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Abstract Metal-vinylidenes, generated by treatment of terminal alkynes with 
transition metals, are very useful intermediates in modern synthetic chemistry 
as shown by the high number of transformations in which they are involved. 
When a metal-vinylidene is generated in the presence of an oxidant, its 
immediate oxidation to a ketene intermediate occurred. In this short review, 
recent synthetic applications of the oxidation of alkynes via ketene 
intermediates from initially formed metal-vinylidenes are highlighted.  
1 Introduction 
2 Oxidation of Metal-Vinylidenes with Internal Oxidants  
3 Oxidation of Metal-Vinylidenes with External Oxidants  
4 Conclusions 
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1 Introduction 

Free vinylidenes are high-energy tautomers of alkynes,1 

nevertheless, their easy stabilization by coordination to 
transition metals make these, otherwise highly unstable 
compounds, suitable for their use as synthetic intermediates due 
to their unique properties in organic and organometallic 
chemistry.2 Thus, since the report of the first metal vinylidene 
species,3 a number of experimental and theoretical studies have 
been devoted to elucidate the mechanism of the formation of 
transition metal-vinylidene complexes from terminal and non-
terminal alkynes.4 Three general mechanistic pathways for the 
formation of transition metal-vinylidene complexes from 
terminal alkynes are widely accepted, all of them starting with 
the initial η2-coordination of the alkyne to the metal (Scheme 1). 
The evolution of the alkyne complex depends on the nature of the 
coordinated metal: i) direct 1,2-hydrogen shift occurs for d6 
metal systems, such as RuII and MnI complexes (a, Scheme 1); 4c-

h,5 ii) oxidative addition to a hydride-alkynyl intermediate 
followed by a 1,3-hydrogen shift has been proposed for d8 metal 
systems such as CoI and RhI (b, Scheme 1);4b-h,6 iii) for metal-
hydrides, the insertion of the alkyne into the metal-hydride bond 

followed by 1,2-hydrogen shift has been proposed (c, Scheme 
1).4c-h,5d,7 
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Scheme 1 General mechanistic pathways for the formation of metal-
vinylidenes from terminal alkynes 

A more unusual transformation is the formation of vinylidenes 
from internal alkynes and examples for trialkylsilyl,8 
trimethylstannane,9 alkylthiol10 and iodo11 substituted alkynes 
have been described. For the case of internal substituted alkynes 
with acyl and aryl groups, the order of migratory efficiency was 
stablished as: CO2Et>p-CO2EtC6H4>p-ClC6H4>Ph>p-
MeC6H4Me>p-OMeC6H4.12 

The most relevant transformations in which vinylidenes are 
involved, such as nucleophilic additions to the electrophilic 
coordinated Cα, intramolecular cyclizations or pericyclic 
reactions, arise from their electronic properties which determine 
that their Cα is an electrophilic carbon while Cβ is nucleophilic, 
have been extensively reviewed.13  

Furthermore, when alkynes are treated with transition metals 
under oxidative conditions, formation of two different 
intermediates are postulated depending on the initial 
coordination-type between the metal and the triple bond 
(Scheme 2). Should the coordination occurs in a η2-binding mode, 
an α-oxocarbenic species would be formed by oxygen transfer to 
the alkyne (a, Scheme 2).14 Should a metal-vinylidene species is 
initially formed, a ketene15 intermediate would be the oxidation 
product, even though this process is still under investigation due 
to the high reactivity and the absence of spectroscopic data of the 
reaction intermediates (b, Scheme 2).16 
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Scheme 2 Metal catalyzed oxidation of alkynes 

In this short review we will focus in the recent advances of the 
metal-catalyzed oxidation of alkynes via ketene intermediates by 
oxidation of the initially formed metal-vinylidenes. 

2. Oxidation of Metal-Vinylidenes with Internal 
Oxidants 

The first chapter of this review covers the metal-catalyzed 
oxidation of alkynes via metal-vinylidene complexes in which the 
oxidant is embedded into the alkyne moiety. 

