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1. Supplementary figure for experiments 

 

1b 

 

Supplementary Fig. 1 | The X-ray structure of 1b (CCDC 2403993, 50% probability ellipsoids).  
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Supplementary Fig. 2 | The crude 1H NMR spectrum of deprotonation experiments of S1 with 

S16. Sample preparation: An oven-dried resealable Schlenk tube equipped with a magnetic stir bar 

was charged with CuTc (9.6 mg, 0.05 mmol, 1.0 equiv.), L*8 (36.7 mg, 0.05 mmol, 1.0 equiv.) and 

Cs2CO3 (81.5 mg, 0.25 mmol, 5.0 equiv.). Then CDCl3 (2.0 mL) was added. The resulting mixture 

was pre-stirred at r.t. under argon for 4 hours. Then, S1 (14.8 mg, 0.05 mmol, 1.0 equiv.) and S16 

(10.3 mg, 0.05 mmol, 1.0 equiv.) was added to the above CuI/L*8 complex mixture and stirred for 

2 hours. The amount of residual alkyne was based on 1H NMR analysis of the crude product using 

1,3,5-trimethoxybenzene as an internal standard. 
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Supplementary Fig. 3 | The crude 1H NMR spectrum of deprotonation experiments of S1 with 

S16. Sample preparation: An oven-dried resealable Schlenk tube equipped with a magnetic stir bar 

was charged with CuTc (9.6 mg, 0.05 mmol, 1.0 equiv.), L*8 (36.7 mg, 0.05 mmol, 1.0 equiv.) and 

Cs2CO3 (81.5 mg, 0.25 mmol, 5.0 equiv.). Then CDCl3 (2.0 mL) was added. The resulting mixture 

was pre-stirred at r.t. under argon for 4 hours. Then, S1 (14.8 mg, 0.05 mmol, 1.0 equiv.) and S16 

(10.3 mg, 0.05 mmol, 1.0 equiv.) was added to the above CuI/L*8 complex mixture and stirred for 

4 hours. The amount of residual alkyne was based on 1H NMR analysis of the crude product using 

1,3,5-trimethoxybenzene as an internal standard. 
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Supplementary Fig. 4 | Results of other 2-substituted aryl alkynes. 
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Supplementary Fig. 5 | Other unsuccessful example of radical precursors. 
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Supplementary Fig. 6 | The TEMPO adducts captured by HRMS. 
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2. Supplementary tables for experiments 

Supplementary Table 1 | Reaction condition optimization: screening of different 

copper salta 

 

Entry [Cu] Yield of 1 (%) E.e. of 1 (%) 1' 

1 CuTc 75 89 n.d. 

2 CuI 39 88 n.d. 

3 CuBr·SMe2 48 89 n.d. 

4 CuCN 36 90 n.d. 

5 Cu2O n.d. ‒ n.d. 

6 CuMes 10 89 n.d. 

7 CuOAc 49 89 n.d. 

8 Cu(OTf)2 46 89 n.d. 

9 Cu(CH3CN)4PF6 57 89 n.d. 

aReaction conditions: S1 (0.10 mmol), C1 (0.10 mmol), S16 (0.05 mmol), [Cu] (10 mol%), L*8 (12 

mol%) and Cs2CO3 (5.0 equiv.) in Et2O (1.0 mL) at r.t. for 5 d under argon. Yield was based on 1H 

NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were based on 

chiral HPLC analysis. 
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Supplementary Table 2 | Reaction condition optimization: screening of different 

solventa 

 

Entry solvent Yield of 1 (%) E.e. of 1 (%) 1' 

1 Et2O 75 89 n.d. 

2 THF 40 88 n.d. 

3 1,4-dioxane 25 87 n.d. 

4 MTBE 56 88 n.d. 

5 iPr2O 15 87 n.d. 

6 DME 16 89 n.d. 

7 EA 55 89 n.d. 

8 DCM 12 87 n.d. 

9 Toluene 46 87 n.d. 

10 MeCN 13 86 n.d. 

aReaction conditions: S1 (0.10 mmol), C1 (0.10 mmol), S16 (0.05 mmol), CuTc (10 mol%), L*8 

(12 mol%) and Cs2CO3 (5.0 equiv.) in solvent (1.0 mL) at r.t. for 5 d under argon. Yield was based 

on 1H NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were 

based on chiral HPLC analysis. 
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Supplementary Table 3 | Reaction condition optimization: screening of different 

basea 

 

Entry Base Equiv. Yield of 1 (%) E.e. of 1 (%) 1' 

1 LiOtBu 5 trace ‒ n.d. 

2 KOH 5 trace ‒ n.d. 

3 K3PO4 5 10 89 n.d. 

4b K2CO3 5 13 89 n.d. 

5 Rb2CO3 5 10 89 n.d. 

6 

Cs2CO3 

3 60 89 n.d. 

7 4 62 89 n.d. 

8 5 75 89 n.d. 

9 6 75 89 n.d. 

aReaction conditions: S1 (0.10 mmol), C1 (0.10 mmol), S16 (0.05 mmol), CuTc (10 mol%), L*8 

(12 mol%) and base (x equiv.) in Et2O (1.0 mL) at r.t. for 5 d under argon. Yield was based on 1H 

NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were based on 

chiral HPLC analysis. bBy-product 1'' was monitored in 16% yield. 
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Supplementary Table 4 | Reaction condition optimization: screening of substrate 

ratioa 

 

Entry x:y:z Yield of 1 (%) E.e. of 1 (%) 1' 

1 1:1:1 54 89 n.d. 

2 2:2:1 75 89 n.d. 

3 2:1:2 60 89 n.d. 

4 1:2:2 57 89 n.d. 

5 2:1:1 61 89 n.d. 

6 1:2:1 50 89 n.d. 

7 1:1:2 55 89 n.d. 

8 1.5:1.5:1 56 89 n.d. 

9 1:1.5:1.5 57 89 n.d. 

10 1.5:1:1.5 63 89 n.d. 

11 1.5:1:1 62 89 n.d. 

12 1:1.5:1 52 89 n.d. 

13 1:1:1.5 54 89 n.d. 

aReaction conditions: S1 (x equiv.), C1 (y equiv.), S16 (z equiv.), CuTc (10 mol%), L*8 (12 mol%) 

and Cs2CO3 (5.0 equiv.) in Et2O (1.0 mL) at r.t. for 5 d under argon. Yield was based on 1H NMR 

analysis of the crude product using CH2Br2 as an internal standard. E.e. values were based on chiral 

HPLC analysis. 
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Supplementary Table 5 | Reaction condition optimization: screening the ratio of 

CuTc and L*8a 

 

Entry CuTc (x mol %) L*8 (y mol %) Yield of 1 (%) E.e. of 1 (%) 1' 

1 5 6 43 89 n.d. 

2 10 10 69 89 n.d. 

3 10 12 75 89 n.d. 

4 10 15 75 89 n.d. 

5 15 20 76 89 n.d. 

6 12 10 62 89 n.d. 

aReaction conditions: S1 (0.10 mmol), C1 (0.10 mmol), S16 (0.05 mmol), CuTc (x mol%), L*8 (y 

mol%) and Cs2CO3 (5.0 equiv.) in Et2O (1.0 mL) at r.t. for 5 d under argon. Yield was based on 1H 

NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were based on 

chiral HPLC analysis. 
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Supplementary Table 6 | Reaction condition optimization: screening of reaction 

temperaturea 

 

Entry T (C) Yield of 1 (%) E.e. of 1 (%) 1' 

1 40 32 85 n.d. 

2 r.t. 75 89 n.d. 

3 10 72 93 n.d. 

4 0 53 95 n.d. 

aReaction conditions: S1 (0.10 mmol), C1 (0.10 mmol), S16 (0.05 mmol), CuTc (10 mol%), L*8 

(12 mol%) and Cs2CO3 (5.0 equiv.) in Et2O (1.0 mL) at T (C) for 5 d under argon. Yield was based 

on 1H NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were 

based on chiral HPLC analysis. 

  



S15 

 

Supplementary Table 7 | Reaction condition optimization for timea 

 

Entry Time (d) Et2O (mL) Yield of 1 (%) E.e. of 1 (%) 

1 5 4 70 93 

2 3 4 55 93 

3 1 4 32 93 

4 3 2 60 93 

5 3 1 64 93 

6b 3 4 76 93 

aReaction conditions: S1 (0.40 mmol), C1 (0.40 mmol), S16 (0.20 mmol), CuTc (10 mol%), L*8 

(12 mol%) and Cs2CO3 (5.0 equiv.) in Et2O (X mL) at 10 C under argon. Yield was based on 1H 

NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were based on 

chiral HPLC analysis. b20 mol% CuTc, 24 mol% L*8. The optimized reaction time of 5 d with CuTc 

(10 mol%) and L*8 (12 mol%) was chosen as a balance between reaction efficiency and catalyst 

loading. 
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Supplementary Table 8 | Reaction condition optimization with S15, C1 and S16a 

 

Entry L* Yield of 15 (%) E.e. of 15 (%) 

1 L*8 69 62 

2 L*9 n.d. ‒ 

3 L*5 36 –7 

4 L*10 79 26 

5 L*11 70 –86 

aReaction conditions: S15 (0.10 mmol), C1 (0.10 mmol), S16 (0.05 mmol), CuTc (10 mol%), L* 

(12 mol%) and Cs2CO3 (5.0 equiv.) in Et2O (1.0 mL) at r.t. for 5 d under argon. Yield was based on 

1H NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were based 

on chiral HPLC analysis. 
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Supplementary Table 9 | Racemization experiments of 1a 

 

Time (h) 5 10 24 48 72 120 

E.e. (%) 93 92 92 91 91 91 

aReaction conditions: 1 (16.1 mg, 0.025 mmol) in dry toluene (1.0 mL) at 70 C under argon. E.e. 

values were based on chiral HPLC analysis. 
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Supplementary Table 10 | Racemization experiments of 34a 

 
Time (h) 5 10 24 48 72 

E.e. (%) 92 92 92 91 90 

aReaction conditions: 34 (14.7 mg, 0.025 mmol) in dry toluene (1.0 mL) at 80 C under argon. E.e. 

values were based on chiral HPLC analysis. 
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Supplementary Table 11 | Control experiment of S1a 

 

Entry Variation Yield of 1 (%) E.e. of 1 (%) 1' 

1 standard condition 72 93 n.d. 

2 w/o L* n.d. ‒ n.d. 

3 w/o Cu&L* n.d. ‒ n.d. 

4 w/o Cs2CO3 n.d. ‒ n.d. 

aReaction conditions: S1 (0.10 mmol), C1 (0.10 mmol), S16 (0.05 mmol), CuTc (10 mol%), L*8 

(12 mol%) and Cs2CO3 (5.0 equiv.) in Et2O (1.0 mL) at 10 C for 5 d under argon. Yield was based 

on 1H NMR analysis of the crude product using CH2Br2 as an internal standard. E.e. values were 

based on chiral HPLC analysis. 
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3. General information 

Most of reactions were carried out under argon atmosphere using Schlenk techniques. 

Reagents were purchased at the highest commercial quality and used without further 

purification, unless otherwise stated. CuTc was purchased from Adamas. Cs2CO3 was 

purchased from Bide Pharmatech Ltd., which was directly used without further 

treatment. Other reagents were purchased from J&K, Energy, etc. Anhydrous diethyl 

ether (Et2O) was purchased from Shanghai Lingfeng Chemical Reagent Co. Ltd, which 

was directly used without further treatment. Analytical thin layer chromatography (TLC) 

was performed on precoated silica gel 60 GF254 plates. Flash column chromatography 

was performed using Tsingdao silica gel (60, particle size 0.040–0.063 mm). As the 

eluent, the petroleum ether (PE), hexane, ethyl acetate (EtOAc), dichloromethane 

(CH2Cl2) and methanol were purchased from Shanghai Titan Scientific Co. Ltd without 

further purification. Visualization on TLC was achieved by use of UV light (254 nm), 

iodine or basic KMnO4 indicator. NMR spectra were recorded on Bruker DRX-400 and 

DPX-600 spectrometers at 400 or 600 MHz for 1H NMR and 100 or 151 MHz for 13C 

NMR, respectively, in CDCl3 with tetramethylsilane (TMS) as internal standard. The 

chemical shifts were expressed in ppm and coupling constants were given in Hz. Data 

for 1H NMR are recorded as follows: chemical shift (ppm), multiplicity (s, singlet; d, 

doublet; dd = doublet of doublets; dt = doublet of triplet; ddd = doublet of doublet of 

doublets; t, triplet; q, quartet; m, multiplet), coupling constant (Hz), integration. Data 

for 13C NMR are reported in terms of chemical shift (δ, ppm), multiplicity (d, doublet; 

q, quarter), coupling constant (Hz), integration. High-resolution mass spectroscopy 

(HRMS) was obtained on Thermo Scientific Q Exactive mass spectrometer using ESI 

ion source. Enantiomeric excess (e.e.) was determined using SHIMADZU LC-20AD 

with SPD-20AV detector. Column conditions were reported in the experimental section 

below. X-ray diffraction was measured on a 'Bruker APEX-II CCD' diffractometer with 

Cu–Kα radiation. 
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4. The preparation of the substrates 

The synthesis of terminal alkyne substrates 

 

 

S1-S15, S28, S291 were synthesized according to the literature. All the characterization 

data are consistent with those in the reported literature. 

