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Im zweiten Teil dieser Arbeit haben wir eine Vielzahl an tripodalen Wolfram-Alkylidin -Komplexen hergestellt 
und dabei einen neuen Katalysator für die Alkinmetathese entwickelt, der den klassischen Schrock-Katalysator 
bei Weitem übertrifft.  Eine detaillierte spektroskopische, kristallographische und theoretische Untersuchung 
dieser Wolfram-Alkylidin -Komplexe lieferte Einblicke in deren geometrische sowie elektronische Struktur. In 
diesem Kontext zeigte die 183W-NMR Spektroskopie eindrücklich, dass der tripodale Silanolatligand den 
Wolfram-Komplex besonders Lewis-sauer macht. Dadurch wird das Wolfram-Metallacyclobutadien-
Intermediat soweit stabilisiert, dass die katalytische Aktivität zum Erliegen kommt. 

 

Alle hergestellten Wolfram Komplexe mit tripodalen Silanolatliganden oder auch literatur -bekannte Wolfram-
Katalysatoren ergaben enttäuschende Ergebnisse bei einfachen Metathese-Testreaktionen. Die schwächeren 
Donoreigenschaften der Silanolatliganden führ ten am Wolframalkylidin nur zu geringer katalytischer Aktivität. 
Dies hat uns dazu verleitet, einen tripodal en Alkoxid-Liganden zu entwickeln, der durch Komplexierung den 
entsprechenden Wolfram Komplex in sehr guten Ausbeuten und im Gramm-Maßstab zugänglich macht. Dieser 
Wolfram Komplex übertrifft alle anderen getesteten Katalysatoren hinsichtlich Aktivität und Selektivität . 

 

Im dritten Kapitel berichten wir über die Isolierung des ersten, monomeren, homoleptischen, fünffach 
koordinierten Alkoxid -Mo(V)-Komplexes. Hochvalente Molybdänkomplexe mit Alkoxid-Liganden sind dafür 
prädestiniert Molybdän-Oxo-Komplexe zu bilden und/oder  zu dimerisieren. Der isolierte [Mo(OtBu)5] 
Komplex ist das erste Beispiel einer völlig neuen Klasse an hochvalenten Molybdänkomplexen. Ebenso ist es 
uns gelungen einen Molybdän-Nitrido -Komplex mit tert -Butoxid-Liganden zu isolieren. Vorhergehende 
Arbeiten zeigten, dass tert -Butoxid-Liganden niedervalente Mo(III)-Komplexe nicht ausreichend vor der 
konkurr ierenden Dimerisierung schützen können, wodurch deren Reaktivität im Unbekannten blieb. 
Interessanterweise wird der Molybdän-Nitrido -Komplex durch die Aktivierung eines Acetonitril -Moleküls am 
Mo(III) -Alkoxid-Komplex gebildet. 

 

 

 

 

 





 
 

In the second part of this work, we extended the coverage to tripodal tungsten alkylidyne complexes and 
developed a new competent tungsten based catalyst for alkyne metathesis that outperformed the classical 
Schrock catalyst. Isolation of a mixed tungstenacyclobutadiene complex provided compelling evidence that 
tripodal silanolate ligands on tungsten result in poor catalytic performance. A combined spectroscopic, 
crystallographic, and computational study provided insights into the structure and electronic character of 
tungsten alkylidyne complexes. 183W NMR spectroscopy revealed that tripodal silanolate ligands upregulate 
the Lewis acidity of tungsten alkylidyne complexes, in that the tungstenacyclobutadiene intermediate gets 
over-stabilized and catalytic activity is lost. 

 
All tungsten alkylidyne complexes with tripodal silanolate ligands as well as several literature -known catalysts 
gave disappointing results in simple homo-metathesis reactions. Therefore, we developed a more strongly 
donating tripodal alkoxide ligand, which upon complexation gave the corresponding tungsten complex in 
quantitative yield on scale. The newly developed catalyst outperformed all other tungsten-based catalysts in 
terms of activity and selectivity. 

