromethane, and filtered, and the product composition was
quantified by gas chromatography. The catalytic performance of 2 was compared
with that of the known supported precatalyst [(≡Si−O−)ZrCl3(THF)2] (Table 3.4).
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Table 3.4. TON and conversion for the reaction of CO2 with propylene oxide to give
cyclic propylene carbonate in the presence of [(≡Si-O-)Zr(-CH3)3THF2] and
[(≡Si−O−Zr)2(-CH3)2(THF)2], [(≡Si-O-)ZrCl3(OEt2)2] and only TBAB at 60 °C for 16h

Propylene oxide to

Conversion of

precatalyst molar ratio

propylene oxide (%)

Complex 2

4361

64

2791

Complex 2

8722

48.5

4227

Complex 2

13084

28.7

3756

[(≡Si−O−Zr)(Cl3(OEt2)2]

4361

37.6

1640

Only TBAB is present

-

30.4

-

Catalyst precursor

TON

A turnover number (TON) of 4227 with a conversion of 48.5 % was obtained when
the ratio of propylene oxide to catalyst is 8722. Thus, 2 is an efficient precatalyst by
comparison with [(≡Si−O−)ZrCl3(THF)2].
These results provide a basis for a preliminary suggestion of a catalytic cycle (Scheme
3.9), although we recognize that further work is needed to assess this suggestion.
The suggested cycle comprises coordination of propylene oxide with the Lewis acidic
Zr center followed by a nucleophilic attack by TBAB on the propylene oxide ring
followed by CO2 insertion and then ring closure to form cyclic propylene carbonate.
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CO2 insertion

Scheme 3.9. The catalytic pathway of the cycloaddition of CO2 to propylene oxide
catalyzed by [(≡Si−O−Zr)(-CH3)3(THF)2] and [(≡Si−O−Zr)2(-CH3)2(THF)2] by
analogy with zirconium chloride surface species26

3.4. Conclusions
In summary, a THF adduct of a tetra-methyl Zr species [Zr(-CH3)4(THF)2] was
synthesized and characterized by 1H,

13C,

HSQC, and

35Cl

NMR spectroscopies. This

highly unstable complex was grafted at low temperature onto partially
dehydroxylated silica to give a mixture of two surface species [(≡Si−O−Zr)(CH3)3(THF)2] (minor) and [(≡Si−O−Zr)2(-CH3)2(THF)2] (major), which have been
characterized by solid-state NMR, IR, elemental analysis, gas quantification methods
and complemented by DFT calculations. These supported precatalysts served as a
precursor to catalyze the conversion of CO2 and propylene oxide to cyclic propylene
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carbonates, outperforming the previously reported [(≡Si−O−)ZrCl3(THF)2] and
achieving a TON of 4227.

3.5. Experimental Procedures
3.5.1. General Considerations and Materials
All samples were handled with the exclusion of air and moisture by the use of
standard Schlenk line and glovebox techniques. The syntheses and sample treatments
were carried out using high-vacuum lines (pressure <10−5 mbar).
The used solvents; n-Pentane, tetrahydrofuran (THF), and d8-THF were distilled from
a Na alloy under argon. The solvents were degassed through freeze-pump-thaw
cycles.
The reagents ZrCl4, BuLi, 13MeI, propylene oxide, and TBAB (Tetra-n-butylammonium
bromide) were purchased from Aldrich. Before using, the propylene oxide was
distilled from CaH2, and TBAB was melted 150°C and stirred under vacuum in a
Schlenk tube for 5 hours then stored under argon. Pure carbon dioxide (99.999%)
was purchased from Abdullah Hashim Industrial gases & Equipment (AHG) and used
as supplied.
SiO2-700 was prepared from Aerosil silica supplied by Degussa® (specific surface area
200 m2/g). Typically, 4 g of silica were treated in a quartz reactor fitting a tubular
furnace then partially dehydroxylated at 700 °C under high vacuum (<10−5 mbar) for
16 hours to give a white solid having a specific surface area of 190 m2/g and
containing 0.5-0.7 OH groups/nm2.
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3.5.2. Preparation of Labeled MeLi
In a 200 mL Schlenk, 15 mL of 1.6 M BuLi was taken under argon, and to that 3.4 g (24
mmol) of

13MeI

diluted in 25 mL of pentane was added dropwise at −20 °C with

stirring. A white precipitate formed immediately, and the solution was stirred for
another 30 min after the addition of 13MeI. The precipitate was then filtered and dried
under a vacuum to produce a white solid (13MeLi). A small amount of

13MeLi

was

taken and titrated with deoxygenated water to quantify the amount of methyl lithium
present by quantifying the release of methane (around 55% 13MeLi was found).
3.5.3. Liquid-State Nuclear Magnetic Resonance Spectroscopy (NMR)
All liquid-state NMR spectra were recorded on Bruker AVANCE 600 MHz
spectrometers. Chemical shifts were measured relative to the residual 1H or

13C

resonance in the deuterated solvent: d8-THF.34
A slurry of the ZrMe4 solution was taken just after the synthesis. The THF was
evaporated at -10 °C, and 0.4 ml of d8-THF was added to the tube under an inert
atmosphere and analyzed by solution NMR at 0 °C.
3.5.5. Fourier-Transform Infrared Spectroscopy (FTIR)
IR spectra of solid samples were recorded with a Nicolet 6700 FT-IR spectrometer by
using a DRIFT cell equipped with CaF2 windows. The samples were prepared in an
argon-filled glovebox. Typically, 64 scans were accumulated for each spectrum
(resolution 4 cm−1).
3.5.6. Elemental Analyses
Elemental analyses were performed at the KAUST core laboratory.
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3.5.7. Hydrolysis of the Zirconium Complex
Analysis of gas-phase of release methane after the treatment of the zirconium
complex with distilled water was performed with an Agilent 6850 gas
chromatography with a split injector coupled with a flame ionization detector. An HPPLOT Al2O3 KCl 30 m × 0.53 mm, 20.00 mm capillary column coated with a stationary
phase of aluminum oxide deactivated with KCl was used with helium as the carrier
gas at 32.1 kPa. Each analysis was carried out under the same conditions: a flow rate
of 1.5 mL/min and isothermal operation at 80 °C.
3.5.8. Solid-State Nuclear Magnetic Resonance (SS NMR)
Details of figure 3.7: [A] 13C CP/MAS NMR spectrum of 2 acquired at 9.4 T with a 10
kHz MAS frequency, 5000 scans, 4 s repetition delay, and 2 ms contact time.
Exponential line broadening of 80 Hz was applied prior to Fourier transformation. [B]
2D 1H-13C CP/MAS dipolar HETCOR spectrum of 2 acquired at 9.4 T with a 10 kHz
MAS frequency, 4000 scans per t1 increment, a 4 s repetition delay, 64 individual t1
increments, and a 0.2 ms contact time.
Details of figure 3.8: [A] One-dimensional 1H MAS solid-state NMR spectrum of 2
acquired at 600 MHz (14.1 T) with a 22 kHz MAS frequency, a repetition delay of 5 s,
and 8 scans. [B] Two-dimensional 1H-1H double-quantum (DQ)/single-quantum (SQ)
spectra of 2 acquired with 32 scans per t1 increment, 5 s repetition delay, 32
individual t1 increments. [C] Two-dimensional 1H-1H Triple quantum (TQ)/singlequantum (SQ) spectra of 2 acquired with 32 scans per t1 increment, 5 s repetition
delay, 32 individual t1 increments.
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3.5.9. Gas Chromatography (GC)
GC measurements were performed with an Agilent 7890A Series (FID detection).
Method for GC analyses: Column HP-5; 30m length x 0.32mm ID x 0.25 μm film
thickness; Flow rate: 1 mL/min (N2); split ratio: 50/1; Inlet temperature: 250 °C,
Detector temperature: 250 °C; Temperature program: 40 °C (3 min), 40-250 °C (12
°C/min), 250 °C (3 min), 250-300 °C (10 °C/min), 300 °C (3 min); propylene oxide
retention time: tR = 3.12 min, cyclic carbonate retention time: tR = 9.54 min.
3.5.10. Gas Chromatography-Mass Spectrometry (GC-MS)
GC-MS measurements were performed with an Agilent 7890A Series coupled with
Agilent 5975C Series. GC/MS equipped with a capillary column coated with none
polar stationary phase HP-5MS was used for molecular weight determination and
identification that allowed the separation of organic compounds according to their
boiling points differences.
3.5.11. Computational Details
All the DFT geometry optimizations were performed at the hybrid GGA PBE0
level[(a)35 of Perdew, Burke, and Ernzerhof with the Gaussian09 package.13 The
electronic configuration of the systems was described with the split-valence Def2SVP
basis set36, 37 for the main group atoms, while for zirconium we adopted the quasirelativistic SDD effective core potential, with the associated triple-ζ valence basis
set.38-40 The reported NMR values were built through single-point energy calculations
on the PBE0/Def2SVP~sdd geometries, including corrections due to dispersion
through the Grimme’s method with Becke–Johnson damping (GD3BJ keyword in
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Gaussian).41, 42 However, the solvent effects were included with the Solvation Model
based on Density (SMD) model using the THF solvent.43
The silica models were elaborated from the work of Sautet et al.44 using structure
001-5 for model1 and structure 001-4 for model2. For models of monopodal species
on SiO2-700, the initial silica surface selected for NMR property computations was
taken from the previously optimized structure of Emsley and co-workers.45 The
surface species were exchanged from that of the prior study with the species of
interest here and truncated at the second coordination sphere for the NMR tensor
computations. Further, where applicable, oxygen atoms at the silica surface were
terminated with hydrogen atoms.
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Chapter 4
Titanium Methyl Tamed on Silica: Synthesis of a Well-defined
Precatalyst for Hydrogenolysis of n-alkanes

