
1 
 

Supporting Information 

Visible-Light-Driven Four-Component Diacylation of Styrenes with 

Acyl Azolium Salts: Carbonylative Synthesis of 1,4-Diketone 

Mao-Lin Yang,a Yu-Kun Liu,a Peng Yang,a Yan-Hua Zhao,a Xiao-Feng Wua,b* 
a. Leibniz-Institut für Katalyse e.V, Albert-Einstein-Straße 29a, 18059 Rostock (Germany), E-mail: xiao-

feng.wu@catalysis.de  

b. Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical Physics, Chinese Academy of 

Sciences, Dalian, Liaoning (China)  

 

Table of Contents 
 

1. General information....................................................................... 2 

2. Preparation of substrates .............................................................. 4 

2.1 Preparation of dimethylacylimidazoliums 2 ........................................................................................... 4 

2.2 Preparation of Hantzsch Ester 3 .............................................................................................................. 4 

3. Complementary reaction optimization data ................................ 5 

4. Characterization and procedure of 1,4-dione products 4 and 

synthetic transformations products 8 ................................................ 9 

4.1 General diacylation procedure for the synthesis of 1,4-diones 4 ........................................................... 9 

4.2 General procedure for the synthesis of 5-cyclohexyl-2,3-diphenylfuran 8a ......................................... 9 

4.3 General procedure for the synthesis of 5-cyclohexyl-1,2,3-triphenyl-1H-pyrrole 8b ....................... 10 

4.4 General procedure for the synthesis of 4-cyclohexyl-1,2-diphenylbutane-1,4-diol 8c ...................... 10 

4.5 General procedure for the synthesis of 6-cyclohexyl-3,4-diphenylpyridazine 8d ............................. 10 

4.6 General procedure for the synthesis of 5-cyclohexyl-2,3-diphenyl-1H-pyrrole 8e ............................ 11 

5. Mechanistic investigation ............................................................ 28 

5.1 Radical trapping experiment by 1,1-diphenylethylene ....................................................................... 28 

5.2 Radical trapping experiment by 2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO) .............................. 30 

6. References ..................................................................................... 32 

7. NMR Spectra ................................................................................ 33 

 

  



2 
 

1. General information  

Unless otherwise noted, materials were purchased from commercial suppliers and used without further 

purification. Flash column chromatography was performed using 200-300 mesh silica gel. 1H NMR spectra were 

recorded on 300 or 400 MHz spectrophotometers. Chemical shifts are reported in ppm relative to 

tetramethylsilane (TMS) with the solvent resonance employed as the internal standard (CDCl3: δ = 7.26 ppm). 
13C NMR was recorded at 75 MHz or 101 MHz: chemical shifts are reported in ppm from tetramethylsilane 

(TMS) with the solvent resonance as the internal standard (CDCl3: δ = 77.00 ppm). Electron impact (EI) mass 

spectra were recorded on AMD 402 mass spectrometer (70 eV). High resolution mass spectra (HR-MS) were 

recorded on Agilent 6210. The data were given as mass units per charge (m/z). Gas chromatography analysis was 

performed on an Agilent HP-5890 instrument with an FID detector and HP-5 capillary column 

(polydimethylsiloxane with 5% phenyl groups, 30 m, 0.32 mm i.d., 0.25 μm film thickness) using argon as 

carrier gas.  

The light source was positioned approximately 23 cm from the reaction vial, placed atop a manufactured 

autoclave (see Figure 1). For every reaction, the powerful light source, Portable Lumatec SUPERLITE S 04 [3], 

was utilized with different set filters: UV-A (λ = 400 - 500 nm) at maximum intensity (100% power). Figures 2 

and 3 illustrate the relevant photophysical properties of the lamps. 

Because of the high toxicity of carbon monoxide, all the reactions should be performed in an autoclave. The 

laboratory should be well-equipped with a CO detector and alarm system. 

 

Figure 1. Apparatus for the Photoinduced Diacylation of Styrenes Using Carbon Monoxide as a Carbonyl 

Source to Synthesize 1,4-Diketones 

 

Figure 2. Emission Spectrums of the Portable Lumatec SUPERLITE S 04 
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Figure 3. Technical Specifications of the Portable Lumatec SUPERLITE S 04 
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2. Preparation of substrates 

2.1 Preparation of dimethylacylimidazoliums 2 

 

 

To a solution of 1-methylimidazole (411.0 mg, 350.0 μL, 5.0 mmol, 1.0 equiv) and acid chloride derivatives (7.5 

mmol, 1.5 equiv) in anhydrous acetonitrile (10.0 mL), triethylamine (0.76 g, 1.1 mL, 7.5 mmol, 1.5 equiv) was 

added dropwise at 0 °C, over 0.5 h. The reaction mixture was allowed to slowly warm to room temperature and 

stirred overnight. After the addition of water (10.0 mL), the phases were separated, and the aqueous layer was 

extracted with ethyl acetate (3×10.0 mL). The combined organic phases were washed with saturated sodium 

chloride solution (10.0 mL), dried over anhydrous sodium sulfate, and concentrated in vacuo. The obtained crude 

intermediate product, N-methyl-C2-acyl imidazoles, does not need to be purified and is directly used in the next 

step of the reaction. To a solution of the obtained crude intermediate product, N-methyl-C2-acyl imidazoles, in 

dichloromethane (10.0 mL) was added methyl triflate (900.0 mg, 622.0 μL, 5.5 mmol, 1.1 equiv) at room 

temperature, and the reaction mixture was stirred overnight. The solvent was evaporated in vacuo, and the white 

precipitate produced by adding diethyl ether was filtered out and washed with diethyl ether (3×10.0 mL). The 

acyl azolium salts 2 was obtained by vacuum drying. GC Mass and Spectroscopic data in agreement with that 

reported previously.[1] 

 

2.2 Preparation of Hantzsch Ester 3 

 

A reaction flask was charged with ethyl acetoacetate (1.3 g, 10.0 mmol, 2.0 equiv.), ammonium acetate (0.5 g, 

1.2 equiv.), ethanol (10.0 mL). To the above solution, the aldehyde (5.0 mmol) was added slowly. After addition, 

the system was heated at 80 ºC with stirring. The reaction was monitored by TLC. When the reaction was 

completed, the solvent was evaporated, vacuum the crude product, half an hour later add petroleum ether 

ultrasound, to give the corresponding Hantzsch ester. GC Mass and Spectroscopic data in agreement with that 

reported previously.[2] 
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3. Complementary reaction optimization Data 

 
 

Table 1. Optimization of pressure (CO) 

Entry pressure(bar) Yield (%) 

1 30 10 

2 40 32 

3 50 25 

4 60 28 

Reaction conditions: 1a (0.1 mmol), 2a (0.1 mmol), 3a (0.1 mmol), MeCN (1.0 mL), Na2CO3 (0.2 mmol), 

[Ir]PF6 (2 mol%)), r.t., 24 h, 400-500 nm.  Determined by GC with hexadecane as internal standard. 

 

Table 2. Optimization of equivalent ratio 

Entry 1a : 2a : 3a Yield (%) 

1 1.0 : 1.0  : 1.0 32 

2 1.0 : 1.5  : 1.0 20 

3 1.0 : 1.0  : 1.5 35 

4 1.0 : 1.5  : 1.5 40 

5 1.0 : 2.0  : 2.0 34 

6 1.0 : 1.5  : 2.0 32 

Reaction conditions: CO (40 bar), MeCN (1.0 mL), Na2CO3 (0.2 mmol), [Ir]PF6 (2 mol%), r.t., 24 h, 400-500 nm. 
Determined by GC with hexadecane as internal standard. 
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Table 3. Optimization of temperature 

Entry Temperature (oC) Yield (%) 

1 r.t. 40 

2 40 48 

3 50 30 

4 60 trace 

Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), 3a (0.15 mmol), CO (40 bar), MeCN (1.0 mL), Na2CO3 

(0.2 mmol), [Ir]PF6 (2 mol%), 24 h, 400-500 nm. Determined by GC with hexadecane as internal standard. 

