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Ketones are one of the most important classes of organic compounds, and widely present in various
pharmacological compounds, biologically active molecules and functional materials. Over the past few
decades, transition metal-catalyzed conversion of aldehydes has been found to be a powerful method.
With the continuous development in recent years, it has become an efficient and uncomplicated strategy
for constructing ketones. There are four major mechanisms for transition metal-catalyzed ketone synthe-
sis from aldehyde: (1) carbonyl-Heck reaction, that is 1,2-insertion of organometal species to aldehydic
C=0 double bond, (2) direct insertion of transition metal catalysts to aldehydic C-H bond, (3) aldehyde
as acyl radical, (4) aldehyde as carbon radical acceptor. This article summarizes related reports on the
transformations of aldehydes to generate corresponding ketones under different reaction conditions.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Ketones are one of the most important classes of organic com-
pounds, for example, aryl ketones, heteroaryl ketones, and di-
aryl ketones are common structural motifs in multitudinous nat-
ural products [1-9]. A series of derivatives of ketones are ver-
satile building blocks for the synthesis of more complex natural
products, biologically active molecules, pharmaceuticals, agricul-
tural chemicals, dyes, and functional materials (Fig. 1) [10-16]. Due
to their importance, the development of synthetic methods for the
preparation of these scaffolds has received considerable attention.

Traditional methods for the preparation of ketone compounds
include Friedel-Crafts reaction of substituted aromatic rings and
acylation of organometallic reagents [17-25]. However, the above
strategies have some disadvantages to a certain extent. These
methods are often painstaking, laborious, and time-consuming
multistep processes, making the preparations typically inefficient
and uneconomical. For example, when using Friedel-Crafts acyla-
tion reaction, an excessive amount of Lewis acid catalyst (such
as AlCl3) is usually required, and a large amount of acid gas and
sewage are generated during the reaction and post-treatment pro-
cess, causing environmental pollution [19]. Moreover, the forma-
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Fig. 1. Selective examples of biologically active ketones.

tion of ortho and para isomers with untunable regioselectivity re-
sults in separation problems and makes aryl ketones with meta
substituents difficult to access. Consequently, there is a great need
to develop simple, effective and versatile methods to synthesize
these scaffolds.

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 1. Selective examples of biologically active ketones and derivatives.

In terms of molecular structure, using aldehyde as starting ma-
terial to prepare ketone, the conversion would be considered as
a much more simple and efficient protocol. And the functional-
ization of aldehydic C-H bonds has been quite an active research
area. However, in the past, the strategy was generally achieved
by adding organometallic reagent to aldehyde and then oxidiz-
ing the alcohol intermediate (Scheme 1a) [26-30]. The operation
procedures of this approach are cumbersome and organometallic
reagents are sensitive to air, so further developments are needed
to realize the generation of ketones from aldehydes through a one-
step process. A large number of studies have shown that the syn-
thesis of ketones through the C-H activation and functionalization
of aldehydes under the catalysis of various transition-metals is an
effective strategy. The direct hydroacylation of olefins and alkynes
is a typical reaction of this conversion, which has been summa-
rized by Willis in 2010 [31]. Hydroacylation generally involves the
addition of an acyl unit and a hydrogen atom across a C-C multi-
ple bond, including both intra- and intermolecular type reactions
(Scheme 1b) [31-41]. In addition, N-heterocyclic carbene (NHC)
catalyzed umpolung additions of aldehydes to carbonyl compounds
(benzoin reaction) [42-44], imines (aza-benzoin reaction) [45-49],
and Michael acceptors (Stetter reaction) [50-58], are also pow-
erful protocols to produce functional ketones by hydroacylation
(Scheme 1c) [59-70].

Over the past few decades, transition metal-catalyzed conver-
sions of aldehydes to ketones have been found to be a power-
ful method. Despite these significant advances, the development of
novel strategies to synthesize various ketone derivatives still drawn
considerable attention. With the continuous efforts in recent years,
transition metal-catalyzed cross-coupling reactions have been the
highly versatile methods for the construction of complex molecules
from simple building blocks in both research laboratories and in-
dustry. Generally, these reactions are tolerant of a variety of func-
tional groups, applicable to a wide range of substrates, and have
excellent practical value and broad application prospects [71-76].
In these transformations, the most commonly utilized transition
metals may include group VIIB, VII and IB, such as rhodium, ruthe-
nium, palladium, nickel, cobalt, platinum, copper, silver, iron, man-
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Fig. 2. Transition metals used in the conversions of aldehydes to ketones.
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ganese (Fig. 2). Herein, this article summarizes the related conver-
sions using the different catalytic system with transition metals.

There are four major mechanisms for transition metal-catalyzed
ketone synthesis from aldehyde: (1) carbonyl-Heck reaction, that
is 1,2-insertion of organometal species to aldehydic C=0 double
bond, (2) direct insertion of transition metal catalysts to aldehy-
dic C-H bond, (3) aldehyde as acyl radical, (4) aldehyde as carbon
radical acceptor.

2. Carbonyl-Heck-type mechanism

Heck reaction, the coupling of olefins with aryl halides or
pseudo-halides, is among the most important transformations in
modern synthetic chemistry. In the carbonyl variant of Heck reac-
tion, the C=0 bond of aldehyde takes the role of the olefin in the
insertion/B-H elimination steps. Conceptually, ketones, instead of
substituted olefins, are afforded as the major product of the cat-
alytic cycle (Scheme 2).

2.1. Rh catalysis

In 2000, Hartwig group reported the rhodium(I)-catalyzed cou-
pling reaction of aryl halides with activated N-pyrazyl aldimines
through the Heck-type mechanism (Scheme 3) [77]. The N-pyrazyl
aldimines could be easily prepared by the condensation of alde-
hydes and 2-aminopyrazine, and the ketones were generated via
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fe 1.5 mol% [Rh{CH3CH3):Cl)> O
10y | o,
Ar)J\H . ArBFK 3 mol% P(t-Bu)s, 80 °C P
toluene/acetone/water 20:3:2 3
or 1,4-dioxane/acetone 4:1 )
2 78%-98% vyields
10 examples
[Rh]— 0
Me Ar'—BF 3K
o]
e o BF3K
[Rh]-H [Rh]—Ar'
o o
A A
Ar Ar, H Ar”H
JAr
[Rh]-O

Scheme 4. Rh(I)-catalyzed cross-coupling of arylaldehydes with ArBF;K.

hydrolysis of the corresponding ketimines. However, the method is
not an atom-economic way to access ketones, needing three steps,
and the N-pyrazyl aldimines should be prepared in advance.

Using P(t-Bu)s as ligand, in 2004, Darses and Genet et al. re-
ported the first rhodium(l)-catalyzed cross-coupling reaction of
organoboronic reagents (ArBF;K) with aryl aldehydes to generate
diaryl ketones under mild conditions without base (Scheme 4)
[78]. Deuterium labeling experiment indicated that this transfor-
mation proceeded in a Heck-type mechanism, followed by an un-
usual hydrogen transfer process, in which acetone worked as a hy-
dride acceptor.

However, the majority of biologically active benzophenones
are sterically congested, at least bearing di-ortho-substituents, and
were mainly obtained via the addition of aryllithium or arylmag-
nesium to aldehydes followed by oxidation. The highly desirable
mild transition-metal-catalyzed reactions are limited to reagents
that are sterically unencumbered. In 2008, Darses and Genet group
employed a rhodium)/tri-tert-butylphosphane catalyst system with
the stable phosphonium salt as the precursor of P(t-Bu); in-
stead of highly oxidizable P(t-Bu)s;, and for the first time dis-
closed a straightforward protocol for the synthesis of congested
benzophenones from aryl aldehydes and potassium aryltrifluorobo-
rates (Scheme 5) [79]. This reaction was handled in easy-to-operate
conditions. A broad substrate scope was tolerated, di-, tri-, and
even tetra-ortho-substituted benzophenones can be synthesized.

