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Abstract: Polyfunctional building blocks are essential for the implementation of diversity-oriented
synthetic strategies, highly demanded in small molecule libraries’ design for modern drug discov-
ery. Acyl(imidoyl)ketenes are highly reactive organic compounds, bearing both oxa- and aza-diene
moieties, conjugated symmetrically to the ketene fragment, enabling synthesis of various skeletally
diverse heterocycles on their basis. The highlights of reactions utilizing acyl(imidoyl)ketenes are high
yields, short reaction time (about several minutes), high selectivity, atom economy, and simple purifi-
cation procedures, which benefits the drug discovery. The present review focuses on the approaches
to thermal generation of acyl(imidoyl)ketenes, patterns of their immediate transformations via intra-
and intermolecular reactions, including the reactions of cyclodimerization, in which either symmetric
or dissymmetric heterocycles can be formed. Recent advances in investigations on mechanisms,
identifications of intermediates, and chemo- and regioselectivity of reactions with participation of
acyl(imidoyl)ketenes are also covered.

Keywords: acyl(imidoyl)ketene; aza-diene; cycloaddition; decarbonylation; dienophile; diversity-
oriented synthesis; heterocumulene; oxa-diene; thermolysis; zwitterion

1. Introduction

Recently, diversity-oriented synthesis (DOS), a technique for transforming a group of
simple and similar starting materials into a collection of more complex and diverse prod-
ucts [1], has become an important trend in drug discovery [1–9]. DOS allows us to explore
wider chemistry space, including currently deficiently presented (or even vacant) space
and, in perspective, space correlating best with needed properties [1]. Implementation of
DOS requires available polyfunctional building blocks with studied chemical properties to
predict and tune their chemical behavior in the developing strategy. Acyl(imidoyl)ketenes
A are well suited to these requirements, as these molecules bear a forked diene fragment
consisting of a C=C bond conjugated with geminal C=O and C=N patterns, which enables
the development of DOS based on them with an emphasis on skeletal diversity (Scheme 1).
Moreover, immediate reactions of some types of acyl(imidoyl)ketenes A afford the forma-
tion of symmetric products, which could possibly increase the likelihood of the occurrence
of useful biological properties in them [10,11].

Acyl(imidoyl)ketenes A are compounds bearing oxa- and aza-diene reaction centers
symmetrically located relative to the heterocumulene (ketene) fragment (Scheme 1), which
makes them similar both to acyl- and imidoylketenes, well-studied building blocks widely
used in organic synthesis [12–37]. Therefore, chemical transformations of such hybrid
structures as acyl(imidoyl)ketenes A can involve both oxa- and aza-diene fragments.

Acyl(imidoyl)ketenes A belong to the category of highly reactive compounds. Most
often, they are generated in the result of the elimination of carbon monoxide (CO) from
monocyclic 4-acyl-1H-pyrrole-2,3-diones 1 or their [e]-fused analogs 2 under thermoly-
sis conditions at temperatures above 110 ◦C (Scheme 2) [36–40]. Another approach to
acyl(imidoyl)ketenes A is based on the thermolysis of (quinoxalin-2-yl)furan-2,3-diones 3
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(Scheme 2) [41]. Moreover, generation of acyl(imidoyl)ketenes A is possible in the course
of Gould–Jacobs reaction via the thermolysis of 2-(aminomethylene)malonates 4 [42,43].

Scheme 1. Acyl(imidoyl)ketenes A and some of their DOS possibilities.

Scheme 2. Approaches to generation of acyl(imidoyl)ketenes A.

Although acyl(imidoyl)ketenes A are highly reactive, and their isolation seems to be
extremely difficult, their formation was instrumentally proven by flash vacuum thermolysis
(FVT) studies of 4-acyl-1H-pyrrole-2,3-diones 1 [37,39,40,44,45]. In these experiments, the
examined compounds were heated to temperatures of 500–700 ◦C to achieve a gas phase,
and the products of their decomposition were collected by freezing on KBr windows for IR
spectroscopy cooled to −196 ◦C by liquid nitrogen. The IR spectra of these products were
registered immediately, and contained a characteristic absorption band at 2122–2140 cm−1,
that corresponded to C=C=O fragment of ketenes A. This characteristic band in IR spectra
disappeared as the temperature rose to between −105 and −70 ◦C, which demonstrated
instability of acyl(imidoyl)ketenes A.

Such thermal instability of acyl(imidoyl)ketenes A is the origin of their high reac-
tivity. In order to achieve thermodynamic stability, these compounds undergo various
chemical immediate transformations, resulting in different heterocyclic compounds, which
makes acyl(imidoyl)ketenes A a very interesting group of compounds from the theoretical
point of view, as well as promising intermediates in the synthesis of various skeletally
diverse heterocycles.