2.1 Intramolecular Reactions 

2.1.1 Cyclizations 

The rearrangement of (o-ethynyl)phenyl epoxides to 3-
substituted-2-naphthols using [TpRu(PPh3)(CH3CN)2]PF6 as 
catalyst was described in 2004 (Scheme 3).17 The proposed 
mechanism for this transformation involves the initial generation 
of the vinylidene-ruthenium species I, as supported by 
deuterium-labeling experiments, followed by intramolecular 
electrocyclization triggered by the attack of the epoxide to the 
electrophilic carbon of the vinylidene to yield the seven-
membered ether II. This species is strongly stabilized by cationic 
delocalization as shown in the resonant structure II’. Subsequent 
cleavage of cyclic ether gives rise to the key ruthenium-π-ketene 
species III in equilibrium with its isomeric species IV. The 
formation of ruthenium-π-ketene species III is firmly supported 
by the formation of its ester derivatives when alcohols were used 
as solvents instead of toluene. Finally, the ketene undergoes a 6-
endo-dig electrocyclization to form the six-membered ketone 
species V which, after deprotonation and reprotonation, gives the 
naphthol derivatives with regeneration of active ruthenium 
species. 
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Scheme 3 Ru-catalyzed oxidative cyclization of (o-ethynyl)phenyl epoxides to 
3-substituted-2-naphthols  

When trisubstituted (o-ethynyl)phenyl epoxides were used, 
ketene intermediate IV undergo a more favorable 5-endo-dig 
electrocyclization to afford species VI which evolve to 1-
alkylidene-2-indanones (Scheme 4).17 
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Scheme 4 Ru-catalyzed oxidative cyclization of trisubstituted (o-ethynyl)phenyl 
epoxides to 1-alkylidene-2-indanones 

As shown in the previous examples, the nature of the substituents 
on the epoxide moiety is crucial for the chemoselectivity of the 
cyclization since it relies on the cationic charge location. Thus, 
when (o-ethynylphenyl)-2-alkyl-2-aryl epoxides are treated with 
[TpRu(PPh3)(CH3CN)2]PF6 in hot toluene, 1-aryl-2-alkyl-1H-
indene species are obtained in good yields (Scheme 5).18 The 
proposed mechanism for this transformation involves the 
formation of the ruthenium-acyl species VII from the ruthenium-
vinylidene species I instead the typical Ru-ketene species. Ketene 
intermediates were discarded as intermediates in this case 
because the formation of esters derived from its trapping with 
isobutyl alcohol, when it was used as solvent, were not observed. 
In this case, an equilibrium between species II and VII was 
proposed because of the stability of the tertiary benzylic cation 
formed. Subsequently, ruthenium-acyl species VIII would be 
formed via intramolecular attack of ruthenium at the tertiary 
cationic center. Then, seven-membered acyl species VIII would 
undergo decarbonylation to give ruthenium-cyclohexadiene 
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intermediates IX which, after reductive elimination, would 
generate cyclopentadiene X. The addition of H+ or Ru+ species to 
X is expected to yield benzylic cations XI. The π-conjugation 
promotes 1,2-phenyl migration to give stable tertiary cation XII 
which finally evolves to indene products. No direct evidence for 
the formation of ruthenium-ketene intermediates was observed, 
but the loss of CO would indicate most likely the generation of Ru 
(IV)-acyl intermediates. 
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Scheme 5 Ru-catalyzed cyclization of (o-ethynylphenyl)-2-alkyl-2-aryl epoxides 
to indenes through Ru-acyl intermediates with loss of CO  

