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ABSTRACT 
 
The general objective of this thesis is the analysis of selective reactions for group VI 

grafted metal complexes via methods and principles of SOMC. For this objective, three 

approaches have been chosen. 

 

The first chapter is an introduction to the topic of selectivity in catalysis, emphasizing 

heterogeneous catalysis and more specifically the different approaches to support 

catalysts on surfaces. The concept of catalysis by design is introduced as a new way to 

use the surface as a ligand. 

 

Chapter 2 presents the results of a library of well-defined catalysts of group VI with 

identical catalytic functionality, but different ligand environment. The results reveal, that 

metal-carbynes are able to switch their catalytic reactivity based on the substrate that 

they are contacted with. The difference in reaction mechanisms and the differing 

reactivities towards the substrates are presented. It can be concluded that the classical 

ROMP is selectively achieved with cyclic alkene substrates leading to polymers whereas 

cyclic alkanes yield exclusively higher and lower homologues of the substrate without 

polymeric products. 

 

Chapter 3 presents the study of olefin metathesis of cis-2-pentene with metal-carbynes 

of group VI, where the selectivity of the catalyst library towards yield of cis-/trans products 

is analyzed. It is presented, that the ligand environment of the catalysts is showing an 

influence in the selectivity. Rates of cis/trans isomerization of the products are high and 
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are approaching thermodynamic equilibrium at high conversion. Product isomerization, 

thermodynamic equilibrium and reactivity differences between liquid phase and gas 

phase products are analyzed. 

 

Chapter 4 presents the full characterization of tungsten-hydrides by selective 

transformation into tungsten-hydroxides. These newly discovered well-defined tungsten-

hydroxides are fully characterized by ICP, TEM, DRIFT, double quantum and triple 

quantum solid-state NMR. The presented results allow to predict that tungsten-hydrides 

on KCC-1700 are present as two distinct species. Catalysis results with cyclooctane show, 

that due to burial of the complexes in the KCC-1700 surface the tungsten-hydrides are less 

active towards cyclic alkane metathesis reactions with bulky cyclooctane than the metal-

carbyne complexes. 

 

Chapter 5 is giving a conclusion of results and an outlook for catalytic applications of the 

generated tungsten-hydroxides of chapter 4.  
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1. Selectivity in heterogeneous catalysis  
 

1.1. Structure-sensitive and structure-insensitive reactions 

It was first introduced by Boudart et al. in 1969 that heterogeneous catalytic reactions can 

be divided into structure-sensitive and structure-insensitive reactions.1 This conclusion 

was drawn from the fact that some reaction rates per unit surface area of metal were 

observed to be insensitive to the dispersion of the metal on the surface.2-6 However, the 

description of the catalytic reactions also includes the interactions between support and 

metal center, as this reaction specifically proceeds by reaction with the metal to yield an 

intermediate which further reacts on the support. Structure insensitive reactions are 

independent of the mode of catalyst preparation and particle size, that give all together 

the same reactivity during catalysis. Structure sensitive reactions have reactions rates 

that are depending on the particle size of the catalyst and the dispersion of the metal.7-9 

The difference between structure-sensitive and structure-insensitive reactions are the first 

step stone towards the development of selective catalysis.  

 

1.2. Stereoselective heterogeneously catalyzed reactions 

Stereoselective catalysis defines several concepts:  

1. Enantioselective catalysis: having a prochiral substrate molecule, that is via 

reaction with a chiral catalyst transformed into a product with one or more new 

stereogenic centers.  

2. Diastereoselective catalysis: Reactions with a non-chiral catalyst that require a 

prochiral group with a stereogenic center next to it. The transformation of the 

neighboring prochiral group is yielding a preferred diastereomer and the 
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configuration (R or S) is as well present at the newly formed stereocenter. Only if 

the starting product is enantiomerically pure, diastereoselective catalysis leads to 

enantiomerically pure products. If the catalyst itself is enantioselective, 

diastereoselectivity of the product formation can be even improved.  

3. Chiral auxiliary catalysis: Small and simple molecules with a prochiral group are 

being derivatized via a chiral auxiliary during catalysis. Known chiral auxiliaries are 

proline-derivatives or menthol, all belonging to the “chiral pool” of auxiliaries. 

Essential to the use of auxiliaries is their low cost, as they cannot always be 

recovered after the catalytic reaction.  

 

1.2.1. Hydrogenations of C=C bonds 

Hydrogenations follow mostly the principle of one stereogenic carbon atoms present in 

the substrate, which induces selectively the formation of a new stereogenic center. 

Scheme 1 displays examples that are manifold, hydrogenation leading to (-)-cis-pinane10 

and (+)-royleanone.11 Substrates like alkylidene-cyclopentanol and indenols are 

additionally coordinating with their hydroxyl groups to the catalyst and achieve 

stereoselectivity.12, 13  
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Scheme 1: Diastereoselective hydrogenation reactions14 

 

Scheme 2 depicts the hydrogenation of 7-methoxy-10-hydroxymethyl-1,2,3,9,10-hexa-

hydrophenantrene over a Pd/C catalyst. If this reaction is performed in a polar solvent, 

the stereoselectivity is reversed from an unpolar solvent, as the hydroxyl-coordination to 

the catalyst takes no longer place.15 

 

 
Scheme 2: Hydrogenation of 7-methoxy-10-hydroxymethyl-1,2,3,9,10-hexa-hydrophenantrene15 
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Especially for the derivatization of amino acids and the synthesis of unnatural amino 

acids, proline or its amides are a successful auxiliary with diastereomeric excesses well 

above 90 %.16, 17 

 
Scheme 3: Derivatization of amino acids via chiral auxiliary16 

 

1.2.2. Epoxidation and epoxide rearrangement 

Many of the heterogeneous diastereoselective epoxidations are mimicking the Sharpless 

epoxidation system. Crystalline Ti/Si oxides are very well known for selective oxygenation 

of allyl alcohols or propylene and typical oxidants are either H2O2 or organic peroxides. 

The studies of complex olefins have been conducted for various Ti/Si oxides to observe, 

whether the heterogeneous Ti-mediated oxygenations are performed with a mechanism 

similar to the homogeneous system Ti(iOPr)4 / BuOOH or VO(acac)2 / tBuOOH.  

Ti/Si oxides and especially titania-silica aerogels are obtained by sol-gel procedure, 

whereas the solvent is later on extracted with supercritical CO2. For the epoxidation of 

allylic alcohols, the alcohol group might interact with the peroxide-activated metal center 

(Scheme 4) and therefore direct the diastereoselective oxygenation.18-20 

 

 
Scheme 4: Epoxidation of an allylic alcohol and the transition states: A) solid TS-1 zeolite catalyst, B) 

soluble Ti catalyst19 
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Considering Scheme 5, the distances between the oxygen to be transferred to the olefin 

and the oxygen of the alcohol group are differing from each other. The dihedral angles 

(O-C-C=C) for the optimal conformations of the allylic alcohols must be as a consequence 

different too. Type A) peracid type mechanism requires a dihedral angle of 120° and type 

B) oxygen transfer mechanism should have an optimal dihedral angle of 45°.18, 19  

 

 
 

 
Scheme 5: Difference in dihedral angles based on the epoxidation mechanism18 

 

Based on the threo / erythro ratios obtained for epoxidatino of (R)-2-methyl-1-buten-3-ol 

with titanium zeolites, Adam et al concluded that the favoured epoxidation mechanism for 

TS-1 and Ti-b would be that of a peracid model (A, Scheme 4).19  

For zeolite A, the case is different, and a sharpless-epoxidation mechanism would apply 

for the oxygenation of allylic alcohols with tBuOOH. For the reaction with zeolite A, the 

organic peroxide and the allylic alcohol can coordinate to unsaturated Al3+ atoms on the 

zeolite surface.21, 22 This defines the enantiomeric outcome of the products similar to the 

Sharpless epoxidation mechanism.  
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Scheme 6: epoxidation of allylic alcohols with zeolite A22 

 

1.3. Selective olefin metathesis reactions 

 

1.3.1. Z-selective olefin metathesis 

Kinetically Z-selective olefin metathesis reactions has only recently been achieved in the 

homogeneous phase.23, 24 The secondary metathesis reactions of the product as well as 

the reversibility of the olefin metathesis reaction itself impose a thermodynamic 

equilibrium of E:Z olefin products that is typically higher than unity .25 The approach of Z-

selective olefin metathesis could be applied for homodimerization reactions and ring 

closing metathesis of macrocyclic olefins in homogeneous phase,25-27 but Z-selective 

olefin metathesis with heterogeneous catalysts remains a challenge.  

 

 
Scheme 7: Z-selective olefin metathesis28 
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substrate is simply modified by olefin metathesis and turned into a chiral product. 

Examples comprise the ring-closing metathesis of five-membered rings and the ring 

opening metathesis of substituted norbornene compounds.32, 33  

 

 
Scheme 8: Asymmetric olefin metathesis30 

 

1.3.3. Stereoretentive olefin metathesis 

The selectivity of stereoretentive metathesis is ensured by bulky ligands, e.g. substituted 

NHC carbene ligands, that are forcing all substituents on the metallacycle to be syn and 

therefore retaining the stereoinformation of the olefin substrate.34  

 

 
Scheme 9: Stereoretention on the metallacycle of Ru catalysts35 

 

This process proves to be most valuable for Z-olefin substrates, producing Z-olefin 

products. Although this approach has recently been employed in homogeneous catalysis 

of late transition metal catalysts, it has not been employed successfully for heterogeneous 

olefin metathesis reactions.  

Mo
N

PhO
O

O
O 99 % ee

N N arylaryl

Ru

R
R

R

cis cis
trans trans



 24 

2. Immobilization of catalysts: methods for supporting complexes 
on surfaces 

 

The concept to immobilize ligands to the surface, in order to make homogeneous 

catalysis processes more sustainable, is a challenging one. For each homogeneous 

catalysis process, the ligands can rarely be recovered after the reaction and therefore the 

cost of ligand design is quite high. Therefore many attempts to transfer stereoselective 

homogeneous catalysis to heterogeneous supports have been made.36 In general, there 

are four distinct methodologies that have been developed to yield supported 

heterogeneous catalysts (Scheme 10):  

 
Scheme 10: Supported homogeneous catalysis versus well defined single-site catalyst surface 

organometallic chemistry37 
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2.1. Covalent tethering37 

With covalent tethering, the surface is functionalized with a covalently bound ligand. The 

picture below shows different types of interactions of modified mesoporous silica. 

 

 
Scheme 11: (-)-ephedrine interactions with differently templated silicas, A) ionic interaction, B) adsorption, 

C) covalent bonding38 

 

The covalently tethered ligand is then contacted with the metal and catalysis is carried 

out on the surface. Metal leaching can occur but is lower than for ionic interactions or 

adsorption of metal catalysts on the surface.  

 

2.2. Ionic interactions 

Layered porous materials like clays and mesoporous materials like zeolites and ordered 

silicates can be ion exchangers. Therefore, metal cations and cationic complexes can be 
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structure of the catalytic center.  
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2.3. Adsorption 

Especially for selective hydrogenation reactions over Pd or Pt catalysts, the adsorption of 

cinchona alkaloids has been a huge success. However, the van der Waals interactions 

or p-stacking are weak immobilization forces and therefore the catalyst leaching is a major 

problem. Immobilization through adsorption is furthermore achieved by hydrogen bonding 

with the catalyst, e.g. by attaching sulfonic acid groups to the ligands that can interact 

with a silica support.40 Polar and protic solvents are causing major damage to the catalyst 

systems and cannot be used for catalyst recycling.  

 

2.4. Encapsulation 

Encapsulation is the strongest mimic of homogeneous catalysts, because the catalyst 

and the support do not have any interaction. In the same time, catalyst deactivation by 

dimerization or agglomeration can be avoided due to the trapping of the catalytic active 

species inside the cavity. The catalyst naturally has to be larger than the pores of the 

support, and this can only be achieved by assembling the catalyst inside the pores or by 

synthesizing the support material around the catalyst. Typical synthesis methods like 

impregnation cannot be applied and chemical side reactions like degradation of the 

support have to be avoided. Mostly it is not possible to remove side products of the 

catalyst synthesis.41 This makes the concept of encapsulation of catalyst only suitable for  

few reactions where either the catalyst or the support material meet the requirement to 

be chemically very stable.  
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3. Advantages and disadvantages of heterogeneous selective 
catalysts 

 

The advantages and disadvantages of four types of heterogeneous catalysts are 

presented in Table 1. 

 
Advantages Disadvantages 
Immobilized homonegeous catalysts 

+ Many homogeneous systems known 

for immobilization 

+ Suitable for fast ligand screening 

+ Mature methodology yielding 

predictable results 

Immobilized homogeneous catalysts 
- Functionalization of ligands renders 

synthesis more costly 

- Limitation of catalyst accessibility 

- Catalyst leaching 

- Low catalyst loadings 

Chiral auxiliaries 
+ Synthetically facile with wide selection 

from chiral pool 

+ Inexpensive 

+ Unique mechanism without 

counterpart in homogeneous 

chemistry 

Chiral auxiliaries 
- Only few successful reactions 

- High complexity of the system 

complicates the design 

- Limited substrate scope 

MOFs 
+ Easy immobilization through ion 

exchange 

+ No support necessary 

+ High density of catalyst centers 

+ Crystalline catalyst can be analysed by 

X-ray methods 

MOFs 
- Synthesis of modified ligands  

- Structure of network is hard to predict 

SOMC 
+ Catalysts are well-defined and well-

dispersed 

SOMC 
- Catalysts are d(0) systems and highly 

reactive, air sensitive 
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+ Surface as ligand with silanol grafting 

sites by concentration (mmol / g) 

+ Possible to investigate reaction 

mechanism due to single site catalyst 

- Requires thermal pre-treatment of 

surfaces 

-  

Table 1: Different types of selective heterogeneous catalysts and their advantages versus disadvantages42 

 

3.1. Immobilized homogeneous catalysts14, 37, 43-47 

For immobilized homogeneous catalysts, it is an advantage that the support materials as 

well as the linking techniques span a great variety and the catalyst systems are already 

known due to homogeneous catalysis. Immobilized homogeneous catalysts allow for a 

fast ligand screening, with some ligands being commercially available. However, ligand 

functionalization in order to tether the catalyst complex to the support increases the cost 

of catalyst synthesis. Also, compared to their homogeneous counterparts, immobilized 

homogeneous catalysts suffer from limited accessibility due to the support surface, which 

decreases the reaction rate. Some support materials only allow low catalyst loading, or 

even have a high leaching rate, which limits industrial applicability.  

 

3.2. Catalysts with chiral auxiliaries43, 48 

Heterogeneous catalysts with chiral auxiliaries operate with a known mechanism. Besides 

being reliable and robust, they offer diastereoselective catalysis with high enantiomeric 

excess. Many processes can be rationally designed by choosing the perfect auxiliary from 

a chiral pool. On the other hand, chiral auxiliaries are costly and need to be employed as 

a molar equivalent to the substrate, and they can mostly not be recovered after catalysis. 

