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I. General details 

General information: Unless otherwise noted, all reagents, catalysts and ligands were purchased from 

commercial suppliers and were used without further purification. All reactions were performed under 

a nitrogen atmosphere and in flame-dried or oven-dried glassware with magnetic stirring.  All solvents 

were dried before use following the standard procedures. Reactions were monitored using thin-layer 

chromatography (SiO2).  TLC plates were visualized with UV light (254 nm), iodine treatment, or 

using p-anisaldehyde stain or β-naphthol stain. Column chromatography was carried out using 100-

200 mesh silica gel packed in glass columns.  NMR spectra were recorded at 300, 400, 500, and 700 

MHz (H) and 75, 101, 126, 176 MHz (C), respectively.  Chemical shifts (δ) are reported in ppm, using 

the residual solvent peak in CDCl3 (H: δ = 7.26 and C: δ = 77.16 ppm) as the internal standard. Data 

are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet 

of doublets, m = multiplet), coupling constants (Hz) and integration. HRMS were recorded using ESI-

TOF techniques. Enantiomeric ratio (er) values of products were determined by chiral HPLC analysis 

(Shimadzu LC-20AD) and diastereomer ratio (dr) values were determined by 1H NMR analysis. All 

chiral compound’s optical rotation was measured on a Horiba SEPA-300. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



S-3 
 

II. Additional screening for the reaction conditions: 

Table S1. Optimization of reaction temperaturea-d 

 
aReaction conditions: 1a (50 mg, 0.2 mmol), B2(pin)2 (60 mg, 0.24 mmol), Cu(CH3CN)4PF6  (1.9 mg, 2.5 mol %), BINAP (5.0 

mol %), tBuOH (38 µL , 0.4 mmol,), LiOtBu (36 µL, 0.4 mmol, 1.0 M THF solution), in THF solvent (3 mL, 0.1 M). bIsolated 

yields. cEnantiomeric ratio (er) was determined by HPLC analysis using a chiral stationary phase. d>20:1 dr was observed 

from 1H NMR analysis 

 

Table S2. Optimization of solventsa 

 
aReaction conditions same as in Table S1. bStarting material recovered. 
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Table S3. Optimization of copper catalysta 

 
aReaction conditions same as in Table S1. bStarting material recovered. 

Table S4. Optimization of additivea 

 
aReaction conditions same as in Table S1. bStarting material recovered. 
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Table S5. Optimization of base loadinga 

 
aReaction conditions same as in Table S1.  

 

 

Table S6. Optimization of diborane reagents 

 
aReaction conditions same as in Table S1. bStarting material recovered. cBorylation product was highly unstable and 

decomposed while doing the column chromatography. 
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III. Experimental procedures and analytical data: 

IIIa. Synthesis of 2-substituted 1,3-diketones using Ramachary protocol:1 

 

General procedure: To a solution of 1,3-diketone S1 (10 mmol, 1.0 equiv), aldehyde S2 (20 mmol, 2 

equiv), and Hantzsch ester S3 (10 mmol, 1.0 equiv) in CH2Cl2 (0.3 M, 33 mL), was added (S)-proline 

(5 mol%) and the reaction mixture was stirred at room temperature for 10-14 h. After evaporation of 

the solvent, the crude reaction mixture was directly purified by using flash column chromatography 

(hexane/EtOAc) to afford 2-substituted 1,3-diketones S4. 

IIIb. Synthesis of substrates 1a-1ad:2,3 

 

General procedure A:  

We synthesized substrate 1 with commercially available feedstocks. Ethyl propiolate S5 (6 g, 

61 mmol) and NaI (14.68 g, 98 mol) were dissolved in the acetic acid (21 mL, 367 mmol) and the 

reaction mixture was stirred at 115 oC in a preheated oil-bath for 3 hours. After the completion of the 

reaction, the reaction mixture was cooled to room temperature and quickly transferred into a separating 

funnel, charged with 100 mL of H2O and extracted with EtOAc (3 x 100 mL). The organic layer was 

washed with saturated NaHCO3 (50 mL), saturated Na2S2O3 (50 mL) and brine solution (50 mL), and 

dried over anhydrous Na2SO4 and concentrate. The crude residue S6 was used in the next step without 

further purification.  

The residue S6 and aryl alkyne (73.2 mmol, 1.2 equiv) were added to a 250 mL round-bottom 

flask, followed by PdCl₂(Ph₃P)₂ (2.14 g, 5 mol%) and CuI (1.16 g, 10 mol%) into the 1:1 ratio of Et₃N 
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and THF (60 mL, 1.0 M). The reaction mixture was stirred overnight at room temperature. Upon 

completion (monitored by TLC), the reaction was quenched with saturated NH₄Cl (100 mL) and 

extracted with EtOAc (3 x 100 mL). The organic layer was washed with H₂O (100 mL) and brine (100 

mL), dried over anhydrous Na₂SO₄, filtered, and concentrated under reduced pressure. The 1H NMR 

analysis of the crude reaction mixture revealed a 5:1 ratio of Z:E isomers. Both isomers were separated 

by careful column chromatography (Rf = 0.25, 5% EtOAc in hexanes), affording both major and minor 

Z/E isomers of α,β-unsaturated esters S8, which are easily separated through simple column 

chromatography.  

Ethyl (Z)-5-phenylpent-2-en-4-ynoate [(Z)-S8a]:  

 

Prepared according to the general procedure as described above in (Z)-S8a (5.50 g, 45% yield) as 

brown liquid with 5:1 diastereoselectivity. It was purified by flash chromatography (5% 

EtOAc/hexanes; Rf = 0.5); 1H NMR (500 MHz, CDCl3) δ 7.58 – 7.49 (m, 2H), 7.46 – 7.29 (m, 3H), 

6.36 (d, J = 11.4 Hz, 1H), 6.13 (d, J = 11.4 Hz, 1H), 4.27 (q, J = 7.1 Hz, 2H), 1.33 (t, J = 7.1 Hz, 3H); 

13C NMR (101 MHz, CDCl3) δ 165.0, 132.2, 129.3, 128.5, 128.4, 123.0, 122.8, 101.3, 86.5, 60.6, 14.4; 

HRMS (ESI) calcd for C13H13O2 [M+H]+: 201.0915; found: 201.0894.  

Ethyl (Z)-5-(p-tolyl)pent-2-en-4-ynoate [(Z)-S8b]:  

 

Prepared according to the general procedure as described above in (Z)-S8b (2.79 g, 42% yield) as 

brown liquid with ~5:1 diastereoselectivity. It was purified by flash chromatography (5% 

EtOAc/hexanes; Rf = 0.5); 1H NMR (500 MHz, CDCl3) δ 7.45 – 7.40 (m, 2H), 7.14 (d, J = 7.8 Hz, 

2H), 6.35 (d, J = 11.4 Hz, 1H), 6.10 (d, J = 11.4 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 2.36 (s, 3H), 1.33 

(t, J = 7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 165.0, 139.7, 132.1, 129.3, 127.8, 123.1, 119.7, 

101.8, 86.1, 60.5, 21.7, 14.4; HRMS (ESI) calcd for C14H15O2 [M+H]+: 215.1072; found: 215.1076. 

Ethyl (Z)-5-(4-methoxyphenyl)pent-2-en-4-ynoate [(Z)-S8c]:  
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Prepared according to the general procedure as described above in (Z)-S8c (2.71 g, 38% yield) as 

brown liquid with ~5.5:1 diastereoselectivity. It was purified by flash chromatography (5% 

EtOAc/hexanes; Rf = 0.5); 1H NMR (500 MHz, CDCl3) δ 7.68 – 7.39 (m, 2H), 6.98 – 6.78 (m, 2H), 

6.34 (d, J = 11.4 Hz, 1H), 6.08 (d, J = 11.4 Hz, 1H), 4.26 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 1.33 (t, J = 

7.1 Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 165.1, 160.6, 133.9, 127.2, 123.3, 114.9, 114.2, 102.0, 

85.9, 60.5, 55.4, 14.5; HRMS (ESI) calcd for C14H15O3 [M+H]+: 231.1021; found: 231.1027. 

      The intermediate (Z)-S8 (25 mmol) was dissolved in dry CH₂Cl₂ (15 mL, 0.6 M)) and cooled to -

78 °C under an inert atmosphere. DIBAL-H (49 mL, 1.0 M solution in toluene) was then added 

dropwise via syringe over 30 minutes, and the reaction mixture was stirred at the same temperature for 

an additional 30 minutes. The reaction was then allowed to cool at room temperature and stirred for 

another 2 hours. After completion, the reaction mixture was quenched with saturated sodium potassium 

tartrate (50 mL), filtered through Celite, and extracted with EtOAc (2 × 100 mL). The combined 

organic layers were washed with brine (50 mL), dried over anhydrous Na₂SO₄, and concentrated under 

reduced pressure. The crude allyl alcohol S9 was used directly in the next step without further 

purification.  

     The crude residue S9 was dissolved in Et₂O (20 mL) and stirred at 0–5 °C using an ice bath. PBr₃ 

(0.95 mL, 10 mmol, 0.4 equiv) was added dropwise to the reaction mixture, which was stirred for 30 

minutes at the same temperature. The reaction was quenched with saturated NaHCO₃ (30 mL), and the 

aqueous layer was extracted with Et₂O (3 x 30 mL). The combined organic layers were washed with 

water and brine (30 mL), dried over anhydrous Na₂SO₄, and concentrated under reduced pressure. The 

resulting crude residue S10 was used directly for the next step. 

To a vigorously stirred suspension of 2-substituted 1,3-cyclopentanedione S4 (4.0 mmol, 1.0 

equiv) in acetone (6 mL, 1.0 M), K₂CO₃ (4.8 mmol, 1.2 equiv) was gradually added. After the initial 

frothing subsided, the crude residue of allyl bromide S10 (1.3 g, 6 mmol, 1.5 equiv) was added, and 

the reaction mixture was stirred at 60 °C in a preheated oil bath for overnight. After completion, the 

reaction mixture was concentrated and diluted with water (10 mL). The aqueous phase was extracted 

with EtOAc (2 × 30 mL), and the combined organic layers were dried over anhydrous Na₂SO₄, filtered, 

and concentrated under reduced pressure. The crude residue was purified by silica gel column 

chromatography (EtOAc/hexanes) to afford the desired products 1. 
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(Z)-2-Methyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione [(Z)-1a]: 

 

Prepared according to the general procedure A as described above in 35% yield (353mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR 

(400 MHz, CDCl3) δ 7.49 – 7.44 (m, 2H), 7.38 – 7.28 (m, 3H), 5.96 – 5.75 (m, 2H), 2.89 – 2.70 (m, 

4H), 2.69 – 2.65 (m, 2H), 1.18 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 215.3, 135.4, 131.7, 128.5, 

128.5, 123.2, 113.7, 95.2, 85.3, 56.6, 36.1, 35.3, 17.6; HRMS (ESI) calcd for C17H17O2 [M+H]+: 

253.12231; found: 253.12185. 

(E)-2-Methyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione [(E)-1a]: 

 

Prepared according to the general procedure A as described above in 33% yield (333 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown semi-solid; 1H 

NMR (400 MHz, CDCl3) δ 7.42 – 7.35 (m, 2H), 7.33 – 7.26 (m, 3H), 5.97 (dt, J = 15.6, 7.7 Hz, 1H), 

5.72 (d, J = 15.7 Hz, 1H), 2.85 – 2.61 (m, 4H), 2.45 (d, J = 7.7 Hz, 2H), 1.14 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ 215.9, 136.5, 131.6, 128.4, 128.4, 123.2, 114.7, 89.7, 87.3, 56.8, 38.7, 35.4, 19.5; 

HRMS (ESI) calcd for C17H17O2 [M+H]+: 253.12231; found:253.12185. 

(Z)-2-Ethyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1b): 

 

Prepared according to the general procedure as described above in 32% yield (340 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown solid; mp = 102–104°C; 

1H NMR (300 MHz, CDCl3) δ 7.52 – 7.44 (m, 2H), 7.38 – 7.28 (m, 3H), 5.87 – 5.76 (m, 2H), 2.84 – 

2.69 (m, 4H), 2.68 – 2.61 (m, 2H), 1.79 (q, J = 7.5 Hz, 2H), 0.79 (t, J = 7.5 Hz, 3H); 13C NMR (101 
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MHz, CDCl3) δ 216.1, 135.6, 131.7, 128.5, 123.3, 113.4, 95.2, 85.3, 61.3, 36.3, 35.3, 27.2, 9.3; HRMS 

(ESI) calcd for C18H19O2 [M+H]+: 267.1373; found: 267.1379. 

(Z)-2-(5-Phenylpent-2-en-4-yn-1-yl)-2-propylcyclopentane-1,3-dione (1c): 

 

Prepared according to the general procedure A described above in 33% yield (370 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (500 

MHz, CDCl3) δ 7.42 – 7.39 (m, 2H), 7.28 – 7.22 (m, 3H), 5.78 – 5.69 (m, 2H), 2.70 (dd, J = 8.8, 6.8 

Hz, 1H), 2.68 – 2.60 (m, 3H), 2.60 – 2.55 (m, 2H), 1.66 – 1.60 (m, 2H), 1.11 – 1.00 (m, 2H), 0.76 (t, 

J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 216.1, 135.5, 131.6, 128.4, 123.2, 113.3, 95.1, 85.2, 

60.8, 36.3, 36.1, 35.7, 18.2, 14.5; HRMS (ESI) calcd for C19H21O2 [M+H]+: 281.15361; found: 

281.15295.  

(Z)-2-Isobutyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1d): 

 

Prepared according to the general procedure A described above in 30% yield (353 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.50 – 7.44 (m, 2H), 7.35 – 7.29 (m, 3H), 5.86 – 5.77 (m, 2H), 2.87 – 2.69 (m, 4H), 

2.63 (dd, J = 3.5, 2.7 Hz, 2H), 1.79 (s, 2H), 1.65 – 1.55 (m, 1H), 0.76 (s, 3H), 0.74 (s, 3H); 13C NMR 

(101 MHz, CDCl3) δ 216.0, 135.1, 131.7, 128.5, 128.5, 123.2, 113.7, 95.3, 85.2, 60.4, 42.5, 37.8, 35.8, 

25.2, 23.7; HRMS (ESI) calcd for C20H23O2 [M+H]+: 295.16926; found: 295.16859. 

2-Cinnamyl-2-((Z)-5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1e): 

 



S-11 
 

Prepared according to the general procedure A described above in 23% yield (326 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (500 

MHz, CDCl3) δ 7.41 – 7.36 (m, 2H), 7.25 – 7.21 (m, 3H), 7.17 (qd, J = 8.3, 4.3 Hz, 4H), 7.13 – 7.09 

(m, 1H), 6.33 (d, J = 15.8 Hz, 1H), 5.90 (dt, J = 15.6, 7.7 Hz, 1H), 5.79 – 5.70 (m, 2H), 2.68 – 2.60 

(m, 4H), 2.55 – 2.48 (m, 4H); 13C NMR (126 MHz, CDCl3) δ 215.5, 136.7, 135.3, 134.9, 131.6, 128.6, 

128.4, 128.4, 127.7, 126.3, 123.1, 122.7, 113.6, 95.3, 85.2, 60.9, 37.4, 36.2, 35.3; HRMS (ESI) calcd 

for C25H23O2 [M+H]+: 355.16926; found: 355.16842.  

(Z)-2-Benzyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1f): 

 

Prepared according to the general procedure A described above in 29% yield (380 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.55 – 7.49 (m, 2H), 7.39 – 7.31 (m, 3H), 7.25 – 7.15 (m, 3H), 7.05 (dd, J = 7.7, 1.8 

Hz, 2H), 5.95 – 5.72 (m, 2H), 3.07 (s, 2H), 2.81 (d, J = 6.5 Hz, 2H), 2.51 (dd, J = 19.2, 6.9 Hz, 2H), 

2.03 (dd, J = 19.2, 6.9 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 216.6, 135.7, 135.4, 131.7, 130.0, 

128.7, 128.5, 128.5, 127.3, 123.3, 113.6, 95.4, 85.3, 62.4, 41.4, 36.6, 36.2; HRMS (ESI) calcd for 

C23H21O2 [M+H]+: 329.1541; found: 329.1543. 

(Z)-2-(4-Methylbenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1g): 

 

Prepared according to the general procedure A described above in 28% yield (383 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.55 – 7.50 (m, 2H), 7.39 – 7.31 (m, 3H), 7.01 (d, J = 7.9 Hz, 2H), 6.94 (d, J = 8.1 Hz, 

2H), 5.90 – 5.82 (m, 1H), 5.80 (d, J = 10.8 Hz, 1H), 3.02 (s, 2H), 2.80 (d, J = 6.7 Hz, 2H), 2.50 (dd, J 

= 19.2, 6.9 Hz, 2H), 2.27 (s, 3H), 2.04 (dd, J = 19.1, 6.9 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 
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216.6, 136.8, 135.5, 132.5, 131.7, 129.7, 129.3, 128.4, 123.2, 113.4, 95.2, 85.3, 62.3, 41.0, 36.6, 36.0, 

21.1; HRMS (ESI) calcd for C24H23O2 [M+H]+: 343.16926; found: 343.16873.  

(Z)-2-(4-Ethoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1h): 

 

Prepared according to the general procedure A described above in 25% yield (372 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (500 

MHz, CDCl3) δ 7.53 – 7.49 (m, 2H), 7.37 – 7.30 (m, 3H), 6.97 – 6.93 (m, 2H), 6.75 – 6.71 (m, 2H), 

5.84 (dt, J = 10.8, 7.1 Hz, 1H), 5.79 (d, J = 10.8 Hz, 1H), 3.95 (q, J = 7.0 Hz, 2H), 3.00 (s, 2H), 2.78 

(d, J = 7.0 Hz, 2H), 2.49 (dd, J = 19.2, 6.9 Hz, 2H), 2.04 (dd, J = 19.2, 6.8 Hz, 2H), 1.37 (t, J = 7.0 

Hz, 3H); 13C NMR (126 MHz, CDCl3) δ 216.8, 158.0, 135.5, 131.6, 130.9, 128.4, 127.4, 123.2, 114.5, 

113.4, 95.2, 85.3, 63.4, 62.4, 40.7, 36.6, 35.9, 14.9; HRMS (ESI) calcd for C25H25O3 [M+H]+: 

373.17982; found: 373.17876.  

(Z)-2-(4-(Benzyloxy)benzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1i): 

 

Prepared according to the general procedure A described above in 25% yield (434 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR (300 

MHz, CDCl3) δ 7.57 – 7.49 (m, 2H), 7.44 – 7.28 (m, 8H), 6.98 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 

2H), 5.94 – 5.64 (m, 2H), 5.00 (s, 2H), 3.02 (s, 2H), 2.79 (d, J = 6.7 Hz, 2H), 2.51 (dd, J = 19.2, 6.9 

Hz, 2H), 2.05 (dd, J = 19.2, 6.9 Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 216.8, 157.9, 136.9, 135.5, 

131.7, 131.0, 128.7, 128.5 (2 peacks), 128.1, 127.9, 127.6, 123.3, 115.0, 113.5, 95.3, 85.3, 70.1, 62.5, 

40.6, 36.6, 36.0; HRMS (ESI) calcd for C30H27O3 [M+H]+: 435.19547; found: 435.19437. 
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(Z)-2-(4-Fluorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1j): 

 

Prepared according to the general procedure described A above in 28% yield (388 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR (500 

MHz, CDCl3) δ 7.53 – 7.48 (m, 2H), 7.36 – 7.31 (m, 3H), 7.05 – 6.99 (m, 2H), 6.92 – 6.85 (m, 2H), 

5.90 – 5.72 (m, 2H), 3.03 (s, 2H), 2.80 – 2.76 (m, 2H), 2.55 (dd, J = 19.3, 6.8 Hz, 2H), 2.06 (dd, J = 

19.3, 6.8 Hz, 2H); 13C  NMR (176 MHz, CDCl3) δ 216.2, 161.9 (d, JCF = 246.0 Hz), 135.0 (d, JCF = 

4.3 Hz), 131.6, 131.5 (d, JCF = 8.1 Hz), 131.5, 128.5, 128.4, 123.1, 115.4 (d, JCF = 21.2 Hz), 113.7, 

95.4, 85.1, 62.9, 39.7, 36.4, 36.2; 19F NMR (377 MHz, CDCl3) δ -115.21; HRMS (ESI) calcd for 

C23H20O2F [M+H]+: 347.14418; found: 347.14343.  

(Z)-2-(4-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1k): 

 

Prepared according to the general procedure A as described above in 28% yield (405 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown semi-solid;  1H 

NMR (400 MHz, CDCl3) δ 7.54 – 7.48 (m, 2H), 7.39 – 7.31 (m, 3H), 7.18 (d, J = 8.5 Hz, 2H), 6.99 

(d, J = 8.4 Hz, 2H), 5.99 – 5.71 (m, 2H), 3.03 (s, 2H), 2.78 (d, J = 6.4 Hz, 2H), 2.58 (dd, J = 19.3, 6.9 

Hz, 2H), 2.10 (dd, J = 19.3, 6.9 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 216.1, 134.9, 134.3, 133.2, 

131.7, 131.5, 128.8, 128.6, 128.5, 123.2, 114.0, 95.5, 85.1, 62.3, 39.8, 36.5, 36.4; HRMS (ESI) calcd 

for C23H20O2Cl [M+H]+: 363.11518; found: 363.11374.  
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(Z)-4-((2,5-Dioxo-1-(5-phenylpent-2-en-4-yn-1-yl)cyclopentyl)methyl)benzonitrile (1l): 

 

Prepared according to the general procedure A described above in 25% yield (353 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.7) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.55 – 7.44 (m, 4H), 7.37 – 7.32 (m, 3H), 7.19 (d, J = 8.3 Hz, 2H), 5.92 – 5.80 (m, 

2H), 3.12 (s, 2H), 2.79 (d, J = 6.7 Hz, 2H), 2.66 (dd, J = 19.4, 6.8 Hz, 2H), 2.14 (dd, J = 19.4, 6.9 Hz, 

2H); 13C NMR (101 MHz, CDCl3) δ 215.2, 141.6, 134.3, 132.3, 131.7, 131.1, 128.7, 128.6, 123.0, 

118.7, 114.5, 111.3, 95.8, 85.0, 62.4, 39.4, 36.7, 36.3; HRMS (ESI) calcd for C24H20O2N [M+H]+: 

354.14886; found: 354.14808. 

Z)-2-(3-Fluorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1m): 

 

Prepared according to the general procedure A described above in 27% yield (374 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.54 – 7.48 (m, 2H), 7.38 – 7.31 (m, 3H), 7.17 (td, J = 7.9, 6.0 Hz, 1H), 6.88 (tdd, J = 

8.5, 2.6, 0.8 Hz, 1H), 6.83 (d, J = 7.7 Hz, 1H), 6.80 – 6.75 (m, 1H), 5.88 – 5.76 (m, 2H), 3.05 (s, 2H), 

2.78 (dd, J = 3.6, 2.8 Hz, 2H), 2.58 (dd, J = 19.3, 6.9 Hz, 2H), 2.11 (dd, J = 19.3, 6.9 Hz, 2H); 13C 

NMR (101 MHz, CDCl3) δ 215.9, 162.6 (d, JCF = 246.7 Hz), 138.3 (d, JCF = 7.3 Hz), 134.9, 131.7, 

130.1 (d, JCF = 8.2 Hz), 128.6, 128.5, 125.7 (d, JCF = 2.2 Hz), 123.1,116.9 (d, JCF = 21.3 Hz), 114.2 (d, 

JCF = 20.9 Hz), 113.9, 95.5, 85.1, 62.2, 40.1, 36.5, 36.4; 19F NMR (377 MHz, CDCl3) δ -112.4; HRMS 

(ESI) calcd for C23H20O2F[M+H]+: 347.14418; found: 347.14360. 
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2-(3-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1n): 

 

Prepared according to the general procedure A described above in 29% yield (420 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; Z/E ratio = 7:1; 1H 

NMR (400 MHz, CDCl3) δ 7.54 – 7.48 (m, 2H), 7.39 – 7.31 (m, 3H), 7.21 – 7.11 (m, 2H), 7.08 – 6.91 

(m, 2H), 5.87 – 5.80 (m, 2H), 3.03 (s, 2H), 2.79 (dd, J = 5.1, 1.3 Hz, 2H), 2.66 – 2.52 (m, 2H), 2.19 – 

2.07 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 215.8, 137.9, 134.9, 134.4, 131.7, 131.4, 130.0, 129.9, 

128.5, 128.3, 127.5, 123.2, 114.0, 95.5, 85.1, 62.2, 39.9, 36.5, 36.4; HRMS (ESI) calcd for C23H20O2Cl 

[M+H]+: 363.11463; found: 363.11368. 

