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Aerobic oxidative C–C bond formation through C–H bond 
activation catalysed by flavin and iodine
Hazuki Miyake,a Nico Ishige,a Hayaki Okai,a and Hiroki Iida*a 

We report a metal/light-free aerobic oxidative C-C bond formations using a sp3 C-H bond activation of 
tetrahydroisoquinolines catalyzed by flavin and iodine. The dual catalytic system enabled the oxidative Mannich and aza-
Henry reactions by the cross-dehydrogenative coupling between two sp3 C-H bonds. Furthermore, the flavin-iodine-couped 
catalysis was applied to the synthesis of pyrrolo[2,1-a]isoquinolines through the sequential oxidative 1,3-dipolar 
cycloaddition and dehydrogenative aromatization.  The biomimetic flavin catalysis efficiently activates molecular oxygen, 
thus the non-metal dual catalytic system enables green oxidative transformation using molecular oxygen as an 
environmentally friendly terminal oxidant which generates benign water.

Introduction
Molecular iodine (I2) has recently attracted considerable attention as 
a readily available and easy-to-handle redox catalyst, enabling 
diverse oxidative transformations under light/metal-free 
conditions.1 In particular, iodine-catalysed oxidative C−H 
functionalization has been recognized as a rapidly growing area in 
synthetic organic chemistry because of its availability and 
applications in the synthesis of pharmacologically important 
molecules and natural products.2 Generally, I2-catalysed oxidative 
transformations require an excess amount of oxidants, such as 
tBuOOH, H2O2, oxone, and DMSO, to reoxidise in-situ generated I− to 
I2, which is a relatively expensive process and/or generates large 
amounts of waste. In the oxidation reactions, the use of molecular 
oxygen (O2) as a terminal oxidant has been recognised as an ideal 
green approach owing to its sustainability, abundance, safety, cost-
effectiveness, atom-economy, and environmental friendliness.3 
However, because the oxidising power of O2 is not sufficient to 
promote the oxidation of I −  efficiently under mild conditions, the 
development of useful aerobic I2-catalysed reactions remains 
challenging. Recently, we reported a novel O2-mediated iodine-
catalysed reaction system, in which a biomimetic flavin catalyst4  was 
used for O2 activation.5 C−X bond formation (X = C, O, N, S, etc.) via 
catalytic cross-dehydrogenative coupling (CDC) between the C−H 
and X−H bonds of substrates is a powerful tool for step- and atom-
economical syntheses, as the pre-activation of starting materials can 
be avoided in these processes.6 Since the flavin–iodine-coupled 
catalyst enables the use of O2 in I2-catalysed processes, which 
conventionally require persulfates and peroxides, several C−S5b-d and 
C−N5e-h bond formation reactions using the flavin–iodine-catalysed 

aerobic CDC between C–H, N–H, and S–H bonds have been reported. 
However, this dual catalytic system has not been applied to C–C bond 
formation, although the construction of C–C bonds through C–H 
activation is of central importance in synthetic organic chemistry. 
Herein, we report the first example of a C–C bond formation reaction 
catalysed by flavin and iodine. The flavin–iodine-coupled catalyst 
enables the C–H activation of tetrahydroisoquinolines 1 and 
tetrahydroisoquinolinylacetate 6. Therefore, it was successfully 
applied to the oxidative Mannich reactions of α-methylene carbonyl 
compounds 2, the oxidative aza-Henry reaction of nitromethane (3), 
and the oxidative synthesis of pyrrolo[2,1-a]isoquinolines 9, which 
was performed via tandem 1,3-dipolar cycloaddition and 
aromatisation with dipolarophiles 7 and 8 (Scheme 1).　

Scheme 1. Flavin–iodine-catalysed C−C bond formation via α-C−H 
bond activation of tertiary amines applied to (A) oxidative Mannich 
and aza-Henry-type reactions and (B) oxidative synthesis of 
pyrrolo[2,1-a]isoquinolines promoted by tandem 1,3-dipolar 
cycloaddition and aromatisation. 

Results and discussion
a.Department of Chemistry, Graduate School of Natural Science and Technology, Shimane 

University, 1060 Nishikawatsu, Matsue, Shimane 690-8504, Japan
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We first applied the flavin−iodine-catalyst system to the oxidative 
Mannich reaction of tertiary amines and α-methylene carbonyl 
compounds. This is because the oxidative Mannich reaction is an 
important C–C bond formation reaction to produce synthetically and 
biologically important β-aminocarbonyl products from simple 
starting materials.7 I2 is known to catalyse the oxidative Mannich 
reaction by activating the α-C−H bond of nitrogen in tertiary amines 
under light-free conditions. However, the I2-catalysed reactions 
require relatively expensive stoichiometric oxidants such as H2O2

8 
and tBuOOH.9 Although the aerobic version proceeds under mild 
metal- and light-free conditions, no successful examples have been 
reported. 

