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I: General Information 

Commercially available materials purchased from Alfa Aesar or Sigma-Aldrich was 

used as received. HPLC grade CH3CN (purchased from TEDIA) was dried over 4Å 

molecular sieve prior use. Toluene and DCM was dried over Pure Solv solvent 

purification system. THF was distilled over sodium. Other solvents were dried over 

4Å molecular sieve prior use. Proton nuclear magnetic resonance (1H NMR) spectra 

were recorded on a Bruker (400 MHz) spectrometer. Chemical shifts were recorded in 

parts per million (ppm, δ) relative to tetramethylsilane (δ 0.00) or chloroform (δ = 

7.26, singlet). 1H NMR splitting patterns are designated as singlet (s), doublet (d), 

triplet (t), quartet (q), dd (doublet of doublets); m (multiplets), and etc. All first-order 

splitting patterns were assigned on the basis of the appearance of the multiplet. 

Splitting patterns that could not be easily interpreted are designated as multiplet (m) 

or broad (br). Carbon nuclear magnetic resonance (13C NMR) spectra were recorded 

on a Bruker (400 MHz) (100 MHz) spectrometer. IR spectra were recorded on a 

Shimazu IR IRAffinity-1 FT-IR Spectrometer.  High resolution mass spectral analysis 

(HRMS) was performed on Finnigan MAT 95 XP mass spectrometer (Thermo 

Electron Corporation). The determination of enantiomeric excess was performed via 

chiral HPLC analysis using Shimadzu LC-20AD HPLC workstation. X-ray 

crystallography analysis was performed on Bruker X8 APEX X-ray diffractionmeter. 

Optical rotations were measured using a 1 mL cell with a 1 dm path length on a Jasco 

P-1030 polarimeter and are reported as follows: [α]rt
D (c is in gm per 100 mL solvent). 

Analytical thin-layer chromatography (TLC) was carried out on Merck 60 F254 pre-

coated silica gel plate (0.2 mm thickness). Visualization was performed using a UV 

lamp or potassium permanganate stain. 
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II. General procedure 

a) Condition Optimization 

Table S1. Screening of NHCs for the reaction of 1a with 2a. [a,b] 
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[a] Standard condition: NHC precursor (20 mol%), 1a (0.2 mmol), 2a (1.0 equiv), DBU (1.0 

equiv), solvent (1.0 mL), 4Å MS, rt, 24 h. [b]Yields and diastereomeric ratio of 3a, determined 

via 1H NMR analysis of unpurified reaction mixtures. 1,3,5-trimethoxybenzene was used as 

an internal standard. [c] 0.3 eq DABCO was added, then 1.0 eq DBU was added after 20min. 

b) General procedure for the catalytic reactions of ester (1) with enone (2) to 

synthesize product 3: 

 

N
N

N

Bn

O
Et

Et

MeO

MeO

BF4

2(Ar = 4-NO2-C6H4)
1

3aa

Ar1

O

OAr + Ar
O O

Ar1

MeOOC

O Ar

COOMe

NHC (20 mol%)
DBU, LiCl, DABCO

4 Å MS, THF

F

MeOOC

MeOOC

 
A dry Schlenk tube with stir bar was charged with ester 1 (0.10 mmol, 1.0 equiv.), 

NHC F (9.9 mg, 20 mol%), LiCl (5.0 mg, 1.0 equiv.), HOBt (2.7 mg, 20 mol%),  

DABCO (3.4 mg, 30 mol%) and molecular sieves (50 mg). The tube was evacuated, 

and refilled with nitrogen. Then the enone 2 (0.12 mmol, 1.2 equiv.) was added and 

the mixture was dissolved with newly distilled solvent THF (1.0 mL). After stirring at 

rt for 20 mins, DBU (21 μL, 1.4 equiv.) was added. Then the mixture was continued 

to stir at room temperature for another 3h when the substrate was consumed 

completely (monitored by TLC). The mixture was concentrated under vacuum and 

purified by column chromatography on silica gel (hexane/EtOAc) to afford desired 

product 3, which was confirmed by 1H NMR, 13C NMR spectrum, and enantiomeric 

excess was determined by chiral HPLC. 

Note: NHC F was prepared according to literature procedure. [1] 

 

c) Stereochemistry determination 4o via X-ray crystallographic analysis: 

 

Product 4o was crystallized as a colorless crystal via vaporization of a 

hexane/ethyl acetate solution, and its absolute configuration was determined by x-ray 

structure analaysis. CCDC 1404951 contains the supplementary crystallographic data 
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that can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data request/cif. 

    

 

 

 

d) Synthetic transformations of catalytic reaction products 3a and 6g. 

 

 

To a dry round-bottom flask was added 3a (0.1 mmol, 40.6 mg) and anhydrous 

MeOH (1 mL). The resulting mixture was allowed to stir overnight at 60 °C. After the 

completion of reaction, NaBH4 (0.20 mmol, 2.0 equiv.) was added and stirred 0.5h at 

room temperature. After the completion of reaction, the 2N HCl aq was added and the 

reaction mixture was extracted with DCM for three times, the combined organic layer 
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was washed with saturated brine and dried over anhydrous Na2SO4. DCM was 

removed under reduced pressure, and then PTSA (0.09 mmol, 0.9 equiv.) and CHCl3 

(3 mL) was added, the resulting mixture was allowed to stir 4h at 60 °C. After the 

completion of reaction, solvent was removed under reduced pressure, the crude 

residue was purified by flash chromatoghraphy to afford product 7 with 29mg, 71% 

yield, 1:1 dr and 96:4 er/96:4 er. (The relative stereochemistry of each isomer was 

established through NOESY spectrum). 

 

To a stirred solution of 3a (40.6 mg, 0.10 mmol) in CH2Cl2 (1.0 mL) at 0 °C, was 

added mCPBA (51.8 mg, 55% purity, 0.15 mmol). The mixture was stirred at 0 °C for 

12 h. After the reaction finished, PTSA (1.9 mg, 0.01 mmol) was added, and the 

reaction was stirred for another 20 min at room temperature, quenched with aqueous 

NaHCO3 solution and extracted with CH2Cl2. The combined organic layers were 

washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The residue was purified via SiO2 flash chromatography (n-hexane/EtOAc) 

to afford 8 (27.5 mg, 65% yield, 2:1 dr and 96:4 er/96:4 er). (The relative 

stereochemistry of each isomer was established through NOESY spectrum). 

 

 

To a dry round-bottom flask was added 6g (0.1 mmol, 36.7 mg) and anhydrous 

MeOH (1 mL). The resulting mixture was allowed to stir overnight at 60 °C. After the 

completion of reaction, solvent was removed under reduced pressure, and then AIBN 

(0.04 mmol, 0.4 equiv.), Bu3SnH (0.50 mmol, 5.0 equiv.) and toluene (1 mL) was 

added, the resulting mixture was allowed to stir overnight at 110 °C. After the 

completion of reaction, solvent was removed under reduced pressure, the crude 

residue was purified by flash chromatoghraphy to afford product 9 with 40% yield.  
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e) Proposed mechanism and stereochemical modes. 

 

Scheme 1. Proposed mechanism and stereochemical modes. n=1, 2; EWG= malonate 

 

The proposed pathway for the formation of cascade product 3 is depicted in 

Scheme 1.  Addition of N-heterocyclic carbene (NHC) to unsaturated ester 1 could 

provide NHC-bounded ester intermediate I. Deprotonation of β-enone malonate 2 

could form enolate intermediate II under basic conditions. Intermolecular Michael 

addition of intermeidiate II to intermediate I could give intermediate III, which 

undergoes intramolecular Michael addition to generate intermeidiate IV. Subsequent 

lactonization of intermediate IV would give the final cascade product 3 and release 

the NHC catalyst. In this process, the lithium ion, which is crucial to achieve the high 

ee, was supposed to coordinate with the enolate of malonate and the acyl azolium, 

helping to direct the first Michael addition of intermediate II to the α,β-unsaturated 

acylazolium in Re face manner (TS A). The relative stereochemistry of the 

intramolecular Michael addition was constructed through the chair-type confirmation 

of TS B, thus giving the multi-cyclic lactone  products in high enantioselectivity.  
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III. Characterizations of substrates and products, reference 

 

a) Preparations and characterizations of substrates 

 

 

  To a 100 mL round bottom flask under N2 atmosphere, aldehyde (10 mmol, 1 equiv.) 

was added and then dissolved in 50 mL DCM, followed by the addition of the 

phosphine ylide (10 mmol, 1 equiv.). The reaction was kept stirring at rt for 12h. Then, 

the mixture was concentrated under vacuum to remove the DCM to give the crude 

product. Purification by the chromatograph on a silica gel column using hexane : ethyl 

acetate (3:1 ) as eluent can give the enone 2 as colorless oil.  

Note: The β-aldehyde malonate was prepared according to previous report[2]  

 

 

(E)-dimethyl 2-(4-oxo-4-phenylbut-2-enyl)malonate: yellow oil; 1H NMR (400 

MHz, CDCl3): δ = 7.90 (d, J = 8.0 Hz, 2 H); 7.55 (t, J =7.6 Hz, 1 H); 7.47 (t, J = 8.0 

Hz, 2 H); 6.93–6.96 (m, 2 H); 3.76 (s, 6 H); 3.61 (t, J = 7.6 Hz, 1 H); 2.91 (dd, J1 = 

7.6 Hz, J2 = 6.0 Hz, 2 H). 13C NMR (100 MHz, CDCl3): δ = 190.2, 168.8, 143.6, 

137.5, 132.9, 128.6, 128.5, 128.1, 52.8, 50.5, 31.7 ppm. HRMS(ESI) calcd for 

C15H17O5 (M+H)+: 277.1076, Found: 277.1078. 
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(E)-dimethyl 2-(4-oxo-4-p-tolylbut-2-enyl)malonate: yellow oil; 1H NMR (400 

MHz, CDCl3): δ = 7.83 (d, J = 8.0 Hz, 2H); 7.27 (d, J = 8.0 Hz, 2H); 6.89–6.99 (m, 

2H); 3.82 (s, 6H); 3.60 (t, J = 7.6 Hz, 2H); 2.91 (dd, J = 7.2, 6.0 Hz, 2H); 2.42 (s, 3H). 
13C NMR (100 MHz, CDCl3): δ = 189.7, 168.8, 143.8, 143.1, 135.0, 129.3, 128.7, 

128.2, 52.8, 50.6, 31.7, 21.7 ppm. HRMS(ESI) calcd for C16H19O5 (M+H)+: 291.1232, 

Found: 291.1237. 

 

 

(E)-dimethyl 2-(4-(4-methoxyphenyl)-4-oxobut-2-enyl)malonate: yellow oil; 1H 

NMR (400 MHz, CDCl3): δ = 7.91–7.95 (m, 2H); 6.87–7.00 (m, 4H); 3.88 (s, 3H); 

3.76 (s, 6H); 3.60 (t, J = 7.6 Hz, 2H); 2.91 (t, J = 6.8 Hz, 2H). 13C NMR (100 MHz, 

CDCl3): δ = 188.4, 168.8, 163.5, 142.5, 130.9, 130.4, 128.0, 113.8, 55.5, 52.8, 50.6, 

31.7 ppm. HRMS(ESI) calcd for C16H19O6 (M+H)+: 307.1182, Found: 307.1182. 