(Z)-2-(3-Bromobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1o): 

 

Prepared according to the general procedure A described above in 32% yield (520 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a brown semi-solid; 1H NMR (400 

MHz, CDCl3) δ 7.53 – 7.49 (m, 2H), 7.39 – 7.30 (m, 4H), 7.23 (t, J = 1.7 Hz, 1H), 7.09 (t, J = 7.8 Hz, 

1H), 6.99 (d, J = 7.7 Hz, 1H), 5.91 – 5.63 (m, 2H), 3.03 (s, 2H), 2.79 (dd, J = 4.9, 1.5 Hz, 2H), 2.60 

(dd, J = 19.3, 6.9 Hz, 2H), 2.14 (dd, J = 19.3, 6.9 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 215.8, 

138.2, 134.9, 132.9, 131.7, 130.5, 130.2, 128.8, 128.6, 128.5, 123.2, 122.6, 114.0, 95.6, 85.1, 62.2, 

39.9, 36.5, 36.4; HRMS (ESI) calcd for C23H20O2Br [M+H]+: 407.06466; found: 407.06412. 
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(Z)-2-(3-Nitrobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane -1,3-dione  (1p): 

 

Prepared according to the general procedure A described above in 21% yield (313 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.8) to afford a brown liquid; Z/E ratio = 4:1;  1H 

NMR (400 MHz, CDCl3) δ 8.02 – 7.91 (m, 1H), 7.85 (t, J = 1.7 Hz, 0.8H), 7.82 (t, J = 1.7 Hz, 0.2H), 

7.44 – 7.38 (m, 1.6H), 7.36 – 7.24 (m, 4.4H), 7.23 – 7.15 (m, 1H), 5.94 – 5.65 (m, 2H), 3.09 (s, 1.6H), 

3.00 (s, 0.4H), 2.71 (d, J = 6.6 Hz, 1.6H), 2.62 (dd, J = 19.4, 6.8 Hz, 1.6H), 2.57 – 2.44 (m, 0.8H), 

2.19 – 2.04 (m, 2H); 13C NMR (101 MHz, CDCl3; major isomer peaks) δ 214.9, 148.2, 138.0, 136.4, 

134.3, 131.6, 129.4, 128.6, 128.5, 124.9, 122.9, 122.2, 114.4, 95.7, 84.9, 62.2, 38.4, 36.6, 36.1; HRMS 

(ESI) calcd for C23H20O4N [M+H]+: 374.13868; found: 374.13778. 

(Z)-2-(2-Methoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1q): 

 

Prepared according to the general procedure A described above in 24% yield (344 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.6) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.52 – 7.47 (m, 2H), 7.36 – 7.30 (m, 3H), 7.24 – 7.18 (m, 1H), 7.07 (dd, J = 7.5, 1.7 

Hz, 1H), 6.86 (td, J = 7.5, 1.0 Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 5.84 (dt, J = 10.7, 7.2 Hz, 1H), 5.79 

– 5.74 (m, 1H), 3.73 (s, 3H), 3.06 (s, 2H), 2.81 (dd, J = 7.2, 0.8 Hz, 2H), 2.56 – 2.47 (m, 2H), 2.47 – 

2.37 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 215.0, 157.3, 136.4, 132.1, 131.8, 128.3, 128.4, 128.4, 

124.0, 123.5, 120.6, 113.1, 110.4, 95.1, 85.7, 60.9, 54.9, 36.3, 36.1, 34.9; HRMS (ESI) calcd for 

C24H23O3 [M+H]+: 359.16417; found: 359.16347.  
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(Z)-2-(2-Bromobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1r): 

 

Prepared according to the general procedure A described above in 33% yield (537 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.55 – 7.47 (m, 3H), 7.36 – 7.31 (m, 3H), 7.19 (d, J = 7.6, 1.3 Hz, 1H), 7.11 (dd, J = 

7.7, 1.8 Hz, 1H), 7.06 (ddt, J = 7.3, 6.7, 1.2 Hz, 1H), 5.99 – 5.61 (m, 2H), 3.28 (s, 2H), 2.84 (d, J = 6.5 

Hz, 2H), 2.67 – 2.54 (m, 2H), 2.54 – 2.41 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 214.9, 135.5, 135.4, 

133.5, 131.7, 131.5, 128.9, 128.5, 128.4, 127.5, 125.6, 123.3, 113.8, 95.4, 85.4, 60.9, 39.7, 36.4, 35.4; 

HRMS (ESI) calcd for C23H20O2Br [M+H]+: 407.06412; found: 407.06287. 

(Z)-2-(3,5-Dimethoxy-4-methylbenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione 

(1s): 

 

Prepared according to the general procedure A described above in 32% yield (515 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (500 

MHz, CDCl3) δ 7.50 (ddd, J = 8.2, 3.7, 2.5 Hz, 2H), 7.37 – 7.29 (m, 3H), 6.87 (d, J = 8.4 Hz, 1H), 

6.52 (d, J = 8.5 Hz, 1H), 5.88 (dt, J = 10.8, 7.5 Hz, 1H), 5.80 (d, J = 10.8 Hz, 1H), 3.77 (s, 3H), 3.58 

(s, 3H), 3.01 (s, 2H), 2.78 (dd, J = 7.5, 0.9 Hz, 2H), 2.51 (dt, J = 9.5, 5.9 Hz, 2H), 2.40 (dt, J = 9.0, 5.7 

Hz, 2H), 2.09 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 215.7, 158.2, 157.4, 136.2, 131.7, 129.1, 128.4 

(2 peaks), 123.4, 120.9, 119.7, 113.2, 106.1, 95.1, 85.6, 60.7, 60.0, 55.6, 36.5, 36.3, 36.0, 9.3; HRMS 

(ESI) calcd for C26H27O4 [M+H]+: 403.19093; found: 403.18962.  
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(Z)-2-(2,6-Dimethoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione  (1t): 

 

Prepared according to the general procedure A described above in 27% yield (419 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.7) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.42 – 7.35 (m, 2H), 7.25 – 7.16 (m, 3H), 6.65 – 6.57 (m, 2H), 6.54 (d, J = 2.3 Hz, 

1H), 5.73 (dt, J = 10.8, 7.2 Hz, 1H), 5.66 (d, J = 10.8 Hz, 1H), 3.59 (s, 3H), 3.55 (s, 3H), 2.91 (s, 2H), 

2.70 (d, J = 7.2 Hz, 2H), 2.47 – 2.38 (m, 2H), 2.38 – 2.29 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 

214.6, 153.3, 151.4, 136.3, 131.6, 128.3, 128.3, 124.9, 123.3, 117.8, 113.1, 113.0, 111.3, 95.0, 85.5, 

60.5, 55.6, 55.2, 36.1, 35.9, 34.8; HRMS (ESI) calcd for C25H25O4 [M+H]+: 389.17474; found: 

389.17393.  

(Z)-2-(2,6-Dichlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1u): 

 

Prepared according to the general procedure A described above in 26% yield (412 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (500 

MHz, CDCl3) δ 7.41 – 7.38 (m, 2H), 7.27 – 7.23 (m, 3H), 7.20 (t, J = 8.4 Hz, 2H), 7.05 (dd, J = 8.4, 

7.7 Hz, 1H), 5.76 – 5.68 (m, 2H), 3.32 (s, 2H), 2.90 (dd, J = 4.1, 2.1 Hz, 2H), 2.80 – 2.69 (m, 2H), 

2.66 – 2.56 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 214.0, 136.5, 135.5, 133.2, 131.7, 128.9, 128.5, 

128.4, 123.3, 114.0, 95.4, 85.4, 59.5, 36.5, 36.1, 34.9; HRMS (ESI) calcd for C23H19O2Cl2 [M+H]+: 

397.07566; found: 397.07464. 
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(Z)-2-(2,3-Dichlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1v): 

 

Prepared according to the general procedure A described above in 26% yield (413 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (500 

MHz, CDCl3) δ 7.51 – 7.47 (m, 2H), 7.34 (ddd, J = 6.5, 4.0, 2.8 Hz, 4H), 7.08 (t, J = 7.8 Hz, 1H), 7.03 

(dd, J = 7.7, 1.7 Hz, 1H), 5.91 – 5.76 (m, 2H), 3.29 (s, 2H), 2.83 (dd, J = 4.1, 2.0 Hz, 2H), 2.71 – 2.60 

(m, 2H), 2.53 – 2.46 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 214.6, 136.2, 135.1, 133.8, 133.2, 131.7, 

129.8, 129.6, 128.6, 128.5, 127.1, 123.2, 114.0, 95.6, 85.3, 60.7, 37.7, 36.3, 35.6; HRMS (ESI) calcd 

for C23H19O2Cl2 [M+H]+: 397.07566; found: 397.07456.  

(Z)-2-(Naphthalen-1-ylmethyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1w): 

 

Prepared according to the general procedure A as described above in 29% yield (415 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown semi-solid; 1H 

NMR (400 MHz, CDCl3) δ 8.07 (d, J = 8.5 Hz, 1H), 7.79 (dd, J = 7.7, 1.2 Hz, 1H), 7.72 (d, J = 8.2 

Hz, 1H), 7.56 (dt, J = 4.4, 2.6 Hz, 2H), 7.51 (ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.49 – 7.44 (m, 1H), 7.41 

– 7.31 (m, 4H), 7.23 (t, J = 6.4 Hz, 1H), 5.94 (dt, J = 10.7, 7.4 Hz, 1H), 5.86 (d, J = 10.8 Hz, 1H), 3.59 

(s, 2H), 2.95 (d, J = 7.5 Hz, 2H), 2.53 – 2.32 (m, 2H), 1.99 – 1.72 (m, 2H); 13C NMR (101 MHz, 

CDCl3) δ 216.6, 135.8, 133.9, 132.0, 131.8, 128.6, 128.5, 128.3, 126.3, 126.0, 125.3, 124.4, 123.4, 

113.6, 95.4, 85.5, 62.0, 37.7, 36.7, 36.0; HRMS (ESI) calcd for C27H23O2 [M+H]+: 379.16926; found: 

379.16841. 
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(Z)-2-(5-Phenylpent-2-en-4-yn-1-yl)-2-(thiophen-2-ylmethyl)cyclopentane-1,3-dione (1x): 

 

Prepared according to the general procedure A described above in 26% yield (347 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (300 

MHz, CDCl3) δ 7.55 – 7.46 (m, 2H), 7.38 – 7.31 (m, 3H), 7.08 (dd, J = 5.2, 1.1 Hz, 1H), 6.84 (dd, J = 

5.1, 3.5 Hz, 1H), 6.74 (d, J = 3.0 Hz, 1H), 5.95 – 5.75 (m, 2H), 3.30 (s, 2H), 2.76 (dd, J = 5.2, 1.3 Hz, 

2H), 2.71 – 2.58 (m, 2H), 2.34 – 2.19 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 215.9, 137.3, 134.8, 

131.7, 128.6, 128.5, 127.7, 127.1, 124.9, 123.1, 114.0, 95.6, 85.1, 62.2, 36.6, 36.1, 34.3; HRMS (ESI) 

calcd for C21H19O2S [M+H]+: 335.11003; found: 335.10915. 

(Z)-2-Methyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1y):  

 

Prepared according to the general procedure A as described above in 29% yield (309 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR 

(400 MHz, CDCl3) δ 7.49 – 7.39 (m, 2H), 7.38 – 7.29 (m, 3H), 5.96 – 5.53 (m, 2H), 2.90 – 2.87 (m, 

2H), 2.82 (ddd, J = 15.8, 9.9, 5.8 Hz, 2H), 2.63 (ddd, J = 16.0, 6.5, 5.2 Hz, 2H), 2.14 – 2.00 (m, 1H), 

1.85 (ddq, J = 20.0, 10.1, 5.1 Hz, 1H), 1.31 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 209.4, 136.5, 

131.6, 128.5, 123.2, 113.0, 95.0, 85.7, 65.6, 37.9, 37.8, 18.0, 17.9; HRMS (ESI) calcd for C18H19O2 

[M+H]+: 267.1385; found: 267.1405;  

(Z)-2-Methyl-2-(5-(p-tolyl)pent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1z): 

 

Prepared according to the general procedure A described above in 30% yield (336 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.36 – 7.29 (m, 2H), 7.13 (d, J = 7.9 Hz, 2H), 5.90 – 5.67 (m, 2H), 2.88 (d, J = 6.5 Hz, 
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2H), 2.82 (td, J = 10.1, 5.1 Hz, 2H), 2.62 (ddd, J = 16.0, 6.3, 5.2 Hz, 2H), 2.35 (s, 3H), 2.15 – 1.98 (m, 

1H), 1.83 (ddq, J = 19.1, 10.2, 5.1 Hz, 1H), 1.30 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 209.4, 138.7, 

135.9, 131.5, 129.3, 120.1, 113.1, 95.2, 85.0, 65.7, 37.9, 21.6, 17.9, 17.7; HRMS (ESI) calcd for 

C19H21O2 [M+H]+: 281.1541; found: 281.1542. 

(Z)-2-(5-(4-Methoxyphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclohexane-1,3-dione (1aa); 

 

Prepared according to the general procedure A described above in 32% yield (379 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.6) to afford a brown liquid; 1H NMR (400 

MHz, CDCl3) δ 7.42 – 7.34 (m, 2H), 6.88 – 6.82 (m, 2H), 5.94 – 5.60 (m, 2H), 3.81 (s, 3H), 2.87 (d, J 

= 6.5 Hz, 2H), 2.86 – 2.77 (m, 2H), 2.62 (ddd, J = 16.0, 6.3, 5.2 Hz, 2H), 2.12 – 2.01 (m, 1H), 1.83 

(ddq, J = 19.1, 10.2, 5.1 Hz, 1H), 1.30 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 209.4, 159.9, 135.5, 

133.0, 115.3, 114.2, 113.2, 95.1, 84.5, 65.7, 55.4, 37.9, 17.9, 17.8; HRMS (ESI) calcd for C19H21O3 

[M+H]+: 297.1490; found: 297.1492. 

 (Z)-2-Benzyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1ab): 

 

Prepared according to the general procedure A as described above in 29% yield (397 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liqued; 1H NMR 

(400 MHz, CDCl3) δ 7.58 – 7.49 (m, 2H), 7.39 – 7.29 (m, 3H), 7.25 – 7.14 (m, 3H), 7.04 (dt, J = 4.2, 

2.3 Hz, 2H), 5.91 – 5.54 (m, 2H), 3.21 (s, 2H), 3.06 – 2.89 (m, 2H), 2.45 (ddd, J = 17.2, 8.6, 5.0 Hz, 

2H), 2.14 (ddd, J = 17.1, 8.2, 4.9 Hz, 2H), 1.78 – 1.66 (m, 1H), 1.34 – 1.17 (m, 1H); 13C NMR (126 

MHz, CDCl3) δ 211.2, 136.7, 136.5, 131.7, 130.2, 128.6, 128.5, 127.1, 123.4, 113.0, 95.0, 85.5, 68.8, 

43.3, 40.7, 38.9, 15.9; HRMS (ESI) calcd for C24H26NO2 [M+NH4]
+: 360.1963; found: 360.1958.  
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(Z)-2-(4-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1ac): 

 

Prepared according to the general procedure A as described above in 27% yield (406 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; 1H NMR 

(400 MHz, CDCl3) δ 7.56 – 7.48 (m, 2H), 7.39 – 7.28 (m, 3H), 7.23 – 7.13 (m, 2H), 7.06 – 6.93 (m, 

2H), 5.90 – 5.68 (m, 2H), 3.18 (s, 2H), 2.94 (d, J = 6.6 Hz, 2H), 2.50 (ddd, J = 17.2, 8.9, 5.0 Hz, 2H), 

2.20 (ddd, J = 17.1, 7.9, 4.9 Hz, 2H), 1.79 (dtt, J = 18.0, 7.9, 5.0 Hz, 1H), 1.42 – 1.27 (m, 1H); 13C 

NMR (101 MHz, CDCl3) δ 210.8, 136.0, 135.4, 133.0, 131.7, 128.7, 128.5, 128.5, 123.3, 113.4, 95.2, 

85.3, 68.9, 41.4, 40.5, 39.1, 16.1; HRMS (ESI) calcd for C24 H22ClO2 [M+H]+: 377.1308; found: 

377.1320;  

(Z)-2-Benzyl-2-(5-phenylpent-2-en-4-yn-1-yl)cycloheptane-1,3-dione (1ad): 

 

Prepared according to the general procedure A as described above in 33% yield (470 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown semi-solid; 1H 

NMR (400 MHz, CDCl3) δ 7.44 – 7.36 (m, 2H), 7.36 – 7.28 (m, 3H), 7.25 – 7.15 (m, 3H), 7.05 (dd, J 

= 7.6, 1.7 Hz, 2H), 5.94 – 5.77 (m, 2H), 3.18 (s, 2H), 2.87 (d, J = 6.3 Hz, 2H), 2.47 (dt, J = 9.1, 4.2 

Hz, 2H), 2.39 (dt, J = 11.9, 4.7 Hz, 2H), 1.90 – 1.79 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 211.4, 

136.8, 136.0, 131.6, 130.3, 128.5, 128.5, 127.0, 123.3, 113.0, 95.1, 85.8, 70.1, 42.6, 37.7, 32.7, 28.1; 

HRMS (ESI) calcd for C25H25O2 [M+H]+: 357.1854; found: 357.1871.  
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IIIc. Synthesis of substrates 1ae-1as:3,4 

 

General procedure B:  

Ethyl propiolate S5 (6 g, 61 mmol) and NaI (14.68 g, 98 mmol) were dissolved in acetic acid 

(21 mL, 367 mmol) and stirred at 115 °C using a preheated oil bath for 3 hours. Upon completion of 

the reaction, the reaction mixture was cooled to room temperature and quickly transferred to a 

separating funnel, charged with 100 mL of H2O and extracted with EtOAc (3 x 100 mL). The combined 

organic layers were washed with saturated NaHCO₃ (50 mL), saturated Na₂S₂O₃ (50 mL), and brine 

solution (50 mL), then dried over anhydrous Na₂SO₄ and concentrated under reduced pressure. The 

resulting residue S6 was used directly in the next step. 

Residue S6 was dissolved in dry CH₂Cl₂ (50 mL) and stirred at -78 °C for 10 minutes under an 

inert atmosphere. Then, DIBAL-H (120 mL, 1.0 M solution in toluene) was added dropwise via syringe 

over 30 minutes, and the reaction mixture was stirred vigorously at the same temperature for an 

additional 30 minutes. The reaction was then gradually warmed to room temperature and stirred for 

another 2 hours. After completion of the reaction, the mixture was quenched with saturated sodium 

potassium tartrate (100 mL), filtered through Celite, and extracted with EtOAc (3 x 100 mL). The 

organic layer was washed with brine, dried over anhydrous Na₂SO₄, and concentrated under reduced 

pressure to obtain crude allyl alcohol S11, which was used directly in the next step without further 

purification.  

The residue S11 was dissolved in Et₂O (50 mL) and stirred at 0–5 °C (ice bath). Then, PBr₃ 

(2.32 mL, 24.4 mmol, 0.4 equiv) was added dropwise to the reaction mixture, which was stirred for 30 

minutes at the same temperature. The reaction was quenched with saturated NaHCO₃ (50 mL), and the 

aqueous layer was extracted with Et₂O (3 x 100 mL). The combined organic layers were washed with 

water (20 mL) and brine (20 mL), dried over anhydrous Na₂SO₄, and concentrated under reduced 
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pressure. The resulting crude residue S12 was used directly in the next reaction without further 

purification 

     To a vigorously stirred suspension of 2-methyl-1,3-cyclopentanedione S4 (4.48 g, 40.0 mmol) in 

acetone (60 mL, 1.0 M), K₂CO₃ (48 mmol, 1.2 equiv) was gradually added. After the frothing subsided, 

the crude residue of 3-bromo-1-iodoprop-1-ene S12 was added, and the reaction mixture was stirred 

at 60 °C in a preheated oil bath for overnight. Upon completion, the reaction mixture was concentrated 

and diluted with water (50 mL). The aqueous phase was extracted with EtOAc (3 × 60 mL), and the 

combined organic layers were dried over anhydrous Na₂SO₄, filtered, and concentrated under reduced 

pressure. The crude residue was purified by silica gel column chromatography (hexane/EtOAc) to 

afford S13 as a light-yellow liquid in 45% yield (5.02 g) as a mixture of diastereomers. The 1H NMR 

analysis of the crude product revealed a Z:E ratio of 3.5:1; 1H NMR (300 MHz, CDCl3) δ 6.45 – 6.39 

(m, 0.5H), 6.32 (dtd, J = 8.9, 7.7, 1.2 Hz, 0.5H), 6.20 – 6.04 (m, 1H), 2.86 – 2.74 (m, 3H), 2.73 – 2.61 

(m, 1H), 2.44 (dd, J = 7.1, 1.3 Hz, 1H), 2.32 (dd, J = 7.7, 1.0 Hz, 1H), 1.16 (d, J = 1.3 Hz, 1.5H), 1.11 

(d, J = 1.2 Hz, 1.6H); 13C NMR (126 MHz, CDCl3) δ 215.6, 215.1, 139.3, 134.5, 87.0, 80.2, 56.2, 55.7, 

41.1, 39.7, 35.4, 35.2, 19.5, 18.1; HRMS (ESI for C9H12IO2 [M+H]+: calcd: 278.9882; found: 278.9846 

The vinyl iodide S13 (558 mg; 2 mmol, 1 equiv) was added to a 100 mL round-bottom flask, 

followed by Pd(PPh₃)₂Cl₂ (70 mg, 5 mol%), CuI (38 mg, 10 mol%), terminal alkyne S7 (2.4 mmol, 1.2 

equiv), into the 1:1 ratio of Et₃N/THF (8 mL, 0.25 M). The reaction mixture was stirred at room 

temperature for 12 hours, with progress monitored by TLC. Upon completion, the reaction was 

quenched with saturated NH₄Cl (20 mL) and extracted with EtOAc (2 x 30 mL). The organic layer 

was washed with water and brine, dried over anhydrous Na₂SO₄, filtered, and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (EtOAc/hexanes) to 

afford the desired product 1 (1aa–1am). 

2-Methyl-2-(5-(p-tolyl)pent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ae): 

   

Prepared according to the general procedure B described above in 64% yield (346 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; Z/E ratio = ~6:1 

(crude 1H NMR analysis); 1H NMR (400 MHz, CDCl3) δ 7.35 (d, J = 8.1 Hz, 1.7H), 7.29 (d, J = 8.2 
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Hz, 0.3H), 7.15 – 7.12 (m, 1.7H), 7.10 (d, J = 7.9 Hz, 0.3H), 6.03 – 5.62 (m, 2H), 2.90 – 2.69 (m, 4H), 

2.69 – 2.65 (m, 1.7H), 2.45 (dd, J = 7.7, 1.2 Hz, 0.3H), 2.35 (s, 2.6H), 2.33 (s, 0.4H), 1.18 (s, 2.6H), 

1.15 (s, 0.4H); 13C NMR (126 MHz, CDCl3) δ 215.9, 215.3, 138.7, 138.6, 136.1, 134.9, 131.6, 129.3, 

129.2, 120.1, 114.9, 113.8, 95.5, 90.0, 86.7, 84.7, 56.8, 56.7, 38.8, 36.1, 35.5, 35.3, 29.8, 21.7, 19.5, 

17.4; HRMS (ESI) calcd for C18H19O2 [M+H]+: 267.1385; found: 267.1386.  

