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ABSTRACT
New Route to Synthesize Surface Organometallic Complexes (SOMC): An
Approach by Alkylating Halogenated Surface Organometallic Fragments.
Ali I. Hamieh
The aim of this thesis is to explore new simpler and efficient routes for the preparation
of surface organometallic complexes (SOMC) for the transformation of small organic
molecules to valuable products. The key element in this new route relies on surface
alkylation of various halogenated surface coordination complexes or organometallic
fragments (SOMF). The first chapter provides an overview on the origin of
organometallic compounds, their classical synthesis, characterization and some of their
applications
In the second chapter, novel silica-supported tungsten oxo-trimethyl complex [(≡Si-O)W(=O)Me3] was synthesized using the new SOMC synthetic approach. WOCl4 was
grafted on the surface of silica, partially dehydroxylated at 700°C (SiO2-700), and [(≡Si-O)W(=O)Cl3] was produced. The supported complex methylated with ZnMe2 and
transformed into [(≡Si-O-)W(=O)Me3], which was fully characterized. It was found that
complex [(≡Si-O-)W(=O)Me3] has two conformational isomers at room temperature.
This complex was found to be active in cyclooctane metathesis and direct
transformation of ethylene to propylene.
The third chapter elaborates the effect of substituents on catalysis. In this chapter we
replace one methyl from [(≡Si-O-)W(=O)Me3] by a bulkier ligand (ImDipp = 1,3-bis(2,6diisopropylphenyl)imidazolin-2-iminato). Synthesis, structure, and olefin metathesis
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activity of complex [(≡Si-O-)W(=O)(CH3)2-ImDippN] is reported. This complex proved to be
an active pre-catalyst for self-metathesis of terminal olefins such as propylene and 1hexene, showing better selectivity as compared to [(≡Si-O-)W(=O)Me3].
In the fourth chapter, surface alkylation strategy was used as a scalable method to
synthesize the highly important complex [(≡Si–O−)WMe5] that obtained by in situ
alkylation of the surface-grafted tungsten chloride [(≡Si–O−)WCl5] (1). Upon alkylation, a
mixture of [(≡Si–O−)WMe5] and [(≡Si–O−)WMe2(≡CH)] was identified. The latter might
have been generated by partial decomposition of the tungsten methyl chloride
compound; this was confirmed by DFT calculations and experimental results.
In the fifth chapter, we isolated the first tetramethyl niobium complex [(≡SiO)NbvMe4]
(2) through the surface alkylation of [(≡SiO-)NbvCl3Me] (1). Complex (1) was found to be
active in the ethylene oligomerization by producing olefins up to C 30, while surprisingly
(2) selectively dimerizes ethylene into 1-butene and in both cases reaction occurs in the
absence of any co-catalyst.
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Introduction
1.1. Overview on Catalysts
Catalysis is one of the most important fields of chemistry. The catalyst usually play a role
in lowering the activation energy of a reaction (Figure 1.1). It is a science taught by
nature, where many biocatalysts lead vital functions in living beings. In the last several
decades, mimicking biocatalysts and designing new ones leads to an industrial
revolution. Catalysts are categorized into three groups, bio, homogeneous and
heterogeneous catalysts.

Figure 1.1: Generic potential energy diagram showing the effect of a catalyst in a
hypothetical exothermic chemical reaction X + Y to give Z. The presence of the catalyst
opens a different reaction pathway (shown in red) with a lower activation energy. 1
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1.2. Two main Types of catalysts:
1.2.1. Homogeneous Catalysis
It is named so because the catalyst and the substrate share the same phase. Usually, it is
either in a gaseous state or liquid one. The industrial use of homogeneous catalysis is
aimed to produce pharmaceuticals.2
1.2.2. Heterogeneous Catalysis
The catalyst and the substrates occupy different phases. Usually, the catalyst in the form
of a solid and the reactants are either in the gaseous or liquid state. Chemical and
petrochemical industries rely mostly on heterogeneous catalysis,3 due to easiness to
regenerate the highly expensive materials (Rhodium, Platinium…), and to reduce the
cost of separating the products from the reaction mixture.4-6
Table 1.1: Comparison of main advantages/ disadvantages of homogeneous vs. heterogeneous catalysts

7-

15

Character

Heterogenous

Homogeneous

Thermal stability

Good

Poor

Catalyst recovery

Easy and cheap

Difficult and expensive

Selectivity

Good/poor

Excellent/good

Active site

Multiple active sites

Single active site

Catalyst modification

Relatively difficult

Relatively easy

Reaction mechanism

Hard to find out

Easy to find out

1.3. Heterogeneous vs. Homogenous Catalysis
The two types of catalysts exhibit different characters. Industrialized heterogeneous
catalyst show better thermal stability and easier catalyst recovery but it have poor
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selectivity due to the presence of multiple active sites, which are also different to
modify.16 Here we make a table that summarizes the advantage and disadvantage of
each type (Table 1.1). Knowing that exceptional cases could be available.

1.4. Bridging the gap by SOMC

Figure 1.2: Model of Surface organometallic complexes.

Chemical industry usually favors heterogeneous over homogeneous catalysis17 due to its
increased thermal stability18-19 (reaction can be done at high temperature) and the facile
catalyst recovery20-21 (re-use expensive metals and cleaner products). However,
heterogeneous catalysis can display many active sites22-23 that cause lesser selectivity
and make them harder to comprehend and to improve.24-26
To bring the concepts of homogeneous catalysis into heterogeneous catalysis, a new
field of catalysis was developed and named surface organometallic chemistry27-32
(SOMC) (Figure 1.2).33-37 Organometallic complexes can react with the surface of metal
oxides in controlled fashion and lead to new materials exhibiting single site grafted
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metals.31, 38-41 The use of advanced characterization technique (SS-NMR and EXAF) had
allowed to describe the coordination sphere of the grafted metals complexes
thoroughly.42-45 This field had allowed to establish a structure-activity relationship and
to propose reaction mechanisms.44-46
1.5. History of SOMC
In the early 1960s, scientists suggested that the surface of the heterogeneous catalyst
has a molecular character since molecular reactants transform into molecular products
which need a molecular catalyst. Those investigations increase the acceptance of the “
organometallic character of surface intermediates involved in heterogeneous catalysis .”
This lead to the development of hybrid materials that combine organometallic
fragments with support, this concept was highly investigated by molecular and surface
science tools. Rising from this simple idea, a novel scientific approach emerge and was
named “ surface organometallic chemistry ” as fruit from different intuitions and
experimental overlaps.47
1.6. SOMC complexes
Complexes prepared using SOMC comprise four different parts: the support, the metal,
the functional ligands and the spectator ligands (Figure 1.3).
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Figure 1.3: The general structure of surface organometallic compounds and the possibility of bearing
different possible supports, transition metals, functional and spectator ligands.

1.6.1. Support
Organometallic complexes can be grafted conveniently on a variety of supports, such as
metal oxides (silicas,48 alumina,49-51 silica-alumina,52-53 zeolites.54 Silica, one of the most
documented SOMC support, can be found in different types: silica gel, flame silica,
porous, and mesoporous silica (MCM-41,55 SBA-1556). It is understood to contain SiO4
tetrahedra linked by siloxane bridges ≡Si-O-Si≡ and surface silanols (≡Si-OH). Hydrophilic
hydroxyl groups are displayed on the surface of silica and are available for covalent
grafting of organometallic complexes. Heating silica until 150°C under vacuum results in
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dehydration but in dehydroxylation at higher temperatures. In this process, siloxane
bridges form from adjacent silanols accompanied by the release of water.57-59

Scheme 1.1: Various hydroxyl groups on the surface of silica.

Dehydroxylated silica presents different types of hydroxyl groups on the surface. The
surface population consists mainly of hydrogen-bonded silanol groups (-OH). Elimination
of the H-bonding by condensation will leave a mixture of three types of silanol groups:
germinal, vicinal, and isolated (Scheme 1.1). The active sites of the support are usually
hydroxyl groups; what differs is their distribution depending on the treatment and the
nature of the oxide under study. The formation of a covalent bond between the
organometallic fragment and the support will then pass in most cases through a
reaction with these hydroxyl groups. After dehydroxylation at 200°C, the surface
hydroxyl groups exist primarily as vicinal pairs, while dehydroxylation at higher
temperatures (450-500°C) leads to further condensation and only isolated hydroxyl
groups remains on the surface. FTIR spectroscopy had allowed the identification of the
surface silanols: isolated hydroxyl groups (free from interaction with water or other
silanols) vibrates at 3747 cm-1 (v(SiO-H)). While hydroxyl groups bearing hydrogen bonds
linking them to other surface hydroxyl groups have lower infrared frequencies, down to
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3200 cm-1.60-62 Geminal OH groups with an IR absorption in a very close range to the
isolated silanols (3745-3736 cm-1) are a minor component, but persist on the surface up
to 800oC ( do not undergo internal condensation).
1.6.2. Grafted Metals
Changing the transition metal will also change the character of catalyst, depending on
the size of the metal, its oxidation state, coordination sphere, and many other factors.
Mainly transition metals were used in the preparation of SOMC based compounds.
1.6.3. Functional and spectator ligands
A variety of functional and spectator ligands have been reported and have direct control
over the grafted metal reactivities (Figure 1.3).63

1.7. Grafting a complex
Organometallic precursors can be grafted with an M1–X bond for which the reaction M–
OH + M1–X  [M1]–O–[M] + HX will be favored thermodynamically, where M–OH being
the hydroxyl group of the support. Homoleptic organometallic complexes usually lead to
only one surface complex to produce single site well-defined species over the entire
support.3 Structural information can be gathered by solid-state NMR, gas quantification
methods as well as elemental analysis.
1.7.1 Reaction of Metal-Alkyl Complexes
One of the first examples in this series was tris-neopentyl zirconium surface complex
[≡SiO-Zr(Np)3].64 It was synthesized by sublimation of tetra neopentyl zirconium complex
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[Zr(Np)4] onto the surface of partially dehydroxylated silica at 500°C. The reaction in the
case of zirconium or titanium65 leads to a monopodal species on SiO2-500 (Scheme 1.2).

Scheme 1.2: Synthesis of mono and bis-grafted group (IV) metal alkyls on SiO2-500

Similar to group-V metal alkyls, group-VI metal alkyls can undergo reaction with
dehydroxylated silica, alumina, and silica-alumina. For instance, [W(≡CtBu)(CH2tBu)3] or
[Mo(≡CtBu)(CH2tBu)3] were grafted on SiO2-700.66 In general a pentane solution of an
excess of [M(≡CtBu)(CH2tBu)3] (M = W, Mo) was added to SiO2-700 at room temperature
to obtain [(≡SiO-)W(≡CtBu)(CH2tBu)2] or [(≡SiO-)Mo(≡CtBu)(CH2tBu)2] (Scheme 1.3).

Scheme 1.3: Grafting of group-VI metal alkylidyne on the surface of SiO2-700.

The surface can stabilize very reactive complexes such as [Ta(CH3)5],67 which is known to
be very unstable at room temperature in solution. Grafting on SiO 2-700 surface allowed a
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similar observation with [W(Me)6]/SiO2-700.68 [Ta(CH3)5] reacts with SiO2-700 at -20°C and
generates [(≡SiO-)Ta(CH3)4] monopodal species (Scheme 1.4).

Scheme 1.4: Grafting of Ta(CH3)5 on SiO2-700.

It was found that highly unstable [W(CH3)6] can be grafted on the oxide support to
generate the corresponding stable grafted surface organometallic compound (Scheme
1.5). A pentane solution of [W(CH3)6] was allowed to react with SiO2-700 at -50 to -30oC
for a couple of hours where golden yellow solid power is formed.

Scheme 1.5: Grafting of W(CH3)6 on silica partially dehydroxylated at 700 °C

1.7.2. Reactivity of Metal Alkoxide
The reaction of tantalum methoxide Ta(OMe)5 with silica, dehydroxylated at 700°C at
room temperature.69 Characterization using solid-state carbon NMR shows clearly two
signals for methoxy species (that means two different species). One is the tantalum
ligand, and the second methoxy is the one tamed to the silica support (due to the
reaction of methanol with strained siloxane bridge or silanols). In this case, the metal
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plays a role in catalyzing this side reaction at RT, which results in a non-clean surface
species.
1.7.3. Reactivity of Metal halide
This reaction is not preferred since released hydrogen chloride byproduct can further
react with the grafted complex in a reversible manner or even open siloxane bridge in
the case of dehydroxylated silica. Recently, many groups were developing simpler
methods to tackle this problem, such as small dynamic vacuum during the grafting
reaction or under argon flow with an outlet to release the gas generated. Many
complexes were grafted such as WCl6 (Scheme 1.6). WOCl4,70 VOCl3,71 NbCl5,72 TiOCl4,73
CrO2Cl274)

Scheme 1.6: Grafting of WCl6 on SiO2-700.

1.8. Characterization
SOMC employed a range of analytical tools to characterize the active sites at a
molecular level. To investigate the electronic states and the structures of the active sites
that allow improvement in the catalysts, plenty of spectroscopic methods are
extensively exploited. To attain this goal, infrared (IR), Raman, solid state NMR, UV-Vis
and X-ray absorption (XAS) spectroscopies along with other surface science techniques
and molecular modeling have been used.47, 75
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1.9. Some Applications of SOMC based complexes
1.9.1. Metathesis of alkane
Alkane Metathesis is a catalytic reaction involving successive breaking and formation of
C-H and C-C bonds of alkanes to give lower and higher homologs alkanes.76 The
following general equation can describe metathesis reaction:

Since 1997, Basset et al. reported catalytic transformation of acyclic alkanes into their
lower and higher homologs using silica supported metal hydrides77 or metal alkyls
relatively at low temperature (150°C). This reaction was found to pass through three
different steps, which are (1) activation C-H bond (2) formation of metallocarbene (3)
olefin metathesis and finally (4) hydrogenation of the double bonds to form alkanes.
Different types of alkanes have been used in this reaction such as linear (gas, liquid),
branched, and cyclic alkanes. Cross-metathesis between two different alkanes was
successfully demonstrated by Basset et al. in 2001 using a mixture of toluene, ethane,
propane and methane catalyzed by silica-supported tantalum hydride.78
1.9.2. Conversion of ethylene into propylene
An increased demand for propylene mainly to be used in polypropylene (PP)
manufacturers. Its current annual production is >80 million tons and is projected to
grow over the next decade to reach more than 130 million tons.79 PP is widely used in
automotive industry,80 construction,81 durables, and non-durables consumer,82
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packaging83, and electronics.84 The primary source of propylene (PP’s building block) is
by steam or catalytic cracking of natural gas and oil.85 However, these processes require
large amounts of energy in addition to the high amount of byproducts. Alternative
routes to generate propylene become more and more important to maintain the market
supply.
In 2007, Basset et al. reported on purpose catalysis that generates propylene directly
from ethylene by W-hydrides grafted on an alumina support.86 This tri-functional singlesite catalyst operated via three consecutive reaction steps: (i) dimerization of ethylene
to 1-butene (via the tungsten hydride moiety), (ii) 1-butene isomerization to 2-butene
(iii) cross-metathesis between ethylene and 2-butenes to give two molecules of
propylene (Scheme 1.7).

Scheme 1.7: Mechanism of direct transformation of ethylene to propylene and its deactivation

This process is highly selective (95% of the products) with a cumulative turnover number
of 1120 obtained after 120 h of reaction. Nevertheless, the tungsten hydride on alumina
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catalyst found to undergo catalyst deactivation with time on stream because the
blocking of catalyst’s active sites by polymers formation
1.9.3. Olefin metathesis
Motivated by classical olefin metathesis catalyst (WO3/SiO2 system), Basset, Gauvin and
Taoufik have proposed a similar, but the well-defined model to understand the nature
of the active sites. Grafting of W(O)Np4 on dehydroxylated silica generate [(≡Si-O)(W)(O)Np3] that was highly active in propene metathesis reaching a 22000 TON in the
dynamic reactor (Scheme 1.8).87

Scheme 1.8: Grafting of WO(Np)4 on SiO2-700 and then the formation of the active alkylidene by the
release of one equiv. of neopentane per tungsten.

Similarly, tungsten- or molybdenum-imido-alkylidene complex were also grafted on
silica. One example is the reaction of Schrock tungsten-carbene with silica partially
dehydroxylated at 700°C that yields W(=NAr)(=CHtBu)(CH2tBu)2 (Scheme 1.9).88 This
complex showed high activity towards propene metathesis with TON equals 16,000
within 100 hours.
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Scheme 1.9: tungsten or molybdenum-imido-alkylidene complexes grafted on SiO2-700.

1.10. Transition metal alkylation
1.10.1. Alkylating agents rise
It all started by the mid of 1850s, air-sensitive metal alkyl complexes such as ZnEt2,
HgEt2, SnEt4, and BMe3 was synthesized by Frankland.89 Those complexes are used as
precursors for the synthesis of many organometallic compounds such as
organochlorosilanes (by Friedel and Crafts).
Victor Grignard had established a reaction of magnesium with an organic halide,90 which
leads into Grignard reagent RMgX. This reagent had an enormous impact on the
preparation of transition metal organometallic chemistry. As an example, Grignard
reagent (PhMgX) allowed Hein to prepare polyphenyl chromium derivative

-

Ph)n].91
1.10.2. Importance of organometallic compounds
“Chemical compounds in which there is a single bond between a saturated carbon atom
and a transition metal atom are of unusual importance,” Geoffery Wilkinson said in his
Nobel lecture in 1973. “During the time taken to deliver this lecture, tens of thousands
of tons of chemical compounds are being transformed or synthesized industrially in the
processes which at some stage involve a transition metal to carbon bond” he added.
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During many catalytic reactions (Ziegler-Natta, Philipp’s, etc...), a metal-carbon single
bond was formed, where the catalytic process requires a labile carbon ligand readily
able to undergo a chemical reaction. Chemists, start looking for simple, stable metal
compounds that have single bonds to saturated carbon.92 In the beginning, researcher
failed to prepare and isolate stable metal-alkyl molecules. This failure was due to the
presence of β-hydrogen that can transfer from the ethyl group bound to the metal to
the metal center. A metal hydride coordinated by an olefin may be obtained in the case
of transition metals. A solution was then to synthesize complexes that have no βhydrogen, as in the case of methyl [-CH3], neopentyl [CH2C(CH3)3], and methyl-trimethyl
silane [CH2Si(CH3)3].
1.10.3. Early transition metals coordinated to methyl ligands
1.10.3.1. Group 4 metals
The first trials were at 1963 by Berthold and Groh, where they prepare a highly air- and
moisture- sensitive tetramethyl titanium that undergoes thermal decomposition at
temperatures higher than -78°C to form titanium metal. 93
MCl4 + 4 LiCH3  M(CH3)4 +4 LiCl (M=Ti, Zr, Hf)
Similarly, the same group prepared tetramethylzirconium which was stable up to 15°C.94

Following

tetramethylhafnium

the

same

strategy,

at

1970.

Three

Morrow
years

reported

later,

the

Wilkinson

synthesis
reported

of
the

tetramethylcromium.95 Apart from those unstable tetramethyl metal complexes (Ti, Zr,
Hf, Cr), octahedral adducts with stabilizing neutral ligands L were reported. 96 This
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stability was attributed to the role of the ligand in preventing inter or intramolecular
decomposition by blocking coordination site and increasing metal electron density.
1.10.3.2. Group 5 and 6 metals
Octahedral transition metals coordinated to methyl groups would be more stable than
the tetramethyl-transition metal complexes. In 1973, starting from WCl6, Wilkinson
reported the synthesis of W(CH3)6 close to a 50% yield.97 This complex was thermally
unstable and decomposed slowly at room temperature and had to be stored below 40°C either under nitrogen or under vacuum. It is worth to add that hexamethyl
tungsten reacts violently with atmospheric oxygen and may also detonate, under certain
circumstances, in vacuo or under nitrogen or argon.
WCl6 + 3 LiCH3  W(CH3)6 + LiCl
Several years later Geoffrey Wilkinson published a new synthesis protocol of
hexamethyl tungsten (VI) with increased yield.98-99
WCl6 + 3 Al(CH3)3  W(CH3)6 + 6 Al(CH3)2Cl
Richard Schrock, the 2005 Nobel laureate, investigated high oxidation state peralkyl
complexes and had chosen to explore the organometallics chemistry of tantalum after
his arrival at DuPont in 1972. The starting point for tantalum pentalkyl complex was the
tantalum trimethyl dichloride species prepared by Juvinall.100
TaCl5 + 2.5 Zn(CH3)2  Ta(CH3)3Cl2+ ZnCl2
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Schrock improved the synthesis by decreasing the amount of dimethyl zinc added to the
TaCl5 in pentane, followed by treating the product with two equivalents of methyl
lithium in ether to produce the volatile, yellow, crystalline pentamethyl tantalum. 101 This
species was less stable than W(CH3)6 but much more stable than tetramethyl complexes
(Hf, Zr, Cr, Ti) as a consequence of simple steric reasons.

1.10.4. Early transition metals coordinated to neopentyl ligands
Despite that methyl ligand lacks beta-hydrogen atom, transition metal-methyl
complexes can decompose in a bimolecular fashion. The interaction is usually between
the metal center and C-H bond in another metal complex, this is the reason behind the
more stability of W(CH3)6 as compared to Ta(CH3)5.