Further investigations on the influence of the skeleton of the 
alkynylepoxides in the chemoselectivity of the reaction were 
carried out using 1,2-disubstituted and 1,2,2-trisubstituted 
epoxides bearing a cis-enynyl chain (Scheme 6).18 When 1,2-
disubstituted lineal epoxides were heated at 100 ºC in toluene in 
the presence of [TpRu(PPh3)(CH3CN)2]PF6, naphthol derivatives 
were obtained, while when 1-(cis-1,3-butenynyl)-2,2-dialkyl 
epoxides were used, 6,6-disubstituted cyclohexa-2,4-dien-1-ones 
were achieved in very good yields. In both cases, the reactions 
using alcohols as solvent gave rise to esters, which indicates that 
the formation of Ru-ketene intermediate XIII is likely.17 Then, a 
6-endo-dig cyclization of the terminal alkenyl carbon over the 
ketene would gave ruthenium-π-cyclohexadienone species XIV 
which would afford naphthol or cyclohexa-2,4-dien-1-one 
depending on the initial substitution on the epoxide moiety. 
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Scheme 6 Ru-catalyzed oxidative cyclization of 1-(cis-1,3-butenynyl)-2-alkyl 
epoxides to naphthols and 1-(cis-1,3-butenynyl)-2,2-dialkyl epoxides to 
cyclohexadienones 

Similar transformation was also found when non-terminal 
alkynes were used. Polarity of the medium affected the course of 
the reaction. Heating 1-(2’-iodoethynyl)-2-alkyloxiranes in the 
presence of [TpRu(PPh3)(CH3CN)2]PF6 using polar DMF as 
solvent gave rise to 1-iodo-2-naphthol derivatives while using 
apolar benzene as solvent 2-iodobenzo[d]oxepines were 
obtained (Scheme 7).19 The proposed mechanism involves the 
initial formation of the Ru-2-iodovinylidene species XVI which 
evolves to 1-iodo-2-naphthol derivatives by a similar mechanism 
to the one shown in Scheme 3. 



Synthesis Review / Short Review 

Template for SYNTHESIS © Thieme  Stuttgart · New York 2020-09-30 page 4 of 12 

I

O C3H7

I
OH

C3H7
[TpRu(PPh3)(CH3CN)2]PF6

 

(10 mol%)
solvent

H

O

C3H7

I

+

I

O R

O

[Ru]•

XVII

O

I

R

R

[Ru]
O•

I

R

[Ru]

O
I [Ru]

H
R

O
H I

R

R

OH

XVII

XVIII

XIX

XX

[Ru]=TpRuLn

I

O R

[Ru]
XV

I

DMF 88% 1%

benzene 12% 78%

[Ru]

 
Scheme 7 Ru-catalyzed oxidative cyclization of 1-(2’-iodoethynyl)-2-
alkyloxiranes to 1-iodo-2-naphthol derivatives 

A similar strategy but using nitrones as internal oxidants and 
[TpRu(PPh3)(CH3CN)2]PF6 as catalyst allowed the efficient 
synthesis of α-pyridones and 3-(2H)-isoquinolones from 3-en-5-
ynyl and o-alkynylphenyl nitrones (Scheme 8).20 The proposed 
mechanism would involve the formation of the ketene 
intermediate XXIII by N-O bond breaking of the cationic species 
XXII’, a resonant form of XXII which in turn would be generated 
from a 8e-π electrocyclization of the initially formed Ru-
vinylidene species XXI. 
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Scheme 8 Ru-catalyzed oxidative cyclization of 3-en-5-ynyl nitrones to α-
pyridones and mechanistic proposal 

2.1.2 [2+2] Cycloadditions 

A tandem intramolecular process involving a Ru(II)-catalyzed 
oxidative transformation of terminal alkynes to ketenes by using 
sulfoxides as internal oxidants followed by a thermal [2+2] 
cycloaddition with tethered alkenes allowed an easy entry to 
bicyclic cyclobutanones (Scheme 10).21 Neutral Ru(III) and Ru(II) 
complexes showed no catalytic activity in spite of the well-known 
ability of CpRuCl(PPh3)2 to generate vinylidenes (Table 1, entry 
1). By contrast, opening a vacant in the coordination sphere of the 
metal with the generation of a cationic Ru(II) complex seemed 
convenient for the reactivity (Table 1, entry 2). However, 
formation of many secondary products suggested that the 
generation of ruthenium vinylidenes was not efficient, being 
necessary the use of an AZARPHOS L1 ligand to improve the 
yields (Table 1, entry 3). Finally, the use of the synthetically more 
accessible AZARPHOS L2 ligand allowed the obtention of the 
cyclobutanones in very good yields (Table 2, entries 4 and 5). 