 

 

(E)-dimethyl 2-(4-(4-fluorophenyl)-4-oxobut-2-enyl)malonate: yellow oil; 1H 

NMR (400 MHz, CDCl3): δ = 7.93–7.97 (m, 2H); 7.12–7.17 (m, 2H); 6.93–6.95 (m, 

2H); 3.77 (s, 6H); 3.61 (t, J = 7.6 Hz, 2H); 2.90–2.93 (m, 2H). 13C NMR (100 MHz, 

CDCl3): δ = 188.5, 168.7, 166.9, 164.5, 143.8, 133.9, 133.8, 131.2, 131.1, 127.8, 

115.8, 115.6, 52.8, 50.5, 31.7 ppm. HRMS(ESI) calcd for C15H16FO5 (M+H)+: 

295.0982, Found: 295.0984. 
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(E)-dimethyl 2-(4-(4-chlorophenyl)-4-oxobut-2-enyl)malonate: yellow oil; 1H 

NMR (400 MHz, CDCl3): δ = 7.84–7.88 (m, 2H); 7.43–7.56 (m, 2H); 6.89–6.95 (m, 

2H); 3.76 (s, 6H); 3.61 (t, J = 7.6 Hz, 2H); 2.92 (dd, J = 7.2, 5.6 Hz, 2H). 13C NMR 

(100 MHz, CDCl3): δ = 188.9, 168.7, 144.2, 139.4, 135.8, 130.0, 129.0, 127.7, 52.8, 

50.4, 31.7 ppm. HRMS(ESI) calcd for C15H16ClO5 (M+H)+: 311.0686, Found: 

311.0692. 

 

 

(E)-dimethyl 2-(4-(4-bromophenyl)-4-oxobut-2-enyl)malonate: white oil; 1H NMR 

(500 MHz, CDCl3): δ = 7.64-7.82 (m, 2 H); 7.58-7.65 (m, 2 H); 6.85-6.96 (m, 2 H); 

3.77 (s, 6 H); 3.60 (t, J = 7.5 Hz, 1 H); 2.92 (dd, J1 = 5.5 Hz, J2= 5.5 Hz, 2 H). 13C 

NMR (125 MHz, CDCl3): δ = 189.0, 168.2, 144.3, 136.2, 131.9, 130.1, 128.1, 127.7, 

52.8, 50.4, 31.7 ppm. HRMS(ESI) calcd for C15H15BrO5Na (M+Na)+: 377.0001, 

Found: 376.9999. 

 

 

(E)-dimethyl 2-(4-(naphthalen-2-yl)-4-oxobut-2-enyl)malonate: yellow oil; 1H 

NMR (400 MHz, CDCl3): δ = 8.43 (s, 1H); 7.96–8.02 (m, 2H); 7.87–7.92 (m, 2H); 

7.54–7.63 (m, 2H); 7.13 (d, J = 15.6 Hz, 1H); 6.96–7.03 (m, 1H); 3.78 (s, 6H); 3.65 (t, 

J = 7.6 Hz, 2H); 2.95–2.99 (m, 2H). 13C NMR (100 MHz, CDCl3): δ = 190.0, 168.8, 

143.5, 135.5, 134.8, 132.5, 130.3, 129.6, 128.6, 128.5, 128.2, 127.8, 126.8, 124.4, 
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52.8, 50.6, 31.8 ppm. HRMS(ESI) calcd for C19H19O5 (M+H)+: 327.1232, Found: 

327.1242. 

 

 

(E)-dimethyl 2-(4-(furan-2-yl)-4-oxobut-2-enyl)malonate: yellow oil; 1H NMR 

(400 MHz, CDCl3): δ = 7.62 (t, J = 0.8 Hz, 1H); 7.25 (d, J = 3.6 Hz, 1H); 6.99–7.06 

(m, 1H); 6.87 (d, J = 19.6 Hz, 1H); 6.56 (dd, J = 3.6, 1.6 Hz, 1H); 3.76 (s, 6H); 3.60 (t, 

J = 7.2 Hz, 2H); 2.90 (t, J = 7.2 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ = 177.5, 

168.8, 153.1, 146.8, 143.0, 127.3, 118.0, 112.5, 52.8, 50.5, 31.6 ppm. HRMS(ESI) 

calcd for C13H15O6 (M+H)+: 267.0863, Found: 267.0864. 

 

 

(E)-dimethyl 2-(4-oxo-4-(thiophen-2-yl)but-2-enyl)malonate: yellow oil; 1H NMR 

(400 MHz, CDCl3): δ = 7.75 (d, J = 3.6 Hz, 1H); 7.67 (d, J = 4.8 Hz, 1H); 7.15–7.17 

(m, 1H); 6.95–7.03 (m, 1H); 6.87 (d, J = 15.2 Hz, 1H); 3.76 (s, 6H); 3.61 (t, J = 7.2 

Hz, 2H); 2.91 (t, J = 7.2 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ = 181.7, 168.8, 

144.8, 142.9, 134.1, 132.2, 128.3, 127.7, 52.8, 50.5, 31.6 ppm. HRMS(ESI) calcd for 

C13H15O5S (M+H)+: 283.0640, Found: 283.0644. 
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(E)-dimethyl 2-(3-methyl-4-oxo-4-phenylbut-2-enyl)malonate: yellow oil; 1H 

NMR (400 MHz, CDCl3): δ = 7.62–7.64 (m, 2H); 7.49–7.53 (m, 1H); 7.39–7.43 (m, 

2H); 6.14–6.18 (m, 1H); 3.75 (s, 6H); 3.51 (t, J = 7.6 Hz, 2H); 2.88 (t, J = 7.6 Hz, 

2H); 2.00 (s, 3H). 13C NMR (100 MHz, CDCl3): δ = 198.4, 168.9, 139.4, 138.8, 138.0, 

131.8, 129.5, 128.1, 52.7, 50.7, 28.3, 12.8 ppm. HRMS(ESI) calcd for C16H19O5 

(M+H)+: 291.1232, Found: 291.1231. 

 

O

O

O

OMe

OMe

 

(E)-dimethyl 2-(2-(1-oxo-3,4-dihydronaphthalen-2(1H)-ylidene)ethyl)malonate: 

colorless oil; 1H NMR (400 MHz, CDCl3): δ = 8.05-8.15 (m, 1 H); 7.46-7.55 (m, 1 H); 

7.30-7.40 (m, 1 H); 7.22-7.28 (m, 1 H); 6.74-6.82 (m, 1 H); 3.73 (s, 3 H); 3.58 (t, J = 

7.6 Hz, 1 H); 2.92-3.02 (m, 2 H); 2.72-2.88 (m, 4 H). 13C NMR (100 MHz, CDCl3): δ 

= 187.1, 169.0, 143.7, 137.6, 133.7, 133.3, 128.3, 128.2, 126.7, 52.7, 50.8, 29.0, 27.6, 

25.8 ppm. HRMS(ESI) calcd for C17H19O5 (M+H)+: 303.1232, Found: 303.1233. 

 

 

(E)-dimethyl 2-(4-oxopent-2-enyl)malonate: 

colorless oil; 1H NMR (500 MHz, CDCl3): δ = 6.73 (dt, J = 16.0, 7.0 Hz, 1 H), 6.13 

(dt, J = 16.0, 1.4 Hz, 1 H), 3.76 (s, 6 H), 3.75 (d, J =  7.6 Hz, 1 H), 3.55 (t, J = 7.4 Hz, 

1 H), 2.82 (td, J = 7.2, 1.5 Hz, 2H), 2.24 (s, 3H). 13C NMR (125 MHz, CDCl3): δ = 

197.9, 168.6 (x2), 142.4, 133.1, 52.7, 50.3, 31.2, 27.0 ppm. HRMS(ESI) calcd for 

C10H15O5  (M+H)+: 215.0919, Found: 215.0911. 
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(E)-diethyl 2-(4-oxo-4-phenylbut-2-enyl)malonate: yellow oil; 1H NMR (400 MHz, 

CDCl3): δ = 7.91 (d, J = 7.2 Hz, 2 H); 7.55 (t, J =7.2, 1 H); 7.47 (t, J = 8.0 Hz, 2 H); 

6.95–6.97 (m, 2 H); 4.18–4.25 (m, 4 H); 3.57 (t, J = 7.6 Hz, 1 H); 2.89–2.93 (m, 2 H); 

1.27 (t, J = 7.2 Hz, 6 H). 13C NMR (100 MHz, CDCl3): δ = 190.2, 168.4, 143.9, 137.6, 

132.9, 128.6, 128.5, 128.1, 61.7, 50.8, 31.7, 14.1 ppm. HRMS(ESI) calcd for 

C17H21O5 (M+H)+: 305.1389, Found: 305.1390. 

 

 

(E)-dibenzyl 2-(4-oxo-4-phenylbut-2-enyl)malonate: yellow oil; 1H NMR (400 

MHz, CDCl3): δ = 7.85 (d, J = 7.2 Hz, 2 H); 7.55 (t, J =7.6, 1 H); 7.44 (t, J = 8.0 Hz, 

2 H); 7.36 (t, J = 4.8 Hz, 1 H); 7.26–7.32 (m, 9 H); 6.86–6.96 (m, 2 H); 5.12–5.19 (m, 

4 H); 3.69 (t, J = 7.2 Hz, 1 H); 2.93 (dd, J1 = 7.6 Hz, J2 = 5.6 Hz, 2 H). 13C NMR (100 

MHz, CDCl3): δ = 190.1, 168.1, 143.5, 137.5, 135.1, 132.8, 128.6, 128.5, 128.4, 

128.3, 128.1, 67.5, 50.8, 31.7 ppm. HRMS(ESI) calcd for C27H25O5 (M+H)+: 

429.1702, Found: 429.1701. 

 

 

(E)-dimethyl 2-(5-oxo-5-phenylpent-3-enyl)malonate: yellow oil; 1H NMR (400 

MHz, CDCl3): δ = 7.92 (d, J = 7.2 Hz, 2 H); 7.57 (t, J =7.2, 1 H); 7.47 (t, J = 7.6 Hz, 

2 H); 6.89 –7.04 (m, 2 H); 3.75 (s, 6 H); 3.43 (t, J = 7.6 Hz, 1 H); 2.38 (dd, J1 = 14.4 

Hz, J2 = 6.8 Hz, 2 H); 2.15 (dd, J1 = 14.4 Hz, J2 = 7.6 Hz, 2 H). 13C NMR (100 MHz, 
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CDCl3): δ = 190.5, 169.4, 146.9, 137.7, 132.8, 128.6, 128.5, 126.9, 52.6, 50.9, 30.2, 

27.2 ppm. HRMS(ESI) calcd for C16H19O5 (M+H)+: 291.1232, Found: 291.1231. 

 

 

(E)-6-nitro-1-phenylhex-2-en-1-one: yellow oil; 1H NMR (400 MHz, CDCl3): δ = 

7.93–7.96 (m, 2H); 7.56–7.60 (m, 1H); 7.47–7.50 (m, 2H); 6.94–7.03 (m, 2H); 4.45 (t, 

J = 6.4 Hz, 2H); 2.43–2.48 (m, 2H); 2.23–2.30 (m, 2H). 13C NMR (100 MHz, CDCl3): 

δ = 190.1, 145.5, 137.6, 133.0, 128.7, 128.6, 127.5, 74.6, 29.2, 25.8 ppm. HRMS(ESI) 

calcd for C12H14NO3 (M+H)+: 220.0974, Found: 220.0974. 

