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1. CHEMISTRY. GENERAL INFORMATION AND TYPICAL PROCEDURE  

General. Unless noted otherwise, all starting materials and solvents were used as obtained 
from commercial suppliers without further purification. Organic solvents used in this study 
were dried over appropriate drying agents and distilled prior to use. Thin layer 
chromatography was carried out using Merck silica gel 60 F254 plates (Merck, Kenilworth, NJ, 
USA). Visualisation of TLC plates was performed by UV light either KMnO4 or I2 stains. NMR 
spectra were recorded on Bruker Avance 500 MHz spectrometer, and chemical shifts are 
reported in ppm, and calibrated to residual solvent peaks at 7.27 ppm and 77.00 ppm for 1H 
and 13C in CDCl3 or internal reference compounds. Similar technique was applied recently for 
structural analysis of many norbornene systems.[1], [2] The following abbreviations are used 
in reporting NMR data: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br 
(broad). Coupling constants (J) are in Hz. Spectra are reported as follows: chemical shift (δ, 
ppm), multiplicity, integration, coupling constants (Hz). Products were purified by flash 
chromatography on silica gel 60 (230-400 mesh) using BUCHI chromatograph. The X-ray 
diffraction intensities were collected on SuperNova X-ray diffractometer equipped with Atlas 
S2 CCD detector using mirror-monochromatised CuKα radiation (λ = 1.54184 Å). Low- and 
high-resolution mass spectra were obtained with Shimadzu LC-MS (Kinetex® 2.6 µm 
Biphenyl 100 Å 50 x 2.1 mm LC-column, acetonitrile/water with HCO2H additive mobile 
phase) IT-TOF spectrometer. Not available commercially substrates were obtained by known 
literature procedures. The physical properties and spectra of obtained products are available 
free of charge in Supplementary data. 

 

 

General procedure for the coupling reaction. 1 (0.2 mmol), 2 (0.24 mmol), Cs2CO3 (0.6 
mmol), Pd(PPh3)4 (0.01 mmol) were placed in a Schlenk tube under argon. Dry DMF (2 mL) 
was added and the mixture was stirred at 105 °C for 18-24 h. Then, the mixture was cooled 
down to RT. The DMF was evaporated under reduced pressure and 20 mL of water was added. 
The products were extracted with DCM (3 x 20 mL). The combined organic phase was dried 
over MgSO4, drying agent was filtered off and DCM was evaporated. The product was purified 
by silica-gel column chromatography (Hexane/iPrOH 50/1) and finally crystallised and finally 
recrystallized from appropriate solvent mixture. 

 
 
Table S1. Evaluation of bases suitable for the catalytic cyclization reaction. 

Entry Base Equiv. of pBrC6H4CH3 (2b) Yield of 4b, % 

1 K3PO4 1.2 54 
2 KOAc 1.2 50 
3 KOtBu 1.2 39 
4 K2CO3 1.2 43 
5 Cs2CO3 1.2 

3.0 
59 
83 

Conditions: NORPHOS oxide (0.2 mmol), 2b (0.24 mmol), base (0.6 mmol), [Pd(PPh3)4] (5 
mol%), DMF (4 ml) at 105 °C for 48 h. 
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Table S2. Evaluation of solvent suitable for the catalytic cyclization reaction. 

Entry Base Equiv. of pBrC6H4CH3 (2b) Yield of 4b, % 

1 DMF 1.2 83 
2 Toluene 1.2 79 
3 THF 1.2 72 
4 CH3CN 1.2 65 
Conditions: NORPHOS oxide (0.2 mmol), 2b (0.24 mmol), base (0.6 mmol), [Pd(PPh3)4] (5 
mol%), solvent  (4 ml) at 105 °C for 48 h. 

 

 

Table S3. Effect of catalyst loading on the model catalytic cyclization reaction. 

Entry Mol % of 
[Pd(PPh3)4] 

Base Equiv. of 
pBrC6H4CH3 (2b) 

Yield of 4b, % 

1 5.0 Cs2CO3 1.2 83     
2 1.0 Cs2CO3 1.2 45     
3 0.1 Cs2CO3 1.2 21      
Conditions: NORPHOS oxide (0.2 mmol), 2b (0.24 mmol), base (0.6 mmol), [Pd(PPh3)4], 
DMF (4 ml) at 105 °C for 48 h. 
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2. COUPLING PRODUCTS, SYNTHESIS AND PHYSICAL PROPERTIES 

 

(Tetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-
diyl)bis(diphenylphosphane) dioxide (rac-4a): This minor 
reaction product was detected in trace amount in the reaction mixtures 
by means of ESI-LC HRMS. HRMS calcd. for C37H32O2P2 571.1951, found 
571.1950 (diff. 0.18 ppm). 

 

 

1,2,3,4,4a,12b-Hexahydro-1,4-methanotriphenylene-2,3-
diylbis(diphenylphosphane) dioxide (rac-3a): The compound 
was isolated in 69% yield as a white solid.  An analysis of spectra of the 
product confirms it indentity to the literature data [3]. 31P NMR (202 
MHz, CDCl3): δ = 31.60 (d, J = 10.1), 28.78 (d, J = 10.1), 1H NMR (500 
MHz, CDCl3): δ = 7.98-7.96 (m, 2H, Ar-H), 7.86-7.85 (m, 2H, Ar-H), 
7.76-7.72 (m, 2H, Ar-H), 7.64-7.50 (m, 10H, Ar-H), 7.17-7.05 (m, 10H, 
Ar-H), 6.81-6.78 (m, 2H, Ar-H), 5.22 (d, 1H, J = 2.0, Ar-H), 4.00 (d, 
1H, J = 4.0, CH), 3.95-3.87 (m, 1H, CH-P), 3.86-3.80 (m, 1H, CH-P), 

3.71 (d, 1H, J = 4.0, CH), 2.64 (s, 1H, CH), 2.45 (d, 1H, J = 4.0, CH2), 1.98 (d, 1H, J = 4.0, CH2), 
1.45-1.44 (m, 1H, CH).  

