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Abstract: A general alkylating method using organoboronic acid under 1 atm. of 

oxygen is developed. It allows a facile access to a wide range of functionalized 

molecules with privileged scaffolds in drugs and natural products such as oxindoles, 

quinolinones, chromones, naphthoquinones, coumarins, and quinolones. In contrast to 

previous alkylation approaches that generally requiring transition-metal catalysis and 

stoichiometric chemical oxidant, the present strategy features metal-free, molecular 

oxygen as the terminal oxidant and site-specificity. 

INTRODUCTION

Combustion of triethylborane could produce a beautiful green flame, which was 

considered as the first report on reaction of organoborane with molecular oxygen by 
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Frankland in 1860.1 Studies on free radical chemistry of organoborane sprang up till 

one century later. Since then authoxidation of trialkylborane has become one of the 

most important initiating system for free radical reactions.2 As carbon-centered radical 

precursors, trialkylboranes3 and organotrifluoroborates4 have been widely utilized to 

form C-C bonds. In contrast, more stable organoboronic acids are rarely used as a 

radical source. The reaction of molecular oxygen with boronic acid was firstly 

reported by Davies and Roberts in 1966.5 They found that optically pure 

1-phenylethylboronic acid was oxidized to racemic peroxides by oxygen. And then 

they suggested the autoxidation of organoborane would undergo a radical-chain 

process. Fifty-four years later, a facile Ag(I)/S2O8
2--mediated Minisci-type C-C 

formation by using R(Ar)-B(OH)2 was demonstrated by Baran and co-workers.6 

Subsequently, Chatani7 and Rodríguez8 achieved convenient alkylation of isonitrile 

and arene with alkylboronic acid by stoichiometric Mn(III), respectively. In 2013, an 

efficient (sp3)C-H arylation with arylboronic acid by Ni(II)/DTBP was developed by 

Lei.9 Two years later, Antonchick and Bering found that hot DMSO could enable aryl 

boronic acid to realize arylation of quinoline N-oxide.10 Recently, an effective 

Ru(II)/hypervalent iodine-triggered photoredox alkylation of heterocycle using 

alkylboronic acids was explored by Chen.11 Very recently, we realized a first 

O2-promoted heteroaromatic C-H alkylation by using boronic acids.12 Herein, we 

wish to report a molecular oxygen-mediated radical alkylation and/or alkylarylation of 

activated alkenes with organoboronic acids (Scheme 1). It could allow a general, 

metal-free and stoichiometric chemical oxidant-free access to structurally diverse 

heterocycles such as alkylated oxindoles,13 3,4-dihydroquinolin-2(1H)-ones,14 

chromones, coumarins, quinolones, and naphthoquinones.15 These molecules are 

well-known as biologically active compounds with privileged scaffolds for library 

design and drug discovery (Scheme 1).16 To the best of our knowledge, this work 

represents the first applicable alkylation and/or alkylarylation of alkenes by using 

organoboronic acids and O2.
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Scheme 1. Alkyl Radical Generation Using Alkylboronic Acid as Precursor and Relevant 

Biologically Active Molecules. 

RESULTS AND DISCUSSION

Molecular oxygen based oxidation17 and transformations18 represent the most clean 

and sustainable processes. As our continuous endeavors for developing highly 

efficient radical synthetic methods,19 we found that reaction of alkylboronic acid with 

O2 could afford alkyl radical by heating.12 Then we began to envision whether it could 

realize a general C-C bond formating method. In order to test this hypothesis, radical 

addition/cyclization cascade reaction of N-arylacrylamide with RB(OH)2 was initially 

carried out to optimize the reaction conditions (Table 1). We found that additive, 

solvent and temperature are important to this system. Firstly, a series of solvents were 

screened (entries 1-7). To our delight, the desired product 1 was isolated in an 

excellent yield in a mixed solvent (entry 7). Next, we evaluated the effect of the acid 

additive (entries 10-12). The products were obtained in 50% yield without TFA and 

47% yield without any acids. The yield increased to 62% by addition of 1 equivalent 

of TFA. The results indicate that acids could promote this process. Subsequently, we 

examined the effect of temperature for this transformation (entries 13 and 14). As a 

result, the reactions under 80oC and 100oC gave the corresponding products in 47% 

and 65% yields, respectively. Finally, we observed that a decreased yield of 1 was 

obtained by decreasing the amount of boronic acid (entry 15). No reaction occurred 
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under nitrogen atmosphere (entry 16). 

Table 1. Optimization of the Reaction Conditionsa

N
+

1 atm O2

solvent
additive

1

N

O
B(OH)2

entry additive (equiv) solvent (mL) T (oC) yield (%)b

1

2

TFA (2)

TFA (2)

DCE (0.5)

t-BuOH (0.5)

110

110

52

35

3 TFA (2) EtOH (0.5) 110 40

4 TFA (2) CH3CN (0.5) 110 69

5 TFA (2) EtOH/DCE (0.25/0.25) 110 82

6 TFA (2) HOAc/DCE (0.25/0.25) 110 79

7 TFA (2) HOAc/CH3CN (0.25/0.25) 110 90

8 TFA (2) HOAc/CH3CN (0.2/0.2) 110 77

9 TFA (2) HOAc/CH3CN (0.3/0.3) 110 82

10 - HOAc/CH3CN (0.25/0.25) 110 50

11 - CH3CN (0.5) 110 47

12 TFA (1) HOAc/CH3CN (0.25/0.25) 110 62

13 TFA (2) HOAc/CH3CN (0.25/0.25) 80 47

14 TFA (2) HOAc/CH3CN (0.25/0.25) 100 65

15c

16d

TFA (2)

TFA (2)

HOAc/CH3CN (0.25/0.25)

HOAc/CH3CN (0.25/0.25)

100

110

76

0

a Reaction conditions: N-methyl-N-phenylmethacrylamide (0.2 mmol, 1 equiv), cyclohexylboronic 

acid (1 mmol, 5 equiv), 1 atm O2 (oxygen bag), 6 h, unless otherwise noted. b Isolated yields. c 

cyclohexylboronic acid (0.8 mmol, 4 equiv). d N2 instead of O2. 

With the above informations in hand, we then start to investigate the substrate 

scope. It can be seen from Scheme 2 that a wide range of N-arylacrylamides and alkyl 

boronic acids could afford the corresponding oxindoles in moderate to high yields. 

Both electron-donating and electron-withdrawing groups as well as halogens (F, Cl, 

Br, and I) on the aromatic core in N-arylacrylamides gave the desired products in 

good yields (2-13). Poly-substituents at ortho-, meta-, and para-position of 
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N-arylacrylamides also led to acceptable yield of the oxindoles, which indicated that 

the steric effect was not remarkable. Furthermore, N,N-diphenylmethacrylamide, 

N-methyl-N-(naphthalen-1-yl)methacrylamide, and 2-(methyl(phenyl)carbamoyl)allyl 

acetate afforded the corresponding products in good yields (14-16). Finally, an array 

of alkylboronic acids were evaluated (17-21). And we found that both linear and 

cyclic alkyl boronic acids gave the desired oxindoles in moderate to good yields.

Scheme 2. O2-Promoted Alkylarylation of alkenes with Alkyl Boronic Acids.a
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a Reaction conditions: N-arylacrylamide (0.2 mmol, 1 equiv), alkyl boronic acid (5 equiv, 1 mmol), 
TFA (2 equiv, 0.4 mmol), HOAc (0.25 mL), CH3CN (0.25 mL), 1 atm O2 (oxygen bag), 110oC 
(measured temperature of the oil bath), 6 h, unless otherwise noted. b Isolated yields. 

Next, various kinds of molecules containing activated C=C double bonds were 

evaluated under the typical reaction conditions (Scheme 3). First, a series of 

N-methyl-N-arylcinnamamides were found to be effective substrates, and the 

corresponding alkylated 3,4-dihydroquinolin-2(1H)-ones were smoothly obtained via 

this radical addition/cyclization cascade strategy (22-27). It is noteworthy that the 

chemoselectivities are extremely high. Only anti-isomers of 

3-cyclohexyl-1-methyl-4-aryl-3,4-dihydroquinolin-2(1H)-ones were observed, which 

should be due to the radical stability and steric effect. Then several chromones were 

examined. As a result, site-specific alkylated chromones (28-30) were isolated in 

45-53% yields. The relatively nucleophilic alkyl radical trends to attack the 

electron-deficient C2 position, which might be responsible for the site-selectivity. 

Subsequently, an array of coumarins and quinolones were examined to be also 

amenable to this system. The desired 3-alkyl-2H-chromen-2-ones as well as 3-alkyl 

quinolin-2(1H)-ones were facilely synthesized in moderate to good yields (31-39). 

Gratifyingly, site-specific alkylation occurred at C3 position, which should be due to 

the generation of more stable benzyl radical intermediate. Finally, dialkylation 

products were obtained with 1,4-naphthoquinones (40-42). Interestingly, 

naphthalene-1,4-dione and 2-methylnaphthalene-1,4-dione afforded dialkyl addition 
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products (40 and 41) while 2-chloronaphthalene-1,4-dione gave the 

addition/elimination dialkyl 1,4-naphthoquinone (42). Overall, diverse alkyl 

heterocycles could be synthesized by this protocol.