S16-S27 were purchased from commercial sources. 

 

The synthesis of alkyne S30 

 

To a solution of S30-1 (1.0 equiv.) and 4-(N,N-dimethylamino)pyridine (4-DMAP, 2.0 

equiv.) in CH2Cl2 (0.25 M), trifluoromethanesulfonic anhydride (1.2 equiv.) was slowly 

added at 0 °C under N2 atmosphere. The mixture was then warmed to room temperature 

and stir for 4 h. The reaction was quenched by water, extracted with EtOAc. The 

combined organic layer was washed with 1.0 M HCl and brine, dried over anhydrous 
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Na2SO4, filtered and concentrated in vacuo. The crude residue was purified by flash 

column chromatography to afford compound S30-2. 

 

To a solution of S30-2 (1.0 equiv.) and ethylene glycol (3.0 equiv.) in anhydrous toluene 

(0.5 M) was added pyridinium p-toluenesulfonate (PPTS, 5 mol%). The mixture was 

refluxed for 10 h with a Dean-Stark apparatus. The reaction was removed to room 

temperature and quenched by saturated NaHCO3, extracted with EtOAc. The combined 

organic layers was dried over anhydrous Na2SO4, filtered and concentrated in vacuo. 

The crude residue was purified by flash column chromatography to afford the 

compound S30-3. 

 

A solution of Pd(OAc)2 (10 mol%), dppp (10 mol%) in DMSO (0.25 M) was vigorously 

stirred at room temperature for 30 min under N2 atmosphere. Then S30-3 (1.0 equiv.), 

DIPEA (5.0 equiv.) and diphenylphosphine oxide (4.0 equiv.) were added sequentially 

before heating at 100 °C for 48 h. The reaction was removed to room temperature and 

quenched by water, extracted with EtOAc. The combined organic layers were washed 

with brine, dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The crude 

residue was purified by column chromatography to afford compound S30-4. 

 

To a solution of S30-4 (1.0 equiv.) in acetone (0.2 M) was added TsOH·H2O (1.5 equiv.) 

in one portion, which was refluxed for 4 h. The reaction was removed to room 

temperature and quenched by water, extracted with EtOAc. The combined organic 

layers was dried over anhydrous Na2SO4, filtered and concentrated under reduced 

pressure. The crude residue was purified by flash column chromatography to afford 

compound S30-5. 

 

To a solution of S30-5 (178.0 mg, 0.5 mmol, 1.0 equiv.) and K2CO3 (207.3 mg, 1.5 

mmol, 3.0 equiv.) in anhydrous MeOH (2.5 mL) was added dimethyl (1-diazo-2-

oxopropyl)phosphonate (144.1 mg, 0.75 mmol, 1.5 equiv.). The mixture was stirred at 

room temperature for 12 h under argon. Upon completion of the reaction, the reaction 

mixture was filtered through a short pad of Celite and washed with EtOAc. The filtrate 

was concentrated to afford the crude product, which was purified by column 

chromatography on silica gel to afford the desired product S30. 

 

(1-Ethynylnaphthalen-2-yl)diphenylphosphine oxide (S30) 

 
The reaction mixture was purified by column chromatography on silica gel (petroleum 

ether/EtOAc = 1/2) to yield the product S30 as a white solid (141.3 mg, 80% yield). 
1H NMR (400 MHz, CDCl3) δ 8.49 – 8.41 (m, 1H), 7.94 – 7.84 (m, 2H), 7.84 – 7.70 

(m, 5H), 7.64 – 7.57 (m, 2H), 7.57 – 7.50 (m, 2H), 7.50 – 7.40 (m, 4H), 3.45 (s, 1H).  
13C NMR (101 MHz, CDCl3) δ 134.5, 134.2, 134.1 (d, J = 5.7 Hz), 133.1(4), 133.0(6), 
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132.4, 132.3, 132.1, 132.0 (d, J = 2.8 Hz), 128.8 (d, J = 11.6 Hz), 128.6, 128.5(4), 

128.5(1), 128.4(4), 128.4(1), 128.0, 126.9, 124.7 (d, J = 6.4 Hz), 91.7, 79.6 (d, J = 7.1 

Hz). 
31P NMR (162 MHz, CDCl3) δ 29.15. 

HRMS (ESI) m/z calcd. for C24H17NaOP+ [M + Na]+ 375.0909, found 375.0907. 

 

The synthesis of radical precursors 

 

C1-C3, C6, C9-C13 were purchased from commercial sources. 

C4-C52, C73, C84 were synthesized according to the literature. All the characterization 

data are consistent with those in the reported literature. 
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5. General procedure for the synthesis of axially chiral 1,3-enynes 

 

An oven-dried resealable Schlenk tube equipped with a magnetic stir bar was charged 

with 2-substituted aryl alkynes (0.40 mmol, 2.0 equiv.), alkyne nucleophiles (0.20 

mmol, 1.0 equiv.), CuTc (3.8 mg, 0.02 mmol, 10 mol%), L*8 (17.6 mg, 0.024 mmol, 

12 mol%), and anhydrous Cs2CO3 (325.8 mg, 1.00 mmol, 5.0 equiv.). The tube was 

evacuated and backfilled with argon three times. Then Et2O (4.0 mL) was added by 

syringe under argon atmosphere. Finally, radical precursor (0.40 mmol, 2.0 equiv.) was 

added into the mixture and the reaction mixture was stirred at 10 °C for 5 d. Upon 

completion of the reaction (monitored by TLC), the reaction mixture was filtered 

through a short pad of Celite and washed with EtOAc. The filtrate was concentrated to 

afford the crude product, which was purified by column chromatography on silica gel 

to afford the desired product. 

 

 

 

The preparation of racemic products (±)-1-33 

 

An oven-dried resealable Schlenk tube equipped with a magnetic stir bar was charged 

with 2-substituted aryl alkynes (0.20 mmol, 2.0 equiv.), alkyne nucleophiles (0.10 

mmol, 1.0 equiv.), CuTc (1.9 mg, 0.01 mmol, 10 mol%), L-rac (4.5 mg, 0.012 mmol, 

12 mol%), and anhydrous Cs2CO3 (162.9 mg, 0.50 mmol, 5.0 equiv.). The tube was 

evacuated and backfilled with argon three times. Then Et2O (2.0 mL) was added by 

syringe under argon atmosphere. Finally, radical precursor (0.20 mmol, 2.0 equiv.) was 

added into the mixture and the reaction mixture was stirred at r.t. for 5 d. Upon 

completion of the reaction (monitored by TLC), the reaction mixture was filtered 

through a short pad of Celite and washed with EtOAc. The filtrate was concentrated to 

afford the crude product, which was purified by column chromatography on silica gel 

to afford the desired product. 
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tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-

((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (1) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 1 as a pale-yellow oil (96.4 mg, 75% yield, 93% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 7.7 Hz, 2H), 7.96 – 7.90 (m, 1H), 7.84 – 

7.75 (m, 2H), 7.51 – 7.41 (m, 2H), 7.41 – 7.35 (m, 4H), 7.34 (d, J = 8.9 Hz, 1H), 7.25 

– 7.18 (m, 2H), 6.50 (s, 1H), 5.10 – 4.91 (m, 2H), 3.95 – 3.73 (m, 2H), 1.38 (s, 9H), 

1.18 (d, J = 6.7 Hz, 6H), 1.02 (s, 3H), 1.01 – 0.91 (m, 6H), 0.71 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 153.0, 146.2, 145.8, 140.0, 132.5, 131.0, 128.7, 

128.1, 126.6, 125.9, 125.8, 125.5, 125.4, 123.1, 122.7, 120.3, 119.3, 115.8, 109.1, 85.8, 

81.0, 80.8, 46.6(4), 46.5(6), 33.3, 28.0, 26.1, 22.9, 21.1, 21.0, 20.5. 

HRMS (ESI) m/z calcd. for C42H47N2O4
+ [M + H]+ 643.3530, found 643.3533. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 10.02 min, tR (minor) = 18.61 min. 

 

tert-Butyl (Z)-4,6-bis(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-

dimethylhex-3-en-5-ynoate (1') 

 
1H NMR (400 MHz, CDCl3) δ 8.10 – 8.02 (m, 2H), 7.86 – 7.80 (m, 2H), 7.78 – 7.69 

(m, 2H), 7.49 – 7.36 (m, 5H), 7.24 (d, J = 9.0 Hz, 1H), 6.79 (s, 1H), 4.23 – 3.74 (m, 

4H), 1.46 (s, 9H), 1.32 – 1.13 (m, 27H), 0.81 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 153.4, 153.0, 150.5, 146.4, 145.3, 134.3, 132.8, 

131.1, 130.9, 129.0, 128.6, 128.0, 127.9, 127.0, 126.6, 126.3, 126.2, 125.7, 125.5, 125.3, 

122.7, 121.9, 117.2, 113.2, 100.9, 81.5, 80.8, 47.0, 46.7, 28.1, 26.3, 23.0, 21.5, 20.6. 

HRMS (ESI) m/z calcd. for C46H57N2O6
+ [M + H]+ 733.4211, found 733.4208. 

 

tert-Butyl (E)-4-bromo-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-

dimethylbut-3-enoate (1'') 
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1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 8.4 Hz, 1H), 7.83 (d, J = 8.6 Hz, 2H), 7.59 

– 7.51 (m, 1H), 7.50 – 7.42 (m, 1H), 7.38 (d, J = 9.0 Hz, 1H), 6.75 (s, 1H), 4.44 – 3.83 

(m, 2H), 1.48 – 1.37 (m, 15H), 1.34 (d, J = 6.7 Hz, 6H), 1.11 (s, 3H), 0.79 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.6, 152.7, 146.2, 140.6, 131.4, 131.0, 129.8, 128.2, 

127.5, 127.1, 125.7, 125.5, 122.7, 114.3, 80.9, 47.7, 47.0, 46.8, 28.0, 25.8, 22.9, 21.5, 

20.7, 20.6. 

HRMS (ESI) m/z calcd. for C27H37BrNO4
+ [M + H]+ 518.1900, found 518.1903. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-6-

methylnaphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (2) 

 

According to the general procedure with S2 (123.8 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 2 as a pale-yellow oil (85.4 mg, 65% yield, 93% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.12 – 8.05 (m, 2H), 7.84 (d, J = 8.6 Hz, 1H), 7.72 (d, J 

= 8.9 Hz, 1H), 7.61 (s, 1H), 7.44 – 7.38 (m, 4H), 7.35 – 7.29 (m, 2H), 7.26-7.21 (m, 

2H), 6.50 (s, 1H), 5.11 – 4.94 (m, 2H), 3.98 – 3.74 (m, 2H), 2.52 (s, 3H), 1.41 (s, 9H), 

1.21 (d, J = 6.8 Hz, 6H), 1.04 (s, 3H), 1.03 – 0.91 (m, 6H), 0.74 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.1, 153.1, 145.7, 145.5, 140.1, 135.0, 131.3, 130.6, 

128.9, 128.0, 127.2, 125.8(1), 125.7(8), 125.4, 123.1, 122.7, 120.3, 119.3, 115.9, 109.1, 

85.9, 80.9, 80.7, 46.7, 46.5, 33.4, 28.0, 26.0, 22.9, 21.7, 21.1, 21.0, 20.6. 