2-(5-(4-Ethylphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1af): 

 

Prepared according to the general procedure B described above in 76% yield (426 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; Z/E ratio = 3:1 

(crude 1H NMR analysis); 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.35 (m, 1.2H), 7.31 (d, J = 8.2 Hz, 

0.4H), 7.16 (d, J = 8.2 Hz, 1.2H), 7.13 (d, J = 8.2 Hz, 0.8H), 6.02 – 5.65 (m, 2H), 2.84 (ddd, J = 10.4, 

7.6, 4.6 Hz, 1.2H), 2.80 – 2.69 (m, 3H), 2.69 – 2.59 (m, 3H), 2.44 (dd, J = 7.7, 1.1 Hz, 0.8H), 1.22 (td, 

J = 7.6, 5.4 Hz, 3H), 1.18 (s, 1.8H), 1.14 (s, 1.2H); 13C NMR (75 MHz, CDCl3) δ 215.9, 215.3, 145.0, 

144.8, 136.0, 134.9, 131.6, 128.1, 128.0, 120.4, 114.9, 113.8, 95.4, 90.0, 86.7, 84.7, 56.8, 56.7, 38.8, 

36.1, 35.5, 35.2, 29.0, 28.9, 19.5, 17.4, 15.5, 15.4; HRMS (ESI) calcd for C19H21O2 [M+H]+: 281.1541; 

found: 281.1539. 

2-(5-(4-Butylphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1ag): 

 

Prepared according to the general procedure B described above in 70% yield (431 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; Z/E ratio ratio = 

2:1 (crude 1H NMR analysis); 1H NMR (400 MHz, CDCl3) δ 7.37 (d, J = 8.2 Hz, 1.4H), 7.30 (d, J = 

8.2 Hz, 0.6H), 7.14 (d, J = 8.2 Hz, 1.4H), 7.10 (d, J = 8.2 Hz, 0.6H), 6.00 – 5.68 (m, 2H), 2.92 – 2.70 

(m, 4H), 2.67 (dd, J = 4.1, 2.2 Hz, 1.4H), 2.60 (dd, J = 15.4, 7.6 Hz, 2H), 2.45 (dd, J = 7.7, 1.1 Hz, 

0.6H), 1.64 – 1.53 (m, 2H), 1.34 (ddd, J = 11.0, 9.1, 4.6 Hz, 2H), 1.18 (s, 2.1H), 1.15 (s, 0.9H), 0.95 – 
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0.87 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 216.0, 215.3, 143.7, 143.6, 136.0, 134.9, 131.6, 131.5, 

128.6, 128.6, 120.3, 120.3, 115.0, 113.9, 95.5, 90.0, 86.7, 84.7, 56.9, 56.7, 38.8, 36.1, 35.7, 35.7, 35.5, 

35.3, 33.5, 33.5, 29.8, 22.4, 19.5, 17.4, 14.1; HRMS (ESI) calcd for C21H25O2 [M+H]+: 309.18491; 

found: 309.18424.  

2-Methyl-2-(5-(4-pentylphenyl)pent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ah): 

   

Prepared according to the general procedure B described above in 65% yield (419 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; Z/E ratio = 2.5:1 

(crude 1H NMR analysis); 1H NMR (500 MHz, CDCl3) δ 7.37 (d, J = 8.2 Hz, 1.4H), 7.30 (d, J = 8.2 

Hz, 0.6H), 7.14 (d, J = 8.3 Hz, 1.4H), 7.10 (d, J = 8.3 Hz, 0.6H), 6.00 – 5.66 (m, 2H), 2.89 – 2.69 (m, 

4H), 2.67 (dd, J = 3.9, 2.5 Hz, 1.4H), 2.59 (dd, J = 16.4, 8.6 Hz, 2H), 2.44 (dd, J = 7.8, 1.2 Hz, 0.6H), 

1.60 (dt, J = 15.0, 7.5 Hz, 2H), 1.36 – 1.26 (m, 4H), 1.18 (s, 2.1H), 1.14 (s, 0.9H), 0.88 (td, J = 7.0, 

4.6 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 216.0, 215.3, 143.8, 143.6, 136.0, 134.9, 131.5, 128.6, 

128.6, 120.3, 114.9, 113.8, 95.5, 90.0, 86.7, 84.7, 56.8, 56.7, 38.8, 36.1, 36.0, 35.5, 35.2, 31.5, 31.1, 

22.6, 19.5, 17.4, 14.1; HRMS (ESI) calcd for C22H27O2 [M+H]+: 323.2011; found: 323.2010.  

2-(5-(4-(tert-Butyl)phenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione  (1ai): 

 

Prepared according to the general procedure B described above in 68% yield (419 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; Z/E ratio = 3.5:1 

(crude 1H NMR analysis);  1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 8.5 Hz, 1.6H), 7.35 (d, J = 8.5 

Hz, 1.6H), 7.32 (d, J = 2.3 Hz, 0.8H), 6.02 – 5.66 (m, 2H), 2.89 – 2.70 (m, 4H), 2.67 (dd, J = 5.0, 1.3 

Hz, 1.6H), 2.45 (dd, J = 7.8, 1.0 Hz, 0.4H), 1.31 (s, 7.2H), 1.30 (s, 1.8H), 1.18 (s, 2.4H), 1.15 (s, 0.6H); 

13C NMR (101 MHz, CDCl3) δ 216.0, 215.3, 151.9, 151.7, 136.0, 135.0, 131.4, 125.5, 125.4, 120.2, 
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115.0, 113.9, 95.4, 89.9, 86.7, 84.7, 56.8, 56.7, 38.8, 36.1, 35.5, 35.3, 34.9, 31.3, 19.5, 17.4; HRMS 

(ESI) calcd for C21H25O2  [M+H]+: 309.1854; found: 309.1849.  

2-(5-(4-Methoxyphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1aj): 

 

Prepared according to the general procedure B described above in 63% yield (355 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; Z/E ratio = 2:1 

(crude 1H NMR analysis); 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.38 (m, 1.3H), 7.35 – 7.31 (m, 0.7H), 

6.87 – 6.84 (m, 1.3H), 6.83 – 6.81 (m, 0.7H), 5.92 (dt, J = 15.6, 7.8 Hz, 0.35H), 5.85 – 5.75 (m, 1.3H), 

5.71 (dd, J = 9.0, 7.8 Hz, 0.35H), 3.81 (s, 2H), 3.79 (s, 1H), 2.87 – 2.69 (m, 4H), 2.67 – 2.65 (m, 1.3H), 

2.43 (dd, J = 7.8, 1.2 Hz, 0.7H), 1.17 (s, 2H), 1.14 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 216.0, 215.4, 

159.9, 159.7, 135.6, 134.5, 133.1, 133.1, 115.3, 115.3, 115.0, 114.2, 114.1, 113.9, 95.3, 89.8, 86.1, 

84.1, 56.9, 56.7, 55.4, 38.8, 36.2, 35.5, 35.3, 19.5, 17.4; HRMS (ESI) calcd for C18H19O3 [M+H]+: 

283.1334; found: 283.1335. 

2-(5-(4-Fluorophenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1ak): 

 

Prepared according to the general procedure B as described above in 68% yield (378 g). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a yellow semi-solid; Z/E ratio = 

4:1 (crude 1H NMR analysis); 1H NMR (300 MHz, CDCl3) δ 7.49 – 7.41 (m, 1.2H), 7.41 – 7.31 (m, 

0.8H), 7.08 – 6.94 (m, 2H), 5.94 (ddd, J = 23.1, 15.5, 7.3 Hz, 0.4H), 5.86 – 5.80 (m, 1.2H), 5.70 (d, J 

= 15.8 Hz, 0.4H), 2.89 – 2.68 (m, 4H), 2.66 (d, J = 6.7 Hz, 1.2H), 2.44 (dd, J = 7.7, 1.1 Hz, 0.8H), 

1.18 (s, 1.8H), 1.14 (s, 1.2H); 13C NMR (101 MHz, CDCl3) δ 215.4, 162.0 (d, JCF = 249.8 Hz), 162.6 

(d, JCF = 249.6 Hz), 135.6, 133.57 (d, JCF = 7.9 Hz), 133.49 (d, JCF = 7.1 Hz), 119.3, 115.80 (d, JCF = 

22.1 Hz), 115.7 (d, JCF = 22.1 Hz), 114.6, 113.5, 94.1, 88.6, 87.0, 85.0, 56.8, 56.6, 38.6, 36.0, 35.4, 
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35.3, 19.6, 17.9; 19F NMR (377 MHz, CDCl3) δ -110.7, -110.9;  HRMS (ESI) calcd for C17H16O2F 

[M+H]+: 271.11288; found: 271.11232.  

2-(5-(4-(tert-Butyl)phenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1al): 

 

Prepared according to the general procedure B described above in 63% yield (417 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; Z/E ratio = 3:1 

(crude 1H NMR analysis); 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.44 (m, 1.5H), 7.43 (d, J = 8.6 Hz, 

0.5H), 7.35 – 7.30 (m, 1.5H), 7.25 (dt, J = 6.6, 2.0 Hz, 0.5H), 5.99 (dt, J = 15.6, 7.8 Hz, 0.25H), 5.87 

(dt, J = 10.8, 7.4 Hz, 0.75H), 5.80 (d, J = 10.8 Hz, 0.75H), 5.70 (dt, J = 15.8, 1.2 Hz, 0.25H), 2.86 – 

2.78 (m, 2H), 2.78 – 2.73 (m, 2H), 2.66 (dd, J = 7.4, 0.7 Hz, 1.5H), 2.45 (dd, J = 7.8, 1.3 Hz, 0.5H), 

1.18 (s, 2.4H), 1.15 (s, 0.8H); 13C NMR (126 MHz, CDCl3) δ 215.8, 215.4, 137.2, 136.0, 133.1, 133.0, 

131.8, 131.7, 122.8, 122.6, 122.2, 114.5, 113.4, 94.1, 88.6, 88.4, 86.4, 56.8, 56.5, 38.5, 36.0, 35.4, 

35.3, 19.6, 17.9; HRMS (ESI) calcd for C17H16BrO2 [M+H]+: 331.0333; found: 331.0325. 

2-(5-(3-Fluorophenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1am): 

 

Prepared according to the general procedure B described above in 72% yield (400 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; Z/E ratio = 2:1 

(crude 1H NMR analysis); 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.23 (m, 1.7H), 7.19 – 7.15 (m, 0.9H), 

7.12 – 6.97 (m, 1.4H), 6.01 (dt, J = 15.6, 7.8 Hz, 0.4H), 5.93 – 5.79 (m, 1.2H), 5.72 (dt, J = 15.8, 1.2 

Hz, 0.4H), 2.87 – 2.69 (m, 4H), 2.67 (dd, J = 7.4, 0.8 Hz, 1.2H), 2.46 (dd, J = 7.8, 1.3 Hz, 0.8H), 1.19 

(s, 1.8H), 1.16 (s, 1.2H); 13C NMR (101 MHz, CDCl3) δ 215.8, 215.3, 162.5 (d, JCF = 246.5 Hz), 

162.47 (d, JCF = 246.6 Hz), 137.4, 136.3, 130.1 (d, JCF = 8.4 Hz), 130.0 (d, JCF = 7.8 Hz), 127.6 (d, JCF 

= 3.0 Hz), 127.5 (d, JCF = 3.0 Hz), 125.0 (d, JCF= 9.5 Hz), 118.4 (d, J CF= 22.7 Hz), 118.4 (d, JCF = 

22.7 Hz), 115.9 (d, JCF = 21.2 Hz), 115.7 (d, JCF = 21.3 Hz)., 114.4, 113.3, 93.9, 88.5, 88.2, 86.1, 56.8, 
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56.5, 38.5, 36.0, 35.4, 35.3, 19.6, 17.9; 19F NMR (376 MHz, CDCl3) δ -112.89, -113.01; HRMS (ESI) 

calcd for C17H16O2F [M+H]+: 271.11288; found: 271.11225.  

2-(5-(3-Chlorophenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1an): 

 

Prepared according to the general procedure B described above in 74% yield (423 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a brown liquid; Z/E ratio = 3:1; 1H 

NMR (400 MHz, CDCl3) δ 7.38 (t, J = 1.5 Hz, 0.6H), 7.32 (t, J = 1.6 Hz, 0.3H), 7.28 (dt, J = 7.2, 1.5 

Hz, 0.7H), 7.25 – 7.14 (m, 2.4H), 5.93 (dt, J = 15.6, 7.8 Hz, 0.25H), 5.80 (ddd, J = 28.5, 16.0, 9.2 Hz, 

1.5H), 5.69 – 5.59 (m, 0.25H), 2.80 – 2.63 (m, 4H), 2.60 (dd, J = 7.4, 0.8 Hz, 1.5H), 2.39 (dd, J = 7.8, 

1.3 Hz, 0.5H), 1.11 (d, J = 2.1 Hz, 2.2H), 1.09 (s, 0.8H); 13C NMR (101 MHz, CDCl3) δ 215.8, 215.3, 

137.5, 136.4, 134.3, 134.3, 131.4, 129.8, 129.7, 129.7, 128.8, 128.6, 124.9, 114.4, 113.2, 93.7, 88.4, 

88.3, 86.4, 56.8, 56.5, 38.5, 36.0, 35.4, 35.3, 19.6, 18.0; HRMS (ESI) calcd for C17H16O2Cl [M+H]+: 

287.08333; found: 287.08270. 

2-(5-(2-Bromophenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1ao): 

   

Prepared according to the general procedure B described above in 62% yield (410 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; Z/E ratio = 3:1; 1H 

NMR (500 MHz, CDCl3) δ 7.60 – 7.54 (m, 1H), 7.49 (dd, J = 7.7, 1.6 Hz, 0.7H), 7.44 – 7.39 (m, 0.3H), 

7.29 – 7.22 (m, 1H), 7.18 (d, J = 1.6 Hz, 1H), 6.05 (dt, J = 15.7, 7.8 Hz, 0.3H), 5.95 (dt, J = 10.7, 7.6 

Hz, 0.7H), 5.87 (d, J = 10.7 Hz, 0.7H), 5.77 (d, J = 15.8 Hz, 0.3H), 2.88 (dt, J = 7.3, 6.1 Hz, 1.4H), 

2.83 (dd, J = 8.8, 6.5 Hz, 0.3H),  2.80 – 2.70 (m, 3.7H), 2.47 (dd, J = 7.8, 1.0 Hz, 0.6H), 1.19 (s, 2.1H), 

1.15 (s, 0.9H); 13C NMR (101 MHz, CDCl3) δ 215.8, 215.1, 137.6, 136.7, 133.6, 133.4, 132.5, 129.7, 

129.5, 127.2, 127.1, 125.5, 125.4, 125.4, 125.3, 114.5, 113.4, 93.5, 91.7, 89.9, 88.2, 56.8, 56.6, 38.6, 

36.0, 35.5, 35.2, 19.6, 17.0; HRMS (ESI) calcd for C17H16BrO2 [M+H]+: 331.0333; found: 331.0325. 
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2-Methyl-2-(5-(phenanthren-9-yl)pent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ap): 

   

Prepared according to the general procedure B described above in 60% yield (422 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a brown liquid; Z/E ratio = 3.5:1; 

1H NMR (500 MHz, CDCl3) δ 8.72 – 8.63 (m, 2H), 8.51 – 8.46 (m, 0.8H), 8.39 – 8.33 (m,0.2H), 8.03 

(s, 0.8H), 7.96 (s, 0.2H), 7.90 – 7.86 (m, 0.8H), 7.86 – 7.82 (m, 0.2H), 7.76 – 7.64 (m, 3H), 7.64 – 

7.56 (m, 1H), 6.13 (dt, J = 15.6, 7.7 Hz, 0.2H), 6.02 (d, J = 10.7 Hz, 0.8H), 6.00 – 5.88 (m, 1H), 2.92 

– 2.73 (m, 5.6H), 2.54 (dd, J = 7.7, 1.3 Hz, 0.2H), 1.25 (s, 2.4H), 1.20 (s, 0.6H); 13C NMR (126 MHz, 

CDCl3) δ 215.9, 215.3, 136.9, 135.7, 132.2, 132.0, 131.3, 131.1, 130.5, 130.2, 128.8, 128.7, 127.7, 

127.6, 127.3, 127.1, 122.9, 122.8, 119.7, 114.9, 113.8, 93.6, 91.8, 89.8, 88.1, 56.9, 56.6, 38.7, 36.2, 

35.5, 35.3, 19.7, 17.7; HRMS (ESI) calcd for C25H21O2 [M+H]+: 353.1541; found: 353.1542.  

 

2-(5-(Cyclohex-1-en-1-yl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1aq): 

 

Prepared according to the general procedure described above in 68% yield (348 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.5) to afford a brown liquid; Z/E ratio = 6.5:1; 

1H NMR (400 MHz, CDCl3) δ 6.15 – 6.09 (m, 0.85H), 6.07 (dd, J = 3.8, 2.0 Hz, 0.15H), 5.87 – 5.56 

(m, 2H), 2.90 – 2.66 (m, 4H), 2.61 – 2.53 (m, 1.7H), 2.39 (dd, J = 7.7, 0.9 Hz, 0.3H), 2.19 – 2.06 (m, 

4H), 1.69 – 1.50 (m, 4H), 1.13 (s, 2.55H), 1.11 (s, 0.45H); 13C NMR (101 MHz, CDCl3) δ 216.0, 215.3, 

135.6, 135.4, 135.2, 133.9, 120.8, 120.7, 115.1, 114.0, 97.3, 91.7, 84.7, 82.7, 56.8, 56.7, 38.8, 36.1, 

35.4, 35.2, 29.2, 25.9, 22.4, 21.6, 19.4, 17.1; HRMS (ESI) calcd for C17H21O2 [M+H]+: 257.1541; 

found: 257.1547.  
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2-Methyl-2-(non-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ar): 

 

Prepared according to the general procedure B as described above in 62% yield (288 mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a brown liquid; Z/E ratio 

= 4:1 (crude 1H NMR analysis); 1H NMR (400 MHz, CDCl3) δ 5.75 (dt, J = 15.5, 7.7 Hz, 0.2H), 5.69 

– 5.54 (m, 1.6H), 5.47 (dtd, J = 14.4, 2.2, 1.1 Hz, 0.2H), 2.88 – 2.63 (m, 4H), 2.58 – 2.52 (m, 1.6H), 

2.37 – 2.34 (m, 0.4H), 2.34 – 2.30 (m, 1.6H), 2.24 (td, J = 7.0, 2.0 Hz, 0.4H), 1.57 – 1.45 (m, 2H), 

1.45 – 1.33 (m, 2H), 1.12 (s, 2.4H), 1.10 (s, 0.6H), 0.90 (dt, J = 12.8, 7.3 Hz, 3H); 13C NMR (126 

MHz, CDCl3) δ 216.0, 215.4, 134.7, 133.6, 115.3, 114.1, 96.7, 90.9, 78.3, 76.4, 56.8, 56.6, 38.8, 36.0, 

35.4, 35.2, 30.8, 22.1, 19.3, 19.3, 19.1, 17.1, 13.7; HRMS (ESI) calcd for C15H21O2 [M+H]+: 233.1541; 

found: 233.1553.  

2-(5-Cyclohexylpent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1as):  

 

Prepared according to the general procedure B as described above in 57% yield (295 Mg). It was 

purified by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a brown liquid; Z/E ratio 

= 3:1 (crude 1H NMR analysis); 1H NMR (400 MHz, CDCl3) δ 5.75 (dt, J = 15.6, 7.8 Hz, 0.3H), 5.63 

(tdd, J = 11.5, 6.3, 4.1 Hz, 1.5H), 5.52 – 5.45 (m, 0.2H), 2.90 – 2.64 (m, 4H), 2.56 (d, J = 7.0 Hz, 

1.5H), 2.51 (ddd, J = 9.0, 6.6, 2.8 Hz, 0.8H), 2.44 – 2.38 (m, 0.2H), 2.35 (dd, J = 7.7, 1.1 Hz, 0.5H), 

1.80 (dd, J = 17.0, 8.5 Hz, 2H), 1.69 (tdd, J = 10.0, 7.2, 3.5 Hz, 2.7H), 1.58 – 1.53 (m, 0.3H), 1.53 – 

1.36 (m, 3H), 1.36 – 1.32 (m, 1H), 1.30 – 1.23 (m, 1H), 1.13 (s, 2.3H), 1.10 (s, 0.7H); 13C NMR (126 

MHz, CDCl3) δ 216.0, 215.3, 134.5, 133.5, 115.3, 114.2, 100.7, 95.0, 78.2, 76.3, 56.8, 56.7, 38.8, 36.1, 

35.4, 35.2, 32.7, 29.9, 29.8, 26.0, 25.0, 19.3, 17.1; HRMS (ESI) calcd for C17H23O2 [M+H]+: 259.1698; 

found: 259.1710.  
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IIId. Synthesis of substrates 3a-3e: These substrates were prepared as a mixture of Z/E-

isomers by using general procedure A.2,3 

2-(4-Methylbenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3a): 

 

Prepared according to the general procedure A described above in 34% yield (530 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a yellow semi-solid; Z/E ratio = 

2.5:1;  1H NMR (500 MHz, CDCl3) δ 7.84 – 7.74 (m, 2H), 7.61 (dd, J = 5.6, 2.9 Hz, 2H), 7.50 – 7.46 

(m, 1.6H), 7.33 – 7.28 (m, 2.8H), 7.24 – 7.20 (m, 0.6H), 6.90 (d, J = 8.0 Hz, 1.6H), 6.86 (d, J = 8.1 

Hz, 0.4H), 6.81 (d, J = 7.9 Hz, 2H), 5.96 (dt, J = 15.5, 7.7 Hz, 0.2H), 5.84 (dt, J = 10.7, 7.6 Hz, 0.8H), 

5.75 (d, J = 15.7 Hz, 0.2H), 5.70 (d, J = 10.8 Hz, 0.8H), 3.22 (s, 1.6H), 3.12 (s, 0.4H), 2.98 (dd, J = 

7.7, 0.9 Hz, 1.6H), 2.73 (dd, J = 7.7, 0.8 Hz, 0.4H), 2.08 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 203.0, 

202.9, 142.2, 142.1, 137.0, 136.2, 136.1, 135.9, 135.6, 135.5, 132.4, 132.0, 131.9, 131.5, 131.4, 129.8, 

129.6, 128.7, 128.3, 128.2, 123.3, 122.8, 114.3, 113.1, 95.1, 89.3, 87.4, 85.4, 60.0, 59.7, 40.4, 39.5, 

38.4, 35.8, 20.8; HRMS (ESI) calcd for C28H23O2 [M+H]+: 391.16926; found: 391.16843.  

2-(4-Methoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3b): 

 

Prepared according to the general procedure A described above in 37% yield (600 mg). It was purified 

by flash chromatography (25% EtOAc/hexanes; Rf = 0.4) to afford a yellow semi-solid; Z/E ratio = 

3:1; 1H NMR (400 MHz, CDCl3) δ 7.83 – 7.73 (m, 2H), 7.65 – 7.55 (m, 2H), 7.47 (dd, J = 4.6, 3.2 Hz, 

1.6H), 7.33 – 7.24 (m, 2.8H), 7.20 (dd, J = 6.4, 3.5 Hz, 0.6H), 6.92 (d, J = 8.7 Hz, 1.6H), 6.88 (d, J = 

8.6 Hz, 0.4H), 6.53 (dd, J = 8.9, 2.7 Hz, 2H), 5.95 (dt, J = 15.5, 7.7 Hz, 0.2H), 5.89 – 5.71 (m, 1H), 

5.68 (d, J = 10.8 Hz, 0.8H), 3.54 (s, 3H), 3.19 (s, 1.6H), 3.10 (s, 0.4H), 2.96 (d, J = 7.7 Hz, 1.6H), 2.71 

(d, J = 7.6 Hz, 0.4H); 13C NMR (126 MHz, CDCl3) δ 203.0, 202.9, 158.2, 158.1, 142.2, 142.0, 136.6, 

135.9, 135.5, 135.4, 131.5, 131.3, 130.9, 130.7, 128.2, 128.1, 128.1, 127.4, 127.1, 123.2, 123.0, 122.7, 
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114.2, 113.3, 113.0, 95.1, 89.3, 87.4, 85.4, 60.0, 59.7, 54.8, 40.0, 39.0, 38.3, 35.7; HRMS (ESI) calcd 

for C28H23O3 [M+H]+: 407.16417; found: 407.16321. 

