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a b s t r a c t

Oximes derivatives have been vastly used in organic synthesis. In this review, C(sp3)−H bond function-

alization of oximes derivatives via iminyl radical induced 1,5−hydrogen atom transfer was discussed. Ac-

cording to the different type of products, this review was divided into three parts: (1) C(sp3)−H bond

functionalization for C−C bond formation. (2) C(sp3)−H bond functionalization for C−N bond formation.

(3) C(sp3)−H bond functionalization for C−S, C−F bond formation.

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

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Iminyl radical is one of the main types of nitrogen radicals, due

to the existence of C(sp2)–N bonds and it belongs to the σ−type

free radical, both electrophilicity and nucleophilicity existed in its

molecule [1,2]. Because the weak N−O bond (BDE ≈ 50 kcal/mol)

are easily cleavage, oxime derivatives become one of the excellent

precursors for the production of iminyl radicals. Iminyl radical de-

rived from oxime derivatives could mediated various reactions. At

present, these iminyl radical induced reactions can be divided to

four main reaction modes: (1) addition reaction to aromatics; (2)

intramolecular hydrogen atom transfer (HAT) and subsequent re-

actions; (3) addition reactions to olefins; (4) norrish−I type cleav-

age (C−C bond cleavage at α position) and subsequent reactions.

The bond−dissociation energy (BDE) of iminyl N−H (93 kcal/mol)

is lower than most of the aliphatic C(sp3)−H (96−105 kcal/mol),

rendering the 1,5−HAT of iminyl radical to carbon radical thermo-

dynamically unfavourable. Therefore 1,5−HAT of the iminyl rad-

ical is challenged and far less developed compared with other

iminyl radical induced reactions. In this review, recent advances in

C(sp3)−H bond functionalization of oximes derivatives via iminyl

radical induced 1,5−hydrogen atom transfer (HAT) will be summa-

rized (Fig 1). According to the different type of products, this re-
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view was divided into three parts: (1) C(sp3)−H bond functional-

ization for C−C bond formation. (2) C(sp3)−H bond functionaliza-

tion for C−N bond formation. (3) C(sp3)−H bond functionalization

for C−S, C−F bond formation.

2. C(sp3)−H bond functionalization for C−C bond formation

As early as 1979, the transformation of the

phenylalkylideneamino−oxyacetic acids into tetralones under

strong oxidative conditions had been realized by Forrester group

(Scheme 1) [3], proving the feasibility of this type of domino

process. It is important to note that performing the reaction under

acidic conditions facilitated the 1,5−HAT. But it did not receive

enough attention for a long time afterwards, and its development

was relatively slow.

In recent years, visible light induced reactions [4–19] have re-

ceived much attention and become a powerful strategy in organic

chemistry. In 2017, visible light induced C(sp3)-H bonds functional-

ization of oximes via iminyl radicals induced 1,5-HAT is presented

by Nevado group (Scheme 2) [20]. Iminyl radical was generated

from the reduction of acyl oxime substrate with excited IrIII∗ cat-

alyst. A rate determining step 1,5-HAT followed by the functional-

ization of C(sp2)-H bond was involved in this transformation. No-

tably, the reaction course could be modulated to harvest different

products upon a careful choice of the reaction additives. A vari-

ety of ketones were isolated when the reaction was conducted un-

der aqueous media. In contrast, dihydro-2H-pyrroles were formed

https://doi.org/10.1016/j.cclet.2021.08.067
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Fig. 1. Reactions induced by iminyl radicals.

Scheme 1. Synthesis of tetralone via intramolecular hydrogen abstraction by

iminyls.

Scheme 2. Diverse reactivity of iminyl radicals.

if the reaction was carried out in the absence of water and in the

presence of a strong base DABCO.