HRMS (ESI) m/z calcd. for C43H49N2O4
+ [M + H]+ 657.3687, found 657.3685. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 11.47 min, tR (minor) = 26.22 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-6-

phenylnaphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (3) 
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According to the general procedure with S3 (148.6 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 3 as a pale-yellow oil (60.4 mg, 42% yield, 90% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.11 – 8.06 (m, 2H), 8.05 (d, J = 1.8 Hz, 1H), 8.01 (d, J 

= 8.7 Hz, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.77 – 7.71 (m, 3H), 7.55 – 7.47 (m, 2H), 7.44 

– 7.36 (m, 6H), 7.26 – 7.21 (m, 2H), 6.54 (s, 1H), 5.13 – 4.98 (m, 2H), 4.04 – 3.70 (m, 

2H), 1.41 (s, 9H), 1.21 (d, J = 6.8 Hz, 6H), 1.06 (s, 3H), 1.05 – 0.95 (m, 6H), 0.77 (s, 

3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 153.0, 146.3, 145.9, 141.0, 140.1, 138.1, 131.7, 

131.3, 129.0, 127.5, 126.5, 126.3, 126.0, 125.8, 125.5, 123.1(8), 123.1(6), 120.3, 119.3, 

115.8, 109.1, 85.8, 81.1, 80.8, 46.7, 46.6, 33.4, 28.0, 26.1, 23.0, 21.1, 21.0, 20.6. 

HRMS (ESI) m/z calcd. for C48H51N2O4
+ [M + H]+ 719.3843, found 719.3843. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 13.67 min, tR (minor) = 37.77 min. 

 

tert-Butyl (Ra,Z)-4-(6-bromo-2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-7-

(9H-carbazol-9-yl)-2,2-dimethylhept-3-en-5-ynoate (4) 

 

According to the general procedure with S4 (149.7 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.) at r.t., the 

reaction mixture was purified by column chromatography on silica gel (petroleum 

ether/EtOAc = 10/1) to yield the product 4 as a pale-yellow oil (57.7 mg, 40% yield, 

90% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.7 Hz, 2H), 7.99 (d, J = 2.0 Hz, 1H), 7.79 

(d, J = 9.0 Hz, 1H), 7.71 (d, J = 9.0 Hz, 1H), 7.52 (dd, J = 8.9, 2.0 Hz, 1H), 7.43 – 7.35 

(m, 5H), 7.26 – 7.21 (m, 2H), 6.50 (s, 1H), 5.09 – 4.98 (m, 2H), 3.97 – 3.74 (m, 2H), 

1.39 (s, 9H), 1.20 (d, J = 6.7 Hz, 6H), 1.06 – 0.94 (m, 9H), 0.70 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.8, 152.8, 146.5, 146.2, 140.1, 132.2, 131.0, 130.1, 

130.0, 127.8(1), 127.7(7), 125.9, 125.8, 124.0, 123.2, 120.4, 119.5, 119.4, 115.3, 109.0, 

85.6, 81.5, 80.9, 46.7, 33.4, 28.0, 26.1, 23.0, 21.1, 21.0, 20.6. 

HRMS (ESI) m/z calcd. for C42H46BrN2O4
+ [M + H]+ 721.2635, found 721.2636. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 70/30, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 7.69 min, tR (minor) = 20.87 min. 

 

Methyl (Ra,Z)-5-(7-(tert-butoxy)-1-(9H-carbazol-9-yl)-6,6-dimethyl-7-oxohept-4-

en-2-yn-4-yl)-6-((diisopropylcarbamoyl)oxy)-2-naphthoate (5) 
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According to the general procedure with S5 (141.4 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 5 as a pale-yellow oil (84.1 mg, 60% yield, 94% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.60 (d, J = 1.8 Hz, 1H), 8.10 – 8.03 (m, 3H), 7.97 (d, J 

= 8.8 Hz, 1H), 7.92 (d, J = 8.9 Hz, 1H), 7.45 – 7.35 (m, 5H), 7.25 – 7.20 (m, 2H), 6.52 

(s, 1H), 5.11 – 4.98 (m, 2H), 4.00 (s, 3H), 3.95 – 3.74 (m, 2H), 1.39 (s, 9H), 1.20 (d, J 

= 6.7 Hz, 6H), 1.04 – 0.93 (m, 9H), 0.69 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.7, 167.2, 152.6, 148.0, 146.1, 139.9, 134.7, 131.1, 

130.0, 126.9, 126.1, 126.0, 125.7(3), 125.7(0), 123.5, 123.1, 120.2, 119.3, 115.2, 108.9, 

85.4, 81.3, 80.8, 52.3, 46.6, 46.5, 33.2, 27.9, 25.9, 22.9, 21.0, 20.9, 20.4. 

HRMS (ESI) m/z calcd. for C44H49N2O6
+ [M + H]+ 701.3585, found 701.3587. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 70/30, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 9.82 min, tR (minor) = 22.93 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-7-

phenylnaphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (6) 

 

 

According to the general procedure with S6 (148.6 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 6 as a pale-yellow oil (14.4 mg, 10% yield, 88% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.11 – 8.04 (m, 3H), 7.91 (d, J = 8.4 Hz, 1H), 7.83 (d, J 

= 8.9 Hz, 1H), 7.72 (dd, J = 8.4, 1.8 Hz, 1H), 7.68 – 7.63 (m, 2H), 7.47 – 7.32 (m, 8H), 

7.24 – 7.16 (m, 2H), 6.56 (s, 1H), 5.13 – 4.96 (m, 2H), 3.97 – 3.77 (m, 2H), 1.24 (s, 

9H), 1.21 (d, J = 5.7 Hz, 6H), 1.06 – 0.94 (m, 9H), 0.77 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.1, 153.0, 146.6, 146.1, 141.4, 140.1, 139.5, 132.8, 

130.3, 128.9, 128.6, 128.5, 127.8, 127.5, 125.9, 125.8, 125.2, 123.9, 123.2, 122.7, 120.3, 

119.3, 115.9, 109.1, 85.8, 81.2, 80.8, 46.7, 46.6, 33.4, 27.8, 26.1, 23.2, 21.1, 21.0, 20.6. 

HRMS (ESI) m/z calcd. For C48H51N2O4
+ [M + H]+ 719.3843, found 719.3844. 
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HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 12.00 min, tR (minor) = 24.56 min. 

 

Methyl (Ra,Z)-5-(7-(tert-butoxy)-1-(9H-carbazol-9-yl)-6,6-dimethyl-7-oxohept-4-

en-2-yn-4-yl)-6-((diisopropylcarbamoyl)oxy)-1-naphthoate (7) 

 

According to the general procedure with S7 (141.4 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 7 as a pale-yellow oil (86.9 mg, 62% yield, 92% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.99 – 8.86 (m, 1H), 8.23 – 8.02 (m, 4H), 7.58 – 7.33 

(m, 6H), 7.31 – 7.17 (m, 2H), 6.57 – 6.47 (m, 1H), 5.03 (s, 2H), 4.10 – 3.97 (m, 3H), 

3.96 – 3.73 (m, 2H), 1.47 – 1.34 (m, 9H), 1.28 – 1.13 (m, 6H), 1.11 – 0.92 (m, 9H), 

0.67 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.9, 168.1, 152.8, 146.5, 146.1, 140.0, 133.1, 131.1, 

129.6, 129.0, 127.5, 126.8, 125.9, 125.8, 125.4, 124.4, 123.2, 120.3, 119.4, 115.7, 109.0, 

85.6, 81.6, 80.9, 52.4, 46.7, 46.6, 33.3, 28.0, 26.1, 22.9, 21.2, 21.1, 20.6. 

HRMS (ESI) m/z calcd. For C44H49N2O6
+ [M + H]+ 701.3585, found 701.3587. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 70/30, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 8.30 min, tR (minor) = 12.73 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-4-

phenylnaphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (8) 

 

According to the general procedure with S8 (148.6 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 8 as a pale-yellow oil (93.5 mg, 65% yield, 91% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.10 – 8.04 (m, 2H), 8.01 (d, J = 8.2 Hz, 1H), 7.90 (d, J 

= 8.3 Hz, 1H), 7.57 – 7.52 (m, 2H), 7.51 – 7.45 (m, 3H), 7.44 – 7.37 (m, 6H), 7.31 (s, 

1H), 7.24 – 7.20 (m, 2H), 6.53 (s, 1H), 5.12 – 4.98 (m, 2H), 3.97 – 3.75 (m, 2H), 1.39 

(s, 9H), 1.21 – 1.15 (m, 6H), 1.07 (s, 3H), 1.05 – 0.94 (m, 6H), 0.79 (s, 3H). 
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13C NMR (101 MHz, CDCl3) δ 175.0, 153.0, 146.1, 145.6, 141.2, 140.1, 140.0, 132.9, 

130.4, 129.5, 128.3, 127.6, 126.6, 126.4, 126.3, 125.8, 125.4, 124.9, 123.6, 123.2, 120.3, 

119.3, 115.9, 109.1, 85.9, 81.0, 80.8, 46.7, 46.6, 46.5, 33.5, 28.0, 26.2, 23.1, 21.2, 21.1, 

20.6. 

HRMS (ESI) m/z calcd. For C48H51N2O4
+ [M + H]+ 719.3843, found 719.3843. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.6 mL/min, λ = 254 

nm, tR (major) = 12.56 min, tR (minor) = 15.05 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-4-

methylnaphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (9) 

 

According to the general procedure with S9 (123.8 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 9 as a pale-yellow oil (92.0 mg, 70% yield, 91% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.11 – 8.05 (m, 2H), 8.01 – 7.94 (m, 2H), 7.53 – 7.48 

(m, 2H), 7.43 – 7.38 (m, 4H), 7.25 – 7.20 (m, 3H), 6.51 (s, 1H), 5.10 – 4.95 (m, 2H), 

3.99 – 3.76 (m, 2H), 2.71 (s, 3H), 1.40 (s, 9H), 1.21 (d, J = 6.7 Hz, 6H), 1.04 (s, 3H), 

1.03 – 0.95 (m, 6H), 0.74 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.1, 153.1, 145.8, 145.7, 140.1, 135.6, 132.6, 130.5, 

126.6, 126.4, 125.8, 125.2, 124.4, 123.8, 123.2, 123.1, 120.3, 119.3, 116.0, 109.1, 86.0, 

80.8, 80.7, 46.7, 46.6, 46.5, 33.4, 28.0, 26.1, 22.9, 21.1, 21.0, 20.6, 19.7. 

HRMS (ESI) m/z calcd. For C43H49N2O4
+ [M + H]+ 657.3687, found 657.3690. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.6 mL/min, λ = 254 

nm, tR (major) = 15.22 min, tR (minor) = 29.00 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-5,6,7,8-

tetrahydronaphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (10) 

 

According to the general procedure with S10 (119.8 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 10 as a pale-yellow oil (107.5 mg, 83% yield, 94% e.e.). 
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1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.7 Hz, 2H), 7.49 – 7.37 (m, 4H), 7.27 – 

7.20 (m, 2H), 7.02 (d, J = 8.3 Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 6.17 (s, 1H), 5.07 (s, 

2H), 3.93 – 3.78 (m, 2H), 2.80 – 2.71 (m, 2H), 2.71 – 2.56 (m, 2H), 1.80 – 1.65 (m, 

4H), 1.38 (s, 9H), 1.24 – 1.11 (m, 6H), 1.07 (s, 3H), 1.05 – 0.94 (m, 6H), 0.83 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 153.2, 146.3, 143.7, 140.1, 136.3, 133.8, 129.2(3), 

129.1(7), 125.8, 123.2, 120.3, 120.1, 119.3, 117.0, 109.1, 85.5, 80.8, 80.4, 46.7, 46.4, 

33.5, 29.5, 28.0, 27.1, 26.6, 22.9(9), 22.9(6), 22.5, 21.1, 20.6. 