 

Table 4 Optimization of photosensitizer 

 

Entry PC Yield (%) 

1b [Ir]PF6  48 

2b 4CzIPN 18 

3b [Ir]PN6 trace 

4b Eosin Y trace 

5b Rh(dppe)2BF4 10 

6b Ru(bpy)₃Cl₂·6H₂O trace 

7b Co(dmgH)₂Cl₂ trace 

8b Ir(ppy)3 35 

1a [Ir]PF6  33 

1c [Ir]PF6  40 

Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), 3a (0.15 mmol), CO (40 bar), MeCN (1.0 mL), Na2CO3 

(0.2 mmol), PC (1 mol%a, 2 mol%b, 3 mol%c), 40 oC, 24 h, 400-500 nm. Determined by GC with hexadecane as 

internal standard. 
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Table 5. Optimization of solvent 

Entry Solvent Yield (%) 

1a MeCN  48 

2a THF  32 

3a DMF trace 

4a DMAc 10 

5a DMSO - 

6a PhCF3 trace 

7a Tolune trace 

8a MeOH - 

9b MeCN 41 

10c MeCN 30 

Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), 3a (0.15 mmol), CO (40 bar), Solvent (0.1Ma, 0.2Mb, 0.05 

Mc), Na2CO3 (0.2 mmol), [Ir]PF6 (2 mol%), 40 oC, 24 h, 400-500 nm. Determined by GC with hexadecane as 

internal standard. 

 

Table 6. Optimization of base 

Entry Base Yield (%) 

1b Na2CO3 48 

2b K2CO3 10 

3b Cs2CO3 trace 

4b Li2CO3 13 

5b NaHCO3 32 

6b KHCO3 20 

7b K2HPO4 21 

8b KH2PO4 8 

9b Na2HPO4 19 

10b NaH2PO4 24 

11b Na3PO4 60 

12b tBuONa trace 

13b DBU - 

14b NEt3 - 

15b No - 
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16c Na3PO4 68 

17d Na3PO4 50 

18a Na3PO4 35 

Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), 3a (0.15 mmol), CO (40 bar), MeCN (1.0 mL), Base (0.1 

mmol a, 0.2 mmol b, 0.3 mmol c, 0.4 mmol d), [Ir]PF6 (2 mol%), 40 oC, 24 h, 400-500 nm. Determined by GC with 

hexadecane as internal standard. 

 

Table 7. Optimization of time 

Entry Time (h) Yield (%) 

1 12 40 

2 20 50 

3 24 68 

4 36 70 

5 48 85 (78) 

6 55 83 

Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), 3a (0.15 mmol), CO (40 bar), MeCN (1.0 mL), Na3PO4 

(0.3 mmol), [Ir]PF6 (2 mol%), 40 oC, 400-500 nm. Determined by GC with hexadecane as internal standard. 
Isolated yield is shown in parentheses.   
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4. Characterization and procedure of 1,4-dione products 

4 and synthetic transformations products 8 

4.1 General diacylation procedure for the synthesis of 1,4-diones 4 

 

A 4 mL screw-cap vial was charged with Hantzsch ester 3 (1.5 equiv), acyl azolium salts 2 (1.5 equiv), [Ir]PF6 

(4.4 mg, 2 mol%), and an oven-dried stirring bar. The vial was closed with a Teflon septum and cap and 

connected to the atmosphere via a needle. After replacing the nitrogen in the vial three times, acetonitrile (2 mL) 

was added. Then, styrenes (0.2 mmol, 1.0 equiv) was added using a microinjector. The vial was then moved to a 

cannula and transferred into a 300 mL photoautoclave (manufactured by Parr Instrument Company®), under a 

nitrogen atmosphere. At room temperature, the autoclave was washed with CO three times and charged with 40 

bar of CO. The autoclave was placed on a heating plate equipped with a magnetic stirrer and an aluminum block. 

The reaction mixture was allowed to react at 40 ℃ under UV-A (400-500 nm) for 48 hours. After the reaction 

was complete, the pressure of the autoclave was carefully released, and the residual CO was washed away with 

nitrogen. The solvent was removed under vacuum, and the product was purified by column chromatography on 

silica gel using petroleum ether and ethyl acetate (30:1 - 20:1) to afford the corresponding product 4. 

 

4.2 General procedure for the synthesis of 5-cyclohexyl-2,3-

diphenylfuran 8a[6] 

 

To a stirred solution of 4a (32.0 mg, 0.1 mmol) in toluene (2 mL) at room temperature was added p-

toluenesulfonic acid (3.5 mg, 0.02 mmol). The mixture was stirred vigorously for 13 hours at 60 oC. The crude 

product was purified by column chromatography on silica gel using petroleum ether and ethyl acetate (50:1) as 

to afford 8a (26.6 mg, 88% yield) as a yellow solid.  
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4.3 General procedure for the synthesis of 5-cyclohexyl-1,2,3-

triphenyl-1H-pyrrole 8b[7] 

                 

Methon A: The mixture of 4a (32.0 mg, 0.1 mmol) and aniline (14.0 mg, 0.15 mmol) in water (1 mL) at 100 oC 

for 8 hours; Methon B: The mixture of 4a (32.0 mg, 0.1 mmol), p-toluenesulfonic acid (3.5 mg, 0.02 mmol) and 

aniline (14.0 mg, 0.15 mmol) in toluene (1 mL) at 110 oC for 8 hours. The mixture was cooled to room 

temperature and diluted with ethyl acetate (1 mL) and washed with saturated NaHCO3 solution (1 mL) and 

saturated NaCl solution. The organic phase was dried over anhydrous magnesium sulfate and concentrated. The 

product was purified by flash column chromatography on silica gel with petroleum ether/ethyl acetate (50:1) as 

eluent to give 8b (32.1 mg, 85% yieldA; 32.8 mg, 87% yieldB) as a brown solid.  

 

4.4 General procedure for the synthesis of 4-cyclohexyl-1,2-

diphenylbutane-1,4-diol 8c[8] 

                 

The mixture of 4a (32.0 mg, 0.1 mmol) was added dropwise to a solution of sodium borohydride (6.0 mg, 0.15 

mmol, 1.5 equiv) in MeOH (1 mL) at 0 °C for 1 hour, then room temperature for 2 hours. The reaction was 

diluted with ethyl acetate (1 mL), quenched with saturated NH4Cl solution (1 mL), washed by saturated NaCl 

solution (1 mL). The organic phase was dried over anhydrous magnesium sulfate and concentrated. The product 

was purified by flash column chromatography on silica gel with petroleum ether/ethyl acetate (20:1) as eluent to 

give 8c (29.2 mg, 90% yield) as a white solid. 

 

4.5 General procedure for the synthesis of 6-cyclohexyl-3,4-

diphenylpyridazine 8d[9] 

                 

4a (32.0 mg, 0.1 mmol) was dissolved in hydrazine hydrate (15.0 uL, 0.15 mmol, 1.5 equiv) and MeOH (1 mL) 

was added. The reaction mixture was stirred at room temperature for 5 hours. The crude product was purified by 

flash chromatography on silica gel with petroleum ether/ethyl acetate (30:1) as eluent to afford 8d (26.0 mg, 83% 

yield) as a yellow solid. 
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4.6 General procedure for the synthesis of 5-cyclohexyl-2,3-

diphenyl-1H-pyrrole 8e[10] 

                 

Methon A: The solution of 4a (32.0 mg, 0.1 mmol) and (NH4)2CO3 (12.0 mg, 0.12 mmol) in acetic acid (1 mL) 

at 100 oC for 20 hours; Methon B: The solution of 4a (32.0 mg, 0.1 mmol) and NH4OAc (9.3 mg, 0.12 mmol) in 

acetic acid (1 mL) at 100 oC for 20 hours. The reaction mixture was diluted with ethyl acetate (1 mL) and 

washed with saturated NaHCO3 solution (1 mL). The organic phase was dried over magnesium sulfate and 

concentrated. The product was purified by flash column chromatography on silica gel with petroleum ether/ethyl 

acetate (50:1) as eluent to give 8e (28.2 mg, 95% yieldA; 27.0 mg, 90% yieldB) as a white solid.  

 

4-cyclohexyl-1,2-diphenylbutane-1,4-dione (4a) 

Chromatography Pentane/EA = 20:1 (v/v), 50.0 mg (78%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.98 – 7.17 (m, 10H), 5.12 (dd, J = 10.1, 3.9 Hz, 1H), 3.63 (dd, J = 17.9, 10.1 Hz, 

1H), 2.76 (dd, J = 17.9, 3.9 Hz, 1H), 2.43 – 2.33 (m, 1H), 1.95 – 1.15 (m, 10H).  
13C NMR (75 MHz, CDCl3) δ 212.1, 199.1, 138.7, 136.4, 132.8, 129.1, 128.8, 128.4, 128.1, 127.2, 50.7, 48.5, 

45.4, 28.3, 25.8, 25.6, 25.6. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H24O2 343.1668, found: 343.1667. 