 
(5-Methyltetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4b): The 
compound was isolated in 83% yield as a white solid, mp: 208-213 
°C. 31P NMR (202 MHz, CDCl3): δ = 32.4 (d, J = 8.08), 28.7 (d, J = 
6.06), 1H NMR (500 MHz, CDCl3): δ = 7.87-7.76 (m, 15H, Ar-H), 
7.11-6.55 (m, 8H, Ar-H), 3.93 (s, 1H, CH), 3.87-3.83 (m, 1H, CH), 

3.56 (s, 1H, CH), 3.31-3.27 (m, 1H, CH), 2.34 (d, 1H, J = 10.0, CH2), 2.24 (s, 3H, CH3), 2.03 (s, 
1H, CH), 1.84 (d, 1H, J = 10.0, CH2), 1.00-0.95 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 
144.0 (d, J = 3.7), 142.0, 137.1, 134.3, 135.1, 134.4, 134.0, 133.6, 133.3, 132.6, 131.8, 131.2, 131.0, 
130.8, 130.5, 130.4, 130.2, 130.1, 129.8, 128.7, 128.6, 128.5, 128.4, 128.3, 128.2, 128.2, 122.6, 
121.4, 50.0 (d, J = 15.0), 45.2 (d, J = 6.2), 41.6 (d, J = 6.2), 38.3, 37.8, 32.5 (d, J = 12.5), 21.9 
LCMS (ESI) [M+H]+ = 585 Da, HRMS calcd. for C38H34O2P2  585.2119, found 585.2108 (diff. 
1.18 ppm). 

 
(4-Methoxytetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4c): The compound 
was isolated in 76% yield as a white solid, mp: 276-278 °C. 31P NMR (202 
MHz, CDCl3): δ = 32,4 (s), 28.3 (s), 1H NMR (500 MHz, CDCl3): δ = 7.87-
7.79 (m, 4H, Ar-H), 7.55-7.42 (m, 11H, Ar-H), 7.07-7.00 (m, 7H, Ar-H), 
6.56 (d, 1H, J = 5.0, Ar-H), 6.45 (d, 1H, J = 5.0, Ar-H), 4.08 (s, 1H, CH), 

3.92-3.78 (m, 1H, CH), 3.59 (s, 1H, CH), 3.38-3.30 (m, 1H, CH), 2.93 (s, 3H, OCH3), 2.58 (s, 
1H, CH), 2.42 (s, 1H, CH), 1.99-1.97 (m, 1H, CH), 2.31 (s, 3H, CH3), 2.27 (s, 3H, CH3), 2.11-
2.09 (m, 1H, CH), 1.15 (s, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 153.2, 146.6, 131.4, 131.3, 
131.0, 130.8, 130.5, 130.0, 1329., 128.8, 128.5, 128.4, 128.3, 126.6, 115.6, 114.5, 55.6, 53.4, 45.9, 
43.4, 41.5 LCMS (ESI) [M+H]+ = 601 Da, HRMS calcd. for C38H34 O3P2  601.2056, found 
601.2067 (diff. 1.18 ppm). 
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(4-Methyltetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-
diyl)bis(diphenylphosphane) dioxide (rac-4f): The compound 
was isolated in 85% yield as a white solid, mp: 270-275 °C. 31P NMR (202 
MHz, CDCl3): δ  32.3 (d, J = 8.08), 28.5 (d, J = 8.08), 1H NMR (500 MHz, 
CDCl3): δ = 7.87-7.77 (m, 4H, Ar-H), 7.65-7.45 (m, 11H, Ar-H), 7.17-7.00 
(m, 7H, Ar-H), 6.86 (d, 1H, J = 5.0, Ar-H), 6.65 (d, 1H, J = 5.0, Ar-H), 
3.93 (s, 1H, CH), 3.81-3.75 (m, 1H, CH), 3.54 (s, 1H, CH), 3.34-3.30 (m, 

1H, CH), 2.43 (s, 2H, CH2), 1.90 (d, 1H, J = 10.0, CH), 1.65 (s, 1H, CH3), 1.01-0.97 (m, 1H, CH), 
13C NMR (125 MHz, CDCl3): δ = 144.1 (d, J = 3.7), 143.7, 135.4, 134.7, 134.1, 133.6, 133.4, 132.4, 
131.7, 131.4, 131.3, 130.9, 130.7, 130.6, 130.5, 130.1, 130.0, 128.7, 128.6, 128.5, 128.3, 128.3, 
128.3, 128.2, 128.2, 127.9, 49.9 (d, J = 3.7), 45.5, 41.3, 40.9, 38.4, 37.8, 32.6 (d, J = 13.7), 15.7 
LCMS (ESI) [M+H]+ = 585 Da, HRMS calcd. for C38H34 O2P2  585.2119, found 585.2107 (diff. 
1.18 ppm). 

