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Introduction

4

Alkyne Metathesis Alkene Metathesis

Ring-Closing Metathesis (RCM)

Cross-Metathesis (CM)



Introduction

5(a) Moore, J. S., et al. J. Am. Chem. Soc. 2020, 142, 6493; (b) Moore, J. S., et al. J. Am. Chem. Soc. 2018, 140, 5825;

(c) Moore, J. S., et al. J. Am. Chem. Soc. 2016, 138, 13814.

Shape-persistent molecular architectures



Introduction

6(a) Langemann, K., et al. J. Org. Chem. 1996, 61, 3942; (b) Langemann, K., et al. Synthesis. 1997, 1997, 792; 

(c) Furstner, A., et al. Angew. Chem. Int. Ed. 2013, 52, 355; (d) Furstner, A., et al. Chem. Commun. 2002, 18, 2182.

Alkene metathesis? or Alkyne metathesis!



Introduction

7

Zhang, W., et al. Trends Chem. 2022, 4, 540.

Mortreux

1974

2004

Furstner

1999

Schrock

1981

Furstner

2023

Furstner

2010

First well-defined alkyne 

metathesis catalyst

First molybdenum 

alkylidyne catalyst

First silanolate 

molybdenum catalyst

First multidentate complex

2004

Zhang

2011

First air-stable catalyst

First homogeneous 

catalyst

Representative Homogeneous 

Alkyne Metathesis Catalysts



Introduction

8

Reactions of alkylidynes with alkynes  

Jia, G., et al. J. Am. Chem. Soc. 2022, 144, 12546.

Flexible coordination 

number 

M = Mo, W
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Initial Exploration and Limitation

10

(a) Mortreux, A., et al. Chem. Commun. 1974, 4, 786; (b) Brizius, G., et al. J. Am. Chem. Soc. 2000, 122, 12435; (c) Wengrovius, J.H., et al. J. Am. Chem. Soc. 1981, 103, 3932.

● Harsh conditions

● Poor functional group tolerance

● Unclear underlying mechanism

The remarkable Lewis acidity of W 

made this complex incompatible with 

substrates containing heteroatoms 

such as nitrogen heterocycles, divalent 

sulfur, and carbonyl-containing 

substrates, like ketones and aldehydes

Mortreux 1974

Schrock 1981



First Generation Catalyst with Amido Ligand

11

(a) Fürstner, A., et al. J. Am. Chem. Soc. 1999, 121, 9453; (b) Moore, J. S., et al. J. Am. Chem. Soc. 2004, 126, 329.

An important modification by Moore in 2004

Fürstner 1999



12

1/CH2Cl2 shows a much improved

functional group tolerance

(a) Fürstner, A., et al. J. Am. Chem. Soc. 1999, 121, 9453; (b) Fürstner, A., et al. Chem.-Eur. J. 2001, 7, 5299; (c) Fürstner, A., et al. Org. Lett. 2001, 3, 221.

First Generation Catalyst with Amido Ligand



13
(a) Moore, J. S., et al. J. Am. Chem. Soc. 2004, 126, 329; (b) Moore, J. S., et al. Chem. Commun. 2003, 7, 832; (c) Moore, J. S., et al. J. Am. Chem. Soc. 2018, 140, 5825.

● Higher activity

● The first metathesis 

example for thiophene-

containing compounds

In situ generated 
active species

First Generation Catalyst with Amido Ligand



Catalyst with Alkoxy Ligand

14

Tamm, M., et al. Angew. Chem. Int. Ed. 2012, 51, 13019.

7 will form stable 

metallacyclobutadiene

(MCBD) 
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In order to inhibit the 

deprotonation process, 

less basic ligands

should be used

Tamm, M., et al. Angew. Chem. Int. Ed. 2012, 51, 13019.

Catalyst with Alkoxy Ligand



16(a) Tamm, M., et al. Angew. Chem. Int. Ed. 2007, 46, 8890; (b) Tamm, M., et al. Chem. Eur. J. 2010, 16, 8868;

(c) Schrock, R. R., et al. Angew. Chem. Int. Ed. 2003, 42, 4555; (d) Tamm, M., et al, Org. Biomol. Chem. 2007, 5, 523.

