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Experimental Section 
Measurements. 1H and 13C NMR spectra were recorded using a Bruker DPX 300 FT-NMR 
spectrometer at 300 and 75.4 MHz, respectively. 31P{1H} NMR (162 MHz) spectra were recorded 
on a JEOL JNM-Ex400 spectrometer. 1H and 13C chemical shifts were referenced to solvent 
residues. 31P{1H} NMR chemical shift was referenced to external aq. 85% H3PO4. GCMS was run 
using a Shimadzu GC-MS 17A/QP-5000 mass spectrometer. High resolution and FAB (matrix: 
nitrobenzylalchol, NBA) mass spectra were obtained with JEOL JMS-700 mass spectrometer at an 
ionization potential of 70 eV. Preparative GPC was performed on a JAI LC-908 equipped with 
JAIGEL 1H and 2H columns with toluene as an eluent. Melting points were measured on Micro 
melting point apparatus As-one IA9100. UV-vis spectra were recorded using an Agilent 8453 
spectrometer. Fluorescence spectra were recorded using a Hitachi F 4500 spectrometer. 
Materials. All manipulations involving air and moisture-sensitive compounds were carried out 
under atmosphere of dry argon or nitrogen. All solvents and reagents were of reagent quality, 
purchased from commercial sources and used without further purification, unless otherwise noted 
below. Toluene, Et2O, and THF were dried and distilled from sodium/benzophenone just before use. 
DMSO and triethylamine were distilled from calcium hydride. 1-Bromo-2-ethynylbenzene,1 
(2-bromophenylethynyl)benzene 9a,2 4-(2-bromophenylethynyl)anisole 9b,2 
1-(2-bromophenylethynyl)-4-trifluorobenzene 9c,3 
1,4-di(4’-t-butylphenylethynyl)-2,5-dibromobenzene 102 and 1,4-di(2-bromophenylethynyl)benzene 
114 were prepared according to the previously reported procedure, respectively. 
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A typical example is as follows. 
To a solution of 1-bromo-2-phenylethynylbenzene 9a (3.02 g, 11.7 mmol) in Et2O (15 mL) was 
added a solution of 1.65 M n-butyllithium in hexane (7.1 mL, 11.7 mmol) at −50 °C. After stirring 
at room temperature for 3 h, the mixture was added to a solution of dichlorophenylphosphine (2.14 
g, 11.9 mmol) in Et2O (15 mL) at −78 °C. The reaction mixture was allowed to room temperature 
and stirred for 17 h. After addition of H2O (10 mL), the product was extracted with ether and the 
organic layer was dried over anhydrous Na2SO4. After filtration and removal of the solvent, the 
residue was chromatographed over silica gel (hexane/ethyl acetate = 1/2) to give 1a (1.74 g, 5.76 
mmol, 49% yield). 
1a: pale yellow oil; 1H NMR (300 MHz, CDCl3) δ 7.28-7.49 (m, 11H), 7.67-7.74 (m, 2H), 
7.91-8.00 (m, 1H), 8.40 (d, JPH = 496.4 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 85.8 (d, JPC = 8.6 
Hz), 96.7, 121.8, 124.7 (d, JPC = 10.0 Hz), 128.2, 128.4 (d, JPC = 11.2 Hz), 128.5 (d, JPC = 12.8 Hz), 
128.8, 130.5 (d, JPC = 11.6 Hz), 130.8, 131.2, 132.0, 132.0 (d, JPC = 5.7 Hz), 132.1 (d, JPC = 1.8 Hz), 
132.4 (d, JPC = 31.1 Hz), 132.7 (d, JPC = 8.3 Hz); 31P{1H} NMR (162 MHz, CDCl3) δ 17.3; HRMS 
Calcd. for C20H15OP 302.0861, Found: 302.0851. 
1b: pale yellow oil; 1H NMR (300 MHz, CDCl3) δ 3.63 (s, 3H), 6.70-6.73 (m, 2H), 7.15-7.17 (m, 
2H), 7.29-7.44 (m, 6H), 7.63-7.68 (m, 2H), 7.88-7.92 (m, 1H), 8.32 (d, 1H, JPH = 496.2 Hz); 13C 
NMR (75 MHz, CDCl3) δ 54.8, 84.6 (d, JPC = 8.5 Hz), 96.8, 113.6, 113.7, 124.9 (d, JPC = 9.8 Hz), 
127.8 (d, JPC = 11.3 Hz), 128.2 (d, JPC = 12.8 Hz), 130.3 (d, JPC = 11.5 Hz), 130.7 (d, JPC = 4.3 Hz), 
131.7 (d, JPC = 3.5 Hz), 131.8 (d, JPC = 4.3 Hz), 131.8, 132.1 (d, JPC = 3.6 Hz), 132.3 (d, JPC = 8.3 
Hz), 132.6, 159.8; 31P{1H} NMR (162 MHz, CDCl3) δ 17.5; HRMS Calcd. for C21H17O2P 332.0966, 
Found: 332.0961. 
1c: a white solid; mp 102.3-103.7 °C; 1H NMR (300 MHz, CDCl3) δ 7.40-7.48 (m, 4H), 7.52-7.62 
(m, 6H), 7.68-7.75 (m, 2H), 7.99-8.06 (m, 1H), 8.42 (d, 1H, JPH = 481.6 Hz); 13C NMR (75 MHz, 
CDCl3) δ 88.2 (d, JPC = 8.4 Hz), 95.0, 123.7 (quart, JFC = 270.6 Hz), 125.3 (quart, JFC = 3.8 Hz), 
125.8, 128.2, 128.7 (d, JPC = 13.0 Hz), 129.1 (d, JPC = 11.3 Hz), 130.7 (quart, JFC = 33.8 Hz), 130.8 
(d, JPC = 11.6 Hz), 130.8, 131.7, 132.1, 132.3 (d, JPC = 2.3 Hz), 132.4 (d, JPC = 2.9 Hz), 132.6 (d, 
JPC = 8.8 Hz), 133.1 (d, JPC = 8.6 Hz); 31P{1H} NMR (162 MHz, CDCl3) δ 17.5; HRMS Calcd. for 
C21H14F3OP 370.0734, Found: 370.0727. 
 
For synthesis of 1d, the starting material 9d was prepared as the following. 
A mixture of 2-iodothiophene (2.93 g, 14.0 mmol), 1-bromo-2-ethynylbenzene (2.51 g, 13.9 mmol), 
Pd(PPh3)2Cl2 (0.31 g, 0.44 mmol), CuI (0.13 g, 0.69 mmol), and triethylamine (40 mL) was stirred 
at room temperature for 5 h. After addition of sat. NH4Cl aq. (10 mL), the product was extracted 
with ether and washed with sat. NaCl aq. and then the organic layer was dried over anhydrous 
Na2SO4. After filtration and removal of the solvent, the residue was chromatographed over silica gel 
(hexane) to give 9d (3.24 g, 12.3 mmol, 89% yield). 
9d: colorless oil; 1H NMR (300 MHz, CDCl3) δ 7.02-7.05 (m, 1H), 7.15-7.21 (m, 1H), 7.27-7.36 (m, 
3H), 7.53-7.56 (m, 1H), 7.60-7.63 (m, 1H); 13C NMR (75 MHz, CDCl3) δ 87.1, 91.6, 122.7, 125.3, 
125.6, 127.0, 127.2, 128.9, 129.5, 132.36, 132.42, 133.0; Anal. Calcd. for C12H7BrS: C, 54.77; H, 
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2.68. Found: C, 54.92; H, 2.94. 
1d was synthesized by the similar procedure as noted above. 
1d: pale yellow oil; 1H NMR (300 MHz, CDCl3) δ 6.88-7.04 (m, 1H), 7.08-7.10 (m, 1H), 7.21-7.23 
(m, 1H), 7.35-7.50 (m, 6H), 7.65-7.72 (m, 2H), 7.97-8.03 (m, 1H), 8.11 (d, 1H, JPH = 619.8 Hz); 13C 
NMR (75 MHz, CDCl3) δ 89.3 (d, JPC = 8.6 Hz), 90.0, 121.4, 124.1 (d, JPC = 9.7 Hz), 124.9, 126.9, 
128.1, 128.2 (d, JPC = 60.1 Hz), 128.4 (d, JPC = 26.9 Hz), 128.4 (d, JPC = 8.2 Hz), 130.4 (d, JPC = 
11.6 Hz), 130.8 (d, JPC = 27.0 Hz), 131.9 (d, JPC = 4.4 Hz), 132.0, 132.2 (d, JPC = 18.6 Hz), 132.4; 
31P{1H} NMR (162 MHz, CDCl3) δ 17.6; HRMS Calcd. for C18H13OPS 308.0425, Found: 
308.0422. 
 