 
(4-Chlorotetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4g): The compound 
was isolated in 54% yield as a white solid, mp: 250-254 °C. 31P NMR 
(202 MHz, CDCl3): δ = 32.2 (d, J = 6.06), 28.7 (d, J = 8.08), 1H NMR 
(500 MHz, CDCl3): δ = 7.87-7.73 (m, 4H, Ar-H), 7.67-7.46 (m, 11H, 
Ar-H), 7.17-7.03 (m, 7H, Ar-H), 6.77 (d, 1H, J = 10.0, Ar-H), 4.03 (s, 
1H, CH), 3.83-3.77 (m, 1H, CH), 3.58 (s, 1H, CH), 3.33-3.29 (m, 1H, 

CH), 2.41 (s, 2H, CH2), 1.93 (d, 1H, J = 10.0, CH), 1.65 (s, 1H, CH), 0.98-0.95 (m, 1H, CH), 
13C NMR (125 MHz, CDCl3): δ = 145.1 (d, J = 3.7), 142.6, 134.7, 134.3, 133.9, 133.7, 133.5, 133.0, 
132.2, 131.4 (d, J = 2.5), 131.3 (d, J = 2.5), 131.2 (d, J = 2.5), 130.9 (d, J = 2.5), 130.6, 130.5, 
130.4, 130.4, 129.4, 129.3, 128.7, 128.7, 128.6, 128.5, 128.3, 127.5, 127.4, 126.9, 126.8, 120.5, 
50.0 (d, J = 2.5), 49.3(d, J = 15), 45.7 (d, J = 6.2), 41.3(d, J = 3.7), 40.4, 38.2, 37.6, 32.6(d, J 
= 12.5) LCMS (ESI) [M+H]+ = 605 Da, HRMS calcd. for C37H31O2P2Cl  605.1561, found 
605.1561 (diff. 1.18 ppm). 

 
(4,6-Dimethyl-5-nitrotetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4h): The 
compound was isolated in 86% yield as a white solid, mp: 302-
304 °C. 31P NMR (202 MHz, CDCl3): δ = 32.3 (d, J = 8.08), 28.6 
(d, J = 10.0), 1H NMR (500 MHz, CDCl3): δ = 7.88-7.76 (m, 4H, 
Ar-H), 7.64-7.47 (m, 11H, Ar-H), 7.16-7.01 (m, 5H, Ar-H), 6.65 (s, 
1H, Ar-H), 3.94 (d, 1H, J = 5.0, CH), 3.84-3.78 (m, 1H, CH), 3.54 

(d, 1H, J = 5.0, CH), 3.34-3.30 (m, 1H, CH), 2.41 (d, 2H, J = 10.0, CH2), 2.10 (s, 3H, CH3), 1.97 
(d, 1H, J = 10.0, CH), 1.60 (s, 1H, CH3), 1.00-0.95 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ 
= 151.5, 145.0 (d, J = 3.7), 142.4, 135.1, 134.3, 134.1, 133.6, 133.5, 132.8, 132.0, 131.5 (d, J = 
2.5), 131.4 (d, J = 2.5), 131.2 (d, J = 2.5), 130.9 (d, J = 2.5), 130.6, 130.5, 130.4, 130.0, 129.8, 
128.7, 128.7, 128.5, 128.4, 128.3, 128.3, 128.2, 123.8, 122.7, 49.3 (d, J = 15.0), 45.2(d, J = 6.2), 
45.7 (d, J = 6.2), 41.3, 40.4, 38.3, 37.7, 32.6(d, J = 12.5) LCMS (ESI) [M+H]+ = 644 Da, HRMS 
calcd. for C39H35NO4P2  644.2120, found 644.2114 (diff. 1.18 ppm). 

 
(5-Methoxytetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4i): The 
compound was isolated in 18%yield as a white solid, mp: 279-285 
°C. 31P NMR (202 MHz, CDCl3): δ = 32.4(d, J = 8.08), 28.8 (d, J 
= 10.0), 1H NMR (500 MHz, CDCl3): δ = 7.87-7.76 (m, 15H, Ar-
H), 7.12-6.47 (m, 8H, Ar-H), 4.03 (d, 1H, J = 35.0, CH), 3.88-3.83 

(m, 1H, CH), 3.70 (s, 1H, OCH3), 3.59 (d, 1H, J = 35.0, CH), 3.31-3.27 (m, 1H, CH), 2.49-2.33 
(m, 2H, CH2), 1.00-0.95 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 159.7, 145.3, 134.3, 
133.9, 133.5, 133.2, 132.9, 132.5, 132.1, 132.0, 131.9 (d, J = 6.2), 131.1, 131.6, 130.5, 130.4, 130.2, 
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130.1, 128.7, 128.6, 128.5, 128.4, 128.3 (d, J = 2.5), 128.2 (d, J = 2.5), 127.6, 127.4, 122.8, 
122.01, 114.2, 55.3, 50.4 (d, J = 13.5), 49.8 (d, J = 13.5), 46.7, 45.7, 38.5, 37.8, 31.4, 29.7 LCMS 
(ESI) [M+H]+ = 601 Da, HRMS calcd. for C38H34O3P2  601.2067, found 601.2056 (diff. 1.18 
ppm). 