HRMS (ESI) m/z calcd. For C42H51N2O4
+ [M + H]+ 647.3843, found 647.3847. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.6 mL/min, λ = 254 

nm, tR (major) = 14.53 min, tR (minor) = 25.95 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-6-

methylphenyl)-2,2-dimethylhept-3-en-5-ynoate (11) 

 

According to the general procedure with S11 (103.7 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 11 as a pale-yellow oil (97.1 mg, 80% yield, 95% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.8 Hz, 2H), 7.46 – 7.39 (m, 4H), 7.27 – 

7.16 (m, 3H), 6.99 (dd, J = 7.9, 2.9 Hz, 2H), 6.22 (s, 1H), 5.07 (s, 2H), 3.92 – 3.76 (m, 

2H), 2.26 (s, 3H), 1.39 (s, 9H), 1.19 (d, J = 5.1 Hz, 6H), 1.07 (s, 3H), 1.04 – 0.92(m, 

6H), 0.84 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 152.9, 148.7, 144.0, 140.1, 137.7, 129.9, 128.1, 

126.2, 125.8, 123.2, 120.5, 120.3, 119.3, 117.1, 109.1, 85.4, 80.8, 80.7, 46.6, 46.5(2), 

46.4(6), 33.4, 28.0, 26.5, 22.6, 21.1, 21.0, 20.6, 19.8. 

HRMS (ESI) m/z calcd. For C39H47N2O4
+ [M + H]+ 607.3530, found 607.3534. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 9.54 min, tR (minor) = 12.85 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)-4,6-

dimethylphenyl)-2,2-dimethylhept-3-en-5-ynoate (12) 

 
According to the general procedure with S12 (109.4 mg, 0.40 mmol, 2.0 equiv.), C1 
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(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 12 as a pale-yellow oil (108.0 mg, 87% yield, 91% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.12 – 8.03 (m, 2H), 7.47 – 7.38 (m, 4H), 7.25 – 7.20 

(m, 2H), 6.82 (d, J = 2.4 Hz, 2H), 6.20 (s, 1H), 5.06 (s, 2H), 3.93 – 3.74 (m, 2H), 2.31 

(s, 3H), 2.22 (s, 3H), 1.38 (s, 9H), 1.18 (d, J = 6.7 Hz, 6H), 1.07 (s, 3H), 1.04 – 0.92 

(m, 6H) 0.85 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 153.0, 148.5, 144.1, 140.1, 138.2, 137.2, 127.3, 

126.9, 125.8, 123.2, 121.0, 120.3, 119.3, 117.2, 109.1, 85.6, 80.8, 80.5, 46.6, 46.4, 33.4, 

28.0, 26.5, 22.6, 21.3, 21.1, 21.0, 20.6, 19.7. 

HRMS (ESI) m/z calcd. For C40H49N2O4
+ [M + H]+ 621.3687, found 621.3690. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.6 mL/min, λ = 254 

nm, tR (major) = 10.94 min, tR (minor) = 15.07 min. 

 

(Ra,Z)-1-(7-(tert-Butoxy)-1-(9H-carbazol-9-yl)-6,6-dimethyl-7-oxohept-4-en-2-yn-

4-yl)naphthalen-2-yl 4-methylbenzoate (13) 

 
According to the general procedure with S13 (114.5 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 13 as a pale-yellow wax (69.7 mg, 55% yield, 80% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 7.7 Hz, 2H), 8.00 – 7.83 (m, 5H), 7.55 – 

7.46 (m, 2H), 7.42 (d, J = 8.9 Hz, 1H), 7.39 – 7.30 (m, 4H), 7.24 – 7.19 (m, 2H), 7.07 

(d, J = 7.9 Hz, 2H), 6.44 (s, 1H), 5.08 – 4.88 (m, 2H), 2.39 (s, 3H), 1.32 (s, 9H), 0.97 

(s, 3H), 0.78 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.8, 165.0, 146.0, 145.8, 144.3, 140.1, 132.6, 131.5, 

130.3, 129.3(4), 129.2(6), 128.2, 127.0, 126.7, 126.2, 126.1, 125.9, 123.2, 122.0, 120.3, 

119.3, 115.0, 109.1, 85.4, 81.5, 80.9, 46.6, 33.4, 27.9, 25.9, 23.5, 21.9. 

HRMS (ESI) m/z calcd. For C43H39NNaO4
+ [M + Na]+ 656.2771, found 656.2773. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 9.90 min, tR (minor) = 16.74 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-2,2-dimethyl-4-(2-

(pivaloyloxy)naphthalen-1-yl)hept-3-en-5-ynoate (14) 
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According to the general procedure with S14 (100.9 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 14 as a pale-yellow oil (48.0 mg, 40% yield, 89% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.8 Hz, 2H), 7.95 – 7.88 (m, 1H), 7.87 – 

7.79 (m, 2H), 7.53 – 7.37 (m, 6H), 7.27 – 7.18 (m, 3H), 6.48 (s, 1H), 5.02 (s, 2H), 1.36 

(s, 9H), 1.17 (s, 9H), 1.00 (s, 3H), 0.73 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 176.7, 174.8, 146.0, 145.6, 140.1, 132.5, 131.5, 129.2, 

128.2, 126.9, 126.0(1), 125.9(9), 125.9, 125.8, 123.2, 121.9, 120.3, 119.4, 115.1, 109.1, 

85.3, 81.5, 80.9, 46.6, 39.1, 33.3, 28.0, 27.1, 25.8, 23.5. 

HRMS (ESI) m/z calcd. For C40H41NNaO4
+ [M + Na]+ 622.2928, found 622.2933. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 8.25 min, tR (minor) = 13.42 min. 

 

tert-Butyl (Sa,Z)-7-(9H-carbazol-9-yl)-2,2-dimethyl-4-(2-pivalamidonaphthalen-

1-yl)hept-3-en-5-ynoate (15) 

 

According to the general procedure with S15 (100.5 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) S16 (41.1 mg, 0.20 mmol, 1.0 equiv.) and L*11 (16.7 

mg, 0.024 mmol, 12 mol%) at r.t., the reaction mixture was purified by column 

chromatography on silica gel (petroleum ether/EtOAc = 10/1) to yield the product 15 

as a pale-yellow wax (83.8 mg, 70% yield, –86% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 9.0 Hz, 1H), 8.11 – 8.02 (m, 3H), 7.84 – 

7.75 (m, 3H), 7.48 – 7.31 (m, 6H), 7.27 – 7.20 (m, 2H), 6.54 (s, 1H), 5.07 – 4.91 (m, 

2H), 1.30 (s, 9H), 1.13 (s, 9H), 0.95 (s, 3H), 0.79 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 177.1, 175.1, 147.9, 139.9, 133.5, 131.7, 130.7, 128.7, 

128.2, 126.6, 126.0, 125.5, 125.0, 123.2(3), 123.1(8), 121.8, 120.4, 119.5, 117.2, 108.9, 

84.4, 82.0, 81.4, 46.5, 39.8, 33.2, 27.9, 27.4, 25.8, 24.5. 

HRMS (ESI) m/z calcd. For C40H43N2O3
+ [M + H]+ 599.3268, found 599.3274.  

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (minor) = 14.29 min, tR (major) = 30.65 min. 
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Ethyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-

1-yl)-2,2-dimethylhept-3-en-5-ynoate (16) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C2 

(58.7 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 16 as a pale-yellow oil (103.3 mg, 84% yield, 91% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 7.7 Hz, 2H), 7.94 – 7.86 (m, 1H), 7.86 – 

7.77 (m, 2H), 7.53 – 7.32 (m, 7H), 7.27 – 7.18 (m, 2H), 6.46 (s, 1H), 5.08 – 4.94 (m, 

2H), 3.98 – 3.69 (m, 4H), 1.21 (d, J = 6.8 Hz, 6H), 1.13 – 0.98 (m, 12H), 0.86 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ

 175.4, 152.9, 146.3, 145.8, 140.0, 132.3, 131.1, 128.9, 

128.1, 126.6, 125.8, 125.4, 125.0, 123.1, 122.7, 120.3, 119.3, 116.4, 109.1, 85.5, 81.4, 

60.8, 46.6, 46.5, 45.6, 33.3, 26.2, 23.8, 21.1, 21.0, 20.6, 14.0. 

HRMS (ESI) m/z calcd. for C40H43N2O4
+ [M + H]+ 615.3217, found 615.3221. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 13.62 min, tR (minor) = 31.22 min. 

 

Cyclopentyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-

((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (17) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C3 

(94.0 mg, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 17 as a pale-yellow oil (99.6 mg, 76% yield, 93% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 7.7 Hz, 2H), 7.98 – 7.92 (m, 1H), 7.90 – 

7.81 (m, 2H), 7.58 – 7.36 (m, 7H), 7.31 – 7.24 (m, 2H), 6.52 (s, 1H), 5.12 – 5.00 (m, 

2H), 4.98 – 4.92 (m, 1H), 4.00 – 3.80 (m, 2H), 1.86 – 1.73 (m, 2H), 1.72 – 1.63 (m, 

2H), 1.63 – 1.52 (m, 4H), 1.24 (d, J = 6.7 Hz, 6H), 1.13 – 0.98 (m, 9H), 0.82 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ

 175.3, 153.0, 146.2, 145.7, 140.0, 132.4, 131.1, 128.8, 

128.1, 126.6, 125.8(3), 125.8(0), 125.4, 125.3, 123.1, 122.7, 120.3, 119.3, 116.2, 109.1, 

85.6, 81.3, 77.6, 46.6, 45.8, 33.3, 32.6(5), 32.5(7), 26.0, 23.8(3), 23.8(1), 23.2, 21.1, 

21.0, 20.6. 

HRMS (ESI) m/z calcd. for C43H47N2O4
+ [M + H]+ 655.3530, found 655.3531. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 
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nm, tR (major) = 13.36 min, tR (minor) = 28.53 min. 

 

4-Methoxybenzyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-

((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (18) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C4 

(114.9 mg, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the 

reaction mixture was purified by column chromatography on silica gel (petroleum 

ether/EtOAc = 10/1) to yield the product 18 as a pale-yellow oil (90.5 mg, 64% yield, 

92% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.11 (d, J = 7.7 Hz, 2H), 7.92 – 7.81 (m, 3H), 7.51 – 

7.38 (m, 7H), 7.31 – 7.24 (m, 2H), 7.19 – 7.11 (m, 2H), 6.89 – 6.81 (m, 2H), 6.52 (s, 

1H), 5.12 – 4.99 (m, 2H), 4.86 – 4.68 (m, 2H), 4.00 – 3.86 (m, 2H), 3.82 (s, 3H), 1.29 

– 1.19 (m, 6H), 1.12 (s, 3H), 1.11 – 0.99 (m, 6H), 0.91 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ

 175.2, 159.5, 152.9, 146.3, 145.6, 140.1, 132.3, 131.1, 

129.7, 128.9, 128.2, 128.1, 126.7, 125.9, 125.8, 125.4, 125.0, 123.2, 122.7, 120.3, 119.4, 

116.6, 113.9, 109.1, 85.5, 81.5, 66.2, 55.4, 46.7, 46.5, 45.7, 33.4, 26.2, 23.7, 21.1, 20.6. 

HRMS (ESI) m/z calcd. for C46H47N2O5
+ [M + H]+ 707.3479, found 707.3483. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 85/15, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 15.57 min, tR (minor) = 30.29 min. 

 

p-Tolyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-

1-yl)-2,2-dimethylhept-3-en-5-ynoate (19) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C5 

(102.9 mg, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the 

reaction mixture was purified by column chromatography on silica gel (petroleum 

ether/EtOAc = 10/1) to yield the product 19 as a pale-yellow oil (88.2 mg, 65% yield, 

96% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 7.7 Hz, 2H), 7.99 – 7.92 (m, 1H), 7.86 – 

7.79 (m, 2H), 7.51 – 7.33 (m, 7H), 7.27 – 7.17 (m, 2H), 7.11 (d, J = 8.2 Hz, 2H), 6.81 

(d, J = 8.4 Hz, 2H), 6.62 (s, 1H), 5.11 – 4.94 (m, 2H), 3.97 – 3.73 (m, 2H), 2.31 (s, 3H), 

1.24 – 1.08 (m, 9H), 1.05 – 0.88 (m, 9H). 
13C NMR (101 MHz, CDCl3) δ 174.4, 153.0, 148.7, 146.3, 144.6, 140.0, 135.4, 132.4, 
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131.1, 129.8, 129.0, 128.2, 126.8, 125.9, 125.8, 125.5, 125.2, 123.2, 122.7, 121.1, 120.3, 

119.4, 117.2, 109.1, 85.5, 81.8, 46.6, 46.1, 33.3, 25.8, 23.7, 21.1, 21.0, 20.6, 20.5. 