We investigated the effects of various flavin catalysts on the 
oxidative Mannich reaction involving CDC between 2-phenyl-
tetrahydroisoquinoline (1a) and dimethyl malonate (2a). In the 
presence of flavin catalysts 10–13 (10 mol%, Scheme 2)10 and I2 (10 
mol%), a mixture of 1a and 2a (3.0 equiv) was stirred in CH3CN under 
O2 (1 atm, balloon) at 40 °C for 18 h (Table 1). To clarify the redox 
activity of the flavin catalysts, the redox potentials of the first single-
electron reduction (E1) steps were determined by cyclic voltammetry 
(CV) in a solution of CH3CN (1.0 mM); these values are listed in Table 
1.10  Although neutral riboflavin (10a) and riboflavin tetraacetate 
(10b) did not afford good results (entries 1 and 2), 7,8-
dimethylflavinium salts 11a•TfO, 12a•TfO, and 13a•TfO, which were 
readily prepared from inexpensive and commercially available 
10a,10a successfully promoted the CDC reaction, thereby affording 
the desired coupling product 4a in 21% to 61% yields (entries 3, 5, 
and 10). The corresponding N3-non-substituted isoalloxazinium 
11b•TfO afforded better yields than N3-methylated 11a•TfO (entry 
4). However, the N3-non-substituted 1,10-ethylene-bridged 
alloxazinium salt 13b•Cl displayed lower activity compared to 
13a•TfO (entry 11). An N3-alkyl substituent is often required to 
control the effect of acidic imide protons, although it decreases the 
oxidising power of the catalyst. To investigate the effects of 
substituents on the catalytic activity, we performed these reactions 
using electron-deficient alloxazinium salts, such as 7,8-non-
substituted 12b•TfO and 13c•Cl and trifluoromethyl-substituted 
12c•TfO and 13d•Cl. Among the 5-ethyl-alloxazinium salts (12), 
12c•TfO, which showed the most positive potentials of −0.168 V vs 
Fc/Fc+, afforded 4a in the highest yield, followed by 12b•TfO and 
12a•TfO (entries 5−7). The same was observed for 1,10-ethylene-
bridged alloxaziniums 13•Cl. Thus, the most efficient catalyst was 
13d•Cl with relatively positive potentials of −0.426 V vs. Fc/Fc+ rather 
than 13c•Cl (entries 12 and 13). The large structural difference in the 
π-conjugated system makes it difficult to directly compare the 
catalytic activities of 12s and 13s. However, this apparent correlation 
between yield and redox potential for the same series of flavin 
catalysts reveals that flavin catalysis plays a crucial role in the aerobic 
CDC reaction. Among the 11 flavin catalysts tested, 12c•TfO 
displayed the best yield (81%, entry 7). This CDC reaction was also 
performed under air (1 atm, balloon) instead of pure O2, without 
significant decrease in efficiency; the desired product 4a was 
obtained in 74% and 73% yields in the presence of 12c•TfO and 
13d•Cl, respectively (entries 8 and 14). Recently, the aerobic 
oxidative Mannich reaction under pure O2 (1 atm) was catalysed 
solely by the 1,10-ethylene-bridged alloxazinium salt 13d•Cl without 
an iodine catalyst.10c Indeed, in the absence of I2, 13d•Cl afforded 4a 

in 64% yield, whereas the combined use of 13d•Cl and I2 afforded a 
better yield of 73% (entries 14 and 15). In the absence of I2, the 
aerobic oxidative Mannich reaction hardly proceeded in the 
presence of the best catalyst, 12c•TfO. However, the combined use 
of 12c•TfO and I2 afforded 4a in 74% yield (entries 8 and 9). The 
catalyst 12c•TfO exhibits little catalytic activity by itself but plays a 
crucial role in promoting the iodine-catalysed process, as described 
below. Therefore, we chose 12c•TfO as the optimal catalyst for the 
present iodine-catalysed process. 

Scheme 2. Structures of flavin 10 and flavinium salts 11−13.