 
[Methyl 11,12-bis(diphenylphosphoryl)tetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-

triene-5-carboxylate (rac-4j): The compound was isolated 
in 84% yield as a white solid, mp: 169-171 °C. 31P NMR (202 
MHz, CDCl3): δ = 32.7 (d, J = 8.08), 29.1 (d, J = 8.08), 1H NMR 
(500 MHz, CDCl3): δ = 7.87-7.76 (m, 15H, Ar-H), 7.12-6.47 (m, 
8H, Ar-H), 4.03 (d, 1H, J = 35.0, CH), 3.88-3.83 (m, 1H, CH), 
3.70 (s, 1H, OCH3), 3.59 (d, 1H, J = 35.0, CH), 3.31-3.27 (m, 

1H, CH), 2.49-2.33 (m, 2H, CH2), 1.00-0.95 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 
167.3, 151.0, 144.0 (d, J = 3.7), 135.0, 134.2, 134.1, 133.6, 133.3, 133.3, 132.9, 132.4, 131.7, 130.5, 
130.4, 130.4, 130.3, 130.2, 130.1, 129.7, 129.6, 129.9, 129.5, 128.7, 128.6, 128.5, 128.5, 128.3, 
128.3, 128.3, 128.2, 123.1, 122.9, 122.0, 121.8, 51.9, 50.0 (d, J = 13.7), 47.9, 41.1, 38.2, 32.4 
LCMS (ESI) [M+H]+ = 629 Da, HRMS calcd. for C39H34O4P2  629.2022, found 629.2005(diff. 
1.7 ppm). 

 
Dimethyl 2,3-bis(diphenylphosphoryl)-1,2,3,4,4a,12b-hexahydro-1,4-

methanotriphenylene-7,10-dicarboxylate (rac-3j): The 
compound was isolated in 51% yield as a white solid. An 
analysis of spectra of the product confirms it indentity to the 
literature data [3].  31P NMR (202 MHz, CDCl3): δ = 31.10 (d, J 
= 10.1), 28.81 (d, J = 8.1), 1H NMR (500 MHz, CDCl3): δ = 8.50 
(d, 1H, J = 10.0, Ar-H), 7.97-7.93 (m, 2H, Ar-H), 7.88-7.85 (m, 
2H, Ar-H), 7.74 (d, 1H, J = 5.0, Ar-H), 7.74-7.48 (m, 11H, Ar-

H), 7.17-7.04 (m, 6H, Ar-H), 6.86 (d, 1H, J = 10.0, Ar-H), 5.26 (d, 1H, J = 10.0, Ar-H), 4.12 (d, 
1H, J = 10.0, CH), 3.95-3.90 (m, 1H, CH-P), 3.87-3.81 (m, 1H, CH-P), 3.93 (s, 3H, CH3), 3.92 
(s, 3H, CH3), 3.75 (d, 1H, J = 10.0, CH), 2.64 (s, 1H, CH), 2.42 (d, 1H, J = 10.0, CH2), 2.02 (d, 
1H, J = 10.0, CH2), 1.94 (s, 1H, CH).  
 
[7,10-Bis(trifluoromethyl)-1,2,3,4,4a,12b-hexahydro-1,4-methanotriphenylene-

2,3-diyl]bis(diphenylphosphane) dioxide (rac-3k): The 
compound was isolated with yield up to 67% as a white solid. An 
analysis of spectra of the product confirms it indentity to the 
literature data [3]. 31P NMR (202 MHz, CDCl3): δ = 31.04 (d, J = 
8.1), 28.84 (d, J = 8.1), 1H NMR (500 MHz, CDCl3): δ = 7.89-7.70 
(m, 6H, Ar-H), 7.58-7.41 (m, 10H, Ar-H), 7.26 (d, 1H, J = 10.0, Ar-
H), 7.10-6.97 (m, 7H, Ar-H), 6.81 (d, 1H, J = 10.0, Ar-H), 5.22 (d, 

1H, J = 10.0, Ar-H), 4.02 (d, 1H, J = 10.0, CH), 3.83-3.76 (m, 1H, CH-P), 3.76-3.70 (m, 1H, 
CH-P), 3.67 (d, 1H, J = 10.0, CH), 2.54 (s, 1H, CH), 2.32 (d, 1H, J = 10.0, CH2), 1.97 (d, 1H, J 
= 10.0, CH2), 1.25-1.19 (m, 1H, CH).  

 
 

[7,10-Bis(trimethylsilyl)-1,2,3,4,4a,12b-hexahydro-1,4-methanotriphenylene-
2,3-diyl]bis(diphenylphosphane) dioxide (rac-3l): The 
compound was isolated with yield 63% as a white solid. An 
analysis of spectra of the product confirms it indentity to the 
literature data [3]. 31P NMR (202 MHz, CDCl3): δ = 31.12 (d, J = 
6.1), 28.60 (d, J = 10.1), 1H NMR (500 MHz, CDCl3): δ = 7.98-
7.93 (m, 4H, Ar-H), 7.67-7.51 (m, 10H, Ar-H), 7.21-7.05 (m, 6H, 
Ar-H), 6.93 (d, 1H, J = 5.0, Ar-H), 6.78 (d, 1H, J = 10.0, Ar-H), 
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5.22 (d, 1H, J = 10.0, Ar-H), 4.03 (d, 1H, J = 10.0, CH), 3.94-3.89 (m, 1H, CH-P), 3.85-3.81 
(m, 1H, CH-P), 3.68 (d, 1H, J = 10.0, CH), 2.64 (s, 1H, CH), 2.48 (d, 1H, J = 10.0, CH2), 1.96 
(d, 1H, J = 10.0, CH2), 1.66 (s, 1H, CH), 0.28 (s, 9H, CH3), 0.26 (s, 9H, CH3).  