 
In the third chapter, we report the isolation of the first monomeric, homoleptic, five-coordinated alkoxide, non-
oxo 4d1 Mo(V) complex. High-valent molybdenum complexes endowed with alkoxide ligands are prone to 
dimerize and/or  form molybdenum-oxo-complexes. [Mo(OtBu)5] represents the first example of an entirely 
new class of high-valent molybdenum complexes. In addition, we isolated a molybdenum nitrido complex 
endowed with  tert -butoxide ligands. Previously, low-valent Mo(III) alkoxide complexes have not been 
sufficiently shielded to suppress dimerization and their  reactivity  for small molecule activation is unknown. 
Intriguing ly, the molybdenum nitrido complex is formed by activation of acetonitrile by the low-valent Mo(III) 
alkoxide complex. 
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1 Introduction  
1.1 Catalytic Metathesis Reactions 
Alkene and alkyne metathesis have emerged as very powerful methods for the cleavage and 
formation of carbon-carbon multiple bonds.1, 2 Metathesis (greek = transposition) constitutes the 
scrambling of carbon-carbon double or triple bonds with the help of transition metal alkylidene or 
alkylidyne catalysts (Scheme 1). The advent of well-defined alkene metathesis catalysts with high 
activity, good functional group tolerance and user-friendliness, has propelled their application in 
academia and industry.3-5 6 In comparison, alkyne metathesis has received less attention by the 
community and the impact remained limited. However, in the past two decades new alkyne 
metathesis catalysts have been developed, which combine high activity, bench-stability and 
remarkable functional-group tolerance.7-9 In 2005, the Royal Swedish Academy of Sciences has 
awarded the Nobel Prize in chemistry to Yves Chauvin, Robert. H. Grubbs, and Richard R. Schrock for 
their fundamental work in elucidating the mechanism of metathesis and the discovery of highly 
active metathesis catalysts.10-12 

 

Scheme 1. Alkene and alkyne metathesis. 

1.2 Alkyne Metathesis  
The first alkyne metathesis reaction was described by Pennella et al. in 1968, who discovered that 
supported tungsten oxide catalyzes the scrambling of 2-pentyne to give 2-butyne and 3-hexyne 
under forcing conditions (200 °C - 450 °C).13-15 Shortly after the initial discovery, Mortreux and 
Blanchard developed a homogenous catalyst system based on [Mo(CO)6] (2) and  
resorcinol (Scheme 2). Heating this mixture to 160 °C allowed for the equilibration metathesis of 
methyltolane (1).16 Although this catalyst system is relatively simple and many efforts have been 
devoted to improve it, the need for elevated temperatures and the limited functional group tolerance 
led only to few applications in organic synthesis.17-36 

 

Scheme 2. The first homogenous catalyzed alkyne metathesis by Mortreux.16 

Until today, the catalytically active species of the in situ generated Mortreux system remains unclear. 
Several mechanistic scenarios had been considered and the mechanism of alkyne metathesis has 
been of great debate.37-40 In 1975, Katz came up with a mechanism for alkyne metathesis that is 





 INTRODUCTION  

3 
 

susceptible to reduction, which resulted in good overall yield for complex 7. Treatment with HCl in  
1,2-dimethoxyethane gave complex 7, which underwent ligand exchange with the desired alkoxide 
to afford complex 5.48 A different route proceeds via the metathetic cleavage of the tungsten-tungsten 
triple bond of complex 11 with neoheptyne.49-51 Although the metathesis reaction of dinuclear 
complex 11 and an alkyne only occured with  sterically demanding tert -butoxide ligands, it 
demonstrated a new route to access alkylidyne complex 5.52, 53 

 

Scheme 4. Preparative routes to tungsten alkylidyne complexes of type 5. 