The most active alkene 

metathesis catalysts
Push-Pull effect Mesomeric structures and feature of 

the imidazolin-2-iminato ligands

Catalyst with Alkoxy Ligand



Second Generation Catalyst with Silanol Ligand

17

(a) Fürstner, A., et al. J. Am. Chem. Soc. 2009, 131, 27, 9468; (b) Fürstner, A., et al. J. Am. Chem. Soc. 2010, 132, 11045.

Commercially available



Beneficial Effect of 5Å Molecular Sieves

18

Fürstner, A., et al. J. Am. Chem. Soc. 2010, 132, 11045.

In the presence of 

powdered MS 5 Å

In the  absence of 

powdered MS 5 Å

Pretreat the catalyst with MS 5 Å, 

which was removed prior to the 

addition of the substrate

Remove 2-butyne from the mixture by absorption into the pores



19

Fürstner, A., et al. J. Am. Chem. Soc. 2010, 132, 11045.

Remarkable functional

group tolerance

Second Generation Catalyst with Silanol Ligand



20

Neese, F., et al. ACS Catal. 2021, 11, 9086.

The Si−O−Mo linkage is floppy and hence easy to 

stretch and bend, which gently tunes its donor ability.

Favored by a 

more Lewis

acidic metal

Strong σ-donor, 

weak π-donor

Weak σ-donor, 

Strong π-donor

Second Generation Catalyst with Silanol Ligand

Favored by a 

less Lewis

acidic metal
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Drawbacks of the Monodentate Ligand
——Small Alkyne Polymerization 

22

Zhang, W., et al. Angew. Chem. Int. Ed. 2011, 50, 8478.

The most common side reaction 

of monodentate ligands is to 

promote the polymerization of 

small molecules of alkynes.



Third Generation Catalysts

23

Zhang, W., et al. Angew. Chem. Int. Ed. 2011, 50, 3435.

Multidentate Catalyst System:

(1) stronger complexation;

(2) spatial blocking of binding site inhibits the undesired alkyne polymerization.



24

(a) Zhang, W., et al. Adv. Synth. Catal. 2012, 354, 2073; (b) Zhang, W., et al. Adv. Synth. Catal. 2013, 355, 885; (c) Schrock, R. R., Chem. Rev. 2002, 102, 145.

The N-Mo coordination would 

lower the catalyst activity by 

increasing the electron density 

on the Mo center

Third Generation Catalysts



25

(a) Zhang, W., et al. Adv. Synth. Catal. 2012, 354, 2073; (b) Zhang, W., et al. Adv. Synth. Catal. 2013, 355, 885.

Third Generation Catalysts



26

Zhang, W., et al. Nat Commun. 2021, 12, 1136.

Stored in paraffin wax

Third Generation Catalysts



First Trial with Silanol Ligand 

27

Furstner, A., et al. Chem.-Eur. J. 2016, 22, 8494.

18 and 19 have 

conformationally 

flexible ligands

Chelating ligands 

provides a higher 

resistance toward

protic groups



Fourth Generation— “Canopy Catalysts”

28

(a) Furstner, A., et al. Angew. Chem. Int. Ed. 2019, 58, 15690; (b) Furstner, A., et al. J. Am. Chem. Soc. 2020, 142, 11279.

Only sp2-hybridized C atoms reduces the

degrees of conformational freedom.

Preorganized structure shows a cyclic array of 

hydrogen bonds between −Si−OH units.



29

(a) Furstner, A., et al. Angew. Chem. Int. Ed. 2019, 58, 15690; (b) Furstner, A., et al. J. Am. Chem. Soc. 2020, 142, 11279.

The functional group 

tolerance of 22 is 

deemed remarkable,  

including various 

free −OH groups and 

several other protic 

sites.

Fourth Generation— “Canopy Catalysts”
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New Air-Stable Alkylidyne Catalysts 

Furstner, A., et al. J. Am. Chem. Soc. 2023, 145, 26993.
d(Mo1-N1) = 5.38 Å



31

(a) Furstner, A., et al. J. Am. Chem. Soc. 2023, 145, 26993; (b) Buchmeiser, M. R., et al. Eur. J. Inorg. Chem. 2023, 26, 649

Only trace impurities caused by hydrolysis

New Air-Stable Alkylidyne Catalysts 



32

Rational Design of the Catalysts 

(a) Furstner, A., et al. J. Am. Chem. Soc. 2022, 143, 15538; (b) Jia, G., et al. J. Am. Chem. Soc. 2022, 144, 12546; (c) Neese, F., et al. ACS Catal. 2021, 11, 9086.

pKa values (in DMSO) of selected ROH and amines, 

and general reactivity of M(☰CR)X3 (M = Mo, W) with 

the alkyne EtC☰CEt at ambient temperature.

