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ABSTRACT: A simple method to build phospholene derivatives has been achieved in a one-pot reaction with readily available o-
alkynylarylbromides and alkylphosphine oxides. This method is also applicable to synthesize P-stereogenic phospholenes and the resulting 
chiral phosphine was utilized as a ligand for coordination chemistry. 

Recent advanced studies on five-membered phosphacycles (Fig. 

1), such as phosphole A,1 phospholenes C and D,2 and phospholane 

E,3 have made possible a variety of novel electro-optic materials, 1 

chiral ligands,4 and organocatalysts.2, 3 Hence, there is a constant 

quest for efficient synthetic methods to access these phosphacycles 

with diverse structural features from simple and readily available 

starting materials. It is well known that the electronic and 

stereochemical properties of these five-membered phosphorus 

heterocycles are directly related to their degree of unsaturation. 

Both the experiment and calculation results confirmed phospholene 

B,5 a skeleton-rearranged phosphole, has even higher 

nucleophilicity and stability of the P-stereogenic center than the 

mother phosphole. In contrast to the rich chemistry and 

applications of phosphole A, phospholene C, D, and phospholane 

E, the substrate scope of phospholene B is significantly limited. We 

now report a convenient method to synthesize phospholene B from 

chloroalkylphosphine oxides and α-bromoarylacetylene, and its 

applications to the preparation of P-stereogenic phospholene.

Our group6 and others7,8 have demonstrated that o-

alkynylphenylphosphanes are excellent precursors for the 

formation of phosphacycles. The α-lithiation and subsequent 

reaction with electrophiles is one of the convenient methods for the 

post-functionalization of alkylphosphine oxides.9 This led us to 

hypothesize that intramolecular trapping of α-lithiated 

alkylphosphine oxide with the alkynyl group might occur to give 

5-exo-dig and/or 6-endo-dig cyclization products (Scheme 1).
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Figure 1. Five-membered phosphacycles.

Scheme 1.  A proposed ring-close reaction.
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The study began with the synthesis of 4a from o-

alkynylbromobenzene 1a and a methyl-substituted 

chlorophosphine oxide 3a. First, one equivalent of bromide 1a was 

treated with 1 equiv of n-BuLi in THF to give aryl lithium 2a, then 

1 equiv of 3a was added to the reaction mixture at -78 C, and 

stirred at the same temperature for 1 hour. Surprisingly, after warm 

up to room temperature and workup, the corresponding phosphine 
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oxide 4a was not detected. We found a small amount (20 % isolated 

yield) of a new product 5a was generated and its structure was 

tentatively assigned by NMR spectroscopy analysis. The 

stereochemistry of the exocyclic double bond was later confirmed 

by X-ray single-crystal analysis of (SP)-5c (eq.4, Figure S1). This 

unexpected outcome indicated that a lithiation of the methyl group 

of the in-situ formed 4a by aryl lithium 2a and subsequent 

intramolecular nucleophilic cyclization of the carbon anion. 

Indeed, the reaction with 2 equiv of 2a gave benzophospholene 5a 

in fairly good yield (Scheme 2). Given that aryl lithium played dual 

roles in one reaction: a nucleophile (for coupling with 

chlorophosphine oxide) and a lithiation reagent (deprotonation of 

methyl group), the further research with this one-pot phospholene 

formation was carried out with 2 equiv of o-alkynylbromobenzenes 

(Scheme 2).

Scheme 2.  The unexpected direct formation of 5a.
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Scheme 3.  Synthesis of annulated phospholenes.
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In addition to Ar = Ph group (5a), Ar substrates bearing a methyl 

(5b) and methoxy (5c) were well compatible with this reaction 

(Scheme 3). A better result was obtained with electron-

withdrawing fluorine-substituted 5d. To further investigate the 

substituent’s impact, we synthesized several anchor aryl moiety-

containing substituents with varied electronic effects. When the 

anchor carried electronically neutral (Me, 5e) or electron-donating 

(OMe, 5h), the benzophospholenes (5e and 5h) were isolated in 

around 50% yield. In contrast, when meta or para positions (to 

alkynyl) of the anchor was occupied by electron-withdrawing 

trifluoromethyl substituent, products 5g-f were obtained in higher 

yield (69-71%). At the same time, we also obtained in fair yield 

with trimethylsilyl substituted 5i. These suggest that substituents 

on the alkynyl moiety exert electronic effects on reaction 

efficiency.

Apart from methylchlorophosphine oxide 3a, also 

benzylchlorophosphine oxide 3b10  was utilized. And an α-phenyl-

substituted phospholene 5j was obtained (eq. 1). Interestingly, 

bromoenynes 1k-l11 also underwent cyclization, which yielded the 

unfused phospholenes 5k and 5l smoothly in 48-53% yields (eq. 2). 
When o-bromoarylcyanide 612 was used (eq. 3), phosphindole 

oxide 7 was isolated after hydrolysis.
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(4)

Gratifyingly, the highly efficient chiral auxiliary-based strategy 

was applicable to the asymmetric synthesis of P-stereogenic 

phospholenes. Replacing chloromethylphosphine oxide 3a with P-
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chiral oxazolidinone 813 (eq.4), gave the P-stereogenic product 

(SP)-5b or (SP)-5c in excellent enantioselectivity (≥ 98% ee).

The optically active phosphine oxide (SP)-5c was reduced with 

chlorosilane14 to give phosphine 9. The reaction of this in-situ 

prepared and air-sensitive tertiary phosphine with Au(I) complex 

resulted in the efficient formation of the corresponding 

phosphine−Au(I) complex 10 in dichloromethane at room 

temperature. The absolute configuration of 9 was established by 

single-crystal X-ray diffraction analysis of its gold complex 10 

(Scheme 4, Figure S2).

