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Methods 

Materials. The following chemicals were purchased and used as received: Iron(III) oxide (Fe2O3, 

< 50 nm particle size), ferrous oxide (FeO, 10 mesh, 99.9%), ferric chloride (FeCl3, 98%), silver 

nitrate (AgNO3, >99%), silver iodide (AgI, 99%), sodium hydroxide (NaOH, 98%), 

phenylacetylene (99%), 1-(3-bromo-1-propynyl)naphthalene (97%), were purchased from Sigma 

Aldrich. 4-tolylacetylene (98%), 3-tolylacetylene, 4-tert-butylphenylacetylene (90%), 4-

ethynylanisole (99%), 3-ethynylanisole (96%), 4-fluorophenylacetylene (99%), 3-chloro-1-phenyl-

1-propyne (97%), were purchased from Alfa Aesar. silver acetate (AgOAc, 99%) from Strem 

chemicals, potassium carbonate (K2CO3, 99%) from BDH chemicals, CO2 cylinder from Air gases. 

EMbed 812 epoxy, gelatin embedding capsules and LR white acrylic resins were purchased from 

Electron Microscopy Sciences and Agar Scientific, respectively. Solvents. N,N-dimethylacetamide 

(DMAc), dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethylene glycol (EG), 

polyethylene glycol (PEG), ethylene carbonate (EC), toluene, ethylacetate, hexane, ethanol etc. 

Analytical methods. Nanomaterials were characterized by various techniques. Scanning Electron 

Microscope images (SEM, electron beam intensity at 5 keV) were collected on Zeiss Auriga 60. 

The Focused-Ion Beam-Scanning Electron Microscope images (FIB-SEM, gallium ions beam at 30 

keV with beam current at 200 pA) and Energy Dispersive X-ray elemental mapping (EDX, electron 

beam intensity at 30 keV) was performed on FEI Quanta 600. The transmission electron microscopy 

(TEM) images attained on a JEOL JEM-1400 at an accelerating voltage of 1400 kV. The samples 

were prepared by drop casting method using a 4 µL drop of ethanol dispersed materials on a carbon-

coated Cu grid. The ultramicrotome slices of Fe3O4@Ag-40B and Fe3O4@Ag-10A samples were 

collected from Leica Ultracut UCT ultramicrotome using a diamond knife. The Fe3O4@Ag-40B 

and Fe3O4@Ag-10 samples were mixed with LR white acrylic resin (hydrophilic) and Embed 812 
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epoxy resin (hydrophobic), respectively in gelatin embedding capsules and aged for 24 h at 60 oC. 

The obtained polymer blocks embedded with samples were sectioned at 70 nm thickness. The slices 

were placed on 300 mesh copper grids to proceed for TEM ad SEM-EDX mapping analysis. The 

Powder X-ray Diffraction (PXRD) patterns of as synthesized samples were acquired using an 

Empyrean diffractometer (PANalytical). X-rays were produced from a copper target with a 

wavelength Cu Kα of 1.54187 Å. Soller, anti-scatter, divergence slits and nickel filter were in the 

beam path. The sample was spinning with a revolution time of 4 s during the measurement in 

reflection mode. The measurements were carried out with several step-sizes and counting rates. The 

PXRD pattern of commercially available Fe2O3, Fe3O4 and FeO, Ag(0) powders were collected 

under similar parameters and used as standards to compare the phases with corresponding two theta 

values of as synthesized materials in the present work. The qualitative and quantitative surface 

analysis and oxidation states of metal components of samples were characterized by X-ray 

photoelectron spectroscopy (XPS). XPS experiments were carried out on the PHI VersaProbe II 

instrument equipped with a monochromatic Al Kα source. The X-ray power of 25 W at 15 kV was 

utilized for a 200 μm beam size. The calibration of the instrument work function was performed to 

produce a BE of 84.0 eV for the Au 4f7/2 line for metallic gold and the spectrometer dispersion was 

tuned to produce BEs of 284.8 eV, 932.7 eV and of 368.3 eV for the C1s line of adventitious 

(aliphatic) carbon present on the nonsputtered samples, Cu2p3/2 and Ag3d5/2 photoemission lines 

respectively. The PHI dual charge compensation system was utilized on all samples. The final 

VersaProbe II instrumental resolution was found to be better than 0.125 eV using the Fermi edge 

of the VB for metallic silver. XPS spectra with the energy step of 0.1 eV were recorded with 

SmartSoft-XPS v2.0 and processed using PHI MultiPack v9.0 software. Peaks were fitted utilizing 

a combination of Gaussians and Lorentzians with 10−50% of Lorentzian contents. Curve-fitting 
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was carried out using a Shirley background. The powder samples for XPS measurements were fixed 

onto a platen by using double-sided adhesive tape. The commercially available Fe2O3, Fe3O4, FeO, 

Ag(0), Fe(0) powders were used as standards to compare their B. E. values with the corresponding 

synthesized Fe3O4@Ag-y hybrid samples. Elemental concentrations of Fe3O4@Ag-y hybrid 

samples were measured using an Agilent 7700 quadrupole inductively coupled plasma mass 

spectrometer (ICP-MS). The instrument was equipped with a helium collision/reaction cell to limit 

spectral interferences. Prior to sample analyses, the instrument was calibrated with a serial dilution 

of ICP standards of the elements of interest, and the analytical errors on these measurements are 

estimated at +/- 5% relative, based on repeated measurements of selected samples over multiple 

analytical sessions. 

Catalyzed Products Characterization. 1H NMR spectra of all organic molecules were acquired 

on a Varian I400 (400 MHz), Varian VXR400 (400 MHz), Varian I500 (500 MHz) spectrometer. 

The chemical shifts (δ) are reported in ppm from tetramethylsilane as the internal standard with the 

solvent resonance (CHCl3: δ 7.26 ppm). Data are reported as follows: chemical shift, multiplicity 

(s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constants (Hz), 

and integration. 13C NMR spectra were acquired on a Varian I400 (100 MHz) and Varian I500 (125 

MHz) spectrometer with complete proton decoupling. Chemical shifts (δ) are reported in ppm from 

tetramethylsilane with the solvent resonance as the internal standard (CDCl3: δ 77.16 ppm). 19F 

NMR spectra were recorded on a Varian VXR400 (375 MHz). Infrared (IR) spectra were recorded 

on Bruker Tensor II FT-IR Spectrometer, νmax in. Bands are characterized as broad (br), strong (s), 

medium (m), and weak (w). High-resolution mass spectrometry (HRMS) was performed on a 

Thermo Electron Corporation MAT 95XP-Trap (GC/MS). Melting points were obtained on a 

Thomas Hoover capillary melting point apparatus without correction. Unless otherwise noted, all 
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reactions have been carried out with distilled and degassed solvents with standard vacuum-line 

techniques and under an atmosphere of dry N2. 

Experimental procedure 

Synthesis of Fe3O4@Ag-y hybrid catalyst. The aqueous solution of FeCl3 (1 mmol, 15 mL water) 

was added to aqueous solution of AgNO3 or AgOAc (n mmol, 15 mL water; where n = 1.000, 0.500, 

0.035, 0.025, 0.011) containing 3 mL of EG in 100 mL capacity Teflon container under vigorous 

stirring and left the mixture at room temperature for 30 min under nitrogen atmosphere. The white 

precipitate in light brown ferric solution indicates the formation of silver chloride. To the above 

mixture, the aqueous solution of NaOH (7.5 mmol, 10 mL water) was added and stirred for 3 h at 

room temperature under nitrogen atmosphere before placed into a steel bomb.  The bomb was 

subjected to heating in a muffle furnace with a ramp rate of 5 oC/min to a final temperature of 180 

or 200 oC for 40 h. After cooling down the bomb, the magnetically active greyish to black colored 

particles were collected by an external magnet. The obtained particles were washed with water (four 

times) and finally with acetone (two times) followed by drying at 80 oC under nitrogen atmosphere. 

The notations for hybrid catalysts are based on type of silver salt precursor (A = AgNO3; B = 

AgOAc) and silver atomic percentage calculated from high resolution XPS peak area of Ag3d w.r.t. 

Fe2p peak area such as. Fe3O4@Ag-40B (Ag3d = 40 at%: Fe2p = 60 at%); Fe3O4@Ag-40A (Ag3d 

= 40 at%; Fe2p = 60 at%); Fe3O4@Ag-10A (Ag3d = 10 at%; Fe2p = 90 at%); Fe3O4@Ag-6A 

(Ag3d = 6 at%; Fe2p = 94 at%); Fe3O4@Ag-2A (Ag3d = 2 at%; Fe2p = 98 at%). These values are 

confirmed by ICP-MS and SEM-EDX analysis as shown below table. 
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Sample notations XPS (200 µm), 

Ag 

SEM-EDS (200 µm), 

Ag 

ICP-MS (bulk), 

Ag 

Fe3O4@Ag-40B 40 at% or 56 wt% 40 at% 39.3 at% 

Fe3O4@Ag-40A 40 at% or 56 wt% 40 at% 39.4 at% 

Fe3O4@Ag-10A 10 at% or 18 wt% 10 at% 9.7 at% 

Fe3O4@Ag-6A 6 at% or 11 wt% 6 at% 5.8 at% 

Fe3O4@Ag-2A 2 at% or 4 wt% 2 at% 1.8 at% 

Synthesis of Ag(0) NPs. The oleylamine capped ultra-small sized silver nanoparticles were 

synthesized by modified reported method.S1 The procedure involves from the addition of silver 

nitrate (10 mmol, 1.7 g) in the mixture of oleylamine (0.5 mL) and oleic acid (4.5 mL), followed 

by subjected to degassing and refilled with nitrogen gas for three times at 70 oC for 1.5 h. The 

mixture was heated to 180 oC with the heating rate of 5 oC/min and maintained at that temperature 

for 10 min. After cooling down to room temperature naturally, the mixture of toluene 20 mL and 

ethanol 80 mL was added, and the silver nanoparticles were collected by centrifugation at 6500 

rpm. 

Synthesis of AgFeO2 hexagonal sheets. The surfactant free, hydrothermal approach for the 

synthesis of AgFeO2 hexagonal sheets was performed from the modified reported method.S2 

Typically, the aqueous solution of FeCl3 (1 mmol, 15 mL water) was added to aqueous solution of 

AgNO3 (1 mmol, 15 mL water) in 100 mL capacity Teflon container under stirring at room 

temperature. To the above mixture, the aqueous solution of NaOH (7.5 mmol, 10 mL water) was 

added and stirred for 1 h at room temperature before placed in a steel bomb.  The bomb was 

subjected to heating in a muffle furnace at 180 oC for 24 h. After cooling down the bomb, the 

magnetically active AgFeO2 particles were collected by external magnet with three times water 

washings and finally with acetone followed by drying under nitrogen atmosphere. 
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Synthesis of lactone isomers by CO2 insertion in alkyne feedstocks. The mixture of catalyst (1 

mg), dry K2CO3 (1.2 mmol) and anhydrous DMAc solvent (0.2 mL) in a Pyrex glass Schlenk tube 

was subjected to CO2 balloon. The mixture of alkynes 1 (1 mmol) and 3-chloro-1-phenyl-1-propyne 

2a or 1-(3-bromo-1-propynyl) naphthalene 2b (1 mmol) in anhydrous DMAc (0.3 mL) was added 

to Schlenk tube via syringe under CO2 atmosphere and stirred at room temperature for 1 h. The 

mixture was heated at 90 oC till the completion of reaction as monitored by TLC. The reaction was 

quenched by addition of water and the organic compounds were extracted with ethylacetate (3 × 6 

mL). The magnetically active catalyst was recovered by an external magnet. The combined organic 

layers were dried over sodium sulfate, filtered, and concentrated in vacuo. The crude organic 

mixture was purified by silica gel column chromatography to obtain the desired lactone products 

and characterized by 1H NMR and 13C NMR, COSEY, FT-IR, HR-MS spectroscopic techniques. 