 

 

(E)-1-(furan-3-yl)-4,4-dimethyl-6-nitrohex-2-en-1-one: yellow oil; 1H NMR (400 

MHz, CDCl3): δ = 8.09 (s, 1 H); 7.49 (t, J = 3.2 Hz, 1 H); 6.95 (d, J = 15.6 Hz, 1 H); 

6.85–6.85 (m, 1H); 6.51 (d, J = 15.6 Hz, 1 H); 4.33–4.37 (m, 2 H); 2.21–2.25 (m, 2 

H); 1.21 (s, 6 H). 13C NMR (100 MHz, CDCl3): δ = 183.9, 153.5, 147.4, 144.4, 128.1, 

124.3, 128.1, 124.3, 109.1, 72.4, 38.6, 36.0, 26.4 ppm. HRMS(ESI) calcd for 

C12H16NO4 (M+H)+: 238.1079, Found: 238.1079. 

 

b) Characterizations of products 

 

 

(4aS,7R,7aR)-dimethyl 1-oxo-3,7-diphenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.70, 

CHCl3) = -16.8;  1H NMR (400 MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 
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2 H); 7.24–7.39 (m, 8 H); 5.56 (d, J = 3.2 Hz, 1 H); 4.70 (d, J = 8.8 Hz, 1 H); 3.71 (s, 

3 H); 3.52–3.61 (m, 2 H); 3.13 (m, 4 H); 2.27 (dd, J1 = 12.0 Hz, J2 = 4.0 Hz, 1 H). 13C 

NMR (100 MHz, CDCl3): δ = 171.6, 170.2, 168.4, 149.2, 137.3, 132.2, 129.2, 128.7, 

128.5, 128.3, 127.8, 124.8, 102.2, 65.1, 53.7, 53.1, 52.3, 47.6, 41.3, 36.7 ppm. IR 

(film): νmax 2952, 1731, 1515, 1425, 1272, 1211, 1008 cm-1. HRMS (ESI): C24H23O6 

[M+H]+ calcd: 407.1495, found: 407.1492; 96:4 er as determined by HPLC (Chiralcel 

IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 13.4 min, tr (minor) = 16.6 min. 

 

 

(4aS,7R,7aR)-dimethyl 7-(4-methoxyphenyl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.44, 

CHCl3) = -40.5;  1H NMR (400 MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 2.0 Hz, 

2 H); 7.36–7.39 (m, 3 H); 7.25 (d, J = 9.2 Hz, 2 H); 6.83 (d, J = 8.0 Hz, 2 H); 5.53 (d, 

J = 3.2 Hz, 1 H); 4.61 (d, J = 9.6 Hz, 1 H); 3.77 (s, 3 H); 3.71 (s, 3 H); 3.49–3.59 (m, 

2 H); 3.20 (s, 3 H); 3.11 (dd, J1 = 14.0 Hz, J2 = 7.2 Hz, 1 H); 2.68 (dd, J1 = 14.0 Hz, 

J2 = 4.0 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.7, 170.4, 168.4, 159.1, 149.1, 

132.2, 129.9, 129.2, 129.0, 128.5, 124.8, 113.6, 102.4, 64.8, 55.2, 53.1, 53.0, 52.4, 

47.6, 41.1, 36.4 ppm. IR (film): νmax 2952, 1757, 1729, 1515, 1436, 1221, 1127, 1025, 

929 cm-1. HRMS (ESI): C25H25O7 [M+H]+ calcd: 437.1600, found: 437.1613; 95:5 er 

as determined by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) 

= 17.7 min, tr (minor) = 21.5 min. 

 

 

(4aS,7R,7aR)-dimethyl 7-(4-fluorophenyl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.90, 



S16 
 

CHCl3) = -22.9;  1H NMR (400 MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 

2 H); 7.34–7.41 (m, 3 H); 7.32 (dd, J1 = 8.8 Hz, J2 = 5.2 Hz, 2 H); 6.99 (t, J = 8.8 Hz, 

2 H); 5.55 (d, J = 3.2 Hz, 1 H); 4.64 (d, J = 10.0 Hz, 1 H); 3.72 (s, 3 H); 3.56–3.62 (m, 

1 H); 3.51 (t, J = 8.8 Hz, 1 H); 3.20 (s, 3 H); 3.11 (dd, J1 = 14.0 Hz, J2 = 7.2 Hz, 1 

H) ; 2.27 (dd, J1 = 14.0 Hz, J2 = 4.0 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.5, 

170.3, 168.1, 149.2, 132.7, 132.6, 132.1, 130.5, 130.4, 129.3, 128.6, 124.8, 115.2, 

115.0, 102.2, 64.8, 53.1, 52.9, 52.4, 47.5, 41.1, 36.5 ppm. IR (film): νmax 2954, 1762, 

1729, 1515, 1437, 1275, 1215, 1016, 929 cm-1. HRMS (ESI): C24H22FO6 [M+H]+ 

calcd: 425.1400, found: 425.1383; 95:5 er as determined by HPLC (Chiralcel IB, 

90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 13.0 min, tr (minor) = 17.6 min. 

 

 

(4aS,7R,7aR)-dimethyl 7-(4-chlorophenyl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.76, 

CHCl3) = -41.2;  1H NMR (400 MHz, CDCl3): δ = 7.58 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 

2 H); 7.35 – 7.39 (m, 3 H); 7.28 (s, 4 H); 5.55 (d, J = 3.2 Hz, 1 H); 4.62 (d, J = 9.6 Hz, 

1 H); 3.72 (s, 3 H); 3.56–3.61 (m, 1 H); 3.50 (t, J = 8.8 Hz, 1 H); 3.21 (s, 3 H); 3.10 

(dd, J1 = 14.0 Hz, J2 = 7.6 Hz, 1 H) ; 2.27 (dd, J1 = 14.0 Hz, J2 = 4.0 Hz, 1 H). 13C 

NMR (100 MHz, CDCl3): δ = 171.4, 170.2, 168.1, 149.1, 135.5, 133.7, 132.0, 130.2, 

129.3, 128.6, 128.4, 124.8, 102.2, 64.8, 53.1, 53.0, 52.1, 47.3, 41.2, 36.5 ppm. IR 

(film): νmax 2953, 1762, 1729, 1526, 1436, 1255, 1015, 928 cm-1. HRMS (ESI): 

C24H22ClO6 [M+H]+ calcd: 441.1105, found: 441.1102; 96:4 er as determined by 

HPLC (Chiralcel IB, 90:10  hexanes/i-PrOH, 0.7 mL/min), tr (major) = 13.5 min, tr 

(minor) = 18.7 min. 
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(4aS,7R,7aR)-dimethyl 7-(4-bromophenyl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 2.12, 

CHCl3) = -47.3;   1H NMR (400 MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 2.8 Hz, 

2 H); 7.36–7.44 (m, 5 H); 7.22 (d, J = 8.4 Hz, 2 H); 5.55 (d, J = 3.2 Hz, 1 H); 4.60 (d, 

J = 10.0 Hz, 1 H); 3.72 (s, 3 H); 3.57–3.60 (m, 1 H); 3.50 (t, J = 8.8 Hz, 1 H); 3.22 (s, 

3 H); 3.10 (dd, J1 = 14.0 Hz, J2 = 7.2 Hz, 1 H) ; 2.26 (dd, J1 = 14.0 Hz, J2 = 4.4 Hz, 1 

H). 13C NMR (100 MHz, CDCl3): δ = 171.4, 170.2, 168.0, 149.1, 136.1, 132.0, 131.4, 

130.5, 129.3, 128.6, 128.4, 121.9, 102.2, 64.7, 53.1, 53.0, 52.5, 47.3, 41.2, 36.5 ppm. 

IR (film): νmax 2954, 1767, 1730, 1558, 1539, 1275, 1215, 1011, 929 cm-1. HRMS 

(ESI): C24H22BrO6 [M+H]+ calcd: 485.0600, found: 485.0587; 97:3 er as determined 

by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 14.1 min, tr 

(minor) = 19.6 min. 

 

 

(4aS,7R,7aR)-dimethyl 7-(4-nitrophenyl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.41, 

CHCl3) = -58.9;  1H NMR (400 MHz, CDCl3): δ = 8.17 (d, J = 8.8 Hz, 2 H); 7.59 (dd, 

J1 = 8.0 Hz, J2 = 4.4 Hz, 2 H); 7.55 (d, J = 8.8 Hz, 2 H); 7.37–7.42 (m, 3 H); 5.59 (d, 

J = 3.2 Hz, 1 H); 4.72 (d, J = 10.0 Hz, 1 H); 3.75 (s, 3 H); 3.63–3.67 (m, 1 H); 3.58 (t, 

J = 9.6 Hz, 1 H); 3.22 (s, 3 H); 3.13 (dd, J1 = 14.0 Hz, J2 = 7.6 Hz, 1 H); 2.29 (dd, J1 

= 14.0 Hz, J2 = 4.8 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.0, 169.9, 167.7, 

149.1, 147.4, 144.5, 131.9, 129.9, 129.4, 128.6, 124.8, 123.3, 101.9, 64.8, 53.3, 53.2, 

52.6, 47.1, 41.4, 36.4 ppm. IR (film): νmax 2955, 1730, 1526, 1424, 1350, 1024, 925 

cm-1. HRMS (ESI): C24H22NO8 [M+H]+ calcd: 452.1345, found: 452.1348; 97:3 er as 
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determined by HPLC (Chiralcel IB, 85:15 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 

23.4 min, tr (minor) = 42.9 min. 

 

 

(4aS,7R,7aR)-dimethyl 1-oxo-3-phenyl-7-o-tolyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.25, 

CHCl3) = +13.6;  1H NMR (400 MHz, CDCl3): δ = 7.60 (dd, J1 = 8.0 Hz, J2 = 2.0 Hz, 

2 H); 7.35–7.40 (m, 3 H); 7.08–7.17 (m, 3 H); 7.04 (d, J = 8.0 Hz, 1 H); 5.58 (d, J = 

4.0 Hz, 1 H); 5.18 (d, J = 6.8 Hz, 1 H); 3.67 (s, 3 H); 3.58–3.60 (m, 1 H); 3.36 (t, J = 

7.6 Hz, 1 H); 3.14 (dd, J1 = 13.6 Hz, J2 = 6.8 Hz, 1 H) ; 3.08 (s, 3 H); 2.47 (s, 3 H); 

2.67 (dd, J1 = 14.0 Hz, J2 = 5.6 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.6, 

169.9, 168.6, 149.7, 138.0, 137.9, 132.3, 130.4, 129.2, 128.5, 127.3, 126.8, 126.0, 

124.8, 101.6, 65.6, 53.1, 52.2, 50.8, 48.8, 41.8, 37.3, 20.3 ppm. IR (film): νmax 2952, 

1734, 1434, 1260, 1216, 1125, 1046, 936, 884 cm-1. HRMS (ESI): C25H25O6 [M+H]+ 

calcd: 421.1646, found: 421.1646; 98:2 er as determined by HPLC (Chiralcel IB, 

90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 12.0 min, tr (minor) = 14.5 min. 