HRMS (ESI) m/z calcd. for C45H45N2O4
+ [M + H]+ 677.3374, found 677.3376. 

HPLC analysis: Chiralcel IF (hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm), tR (major) = 14.14 min, tR (minor) = 30.91 min. 

 

Ethyl (Ra,Z)-1-(5-(9H-carbazol-9-yl)-2-(2-

((diisopropylcarbamoyl)oxy)naphthalen-1-yl)pent-1-en-3-yn-1-yl)cyclopentane-1-

carboxylate (20) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C6 

(62.2 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 20 as a pale-yellow oil (64.1 mg, 50% yield, 92% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.7 Hz, 2H), 7.88 – 7.76 (m, 3H), 7.48 – 

7.34 (m, 7H), 7.27 – 7.18 (m, 2H), 6.48 (s, 1H), 5.02 (s, 2H), 4.12 – 3.69 (m, 2H), 3.64 

– 3.36 (m, 2H), 2.13 – 1.98 (m, 1H), 1.75 – 1.62 (m, 1H), 1.56 – 1.47 (m, 1H), 1.46 – 

1.29 (m, 5H), 1.27 – 1.00 (m, 12H), 0.95 (t, J = 7.1 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.0, 152.7, 146.5, 145.4, 140.1, 132.1, 131.1, 129.0, 

128.0, 126.3, 125.9, 125.8, 125.4, 124.8, 123.2, 122.6, 120.3, 119.4, 117.0, 109.1, 85.3, 

81.6, 60.5, 56.6, 46.8, 46.3, 38.8, 34.4, 33.4, 24.3, 23.3, 21.0, 20.6, 13.9. 

HRMS (ESI) m/z calcd. for C42H45N2O4
+ [M + H]+ 641.3374, found 641.3377. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 14.40 min, tR (minor) = 37.21 min. 

 

(Ra,Z)-1-(1-(9H-Carbazol-9-yl)-6,6-dimethyl-7-oxo-7-(p-tolylamino)hept-4-en-2-

yn-4-yl)naphthalen-2-yl diisopropylcarbamate (21) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C7 

(102.5 mg, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the 

reaction mixture was purified by column chromatography on silica gel (petroleum 

ether/EtOAc = 10/1) to yield the product 21 as a pale-yellow oil (105.4 mg, 78% yield, 

99% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.9 Hz, 2H), 7.95 (d, J = 8.3 Hz, 1H), 7.81 
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(d, J = 7.9 Hz, 1H), 7.74 (d, J = 8.9 Hz, 1H), 7.66 (s, 1H), 7.58 – 7.35 (m, 6H), 7.26 – 

7.12 (m, 5H), 7.00 (d, J = 8.2 Hz, 2H), 6.47 (s, 1H), 5.13 – 4.98 (m, 2H), 4.15 – 3.91 

(m, 1H), 3.65 – 3.43 (m, 1H), 2.28 (s, 3H), 1.21 – 1.07 (m, 6H), 1.05 – 0.96 (m, 6H), 

0.96 – 0.87 (m, 6H). 
13C NMR (101 MHz, CDCl3) δ 172.7, 154.4, 146.4, 140.0, 135.6, 133.5, 132.6, 131.2, 

129.6, 129.3, 129.0, 128.4, 127.1, 125.9, 125.6(4), 125.5(6), 125.4, 123.2, 121.9, 120.4, 

120.3, 119.4, 116.1, 109.0, 85.4, 82.0, 47.4, 33.3, 25.1, 24.4, 20.9. 

HRMS (ESI) m/z calcd. for C45H46N3O3
+ [M + H]+ 676.3534, found 676.3536. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 80/20, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 14.21 min, tR (minor) = 33.48 min. 

 

(Ra,Z)-1-(1-(9H-carbazol-9-yl)-7-(methoxy(methyl)amino)-6,6-dimethyl-7-

oxohept-4-en-2-yn-4-yl)naphthalen-2-yl diisopropylcarbamate (22) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C8 

(83.6 mg, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 5/1) to yield the product 22 as a pale-yellow oil (37.8 mg, 30% yield, 92% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.8 Hz, 2H), 7.90 – 7.78 (m, 3H), 7.50 – 

7.36 (m, 7H), 7.26 – 7.21 (m, 2H), 6.47 (s, 1H), 5.03 (s, 2H), 4.06 – 3.81 (m, 2H), 3.50 

(s, 3H), 3.05 (s, 3H), 1.30 – 1.20 (m, 6H), 1.14 (s, 3H), 1.12 – 1.00 (m, 6H), 0.74 (s, 

3H). 
13C NMR (101 MHz, CDCl3) δ 176.4, 152.9, 146.8, 146.3, 140.0, 132.4, 131.1, 128.9, 

128.2, 126.3, 125.9, 125.8, 125.4, 124.9, 123.2, 122.7, 120.3, 119.4, 114.9, 109.1, 85.9, 

81.1, 60.6, 46.8, 46.5, 45.6, 33.6, 33.4, 26.0, 22.8, 21.1, 20.6. 

HRMS (ESI) m/z calcd. for C40H43N3NaO4
+ [M + Na]+ 652.3146, found 652.3145. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 80/20, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 15.38 min, tR (minor) = 24.64 min. 

 

tert-Butyl (Ra,Z)-7-acetoxy-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-

2,2-dimethylhept-3-en-5-ynoate (23) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S17 (19.8 μL, 0.20 mmol, 1.0 equiv.), the reaction 
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mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 23 as a pale-yellow oil (64.3 mg, 60% yield, 84% e.e.). 
1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 8.1 Hz, 1H), 7.86 – 7.77 (m, 2H), 7.52 – 

7.41 (m, 2H), 7.37 (d, J = 8.9 Hz, 1H), 6.65 (s, 1H), 4.68 (s, 2H), 4.25 – 3.90 (m, 2H), 

2.03 (s, 3H), 1.43 (s, 9H), 1.41 – 1.28 (m, 12H), 1.09 (s, 3H), 0.75 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.8, 170.2, 152.9, 146.2, 132.4, 131.0, 128.7, 128.0, 

126.6, 125.8, 125.3, 125.2, 122.6, 115.7, 88.0, 80.8, 80.4, 53.0, 46.6, 27.9, 26.1, 22.9, 

21.4, 20.8, 20.6, 20.5. 

HRMS (ESI) m/z calcd. for C32H42NO6
+ [M + H]+ 536.3007, found 536.3009. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 8.23 min, tR (minor) = 17.88 min. 

 

tert-Butyl (Ra,Z)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-

dimethyl-7-phenoxyhept-3-en-5-ynoate (24) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S18 (25.7 μL, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 24 as a pale-yellow oil (86.6 mg, 76% yield, 87% e.e.). 
1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 7.8 Hz, 1H), 7.86 – 7.76 (m, 2H), 7.51 – 

7.40 (m, 2H), 7.37 (d, J = 8.9 Hz, 1H), 7.27 – 7.16 (m, 2H), 6.96 – 6.84 (m, 3H), 6.63 

(s, 1H), 4.73 – 4.60 (m, 2H), 4.18 – 3.90 (m, 2H), 1.42 (s, 9H), 1.34 – 1.24 (m, 12H), 

1.09 (s, 3H), 0.75 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.9, 157.9, 153.0, 146.2, 146.0, 132.5, 131.1, 129.4, 

128.8, 128.1, 126.6, 125.9, 125.4(4), 125.3(9), 122.7, 121.2, 115.9, 115.0, 88.7, 81.8, 

80.8, 56.8, 46.7, 28.0, 26.1, 23.0, 21.4(2), 21.3(9), 20.6(3), 20.6(0). 

HRMS (ESI) m/z calcd. for C36H44NO5
+ [M + H]+ 570.3214, found 570.3217. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 7.13 min, tR (minor) = 12.63 min. 

 

tert-Butyl (Ra,Z)-7-(benzyloxy)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-

yl)-2,2-dimethylhept-3-en-5-ynoate (25) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 
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(74.6 μL, 0.40 mmol, 2.0 equiv.) and S19 (28.9 μL, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 25 as a pale-yellow oil (47.9 mg, 41% yield, 86% e.e.). 
1H NMR (400 MHz, CDCl3) δ 7.99 (d, J = 8.1 Hz, 1H), 7.85 – 7.77 (m, 2H), 7.52 – 

7.41 (m, 2H), 7.38 (d, J = 8.9 Hz, 1H), 7.30 – 7.19 (m, 5H), 6.64 (s, 1H), 4.48 (s, 2H), 

4.18 (s, 2H), 4.16 – 3.93 (m, 2H), 1.43 (s, 9H), 1.41 – 1.24 (m, 12H), 1.11 (s, 3H), 0.77 

(s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.1, 153.1, 146.2, 145.4, 137.6, 132.5, 131.1, 128.7, 

128.4, 128.2, 128.1, 127.8, 126.6, 126.0, 125.7, 125.4, 122.7, 116.1, 88.3, 82.9, 80.8, 

71.4, 58.0, 46.7, 28.1, 26.2, 23.0, 21.6, 20.7. 

HRMS (ESI) m/z calcd. for C37H46NO5
+ [M + H]+ 584.3371, found 584.3373. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 7.79 min, tR (minor) = 13.37 min. 

 

tert-Butyl (Ra,Z)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-

dimethyl-8-(tosyloxy)oct-3-en-5-ynoate (26) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S20 (35.3 μL, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 26 as a pale-yellow oil (55.6 mg, 42% yield, 91% e.e.). 
1H NMR (400 MHz, CDCl3) δ 7.93 – 7.87 (m, 1H), 7.84 – 7.75 (m, 2H), 7.72 (d, J = 

8.3 Hz, 2H), 7.50 – 7.40 (m, 2H), 7.34 (d, J = 8.9 Hz, 1H), 7.26 (d, J = 8.1 Hz, 2H), 

6.52 (s, 1H), 4.18 – 3.91 (m, 4H), 2.56 (t, J = 7.5 Hz, 2H), 2.41 (s, 3H), 1.42 (s, 9H), 

1.39 – 1.24 (m, 12H), 1.08 (s, 3H), 0.73 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.1, 153.1, 146.1, 144.9(8), 144.9(5), 133.0, 132.5, 

131.1, 130.0, 128.7, 128.1, 128.0, 126.6, 125.9(3), 125.9(2), 125.4, 122.8, 116.2, 84.5, 

81.2, 80.8, 67.7, 46.7, 46.5, 28.1, 26.3, 23.0, 21.7, 21.5, 20.7, 20.4. 

HRMS (ESI) m/z calcd. for C38H48NO7S
+ [M + H]+ 662.3146, found 662.3145. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 70/30, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 8.82 min, tR (minor) = 23.90 min. 

 

tert-Butyl (Ra,Z)-7-((tert-butoxycarbonyl)amino)-4-(2-

((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-dimethylhept-3-en-5-ynoate (27) 
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According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S21 (31.4 μL, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 27 as a pale-yellow oil (54.5 mg, 46% yield, 90% e.e.). 
1H NMR (400 MHz, CDCl3) δ 7.98 – 7.93 (m, 1H), 7.88 – 7.80 (m, 2H), 7.54 – 7.43 

(m, 2H), 7.34 (d, J = 8.9 Hz, 1H), 6.59 (s, 1H), 4.90 (s, 1H), 4.29 – 4.00 (m, 2H), 3.93 

(d, J = 3.7 Hz, 2H), 1.46 (s, 9H), 1.44 – 1.38 (m, 15H), 1.35 – 1.29 (m, 6H), 1.12 (s, 

3H), 0.78 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.9, 155.4, 153.7, 146.2, 144.9, 132.5, 131.2, 128.9, 

128.1, 126.7, 126.2, 125.9, 125.5, 122.7, 116.2, 85.2, 83.0, 80.9, 79.6, 47.0, 46.5, 46.4, 

31.5, 28.5, 28.1, 26.4, 23.1, 21.6(8), 21.6(6), 20.7, 20.6. 

HRMS (ESI) m/z calcd. for C35H49N2O6
+ [M + H]+ 593.3585, found 593.3588. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 7.81 min, tR (minor) = 15.24 min. 