 

2-(4-chlorophenyl)-4-cyclohexyl-1-phenylbutane-1,4-dione (4b) 

Chromatography Pentane/EA = 20:1 (v/v), 42.5 mg (60%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.88 – 7.11 (m, 9H), 5.04 (dd, J = 9.8, 4.2 Hz, 1H), 3.51 (dd, J = 18.0, 9.9 Hz, 

1H), 2.68 (dd, J = 18.0, 4.2 Hz, 1H), 2.35 – 2.23 (m, 1H), 1.88 – 1.11 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 211.8, 198.8, 137.2, 136.1, 133.2, 133.01, 129.5, 129.2, 128.8, 128.5, 50.6, 47.7, 

45.2, 28.3, 25.8, 25.6, 25.5. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H23ClO2 377.1279, found: 377.1284. 
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2-(4-bromophenyl)-4-cyclohexyl-1-phenylbutane-1,4-dione (4c) 

Chromatography Pentane/EA = 20:1 (v/v), 45.6 mg (57%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.89 – 7.04 (m, 9H), 5.02 (dd, J = 9.8, 4.1 Hz, 1H), 3.51 (dd, J = 18.0, 9.8 Hz, 

1H), 2.67 (dd, J = 17.9, 4.2 Hz, 1H), 2.35 – 2.23 (m, 1H), 1.88 – 1.07 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 211.7, 198.7, 137.7, 136.1, 133.0, 132.2, 129.8, 128.8, 128.5, 121.3, 50.6, 47.8, 

45.2, 28.3, 25.8, 25.6, 25.5. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H23BrO2 421.0773, found: 421.0777. 

 

4-cyclohexyl-1-phenyl-2-(p-tolyl)butane-1,4-dione (4d) 

Chromatography Pentane/EA = 20:1 (v/v), 43.4 mg (65%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.90 – 6.98 (m, 9H), 5.01 (dd, J = 10.1, 3.9 Hz, 1H), 3.53 (dd, J = 17.9, 10.1 Hz, 

1H), 2.65 (dd, J = 17.9, 3.9 Hz, 1H), 2.31 – 2.22 (m, 1H), 2.19 (s, 3H), 1.89 – 1.11 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 212.2, 199.1, 136.9, 136.4, 135.6, 132.7, 129.8, 128.8, 128.4, 127.9, 50.6, 48.1, 

45.4, 28.3, 28.3, 25.8, 25.6, 25.6, 21.0. 
HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H26O2 357.1825, found: 357.1826. 

 

4-cyclohexyl-2-(4-methoxyphenyl)-1-phenylbutane-1,4-dione (4e) 

Chromatography Pentane/EA = 30:1 (v/v), 42.8 mg (61%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.90 – 6.70 (m, 9H), 5.00 (dd, J = 10.0, 4.1 Hz, 1H), 3.66 (s, 3H), 3.51 (dd, J = 

17.9, 10.0 Hz, 1H), 2.67 (dd, J = 17.9, 4.1 Hz, 1H), 2.34 – 2.25 (m, 1H), 1.87 – 1.12 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 212.3, 199.3, 158.7, 136.5, 132.7, 130.6, 129.1, 128.8, 128.4, 114.5, 55.2, 50.7, 

47.6, 45.4, 28.3, 28.3, 25.8, 25.6, 25.6. 
HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H26O3 351.1995, found: 351.1960. 
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4-cyclohexyl-2-(4-(difluoromethoxy)phenyl)-1-phenylbutane-1,4-dione (4f) 

Chromatography Pentane/EA = 30:1 (v/v), 37.8 mg (49%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.90 – 6.93 (m, 9H), 6.37 (t, J = 73.8, 1H), 5.06 (dd, J = 9.9, 4.1 Hz, 1H), 3.53 

(dd, J = 18.0, 9.9 Hz, 1H), 2.69 (dd, J = 18.0, 4.1 Hz, 1H), 2.35 – 1.09 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 211.9, 198.9, 150.2, 136.2, 135.8, 133.0, 129.5, 128.8, 128.5, 120.1, 119.2, 115.7, 

112.3, 50.6, 47.6, 45.3, 28.3, 25.8, 25.6, 25.5. 
19F NMR (282 MHz, CDCl3) δ -80.76, -81.02. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H24F2O3 387.1766, found: 387.1770. 

 

4-cyclohexyl-2-(3,4-dimethoxyphenyl)-1-phenylbutane-1,4-dione (4g) 

Chromatography Pentane/EA = 30:1 (v/v), 32.6 mg (43%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.98 – 7.35 (m, 5H), 6.81 (dd, J = 8.3, 2.0 Hz, 1H), 6.77 (s, 1H), 6.74 (d, J = 2.1 

Hz, 1H), 5.06 (dd, J = 9.9, 4.0 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 3H), 3.60 (dd, J = 17.9, 10.0 Hz, 1H), 2.75 (dd, J = 

17.9, 4.0 Hz, 1H), 2.41 – 2.35 (m, 1H), 1.94 – 1.16 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.3, 199.3, 149.3, 148.2, 136.5, 132.8, 131.1, 128.8, 128.4, 120.5, 111.6, 110.8, 

55.90, 55.8, 50.7, 48.1, 45.5, 28.4, 28.3, 25.8, 25.6, 25.6. 
HRMS(ESI-TOF) m/z: calcd for [M+]H+ C24H28O4 381.2061, found: 381.2067. 

 

4-cyclohexyl-2-(2-methoxyphenyl)-1-phenylbutane-1,4-dione (4h) 

Chromatography Pentane/EA = 30:1 (v/v), 37.4 mg (54%), pale yellow solid. 

1H NMR (300 MHz, CDCl3) δ 7.89 – 6.72 (m, 9H), 5.46 (dd, J = 10.4, 3.4 Hz, 1H), 3.80 (s, 3H), 3.45 (dd, J = 

17.7, 10.4 Hz, 1H), 2.56 (dd, J = 17.7, 3.4 Hz, 1H), 2.38 – 2.29 (m, 1H), 1.92 – 1.11 (m, 10H). 
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13C NMR (75 MHz, CDCl3) δ 212.3, 199.7, 155.9, 136.4, 132.6, 128.7, 128.6, 128.3, 128.2, 127.2, 121.0, 110.9, 

55.4, 50.7, 43.8, 41.3, 28.4, 28.4, 25.9, 25.7, 25.6. 
HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H26O3 351.1955, found: 351.1964. 

 

4-cyclohexyl-2-(4-isobutylphenyl)-1-phenylbutane-1,4-dione (4i) 

Chromatography Pentane/EA = 30:1 (v/v), 51.2 mg (68%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.98 – 7.03 (m, 9H), 5.09 (dd, J = 10.1, 4.0 Hz, 1H), 3.60 (dd, J = 17.9, 10.1 Hz, 

1H), 2.76 (dd, J = 17.9, 4.0 Hz, 1H), 2.43 – 2.28 (m, 4H), 1.93 – 1.20 (m, 10H), 0.85 (d, J = 6.6 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 212.3, 199.2, 140.7, 136.5, 135.8, 132.7, 129.8, 128.9, 128.4, 127.8, 50.7, 48.2, 

45.5, 44.9, 30.1, 28.3, 28.3, 25.8, 25.6, 25.6, 22.3, 22.3. 
HRMS(ESI-TOF) m/z: calcd for [M+]H+ C26H32O2 377.2475, found: 377.2484. 

 

4-cyclohexyl-2-(4-phenoxyphenyl)-1-phenylbutane-1,4-dione (4j) 

Chromatography Pentane/EA = 30:1 (v/v), 43.6 mg (53%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.92 – 6.80 (m, 14H), 7.31 (dd, J = 9.97, 4.09, 1H), 3.53 (dd, J = 17.9, 10.0 Hz, 

1H), 2.70 (dd, J = 17.9, 4.1 Hz, 1H), 7.17 – 7.10 (m, 2H), 7.04 – 6.95 (m, 1H), 6.95 – 6.71 (m, 4H), 5.04 (dd, J = 

10.0, 4.1 Hz, 1H), 3.53 (dd, J = 17.9, 10.0 Hz, 1H), 2.70 (dd, J = 17.9, 4.1 Hz, 1H), 2.35 – 2.26 (m, 1H), 1.88 – 

1.11 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 212.1, 199.1, 156.8, 156.5, 136.4, 133.2, 132.8, 129.7, 129.4, 128.9, 128.4, 123.4, 

119.1, 119.0, 50.7, 47.7, 45.5, 28.3, 28.3, 25.8, 25.6, 25.6. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C28H28O3 413.2112, found: 413.2124. 