In 2007, Genet et al. employed arylboronic acids and devel-
oped the rhodium(I)-catalyzed cross-coupling with aryl aldehy-
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des to access directly ketones via formal C-H bond activation
(Scheme 6) [80]. The reaction pathway was different from their
above-mentioned work using ArBF3K which was a tandem cat-
alytic process involving two cycles, an addition cycle and an oxida-
tion cycle combined through S-hydride transfer. In GC/MS moni-
toring experiment, surprisingly, the aldehyde disappeared very fast
to form carbinol via the protonation of alkoxo-rhodium interme-
diate by water formed in the reaction medium (or directly by the
boronic acid), giving an active hydroxo-rhodium species. It demon-
strated that this reaction may include two consecutive catalytic re-
actions: rhodium-catalyzed addition of the boronic acid to alde-
hyde to produce the carbinol; oxidation of the corresponding alco-
hol to provide the ketone.

In 2004, Buchmeiser and co-workers reported Rh- or Ir-NHC
complexes catalyzed arylation of aryl aldehydes with arylboronic
acids which described a straightforward access to diaryl ketones
with low catalyst loading (0.08-1 mol%) (Scheme 7) [81]. The struc-
ture of catalyst strongly affected the activity and selectivity of the
reaction, the tetrahydropyrimidin-2-ylidene ligands enhance the
efficiency; the propyl groups at both nitrogen atoms of NHC lig-
ands are more effective than other substituents; iridium shows low
activity but high selectivity.

In 2019, Krische group developed a regiodivergent rhodium-
catalyzed reductive coupling-redox isomerization of aldehydes
with vinyl bromide to form branched (P‘Bu,Me) or linear (PPhs)
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ketones using different ligands (Scheme 8) [82]. A series of deu-
terium labeling experiments disclosed that a redox isomerization
was the critical step. Initially, the oxidative addition of vinyl bro-
mide formed vinyl rhodium(Ill) species. In the process of the for-
mation of linear ketone, the weak o -donor ligand PPhs dissociated
at the vinylrhodium(Ill) intermediate stage and motivated to form
transient allene through B-hydride elimination, and then gener-
ated allylrhodium(III) hydride species. Aldehyde insertion provided
a homoallylic rhodium alkoxide, and the bromide moiety of the
kinetic rhodium alkoxide reacted with HCO,K to form a hydride.
Followed by reductive elimination to afford a homoallylic alcohol
which went through isomerization to deliver the linear ketone.
For the formation of branched ketone, the strong o-donor ligand
was used. The aldehyde inserted to vinyl rhodium(III) species, con-
verted to the allylic alcohol and, therefrom, the branched ketone in
the analogous process.

Later, employing the same catalyst system for the branched ke-
tones, and replacing vinyl bromide with vinyl triflate, they devel-
oped the vinyl triflate-aldehyde reductive coupling-redox isomer-
ization (Scheme 9) [83]. Many functional aryl or alkyl aldehydes
afford the corresponding ketones under the conditions as the pre-
vious vinyl bromide adopted.

2.2. Pd catalysis

In 2008, Wu and Cheng et al. also reported the synthesis of
diaryl ketones using a palladium-catalyzed coupling of aromatic
aldehydes with aryl boronic acids in moderate to excellent yields
(Scheme 10) [84]. The reaction proceeded smoothly in the presence
of Pd,(dba); and P(1-nap)s. It is worth noting that Cs,CO3; might
exhibit a dual ability: (1) Facilitating the addition of organoboronic
acids to aldehydes, affording carbinol derivatives; (2) Prompting
the aerobic oxidation of the carbinol derivatives in situ to aromatic
ketones. A variety of functional groups like nitro, cyano, acetoxy,
heteroaryl and steric substrates were all well tolerated to access to
the desired ketones in good efficiency. All the reactions were car-
ried out under an ambient atmosphere, and rigorous exclusion of
air or moisture was not required.
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In 2008, a direct acylation of aryl bromides was developed by
Xiao and co-workers, affording alkyl aryl ketones in one step, using
palladium and pyrrolidine as the co-catalysts and 4A MS as addi-
tive (Scheme 11a) [85]. In the presence of alkyl aldehydes, the ad-
dition of pyrrolidine resulted in the formation of a highly reactive
electron-rich enamine, subsequently a Heck-type reaction with pal-
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ladium, followed by hydrolysis to form the corresponding ketones.
It is interesting to note that, under similar conditions but without
pyrrolidine and 4A MS, the coupling of aldehydes with aryl bro-
mides led to «-arylated aldehydes instead of ketones.

Furthermore, a palladium(0) nanoparticle-catalyzed direct acy-
lation aryl bromides or iodides was reported by Ranu group in
2010 [86]. Tetrabutylammonium bromide (TBAB) was used as an
additive, which stabilized the Pd nanoparticle from gathering. Var-
ious aryl iodides and bromides proceeded smoothly with open-
chain aldehydes to form the alkyl aryl ketones in good yield
(Scheme 11b). A few months later, Xiao group extended the sub-
strate to a wide range of aryl chlorides in high temperature, a
bulky electron-rich monophosphine ligand was adopted to enhance
the reaction activity, and the reaction was tolerant of functionali-
ties on the aliphatic aldehydes (Scheme 11c) [87].

In 2013, Kuriyama and Onomura et al. developed the palla-
dium/imidazolinium carbene-catalyzed 1,2-addition and oxidation
to synthesize heteroaryl and diheteroaryl ketones from aldehy-
des and organoboronic acids (Scheme 12) [88]. The 1,2-addition
involves a transmetalation-insertion mechanism, and the oxida-
tion proceeds through oxidative addition, 8-hydrogen elimination,
and reductive elimination. A high level of catalyst performance
was attained in the one-pot process using 1.0-3.0 mol% catalyst
loading. Several oxidants were examined, a sterically hindered 2-
iodotoluene was the optimal choice, giving the desired ketones in
good to excellent yields.

2.3. Ni catalysis

Although Rh-, Ru- and Pd-catalyzed coupling reactions for ke-
tones synthesis from aldehydes were well established, efforts have
been made to replace these expensive metals. Owing to its high
activity showed in many coupling reactions, nickel is considered as
the most promising cheap metal. The first nickel-catalyzed cross-
coupling reaction of aldehydes to access ketones was reported by
the Cheng group in 2002, providing a new way for chemoselective
synthesis of diaryl ketones using aryl aldehydes and aryl iodides
in fair to good yields (Scheme 13) [89]. The catalytic reaction pro-
ceeds smoothly only with bidentate phosphine nickel complexes
as catalysts, such as Ni(dppe)Br;, whereas monodentate phosphine
complexes are completely ineffective.

It is worth noting that zinc powder is critical to the coupling.
Reduction of Ni(Il) to Ni(0) by zinc metal with the formation of
zinc halide likely initiates the catalytic reaction. The oxidative ad-
dition of aryl iodide, coordination of aldehyde, formation of nickel
alkoxide and subsequent B-hydride elimination occurs, and affords
the desired ketone.

In 2015, the ligand-free nickel-catalyzed C-H arylation
of 2-hydroxybenzaldehydes with aryl iodides to access 2-
hydroxybenzophenones was reported by Nowrouzi group, employ-
ing the catalyst system of NiCl,-6H,0 and n-BuyNBr (Scheme 14)
[90]. Although only 10 examples, this is an efficient, inexpensive,
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and practicable method for the synthesis of ketones. It is worth
noting that the introduction of n-BuyNBr as an additive not only
stabilizes the catalytic system by avoiding undesired agglomer-
ation and deactivation via the formation of a monomolecular
layer around the metal core, but also plays as a reductant for the
generation of Ni(0).