To increase the stability of the pentalkyl complexes, Schrock studied compounds with
neopentyl ligands instead of the small methyl ligands. The preparation of Ta(CH 2CMe3)5
was targeted by the addition of two equivalents of [LiCH2CMe3] to Ta(CH2CMe3)3Cl2.
Instead

of

this

complex,

an

orange,

crystalline,

and

thermally

stable
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[(Me3CCH2)3Ta=CHCMe3] was formed, more probably due to α-hydrogen abstraction.102
Those previously described complexes were reacted with different supports, showing
some various activities, selectivity, as well as more stability as we earlier described in
this chapter.
1.11. The Novel approach to synthesize SOMC complexes
As described earlier, surface grafted metal alkyls represent the most important family
among SOMCs, due to their ability to differentiate into many functional groups
(carbene, carbyne and hydride). Those complexes requires the synthesis of the
organometallic precursor prior to grafting, thus limit its production to advanced
organometallic labs. A new simpler synthetic strategy might have a high impact in
improving the accessibility to this catalysis field. To achieve the goal, a synthetic method
that comprises two stages is designed. The first step is grafting a metal halide complex
on the support, knowing that those metal halide complexes are much cheaper, readilty
available and have a better stablity as compared to the metal alkyls. It is important to
note that, metal halide complexes could have any spectator ligand such as oxo, amido,
aryl, alkoxy, etc. The grafting step will be followed by a selective alkylation to transform
the metal-halide into a metal-alkyl group. In this thesis and using this strategy we will
synthesize many new catalysts. Those new catalysts cannot be prepared by the classical
synthesis of SOMCs, due to the fact that some of them are not isolated or unstable. The
synthesized complexes will be characterized, and then used in various catalytic
reactions. Also, we will show the limitations of this technique, and we will propose some
suggestions to enhance it.
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CHAPTER 2: Well-Defined Surface Species [(≡Si-O-)W(═O)Me3] Prepared
by Direct Methylation of [(≡Si-O-)W(═O)Cl3], a Catalyst for Cycloalkane
Metathesis and Transformation of Ethylene to Propylene.
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2.1. Introduction
The following work was done on the methylation of silica supported WOCl4. The
objective was to tune the ligands (halogen) of the grafted precursor (WOCl4) in order to
generate a well-defined tungsten oxo trimethyl complex. This grafting is carried out by
SOMC approach and then trials of surface methylation are attempted. The resulted
complex was used for catalyzing several reactions, such as alkane and alkene metathesis
in addition to the direct transformation of ethylene into propylene.
2.1.1. Olefin metathesis
“Olefin metathesis” reaction is one of the most important and fundamental tools for
organic chemistry that was discovered a half century back (Scheme 2.10).1

Scheme 2.10: Overall olefin metathesis

It has opened new industrial routes in different fields of petro-chemistry2, energy3,
polymers4, oleochemicals, drugs5, etc. Yves Chauvin, Robert H. Grubbs, and Richard R.
Schrock were collectively awarded the 2005 Nobel Prize in Chemistry due to their
contribution in clarifying the reaction mechanism as well as the synthesis of a variety of
highly active and selective catalysts.
2.1.2. History of Olefin Metathesis
Olefin metathesis was accidentally discovered at Phillips Petroleum Company in the
1960s using impregnated metal oxo compounds on a support. Their initial investigations
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focused on systems such as MoO3/Al2O3, Mo(CO)6/Al2O3, WO3/Al2O3 and W(CO)6/Al2O3.6
WO3/SiO2 was the first heterogeneous catalyst used in the industrial application of
olefin metathesis (Phillips Triolefin process)7. WO3/SiO2 was favored catalyst in industrial
processes and is operating since 1966 due to (i) a unique poison resistance. (ii) The
catalyst can be regenerated at the operating temperature. (2) The catalyst can be
continuously regenerated.(iv) Isomerization activity toward equilibrated components.
To prepare this catalyst, water solutions of ammonium tungstate were impregnating on
various silicas. The catalyst was then pretreated with air at a temperature ranging
between 700 to 810°K followed by nitrogen flushing. Propylene metathesis was carried
out in a dynamic reactor at high temperature (around 650°K) to convert into ethylene
and 2-butenes.
2.1.3. The Active species and mechanism
In 1971 Hérisson and Chauvin proposed a mechanism8 for the olefin metathesis using a
mixture of metal halide (WOCl4) and an alkylating agent (Sn(C4H9)4, or Al(C2H5)2Cl) in
which a metal carbene is an active species (Scheme 2.11).
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Scheme 2.11: Proposed mechanism for olefin metathesis.

Relying on the mechanism of Chauvin, Grünert et al. proposed a structure9 for the active
isolated sites of the WO3/Al2O3 catalyst, which consist of a W(VI) bearing two aluminoxy,
an oxo, and a carbene ligand. It was then postulated that the isolated active species of
the WO3/SiO2 catalyst may thus have a similar structure (Scheme 2.12).

Scheme 2.12: Proposed active site on the WO3/SiO2 metathesis catalyst

It was noticed that the complexes with tungsten loading exceed 10 wt% shows WO3
crystallites (by XRD, RAMAN spectroscopy).10 Those crystallites are not involved in the
olefin metathesis reaction. It seems that the preparation method (aqueous
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impregnation) is behind the poor dispersion and the small number of active sites of the
catalyst on the support.
2.1.4. Mimicking and enhancing the catalyst’s active site
In order to increase the number of active sites and extend catalyst lifetime, researcher’s
efforts moved rapidly to isolate the metal’s active site (structure-activity relationship).
Molybdenum and tungsten alkylidenes in the form of oxo complexes have been
synthesized and used since then.
2.1.5. Homogenous catalysts
Parallel to what been developed in heterogeneous catalysis early in 1980s Schrock et al.
reported the first Tungsten oxo-alkylidene complex which is

Scheme 2.13: a) Synthesis of (WO)Cl2(=CHR)(PR3)2 by tantalum tungsten ligand exchange reaction b)
Synthesis of (WO)Cl2(=CHR)(PR3) by abstracting one PR3 by adding palladium complex that scavenges
phosphine.

synthesized by metal-metal ligand substitution (Scheme 2.13), and have been used in
olefin metathesis. Other complexes were then synthesized by tuning the ligands to
modify activity and selectivity. In a direct study of the solutions of the most reactive
catalysts in olefin metathesis, Osborn and Kress found11 that the presence of oxo-ligands
on the metal has a dramatic effect on catalytic activity. They investigated the reaction of
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WOCl4 and MoOCl4 with dineopentylmagnesium where they isolated the WOCl(Np)3
after

reacting

an

ether

solution

of

WOCl4

with

1.5

equiv

dineopentylmagnesium(dioxane) ( Scheme 2.14).

Scheme 2.14: Synthesis of tungsten and molybdenum-oxo neopentyl by Osborn and Kress.

WO(Np)4 was also isolated after the reaction with two equiv. of MgNp2(dioxane),
similarly, MoCl(Np)3 and Mo(Np)4 were isolated and characterized in terms of NMR, a
mass spectrometer, and IR spectroscopy. But Osborn and Kress found that WONP 3(ONp)
was mistakenly assigned12 as WONp4. Three decades later Basset et al. inspired by
Schrock’s

synthesis13

of

Scheme 2.15: Synthesis of Tungsten oxo tetra neopentyl.

W(NAr)(Np)2(CHtBu) from W(NAr)(Np)3Cl and NpLi succeeded to synthesize and isolate
WO(Np)4 by reacting WOCl(Np)3 with NaNp to afford a tractable product WO(Np)4 as a
colourless, light- and highly moisture- sensitive oil (Scheme 2.15).14 Since the report of
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Osborn scientists have been preparing complexes with an oxo ligand to enhance the
activity in olefin metathesis (Scheme 2.16).

Scheme 2.16: Group of different tungsten oxo alkylidene complexes for olefin metathesis.

2.1.6. Heterogeneous catalysts
Parallel to the development of complexes with oxo ligand as homogeneous catalysts for
olefin metathesis, well-defined heterogeneous catalyst were established in a slower
manner. In 2010 Taoufik et al developed the first well-defined tungsten oxo alkyl
derivatives supported on silica by SOMC.14 WONp4 was grafted on dehydroxylated silica
at 700°C (SiO2-700) to give a monopodal well-defined and single-site complex
[(≡SiO)(W=O)Np3] (Scheme 2.17). Remarkably, its catalytic performance surpasses that
of the parent imido derivatives, underlying the importance of the oxo ligand to the
design of robust catalysts. Using [(≡SiO)(WO)Np3] a cumulated TON of 22000 was
achieved in the dynamic reactor for propene metathesis.
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Scheme 2.17: Grafting of tungsten oxo tetra neopentyl on SiO2-700.

Several years later Copéret et al. prepared SOMC based complex using recently reported
molecular defined oxo alkylidene (Scheme 2.18).15

Scheme 2.18: Grafting 1 on SiO2-700 yielding [(≡SiO)W(=O)(=CHCMe3)(OAr) and small amount of
[(≡SiO)W(=O)(CHCMe3)(OAr)2

The resulted catalyst showed unprecedented activity in alkene of cis-4-nonene, 1nonene and ethyl oleate metathesis at 30°C. Later in 2015 the same group used another
tungsten oxo complex with a strong σ donating thiophenoxide that improved the
efficiency for the metathesis of terminal olefins (Scheme 2.19).16
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Scheme 2.19: Substituting aryl oxide by strongly -donating thiophenoxide in silica supported tungsten
oxo catalyst improve catalyst efficiency in 1-alkene metathesis.

On the other hand our group prepared WMe6 tamed by silica as an efficient, welldefined species for alkane metathesis.17 This novel catalyst opens the desire to modify
some of the methyl ligands to enhance the activity or to make longer lifetime catalyst.
Connecting to previous explanation of the importance of the oxo ligand we decided to
prepare the grafted WOMe4.
2.1.7. Selecting the route
The alkylation of WOCl4 by various methylating agents, including HgMe2, ZnMe2, MgMe2
and MgMeI, has been thoroughly investigated by both Santini-Scampucci and

Scheme 2.20: Structure of (Me4WO)2Mg(THF)4

Riess with no success.18 But partially alkylated complex (MeWOCl3.OEt2) has been
isolated and characterized at low temperature by Muetterties and Band.19 More than a
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decade later, Wilkinson found that alkylating tungsten oxo chloride in THF produces an
orange-red crystals that were identified by single-crystal X-Ray as (Me4WO)2Mg(THF)
(Scheme 2.20), the obtained product could be due a reduction of WOCl4 into [WCl4O]and [WCl5O]2- followed by bimolecular interaction and then alkylation.20
2.1.8. Surface alkylation strategy
In this work, inspired by the reactivity of surface metal-methyl complexes17, 21, added to
oxo ligand importance, synthetic new approach having two main steps is developed:
grafting inexpensive commercially available metal halides and then selectively alkylate
(methylate) the grafted complexes to form catalytically active metal-CH3 groups. Here
we describe a simple method for the synthesis of a novel silica-supported tungsten oxotrimethyl complex [(≡Si-O-)W(=O)Me3]. Our synthesis protocol follows a sequence of
grafting the commercially available tungsten (VI) oxy tetrachloride on silica
dehydroxylated at 700°C (SiO2-700) under high vacuum, then alkylation of the grafted
complex. A similar strategy was recently published, however, using SiO2-200 to produce
bipodal species that is different [(≡Si- O)2W(=O)Me2].22

Scheme 2.21: Synthesis of [(≡Si-O-)W(=O)Cl3] (2) by reaction of (1) with partially dehydroxylated silica at
o
700 C (SiO2-700)
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We fully characterized the silica-supported tungsten oxo- trimethyl using solid-state
NMR, FT-IR spectroscopy, microanalysis, mass balance and validated by NMR-DFT
calculations.

Scheme 2.22: Synthesis of supported [(≡Si-O-)W(=O)Me3] (3) by surface methylation of (2) with 1.5
equivalents of dimethylzinc

The new tungsten oxo-trimethyl catalyst showed significant activity in various organic
transformations, especially for cyclooctane metathesis and direct transformation of
ethylene to propylene.
2.2. RESULTS AND DISCUSSION
2.2.1. Preparation and characterization of [(≡Si-O-)W(=O)Me3] on SiO2-700: [(≡Si-O)W(=O)Cl3] 2 was used as the precursor for the synthesis of 3. Surface compound 2 was
prepared by grafting WOCl4 on silica Aerosil® 200 partially dehydroxylated overnight
under 10-5 bar at 700°C (SiO2-700) (Scheme 2.21). The reaction was performed in
dichloromethane at room temperature for 4 hours. A partial vacuum was used to
prevent any secondary reactions by gaseous hydrogen chloride liberated during the
reaction with the support. Excess physisorbed molecular complexes were removed by
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washing the solid trice with dichloromethane (3 x 20 ml). The resulting light green
material was dried under high vacuum (10-5 bar).
The infrared spectrum showed that the characteristic peak of free silanol at 3743 cm -1
(Figure 2.4A) completely disappeared (Figure 2.4B). The elemental analysis of the light
green powder (product 2) found 4.84% W and 2.59% Cl with a molar ratio of
W/Cl=1.0/2.7±0.2 (theoretical ratio for monopodal 1.0/3.0).
Mass balance determination was performed on [(≡Si-O-)W(=O)Cl3] by hydrolysis with
water; the amount of released hydrogen chloride was quantified using silver nitrate. A
ratio of 2.8±0.2 chlorides per grafted tungsten atom was found. Mass balance and gas
quantification studies confirmed that there are three chlorides per tungsten. Direct
methylation of [(≡Si-O-)W(=O)Cl3] was achieved using various alkylating agents such as
ZnMe2, SnMe4, MeLi and Al2Me6. Partially methylated species were produced with
SnMe4, while MeLi and Al2Me6 caused violent reactions that formed insoluble salts. The
best result was obtained after treatment of [(≡Si-O-)W(=O)Cl3] with 1.5 equivalents of
ZnMe2 in diethyl ether at room temperature for 3 hours (Scheme 2.22). This treatment
provided us high selectivity for fully methylated surface complex [(≡Si-O-)W(=O)Me3] 3.

64

Figure 2.4: (A) SiO2-700 (B) after grafting of WOCl4 (C) after alkylation with ZnMe2.

The IR spectrum (Figure 2.4C) revealed new bands in the range of 3000 cm-1, ν(C-H); and
1454 cm-1, δ(C-H), assigned to methyl fragments. Microanalysis associated with gas
quantification results revealed the ratio of carbon to tungsten (C/W) in complex 3 (2.8 ±
0.2) (theoretical value 3). The elemental analysis gave 4.81% W, 1.2% C, 1.01% Zn and
1.56% Cl, with a ratio of C/W=3.5 (theoretical value 3) and a ratio of Cl/Zn=2.1; these
results suggest that we have c.a. three methyl groups bonded to tungsten. Some
remaining diethyl ether coordinated to zinc chloride (vide infra) accounts for the higher
carbon to tungsten ratio.
2.2.2. NMR Study
The prepared surface complex 3* was characterized by solid-state NMR. The 1H magicangle spinning (MAS) NMR spectra of 3 at room temperature (Figure 2.5) exhibits a main
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signal at 1.4 ppm with a shoulder at 1.9 ppm and a broad signal at 3.6 ppm. The signals
at 1.4 and 1.9 ppm auto-correlate in two-dimensional (2D) double-quantum (DQ) (2.8
and 3.8 ppm in F1) (Figure 3A) and triple-quantum (TQ) (4.2 and 5.7 ppm in F1) (Figure
2.6B) spectra and are assigned to methyl groups connected to tungsten. Proton
resonance at 3.6 ppm with less than an 11% intensity ratio was assigned to the CH 2
group of the coordinated ether and supported by an auto-correlation in the DQ (7.2
ppm in F1) (Figure 2.6A) but not in the TQ spectra (Figure 2.6B). Furthermore, a
correlation between the CH3 and CH2 groups of the coordinated ether was observed in
both DQ and TQ NMR experiments (Figure 2.6A and 2.6B). Also, a small auto-correlation
for a proton signal at -0.7 ppm in both DQ and TQ spectra indicates the presence of
trace amounts of remaining dimethylzinc.
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Figure 2.5: 1D 1H MAS solid-state NMR spectra of 3* acquired at 600 MHz at different temperatures with
a 22 kHz MAS frequency and a repetition delay of 5 s and 8 scans.

To obtain a better

13

C MAS NMR resolution, an enriched

13

C carbon Zn*(Me)2 was

prepared and used in synthesizing complex 3* (13C 97% enriched). The 13C CP/MAS NMR
spectra (Figure 2.7) at room temperature of 3* displays a main signal at 46 ppm with a
shoulder at 51 ppm and small peak around 36 ppm. Additionally, the 2D 1H-13C HETCOR
NMR spectrum (Figure 2.8) with a short contact time (0.2 ms) shows a correlation
between the methyl protons 1.4-1.9 ppm and carbon atoms 36, 46 and 51 ppm, which
allows their assignment to methyl groups.
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1

1

1

1

Figure 2.6: (A) 2D H- H DQ/SQ and (B) H- H TQ/SQ NMR spectra of 3* at room temperature (both
acquired with number of scans per increment = 32 per t 1 increment, repetition delay = 5 s, number of
individual t1 increments = 128
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Furthermore, a small correlation between carbon atoms 15 and 66 ppm and protons 1.1
and 3.6 ppm, respectively, are assigned to CH3 and CH2 of coordinated diethyl ether.

13

Figure 2.7: One-dimensional C CP/MAS NMR spectra of 3* at different temperatures with a 10 kHz MAS
frequency (a repetition delay = 5 s, contact time = 2 ms, line broadening = 80 Hz and number of scans =
10000.)
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Figure 2.8: 2D CP/MAS HETCOR NMR spectra of 3* acquired with short contact times of 0.2 ms under 8.5
kHz MAS frequency (number of scans per increment = 4000, repetition delay = 4 s, number of t1
increments = 32, line broadening = 80 Hz.)

2.2.3. DFT NMR calculations
We modeled tungsten species grafted on silica using the molecular model depicted in
Figure 2.9. We considered two conformations that differ with respect to their relative
orientation of the SiO-W and W=O bonds. In the former, the oxo ligand is trans oriented
to the siloxy ligand, creating a bipyramidal trigonal geometry around the metal center
(Figure 2.9A). In the second conformation, the oxo and the siloxy ligand are cis-oriented,
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producing an overall geometry around the metal center that is best described as a
distorted square pyramid with the W=O bond at the apex (Figure 2.9B).

Figure 2.9: Ball-and-stick representations of the DFT molecular model of the -W(=O)(Me)3 complex; two
optimized conformations (A, B). Hydrogen atoms are omitted for clarity. Color code; W: cyan, C: gray, O:
red and Si: orange. Geometric parameters are reported in Å for the bond distances and degrees for
angles.

According to calculations, the structure with the trans-oriented W-siloxy and W=O
bonds (Figure 2.9A) is only 2.1 kcal/mol more stable than the structure with the same
bonds cis-oriented (Figure 2.9B). For this reason, the following DFT NMR analysis was
performed on both geometries. The magnetic shielding values for 13C reported in (Table
2.2) show a high level of agreement between the calculated and experimental carbon
chemical shifts. The DFT models of the supported species indicate that the three
carbons on the trigonal bipyramid model in (Figure 2.9A) possess magnetic shielding

71

values of 142.2, 143.3 and 143.7 ppm for C1, C2 and C3, respectively. Overall the
average value of the chemical shift of these three carbons is 44.5 ppm, which is in
accordance with the experimental main resonance of 46 ppm. Figure 2.9B illustrates a
model with square pyramid geometry where C1 is predicted to be shielded by 7.8 and
8.6 ppm more than C2 and C3, respectively (Table 2.2). Therefore, the experimentally
observed chemical shifts at 36 can be assigned to C1 while 51 ppm peak attribute to C2
and C3 (see the model of Figure 2.9B). Thus, the single peak at 48 ppm, 318 K is more
likely a result of a rapid isomerization between the trigonal bipyramid and the square
pyramid geometries, averaging the chemical shift of carbon atoms in the different
geometries
13

Table 2.2: DFT Calculated C Nuclear Magnetic Shielding and Chemical Shifts for the two possible
geometries of complex [(≡Si-O-)W(=O)Me3]

Model of Figure 2.9A: trans-oriented W=O bonds
Methyl group

σiso (ppm)

δiso (ppm)

C1

142.19

44.67

C2

143.26

43.60

C3

143.70

43.16

δiso (ppm)Average

δiso (ppm) Exper.

44.51

46

Model of Figure 2.9B: cis-oriented W=O bonds
C1

146.76

40.10

40.10

C2

138.95

47.91

48.32

C3

138.13

48.73

36
51
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2.2.4. CATALYTIC STUDY
Cyclooctane metathesis
We predicted that complex 3 would be able to generate a tungsten methyl/methylidene
surface molecule at elevated temperature (around 80°C), which we suspected to be
responsible for the metathesis reaction; therefore, we applied complex 3 for the
metathesis of cyclooctane. We focused on cyclooctane that can be used as a building
block for higher macrocycles and are crucial in the preparation of pharmaceutical
intermediates23, polymers24, and fragrances.25

Figure 2.10: GC chromatogram of cyclooctane metathesis products that been catalyzed by 3. Reaction
condition: batch reactor, compound 3 (40 mg, 8.3 µmol, W loading: 4.83 wt%), cyclooctane (0.5 ml, 3.7
o
mmol), 160 h, 150 C. Conversion=60%, TON=260. Products formed are ring-contracted (cC6), as well as
ring-expanded species ranging from cC13 to cC29.