 

4-cyclohexyl-1-phenyl-2-(m-tolyl)butane-1,4-dione (4k) 

Chromatography Pentane/EA = 20:1 (v/v), 42.0 mg (63%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.91 – 6.91 (m, 9H), 5.00 (dd, J = 10.3, 3.8 Hz, 1H), 3.55 (dd, J = 18.0, 10.3 Hz, 

1H), 2.65 (dd, J = 18.0, 3.8 Hz, 1H), 2.33 – 2.26 (m, 1H), 2.20 (s, 3H), 1.87 – 1.10 (m, 10H). 
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13C NMR (101 MHz, CDCl3) δ 212.1, 199.1, 138.7, 138.6, 136.4, 132.7, 128.9, 128.8, 128.6, 128.4, 127.9, 125.2, 

50.6, 48.4, 45.5, 28.3, 25.8, 25.6, 25.5, 21.4, 21.3. 
HRMS(ESI-TOF) m/z: calcd for [M+]Na+ C23H26O2 357.1825, found: 357.1827. 

 

4-cyclohexyl-1,2-diphenylbutane-1,4-dione (4l) 

Chromatography Pentane/EA = 20:1 (v/v), 54.2 mg (63%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.79 – 7.29 (m, 5H), 5.34 (dd, J = 8.9, 4.8 Hz, 1H), 3.59 (dd, J = 17.8, 8.8 Hz, 

1H), 2.63 (dd, J = 17.8, 4.8 Hz, 1H), 2.44 – 2.35 (m, 1H), 1.93 – 1.13 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 210.4, 195.2, 135.3, 133.5, 128.9, 128.8, 128.2, 128.0, 50.8, 40.4, 38.3, 28.4, 28.4, 

25.77, 25.6, 25.5. 
19F NMR (282 MHz, CDCl3) δ -140.83 – -143.75 (m), -153.29 – -158.92 (m), -160.91 – -162.82 (m). 
HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H19F5O2 411.1378, found: 411.1384. 

 

2-(benzo[d][1,3]dioxol-5-yl)-4-cyclohexyl-1-phenylbutane-1,4-dione (4m) 

Chromatography Pentane/EA = 20:1 (v/v), 48.8 mg (67%), pale yellow solid. 

1H NMR (400 MHz, CDCl3) δ 8.00 – 6.71 (m, 8H), 5.93 – 5.89 (m, 2H), 5.06 (dd, J = 9.9, 4.0 Hz, 1H), 3.59 (dd, 

J = 17.9, 10.0 Hz, 1H), 2.75 (dd, J = 17.9, 4.0 Hz, 1H), 2.43 – 2.36 (m, 1H), 1.96 – 1.18 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.1, 199.0, 148.1, 146.7, 136.3, 132.8, 132.2, 128.8, 128.4, 121.4, 108.7, 108.3, 

101.0, 50.6, 48.0, 45.4, 28.3, 25.8, 25.6, 25.5. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H24O4 365.1747, found: 365.1756. 

 

1-cyclohexyl-2-methyl-3,4-diphenylbutane-1,4-dione (4n) 

Chromatography Pentane/EA = 30:1 (v/v), 36.2 mg (54%), white solid. dr = 9:1, slightly sticky white solid. 

1H NMR (300 MHz, CDCl3) δ 7.94 – 6.98 (m, 10H), 5.03 – 4.73 (m, 1H), 3.67 (dd, J = 10.6, 6.7 Hz, 0.1/1H), 

3.53 (dd, J = 17.9, 10.1 Hz, 0.9/1H), 2.65 (dd, J = 17.9, 3.9 Hz, 1H), 2.18 (s, 3H), 1.88 – 1.04 (m, 10H). 
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13C NMR (75 MHz, CDCl3) δ 216.3(minor), 212.1, 199.1, 198.7(minor), 136.8, 136.4, 135.6, 133.1(minor), 

132.7, 129.7, 129.0(minor), 128.8, 128.7(minor), 128.6(minor), 128.5(minor), 128.3, 128.1(minor), 127.9, 

127.3(minor), 55.9(minor), 51.6(minor), 50.6, 48.3(minor), 48.0, 45.4, 28.3, 27.8(minor), 26.9(minor), 25.8, 25.6, 

25.5, 25.3(minor), 20.9, 16.8(minor). 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H26O2 335.2006, found: 335.2013. 

 

2-(4-(benzyloxy)phenyl)-4-cyclohexyl-1-phenylbutane-1,4-dione (4o) 

Chromatography Pentane/EA = 30:1 (v/v), 42.6 mg (50%), white solid. 

1H NMR (400 MHz, CDCl3) δ 8.01– 6.89 (m, 14H), 5.11 (dd, J = 10.0, 4.0 Hz, 1H), 5.01 (s, 2H), 3.62 (dd, J = 

17.9, 10.0 Hz, 1H), 2.77 (dd, J = 17.9, 4.0 Hz, 1H), 2.46 – 2.37 (m, 1H), 1.97 – 1.16 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.3, 199.2, 157.9, 136.8, 136.4, 132.7, 130.8, 129.2, 128.8, 128.5, 128.4, 128.0, 

127.4, 115.4, 69.9, 50.7, 47.6, 45.4, 28.3, 28.3, 25.8, 25.6, 25.6. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C29H30O3 427.2268, found: 427.2277. 

 

4-cyclohexyl-2-phenyl-1-(p-tolyl)butane-1,4-dione (4p) 

Chromatography Pentane/EA = 20:1 (v/v), 46.2 mg (69%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 4.4 Hz, 4H), 7.12 – 7.07 (m, 3H), 5.03 (dd, J 

= 10.0, 4.0 Hz, 1H), 3.53 (dd, J = 17.9, 10.0 Hz, 1H), 2.67 (dd, J = 17.9, 4.0 Hz, 1H), 2.33 – 2.27 (m, 1H), 2.25 

(s, 3H), 1.88 – 1.14 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 212.1, 198.6, 143.5, 139.0, 133.8, 129.1, 129.0, 129.0, 128.0, 127.1, 50.7, 48.4, 

45.3, 28.3, 28.3, 25.8, 25.6, 25.5, 21.5. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H26O2 357.1825, found: 357.1834. 
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1-(4-bromophenyl)-4-cyclohexyl-2-phenylbutane-1,4-dione (4q) 

Chromatography Pentane/EA = 20:1 (v/v), 40.0 mg (50%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.77 – 7.10 (m, 9H), 4.97 (dd, J = 10.2, 3.8 Hz, 1H), 3.54 (dd, J = 18.0, 10.2 Hz, 

1H), 2.68 (dd, J = 18.0, 3.8 Hz, 1H), 2.34 – 2.26 (m, 1H), 1.87 – 1.12 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 212.1, 198.1, 138.3, 135.1, 131.7, 130.4, 129.2, 128.0, 128.0, 127.4, 50.6, 48.5, 

45.4, 28.3, 25.8, 25.6, 25.5. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H23O2Br 421.0773, found: 421.0778. 

 

2-(4-chlorophenyl)-4-cyclohexyl-1-(p-tolyl)butane-1,4-dione (4r) 

Chromatography Pentane/EA = 20:1 (v/v), 52.0 mg (72%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.77 (d, J = 8.3 Hz, 2H), 7.18 – 7.08 (m, 6H), 5.02 (dd, J = 9.7, 4.3 Hz, 1H), 3.49 

(dd, J = 17.9, 9.7 Hz, 1H), 2.65 (dd, J = 17.9, 4.3 Hz, 1H), 2.26 (s, 3H), 1.87 – 1.07 (m, 11H). 
13C NMR (75 MHz, CDCl3) δ 211.8, 198.3, 143.8, 137.5, 133.6, 133.0, 129.5, 129.4, 129.3, 129.2, 129.2, 128.9, 

128.7, 50.7, 47.6, 45.1, 28.3, 25.8, 25.6, 25.5, 21.6. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H25ClO2 391.1435, found: 391.1436. 

 

4-cyclopentyl-2-phenyl-1-(p-tolyl)butane-1,4-dione (4s) 

Chromatography Pentane/EA = 20:1 (v/v), 50.6 mg (79%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H), 7.22 – 7.06 (m, 7H), 5.05 (dd, J = 9.9, 4.1 Hz, 1H), 3.54 

(dd, J = 17.9, 9.9 Hz, 1H), 2.88 – 2.77 (m, 1H), 2.70 (dd, J = 17.9, 4.1 Hz, 1H), 2.25 (s, 3H), 1.80 – 1.18 (m, 8H). 
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13C NMR (75 MHz, CDCl3) δ 211.2, 198.6, 143.6, 139.0, 133.9, 129.1, 129.0, 129.0, 128.1, 127.1, 51.3, 48.4, 

46.4, 28.7, 28.7, 26.0, 25.9, 21.5. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H24O2 321.1849, found: 321.1852. 