Scheme 3. O2-Promoted Alkylarylation and/or alkylation of activated alkenes 

with Alkyl Boronic Acids.a
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a Reaction conditions: substrate (0.2 mmol, 1 equiv), cyclohexylboronic acid (5 equiv, 1 mmol), TFA 
(2 equiv, 0.4 mmol), HOAc (0.25 mL), CH3CN (0.25 mL), 1 atm O2 (oxygen bag), 110oC (measured 
temperature of the oil bath), 6 h, unless otherwise noted. b Isolated yields. c Only trans isomers were 
observed. 

As demonstrated in Scheme 4a, radical scavenger TEMPO was introduced into the 

reaction of N-arylacrylamide with cyclohexylboronic acid. No alkylated oxindole was 

observed, but 1-(cyclohexyloxy)-2,2,6,6-tetramethylpiperidine (43) was isolated as a 

radical trapping adduct in 68% yield. In addition, 32% yield of cyclohexanol was 

isolated. In accordance with the experimental results and literatures precedent, a 

plausible mechanism was proposed in Scheme 4b.[2, 20] Initially, reaction of boronic 

acid with molecular oxygen would afford radical A and alkyl radical. Addition of 

alkyl radical to alkene followed by cyclization would give radical B. Then 

hydrogen-atom transfer (HAT) from B to A would form the product and 

peroxyboronic acid, which would lead to boric acid finally. 

Scheme 4. Radical trap experiment and proposed mechanism.

+
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CONCLUSIONS

In summary, we demonstrated a molecular oxygen-mediated alkylation and/or 

alkylarylation of activated alkenes via autoxidation of alkylboronic acid. By simply 

heating organoboronic acid under 1 atm. of oxygen, diverse functionalized 

heterocycles such as oxindoles, quinolinones, chromones, coumarins and quinolones 

can be efficiently synthesized. This strategy features metal-free, stoichiometric 

chemical oxidant free, and high chemoselectivity. Furthermore, alphatic boronic acids 

were used as the alkyl radical donors, which is far more stable and safer than other 

organoboranes. Hence, the present alkylation strategy would be expected to become a 

general C-C bond constructing strategy and would find wide applications in synthetic 

organic chemistry.

EXPERIMENTAL SECTION

General Information: All chemicals were commercially available and used as 

received without further purification. Reactions were monitored by thin-layer 

chromatography (TLC). 1H NMR, 13C NMR, and 19F NMR spectra were recorded at 

400, 100, and 375 MHz, respectively. Chemical shifts (δ) are given relative to internal 

TMS. The NMR data are presented as follows: chemical shift (ppm), multiplicity (s = 

singlet, d = doublet, t = triplet, m = multiplet, br = broad), coupling constant J (Hz), 

and integration. HRMS spectra (ESI-TOF) were recorded in CH2Cl2 or acetonitrile. 

Typical Experimental Procedure for the Synthesis of 1-42.
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A mixture of N-methyl-N-phenylmethacrylamide (1 equiv., 0.20 mmol), TFA (2 

equiv., 0.40 mmol), cyclohexylboronic acid (5 equiv., 1 mmol) was dissolved in a 

solution of acetic acid (0.25 mL) and acetonitrile (0.25 mL). The reaction vial was 

purged with O2 for three times and then the reaction mixture was refluxing at 110oC 

(measured temperature of the oil bath) for 6 hours. After the reaction finished, the 

solvent was removed under reduced pressure, and purified by flash chromatography 

on silica gel to afford the desired product. 

A scaled-up experimental procedure: A mixture of 

N-methyl-N-phenylmethacrylamide (1 equiv., 8 mmol, 1.40 g), TFA (2 equiv., 16 

mmol, 1.82 g), cyclohexylboronic acid (5 equiv., 40 mmol, 7.17 g) was dissolved in a 

solution of acetic acid (10 mL) and acetonitrile (10 mL). The reaction vial was purged 

with O2 for three times and then the reaction mixture was refluxing at 110oC 

(measured temperature of the oil bath) for 6 hours. After the reaction finished, the 

solvent was removed under reduced pressure, and purified by flash chromatography 

on silica gel to afford the desired product (1.74 g, isolated yield: 84%). 

3-(cyclohexylmethyl)-1,3-dimethylindolin-2-one (1).19c A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1, 

Yield: 90%, 46.3 mg). 1H NMR (400 MHz, CDCl3): δ 7.28 – 7.24 (m, 1H), 7.16 (d, J 

= 6.8 Hz, 1H), 7.05 (t, J = 7.2 Hz, 1H), 6.84 (d, J = 7.6 Hz, 1H), 3.22 (s, 3H), 1.93 (dd, 

J = 14.0, 6.8 Hz, 1H), 1.72 (dd, J = 14.0, 5.2 Hz, 1H), 1.53 – 1.45 (m, 3H), 1.36 – 1.19 

(m, 5H), 1.02 – 0.70 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 181.1, 143.1, 134.4, 

127.5, 122.7, 122.3, 107.9, 47.8, 45.4, 34.7, 34.5, 33.5, 26.2, 26.1, 26.1, 26.0. MS (EI, 

m/z): 257(9.5), 161 (100), 160(32.8), 55(8.3).

3-(cyclohexylmethyl)-1,3,5-trimethylindolin-2-one (2).19c A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1, 

Yield: 69%, 37.4 mg). 1H NMR (400 MHz, CDCl3): δ  7.05 (d, J = 8.0 Hz, 1H), 

6.96 (s, 1H), 6.72 (d, J = 8.0 Hz, 1H), 3.19 (s, 3H), 2.35 (s, 3H), 1.91 (dd, J = 14.0, 6.8 

Hz, 1H), 1.69 (dd, J = 14.0, 5.2 Hz, 1H), 1.52 – 1.46 (m, 3H), 1.36 – 1.21 (m, 5H), 

1.00 – 0.91 (m, 4H), 0.88 – 0.73 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 181.1, 

140.7, 134.5, 131.7, 127.7, 123.5, 107.6, 47.9, 45.4, 34.7, 34.5, 33.5, 26.2, 26.1, 26.0, 
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21.2. MS (EI, m/z): 271(10.4), 176 (14.1), 175(100), 40(24.2).

3-(cyclohexylmethyl)-5-methoxy-1,3-dimethylindolin-2-one（ 3） . 19c A colorless 

oil after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 85%, 51.5mg). 1H NMR (400 MHz, CDCl3):δ  6.79 – 6.72 (m, 3H), 

3.81 (s,3H), 3.19 (s, 3H), 1.92 (dd, J = 14.0, 7.2 Hz, 1H), 1.68 (dd, J = 14.0, 5.2 Hz, 

1H), 1.52 – 1.46 (m, 3H), 1.36 – 1.21 (m, 5H), 1.05 – 0.71 (m, 6H). 13C NMR (100 

MHz, CDCl3): δ 180.7, 160.5(d, J=955), 139.0, 136.3, 113.8 (d, J=93.6), 111.0 (d, 

J=96.8), 108.3 (d, J=32.4), 55.8, 48.3, 45.4, 34.7, 34.4, 33.5, 26.3, 26.1, 26.0. MS (EI, 

m/z): 287(21.4), 191 (100), 190(33.6), 176(11.0).

3-(cyclohexylmethyl)-5-fluoro-1,3-dimethylindolin-2-one（4） . 19c A colorless oil 

after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 68%, 37.4 mg). 1H NMR (400 MHz, CDCl3): δ 6.95 (td, J = 9.2, 2.4 Hz, 

1H), 6.90 (dd, J = 8.0, 2.4 Hz, 1H), 6.75 (dd, J = 8.4, 4.0 Hz, 1H), 3.20 (s, 3H), 1.93 

(dd, J = 14.0, 6.8 Hz, 1H), 1.68 (dd, J = 14.0, 5.2 Hz, 1H), 1.53 – 1.47 (m, 3H), 1.35 – 

1.19 (m, 5H), 1.03 – 0.88 (m, 4H), 0.86 – 0.70 (m, 2H). 13C NMR (100 MHz, CDCl3): 

δ 180.7, 160.5, 158.1, 139.0, 136.3, 113.8, 113.5, 111.0, 110.7, 108.3, 108.2, 48.4, 

45.4, 34.7, 34.4, 33.5, 26.3, 26.1, 26.0, 26.0. MS (EI, m/z): 275(7.1), 179 (100), 

178(30.2), 40(14.0).