Scheme 4. Preparation of chiral phosphine Au(I) complex 10.

4 eq. HSiCl3
rt,10 min P

p-MeOPh

Ph
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Ph
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9 10

In summary, we developed a facile method for the one-pot 

synthesis of phospholenes from the readily available reagents. This 

finding also provides a practical and high stereoselective route to 

P-stereogenic phosphacycles. Further improving the reaction 

efficiency and expanding the potential of this chemistry and 

developing new asymmetric synthesis with this new kind of chiral 

phosphine are underway in our laboratories and will be reported in 

due course.

EXPERIMENTAL SECTION

General methods and materials: All reactions were performed 

under nitrogen using solvents dried by standard methods. 1H NMR, 
13C NMR, and 31P NMR spectra were recorded on 300, 75, and 121 

MHz respectively with a Bruker AV 300 spectrometer. Chemical 

shifts are expressed in parts per million (ppm), coupling constants 

(J values) are reported in Hertz [Hz]. Chemical shift multiplicities 

are reported as follows: (s = singlet, d = doublet, t = triplet, m = 

multiplet, dd = doublet of doublet). HRMS spectra were obtained 

on an Agilent 1290-6540 UHPLC Q-Tof HR-MS spectrometer. X-

ray crystallographic analyses were performed on an Oxford 

diffraction Gemini E diffractometer. Melting Point: heating rate: 

4 °C/min, the thermometer was not corrected. Enantiomer excesses 

were determined by chiral HPLC analysis on Chiralcel IA/IB in 

comparison with the authentic racemates. Chiral HPLC analysis 

recorded on Shimadzu labtotal LC-20AT. Silica gel (200-300 mesh) 

was used for the chromatographic separations. All commercially 

available reagents were used without further purification. o-

Bromoarylcyanide and chloro(tetrahydrothiophene)gold(I) are 

commercial reagents. Compounds 1, 3, 8 are known.10,11,13,15 

General procedure for the synthesis of o-

alkynylbromobenzenes (1a-1i): Palladium-catalyzed cross-

coupling of substituted 2-bromoiodobenzene with an arylacetylene 

was performed following literature reports.15 In 200 mL Schlenk 

bottle, 438 mg PdCl2(PPh3)2 (2.5 mol%), 237 mg CuI (5 mol%) 

were added, and the bottle charged with nitrogen, 100 mL of Et3N, 

bromoiodobenzene (25 mmol) and arylacetylene (27.5 mmol) were 

added sequentially in. After stirring at room temperature for 5 h, 

the reaction was quenched with 50 mL of saturated aqueous 

solution of NH4Cl. The resulting mixture was then diluted with 100 

mL of EtOAc, and washed with 2 × 30 mL of brine. The combined 

organic phase was dried over MgSO4, filtered and the filtrate was 

concentrated in vacuo. The resulting residue was purified by 

column chromatography (hexanes) to afford the product.

1a: The general procedure was followed using 7.07 g of 2-
bromoiodobenzene (25 mmol), 2.80 g of phenylacetylene (27.5 
mmol). Purification by column chromatography (hexanes) afforded 
1a as yellow oil (6.36 g, 99% yield).

1b: The general procedure was followed using 7.07 g of 2-
bromoiodobenzene (25 mmol), 3.19 g of 4-ethynyltoluene (27.5 
mmol). Purification by column chromatography (hexanes) afforded 
1b as yellow solid (6.71 g, 99% yield).

1c: The general procedure was followed using 7.07 g of 2-
bromoiodobenzene (25 mmol), 3.63 g of 4-ethynylanisole (27.5 
mmol). Purification by column chromatography (hexanes) afforded 
1c as white solid (7.18 g, 99% yield).

1d: The general procedure was followed using 7.07 g of 2-
bromoiodobenzene (25 mmol), 3.30 g of 4-fluorophenylacetylene 
(27.5 mmol). Purification by column chromatography (hexanes) 
afforded 1d as yellow solid (6.53 g, 95% yield).

1e: The general procedure was followed using 7.42 g of 3-bromo-
4-iodotoluene (25 mmol), 2.80 g of phenylacetylene (27.5 mmol). 
Purification by column chromatography (hexanes) afforded 1e as 
yellow solid (6.71 g, 99% yield).

1f: The general procedure was followed using 8.77 g of 3-bromo-
4-iodobenzotrifluoride (25 mmol), 2.80 g of phenylacetylene (27.5 
mmol). Purification by column chromatography (hexanes) afforded 
1f as yellow solid (7.96 g, 98% yield).

1g: The general procedure was followed using 8.77 g of 4-bromo-
3-iodobenzotrifluoride (25 mmol), 2.80 g of phenylacetylene (27.5 
mmol). Purification by column chromatography (hexanes) afforded 
1g as yellow liquid (7.96 g, 98% yield).

1h: The general procedure was followed using 7.83 g of 2-bromo-
3-iodoanisole (25 mmol), 2.80 g of phenylacetylene (27.5 mmol). 
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Purification by column chromatography (hexanes: EtOAc = 20: 1) 
afforded 1h as yellow liquid (5.67 g, 79% yield).

1i: The general procedure was followed using 7.07 g of 2-
bromoiodobenzene (25 mmol), 2.70 g of trimethylsilylacetylene 
(27.5 mmol) Purification by column chromatography (hexanes) 
afforded 1i as yellow oil (6.26 g, 99 % yield).