Additionally, there are more chemical steps necessary for the attachment and cleavage 
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of the auxiliary, rendering the cost of the catalysis process much more expensive. The 

use of chiral auxiliaries is therefore limited to pharmaceutical processes 

 

3.3. Metal-organic frameworks49-52 

The most promising heterogeneous catalysts would be the metal-organic systems. Most 

of the support materials offer a high level of porosity, which allows higher catalyst loading. 

For crystalline catalysts, the catalyst structure can be analyzed by X-ray analysis. Most 

of these catalysts do not show the problem of metal leaching. However, some modified 

ligands need to be synthesized and the network structure of metal organic frameworks 

are difficult to predict.  

 

3.4. Surface organometallic chemistry53-55 

Surface organometallic catalysts offers a great potential and is filling a gap between the 

homogeneous immobilized catalysts and metal-organic frameworks. No tethering of the 

catalyst via ligand modification is necessary, because the catalyst is covalently bound to 

the surface. The support materials are mostly mesoporous silica, which have high surface 

areas, so that the catalyst loading can be increased. The catalysts grafted to the surface 

are well-defined and isolated, allowing for structural analysis. However, catalyst recycling 

remains difficult and the catalysts grafted to the surface are mostly d(0) metal complexes 

that are highly reactive. Therefore, not many selective reactions have been explored via 

the SOMC approach. 
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4. SOMC concept of single-site approach 
 
Surface organometallic chemistry offers the unique approach of combining the concepts 

of homogeneous catalysis with the benefits of heterogeneous catalysis. In order to obtain 

well-defined catalysts that can be investigated by FTIR, solid-state NMR, ICP and CHNS 

analysis, all the catalytic sites on the surface have to be identical. If this condition is not 

fulfilled, the true catalytically active fragment on the surface cannot be revealed. SOMC 

uses the concept of creating well-defined grafting sites on silica surfaces.56 The so-called 

single site approach ensures that all catalysts are well-dispersed over the surface and 

isolated from each other.  

The surface dispersion is achieved by grafting on isolated silanol groups. With thermal 

treatment under vacuum, water from the silica surfaces is removed to form siloxane 

bridges and isolated silanol-groups, according to Scheme 12.57 

 

 
Scheme 12: Thermal vacuum treatment of silica support57 

 

The success of the formation of isolated silanol groups can be observed by FTIR 

spectroscopy. Instead of a broad bulk peak of silanol groups, only a sharp band at 

3747 cm-1 appears in the FTIR spectrum.58 If complexes are grafted successfully on the 

silica-surface, the peak at 3747 cm-1 will decrease. This enables a completely new 

approach to heterogeneous catalysis: The surface can be used as ligand, with a well-

known amount of isolated silanol groups according to Table 2.56, 59-61 The amount of 
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isolated silanol groups can be determined by titration of a silica sample with methyl-lithium 

and quantification of the evolved methane in the gas phase of the reaction.  

 

Support BET S.A. 
(m2/g) 

Si-OH  
(mmol/g) 

Silica-700 200 0.6 

SBA-15 758 2.9 

KCC-1(700) 686 2.7 

Table 2: Characterization of isolated silanol groups as mmol / g for each silica surface56, 59-61 

 
The electrophilic attack from the protons of the isolated silanol groups on the catalyst 

precursor causes a cleavage of one ligand and yields the grafted catalyst. The gas phase 

of the reaction is analyzed for gaseous products released during the grafting process and 

the gas phase analysis gives information about the stoichiometry of the grafting reaction. 

 

5. Support materials for SOMC 
 

5.1. Silica 

Silica is a well-understood and easy to analyze oxide support: All silicon atoms are 

tetrahedrally coordinated by either isolated, vicinal or geminal silanol groups and siloxane 

bridges. One specifically interesting character of silica surfaces is the possibility to obtain 

isolated silanol-groups and formation of siloxane bridges after hydrothermal treatment. 

Silica can mostly be distinguished by their porosity and their surface area, which can be 
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determined by BET analysis of Nitrogen absorption and desorption.  The table below is 

briefly introducing the most prominent silica surfaces for SOMC applications 

 

Support BET S.A. 
(m2/g) 

Particle 
size (nm) 

Pore Volume 
(cm3/g) 

Pore size 
(nm) 

Si-OH  
(mmol/g) 

Silica-700 200 300-400 --- --- 0.6 

SBA-15 758 400-500 1.10 6.1 2.9 

KCC-1(700) 686 900-1000 1.14 6.0 2.7 

Table 3: Characterization of silica surfaces most commonly employed with SOMC56, 59-61 

 

5.1.1. Amorphous silica 

Amorphous silica is the simplest nanoparticle support for SOMC. As the material is not 

porous, all grafted metals catalysts are located on the outer surface of the nanoparticles. 

Amorphous silica lacks the possibility of high catalyst loading due to a relatively low 

surface area (200 m2/g) and a consequently a low amount of isolated silanol groups (only 

0.6 mmol / g Si-OH).56 The different silanol groups on the silica surface are depicted in 

Scheme 13:62  

 
Scheme 13: Different silanol groups present on the silica surface62  

 

5.1.2. Mesoporous Silica  
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SOMC are MCM-41 and SBA-15. MCM-41 has hexagonal lamellar pores with a rather 

small pore diameter (25 to 30 Angstrom), which comprises obstacles for the effective use 

in SOMC.63 Additionally, the thermal stability of MCM-41 under high vacuum is limited to 

500 °C for dehydroxylation treatment. SBA-15 consists of hexagonal pores with diameters 

from 60 to 300 Angstrom, in addition to an excellent thermal stability, up to 1100 °C under 

high vacuum.61  

 
Scheme 14: High-resolution SEM pictures of SBA64 

 

5.1.3. Fibrous silica (KCC-1) 

In the last decade, KCC-1 has been developed at the KAUST Catalysis Center.59, 65 The 

KCC-1 fibrous silica nanoparticles are offering several advantages about lamellar 

mesoporous materials like MCM-41 or SBA-15. Firstly, the site accessibility for catalysis 

is better with KCC-1 due to the fibrous structure. The dendritic fibers of KCC-1 are easier 

to access for heterogeneous catalysis than the lamellar pores of SBA-15 and MCM-41.59 

Additionally, the thermal stability under high vacuum is very high, up to 1000 °C. 
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Scheme 15: High-resolution TEM and SEM pictures of KCC-170059  

 
5.2. Silica-alumina 

Silica-alumina are showing higher Lewis-acidity than silica, because of the Al atoms 

present in the support that serve as aprotic Lewis-acids. The mixed silica-alumina 

supports are synthetically prepared amorphous mixed oxides and therefore regarding the 

support characterization much more complex than silica.  

The Si-O-H groups on the surface can form h-2 bridging groups between the silicon and 

aluminum atoms and this can be distinguished by the reaction with pyridine. Isolated Si-

O-H groups interact as pure Bronsted-acids, by adsorbing the pyridinium ion. With the 

aluminum Lewis-acid sites the pyridine forms p-complexes. These two different pyridine 

interactions with the silica-alumina mixed oxide supports can be analyzed by FTIR.  

Similar to silica, also silica-alumina can be treated hydrothermally to isolate Si-O-H 

groups for grafting of organometallic complexes. The increase in Lewis-acidity of the 

support is mostly rendering grafted catalysts more active. It is therefore a common 

observation, that catalysts supported on silica versus silica-alumina show different 

reaction rates and turnover numbers, with the silica-alumina grafted catalysts being more 
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active and with faster reaction progress. The support itself, the silica-alumina mixed 

oxides, are due to their combination of Lewis-acidity and Bronsted-acidity already 

effectively catalyzing a variety of reactions, similar to zeolites.  

 

5.3. Alumina 

Alumina is an ionic solid and due to its ionic character and different phases, this support 

can best be described as tetrahedral AlO4 and octahedral AlO6 units, that are 

interconnected with each other. If there are ionic impurities present, the phase structure 

changes, rendering structural prediction of alumina supports difficult. Due to the many 

phases of alumina, several different models have been used to describe the structures of 

alumina surfaces and to predict reactivities. 

From the existing phases of alumina, a, d, g, h and q, the crystalline g-phase has proven 

the best performance for industrial catalyst supports. Most industrial refining processes 

that apply alumina as a catalyst support are using the crystalline alumina support for high-

temperature and high-pressure refining reactions, e.g. oil reforming and hydro-treatment.  

For SOMC, the use of alumina as support has been reported as well. The three different 

aluminum oxidation states present in the g-phase are (IV), (V), and (VI), which are 

interconnected. However, although the aluminum-support can be dehydroxylated by 

temperature treatment similar to silica, the terminal Al-OH groups are present in different 

oxidation states, rendering especially the characterization of the surface organometallic 

fragments difficult. Due to the increase in Lewis-acidity, and probably also due to the 

interference of bridging Al-OH groups, the thermally treated g-alumina support is showing 
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in many cases increased catalytic activity compared to silica-supported catalysts 

prepared by SOMC.  

 

5.4. MOFs 

Recently, it has been shown by our research group that MOFs can as well yield excellent 

support materials for SOMC.66 The benefit of MOFs is their crystallinity, which allows to 

graft organometallic complexes on well-defined reaction sites without the need of 

hydrothermal isolation of Si-OH groups.67 This concept can be used effectively to 

generate catalysts for gas phase and liquid phase reactions that are outperforming the 

grafted catalyst systems on silica materials.66, 68  

  

5.5. Hybrid materials 

Hybrid materials for SOMC are obtained after modification of the silica surface. There 

have been several achievements from our group to create vicinal functions on the silica-

surface, that are suitable for grafting procedures and catalytic applications. The support 

materials are amine-modified mesoporous silica like SBA-15.69 

 
Scheme 16: Amine-modification of silica surfaces followed by grafting of a Zr complex 

 

The modified silica surfaces contain either mixed nitrogen / oxygen or nitrogen surface 

ligands in direct vicinal arrangement yielding bipodal catalyst species for C-H activation 
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and CO2 activation.69-71 Additionally, the generation of vicinal acid-base pairs on SBA-15 

could be achieved with aniline and derivatives thereof for Knoevenagel condensations.72  

 

 
Scheme 17: vicinal acid-base pairs on SBA-15 with aniline derivatives 

 

 
Scheme 18: Mechanism of Knoevenagel condensation over SOMC catalyst 

 
 

6. Varieties of SOMFs discovered by SOMC 
 
Based on theoretical mechanism proposals for catalytic reactions on the surface, the 

strategy of SOMC and catalysis by design is defined by entering the catalytic cycle with 

one particular surface intermediate.53 The so called surface organometallic fragment 

(SOMF) can be designed prior to grafting and represents one specific step of the catalytic 

cycle. The single-site approach allows detailed investigation of the SOMF and its catalytic 

reaction, which makes it possible to transfer the newly gained knowledge about the 

reaction mechanism of the catalytic cycle to heterogeneous catalysis reactions in 
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active fragments created on silica surfaces. The following Scheme 20 presents an 

overview of reactivities that can be achieved with SOMC.  

The grafting procedure via electrophilic attack of the surface-oxides towards the ligands 

is achieved by sublimation or impregnation of the organometallic precursor. The gas 

phase of the reaction is analyzed for gaseous products released during this grafting 

process and the gas phase analysis gives information about the stoichiometry.  

 

 
Scheme 19: Grafting of catalyst precursor on isolated silanol group  

 

 
Scheme 20: SOMFs of various catalytic cycles53 
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The concept comprises that metal catalysts grafted to the silica surface can be selectively 

designed with several ligands. Spectator ligands can be used to tune the coordination 

sphere of the metal and functional ligands define the reactivity of the catalyst. In total, the 

reactions accomplished with SOMC comprise C-C activation, C-H activation, N-H 

activation, N2 activation and O2 activation.  

 

7. SOMC for selective catalysis 
 

7.1. Grafted Ta-tartrate for selective epoxidation 

It has been shown by our research group that the asymmetric epoxidation of allyl alcohols 

can be achieved via an in-situ generated titanium-tartrate complex grafted on silica 

support.73 Interestingly, the Sharpless oxidation process with a titanium as active catalytic 

center will not work on a silica support, because the covalent grafting procedure will 

consume one free coordination site of the titanium complex. Therefore, a tantalum 

complex has been synthesized.  

 
Scheme 21: Coordination sphere of Ta for a silica-supported epoxidation catalyst site73 
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The conversion of this in-situ generated tantalum tartrate catalyst via SOMC for 

allylalcohol epoxidation reached 99 %, with yields as high as 80 % and an enantiomeric 

excess of 96 %.73  

 

7.2. Alkane metathesis in confined spaces 

Another approach to exploit SOMC for selective reactions is the use of the confinement 

effect of grafted complexes in mesoporous materials. It has been shown in our research 

group that selectivity in cyclooctane metathesis can be tuned due to confinement effects 

of different pore diameters of porous silica (SBA-15 and MCM-41). The observed effect 

was that for cyclooctane metathesis, large pore diameters lead to formation of smaller 

cyclic homologues, whereas small pore diameters lead to the formation of larger cyclic 

homologues.74  

 

7.3. Selective olefin metathesis via SOMC 

It has been shown by Basset et al. that d(0) metal complexes of group VI are highly active 

and stereoselective catalysts for olefin metathesis of cis-pentene in the homogeneous 

phase.75 The mechanism is assumed to proceed via a metallacycle, where the stereo 

information of the initial substrate double bond is retained on the metallacycle and these 

results were found for both cis-2-pentene and trans-2-pentene.75 Even functional groups 

could be tolerated during the olefin metathesis of this d(0) catalyst system.75  
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Scheme 22: highly selective conversion of 2-pentene isomers via stereoretentive metathesis75 

 

Additionally to the cyclometalated d(0) system of group VI presented above, any other 

group VI d(0) metal complex is able to catalyze cis-2-pentene via olefin metathesis with 

high selectivity towards stereoretention of the cis-isomer in the beginning of the 

reaction.76, 77 The findings of stereoretention during olefin metathesis are  also confirmed 

by other research groups, concluding that kinetic stereoretention of double bonds during 

olefin metathesis is a valuable approach for Z-selective olefin metathesis.34 

The above mentioned d(0) catalyst systems of group VI are excellent candidates for 

catalysis by design via SOMC. It would be therefore be of high interest to graft d(0) 

catalysts of group VI to silica surfaces and to test their selectivity for the metathesis of 

olefins and alkanes, precisely cis-2-pentene and cyclooctane. The study of selective 

metathesis reactions for d(0) catalyst systems of group (VI), not only for olefin metathesis 

but also for alkane metathesis, shall therefore be investigated in this thesis.  
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1. Introduction 
 

From the first Wilkinson’s metal-alkyl complexes to Schrock’s alkylidene and alkylidyne 

complexes many rdiscovered metal-alkyl compounds are unstable compounds. In 1974 

Wilkinson et al. discovered that by elimination of the available b-hydrogen atoms, these 

metal-alkyl compounds could be transformed into more stable complexes. Therefore it 

was progressively admitted that the instability of metal-alkyl compounds was not the result 

of a particularly weak metal-carbon bonds, but due to more specifically the b-H 

elimination.1-4 

 
Scheme 23: Stabilized metal-alkyl complexes5 

 

Following the strategy of avoiding metal-alkyl complexes with b-Hydrogen atoms present, 

it became possible, in particular by Schrock et al., to synthesize a number of metal-alkyl 

compounds with mesityl, trimethylsilylmethyl, neopentyl, benzyl and methyl ligands. Even 

if the metal has less than 18 valence electrons and the complex is conflicting with the 18-

electron rule of Sidgwick, a metal-alkyl compound is stabilized by the above mentioned 

ligands because they avoid b-H elimination.  
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The first metallo-alkylidene complex was synthesized by R. Schrock et al. who attempted 

to synthesize [Ta(CH2C(CH3)5]. However, due to steric crowding this neopentyl tantalum 

complex did not undergo an impossible β-H elimination but did undergo a-H elimination 

by s-bond metathesis to yield the first metal-alkylidene complex with oxidation state (V).6-

10  

 
Scheme 24: Synthesis of the first tantalum neopentylidene by successive alkylation followed by s-bond 
metathesis ligand elimination 

 

It can therefore be summarized that both α-H and β-H elimination are the most prominent 

side reactions when it comes to preparation of metal-alkyl, metal-alkylidene or metal-

alkylidyne complexes for d(0) complexes of groups V and VI.  