5-chloro-3-(cyclohexylmethyl)-1,3-dimethylindolin-2-one（5） . 19c A colorless oil 

after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 84%, 48.9 mg). 1H NMR (400 MHz, CDCl3): δ 7.23 (dd, J = 8.4, 2.0 Hz, 

1H), 7.12 (d, J = 2.0 Hz, 1H), 6.75 (d, J = 8.4 Hz, 1H), 3.19 (s, 3H), 1.92 (dd, J = 14.0, 

7.2 Hz, 1H), 1.69 (dd, J = 14.0, 5.2 Hz, 1H), 1.52 – 1.47 (m, 3H), 1.32 – 1.20 (m, 5H), 

1.02 – 0.88 (m, 4H), 0.86 – 0.71 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 180.5, 

141.7, 136.2, 127.7, 127.5, 123.2, 108.8, 48.1, 45.3, 34.7, 34.4, 33.4, 26.3, 26.1, 26.0, 

25.9. MS (EI, m/z): 291(8.2), 197 (32.0), 195(100), 55(15.4).

5-bromo-3-(cyclohexylmethyl)-1,3-dimethylindolin-2-one（6） . 19c A colorless oil 

after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 82%, 54.9 mg). 1H NMR (400 MHz, CDCl3): δ 7.37 (dd, J = 8.4, 2.0 Hz, 

1H), 7.25 (d, J = 1.6 Hz, 1H), 6.71 (d, J = 8.4 Hz, 1H), 3.18 (s, 3H), 1.92 (dd, J = 14.0, 
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7.2 Hz, 1H), 1.68 (dd, J = 14.0, 5.2 Hz, 1H), 1.52 – 1.47 (m, 3H), 1.32 – 1.20 (m, 5H), 

1.05 – 0.88 (m, 4H), 0.86 – 0.70 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 180.4, 

142.2, 136.6, 130.4, 125.9, 115.1, 109.4, 48.1, 45.3, 34.7, 34.4, 33.4, 26.3, 26.1, 26.0, 

25.9. MS (EI, m/z): 335(8.0), 239 (100), 130(12.4), 55(26.9).

3-(cyclohexylmethyl)-5-iodo-1,3-dimethylindolin-2-one （ 7 ） . 19c A colorless oil 

after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 70%, 51.7 mg). 1H NMR (400 MHz, CDCl3): δ 7.57 (dd, J = 8.4, 2.0 

Hz, 1H), 7.42 (d, J = 2.0 Hz, 1H), 6.62 (d, J = 8.0 Hz, 1H), 3.18 (s, 3H), 1.91 (dd, J = 

14.0, 6.8 Hz, 1H), 1.68 (dd, J = 14.4, 5.2 Hz, 1H), 1.50 – 1.47 (m, 3H), 1.32 – 1.20 (m, 

5H), 1.06 – 0.70 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 180.2, 142.9, 136.9, 136.4, 

131.5, 110.0, 84.9, 47.9, 45.3, 34.7, 34.4, 33.4, 26.2, 26.1, 26.0, 25.9. MS (EI, m/z): 

383(8.9), 287 (100), 160(14.7), 55(24.1).

3-(cyclohexylmethyl)-1,3-dimethyl-2-oxoindoline-5-carbonitrile （ 8 ） . 19c A 

colorless oil after purification by flash column chromatography (petroleum ether/ethyl 

acetate = 20/1, Yield: 65%, 34.8 mg). 1H NMR (400 MHz, CDCl3): δ 7.60 (dd, J = 8.0, 

1.6 Hz, 1H), 7.39 (d, J = 1.6 Hz, 1H), 6.90 (d, J = 8.0 Hz, 1H), 3.23 (s, 3H), 1.95 (dd, 

J = 14.4, 6.8 Hz, 1H), 1.73 (dd, J = 14.4, 4.9 Hz, 1H), 1.52 – 1.46(m, 3H), 1.32 (s, 3H), 

1.26 – 1.17 (m, 2H), 1.00 – 0.76 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 180.6, 

146.9, 135.4, 133.0, 126.0, 119.3, 108.3, 105.3, 47.6, 45.1, 34.7, 34.3, 33.3, 26.4, 25.9, 

25.9, 25.8. MS (EI, m/z): 282(4.9), 186 (100), 55(15.0), 40(51.1)

3-(cyclohexylmethyl)-1,3,7-trimethylindolin-2-one（ 9） . 19c A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1, 

Yield: 62%, 33.6 mg). 1H NMR (400 MHz, CDCl3): δ 6.98 – 6.91 (m, 3H), 3.49 (s, 

3H), 2.59 (s, 3H), 1.91 (dd, J = 14.0, 6.8 Hz, 1H), 1.68 (dd, J = 14.0, 5.2 Hz, 1H), 1.53 

– 1.46 (m, 3H), 1.38 – 1.20 (m, 5H), 1.03 – 0.69 (m, 6H). 13C NMR (100 MHz, 

CDCl3): δ 181.9, 140.9, 135.1, 131.2, 122.2, 120.6, 119.5, 47.1, 45.6, 34.6, 34.5, 33.5, 

29.5, 26.6, 26.1, 26.1, 26.0, 19.1. MS (EI, m/z): 271(7.5), 176 (13.2), 175(100), 

40(43.8).

3-(cyclohexylmethyl)-7-methoxy-1,3-dimethylindolin-2-one（10） . 19c A colorless 

oil after purification by flash column chromatography (petroleum ether/ethyl acetate = 
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20/1, Yield: 82%, 44.8 mg). 1H NMR (400 MHz, CDCl3): δ 6.98 (t, J = 7.2 Hz, 1H), 

6.82 (d, J = 8.4 Hz, 1H), 6.77 (dd, J = 7.6, 0.8 Hz, 1H), 3.86 (s, 3H), 3.48 (s, 3H), 1.90 

(dd, J = 14.0, 6.8 Hz, 1H), 1.68 (dd, J = 14.0, 5.2 Hz, 1H), 1.53 – 1.46 (m, 3H), 1.39 – 

1.21 (m, 5H), 1.01 – 0.70 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 181.3, 145.3, 

136.2, 130.9, 122.8, 115.5, 111.4, 55.9, 47.9, 45.5, 34.7, 34.4, 33.5, 29.4, 26.5, 26.1, 

26.0. MS (EI, m/z): 287(10.1), 191 (100), 176(7.7), 40(29.5).

3-(cyclohexylmethyl)-1,3,4,6-tetramethylindolin-2-one（ 11） . 19c A colorless oil 

after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 63%, 35.9 mg). 1H NMR (400 MHz, CDCl3): δ 6.63 (s, 1H), 6.51 (s, 1H), 

3.17 (s, 3H), 2.34 (s, 3H), 2.30 (s, 3H), 1.93 (d, J = 3.6 Hz, 2H), 1.50 – 1.45 (m, 3H), 

1.34 (s, 3H), 1.30 – 1.22 (m, 2H), 1.02 – 0.75 (m, 6H). 13C NMR (100 MHz, CDCl3): 

δ 181.6, 143.4, 137.3, 133.8, 128.0, 125.4, 106.7, 48.4, 43.8, 35.1, 34.1, 33.0, 26.2, 

26.1, 25.9, 24.2, 21.5, 18.1. MS (EI, m/z): 285(4.6), 189 (100), 188(66.5), 173(10.0).

3-(cyclohexylmethyl)-5,7-dimethoxy-1,3-dimethylindolin-2-one （ 12 ） . 19c A 

colorless oil after purification by flash column chromatography (petroleum ether/ethyl 

acetate = 20/1, Yield: 74%, 46.9 mg). 1H NMR (400 MHz, CDCl3):δ 6.41 (d, J = 2.0 

Hz, 1H), 6.35 (d, J = 2.4 Hz, 1H), 3.84 (s, 3H), 3.80 (s, 3H), 3.43 (s, 3H), 1.89 (dd, J = 

14.0, 6.8 Hz, 1H), 1.64 (dd, J = 14.0, 5.2 Hz, 1H), 1.53 – 1.47 (m, 3H), 1.40 – 1.23 (m, 

5H), 1.06 – 0.70 (m, 6H).  13C NMR (100 MHz, CDCl3): δ 181.0, 156.5, 145.8, 136.8, 

124.5, 100.8, 98.7, 55.9, 55.8, 48.5, 45.5, 34.6, 34.4, 33.4, 29.3, 26.5, 26.1, 26.0 .MS 

(EI, m/z): 317(25.1), 221 (100), 206(18.6), 55(8.9).

5-bromo-7-chloro-3-(cyclohexylmethyl)-1,3-dimethylindolin-2-one （ 13 ） . A 

colorless oil after purification by flash column chromatography (petroleum ether/ethyl 

acetate = 20/1, Yield: 43%, 31.7 mg). 1H NMR (400 MHz, CDCl3): δ 7.37 (dd, J = 2.0, 

0.4 Hz, 1H), 7.26 (s, 1H), 7.03 (d, J = 2.0 Hz, 1H), 1.92 (dt, J = 14.0, 7.2 Hz, 1H), 

1.66 (dd, J = 14.0, 5.2 Hz, 1H), 1.54 – 1.48 (m, 1H), 1.28 (s, 1H), 1.24 – 1.20 (m, 1H), 

1.02 – 0.76 (m, 2H). 13C NMR (100 MHz, CDCl3): δ 180.8, 139.2, 138.8, 132.4, 

128.1, 122.2, 102.2, 47.9, 45.5, 34.5, 34.4, 33.3, 29.7, 26.6, 26.0, 25.9. HRMS 

(ESI-TOF) m/z: [M+H]+ Calculated for C17H21BrClNOH 370.0568, found 370.0566.
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3-(cyclohexylmethyl)-3-methyl-1-phenylindolin-2-one （ 14 ） . 19c A colorless oil 

after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 68%, 43.4 mg). 1H NMR (400 MHz, CDCl3): δ 7.52 (t, J = 8.0 Hz, 2H), 

7.41 – 7.38 (m, 3H), 7.25 – 7.16 (m, 2H), 7.09 (t, J = 7.2 Hz, 1H), 6.83 (d, J = 8.0 Hz, 

1H), 2.03 (dd, J = 14.0, 7.2 Hz, 1H), 1.80 (dd, J = 14.0, 5.2 Hz, 1H), 1.56 – 1.50 (m, 

3H), 1.44 (s, 3H), 1.29 (d, J = 12.4 Hz, 1H), 1.14 – 0.75 (m, 7H). 13C NMR (100 MHz, 

CDCl3): δ 180.4, 143.0, 134.8, 134.2, 129.5, 127.8, 127.4, 126.4, 123.0, 122.8, 109.3, 

47.9, 45.8, 34.9, 34.4, 33.6, 26.4, 26.2, 26.1, 26.0. MS (EI, m/z): 319(7.3), 223 (100), 

194(7.0), 40(39.0).