In 2017, Newman and co-workers developed the nickel-
catalyzed carbonyl-Heck reaction of aldehydes with organotriflates
to make ketones, using Ni(0) precatalyst, tridentate triphos lig-
and, and bulky amine base (TMP, 2,2,6,6-tetramethylpiperidine)
(Scheme 15) [91]. This pathway is supported by the effective-
ness of the catalyst in traditional Heck reactions. High-throughput
experiment was utilized to uncover the specific combination of
halide/pseudohalide, metal, ligand, and base necessary to enable
the reaction. The intermolecular coupling demonstrated exten-
sive compatibility, both aryl aldehydes and aryl triflates bearing
electron-donating, electron-withdrawing, and sterically hindering
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functionality were tolerated. Aliphatic aldehydes need quinucli-
dine as the base to prevent Tishchenko-type side products when
using TMP. Some bioactive molecules can be prepared, such as
estrone-derived compound 17a and benzothiophene 17b (precur-
sor to Raloxifene).

Recently, we present a direct transformation based on nickel-
catalyzed Larock annulations of substituted 2-formylphenyl triflu-
oromethanesulfonate with alkynes to deliver a wide range of in-
denone analogs that are valuable synthetic intermediates for nat-
ural compounds (Scheme 16) [92]. This catalytic system is shown
to proceed through a redox neutral arylation in high yields with
excellent regioselectivities. Mechanistically, the oxidative addition
of a nickel into the weak C-OTf bond, followed by the migratory
insertion of the alkyne, and subsequently the intramolecular “car-
bonyl” variant of the Heck reaction and 8-H elimination leads to
the formation of the desired indanone.

2.4. Ru catalysis

The first Ru-catalyzed cross-coupling reaction of aldehydes with
arylboronic acids to generate aryl ketones was described by Wan
group in 2011, aliphatic and aromatic aldehydes are effective
(Scheme 17) [93]. The kinetic isotope effect experiment demon-
strated that C-H activation of aldehyde was not involved in the
catalytic cycle, and hydrogen abstraction from alcohol was the
probably rate-limiting step. The possible reaction pathway was
initiated by transmetalation of boronic acid with [Ru(CO)3Cl,],
to give aryl ruthenium complex, then aldehyde inserted into
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Scheme 17. Ru-catalyzed cross-coupling of aldehydes with arylboronic acids to
generate aryl ketones.

[RUHCI(CO)(PPhs)s] (5 mol%)

o K,COs (2 equiv.), Ho0 (2 equiv.) j\
AL+ AfB(OH), A A2
Ar' H toluene, 110 °C, 13 h
22
10 examples

49%-99% yields

Scheme 18. Ru-catalyzed coupling reaction of arylboronic acids with aryl aldehyde.
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90-100 °C, 4-10 h 23
or 40 examples

uw (100 °C, 45 min, 160 °C, 45 min)  27%-91% yields

Scheme 19. Orthoplatinated triarylphosphite-catalyzed ketone synthesis.

ruthenium-carbon bond to provide an alkoxo-ruthenium interme-
diate 20 which underwent B-hydride elimination to afford the fi-
nal ketone and ruthenium hydride complex. Subsequently, pina-
colone inserted into the ruthenium-hydrogen bond to generate
alkoxo-ruthenium intermediate 21, followed by transmetalation
wtih boronic acid to regenerate arylruthenium complex.

In the same year, Fukuyama and Ryu et al. also reported
a ruthenium-catalyzed coupling reaction of aryl aldehydes with
arylboronic acids for the synthesis of diaryl ketones using
[RUHCI(CO)(PPh3)3] as catalyst (Scheme 18) [94]. Various aryl-
boronic acids and aryl aldehydes especially the steric 2-substituted
aryl aldehyde work smoothly to give the desired ketones in good
yields. This reaction underwent a hydrogen transfer pathway and
may contain two consecutive steps: formation of the alcohols and
hydrogen transfer to aldehydes to form ketones. Without water, the
reaction did not proceed, and no ketone was formed.

2.5. Pt catalysis

In 2010, Hu and co-workers reported an addition reaction fol-
lowed by an oxidation of aldehydes with arylboronic acids to ac-
cess aryl ketones (Scheme 19) [95]. The reaction employed ortho-
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Scheme 20. Co or Cu-catalyzed arylation of arylboronic acids with aldehydes.

platinated triarylphosphite as catalyst and K3PO,4 as the best base.
The catalyst is an anionic four-electron donor-based metallacycle,
which is readily available and air/moisture-stable. 3-Pentanone was
identified as a suitable oxidant for the oxidation of alcohol step.
Notably, aryl and aliphatic aldehydes can react well with the aryl-
boric acid to obtain the corresponding aryl-aryl and alkyl-aryl ke-
tones in good yield. Besides, a microwave-assisted method was
developed with low catalyst loading (0.01 mol%), and the reac-
tion time shortened dramatically. The platinacycle-catalyzed pro-
tocols represent the first examples of direct access to aryl alkyl ke-
tones from alkyl aldehydes with arylboronic acids via the tandem
addition-oxidation reaction.

2.6. Co and Cu catalysis

A cobalt-catalyzed arylation of arylboronic acids with aldehy-
des was developed by the Cheng group in 2011, in the presence
of CoCl, and tmphen under 1 atm of O, (Scheme 20a) [96]. Both
electron-withdrawing and electron-donating substituted aryl alde-
hydes and heterocyclic aldehydes reacted smoothly with different
substituted boronic acids to afford diaryl ketones in good yields.
This cobalt-catalyzed reaction may proceed in a Heck-type mecha-
nism, a cobalt hydride was formed, O, as an oxidant to regenerate
the active Co(Il) species.

Chen and Wu et al. achieved this tramsformation using the
Cu(0Tf), and Xantphos catalytic system, aryl ketones were formed
in moderate to good yields (Scheme 20b) [97]. As oxidant, oxy-
gen was critical for the reaction. Different aryl aldehydes were
well tolerated irrespective of the electronic effect of substituents.
However, electron-withdrawing arylboronic acids reacted slowly in
lower yields than electron-rich ones owing to the weak transmeta-
lation ability. Although this reaction showed limited examples, the
cheap copper was used and a practicable way for the synthesis of
ketones was established.

3. Insertion of metal catalysts to aldehydic C-H bonds

In combination with these reports on the transition-metal cat-
alyzed carbonylative Heck reaction of aryl halides, pseudohalides
or organometallic reagents, this methodology via direct insertion
of metal catalysts to aldehydic C—H bond affords another way to
complete the Heck reaction on carbonyl groups. Most importantly,
it provides efficient synthetic method for preparing the structural
motifs of valuable natural products and bioactive molecules such
as aurone, flavone, 2’-hydroxychalcone, and flavanone.

3.1. Pd catalysis

As early as 1996, Miura and co-workers reported the first
palladium-catalyzed coupling of 2-hydroxybenzaldehydes with aryl
iodides via chelation-assisted C—H cleavage of the aldehyde [98].
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Scheme 21. Pd-catalyzed coupling of 2-hydroxybenzaldehyde with aryl iodide.
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Scheme 22. Pd-catalyzed coupling of 2-hydroxybenzaldehyde with aryl boronic
acids or aryl halides.

The direct PdCl,-catalyzed ketone synthesis from aldehyde pro-
ceeded smoothly in the presence of Na,COs; (base) and LiCl
(additive), although the scope was limited in several exam-
ples (Scheme 21). In the plausible catalytic cycle, oxidative ad-
dition of aryl iodide to Pd(0) to produce the aryl palladium
species which reacted with 2-hydroxybenzaldehyde to generate the
aryl(aryloxy)palladium intermediate and released HI. Then, oxida-
tive addition produced the palladium(IV) species, followed by two-
fold reductive elimination to afford the corresponding ketone.