The present review summarizes patterns of immediate transformations of acyl(imidoyl)
ketenes via intra- and intermolecular reactions, including the reactions of cyclodimerization,
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investigations on mechanisms, identifications of intermediates, and chemo- and regiose-
lectivity of reactions with participation of acyl(imidoyl)ketenes. For the sake of simplicity,
this review has been divided into three sections. The first shows general information on
acyl(imidoyl)ketenes: possible applications in DOS, their structure from a symmetry point
of view, approaches to their generation and data on the structure confirmation via FVT. In
the second section, data on the immediate transformations of acyl(imidoyl)ketenes by in-
tramolecular reactions are gathered and subdivided by the type of the formed heterocyclic
product, while the third section contains data on intermolecular reactions and subdivided
to cyclodimerization reactions and reactions with intercepting (trapping) reagents.

As acyl(imidoyl)ketenes A are highly reactive and unstable under the conditions of
their generation (above 110 ◦C), most often, they are undetectable intermediates gener-
ated in situ. For this reason, in this review, acyl(imidoyl)ketenes A and other unstable,
undetectable intermediates are given in square brackets.

2. Immediate Transformations of Acyl(imidoyl)ketenes via Intramolecular Reactions
2.1. Intramolecular Cyclization of Acyl(imidoyl)ketenes to Quinoline-4(1H)-Ones

Chemical behavior of acyl(imidoyl)ketenes A is dramatically dependent on the pres-
ence of nucleophilic centers spatial close to the ketene moiety C=C=O. In particular, sub-
stituent at nitrogen atom in imidoyl moiety C=N of acyl(imidoyl)ketenes A can be directly
involved in intramolecular cyclizations, and the structure of products of such a transforma-
tion will depend on the nature of this substituent.

At thermolysis of 4-acyl-1-aryl-1H-pyrrole-2,3-diones 1.1, N-aryl substituted acyl
(imidoyl)ketenes A1 are generated, which undergo intramolecular cyclization through
acylation of the ortho CH group of the benzene ring at nitrogen atom by the ketene
moiety to result in quinoline-4(1H)-ones 5 (Scheme 3) [36–38,40,46–51]. The presence of one
substituent in the ortho position of the benzene ring at nitrogen atom in 4-acyl-1-aryl-1H-
pyrrole-2,3-diones 1.1 and, further, in ketenes A1, does not influence the reaction mode, and
does not reduce the yields of compounds 5, which reflects the ease of the intramolecular
acylation process [47]. In addition, there is no noticeable effect of substituents in meta
positions of the benzene ring at the nitrogen atom on the yield of the target products 5 [50].

Scheme 3. Intramolecular cyclization of acyl(imidoyl)ketenes A1 to quinoline-4(1H)-ones 5.

There were attempts to trap ketenes A1 generated from monocyclic 1H-pyrrole-2,3-
diones 1.1 (Scheme 3) by various reagents (p-methoxybenzaldehyde, benzonitrile, phenol,
morpholine, and 2,4-dinitrophenylhydrazone of benzaldehyde) [47]. As a result, no inter-
molecular products were isolated, and reaction mixtures were turned into unidentified tars.

The mechanism of this transformation was studied using 13C labels under FVT condi-
tions (650 ◦C, gas phase) and under melting solid conditions (250 ◦C, phase transition from
solid to liquid) [40]. 2,3-13C-Labelled 4-benzoyl-1,5-diphenyl-1H-pyrrole-2,3-dione 1.1 was
used as a starting material (Scheme 4). Under FVT conditions, a ketene–ketene rearrange-
ment proceeding through a 1,3-shift of phenyl group with the formation of quinolones
5′, 5′′ was observed. However, under common melting solid conditions of the starting
pyrroledione 1.1, no rearrangement was observed, and quinolone 5′′′ was a single product.
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Scheme 4. The reaction mechanism study using 13C labels (• = 13C; red arrows are for melting solid
conditions; blue arrows are for FVT conditions; and in structures of FVT pathway, the 13C labels were
in either one of the two positions indicated).

2.2. Intramolecular Cyclization of Acyl(imidoyl)ketenes to Furo[3,2-c]isoquinoline-2-Ones and
4-Aminofuran-2-Ones

Thermolysis of 4-acyl-1-benzyl-1H-pyrrole-2,3-diones 1.2 leads to the formation of
acyl(N-benzylimidoyl)ketenes A2 (Scheme 5) [52]. N-Benzyl substituent plays an important
role in further transformations of compounds A2 bearing it. Thus, acyl(N-benzylimidoyl)
ketenes A2 undergo a [1,5]-prototropic shift (proton migrates from methylene group in
benzyl moiety to the oxygen atom of acyl group) to result in hydroxyalkenyl ketenes
B which undergo either intramolecular cyclization/reduction to 4-aminofuran-2-ones 6
or double intramolecular cyclization to 4,5-dihydrofuro[3,2-c]isoquinoline-2(3H)-ones C.
Then, intermediates C are oxidized to furo[3,2-c]isoquinolin-2-ones 7 (Scheme 5).

