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Zusammenfassung 

Die Alkinmetathese ist eine Reaktion von strategischem Wert in der organischen Chemie im 

Allgemeinen und im Besonderen für die Naturstoffsynthese . Die Verbreitung ihrer Anwendung 

wird jedoch durch den Mangel an leicht verfügbaren und stabilen Katalysatoren behindert . Im 

ersten Teil der vorliegenden Arbeit wird eine neue Generation an Alkinmetathese 

Katalysatoren vorgestellt, die zum Ziel hat diese Beeinträchtigung zu überwinden. Die 

Molybdän -Alkylidin -Komplexe des unten abgebildeten Typs mit einem neuartigen tripodalen 

Tris(silanol at) -Liganden zeichnen sich durch eine beispiellose Stabilität und 

Nutzerfreundlichkeit aus, ohne dabei die Vorzüge früherer Katalysatorgenerationen 

einzubüßen. 

 

Der Schlüssel zum Erfolg lag in der Kombination mehrere Designelemente, darunter das neue 

flexiblere tripodale Ligandengerüst sowie ein externer stabilisierender Ligand.  Das abgebildete 

Addukt konnte im Gramm -Maßstab hergestellt werden und lässt sich routinemäßig an der Luft 

handhaben. In Lösung ist das Pyridin jedoch labil und gibt bei Raumtemperatur durch 

spontane Dissoziation den aktiven Katalysator frei. Über eine standardisierte Testreaktion 

wurde die katalytische Aktivität der neuen Komplexe mit einer Reihe von Katalysatoren aus 

vorhergehenden Generationen verglichen. Zudem wurde erstmals auch die Luftstabilität der 

Komplexe untersucht . Das gezeigte Addukt bleibt über viele Monate hinweg an Luft intakt  und 

übertrifft damit alle bisherigen Hochleistungskatalysatoren.  

Die Komplexe sind äußerst leistungsfähige Katalysatoren, die eine bemerkenswerten 

Kompatibilität mit diversen funktionellen Gruppen  aufweisen. Ihre Nützlichkeit  konnte 

anhand einer Reihe anspruchsvoller Ring-Schluss-Metathesen mit Zwischenstufen aus 

vorangegangenen Naturstoffsynthesen bewiesen werden. Der entscheidende Fortschritt 

besteht darin, dass die neuen Katalysatoren weder in irgendeiner  Weise aktiviert werden 

müssen noch eine Schutzgasatmosphäre für deren Lagerung und Handhabung notwendig ist. 

Es wird erwartet, dass die verbesserte Stabilität der Katalysatoren die Methodik einem 

größeren Anwenderkreis zugänglich macht und damit zu einer häufigeren Anwendung dieser 

überaus nützlichen Reaktion führt.  
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Im zweiten Teil dieser Arbeit werden explorative Untersuchungen zur Koordinations chemie 

einer besonderen Klasse tridentater S ilanolat -Liganden vorgestellt. Die āCanopy-Ligandenó 

wurden ursprünglich  für die Alkinmetathese entwickelt und zeichnen sich durch ihre starke 

Präferenz für eine C3-symmetrische Konformation aus. Aus diesem Grund sind sie für die 

Herstellung von Komplexen von Interesse, die an Metallzentren auf Kieselgeloberflächen in 

der heterogenen Katalyse erinnern. Die Synthese einer Reihe von Komplexen 

unterschiedlichster Metalle  in vielfältigen Oxidationsstufen konnte die Anpassungsfähigkeit 

dieser Liganden demonstrieren.  

 

Abschließend wird das Potential der neuartigen Komplexe für Anwendungen in der Katalyse 

anhand eines Beispiels veranschaulicht. Ein einschlägiger Aluminium Komplex katalysiert die 

Zyklisierung von Citronellal zu Isopulegol mit guter Diastereoselektivität und ausgezeichneter 

Chemoselektivität. Die Temperaturstabilität des Komplexes übertrifft  das bisherige Standard-

Katalysatorsystem der Industrie und ermöglicht es , das Produkt und den Katalysator durch 

Destillation voneinander zu trenn en. Die Wiederverwendbarkeit des Katalysators eröffnet 

Möglichkeiten für eine potenziell effizientere (industrielle ) Synthese von (ī)-Menthol.  
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Abstract 

Alkyne metathesis is a reaction of high strategic value in the synthesis of natural product s and 

in general organic chemistry. Widespread use of the transformation has been hampered by the 

lack of easily accessible and stable catalysts. In the first part of this work , a new generation of 

alkyne metathesis catalysts is presented that addresses the issue. Molybdenum alkylidyne 

complexes of the type shown below, comprising a novel tr ipodal tris(silanolate) ligand , are 

distinguished by an unprecedented level of stability and practicality without sacrificing the 

chemical virtues of their predecessors. 

 

Key to the success was a combination of features, including the design of a more flexible 

tripodal  ligand scaffold and the addition of an external stabilizing ligand. The depicted adduct 

could be prepared on gram scale and can be routinely handled in air. In solution at ambient 

temperature the pyridine is labile and reveals the active catalyst by spontaneous dissociation. 

The catalystôs activity was benchmarked in a standardized reaction against a library of catalysts 

from previous generations. For the first time,  these complexes were also compared with respect 

to their stability in air. The novel complex remained intact on the bench for many months , 

outperforming all previous highly -active catalysts. In addition, the critical parameters for the 

activity and stability could be elucidated by varying different features in the overall design.  

The adduct is an exceedingly enabling catalysts with an outstanding functional group 

tolerance. Its excellent performance is highlighted in a row of challenging ring -closing alkyne 

metathesis reactions on highly functionalized intermediates from previous natu ral product 

synthesis campaigns, with the key advancement being that the novel catalyst neither needs 

preactivation nor a glovebox for handling and storage. It is expected that the catalystôs 

enhanced stability will also enable non-expert users to apply alkyne metathesis and promote a 

more widespread adoption of this strat egic transformation.  

The second part of this thesis contains an exploratory study of the coordination chemistry of a 

special class of tripodal tris(silanolate) ligands.  The ócanopy ligandsô were originally developed 

for application in alkyne metathesis catalysis and are characterized by their preorganization 

into a C3-symmetrical  conformation. For this reason, they are considered to be of interest for 

forming  complexes reminiscent of metal sites supported on silica in heterogeneous catalysis. 
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This work ventures beyond molybdenum and tungsten alkylidynes and was aimed at 

expanding the range of complexes attainable with ócanopy ligandsô. The synthesis of a library 

of complexes containing seven different metals and metalloids in varying oxidation states  is 

reported, vividly illustrating the adaptability of the ócanopy ligandsô. 

 

The obtained complexes were characterized by crystallographic and spectroscopic means, 

including solid-state NMR and cyclic voltammetry. Special attention is paid to the changes in 

the coordination geometry of the complexes when compared to their congeners with 

untethered silanolate ligands. Seminal differences in the electronic influence on the metal 

center as well as the steric bulk surrounding it are described. 

Lastly, the potential of the novel complexes for catalysis is demonstrated. An aluminum 

complexes catalyzes the cyclization of citronellal to isopulegol with good diastereoselectivity 

and excellent chemoselectivity. The stability of the complex at elevated temperatures allows 

for  a separation of product and catalyst via  distillation, opening the prospect of a potentially 

more efficient industrial synthesis of (ī)-menthol.  
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1 An Air -Stable Catalyst for Alkyne Metathesis  

1.1 Introduction  

1.1.1 Metal Alkylidyne Complexes  

Carbon-metal multiple bonds have been a source of fascination for chemists since the first 

complex with such a motif was isolated by Ernst Otto Fischer  60 years ago.[1] The discovery 

sparked a flurry of  research.[2]  Some of the most renowned chemists of the 20th century devoted 

their careers to the synthesis, characterization, and use of complexes containing carbon-metal 

multiple bonds. [3]  This effort  led to countless scientific achievements, including  Grubbs 

catalysts, complexes bearing N-heterocyclic carbenes, and Tebbeôs reagent ï compounds 

which have become canonical and indispensable tools for organic synthesis.[4]  

Most of these accomplishments relate to carbon-metal double bonds, which are conventionally 

referred to as carbenes (or alkylidenes).[5]  The sibling class of carbon-metal triple bond s has 

arguably received less attention.[6]  Still, a large number of complexes containing  such a motif  

have been reported since the first carbon-metal triple bon d was described by E. O. Fischer in 

1973 (table 1).[7]   

Table 1: Occurrence of isolated complexes with carbon-metal triple bonds (reported; not reported ).[8]  

Group of transition metals  

3 4 5 6 7 8 9 10 11 12 

Sc Ti V Cr Mn Fe Co Ni  Cu Zn 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

 Hf  Ta W Re Os Ir  Pt Au Hg 

 

An important distinction has be en made by classifying the complexes as carbynes or 

alkylidynes, analogous to the terminology used for metal -carbon double bonds (carbenes and 

alkylidenes).[9]  These designations help to understand the reactivit ies of carbon-metal triple 

bonds resulting  from  disparate bonding situations. The terms are used interchangeably with 

óFischer-typeô (carbyne) and óSchrock-typeô (alkylidyne) complexes in deference to the 

discoverers of these compound classes.[7, 10] In the following, a brief introduction is given on 

how to distinguish the two categories and the main properties of the respective complexes. It 

is, however, necessary to remember that the examples demonstrate the two extreme ends of a 

range with a large ambiguous space in between. 

Considering the first complexes reported for each class, the carbyne [Br(CO)4Cr CïPh] [7]  and 

the alkylidyne [ ((tBuCH2)3Ta CïtBu)LiÅDMP][10], a distinction can be made immediately 

based on the geometry and the number of valence electrons (scheme 1). The óFischer-typeô 

complex is octahedral with an 18-electron count, whereas the óSchrock-typeô complex is 
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pseudo-tetrahedral with a sub-18-electron count.[6a]  Generally carbyne complexes include 

metals in low oxidation states and are regarded as ólow-valentô, whereas alkylidyne complexes 

encompass metals in higher oxidation states and are designated óhigh-valentô.[11] Following 

convention, the carbyne ligand in óFischer-typeô complexes is counted as monoanionic (ergo 

Cr+II) and the alkylidyne ligand in óSchrock-typeô complexes as trianionic (ergo Ta+V). 

Assigning oxidation states in this manner is , however, only a formalism and, although useful, 

should not be seen as a representation of the absolute electron distribution. [9, 12]  

 

Scheme 1: Characteristics of carbyne and alkylidyne complexes demonstrated on the bases of classical examples.  

This description reflects the bonding model  that  considers the carbyne ligand to be in a doublet 

state. In contrast, an alkylidyne ligand is assumed to be in a quartet state.[9, 13] In the case of 

the óFisher-typeô carbon-metal triple bond this results in a ů-bond via  donation of 2 eī from 

the sp-orbital  of the carbyne and a ɸ-bond with 1 eī each from a p-orbital of the carbyne and a 

d-orbital of the metal . Additionally,  a ɸ-bond is formed through back donation of 2  eī from a 

d-orbital into an empty p-orbital on the carbyne fragment. Overall, the triple bond comprises 

a mixture of dative bonding (ů-donation , ɸ-back-donation) and one electron-sharing 

ɸ-bond.[14] 

In a óSchrock-typeô case all the orbitals (sp, pz, pY) at carbon are singly occupied due to the 

quartet state. Therefore, three covalent bonds are formed, with the metal and carbon fragment 

each contributing 1e to all bonds.[6b]  In this description of alkylidyne complexes , the carbon 

atom becomes a pure donor ligand, which is reflected in its reactivity. óSchrock-typeô complexes 

are usually nucleophilic  at the carbon; óFisher-typeô complexes are electrophilic . This 

observable property is perhaps the most reliable and meaningful measure for  classifying 

carbon-metal triple bonds into the two  categories. 

Carbyne and alkylidyne complexes display rich chemistry  and possess intriguing photophysical 

properties. [15] Alkyne metathesis is by far the most prominent reactivity and is almost 

exclusively limited to  alkylidyne complexes, a fact that underlines the relevance of the 

distinction between óFischer-typeô and óSchrock-typeô complexes summarized above.[8, 16]. 

Alkyne metathesis is the focus of this work and will be discussed in detail in the following 

chapters (vide infra ). 
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Other reactions of carbyne and alkylidyne complexes include the metathesis of heteroatom-

containing triple bonds (e.g., NſCR, NſNR+, PſCR, or MſCR)[17], the formation of various 

metallacycles, some of which are relevant to the synthesis of cyclic polymers,[18] oxidations or 

reductions transforming óFischer-typeô into óSchrock-typeô complexes or vice versa,[19] 

nucleophilic or electroph ilic reactions at the carbon atom,[20]  and the formation of polynuclear 

complexes with bridging carbyne or alkylidyne ligands. [21] 

 

 

1.1.2 Alkyne Metathesis  

Alkyne metathesis, the redistribution of the alkylidyne fragments  in a pair of alkynes (Greek: 

ȉŮŰŬŰǿȅȄȉȆ, ómetatithemi ó = to reposition )[22]  is a compelling synthetic method for the 

formation of carbon -carbon bonds (scheme 2). These chemical entities are ubiquitous 

throughout biological active molecules, polymers, and functional materials alike. Accordingly, 

alkyne metathesis has emerged as highly enabling tool for organic chemists, along with  being 

a fundamentally intriguing reactivity. [16a, b, 23]  

 

Scheme 2: General reaction scheme of alkyne metathesis. 

Long overshadowed by alkene metathesis, alkyne metathesis has been recognized as having its 

own value for the synthetic chemist by displaying some seminal differences from  its 

extraordinarily  successful cousin.[16a, 24] The format ion of carbon-carbon triple bon ds offers 

ample opportunities for postmetathe sis transformations providing access to rich chemical 

space.[25]  One of the simplest among them is the stereoselective semireduction of the alkyne 

unit to E- or Z-alkenes.[26]  The stereoselectivity issue has plagued alkene metathesis since its 

discovery and has, despite great advances, never been resolved to complete satisfaction.[27]  

Another notable difference is the reluctance of metal alkylidynes to react with alkenes making 

the method orthogonal and suitable for polyunsaturated substrates. The merits of alkyne 

metathesis as a method for synthetic chemistry will be further elaborated with some examples 

in chapter 1.1.6. 

The history of alkyne metathesis is inextricably linked to the development of catalysts. Only 

the advent of easier attainable catalysts with improved functional group toleran ce at the turn 

of the millennium  made the surge in applications over the last 25 years possible.[16b] Some 

important milestones in the history of alkyne metathesis research are shown in figure  1. 

The first report of alkyne metathesis stems from Pennella, Banks, and Bailey  working at the 

Phillips Petroleum Company in 1968. They described the ñdisproportionationò of pent-2-yne 
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int o but-2-yne and hex-3-yne over tungsten trioxide on silica at high temperatures.[28]  Beyond 

that, the communication also linked the phenomenon to a related reaction known for alkenes 

(alkene metathesis) and proposed a four-membered transition state.  In 1972, the French 

scientists Mortreux  and Blanchard  report ed on alkyne metathesis over a similar system 

containing molybdenum ; thereby introduc ing the second of two transition metals that 

dominate the field. [29]  The same group was the first to transfer the reaction from a 

heterogeneous system to the liquid phase using molybdenum hexacarbonyl with pre -treated 

silica as a catalyst.[30]  Already in these early embodiments the role of silica was suspected to go 

beyond simple dispersion of the metal complex ï an observation which had great impact on 

later catalyst development.[31] The first fully homogeneous catalyst system consisted of 

molybdenum hexacarbonyl and resorcinol and allowed for reduced reaction temperatures 

(160 °C).[32]  Although elegantly simple, the lack of clarity concerning the active species together 

with competing polymerization made the early systems unattractive for the application to more 

complex molecules.[33]  

 

Figure 1: Milestones in alkyne metathesis research. 

Concurrent with the development of  these initial  catalytic systems, E. O. Fischer reported the 

first metal carbyne complexes in 1973.[7]  Prompted by this discovery and the mechanism 

discussed for alkene metathesis Katz and coworkers put forward a mechanistic proposal for 

alkyne metathesis (scheme 3).[34]   

 

Scheme 3: Canonical mechanism of alkyne metathesis.  

 

1975 

1st defined catalyst  

(Schrock) 

 

Mo(III) precatalyst  

(Fürstner , Moore ) 

 

2019  

 

2020  

1st report with 

WO3/silica  

(Pennella)  

1st homogen. cat. 

[Mo(CO) 6]/resorcinol  

(Mortreux ) 

1974  

1968  1981  

1984  

 

1st defined Mo cat.  

(Schrock) 

 

1st RCAM  

(Fürstner ) 

 

1999  

2007  

 

1st heteroleptic cat. 

(Tamm ) 

1987  2006  2010  

nitrido precatalyst  

(Fürstner ) 

 

defined cat. with tripodal ligand  

(Fürstner, Lee) 

1st d2 Re cat. 

(Jia ) 

 

bench-stable precatalyst 

(Fürstner ) 

 

2011 

 

2011-2016  

mechanistic 

proposal 

(Katz) 

 

1998  

 

1st ROAMP 

(Schrock) 

 

1st NACM 

(Johnson) 

 
tripodal ligands  

(Zhang) 

 



Introduction  

5 
 

Metallacyclobutadienes (MCBD) were invoked as the intermediates resulting from a 

[2+2] -cycloaddition of the alkyne to the alkylidyne complex. The distorted square-pyramidal 

intermediate A  then undergoes a tautomeri zation to its isomer B  through a trigonal 

bipyramidal transition state. Cycloreversion releases the product and a new catalytically active 

propagating species.[35]  The mechanism is widely accepted today, but recent studies by 

Fürstner  and coworkers revealed an additional Berry pseudorotation of the MCBD to be 

necessary for catalysts with tripodal ligands. [36]   

In contrast to the suggested catalytic species, the óFischer-typeô carbynes known at that time 

were all inactive in alkyne metathesis. It took until 1981 and the arrival of the first well -defined 

tungsten alkylidyne complexes to gain experimental pro of for  the proposed mechanism.[37]  In 

this landmark paper Schrock and coworkers reported on the alkyne metathesis activity of 

several tungsten (VI) alkylidyne comple xes with the most notable being  

[(O tBu)3W CïtBu]  (1): the only alkyne metathesis catalyst commercially available to this day. 

