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ABSTRACT: Microwave irradiation of O-phenyloximes triggers N–O homolysis and 1,5-hydrogen atom transfer (HAT), resulting 

in formal -C–H functionalization of ketones after trapping of the radical intermediate and in situ imine hydrolysis. The Lewis acid 

InCl3∙H2O facilitated the HAT step, enabling functionalization of nonbenzylic 1° carbon atoms. Both C–O and C–C bond formation 

could be accomplished by this method. 

The chemistry of the carbonyl group occupies a central po-

sition in the field of organic synthesis. Nucleophilic additions 

to carbonyl carbons, reactions of electrophiles at enolate -

carbons, and conjugate additions of nucleophiles to the -

carbon atoms of enones and enoates are among the most ubiq-

uitous and fundamental transformations. However, processes 

that functionalize the -carbon of a carbonyl compound are 

considerably less common.1 Mohr’s polarity-matched addi-

tions of electrophilic radicals to electron-rich dienol ethers 

constitute a notable advance in this area.2 

In 2018, Leonori3 and Studer4 accomplished the formal -

functionalization of ketones via iminyl-radical-mediated 1,5-

hydrogen atom transfer (HAT). The iminyl radicals were gen-

erated from -imino-oxy acids by deprotonation, single-

electron transfer (SET) oxidation of the resulting carboxylate, 

and decarboxylative fragmentation. After a thermodynamical-

ly favored 1,5-HAT, functionalization of the resulting carbon-

centered radical and hydrolysis of the NH imine delivered the 

ketone products (Scheme 1a). While this work represents a 

significant achievement in ketone -C–H functionalization 

chemistry, the need for base precludes the use of acid to pro-

tonate the iminyl radical intermediate. Protonated iminyl radi-

cals have significantly higher BDE values than neutral iminyl 

radicals, leading to more favorable HAT processes.3,5 The 

inability to utilize protonated iminyl radicals limits the scope 

of these SET-oxidation-dependent reactions to the functionali-

zation of 3° and benzylic 2° carbons.3,4 Additionally, the re-

quirement to reduce either the carbon-centered radical inter-

mediate or the functionalized adduct to regenerate the catalyst 

restricts the types of trapping agents that can be used. 

The development of analogous processes that rely on SET 

reduction instead of oxidation to generate iminyl radicals6 has 

permitted the use of Lewis or Brønsted acids to promote 1,5-

HAT. As a result, nonbenzylic 2° carbons can be activated in 

some cases (Scheme 1b).6c,6d However, catalyst turnover re-

quires SET oxidation of the adduct. Thus, only traps that af-

ford readily oxidizable adducts can be employed. Clearly, the 

generation of iminyl radicals by methods that do not rely on 

SET would increase the scope of HAT-mediated -C–H acti-

vation.7 

 

Scheme 1. Comparison of HAT Methods Using Iminyl Radicals. 

In 2007, Walton reported that the weak N–O bond of O-

phenyloximes (BDE = ca. 35 kcal/mol)8 could be cleaved by 

microwave irradiation, producing iminyl radicals that subse-

quently undergo 5-exo-trig and 5-exo-dig cyclizations.9 In-

spired by this seminal work that does not rely on SET, we 

initiated a program to explore the utility of thermally generat-

ed iminyl radicals. Our first contribution to this area involved 

the synthesis of 2-acylpyrroles via microwave-promoted 5-



 

exo-dig iminyl radical cyclization followed by TEMPO trap-

ping.10 We subsequently reported the construction of function-

alized nitriles by means of microwave-promoted fragmenta-

tions of 4- and 5-membered cyclic iminyl radicals.11 Recently, 

we generated a variety of functionalized pyrrolines via 5-exo-

trig iminyl radical cyclizations. These reactions could be trig-

gered by either microwave irradiation or conventional heat-

ing.12 The lack of SET events and redox cycles has enabled a 

broad range of radical traps to be employed in both the frag-

mentations and the cyclizations. 

We recognized that application of microwave-promoted im-

inyl radical chemistry to the -C–H functionalization of ke-

tones could potentially expand the scope of radical traps 

and/or substrates compared to the previously discussed pro-

cesses that rely on SET oxidation and reduction. Herein, we 

report our investigations in this area, which have revealed that 

the ability to employ a Lewis acid in these base- and catalyst-

free reactions enables the unprecedented functionalization of 

nonbenzylic 1° -carbon atoms (Scheme 1c). 