 

1-(4-bromophenyl)-2-(4-chlorophenyl)-4-cyclohexylbutane-1,4-dione (4t) 

Chromatography Pentane/EA = 20:1 (v/v), 41.6 mg (48%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.75– 7.08 (m, 8H), 4.95 (dd, J = 10.0, 4.0 Hz, 1H), 3.51 (dd, J = 18.0, 10.0 Hz, 

1H), 2.67 (dd, J = 18.0, 4.0 Hz, 1H), 2.34 – 2.25 (m, 1H), 1.87– 1.12 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 211.8, 197.8, 136.7, 134.9, 133.4, 131.8, 130.3, 129.4, 128.2, 50.6, 47.7, 45.2, 

28.3, 28.3, 25.8, 25.6, 25.5. 
HRMS(ESI-TOF) m/z: calcd for [M+]Na+ C22H22BrClO2 455.0384, found: 455.0386. 

 

1-(4-bromophenyl)-4-cyclopentyl-2-phenylbutane-1,4-dione (4u) 

Chromatography Pentane/EA = 20:1 (v/v), 41.2 mg (55%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.75 (d, J = 8.6 Hz, 2H), 7.44 – 7.09 (m, 7H), 4.98 (dd, J = 10.2, 3.9 Hz, 1H), 

3.54 (dd, J = 18.0, 10.2 Hz, 1H), 2.87 – 2.77 (m, 1H), 2.71 (dd, J = 18.0, 3.9 Hz, 1H), 1.80 – 1.43 (m, 8H). 
13C NMR (75 MHz, CDCl3) δ 211.1, 198.0, 138.2, 135.1, 131.7, 130.3, 129.2, 128.0, 127.9, 127.4, 51.1, 48.6, 

46.4, 28.7, 28.6, 25.9, 25.9. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C21H21BrO2 385.0798, found: 385.0802. 
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4-cyclohexyl-2-phenyl-1-(m-tolyl)butane-1,4-dione (4v) 

Chromatography Pentane/EA = 20:1 (v/v), 40.0 mg (60%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.72 – 7.09 (m, 9H), 5.04 (dd, J = 10.1, 3.9 Hz, 1H), 3.55 (dd, J = 17.9, 10.1 Hz, 

1H), 2.68 (dd, J = 17.9, 4.0 Hz, 1H), 2.34 – 2.28 (m, 1H), 2.26 (s, 3H), 1.88 – 1.08 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.2, 199.3, 138.6, 138.1, 136.4, 133.6, 129.3, 129.0, 128.3, 128.1, 127.1, 126.1, 

50.67, 48.5, 45.5, 28.3, 25.8, 25.6, 25.6, 21.3. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H26O2 335.2006, found: 355.2011. 

 

4-cyclopentyl-2-phenyl-1-(m-tolyl)butane-1,4-dione (4w) 

Chromatography Pentane/EA = 20:1 (v/v), 41.6 mg (65%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.71 – 7.08 (m, 9H), 5.06 (dd, J = 10.1, 4.0 Hz, 1H), 3.55 (dd, J = 17.9, 10.1 Hz, 

1H), 2.87 – 2.77 (m, 1H), 2.71 (dd, J = 17.9, 4.0 Hz, 1H), 2.25 (s, 3H), 1.80 – 1.21 (m, 8H). 
13C NMR (75 MHz, CDCl3) δ 211.2, 199.2, 138.7, 138.1, 136.4, 133.6, 129.3, 129.0, 128.3, 128.1, 127.1, 126.1, 

51.2, 48.5, 46.5, 28.7, 28.6, 26.0, 25.9, 21.3. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H24O2 321.1849, found: 321.1853. 

 

2-(4-chlorophenyl)-4-cyclohexyl-1-(m-tolyl)butane-1,4-dione (4x) 

Chromatography Pentane/EA = 20:1 (v/v), 43.0 mg (61%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.11 (m, 8H), 5.03 (dd, J = 9.9, 4.1 Hz, 1H), 3.51 (dd, J = 18.0, 9.9 Hz, 

1H), 2.67 (dd, J = 18.0, 4.2 Hz, 1H), 2.34 – 2.29 (m, 1H), 2.27 (s, 3H), 1.86 – 0.98 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 211.9, 199.00, 138.3, 137.2, 136.2, 133.8, 133.1, 129.4, 129.3, 129.2, 128.4, 

126.1, 50.6, 47.7, 45.2, 28.3, 25.8, 25.6, 25.5, 21.3. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H25ClO2 369.1616, found: 369.1622. 
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4-cyclobutyl-2-phenyl-1-(m-tolyl)butane-1,4-dione (4y) 

Chromatography Pentane/EA = 20:1 (v/v), 25.8 mg (42%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.73 – 7.10 (m, 9H), 5.06 (dd, J = 10.0, 4.1 Hz, 1H), 3.43 (dd, J = 17.8, 10.0 Hz, 

1H), 3.26 – 3.17 (m, 1H), 2.62 (dd, J = 17.8, 4.1 Hz, 1H), 2.27 (s, 3H), 2.16 – 1.18 (m, 6H). 
13C NMR (101 MHz, CDCl3) δ 209.9, 199.3, 138.7, 138.2, 136.4, 133.7, 129.3, 129.1, 128.3, 128.1, 127.2, 126.1, 

48.4, 45.3, 44.6, 24.3, 24.1, 21.3, 17.7. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C21H22O2 307.1693, found: 307.1700. 

 

4-cyclohexyl-1-(4-fluorophenyl)-2-phenylbutane-1,4-dione (4z) 

Chromatography Pentane/EA = 20:1 (v/v), 32.4 mg (48%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.94 – 6.93 (m, 9H), 4.99 (dd, J = 10.2, 3.8 Hz, 1H), 3.55 (dd, J = 18.0, 10.2 Hz, 

1H), 2.68 (dd, J = 18.0, 3.8 Hz, 1H), 2.34 – 2.27 (m, 1H), 1.87 – 1.05 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.3, 197.6, 166.9, 164.4, 138.7, 132.9, 132.9, 131.7, 131.6, 129.3, 128.2, 127.5, 

115.8, 115.6, 50.8, 48.6, 45.6, 28.5, 26.0, 25.8, 25.7. 
19F NMR (282 MHz, CDCl3) δ -105.53 – -105.67 (m). 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H23FO2 339.1755, found: 339.1763. 

 

1-(4-chlorophenyl)-4-cyclohexyl-2-phenylbutane-1,4-dione (4aa) 

Chromatography Pentane/EA = 20:1 (v/v), 44.0 mg (62%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.84 – 7.10 (m, 9H), 4.97 (dd, J = 10.2, 3.8 Hz, 1H), 3.54 (dd, J = 18.0, 10.2 Hz, 

1H), 2.68 (dd, J = 18.0, 3.8 Hz, 1H), 2.33 – 2.26 (m, 1H), 1.87 – 1.08 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.0, 197.8, 139.2, 138.3, 134.7, 130.2, 129.2, 128.7, 128.0, 127.4, 50.6, 48.5, 

45.4, 28.4, 28.3, 25.8, 25.6, 25.5. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H23ClO2 355.1459, found: 355.1450. 
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4-cyclohexyl-2-phenyl-1-(4-(trifluoromethyl)phenyl)butane-1,4-dione (4ab) 

Chromatography Pentane/EA = 20:1 (v/v), 31.0 mg (40%), white solid. 

1H NMR (400 MHz, CDCl3) δ 8.00 – 7.13 (m, 9H), 5.01 (dd, J = 10.4, 3.7 Hz, 1H), 3.58 (dd, J = 18.1, 10.4 Hz, 

1H), 2.72 (dd, J = 18.1, 3.7 Hz, 1H), 2.35 – 2.28 (m, 1H), 1.88 – 1.12 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.1, 198.3, 139.3, 137.8, 134.2, 133.8, 129.3, 129.1, 128.1, 127.5, 125.6, 125.5, 

125.5, 125.4, 122.2, 50.6, 48.9, 45.5, 28.4, 28.5, 25.8, 25.6, 25.6. 
19F NMR (282 MHz, CDCl3) δ -63.19. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H24F3O2 389.1723, found: 389.1729. 