Similar to the elimination of the tantalum-alkylidene complex, a metallo-alkylidene double 

bond can also react further via α-H elimination to yield a metal-alkylidyne triple bond. This 

is the case for the catalyst precursors 2a and 3a introduced in this chapter. 
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Scheme 25: Molecular precursors 1a, 2a and 3a 

 

The d(0) complexes of group VI have therefore many properties in common, although their 

ligand sets are quite different with alkyl ligands for complex 1a and alkyl-alkylidyne ligands 

for complexes 2a and 3a. The three complexes yield compounds 1, 2 and 3 after being 

grafted to thermally treated KCC-1700.  

 

 

Scheme 26 Heterogeneous catalyst precursors 1, 2 and 3. 

 

Complexes 1, 2 and 3 bear the highly reactive alkylidyne functionality and are therefore 

interesting to compare for reactivities of their metal-carbyne triple bond. As it is expected 

from the findings above, metal-carbyne triple bond and metal-carbene double bond can 

be isomerized via a-H transfer.   

Metal-carbyne complexes grafted on mesoporous silica are active precursors towards 

both alkane metathesis as well as olefin metathesis. Olefin metathesis is one of  the main 

reaction steps in alkane metathesis and therefore these two reactions have a mechanistic 

W

1a

W

2a

Mo

3a

Si
O

O OO

W

1

Si
O

O OO

W

2

Si
O

O OO

Mo

3



 52 

similarity.11-16 As metal-carbyne complexes can undergo both reactions, it is assumed 

that with alkanes the metal-carbyne triple bond yields a metal-carbene-alkyl fragment 

whereas with olefins the metal-carbyne triple bond yields a bis-carbene.  

 

 
Scheme 27: Metallo-carbyne complexes and their reactivities towards different substrates 

 

With this study of grafted metal-carbyne complexes, light is shed on the activation 

mechanism of the carbyne functionality towards C-C bonds of cyclic olefins achieving 

ROMP versus activation of C-H bonds in cyclic alkanes yielding cyclic oligomers. Different 

isomers of the metal-carbynes define their reactivity.  

In conclusion of this introduction, it appeared very interesting to compare catalytic 

reactivities for similar cyclo-alkanes (namely cyclo-octane) and cyclo-alkenes (namely 

cyclo-octene) with the same catalyst containing fragments defined by catalysis by design.   
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2. Hypothetical mechanism of cyclic alkane metathesis 
 
Alkane metathesis is a multistep reaction. The step of olefin formation via C-H bond 

activation has been found to be achieved via a metallo-carbene-hydride, whereas the  

 

 
Scheme 28: Postulated mechanism of cyclic alkane metathesis:21  (a) Formation of the metallocarbene-
hydride; (b) Cycloalkane ROM; (c) various steps leading to higher and lower homologues by double bond 
migration. 
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olefin metathesis step is achieved via a metallo-carbene moiety which also enables olefin 

hydrogenation to yield new alkanes.13, 17-20 In all mechanistic steps (a), (b) and (c), the 

cyclic alkene formation is key for the further reaction towards ROM and RCM. Without the 

cyclic alkene intermediate, the catalysis would not proceed.  

It is therefore of high interest to compare cyclic alkanes with cyclic alkenes and to observe 

the relevant product ratios to conclude the difference in the reaction mechanisms.   

 

3. Experimental part 
 

3.1. Cyclo-octane metathesis 

Ampoules are filled with catalyst (15 mg) in a glovebox. Substrate (cyclooctane, 0.5 mL) 

is added and the ampoules are closed and frozen in liquid nitrogen. On a high-vacuum 

line the ampoule is evacuated (<10−5mbar) and sealed. After coming to room 

temperature, the ampoule is immersed in a heat bath at 150 °C and stirred for 3 days. 

Subsequently the ampoule is frozen, opened, 2 mL DCM added, filtered and analysed by 

GC for conversion and product distribution.  

 

3.2. Cyclo-octene metathesis 

A glass microwave vial is filled with catalyst (15 mg) in a glovebox. Substrate 

(cyclooctene, 0.5 mL) is added and vigorously stirred for 30min whereas polymer is 

forming. 20 mg of the polymer are dissolved in CDCl3 for NMR analysis[4] and the polymer 

is furthermore dried and analysed by GPC.   
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3.3. Results 

 

The results for cyclo-octane metathesis show a wide product distribution, as already 

published with other catalysts prepared via SOMC.21 If the catalysis reaction is extended 

to 3 days instead of 1 day, TONs are increasing and the product distribution is becoming 

more broad. Interestingly, as can be seen in Scheme 29, the molybdenum-metal-carbyne 

complex 3 is giving the lowest TON, but the dimer- and trimer-formation of the substrate 

are preferred. For metal-carbyne complex 1, with the least bulky ligand system, ring-

contraction towards cyclo-heptane is favored. 

  

 

Scheme 29:Product distribution of cyclo-octane metathesis with grafted metallo-carbyne complexes 1-3. 

 

It can be confirmed, that double bond migration during the olefin metathesis step is the 

reason for the broad cyclic alkane product distribution. The TON for cyclo-octane 

metathesis with metal-carbyne catalysts 1 to 3 is reaching a maximum of 350 and the 
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conversion is as high as 47 %. Furthermore, cyclic alkane metathesis experiments with 

smaller cyclic substrates have been performed. Unfortunately, the reduction of the ring 

size of the substrates leads to no reactivity. For cyclo-octene metathesis, the catalysis 

reactions yield total conversion towards polyoctenamer within 30 minutes reaction time. 

The polymer is soluble in CDCl3 and can therefore be analyzed by NMR spectroscopy for  

 

 

Cat Conversion of cyclic alkanes[a] [TON] Conversion [mol 
%] cyclic alkenes 

 C5 C6 C7 C8[a] C8[b] cis-C8[c] C6[d,e] 

1 --- --- --- 369 103 100 --- 

2 --- --- --- 224 82 95 --- 

3 --- --- --- 109 63 92 --- 

Catalysis conditions: a) cyclic alkanes: 15 mg catalyst, 0.5 mL substrate, sealed glass ampoule, 3 days stirred at 150 C, b) 1 day 
stirred at 150 C, c) cyclic alkenes: 15 mg catalyst, 0.5 mL substrate, microwave vial, 30min stirred at RT, d) 3 days stirred at RT, e) 3 
days stirred at 100 C 
 
Table 4: Conversion of reactions with cyclic alkanes and cyclic alkenes 

 

 

Catalyst Time 
[min] 

Conv 
[%] 

Mw 
[g/mol] 

PDI Trans/ 
Cis 

1 30 100 9510 1.14 0.97 

2 30 95 11680 1.19 0.87 

3 30 92 8850 1.15 0.82 

Catalysis conditions: 0.5 mL substrate, 15 mg catalyst, stirred at 400rpm at RT in glass reactor 
 
Table 5: Polyoctenamer characterization 
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the respective cis- / trans-ratios of double bonds present in the polymer. Additionally, 

GPC analysis shows that the PDI of the formed polymers are quite narrow Table 5. 

 

4. NMR analysis of polyoctenamer 
 

Scheme 30 shows that for the NMR analysis of polyoctenamer, the substrate and the 

product give distinct peaks that can be easily differentiated from each other in the 1H-

NMR spectra. Whereas the cyclo-octene substrate peak appears at 5.63 ppm, the poly-

octenamer peaks are at 5.38 ppm for the trans double bonds and at 5.34 ppm for the cis 

double bonds. Therefore, the conversion and the product isomer ratios can be calculated 

by integration of these three peaks.  

Scheme 30: 1H-NMR spectrum of cyclo-octene and polyoctenamer 
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Scheme 31: 1H-NMR spectra of product polyoctenamer in CDCl3 at 25 C. A) Product of catalyst 1, B) 

Product of catalyst 2, C) Product of catalyst 3 

 

5. Discussion of the ligand environment effect on ROMP 
 

ROMP is affording polyoctenamer with catalysts 1 – 3, which is soluble in CDCl3 and is 

therefore suitable for NMR analysis. Scheme 30 and Scheme 31 are showing the liquid 

state NMR spectra of the resulting polyoctenamer samples and Table 5 summarizes 

molecular weight, PDI and trans/cis ratio for each sample. The configuration of the double 

bonds of the resulting polymers is being calculated by the ratios of the peak integrals for 

the cis-isomer at 5.34 ppm and the trans-isomer at 5.38 ppm.22 For all three complexes 

the trans/cis ratios are close to 1 which indicates that trans- or cis-coordination and the 
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double bond reaction with the metal-carbene have almost equal probability. For very 

active catalysts this result is well known.23  

When comparing the bulky complexes 2 and 3 with the less bulky complex 1, changes in 

the trans/cis ratio can be observed. The stereochemistry of olefin metathesis is introduced 

at the metallacycle intermediate, related to the coordination of the alkene. It can be 

deducted that the bulkiness of the ligands has an influence on the orientation of the 

coordinating alkene substrate. Scheme 32 shows the case for ROMP, where a secondary 

metathesis reaction between the acyclic doble bond in the polymer chain and the  

 

Scheme 32: Coordination of the internal cis double bond of the polymer 

 

metallocarbene can occur, also related to as “backbiting”. The backbiting can yield 

polymer isomerization through “degenerate metathesis”. This non- stereoselective 

repulsive interaction is the result of steric repulsion between the neopentyl-ligands and 

the cyclo-octene substrate. The repulsion leads to a slight difference in the trans/cis ratio 

for bulky ligands as in complexes 2 and 3 versus small ligands as in complex 1, because 

for the smaller ligands the isomerization reaction is more favored. Complex 1 has the 

highest isomerization rate due to the small methyl-ligands and the resulting smaller 
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repulsive interaction. With the isomerization rate being high, the trans/cis ratio of complex 

1 is closest to 1 (0.97). The trans/cis ratio is slightly smaller for complexes 2 and 3 with 

0.87 trans/cis for complex 2 and 0.82 trans/cis for complex 3. Due to the higher repulsive 

interaction, the cis-conformation of the substrate is retained during the metall-carbene 

coordination step. 

 

6. Discussion of the mechanistic differences of cyclic alkane 
metathesis versus ROMP 

 

The mechanism of cyclic alkane metathesis has been investigated by Basset et al. and 

is depicted Scheme 33.21 A special focus on the activation mechanism of the precursor 

catalysts, the metal-carbynes 1 – 3 reveals, that the metal-carbyne triple bond is reacting 

via a C-H addition to the carbyne triple bond and not as expected via isomerization to the 

metal-carbene species.  

The rate determining step of the cyclooctane activation by the species B / B2 towards 

active site D is shown to proceed by C-H-addition on the metal-carbyne triple bond as 

evidenced via DFT calculations by Dr. Eva Pump.21 
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Scheme 33: Activation mechanism of catalyst precursor 1, similar to catalysts 2 and 321 

 

 
Scheme 34: Transition states leading from metallo-carbyne catalyst precursor to active catalyst site21 
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6.1. Mechanism of cyclic alkane metathesis 

 

 

Scheme 35: Catalytic cycle for ROM-RCM alkane metathesis of complexes 1, 2 and 3 

 

If instead of cyclo-octane the substrate is cyclo-octene, ROMP can be observed with the 

same catalysts 1, 2 and 3. The reactions yielded within 30 minutes low-density molecular 

weight polymers, as can be seen in Table 5 the molecular weight is approximately 

10000 g/mol with a narrow PDI in all cases. ROMP proceeds at room temperature to 

almost completion in just 30 minutes.  
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The mechanism for ROMP is assumed to be initiated via a metal-biscarbene species and 

the difference of reactivity towards cyclo-octene and cyclo-octane for catalysts 1 – 3 is 

depicted in Scheme 36. 

 

 
Scheme 36: Activation of C-H bonds by intermediate metallo-carbenes of the catalyst precursors24 

 

Coordination of the substrate cyclo-octene to the metal-carbyne is initiating the a-H 

transfer from one of the alkyl fragments to the metal-carbyne triple bond and the bis-

carbene intermediate can be formed.25 This bis-carbene species is the condition for the 

ROMP activity of the metal-carbyne precursors. The a-H transfer is generally favored with 

coordinating s-donors, e.g. PMe3, that are stabilizing the bis-carbene species and this 

can be evidenced spectroscopically by observation of a carbene-peak in the 13C solid-

state NMR spectrum.25, 26 Olefins have as well s-donor properties, although weaker than 

PMe3, and can therefore promote a-H transfer between alkyl fragment and metal-carbyne 

to yield the metal-biscarbene.  
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6.2. Mechanistic differences in the reaction cycles of cyclo-alkane and cyclic 

alkene metathesis 

 

The catalytic cycle of cyclo-octane metathesis is not initiated by a metal-carbene species 

and does therefore generally show a broad product distribution. The metal-carbyne reacts 

with the alkane substrate via C-H addition to the metal-carbyne triple bond (Scheme 35) 

instead of splitting the metal-carbyne triple bond into a bis-carbene species.21, 27 The 

cyclo-olefin is released via b-H elimination. The classical reaction cycle of ROM-RCM of 

cyclic alkane metathesis is performed by a metal-carbene-hydride intermediate 4, 

whereas the substrate cyclo-octene is either formed by C-H addition of cyclo-octane to 

the metal-carbyne functionality or by reaction of the metallocarbene-hydride species 4 

with cyclo-octane and subsequent hydrogen release. The “degenerate” reaction cycle is 

showing the ring opening of the cyclo-octene. Cyclo-octene is forming a metallacycle with 

4, the double bond is opened to yield 8. Another ROM step is performed between 8 and 

9 and the catalytic cycle can go either towards “ring expansion” (10a to 13a) or towards 

“ring contraction” (10b to 14b). The coordination of the terminal double bond to the metal-

carbene (10a) versus the internal double bond coordination (11b) determines the 

difference between ring expansion and ring contraction. RCM and DBM (10b to 11b) are 

competitive steps, that are influencing the ring size of the product.21, 28 The product 

distribution is more broad, if the reaction proceeds for a long time and  shows a tendency 

towards ring expansion.  

