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Abstract: Ketene and diketene are cornerstone intermediates of industrial chemistry, enabling synthesis of a wide 
range of functional products. Beyond their established applications, side products of ketene dimerization provide 
access to 1,3-cyclobutanedione and triketene chemistry. This review highlights industrial relevance, reactivity, 
scalable access to 1,3-cyclobutanedione via the dione salt, and emerging applications of cyclobutane motifs in 
pharmaceuticals, emphasizing opportunities for further derivatization and process development.
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1. Introduction
Ketene chemistry represents one of the most remarkable in-

tersections of fundamental reactivity and industrial relevance in 
organic chemistry. Since the initial discovery of ketene (1) over 
a century ago, its unique cumulated double‑bond structure has 
enabled an extraordinary range of transformations, from simple 
acylation reactions to pericyclic cycloadditions forming strained 
ring systems.[1,2] Among ketene‑derived compounds, diketene 
(2) stands out as a cornerstone industrial building block, while 
triketene and its derivatives, long regarded as side products, are 
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2. Ketene and Diketene: Reactivity and Industrial 
Significance

2.1 Ketene Reactivity
Ketene’s polarized cumulated C=C=O functionality enables 

rapid reaction with a wide range of nucleophiles and electrophiles. 
Quantum‑chemical analysis of ketene and diketene electrostatic 
potential surfaces underscores the pronounced electrophilicity of 
the carbonyl carbon and nucleophilicity at the terminal carbon 
atom, which jointly explains the breadth of accessible transforma-
tions (Fig. 3).

Scheme 1 illustrates the most important industrial reactions of 
ketene (1).

As illustrated in Fig. 2, the formation of acetic anhydride (4) 
via the addition of acetic acid (5) with ketene (1) is not only by far 
the biggest consumer of ketene, but it also illustrates the typical 
reactivity of the electrophilic carbon with nucleophiles, therewith 

 

 ! ! !

Fig. 3. Electrostatic potential surface of ketene (1), diketene (2), and 
1,3-cyclobutadione (3) at B3LYP-D3 / tzvp.

 
Scheme 1. Typical industrially relevant reactions of ketene (1).

now emerging as valuable gateways to previously underexplored 
chemical space.

More than half of the published ketene and diketene literature 
is contained in patents, clearly reflecting their enduring industrial 
importance (Fig. 1). Today, global ketene production exceeds 
700,000 t a–1, with the majority consumed internally for the produc-
tion of acetic anhydride, itself a critical reagent for cellulose acetyl-
ation, polymer modification, and wood preservation (Fig. 2).[3]

Beyond these established applications, in recent years there 
has been growing interest in cyclobutane‑containing motifs, 
particularly within pharmaceutical research. This development 
has renewed attention on cyclobutanedione‑derived chemistry,  
accessible through triketene intermediates formed during  
diketene manufacture. The present review highlights the chemis-
try of ketene and diketene with particular focus on 1,3‑cyclobu-
tanedione (CBDO, 3) and its related structures, emphasising scal-
able synthetic access and emerging applications.

CBDO chemistry provides access to the cyclobuta-1,3-diyl 
motif, an sp3-rich structural element increasingly found in pharma- 
ceutical compounds.

Further derivatization possibilities include reductive amin- 
ation, carbon-carbon bond formation, alkylation, and transi-
tion-metal-catalysed cross-coupling reactions, opening new 
routes to functionalized cyclobutane derivatives.

 
Fig. 2. Consumption of ketene by volume (ton per year).

 
Fig. 1. Number of publications concerning ketene (orange), dike-
tene (blue), and 1,3-cyclobutanedione (green) by publication year 
(ScienceFinder https://scifinder.cas.org, accessed January 27, 2026).

 
Scheme 2. Synthetic access to sorbic acid (6) by addition of ketene (1) 
and crotonaldehyde (7).
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used as the starting material for the production of L-Carnitine (13, 
Scheme 5), an important nutrition additive.