The mechanism was confirmed in the following years through the  isolation of tungsten 

metallacyclobutadienes which were catalytically competent.[38]  

The first discovery was followed by detailed studies from Schrock and coworkers covering 

structures, catalytic performance, an array of different ligands, substrate  scope, and 

decomposition pathways (chapter 1.1.4).[5]  In due course the first molybdenum alkylidyne 

complex capable of catalyzing alkyne metathesis reactions was reported.[39]  Fluorinated 

alkoxide ligands were necessary to promote the reaction due to the inherently lower 

electrophilicity of m olybdenum (VI) when compared to tungsten (VI).  However, the synthesis 

of molybdenum alkylidynes via Ŭ-hydrogen abstraction, a route which served well for tungsten 

alkylidynes, was troublesome and not scalable.[40]  In 1988, the rhenium  complex  

[ (NAr) (OCMe(CF3)2)2Re CïtBu]   was reported to convert hep-3-yne into hex-3-yne and 

oct-4-yne, revealing an additional metal to be able to productively catalyze alkyne 

metathesis.[41] However, until recently , rhenium alkylidynes have only played a minor role in 

alkyne metathesis catalysis.[42]  

The initial cataly tic alkyne metathesis reactions were of purely academic nature and not 

intended to deliver synthetically valuable p roducts. It is noteworthy  that  in the proposed 

mechanistic scheme (vide supra ) the reaction is in equilibrium and  gives a mixture of products. 

To be synthetically meaningful , the equilibrium must be perturbed by the continuous removal 

of one of the products. In modern alkyne metat hesis catalysis, internal alkyne  substrates with 

methyl end-caps are commonly employed, yielding  but-2-yne as a by-product. The low-boiling 

alkyne can be removed at elevated temperatures, under gentle vacuum or by adsorption  into 

molecular sieves (5 Å).[31b, 43] Precipitation -driven reactions have been reported, but they do 

not find widespread use due to the need for specifically tailored end-groups.[44]  

The first real hint at a practical application came from Schrock and coworkers in  the form of 

ring -opening-alkyne-metathesis polymerization (ROAMP) in 1987 (scheme 4).[45]  In this 
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embodiment , the equilibrium was influenced by employing a highly strained cyclic alkyne as 

substrate. However, contrary to the initial classification of the reaction as a living ROAMP , 

subsequent investigations revealed the major product to be cyclic oligomers.[46]  

 

Scheme 4 : First example of ROAMP by Schrock and coworkers. 

The high activity of the tungsten alkylidyne catalyst prevented kinetic control of the reaction 

towards product  distributions with a lower polydispersity index. Subsequent efforts by several 

research groups have overcome this issue with ingenious catalyst design.[47]  More details on 

the applications of alkyne metathesis in the synthesis of polymers are presented in 

chapter  1.1.6.3. 

The true potential of alkyne metathesis for organic synthesis was revealed by Fürstner  and 

coworkers in 1998 with the first ring -closing-alkyne-metathesis (RCAM).[48]  Cyclizing diynes 

to give macrocyclic products has become the dominant application of alkyne metathesis over 

the last 25 years.[16a] Initially proposed as an alternative strategy to alkene metathesis for 

accessing unsaturated macrocycles with control over the alkene geometry, RCAM evolved into 

a strategic transformation in its own right  (scheme 5).[49]  Fürstner  and coworkers have proven 

its value and versatility by conquering numerous increasingly challenging macrocyclic natural 

products (chapter 1.1.6.1).[24]   

 

Scheme 5:  Stereoselective synthesis of E- and Z- alkenes via RCAM and semi-reduction.  

The surge in applications starting  around the turn of the century was accompanied by 

continuous catalyst development. Schrockôs tungsten alkylidyne complex proved to have a 

rather narrow functional group tolerance, thereby constraining its applicability concerning 

more complex substrates. In 1999, Fürstner  and coworkers discovered an in situ  generated 

catalyst system based on a molybdenum (III) complex  (3) introduced by Cummins a few years 

earlier. [50]  The complex had originally risen to fame for its ability  to cleave dinitrogen under 
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homogeneous conditions. [51] The high-spin state of the molybdenum (III) with three unpaired 

electrons was a tantalizing partner for a óSchrock-typeô alkylidyne fragment.[52]  Fürstner  and 

coworkers were able to activate the complex with di chloromethane to give a mixture of 

molybdenum (IV) chloride  10  and a molybdenum (VI) meth ylidyne complex 11 which proved 

to be active in alkyne metathesis. The switch from tungsten to the inherently less Lewis acidic 

molybdenum significantly improved the functional group tolerance, permitting substrates 

containing  donor groups.[53]  Moore  and coworkers were able to amend the activation strategy 

by employing higher gem-dihalides to provide the corresponding molybdenum alkylidyne 

complexes. Together with the reductive recycling of the molybdenum (IV) chloride  complex 10 

through the addition of  magnesium, higher yields of the óactivatedô complex could be obtained 

(scheme 6).[54]  The isolated molybdenum alkylidyne enabled researchers to modify the 

ancillary ligand sphere by in situ  protonolysis  of the basic amine ligands with phenols.[44a]  

 

Scheme 6 : Activation of Mo(III) complex 3 with organo -gem-dihalides  and reductive recycli ng strategy.  

Although highly enabling, the system also had some considerable drawbacks mainly 

concerning the handling of the extremely sensitive molybdenum (III) precursor 3. Trace 

oxygen and water have to be strictly excluded and manipulations  under argon atmosphere are 

mandatory due to its ability to cleave nitrogen. [16a] Further , the isolation of derivatives obtained 

from the molybdenum alkylidyne complex  proved to be difficult due to persistent 

contamination with the free aniline ligand as well as decomposition products.[44a]  Additiona lly, 

the polymerization of but-2-yne, the by-product generated from substrates with methyl 

endcaps, posed an undesirable side reaction.[55]  Given these challenges, the search for more 

robust alkyne metathesis catalysts continued. 

An alternative approach was investigated by the group of M. Johnson, who reported the first 

nitrile -alkyne-cross-metathesis (NACM) in 2006. [56]  The reaction of an electrophilic 

molybdenum nitrido  complex 12 with  an excess of hex-3-yne gave the corresponding 

molybdenum alkylidyne species 13 and a nitrile  (scheme 7). Accordingly, molybdenum nitri do 

complexes with a variety of ligands could be used to catalyze alkyne metathesis reactions with 

the actual active species being formed in situ .[57] Notably, the reverse reaction from an 

alkylid yne to a nitrido  complex turned out to be thermodynamically unfavorable for 

molybdenum, although well known for tungsten. [58]  The enticing prospect of a catalytic 
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metathesis of nitriles to give dinitrogen and alkyne products could therefore never be 

realized.[17a]  

 

Scheme 7: First NCAM with a molybdenum catalyst and the reverse reaction with a tungsten catalyst . 

In parallel , the group of M. Tamm  continued to pursue an approach based on tungsten. Their 

design sought to temper the pronounced Lewis acidity with a heteroleptic ligand sphere. In 

their 2007 publication , one of the alkoxide ligands in the original Schrock design was 

exchanged with an imidazolin -2-iminato ligand  (figure  1, 4).[59]  The resulting complexes were 

superior to their homoleptic predecessors with respect to activity . The outcome was ascribed 

to a ópush-pull -effectô from the electron -withdrawing fluorinated alkoxide ligands and the 

electron-releasing nitrogen based ligand.[60]  This observation aligns with the varying electronic 

exigencies throughout the catalytic cycle of alkyne metathesis: the cycloaddition demands a 

highly Lewis acidic metal center, whereas the cycloreversion is favored with a less Lewis acidic 

metal.[61] 

Nonetheless, research groups with a focus on applying the methodology to natural product 

synthesis continued to concentrate on molybdenum-based catalysts. Building on Johnsonôs 

results, Fürstner  and coworkers employed the readily accessible molybdenum nitrido  complex 

16 to screen for optimal ligands. Thus far the field had been dominated by the fluorinated 

alkoxide ligands originally proposed by Schrock and phenolates pioneered by Mortreux . In 

2009 , the search revealed silanolate ligands to synergize exceedingly well with molybdenum 

nitrido /alkylidyne complexes in catalyzing alkyne metathesis.[57b] In retrospect, the  discovery 

is not entirely surprising, since heterogeneous systems with molybdenum (or tun gsten) grafted 

on silica had played a key role in the discovery of alkyne metathesis.[55, 62] In any case, the 

transfer into the sphere of homogeneous catalysis opened the doors to the golden era of alkyne 

metathesis. Due to their unique electronically adaptive properties silanolate ligands continue 

to dominate high -performance alkyne metathesis today (chapter 1.1.3).[16a, 61, 63] 

 

Scheme 8 : A molybdenum nitrido  complex with silanolate ligands as precatalyst for alkyne metathesis.  

The stabilization of the molybdenum nitrido  complex 5 with labile nitrogen donor ligands 

(ini tially pyridine and subsequently phenanthroline) allowed for its isolation and even storage 

on the bench (figure 1).  
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Surprisingly, closer inspection revealed the equilibrium between the nitrido  and alkylidyne 

complexes to be largely on the side of the precatalyst (scheme 8); an observation which stands 

in contrast to the case described by Johnson.[31b] The discrepancy likely stems from the 

different ligand spheres and resulting electrophilicities of the molybdenum  center. In any case, 

the catalytically active mixture  contained only small amounts of complex 6 highlighting its 

exceptional activity. However,  in order to prepare meaningful amounts of the molybdenum 

alkylidyne another synthetic route was required.  

The adaptation of a procedure by Mayr  and coworkers that relies on the oxidation of a low-

valent óFischer-typeô carbyne to a óSchrock-typeô alkylidyne with bromine , enabled the 

synthesis of molybdenum alkylidynes on gram scale.[64]  The approach was independently 

pursued and published by the groups of Tamm  and Fürstner .[31b, 65] In combination with 

triphenylsilanolate  ligands, a highly active catalyst was obtained allowing for a significant 

reduction in catalyst loadings  (scheme 9). Its extensive application to natural product 

syntheses is a testimony to its excellent performance and user-friendliness. [66]   

Moreover, the stabilization strategy for the molybdenum nit ri do complexes could be extended 

to the molybdenum alkylidyne complexes. Phenanthroline adducts of type 6ÅPhen remain 

intact for years when exposed to air and moisture, a fact which is utterly inconceivable for 

earlier catalyst generations based on the Schrock  design or the highly sensitive 

molybdenum (III) complex  3. However, somewhat harsh conditions are necessary to liberate 

the active species from the bench-stable precatalyst.[43a]  

 

Scheme 9 : Highly active molybdenum alkylidyne complex 6  with silanolate ligands: synthesis & stabilization.  

In parallel to the ascent of alkyne metathesis to strategy level status in natural product 

synthesis, the group of Zhang developed a row of tripodal ligands for alkyne metathesis 

applications in material science (figure  1, 7). Their focus lies on the field of ómolecular 

architectureô which aims to create shape-persistent compounds with peculiar structure s and 

unique properties  (chapter 1.1.6.2).[67]  Alkynes, with their rigid and linear geometry , are 

therefore appealing building blocks. In addition, the reversibility of alkyne metathesis makes 

it highly suitable for dynamic covalent chemistry (DCC)  ï a common strategy to obtain 

structures out of reach for trad itional methods. [68]  However, catalyst stability throughout the 

reaction is a key element to ensure the thermodynamic product is obtained. Early experiments 

using the activated molybdenum (III) complex 11 struggled with the polymerization of the 

by-product  but-2-yne and catalyst decomposition.[44a, 69]  
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For this reason, Zhang and coworkers put forth a row of multidentate ligands aimed at 

increasing stability. In these ligands three phenols are connected through a nitrogen, silicon or 

carbon-based tether.[69b, 70]  The proposed mechanism for but-2-yne polymerization proceeds 

through a ring -expansion mechanism of the metallacyclobutadiene intermediate and therefore 

requires two substrate-binding sites on the catalyst.[71] The tripodal ligands effectively block 

the position trans  to the alkylidyne moiety, largely suppressing polymerization.  Yet, definitive 

proof of the actual composition and configuration of the active species in these systems is still 

missing. All of them are created in situ  from precursor 3 requiring  (at least part of) the handling 

to take place under inert atmosphere. Nevertheless, the systems have found widespread 

application in the synthesis of molecular cages and rigid macrocycles.[72]  

The Fürstner group adopted the concept and devised their own tripodal ligands, based on 

trisilanols. [73]  In th eir case the primary objective was to utiliz e the chelate effect to keep the 

ancillary ligands bound to the metal center in the presence of protic functional groups. 

Protonation of the weakly basic silanolates in the presence of substrates comprising, e.g., 

alcohols had turned out to be a fundamental  deficiency in the functional group tolerance of 

catalyst 6 .[74]  Similar to the systems developed by Zhang the firs t generation of tripodal ligands 

failed to give well-defined molybdenum alkylidyne complexes; likely due to excessively flexible 

alkyl chains used for connecting the ligands to the tether. Still, in combination with 

precursor 3, catalytically active mixtur es were obtained. While their exact constitution remains 

unclear, their performance regarding pro tic functional groups vindicated  the design concept. 

The catalyst systems tolerate phenols, primary  and secondary alcohols and are able to form 

highly challenging products with two propargylic alcohols. Beyond that, the presumed 

oligomeric structure of the catalyst enabled the metathesis of densely decorated substrates 

previously inaccessible with structurally defined catalysts. [75] However, the systems still relied 

on the same difficult -to-handle precursor complex 3, which constituted a step backwards in 

terms of user-friendliness compared to stabilized complexes such as 6ÅPhen.  

In 2019, Fürstner  and coworkers were able to overcome the oligomerization issue with a new 

set of rigid tri dentate ligands 19.[76]  In combination with a mild complexation method the 

preorganized ligands gave the first well -defined alkyne metathesis catalysts 8  with a tripodal 

ligand framework  (scheme 10).  

 

Scheme 10 : Synthesis of the first well -defined alkyne metathesis catalysts with a tripodal ligand framework.  
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With a nod to the shielding of the complexes by the ligand backbone, the term ócanopy catalystsô 

was coined to describe this latest generation of catalysts.[74]  The group of S. Lee also published 

on the same ligand design.[77] The structurally defined nature of the ócanopy catalystsô allowed 

for detailed studies into the structure -activity relationship of the ligand sphere. [61, 78] While the 

derivative closest to the parent complex 6  carrying phenyl substituents on the silanolate 

ligands showed considerably reduced activity, changing the groups to methyl substituent s 

restored the excellent reactivity. [74]  

These results, in conjunction with  computational evidence, suggest higher energy barriers  in 

catalysts with ri dged frameworks for passing through the different geometries required during 

the catalytic cycle. Additionally, t o complete the isomerization  of the MCBDs a pseudorotation 

over one of the ligand arms is necessary. The finding was corroborated through the i solation 

of an off-cycle metallatetrahedran (MTH) which is mechanistically connected to the 

pseudorotation. [36]  

With well -defined catalysts in hand, a more detailed investigation of the substrate scope was 

undertaken: a host of protic groups, C-H acidic sites, potentially coordinating Lewis -basic 

moieties and other functional groups that are oftentimes detrimental to transition metal 

catalysts, such as azides, alkyl halides, and thio-esters, were well tolerated. The most advanced 

iteration of the ócanopy catalystsô has found application in several natural product syntheses.[79]  

The close scrutiny allowed for by the possibility to isolate the defined complexes also revealed 

potential deactivation pathways. The rigidity of the ligands , as previously discussed, was 

instrumental for the successful complexation, but resulted in ring strain in the formed 

complexes which could be released under certain conditions to give cyclo-oligomeric 

structures. [17d] Even more concerningly, the most active catalyst with slender methyl groups 

succumbed to a bimolecular decomposition pathway under conditions relevant to catalysis. 

The resulting binuclear Mo Mo species is a thermodynamic dead end and does not engage in 

alkyne metathesis.[80]  

While a high level of sophistication has been reached in catalyst design using molybdenum 

alkylidynes, rhenium alkylidynes had been neglected for most of alkyne metathesis history. All 

the more surprising was the presentation of the first non -d0 rhenium alkylidyne complex 9  

capable of catalyzing alkyne metathesis by the group of Jia  in 2020  (scheme 11).[42]   

 

Scheme 11: Preparation of the first catalytically active Re(V) alkylidyne complex.  
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Stoichiometric alkyne metathesis had previously been achieved with rhenium (V) complex 20  

and insightful reasoning  had led to the design of bidentate phosphino-phenolates (21) as 

suitable ligands for  rendering the process catalytic.[81] For alkyne metathesis with a six-

coordinate rhenium (V) complex, a  slightly different mechanistic sequence has to be 

considered (scheme 12 and chapter 1.1.5).[82]  

 

Scheme 12: Mechanism for alkyne metathesis reactions of six -coordinate Re(V) alkylidyne co mplexes. 

The first and presumably rate determining step is the dissociation of a labile ligand to free a 

coordination site for the incoming alkyne  (B).[83]  Upon association there are two possible 

coordination modes for the substrate. In  rhenium (V) complexes the electronically preferred 

isomer is C with the alkyne perpendicular to the alkylidyne unit. [81a] To promote the rotation 

into the conformation  Cô necessary for productive cycloaddition ligands have to be chosen 

which destabilize C. This can be accomplished by placing steric bulk  in the cis position of the 

alkyne forcing it into a conformation parallel to the alkylidyne  ligand so that the MCBD D can 

be formed. Another design feature of the ligands is their bidentate nature, which ensures 

further ligand dissociation towards a n unproductive five -coordinated species to be suppressed. 