In sharp contrast to the results with cyclo-octene as substrate, no polymeric product is 

observed with cyclo-octane metathesis. This observation is contradicting reported 
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tandem catalytic systems, where metathesis products and polymeric products could both 

be observed as products.20 Additionally to the observed cyclic products, isomerization 

towards cyclo-hexane-ethyl as a consequence of DBM during the olefin metathesis is 

taking place. Another interesting observation is the metathesis activity depending on the 

ring size of the substrates. Table 4 summarizes that reduction of the ring size from C8 to 

C7 to C6 and C5 hinders cyclic alkane metathesis. In order for the metathesis reaction to 

be successful, only the C8 ring reacts via b-H elimination towards olefin formation because 

of the M-C-C-H angle, that is small enough for all the reaction components to align. b-H 

elimination is only possible if the M-C-C-H angle is small enough for the elimination to 

proceed, which is not possible in the case of cyclo-heptane, cyclo-hexane and cyclo-

pentane.29  

For cyclic alkene metathesis the stable ring conformations of C6 is hindering ROMP.30-32 

This appears to be the major difference between cyclic alkene and cyclic alkane 

metathesis. In the case of ROMP, the cyclo-octene coordination is favoured over the 

intramolecular coordination of the last double bond in the chain. These two reactions are 

depending on the concentration of cyclo-octene in solution, that is close to a steady-state 

equilibrium for cyclo-octane metathesis and therefore not favouring coordination of 

another cyclo-octene molecule or ROMP. The difference between alkane and alkene 

metathesis can be controlled by the concentration of alkene present in solution as well as 

reaction temperature and conditions.  
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7. Conclusion and Outlook 
 

Grafted metal-carbynes are highly active catalyst precursors towards ROMP of cyclo-

octene, yielding almost complete conversion within 30 minutes. At the same time, they 

are active catalysts for cyclooctane metathesis, which does not yield any polymeric 

products but transforms cyclo-octane to its higher and lower homologues. The difference 

of mechanism of the two reactions is the reason for the completely different reactivity: 

The metal-carbyne triple bond gets isomerized towards the metal-carbene species, if 

there is a double bond present in the substrate that acts as s-donor. The metal-carbene 

species then reacts with the olefin via metathesis reaction towards ROMP at room 

temperature.  

In case of cyclo-octane, the C-H activation occurs via C-H addition of the cyclo-octane to 

the metal-carbyne triple bond. This activation requires much more drastic reaction 

conditions, e.g. 150 °C and high vacuum. The resulting carbene-hydride then undergoes 

cyclic alkane metathesis. It is noteworthy that in the case of cyclic alkane metathesis no 

polymeric products are observed.  

 

Additionally, for both reactions the ring size of the substrate has a significant influence on 

the reaction rate. In case of cyclic alkane metathesis, the ring strain is dominating the M-

C-C-H angle, which is too big to let b-H elimination towards the olefin occur. For cyclic 

alkene metathesis, the stability of the ring conformation is dictating the reactivity towards 

ROMP. If the ring is too stable to be opened, no ROMP and no cyclic alkene metathesis 

will occur.       
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CHAPTER 3: SELECTIVITY IN OLEFIN METATHESIS OF CIS-PENTENE WITH 

GRAFTED METAL-CARBYNE CATALYSTS OF GROUP VI 
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1. Introduction to stereoselective olefin metathesis 
 

Selectivity in olefin metathesis is a widely discussed topic in catalysis and it has been of 

great interest to enhance production of one isomer while suppressing the formation of the 

other during the metathesis reaction.1-3 For industrial applications the suppression of 

isomerization is of high importance, as isomers mostly have identical physiko-chemical 

properties and are for this reason difficult to separate.4  

Therefore, many attempts have been made to understand the nature of isomer formation 

on the metal-carbene catalysts in homogeneous phase. If a reaction reaches full 

conversion, typically the thermodynamic control of the ratio of olefin isomers outweighs 

the initial kinetically controlled formation of products and their geometry.5, 6 Accordingly, 

secondary metathesis reactions like self-metathesis have an impact on the selectivity of 

olefin metathesis as shown in Scheme 37.7 

 

 
 

Scheme 37: Primary metathesis versus side reactions8 
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system around the metal center, so that the product isomerization process and secondary 

metathesis reactions are not reversible anymore and therefore thermodynamically less 

favoured than the metathesis reaction itself.10 In this case the product isomerization does 

not compete with metathesis of the substrates and the initially kinetically controlled 

geometry of substrate is less exposed to isomerization.  

 

It has been found that control of the orientation of the substituents on the 

metallacyclobutane can achieve stereoselective metathesis.11 Regarding stereoselective 

olefin metathesis, several approaches have been taken to achieve the control of the 

substituents on the metallacycle and kinetic-controlled Z-selective processes have been 

published for molybdenum and tungsten catalysts by Schrock et al.12-14, Hoveyda et al.15-

18 and Basset et al.19-24 depicted in Scheme 38 and Scheme 39. 

 

1.) Large aryloxy moieties on high-oxidation-state molybdenum or tungsten catalysts, 

that shield one side of catalyst and force substituents to be all syn. Contrary to 

ruthenium-carbene catalysts, the attached ligands do not dissociate from the metal 

center during the catalytic cycle.3  
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Scheme 38: Phenolate based selective metathesis catalysts3, 21 

 
 

2.) Cyclometalated ruthenium-carbene catalysts with big aryl moieties on the N-

heterocyclic carbene (NHC) ligand that forces substituents to be all syn are 

reported by Grubbs et al.   
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Scheme 39: Cyclometalated ruthenium catalysts for selective metathesis3 

 
All of the above pictures catalyst systems show excellent selectivities. However, the 

challenge to find a selective process for heterogeneous olefin metathesis processes 

remains.  

 

2. Heterogeneous olefin metathesis processes  
 

Olefin metathesis can be summarized to comprise three industrially interesting reactions:  

 

(I) Cross metathesis between olefins  

(II) Ring opening metathesis polymerization (ROMP)  

(III) Ring closing metathesis (RCM).  
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All industrial processes have in common, that the metathesis occurs on surfaces that are 

impregnated with metal oxides. In 1964 the Phillips Triolefin Process for small olefins was 

industrially implemented.25 Also in 1964, E. Peters and B. Evering at British Petroleum 

patented the Re2O7 on Al2O3 catalysed disproportionation of olefins.26, 27 After optimizing 

the catalyst concept of transition metal oxides supported on inorganic matrices over the 

years, the Shell Higher Olefins Process (SHOP) was commercialized in 1977, which 

consisted of ethylene oligomerization over a molybdenum oxide catalyst on alumina.28, 29 

The above mentioned commercial processes rely on the fact that internal double bonds 

are more difficult to activate and metathesize than external double bonds.30 An internal 

trans-configurated double bond is approximately 3 kcal/mol more stable than a terminal  

 

 

 
 

Scheme 40: Hyperconjugation of alkenes 
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double bond and approximately 1.5 kcal/mol more stable than a cis-configurated internal 

double bond.31 This stability is owed to a phenomenon called hyperconjugation. 

Hyperconjugation occurs when the pi* orbital of an internal double bond interacts with 

one of the 4 sp3 hybridized orbitals of the alkyl substituents.32 Due to hyperconjugation 

the overall energy of the system is lowered and the double bond is stabilized. The more 

substituted an alkene double bond, the more stable it is according to the enthalpy of 

hydrogenation which can be determined by the method of Kistiakowsky.33 Internal double 

bonds still can be activated by industrial processes for small olefins, e.g. by the Phillips 

Triolefin process, however the above-mentioned processes for heterogeneous olefin 

metathesis are not selectively yielding only one product isomer. There have been  

 

 
 
Scheme 41: Hydrogenation enthalpies of several substituted alkenes 



 77 

selective catalytic systems published that are supported on polymers or other supports 

by Buchmeiser et al.34, 35, however the reaction rates are slow and cannot compete with 

commercial catalysts.  

The chemistry of SOMC allows for a well-defined approach by studying grafted catalysts. 

By changing the ligand systems of the metal centers, it is possible to study the ligand 

influence on heterogeneous olefin metathesis reactions. In this chapter kinetic control of 

selectivity of heterogeneous olefin metathesis is studied by converting cis-2-pentene over 

grafted tungsten- and molybdenum catalysts that have different ligand systems.  

 

3. Experimental part 
 

Alkyl-alkylidyne complexes 1, 2 and 3 are highly active for olefin metathesis, also they 

show the same chemical active site with the metallo-carbyne triple bond. These 

complexes are particularly interesting to be tested in the metathesis with cis-2-pentene 

(cis-C5), because the steric difference in ligand environment is expected to change the 

kinetic rate of olefin metathesis and therefore the selectivity of product formation.  

 
 

Scheme 42: Grafted complexes 1, 2 and 3 with homogeneous precursor complexes 2a and 3a 
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The olefin metathesis reaction with cis-2-pentene (cis-C5) catalyzed by above pictured 

catalysts can lead to two isomers for C4 products and two isomers for C6 products. The 

reaction is conducted in a glass reactor with toluene as solvent, under ambient pressure 

and at room temperature.  

 

 
Scheme 43: Metathesis reaction with cis-pentene 

 

3.1. Alkene metathesis 

Microwave vials with septum are filled with catalyst (50 mg) in a glovebox. Substrate (4.0 

mL) is added and the vials are closed. Every 10 min, 30min and every hour the samples 

are taken through the septum of the vial, for the for the gas phase a gas syringe is used 

and the gas mixture immediately injected into a GC. For the liquid phase analysis, 0.1 mL 

of the reaction mixture is taken, diluted with DCM to 1.0 mL and analyzed by GC-MS.  

 

Catalyst[a] Metal 
content 
[weight %] 

Metal 
content 
[mmol/g] 

Conversion[b] 

[%] 

1 5.81 0.317 48 

2 9.40 0.512 52 

3 6.0 0.625 51 

Catalysis conditions: [a] 50 mg [b] conversion after reaching thermodynamic equilibrium 

Table 6: Alkene metathesis with cis-2-pentene, gas phase analysis 
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Catalyst[a] Metal 
content 
[weight %]  

Metal 
content 
[mmol/g] 

Conversion[b] 

[%] 

1 5.81 0.317 36 

2 9.40 0.512 41 

3 6.0 0.625 39 

Catalysis conditions: [a] 50 mg [b] conversion after reaching thermodynamic equilibrium  

Table 7: Alkene metathesis with cis-2-pentene, liquid phase analysis 

 

4. Analysis of the results 

 

As can be seen from Scheme 44, the yield of C4 and C6 products is with around 50% in 

graph A and 40% in graph B almost the same for all catalysts. However interesting to 

note is, that the yields of C4 and C6 products with the homogeneous catalyst precursors 

2a and 3a remain at 0%. The homogeneous catalyst precursors 2a and 3a are in both 

graph A and graph B inactive for olefin metathesis. Therefore, it can be concluded that 

only grafting of the metal precursors 2a and 3a activates these complexes to be catalysts 

for alkene metathesis. It has been already observed by Schrock et al.36 and Osborn et  

al.37 that addition of Lewis acids or ligand substitution with strongly electron-withdrawing 

ligands can increase activity in olefin metathesis for inactive d(0) alkyl-alkylidyne catalysts 

of group VI. This phenomenon can be explained by the heteroleptic environment of the 

grafted tungsten and molybdenum complexes, which creates a push/pull electronic effect 

on the carbyne triple bond, due to the exchange of one alkyl ligand on the metal center 

with a siloxide ligand. This activates the complex by rendering the metal center more 
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 Scheme 44: Cis-pentene catalysis with catalysts 1, 2, 3, 2a and 3a: A) Yield of C4 products over time, 
B) Yield of C6 products over time  
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electronegative, facilitating both a-H transfer of one of the alkyl ligands and addition of 

olefins to the resulting metal-carbene bond. Similar results have been observed by Weiss 

et al. as well, addition of Lewis acidic ligands activates the tungsten d(0) complexes for 

alkene metathesis.38 

Complex 1 shows in both graphs a slight delay in reaching the equilibrium yield, which 

can be explained by an increase in the isomerization rate. Since the ligands of complex 

1 are only methyl groups and less bulky, isomerization is more favoured than for 

complexes 2 and 3 with neopentyl ligands and therefore for complex 1, reaching the 

equilibrium yield takes more time.  

 

5. Discussion: C4 products and isomerization during reaction 
process 

 

Cis-2-pentene is used as a benchmark reactant for observation of stereoselectivity in 

metathesis reactions ever since the discovery of the olefin metathesis reaction.39-41 It can 

clearly be stated from Scheme 45 that the trans/cis ratio of C4 products changes during 

the reaction until the full yield is reached for all catalysts 1, 2 and 3. Small changes in the 

isomerization behavior can be noticed depending on the metal center and the ligand 

environment. 
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Scheme 45: Ratio of trans/cis C4 products plotted over the total yield of C4 

 

Both complexes 1 and 3 show a faster initial conversion, as can also be seen in A from 

Scheme 44. It can be observed, that during the initiation phase of the reaction, complex 

2 has the lowest isomerization rate (Table 8).  

 

 

 

 

 

 

 
Table 8: Initial and final trans/cis ratios of C4 products and trans/cis ratios of C5 susbtrate 

 

Contrary to the initial trans/cis ratios of C4 products, the final equilibrium ratios of trans/cis 

C4 products depict an influence of the ligand environment. Here the bulky complexes 2 

Catalyst Initial ratio 
C4 trans/cis  

Final ratio 
C4 trans/cis 

Initial ratio 
C5 trans/cis 

Final ratio 
C5 trans/cis 

1 0.98 1.63 0 1.94 

2 0.74 3.28 0 4.21 

3 1.04 2.93 0 5.36 
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and 3 show similar behavior, both with a final trans/cis ratio of 3.28 and 2.93. Complex 1 

yields a final trans/cis ratio of 1.63, which is less than for complexes 2 and 3. It can 

therefore be concluded that complex 1 is less trans/cis selective than complexes 2 and 3 

due to its less bulky ligand system. The data shown in Scheme 45 resembles data 

obtained with other catalyst systems in homogeneous phase.21 The difference being, that 

the initial trans/cis C4 ratios of grafted metallo-carbyne complexes 1 – 3 are higher than 

in the reference of the homogeneous system.21 The kinetic stereoretention of the cis-

double bond is interfering with the high isomerization rates and can therefore not be 

observed.  