General procedure for the synthesis of 1-bromo-1,3-enynes 
(1k,1l): These compounds were prepared following a known 
procedure.11 To a mixture of Pd(OAc)2 (224 mg, 1 mmol) and the 
appropriate internal alkyne (20 mmol), in CH3CN (50 mL) was 
added the corresponding bromoalkyne (24 mmol). The reaction 
mixture was stirred for 20 h at r t and the solution was purified by 
column chromatography (hexanes) afforded product.

1k: The general procedure was followed using 1.64 g of 3-hexyne 
(20 mmol) and 4.34 g (bromoethynyl) benzene (24 mmol). 
Purification by column chromatography (hexanes) afforded 1k as 
colorless oil (3.47 g, 66% yield).

1l: The general procedure was followed using 2.20 g of 4-octyne 
(20 mmol) and 4.34 g (bromoethynyl) benzene (24 mmol). 
Purification by column chromatography (hexanes) afforded 1l as 
yellow oil (3.79 g, 65% yield).

Synthesis of 3a: This compound was prepared following a known 
procedure.12 The title compound was obtained as colorless oil (12.6 
g, 62% yield, over 3 steps).

Synthesis of 8: This compound was prepared following a known 
procedure.12 8 was recrystallized from ether to as white solid (15.5 
g, 85% yield).

Synthesis of 3b: This compound was prepared following a known 
procedure.10 3b was  obtained as white solid (384 mg, 50% yield, 
over 4 steps).

General procedure for the synthesis of 5a-5l, 7: o-
Alkynylbromobenzenes (2 mmol) was added in a 50 mL Schlenk 
bottle under nitrogen, 30 mL THF was added. n-BuLi (2.0 mmol, 
1.6 M in hexane) was added dropwise at -78 °C under nitrogen. The 
reaction mixture was stirred for 1 h at this temperature, then 3a (181 
mg, 1 mmol) was added at -78 C, then stirred at -78 C for 1 h, 
after that the temperature was slowly raised to room temperature 
and stirred for 2 h. Water (30 mL) was added and the organic phase 
was extracted with EtOAc (3 × 40 mL), dried over anhydrous 
MgSO4, filtered and the solvent was removed in vacuo, the 
resulting residue was purified by column chromatography (DCM: 
EA = 5: 1) to afford the product.

5a: The general procedure was followed using 514 mg 1a (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181 mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5a as white solid (161 mg, 51% yield). m p: 113.4-
114.6 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 45.42. 1H NMR 
(300 MHz, CDCl3) δ: 7.95-7.85 (m, 1H), 7.78-7.52 (m, 4H), 7.52-
7.35 (m, 8H), 7.34-7.23 (m, 2H), 3.60-3.30 (m, 2H). 13C {1H} NMR 
(75MHz, CDCl3) δ: 146.4 (d, 2JPC = 23.3 Hz, C), 136.6 (s, C), 133.2 
(d, 4JPC = 2.2 Hz, CH), 133.1 (d, 1JPC  = 97.5 Hz, C), 132.9 (d, 1JPC 
= 100.5 Hz, C), 132.5 (d, 2JPC = 7.1 Hz, C), 132.0 (d, 4JPC = 2.8 Hz, 
CH), 130.5 (d, 2JPC = 10.4 Hz, 2CH), 129.4 (d, 2JPC = 11.0 Hz, CH), 
129.3 (d, 3JPC = 8.3 Hz, CH), 129.1 (s, 2CH), 128.7 (s, 2CH), 128.7 
(d, 3JPC = 6.0 Hz, 2CH), 127.8 (s, CH), 125.7 (d, 3JPC = 10.6 Hz, 
CH), 121.6 (d, 2JPC = 12.1 Hz, CH), 34.9 (s, 1JPC = 71.1 Hz, CH2). 

HRMS (ESI) m/z: [M+H]+ Calcd for C21H18OP 317.1090; Found 
317.1092.

5b: The general procedure was followed using 542 mg 1b (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181 mg 3a (1 
mmol), Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5b as white solid (165 mg, 50% yield). m p: 192.3-
193.5 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 45.49. 1H NMR 
(300 MHz, CDCl3) δ: 7.91-7.83 (m, 1H), 7.76-7.65 (m, 1H), 7.65-
7.33 (m, 9H), 7.32-7.16 (m, 3H), 3.58-3.29 (m, 2H), 2.36 (s, 3H). 
13C {1H} NMR (75 MHz, CDCl3) δ: 146.6 (d, 2JPC = 24.0 Hz, C), 
137.9 (s, C), 133.8 (s, C), 133.2 (d, 4JPC = 2.2 Hz, CH), 133.0 (d, 
1JPC = 99.8 Hz, C), 133.0 (d, 1JPC = 101.2 Hz, C), 132.0 (d, 4JPC = 
2.8 Hz, CH), 131.5 (d, 2JPC = 7.0 Hz, C), 130.5 (d, 3JPC = 10.4 Hz, 
2CH), 129.4 (s, 2CH), 129.3(d, 3JPC = 2.3 Hz, CH), 129.1 (d, 3JPC = 
5.0 Hz, CH), 129.0 (s, 2CH), 128.7 (d, 2JPC = 12.4 Hz, 2CH), 125.7 
(d, 3JPC = 10.8 Hz, CH), 121.5 (d, 2JPC = 11.9 Hz, CH), 34.9 (d, 1JPC 
= 70.0 Hz, CH2), 21.3 (s, CH3). HRMS (ESI) m/z: [M+H]+ Calcd 
for C22H20OP 331.1246; Found 331.1249. The product was 
analyzed by HPLC to determine the enantiomeric excess: 0% ee 
(Chiralpak AD-H, n-hexane / i-propanol = 70: 30, flow rate 1.0 
mL/min, λ= 254 nm); tr = 13.531 and 20.116 min.