A much more scalable and efficient synthesis, which has been extensively used in recent years, 
started with zero-valent [W(CO)6] (12).54-58 Nucleophilic addition of an aryl lithium species to 
carbonyl complex 12 provided the Fischer carbene 13. Oxidation with oxalyl bromide and 
subsequent bromination gave access to Schrock alkylidyne 14. Ligand exchange with the desired 
alkoxide afforded complex 15 (Scheme 5). 

 

Scheme 5. Scalable synthesis of tungsten alkylidyne complex 15. 

Over the years, a number of different ligands were tested to uncover the critical parameters for 
efficient alkyne metathesis. Complex 7 and 8 showed no catalytic activity for the metathesis of 
internal alkynes.40, 45, 59, 60 Although complex 8 did not metathesize alkynes catalytically, it reacted 
with one equivalent 3-hexyne to give a tungstenacyclobutadiene complex and provided evidence for 
the proposed mechanism. The addition of excess 3-hexyne to complex 8 afforded the 
cyclopentadienyl complex instead.61 Sterically demanding amides, sulfides or carboxylates as 
ancillary ligand also failed to give competent catalysts.62, 63 In contrast, bulky tert -butoxide ligands or 
2,6-diisopropylphenoxide ligands afforded active catalysts for alkyne metathesis (Figure  1).64, 65 The 
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steric bulk around the metal center was necessary to prevent the formation of dimers or oligomers 
and to shut down any bimolecular decomposition pathways.64, 66 Addition of two equivalents of  
3-hexyne to complex 5b at ambient temperature gave the corresponding metallacyclobutadiene 
complex quantitatively .64  

 

Figure  1. Competent tungsten alkylidyne complexes for alkyne metathesis. 

The crystal structure of the metallacyclobutadiene complex resembles a trigonal bipyramidal 
coordination geometry and the four-membered ring lies in the trigonal plane. A kinetic study 
revealed that loss of the alkyne from the tungstenacyclobutadiene ring is rate-limiting. 64 
Nevertheless, complexes of type 5b are inherently nucleophilic at the alkylidyne carbon atom and 
react with nucleophiles such as aldehydes or ketones in a Wittig-like reaction to release the olefinic 
product after hydrolysis.67 Alkylidyne complexes of type 5 readily decompose in the presence of 
moisture to tungsten-oxo alkyl complexes.68, 69  

Since alkoxides were shown to be efficient ligands for alkyne metathesis, the research community 
has put much effort in balancing the Lewis acidity of the metal center by installing different 
fluorinated alkoxides. Complexes 5c and 5d were claimed to demonstrate good catalytic activity and 
react rapidly with internal alkynes to give the corresponding tungstenacyclobutadiene complex 
(Figure  1).70 Interestingly, catalyst 5d proceed through a dissociative mechanism wherein the alkyne 
is released from the metallacyclobutadiene 17 and reforms the alkylidyne complex 19 (Scheme 6). 
In contrast, catalyst 5c reacts through an associative mechanism wherein an additional alkyne is 
coordinated to the metallacyclobutadiene 17 and forms 20. The mechanistic dichotomy was 
reasoned to arise from subtle changes of the steric environment within the tungstenacyclobutadiene 
complex. The smaller hexafluoroisopropoxide ligand allowed a second alkyne to coordinate and 
insert into the tungstenacyclobutadiene complex 20 to give tungstenacyclohexatriene complex 21. 
Further ring expansions and protonolysis would give access to polymerized substrate. Interestingly, 
Schrock and co-workers have indeed observed a significant amount of polymer during metathesis 
reactions catalyzed by complex 5c.70 Another known decomposition pathway is the formation of the 
cyclopentadienyl complex 22 which formed upon reductive elimination from 
tungstenacyclohexatriene complex 21.60 
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1.4 Rhenium Alkylidyne Catalysts 
Beside the well-known d0-tungsten and molybdenum catalysts, Schrock and co-workers also 
reported on d0-rhenium complexes for alkynes metathesis. Although monoimido bisalkoxide 
alkylidyne complex 43 reacted with internal alkynes to give fluxional rhenacyclobutadiene 
complexes, only bulky acetylenes were readily lost again to give productive turnovers  
(Scheme 11).89 In contrast to symmetric ligand spheres, the heterotopic ligand enabled the substrate 
to approach the metal from two different faces in which only one metallacyclobutadiene intermediate 
was productive for alkyne metathesis. Rhenium(VII)  metallacyclobutadiene complexes are unstable 
in the presence of excess acetylene and were ultimately reduced to rhenium(V) complexes.90 