Materials Characterization Data 

 

Figure S1. SEM images of Fe3O4@Ag-40B at different spots and magnifications (a-d). 
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Figure S2. SEM images of Fe3O4@Ag-40A at different spots and magnifications (a-d). 

 

 

Figure S3. SEM images of Fe3O4@Ag-10A at different spots and magnifications (a-d). 
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Figure S4. SEM-EDX elemental mapping images of Fe3O4@Ag-40A (a-d), Fe3O4@Ag-10A (e-h), 

Fe3O4@Ag-6A (i -l) and Fe3O4@Ag-2A (m-p), respectively. All scale bars are 500 nm. 
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Figure S5. Illustration of FIB milling experiment of Fe3O4@Ag-40B sample with stage tilted at 54°. 

The angle between FIB and SEM beam sources is constant at 54°. The orientation of sample surface after 

stage tilt of 54° is perpendicular to FIB source and 36° to SEM source.  

 

 

Figure S6. SEM-EDX mapping images after microtome slicing of Fe3O4@Ag-40B (a-e) and Fe3O4@Ag-

10A (f-j), respectively. Select embedded Ag nanoparticles are marked with circles. Scale bars are 500 nm. 
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Figure S7. SEM-EDX mapping images after Ar+ ion-beam etching of Fe3O4@Ag-40B octahedron (a-e) at 

different magnifications and selected square boxes (1-3) region of octahedron (f-t). Select embedded Ag 

nanoparticles are marked with circles. 
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Figure S8. Survey scan XPS of Fe3O4@Ag-2A (a), Fe3O4@Ag-6A (b), Fe3O4@Ag-10A (c), 

Fe3O4@Ag-40A (d), Fe3O4@Ag-40B (e). 
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Material  B. E  

Fe2p1/2 or Ag 3d3/2 Fe2p1/2 or Ag3d5/2 

Fe metal  719.78 706.58 

FeO 723.22 710.14 

Fe3O4 723.61 710.14 

Fe2O3 724.14  (718.9 sat.) 710.54 

Ag metal 374.2 368.2 

Figure S9. High resolution core level spectra of Fe2p and Ag3d of pure Fe metal (a), FeO (b), Fe3O4 (c), 

Fe2O3 (d) and Ag metal (e), respectively as XPS standards. 
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Figure S10. Synthetic comparison with SEM-EDX elemental mapping images of Fe3O4@Ag-40B (a-e) and 

AgFeO2 (f-j). All scale bars are 500 nm. 

 

 

Figure S11. PXRD comparison of Fe3O4@Ag-40B (a) and AgFeO2 (b); Comparison of high-resolution core 

level XPS spectra of Fe2p (c), Ag3d (d), O1s (e) regions for Fe3O4@Ag-40B and AgFeO2 with Fe3O4, Ag 

standards. 
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Figure S12. XPS depth profile of Fe3O4@Ag-40B; high resolution core level spectra of Fe2p (a), Ag3d5/2 

(b), O1s (c); Sputter time vs atomic concentration profile (d). Relative atomic concentrations of surface 

oxide dominate the percent atomic concentration distribution at low sputtering energy (0.5 keV). 

 

 

Figure S13. XPS depth profile of Fe3O4@Ag-40A; high resolution core level spectra of Fe2p, Ag3d, O1s 

(a-c); Sputter time vs atomic concentration profile (d). Relative atomic concentrations of surface oxide 

dominate the percent atomic concentration distribution at low sputtering energy (0.5 keV). 

 

 

Figure S14. XPS depth profile of Fe3O4@Ag-10A; high resolution core level spectra of Fe2p, Ag3d, O1s 

(a-c); Sputter time vs atomic concentration profile (d). Relative atomic concentrations of surface oxide 

dominate the percent atomic concentration distribution at low sputtering energy (0.5 keV). 
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Figure S15. PXRD spectra of pure Fe2O3 (a), FeO (b), Fe3O4 (c), AgFeO2 (d), Ag metal (e), and AgCl (f) as 

standards. 
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γ-Fe2O3, the phases (220), (311), (400), (422), (511), (440) with corresponding diffraction angle 

(2θ) at 30.21, 35.66, 43.28, 53.75, 57.33, 62.95° respectively. (JCPDS card no. 39-1346) 

FeO, the phases (111), (200), (220), (311), (222) with corresponding diffraction angle (2θ) at 30.02, 

35.41, 36.13, 42.01, 44.67, 60.89, 72.87, 76.69° respectively. (JCPDS card no. 46-1312) 

Fe3O4, the phases (111), (220), (311), (222), (400), (422), (511), (440), (620), (533) with 

corresponding diffraction angle (2θ) at 18.29, 30.13, 35.48, 37.10, 43.15, 53.49, 57.04, 62.62, 

71.09, 74.08° respectively. (JCPDS card no. 19-629) 

AgFeO2 the phases (003), (006), (101), (102), (104), (009), (108), (0012), (110), (116) with 

corresponding diffraction angle (2θ) at 14.29, 28.71, 34.33, 35.36, 39.28, 43.71, 52.42, 59.56, 

60.83, 68.69° respectively. (JCPDS card no. 21-1081) 

Ag the phases (111), (200), (220), (311) with corresponding diffraction angle (2θ) at 38.14, 44.32, 

64.53, 77.51° respectively. (JCPDS card no. 04-0783) 

AgCl the phases (111), (200), (220), (311), (222), (400), (331), (420) with corresponding diffraction 

angle (2θ) at 27.83, 32.29, 46.30, 54.81, 57.52, 67.46, 74.46, 76.74° respectively. (JCPDS card no. 

31-1238) 
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Figure S16. High resolution core level XPS Ag3d and O1s of Fe3O4@Ag-2A (a, f); Fe3O4@Ag-6A (b, g); 

Fe3O4@Ag-10A (c, h); Fe3O4@Ag-40A (d, i); Fe3O4@Ag-40B (e, j), respectively. 
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Table of optimizations and controlled experiments  

 

Table S1. Optimization conditions for Fe3O4@Ag-40B catalyzed CO2 insertion into 

phenylacetylene 1a to afford lactone isomers 3aa and 4aa.a  

 

 

 

aReaction conditions: Fe3O4@Ag-40B catalyst (1 mg), solvent (0.5 mL), base (1.2 mmol), phenylacetylene 

(1 mmol), and 3-chloro-1-phenyl-1-propyne (1 mmol) at 90 oC. bisolated yields. creaction mixture was stirred 

at room temperature with CO2 balloon for overnight followed by heated at 90 oC for 8 h. dbase (0.5 mmol). 

ebase (2 mmol). (-) symbol indicates the product is not observed. 

 

S. No. Solvent  Base  Time (h) Productsb 

3aa 4aa 6aa 

1 DMF K2CO3  24 trace trace - 

2 DMSO K2CO3  24 10 6 - 

3 Toluene K2CO3  24 - - - 

4 Water K2CO3  24 - - - 

5 PEG K2CO3  24 - - - 

6 Ethylene carbonate K2CO3  24 - - - 

7 NMPc K2CO3  8 53 32 7 

8 DMAcd K2CO3 8 25 15 trace 

9 DMAce K2CO3  8 53 32 7 

10 DMAc CsCO3 8 48 27 7 

11 DMAc DBU 8 - - - 

12 DMAc tBuOK  8 - - - 
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Table S2. Controlled experiments for Dehydro-Diels-Alder (DDA) cyclization of intermediate 

ester 5aa to afford lactone isomers 3aa and 4aa.a 

 

Entry Catalysts Solvent  Temp (oC) Time (h) 

1 Ag(0) NPs DMAc 90 4 

2 Fe3O4  DMAc 90 4 

3 Fe3O4@Ag-40B DMAc 90 4 

4 No catalyst DMAc 90 4 

5 No catalyst DMSO 90 6 

6 No catalyst  DMF  90 10 

7 No catalyst NMP 90 4 

8 No catalyst water 90 12 

9 No catalyst  Toluene 90 15 

10 No catalyst  Neat  90 10 

11 No catalyst PEG600 90 5 

12 No catalyst EC 90 5 

13b No catalyst DMAc 60 48 

aThe ester 5aa (0.1 mmol) was dissolved in solvent (0.5 mL) without or with catalyst (0.5 mg) subjected to 

heating till the complete (100 %) conversion of ester into lactone isomer products. bNo progress of reaction.  
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Table S3. Comparison of Fe3O4@Ag-40B with reported catalysts for CO2 insertion in 

phenylacetylene.a 

 

S. No. Catalyst (mg) Active 

species 

(mmol) 

Product 

Yield 

(%) 

TON TOF 

(h-1) 

Reference 

1 MIL-101-Cr@Ag (70 mg) 0.027 96.5 36 2.4 Ref. S3 

2 MIL-100-Fe@Ag (70 mg) 0.022 94.6 43 2.9 Ref. S4 

3 UIO-66-Zr@Ag (70 mg) 0.046 97.7 21 1.4 Ref. S4 

3 ZIF-8-Zn@Ag (50 mg) 0.045 97 22 1.5 Ref. S5 

4 Fe3O4@Ag-40B (1 mg)c  0.011b 97 88 5.9 Present work 

aReaction conditions: phenylacetylene (1.0 mmol), catalyst, Cs2CO3 (1.5 mmol), CO2 (1.0 atm), DMF, 50 

ºC, solvent (5 mL), 15 h. bConsidered the sum of Fe3O4 + Ag active species (0.011 mmol).c DMAc solvent. 

 

Table S4. Comparison of Fe3O4@Ag-40B with reported catalyst for CO2 insertion in 

phenylacetylene and 3-chloro-1-phenyl-1-propyne.a 

 

S. No. Catalyst (mg)b Active 

species 

(mmol) 

Product 

Yield  (%) 

TON TOF 

(h-1) 

Reference 

1 CeO2@Ag (120 mg)c 1.3 81 0.6 0.02 Ref. S6 

2 Fe3O4@Ag (1 mg)  0.011 85 77.3 3.22 Present work 

aReaction conditions: phenylacetylene (1.0 mmol, 1a), 3-chloro-1-phenyl-1-propyne (1 mmol, 2a), catalyst 

(mg), Cs2CO3 (2.0 mmol), CO2 (1 atm), 60 °C, solvent (mL), 24 h. bConsidered the sum of metal oxide + Ag 

active species. c3-chloro-1-phenyl-1-propyne (1 mmol, 2a) and 5 atm of CO2. 
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Catalyst Recyclability Study. Fe3O4@Ag-40B catalyst was recovered by external 

magnet from a model reaction performed at 5 mmol scale and washed several times with ethanol 

and dried at 60 oC under nitrogen atmosphere for overnight.  The catalyst was reused in a model 

reaction for the next cycle without addition of extra catalyst under optimized reaction conditions. 

The same procedure was repeated for four cycles. 