Synthesis of 2. A typical example is as follows. 
A mixture of 1a (1.12 g, 3.71 mmol), KOtBu (0.09 g, 0.74 mmol) in DMSO (50 mL) was stirred at 
70 °C for 22 h. H2O (10 mL) was added to the mixture, and then the product was extracted with 
ether. After removal of the solvent, the residue was chromatographed over silica gel (CH2Cl2) to 
give 2a (0.89 g, 2.93 mmol, 79% yield). 
2a: a white solid; mp 162.4-163.8 °C; 1H NMR (300 MHz, CDCl3) δ 7.28-7.72 (m, 15H); 13C NMR 
(75 MHz, CDCl3) δ 124.6 (d, JPC = 9.5 Hz), 126.5 (d, JPC = 6.2 Hz), 128.8 (d, JPC = 2.5 Hz), 128.9, 
128.9, 128.9, 129.1 (d, JPC = 2.6 Hz), 129.8 (d, JPC = 97.9 Hz), 130.7 (d, JPC = 10.7 Hz), 132.1 (d, 
JPC = 32.7 Hz), 132.2 (d, JPC = 2.7 Hz), 133.0 (d, JPC = 65.1 Hz), 133.2 (d, JPC = 2.0 Hz), 136.5 (d, 
JPC = 20.0 Hz), 138.7 (d, JPC = 94.1 Hz), 141.6 (d, JPC = 28.0 Hz); 31P{1H} NMR (162 MHz, 
CDCl3) δ 39.6; HRMS (FAB, matrix: 2-nitorobenzyl alcohol) Calcd. For C20H16OP [M + H+] 
303.0939, Found: 303.0946. 
2b: a pale yellow solid; mp 155.8-157.8 °C; 1H NMR (300 MHz, CDCl3) δ 3.67 (s, 3H), 6.76-6.79 
(m, 2H), 7.20-7.74 (m, 12H); 13C NMR (75 MHz, CDCl3) δ 55.0, 114.2, 124.1 (d, JPC = 9.6 Hz), 
124.9 (d, JPC = 8.6 Hz), 127.8 (d, JPC = 6.6 Hz), 128.3 (d, JPC = 10.7 Hz), 128.6 (d, JPC = 12.4 Hz), 
128.7, 130.0 (d, JPC = 97.5 Hz), 130.4 (d, JPC = 10.7 Hz), 131.9 (d, JPC = 2.8 Hz), 132.1 (d, JPC = 
108.3 Hz), 133.0 (d, JPC = 1.6 Hz), 137.9 (d, JPC = 94.1 Hz), 134.0 (d, JPC = 20.2 Hz), 141.7 (d, JPC 
= 28.3 Hz), 159.9; 31P{1H} NMR (162 MHz, CDCl3) δ 39.7; HRMS Calcd. for C21H17O2P 332.0966, 
Found: 332.0965. 
2c: a white solid; mp 131.2-132.3 °C; 1H NMR (300 MHz, CDCl3) δ 7.36-7.81 (m, 14H); 13C NMR 
(75 MHz, CDCl3) δ 123.9 (quart, JFC = 270.5 Hz), 125.1 (d, JPC = 9.7 Hz), 125.8 (quart, JFC = 3.8 
Hz), 126.7 (d, JPC = 6.2 Hz), 128.6, 129.0 (d, JPC = 12.2 Hz), 129.2, 129.6 (quart, JFC = 87.2 Hz ), 
129.7 (d, JPC = 10.7 Hz), 130.7 (d, JPC = 10.8 Hz), 130.9 (d, JPC = 152.8 Hz), 132.5 (d, JPC = 2.9 Hz), 
133.4 (d, JPC = 2.0 Hz), 136.0 (d, JPC = 10.8 Hz), 137.5 (d, JPC = 94.4 Hz), 138.6 (d, JPC = 19.6 Hz), 
141.1 (d, JPC = 27.5 Hz); 31P{1H} NMR (62 MHz, CDCl3) δ 39.3; HRMS (FAB, matrix: 
2-nitorobenzyl alcohol) Calcd. for C21H15F3OP [M + H+] 371.0813, Found: 371.0820. 
2d: a pale yellow solid; mp 142.5-143.9 °C; 1H NMR (300 MHz, CDCl3) δ 6.86-6.89 (m, 1H), 
7.17-7.43 (m, 9H), 7.52-7.58 (m, 1H), 7.71-7.77 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 124.3 (d, 
JPC = 9.6 Hz), 126.2, 127.4 (d, JPC = 3.8 Hz), 128.0, 128.7, 128.7 (d, JPC = 29.5 Hz), 128.7 (d, JPC = 
12.3 Hz), 128.9 (d, JPC = 99.4 Hz), 130.6 (d, JPC = 10.8 Hz), 131.6 (d, JPC = 108.5 Hz), 132.2 (d, JPC 
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= 2.8 Hz), 133.2 (d, JPC = 1.9 Hz), 133.3 (d, JPC = 94.0 Hz), 134.0 (d, JPC = 19.1 Hz), 135.8 (d, JPC 
= 14.6 Hz), 141.7 (d, JPC = 27.5 Hz); 31P{1H} NMR (162 MHz, CDCl3) δ 38.7; Anal. Calcd. for 
C18H13OPS: C, 70.12; H, 4.25. Found: C, 69.96; H, 4.42. 
Synthesis of 3. A typical example is as follows. 
A mixture of 2a (30 mg, 0.10 mmol) and trichlorosilane (27 mg, 0.2 mmol) in toluene (3 mL) was 
stirred at 110 °C for 1 h. To the mixture was added 2 N NaOH aq. (0.5 mL) at 0 °C. The product 
was extracted with toluene and the organic layer was dried over anhydrous Na2SO4. After filtration 
and removal of the solvent, the residue was chromatographed over silica gel (CH2Cl2/hexane = 1/2) 
to give 3a (24 mg, 0.08 mmol, 83% yield). 
3a: a white solid; mp 165.5-166.7 °C; 1H NMR (300 MHz, CDCl3) δ 7.22-7.26 (m, 6H), 7.30-7.41 
(m, 4H), 7.59-7.67 (m, 5H); 13C NMR (75 MHz, CDCl3) δ 124.0, 126.0 (d, JPC = 8.0 Hz), 127.0 (d, 
JPC = 9.2 Hz), 127.7, 128.5 (d, JPC = 23.6 Hz), 128.7, 128.7, 128.1 (d, JPC = 20.7 Hz), 129.4, 132.9 
(d, JPC = 6.4 Hz), 133.3 (d, JPC = 20.0 Hz), 136.4 (d, JPC = 16.7 Hz), 143.6, 146.0 (d, JPC = 4.9 Hz), 
149.6 (d, JPC = 6.4 Hz); 31P{1H} NMR (162 MHz, CDCl3) δ 0.6; HRMS Calcd. for C20H15P: 
286.0911, Found: 286.0913. 
3b: a white solid; mp 159.2-159.7 °C; 1H NMR (300 MHz, CDCl3) δ 3.79 (s, 3H), 6.86-6.89 (m, 
2H), 7.13-7.28 (m, 4H), 7.35-7.43 (m, 3H), 7.49-7.52 (m, 1H), 7.57-7.65 (m, 4H); 13C NMR (75 
MHz, CDCl3) δ 55.2, 114.1, 123.6, 125.6 (d, JPC = 8.1 Hz), 128.1, 128.2 (d, JPC = 3.8 Hz), 128.7 (d, 
JPC = 8.0 Hz), 129.0 (d, JPC = 20.6 Hz), 129.1 (d, JPC = 17.3 Hz), 129.4, 131.1 (d, JPC = 6.3 Hz), 
133.2 (d, JPC = 19.7 Hz), 133.7 (d, JPC = 14.7 Hz), 143.2, 146.3 (d, JPC = 4.7 Hz), 149.1 (d, JPC = 6.2 
Hz), 159.3; 31P{1H} NMR (162 MHz, CDCl3) δ −0.6; HRMS Calcd. for C21H17OP 316.1017, 
Found: 316.1015; Anal. Calcd. for C21H17OP: C, 79.73; H, 5.42. Found: C, 79.80; H, 5.24. 
3c: a white solid; mp 131.7-132.9 °C; 1H NMR (300 MHz, CDCl3) δ 7.21-7.43 (m, 7H), 7.55-7.74 
(m, 7H); 13C NMR (75 MHz, CDCl3) δ 124.2 (quart, JFC = 270.5 Hz), 124.5, 125.6 (quart, JFC = 3.8 
Hz), 126.6 (d, JPC = 8.2 Hz), 127.1 (d, JPC = 9.2 Hz), 128.5, 128.9 (d, JPC = 8.1 Hz), 129.1 (quart, 
JFC = 63.8 Hz), 129.2 (d, JPC = 20.9 Hz), 129.8, 132.5 (d, JPC = 14.9 Hz), 133.4 (d, JPC = 20.1 Hz), 
134.9 (d, JPC = 6.5 Hz), 139.9 (d, JPC = 16.6 Hz), 143.9, 145.6 (d, JPC = 4.4 Hz), 148.3 (d, JPC = 6.7 
Hz); 31P{1H} NMR (162 MHz, CDCl3) δ −0.2; HRMS Calcd. for C21H14F3P 354.0785, Found: 
354.0795. 
3d: a white solid; mp 129.8-130.5 °C; 1H NMR (300 MHz, CDCl3) δ 6.90-6.97 (m, 1H), 7.11-7.12 
(m, 1H), 7.19-7.44 (m, 9H), 7.53-7.55 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 123.7, 125.0, 125.7 
(d, JPC = 7.4 Hz), 126.1 (d, JPC = 8.0 Hz), 127.8, 128.5, 128.8 (d, JPC = 8.3 Hz), 129.1 (d, JPC = 20.9 
Hz), 129.7, 132.1 (d, JPC = 5.9 Hz), 133.4 (d, JPC = 15.8 Hz), 133.5 (d, JPC = 20.3 Hz), 140.4 (d, JPC 
= 21.9 Hz), 142.9 (d, JPC = 21.9 Hz), 143.1, 146.0 (d, JPC = 4.3 Hz); 31P{1H} NMR (162 MHz, 
CDCl3) δ 2.0; HRMS Calcd. for C18H13PS 292.0476, Found: 292.0482. Anal. Calcd. for C18H13PS: 
C, 73.95; H, 4.48. Found: C, 73.55; H, 4.59. 
Synthesis of 5. 
5 and 6 were synthesized as following scheme. 
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Synthesis of 4. 
To a solution of 1,4-di(4-t-buthylphenylethynyl)-2,5-dibromobenzene 10 (1.52 g, 2.60 mmol) in 
Et2O (10 mL) was added a solution of 1.55 M n-butyllithium in hexane (3.4 mL, 5.2 mmol) at 
−50 °C. After stirring at room temperature for 4 h, the mixture was added to a solution of 
dichlorophenylphosphine (0.93 g, 5.2 mmol) in Et2O (10 mL) at −78 °C. The reaction mixture was 
allowed to room temperature and stirred for 19 h. After addition of H2O (10 mL), the product was 
extracted with CH2Cl2 and the organic layer was dried over anhydrous Na2SO4. After filtration and 
removal of the solvent, the residue was chromatographed over silica gel (CH2Cl2/acetone = 20/1) to 
give 4 (0.49 g, 0.77 mmol, 30% yield). 
4: a pale yellow powder; mp 106.0-109.3 °C; 1H NMR (300 MHz, CDCl3) δ 1.27 (s, 18H), 
7.26-7.36 (m, 8H), 7.38-7.53 (m, 6H), 7.74-7.81 (m, 4H), 8.26-8.32 (m, 2H), 8.44 (d, 2H, JPH = 
504.6 Hz); 13C NMR （75 MHz, CDCl3）δ 84.8 (d, JPC = 8.5 Hz), 100.6, 118.4, 124.6 (dd, JPC = 19.3 
Hz, JPC = 11.0 Hz), 125.6, 128.9 (d, JPC = 13.6 Hz), 130.7 (d, JPC = 103.7 Hz), 130.8 (d, JPC = 12.1 
Hz), 131.3, 132.8, 135.9 (dd, JPC = 96.8 Hz, JPC = 2.1 Hz), 136.4 (dd, JPC = 8.3 Hz, JPC = 8.3 Hz); 
31P{1H} NMR (162 MHz, CDCl3) δ 16.0; HRMS (FAB, matrix; 2-nitrobenzyl alcohol) Calcd. for 
C42H41O2P2 (value for [M + H]+); 639.2582, Found; 639.2601. 
Synthesis of 5. 
A mixture of 4 (120 mg, 0.19 mmol) and t-BuOK (9 mg, 0.075 mmol) in DMSO (5mL) was stirred 
at 70 °C for 22 h. After addition of H2O (10 mL), the product was extracted with CH2Cl2 and dried 
over Na2SO4. After removal of the solvent, preparative TLC (CH2Cl2/acetone = 10/1) gave 5-cis (Rf 
= 0.40, 38 mg, 0.06 mmol, 32% yield) and 5-trans (Rf = 0.64, 10 mg, 0.015 mmol, 8% yield). 
5-cis: a pale yellow powder; mp > 300 °C; 1H NMR (300 MHz, CDCl3) δ 1.26 (s, 18H), 7.33 (d, 4H, 
J = 8.0 Hz), 7.41-7.60 (M, 14H), 7.76-7.84 (m, 4H); 13C NMR (75 MHz, CDCl3) 31.1, 34.7, 124.5 
(dd, JPC = 10.6 Hz, JPC = 10.6 Hz), 126.0, 126.5 (d, JPC = 6.8 Hz), 129.1, 129.3, (d, JPC = 97.9 Hz), 
130.0 (d, JPC = 109.1 Hz), 130.7 (d, JPC = 11.2 Hz), 132.5, 134.7 (d, JPC = 20.2 Hz), 138.2 (d, JPC = 
101.1 Hz), 139.2 (d, JPC = 94.4 Hz), 142.2 (dd, JPC = 10.5 Hz, JPC = 29.3 Hz); 31P{1H} NMR (162 
MHz, CDCl3) δ 38.2; HRMS (FAB, 2-nitobenzyl alcohol) Calcd. For C42H41O2P2: 639.2582, 
Found: 639.2592. 
5-trans: a pale yellow powder; mp > 300 °C; 1H NMR (300 MHz, CDCl3) δ 1.26 (s, 18H), 7.33 (d, 
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4H, J = 8.2 Hz) 7.45-7.61 (m, 14H), 7.76-7.83 (m, 4H); 31P{1H} NMR (162 MHz, CDCl3) δ 38.6; 
HRMS (FAB, 2-nitobenzyl alcohol) Calcd. For C42H41O2P2: 639.2582, Found: 639.2581. 
Synthesis of 6. 
A mixture of 5-cis (70 mg, 0.11 mmol) and trichlorosilane (54 mg, 0.4 mmol) in toluene (10 mL) 
was stirred at 110 °C for 1 h. To the mixture was added 2 N NaOH aq. (1 mL) at 0 °C. The product 
was extracted with toluene and the organic layer was dried over anhydrous Na2SO4. After filtration 
and removal of the solvent, the residue was chromatographed over silica gel (CH2Cl2/hexane = 1/3) 
to give 6 (35 mg, 60 mmol, 52% yield). 
6: a pale yellow powder; mp > 300 °C; 1H NMR (300 MHz, CDCl3) δ 1.28 (s, 18H), 7.26-7.32 (m, 
10H), 7.39-7.44 (m, 4H), 7.52-7.55 (m. 6H), 7.75-7.78 (m, 2H); 31P{1H} NMR (162 MHz, CDCl3) 
δ −1.6, −1.0; HRMS (FAB, matrix: 2-nitrobenzyl alcohol) Calcd. For C42H40P2: 606.2605, Found: 
606.2609. 
 