 

Scheme 11. Preparation of monoimido bisalkoxide rhenium(VII) alkylidyne complex 43. 

Jia and co-workers recently showed that the air-stable d2-Re(V) complex 44 underwent 
stoichiometric, reversible alkyne metathesis to give complex 45 (Scheme 12).91, 92  

 

Scheme 12. Stoichiometric, reversible alkyne metathesis of rhenium(V) alkylidyne complex 44. 

Further ligand variations led to the discovery that d2-Re(V) complex 48 is a competent catalyst for 
alkyne metathesis when bidentate phosphine-phenoxide ligand 47 was employed (Scheme 13).93 
The catalyst is resistant to heat, air, and moisture and showed a broad substrate scope, tolerating 
even challenging functional groups such as alcohols, amines and even carboxylic acids.  

 

Scheme 13. Preparation of catalytically active Re(V) alkylidyne complex 48. 
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Scheme 16. Reductive cycle strategy to access catalyst 61. 

The new catalyst system was successfully applied to several natural product syntheses, which stand 
witness for the improved functional group tolerance over to the more Lewis acidic tungsten  
catalyst 5a. Numerous polar groups, basic amines, thioethers and polyether chains  
were well tolerated.108 

1.5.1 Molybdenum Nitrido Precatalyst 
In sharp contrast to tungsten nitrido complexes, the corresponding molybdenum complexes 62 
showed no or only low activity for nitril e-alkyne cross-metathesis (NACM) even under forcing 
conditions. The conversion of molybdenum nitrid o to alkylidyne 63 is known for complexes 62, 
which can be prepared by azide decomposition followed by ligand substitution.109, 110 The more 
electronegative molybdenum center favors the alkylidyne ligation and the reverse reaction has never 
been observed (Scheme 17).111 

 
Scheme 17. Molybdenum nitrido to alkylidyne conversion. 

In 2009, Fürstner and co-workers reported that molybdenum nitrid o complex 67 endowed with 
triphenylsilanolate ligands is an active precursor for alkyne metathesis. A more convenient and 
scalable synthesis of nitrid o complex 67 was developed. Simple heating of inexpensive sodium 
molybdate (64) with TMSCl in dme afforded dioxo-complex 65. The addition of LiHMDS and 
protonolysis with Ph3SiOH gave access to nitrido complex 67 (Scheme 18). It was anticipated that 
precatalyst 67 reacts with alkynes to form the actual active alkylidyne species 68, although it  has not 
been possible to confirm this by NMR studies.112 Furthermore, the user-friendliness could be 
improved by complexation to pyridine or 1,10-phenanthroline. Pyridine adduct 69 is stable enough 
to be weighed in air and releases the active species by heating to 80 °C, whereas the phenanthroline 
adduct 70 is air-stable for years and can be reactivated by addition of metal salts (e.g. MnCl2). 
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Scheme 18. Molybdenum nitrid o complexes with triphenylsilanolate ligands for alkyne metathesis. 

1.5.2 Molybdenum Alkylidyne Complexes with Siloxy Ligands 
Nitrid o complex 67 was successfully applied to several natural product syntheses.7 However, high 
catalyst loadings were necessary to release the actual active alkylidyne complex 68. Therefore, an 
independent synthetic route was developed to uncover the full potential of alkylidyne  
complex 72 (Scheme 19).58, 113 

 

Scheme 19. Preparation of molybdenum alkylidyne complexes with siloxy ligands. 