3-(cyclohexylmethyl)-1,3-dimethyl-1,3-dihydro-2H-benzo[g]indol-2-one（15）. 19c 

A colorless oil after purification by flash column chromatography (petroleum 

ether/ethyl acetate = 20/1, Yield: 64%, 39.3 mg). 1H NMR (400 MHz, CDCl3): δ  

7.71 (d, J = 8.0 Hz, 1H), 7.55 – 7.50 (m, 2H), 7.44 – 7.38 (m, 2H), 6.94 (d, J = 7.2 Hz, 

1H), 3.53 (s, 3H), 2.41 (dd, J = 14.0, 7.6 Hz, 1H), 1.87 (dd, J = 14.0, 4.8 Hz, 1H), 1.63 

(s, 3H), 1.45 – 1.18 (m, 5H), 1.14 – 0.72 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 

173.8, 138.5, 136.9, 133.3, 126.8, 126.2, 125.6, 123.1, 122.3, 119.6, 108.0, 51.0, 46.5, 

34.8, 34.5, 33.3, 32.9, 29.6, 26.2, 26.1. MS (EI, m/z): 307(8.6), 211 (100), 182(32.6), 

55(8.6).

 (3-(cyclohexylmethyl)-1-methyl-2-oxoindolin-3-yl)methyl acetate （ 16 ） . 19c A 

colorless oil after purification by flash column chromatography (petroleum ether/ethyl 

acetate = 20/1, Yield: 72%, 45.4mg). 1H NMR (400 MHz, CDCl3): δ 7.29 (td, J = 7.6, 

1.2 Hz, 1H), 7.18 (d, J = 7.2 Hz, 1H), 7.05 (t, J = 7.2 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 

4.43 (d, J = 10.8 Hz, 1H), 4.08 (d, J = 10.8 Hz, 1H), 3.23 (s, 3H), 1.87 (dd, J = 14.0, 

7.2 Hz, 1H), 1.82 (s, 3H), 1.76 (dd, J = 14.0, 5.2 Hz, 1H), 1.52 – 1.42 (m, 3H), 1.33 (d, 

J = 13.2 Hz, 1H), 1.25 – 1.20 (m, 1H), 1.05 – 0.71 (m, 6H). 13C NMR (100 MHz, 

CDCl3): δ 178.0, 170.3, 144.0, 129.8, 128.3, 123.6, 122.4, 107.9, 68.4, 51.9, 40.2, 

34.4, 34.0, 33.5, 26.3, 26.0, 25.9, 20.5. MS (EI, m/z): 315(6.6), 159 (100), 130(7.5), 

40(17.3).

1,3-dimethyl-3-propylindolin-2-one（17） . 13 A colorless oil after purification by 

flash column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 60%, 24.4 
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mg). 1H NMR (400 MHz, CDCl3): δ 7.26 (td, J = 6.8, 1.2 Hz, 1H), 7.17 (dd, J = 7.2, 

0.8 Hz, 1H), 7.06 (td, J = 7.6, 1.2 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 3.21 (s, 3H), 

1.84–1.91 (m, 1H), 1.74 – 1.66 (m, 1H), 1.35 (s, 3H), 1.04 – 0.96 (m, 1H), 0.90 – 0.82 

(m, 1H), 0.77 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 180.9, 143.3, 134.3, 

127.5, 122.5, 122.4, 107.8, 48.5, 40.8, 26.0, 23.7, 17.8, 14.1. MS (EI, m/z): 203(30.5), 

161 (100), 160(94.2), 40(58.4).

3-butyl-1,3-dimethylindolin-2-one（18） . 13 A colorless oil after purification by 

flash column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 78%, 33.9 

mg). 1H NMR (400 MHz, CDCl3): δ 7.28 – 7.24(m, 1H), 7.16 (d, J = 7.2 Hz, 1H), 

7.06 (t, J = 7.2 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 3.21 (s, 3H), 1.89 (td, J = 13.2, 4.8 

Hz, 1H), 1.72 (td, J = 12.8, 4.4 Hz, 1H), 1.34 (s, 3H), 1.13–1.22 (m, 2H), 0.92–0.98 

(m, 1H), 0.84 – 0.80 (m, 1H), 0.77 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): 

δ 181.0, 143.2, 134.2, 127.5, 122.8, 122.2, 107.8, 48.2, 46.0, 33.9, 33.5, 32.2, 27.1, 

27.0, 26.3, 26.1, 25.6, 25.1, 24.9. MS (EI, m/z): 217(27.8), 161 (100), 160(83.4), 

132(14.3).

3-isobutyl-1,3-dimethylindolin-2-one（19）. 13 A colorless oil after purification by 

flash column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 75%, 32.6 

mg). 1H NMR (400 MHz, CDCl3): δ 7.24 (td, J = 7.2, 1.2 Hz, 1H), 7.15 – 7.12 (m, 

1H), 7.04 (td, J = 7.2, 0.8 Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 3.19 (s, 3H), 1.92 (dd, J = 

13.6, 7.6 Hz, 1H), 1.74 (dd, J = 13.6, 5.2 Hz, 1H), 1.30 (s, 3H), 1.23 (dt, J = 12, 6.4 

Hz, 1H), 0.63 (d, J = 6.4 Hz, 3H), 0.58 (d, J = 6.8 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ 181.0, 143.1, 134.1, 127.5, 122.7, 122.3, 107.9, 48.0, 46.7, 26.1, 26.1, 25.5, 

24.1, 22.8. MS (EI, m/z): 217(19.6), 161 (100), 160(74.9), 132(11.6).

1,3-dimethyl-3-pentylindolin-2-one（20） . 13 A colorless oil after purification by 

flash column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 61%, 28.2 

mg). 1H NMR (400 MHz, CDCl3): δ 7.26 (td, J = 7.6, 1.2 Hz, 1H), 7.16 (dd, J = 7.2, 

1.2 Hz, 1H), 7.06 (td, J = 7.2, 0.8 Hz, 1H), 6.84 (d, J = 8.0 Hz, 1H), 3.19 (s, 3H), 1.87 

(ddd, J = 13.2, 12.4, 4.8 Hz, 1H), 1.75 – 1.67 (m, 1H), 1.34 (s, 3H), 1.17 – 1.10(m, 

4H), 1.02 – 0.92 (m, 1H), 0.86 – 0.80 (m, 1H), 0.77 (dd, J = 6.8, 2.8 Hz, 3H). 13C 

NMR (100 MHz, CDCl3): δ 180.1, 143.3, 134.3, 127.5, 122.4, 122.3, 107.8, 48.4, 
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38.45, 31.9, 26.0, 24.0, 23.7, 22.3, 13.9. MS (EI, m/z): 231(20.0), 161 (100), 

160(67.4), 132(10.4).

3-(cyclobutylmethyl)-1,3-dimethylindolin-2-one （ 21 ） . A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1, 

Yield: 57%, 26.1 mg). 1H NMR (400 MHz, CDCl3)：δ 7.27 – 7.23 (m, 1H), 7.17 – 

7.14 (m, 1H), 7.04 (td, J = 7.6, 1.2 Hz, 1H), 6.82 (d, J = 7.6 Hz, 1H), 3.19 (s, 3H), 

2.04 (dd, J = 12.4, 6.0 Hz, 1H), 1.85 (dd, J = 13.2, 6.8 Hz, 1H), 1.72 – 1.67 (m, 1H), 

1.65 – 1.53 (m, 4H), 1.47 – 1.36 (m, 2H), 1.31 (s, 3H).  13C NMR (100 MHz, CDCl3): 

δ 180.8, 143.2, 134.1, 127.5, 122.8, 122.2, 107.7, 47.9, 45.5, 32.9, 29.4, 28.8, 26.1, 

23.9, 18.8. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C15H19NOH 230.1539, 

found 230.1537.

3-cyclohexyl-1-methyl-4-phenyl-3,4-dihydroquinolin-2(1H)-one（22）. A colorless 

oil after purification by flash column chromatography (petroleum ether/ethyl acetate = 

10/1, Yield: 47%, 30.0 mg). 1H NMR (400 MHz, CDCl3): δ 7.33 (m, 1H), 7.19 (dt, J 

= 13.2, 7.6 Hz, 4H), 7.10 – 7.04 (m, 2H), 6.96 (d, J = 7.6 Hz, 2H), 4.22 (s, 1H), 3.36 

(s, 3H), 2.67 (d, J = 8.8 Hz, 1H), 1.92 (d, J = 10.0 Hz, 1H), 1.69 (d, J = 10.8 Hz, 2H), 

1.58 (s, 2H), 1.49 – 0.84 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 170.5, 142.3, 140.0, 

129.6, 128.7, 128.0, 127.0, 126.6, 123.2, 114.8, 55.6, 44.4, 37.6, 31.4, 31.1, 29.4, 26.1, 

26.1, 25.9. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C22H25NOH 320.2009, 

found 320.2007.

3-cyclohexyl-4-(4-fluorophenyl)-1-methyl-3,4-dihydroquinolin-2(1H)-one （ 23 ） . 