 

5.1. Metathesis of cis-butene versus isomerization of cis-2-pentene 

The comparison of metathesis activity of C4 versus isomerization activity of cis-C5 

towards trans-C5 is another important step to describe the three catalysts. Scheme 46 

shows the ratio of the yields of total C4 products over trans-C5 plotted against the reaction 

time. It can be observed, that in the beginning of the reaction of catalysts 1 and 2 the 

isomerization of cis-C5 towards trans-C5 is favored over the actual metathesis reaction 

with the ratios being 0.51 for catalyst 1 and 0.25 for catalyst 2 respectively. For catalyst 

3, the sampling window of 5 minutes does not include the initial product ratio. After 5 

minutes reaction time the ratio of C4 over trans-C5 is already at a ratio of 1.23. For all 

catalysts it can be observed, that after 80 minutes of reaction time the thermodynamic 

equilibrium is reached and the ratios do not change anymore, with the final C4 / trans-C5 

equilibrium ratios of 1.5 for catalysts 1 and 2 and 1.4 for catalyst 3.  
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Scheme 46: Plot of the ratio yield C4 / yield trans-C5 against reaction time 

 

5.2. Isomerization of product C4 versus isomerization of substrate cis-pentene 

Finally, it is of interest to plot the trans/cis C4 ratio versus the trans/cis C5 substrate ratio 

to determine, whether the isomerization of the smaller product C4 is more favoured than 

the isomerization of the slightly bigger substrate C5. Both substrates can coordinate via 

two transition states and both are depicted in Scheme 47.  

 

 

Scheme 47: Two transition states of cis-2-pentene metathesis metallacycle  
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If one transition state would be more favorable over the other, the isomerization reaction 

would be affected for both C4 and C5 and could not be depicted as a linear graph.40-42 

Scheme 48 shows a linear curve for all three catalysts, emphasizing that the difference 

of transition states 1 and 2 for the formation of C4 are neglectable.  

 
Scheme 48: Plot of C4 trans/cis ratio over C5 trans/cis ratio 

 

Scheme 48 is showing that the difference in ligand environment is not much influencing 

the isomerization rate of C4. For complex 1 it is quite obvious, that isomerization rates of 

C4 and C5 are almost the same during the reaction, with final trans/cis ratios being almost 

equal with 1.63 for C4 and 1.94 for C5 according to Table 8. C5 isomerization is therefore 

as a primary side-reaction faster than C4 isomerization and the final ratio of trans/cis C5 

differs for the three complexes quite a lot, with 1.94 for complex 1, 4.21 for complex 2 and 

5.36 for complex 3, see Table 8. For complexes 2 and 3, which are bulkier with their 

neopentyl ligands, the isomerization rates between C4 and C5 do differ quite a lot. The 
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final ratio of trans/cis for C4 is only 3.28 for complex 2 and 2.93 for complex 3, whereas 

for the C5 substrate the final trans/cis ratios are 4.21 for complex 2 and 5.36 for complex 

3, respectively. Therefore, although the ligands are bulkier, the isomerization of the bigger 

substrate is still favored as a primary side-reaction over the secondary side-reaction of 

the C4 isomerization.  

 

6. Discussion: C6 products and isomerization during reaction 
process 

 
Scheme 49: C6 trans/cis ratio plotted over the yield of C6 products 

 

Scheme 49 shows that all the trans/cis ratios of C6 product change over time and that 

towards the end of the reaction the isomerization towards the trans-C6 isomer is clearly 

favored as evidenced in Table 9. At the beginning of the reaction, the initial ratios of 
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trans/cis C6 are close to 1.0 for all 3 catalysts, which is similar to the initial trans/cis ratios 

of C4 products compared with Table 8.  

The data depicted in Scheme 49 is showing similar trans/cis ratio to the already published 

results from Weiss et al. with an exponential development of the trans/cis ratio over time.21 

 

 

 

 

 

 
 

Table 9: Initial and final trans/cis ratios of C6 products and C5 susbtrate 

 

It can be noted, that the trans/cis ratios for C6 products show less differences for the three 

catalysts than for C4 products. The initial ratios are almost the same and the final trans/cis 

ratios are for catalysts 1 and 2 are close to each other as well. Catalyst 3 has the highest 

final trans/cis C6 ratio with 6.13 and is therefore the most active for isomerization. 

 

6.1. Metathesis of cis-2-pentene versus isomerization of cis-2-pentene 

 

substrate cis-C5 towards trans-C5. Here, the metathesis of cis-C5 is proceeding faster 

than the primary side reaction of isomerization with the initial ratio being 1.38, 1.33 and 

1.41 for catalysts 1, 2 and 3 respectively. The equilibrium value for the ratio is 0.97 for 

catalyst 1, 0.84 for catalyst 2 and 0.96 for catalyst 3. As it can be seen from the graph,  

 

Catalyst Initial ratio 
C6 trans/cis  

Final ratio 
C6 trans/cis 

Initial ratio 
C5 trans/cis 

Final ratio 
C5 trans/cis 

1 0.88 5.22 0 4.26 

2 1.02 5.34 0 4.34 

3 0.96 6.13 0 5.52 
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Scheme 50: Plot of the ratio yield C6 / yield trans-C5 against reaction time 

 

Scheme 50 shows the ratio of the yield of C6 products over the isomerization yield of the 

the ratio of C6 products over trans-C5 seems to be quite different than for the C4 products 

depicted in Scheme 46. substrate cis-C5 towards trans-C5. Here, the metathesis of cis-

C5 is proceeding faster than the primary side reaction of isomerization with the initial ratio 

being 1.38, 1.33 and 1.41 for catalysts 1, 2 and 3 respectively. The equilibrium value for 

the ratio is 0.97 for catalyst 1, 0.84 for catalyst 2 and 0.96 for catalyst 3. As it can be seen 

from the graph, the ratio of C6 products over trans-C5 seems to be quite different than 

for the C4 products depicted in Scheme 46.  

Table 10 is indicating that the final ratio of C4 product yield over trans-C5 is higher than 

the initial ratio for C4 products. However, for C6 products it seems to be the opposite 

scenario: The initial ratio of C6 product yield over trans-C5 is higher than the final ratio. 

The explanation for this observed behavior could be that both products are sampled in 
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different phases. Whereas C4 products are sampled in the gas phase, the C6 products 

are sampled in the liquid phase. In the calculation of the ratios mentioned in Table 10, 

the product trans-C5 is probably distributed differently between the phases and this 

causes the difference in observation.  

 

 

 

 

 

 

 

 
Table 10: Comparison of initial and final ratios of yields of C4 or C6 products versus yields for trans-C5 

 

 
6.2. Isomerization of product C6 versus isomerization of substrate cis-pentene 

 

Scheme 51 depicts the trans/cis ratio of C6 products over the trans/cis ratio of the C5 

substrate. Here, the curves are deviating from the linear plot in the initial reaction phases 

and towards the end of the reaction, when isomerization towards thermodynamic 

equilibrium takes over.  

Catalyst Initial ratio 
Yield C4 / 

trans-C5  

Initial ratio 
Yield C6 / 

trans-C5 

Final ratio 
Yield C4 / 

trans-C5 

Final ratio 
Yield C6 / 

trans-C5 

1 0.51 1.38 1.52 0.97 

2 0.58 1.33 1.53 0.84 

3 1.23 1.41 1.39 0.96 
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Scheme 51: Plot of the ratio trans/cis C6 over the ratio trans/cis C5 

 

Compared to the trans/cis C4 ratios and their plots in Scheme 48, the graphs of trans/cis 

C6 ratios in Scheme 51 show a clear deviation in the range of low conversion. This can 

be explained by the sterically more demanding C6 product and its influence on the 

metallacycle transition state. Apparently during the initiation phase and towards the end 

of the reaction, C6 favoured transition states have an influence on the isomerization 

reactions, as it is predicted in the observations from Bilhou et al.39-42 Compared to the 

trans/cis C4 ratios of Table 10, it is noteworthy to say that the bulkier and heavier cis-C6 

product is isomerizing at a higher rate than the less sterically encumbered cis-C4 product. 

Final trans/cis ratios for C6 products are 5.22, 5.34 and 6.13 whereas with the same 

catalysts, the final trans/cis ratios for C4 products are only 1.63, 3.28 and 2.93. This is 

interesting to note, because it emphasizes the thermodynamic control of the metathesis 

reaction, especially towards the end when the yields are almost constant. The bigger the 
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product, the higher the isomerization rate towards the thermodynamically more stable 

isomer.  

 

7. Conclusion and Outlook 
 

It can be concluded, that all catalysts are only active for olefin metathesis after grafting to 

the dehydroxylated surface of KCC-1(700) due to the change of the electronic environment 

of the metal center. The coordination to the surface silanol increases electronegativity 

and Lewis acidity of the metal center, leading to a push-pull trans-effect that activates the 

metal-carbyne triple bond for catalysis.  

 

Further observations are, that the difference in bulkiness of the ligands between catalysts 

1, 2 and 3 slightly changes the reaction rates. Ultimately, catalysts 2 and 3 have a steeper 

increase in metathesis reaction rate than catalyst 1, which is showing to have the highest 

initial isomerization rate. However, regarding the C4 products of the metathesis reaction, 

for all catalysts the isomerization rate of cis-C5 towards trans-C5 is initially higher than 

the metathesis reaction rate. This leads to the conclusion, that grafted d(0) metallo-

carbynes of group VI are not efficient to suppress substrate or product isomerization and 

therefore the kinetic control of the reaction selectivity could not be achieved.  
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1. Introduction 
 

Low-temperature activation of saturated hydrocarbons and small molecules is a key topic 

for the petrochemical industry. Industrial cracking processes require high temperatures 

and / or high pressure to transform alkanes into lower homologues. The upgrading of light 

alkanes into higher alkanes is even more challenging. The grafted metal hydrides of early 

transition metals show a specifically high activity for alkane metathesis, but also other 

interesting reactions like hydrogenolysis of waxes and N2 splitting and have so far been 

difficult to characterize, some remain uncharacterized until today.1-7  

 

 
Scheme 52: Silica grafted metal hydrides and their reactivities 

 

Interestingly, the metal hydrides are obtained from a precursor which is a complex of 

molecular hydrogen and in which the molecular hydrogen is bonded to the metal by its s-
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bond. The metal hydride bond is chemically interesting as its formation is due to agostic 

interactions with molecular di-hydrogen.8-10 This agostic interaction potential is also an 

opportunity for catalytic activity.  

In 1984, Kubas et al. were the first to synthesize the first stable metal(bis-hydride) that 

could be spectroscopically investigated.11 The complex was synthesized by coordinating 

di-hydrogen and the below structures of the Kubas complex exist in equilibrium at room 

temperature.  

 

 
Scheme 53: Stepwise activation of di-hydrogen by Kubas complex11  

 

The metal character for a complexation and activation of a s-bond should be a s-acceptor 

and this condition is perfectly met with the grafted d(0) metal complexes of group VI that 

show a high electron-affinity.9  

In 1990, Crabtree et al. found that the agostic interaction of the two rhenium-hydrides with 

deuterium led to exchange of deuterium atoms, yielding metallo-deuterides and 

deuterated hydrogen.12 The complexation and activation of s-bonds suggests furthermore 

the possibility of catalysis towards activation of s-bonds of unsaturated alkanes. 

 

 
Scheme 54: Proof of concept for s-bond activation by isotopic exchange 
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The isomerization mechanism for exchange of the deuterated hydrogen is expected to 

propagate via “agostic interactions” and s-bond metathesis.12  

 

 
Scheme 55: Mechanism of isomerization at the metal center12 

 

 

 
Scheme 56 Transition metal complexation and activation of s-bonds13, 14 

 

The activation of C-H bonds by metal-hydrides could be proven by deuteration 

experiments of methane for a range of metal catalysts in high oxidation states, e.g. 

Cp*Ir(PMe3)3, Cp2W and Cp2Re+ and a range of lanthanide complexes.15-17  

 

 
Scheme 57 Activation and isotope exchange of methane need a reference17  

 

The fact that in all cases the isotope exchange on the metal center occurs faster than the 
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the reaction mechanism.18-20 In order to avoid a classical side reaction for sigma-bond 

metathesis, which is oxidative addition, it is crucial to apply high-oxidation state catalysts 

that cannot be oxidated further, such as d(0) systems.  

The presented high-oxidation state metal-hydrides are active catalysts for homogeneous 

catalysis, and their high reactivity towards C-C activation has made them interesting 

candidates for SOMC. Same like to above-mentioned metal hydride complexes, the silica 

grafted equivalents require a hydrogen treatment. Usually, a metal-alkyl catalyst 

precursor is prepared by grafting to silica-support and the metal hydrides are generated 

via treatment under hydrogen atmosphere in-situ and prior to the catalytic reaction.  

Grafted and well-defined metallo-hydrides of early transition metals have been shown to 

be active for many reactions and can catalyze a variety of industrially interesting 

reactions, ranging from N2 bond splitting, aromatic C-H activation, hydrogenolysis of light 

alkanes, ethylene to propylene upgrading and alkane metathesis.4, 7, 21-24 Especially the 

well-defined d(0) tungsten-hydrides supported on dehydroxylated silica have been 

successfully proven to convert alkanes via alkane metathesis into their higher and lower 

homologues at low temperatures25 (e.g. 150 °C) and it is the goal of this chapter to fully 

characterize them. 
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2. Synthesis and characterization of tungsten hydride precursors  
 

Two precursors to tungsten hydrides, Si-O-WMe5 1a and 1b, have been synthesized and 

fully characterized by ICP, IR, solid-state NMR and CHNS analysis according to Table 

11. To exploit the advantage of mesoporous support material KCC-1-700, two batches 

with different metal loadings have been prepared, where the metal loading of batch 1b is 

a high metal loading of 16 wt % for well-defined tungsten precursors, which equals a total 

coverage of 52 % of isolated silanol groups present on the KCC-1-700 surface (Table 

11). Details regarding the synthesis can be found in the experimental part.  

