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ABSTRACT: A novel flavin-catalyzed chemoselective aerobic oxygenation of arylheteroarylmethanes to ketones has been de-
veloped under metal-free and mild conditions. This catalytic system employs a cationic flavin to activate sp³ C–H bonds 
through the formation of pyridinium-flavin adducts, enabling precise proton and electron transfer for oxygen-atom insertion. 
As a result, this method exhibits high chemoselectivity, effectively distinguishing between arylheteroarylmethanes and dia-
rylmethanes. 

The direct and selective oxygenation of sp3 C–H bonds re-
mains one of the most critical challenges in organic chemis-
try.1  In particular, aerobic oxygenation using molecular ox-
ygen (O2) has gained significant attention because O2 is the 
greenest, most cost-effective, readily available, and sustain-
able oxidant.1b,2 Arylheteroarylmethanones, particularly 2- 
or 4-benzoylpyridines, are key intermediates in the synthe-
sis of active pharmaceutical ingredients, including antihis-
tamines (e.g., pheniramine, doxylamine, and arpromidine),3 
antiarrhythmic agents (e.g., disopyramide),4  and anticancer 
therapeutics (Figure 1A).5 The chemoselective aerobic oxy-
genation of heterobenzylic sp³ C–H bonds represents a 
promising and atom-economical route to arylheteroaryl-
methanones. However, successful examples of the chemose-
lective oxygenation of arylheteroarylmethanes are limited 
because the bond dissociation energies (BDEs) and 

 

 

Figure 1. (A) Biologically and pharmaceutically important 
compounds derived from arylheteroarylmethanones and 
(B) comparison of BDEs and oxidation potentials (Eox vs 
SCE). 

 

oxidation potentials (Eox) of these compounds are ex-
tremely similar to those of diarylmethanes (Figure 1B).6-9 

In 2012, Maes et al. reported the chemoselective aerobic 
oxygenation of 2-benzylpyridines 1 to 2-benzoylpyridines 2, 
catalyzed by copper and iron at 100 C. Oxygenation of 1 oc-
curs selectively rather than diphenylmethane and 3-ben-
zylpyridines in the presence of acetic acid (1 equiv.), pro-
moting the imine-enamine tautomerization to activate the 
heterobenzylic sp3 C–H bond (Scheme 1A).6-8 Zhuo, Lei, and 
coworkers demonstrated the selective copper-catalyzed 
aerobic oxygenation of 1, in which a stoichiometric amount 
of chloroacetate was used at 130 C to activate 1 (Scheme 
1B).9  The formation of pyridinium cations from 1 and chlo-
roacetate activated the sp3 C–H bond of 1 to promote the 
copper-catalyzed radical process for aerobic oxygenation. 
In this study, we report a novel method for the chemoselec-
tive aerobic oxygenation of arylheteroarylmethanes under 
metal-free and relatively mild conditions (Scheme 1C). This 
system utilizes a flavin-based organocatalyst that activates 
sp³ C–H bonds through pyridinium-flavin adduct formation 
and facilitates catalytic proton/electron transfer processes, 
enabling efficient oxygen-atom insertion. 



 

Scheme 1. (A) AcOH- and (B) chloroacetate-mediated 
processes for oxygenation of 1 and (C) present study on 
flavin-catalyzed system.  

 

 

 

Cationic flavin catalysts have been developed to mimic the 
enzymatic function of flavin monooxygenase (FMO), which 
promotes oxygen-atom transfer to substrates in the 
presence of NAD(P)H.10 Simplified flavin catalysts can 
promote the chemoselective aerobic oxygenation of various 
substrates, including heteroatoms,11 carbonyl 
compounds,12 and boronic acids.13 However, these systems 
require chemical reductants to supply two electrons to the 
flavin catalyst, similar to how FMO requires two electrons 
from NAD(P)H. Alternatively, the photocatalysis of flavins 
has been applied to the aerobic photooxygenation of 
benzylic C–H bonds, such as those in toluene.14 However, 
the high oxidation ability of excited flavins (1.67–2.67 V vs 
SCE),14h,15 makes chemoselective oxygenation of 
heterobenzylic C–H bond via flavin photocatalysis difficult. 
The development of nonenzymatic aerobic oxygenation 
methods that do not rely on chemical reductants or light 
irradiation remains a long-standing challenge. Recently, we 
reported the flavin-iodine-catalyzed synthesis of 
imidazo[1,5-a]pyridines via tandem C–H imination and 
amination of pyridylacetates and aminomethanes.16 In this 
transformation, the sp³ C–H bond of ethyl-2-(pyridin-2-
yl)acetate was oxygenated to a sp² C=O bond without light 
irradiation. However, the detailed mechanism remains 
unclear. Therefore, we present a novel application of flavin 
catalysis for chemoselective aerobic oxygenation of 
arylheteroarylmethanes without the use of reductants or 
light irradiation. 