 

 
(4aS,7R,7aR)-dimethyl 7-(3-bromophenyl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.45, 

CHCl3) = -21.6;  1H NMR (400 MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 

2 H); 7.48 (s, 1 H); 7.36–7.40 (m, 3 H);7.27 (d, J = 8.4 Hz, 2 H); 7.18 (t, J = 8.0 Hz, 1 

H); 5.57 (d, J = 3.6 Hz, 1 H); 4.63 (d, J = 9.2 Hz, 1 H); 3.72 (s, 3 H); 3.59–3.62 (m, 1 

H); 3.50 (t, J = 8.8 Hz, 1 H); 3.20 (s, 3 H); 3.10 (dd, J1 = 14.0 Hz, J2 = 6.8 Hz, 1 H) ; 

2.24 (dd, J1 = 14.0 Hz, J2 = 4.8 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.2, 
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170.1, 168.0, 149.2, 139.7, 132.1, 131.9, 130.9, 129.8, 129.3, 128.6, 127.3, 124.8, 

122.3, 102.0, 64.9, 53.2, 53.1, 52.4, 47.4, 41.3, 36.6 ppm. IR (film): νmax 2952, 1761, 

1729, 1525, 1436, 1215, 1124, 1024, 928 cm-1. HRMS (ESI): C24H22BrO6Na 

[M+Na]+ calcd: 485.0600, found: 485.0603; 96:4 er as determined by HPLC 

(Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 13.5 min, tr (minor) = 

17.5 min. 

 

OO Ph

COOMe
MeOOC

 
(4aS,7R,7aR)-dimethyl 7-(naphthalen-2-yl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.68, 

CHCl3) = -71.8;  1H NMR (400 MHz, CDCl3): δ =  7.76–7.82 (m, 4 H); 7.61 (dd, J1 = 

8.0 Hz, J2 = 2.0 Hz, 2 H); 7.36–7.47 (m, 5 H); 5.60 (d, J = 2.0 Hz, 1 H); 4.86 (d, J = 

8.4 Hz, 1 H); 3.72 (s, 3 H); 3.67–3.70 (m, 2 H); 3.16–3.20 (m, 1 H); 3.02 (s, 3 H); 

2.31 (dd, J1 = 14.0 Hz, J2 = 3.6 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.5, 

170.3, 168.3, 149.2, 134.7, 133.2, 132.8, 132.2, 129.3, 128.5, 128.1, 128.0, 127.8, 

127.5, 126.3, 126.1, 126.0, 124.8, 102.0, 65.0, 53.9, 53.1, 52.3, 47.8, 41.4, 36.7 ppm. 

IR (film): νmax 2954, 1761, 1725, 1525, 1436, 1124, 1024, 928 cm-1. HRMS (ESI): 

C28H25O6 [M+H]+ calcd: 457.1651, found: 457.1651; 96:4 er as determined by HPLC 

(Chiralcel IA, 80:20 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 40.6 min, tr (minor) = 

22.5 min. 

 

 

 

(4aS,7S,7aR)-dimethyl 7-(furan-2-yl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.60, 
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CHCl3) = -11.0;   1H NMR (400 MHz, CDCl3): δ =  7.59 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 

2 H); 7.33–7.40 (m, 4 H); 6.30 (s, 2 H); 5.55 (d, J = 2.4 Hz, 1 H); 4.73 (d, J = 7.6 Hz, 

1 H); 3.69 (s, 3 H); 3.57–3.60 (m, 2 H); 3.44 (s, 3 H); 3.08–3.13 (m, 1 H); 2.19 (dd, J1 

= 14.0 Hz, J2 = 4.0 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 170.1, 169.8, 168.0, 

151.0, 148.9, 142.3, 132.1, 129.2, 128.5, 124.7, 110.6, 108.8, 101.9, 63.3, 53.1, 53.0, 

48.1, 46.1, 41.0, 36.0 ppm. IR (film): νmax 2954, 1734, 1554, 1527, 1424, 1215, 1013, 

929 cm-1. HRMS (ESI): C22H21O7 [M+H]+ calcd: 397.1287, found: 397.1283; 96:4 er 

as determined by HPLC (Chiralcel ID, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) 

= 60.1 min, tr (minor) = 72.5 min. 

 

 

(4aS,7S,7aR)-dimethyl 1-oxo-3-phenyl-7-(thiophen-2-yl)-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.95, 

CHCl3) = -21.7;  1H NMR (400 MHz, CDCl3): δ =  7.59 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 

2 H); 7.34–7.39 (m, 3 H); 7.20 (dd, J1 = 4.8 Hz, J2 = 0.8 Hz, 1 H); 7.03 (d, J = 3.6 Hz, 

1 H); 6.94 (dd, J1 = 5.2 Hz, J2 = 3.6 Hz, 1 H);  5.54 (d, J = 3.6 Hz, 1 H); 4.86 (d, J = 

8.8 Hz, 1 H); 3.73 (s, 3 H); 3.56–3.59 (m, 2 H); 3.33 (s, 3 H); 3.10–3.15 (m, 1 H); 

2.30 (dd, J1 = 14.0 Hz, J2 = 3.2 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.3, 

170.1, 167.8, 149.0, 139.6, 132.0, 129.3, 128.6, 126.8, 126.6, 125.1, 124.8, 102.2, 

64.8, 53.1, 52.7, 49.3, 48.8, 40.8, 36.1 ppm. IR (film): νmax 2952, 1762, 1730, 1558, 

1517, 1434, 1024, 929 cm-1. HRMS (ESI): C22H21O6S [M+H]+ calcd: 413.1059, 

found: 413.1059; 95:5 er as determined by HPLC (Chiralcel IB, 90:10 hexanes/i-

PrOH, 0.7 mL/min), tr (major) = 15.2 min, tr (minor) = 19.2 min. 
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(4aS,7S,7aR)-dimethyl 1-oxo-3-phenyl-7-styryl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.06, 

CHCl3) = -38.7;  1H NMR (400 MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 2.0 Hz, 

2 H); 7.20–7.40 (m, 8 H); 6.64 (d, J = 15.6 Hz, 1 H); 6.09 (dd, J1 = 16.0 Hz, J2 = 8.8 

Hz, 1 H); 5.50 (d, J = 2.8 Hz, 1 H); 3.97 (t, J = 9.2 Hz, 1 H); 3.71 (s, 3 H); 3.65 (s, 3 

H); 3.42–3.47 (m, 1 H); 3.24 (t, J = 9.2 Hz, 1 H); 2.97 (dd, J1 = 14.0 Hz, J2 = 8.0 Hz, 

1 H);  2.37 (dd, J1 = 10.0 Hz, J2 = 4.0 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 

171.3, 170.5, 168.1, 148.6, 136.6, 134.4, 132.2, 129.2, 128.6, 128.5, 127.7, 126.6, 

125.2, 124.8, 102.4, 63.5, 53.0, 52.8, 52.4, 47.6, 41.0, 36.0 ppm. IR (film): νmax 2954, 

2321, 1734, 1558, 1517, 1424, 928 cm-1. HRMS (ESI): C26H24O6Na [M+Na]+ calcd: 

455.1471, found: 455.1475; 94:6 er as determined by HPLC (Chiralcel IA, 80:20 

hexanes/i-PrOH, 0.7 mL/min), tr (major) = 17.3 min, tr (minor) = 13.6 min. 

 

 

(4aS,7S,7aR)-7-ethyl 6,6-dimethyl 1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6,7(1H)-tricarboxylate : yellow oil; [α]D 
23 (c 1.25, 

CHCl3) = +10.2;  1H NMR (400 MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 2.4 Hz, 

2 H); 7.34–7.40 (m, 3 H); 5.62 (d, J = 4.4 Hz, 1 H); 4.16–4.25 (m, 3 H); 3.73–3.76 (m, 

3 H); 3.67–3.72 (m, 3 H); 3.31 – 3.39 (m, 1 H); 2.84 (dd, J1 = 13.2 Hz, J2 = 7.2 Hz, 1 

H); 2.18 (dd, J1 = 13.2 Hz, J2 = 8.4 Hz, 1 H); 1.28 (t, J = 7.2 Hz, 3 H). 13C NMR (100 

MHz, CDCl3): δ = 171.0, 170.4, 169.8, 168.3, 149.1, 132.0, 129.3, 128.5, 124.7, 

100.6, 62.4, 61.7, 54.3, 53.3, 53.0, 43.8, 42.2, 35.8, 14.0 ppm. IR (film): νmax 2952, 

2321, 1731, 1518, 1437, 1340, 1112, 928 cm-1. HRMS (ESI): C21H22O8Na [M+Na]+ 

calcd: 425.1212, found: 425.1211; 94:6 er as determined by HPLC (Chiralcel IA, 95:5 

hexanes/i-PrOH, 0.7 mL/min), tr (major) = 37.6 min, tr (minor) = 22.5 min. 
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(4aS,7S,7aR)-dimethyl 7-ethyl-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.06, 

CHCl3) = +17.5;  1H NMR (400 MHz, CDCl3): δ =  7.58 (dd, J1 = 8.4 Hz, J2 = 2.8 Hz, 

2 H); 7.34–7.39 (m, 3 H); 5.48 (d, J = 3.2 Hz, 1 H); 3.74 (s, 3 H); 3.66 (s, 3 H); 3.34–

3.39 (m, 1 H); 3.13–3.19 (m, 1 H); 2.92 (t, J = 8.4 Hz, 1 H); 2.81 (dd, J1 = 13.6 Hz, J2 

= 7.6 Hz, 1 H);  2.23 (dd, J1 = 10.0 Hz, J2 = 5.2 Hz, 1 H), 1.52–1.62 (m, 2 H); 1.03 (t, 

J = 7.6 Hz, 3 H). 13C NMR (100 MHz, CDCl3): δ = 171.8, 171.0, 169.7, 148.6, 132.3, 

129.1, 128.5, 124.7, 102.4, 62.6, 52.9, 52.6, 50.6, 47.1, 41.5, 35.7, 24.5, 12.4 ppm. IR 

(film): νmax 2954, 1734, 1558, 1525, 1437, 1419, 1018, 928 cm-1. HRMS (ESI): 

C20H23O6 [M+H]+ calcd: 359.1495, found: 359.1497; 75:25 er as determined by 

HPLC (Chiralcel IA, 80:20 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 14.1 min, tr 

(minor) = 10.2 min. 