Scheme 5. Intramolecular cyclization of acyl(imidoyl)ketenes A2 to 4-aminofuran-2-ones 6 and
furo[3,2-c]isoquinoline-2-ones 7.
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2.3. Intramolecular Cyclization of Acyl(imidoyl)ketenes to Furo[3,2-b]quinoxalines

Thermolysis of N5-unsubstituted 3-acylpyrroloquinoxalinetriones 2.1 (analogs of 4-
acyl-1H-pyrrole-2,3-diones 1 discussed in the above sections, in which pyrrole core is fused
with quinoxaline fragment) results in the formation of N4-unsubstituted acyl(quinoxalin-
2-yl)ketenes A3, in which imidoyl fragment C=N is a part of quinoxaline substituent
(Scheme 6). Acyl(quinoxalin-2-yl)ketenes A3 cannot undergo intramolecular cyclization to
quinoline-4(1H)-ones 5, as the ortho CH group of the benzene ring at N1 atom is spatially
too far away from ketene moiety C=C=O. However, N4-unsubstituted acyl(quinoxalin-2-
yl)ketenes A3 still undergo intramolecular cyclization, in contrast to their N4-substituted
analogs, which are discussed below (Sections 3.1.1 and 3.2). N4-Unsubstituted acyl(quinoxalin-
2-yl)ketenes A3 exist as two tautomers, amide and hydroxyimine. Hydroxyimine form
contains OH group prone to react with ketene moiety to form furo[3,2-b]quinoxalines
8 [53–55] (Scheme 6). It should be mentioned that there were attempts to trap ketenes A3
by various dienophiles, but all of them were unsuccessful [55].

Scheme 6. Intramolecular cyclization of acyl(imidoyl)ketenes A3 to furo[3,2-b]quinoxalines 8.

2.4. Intramolecular Cyclization of Acyl(imidoyl)ketenes to Benzo[e]pyrazolo[5,1-b][1,3]oxazines

Installation of methyleneamino substituent at nitrogen atom of 4-acyl-1H-pyrrole-2,3-
diones 1.3 enables generation of peculiar acyl(imidoyl)ketenes A4 prone to intramolec-
ular cyclization to zwitterions D1 (their bromine-free analogs are thoroughly discussed
below (Sections 3.1.2 and 3.2)), through intramolecular attack of nitrogen atom of methyle-
neamino substituent on ketene moiety C=C=O (Scheme 7). As ketenes A4 bear (((2-
bromophenyl)(phenyl)methylene)hydrazono) substituent, brominated zwitterions D1 un-
dergo further intramolecular cyclization to brominated benzo[e]pyrazolo[5,1-b][1,3]oxazines
E. Then, 1,3-sigmatropic shift of bromine occurs in intermediates E to result in intermediates
F, which react with water to afford benzo[e]pyrazolo[5,1-b][1,3]oxazines 9 (Scheme 7) [56].

Interestingly, in the case of ketenes A4 bearing (((2-bromophenyl)(phenyl)methylene)
hydrazono) substituent, formation of dimer compounds (which are discussed below
(Section 3.1.2)) is not observed. In order to explain this fact, the mechanism of their transfor-
mation to compounds 9 and possible dimers was investigated by density functional theory
(DFT) calculations [56]. The simplest system, A4′, was used for the modelling (Scheme 8).
It was found that the two transformations (path A to the model of compounds 9 and path B
to the model of dimers) had a common, intermediate zwitterion, D1′, formed via transition
state TS1. Then, in path A, intermediate E′ was formed via the transition state TS2 in the
result of a 6π-electrocyclic ring closure in intermediate D1′. After that, intermediate E′

underwent a [1,3]-Cl shift via the transition state TS3 to afford compound F′, the model
of compounds 9. In alternative path B, zwitterion D1′ underwent dimerization in two
stages. Firstly, polar dimeric structure G was formed via the transition state TS4. Secondly,
structure G cyclized to form structure H, model of dimers, via the transition state TS5.
The free energy barriers calculations for the two alternative modes of transformation of
ketene A4′ revealed that structure F’ should be formed in the result of both the kinetical
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and thermodynamical control. Additionally, the formation of structure H should be an
accessible process. The exclusive formation of structure F′ (Scheme 8) was explained by
the lower thermodynamic stability of dimer H in relation to structure F′ and the entropic
acceleration of the intramolecular cyclization process (path A) in comparison with the
intermolecular dimerization (path B) [56].

Scheme 7. Intramolecular cyclization of acyl(imidoyl)ketenes A4 to benzo[e]pyrazolo[5,1-
b][1,3]oxazines 9 via zwitterionic intermediates D1.

Scheme 8. DFT calculations of cyclization pathways of imidoylketene A4′.

2.5. Intramolecular Cyclization of Acyl(imidoyl)ketenes to 1,8-Naphthyridines and
4H-Pyrido[1,2-a]pyrimidines

Thermolysis of diethyl 2-((pyridin-2-ylamino)methylene)malonates 4 leads to acyl
(imidoyl)ketenes A5, which immediately undergoes intramolecular cyclization via acy-
lation by ketene moiety of one of two reaction centers to afford 1,8-naphthyridines 10
(attack on the ortho-CH group) and/or 4H-pyrido[1,2-a]pyrimidines 11 (attack on the
ortho-N atom) (Scheme 9) [42,43]. 4H-Pyrido[1,2-a]pyrimidines 11 are major products of
this transformation under FVT (gas phase, contact times of 0.3 s, 450 ◦C) conditions and
are kinetic products. While in solution phase, the regioselectivity is highly dependent on
the substituent position, as the cyclization is controlled by steric characteristics. Moreover,
1,8-naphthyridines 10 are formed as a result of thermal rearrangement of 4H-pyrido[1,2-
a]pyrimidines 11 and, thus, are considered to be thermodynamic products.
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Scheme 9. Intramolecular cyclization of acyl(imidoyl)ketenes A5 to 1,8-naphthyridines 10 and
4H-pyrido[1,2-a]pyrimidines 11.