A critical constraint of ketene and diketene chemistry is logis-
tics: neither compound can be transported safely, requiring on‑site 
derivatization immediately following generation. Notably, the ac-
etone-diketene adduct 14 (Scheme 4) has emerged as a stabilized 
diketene synthon capable of mimicking key reactivity patterns.[6]

2.3 Dimerization of Ketene: Diketene vs. 
1,3-Cyclobutanedione

Ketene (1) dimerization is a textbook example of a thermal 
[2+2] cycloaddition, typically yielding diketene (2).[7] However, 
modern computational and experimental studies reveal a bifurcat-
ed reaction pathway, producing not only diketene but also  
1,3‑cyclobutanedione (CBDO, 3) derivatives (Scheme 6).[8]

Intrinsic reaction coordinate (IRC) calculations show two 
closely related transition states, leading either to diketene (2) or to 
CBDO (3), the latter being formed in approximately 10% yield 
under typical conditions (Fig. 4).[9]

While historically overlooked, this pathway has profound im-
plications, as CBDO (3) subsequently rearranges in a keto-enol 
tautomerism and reacts with additional ketene (1) to form triketene 
(15), a surprisingly energetic but isolable compound (Scheme 7).[8]

 
Scheme 6. Dimerization pathways of ketene (1).
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Fig. 4. IRC of the dimerization of ketene at B3LYP-D3 / tzvpd.

offering a clean and efficient synthetic access to acetylation of 
alcohols, amines and other nucleophilic moieties.

The synthesis of sorbic acid (6) via reaction of ketene (1) with 
crotonaldehyde (7), followed by acid‑mediated rearrangement as 
depicted in Scheme 2, is an illustration of another classical reac-
tion.[4]

By reacting ketene with aldehydes or ketones, cyclic lactones 
are formed, which undergo ring opening via acid or base catalysed 
nucleophilic attack, thereby offering a practical pathway to build 
up β‑functionalized, C

2
-elongated esters and acids.

Many of these first‑generation products serve as platform in-
termediates, undergoing further rearrangements, reductions, or 
condensations. Typical examples include the rearrangement of 
isopropenyl acetate (8) to acetylacetone (9)[5] or the conversion of 
dimethoxypropanoates such as 10 into multifunctional acrylates 
(11, Scheme 3).

2.2 Diketene as a Multifunctional Synthon
Diketene (2), formed by [2+2] cycloaddition of ketene (1), is 

a stable liquid that combines ease of handling with exceptionally 
rich chemistry. Its strained β‑lactone ring undergoes regioselec-
tive ring opening with alcohols, amines, halides, and carbon nu-
cleophiles, giving access to acetoacetate derivatives used across 
different industries including agrochemistry, pigments and dyes 
such as arylide pigments, and pharmaceuticals and nutrition addi-
tives. Scheme 4 gives an overview of typical industrially relevant 
reactions of diketene (2).

Many of the diketene products are further converted to appli-
cation products. For example, ethyl 4-chloracetoacetate (12) is 

 

 
Scheme 3. Top: Synthesis of acetylacetone (9) by thermally induced re-
arrangement; bottom: formation of methyl-(E)-3-methoxyacrylate (11).

 
Scheme 4. Industrially relevant reactions of diketene (2).

 
Scheme 5. Commercial synthesis of L-Carnitine (13).
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in the following sections, giving an easy access to cyclobutane 
building blocks. 

3. 1,3-Cyclobutanedione (CBDO) and the Dione Salt

3.1 Historical Access to CBDO
CBDO (3) was first isolated by Wasserman and Dehmlow 

(1962) via cycloaddition of ethoxyacetylene (17) and ketene 
(1), followed by careful acidic hydrolysis. The compound was 
described as a reactive white solid, undergoing exothermic de-
composition at 119–120 °C, existing in equilibrium with its enol 
(squaraine) form 3a.[10,11]

While later refinements using protected alkoxyacetylenes (18) 
improved yields,[12] all historical methods rely on high‑energy 
starting materials, long reaction times, and conditions unsuitable 
for scale‑up.

3.2 Triketene‑Based Access via the Dione Salt
A scalable alternative arises from triketene (15), readily avail-

able as a diketene byproduct (see above). Reaction with second-
ary amines such as dicyclohexylamine (19) forms a crystalline 
enolate salt 16 (‘dione salt’), accompanied by acetamide forma-
tion (20, Scheme 9).[13,14]

2.4 Physicochemical Properties & Thermal Safety 
Parameters

Diketene (2) and triketene (15) show limited thermal stability 
and therefore require special care when on handling. For example, 
transport of diketene (2) is limited to small quantities and cannot 
be carried out on an industrial scale. It exhibits a pronounced de-
composition behaviour that begins at 135 °C and yields a decom-
position energy of –1,410 J/g (–120 kJ/mol).