 

 

 

Figure S17. TEM images of oleylamine capped ultra-small (3 nm) Ag NPs before (a) and recovered after 

(b) reaction. The recovered Ag NPs size is increased to ~ 50 nm due to agglomeration of ultra-small (3 nm) 

Ag NPs.  
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Characterization data of CO2 inserted products  

 

3-phenylpropiolic acid 

TLC Rf = 0.1 (15% ethyl acetate/hexanes) [silica gel, UV]; Physical state: 

White solid, MP 133–135 °C; 1H NMR (400 MHz, CDCl3): 9.17 (brs, 1H), 

7.61 (d, 2H, J = 7.42 Hz), 7.48 (t, 1H, J = 7.8 Hz), 7.39 (t, 2H, J = 6.5 Hz) ppm; 13C NMR (100 

MHz, CDCl3): 158.43, 133.26, 131.13, 128.64, 119.05, 89.08, 79.99 ppm; HRMS: [M+Na] calcd 

for C9H5O2Na: 168.0187, found 168.0185. 

 

 

3-Phenylprop-2-yn-1-yl 3-phenylpropiolate (5aa) 

TLC Rf = 0.6 (15% ethyl acetate/hexanes) [silica gel, UV]; Physical state: 

Yellow solid; 1H NMR (400 MHz, CDCl3): 7.60 (d, 2H, J = 7.00 Hz), 7.46 (t, 

3H, J = 7.80 Hz), 7.38 (t, 2H, J = 7.42 Hz), 7.32-7.31 (m, 3H), 5.06 (s, 2H) ppm; 

13C NMR (100 MHz, CDCl3): 153.27, 133.08, 131.92, 130.84, 128.90, 128.60, 128.30, 121.91, 

119.35, 87.46, 87.17, 81.93, 79.99, 54.16 ppm; HRMS: [M+Na] calcd for C18H12O2Na: 283.0837, 

found 283.0834. 
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4-Phenylnaphtho[2,3-c]furan-1(3H)-one (3aa) 

TLC Rf = 0.4 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow solid, MP 158–160 °C 

1H NMR (400 MHz, CDCl3): 8.52 (s, 1H), 8.09 (d, 1H, J = 7.03 Hz), 7.81 (d, 1H, J = 7.03 Hz), 

7.62 –7.51 (m, 5H), 7.39 (d, 2H, J = 6.64 Hz), 5.27 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3): 

171.31, 138.46, 135.82, 134.85, 134.15, 133.70, 130.16, 129.36, 129.06, 128.46, 126.77, 126.45, 

125.90, 122.98, 69.75 ppm; IR (thin film): 2918, 2849, 1755, 1632, 1512, 1493, 1233 cm-1; 

HRMS: [M+Na] calcd for C18H12O2Na: 283.0730, found 283.0731 

 

9-Phenylnaphtho[2,3-c]furan-1(3H)-one (4aa) 

TLC Rf = 0.2 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow solid, MP 174–176 °C 

1H NMR (400 MHz, CDCl3): 7.96 (d, 1H, J = 8.30 Hz), 7.90 (s, 1H), 7.81 (d, 1H, J = 8.79 Hz), 

7.64 (t, 1H, J = 7.32 Hz), 7.54-7.52 (m, 2H), 7.48 (t, 1H, J = 7.32 Hz), 7.39-7.37 (m, 2H), 5.45 (s, 

2H) ppm; 13C NMR (100 MHz, CDCl3): 169.58, 142.32, 140.13, 136.26, 134.44, 132.78, 130.04, 

128.66, 128.31, 128.12, 128.02, 126.77, 120.30, 119.94, 68.18 ppm; IR (thin film): 2921, 2851, 

1761, 1641, 1583, 1443, 1349, 1202 cm-1; HRMS: [M+Na] calcd for C18H12O2Na: 283.0730, found 

283.0732. 
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6-Methyl-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ba) 

TLC Rf = 0.4 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow solid, MP 120–122 °C 

1H NMR (400 MHz, CDCl3): 8.45 (s, 1H), 7.97 (d, 1H, J = 8.20 Hz), 7.58-7.50 (m, 4H), 7.43 (d, 

1H, J = 8.01 Hz), 7.37 (d, 2H, J = 6.64 Hz), 5.22 (s, 2H), 2.46 (s, 3H) ppm; 13C NMR (100 MHz, 

CDCl3): 171.38, 139.48, 138.72, 136.03, 135.10, 133.29, 132.01, 129.95, 129.37, 129.14, 129.05, 

128.34, 126.20, 124.70, 122.11, 69.57, 22.21 ppm; IR (thin film): 3046, 2921, 2858, 1765, 1659, 

1529, 1444, 1345, 1235 cm-1; HRMS: [M+Na] calcd for C19H14O2Na: 297.0886, found 297.0889. 

 

9-(p-Tolyl)naphtho[2,3-c]furan-1(3H)-one (4ba) 

TLC Rf = 0.2 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow solid, MP 180–182 °C 

1H NMR (400 MHz, CDCl3): 7.95 (d, 1H, J = 8.20 Hz), 7.88 (s, 1H), 7.85 (d, 1H, J = 8.60 Hz), 

7.63 (t, 1H, J = 7.42 Hz), 7.47 (t, 1H, J = 7.42 Hz), 7.34 (d, 2H, J = 7.81 Hz), 7.27 (d, 2H, J = 8.20 

Hz), 5.44 (s, 2H), 2.48 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): 169.68, 142.48, 140.17, 138.02, 

136.26, 132.94, 131.35, 129.97, 128.79, 128.61, 128.18, 128.08, 126.66, 120.09, 68.13, 21.48 ppm. 

IR (thin film): 2921, 2349, 1753, 1659, 1629, 1452, 1347, 1324, 1205, 1109 cm-1; HRMS: [M+Na] 

calcd for C19H14O2Na: 297.0886, found 297.0882. 
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5-Methyl-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ca) and 7-Methyl-4-phenylnaphtho[2,3-

c]furan-1(3H)-one (3caꞋ) mixture.  

TLC Rf = 0.4 (15% ethyl acetate/hexanes) [silica gel, UV]; 

Physical state: Yellow solid, MP 152–154 °C 

1H NMR (400 MHz, CDCl3): 8.48 (s, 1H), 8.40 (s, 0.7H), 7.95 (d, 1H, J = 8.20 Hz), 7.83 (s, 0.7H), 

7.70 (d, 1H, J = 8.59 Hz), 7.56-7.44 (m, 6H), 7.38-7.36 (m, 3H), 7.32-7.31 (m, 1.7H), 5.24 (s, 1.4H), 

5.03 (s, 2H), 2.55 (s, 2.1H), 2.06 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): 171.38, 171.21, 

140.68, 139.81, 137.67, 136.69, 135.99, 135.84, 135.14, 134.42, 134.01, 133.89, 133.62, 133.17, 

132.67, 131.44, 129.54, 129.35, 129.00, 128.93, 128.83, 128.55, 128.36, 128.06, 127.51, 126.41, 

125.66, 122.98, 121.98, 69.90, 69.56, 27.09, 24.89, 21.46 ppm; IR (thin film): 3.54, 2931, 2859, 

1759, 1629, 1444, 1345, 1132 cm-1; HRMS: [M+Na] calcd for C19H14O2Na: 297.0886, found 

297.0887. 

 

9-(m-Tolyl)naphtho[2,3-c]furan-1(3H)-one (4ca) 

TLC Rf = 0.2 (15% ethyl acetate/hexanes) [silica gel, UV];  Physical state: 

Yellow solid, MP 134–136 °C. 1H NMR (400 MHz, CDCl3): 7.95 (d, 1H, J = 

8.20 Hz), 7.89 (s, 1H), 7.82 (d, 1H, J = 8.60 Hz), 7.63 (t, 1H, J = 8.20 Hz), 7.48 (t, 1H, J = 8.20 

Hz), 7.42 (t, 1H, J = 7.81 Hz), 7.32 (d, 1H, J = 7.42 Hz), 7.19 (s, 1H), 7.18 (d, 1H, J = 6.25 Hz), 

5.44 (s, 2H), 2.44 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): 169.58, 140.13, 137.50, 136.25, 

134.35, 132.96, 130.66, 129.07, 128.61, 128.20, 128.06, 127.88, 127.09, 126.68, 120.14, 119.87, 

68.16, 21.53 ppm; IR (thin film): 3053, 2922, 2854, 1759, 1630, 1585, 1451, 1347, 1323, 1191 

cm-1; HRMS: [M+Na] calcd for C19H14O2Na: 297.0886, found 297.0885. 
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6-(tert-Butyl)-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3da) 

TLC Rf = 0.4 (15% ethyl acetate/hexanes) [silica gel, UV]; 

 Physical state: Yellow solid, MP 182–184 °C. 

 1H NMR (400 MHz, CDCl3): 8.46 (s, 1H), 8.02 (d, 1H, J = 8.59 Hz), 7.76 (s, 1H), 7.69 (d, 1H, J 

= 8.59 Hz), 7.58-7.48 (m, 3H), 7.40 (d, 2H, J = 6.64 Hz), 5.25 (s, 2H), 1.31 (s, 9H) ppm; 13C NMR 

(100 MHz, CDCl3): 171.44, 152.21, 138.58, 136.03, 134.88, 133.98, 131.99, 129.77, 129.34, 

129.00, 128.38, 125.91, 125.82, 122.35, 120.78, 69.61, 35.34, 30.93 ppm; IR (thin film): 2965, 

2906, 2864, 1754, 1630, 1462, 1346, 1261 cm-1; HRMS: [M+Na] calcd for C22H20O2Na: 339.1356, 

found 339.1358. 

 

9-(4-(tert-butyl)phenyl)naphtho[2,3-c]furan-1(3H)-one (4da) 

TLC Rf = 0.2 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow solid, MP 148–150 °C. 

1H NMR (400 MHz, CDCl3): 7.95 (d, 1H, J = 8.59 Hz), 7.89 (s, 1H), 7.86 (d, 1H, J = 8.98 Hz), 

7.64 (t, 1H, J = 8.20 Hz), 7.54 (d, 2H, J = 8.20 Hz), 7.48 (t, 1H, J = 7.81 Hz), 7.32 (d, 2H, J = 8.20 

Hz), 5.44 (s, 2H), 1.42 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3): 169.67, 151.03, 140.19, 138.47, 

136.28, 134.35, 133.00, 131.24, 129.85, 128.61, 128.34, 128.05, 126.67, 124.90, 120.04, 68.12, 

34.75, 31.44 ppm; IR (thin film): 2948, 2866, 1751, 1726, 1658, 1627, 1512, 1348, 1322, 1152, 

1116 cm-1; HRMS: [M+Na] calcd for C22H20O2Na: 339.1356, found 339.1354. 
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6-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ea) 

TLC Rf = 0.3 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow solid, MP 150–152 °C 

1H NMR (400 MHz, CDCl3): 8.42 (s, 1H), 7.98 (d, 1H, J = 8.99 Hz), 7.58-7.50 (m, 3H), 7.39 (d, 

2H, J = 7.03 Hz), 7.27-7.24 (m, 1H), 7.05 (s, 1H), 5.22 (s, 2H), 3.76 (s, 3H) ppm; 13C NMR (100 

MHz, CDCl3): 171.60, 160.29, 139.49, 136.71, 136.13, 131.81, 129.30, 128.42, 126.14, 120.87, 

119.72, 104.08, 69.51, 55.29 ppm; IR (thin film): 2924, 2831, 1754, 1691, 1620, 1511, 1463, 1377, 

1226 cm-1; HRMS: [M+Na] calcd for C19H14O3Na: 313.0835, found 313.0838. 