 
6b,7,8,9,10,10a-Hexahydro-7,10-methanobenzo[a]biphenylene-8,9-

diylbis(diphenylphosphane) dioxide (rac-4m): The 
compound was isolated in 68% yield as a white solid, mp: 225-227 
°C. 31P NMR (202 MHz, CDCl3): δ = 32.4 (d, J = 8.08), 28.7 (d, J = 
6.06), 1H NMR (500 MHz, CDCl3): δ = 7.96-7.48 (m, 16H, Ar-H), 
7.36-6.28 (m, 4H, Ar-H), 7.19-7.03 (m, 6H, Ar-H), 6.83 (d, 1H, J = 
10.0, Ar-H), 4.21 (d, 1H, J = 5.0, CH), 3.87-3.81 (m, 1H, CH), 3.59 (d, 

1H, J = 5.0, CH), 3.42-3.39 (m, 1H, CH), 2.57 (s, 1H, CH), 2.46 (d, 1H, J = 15.0, CH2), 1.88 (d, 
1H, J = 15.0, CH2), 0.90-0.85 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 145.9, 145.1, 142.6, 
134.6, 134.2, 133.9, 133.7, 133.4, 133.3, 132.9, 132.2, 131.4, 131.3, 131.2, 130.9, 130.6, 130.5, 
130.4, 130.4, 130.2, 130.1, 129.3, 128.8, 128.7, 128.6, 128.5, 128.3, 128.2, 127.5, 126.8, 120.5, 
120.3, 49.8 (d, J = 15.0), 45.7 (d, J = 5.0), 41.3, 41.0, 40.4, 38.2, 37.7, 32.9 LCMS (ESI) [M+H]+ 

= 621 Da, HRMS calcd. for C41H38O2P2  621.2139, found 621.2166 (diff. 1.18 ppm). 
 

[5-(Naphthalen-1-yl)bicyclo[2.2.1]heptane-2,3-diyl]bis(diphenylphosphane) 
dioxide (rac-5m): This minor reaction product was detected in trace 
amount in the reaction mixtures by means of ESI-LC HRMS. HRMS calcd. 
for C41H36O2P2  623.2312, found 623.2263 (diff. 7.8 ppm). 

 
 
 
 

 
(7-Methoxy-1,2,3,4,4a,10b-hexahydro-1,4-methanobenzo[b]biphenylene-2,3-

diyl)bis(diphenylphosphane) dioxide (rac-4n): 
The compound was isolated in 53% yield as a white solid, 
mp: 209-214 °C. 31P NMR (202 MHz, CDCl3): δ = 32.4 (d, 
J = 8.08), 28.8 (d, J = 8.08), 1H NMR (500 MHz, CDCl3): 
δ = 7.91-7.42 (m, 16H, Ar-H), 7.28-7.02 (m, 10H, Ar-H), 
4.21 (d, 1H, J = 5.0, CH), 3.92-3.85 (m, 1H, CH), 3.88 (s, 

1H, OCH3), 3.75 (d, 1H, J = 5.0, CH), 3.38-3.35 (m, 1H, CH), 2.60 (s, 1H, CH), 2.46 (d, 1H, J = 
15.0, CH2), 1.90 (d, 1H, J = 15.0, CH2), 1.08-1.05 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 
156.7, 144.1, 141.8, 135.2, 135.1, 134.3, 133.9, 133.5, 133.2, 132.5, 131.7, 131.3, 131.1, 130.9, 
130.6, 130.5, 130.4, 130.2, 130.1, 129.5, 129.4, 129.3, 128.7, 128.6, 128.5, 128.3, 128.2, 128.2, 
120.0, 119.9, 119.0, 117.1, 106.6, 55.2, 50.3, 46.6, 42.9, 42.2, 39.9, 37.8, 32.9 LCMS (ESI) 
[M+H]+ = 651 Da, HRMS calcd. for C42H36O3P2  651.2206, found 651.2212 (diff. 1.18 ppm). 

 
 
 

8c,9,10,11,12,12a-Hexahydro-9,12-methanobenzo[3,4]cyclobuta[1,2-
l]phenanthrene-10,11-diylbis(diphenylphosphane) dioxide 
(rac-4p): The compound was isolated in 54% yield as a white solid, 
mp: 295-298 °C. 31P NMR (202 MHz, CDCl3): δ = 32.3 (d, J = 8.08), 
28.8 (d, J = 8.08), 1H NMR (500 MHz, CDCl3): δ = 8.68-8.65 (m, 3H, 
Ar-H), 7.99-7.42 (m, 20H, Ar-H), 7.13-7.06 (m, 6H, Ar-H), 6.83 (d, 1H, 
J = 10.0, Ar-H), 4.29 (s, 1H, CH), 3.93-3.83 (m, 2H, 2xCH), 3.52-3.47 
(m, 1H, CH), 2.61 (d, 2H, J = 5.0, CH), 1.90 (d, 1H, J = 10.0, CH), 1.01-

0.85 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 139.3, 138.3 (d, J = 3.7), 135.5, 134.7, 134.4, 
133.9, 133.6, 133.1, 132.3, 132.1, 132.0, 131.9 (d, J = 3.7), 131.4, 131.1, 130.9, 130.8, 130.7, 130.5, 
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130.2, 130.1, 128.7, 128.6, 128.5, 128.4, 128.3, 128.3, 127.8, 127.8, 126.6 (d, J = 3.7), 123.7 (d, 
J = 8.7), 122.6, 122.3, 49.2 (d, J = 15.0), 45.1 (d, J = 6.2), 40.4, 41.1, 38.7, 32.5 (d, J = 12.5). 
LCMS (ESI) [M+H]+ = 671 Da, HRMS calcd. for C45H38O2P2  671.2281, found 671.2263 (diff. 
1.18 ppm). 