Appropriate ligands can regulate the 

Lewis acidity of the metal center, allowing 

both processes to proceed smoothly



Intermediate of Alkyne Metathesis Catalysts

33

Furstner, A., et al. J. Am. Chem. Soc. 2021, 143, 5643.

δCα/Cα′ (-90oC): 248.8 ppm

Even at −90 °C, the two tautomers of the metallacycle are not frozen 

out, which indicates an extremely low barrier for interconversion.



Surprising Metallatetrahedrane Complex

34

Cα/Cα′-atoms of tautomer A or 

B are inequivalent.

The rigidity of the ligand 

framework prevents the 

isomerization of the 

metallacyclobutadiene A 

and B from occurring

Furstner, A., et al. J. Am. Chem. Soc. 2021, 143, 5643.



35

An Unprecedented Mechanism

Furstner, A., et al. J. Am. Chem. Soc. 2021, 143, 5643.



Tautomerization Between A and B

36

Furstner, A., et al. J. Am. Chem. Soc. 2021, 143, 5643.



Tautomerization Between C and D

37

Furstner, A., et al. J. Am. Chem. Soc. 2021, 143, 5643.

metallacyclobutadiene

metallatetrahedrane
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39

Total Synthesis of Neurymenolide A

Furstner, A., et al. Angew. Chem., Int. Ed. 2012, 51, 6929.

Alkyne metathesis 

catalysts are rigorously 

selective in that they 

leave double bonds of 

all sorts untouched.



40

Total Synthesis of Casbane Diterpenes

(a) Furstner, A., et al. Angew. Chem., Int. Ed. 2015, 54, 6241; (b) Furstner, A., et al. Angew. Chem., Int. Ed. 2021, 60, 5316.

Hydroxy-directed 

catalytic trans-

hydrostannation allows 

for a number of casbane 

derivatives to be 

synthesized



41

Total Synthesis of Amphidinolide F

(a) Furstner, A., et al. Angew. Chem., Int. Ed. 2013, 52, 9534; (b) Furstner, A., et al. Chem.-Eur. J. 2015, 21, 2398.

Polysubstituted diyne 40 have three free hydroxyl-group. “Canopy Catalyst” 22 successfully 

gave the ring closure product 41, while catalyst 12 fail to accomplish this process.



42

Total Synthesis of Njaoamine C

Furstner, A., et al. J. Am. Chem. Soc. 2023, 145, 21197.

Grubbs catalyst only 

gave 10−20% of the 

monocyclized compound 

50 and 1−2% of 51



43

Mobius Tris((ethynyl)[5]helicene) Macrocycle

Moore, J. S., et al. J. Am. Chem. Soc. 2020, 142, 6493.

Consider acetylene as an extension 

of the benzene ring plane

56

Anisotropic Current 

Induced Ddensity (ACID)
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Dynamic Covalent Chemistry (DCC)

Moore, J. S., et al. J. Am. Chem. Soc. 2018, 140, 5825.

The ability of DCC reactions to proceed via thermodynamic 

control ultimately allowing for error correction and 

convergence toward thermodynamically stable products



45

Synthesis of Cycloparaphenyleneacetylene

Moore, J. S., et al. J. Am. Chem. Soc. 2016, 138, 13814.



46

Zhang, W., et al. J. Am. Chem. Soc. 2011, 133, 51, 20995.

Rectangular Prism 
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Summary

48

2004

Furstner

1999

Furstner

2023

Furstner

2010

First molybdenum 

alkylidyne catalyst

First silanolate 

molybdenum catalyst

First multidentate complex

2004

Zhang

2011

First air-stable catalyst

● The current inability to 

perform reactions in water or 

other protic media and the still 

largely missing compatibility 

with strongly acidic groups.

● Compared with alkyne 

metathesis, metathesis 

reactions of alkylidynes with 

heterotriple bonded species

are less known and worth more 

exploration.
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Outlook

widely studied

only several 

examples
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Outlook

still unknown

the triple bond of 

aryl diazonium salts

Furstner, A., et al. Angew. Chem., Int. Ed. 2015, 54, 12814.

metathesis reactions

of alkylidynes with N2 (or 

N2-complexes) are highly 

attractive



51



Supporting Information             

52



Supporting Information             

53