In 2019, Wu group found that iron [21] was also good catalyst

for the synthesis of dihydronaphthalenones from aromatic oxime

esters via 1,5-hydrogen atom transfer (Scheme 3). The correspond-

ing products dihydronaphthalenones with moderate to good yields

and high chemoselectivities were achieved. However, oxime esters

with secondary γ -C(sp3)-H and primary γ -C(sp3)-H bond were not

Scheme 3. Intramolecular arylation via radical mediated 1,5−hydrogen transfer

process.

effective for this strategy. The result of control experiment im-

plied that radical intermediate was involved in this reaction. Re-

ductive generation of iminyl radical from oxime ester by iron(n),

1,5-hydrogen atom transfer and intramolecular radical cyclization

were proposed in the reaction mechanism to deliver the desired

products.

The iron-catalyzed reaction of oximes and heteroaryls for the

synthesis of alkyl ketones was reported by Guo group (Scheme 4)

[22]. Various alkyl ketones and heteroaryls were suitable for this

transformation. HOAc was needed for this reaction, it might in-

crease the electrophilic nature of heteroarenes to enable eas-

ier trapping by the nucleophilic alkyl radical. Oxime esters with

secondary or tertiary C−H were well compatible with this re-

action. Unfortunately, oxime esters with primary C−H bonds,

even benzylic C−H bonds did not deliver the desired products.

A radical pathway was possible for this reaction. Formation of

iminyl radical via single−electron reduction of oxime ester by

FeII, carbon radical formation trigged by 1,5−HAT, radical addition,

oxidization of carbon radical, deprotonation and hydrolysis were

proposed for the mechanism. Notably, a radical chain propagation

mechanism cannot be ruled out completely.

By integration of 1,5-hydrogen atom transfer trigged by iminyl

radical and [5 + 2] or [5 + 1] annulation processes [23], a series of

structurally novel and interesting azepine and spirotetrahydropy-

ridine derivatives with moderate to high yields were successfully

prepared in the presence of FeCl2 as catalyst (Scheme 5). Note that,

when an oxime bears two potentially reactive sites for 1,5-HAT, the

reaction preferred to occur at the methyl group, probably due to

the relatively high stability of the benzylic carbon radical. Vari-

ous electron-deficient alkenes were well applied to this reaction,

but alkenes such as styrene and methyl cinnamate did not give

the desired products. When maleimides were applied to this trans-

formation, the [5 + 1] annulation products, spiro-succinimide-

tetrahydropyridine derivatives were isolated. N-Aryl maleimides,

N−Me maleimide and NH−maleimide are all well tolerated in this

reaction. Mechanism investigation supported the involvement of a

γ −carbon radical in the annulation reaction. Firstly, reductive gen-

eration of iminyl radical via SET between FeII and oxime occured.

The iminyl radical undergoes 1,5−HAT to form an alkyl carbon rad-

ical B, which followed by the addition of the γ −carbon radical to

the alkene to give a new carbon radical C. Then intermediate D

which was form from the intramolecular addition of carbon radical

to the imine group, was oxidized by the FeIII to afford an iminium

ion E with the release of the FeII catalyst. Finally, the desired prod-

uct azeping derivative would be generated via deprotonation.

The visible light induced oxidatively generation of iminyl radical

from oxime esters was revealed by Studer group (Scheme 6) [24].

Then iminyl radical was followed by formation of tertiary or sec-

ondary alkyl radicals via 1,5-hydrogen atom transfer (HAT), Michael

additions of alkyl radical to various acceptors, reduction and imine

hydrolysis to give γ -functionalized ketones. Using aminoxy pro-
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Scheme 4. Iron−catalyzed intermolecular remote C(sp3)−H heteroarylation of alkyl ketones.

Scheme 5. 1,5-Hydrogen atom transfer/[5 + 2] or [5 + 1] annulation of oxime.

pionic acid as auxiliary and [IrIII] as photoredoxcatalysis, this re-

dox neutral transformation could proceed under mild conditions

and various functional groups are tolerated. Additionally, the imine

functionality in the crude products can be conserved by in situ
Scheme 6. C(sp3)−H functionalization of ketones.
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Scheme 7. Hydroxyalkylation of remote C(sp3)−H bond via tandem 1,5−HAT.

Scheme 8. Visible light induced intermolecular remote C(sp3)−H vinylation.

benzoyl protection and Bz-imine can be obtained in moderate

yield, demonstrating the synthetic value of the method.