 
[5-(Phenanthren-9-yl)bicyclo[2.2.1]heptane-2,3-diyl]bis(diphenylphosphane) 

dioxide (rac-5p): This minor reaction product was detected in trace 
amount in the reaction mixtures by means of ESI-LC HRMS. HRMS 
calcd. for C45H38O2P2  673.2422, found 673.2420 (diff. 0.3 ppm). 

 
 
 
 

 
 

[(1R,2R,9S,10S,11R,12R)-4-Phenyltetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-
11,12-diyl]bis(diphenylphosphane) dioxide (R,R-4q): 
Crystallised from a mixture of hexane/DCM. The compound was 
isolated in 98% yield as a white solid, mp: 255-258 °C, [α]20

D = +79.4 
(c=0.45, CHCl3), 31P NMR (202 MHz, CDCl3): δ = 32.5 (d, J = 10.1), 
28.7 (d, J = 10.1), 1H NMR (500 MHz, CDCl3): δ = 8.68-8.65 (m, 2H, 
Ar-H), 7.99-7.42 (m, 20H, Ar-H), 7.13-7.06 (m, 5H, Ar-H), 6.83 (d, 
1H, J = 10.0, Ar-H), 4.29 (s, 1H, CH), 3.93-3.83 (m, 2H, 2xCH), 
3.52-3.47 (m, 1H, CH), 2.61 (d, 2H, J = 5.0, CH), 1.90 (d, 1H, J = 
10.0, CH), 1.01-0.85 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): δ = 

145.3, 141.8, 137.3, 134.1, 133.4, 132.1, 132.0, 131.9, 131.2, 130.9, 130.6, 130.5, 130.4, 130.1, 
130.0, 128.8, 128.7, 128.5, 128.5, 128.5, 128.4, 128.3, 128.2, 127.1, 127.0, 126.8, 126.5, 126.1, 
125.1, 120.7, 50.0, 49.9, 48.3 (d, J = 6.2), 41.8, 40.4, 38.4, 37.5, 32.8 (d, J = 12.5), LCMS (ESI) 
[M+H]+ = 647 Da, HRMS calcd. for C43H36O2P2  647.2259, found 647.2263 (diff. 1.18 ppm). 
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3. SYNTHESIS OF CATALYST AND MODEL CATALYTIC REACTION 

 

Synthesis of [(1R,2R,9S,10S,11R,12R)-4-Phenyltetracyclo[8.2.1.02,9.03,8]trideca-
3,5,7-triene-11,12-diyl]bis(diphenylphosphane) (R,R)-6q: The 
amount of 1.0 g of (R,R)-6q (1.54 mmol) and 10mL of dry toluene were 
added to a Schlenk flask and placed under a nitrogen atmosphere. 
Subsequently, 6 equiv. of SiHCl3 and then 18 equiv. of Bu3N were added, 
and the mixture was heated at 110°C. After completion of the reaction, 
the mixture was cooled down, and 30% NaOH solution was dropped. 
The organic layers were dried over Na2SO4 and the crude subjected to 
column chromatography with ethyl acetate/hexane system. The 

phosphine was isolated as a white solid in 85% yield. [α]20
D= -60 (c=0.4; CHCl3); 31P NMR 

(202 MHz, CDCl3): δ = 2.53, 1.10, -11.09, -13.67; 1H NMR (500 MHz, CDCl3): δ = 7.94-7.42 
(m, 16H, Ar-H), 7.23-7.02 (m, 11H, Ar-H), 6.83 (d, 1H, J = 5.0, Ar-H), 4.37 (s, 1H, CH), 3.99-
3.93 (m, 1H, 2xCH), 3.69 (s, 1H, CH), 3.44-3.39 (m, 1H, CH), 2.70 (s, 1H, CH), 2.38 (d, 1H, J 
= 10.0, CH2), 1.90 (d, 1H, J = 10.0, CH2), 1.05-1.03 (m, 1H, CH), 13C NMR (125 MHz, CDCl3): 
δ = 145.8, 141.8, 137.3, 134.3, 133.1, 131.3, 131.3, 130.9, 130.6, 130.5, 130.4, 130.1, 130.0, 128.6, 
128.5, 128.3, 128.2, 127.2, 126.8, 126.5, 126.0, 125.1, 124.8, 120.8, 51.4 (d, J = 13.7), 50.0 (d, J 
= 13.7), 48.3 (d, J = 6.2), 45.3 (d, J = 6.2), 41.8, 41.6, 40.4, 38.4, 38.1, 37.8, 37.5. 
 