In order to explain the regioselectivity of this transformation, DFT calculations of
cyclization of ketene A5 were performed (Scheme 10) [43]. According to the results of DFT
calculations, after the formation of ketene A5, it underwent intramolecular cyclization at the
nitrogen of the pyridyl-moiety to the kinetic product 11 via the transition state TS6. Then,
product 11 rearranged to intermediate I via the transition state TS7. Finally, product 11 was
tautomerized to the thermodynamic product 10. It should be emphasized that ketene A5
was found to be unable to cyclize directly to intermediate I, as a corresponding intermediate
or transition state were not located [43]. These results indicated that thermodynamic
product 10 could only be formed from kinetic product 11.

Scheme 10. DFT calculations of cyclization of acyl(imidoyl)ketene A5.

3. Immediate Transformations of Acyl(imidoyl)ketenes via Intermolecular Reactions

Some structural features in the substituents of acyl(imidoyl)ketenes A make ketenes
A unable to undergo reactions of intramolecular cyclization. In such cases, acyl(imidoyl)
ketenes A become able to participate in reactions with themselves (dimerization) or other
reagents (interception).

3.1. Dimerization Reactions of Acyl(imidoyl)ketenes

Depending on the structural features of the substituents in acyl(imidoyl)ketenes A,
their dimerization reactions can proceed through either [4+2]-cycloaddition reactions or
zwitterionic ones.

3.1.1. Cyclodimerization Reactions of Acyl(imidoyl)ketenes via [4+2]-Cycloaddition

As acyl(imidoyl)ketenes A bear C=C–C=N and C=C–C=O diene fragments, which,
hypothetically, can react with one another intermolecularly, both as dienes and dienophiles,
one can assume that a difficult mixture of products would be formed in such reactions.
However, experimental studies of cyclodimerization reactions of acyl(imidoyl)ketenes
A have shown that, in their case, the reaction proceeds selectively, where one ketene A
molecule acts as C=C–C=N diene, and the other as C=C dienophile, to form corresponding
pyridine derivatives 12 (Scheme 11) [57–63].

Scheme 11. Generalized scheme of cyclodimerization of acyl(imidoyl)ketenes A.
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This pattern of cyclodimerization is a characteristic of acyl(imidoyl)ketenes A gen-
erated from 4-acyl-1H-pyrrole-2,3-diones 2 fused at [e]-side with a heterocyclic fragment.
Such acyl(imidoyl)ketenes A cannot undergo intramolecular cyclization (except for some
cases such as N4-unsubstituted acyl(quinoxalin-2-yl)ketenes A3, Section 2.3), as ortho CH
group of the benzene ring at N1 atom or other nucleophilic centers are spatially too far away
from ketene moiety C=C=O (Scheme 12). For example, such a pattern of immediate trans-
formations is observed in the case of N4-phenyl substituted acyl(quinoxalin-2-yl)ketenes A6
generated from N5-phenyl substituted 3-acylpyrroloquinoxalinetriones 2.2 (Scheme 12) [57].
These N4-phenyl substituted acyl(quinoxalin-2-yl)ketenes A6 undergo cyclodimerization
via [4+2]-cycloaddition pathway, in which one ketene molecule plays the role of aza-diene,
and the other one acts as C=C dienophile, to form 9-(3-oxo-3,4-dihydroquinoxalin-2-yl)-5H-
pyrido[1,2-a]quinoxaline-6,8,10(9H)-triones 12.1 (Scheme 12) [57].

Scheme 12. Cyclodimerization of acyl(imidoyl)ketenes A6 to 9-(3-oxo-3,4-dihydroquinoxalin-2-yl)-
5H-pyrido[1,2-a]quinoxaline-6,8,10(9H)-triones 12.1.

Interestingly, acyl(imidoyl)ketenes A6–A8 of this type, bearing aroyl substituent
COAr as acyl group, participate in the same type of cyclodimerization as their alkoxy-
carbonyl COOAlk analogs (structures A6, Scheme 12), but formed products 12 undergo
1,3-acylotropic shift to result in compounds 13 (Scheme 13) [58–63].

Scheme 13. Cyclodimerization of acyl(imidoyl)ketenes A6–A8 bearing aroyl substituent COAr to
compounds 13 accompanied by 1,3-acylotropic shift.

3.1.2. Dimerization Reactions of Acyl(imidoyl)ketenes via Intramolecular Cyclization of
Them to Zwitterions

Immediate transformation of acyl(imidoyl)ketenes A bearing methyleneamino sub-
stituent at nitrogen atom is accompanied by the formation of zwitterions D, existing in two
tautomeric forms, 1,3-CNN-dipole and 1,4-CNCO-dipole (Scheme 14) [64,65].