 

 

9-(4-Methoxyphenyl)naphtho[2,3-c]furan-1(3H)-one (4ea) 

TLC Rf = 0.15 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow solid, MP 208–210 °C 

1H NMR (400 MHz, CDCl3): 7.95 (d, 1H, J = 8.20 Hz), 7.88 (s, 1H), 7.88-7.87 (m, 1H), 7.63 (t, 

1H, J = 7.03 Hz), 7.49 (t, 1H, J = 7.42 Hz), 7.32 (d, 2H, J = 8.59 Hz), 7.07 (d, 2H, J = 8.59 Hz), 

5.44 (s, 2H), 3.91 (s, 3H) ppm; 13C NMR (100 MHz, CDCl3): 169.86, 159.70, 143.25, 142.23, 

140.21, 136.31, 133.08, 131.43, 128.61, 128.22, 128.11, 126.68, 126.35, 120.01, 113.53, 68.01, 

55.26 ppm; IR (thin film): 2924, 2852, 1764, 1710, 1610, 1548, 1462, 1247 cm-1; HRMS: [M+Na] 

calcd for C19H14O3Na: 313.0835, found 313.0836. 
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 7-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3fa) 

TLC Rf = 0.28 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Light yellow crystals, MP 168–170 °C 

1H NMR (400 MHz, CDCl3): 8.39 (s, 1H), 7.70 (d, 1H, J = 9.27 Hz), 7.56-7.48 (m, 3H), 7.37 (d, 

2H, J = 6.83 Hz), 7.33 (d, 1H, J = 2.44 Hz), 7.23 (dd, 1H, J1,2 = 2.44 Hz, J1,3 = 9.27 Hz), 5.23 (s, 

2H), 3.97 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): 171.41, 158.14, 136.66, 136.00, 135.27, 

134.14, 130.49, 129.34, 129.02, 128.41, 127.35, 124.77, 123.54, 122.25, 107.21, 69.56, 55.51 ppm. 

IR (thin film): 2960, 2837, 1754, 1710, 1618, 1425, 1228 cm-1; HRMS: [M+Na] calcd for 

C19H14O3Na: 313.0835, found 313.0834. 

 

5-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3faꞋ) 

TLC Rf = 0.3 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Colorless crystals, MP 198–200 °C 

1H NMR (400 MHz, CDCl3): 8.45 (s, 1H), 7.67 (d, 1H, J = 8.30 Hz), 7.49 (t, 1H, J = 7.81 Hz), 

7.43-7.35 (m, 3H), 7.24 (d, 1H, J = 7.81 Hz), 6.91 (d, 1H, J = 7.32 Hz), 5.08 (s, 2H), 3.46 (s, 3H) 

ppm; 13C NMR (100 MHz, CDCl3): 171.25, 157.04, 140.40, 139.87, 135.82, 133.35, 127.66, 

127.58, 127.04, 126.83, 126.46, 126.23, 123.06, 122.84, 108.62, 69.96, 55.36 ppm; IR (thin film): 

2932, 2850, 1758, 1610, 1587, 1461, 1253 cm-1; HRMS: [M+Na] calcd for C19H14O3Na: 313.0835, 

found 313.0833. 
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9-(3-Methoxyphenyl)naphtho[2,3-c]furan-1(3H)-one (4fa) 

TLC Rf = 0.15 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Off-white solid, MP 195–197 °C 

1H NMR (400 MHz, CDCl3): 7.95 (d, 1H, J = 8.20 Hz), 7.90 (s, 1H), 7.84 (d, 1H, J = 8.60 Hz), 

7.63 (t, 1H, J = 7.42 Hz), 7.50-7.42 (m, 2H), 7.05 (d, 1H, J = 8.20 Hz), 6.96 (d, 1H, J = 7.03 Hz), 

6.92 (s, 1H), 5.44 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3): 169.46, 159.19, 141.96, 140.08, 

136.15, 135.80, 132.75, 129.05, 128.68, 128.14, 126.74, 122.47, 120.33, 115.73, 113.90, 68.18, 

55.26 ppm; IR (thin film): 3059, 2924, 2851, 1757, 1583, 1485, 1325, 1250, 1114 cm-1; HRMS: 

[M+Na] calcd for C19H14O3Na: 313.0835, found 313.0831. 

 

6-Fluoro-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ga) 

TLC Rf = 0.3 (15% ethyl acetate/hexanes) [silica gel, UV] 

Physical state: Yellow crystals, MP 183–185 °C. 

1H NMR (400 MHz, CDCl3): 8.51 (s, 1H), 8.11 (dd, 1H, J1,2 = 5.86 Hz, J1,3 = 8.99 Hz), 7.59-7.50 

(m, 3H), 7.43-7.36 (m, 4H), 5.26 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3): 170.90, 162.63 (d, 

1JC-F = 247.13 Hz), 139.67, 135.34, 132.76 (d, 3JC-F = 9.98 Hz), 130.80, 129.24 (d, 3JC-F = 7.67 Hz), 

128.75, 126.42, 122.71, 117.60 (d, 2JC-F = 26.09 Hz), 109.62 (d, 2JC-F = 23.02 Hz), 69.48 ppm; 19F 

NMR (400 MHz, CDCl3) δ = -107.97 (s, ArC-F) ppm; IR (thin film): 2918, 2849, 1766, 1659, 

1630, 1513, 1450, 1345, 1288, 1138 cm-1; HRMS: [M+Na] calcd for C18H11O2FNa: 301.0635, 

found 301.0637. 
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 9-(4-Fluorophenyl)naphtho[2,3-c]furan-1(3H)-one (4ga) 

TLC Rf = 0.2 (15% ethyl acetate/hexanes) [silica gel, UV];  

Physical state: Yellow crystals, MP 194–196 °C. 

1H NMR (400 MHz, CDCl3): 7.97 (d, 1H, J = 8.59 Hz), 7.92 (s, 1H), 7.79 (d, 1H, J = 8.59 Hz), 

7.65 (t, 1H, J = 7.81 Hz), 7.50 (t, 1H, J = 7.81 Hz), 7.36 (dd, 2H, J1,2 = 5.47 Hz, J1,3 = 7.81 Hz), 

7.21 (t, 2H, J = 8.59 Hz), 5.45 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3): 169.62, 141.06, 140.13, 

136.28, 132.82, 131.85 (d, 3JC-F = 8.44 Hz), 130.16 (d, 4JC-F = 3.84 Hz), 128.76, 128.23, 127.80, 

126.96, 120.54, 120.11, 115.20 (d, 2JC-F = 21.48 Hz), 68.22 ppm; 19F NMR (400 MHz, CDCl3) δ 

= -113.66 (s, ArC-F) ppm; IR (thin film): 2917, 2849, 1763, 1691, 1630, 1548, 1502, 1324, 1200, 

1156 cm-1; HRMS: [M+Na] calcd for C18H11O2FNa: 301.0635, found 301.0637. 

 

1-Oxo-4-phenyl-1,3-dihydronaphtho[2,3-c]furan-6-carbonitrile (3ha) 

TLC Rf = 0.4 (30% ethyl acetate/hexanes) [silica gel, UV]; Physical state: 

orange semi-solid; 1H NMR (400 MHz, CDCl3): 8.57 (s, 1H), 8.20 (d, 1H, J 

= 7.81 Hz), 7.74 (d, 1H, J = 8.99 Hz), 7.58-7.64 (m, 3H), 7.38 (d, 2H, J = 7.03 Hz), 5.32 (s, 2H) 

ppm; 13C NMR (100 MHz, CDCl3): 171.30, 140.17, 135.37, 134.27, 133.82, 132.39, 131.45, 

129.53, 129.32, 129.22, 127.17, 126.33, 118.59, 112.52, 69.55 ppm; IR (thin film): 2923, 2852, 

2229, 1700, 1630, 1604, 1491, 1447, 1375, 1345, 1235, 1160, 1134 cm-1; HRMS: [M+Na] calcd 

for C19H12NO2Na: 286.0868, found 286.0866. 
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4-(3-Oxo-1,3-dihydronaphtho[2,3-c]furan-4-yl)benzonitrile (4ha) 

TLC Rf = 0.2 (30% ethyl acetate/hexanes) [silica gel, UV]; Physical state: orange 

semi-solid; 1H NMR (400 MHz, CDCl3): 8.00 (d, 1H, J = 8.20 Hz), 7.99 (s, 1H), 

7.83 (d, 2H, J = 8.20 Hz), 7.65-7.70 (m, 2H), 7.50-7.55 (m, 3H), 5.48 (s, 2H) ppm; 13C NMR (100 

MHz, CDCl3): 169.37, 139.99, 139.47, 136.32, 132.02, 131.84, 130.98, 128.99, 128.43, 127.40, 

127.18, 121.36, 118.74, 112.32, 68.43 ppm; IR (thin film): 2960, 2923, 2872, 2230, 1758, 1630, 

1604, 1490, 1446, 1401, 1375, 1324, 1208, 1154, 1113 cm-1; HRMS: [M+Na] calcd for 

C19H12NO2Na: 286.0868, found 286.0867. 

 

4-(Naphthalen-1-yl)naphtho[2,3-c]furan-1(3H)-one (3ab) 

TLC Rf = 0.3 (15% ethyl acetate/hexanes) [silica gel, UV]; Physical state: Yellow 

solid, MP 198–200 °C; 1H NMR (400 MHz, CDCl3): 8.63 (s, 1H), 8.15 (d, 1H, 

J = 8.20 Hz), 8.03 (d, 1H, J = 8.59 Hz), 7.99 (d, 1H, J = 8.59 Hz), 7.66-7.58 (m, 2H), 7.53 (t, 1H, 

J = 7.81 Hz), 7.49-7.45 (m, 2H), 7.33 (t, 1H, J = 7.03 Hz), 7.20 (d, 1H, J = 8.59 Hz), 5.16 (d, 1H, 

J = 15.23 Hz), 4.97 (d, 1H, J = 15.23 Hz) ppm; 13C NMR (100 MHz, CDCl3): 171.59, 140.06, 

136.15, 134.26, 133.99, 133.58, 132.82, 132.00, 130.59, 129.51, 129.05, 127.95, 127.28, 126.81, 

126.62, 125.99, 125.56, 123.45, 69.93 ppm; IR (thin film): 3056, 2927, 2852, 1760, 1632, 1507, 

1343, 1297, 1149 cm-1; HRMS: [M+Na] calcd for C22H14O2Na: 333.0886, found 333.0889. 
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7-Phenylphenanthro[2,3-c]furan-8(10H)-one (4ab) 

TLC Rf = 0.1 (15% ethyl acetate/hexanes) [silica gel, UV]; Physical state: 

Orange semi-solid;1H NMR (400 MHz, CDCl3): 8.77 (s, 1H), 8.75 (d, 1H, J = 

7.81 Hz), 7.91 (d, 1H, J = 7.42 Hz), 7.63-7.54 (m, 4H), 7.55-7.54 (m, 3H), 7.40 (d, 2H, J = 6.64 

Hz), 5.52 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3): 169.85, 142.78, 142.38, 134.69, 134.48, 

132.67, 130.86, 130.19, 128.66, 128.47, 128.17, 127.84, 127.44, 124.55, 123.48, 120.72, 115.36, 

68.59 ppm; IR (thin film): 2958, 2923, 2852, 1760, 1619, 1444, 1259 cm-1; HRMS: [M+Na] calcd 

for C22H14O2Na: 333.0886, found 333.0887. 
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Characterization spectra of CO2 inserted products 

 
Figure S18. 1H NMR spectrum of 3-phenylpropiolic acid intermediate  

 

Figure S19. 13C NMR spectrum of 3-phenylpropiolic acid intermediate  



S35 
 

 

Figure S20. 1H NMR spectrum of 3-Phenylprop-2-yn-1-yl 3-phenylpropiolate (5aa). 