Synthesis of 8. 
8 was synthesized as following scheme. 
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To a solution of 1,4-di(2-bromophenylethynyl)benzene 11 (0.68 g, 1.57 mmol) in Et2O (5 mL) was 
added a solution of 1.55 M n-butyllithium in hexane (2.0 mL, 3.1 mmol) at −50 °C. After stirring at 
room temperature for 4 h, the mixture was added to a solution of dichlorophenylphosphine (0.61 g, 
3.41 mmol) in Et2O (5 mL) at −78 °C. The reaction mixture was allowed to room temperature and 
stirred for 15 h. After addition of H2O (10 mL), the product was extracted with CH2Cl2 and the 
organic layer was dried over anhydrous Na2SO4. After filtration and removal of the solvent, the 
residue was chromatographed over silica gel (CH2Cl2/acetone = 2/1) to give 7 (0.37 g, 0.71 mmol, 
45% yield). 
7: a white solid; mp 62.0-65.5 °C; 1H NMR (300 MHz, CDCl3) δ 7.10-7.14 (m, 4H), 7.24-7.40 (m, 
13H), 7.52-7.59 (m, 4H), 7.77-7.83 (m, 2H), 9.05 (s, 1H); 13C NMR (75 MHz, CDCl3) δ 87.7 (d, 
JPC = 8.3 Hz), 95.5, 122.0, 124.0 (d, JPC = 9.2 Hz), 128.2, (d, JPC = 12.8 Hz), 128.4, 130.1, 130.1 (d, 
JPC = 11.4 Hz), 130.6, 130.9, 131.3 (d, JPC = 61.4 Hz), 131.4 (d, JPC = 57.6 Hz), 131.8, 132.4 (d, JPC 
= 8.3 Hz); 31P{1H} NMR (162 MHz, CDCl3) δ 17.5; HRMS (FAB, 2-nitrobenzyl alcohol) Calcd. 
for C34H25O2P2: 527.1330, Found; 527.1338. 
Synthesis of 8. A mixture of 7 (81 mg, 0.154 mmol) and KOtBu (7 mg, 0.062 mmol) in DMSO (5 
mL) was stirred at 70 °C for 23 h. After addition of H2O (10 mL), the product was extracted with 
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CH2Cl2 and dried over Na2SO4. After removal of the solvent, the residue was chromatographed over 
neutral alumina (CH2Cl2/acetone = 2/1 or 1/2) to 8 (34 mg, 0.064 mmol, 42 %). 
8: a pale yellow solid; mp > 300 °C; 1H NMR (300 MHz, CDCl3) δ. 7.25-7.71 (m, 24H); 13C NMR 
(75 MHz, CDCl3) δ 124.7 (d, JPC = 9.5 Hz), 127.1 (d, JPC = 6.5 Hz), 129.0 (d, JPC = 12.3 Hz), 129.1, 
129.2 (d, JPC = 21.2 Hz), 129.6 (d, JPC = 97.7 Hz), 133.1 (d, JPC = 1.4 Hz), 136.6 (d, JPC = 19.8 Hz), 
138.0 (d, JPC = 94.1 Hz), 141.5 (d, JPC = 27.9 Hz); 31P{1H} NMR (162 MHz, CDCl3) δ 39.5; MS 
(FAB) m/z 527 [M + H+]; HRMS (FAB, matrix: 2-nitrobenzyl alcohol) Calcd. For C34H25O2P2: 
527.1330, Found; 527.1342. 
 