 

 
Scheme 58: Synthesis of precursor 1a and 1b 

 

 

Elemental analysis precursor 1a Ratio Ratio 

H wt. % 

(mmol/g) 

C wt. % 

(mmol/g) 

W wt. % 

(mmol/g) 

C/W 

(th) 
W/SiOH 

0.7 

(0.7) 

2.03 

(1.691) 

5.81 

(0.317) 

5.3 

(5) 

0.186 

19 % 
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Elemental analysis precursor 1b Ratio Ratio 

H wt. % 

(mmol/g) 

C wt. % 

(mmol/g) 

W wt. % 

(mmol/g) 

C/W 

(th) 
W/SiOH 

1.82 

(1.82) 

5.48 

(4.566) 

16.27 

(0.887) 

5.1 

(5) 

0.52 

52 % 

 

Table 11: Characterization of grafted tungsten-hydrides 1a and 1b 
 

 

3. Solid-state 1D NMR study of precursor (≡Si-O-)WMe5 with H2 at 

different temperatures 
 
In order to determine the reactivity of precursor 1a with H2 gas, a solid-state NMR 

investigation of the reaction with H2 at several temperatures with a range from -78 °C to 

150 °C has been conducted. The experiment was conducted in an evacuated glass reactor 

containing precursor 1a, that was either cooled before H2 gas introduction or heated after 

H2 gas introduction. After 5 minutes of reaction time, the glass reactor was opened under 

inert atmosphere and the sample transferred to a solid-state MAS NMR rotor. Scheme 

59 depicts the reactivity of catalyst precursor 1a via methane elimination towards the 

tungsten hydride species.3  

 

 
Scheme 59: Reactivity of precursor 1a with H2 gas at different temperatures  
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With each methyl ligand evolved as methane gas, there is the possibility of opening 

dehydroxylated siloxane-bridges  ≡Si-O-Si≡ to form a ≡Si-O-W bonds and a Si-H on the 

surface.26 Scheme 60 depicts the solid-state NMR spectra of the samples after H2 gas 

treatment at different temperatures. The scheme shows several peaks at different 

temperatures according to Table 12. After H2 gas treatment for 18h at 150 °C it can be 

concluded, that only residual methyl groups remain on the surface and all other methyl 

ligands have been eliminated from precursor 1a to yield tungsten hydride catalyst 4. It 

can be further concluded from the 1H MAS spectrum that there are several tungsten 

hydride species present on the surface.  

Comparison to already reported analysis for Zr/Ti/Ta-hydrides, hydride peaks being 

several ppm apart from each other indicate that each of the tungsten-hydride species 

present on the surface bears a different number of hydride ligands.26, 27 In addition, earlier 

attempts to characterize methane elimination from [(≡Si-O-)WMe5] 1a by our research 

group have shown that the peak at 6.7 ppm is most likely due to  a tungsten-carbene 

species, although there is no proof of the tungsten-carbene species in the 13C MAS 

spectrum in Scheme 61 nor in the publication that analyzes methane elimination from 

[(≡Si-O-)WMe5].28 In order to remove this carbene peak, the sample has been heated for 

24h instead of 18h under H2 atmosphere. The peak at 4.2 ppm is known to be a silicon-

hydride and already referenced in the literature26 whereas the peak at 1.2 ppm is 

originating from methyl group residues of the grafted [(≡Si-O-)WMe5] precursor.  
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Scheme 60: solid-state 1H MAS spectra, 128 scans, rotation 12000 Hz, measurement at RT 

 
 

NMR shifts (ppm) Peak assignment 

18.8 W-hydride 

11.8 W-hydride 

6.7 W-carbene 

4.2 Silicon-hydride 

3.5 Silicon-hydride 

2.0 Silanol 

1.4 / 1.1 W-methyl 

0 W-hydride 
 
Table 12: List of peaks and peak assignment for 1H MAS spectra shown in Scheme 60 
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The 13C MAS spectra of the temperature range experiments show, that according to the 

peaks in Table 13, the elimination of methyl ligands proceeds via formation of tungsten-

carbyne species 1 on the surface as proposed in Scheme 59. The methyl peaks observed 

in Scheme 61 at 48 ppm are the same methyl signals that can be observed from tungsten-

carbyne precursor 1.29  

 

NMR shift (ppm) Peak assignment 

80 W(-Me)  ;    (-WMe5) 

48 W(-Me) ;   (-W(≡CH)Me2 

 

Table 13: List of peaks and peak assignment for 13C MAS spectra shown in Scheme 61  
 

 
Scheme 61: solid-state 13C MAS spectra, 5000 scans, rotation 12000 Hz, measurement at RT 
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The 13C MAS spectra depicted in Scheme 61 confirm that with H2 gas treatment for 18h 

at 150 °C the methyl ligands are removed and the tungsten precursor 1a transformed into  

tungsten hydrides 4. However, it becomes also clear that with very low temperatures such 

as -78 °C the species on the surface are hard to detect, as it can be seen in the 13C MAS 

spectrum there is no peak visible whereas for the 1H MAS spectrum there is a peak 

occurring at 0 ppm that vanishes at higher temperatures. This peak in the 1H MAS 

spectrum is therefore tentatively attributed to a temperature unstable W-H species.  

 

4. Solid state double quantum experiments after H2 gas treatment 
 

To further investigate the nature of the tungsten hydride species 4, double quantum 

spectra analysis has been performed. For these experiments, precursor 1b with the high 

metal loading of 16.3 wt% has been chosen, in order to give the best NMR signals for 

double and triple quantum analysis. The 1D spectrum after gas treatment with H2 

resembles the results from Scheme 60, with peak 1 (18.8 ppm) and peak 2 (11.8 ppm) 

being associated with tungsten-hydrides, peak 3 (4.2 ppm) and peak 4 (3.5 ppm) being 

associated with silicon-hydrides and peak 5 (1.2 ppm) associated with remaining W-Me 

residues on the surface. It is noticeable, that after 24h gas treatment with H2 at 150 °C 

the tentative carbene peak at 6.7 ppm disappeared, compared to Scheme 60 where the 

carbene peak is still visible.  

The double quantum spectrum however shows no signals regarding tungsten hydride 

species autocorrelations, instead only the autocorrelation of the silicon-bis-hydrides at 3.5 

ppm and the remaining W-Me residue peak at 1.2 ppm can be observed in the spectrum.  
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Scheme 62: 1H MAS spectrum of precursor 1b after H2 treatment at 150 C for 24h.  

 

NMR shifts (ppm) Peak assignment 

18.8 W-hydride 

11.8 W-hydride 

4.2 Silicon-hydride 

3.5 Silicon-hydride 

2.0 Silanol 

1.4 / 1.1 W-methyl 
Table 14: List of peaks and peak assignment of 1H MAS spectrum shown in Scheme 62 
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Scheme 63: Double quantum spectrum of tungsten hydrides 4  
 

Table 15: Correlations for the double quantum spectrum of tungsten hydrides 4 
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In the DQ spectrum, tungsten hydrides can only be identified through correlation with the 

free remaining silanol group peak at 2.0 ppm. These correlations yield two peaks, one for 

tungsten-hydride species 1 correlation with Si-OH at 20.6 ppm in the double quantum 

dimension. The tungsten hydride species 2 is correlating with Si-OH giving a peak at 13.8 

ppm in the double quantum dimension. The tungsten hydride species have due to their 

highly polar W-H bond quite a long relaxation time, which is the reason why NMR peaks 

of tungsten-hydrides in 1D spectra are very broad. The long relaxation time is also the 

reason the hydride peaks do not show any correlation in the double quantum NMR 

spectrum. Unfortunately, due to this phenomenon, the conclusion is that despite the 

higher metal loading of the catalyst, tungsten-hydrides cannot be characterized directly 

by double quantum NMR.  

 

5. FTIR Analysis of tungsten-hydrides 
 

FTIR analysis has been done on a pellet of the precursor 1b. Scheme 64 depicts 

precursor 1b before the gas treatment with H2 at 150 °C. The C-H stretching bands at 

3014 – 2878 cm-1 are typical of [(≡Si-O-)WMe5] 1b and can be clearly detected. These IR 

bands are in accordance with already published characterization data for precursor 1b.29 

After introduction of H2, the C-H stretching bands are becoming less intense and a new 

peak at 1953 cm-1 appears, which is typical for a W-H stretching frequency.3 The 

subtraction curve in Scheme 65 shows very clearly the decay of the C-H stretching bands 

and the formation of a huge W-H peak. The observed FTIR bands are in accordance with 

FTIR characterization of W-H species that are reported earlier.3  
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Scheme 64: FTIR spectra of [(≡Si-O-)WMe5], black: KCC-1-700, red: grafted [(≡Si-O-)WMe5], blue: 

subtraction of grafted [(≡Si-O-)WMe5] and KCC-1-700 

 

IR bands (cm-1) Band assignment 

3747 Si-O-H 

3014 - 2878 C-H (W-methyl) 

 
Table 16: IR band assignment for FTIR spectra of Scheme 64 
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Scheme 65: FTIR spectra of tungsten hydrides 4, blue: grafted W-H 4, black: grafted [(≡Si-O-)WMe5] 1b, 

red: substraction grafted W-H 4 and  grafted [(≡Si-O-)WMe5] 1b 

 

IR bands (cm-1) Band assignment 

3747 Si-O-H 

3014 - 2878 C-H (W-methyl) 

1960 tungsten hydride 

Table 17: IR band assignment for FTIR spectra of Scheme 65 
 

6. Catalysis results of W-H catalyst with cyclo-octane 
 

The tungsten-hydrides have been tested for catalytic activity in cyclo-octane metathesis. 

For this experiment, grafted precursor 1a has been subjected to hydrogen treatment in a 
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glass ampoule and after evacuation of the gas, 0.5 mL cyclooctane have been transferred 

into the glass ampoule by vacuum transfer. The reaction mixture was kept frozen, until 

the ampoule was sealed off under high vacuum and the respective alkane metathesis 

conditions were stirring and heating at 150 °C in the ampoule. The cyclo-octane 

metathesis conditions are similar to the cyclo-octane metathesis experiments carried out 

with metal-carbynes in chapter 1.  

 

 
Scheme 66: product selectivity in mol (%) of cyclooctane metathesis with tungsten-hydride catalyst.  

 

As can be seen from Scheme 66, the maximum conversion reached a TON of 128, 

although the catalyst 1b had a high metal loading of 16.2 wt %. The conclusion is, that 

tungsten-hydride catalysts are less reactive towards bulky alkane substrates like cyclo-

octane compared to metal-carbyne catalysts. One hypothesis would be, that due to the 

H2 gas treatment, the complexes get buried in the KCC-1700 surface as tripodal or 

quadrupodal species and are less accessible for the substrate.  
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7. Indirect characterization of tungsten hydrides by transformation 
into tungsten hydroxide species 

 

As the full characterization of tungsten hydrides 4 was not possible by DQ and TQ NMR 

analysis, the next step was to do a gas treatment with N2O, that selectively inserts one 

oxygen atom into the W-H bonds whereas other species on the KCC-1700 surface like 

silanol, siloxane or silicon-hydride remain untouched.30  

 

 
 

Scheme 67: Insertion mechanism of N2O into W-H bonds30 

 

The potential emerging W-OH species 5 on the surface would resemble the same 

coordination number to the tungsten center like the hydrides, because in principle in each 

W-H bond only one N2O molecule can insert. Additionally, the resulting N2 gas is inert 

enough to not react with the remaining W-H species or to cleave other siloxane bridges 

of the support.31 The hypothetical W-OH species on the surface are depicted in Scheme 

68.  

Based upon their coordination number, the W-OH species 5a, 5b and 5c show different 

correlations in the DQ and TQ spectra. Additionally, the number of formed silicon-hydrides 

is affected as well, correlating to the coordination number of the tungsten hydroxides. 
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siloxane bridge, resulting in the formation of a ≡Si-H.26 Therefore, the number of 

siliconhydrides will be the highest for the highest (≡Si-O-) coordination number to each 

tungsten. Furthermore, the (≡Si-O-) coordination to the tungsten center causes a burial 

of the complex inside the surface, making it less reachable for substrates. 

 

 
Scheme 68: Possible W-OH species on KCC-1700 species after N2O gas treatment of tungsten hydrides 

 

 

8. HAADF STEM analysis of W-OH species 5 
 

TEM images have been recorded in order to ensure that the KCC-1700 spherical fibrous 

support is not damaged by the N2O gas treatment at 100 °C. As can be seen in Scheme 

69, the shape of the support KCC-1700 is preserved and also the porous channels show 
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no damage. In order to understand whether the support is still single-site, or whether 

sintering under N2O gas treatment has occurred, the TEM analysis includes elemental 

mapping. The pictures shown in Scheme 70 are representative for each spherical KCC- 

 

 
Scheme 69: HAADF images of well-defined W-OH showing complete preservation of spheric KCC-1700 

shape 

 

1 particle. It is observable that the W-OH catalyst (red) is located in the outer porous area, 

where the fibrous pore channels have the highest diameter due to their spherical shape. 

The pores of spherical KCC-1-700 are not lamellar but fibrous, so the outer range of the 

particle will have a higher pore diameter than the core of the particle. Furthermore, it can 
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be seen that the tungsten metal centers are not clustering but remain well-defined and as 

single atoms separated from each other. 

Additionally, the sample was analyzed by ADF analysis, the difference between HAADF 

and ADF being the different range of electron scattering angles for each detector. The 

 

 

 

Scheme 70: HAADF analysis, elemental mapping: blue/oxygen, green/silicon, red/tungsten 

 

ADF analysis pictures in Scheme 71 confirm that the W-OH species on the KCC-1700 

species remain well-defined and isolated metals, without any sintering or clustering 

visible. The elemental mapping shows that the tungsten is well dispersed in the porous 

area of KCC-1700 spheres.  
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Scheme 71: ADF analysis, elemental mapping: blue/oxygen, green/silicon, red/tungsten  

 

 

9. FTIR analysis of W-OH species 5 
 

FTIR experiments have been carried out on a pellet of W-OH species. These FTIR 

experiments are conducted under gas atmosphere and vacuum atmosphere, and the 

pellet is not removed from the reactor. Due to the instability of W-H species 4, the 

experiment needs to be started and conducted uninterrupted from precursor Si-O-WMe5 

1, more details can be found in the experimental part. Scheme 72 depicts the FTIR 

spectrum of the pellet, in two conditions: Under N2O atmosphere (black line) and under 

vacuum (red line). It is clearly visible, that both FTIR spectra are not informative regarding 

the formation of new peaks. If conducted under N2O atmosphere, the gas is visible in the 

FTIR spectrum by disturbing the spectrum with very intense bands in the region of 2100 

– 2250 cm-1 where the silicon-hydrides would show.  
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If the spectrum is recorded under vacuum, there is a huge bulk peak of silanol groups 

next to the isolated silanol peak, which is overlapping with potential W-OH bands. The 

bulk of silanol peaks is assumed to be caused by the opening of siloxane bridges upon 

N2O treatment. As a conclusion for FTIR experiments, it can be pointed out that the 

pellet necessary for FTIR analysis is densely pressed and does therefore not allow gas 

treatment with N2O except on the surface. Therefore, FTIR is deemed unapplicable for 

this experiment. 