The resulting complexes exhibit good reactivity even though frequently  high temperatures are 

needed. The true strength of these complexes lies in their superb functional group tolerance: 

protic groups pose no problem and even substrates containing carboxylic acids are compatible, 

which instantly  deactivate molybdenum  (VI) or tungsten  (VI) alkylidyne catalysts.[84]  

Furthermore, several of the complexes were shown to be air-stable. To date, these recent 

catalysts have not been tested in the synthesis of truly complex molecules (e.g., natural 

products), but the generally better stability of middle/later transition metals towards oxygen 

and water holds great promise for the future. [3c]  

The synopsis of the most important milestones in alkyne metathesis history highlights how far 

this fundamental reactivity has come in half a century. The reaction mechanism is fairly well 

understood, active catalysts with three different transition metals have been identified and 

several reaction types useful for organic synthesis have been put forward. So far the interest in 

alkyne metathesis has largely been of academic nature and practical aspects remain 

underexplored. Accordingly, the use of the knowledge gained for designing catalysts and 

reactions with an orientation towards a more general applicability  is a major  concern of current 

alkyne metathesis research.  

Subsequent chapters offer a more thorough examination of selected aspects deemed pertinent 

to the research that follows.  
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1.1.3 Molybdenum Alkylidyne Catalysts  

While the first well -defined catalysts for alkyne metathesis were tungsten alkylidynes, a 

majority of the modern systems are based on molybdenum. This may appear counterintuitive, 

given that initial research indicated molybdenum alkylidynes to be comparatively less 

reactive.[39-40]  The molybdenum complex 18 analogous to Schrockôs original tungsten catalyst 1 

is virtually  inactive and more electron-deficient donor ligands were required to obtain a good 

catalyst (scheme 13). Ironically however,  exactly the inherently higher Lewis acidity of 

tungsten (VI) complexes limits their potential for applications. Even the fairly  tame complex 1 

was deactivated by substrates containing a thioether, a pyridine or an electron deficient 

alkyne.[49]  In contrast, m olybdenum alkylidynes tolerate all these potentially  coordinating 

functional groups.  

A reinvestigation of the early catalyst systems by the group of Tamm  outlines the fundamental 

differences in reactivity and highlights the importance of the ancillary ligands. [85]  

 

Scheme 13: Differences in the reactivity of (fluoro) -alkoxide supported tungsten and molybdenum alkylidynes.  

As the degree of fluorination on the supporting alkoxide ligands increases, the reactivity is first 

enhanced and then diminishes again (24  is already completely inactive). However, the peak in 

terms of activity is reached for different degrees of fluorination in tungsten (23 ) and 

molybdenum (2). The data indicates the necessity for striking a fine balance in order to avoid 

over stabilizing any state on the catalytic cycle. For the relatively electron-rich 18 the barrier 

for the cycloaddition is too high and for the extremely electron-poor 26  the cycloreversion from 

the MCBD is disfavored. For the latter, this  fact has allowed the relevant MCBDs to be 

isolated.[35b, 85] 

Accordingly, the ancillary ligands have to be carefully chosen in order to make the metal center 

sufficiently electrophilic  but not overly electrophilic. With a formally d 0-metal, reactivity 

depends largely on the donor capabilities of the ligands. Early on, electron-rich alkyl as well as 

thiolate ligands were shown to have a detrimental effect on catalytic performance. [39-40, 84, 86]  

Phenolates, fluorinated alkoxides, and silanolates on the other hand were found to yield active 

catalysts.[39-40, 57b] A deviation from this rule are aniline  ligands, which support the catalysts 

obtained in situ  from 3.[50]  A thorough investigation of the electronic effects exerted by the 

ligands in these species has not been undertaken. However, for related systems the aniline  

ligands were described to be exchanged by protonolysis for phenolate or silanolate ligands in 

order to obtain better catalytic performance. [54, 87] 
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The ligand size also seems to play a role (scheme 14).[39, 52b]  The ligands must exhibit sufficient 

bulk to prevent decomposition through bimolecular processes and to avoid polymerization of 

substrates through an associative pathway.[17d, 38c] 

 

Scheme 14: Examples of molybdenum based alkyne metathesis catalysts with sterically demanding ligands.  

Ligands with large steric bulk destabilize the MCBD intermediate  with its more crowded 

trigonal bipyramidal geometry. As a consequence, the energetic barrier for substrate 

association is raised. Conversely, cycloreversion and product expulsion are in turn  more 

favored.[38b]  Akin to  the electronic influences, a fine balance has to be found. 

To access the plethora of molybdenum alkylidyne catalysts known today, an efficient  route for 

their synthesis had to be found. The first examples were obtained through exhaustive 

alkylation and subsequent Ŭ-hydrogen abstraction on a molybdenum (VI) complex. [88]  A 

parallel route had been successfully employed to access the first tungsten neopentylidyne 

complexes. Unfortunately, i n the case of molybdenum the synthesis was low yielding and not 

scalable (scheme 15).[39]  

 

Scheme 15: Synthesis of early mol ybdenum alkylidynes via alkylation and Ŭ-hydrogen abstraction.  

The second route developed to synthesize tungsten alkylidynes also failed in the case of 

molybdenum. [89]  The cleavage of metal-metal triple bond s in binuclear molybdenum 

complexes (33 ) with alkynes or nitriles is generally disfavored (scheme 16).[71a, 80]  

 

Scheme 16: Examples for the unsuccessful cleavage of binuclear molybdenum complexes. 

For this reason, most initial insights concerning alkyne metathesis were obtained from 

tungsten alkylidynes. It was not until the turn of the century and the discovery of in situ  

activated systems by Fürstner and coworkers for molybdenum to move into the focus. [50]  The 

incomplete understanding of this activation process will be discussed in chapter 1.1.3.1. For 

now, it suffices to say, that the system did not lend itself to the straightforward synthesis of a 

large library of molybdenum alkylidyne catalysts. Although a few well-defined and structurally 
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characterized complexes are known, in the majority of cases the actual catalytic species is 

formed by in situ  complexation with a range of ligands.[43b, 44a, 73, 90] 

The strategy explored by Johnson, which involved the transformation of molybdenum nitrido  

complexes into molybdenum alkylidynes , also lacked the necessary degree of generality.[56]  The 

equilibrium appears to be highly contingent  on the ligand sphere which complicates the 

targeted synthesis of alkyne metathesis catalysts with specific ligands. 

Faced with this problem the groups of Fürstner  and Tamm  revived carbyne/alkylidyne 

chemistry which had been known since the 1980s.[31b, 65] The pertinent route starts with 

molybdenum hexacarbonyl and relies on the oxidation of a low-valent óFisher-typeô carbyne 

into a óSchrock-typeô alkylidyne (scheme 17). Consequently, the term ólow-oxidation -stateô 

route was coined to differentiate  it from the traditional óhigh-oxidation -stateô route starting 

wit h molybdenum (VI) complexes. 

 

Scheme 17: óLow-oxidation -stateô route to access molybdenum alkylidyne complexes. 

The synthesis is based on several publications by Mayr  and coworkers and starts with the 

nucleophilic addition of an aryl lithium species to molybdenum hexacarbonyl. [19] The resulting 

óFisher-typeô carbene 34  is treated with oxaly l bromide to formally abstract an oxide from the 

acyl ligand.[64b, c]  The obtained carbyne 35 is highly instable . It is directly oxidized at ī78 °C 

with  bromine into a molybdenum ( VI) óSchrock-typeô alkylidyne 18 and supported with a 

bidentate ligand such as dimethoxyethane (DME).[64a]  The halide ligands in precursor 18 can 

be replaced via  salt metathesis with the desired anionic ligands of choice. In the initial  

publications the counterion of carbene 34  was exchanged to give an air-stable intermediate, 

but a subsequent reoptimization showed the step can be skipped as long as all procedures are 

carried out under inert -atmosphere.[91] Overall, the ólow-oxidation -stateô route has been 

demonstrated to be reasonably scalable and has allowed a variety of molybdenum catalysts to 

be synthesized.[16a, 31b] It currently serves as the standard in the field.  

Building on this groundwork, the group of Buchmeiser was able to obtain a series of cationic 

molybdenum alkylidyne complexes. [92]  The underlying idea stems from the field of alkene 

metathesis, where cationic complexes have been very successful. Adding strongly ů-donating 

NHCs to complexes such as 26  or 2 leads to the (partial) dissociation of an alkoxide ligand, 

revealing highly active catalysts.[93]  Although reports on their use in synthesis are scarce so far, 

this conceptually di fferent  approach might hold merit in the future.   
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1.1.3.1 In situ activated Systems  

This chapter will discuss catalyst systems in which the catalytically active species is either 

unknown  or has to be generated in situ . 

The óMortreux  systemô is the oldest among the catalysts for homogeneous alkyne 

metathesis.[32]  Originally referring to a mixture of molybdenum hexacarbonyl and resorcinol, 

the concept extends to an assortment of molybdenum sources and additives (figure  2).[30]   

 

Figure 2: Examples of molybdenum sources and additives used in óMortreux-typeô catalytic systems. 

Most reported metal precatalyst are low valent. The two exceptions, namely [MoO 2(acac)2] and 

[MoCl 2(NO)2(Py)2] were reported by Mortreux  to require alkyl aluminum reagents as 

co-reactants.[94]  In these cases, an activation pathway through alkylation and Ŭ-hydrogen 

abstraction similar to Schrockôs route to high -valent alkylidynes, is conceivable. However, for 

the molybdenum (0) precursors the mechanism by which the active species is generated 

remains unclear. Empirical studies have shown that replacing some carbonyl ligands in the 

molybdenum source with more labile ligands  (e.g., COD) is beneficial to the overall catalytic 

activity. The result suggests at least partial dissociation of the carbonyl ligands is necessary.[95]  

Further, t he addition of phenols, silanols or alcohols is essential to obtain reactivity. [63, 96]  The 

assortment of suitable additives has a suspicious overlap with the ligands for well -defined 

molybdenum alkylidyne  catalysts, suggesting the (at least transient) formation of such species 

in the reaction mixture.  In line, m ore electron deficient phenols and silanols were found to be 

rate accelerating.[63]  Different forms of activation were shown to be effective: the traditional 

approach of heating the system in the presence of an alkyne demonstrated turnovers  starting 

at 110 °C; microwave irradiation has been employed to the same effect.[96a, 97] Interestingly, UV 

light was recently reported to activate the system at ambient temperatures.[63]  However, issues 

with conversion and catalyst deactivation ensued.  

In summary, the óMortreux -systemô remains poorly understood despite considerable research 

efforts. [30, 98]  Together with the harsh conditions required (temperat ures above 110 °C), 

typically  high concentrations of the additives (0.5 to 1.5 equiv.), and limited functional group 

tolerance, the catalyst system does not invite application to the synthesis of complex 

molecules.[49]  On the other hand, the off-the-shelf nature (availability and low price of the 

components) makes the system attractive to the wider chemical community which is not 
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specialized on alkyne metathesis catalysis. Accordingly, some applications from the field of 

dynamic covalent chemistry and in the total syntheses of (ī)-nakadomarin A and the turrianes 

have been reported.[33, 97, 99]  

At the turn of the century , Fürstner and coworkers were on the search for an improved 

molybdenum-based catalyst due to the discussed issues with the óMortreux -systemô and the 

limited functional group tolerance of well -defined tungsten catalysts. Activation of the highly 

reactive molybdenum (III) trisamide complex 3 with methylene chloride gave a mixture with 

excellent catalytic reactivity  (scheme 18).[50]  

 

Scheme 18: Activation of the Mo(III) complex with methylene chloride gives a catalytically active mixture.  

Careful analysis of the activation reaction revealed chloride complex 10  and methylidyne 

complex 36  as the major products. Counterintuitively, the later was shown to be catalytically 

inactive after one turn -over.[53]  A probable decomposition pathway is the deprotonation of the 

formed MCBD under concomitant ligand -loss: a phenomenon that  has been observed in alkyne 

metathesis reactions of terminal alkynes with tungsten alkylidynes  (scheme 19).[40, 100]   

 

Scheme 19: Catalyst deactivation pathway proposed by Schrock in the metathesis of terminal alkynes.  

In contrast, the molybdenum (IV) chloride complex 10 was able to sustain alkyne metathesis 

reactivity.  The exact mechanism of how the molybdenum chloride reacts with an alkyne to form 

the propagating species has never been elucidated.  

 

Scheme 20 : Catalytically active molybdenum species with mixed halide/amine ligand spheres.  

However, several related species containing halogenated molybdenum centers were also 

shown to be catalytically active for alkyne metathesis (scheme 20).[53]  It could be speculated 

that molybdenum alkylidynes with mixed halide/am ide ligand spheres are competent alkyne 
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metathesis catalysts. In one instance Schrock referred to an undefined impurity likely  

containing a tungsten chloride/ amide complex as the catalytically active species, but no clear 

results were ever reported.[101] Further circumstantial evidence comes from related systems 

generated from molybdenum alkylidyne  trisamide complex 40  and tridentate phenol  ligands 7 

which demand chlorinated solvents in order to sustain catalytic activity. Other commonly used 

solvents (e.g., toluene) led to a significant reduction in turnovers , suggesting an active 

involvement of the solvents (carbon tetrachloride, chloroform, or chlorobenzene).[43b]  

Be that as it may, the combination of the molybdenum (III) complex 3 and dichloromethane 

was applied for RCAM reactions in the synthesis of numerous macrocyclic natural products.[102]  

The mixture exhibits a robust funct ional group tolerance, transforming substrates containing 

thioethers, pyridines, sulfones, aldehydes, nitro groups, nitriles , and primary alkyl 

chlorides.[53]  The new protocol was proven superior in direct comparison with the óMortreux  

systemô and Schrockôs catalyst in several instances.[102f, g, 103] The enhanced activity also allowed 

for generally lower reaction temperature s (approx. 80 °C). Still, working with the molybdenum 

(III) complex 3 requires rigorously  dried solvents and strict exclusion of air and moisture 

throughout the reaction. Arguably a drawback in practical terms when compared to the more 

forgiving óMortreux systemô. 

Based on the in situ  activation strategy, a more elaborate approach was developed by Zhang 

and Moore  for synthesizing molybdenum alkylidynes from complex 3. Using higher gem-

chlorides instead of dichloromethane  the ethylidyne and propylidyne variants could be 

prepared (scheme 21).[44a, 54] 

 

Scheme 21: óSecond-generationô activation strategy and reductive recycling of the chloride complex. 

The loss of two-thirds of the submitted molybdenum into the chloride complex 10  was 

prevented by the recycling of the halide complex into the starting material with a suitable 

reductant. Overall, nearly quantitative yields of the molybdenum alkylidynes  40  could be 

isolated. Although direct reports on the alkyne metathesis activity of these complexes are 

scarce, protonolysis with a variety of (prefera bly electron deficient) phenols (or fluorinated 

alcohols and later also silanols)[87]  are presumed to give complexes of type 41, which show good 

reactivity even at ambient temperature. [44a]  However, the isolation of the formed alkoxide and 

phenoxide complexes proved to be troublesome and characterization by X-ray crystallography 

has only been reported for one example.[52b]  For this reason, these types of complexes are 
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grouped into the section for catalysts with unknown active species. Nevertheless, the first 

method for synthesizing preparative meaningful am ounts of molybdenum alkylidynes in a 

straightforward manner has had a large impact on the field. [23b, 69, 73] The in situ  combination 

with phenol  or silanol  ligands has been regularly applied in material sciences and immobilized 

variants have been reported.[44b, 55, 67, 87, 104] 

 

 

1.1.3.2 Molybdenum Alkylidyne Complexes with Sil anolate  Ligands 

The continued search for a route providing facile access to molybdenum alkylidynes  without  a 

detour through  the highly sensitive and difficult to manipulate molybdenum (III) complex 3, 

led to the synthesis of the molybdenum nitrid o precursor 16 (scheme 22).[57b] Fürstner  and 

coworkers devised a novel route that avoids the large scale use of sodium azide employed by 

Johnson in his related synthesis of molybdenum nitrid o complexes.[17a, 56]  

 

Scheme 22 : Preparation of the precatalyst molybdenum nitrid o complex with silanolate ligands.  

To effect this, sodium molybdate, a readily available salt, was treated with trime thylsilyl 

chloride, resulting in the formation of the dimethoxyethane stabilized bis -chloride complex. 

Reaction with lithium hexamethyldisilazide provided nitrid o complex 16 in good overall yield 

(scheme 22). The complex was used to screen for alkyne metathesis activity with a row of 

ligands (table 2). The best results were obtained in combination with triphenyl silanol . In an 

attempt to move away from systems relying on in situ  complexation, considerable efforts were 

undertaken to characterize the actual complex. Ultimately , addition of pyridine enabled the 

isolation of precatalyst 5. Moreover, the labile ligand turned out to have a positive impact on 

the overall stability making it possible to weigh complex 5ÅPy in air , which marks a substantial 

improv ement considering the sensitivity of previous precatalysts such as molybdenum (III) 

complex 3. 

The more important point , however, was the first report of silanol ate ligands enabling higher 

activity in direct comparison with fluorinat ed alcohols, phenols, and amides (table 2). While 

there had been several reports of silanols in the context of alkyne metathesis, these reports 

failed to notice the large potential of such ligands for homogeneous alkyne metathesis 

catalysis.[105] The robust activity exhibited by nitrid o complex 5ÅPy is truly impressive 

considering its nature as a precursor for the actual catalytic species, even more so since NMR 

studies showed only small amounts of the complex are being transformed into the active 

molybdenum alkylidyne. [31b] 
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Table 2: Screening of selected ligands for alkyne metathesis with precatalyst 16.[57b] 

 

Ligand  t [h]  NMR yield  

 

18 <5% 

 

18 19% 

 

18 <5% 

 

18 <5% 

 
1.5 83% 

 

Shortly after the initial publication , Moore and coworkers showed that the catalytic activity of 

nitrido complexes can be enhanced by Lewis-acid activation of the nitride .[57a] Despite the solid 

performance of nitrido  precatalysts, they were only briefly in use before further catalyst 

development made them irrelevant .[106] 

Fürstner  and coworkers, convinced of the favorable properties of the newly discovered ligands, 

targeted the synthesis of the elusive silanolate supported molybdenum alkylidyne , 

hypothesizing that this was the actual active species during the reaction. With the aid of the 

ólow-oxidationô state route delineated in scheme 17, they were able to obtain trisbromide 

complex 17.[31b, 43a] Salt metathesis with potassium triphenylsilanolate gave the desired 

complex 6 . Inaccuracies in the equivalents of the ligand salt, or too hasty addition , resulted in 

the formation of the related ate-complex 42  (scheme 23). Steric influences from differently 

substituted benzylidyne units also had an effect on which complex was obtained. In solution 

partial  dissociation of the fourth silanolate r eleases the neutral complex. Owing to these 

hurdles in preparing the pure neutral complex 6 , references to the use of the ate-complex 42  

or the diethyl ether adduct  of complex 42  or 6  as catalysts can be found in the older literature. 