X-Ray Crystallography Analysis. 
A single crystal of 5-cis for X-ray analysis was obtained form from CHCl3/hexane solution. Data for 
5-cis were collected at -160 °C on a Rigaku Saturn CCD diffractometer equipped with 
monochromated Mo Kα radiation (λ = 0.71073 Å). Calculations were carried out using the program 
package Crystal Structure, version 3.7, for Windows. A full-matrix least-squares refinement was 
used for the non-hydrogen atoms with anisotropic thermal parameters. Hydrogen atoms were 
located by assuming the ideal geometry and were included in the structure calculations without 
further refinement of the parameters. 
The crystal contained two solvent molecules (CHCl3) per solute molecule. The crystallographic data 
and the details of refinement are summarized in Appendix-1. 
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Figure S1. Absorption spectra of 2a-d, 5-cis, and 8 (THF). 
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Figure S2. Absorption and fluorescence spectra of 5-cis and trans (THF). 



 S9

0

10000

20000

30000

250 300 350 400 450 500

3a
  b
  c
  d
6

Wavelength / nm

ε 
/ M

−1
cm

−1

 

Figure S3. Absorption spectra of 3a-d and 6 (THF). 
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Figure S4. Fluorescence spectra of 3b, 3d, and 6 (THF). 
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(a) 

 
 
(b) 

 
Figure S5. ORTEP drawing of 5-cis. (a) Top and (b) side view. 
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Figure S6. Variable-temperature 31P NMR spectra of 6 at (a) 50 °C, (b) 24 °C, and (c) 0 °C 
(CDCl3). 
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Experimental  

 
 
 
Data Collection 
 
 A yellow needle crystal of C44H42O2P2Cl6 having approximate dimensions of 1.20 x 
0.25 x 0.30 mm was mounted on a glass fiber. All measurements were made on a Rigaku Saturn 
CCD area detector with graphite monochromated Mo-Kα radiation. 
 
 Indexing was performed from 0 images that were exposed for 0 seconds. The 
crystal-to-detector distance was 45.09 mm. 
 
 Cell constants and an orientation matrix for data collection corresponded to a primitive 
triclinic cell with dimensions: 
 
           a =   12.273(4) Å        α = 106.891(4)o 
           b =   13.405(5) Å        β =  96.650(4)o 
           c =   14.376(5) Å        γ =  95.930(4)o 
           V = 2224.4(13) Å3 
 
For Z = 2 and F.W. = 877.48, the calculated density is 1.31 g/cm3. Based on a statistical analysis of 
intensity distribution, and the successful solution and refinement of the structure, the space group 
was determined to be: 
 

P-1 (#2)  
 
 
 The data were collected at a temperature of -160 + 1oC to a maximum 2θ value of 55.0o. A 
total of 720 oscillation images were collected. A sweep of data was done using ω scans from -110.0 
to 70.0o in 0.5o step, at χ=45.0o and φ = 0.0o. The exposure rate was 18.0 [sec./o]. The detector 
swing angle was -20.24o.  A second sweep was performed using ω scans from -110.0 to 70.0o in 
0.5o step, at χ=45.0o and φ = 90.0o. The exposure rate was 18.0 [sec./o]. The detector swing angle 
was -20.24o.  The crystal-to-detector distance was 45.09 mm. Readout was performed in the 0.547 
mm pixel mode. 
 
 
Data Reduction 
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 Of the 16896 reflections that were collected, 9535 were unique (Rint = 0.030); equivalent 
reflections were merged. Data were collected and processed using CrystalClear (Rigaku). Net 
intensities and sigmas were derived as follows: 
 

 F2 = [Σ(Pi - mBave)] .  Lp-1 

 

  where Pi is the value in counts of the ith pixel 

   m is the number of pixels in the integration area 
   Bave is the background average 
   Lp is the Lorentz and polarization factor 
 
 Bave = Σ(Bj)/n 
 
  where n is the number of pixels in the background area 

   Bj is the value of the jth pixel in counts 

 

 σ2(F2hkl) = [(ΣPi) + m((Σ(Bave - Bj)2)/(n-1))] .  Lp .  errmul + ( erradd .  F2)2 

 
  where erradd = 0.00 
   errmul = 1.00 
 
 The linear absorption coefficient, µ, for Mo-Kα radiation is 4.9 cm-1. An empirical 
absorption correction was applied which resulted in transmission factors ranging from 0.86 to 1.00. 
The data were corrected for Lorentz and polarization effects.  
 