 

5-methyl-2-phenyl-1-(4-(trifluoromethoxy)phenyl)hexane-1,4-dione (4ac)   

Chromatography Pentane/EA = 20:1 (v/v), 21.8 mg (30%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.97 – 7.11 (m, 9H), 4.99 (dd, J = 10.2, 3.8 Hz, 1H), 3.57 (dd, J = 18.0, 10.2 Hz, 

1H), 2.72 (dd, J = 18.0, 3.8 Hz, 1H), 2.61 – 2.52 (m, 1H), 1.06 (d, J = 6.9 Hz, 3H), 1.01 (d, J = 7.0 Hz, 3H). 
13C NMR (75 MHz, CDCl3) δ 212.8, 197.5, 138.1, 134.7, 130.8, 129.3, 128.0, 127.5, 120.2, 54.8, 48.7, 45.3, 

40.7, 18.1. 
19F NMR (282 MHz, CDCl3) δ -57.60. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C20H19F3O3 365.1359, found: 365.1366. 

 

4-cyclobutyl-1,2-diphenylbutane-1,4-dione (4ad)  

Chromatography Pentane/EA = 20:1 (v/v), 30.7 mg (53%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.93 – 7.09 (m, 10H), 5.07 (dd, J = 10.0, 4.1 Hz, 1H), 3.44 (dd, J = 17.9, 10.0 Hz, 

1H), 3.27 – 3.16 (m, 1H), 2.66 – 1.29 (m, 7H). 
13C NMR (101 MHz, CDCl3) δ 209.9, 199.0, 138.6, 136.4, 132.8, 129.1, 128.9, 128.4, 128.1, 127.2, 48.5, 45.3, 

44.6, 24.3, 24.1, 17.7. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C20H20O2 293.1536, found: 293.1535. 
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4-cyclohexyl-1,2-di-p-tolylbutane-1,4-dione (4ae) 

Chromatography Pentane/EA = 20:1 (v/v), 48.8 mg (70%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.83 – 7.76 (m, 2H), 7.11 – 7.05 (m, 4H), 6.99 (d, J = 7.9 Hz, 2H), 5.00 (dd, J = 

10.0, 4.0 Hz, 1H), 3.52 (dd, J = 17.9, 10.0 Hz, 1H), 2.64 (dd, J = 17.9, 4.1 Hz, 1H), 2.33 – 2.89 (m, 1H), 2.26 (s, 

3H), 2.19 (s, 3H), 1.86 – 1.08 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ 212.3, 198.8, 143.58, 136.818, 1360.0, 133.9, 129.8, 129.1, 129.0, 128.2, 128.0, 

50.8, 48.0, 45.4, 28.4, 28.4, 25.9, 25.7, 25.6, 21.6, 21.0. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C24H28O2 349.2162, found: 349.2171. 

 

1-(4-bromophenyl)-4-cyclobutyl-2-phenylbutane-1,4-dione (4af) 

Chromatography Pentane/EA = 20:1 (v/v), 33.4 mg (45%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.78 – 7.74 (m, 2H), 7.46 – 7.42 (m, 2H), 7.24 – 7.10 (m, 5H), 4.98 (dd, J = 10.1, 

4.0 Hz, 1H), 3.43 (dd, J = 17.9, 10.1 Hz, 1H), 3.27 – 3.16 (m, 1H), 2.61 (dd, J = 17.9, 4.0 Hz, 1H), 2.27 – 1.18 

(m, 6H). 
13C NMR (101 MHz, CDCl3) δ 209.8, 198.0, 138.2, 135.2, 131.8, 130.4, 129.2, 128.0, 128.0, 127.4, 48.5, 45.2, 

44.5, 24.3, 24.1, 17.8. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C20H19BrO2 371.0641, found: 371.0643. 

 

1-(4-chlorophenyl)-4-cyclopentyl-2-phenylbutane-1,4-dione (4ag) 

Chromatography Pentane/EA = 20:1 (v/v), 39.6 mg (58%), white solid. 

1H NMR (400 MHz, CDCl3) δ 7.85 – 7.80 (m, 2H), 7.28 – 6.99 (m, 6H), 4.96 (dd, J = 8.6, 5.0 Hz, 1H), 3.58 – 

3.49 (m, 1H), 2.87 – 2.78 (m, 1H), 2.69 (dd, J = 17.9, 3.6 Hz, 1H), 2.19 (s, 3H), 1.80 – 1.46 (m, 8H). 
13C NMR (101 MHz, CDCl3) δ 211.2, 197.9, 139.1, 137.1, 135.2, 134.7, 130.2, 129.9, 128.7, 127.9, 51.2, 48.2, 

46.4, 28.7, 28.6, 26.0, 25.9, 20.9. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H23ClO2 355.1460, found: 355.1469. 
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4-cyclopentyl-1,2-diphenylbutane-1,4-dione (4ah)  

Chromatography Pentane/EA = 20:1 (v/v), 43.6 mg (71%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.92 – 7.88 (m, 2H), 7.42 – 7.09 (m, 8H), 5.07 (dd, J = 10.1, 4.0 Hz, 1H), 3.56 

(dd, J = 17.9, 10.1 Hz, 1H), 2.88 – 2.78 (m, 1H), 2.72 (dd, J = 17.9, 4.0 Hz, 1H), 1.81 – 1.46 (m, 8H). 
13C NMR (75 MHz, CDCl3) δ 211.22, 199.05, 138.64, 136.40, 132.80, 129.08, 128.84, 128.41, 128.09, 127.20, 

51.23, 48.56, 46.47, 28.72, 28.67, 25.98, 25.95. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C21H22O2 329.1512, found: 329.1511. 

 

5-methyl-1,2-diphenylhexane-1,4-dione (4ai) 

Chromatography Pentane/EA = 20:1 (v/v), 42.0 mg (75%), pale yellow solid. 

1H NMR (300 MHz, CDCl3) δ 7.91 – 7.88 (m, 2H), 7.41 – 7.09 (m, 10H), 5.05 (dd, J = 10.1, 4.0 Hz, 1H), 3.56 

(dd, J = 17.9, 10.0 Hz, 1H), 2.71 (dd, J = 17.9, 4.0 Hz, 1H), 2.61 – 2.49 (m, 1H), 1.05 (d, J = 7.0 Hz, 3H), 1.00 

(d, J = 7.0 Hz, 3H). 
13C NMR (75 MHz, CDCl3) δ 212.8, 199.0, 138.6, 136.4, 132.8, 129.1, 128.8, 128.4, 128.1, 127.2, 48.6, 45.2, 

40.8, 18.1. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C19H20O2 303.1355, found: 303.1364. 

 

2-(4-chlorophenyl)-4-cyclopentyl-1-phenylbutane-1,4-dione (4aj)  

Chromatography Pentane/EA = 20:1 (v/v), 38.8 mg (57%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.89 – 7.85 (m, 2H), 7.43 – 7.11 (m, 9H), 5.05 (dd, J = 9.8, 4.2 Hz, 1H), 3.51 (dd, 

J = 17.9, 9.8 Hz, 1H), 2.88 – 2.76 (m, 1H), 2.70 (dd, J = 18.0, 4.2 Hz, 1H), 1.81 – 1.44 (m, 8H). 
13C NMR (75 MHz, CDCl3) δ 210.9, 198.7, 137.1, 136.2, 133.2, 133.0, 129.4, 129.2, 128.8, 128.5, 51.2, 47.8, 

46.2, 28.7, 28.7, 26.0, 25.9. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C21H21ClO2 363.1122, found: 363.1129. 
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5-methyl-2-(4-phenoxyphenyl)-1-phenylhexane-1,4-dione (4ak) 

Chromatography Pentane/EA = 20:1 (v/v), 37.2 mg (50%), pale yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.99 – 7.85 (m, 2H), 7.43 – 6.81 (m, 12H), 5.04 (dd, J = 9.9, 4.1 Hz, 1H), 3.54 

(dd, J = 17.9, 10.0 Hz, 1H), 2.72 (dd, J = 17.9, 4.1 Hz, 1H), 2.60 – 2.52 (m, 1H), 1.05 (d, J = 6.9 Hz, 3H), 1.01 

(d, J = 7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 212.8, 199.1, 156.7, 156.6, 136.3, 133.1, 132.9, 129.7, 129.4, 128.8, 128.5, 123.5, 

119.1, 119.1, 47.7, 45.2, 40.8, 18.1. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C25H24O3 373.1798, found: 373.1802. 