A similar strategy using arylboronic acid was developed by Xu
group in 2010, and various functional 2-hydroxybenzophenones
were synthesized under mild conditions in good to excellent yield
(Scheme 22a) [99]. This reaction required the use of O, as an
oxidant to convert the alcohol intermediate into the correspond-
ing ketone. In 2015, aryl iodides, aryl bromides and benzyl bro-
mides were applied in the synthesis of ketones in neat water by
Nowrouzi group, no oxidant was needed (Scheme 22b) [100].

In 2005, Chang and co-workers reported the Pd and Ru co-
operative catalysis to synthesize ketones via the direct coupling
of 8-quinolinecarboxaldehyde with iodoarenes or organostannanes
[101]. The C-H bond of the aldehyde was activated by ruthe-
nium to generate five-membered cycloacylruthenium hydride in-
termediate, and then reacted with the aryl palladium species, fol-
lowed by reductive elimination, the desired ketone was formed fi-
nally. The reaction exhibited wide functional group compatibility
to aryl iodides and stannanes, ketones were afforded in moder-
ate to good yields (Scheme 23). The transformation demonstrated
that the appropriate combination of two compatible metallic cata-
lysts provides a new possibility for the development of novel syn-
thetic methodologies that are difficult to carry out with any single-
catalyst systems.
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Scheme 23. Pd and Ru co-catalyzed ketone synthesis from aldehyde with
iodoarenes or organostannanes.
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Scheme 24. Pd-catalyzed cross-coupling of N-tert-butylhydrazones with aryl bro-
mides.

In 2006, Hartwig group developed palladium-catalyzed ary-
lation of N-tert-butylhydrazones with aryl bromides, employing
Pd,(dba); and DPEphos as catalyst [102]. These hydrazones, served
as acyl anion equivalents, are readily accessible from aldehydes.
Under mild conditions, the N-tert-butylhydrazones could undergo
cross-coupling at the C-position of the diazaallyl unit, isomeriza-
tion of the initial azo product to the corresponding hydrazones, fol-
lowed by hydrolysis, would generate the arylketones (Scheme 24).

Owing to the inherent ring stain, active benzocyclobutenone
(BCB), a powerful synthetic intermediate, was widely used for
many transformations like cycloaddition, C—C bond activation. Pre-
vious preparations of this BCB were achieved mainly through
[2 + 2] cycloadditions, metal-mediated intramolecular cyclizations,
however, functional BCBs cannot easily be obtained from these
traditional strategies. In 2010, Martin and co-workers reported a
more practicable way for the synthesis of BCBs with intramolecular
acylation of aryl bromides via C—H functionalization (Scheme 25)
[103]. Various substrates with different substituents like alkene, es-
ter, nitrile, aldehyde, ketone, free hydroxy, silyl groups, alkyl halide
can be accommodated in this reaction. In the plausible pathway,
oxidative addition of Pd(0) to C—Br bond formed intermediate 32,
followed by C—H functionalization to afford intermediate 33 and
then released the HBr to generate a five-membered metallacycle
34 under base, finally the reductive elimination gave the corre-
sponding benzocyclobutenone 31. In addition, the Kkinetic isotope
effect experiment demonstrated that C—H bond cleavage was a
rate-limiting step.
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Scheme 25. Pd-catalyzed intramolecular acylation of aryl bromides to synthesize
benzocyclobutenones.
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Scheme 26. Pd-catalyzed C—H activation of aldehydes and (hetero)aryl halides to
synthesize diaryl ketones.

In 2018, the Kuninobu and Kanai et al. developed a practi-
cal procedure for the synthesis of diaryl ketones from aldehy-
des and (hetero)aryl halides via palladium-catalyzed C—H activa-
tion (Scheme 26) [104]. The picolinamide ligand is the key for
this reaction, which activates the C—H bond of aldehyde through a
palladium-amide intermediate, then oxidative addition of aryl bro-
mides to this intermediate, eventually a reductive elimination to
form the desired ketone. With respect to the substrates, various
aryl bromides with aryl or heteroaryl aldehydes were tolerated,
and desired diaryl ketones or di(heteroaryl) ketones were formed
in good yields, even in gram-scale. The transformation also pro-
ceeded using aliphatic aldehydes, whereas the yields of the cor-
responding ketones were low. Besides, the reaction was applied
to the synthesis of Fenofibrate, a commercial drug used to reduce
cholesterol levels in patients at risk for cardiovascular disease.
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Scheme 27. Arylation of «,8-unsaturated aldehydes with arylboronic acids.

3.2. Rh catalysis

Besides the reported palladium catalysts, rhodium is likewise
regularly utilized to catalyze the synthesis of ketones from aldehy-
des, and many research groups have reported on this. In 2004, an
unanticipated self-conjugate reduction and cross-coupling tandem
reaction of o, f-unsaturated arylaldehydes with arylboronic acids
was reported by Zou Group, producing B-phenylpropiophenones
as the desired products (Scheme 27) [105]. The pathway catalyzed
by the RhCl3/PPh; system possibly contains an oxidative addi-
tion of the aldehydic C-H bond of «,8- unsaturated aldehyde to
the Rh-Ar species that is generated in situ by reduction of RhCl3
with arylboronic acids, followed by a three-membered metallocy-
clopropanone intermediate, subsequently a reductive elimination,
oxidative addition of water, and another reductive elimination to
afford the desired product.

In 2008, Satoh and Miura et al. reported the direct oxidative
coupling of salicylaldehydes with internal alkynes to produce 2,3-
disubstituted chromone derivatives (Scheme 28) [106]. A rhodium
catalyst in combination with a cyclopentadiene ligand and a cop-
per oxidant promote this straightforward annulation. During the
reaction process, the coordination of the phenolic oxygen atom to
an Rh'"X; species gives a rhodium(Ill) phenolate. Directed C—H
rhodation to form a rhodacycle intermediate is then followed by
alkyne insertion and reductive elimination to form the desired
chromone. The aldehydic C—H bond-cleavage step may be pro-
moted effectively by the metal-directing hydroxy oxygen atom.

In 2011, Li group disclosed the rearrangement of 2-
aryloxybenzaldehydes to 2-hydroxybenzophenones by rhodium-
catalyzed cleavage of aryloxy C—O bonds (Scheme 29) [107]. This
reaction can tolerate a variety of functional groups, thereby indi-
cating the wide potential of applications. Initially, the aldehydic
C—H bond insertion by Rh! generates the Rh!"' hydride species 39.
Upon reaction with tert-butyl peroxide (TBP), the Rh!! complex 40
is formed, thus liberating ‘BuOH. Then complex 40 may undergo
an intramolecular SyAr process to afford the intermediate 41,
thereby generating the Rh' complex 42, which could release
acetone and Rh'"'/Me complex 43. Finally, the reaction of the
previously liberated ‘BuOH with complex 43 can afford the desired
product 38 and form [Rh'(Me)-(‘OBu)], which could regenerate
the Rh! catalyst via a reductive elimination and release ‘BuOMe.
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Scheme 28. Rh-catalyzed oxidative coupling of salicylaldehydes with internal
alkynes.
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Scheme 29. Rh-catalyzed rearrangement of 2-(aryloxy)-benzaldehydes to 2-
hydroxybenzophenones.