(Reproduction in part with permission from Chemical Communications 2020, 56,
13401-13404.
Copyright 2020 by the Royal Society of Chemistry).
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4.1. Introduction
4.1.1. Catalytic Hydrogenolysis of Alkanes and Wax
Fischer–Tropsch process is an import process to produce liquid fuels. However, the wax
is formed as a side product. Conversion of these long-chain alkanes into valuable
chemicals or fuels will be a value-added process.1, 2 Mainly, the hydrocracking process was
used for the cracking of paraffinic waxes into useful chemicals.3, 4
Multiple dual metal/acid heterogeneous catalysts were employed for the hydrocracking
of wax, such as NiMo@SiO2-Al2O3 and Pt or Pd @Zeolithe.5, 6 At first, the alkanes are
dehydrogenated by the metal then cracked on the acid site through the formation of
carbenium ion (Scheme 4.1). However, these catalysts operate at high temperatures and
may be deactivated due to the coke formation in those conditions. Besides, the process
includes the formation of complex intermediates, limiting the understanding of the active
sites and the catalytic mechanism hence disabling the improvement of the catalytic
performances. 7, 8
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Scheme 4.1. Hydrocracking of alkanes mechanism using the metal/acid catalytic
system7
Many efforts were undertaken to reduce the temperature and carry out the conversion of
waxes to valuable chemicals effectively.9 Since the discovery of the well-defined silicasupported Zr hydride, [(≡Si-O)3ZrH], which was able to catalyze the hydrogenolysis of a
given alkane to lower homologs and the depolymerization (Ziegler-Natta
depolymerization) of LLDPE to fuel range alkanes at relatively low temperature (150 °C),
a new door was opened for research in this new field.10, 11
Multiple SOMC catalysts, more specifically supported d0 metal hydrides of groups 4, 5, and
6, were tested and found to be catalytically active for the hydrogenolysis and
depolymerization reactions at mild conditions. 10, 12-17
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Depending on the nature of the metal center, the rupture of the C-C bond by the
supported metal-hydride occurs either by α or by β-alkyl transfer into the metal-carbon
bond, as shown in scheme 4.2.16

Scheme 4.2. α and by β-alkyl transfer on M-alkyl fragment16
For instance, in 2011, S. Norsic et al. have reported the hydrogenolysis reaction of ethane,
n-butane, and wax using different silica-alumina supported metal-hydrides (70 mg of ZrH (3.9 wt. % Zr), Hf-H (7.1 wt. % Hf), W-H (7.6 wt. % W), and Ta-H (7.8 wt. % Ta) in a fixed
bed dynamic reactor at 1 bar and 180 °C. For ethane hydrogenolysis (9 ml/min of H2 and
3 ml/min of C2H6), they found that metal hydrides of group 4 are almost inactive. In
contrast, W-H and Ta-H achieved a stable conversion of 22 and 27 %, respectively, after
1350 minutes towards methane gas.
The activity of W and Ta is explained by their equilibrium between d0 trishydride and d2
monohydride complexes in contrast to Zr and Hf. The transition from d0 to d2 is required
for the C-C bond cleavage of ethane that adopts the α-alkyl transfer pathway. The
hydrogenolysis reaction of n-butane was conducted (9 ml/min of H2 and 3 ml/min of
C4H10) in the same reaction conditions; all the catalysts were active in the following
increasing order: W-H < Ta-H < Hf-H < Ti-H ≈ Zr-H with conversions of 44, 50, 76 and 98
% respectively after 2300 min, to give ethane, methane, and propane as products. They
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reported that metal hydrides of group 4 follow only the β-alkyl transfer pathway, whereas
W-H and Ta-H can have both α and by β-alkyl transfer.
Additionally, Zr, Hf, Ta, and W hydrides supported on silica-alumina (70 mg) were tested
in the hydrocracking of wax (400 g) under 20 mL/min flow of hydrogen at 1 bar and 180
°C. Their catalytic activities were compared to that of Ti-H species grafted on silica and
silica-alumina (generated from the hydrogenation of supported TiNp4 complex)
reported previously by C. Larabi et al. in 2009

14).

All the catalysts have successfully

converted wax into gas, gasoline, and diesel range alkanes as specified in table 4.1. The
interaction of silica-alumina support with the active metal center probably facilitates
the β-alkyl transfer, which explains the better activity comparing to the silicasupported complex.

Table 4.1. Conversion and products yield for the hydrocracking of wax after 2000
min (Si refers for SiO2-500, SA refers for SiO2-Al2O3-500) 14, 16
Catalyst
Conversion (%)
Gas (C1-C4)
Yield
Gasoline (C5-C9)
(wt %)
Diesel (C10-C22)

[W-H]SA

[Ta-H]SA

[Hf-H]SA

[Zr-H]SA

[Ti-H]Si

[Ti-H]SA

38
5.2
9.2
23.6

64.4
7.1
16.3
41

66.4
8.3
16.9
40.9

100
23.4
25.3
51.3

30
33
28
39

100
13
24
63

4.1.2. Synthesis of TiMexCl4–x (x≤4) Derivatives
A. Berry and coworkers have firstly synthesized ethereal bound TiMeCl3 in 1986 by
the reaction between TiCl4 and ZnMe2 in 2-methyl butane for geometry
investigation.18
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Later in 1995, S. Berget et al. have reported the preparation of different ethereal
bound TiMexCl4–x (x≤4) complexes by reaction between TiCl4 and TiMe4 in different
ratios.19 Whereas TiMe4 was prepared by reaction between MeMgI and TiCl4 in
diethyl ether at –40 °C under inert environment. All of these compounds were
characterized by 1H,

13C,

and

47,49Ti

liquid-state NMR (Table 4.2). Likewise, these

complexes could be prepared by mixing TiCl4 and MeLi in the right stoichiometric
ratios.19, 20

Table 4.2. Proton, carbon, and titanium chemical shifts of ethereal bound TiMexCl4–x
(x≤4) complexes19
TiMeCl3

TiMe2Cl2

TiMe3Cl

TiMe4

Decomposition
temperature (°C)

40

–10

–30

–40

δ1H (ppm)

2.88

2.11

1.86

1.41

δ13C (ppm)

113.7

87.8

79.8

69.3

δ47,49Ti (ppm)

613

907

1188

1325

After four years, S. Kleinhenz and K. Seppelt have prepared solvent (electron donor)
free TiMeCl3, TiMe2Cl2, and TiMe3Cl complexes; black crystals of TiMeCl3 were
obtained by reaction between MeLi (11.4 mmol) and TiCl4 (5.3 mmol) in pentane
under an inert atmosphere at –30 °C followed by purification and solvent evaporation
at –78 °C. Crystal analysis shows that this complex forms dimers with two bridging Cl
atoms in addition to his two terminal Cl ligands and one CH3 group per Ti atom
(Figure 4.1).21
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Figure 4.1. Crystal structure of [TiMeCl3] dimer21

TiMe3Cl was prepared in steps by reacting a solution of TiMeCl3 and MeLi (0.75 g) in
pentane at –78 °C, the obtained mixture is filtered and kept at –90 °C affording dark
red crystals of TiMe3Cl. The crystallographic study reveals that this complex forms a
tetramer with three bridging Cl atoms, as shown in figure 4.2.