An alternative route to the neutral complex leads through the stabilization with 

1,10-phenanthroline.   
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Scheme 23 : Synthesis and stabilization of a triphenylsilanolate molybdenum benzylidyne complex.  

Originally investigated as an alternative to the pyridine in the nitrido  complex 5ÅPy, adducts 

of the type 6ÅPhen were shown to be entirely bench-stable for >1 year. In solution removal of 

the bidentate ligand with the aid of a Lewis acid and raised temperatures releases the neutral 

species 6 .[31b]  

In 2021, Fürstner and coworkers published an updated and improved direct synthesis of the 

neutral complex 6 .[16a, 91] Scheme 24 shows the synthesis of the most active variant (6a ) of 

complex 6  with an anisol benzylidyne unit. Herein, first a salt metathesis with highly sterically 

demanding sodium tert -butoxide gives the neutral metathesis-inactive alkoxide complex 18a. 

Due to the higher acidity of silanols in lieu of alcohols , mild protonolysis with triphenylsilanol 

afforded complex 6a  on gram scale. 

 

Scheme 24 : Improved synthesis of the most commonly used variant of complex 6 . 

Complex 6  constituted the first highly active well-defined molybdenum alkylidyne catalyst  

which could be readily synthesized on gram scale after  a decade of using in situ  activated 

systems and precatalysts. This facilitated comprehensive investigations into alternations 

within  the ligand sphere, as well as the mechanism and decomposition pathways.[43a, 107] The 

excellent synergy between silanolate ligands and molybdenum alkylidynes manifests itself in 

an outstanding activity. In direct comparison to Schrockôs complex 1, the only other available 

well-defined catalyst, full conversion was reached in the homodimerization of 1-phenyl-prop-
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1-yne within three minutes, whereas the tungsten alkylidyne converted only 20% of the 

substrate in 60 min at ambient temperature.  

The exceptional performance was reasoned to be a consequence of the adaptive ligand 

properties of silanolates. As previously mentioned, a delicate electronic balance has to be 

maintained in order to be able to proceed through the whole catalytic cycle.  

Considering the bonding situation of si lanolate ligands with the metal, it is evident that both a 

ů-bond as well as ɸ-bonds are formed. Since the molybdenum (VI) has a formal configuration 

of d0, the electron density at the metal strongly depends on the bond strength or rather the 

dominating factor herein: the electron donation from  the ligands. However, ɸ-donation is 

reduced in silanolates due to back-bonding of the filled sp2-orbitals (O) into the empty low 

lying ů*-antibonding orbitals of the SiïC bond. Thus silanolates are considered weaker net 

donors in comparison with  alkoxides, upregulating the Lewis acidity of the molybdenum 

center.[108]  

Beyond that, the true advantage of silanolates is their changing donor properties, which are 

dependent on the OïSiïMo bond angle. The linkage is highly flexible and can freely change 

between a bend (120°) or approximately linear (180°) geometry at ambient temperature 

(scheme 25). 

 

Scheme 25 : Illustrative molecular orbitals explaining the angle -dependent bonding of silanolates.  

Initial ly, the bend conformation was postulated to render the molybdenum more Lewis acidic. 

This was based on the unfavorable overlap of the lone-pairs at the oxygen with the d-orbital at 

the metal.[16b] However, more recent computational studies by Fürstner  and Neese revealed 
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the ů-bond to be the deciding factor.[61] Although the ɸ-bonds formed between the sp2-orbitals 

(O) and the d-orbitals (Mo) are stronger in the linear geometry, the decreased orbital overlap 

for the ů-bond overcompensates the effect (scheme 25). Accordingly, the linear conformation 

renders the molybdenum center more Lewis acidic. The hypothesis could be substantiated by 

means of the 95Mo ssNMR shifts, which can be correlated with the electron density at the 

metal.[78]  

Independent of which geometry corresponds to a more Lewis acidic metal, the fundamental 

concept of adaptive silanolate ligands remains the same. For this reason, it is believed that 

molybdenum catalysts supported by silanolates ligands are capable of efficiently addressing 

the disparate electronic demands of the alkyne metathesis cycle. In 2021, supplementary 

experiments led to the isolation of the intermediate MCBD formed from parent complex 6  with 

hex-3-yne, showcasing the effortless accessibility of the necessary intermediates (figure  3).[36a]  

 

Figure 3: Isolated MCBD with Ph 3SiO-ligands and representatives of other silanolate -supported catalysts.  

Besides the complex carrying triphenylsilanolate ligands, a row of other silanolate supported 

molybdenum alkylidynes are known. Three representatives are shown in figure 3. The use of 

tert -butoxysilanols as ligands led to reduced catalytic activity (43 ), presumably due to the 

changed electronic properties of the silanolates, as well as the excessive steric bulk.[109] 

Heteroleptic  complex 44  with  a ligand sphere containing silanolates and fluorinated alkoxides 

showed good activity in alkyne metathesis.[110] The tert -butoxysilanol ate somewhat 

counterbalances the perfluorinated alkoxide ligands , which had previously been shown to 

decrease the catalytic activity through rendering the metal overly Lewis acidic. The secondary 

molybdenum oxygen interaction present in the molecular structure obtained from X -ray 

diffraction analysis is dynamic in solution and presumably of little relevance to catalysis. [111] 

Complex 45  represents one of the first attempts at immobilizing well -defined molybdenum 

alkylidynes on silica surfaces.[55, 105c] Several other catalysts have been grafted onto silica 

showing good activity, but only few applications have been reported.[85, 110, 112] 

In contrast, complex 6  is arguably the most commonly applied alkyne metathesis catalyst in 

natural product synthesis. Its discovery was followed by a burst  of reports from the Fürstner  

laboratory and other groups on the syntheses of natural products obtained via  RCAM.[25, 66a, c, 

d, f, j, 113] The introduction of silanolates as privilege d ligands for alkyne metathesis also led to 

their application in the before -hand described in situ  systems.[87]  
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1.1.3.3 Molybdenum Alkylidyne Complexes with Tripodal Ligands  

In parallel to the developments around silanolate based molybdenum alkylidynes, another 

important  innovation for alkyne metathesis catalysis was made by the group of Zhang. They 

introduced a tridentate ligand design with the intent of preventing undesirable polymerization 

of alkyne substrates.[69b]  This side reaction had plagued alkyne metathesis catalysis since its 

beginning and was proposed by Schrock to arise through the reaction of the MCBD with an 

additional substrate via an óassociative pathô (scheme 26).[71b] 

 

Scheme 26 :  Productive ódissociative pathô or óassociative pathô leading to polymerization. 

A recent review on generating cyclic polymers from alkynes indicates the picture to be 

somewhat more complicated, with several possible mechanisms and linear as well as cyclic 

polymers being formed.[18] In any case, the loss of material towards polymeric products is a 

frequent problem when working with catalyst adorned with óslimmerô ligands or ill-defined 

systems.[44a, 114] For this reason, sterically demanding ligands, such as triphenylsilanolates, are 

frequently preferred  in catalyst design, as they impede the binding of an additional substrate.  

On the other hand, excessive steric hindrance can prevent the RCAM of densely decorated 

diynes.[66h, i, 115] The expedient removal of the small, polymerization -prone by-product  (e.g., 

but-2-yne) also plays a decisive role. However, for applications in dynamic covalent chemistry 

where reaching the thermodynamic equilibrium is the goal, this approach is not applicable. 

With this in mind, Zhang and coworkers combined the ligand 7a, comprising three phenols 

tethered together by an amine linker , with the molybdenum alkylidyne 40b . The resulting  

mixture showed good activity in alkyne metathesis and did not give rise to any signs of 

polymerization , even when subjected to a substantial excess of but-2-yne.[69b]  

In the following years , the group of Zhang was able to extend the strategy to several generations 

of the conceptually same design (scheme 27). In the first iteration , the amine tether was 

alkylated to prevent the ni trogen from binding to the highly Lewis acidic molybdenum (VI) 

metal.[90a]  Indeed an increase in activity was observed, but the poor solubility of the ammonium 
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salt 7b constituted  a major disadvantage.[70a]  Switching to a neutral silicon atom as the linchpin 

remedied the issue (7c). To increase the overall stability the next generation 7d used a central 

carbon atom instead of the silicon tether due to concerns about the carbon-silicon bond 

strength. [70b]  The latest iteration  46  changed the overall blueprint  by removing the methylene 

spacer from the design in order to create an even tighter óbinding pocketô. This system was 

reported to enable alkyne metathesis reactions under open-to-air conditions. [43b]  However, 

attempts to do so by another laboratory have been met with failure. [116] 

 

Scheme 27: Catalyst systems with various generations of  trisphenol ligands pion eered by Zhang and coworkers. 

Overall, the systems show high alkyne metathesis reactivity and were able to transform 

substrates comprising challenging functionalities such aldehydes, nitro groups, and electron 

deficient alkynes. Aldehydes are especially difficult  since molybdenum alkylidynes equipped 

with silanolates as well as tungsten catalysts decompose in their presence (presumably via  a 

óWittig-typeô reaction of the alkylidyne with the carbonyl).[31b, 58, 96c] 

Notwithstanding their performance, considerable doubts about the actual constitution of the 

catalytically active species persist. No structural data from single crystal X-ray diffraction has 

ever been reported that  shows the ligands binding in a tripodal manner  to a monomeric 

complex. The only data available for the solid-state stems from phenolate bridged dimers 

carrying nitrogen tethered ligand s of the type 47  which were isolated from the catalyst 

mixtures .[69b]  In these, the nitrogen was shown to bind cis rather than trans to the molybdenum 

alkylidyne. What is more, the dimers were described as essentially inactive in alkyne 

metathesis, and some are stable in air and could even be purified by chromatography on silica. 
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The Nuckolls  group managed to activate such a bridged compound by adding excess of a protic 

solvent (presumably breaking up the dimer ).[90b]  The resulting mixture showed some alkyne 

metathesis activity, but again the exact nature of the species could not be determined. 

Extensive efforts to elucidate the structures of the created complexes in solution through NMR 

studies gave an ambiguous picture. On the one hand, free aniline ligand from the precursor 

could be detected, indicating the successful protonolysis with the phenol ligands. On the other 

hand, several signals for alkylidyne units were observed, indicating the formation of multiple 

species.[43b, 70b]  Thus, more information on these complexes is required  to warrant the depiction 

of the ligands as binding in a tripodal manner.  

Another prominent handicap of Zhangôs catalyst systems is their need for chlorinated solvents 

(as discussed above). Hepatotoxic, ozone-depleting, and potentially carcinogenic carbon 

tetrachloride was repeatedly shown to give the best results.[43b]  

Motivated by the systemsô favorable resistance against polymerization , the group of Fürstner 

presented their own set of tridentate ligands 48 / 49  with  the important distin ction of carrying 

three silanol ligands instead of the phenols propagated by Zhang and coworkers (figure  4).[73] 

These systems met the same fate as described above: together with complex 40b  catalytically 

active mixtures were obtained, but the constitution of the active species as well as the exact 

binding mode of the ligands could never be elucidated. Even attempts at preorganizing the 

ligands in a tripodal fashion by selecting a 1,3,5-trisubstituted -2,4,6-triethylbe nzene platform 

as the connecting unit did not change the outcome. These kind of benzene derivatives are 

known to adopt an alternating orientation  and are widely used in the synthesis of cage 

compounds.[117] 

 

Figure 4 : First generation tridentate tris -silanol e ligands and substrates with problematic protic moieties.  

Over the years protic functional groups had emerged to be a challenge for complex 6  endowed 

with  monodentate silanolate ligands. Although substrates carrying secondary alcohols (50 ) 

and phenols (51) could be transformed under somewhat forcing conditions, primary alcohols 

marked an important  limit of its functional group compatibility. With respect to this, a key 

advantage of catalyst systems with tridentate tris -silanolate ligands became apparent: these 

catalysts were able to transform substrates such as 52  in acceptable yields.[73]  The difference 

in performance was explained with the chelate effect; in the version with monodentate ligands, 
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the alcohol will eventually  replace the silanolates in the presence of excess substrate, rendering 

the complex inactive for alkyne metathesis. In the case of the tridentate ligand, the loss of all 

silanolates is statistically less likely and the partial protonolysis presumably rever sible.  

An additional benefit of the ill -defined systems is their ability to catalyze the RCAM of densely 

functionalized diynes into highly strained rings as exemplified in the synthesis of  

(ï)-Sinulariadiolide or G uangnamycin A alcohol.[75b, c] Presumably this capability  stems from 

the oligomeric natur e of the catalyst systems. NMR-investigations indicated the presence of a 

multitude of species with generally broad signals. The ligands 48  and 49  are assumed to take 

the role of ñcross-linkersò connecting several metal centers.[73]  A key factor seems to be the 

conformational flexibility caused by the alkyl chains connecting the ligands to the  tether. The 

same reason is responsible for the reluctance of the system to form a well-defined complex 

with the ligand binding in a tripodal manner , which prevented the use of the more readily 

accessible tribromide precursor complex 17. Despite considerable experimentation, all 

attempts at salt metathesis reactions towards a structurally defined complex or even catalytic 

reactivity failed. [118]  

The second generation of catalysts with tridentate silanolate ligands 8 , published by Fürstner  

and coworkers in 2019, made two pivotal  changes to the design: a more rigid ligand 19 with 

only sp2-hybridized carbons in the scaffold, and a milder complexation method via 

protonolysis  (scheme 28).[76]   

Molecular structures of the ligands obtained by X-ray diffraction showed them to be 

preorganized into the tripodal shape with the silanols orientate d into an óall-inwardô and óall-

upwardô conformation. Through this conformation,  oligomerization could be avoided and the 

first well -defined molybdenum alkylidyne complexes with a tripodal ligand framework were 

obtained. The clean complexation was aided by the use of alkoxide precatalyst 18 prepared via 

salt metathesis with sodium tert -butoxide from trisbromide 17. Although not strictly 

necessary, as shown by a publication from the Lee group on the same catalyst design without 

the use of precatalyst 18, protonolysis has the advantage of being reversible.[77] Undesirable 

crosslinking can thus be corrected in favor of the targeted tripodal conformation. This is 

reflected in higher yields obtained via  the protonolysis route. [36b]  
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Scheme 28: Synthesis of the óCanopy-catalystsô and evaluated variations in the ligand sphere.  

A large library  of complexes with the same general blueprint was prepared (the table in 

scheme 28 shows the iterations from the Fürstner  group). [74]  Modifications at specific sites in 

the ligand sphere allowed for insights into their effect s on the alkyne metathesis reaction. The 

prototype catalyst 8a with phenyl substituted silanolate ligands and a para -methoxy 

benzylidyne unit closely resembles the parent complex 6a . Comparison in a standardized 

benchmark reaction revealed it to be considerably less active for alkyne metathesis. 

Presumably, the rigidified podand form impedes  the distortions necessary to reach the 

different geometries along the catalytic cycle.  

Further more, complexes bearing the para -methoxy benzylidyne motive in combination with 

phenyl groups on the silanolates were plagued by an aggregation issue (8a-c, e, m ). 

C-H/ɸ-interactions of the ortho  protons on the benzylidyne unit with the phenyl rings on the 

ligands likely enabled the formation of dimers. [91] Disruption of the interaction by changing to 

iso-propyl substituents on the silicon resulted in a monomeric complex (8d ), but no activity 

was observed in the benchmark reaction at ambient  temperature. Tackling the issue from the 

other side by changing the benzylidyne unit to 2,6-di(methyl ) phenyl also gave a monomeric 

complex (8f ). This motive was already reported to be instrumental in obtaining  the neutral 

complexes instead of the ate versions in renditions with monodentate silanolate ligands .[43a]  
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However, a price in the form of slower catalyst initiation mu st be paid for the steric bulk 

imposed by the two methyl substituents (8a vs. f  and i  vs. j ). 

In turn , reducing the peripheral bulk of the tripodal ligand by exchanging the phenyl groups 

on the silanolates for smaller alkyl substituents had a drastic effect. The activity of catalyst 8g 

equipped with methyl groups rivaled the monodentate parent complex. [74]  It was therefore 

named óturbo canopy catalystô as the most active variant of the whole family. Presumably, 

substrate binding is more facile with a smaller ófenceô around the metal center. Stepwise 

elongation of the alkyl substituents on the silicon led to an incremental reduction  in reactivity 

(8h-i, l ), although good overall activity is maintained  as long as no branching is introduced 

(8d, k ). 

Adjusting the electronic influence of the ligands by substitution ( 8b  and c) had little impact 

on the catalytic activity. The same applies to the electronic influence of the benzylidyne cap 

(8a, e, f  and m ), which is not surprising  since it is lost during the first turnover of the 

catalyst.[119] 

The original study used solution state 95Mo NMR to decode the electronic effects of different 

ligand classes on the catalytic activity.[74]  The obtained data was later corroborated with ssNMR 

data and indicated good catalytic activity for complexes with 95Mo ŭiso > 350 ppm. [78]  Through 

this, the explanation for the long known inactivit y of molybdenum alkylidyne complexes with 

tert -butoxide ligands (excessive electron donation) was finally substantiated by direct ly 

probing the electronic character of the metal center (18a : 95Mo ŭiso = 80 ppm, 

Ar = p-MeOC6H4). 

From the host of catalysts available, mainly 8a and 8g were investigated with regard to their 

functional group tolerance. Once more, the tridentate  ligands paid valuable dividends, 

enabling the transformation of substrates containing primary alcohols with yields that parallel 

those achieved with catalysts comprising  the first -generation triden tate ligands. A notable 

difference is that the ócanopy catalystô are available as well-defined complexes in contrast to 

the ill -defined catalytic mixtures of the first -generation, which have to be prepared in situ . 