2-(4-Fluorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3c): 

 

Prepared according to the general procedure A described above in 33% yield (520 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a yellow liquid; Z/E ratio = 5:1; 1H 

NMR (500 MHz, CDCl3) δ 7.73 – 7.68 (m, 2H), 7.64 – 7.54 (m, 2H), 7.39 (ddd, J = 6.6, 5.2, 3.9 Hz, 

1.8H), 7.37 – 7.32 (m, 0.2H), 7.26 – 7.18 (m, 2.6H), 7.16 – 7.11 (m, 0.4H), 6.91 – 6.85 (m, 1.7H), 6.85 

– 6.80 (m, 0.3H), 6.64 – 6.58 (m, 2H), 5.86 (dt, J = 15.5, 7.7 Hz, 0.1H), 5.74 (dt, J = 10.7, 7.6 Hz, 

0.9H), 5.69 – 5.59 (m, 1H), 3.13 (s, 1.7H), 3.03 (s, 0.3H), 2.87 (dd, J = 7.6, 1.0 Hz, 1.8H), 2.63 (dd, J 

= 7.7, 1.1 Hz, 0.2H); 13C NMR (101 MHz, CDCl3) δ 202.8, 161.6 (d, JCF = 245.2 Hz), 142.1, 135.7, 

131.6, 131.51 (d, JCF = 8.1 Hz), 131.33 (d, JCF = 1.9 Hz), 128.4, 128.3, 123.3, 123.0, 114.93 (d, JCF = 

21.2 Hz), 113.3, 95.3, 85.4, 59.7, 38.9, 35.8; 19F NMR (471 MHz, CDCl3) δ -115.7, -116.0; HRMS 

(ESI) calcd for C27H20O2F [M+H]+: 395.14418; found: 395.14337.  

2-(4-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3d): 

 

Prepared according to the general procedure A described above in 35% yield (574 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.3) to afford a brown liquid; Z/E ratio = 3:1; 1H 

NMR (400 MHz, CDCl3) δ 7.83 – 7.75 (m, 2H), 7.67 – 7.60 (m, 2H), 7.49 – 7.45 (m, 1.5H), 7.34 – 

7.26 (m, 2.75H), 7.23 – 7.18 (m, 0.75H), 7.00 – 6.86 (m, 4H), 5.96 (dt, J = 15.5, 7.7 Hz, 0.25H), 5.88 

– 5.76 (m, 1H), 5.71 (d, J = 10.7 Hz, 0.75H), 3.21 (s, 1.5H), 3.11 (s, 0.5H), 2.96 (dd, J = 7.6, 0.8 Hz, 

1.5H), 2.71 (dd, J = 7.7, 0.9 Hz, 0.5H); 13C NMR (126 MHz, CDCl3) δ 202.5, 202.4, 141.8, 136.2, 

135.8, 135.7, 135.5, 134.0, 133.7, 132.6, 132.5, 131.5, 131.3, 131.3, 131.1, 128.3, 128.2, 128.1, 123.1, 
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122.9, 114.4, 113.3, 95.2, 89.4, 87.3, 85.3, 59.7, 59.4, 39.6, 38.7, 38.5, 35.8; HRMS (ESI) calcd for 

C27H20O2Cl [M+H]+: 411.11463; found: 411.11348. 

2-(2,3-Dichlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3e): 

 

Prepared according to the general procedure A described above in 32% yield (570 mg). It was purified 

by flash chromatography (20% EtOAc/hexanes; Rf = 0.4) to afford a yellow liquid; Z/E ratio = 2.5:1;  

1H NMR (400 MHz, CDCl3) δ 7.92 – 7.84 (m, 2H), 7.78 – 7.72 (m, 2H), 7.50 – 7.44 (m, 1.6H), 7.35 

– 7.27 (m, 3H), 7.24 – 7.21 (m, 0.4H), 7.18 (dt, J = 7.9, 1.9 Hz, 1H), 7.03 (dd, J = 7.8, 1.5 Hz, 0.8H), 

6.99 (dd, J = 7.8, 1.8 Hz, 0.2H), 6.92 (dt, J = 11.0, 7.8 Hz, 1H), 5.96 – 5.84 (m, 0.2H), 5.84 – 5.76 (m, 

1H), 5.71 (d, J = 10.7 Hz, 0.8H), 3.44 (s, 1.6H), 3.34 (s, 0.4H), 3.02 (dd, J = 7.5, 0.9 Hz, 1.6H), 2.79 

(dd, J = 7.6, 0.8 Hz, 0.4H); 13C NMR (101 MHz, CDCl3) δ 201.7, 141.8, 141.7, 136.3, 136.1, 135.9, 

135.9, 135.7, 133.3, 133.1, 133.0, 131.6, 131.4, 130.1, 130.0, 129.4, 129.2, 128.3, 128.2, 126.7, 123.2, 

114.8, 113.5, 95.3, 89.5, 87.4, 85.4, 58.8, 58.2, 38.4, 37.5, 37.2, 35.1; HRMS (ESI) calcd for 

C27H19O2Cl2 [M+H]+: 445.07566; found: 445.07462. 

IIIe. General procedure for enantioselective borylative cyclization:  

 

A solution of Cu(CH₃CN)₄PF₆ (2.8 mg, 2.5 mol%) and (S,S)-BPE (7.6 mg, 5 mol%) in dry THF (2.0 

mL, 0.1 M) was stirred at room temperature under a nitrogen atmosphere for 10 minutes, then cooled 

to -78 °C. A solution of the substrate 1 (0.3 mmol) in dry THF (1.0 mL) was added via syringe, 

followed by the sequential addition of B₂(pin)₂ (91 mg, 0.36 mmol), tBuOH (57 μL, 0.6 mmol), and 

LiOtBu (54 μL, 0.6 mmol, 1.0 M in THF) into the reaction mixture. The reaction mixture was stirred 

at -78 °C for 2 hours. Upon completion, the reaction was quenched by adding saturated NH₄Cl solution 

(5 mL) and extracted with EtOAc (2 × 10 mL). The combined organic layers were washed with brine 

(10 mL), dried over anhydrous Na₂SO₄, filtered, and concentrated under reduced pressure. The crude 
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product was purified by column chromatography (EtOAc/hexanes) to afford the desired product 2 with 

high enantioselectivity and diastereoselectivity. 

[Note: For the preparation of racemic products, the same reaction procedure was followed using (rac)-

BINAP as the ligand]. 

(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (anti-2a): 

 

Prepared according to the general procedure as described above in 82% yield (93 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 102–104°C; 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.39 (m, 2H), 7.33 – 7.28 (m, 3H), 2.86 (d, J = 10.5 Hz, 1H), 

2.58 – 2.48 (m, 1H), 2.42 (dd, J = 19.3, 9.3 Hz, 1H), 2.24 (ddd, J = 12.8, 8.9, 3.8 Hz, 1H), 2.00 (dt, J 

= 13.3, 9.9 Hz, 1H), 1.91 (qd, J = 9.7, 4.4 Hz, 2H), 1.85 – 1.78 (m, 1H), 1.24 (s, 12H), 1.14 (s, 3H); 

13C NMR (75 MHz, CDCl3) δ 221.2, 131.9, 128.4, 128.4, 123.0, 87.8, 87.3, 85.3, 83.8, 59.4, 44.9, 

37.1, 35.8, 30.5, 24.9, 24.7, 17.0; HRMS (ESI) calcd for C23H30O4B [M+H]+: 381.2232; found: 

381.2223; [α]20
D = -61.66° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 225  nm, Flow rate = 

1 mL/min, Retention times: 24.939 min (major), 10.218 min (minor). 
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(3aR,4R,5S,6aR)-3a-Hydroxy-6a-methyl-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (syn-2a): 

 

Prepared according to the general procedure as described above in 47% yield (54 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.43 – 7.39 (m, 2H), 7.33 – 7.28 (m, 3H), 3.12 (d, J = 7.8 Hz, 1H), 2.57 (dt, J = 18.7, 

8.4 Hz, 1H), 2.39 – 2.27 (m, 1H), 2.19 (dd, J = 13.9, 8.9 Hz, 1H), 2.12 (t, J = 8.5 Hz, 2H), 1.86 (dd, J 

= 13.9, 8.4 Hz, 1H), 1.68 (dd, J = 16.7, 8.4 Hz, 2H), 1.24 (s, 12H), 1.15 (s, 3H); 13C NMR (101 MHz, 
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CDCl3) δ 222.4, 131.8, 128.4, 128.3, 123.1, 88.0, 87.3, 86.0, 84.2, 58.9, 44.9, 36.8, 36.1, 31.1, 25.0, 

24.9, 19.3; HRMS (ESI) calcd for C23H30O4B [M+H]+: 381.2239; found: 381.2271; [α]20
D = -66.10° 

(c 1.0, CHCl3); Chiral HPLC analysis of the product: 92% ee; Daicel Chiralpak IA 250X4.6 mm 5µ 

column; hexane/2-propanol = 94/06, detected at 254 nm, Flow rate = 1 mL/min, Retention times: 8.773 

min (major), 11.768 min (minor). 
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(3aR,4S,5S,6aR)-6a-Ethyl-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2b): 

 

Prepared according to the general procedure as described above in 77% yield (91 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white semi solid;  1H NMR (400 

MHz, CDCl3) δ 7.47 – 7.38 (m, 2H), 7.35 – 7.28 (m, 3H), 2.73 (d, J = 11.3 Hz, 1H), 2.52 (ddd, J = 

19.4, 10.7, 2.4 Hz, 1H), 2.46 – 2.35 (m, 2H), 2.33 – 2.24 (m, 1H), 2.09 – 1.92 (m, 1H), 1.91 – 1.82 (m, 

2H), 1.75 (dd, J = 14.0, 7.5 Hz, 1H), 1.66 (dd, J = 14.0, 7.3 Hz, 1H), 1.23 (s, 12H), 0.91 (t, J = 7.5 Hz, 

3H); 13C NMR (101 MHz, CDCl3) δ 221.1, 131.9, 128.4, 128.4, 123.1, 88.1, 86.8, 85.0, 83.7, 63.1, 

45.6, 36.4, 35.4, 30.3, 25.5, 24.9, 24.7, 9.5; HRMS (ESI) calcd for C24H32O4B [M+H]+: 395.2388; 

found: 395.2377; [α]20
D = -89.83° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; 

Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 254  nm, Flow 

rate = 1 mL/min, Retention times: 23.157 min (major), 17.233 min (minor). 

 



S-39 
 

 

 

 

 

(3aR,4S,5S,6aR)-3a-Hydroxy-4-(phenylethynyl)-6a-propyl-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2c): 

 

Prepared according to the general procedure as described above in 71% yield (87 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.3) to afford a white solid; mp = 122–124°C; 

1H NMR (500 MHz, CDCl3) δ 7.43 – 7.39 (m, 2H), 7.32 – 7.28 (m, 3H), 2.72 (d, J = 11.3 Hz, 1H), 

2.52 (ddd, J = 19.5, 10.7, 2.2 Hz, 1H), 2.40 (dt, J = 19.5, 9.7 Hz, 1H), 2.31 – 2.24 (m, 1H), 2.02 (dt, J 

= 13.1, 10.5 Hz, 1H), 1.95 (dd, J = 5.6, 3.5 Hz, 1H), 1.93 – 1.82 (m, 3H), 1.61 (dtd, J = 25.7, 13.6, 4.5 

Hz, 2H), 1.48 – 1.38 (m, 1H), 1.23 (s, 12H), 0.87 (t, J = 7.3 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 

221.2, 131.9, 128.4, 128.3, 123.0, 88.1, 86.8, 85.0, 83.7, 62.9, 45.5, 36.3, 35.8, 35.0, 30.2, 24.9, 24.7, 



S-40 
 

18.3, 14.9; HRMS (ESI) calcd for C25H34O4B [M+H]+: 409.2545; found: 409.2334; [α]20
D = -55.49° 

(c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ 

column; hexane/2-propanol = 94/06, detected at 240  nm, Flow rate = 1 mL/min, Retention times: 

23.803 min (major), 10.504 min (minor). 
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(3aR,4S,5S,6aS)-3a-Hydroxy-6a-isobutyl-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2d): 

 

Prepared according to the general procedure as described above in 69% yield (87 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.3) to afford a light white semi  solid; 1H NMR 

(400 MHz, CDCl3) δ 7.44 – 7.37 (m, 2H), 7.33 – 7.27 (m, 3H), 2.64 (d, J = 11.9 Hz, 1H), 2.57 (ddd, J 

= 19.3, 11.1, 2.1 Hz, 1H), 2.43 – 2.32 (m, 1H), 2.25 (ddd, J = 11.8, 9.4, 2.2 Hz, 1H), 2.11 – 2.01 (m, 

2H), 1.88 (ddd, J = 22.0, 19.5, 10.0 Hz, 2H), 1.74 – 1.66 (m, 1H), 1.62 (d, J = 4.4 Hz, 1H), 1.55 (dd, 

J = 14.2, 7.9 Hz, 1H), 1.24 (s, 12H), 0.89 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.5 Hz, 3H); 13C NMR (101 

MHz, CDCl3) δ 220.3, 131.9, 128.4, 128.3, 123.1, 88.6, 86.9, 84.9, 83.7, 62.9, 44.7, 41.3, 36.0, 35.6, 

29.6, 25.2, 25.0, 24.9, 24.7, 24.0; HRMS (ESI) calcd for C26H36O4B [M+H]+: 423.2701; 

found:423.2690; [α]20
D = -109.16° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; 

Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 260  nm, Flow 

rate = 1 mL/min, Retention times: 13.221 min (major), 8.504 min (minor). 
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(3aR,4S,5S,6aS)-6a-Cinnamyl-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2e): 

 

Prepared according to the general procedure as described above in 67% yield (97 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.37 – 7.33 (m, 2H), 7.27 – 7.20 (m, 6H), 7.14 – 7.06 (m, 2H), 6.34 (d, J = 16.0 Hz, 

1H), 6.29 – 6.20 (m, 1H), 2.72 (dd, J = 7.4, 4.4 Hz, 1H), 2.50 (d, J = 7.6 Hz, 2H), 2.41 – 2.34 (m, 2H), 

2.22 (ddd, J = 12.0, 7.9, 4.1 Hz, 1H), 1.96 (dt, J = 13.0, 10.2 Hz, 2H), 1.89 – 1.82 (m, 2H), 1.16 (s, 

12H); 13C NMR (101 MHz, CDCl3) δ 221.2, 137.5, 133.2, 131.9, 128.6, 128.5, 128.4, 127.3, 126.3, 

126.1, 123.0, 88.3, 86.7, 85.2, 83.7, 63.2, 45.8, 36.6, 36.5, 36.1, 30.7, 24.9, 24.7; HRMS (ESI) calcd 
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for C31H36O4B [M+H]+: 483.2701; found: 483.2691; [α]20
D = -32.86° (c 0.5, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

94/06, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 30.275 min (major), 12.388 min 

(minor). 
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(3aR,4S,5S,6aS)-6a-Benzyl-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2f): 

 

Prepared according to the general procedure as described above in 82% yield (112 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a white solid; mp = 159–161°C; 

1H NMR (400 MHz, CDCl3) δ 7.34 (dd, J = 6.6, 3.0 Hz, 2H), 7.23 (d, J = 2.0 Hz, 2H), 7.23 – 7.10 (m, 

6H), 3.01 (d, J = 13.2 Hz, 1H), 2.90 (d, J = 13.2 Hz, 1H), 2.62 (d, J = 11.5 Hz, 1H), 2.42 (br.s, 1H), 

2.20 (dt, J = 19.4, 9.7 Hz, 1H), 2.04 – 1.95 (m, 2H), 1.96 – 1.85 (m, 3H), 1.41 (dt, J = 13.1, 10.6 Hz, 

1H), 1.16 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 222.2, 137.4, 131.9, 130.9, 128.4, 128.4, 128.0, 

126.7, 123.0, 88.0, 86.7, 85.0, 83.7, 64.5, 46.1, 39.4, 37.0, 36.9, 29.9, 24.9, 24.7;  HRMS (ESI) calcd 

for C29H34BO4 [M+H]+: 457.2259; found: 457.2557; [α]20
D = -118.80° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: 98% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

95/05, detected at 240  nm, Flow rate = 1 mL/min, Retention times: 35.686 min (major), 9.121 min 

(minor). 
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(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(4-methylbenzyl)-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2g): 

 

Prepared according to the general procedure as described above in 78% yield (110 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 150–152°C;  

1H NMR (400 MHz, CDCl3) δ 7.44 – 7.38 (m, 2H), 7.33 – 7.27 (m, 3H), 7.14 (d, J = 8.0 Hz, 2H), 7.02 

(d, J = 7.8 Hz, 2H), 3.03 (d, J = 13.3 Hz, 1H), 2.94 (d, J = 13.3 Hz, 1H), 2.68 (d, J = 11.4 Hz, 1H), 

2.29 (s, 3H), 2.33 – 2.21 (m, 1H), 2.12 – 2.05 (m, 2H), 2.05 – 1.90 (m, 3H), 1.59 – 1.46 (m, 1H), 1.23 

(s, 12H); 13C NMR (101 MHz, CDCl3) δ 222.2, 136.1, 134.2, 131.9, 130.7, 128.7, 128.4, 128.3, 123.1, 

88.1, 86.8, 84.9, 83.7, 64.5, 46.0, 38.9, 36.9, 29.9, 24.9, 24.7, 21.2; HRMS (ESI) calcd for C30H36O4B 
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[M+H]+: 471.2701; found: 471.2687; [α]20
D = -169.00° (c 1.0, CHCl3); Chiral HPLC analysis of the 

product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected 

at 240  nm, Flow rate = 1 mL/min, Retention times: 18.656 min (major), 7.467 min (minor). 

 

 

 

 



S-47 
 

(3aR,4S,5S,6aS)-6a-(4-Ethoxybenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2h): 

 

Prepared according to the general procedure as described above in 80% yield (120 gm). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 148–150°C; 

1H NMR (400 MHz, CDCl3) δ 7.44 – 7.37 (m, 2H), 7.32 – 7.27 (m, 3H), 7.17 (d, J = 8.7 Hz, 2H), 6.75 

(d, J = 8.7 Hz, 2H), 3.98 (q, J = 7.0 Hz, 2H), 3.04 (d, J = 13.4 Hz, 1H), 2.90 (d, J = 13.4 Hz, 1H), 2.68 

(d, J = 11.0 Hz, 1H), 2.25 (dt, J = 19.5, 9.7 Hz, 1H), 2.10 – 1.99 (m, 2H), 1.99 – 1.90 (m, 3H), 1.49 

(dt, J = 13.3, 10.7 Hz, 1H), 1.39 (t, J = 7.0 Hz, 3H), 1.23 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 

222.6, 157.7, 131.9, 131.9, 129.2, 128.4, 128.3, 123.0, 113.9, 88.1, 86.8, 84.9, 83.7, 64.6, 63.4, 46.2, 

38.7, 37.1, 36.9, 29.9, 24.9, 24.7, 15.0; HRMS (ESI) calcd for C31H38O5B [M+H]+: 501.2807; found: 

501.2797; [α]20
D = -96.83° (c 2.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 260  nm, Flow rate = 

1 mL/min, Retention times: 22.754 min (major), 8.212 min (minor). 
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(3aR,4S,5S,6aS)-6a-(4-(Benzyloxy)benzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5-trimethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2i): 

 

Prepared according to the general procedure as described above in 65% yield (110 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a white solid; mp = 146–148°C; 

1H NMR (400 MHz, CDCl3) δ 7.49 – 7.37 (m, 6H), 7.36 – 7.31 (m, 4H), 7.21 (d, J = 8.7 Hz, 2H), 6.86 

(d, J = 8.7 Hz, 2H), 5.04 (s, 2H), 3.07 (d, J = 13.4 Hz, 1H), 2.94 (d, J = 13.4 Hz, 1H), 2.71 (d, J = 11.1 

Hz, 1H), 2.29 (dt, J = 19.5, 9.7 Hz, 1H), 2.11 (dd, J = 12.9, 1.9 Hz, 1H), 2.07 – 2.03 (m, 1H), 2.03 – 

1.93 (m, 3H), 1.59 – 1.48 (m, 1H), 1.26 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 222.6, 157.6, 137.2, 
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131.9, 129.7, 128.7, 128.4, 128.4, 128.0, 127.7, 123.0, 114.4, 88.1, 86.8, 85.0, 83.7, 70.1, 64.6, 46.2, 

38.6, 37.0, 36.9, 29.9, 24.9, 24.7. HRMS (ESI) calcd for C36H40O5B [M+H]+: 563.2963; found: 

563.2949; [α]20
D = -80.71° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 96:04, detected at 240 nm, Flow rate = 1 

mL/min, Retention times: 28.798 min (major), 19.474 min (minor). 
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(3aR,4S,5S,6aS)-6a-(4-Fluorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2j): 

 

Prepared according to the general procedure as described above in 80% yield (114 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 172–174°C;  

1H NMR (500 MHz, CDCl3) δ 7.36 – 7.31 (m, 2H), 7.26 – 7.20 (m, 3H), 7.19 – 7.13 (m, 2H), 6.86 – 

6.80 (m, 2H), 2.99 (d, J = 13.4 Hz, 1H), 2.86 (d, J = 13.4 Hz, 1H), 2.63 (d, J = 11.3 Hz, 1H), 2.27 – 

2.14 (m, 1H), 2.05 – 1.95 (m, 2H), 1.92 – 1.83 (m, 3H), 1.44 – 1.34 (m, 1H), 1.16 (s, 12H); 13C NMR 

(101 MHz, CDCl3) δ 222.2, 161.8 (d, JCF = 244.6 Hz), 133.1 (dCF, J = 2.7 Hz), 132.4 (d, JCF = 7.7 Hz), 

131.9, 128.4, 122.9, 114.7 (d, JCF = 21.0 Hz), 88.0, 86.6, 85.1, 83.7, 64.4, 46.2, 38.5, 37.2, 36.9, 29.9, 

24.9, 24.7; 19F NMR (376 MHz, CDCl3) δ -116.5; HRMS (ESI) calcd for C29H33O4BF [M+H]+: 

475.2450; found: 475.2439; [α]20
D = -51.22° (c 1.5, CHCl3); Chiral HPLC analysis of the product: 

>99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 239  

nm, Flow rate = 1 mL/min, Retention times: 30.960 min (major), 9.659 min (minor). 
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(3aR,4S,5S,6aS)-6a-(4-Chlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2k): 

 

Prepared according to the general procedure as described above in 82% yield (120 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 156–158°C; 

1H NMR (400 MHz, CDCl3) δ 7.43 – 7.39 (m, 2H), 7.30 (dd, J = 5.1, 1.9 Hz, 3H), 7.23 – 7.16 (m, 

4H), 3.05 (d, J = 13.3 Hz, 1H), 2.92 (d, J = 13.3 Hz, 1H), 2.70 (d, J = 10.8 Hz, 1H), 2.50 (s, 1H), 2.29 

(dt, J = 19.6, 9.8 Hz, 1H), 2.13 – 2.02 (m, 2H), 2.02 – 1.92 (m, 3H), 1.47 (dt, J = 13.5, 10.6 Hz, 1H), 

1.23 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 222.1, 136.0, 132.5, 132.3, 131.9, 128.4, 128.1, 122.9, 
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88.0, 86.5, 85.2, 83.7, 64.4, 46.2, 38.6, 37.2, 36.9, 30.0, 24.9, 24.7; HRMS (ESI) calcd for 

C29H33O4BCl [M+H]+: 491.2155; found: 491.2145; [α]20
D = -132.50° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

94/06, detected at 260 nm, Flow rate = 1 mL/min, Retention times: 25.733 min (major), 9.055 min 

(minor). 
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4-(((1S,2S,3aS,6aR)-6a-Hydroxy-4-oxo-1-(phenylethynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-3a(1H)-yl)methyl)benzonitrile (2l): 

 

Prepared according to the general procedure as described above in 66% yield (95 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a white solid; mp = 166–168°C; 

1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 8.3 Hz, 2H), 7.44 – 7.36 (m, 4H), 7.34 – 7.27 (m, 3H), 3.11 

(d, J = 13.1 Hz, 1H), 3.01 (d, J = 13.1 Hz, 1H), 2.73 (d, J = 10.8 Hz, 1H), 2.33 (dt, J = 19.8, 9.9 Hz, 

1H), 2.16 – 2.06 (m, 2H), 2.06 – 1.98 (m, 1H), 1.97 – 1.89 (m, 2H), 1.43 (dt, J = 13.4, 10.5 Hz, 1H), 

1.23 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 221.4, 143.3, 131.9, 131.8, 131.7, 128.5, 128.5, 122.8, 

119.1, 110.5, 87.9, 86.2, 85.4, 83.8, 64.3, 46.2, 39.2, 37.3, 36.8, 30.1, 24.9, 24.7;  HRMS (ESI) calcd 

for C30H33O4NB [M+H]+: 482.2497; found: 482.2486; [α]20
D = -137.88° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

88/12, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 28.072 min (major), 9.940 min 

(minor). 