Table 1. Effect of flavin catalysts on the aerobic CDC between 1a 
and 2aa

Entry Flavin E1
b  (V vs Fc/Fc+) Yield (%)

1 10a – 2
2 10b −1.18 1
3 11a•TfO −0.136 21
4 11b•TfO −0.118 28
5 12a•TfO −0.425 37
6 12b•TfO −0.326 64
7 12c•TfO −0.168 81
8 12c•TfO − 0.168 74d

9 12c•TfO −0.168 20d,e

10 13a•TfO −0.650 61
11 13b•Cl −0.608c 35
12 13c•Cl −0.564c 39
13 13d•Cl −0.426c 75
14 13d•Cl −0.426c 73d

15 13d•Cl −0.426c 64d,e

aConditions: 1a (1 M), 2a (3.0 eq.), flavin (10 mol%), and I2 (10 mol%) in CH3CN 
under O2 (1 atm) at 40 °C for 18 h. Yield was determined by 1H NMR using 
1,3,5-trioxane and 1,3,5-trimethoxybenzene as an internal standard. bFrom 
Refs 10.  cThe TfO salts were used for electrochemical measurements. dUnder 
air (1 atm). eWithout I2.
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Further optimisation of the reaction conditions revealed that 4a 
was obtained in 79% yield (71% as an isolated yield) when a mixture 
of 1a and 2a was stirred in the presence of 12c•TfO (5 mol%) and I2 
(5 mol%) under air (1 atm, balloon) at 40 °C for 48 h (Table S1). Using 
these optimised conditions, we elucidated the substrate scope for 
this reaction and its limitations (Table 2). A series of N-phenyl 
isoquinolines bearing electron-withdrawing and -donating 
substituents on the phenyl ring successfully underwent CDC with 2a 
to afford the corresponding products 4a−f in 63% to 90% yields. 
Diethyl malonate was used as a nucleophile to afford the desired 
compound, 4g, in 82% yield. Moreover, 3 was employed as a 
nucleophile in the present system, and the flavin−iodine-coupled 
system promoted the oxidative aza-Henry reaction between 1 and 3 
via CDC. The aerobic oxidative aza-Henry reactions of 1s bearing 
electron-withdrawing and -donating substituents successfully 
afforded the corresponding products 5a, c, f, and h in 63% to 85% 
yields. In our previous study, the flavin catalyst 13d•Cl was reported 
to catalyse the aerobic oxidative aza-Henry reaction of 1a and 3.10c 
However, the activity of the flavin catalyst was relatively lower when 
the reaction was carried out using tetrahydroisoquinolines 1f and 1h 
bearing electron-donating groups, which afforded the desired 
products 5f and 5h in low yields of 45% and 42%, respectively (Table 
2). In the present dual catalytic system, it is the iodine catalyst that 
activates the C−H bond of 1, rather than the flavin catalyst. This in 
turn improves the substrate scope.

Table 2. Substrate scope of flavin−iodine-catalysed aerobic CDC of 1 
with 2 and 3a

aConditions: 1 (0.3 mmol), 2 (8.7 equiv), 12c•TfO (5 mol%), and I2 (5 mol%) 
under air (1 atm, balloon) at 40 °C for 48 h. Isolated yield. b12c•TfO (10 mol%) 
was used. cI2 (10 mol%) was used. dUnder O2 (1 atm, balloon). eYields were 
determined by 1H NMR using 1,3,5-trioxane as the internal standard. f1 (0.15 
mmol) was used. g3 (19 equiv) was used. h1 (1 M), 3 (2 M, 2 equiv), and 13d•Cl 
(5 mol%) in MeOH under O2 (1 atm, balloon) at 40 °C for 24 h.

  Control experiments were also performed to gain insight into the 
reaction mechanism. The catalytic oxidative Mannich reaction did 
not proceed well in the absence of 12c•TfO and I2 (Scheme 3A). This 
indicates that both catalysts are essential for promoting the present 
reaction. When 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 1.0 
equiv) was used as the radical inhibitor, 4a was obtained in 85% yield, 
suggesting that the reaction mainly proceeded via the non-radical 
pathway (Scheme 3B).

Scheme 3. Control Experiments.

   Based on our experimental results and those reported in the 
literature, a plausible mechanism for the present flavin−iodine-
coupled system is shown in Scheme 4. In this system, the oxidation 
of 1 with I2 generates an iminium intermediate 14, which is then 
attacked by carbon nucleophile 2. Subsequently, C−C bond formation 
occurs, producing 1-alkylated isoquinoline 4.7a,8,11 Indeed, the 
generation of the iminium intermediate 14a (m/z=208.1121) was 
confirmed using electrospray ionization (ESI) mass spectrometry of 
the reaction mixture obtained after stirring for 12 h under the 
standard conditions (Scheme 3C, Figure S1). During the CDC coupling 
between 1 and 2, I2 is converted to 2I–, accompanied with the 
generation of 2H+. The flavin catalysis promotes the aerobic 
oxidation of 2HI to I2.5a,5b Cationic flavin Fl oxidizes 2I– to I2 and is 
reduced to Flred, which reacts with molecular oxygen to produce FlOOH. 
The oxidatively active hydroperoxy intermediate FlOOH promotes the 
oxygen-atom transfer to I–, affording HIO. Subsequently, HIO 
generates I2 by reacting with I–.12 Therefore, the present oxidative 
Mannich and aza-Henry reactions can be conducted under metal- 
and light-free conditions in a green, atom-economical way, where 
environmentally benign water is generated as the sole by-product by 
the consumption of air.
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Scheme 4. A) Plausible mechanism for the flavin−iodine-catalysed 
oxidative Mannich reaction. B) Catalytic cycle for the present dual 
catalytic system. C) Proposed mechanism for the flavin−iodine-
catalysed synthesis of 9.