 

 
Scheme 72: FTIR spectra of pellets of W-OH species after gas treatment with N2O, black: W-OH pellet 

under N2O gas atmosphere, red: W-OH pellet under vacuum 
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10. DRIFT analysis of W-OH species 
 

Since FTIR did not give valuable results, the W-OH species 5 has been characterized 

following N2O gas treatment by DRIFT spectroscopy. The difference between these two 

methods is the sample preparation and cell construction, which allows powder in the 

DRIFT cell instead of a pellet in the FTIR cell. The powder allows for a better contact 

during the reaction between the surface species and the N2O gas and the catalyst sample 

is transferred into the DRIFT cell after gas treatment. As can be seen from Scheme 73, 

the formation of new bands is clearly visible in the DRIFT spectrum. 

At 2221 cm-1 and 2285 cm-1 there are two bands emerging, which can be attributed to 

silicon hydride bands.26, 31 The peak at 2310 cm-1 is attributed to the stretching band of 

the O-H bonds of the W-OH species. The peaks at 2860 cm-1, 2960 cm-1 and 2998 cm-1 

are attributed to C-H stretching bands from remaining (≡Si-O-)W-Me species 1. The two 

new emerging stretching bands at 3284 cm-1 and 3381 cm-1 can be attributed to the 

stretching bands of O-H emerging from W-OH species on the surface. The DRIFT spectra 

confirm the formation of W-OH species 5 on the support of KCC-1700.32, 33 
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Scheme 73: DRIFT spectrum of W-OH species on the surface, black: KCC-1-700, red: W-OH species at 
scan resolution 4 cm-1, blue: W-OH species at scan resolution 16 cm-1 

 

IR bands (cm-1) Band assignment 

3747 Isolated Silanol 

3381 W-hydroxide 

3284 W-hydroxide 

2998 C-H (W-methyl) 

2960 C-H (W-methyl) 

2860 C-H (W-methyl) 

2285 Silicon-hydride 

2221 Silicon-hydride 

Table 18: IR band assignment for FTIR spectra of Scheme 73 
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11. 1H MAS characterization of W-OH species 5 

 
Scheme 74: 1H MAS spectrum of W-OH species 5 

 

NMR shifts (ppm) Peak assignment 

6.9 W hydroxide 

5.3 W hydroxide 

4.2 Silicon-hydride 

3.5 Silicon-hydride 

2.0 Silanol 

1.4 / 1.1 W-methyl 
Table 19: NMR shifts and peak assignments for 1H MAS spectrum shown in Scheme 74 

 

 

As can be seen from the 1H MAS spectrum in Scheme 74, the conversion of W-H species 

4 into W-OH species 5 has been successful, showing the disappearance of W-H peaks 
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at 18.8 ppm and 11.8 ppm. Instead two new peaks at 6.7 ppm and 5.3 ppm are emerging, 

which can be attributed to the W-OH species on the surface.  

 

12. Double and triple quantum NMR analysis of W-OH species 5 
 

  
Scheme 75: Double quantum spectrum of W-OH species 5 
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Table 20: Correlations for the double quantum spectrum of W-OH species 5 

 

All peaks are in agreement with the 1D spectra obtained for the tungsten hydroxide 

experiments and the analysis of the double quantum spectrum in Scheme 75 is quite 

straight forward: The two new appearing peaks from the 1D 1H-NMR spectrum are 

showing an autocorrelation on the diagonal at 6.8 ppm and 4.9 ppm, and these represent 

two different W-OH species on the KCC-1700 surface. W-OH-species with peak 2 is 

correlating with species W-OH-species peak 1 and this gives a correlation peak at 11.7 

ppm in the double quantum dimension. Furthermore, W-OH-species with peak 2 is 

correlating with both silicon hydride species with peaks 3 and 4, resulting in correlation 

peaks at 10.3 ppm and 11.0 ppm in the double quantum dimension. W-OH-species with 

peak 2 is also correlating with the remaining silanol-groups on the surface showing a peak 

at 9.0 ppm in the double quantum dimension. Additional to the two W-OH-species, the 
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silicon-bis-hydride species with peak 4 is showing an autocorrelation peak on the diagonal 

as well. Silicon-monohydride peaj 3 is not visible as an autocorrelation, as expected for a 

monohydride species, but is showing a correlation with the free silanol-groups on the 

surface resulting in a peak at 6.2 ppm in the double quantum dimension. Also, silicon 

mono-hydride peak 3 is showing a correlation with the W-OH-species 1, yielding a peak 

at 11.0 ppm in the double quantum dimension. Peak 5 originates from the remaining 

tungsten-precursor on the KCC-1700 surface. 

Interestingly, in the triple quantum spectrum, peak 1 disappears. This leads to the 

conclusion, that only two hydroxide ligands are present on the tungsten center, that do 

not show an autocorrelation anymore in the triple quantum spectrum. Peak 2 is an 

autocorrelation from the W-OH species at 14.7 ppm in the triple quantum dimension, 

which leads to the conclusion, that minimum 3 hydroxide ligands are present on the 

tungsten center with this species. Peak 3 is also still visible as a correlation with the 

isolated Si-OH groups as a peak at 10.7 ppm in the triple quantum dimension and belongs 

to the silicon mono-hydride species.  

The conclusion from the double and triple quantum solid-state NMR analysis is that there 

are two distinct W-OH species on the surface, one with an autocorrelation peak at 6.8ppm 

and one with an autocorrelation peak at 5.0ppm. Because the autocorrelation peak at 

6.8ppm is not visible in the triple quantum spectrum anymore, it is assigned to the (Si-

O)4W-(OH)2 species. The peak at 5.0ppm is showing an autocorrelation in the triple 

quantum spectrum and is therefore assigned to the (Si-O)3W-(OH)3 species.  
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Table 21: Correlations of the triple quantum spectrum of tungsten hydroxide species 5 

 
Scheme 76: Triple quantum spectrum of W-OH species 5 
 

 

It can therefore be concluded, that gas treatment of tungsten-hydrides with N2O 

selectively transfers these into tungsten-hydroxide species. With this treatment, the 

tungsten-hydride species could be assigned and characterized although the direct 

analysis of tungsten-hydrides with double quantum and triple quantum solid-state NMR 

is not possible due to the electronic character of the W-H bond.  



 125 

Additionally, it can be noted that both tungsten-hydroxide species are buried in the 

surface of KCC-1-700, either as tripodal species or quadrupodal species.  

 

13. Conclusion and Outlook 
 

Tungsten hydride species 4 are synthesized from precursor 1 and characterized by FTIR, 

solid-state NMR and gas phase analysis. In the solid-state NMR it is clearly visible, that 

increasing the metal loading of the catalyst is yielding broad but intense peaks of tungsten 

hydrides. From the 1D 1H MAS spectrum it can be deducted, that there are two different 

tungsten-hydride species present on the KCC-1700 support. It is experimentally proven, 

that tungsten hydride species 4 cannot be further analyzed by double and triple qantum 

NMR spectroscopy.  

 

The transformation of tungsten hydrides 4 into tungsten hydroxide species 5 allows full 

analysis by solid state NMR and DRIFT. The DRIFT spectrum shows the formation of 

new W-OH peaks on the KCC-1-700 surface, that are in accordance with literature. 

Furthermore, the solid-state NMR analysis reveals, that the two distinct tungsten hydride 

peaks have disappeared and that two new peaks attributed to the corresponding 

tungsten-hydroxide species are visible in the 1H-NMR spectrum. Double and triple 

quantum analysis of these tungsten-hydroxide species are allowing the conclusion that 

one species is present with two hydroxide ligands, namely W-(OH)2. The other species is 

having three hydroxide ligands present on the tungsten center, namely W-(OH)3.  
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Both of the tungsten-hydroxide species have in common, that they are buried in the KCC-

1700 surface as tripodal or quadrupodal species. This renders their activity in cyclooctane 

metathesis very low compared to the metal-carbyne complexes discussed in chapter 1.   
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Conclusion and Outlook 

 

It can be concluded, that for all metathesis reactions with silica grafted group VI metal-

carbyne catalyst precursors the difference in the ligand environment has an influence on 

the metathesis reactivity and selectivity.  

 

For chapter 2, a trend towards kinetic retention of the stereoinformation of the substrate 

is observable. This result is observed in the polymer analysis that is formed via ROMP of 

metal-carbyne complexes with cyclo-octene. For the smallest and least bulky ligand 

system, the highest product isomerization rate due to the small methyl-ligands and the 

resulting smaller repulsive interaction is observed. Due to the higher repulsive interaction, 

the cis-conformation of the substrate is slightly more retained during the metallo-carbene 

coordination step. 

In addition to the selectivity study of the polymerization reaction, it can be observed that 

all metal-carbyne precursors are bifunctional catalysts, that are able to catalyze two 

reactions with very different outcome. Cyclo-alkane metathesis with metal-carbyne 

complexes yield exclusively the higher and lower homologues of the substrate without 

any trace of polymer product. Cyclo-alkene metathesis yields exclusively the polymeric 

products via ROMP. This observation of grafted bifunctional metal-carbyne catalysts is 

new and has been published recently.   

 

For chapter 3, the selectivitiy of cis-2-pentene metathesis with metal-carbynes has been 

studied in detail. It has been found, that both for gas phase products as well as liquid-
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phase products the initial phase of catalysis show more cis-isomer percentage of the 

products than towards the end of the reaction. However, due to occurring isomerization 

in all metathesis reactions for the liquid and gaseous products as well as the substrate, 

the kinetic retention of stereoinformation of the cis-2-pentene substrate could not be 

observed. This is a phenomenon that is similar to molecular olefin metathesis d(0) 

catalysts of group VI, that due to high reactivity and high isomerization rates the kinetic 

stereoretention of the substrate cannot be achieved.  

 

In chapter 4, a new characterization method for tungsten-hydrides has been developed. 

Tungsten-hydrides are similarly to the metal-carbyne catalyst precursors active alkane 

metathesis catalysts, but their precise structure on the support has so far not been 

successfully investigated. Temperature-range experiments with H2 gas yield two distinct 

tungsten-hydride species on the KCC-1700 surface. These species however are 

undetectable in double and triple quantum NMR experiments. The two distinct tungsten 

hydride species have been successfully transformed via gas treatment with N2O into two 

distinct tungsten-hydroxide species, fully characterized by TEM, DRIFT, and solid state 

NMR analysis (double and triple quantum experiments). This approach of tungsten 

hydride characterization has not been investigated before and the publication is submitted 

recently.  

In addition to the characterization, the tungsten hydride catalysts have been applied for 

metathesis of cyclo-octane. Compared with the metal-carbyne catalyst precursors from 

chapter 1, their reactivity is less, with smaller TON. The characterization reveals, that 

tungsten hydrides are buried in the KCC-1700 surface as tripodal and quadrupodal 
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species, which makes them less accessible for catalyst substrates. Again, the ligand 

environment has an influence on the reactivity, with monopodal catalyst species being 

more reactive than multipodal catalyst species.  

 

As an outlook, it would be of high interest to investigate whether the well-defined tungsten 

hydroxide complexes that are obtained via gas treatment in chapter 4 are reactive for 

olefin metathesis. Commercial olefin metathesis catalysts are comprised of supported 

(WO3)x clusters, and the well-defined tungsten-hydroxides grafted on KCC-1700 would be 

an interesting equivalent to the industrial catalysts. The SOMC approach of catalysis by 

design would make it possible to study these olefin metathesis precursors in detail.     
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1. Experimental Procedures 
 
All experiments were carried out using standard Schlenk and glovebox techniques under 

an inert argon atmosphere. Chemicals were purchased from Sigma Aldrich and purified 

before use. Solvents were dried before use, pentane was distilled from a Na/K alloy 

under argon, dichloromethane was distilled from CaH2. Ether and tetrahydrofuran were 

dried over Na/benzophenone and freshly distilled prior to use. All solvents were 

degassed through freeze-pump-thaw cycles. KCC-1700 was partly dehydroxylated at 

700 °C under high vacuum (<10-5mbar) with a ramp of 1 °C/min yielding a white powder 

with a specific surface area of 686 m2 / g. IR spectra were recorded on a Nicolet 6700 

FT-IR spectrometer, the IR samples were prepared under argon in a glovebox. Typically, 

32 scans were accumulated for each spectrum (resolution = 16 cm−1). Gas-phase 

analysis of alkanes was performed using an Agilent 6850 gas chromatography column 

with a split injector coupled with a flame ionization detector. An HP-PLOT Al2O3KCl 

capillary column (30 m × 0.53 mm; 20.00 mm) coated with a stationary phase of 

aluminum oxide deactivated with KCl was used with helium as the carrier gas at 32.1 

kPa. Each analysis was carried out under the same conditions: a flow rate of 1.5 mL/min 

and an isotherm at 80°C. Elemental analyses were performed at the inorganic corelab 

KAUST. NMR measurements were done in the KAUST NMR on a Bruker Avance III 

Wide Bore 400 MHz spectrometer. TEM measurements were performed with a Titan 

D3187 electron microscope and with the help of the KAUST Imaging and 

Characterization corelab. The syntheses and treatments of the surface organometallic 

fragments were carried out using high-vacuum lines (<10−5mbar) and glovebox 

techniques according to literature procedures. [1 – 3]   
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2. Synthetic procedures  
 

2.1. Synthesis of tungstenhexamethyl 1a[1] Danger! Highly Explosive!  

Freshly sublimed WCl6 (1.8 g, 4.5 mmol) is added to a double Schlenk flask and 

dichloromethane (20 mL) is added at room temperature. The suspension is stirred at 650 

rpm and put in a cooling bath at -60 °C. ZnMe2 solution (14 mL, 1.0M in heptane) is added 

dropwise for a time of 20 min to the suspension. After 3 h of reaction time the solution is 

warmed to -40 °C and stirred for one more hour. The solution is filtered with maximum 

precaution through the frit of the double Schlenk flask. The solution is kept at -30 °C and 

the dichloromethane is evaporated. The remaining precipitate is diluted in pentane (20 

mL) and stored 18h in the freezer at -40 °C and the precipitated salt is filtered off, the 

pentane is evaporated. This step is repeated until no salt precipitates. The product 

solution of 1a in pentane is of orange-brown color. 1H NMR (400 MHz, C6D6, -50 °C): d = 

1.71 (s, CH3); 13C NMR (400 MHz, C6D6, -50 °C): d = 83.10 ppm (s, CH3)  

 

2.2. Synthesis of tungsten-alkylalkylidyne 2a[2] 

Crude 2 (1.0 g) is transferred to a high-vacuum sublimation setup. The brown oil is 

sublimed at 60 °C to 100 °C under high vacuum (<10−5mbar) to give yellow crystals (0.1 

g, 0.21 mmol). Sublimation is repeated until 2a is pure.  