In 2012, Glorius and co-workers developed rhodium(IIl)-
catalyzed regioselective dehydrogenative Heck-reaction (DHR) of
salicylaldehydes with different classes of olefins (Scheme 30) [108].
A mechanism was proposed in Scheme 31. In the presence of the
catalyst [(Cp*RhCl, ), ], the products resulted from DHR of aldehydic
C—H bonds and subsequent intramolecular oxidative cyclization of
C—0 bonds. This methodology has been applied to the synthesis
of lonchocarpin (45) and 4-methoxylonchocarpin (46) in just two
steps from commercially available reagents. They exhibit a range of
biological and pharmacological properties including antimutagenic,
antimicrobial, antiulcer, and antitumor activities.

In the presence of an Rh/Cu catalyst system, Pihko and Radhakr-
ishnan et al. developed an efficient one pot strategy for the synthe-
sis of cyclopentene fused chromanone derivatives via the direct ox-
idative coupling of salicylaldehydes with azabicyclic olefins in 2013
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Scheme 31. Oxidative coupling of salicylaldehydes with azabicyclic olefins.

(Scheme 31) [109]. This is the first report on the ring-opening/ring-
closing of azabicyclic olefins through a transition-metal catalyzed
protocol involving aldehyde C—H cleavage and m-allyl chemistry.

In 2015, Cui group reported Rh(IIl)-catalyzed salicylaldehydes
C—H bond functionalization with arylboronic acids, with features
of mild reaction condition and high efficiency (Scheme 32) [110].
Furthermore, the functionalized 2-hydroxybenzophenone could be
subject to divergent synthesis of heterocycles.

In 2015, Li group achieved Ir(Ill) or Rh(Ill)-catalyzed synthe-
sis of ynones via C—H activation of benzaldehydes in the cou-
pling with hypervalent iodine alkynylating reagents (Scheme 33)
[111]. Rhodium and iridium catalysis exhibited complementary
substrate scope. The iridium(IIl) catalyst offered high activity for
salicylaldehyde substrates, while the rhodium(IIl) catalyst is neces-
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Scheme 33. C—H alkynylation of salicylaldehyde and  N-sulfonyl-2-
aminobenzaldehyde.

sary when the substrates were N-sulfonyl-2-aminobenzaldehydes.
In these catalytic systems, the electrophilic aldehyde group is con-
verted to a nucleophilic metal-formyl group, which matches the
electrophilic EBX reagents.

Using the similar catalyst systems, Waser group developed
the C—H heteroarylation of salicylaldehydes and N-sulfonyl-
2-aminobenzaldehydes with benziodoxolone hypervalent iodine
reagents in 2018 (Scheme 34) [112]. The resulting salicyloyl indoles
and (2-sulfonamino)benzoyl indoles were easy to be transformed
into other useful building blocks.

Employing the similar substrates, Rao group reported the
directing-group-assisted C—H arylation of aldehydes in 2017, to
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Scheme 34. C—H heteroarylation with benziodoxolone hypervalent iodine reagents.
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Scheme 35. Rh-catalyzed directing-group-assisted C-H arylation of aldehydes.

synthesize medicinally valuable 2-hydroxybenzophenones or 2-(p-
toluenesulfonylamido)benzophenones (Scheme 35) [113]. Multiple
functional aldehydes and bulky aryl halides were suitable for the
reaction conditions, producing the corresponding ketones in high
efficiency. This transformation was initiated by oxidative addition
of aryl halides to form arylrhodium species, which sequentially co-
ordinated to the directing atom of aldehydes. Then, C—H activation
and reductive elimination occurred, affording benzophenones.

As reviewed above, the most efficient cross-coupling catalysts
feature the second- and the third-row transition metals, most
notably palladium and rhodium, to achieve high turnover num-
bers. Despite the wide practicabilities of this methodologies, cross-
coupling catalysis continues to attract significant interest, espe-
cially with respect to the development of more sustainable cat-
alysts based on abundant first-row transition metals, particularly
nickel catalysis.

3.3. Ru catalysis

In 2005, the ruthenium-catalyzed coupling reaction of
aldimines bearing the 3-picolin-2-yl group with arylboronates
via chelation assistance strategy was reported by Jun and co-
workers (Scheme 36) [114]. The reaction carried out in a mixture
solvent of 1,4-dioxane and acetone, using Ru3(CO);, as catalyst,
methyl vinyl ketone as additive which can suppress the reduction
of imines dramatically. Diverse functional arylboronates and alde-
hydes can be tolerated, furnishing the corresponding ketimines,
which were readily converted to ketones by hydrolysis.

3.4. Ni catalysis

In 2015, Gu group described the nickel N-heterocyclic carbene
catalyzed cross-coupling reaction of aryl aldehydes with boronic
esters. This method provides a practical, neutral, and mild syn-
thetic approach to aryl ketones, employing Ni(cod),/IPr as the cat-
alyst, hexafluoroacetone as a hydrogen acceptor (Scheme 37) [115].
Different substituted aryl aldehydes and aryl boronic esters were
well tolerated in this reaction, irrespective of the position and
nature of substituted groups. However, aliphatic aldehydes could
not deliver the corresponding ketones under the same reaction
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Scheme 37. Nickel N-heterocyclic carbene catalyzed cross-coupling of aryl aldehy-
des with boronic esters.

conditions. Notably, it was found that the transformations with
boronic esters, bearing linear or branched substituents, proceeded
smoothly to afford the aryl alkyl ketones in good yields. Moreover,
a series of deuterium labeling experiments demonstrated that a
nickel hydride species was involved in this reaction, C—H bond ac-
tivation was the rate-determining step.

Through the similar reaction mechanism, several months later,
Gu, Yuan and co-workers described the nickel N-heterocyclic
carbene-catalyzed transformation of aromatic aldehydes into aryl
ketones utilizing organozinc reagents [116]. MgCl, was used as an
additive, and p-methoxytrifluoroacetophenone was used as the hy-
drogen acceptor. A series of organozinc reagents and aryl aldehydes
worked well, the corresponding aryl/aryl or alkyl/aryl ketones were
achieved in good yields (Scheme 38).

4. Aldehyde as acyl radical

Transition metal-catalyzed C-H activation and radical reactions
are two versatile strategies to construct diverse organic skeletons.
Aldehydes are known to react with a variety of free radicals to
form acyl radicals. And hydrogen atom abstraction from aldehydes
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Scheme 40. Pd-catalyzed oxidative C-H bond coupling with aldehydes.

by reactive oxygen radicals (e.g., ‘BuO-) is known to be the cleanest
way to generate acyl radicals. Due to the widespread applications

of acyl radicals, coupled with the great value of ketones in organic L

synthetic chemistry, there have been a series of systematic stud- 66

ies providing methods for the carbonyl derivatization of aldehydes f«crgtggk
2 3

(Scheme 39).

4.1. Pd catalysis
Scheme 42. Pd-catalyzed remote aryldifluoroalkylation of alkenyl aldehydes.
In 2010, Yu group developed the Pd-catalyzed ortho-C-H acyla-
tion/cross coupling of aryl ketone O-methyl oximes with aldehy-

des using tert-butyl hydroperoxide (TBHP) as a source of reactive acyl radical and Ag,O0 facilitated the radical generation due to in-
oxygen radicals (e.g., ‘BuO’), which would act upon aldehyde to soluble Agl formed in this biphasic system. This reaction, without
generate acyl radicals in situ (Scheme 40) [117]. With oximes as activation of the carbonyl group and without directing group as-

a directing group, the C-H activation is initiated by ortho-selective sistance, can be applied to the synthesis of antiplatelet drug n-
cyclopalladation on the arene ring. The palladacycle would react butylphthalide (NBP) and the antispasmodic drug Pitofenone.