Table 3. Flavin−iodine-catalysed synthesis of 9 via tandem 1,3-
dipolar cycloaddition and aromatisation of 6 with 7 and 8.a

aConditions:  7 or 8 (0.3 mmol), 6 (1.5 equiv), 13a•TfO (8 mol%), and I2 (15 
mol%) under O2 (1 atm) at 80 °C for 24 h. Isolated yield.

Finally, we applied the flavin–iodine-coupled catalyst to an 
oxidative cascade reaction. The pyrrolo[2,1-a]isoquinoline skeleton 
is found in lamellarins, which are marine alkaloids exhibiting a wide 
spectrum of biological and pharmacological activities.13 For example, 
lamellarin D and lamellarin α-20-sulfate have the ability to inhibit 
human topoisomerase I and HIV integrase, respectively.14  The 
potential utility of pyrrolo[2,1-a]isoquinolines has given rise to a 
variety of practical synthetic methods.15 In 2011, Wang and co-
workers reported the Cu-catalysed oxidation-dipolar cycloaddition–
aromatisation cascade reaction of tetrahydroisoquinolines and 
dipolarophiles, such as quinones and alkynes.16  This is a promising 
one-pot approach to access pyrrolo[2,1-a]isoquinolines from readily 
available starting materials. Transition metals such as Cu,16-17 Rh,18 
Fe,19 and Co20 have been used for cascade synthesis; however, these 
methods require an over-stoichiometric amount of t-BuOOH to 
complete the oxidative aromatisation, except for aerobic reactions 
using the Cu-NHPI-coupled system.17 While photocatalysed methods 
have also been developed,21 metal- and light-free catalytic reactions 
are limited to iodine-catalysed systems requiring H2O2 and t-BuOOH 
as oxidants.22 To the best of our knowledge, aerobic iodine-catalysed 
cascade reactions have not yet been reported, despite their 
advantages.