1H NMR (400 MHz, C6D6): d =1.57 (s, 9H, CCCH3), 1.16 (s, 27H, CH2CCH3), 0.98 ppm 

(s, 6h, CH2); 13C NMR (400 MHz, C6D6): d = 315.9 (Ccarbyne) 103.4 (CH2), 52.8 (CH2CCH3, 

CCCH3), 34.5 (CH2CCH3), 32.4 (CCCH3); elemental analysis calcd (%) for C20H42W: C 

51.51, H 9.08, W 39.42; found: C 51.44, H 9.10, W 39.46 
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2.3. Synthesis of molybdenum-alkylalkylidyne 3a[3] 

MoO2Cl2 (2.00 g, 10.0 mmol) is dissolved in THF (16.0 mL). The solution is added 

dropwise to a freshly prepared solution of NpMgCl (1.0 M, 60 mmol) in ether at -80 °C. 

After 2h reaction time the solution is allowed to warm to room temperature. After 2h of 

stirring at room temperature the solution is filtered and the filtrate evaporated. The black 

precipitate is extracted with pentane (60 mL) and the solution reduced under vacuum. 

The resulting oil is transferred to a high-vacuum sublimation setup. The black oil is 

sublimed at 60 °C to 80 °C under high vacuum (<10−5mbar) to give yellow 3a (0.21 g, 0.5 

mmol). Sublimation is repeated until substance is pure. 1H NMR (400 MHz, C6D6): d = 

1.53 (s, 9H, CCCH3), 1.40 (s, 6H, CH2), 1.16 ppm (s, 27H, CH2CCH3); 13C NMR (400 

MHz, C6D6): d = 324.2 (Ccarbyne), 88.2 (CH2), 34.0 (CH3), 33.6 (CH2CCH3), 30.3 (CH3;); 

elemental analysis calcd (%) for C20H42Mo: C 63.47, H 11.18, Mo 25.35; found: C:63.42, 

H 11.16, Mo 25.42 

 

2.4. Synthesis of 1[1b] 

KCC-1(700) (1.00 g) is dissolved in pentane (10 mL) in a double Schlenk flask. The 

suspension is cooled to -60 °C and solution 1a (20 mL) is added slowly. The reaction is 

allowed to warm up to -30 °C and is kept stirring at 650 rpm for 6 h. The solution is 

carefully filtrated, and the precipitate washed with pentane (3 x 20 mL). Drying of the 

precipitate for 15min under high vacuum (<10−5mbar) yields a yellow powder (1.06 g). 

The powder is subsequently heated under static vacuum for 18h at 120 °C to yield 1 as 

slightly yellow powder. 1H MAS solid state NMR (400 MHz): d = 7.93 (s, CCH), 1.96 (s, 

Si-OH), 1.45 (s, CH3), 1.01 ppm (s, CH3); 13C MAS solid state NMR (400 MHz): d = 298.5 
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(s, Ccarbyne), 50.3 (s, CH3), 47.0 (s, CH3), 40.0 ppm (s, CH3); ICP analysis: 1.24 wt % C 

(1.033 mmol / g), 5.81 wt % W (0.317 mmol / g) 

 

2.5. Synthesis of 2[2]  

KCC-1(700) (1.00 g) is dissolved in pentane (10 mL) in a double Schlenk flask. 2a (0.200 

g, 0.42 mmol) is dissolved in pentane (5 mL) and the solution is slowly added to the 

suspension. After 4h stirring at room temperature, the solution is filtrated, and the 

precipitate washed with pentane (3 x 20 mL). Drying of the precipitate for 15 min under 

high vacuum (<10−5mbar) yields 2 as a yellow powder (1.12 g). 1H MAS solid state NMR 

(400 MHz): d = 1.27 ppm (broad), 13C MAS solid state NMR (400 MHz): d = 317.4 (s, 

Ccarbyne), 95.5 (s, CH2), 51.9 (s, CCH3), 32.6 ppm (s, CH3), ICP analysis: 9.11 wt % C 

(7.59 mmol / g), 9.4 wt % W (0.51 mmol / g)  

 

2.6. Synthesis of 3[3]  

KCC-1(700) (1.00 g) is dissolved in pentane (10 mL) in a double Schlenk flask. 3a (0.150 

g, 0.40 mmol) is dissolved in pentane (5 mL) and the solution is slowly added to the 

suspension. After 4h stirring at room temperature, the solution is filtrated, and the 

precipitate washed with pentane (3 x 20 mL). Drying of the precipitate for 15min under 

high vacuum (<10−5mbar) yields 3 as a yellow powder (1.08 g). 1H MAS solid state NMR 

(400 MHz): d = 1.32 ppm (broad) 13C MAS solid state NMR (400 MHz): d = 90.7 (s, CH2), 

53.0 (s, CCH3), 30.7 (s, CH3), 27.8 ppm (s, CH3); ICP analysis: 15.4 wt % C (12.81 mmol 

/ g), 6.0 wt % Mo (0.625 mmol / g) 
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2.7. Synthesis of 4 

Complex 1 (80 mg) is transferred to a glass reactor under inert atmosphere. The glass 

reactor is connected to the high vacuum line and evacuated (<10−5mbar). H2 (99.9999%) 

is introduced to the reactor at 0.8 bar. The reactor is transferred to a heating bath and 

heated for 24h at 150 °C. The reactor is cooled down to room temperature and transferred 

to the high vacuum line. The reactor is evacuated (<10−5mbar) and transferred to a 

glovebox for analysis by NMR and ICP.  

 

2.8. Synthesis of 5 

Complex 1 (80 mg) is transferred to a glass reactor under inert atmosphere. The glass 

reactor is connected to the high vacuum line and evacuated (<10−5mbar). H2 (99.9999%) 

is introduced to the reactor at 0.8 bar. The reactor is transferred to a heating bath and 

heated for 24h at 150 °C. The reactor is cooled down to room temperature and transferred 

to the high vacuum line. The reactor is evacuated (<10−5mbar) for 10 min and 

subsequently, N2O gas (99.999 %) is introduced at 0.8 bar. The reactor is transferred to 

a heating bath and heated for 24h at 80 °C. The reactor is cooled down to room 

temperature and transferred to the high vacuum line. The reactor is evacuated 

(<10−5mbar) and transferred to a glovebox for analysis by NMR and ICP.  
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3. Catalysis reactions 
 

3.1. ROMP  

A glass microwave vial is filled with catalyst (15 mg) in a glovebox. Substrate (0.5 mL) is 

added and vigorously stirred for 30min whereas polymer is forming. 20 mg of the polymer 

are dissolved in CDCl3 for NMR analysis [4] and the polymer is furthermore analyzed by 

GPC.   

Ring opening metathesis polymerization with cyclooctene  

Catalyst[a] Metal 
content 
[weight %]  

Metal 
content 
[mmol / g] 

Conversion[b] 

[%] 
TON[b] Trans/ 

Cis 
PDI GPC 

analysis 
Mw 

1 5.81 0.317 100 805 0.97 1.14 9510 

2 9.40 0.512 95 469 0.87 1.19 11680 

3 6.0 0.625 92 372 0.82 1.15 8850 

[a] 15 mg [b] reaction time 30 min  
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3.2. Alkane metathesis 

Ampoules are filled with catalyst (15 mg) in a glovebox. Substrate (0.5 mL) is added and 

the ampoule is closed and frozen in liquid nitrogen. On a high-vacuum line the ampoule 

is evacuated (<10−5mbar) and sealed. After coming to room temperature, the ampoule is 

immersed in a heat bath at 150 °C and stirred for 3 days. Subsequently the ampoule is 

frozen, opened, 2 mL DCM added, filtered and analysed by GC.  

 

Cyclic alkane metathesis with cyclooctane.  

Catalyst[a] Metal 
content 
[weight %]  

Metal 
content 
[mmol / g] 

Conversion[b] 

[%] 
TON[b] Conversion[c] 

[%] 
TON[c] 

1 5.81 0.317 13 103 47 % 369 

2 9.40 0.512 17 83 46 % 224 

3 6.0 0.625 16 62 28 % 109 

[a] 15 mg [b] reaction time 1 day [c] reaction time 3 days  

 

 

Cyclic alkane metathesis with cyclooctane.  

Catalyst[a] Metal 
content 
[weight %]  

Metal 
content 
[mmol / g] 

Conversion 

[%] 
TON 

4 16.3 0.887 35 % 128 

Catalysis conditions: [a] 15 mg, reaction time 3 days, 150 °C, ampoule sealed under high vacuum  
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3.3. Alkene metathesis 

Microwave vials with septum are filled with catalyst (50 mg) in a glovebox. Substrate (4.0 

mL) is added and the vials are closed. Every 10 min, 30min and every hour the samples 

are taken through the septum of the vial, for the for the gas phase a gas syringe is used 

and the gas mixture immediately injected into a GC. For the liquid phase analysis, 0.1 mL 

of the reaction mixture is taken, diluted with DCM to 1.0 mL and analyzed by GC-MS.  

Alkene metathesis with cis-2-pentene, gas phase analysis 

Catalyst[a] Metal 
content 
[weight %]  

Metal 
content 
[mmol / g] 

Conversion[b] 

[%] 

1 5.81 0.317 48 

2 9.40 0.512 52 

3 6.0 0.625 51 

[a] 50 mg [b] conversion after reaching thermodynamic equilibrium  

 

Alkene metathesis with cis-2-pentene, liquid phase analysis 

Catalyst[a] Metal 
content 
[weight %]  

Metal 
content 
[mmol / g] 

Conversion[b] 

[%] 

1 5.81 0.317 36 

2 9.40 0.512 41 

3 6.0 0.625 39 

[a] 50 mg [b] conversion after reaching thermodynamic equilibrium  
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4. NMR and IR spectra of metal-carbyne complexes 

 

1H NMR spectrum of 1a, CD2Cl2, -50 °C, 64 scans 
 

 
 
 
 
 
 
 
 
 

135 DEPT NMR spectrum of 1a, C6D6, -50 °C, 500 scans 
 
 
 
 
 
 

 
 
 
  

W
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Solid state MAS 1H NMR spectrum of 1, -50 °C, 64 scans 
 
 

 
 
 
Solid state MAS 13C NMR spectrum of 1, RT, 25000 scans 
 

 
-100-50450 400 350 300 250 200 150 100 50 0 ppm

4
0
.
0
0
1

4
6
.
9
7
3

5
0
.
2
6
0

2
9
8
.
5
4
1

SiO O
O

O
W



 145 

Solid state HETCOR spectrum of 1, RT 
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IR spectrum of complex 1 
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1H NMR spectrum of 2a, C6D6, RT, 64 scans 

 

 

 

 

 

13C NMR spectrum of 2a, C6D6, RT, 500 scans 
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Solid state MAS 1H NMR spectrum of 2, RT, 64 scans 

 

Solid state MAS 13C NMR spectrum of 2, RT, 70000 scans 
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IR spectrum of complex 2 
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1H NMR spectrum of 3a, C6D6, RT, 64 scans 

 

 

13C NMR spectrum of 3a, C6D6, RT, 500 scans 
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Solid state MAS 1H NMR spectrum of 3, RT, 64 scans 

 

 

 

 

 

 

 

 

 

 

 

 

Solid state MAS 13C NMR spectrum of 3, RT, 50000 scans 
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IR spectrum of complex 3 
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5. NMR spectra of cyclooctene versus cyclooctenamer 

 

1H NMR spectrum of cyclooctene and cyclooctenamer, CDCl3, RT, 64 scans 

 

 

Polymer analysis by liquid state NMR shows the differences in cis/trans conformational 

double bond peaks from prodcuts of catalyst 1, 2 and 3[4] 
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5.1. Cyclooctenamer NMR spectra 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

1H-NMR spectra of product polyoctenamer in CDCl3 at 25 C. A) Product of catalyst 1, B) 

Product of catalyst 2, C) Product of catalyst 3.  

 

  



 155 

6. NMR spectra and IR spectra of tungsten-hydrides 4 
 

 
Solid-state 1H MAS spectra, 128 scans, rotation 12000 Hz, measurement at RT 

 

NMR shifts (ppm) Peak assignment 

18.8 W-hydride 

11.8 W-hydride 

6.7 W-carbene 

4.2 Silicon-hydride 

3.5 Silicon-hydride 

2.0 Silanol 

1.4 / 1.1 W-methyl 

0 W-hydride 
 

List of peaks and peak assignment for 1H MAS spectra of tungsten-hydrides 
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solid-state 13C MAS spectra, 5000 scans, rotation 12000 Hz, measurement at RT 
 

 

 

NMR shift (ppm) Peak assignment 

80 W(-Me)  ;    (-WMe5) 

48 W(-Me) ;   (-W(≡CH)Me2 

List of peaks and peak assignment for 13C MAS spectra 
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1H MAS spectrum of tungsten hydrides 4 after H2 treatment at 150 C for 24h, 120 scans 
at RT with delayed pulse time 10s.  
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Double quantum spectrum of tungsten-hydrides 4  
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FTIR spectra of [(≡Si-O-)WMe5] 1, black: KCC-1-700, red: grafted [(≡Si-O-)WMe5], blue: 

subtraction of grafted [(≡Si-O-)WMe5] and KCC-1-700 
 

 

  



 160 

 

 
FTIR spectra of tungsten hydrides 4, black: grafted [(≡Si-O-)WMe5] 1b, blue: grafted 

[(≡Si-O-)xWHn-x] 4, red: subtraction grafted [(≡Si-O-)xWHn-x] 4 and grafted [(≡Si-O-)WMe5] 

1b 
 

IR bands (cm-1) Band assignment 

1953 W-hydride 

3012 - 2860 C-H (W-methyl) 

3747  Isolated Si-O-H 

 

IR band assignment for FTIR spectra of tungsten-hydrides 4 
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7. HAADF STEM, DRIFT and NMR spectra of W-OH species 5 
 

 

 
 

HAADF images of well-defined W-OH showing complete preservation of spheric KCC-1-

700 shape. 
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HAADF analysis, elemental mapping: blue/oxygen, green/silicon, red/tungsten 
 

 
ADF analysis, elemental mapping: blue/oxygen, green/silicon, red/tungsten  
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FTIR spectra of pellets of W-OH species 5 after gas treatment with N2O, black: W-OH 

pellet under N2O gas atmosphere, red: W-OH pellet under vacuum 
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DRIFT spectrum of W-OH species 5 on the surface, black: KCC-1-700, red: W-OH 

species at scan resolution 4 cm-1, blue: W-OH species at scan resolution 16 cm-1 

 

IR bands (cm-1) Band assignment 

3747 Isolated Silanol 

3381 W-hydroxide 

3284 W-hydroxide 

2998 C-H (W-methyl) 

2960 C-H (W-methyl) 

2860 C-H (W-methyl) 

2285 Silicon-hydride 

2221 Silicon-hydride 

IR band assignment for FTIR spectra of Scheme 73 
 



 165 

 
1H MAS spectrum of W-OH species 5, 125 scans with pulse delay of 10s 
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Double quantum spectrum of W-OH species 5 
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Triple quantum spectrum of W-OH species 5 
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