Table 1 Optimization of the Ru-catalyzed oxidative [2+2] cycloaddition of 
alkynes and alkenes to cyclobutanones 
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1 none none 0 
2 NaPF6 none 36 
3 NaPF6 L1 81 
4 NaPF6 L2 86 
5 NaBAr4

F L2 93 

The substrate scope of this transformation tolerates mono- and 
disubstituted alkene units like phenyl and cyclohexene 
derivatives. Different connecting tethers between the alkene and 
alkyne functionalities containing cyclohexane and 1,3-dithiane 
rings are also tolerated (Scheme 9). 
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Scheme 9 Scope of the Ru-catalyzed oxidative [2+2] cycloaddition of α,ω-
enynes to cyclobutanones 

Curiously, the reaction failed when an external sulfoxide was 
used as oxidant. Thus, when an enynyl sulfide or sulfone was 
subjected to the reaction conditions under and excess of phenyl 
methyl sulfoxide no formation of cyclobutanone was observed 
(Scheme 10). 
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Scheme 10 Failed attempts of Ru-catalyzed oxidative [2+2] cycloaddition of 
alkynes and alkenes using external sulfoxide oxidants 

The proposed mechanism for the Ru(II)-catalyzed oxidative 
[2+2] cycloadditions of alkynes and alkenes would involve the 
the initial formation of Ru-vinylidene species XXIV, oxidation by 
the sulfoxide to the ketene XXV and further [2+2] cycloaddition 
to the cyclobutanone (Scheme 11). Participation of a Ru‐
complexed ketene could not be ruled out. An alternative 
mechanism involving an initial [2+2] cycloaddition22 between the 
Ru-vinylidene XXIV and the alkene to Ru-carbene XXVI followed 
by its intramolecular oxidation could not be discarded, even 
though the lack of reactivity when external oxidants were used 
(Scheme 10) argues against this route since intermolecular 
oxidation of Ru-carbenes to carbonyl groups has been 
described.23 
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Scheme 11 Alternative mechanistic pathways for the Ru-catalyzed oxidative 
[2+2] cycloaddition of α,ω-enynes and alkenes to cyclobutanones 

2.2 Intermolecular Reactions 

Other possibility is the participation of two partners in the 
process, one bearing the alkyne moiety and the internal oxidant 
and the second one a species that reacts with the ketene 
intermediate generated in situ by oxidation of the initial metal-
vinylidene. 

2.2.1 Nucleophilic Additions 

The high electrophilicity of ketenes makes easy its trapping with 
oxygenated and nitrogenated nucleophiles to afford esters, 
amides and carboxylic acids.15 The generation of these highly 
reactive intermediates by oxidation of metal-vinylidenes opens 
new opportunities for direct transformation of alkynes into 
products derived from the addition of nucleophiles to ketenes. 

A first example of the synthesis of esters and amides by reaction 
of o-sulfinyl phenylacetylenes in the presence of oxygenated or 
nitrogenated nucleophiles using [RhCl(cod)]2 as catalyst and an 
electron poor phosphine such as P(4-FC6H4)3 was reported in 
2013 (Scheme 12).24 Conversely, typical Ru(II) catalysts used for 
the generation of ruthenium vinylidenes gave the products in 
very low yields. 
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Scheme 12 Rh-catalyzed oxidative addition of nucleophiles to 
phenylacetylenes using internal sulfoxides as oxidant 

Other internal oxidants such as pyridine N-oxides are also 
effective for oxidation of Rh-vinylidenes to ketenes in the 
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transformation of 3-pyridyl-1-propynes into ester or amides 
(Scheme 13).24 
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Scheme 13 Rh-catalyzed oxidative addition of nucleophiles to 3-pyridyl-1-
propynes using internal pyridine N-oxide as oxidant 