5c: The general procedure was followed using 574 mg 1c (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181 mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5c as pain yellow solid (173 mg, 50% yield). m p: 128.7-
131.4 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 45.87. 1H NMR 
(300 MHz, CDCl3) δ: 7.92-7.72 (m, 1H), 7.72-7.52 (m, 4H), 7.52-
7.34 (m, 6H), 7.31-7.12 (m, 1H), 7.00-6.81 (m, 2H), 3.82 (s, 3H), 
3.60-3.26 (m, 2H). 13C {1H} NMR (75 MHz, CDCl3) δ: 159.2 (s, 
C), 146.8 (d, 2JPC = 24.7 Hz, C), 133.1 (d, 4JPC = 2.0 Hz, CH), 133.0 
(d, 1JPC = 99.8 Hz, C), 132.7 (d, 1JPC = 99.0 Hz, C), 131.9 (d, 4JPC = 
2.9 Hz, CH), 130.5 (d, 3JPC = 10.5 Hz, 2CH), 130.5 (s, 2CH), 130.3 
(d, 2JPC = 6.8 Hz, C), 129.3 (s, C), 129.2 (d, 3JPC = 7.7 Hz, CH), 
129.0 (d, 3JPC = 10.8 Hz, CH), 128.7 (d, 2JPC = 12.2 Hz, 2CH), 125.3 
(d, 3JPC = 10.9 Hz, CH), 121.4 (d, 2JPC = 12.0 Hz, CH), 114.1 (s, 
2CH), 55.3 (s, CH3), 34.9 (d, 1JPC = 72 Hz, CH2). HRMS (ESI) m/z: 
[M+H]+ Calcd for C22H20O2P 347.1195; Found 347.1198. The 
product was analyzed by HPLC to determine the enantiomeric 
excess: 0% ee (Chiralpak AD-H, n-hexane / i-propanol = 70/30, 
flow rate 1.0 mL/min, λ= 254 nm); tr = 12.971 and 23.660 min.

5d: The general procedure was followed using 550 mg 1d (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5d as white solid (197 mg, 59% yield). m p: 123.7-
124.8 °C. 31P {1H} NMR (121MHz, CDCl3) δ: 45.20. 1H NMR 
(300 MHz, CDCl3) δ: 7.93-7.83 (m, 1H), 7.74-7.53 (m, 4H), 7.53-
7.34 (m, 6H), 7.27 (s, 1H), 7.14-6.99 (m, 2H), 3.54-3.22 (m, 2H). 
13C {1H} NMR (75 MHz, CDCl3) δ: 162.0 (d, 1JFC = 248.9 Hz, C), 
146.2 (d, 2JPC = 24.5 Hz, C), 133.2 (d, 4JPC = 2.2 Hz, CH), 133.0 (d, 
1JPC = 99.0 Hz, C), 132.7 (d. 1JPC = 100.0 Hz, C), 132.7 (d, 2JPC = 
3.5Hz, C), 132.3 (dd, 4JFC = 6.9Hz, 4JPC = 1.8 Hz, C), 132.1 (d, 4JPC 
= 2.9 Hz, CH), 130.7 (d, 3JPC = 8.1 Hz, 2CH), 130.6 (d, 2JPC = 10.5 
Hz, 2CH), 129.5 (d, 3JPC = 10.8 Hz, CH), 129.3 (d, 3JPC = 8.3 Hz, 
CH), 128.7 (d, 3JFC = 12.3 Hz, 2CH), 124.5 (d, 3JPC = 11.0 Hz, CH), 
121.6 (d, 2JPC = 11.8 Hz, CH), 115.7 (d, 2JFC = 21.5 Hz, 2CH), 34.8 
(d, 1JPC = 71.4 Hz, CH2). HRMS (ESI) m/z: [M+H]+ Calcd for 
C21H17FOP 355.0996; Found 355.0997.

5e: The general procedure was followed using 542 mg 1e (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5e as white solid (171 mg, 52% yield). m p: 155.6-
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5

156.2 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 45.47. 1H NMR 
(300 MHz, CDCl3) δ: 7.82-7.75 (m, 1H), 7.64-7.53 (m, 2H), 7.50-
7.35 (m, 9H), 7.31-7.23 (m, 2H), 3.60-3.20 (m, 2H), 2.37 (s, 3H). 
13C {1H} NMR (75 MHz, CDCl3) δ: 143.9 (d, 2JPC = 24.6 Hz, C), 
139.8 (d, 3JPC = 10.9 Hz, C), 136.7 (s, C), 134.4 (d, 4JPC = 2.5 Hz, 
CH), 133.7 (d, 1JPC = 98.0 Hz, C), 133.0 (d, 1JPC = 99.8 Hz, C), 
132.5 (d, 2JPC = 7.0 Hz, C), 131.9 (d, 4JPC = 3.0 Hz, CH), 130.5 (d, 
3JPC = 10.4 Hz, 2CH), 129.2 (d, 3JPC = 8.3 Hz, CH), 129.0 (s, 2CH), 
128.7 (d, 2JPC = 12.0 Hz, 2CH), 128.7 (s, 2CH), 127.6 (s, CH), 
124.6 (d, 3JPC = 10.9 Hz, CH), 121.5 (d, 2JPC = 12.9 Hz, CH), 35.0 
(d, 1JPC = 71.1 Hz, CH2), 21.3 (s, CH3). HRMS (ESI) m/z: [M+H]+ 
Calcd for C22H20OP 331.1246; Found 331.1249.