In 2018, Duan group realized [25] the visible light mediated

three-component γ -hydroxyalkylation of ketones under redox neu-

tral conditions (Scheme 7). Water and simple alcohols were effec-

tive nucleophiles, providng the desired γ -carboetherification of ke-

tones in good yields. But the sterically hindered alcohols, amines or

indoles were not suitable for this system. Radical trapping exper-

iments implied that C-centered radical generated through 1,5-HAT

should be involved in this transformation. In the mechanism, tan-

dem iminyl radical−triggered 1,5-HAT followed by oxyalkylation of

unactivated alkenes were proposed to give the controlled γ -C(sp3)-

H bonds functionalization of ketones. Oxime esters with secondary

or tertiary γ -C(sp3)-H bonds all reacted smoothly. However, oxime

ester having primary C−H bond did not gave the desired product.

The visible light induced intermolecular remote C(sp3)−H viny-

lation of O−acyl oximes with vinyl boronic acids was described

by Yu group (Scheme 8) [26]. A wide range of γ −vinylated ke-

tones can be efficient prepared. Iminyl radicals reductive gen-

erated from O−acyl oximes under irradiation by visible light

was described in the reaction mechanism. Then 1,5−hydrogen

atom transfer (HAT) induced by iminyl radical occurred to deliver

translocated carbon−centered radicals. Finally, the desired prod-

ucts were obtained via vinylation of carbon−centered radicals with

vinyl boronic acids. Additionally, γ −vinylated nitriles were isolated

when cyclic O−acyl oximes were subjected to this reaction system.

Chemoselectivity investigation showed that intramolecular HAS is

faster than intermolecular vinylation, and C−C bond cleavage is

more favorable than 1,5−HAT under the reaction conditions.

Duan group found [27] that γ −vinylated ketones could also be

synthesized via the reaction of oximes with alkenes (Scheme 9).

A wide range of available alkenes were well applied to this re-

action and forming the desired products γ -alkenyl ketones with

moderate to high yields. This protocol could also be used to mod-

ify the complex molecules such as estronederived olefins. Unfor-

tunately, the primary C(sp3)-H bonds were not compatible in this

reaction. The substrate with benzylic C(sp3)-H bonds could pro-

duce the expected products, albeit in somewhat low yields. Mech-

anism examination implied that carbon center radical was in-

volved in this transformation. Firstly, formation of iminyl radical

formed from single-electron reduction of oximes by excited species

IrIII∗. Then, 1,5-HAT induced by iminyl radical take place to give

the C−centered radical, which followed by radical addition with

alkenes, oxidation by IrIV to carbocation intermediate, deprotona-

tion and hydrolysis to provide the final product. Alternatively, cap-

ture of the carbocation by water to form alcohol, which followed

by dehydration to afford the desired product was also possible.

Because of its steric hindrance and easily to be oxidized, car-

bonylation of tertiary carbon radicals are challeging. Wu group

found that CO was good substrate to react with oxime esters for

the synthesis of cyclic compounds via carbonylation of tertiary

carbon radicals (Scheme 10) [28]. Various six−membered lactams

were obtained in high yields and excellent chemo−selectivities

in the presence of Fe(acac)3 as catalyst. Oximes with secondary

C(sp3)-H bond also suitable for this reaction, but product with a

slight lower yield was obtained. A SET reduction of oxime esters

by Fen species to give the iminyl radical A, 1,5−hydrogen atom

transfer induced by iminyl radical to give tertiary carbon radical

B, capture of CO gas to form the intermediate C, single-electron

oxidation of radical C to form acyl carbocation intermediate D by

Fen+1 species, were described in the potential mechanism.

Pyridines as the core structure structural skeletal framework of

many natural products and pharmaceuticals, have received consid-

erable interest [29–33]. In 2020, iron−catalyzed radical relay re-

actions for the synthesis of fused pyridines from alkyne−tethered

oximes and alkenes was developed by Wei group (Scheme 11)

[34]. The fused pyridines with various groups were prepared ef-

ficiently in this reaction, which can be transformed to others valu-

able compounds via cyclization, C−H alkylation and click reaction.