with the acyl radicals to afford the product ketones via either re- In 2017, Zhu group described the palladium-catalyzed three-
active Pd(IV) or dimeric Pd(Ill) intermediates. The coupling with component reaction between fluoroalkyl bromides, arylboronic
aldehydes was achieved with remarkable regioselectivity, and both acids, and alkenyl aldehydes, and provides facile access to 5-,
aliphatic and heteroaromatic aldehydes can be effectively coupled 6-, or 7-difluoroalkylated ketones under mild reaction con-
to the oximes. The acylation reactions constitute a versatile route ditions (Scheme 42) [119]. The resultant products can be
to a diverse library of diaryl ketones, which are difficult to ob- smoothly converted into CF,-containing tetrahydronaphthalenes
tain by classical Friedel-Crafts acylation, and exhibit excellent func- via a novel silver-catalyzed intramolecular decarboxylative cy-
tional group tolerance and regioselectivity. clization of 5-aryl-2,2-difluoropentanoic acids. A radical mecha-

In 2016, an environmentally benign strategy for the direct acy- nism is proposed for this palladium-catalyzed remote aryldifluo-
lation of iodo arenes with alkyl/aryl aldehydes was established roalkylation. The reaction is initiated by a single-electron trans-
by Satyanarayana and co-workers, accessing to a wide variety of fer (SET) between Pd(0) and the fluoroalkyl halides, thus pro-
aryl—aryl and alkyl-aryl ketones in the presence of palladium cat- ducing radical species (62) with the concurrent formation of

alyst (Scheme 41) [118]. TBHP was used as oxidant to generate Pd(I). The addition of 62 across the C=C bonds of alkenyl alde-
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Scheme 44. Synthesis of fluorenones and xanthones via cross dehydrogenative cou-
pling.

hyde forms the fluoroalkyl radical 73, which can be converted into
the acyl radical 64 through 1,n-HAT (n = 5 or 6) from intramolec-
ular aldehyde C—H bonds. The coupling of 64 with a Pd(I) species,
followed by a transmetalation with ArB(OH),, produces the inter-
mediate 66. As a consequence of reductive elimination, the remote
aryldifluoroalkylation products are formed, accompanied by the re-
generation of Pd(0).

4.2. Fe catalysis

In 2011, Li group achieved the FeCl,-catalyzed three-component
reaction of aldehydes, alkenes, and hydroperoxides to synthesize
B-peroxy ketones (Scheme 43) [120]. This three- component reac-
tion can be also applied to the synthesis of «-carbonyl epoxides,
through either a stepwise base-induced epoxidation of the sep-
arated B-peroxy ketones or a one-pot process by simply adding
base to the reaction mixture after the completion of the three-
component reaction. Mechanistically, alkyloxy and alkylperoxy rad-
icals are generated by iron catalyst. Subsequently, hydrogen atom
abstraction by tert-butoxyl radical, gives the corresponding acyl
radical. The radical addition followed by radical coupling leads to
the final product.

In 2013, Studer et al. revealed a cross dehydrogenative coupling
(CDC) of biphenyl-2-carboxyaldehyde to generate xanthones and
fluorenones through base-promoted homolytic aromatic substitu-
tions (BHASs), empolying TBHP as oxidant and FeCp, (0.1 mol% or
1 mol%) as radical initiator (Scheme 44) [121]. The reaction start-
ing with readily available ortho-formyl biphenylethers or biphenyls,
was well tolerated to diverse substituents and provided the prod-
ucts in moderate to excellent yields. Mechanistically, the radical
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Scheme 46. Iron-catalyzed radical acyl-azidation of alkenes.

process was triggered by the generation of acyl radical from alde-
hyde in the presence of ‘BuOOH and Fe(I)X,. In addition, this work
did not require any external strong base.

In 2015, Li group reported the iron-catalyzed acylation-
oxygenation of terminal alkenes using FeCl, as catalyst and di-tert-
butylperoxide as oxidant (Scheme 45a) [122]. Acyl radicals gener-
ated by the oxidation of aldehydes add to terminal alkenes and
followed by intramolecular oxygenation give functionalized 2,3-
dihydrofuran derivatives bearing a quaternary carbon. Using the
same reaction conditions, they developed an iron-catalyzed radical
[2+2+2] annulation of benzene-linked 1,7-enynes with aldehydes
in 2016 (Scheme 45b) [123]. With this method, a variety of fused
[6.6.6]pyran molecules are built in an efficient and selective man-
ner. The aldehydic radical-mediated strategy exhibits a particularly
attractive dual role, which triggers and terminates the domino cy-
clization.

In 2019, Bao group developed the iron-catalyzed acyl-azidation
of alkenes under mild reaction conditions (Scheme 46) [124]. Aro-
matic or aliphatic aldehydes can be used as the acyl radical pre-
cursors; TMSN; is employed as the azido source; TBHP is the ini-
tiator. The synthesized unsymmetrical $-azido ketones can be eas-
ily transformed into valuable functionalized compounds, such as
y-aminol, y-azido alcohol, B-azido oxime, B-azido ester and tri-
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Scheme 47. selective dehydrogenative acylation of enamides with aldehydes lead-
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azoles. Initially, an iron(Il) species (73) undergoes a SET process
with TBHP to afford the iron(Ill) species (74) and a tert-butyloxyl
radical, which can decompose to a methyl radical or release an
azido radical from TMSN3. Then, the tert-butyloxyl radical (or the
methyl radical or the azido radical) abstracts an H-atom from the
aldehyde to afford an acyl radical, which is trapped by an alkene
to produce a more stable carbon-centered radical 77. Upon ligand
exchange with TMSN3, the iron(lll) species (74) is converted into
an iron(Ill) species (75), which then undergoes azido group trans-
fer with 77 to afford the acyl-azidation product, regenerating the
iron catalyst.

In 2020, Hu group presented the iron-catalyzed dehydro-
genative acylation of enamides with aldehydes to afford g-
ketoenamides with broad substrate scope, good functional group
compatibility, and exquisite stereoselectivity (Scheme 47) [125].
The acyl radical 81 was produced via the hydrogen-abstraction
from the corresponding aldehyde by the tert-butoxyl radical, which
was generated via the decomposition of DTBP by Fell. Subse-
quently, the acyl radical 81 attacked the enamide at the S-position
providing the intermediate 82, which underwent an oxidation by
Fe!ll to afford the tentative cationic species 83. 83 was transformed
the iminium intermediate 84, followed by deprotonation with the
aid of the tert-butoxide anion to deliver the dehydrogenative acy-
lation product.

4.3. Cu catalysis

In 2013, Lei et al. reported the first copper-catalyzed ox-
idative coupling reaction of aldehydes with alkenes to form
a,B-unsaturated ketone compounds using CuCl, as catalyst
(Scheme 48) [126]. Due to the unnecessary pre-functionalization
of aldehydes and alkenes, this reaction is a very noticeable and su-
perior protocol to synthesize «,B-unsaturated ketones. The mecha-
nism indicated that alkyloxy radical was formed from TBHP under
the action of 86. Then aldehyde went through a hydrogen atom
transfer (HAT) in the presence of the resulting alkyloxy radical to
generate an acyl radical. Subsequently, the addition of acyl group
to alkene provided benzylic radical, followed by oxidation and de-
protonation to obtain the desired product 85 while regenerating
87.

Owing to quinazoline derivatives are the core structure of many
natural compounds and pharmaceuticals, the effective synthesis of
these compounds is of great significance. In 2016, Wang and Zhao
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et al. disclosed a copper-catalyzed oxidative coupling reaction of
unactivated aldehydes with quinazoline 3-oxides, providing quina-
zoline ketones 88 followed by the direct formation of quinazo-
line esters 89 in one-pot reaction, using Cu(OAc), as catalyst and
TBHP as oxidant (Scheme 49) [127]. The mechanism illustrated that
the final product was formed by two routes: The alkyloxy radical
from TBHP abstracted the hydrogen atom from aldehyde to pro-
vide the acyl radical 90, followed by the combination of quinazo-
line 3-oxide and acyl radical to afford the radical 91, which was
further oxidized to form the ketone. After that, the ketone under-
went the Baeyer-Villiger oxidation to deliver an intermediate 92,
and cyclic hydroxamic ester 89 was furnished by the intramolec-
ular acyl transfer (Route A). In another way, TBHP was dehydro-
gened to obtain a tert-butyl peroxy radical, which reacted with
quinazoline 3-oxide to give a radical 93, then 93 combined with
the acyl radical to afford ester 94. At last, ester 94 was transformed
into cyclic hydroxamic ester 89 via further fragmentation (Route B).