 

2-(4-chlorophenyl)-5-methyl-1-phenylhexane-1,4-dione (4al) 

Chromatography Pentane/EA = 20:1 (v/v), 45.4 mg (72%), pale yellow solid. 

1H NMR (400 MHz, CDCl3) δ 7.94 – 7.80 (m, 2H), 7.43 – 7.12 (m, 9H), 5.04 (dd, J = 9.8, 4.3 Hz, 1H), 3.51 (dd, 

J = 17.9, 9.8 Hz, 1H), 2.70 (dd, J = 17.9, 4.3 Hz, 1H), 2.59 – 2.52 (m, 1H), 1.05 (d, J = 6.9 Hz, 3H), 1.00 (d, J = 

7.0 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 212.5, 198.7, 137.1, 136.1, 133.2, 133.0, 129.4, 129.3, 128.8, 128.5, 47.8, 44.9, 

40.8, 18.1. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C19H19ClO2 315.1147, found: 315.1151. 

 

2-(4-chlorophenyl)-4-cyclohexyl-3-methyl-1-phenylbutane-1,4-dione (4am) 

Chromatography Pentane/EA = 30:1 (v/v), 44.2 mg (60%), dr = 4:1, slightly sticky white solid. 

1H NMR (400 MHz, CDCl3) δ 7.98 – 7.76 (m, 2H), 7.50 – 7.07 (m, 7H), 4.83 (d, J = 10.6 Hz, 0.79CH), 4.74 (d, 

J = 10.6 Hz, 0.2CH), 3.68 – 3.60 (m, 0.8CH), 3.54 – 3.47 (m, 0.2CH), 2.06 – 1.48 (m, 4H), 1.28 – 1.08 (m, 4H), 

1.06 (d, J = 6.7 Hz, 2.7/3H), 1.01 – 0.95 (m, 2H), 0.87 (d, J = 7.3 Hz, 0.3/3H), 0.73 – 0.63 (m, 1H).  
13C NMR (101 MHz, CDCl3) δ 216.9, 215.9 (minor), 199.7, 198.6 (minor), 136.7, 136.4 (minor), 135.7, 135.5 

(minor), 133.4, 133.3, 132.9 (minor), 130.4, 130.2 (minor), 129.2 (minor), 128.9, 128.7, 128.6, 128.5 (minor), 

55.5(minor), 54.8, 51.3, 49.6 (minor), 48.3, 48.2 (minor), 29.1, 28.2 (minor), 27.8, 27.2 (minor), 25.9 (minor), 

25.8 (minor), 25.7, 25.5 (minor), 25.4, 25.4, 16.9, 15.0 (minor). 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C23H25Cl2O2 369.1616, found: 369.1620. 
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5-cyclohexyl-2,3-diphenylfuran (8a) 

Chromatography Pentane/EA = 50:1 (v/v), 26.6 mg (88%), yellow solid. 

1H NMR (300 MHz, CDCl3) δ 7.44 – 7.07 (m, 10H), 6.04 (s, 1H), 2.66 – 1.17 (m, 11H). 

13C NMR (75 MHz, CDCl3) δ 160.2, 146.4, 135.0, 131.8, 128.7, 128.7, 128.4, 127.1, 127.0, 126.1, 122.9, 107.5, 

37.4, 31.7, 26.3, 26.1. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H22O 303.1743, found: 303.1744. 

 

5-cyclohexyl-1,2,3-triphenyl-1H-pyrrole (8b) 

Chromatography Pentane/EA = 20:1 (v/v), Method A: 32.0 mg (85%); Method B: 32.9 mg (87%), white solid. 

1H NMR (300 MHz, CDCl3) δ 7.22 – 6.90 (m, 15H), 6.23 (s, 1H), 2.37 – 1.03 (m, 11H). 
13C NMR (75 MHz, CDCl3) δ 141.1, 138.8, 136.7, 133.0, 131.2, 129.1, 128.5, 128.1, 128.0, 127.7, 127.4, 126.3, 

125.0, 122.2, 104.8, 35.7, 34.0, 26.6, 26.1. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C28H27N 378.2216, found: 378.2220. 

 

4-cyclohexyl-1,2-diphenylbutane-1,4-diol (8c) 

Chromatography Pentane/EA = 20:1 (v/v), 29.2 mg (90%), white solid.   

1H NMR (400 MHz, CDCl3) δ 7.26 – 7.12 (m, 10H), 4.71 (dd, J = 9.8, 7.4 Hz, 1H), 3.21 – 3.15 (m, 1H), 2.96 – 

2.85 (m, 1H), 1.79 – 0.69 (m, 15H). 
13C NMR (101 MHz, CDCl3) δ 142.4, 140.8, 129.0, 128.8, 128.6, 128.5, 128.2, 127.6, 126.9, 126.9, 78.8, 73.5, 

50.5, 44.2, 36.2, 30.9, 28.9, 27.9, 26.1, 26.0. 

HRMS(ESI-TOF) m/z: calcd for [M+]Na+ C22H28O2 347.1981, found: 347.1989. 
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6-cyclohexyl-3,4-diphenylpyridazine (8d) 

Chromatography Pentane/EA = 20:1 (v/v), 50.9 mg (78%), yellow solid. 

1H NMR (300 MHz, CDCl3) δ 7.38 – 7.09 (m, 11H), 3.03 – 2.93 (m, 1H), 2.08 – 1.17 (m, 10H). 
13C NMR (75 MHz, CDCl3) δ 166.1, 157.8, 139.1, 137.3, 137.0, 129.9, 129.0, 128.5, 128.4, 128.4, 128.0, 125.6, 

44.4, 32.7, 26.4, 25.9. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H22N2 315.1856, found: 315.1851. 

 

5-cyclohexyl-2,3-diphenyl-1H-pyrrole (8e) 

1H NMR (300 MHz, CDCl3) δ 7.86 (s, 1H), 7.29 – 7.04 (m, 10H), 6.02 (s, 1H), 2.57 – 2.48 (m, 1H), 2.03 – 1.14 

(m, 10H). 
13C NMR (75 MHz, CDCl3) δ 138.6, 136.9, 133.7, 128.5, 128.3, 128.2, 127.3, 126.3, 126.2, 125.5, 121.7, 106.1, 

36.8, 33.1, 26.2, 26.1. 

HRMS(ESI-TOF) m/z: calcd for [M+]H+ C22H23N 302.1903, found: 302.1906. 
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X-ray crystal structure analysis of 4ad 

 

Diffraction data were collected on a Bruker Kappa APEX II Duo diffractometer. The structure was solved by 

intrinsic phasing (SHELXT: Sheldrick, G. M. Acta Cryst. 2015, A71, 3.)  and refined by full-matrix least-squares 

procedures on F2 (SHELXL: Sheldrick, G. M. Acta Cryst. 2015, C71, 3.). XP (Bruker AXS) was used for 

graphical representation.  

CCDC 2386556 contains the supplementary crystallographic data for this paper. These data are provided free of 

charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access 

Structures service www.ccdc.cam.ac.uk/structures. 

 

Crystal data of 4ad: C20H20O2, M = 292.36, monoclinic, space group P1, a = 8.4568(6), b = 9.0832(6), c = 

10.9280(8) Å, a = 77.5006(16), b = 83.4878(16), g = 74.1615(16)°, V = 787.10(10) Å3, T = 150(2) K, Z = 2, 

27773 reflections measured, 4301 independent reflections (Rint = 0.021), final R values (I > 2σ(I)): R1 = 0.0413, 

wR2 = 0.1111, final R values (all data): R1 = 0.0471, wR2 = 0.1167, 199 parameters.  

 

 

 

Molecular structure of 4ad. Displacement ellipsoids correspond to 50% probability.  

 

 
 
  

http://www.ccdc.cam.ac.uk/structures
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5. Mechanistic investigation 

5.1 Radical trapping experiment by 1,1-diphenylethylene 

 

Scheme 1 Radical capture experiments by 1,1-diphenylethylene 

A 4 mL screw-cap vial was charged with Hantzsch ester 3a (50.0 mg, 0.15 mmol, 1.5 equiv), acyl azolium salts 

2a (52.5 mg, 0.15 mmol, 1.5 equiv), [Ir]PF6 (2.2 mg, 2 mol%), and an oven-dried stirring bar. The vial was 

closed with a Teflon septum and cap and connected to the atmosphere via a needle. After replacing the nitrogen 

in the vial three times, acetonitrile (1 mL) was added. Then, styrene (15.6 mg, 0.1 mmol, 1.0 equiv) and 1,1-

diphenylethylene (35.3 µL, 0.2 mmol, 2.0 equiv) were added using a microinjector. The vial was then moved to 

a cannula and transferred into a 300 mL photoautoclave (manufactured by Parr Instrument Company®), under a 

nitrogen atmosphere. At room temperature, the autoclave was washed with CO three times and charged with 40 

bar of CO. The autoclave was placed on a heating plate equipped with a magnetic stirrer and an aluminum block. 