Notably, some biologically active compounds such as estrone− and

d-galactose−derived substrates were all well tolerated in this sys-

tem. DFT calculation studies was performed, and indicated that for-

mation of iminyl radical via reduction of oximes by Fe, cascade 1,5-

hydrogen atom transfer, 5-exo-dig radical addition, and cyclization

processes was involved in the mechanism.

Visible−light−induced dearomatization reaction for the synthe-

sis of highly strained polycyclic molecules has gained much at-

tention in recent years [35–39]. Transient, high−energy diradical

species as key intermediates are typically involved in this type of

reaction. In 2020, You group described the visible-light-induced di-

vergent dearomatization of indole-tethered O-methyl oximes for

the synthesis of indoline-fused azetidines [40], in which the re-

actions of the open-shelled singlet diradical intermediates toward

1,5-hydrogen atom transfer was involved when alkyl substituent

was available at the C3 position of the indole ring (Scheme 12). A

series of experimental and computational investigations were con-

1202



D.-Q. Dong, J.-C. Song, S.-H. Yang et al. Chinese Chemical Letters 33 (2022) 1199–1206

Scheme 9. Iminyl radical−triggered 1,5−hydrogen-atom transfer/heck−type coupling.

Scheme 10. Carbonylation of tertiary carbon radicals: synthesis of lactams.

ducted to explain the mechanism. It was interesting to note that

when substrates bearing none substituent at the C3 position of the

indole ring, the [2 + 2] cycloadditions occurred to form related

polycyclic molecules.

Scheme 11. Iron-catalyzed radical relay reactions of alkyne-tethered oximes and

alkenes.

3. C(sp3)−H bond functionalization for C−N bond formation

In 2014, Chiba group described the CuI−catalyzed redox

neutral C(sp3)–H amination reactions of readily available N-

alkylamidoximes (Scheme 13) [41]. Dihydroimidazoles with mod-

erate yields could be isolated. The reaction is initiated by re-

duction of the oxime N–O bond with Cu(I) species, providing

iminyl radicals A and Cu(II) species. After the 1,5−H shift, the

1203



D.-Q. Dong, J.-C. Song, S.-H. Yang et al. Chinese Chemical Letters 33 (2022) 1199–1206

Scheme 12. Dearomatization via [2 + 2] cycloaddition or 1,5−hydrogen atom trans-

fer.

Scheme 13. Redox-neutral C–H amination with amidoximes.

carbocation C was formed via oxidation of C−radicals B by the

Cu(II). Finally, dihydroimidazole products were generated via am-

ination and deprotonation reaction. In addition, the reactions of N-

benzoylamidoximes resulted in C(sp2)–H amination to form quina-

zolinones was also possible.

Fu group found that intramolecular C(sp3)−H imination of O-

aryl oximes derivatives can be conducted in the presence of visible

light as a sole requirement [42]. The reaction can be conducted

well at room temperature and the obtained products imidazole

derivatives with various functional groups were obtained smoothly.

It is interesting to note that no catalyst, oxidant, additive, acid, and

base were required for this transformation (Scheme 14). Investi-

gation of the reaction mechanism revealed that the formation of

iminyl radical and 1,5-HAT were involved in the reaction process.

The products containing pyrrolidinyl were more stable than those

containing six-membered cycles and acyclic tertiary amines, since

oxidation products were not formed when substituted 1-phenyl-

2(pyrrolidin-1-yl)ethanone O-(2,4-dinitrophenyl)oximes was sub-

jected to this reaction (Scheme 15).

In 2019, iron−catalysed remote C(sp3)-H azidation of O-Acyl

oximes for the synthesis of γ -azido ketones was realized by Zhu

group (Scheme 16) [43]. A wide range of γ -azido ketones with

good to excellent yields were obtained. TMSN3 served not only as a

nitrogen source to functionalize the unactivated C(sp3)-H, but also

Scheme 14. Visible light induced intramolecular C(sp3)−H imination.

Scheme 15. Visible-light-mediated intramolecular α-C(sp3)-H imination of substi-

tuted 1-phenyl-2-(pyrrolidin-1yl)ethanone O-(2,4-dinitrophenyl)oximes.