 



S-54 
 

 

 

 

(3aR,4S,5S,6aS)-6a-(3-Fluorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2m): 

 

Prepared according to the general procedure as described above in 79% yield (112 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.3) to afford a white solid; mp = 188–190°C; 

1H NMR (500 MHz, CDCl3) δ 7.43 – 7.39 (m, 2H), 7.33 – 7.28 (m, 3H), 7.17 (td, J = 7.9, 6.2 Hz, 1H), 

7.05 (ddd, J = 10.2, 2.3, 1.7 Hz, 1H), 7.00 (d, J = 7.7 Hz, 1H), 6.88 (ddd, J = 8.4, 2.6, 1.3 Hz, 1H), 

3.07 (d, J = 13.2 Hz, 1H), 2.96 (d, J = 13.2 Hz, 1H), 2.71 (d, J = 11.4 Hz, 1H), 2.29 (dt, J = 19.6, 9.8 
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Hz, 1H), 2.13 – 2.08 (m, 1H), 2.08 – 2.00 (m, 2H), 1.99 – 1.93 (m, 2H), 1.50 (dt, J = 13.4, 10.6 Hz, 

1H), 1.23 (s, 12H); 13C NMR (176 MHz, CDCl3) δ 222.0, 162.4 (d, JCF = 245.0 Hz), 140.0 (d, JCF = 

7.3 Hz), 131.9, 129.3 (d, JCF = 8.1 Hz), 128.4, 126.6, 122.9, 117.9 (d, JCF = 21.3 Hz), 113.6 (d, JCF = 

21.0 Hz), 88.0, 86.5, 85.1, 83.7, 64.4, 46.2, 39.1, 37.3, 36.8, 29.9, 24.9, 24.7; 19F NMR (377 MHz, 

CDCl3) δ -113.78;  HRMS (ESI) calcd for C29H33O4BF [M+H]+: 475.2450; found: 475.2439; [α]20
D = 

-164.83° (c 2.0, CHCl3); HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 

5µ column; hexane/2-propanol = 94/06, detected at 266  nm, Flow rate = 1 mL/min, Retention times: 

33.103 min (major), 9.261 min (minor). 

 

 

 



S-56 
 

 

(3aR,4S,5S,6aS)-6a-(3-Chlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2n): 

 

Prepared according to the general procedure as described above in 80% yield (118g). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 167–169°C;  

1H NMR (500 MHz, CDCl3) δ 7.41 (ddd, J = 4.7, 4.1, 2.2 Hz, 2H), 7.35 – 7.27 (m, 4H), 7.22 – 7.17 

(m, 1H), 7.17 – 7.14 (m, 1H), 7.13 – 7.09 (m, 1H), 3.05 (d, J = 13.2 Hz, 1H), 2.93 (dd, J = 13.3, 2.8 

Hz, 1H), 2.70 (d, J = 11.1 Hz, 1H), 2.30 (ddd, J = 15.2, 12.1, 7.5 Hz, 1H), 2.09 (tdd, J = 11.3, 9.3, 1.9 

Hz, 2H), 2.04 – 2.00 (m, 1H), 1.99 – 1.92 (m, 2H), 1.53 – 1.42 (m, 1H), 1.23 (s, 12H); 13C NMR (176 

MHz, CDCl3) δ 221.9, 139.5, 133.7, 132.3, 131.9, 131.1, 129.2, 129.1, 128.4, 126.9, 122.9, 87.9, 86.5, 

85.1, 83.7, 64.3, 46.2, 38.9, 37.2, 36.8, 30.0, 24.9, 24.; HRMS (ESI) calcd for C29H33O4BCl [M+H]+: 

491.2155; found: 491.2143; [α]20
D = -142.20° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 

>99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 92/08, detected at 256  

nm, Flow rate = 1 mL/min, Retention times: 18.936 min (major), 12.446 min (minor). 
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(3aR,4S,5S,6aS)-6a-(3-Bromobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2o): 

 

Prepared according to the general procedure as described above in 75% yield (120 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 170–172°C; 

1H NMR (400 MHz, CDCl3) δ 7.49 (t, J = 1.6 Hz, 1H), 7.42 (dd, J = 6.6, 3.1 Hz, 2H), 7.34 – 7.29 (m, 

4H), 7.15 (d, J = 7.7 Hz, 1H), 7.13 – 7.06 (m, 1H), 3.04 (d, J = 13.2 Hz, 1H), 2.92 (d, J = 13.2 Hz, 

1H), 2.70 (d, J = 10.9 Hz, 1H), 2.53 (s, 1H), 2.30 (dt, J = 19.6, 9.8 Hz, 1H), 2.16 – 2.05 (m, 2H), 2.04 
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– 1.90 (m, 3H), 1.56 – 1.43 (m, 1H), 1.23 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 221.8, 139.9, 134.0, 

131.9, 129.8, 129.5, 128.4, 122.9, 122.0, 88.0, 86.5, 85.2, 83.7, 64.4, 46.2, 38.9, 37.2, 36.8, 30.0, 24.9, 

24.7; HRMS (ESI) calcd for C29H33O4BBr [M+H]+: 535.1650; found: 535.1639; [α]20
D = -137.75° (c 

1.0, CHCl3); Chiral HPLC analysis of the product: 98% ee; Daicel Chiralpak IA 250X4.6 mm 5µ 

column; hexane/2-propanol = 90/10, detected at 254 nm, Flow rate = 1 mL/min, Retention times: 

12.804 min (major), 11.569 min (minor). 
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(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(3-nitrobenzyl)-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2p): 

 

Prepared according to the general procedure as described above in 67% yield (101 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a brown solid; mp = 130–132°C;  

1H NMR (400 MHz, CDCl3) δ 8.24 (t, J = 1.9 Hz, 1H), 8.05 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.53 (d, J 

= 7.7 Hz, 1H), 7.44 – 7.35 (m, 3H), 7.34 – 7.27 (m, 3H), 3.16 (d, J = 13.3 Hz, 1H), 3.06 (d, J = 13.3 

Hz, 1H), 2.79 – 2.72 (m, 1H), 2.34 (dt, J = 19.8, 9.9 Hz, 2H), 2.19 – 2.03 (m, 3H), 2.00 – 1.94 (m, 1H), 

1.44 (dt, J = 13.7, 10.6 Hz, 1H), 1.23 (s, 12H); 13C NMR (126 MHz, CDCl3) δ 221.4, 148.0, 139.7, 

137.1, 131.9, 128.8, 128.5, 128.5, 126.1, 122.8, 121.8, 87.9, 86.2, 85.4, 83.8, 64.1, 46.3, 38.7, 37.3, 

30.2, 25.0, 24.9, 24.7; HRMS (ESI) calcd for C29H33O6BN [M+H]+: 502.2395; found: 502.2382; [α]20
D 

= -79.69° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 

mm 5µ column; hexane/2-propanol = 90/10, detected at 254 nm, Flow rate = 1 mL/min, Retention 

times: 30.626 min (major), 27.260 min (minor). 
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(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(2-methoxybenzyl)-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2q): 

 

Prepared according to the general procedure as described above in 77% yield (112 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a white solid; mp = 193–195°C; 

1H NMR (500 MHz, CDCl3) δ 7.45 – 7.40 (m, 2H), 7.29 – 7.26 (m, 3H), 7.22 (td, J = 8.1, 1.7 Hz, 1H), 

7.09 (dd, J = 7.5, 1.6 Hz, 1H), 6.89 (td, J = 7.4, 0.9 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 3.83 (s, 3H), 

3.19 (d, J = 13.7 Hz, 1H), 2.79 (d, J = 13.7 Hz, 1H), 2.65 – 2.56 (m, 1H), 2.33 – 2.19 (m, 2H), 2.19 – 

2.10 (m, 1H), 2.06 – 1.98 (m, 3H), 1.61 (dt, J = 11.7, 9.0 Hz, 1H), 1.22 (s, 12H); 13C NMR (126 MHz, 

CDCl3) δ 220.6, 156.8, 132.2, 132.0, 128.4, 128.2, 127.9, 125.4, 123.6, 121.2, 110.8, 87.9, 87.7, 83.7, 

83.6, 64.5, 55.6, 44.7, 36.3, 35.5, 32.4, 29.7, 24.9, 24.7; HRMS (ESI) calcd for C30H36O5B [M+H]+: 

487.2650; found: 487.2643; [α]20
D = -98.19° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 

>99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 257  

nm, Flow rate = 1 mL/min, Retention times: 30.867 min (major), 15.390 min (minor). 
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(3aR,4S,5S,6aS)-6a-(2-Bromobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2r): 

 

Prepared according to the general procedure as described above in 77% yield (124 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.3) to afford a white solid; mp = 162–164°C;  

1H NMR (500 MHz, CDCl3) δ 7.43 (dd, J = 8.0, 1.2 Hz, 1H), 7.38 – 7.34 (m, 2H), 7.25 (ddd, J = 6.8, 

6.2, 1.4 Hz, 4H), 7.14 (td, J = 7.5, 1.2 Hz, 1H), 6.99 (td, J = 7.9, 1.7 Hz, 1H), 3.18 (d, J = 14.3 Hz, 

1H), 3.08 (d, J = 14.3 Hz, 1H), 2.72 – 2.60 (m, 2H), 2.31 (dt, J = 19.3, 9.5 Hz, 1H), 2.26 – 2.18 (m, 

1H), 2.15 – 2.07 (m, 2H), 1.94 – 1.79 (m, 2H), 1.14 (s, 12H); 13C NMR (126 MHz, CDCl3) δ 218.7, 

137.0, 133.0, 132.0, 128.4, 128.4, 128.4, 127.2, 126.3, 123.0, 88.5, 86.8, 85.1, 83.7, 63.5, 44.6, 36.5, 

36.3, 34.2, 29.5, 24.9, 24.7; HRMS (ESI) calcd for C29H33O4BBr [M+H]+: 535.1650; found: 535.1641; 

[α]20
D = -25.66° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 

250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 255  nm, Flow rate = 1 mL/min, 

Retention times: 34.398 min (major), 20.409 min (minor). 
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(3aR,4S,5S,6aS)-6a-(3,5-Dimethoxy-4-methylbenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2s): 

 

Prepared according to the general procedure as described above in 65% yield (103 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a brown semi solid; 1H NMR (500 

MHz, CDCl3) δ 7.45 – 7.39 (m, 2H), 7.25 – 7.20 (m, 3H), 6.83 (d, J = 8.5 Hz, 1H), 6.55 (d, J = 8.5 Hz, 

1H), 3.78 (s, 3H), 3.76 (s, 3H), 2.99 (d, J = 13.7 Hz, 1H), 2.79 (d, J = 13.7 Hz, 1H), 2.57 (d, J = 12.2 

Hz, 1H), 2.22 – 2.14 (m, 2H), 2.14 – 2.01 (m, 3H), 2.13 (s, 3H), 1.94 – 1.89 (m, 1H), 1.81 – 1.72 (m, 

1H), 1.22 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 223.0, 158.0, 156.3, 132.0, 129.5, 128.1, 127.7, 

123.9, 121.4, 119.7, 106.8, 88.9, 87.7, 83.5, 83.1, 75.1, 64.9, 61.2, 55.7, 44.9, 36.8, 36.7, 33.4, 30.0, 

25.0, 24.9, 24.7, 9.4; HRMS (ESI) calcd for C32H40O6B [M+H]+: 531.2912; found: 531.2902; [α]20
D = 

-139.76° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 
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mm 5µ column; hexane/2-propanol = 90/10, detected at 260  nm, Flow rate = 1 mL/min, Retention 

times: 15.693 min (major), 6.367 min (minor). 
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(3aR,4S,5S,6aS)-6a-(2,6-Dimethoxybenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2t): 

 

Prepared according to the general procedure as described above in 69% yield (107 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a white solid; mp = 210–212°C; 

1H NMR (400 MHz, CDCl3) δ 7.47 – 7.42 (m, 2H), 7.31 – 7.27 (m, 3H), 6.77 (dt, J = 8.9, 5.9 Hz, 2H), 

6.69 (d, J = 2.8 Hz, 1H), 3.81 (s, 3H), 3.75 (s, 3H), 3.18 (d, J = 13.6 Hz, 1H), 2.76 (d, J = 13.6 Hz, 

1H), 2.70 – 2.57 (m, 1H), 2.34 – 2.12 (m, 3H), 2.09 – 1.98 (m, 3H), 1.61 (ddd, J = 14.1, 10.0, 5.9 Hz, 

1H), 1.24 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 220.8, 153.8, 151.0, 132.0, 128.2, 127.9, 126.6, 

123.7, 117.9, 113.0, 111.9, 87.9, 87.7, 83.7, 83.6, 64.5, 56.3, 55.8, 44.7, 36.4, 35.7, 32.7, 29.8, 24.9, 

24.7; HRMS (ESI) calcd for C31H38O6B [M+H]+: 517.2756; found: 517.2744; [α]20
D = -140.51° (c 1.0, 

CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; 

hexane/2-propanol = 93/07, detected at 240 nm, Flow rate = 1 mL/min, Retention times: 24.115 min 

(major), 27.732 min (minor). 
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(3aR,4S,5S,6aS)-6a-(2,6-Dichlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2u): 

 

Prepared according to the general procedure as described above in 78% yield (123 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a light white solid; mp = 172–

174°C; 1H NMR (500 MHz, CDCl3) δ 7.42 (dd, J = 6.6, 3.0 Hz, 2H), 7.30 (dd, J = 5.0, 1.7 Hz, 3H), 

7.25 (br.s, 2H), 7.07 (t, J = 8.0 Hz, 1H), 3.47 (d, J = 14.4 Hz, 1H), 3.31 (d, J = 14.4 Hz, 1H), 2.89 – 

2.81 (m, 1H), 2.75 (d, J = 11.9 Hz, 1H), 2.65 (dd, J = 13.7, 10.2 Hz, 1H), 2.43 – 2.29 (m, 3H), 1.96 

(dd, J = 21.8, 10.0 Hz, 1H), 1.80 (dd, J = 13.7, 9.8 Hz, 1H), 1.19 (s, 6H), 1.19 (s, 6H); 13C NMR (126 

MHz, CDCl3) δ 218.6, 136.7, 134.1, 132.0, 128.6, 128.5, 128.4, 128.3, 123.0, 89.0, 86.9, 85.3, 83.7, 

63.8, 44.2, 36.3, 33.8, 32.0, 29.9, 24.8, 24.8; HRMS (ESI) calcd for C29H32O4BCl2 [M+H]+: 525.1765; 

found:525.1752; [α]20
D = -89.33° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; 



S-67 
 

Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 257  nm, Flow 

rate = 1 mL/min, Retention times: 13.985 min (major), 15.762 min (minor). 
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(3aR,4S,5S,6aS)-6a-(2,3-Dichlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2v): 

 

Prepared according to the general procedure as described above in 72% yield (113 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 178–180°C; 

1H NMR (500 MHz, CDCl3) δ 7.38 – 7.33 (m, 2H), 7.27 – 7.22 (m, 4H), 7.17 (dd, J = 7.7, 1.4 Hz, 

1H), 7.02 (t, J = 7.8 Hz, 1H), 3.20 (d, J = 14.2 Hz, 1H), 3.08 (d, J = 14.2 Hz, 1H), 2.66 (d, J = 11.7 

Hz, 1H), 2.62 (ddd, J = 12.7, 10.8, 2.7 Hz, 1H), 2.32 (dt, J = 19.3, 9.5 Hz, 1H), 2.26 – 2.19 (m, 1H), 

2.13 – 2.03 (m, 2H), 1.92 – 1.77 (m, 2H), 1.14 (d, J = 1.5 Hz, 12H); 13C NMR (101 MHz, CDCl3) δ 

218.4, 137.7, 133.5, 133.2, 131.9, 130.2, 129.0, 128.4, 126.8, 122.9, 88.4, 86.6, 85.1, 83.7, 63.3, 44.5, 

36.0, 34.9, 34.1, 29.5, 24.8, 24.7; HRMS (ESI) calcd for C29H32O4BCl2 [M+H]+: 525.1765; found: 

525.1753; [α]20
D = -63.90° (c 2.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 92/08, detected at 242  nm, Flow rate = 

1 mL/min, Retention times: 22.966 min (major), 12.677 min (minor). 
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(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(naphthalen-1-ylmethyl)-4-(phenylethynyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2w): 

 

Prepared according to the general procedure as described above in 78% yield (118 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a white solid; mp = 186–188°C; 

1H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 8.5 Hz, 1H), 7.81 (d, J = 7.9 Hz, 1H), 7.72 (d, J = 8.2 Hz, 

1H), 7.51 (d, J = 6.6 Hz, 1H), 7.46 (ddd, J = 12.2, 8.0, 1.3 Hz, 2H), 7.43 – 7.40 (m, 2H), 7.37 (dd, J = 

8.0, 7.3 Hz, 1H), 7.32 – 7.28 (m, 3H), 3.51 (dd, J = 34.6, 14.2 Hz, 2H), 2.68 (d, J = 12.1 Hz, 1H), 2.25 
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(dd, J = 19.4, 9.5 Hz, 1H), 2.16 – 2.01 (m, 4H), 1.99 – 1.89 (m, 1H), 1.72 (ddd, J = 14.2, 11.7, 9.5 Hz, 

1H), 1.21 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 220.6, 133.9, 133.7, 132.8, 131.9, 129.1, 128.7, 

128.4, 128.4, 127.6, 125.8, 125.5, 125.2, 124.8, 123.0, 88.0, 86.9, 85.0, 83.7, 64.3, 45.5, 36.5, 35.4, 

33.5, 29.6, 24.9, 24.7; HRMS (ESI) calcd for C33H36O4B [M+H]+: 507.2706; found: 507.2701; [α]20
D 

= -79.66° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 

mm 5µ column; hexane/2-propanol = 94/06, detected at 254  nm, Flow rate = 1 mL/min, Retention 

times: 21.151 min (major), 10.571 min (minor). 
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(3aR,4S,5S,6aS)-3a-Hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

6a-(thiophen-2-ylmethyl)hexahydropentalen-1(2H)-one (2x): 

 

Prepared according to the general procedure as described above in 72% yield (100 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 146–148°C; 

1H NMR (500 MHz, CDCl3) δ 7.42 (dd, J = 6.6, 3.1 Hz, 2H), 7.30 (dd, J = 5.1, 1.9 Hz, 3H), 7.11 (dd, 

J = 4.7, 1.6 Hz, 1H), 6.89 – 6.85 (m, 2H), 3.26 (q, J = 14.4 Hz, 2H), 2.76 (d, J = 11.1 Hz, 1H), 2.40 – 

2.30 (m, 1H), 2.25 (dd, J = 10.3, 2.1 Hz, 1H), 2.23 – 2.12 (m, 2H), 1.98 (d, J = 8.4 Hz, 1H), 1.96 – 

1.90 (m, 1H), 1.65 (dt, J = 13.0, 10.4 Hz, 1H), 1.23 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 221.9, 

139.4, 131.9, 128.4, 128.4, 127.9, 126.6, 124.4, 123.0, 88.0, 86.6, 85.1, 83.7, 64.0, 46.3, 37.4, 37.0, 

33.3, 30.4, 24.9, 24.7; HRMS (ESI) calcd for C27H32O4BS [M+H]+: 463.2109; found: 463.2098; [α]20
D 

= -112.25° (c 2.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 

250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 261  nm, Flow rate = 1 mL/min, 

Retention times: 49.301 min (major), 9.361 min (minor). 
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(1S,2S,3aR,7aR)-7a-hydroxy-3a-methyl-1-(phenylethynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)octahydro-4H-inden-4-one (2y): 

 

Prepared according to the general procedure as described above in 77% yield (91 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 133–135°C; 

1H NMR (500 MHz, CDCl3) δ 7.43 – 7.37 (m, 2H), 7.31 – 7.26 (m, 3H), 2.89 (d, J = 10.0 Hz, 1H), 

2.62 – 2.48 (m, 2H), 2.33 – 2.23 (m, 1H), 2.11 (br.s, 1H), 2.06 (dt, J = 14.3, 3.6 Hz, 1H), 2.01 – 1.87 

(m, 2H), 1.82 – 1.70 (m, 2H), 1.64 (ddt, J = 13.4, 9.8, 4.7 Hz, 1H), 1.32 – 1.22 (m, 15H); 13C NMR 

(126 MHz, CDCl3) δ 212.6, 131.9, 128.4, 128.2, 123.3, 88.3, 84.6, 83.8, 83.7, 60,5 41.1, 36.9, 32.8, 

31.1, 25.0, 24.7, 20.2, 19.5; HRMS (ESI) calcd for C24H32O4B [M+H]+: 395.2388; found: 395.2418; 
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[α]25
D = 57.80° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 99:01 er; Daicel Chiralpak IA 

250X4.6 mm 5µ column; hexane/2-propanol = 95/05, detected at 254 nm, Flow rate = 1 mL/min, 

Retention times: 19.094 min (major), 13.211 min (minor). 
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(1S,2S,3aR,7aR)-7a-Hydroxy-3a-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-(p-

tolylethynyl)octahydro-4H-inden-4-one (2z): 

 

Prepared according to the general procedure as described above in 73% yield (89 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 172–174°C; 

1H NMR (400 MHz, CDCl3) δ 7.29 (dt, J = 8.1, 1.9 Hz, 2H), 7.09 (d, J = 7.9 Hz, 2H), 2.88 (d, J = 9.9 

Hz, 1H), 2.55 (ddd, J = 18.9, 10.2, 5.4 Hz, 2H), 2.33 (s, 3H), 2.31 – 2.25 (m, 1H), 2.06 (dd, J = 14.5, 

4.3 Hz, 1H), 2.00 – 1.88 (m, 2H), 1.76 (dt, J = 9.3, 8.5 Hz, 2H), 1.71 – 1.62 (m, 2H), 1.31 – 1.22 (m, 

15H); 13C NMR (126 MHz, CDCl3) δ 212.7, 138.3, 131.8, 129.1, 120.2, 87.5, 84.7, 83.7, 83.6, 60.5, 

41.1, 36.9, 32.8, 31.1, 25.0, 24.7, 21.6, 20.2, 19.5; HRMS (ESI) calcd for C25H34BO4 [M+H]+: 

409.2545; found: 409.2579; [α]25
D = +52.80° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 

97:3 er; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 94/06, detected at 230  

nm, Flow rate = 1 mL/min, Retention times: 33.312 min (major), 17.300 min (minor). 
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(1S,2S,3aR,7aR)-7a-Hydroxy-1-((4-methoxyphenyl)ethynyl)-3a-methyl-2-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)octahydro-4H-inden-4-one (2aa): 

 

Prepared according to the general procedure as described above in 78% yield (99 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a white solid; mp = 154–156°C;  

1H NMR (300 MHz, CDCl3) δ 7.33 (dt, J = 8.9, 2.1 Hz, 2H), 6.81 (dt, J = 8.9, 2.1 Hz, 2H), 3.79 (s, 

3H), 2.87 (d, J = 9.8 Hz, 1H), 2.61 – 2.46 (m, 2H), 2.34 – 2.17 (m, 2H), 2.11 – 1.93 (m, 2H), 1.89 

(ddd, J = 11.1, 7.0, 4.3 Hz, 1H), 1.84 – 1.70 (m, 2H), 1.68 – 1.59 (m, 1H), 1.31 – 1.22 (m, 15H); 13C 

NMR (101 MHz, CDCl3) δ 212.7, 159.5, 133.3, 115.4, 114.0, 86.7, 84.4, 83.7, 83.6, 60.5, 55.4, 41.1, 

36.9, 32.8, 31.1, 25.0, 24.7, 20.2, 19.5; HRMS (ESI) calcd for C25H34BO5 [M+H]+: 425.2499; found: 

425.2533; [α]25
D = +65.80° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99.9:0.1 er; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 92/08, detected at 254  nm, Flow rate = 

1 mL/min, Retention times: 37.463 min (major), 23.103 min (minor). 
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(1S,2S,3aS,7aR)-3a-Benzyl-7a-hydroxy-1-(phenylethynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)octahydro-4H-inden-4-one (2ab):  

 

Prepared according to the general procedure as described above in 72% yield (102 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 175–177°C;  

1H NMR (500 MHz, CDCl3) δ 7.41 (ddd, J = 6.5, 5.1, 3.3 Hz, 2H), 7.33 – 7.27 (m, 3H), 7.23 – 7.14 