In a typical reaction, 400 equivalents of cyclooctane were mixed with 40 mg of [(≡Si-O)W(=O)Me3] 3 at 150°C in a sealed ampoule for seven days. At the end of the reaction,
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the ampoule was frozen with liquid nitrogen; the reaction mixture was quenched with
dichloromethane, and the liquid fraction was filtrated and analyzed by gas
chromatography. Cyclooctane was converted into cycloheptane by ring contraction
(68%) and higher macrocycles by ring expansion ranging between cC13 to cC30 (30%) with
a turn over number (TON) of 260 as determined by GC and GC-MS (Figure 2.10). We
know from previous results on cyclooctane metathesis that ring contraction is becoming
more favorable as contact time increases; knowing that the higher and lower homologs
are cyclic with TON exceeds 350.26
Direct conversion of ethylene to Propylene
Polypropylene (PP) is becoming more and more important as a chemical for everywhere
applications.27 Therefore there is a high demand by industry for propylene manufacture.
More than 80 million tons are produced each year worldwide; this production is going
to increase over the next decade to reach 130 million tons annually.28 The primary
source of this highly valuable building block in polymer chemistry is the steam or
catalytic cracking of natural gas and oil29; however, these processes require large
amounts of energy. In this work, we found that [(≡Si-O-)W(=O)Me3] can directly convert
ethylene into propylene under milder reaction conditions than previously documented.
In an earlier study, we used tungsten hydride on alumina to demonstrate that a hydride
catalyst could perform ethylene dimerization to 1-butene via the metal hydride,
isomerization of 1-butene to 2-butene and cross-metathesis between ethylene and 2butene via a metallocarbene.30
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Scheme 2.23: Proposed Mechanism for the Direct Conversion of Ethylene to Propylene by [(≡Si-O-)W(=O)Me3]
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Our more recent research documented here is likely following the same process, but via
a different initiation step. Tungsten–methyl could insert an ethylene to give tungsten-npropyl, followed by a beta-hydride elimination, which would generate propylene and a
tungsten hydride that is necessary to propagate the dimerization of ethylene and the
isomerization of the 1-butene. (Scheme 2.23) Cross metathesis could be achieved with
an equilibrium between W-CH3 and W(H)(=CH2), which would be sufficient to promote
the full catalytic cycle. We introduced ethylene (11.65 mmol) to a 300 ml glass reactor
loaded with 100 mg of [(≡Si-O-)W(=O)Me3] to produce selectively propylene after 18
hours reaction at 150°C. We monitored the products using GC-FID and found that
propylene represents more than 90% of the products (Table 2.3). This silica-supported
catalyst is more active and selective when compared to its analog tungsten hydride or
tungsten pentamethyl grafted on SiO2-700 after 18 hours reaction at 150°C.
Table 2.3: Ethylene to Propylene Transformation Using [(≡Si-O-)W(=O)Me3] as Compared to the Analogue
Tungsten Hydride and Tungsten Pentamethyl

Product Selectivitya (%)
Catalyst

TONb

Propylene

Butenes

Pentenes

[(≡Si-O-)W(=O)Me3]

375

93.2

6.45

0.28

[(≡Si-O-)WMe5]

75

51.6

46.3

2.01

[(≡Si-O-)W(H)x]

77

32.4

64.85

2.73

a

b

The selectivity is defined as the amount of a product over the total amount of products. TON is
expressed in moles of ethylene transformed per mole of W.
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2.3. CONCLUSION
In this chapter we reported the facile synthesis of monopodal [(≡Si-O-)W(=O)Me3] by
grafting commercially available WOCl4 onto SiO2-700. The resultant [(≡Si-O-)W(=O)Cl3]
was then methylated by ZnMe2 in diethyl ether solution to selectively give [(≡Si-O)W(=O)Me3]. 3 was fully characterized by SS-NMR, IR, microanalysis and mass balance
techniques. Two different conformations of 3 were proposed depending on the relative
orientation of the SiO-W and W=O bonds. Experimental and DFT-calculated NMR
supports these models. [(≡Si-O-)W(=O)Me3] 3 was applied as a catalyst for the
metathesis of cyclooctane, demonstrating significant activity in producing a wide range
of ring contracted and expanded cycloalkanes. On the other hand, the tungsten oxotrimethyl catalyst was tested for the direct transformation of ethylene to propylene and
was found to have a higher activity and selectivity compared to the analogs tungsten
hydride/silica and tungsten pentamethyl/silica.
2.4. EXPERIMENTAL SECTION
General procedure: All experiments were performed by using standard Schlenk and
glovebox techniques under an inert nitrogenous atmosphere. Syntheses and treatments
of the surface species were completed using high-vacuum lines (<10−5 mbar) and
glovebox techniques. All solvents were dried, degassed and freshly distilled before use
according to classical methods (over CaH2 for dichloromethane, over Na/benzophenone
for diethyl ether). Ethylene was dried and deoxygenated before use by passage through
a mixture of freshly regenerated molecular sieves (3 Å) and R3-15 catalysts (BASF). IR
spectra were recorded on a Nicolet 6700 FT-IR spectrometer using a DRIFT cell equipped
with CaF2 windows. The IR samples were prepared under argon within a glovebox.
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Typically, 64 scans were collected for each spectrum (resolution 4 cm−1). Elemental
analyses were performed at Mikroanalytisches Labor Pascher (Germany). Gas-phase
analysis of alkanes was performed using an Agilent 6850 gas chromatography column
with a split injector coupled with an FID (flame ionization detector). An HP-PLOT 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 executed under the same conditions: a flow rate of 1.5 ml/min
and an isotherm at 80°C.
Solid State Nuclear Magnetic Resonance Spectroscopy. One-dimensional 1H MAS and 13C
CP/MAS solid-state NMR spectra were recorded on Bruker AVANCE 2 spectrometers
operating at 400 MHz or 600 MHz resonance frequencies for 1H. 400 MHz experiments
employed a conventional double resonance 4mm CP/MAS probe, while experiments at
600 MHz utilized a 3.2 mm HCN triple resonance probe. In all cases, the samples were
packed into rotors under inert atmosphere inside gloveboxes. Dry nitrogen gas was
utilized for sample spinning to prevent degradation of the samples. NMR chemical shifts
are reported with respect to the external references, TMS, and adamantane.
CP/MAS NMR experiments used the following sequence–90

0

13

C

pulses on the proton

(pulse length 2.4 s), then a cross-polarization step with a contact time of typically 2 ms,
and finally acquisition of the 13C signal under high-power proton decoupling. The delay
between the scans was set to 5 s to allow the complete relaxation of the 1H nuclei and
the number of scans ranged between 5000 and 10000 for

13

C and was 32 for 1H. An
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exponential apodization function corresponding to a line broadening of 80 Hz was
applied prior to the Fourier transformations.
The 2D 1H-13C heteronuclear correlation (HETCOR) solid-state NMR spectroscopy
experiments were conducted on a Bruker AVANCE 2 spectrometer operating at 600 MHz
using a 3.2 mm MAS probe. These experiments were performed according to the
following scheme–90 0 proton pulse, t1 evolution period, CP to 13C and detection of the
13

C magnetization under TPPM decoupling. During the cross-polarization step, a ramped

radio frequency (RF) field centered at 75 kHz was applied to the protons, while the 13C
channel RF field was matched to obtain an optimal signal. A total of 32 t1 increments
with 4000 scans each was collected; sample-spinning frequency was 8.5 kHz. Using a
short contact time (0.2 ms) for the CP step, the polarization transfer in the dipolar
correlation experiment was verified to be selective for the first coordination sphere
around tungsten, such that correlations occurred only between pairs of attached 1H-13C
spins (C-H directly bonded).
1

H-1H multiple-quantum spectroscopy. Two-dimensional double-quantum (DQ) and

triple-quantum (TQ) experiments were recorded on a Bruker AVANCE 2 spectrometer
operating at 600 MHz with a conventional double resonance 3.2 mm CP/MAS probe,
according to the following general scheme–excitation of DQ coherences, t1 evolution, zfilter, and detection. The spectra were recorded in a rotor-synchronized fashion in t1
such that the t1 increment was set equal to one rotor period (45.45 µs). One cycle of the
standard back-to-back (BABA) recoupling sequences was used for the excitation and
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reconversion period. Quadrature detection in w1 was achieved using the States-TPPI
method. A spinning frequency of 22 KHz was used. The 90 ° proton pulse length was 2.5
µs, while a recycle delay of 5 s was used. A total of 128 t1 increments with 32 scans per
increment were recorded. The DQ frequency in the w1 dimension corresponds to the
sum of two single quanta (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 threecoupled 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.
Preparation of the silica partially dehydroxylated at 700oC. Typically, 4.000 g of Degussa
Aerosil 200 silica was treated in a quartz reactor fitting a tubular furnace under high
vacuum (10-5 Torr) pressure at 700oC for 16 h. The temperature program was set to 90oC
/h. IR (cm−1): 3747 (ν(SiO−H)).
Preparation of [(≡Si-O-)W(=O)Cl3]. In a double Schlenk, a solution of WOCl4 (342 mg, 1
mmol, 1.1 equivalent with respect to the amount of surface-accessible silanols) in 25 ml
of dichloromethane was allowed to react with 3.0 g of SiO 2-700 at 25oC for 4 h. This
reaction was performed under mild dynamic vacuum conditions to remove any of the
HCl produced during the reaction. At the end of the reaction, the resulting light green
solid was washed with dichloromethane (3×20 ml) and dried under a dynamic vacuum
(<10−5 Torr, 2 h). Elemental analysis found 4.81% W; 2.59% Cl.
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Preparation of Zn(13CH3)2 in ether. In a 200 ml Schlenk, 15 mL, 1.6 M BuLi was taken
under argon, and to that 3.4g (24 mmol) 13MeI diluted in 25 ml of pentane was added
drop wise at -20°C with stirring. A white precipitate formed immediately and the
solution was stirred for another 30 minutes 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

13

MeLi was taken and titrated with deoxygenated water to quantify the

amount of methyl lithium present by quantifying the release of methane (around 55%
13

MeLi was found). In a double Schlenk, 13MeLi (22 mmol, 484 mg) was added to 10 ml

of diethyl ether, and to that a solution of anhydrous ZnCl2 (10 mmol in10 ml) was added
at -20°C. The reaction was allowed to reach room temperature slowly, and remained at
that temperature for another hour. The final product was filtered and the dimethylzinc
was collected from the filtrate.
Preparation of [(≡Si-O-)W(=O)Me3]. In a double Schlenk [(≡Si-O-)W(=O)Cl3] (1.0 g, 0.3
mmol) was added to 20 mL of ether and to that (0.45 mmol) ZnMe2 solution in diethyl
ether (1.5 equivalents with respect to the amount of tungsten oxo chloride on the
surface) was added to react at 25°C for 4 h. At the end of the reaction, the resulting gray
solid was filtered and thoroughly washed with diethyl ether. The gray solid was then
dried under dynamic vacuum (<10−5 Torr) conditions for two hours. 1H MAS SS-NMR
(400 MHz, 298 K): δ (ppm) 1.4 (CH3), 1.9 (CH3), 3.6 (CH2). 13C CP-MAS SS-NMR (400 MHz,
298K): δ (ppm) 36 (CH3), 46 (CH3), 51 (CH3). 1H MAS SS-NMR (400 MHz, 318K K): δ (ppm)
1.7 (CH3), 3.6 (CH2).

13

C CP-MAS SS-NMR (400 MHz, 318K): δ (ppm) 48 (CH3). The
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hydrolysis of the solid with a vapor pressure of degassed water generated 0.74±0.05
mmol CH4•g−1 (2.8 ± 0.2 CH4/W). Anal. 4.81% W, 1.2% C, 1.01% Zn, 1.56% Cl.
Cyclooctane metathesis using [(≡Si-O-)W(=O)Me3]. The reactions were performed using
an ampoule filled with the catalyst (40 mg, 0.0083 mmol, W loading: 4.8 wt%) inside a
glovebox where cyclooctane (0.5 ml, 3.7 mmol) was added. Substrate/Catalyst=450. The
ampoule was sealed under vacuum pressure, immersed in an oil bath and heated at
150°C for 7 days. At the end of the reaction, the ampoule was cooled using liquid
nitrogen. The mixture was quenched by adding a fixed amount of dichloromethane after
filtration; the resulting solution was analyzed by GC and GC-MS. Reaction
conversion=60%
Ethylene to propylene using [(≡Si-O-)W(=O)Me3]. A 100 mg of complex 3 was placed in a
300 ml batch reactor and after evacuation to 10-5 mbar, 0.95 atm of dry ethylene was
introduced (Substrate/catalyst ratio around 500). The reactor was heated at 150°C for
18 h. The final products were analyzed by GC.
DFT computational Details. All quantum chemical computations were performed using
the Amsterdam Density Functional (ADF)31 and Gaussian 09 programs. NMR calculations
were made for each of the two different conformations depicted in Figure 6. The two
different models represent the position of the oxygen atoms around Tungsten; in the
first conformation (A) the oxygen atom is perpendicular to the plane of the three methyl
groups. In the second conformation (B) the position of the oxygen atom exchanged with
one methyl group.
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First, geometry optimizations were performed using Gaussian 09 with the generalized
gradient approximation (GGA) exchange-correlation function developed by Perdew,
Burke, and Ernzerhof (PBE)32 an all electron Def2_TZVP

31,32

basis set computational

level. Geometry optimizations were carried out without any constraints. Optimized
geometries were used as input for the ADF NMR calculations. For the magnetic shielding
tensor calculations (1H and

13

C), the zeroth-order regular approximation (ZORA)33 was

used to include relativistic effects both scalar and spin−orbit contributions. 34 The NMR
calculations used an all-electron triple-ζ basis set which included two polarization
functions (i.e., TZ2P) and a PBE functional.
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CHAPTER 3: Preparation of Silica Supported Tungsten Oxo Imidazolin-2iminato Methyl Precatalyst for Olefin Metathesis Reactions
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3.1 Introduction
In the previous chapter, we focused on the synthesis of tungsten oxo trimethyl [(≡Si-O)W(=O)Me3] through surface alkylation of [(≡Si-O-)W(=O)Cl3], this catalyst was active in
olefin metathesis, alkane metathesis and direct transformation of ethylene into
propylene. One of the drawbacks of this catalyst is the deactivation process, in which
tungsten could be reduced through α–H elimination or by the formation of polyethylene
chain that covers the tungsten active sites.1 To prepare a more robust catalyst we need
to tune the ligands of the catalyst with keeping the W-CH3 functionality, substitution of
one of the methyl groups into a bulkier ligand could be a solution. In this chapter, mainly
we will be focusing on the effect of the electronic environment around (W=O) center on
selectivity in olefin metathesis reaction. To achieve the selectivity we tune the ligand
system and stabilize it on the silica surface.
3.1.1
Choosing the Ligand
Bulky ligands record a high enhancement in stability as well as selectivity. Recently, for
instance, Schrock et al. have reported a room-temperature active and Z-selective
homogeneous tungsten oxo metathesis catalyst that is analogous to the metal imido
compounds coordinated to monoaryl oxide Monopyrrolide (MAP) complexes.2 Similarly,
Schowner et al. reported a highly active and versatile NHC-based (NHC: N-heterocyclic
carbene) cationic tungsten oxo complex for the metathesis of various olefins while
displaying poor E-Z selectivity.3 Likewise, imidazolin-2-iminato ligand,4 a highly basic
nitrogen donor ligand showed the ability to release π-electron toward early transition
metals.5 It has been used to modulate the electronic properties of the metal centers in
ethylene polymerization,6 hydroamination,7 and C-H activation.5 In this regard, strong
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electron donor ligands (phosphines, thiophenoxide, NHCs) have often shown the ability
to tune the electronic properties of the W center leading to highly active homogeneous
and heterogeneous olefin metathesis catalysts.8 Moreover, the functionalization of the
imidazoline core with the bulky 2,6-diisopropylphenyl group should satisfy the steric
requirements for robust as well as a selective catalyst.
3.1.2
Preparation Path
Two leading synthetic strategies have emerged for the preparation of silica supported
tungsten oxo complexes. The first relies on grafting organometallic tungsten oxo
alkylidene or oxo alkyl precursor; the latter pre-catalyst can generate an alkylidene
moiety upon thermal treatment.9 The second strategy employs easy-to-handle tungsten
oxo halides that can be grafted on the support surface and subsequently alkylated by
suitable reagents. The latter pathway is advantageous as the precursors are much more
stable than the analogous tungsten oxo alkyl or alkylidene complexes and their
preparation does not require elaborate synthetic procedures. Moreover, as we will
show in this chapter, these precursors can be tailored before the grafting to afford a
robust catalyst. At this purpose, we have synthesized molecular, and silica supported
well-defined tungsten oxo imidazolin-2-iminato methyl complex [(≡Si-O)W(=O)(CH3)2(L)] with L= ImDippN (1,3-bis(2,6-diisopropylphenylimidazolin-2-iminato ligand, b) by
grafting of tungsten oxo imidazolin-2-iminato chloride complex [ImDippNWOCl3] on the
silica surface. This was followed by the selective methylation of the grafted compounds
to afford the crucial (W–CH3) fragment that will generate the active carbene (W=CH2)
(Scheme 3.24).
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Scheme 3.24:(a) Proposed active site of WO3/SiO2 metathesis catalyst; (b) The tungsten oxo imidazolin-2iminato precatalyst prepared in this chapter.

3.2 RESULTS AND DISCUSSION
3.2.1. Preparation and characterization of complex 2. Silylated iminophosphoranes
have been widely used for complexation reactions with various metal halides to yield
phosphoraneiminato complexes together with the elimination of trialkylsilyl halides.10
Accordingly, tungsten(VI) oxytetrachloride solution in dichloromethane was treated with
one equiv. of N-silylated 2-iminoimidazoline imine 1 at reflux temperature results in the
rapid precipitation of complex 2 as an orange crystalline solid in nearly quantitative yield
(84 %, Scheme 3.25). Desilylation and coordination to the metal center resulted in a
pronounced down-field shift of the 1H NMR resonances compared to compound 1, and
to a minor extent, it was same for the protons of the aromatic rings as expected due to
high electron release towards the metal center (Figure 3.18 & Figure 3.19). The 1H and
13

C NMR spectra of 2 are in good agreement with those of previously reported complex

bearing the imidazoline-2-iminato ligand such as the (imido)vanadium complexes
reported by Nomura et al.6c
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Scheme 3.25: Synthesis of complex 2 [ImDippNWOCl3] .

Moreover, the structure of 2 is supported by HSQC 1H,

13

C correlation NMR spectra

(Figure 3.20), and elemental analysis (Calc. for 2: 45.75% C; 5.12% H;, 5.93% N; 2.26%
O,15% Cl; 25.94% W. Raman spectroscopy analysis of 2 revealed characteristic
absorption bands at 946 cm-1 and at 360 cm-1 (Figure 3.11) attributable to W=O11 and to
the W-Cl12 bond vibration respectively. The signals at about 1041 and 1061 cm-1 results
from the phenyl rings of the imidazolin-2-iminato ligand.13

Figure 3.11:Raman spectroscopy analysis of 2
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Figure 3.12: Single crystal X-ray structure of 2 ( llipsoids at 50% probability level). Selected bond distances
(Å) and angels (º): W(1)-Cl(1) = 2.361(2), W(1)-Cl(2) = 2.364(2), W(1)-Cl(3) = 2.357(2), W(1)-O(1) = 1.729(5),
W(1)-N(1) = 1.782(5); O(1)-W(1)-N(1) = 108.7(3), O(1)-W(1)-Cl(3) = 95.2(2), N(1)-W(1)-Cl(3) = 95.5(2), O(1)W(1)-Cl(1) = 94.0(2), N(1)-W(1)-Cl(1) = 92.9(2), Cl(3)-W(1)-Cl(1) = 165.08(7), O(1)-W(1)-Cl(2) = 123.0(2),
N(1)-W(1)-Cl(2) = 128.3(2), Cl(3)-W(1)-Cl(2) = 82.11(7), Cl(1)-W(1)-Cl(2) = 83.02(7).

At this level, a single crystal of 2 suitable for X-ray crystal structure determination was
obtained from a hexane-dichloromethane solvent mix at -30 °C. The crystal X-ray
structure of the molecule is shown in Figure 3.12 with selected bond distances and
angles; the crystal structure confirms the formation of a monomeric tungsten oxo
imidazolin-2-iminato chloride compound with a slightly distorted trigonal bipyramidal
geometry around W(1) with oxygen and N-ligand in the equatorial position. The W-N
bond distance is found to be 1.782(5) Å; the W-Cl bond length determined to be ca. 2.36
Å and the W=O distance is 1.729(5) Å. The imidazole ring is in the equatorial plane O(1)N(1)-Cl(2).

3.2.2. Preparation and characterization of complex 3. After the full characterization of
complex 2, the next step was grafting it on silica support to generate surface compound
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3. Silica partially dehydroxylated at 700°C (SiO2-700) was chosen to generate a welldefined and single-site species (Scheme 3.26). The reaction was performed in
dichloromethane under a mild dynamic vacuum in order to remove gaseous HCl and
prevent its reaction with the support. The product was then washed with
dichloromethane (3 × 20 mL). The resulting light orange material was dried under high
vacuum (10-5 mbar).

Scheme 3.26: Grafting 2 on SiO2-700.

FTIR and mass balance
The IR spectrum of the grafted complex 3 revealed nearly complete consumption of the
surface silanols, as indicated by the disappearance of the silanol peak at 3747 cm -1
(Figure 3.13). IR bands associated with ν (C-H), ν (C-C) and δ (C-H) of the ligand appear in
the 2970-2877 region and the 1550-1350 cm-1 region respectively. A characteristic ν
(C=N) appears at 1653 cm-1.
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Figure 3.13: IR spectroscopy of complex 3, 4, and SiO2-700

Elemental analysis of 3 confirmed by elemental analysis of C, Cl, H, and N indicating the
presence of 26.35% C, 2.70% Cl, 3.27% N and 43.24% H per W center (theoretical 27% C,
3% Cl, 3% N and 36% H expected for 3). The elemental analysis of 3 shows the presence
of 2.17% W, 1.13% Cl with a ratio of W/Cl equals 1.0/2.70. Mass balance (Cl/W)
determination for 3 was performed by suspending it (0.4 g) in a NaHCO3 solution (0.005
M, 100 mL). The resulting chloride ion was titrated with a silver nitrate solution (0.01 M,
90 mL) using potassium chromate as an indicator. A ratio of 2.0 ± 0.2 chlorine atoms per
grafted tungsten was found thus confirming the proposed composition.
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NMR
The 1H magic-angle spinning (MAS) solid-state NMR spectrum of 3 produced broad
signals at 1.1, 2.9, 3.6, 5.1, 6.3, and 7.4 ppm analogously to its homogeneous
counterpart. The 13C cross polarization magic angle spinning (CP/MAS) NMR spectrum of
3 shows distinct signals at δ = 22, 29, 116, 124, 129, 137 and 147 ppm from the
imidadzoline-2-iminato ligand and aromatic groups that are in a good agreement with
the NMR spectrum of 2 in solution (Figure 3.19).
3.2.3. Preparation and characterization of complex 4. In order to generate the precatalytic methyl derivative of 3, readily available ZnMe2 was used as an alkylating agent.
A color change from yellow to light gray was obtained after treating 3 with 1.5 equiv of
ZnMe2 in dichloromethane at an initial temperature of -50°C for one hour and kept at
r.t. for another two hours (Scheme 3.27).
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Scheme 3.27: Synthesis of 4 [(≡Si-O-)W(=O)(CH3)2-Im N] by surface methylation of 3 with 1.5 equiv of
ZnMe2.