 

tert-Butyl (Ra,Z)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-

dimethyl-7-(phenylamino)hept-3-en-5-ynoate (28) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S22 (25.9 μL, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 28 as a pale-yellow oil (79.6 mg, 70% yield, 92% e.e.). 
1H NMR (400 MHz, CDCl3) δ 7.97 – 7.91 (m, 1H), 7.85 – 7.77 (m, 2H), 7.51 – 7.41 

(m, 2H), 7.35 (d, J = 8.9 Hz, 1H), 7.17 – 7.09 (m, 2H), 6.74 – 6.67 (m, 1H), 6.60 – 6.53 

(m, 3H), 4.12 – 4.00 (m, 2H), 3.89 (s, 2H), 1.43 (s, 9H), 1.38 – 1.24 (m, 12H), 1.09 (s, 

3H), 0.76 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 153.4, 147.5, 146.2, 144.8, 132.5, 131.2, 129.2, 

128.8, 128.1, 126.7, 126.1, 126.0, 125.4, 122.7, 118.1, 116.4, 113.3, 85.2, 84.2, 80.8, 

46.5, 34.8, 28.1, 26.3, 23.2, 21.6, 20.6. 

HRMS (ESI) m/z calcd. for C36H45N2O4
+ [M + H]+ 569.3374, found 569.3376. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 7.88 min, tR (minor) = 18.36 min. 

 

tert-Butyl (Ra,Z)-6-(4-chlorophenyl)-4-(2-

((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-dimethylhex-3-en-5-ynoate (29) 
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According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S23 (27.3 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 29 as a pale-yellow oil (59.7 mg, 52% yield, 81% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 8.1 Hz, 1H), 7.88 – 7.78 (m, 2H), 7.53 – 

7.42 (m, 2H), 7.38 (d, J = 8.9 Hz, 1H), 7.30 – 7.23 (m, 2H), 7.21 – 7.15 (m, 2H), 6.70 

(s, 1H), 4.20 – 3.90 (m, 2H), 1.44 (s, 9H), 1.41- 1.31 (m, 6H), 1.27 – 1.17 (m, 6H), 1.13 

(s, 3H), 0.78 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.1, 153.2, 146.4, 145.4, 133.9, 132.9, 132.6, 131.2, 

128.8, 128.5, 128.1, 126.7, 126.0, 125.8, 125.4, 122.8, 122.2, 116.7, 92.3, 86.2, 80.9, 

46.8, 46.7, 46.6, 28.1, 26.5, 23.1, 21.6, 20.6. 

HRMS (ESI) m/z calcd. for C35H41ClNO4
+ [M + H]+ 574.2719, found 574.2719. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 6.99 min, tR (minor) = 20.36 min. 

 

Methyl (Ra,Z)-4-(6-(tert-butoxy)-3-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-

yl)-5,5-dimethyl-6-oxohex-3-en-1-yn-1-yl)benzoate (30) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S24 (32.0 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 30 as a pale-yellow oil (50.2 mg, 42% yield, 80% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.05 – 7.98 (m, 1H), 7.92 – 7.81 (m, 4H), 7.53 – 7.43 

(m, 2H), 7.43 – 7.37 (m, 3H), 6.75 (s, 1H), 4.17 – 3.95 (m, 2H), 3.88 (s, 3H), 1.45 (s, 

9H), 1.41 – 1.31 (m, 6H), 1.26 – 1.17 (m, 6H), 1.14 (s, 3H), 0.80 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 166.7, 153.2, 146.4, 146.2, 132.6, 131.6, 131.2, 

129.3, 129.1, 128.9, 128.4, 128.2, 126.7, 125.9, 125.6, 125.5, 122.8, 116.6, 94.4, 86.5, 

80.9, 52.3, 46.8, 46.6, 28.1, 26.4, 23.1, 21.6, 20.6. 

HRMS (ESI) m/z calcd. for C37H44NO6
+ [M + H]+ 598.3163, found 598.3165. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 70/30, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 7.68 min, tR (minor) = 21.64 min. 
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tert-Butyl (Ra,Z)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-

dimethyl-6-(4-(trifluoromethyl)phenyl)hex-3-en-5-ynoate (31) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S25 (32.6 μL, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 31 as a pale-yellow oil (70.5 mg, 58% yield, 83% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.05 – 7.97 (m, 1H), 7.88 – 7.81 (m, 2H), 7.55 – 7.37 

(m, 7H), 6.76 (s, 1H), 4.18 – 3.94 (m, 2H), 1.45 (s, 9H), 1.42 – 1.32 (m, 6H), 1.26 – 

1.17 (m, 6H), 1.15 (s, 3H), 0.80 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 175.0, 153.2, 146.4, 146.3, 132.6, 131.9, 131.2, 129.6 

(q, J = 32.6 Hz), 129.0, 128.2, 127.5(4) – 124.4(7) (m), 126.7, 125.9, 125.6, 125.5, 

125.1 (q, J = 3.7 Hz), 124.1 (q, J = 272.0 Hz), 122.8, 116.5, 93.7, 85.9, 81.0, 46.8, 46.6, 

28.1, 26.4, 23.1, 21.6, 20.6(2), 20.5(9). 
19F NMR (376 MHz, CDCl3) δ –62.76. 

HRMS (ESI) m/z calcd. for C36H41F3NO4
+ [M + H]+ 608.2982, found 608.2985. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 5.97 min, tR (minor) = 13.54 min. 

 

tert-Butyl (Ra,Z)-6-(4-cyanophenyl)-4-(2-

((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-dimethylhex-3-en-5-ynoate (32) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S26 (25.4 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 32 as a pale-yellow oil (45.2 mg, 40% yield, 83% e.e.). 
1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 8.1 Hz, 1H), 7.84 (d, J = 8.9 Hz, 2H), 7.53 

– 7.35 (m, 7H), 6.78 (s, 1H), 4.19 – 3.92 (m, 2H), 1.45 (s, 9H), 1.40 – 1.31 (m, 6H), 

1.24 – 1.16 (m, 6H), 1.15 (s, 3H), 0.80 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 174.8, 153.2, 146.9, 146.4, 132.6, 132.1, 131.9, 131.2, 

129.1, 128.6, 128.2, 126.8, 125.8, 125.5, 125.3, 122.8, 118.7, 116.4, 111.1, 95.7, 85.7, 
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81.0, 46.8, 46.5, 28.1, 26.4, 23.1, 21.6, 20.6. 

HRMS (ESI) m/z calcd. for C36H41N2O4
+ [M + H]+ 565.3061, found 565.3061. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 290 

nm, tR (major) = 13.12 min, tR (minor) = 38.32 min. 

 

tert-Butyl (Ra,Z)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-

dimethyl-6-(pyridin-3-yl)hex-3-en-5-ynoate (33) 

 

According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S27 (20.6 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the product 33 as a pale-yellow oil (43.3 mg, 40% yield, 84% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.58 (s, 1H), 8.43 (d, J = 4.8 Hz, 1H), 8.01 (d, J = 8.3 

Hz, 1H), 7.88 – 7.80 (m, 2H), 7.60 (dt, J = 8.0, 1.9 Hz, 1H), 7.54 – 7.42 (m, 2H), 7.39 

(d, J = 8.9 Hz, 1H), 7.14 (dd, J = 7.9, 4.8 Hz, 1H), 6.75 (s, 1H), 4.23 – 3.89 (m, 2H), 

1.45 (s, 9H), 1.42 – 1.32 (m, 6H), 1.27 – 1.17 (m, 6H), 1.14 (s, 3H), 0.80 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 175.0, 153.2, 152.2, 148.2, 146.4, 146.2, 138.6, 132.6, 

131.2, 129.0, 128.2, 126.8, 125.9, 125.5, 122.9, 122.8, 116.4, 94.5, 83.8, 81.0, 46.8, 

46.6, 28.1, 26.4, 23.1, 21.6, 20.6. 

HRMS (ESI) m/z calcd. for C34H41N2O4
+ [M + H]+ 541.3061, found 541.3061.  

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 80/20, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 9.88 min, tR (minor) = 28.39 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-2,2-dimethyl-4-(2-phenylnaphthalen-1-

yl)hept-3-en-5-ynoate (P1) 

 

According to the general procedure with S28 (91.3 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 40/1) to yield the product P1 as a pale-yellow oil (24.2 mg, 21% yield, 25% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 7.8 Hz, 2H), 8.08 – 8.04 (m, 1H), 7.89 – 

7.83 (m, 2H), 7.54 – 7.47 (m, 4H), 7.46 – 7.40 (m, 5H), 7.28 – 7.26 (m, 1H), 7.25 – 

7.22 (m, 1H), 7.22 – 7.12 (m, 3H), 6.17 (s, 1H), 5.10 (s, 2H), 1.23 (s, 9H), 0.54 (d, J = 
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9.4 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 174.7, 144.9, 141.6, 140.1, 138.1, 132.7, 132.6, 132.1, 

129.8, 128.3(8), 128.3(5), 128.0, 127.1, 127.0, 126.7, 126.0, 125.9, 123.3, 120.4, 119.4, 

118.6, 109.1, 88.0, 82.1, 80.6, 46.6, 33.5, 27.9, 24.4, 23.3. 

HRMS (ESI) m/z calcd. for C41H37NNaO2
+ [M + Na]+ 598.2717, found598.2718. 

HPLC analysis: Chiralcel OD-H, hexane/i-PrOH = 95/05, flow rate 0.8 mL/min, λ = 

254 nm, tR (minor) = 19.58 min, tR (major) = 21.57 min. 

 

tert-Butyl (Ra,Z)-7-(9H-carbazol-9-yl)-4-(2-isopropylnaphthalen-1-yl)-2,2-

dimethylhept-3-en-5-ynoate (P2) 

 

According to the general procedure with S29 (77.7 mg, 0.40 mmol, 2.0 equiv.), C1 

(74.6 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 40/1) to yield the product P2 as a pale-yellow oil (47.7 mg, 44% yield, 56% e.e.). 
1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 7.8 Hz, 2H), 7.94 – 7.89 (m, 1H), 7.80 – 

7.74 (m, 2H), 7.48 – 7.35 (m, 7H), 7.25 – 7.19 (m, 2H), 6.44 (s, 1H), 5.02 (s, 2H), 3.38 

– 3.27 (m, 1H), 1.38 (s, 9H), 1.26 (d, J = 6.9 Hz, 3H), 1.07 (d, J = 6.8 Hz, 3H), 0.81 (d, 

J = 6.5 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 174.9, 144.6, 143.2, 140.1, 132.0, 131.8, 131.7, 128.4, 

128.0, 126.5, 126.3, 125.8, 125.2, 123.8, 123.2, 120.4, 119.4, 118.7, 109.1, 86.6, 81.4, 

80.9, 46.7, 33.4, 30.8, 28.0, 24.7, 24.6, 24.5, 22.4. 

HRMS (ESI) m/z calcd. for C38H39NNaO2
+ [M + Na]+ 564.2873, found 564.2875. 

HPLC analysis: Chiralcel OD-H, hexane/i-PrOH = 95/05, flow rate 0.8 mL/min, λ = 

254 nm, tR (major) = 13.57 min, tR (minor) = 15.69 min. 

 

(E)-1-(1-Bromo-3,3-dimethyl-4-oxo-4-phenylbut-1-en-1-yl)naphthalen-2-yl 

diisopropylcarbamate (P4-Br) 

 
According to the general procedure with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), C9 

(67.3 μL, 0.40 mmol, 2.0 equiv.) and S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), the reaction 

mixture was purified by column chromatography on silica gel (petroleum ether/EtOAc 

= 10/1) to yield the side product P4-Br as a white solid (70.1 mg, 67% yield). 
1H NMR (400 MHz, CDCl3) δ 8.14 (dd, J = 7.5, 1.7 Hz, 1H), 7.97 – 7.85 (m, 2H), 7.78 

(d, J = 8.3, 1H), 7.52 – 7.21 (m, 6H), 6.77 (dd, J = 7.6, 1.4 Hz, 1H), 6.17 (s, 1H), 3.95 
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– 3.59 (m, 2H), 1.47 (s, 3H), 1.38 (s, 3H), 1.12 (dd, J = 22.1, 6.8 Hz, 6H), 0.93 (dd, J = 

63.7, 6.8 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 203.8, 153.4, 146.9, 142.5, 138.9, 134.6, 133.6, 131.7, 

129.1, 128.8, 128.3, 128.0, 127.9, 127.3, 127.0, 126.7, 126.6, 125.5, 125.3, 122.8, 46.7, 

46.2, 45.6, 26.7, 25.4, 21.3, 21.0, 20.5, 20.4. 