Symmetry 2021, 13, 1509 9 of 20

Scheme 14. Immediate transformation of acyl(imidoyl)ketenes A bearing methyleneamino sub-
stituent at nitrogen atom to zwitterions D.

These types of methyleneamino substituted acyl(imidoyl)ketenes A9 are readily gen-
erated from 1-[(diphenylmethylidene)amino] substituted 4-acyl-1H-pyrrole-2,3-diones 1.4
(Scheme 15) [64,65]. Formed zwitterions D2 undergo dimerization reaction through two
possible pathways in the dependence on the type of acyl substituent COR. When acyl
substituent is pivaloyl (R = t-Bu), zwitterions D2 participate in [3+3]-cycloaddition reaction
as 1,3-dipoles to form symmetric tetrazines 14, and when acyl substituent is aroyl (R = Ar),
zwitterions D2 participate in [4+4]-cycloaddition reaction as 1,4-dipoles to form symmetric
bis-pyrazolodioxadiazocines 15 (Scheme 15). Formation of compounds 15 is a reversible
process, which is indicated visually by the change of their solutions’ color from colorless to
dark blue when their solutions are heated, and vice versa, when cooled [64,65]. Due to this
property, compounds 15 can be successfully used in synthetic procedures as a source of
zwitteriones D2 [65].

Scheme 15. Pathways of immediate transformation of zwitterions D2 generated from
acyl(imidoyl)ketenes A9 to tetrazines 14 and bis-pyrazolodioxadiazocines 15.

It should be emphasized that formation of compounds 14, 15 is not observed in
the case of similar ketenes A4 bearing (((2-bromophenyl)(phenyl)methylene)hydrazono)
substituent, apparently due to the fact that corresponding zwitterions D1 quickly un-
dergo intramolecular cyclization to benzo[e]pyrazolo[5,1-b][1,3]oxazines 9 (Scheme 9,
Section 2.4) [56].

In addition, 1-diphenylamino substituted 4-acyl-1H-pyrrole-2,3-diones 1.5 do not
afford acyl(imidoyl)ketenes A10 prone to formation of zwitterions (Scheme 16) [66]. In-
stead, when heated, compounds 1.5 undergo a kinetically controlled isomerization to
1,3a,8,8a-tetrahydropyrrolo[2,3-b]indole-2,3-diones 16. Further heating of pyrrolo[2,3-
b]indole-2,3-diones 16, which have a benzoyl substituent at C3a, results in isomerization to
thermodynamically stable N-(2-(1,2-diphenyl-1H-indole-3-yl)-2-oxoacetyl)benzamide 17
(Scheme 16). However, the heating an analogous pyrrolo[2,3-b]indole-2,3-dione 16, bearing
an ester group at C3a, leads to another thermolysis product, ethyl 1,2-diphenyl-1H-indole-
3-carboxylate 18 (Scheme 16).
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Scheme 16. Thermolysis of 4-acyl-1-(diphenylamino)-5-phenyl-1H-pyrrole-2,3-diones 1.5 without
formation of acyl(imidoyl)ketenes A10.

3.2. Interception Reactions of Acyl(imidoyl)ketenes

Acyl(imidoyl)ketenes A6–A9 capable to participate in dimerization reactions are able
to take part in reactions with some other reagents (interception reactions) to form various
heterocycles. Alkenes, imines, carbonyl compounds, nitriles, isocyanides, carbodiimides,
etc. can act as interceptors (trapping reagents).

3.2.1. Interception Reactions of Acyl(imidoyl)ketenes with Alkenes

Zwitterions D2, formed as a result of intramolecular cyclization of methyleneamino
substituted acyl(imidoyl)ketenes A9, react with alkenes 18 to afford pyrazolo[5,1-b][1,3]
oxazines 19 (Scheme 17) [64,67]. This reaction proceeds regioselectively; zwitterions D
react as 1,4-CNCO-dipoles, and alkenes 18 react as C=C dipolarophiles. Trapping reagents
18 are added to the reaction mixture after thermolysis of compounds 1.4 is finished.

Scheme 17. Interception of zwitterions D2, formed from methyleneamino substituted
acyl(imidoyl)ketenes A9, by alkenes 18 with formation of pyrazolo[5,1-b][1,3]oxazines 19.

There are no reports on reactions of other acyl(imidoyl)ketenes A with alkenes, as
precursors of these ketenes, compounds 1, 2, react with alkenes 18 at temperatures lower
than required for the generation of acyl(imidoyl)ketenes A [38,46], and carrying out this
reaction by adding alkenes 18 after the generation of ketenes A is impossible due to the
very short lifetime of ketenes A.
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3.2.2. Interception Reactions of Acyl(imidoyl)ketenes with Carbonyl Compounds

Acyl(imidoyl)ketenes A8 generated from (quinoxalin-2-yl)furan-2,3-diones 3 react
with carbonyl compounds 20 (aldehydes and ketones) to form exclusively 5-(quinoxalin-2-
yl)-4H-1,3-dioxin-4-ones 21 (Scheme 18) [68,69]. Trapping reagents 20 are added directly
to the reaction mixture before heating. Ketenes A react as oxa-dienes, and carbonyl com-
pounds 20 react as oxa-dienophiles. The reaction proceeds regioselectively, and formation
of alternative products, [1,3]oxazino[3,4-a]quinoxalin-3-ones J, is not observed (Scheme 18).