A colorless oil after purification by flash column chromatography (petroleum 

ether/ethyl acetate = 10/1, Yield: 67%, 45.2 mg). 1H NMR (400 MHz, CDCl3): δ 7.48 

– 7.30 (m, 1H), 7.23 – 7.14 (m, 1H), 7.10 – 7.03 (m, 2H), 6.94 – 6.86 (m, 4H), 4.19 (s, 

1H), 3.35 (s, 3H), 2.63 (dd, J = 9.2, 1.6 Hz, 1H), 1.91 (d, J = 9.6 Hz, 1H), 1.79 – 1.64 

(m, 2H), 1.56 (d, J = 11.6 Hz, 2H), 1.44 – 0.93 (m, 6H). 13C NMR (100 MHz, CDCl3): 

δ 170.3, 162.7, 160.3, 139.9, 137.9, 129.5, 128.6 (d, J=31.4), 128.1, 126.4, 123.3, 

115.5, 115.3, 114.9, 55.7, 43.6, 37.5, 31.3, 31.0, 29.4, 26.1, 25.9. HRMS (ESI-TOF) 

m/z: [M+H]+ Calculated for C22H24FNOH 338.1915, found 338.1909.
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4-(4-bromophenyl)-3-cyclohexyl-1-methyl-3,4-dihydroquinolin-2(1H)-one （24 ） . 

A colorless oil after purification by flash column chromatography (petroleum 

ether/ethyl acetate = 10/1, Yield: 73%, 58.0 mg). 1H NMR (400 MHz, CDCl3): δ 7.36 

– 7.29 (m, 3H), 7.16 (d, J = 7.6 Hz, 1H), 7.07 (dd, J = 7.4, 6.4 Hz, 2H), 6.82 (d, J = 

8.0 Hz, 2H), 4.16 (s, 1H), 3.35 (s, 3H), 2.61 (d, J = 8.8 Hz, 1H), 1.90 (d, J = 10.8 Hz, 

1H), 1.79 – 1.50 (m, 5H), 1.38 – 1.02 (m, 5H). 13C NMR (100 MHz, CDCl3): δ 170.1, 

141.2, 139.9, 131.7, 129.5, 128.8, 128.3, 126.0, 123.3, 120.5, 114.9, 55.5, 43.8, 37.5, 

31.3, 31.0, 29.5, 26.0, 25.9. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for 

C22H24BrNOH 398.1114, found 398.1112.

3-cyclohexyl-1-methyl-4-(p-tolyl)-3,4-dihydroquinolin-2(1H)-one （ 25 ） . A 

colorless oil after purification by flash column chromatography (petroleum ether/ethyl 

acetate = 10/1, Yield: 63%, 42.0 mg). 1H NMR (400 MHz, CDCl3): δ 7.32 (t, J = 6.8 

Hz, 1H), 7.18 (d, J = 6.8 Hz, 1H), 7.10 – 6.99 (m, 4H), 6.85 (d, J = 7.6 Hz, 2H), 4.18 

(s, 1H), 3.36 (s, 3H), 2.65 (d, J = 8.4 Hz, 1H), 2.25 (s, 3H), 1.92 (d, J = 10.0 Hz, 1H), 

1.69 (m, 2H), 1.56 (d, J = 12.4 Hz, 2H), 1.41 – 1.02 (m, 6H). 13C NMR (100 MHz, 

CDCl3): δ 170.6, 134.0, 139.2, 136.1, 129.5, 129.3, 127.9, 126.9, 126.9, 123.2, 114.8, 

55.6, 44.0, 37.6, 31.4, 31.1, 29.4, 26.1, 25.9, 20.9. HRMS (ESI-TOF) m/z: [M+H]+ 

Calculated for C23H27NOH 334.2165, found 334.2162.

3-cyclohexyl-4-(4-methoxyphenyl)-1-methyl-3,4-dihydroquinolin-2(1H)-one（26）. 

A colorless oil after purification by flash column chromatography (petroleum 

ether/ethyl acetate = 10/1, Yield: 57%, 39.8 mg). 1H NMR (400 MHz, CDCl3): δ 7.33 

(td, J = 8.0, 1.6 Hz, 1H), 7.18 (dd, J = 7.6, 1.2 Hz, 1H), 7.06 (dd, J = 6.8, 4 Hz, 2H), 

6.87 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 4.16 (s, 1H), 3.73 (s, 3H), 3.35 (s, 

3H), 2.64 (dd, J = 9.2, 1.6 Hz, 1H), 1.91 (d, J = 10.4 Hz, 1H), 1.69 (m, 2H), 1.56 (d, J 

= 12.4 Hz, 2H), 1.20 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 170.7, 158.1, 139.9, 

134.2, 129.5, 128.0, 127.9, 127.0, 123.2, 114.8, 114.0, 55.7, 55.2, 43.5, 37.5, 31.4, 

31.1, 29.5, 26.1, 25.9. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C23H27NO2H 

350.2115, found 350.2111.

3-cyclohexyl-1,8-dimethyl-4-phenyl-3,4-dihydroquinolin-2(1H)-one （ 27 ） . A 

colorless oil after purification by flash column chromatography (petroleum ether/ethyl 
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acetate = 10/1, Yield: 51%, 34.0 mg). 1H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 7.6 

Hz, 2H), 7.17 (dd, J = 7.2, 1.2 Hz, 2H), 7.07 – 7.02 (m, 2H), 7.02 – 6.97 (m, 2H), 4.13 

(s, 1H), 3.23 (s, 3H), 2.67 (dd, J = 9.6, 1.6 Hz, 1H), 2.40 (s, 3H), 1.85 (d, J = 8.8 Hz, 

1H), 1.71 – 1.54 (m, 4H), 1.35 – 0.92 (m, 6H). 13C NMR (100 MHz, CDCl3): δ 173.4, 

151.1, 141.6, 141.2, 141.2, 131.6, 129.8, 128.6, 127.7, 127.2, 127.0, 126.6, 124.5, 

56.9, 44.8, 36.4, 35.8, 31.6, 31.0, 26.1, 25.9, 25.8, 20.9. HRMS (ESI-TOF) m/z: 

[M+H]+ Calculated for C23H27NOH 334.2165, found 334.2162.

3-cyclohexyl-4H-chromen-4-one（28）. A colorless oil after purification by flash 

column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 46%, 21.0 mg). 

1H NMR (400 MHz, CDCl3): δ 8.32 – 8.09 (m, 1H), 7.71 – 7.56 (m, 1H), 7.43 (d, J = 

8.4 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H) , 6.19 (s, 1H), 2.53 (t, J = 11.6 Hz, 1H), 2.03 (d, 

J = 12.4 Hz, 2H), 1.82 (m, 3H), 1.59 – 1.25 (m, 5H). 13C NMR (100 MHz, CDCl3): δ   

178.8, 173.5, 156.4, 133.4, 125.6, 124.8, 123.7, 117.8, 107.8, 42.8, 30.4, 25.8, 25.7. 

HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C15H16O2H 229.1221, found 

229.1223.

2-cyclohexyl-4-oxo-4H-chromene-3-carbonitrile （ 29 ） . A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 10/1, 

Yield: 53%, 26.8 mg). 1H NMR (400 MHz, CDCl3): δ 8.22 (dd, J = 8.0, 1.2 Hz, 1H), 

7.83 – 7.69 (m, 1H), 7.49 (dd, J = 13.2, 7.6 Hz, 2H), 3.15 (tt, J = 12.0, 3.2 Hz, 1H), 

2.10 – 1.87 (m, 4H), 1.84 – 1.67 (m, 3H), 1.53 – 1.26 (m, 4H). 13C NMR (100 MHz, 

CDCl3): δ 181.0, 173.7, 155.4, 134.8, 126.6, 126.1, 122.3, 118.0, 113.1, 98.8, 43.6, 

29.6, 25.4, 25.3. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C16H15NO2H 

254.1176, found 254.1180.

2-cyclohexyl-6-hydroxy-3-(4-methoxyphenyl)-4H-chromen-4-one （ 30 ） . A 

colorless oil after purification by flash column chromatography (petroleum ether/ethyl 

acetate = 5/1, Yield: 45%, 31.5 mg). 1H NMR (400 MHz, CDCl3): δ 7.88 – 7.81 (m, 

2H), 7.14 (d, J = 8.8 Hz, 1H), 6.96 (dd, J = 6.0, 3.6 Hz, 3H), 6.72 (dd, J = 8.4, 2.0 Hz, 

1H), 5.45 (s, 1H), 3.89 (s, 3H), 3.01 (tt, J = 12.0, 3.6 Hz, 1H), 1.90 (d, J = 12.8 Hz, 

2H), 1.83 – 1.77 (m, 2H), 1.71 (dd, J = 12.4, 3.2 Hz, 2H), 1.35 – 1.17 (m, 4H). 13C 

NMR (100 MHz, CDCl3): δ 191.0, 167.4, 163.5, 154.3, 153.6, 131.9, 131.7, 121.5, 
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120.6, 115.1, 113.6, 112.2, 98.1, 55.5, 37.4, 31.2, 26.1, 25.7. HRMS (ESI-TOF) m/z: 

[M+H]+ Calculated for C22H22O4H 351.1591, found 351.1600.

3-cyclohexyl-2H-chromen-2-one（31）.15 A colorless oil after purification by flash 

column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 66%, 30.1 mg). 