FTIR spectroscopy and mass balance
The FT-IR analysis of 4 displayed new bands in the 3000 cm-1 (ν (C-H)) and 1300-1500
cm-1 (δ (C-H), (ν (C-H)) regions overlapping those present in the parent compound 3. A
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significant shift for ν (C=N) was observed at 1612 cm-1 (vs. 1653 cm-1 in 3), which clearly
demonstrate a change in the electronic environment around the tungsten center (Figure
3.13). The elemental analysis of 4 shows 2.09% W, 4.07% C, 2.56% Zn, and 1.33% Cl. Gas
quantification results revealed the ratio of carbon to tungsten (C/W) in complex 4
equals to 29.85 ± 0.2, which is in close agreement with the expected value (C/W : 29).
This result suggests that both chlorides associated with tungsten got completely
exchanged with -CH3.
NMR
Further spectroscopic analysis of 4 was carried out by solid-state NMR. The 1H (MAS)
NMR spectrum of 4 displays several large signals observed in parent compound 3 at 1.1,
2.9, 3.6, 5.1, 6.3, and 7.4 ppm and a new, peak at 1.9 ppm. The signals at 1.1, 2.9 and 3.6
ppm auto-correlate in 2D double-quantum (DQ) and triple-quantum (TQ) 1H–1H
homonuclear dipolar correlation spectra, and are assigned to the different methyl
groups of the ligand (Figure 3.14b&c). The new peak at 1.9 ppm also auto correlates in
the DQ and TQ NMR experiments in agreement with its attribution to the -CH3 group
formed after methylation (Figure 3.14b&c). The proton resonances at 5.1, 6.3 and 7.6
ppm display no auto-correlation in TQ but auto-correlates in DQ spectra (Figure
3.14b&c) which confirms that these protons belong to the aromatic from imidazole
rings. The broad signal at -0.1 ppm is assigned to ZnMe2 impurities, as supported by
autocorrelation in DQ and TQ (Figure 3.14b&c) and as reported in the previous chapter.
The 13C CP/MAS NMR spectrum (Figure 3.14d) displays eight signals at 22, 29, 116, 124,
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136, 147, and 153 ppm similar to 3 and a new peak at 50 ppm that can be attributed to
W-CH3 after methylation

1

Figure 3.14: (a) One-dimensional (1D) H MAS solid-state NMR spectrum of 4 acquired at 600 MHz (14.1 T)
1
1
with a 22 kHz MAS frequency, a repetition delay of 5 s, and 8 scans. (b) Two-dimensional (2D) H− H
1
1
double-quantum (DQ)/single-quantum (SQ) and (c) H− H triple- quantum (TQ)/SQ NMR spectra of 4
13
(both acquired with 32 scans per t1 increment, 5 s repetition delay, 32 individual t1 increments). (d) C
1
CP/MAS NMR spectrum of 4 acquired at 9.4 T (ʋo ( H) = 400 MHz) with a 10 kHz MAS frequency, 10000
scans, a 5 s repetition delay, and a 2 ms contact time. An exponential line broadening of 80 Hz was
1
13
applied prior to Fourier transformation. (e) 2D H− C CP/MAS dipolar HETCOR spectrum of 4 (acquired at
9.4 T with 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).

Additionally, the 2D 1H–13C HETCOR NMR spectrum (Figure 3.14e) with a short contact
time (0.2 ms) shows a correlation between the methyl protons of the ligand (1.1, 2.9,
and 3.6 ppm) with their carbon atoms at (22 and 29 ppm) respectively, similarly the
aromatic proton and imidazole proton also correlates in HETCOR spectra. Furthermore,
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the strong correlation between the carbon and proton signals at 50 ppm and 1.9 ppm,
respectively, supports the assignment of a methyl moiety of imidazolin-2-iminato
complex [(≡Si-O-)W(=O)(CH3)2-ImDippN] as the main surface species (Scheme 3.27).
3.2.4. EXAFS Study
The structures of the grafted tungsten complexes 3 and 4 were further investigated by
extended X-ray absorption fine structure (EXAFS) spectroscopy at W LIII-edge (Figure
3.15 & Table 3.4). The previous crystallographic structure of 2 as determined by single
crystal X-ray diffraction was used to generate the scattering paths with their related
theoretical atomic scattering factors, photoelectron mean free paths and phase shifts.
The initial model for a first shell fitting included W-O, W-N, W-O, and W-Cl scattering
paths with respective half path lengths of 1.73 Å, 1.79 Å, 1.9 Å and 2.35 Å. Attempts to
fit the EXAFS data of compound 3 with the latter model failed because the W-N and WO paths were found to be merged into one single frequency. A more reasonable model
was thus restricted to a single W-N scattering path modeling both the bond to the
imidazoline-2-iminato ligand and the bond to a siloxide ligand. The total coordination
number of the metal center was re-strained to 5 in order to decrease the correlation
between parameters. The best fit resulted in 1.1 ± 0.1 oxygen atom at 1.72 ± 0.01 Å,
assigned to the shortest W=O bond; 2.4 ± 0.2 nitrogen/oxygen atoms at 1.95 ± 0.02 Å,
and 1.6 ± 0.1 chlorine atoms at 2.36 ± 0.01 Å. The coordination calculated for tungsten
suggests, on average, a predominantly monopodal grafting of 2 and is thus consistent
with the formula [(≡Si-O-)W(=O)Cl2-ImDippN] describing the structure of 3.
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A qualitative examination of the Fourier transform of 4, obtained after methylation of 3,
depicted a large decrease of the peak at 2.0 Å (Figure 3.15). The latter observation is
indeed expected when chlorine atoms are exchanged by carbon atoms which have a
much weaker atomic scattering factor. A first model consisting of W-O (W=O), W-N/O
(ImDippN, siloxide), and W-C (methyl) scattering paths was used to fit the EXAFS data. The
resultant fit, shown in (Table 3.11, Figure 3.22 & Figure 3.23), provided an unrealistic
total coordination number (≈7) and energy shift (>10 eV), together with a lesser
statistical agreement with experimental data.
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Table 3.4: EXAFS parameters obtained for [(≡Si-O-)W(=O)Cl2-Im

Paths

W→O
W→N/O
W→Cl
W→O
W→C/O/N
W→Cl

N] and[(≡Si-O)W(=O)(CH3)2-Im

d
103 x 2
(Å)
(Å2)
[(≡Si-O-)W(=O)Cl2-ImDippN]
1.2 ± 0.2
1.72 ± 0.01
1
2.4 ± 0.1
1.95 ± 0.02
5±3
1.6 ± 0.1
2.36 ± 0.01
3.5
[(≡Si-O-)W(=O)(CH3)1.4Cl0.6-ImDippN]
1.0 ± 0.2
1.71 ± 0.01
1.5
3.4 ± 0.2
1.95 ± 0.05
11 ± 3
0.6 ± 0.2
2.28 ± 0.03
3.5
N
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N].

∆E
(eV)

R (%)

5±2

0.2

6±4

0.5

100

3

Figure 3.15: Tungsten W LIII-edge k -weighted EXAFS (up) and corresponding Fourier transform (down,
Dipp
modulus and imaginary part) with a comparison to simulated curves for [(≡Si-O-)W(=O)Cl2-Im N] and
Dipp
[(≡Si-O-)W(=O)(CH3)2-Im N]. Solid lines: experimental; dashed lines: spherical wave theory.

This gave a hint that chlorine atoms might still be coordinated to the tungsten center.
Indeed, the best model used to fit the data included W-O (W=O), W-C (ImDippN, siloxide,
methyl) and W-Cl scattering paths. The parameters extracted from the fit are consistent
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with 1.0 ± 0.2 oxo ligand at 1.71 ± 0.01 Å, 3.4 ± 0.2 carbon atoms at 1.95 ± 0.05
modelling siloxide, imidazoline-2-iminato and methyl ligands, and 0.6 ± 0.2 chlorine
atoms at 2.28 ± 0.03 Å. Comparison of the chlorine coordination number of 3 and 4 (1.6
vs 0.6 respectively) shows that the Cl/Me exchange is occurring, but it is not complete,
upon reaction with 1.5 equiv of ZnMe2. To conclude EXAFS results suggests that complex
4 is better described on average by the formula [(≡Si-O-)W(=O)(CH3)1.4Cl0.6-ImDippN].
3.3. Catalytic studies in olefin metathesis:
3.3.1. Propene metathesis. Material 4 was found to be an active metathesis pre-catalyst
in the presence of an excess (3050 equivalents, catalyst loading: 0.03 mol %) of propene
in a batch reactor at 150°C (Figure 3.17). Under these conditions, the formation of an
equilibrated mixture of metathesis products (ethene, 2-butenes, conversion 38.2%,
TON: 1165, See Figure 3.16) was observed after about two hours with a trans/cis-butene
ratio of ca. 1.8. By allowing the reaction to proceed for a prolonged time, limited
quantities of 1-butene could also be detected. When 4 was exposed to 150 equivalent of
propene at 150°C in a batch reactor, the formation of an equilibrated mixture of
metathesis products containing exclusively propene, ethene, and 2-butene (trans/cis
ratio of 1.93) was observed within one hour (conversion 38%, Figure 3.17). In this case,
GC analysis showed the formation of 1.5 equivalents of methane per tungsten. This is in
a rough agreement with the potential formation of the expected catalytically active
carbenic species [(≡Si-O-)W(=O)(=CH2)-ImDippN] by α-H-transfer from a methyl ligand to
generate the catalytically relevant W-methylidene intermediate.14 However, attempts to
observe an alkylidene species by solid state NMR after heating material 4 to 150°C prior
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to substrate addition were not successful; no resonances attributable to carbenic
species could be detected.

Figure 3.16: Product conversion and selectivity vs. time plot for the propene metathesis by [(≡Si-ODipp
)W(=O)(CH3)2-Im N] (3050 equivalents/W) (TON=1165).
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Figure 3.17: [(≡Si-O-)W(=O)(CH3)2-Im N] reaction with different amount of propene at 150°C, TON is
calculated at different times.

3.3.2. 1-hexene metathesis.
The catalytic activity of 4 towards the self-metathesis of higher terminal olefins was also
investigated. In particular, the homo-coupling of 1-hexene by pre- catalyst 4 took place
slowly at room temperature (2% conversion in 24 h, TON: 70). However, the rate of the
reaction could be significantly increased by performing it at 80°C leading to the
conversion of about 19% of the substrate in 24 h with selectivity for Dec-5-ene of ca.
64% as determined by gas chromatographic analysis (Table 3.5 & Figure 3.29). We have
compared the performance of 4 in the metathesis of 1-hexene with tungsten
pentamethyl grafted on SiO2-700 (≡SiO-WMe5, 5)15 and with its oxo analog [(≡Si-O)W(=O)Me3], 6. After 24 h of reaction at 80°C, we found catalyst 4 to be much more
selective than 5 and 6 under the same reaction conditions, but at the cost of a drop in 1-
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hexene conversion when compared to the latter catalysts. The reduction in the rate of
1-hexene conversion for 4 when compared to 5 and 6 could be attributed to the steric
and/or electronic effect of the iminato ligand. As the selectivity in olefin metathesis is
generally linked to the occurrence of consecutive metathesis processes, we
investigated, as well, the selectivity of 6 at a degree of conversion comparable to that of
4 that was afforded after just 4.5 h of reaction. Even under these conditions the
selectivity observed for the unsubstituted W-oxo system (6) is lower than that for 4. This
reveals the high potential of this synthetic strategy towards the preparation of catalysts
with enhanced selectivity for olefin metathesis.
The dec-5-ene formed in the presence of 4 is mostly found as the thermodynamic Eisomer product (Table 3.5). The preparation of supported Z-selective W-oxo catalysts
has so far remained elusive in spite of the application of other W-oxo complexes
carrying bulky ligands at the metal center such as dAdPO, OSitBu3, and HMTO. Indeed, it
appears that the search for the suitable coordination environment leading to efficient
W-oxo, Z-selective olefin metathesis catalyst is still open. We believe that the
preparation technique displayed in this study will be advantageous for the
straightforward synthesis of judiciously designed tungsten-oxo catalysts with enhanced
selectivity for olefin metathesis.
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Table 3.5: Homo-coupling of 1-hexene using [(≡Si-O-)W(=O)(CH3)2-Im
15
16
)W(CH3)5] (5) and [(≡Si-O-)W(=O)(CH3)3] (6) .

N] (4) and compared with [(≡Si-O-
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Catalyst

Reactant/Catalyst

Selectivity (%)

Dec-5-ene

(Z)-Dec-5-ene

TON

3517

18.6

64

30

654

[(≡Si-O-)W(CH3)5] (5)

N] (4)

a

3311

84.6

9

--

2801

a

1981

78.5

34

--

1555

b

1981

19.7

48

31
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[(≡Si-O-)W(=O)(CH3)3] (6)
[(≡Si-O-)W(=O)(CH3)3] (6)
a

Selectivity (%)

a

[(≡Si- O)W(=O)(CH3)2Im

Dipp

Conversion (%)

b

reaction condition: 24 h at 80 °C in vacuum sealed tube; reaction condition: 4.5 h at 80 °C in a vacuum-sealed tube.

3.4. Conclusion
We have elaborated a straightforward synthetic strategy for the preparation of a
functionalized and well-defined silica-supported W-oxo complex [(≡Si-O-)W(=O)(CH3)2ImDippN] (4), incorporating a bulky imidazolin-2-iminato ligand. The complex was
systematically characterized via elemental analysis, FT-IR, solid state NMR and EXAFS
spectroscopies. Under mild condition, and without the need of co-catalyst, 4 displayed
good catalytic activity in the metathesis of terminal olefins such as propene and 1hexene and was more selective towards dec-5-ene than other W-oxo catalysts under
the same reaction conditions. Further efforts will be directed to the application of this
synthetic approach to the synthesis of analog complexes of 4 able to promote the Zselective metathesis of terminal olefins by choice of the suitable substitution pattern at
the W center.
3.5. EXPERIMENTAL SECTION
General procedure: All experiments were performed by using standard Schlenk and
glovebox techniques under an inert nitrogenous atmosphere. Syntheses and treatments
of the surface species were completed using high-vacuum lines (<10−5 mbar) and
glovebox techniques. All solvents were dried, degassed and freshly distilled prior to use
according to classical methods (over CaH2 for dichloromethane, over Na/benzophenone
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for diethyl ether). Ethylene was dried and deoxygenated before use by passage through
a mixture of freshly regenerated molecular sieves (3 Å) and R3-15 catalysts (BASF). IR
spectra were recorded on a Nicolet 6700 FT-IR spectrometer using a DRIFT cell equipped
with CaF2 windows. The IR samples were prepared under argon within a glovebox.
Typically, 64 scans were collected for each spectrum (resolution 4 cm−1). Elemental
analyses were performed at Mikroanalytisches Labor Pascher (Germany). Gas-phase
analysis of alkanes was performed using an Agilent 6850 gas chromatography column
with a split injector coupled with an FID (flame ionization detector). An HP-PLOT 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 executed under the same conditions: a flow rate of 1.5 ml/min
and an isotherm at 80°C.
Solid State Nuclear Magnetic Resonance Spectroscopy. One-dimensional 1H MAS and 13C

CP/MAS solid-state NMR spectra were recorded on Bruker AVANCE III spectrometers
operating at 400 MHz or 600 MHz resonance frequencies for 1H. 400 MHz experiments
employed a conventional double resonance 4mm CP/MAS probe, while experiments at
600 MHz utilized a 3.2 mm HCN triple resonance probe. In all cases the samples were
packed into rotors under inert atmosphere inside gloveboxes. Dry nitrogen gas was
utilized for sample spinning to prevent degradation of the samples. NMR chemical shifts
are reported with respect to the external references, TMS and adamantane. 13C CP/MAS
NMR experiments used the following sequence–90 0 pulse on the proton (pulse length
2.4 s), then a cross-polarization step with a contact time of typically 2 ms, and finally
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acquisition of the 13C signal under high-power proton decoupling. The delay between
the scans was set to 5 s to allow the complete relaxation of the 1H nuclei and the
number of scans ranged between 5000 and 10000 for 13C and was 32 for 1H. An
exponential apodization function corresponding to a line broadening of 80 Hz was
applied prior to the Fourier transformations.
The 2D 1H-13C heteronuclear correlation (HETCOR) solid-state NMR spectroscopy
experiments were conducted on a Bruker AVANCE III spectrometer operating at 600
MHz using a 3.2 mm MAS probe. These experiments were performed according to the
following sequence–90° proton pulse, t1 evolution period, CP to 13C and detection of the
13

C magnetization under TPPM decoupling. During the cross-polarization step, a ramped

radio frequency (RF) field centered at 75 kHz was applied to the protons, while the

13

C

channel RF field was matched to obtain an optimal signal. A total of 32 t1 increments
with 4000 scans each were collected; sample-spinning frequency was 8.5 kHz. Using a
short contact time (0.2 ms) for the CP step, the polarization transfer in the dipolar
correlation experiment was verified to be selective for the first coordination sphere
around tungsten, such that correlations occurred only between pairs of attached 1H-13C
spins (C-H directly bonded).
1

H-1H multiple-quantum spectroscopy. Two-dimensional double-quantum (DQ) and

triple-quantum (TQ) experiments were recorded on a Bruker AVANCE III spectrometer
operating at 600 MHz with a conventional double resonance 3.2 mm CP/MAS probe,
according to the following general scheme–excitation of DQ coherences, t1 evolution, z-
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filter and detection. The spectra were recorded in a rotor-synchronized fashion in t1
such that the t1 increment was set equal to one rotor period (45.45 µs). One cycle of the
standard back-to-back (BABA) recoupling sequences 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 90 ° proton pulse length was 2.5
µs, while a recycle delay of 5 s was used. A total of 128 t1 increments with 32 scans per
increment were recorded. 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 threecoupled 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.
Preparation of N-silylated 2-iminoimidazoline (1):

N-silylated 2-iminoimidazoline was

prepared according to the procedure reported in the previous literature. 6a A solution of
1,3-bis(2,6-diisopropylphenylimidazolin-2-ylidene) (10 mmol) in toluene (20 mL) was
treated dropwise with trimethylsilyl azide (14 mmol) at ambient temperature, and the
resulting reaction mixture was subsequently refluxed for 72 h. Filtration and
evaporation of the solvent afforded the imine product as yellowish solid that could be
purified by bulb to bulb distillation at 180oC/9 mbar. Yield 94%; 1H NMR (400 MHz, C6D6)
δ (ppm) -0.18 (9H, s, SiCH3), 1.17-1.19 (12H, d, CH3), 1.36-1.38 (12H, d, CH3), 3.10-3.21
(4H, sept, CHCH3), 5.93 (2H, s, NCH), 7.12 (2H, s, p-H), 7.19-7.23 (4H, m, m-H); 13C NMR
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(70 MHz, C6D6) δ (ppm) 3.15 (SiCH3), 23.13 (CHCH3), 24.0 (CHCH3), 28.5 (CHCH3), 113.39
(CH), 123.54 (m-CH), 129.03 (p-CH), 134.70 (ipso-CH), 140.98 (NCN), 147.61 (o-CH). See
Figure below.
Preparation of ImDippNWOCl3 (ImDipp = 1,3-bis(2,6-diisopropylphenylimidazolin-2iminato) (2): To a solution of tungsten(VI) oxytetrachloride 1.44 g (4.20 mmol) in
dichloromethane (40 mL) was added a solution of 2.0 g (4.2 mmol) of 1 in
dichloromethane (10 mL) under stirring. The reaction mixture was stirred and refluxed
overnight. The solvent was evaporated and the crude material was extracted three
times with n-hexane (20 mL) to remove the unreacted 1. The crude material was
crystallized from an n-hexane, dichloromethane mixture at -30°C to yield 2.5 g of
complex 2 [ImDippNWOCl3] (3.54 mmol, 84%). Anal. Calcd. for C27H36Cl3N3OW:, 44.75%
C;, 5.12% H; 15.00% Cl, 5.93% N; 25.94% W. Raman: 946 cm-1 νs (W=O), 360 cm-1 νs (WCl); 1H NMR (400 MHz, C6D6) δ (ppm) 1.23-1.25 (12H, d, CH3), 1.37-1.39 (12H, d, CH3),
2.68-2.75 (4H, sept, CHCH3), 7.15 (2H, s, NCH), 7.36-7.38 (4H, m, CH), 7.53-5.56 (2H, m,
CH);

13

C NMR (70 MHz, C6D6) δ (ppm) (70 MHz, CDCl3) 22.98 (CHCH3), 25.05 (CHCH3),

29.34 (CHCH3), 121.44 (CH), 124.70 (m-CH), 129.49 (p-CH), 131.91 (ipso-CH), 145.79
(NCN), 149.44 (o-CH).
Preparation of silica support partially dehydroxylated at 700°C (SiO2-700) The oxide
support used in this study is Aerosil 200 silica from Degussa. Aerosil 200 is a non-porous
flame silica in the form of regular particles of an average diameter of 150 Å and free of
halides impurities. It was dehydroxylated under vacuum (10-5 torr) at 700°C for a
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minimum of 15 hours leading to SiO2-700. The specific surface area for SiO2-700 was 200 ±
2 m2/g. IR (cm-1): 3745 cm-1, ν (Si-OH).
Grafting of 2 on SiO2-700 to produce [(≡Si-O-)ImDippNWOCl2] (3): In a double Schlenk, a
solution of 2 (212 mg, 0.3 mmol, 1.1 equiv with respect to the amount of surfaceaccessible silanol) in 25 mL of dichloromethane was allowed to react with 1.0 g of SiO 2700

at 25°C for 4 h. The reaction was performed under mild dynamic vacuum conditions

to remove the HCl produced during the reaction. At the end of the reaction, the solvent
was filtered and the resulting yellow solid was washed three times with
dichloromethane (20 mL) and dried under a dynamic vacuum (<10−5 Torr, 2 h).
Elemental analysis found, 3.73% C;, 1.13% Cl; 0.5% N; 2.17% W. IR (cm-1): 2970-2877 ν
(C-H), 1653 cm-1 ν (C=N) and 1550-1350 cm-1 δ (C-H). 13C CP-MAS SS NMR (400 MHz, 298
K) δ 22 (CH3), 29 (CHCH3), 116 (CH), 124 (m-CH); 129 (p-CH); 137 (ipso-CH); 147 (NCN)
ppm.
Alkylation of the grafted material 3 to yield [(≡Si-O-)W(=O)(CH3)2-ImDippN] (4) : In a
double Schlenk 3 (0.7 g, 0.21 mmol) was suspended in 20 mL of dichloromethane and a
heptane solution of ZnMe2 (0.315 mmol, 1.5 equiv. with respect to the amount of
tungsten oxo chloride in 3) was added at -50oC. The mixture was allowed to warm to
room temperature and stirred for further 2 h. At the end of the reaction, the resulting
light gray solid was filtered and thoroughly washed with dichloromethane. The light gray
solid was then dried under dynamic vacuum (<10−5 Torr) for 4 h. 1H MAS SS NMR (400
MHz, 298 K) δ 1.1 (WCH3), 1.9 (CH3), 3.6 (CH); 5.1 (CH); 6.3 (m-CH); 7.4 (p-CH) ppm; 13C
CP-MAS SS NMR (400 MHz, 298 K) δ 22 (CH3), 29 (CH), 50 (WCH3); 116 (CH); 124 (m-CH);
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129 (p-CH), 133 (ipso-CH), 147 (NCN). Elemental analysis, found: 4.07% C; 1.33% Cl;
0.63% N; 2.09% W; 2.56% Zn,: Carbon to tungsten ratio (C/W) in complex 4: found, 29.85
± 0.2 expected value, 29.
Decomposition of 4 was carried out by placing 100 mg of material in a 270 mL reactor
equipped with a septum. It was then heated at 150°C for 12 hours. Gas samples were
withdrawn by an air-tight 0.5 mL gas syringe and injected into a GC instrument equipped
with an FID detector. Methane was the only product detected in the gas phase.
Methane calibration was carried out by withdrawing 0.5 mL samples of pure methane at
different, known pressure from a high vacuum Schlenck line and by building a graphic
correlating the partial pressure of methane with its GC area. The amount of methane
liberated by 4 at 150°C was quantified as 0.028 ± 0.05 mmol CH4.g−1 (1.58 ± 0.2 CH4/W).
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3.5.1. NMR Spectra

1

13

Figure 3.18: H (top) and C (bottom) NMR spectra of 1.