Overall, both catalysts were shown to have a similar scope, with 8g transforming the substrate s 

more quickly and in some cases reducing the amount of dimeric side products formed.  For this 

reason, the óturbo canopy catalystô has become the catalyst of choice for natural product 

chemists in recent years.[79, 120] 

Having access to well-defined alkyne metathesis catalysts with tripodal ligand s also allowed 

the groups of Fürstner , Neese, and Lee to investigate the mechanism by which these catalysts 

function . Addition of hex -3-yne to complex 8a gave rise to a metallatetrahedran H (MTH)  

instead of the expected MCBD intermediate .[36, 77] As already mentioned, only the MCBD was 

observed and isolated in the case of monodentate silanolate ligands. The discrepancy in 

behavior hinted at subtle changes in the mechanism (scheme 29).  
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Scheme 29 : Catalytic cycle for alkyne metathesis  catalysts with tripodal ligands including a pseudorotation.  

Considering the fundamental difference between the two types of ligands, it becomes obvious 

that the tether connecting the ligands in the tripodal version prevents the canonical 

isomerization  of B  into D  through a trigonal bipyramidal transition state  C. Being connected 

through the backbone hinders the ligands from passing through the mirror plan and reaching 

the productive isomer D . 

Nevertheless, alkyne metathesis reactivity is observed for complexes with tripodal ligands.  A 

combination of calculations, NMR -experiments, and crystallographic data strongly indicates a 

pseudorotation of F into I  to be operative.[36a]  For this , the MCBD has to pass through a 

distorted conformation G rotating over one of the tethered ligand arms. This mechanism can 

also explain the observed MTH H , which arises from G and seems to be an off-cycle reservoir. 

Although itself not a productive intermediate for  alkyne metathesis, its formation is reversible.  

The mechanistic ótwistô further clarifies why the steric bulk exhibited by substituents on the 

silanolates plays such a central role for the catalytic activity of the ócanopy catalystsô. 

Although the perform ance of the slimmest variant 8g is truly impressive, in some applications 

high catalyst loadings were necessary.[74, 79b] A closer inspection of possible decomposition 

pathways was therefore warranted.  

Complications that arose during the synthesis of 8g (e.g., an inseparable oligomeric impurity 

or the necessity of high dilution) had already foreshadowed  this specific ligand to be the lower 

limit regarding steric bulk. [74]  Indeed, upon addition of but -2-yne to a catalyst solution the 

large óprotectiveô benzylidyne unit is removed and after a short time the binuclear molybdenum 

(III) dimer 54 was observed (scheme 30).[17d]  
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Scheme 30 : Deactivation of the methyl variant 8g  through dimerization resulting  in a binuclear complex.  

Its formation is proposed to proceed via the tenuous ethylidyne complex 53 and the 

dimetallatetrahedran 57. The latter arises upon collision with a second fragment and such a 

species had been previously observed as a decomposition product of the parent complex 6 .[43a]  

The organic by-product  56  of the transformation was also detected, providing further evidence 

for the pathway. Binuclear Mo Mo complexes have been thoroughly investigate by the group 

of Chisholm, but generally do not display any activity in alkyne metathesis due to the 

thermodynamically stable metal -metal triple bond. [80, 121] A single report exists on the cleavage 

of a Mo Mo dimer with a te rminal alkyne , however, the present binuclear complex 54  did  not 

react with either terminal or internal alkynes. [71a] Therefore, it represents a fatal impasse for 

complex 8g under catalysis-relevant conditions.  

A second weakness of the ócanopy catalystsô emerged during an attempt to break the previously 

mentioned supramolecular aggregates. In specific cases, the additi on of pyridine led to the 

opening of the tripodal ligand framework and ócross-linkingô to form large cyclo-tetramers (58 ) 

(scheme 31). Fürstner  and coworkers reasoned this to be the result of strain release. Notably, 

different SiïOïMo angles in the complexes with tripodal ligands when compared to the 

monodentate parent complex indicated the buildup of ring strain by the overly rigid ócanopy 

ligandsô.[17d, 74] 

While no direct correlations can be established between the two described decomposition 

pathways and the high catalyst loadings necessary in some advanced applications, it seems 

plausible that they are (at least partially) operative under harsh conditions ( i.e. refluxing 

toluene). These observations also serve as convenient starting points for further catalyst 

development for alkyne metathesis. 
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Scheme 31: Formation of a cyclo -tetrameric array driven by strain release.  
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1.1.4 Tungsten Alkylidyne Catalysts  

Despite being the historic lead compounds for alkyne metathesis catalysis, tungsten 

alkylidynes have been largely superseded by molybdenum alkylidynes due to aforementioned 

reasons (limited functional group tolerance and propensity for polymerization). [16a, c] 

Nevertheless, the present chapter is dedicated to providing a brief summary of the histori c 

tungsten alkyne metathesis catalysts and some more recent attempts at their revival.  

 

Scheme 32: Classical r outes to tungsten alkylidyne alkyne metathesis catalysts. 

The classical óSchrock catalystô 1 can be prepared via three routes (scheme 32). The original 

route proceeds via alkylation of tungsten (VI) precursor complex 59  and double 

intramolecular Ŭ-hydrogen abstraction to give tris(neopentyl)neopentylidyne complex 60 . 

Chlorination with hydrochloric acid and stabilization with 1,2 -dimethoxyethane afforded the 

trichloride complex 61. Ligand exchange via  salt metathesis gave access to a row of alkoxide 

and phenolate complexes with the most pertinent shown in scheme 32.[88, 122]  

The remaining two routes are connected and rely on the metathetic cleavage of tungsten-

tungsten triple bonds. [89, 123] The more prominent of the two inv olves the reaction of 

binuclear 63  with  an internal alkyne to give the corresponding tungsten alkylidyne complex  1. 

The reaction was shown to be highly dependent on the ancillary ligands.[124] For instance, 

complex 62  with amide ligands did not react in the same manner. The size of the ligands and 

the resulting weakening of the triple bond through steric repulsion were speculated to play a 

role. In the final  route, the binuclear complex 63  was cleaved by a metathesis reaction with 

nitriles. [89]  Since half the submitted material is lost into the nitrido  complex 64 , the route is 

not suited for preparative purposes. However, the observation has some relevance for efforts 

to develop efficient catalysts for NACM.[17a] 

A modern fourth synthesis has been established in tandem with  the ólow-oxidation -stateô route 

described for molybdenum alkylidynes in chapter 1.1.3.[31b, 65] However, since the classical 

routes already offer convenient access to tungsten alkylidynes on good scale and with 
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satisfactory yields, the ólow-oxidation -stateô route has not gained as much traction as it has for 

molybdenum alkylidynes. [47b]   

The ancillary ligands of tungsten alkylidynes are of the uttermost importance for their 

competence as alkyne metathesis catalysts. Overly electron-donating ligands such as alkyl, 

amide, or thiolate ligands render the cycloaddition of alkynes to the tungsten alkylidyne 

unfavorable, whereas unduly electron -withdrawing ligands such as halides, and carboxylates 

over-stabilize the formed intermediates. [37, 71b, 84, 86, 88, 125] Schrock and coworkers showed bulky 

alkoxide and phenolate ligands to deliver tun gsten alkylidyne complexes, which are active in 

alkyne metathesis.[37, 38c] Sterically demanding ligands are necessary to prevent the 

polymerization of substrates via  the óassociative pathwayô. Simply changing ligands from a 

larger tertiary fluorinated alkoxide to a marginally slimmer secondary fluorinated alkoxide 

resulted in the exclusive formation of polymeric products. [38c]  

During early applications of alkyne metathesis, tungsten alkylidynes of the general type 1 were 

demonstrated to tolerate a number of functional groups, but reach ed their limits whe n 

confronted with aldehydes, donor moieties such as pyridines, thiophenes or thiazoles, 

acid-sensitive functionalities like epoxides or acetals, and traces of moisture.[49, 84]  Another 

general limitation of alkyne metathesis was discovered with these types of complexes: internal 

alkynes can often be transformed in good yields, but terminal alkynes have the tendency to 

initiate polymerization and to deactivate the catalysts. [100, 126] While this is true for both 

tungsten- and molybdenum-based alkyne metathesis catalysts, the higher Lewis acidity of 

tungsten makes the derived catalysts especially susceptible to the polymerization pathway. 

Notwithstanding  the limited number of reports of successful alkyne metathesis reactions with 

terminal alkynes, the vast majority of applications concern internal alkynes (e.g., with a methyl 

cap).[105b, 127] 

Modern iter ations of alkyne metathesis catalysts based on tungsten sought to mitigate the high 

Lewis acidity of the metal center with a heteroleptic ligand sphere. Inspired by the use of 

arylimido  ligands in alkene metathesis catalysts, Tamm  and coworkers replaced one of the 

fluorinated alkoxide ligands in a classical óSchrock complexô with a monoanionic imidazolin-2-

imide  (scheme 33).[59-60, 128] The resulting complex 4  demonstrated increased activity 

compared to the parent complex 1 and certain challenging functional groups , including nitro 

groups, were tolerated. The concept was extended to several tungsten alkylidynes with 

heteroleptic ligand spheres including ligands such as phosphoraneiminato (65 ), alkyl, and 

amides.[60b, 129] However, their serviceability  for  organic synthesis remains difficult to assess 

since only limited information about their scope and functional group tolerance is available. 

Another approach was pursued by the group of Buchmeiser. They had previously investigated 

cationic alkene metathesis catalysts which showed exceptionally high activity and sough to 

transfer the concept to alkyne metathesis (scheme 33).[92]  The synthesis of cationic complexes 

such as 66  carrying a neutral NHC ligand was accomplished, but the resulting compounds 
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exhibited only marginal reactivity in alkyne metathesis. Given the propensity of low-

coordinated cationic complexes of this general design scheme to undergo bimolecular 

decomposition, bidentate or even tridentate NHC containing ligands were employed in an 

attempt to  stabilize the species. However, the syntheses failed to deliver the targeted cationic 

species and the corresponding neutral complexes naturally showed low reactivity due to the 

substrate binding site being blocked by the neutral NHC ligand (e.g., 67).[93b, 130] 

 

Scheme 33 : Heteroleptic ligand spheres on tungsten alkylidynes and NHC adducts.  

The excellent synergy of silanolate ligands with molybdenum alkylidynes does not trans late to 

the tungsten congeners. In 2011, the group of Tamm  reported a closely related tri -siloxy 

complex 68 , which showed activity in alkyne metathesis. However, the preparation of neutral 

complexes with less encumbered silanolate ligands proved to be challenging, preventing 

extensive studies (scheme 34).[131] The higher Lewis acidity of tungsten leads to a strong 

preference for the formation of ate -complexes (69 ) and to decomposition via  CïH activation 

processes in the absence of an appropriate additional ligand.[31b] It was only through the 

implementation of F¿rstnerôs modification of the complexation method in 2020 that the 

targeted synthesis of neutral tungsten alkylidynes (such as 70 ) was successfully achieved.[132] 

Alkoxi de tungsten benzylidyne complexes were used as precursors and the ligands were 

replaced via  protonolysis with silanolates . The resulting complexes turned out to be inactive 

in alkyne metathesis. 

An investigation  into the electronic situation at the metal center via 183W NMR revealed 

tungsten alkylidynes carrying silanolate ligands to be highly electron-deficient. As a 

consequence, the MCBD intermediate is over-stabilized and could be isolated in certain cases. 

 

Scheme 34 : Tungsten alkylidynes with silanolates ligands and a tripodal alkoxide ligand.  

Following the success of tripodal ligands in broadening the functional group tolerance for 

molybdenum alky lidynes, tridentate alkoxide ligands for tungsten alkylidynes were 
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devised.[132] Indeed, the obtained complex 71 was able to transform substrates containing an 

acid labile epoxide, a thiazole, and an elimination -prone aldol subunit , which had been a fatal 

match for the parent óSchrock catalystô. In addition, the complex with a tripodal ligand 

outcompeted 1 in a benchmarking experiment. The enhanced reactivity is likely attributable  to 

a moderating effect by the ligand on the Lewis acidity of the metal. The tether restricts the 

conformation of the ligand  and thereby alters its donating capability.  

Notwithstanding the recent advances in the field, catalysts based on tungsten alkylidynes are 

no match in terms of activity and especially functional group tolerance for state -of-the-art 

molybdenum alkylidyne systems, such as the ócanopy catalystsô. Therefore, they have seen little 

use in natural product synthesis, but recent developments indicate them to be highly relevant 

for the synthesis of polymers (chapter  1.1.6.3).[18, 133] 
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1.1.5 Rhenium Alkylidyne Catalysts  

A number of the challenges faced in catalyst development with  molybdenum and tungsten 

alkylidynes (e.g., stability in the presence of protic functional groups and air/moisture) could 

potentially be addressed by a shift to noble transition metals. [134] Such a change is widely 

regarded to have aided the development of alkene metathesis. The departure from sensitive 

molybdenum alkylidenes in fav or of the more stable ruthenium -based Grubbs catalysts was 

the prelude for the extraordinary surge in applications within  academia and the chemical 

industry. [3c, 135] 

However, early reports from Schrock and coworkers on the synthesis and activity of 

rhenium  (VII) alkylidyne complexes had been discouraging. Although complexes, such as 72 

and 73, could be synthesized via  a similar  alkylation and double Ŭ-hydrogen abstraction 

strategy previous employed for the tungsten congeners, they did not show activity in alkyne 

metathesis (figure  5).[136] 

 

Figure 5: Rhenium (VII) alkylidyne complexes with and without activity in alkyne metathesis.  

On the contrary, the addition of a Lewis acid resulted in the ability of the mixed alkylidyne -

alkylidene complexes to scramble simple alkenes.[137] Hence, including alkylidene ligands in 

the design of alkyne metathesis catalysts risks losing one of the fundamental advantages of the 

methodology: its orthogonality to alkenes.  

In 1988, Schrock and coworkers presented an updated version in which the alkylidene had 

been replaced by an imido ligand and fluorinated alkoxides had been added in order to enhance 

the electrophilicity of the rhenium center. [41, 138] Complex 74  was shown to catalyze the 

metathesis of internal  alkynes, but only acetylene derivatives with bulky substituents gave 

satisfactory turnovers. 

The unsymmetrical nature of complex 74  results in two possibilities for the formation of a 

MCBD, depending on the face from which the alkyne approaches the catalyst. Schrock 

proposed only one of the intermediates to contribute to the catalytic turnover ( scheme 35). 

Association from the C-O-O face gives MCBD A  which can isomerize into MCBD C. The strong 

trans -effect exerted by the imido ligand, which is located in the same plane as the MCBD, aids 

the [2+2] -cycloelimination to expel the product. The other pathway (C-O-N face) leads to the 

imido ligand being positioned perpendicular  to the MCBD (Aô). The intermediate is 

overstabilized and an unproductive thermodyn amic dead-end.[138] 
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Scheme 35 : Electronically distinct metallacyclobutadienes formed upon cycloaddition from different faces . 

Due to these complications, as well as the difficult syntheses and the high prize of rhenium 

metal, preference was given to tungsten and molybdenum alkylidyne catalysts. The field was 

largely dormant for nearly 20 years with a single interlude from the group of Copéret, which 

published on a version of 75 immobilized on silica. [139] Metathesis activity was observed; 

however, the complex reacted with alkenes as well as alkynes. 

In 2016, Jia  and coworkers revitalized the research area by discovering reversible 

stoichiometric alkyne metathesis activity for  the d2-rhenium (V) complex 76 (scheme 36).[81a]  

 

Scheme 36 :  Reversible, stoichiometric alkyne metathesis with d 2-rhenium (V) alkylidyne complex 76 . 

The report was startling because, thus far, alkyne metathesis had been almost exclusively 

confined to high valent d0-complexes. The only exception had been an account describing the 

stoichiometric reaction of an alkyne with a tungsten (IV) carbyne complex , which took two 

weeks to complete the exchange of the carbyne substituent.[140]  The following reasons had been 

cited to explain the virtual inactivity of non-d0 tungsten, molybdenum, and (so far) rhenium 

carbon tri ple bonds for alkyne metathesis: the insufficient Lewis acidity of the metal centers 

and their  preference for coordinating alkynes in a perpendicular mode to the 

alkylidyne/carbyne ligand. [81a] 

 

Figure 6 : Alkyne metathesis catalysts based on d2-Re(VI).  

By carefully assessing which properties allowed complex 76  to overcome these hurdles and by 

elaborating on them with ingenious ligand design , the group of Jia  managed to turn the 
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stoichiometric reaction into a catalytic process ( figure  6).[42, 81b, c, 141] Replacing the phosphines 

in complex 76  with sterically less encumbered trimethyl phosphine caused a marked decrease 

in the rate of the reaction in comparison to that observed with bulkier ligands. From this , they 

deduced steric bulk to be a prerequisite for the productive binding of the alkyne in a parallel 

manner to the alkylidyne .[82]  In addition , bidentate ligands were chosen in order to impede the 

rearrangement into unproductive five-coordinated square pyramidal intermediates upon 

dissociation of the labile ligand. Phosphino-phenolates were selected due to the ɸ-donating 

properties of the phenolate, which could aid the first step of the catalytic cycle (dissociation of 

the labile ligand; see scheme 12).[142] First i terations carrying methyldiphenylphosphine as the 

labile ligand showed marginal catalytic activity under harsh conditions  (neat, 150 °C). The 

addition of copper iodide as a phosphine scavenger increased the turnover, suggesting the 

dissociation to be the rate limiting step. Replacing the phosphine with a more labile pyridine 

resulted in a substantial increase in reactivity , enabling reactions to occur at 100 °C within  

reasonable timeframes. 

More electron-withdrawing trifluoromethyl substituted ligands decre ased the reaction rate, 

which is consistent with the loss of the pyridine as the rate limiting step.  The best results were 

obtained with electron -donating cyclohexyl substituted phosphines.  