Figure 4.2. Crystal structure of [TiMe3Cl] tetramer21

On the other hand, the synthesis of TiMe2Cl2 proceeds easier by mixing TiCl4 and
ZnMe2 in a 1:2 stoichiometric ratio in pentane or dichloromethane at –20 °C yielding
a yellow solution stable up to 0 °C. A further cooling at –75 °C gives black crystals of
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TiMe2Cl2. This complex is found to form a polymeric chain with bridging Cl ligands as
presented in figure 4.3.21, 22

Figure 4.3. Crystal structure of [TiMe2Cl2] polymer21
Solvent-free TiMe4 was not isolated yet. Besides, in contrast to TiMeCl3, TiMe2Cl2 and
Me3TiCl, calculations showed that in the donor–free environment, the homoleptic
TiMe4 complex is not prone to form polymers and has to be a single tetrahedral
molecule .21

4.2. Chapter Scope
Recently, we observed that while moving from metal neopentyl to metal methyl, the
activity in alkane metathesis reaction increased several-fold.23 Additionally, it was
comparatively easy to characterize the catalyst and understood the possible reaction
mechanism by either DFT or by isolating the active intermediate by isotopically
labeling the methyls attached to the metal center.24, 25 In this regard, we utilized
various homoleptic metal methyl homogeneous complexes, which are very rare, very
reactive in the homogeneous phase, and almost not suitable for catalysis because of
their unstable nature at room temperature.26-29 To make them stable for catalysis, we
used Surface Organometallic Chemistry (SOMC) approach, which stabilizes molecular
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species otherwise unstable in solution. Metal alkyl can react with surface silanols and
form a stable catalyst at room temperature, which makes them easier to use for
catalysis.28, 30
Inspired by our previous work, we aimed to synthesize and graft the homoleptic Ti(CH3)4 on oxide support and test its catalytic activity in the hydrogenolysis reaction of
n-alkanes. Synthesis of (Et2O)Ti(-CH3)4 without sufficient proof is already known in
the literature,21 but for our catalytic purposes, we wanted a homoleptic Ti without
any coordination of the solvent as the coordinated solvent makes them less
electropositive and eventually less effective for C-H bond activation. The difficulty in
preparing such metal complexes is already reported in the literature. 31, 32 Only partial
methylated species of metals of group 4 are known so far.33-35 Therefore, we choose
a soluble metal salt (TiCl4) and a non-coordinated solvent (pentane and
dichloromethane) for this reaction.
In this chapter, we disclose for the first time the synthesis and characterization of a
homoleptic TiMe4 in the absence of any coordinating solvent, the grafting and full
characterization of TiMe4 on SiO2-700, and the application of these grafted species in
low-temperature hydrogenolysis of propane and n-butane (Figure 4.4).36

Figure 4.4. Hydrogenolysis of propane and n-butane by supported Ti methyl
species
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4.3. Results and Discussion
4.3.1. Synthesis and Characterization of the Homogeneous Homoleptic Complex
Ti(-CH3)4
The synthesis of TiMe4 proceeded in two steps, as presented in scheme 4.3.

Scheme 4.3. Synthesis of TiCl2(-CH3)2 1 and Ti(-CH3)4 2
In the first step, the molecular precursor TiCl4 (0.25 mL, 2.28 mmol) is reacted with
one equivalent of the alkylating agent Zn(CH3)2 (1.0 M in heptane) in a mixture of
pentane (5 mL) and dichloromethane (5 mL) under stirring at – 80 °C for one hour.
After that, the reaction mixture was warmed up to – 40 °C for 3 hours, forming TiCl2(CH3)2 characterized by an orange color. Then, the reaction mixture was filtered, and
the filtrate was dried under a vacuum. An aliquot of TiCl2(-CH3)2 was taken in an NMR
tube and was mixed with CD2Cl2 and analyzed by 1H, 13C, HSQC, and 35Cl liquid-state
NMR (Figures 4.5-4.8).
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Figure 4.5. 1H NMR spectrum of TiCl2(-CH3)2

Figure 4.6. 13C NMR spectrum of TiCl2(-CH3)2
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Figure 4.7. HSQC NMR spectrum of TiCl2(-CH3)2

Figure 4.8. 35Cl NMR spectrum of TiCl2(-CH3)2
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1H

and

13C

NMR spectra display peaks at 2.6 ppm and 99.1 ppm, respectively,

attributed to the hydrogen and carbon atoms of the methyl group of TiCl2(CH3)2
complex. This attribution was further proved by the correlation between both of the
peaks observed in the HSQC spectrum. Moreover,

35Cl

NMR was conducted, and a

peak at 601.1 ppm confirms the presence of Ti-Cl.

In the second step of the synthesis, TiCl2(-CH3)2 reacted with an excess of MeLi (50 %
enriched) in pentane at – 80 °C for one hour, then at -60 °C for 3 hours. In the end, the
reaction mixture is filtered, affording Ti(-CH3)4 complex, characterized by dark red
color. This complex is highly sensitive to oxygen, moisture, and temperature; black
fumes were observed immediately when the temperature was increased above – 60
°C, which makes it very difficult to isolate the complex. Therefore, at the end of the
reaction, the reaction mixture is filtered and used immediately for grafting on oxide
surfaces.
The liquid-state NMR characterization of Ti(-CH3)4 is conducted in an NMR tube; 0.2
mL of TiCl4 was mixed with one equivalent of ZnMe2, pentane, and CD2Cl2 at -80 °C,
then an excess of 13C enriched MeLi was added to it. The reaction mixture was left
in the NMR tube for 3 hours at -60 °C, and the progress of the reaction was analyzed
by liquid-state NMR (1H, 13C, and 35Cl, figures 4.9-4.11).
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Figure 4.9. 1H NMR spectrum of Ti(-CH3)4

Figure 4.10. 13C NMR spectrum of Ti(-CH3)4
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Figure 4.11. 35Cl NMR spectrum of Ti(-CH3)4
In 1H and 13C NMR spectra, we observed that the peaks of the 1H and 13C were shifted
from 2.6 and 99.1 ppm (as observed in the case of TiCl2(-CH3)2) to 1.99 and 72.9 ppm
respectively, for the newly formed TiMe4 complex. This observation is
understandable as complete alkylation occurred on the Ti center, causing an upfield
shift of the carbon and proton peaks of methyl ligands. The attribution of the obtained
chemical shifts in the liquid-state NMR is realized by comparing them with those of
the reported ether bound methyl titanium chlorides.19, 21 To confirm the complete
substitution of chlorine atoms by methyl ligands, we characterized the sample by 35Cl
NMR. The 35Cl spectrum of the complex does not show any Cl peak (which is usually
observed between 500 - 800 ppm depending upon the number of chlorine atoms
attached to Ti)37-39 except that of the deuterated solvent CD2Cl2. This further
corroborates the successful synthesis of the homoleptic TiMe4 complex without any
coordinating solvent.

165

4.3.2. Grafting and Characterization of Ti(-CH3)4 onto SiO2-700
4.3.2.1. Grafting Procedure
The grafting of TiMe4 was performed by reacting an excess of TiMe4 with partially
dehydroxylated silica (SiO2-700) at −60 °C in pentane under an inert atmosphere of
argon for 4 hours (scheme 4.4), followed by washing with pentane three times to
remove the excess of Ti(-CH3)4 and drying under high vacuum conditions (10−5 mbar)
for one hour. In the end, a dark brown powder was obtained. The grafting process
generates the formation of two environmentally different [(≡Si-O-)TiMe3] species;
[(≡Si-O-)TiMe3] and [(≡Si-O-Si≡)(≡Si-O-)TiMe3] resulting from the interaction with
the silanol groups ≡Si-O-H and bridges ≡Si-O-Si≡ (Scheme 4.4). As expected from
previous work carried out with WMe6/silica, once grafted, the Ti complex is much
more stable and prone to more in-depth characterization.40,

41

The complex was

characterized by FT-IR spectroscopy, elemental analysis, methane quantification, and
solid-state NMR spectroscopy (1H, 13C, DQ, TQ, and HETCOR).

Scheme 4.4. Silica supported Ti(-CH3)4 3
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4.3.2.2. FT-IR Analysis
The FTIR spectrum of 3 was recorded (Figure 4.12); the IR peak of the isolated
silanols at 3747 cm−1 was disappeared, and new groups of bands in 3005-2819, and
1455 cm−1 regions appeared. These peaks are assigned to ν(CH) and δ(CH) vibrations of
the methyl ligands coordinated to the titanium atom.