113

1

13

Figure 3.19: H (top) and C (bottom) NMR spectra of 2.
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Figure 3.20: HSQC NMR spectrum of 2

13

Figure 3.21: Solid state C CP/MAS NMR spectrum (400 MHz, spinning rate 10 kHz, contact time = 1 ms,
Dipp
recycle delay = 2 sec, ns = 80 k) of [(≡Si-O-)W(=O)Cl2-Im N] (3).
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3.5.2. SXRD analysis of 2

Table 3.6: Crystal data and structure refinement for [Im

Dipp

NWOCl3] (2).

Identification code

2 [ImDippNWOCl3] ∙ CH2Cl2

Empirical formula

C28H38Cl5N3OW

Formula weight

793.71

Temperature

200(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 9.5406(5) Å
b = 10.9846(6) Å

Volume

c = 16.8508(9) Å
1717.92(16) Å3

Z

2

Density (calculated)
Absorption coefficient

1.534 Mg/m3
3.775 mm-1

F(000)

788

Crystal size

0.200 x 0.200 x 0.200 mm3

Theta range for data collection

1.904 to 29.209°.

Index ranges

-13<=h<=13, -14<=k<=13, -23<=l<=23

Reflections collected

16470

Independent reflections

8462 [R(int) = 0.0261]

Completeness to theta = 25.000°

94.0 %
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Absorption correction

Numerical

Max. and min. transmission

0.5252 and 0.3755

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters
Goodness-of-fit on F2

8462 / 4 / 363

Final R indices [I>2sigma(I)]

R1 = 0.0455, wR2 = 0.1335

R indices (all data)

R1 = 0.0550, wR2 = 0.1459

Extinction coefficient

n/a

Largest diff. peak and hole

4.012 and -2.005 e.Å-3

1.116

Table 3.7: Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103)

x

Y

z

U(eq)

N(1)

3978(5)

1592(5)

2747(3)

29(1)

O(1)

6142(6)

2165(5)

4029(3)

48(1)

W(1)

5827(1)

2106(1)

3005(1)

29(1)

Cl(1)

5600(2)

4238(2)

3136(1)

48(1)

Cl(2)

7636(2)

2680(2)

2152(2)

56(1)

Cl(3)

6482(2)

120(2)

2630(1)

44(1)

C(1)

2579(6)

1279(6)

2666(3)

26(1)

N(2)

1788(5)

997(6)

1952(3)

33(1)

C(2)

379(7)

735(8)

2106(4)

40(2)

C(3)

295(6)

846(7)

2919(4)

37(1)

N(3)

1674(5)

1196(5)

3257(3)

28(1)

C(4)

2335(7)

953(8)

1159(4)

40(2)

C(5)

2793(8)

2071(9)

892(4)

47(2)

C(6)

3258(11)

1967(12)

107(5)

65(3)

C(7)

3276(12)

856(13)

-350(5)

78(3)

C(8)

2836(11)

-256(11)

-71(5)

66(3)

C(9)

2352(8)

-230(9)

711(4)

49(2)

C(10)

2773(10)

3344(9)

1389(5)

53(2)

C(11)

3929(14)

4370(12)

1214(7)

78(3)

C(12)

1344(14)

3736(12)

1364(8)

81(3)

C(13)

1950(9)

-1427(9)

1028(5)

59(2)

C(14)

3240(20)

-2075(19)

1097(19)

86(4)
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C(15)

790(20)

-2170(20)

409(16)

86(4)

C(13')

1950(9)

-1427(9)

1028(5)

59(2)

C(14')

3200(30)

-1730(30)

1540(20)

86(4)

C(15')

1180(40)

-2610(30)

480(20)

86(4)

C(16)

2107(6)

1440(6)

4101(3)

31(1)

C(17)

2332(7)

2679(7)

4498(4)

36(1)

C(18)

2774(9)

2876(8)

5318(4)

48(2)

C(19)

2971(9)

1902(9)

5696(4)

52(2)

C(20)

2742(9)

698(9)

5284(4)

47(2)

C(21)

2292(7)

424(7)

4475(4)

34(1)

C(22)

2053(9)

3756(7)

4081(5)

47(2)

C(23)

2899(11)

5007(9)

4466(6)

63(2)

C(24)

455(11)

3835(10)

4041(7)

64(2)

C(25)

2044(8)

-909(7)

4031(4)

41(2)

C(26)

1117(9)

-1800(9)

4484(6)

53(2)

C(27)

3450(12)

-1362(10)

3869(8)

75(3)

C(28)

7895(12)

5923(9)

1940(5)

58(2)

Cl(4)

8085(3)

5211(2)

946(1)

63(1)

Cl(5)

9561(5)

6471(5)

2452(2)

61(1)

C(28')

7895(12)

5923(9)

1940(5)

58(2)

Cl(4')

8085(3)

5211(2)

946(1)

63(1)

Cl(5')

6863(5)

7088(3)

1957(2)

48(1)

N(1)

3978(5)

1592(5)

2747(3)

29(1)

O(1)

6142(6)

2165(5)

4029(3)

48(1)

Table 3.8: Bond lengths [Å] and angles [°] for [Im

Dipp

NWOCl3] (2).

N(1)-C(1)

1.321(8)

N(1)-W(1)

1.782(5)

O(1)-W(1)

1.729(5)

W(1)-Cl(3)

2.3568(18)

W(1)-Cl(1)

2.3606(19)

W(1)-Cl(2)

2.3640(19)

C(1)-N(3)

1.349(7)

C(1)-N(2)

1.360(7)

N(2)-C(2)

1.374(8)
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N(2)-C(4)

1.449(8)

C(2)-C(3)

1.363(9)

C(3)-N(3)

1.385(8)

N(3)-C(16)

1.436(7)

C(4)-C(5)

1.390(12)

C(4)-C(9)

1.395(11)

C(5)-C(6)

1.404(10)

C(5)-C(10)

1.512(13)

C(6)-C(7)

1.336(17)

C(7)-C(8)

1.389(17)

C(8)-C(9)

1.410(11)

C(9)-C(13')

1.501(14)

C(9)-C(13)

1.501(14)

C(10)-C(12)

1.493(14)

C(10)-C(11)

1.525(14)

C(13)-C(14)

1.523(16)

C(13)-C(15)

1.532(16)

C(13')-C(15')

1.527(18)

C(13')-C(14')

1.553(18)

C(16)-C(17)

1.397(9)

C(16)-C(21)

1.398(9)

C(17)-C(18)

1.402(10)

C(17)-C(22)

1.522(11)

C(18)-C(19)

1.364(13)

C(19)-C(20)

1.371(12)

C(20)-C(21)

1.383(9)

C(21)-C(25)

1.511(10)

C(22)-C(23)

1.513(12)

C(22)-C(24)

1.540(13)

C(25)-C(27)

1.520(13)

C(25)-C(26)

1.533(11)

C(28)-Cl(5)

1.751(11)

C(28)-Cl(4)

1.757(9)

C(28')-Cl(5')

1.728(10)

C(28')-Cl(4')

1.757(9)
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C(1)-N(1)-W(1)

171.6(4)

O(1)-W(1)-N(1)

108.7(3)

O(1)-W(1)-Cl(3)

95.1(2)

N(1)-W(1)-Cl(3)

95.18(17)

O(1)-W(1)-Cl(1)

94.0(2)

N(1)-W(1)-Cl(1)

93.01(18)

Cl(3)-W(1)-Cl(1)

165.08(7)

O(1)-W(1)-Cl(2)

123.0(2)

N(1)-W(1)-Cl(2)

128.28(18)

Cl(3)-W(1)-Cl(2)

82.11(7)

Cl(1)-W(1)-Cl(2)

83.02(7)

N(1)-C(1)-N(3)

127.4(5)

N(1)-C(1)-N(2)

125.1(5)

N(3)-C(1)-N(2)

107.4(5)

C(1)-N(2)-C(2)

108.6(5)

C(1)-N(2)-C(4)

125.9(5)

C(2)-N(2)-C(4)

125.4(5)

C(3)-C(2)-N(2)

108.0(6)

C(2)-C(3)-N(3)

106.6(5)

C(1)-N(3)-C(3)

109.3(5)

C(1)-N(3)-C(16)

124.1(5)

C(3)-N(3)-C(16)

126.5(5)

C(5)-C(4)-C(9)

124.4(7)

C(5)-C(4)-N(2)

118.7(7)

C(9)-C(4)-N(2)

116.9(7)

C(4)-C(5)-C(6)

116.1(9)

C(4)-C(5)-C(10)

123.5(7)

C(6)-C(5)-C(10)

120.4(8)

C(7)-C(6)-C(5)

121.7(10)

C(6)-C(7)-C(8)

121.6(8)

C(7)-C(8)-C(9)

120.0(9)

C(4)-C(9)-C(8)

116.1(9)

C(4)-C(9)-C(13')

123.8(7)

C(8)-C(9)-C(13')

120.0(8)

C(4)-C(9)-C(13)

123.8(7)
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C(8)-C(9)-C(13)

120.0(8)

C(12)-C(10)-C(5)

113.1(8)

C(12)-C(10)-C(11)

111.3(10)

C(5)-C(10)-C(11)

114.4(9)

C(9)-C(13)-C(14)

110.4(11)

C(9)-C(13)-C(15)

103.3(13)

C(14)-C(13)-C(15)

113.2(13)

C(9)-C(13')-C(15')

121(2)

C(9)-C(13')-C(14')

111.7(14)

C(15')-C(13')-C(14')

111(2)

C(17)-C(16)-C(21)

123.9(6)

C(17)-C(16)-N(3)

118.0(6)

C(21)-C(16)-N(3)

118.1(6)

C(16)-C(17)-C(18)

116.1(7)

C(16)-C(17)-C(22)

122.4(6)

C(18)-C(17)-C(22)

121.4(7)

C(19)-C(18)-C(17)

121.2(7)

C(18)-C(19)-C(20)

120.9(7)

C(19)-C(20)-C(21)

121.5(7)

C(20)-C(21)-C(16)

116.4(7)

C(20)-C(21)-C(25)

120.7(7)

C(16)-C(21)-C(25)

122.8(6)

C(23)-C(22)-C(17)

113.6(8)

C(23)-C(22)-C(24)

110.0(7)

C(17)-C(22)-C(24)

110.5(7)

C(21)-C(25)-C(27)

110.7(7)

C(21)-C(25)-C(26)

112.3(6)

C(27)-C(25)-C(26)

110.2(7)

Cl(5)-C(28)-Cl(4)

110.6(6)

Cl(5')-C(28')-Cl(4')

111.2(5)

C(20)-C(21)-C(25)

120.7(7)

Symmetry transformations used to generate equivalent atoms:
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Table 3.9: Anisotropic displacement parameters (Å2x 103) for material 2. The anisotropic displacement
2
2 11
12
factor exponent takes the form: -2p2[ h a* U + ... + 2 h k a* b* U ]

U11

U22

U33

U23

U13

U12

N(1)

32(2)

23(3)

34(2)

8(2)

3(2)

6(2)

O(1)

61(3)

45(3)

37(2)

11(2)

-18(2)

4(2)

W(1)

27(1)

31(1)

29(1)

4(1)

0(1)

4(1)

Cl(1)

59(1)

30(1)

53(1)

1(1)

9(1)

6(1)

Cl(2)

50(1)

50(1)

77(1)

24(1)

28(1)

13(1)

Cl(3)

41(1)

37(1)

56(1)

10(1)

9(1)

13(1)

C(1)

30(3)

25(3)

26(2)

4(2)

2(2)

9(2)

N(2)

28(2)

43(3)

26(2)

2(2)

-1(2)

6(2)

C(2)

25(3)

59(5)

36(3)

9(3)

0(2)

7(3)

C(3)

26(3)

51(4)

33(3)

7(3)

4(2)

8(2)

N(3)

27(2)

29(3)

27(2)

5(2)

2(2)

7(2)

C(4)

31(3)

59(5)

27(3)

5(3)

2(2)

6(3)

C(5)

49(4)

64(6)

32(3)

19(3)

1(3)

12(3)

C(6)

75(6)

93(8)

35(4)

24(4)

13(4)

18(5)

C(7)

80(7)

122(11)

33(4)

15(5)

16(4)

16(7)

C(8)

71(6)

83(7)

37(4)

-11(4)

10(4)

6(5)

C(9)

42(4)

66(5)

31(3)

-7(3)

4(3)

1(3)

C(10)

61(5)

56(6)

46(4)

21(4)

-1(3)

11(4)

C(11)

92(8)

71(8)

73(7)

36(6)

-5(6)

-3(6)

C(12)

88(8)

71(8)

85(8)

9(6)

-15(6)

29(6)

C(13)

59(5)

53(5)

55(5)

-12(4)

10(4)

0(4)

C(14)

88(8)

42(8)

122(11)

3(7)

4(8)

-3(6)

C(15)

88(8)

42(8)

122(11)

3(7)

4(8)

-3(6)

C(13')

59(5)

53(5)

55(5)

-12(4)

10(4)

0(4)

C(14')

88(8)

42(8)

122(11)

3(7)

4(8)

-3(6)

C(15')

88(8)

42(8)

122(11)

3(7)

4(8)

-3(6)

C(16)

34(3)

39(4)

22(2)

6(2)

5(2)

10(2)

C(17)

37(3)

36(4)

34(3)

2(2)

10(2)

7(2)

C(18)

53(4)

48(5)

37(3)

-9(3)

5(3)

7(3)

C(19)

57(5)

70(6)

27(3)

3(3)

-3(3)

16(4)

C(20)

51(4)

56(5)

38(3)

16(3)

-2(3)

15(3)

C(21)

41(3)

36(4)

29(3)

9(2)

5(2)
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C(22)

65(5)

33(4)

43(4)

3(3)

18(3)

11(3)

C(23)

78(6)

37(5)

71(6)

-2(4)

23(5)

3(4)

C(24)

71(6)

48(6)

77(6)

10(4)

0(5)

25(4)

C(25)

58(4)

29(4)

39(3)

11(3)

5(3)

11(3)

C(26)

48(4)

46(5)

65(5)

14(4)

7(4)

6(3)

C(27)

79(7)

42(6)

109(9)

17(5)

47(6)

11(4)

C(28)

93(7)

43(5)

41(4)

10(3)

14(4)

13(4)

Cl(4)

80(2)

58(1)

49(1)

4(1)

12(1)

12(1)

Cl(5)

71(3)

62(3)

40(2)

-10(2)

-23(2)

5(2)

C(28')

93(7)

43(5)

41(4)

10(3)

14(4)

13(4)

Cl(4')

80(2)

58(1)

49(1)

4(1)

12(1)

12(1)

Cl(5')

96(3)

28(2)

32(1)

7(1)

8(2)

43(2)

Table 3.10: Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2x 10 3) for
Dipp
[Im NWOCl3] (2)

x

y

z

U(eq)

H(2A)

-401

515

1714

48

H(3A)

-545

709

3199

44

H(6A)

3567

2706

-106

78

H(7A)

3597

824

-878

94

H(8A)

2862

-1034

-407

80

H(10A)

2981

3253

1961

63

H(11A)

3980

5112

1632

117

H(11B)

3704

4586

687

117

H(11C)

4846

4074

1211

117

H(12A)

646

3114

1555

121

H(12B)

1062

3802

810

121

H(12C)

1386

4550

1712

121

H(13A)

1550

-1252

1567

71

H(14A)

4012

-1493

1421

130

H(14B)

3549

-2342

558

130

H(14C)

2985

-2807

1358

130

H(15A)

-15

-1716

394

130

H(15B)

461

-2991

561

130

123

H(15C)

1168

-2295

-125

130

H(13B)

1248

-1222

1435

71

H(14D)

3634

-978

1914

130

H(14E)

3916

-2013

1179

130

H(14F)

2846

-2392

1840

130

H(15D)

178

-2525

385

130

H(15E)

1226

-3333

747

130

H(15F)

1626

-2718

-30

130

H(18A)

2938

3702

5616

57

H(19A)

3272

2059

6252

62

H(20A)

2896

37

5560

56

H(22A)

2338

3571

3515

56

H(23A)

3905

4929

4533

95

H(23B)

2546

5272

4995

95

H(23C)

2795

5628

4121

95

H(24A)

297

4553

3792

96

H(24B)

122

3936

4587

96

H(24C)

-72

3066

3718

96

H(25A)

1534

-925

3499

49

H(26A)

198

-1519

4565

79

H(26B)

1595

-1803

5009

79

H(26C)

964

-2646

4169

79

H(27A)

3979

-853

3518

112

H(27B)

3267

-2239

3604

112

H(27C)

4009

-1286

4380

112

H(28A)

7367

6629

1931

70

H(28B)

7340

5311

2226

70

H(28C)

7448

5284

2245

70

H(28D)

8845

6285

2205

70

3.5.3. Buried Volume Computational Details
All the DFT geometry optimizations were performed at the GGA B3LYP level with the Gaussian09
package.17The electronic configuration of the systems was described with the SVP basis set18 for H,
C, Cl and O while for W we adopted the quasi-relativistic SDD effective core potential.19 All
geometries were characterized as minimum through frequency calculations. The %VBur reported in
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the paper have been computed using the SambVca package developed by some of us.20 The
complexes are oriented placing the metal center at the origin of the sphere with the W-ligand
distance fixed at 1.8 Å in order to have a comparison of the three ligands not biased on different Wligand distances.

3.5.4. EXAFS Studies
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Figure 3.22: Fourier transform of the k -weighted EXAFS at tungsten W LIII-edge (right) and its
corresponding back Fourier transform (left) in the [1.5, 5.7] Å range with comparison to simulated curves
for a tungsten metallic foil. Open symbol: experimental data; full line: fit

Table 3.11: EXAFS parameters obtained for a tungsten metallic foil (Im-3m). A total of 19 scattering paths
with 5 single and 14 scattering paths were used to fit the data in the [1.5, 5.7] Å R-range (multiple
scattering paths are omitted for the sake of clarity). The cell parameter was determined equal to 3.157 ±
0.004 Å. The error propagation for the half length of each scattering path is not referenced in the table
and underlined characters denote fixed parameters.

D

103 x 2

(Å)

(Å2)

(eV)

8

2.73

2.9 ± 0.3

5±1

W→W

6

3.16

3.6 ± 0.5

W→W

12

4.31

4.1 ± 0.6

W→W

24

5.23

4.7 ± 0.6

W→W

8

5.47

6±1

Paths

W→W
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Figure 3.23: Fourier transform of the k3-weighted EXAFS at tungsten W LIII-edge (right) and its
corresponding back Fourier transform (left) in the [0.54, 3.9] Å range with comparison to simulated curves
for compound 4. Models with and without chlorine shell are compared. Open symbol: experimental data;
full line: fit.

Table 3.12: . EXAFS parameters obtained for compound 4 for two different models including or excluding
a chlorine shell.

Paths

N

D

103 x 2
2

E

R (%)

(Å)

(Å )

(eV)

12 ± 4

0.6

6±4

0.5

Fit without chlorine shell
W→O

1.7 ± 0.1

1.72 ± 0.01

1.5

W→N/O

2.4 ± 0.2

1.95 ± 0.02

2.3

W→C

2.5 ± 0.3

2.36 ± 0.02

2.7

W→O

1.0 ± 0.2

1.71 ± 0.01

1.5

W→C/O/N

3.4 ± 0.2

1.95 ± 0.05

11 ± 3

W→Cl

0.6 ± 0.2

2.28 ± 0.03

3.5

Fit with chlorine shell
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3.5.5. Catalysis Data
Propene metathesis catalyzed by [(≡Si-O-)W(=O)(CH3)2-ImDippN] 4 in a batch reactor: In a
glove box, complex 4 [(≡Si-O-)W(=O)(CH3)2-ImDippN] (50 mg, 0.0057 mmol W) was
introduced in a batch reactor (160 mL). After evacuation of Argon, about 150 (or 3050)
equivalents (with respect to tungsten) of dry purified propene were added at room
temperature and the reactor was heated to 150°C (heating rate: 4°C/min). The
composition of the gas phase was monitored by GC in below figures.
Self-metathesis of 1-hexene: In a glovebox, scintillation vials containing a wing shaped
magnetic stirred were charged with different tungsten supported catalysts on silica. A
solution of 4.0 mmol of 1-hexene was added. The flask was removed from the glovebox
and connected to a vacuum line where it was cooled to -78°C and evacuated to ca. 300500 mTorr (usually the onset of bubbling). The flask was sealed under static vacuum,
allowed to warm to room temperature. The reaction mixture was stirred at 600 rpm and
heated to 80°C. Aliquots of the reaction mixture were quenched by exposure to air and
addition of dichloromethane and subjected to gas chromatography analysis to
determine the conversion and E/Z selectivity. The resulting solution was analyzed by
GC/FID (Agilent 6850) equipped with a fused silica column. The identity of the
metathesis products was assessed by the injection of pure standards.
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3.5.6. NMR and GC Analysis of the Product Mixture of 1-hexene Self metathesis
Reactions Catalyzed by 4, 5 and 6 Under Different Catalytic Conditions

1

13

Figure 3.24: H (top) and the C (bottom) NMR spectra of the product mixture from 1-hexene selfmetathesis reaction catalyzed by 4 at 80°C for 24 h.
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1

13

Figure 3.25: H (top) and the C (bottom) NMR spectra of the product mixture from the 1-hexene selfmetathesis reaction catalyzed by 6 at 80 °C for 4.5 h.

129

1

Figure 3.26: H NMR spectrum of pure (E)-Dec-5-ene.