Recently, an update version of the catalyst was reported by the Jia  group with water as the 

labile ligand instead of pyridine. [83]  The respective complex was found to catalyze alkyne 

metathesis reactions at ambient temperature ï a first for rhenium (V) based systems that 

typically require elevated temperatures (>100 °C). The fact that water can be used as a 

component in rhenium (V) alkylidyne complexes , emphasizes their amenity when compared 

to the highly moisture -sensitive molybdenum (VI) and tungsten (VI) catalysts. As in alkene 

metathesis, the shift to a more noble transition me tal paid valuable dividends in term s of 

general stability. Most of the catalysts are reported to be bench stable as solids. Only complexes 

containing alkyl -substituted phosphine ligands degraded in contact with air and moisture. The 

rhenium -based catalysts excellent performance in the presence of protic functional groups is 

also remarkable; primary alcohols, phenols, anilines, benzylic alcohols, and even carboxylic 

acids were tolerated. Additionally, challenging moieties such as aldehydes and nitro groups 

posed no problem. Their only established limitation are substrates containing donor ligands 

such as pyridine. In summary, although the reactivity of these catalysts currently s till lags 

behind its molybdenum -based cousins, their  functional group tolerance i s complementary. 

The development of rhenium (V) based alkyne metathesis catalysts has prompted a re-

evaluation of long-standing principles within the field, opening up new prospects to explore. A 

re-examination of non-d0 alkylidyne complexes of molybdenum and tungsten, as well as other 

transition metal alkylid ynes (e.g., Ru, V) with respect to their activity in alkyne metathesis may 

be warranted.  
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1.1.6 Applications of Alkyne Metathesis  

1.1.6.1 Natural Product Synthesis  

The total synthesis of natural products has emerged as the most prominent field of application 

for  alkyne metathesis. Starting with first forays around the turn of the millennium , the group 

of Fürstner  has since synthesized numerous, mostly macrocyclic, target molecules.[24a, 143] Their 

ambition to tackle increasingly challenging su bstrates contributed decisively to the 

development of ever more advanced catalysts (vide supra ).[16a] 

A selection of targets, conquered with the aid of alkyne metathesis, is shown in figure  37 

demonstrating the diversity of structural motives which can be generated from the acetylene 

derivatives obtained in the reaction .[16a, b, 79a, 120a, 144] 

 

Figure 7: Selected natural products synthesized with the aid  of alkyne metathesis. 

Alkyne metathesis can be applied to the synthesis of natural products in two fundamental 

reaction modes: intermolecularly as alkyne cross metathesis (ACM) and intramolecularly as 

ring closing alkyne metathesis (RCAM) (scheme 37). In ACM two internal alkynes are 

combined into the desired acetylene derivative concomitant to the formation of equimolar  

amounts of a by-product . In the case of methyl capped alkynes (R2 = R3 = Me), the equilibrium 

can be shifted to the side of the desired product by selectively adsorbing the formed but-2-yne 

into molecular sieves. The fundamental challenge in metathesis reactions lies in preventing an 

indiscriminate mixture of cross - and homo-metathesis products. Introducing a bias towards 
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the targeted product based on electronic or steric factors is possible.[103] For instance, 

substrates with bulky quaternary centers next to the alkyne or alcohols in the propargylic 

position generally do not undergo homo-metathesis reactions.[31b, 57b, 127b]  

 

Scheme 37: The two fundamental reaction modes of alkyne metathesis in  natural product synthesis.  

However, due to the linear nature of alkynes and them only carrying two substituents , there 

are fewer opportunities than in alkene metathesis for steering the outcome of the reaction. As 

a consequence, ACM has found only limited  application in natural product synthesis. The 

synthesis of Prostaglandin E2 methyl ester by Fürstner  and coworkers might serve as an 

example (scheme 38). Through the addition of an excess of the inexpensive symmetrical alkyne 

79 the desired product 80  could be formed in moderate yield. Deprotection and selective 

reduction to the Z-alkene gave the targeted molecule.[145] 

 

Scheme 38 : Alkyne cross metathesis in the synthesis of Prostaglandin E 2 methyl ester. 

RCAM, in contrast,  has established itself as a powerful method for forging  macrocyclic rings. 

RCAM is only suitable for rings containing more than eleven atoms due to the rod-like shape 

of alkynes. When targeting smaller cycles, the ring strain becomes excessive, resulting in the 

predominance of dimerization and subsequent formation of larger rings. [81c] Although the 

RCAM of terminal alkynes has been reported and mixed reactions with one internal and one 

terminal alkyne  have even been executed in total synthesis (Mandelalide  A)[66j, 113b], methyl 

capped internal alkynes are by far the most common precursors.[66b]  At its outset, RCAM was 

predominantly  applied to unbiased alkynes in large ring systems (e.g., Epilachnene or 

Sophorolipid l actone)[49, 102b], but over time it was shown that also densely functionalized 
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smaller rin gs and electronically biased alkynes are amenable (e.g., Guangnanmycin A 

alcohol) [75c]. 

In the context of strategic disconnections, RCAMôs most significant strength lies in the 

diversity of structural motives that can be traced back to alkyne moieties. In figure  7 the sites, 

at which RCAM took place during the synthesis, are highlighted. N ot only the obvious alkynes 

and E- and Z-alkenes can be obtained, but also allenes, furans, spiroketals, 1,3-aminoalcohols, 

lactols, trisubstituted alkenes, tetrahydropyran s and a 1,2-bis-methylene unit (and more) have 

been shown to be viable sites for retrosynthetic disconnections based on RCAM. In addition, 

its exquisite selectivity allows RCAM to be performed on highly functionalized precursors at 

an advanced stage of the synthesis. Especially noteworthy in this context is the ɸ-bond 

selectivity of alkyne metathesis which leaves alkenes untouched and enables the synthesis of 

unsaturated target molecules (e.g., Hybridalactone, Amphidinolide  V or 

Neurymenolide  A).[146] Even the simultaneous construction of the two rings in a bicyclic 

oligopeptide through an orthogonal one-pot alkene and alkyne metathesis reaction was 

possible.[147] 

 

Scheme 39 : Trans -hydrometalation of the RCAM product as a path to various analogs of Dihydrocineromycin  B. 

Trans -hydrometalation is highlighted in scheme 39 as one of the most powerful 

postmetathesis functionalizations. [79d, 148]  

In these ruthenium catalyzed reactions, the propargylic alcohol has a directing effect, affording 

trisu bstituted alkenes in a regioselective manner. Subsequent cross coupling with methyl 

iodide gives access to the 2-methyl -but-2-en-1-ol motive, a prevalent structural element in 
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polyketide and diterpene natural products. In the shown case, alkenylstannane 83  could be 

further diversified to give a host of natural product analogs. [25, 149]  

The application of RCAM as strategic disconnection is not confined to macrocyclic natural 

products ï congested medium sized rings are also amenable, provided that they can be traced 

back to a larger ring. A recent example from the Fürstner  group is the total synthesis of 

Sinulariadiolide , which contains a six- and a nine-membered ring, in addition to a 

butanolide. [75b]  

 

Scheme 40 : An example for the formation of a macrocycle via RCAM followed by a transannular reaction.  

The three rings can be derived from the macrocyclic precursor 85  with their connectivity being 

build up from the alkyne moiety using a transannular Michael addit ion cascade. The necessary 

14-membered ring could be formed via  RCAM; the in situ  generated system with the tridentate 

silanolate ligand 48b  was able to transform the diyne 84  comprising an unprotected 

propargylic alcohol in good yield. 

Another prominent total synthesis using transannular reactivity was disclosed by the group of 

Baran .[79a] The structures of Portimine A and B contain five rings including a spiro -fused 

fi ve-membered cyclic imine. This daunting, highly oxygenated scaffold could be traced back to 

14-membered macrocycle 87  containing all the necessary C-C connections, which was 

synthesized via  RCAM. 

While a substrate containing the free cyclic imine could be transformed with the óturbo canopy 

catalystô 8g , protecting it with a 2,2,2 -tri chlorido ethanoxycarbonyl (Troc) group (86 ) made 

catalyst loadings as low as 2 mol% possible. Extensive oxidations and the transannular 

nucleophilic addition of a hydroxyl group to a cyclic oxonium species afforded Portimine A and 

B (scheme 41). 
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Scheme 41: Total synthesis of Portimine A and B through the construction of the carbon -scaffold by RCAM. 

As a final illustra tion of the diverse application modes of alkyne metathesis, the 

cyclodimerization approach pioneered by the group of Hulme  will be discussed.[113a]  Essentially 

a combination of ACM and RCAM, the method allows C2-symmetric dimers to be synthesized. 

The posed challenge was to exclusively obtain the desired head-to-tail product 89  instead of 

the head-to-head dimer 90  of the unsymmetrical diyne precursor  88  (scheme 42). Employing 

an electron-deficient enyne and an electronically unbiased alkyne in the substrate led to the 

formation of the desired isomer in good yields. [120b]  

 

Scheme 42 : Cyclodimerization via alkyne metathesis in the total synthesis of Samroiyotmycin A.  

Ruthenium catalyzed trans -hydrometalation followed by protodemetalation gave the 

E-configured alkenes of the target molecule Samroiyotmycin A. 

It exceeds the scope of this work to  provide a comprehensive overview of all the strategic 

considerations and different formats in which alkyne metathesis can be applied to the synthesis 

of natural product s. Authoritative reviews have been published on the matter.[16a, 24a, 150] The 

provided examples are merely intended to highlight the diversity of the target molecules to 

which alkyne metathesis has been successfully applied.  
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1.1.6.2 Molecular Architecture  

The synthesis of shape-persistent organic structures is another domain in which alkyne 

metathesis has found application. When targeting ri gid molecular architectures, alkynes with 

their linear geometry are attractive building blocks. [67, 69a] Specifically, macrocycles that are 

composed of arylene-ethynylene units have garnered significant interest in the fields of 

supramolecular and materials chemistry and alkyne metathesis is uniquely positioned to 

provide them.  The abundance of ɸ-electrons in these highly conjugated systems opens up 

possibilities for host -guest binding as well as photophysical and electronic applications. [72a, 151] 

 

Scheme 43 : General reaction scheme for cyclodimerization or cyclooligomerization.  

The synthesis of shape-persistent structures involves a reaction mode of alkyne metathesis, 

which is referred to as cyclo(di/oligo)merization ( scheme 43). Two or more diynes are 

combined into a macrocyclic product under the extrusion of an acetylenic by-product . In the 

case of but-2-yne, it is routinely remo ved through the application of  gentle vacuum or 

molecular sieves, but in the field of molecular architecture s precipitation driven approaches 

have also played a larger role.[44b, 104b] Generally, symmetrical precursors are employed to avoid 

head-to-tail versus head-to-head selectivity issues (vide supra ). 

 

Scheme 44 : Cyclotrimerization of ortho -dipropynylated arenes with the aid of óSchrockôs catalystô. 

Early pioneers in the field were Bunz and Vollhardt with their synthesis of arylene-ethynylene 

macrocycles.[99a, 152] Scheme 44 shows a trimeric example 92 realized with the aid of óSchrockôs 

catalystô 1. However, only low to moderate yields could be obtained, and high catalyst loadings 

were necessary. 

For the efficient synthesis of thermodynamically s table, highly ordered structures reversible 

covalent bond formation is beneficial. Dynamic Covalent Chemistry (DCC) allows for 
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connectivity ómistakesô to be corrected and the thermodynamic equilibrium to be reached. [68]  

In principle, a lkyne metathesis fulfills the reversibility criteria  for DCC, given it s indiscriminate 

scrambling of carbon-carbon triple bonds.  However, in the present case, decomposition of the 

catalyst and polymerization likely prevented the system from reaching the full equilibrium. 

Consequently, more reliable catalyst systems were in demand. 

Indeed, the molybdenum-based in  situ  generated catalytic mixture introduced by Moore  

provided the related hexamer 94  in good yield.[44b]  

 

Scheme 45 : Synthesis of an ethynylene-linked hexamer  94  with a highly active in situ  generated catalyst.  

The positioning  of the two propylidyne units at the arene  monomer 103  dictates which product 

is thermodynamically preferred and ultimately formed ï an advantage over previously used 

kinetically driven cross -coupling reactions. A multitude of 2D and 3D ethynylene -linked 

structures have been synthesized through varying the angles and geometries in the 

monomer.[69a, 72a, 153] The formati on of the compounds generally occurs via a two stage process. 

First,  the monomer is rapidly  converted into oligomers, which then reorganize more slowly 

into the preferred macrocycle. [44b]  Yet, not all alkyne metathesis cyclooligomerisation reactions 

are under perfect thermodynamic control. Unexpectedly , also kinetically trapped products 

have been reported.[72b, 104a] Possible reasons for the phenomenon are: difficult to activate 

intermediates , which are formed through fast intramolecular ring -closing reactions, or the 

precipitation of insoluble larger oligomers.  

During efforts to scale up reactions of the type shown above (scheme 44 and 45), it was 

observed that the polymerization of the by-product (but -2-yne) had a detrimen tal effect on the 

catalyst lifetime. The group of Zhang resolved the issue with their tridentate ligands  7, which 

prevent polymerization by blocking the óassociative pathwayô.[69b, 70b, 90a]  An alternative solution 

evaluated for solving the problem involved circumvent ing the presence of the small alkyne 

by-products altogether. Specifically designed end-groups at the alkyne termini  of the 

monomers 95  gave insoluble by-products upon engagement in alkyne metathesis, thereby 

shifting the equilibrium of the reaction by precipitating from solution (scheme 46). However, 
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this strategy entails a large loss of mass and does not meet modern standards of atom-

economy.[154] 

 

Scheme 46 : Precipitation driven synthesis of the dimeric porphyr in based macrocycle 96 . 

To conclude, a last example is given in order to underli ne the power of alkyne metathesis for 

the synthesis of unusual molecular architectures. Moore  and coworkers were able to obtain the 

conjugated molecule 98  with a shape reminiscent of a Möbius strip ( scheme 47).[87]   

 

Scheme 47:  Synthesis of a shape-persistent molecule with Möbius topology.  

Previous campaigns towards compounds with this topology struggled with low overall yields 

and multiple step procedures.[155] In contrast, the cyclotrimerization of monomer 97 using a 

molybdenum-based catalyst with silanolate ligands gave the desired product in a single step 

and with a high yield.  

Surprisingly , structure 98  does not embody the thermodynamically favored product, but 

results from kinetic trapping. Considerably differe nt barriers for the formation of the two 

initial , highly distorted  MCBDs and a facile cycloreversion led to its formation. This fact 

emphasizes the intricacy  encountered when designing the synthesis of shape-persistent 

molecules with alkyne metathesis.   
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1.1.6.3 Polymers  

The synthesis of polymers is the third and final field in which alkyne metathesis finds 

application. Up to  this point,  polymerization has only been mentioned as detrimental side 

reaction.  

The generally accepted mechanism for the polymerization of small alkynes in the presence of 

alkylidyne catalysts proceeds through the association of an additional alkyne substrate to the 

intermediate MCBD , followed by insertion to give a ring expanded metallacycle 

(scheme 26).[16b] Of late, an increased interest in the resulting  polymers has led to the 

development of special catalysts, which selectively promote the ring expansion pathway (e.g., 

vanadium alkylidynes). [18, 133a, 156] In spite of that , th is mechanistic sequence is not regarded as 

a ótrueô alkyne metathesis reactivity since the obtained products do not contain carbon-carbon 

triple bonds . Consequently, it will not be discussed in detail. 

There are two polymerization reaction modes for alkyne metathesis, in which  alkyne moieties 

are retained in the products (scheme 48).  

 

Scheme 48 : Reaction modes of alkyne metathesis for polymer  synthesis. 

Ring opening alkyne metathesis polymerization (ROAMP) has already been alluded to and 

relies on the ring strain of cyclic alkynes as the substrates. The second reaction mode is acyclic 

diyne metathesis polymerization (ADIMET). Herein, the po sitioning  of the propylidyne units 

in the inflexible monomers prevents the formation of entropical ly favored cycles and yields 

linear  polymers. The resulting poly(arylene-ethynylenes) (PAEs) are of interest for the 

manufacturing of electronic components and luminescence materials.[157] 

The group of Schrock reported the first ROAMP with cyclooctyne as a monomer.[45-46] However, 

the highly active óSchrock catalystô indiscriminately engaged the monomer (productive) or the 

polymer chain (unproductive). Ultimately , products with large polydispersity indexes (PDI) 

were obtained. While backbiting and chain transfer processes could be reduced with less 

reactive catalysts (such as molybdenum alkylidyne and heteroleptic tungsten alkylidyne  

complexes), no truly satisfacto ry dispersity could be attained. [46, 158]  
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For living ROAMP reactions fast initiation as well as the ability of a catalyst to differentiate 

between the triple bonds of the substrate and the growing polymer chain is crucial. To this end, 

Fischer and Nuckolls took advantage of the kinetic selectivity of a molybdenum-based catalyst 

for engaging benzo[a,e] -[8] -annulene 99 , which exhibits an even higher angle strain  than 

cyclooctyne.[47a]  

 

Scheme 49 : First living ROAMP with an engineered , highly strained substrate.  

The strategy also leveraged the slower reaction rate of aryl-alkynes in comparison to alkyl-

alkynes such as those present in the backbone of poly(octyne). The reaction represents the first 

true living ROAMP yielding linear polymers 100  with PDIs as low as 1.1.  

The group of Fischer extended the concept by purposefully designing less reactive catalysts 

(104 ), which only engage with strained alkynes.[47c] By introducing a planar tridentate ligand 

they restricted the geometries allowed for the catalysts coordination sphere (scheme 50). The 

barrier for the initial [2+2] cycloaddition of unstraine d alkynes was raised causing a kinetic 

selectivity for  favorably preorganized strained alkynes (101) with  bond angles similar to the 

sp2-hybridization in the formed MCBD. At the same time, the sterically encumbered ligand 

prevented chain-transfers through bimolecular catalyst decomposition.  

 

Scheme 50 : ROAMP and termination to give an end -functionalized arylene -ethynylene polymer.  