 

  

Figure S21. 13C NMR spectrum of 3-Phenylprop-2-yn-1-yl 3-phenylpropiolate (5aa). 
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Figure S22. 1H NMR spectrum of 4-Phenylnaphtho[2,3-c]furan-1(3H)-one (3aa). 
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Figure S23. 13C NMR spectrum of 4-Phenylnaphtho[2,3-c]furan-1(3H)-one (3aa). 
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Figure S24. 1H NMR spectrum of 9-Phenylnaphtho[2,3-c]furan-1(3H)-one (4aa). 
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Figure S25. 13C NMR spectrum of 9-Phenylnaphtho[2,3-c]furan-1(3H)-one (4aa). 
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Figure S26. 1H NMR spectrum of 6-Methyl-4-henylnaphtho[2,3-c]furan-1(3H)-one (3ba). 
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Figure S27. 13C NMR spectrum of 6-Methyl-4-henylnaphtho[2,3-c]furan-1(3H)-one (3ba). 
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Figure S28. 1H NMR spectrum of 9-(p-Tolyl)naphtho[2,3-c]furan-1(3H)-one (4ba). 
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Figure S29. 13C NMR spectrum of 9-(p-Tolyl)naphtho[2,3-c]furan-1(3H)-one (4ba). 
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Figure S30. 1HNMR spectrum of 7-Methyl-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ca) and 5-Methyl-

4-phenylnaphtho[2,3-c]furan-1(3H)-one (3caꞋ) isomers mixture. 
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Figure S31. 13C NMR spectrum of 7-Methyl-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ca) and 5-Methyl-

4-phenylnaphtho[2,3-c]furan-1(3H)-one (3caꞋ) isomers mixture. 
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Figure S32. 1H NMR spectrum of 9-(m-Tolyl)naphtho[2,3-c]furan-1(3H)-one (4ca). 
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Figure S33. 13C NMR spectrum of 9-(m-Tolyl)naphtho[2,3-c]furan-1(3H)-one (4ca). 
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Figure S34. 1H NMR spectrum of 6-(tert-Butyl)-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3da). 
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Figure S35. 13C NMR spectrum of 6-(tert-Butyl)-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3da). 
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Figure S36. 1H NMR spectrum of 9-(4-(tert-Butyl)phenyl)naphtho[2,3-c]furan-1(3H)-one (4da). 
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Figure S37. 13C NMR spectrum of 9-(4-(tert-Butyl)phenyl)naphtho[2,3-c]furan-1(3H)-one (4da). 
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Figure S38. 1H NMR spectrum of 6-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ea). 
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Figure S39. 13C NMR spectrum of 6-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ea). 
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 Figure S40. 1H NMR spectrum of 9-(4-Methoxyphenyl)naphtho[2,3-c]furan-1(3H)-one (4ea). 
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Figure S41. 13C NMR spectrum of 9-(4-Methoxyphenyl)naphtho[2,3-c]furan-1(3H)-one (4ea). 
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Figure S42. 1H NMR spectrum of 5-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3fa). 
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Figure S43. 13C NMR spectrum of 5-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3fa). 
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Figure S44. NOESY NMR analysis for 5-methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3fa). 
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Figure S45. 1H NMR spectrum of 7-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3faꞋ). 
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Figure S46. 13C NMR spectrum of 7-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3faꞋ). 
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Figure S47. NOESY NMR analysis for 5-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3faꞋ). 
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Figure S48. 1H NMR spectrum of 9-(3-Methoxyphenyl)naphtho[2,3-c]furan-1(3H)-one (4fa). 
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Figure S49. 13C NMR spectrum of 9-(3-Methoxyphenyl)naphtho[2,3-c]furan-1(3H)-one (4fa). 
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Figure S50. 1H NMR spectrum of 6-Fluoro-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ga). 
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Figure S51. 13C NMR spectrum of 6-Fluoro-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ga). 
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Figure S52. 19F NMR spectrum of 6-Fluoro-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3ga). 
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Figure S53. 1H NMR spectrum of 9-(4-Fluorophenyl)naphtho[2,3-c]furan-1(3H)-one (4ga). 
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Figure S54. 13C NMR spectrum of 9-(4-Fluorophenyl)naphtho[2,3-c]furan-1(3H)-one (4ga). 

 

 



S69 
 

 

Figure S55. 19F NMR spectrum of 9-(4-Fluorophenyl)naphtho[2,3-c]furan-1(3H)-one (4ga). 
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Figure S56. 1H NMR spectrum of 1-Oxo-4-phenyl-1,3-dihydronaphtho[2,3-c]furan-6-carbonitrile (3ha) 
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Figure S57. 13CNMR spectrum of 1-Oxo-4-phenyl-1,3-dihydronaphtho[2,3-c]furan-6-carbonitrile (3ha) 
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Figure S58. 1H NMR spectrum of 4-(3-Oxo-1,3-dihydronaphtho[2,3-c]furan-4-yl)benzonitrile (4ha) 
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Figure S59. 13C NMR spectrum of 4-(3-Oxo-1,3-dihydronaphtho[2,3-c]furan-4-yl)benzonitrile (4ha) 
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Figure S60. 1H NMR spectrum of 4-(Naphthalen-1-yl)naphtho[2,3-c]furan-1(3H)-one (3ab). 
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Figure S61. 13C NMR spectrum of 4-(Naphthalen-1-yl)naphtho[2,3-c]furan-1(3H)-one (3ab). 
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Figure S62. 1H NMR spectrum of 7-Phenylphenanthro[2,3-c]furan-8(10H)-one (4ab). 
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Figure S63. 13C NMR spectrum of 7-Phenylphenanthro[2,3-c]furan-8(10H)-one (4ab). 
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Crystal Structure Information of 3fa and 3faꞋ isomers . 

X-ray crystal data and structure refinement for 7-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3fa) 

and 5-methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3faꞋ). 

Data Collection. A preliminary set of cell constants was calculated from reflections harvested from three 

sets of 12 frames. These initial sets of frames were oriented such that orthogonal wedges of reciprocal space 

were surveyed. This produced initial orientation matrices for compounds 3fa and 3faꞋ were determined from 

351 and 611 reflections respectively. The data collection was carried out using Mo Kα radiation (graphite 

monochromator) with a frame time of 20 seconds and a detector distance for compounds 3fa and 3faꞋ is of 

4.0 and 5.0 cm respectively. A randomly oriented region of reciprocal space was surveyed to achieve 

complete data with a redundancy of 4. Sections of frames were collected with 0.50º steps in ω and ɸ scans. 

Data to a resolution of 0.77 and 0.74 Å were considered in the reduction for 3fa and 3faꞋ respectively. Final 

cell constants of 3fa and 3faꞋ were calculated from the xyz centroids of 4522 and 9963 strong reflections 

respectively from the actual data collection after integration (SAINT).
S7

 The intensity data were corrected 

for absorption (SADABS).
S8

 Please refer to Tables S3 and S9 for additional crystal refinement information 

of 3fa and 3faꞋ, respectively.  

Structure Solution and Refinement. The space group P21/n was determined based on intensity statistics 

and systematic absences.  The structure was solved using Superflip
S9

 and refined (full-matrix-least squares) 

using the Oxford University Crystals for Windows system.
S10

 The charge-flipping solution provided most 

non-hydrogen atoms from the E-map. Full-matrix least squares / difference Fourier cycles were performed, 

which located the remaining non-hydrogen atoms. All non-hydrogen atoms were refined with anisotropic 

displacement parameters. The hydrogen atoms were placed in ideal positions and were refined in their 

position. The final full matrix least squares refinement converged to R1 = 0.0373 and 0.0437; wR2 = 0.1250 

and 0.1100 (F
2
, all data) for 3fa and 3faꞋ respectively.  
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Figure S64. Formula unit for 7-Methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3fa). 
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Table S5. Crystal data and structure refinement for compound 3fa. 

 

Empirical formula  C19H14O3 

Formula weight  290.32 

Crystal color, shape, size  colorless plate fragment, 0.350 x 0.300 x 0.100 mm
3
 

Temperature  173 K 

Wavelength  0.71073 Å 

Crystal system, space group  Monoclinic, P21/n 

Unit cell dimensions a = 14.1764(6) Å α = 90° 

 b = 6.3617(3) Å β = 104.112(2)° 

 c = 15.7728(7) Å γ = 90° 

Volume 1379.56(11) Å
3
 

Z 4 

Density (calculated) 1.398 Mg/m
3
 

Absorption coefficient 0.094 mm
-1

 

F(000) 608 

Data collection 

Diffractometer Bruker Apex Kappa Duo, Bruker 

Theta range for data collection 1.733 to 27.702°. 

Index ranges -18<=h<=18, -8<=k<=7, -20<=l<=20 

Reflections collected 12334 

Independent reflections 3199 [R(int) = 0.029] 

Observed Reflections 2492 

Completeness to theta = 26.040° 99.3 %  

Solution and Refinement 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.99 and 0.97 

Solution Direct methods 

Refinement method Full-matrix least-squares on F
2
 

Weighting scheme w = [σ
2
Fo

2
+ AP

2
+ BP]

-1
, with  

 P = (Fo
2
+ 2 Fc

2
)/3, A = 0.073, B = 0.418 

Data / restraints / parameters 3189 / 0 / 241 

Goodness-of-fit on F
2
 1.0005 

Final R indices [I>2sigma(I)] R1 = 0.0373, wR2 = 0.1050 

R indices (all data) R1 = 0.0511, wR2 = 0.1250 

Largest diff. peak and hole 0.36 and -0.23 e.Å
-3 
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Table S6. Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å

2
x 10

3
) 

for (3fa).  U(eq) is defined as one third of the trace of the orthogonalized U
ij
 tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

O1 2585(1) 13492(2) 3085(1) 35 

O2 4162(1) 13121(2) 3742(1) 42 

O3 3267(1) 2577(2) 6097(1) 32 

C1 3344(1) 12477(2) 3621(1) 31 

C2 2962(1) 10614(2) 3983(1) 25 

C3 3449(1) 9113(2) 4535(1) 25 

C4 2912(1) 7462(2) 4788(1) 23 

C5 3390(1) 5844(2) 5347(1) 26 

C6 2872(1) 4236(2) 5588(1) 25 

C7 1840(1) 4212(2) 5298(1) 26 

C8 1364(1) 5754(2) 4762(1) 24 

C9 1876(1) 7429(2) 4473(1) 21 

C10 1386(1) 9032(2) 3892(1) 22 

C11 1952(1) 10579(2) 3657(1) 23 

C12 1676(1) 12386(2) 3038(1) 28 

C13 312(1) 9033(2) 3538(1) 22 

C14 -132(1) 7569(2) 2910(1) 25 

C15 -1126(1) 7625(2) 2554(1) 28 

C16 -1694(1) 9143(2) 2819(1) 29 

C17 -1262(1) 10599(2) 3448(1) 30 

C18 -265(1) 10556(2) 3802(1) 26 

C22 4304(1) 2527(3) 6368(1) 37 

________________________________________________________________________________  

 

Table S7. Bond lengths [Å] and angles [°] for (3fa). 