 
Structure Solution and Refinement 
 
 The structure was solved by direct methods2 and expanded using Fourier techniques3. The 
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined using the riding 
model. The final cycle of full-matrix least-squares refinement4 on F was based on 5599 observed 
reflections (I > 3.00σ(I)) and 529 variable parameters and converged (largest parameter shift was 
0.00 times its esd) with unweighted and weighted agreement factors of:  
 

R = Σ ||Fo| - |Fc|| / Σ |Fo| = 0.094  
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Rw = [ Σ w (|Fo| - |Fc|)2 / Σ w Fo2]1/2 = 0.148  

 
 
 The standard deviation of an observation of unit weight5 was 0.93. A Sheldrick weighting 
scheme was used. Plots of Σ w (|Fo| - |Fc|)2 versus |Fo|, reflection order in data collection, sin θ/λ 
and various classes of indices showed no unusual trends.  The maximum and minimum peaks on 
the final difference Fourier map corresponded to 3.88 and -1.07 e-/Å3, respectively.  
 
 Neutral atom scattering factors were taken from Cromer and Waber6. Anomalous 
dispersion effects were included in Fcalc7; the values for ∆f' and ∆f" were those of Creagh and 
McAuley8. The values for the mass attenuation coefficients are those of Creagh and Hubbell9. All 
calculations were performed using the CrystalStructure10,11 crystallographic software package. 
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    where:  No  = number of observations 
        Nv  = number of variables  
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EXPERIMENTAL DETAILS  
 
 
 

A. Crystal Data  
 
 
 
Empirical Formula C44H42O2P2Cl6 
Formula Weight 877.48 
Crystal Color, Habit yellow, needle 
Crystal Dimensions 1.20 X 0.25 X 0.30 mm 
Crystal System triclinic 
Lattice Type Primitive 
Detector Position 45.09 mm 
Pixel Size 0.137 mm 
Lattice Parameters a =  12.273(4) Å 
 b =  13.405(5) Å 
 c =  14.376(5) Å 
 α = 106.891(4) o 
 β =  96.650(4) o 
 γ =  95.930(4) o 
 V = 2224.4(13) Å3 
 
Space Group P-1 (#2) 
Z value 2 

Dcalc 1.310 g/cm3 

F000 908.00 

µ(MoKα) 4.93 cm-1 
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B. Intensity Measurements  
 
 
 
Detector Rigaku Saturn 
Goniometer Rigaku AFC10 
Radiation MoKα (λ = 0.71070 Å) 
 graphite monochromated 
Detector Aperture 70 mm x 70 mm 
Data Images 720 exposures 
ω oscillation Range (χ=45.0, φ=0.0) -110.0 - 70.0o 
Exposure Rate  18.0 sec./o 
Detector Swing Angle -20.24o 
ω oscillation Range (χ=45.0, φ=90.0) -110.0 - 70.0o 
Exposure Rate  18.0 sec./o 
Detector Swing Angle -20.24o 
Detector Position 45.09 mm 
Pixel Size 0.137 mm 

2θmax 55.0o 

No. of Reflections Measured Total: 16896 
  Unique: 9535 (Rint = 0.030) 
Corrections Lorentz-polarization 
  Absorption 
  (trans. factors: 0.8611 - 1.0000) 
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C. Structure Solution and Refinement  
 
 
 
Structure Solution Direct Methods (SIR97) 
Refinement Full-matrix least-squares on F 
Function Minimized Σ w (|Fo| - |Fc|)2  
Least Squares Weights 1/[0.0235Fo2+1.0000σ(Fo2)] 

2θmax cutoff 55.0o 

Anomalous Dispersion All non-hydrogen atoms 
No. Observations (I>3.00σ(I)) 5599 
No. Variables 529 
Reflection/Parameter Ratio 10.58 
Residuals: R (I>3.00σ(I)) 0.094 
Residuals: Rw (I>3.00σ(I)) 0.148 
Goodness of Fit Indicator 0.929 
Max Shift/Error in Final Cycle 0.000 
Maximum peak in Final Diff. Map 3.88 e-/Å3 
Minimum peak in Final Diff. Map -1.07 e-/Å3 
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Table 1. Atomic coordinates and Biso/Beq 
 
atom    x    y    z  Beq 
Cl1    -0.3844(2) -0.1579(2)  0.5498(2)  4.97(6) 
Cl2    -0.3868(2)  0.0673(2)  0.6026(2)  5.40(7) 
Cl3    -0.1996(3) -0.0103(3)  0.6762(2)  7.15(9) 
Cl4    -0.0775(3)  0.6004(3)  0.8015(3)  8.06(10) 
Cl5     0.1109(2)  0.7609(2)  0.8445(2)  4.12(5) 
Cl6    -0.0697(2)  0.7477(2)  0.6898(2)  5.51(7) 
P1      0.14436(12)  0.16988(11)  0.66278(10)  0.99(3) 
P2     -0.21270(12)  0.35370(11)  0.43273(11)  0.97(3) 
O1      0.1934(3)  0.0771(3)  0.6078(3)  1.44(8) 
O2     -0.1710(3)  0.4203(3)  0.3735(3)  1.36(8) 
C1      0.2282(5)  0.2997(5)  0.7028(4)  1.17(11) 
C2      0.1688(5)  0.3670(5)  0.6725(4)  1.12(10) 
C3      0.0597(5)  0.3207(5)  0.6117(4)  1.23(11) 
C4      0.0359(5)  0.2117(4)  0.5947(4)  1.13(11) 
C5     -0.0589(5)  0.1510(5)  0.5317(4)  1.29(11) 
C6     -0.0124(5)  0.3725(5)  0.5674(4)  1.23(11) 
C7     -0.1068(5)  0.3124(5)  0.5059(4)  1.26(11) 
C8     -0.1293(5)  0.2031(4)  0.4859(4)  1.12(11) 
C9     -0.2256(5)  0.1531(5)  0.4078(4)  1.17(11) 
C10    -0.2776(5)  0.2196(4)  0.3692(4)  1.06(10) 
C11     0.0896(5)  0.1491(5)  0.7672(4)  1.25(11) 
C12     0.0550(6)  0.2292(5)  0.8372(5)  2.1(1) 
C13     0.0053(6)  0.2100(6)  0.9129(5)  2.7(2) 
C14    -0.0110(5)  0.1096(6)  0.9193(5)  2.3(2) 
C15     0.0221(6)  0.0278(6)  0.8512(5)  2.3(2) 
C16     0.0737(5)  0.0461(5)  0.7738(5)  1.87(13) 
C17    -0.3061(5)  0.4145(5)  0.5122(4)  1.26(11) 
C18    -0.3019(6)  0.5234(5)  0.5377(5)  2.1(1) 
C19    -0.3681(7)  0.5741(6)  0.6035(6)  2.7(2) 
C20    -0.4420(6)  0.5134(6)  0.6385(5)  2.6(2) 
C21    -0.4467(6)  0.4055(6)  0.6137(5)  2.6(2) 
C22    -0.3789(6)  0.3568(5)  0.5507(5)  2.03(13) 
C23     0.3398(5)  0.3221(5)  0.7586(4)  1.10(10) 
C24     0.4056(5)  0.2431(5)  0.7593(5)  1.81(12) 
C25     0.5131(5)  0.2654(5)  0.8051(5)  2.1(1) 
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C26     0.5641(5)  0.3688(5)  0.8544(5)  1.60(12) 
C27     0.4969(5)  0.4508(5)  0.8588(4)  1.61(12) 
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Table 1. Atomic coordinates and Biso/Beq (continued) 
 
atom    x    y    z  Beq 
C28     0.3893(5)  0.4265(5)  0.8098(4)  1.34(11) 
C29     0.6860(5)  0.3924(6)  0.9015(5)  2.4(2) 
C30     0.7265(6)  0.5085(6)  0.9477(6)  2.9(2) 
C31     0.7562(6)  0.3476(8)  0.8216(6)  3.5(2) 
C32     0.7036(6)  0.3380(7)  0.9807(6)  3.2(2) 
C33    -0.3724(5)  0.1903(4)  0.2902(4)  1.08(10) 
C34    -0.4395(6)  0.0938(5)  0.2616(5)  2.4(1) 
C35    -0.5282(6)  0.0676(6)  0.1882(6)  2.7(2) 
C36    -0.5577(5)  0.1369(5)  0.1362(4)  1.41(12) 
C37    -0.4918(6)  0.2342(6)  0.1652(6)  2.7(2) 
C38    -0.4012(6)  0.2622(6)  0.2414(6)  2.9(2) 
C39    -0.6613(5)  0.1118(6)  0.0594(5)  1.97(13) 
C40    -0.6419(8)  0.1608(9) -0.0229(6)  4.8(2) 
C41    -0.7561(7)  0.1610(9)  0.1120(7)  4.6(2) 
C42    -0.6939(7) -0.0086(7)  0.0122(6)  3.6(2) 
C43    -0.3044(7) -0.0348(7)  0.5758(6)  3.5(2) 
C44     0.0108(9)  0.6759(9)  0.7540(7)  5.3(3) 
 