1H NMR (400 MHz, CDCl3): δ 7.48 (t, J =6.8 Hz, 3H), 7.33 (d, J = 8.0 Hz, 1H), 7.29 

(d, J = 6.8 Hz, 1H), 2.81 (t, J = 12.0 Hz, 1H), 2.01 (d, J = 11.6 Hz, 2H), 1.84 (m, 3H), 

1.48 (m, 12.8 Hz, 2H), 1.38 – 1.27 (m, 3H). 13C NMR (100 MHz, CDCl3): δ 161.6, 

152.6, 136.3, 134.8, 130.4, 127.3, 124.1, 119.6, 116.3, 38.1, 32.1, 26.5, 26.1. MS (EI, 

m/z): 115(47.8), 160 (86.4), 172(96.8), 228(100).

3-cyclohexyl-7-methyl-2H-chromen-2-one （ 32 ） . 15 A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1, 

Yield: 65%,31.5 mg). 1H NMR (400 MHz, CDCl3): δ 7.39 (s, 1H), 7.26 – 7.21 (m, 

2H), 7.18 (d, J = 8.4 Hz, 1H), 2.76 (m, 1H), 2.38 (s, 3H), 1.96 (d, J = 12.0 Hz, 2H), 

1.88 – 1.73 (m, 3H), 1.32 (m, 5H). 13C NMR (100 MHz, CDCl3): δ 161.8, 150.7, 

136.3, 134.6, 133.7, 131.4, 127.1, 119.3, 115.9, 38.0, 32.1, 26.5, 26.1, 20.8. MS (EI, 

m/z): 128(25.3), 174 (88.6), 186(88.2), 242(100).

3-cyclohexyl-7-methoxy-2H-chromen-2-one （ 33 ） . 15 A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1, 

Yield: 62%, 32.0 mg). 1H NMR (400 MHz, CDCl3): δ 7.38 (s, 1H), 7.32 (d, J = 8.4 

Hz, 1H), 6.80 (m, 2H), 3.84 (s, 3H), 2.71 (t, J = 12.0 Hz, 1H), 1.94 (d, J = 11.6 Hz, 

2H), 1.82 (d, J = 13.2 Hz, 2H), 1.75 (d, J = 12.8 Hz, 1H), 1.49 – 1.19 (m, 5H). 13C 

NMR (100 MHz, CDCl3): δ 161.9, 161.6, 154.2, 136.4, 131.0, 128.1, 113.2, 112.2, 

100.2, 55.6, 37.9, 32.1, 26.5, 26.1. MS (EI, m/z): 77(15.2), 177 (100), 189(70.4), 

258(67.2).

3-cyclohexyl-7-hydroxy-4-methyl-2H-chromen-2-one（34） . A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 10/1, 

Yield: 70%, 36.1 mg). 1H NMR (400 MHz, CDCl3): δ 8.94 (s, 1H), 7.51 (d, J = 8.8 

Hz, 1H), 7.11 (d, J = 2.4 Hz, 1H), 6.91 (dd, J = 8.8, 2.4 Hz, 1H), 2.87 (t, J = 12.0 Hz, 

1H), 2.43 (s, 3H), 2.16 (dd, J = 13.2, 10.0 Hz, 2H), 1.83 (d, J = 4.8 Hz, 2H), 1.70 (s, 

1H), 1.55 (d, J = 12.4 Hz, 2H), 1.32 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 162.2, 
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159.2, 153.3, 147.6, 126.2, 126.1, 113.9, 113.4, 102.7, 39.5, 29.2, 26.9, 25.7, 15.0. 

HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C16H18O3H 259.1329, found 

259.1325.

3-cyclohexyl-7-(diethylamino)-4-methyl-2H-chromen-2-one（35）. A colorless oil 

after purification by flash column chromatography (petroleum ether/ethyl acetate = 

20/1, Yield: 67%, 41.9 mg). 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 9.2 Hz, 1H), 

6.55 (dd, J = 8.8, 2.4 Hz, 1H), 6.44 (d, J = 2.8 Hz, 1H), 3.37 (q, J = 7.2 Hz, 4H), 2.80 

(t, J = 12.0 Hz, 1H), 2.35 (s, 3H), 2.25 – 2.09 (m, 2H), 1.89 – 1.77 (m, 2H), 1.67 (d, J 

= 4.0 Hz, 1H), 1.52 (d, J = 12.8 Hz, 2H), 1.31 (t, J = 6.4 Hz, 3H), 1.16 (t, J = 7.2 Hz, 

6H). 13C NMR (100 MHz, CDCl3): δ 161.2, 154.5, 149.2, 146.1, 125.5, 123.9, 109.7, 

108.1, 97.1, 44.6, 39.3, 29.3, 27.0, 25.7, 14.5, 12.4. HRMS (ESI-TOF) m/z: [M+H]+ 

Calculated for C20H27NO2H  314.2115, found 314.2110.

3-cyclohexylquinolin-2(1H)-one（36） . A colorless oil after purification by flash 

column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 52%, 23.6 mg). 

1H NMR (400 MHz, CDCl3): δ 11.80 (s, 1H), 7.60 (s, 1H), 7.55 (d, J = 8.0 Hz, 1H), 

7.47 (t, J = 8.0 Hz, 1H), 7.38 (d, J = 8.0 Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 3.05 (t, J = 

11.6 Hz, 1H), 2.04 (d, J = 11.6 Hz, 2H), 1.90 (d, J = 12.8 Hz, 2H), 1.62 – 1.48 (m, 

2H), 1.46 – 1.25 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 163.8, 139.2, 137.0, 134.3, 

129.2, 127.2, 122.2, 120.4, 115.4, 37.1, 32.6, 26.7, 26.4. HRMS (ESI-TOF) m/z: 

[M+H]+ Calculated for C15H17NOH 228.1383, found 228.1387.

methyl 3-cyclohexyl-2-oxo-1,2-dihydroquinoline-6-carboxylate（37）. A colorless 

oil after purification by flash column chromatography (petroleum ether/ethyl acetate = 

10/1, Yield: 65%, 37.1 mg). 1H NMR (400 MHz, CDCl3): δ 12.23 (s, 1H), 8.26 (d, J = 

1.2 Hz, 1H), 8.10 (dd, J = 8.4, 1.6 Hz, 1H), 7.62 (s, 1H), 7.41 (d, J = 8.8 Hz, 1H), 3.94 

(s, 3H), 2.99 (t, J = 11.6 Hz, 1H), 1.99 (d, J = 12.0 Hz, 2H), 1.87 (d, J = 12.8 Hz, 2H), 

1.50 (dd, J = 25.6, 12.8 Hz, 2H), 1.40 – 1.22 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 

166.5, 164.2, 140.0, 134.6, 130.0, 129.7, 124.2, 119.8, 115.5, 52.2, 37.2, 32.4, 26.7, 

26.3. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C17H19NO3H 286.1438, found 

286.1447).
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4,7-dichloro-3-cyclohexylquinolin-2(1H)-one （ 38 ） . A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 10/1, 

Yield: 63%, 37.2 mg). 1H NMR (400 MHz, DMSO): δ 11.16 (s, 1H), 7.03 (d, J = 8.8 

Hz, 1H), 6.50 (d, J = 2.0 Hz, 1H), 6.44 (dd, J = 8.8, 2.0 Hz, 1H), 2.39 (t, J = 11.6 Hz, 

1H), 1.49 – 1.26 (m, 2H), 0.94 (d, J = 12.4 Hz, 2H), 0.65 (d, J = 12.8 Hz, 2H), 0.54 – 

0.34 (m, 4H). 13C NMR (100 MHz, DMSO): δ 160.5, 139.8, 138.2, 135.8, 135.5, 

127.5, 122.9, 117.2, 114.6, 28.3, 26.4, 25.9. HRMS (ESI-TOF) m/z: [M+H]+ 

Calculated for C15H15Cl2NOH 296.0603, found 296.0613.

4-(bromomethyl)-3-cyclohexylquinolin-2(1H)-one （ 39 ） . A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1, 

Yield: 46%, 29.3mg). 1H NMR (400 MHz, CDCl3):δ 11.75 (s, 1H), 7.75 – 7.69 (m, 

1H), 7.47 – 7.41 (m, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.23 – 7.14 (m, 1H), 2.54 (s, 2H), 

2.38 (d, J = 4.4 Hz, 1H), 1.88 (d, J = 6.0 Hz, 2H), 1.76 (s, 2H), 1.61 (d, J = 12.8 Hz, 

2H), 1.40 (t, J = 8.2 Hz, 3H), 1.26 (t, J = 7.2 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 

163.4, 142.6, 137.0, 135.0, 129.0, 124.5, 121.9, 121.2, 115.5, 33.6, 29.4, 27.3, 26.2, 

15.2. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C16H18BrNOH 320.0645, found 

320.0649. 

2,3-dicyclohexyl-2,3-dihydronaphthalene-1,4-dione （ 40 ） . A colorless oil after 

purification by flash column chromatography (petroleum ether/ethyl acetate = 100/1, 

Yield: 56%, 36.3 mg). 1H NMR (400 MHz, CDCl3): δ 7.98 (dd, J = 6.0, 3.6 Hz, 2H), 

7.72 (dd, J =6.0, 3.6 Hz, 2H), 2.82 (d, J = 8.4 Hz, 2H), 1.87 (d, J = 12.4 Hz, 2H), 1.70 

– 1.55 (m, 6H), 1.50 – 1.37 (m, 4H), 1.18 – 0.92 (m, 10H). 13C NMR (100 MHz, 

CDCl3): δ 199.9, 134.6, 134.2, 126.5, 58.1, 40.4, 31.6, 31.0, 26.0, 25.9, 25.9. HRMS 

(ESI-TOF) m/z: [M+H]+ Calculated for C22H28O2H 325.2162, found 325.2172.