5f: The general procedure was followed using 650 mg 1f (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181 mg 3a (1 
mmol). Purification by column chromatography (DCM: EA=5:1) 
afforded 5f as pain yellow solid (272 mg, 71% yield). m p: 132.9-
134.7 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 44.04. 1H NMR 
(300 MHz, CDCl3) δ: 8.04-7.91 (m, 2H), 7.88-7.80 (m, 1H), 7.66-
7.53 (m, 2H), 7.53-7.39 (m, 7H), 7.36-7.28 (m, 1H), 3.64-3.38 (m, 
2H). 13C {1H} NMR (75 MHz, CDCl3) δ: 149.5 (d, 2JPC = 25.2 Hz, 
C), 135.9 (s, C), 134.1 (d, 1JPC = 98.6 Hz, C), 132.4 (d, 4JPC = 3.0 
Hz, CH), 132.0 (d, 1JPC = 100.5 Hz, C), 131.3 (d, 2JPC = 7.1 Hz, C), 
131.2 (dd, 3JFC =33.0 Hz, 2JPC =11 Hz, C), 130.5 (d, 3JPC = 10.5 Hz, 
2CH), 130.1-129.8 (m, CH), 129.3 (s, 2CH), 128.9 (d, 2JPC = 12.8 
Hz, 2CH), 128.8 (s, 2CH), 128.5 (s, CH), 128.3 (d, 3JPC = 10.8 Hz, 
CH), 127.2 (q, 1JFC = 273.0 Hz, C), 126.9-126.2 (m, CH), 122.3 (d, 
3JPC = 11.8 Hz, CH), 35.0 (d, 1JPC = 71.3 Hz, CH2). HRMS (ESI) 
m/z: [M+H]+ Calcd for C22H17F3OP 385.0964; Found 385.0960.

5g: The general procedure was followed using 650 mg 1g (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181 mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5g as pain yellow solid (265 mg, 69% yield). m p: 92.3-
94.7 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 44.17. 1H NMR (300 
MHz, CDCl3) δ: 8.13 (s, 1H) 7.90-7.76 (m, 1H), 7.70-7.53 (m, 3H), 
7.53-7.36 (m, 8H), 7.36-7.28 (m, 1H), 3.67-3.32 (m, 2H). 13C {1H} 
NMR (75 MHz, CDCl3) δ: 146.9 (d, 2JPC = 25.0 Hz, C), 137.0 (d, 
1JPC = 96.9 Hz, C), 136.0 (s, C), 135.2 (dd, 2JFC = 32.4 Hz, 4JPC = 
2.2Hz, C), 132.4 (d, 4JPC = 2.9 Hz, CH), 132.0 (d, 1JPC = 101.3 Hz, 
C), 131.7 (d, 2JPC = 6.1 Hz, C), 130.5 (d, 3JPC = 10.5 Hz, 2CH), 
130.1 (d, 3JPC = 8.6 Hz, CH), 129.2 (s, 2CH), 128.9 (d, 2JPC = 
12.0Hz, 2CH), 128.8 (s, 2CH ), 128.4(s, CH), 127.4 (d, 2JPC = 10.7 
Hz, CH), 127.2 (q, 1JFC = 271.5 Hz, C), 126.0-125.6 (m, CH), 
118.9-118.4 (m, CH), 34.9 (d, 1JPC = 71.2 Hz , CH2 ). HRMS (ESI) 
m/z: [M+H]+ Calcd for C22H17F3OP 385.0964; Foun 385.0960.

5h: The general procedure was followed using 574 mg 1h (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181 mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5h as white solid (183 mg, 53% yield). m p: 144.5-
145.7 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 44.29. 1H NMR 
(300 MHz, CDCl3) δ: 7.69-7.52 (m, 3H), 7.51-7.31 (m, 8H), 7.31-
7.20 (m, 2H), 6.85-6.74 (m, 1H), 3.75 (s, 3H), 3.57-3.24 (m, 2H). 
13C {1H} NMR (75 MHz, CDCl3) δ : 161.3 (d, 2JPC = 2.1 Hz, C), 
148.7 (d, 2JPC = 22.0 Hz, C), 136.6 (s, C), 135.5 (d, 4JPC = 1.6 Hz, 
CH), 133.0 (d, 1JPC = 103.5 Hz, C), 132.5 (d, 2JPC = 7.0 Hz, C), 
131.7 (d, 4JPC = 2.9 Hz, CH), 130.3 (d, 3JPC = 10.8 Hz, 2CH), 129.1 
(s, 2CH),  128.6 (s, 2CH), 128.5 (d, 2JPC = 12.6 Hz, 2CH), 127.8 (s, 
CH), 126.0 (d, 3JPC = 11.7 Hz, CH), 120.6 (d, 1JPC = 99.4 Hz, C), 
113.7 (d, 3JPC = 11.9 Hz, CH), 110.2 (d, 3JPC = 6.0 Hz, CH), 55.8 
(s, CH3), 35.3 (d, 1JPC = 72.5 Hz, CH2). HRMS (ESI) m/z: [M+H]+ 
Calcd for C22H20O2P 347.1195; Found 347.1198.