Figure 4.12. FT-IR spectra of SiO2−700 before (Blue) and after grafting of Ti(CH3)4 (Orange)

4.3.2.3. Hydrolysis Reaction
Additionally, the structure of 3 was confirmed by the gas quantification method; the
hydrolysis reaction of 50 mg of 3 using degassed water has produced 0.937 mmol/g
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of methane whereas theoretically, we should get 1.065 mmol/g, which is consistent
with the formation of [(≡SiO-)TiMe3] surface species.
4.3.2.4. Elemental Analyses
Elemental analysis of 3 was conducted and it gave 1.8% Ti, 1.3% C and 0.33% H, with
a ratio of C/Ti = 2.88 and H/Ti = 8.77. These results further prove the formation of
[(≡SiO-)TiMe3].
4.3.2.5. Solid-state NMR Analyses
Furthermore, the structure of 3 was fully characterized by solid-state NMR
spectroscopy. The 1H magic-angle spinning (MAS) NMR spectrum displays one signal
at 2.0 ppm (Figure 4.13 A) that autocorrelates on the diagonal of both doublequantum (DQ) and triple-quantum (TQ) NMR spectra at 4.0 and 6.0 ppm, respectively
(Figures 4.13 B and C) which proves that they refer to -CH3 groups.
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Figure 4.13. Solid-state NMR characterization of 3; [A] One-dimensional 1H MAS
solid-state NMR spectrum, [B] Two-dimensional 1H-1H double-quantum (DQ)
spectrum, [C] Two-dimensional 1H-1H triple-quantum (TQ) spectrum

The

13C

cross-polarization magic-angle spinning (CPMAS) NMR spectrum shows a

main peak at 76 ppm along with a small signal at 61 ppm (Figure 4.14 A) that correlate
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with the proton at 2 ppm as indicated in the 2D 1H-13C HETCOR NMR spectrum
(Figure 4.14 B). These peaks are assigned to the carbon of the methyl of the titanium
species 3 (both with and without interaction with the oxygen atom of the siloxane
bridge). This type of interaction was already reported by our group with well-defined
[(≡Si-O-)TaCl2Me2] species.40 The

13C

signal in solid-state NMR is slightly shifted

compared to the carbon peak in the solution NMR spectrum from 72.9 to 76 ppm; this
is understandable as we have replaced at least one methyl group with an
electronegative oxygen atom.

Figure 4.14. Solid-state NMR characterization of 3 [A] 13C CP/MAS NMR spectrum,
[B] 2D 1H-13C CP/MAS dipolar HETCOR spectrum
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4.3.4. Catalytic Application of Grafted Ti Species in the Hydrogenolysis of
propane and n-butane
After the successful synthesis and full characterization of SOMC complex 3, this latter
was tested for the hydrogenolysis reaction of propane and n-butane. In a typical
experiment, the precatalyst 3 (0.088 mmol of Ti) was loaded in a continuous flow
reactor, and a mixture of propane or n-butane (3.5 mL/min) with hydrogen (9
mL/min) was passed through the catalytic bed at 180 °C. All the reactions were
conducted at the atmospheric pressure (P= 1 bar). The conversion of the reactant and
the gas products were analyzed every 20 min by online gas chromatography.
We achieved a maximum conversion of 85.9% after 40 min and a TON of 419 for
propane hydrogenolysis and a maximum conversion of 99.8% and a TON of 578 for
n-butane hydrogenolysis at our contact time (Figures 4.15 A and B).

Figure 4.15. Evolution of conversion (Blue) and corresponding TON over time
(Red) for hydrogenolysis reaction of (A) propane and (B) n-butane using 3
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Regarding the selectivity of the products, in the case of propane as a reactant, we
observed methane and ethane as products with almost the same selectivities (≈ 50%
for each) along with the reaction (Figure 4.16). This observation corroborates the
previously reported results that β-methyl transfer is only possible in the case of Ti.42

Figure 4.16. Evolution of products selectivities over time for hydrogenolysis
reaction of propane using 3

However, in the case of n-butane, we could observe each of the methane, ethane, and
propane. From the previously reported data, we know that hydrogenolysis can take
place either by α-alkyl or β-alkyl migration, depending on the metal atom.15, 16 Our
results indicate that in our catalytic system, we only observe β-alkyl transfer (as we
observed ethane, propane, along with methane instead of only methane) followed by
the formation of Ti(carbene)(alkyl) intermediate and finally hydrogenolysis to form
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lower alkanes. In the beginning, we observed that the selectivity for ethane is higher
than other products. However, with time on stream, the evolution of methane and
propane occurs. At the end of the reaction, we observed that the selectivity for
propane, methane, and ethane remains almost similar (Figure 4.17). It is surprising
to see that the selectivity for propane is almost similar to that observed for ethane
and methane. We believe this is because of the low contact time of the reactant to the
catalyst, and the concentration of the propane is much less to react back with the
catalyst.

Figure 4.17. Evolution of products selectivities over time for hydrogenolysis
reaction of n-butane using 3
Regarding the reaction mechanism (Scheme 4.6), the first step of the hydrogenolysis
reaction is the formation of Ti-H in the presence of H2 from Ti-CH3 by σ-bond
metathesis. Once Ti-H is formed, it reacts with the alkane (reactant) either by
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activating the terminal or the internal carbon. If it reacts with the terminal carbon of
the alkane, it follows the catalytic path A, resulting in ethane as a product before
regenerating the Ti-H catalyst. If the catalyst interacts by activating the C-H bond of
the internal carbon, it will follow the path B, where it will undergo β-alkyl transfer
resulting in olefin and alkyl fragments attached to Ti. This olefin alkyl fragment, in the
presence of hydrogen, gives methane and propane as hydrogenolysis products before
generating the parent Ti-H catalyst.

Scheme 4.5. Proposed mechanism of the hydrogenolysis reaction using precatalyst
3 by activating the C-H bond and reacting with (A) terminal or (B) secondary carbon
of the alkane

4.4. Conclusions
In this chapter, we synthesized the first homoleptic TiMe4 without any coordinating
solvent and characterized it by liquid-state NMR spectroscopy (1H, 13C, and 35Cl). The
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homogeneous complex Ti(-CH3)4 is very reactive and starts to decompose at a
temperature above -60 °C, making this complex very difficult to study and use for any
catalytic reaction. For the first time, we have stabilized this Ti complex by grafting it
on partially dehydroxylated silica (SiO2-700), and we have characterized it at the
molecular level using advanced solid-state NMR, IR, and gas quantification methods.
The silica-supported Ti precatalyst was used for the hydrogenolysis reaction of
propane and n-butane with a TON of 419 and 578 and initial conversions of 85.9 and
99.8 %, respectively.

4.5. Experimental Procedures
4.5.1. General Considerations and Materials
All experiments were carried out by using standard Schlenk and glovebox techniques
under an inert argon atmosphere. The syntheses and the treatments of the surface
species were carried out using high vacuum lines (< 10-5 mbar).
Pentane was distilled from a Na/K alloy under Ar and dichloromethane from CaH2.
Both solvents were degassed through freeze-pump-thaw cycles. TiCl4, Zn(CH3)2 (1.0
M in heptane), (CH3)(CH2)3Li (2.5 M in hexanes), and

13C-enriched

CH3I were

purchased from Sigma Aldrich.
Hydrogen (99.9999%), argon (99.999%), propane (99.999%), n-butane (99.95%),
and calibration mixture (Helium 8%, methane 6%, ethane 5%, propane 3%, n-butane
100 ppm, n-pentane 100 ppm, n-hexane 100 ppm, n-heptane 100 ppm, n-octane 100
ppm, n-decane 100 ppm and helium for balance) gases were purchased from
Specialty Gases Center of Abdullah Hashim Industrial Gases & Equipment Co. Ltd.
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(Saudi Arabia). Propane and n-butane cylinders were connected successively to
Agilent Gas Clean moisture and Agilent Gas Clean oxygen filters before the mass flow
controllers of the reactor. Argon and Hydrogen cylinders were connected to Thermo
Scientific Triple filters (Oxygen, moisture, hydrocarbons) before the mass flow
controllers of the reactor.
SiO2-700 is prepared from Aerosil silica from Degussa (specific area of 200 m2/g), it
was partially dehydroxylated at 700°C under high vacuum (< 10 -5 mbar) for 24 h to
give a white solid having a specific surface area of 190 m2/g and containing around
0.3 OH groups per 1g of silica.
4.5.2. Preparation of 13C-enriched MeLi
13MeLi

was prepared as described in chapter 3.

4.5.3. Hydrolysis of Complex 3
A sample of 3 (50 mg, 1.8% of Ti) was transferred in a Schlenk tube (180 mL), then
degassed water vapor (0.5 mL) was added and allowed to react with 3 at room
temperature for 2 h. An aliquot of the gas mixture was released and analyzed by gas
chromatography, only methane was detected, 0.937 mmol/g of methane were
quantified by GC (CH3/Ti ratio = 2.64).
4.5.4. Fourier-Transform Infrared Spectroscopy (FTIR)
IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer by using a DRIFT cell
equipped with CaF2 windows. The IR samples were prepared under argon within a
glovebox. Typically, 64 scans were accumulated for each spectrum (resolution 4
cm−1).
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4.5.5. Elemental Analyses
Elemental analyses (using ICP and CHNO analyzer) were performed at Core Lab ACL
KAUST.
4.5.6. Liquid-State Nuclear Magnetic Resonance Spectroscopy (NMR)
All liquid-state NMR spectra were recorded on Bruker Avance 600 MHz
spectrometers. All chemical shifts were measured relative to the residual 1H or 13C
resonance in the deuterated solvent CD2Cl2; 5.32 ppm for 1H and 53.5 ppm for 13C.
4.5.7. Solid-State Nuclear Magnetic Resonance Spectroscopy (SS NMR)
Details of figure 4.13: Solid-state NMR characterization of grafted Ti(CH3)4 onto
SiO2-700; [A] One-dimensional (1D) 1H MAS solid-state NMR spectrum acquired on a
600 MHz NMR spectrometer (14.1 T) with a 22 kHz MAS spinning frequency, a
repetition delay of 5 s, and 8 scans. [B] Two-dimensional (2D) 1H-1H double-quantum
(DQ) spectrum. [C] Two-dimensional (2D) 1H-1H triple-quantum (TQ) spectrum
acquired on a 600 MHz NMR spectrometer at 22 kHz MAS spinning frequency with a
back-to-back recoupling sequence, number of scans 128, repetition delay 5 s, number
of t1 increments 128.
Details of figure 4.14: Solid-state NMR characterization of grafted Ti(CH3)4 onto
SiO2-700 [A]