Beq = 8/3 π2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2 + 2U12(aa*bb*)cos γ + 2U13(aa*cc*)cos β + 2U23(bb*cc*)cos α)
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Table 2. Atomic coordinates and B iso involving hydrogens/Beq 
 
atom    x    y    z  Beq 
H1     -0.2708 -0.0332  0.5199  3.978 
H2      0.0472  0.6298  0.7082  5.993 
H3      0.7541  0.5364  0.8999  3.202 
H4      0.7841  0.5185  1.0011  3.197 
H5      0.6671  0.5438  0.9709  3.191 
H6      0.7644  0.2771  0.8187  4.016 
H7      0.8273  0.3891  0.8363  4.013 
H8      0.7200  0.3487  0.7599  4.024 
H9      0.6936  0.3843  1.0421  3.823 
H10     0.7763  0.3197  0.9855  3.821 
H11     0.6509  0.2761  0.9636  3.833 
H12    -0.6618  0.2297 -0.0067  5.676 
H13    -0.6866  0.1177 -0.0823  5.683 
H14    -0.5661  0.1641 -0.0314  5.682 
H15    -0.7945  0.1101  0.1353  5.254 
H16    -0.8063  0.1810  0.0676  5.244 
H17    -0.7251  0.2211  0.1661  5.253 
H18    -0.6580 -0.0330 -0.0435  3.856 
H19    -0.7719 -0.0232 -0.0075  3.858 
H20    -0.6733 -0.0436  0.0590  3.855 
H21     0.1957  0.4399  0.6884  1.279 
H22    -0.0732  0.0770  0.5200  1.597 
H23     0.0019  0.4464  0.5791  1.370 
H24    -0.2489  0.0791  0.3868  1.301 
H25     0.0669  0.2988  0.8330  2.847 
H26    -0.0176  0.2660  0.9605  3.479 
H27    -0.0453  0.0965  0.9713  3.004 
H28     0.0095 -0.0418  0.8553  2.992 
H29     0.0982 -0.0096  0.7269  2.214 
H30    -0.2526  0.5627  0.5108  2.736 
H31    -0.3641  0.6486  0.6222  3.418 
H32    -0.4894  0.5476  0.6814  3.183 
H33    -0.4962  0.3654  0.6399  3.172 
H34    -0.3811  0.2825  0.5324  2.352 
H35     0.3753  0.1719  0.7252  2.043 
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H36     0.5548  0.2094  0.8047  2.568 
H37     0.5265  0.5218  0.8944  1.810 
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Table 2. Atomic coordinates and Biso involving hydrogens/Beq (continued) 
 
atom    x    y    z  Beq 
H38     0.3472  0.4823  0.8105  1.556 
H39    -0.4230  0.0439  0.2945  2.790 
H40    -0.5715  0.0001  0.1711  3.124 
H41    -0.5098  0.2840  0.1326  3.221 
H42    -0.3583  0.3299  0.2587  3.439 
 
Beq = 8/3 π2(U11(aa*)2 + U22(bb*)2 + U33(cc*)2 + 2U12(aa*bb*)cos γ + 2U13(aa*cc*)cos β + 2U23(bb*cc*)cos α)
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Table 3. Anisotropic Displacement Parameters 
 
atom   U11   U22   U33   U12   U13   U23 
Cl1    0.062(2) 0.0343(12) 0.086(2) -0.0066(11)  0.0082(13)  0.0144(12) 
Cl2    0.074(2) 0.051(2) 0.084(2)  0.017(1)  0.023(2)  0.019(1) 
Cl3    0.069(2) 0.130(3) 0.070(2) -0.031(2) -0.028(2)  0.057(2) 
Cl4    0.102(3) 0.070(2) 0.140(3) -0.005(2)  0.078(3)  0.025(2) 
Cl5    0.064(2) 0.0452(13) 0.0418(12)  0.0121(11)  0.0060(10)  0.0043(10) 
Cl6    0.064(2) 0.075(2) 0.059(2)  0.004(1)  0.0107(13)  0.005(1) 
P1     0.0127(7) 0.0092(7) 0.0152(7)  0.0009(6) -0.0014(5)  0.0045(6) 
P2     0.0108(7) 0.0095(7) 0.0168(7)  0.0013(6) -0.0006(5)  0.0054(6) 
O1     0.022(2) 0.010(2) 0.020(2)  0.004(2)  0.001(2)  0.002(2) 
O2     0.018(2) 0.010(2) 0.022(2)  -0.001(2)  0.001(2)  0.005(2) 
C1     0.012(3) 0.016(3) 0.016(3)  -0.001(2)  0.001(2)  0.006(2) 
C2     0.014(3) 0.011(3) 0.016(3)  0.002(2)  -0.002(2)  0.002(2) 
C3     0.019(3) 0.010(3) 0.016(3)  -0.000(2)  -0.000(2)  0.004(2) 
C4     0.019(3) 0.009(3) 0.015(3)  0.000(2)  0.003(2)  0.004(2) 
C5     0.019(3) 0.009(3) 0.023(3)  0.002(2)  0.001(2)  0.008(2) 
C6     0.012(3) 0.011(3) 0.021(3) -0.003(2) -0.006(2)  0.004(2) 
C7     0.019(3) 0.011(3) 0.016(3)  -0.001(2)  -0.001(2)  0.004(2) 
C8     0.012(3) 0.009(3) 0.020(3)  -0.002(2)  -0.001(2)  0.004(2) 
C9     0.015(3) 0.012(3) 0.015(3) -0.002(2)  -0.001(2)  0.002(2) 
C10    0.015(3) 0.011(3) 0.013(3)  -0.000(2)  0.003(2)  0.003(2) 
C11    0.014(3) 0.017(3) 0.017(3)  0.002(2)  0.001(2)  0.005(2) 
C12    0.039(4) 0.022(3) 0.029(3)  0.012(3)  0.015(3)  0.014(3) 
C13    0.043(4) 0.041(5) 0.026(4)  0.013(4)  0.012(3)  0.014(3) 
C14    0.020(3) 0.049(5) 0.026(3)  0.007(3)  0.001(3)  0.026(3) 
C15    0.027(4) 0.037(4) 0.031(4)  -0.001(3)  0.003(3)  0.022(3) 
C16    0.026(3) 0.022(3) 0.022(3) -0.003(3)  -0.001(3)  0.010(3) 
C17    0.016(3) 0.016(3) 0.018(3)  0.004(2)  0.001(2)  0.008(2) 
C18    0.033(4) 0.019(3) 0.035(4)  0.009(3)  0.013(3)  0.012(3) 
C19    0.045(4) 0.025(4) 0.038(4)  0.016(3)  0.017(4)  0.008(3) 
C20    0.031(4) 0.041(4) 0.029(4)  0.020(3)  0.011(3)  0.008(3) 
C21    0.026(4) 0.042(5) 0.032(4)  0.006(3)  0.011(3)  0.012(3) 
C22    0.026(3) 0.020(3) 0.028(3) -0.004(3)  0.004(3)  0.005(3) 
C23    0.009(3) 0.014(3) 0.019(3)  0.004(2)  0.001(2)  0.005(2) 
C24    0.020(3) 0.012(3) 0.033(4)  -0.001(3) -0.007(3)  0.006(3) 
C25    0.018(3) 0.023(4) 0.040(4)  0.002(3) -0.003(3)  0.014(3) 
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C26    0.015(3) 0.024(3) 0.022(3)  0.001(3)  -0.000(2)  0.007(3) 
C27    0.019(3) 0.021(3) 0.017(3)  0.004(3)  -0.001(2)  0.001(3) 
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Table 3. Anisotropic Displacement Parameters (continued) 
 