2,3-dicyclohexyl-2-methyl-2,3-dihydronaphthalene-1,4-dione（ 41） . A colorless 

oil after purification by flash column chromatography (petroleum ether/ethyl acetate = 

100/1, Yield: 49%, 33.1 mg). 1H NMR (400 MHz, CDCl3): δ 7.98 – 7.94 (m, 1H), 

7.90 – 7.86 (m, 1H), 7.70 – 7.64 (m, 2H), 2.78 (d, J = 2.0 Hz, 1H), 2.24 (d, J = 11.6 

Hz, 1H), 2.15 (t, J = 11.6 Hz, 1H), 1.88 – 1.61 (m, 6H), 1.55 – 1.42 (m, 4H), 1.41 – 

1.12 (m, 6H), 1.11 (s, 3H), 1.08 – 0.84 (m, 4H). 13C NMR (100 MHz, CDCl3): δ 203.1, 
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199.4, 135.9, 135.1, 134.0, 133.3, 126.6, 125.5, 64.3, 52.2, 39.7, 36.7, 32.8, 31.6, 30.1, 

29.2, 27.0, 26.9, 26.9, 26.8, 26.8, 26.3, 25.6, 21.9. HRMS (ESI-TOF) m/z: [M+H]+ 

Calculated for C23H30O2H  339.2319, found 339.2328.

2,3-dicyclohexylnaphthalene-1,4-dione（42）. A colorless oil after purification by 

flash column chromatography (petroleum ether/ethyl acetate = 20/1, Yield: 43%, 27.7 

mg). 1H NMR (400 MHz, CDCl3): δ 7.99 (dd, J = 6.0, 3.6 Hz, 2H), 7.65 (dd, J = 6.0, 

3.6 Hz, 2H), 3.07 (t, J = 11.6 Hz, 2H), 2.09 – 2.00 (m, 4H), 1.91 – 1.72 (m, 6H), 1.60 

(d, J = 12.4 Hz, 4H), 1.35 (s, 6H). 13C NMR (100 MHz, CDCl3): δ185.9, 150.8, 133.0, 

132.5, 125.9, 39.7, 30.5, 27.1, 25.9. HRMS (ESI-TOF) m/z: [M+H]+ Calculated for 

C22H26O2H  323.2006, found 323.2016.

1-(cyclohexyloxy)-2,2,6,6-tetramethylpiperidine (43). A mixture of 

N-methyl-N-phenylmethacrylamide (1 equiv., 0.20 mmol), TFA (2 equiv., 0.40 mmol), 

cyclohexylboronic acid (5 equiv., 1 mmol) and TEMPO (5 eq, 1 mmol) was dissolved 

in a solution of acetic acid (0.25 mL) and acetonitrile (0.25 mL). The reaction vial 

was purged with O2 for three times and then the reaction mixture was reflux at 110oC 

(measured temperature of the oil bath) for 6 hours. After the reaction finished, the 

solvent was removed under reduced pressure, and purified by flash chromatography 

on silica gel to afford cyclohexanol and 43 as a colorless oil (petroleum ether/ethyl 

acetate =60/1- 20/1, Yield: 68%, 32.5 mg). 1H NMR (400 MHz, CDCl3): δ 4.16 – 

3.02 (m, 1H), 2.05 (dd, J = 9.6, 4.2 Hz, 2H), 1.73 (d, J = 2.8 Hz, 2H), 1.53 (d, J = 5.2 

Hz, 6H), 1.45 (s, 4H), 1.21 (t, J = 10.0 Hz, 4H), 1.12 (s, 13H). 13C NMR (100 MHz, 

CDCl3): δ 81.7, 59.6, 40.3, 32.9, 26.0, 25.1, 17.3. HRMS (ESI-TOF) m/z: [M+H]+ 

Calculated for C15H29NOH 240.2322, found 240.2330. 

AUTHOR INFORMATION

Corresponding Author:

E-mail: liuzhq@lzu.edu.cn

Notes

Page 22 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:liuzhq@lzu.edu.cn


The authors declare no competing financial interest.

Supporting Information

Experimental procedures, mechanistic studies, and characterization and spectral data. 

This material is available free of charge via the Internet at http://pubs.acs.org.

ACKNOWLEDGMENT

This project is supported by National Natural Science Foundation of China (No. 

21672089, 21472080) and the Natural Science Foundation of the Jiangsu Higher 

Education Institutions of China (No. 17KJA350001).

REFERENCES

(1) Frankland, E.; Duppa, B. F. Vorläufige Notiz über Boräthyl. Liebigs Ann. Chem. 1860, 115, 319 - 

322.

(2) For an excellent review on organoboranes based radical reactions, see: (a) Ollivier, C.; Renaud, P. 

Organoboranes as a Source of Radicals. Chem. Rev. 2001, 101, 3415 - 3434; For selected recent 

examples of R3B/O2 initiated radical transformations, see: (b) Zimmerman, J. R.; Manpadi, M.; 

Spatney, R. Tin-free radical reactions under minimal solvent conditions for the synthesis of 

substituted chromones and coumarins. Green Chem. 2011, 13, 3103 - 3106; (c) Brucelle, F.; 

Renaud, P. Synthesis of Indolines, Indoles, and Benzopyrrolizidinones from Simple Aryl Azides. 

Org. Lett. 2012, 14, 3048 - 3051; (d) Provie, G.; Ford, L.; Pozzi, D.; Soulard, V.; Villa, G.; Renaud, 

P. Catechols as Sources of Hydrogen Atoms in Radical Deiodination and Related Reactions. Angew. 

Chem. Int. Ed. 2016, 55, 11221 - 11225; (e) Song, L.; Fang, X.; Wang, Z.; Liu, K.; Li, C. 

Stereoselectivity of 6-Exo Cyclization of α-Carbamoyl Radicals. J. Org. Chem. 2016, 81, 2442 - 

2450; (f) Wyler, B.; Brucelle, F.; Renaud, P. Preparation of the Core Structure of Aspidosperma and 

Strychnos Alkaloids from Aryl Azides by a Cascade Radical Cyclization. Org. Lett. 2016, 18, 1370 

- 1373.

(3) For selected examples for using trialkylborane as radical precursor, see: (a) Suzuki, A.; Arase, A.; 

Matsumoto, H.; Itoh, M.; Brown, H. C.; Rogic, M. M.; Rathke, M. W. Facile reaction of 

Page 23 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org


organoboranes with methyl vinyl ketone. Convenient new ketone synthesis via hydroboration. J. 

Am. Chem. Soc. 1967, 89, 5708 - 5709; (b) Brown, H. C.; Kabalka, G. W. Acyl peroxide and 

photochemical induced reactions of organoboranes with the inert. alpha.,. beta.-unsaturated 

carbonyl derivatives. J. Am. Chem. Soc. 1970, 92, 712 - 714; (c) Brown, H. C.; Midland, M. M. 

Organic Syntheses via Free‐Radical Displacement Reactions of Organoboranes. Angew. Chem. Int. 

Ed. Engl. 1972, 11, 692 - 700; (d) Miyabe, H.; Ueda, M.; Naito, T. Free-Radical Reaction of Imine 

Derivatives in Water. J. Org. Chem. 2000, 65, 5043 - 5047; (e) Sanzone, J. R.; Hu, C. T.; Woerpel, 

K. A. Uncatalyzed Carboboration of Seven-Membered-Ring trans-Alkenes: Formation of 

Air-Stable Trialkylboranes. J. Am. Chem. Soc. 2017, 139, 8404 – 8407. 

(4) For reviews on utilization of trifluoroborane as radical precursor, see: (a) Molander, G. A.; Noel, E. 

Organotrifluoroborates:  Protected Boronic Acids That Expand the Versatility of the Suzuki 

Coupling Reaction. Acc. Chem. Res. 2007, 40, 275 - 286; (b) Darses, S.; Genê t, J. P. Potassium 

Organotrifluoroborates:  New Perspectives in Organic Synthesis. Chem. Rev. 2008, 108, 288 - 325; 

(c) Tellis, J. C.; Kelly, C. B.; Primer, D. N.; Jouffroy, M.; Patel, N. R.; Molander, G. A. 

Single-Electron Transmetalation via Photoredox/Nickel Dual Catalysis: Unlocking a New Paradigm 

for sp3–sp2 Cross-Coupling. Acc. Chem. Res. 2016, 49, 1429 - 1439; and references cited therein.

(5) Davies, A. G.; Roberts, B. P. The Autoxidation of Optically Active 1-Phenylethaneboronic Acid. 

Chem. Commun. 1966, 208.

(6) Seiple, I. B.; Su, S.; Rodriguez, R. A.; Gianatassio, R.; Fujiwara, Y.; Sobel, A. L.; Baran, P. S. 

Direct C-H Arylation of Electron-Deficient Heterocycles with Arylboronic Acids. J. Am. Chem. Soc. 

2010, 132, 13194 - 13196. 

(7) Tobisu, M.; Koh, K.; Furukawa, T.; Chatani, N. Modular Synthesis of Phenanthridine Derivatives 

by Oxidative Cyclization of 2‐Isocyanobiphenyls with Organoboron Reagents. Angew. Chem., Int. 

Ed. 2012, 51, 11363 - 11366.