13C

CP/MAS NMR spectrum acquired on a 400 MHz NMR spectrometer

(9.4 T) with a 10 kHz MAS frequency, 20K scans, a 4 s repetition delay, and a 2 ms
contact time. Exponential line broadening of 80 Hz was applied before Fourier
transformation. [B] 2D 1H-13C CP/MAS dipolar HETCOR spectrum acquired on a 400
MHz NMR spectrometer (9.4 T) with a 10 kHz MAS frequency, 2048 scans per t1
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increment, a 4 s repetition delay, 64 individual t1 increments, and a 0.2 ms contact
time.
4.5.8. Gas Chromatography (GC)
The gas products were analyzed every 20 min by online gas chromatography using a
Varian 450-GC system with a flame ionization detector (FID) for the analysis of
hydrocarbons.
Column: GS-GASPRO, 30 m length, 0.32 mm diameter (Agilent J&W GC Columns).
Method: Front injector setpoint 150 °C, oven 40 °C hold for 2 min followed by
10 °C/min rate up to 180 °C hold for 1 min. TCD heater setpoint 180 °C, filament
temperature 225 °C. FID setpoint 250 °C. The Split ratio is 20 initially, then increased
to 100 from 0.5 to 5 min, then decreased to 20 after 5 min.
The GC was calibrated using a calibration mixture of mixed hydrocarbons to qualify
and quantify the reactants and the formed products. The response and retention time
for each component of the calibration mixture was established based on three
independent runs.
4.5.9. Hydrogenolysis Reaction
The catalytic hydrogenolysis of propane and n-butane was performed on a micropilot (PID Eng&Tech) equipped with a stainless steel reactor at atmospheric pressure
(Appendix 3). The catalyst powder was placed in the reactor supported by
preliminary dried quartz wool. Conversions were calculated based on carbon mass
balance.
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Complex 3 (0.088 mmol) was loaded in a glovebox into a 0.5 inch diameter stainless
steel reactor fitted with a four-channel isolating valve. After connection to the rack,
all the tubing were purged bypassing the reactor with argon flow (20 mL/min) for
30 min, then with the reaction mixture (3.6 mL/min of propane or n-butane and
9 mL/min of hydrogen) for additional 10 min. Then the four-channel valve was
switched on, and the reactor was heated to 180 °C (4°C /min) at 1 atm. The gaseous
products were analyzed online with the connected GC.
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Chapter 5
Ethylene Polymerization Catalyzed by Silica-supported Welldefined Neutral and Cationic Ti Methyl Chloride Complexes

183

5.1. Introduction
The concept of polymerization was firstly introduced by Hermann Staudinger in
1920, who demonstrated that the macromolecules or polymers are made from
covalently bonded monomers. His revolutionary discovery led him to win the Nobel
Prize in chemistry in 1953.1-3 Since that time, a new era has begun in designing and
developing polymers with desirable properties for countless applications (i.e.,
textiles, coatings, adhesive, packaging, building and constructions, etc.).2
5.1.1. Catalytic Polymerization
Three main catalysts are used efficiently in the industrial-scale production of
polymers; Ziegler-Natta catalysts (based on TiCln), Philips catalysts (Cr/SiO2), and
different metallocenes complexes (Figure 5.1).4-7

Figure 5.1. Structures of (A) Ziegler–Natta catalyst supported on MgCl2, (B) Phillips
catalyst, and (C) example of metallocene catalyst (AlR3 = Trialkylaluminum, MAO =
Methylaluminoxane)6,7

During the polymerization process, the chain length of the polymer depends on the
kinetic competition between the chain propagation (insertion of the monomer into
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the M-C bond) and the chain termination (β-H elimination) rates.8 Thus, the metalcarbon bond is the active intermediate for the olefin polymerization reaction. In the
Ziegler Natta mechanism, the organoaluminium activator (AlR3) is combined with the
metal halide of group 4 or 5 to generate the M-C bond, and it serves as well as an
electron widhrawing agent to render the metal complex cationic. However, AlR3 is not
safe to use, especially when employed in significant amounts in industries. On the
other hand, the silica-supported Philips catalyst does not require an activator. The
Cr(II) atom can react directly with the olefin giving a propagating Cr-C bond.
Nevertheless, this system suffers from a short activity’s duration. 9, 10
Therefore, it would be advantageous to combine both approaches and design
supported catalysts with the final aim to enhance both the activity and selectivity of
the catalyst. As a result, different efforts are dedicated to developing supported
single-site catalysts.11-15
5.1.2. Polymerization of Olefins using SOMC Complexes
Multiple supported metallocene systems (see chapter 1) and SOMC catalysts were
tested and found active in polymerization reactions. In particular, supported metal
alkyl and hydrides of group 4 have shown activity for Ziegler-Natta olefin
polymerization without the use of co-catalyst.

16, 17

For instance, Hf(CH2tBu)4 was

grafted on γ-alumina (γ-Al2O3-500) generating three different neutral and cationic
complexes as shown in scheme 5.1.18 These surface species achieved high
productivity in ethylene polymerization reaction of 1287 KgPE/(molHf.h.atm) without
the use of any cocatalyst due to the presence of the cationic structure [[(≡AlIV-O-)(AlSO-)Hf(-CH2tBu)]+[Als(-CH2tBu)]-] in a high percentage (34%). However, when
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Hf(CH2tBu)4 was grafted on highly dehydroxylated silica SiO2-800, the resulted precatalyst [(≡Si-O-)Hf(-CH2tBu)3] was inactive in ethylene polymerization, so a
cocatalyst is required with the neutral surface species.

Scheme 5.1. Grafting of Hf(CH2tBu)4 on γ-Al2O3-50018
A relevant study was carried out by N. Millot et al. in 2006;13 they have grafted
Cp*ZrMe3 on Si02-800 affording well-defined [(≡Si-O-)ZrCp*(Me)2] A species coming
from either the protonolysis of Zr-Me bond by the surface silanol (90 %) or by the
opening of siloxane bridge (10 %). Then they have reacted the obtained complex with
B(C6F5)3 giving three different cationic species; [(≡Si-O-)2ZrCp*]+[(Me)B(C6F5)3][≡Si-O-Si≡] B (70%), [(≡Si-O-)ZrCp*(Me)]+[MeB(C6F5)3]-[≡Si-O-Si≡] (20 %) C1, and
[(≡Si-O-)ZrCp*(Me)]+[(Me)B(C6F5)3]-[≡Si≡Me] C2 (10 %).
Additionally, Cp*ZrMe3 and Cp2*ZrMe2 were reacted with pre-treated silica [(≡Si-O)B(C6F5)3]-[HNEt2Ph]+ (resulting from the reaction of B(C6F5)3 with the silanol groups,
which requires the presence of the Brønsted base diethylaniline ‘Et2NC6H5’) affording
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[(≡Si-O-)B(C6F5)3]-[Cp*Zr(Me)2‚NEt2Ph]+, D, and [(≡Si-O-)ZrCp2]+[(Me)B(C6F5)3]- E,
respectively (Scheme 5.2).