HRMS (ESI) m/z calcd. for C29H32BrNNaO3
+ [M + Na]+ 544.1458, found 544.1456. 
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6. Gram-scale reaction 

 

An oven-dried resealable Schlenk tube equipped with a magnetic stir bar was charged 

with S1 (2.95 g, 10.0 mmol, 2.0 equiv.), S16 (1.03 g, 5.0 mmol, 1.0 equiv.), CuTc (95.4 

mg, 0.50 mmol, 10 mol%), L*8 (441.0 mg, 0.60 mmol, 12 mol%) and anhydrous 

Cs2CO3 (8.15 g, 25.0 mmol, 5.0 equiv.). The tube was evacuated and backfilled with 

argon three times. Then Et2O (100.0 mL) was added by syringe under argon atmosphere. 

Finally, C1 (1.87 mL, 0.40 mmol, 2.0 equiv.) was added into the mixture and the 

reaction mixture was stirred at 10 °C for 5 d. Upon completion of the reaction 

(monitored by TLC), the reaction mixture was filtered through a short pad of Celite and 

washed with EtOAc. The filtrate was concentrated to afford the crude product, which 

was purified by column chromatography on silica gel (petroleum ether/EtOAc = 7/1) 

to afford the product 1 as a white wax (1.96 g, 61% yield, 92% e.e.). 
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7. Transformation 

 

Procedure (a): the synthesis of 1a 

 

To a solution of 1 (1.96 g, 3.0 mmol, 1.0 equiv., 92% e.e.) in THF (20.0 mL) was slowly 

added LiAlH4 (227.7 mg, 6.0 mmol, 2.0 equiv.) at 0 °C under argon. The reaction 

mixture was stirred at 0 °C for 4 h. Upon completion of the reaction (monitored by 

TLC), the reaction was quenched with water and extracted with EtOAc (20 mL × 3). 

The organic phase was concentrated in vacuum and purified by column 

chromatography on silica gel (petroleum ether/EtOAc = 5/1) to yield the desired 

product 1a as a white wax (1.37 g, 80% yield, 92% e.e.). 

 

(Ra,Z)-1-(1-(9H-Carbazol-9-yl)-7-hydroxy-6,6-dimethylhept-4-en-2-yn-4-

yl)naphthalen-2-yl diisopropylcarbamate (1a) 

 
1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.7 Hz, 2H), 7.94 (d, J = 8.1 Hz, 1H), 7.88 

– 7.79 (m, 2H), 7.56 – 7.45 (m, 2H), 7.44 – 7.37 (m, 4H), 7.34 (d, J = 8.9 Hz, 1H), 7.26 

– 7.21 (m, 2H), 6.30 (s, 1H), 5.10 – 4.96 (m, 2H), 4.04 – 3.73 (m, 2H), 3.23 – 3.08 (m, 

2H), 1.27 – 0.95 (m, 12H), 0.72 (s, 3H), 0.67 (s, 3H). 
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13C NMR (101 MHz, CDCl3) δ 153.4, 149.5, 146.2, 140.1, 132.7, 131.1, 128.8, 128.2, 

126.7, 125.8(4), 125.7(6), 125.4, 123.2, 122.6, 120.3, 119.4, 115.9, 109.0, 85.9, 80.7, 

72.0, 46.8, 46.5, 40.7, 33.3, 23.9, 23.5, 21.0, 20.6. 

HRMS (ESI) m/z calcd. for C38H41N2O3
+ [M + H]+ 573.3112, found 573.3113. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 80/20, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 9.05 min, tR (minor) = 13.65 min. 

 

Procedure (b): the synthesis of 1b 

 

To a solution of 1a (1.37 g, 2.4 mmol, 1.0 equiv., 92% e.e.) in THF (20.0 mL) was 

slowly added NaH (288.0 mg, 7.2 mmol, 3.0 equiv.) at 0 °C under argon and stirred for 

30 min. Then CH3I (747.1 μL, 12.0 mmol, 5.0 equiv.) was added into the mixture and 

the reaction mixture was stirred at 0 °C for 4 h. Upon completion of the reaction 

(monitored by TLC), the reaction was quenched with water and extracted with EtOAc 

(20 mL × 3). The organic phase was concentrated in vacuum and purified by column 

chromatography on silica gel (petroleum ether/EtOAc = 10/1) to yield the desired 

product 1b as a white solid (1.21 g, 86% yield, 92% e.e.). 

 

(Ra,Z)-1-(1-(9H-Carbazol-9-yl)-7-methoxy-6,6-dimethylhept-4-en-2-yn-4-

yl)naphthalen-2-yl diisopropylcarbamate (1b) 

 
1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 7.8 Hz, 2H), 7.96 (d, J = 8.0 Hz, 1H), 7.89 

– 7.77 (m, 2H), 7.55 – 7.44 (m, 2H), 7.44 – 7.36 (m, 5H), 7.26 – 7.22 (m, 2H), 6.38 (s, 

1H), 5.11 – 4.94 (m, 2H), 4.02 – 3.79 (m, 2H), 3.15 (s, 3H), 2.96 – 2.88 (m, 2H), 1.28 

– 1.18 (m, 6H), 1.12 – 0.98 (m, 6H), 0.75 (s, 3H), 0.66 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 153.0, 149.6, 146.1, 140.1, 132.6, 131.1, 128.5, 128.0, 

126.4, 126.2, 126.0, 125.8, 125.3, 123.2, 122.7, 120.3, 119.3, 115.2, 109.1, 86.1, 82.0, 

80.4, 59.2, 46.6, 39.4, 33.4, 24.6, 23.7, 21.1(4), 21.0(7), 20.6. 

HRMS (ESI) m/z calcd. for C39H43N2O3
+ [M + H]+ 587.3268, found 587.3272. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 14.52 min, tR (minor) = 28.70 min. 

 

Procedure (c): the synthesis of 1c 



S49 

 

 

To a solution of 1b (1.21 g, 2.1 mmol, 1.0 equiv., 92% e.e.) in DCM (50.0 mL) was 

slowly added DIBAL-H (1 M in hexane, 8.4 mL, 8.4 mmol, 4.0 equiv.) at −78 °C under 

argon and slowly warmed to room temperature. The reaction mixture was stirred for 4 

h. Upon completion of the reaction (monitored by TLC), the reaction was quenched 

with water and extracted with EtOAc (20 mL × 3). The organic phase was concentrated 

in vacuum and purified by column chromatography on silica gel (petroleum 

ether/EtOAc = 10/1) to yield the desired product 1c as a pale-yellow wax (723.9 mg, 

75% yield, 92% e.e.). 

 

(Ra,Z)-1-(1-(9H-Carbazol-9-yl)-7-methoxy-6,6-dimethylhept-4-en-2-yn-4-

yl)naphthalen-2-ol (1c) 

 
1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 7.8 Hz, 2H), 7.79 – 7.68 (m, 3H), 7.45 – 

7.31 (m, 6H), 7.26 – 7.15 (m, 4H), 6.28 (s, 1H), 5.08 – 4.87 (m, 2H), 3.34 (s, 3H), 3.17 

(d, J = 8.5 Hz, 1H), 2.99 (d, J = 8.5 Hz, 1H), 0.87 (s, 3H), 0.62 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 151.0, 150.6, 140.1, 132.7, 129.7, 129.1, 128.1, 126.7, 

125.9, 124.9, 123.5, 123.2, 120.4, 119.4, 119.1, 118.0, 116.0, 109.2, 86.0, 82.2, 80.4, 

59.3, 40.0, 33.4, 26.9, 21.7. 

HRMS (ESI) m/z calcd. for C32H30NO2
+ [M + H]+ 460.2271, found 460.2272. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 95/05, flow rate 0.8 mL/min, λ = 254 

nm, tR (minor) = 9.73 min, tR (major) = 13.45 min. 

 

Procedure (d): the synthesis of 34 

 

To a solution of 1c (723.9 mg, 1.6 mmol, 1.0 equiv., 92% e.e.) in DCM (10.0 mL) was 

slowly added pyridine (258.8 μL, 3.2 mmol, 2.0 equiv.) then Tf2O (319.7 μL, 1.9 mmol, 
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1.2 equiv.) at 0 °C. The reaction mixture was slowly warmed to r.t. and stirred for 4 h. 

Upon completion of the reaction (monitored by TLC), the reaction was quenched with 

1 N HCl and extracted with EtOAc (20 mL × 3). The organic phase was concentrated 

in vacuum and purified by column chromatography on silica gel (petroleum 

ether/EtOAc = 10/1) to yield the desired product 34 as a pale-yellow wax (743.1 mg, 

80% yield, 92% e.e.). 

 

(Ra,Z)-1-(1-(9H-Carbazol-9-yl)-7-methoxy-6,6-dimethylhept-4-en-2-yn-4-

yl)naphthalen-2-yl trifluoromethanesulfonate (34) 

 
1H NMR (600 MHz, CDCl3) δ 8.07 (d, J = 7.7 Hz, 2H), 7.96 (d, J = 8.4 Hz, 1H), 7.91 

– 7.85 (m, 2H), 7.58 – 7.53 (m, 1H), 7.53 – 7.48 (m, 1H), 7.45 – 7.37 (m, 5H), 7.25 – 

7.20 (m, 2H), 6.44 (s, 1H), 5.19 – 4.93 (m, 2H), 3.08 (s, 3H), 2.95 (d, J = 8.6 Hz, 1H), 

2.88 (d, J = 8.7 Hz, 1H), 0.74 (s, 3H), 0.63 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 151.3, 143.8, 140.1, 132.6, 132.3, 130.5, 128.4, 128.1, 

127.8, 127.2, 127.0, 125.8, 123.2, 120.3, 119.4, 119.0, 118.6 (q, J = 320.1 Hz), 112.7, 

109.1, 85.1, 82.2, 81.7, 59.1, 39.5, 33.3, 24.1, 23.7. 
19F NMR (565 MHz, CDCl3) δ –74.13. 

HRMS (ESI) m/z calcd. for C33H29F3NO4S
+ [M + H]+ 592.1764, found 592.1767. 

HPLC analysis: Chiralcel IE + IG, hexane/i-PrOH = 99/01, flow rate 0.8 mL/min, λ = 

254 nm, tR (major) = 17.34 min, tR (minor) = 20.17 min. 

 

Procedure (e): Ni-catalysed coupling of 34 with Ph2PH5  

 

To a mixture of chiral triflate-containing styrene 34 (59.1 mg, 0.10 mmol, 1.0 equiv., 

92% e.e.), diphenylphosphane (27.9 mg, 0.15 mmol, 1.50 equiv.), Ni(COD)2 (5.50 mg, 

0.020 mmol, 20 mol%), dppf (11.08 mg, 0.020 mmol, 20 mol%) and Na2CO3 (31.8 mg, 

0.30 mmol, 3.0 equiv.) was added dry 1,4-dioxane (2.0 mL) under argon. Then, the 

reaction was stirred at 80 °C for 72 h. Upon completion, the reaction mixture was 

extracted with EtOAc. The organic layer was dried over Na2SO4 and filtered. After 

evaporation of the solvent, the crude was purified by silica gel column chromatography 

(petroleum ether/EtOAc = 15/1) to yield the desired product 35 as a colorless wax (40.7 

mg, 65% yield, 91% e.e.). 
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(Ra,Z)-9-(4-(2-(Diphenylphosphaneyl)naphthalen-1-yl)-7-methoxy-6,6-

dimethylhept-4-en-2-yn-1-yl)-9H-carbazole (35) 

 
1H NMR (400 MHz, CDCl3) δ 8.26 (d, J = 9.4 Hz, 1H), 7.94 – 7.81 (m, 4H), 7.77 – 

7.70 (t, J = 8.0 Hz, 1H), 7.60 (t, J = 8.0 Hz, 1H), 7.43 (d, J = 9.1 Hz, 1H), 7.23 – 6.98 

(m, 13H), 6.76 (d, J = 7.9 Hz, 2H), 6.13 (d, J = 5.5 Hz, 1H), 6.10 (s, 1H), 4.95 (ddd, J 

= 17.2, 5.6, 2.1 Hz, 1H), 4.42 (ddd, J = 17.2, 6.2, 2.2 Hz, 1H), 3.15 (s, 3H), 3.09 – 2.95 

(m, 2H), 0.82 (s, 3H), 0.69 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ 147.5, 144.2, 141.2, 140.0, 139.0 (d, J = 22.1 Hz), 135.0, 

134.4 (d, J = 6.1 Hz), 134.2 (d, J = 5.9 Hz), 133.7, 132.1, 130.7, 130.4, 128.8, 128.6, 

128.4, 128.3 (d, J = 3.3 Hz), 128.2, 128.0, 127.5 (d, J = 16.0 Hz), 125.2, 122.8, 119.8, 

119.1, 118.8, 109.5 (d, J = 2.3 Hz), 82.4, 59.3, 44.6, 44.4, 39.6, 29.9, 24.6, 23.8. 
31P NMR (162 MHz, CDCl3) δ –5.35. 