The effects of various flavin catalysts with different 
structures and redox potentials17 on the oxygenation of 2-
benzylpyridine (1a) were investigated in the presence (10 
mol%) of the flavin catalysts in CH3CN under O2 (1 atm, 
balloon) at 40 C for 24 h (Supporting Information, Table 
S1). As a result, we selected F1a as the most suitable cata-
lyst for aerobic oxygenation. Following further optimization 
of the reaction conditions (Table S2), the yield of 2a 

increased to 81% when EtOAc was used as the solvent at 60 
C.  

The substrate scope of the proposed system for aerobic ox-
ygenation is determined by considering the optimized con-
ditions (Table 1). Various phenyl-2-pyridylmethanes, corre-
sponding to the electron-donating and -withdrawing 
groups on the phenyl ring, underwent oxygenation, yielding 
the corresponding phenyl-2-pyridylketones 2a–c in 74–
96% yields. Phenyl-4-pyridylmethane (1d) was oxygenated 
successfully to give 2d in 86% yield, consistent with the ob-
served results for the reaction of 2-pyridyl substrate 1a. In 
contrast, the oxygenation of 3-pyridyl substrate 1e to 2e 
and diphenylmethane (3a) to the corresponding ketone 4a 
was hardly observed. This observed regioselectivity of the 
pyridine unit suggests that sp³ C–H activation occurs via the 
formation of a pyridinium-flavin adduct, as illustrated in 
Scheme 1C. 2-Benzimidazolyl substrate 1f and 1g also gave 
2f and 2g in excellent yield (91 and 94%). On the other 
hands, 2-methylpyridine (1h) and 2-pentylpyridine (1i) 
with aliphatic substituents were not converted to the corre-
sponding products 2h and 2i, respectively, due to their low 
reactivity. 

Table 1. Scope of aerobic oxygenation of 
diarylmethanes 1 or 3.a  

a General conditions: 1a (0.4 mmol, 1 M) and F1a (10 
mol%) were stirred in EtOAc under O2 (1 atm) at 60 C for 
24 h. Isolated yields. b F1a (15 mol%) was used for 30 h. c 
Yields were determined by 1H NMR using 1,3,5-trioxane as 
internal standard. d 1 mmol scale reaction: 1g (1 mmol, 244 
mg) was used for 30 h. e CH3CN was used as a solvent. 

 



 

Next, the chemoselectivity of aerobic oxygenation of vari-
ous diarylmethanes is investigated (Scheme 2). When 1a 
and diphenylmethane (3a) are reacted simultaneously un-
der standard conditions, the oxygenation of 1a to 2a occurs 
preferentially (Scheme 2A). Although the conversion of 1a 
exceeded 99%, that of 3a was very low (3%), indicating 
high chemoselectivity. The oxidation potentials of 1a and 
3a, determined by differential pulse voltammetry in CH3CN 
(1.0 mM), were similar (Figure S1): 1a (Eox = +2.00 V, vs 
SCE) and 3a (Eox = +2.14 V, vs SCE). Therefore, the chemose-
lectivity between 1a and 3a is unlikely to be explained by 
direct electron transfer from the substrate to the flavin cat-
alyst. The lower the BDE and the more stable the generated 
radical, the easier the hydrogen atom transfer (HAT), ena-
bling the homolytic cleavage of the C–H bonds.18 However, 
the BDE of 1a (320 kJ/mol) was close to that of 3a (326 
kJ/mol), 6b suggesting that direct HAT of 1a did not occur 
during oxygenation. Furthermore, 2-pyridyl 1a is selec-
tively oxygenated in the presence of 3-pyridyl 1e (Scheme 
2B). 