Scheme 5.2. Silica-supported Zr metallocene complexes12
The authors found that species C and D are active in the ethylene polymerization
reaction giving 93 and 67 KgPE/(molZr.atm.h), respectively, at room temperature.
However, a fast decomposition of C was observed. It was explained by the loss of
methyl ligand and the burial of Zr into the silica due to successive siloxane bridge
opening and formation of ≡Si-Me.
Another interesting example was the work of N. Popoff et al. in 2011,8-10 they have
prepared silica-supported [(≡Si-O-)TiCl3] and [(≡Si-O-)2TiCl2] by reacting TiCl4 and
SiO2-200/ SiO2-700 in toluene. After treatment with the harmless reducing agent 1methyl-3,6- bis(trimethylsilyl)-1,4-cyclohexadiene (MBTCD).19 These species found
to be active for the first time in the ethylene polymerization without the use of an
aluminum alkyl compound. HDPE was obtained with up to 259.2 KgPE/(molTi.h) under
20 bar of C2H4 at 25 °C.
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5.1.3. Polyethylene
Polyolefins are firstly synthesized by E.W. Fawcett and R.O. Gibson in 1933; 20 they
are now representing the largest class of plastics. They are characterized mainly by
their non-toxicity and inexpensive synthesis. Their production has exceeded 178
million tons in 2015

21, 22,

with an increasing market growth of 5-6 % per year.23

Besides, more than 300 grades of polyolefins have been prepared with different
mechanical properties depending on the application.24
In particular, polyethylene (PE), which is an inexpensive, light, durable, and easily
processed material, is considered one of the most used plastics globally, mainly in
packaging and construction. Its production has exceeded 70 million tons in 2012
where 45% are high density polyethylene (HDPE).25, 26
Linear PE produced by Philips catalysts have the broadest molecular weight
distribution with a polydispersity index (PDI) ranging from 4 to 100, whereas PE
made with Ziegler-Natta catalysts have a PDI of around 4, and the lowest
polydispersities were achieved with the metallocene catalysts (c.a. 2).4

5.2. Chapter Scope
In 2012, our group reported the grafting of TaMe3Cl2 on SBA-15700 affording [(≡Si-O)TaMe2Cl2].27 This complex was active for ethylene oligomerization without the use
of any cocatalyst. In a semi-batch reactor under a condensed gas phase of ethylene
(50 bar) at 100 °C, 1-hexene was obtained as a major product with good productivity
(58 g1-hexene./(g Ta. h), TON 375) and selectivity (82.7 %). Whereas under a gas phase
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(12 bar) in a flow bed reactor at 70 °C, dimerization of ethylene occurred, giving
mainly 1-butene (110 molC4H8/molTa after 5000 min).
Inspired by our previous results, we thought to prepare silica-supported Ti(CH3)2Cl2
complex and test it in the ethylene polymerization reaction. Moreover, we thought to
envision a step beyond by preparing and characterizing cationic Ti surface species,
which would be more active in this specific reaction as reported in the literature.28-31
Therefore, in this chapter, we report the grafting and characterization of TiMe2Cl2 on
silica (SiO2-700) along with the treatment of these grafted species with the Lewis acid
BARF yielding the corresponding cationic Ti surface complexes. After that, we have
tested these grafted Ti pre-catalysts in the ethylene polymerization reaction and
analyzed the obtained polymers by HT-GPC, liquid-state NMR, and DSC techniques.

5.3. Results and Discussion
5.3.1. Grafting of Ti(-CH3)2Cl2 onto SiO2-700 and Post-treatment with BARF
The synthesis and characterization by liquid-state NMR (1H, 13C, HSQC, and

35Cl)

of

the complex Ti(-CH3)2Cl2 was described in chapter 4.
An excess of Ti(CH3)2Cl2 (in a mixture of pentane and dichloromethane) was reacted
with partially dehydroxylated silica (SiO2-700) at -40 °C for 3 hours. Then the solution
mixture is washed with pentane three times then dried under high vacuum conditions
for one hour, affording a brown powder, complex 1, composed of a mixture of [(≡SiO-)TiMeCl2] and [(≡Si-O-)TiMe2Cl] species (Scheme 5.3).
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Scheme 5.3. Grafting of Ti(-CH3)2Cl2 on SiO2-700, complex 1

After that, 1 (1g, 0.36 mmol of Ti) was treated with one equivalent (186 mg) of the
Lewis acid and demethylating reagent Tris(pentafluorophenyl)borane (BARF).32 The
reaction is carried in toluene (50 mL) at –20 °C for four hours, followed by washing
with pentane in excess and drying under vacuum resulting in brown powder (a little
bit lighter than 1), complex 2. This latter is probably composed of a mixture of
cationic complexes [(≡Si-O-)TiMeCl]+ and [(≡Si-O-)TiCl2]+(Scheme 5.4).

Scheme 5.4. Treatment of 1 with BARF, complex 2

5.3.2. Characterization of Neutral and Cationic Silica-supported Ti Species
5.3.2.1. FT-IR Analysis
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Both of the grafting and treatment with BARF are followed by FT-IR (Figure 5.2), the
disappearance of characteristic isolated silanol peak at 3747 cm−1 and the appearance
of new bands in 3983-2864, and 1381 cm−1 assigned to ν(C-H) and δ(C-H) vibrations of
the methyl ligands confirm the anchoring of 1 on the silica surface.
New peaks appeared between 1545 and 1459 cm−1 and at 1352 cm−1 after the
treatment with BARF. They are attributed to the stretching vibrations of conjugated
C=C bond ν(C=C) and fluorinated aromatic bond ν(C-F), respectively of the BARF.33-35

Figure 5.2. FT-IR spectra of 1 and 2
5.3.2.2. Elemental Analyses
Elemental analysis was conducted, complex 1 contains 1.75% Ti, 0.53% C and 0.15%
H, with a ratio of C/Ti = 1.2 and H/Ti = 4. These results indicate the formation of a
mixture of [(≡Si-O-)TiMeCl2] and [(≡Si-O-)TiMe2Cl] species. Whereas complex 2
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contains 1.75% Ti, 1.44% C, and 0.14% H, the increase of the carbon ratio is
understandable, as we have the anionic [MeB(C6F5)3]- present on the surface (around
0.36 mmol).
5.3.2.3. Solid-state NMR Analyses
Complexes 1 and 2 were characterized by solid-state NMR. The 1H MAS of 1 shows
two peaks at 2.2 and 2 ppm. Also, the 13C CP-MAS spectrum reveals two peaks at 89.09
and 78.1 ppm attributed to the methyl group of [(≡Si-O-)TiMeCl2] and [(≡Si-O)TiMe2Cl], respectively (Figure 5.3).

Figure 5.3. (A) 1H and (B) 13C CP/MAS NMR spectra of 1

However, after treatment with BARF, NMR spectra show one main proton peak at 2.3
ppm and a carbon peak at 90 ppm (Figure 5.4) corresponding to [(≡Si-O-)TiMeCl]+
complex coming from the demethylation of [(≡Si-O-)TiMe2Cl]. The downfield from
78.1 to 90 ppm was already observed with previous cationic SOMC species. 32
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Moreover, [(≡Si-O-)TiCl2]+ would be formed as a consequence of the methylation of
[(≡Si-O-)TiMeCl2] species.

Figure 5.4. (A) 1H and (B) 13C CP/MAS NMR spectra of 2
5.3.3. Catalytic Application of Grafted Ti Species in Ethylene Polymerization
Reaction
After that, 1 and 2 were tested in the ethylene polymerization reaction; 50 mg of each
complex (Ti 1.75 %) were mixed with 5 mL of dry toluene in sealed glass vials in a
glovebox then connected to the ILS high throughput polymerization system
(Appendix 4), where 10 bar of C2H4 are inserted. Then, the vials were heated to 100
°C for one hour under stirring. In the end, the formed polyethylene was washed with
methanol then filtered and dried. Polymerization activities of 65.64 and 78.36
gPE/(mmolTi·h) were obtained using 1 and 2, respectively (Figure 5.5).
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Figure 5.5. Polyethylene aspect obtained with 1 and 2

Liquid state NMR (1H and 13C) of the polymers at 130 °C in 1,2,4-Trichlorobenzene-d3
was carried out to determine the linearity and degree of branching (Figures 5.6 and
5.7). With both precatalysts, one main proton peak at 1.29 ppm and carbon peak at
29.6 ppm corresponding to the –CH2- backbone are observed. Besides, all of the
protons of the olefinic double bond and the terminal methyl group are identified. The
results demonstrate that linear polymers with no branches are formed.36, 37
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Figure 5.6. (A) 1H and (B) 13C liquid-state NMR of polyethylene obtained with 1
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Figure 5.7. (A) 1H and (B) 13C liquid-state NMR of polyethylene obtained with 2

The molecular weights and their distributions were determined using hightemperature gel permeation chromatography (HT-GPC); we found that both
polymers had close high average molecular weights (Mw) of 500,367 and 486,612
g/mol using 1 and 2, respectively, and slightly high molecular mass distribution
(Mw/Mn) of 13.57 and 9.67, respectively which indicate that more than one Ti-based
active center is present as compared to previous reported Ta based SOMC species.38
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Moreover, the thermal properties of the polymers were investigated using
differential scanning calorimeter (DSC). The peak melting temperature (Tm) of both
polymers is almost the same ≈ 132 °C (Figures 5.8 and 5.9), which demonstrates that
we have a high-density polyethylene (HDPE).39, 40

Figure 5.8. DSC of polyethylene obtained with 1

Figure 5.9. DSC of polyethylene obtained with 2
In conclusion, we found that the catalytic performances of complexes 1 and 2 in the
ethylene polymerization reaction are comparable, and we demonstrated that the
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neutral silica-supported TiMe2Cl2 could carry out the polymerization reaction
successfully without the need of any cocatalyst.