Scheme 18. Interception of acyl(imidoyl)ketenes A8 by carbonyl compounds 20 with formation of
5-(quinoxalin-2-yl)-4H-1,3-dioxin-4-ones 21.

The reaction of acyl(imidoyl)ketenes A8 with allobetulone proceeds in a similar way
to result in corresponding derivatives 21 (Scheme 18) [68]. However, a similar reaction
of ketenes A8 with camphor does not produce desired derivatives 21 nor derivatives J,
and instead products of dimerization of acyl(imidoyl)ketenes A8 to compounds 13.3 are
observed [68]. Such a change in regioselectivity of the reaction may be caused by steric
difficulties created by the three methyl groups in camphor [68].

In addition, N4-substituted acyl(quinoxalin-2-yl)ketenes A6 generated from N5-
substituted 3-acylpyrroloquinoxalinetriones 2.2 do not react with carbonyl compounds 20 [70].

Acyl(imidoyl)ketenes A7 generated from 3-aroylpyrrolobenzoxazinetriones 2.3 nonse-
lectively react with aromatic aldehydes 20 to form a mixture of 3-(4-oxo-4H-1,3-dioxin-5-
yl)-2H-benzo[b][1,4]oxazin-2-ones 22 and 1H-benzo[5,6][1,4]oxazino[4,3-c][1,3]oxazine-3,5-
diones 23 (Scheme 19) [71]. Trapping reagents 20 are added directly to the reaction mixture
before heating. Such a change in selectivity of reaction of acyl(imidoyl)ketenes A7 [71], in
comparison with acyl(imidoyl)ketenes A8 [68,69], can be caused by two factors. It can be
connected to the influence of heterocyclic substituent incorporating imidoyl moiety C=N
of ketenes A or to the influence of reaction temperature (it is much lower in the case of
ketenes A8).

Scheme 19. Interception of acyl(imidoyl)ketenes A7 by aromatic aldehydes 20 with formation of
3-(4-oxo-4H-1,3-dioxin-5-yl)-2H-benzo[b][1,4]oxazin-2-ones 22 and 1H-benzo[5,6][1,4]oxazino[4,3-
c][1,3]oxazine-3,5-diones 23.
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Zwitterions D2, formed as a result of intramolecular cyclization of methyleneamino
substituted acyl(imidoyl)ketenes A9 or thermal dissociation of symmetric bis-
pyrazolodioxadiazocines 15, react with carbonyl compounds 20 (aldehydes or ketones)
to afford pyrazolo[5,1-b][1,3]oxazines 24 (Scheme 20) [64,65]. This reaction proceeds re-
gioselectively; zwitterions D2 react as 1,4-CNCO-dipoles, and carbonyl compounds 20
react as C=O dipolarophiles. In the case of synthesis via thermolysis of compounds 1.4,
trapping reagents 20 are added to the reaction mixture after thermolysis of compounds 1.4
is finished [64]. In the case of synthesis via thermal dissociation of compounds 15, trapping
reagents 20 are added to the reaction before heating, and the reaction can be carried out
under solvent-free conditions [65].

Scheme 20. Interception of zwitterions D2, formed from methyleneamino substituted
acyl(imidoyl)ketenes A9 or from bis-pyrazolodioxadiazocines 15, by carbonyl compounds 20 with
formation of pyrazolo[5,1-d][1,3,5]dioxazines 24.

Synthetic approach based on generation of zwitterions D2 via intramolecular cycliza-
tion of methyleneamino substituted acyl(imidoyl)ketenes A9 obtained from thermolysis
of compounds 1.4 is suitable for the reaction with aromatic aldehydes 20 [64], and the
approach through thermal dissociation of symmetric bis-pyrazolodioxadiazocines 15 is
suitable for reactions with ketones 20 [65]. This can be explained by the fact that products
24, derived from ketones 20, are less thermally stable than their analogs derived from
aldehydes 20 and, thus, lower reaction temperatures are required for their synthesis, which
is easily achieved in the approach via bis-pyrazolodioxadiazocines 15.

3.2.3. Interception Reactions of Acyl(imidoyl)ketenes with Nitriles and Isocyanides

Acyl(imidoyl)ketenes A8 generated from (quinoxalin-2-yl)furan-2,3-diones 3 react
with cyanamides 25 to form 5-(quinoxalin-2-yl)-4H-1,3-oxazin-4-ones 26 as sole products
(Scheme 21) [72]. Trapping reagents 25 are added directly to the reaction mixture before
heating. Ketenes A8 react as oxa-dienes, and cyanamides 25 react as aza-dienophiles. The
reaction proceeds regioselectively, and formation of alternative products, 3H-pyrimido[1,6-
a]quinoxalin-3-ones K, is not observed (Scheme 21). It should be mentioned that ketenes
A8 do not react with acetonitrile and substituted benzonitriles 27 [72]. In this case, only
dimers 13.3 are isolated as products.