HRMS (ESI) m/z calcd. for C44H39NOP+ [M + H]+ 628.2764, found 628.2765. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 80/20, flow rate 1.0 mL/min, λ = 254 

nm, tR (minor) = 12.29 min, tR (major) = 14.82 min. 

 

Procedure (f): Pd-catalysed coupling of 34 with Ph2P(O)H6 

 

To a mixture of chiral triflate-containing styrene 34 (59.1 mg, 0.10 mmol, 1.0 equiv., 

92% e.e.), diphenylphosphine oxide (80.8 mg, 0.40 mmol, 4.0 equiv.), Pd(OAc)2 (4.48 

mg, 0.020 mmol, 20 mol%), dppb (17.0 mg, 0.040 mmol, 40 mol%) and N,N-

diisopropylethylamine (88.0 μL, 0.50 mmol, 5.0 equiv.) was added dry DMSO (2.0 mL) 

under argon. Then, the reaction was stirred at 80 °C for 72 h. Upon completion, the 

reaction mixture was extracted with EtOAc. The organic layer was dried over Na2SO4 

and filtered. After evaporation of the solvent, the crude was purified by silica gel 

column chromatography (petroleum ether/EtOAc = 2/1) to afford the desired product 

36 as a colorless wax (28.9 mg, 45% yield, 90% e.e.). 

 

(Ra,Z)-(1-(1-(9H-Carbazol-9-yl)-7-methoxy-6,6-dimethylhept-4-en-2-yn-4-

yl)naphthalen-2-yl)diphenylphosphine oxide (36) 
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1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.5 Hz, 1H), 8.02 (d, J = 7.7 Hz, 2H), 7.83 

(d, J = 8.1 Hz, 1H), 7.76 – 7.37 (m, 10H), 7.32 – 7.23 (m, 4H), 7.22 – 7.10 (m, 6H), 

6.32 (s, 1H), 4.55 (q, J = 18.2 Hz, 2H), 3.18 (s, 3H), 3.12 (d, J = 8.7 Hz, 1H), 2.96 (d, 

J = 8.7 Hz, 1H), 0.78 (s, 3H), 0.69 (s, 3H). 
13C NMR (100 MHz, CDCl3) δ 150.1, 142.6, 139.9, 135.1, 134.6, 133.9 (d, J = 31.8 

Hz), 132.5 (d, J = 9.8 Hz), 132.3 (d, J = 9.4 Hz), 131.7 (d, J = 2.7 Hz), 131.5, 128.7, 

128.6, 128.5, 128.3, 128.0, 127.9, 127.7, 127.1, 125.6, 123.0, 120.2, 119.2, 115.8 (d, J 

= 5.1 Hz), 109.2, 82.1, 81.6, 59.2, 40.2, 33.2, 24.1, 23.8. 
31P NMR (162 MHz, CDCl3) δ 28.73. 

HRMS (ESI) m/z calcd. for C44H39NO2P
+ [M + H]+ 644.2713, found 644.2713. 

HPLC analysis: Chiralcel OD-H, hexane/i-PrOH = 80/20, flow rate 0.5 mL/min, λ = 

254 nm, tR (major) = 14.45 min, tR (minor) = 19.11 min. 

 

Application of chiral styrene monophosphine ligand in the Pd-catalysed asymmetric 

Suzuki−Miyaura cross-coupling reactions7 

 

To a mixture of 1-bromo-2-methylnaphthalene 37 (22.1 mg, 0.10 mmol, 1.0 equiv.), (2-

methylnaphthalen-1-yl)boronic acid 38 (46.7 mg, 0.25 mmol, 2.5 equiv.), Pd(OAc)2 

(1.12 mg, 0.005 mmol, 5.0 mol%), L* (0.01 mmol, 10 mol%) and K3PO4 (106.1, 0.50 

mmol, 5.0 equiv.) was added dry THF (1.0 mL) under argon. Then, the reaction was 

stirred at 65 °C for 48 h. Upon completion, the reaction mixture was extracted with 

EtOAc. The organic layer was dried over Na2SO4 and filtered. After evaporation of the 

solvent, the crude was purified by silica gel column chromatography (petroleum 

ether/EtOAc = 50/1) to afford the desired product 39 as a colorless oil (11.3 mg, 40% 

yield, 52% e.e.). 

 

(S)-2,2'-Dimethyl-1,1'-binaphthalene (39) 
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1H NMR (400 MHz, CDCl3) δ 7.93 – 7.81 (m, 4H), 7.50 (d, J = 8.4 Hz, 2H), 7.38 (t, J 

= 7.5 Hz, 2H), 7.20 (t, J = 7.6 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 2.03 (s, 6H). 
13C NMR (100 MHz, CDCl3) δ 135.2, 134.4, 132.9, 132.3, 128.9, 128.1, 127.6, 126.2, 

125.8, 125.0, 20.2. 

HPLC analysis: Chiralcel OD-H, hexane/i-PrOH = 100/0, flow rate 0.8 mL/min, λ = 

254 nm, tR (major) = 9.36 min, tR (minor) = 13.10 min. 
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8. Mechanistic investigation 

A． Radical inhibition experiments 

 
An oven-dried resealable Schlenk tube equipped with a magnetic stir bar was charged 

with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), CuTc 

(3.8 mg, 0.02 mmol, 10 mol%), L*8 (17.6 mg, 0.024 mmol, 12 mol%), anhydrous 

Cs2CO3 (325.8 mg, 1.00 mmol, 5.0 equiv.), and TEMPO (93.8 mg, 0.60 mmol, 3.0 

equiv.). The tube was evacuated and backfilled with argon three times. Then Et2O (4.0 

mL) was added by syringe under argon atmosphere. Finally, C1 (74.6 μL, 0.40 mmol, 

2.0 equiv.) was added into the mixture and the reaction mixture was stirred at 10 °C for 

5 d. Upon completion of the reaction (monitored by TLC), the reaction mixture was 

filtered through a short pad of Celite and washed with EtOAc. The filtrate was 

concentrated. 1 was not detected by either TLC or NMR. 

 

 
An oven-dried resealable Schlenk tube equipped with a magnetic stir bar was charged 

with S1 (118.2 mg, 0.40 mmol, 2.0 equiv.), S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), CuTc 

(3.8 mg, 0.02 mmol, 10 mol%), L*8 (17.6 mg, 0.024 mmol, 12 mol%), anhydrous 

Cs2CO3 (325.8 mg, 1.00 mmol, 5.0 equiv.), and BHT (132.2 mg, 0.60 mmol, 3.0 equiv.). 

The tube was evacuated and backfilled with argon three times. Then Et2O (4.0 mL) was 

added by syringe under argon atmosphere. Finally, C1 (74.6 μL, 0.40 mmol, 2.0 equiv.) 

was added into the mixture and the reaction mixture was stirred at 10 °C for 5 d. Upon 

completion of the reaction (monitored by TLC), the reaction mixture was filtered 

through a short pad of Celite and washed with EtOAc. The filtrate was concentrated. 1 

was not detected by either TLC or NMR. The residue was purified by column 

chromatography on silica gel (petroleum ether/EtOAc = 50/1) to afford the radical 

trapped product 40 as a pale-yellow oil (55.8 mg, 77% yield). 

 

 

tert-Butyl 3-(3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-yl)-2,2-

dimethylpropanoate (40) 
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1H NMR (400 MHz, CDCl3) δ 6.58 (s, 2H), 1.48 (s, 9H), 1.43 – 1.40 (m, 2H), 1.25 – 

1.22 (m, 19H), 1.08 (s, 6H). 
13C NMR (101 MHz, CDCl3) δ 186.5, 174.8, 147.0, 144.1, 81.1, 49.3, 43.2, 35.1, 29.7, 

28.3, 22.2, 22.0. 

HRMS (ESI) m/z calcd. for C23H39O3
+ [M + H]+ 363.2894, found 363.2894. 

 

 

An oven-dried resealable Schlenk tube equipped with a magnetic stir bar was charged 

with S1 (236.4 mg, 0.80 mmol, 2.0 equiv.), S16 (82.2 mg, 0.40 mmol, 1.0 equiv.), CuTc 

(7.6 mg, 0.04 mmol, 10 mol%), L*8 (35.2 mg, 0.048 mmol, 12 mol%), anhydrous 

Cs2CO3 (651.6 mg, 2.00 mmol, 5.0 equiv.), and Ph−Se−Se−Ph (25.0 mg, 0.08 mmol, 

0.2 equiv.). The tube was evacuated and backfilled with argon three times. Then Et2O 

(8.0 mL) was added by syringe under argon atmosphere. Finally, C1 (149.2 μL, 0.80 

mmol, 2.0 equiv.) was added into the mixture and the reaction mixture was stirred at 

10 °C for 5 d. Upon completion of the reaction (monitored by TLC), the reaction 

mixture was filtered through a short pad of Celite and washed with EtOAc. The filtrate 

was concentrated. The residue was purified by column chromatography on silica gel 

(petroleum ether/EtOAc = 10/1) to afford 1 as a pale-yellow oil (54.0 mg, 21% yield, 

92% e.e.) and 41 as a pale-yellow oil (47.1 mg, 99% yield, 0% e.e.). (Yield of 41 was 

calculated based on the amount of Ph−Se−Se−Ph) 

 

tert-Butyl (E)-4-(2-((diisopropylcarbamoyl)oxy)naphthalen-1-yl)-2,2-dimethyl-4-

(phenylselanyl)but-3-enoate (41) 

 
1H NMR (400 MHz, CDCl3) δ 7.98 – 7.89 (m, 1H), 7.78 – 7.69 (m, 2H), 7.50 – 7.42 

(m, 2H), 7.42 – 7.34 (m, 2H), 7.29 (d, J = 8.9 Hz, 1H), 7.24 – 7.17 (m, 1H), 7.17 – 7.08 

(m, 2H), 6.10 (s, 1H), 4.31 – 3.90 (m, 2H), 1.45 – 1.31 (m, 21H), 1.05 (s, 3H), 0.74 (s, 

3H). 
13C NMR (100 MHz, CDCl3) δ 175.3, 153.0, 145.9, 137.1, 135.2, 132.2, 130.8, 128.9, 

128.7, 128.6(3), 128.6(1), 127.8, 126.9, 126.4, 126.3, 125.3, 122.7, 80.4, 47.6, 46.9, 

46.6, 28.1, 26.1, 23.0, 21.6, 20.8, 20.7. 

HRMS (ESI) m/z calcd. for C33H42NO4Se+ [M + H]+ 596.2274, found 596.2274. 

HPLC analysis: Chiralcel IF, hexane/i-PrOH = 90/10, flow rate 0.8 mL/min, λ = 254 

nm, tR (major) = 6.64 min, tR (minor) = 8.63 min. 

 

B． Reaction of 1'' 
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An oven-dried resealable Schlenk tube equipped with a magnetic stir bar was charged 

with 1'' (103.7 mg, 0.20 mmol, 1.0 equiv.), S16 (41.1 mg, 0.20 mmol, 1.0 equiv.), CuTc 

(3.8 mg, 0.02 mmol, 10 mol%), L*8 (17.6 mg, 0.024 mmol, 12 mol%), and anhydrous 

Cs2CO3 (325.8 mg, 1.00 mmol, 5.0 equiv.). The tube was evacuated and backfilled with 

argon three times. Then Et2O (4.0 mL) was added by syringe under argon atmosphere. 

The reaction mixture was stirred at 10 °C for 5 d. Upon completion of the reaction 

(monitored by TLC), the reaction mixture was filtered through a short pad of Celite and 

washed with EtOAc. The filtrate was concentrated. 1 was not detected by either TLC 

or NMR. 
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9. NMR spectra 
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10. HPLC spectra 
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