
N-Heterocyclic Carbenes (NHCs)

• In contrast to Fischer and Schrock type carbenes NHCs are extremely stable, inert ligands 

when complexed to a metal centre.

• Similar to phosphine ligands they are electronically and sterically tunable

• Also, like phosphines they are very good σσσσ-donors and promote a wide variety of catalytic 

reactions
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• NHCs differ from phosphines in two important ways

� pro: The thermodynamic instability of free NHCs strongly disfavours dissociation

� con: Reductive elimination can occur with liberation of the imidazolium salt

• Many catalysts containing NHCs nevertheless are stable for thousands of turnovers so 

productive chemistry can be much faster than decomposition
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• The nature of the R groups at N1 and N3 have little influence on the electronic properties of 

the ligand however are very important for imparting steric control in a catalyst.

• Similar to Fischer and Schrock carbenes the NHC ligand binds through an sp2 hybridized 

carbon.

• Delocalization of the N1 and N3 lone pairs into the empty p orbital of the carbene carbon 

stabilizes the singlet state by > 80 kcalmol-1 relative to the triplet state.

• The filled sp orbital donates 2e- to the metal centre with the empty p orbital available for π

back donation from the metal centre.

• As this is a Fischer carbene (singlet) type ligand, and especially with the two adjacent filled • As this is a Fischer carbene (singlet) type ligand, and especially with the two adjacent filled 

N-atom sp orbitals, back bonding is minimal in these ligands and can often be drawn with a 

single M-C bond.

• This allows rotational freedom about the M-C bond making NHCs less sterically demanding 

than at first glance.

3



Singlet vs. Triplet substitutents

• Substituents interacting with a π system can be roughly classified into three classes, on the basis of

the perturbation orbital diagram: namely X (π-electron donors such as -NR2, -OR, -SR, -F, -Cl, -Br,

and -I), Z (π-electron acceptors such as -COR, -SOR, -SO R, -NO, and -NO ), and C (conjugating
2

and -I), Z (π-electron acceptors such as -COR, -SOR, -SO2R, -NO, and -NO2), and C (conjugating

groups such as alkenes, alkynes, or aryl groups).

• An X substituent, which has a p orbital, or other suitable doubly occupied orbital which will

interact with the π bond, raising the vacancy 2p orbital of the carbene, thereby increasing the

separation of the 2p and σ (sp2) orbital. The ground-state of an X-substituted carbene becomes

singlet. Many carbenes in this class are known, e.g alkoxy or halo carbenes.

• Z substituents having a p or π* orbital and C substituents having evenly spaced π and π* orbitals,

respectively, either lower the 2p−σ (sp2) gap or leave it about the same as shown in Figure 2(b)

and (c). In either case, the groundstate for these carbenes is expected to be triplet although the

magnitude of ΔGST may vary. It has been demonstrated by ESR studies that most aryl and

diarylcarbenes have triplet ground states.
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Synthesis

• NHCs were first prepared in 1968 by Ofele, Wanzlick and Schonherr.

• In the 1970’s Lappert reported a series of complexes via cleavage of the electron rich olefin

• Alternatively prepared via deprotonation of the imidazolium salt

This requires the presence of bulky R groups, e.g. mesityl, to impart transient stability to the This requires the presence of bulky R groups, e.g. mesityl, to impart transient stability to the 

free NHC and preclude abstraction of any other acidic protons.
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• Milder routes have been developed for more sensitive NHCs

• Oxidative addition being the simplest, however, the product may undergo further reaction.
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• A commonly employed method is that developed by Lin et al. where AgO is converted to a 

Ag(I) NHC stable intermediate which readily undergoes transmetalation.
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• From 1994 Hermann began to develop NHCs as spectator ligands in homogeneous catalytic 

systems

• The most celebrated use of NHCs however is their application in Grubb’s catalyst.

• Replacement of a PCy3 ligand by a NHC ligand increased the TOF by 3 orders of magnitude

• Attributed to the high trans-effect of the NHC labilizing the remaining PCy3 ligand, i.e. 

opening a catalytic site for substrate activation
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• There are numerous catalytic applications of NHCs in which they can have advantages over 

phosphine ligands (hydrogenation, hydrosilation, metathesis, C-C coupling, etc.)

� Rates can be faster and catalysts may be air stable

� Imidazoles are also more readily synthesized and functionalized.

� M-C bond formation is always trickier for NHCs however relative to phosphines.

� Synthetic variations of NHCs are becoming more common
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Alkene and Alkyne Metathesis

• Metathesis; derived from the Greek word meaning “to place differently” or “to transpose” is 

so general that it comes to a close definition of synthetic chemistry.

• In the narrower sense it is here referred to as describing the metal-catalyzed exchange of 

alkylidene and alkylidyne units in alkenes and alkynes, respectively.

• A simple example is the conversion of propene into ethene and 2-butene

(Phillips tri-olefin process)
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Classes of Alkene Metathesis
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Benchmark transition metal catalyzed metathesis transformations 
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• Alkene metathesis are almost thermoneutral equilibria and a shift in the desired direction 

is often achieved by the removal of a volatile component (e.g. ethylene)

• The mechanism of alkene metathesis generally recognized today was first postulated in 1970 

by Chauvin, and later proved by Schrock in 1989 with the isolation and structural 

characterization of the metallacyclobutane intermediate.

Chauvin Y. Macromol. 1970,161.

Schrock R. R. Organometallics 1989, 8, 2260.
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• A metal carbene unit LnM=CH2 thus functions as the catalytically active center.

• Mo, W, Re and Ru metal centers have proven to be particularly efficient with 

respect to alkene metathesis catalysis.

• Initial metathesis catalysts were derived from transition-metal halides and 

carbanion donors, e.g. WCl6 / Et2AlCl / EtOH , which are thought to form metal 

carbene catalysts in-situ via α-elimination.

• Today well designed and fully characterized catalysts are used on an industrial 

scale.scale.
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• Both Schrock and Grubbs type alkene metathesis catalysts have a low 

coordination number CN = 4 (after dissociation of PCy3 by Grubbs catalyst)

• This allows facile access of the alkene to the central metal centre, where the 

decisive coordination step occurs.

• Spectator ligands such as imido or oxo functions commonly found in metathesis 

catalysts promote formation of the metallacyclic intermediates.
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Selectivity towards sterically unhindered olefins
and strained olef ins

Tri- and tetra-substituted olef ins are not attacked
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