Symmetry 2021, 13, 1509 13 of 20

Scheme 21. Interception of acyl(imidoyl)ketenes A8 by cyanamides 25 with formation of 5-
(quinoxalin-2-yl)-4H-1,3-oxazin-4-ones 26.

In addition, N4-substituted acyl(quinoxalin-2-yl)ketenes A6 generated from N5-
substituted 3-acylpyrroloquinoxalinetriones 2.2 do not react with benzonitriles 27 [70].
Additionally, their reaction with cyanamides 25 proceeded before thermal decarbonylation,
and unspecified adducts of compound 2.2 with cyanamides 25 were detected as the major
components of the reaction mixtures [70].

Zwitterions D2, formed as a result of intramolecular cyclization of methyleneamino
substituted acyl(imidoyl)ketenes A9, react with substituted benzonitriles 27 to afford
4H-pyrazolo[5,1-b][1,3,5]oxadiazines 28 (Scheme 22) [64]. This reaction proceeds regiose-
lectively; zwitterions D2 react as 1,4-CNCO-dipoles, and benzonitriles 27 react as C≡N
dipolarophiles. Trapping reagents 27 are added to the reaction mixture after thermolysis of
compounds 1.4 is finished.

Scheme 22. Interception of zwitterions D2, formed from methyleneamino substituted
acyl(imidoyl)ketenes A9, by benzonitriles 27 and 1-isocyanoadamantane 29 with formation of 4H-
pyrazolo[5,1-b][1,3,5]oxadiazines 28 and pyrazolo[5,1-b]oxazoles 30, respectively.

Similar reaction of 1-isocyanoadamantane 29 with zwittreions D2 affords pyrazolo[5,1-
b]oxazoles 30 (Scheme 22) [64]. This reaction proceeds regioselectively too; zwitterions
D2 react as 1,4-CNCO-dipoles, and 1-isocyanoadamantane 30 react as carbene. Trapping
reagent 30 is added to the reaction mixture after thermolysis of compounds 1.4 is finished.

3.2.4. Interception Reactions of Acyl(imidoyl)ketenes with Carbodiimides and Schiff Bases

Acyl(imidoyl)ketenes A8 generated from (quinoxalin-2-yl)furan-2,3-diones 3 react
as oxa-dienes with Schiff bases 31 and carbodiimides 32 to form 5-(quinoxalin-2-yl)-2,3-
dihydro-4H-1,3-oxazin-4-ones 33, 34 (Scheme 23) [73]. Trapping reagents 31, 32 are added
directly to the reaction mixture before heating. The reaction proceeds regioselectively, and
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no formation of alternative products of cycloaddition at aza-diene system of ketenes A8
is observed.

Scheme 23. Interception of acyl(imidoyl)ketenes A8 by Schiff bases 31 and carbodiimides 32 with
formation of 5-(quinoxalin-2-yl)-2,3-dihydro-4H-1,3-oxazin-4-ones 33, 34, respectively.

Interestingly, N4-phenyl substituted acyl(quinoxalin-2-yl)ketenes A6 generated from
N5-phenyl substituted 3-acylpyrroloquinoxalinetriones 2.2 react as aza-dienes with Schiff
bases 31 to form 1,2-dihydro-3H-pyrimido[1,6-a]quinoxaline-3,5(6H)-diones 35 as sole
products (Scheme 24) [54]. Trapping reagents 31 are added directly to the reaction mixture
before heating; the reaction can be performed in a solvent-free mode. The reaction proceeds
regioselectively, and no formation of alternative products of cycloaddition at oxa-diene
system of ketenes A6 is observed [54]. Such a change in regioselectivity of reaction of
acyl(imidoyl)ketenes A6 [54], in comparison with acyl(imidoyl)ketenes A8 [73], can be
caused rather by the influence of heterocyclic substituent incorporating imidoyl moiety
C=N of ketenes A or to the influence of reaction temperature (it is lower in the case of
ketenes A8).

Scheme 24. Interception of acyl(imidoyl)ketenes A6 by Schiff bases 31 with formation of 1,2-dihydro-
3H-pyrimido[1,6-a]quinoxaline-3,5(6H)-diones 35.

However, N4-substituted acyl(quinoxalin-2-yl)ketenes A6 generated from N5-substituted
3-acylpyrroloquinoxalinetriones 2.2 react with carbodiimides 32 to form 1,2-dihydro-
3H-pyrimido[1,6-a]quinoxaline-3,5(6H)-diones 36 or 5-(3-oxo-3,4-dihydroquinoxalin-2-yl)-
2,3-dihydro-4H-1,3-oxazin-4-ones 37 in dependence on type of acyl substituent COR2

(Scheme 25) [70]. When R2 is aryl, reaction occurs at C=C–C=O system, and compounds
36 are formed, and when R2 is alkoxy or t-butyl, reaction occurs at C=C–C=N system, and
compounds 37 are formed. Trapping reagents 32 are added directly to the reaction mixture
before heating; the reaction can be performed in a solvent-free mode. The reaction proceeds
regioselectively in both cases, and no formation of alternative products of cycloaddition is
observed [54].
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Scheme 25. Interception of acyl(imidoyl)ketenes A6 by carbodiimides 32 with formation of 1,2-
dihydro-3H-pyrimido[1,6-a]quinoxaline-3,5(6H)-diones 36 or 5-(3-oxo-3,4-dihydroquinoxalin-2-yl)-
2,3-dihydro-4H-1,3-oxazin-4-ones 37.