The group also developed termination reagents (102 ) for cleaving off the propagating catalyst 

species from the polymer chain, deactivating it and at the same time installing a defined end -

group to give telechelic polymers (103 ).[159] These reagents capitalize on the polarization in the  
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triple bonds of ynamines, which preferentially  transfer the electron-rich part of the alkyne to 

the catalyst.  

Changing to cyclo(phenylene-ethylylene) monomers (101) allowed Fischer and coworkers to 

access PAEs, which had been difficult to make via  ROAMP before.[160]  The use of appropriate 

termination reagents also prevented the formation of cyclic polymers with low molecular 

weight and attached handles for copolymerization. 

Moving into the opposite direction , the group of Veige deliberately targeted the synthesis of 

cyclic polymers due to their distinct properties. [18] They have lower intrinsic viscosities, are less 

prone to nanoparticle aggregation, and exhibit higher glass transition temperatures. [161] The 

approach was named ring expansion alkyne metathesis (REAMP, scheme 51).  

 

Scheme 51: Ring expansion alkyne metathesis polymerization with a tethered tungsten catalyst.  

To facilitate the formation of polymeric rings , catalysts with tethered alkylidyne units were 

introduced. [133b] The dimeric tungsten complex 107 functions as a cyclic initiator, inherently 

leading to cyclic polymers through ring expansion . The product 106 is released through an 

intramolecular reaction with any of the internal alkyne s in the polymeric ring.  

ADIMET was developed by the group of Bunz and others around the turn of the millennium as 

an alternative synthetic entry for PAEs. [157a, c] Traditional approaches for their synthesis relied 

on cross-coupling methodol ogies, but where plagued by low molecular weight and defect 

structures. [162] In contrast, alkyne metathesis provided high degrees of polymerization. Initial 

experiments using the óMort reux systemô as the catalyst demonstrated simple hydrocarbon 

monomers to be adequate, with the polymer chain length being predominantly influenced by 

solubility. [99b, 163] This property could be tuned through the length of appropriate alkyl residues 

in the monomers. 

However, the rudimentary catalyst system failed when applied to monomers containing 

heteroatoms in the vicinity of the alkyne units. Also the óSchrock catalystô failed to polymerize 

thiophene-based monomers (110).[157a] Only milder and more functional group tolerant 

molybdenum-based catalyst systems with phenol ligands were successful.[164]  

The synthesis of porphyrin-based arylene-ethynylene polymer 112, obtained in high molecular 

weight and with low polydispersity employing catalysts with tridentate ligands, provides 

further testimony to the power of alkyne metathesis in polymer synthesis. [90a]  
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Scheme 52 : Selected examples of polymers prepared by ADIME T. 
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1.2 Motivation and Aim  

At the inception of the presented work, alkyne metathesis had left its role as an academic 

curiosity behind and had moved into the focus of synthetic organic chemists. Its value had been 

demonstrated through applications in the fields of  natural product total synthesis, material, 

and polymer sciences. The fundamental understanding of catalysts, including  the mechanisms 

of their working , was well advanced.[16a] 

Despite these developments, the methodology had so far not been incorporated  into the 

communityôs exclusive repertoire  of routinely applied reactions. To rise to such a status, a 

method must not only provide a unique reactivity , but must also be robust, accessible, and 

user-friendly. Early commercialization and the resulting widespread availability of the Grubbs 

catalysts in combination  with their  excellent stability , played a crucial part in the swift 

inclusion  of alkene metathesis into the standard toolbox of organic chemists.[135]  

To date, the only commercially available catalyst for alkyne metathesis is Schrockôs original 

tungsten alkylidyne complex (1). Together with off-the-shelf systems, such as the one from 

Mortreux , they have long been shown to be inadequate for advanced applications. In contrast, 

all the state-of-the-art catalysts require lengthy, difficult synthesis and cannot be bought. 

Notwithstanding  recent advances, the catalysts stability remains their Achillesô heel and has so 

far prevented commercialization. Accordingly, alkyne metathesis, as a synthetic methodology, 

has been restricted to expert laboratories, given the required organometallic expertise for 

producing the catalysts. 

The central aim of the presented thesis was to liberate alkyne metathesis from this limitation 

by designing and synthesizing an air-stable catalyst. Such a catalyst would allow also non-

expert users to harness the power of alkyne metathesis and was anticipated to foster more 

regular use of this enabling transformation in general. The current popularity of 

macrocyclization strategies in medicinal chemistry  would, for example, present a plethora of 

potential applications. [165] Additionally, the presented work set out to remedy the 

decomposition issues of the ócanopy catalystsô delineated in chapter 1.1.3.3. 

Molybdenum alkylidyne complexes are generally vulnerable to air and moisture, decomposing 

rapidly  when exposed to the ambient atmosphere.[109a, 166]  

 

Scheme 53 : Efforts towards stabilizing alkyne metathesis (pre) catalysts.  
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Some progress towards more stable catalysts has been made and will be discussed in the 

following.  

Bindl  et. al. reported the addition of pyridine to have been instrumental in i solating the 

molybdenum nitrido  complex 5 (scheme 53).[57b] The catalyst precursor was mentioned to be 

ñsufficiently robust to be weighed in airò indicating the overall stability to benefit from forming 

an adduct with a donor ligand. Heppekausen et. al. extended the concept by stabilizing their  

molybdenum alkylidyne complex with phenanthroline  (6ÅPhen).[31b] The adduct is bench 

stable for years but itself catalytically inactive. The stabilizing chelate ligand has to be removed 

through the addition of a Lewis acid and prolonged heating to liberate the active species. While 

the presented work was in progress, a similar approach was disclosed by the group of 

Buchmeiser. They stabilized the same complex 6  using neutral NHC ligands. [167] Solid samples 

had limited  lifetimes in air , contingent  on the steric bulk of the ligand , with the most durable 

(6ÅNHC) lasting approx. seven days. The inferior stability was compensated for with less 

drastic activation conditions: simply heating to 80 °C provided decent metathesis reactivity. 

Stabilization efforts by Hillenbrand  et al. are conceptually distinct, employing a tripodal 

chelating ligand.[74]  The higher resilience in regard to protic functional groups has already been 

discussed, but the tridentate ligands led only to minor improvement s in the stability towards 

air and moisture. Yet another approach stems from the group of Zhang, who formulated a 

catalytically active mixture in paraffin wax for benchtop storage. [43b]  However, the catalystôs 

activity decreased significantly over the course of one month. 

Lastly, rhenium alkylidyne catalysts 9 were revealed to be largely air-stable as discussed in 

chapter 1.1.5.[42]  In any case, their activity thus far lags behind that of most molybdenum 

alkylidyne catalysts, and they have yet to demonstrate their effectiveness with advanced 

substrates. 

Accordingly, there is a demand for a novel catalyst which (1) should be air-stable for extended 

periods of time, (2) exhibit reactivity without the need for preactivation ideally at ambient 

temperature, (3) have a functional group tolerance on par with state -of-the-art catalysts and 

(4) be accessible on scale with limited cost. 
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1.3 Results 

1.3.1 Design Features of an Air -Stable Alkyne Metathesis Catalyst  

As a first step, a general blueprint 113 for an air -stable alkyne metathesis catalyst was proposed 

(figure  8). Maximal stability was sought , while aiming to maintain the chemical virtues of its 

predecessors. The design was based on the insights gained from 25 years of catalyst 

development in the Fürstner  group. Molybdenum alkylidynes were selected, since they are the 

most promising catalyst class (see chapter 1.1.3) and detailed studies on ligand effects had 

already been undertaken.[17d, 43a, 73-74] 

 

Figure 8 : Design elements in a general blueprint for an air -stable alkyne metathesis catalyst of type 113. 

Four design features were identified as the primary elements influencing catalyst stability : (1) 

the benzylidyne unit, (2) the substituents at the silanolate ligands, (3) the tripodal ligand 

scaffold, and (4) an additional neutral, labile donor ligand.  

Firstly, the alkylidyne unit must exhibit sufficient steric bulk to protect the metal center in the 

bulk material. Since it is ablated upon the first turn -over of the catalytic cycle, only a minor 

impact on the activity is expected. Additionally, bulky benzylidyne units were shown to be of 

importance for obtaining structurally defined catalysts. [31b] For instance, the complexation 

failed to give the desired tripodal cage structure when a molybdenum alkylidyne precursor 

carrying a less encumbered para -methoxy substituted benzylidyne unit and the óslimmestô of 

the canopy ligands (19, R = Me) were employed.[17d] 

Secondly, the substituents at silicon have to be considered. In general, silanolates were selected 

as ancillary ligands due to them synergizing exceedingly well with molybdenum alkylidynes. 

The residues generating a ófenceô around the catalytically active molybdenum alkylidyne unit 

have a crucial impact on the reactivity and are suspected to also impact the catalystôs 

stability .[119] In order to gather additional information on this second tentatively claimed 

correlation a sample of the most active catalyst from the ócanopy seriesô was exposed to ambient 

atmosphere and its decomposition followed by NMR spectroscopy (figure  9).  
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The result was clear; the batch of complex 8g  underwent an immediate color change from 

yellow to brown/black upon exposure to air, with the majority of the catalyst decomposing 

within one hour. After approx. four hours , the alkylidyne unit had compl etely vanished and 

free silanol ligand was detected. The observed disintegration  is considerably faster than that 

reported by Hillenbrand  et al. for another member of the ócanopy seriesô carrying phenyl 

substituents on silicon (8f : half lifetime of approx. 5 h).[91] Thus, it is reasonable to predict  a 

new stable catalyst would require sterically demanding residues on the silanolate ligands. This 

is particularly true since larger substituents also safeguard against the bimolecular 

decomposition of the catalyst during the reaction. [17d]  

 

Scheme 54 : Formati on and structure of an oxygen bridged dimer  114 from a solution of complex 8g . 

In addition to the known Mo Mo dimer that forms from 8g , a new oxygen bridged dimer (114) 

was observed during crystallization attempts of the óturbo canopyô (scheme 54). This 

underscores the potential risk of bimolecular decomposition . A similar unsymmetrical  Mo2O2 

core structure had been previously disclosed by Heppekausen et al..[43a]  

Figure 9 : 1H NMR spectra of aliquots taken from the sample exposed to air at the indicated time intervals.  
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Thirdly, a tripodal ligand scaffold was favored since the chelate effect prevents the ligands from 

falling off the metal center in the presence of protic substrates. It further shields the 

coordination site trans  to the alkylidyne , thus obstructing polymerization via the óassociative 

pathwayô. A general beneficial effect on the overall stability was also anticipated. 

From previous catalyst generations it became apparent that a fine balance had to be struck 

between flexibility and rigidity in regard to the framework. Excessive flexibility leads to the 

formation of oligomers comprising several metal centers during the synthesis, whereas overly 

rigid ligands give monomeric complexes with reduced catalytic activity. [73-74] The most recent 

design (ócanopy seriesô) overshoot the target with a framework exclusively consisting of 

sp2-hybridized carbon atoms. As a consequence, a slightly less rigid scaffold was targeted. This 

would allow for the use of aryl substituents at the silanolates in order to shield the metal center 

without unduly impacting the catalytic activity. In a more flexible scaffold the larger lateral 

substituents are expected to be able to bend out of the way of incoming substrates and readily 

accommodate the different geometries mandated by the catalytic cycle.[36a]  

Lastly, adduct formation with a stabilizing yet labile external ligand was anticipated to render 

the formally 12-electron complex air-stable. On the one hand, the ligand must bind tightly 

enough to the molybdenum to withstand spontaneous dissociation in the solid-state, on the 

other hand the ligation  must be reversible in solution to release the active species. Bidentate 

iterations , such as the formerly successfully employed phenanthroline, are precluded by the 

tripodal ligand.  

 

Figure 10 : General designs considered for the ligand scaffold.  

Overall, the design must walk to a fine line between the often opposing parameters of stability 

and catalytic activity. The ligand scaffold was regarded as the design feature with the most 

significant potential for influencing both factors. Two different designs were considered for the 

tether ( figure  10). 
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For both scaffolds preliminary work from within the laboratory existed. A hexasubstituted 

benzene ring would potential ly be able to arrange the three ligands into a tripodal 

conformation. The sp3-hybridized methylene linkers to the basal benzene would increase the 

flexibility in comparison with the ócanopy catalystsô. However, previous efforts by Schaubach 

et al.  had failed to deliver structurally defined complexes ( chapter 1.1.3.3).[73]  Preliminary 

studies conducted during the author ôs masterôs thesis had shown that by replacing the 

extended alkyl chain linkers  in the first ligand generation (49 ) with  more rigid arenes (115) 

allowed for the formation  of defined complexes.[119] However, the synthesis of a slimmer 

version of this ligand with methyl residues at the silanols had failed due to the formation of 

siloxanes.  

The second design is heavily inspired by the ligands develop by the Zhang group.[69b, 70b]  A 

central atom is used to tether three ligand arms together and methylene linkers provide the 

desired flexibility. In 2017, Dr. T. Fukino  had explored the design in the Fürstner  laboratory  

employing a central ni trogen as the linchpin (116). He pursued a ligand equipped with silanols 

instead of the phenols favored by the Zhang group and aryl substituents at the silicon in order 

to attain  the necessary rigidity. However, the same fate befell this endeavor as Schaubach´s 

previous one: no structurally defined catalyst was obtained in combination with the 

molybdenum alkylidyne precursor complexes 40b  or 17. On this basis heteroatoms had been 

excluded from consecutive ligand designs.[76]  

Due to the inconclusive data in the literature concerning the tripodal nature of the ligands in 

complexes with this scaffold design and the discouraging results obtained by Fukino , 

additional information was sought. For this purpose amine tethered trisphenol 117 with  

essentially the same structure as the ligands pioneered by Zhang and coworkers was employed 

to investigate their coordination behavior. The substitution with tert -butyl groups was 

intended to preclude dimerization. [69b, 90b]  

 

Scheme 55 : Sterically demanding N -tethered ligand 117 fails to bind in a tripodal manner in complex 118. 
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The reaction of 117 with the precatalyst 18b  resulted in the clean formation of a monomeric 

species. NMR spectroscopy revealed the tridentate ligand to have bound, but one tert -butoxide 

from the starting material was retained.  Consequently, a tripodal conformation could not have 

formed. X-ray diffraction of single crystals showed the molybdenum  center to have an 

octahedral coordination geometry in the 

solid-state (figure  11). 

In addition to two phen olate ligands, the 

nitrogen tether and the remaining 

alkoxide are bound to the metal in the 

equatorial plane. The axial positions are 

occupied by the alkylidyne unit and the 

third phenol from the tridentate ligand , 

which remains protonated.   

The bond to the third phenolic O appears 

to be weak (2.474 Å) likely due to the 

strong trans  effect of the alkylidyne. In 

combination  with the 15N shift of the 

nitrogen tether , which does not change 

significantly from the ligand to the 

complex, a tetrahedral coordination 

geometry of the complex in solution is assumed ([2D 1H-15N HMBC]: ligand ŭ = ī329 ppm; 

complex ŭ = ī324 ppm).  

Overall, ligand 117 failed to bind in a tripodal manner . The data stands in stark contrast to the 

way complexes with analogous ligands are commonly drawn in the literature . Aside from that , 

the coordination of the metal center by the nitrogen tether does not appear to be as strong as 

feared and reversible in solution  ï an observation which reflects well on the chances of success 

with ligands of design 116.[90a]   

Strategically moving the positioning of the ligand from ortho  to meta in reference to the 

placement of the linker , as shown in the design, should further obviate detrimental  binding of 

the tether. In addition, the change was anticipated to result in the relaxation of the ligand 

geometry, thereby promoting the formation of a complex in which the ligand is bound in a 

tripodal c onfiguration.  

With a comprehensive blueprint for an air -stable alkyne metathesis catalyst in hand and two 

design ideas for the critical, tripodal ligand framework , it was time to transfer t he plan from 

the drawing board into the laboratory.  
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Figure 11: Structure of complex 118 in the solid-state; 

H-atoms were omitted for clarity with the exception of the 

phenolic ïOH. 
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1.3.2 Ligand Synth esis  

For both designs preliminary work from within the group existed. In the case of the scaffold 

based on a hexasubstituted benzene ring, the author had already shown during his masterôs 

thesis that ligand 115a carrying phenyl substituents was attainable through the route outlined  

in scheme 56.[119] 

 

Scheme 56 : Divergent synthesis for ligands based on a hexasubstituted benzene with Ph or Et on the silanols. 

However, the catalyst formed with the help of 115a proved to be no match for the óturbo 

canopyô catalyst in terms of activity. As a consequence, a slimmer array of substituents at the 

silanols was targeted in this work to increase reactivity. Iododesilylation of compound 122, 

which could be reached via  literature known procedures, gave the tri -iodide 123. Exhaustive 

lithium -halogen exchange was followed by quenching with an appropriate silane. In contrast  

to di(aryl)di(alkoxy) silanes , di(alkyl)di(alkoxy) silanes are not suitable in the reaction, making 

a small change in the procedure necessary. Employing diethylsilane gave the hydrosilane in 

acceptable yield. However, the subsequent oxidation proved to be troublesome, even under 

buffered conditions. Presumably, the flexible ligand arms permit intra - and intermolecular 

siloxane formation reactions ï a common problem when working with sterically less 

encumbered silanols.[168] Most likely, the issue had simply  not arisen during the synthesis of 

the slimmer versions in the ócanopy seriesô because the exceedingly rigid  ligand scaffold 

precluded intramolecular reactions and the hydrogen bonding kept the silanols oriented 

inward. Regardless, a small quantity of the desired ligand 115b  could be obtained. 

The synthesis of ligands with a single atom linchpin could rely on a route previously developed 

by T. Fukino . A tertiary amine was chosen as the tether because the preparation was expected 

to be facile and scalable. Execution of the synthesis proved straightforward with only minor 
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adjustments in the conditions  necessary (scheme 57). The synthetic work was conducted 

together with Christian Wille . 

 

Scheme 57: Preparation of amine tethered tris( silanol ) ligand 116 on multigram scale (yields given for  R = H). 