This flavin–iodine-coupled catalyst was successfully applied to the 
oxidation-dipolar cycloaddition–aromatisation cascade reaction of a 
tetrahydroisoquinoline derivative 6 with dipolarophiles 7 and 8 
(Scheme 1 B). After the optimisation of the reaction conditions (Table 
S2), the reaction of ethyl 2-(3,4-dihydroisoquinolin-2(1H)-yl)acetate 
(6) and diethyl acetylenedicarboxylate (7) was carried out in the 
presence of 13a•TfO and I2 to afford the desired product 9a in 52% 
yield (Table 3). When quinones, 1,4-naphthoquinone (8a) and 
anthraquinone (8b), were used as dipolarophiles, the sequential 
oxidative [3+2] cycloaddition and oxidative aromatisation occurred 
smoothly, and the corresponding products, 9b and 9c, were obtained 
in 56% and 75% yields, respectively. 
Based on these results and those of previous studies, we 
propose the following mechanism for the flavin−iodine-
catalysed synthesis of 9 (Scheme 4C). First, the dehydrogenative 
oxidation of 6 with I2 forms an unstable azomethine 
intermediate 15, which undergoes 1,3-dioploar cycloaddition 
with dipolarophile 8 to produce the corresponding 
hexahydropyrrolo[2,1-a] isoquinoline 16. Under the present 
oxidative conditions, the sequential dehydrogenative oxidation 
of 16 and 17 occurs to afford pyrrolo[2,1-a]isoquinoline 9. Flavin 
catalysts are known to promote the dehydrogenative 
aromatisation of heterocyclic compounds, such as 
dihydropyridines,23 benzothiazolines,23 dihydroimidazoles,5g 
and indolines.24 In addition, the oxidatively active compounds 
generated in the present dual catalytic system, i.e. FlOOH, HIO, 
and H2O2 which can be generated from FlOOH,4 would promote 
this aromatization step. Therefore, the desired product 9 can be 
efficiently obtained from 16 via oxidative aromatisation.
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Experimental
Typical procedure for the catalytic synthesis of 4a.25 A mixture 
of 1a (62.8 mg, 0.30 mmol), 2a (347 mg, 2.6 mmol, 8.7 equiv), I2 
(3.75 mg, 0.015 mmol, 0.05 equiv), and 12c•TfO (7.22 mg, 0.015 
mmol, 0.05 equiv) was stirred at 40 °C (oil bath) for 48 h under 
air (1 atm, balloon). The yield was determined to be 79% by 1H 
NMR spectroscopy of the reaction mixture using 1,3,5-trioxane 
as the internal standard. After the solvent was removed by 
evaporation, the residue was purified by column 
chromatography (SiO2, hexane/ethyl acetate = 30/1 to 10/1, 
v/v), affording 4a (71.9 mg, 71%) as a colourless oil. The results 
are summarised in Table 2. 1H NMR (500 MHz, CDCl3, 25 °C, δ): 
7.23–7.16 (m, 4H), 7.13–7.09 (m, 2H), 6.98 (d, J = 8.1 Hz, 2H), 
6.76 (t, J = 7.2 Hz, 1H), 5.70 (d, J = 9.4 Hz, 1H), 3.95 (d, J = 9.3 Hz, 
1H), 3.72–3.61 (m, 5H), 3.55 (s, 3H), 3.10–3.04 (m, 1H), 2.87 (dt, 
J = 16.5, 5.1 Hz, 1H). 13C{1H} NMR (126 MHz, CDCl3, 25 °C, δ): 
168.4, 167.5, 148.9, 135.8, 134.9, 129.2, 129.1, 127.8, 127.2, 
126.2, 118.7, 115.3, 59.2, 58.3, 52.7, 42.3, 26.1.
Typical procedure for catalytic synthesis of 9c.26 A mixture of 6 
(98.8 mg, 0.45 mmol, 1.5 equiv.), 8b (62.5 mg, 0.30 mmol), 
13a•TfO (10.4 mg, 0.024 mmol, 0.08 equiv.), I2 (11.4 mg, 0.045 
mmol, 0.15 equiv.), and DMF (2.3 mL, 0.1 M) was stirred at 80 
°C (oil bath) for 24 h under O2 (1 atm, balloon). The yield was 
determined to be 87% by 1H NMR spectroscopy of the reaction 
mixture, using 1,3,5-trimethoxybenzene as the internal 
standard. After the solvent was removed by evaporation, the 
residue was purified by column chromatography (SiO2, CH2Cl2), 
affording 9c (94.9 mg, 75%) as an orange solid. The results of 
similar reactions are summarised in Table 3. 1H NMR (500 MHz, 
CDCl3, 25 °C, δ): 8.97 (dd, J = 7.9, 0.8 Hz, 1H), 8.67 (s, 1H), 8.59 
(s, 1H), 7.93–7.90 (m, 2H), 7.53–7.50 (m, 2H), 7.39 (td, J = 7.6, 
1.1 Hz, 1H), 7.29 (td, J = 7.5, 1.2 Hz, 1H), 7.18 (d, J = 7.1 Hz, 1H), 
4.55 (q, J = 7.2 Hz, 2H), 4.19 (t, J = 6.6 Hz, 2H), 3.03 (t, J = 6.6 Hz, 
2H) , 1.53 (t, J = 7.2 Hz, 3H).13C{1H} NMR (126 MHz, CDCl3, 25 °C, 
δ): 179.4, 179.2, 161.6, 135.5, 134.8, 134.5, 133.5, 132.0, 131.2, 
129.90, 129.86, 129.8, 129.2, 129.0, 128.8, 128.5, 127.3, 126.4, 
126.0, 123.9, 118.2, 62.5, 43.1, 29.0, 14.1.

Conclusions
In conclusion, we successfully developed the first aerobic 
flavin–iodine-catalysed method for C–C bond formation under 
metal- and light-free conditions. Aerobic oxidative Mannich and 
aza-Henry reactions were efficiently promoted by the CDC of 
tetrahydroisoquinolines with carbonyl compounds and 
nitromethane. In these oxidative transformations, the 
atmospheric air can be used as an eco-friendly terminal oxidant 
by the coupled flavin-iodine catalysis, thus afforded desired 
products accompanied with the generation of the 
environmentally benign water as the solo by-product. 
Furthermore, this flavin–iodine-catalysed aerobic C–C bond 
formation was successfully applied to the oxidative cascade 
synthesis of pyrrolo[2,1-a]isoquinolines. This reaction was 
promoted by the sequential oxidative 1,3-dipolar 
cycloaddition–aromatisation of a tetrahydroisoquinoline 
derivative and dipolarophiles, such as quinones and an 

activated alkyne.  This study may lead to the development a 
series of metal- and light-free C–C bond formation reactions, 
which involve the aerobic CDC of various substrates, enabling 
facile and eco-friendly multi-step and multi-component organic 
syntheses.

Conflicts of interest
There are no conflicts to declare. 

Data availability

The data supporting this article have been included as part of the 
Supplementary Information.