1

Figure 3.27: H NMR spectrum of pure (Z)-Dec-5-ene.
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1

Figure 3.28: H NMR spectrum of the mixture of pure (E)- and (Z)-Dec-5-ene.

Figure 3.29: GC chromatogram of the product mixture from the 1-hexene self-metathesis reaction
catalyzed by 4 at 80°C for 24 h. The numbers in the chromatogram refer to the number of carbon atoms in
the metathesis product.
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Figure 3.30: GC chromatogram of the product mixture from the 1-hexene self-metathesis reaction
catalyzed by 5 at 80 °C for 24 h. The numbers in the chromatogram refer to the number of carbon atoms
in the metathesis product.

Figure 3.31: GC chromatogram of the product mixture from the 1-hexene self-metathesis reaction
catalyzed by 6 at 80°C for 24 h. The numbers in the chromatogram refer to the number of carbon atoms in
the metathesis product.
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Figure 3.32: GC chromatogram of the product mixture from the 1-hexene self-metathesis reaction
catalyzed by 6 at 80°C for 4.5 h. The numbers in the chromatogram refer to the number of carbon atoms
in the metathesis product.
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CHAPTER 4: In Situ Generation of a Silica-Supported Tungsten Methyl
Catalyst for Cyclooctane Metathesis
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4.1 Introduction
The concept of surface organometallic fragments (SOMF) has recently emerged as a
simple and powerful tool to understand and design heterogeneous catalysts for several
transformations. For instance, it has firmly established that metal hydrido carbenes (MH(=CHR)) or metal alkyl carbenes (M-R(=CHR)) are required to promote alkane
metathesis reaction.1 In addition to the formation of surface active complexes, the
support plays a role of a stabilizing ligand. For instance, highly sensitive tungsten
hexamethyl2 was successfully grafted on different supports (silica3, alumina, and silica
alumina4). In the case of silica grafted tungsten hexamethyl a well-defined and single
site species was formed and characterized [(≡SiO)WMe5]. Despite its stability,
[(≡SiO)WMe5] shows a significant activity in the wide range of catalysis reaction, such as
the metathesis of cyclic5 and acyclic6 alkanes at moderate temperatures, olefin
metathesis, alkyne trimerization,7 and many other reactions. This put the complex under
high focus and demand. However, the challenging synthesis of tungsten hexamethyl
precludes its application outside specialized academic labs.
Synthesis of this highly desirable complex with our surface alkylation strategy will bring
great benefits for the surface organometallic field and its commercialization (Scheme
4.28). Herein, we are reporting the syntheses of [(≡Si-O-)WMe5] by direct surface
methylation of [(≡Si-O-)WCl5] using ZnMe2. The latter is obtained by grafting
commercially available tungsten (VI) hexachloride on silica partially dehydroxylated at
700°C (SiO2-700). The methylated silica-supported tungsten complex was fully
characterized by solid-state NMR spectroscopy, FTIR spectroscopy, microanalysis, and
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mass balance techniques. Our experimental results are supported by DFT calculation for
molecular modeling and the simulation of NMR chemical shifts.

Scheme 4.28: Reported synthesis of [(≡Si-O-)WMe5] complex and the new proposed synthetic strategy
developed on SiO2-700.

4.2 RESULTS AND DISCUSSION
Preparation and characterization of [(≡Si-O-)WCl5] (1): Surface compound 1 was
prepared by treating Aerosil 200® silica that was partially dehydroxylated under vacuum
(10-05 mbar) at 700°C (SiO2-700) with WCl6 (Scheme 4.29). The reaction was performed in
dichloromethane at room temperature for 2 hours. A slight dynamic vacuum was
simultaneously applied to prevent side reactions by the liberated gaseous hydrogen
chloride. Excess of unreacted WCl6 was efficiently washed with dichloromethane (4 x 10
mL). The resultant orange material was dried under high vacuum (10-5 bar) for 2 hours.
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The infrared spectrum showed that the peak characteristic of free silanols at 3747 cm-1
(Figure 4.40, i) almost disappeared (Figure 4.40, ii). The elemental analysis of 1 found
3.97% W and 3.80% Cl with a molar ratio of Cl/W = 4.9 ± 0.2 (theoretical ratio for the
monopodal surface complex is 5). Mass balance of 1 was completed by quantifying the
HCl gas released after water washing of the complex in a Schlenk tube equipped with a
septum. The amount of HCl determined, in agreement with 1 having the formula [(≡SiO-)WCl5].

Scheme 4.29: Synthesis of 1 by grafting WCl6 on partially dehydroxylated silica at 700 °C (SiO2-700).

4.2.1 Methylation of 1
Several alkylating agents such as SnMe4, MeLi, Al2Me6, and ZnMe2 were tested to
methylate 1. However, it was observed that tetramethyl tin was weakly reactive toward
complex 1 at room temperature, whereas MeLi and Al2Me6 both react violently with
silica support to produce a large amount of Si-Me and Si-Me2. Thus, SnMe4, MeLi, and
Al2Me6 were not further considered as a methylating agent. On the other hand,
dimethylzinc was found to be more reactive than tetramethyl tin and milder than MeLi
and Al2Me6 toward the support and thus consider for a methylating agent. Several other
parameters e.g. temperature, duration of the reaction, the amount of methylating agent
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and solvents were tested to find out the optimum reaction conditions. Here we report
some of the conducted reactions with different conditions where we only reveal carbon
NMR for simplicity (Figure 4.33-Figure 4.39). We found that the reaction is best using 2.5
equivalents of ZnMe2 in dichloromethane at room temperature or at a lower
temperature (-40°C). The reaction was completed in a very short time (15 minutes)
(Scheme 4.30). The resulting dark gray solid was washed several times using
dichloromethane and dried under high vacuum (10-5 mbar).
4.2.2. Optimizing the methylating condition of complex
Table 4.13: Optimization of methylating agents.

Methylating agent

Remarks

SnMe4
MeLi
Al2Me6
ZnMe2

weakly reactive toward starting complex
react violently with the silica support
react violently with the silica support
found reactive with metal-halide and very less reactivity with the
support
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Figure 4.33: One-dimensional C CP/MAS NMR spectra (600 MHz H frequency) of 1 after treating with
carbon enriched MeLi, peaks at -1.7 and -7.4 ppm are attributed to -Si-Me and -Si(Me)2.

Figure 4.34: One-dimensional C CP/MAS NMR spectra (600 MHz H frequency) of 1 after treating with
2.5 equivalents of ZnMe2 in pentane.
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Figure 4.35: One-dimensional C CP/MAS NMR spectra of 1 (600 MHz H frequency) after treating with 5
equivalents of ZnMe2 in diethyl ether.

Figure 4.36: One-dimensional C CP/MAS NMR spectra of 1 (600 MHz H frequency) after treating with
2.5 equivalents of ZnMe2 in diethyl ether.

143

13

1

Figure 4.37: One-dimensional C CP/MAS NMR spectra of 1 (600 MHz H frequency) after treating with
2.5 equivalents of 97% carbon enriched ZnMe2 in dichloromethane for 15 min.

13

Figure 4.38: One-dimensional C CP/MAS NMR spectra of 1 (600 MHz 1H frequency) after treating with
2.5 equivalents of carbon enriched ZnMe2 (97 %) in dichloromethane for 4 hours.
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Figure 4.39: One-dimensional C CP/MAS NMR spectra of 1 (600 MHz H frequency) after treating with >5
equivalents of carbon enriched ZnMe2 (97 %) in dichloromethane for 4 hours.

Scheme 4.30: Optimized condition for the alkylation of [(≡Si-O-)WCl5]
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Figure 4.40: (i) SiO2-700 (ii) WCl6 grafted with SiO2-700 (1) (iii), after alkylation of 1 with ZnMe2 (2).

4.2.3. FTIR spectroscopy
The FTIR spectrum of 2 (Figure 4.40, iii) revealed new sets of signals compared to the
starting material 1 (Figure 4.40, ii). The new bands in the range of 3019-2859 cm-1, ν(CH), and 1459 cm-1, δ(C-H), were assigned to methyl fragments.

1

4.2.4. NMR Study
H magic-angle spinning (MAS) SS-NMR spectrum of 2 (Figure 4.41a) exhibits one major

signals at 2.0 ppm with a shoulder at 1.3 ppm and another small peak around -0.1 ppm.
All the signals auto-correlate in the two-dimensional (2D) double-quantum (DQ) (0.0,
2.6, 4.0, in F1) and triple-quantum (TQ) (0.0, 3.9, 6.0 ppm in F1) spectra (Figure 4.41b),
indicating that all three resonances can be assigned to methyl groups. The peak at -0.1
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ppm has a chemical shift characteristic to that of zinc methyl fragment (fitting either
ZnMeCl or ZnMe2).8 The other resonances are tentatively attributed to methyl groups
coordinated to tungsten surface species.
13

C-enriched complex 2* (97%

13

C-enriched) Zn*Me2 was prepared to enhance carbon

NMR sensitivity; the preparation protocol is added to the experimental part. NMR line
shapes of

13

C CP/MAS SS-NMR spectra observed in 2, and 2* (Figure 4.41c) are

consistent with the presence of several species of four signals at -18, 46, 52 and 82 ppm.
Also, two-dimensional CP/MAS HETCOR NMR spectra (Figure 4.41d) indicate that the
signals in 1H MAS SS-NMR at 1.3, 1.8 and 2.0 ppm are correlated with 13C CP/MAS SSNMR spectra at 46, 52 and 82 ppm. As mentioned above, DQ and TQ clearly show that
only methyl groups are present. It is worth noting that the absence of cross peaks
between these methyl signals indicates that the three peaks belong to three separate
surface species. For the sake of clarity, these three species included in 2 will be named
2a, 2b, and 2c.
First, the signals at 82 ppm in 13C CP/MAS and 2.0 ppm in 1H NMR are assigned to [(≡SiO-)WMe5] that can be estimated to be in a significant amount; it will be named 2a.
Second, the peaks at 18 ppm in 13C CP/MAS and that at -0.1 ppm in 1H NMR are assigned
to the methyl groups of ZnMeCl and ZnMe2. These species will collectively be referred as
(2b) and can be qualitatively estimated to be a minor species. Finally, the remaining 13C
signals at 46 and 51 ppm are assigned to surface tungsten complex (2c). The resonances
of complex (2c) are reminiscent to that of silica-supported tungsten bearing one carbyne
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and two methyl groups [(≡Si-O-)WMe2(≡CH)].3 This can be explained by the conversion
of a significant fraction of [(≡Si-O-)WMe5] into [(≡Si-O-)WMe2(≡CH)] during the
alkylation reaction, a process known for some transition metals.9 The absence of
carbyne signal was investigated by studying the effect of the two zinc compounds
(ZnMe2 and ZnCl2). A well-defined tungsten complex [(≡Si-O-)WMe5] (3) was prepared
according to our previous report.3 It was then thermally decomposed by treatment at
150°C to generate the analog carbyne [(≡Si-O-)WMe2(≡CH)] (4). It was then treated with
ZnMe2 (1M solution in heptane) or ZnCl2 (5 equiv. in CH2Cl2) in two separate
experiments. In both cases after treatment, the carbyne peak at 299 ppm in 13C CP/MAS
NMR clearly disappeared (Figure 4.42). This may be interpreted by the formation of a
tungsten carbyne adduct with the Lewis acid zinc moieties (Scheme 4.31). Examples of
complexations of a carbyne by a Lewis acid center have already been reported.10
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Figure 4.41: a) H MAS/ NMR of 2 . b) 2D H- H DQ/SQ and H- H TQ/SQ NMR spectra of 2 (both acquired
with number of scans per increment = 32 per t 1 increment, repetition delay = 5 s, number of individual t 1
13
increments = 128. c) C CP/MAS NMR spectra of 2* d) 2D CP/MAS HETCOR NMR spectra of 2* acquired
with short contact times of 0.2 ms under 8.5 kHz MAS frequency
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Figure 4.42: Comparison of C-SS NMR of (i) 4, obtained by thermal decomposition at 150°C of welldefined [(≡Si-O-)WMe5], 3. (ii) Reaction of 4 with dichloromethane. (iii) The reaction of 4 with ZnMe2 in
dichloromethane. (iv)The reaction of 4 with ZnCl2 in dichloromethane.
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The formation of partially alkylated tungsten species was considered to explain the
presence of several surface species. DFT calculations were carried out to investigate the
origin of these two other broad peaks at 46 and 52 ppm observed in 13C SS-NMR.

Figure 4.43: Molecular models used for the (A) [(≡Si-O-)WMe4Cl] and (B) [(≡Si-O-)WMe5] species in DFT
calculation.

Several surface species corresponding to the different degree of alkylation, [(≡Si-O)WMenCl5-n] were considered (Figure 4.43 & Table 4.14). The NMR-DFT calculation of
the 13C chemical shift was performed on all the possible species and conformations.
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Table 4.14: NMR-DFT calculations of the partial substitution of [(≡Si-O-) WCl5]

Species

[(≡Si-O-)WMeCl4] _conf_1

[(≡Si-O-)WMe2Cl3]_conf2
[(≡Si-O-) WMeCl4]
_conf_2

Chemical
shift (ppm)

C1=96.49

C1=77.47

[(≡Si-O-) WMe3Cl2]_conf1

[(≡Si-O-)
WMe3Cl2]_conf2

Chemical
C1=91.30
shift (ppm) C2=88.80
C3=96.13

C1=82.14
C2=86.08
C3=72.10

[(≡Si-O-)
WMe2Cl3]_conf1

C1=92.14
C2=101.33

[(≡Si-O-) WMe4Cl]_conf1

C1=73.59
C2=69.97
C3=74.02
C4=91.78

[(≡Si-O-)
WMe2Cl3]_conf3

C1=86.20
C2=85.04

C1=80.11
C2=75.42

[(≡Si-O-) WMe4Cl]_conf2

[(≡Si-O-)WMe5]

C1=82.62
C2=81.13
C3=84.16
C4=95.35

C1=72.38
C2=84.21
C3=63.34
C4=85.38
C5=63.79
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The calculated chemical shifts were scaled with the TMS chemical shielding determined
using the same method. In all cases, the 13C-DFT chemical shifts (ranging from 70 to 100
ppm) are far from that of the experimental peaks.
This reduces significantly the possibility of attributing the two peaks (at 46 and 52 ppm)
to [(≡Si-O-)WMenCl5-n] species. From those data, it appears that [(≡Si-O-)WMe5] exhibits
(depending on conformation)

13

C resonances ranging from 85 to 75 ppm, in line with

experimental results.
4.2.5. Thermal Decomposition of 2 (2T)
Heating 2 at 150°C leads to the formation of 2T.

13

C-CP/MAS SS-NMR spectroscopy

shows the disappearance of the peak at 82 ppm and the appearance of broad
resonances centered below 40 ppm. The two resonances at 46 and 52 ppm remain but
with a different pattern as the former seems more intense (Figure 4.44). However,
repeated attempts failed to detect the peaks expected to the carbyne groups at 298
ppm in the spectrum 13C (W≡C-H) and the peak at 7.8 ppm in 1H-NMR spectrum (W≡CH) is more probably due to complexations with zinc moieties as explained earlier.
4.2.6. Hydrogenolysis of 2 (2H)
Complex 2 was found to react readily with molecular H2 even at temperatures as low as
-78°C (1 bar, -78°C, 10 min) to afford corresponding hydride (2H). The reaction was
monitored by FTIR spectroscopy showing that the ν(C-H) bands characteristic of the [WCH3] group at 3018 and 2990 cm-1 decreased. New peaks around 1958, and 1978 cm-1
were observed (Figure 4.45) and are consistent with the ν(W-H) bands of tungsten
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hydride. Methane gas was detected by GC-FID after the analysis of the gas phase (0.23 ±
0.02 mmol.g-1).

13

13

Figure 4.44: (A) 1D C CP/MAS SS-NMR spectrum of 2*, prepared by C-labeled dimethyl zinc (97% 13Cenriched) with a 10 kHz MAS frequency (a repetition delay = 5 s, contact time = 2 ms, line broadening = 80
13
Hz and number of scans = 10000). (B) 1D C CP/MAS NMR spectrum of 2* after heating at 150°C for 2
hours.

This is in agreement with the well-documented hydrogenolysis of surface tungsten alkyl
complexes.11 It is important to add that the amount of tungsten hydride observed by
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FTIR spectrum is qualitatively smaller than that prepared by the hydrogenation of [(≡SiO-)WMe5] (3) at the same temperature.

Figure 4.45: FTIR spectrum of (i) 2 (ii) 2H (iii) 2H - 2.

4.2.7. DFT calculations
DFT calculations were performed to model the carbyne species, which may have formed
from intermediate carbenes during the methylation of 1. The formation of the carbyne
was considered from the fully alkylated [(≡Si-O-)WMe5] and the partial alkylated [(≡Si-O)WMe4Cl] species (Figure 4.49). A relaxed energy scan of the W-Cl bond was performed
to approach the transition state for carbene formation from [(≡Si-O-)WMe4Cl] via
elimination of gaseous HCl (traces were identified experimentally (Figure 4.47). The fully
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optimized transition state corresponds to a proton transfer from one of the W-Me
groups to the dissociating chloride ion (Figure 4.49).

Figure 4.46: Interconversion of [(≡Si-O-)WMe4Cl] to [(≡Si-O-)WMe5] calculated using PBE/Def2 TZVP level
of theory.

This transition state is much lower in energy (29.6 kcal/mol) than the transition state
corresponding to carbene formation from the penta-methylated [(≡Si-O-)WMe5]
species, 39.7 kcal/mol, (Figure 4.49A). The next step consists in the evolution of the
intermediate carbene [(≡Si-O-)W(=CH2)Me3] to the carbyne [(≡Si-O-)W(≡CH)Me2] plus
elimination of a methane molecule via an energy barrier of 28.8 kcal/mol (Figure 4.49B).
It is worth noting that the interconversion between [(≡Si-O-)WMe4Cl] and [(≡Si-O)WMe5] assisted by an external ZnMeCl molecule is easy and reversible since it requires
the overcoming of a barrier of only 16.2 kcal/mol (Figure 4.46).
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Figure 4.47: FTIR spectrum of the evolved gasses during the reaction of 1 with excess ZnMe2 in
dichloromethane for one hour at room temperature

The free energy difference between the two states is only 0.3 kcal/mol, which indicates
that the two species can be considered to be in equilibrium. Hence, it is possible that
[(≡Si-O-)WMe4Cl] is a significant route to the formation of carbene and later to carbyne.
NMR-DFT calculations were performed to determine whether the carbene ([(≡Si-O)W(=CH2)Me3]) and carbyne ([(≡Si-O-)W(≡CH)Me2]) species are compatible with the two
experimental

13

C SS-NMR peaks at 46 and 52 ppm. The adducts with either ZnMe2 or

ZnCl2 were also included in our studies. The results reported in (Table 4.15 & Table 4.16)
indicate that the peaks mentioned above can be assigned to the methyls of the tungsten
carbyne species.
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Scheme 4.31: Proposed mechanism for secondary product formation.

The carbyne complex formed from [(≡Si-O-)WMe4Cl] and [(≡Si-O-)WMe5] have peaks at
46 ppm while the peaks of its adducts (ZnMe2, ZnMeCl or ZnCl2) should be detected at
50 ppm. We can, therefore, assign the two experimental peaks at 46 and 52 ppm to the
methyl groups of the carbyne complexes [(≡Si-O-)W(≡CH)Me2]) and its possible adducts
formed with ZnMe2 and ZnCl2. Formation of those adducts is thermodynamically
favored in case of ZnMe2, and its interaction with carbyne species is a spontaneous
exothermic reaction. The energy released by the alkylation reaction and the zinc methyl
interaction with the carbyne could be sufficient for the reaction of ZnCl2 with the
carbyne.
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Figure 4.48: Molecular models for the carbene [(≡Si-O-)W(=CH)Me3] (C) and carbyne [(≡Si-O-)W(≡CH)Me2]
(D) species used in our DFT calculations of NMR spectra and the reaction kinetics.
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Figure 4.49: (A) Energy profile calculated for the formation of carbene [(≡Si-O-)W(=CH2)Me3] from [(≡Si-O)WMe5] or [(≡Si-O-)WMe4Cl] (B) and the formation of the tungsten carbyne complex [(≡Si-O-)W≡CH)Me2]
from its analogue carbene [(≡Si-O-)W(=CH2)Me3].
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Table 4.15: DFT-NMR C chemical shift of the carbene adduct species with ZnCl2 and ZnMe2.

Carbene-adduct species with ZnCl2 and ZnMe2

Species

Chemical C1=49.96
shift (ppm) C2=62.94
C3=224.14

C1=48.28
C2=66.38
C3=222.57

C1=44.14
C2=66.00
C3=-6.52
C4=227.81

Species

Chemical
C1=38.40
shift (ppm) C2=38.15
C3=37.78
C4=212.70

C1=38.85
C2=39.79
C3=38.77
C4=235.18

C1=42.96
C2=38.95
C3=39.13
C4=-6.45
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Table 4.16: DFT-NMR C chemical shift of the carbyne adduct species with ZnCl2 and ZnMe2.