___________________________________________________________________________  

 O1-C1 1.3588(18)  O1-C12 1.4537(17) 

 O2-C1 1.2009(17)  O3-C6 1.3607(16) 

 O3-C22 1.4279(17)  C1-C2 1.4737(19) 

 C2-C3 1.3613(19)  C2-C11 1.3994(18) 

 C3-C4 1.4114(19)  C3-H31 1.031(15) 

 C4-C5 1.4162(19)  C4-C9 1.4311(16) 

 C5-C6 1.3661(19)  C5-H51 0.985(17) 

 C6-C7 1.4226(18)  C7-C8 1.3617(19) 

 C7-H71 0.969(16)  C8-C9 1.4246(18) 

 C8-H81 0.994(15)  C9-C10 1.4323(18) 

 C10-C11 1.3761(18)  C10-C13 1.4884(17) 

 C11-C12 1.4973(19)  C12-H121 0.966(17) 
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 C12-H122 0.963(17)  C13-C14 1.3922(18) 

 C13-C18 1.3955(18)  C14-C15 1.3858(18) 

 C14-H141 0.966(16)  C15-C16 1.385(2) 

 C15-H151 1.016(18)  C16-C17 1.386(2) 

 C16-H161 0.993(17)  C17-C18 1.3878(18) 

 C17-H171 0.948(17)  C18-H181 0.976(17) 

 C22-H221 0.95(2)  C22-H222 1.00(2) 

 C22-H223 0.987(19)  

 C1-O1-C12 111.06(11)  C6-O3-C22 116.03(11) 

 O1-C1-O2 121.63(14)  O1-C1-C2 108.25(12) 

 O2-C1-C2 130.12(15)  C1-C2-C3 129.43(12) 

 C1-C2-C11 108.09(12)  C3-C2-C11 122.48(12) 

 C2-C3-C4 118.63(11)  C2-C3-H31 122.2(9) 

 C4-C3-H31 119.2(9)  C3-C4-C5 120.50(11) 

 C3-C4-C9 119.43(12)  C5-C4-C9 120.07(12) 

 C4-C5-C6 120.58(12)  C4-C5-H51 117.0(9) 

 C6-C5-H51 122.4(9)  C5-C6-O3 124.97(12) 

 C5-C6-C7 119.96(12)  O3-C6-C7 115.08(12) 

 C6-C7-C8 120.43(12)  C6-C7-H71 116.3(9) 

 C8-C7-H71 123.3(9)  C7-C8-C9 121.62(12) 

 C7-C8-H81 119.0(9)  C9-C8-H81 119.4(9) 

 C4-C9-C8 117.30(11)  C4-C9-C10 120.55(11) 

 C8-C9-C10 122.15(11)  C9-C10-C11 117.25(11) 

 C9-C10-C13 122.18(11)  C11-C10-C13 120.56(11) 

 C2-C11-C10 121.64(12)  C2-C11-C12 107.93(11) 

 C10-C11-C12 130.40(12)  C11-C12-O1 104.55(11) 

 C11-C12-H121 111.9(10)  O1-C12-H121 106.5(10) 

 C11-C12-H122 110.4(10)  O1-C12-H122 107.0(10) 

 H121-C12-H122 115.7(14)  C10-C13-C14 120.64(12) 

 C10-C13-C18 120.54(11)  C14-C13-C18 118.77(12) 

 C13-C14-C15 120.64(12)  C13-C14-H141 117.3(9) 

 C15-C14-H141 122.1(9)  C14-C15-C16 120.28(13) 

 C14-C15-H151 121.4(9)  C16-C15-H151 118.3(9) 

 C15-C16-C17 119.57(12)  C15-C16-H161 120.3(10) 

 C17-C16-H161 120.1(10)  C16-C17-C18 120.32(13) 

 C16-C17-H171 121.4(10)  C18-C17-H171 118.2(10) 

 C13-C18-C17 120.41(12)  C13-C18-H181 123.1(9) 

 C17-C18-H181 116.5(9)  O3-C22-H221 108.5(11) 

 O3-C22-H222 111.6(11)  H221-C22-H222 109.4(16) 

 O3-C22-H223 111.8(11)  H221-C22-H223 106.4(16) 

 H222-C22-H223 109.0(15)  

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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Table S8. Anisotropic displacement parameters (Å
2
x 10

3
) for (3fa).  The anisotropic 

displacement factor exponent takes the form:  -2π
2
[ h

2
 a*

2
U

11
 + ...  + 2 h k a* b* U

12
 ]. 

______________________________________________________________________________  

 U
11

 U
22

  U
33

 U
23

 U
13

 U
12

 

______________________________________________________________________________  

O1 37(1)  32(1) 35(1)  6(1) 9(1)  -7(1) 

O2 34(1)  46(1) 49(1)  2(1) 16(1)  -14(1) 

O3 28(1)  31(1) 32(1)  8(1) 1(1)  3(1) 

C1 34(1)  30(1) 30(1)  -2(1) 12(1)  -6(1) 

C2 26(1)  25(1) 25(1)  -4(1) 9(1)  -5(1) 

C3 19(1)  30(1) 26(1)  -4(1) 5(1)  -3(1) 

C4 21(1)  26(1) 21(1)  -4(1) 3(1)  -1(1) 

C5 21(1)  30(1) 24(1)  -2(1) 2(1)  1(1) 

C6 26(1)  26(1) 20(1)  -1(1) 1(1)  3(1) 

C7 25(1)  26(1) 24(1)  0(1) 3(1)  -3(1) 

C8 21(1)  26(1) 24(1)  -2(1) 3(1)  -2(1) 

C9 20(1)  22(1) 20(1)  -3(1) 3(1)  -1(1) 

C10 21(1)  22(1) 21(1)  -4(1) 3(1)  0(1) 

C11 25(1)  24(1) 22(1)  -3(1) 6(1)  0(1) 

C12 30(1)  26(1) 29(1)  1(1) 7(1)  -3(1) 

C13 21(1)  23(1) 21(1)  2(1) 3(1)  0(1) 

C14 24(1)  23(1) 28(1)  -2(1) 5(1)  1(1) 

C15 26(1)  28(1) 28(1)  -2(1) 2(1)  -4(1) 

C16 20(1)  35(1) 29(1)  3(1) 3(1)  1(1) 

C17 26(1)  32(1) 30(1)  -2(1) 6(1)  7(1) 

C18 26(1)  26(1) 25(1)  -4(1) 3(1)  1(1) 

C22 30(1)  35(1) 43(1)  8(1) 0(1)  6(1) 

______________________________________________________________________________  

 

Table S9. Hydrogen coordinates (x 10
4
) and isotropic  displacement parameters (Å

2
x 10

3
) 

for compound 3fa. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

H31 4194(11) 9140(30) 4772(10) 28 

H51 4101(12) 5970(30) 5565(10) 29 

H71 1509(11) 3070(30) 5510(10) 28 

H81 643(11) 5710(30) 4569(10) 28 

H121 1252(12) 13370(30) 3232(11) 31 

H122 1449(12) 11880(30) 2448(11) 31 

H141 285(11) 6560(30) 2724(10) 28 

H151 -1455(12) 6600(30) 2079(11) 32 
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H161 -2410(12) 9160(30) 2573(11) 32 

H171 -1634(12) 11630(30) 3654(11) 32 

H181 -3(12) 11630(30) 4239(11) 30 

H221 4495(13) 1250(30) 6668(13) 44 

H222 4565(14) 3730(30) 6759(13) 44 

H223 4602(13) 2540(30) 5864(13) 44 

________________________________________________________________________________  

 

Table S10. Torsion angles [°] for compound 3fa. 

_______________________________________________________________________________  

 C12-O1-C1-O2 179.13(13)  C12-O1-C1-C2 -1.28(15) 

 C1-O1-C12-C11 2.96(14)  C22-O3-C6-C5 -1.96(18) 

 C22-O3-C6-C7 177.70(12)  O1-C1-C2-C3 178.79(13) 

 O1-C1-C2-C11 -1.08(15)  O2-C1-C2-C3 -1.7(3) 

 O2-C1-C2-C11 178.47(15)  C1-C2-C3-C4 -179.90(12) 

 C11-C2-C3-C4 0.0(2)  C1-C2-C11-C10 -178.91(12) 

 C1-C2-C11-C12 2.90(14)  C3-C2-C11-C10 1.2(2) 

 C3-C2-C11-C12 -176.98(12)  C2-C3-C4-C5 178.72(12) 

 C2-C3-C4-C9 -1.12(18)  C3-C4-C5-C6 -179.50(12) 

 C9-C4-C5-C6 0.33(19)  C3-C4-C9-C8 -178.70(11) 

 C3-C4-C9-C10 1.19(18)  C5-C4-C9-C8 1.47(18) 

 C5-C4-C9-C10 -178.65(12)  C4-C5-C6-O3 177.67(12) 

 C4-C5-C6-C7 -1.97(19)  O3-C6-C7-C8 -177.89(11) 

 C5-C6-C7-C8 1.79(19)  C6-C7-C8-C9 0.09(19) 

 C7-C8-C9-C4 -1.67(18)  C7-C8-C9-C10 178.44(12) 

 C4-C9-C10-C11 -0.08(19)  C4-C9-C10-C13 178.91(11) 

 C8-C9-C10-C11 179.81(12)  C8-C9-C10-C13 -1.21(19) 

 C9-C10-C11-C2 -1.10(18)  C9-C10-C11-C12 176.64(13) 

 C13-C10-C11-C2 179.90(12)  C13-C10-C11-C12 -2.4(2) 

 C9-C10-C13-C14 -71.69(17)  C9-C10-C13-C18 110.91(15) 

 C11-C10-C13-C14 107.27(15)  C11-C10-C13-C18 -70.14(17) 

 C2-C11-C12-O1 -3.56(14)  C10-C11-C12-O1 178.47(13) 

 C10-C13-C14-C15 -177.30(12)  C18-C13-C14-C15 0.16(19) 

 C10-C13-C18-C17 177.69(12)  C14-C13-C18-C17 0.2(2) 

 C13-C14-C15-C16 -0.1(2)  C14-C15-C16-C17 -0.4(2) 

 C15-C16-C17-C18 0.8(2)  C16-C17-C18-C13 -0.7(2)  

_______________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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Figure S65. Formula unit for 5-methoxy-4-phenylnaphtho[2,3-c]furan-1(3H)-one (3faꞋ). 
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Table S11. Crystal data and structure refinement for 3faꞋ. 

 

Empirical formula  C19 H14 O3 

Formula weight  290.32 

Crystal color, shape, size  yellow block fragment, 0.200 x 0.150 x 0.100 mm
3
 

Temperature  293 K 

Wavelength  0.71073 Å 

Crystal system, space group  Monoclinic, P21/n 

Unit cell dimensions a = 11.3197(3) Å α = 90°. 

 b = 15.6008(4) Å β = 102.4922(14)°. 

 c = 16.3530(5) Å γ = 90°. 

Volume 2819.51(14) Å
3
 

Z 8 

Density (calculated) 1.368 Mg/m
3
 

Absorption coefficient 0.092 mm
-1

 

F (000) 1216 

Data collection 

Diffractometer Bruker Apex Kappa Duo, Bruker 

Theta range for data collection 1.825 to 28.754°. 