5.4. Conclusions
In this work, we have grafted TiMe2Cl2 on silica (SiO2-700) to give a mixture of the
monopodal species [(≡Si-O-)TiMeCl2] and [(≡Si-O-)TiMe2Cl] and, we have
characterized the supported complex by IR, elemental analyses, and solid-state NMR
methods to investigate its catalytic reactivity in the ethylene polymerization reaction.
The generated species were reacted with BARF to form cationic Ti complexes [(≡SiO-)TiMeCl]+ and [(≡Si-O-)TiCl2]+. These species are expected to be more reactive in
the polymerization reaction. Interestingly, the activity of both neutral and cationic
surface precatalysts was almost the same; HDPE with a polymerization activity of
65.64 and 78.36 gPE/(mmolTi·h), respectively and high molecular weight of 500,367
and 486,612 g/mol were obtained even without the use of any cocatalyst or Lewis
acid.

5.5. Experimental Procedures
5.5.1. General Considerations and Materials
All experiments were carried out by using standard Schlenk and glovebox techniques
under an inert argon atmosphere. The syntheses and the treatments of the surface
species were carried out using high vacuum lines (< 10-5 mbar).
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Pentane was distilled from a Na/K alloy under Ar and dichloromethane from CaH2.
Both

solvents

were

degassed

through

freeze-pump-thaw

cycles.

Tris(pentafluorophenyl)borane is purchased from Sigma Aldrich.
SiO2-700 is prepared from Aerosil silica from Degussa (specific area of 200 m2/g), it
was partially dehydroxylated at 700°C under high vacuum (< 10 -5 mbar) for 24 h to
give a white solid having a specific surface area of 190 m2/g and containing around
0.50- 0.70 OH/nm2.
5.5.2. Fourier-Transform Infrared Spectroscopy (FTIR)
IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer by using a DRIFT cell
equipped with CaF2 windows. The IR samples were prepared under argon within a
glovebox. Typically, 64 scans were accumulated for each spectrum (resolution 4
cm−1).
5.5.3. Elemental Analyses
Elemental analyses (using ICP and CHNO analyzer) were performed at Core Lab ACL
KAUST.
5.5.4. Solid-State Nuclear Magnetic Resonance Spectroscopy (SS NMR)
Details of figure 5.3: [A] 1H MAS solid-state NMR spectrum of 1 acquired on a 400
MHz NMR spectrometer (9.4 T) with a 10 kHz MAS frequency, 32 scans, a 5 s
repetition delay, and a 2 ms contact time. [B] CP/MAS NMR spectrum of 1 acquired
on a 400 MHz NMR spectrometer (9.4 T) with a 10 kHz MAS frequency, 26K scans, a
5 s repetition delay, and a 2 ms contact time. Exponential line broadening of 80 Hz
was applied before Fourier transformation.
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Figure 5.4: [A] 1H MAS solid-state NMR spectrum of 2 acquired on a 400 MHz NMR
spectrometer (9.4 T) with a 10 kHz MAS frequency, 32 scans, a 5 s repetition delay,
and a 2 ms contact time. [B] CP/MAS NMR spectrum of 2 acquired on a 400 MHz NMR
spectrometer (9.4 T) with a 10 kHz MAS frequency, 26K scans, a 4 s repetition delay,
and a 2 ms contact time. Exponential line broadening of 80 Hz was applied before
Fourier transformation.
5.5.5. High-Temperature Gel Permeation Chromatography (HT-GPC)
Agilent PL-GPC 220 high-temperature gel permeation chromatography (HT-GPC) was
employed (Appendix 4). Polystyrene standards were used to build the calibration
curve. 1 mg of each polyethylene sample is dissolved in 1 mL of 1,2,4trichlorobenzene and placed in a shaker heater instrument at 150 °C for two hours
before analysis in the HT-GPC at 150 °C
5.5.6. Differential Scanning Calorimetry (DSC)
Differential scanning calorimeter (DSC Q2000, Texas Instrument) was employed to
measure the melting temperature and crystallinity (%) of the polymers. The
instrument was calibrated with indium. 3-5 mg of each sample was taken and placed
in an aluminum pan, then placed in the carousel along with the reference. The
samples were heated from 50 °C to 160 °C with a heating rate of 10 °C/min and held
at this temperature for 10 min. Then cooled to – 50 °C (10 °C/min) and kept for 10
min and finally heated again to 160 °C (10 °C/min) and kept for 10 min, then cooled
again to 50 °C. The flow rate of the nitrogen purging gas was set to 50 mL/min
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Conclusions and Perspectives

Surface organometallic chemistry is an excellent approach to bridge the gap between
homogeneous and heterogeneous catalysis by grafting the molecular organometallic
complex on various oxide surfaces, forming well-defined and single-site
precatalyst/catalysts. The SOMC strategy opens up opportunities for easier and
better characterization as well as further development of new catalysts. These surface
species could promote a wide range of catalytic applications (i.e., metathesis,
hydrogenolysis, and polymerization reactions) depending on the metal center and its
coordination sphere.
More specifically, the grafting of organometallic complexes and precisely alkylated
systems of groups 4, 5, and 6 metals on the surface oxide is a thermodynamically
favored reaction generally leading to strongly bonded well-defined surface species,
which are highly reactive catalysts. However, the σ-bonds of the metal-alkyl are weak
and likely decomposed by facile β-hydride elimination. This problem is absent when
metal-methyl complexes are used.
This thesis has focused on the preparation, characterization, and catalytic
investigation of different supported complexes that contain methyl, alkyl, and
alkylidyne ligands.
We first studied the metathesis of classical and functionalized olefins using silicasupported single-site well-defined [(≡Si−O−)W(-CH3)5] and [(≡Si-O-)Mo(≡CtBu)(CH2tBu)2] complexes. We found out that both of the precatalysts perform almost
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equally in classical linear olefin metathesis with the same TON at 70 °C (≈1700). They
both give a wide range of products explained by the isomerization of the olefinic
double bond followed by metathesis. However, W precatalyst shows better catalytic
performance than the Mo counterpart in the metathesis of ester and acetates; this
finding was confirmed by DFT calculations associated with a lower energy barrier
using W compared to Mo. Besides, we found that W precatalyst gives only the main
metathesis product, whereas Mo precatalyst affords a range of isomerization
products. However, the poisoning of the highly oxophilic metal centers by the oxygen
atom of the reactant remains a challenge that limits the evolution of TON and thus
requires more studies to protect the active sites. Nevertheless, we believe that this
study will open up doors to more understand the isomerization process using those
precatalysts. Besides, TON could be enhanced when the oxide support SiO2-700 is
replaced by KCC-1-700, as it is the case in alkane metathesis reaction (Appendix 1).
After that, we wanted to prepare new homogeneous methyl-containing complexes,
stabilize them on oxide supports, and explore their catalytic activity. In the third
chapter, we synthesized and immobilized on the silica support the homogeneous
(THF)2Zr(CH3)4 for the first time. The resulted surface species [(≡Si−O−Zr)(CH3)3(THF)2] and [(≡Si−O−Zr)2(-CH3)2(THF)2] have promoted the conversion of CO2
and propylene oxide in the presence of TBAB to cyclic propylene carbonates with a
good TON of 4227 compared to [(≡Si−O−)ZrCl3(THF)2] that achieves a TON of 1640.
The enhanced activity could be explained by the better accessibility to the Zr center
as the electron density around it decreases when chlorine ligands are replaced by
methyl ones. This work could be further investigated to increase the catalyst’s
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activity. For instance, if the homoleptic ZrMe4 without coordinating solvent is
prepared, the activity would be enhanced as the metal became more electrophilic.
However, the problem is the non-solubility of the synthesis precursor ZrCl4 in nonoxygen containing organic solvents such as pentane and toluene. Therefore, a new
optimized synthesis route using a mixture of solvents or a different procedure could
be studied.
Inspired by our findings, we targeted the synthesis of another homogeneous
methylated complex from the same group 4 of transition metals. In the fourth chapter,
we succeeded in preparing the first homoleptic and highly unstable TiMe4 complex
without any coordinating solvent and stabilizing it by grafting on SiO2-700. The
resulted surface species [(≡Si-O-)TiMe3] and [(≡Si-O-Si≡)(≡Si-O-)TiMe3] resulting
from the interaction with the silanol groups ≡Si-OH and bridges ≡Si-O-Si≡ were fully
characterized by SOMC techniques, then used in the hydrogenolysis reaction of
propane and n-butane. For the case of propane (initial conversion 85.9 %, TON 419),
we got a mixture of methane and ethane. In contrast, for the n-butane (initial
conversion 99.8 %, TON 578), we observed a mixture of methane, ethane, and
propane. The product distribution proved that only β-alkyl transfer is possible with
our Ti precatalyst. This work could continue in different directions; on the first hand,
to increase the TON, other supports may be tested, such as the KCC-1 as recently we
observed enhanced activity in the n-decane metathesis reaction using [(≡Si-O-)W(CH3)5]KCC-1(700) compared to [(≡Si-O-)W(-CH3)5]SiO2(700) explained by the better
accessibility of the substrate to the active sites (Appendix 1). On the other hand, more
studies should be performed to determine the reasons behind the catalyst
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deactivation and thus to enhance its lifetime. Moreover, other catalytic aspects of
these supported Ti species could be explored to maximize their efficiency in various
catalytic reactions.
The synthesis of TiMe4 passes through the formation of TiCl2Me2 as an intermediate,
this latter complex is more stable compared to the former one, and its preparation is
much easier. Therefore we thought to investigate more about its plausible catalytic
activity. Inspired by our previous work of stabilizing TaMe3Cl2 on SBA-15700 and using
it for the ethylene oligomerization reaction, we wanted to do the same with our
TiCl2Me2 complex by grafting it on SiO2-700; a mixture of surface species [(≡Si-O)TiMeCl2] and [(≡Si-O-)TiMe2Cl] was generated and characterized. Additionally,
knowing that cationic complexes would offer a better activity in polymerization
reactions, we generated Ti cationic species by reacting the obtained complexes with
a demethylating Lewis acid agent (BARF). Solid-state NMR studies indicate that we
mostly got a mixture of [(≡Si-O-)TiMeCl]+ and [(≡Si-O-)TiCl2]+. Each of the neutral
and cationic Ti surface complexes was used for ethylene polymerization reaction, and
we obtained comparable results with both of them; linear high-density polyethylene
with polymerization activity of 65.64 and 78.36 gPE/(mmolTi·h), respectively and high
molecular weight of 500,367 and 486,612 g/mol, respectively were formed. So, even
without the use of any cocatalyst or Lewis acid, the prepared neutral Ti species were
active for ethylene polymerization. In order to decrease the polydispersity index
(13.57 and 9.67 with neutral and cationic species, respectively), further structure
investigation and catalytic optimization (i.e., changing the amount of catalyst,
temperature, pressure, etc.) could be performed.
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Finally, we hope these studies will open up doors to use very reactive early transition
metals for different catalytic reactions.
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APPENDIX 1
Metathesis of n-decane using [(≡Si-O-) W (-CH3)5]KCC-1(700)
In the first step, WMe6 was grafted on KCC-1 (surface area ≈ 700 m2/g; pore size = 6.7
– 6.8 nm; pore volume = 1.14 cm3/g) partially dehydroxylated at 700 °C (surface
accessible silanols = 1.8 mmol OH/g). The grafting was followed by FT-IR
spectroscopy, the spectrum shows a decrease in the characteristic silanol peak (ν(OH))