2.2.2 [2+2] Cycloadditions 

Another typical transformation of ketenes is the formation of β-
lactams by [2+2] cycloadditions with imines. Indeed, a tandem 
intermolecular process leading to β-lactams via Ru(II)-catalyzed 
oxidative transformation of terminal alkynes to ketenes by using 
sulfoxides as internal oxidants followed by a thermal [2+2] 
cycloaddition with imines was developed in 2014 (Scheme 14).21 
The proposed mechanism would involve the sulfoxide oxidation 
of the Ru-vinylidene initially formed to the ketene followed by an 
intermolecular [2+2] cycloaddition with the imine to give the 
corresponding β-lactam. 
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Scheme 14 Ru-catalyzed oxidative [2+2] cycloaddition of imines and alkynes to 
β-lactams 

3. Oxidation of Metal-Vinylidenes with External 
Oxidants 

In all the previous examples for the oxidation of alkynes via 
catalytic metal-vinylidenes, the oxidant is linked to the alkyne 
through a chain that allows the oxidation of the catalytic metal-
vinylidene initially formed. Nevertheless, some drawbacks could 
arise from this strategy such as difficulties for the synthesis of 
starting materials and/or the presence of the reduced species in 
the final product. In those cases, the use of an external oxidant 
could help to solve the trouble. 

3.1 Intramolecular Reactions 

One early example of an external oxidants for intramolecular 
oxidation of metal-vinylidenes for the synthesis of γ-
butyrolactones and δ-valerolactones from homo- and bis-
homopropargyl alcohols was reported, even though no ketene 
formation was claimed for this transformation (Scheme 15).23 
The proposed mechanism would involve the formation of the Ru-
alkoxy carbene XXVIII by intramolecular addition of the alcohol 
to the Ru-vinylidene species XXVII and subsequently attack by 
the oxidant to form XXIX. Finally, protonolysis of XXIX would 
afford the lactone with regeneration of the active Ru species. 
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Scheme 15 Ru-catalyzed synthesis of γ-butyrolactones and δ-valerolactones 
from homo- and bis-homopropargyl alcohols 

Macrolactones can also be synthesized by a synergistic Rh-and 
Yb-cocatalyzed oxidative cyclization of alkynyl alcohols (Scheme 
16).25 α,ω-Alkynols in the presence of a catalytic amount of 
Rh(cod)2BF4, Yb(OTf)3 as Lewis acid, P(4-FC6H4)3 as ligand and 
pyridine N-oxide as oxidant generate the corresponding 
macrolactones up to 33-membered in good yields. The 
mechanistic proposal involves the formation of a ketene by 
oxidation of the initially formed metal-vinylidene followed by 
intramolecular trapping with the alcohol. 
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Scheme 16 Rh-catalyzed oxidative macrolactonization of α,ω-alkynols 

On the other hand, phenols and naphthols were also assembled 
by Rh-catalyzed oxidative cycloaromatization of dienynes using 
pyridine N-oxide as external oxidant (Scheme 17).26 The 
proposed mechanism involves the formation of a dienyl-ketene 
intermediate followed by its 6e-π 
electrocyclization/aromatization. The intermediate ketene could 
be trapped as ethyl ester derivative when ethanol was used as 
solvent. 

[Rh(cod)2OTf] (6 mol%)
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42-87% 34-82%

 
Scheme 17 Rh-catalyzed oxidative cycloaromatization of dienynes to phenols 

and naphtols 

3.2 Intermolecular Reactions 

3.2.1 Nucleophilic Additions 

The addition of oxygen and nitrogen nucleophiles to ketenes 
generated by oxidation of catalytic metal-vinylidenes using 
external oxidants to produce esters and amides from alkynes was 
described as continuation of the study made using internal 
oxidants (see section 2.2.1).24 The main difference found in this 
study between internal and external oxidants was that, while in 
the first case both sulfoxides an N-oxides can act as efficient 
oxidants to produce the corresponding products in good yields, 
in the latter only pyridine N-oxides are able to oxidize the 
corresponding vinylidenes to ketenes and yield the 
corresponding esters or amides (Scheme 18).24 

MeO MeO

OMe

O
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Scheme 18 Screening of external oxidants and scope for the Rh-catalyzed 
oxidative addition of nucleophiles to alkynes 