In 2019, Bao group reported the copper-catalyzed radical acyl-
cyanation of alkenes with aldehydes to access various unsymmet-
rical B-cyano ketones, employing TBHP as initiator (Scheme 50)
[128]. The ligated copper(I) catalyst (96) and TBHP undergoes a
SET process to afford Cul! species (97) and O'Bu radical. Then, the
O'Bu radical extracts a hydrogen atom from the aldehyde to prop-
agate the acyl radical (98) and tert-butanol. Subsequently, the acyl
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radical captures a vinylarene to form a more stable benzyl radi-
cal (100). Upon ligand exchange with TMSCN, the Cu!' species 97
converts to cyanocopper complex (99), which then undergo cyano
group transfer with the benzyl radical 100 to access the acyl-
cyanation product, meanwhile regenerating the copper(l) catalyst
96.

4.4. Ag catalysis

The functionalized chroman-4-one skeletons are widely used
in biological and pharmaceutical compounds, therefore the devel-
opment of an effective approach to synthesize such compounds
has received much attention. In 2016, Li’s group reported a rad-
ical cyclization reaction of diethyl phosphite and 2-(allyloxy)-
benzaldehyde to form phosphonate chroman-4-one derivatives un-
der mild reaction conditions (Scheme 51) [129]. This reaction pro-
ceeded successfully by using AgSbFg as catalyst and K,S,0g as oxi-
dant. To explore the process of this reaction, two possible synthetic
paths were proposed. Initially, an acyl radical and a phosphonyl
radical were generated from aldehyde and diethyl phosphite re-
spectively in the presence of silver catalyst and K,S,0g. The re-
sulting acyl radical 103 underwent intramolecular cyclization to
produce an alkyl radical 104. Subsequently, the coupling between
the nucleophilic alkyl radical 104 and the electrophilic phosphonyl
radical afforded the desired product 102. Pleasingly, the protocol
also can be used for synthesizing azide and hydroxy functionalized
chroman-4-ones.

Indole-indolone compounds always occupy a significant posi-
tion in the application of various biomedical products and phar-
macological compounds. Although great achievements have been
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Scheme 52. Silver-catalyzed intramolecular C-2 selective acylation of indoles with
aldehydes.

made in the development of transition metal-catalyzed direct ac-
tivation of C—H bonds or the abstraction of hydrogen from the
aldehyde, no progress has been made in the catalytic synthe-
sis of indole-indolone. In 2016, Rao’s group reported a silver-
catalyzed activation of C—H bond of aldehyde for the construction
of indole-indolone compounds with good selectivity for the first
time (Scheme 52) [130]. The reaction occurred well in the pres-
ence of oxone as oxidant and AgOMs as the catalyst, which could
obtain the product in good yields. The experiment on the mecha-
nism was conducted. Initially, peroxymonosulfate anion dispropor-
tionates into a hydroxide anion and a sulfate radical anion in the
presence of [Ag(I)] salt, meanwhile, the [Ag(I)] salt is oxidized to
[Ag(II)] species. Then the acyl radical 106 was obtained via the ox-
idation of C-H bond of aldehyde by [Ag(Il)] species or the abstrac-
tion of a hydrogen from aldehyde by sulfate radical anion. The acyl
radical 106 underwent an intramolecular radical addition to afford
the radical 107, which was subsequently oxidized by sulfate radical
anion or [Ag(Il)] species, and then underwent the deprotonation to
generate the product 105.

4.5. Ni catalysis

In 2018, Zhu group developed the nickel-catalyzed remote ary-
lation of alkenyl aldehydes triggered by radical alkylation with ter-
tiary o-carbonyl alkyl bromides, thus producing a quaternary car-
bon center containing ketones in promising yields with broad func-
tional group compatibility (Scheme 53) [131]. Preliminary mecha-
nistic studies suggest that the combination of a 1,n-HAT (n = 5 or
6) from alkyl radicals to aldehyde C—H bonds with nickel catalysis
may account for the realization of this reaction.

4.6. Mn catalysis

In 2018, Wang et al. describe the three-component reac-
tion of aldehydes, olefins, and sodium azide for the installa-
tion of C=0 and N3 groups into the double bond based on
(salen)Mn(IIl) catalysis system (Scheme 54) [132]. In the conver-
sion, the manganese-bound azide was oxidized by PhIO, generating
the key reactive oxomanganese(V) intermediate 110, which is capa-
ble of abstracting hydrogen from the aldehyde to form intermedi-
ate 111 and an acyl radical. The subsequent acyl radical addition
of a manganese-activated alkene would generate radical interme-
diate 112. Finally, azido-rebound via complex 113 released the final
product of acylazidation.
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5. Aldehyde as carbon radical acceptor

In the aforementioned work, aldehyde generally was used as a
carbon radical donor to initiate ketone synthesis, while employ-
ing aldehyde as carbon radical receptor was difficult to achieve. In
2016, Zhu and co-workers developed the copper-catalyzed cascade
annulation of enynals with alkenyl or alkynyl «-bromocarbonyls,
yielding various cyclohexenone-fused polycyclic compounds, using
Cu(OAc), as catalyst and pentamethyldiethylenetriamine (PMDETA)
as ligand. Diethylazodicarboxylate (DEAD) was used as reductant
for in situ generation of the Cu! catalyst (Scheme 55) [133].

The mechanism showed that radical 115 and Cul! were initially
obtained by a single electron transfer (SET) between Cu' and -
bromocarbonyls, then the addition of the resulting radical to C=C
delivered alkenyl radical 116, which is converted to the alkyl radi-
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Scheme 56. Copper-catalyzed acyltrifluoromethylation of alkenes.

cal species 117 via a 5-exo-trig cyclization. Then, an intramolecular
addition of carbon radical to the aldehyde group led to the gen-
eration of alkoxy radical 118, which underwent 1,2-HAT to provide
benzyl radical 119. Subsequently, the carbon-centered radical 119
was transformed to a cationic intermediate 120 by a second SET
process with the aid of Cu", and Cu' was simultaneously regener-
ated. Finally, the intermediate 120 was deprotonated under the ac-
tion of base to produce target product. Furthermore, the outstand-
ing characteristics of this protocol were excellent step-economics.
Up to six new C-C bonds and four new carbocycles can be estab-
lished in a single reaction.

The trifluoromethylation of alkenes, which could straightfor-
wardly construct the C-CF3 bond, has received extensive attention
because of its good step efficiency. In 2017, Zhu et al. firstly re-
ported a trifluoromethylation of unactivated alkenes to form triflu-
oroethyl indanones and related cyclic ketones using Cu(MeCN)4PFg
as catalyst (Scheme 56) [134]. In this process, the addition of tri-
fluoromethyl radical to alkenes generated the nucleophilic alkyl
radical. Subsequently, an alkoxy radical was generated through in-
tramolecular cyclization. And then 1,2-HAT, SET, and deprotonation
proceeded successively to provide the final product. This method
made a significant contribution to drug application and devel-
opment through the combination of CF3 group and an indanone
molecule.
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Efficient synthetic protocols of chroman-4-one derivatives have
gotten widespread development during the past decades owing to
their special physiological and biological properties. The cascade
radical cyclization of o-(allyloxy)arylaldehydes with different rad-
icals towards the formation of diverse chroman-4-one derivatives
has been rapidly developing.