Synthesis of [Pd(6q)Cl2]: A solution of 6q (0.1 g) in benzene (2 mL) was added to a stirred 
solution of [Pd(t-BuCN)2Cl2] (0.056 g) in 2 mL of THF. The 
reaction mixture was stirred overnight at ambient 
temperature, the volume of the solvents was reduced under 
the reduced pressure down to about 2mL, and precipitated 
complex was filtered off. The compound was isolated in 82% 
yield as a yellow solid. The sample for the X-ray 
measurements were growth from warm mixture 
ethanol/benzene. [α]20

D= = -40.8 (c=0,25, CH2Cl2); 31P 
NMR (202 MHz, CDCl3): δ = 31.3, 31.2, 28.0, 27.9, 27.9, 
27.8, 1H NMR (500 MHz, CDCl3): δ = 8.08-8.04 (m, 2H, Ar-
H), 8.02-7.98 (m, 2H, Ar-H), 7.93-7.90 (m, 2H, Ar-H), 7.88-
7.84 (m, 2H, Ar-H), 7.68-7.65 (m, 1H, Ar-H), 7.59-7.58 (m, 
2H, Ar-H), 7.54-7.48 (m, 22H, Ar-H), 7.33-7.27 (m, 3H, Ar-

H), 7.21-7.12 (m, 8H, Ar-H), 7.07-7.01 (m, 13H, Ar-H), 6.85 (d, 1H, J = 7.3, CH), 6.55 (d, 1H, 
J = 7.3, CH), 4.12-4.11 (m, 1H, CH), 4.00-3.99 (m, 1H, CH), 3.96-3.87 (m, 1H, CH), 3.48-3.43 
(m, 2H, CH), 2.66-2.66 (m, 1H, CH), 2.55-2.55 (m, 1H, CH), 2.36-2.34 (m, 1H, CH), 2.27-2.25 
(m, 1H, CH), 1.77-1.75 (m, 1H, CH), 1.68-1.66 (m, 1H, CH), 0.75-0.74 (m, 2H, CH). 13C NMR 
(dept 135, 125 MHz, CDCl3): δ = 132.96, 131.81, 131.69, 131.63, 131.54, 131.53, 131.48, 131.46, 
131.20, 131.14, 130.90, 130.84, 130.76, 130.70, 130.53, 130.46, 130.40, 130.25, 130.21, 130.18, 
130.14, 129.49, 129/42, 129.34, 129.30, 129.28, 129.18, 129.09, 129.07, 128.98, 128.64, 128.62, 
128.55, 128.53, 128.02, 127.63, 126.48, 125.96, 125.34, 124.75, 121.32, 121.10, 51.52, 51.41, 
49.85, 49.73, 48.35, 48.31, 46.39, 46.35, 41.86, 41.61, 41.13, 41.10, 40.36, 40.18, 40.00, 39.84, 
38.77, 38.74, 38.41, 38.36, 38.33, 38.19, 38.16, 37.87, 37.81, 37.77, 37.75, 32.26, 32.23, 32.17, 
32.13. LCMS (ESI) [M - Cl]+ = HRMS calcd. for C43H36P2ClPd 755.1010 Da, found 755.1034 
Da (diff. 3.18 ppm). 
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General procedure for allylic alkylation reaction: The solution of ligand 6q (2.0 mol % or 4.0 
mol %) and [Pd(η3-C3H5)Cl]2 (1.0 mol % or 2.0 mol %) was 
stirred in 1.0 mL of dry THF for 30 min. Then rac-(E)-1,3-
diphenylallyl acetate (0.5 mmol) in 1.0 mL of THF was added, 
followed by dimethyl malonate (1.5 mmol) and base (1.5 mmol) 

of BSA with 2 mol % of KOAc or 1.5 mmol of K2CO3/Cs2CO3 (1:1). After stirring for 12 h at room 
temperature, the solution was concentrated and purified by chromatography on silica gel 
eluting with hexane/EtOAc 10:1. The product was isolated as a colorless oil. 1H NMR (500 
MHz, CDCl3): δ = 7.34-7.22 (m, 10H, Ar-H), 6.50 (d, 1H, J = 15.0, -CH=), 6.33 (dd, 1H, J = 
10.0, 15.0, -CH=), 4.31-4.27 (m, 1H, CH), 3.98 (d, 1H, J = 10.0, CH), 3.77 (s, 3H, OCH3), 3.54 
(s, 3H, OCH3). The enantiomeric composition and S- absolute configuration of the product of 
model asymmetric reaction were determined by the peak integration and an elution order 
from chiral HPLC Chiralcel OD-H column [4]: HPLC analysis (Chiralcel OD-H, hexane/iso-
PrOH, 98:2, 1.0 mL/min, 254 nm): tr(minor) = 10.9 min, tr(major) = 14.5 min. 
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4. SINGLE-CRYSTAL X-RAY ANALYSIS 

X-ray crystal structure determination of [Pd(6q)Cl2]. The X–ray diffraction quality 
crystals of [Pd(6q)Cl2] were grown from a solution of dichloromethane/ethanol. X-ray 
diffraction experiment for complex [Pd(6q)Cl2] was conducted at room temperature on 
SuperNova X-ray diffractometer equipped with Atlas S2 CCD detector using the mirror-

monochromatized CuKα radiation ( = 1.54184 Å). Multiscan absorption correction 
procedures were applied to the data [5]. The structure was solved by direct methods using the 
ShelXT [6] structure solution program using intrinsic phasing and refined with the 
Olex2.refine refinement package using Gauss-Newton minimisation [7]. Non-hydrogen atoms 
were refined anisotropically. The C-bound H atoms were positioned geometrically and refined 
with the ‘riding’ model. The absolute structure of [Pd(6q)Cl2] has been determined through 
the anomalous scattering with the value of the Flack parameter refined to -0.007(3) using 
2963 quotients. The summary of experimental details and the crystal structure refinement 
parameters are given in Table S2. The experimental details and final atomic parameters have 
been deposited with the Cambridge Crystallographic Data Centre as supplementary material 
(CCDC: 1885894). Copies of the data can be obtained free of charge on request via 
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk. 