Tandem intermolecular processes have also been developed. 
Coumarin skeletons were efficiently obtained by reaction of 
phenylacetylenes with salicylaldehydes under oxidative 
conditions using Wilkinson’s catalyst (Scheme 19).27 The tandem 
process involves the generation of the phenylketene by oxidation 
of the initially formed Rh-vinylidene followed by nucleophilic 
attack of the hydroxy group of the salicylaldehyde to the ketene 
and subsequent intramolecular aldol-type condensation. 
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Scheme 19 Rh-catalyzed oxidative annulation of phenylacetylenes and 
salicylaldehydes to coumarin skeletons 
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Other metals like Mn-porfirin complex, [MnCl(2,6-Cl2TPP)Cl] 
(meso-tetrakis(2,6-dichlorophenyl)porphyrin), and oxidants like 
Oxone also catalyzed the oxidative amidation of alkynes with 
amines (Scheme 20).28 In this case, instead of a metal-vinylidene 
intermediate, an oxirene is proposed as the initial species which 
then isomerizes to a ketene. 

R1 R2NH2

[Mn(2,6-Cl2TPP)Cl] (0.33 mol%)
1.5 eq Oxone/4.6 eq NaHCO3
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Ph, p-MePh, p-FPh, p-NHAcPh

R2 = Hexyl, CyNH2, BnNH2, NH4HCO3
31-96%

 
Scheme 20 Mn-catalyzed oxidative amidation of alkynes with amines 

Our research group recently described the use of easily available 
CpRuCl(PPh3)2 to catalyze the oxidative amidation of alkynes 
with primary and secondary amines using 4-picoline N-oxide as 
external oxidant, either using two or one equivalents of the free 
amine, being necessary, in the latest case, the use of one 
equivalent of KPF6 as additive. Thus, electron-poor and electron-
rich heteroaryl alkynes as well as aliphatic, functionalized 
aliphatic alkynes and enynes react with N-Me-phenethylamine to 
give rise to tertiary amides in fairly good yields (Scheme 21).29 
Interestingly, the use of rhodium catalysts such as [Rh(cod)Cl]2 
or RhCl(PPh3)3 failed to produce the corresponding amides, being 
necessary the use of the ammonium salt of the N-Me-
phenethylamine to yield the product in good yields. Other 
secondary cyclic amines and N,O-dimethylhydroxylamine also 
gave the corresponding amides in good yields. 
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Scheme 21 Ru-catalyzed oxidative amidation of alkynes with secondary amines 

More appealing secondary amides can also be achieved using this 
methodology. Phenylacetylene, functionalized aliphatic alkynes, 
enynes and aromatic diynes react with phenethylamine to yield 
the corresponding amides in good yields (Scheme 22). As in the 
case of secondary amines, Rh catalysts failed to yield the amides 
unless the ammonium salt of the phenethylamine was used. 
Other aliphatic, allylic, propargylic and aryl diamines gave the 
corresponding phenylacetamides in good yields. Interestingly, 
the use of chiral secondary amines such as (R)-1-
phenylethylamine gave the chiral secondary amide with excellent 
yields. 
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Scheme 22 Ru-catalyzed oxidative amidation of alkynes with primary amines 

Stoichiometric experiments adding 4-picoline N-oxide to Ru-
vinylidene XXX gave a mixture that contains mainly the picoline 
derivative [CpRu(4-Me-py)(PPh3)2]PF6 and a Ru-C(=O)CH2Ph 
acyl species, indicating as a strong indirect evidence the oxidation 
of the Ru=C bond of the vinylidene to a Ru(η2-CO)-ketene 
intermediate (scheme 23). 
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Scheme 23 Stoichiometric experiments with Ru-vinylidene species in the 
presence of 4-picoline N-oxide 