 

 

(4aS,7aS)-dimethyl 1-oxo-3-phenyl-4a,5,7,7a-tetrahydrocyclopenta[c]pyran-

6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.34, CHCl3) = -1.1;  1H NMR (400 

MHz, CDCl3): δ = 7.59 (dd, J1 = 8.0 Hz, J2 = 4.4 Hz, 2 H); 7.34–7.40 (m, 3 H); 5.63 

(d, J = 4.4 Hz, 1 H); 3.77 (s, 3 H); 3.70 (s, 3 H); 3.14–3.18 (m, 2 H); 2.78–2.90 (m, 2 

H); 2.62 (dd, J1 = 13.6 Hz, J2 = 7.2 Hz, 1 H); 2.33 (dd, J1 = 13.6 Hz, J2 = 8.0 Hz, 1 H). 
13C NMR (100 MHz, CDCl3): δ = 172.0, 171.2, 169.4, 149.0, 132.2, 129.2, 128.5, 

124.7, 101.5, 58.8, 53.1, 53.0, 41.5, 41.0, 36.8 ppm. IR (film): νmax 2952, 1734, 1549, 

1525, 1437, 1023, 928 cm-1. HRMS (ESI): C18H19O6 [M+H]+ calcd: 331.1182, found: 

331.1174; 53:47 er as determined by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 

mL/min), tr (major) = 15.0 min, tr (minor) = 16.1 min. 
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(4aS,7R,7aR)-dimethyl 3-(4-methoxyphenyl)-1-oxo-7-phenyl-4a,5,7,7a- 

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 0.5, 

CHCl3) = -80.3;   1H NMR (400 MHz, CDCl3): δ = 7.53 (dd, J1 = 6.8Hz, J2 = 1.6 Hz, 

2 H); 7.18–7.36 (m, 5 H); 6.89 (dd, 2 H, J = 6.8, 2.0 Hz, 2 H); 5.42 (d, J = 3.2 Hz, 1 

H); 4.70 (d, J = 8.8 Hz, 1 H); 3.82 (s, 3 H); 3.71 (s, 3 H); 3.48–3.64 (m, 2 H); 3.13 (s, 

3 H); 3.04–3.15 (m, 1 H); 2.26 (dd, J = 14.0, 4.4 Hz, 1 H). 13C NMR (100 MHz, 

CDCl3): δ = 171.5, 170.2, 168.5, 160.4, 149.0, 137.4, 128.7, 128.2, 127.7, 126.2, 

124.7, 113.9, 100.2, 65.1, 55.3, 53.6, 53.0, 52.2, 47.6, 41.3, 36.6 ppm. IR (film): νmax 

2954, 2400, 1759, 1728, 1609, 1513, 1435, 1248, 1177, 1030, 928 cm-1. HRMS (ESI): 

C25H25O7 [M+H]+ calcd: 437.1600, found: 437.1602; 94:6 er as determined by HPLC 

(Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 18.8 min, tr (minor) = 

21.2 min. 

 

 
(4aS,7R,7aR)-dimethyl 1-oxo-7-phenyl-3-p-tolyl-4a,5,7,7a-tetrahydrocyclo- 

penta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -52.9;  1H 

NMR (400 MHz, CDCl3): δ = 7.48 (d, J = 8.0 Hz, 2 H); 7.20–7.35 (m, 5 H); 7.18 (d, J 

= 8.0 Hz, 2 H); 5.51 (d, J = 3.2 Hz, 1 H); 4.70 (d, J = 8.8 Hz, 1 H); 3.70 (s, 3 H); 

3.49–3.64 (m, 2 H); 3.13 (s, 3 H); 3.02–3.13 (m, 3 H); 2.36 (s, 3 H); 2.26 (dd, J = 14.0, 

4.4 Hz, 1 H. 13C NMR (100 MHz, CDCl3): δ = 171.5, 170.2, 168.4, 149.2, 139.2, 

137.4, 129.3, 129.2, 128.7, 128.2, 127.7, 124.7, 101.2, 65.0, 53.6, 53.0, 52.2, 47.6, 
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41.2, 36.6, 21.2 ppm. IR (film): νmax 2952, 1730, 1570, 1533, 1272, 1126, 1042, 1017, 

930 cm-1. HRMS (ESI): C25H25O6 [M+H]+ calcd: 421.1651, found: 421.1652; 96:4 er 

as determined by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) 

= 13.9 min, tr (minor) = 16.1 min. 

 

 
(4aS,7R,7aR)-dimethyl 3-(4-fluorophenyl)-1-oxo-7-phenyl-4a,5,7,7a-tetrahydro- 

cyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.00, CHCl3) = -

19.9;  1H NMR (400 MHz, CDCl3): δ = 7.54–7.62 (m, 2 H); 7.21–7.38 (m, 5 H); 7.03 

–7.10 (m, 2 H); 5.49 (d, J = 3.2 Hz, 1 H); 4.69 (d, J = 8.8 Hz, 1 H); 3.71 (s, 3 H); 3.52 

–3.65 (m, 2 H); 3.08–3.16 (m, 4 H); 2.26 (dd, J = 14.0, 4.4 Hz, 1 H). 13C NMR (100 

MHz, CDCl3): δ = 171.5, 170.1, 168.1, 163.3 (J = 248 Hz), 148.4, 137.2, 128.7, 

128.39, 128.36, 128.2, 127.8, 126.8, 126.7, 115.7, 115.4, 101.9, 65.0, 53.6, 53.0, 52.3, 

47.5, 41.2, 36.6 ppm. IR (film): νmax 2952, 1767, 1730, 1558, 1510, 1272, 1159, 1024, 

929 cm-1. HRMS (ESI): C24H22O6F [M+H]+ calcd: 425.1400, found: 425.1401; 96:4 

er as determined by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr 

(major) = 13.8 min, tr (minor) = 15.7 min. 

 

 
(4aS,7R,7aR)-dimethyl 3-(4-chlorophenyl)-1-oxo-7-phenyl-4a,5,7,7a-tetrahydro- 

cyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -

56.7;  1H NMR (400 MHz, CDCl3): δ = 7.53 (dd, J = 6.8, 1.6 Hz, 2 H); 7.20–7.40 (m, 

7 H); 5.56 (d, J = 2.8 Hz, 1 H); 4.68 (d, J = 8.8 Hz, 1 H); 3.71 (s, 3 H); 3.52–3.68 (m, 
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2 H); 3.06–3.18 (m, 4 H); 2.25 (dd, J1 = 14.0 Hz, J2 = 4.4 Hz, 1 H). 13C NMR (100 

MHz, CDCl3): δ = 171.5, 170.1, 168.0, 148.2, 137.2, 135.1, 130.6, 128.7, 128.6, 

128.2, 127.8, 126.0, 102.6, 65.0, 53.6, 53.0, 52.3, 47.5, 41.2, 36.6 ppm. IR (film): νmax 

2954, 1728, 1523, 1435, 1012, 928 cm-1. HRMS (ESI): C24H22O6Cl [M+H]+ calcd: 

441.1105, found: 441.1096; 96:4 er as determined by HPLC (Chiralcel IB, 90:10 

hexanes/i-PrOH, 0.7 mL/min), tr (major) = 15.3 min, tr (minor) = 16.9 min. 

 

 
(4aS,7R,7aR)-dimethyl 3-(4-bromophenyl)-1-oxo-7-phenyl-4a,5,7,7a-tetrahydro- 

cyclopenta[c]pyran-6,6(1H)-dicarboxylate : yellow oil; [α]D 
23 (c 1.00, CHCl3) = 

+29.2;  1H NMR (400 MHz, CDCl3): δ = 7.48 (dd, J = 18.8, 8.8 Hz, 4 H); 7.23–7.34 

(m, 5 H); 5.57 (d, J = 3.2 Hz, 1 H); 4.68 (d, J = 8.4 Hz, 1 H); 3.71 (s, 3 H); 3.50–3.63 

(m, 2 H); 3.13 (s, 3 H); 3.08–3.16 (m, 1 H); 2.25 (dd, J = 13.6, 8.0 Hz, 1 H). 13C 

NMR (100 MHz, CDCl3): δ = 171.5, 170.1, 168.0, 148.3, 137.2, 131.7, 131.1, 128.7, 

128.3, 127.8, 126.3, 123.4, 102.7, 65.0, 53.7, 53.0, 52.3, 47.5, 41.1, 36.7 ppm. IR 

(film): νmax 2954, 1762, 1729, 1515, 1437, 1275, 1215, 1016, 929 cm-1. IR (film): νmax 

2952, 1728, 1523, 1425, 1008, 925 cm-1. HRMS (ESI): C24H22O6Br [M+H]+ calcd: 

485.0600, found: 485.0602; 96:4 er as determined by HPLC (Chiralcel IB, 90:10 

hexanes/i-PrOH, 0.7 mL/min), tr (major) = 20.7 min, tr (minor) = 23.2 min. 

 

 

(4aS,7R,7aR)-dimethyl 3-(naphthalen-2-yl)-1-oxo-7-phenyl-4a,5,7,7a-tetrahydro- 

cyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.00, CHCl3) = -
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62.5;  1H NMR (400 MHz, CDCl3): δ = 8.14–8.20 (m, 1 H); 7.78–7.90 (m, 3 H); 7.63 

(dd, J = 8.8, 2.0 Hz, 1 H); 7.50 (dd, J = 6.0, 3.2 Hz, 2 H); 7.20–7.38 (m, 5 H); 5.72 (d, 

J = 3.2 Hz, 1 H); 4.74 (d, J = 8.8 Hz, 1 H); 3.70 (s, 3 H); 3.56–3.68 (m, 2 H); 3.08–

3.20 (m, 4 H); 2.32 (dd, J1 = 13.6 Hz, J2 = 4.4 Hz, 1 H). 13C NMR (100 MHz, 

CDCl3): δ = 171.5, 170.0, 168.4, 149.1, 137.4, 133.5, 133.1, 129.1, 128.7, 128.6, 

128.2, 127.7, 127.6, 126.7, 126.6, 124.3, 122.0, 102.6, 65.1, 53.7, 53.0, 52.2, 47.7, 

41.3, 36.7 ppm. IR (film): νmax 2952, 1756, 1729, 1515, 1436, 1192, 1130, 1045, 929 

cm-1. HRMS(ESI) calcd for C28H25O6 (M+H)+: 457.1651, Found: 457.1649; 96:4 er 

as determined by HPLC (Chiralcel IC, 80:20 hexanes/i-PrOH, 0.7 mL/min), tr (major) 

= 26.8 min, tr (minor) = 44.6 min. 

 

OO

Ph

COOMe
MeOOC

O  

(4aS,7R,7aR)-dimethyl 3-(furan-2-yl)-1-oxo-7-phenyl-4a,5,7,7a-tetrahydro- 

cyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -

22.9;  1H NMR (400 MHz, CDCl3): δ = 7.38–7.44 (m, 1 H); 7.22 – 7.35 (m, 5 H); 

6.59 (d, J = 3.6 Hz, 1 H); 6.44 (dd, J = 3.6, 2.0 Hz, 1 H);5.54 (d, J = 3.2 Hz, 1 H); 

4.66 (d, J = 8.8 Hz, 1 H); 3.71 (s, 3 H); 3.50–3.65 (m, 2 H); 3.05–3.18 (m, 4 H); 2.26 

(dd, J = 13.6, 4.0 Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ = 171.5, 170.2, 167.6, 

146.6, 143.2, 142.0, 137.1, 128.7, 128.2, 127.8, 111.5, 108.1, 100.3, 65.0, 53.7, 53.0, 

52.3, 47.8, 41.1, 36.2 ppm. IR (film): νmax 2954, 1728, 1524, 1425, 1012, 928 cm-1. 