5i: The general procedure was followed using 506 mg 1i (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 181mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5i as pain yellow solid (171 mg, 55% yield). m p: 70.4-
72.3 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 37.24. 1H NMR (300 
MHz, CDCl3) δ: 7.79-7.65 (m, 2H), 7.64-7.53 (m, 3H), 7.53-7.36 
(m, 4H), 5.92 (s, 1H), 3.58-3.07 (m, 2H), 0.25 (s, 9H). 13C {1H} 
NMR (75 MHz, CDCl3) δ : 147.4 (d, 2JPC = 5.9 Hz, C), 145.4 (d, 
2JPC = 20.4 Hz, C), 136.3 (d, 1JPC = 98.8 Hz, C), 132.6 (d, 1JPC = 
99.0 Hz, C), 132.1 (d, 4JPC = 2.1 Hz, CH), 131.9 (d, 4JPC = 3.0 Hz, 
CH), 130.6 (d, 3JPC = 10.3 Hz, 2CH), 129.6 (d, 2JPC = 10.8 Hz, CH), 
129.3 (d, 3JPC = 5.4 Hz, CH), 129.2 (d, 3JPC = 7.6 Hz, CH), 128.6 
(d, 2JPC = 12.4 Hz, 2CH), 125.2 (d, 3JPC = 10.5 Hz, CH), 43.0 (d, 
1JPC = 69.7 Hz, CH2), 0.1 (s, 3CH3 ). HRMS (ESI) m/z: [M+Na]+ 
Calcd for C18H21OPSiNa 335.0991; Found 335.0995.

5j: The general procedure was followed using 574 mg 1c (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) and 250 mg 3b (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5j as white solid (248 mg, 53% yield). m p: 60.4-61.6 °C. 
This solid was recrystallized from the mixture of CH2Cl2/hexane 
before submitted to NMR analysis. 31P {1H} NMR (121 MHz, 
CDCl3) δ: 52.59. 1H NMR (300 MHz, CDCl3) δ: 8.08-7.97 (m, 1H) 
7.76-7.67 (m, 1H), 7.62-7.50 (m, 1H), 7.50-7.39 (m, 2H), 7.37-7.08 
(m, 9H), 6.88-6.97 (m, 3H), 6.90-6.79 (m, 2H), 6.75-6.60 (m, 2H), 
4.89 (d, 2JPH = 19.6 Hz, 1H), 3.75 (s, 3H). 13C {1H} NMR (75 MHz, 
CDCl3) δ: 159.2 (s, C), 149.4 (d, 2JPC = 23.3 Hz, C), 149.0 (d, 1JPC 
= 93.0 Hz, C), 136.8 (d, 2JPC = 4.1 Hz, C), 133.8 (d, 2JPC = 7.6 Hz, 
C), 133.7 (d, 4JPC = 2.1 Hz, CH), 132.3 (d, 3JPC = 9.4 Hz, 2CH), 
131.7 (d, 4JPC = 2.9 Hz, CH), 130.6 (s, 2CH), 130.5 (d, 1JPC = 96.0 
Hz, C), 130.0 (d, 3JPC = 8.2 Hz, CH), 129.1 (d, 2JPC =11 Hz, CH), 
129.0 (d, 3JPC =10.6 Hz, CH), 128.7 (s, CH), 128.6 (d, 4JPC = 3.0 
Hz, 2CH), 128.0 (s, C), 127.6 (d, 2JPC = 12.3 Hz, 2CH), 126.3 (d, 
3JPC = 3.4 Hz, CH), 121.6 (d, 3JPC = 11.5 Hz, CH), 113.8 (s, 2CH), 
55.2 (s, CH3), 52.9 (d, 1JPC = 66.0 Hz, CH). HRMS (ESI) m/z: 
[M+H]+ Calcd for C28H24O2P 423.1508; Found 423.1511.

5k: The general procedure was followed using 526 mg 1k (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane), and 181 mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5k as yellow liquid (154 mg, 48% yield). 31P {1H} NMR 
(121 MHz, CDCl3) δ: 51.07. 1H NMR (300 MHz, CDCl3) δ: 7.70-
7.58 (m, 2H), 7.51-7.31 (m, 7H), 7.29-7.21 (m, 1H), 6.80 (s, 1H), 
3.31-3.03 (m, 2H), 2.69-2.57 (m, 2H), 2.57-2.22 (m, 2H), 1.29-1.20 
(m, 3H), 1.04-0.95 (m, 3H). 13C {1H} NMR (75 MHz, CDCl3) δ: 
158.3 (d, 2JPC = 22.6 Hz, C ) 137.9 (d, 1JPC = 90.3 Hz, C), 136.9 (s, 
C), 135.1 (d, 2JPC = 12.7 Hz, C), 133.1 (d, 1JPC = 96.6 Hz, C), 131.7 
(d, 4JPC = 3.0 Hz, CH), 130.6 (d, 3JPC = 10.2 Hz, 2CH), 129.0 (s, 
2CH), 128.6 (d, 2JPC = 11.3 Hz, 2CH), 128.6 (s, 2CH), 127.5 (s, 
CH), 125.1 (d, 3JPC = 11.5 Hz，CH), 33.1 (d, 1JPC = 71.3 Hz. CH2), 
20.0 (d, 2JPC = 5.6 Hz, CH3), 19.8 (s, CH3), 13.9 (d, 3JPC = 2.2 Hz, 
CH2), 13.7 (d, 3JPC = 1.5 Hz, CH2). HRMS (ESI) m/z: [M+H]+ 
Calcd for C21H24OP 323.1559; Found 323.1562.