 

Scheme 2. Chemoselectivity in flavin-catalyzed C(sp3)–
H oxygenation of diarylmethanes.  

 
 

Additionally, we attempted the substrates with fused ring 
structures, such as xanthene (3b) and thioxanthene (3c), 
which are anticipated to undergo the oxidation more read-
ily than 1a and 3a due to the presence of oxygen and sulfur 
atoms.19 As a result, the oxygen-atom insertion into the C–H 
bond occurrs to afford the corresponding 4b and 4c in 61 
and 79% yields, respectively (Table 1). In the mixture of 3b 
and 3d, the oxygenation of 3b occurs chemoselectively un-
der standard conditions, affording 4b in 69% yield, despite 
the absence of a pyridyl unit (Scheme 2C). This revealed 

that the controlled “modest” oxidation activity of F1a plays 
a critical role in chemoselectivity of the aerobic oxygenation 
described in this study. 

To investigate the underlying reason for the observed 
chemoselectivity, we recorded the 1H NMR spectra of F1a 
before and after adding pyridine to CD3CN (Figures 2 and 
S2). Upon the addition of pyridine, the aromatic protons of 
F1a (Ha–Hc, in the range of 8.4–8.8 ppm, spectrum i) were 
significantly shifted upfield to 7.1–7.6 ppm (spectrum iii). 
Conversely, the protons of pyridine (Hd–Hf) exhibited the 
downfield shift after mixing with F1a (spectra ii and iii). 
This remarkable peak shift was not observed when F1a and 
3a were mixed (spectrum iv).22 The absorption spectral 
change of F1a upon the addition of 1a and 3a also revealed 
that the π-conjugated structure of F1a was significantly 
changed in the presence of 1a (Supporting Information, Fig-
ure S4). These results suggest the formation of a 4a-adduct 
by F1a with pyridine (F1a-py, Figure 2) because cationic 
flavins are known to form 4a-adduct in the presence of 
amines.20 Subsequently, we conducted the electrospray ion-
ization (ESI) mass spectrometry measurement for the mix-
ture of F1a and 1d in CH3CN. The observed 507.1864 m/z 
peak matches well with the theoretical value of 507.1877 
(C27H24F3N5O2

+) corresponding to the intermediate X, which 
forms after the proton/electron transfer of the F1a–1d ad-
duct (Figures S5-S8). Despite its diminutive size, the peak 
attributed to the hydroperoxide intermediate Y (m/z = 
540.1830), formed through the reaction with O2, was also 
detected. We further conducted electron spin resonance 
(ESR) measurements on a solution of F1a (Figure S9). The 
ESR spectrum of F1a after the addition of 1a exhibited the 
resonance characteristics of a stable flavin radical F1arad 
with a g-value of 2.00135,21 which was attributable to the 
electron transfer from the F1a–1a adduct to F1a (spectra i–
ii). However, no signal was observed when 3a was added to 
the solution of F1a (spectra iii). 

 



 

 

Figure 2. 1H NMR spectra of (i) F1a (0.02 M), (ii) pyridine 
(0.02 M), and mixture of F1a (0.02 M) with (iii) pyridine 
(2.0 equiv.) and (iv) 3a (2.0 equiv.) in CD3CN at 25 C.  

 