HRMS(ESI) calcd for C22H21O7 (M+H)+: 457.1651, Found: 457.1649; 96:4 er as 

determined by HPLC (Chiralcel IB, 97:3 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 

21.0 min, tr (minor) = 24.9 min. 
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OO

Ph

COOMe
MeOOC

S  

(4aS,7R,7aR)-dimethyl 1-oxo-7-phenyl-3-(thiophen-2-yl)-4a,5,7,7a-tetrahydro- 

cyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -

111.5;  1H NMR (400 MHz, CDCl3): δ = 7.22–7.34 (m, 7 H); 7.02 (dd, J = 5.2, 4.0 Hz, 

1 H); 5.44 (d, J = 3.2 Hz, 1 H); 4.69 (d, J = 8.8 Hz, 1 H); 3.73 (s, 3 H); 3.50–3.62 (m, 

2 H); 3.13 (s, 3 H); 3.09 (dd, J1 = 14.0 Hz, J2 = 7.2 Hz, 1 H); 2.26 (dd, J = 13.6, 4.0 

Hz, 1 H). 13C NMR (100 MHz, CDCl3): δ =171.4, 170.1, 167.8, 145.0, 137.3, 135.6, 

128.7, 128.2, 127.7, 127.6, 125.9, 124.9, 101.1, 65.0, 53.7, 53.0, 52.3, 47.7, 41.2, 36.6 

ppm. IR (film): νmax 2954, 1728, 1518, 1437, 1022, 928 cm-1. HRMS(ESI) calcd for 

C22H21O6S (M+H)+: 413.1059, Found: 413.1057; 95:5 er as determined by HPLC 

(Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 14.4 min, tr (minor) = 

18.2 min. 

 

 

(4aR,7R,7aR)-dimethyl 4-methyl-1-oxo-3,7-diphenyl-4a,5,7,7a-tetrahydrocyclo- 

penta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.00, CHCl3) = +1.1;  1H 

NMR (400 MHz, CDCl3): δ = 7.34–7.45 (m, 5 H); 7.18–7.34 (m, 5 H); 4.84–4.93 (m, 

1 H); 3.78 (s, 3 H); 3.42–3.55 (m, 4 H); 3.00–3.15 (m, 4 H); 2.24–2.33 (m, 1 H); 1.83 

(s, 3 H). 13C NMR (100 MHz, CDCl3): δ = 171.5, 170.2, 168.7, 144.9, 138.2, 133.1, 

128.8, 128.7, 128.6, 128.2, 128.1, 127.5, 109.8, 65.0, 53.5, 53.0, 52.1, 48.4, 42.7, 39.4, 

16.6 ppm. IR (film): νmax 2954, 1739, 1539, 1437, 1262, 1100, 1010, 928 cm-1. 

HRMS(ESI) calcd for C25H25O6 (M+H)+: 421.1651, Found: 421.1641; 98:2 er as 

determined by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 

11.4 min, tr (minor) = 12.7 min. 
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(6aR,7R,9aR)-dimethyl 6-oxo-7-phenyl-6a,7,9,9a,10,11-hexahydrobenzo[h]cyclo- 

penta[c]chromene-8,8(6H)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -32.1;  

1H NMR (400 MHz, CDCl3): δ = 7.50–7.56 (m, 1 H); 7.18–7.36 (m, 7 H); 7.08–7.18 

(m, 1 H); 4.75 (d, J = 7.6 Hz, 1 H); 3.69 (s, 3 H); 3.53–3.61 (m, 2 H); 3.13 (s, 3 H); 

2.98–3.12 (m, 1 H); 2.76–2.98 (m, 2 H); 2.33–2.46 (m, 2 H); 2.17–2.33 (m, 1 H). 13C 

NMR (100 MHz, CDCl3): δ = 171.4, 170.2, 168.4, 142.6, 138.0, 135.3, 128.6, 128.23, 

128.15, 127.6, 127.2, 126.6, 121.5, 110.7, 65.0, 54.1, 53.0, 52.2, 48.4, 40.6, 39.1, 27.5, 

24.6 ppm. IR (film): νmax 2954, 1750, 1729, 1524, 1436, 1093, 1020, 928 cm-1. 

HRMS(ESI) calcd for C26H25O6 (M+H)+: 433.1651, Found: 433.1649; 97:3 er as 

determined by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 

21.7 min, tr (minor) = 32.3 min. 

 

 
(4aS,7R,7aR)-dimethyl 3-(4-bromophenyl)-7-(naphthalen-2-yl)-1-oxo-4a,5,7,7a- 

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.00, 

CHCl3) = -79.8;  1H NMR (400 MHz, CDCl3): δ = 7.74–7.84 (m, 4 H); 7.36–7.54 (m, 

7 H); 5.60 (d, J = 2.4 Hz, 1 H); 4.84 (d, J = 8.4 Hz, 1 H); 3.72 (s, 3 H); 3.60–3.70 (m, 

2 H); 3.18 (dd, J = 13.6, 7.2 Hz, 1 H); 2.29 (dd, J = 14.0, 4.0 Hz, 1 H). 13C NMR (100 

MHz, CDCl3): δ = 171.5, 170.2, 168.0, 148.3, 134.6, 133.1, 132.8, 131.7, 131.1, 

128.03, 127.98, 127.8, 127.5, 126.31, 126.26, 126.10, 126.06, 123.4, 102.7, 64.9, 53.9, 
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53.1, 52.3, 47.6, 41.3, 36.7 ppm. IR (film): νmax 2954, 1728, 1523, 1425, 1008, 928 

cm-1. HRMS(ESI) calcd for C28H24BrO6 (M+H)+: 535.0756, Found: 535.0749; 99:1 er 

as determined by HPLC (Chiralcel IC, 80:20 hexanes/i-PrOH, 0.7 mL/min), tr (major) 

= 18.9 min, tr (minor) = 31.2 min. 

 

 

(4aS,7R,7aR)-dimethyl 3-(4-chlorophenyl)-7-(naphthalen-2-yl)-1-oxo-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.67, 

CHCl3) = -64.9;  1H NMR (400 MHz, CDCl3): δ = 7.79–7.82 (m, 4 H); 7.53–7.77 (m, 

2H); 7.34–7.47 (m, 5H); 5.58–5.59 (m, 1H); 4.84 (d, J = 8.4 Hz, 1 H); 3.72 (s, 3 H); 

3.66–3.70 (m, 1 H); 3.16–3.21 (m, 1H); 3.02 (s, 3H); 2.29 (dd, J = 13.6, 4.0 Hz, 1 H). 
13C NMR (100 MHz, CDCl3): δ = 171.5, 170.2, 168.0, 148.3, 135.2, 134.6, 133.2, 

132.9, 130.7, 128.8, 128.1, 128.0, 127.9, 127.5, 126.3, 126.1, 126.1, 102.6, 65.0, 53.9, 

53.1, 52.3, 47.7, 41.4, 36.7. IR (film): νmax 2954, 1757, 1729, 1601, 1527, 1437, 1424, 

1017, 928 cm-1. HRMS(ESI) calcd for C28H24ClO6 (M+H)+: 491.1261, Found: 

491.1263; 95:5 er as determined by HPLC (Chiralcel IA, 80:20 hexanes/i-PrOH, 0.7 

mL/min), tr (major) = 47.5 min, tr (minor) = 24.3 min. 

 

OO Me

Ph

COOMe
MeOOC

 

(4aS,7R,7aR)-dimethyl 3-methyl-1-oxo-7-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: colorless oil; [α]D 
23 (c 1.61, 

CHCl3) = -46.1;  1H NMR (500 MHz, CDCl3): δ = 7.20–7.38 (m, 5 H), 4.77 (d, J = 

1.0 Hz, 1 H), 4.62 (d, J = 9.5 Hz, 1 H), 3.75 (s, 3 H), 3.34–3.52 (m, 2 H), 3.12 (s, 3 H), 

3.01 (dd, J = 14.0 Hz, 7.5 Hz, 1 H), 2.13 (dd, J = 14 Hz, 4.5 Hz, 1 H), 1.88 (s, 3 H). 
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13C NMR (125 MHz, CDCl3): δ = 171.7, 170.2, 168.8, 148.5, 137.3, 128.7, 128.2, 

127.6, 102.2, 65.0, 53.5, 52.9, 52.2, 47.4, 41.1, 36.1, 18.7 ppm. IR (film): νmax 2986, 

1723, 1422, 1264, 1112, 896 cm-1. HRMS(ESI) calcd for C19H21O6 (M+H)+: 345.1338, 

Found: 345.1338; 95:5 er as determined by HPLC (Chiralcel ID, 80:20 hexanes/i-

PrOH, 0.7 mL/min), tr (major) = 23.5 min, tr (minor) = 26.9 min. 

 

 

(4aS,7R,7aR)-diethyl 1-oxo-3,7-diphenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 2.01, 

CHCl3) = -10.0;  1H NMR (400 MHz, CDCl3): δ = 7.58–7.61 (m, 2H); 7.23–7.39 (m, 

8H); 5.56 (d, J = 3.2 Hz, 1H); 4.70 (d, J = 4.8 Hz, 1H); 4.18 (q, J = 6.8 Hz, 2H); 3.74 

(dd, J = 14.0, 7.2 Hz, 1H); 2.29 (dd, J = 14.0, 4.0 Hz, 1H); 1.20 (t, J = 7.2 Hz, 3H); 

0.75 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ = 171.1, 169.9, 168.5, 149.2, 

137.5, 132.2, 129.2, 128.9, 128.5, 128.2, 127.7, 124.8, 102.3, 65.0, 61.9, 61.5, 53.5, 

47.9, 41.3, 36.7, 13.9, 13.3. IR (film): νmax 2954, 1766, 1722, 1520, 1423, 1075, 928 

cm-1. HRMS(ESI) calcd for C26H27O6 (M+H)+: 435.1808, Found: 435.1805; 96:4 er 

as determined by HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) 

= 10.0 min, tr (minor) = 11.9 min. 

 

 

(4aS,7R,7aR)-dibenzyl 1-oxo-3,7-diphenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.39, 

CHCl3) = +26.2;  1H NMR (400 MHz, CDCl3): δ = 7.51–7.54 (m, 2H); 7.11–7.38 (m, 

16H); 6.84–6.86 (m, 2H); 5.45–5.46 (m, 1H); 5.12 (d, J = 12.4 Hz, 1H); 4.96 (d, J = 

12.0 Hz, 1H); 4.71–4.75 (m, 2H); 4.18 (d, J = 12.4 Hz, 1H); 3.55–3.58 (m, 2H); 3.15 
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(dd, J = 13.6, 7.2 Hz, 1H); 2.32 (dd, J = 13.6, 7.2 Hz, 1H). 13C NMR (100 MHz, 

CDCl3): δ = 170.8, 169.7, 168.3, 149.3, 137.1, 135.1, 134.6, 132.2, 129.2, 128.9, 

128.5, 128.4, 128.3, 128.3, 128.2, 128.0, 127.9, 124.9, 102.2, 67.8, 67.4, 65.2, 53.7, 

47.9, 41.3, 36.7. IR (film): νmax 2954, 1767, 1721, 1419, 1025, 928 cm-1. HRMS(ESI) 

calcd for C36H31O6 (M+H)+: 559.2121, Found: 559.2118; 96:4 er as determined by 

HPLC (Chiralcel IB, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 14.4 min, tr 

(minor) = 16.5 min. 