5l: The general procedure was followed using 582 mg 1l (2 mmol), 
1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane), and 181 mg 3a (1 
mmol). Purification by column chromatography (DCM: EA = 5: 1) 
afforded 5l as colorless liquid (185 mg, 53% yield). 31P {1H} NMR 
(121 MHz, CDCl3) δ: 51.57. 1H NMR (300 MHz, CDCl3) δ: 7.72-
7.55 (m, 2H), 7.49-7.29 (m, 7H), 7.26-7.19 (m, 1H), 6.79 (s, 1H), 
3.32-2.97 (m, 2H), 2.66-2.53 (m, 2H), 2.53-2.11 (m, 2H), 1.75-1.50 
(m, 2H), 1.47-1.32 (m, 2H), 1.17-0.99 (m, 3H), 0.93-0.77 (m, 3H). 
13C {1H} NMR (75 MHz, CDCl3) δ: 157.0 (d, 2JPC = 22.9 Hz, C), 
137.3 (d, 1JPC=89.3 Hz, C), 136.9 (s, C), 135.5 (d, 2JPC = 13.0 Hz, 
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C), 133.1 (d, 1JPC = 96.3 Hz, C), 131.7 (d, 4JPC = 2.8 Hz, CH), 130.5 
(d, 3JPC = 10.2 Hz, 2CH), 129.0 (s, 2CH), 128.6 (d, 2JPC= 11.3 Hz, 
2CH), 128.6 (s, 2CH), 127.5 (s, CH), 125.3 (d, 3JPC = 11.4 Hz, CH), 
33.1 (d, 1JPC = 71.2 Hz, CH), 29.2 (d, 3JPC = 9.3 Hz, CH2), 28.9 (d, 
2JPC = 14.8 Hz, CH2), 22.5 (d, 3JPC = 4.5 Hz, CH2), 22.5 (s, CH2), 
14.6 (s, CH3), 14.5 (s, CH3). HRMS (ESI) m/z: [M+H]+ Calcd for 
C23H28OP 351.1872; Found 351.1871.

7: The general procedure was followed using 364 mg 2-
bromobenzonitrile (2 mmol), 1.25 mL n-BuLi (2.0 mmol, 1.6 M in 
hexane), and 181 mg 3a (1 mmol). Purification by column 
chromatography (DCM: EA = 5: 1) afforded 7 as pain yellow liquid 
(128 mg 53% yield). 31P {1H} NMR (121 MHz, CDCl3) δ: 29.85. 
1H NMR (300 MHz, CDCl3) δ: 8.13-8.01 (m, 1H), 7.95-7.74 (m, 
3H), 7.68-7.52 (m, 3H), 7.52-7.41 (m, 2H), 3.43-3.07 (m, 2H). 13C 
{1H} NMR (75 MHz, CDCl3) δ: 194.4 (d, 2JPC = 13.4 Hz, C), 141.7 
(d, 1JPC = 90.8 Hz, C), 141.4 (d, 2JPC = 12.7 Hz, C), 135.9 (d, 3JPC 
= 10.9 Hz, CH), 133.7 (d, 4JPC = 2.2 Hz, CH), 132.6 (d, 4JPC = 3.1 
Hz, CH), 130.9 (d, 1JPC = 105.0 Hz, C), 130.7 (d, 3JPC = 10.7 Hz, 
2CH), 129.4 (d, 3JPC = 6.0 Hz, CH), 129.0 (d, 2JPC = 12.75Hz, 2CH), 
124.7 (d, 2JPC = 11.3 Hz, CH), 40.2 (d, 1JPC = 72.0 Hz, CH2). HRMS 
(ESI) m/z: [M+H]+ Calcd for C14H12O2P 243.0569; Found 
243.0567.

Synthesis of (SP)-5b and (SP)-5c: o-Alkynylbromobenzenes (2 
mmol) was added in a 50 mL Schlenk bottle under nitrogen, 30 mL 
THF was added, 1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) was 
added dropwise at -78 °C under nitrogen. The reaction mixture was 
stirred for 1 h at this temperature, then 8 (295 mg, 1 mmol) was 
added at -78 C, then the temperature was slowly raised to room 
temperature and stirred for 2 h. Water (30 mL) was added and the 
organic phase was extracted with EtOAc (3 x 40 mL), dried over 
anhydrous MgSO4, filtered and the solvent was removed in vacuo, 
the resulting residue was purified by column chromatography 
(DCM: EA = 5: 1) to afford the product.

(SP)-5b: The general procedure was followed using 542 mg 1b (2 
mmol), 1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane), and 181 mg 
3a (1 mmol). Purification by column chromatography (DCM: EA 
= 5: 1) afforded (SP)-5b as white solid (165 mg, 50% yield). m p: 
192.3-193.5 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 45.49. 1H 
NMR (300 MHz, CDCl3) δ: 7.91-7.83 (m, 1H), 7.76-7.65 (m, 1H), 
7.65-7.33 (m, 9H), 7.32-7.16 (m, 3H), 3.58-3.29 (m, 2H), 2.36 (s, 
3H). 13C {1H} NMR (75 MHz, CDCl3) δ: 146.6 (d, 2JPC = 24.0 Hz, 
C), 137.9 (s, C), 133.8 (s, C), 133.1 (d, 4JPC = 2.2 Hz, CH), 133.0 
(d, 1JPC = 99.8 Hz, C), 133.0 (d, 1JPC = 101.2 Hz, C), 132.0 (d, 4JPC 
= 2.8 Hz, CH), 131.5 (d, 2JPC = 7.0 Hz, C), 130.5 (d, 3JPC = 10.4 Hz, 
2CH), 129.4 (s, 2CH), 129.2 (d, 3JPC = 8.3 Hz, CH), 129.2 (d, 3JPC 
= 10.5 Hz, CH), 129.0 (s, 2CH), 128.7 (d, 2JPC = 12.4 Hz, 2CH), 
125.7 (d, 3JPC = 10.8 Hz, CH), 121.5 (d, 2JPC = 11.9 Hz, CH), 34.9 
(d, 1JPC = 70.0 Hz, CH2), 21.3 (s, CH3). HRMS (ESI) m/z: [M+H]+ 
Calcd for C22H20OP 331.1246; Found 331.1249. The product was 
analyzed by HPLC to determine the enantiomeric excess: 98% ee 
(Chiralpak AD-H, n-hexane / i-propanol = 80: 20, flow rate 1.0 
mL/min, λ= 254 nm); tr = 13.771 and 20.297 min.