Slow addition of a solution of a tripheny lsilanolate salt (3 equiv) to precursor 71 gave access to 
neutral alkylidyne complex 72. Due to the high Lewis acidity of these complexes, addition of excess 
ligand salt resulted in the formation of the ate complex 73. Addition of 1,10-phenanthroline replaced 
one ligand and formed the bench-stable adduct 74, which can be reactivated by addition of metal 
salts (e.g. MnCl2) at 80 °C. Alkylidyne complex 72 showed very high activity for the simple homo-
metathesis of 1-phenyl-1-propyne in comparison to the classical Schrock catalyst 5a. In less than 
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Scheme 21. Previous attempts to prepare well-defined molybdenum alkylidyne complexes. 

1.6 Selected Applications 
1.6.1 Ring-closing Alkyne Metathesis 
The synthetic potential of alkyne metathesis was early recognized by Fürstner and co-workers 
(Scheme 22). Ring-closing alkyne metathesis of diynes and subsequent semi-reduction offers a 
reliable method for the stereoselective synthesis of (Z)-alkenes or (E)-alkenes over the conventional 
ring-closing alkene metathesis which usually led to (E, Z)-mixtures.8, 124, 125 Ring-closing metathesis 
of 79 and subsequent Lindlar hydrogenation/deprotection gave access to macrocyclic (Z)-alkene 81. 
The complementary reduction to give macrocyclic (E)-alkene 84 can been achieved by a catalytic 
trans-hydrosilylation/desilylation sequence.126 The high selectivity of alkyne metathesis catalysts for 
alkynes over alkenes is another remarkable advantage over commonly applied alkene metathesis 
catalysts and allowed for the orthogonal application in organic synthesis.7 Recently, this selectivity 
was challenged by substitution of the benzylidyne of molybdenum catalysts that enabled for the first 
ring-closing metathesis of alkenes.127 

 

Scheme 22. Stereoselective synthesis of macrocyclic (Z)- or (E)-alkenes. 
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2 Aims and Scope 

Since evidence for the formation of a well-defined tripodal catalyst is missing, we encountered 
several challenges to be addressed for the development of the next generation of alkyne metathesis 
catalysts. A new tripodal ligand design is required that is more preorganized to prevent competing 
oligomerization but entails enough flexibility for passing through the catalytic cycle. A silanolate 
based tripodal ligand is most desirable due to favorable synergy with molybdenum alkylidynes. The 
ligand synthesis should be facile, modular and scalable. Additionally, a more practical precatalyst is 
necessary to allow for a better complexation and easier isolation of these catalysts. Furthermore, a 
tripodal catalyst design would allow the steric and electronic environment around the metal center 
to be leveraged to a level where catalytic activity and functional group tolerance are well balanced. 
Finally, we envisioned to extend the coverage to tr ipodal tungsten alkylidyne catalysts for alkyne 
metathesis. 
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Scheme 26. Preparation of molybdenum precatalyst 107  on gram scale. 

Stirring of a solution of precatalyst 107 and triarylsilanol 105 in toluene at ambient temperature 
gave, after evaporation of the released tBuOH and solvent in high vacuum, complex [108 ]2 in 
essentially quantitative yield on a 1 g scale (Scheme 27). Complex [108 ]2 was only poorly  
soluble in [D8]-toluene. 

 

Scheme 27. Preparation of structurally well-defined alkyne metathesis catalyst 108 . 

Similarly, stirring of a solution of precatalyst 109 and triarylsilanol 105 in toluene at ambient 
temperature gave complex [110 ]2 in 98% yield on a 1 g scale (Scheme 28). 

 

Scheme 28. Preparation of structurally well-defined alkyne metathesis catalyst 110 . 
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showed similarly shielded ortho-benzylidyne protons, although this effect seemed to be even 
stronger in [108 ]2 (Figure 8). 