 

 

(4aS,7R,7aR)-dibenzyl 7-(4-chlorophenyl)-1-oxo-3-phenyl-4a,5,7,7a-

tetrahydrocyclopenta[c]pyran-6,6(1H)-dicarboxylate: white solid; [α]D 
23 (c 1.55, 

CHCl3) = +4.7;  1H NMR (400 MHz, CDCl3): δ = 7.50–7.53 (m, 2H); 7.34–7.37 (m, 

3H); 7.22–7.32 (m, 8H); 7.15 (d, J = 8.4 Hz, 4H); 6.86 (d, J = 6.8 Hz, 2H); 5.45 (d, J = 

3.2 Hz, 1H); 5.13 (d, J = 12.0 Hz, 1H); 5.01 (d, J = 12.0 Hz, 1H); 4.62 (d, J = 10.0 Hz, 

1H); 4.37 (d, J = 12.0 Hz, 1H); 3.48–3.58 (m, 2H); 3.13 (dd, J = 14.0, 7.6 Hz, 1H); 

2.32 (dd, J = 14.0, 4.4 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ = 170.7, 169.6, 168.0, 

149.2, 135.3, 135.0, 134.3, 133.8, 132.0, 130.3, 129.3, 128.6, 128.5, 128.5, 128.4, 

128.3, 128.1, 124.8, 102.2, 67.9, 67.6, 64.9, 52.9, 47.6, 41.3, 36.5, 29.7. IR (film): 

νmax 2954, 1762, 1729, 1515, 1437, 1275, 1215, 1016, 929 cm-1. IR (film): νmax 2954, 

1724, 1525, 1424, 1015, 928 cm-1. HRMS(ESI) calcd for C36H30ClO6 (M+H)+: 

597.1731, Found: 597.1730; 97:3 er as determined by HPLC (Chiralcel IA, 90:10 

hexanes/i-PrOH, 0.7 mL/min), tr (major) = 16.7 min, tr (minor) = 22.7 min. 
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(4aS,8R,8aR)-dimethyl 1-oxo-3,8-diphenyl-5,6,8,8a-tetrahydro-1H-isochromene-

7,7(4aH)-dicarboxylate: yellow oil; [α]D 
23 (c 2.10, CHCl3) = +15.6;  1H NMR (400 

MHz, CDCl3): δ = 7.57–7.60 (m, 2H); 7.32–7.41 (m, 4H); 7.21–7.27 (m, 4H); 5.57 

(dd, J = 2.0, 1.6 Hz, 1H); 4.03 (dd, J = 12.0, 4.8 Hz, 1H); 3.70 (s, 3H); 3.45 (d, J = 

12.0 Hz, 1H); 3.33 (s, 3H); 3.27 (d, J = 2.4 Hz, 1H); 2.26–2.35 (m, 1H); 1.93–1.97 (m, 

1H); 1.24–1.87 (m, 1H). 13C NMR (100 MHz, CDCl3): δ = 171.0, 170.2, 168.0, 150.7, 

136.5, 132.0, 130.3, 129.1, 128.6, 127.9, 127.7, 124.6, 103.2, 59.5, 52.2, 45.9, 41.7, 

31.6, 30.0, 25.3. IR (film): νmax 2954, 1773, 1731, 1543, 1420, 928 cm-1. HRMS(ESI) 

calcd for C25H24O6Na (M+ Na)+: 443.1471, Found: 443.1471; 96:4 er as determined 

by HPLC (Chiralcel IB, 95:5 hexanes/i-PrOH, 0.7 mL/min), tr1 (major) = 21.9 min, 

tr1(minor) = 23.7 min tr2 (major) = 25.4 min, tr 2(minor) = 33.5 min. 

 

 

(4aS,8R,8aR)-dimethyl 8-(4-chlorophenyl)-1-oxo-3-phenyl-5,6,8,8a-tetrahydro-

1H-isochromene-7,7(4aH)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -24.1;  

1H NMR (400 MHz, CDCl3): δ = 7.57–7.60 (m, 2H); 7.38–7.39 (m, 5H); 7.22 (d, J = 

8.8 Hz, 2H); 5.57 (dd, J = 2.0, 1.5 Hz, 1H); 3.96–4.01 (m, 1H); 3.72 (s, 3H); 3.39 (d, J 

= 8.4 Hz, 1H); 3.37 (s, 3H); 3.29 (d, J = 2.8 Hz, 1H); 2.27–2.33 (m, 2H); 1.93–1.98 

(m, 1H); 1.80–1.86 (m, 1H). 13C NMR (100 MHz, CDCl3): δ = 170.8, 170.0, 167.7, 

150.7, 134.8, 133.8, 131.8, 131.7, 129.2, 128.6, 127.9, 124.5, 103.0, 59.5, 52.3, 45.3, 

41.6, 31.6, 29.9, 25.2. IR (film): νmax 2954, 1767, 1730, 1517, 1424, 1016, 928 cm-1. 

HRMS(ESI) calcd for C25H24ClO6 (M+H)+: 455.1261, Found: 455.1242; 95:5 er as 

determined by HPLC (Chiralcel ID, 80:20 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 

18.4 min, tr (minor) = 21.7 min. 
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(4aS,8R,8aR)-dimethyl 8-(4-isopropylphenyl)-1-oxo-3-phenyl-5,6,8,8a-

tetrahydro-1H-isochromene-7,7(4aH)-dicarboxylate: yellow oil; [α]D 
23 (c 1.00, 

CHCl3) = -65.8;  1H NMR (400 MHz, CDCl3): δ = 7.58–7.60 (m, 2H); 7.33–7.41 (m, 

3H); 7.28 (s, 2H); 7.09 (d, J = 4.4 Hz, 2H); 5.56 (d, J = 0.8 Hz, 1H); 4.02 (dd, J = 12.0, 

4.8 Hz, 1H); 3.70 (s, 3H); 3.43 (d, J = 12.0 Hz, 1H); 3.37 (s, 3H); 2.80–2.87 (m, 1H); 

2.25–2.35 (m, 2H); 1.81–1.96 (m, 2H); 1.21 (s, 3H); 1.19 (s, 3H). 13C NMR (100 

MHz, CDCl3): δ = 171.0, 170.2, 168.0, 150.6, 148.2, 133.7, 132.1, 130.1, 129.1, 

128.5, 125.7, 124.6, 103.2, 59.6, 52.1, 52.0, 45.6, 41.7, 33.6, 31.7, 30.0, 25.4, 23.9, 

23.8. IR (film): νmax 2954, 2928 1514, 1435, 1021, 928 cm-1. HRMS(ESI) calcd for 

C28H31O6 (M+H)+: 463.2121, Found: 463.2121; 94:6 er as determined by HPLC 

(Chiralcel ODH, 98:2 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 28.9 min, tr (minor) 

= 41.2 min. 

 

 

(4aS,8S,8aR)-dimethyl 1-oxo-3-phenyl-8-(thiophen-2-yl)-5,6,8,8a-tetrahydro-1H-

isochromene-7,7(4aH)-dicarboxylate: yellow oil; [α]D 
23 (c 1.00, CHCl3) = +231.1;  

1H NMR (400 MHz, CDCl3): δ = 7.55–7.57 (m, 2H); 7.31–7.37 (m, 3H); 7.19 (d, J = 

4.8 Hz, 1H); 7.09–7.10 (m, 1H); 6.95 (d, J = 5.2, 3.6 Hz, 1H); 5.64 (s, 1H); 4.84 (d, J 

= 1.6 Hz, 1H); 3.78 (s, 3H); 3.49 (s, 3H); 3.19–3.21 (m, 2H); 2.50–2.58 (m, 1H); 

2.38–2.42 (m, 1H); 2.17–2.22 (m, 1H); 1.23–1.33 (m, 1H). 13C NMR (100 MHz, 

CDCl3): δ = 170.9, 169.2, 167.4, 149.4, 137.8, 132.1, 129.9, 129.0, 128.4, 126.1, 

125.0, 124.5, 105.2, 59.4, 53.1, 52.5, 44.1, 40.0, 30.3, 28.4, 26.3. IR (film): νmax 2954, 

1731, 1525, 1427, 1219, 1159, 1019, 928 cm-1. HRMS(ESI) calcd for C23H23O6S 
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(M+H)+: 427.1215, Found: 427.1206; 95:5 er as determined by HPLC (Chiralcel 

ODH, 92:8 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 23.1 min, tr (minor) = 27.6 min. 

 

OO Ph

Ph

O2N

 

(4aS,7S,8R,8aR)-7-nitro-3,8-diphenyl-4a,5,6,7,8,8a-hexahydro-1H-isochromen-1-

one: white solid; [α]D 
23 (c 1.20, CHCl3) = -43.0;  1H NMR (400 MHz, CDCl3): δ = 

7.68 (dd, J = 7.2, 1.6 Hz, 2H); 7.43–7.47 (m, 3H); 7.28–7.34 (m, 3H); 7.18 (d, J = 7.2 

Hz, 2H); 5.63 (s, 1H); 4.77–4.84 (m, 1H); 3.54 (t, J = 9.0 Hz, 1H); 3.28 (s, 1H); 3.01 

(dd, J = 9.0, 0.9 Hz, 1H); 2.19–2.39 (m, 3H); 1.92–2.01 (m, 1H). 13C NMR (100 MHz, 

CDCl3): δ = 166.5, 151.2, 135.4, 131.7, 129.6, 129.1, 128.7, 128.6, 127.8, 124.7, 

102.3, 88.7, 46.5, 43.8, 31.3, 27.7, 27.1. IR (film): νmax 2954, 1772, 1558, 1215, 1047, 

1014, 928 cm-1. HRMS(ESI) calcd for C21H20NO4 (M+H)+: 350.1392, Found: 

350.1391; 87:13 er as determined by HPLC (Chiralcel IA, tr (major) = 37.6 min, tr 

(minor) = 22.5 min hexanes/i-PrOH, 0.7 mL/min), tr (major) = 19.3 min, tr (minor) = 

21.2 min. 