(m, 3H), 7.07 – 7.02 (m, 2H), 3.24 – 3.14 (m, 2H), 2.91 (d, J = 10.6 Hz, 1H), 2.70 (td, J = 13.9, 6.8 

Hz, 1H), 2.40 – 2.29 (m, 2H), 2.12 (dd, J = 10.4, 4.0 Hz, 2H), 2.06 – 1.93 (m, 2H), 1.78 – 1.58 (m, 

3H), 1.24 (s, 6H), 1.23 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 210.5, 137.6, 131.9, 129.6, 128.4, 

128.3, 128.2, 126.6, 123.3, 88.1, 84.7, 84.7, 83.7, 65.8, 40.8, 39.5, 38.2, 30.8, 24.9, 24.8, 20.7; HRMS 

(ESI) calcd for C30H36O4B [M+H]+: 471.2701; found: 471.2731; [α]25
D = +74.60° (c 1.0, CHCl3); 

Chiral HPLC analysis of the product: 97:3 er; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-

propanol = 95/05, detected at 230 nm, Flow rate = 1 mL/min, Retention times: 26.753 min (major), 

20.274 min (minor). 
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(1S,2S,3aS,7aR)-3a-(4-Chlorobenzyl)-7a-hydroxy-1-(phenylethynyl)-2-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)octahydro-4H-inden-4-one (2ac): 

 

Prepared according to the general procedure as described above in 75% yield (113 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a white solid; mp = 193–195°C; 

1H NMR (500 MHz, CDCl3) δ 7.45 – 7.37 (m, 2H), 7.33 – 7.28 (m, 3H), 7.17 (dt, J = 8.4, 1.7 Hz, 2H), 

6.97 (dt, J = 8.4, 1.7 Hz, 2H), 3.15 (s, 2H), 2.91 (d, J = 10.6 Hz, 1H), 2.64 (td, J = 13.9, 6.8 Hz, 1H), 

2.33 (dd, J = 12.6, 5.6 Hz, 3H), 2.18 – 2.03 (m, 2H), 2.03 – 1.91 (m, 2H), 1.81 – 1.62 (m, 2H), 1.25 

(s, 6H), 1.24 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 210.4, 136.1, 132.5, 131.9, 130.9, 128.5, 128.4, 

128.3, 123.2, 87.9, 84.7, 84.6, 83.7, 65.6, 40.8, 38.8, 38.2, 30.9, 30.8, 24.9, 24.8, 20.6; HRMS (ESI) 
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calcd for C30H35O4BCl [M+H]+: 505.2316; found: 505.2345; [α]25
D = +105.09° (c 1.0, CHCl3); Chiral 

HPLC analysis of the product: 99:1 er; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-

propanol = 96/4, detected at 225  nm, Flow rate = 1 mL/min, Retention times: 30.770 min (major), 

27.896 min (minor). 
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(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(p-

tolylethynyl)hexahydropentalen-1(2H)-one (2ae): 

 

Prepared according to the general procedure as described above in 54% yield (64 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a white solid; mp = 149–151°C; 

1H NMR (500 MHz, CDCl3) δ 7.30 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H), 2.85 (d, J = 10.2 Hz, 

1H), 2.57 – 2.38 (m, 3H), 2.34 (s, 3H), 2.24 (ddd, J = 12.9, 9.0, 3.5 Hz, 1H), 1.99 (dt, J = 13.2, 9.9 Hz, 

1H), 1.90 (qd, J = 10.2, 5.5 Hz, 1H), 1.80 (dd, J = 18.1, 14.4 Hz, 1H), 1.27 – 1.17 (m, 12H), 1.12 (d, 

J = 17.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 221.3, 138.5, 131.8, 129.2, 119.9, 87.8, 86.4, 85.4, 

83.7, 59.3, 45.0, 37.1, 35.8, 30.5, 24.9, 24.7, 21.6, 17.0;  HRMS (ESI) calcd for C24H32BO4 [M+H]+: 

395.2393; found: 395.2399; [α]20
D = -57.80° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 

>99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 210  

nm, Flow rate = 1 mL/min, Retention times: 8.402 min (major), 12.952 min (minor). 
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(3aR,4S,5S,6aR)-4-((4-Ethylphenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2af): 

 

Prepared according to the general procedure as described above in 45% yield (55 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.3) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.33 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.2 Hz, 2H), 2.86 (d, J = 10.5 Hz, 1H), 2.64 (q, 

J = 7.6 Hz, 2H), 2.52 (ddd, J = 19.5, 10.2, 3.9 Hz, 1H), 2.50 – 2.37 (m, 1H), 2.23 (ddd, J = 12.8, 8.8, 

3.8 Hz, 1H), 2.06 – 1.91 (m, 1H), 1.92 – 1.78 (m, 3H), 1.23 (s, 12H), 1.22 (t, J = 7.6 Hz, 3H), 1.14 (s, 

3H); 13C NMR (101 MHz, CDCl3) δ 221.3, 144.8, 131.9, 128.0, 120.1, 87.8, 86.4, 85.4, 83.7, 59.3, 
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44.9, 37.1, 35.8, 30.4, 28.9, 24.9, 24.7, 17.0, 15.5; HRMS (ESI) calcd for C25H34BO4 [M+H]+: 

409.2550; found: 409.2563; [α]20
D = -9.50° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% 

ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 254  nm, 

Flow rate = 1 mL/min, Retention times: 8.259 min (major),  12.197 min (minor). 
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(3aR,4S,5S,6aR)-4-((4-Butylphenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ag): 

 

Prepared according to the general procedure as described above in 44% yield (58 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.32 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 2.86 (d, J = 10.5 Hz, 1H), 2.63 – 

2.56 (m, 2H), 2.50 (dd, J = 10.2, 3.9 Hz, 1H), 2.42 (dd, J = 19.4, 9.2 Hz, 1H), 2.23 (ddd, J = 12.8, 8.8, 

3.8 Hz, 1H), 2.05 – 1.97 (m, 1H), 1.96 – 1.85 (m, 2H), 1.84 – 1.78 (m, 1H), 1.58 (ddd, J = 15.4, 11.0, 

7.5 Hz, 2H), 1.40 – 1.30 (m, 2H), 1.23 (s, 12H), 1.14 (s, 3H), 0.91 (t, J = 7.3 Hz, 3H); 13C NMR (101 

MHz, CDCl3) δ 221.3, 143.5, 131.8, 128.5, 120.1, 87.8, 86.4, 85.4, 83.7, 59.3, 45.0, 37.1, 35.8, 35.7, 

33.5, 30.5, 24.9, 24.7, 22.4, 17.0, 14.1; HRMS (ESI) calcd for C27H38O4B [M+H]+: 437.2863; found: 

437.2847; [α]20
D = -111.51° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 95/05, detected at 254  nm, Flow rate = 

1 mL/min, Retention times: 35.813 min (major), 16.101 min (minor). 
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(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-4-((4-pentylphenyl)ethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ah): 

 

Prepared according to the general procedure as described above in 47% yield (63 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.32 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 2.86 (d, J = 10.5 Hz, 1H), 2.63 – 

2.56 (m, 2H), 2.54 – 2.37 (m, 2H), 2.26 – 2.18 (m, 1H), 2.05 – 1.95 (m, 2H), 1.92 – 1.77 (m, 4H), 1.59 

(dt, J = 15.0, 7.5 Hz, 2H), 1.31 (dd, J = 6.6, 3.5 Hz, 2H), 1.23 (s, 12H), 1.14 (s, 3H), 0.88 (t, J = 6.9 

Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 221.3, 143.6, 131.8, 128.6, 120.1, 87.8, 86.4, 85.4, 83.7, 59.4, 
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45.0, 37.1, 36.0, 35.9, 31.6, 31.1, 30.5, 29.8, 24.9, 24.7, 22.6, 17.0, 14.1; HRMS (ESI) calcd for 

C28H40BO4 [M+H]+: 451.3019; found: 451.2986; [α]20
D = -44.50° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

96/04, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 49.485 min (major), 19.928 min 

(minor). 
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(3aR,4S,5S,6aR)-4-((4-(tert-Butyl)phenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ai): 

 

Prepared according to the general procedure as described above in 51% yield (67 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a white solid; mp = 140–142°C; 

1H 1H NMR (300 MHz, CDCl3) δ 7.57 – 7.20 (m, 4H), 2.86 (d, J = 10.3 Hz, 1H), 2.60 – 2.35 (m, 2H), 

2.23 (ddd, J = 12.8, 8.5, 4.1 Hz, 1H), 2.08 – 1.91 (m, 2H), 1.91 – 1.77 (m, 2H), 1.30 (s, 9H), 1.23 (s, 

12H), 1.14 (s, 3H).; 13C NMR (126 MHz, CDCl3) δ 221.3, 151.7, 131.6, 125.4, 120.0, 87.8, 86.5, 85.3, 

83.7, 59.3, 45.0, 37.1, 35.8, 34.9, 31.3, 30.5, 24.9, 24.7, 17.0;  HRMS (ESI) calcd for C27H38BO4 

[M+H]+: 437.2863; found: 437.2870; [α]20
D = -49.40° (c 1.0, CHCl3); Chiral HPLC analysis of the 

product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected 

at 230  nm, Flow rate = 1 mL/min, Retention times: 12.565 min (major), 11.784 min (minor). 
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(3aR,4S,5S,6aR)-3a-Hydroxy-4-((4-methoxyphenyl)ethynyl)-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2aj): 

 

Prepared according to the general procedure as described above in 36% yield (44 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a white solid; mp = 121–123°C; 

1H NMR (500 MHz, CDCl3) δ 7.35 (d, J = 8.8 Hz, 2H), 6.83 (d, J = 8.8 Hz, 2H), 3.80 (s, 3H), 2.85 (d, 

J = 10.5 Hz, 1H), 2.52 (ddd, J = 19.3, 10.0, 3.6 Hz, 1H), 2.47 – 2.38 (m, 1H), 2.23 (ddd, J = 12.9, 9.0, 

3.6 Hz, 1H), 1.99 (dt, J = 13.2, 9.9 Hz, 1H), 1.94 – 1.86 (m, 2H), 1.84 – 1.76 (m, 1H), 1.23 (s, 12H), 

1.14 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 221.3, 159.7, 133.3, 115.1, 114.0, 87.8, 85.6, 85.2, 83.7, 

59.3, 55.4, 45.0, 37.1, 35.8, 30.5, 24.9, 24.7, 17.0;  HRMS (ESI) calcd for C24H32BO5 [M+H]+: 
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411.2342; found: 411.2351; [α]20
D = -47.00° (c 1.0, CHCl3);  HPLC analysis of the product: 98% ee; 

Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 97/03, detected at 240  nm, Flow 

rate = 1 mL/min, Retention times: 18.854 min (major), 31.411 min (minor). 
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(3aR,4S,5S,6aR)-4-((4-Fluorophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ak): 

 

Prepared according to the general procedure as described above in 48% yield (57 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.53 – 7.34 (m, 2H), 6.99 (t, J = 8.7 Hz, 2H), 2.83 (d, J = 10.6 Hz, 1H), 2.52 – 2.46 

(m, 1H), 2.42 (dd, J = 19.3, 9.3 Hz, 1H), 2.23 (ddd, J = 12.8, 8.9, 3.7 Hz, 1H), 2.04 – 1.97 (m, 1H), 

1.96 – 1.85 (m, 2H), 1.81 (dt, J = 7.2, 3.1 Hz, 1H), 1.23 (s, 12H), 1.13 (s, 3H); 13C NMR (101 MHz, 

CDCl3) δ 221.1, 162.5 (d, JCF = 249.3 Hz), 133.7 (d, JCF = 8.3 Hz), 119.0 (d, JCF = 3.2 Hz), 115.7 (d, 

JCF = 22.1 Hz), 87.9, 87.0, 84.1, 83.8, 59.4, 44.8, 37.1, 35.8, 30.4, 24.9, 24.7, 17.0; 19F NMR (471 

MHz, CDCl3) δ -111.0; HRMS (ESI) calcd for C23H29O4BF [M+H]+: 399.2137; found: 399.2128; 

[α]20
D = -140.21° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 98% ee; Daicel Chiralpak IA 

250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 254  nm, Flow rate = 1 mL/min, 

Retention times: 9.887 min (major), 8.963 min (minor). 
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 (3aR,4S,5S,6aR)-4-((4-Bromophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2al): 

 

Prepared according to the general procedure as described above in 53% yield (73 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a brown solid; mp 126–128°C; 1H 

NMR (300 MHz, CDCl3) δ 7.43 (d, J = 8.6 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 2.83 (d, J = 10.5 Hz, 

1H), 2.60 – 2.42 (m, 2H), 2.36 (t, J = 10.1 Hz, 1H), 2.23 (ddd, J = 17.0, 8.5, 4.3 Hz, 1H), 2.07 – 1.95 

(m, 1H), 1.94 – 1.86 (m, 1H), 1.86 – 1.76 (m, 1H), 1.23 (s, 12H), 1.13 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 221.0, 133.3, 131.7, 122.6, 122.0, 88.6, 87.9, 84.1, 83.8, 59.4, 44.9, 37.1, 35.8, 30.4, 24.9, 

24.7, 17.0; HRMS (ESI) calcd for C23H29BBrO4 [M+H]+: 459.1342; found: 459.1364; [α]20
D = -72.20° 

(c 1.0, CHCl3); Chiral HPLC analysis of the product: 98% ee; Daicel Chiralpak IA 250X4.6 mm 5µ 

column; hexane/2-propanol = 97/03, detected at 230  nm, Flow rate = 1 mL/min, Retention times: 

14.317 min (major), 24.671 min (minor). 
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(3aR,4S,5S,6aR)-4-((3-Fluorophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2am): 

 

Prepared according to the general procedure as described above in 49% yield (59 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.30 – 7.23 (m, 1H), 7.19 (dt, J = 7.7, 1.2 Hz, 1H), 7.10 (ddd, J = 9.4, 2.5, 1.4 Hz, 

1H), 7.02 (tdd, J = 8.5, 2.6, 1.1 Hz, 1H), 2.85 (d, J = 10.7 Hz, 1H), 2.54 (ddd, J = 19.4, 10.1, 3.7 Hz, 

1H), 2.49 – 2.38 (m, 1H), 2.34 (s, 1H), 2.24 (ddd, J = 12.8, 8.9, 3.7 Hz, 1H), 2.06 – 1.95 (m, 1H), 1.94 

– 1.86 (m, 2H), 1.82 (dt, J = 7.3, 3.1 Hz, 1H), 1.24 (s, 12H), 1.14 (s, 3H); 13C NMR (101 MHz, CDCl3) 

δ 221.0, 162.5 (d, JCF = 246.6 Hz), 130.0 (d, JCF = 8.7 Hz), 127.8 (d, JCF = 2.3 Hz), 124.9 (d, JCF = 9.5 

Hz), 118.7 (d, JCF = 22.7 Hz), 115.7 (d, JCF = 21.0 Hz), 88.5, 87.9, 84.0, 83.8, 59.4, 44.8, 37.1, 35.8, 

30.4, 24.9, 24.7, 17.0; 19F NMR (377 MHz, CDCl3) δ -112.9; HRMS (ESI) calcd for C23H29O4BF 

[M+H]+: 399.2137; found: 399.2125; [α]20
D = -105.50° (c 1.0, CHCl3);  Chiral HPLC analysis of the 

product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 97/03, detected 

at 254  nm, Flow rate = 1 mL/min, Retention times: 15.316 min (major), 17.984 min (minor). 
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(3aR,4S,5S,6aR)-4-((3-Chlorophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2an): 

 

Prepared according to the general procedure as described above in 51% yield (63 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a white solid; mp = 158–160°C; 

1H NMR (400 MHz, CDCl3) δ 7.40 (t, J = 1.6 Hz, 1H), 7.30 – 7.27 (m, 2H), 7.25 – 7.20 (m, 1H), 2.84 

(d, J = 10.7 Hz, 1H), 2.53 (ddd, J = 19.4, 10.1, 3.6 Hz, 1H), 2.42 (dd, J = 19.4, 9.3 Hz, 1H), 2.35 (br.s, 

1H), 2.23 (ddd, J = 12.8, 8.9, 3.7 Hz, 1H), 2.05 – 1.95 (m, 1H), 1.93 – 1.86 (m, 2H), 1.81 (dt, J = 7.5, 

3.4 Hz, 1H), 1.23 (s, 12H), 1.13 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 221.0, 134.2, 131.8, 130.0, 

129.7, 128.6, 124.7, 88.8, 87.9, 83.8, 59.4, 44.8, 37.1, 35.8, 30.4, 24.9, 24.7, 17.0; HRMS (ESI) calcd 

for C23H29O4BCl [M+H]+: 415.1842; found: 415.1831; [α]20
D = -92.71° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

98/02, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 46.633 min (major), 35.691 min 

(minor). 
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(3aR,4S,5S,6aR)-4-((2-Bromophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ao): 

 

Prepared according to the general procedure as described above in 54% yield (74 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford a brown semi solid; 1H NMR (300 

MHz, CDCl3) δ 7.57 (dd, J = 7.9, 1.2 Hz, 1H), 7.44 (dd, J = 7.6, 1.7 Hz, 1H), 7.29 – 7.21 (m, 1H), 

7.16 (td, J = 7.7, 1.8 Hz, 1H), 2.90 (d, J = 10.6 Hz, 1H), 2.76 (s, 1H), 2.48 (ddd, J = 26.1, 14.7, 7.2 Hz, 

2H), 2.28 (ddd, J = 12.9, 8.6, 4.0 Hz, 1H), 2.12 – 1.97 (m, 2H), 1.98 – 1.81 (m, 2H), 1.25 (s, 12H), 

1.16 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 221.1, 133.4, 132.4, 129.5, 127.2, 125.9, 125.2, 92.8, 

88.3, 83.8, 83.7, 59.4, 44.9, 37.1, 35.9, 30.5, 24.9, 24.8, 17.0;  HRMS (ESI) calcd for C23H29BBrO4 

[M+H]+: 459.1363; found: 458.1359; [α]20
D = -24.60° (c 1.0, CHCl3); Chiral HPLC analysis of the 

product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 96/04, detected 

at 240  nm, Flow rate = 1 mL/min, Retention times: 27.941 min (major), 16.177 min (minor). 
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(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-4-(phenanthren-9-ylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ap): 

 

Prepared according to the general procedure as described above in 43% yield (62 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 8.73 – 8.62 (m, 2H), 8.48 – 8.41 (m, 1H), 7.98 (s, 1H), 7.84 (dd, J = 7.8, 1.3 Hz, 1H), 

7.73 – 7.64 (m, 3H), 7.63 – 7.57 (m, 1H), 3.03 (d, J = 11.3 Hz, 1H), 2.64 – 2.45 (m, 2H), 2.38 (ddd, J 

= 12.3, 8.7, 3.5 Hz, 1H), 2.15 – 2.03 (m, 2H), 1.99 (d, J = 10.6 Hz, 1H), 1.88 (dd, J = 13.0, 9.1 Hz, 

1H), 1.27 (s, 6H), 1.26 (s, 6H), 1.20 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 221.3, 132.1, 131.4, 131.2, 

130.4, 130.2, 128.6, 127.6, 127.2, 127.2, 127.1, 127.0, 122.9, 122.8, 119.4, 91.9, 88.1, 83.8, 83.3, 59.4, 

45.3, 37.2, 35.9, 30.5, 25.0, 24.8, 17.2;  HRMS (ESI) calcd for C31H34BO4 [M+H]+: 481.2550; found: 

481.2581; [α]20
D = +7.50° (c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 96/04, detected at 280  nm, Flow rate = 

1 mL/min, Retention times: 32.995 min (major), 39.287 min (minor). 
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(3aR,4S,5S,6aR)-4-(Cyclohex-1-en-1-ylethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2aq): 

 

Prepared according to the general procedure as described above in 58% yield (67 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.3) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 6.09 – 6.04 (m, 1H), 2.75 (d, J = 10.3 Hz, 1H), 2.54 – 2.33 (m, 2H), 2.16 (ddd, J = 

12.9, 8.9, 3.8 Hz, 1H), 2.12 – 2.04 (m, 3H), 1.99 – 1.86 (m, 2H), 1.87 – 1.72 (m, 3H), 1.66 – 1.54 (m, 

4H), 1.22 (s, 12H), 1.11 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 221.5, 134.9, 120.4, 87.5, 87.3, 84.1, 

83.7, 59.2, 44.9, 37.1, 35.8, 30.4, 29.6, 25.7, 24.9, 24.7, 22.4, 21.6, 17.0; HRMS (ESI) calcd for 

C23H34BO4 [M+H]+: 385.2504; found: 385.2513; [α]20
D = -15.50° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

97.5/2.5, detected at 240  nm, Flow rate = 1 mL/min, Retention times: 24.867 min (major), 12.029 min 

(minor). 
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 (2S,3aS,8aS)-3a-Hydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-2,3,3a,8a-tetrahydrocyclopenta[a]inden-8(1H)-one (4a): 

 

Prepared according to the general procedure as described above in 71% yield (110 mg). It was purified 

by flash chromatography (40% EtOAc/hexanes; Rf = 0.6) to afford inseparable mixture of 

diastereomers as a white solid in 71% yield (110 mg; combined yield); mp = 177–179°C;  1H NMR 

(300 MHz, CDCl3) δ 7.76 – 7.65 (m, 1.4H), 7.64 – 7.56 (m, 1.6H), 7.50 – 7.38 (m, 2.6H), 7.38 – 7.27 

(m, 3.4H), 7.17 (d, J = 8.0 Hz, 0.4H), 7.07 (d, J = 8.0 Hz, 1.6H), 6.95 (d, J = 7.9 Hz, 2H), 3.46 (d, J = 

6.1 Hz, 0.4H), 3.18 – 3.00 (m, 2H), 2.99 – 2.92 (m, 0.6H), 2.45 – 2.28 (m, 0.4H), 2.22 (s, 3H), 2.20 – 

2.06 (m, 2.6H), 1.17 (s, 2.4H), 1.15 (s, 4.8H), 1.12 (s, 4.8H); 13C NMR (75 MHz, CDCl3) δ 208.9, 

207.6, 155.0, 135.8, 135.3, 134.7, 134.3, 131.9, 131.0, 130.8, 129.6, 129.4, 128.7, 128.6, 128.5, 128.3, 

125.0, 123.7, 123.5, 122.9, 122.8, 87.9, 87.1, 86.7, 86.3, 86.1, 83.8, 83.7, 66.9, 64.1, 48.9, 47.4, 39.5, 

38.4, 36.1, 34.7, 25.1, 24.8, 24.7, 21.1; HRMS (ESI) calcd for C34H36O4B [M+H]+: 519.26858; found: 

519.27012; [α]20D = -142.19° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 4a/4a': >99 ee (for 

both isomers); Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 
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254 nm, Flow rate = 1 mL/min, Retention times: 12.579 min (major), 31.804 min (major), 15.505 min 

(minor), 20.485 min (minor). 
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Synthesis of anti-5a/syn-5a:5 

 

To a solution of 4a (78 mg, 0.15 mmol, 1 equiv) in H2O (3 mL) was added NaBO3·H2O (75 mg, 0.75 

mmol) in one portion. the resulting mixture was stirred vigorously at room temperature for 0.5 h  under 

open air. The reaction mixture was quenched with saturated NH4Cl solution (10 mL), extracted with 

EtOAc (3 × 15 mL) and dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. It was 

purified by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a white solid of 5a in 56% 

yield and 5a’ in 35 % yield [Note: Other analytical data of anti-5a and syn-5a matched from one-pot 

synthesis (see the next section)]. 