 

Figure 8. 1H NMR study of 111  and [108 ]2 in [D6]-benzene at 25 °C.  

Upon addition of excess MeCN to a solution of 111 in [D8]-toluene, the ortho-benzylidyne protons 
shifted in the 1H NMR spectrum about ~  0.9 ppm downfield, which signified a disturbance of the 
peculiar interaction (Figure 9).  

 

Figure 9. 1H NMR study: MeCN addition to a solution of 111  in [D8]-toluene at 25 °C. 
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Figure 18. Solid state structure of tetrameric [116 ·py]4. 

 

 

Figure 19. Packing of compound [116·py]4 in the unit cell. View along the c axis (top left) and in a random orientation 
(bottom left). Calculated voids (probe radius 1.2 Å, 0.7 Å grid spacing) are shown on the right. 
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Scheme 35. Preparation of various ligands. 

 

Figure 26. Solid state structure of ligand 127 ; toluene and H-atoms omitted for clarity . 

Stirring of a solution of precatalyst 107  and triarylsilanol 127  in toluene at ambient temperature and 
evaporation of the solvent gave complex [131 ]2 as a yellow solid in 50% yield (Scheme 36). 
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In contrast, stirring of a solution of precatalyst 107  and ligand 130  in toluene at ambient temperature 
failed to give the expected well-defined complex but rather furnished an ill -defined mixture  
(Scheme 38). We concluded that ligand 130  with methyl substituted silanolates is not sterically 
encumbered enough to prevent competing oligomerization. Based on this assumption, we used the 
2,6-dimethyl benzylidyne complex 120  for the complexation. Indeed, stirring of this reaction for 4 h 
at ambient temperature, removal of the solvent and extraction with n-pentane gave the well-defined 
complex 133  as the major product.  

 

Scheme 38. Preparation of well-defined monomeric complex 133 . 

95Mo NMR and 13C NMR analysis revealed that there is a minor ill-defined alkylidyne species present, 
which gave broad NMR signals and had very similar chemical shifts (Figure 28). 

 

Figure 28. 95Mo NMR and 13C NMR spectra of 133  and minor ill-defined entity. 
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Stirring of a solution of precatalyst 107  and carbinol ligand 135  in toluene at ambient temperature 
and removal of the solvent gave complex 136  in 79% yield (Scheme 41). The observed configuration 
of the carbinol ligand 135  resulted in a bidentate instead of the tridentate binding motif. Two tert-
butoxide ligands were replaced by ligand 135  whereas the third tert -butoxid remained attached to 
the metal center.  

 

Scheme 41. Preparation of bidentate ligated complex 136 . 

Heating of a solution of 136  in [D8]-toluene to 60 °C failed to give the C3 symmetric podand complex 
and resulted in decomposition as evidenced by the formation of isobutylene (Figur e 32). 

 

Figur e 32. Observed decomposition of complex 136  after 6 h heating to 60 °C; A) 1H NMR spectrum after heating for 6 h 
to 60 °C; B) 1H NMR spectrum before heating 

 A)  

B)  
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Another conceivable ligand design meant to favor a C3-symmetric conformation increases the acidity 
of the carbinol by introducing trifluoromethyl groups. Therefore, we subjected 103  to the standard 
lithiation sequence and quenched the intermediate with hexafluoroacetone. Although this reaction 
did not furnish the desired fluorin ated ligand 137 , we were able to prepare the new ligand via the 
route depicted in Scheme 42. Lithiation and quenching with methylchloroformate gave, after 
hydrolysis, the corresponding carboxylic acid 138 . Formation of the active ester 139  and subsequent 
treatment with excess of CsF and TMSCF3 afforded fluorinated carbinol ligand 137 .151 In contrast to 
carbinol ligand 135 , the fluorinated variant 137  is C3-symmetric in CD2Cl2 and only a minor signal 
set indicated the second rotamer in the 1H NMR spectrum. 

 

Scheme 42. Preparation of fluorinated ligand 137 ; conducted with Nepomuk Korber and Ektoras Yiannakas. 