atom   U11   U22   U33   U12   U13   U23 
C28    0.013(3) 0.014(3) 0.023(3)  0.003(2)  0.002(2)  0.003(2) 
C29    0.010(3) 0.038(4) 0.042(4)  0.004(3) -0.009(3)  0.014(3) 
C30    0.017(3) 0.038(4) 0.045(4) -0.003(3) -0.009(3)  0.008(4) 
C31    0.024(4) 0.058(6) 0.045(5)  0.013(4)  0.002(3)  0.008(4) 
C32    0.030(4) 0.048(5) 0.043(5)  -0.001(4) -0.012(3)  0.024(4) 
C33    0.013(3) 0.012(3) 0.015(3)  0.003(2)  -0.001(2)  0.003(2) 
C34    0.037(4) 0.021(4) 0.030(4) -0.009(3) -0.012(3)  0.016(3) 
C35    0.036(4) 0.024(4) 0.039(4) -0.015(3) -0.014(3)  0.015(3) 
C36    0.014(3) 0.024(3) 0.017(3)  0.005(2)  -0.001(2)  0.010(2) 
C37    0.032(4) 0.029(4) 0.041(4)  -0.001(3) -0.020(3)  0.023(3) 
C38    0.028(4) 0.023(4) 0.058(5) -0.007(3) -0.021(3)  0.024(4) 
C39    0.016(3) 0.033(4) 0.019(3)  -0.000(3) -0.007(2)  0.005(3) 
C40    0.066(6) 0.081(7) 0.033(4) -0.020(6) -0.017(4)  0.034(5) 
C41    0.028(4) 0.089(8) 0.048(5)  0.025(5) -0.004(4)  0.007(5) 
C42    0.038(4) 0.046(5) 0.037(4) -0.005(4) -0.022(4)  0.005(4) 
C43    0.036(4) 0.052(5) 0.038(4) -0.008(4) -0.004(3)  0.014(4) 
C44    0.071(7) 0.068(7) 0.051(6) -0.009(6)  0.036(5) -0.006(5) 
 
 

The general temperature factor expression: exp(-2π2(a*2U11h2 + b*2U22k2 + c*2U33l2 + 

2a*b*U12hk + 2a*c*U13hl + 2b*c*U23kl))
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Table 4. Bond lengths (Å) 
 
atom atom distance  atom atom distance 
Cl(1) C(43) 1.746(9)  Cl(2) C(43) 1.76(1)  
Cl(3) C(43) 1.747(9)  Cl(4) C(44) 1.74(1)  
Cl(5) C(44) 1.727(9)  Cl(6) C(44) 1.80(1)  
P(1) O(1) 1.493(4)  P(1) C(1) 1.825(6)  
P(1) C(4) 1.793(6)  P(1) C(11) 1.794(7)  
P(2) O(2) 1.494(5)  P(2) C(7) 1.809(7)  
P(2) C(10) 1.811(5)  P(2) C(17) 1.800(6)  
C(1) C(2) 1.351(9)  C(1) C(23) 1.460(7)  
C(2) C(3) 1.478(7)  C(3) C(4) 1.402(8)  
C(3) C(6) 1.387(9)  C(4) C(5) 1.403(7)  
C(5) C(8) 1.389(9)  C(6) C(7) 1.388(7)  
C(7) C(8) 1.400(8)  C(8) C(9) 1.483(7)  
C(9) C(10) 1.355(9)  C(10) C(33) 1.462(7)  
C(11) C(12) 1.383(9)  C(11) C(16) 1.41(1)  
C(12) C(13) 1.38(1)  C(13) C(14) 1.37(1)  
C(14) C(15) 1.37(1)  C(15) C(16) 1.41(1)  
C(17) C(18) 1.391(9)  C(17) C(22) 1.39(1)  
C(18) C(19) 1.39(1)  C(19) C(20) 1.39(1)  
C(20) C(21) 1.38(1)  C(21) C(22) 1.37(1)  
C(23) C(24) 1.398(9)  C(23) C(28) 1.411(7)  
C(24) C(25) 1.366(9)  C(25) C(26) 1.401(8)  
C(26) C(27) 1.43(1)  C(26) C(29) 1.530(8)  
C(27) C(28) 1.381(8)  C(29) C(30) 1.51(1)  
C(29) C(31) 1.54(1)  C(29) C(32) 1.53(1)  
C(33) C(34) 1.383(8)  C(33) C(38) 1.40(1)  
C(34) C(35) 1.37(1)  C(35) C(36) 1.40(1)  
C(36) C(37) 1.385(9)  C(36) C(39) 1.523(8)  
C(37) C(38) 1.40(1)  C(39) C(40) 1.54(1)  
C(39) C(41) 1.56(1)  C(39) C(42) 1.55(1)  
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Table 5. Bond lengths involving hydrogens (Å) 
 
atom atom distance  atom atom distance 
C(2) H(21) 0.9500  C(5) H(22) 0.9500  
C(6) H(23) 0.9500  C(9) H(24) 0.9500  
C(12) H(25) 0.9500  C(13) H(26) 0.9500  
C(14) H(27) 0.9498  C(15) H(28) 0.9500  
C(16) H(29) 0.9500  C(18) H(30) 0.9500  
C(19) H(31) 0.9500  C(20) H(32) 0.9499  
C(21) H(33) 0.9501  C(22) H(34) 0.9501  
C(24) H(35) 0.9500  C(25) H(36) 0.9500  
C(27) H(37) 0.9499  C(28) H(38) 0.9500  
C(30) H(3) 0.9500  C(30) H(4) 0.9500  
C(30) H(5) 0.9499  C(31) H(6) 0.9500  
C(31) H(7) 0.9500  C(31) H(8) 0.9500  
C(32) H(9) 0.9501  C(32) H(10) 0.9500  
C(32) H(11) 0.9500  C(34) H(39) 0.9500  
C(35) H(40) 0.9500  C(37) H(41) 0.9499  
C(38) H(42) 0.9499  C(40) H(12) 0.9500  
C(40) H(13) 0.9500  C(40) H(14) 0.9500  
C(41) H(15) 0.9500  C(41) H(16) 0.9500  
C(41) H(17) 0.9500  C(42) H(18) 0.9499  
C(42) H(19) 0.9500  C(42) H(20) 0.9499  
C(43) H(1) 0.9500  C(44) H(2) 0.9500  
H(23) C(6) 0.9500  H(40) C(35) 0.9500  
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Table 6. Bond angles (o) 
 