We commenced our efforts to develop thermally-promoted 

-C–H functionalizations by selecting O-phenyloxime 1a as 

the test substrate and TEMPO as the radical trap (Table 1). We 

elected to trigger iminyl radical formation via microwave irra-

diation rather than conventional heating due to the rapid rates 

inherent to this technique.9–12 Reactions performed without 

additives were low-yielding and afforded complex mixtures, 

so we evaluated the use of Brønsted or Lewis acids. Various 

carboxylic acids promoted the desired C–H activation (entries 

1–5), with chloroacetic acid delivering the best yield of ketone 

2a (entry 3). However, we shifted our attention to InCl3∙H2O
6h 

when this Lewis acid furnished 2a in an improved yield (entry 

6). A survey of various solvents (entries 7–12) revealed the 

combination of InCl3∙H2O and PhCF3–iPrOH–H2O 23:1:1 to 

be optimal (entry 12). We studied this solvent system based on 

reports that it forms a single phase at elevated temperatures.13 

Table 1. Optimization of Reaction Conditions 

 

entry acid solvent % yielda    

1 CH3CO2H CH3CN 23    

2 CH3CO2Hb CH3CN 28    

3 ClCH2CO2Hb CH3CN 45    

4 Cl2CHCO2Hb CH3CN 38    

5 Cl3CCO2Hb CH3CN 19    

6 InCl3∙H2O CH3CN–THF 2:1 49    

7 InCl3∙H2O CH3OH 30    

8 InCl3∙H2O CH3CN–CH3OH 25:1 40    

9 InCl3∙H2O PhCF3–THF–CH3CN 4:2:1 38    

10 ClCH2CO2H PhCF3–CH3CN 25:1 40    

11 InCl3∙H2O PhCF3–iPrOH–H2O 8:1:1 58    

12 InCl3∙H2O PhCF3–iPrOH–H2O 23:1:1 67    
aIsolated yield. b2 equiv of acid was used. 

The scope of the ketone -C–H functionalization was ex-

plored by subjecting a variety of O-phenyloximes 1 to the 

optimal reaction conditions (Scheme 2). The substrates were 

constructed in a single step by pyridine-mediated condensation 

of ketone precursors with PhONH2∙HCl.14 Benzoyl-containing 

substrate 1b furnished a 1:1 mixture of adduct 2b and tetralone 

2b’, indicating that cyclization of the intermediate radical onto 

the neighboring aromatic ring5,15 is competitive with TEMPO 

trapping. Phenyl-substituted oxime ether 1c delivered -

functionalized ketone 2c in good yield, demonstrating the via-

bility of 2° benzylic radicals as intermediates in this reaction. 

Ketones 2d and 2e were obtained in modest yields compared 

to ketone 2a, presumably due to the existence of two different 

types of -hydrogens in the substrates 1d and 1e. Although no 

products derived from TEMPO trapping at the primary (1d) or 

secondary (1e) -carbon were isolated, 1H NMR spectra of the 

crude reaction mixtures indicated the presence of several mi-

nor components. Thus, it appears that substrates containing 

multiple sets of -hydrogens afford reduced yields due to the 

possibility of multiple reaction pathways. 

Scheme 2. Scope of O-Phenyloxime Substrates 

 

Substrates possessing nonbenzylic 1° or 2° -carbons un-

derwent the -C–H functionalization, albeit with modest yields 

(2f–2i). gem-Dimethylation was beneficial for substrates with 

a 1° -carbon (see 2f and 2g), but it had no impact on reactions 

involving a 2° -carbon (see 2h and 2i). We are uncertain why 

this is the case, but it is clear that further advances are required 

for -C–H functionalization at nonbenzylic 1° and 2° carbons 

to become a synthetically useful process. Our results are none-

theless noteworthy, as comparable protocols that are reliant on 

SET chemistry are known to fail completely with substrates 

bearing a nonbenzylic 1° -carbon.6b,6c,16 

To determine if C–C bonds could be forged by this method, 

we examined the microwave-promoted -C–H functionaliza-

tion of O-phenyloximes 1a and 1c with allylsulfone 317 as the 

radical trap (Scheme 3). The reactions did not proceed with 3 

equivalents of 3, but increasing the amount of the radical trap 

to 10 equivalents afforded the desired adducts 4 and 5. Alt-

hough the yields are modest, this result demonstrates the pos-

sibility of merging microwave-promoted and iminyl-radical-

mediated 1,5-HAT with C–C bond formation. 

 

 

 



 

Scheme 3. -C–C Bond Formation Using Allylsulfone 3 

 

The -C–H functionalization could be performed on a pre-

parative scale. Subjection of ca. 1 mmol of 1a to the standard 

reaction conditions furnished ketone 2a in 49% yield (Scheme 

4). It is unclear why the yield of this reaction is lower than the 

analogous smaller-scale reaction reported in Scheme 2. 

Scheme 4. Preparative Scale Reaction 

 

In conclusion, we have demonstrated that O-phenyloximes 

can undergo microwave-promoted N–O homolysis followed 

by 1,5-HAT, delivering the products of a formal -C(sp3)–H 

ketone activation. The use of InCl3∙H2O was beneficial, pre-

sumably due to its ability to coordinate iminyl radicals and 

increase their reactivity to hydrogen atom abstraction. It is 

presumably this enhanced reactivity that enables generation of 

unstabilized primary radicals by this process, a feat that has 

not been achieved using SET-dependent iminyl radical chem-

istry that in many cases precludes the use of acidic promoters. 

Both C–O and C–C bond formation could be accomplished by 

using TEMPO and an allylsulfone as radical traps. The reac-

tions are rapid and involve simple experimental protocols. 

Although more work is necessary for the yields to reach syn-

thetically useful levels, we believe that the potential of this 

method justifies further investigation. 
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