The reaction mixture was allowed to react at 40 ℃ under UV-A (400-500 nm) for 48 hours. After the reaction 

was complete, the pressure of the autoclave was carefully released, and the residual CO was washed away with 

nitrogen. Then, a proper amount of solvent was taken for GC-MS analysis. The result is shown in Figure 4. 

When 1,1-diphenylethylene were added to the reaction, trace products were detected, and alkyl radical and acyl 

radicals were trapped by 1,1-diphenylethylene. Data in agreement with that reported previously.[4] 
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Figure 4 GC-MS of the reaction solvent 
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5.2 Radical trapping experiment by 2,2,6,6-

Tetramethylpiperidinyloxyl (TEMPO) 

 

Scheme 2 Radical capture experiments by TEMPO 

A 4 mL screw-cap vial was charged Hantzsch ester 3a (50.0 mg, 0.15 mmol, 1.5 equiv), acyl azolium salts 2a 

(52.5 mg, 0.15 mmol, 1.5 equiv), [Ir]PF6 (2.2 mg, 2 mol%), TEMPO (48.0 mg, 0.2 mmol, 2.0 equiv), and an 

oven-dried stirring bar. The vial was closed with a Teflon septum and cap and connected to the atmosphere via a 

needle. After replacing the nitrogen in the vial three times, acetonitrile (1 mL) was added. Then, styrene (15.6 

mg, 0.1 mmol, 1.0 equiv) was added using a microinjector. The vial was then moved to a cannula and transferred 

into a 300 mL photoautoclave (manufactured by Parr Instrument Company®), under a nitrogen atmosphere. At 

room temperature, the autoclave was washed with CO three times and charged with 40 bar of CO. The autoclave 

was placed on a heating plate equipped with a magnetic stirrer and an aluminum block. The reaction mixture was 

allowed to react at 40 ℃ under UV-A (400-500 nm) for 48 hours. After the reaction was complete, the pressure 

of the autoclave was carefully released, and the residual CO was washed away with nitrogen. Then, a proper 

amount of solvent was taken for GC-MS analysis. The result is shown in Figure 5. When TEMPO were added to 

the reaction, no products were detected, and alkyl radical was trapped by TEMPO. Data in agreement with that 

reported previously.[5]  
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Figure 5 GC-MS of the reaction solvent 
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7. NMR Spectra 

4a 1H NMR (300 MHz, CDCl3) 

 

4a 13C NMR (75 MHz, CDCl3) 
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4b 1H NMR (300 MHz, CDCl3) 

 

4b 13C NMR (75 MHz, CDCl3) 
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4c 1H NMR (300 MHz, CDCl3) 

 

4c 13C NMR (75 MHz, CDCl3) 
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4d 1H NMR (300 MHz, CDCl3) 

 

4d 13C NMR (75 MHz, CDCl3) 
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4e 1H NMR (300 MHz, CDCl3) 

 

4e 13C NMR (75 MHz, CDCl3) 
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4f 1H NMR (300 MHz, CDCl3) 

 

4f 13C NMR (75 MHz, CDCl3) 
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4f 19F NMR (282 MHz, CDCl3) 
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4g 1H NMR (400 MHz, CDCl3) 

 

4g 13C NMR (101 MHz, CDCl3) 
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4h 1H NMR (300 MHz, CDCl3) 

 

4h 13C NMR (75 MHz, CDCl3) 
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4i 1H NMR (400 MHz, CDCl3) 

 

4i 13C NMR (101 MHz, CDCl3) 
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4j 1H NMR (300 MHz, CDCl3) 

 

4j 13C NMR (75 MHz, CDCl3) 
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4k 1H NMR (400 MHz, CDCl3) 

 

4k 13C NMR (101 MHz, CDCl3) 
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4l 1H NMR (300 MHz, CDCl3) 

 

4l 13C NMR (75 MHz, CDCl3) 

 

4l 13F NMR (282 MHz, CDCl3) 
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4m 1H NMR (400 MHz, CDCl3) 

 

4m 13C NMR (101 MHz, CDCl3) 
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4n 1H NMR (300 MHz, CDCl3) 

 

4n 13C NMR (75 MHz, CDCl3) 
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4o 1H NMR (400 MHz, CDCl3) 

 

4o 13C NMR (101 MHz, CDCl3) 
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4p 1H NMR (300 MHz, CDCl3) 

 

4p 13C NMR (75 MHz, CDCl3) 

 



51 
 

4q 1H NMR (300 MHz, CDCl3) 

 

4q 13C NMR (75 MHz, CDCl3) 
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4r 1H NMR (300 MHz, CDCl3) 

 

4r 13C NMR (75 MHz, CDCl3) 
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4s 1H NMR (300 MHz, CDCl3) 

 

4s 13C NMR (75 MHz, CDCl3) 
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4t 1H NMR (300 MHz, CDCl3) 

 

4t 13C NMR (75 MHz, CDCl3) 
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4u 1H NMR (300 MHz, CDCl3) 

 

4u 13C NMR (75 MHz, CDCl3) 
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4v 1H NMR (400 MHz, CDCl3) 

 

4v 13C NMR (101 MHz, CDCl3) 
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4w 1H NMR (300 MHz, CDCl3) 

 

4w 13C NMR (75 MHz, CDCl3) 
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4x 1H NMR (400 MHz, CDCl3) 

 

4x 13C NMR (101 MHz, CDCl3) 
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4y 1H NMR (400 MHz, CDCl3) 

 

4y 13C NMR (101 MHz, CDCl3) 
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4z 1H NMR (400 MHz, CDCl3) 

 

4z 13C NMR (101 MHz, CDCl3) 
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4z 13F NMR (382 MHz, CDCl3) 
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4aa 1H NMR (400 MHz, CDCl3) 

 

4aa 13C NMR (101 MHz, CDCl3) 
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4ab 1H NMR (400 MHz, CDCl3) 

 

4ab 13C NMR (101 MHz, CDCl3) 

 

4ab 13F NMR (282 MHz, CDCl3) 
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4ac 1H NMR (300 MHz, CDCl3) 

 

4ac 13C NMR (75 MHz, CDCl3) 
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4ac 13F NMR (282 MHz, CDCl3) 
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4ad 1H NMR (300 MHz, CDCl3) 

 

4ad 13C NMR (75 MHz, CDCl3) 
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4ae 1H NMR (400 MHz, CDCl3) 

 

4ae 13C NMR (101 MHz, CDCl3) 
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4af 1H NMR (300 MHz, CDCl3) 

 

4af 13C NMR (101 MHz, CDCl3) 

4ag 1H NMR (400 MHz, CDCl3)  
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4ag 13C NMR (101 MHz, CDCl3) 
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4ah 1H NMR (300 MHz, CDCl3) 

 

4ah 13C NMR (75 MHz, CDCl3) 
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4ai 1H NMR (300 MHz, CDCl3) 

 

4ai 13C NMR (75 MHz, CDCl3) 
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4aj 1H NMR (300 MHz, CDCl3) 

 

4aj 13C NMR (75 MHz, CDCl3) 
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4ak 1H NMR (400 MHz, CDCl3) 

 

4ak 13C NMR (101 MHz, CDCl3) 
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4al 1H NMR (400 MHz, CDCl3) 

 

4al 13C NMR (101 MHz, CDCl3) 
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4am 1H NMR (400 MHz, CDCl3) 

 

4am 13C NMR (101 MHz, CDCl3) 

 

  



77 
 

8a 1H NMR (300 MHz, CDCl3) 

8a 13C NMR (75 MHz, CDCl3) 
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8b 1H NMR (300 MHz, CDCl3) 

 

8b 13C NMR (75 MHz, CDCl3) 
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8c 1H NMR (400 MHz, CDCl3) 

 

8c 13C NMR (101 MHz, CDCl3) 
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8d 1H NMR (300 MHz, CDCl3) 

 

8d 13C NMR (75 MHz, CDCl3) 
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8e 1H NMR (300 MHz, CDCl3) 

 

8e 13C NMR (75 MHz, CDCl3) 

 