Acknowledgements
This work was supported in part by JSPS/MEXT KAKENHI (Grant-
in-Aid for Scientific Research (C), No. 24K08511), the Electric 
Technology Research Foundation of Chugoku and 
an SDGs Research Project of Shimane University. The authors 
acknowledge support from the Interdisciplinary Center for 
Science Research, Shimane University, for the spectroscopic 
measurements. H. M. is grateful for support from JST SPRING 
(JPMJSP2155). 

Notes and references
1 (a) D. Liu and A. W. Lei, Chem.-Asian J., 2015, 10, 806-823; (b) M. 

Breugst and D. von der Heiden, Chem. Eur. J., 2018, 24, 9187-
9199; (c) P. T. Parvatkar, R. Manetsch and B. K. Banik, Chem.-
Asian J., 2019, 14, 6-30; (d) H. H. Zhang, H. H. Wang, Y. Jiang, F. 
Cao, W. W. Gao, L. Q. Zhu, Y. H. Yang, X. D. Wang, Y. Q. Wang, J. 
H. Chen, Y. Y. Feng, X. M. Deng, Y. M. Lu, X. L. Hu, X. X. Li, J. Zhang, 
T. Shi and Z. Wang, Chem. Eur. J., 2020, 26, 17289-17317.

2 For examples, see: (a) J. Zhang, D. Zhu, C. Yu, C. Wan and Z. Wang, 
Org. Lett., 2010, 12, 2841-2843; (b) W. Wei, C. Zhang, Y. Xu and 
X. B. Wan, Chem. Commun., 2011, 47, 10827-10829; (c) M. 
Lamani and K. R. Prabhu, J. Org. Chem., 2011, 76, 7938-7944; (d) 
B. Tan, N. Toda and C. F. Barbas, Angew. Chem., Int. Ed., 2012, 51, 
12538-12541; (e) Y. Z. Yan, Y. H. Zhang, C. T. Feng, Z. G. Zha and 
Z. Y. Wang, Angew. Chem., Int. Ed., 2012, 51, 8077-8081; (f) H. W. 
Huang, X. C. Ji, W. Q. Wu and H. F. Jiang, Adv. Synth. Catal., 2013, 
355, 170-180; (g) X. Wu, Q. Gao, S. Liu and A. Wu, Org. Lett., 2014, 
16, 2888-2891; (h) C. Martinez and K. Muniz, Angew. Chem., Int. 
Ed., 2015, 54, 8287-8291; (i) H. Y. Huang, H. R. Wu, F. Wei, D. 
Wang and L. Liu, Org. Lett., 2015, 17, 3702-3705; (j) Q. H. Gao, J. 
J. Zhang, X. Wu, S. Liu and A. X. Wu, Org. Lett., 2015, 17, 134-137; 
(k) Y. Siddaraju and K. R. Prabhu, J. Org. Chem., 2016, 81, 7838-
7846; (l) H. W. Zhang and K. Muniz, ACS Catal., 2017, 7, 4122-
4125; (m) Z. H. Zhang, C. Pi, H. Tong, X. L. Cui and Y. J. Wu, Org. 
Lett., 2017, 19, 440-443; (n) M. J. Zhou, S. F. Zhu and Q. L. Zhou, 
Adv. Synth. Catal., 2019, 361, 1289-1294; (o) S. Choi, H. Oh, J. Sim, 
E. Yu, S. Shin and C. M. Park, Org. Lett., 2020, 22, 5528-5534; (p) 
J. S. Tian, Y. He, Z. Y. Gao, X. Liu, S. F. Dong, P. Wu and T. P. Loh, 
Org. Lett., 2021, 23, 6594-6598; (q) J. D. Guo, X. L. Yang, B. Chen, 
C. H. Tung and L. Z. Wu, Green Chem., 2021, 23, 7193-7198.

Page 5 of 7 Organic & Biomolecular Chemistry



ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

3 (a) C. L. Hill, Nature, 1999, 401, 436-437; (b) A. N. Campbell and 
S. S. Stahl, Acc. Chem. Res., 2012, 45, 851-863; (c) K. P. Bryliakov, 
Chem. Rev., 2017, 117, 11406-11459.

4 Flavin catalysts were designed to mimic the enzymatic function 
of flavin-dependent monooxygenases that promote aerobic 
monooxygenation. (a) S.-I. Murahashi, T. Oda and Y. Masui, J. Am. 
Chem. Soc., 1989, 111, 5002-5003; (b) S. I. Murahashi, Angew. 
Chem., Int. Ed., 1995, 34, 2443-2465; (c) R. Cibulka, Eur. J. Org. 
Chem., 2015, 2015, 915-932; (d) H. Iida, Y. Imada and S.-I. 
Murahashi, Org. Biomol. Chem., 2015, 13, 7599–7613; (e) R. 
Cibulka and M. W. Fraaije eds., Flavin-Based Catalysis, Wiley-
VCH, Weinheim, 2021.