 

 

(4aS,7S,8R,8aR)-8-(4-chlorophenyl)-7-nitro-3-phenyl-4a,5,6,7,8,8a-hexahydro-

1H-isochromen-1-one: yellow solid; [α]D 
23 (c 1.75, CHCl3) = +0.8;  1H NMR (400 

MHz, CDCl3): δ = 7.65 – 7.68 (m, 2 H); 7.42 – 7.47 (m, 3 H); 7.29 (d, J = 8.4 Hz, 2 

H); 5.62 (t, J = 0.4 Hz, 1 H); 4.70 – 4.77 (m, 1 H); 3.82 (s, 3 H); 3.71 (s, 3 H); 3.48 – 

3.64 (m, 2 H); 3.13 (s, 3 H); 3.04 – 3.15 (m, 1 H); 2.26 (dd, J1 = 14.0 Hz, J2 = 4.4 Hz, 

1 H). 13C NMR (100 MHz, CDCl3): δ = 166.3, 151.2, 134.6, 134.0, 131.5, 129.7, 

129.4, 129.2, 128.8, 124.6, 102.1, 88.6, 46.3, 43.2, 31.2, 27.6, 26.9 ppm. IR (film): 

νmax 2954, 2927, 2854, 1762, 1558, 1525, 1465, 1419, 928 cm-1. HRMS(ESI) calcd 

for C21H19O4NCl (M+ H)+: 384.1003, Found: 384.1004. 
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(4aS,7S,8R,8aR)-3-(furan-3-yl)-5,5-dimethyl-7-nitro-8-phenyl-4a,5,6,7,8,8a-

hexahydro-1H-isochromen-1-one: yellow oil; [α]D 
23 (c 1.73, CHCl3) = +3.6;  1H 

NMR (400 MHz, CDCl3): δ = 7.71 (s, 1H); 7.47 (s, 1H); 7.31–7.35 (m, 3H); 7.26–

7.30 (m, 2H); 6.59 (d, J = 1.2 Hz, 1H); 5.50 (s, 1H); 4.97–5.04 (m, 1H); 3.53 (t, J = 

12.0 Hz, 1H); 3.22–3.26 (m, 1H); 2.76 (d, J = 2.0 Hz, 1H); 2.14 (t, J = 4.4 Hz, 1H); 

2.04 (dd, J = 12.0, 4.0 Hz, 1H); 1.22 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 166.7, 

145.8, 144.1, 140.4, 135.4, 129.1, 128.7, 128.6, 127.8, 119.5, 107.0, 98.0, 86.8, 44.4, 

43.6, 41.4, 39.9, 33.5, 297, 28.2, 26.1. IR (film): νmax 2927, 1768, 1558, 1517, 1419, 

1018, 929 cm-1. HRMS(ESI) calcd for C21H22NO5 (M+H)+: 368.1498, Found: 

368.14987; 89:11 er as determined by HPLC (Chiralcel IA, 90:10 hexanes/i-PrOH, 

0.7 mL/min), tr (major) = 32.3 min, tr (minor) = 19.8 min. 

 

O
O

Ph

COOMeMeOOC

Ph  

(3R,4aS,7R,7aR)-dimethyl 1-oxo-3,7-diphenylhexahydrocyclopenta[c]pyran-

6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.00, CHCl3) = -10.3;  1H NMR (400 

MHz, CDCl3): δ = 7.29–7.41 (m, 5H); 7.22–7.28 (m, 5H); 5.59 (dd, J = 7.6, 2.8 Hz, 

1H); 4.34 (d, J = 10.4 Hz, 1H); 3.74 (s, 3H); 3.47 (t, J = 10.4 Hz, 1H); 3.33 (s, 3H); 

3.19 (dd, J = 8.4, 2.0 Hz, 1H); 2.89 (dd, J = 14.0, 8.4 Hz, 1H); 2.31–2.38 (m, 1H); 

1.91–1.99 (m, 2H). 13C NMR (100 MHz, CDCl3): δ = 171.8, 171.3, 170.5, 138.9, 

137.3, 128.8, 128.6, 128.2, 128.1, 127.7, 125.5, 65.2, 54.8, 52.8, 52.1, 47.8, 41.6, 35.5, 

32.6. IR (film): νmax 2952, 1730, 1520, 1436, 1271, 1050, 928 cm-1. HRMS(ESI) calcd 
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for C24H23O7 (M+ H)+: 423.1444, Found: 423.1440; 96:4 er as determined by HPLC 

(Chiralcel IA, 90:10 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 32.2 min, tr (minor) = 

44.6 min. 

 

O
O

Ph

COOMeMeOOC

Ph  

(3S,4aS,7R,7aR)-dimethyl 1-oxo-3,7-diphenylhexahydrocyclopenta[c]pyran-

6,6(1H)-dicarboxylate: yellow oil; [α]D 
23 (c 1.1, CHCl3) = -11.0; 1H NMR (400 

MHz, CDCl3): δ = 7.21–7.39 (m, 10H); 5.29 (dd, J = 11.2, 1.6 Hz, 1H); 4.73 (d, J = 

7.2 Hz, 1H); 3.74 (s, 3H); 3.48–3.54 (m, 2H); 3.25 (s, 3H); 2.89 (dd, J = 13.6, 2.8 Hz, 

1H); 2.37–2.41 (m, 1H); 1.77 (dd, J = 16.8, 8.8 Hz, 1H); 1.59–1.68 (m, 1H). 13C NMR 

(100 MHz, CDCl3): δ = 172.9, 171.3, 170.8, 139.3, 138.9, 128.7, 128.5, 128.2, 127.3, 

126.0, 80.3, 65.5, 52.8, 52.6, 52.1, 48.8, 42.3, 38.1, 36.3. IR (film): νmax 2952, 1730, 

1520, 1436, 1271, 1050, 928 cm-1. HRMS(ESI) calcd for C24H23O7 (M+ H)+: 

423.1444, Found: 423.1440; 96:4 er as determined by HPLC (Chiralcel IA, 80:20 

hexanes/i-PrOH, 0.7 mL/min), tr (major) = 45.3 min, tr (minor) = 25.2 min. 

 

 

(1R,3aS,4R,6aR)-dimethyl 1-benzoyl-3-oxo-4-phenyltetrahydro-1H-

cyclopenta[c]furan-5,5(3H)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -

43.3;  1H NMR (400 MHz, CDCl3): δ = 7.98–8.00 (m, 2H); 7.67 (d, J = 7.6 Hz, 1H); 

7.54–7.57 (m, 2H); 7.18–7.30 (m, 5H); 5.52 (d, J = 2.4 Hz, 1H); 4.53 (d, J = 4.0 Hz, 

1H); 3.76–3.80 (m, 4H); 3.43 (dd, J = 9.2, 4.0 Hz, 1H); 3.22 (s, 3H); 3.10–3.15 (m, 

1H); 2.29–2.33 (m, 1H). 13C NMR (100 MHz, CDCl3): δ = 193.9, 177.4, 170.8, 169.4, 

138.8, 134.5, 133.5, 129.2, 128.8, 128.5, 128.2, 127.7, 81.7, 67.3, 54.1, 53.2, 52.3, 
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50.2, 42.9, 39.9, 29.7. IR (film): νmax 2954, 1786, 1730, 1599, 1433, 1216, 1022 cm-1. 

HRMS(ESI) calcd for C24H23O7 (M+H)+: 423.1444, Found: 423.1440; 96:4 er as 

determined by HPLC (Chiralcel OJH, 70:30 hexanes/i-PrOH, 0.7 mL/min), tr (major) 

= 11.3 min, tr (minor) = 15.6 min. 

 

 

(1S,3aS,4R,6aR)-dimethyl 1-benzoyl-3-oxo-4-phenyltetrahydro-1H-

cyclopenta[c]furan-5,5(3H)-dicarboxylate: yellow oil; [α]D 
23 (c 0.5, CHCl3) = -

49.2;  1H NMR (400 MHz, CDCl3): δ = 8.02 (d, J = 7.6 Hz, 2H); 7.69 (d, J = 7.6 Hz, 

1H); 7.54–7.66 (m, 2H); 7.22–7.32 (m, 5H); 5.94 (d, J = 6.8 Hz, 1H); 4.55 (d, J = 4.8 

Hz, 1H); 4.23 (t, J = 11.2 Hz, 1H); 3.69 (s, 3H); 3.56 (dd, J = 8.8, 4.4 Hz, 1H); 3.11 (s, 

3H); 2.41 (dd, J = 14.4, 4.0 Hz, 1H); 1.84 (dd, J = 14.4, 6.4 Hz, 1H);. 13C NMR (100 

MHz, CDCl3): δ = 192.3, 176.6, 170.1, 170.0, 138.9, 134.5, 134.2, 129.9, 128.4, 

128.2, 128.1, 127.6, 79.6, 67.7, 53.0, 52.9, 52.7, 52.1, 44.2, 35.9. IR (film): νmax 2954, 

1786, 1730, 1599, 1433, 1216, 1022 cm-1. HRMS(ESI) calcd for C24H23O7 (M+H)+: 

423.1444, Found: 423.1440; 96:4 er as determined by HPLC (Chiralcel OJH, 70:30 

hexanes/i-PrOH, 0.7 mL/min), tr (major) = 40.0 min, tr (minor) = 62.3 min. 

 

 

(1R,2S,6R)-methyl 2-(2-(furan-3-yl)-2-oxoethyl)-3,3-dimethyl-6-

phenylcyclohexanecarboxylate: white solid; [α]D 
23 (c 0.5, CHCl3) = -78; 1H NMR 

(400 MHz, CDCl3): δ = 8.09 (dd, J = 1.2, 0.8 Hz, 1H); 7.43 (t, J = 1.6 Hz, 1H); 7.14–

7.25 (m, 5H); 6.77 (q, J = 0.8 Hz, 1H); 3.33 (s, 3H); 3.28–3.21 (m, 1H); 3.11 (dd, J = 

18.4, 4.4 Hz, 1H); 2.94 (dd, J = 18.4, 6.0 Hz, 1H); 2.80–2.84 (m, 2H); 1.52–1.72 (m, 

3H); 1.31–1.35 (m, 1H); 1.25 (s, 3H); 0.88 (s, 3H). 13C NMR (100 MHz, CDCl3): δ = 
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193.4, 174.7, 146.7, 144.8, 144.0, 128.4, 127.6, 127.2, 126.3, 108.7, 51.4, 47.4, 40.9, 

39.7, 36.9, 34.1, 33.2, 29.3, 26.4, 23.5. HRMS(ESI) calcd for C22H27O4NCl (M+ H)+: 

355.1904, Found: 355.1908. 90.5:9.5 er as determined by HPLC (Chiralcel ODH, 

98:02 hexanes/i-PrOH, 0.7 mL/min), tr (major) = 14.5 min, tr (minor) =11.9 min. 

 

 

 
(S)-5-benzyl-2-(2,6-dimethoxyphenyl)-6,6-diethyl-6,8-dihydro-5H-

[1,2,4]triazolo[3,4-c][1,4]oxazin-2-ium tetrafluoroborate yellow solid; [α]D 
23 (c 

1.06, CHCl3) = +3.7;  1H NMR (400 MHz, CDCl3): δ = 8.44 (s, 1H); 7.43 (t, J = 8.8 

Hz, 1H); 7.19–7.30 (m, 3H); 7.12 (d, J = 7.2 Hz, 2H); 6.62 (d, J = 8.8 Hz, 2H); 5.25 

(dd, J = 10.8, 4.4 Hz, 1H); 5.11 (d, J = 17.2 Hz, 1H); 4.92 (d, J = 17.2 Hz, 1H); 3.80 (s, 

6H); 3.43 (dd, J = 14.0, 4.4 Hz, 1H); 2.92 (dd, J = 14.0, 11.2 Hz, 1H); 1.78–2.04 (m, 

3H); 1.58 (dd, J = 15.6, 7.2 Hz, 2H); 1.10 (t, J = 7.6 Hz, 3H); 1.00 (t, J = 7.6 Hz, 3H). 
13C NMR (100 MHz, CDCl3): δ = 155.4, 148.3, 144.9, 134.4, 133.5, 129.9, 129.2, 

127.9, 112.0, 104.3, 78.9, 61.8, 56.5, 56.4, 36.8, 25.3, 21.9, 7.3, 6.9 ppm. IR (film): 

νmax 1590, 1525, 1419, 1064, 1034, 928, 850 cm-1. HRMS(ESI) calcd for C24H30O3N3 

(M)+: 408.2287, Found: 408.2287. 
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IV: 1H and 13C NMR  
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HPLC spectra of the products. 
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After recrystallization  
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