 

(2S,3R,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5a): [α]20D = -155.93° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

93/07, detected at 210 nm, Flow rate = 1 mL/min, Retention times: 31.955 min (major). 
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(2S,3S,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (syn-5a): [α]20D = -167.01° (c 1.0, CHCl3); Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

93/07, detected at 254 nm, Flow rate = 1 mL/min, Retention times: 22.774 min (minor), 30.732 min 

(minor). 
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IIIf. General procedure for one-pot borylative cyclization/oxidation:5 

 

A solution of Cu(CH3CN)4PF6 (2.8 mg, 2.5 mol %) and (S,S)-BPE (7.6 mg, 5 mol%), in dry THF (3 

mL, 0.1 M) was stirred for 20 min at room temperature under nitrogen atmosphere at -78 oC 

temperature in precooled julabo instrument bath. A solution of 3 (0.3 mmol) in dry THF (1.0 mL) was 

added via syringe into the reaction mixture then B2(pin)2 (91 mg, 0.36 mmol) and t-BuOH (57 μl, 0.6 

mmol) was added sequentially followed by addition of LiOtBu (54 μl, 0.6 mmol, 1 M in THF) and 

resulting mixture was stirred at -78 oC for 2 h.  Then NaBO3·H2O (150 mg, 1.5 mmol) in H2O (2 mL) 

was added in one portion and the resulting mixture was stirred vigorously at room temperature for 0.5 

h  under open air. The reaction mixture was quenched with saturated NH4Cl solution (10 mL), extracted 

with EtOAc (3 × 15 mL) and dried over anhydrous Na2SO4, filtered, and concentrated in vacuo. The 

resultant crude product was purified by column chromatography (hexanes/EtOAc) to obtain the desired 

products anti-5 & syn-5. 

(2S,3R,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5a): 

 

Prepared according to the general procedure as described above in 54% yield (66 mg). It was purified 

by flash chromatography (40% EtOAc/hexanes; Rf = 0.6) to afford a white solid; mp = 177–179°C; 

1H NMR (300 MHz, CDCl3) δ 7.74 – 7.59 (m, 3H), 7.43 (td, J = 7.3, 1.3 Hz, 1H), 7.37 – 7.30 (m, 5H), 

7.12 (d, J = 8.0 Hz, 2H), 6.99 (d, J = 7.8 Hz, 2H), 4.44 (q, J = 4.5 Hz, 1H), 3.29 (br.s, 1H), 3.14 (dd, J 

= 4.3, 0.8 Hz, 1H), 3.04 (dd, J = 38.1, 13.9 Hz, 2H), 2.51 (dd, J = 13.9, 5.0 Hz, 1H), 2.22 (s, 3H), 2.22 

(dd, J = 14.3, 4.3 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 207.8, 156.2, 136.0, 135.5, 135.2, 134.2, 

132.0, 131.0, 129.5, 128.9, 128.8, 128.5, 124.1, 123.6, 122.1, 89.0, 85.6, 83.9, 76.8, 63.2, 53.5, 41.9, 
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38.7, 21.1; HRMS (ESI) calcd for C28H25O3 [M+H]+: 409.1803; found: 409.1809; [α]20
D = -157.53° (c 

1.0, CHCl3); Chiral HPLC analysis of the product: 99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ 

column; hexane/2-propanol = 93/07, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 

31.809 min (major), - min (minor). 
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(2S,3S,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (syn-5a): 

 

Prepared according to the general procedure as described above in 23% yield (28 mg). It was purified 

by flash chromatography (40% EtOAc/hexanes; Rf = 0.6) to afford a white solid; mp = 164–165°C; 

1H NMR (300 MHz, CDCl3) δ 7.80 (dd, J = 7.3, 1.3 Hz, 1H), 7.70 – 7.63 (m, 2H), 7.48 – 7.40 (m, 

3H), 7.38 – 7.31 (m, 3H), 7.07 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 7.9 Hz, 2H), 4.35 – 4.19 (m, 1H), 3.11 

(q, J = 13.8 Hz, 2H), 2.91 (d, J = 4.0 Hz, 1H), 2.38 (dd, J = 14.4, 5.0 Hz, 1H), 2.26 (dd, J = 14.6, 3.9 

Hz, 1H), 2.22 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 207.2, 154.1, 136.0, 135.6, 134.4, 133.9, 132.1, 

130.8, 129.7, 128.8, 128.7, 128.5, 124.4, 123.7, 122.5, 88.6, 87.1, 82.7, 76.0, 65.7, 52.3, 40.0, 40.0, 

21.1; HRMS (ESI) calcd for C28H25O3 [M+H]+: 409.1803; found: 409.1807; [α]20
D = -167.90° (c 1.0, 

CHCl3); Chiral HPLC analysis of the product: 98% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; 

hexane/2-propanol = 93/07, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 24.537 min 

(major), 33.350 min (minor). 
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(2S,3R,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methoxybenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5b): 

 

Prepared according to the general procedure as described above in 61% yield (78 mg). It was purified 

by flash chromatography (40% EtOAc/hexanes; Rf = 0.7) to afford a brown solid; mp = 159–161°C; 

1H NMR (300 MHz, CDCl3) δ 7.72 – 7.61 (m, 3H), 7.46 – 7.29 (m, 6H), 7.15 (d, J = 8.7 Hz, 2H), 6.70 

(d, J = 8.7 Hz, 2H), 4.44 (q, J = 4.6 Hz, 1H), 3.68 (s, 3H), 3.32 (br.s, 1H), 3.13 (d, J = 4.4 Hz, 1H), 

3.03 (dd, J = 30.8, 14.0 Hz, 2H), 2.49 (dd, J = 13.9, 5.1 Hz, 1H), 2.20 (ddd, J = 13.9, 4.3, 0.7 Hz, 1H); 
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13C NMR (101 MHz, CDCl3) δ 207.9, 158.2, 156.2, 135.5, 135.2, 132.1, 132.0, 129.5, 129.2, 128.9, 

128.5, 124.0, 123.5, 122.1, 113.4, 89.0, 85.5, 84.0, 76.8, 63.3, 55.2, 53.6, 41.9, 38.3; HRMS (ESI) 

calcd for C28H25O4 [M+H]+: 425.1752; found: 425.1757; [α]20
D = -211.50° (c 1.0, CHCl3); Chiral 

HPLC analysis of the product: 99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-

propanol = 88/12, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 40.209 min (major), 

28.372 min (minor). 
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(2S,3S,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methoxybenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (syn-5b): 

 

Prepared according to the general procedure as described above in 17% yield (22 mg). It was purified 

by flash chromatography (40% EtOAc/hexanes; Rf = 0.7) to afford a brown solid; mp = 173–175°C; 

1H NMR (300 MHz, CDCl3) δ 7.79 (d, J = 7.6 Hz, 1H), 7.68 – 7.59 (m, 2H), 7.49 – 7.41 (m, 3H), 7.41 

– 7.31 (m, 3H), 7.10 (d, J = 8.7 Hz, 2H), 6.68 (d, J = 8.7 Hz, 2H), 4.29 (dd, J = 8.7, 3.9 Hz, 1H), 3.76 

(br.s, 1H), 3.69 (s, 3H) 3.17 – 3.05 (m, 2H), 2.90 (d, J = 4.0 Hz, 1H), 2.40 (dd, J = 14.4, 5.0 Hz, 1H), 

2.24 (dd, J = 14.5, 3.6 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 207.4, 158.2, 154.2, 135.6, 134.4, 

132.1, 131.9, 129.7, 129.0, 128.8, 128.5, 124.3, 123.6, 122.5, 113.4, 88.6, 87.0, 82.7, 76.1, 65.8, 55.2, 

52.4, 40.2, 39.7; HRMS (ESI) calcd for C28H25O4 [M+H]+: 425.1752; found: 425.1757; [α]20
D = -

199.60° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 94% ee; Daicel Chiralpak IA 250X4.6 

mm 5µ column; hexane/2-propanol = 88/12, detected at 254  nm, Flow rate = 1 mL/min, Retention 

times: 18.920 min (major), 23.928 min (minor). 
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(2S,3R,3aS,8aR)-8a-(4-Fluorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5c): 

 

Prepared according to the general procedure as described above in 57% yield (70 mg). It was purified 

by flash chromatography (40% EtOAc/hexanes; Rf = 0.6) to afford a brown solid; mp = 124–126°C; 

1H NMR (300 MHz, CDCl3) δ 7.70 – 7.57 (m, 3H), 7.46 – 7.32 (m, 6H), 7.23 – 7.15 (m, 2H), 6.86 – 

6.76 (m, 2H), 4.48 (q, J = 4.8 Hz, 1H), 3.12 (d, J = 4.2 Hz, 1H), 3.07 (q, J = 17.1 Hz, 2H), 2.45 (dd, J 

= 13.9, 5.2 Hz, 1H), 2.24 (dd, J = 13.8, 4.6 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 207.5, 161.7 (d, 
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JCF = 244.5 Hz), 156.0, 135.6, 135.1, 132.9 (d, JCF = 2.9 Hz), 132.6 (d, JCF = 7.8 Hz), 132.0, 129.5, 

129.1, 128.6, 123.9, 123.5, 121.9, 114.7 (d, JCF = 21.0 Hz), 89.3, 85.1, 83.8, 77.0, 63.3, 53.9, 42.1, 

38.6; 19F NMR (377 MHz, CDCl3) δ -116.8;  HRMS (ESI) calcd for C27H22FO3 [M+H]+: 413.1552; 

found: 413.1562; [α]20
D = -183.39° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 99% ee; 

Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 260  nm, Flow 

rate = 1 mL/min, Retention times: 35.904 min (major), 38.971 min (minor). 
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(2S,3S,3aS,8aR)-8a-(4-Fluorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (syn-5c): 

 

Prepared according to the general procedure as described above in 23% yield (28 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.6) to afford a brown solid; mp = 128–130°C; 

1H NMR (300 MHz, CDCl3) δ 7.77 (dt, J = 7.7, 0.8 Hz, 1H), 7.63 (td, J = 7.5, 1.2 Hz, 1H), 7.58 – 7.54 

(m, 1H), 7.50 – 7.44 (m, 2H), 7.43 – 7.30 (m, 4H), 7.17 – 7.09 (m, 2H), 6.83 – 6.73 (m, 2H), 4.38 – 

4.31 (m, 1H), 3.26 – 3.05 (m, 2H), 2.84 (d, J = 3.8 Hz, 1H), 2.44 (dd, J = 14.6, 5.0 Hz, 1H), 2.19 (dd, 

J = 14.6, 2.9 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 207.2, 161.6 (d, JCF= 244.3 Hz), 154.1, 135.6, 

134.3, 132.6 (d, JCF = 3.0 Hz), 132.4 (d, JCF = 7.8 Hz), 132.1, 129.7, 128.9, 128.6, 124.2, 123.5, 122.4, 

114.6 (d, JCF = 21.1 Hz), 88.5, 87.0, 82.7, 76.6, 66.1, 52.6, 40.4, 40.0; 19F NMR (377 MHz, CDCl3) δ 

-116.8;  HRMS (ESI) calcd for C27H22FO3 [M+H]+: 413.1552; found: 413.1557; [α]20
D = -225.00° (c 

1.0, CHCl3); Chiral HPLC analysis of the product: 96% ee; Daicel Chiralpak IA 250X4.6 mm 5µ 

column; hexane/2-propanol = 93/07, detected at 254  nm, Flow rate = 1 mL/min, Retention times: 

25.499 min (major), 33.051 min (minor). 
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(2S,3R,3aS,8aR)-8a-(4-Chlorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5d): 

 

Prepared according to the general procedure as described above in 54% yield (69 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a brown solid; mp = 142-143°C; 

1H NMR (300 MHz, CDCl3) δ 7.72 – 7.60 (m, 3H), 7.45 – 7.36 (m, 6H), 7.20 – 7.08 (m, 4H), 4.46 (q, 

J = 4.5 Hz, 1H), 3.37 (br.s, 1H), 3.15 (dd, J = 4.3, 0.7 Hz, 1H), 3.05 (q, J = 13.8 Hz, 2H), 2.44 (dd, J 

= 13.9, 5.0 Hz, 1H), 2.23 (ddd, J = 13.9, 4.3, 0.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 207.5, 156.1, 

135.8, 135.6, 135.1, 132.5, 132.4, 132.0, 129.6, 129.1, 128.6, 128.0, 124.0, 123.6, 121.9, 89.4, 85.2, 
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83.7, 76.8, 63.2, 53.7, 42.1, 38.6; HRMS (ESI) calcd for C27H22ClO3 [M+H]+: 429.1257; found: 

429.1264; [α]20
D = -124.19° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 290  nm, Flow rate = 

1 mL/min, Retention times: 34.913 min (major), 37.637 min (minor). 

 

 

 



S-115 
 

 

(2S,3S,3aS,8aR)-8a-(4-Chlorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one  (syn-5d): 

 

Prepared according to the general procedure as described above in 23% yield (30 mg). It was purified 

by flash chromatography (30% EtOAc/hexanes; Rf = 0.5) to afford a brown solid; mp = 150–152°C; 

1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.7 Hz, 1H), 7.64 (td, J = 7.5, 1.1 Hz, 1H), 7.58 (d, J = 7.6 

Hz, 1H), 7.49 – 7.44 (m, 2H), 7.41 (dt, J = 7.3, 0.9 Hz, 1H), 7.38 – 7.34 (m, 3H), 7.15 – 7.05 (m, 4H), 

4.32 (dd, J = 8.5, 3.6 Hz, 1H), 3.83 (br.s, 1H), 3.65 (br.s, 1H), 3.18 – 3.09 (m, 2H), 2.88 (d, J = 3.9 Hz, 

1H), 2.43 (dd, J = 14.5, 5.0 Hz, 1H), 2.20 (dd, J = 14.6, 3.2 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 

207.0, 154.1, 135.8, 135.5, 134.2, 132.4, 132.3, 132.1, 129.8, 128.9, 128.6, 128.0, 124.3, 123.6, 122.4, 

88.7, 86.9, 82.6, 76.3, 65.9, 52.5, 40.4, 40.0; HRMS (ESI) calcd for C27H22ClO3 [M+H]+: 429.1257; 

found: 429.1250; [α]20
D = -126.89° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 98% ee; 

Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 254  nm, Flow 

rate = 1 mL/min, Retention times: 25.326 min (major), 32.227 min (minor). 
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(2S,3R,3aS,8aR)-8a-(2,3-Dichlorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5e): 

 

Prepared according to the general procedure as described above in 56% yield (77 mg).   It was purified 

by flash chromatography (40% EtOAc/hexanes; Rf = 0.7) to afford a brown semi solid; 1H NMR (400 

MHz, CDCl3) δ 7.71 – 7.57 (m, 3H), 7.44 – 7.37 (m, 3H), 7.34 – 7.26 (m, 3H), 7.23 (dd, J = 7.9, 1.5 

Hz, 1H), 7.17 (dd, J = 7.3, 1.5 Hz, 1H)), 6.97 (t, J = 7.9 Hz, 1H), 4.41 (q, J = 4.3 Hz, 1H), 3.46 (br.s, 

1H), 3.28 (d, J = 14.3 Hz, 1H), 3.13 (d, J = 3.7 Hz, 1H), 3.07 (d, J = 14.3 Hz, 1H), 2.41 (dd, J = 14.0, 

4.9 Hz, 1H), 2.10 (ddd, J = 14.0, 4.1, 0.8 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 206.5, 155.6, 138.1, 

135.6, 135.1, 133.8, 133.1, 132.0, 130.6, 129.7, 129.1, 129.0, 128.6, 126.7, 124.3, 123.9, 122.0, 89.4, 
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85.4, 83.9, 77.0, 62.6, 53.2, 41.6, 36.5;  HRMS (ESI) calcd for C27H21Cl2O3 [M+H]+: 463.0867; found: 

463.0878; [α]20
D = -155.60° (c 1.0, CHCl3); Chiral HPLC analysis of the product: 99% ee; Daicel 

Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, detected at 254  nm, Flow rate = 

1 mL/min, Retention times: 67.528 min (major), 51.543 min (minor). 
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IIIg. Large-scale reaction and further transformations 

Gram scale reaction on 1a and 1y: 

 

A solution of Cu(CH3CN)4PF6 (22.0 mg, 1.5 mol %) and (S,S)-BPE (61 mg, 3 mol%) in dry THF (6 

mL, 0.2 M) was stirred for 20 min at room temperature under nitrogen atmosphere. Then maintained 

at -78 oC. A solution of 1a (4.0 mmol) in dry THF (1.0 mL) was added via syringe, B2(pin)2 (1.22 g, 

4.8 mmol) and t-BuOH (0.76 ml, 8.0 mmol) was added sequentially followed by addition of LiOtBu 

(0.72 ml, 8.0 mmol, 1 M in THF) the resulting mixture was stirred at -78 oC for 2 h. The reaction 

mixture was diluted with saturated NH4Cl solution (20 mL) and extracted with EtOAc (2 x 30 mL). 

The combined organic solvent was washed with brine (10 mL) and dried over anhydrous Na2SO4, 

filtered, and concentrated under in vacuo. The crude reaction mixture was purified by column 

chromatography (EtOAc/hexanes) to give the desired product 2a in 79% yield (1.2 g) with >99% 

enantioselectivity and high diastereoselectivity. [α]20
D = -63.04° (c 1.0, CHCl3); Chiral HPLC analysis 

of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 93/07, 

detected at 225 nm, Flow rate = 1 mL/min, Retention times: 22.890 min (major), 10.077 min (minor). 
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Gram scale reaction of 1y: 

Under similar reaction conditions cyclohexadione substrate 1y (4.0 mmol) gave the desired product 

2y in 72% yield (1.13 g) with >99% enantioselectivity and high diastereoselectivity. [α]25
D = +58.87° 

(c 1.0, CHCl3); Chiral HPLC analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ 

column; hexane/2-propanol = 95/05, detected at 254 nm, Flow rate = 1 mL/min, Retention times: 

16.480 min (major), 12.197 min (minor). 
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One-pot borylative cyclization/oxidation of (Z)-1a:5 

 

A solution of Cu(CH3CN)4PF6 (2.8 mg, 2.5 mol %) and (S,S)-BPE (7.6 mg, 5 mol%) in dry THF 2 mL, 

0.1 M) was stirred for 20 min at room temperature under nitrogen atmosphere and then maintained at 

-78 oC. A solution of 1a (0.3 mmol) in dry THF (1.0 mL) was added via syringe, B2(pin)2 (91 mg, 0.36 

mmol) and t-BuOH (57 μl, 0.6 mmol, 1 M in THF) were added sequentially followed by the addition 

of LiOtBu (54 μl, 0.6 mmol, 1 M in THF) the resulting mixture was stirred at -78 oC for 2 h.  then 

NaBO3·H2O (150 mg, 1.5 mmol) in H2O (2 mL) was added in one portion and the resulting mixture 

was stirred vigorously at room temperature for 0.5 h under open air. The reaction mixture was 

quenched with saturated NH4Cl solution (10 mL), extracted with EtOAc (3 × 15 mL) and dried over 

anhydrous Na2SO4, filtered, and concentrated in vacuo. It was purified by flash chromatography (30% 

EtOAc/hexanes; Rf = 0.6) to afford a brown liquid; 1H NMR (400 MHz, CDCl3) δ 7.49 – 7.40 (m, 2H), 

7.36 – 7.27 (m, 3H), 4.48 (q, J = 6.8 Hz, 1H), 2.83 (d, J = 7.2 Hz, 1H), 2.70 – 2.38 (m, 4H), 2.30 (ddd, 

J = 13.1, 9.1, 3.9 Hz, 1H), 2.11 (dd, J = 14.0, 7.5 Hz, 1H), 2.07 – 1.96 (m, 2H), 1.10 (s, 3H);  13C NMR 

(101 MHz, CDCl3) δ 221.0, 132.0, 128.7, 128.5, 122.4, 86.6, 86.0, 85.4, 76.4, 57.0, 51.5, 43.2, 33.5, 

31.2, 17.8; HRMS (ESI) calcd for C17H19O3 [M+H]+: 271.1330; found: 271.1327; Chiral HPLC 

analysis of the product: >99% ee; Daicel Chiralpak IA 250X4.6 mm 5µ column; hexane/2-propanol = 

94/06, detected at 260  nm, Flow rate = 1 mL/min, Retention times: 27.948 min (major), 32.283 min 

(minor). 
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Oxidation of 2a:6 

 

 

To a solution of 2a (70 mg, 0.18 mmol, 1 equiv) in acetone/H2O (1:1, v/v), NaIO4 (79 mg, 0.36 mmol, 

2 equiv) and NH4OAc (28 mg, 0.36 mmol, 2 equiv) were added. The reaction mixture was stirred at 

room temperature for 12 h. After filtration, the filtrate was extracted with Et2O (2 × 20 mL). The 

organic layers were combined and dried over anhydrous Na2SO4, and filtered and concentrated. Then 

the resulting crude product was purified by column chromatography on silica gel (30% 

EtOAc/hexanes; Rf = 0.6) to afford a brown liquid (41 mg, 84% yield) [For experimental data see the 

6]. 
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Reduction of 2a:7 

 

To a round-bottom flask were charged 2a (70 mg, 0.18 mmol), MeOH (2.5 mL) and Pd/C (7.0 mg, 

100 wt %). The flask was evacuated and backfilled with H2. The reaction mixture was allowed to stir 

at room temperature overnight, then filtered through a short plug of celite, and concentrated under 

reduced pressure. The crude reaction mixture was purified by flash column chromatography (30% 

EtOAc/hexanes; Rf = 0.5) to afford 7 as a white semi-solid in 88% yield (62 mg). 1H NMR (300 MHz, 

CDCl3) δ 7.24 – 7.17 (m, 2H), 7.16 – 7.07 (m, 3H), 2.69 – 2.49 (m, 2H), 2.42 – 2.16 (m, 2H), 2.00 

(ddd, J = 12.6, 8.7, 3.8 Hz, 1H), 1.88 – 1.71 (m, 4H), 1.69 – 1.50 (m, 3H), 1.33 (dd, J = 21.0, 10.1 Hz, 

1H), 1.16 (s, 12H), 0.97 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 221.7, 142.8, 128.5, 128.5, 126.0, 

89.1, 83.5, 60.4, 50.0, 36.8, 35.5, 35.1, 32.3, 30.7, 24.9, 16.7; HRMS (ESI) calcd for C23H34BO4  

385.2550; found: 385.2556. 