Initially , the ligand 116 was prepared with methyl substituents in the  position  para  to the 

silanols. Further into the project , the moiety turned out to have no influence on the 

conformation of the ligand. Hence, when scaling the route to ligand 116 , the methyl substituent 

was omitted solely due to the reduced cost of the starting material 124a.  

The aldehyde 124 was protected as an acetal prior to a mil d metal-halogen exchange at non-

cryogenic temperatures.[169] The resulting organometallic species was quenched with 

di(phenyl)di(methoxy) silane to afford 126 . Simultaneous hydrolysis of the alkoxy silane and 

cleavage of the acetal with aqueous hydrochloric acid set the stage for the reductive amination. 

However, as soon as the silanol moiety is revealed, there is the danger of siloxane formation. 

The reactions have to be performed at high dilutions and it is essential to diligently neutrali ze 

the reaction mixtures before concentrating in order to evade this side reaction. Still, during the 

reductive amination the formation of varying amounts of inter - and/or  intramolecular 

siloxanes (129) could not be fully prevented. The issue could be remedied by stirring the 

oligomeric fraction with aqueous base overnight, cleaving the siloxanes to afford the desired 

ligand 116. On smaller scale (4 g) yields of ca. 60% could be obtained. When increasing the 

scale, the degree of dilution was limited by the size of the glassware, resulting in a reduced yield 

(49% for 12 g; single largest batch).  

Overall, the synthesis of ligand 116 was accomplished in 22% yield over five steps from cheap 

commercial starting materials without resorting to expensive transition metal catalysts or 

harsh conditions.  
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Next, a slimmer version of the ligand was envisioned. To obtain the ethyl variant of the ligand , 

minor changes had to be made in the route (scheme 58). The reasoning for targeting an 

embodiment with ethyl rather than  even slimmer methyl groups at the silanol ligands was 

twofold: on the one hand ethyl residues had been shown to effectively prevent the bimolecular 

decomposition in the ócanopy seriesô and on the other hand the likeli hood of troublesome 

siloxane formation during  the ligand synthesis increases for less shielded silanols. 

 

Scheme 58 : Synthesis of the ethyl variant 134  (yields given for R  = H) . 

Utilizing acetal 125 from the previous synthesis and the same mild metalation  conditions , the 

reaction with diethyl silane afforded compound  130 . In contrast to the experience with the 

other ligand scaffold, in this case, the oxidation with meta-chlorido peroxybenzoic acid 

furnished the silanol 131 in good yield. However, unveiling the aldehyde under acidic 

conditions was precarious. High dilution and a strict reaction control was necessary to 

minimize the formation of dime r 133. Even the neat product 132 is prone to spontaneous 

siloxane formation. Hence, it was immediately used in the next step. Unsurprisingly , the 

following reductive amination pro ved to be less effective for  the synthesis of the ethyl variant. 

Only low yields of ligand 134  could be obtained with the analysis of the crude reaction mixture 

showing a host of different cross-linked species. Efforts to rectify the issue with base were not 

effective in this instance. Further, attempts at purifying the product thr ough flash 

chromatography revealed silica to catalyze the condensation to siloxanes. 

Although sufficient material could be obtained to continue the investigation, an alternative 

route had to be found. Producing the troublesome silanols during the last step in a clean 

reaction, without the need for purification , would reduce the risk of siloxane formation. A n 
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exploratory  study showed the required trisilane 136  to be obtainable in moderate 

(unoptimized ) yield. A brief screening for appropriate oxidation conditions towards the 

tris (silanol) was undertaken (table 3). 

Table 3: Conditions screened for a revised synthesis of the ethyl ligand.  

 

entry  condit ions  comments  results  

1 3.3 equiv. mCPBA, CH2Cl2, 1 h  aldehyde 135 and dec. 

2 
a) CSA, CH2Cl2, 1 h 

b) 3.3 equiv. mCPBA, CH2Cl2, 30 min  

salt formation 

successful 
reaction incomplete  

3 
a) TFA, CH2Cl2, 1 h 

b) 3.3 equiv. mCPBA, CH2Cl2, 6 h 
 decomposition 

4 
a) BF3ĀEt2O, Et2O, ī78 ÁC, 1 h 

b) 3.3 equiv. mCPBA, CH2Cl2, 1.5 h 

adduct formation 

successful 
decomposition 

5 
a) BH3ĀMe2S, THF, ī78 ÁC, 1 h 

b) Oxone, methanol/water, 12 h 
 decomposition 

6 KMnO 4, THF, sonication, 18 h  reaction incomplete 

7 Pd/C, dioxane/buffered H 2O, 3 h 
purification  with 

Florisil ®  
30% of 134a  

Formerly effective conditions with meta-chloroperoxybenzoic acid did not yield the desired 

ligand (entry  1). The oxidation of the tertiary amine to the N-oxide was speculated to be a 

detrimental side reaction. Efforts to evade this by quaternizing the amine through protonation 

or adduct formation did not lead to a clean reaction (entry 2 -4). Different oxidation s were 

tested but resulted in decomposition or very slow turnover ( entry  5+6).[168a] The best result 

was obtained in a heterogeneous catalytic oxidation with water.[170] However, the crude 

mixture still required purification  and even using neutral Florisil ®  siloxane formation ensued.  

Based on these results, B. Breustedt went on to find a method for the clean and quantitative 

oxidation of the trisilane 136  into the desired ligand utilizing a manganese (I) catalyst and 

water as the terminal oxidant. [168b, 171] 

The NMR spectra of all the synthesized ligands are in accordance with perfect C3-symmetry in 

solution ï a fact which foreboded well for binding in a tripodal manner during the 
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complexation. The preorganization is also present in the solid-state structure of ligand 116b, 

exhibiting intramolecular hydrogen bonding between the silanols  (figure  12). 

 

Figure 12: Structure of ligand 116b  in the solid-state; all H -atoms were omitted for clarity, except those involved 

in the mutual  hydrogen bonding of the silanol groups and disordered parts are shown in grey.  
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1.3.3 Complexation and Adduct Formation  

With the ligands in hand , the complexation with a suitable precursor complex was the next 

step in the synthesis of an air-stable alkyne metathesis catalyst. Precatalyst 18b  was selected 

due to its bulky benzylidyne unit and the anticipated facile ligand exchange via protonolysis 

with release of tert -butanol, which can be removed under high vacuum. [76]   

In  the first ligand class, the phenyl variant  115a (R = Ph) had already been shown to afford the 

desired complex 137 in good yield.[119] Disappointingly, stirring a solution of precatalyst 18b  

with ligand 115b (R = Et) resulted only in moderate yields of complex 138 . NMR analysis of 

the crude reaction mixture showed broad signals in the background, indicating the formation 

of oligomers. Extraction with di chloromethane and precipitation through the addition of an 

excess of pentane, afforded the complex 138  in reasonable purity  (scheme 59).  

 

Scheme 59 : Complexation of precatalyst 18b  with ligands 115 to give catalyst s 137 and 138 . 

In accordance with the proposed structure, the recorded spectral data of 138 in  [D 8] -toluene 

showed the C3-symmetry of the ligand to be retained. The formation of a monomeric species 

could further be confirmed by high resolution mass spectrometry. The complex carrying ethyl 

substituents on the silanolate ligands turned out to be less stable then its congener 137. During 

NMR analysis, heating a solution of 138  to 60 °C entailed decomposition and appearance of 

broad background signals. The combination of a more flexible ligand scaffold with slimmer 

residues at silicon appears to favor the detrimental  oligomerization side reaction , impacting 

the yield of the complexation. Despite these discouraging results, a small amount of the desired 

complex could be secured for testing in catalysis. 

The second ligand class, on the other hand, afforded the desired complexes 139a  and b  in 

excellent yields (schemes 60). No interference from competing oligomerization was observed. 

Simple removal of the solvent gave complex 139  in analytically pure form as a bright yellow 

powder. The reaction proved scalable with 9.6 g being the largest batch of the catalyst isolated 

so far. When preparing the complex on a multigram scale, stripping the crude material several 

times with pentane is recommended to remove residual toluene. Alternatively, the material can 
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be dissolved in a small amount of dichloromethane and the complex precipitated by addition 

of the solution to a large excess of pentane. 

 

Scheme 60 : Synthesis of alkyne metathesis catalyst 139  and a photograph  of the solid material  (yield for  139a ). 

The recorded NMR spectra of 139  supported the proposed conformation with the ligand 

binding in a tripodal manner. The 15N NMR shifts of the free ligand and the complex are very 

similar , indicating that  the nitrogen is not bound to the metal center ([2D 1H-15N HMBC]: 

ligand ŭ = ī335 ppm; complex ŭ = ī333 ppm).  

Orange single crystals suitable for X-ray dif fraction could be grown from a saturated benzene 

solution  of complex 139b  (figure  13). Indeed, a distance of 5.30 Å between the nitrogen tether 

and the molybdenum atom makes any 

interaction highly unlikely , even though 

the nitrogen lone-pair is directed into 

the tripod formed by the ligand. Overall, 

the design considerations discussed 

above are largely vindicated. By moving 

the attachment point of the ligands meta 

to the linker s the nitrogen linchpin is too 

distant from  the metal center to bind . 

Also, the relaxed ligand architecture 

manifests itself in changed torsion  

angles for the SiïOïMoïC units: 112.3°, 

32.4° and 36.5°. These are considerably 

smaller when compared to an example 

from the canopy series (8f: ī105.0Á, ī124.0Á, ī147.2Á)[74]  and more similar to the angles of the 

parent complex 6 with monodentate ligands  (ī98.3Á, ī4.4Á, ī1.2Á)[43a] . The óconcaveô binding 

mode of the new ligand is considered evidence for the absence of ring strain in the complex ï 

a property which might allow a fourth stabilizing  ligand to bind without the danger of ring -

opening as observed for  the ócanopy seriesô.[17d] The MoſC bond length (1.747 Å) and the angle 

of the alkylidyne unit (176.9°)  fall into the expected range.[74]  The C-Mo-O angles (107.0°, 

N

Mo

C

O

Si

Figure 13: Structure of complex 139b  in the solid-state. 
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107.4°, 105.6°) show a close-to-ideal tetrahedral coordination geometry around the 

molybdenum.  

Combining precatalyst 18b  with the ethyl variant of the ligand in toluene afforded compl ex 

140  in excellent yield (scheme 61). With this scaffold design even the slimmer substituents do 

not entail oligomer formation, indicating its preorganization to be superior in comparison to 

the other tested framework. 

 

Scheme 61: Synthesis of the alkyne metathesis catalyst 140  with ethyl substituents at silicon.  

The resulting complex was obtained as a bright yellow solid and was highly soluble in most 

organic solvents (except for pentane) rendering crystallization challenging. Its constitution 

was therefore confirmed by NMR spectroscopy and elemental analysis. 

In addition to surveying the standard NMR nuclei , 95Mo shifts of the molybdenum alkylidyne 

complexes were recorded (figure  14).  

 

Figure 14: 95Mo NMR spectra of different molybdenum alkylidyne complexes; recorded at 60  °C with the 

exception of 138  (25 °C); *offset artefacts.  

137: 472 ppm 

138 : 401 ppm 

139: 495 ppm 

140 : 451 ppm 

118: 349 ppm 

* 

* 

* 
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For the most part , the spectra were measured at 60 °C in order  to slow the quadrupolar 

relaxation and obtain sharper signals. Only 138  had to be investigated at ambient temperature 

due to it decomposing at 60 °C. The complexes showed signals in the expected range 

(ŭ = 472 ppm (137); 401 ppm (138 ; at 25 °C); 495 ppm (139); 451 ppm (140 )) with the aryl 

substituted ligands resulting in more deshielded nuclei.  

Fürstner  and Copéret recently demonstrated the most active, molybdenum-based alkyne 

metathesis catalysts to exhibit shifts in the region above 350 ppm. [78]  Following this parameter, 

good activity was expected for all the newly synthesized complexes equipped with silanolate 

ligands. 

A comparison to the complex 118 carrying two phenolate and an alkoxide ligand is instructive; 

in th is case, the detected molybdenum shift (ŭ = 349 ppm (118)) is exactly at the border 

defined for good catalytic activity. Hence, the complex was expected to demonstrate some 

reactivity in alkyne metathesis, yet to be less effective than silanolate-based catalysts. Indeed, 

it only showed activity at elevated temperatures (for more details see chapter 1.3.5).  

In any case, it is imperative to exercise caution when using 95Mo NMR spectroscopy as a 

predictive tool for the reactivity of catalysts. The NMR shifts are influenced by a multitude of 

factors including solution state dynamics and the geometry of the ligand sphere. The same is 

valid for the catalytic activity, which does not only depend on the electronic situation at the 

metal center, but also on factors such as steric hindrance and catalyst stability. Therefore, 

95Mo NMR shifts can merely be taken as an indicator  of reactivity among closely related 

complexes. 

The final piece required for synthesizing an air-stable catalyst for alkyne metathesis was the 

incorporation of an additional stabilizing ligand that is also labile. Complex 139  was selected 

as a test case for  the screening for an appropriate candidate. The scaffold design of 137 and 

138  had proven challenging in the synthesis and had been prone to oligomer formation during 

complexation. It was therefore excluded from further synthetic efforts towards an air-stable 

catalyst. While 140  was also accessible on a reasonable scale, the better shielding of the 

molybdenum alkylidyne unit through the phenyl residues in 139  was expected to pay dividends 

in terms of stability.  

An ideal neutral  ligand would bind tightly to the molybdenum in the solid-state and be labile 

in solution. The group of Buchmeiser had already shown NHCs to coordinate with excessive 

strength to similar complexes and they were excluded from consideration.[167] Simple pyridine 

was selected as a starting point. 

Addition of 1.5 equivalents of pyridine to a yellow solution of complex 139  resulted in a prompt 

color change to deep lilac (scheme 62). Ensuing experiments demonstrated this to be an 

excellent indicator for judging if an adduct had formed.  Removal of the solvent under high 

vacuum afforded 139ÅPy as a purple powder in quantitative yield.  Investigating the adduct by 

NMR at ambient temperature produced broad peaks in the spectrum (figure  15). Upon cooling 
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the sample to 253 K, sharp signals were detected, corresponding to a species in which the 

C3-symmetry of the starting complex was broken. The coordination of the pyridine leads to a 

CS-symmetry in the ligand backbone resulting in signals for the ligands arms in a ratio of 2:1.  

   

Scheme 62 : Synthesis of the pyridine adduct 139ÅPy. 

Variable temperature (VT) NMR studies suggested the binding of pyridine to be reversible 

(figure  15). The signal broadening at ambient temperature is caused by an equilibrium on the 

NMR time scale between the adduct and the free complex alongside with dissociated pyridine. 

Warming the sample to 323 K showed the peaks to coalesce into sharper signals corresponding 

to the free complex 139 . The process is accompanied by the characteristic color change from 

the deep lilac of the adduct to the yellow/orange of the catalyst. The reversible 

complexation/decomplexation of pyridine is therefore facile, nondestructive , and temperature 

dependent. 

 

Figure 15: 1H NMR of 139ÅPy in [D 8] -toluene/CD 2Cl2; 323 ï 233 K. 
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Following this example, a row of other ligands were screened (scheme 63). Generally, the 

presence of the adduct could be easily deduced from the color of the reaction solution.  

 

Scheme 63 : Ligands screened for forming stable adducts with complex 139 . 

To start, commercially available pyridines with different ů-donating strength were surveyed. 

3-Bromopyrid ine behaved similar to pyridine , whereas 3,5-dibromo pyridine proved far more 

labile: the additional ligand was partly removed when washing the solid with pentane at 

ambient temperature and even at 228 K the 1H signals of the adduct did not fully sharpen. [172] 

On the opposite site, the more electron rich 4-pyrrolidino -pyridi ne binds tightly to the 

molybdenum, showing no equilibrium with the free complex at ambient temperature. The 

bicyclic amine quinuclidine and acetonitrile also form adducts, but are largely removed again 

when washing the obtained material with pentane and drying  it  under high vacuum. They were 

not further investigated. The more sterically demanding 2,6 -lutidine did not bind at all and the 

solution of the complex remained yellow. The same is true for triphenylphosphine. While 

methyldiphenylphosphine binds to the complex, it turned out to be too labile , likely on steric 

grounds. Finally, trimethylphosphine afforded a satisfactory adduct, exhibiting  an equilibrium 

with  the free complex at ambient temperature. However, the low boiling point and the 

propensity  of alkyl phosphines for  oxidation made it a less attractive choice than the benign 

pyridine. [81c] 

The survey of additional stabilizing ligands suggested the initial pyridine to be a good 

compromise. It forms stable adducts with complex 139 , but is sufficiently labile to readily 

reveal the free catalyst, even at ambient temperature. Crystals of two embodiments of 139ÅPy 

(a and b) could be grown from di chloromethane/pentane solutions through slow evaporation 

of the solvents (figure  16). 
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Figure 16: Solid-state structures of the pyridine adducts of complexes 139a  and 139b ; disordered parts in grey.  

As expected, the pyridine is tightly bound in the solid-state (139bÅPy: MoïN 2.255 Å). The 

coordination geometry ar ound the molybdenum changes in the adduct to square-pyramidal 

with the angles between the oxygen atoms (OïMoïO: 95.8° and 94.0°) being slightly larger 

than between oxygen and nitrogen (OïMoïN: 80.9°). Also , the alkylidyn e unit is somewhat 

more bend than in the free complex (171.9°) angling away from the additional ligand.  The 

phenyl residues on the silanolates are arranged in a óprotectiveô fence around the metal center, 

thereby effectively shielding it in the solid-state. 

Displaying both structures side-by-side demonstrates that there is barely any difference 

between the two and the methyl groups para  to the silanolate ligands do not impact the overall 

conformation.  Hence, the properties of 139a and 139b  (and their respective adducts) are 

virtually the same. 

With pyridine determined as the optimal additional ligand , adducts of 140  and the most active 

complex from the ócanopy seriesô 8g  were prepared. This enables a comparison between 

catalysts with different ligand designs with respect to their  stability.  

 

Scheme 64 : Adduct formation of complex 140  with pyridine.  














































































































































































































































































































































































































































































































































