Index ranges -15<=h<=15, -18<=k<=21, -22<=l<=22 

Reflections collected 26790 

Independent reflections 7304 [R(int) = 0.041] 

Observed Reflections 5357 

Completeness to theta = 28.754° 99.7 %  

Solution and Refinement 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.99 and 0.99 

Solution Direct methods 

Refinement method Full-matrix least-squares on F
2
 

Weighting scheme w = [σ
2
Fo

2
+ AP

2
+ BP]

-1
, with  

 P = (Fo
2
+ 2 Fc

2
)/3, A = 0.045, B = 0.903 

Data / restraints / parameters 7281 / 0 / 481 

Goodness-of-fit on F
2
 0.9862 

Final R indices [I>2sigma(I)] R1 = 0.0437, wR2 = 0.0971 

R indices (all data) R1 = 0.0667, wR2 = 0.1100 

Largest diff. peak and hole 0.36 and -0.37 e.Å
-3 
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Table S12. Atomic coordinates (x 10
4
) and equivalent isotropic displacement parameters (Å

2
x 

10
3
).  U(eq) is defined as one third of the trace of the orthogonalized U

ij
 tensor for 3faꞋ. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

O1 3805(1) 5444(1) 5608(1) 45 

O2 3386(1) 4510(1) 6546(1) 35 

O3 -2240(1) 5231(1) 6684(1) 37 

O4 3837(1) 3770(1) 9571(1) 42 

O5 5286(1) 3725(1) 8831(1) 38 

O6 3329(1) 1134(1) 5718(1) 32 

C1 3089(1) 5157(1) 5979(1) 31 

C2 1821(1) 5391(1) 5939(1) 25 

C3 1128(1) 5993(1) 5454(1) 26 

C4 -84(1) 6096(1) 5526(1) 25 

C5 -810(1) 6732(1) 5037(1) 32 

C6 -1981(1) 6839(1) 5091(1) 38 

C7 -2487(1) 6329(1) 5633(1) 35 

C8 -1807(1) 5717(1) 6128(1) 28 

C9 -568(1) 5566(1) 6093(1) 23 

C10 188(1) 4930(1) 6593(1) 22 

C11 1368(1) 4881(1) 6499(1) 24 

C12 2370(1) 4299(1) 6922(1) 29 

C13 -181(1) 4325(1) 7201(1) 23 

C14 -1018(1) 3671(1) 6952(1) 30 

C15 -1313(1) 3111(1) 7533(1) 36 

C16 -770(1) 3188(1) 8373(1) 36 

C17 84(1) 3822(1) 8628(1) 32 

C18 376(1) 4383(1) 8047(1) 27 

C19 -3487(2) 5309(2) 6699(2) 67 

C101 4200(1) 3481(1) 8990(1) 32 

C102 3644(1) 2863(1) 8342(1) 27 

C103 2544(1) 2467(1) 8216(1) 29 

C104 2199(1) 1926(1) 7515(1) 28 

C105 1049(1) 1517(1) 7363(1) 38 

C106 687(1) 1011(1) 6683(1) 44 

C107 1437(1) 871(1) 6117(1) 37 

C108 2561(1) 1246(1) 6244(1) 28 

C109 2995(1) 1793(1) 6949(1) 25 

C110 4152(1) 2218(1) 7107(1) 24 

C111 4423(1) 2738(1) 7797(1) 26 

C112 5531(1) 3273(1) 8110(1) 36 

C113 5077(1) 2149(1) 6580(1) 25 
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C114 5864(1) 1454(1) 6662(1) 30 

C115 6752(1) 1418(1) 6195(1) 36 

C116 6867(1) 2072(1) 5651(1) 40 

C117 6105(1) 2770(1) 5575(1) 38 

C118 5218(1) 2813(1) 6043(1) 31 

C119 2990(2) 536(1) 5046(1) 38 

________________________________________________________________________________  

 

Table S13. Bond lengths [ Å ] and angles [ ° ] of 3faꞋ. 

___________________________________________________________________________  

 O1-C1 1.1997(17)  O2-C1 1.3626(17) 

 O2-C12 1.4544(17)  O3-C8 1.3542(17) 

 O3-C19 1.4234(19)  O4-C101 1.2012(18) 

 O5-C101 1.3655(17)  O5-C112 1.4512(18) 

 O6-C108 1.3601(17)  O6-C119 1.4304(18) 

 C1-C2 1.4695(18)  C2-C3 1.3623(18) 

 C2-C11 1.3930(19)  C3-C4 1.4105(19) 

 C3-H31 0.991(16)  C4-C5 1.4201(18) 

 C4-C9 1.4365(19)  C5-C6 1.357(2) 

 C5-H51 0.982(17)  C6-C7 1.402(2) 

 C6-H61 0.970(17)  C7-C8 1.3744(19) 

 C7-H71 0.980(17)  C8-C9 1.4368(18) 

 C9-C10 1.4430(17)  C10-C11 1.3787(17) 

 C10-C13 1.4943(18)  C11-C12 1.5003(17) 

 C12-H121 1.004(16)  C12-H122 0.986(16) 

 C13-C14 1.3928(18)  C13-C18 1.3934(18) 

 C14-C15 1.383(2)  C14-H141 0.971(16) 

 C15-C16 1.384(2)  C15-H151 0.976(17) 

 C16-C17 1.383(2)  C16-H161 0.986(18) 

 C17-C18 1.384(2)  C17-H171 0.956(16) 

 C18-H181 0.962(15)  C19-H191 0.97(2) 

 C19-H192 1.00(2)  C19-H193 0.96(2) 

 C101-C102 1.470(2)  C102-C103 1.3655(19) 

 C102-C111 1.3962(19)  C103-C104 1.409(2) 

 C103-H1031 0.968(16)  C104-C105 1.4222(19) 

 C104-C109 1.4384(19)  C105-C106 1.353(2) 

 C105-H1051 0.983(18)  C106-C107 1.402(2) 

 C106-H1061 0.965(18)  C107-C108 1.3751(19) 

 C107-H1071 0.939(18)  C108-C109 1.4325(19) 

 C109-C110 1.4400(17)  C110-C111 1.3707(19) 

 C110-C113 1.4973(18)  C111-C112 1.5014(19) 

 C112-H1121 0.985(17)  C112-H1122 1.002(17) 

 C113-C114 1.3909(19)  C113-C118 1.3895(19) 
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 C114-C115 1.388(2)  C114-H1141 0.943(16) 

 C115-C116 1.378(2)  C115-H1151 0.958(18) 

 C116-C117 1.379(2)  C116-H1161 0.963(18) 

 C117-C118 1.389(2)  C117-H1171 0.973(18) 

 C118-H1181 0.971(16)  C119-H1191 0.990(19) 

 C119-H1192 1.016(18)  C119-H1193 0.988(18)  

 C1-O2-C12 110.72(10)  C8-O3-C19 117.87(13) 

 C101-O5-C112 111.01(11)  C108-O6-C119 117.93(11) 

 O2-C1-O1 121.77(13)  O2-C1-C2 108.05(12) 

 O1-C1-C2 130.18(14)  C1-C2-C3 129.19(13) 

 C1-C2-C11 108.87(11)  C3-C2-C11 121.94(12) 

 C2-C3-C4 118.56(12)  C2-C3-H31 122.0(9) 

 C4-C3-H31 119.4(9)  C3-C4-C5 119.20(13) 

 C3-C4-C9 120.08(11)  C5-C4-C9 120.72(12) 

 C4-C5-C6 120.25(14)  C4-C5-H51 118.5(9) 

 C6-C5-H51 121.3(9)  C5-C6-C7 120.62(13) 

 C5-C6-H61 121.0(10)  C7-C6-H61 118.4(10) 

 C6-C7-C8 120.92(14)  C6-C7-H71 121.0(10) 

 C8-C7-H71 118.1(10)  C7-C8-O3 123.21(13) 

 C7-C8-C9 121.15(13)  O3-C8-C9 115.63(11) 

 C8-C9-C4 116.32(11)  C8-C9-C10 123.70(12) 

 C4-C9-C10 119.98(11)  C9-C10-C11 116.41(12) 

 C9-C10-C13 126.49(11)  C11-C10-C13 117.09(11) 

 C2-C11-C10 123.00(11)  C2-C11-C12 107.44(11) 

 C10-C11-C12 129.54(12)  C11-C12-O2 104.88(11) 

 C11-C12-H121 112.5(9)  O2-C12-H121 107.6(9) 

 C11-C12-H122 112.7(9)  O2-C12-H122 108.7(9) 

 H121-C12-H122 110.1(13)  C10-C13-C14 122.57(11) 

 C10-C13-C18 119.20(11)  C14-C13-C18 118.15(12) 

 C13-C14-C15 120.75(13)  C13-C14-H141 118.7(9) 

 C15-C14-H141 120.5(9)  C14-C15-C16 120.41(14) 

 C14-C15-H151 118.0(10)  C16-C15-H151 121.6(10) 

 C15-C16-C17 119.51(14)  C15-C16-H161 121.2(10) 

 C17-C16-H161 119.3(10)  C16-C17-C18 120.08(13) 

 C16-C17-H171 119.4(10)  C18-C17-H171 120.5(10) 

 C13-C18-C17 121.08(13)  C13-C18-H181 119.8(9) 

 C17-C18-H181 119.1(9)  O3-C19-H191 103.7(14) 

 O3-C19-H192 111.4(13)  H191-C19-H192 108.8(19) 

 O3-C19-H193 111.3(14)  H191-C19-H193 113.4(20) 

 H192-C19-H193 108.3(20)  O5-C101-O4 121.52(14) 

 O5-C101-C102 107.90(12)  O4-C101-C102 130.57(14) 

 C101-C102-C103 129.76(13)  C101-C102-C111 108.74(12) 

 C103-C102-C111 121.46(13)  C102-C103-C104 118.49(13) 
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 C102-C103-H1031 120.9(9)  C104-C103-H1031 120.6(9) 

 C103-C104-C105 119.46(13)  C103-C104-C109 120.48(12) 

 C105-C104-C109 120.05(13)  C104-C105-C106 120.49(15) 

 C104-C105-H1051 116.5(10)  C106-C105-H1051 123.0(10) 

 C105-C106-C107 120.99(14)  C105-C106-H1061 119.6(11) 

 C107-C106-H1061 119.4(11)  C106-C107-C108 120.40(15) 

 C106-C107-H1071 120.8(11)  C108-C107-H1071 118.8(11) 

 C107-C108-O6 123.12(13)  C107-C108-C109 121.36(14) 

 O6-C108-C109 115.52(11)  C104-C109-C108 116.71(11) 

 C104-C109-C110 119.39(12)  C108-C109-C110 123.88(12) 

 C109-C110-C111 116.92(12)  C109-C110-C113 125.95(12) 

 C111-C110-C113 117.13(11)  C102-C111-C110 123.26(12) 

 C102-C111-C112 107.56(12)  C110-C111-C112 129.18(12) 

 C111-C112-O5 104.71(11)  C111-C112-H1121 113.3(10) 

 O5-C112-H1121 107.0(10)  C111-C112-H1122 113.5(9) 

 O5-C112-H1122 106.8(10)  H1121-C112-H1122 110.9(14) 

 C110-C113-C114 120.89(12)  C110-C113-C118 120.02(12) 

 C114-C113-C118 118.93(13)  C113-C114-C115 120.20(14) 

 C113-C114-H1141 119.7(10)  C115-C114-H1141 120.1(10) 

 C114-C115-C116 120.37(14)  C114-C115-H1151 117.7(11) 

 C116-C115-H1151 121.9(11)  C115-C116-C117 119.90(14) 

 C115-C116-H1161 118.3(10)  C117-C116-H1161 121.8(10) 

 C116-C117-C118 120.07(15)  C116-C117-H1171 121.3(10) 

 C118-C117-H1171 118.6(10)  C113-C118-C117 120.49(14) 

 C113-C118-H1181 119.3(9)  C117-C118-H1181 120.2(10) 

 O6-C119-H1191 106.7(10)  O6-C119-H1192 110.1(10) 

 H1191-C119-H1192 109.2(14)  O6-C119-H1193 109.6(10) 

 H1191-C119-H1193 109.9(14)  H1192-C119-H1193 111.2(14)  

____________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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Table S14. Anisotropic displacement parameters (Å
2
x 10