Control experiments are performed to gain additional in-
sights into the reaction mechanism and catalytic cycle of fla-
vin (Scheme 3). The aerobic oxygenation of 1a did not ex-
hibit good results in the absence of flavin catalyst F1a and 
under anaerobic N2 conditions (Scheme 3A). In contrast to 
the standard conditions carried out under ambient light, the 
reaction was conducted under dark conditions using a reac-
tion vessel wrapped in a light-shielding film in a dark room 
to elucidate the effect of light irradiation. The yield of 2a 
(77%) did not change significantly in the dark conditions, 
suggesting that this reaction was not a photoreaction. How-
ever, in the presence of the radical inhibitor, 2,6-di-tert-bu-
tyl-4-methylphenol (4 equiv.), the yield of 2a decreased to 
7%, suggesting that the present reaction involved a radical 
process. In conventional FMO-mimicking flavin-catalyzed 
oxygenation using chemical reductants, 4a-hydroperoxyfla-
vin FlOOH was the active oxidative species responsible for 
the oxygenation of substrates.10c,d,11,23 However, when sul-
fur-containing 3c is reacted in the present system, oxygen-
ation of the sp3 C–H bond occurs preferentially to give the 
corresponding ketone 4c rather than sulfoxidation, yielding 
5c and 6c (Scheme 3B). FlOOH is formed from the cationic 
flavin Fl through an equilibrium reaction with H2O2, as 
shown in Scheme 3C, and is known to promote the catalytic 
electrophilic oxidation of sulfides to sulfoxides and sul-
fones.10a,24  When 1.2 equiv. of H2O2 is added in the reaction 
of 3c with F1a, the sulfoxidation preferentially occurs ra-
ther than the oxygenation of sp3 C–H, affording sulfoxide 5c 
and sulfone 6c in 67% and 15% yields, respectively 
(Scheme 3C). The products 5c and 6c were not generated 
during the reaction of 3c, suggesting that 4a-

hydroperoxyflavin FlOOH was not efficiently generated in 
the system.25 These results were in contrast to those ob-
served in conventional FMO-mimicking oxygena-
tion.10c,d,11,23  

 

Scheme 3. Control experiments.  

 

 

Based on the experimental results and literature, a plausi-
ble mechanism is proposed in Scheme 4. The pyridinyl unit 
of 1 promotes a nucleophilic attack on the 4a position of Fl 
resulting in 4a-adduct A. Because the sp3 C–H bond of 1 is 
activated by 4a-adduct formation, as observed for the for-
mation of the pyridinium cation from 1 and chloroacetate 
(Scheme 1B),9 proton and electron transfer from 4a-adduct 
A to the cationic flavin Fl takes place to form the stable fla-
vin radical Flrad and radical intermediate B, which is de-
tected by ESI-mass spectrometry (Figure S5). Benzyl radical 
B reacts with O2 to produce the peroxy radical species C, 
which is reduced by Flrad to form hydroperoxide D. Elimina-
tion of water and dissociation from flavin afforded the de-
sired product 2 and regenerated the initial Fl to complete 
the catalytic cycle. To gain further insights into the catalytic 
C–H oxygenation, we conducted a kinetic isotope effect 
(KIE) study using 1a and its deuterated analog at the ben-
zylic position (1a-d2).26 A primary KIE of kH/kD = 3.9 was ob-
served in two separate competition reactions between 1a 
and 1a-d2, suggesting that hydrogen atom abstraction is 
likely involved in the rate-limiting step (Supporting Infor-
mation, Figure S12). 

 

 

 

 

 

 



 

Scheme 4. Proposed flavin catalytic cycle for aerobic ox-
ygenation of 1.  

 

 

We developed the flavin-catalyzed aerobic oxygenation of 
arylheteroarylmethanes without chemical reductants by 
utilizing a novel approach that differs from the conventional 
flavin-catalyzed system mimicking the monooxygenase ac-
tivity. The flavin catalyst served a dual role in the chemose-
lective activation of N-heteroarylbenzylic sp3 C–H and pre-
cise proton/electron transfer, enabling the atom-economi-
cal aerobic oxygenation of arylheteroarylmethanes under 
metal-free conditions. While radical oxygenation with O2 
generally encounters challenges owing to undesired side re-
actions because of the high reactivity of radical intermedi-
ates, the aerobic oxygenation discussed in this study 
achieved high chemoselectivity attributable to the well-con-
trolled redox activity and the unique C–H activation mecha-
nism of the flavin catalyst. This finding provides an atom-
economical green method for the aerobic oxygenation of 
various substrates. Moreover, flavin catalysis facilitates the 
formation of pyridinium-flavin adduct, holding potential for 
application in a wide range of novel chemoselective bond 
formation reactions involving aerobic oxidation processes. 
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