Carbyne species with ZnCl2 and ZnMe2

Species

Chemical
shift (ppm)

C1=45.21
C2=287.69

C1=46.37
C2=313.01

C1=44.95
C2=-12.32
C3=341.58

C1=48.08
C2=47.49
C3=289.49

C1=53.09
C2=53.42
C3=308.59

C1=48.71
C2=48.15
C3=-12.35
C4=342.47

Species

Chemical
shift (ppm)
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4.2.8. Cyclooctane metathesis
One interesting reaction in alkane metathesis is the formation of higher cyclic alkanes
starting from lower ones such as cyclooctane and cyclodecane. The produced
macrocycles can serve as building blocks for highly useful intermediates in the field of
drug,12 fragrance,13 dye,14 and polymer15 synthesis. Surface complexes 2, 2T and 2H,
were tested for the metathesis of cyclooctane using a protocol similar to that reported
previously.5 In a typical experiment, cyclooctane was added to 2 (ratio between
substrate and total tungsten present in the catalyst is 570), frozen, evacuated and
flame-sealed in an ampule. The mixture was stirred at 150°C for five days. At the end of
the reaction, the ampule was frozen in liquid nitrogen. The liquid fraction after the run
was extracted and analyzed by GC-FID.
More than 13% of initial cyclooctane was converted into cycloheptane (cC7, 68%) in
addition to other smaller cycles and higher macrocyclic compounds ranging between
cC13 and cC30 (32% out of total conversion) with an overall turnover number (TON) of
74 as determined by GC-FID (Table 4.18 & Figure 4.50). In comparison, employing [≡SiOW(Me)5] as catalysts resulted in a TON of 210. However, this is not surprising given the
fact that 2 is a mixture (Table 4.17).
In another run using 2T, a slight increase in reactivity was observed (TON = 84). Using 2H
as a catalyst gave an increase of conversion was revealed (TON = 144), which is much
closer to the values observed with [≡SiO-W(Me)5], again it really means that 2 contains
W-Me bonds which can be transformed into W-H and likely WH(=CH2).
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Figure 4.50: GC-FID chromatogram of cyclooctane metathesis products that have been catalyzed by 2, 2T
and 2H (See Table 4.18). Reaction conditions: batch reactor, catalyst 2 (0.035 g, W loading, 0.17 mmol g1), cyclooctane (0.5 mL, 3.7 mmol), 120 h, 150 °C. Conversion = 13%, TON = 74. Products formed are ringcontracted (cC7) as well as ring-expanded species ranging from cC12 to cC30. For better understanding
response for C7 was divided by factor of 4 in the chart.
Table 4.17: Comparison of the activity of different precursors in cyclooctane metathesis reaction
expressed by TON.
Precursor

TON

2

74
84

2T
2H
[≡SiO-W(Me)5] (3)
4
[≡SiO-W(Me)5] + ZnCl2
[≡SiO-W(Me)5] + ZnMe2

144
210
225
195
0
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Table 4.18: Summarized table is showing the GC area of the reaction of different complexes with cyclooctane inside an ampule at 150°C, TON was calculated.
The area of each product by was added under its carbon number.

8

C4
4

C5
5

C6
6

C7
7

C9
9

C10
10

C11
11

C12
12

C13
13

C14
14

C15
15

15000

7500

9375

11250

13125

16875

18750

20625

22500

24375

26250

28125

14520
13150
13041
12790
11200

31.0
21.8
9.2
17.8
14.0

37.5
38.4
105.6
60.4

17.0
10.5
25.2
30.2

176.9
672.7
548.8
1471.2
840.0

32.4
32.2
32.4
40.5
37.4

19.1
18.6
18.2
23.5
21.6

6.8
0
0
0

12.7
10.5
25.8
13.4

22.0
17.6
44
23.5

27.5
21.7
30.1
55.7

10.1
43.1
36.5
108.1
50.6

Complex (Days)

TON

Conv

Complex2(1d)
Complex2(5d)
Complex2(8d)
Complex 2H (5d)
Complex 2T(5d)

18
70
74
84
144

3.2
12.3
13.1
14.7
25.3

Mass
B
98.7
96.6
94.2
95.6
94.3

C16
16
30000

C17
17
31875

C18
18
33750

C19
19
35625

C20
20
37500

C21
21
39375

C22
22
41250

C23
23
43125

12.0
56.0
49.1
142.3
62.8

12.8
59.9
51.9
152.1
65.4

11.8
55.4
46.9
131.9
57.8

10.7
49.5
40.9
114.9
50.7

41.1
33.2
90.2
41.6

33.5
26.3
74.2
34.1

27.0
20.7
57.2
27.8

22.7
17.5
50
24.0

Complex (Days)
Complex2(1d)
Complex2(5d)
Complex2(8d)
Complex 2H (5d)
Complex 2T(5d)

C24
24
45000

C25
25
46875

C26
26
50625

C27
27
52500

C28
28
54375

C29
29
54375

19.4
15.0
46.5
21.0

17.7
15.7
42.3
23.7

15.6
12.2
38.1
17.5

14.0
11.0
34.3
15.7

12.3
9.6
30.4
13.8

10.9
8.2
26.3
12.4
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Complementary tests were carried out to determine the influence of the zinc compounds over
the catalytic performance. The addition of an excess amount of dimethylzinc to 3 yields a black
solution once heated at 150°C (N.B. without ZnMe2 catalysis reaction solution is dark orange).
No catalytic activity was observed even after repeating reaction several times. By contrast, the
addition of excess amount of ZnCl2 to [≡SiO-W(Me)5] did not alter its activity significantly (Table
4.17). Further investigations are underway to understand the mechanism for the deactivation
of the tungsten pentamethyl moiety by ZnMe2.

4.3 CONCLUSIONS
The current work describes a convenient method for the direct methylation of silica bound
tungsten chloride complex [(≡Si-O-)WCl5] (1) at room temperature. The resulting complex (2)
was characterized by advanced solid-state NMR spectroscopy, FTIR spectroscopy, and mass
balance techniques. The target product [≡SiO-W(Me)5] was identified alongside other products
which were likely to be a decomposed form of tungsten alkylidene complex. NMR-DFT
calculation validated the proposed surface complexes. Finally, this complex was found to be
catalytically active in the metathesis of cyclooctane at 150°C. Based on experimental evidence
and theoretical calculation a possible pathway for catalyst deactivation was proposed.
4.4 EXPERIMENTAL SECTION
General procedure: All experiments were performed by using standard Schlenk and glovebox
techniques under an inert argon atmosphere. Syntheses and treatments of the surface species
were completed using high vacuum lines (<10−5 mbar) and glovebox techniques. All solvents
were dried, degassed and freshly distilled prior to use according to classical methods (over CaH2
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for dichloromethane, over Na/benzophenone for diethyl ether and pentane). Hydrogen was
dried and deoxygenated before use by passage through a mixture of freshly regenerated
molecular sieves (3 Å) and R3-15 catalysts (BASF). IR spectra were recorded on a Nicolet 6700
FTIR spectrometer using a DRIFT cell equipped with CaF2 windows. The IR samples were
prepared under argon within a glovebox. Typically, 32 scans were collected for each spectrum
(resolution 4 cm−1). Elemental analysis was performed at Mikroanalytisches Labor Pascher
(Germany). Gas-phase analysis of alkanes was performed using an Agilent 6850 gas
chromatography column with a split injector coupled with an FID (flame ionization detector).
An HP-PLOT 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 executed under the same conditions: a flow rate of 1.5 mL/min and an
isotherm at 80°C.
Solid State Nuclear Magnetic Resonance Spectroscopy. One-dimensional 1H MAS and

13

C

CP/MAS solid-state NMR spectra were recorded on Bruker AVANCE III spectrometers operating
at 400 MHz or 600 MHz resonance frequencies for 1H. 400 MHz experiments employed a
conventional double resonance 4 mm CP/MAS probe while experiments at 600 MHz utilized a
3.2 mm HCN triple resonance probe. In all cases, the samples were packed into rotors under
argon atmosphere inside glove boxes. Dry nitrogen gas was utilized for sample spinning to
prevent degradation of the samples. NMR chemical shifts are reported with respect to the
external references, TMS, and adamantane.

13

C CP/MAS NMR experiments used the following

sequence–90° pulses on the proton (pulse length 2.4 s), then a cross-polarization step with a
contact time of typically 2 ms, and finally acquisition of the 13C signal under high-power proton
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decoupling. The delay between the scans was set to 5 s to allow the complete relaxation of the
1

H nuclei and the number of scans ranged between 5 000 and 10 000 for 13C and was 32 for 1H.

An exponential apodization function corresponding to a line broadening of 80 Hz was applied to
the Fourier transformations.
The 2D 1H-13C heteronuclear correlation (HETCOR) solid-state NMR spectroscopy experiments
were conducted on a Bruker AVANCE III spectrometer operating at 600 MHz using a 3.2 mm
MAS probe. These experiments were performed according to the following scheme –90° proton
pulse, t1 evolution period, CP to

13

C and detection of the

13

C magnetization under TPPM

decoupling. During the cross-polarization step, a ramped radio frequency (RF) field centered at
75 kHz was applied to the protons while the

13

C channel RF field was matched to obtain an

optimal signal. A total of 32 t1 increments with 4000 scans each was collected; sample-spinning
frequency was 8.5 kHz. Using a short contact time (0.2 ms) for the CP step, the polarization
transfer in the dipolar correlation experiment was verified to be selective in the first
coordination sphere around tungsten, such that correlations occurred only between pairs of
attached 1H-13C spins (C-H directly bonded).
1

H-1H multiple-quantum spectroscopy. Two-dimensional double-quantum (DQ) and triple-

quantum (TQ) experiments were recorded on a Bruker AVANCE III spectrometer operating at
600 MHz with a conventional double resonance 3.2 mm CP/MAS probe, according to the
following general scheme–excitation of DQ coherences, t1 evolution, z-filter, and detection. The
spectra were recorded in a rotor-synchronized fashion in t1 such that the t1 increment was set
equal to one rotor period (45.45 µs). One cycle of the standard back-to-back (BABA) recoupling
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sequences was used for the excitation and reconversion period. Quadrature detection in w 1
was achieved using the States-TPPI method. A spinning frequency of 22 KHz was used. The 90 °
proton pulse length was 2.5 µs while a recycle delay of 5 s was used. A total of 128 t1
increments with 32 scans per increment were recorded. The DQ frequency in the w1 dimension
corresponds to the sum of two single quanta (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.
DFT Computational Details. All quantum chemical computations were performed using the
Amsterdam Density Functional (ADF)16 and Gaussian 09 programs. First, geometry
optimizations were performed using Gaussian 09 with the generalized gradient approximation
(GGA) exchange-correlation function developed by Perdew, Burke, and Ernzerhof (PBE)17an all
electron Def2TZVP2918 basis set computational level. Geometry optimizations were carried out
without any constraints. Thermodynamics and reaction kinetics calculations were carried out
using single point at M06/Def2TZVP30 level19 and frequency calculations at PBE/Def2TZVP level
of theory. The optimized geometries were used as input for the ADF NMR calculations. For the
magnetic shielding tensor calculations (13C), the zeroth-order regular approximation (ZORA)20
was used to include relativistic effects both scalar and spin−orbit contributions. 21 The NMR
calculations used an all-electron triple-ζ basis set which included two polarization functions
(i.e., TZ2P) and a PBE functional.
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Preparation of the silica partially dehydroxylated at 700°C. Typically, 4.0 g of Degussa Aerosil
200 silica was introduced into a quartz reactor fitting with a tubular furnace connected with
high vacuum (10-5 mbar) line at 700 °C for 16 h. The temperature program was set to 90°C /h. IR
(cm−1): 3747 (ν(SiO−H)).
Preparation of [(≡Si-O-)WCl5] (1). In a double Schlenk, a solution of WCl6 (0.396 g, 1 mmol, 1.1
equivalent with respect to the amount of surface-accessible silanols) in 25 mL of
dichloromethane was allowed to react with (3.0 g, 0.9 mmol) of SiO2-700 at 25 °C for 2 h. This
reaction was performed under mild dynamic vacuum conditions to remove any of the HCl
produced during the reaction. At the end of the reaction, the resulting orange solid was washed
with dichloromethane (3×20 mL) and dried under a dynamic vacuum (<10 −5 Mbar, 2 h).
Elemental analysis found 3.97% W; 3.8% Cl.
Preparation of Zn(13CH3)2. In a 200 mL Schlenk, 15 mL of 1.6 M BuLi was taken under argon, and
to that was added dropwise 3.4 g (24 mmol) of 13MeI diluted in 25 mL of pentane at −20°C with
stirring. A white precipitate formed immediately, and the solution was stirred for another 3
hours. 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%
13

MeLi was found). In another double Schlenk, 13MeLi (22 mmol, 484 mg) was added with 20 mL

of pentane, and to that, a solution of anhydrous ZnCl2 (10 mmol in 10 mL) was added at -20°C.
The reaction was allowed to reach room temperature slowly and remained at that temperature
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for another 2 days. The volatiles was then trapped into a schlenk, and the dimethylzinc was
collected as pentane solution.
Preparation of complex 2. (1.0 g, 0.3 mmol) of [(≡Si-O-)WCl5] was introduced into a double
Schlenk along with 20 mL of dichloromethane. A ZnMe2 (0.75 mmol) solution in hexane was
added dropwise at 25°C and stirred for defined time period (15 min). After completion of the
reaction, the resulting solid was filtered and thoroughly washed with dichloromethane. The
complex was then dried under dynamic vacuum (<10−5 mbar) conditions for 2 h. 1H MAS SSNMR (400 MHz, 298 K): δ (ppm) -0.1 (CH3), 1.3 (CH3), 2.0 (CH3), 2.2 (CH3). 13C CP-MAS SS-NMR
(400 MHz, 298 K): δ (ppm) 46 (CH3), 52 (CH3), 82 (CH3). Gas quantification of 2 was carried out
by its hydrolysis with the evolution of methane (0.57±0.2 mmol CH4•g−1) in a ratio of carbon to
tungsten equal 2.9±0.2. Elemental analysis of complex 2 gave 3.63% W, 0.87% C, 2.34% Zn,
0.13% H and 2.07% Cl, with a ratio of C/W=3.7 and a ratio of Cl/Zn=1.7 Zn/W=1.8.
Thermal decomposition of 2. In a glass reactor, (1.0 g, 0.3 mmol) of 3 was taken and heated at
150°C with ramp equals 60°C/h for 12 h to produce a dark gray powder.
Hydrogenation of 2. IR pellet of 3 (0.050 g, 0.015 mmol) was taken into a 150 mL IR cell
equipped with CaF2 windows then evacuated. The IR cell tube was immersed into a solution of
liquid nitrogen/acetone solution for 5 minutes. Dried hydrogen was introduced through it at 78°C (800 mbar) for 10 minutes and then evacuated to before recording the infrared spectrum.
Similar results were obtained when hydrogenolysis reaction was repeated at room
temperature.
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Cyclooctane metathesis using complex 2. The reactions were performed using an ampoule filled
with the catalyst (35 mg, W loading, 0.17 mmol g-1) inside a glovebox where cyclooctane (0.5
mL, 3.7 mmol) was added. The ampoule was sealed under vacuum, immersed in an oil bath and
heated at 150°C for 5 days. At the end of the reaction, the ampoules were frozen using liquid
nitrogen. The mixture was quenched by adding a fixed amount of dichloromethane, after
filtration; the resulting solution was analyzed by GC-FID.
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CHAPTER 5: Isolation of Silica Supported Niobium tetramethyl Complex by the
SOMC Strategy: Synthesis, Characterization and Structure-Activity Relationship
in Ethylene Oligomerization Reaction
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5.1 Introduction
In the previous chapters, our studies was focusing on tungsten based compounds:
[(≡SiO-)W(=O)Me3], [(≡SiO-)W(=O)Me2ImDippN], [(≡SiO-)WMe5]. The main uses of those
compounds were olefin and paraffin metathesis. In order to expand the scope of the
new synthetic process, we started using our surface alkylation route to prepare group
(V) metal-alkyl compounds, mainly niobium based ones for two reasons:
1-Pentaalkyl niobium and tetraalkyl niobium halide compounds are less studied and not
isolated yet in homogeneous phase,1-3 noting that some new potential applications
could be discovered if we can stabilize the alkyl complexes of niobium on surface
through SOMC approach.
2- Supported niobium alkyl complexes could play a pivotal role in the reactivity and
selectivity of some catalytic reactions (polymerization, oligomerization, oxidation, etc.)
which are performed by other group (V) metals (vanadium and tantalum).4-5
Recently, we observed that silica supported tantalum compounds [(≡SiO-)TavCl2Me2]
showed a high selectivity towards trimerization of ethylene into 1-hexene.6
Oligomerization of ethylene is a highly important reaction and activity could be
enhanced by using niobium instead of tantalum as niobium is more acidic. In this
chapter we aim to navigate through the chemistry of niobium alkyl compounds and its
uses in ethylene oligomerization and other possible reactions.
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5.1.1

Ethylene oligomerization:

The catalytic oligomerization of ethylene to produce linear alpha olefins (LAOs) is one of
the most commercially successful applications of catalysis in the petrochemical industry,
with a production that exceeds a million ton annually.7-8 Usually, most of the catalysts
provide a wide distribution of products primarily consisting of C 14−C20 olefins. On the
other hand, the high need of linear low-density polyethylene (LLDPE) has led to an
increasing demand for short LAOs that will be used as a co-monomers in LLDPE
production.8-11 Due to their high importance as monomers (1-butene, 1-hexene, and 1octene), they gain an intense research interest in both academia and industry in order to
develop

new

catalysts

capable

of

selective

dimerization,

trimerization,

and

tetramerization of ethylene12-19. Some of the developed catalysts were industrialized as
in the case of titanium-based catalysts that is used for the dimerization of ethylene
(Alpha-butol, IFP), chromium-based catalysts for the trimerization of ethylene (Phillips
Petroleum),19-20 or much recently the chromium-bearing PNP ligand for ethylene
tetramerization (SASOL).21-22 Most of those classical systems require the use of cocatalysts such as MAO.
5.1.2

Ethylene oligomerization using SOMC-based catalyst

Another possible catalyst for ethylene oligomerization was reported by Sen, 16, 23 using a
combination of TaCl5 with an alkylating agent (MeLi, SnMe4, AlMe3 or ZnMe2), the precatalyst in this case could be TaMe2Cl3 which generate TaIII active species after its
reduction by ethylene during the reaction, but it is worth to note that a co-catalyst is
needed to proceed in this system. Our group started a study that aims to design and
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isolate an efficient catalyst following the previous report of Sen. TaMe3Cl2 was prepared
and grafted on SBA-15 dehroxylated at 700oC (SBA-15(700)). Analyzing the formed
material by elemental analysis, solid state NMR, IR-spectroscopy and mass balance
proved the structure as a silica supported tantalum dichloro dimethyl compound
[(≡SiO)TaVCl2Me2](Scheme 5.32). It was found that this complex is active for ethylene
oligomerization without a co-catalyst or any other additives. On the other hand the
activity was comparable to the homogenous system forming 1-hexene as a major
product.

V

Scheme 5.32: Synthesis of [(≡SiO)Ta Cl2Me2] (1).

5.1.3

Mechanism of ethylene oligomerization

It is generally accepted that the mechanism for the selective ethylene transformation
into α-olefins goes through a four center transition state. The two main steps in this
mechanism are i) propagation through ethylene insertion and ii) the termination step,
mainly by β-hydrogen abstraction that releases of the olefin. Thus, the olefin selectivity
depends on those two steps, changing the metal or ligands of a catalyst will affect its
ability to grow a chain and terminate it at a selective point. In the study of silica grafted
tantalum, it was found that its exposure to dynamic flow of ethylene using a flow bed
reactor release a mixture of methane, propylene, ethane and butane.
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Scheme 5.33: Proposed mechanism pathways for the formation of butane, ethane, methane, propylene, and
III
active Ta surface species

After a couple of hours it starts to dimerize ethylene into 1-butene. Then the reaction was
terminated. The process probably starts with the coordination of ethylene; it can insert into the
Ta-Me bond to generate 3, which by a β-hydrogen elimination would produce first 4 and then 5
via a subsequent reductive elimination of methane (path c).25 As ethane and butane been
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observed, which are presumably formed by reductive elimination from the intermediate 2 (path
a) and 3 (path b) respectively, and which also leads to 5 (Scheme 5.33).
5.2 Results and Discussion
5.2.1. Synthesis and Characterization of [(≡SiO-)NbvCl3Me] (1)
In the present chapter, we will report the synthesis of silica supported tetramethyl niobium
complex [(≡SiO)NbvMe4] via the surface methylation of niobium monomethyl [(≡SiO-)NbvCl3Me]
(1) SOMC complex. These surface niobium compounds were systematically characterized and
structure was determined.

V

Scheme 5.34: Synthesis of [(≡SiO)Nb Cl3Me] (1).

Niobium complex 1 was prepared by the grafting of NbVCl3Me2 on partially
dehydoxylated silica (partial dehydroxylation was carried out at 700℃ under high
vacuum to form SiO2-700). NbVCl3Me2 was reacted with SiO2-700 at room temperature in
dichloromethane or pentane for two hours under argon flow, followed by washing with
pentane and drying by high vacuum (10−5 bar) in the absence of light, resulted 1 as a
pale yellow powder (Scheme 5.34). The grafting reaction leads to the release of one
equivalent of methane and the formation of a well-defined niobium complex [(≡SiO)NbvCl3Me] 1. The structure of 1 was confirmed precisely by the means of FTIR,
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elemental analysis and solid state NMR (1H, 13C, DQ, TQ, and HETCOR). Infrared spectrum
showed that the characteristic peak of free
silanol in SiO2-700 at 3743 cm−1 (Figure 5.51) completely disappeared (Figure1, yellow) as
a sign of a complete grafting.

Figure 5.51: FTIR spectra of SiO2-700 (purple), complex 1 (yellow) and complex 2 (red).
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1

1

1

1

1

Figure 5.52: a) H MAS NMR spectra of complex 1 b) 2D H− H DQ/SQ and (c) H− H TQ/SQ NMR spectra of
13
complex 1 c) One-dimensional C CP/MAS NMR spectra of complex 1 d) 2D CP/MAS HETCOR NMR spectra of
complex 1.

On the other hand, elemental analysis gave 2.69% Nb, 0.38% C, 2.87% Cl with a ratio of
Nb/C/Cl=1/1.1/2.8 (Theoretical: Nb/C/Cl=1/1/3) with [(≡SiO-)NbvCl3Me] represents the
major product. Complex 1 was then characterized by solid state NMR. The 1H magicangle spinning (MAS) NMR spectra of complex 1 exhibit one main signal at 2.5 ppm with
a small shoulder at 2.0 ppm. All the signals auto-correlate in the two-dimensional (2D)
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double-quantum (DQ) and triple-quantum (TQ) proving that they both belong to a CH 3
group (Figure 5.52).
Similarly,

13

C CP/MAS NMR spectrum of 1 displays only a single peak at 69 ppm. The 2D

HETCOR spectrum of 1 with short contact time (0.5 ms) shows a clear correlation
between the main methyl proton and the carbon peak at 69 ppm, allowing the
assignment of the carbon–proton pairs to the individual methyl groups.
5.2.2. Synthesis and Characterization of complex 2 [(≡SiO)NbvMe4]
We then used the surface methylation strategy to methylate compound 1 [(≡SiO)NbvCl3Me] with dimethylzinc aiming to form the full alkylated complex [(≡SiO-)NbvMe4].
Complex 1 [(≡SiO-)NbvCl3Me] was taken in dichloromethane and then reacted with 1.5
equivalents (compared to niobium count) of dimethylzinc (solution in pentane) at room
temperature for an hour (Scheme 5.35). The product was washed up three time with
pentane and then dried under high vacuum line for 30 min (<10 -5bar) to form complex 2.