Such a regioselectivity switch by acyl substituents COR2 (Scheme 25) can be ex-
plained by intractability of COOAlk and COBu-t groups to participate in hetero-Diels–
Alder reaction.

A similar regioselectivity switch is observed in the case of trapping of acyl(imidoyl)
ketenes A7 generated from 3-aroylpyrrolobenzoxazinetriones 2.3 by Schiff bases 31 and
carbodiimides 32 (Scheme 26) [61,74]. However, in this case, regioselectivity depends on
the type or trapping reagent. Schiff bases 31 promote cycloaddition at C=C–C=N fragment
to form 1,2-dihydrobenzo[b]pyrimido[1,6-d][1,4]oxazine-3,5-diones 38, and carbodiimides
32, at C=C–C=O fragment to form 3-(2-imino-4-oxo-3,4-dihydro-2H-1,3-oxazin-5-yl)-2H-
benzo[b][1,4]oxazin-2-ones 39. Trapping reagents 31, 32 are added directly to the reaction
mixture before heating.

Scheme 26. Interception of acyl(imidoyl)ketenes A7 by Schiff bases 31 and carbodiimides 32 with
formation of 1,2-dihydrobenzo[b]pyrimido[1,6-d][1,4]oxazine-3,5-diones 38 or 3-(2-imino-4-oxo-3,4-
dihydro-2H-1,3-oxazin-5-yl)-2H-benzo[b][1,4]oxazin-2-ones 39, respectively.

3.2.5. Interception Reactions of Acyl(imidoyl)ketenes with Water

As acyl(imidoyl)ketenes A are highly reactive compounds, they can react with air
moisture and moisture from reaction vessels which are not thoroughly dried, solvents, and
reagents [54,67]. In these cases, reaction mixtures contain various side products formed as
a result of hydrolysis of acyl(imidoyl)ketenes A.
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Thus, zwitterions D2, formed as a result of intramolecular cyclization of methyle-
neamino substituted acyl(imidoyl)ketenes A9, react with water to afford pyrazolones 40
(Scheme 27) [67]. This process is accompanied by formation of benzophenone Ph2CO.

Scheme 27. Interception of zwitterions D2, formed from methyleneamino substituted
acyl(imidoyl)ketenes A9, by water with formation of pyrazolones 40.

N4-Phenyl substituted acyl(quinoxalin-2-yl)ketenes A6 generated from N5-phenyl
substituted 3-acylpyrroloquinoxalinetriones 2.2 react with water to result in corresponding
enamines 41 (Scheme 28) [54]. The same hydrolysis pathway is likely typical for other
similar ketenes A6-A8, generated from [e]-fused 1H-pyrrole-2,3-diones 2 or furan-2,3-
diones 3.

Scheme 28. Hydrolysis of acyl(imidoyl)ketenes A6 with formation of enamines 41.

4. Conclusions

There are many examples of various thermolytic reactions in a solvent medium or gas
phase (FVT), enabling the generation of highly reactive compounds with symmetric but
unequal reaction centers (C=C–C=O and C=C–C=N), acyl(imidoyl)ketenes, the immediate
transformation of which can proceed in two patterns, intramolecular cyclization reactions,
and intermolecular ones. Immediate reactions of these compounds can afford synthesis of
many various heterocycles, which is a desired property for DOS of small molecule libraries
for drug discovery.

This review shows that the pattern of immediate transformation of an acyl(imidoyl)
ketene dramatically depends on the structure of the substituent at nitrogen atom in imidoyl
C=N moiety.

Acyl(imidoyl)ketenes bearing a conformationally free substituents at nitrogen atom in
imidoyl C=N moiety are prone to intramolecular cyclizations. At the same time, incorpora-
tion in this position of a methyleneamino substituent affords intramolecular cyclization of
such ketenes to tautomeric zwitterions that can undergo intermolecular reactions.

Acyl(imidoyl)ketenes bearing a conformationally rigid substituent at nitrogen atom in
imidoyl C=N moiety are prone to intermolecular reactions. In such reactions, in dependence
on the structure of trapping reagents, such acyl(imidoyl)ketenes can react as oxa-dienes,
aza-dienes, and dienophiles.

Thus, this review indicates that a relatively small amount of different types of sub-
stituents were installed into molecules of acyl(imidoyl)ketenes. However, even this small
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amount of substituent variants gave rise to a large number of diverse products. These
make acyl(imidoyl)ketenes a promising class of chemical compounds for the development
of small molecule libraries, and intriguing objects for investigations of properties of highly
reactive chemical species.
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