3
) for compound 3faꞋ.  The anisotropic 

displacement factor exponent takes the form:  -2π
2
[ h

2
 a*

2
U

11
 + ...  + 2 h k a* b* U

12
] 

______________________________________________________________________________  

 U
11

 U
22  U

33
 U

23
 U

13
 U

12
 

______________________________________________________________________________  

O1 31(1)  55(1) 52(1)  10(1) 16(1)  -3(1) 

O2 25(1)  38(1) 42(1)  7(1) 8(1)  5(1) 

O3 24(1)  39(1) 51(1)  10(1) 11(1)  4(1) 

O4 49(1)  42(1) 37(1)  -4(1) 16(1)  3(1) 

O5 36(1)  42(1) 37(1)  -7(1) 10(1)  -7(1) 

O6 28(1)  33(1) 34(1)  -2(1) 8(1)  -3(1) 

C1 27(1)  32(1) 34(1)  0(1) 6(1)  -1(1) 

C2 24(1)  23(1) 26(1)  -2(1) 4(1)  -3(1) 

C3 31(1)  22(1) 24(1)  1(1) 4(1)  -4(1) 

C4 30(1)  19(1) 24(1)  -2(1) 0(1)  -1(1) 

C5 40(1)  23(1) 31(1)  4(1) 1(1)  2(1) 

C6 40(1)  29(1) 40(1)  6(1) -3(1)  11(1) 

C7 29(1)  33(1) 41(1)  -1(1) 1(1)  9(1) 

C8 26(1)  23(1) 33(1)  -2(1) 4(1)  1(1) 

C9 25(1)  18(1) 24(1)  -3(1) 0(1)  -1(1) 

C10 23(1)  19(1) 23(1)  -2(1) 2(1)  -1(1) 

C11 25(1)  19(1) 24(1)  0(1) 1(1)  0(1) 

C12 24(1)  29(1) 35(1)  6(1) 6(1)  4(1) 

C13 22(1)  21(1) 26(1)  0(1) 5(1)  3(1) 

C14 32(1)  29(1) 29(1)  -3(1) 6(1)  -5(1) 

C15 38(1)  30(1) 41(1)  -2(1) 13(1)  -8(1) 

C16 42(1)  33(1) 36(1)  6(1) 17(1)  0(1) 

C17 34(1)  37(1) 25(1)  4(1) 8(1)  4(1) 

C18 27(1)  26(1) 28(1)  -1(1) 4(1)  1(1) 

C19 28(1)  70(2) 109(2)  36(1) 26(1)  11(1) 

C101 34(1)  31(1) 32(1)  6(1) 8(1)  4(1) 

C102 29(1)  25(1) 27(1)  8(1) 7(1)  4(1) 

C103 28(1)  27(1) 35(1)  10(1) 13(1)  6(1) 

C104 25(1)  25(1) 36(1)  8(1) 10(1)  3(1) 

C105 28(1)  37(1) 53(1)  2(1) 18(1)  -2(1) 

C106 26(1)  44(1) 62(1)  -2(1) 14(1)  -9(1) 

C107 28(1)  34(1) 47(1)  -2(1) 6(1)  -4(1) 

C108 24(1)  25(1) 34(1)  6(1) 7(1)  2(1) 

C109 22(1)  21(1) 33(1)  8(1) 6(1)  3(1) 

C110 22(1)  22(1) 30(1)  7(1) 7(1)  2(1) 

C111 23(1)  25(1) 30(1)  7(1) 7(1)  1(1) 

C112 32(1)  41(1) 35(1)  -5(1) 10(1)  -7(1) 
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C113 21(1)  26(1) 27(1)  1(1) 5(1)  -3(1) 

C114 27(1)  26(1) 38(1)  -1(1) 7(1)  -1(1) 

C115 28(1)  36(1) 46(1)  -13(1) 8(1)  1(1) 

C116 31(1)  55(1) 36(1)  -15(1) 15(1)  -9(1) 

C117 38(1)  45(1) 32(1)  2(1) 12(1)  -10(1) 

C118 30(1)  32(1) 32(1)  5(1) 7(1)  -2(1) 

C119 37(1)  42(1) 32(1)  -3(1) 4(1)  -2(1) 

______________________________________________________________________________  

 

Table S15. Hydrogen coordinates (x 10
4
) & isotropic displacement parameters (Å

2
x 10

3
) of 3faꞋ 

______________________________________________________________________________  
 x  y  z  U(eq) 

________________________________________________________________________________  

H31 1453(13) 6363(10) 5062(10) 30 

H51 -452(14) 7079(11) 4652(11) 38 

H61 -2485(15) 7274(11) 4763(11) 44 

H71 -3333(15) 6401(10) 5672(10) 41 

H121 2627(14) 4412(10) 7539(10) 36 

H122 2172(14) 3687(11) 6822(10) 36 

H141 -1407(14) 3624(10) 6363(10) 35 

H151 -1927(15) 2676(11) 7333(10) 40 

H161 -964(15) 2788(11) 8792(11) 43 

H171 472(14) 3865(10) 9207(10) 37 

H181 966(14) 4825(10) 8235(9) 32 

H191 -3590(20) 4914(16) 7134(15) 81 

H192 -3690(20) 5903(16) 6864(15) 81 

H193 -3990(20) 5181(15) 6162(15) 81 

H1031 2008(14) 2560(10) 8595(10) 34 

H1051 552(16) 1619(11) 7778(11) 45 

H1061 -99(17) 741(11) 6586(11) 50 

H1071 1173(15) 535(11) 5636(11) 43 

H1121 6267(15) 2930(11) 8308(11) 42 

H1122 5669(15) 3721(11) 7700(11) 42 

H1141 5778(14) 1000(10) 7025(10) 35 

H1151 7283(16) 932(11) 6275(11) 46 

H1161 7489(16) 2025(11) 5334(11) 48 

H1171 6166(15) 3237(11) 5192(11) 44 

H1181 4685(14) 3307(11) 5994(10) 38 

H1191 3694(17) 480(11) 4780(11) 47 

H1192 2804(15) -44(12) 5272(11) 47 

H1193 2286(16) 760(11) 4635(11) 47 

________________________________________________________________________________  
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Table S16. Torsion angles [ ° ] for 3faꞋ. 

______________________________________________________________________________  

 C12-O2-C1-O1 178.42(14)  C12-O2-C1-C2 -1.62(15) 

 C1-O2-C12-C11 1.78(15)  C19-O3-C8-C7 5.6(2) 

 C19-O3-C8-C9 -175.28(16)  C112-O5-C101-C102 -2.21(16) 

 C101-O5-C112-C111 2.97(16)  C112-O5-C101-O4 178.80(14) 

 C119-O6-C108-C109 174.58(12)  C119-O6-C108-C107 -5.9(2) 

 O1-C1-C2-C11 -179.26(15)  O1-C1-C2-C3 1.0(3) 

 O2-C1-C2-C3 -178.98(13)  O2-C1-C2-C11 0.78(15) 

 C3-C2-C11-C12 -179.89(12)  C1-C2-C11-C12 0.33(15) 

 C3-C2-C11-C10 1.5(2)  C1-C2-C3-C4 179.59(13) 

 C11-C2-C3-C4 -0.14(19)  C1-C2-C11-C10 -178.30(12) 

 C2-C3-C4-C9 -0.71(19)  C2-C3-C4-C5 178.72(12) 

 C5-C4-C9-C8 0.23(18)  C3-C4-C9-C10 0.31(19) 

 C3-C4-C5-C6 179.59(13)  C9-C4-C5-C6 -1.0(2) 

 C3-C4-C9-C8 179.64(12)  C5-C4-C9-C10 -179.10(12) 

 C4-C5-C6-C7 0.4(2)  C5-C6-C7-C8 0.9(2) 

 C6-C7-C8-C9 -1.7(2)  C6-C7-C8-O3 177.40(14) 

 C7-C8-C9-C4 1.10(19)  C7-C8-C9-C10 -179.59(13) 

 O3-C8-C9-C10 1.24(19)  O3-C8-C9-C4 -178.06(11) 

 C4-C9-C10-C13 -179.24(12)  C8-C9-C10-C11 -178.37(12) 

 C4-C9-C10-C11 0.91(18)  C8-C9-C10-C13 1.5(2) 

 C9-C10-C11-C12 179.90(13)  C13-C10-C11-C2 178.33(12) 

 C9-C10-C11-C2 -1.80(19)  C11-C10-C13-C18 63.35(17) 

 C9-C10-C13-C14 66.93(18)  C9-C10-C13-C18 -116.50(15) 

 C13-C10-C11-C12 0.0(2)  C11-C10-C13-C14 -113.21(15) 

 C10-C11-C12-O2 177.27(13)  C2-C11-C12-O2 -1.24(14) 

 C10-C13-C14-C15 178.40(13)  C10-C13-C18-C17 -178.33(13) 

 C14-C13-C18-C17 -1.6(2)  C18-C13-C14-C15 1.8(2) 

 C13-C14-C15-C16 -0.6(2)  C14-C15-C16-C17 -0.9(2) 

 C15-C16-C17-C18 1.1(2)  C16-C17-C18-C13 0.2(2) 

 O4-C101-C102-C103 1.8(3)  O4-C101-C102-C111 179.34(15) 

 O5-C101-C102-C103 -177.09(14)  O5-C101-C102-C111 0.48(16) 

 C101-C102-C103-C104 177.02(14)  C111-C102-C103-C104 -0.3(2) 

 C101-C102-C111-C110 -177.95(12)  C101-C102-C111-C112 1.36(15) 

 C103-C102-C111-C110 -0.1(2)  C103-C102-C111-C112 179.17(13) 

 C102-C103-C104-C105 -179.01(14)  C102-C103-C104-C109 0.3(2) 

 C103-C104-C105-C106 178.43(15)  C109-C104-C105-C106 -0.9(2) 

 C103-C104-C109-C108 -178.78(13)  C103-C104-C109-C110 0.1(2) 

 C105-C104-C109-C108 0.49(19)  C105-C104-C109-C110 179.42(13) 

 C104-C105-C106-C107 0.5(3)  C105-C106-C107-C108 0.1(3) 

 C106-C107-C108-O6 179.95(15)  C106-C107-C108-C109 -0.5(2) 

 O6-C108-C109-C104 179.75(12)  O6-C108-C109-C110 0.88(19) 
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 C107-C108-C109-C104 0.2(2)  C107-C108-C109-C110 -178.70(13) 

 C104-C109-C110-C111 -0.53(18)  C104-C109-C110-C113 -179.83(12) 

 C108-C109-C110-C111 178.31(12)  C108-C109-C110-C113 -1.0(2) 

 C109-C110-C111-C102 0.54(19)  C109-C110-C111-C112 -178.61(13) 

 C113-C110-C111-C102 179.90(12)  C113-C110-C111-C112 0.8(2) 

 C109-C110-C113-C114 -81.41(17)  C109-C110-C113-C118 103.22(16) 

 C111-C110-C113-C114 99.30(15)  C111-C110-C113-C118 -76.07(16) 

 C102-C111-C112-O5 -2.58(15)  C110-C111-C112-O5 176.68(13) 

 C110-C113-C114-C115 -177.24(13)  C118-C113-C114-C115 -1.8(2) 

 C110-C113-C118-C117 177.54(13)  C114-C113-C118-C117 2.1(2) 

 C113-C114-C115-C116 0.5(2)  C114-C115-C116-C117 0.6(2) 

 C115-C116-C117-C118 -0.4(2)  C116-C117-C118-C113 -1.0(2)  

_______________________________________________________________________________  

Symmetry transformations used to generate equivalent atoms:  
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