Zhu group disclosed the silver nitrate-catalyzed oxidative radi-
cal decarboxylative cyclization reaction of o-(allyloxy)arylaldehydes
and tertiary carboxylic acids to obtain 3-alkyl-substituted
chroman-4-one derivatives under mild conditions (Scheme 57)
[135]. The substrate scope of this reaction was inspected, indicat-
ing that various o-(allyloxy)arylaldehydes and tertiary carboxylic
acids with different substituents were well tolerated and gen-
erated corresponding products with moderate to good yields. A
proposed mechanism illustrated that Ag(I) was firstly transformed
into Ag(Il) in the presence of persulfate, then Ag(Il) combined
with tertiary carboxylic acid to produce silver complex 123 which
was converted into a radical 124 and regenerated Ag(I) through
a single electron transfer, meanwhile CO, was released. Sub-
sequently, the direct addition of radical 124 to the C=C bond
of o-(allyloxy)arylaldehyde afforded the radical intermediate 125,
which successively underwent an intramolecular cyclization, a HAT
and oxidation to deliver an intermediate 128. Finally, expected
product 122 was obtained by the deprotonation of intermediate
128.

The utilization of cheap and easily obtainable carboxylic acids
as raw materials has great advantages, so that the decarboxyla-
tion cross-coupling reaction for the construction of C-C and C-X
bonds has received considerable attention in the field of synthe-
sis. Enlightened by previous works, in 2017, Wu et al. firstly re-
ported a silver nitrate-catalyzed cascade decarboxylation radical
addition/cyclization reaction which performed smoothly between
a-oxocarboxylic acids and aromatic aldehydes (Scheme 58) [136].
Eventually, it constructed dihydroflavonoid derivatives with good
efficiency and broad substrate scope upon the oxidation of am-
monium persulfate. In addition, diverse o-oxocarboxylic acids and
2-(allyloxy)benzaldehyde derivatives bearing different substituents
were investigated in this work, and the desirable products exhib-
ited good yields. A feasible mechanism showed that the aldehyde
acted as a carbon radical acceptor in this reaction. Initially, the car-
boxylic acid underwent decarboxylation under the action of silver
and persulfate anion to give an acyl radical 130, then the addition
of 130 to the C=C bond of the aldehyde formed radical 131, which
afforded an alkoxyl radical 132 by intramolecular cyclization, fol-
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lowed by 1,2-HAT to produce a benzyl radical 133. Subsequently,
the resulting benzyl radical went through dehydrogenation to gen-
erate the final product 129.

It is well known that dicarbonyl compounds are a sort of impor-
tant feedstock for the synthesis of various heterocycles. In the past
several years, many efforts have been devoted to developing radical
cascade reactions to efficiently afford the dicarbonyl heterocycles.
A relatively convenient silver-catalyzed radical cascade cyclization
was reported by Chen and Yu et al. in 2018 (Scheme 59) [137]. In
the presence of AgNO3 and K;S,0g, multifarious 2-functionalized
benzaldehydes reacted with 1,3-dicarbonyl compounds to form
1,5- or 1,3-dicarbonyl heterocyclic compounds including chroman-
4-one, indanone or 2,3-dihydroquinoline-4(1H)-one. After that,
the generated 1,5-/1,3-dicarbonyl heterocycles could react with
NH40Ac, NH,OH-HCI, or PhNHNH, respectively, and finally pro-
duced polycyclic compounds with diverse structures. This is the
first example of constructing a large variety of 1,5-/1,3-dicarbonyl
heterocycles via a silver-catalyzed radical cascade cyclization reac-
tion by directly using 1,3-dicarbonyl compounds as alkyl radical
precursors.

Based on the foundation about cascade radical annulation of o-
(allyloxy)arylaldehydes with different radicals for the preparation
of diverse chroman-4-one derivatives, Liu’s group reported a novel
access to chroman-4-one derivatives by silver-catalyzed cascade
radical cyclization of o-(allyloxy)arylaldehydes with cyclopropanols
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in 2019 (Scheme 60) [138]. Under the mild oxidative condi-
tions, various cyclopropanols and o-(allyloxy)arylaldehyde deriva-
tives were explored and rewarded good yields.

Two plausible mechanisms were elucidated by several control
experiments. In path A, o-(allyloxy)benzaldehyde reacted with 8-
keto radical 138 which in situ generated from the oxidation and
rearrangement of cyclopropanol 136 to form the radical interme-
diate 139, followed by cyclization to afford an oxygen radical 140.
Then the benzyl radical 141 was formed through a 1,2-HAT pro-
cess. Finally, the further oxidation and deprotonation yielded the
desired product 143. Alternatively, in path B, sulfate radical an-
ion abstracted the C-H bond of aldehyde, and generated acyl rad-
ical 144. Subsequently the acyl radical 144 underwent 6-exo-trig
cyclization to provide the radical intermediate 145, which reacted
with radical 138 to generate 143.

In 2019, Wang and co-workers conducted a similar exploration
about the synthesis of chroman-4-one and indanone derivatives
through radical cascade ring opening/coupling/cyclization [139]. In
addition to the synthesis of chroman-4-one, the indanone deriva-
tives were also successfully prepared in good yields. In terms of
the reaction mechanism, different opinions arise from the step that
the hydrogen of the benzyl radical 141 was abstracted by the sul-
fate radical to afford the final products.

In 2020, Wang’s group reported silver-catalyzed cascade radical
cyclization of o-(allyloxy)arylaldehydes with sodium sulfinates to
synthesize functionalized chroman-4-ones (Scheme 61) [140]. Un-
der the optimized reaction conditions that using K,S,0g as oxidant
and AgNOs as the catalyst, this reaction displayed a wide substrate
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scope to yield the desired products in moderate to good yields. In
this procedure, o-(allyloxy)benzaldehyde reacted with sulfonyl rad-
ical 148 which was generated from the sodium benzenesulfinate
in the presence of K,S,0g and AgNOs to produce 149. Followed
by intramolecular cyclization and HAT, it afforded the intermedi-
ate 151. After the oxidation and deprotonation of 151, the desired
product 153 was obtained. This efficient method for the synthesis
of functionalized chroman-4-ones derivatives greatly expands the
focus on developing economical, practical and environmentally be-
nign protocols for preparation of chroman-4-ones.

6. Conclusions

Ketones have been standing at the center of stage in synthetic
organic chemistry, due to their versatile applications in the syn-
thesis of fine chemicals, pharmaceuticals, and agrochemicals, and
are already key players in chemical industries and pharmaceutical
industries. Over the past few decades, transition metal-catalyzed
direct conversions of aldehydes to ketones have drawn great atten-
tion. These transformations, in easy and straightforward manners,
have excellent practical value, and broad application prospects.
Herein, we have provided a comprehensive overview of the historic
advancements starting from 2000, and mechanistic details of var-
ious aldehydes to generate corresponding ketones under different
reaction conditions. We summarize these transformations based on
the four major mechanisms: (1) Carbonyl-Heck reaction, that is 1,2-
insertion of organometal species to aldehydic C=0 double bond,
(2) Direct insertion of transition metal catalysts to aldehydic C—H
bond, (3) Aldehyde as acyl radical, (4) Aldehyde as carbon radi-
cal acceptor. We hope this systematic overview of ketone synthesis
employing aldehydes as starting materials will serve as a useful
reference for organic chemists and stimulate further innovations in
this exciting research field. We are convinced that in the near fu-
ture the application of these powerful methodologies will acceler-
ate further, not only in academic research but also in industry.
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