(8) Castro, S.; Fernández, J. J.; Fañanás, Vicente, R.; Rodríguez, F. Manganese‐Mediated C− H 

Alkylation of Unbiased Arenes Using Alkylboronic Acids. Chem. Eur. J. 2016, 22, 9068 - 9071. 

(9) Liu, D.; Liu, C.; Li, H.; Lei, A. Direct Functionalization of Tetrahydrofuran and 1,4‐Dioxane: 

Nickel‐Catalyzed Oxidative C(sp3)-H Arylation. Angew. Chem. Int. Ed. 2013, 52, 4453- 4456.

Page 24 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(10) Bering, L.; Antonchick, A. P. Regioselective Metal-Free Cross-Coupling of Quinoline N-Oxides 

with Boronic Acids. Org. Lett. 2015, 17, 3134 - 3137. 

(11) Li, G.-X.; Morales-Rivera, C. A.; Wang, Y.; Gao, F.; He, G.; Liu, P.; Chen, G. 

Photoredox-Mediated Minisci C−H Alkylation of N-Heteroarenes Using Boronic Acids and 

Hypervalent Iodine. Chem. Sci. 2016, 7, 6407 - 6412.

(12) Zhang, L.; Liu, Z.-Q. Molecular Oxygen-Mediated Minisci-Type Radical Alkylation of 

Heteroarenes with Boronic Acids. Org. Lett. 2017, 19, 6594-6597. 

(13) For reviews, see: (a) Chen, J.-R.; Yu, X.-Y.; Xiao, W.-J. Tandem Radical Cyclization of 

N-Arylacrylamides: An Emerging Platform for the Construction of 3,3-Disubstituted Oxindoles. 

Synthesis 2015, 47, 604. (b) Song, R.-J.; Liu, Y.; Xie, Y.-X.; Li, J.-H. Difunctionalization of 

Acrylamides through C–H Oxidative Radical Coupling: New Approaches to Oxindoles. Synthesis 

2015, 47, 1195. (c) Li, C.-C.; Yang, S.-D. Various Difunctionalizations of Acrylamide: an Efficient 

Approach to Synthesize Oxindoles. Org. Biomol. Chem. 2016, 14, 4365. (d) J.-T. Yu, C. Pan, 

Radical C-H functionalization to construct heterocyclic compounds. Chem. Commun. 2016, 52, 

2220.

(14) (a) Mai, W.; Wang, J.; Yang, L.; Yuan, J.; Xiao, Y.; Mao, P.; Qu, L. Silver-Catalyzed Radical 

Tandem Cyclization for the Synthesis of 3,4-Disubstituted Dihydroquinolin-2(1H)-ones. Org. Lett. 

2014, 16, 204 - 207. (b) Wu, J.; Zhang, J.-Y.; Gao, P.; Xu, S.-L.; Guo, L.-N. Copper-Catalyzed 

Redox-Neutral Cyanoalkylarylation of Activated Alkenes with Cyclobutanone Oxime Esters. J. 

Org. Chem. 2018, 83, 1046-1055. 

(15) For selected recent examples, see: (a) Narayan, R.; Antonchick, A. P. Hypervalent Iodine ‐

Mediated Selective Oxidative Functionalization of (Thio) chromones with Alkanes. Chem. Eur. J. 

2014, 20, 4568-4572. (b) Zhao, J.; Fang, H.; Qian, P.; Han, J.; Pan, Y. Metal-Free Oxidative 

C(sp3)–H Bond Functionalization of Alkanes and Conjugate Addition to Chromones. Org. Lett. 

2014, 16, 5342 - 5345. 

(16) Welsch, M. E.; Snyder, S. A.; Stockwell, B. R. Privileged scaffolds for library design and drug 

discovery. Curr. Opin. Chem. Biol. 2010, 14, 347 – 361.

Page 25 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(17) For reviews on aerobic oxidation, see: (a) Gamez, P.; Aubel, P. G.; Driessen, W. L.; Reedijk, J. 

Homogeneous Bio-inspired Copper-catalyzed Oxidation Reactions. Chem. Soc. Rev. 2001, 30, 376 - 

385; (b) Stahl, S. S. Palladium Oxidase Catalysis: Selective Oxidation of Organic Chemicals by 

Direct Dioxygen-Coupled Turnover. Angew. Chem. Int. Ed. 2004, 43, 3400 - 3420; (c) 

Punniyamurthy, T.; Velusamy, S.; Iqbal, J. Recent Advances in Transition Metal Catalyzed 

Oxidation of Organic Substrates with Molecular Oxygen. Chem. Rev. 2005, 105, 2329 - 2364; (d) 

Sigman, M. S.; Jensen, D. R. Ligand-modulated palladium-catalyzed aerobic alcohol oxidations. 

Acc. Chem. Res. 2006, 39, 221 - 229; (e) Bäckvall, J.-E.; Piera, J. Catalytic Oxidation of Organic 

Substrates by Molecular Oxygen and Hydrogen Peroxide by Multistep Electron Transfer—A 

Biomimetic Approach. Angew. Chem. Int. Ed. 2008, 47, 3506 - 3523; (f) Allen, S. E.; Walvoord, R. 

R.; Padilla-Salinas, R.; Kozlowski, M. C. Aerobic Copper-Catalyzed Organic Reactions. Chem. Rev. 

2013, 113, 6234 - 6458; (g) Liang, Y.-F.; Jiao, N. Oxygenation via C–H/C–C Bond Activation with 

Molecular Oxygen. Acc. Chem. Res. 2017, 50, 1640–1653. 

(18) For selected recent examples for C-C formation based on autoxidation of hydrocarbon and 

aldehyde, see: (a) Chudasama, V.; Fitzmaurice, R. J.; Caddick, S. Hydroacylation of α, 

β-unsaturated esters via aerobic C–H activation. Nature Chem. 2010, 2, 592 - 596; (b) 

Schweitzer-Chaput, B.; Sud, A.; Pint é r, Á.; Dehn, S.; Schulze, P.; Klussmann, M. Synergistic 

Effect of Ketone and Hydroperoxide in Brønsted Acid Catalyzed Oxidative Coupling Reactions. 

Angew. Chem. Int. Ed. 2013, 52, 13228 - 13232; (c) Huo, C.; Yuan, Y.; Wu, M.; Jia, X.; Wang, X.; 

Chen, F.; Tang, J. Auto‐Oxidative Coupling of Glycine Derivatives. Angew. Chem. Int. Ed. 2014, 

53, 13544 - 13547; (d) Paul, S.; Guin, J. Dioxygen‐Mediated Decarbonylative C-H Alkylation of 

Heteroaromatic Bases with Aldehydes. Chem. Eur. J. 2015, 21, 17618 - 17622; (e) Biswas, P.; Paul, 

S.; Guin, J. Aerobic Radical ‐ Cascade Alkylation/Cyclization of α, β-Unsaturated Amides: an 

Efficient Approach to Quaternary Oxindoles. Angew. Chem. Int. Ed. 2016, 55, 7756 - 7760; For 

selected examples for C-S construction based on autoxidation, see: (f) Lu, Q.; Zhang, J.; Zhao, G.; 

Qi, Y.; Wang, H.; A. Lei, Dioxygen-Triggered Oxidative Radical Reaction: Direct Aerobic 

Difunctionalization of Terminal Alkynes toward β-Keto Sulfones. J. Am. Chem. Soc. 2013, 135, 

11481 - 11484; (g) Wang, H.; Lu, Q.; Qian, C.; Liu, C.; Liu, W.; Chen, K.; Lei, A. Solvent‐

Page 26 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Enabled Radical Selectivities: Controlled Syntheses of Sulfoxides and Sulfides. Angew. Chem. Int. 

Ed. 2016, 55, 1094 – 1097. 

(19) (a) Cui, Z.; Shang, X.; Shao X.-F.; Liu, Z.-Q. Copper-catalyzed decarboxylative alkenylation of 

sp3 C–H bonds with cinnamic acids via a radical process. Chem. Sci. 2012, 3, 2853 -2858. (b) Li, 

Z.; Zhang, Y.; Zhang, L.; Liu, Z.-Q. Free-Radical Cascade Alkylarylation of Alkenes with Simple 

Alkanes: Highly Efficient Access to Oxindoles via Selective (sp3)C–H and (sp2)C–H Bond 

Functionalization. Org. Lett. 2014, 16, 382 – 385. (c) Li, Z.; Fan, F.; Yang, J.; Liu, Z.-Q. A Free 

Radical Cascade Cyclization of Isocyanides with Simple Alkanes and Alcohols. Org. Lett. 2014, 16, 

3396 – 3399. (d) Li, Z.; Xiao, Y.; Liu, Z.-Q. A radical anti-Markovnikov addition of alkyl nitriles to 

simple alkenes via selective sp3 C–H bond functionalization. Chem. Commun. 2015, 51, 9969 - 

9971. (e) Tian, Y.; Liu, Z.-Q. H-Bonding-promoted radical addition of simple alcohols to 

unactivated alkenes. Green Chem. 2017, 19, 5230 – 5235. (f) Tian, Y.; Sun, C.; Tan, R. X.; Liu, 

Z.-Q. A KI-mediated radical anti-Markovnikov addition of simple ketones/esters to unactivated 

alkenes. Green Chem. 2018, 20, 588 – 592. 

(20) Curran, D. P.; McFadden, T. R. Understanding Initiation with Triethylboron and Oxygen: The 

Differences between Low-Oxygen and High-Oxygen Regimes. J. Am. Chem. Soc. 2016, 138, 7741 

- 7752. 

Page 27 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