Table S2. Crystal data and structure refinement for [Pd(6q)Cl2]. 

Identification code  [Pd(6q)Cl2] 

Empirical formula  C43H36Cl2P2Pd  

Formula weight  791.96  

Temperature/K  295.3(2)  

Crystal system  tetragonal  

Space group  P43212  

a/Å  14.08143(6)  

b/Å  14.08143(6)  

c/Å  37.2551(3)  

Volume/Å3  7387.18(8)  

Z  8  

ρcalcg/cm3  1.424  

μ/mm-1  6.425  

F(000)  3232.0  

Crystal size/mm3  0.25 × 0.25 × 0.25  

Radiation  CuKα (λ = 1.54184)  

2Θ range for data collection/°  6.71 to 152.338  

Index ranges  -17 ≤ h ≤ 16, -17 ≤ k ≤ 17, -46 ≤ l ≤ 46  

Reflections collected  58744  

Independent reflections  7700 [Rint = 0.0405, Rsigma = 0.0209]  

Data/restraints/parameters  7700/0/433  

Goodness-of-fit on F2  1.050  

Final R indexes [I>=2σ (I)]  R1 = 0.0268, wR2 = 0.0599  

Final R indexes [all data]  R1 = 0.0283, wR2 = 0.0611  

Largest diff. peak/hole / e Å-3  0.32/-0.39  

Flack parameter using 2963 quotients -0.007(3) 

CCDC No. 1885894 
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5. COMPUTATIONAL STUDIES. 

 All DFT calculations were performed using “Prometheus” cluster in the “Cyfronet” 

computational centre in Cracow. The new generation M062x [8] functional, implemented in 

the Gaussian 09 package [9] was used. All stationary structures has been optimized using 

LANL2DZ basis set with one f function for Pd and without of pseudopotential. All structures 

are characterized by only positive eigenvalues in their diagonalised Hessian matrices. For 

optimized structures, thermochemical data for the temperature T = 298 K and pressure p = 1 

atm were computed using vibrational analysis data.  
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6. NMR SPECTRA 

(1R,2R,3R,4S)-Bicyclo[2.2.1]hept-5-ene-2,3-diylbis(diphenylphosphane) 
dioxide (1). 

 

 

  



Electronic Supplementary Information 

New rigid polycyclic bis(phosphane) for asymmetric catalysis 

14 
 

(4-Methoxytetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4c): 

KSz-758b.002.esp
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(4-Methyltetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4f): 
KSz-781-2C komplet widm.002.esp
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(4-Chlorotetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4g): 
Ksz955-1b.002.esp
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(4,6-Dimethyl-5-nitrotetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4h): 
Ksz949-1a.002.esp

55 50 45 40 35 30 25 20 15 10 5

Chemical Shift (ppm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
or

m
al

iz
ed

 In
te

ns
ity

32
.3

4
32

.3
0

28
.7

1
28

.6
6

 

 

 

  

Ph2P

Ph2P

H

H

O

O
CH3

CH3

N+

O–

O



Electronic Supplementary Information 

New rigid polycyclic bis(phosphane) for asymmetric catalysis 

18 
 

(5-Methyltetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4b): 
KSz-762-10.002.esp
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(5-Methoxytetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-11,12-

diyl)bis(diphenylphosphane) dioxide (rac-4i): 
KSz-776-1C.002.esp
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[Methyl 11,12-bis(diphenylphosphoryl)tetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-

triene-5-carboxylate (rac-4j): 
Ksz946-1b.002.esp
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6b,7,8,9,10,10a-Hexahydro-7,10-methanobenzo[a]biphenylene-8,9-

diylbis(diphenylphosphane) dioxide (rac-4m) 

Ksz922-1-1.002.esp
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(7-Methoxy-1,2,3,4,4a,10b-hexahydro-1,4-methanobenzo[b]biphenylene-2,3-

diyl)bis(diphenylphosphane) dioxide (rac-4n) 
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8c,9,10,11,12,12a-Hexahydro-9,12-methanobenzo[3,4]cyclobuta[1,2-

l]phenanthrene-10,11-diylbis(diphenylphosphane) dioxide (rac-4p) 

KSz-923-1c.001.esp
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[(1R,2R,9S,10S,11R,12R)-4-Phenyltetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-

11,12-diyl]bis(diphenylphosphane) dioxide (R,R-4q)
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[(1R,2R,9S,10S,11R,12R)-4-Phenyltetracyclo[8.2.1.02,9.03,8]trideca-3,5,7-triene-

11,12-diyl]bis(diphenylphosphane) (R,R)-6q 

Ksz1320-ph.001.esp
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[Pd(6q)Cl2] 

OL-Kszcomplex2dmso.001.esp
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Dimethyl 2-[(E, S)-1-methyl-3-phenylprop-2-en-1-yl]malonate 
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