Triketene (15) in its pure isolated form is a crystalline solid 
and displays remarkable energetic characteristics. Differential 
scanning calorimetry reveals highly exothermic decomposition 
with –3,300 J/g (–416 kJ/mol) upon melting, making its isolation 
challenging from a process safety perspective. Typical triketene 
mixtures, such as those produced in industrial processes, contain 
approximately 25 to 30% triketene. These mixtures begin to de-
compose at 35 °C, releasing approximately –400 kJ/mol triketene 
of energy in the process.

Table 1 gives an overview of the key physicochemical proper-
ties and thermal safety parameters of the different ketene-derived 
compounds.

In order to make the triketene moiety accessible for further 
chemical transformations, stabilisation of this unstable compound 
is needed. This is impressively achieved by converting it into the 
dione salt (16), which is underpinned by the chemistry described 

 
Scheme 9. Top: formation of the dione salt 16 from triketene (15) by 
reaction with dicyclohexylamine (19); Middle: treatment of the dione salt 
(16) with TFA regenerates the free form of CBDO (3); Bottom: isolation of 
pure CBDO (3) from acetonitrile by treatment of the dione salt with HCl 
gas.

 
Scheme 8. Literature-described routes towards CBDO (3). Top: cycload-
dition of ethoxyacetylene (17) and ketene (1), followed by hydrolysis;[10] 

Bottom: in situ generation of ketene (1) from tert-butoxyacetylene (18), 
with subsequent cycloaddition and hydrolysis.[12]

 
Scheme 7. Formation of triketene (15).

Table 1. Summary of physicochemical properties and key thermal safety parameters of ketene derived compounds.

Compound Appearance Mp Bp Flp Autoign. DSC Ref.

Ketene (1) Colorless gas –150.5 °C –56.1 °C –107 °C n.d. n.d. a

Diketene (2) Colorless liquid –6.5 °C 127.4 °C 33 °C 260 °C 90 °C  (–34  J/g);
135 °C (–1410 J/g)

b

1,3-
Cyclobutane-
dione (3)

White solid 119–120 °C
(decomp.)

decomp. n.d. n.d. 95 °C (–1133 J/g) b, c

Triketene (15) Colorless 
crystals

34 °C decomp. decomp. decomp. 35 °C (–3300 J/g) b

Dione salt 
(16)

Yellow	
to brown solid

179 °C n.d. n.d. > 365 °C 108 °C (–155 J/g) b

aWikipedia: https://en.wikipedia.org/wiki/Ethenone (accessed 30 April 2026); bArxada measurements; cRef. [10]
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This salt is air‑ and thermally stable, can be handled safely 
at scale and thus serves as a masked, isolable CBDO equivalent. 
Treatment with TFA[14] or HCl[13] regenerates free CBDO (3) un-
der mild conditions, enabling direct downstream functionaliza-
tion.

3.3 Derivatization Chemistry
The dione salt (16) and CBDO (3) enable efficient access to 

cyclobuta‑1,3‑diyl fragments, that are otherwise costly or difficult 
to prepare. 

Demonstrated transformations include O‑acylation and 
O‑sulfonylation, stepwise hydrogenation to cis‑cyclobutene and 
cyclobutane derivatives and the conversion to cyclobutane‑1,3‑di-
ols (Scheme 10).[11,14–16]

These routes provide concise, atom‑efficient entry into 
strained, sp3‑rich building blocks.

3.4 Pharmaceutical Applications
Cyclobutane motifs are increasingly prevalent in modern drug 

design. CBDO‑derived chemistry offers direct access to these 
structures with controlled stereochemistry.

Documented applications include H
3
‑receptor inverse ago-

nists (21),[16,17] carbapenem antibiotics (22),[18] potential routes 
toward abrocitinib (23) intermediates[19] and IDOR‑1136‑5177 
(24, Scheme 11).[20]

 
Scheme 10. Selected derivatization examples of the dione salt (16).

Compared to classical malonate dialkylation strategies, 
CBDO‑based approaches offer improved atom economy, shorter 
sequences, and reduced waste burden.