Synthesis of compound 8:8 

 

A solution of 2y (197 mg, 0.5 mmol, 1 equiv), phenylhydrazine hydrochloride (145 mg, 1.0 mmol, 2 

equiv), and acetic acid (1.0 mL) in 2.5 mL (0.2 M) of methanol was refluxed for 24 h in preheated oil 

bath. The solvent was then evaporated to a smaller volume, diluted with water (5 mL) and extracted 

with CH2Cl2 (10 mL x 3). The organic phase was dried under reduced pressure and the residue was 

purified by flash column chromatography (30% EtOAc/hexanes; Rf = 0.5) to give the indole 8 obtained 

in 72% yield (163 mg) as a brown solid with exclusive diastereoselectivity; mp = 239–241°C; [α]25
D 

= -102.49° (c 1.0, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 7.73 (s, 1H), 7.50 – 7.40 (m, 3H), 7.35 – 

7.27 (m, 4H), 7.09 (dt, J = 22.4, 7.2 Hz, 2H), 3.30 (d, J = 9.6 Hz, 1H), 2.95 – 2.84 (m, 1H), 2.80 – 2.60 

(m, 1H), 2.36 (t, J = 11.9 Hz, 2H), 2.18 – 1.99 (m, 3H), 1.90 (td, J = 10.4, 6.0 Hz, 1H), 1.43 (s, 3H), 

1.03 (s, 6H), 0.90 (s, 6H); 13C NMR (126 MHz, CDCl3) δ 140.4, 136.8, 131.9, 128.4, 128.1, 127.4, 

123.5, 121.4, 119.3, 118.3, 110.7, 107.6, 89.4, 84.9, 83.4, 82.8, 46.8, 40.5, 39.0, 29.7, 24.7, 24.5, 23.3, 

18.7; HRMS (ESI) calcd for C30H35O3BN [M+H]+: 468.2741; found: 468.2719.  
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Synthesis of compound 9: 

 

To a solution of 8 (70 mg, 0.15 mmol, 1 equiv) in THF/H2O (1:2 ratio, 3 mL) was added NaBO3·4H2O 

(75 mg, 0.75 mmol) in one portion. the resulting mixture was stirred vigorously at room temperature 

for 30 minutes under open air. The reaction mixture was quenched with saturated NH4Cl solution (10 

mL), extracted with EtOAc (3 × 15 mL) and dried over anhydrous Na2SO4, filtered, and concentrated 

in vacuo. It was purified by flash chromatography (40% EtOAc/hexanes; Rf = 0.5) to afford a brown 

semi solid of 9 in 84% yield (43 mg); [α]25
D = -169.39° (c 1.0, CHCl3); 

1H NMR (700 MHz, CDCl3) 

δ 7.81 (s, 1H), 7.51 – 7.43 (m, 3H), 7.35 – 7.28 (m, 4H), 7.15 (t, J = 7.5 Hz, 1H), 7.10 (t, J = 7.4 Hz, 

1H), 4.62 (td, J = 8.3, 4.6 Hz, 1H), 3.15 (d, J = 7.6 Hz, 1H), 2.92 (dd, J = 16.2, 5.9 Hz, 1H), 2.69 – 

2.60 (m, 1H), 2.55 (dd, J = 13.8, 9.0 Hz, 1H), 2.18 (brs, 1H), 2.11 – 1.98 (m, 3H), 1.84 (brs, 1H), 1.39 

(s, 3H); 13C NMR (176 MHz, CDCl3) δ 140.9, 136.9, 132.0, 128.5, 127.1, 122.9, 121.8, 119.5, 118.4, 

110.9, 107.0, 107.0, 87.0, 85.9, 83.1, 48.5, 45.6, 45.0, 29.6, 23.6, 18.8; HRMS (ESI) calcd for 

C24H24O2N [M+H]+: 358.1807; found: 358.1825;  

Synthesis of compound 10: 

 

To a solution of 2y (276 mg, 0.7 mmol, 1 equiv) in THF/H2O (1:2 ratio, 4 mL) was added NaBO3·4H2O 

(349 mg, 3.5 mmol) in one portion. the resulting mixture was stirred vigorously at room temperature 

for 30 minutes  under open air. The reaction mixture was quenched with saturated NH4Cl solution (10 

mL), extracted with EtOAc (3 × 15 mL) and dried over anhydrous Na2SO4, filtered, and concentrated 

in vacuo. It was purified by flash chromatography (40% EtOAc/hexanes; Rf = 0.5) to afford a brown 

semi solid of 10 in 76% yield (151 mg) with dr ratio of 6:1 (crude 1H NMR analysis); [α]25
D = -230.19° 

(c 1.0, CHCl3); 
1H NMR (500 MHz, CD3OD) δ 7.49 – 7.39 (m, 2H), 7.34 – 7.23 (m, 3H), 4.42 (ddd, 

J = 9.4, 8.4, 4.4 Hz, 1H), 3.32 (dt, J = 3.3, 1.6 Hz, 1H), 2.72 – 2.60 (m, 3H), 2.34 – 2.25 (m, 1H), 2.20 

– 2.12 (m, 1H), 2.03 – 1.94 (m, 2H), 1.91 (dd, J = 14.0, 9.5 Hz, 1H), 1.71 – 1.53 (m, 2H), 1.21 (s, 3H); 

13C NMR (101 MHz, CD3OD) δ 214.7, 132.8, 129.3, 128.9, 125.1, 88.2, 85.0, 84.7, 76.0, 60.7, 49.4, 

40.5, 37.8, 30.9, 20.9, 20.5; HRMS (ESI) calcd for C18H21O3 [M+H]+: 285.1490; found: 285.1475.   
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Synthesis of 11: 

` 

To a stirred solution of alcohol 10 (128 mg, 0.45 mmol, 1 equiv) in CH2Cl2 (4 mL) was added Dess 

Martin periodinane (229 mg, 1.2 equiv) in one portion at 0 oC and stirred the reaction mixture room-

temperature for 12 h under nitrogen atmosphere. The reaction mixture was diluted with hexanes (10 

mL) and filtered through Celite, washed with hexanes (10 mL) and then concentrated in vacuo. The 

crude product was purified by column chromatography (30% EtOAc/hexanes; Rf = 0.4) to afford 

colorless liquid 11 in 61% yield (72 mg); [α]25
D = -230.49° (c 1.0, CHCl3); 

1H NMR (400 MHz, CDCl3) 

δ 7.55 – 7.47 (m, 2H), 7.38 – 7.29 (m, 3H), 3.34 – 3.19 (m, 2H), 2.88 – 2.70 (m, 2H), 2.52 – 2.45 (m, 

1H), 2.37 – 2.28 (m, 1H), 2.25 (d, J = 19.1 Hz, 1H), 1.80 (qt, J = 13.4, 4.5 Hz, 1H), 1.57 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 209.0, 202.0, 181.6, 132.0, 129.0, 128.5, 123.3, 122.5, 97.9, 79.0, 57.9, 

43.5, 37.3, 26.3, 26.1, 24.5; HRMS (ESI) calcd for C18H17O2 [M+H]+: 265.1228; found: 265.1231. 

Synthesis of 12:9 

 

A solution of AuPPh3Cl (10.0 mg, 0.10 mol %) and AgOTf (5 mg, 0.10 mol%) in dry CH2Cl2 (2.5 mL, 

0.2 M) was added compound 11 (53 mg, 0.2 mmol, 1 equiv) and MeOH (0.1 equiv), sequentially under 

inert atmosphere. The reaction was stirred at room temperature for 2 h. Then, the reaction mixture 

concentrated in vacuo and the crude product was directly purified by column chromatography (40% 

EtOAc/hexanes; Rf = 0.4) to afford product 12 in 57% yield (32 mg) as a colorless liquid; [α]25
D = -

30.50° (c 1.0, CHCl3); 
1H NMR (400 MHz, CDCl3) δ 8.05 – 7.92 (m, 2H), 7.57 (tt, J = 7.3, 1.6 Hz, 

1H), 7.46 (t, J = 7.7 Hz, 2H), 3.86 (s, 2H), 3.22 (d, J = 19.0 Hz, 1H), 2.88 – 2.73 (m, 2H), 2.71 – 2.60 

(m, 1H), 2.49 – 2.40 (m, 1H), 2.28 – 2.14 (m, 2H), 1.83 – 1.68 (m, 1H), 1.53 (s, 3H); 13C NMR (101 

MHz, CDCl3) δ 210.0, 205.1, 195.7, 177.6, 136.4, 133.6, 131.5, 128.8, 128.5, 57.8, 43.2, 37.4, 32.9, 

26.3, 25.0, 24.6; HRMS (ESI) calcd for C18H19O3 [M+H]+: 283.1334; found: 283.1340. 
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VI. 2D-NMR Analysis of Compound syn-2a.  

The structure and relative stereochemistry of compound 2a were elucidated by using 1D and 2D NMR 

experiments.  

 

 

 

13C NMR spectrum of 2a recorded in CDCl3 on 400 MHz at 25 C 
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13C NMR spectrum of 2a recorded in CDCl3 on 400 MHz at 25 C 

 

DEPT 13C NMR spectrum of 2a recorded in CDCl3 on 400 MHz at 25 C 
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1H-13C 2D-HSQC spectrum of 2a recorded in CDCl3 on 400 MHz at 25 C. 
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1H-1H 2D-COSY spectrum of 2a recorded in CDCl3 on 400 MHz at 25 C. 
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1H-1H 2D-NOESY spectrum of 2a recorded in CDCl3 on 400 MHz at 25 C  
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1H-13C 2D-HMBC spectrum of 2a recorded in CDCl3 on 400 MHz at 25 C. 
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V. X-Ray crystallographic data  

X-ray crystallographic data for compound anti-2a: (relative stereochemistry) 

 

The purified compound anti-2a was dissolved in a mixed solvent of isopropanol/ dichloromethane 

(1:3), and placed in a dark cabinet for slowly evaporation. Colorless crystals were collected after few 

days for X-ray analysis. 

  

 

Figure caption: ORTEP diagram of KB1056 compound with the atom-numbering. Displacement 

ellipsoids are drawn at the 35% probability level and H atoms are shown as small spheres of arbitrary 

radius. The tetramethyl dioxoborolan ring is disordered over two sites with the site occupancy of 0.632(6) 

for the major component and 0.368(6) for the minor component of the disordered atoms; only the major 

component of the disordered tetramethyl dioxoborolan ring atoms is shown for clarity purpose.  
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X-ray crystallographic data for compound anti-2o: (absolute stereochemistry) 

 

The purified compound anti-2o was dissolved in a mixed solvent of isopropanol/dichloromethane 

(1:3), and placed in a dark cabinet for slowly evaporation. Colorless crystals were collected after few 

days for X-ray analysis. 

 

Figure caption: ORTEP diagram of KB1112 compound with the atom-numbering. Displacement 

ellipsoids are drawn at the 35% probability level and H atoms are shown as small spheres of arbitrary 

radius. Only major component of the disordered atoms are shown for clarity purpose. The tetramethyl 

dioxoborolan ring is disordered over two sites with the site occupancy of 0.753(7) for the major component 

and 0.247(7) for the minor component of the disordered atoms; only the major component of the 

disordered tetramethyl dioxoborolan ring atoms is shown for clarity purpose. 

Crystal data for KB1056 (2a) : C23H29BO4, M = 380.27, Orthorhombic, Space group P212121 (No.19), 

a = 6.6993(11)Å, b = 14.819(2)Å, c = 21.974(3)Å, α = 90°, β = 90°, γ = 90°, V = 2181.5(6)Å3, Z = 

4, Dc = 1.158 g/cm3, F000 = 816, Bruker D8 QUEST PHOTON III C7 HPAD detector, Mo-Kα 

radiation, λ = 0.71073 Å,  T = 294(2)K, 2θmax = 55º, μ = 0.077 mm-1, 19760 reflections collected, 4996 
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unique (Rint = 0.0598), 331 parameters, R1 = 0.0522, wR2 = 0.1022, R indices based on 3485 reflections 

with I  > 2σ(I) (refinement on F2), Final GooF = 1.033, largest difference hole and peak = -0.123 and 

0.164 e.Å-3. The CCDC deposition number 2443592 contains the supplementary crystallographic 

data for this paper which can be obtained free of charge at https://www.ccdc.cam.ac.uk/structures/ 

Crystal data for KB1112 (2o) : C29H32BBrO4, M = 535.26, Orthorhombic, Space group P212121 

(No.19), a = 6.661(2)Å, b = 19.722(5)Å, c = 20.481(5)Å, α = 90°, β =  90°, γ = 90°, V = 2690.4(13)Å3, 

Z = 4, Dc = 1.321 g/cm3, F000 = 1112, Bruker D8 QUEST PHOTON III C7 HPAD detector, Mo-Kα 

radiation, λ = 0.71073 Å,  T = 294(2)K, 2θmax = 55º, μ = 1.560 mm-1, 32534 reflections collected, 6169 

unique (Rint = 0.0829), 401 parameters, R1 = 0.0462, wR2 = 0.1034, R indices based on 3313 reflections 

with I  > 2σ(I) (refinement on F2), Final GooF = 1.020, largest difference hole and peak = -0.360 and 

0.466 e.Å-3. The CCDC deposition number 2443593 contains the supplementary crystallographic 

data for this paper which can be obtained free of charge at https://www.ccdc.cam.ac.uk/structures/ 

Data collection and Structure solution details:  

X-ray data for the compound were collected at room temperature on a Bruker D8 QUEST instrument 

with an IμS Mo microsource (λ = 0.7107 Å) and a PHOTON-III C7 HPAD detector. The raw data 

frames were reduced and corrected for absorption effects using the Bruker Apex 3 software suite 

programs.10 The structure was solved using intrinsic phasing method and further refined with the 

SHELXL program and expanded using Fourier techniques.11-13 Anisotropic displacement parameters 

were included for all non-hydrogen atoms. All C bound H atoms were positioned geometrically and 

treated as riding on their parent C atoms [C-H = 0.93-0.97 Å, and Uiso(H) = 1.5Ueq(C) for methyl H 

or 1.2Ueq(C) for other H atoms]. In KB1056, tetramethyl dioxoborolan ring is disordered over two 

sites with site occupancy factors of 0.632(6) for the major component (atoms 

O3/O4/C18/C19/C20/C21/C22/C23) and 0.368(6) for the minor component (atoms 

O3D/O4D/C18D/C19D/C20D/C21D/C22D/C23D).12 Similarly, in KB1112, the tetramethyl 

dioxoborolan ring is disordered over two sites with site occupancy factors of 0.753(7) for the major 

component (atoms O3/O4/C24/C25/C26/C27/C28/C29) and 0.247(7) for the minor component (atoms 

O3D/O4D/C24D/C25D/C26D/C27D/C28D/C29D).12 For modeling the structural disorder, PART, 

FVAR, DELU, SIMU and DFIX instructions were utilized as appropriate and the site occupancies for 

the major and minor components were refined. The absolute configuration of the compound KB1112 

(C4, R; C5, S; C14, S; C15, S) was assigned based on the refinement of Flack parameter (0.046(9)).14 

CCDC deposition numbers  2443592-2443593 contain the supplementary crystallographic data for 

this paper which can be obtained free of charge at https://www.ccdc.cam.ac.uk/structures/ 

 

https://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/structures/
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VII.   1H NMR  & 13C NMR spectra 
Ethyl-5-phenylpent-2-en-4-ynoate [(Z)-S8a]: 
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Ethyl (Z)-5-(p-tolyl)pent-2-en-4-ynoate [(Z)-S8b]:  
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Ethyl (Z)-5-(4-methoxyphenyl)pent-2-en-4-ynoate [(Z)-S8c]:  
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2-(3-Iodoallyl)-2-methylcyclopentane-1,3-dione (S13): 
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(Z)-2-Methyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1a): 
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(E)-2-Methyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione [(E)-(1a)]: 
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(Z)-2-Ethyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione  (1b): 

 

 



S-143 
 

(Z)-2-(5-Phenylpent-2-en-4-yn-1-yl)-2-propylcyclopentane-1,3-dione  (1c): 
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(Z)-2-Isobutyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione  (1d): 
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2-Cinnamyl-2-((Z)-5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione  (1e): 
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(Z)-2-Benzyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1f): 
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(Z)-2-(4-Methylbenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1g): 
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(Z)-2-(4-Ethoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1h): 
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(Z)-2-(4-(Benzyloxy)benzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1i): 
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(Z)-(4-Fluorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1j): 
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(Z)-2-(4-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1k): 
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(Z)-4-((2,5-Dioxo-1-(5-phenylpent-2-en-4-yn-1-yl)cyclopentyl)methyl)benzonitrile  (1l): 
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(Z)2-(3-Fluorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1m): 
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2-(3-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1n): 
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2-(3-Bromobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1o): 
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2-(3-Nitrobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1p): 
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(Z)-2-(2-Methoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1q): 
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(Z)-2-(2-Bromobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1r): 
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(Z)-2-(3,5-Dimethoxy-4-methylbenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione 

(1s): 
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(Z)-2-(2,6-Dimethoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1t): 
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(Z)2-(2,5-Dichlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione  (1u): 
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(Z)-2-(2,3-Dichlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1v): 
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(Z)2-(Naphthalen-1-ylmethyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1w): 
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(Z)-2-(5-Phenylpent-2-en-4-yn-1-yl)-2-(thiophen-2-ylmethyl)cyclopentane-1,3-dione  (1x): 
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(Z)-2-Methyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1y): 

 

 



S-168 
 

(Z)-2-Methyl-2-(5-(p-tolyl)pent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1z): 
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(Z)-2-(5-(4-Methoxyphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclohexane-1,3-dione (1aa): 
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((Z)-2-Benzyl-2-(5-phenylpent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1ab): 
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(Z)-2-(4-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)cyclohexane-1,3-dione (1ac): 
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(Z)-2-Benzyl-2-(5-phenylpent-2-en-4-yn-1-yl)cycloheptane-1,3-dione (1ad): 
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2-Methyl-2-(5-(p-tolyl)pent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ae): 
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2-(5-(4-Ethylphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1af): 
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2-(5-(4-Butylphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1ag): 
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2-Methyl-2-(5-(4-pentylphenyl)pent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ah): 
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2-(5-(4-(tert-Butyl)phenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1ai): 
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2-(5-(4-Methoxyphenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1aj): 

 

 



S-179 
 

2-(5-(4-Fluorophenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1ak): 
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2-(5-(4-(tert-Butyl)phenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1al): 

 

 



S-181 
 

2-(5-(3-Fluorophenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1am): 

 

 

 



S-182 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-183 
 

2-(5-(3-Chlorophenyl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1an): 

 

 



S-184 
 

2-Methyl-2-(5-(p-tolyl)pent-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ao): 

 

 



S-185 
 

2-(5-(3a1H-Phenalen-2-yl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1ap): 

 

 



S-186 
 

2-(5-(Cyclohex-1-en-1-yl)pent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1aq): 

 

 



S-187 
 

2-Methyl-2-(non-2-en-4-yn-1-yl)cyclopentane-1,3-dione (1ar): 

 

 

 



S-188 
 

2-(5-Cyclohexylpent-2-en-4-yn-1-yl)-2-methylcyclopentane-1,3-dione (1as): 

 

 

  



S-189 
 

2-(4-Methylbenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3a): 

 

 



S-190 
 

2-(4-Methoxybenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3b): 

 

 



S-191 
 

2-(4-Fluorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3c): 

 

 



S-192 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



S-193 
 

2-(4-Chlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3d): 

 

 



S-194 
 

2-(2,3-Dichlorobenzyl)-2-(5-phenylpent-2-en-4-yn-1-yl)-1H-indene-1,3(2H)-dione (3e): 

 

 



S-195 
 

(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (anti-2a): 

 

 



S-196 
 

(3aR,4R,5S,6aR)-3a-Hydroxy-6a-methyl-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one ( syn-2a): 

 

 



S-197 
 

(3aR,4S,5S,6aR)-6a-Ethyl-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one ; (2b) 

 

 



S-198 
 

(3aR,4S,5S,6aR)-3a-Hydroxy-4-(phenylethynyl)-6a-propyl-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2c): 

 

 



S-199 
 

(3aR,4S,5S,6aS)-3a-Hydroxy-6a-isobutyl-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2d): 

 

 



S-200 
 

(3aR,4S,5S,6aS)-6a-Cinnamyl-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2e): 

 

 



S-201 
 

(3aR,4S,5S,6aS)-6a-Benzyl-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2f): 

 

 



S-202 
 

(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(4-methylbenzyl)-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one(2g): 

 

 



S-203 
 

(3aR,4S,5S,6aS)-6a-(4-Ethoxybenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2h): 

 

 



S-204 
 

(3aR,4S,5S,6aS)-6a-(4-(Benzyloxy)benzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2i): 

 

 



S-205 
 

(3aR,4S,5S,6aS)-6a-(4-Fluorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2j): 

 

 



S-206 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-207 
 

(3aR,4S,5S,6aS)-6a-(4-Chlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2k): 

 

 



S-208 
 

4-(((1S,2S,3aS,6aR)-6a-Hydroxy-4-oxo-1-(phenylethynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-3a(1H)-yl)methyl)benzonitrile (2l): 

 

 



S-209 
 

(3aR,4S,5S,6aS)-6a-(3-Fluorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2m): 

 

 



S-210 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-211 
 

(3aR,4S,5S,6aS)-6a-(3-Chlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2n): 

 

 



S-212 
 

(3aR,4S,5S,6aS)-6a-(3-Bromobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2o): 

 

 



S-213 
 

(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(3-nitrobenzyl)-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2p): 

 

 



S-214 
 

(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(2-methoxybenzyl)-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2q): 

 

 



S-215 
 

(3aR,4S,5S,6aS)-6a-(2-Bromobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2r): 

 

 



S-216 
 

(3aR,4S,5S,6aS)-6a-(3,5-Dimethoxy-4-methylbenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2s): 

 

 



S-217 
 

(3aR,4S,5S,6aS)-6a-(2,6-Dimethoxybenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2t): 

 

 



S-218 
 

(3aR,4S,5S,6aS)-6a-(2,6-Dichlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2u): 

 

 



S-219 
 

(3aR,4S,5S,6aS)-6a-(2,3-Dichlorobenzyl)-3a-hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2v): 

 

 



S-220 
 

(3aR,4S,5S,6aS)-3a-Hydroxy-6a-(naphthalen-1-ylmethyl)-4-(phenylethynyl)-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2w): 

 

 



S-221 
 

(3aR,4S,5S,6aS)-3a-Hydroxy-4-(phenylethynyl)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

6a-(thiophen-2-ylmethyl)hexahydropentalen-1(2H)-one (2x): 

 

 



S-222 
 

(1S,2S,3aR,7aR)-7a-Hydroxy-3a-methyl-1-(phenylethynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)octahydro-4H-inden-4-one (2y): 

 

 



S-223 
 

(1S,2S,3aR,7aR)-7a-Hydroxy-3a-methyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-(p-

tolylethynyl)octahydro-4H-inden-4-one (2z):  

 

 



S-224 
 

(1S,2S,3aR,7aR)-7a-Hydroxy-1-((4-methoxyphenyl)ethynyl)-3a-methyl-2-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)octahydro-4H-inden-4-one (2aa) 

 

 



S-225 
 

(1S,2S,3aS,7aR)-3a-Benzyl-7a-hydroxy-1-(phenyletynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)octahydro-4H-inden-4-one (2ab): 

 

 



S-226 
 

(1S,2S,3aS,7aR)-3a-(4-Chlorobenzyl)-7a-hydroxy-1-(phenylethynyl)-2-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)octahydro-4H-inden-4-one (2ac): 

 

 



S-227 
 

(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(p-

tolylethynyl)hexahydropentalen-1(2H)-one (2ae): 

 

 



S-228 
 

(3aR,4S,5S,6aR)-4-((4-Ethylphenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2af): 

 

 



S-229 
 

(3aR,4S,5S,6aR)-4-((4-Butylphenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ag): 

 

 



S-230 
 

(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-4-((4-pentylphenyl)ethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ah): 

 

 



S-231 
 

(3aR,4S,5S,6aR)-4-((4-(tert-Butyl)phenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ai): 

 

 



S-232 
 

(3aR,4S,5S,6aR)-3a-Hydroxy-4-((4-methoxyphenyl)ethynyl)-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2aj): 

 

 



S-233 
 

(3aR,4S,5S,6aR)-4-((4-Fluorophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ak): 

 

 



S-234 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-235 
 

(3aR,4S,5S,6aR)-4-((4-Bromophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2al): 

 

 



S-236 
 

(3aR,4S,5S,6aR)-4-((3-Fluorophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2am): 

 

 



S-237 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-238 
 

(3aR,4S,5S,6aR)-4-((3-Chlorophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2an): 

 

 



S-239 
 

(3aR,4S,5S,6aR)-4-((2-Bromophenyl)ethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ao): 

 

 



S-240 
 

(3aR,4S,5S,6aR)-3a-Hydroxy-6a-methyl-4-(phenanthren-9-ylethynyl)-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2ap): 

 

 



S-241 
 

(3aR,4S,5S,6aR)-4-(Cyclohex-1-en-1-ylethynyl)-3a-hydroxy-6a-methyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (2aq): 

 

 



S-242 
 

(2S,3aS,8aS)-3a-Hydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-2,3,3a,8a-tetrahydrocyclopenta[a]inden-8(1H)-one (4a/4a'):  

 

 



S-243 
 

(2S,3R,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5a): 

 

 



S-244 
 

(2S,3S,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methylbenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (syn-5a): 

 

 



S-245 
 

(2S,3R,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methoxybenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5b): 

 

 



S-246 
 

(2S,3S,3aS,8aR)-2,3a-Dihydroxy-8a-(4-methoxybenzyl)-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (syn-5b): 

 

 



S-247 
 

(2S,3R,3aS,8aR)-8a-(4-Fluorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5c): 

 

 



S-248 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-249 
 

(2S,3S,3aS,8aR)-8a-(4-Fluorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one  (syn-5c): 

 

 



S-250 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S-251 
 

(2S,3R,3aS,8aR)-8a-(4-Chlorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5d): 

 

 



S-252 
 

(2S,3S,3aS,8aR)-8a-(4-Chlorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (syn-5d): 

 

 



S-253 
 

(2S,3R,3aS,8aR)-8a-(2,3-Dichlorobenzyl)-2,3a-dihydroxy-3-(phenylethynyl)-2,3,3a,8a-

tetrahydrocyclopenta[a]inden-8(1H)-one (anti-5e): 

 

 



S-254 
 

(3aR,4R,5S,6aR)-3a,5-Dihydroxy-6a-methyl-4-(phenylethynyl)hexahydropentalen-1(2H)-one 

(6): 

 

 



S-255 
 

(3aR,4R,5S,6aR)-3a-Hydroxy-6a-methyl-4-phenethyl-5-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)hexahydropentalen-1(2H)-one (7): 

 

 



S-256 
 

Compound 8: 

 

 



S-257 
 

Compound 9: 

 

 



S-258 
 

Compound 10: 

 

 



S-259 
 

Compound 11: 

 

 



S-260 
 

Compound(12): 

 

 