at 3746 cm-1, and the appearance of new bands at 3020−2853 cm−1 and 1473 cm−1

corresponding to ν(C-H) and δ(C−H) vibrations, respectively of the methyl ligands bound
to W (Figure 1).

Figure 1. FT-IR spectroscopy of KCC-1 partially dehydroxylated at 700 oC (blue
curve) and WMe6@KCC-1 (Orange curve)
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The grafted complex was tested in the metathesis of n-decane. In a batch reactor, the
pre-catalyst [(≡Si-O-) W (-CH3)5]KCC-1(700) (4,6 wt. % W, 27 mg) is mixed with 1 ml of
n-decane inside a glovebox. The reactor tubes were taken out of the glove box, frozen
using liquid nitrogen, sealed under vacuum, then heated at 150 °C at different times
(1 h, 4 h, 1 day, 3 days, 5 days, and 7 days). At the end of the reaction, the reaction
mixtures were quenched with dichloromethane and analyzed with GC and GC-MS.
The evolution of TON with time is shown in figure 2.

Figure 2. The evolution of turnover number (TON) vs. time for n-decane metathesis
reactions using [(≡Si-O-)W(-CH3)5]KCC-1(700) at 150 °C
A conversion of 72.4 % and a TON of 554 were obtained after 168 h. These results are
almost four times better compared to the catalytic performance of WMe6 grafted on
SiO2-700 that achieves a conversion of 20 % and a TON of 153 after 216 h in the same
reaction conditions. This could be explained by the shape of KCC-1 support that
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enables better accessibility of the substrate to the active sites. The same product
distribution of linear alkanes ranging from C3 to C34 was obtained with both precatalysts [(≡Si-O-)W(-CH3)5]KCC-1(700) and [(≡Si-O-)W(-CH3)5]SiO2(700) (Figure 3).

Figure 3. GC trace of product mixture resulting from the metathesis of neat ndecane with [(≡Si-O-)W(-CH3)5]KCC-1(700) at 150 °C from 1 to 168 hours after
quenching with CH2Cl2 (The alkanes are assigned based on existing NIST library
reference).
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APPENDIX 2
Batch Pressure Reactor (Q-TUBE)
The cycloaddition of CO2 to propylene oxide reaction was performed inside a Q-TubePurging batch reactor (Q-Tube-Purging-35-SS) (Figure 4). This reactor is equipped
with a safe pressure release system that prevents unintended overpressure
explosions.
Each of the propylene oxide, TBAB, and precatalyst are inserted into the pressure
tube (2) inside a glovebox. Then CO2 gas is added (100 psi) via valves 1 and 3 after
purging throughout valves 1 and 2. After that, the pressure tube is heated in
an oil bath at 60 °C for 16 h.
In the end, when the reaction is over, the reactor is cooled down, the pressure is
released throughout valves 3 and 2, and the products are filtered and further
characterized by GC and GC-MS.

Figure 4. Q-Tube system
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APPENDIX 3
PID Reactor
The Hydrogenolysis of propane and n-butane was carried out with a PID reactor
(Dynamic flow reactor) shown in figures 5 and 6.
Before starting, all the tubing should be leak-tested, and all the mass flow controllers
must be calibrated.
The precatalyst is loaded, within a glovebox, inside stainless steel reactor (figure 7)
fitted with a four-channel isolating valve, then the reactor is connected to the rack,
and the oven is closed. The tubing is purged by argon (30 mL/min, 1 bar) and pure
hydrogen (99.9999%) (20 mL/min, 1 bar) for 40 minutes and then with only argon
(20 mL/min, 1 bar) for an additional 20 minutes.
The four-channel valve is then switched on. Then, the furnace temperature is set at
150 °C, and the gas flow rates are set to 9 mL/min (1 bar) for hydrogen and 3.5
mL/min for propane or n-butane (1 bar).
The reactor outlet is continuously analyzed during the reaction using a GC-FID
connected online to the unit to quantify the products (methane, ethane, propane, and
butane).
In the end, the reactor is cooled down to room temperature by opening the main
reactor door and opening the furnace. The reactor is flushed with pure argon (30
mL/min, 1 bar) for 20 min and then closed.
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The GC responses for methane, ethane, propane, and n-butane were calibrated using
a mixed gas cylinder (The mixed gas cylinder contains a mixture of hydrogen, helium,
methane, ethane, propane, and traces of other alkanes from n-butane to decane) and
argon using the same method as for the reaction. The gases are mixed at different
ratios (Table 1) to construct the calibration/standard curve that is used to quantify
the consumed and produced gases during the reaction.
Table 1. Different used ratios of mixed gas (1 bar) and argon (1 bar) for the
calibration curve
Mixed gas

Argon

20 mL/min

0 mL/min

15 mL/min

5 mL/min

10 mL/min

10 mL/min

5 mL/min

15 mL/min

2 mL/min

18 mL/min

Figure 5. PID reactor
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Figure 6. Setup scheme for the hydrogenolysis reaction of propane and n-butane
using PID reactor
(MFC=Mass Flow Controller / TC= Temperature Controller / PI= Pressure Indicator
/ BPR= Back Pressure Indicator / GC-FID= Gas Chromatography-Flame Ionization
Detector / GC-TCD= Gas Chromatography-Thermal Conductivity Detector)

Figure 7. Stainless steel/Quartz reactor
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APPENDIX 4
ILS High Throughput Polymerization System

The ethylene polymerization reaction was performed within ILS high throughput
system containing parallel screening batch reactors (Figures 8 and 9).
Firstly, both of the precatalyst and toluene are inserted into a glass vial in a glovebox,
which is sealed with a septa cap before being connected to the reactor.
The tubing is purged with argon first (open valves b, c2, d, e, f, and g), then the vials
are connected to the system through the needles while argon is on. After that, the
argon flow is stopped, and the vials are purged with ethylene (open valves a, c1, d, e,
f, and g) then pressurized (close valves f and g) at 10 bar. Then, the stirrer is switched
on, and the temperature is set to 150 °C for 1 hour. In the end, the vials are cooled
down, evacuated from ethylene (open valves f and g), and flashed with argon three
times, then disconnected from the system.
The resulted polyethylene is washed with 1, 2, 4-Trichlorobenzene, precipitated with
methanol, then dried. Later, PE is characterized by HT-GPC, liquid-state NMR, and DSC
techniques.
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Figure 8. ILS high throughput polymerization system

Figure 9. Setup scheme for the ethylene polymerization reaction using ILS high
throughput polymerization system