5 (a) T. Ishikawa, M. Kimura, T. Kumoi and H. Iida, ACS Catal., 2017, 
7, 4986-4989; (b) R. Ohkado, T. Ishikawa and H. Iida, Green 
Chem., 2018, 20, 984-988; (c) H. Iida, R. Demizu and R. Ohkado, 
J. Org. Chem., 2018, 83, 12291-12296; (d) K. Tanimoto, R. Ohkado 
and H. Iida, J. Org. Chem., 2019, 84, 14980-14986; (e) H. Okai, K. 
Tanimoto, R. Ohkado and H. Iida, Org. Lett., 2020, 22, 8002-8006; 
(f) K. Tanimoto, H. Okai, M. Oka, R. Ohkado and H. Iida, Org. Lett., 
2021, 23, 2084-2088; (g) A. Takeda, H. Okai, K. Watabe and H. 
Iida, J. Org. Chem., 2022, 87, 10372-10376; (h) A. Takeda, M. Oka 
and H. Iida, J. Org. Chem., 2023, 88, 7551-7556.

6 (a) C. J. Li, Acc. Chem. Res., 2009, 42, 335-344; (b) K. Matcha and 
A. P. Antonchick, Angew. Chem., Int. Ed., 2013, 52, 2082-2086; (c) 
M.-L. Louillat and F. W. Patureau, Chem. Soc. Rev., 2014, 43, 901-
910; (d) S. A. Girard, T. Knauber and C. J. Li, Angew. Chem., Int. 
Ed., 2014, 53, 74-100; (e) A. K. Bagdi, M. Rahman, D. 
Bhattacherjee, G. V. Zyryanov, S. Ghosh, O. N. Chupakhin and A. 
Hajra, Green Chem., 2020, 22, 6632-6681.

7 (a) Z. Li and C.-J. Li, Eur. J. Org. Chem., 2005, 2005, 3173-3176; (b) 
J. I. Matsuo, Y. Tanaki and H. Ishibashi, Org. Lett., 2006, 8, 4371-
4374; (c) A. Sud, D. Sureshkumar and M. Klussmann, Chem. 
Commun., 2009, 3169-3171; (d) A. Pinter, A. Sud, D. Sureshkumar 
and M. Klussmann, Angew. Chem., Int. Ed., 2010, 49, 5004-5007; 
(e) M. Rueping, C. Vila, R. M. Koenigs, K. Poscharny and D. C. 
Fabry, Chem. Commun., 2011, 47, 2360-2362; (f) E. Boess, C. 
Schmitz and M. Klussmann, J. Am. Chem. Soc., 2012, 134, 5317-
5325; (g) M. O. Ratnikov, X. F. Xu and M. P. Doyle, J. Am. Chem. 
Soc., 2013, 135, 9475-9479; (h) M. Rueping, C. Vila and T. 
Bootwicha, ACS Catal., 2013, 3, 1676-1680; (i) C. D. Huo, M. X. 
Wu, X. D. Jia, H. S. Xie, Y. Yuan and J. Tang, J. Org. Chem., 2014, 
79, 9860-9864; (j) S.-S. Zhu, Y. Liu, X.-L. Chen, L.-B. Qu and B. Yu, 
ACS Catal., 2021, 12, 126-134.

8 T. Nobuta, N. Tada, A. Fujiya, A. Kariya, T. Miura and A. Itoh, Org. 
Lett., 2013, 15, 574-577.

9 J. Dhineshkumar, M. Lamani, K. Alagiri and K. R. Prabhu, Org. 
Lett., 2013, 15, 1092-1095.

10 (a) T. Sakai, T. Kumoi, T. Ishikawa, T. Nitta and H. Iida, Org. 
Biomol. Chem., 2018, 16, 3999-4007; (b) T. Mizushima, M. Oka, 
Y. Imada and H. Iida, Adv. Synth. Catal., 2022, 364, 2443-2448. (c) 
H. Miyake and H. Iida, Adv. Synth. Catal., 2024, 366, 402-407.

11 S. I. Murahashi, N. Komiya, H. Terai and T. Nakae, J. Am. Chem. 
Soc., 2003, 125, 15312-15313.

12 T. C. Bruice, J. B. Noar, S. S. Ball and U. V. Venkataram, J. Am. 
Chem. Soc., 1983, 105, 2452-2463.

13 (a) H. Fan, J. Peng, M. T. Hamann and J.-F. Hu, Chem. Rev., 2008, 
108, 264-287; (b) T. Fukuda, F. Ishibashi and M. Iwao, Alkaloids 
Chem. Biol., 2020, 83, 1-112.