According to the stoichiometric results, the proposed mechanism 
for this transformation would involve the initial formation of the 
Ru-vinylidene species XXX followed by its oxidation with the 4-
picoline N-oxide to the Ru(η2-CO)-ketene intermediate XXXI 
which, by ligand exchange, would release the ketene XXXII with 
concomitant formation of the Ru-picoline complex XXXIII. Final 
trapping of the ketene with the amines would afford the 
corresponding amides while ligand exchange of picoline with the 
alkyne would regenerate the initial Ru-vinylidene complex 
(Scheme 24). 
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Scheme 24 Proposed mechanism for Ru-catalyzed oxidative amidation of 
terminal alkynes with amines 

3.2.2 [2+2] Cycloadditions 

β-Lactams with high 3,4-trans selectivity can also be assembled 
by intermolecular [2+2] cycloaddition of terminal alkynes and 
imines catalyzed by the Wilkinson’s catalyst in the presence of an 
external oxidant like 4-picoline N-oxide (Scheme 25).30 The 
reaction showed a broad scope both with regard to the imine and 
alkyne substrates. Thus, aryl and heteroaryl imines with different 
substituents as well as alkenyl imines participate properly in the 
reaction. Regarding the alkyne scope, aryl, heteroaryl, alkenyl 
and linear alkyl substituents afforded the corresponding β-
lactams in good yields. Interestingly, when alkyl substituted 
alkynes were used, it was necessary the addition of a 15 mol% of 
ZnCl2 to accelerate the reaction and also to increase the yield. 

N
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32-94%
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-

R2 = 
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R3 = Ph, p-OMePh, p-NO2Ph, 2-thiophenyl, 2-furanyl, styryl  
Scheme 25 Rh-catalyzed oxidative [2+2] cycloaddition of imines and alkynes to 
β-lactams 

A control experiment between p-MeOphenylacetyl chloride and 
N-methyl-p-nitrophenylmethanimine under two sets of 
conditions was performed: when the Staudinger protocol31 was 
used (Et3N, ∆), cis β-lactam was obtained as major isomer, while 
in the presence of RhCl(PPh3)3 the trans isomer was favored, 
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indicating, most probably, the presence of a Rh-ketene complex 
rather than a free ketene intermediate (Scheme 26). 

PMP
Cl

O PNP
N Me+

N N

PMP PMP

PNP PNP

O O

Me Me

Condition A
Et3N, tol, 65 ºC, 2h
Condition B
RhCl(PPh3)3
Et3N, tol, 65 ºC, 2h

+

Condition A: 33%:58%
Condition B: 43%:33%  

Scheme 26 Control experiment for the [2+2] cycloaddition of a ketene to an 
imine 

According to these results the proposed mechanism would 
involve the initial formation of the Rh-vinylidene XXXIV which, 
after oxidation with the 4-picoline-N-oxide, would afford the two 
η2-Rh-ketene species in equilibrium XXXV and XXXVI. The 
nucleophilic addition of the imine to the ketene would give rise 
to the zwitterionic intermediates XXXVII which easily isomerize 
to iminium XXXVIII, given the preference for the obtention of 
trans β-lactam (Scheme 27). 
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Scheme 27 Mechanistic proposal for the Rh-catalyzed oxidative [2+2] 
cycloaddition of imines and alkynes to β-lactams 

4. Conclusions 

Recent examples of oxidative reactions of alkynes to cyclic 
ketones, esters, amides and lactams via catalytic Rh- and Ru-
vinylidenes have been compiled. Ketenes have been invoked as 
intermediates from oxidation of the initially formed metal- 
vinylidenes. Intra- and intermolecular processes such as 
cyclizations, [2+2] cycloadditions and nucleophilic additions 
have been described either using internal or external oxidants. 
Epoxides have been used as oxidants for intramolecular 
cyclizations whereas  sulfoxides and pyridine N-oxides for [2+2] 
cycloadditions and nucleophile additions, although sulfoxides 
have shown only activity when they act as internal oxidants while 
N-oxides have probed to be more versatile oxidants either 
internally or externally. These initial examples show the high 
potential of the transformations of simple alkynes into a variety 
of functionalized compounds with increased complexity. 
Nevertheless, more mechanistic studies are needed to fully 
understand this transformation in order to increase its scope. 
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