atom atom atom angle  atom atom atom angle 
Cl(1) C(43) Cl(2) 111.1(5)  Cl(1) C(43) Cl(3) 112.0(6) 
Cl(2) C(43) Cl(3) 107.8(4)  Cl(4) C(44) Cl(5) 111.8(6) 
Cl(4) C(44) Cl(6) 109.2(6)  Cl(5) C(44) Cl(6) 110.7(6) 
C(1) P(1) O(1) 118.9(3)  C(4) P(1) O(1) 116.8(2) 
C(11) P(1) O(1) 112.0(3)  C(4) P(1) C(1) 93.0(3) 
C(11) P(1) C(1) 107.9(3)  P(1) C(1) C(2) 108.3(4) 
P(1) C(1) C(23) 123.6(5)  C(11) P(1) C(4) 106.2(3) 
P(1) C(4) C(3) 109.1(4)  P(1) C(4) C(5) 128.8(5) 
P(1) C(11) C(12) 122.3(5)  P(1) C(11) C(16) 118.6(4) 
C(7) P(2) O(2) 115.4(3)  C(10) P(2) O(2) 118.7(3) 
C(17) P(2) O(2) 112.8(3)  C(10) P(2) C(7) 93.0(3) 
C(17) P(2) C(7) 108.1(3)  P(2) C(7) C(6) 128.7(5) 
P(2) C(7) C(8) 108.7(4)  C(17) P(2) C(10) 106.8(3) 
P(2) C(10) C(9) 109.1(4)  P(2) C(10) C(33) 124.5(5) 
P(2) C(17) C(18) 118.3(5)  P(2) C(17) C(22) 122.1(5) 
C(1) C(2) C(3) 116.3(5)  C(23) C(1) C(2) 128.2(5) 
C(1) C(23) C(24) 122.3(5)  C(1) C(23) C(28) 121.0(6) 
C(2) C(3) C(4) 112.9(5)  C(2) C(3) C(6) 126.6(5) 
C(3) C(4) C(5) 122.0(6)  C(6) C(3) C(4) 120.3(5) 
C(3) C(6) C(7) 117.6(6)  C(4) C(5) C(8) 117.3(5) 
C(5) C(8) C(7) 120.3(5)  C(5) C(8) C(9) 126.1(5) 
C(6) C(7) C(8) 122.5(6)  C(7) C(8) C(9) 113.4(5) 
C(8) C(9) C(10) 115.6(5)  C(9) C(10) C(33) 126.4(5) 
C(10) C(33) C(34) 123.2(6)  C(10) C(33) C(38) 120.2(5) 
C(11) C(12) C(13) 121.4(7)  C(16) C(11) C(12) 118.9(6) 
C(11) C(16) C(15) 118.9(6)  C(12) C(13) C(14) 119.9(7) 
C(13) C(14) C(15) 120.6(7)  C(14) C(15) C(16) 120.4(7) 
C(17) C(18) C(19) 120.1(7)  C(22) C(17) C(18) 119.5(6) 
C(17) C(22) C(21) 121.0(7)  C(18) C(19) C(20) 118.6(7) 
C(19) C(20) C(21) 121.6(7)  C(20) C(21) C(22) 119.1(7) 
C(28) C(23) C(24) 116.5(5)  C(23) C(24) C(25) 122.0(5) 
C(23) C(28) C(27) 122.5(6)  C(24) C(25) C(26) 122.1(7) 
C(25) C(26) C(27) 117.0(5)  C(25) C(26) C(29) 121.2(6) 
C(26) C(27) C(28) 119.8(5)  C(29) C(26) C(27) 121.8(5) 
C(26) C(29) C(30) 113.1(6)  C(26) C(29) C(31) 108.4(5) 
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C(26) C(29) C(32) 109.9(6)  C(31) C(29) C(30) 108.7(6) 
C(32) C(29) C(30) 108.3(6)  C(32) C(29) C(31) 108.3(7) 
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Table 6. Bond angles (o) -- continued 
 
atom atom atom angle  atom atom atom angle 
C(38) C(33) C(34) 116.5(5)  C(33) C(34) C(35) 122.7(7) 
C(33) C(38) C(37) 120.4(6)  C(34) C(35) C(36) 122.2(6) 
C(35) C(36) C(37) 115.5(6)  C(35) C(36) C(39) 122.6(6) 
C(36) C(37) C(38) 122.6(8)  C(39) C(36) C(37) 121.6(7) 
C(36) C(39) C(40) 110.6(6)  C(36) C(39) C(41) 107.5(5) 
C(36) C(39) C(42) 110.9(6)  C(41) C(39) C(40) 108.8(8) 
C(42) C(39) C(40) 108.3(6)  C(42) C(39) C(41) 110.7(6) 
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Table 7. Bond angles involving hydrogens (o) 
 
atom atom atom angle  atom atom atom angle 
Cl(1) C(43) H(1) 108.4  Cl(2) C(43) H(1) 109.1 
Cl(3) C(43) H(1) 108.3  Cl(4) C(44) H(2) 108.4 
Cl(5) C(44) H(2) 108.1  Cl(6) C(44) H(2) 108.6 
C(1) C(2) H(21) 122.1  H(21) C(2) C(3) 121.6 
C(3) C(6) H(23) 121.2  C(4) C(5) H(22) 121.1 
H(22) C(5) C(8) 121.6  H(23) C(6) C(7) 121.2 
C(8) C(9) H(24) 121.7  H(24) C(9) C(10) 122.7 
C(11) C(12) H(25) 118.7  C(11) C(16) H(29) 119.9 
H(25) C(12) C(13) 119.9  C(12) C(13) H(26) 120.3 
H(26) C(13) C(14) 119.9  C(13) C(14) H(27) 119.8 
H(27) C(14) C(15) 119.7  C(14) C(15) H(28) 120.3 
C(15) C(16) H(29) 121.2  H(28) C(15) C(16) 119.3 
C(17) C(18) H(30) 119.5  C(17) C(22) H(34) 118.6 
H(30) C(18) C(19) 120.4  C(18) C(19) H(31) 120.3 
H(31) C(19) C(20) 121.1  C(19) C(20) H(32) 118.8 
H(32) C(20) C(21) 119.6  C(20) C(21) H(33) 120.5 
C(21) C(22) H(34) 120.4  H(33) C(21) C(22) 120.5 
C(23) C(24) H(35) 119.0  C(23) C(28) H(38) 118.8 
H(35) C(24) C(25) 119.0  C(24) C(25) H(36) 119.5 
H(36) C(25) C(26) 118.4  C(26) C(27) H(37) 120.1 
C(27) C(28) H(38) 118.7  H(37) C(27) C(28) 120.1 
C(29) C(30) H(5) 109.7  C(29) C(30) H(3) 109.2 
C(29) C(30) H(4) 109.5  C(29) C(31) H(8) 109.1 
C(29) C(31) H(6) 109.4  C(29) C(31) H(7) 109.9 
C(29) C(32) H(11) 108.9  C(29) C(32) H(9) 109.3 
C(29) C(32) H(10) 110.2  H(5) C(30) H(3) 109.5 
H(4) C(30) H(3) 109.5  H(5) C(30) H(4) 109.5 
H(8) C(31) H(6) 109.5  H(7) C(31) H(6) 109.5 
H(8) C(31) H(7) 109.5  H(11) C(32) H(9) 109.5 
H(10) C(32) H(9) 109.5  H(11) C(32) H(10) 109.5 
C(33) C(34) H(39) 118.5  C(33) C(38) H(42) 119.9 
H(39) C(34) C(35) 118.8  C(34) C(35) H(40) 119.3 
H(40) C(35) C(36) 118.5  C(36) C(37) H(41) 118.2 
C(37) C(38) H(42) 119.7  H(41) C(37) C(38) 119.2 
C(39) C(40) H(14) 110.0  C(39) C(40) H(12) 110.0 
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C(39) C(40) H(13) 108.5  C(39) C(41) H(17) 109.4 
C(39) C(41) H(15) 108.6  C(39) C(41) H(16) 110.4 



 Appendix 1-25

 
 
Table 7. Bond angles involving hydrogens (o) -- continued 
 
atom atom atom angle  atom atom atom angle 
C(39) C(42) H(20) 109.7  C(39) C(42) H(18) 110.4 
C(39) C(42) H(19) 108.3  H(14) C(40) H(12) 109.5 
H(13) C(40) H(12) 109.5  H(14) C(40) H(13) 109.5 
H(17) C(41) H(15) 109.5  H(16) C(41) H(15) 109.5 
H(17) C(41) H(16) 109.5  H(20) C(42) H(18) 109.5 
H(19) C(42) H(18) 109.5  H(20) C(42) H(19) 109.5 
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13C NMR spectrum of 1a (CDCl3) 
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31P{1H} NMR spectrum of 1a (CDCl3) 
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1H NMR spectrum of 1b (CDCl3) 
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13C NMR spectrum of 1b (CDCl3) 
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31P{1H} NMR spectrum of 1b (CDCl3) 
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1H NMR spectrum of 1c (CDCl3) 
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13C NMR spectrum of 1c (CDCl3) 
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31P{1H} NMR spectrum of 1c (CDCl3) 
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1H NMR spectrum of 1d (CDCl3) 
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13C NMR spectrum of 1d (CDCl3) 
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31P{1H} NMR spectrum of 1d (CDCl3) 
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1H NMR spectrum of 2a (CDCl3) 
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13C NMR spectrum of 2a (CDCl3) 
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31P{1H} NMR spectrum of 2a (CDCl3) 
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1H NMR spectrum of 2b (CDCl3) 
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13C NMR spectrum of 2b (CDCl3) 
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31P{1H} NMR spectrum of 2b (CDCl3) 
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31P{1H} NMR spectrum f 2c (CDCl3) 
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