14 (a) E. Marco, W. Laine, C. Tardy, A. Lansiaux, M. Iwao, F. Ishibashi, 
C. Bailly and F. Gago, J. Med. Chem., 2005, 48, 3796-3807; (b) M. 
V. R. Reddy, M. R. Rao, D. Rhodes, M. S. T. Hansen, K. Rubins, F. 

D. Bushman, Y. Venkateswarlu and D. J. Faulkner, J. Med. Chem., 
1999, 42, 1901-1907.

15 (a) M. D. Matveeva, R. Purgatorio, L. G. Voskressensky and C. D. 
Altomare, Future Med. Chem., 2019, 11, 2735-2755; (b) H. L. Cui, 
Org. Biomol. Chem., 2022, 20, 2779-2801.

16 C. G. Yu, Y. N. Zhang, S. L. Zhang, H. Li and W. Wang, Chem. 
Commun., 2011, 47, 1036-1038.

17 Z. Xie, F. Li, L. Niu, H. Li, J. Zheng, R. Han, Z. Ju, S. Li and D. Li, Org. 
Biomol. Chem., 2020, 18, 6889-6898.

18 H. T. Wang and C. D. Lu, Tetrahedron Lett., 2013, 54, 3015-3018.
19 W. Hu, N. Liu and A. Wusiman, J. Heterocycl. Chem., 2023, 60, 

1633-1640.
20 C. Feng, J.-H. Su, Y. Yan, F. Guo and Z. Wang, Org. Biomol. Chem., 

2013, 11, 6691-6694.
21 For examples, see: (a) Y. Q. Zou, L. Q. Lu, L. Fu, N. J. Chang, J. Rong, 

J. R. Chen and W. J. Xiao, Angew. Chem., Int. Ed., 2011, 50, 7171-
7175; (b) M. Rueping, D. Leonori and T. Poisson, Chem. Commun., 
2011, 47, 9615-9617; (c) L. Huang and J. Z. Zhao, Chem. Commun., 
2013, 49, 3751-3753; (d) S. Guo, H. L. Zhang, L. Huang, Z. D. Guo, 
G. Xiong and J. Z. Zhao, Chem. Commun., 2013, 49, 8689-8691; 
(e) A. Fujiya, M. Tanaka, E. Yamaguchi, N. Tada and A. Itoh, J. Org. 
Chem., 2016, 81, 7262-7270; (f) S. Firoozi, M. Hosseini-Sarvari 
and M. Koohgard, Green Chem., 2018, 20, 5540-5549; (g) M. 
Koohgard, Z. Hosseinpour and M. Hosseini-Sarvari, Tetrahedron, 
2021, 89; (h) C. J. Wu, M. Z. Shao, L. J. Niu, T. R. Li, W. J. Liang, J. 
L. Kan, Y. Geng and Y. B. Dong, Eur. J. Org. Chem., 2023, 26; (i) P. 
Rana, G. Udari, B. Sridhar and S. Prakash Singh, Chem. Eur. J., 
2023, 29, e202203354.

22 (a) H. M. Huang, Y. J. Li, Q. Ye, W. B. Yu, L. Han, J. H. Jia and J. R. 
Gao, J. Org. Chem., 2014, 79, 1084-1092; (b) H.-M. Huang, F. 
Huang, Y.-J. Li, J.-H. Jia, Q. Ye, L. Han and J.-R. Gao, RSC Adv., 2014, 
4, 27250-27258; (c) S. Nekkanti, N. P. Kumar, P. Sharma, A. Kamal, 
F. M. Nachtigall, O. Forero-Doria, L. S. Santos and N. Shankaraiah, 
RSC Adv., 2016, 6, 2671-2677.

23 S. Chen, M. S. Hossain and F. W. Foss, Jr, ACS Sustainable Chem. 
Eng., 2013, 1, 1045-1051.

24 (a) S. E. Hoegy and P. S. Mariano, Tetrahedron, 1997, 53, 5027-
5046; (b) X. Jiang, Z. Zhao, Z. Shen, K. Chen, L. Fang and C. Yu, Eur. 
J. Org. Chem., 2020, 2020, 3889-3895.

25 B. Yi, N. Yan, N. N. Yi, Y. J. Xie, X. Y. Wen, C. T. Au, D. H. Lan, Rsc 
Adv., 2019, 9, 29721-29725.

26 L. Huang and J. Z. Zhao, Chem. Commun., 2013, 49, 3751-3753.

Page 6 of 7Organic & Biomolecular Chemistry



ARTICLE

Please do not adjust margins

Please do not adjust margins

Data availability

The data supporting this article have been included as part of the 
Supplementary Information.

Page 7 of 7 Organic & Biomolecular Chemistry