V

V

Scheme 5.35: Synthesis of [(≡SiO)Nb Me4] (2) by the methylation of [(≡SiO)Nb Cl3Me] (1).

The FTIR characteristic shows an increases in the range of 3000 cm -1, (C-H), and 1540
cm-1, δ(C-H) assigned to an increase in the amount of methyl fragments(Figure 5.51,
red). Elemental analysis of complex 2 gave 2.59% Nb, 1.28% C, 1.32% Cl, 1.11% Zn with a
ratio of Nb/C =1/3.8 (Theoretical: Nb/C =1/4). In addition, adding degassed water to 100
mg of complex 2 releases 0.114 mmol of methane (4.2CH4/Nb) after analyzing gas
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samples by gas chromatography (GC). This can be explained by the presence of [(≡SiO)NbvMe4] as a major species.

1

1

1

1

1

Figure 5.53: a) H MAS NMR spectra of complex 2 b) 2D H− H DQ/SQ and (c) H− H TQ/SQ NMR spectra of
13
complex 2 c) One-dimensional C CP/MAS NMR spectra of complex 2 d) 2D CP/MAS HETCOR NMR spectra of
complex 2.

Additionally, formulation of SOMF 2 [(≡SiO)NbvMe4] was elucidated by solid state NMR. The 1Hsolid state NMR spectrum of 2 displays a main peak at 2.0 ppm along with a small peak at 0.3
ppm that could be methane (Figure 5.53) This peak shows a strong autocorrelation peak on the
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diagonal of both 2D 1H-1H double and triple quantum (DQ, TQ) (Figure 5.53). Thus, the peak at
2.0 ppm can be assigned for a methyl group.
Besides,

13

C cross polarization magic-angle spinning (CP-MAS) of 2 shows a single peak at 54

ppm, 1H-13C HETCOR spectrum of 2 shows a correlation between the carbon peak at 54 ppm
and the proton peak at 2.0 ppm (Figure 5.53).

V

Scheme 5.36: Synthesis of complex (2’) by using 5 equivalent of ZnMe2 to methylate complex [(≡SiO)Nb Cl3Me]
(1).

To understand the complex 2, the alkylation of the reaction was repeated with the use of
higher amount of dimethylzinc (5 equivalents compared to Nb) (Scheme 5.36). After analyzing
the formed product 2’, the proton peak at 2.0 and the carbon peak at 54 are still intact (Figure
5.54), as well as new proton and carbon peaks appears at 0.1 and -20 ppm as expected due to
the formation of [(≡SiO-)ZnMe].
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1

1

1

1

Figure 5.54: a) H MAS NMR spectra of complex 2’ b) 2D H− H DQ/SQ and (c) H− H TQ/SQ NMR spectra of
13
complex 2’ c) One-dimensional C CP/MAS NMR spectra of complex 2’ d) 2D CP/MAS HETCOR NMR spectra of
complex 2’.

5.2.3. Catalytic activity: ethylene oligomerization
After systematic characterization, the reactivity of the surface niobium compounds was
tested in ethylene oligomerization. Complex 1 or 2 was taken inside a special glass
reactor in dry toluene, followed by a high pressure introduction of ethylene (at constant
pressure of 50 bars) at 100℃. Using complex 1, oligomerization of ethylene into olefins
ranging between C4 and C32 (with a difference of two carbons between two consecutive
products) is observed (Figure 5.56-Figure 5.59).
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Table 5.19: Oligomerization of ethylene catalyzed with different batches of complex [(≡SiO)Nb Cl3Me] 1, complex
v
v
[(≡SiO)Nb Me4] 2 and reported tantalum complex [(≡SiO)Ta Cl2Me2]
Complex

(a)

Butenes

Hexenes

Selectivity (%)

Selectivity (%)

v

38.8

36.5

1150

v

40.1

34.5

1316

v

77.2

20.5

970

v

91.9

7.8

1050

9.6

82.7

375

[(≡SiO)Nb Cl3Me] (batch

Activity

(b)

1)
[(≡SiO)Nb Cl3Me]
(batch 2)
[(≡SiO)Nb Me4]
(batch 1)
[(≡SiO)Nb Me4]
(batch 2)
v

[(≡SiO)Ta Cl2Me2]

Reaction conditions: [a] 100 mg of complex 1 or 2, 7 mL of toluene, 60 min. [b] Turnover number expressed in mol (product formed)/mol(Nb or
Ta).

In this reaction C4 (38.8%) and C6(36.5%) share equally up to 76 % of the total amount of
the formed oligomers. However, the same catalytic test was carried out with 2, a
dramatic change in the selectivity was observed (Figure 5.60-Figure 5.63); Only butenes
and hexenes are formed (Table 5.19). In contrast to previously reported tantalum
complex [(≡SiO-)TavCl2Me2] that forms hexenes (>90%), complex 2 forms butenes
selectively in the range between 80-92%. This difference of selectivity between 1 and 2
is likely due to different coordination sphere and their ability to easily abstract the βhydrogen from the growing chain.
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5.2.4. Catalytic Study: 1-octene isomerization
We predicted that complex 1 would be able to generate a niobium hydride surface
complex. Therefore, we applied this complex for isomerization of terminal olefins. We
choose 1-octene as simple substrate as it is liquid in experimental condition. In a typical
reaction, 2,000 equivalent of 1-octene was mixed with catalyst at room temperature in
an ampule and reaction was monitored for 2 days. At the end of the reaction, the
ampule was frozen with liquid nitrogen, the reaction mixture was quenched with
dichloromethane, and the liquid fraction was filtered and analyzed by gas
chromatography (GC). 1-octene was converted into mixture of its regio-isomers by
isomerization process. After the reaction, a mixture of cis and trans, 2-, 3- and 4- octene
(80%) was obtained as a product along with 20% dimerized products and their isomers
(C16) with an overall turnover number (TON) of 2000 as determined by GC and GC-MS
(Figure 5.55). Nevertheless, catalyst 1 was found to be highly active for isomerization of
1-octene (it can reach 25000 TON) in comparison to its homogeneous counterpart
Nb(CH3)2Cl3 (TON=500). Finally we proposed a mechanism for the initiation and
isomerization mechanism of complex 1 after contacting with1-octene (Scheme 5.37).
Initiation step was confirmed by the presence of stoichiometric amounts of C 9 olefins as
detected by GC & GC-MS.
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Figure 5.55: Kinetic study of the isomerization and dimerization of 1-octene using complex 1 at room temperature
(5 mg, 2µmol of Nb complex reacts with 5 mL of dried 1-octene in an ampoule inside the glovebox).
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v

Scheme 5.37: Proposed mechanism pathway for the isomerization of 1-octene with complex 1 [(≡SiO)Nb Cl3Me].
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5.3 Conclusion
In conclusion, we have succeeded to prepare the first niobium tetramethyl complex on a
support [(≡SiO-)NbvMe4] using SOMC-approach combined by surface alkylation tool.
Complex [(≡SiO-)NbvMe4] 2 was synthesized by alkylating [(≡SiO-)NbvCl3Me] 1 with
dimethylzinc. The silica supported complexes 1 and 2 were fully characterized by
advance solid state NMR, FTIR, elemental analysis and mass balance. Finally, we
revealed that complex 2 showed good activity and selectivity in dimerization of ethylene
to 1-butene. On the other hand, complex 1 showed an ability to isomerize olefins and
dimerize them at room temperature through a niobium hydride active species.
5.4 General Procedure
All experiments were performed by using standard Schlenk and glovebox techniques under an
inert nitrogenous atmosphere. Syntheses and treatments of the surface species were
completed using high-vacuum lines (<10−5 mbar) and glovebox techniques. All solvents were
dried, degassed, and freshly distilled prior to use according to classical methods (over CaH 2 for
dichloromethane and pentane, and over Na/ benzophenone for toluene). Ethylene was dried
and deoxygenated before use by passage through a mixture of freshly regenerated molecular
sieves (3 Å) and R3-15 catalysts (BASF). IR spectra were recorded on a Nicolet 6700 FT-IR
spectrometer using a DRIFT cell equipped with CaF2 windows The IR samples were prepared
under argon within a glovebox. Typically, 64 scans were collected for each spectrum (resolution
= 4 cm−1). Elemental analysis were performed at Mikroanalytisches Labor Pascher (Germany)
and KAUST core labs. Gas-phase analysis of alkanes was performed using an Agilent 6850 gas
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chromatography column with a split injector coupled with a flame ionization detector (FID). An
HP-PLOT 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 executed under the same conditions: a flow rate of 1.5 mL/ min and an
isotherm at 80°C.

Solid-State Nuclear Magnetic Resonance Spectroscopy. One-dimensional 1H MAS and

13

C

CP/MAS solid-state NMR spectra were recorded on Bruker AVANCE III spectrometers operating
at 400 or 600 MHz resonance frequencies for 1H. The 400 MHz experiments employed a
conventional double-resonance 4 mm CP/MAS probe, whereas experiments at 600 MHz utilized
a 3.2 mm HCN triple resonance probe. In all cases the samples were packed into rotors under
inert atmosphere inside gloveboxes. Dry nitrogen gas was utilized for sample spinning to
prevent degradation of the samples. NMR chemical shifts are reported with respect to the
external references TMS and adamantane.

13

C CP/MAS NMR experiments used the following

sequence: 90° pulse on the proton (pulse length = 2.4 s), then a cross-polarization step with a
contact time of typically 2 ms, and finally acquisition of the 13C signal under high-power proton
decoupling. The delay between the scans was set to 5 s to allow the complete relaxation of the
1

H nuclei, and the number of scans ranged between 5 000 and 10 000 for 13C and was 32 for 1H.

An exponential apodization function corresponding to a line broadening of 80 Hz was applied
prior to the Fourier transformations.
The 2D 1H−13C heteronuclear correlation (HETCOR) solid-state NMR spectroscopy experiments
were conducted on a Bruker AVANCE III spectrometer operating at 600 MHz using a 3.2 mm
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MAS probe. These experiments were performed according to the following scheme: 90° proton
pulse, t1 evolution period, CP to

13

C, and detection of the

13

C magnetization under TPPM

decoupling. During the cross-polarization step, a ramped radio frequency (RF) field centered at
75 kHz was applied to the protons, whereas the 13C channel RF field was matched to obtain an
optimal signal. A total of 32 t1 increments with 4000 scans each were collected; sample spinning
frequency was 8.5 kHz. Using a short contact time (0.2 ms) for the CP step, the polarization
transfer in the dipolar correlation experiment was verified to be selective for the first
coordination sphere around tungsten, such that correlations occurred only between pairs of
attached 1H−13C spins (C−H directly bonded).
1

H−1H Multiple-Quantum Spectroscopy. Two-dimensional double-quantum (DQ) and triple-

quantum (TQ) experiments were recorded on a Bruker AVANCE III spectrometer operating at
600 MHz with a conventional double-resonance 3.2 mm CP/MAS probe, according to the
following general scheme: excitation of DQ coherences, t1 evolution, z-filter, and detection. The
spectra were recorded in a rotor-synchronized fashion in t1 such that the t1 increment was set
equal to one rotor period (45.45 μs). One cycle of the standard back-to-back (BABA) recoupling
sequences was used for the excitation and reconversion period. Quadrature detection in w 1
was achieved using the States-TPPI method. A spinning frequency of 22 kHz was used. The 90°
proton pulse length was 2.5 μs, whereas a recycle delay of 5 s was used. A total of 128 t 1
increments with 32 scans per increment were recorded. The DQ frequency in the w 1 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
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three-coupled protons and correlates in the w2 dimension with the three individual proton
resonances. Conversely, groups of fewer than three equivalent spins will not give rise to
diagonal signals in the spectrum.
5.5 Preparation procedure
Synthesis of Nb(CH3)2Cl3. Nb(CH3)2Cl3 was prepared according to the reported procedure.[4]
Inside a glovebox, and to a double schlenk containing a yellow suspension of NbCl 5 (4.564 g,
16.87 mmol) in hexane (30 mL) was added Zn(CH3)2 (2.217 g, 21.84 mmol) at room
temperature. After stirring for 14 hours at room temperature in the absent of light, the reaction
mixture changed to a yellowish orange suspension. The reaction mixture was filtered through a
celite plug supported by a medium porosity glass frit of the double schlenck, then transferred
into another schlenk. The yellowish orange filtrate was evaporated to dryness to give
Nb(CH3)2Cl3 as yellowish orange solid. Yield = 64% (2.493 g, 10.85 mmol). Nb(CH3)2Cl3 was used
without further purification. 1H NMR (25°C, 76.8 MHz, CD2Cl2) 2.95 ppm
Preparation of Zn(13CH3)2. In a 200 mL Schlenk, 15 mL of 1.6 M BuLi was taken under argon, and
to that was added dropwise 3.4 g (24 mmol) of 13MeI diluted in 25 mL of pentane at −20°C with
stirring. A white precipitate formed immediately, and the solution was stirred for another 3
hours. 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%
13

MeLi was found). In another double Schlenk, 13MeLi (22 mmol, 484 mg) was added with 20 mL

of pentane, and to that a solution of anhydrous ZnCl2 (10 mmol in 10 mL) was added at -20°C.
The reaction was allowed to reach at room temperature slowly and remained at that
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temperature for another 2 days. The volatiles were then trapped into a schlenk, and the
dimethylzinc was collected as pentane solution.
Preparation of [(≡SiO-)NbCl3CH3] . 230 mg NbMe2Cl3 in slight excess (1.1 equivalent) with
respect to the amount of surface accessible silanols (0.3 mmol silanol groups per gram) was
reacted with 3.0 g of SiO2-700 at room temperature in pentane for 2 h. After filtration and three
washing cycles, all volatile compounds were condensed to quantify methane evolved during the
grafting. And the solid was dried under dynamic vacuum (< 10 -5 Torr, 2 h). The volatile
components were analysed by GC and 0.28 ±0.1 mmol of CH4 per gram of SiO2-700 was
determined. The reaction was monitored by FT-IR showing that 95% of isolated silanol
disappeared with a concomitant appearance of weak bands at 2988-2875 cm-1 and 1500-1300
cm-1 region. Elemental analysis gave 2.69% Nb, 0.38% C, 2.87% Cl consistent with [(≡SiO)NbVCl3Me] 1. This was further confirmed by the hydrolysis of 1 at 298 K which produces 1.1 ±
0.1 mol of methane per mol Nb (expd: 1.0), and further analyses gave the ratio of
Nb/C/Cl=1/1.1/2.8 (Theoretical: Nb/C/Cl=1/1/3).
Hydrolysis of solid [(≡SiO-)NbVCl3Me] 1. 100 mg of 1 (29 μmol of metal) was transferred in a
Schlenk tube and H2O vapor (2 mL was added and reacted with 1 at room temperature for 4 h
to give methane exclusively (34 μmol of methane was quantified by GC to 1.1 ±0.1 per niobium
atom).
Preparation of [(≡SiO)Nb(CH3)4] . To a suspension of 1.0 g of [(≡SiO)NbVCl3Me] in
dichloromethane or pentane 0.45 mL of dimethyl zinc solution in hexane (1 M) was added
slowly to it in side an argon atmosphere. Reaction was kept for 2 hours at room temperature.
After filtration and three washing cycles the solid was dried under dynamic vacuum (<10-5 Torr,
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2 h). The reaction was monitored by FT-IR shows an increase in the signals at 2988-2875 cm-1
and 1500-1300 cm-1 region. Elemental analysis of complex 2 gave 2.59% Nb, 1.28% C, 1.32% Cl,
1.11% Zn with a ratio of Nb/C =1/3.8 (Theoretical: Nb/C =1/4). This was further confirmed by
the hydrolysis of 2 at 298°K which produces 4.2 ±0.1 mol of methane per mol Nb (expected:
4.0)
Oligomerization of ethylene with [(≡SiO-)NbVCl3Me] 1 & [(≡SiO-)Nb(CH3)4] 2 in semi-batch
reactor. 100 mg of each catalyst in dry toluene (7 mL) were added into a glass vial equipped
with a magnetic stirrer, and the glass vial was sealed in the glovebox. The vial was put into the
autoclave of the ILS Premex parallel reactor system under pressure of 50 bar of ethylene at
100°C. The reaction was carried out for 60 min with vigorously stirring, and cooled to -10°C to
condense all the products generated. An aliquot of the mixture was analyzed by GC to quantify
the oligomers.
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5.6 GC-Spectra after ethylene oligomerization using complex (1) & (2)

Toluene

1-butene

Hexenes

Figure 5.56: GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #1 of
v
[(≡SiO-)Nb Cl3Me] after addition to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar
o
at 100 C.

Figure 5.57: GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #2 of
v
[(≡SiO-)Nb Cl3Me] after addition to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar
o
at 100 C.
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Figure 58: GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #3 of
v
[(≡SiO-)Nb Cl3Me] after addition to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar
o
at 100 C.

Figure 5.59:GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #4 of
v
[(≡SiO-)Nb Cl3Me] after adding to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar at
o
100 C.
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Figure 5.60: GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #1 of
v
[(≡SiO-)Nb Me4] after adding to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar at
o
100 C.

Figure 5.61: GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #2 of
v
[(≡SiO-)Nb Me4] after adding to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar at
o
100 C.

200

Figure 5.62: GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #3 of
v
[(≡SiO-)Nb Me4] after adding to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar at
o
100 C.

Figure 5.63: GC spectrum of the liquid phase products after a catalytic oligomerization reaction using 100 mg from batch #4 of
v
[(≡SiO-)Nb Me4] after adding to a semi-batch reactor, solubilized in 7 ml of toluene and feed by ethylene pressure of 50 bar at
o
100 C.
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CAPTER 6: Conclusions and Outlooks
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6.1. Achievements
Surface organometallic compounds (SOMCs) shows an ability to bridge the gap between
homogeneous and heterogeneous catalysts by forming a well-defined and single site
heterogeneous complexes. Those complexes are able to catalyze various reactions for instance
alkane metathesis, olefin metathesis, direct ethylene transformation into propene, ethylene
oligomerization without co-catalyst and many others and in all these cases the path depends on
the metal and its coordinating ligands,. The classical way to synthesize surface organometallic
complexes path through classical homogeneous synthesis of organometallic precursors
followed by grafting on a support, thus limit their use to well-equipped organometallic labs.
This thesis described a new route to prepare some surface organometallic complexes, this
route is easier, faster, cheaper and safer than classical synthesis. The key element of this
synthetic approach depends on alkylating surface supported metal halide fragments. The
outcome of this study leads to new and unprecedented catalysts. Starting by chapter 2 that
discussed the synthesis of the monopodal [(≡Si-O-)W(=O)Me3] by grafting the commercially
available WOCl4 onto SiO2-700. The resultant [(≡Si-O-)W(=O)Cl3] was then methylated by ZnMe2 in
diethyl ether solution to produce the single site complex [(≡Si-O-)W(=O)Me3]. This complex was
then fully characterized by SS-NMR, IR, microanalysis and mass balance techniques. Depending
on the results, two different conformations of [(≡Si-O-)W(=O)Me3] were proposed depending
on the relative orientation of the oxo group. This was further proved by experimental and DFTcalculated NMR. This complex shows ability in producing valuable alkane macrocycles by the
metathesis of cyclooctane. On the other hand, the tungsten oxo-trimethyl catalyst was used to
transform ethylene into propylene, the activity and selectivity of the complex in this reaction
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was superior to that of tungsten pentamethyl and tungsten hydride supported onto silica,
perhaps as a result of the oxo ligand . On the other side, changing one of the methyl ligands by
imidazoline-2-iminato ligand leads to the formation of [(≡Si-O-)W(=O)(CH3)2-ImDippN] that was
described in chapter 3. The synthesis started by the preparation and isolation of tungsten
trichloro imidizaoline-2-iminato, followed by its grafting on SiO2-700 and finalized by alkylation of
[(≡Si-O-)W(=O)(Cl)2-ImDippN]. This complex was fully characterized by SS-NMR, IR, microanalysis,
mass balance and EXAFS study. It was found that this complex shows a better selectivity in the
metathesis of 1-hexene by forming higher percentage of 5-decene when comparing to the silica
supported tungsten oxo trimethyl complex [(≡Si-O-)W(=O)(CH3)3] more probably due to the
influence of the imidazoline-2-iminato ligand bulkiness. Similarly, in chapter 5 we succeeded to
prepare the first grafted niobium tetramethyl complex [(≡Si-O-)Nb(CH3)4] by using surface
alkylation approach, without being limited to the ability of isolating the homogeneous niobium
penatmethyl precursor. This opened the door for a catalyst that can perform ethylene
oligomerization and dimerization. In other cases, the new surface alkylation approach allows an
easier, cheaper and scalable synthesis of already known complexes such as silica supported
tungsten pentamethyl complex [(≡SiO-)WMe5] by the surface methylation of [(≡SiO-)WCl5]. It is
important to note that alkylation step was the most challenging step in this approach, and the
required reaction conditions varies depending on the metal-halide complex and its surrounding
ligands. For instance using diethyl ether was crucial to prepare a well-defined silica supported
tungsten oxo methyl complexes [(≡SiO-)W(=O)Me3], while in the case of preparing [(≡SiO)WMe5] it leads to the formation of more undesired product on the surface. In addition, in
chapter 4 we propose a better understanding to the alkylation step through a kinetic study
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(theoretical and experimental) this allows us to figure out the strong and weak points of this
synthesis path and allowing a better understanding of the factors controlling the surface
alkylation mechanism.
6.2 Future Outlook
The new easy synthetic approach facilitates the production of surface organometallic
compounds, but as a side effect, less well-defined systems were produced. If we take the
synthesis of silica supported tungsten pentamethyl [(≡Si-O-)W(Me)5] as an example, we can find
that another species co-exist on the surface. A study was established and we found that in this
particular case that some the complex decomposes in the presence of the alkylating agent
itself. Another Side effect is the by-product generated from the alkylation reaction, in which
some stay attached to the surface or even to the surface complexes. Here many factors could
affect the final product, the support, the metal-halide complex it-self, the alkylating agent, the
generated salt and the energy released during the reaction. Usually in homogeneous alkylation
by-products are formed, but there is ability to separate them from the aimed complex through
washing, filtration, crystallization or even sublimation. While on the support, we lack this ability
because the formed by-products are chemically bonded with the surface. In addition,
characterization of the formed complexes is challenging, especially for new complexes due to
the absence of proper references. More work has to be done for better understanding of the
alkylation process to reach a point that this strategy could replace the classical way of
synthesizing surface metal alkyl complexes. Ultimately, this will lead to more use of this highly
important type of catalysts (SOMCs).