As an exemplary case, abrocitinib (23) can be synthesized via 
(3-oxocyclobutyl)-carboxylic acid (25).[19] The cyclobutane build-
ing block is commonly accessed via an intramolecular malonate 
dialkylation strategy.[21] Diisopropyl malonate (26) is deprotonated 
and subjected to dialkylation with 1,2-dibromo-2,2-dimethoxy-
propane (27), furnishing a four-membered malonate-derived inter-
mediate 28. Subsequent aqueous acidic treatment under reflux 
induces hydrolysis, fragmentation, and decarboxylation to yield 
the target (3-oxocyclobutyl)-carboxylic acid (25, Scheme 12). 

While this sequence reliably provides the desired cyclobu-
tanone precursor, it is characterised by poor atom economy and 
the formation of significant stoichiometric waste, including halide 
salts, alcohol byproducts, and sacrificed ester groups. Moreover, 
the malonate-based assembly-disassembly strategy requires ex-
cess reagents and multiple functional group interconversions, 
reducing its overall efficiency and scalability. Consequently, the 
classical malonate dialkylation route is suboptimal for the prepa-
ration of abrocitinib intermediates and highlights the need for 
more direct and atom‑efficient synthetic approaches.

A more advantageous route towards abrocitinib (23), as illus-
trated in the retrosynthetic analysis depicted in Scheme 13, makes 
use of the combination of heteroaromatic building block 29 with 
cyclobutanone 30 through reductive amination, the latter ob-
tained from the reaction of CBDO (3) and sulfonamide 31. An 
alternative access is through sulfonylation of benzyl-protected 
amine 32, which in turn may be prepared from CBDO (3) and 
benzylamine (33). Both alternative approaches feature superior 
atom economy.

4. Outlook
Despite recent advances, CBDO (3) remains vastly underex-

plored. Future opportunities include reductive amination at C‑1, 
C–C bond formation via cyanation[22] or aldol reactions,[23,24] 

cross‑coupling from activated sulfonate derivatives and late‑stage 
functionalisation for API diversification. Scheme 14 gives an 
overview of exemplary accessible reactions of CBDO and respec-
tive potential building-block motifs.

 
Scheme 12. Synthetic route to (3-oxocyclobutyl)-carboxylic acid (25).

 
Scheme 13. CBDO (3)-based advantageous route towards abrocitinib (23).

 
Scheme 11. Examples of active pharmaceutical ingredients featuring a 
cyclobuta-1,3-diyl moiety (highlighted in blue), which might be accessi-
ble from CBDO (3).

Table 1. Summary of physicochemical properties and key thermal safety parameters of ketene derived compounds.

Compound Appearance Mp Bp Flp Autoign. DSC Ref.

Ketene (1) Colorless gas –150.5 °C –56.1 °C –107 °C n.d. n.d. a

Diketene (2) Colorless liquid –6.5 °C 127.4 °C 33 °C 260 °C 90 °C  (–34  J/g);
135 °C (–1410 J/g)

b

1,3-
Cyclobutane-
dione (3)

White solid 119–120 °C
(decomp.)

decomp. n.d. n.d. 95 °C (–1133 J/g) b, c

Triketene (15) Colorless 
crystals

34 °C decomp. decomp. decomp. 35 °C (–3300 J/g) b

Dione salt 
(16)

Yellow	
to brown solid

179 °C n.d. n.d. > 365 °C 108 °C (–155 J/g) b

aWikipedia: https://en.wikipedia.org/wiki/Ethenone (accessed 30 April 2026); bArxada measurements; cRef. [10]
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These transformations position CBDO (3) as a next‑genera-
tion cyclobutane synthon combining industrial feedstocks with 
pharmaceutical innovation.

5. Conclusion
Ketene and diketene chemistry continues to underpin major 

industrial processes, but the chemistry of 1,3‑cyclobutanedione 
opens a new dimension. The development of a storage‑stable 
dione salt enables, for the first time, practical access to CBDO 
derivatives at scale. This advance transforms what was once a 
high‑energy curiosity into a versatile, scalable building block with 
significant potential across fine chemicals, pharmaceuticals, and 
materials science. 
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Scheme 14. Exemplary accessible reactions of CBDO (3).
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