However, stirring of a solution of precatalyst 120  and the fluorinated carbinol ligand 137  in toluene 
at ambient temperature gave again a bidentate complex 138  in 79% yield (Scheme 43).  

 

Scheme 43. Preparation of bidentate ligated complex 138 . 

Slow evaporation of a concentrated solution of complex 138  in benzene afforded yellow crystals 
suitable for single-crystal X-ray diffraction. The solid state structure confirmed the proposed 
bidentate coordination environment (Figure 33). Although the C3-symmetry of the ligand was 
preserved in solution, the enlarged bonding cavity did not allow for the formation of  
the podand complex.  
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Figure 33. Solid state structure of complex 138 ; disorder omitted for clarity. 

In pursuit of tripodal carbinol complexes, a new ligand design was developed (Scheme 44). 
Treatment of compound 103  with excess tBuLi and quenching with six equivalents of 3,3,3-trifluoro -
2-(trifluoromethyl) -1,2,-propenoxide (139 ) did not afford the desired ligand 140 , but gave instead 
the di-substituted compound 141  and 142  as a by-product. Both structures were confirmed by NMR 
analysis and mass spectrometry. In the literature it has been recognized that the opening of 
trifluoromethyloxirane with Grignard reagents is particularly  slow and addition of catalytic amount 
of copper(I) iodide facilitates the reaction.152, 153 Indeed, when copper(I) iodide was added right 
before the epoxide, ligand 140  became accessible. Yet we have not tried the complexation to  
the molybdenum alkylidyne. 

 

Scheme 44. Preparation of ligand 140 ; conducted with Christopher Rustemeier. 
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3.1.4 Improved Preparation of Triphenylsilanolate Molybdenum Complexes  
The previously reported procedure to prepare triphenylsilanolate based complex 111  via salt 
metathesis of the corresponding Schrock alkylidyne 106  with three equivalents of potassium salt 
turned out to be difficult to reproduce due to the competing formation of ate complex 73.113 Extensive 
efforts have been directed to improve this protocol.154 To this end, the solvent was changed from 
toluene to THF and a solution of potassium triphenylsilanolate salt was added slowly at 0 °C  
(Scheme 45). However, the formed potassium bromide still caused problems during isolation of 
complex 111 . Therefore, we optimized the isolation procedure on a 1 g scale to guarantee a 
reproducible protocol. After removal of the THF, the residue was dissolved in toluene and the 
suspension was filtered through Celite® to remove the microcrystalline potassium bromide. The 
toluene was removed in vacuo and the obtained solid was dissolved in diethyl ether. Stirring of this 
solution for 30 min at 0 °C resulted in the precipitation of the desired yellow complex 111  that can 
be isolated by filtration. The improved protocol was repeated seven times on a 1 g scale and gave an 
average yield of 50% yield.  

Alternatively, we considered to take advantage of the newly developed protonolysis protocol that 
prevents the formation of ate-complex 73 (Scheme 45). Ligand exchange with sodium tert-butoxide 
gave access to precatalyst 107 , which can be simply separated from the formed sodium bromide by 
extraction with n-pentane, in 83% yield on 3 g scale. The addition of a solution of triphenylsilanol to 
a solution of precatalyst 107  in toluene (or vice versa) gave the desired complex 111  and tert -
butanol, which can be removed by evaporation in high vacuum. The solid was redissolved in diethyl 
ether and precipitated by addition of excess n-pentane. Complex 111  can be isolated by filtration on 
a 1 g scale in an average yield of 60% yield. In preparative terms, the protonolysis protocol simplified 
and improved the preparation of complex 111 .  

 

Scheme 45. Improved preparation of complex 111  conducted with  Christopher Rustemeier. 

Additionally, we prepared fluorinated complex 143  in 79% yield by the literature-reported salt 
metathesis (Scheme 46).98 
















































































































































































































































































































































































































































