Scheme 16. Iron-catalysed remote C(sp3)-H azidation of O-acyl oximes and N-

acyloxy imidates.

as a reductant to generate the catalytically active FeII in situ. Acid

(HOAc) palyed an important role in both 1,5-HAT process and the

hydrolysis of imines to ketones, which could accelerate the reac-

tion via speeding up the 1,5-HAT process. Control experiments sup-

ported the involvement of C-centred radical in this azidation re-

action. A sequence of reductive generation of an iminyl radical by
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Scheme 17. Photoinduced aminosulfonylation of an unactivated C(sp3)−H bond

with sulfur dioxide.

FeII, 1,5-hydrogen atom transfer (1,5-HAT) and iron-mediated redox

azido transfer to the translocated carbon radical were proposed for

the reaction mechanism. Additionally, nacyloxy imidates were also

good substrates for this reaction, providing various β-azido alco-

hols.

4. C(sp3)-H bond functionalization for C-S, C-F bond formation

1,4-Diazabicyclo[2.2.2]octane-1,4-diium-1,4-disulfinate (DABSO)

as a substitute for sulfur dioxide has gained much achievement

in construction of sulfonyl compounds [44–47]. In 2017, N−radical

initiated aminosulfonylation of C(sp3)−H bond through insertion

of sulfur dioxide mediated by visible light was reported by Wu

group (Scheme 17) [48]. In the absence of metals or photore-

dox catalysts, the reaction of O-aryl oximes with DABSO pro-

ceeded smoothly at room temperature under blue LED irradiation.

Substrates containing a six-membered, five-membered carbocycle

or benzylic carbon all react well in this system. In the reaction

mechanism, iminyl radical was generated form the reaction of O-

aryl oximes with DABSO under visible-light irradiation. Then 1,5-

hydrogen atom transfer, insertion of sulfur dioxide occurred in se-

quence to give 1,2-thiazine 1,1-dioxide derivatives.

In 2018, the visible light induced formation of functionalised

ketones from oximes derivatives was developed by Leonori group

(Scheme 18) [49]. Different from the previous methods for gener-

ating iminyl radical via reduction of oximes, oxidative generation

of iminyl radicals from simple oximes was realized in this reac-

tion. Selectfluor as the F source and Ag2CO3 as aco-catalyst, γ -

F ketones can be prepared in good yields. The structurally com-

plex lithocolic acid derivative could also undergo γ -fluorination for

furhter modification. Control experiments showed that photocata-

lyst, AgI, and continuous blue LED irradiation were necessary for

this transformation. Interestingly, γ -Cl, N-Cl imines were isolated

when NCS was used to react with oximes. Cyclic oximes also re-

Scheme 18. Photoinduced γ -fluorination reactions via iminyl radicals.

acted smoothly with slectfluor, N-chlorosuccinimide (NCS) or tri-

isopropylsulfonyl azide to provide the corresponding products via

ring opening/fluorination, chlorination, and azidation cascade re-

actions. Calculation was performed to explain this reaction, which

showed there is a very small gain in BDEs between iminyl species

and carbon radical.

5. Conclusions and outlook

Despite significant progress has been achieved in this rapidly

developing research field, some challenges and also opportunities

remain. Because bond-dissociation energy (BDE) of iminyl NH is

lower than most of the aliphatic C(sp3)-H, which render the 1,5-

HAT from iminyl radical to carbon radical thermodynamically un-

favourable. Therefore we need to develop more effective methods

to promote this 1,5-HAT reaction; How to suppress the hydrogen

elimination from carbon radicals to yield alkenes deserve further

study; More radical partners such as sulfonyl radical, SCN, oxy-

gen radical and so on are deserved to be further explored; Multi-

component reaction for C(sp3)-H bond functionalization of oximes

derivatives via iminyl radical induced 1,5-HAT deserved more at-

tention; The asymmetric C(sp3)-H bond functionalization of oximes

derivatives via iminyl radical induced 1,5-hydrogen atom transfer

has not been disclosed, which is expected to be developed in the

near future.
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