(SP)-5c: The general procedure was followed using 574 mg 1c (2 
mmol), 1.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane), and 181 mg 
3a (1 mmol). Purification by column chromatography (DCM: EA 
= 5: 1) afforded (SP)-5c as pain yellow solid (173 mg, 50% yield). 
m p: 128.7-131.4 °C. 31P {1H} NMR (121 MHz, CDCl3) δ: 45.87. 
1H NMR (300 MHz, CDCl3) δ: 7.92-7.72 (m, 1H), 7.72-7.52 (m, 
4H), 7.52-7.34 (m, 6H), 7.31-7.12 (m, 1H), 7.00-6.81 (m, 2H), 3.82 
(s, 3H), 3.60-3.26 (m, 2H). 13C {1H} NMR (75 MHz, CDCl3) δ: 
159.2 (s, C), 146.8 (d, 2JPC = 24.7 Hz, C), 133.1 (d, 4JPC = 2.0 Hz, 

CH), 133.0 (d, 1JPC = 99.8 Hz, C), 132.7 (d, 1JPC = 99.0 Hz, C), 
131.9 (d, 4JPC = 2.9 Hz, CH), 130.5 (d, 3JPC = 10.5 Hz, 2CH), 130.5 
(s, 2CH), 130.3 (d, 2JPC = 6.8 Hz, C), 129.3 (s, C), 129.3 (d, 3JPC = 
8.3 Hz, CH), 129.0 (d, 3JPC = 10.7 Hz, CH), 128.7 (d, 2JPC = 12.2 
Hz, 2CH), 125.3 (d, 3JPC = 10.9 Hz, CH), 121.4 (d, 2JPC = 12.0 Hz, 
CH), 114.1 (s, 2CH), 55.3 (s, CH3), 34.9 (d, 1JPC = 72 Hz, CH2). 
HRMS (ESI) m/z: [M+H]+ Calcd for C22H20O2P 347.1195; Found 
347.1198. The product was analyzed by HPLC to determine the 
enantiomeric excess: 99% ee (Chiralpak AD-H, n-hexane / i-
propanol = 70 : 30, flow rate 1.0 mL/min, λ= 254 nm); tr = 13.044 
and 23.873 min. 

Synthesis of 10: 173 mg (SP)-5c (0.5 mmol) was added in a 25 mL 
Schlenk bottle under nitrogen, 5 mL toluene was added, then 2 mL 
trichlorosilane (4 eq, 2 mmol) was added dropwise under nitrogen, 
the reaction mixture was stirred for 10 mim at room temperature, 
reaction completely. The solvent removed under reduced pressure, 
the crude residue was submitted to the next step without 
purification.

The product of the last step was added in a 25 mL Schlenk bottle 
under nitrogen, 5 mL distilled dichloromethane was added under 
nitrogen, 150 mg chloro (tetrahydrothiophene) gold (I) (0.5 mmol) 
was added, the reaction mixture was stirred for 1 h at room 
temperature, reaction completely, the solvent removed under 
reduced pressure. The resulting residue was purified by column 
chromatography (hexanes: dichloromethane = 1: 8) to afford the 
product 10 as white solid (267 mg, 95% yield). 31P {1H} NMR (121 
MHz, CDCl3) δ: 27.65. 1H NMR (300 MHz, CDCl3) δ: 7.81-7.49 
(m, 1H), 7.44-7.31 (m, 11H), 6.97-6.89 (m, 2H), 3.83 (s, 3H), 3.81-
3.38 (m, 2H). 13C {1H} NMR (75 MHz, CDCl3) δ: 159.4 (s, C), 
146.6 (d, 2JCP = 15.4 Hz, C), 133.1 (d, 2JCP = 8.3 Hz, C), 133.0 (d, 
2JCP = 14.3 Hz, 2CH), 132.6 (d, 4JCP = 2.2 Hz, CH), 132.4 (d, 3JCP 
= 2.6 Hz, CH), 131.3 (d, 2JCP = 13.9 Hz, CH), 131.3 (d, 1JCP = 60.8 
Hz, C), 131.0 (d, 1JCP=55.5 Hz, C), 130.6 (s, 2CH), 129.3 (d, 3JCP 
= 12.2 Hz, 2CH), 128.8 (s, C), 126.4 (d, 3JCP = 7.5 Hz, CH), 122.1 
(d, 3JCP = 8.9 Hz, CH), 114.2 (s, 2CH), 114.2 (s, CH), 55.4 (s, CH3), 
34.1 (d, 1JCP = 41.1 Hz, CH2).

Procedure for Gram-Scale Preparation of 5c: 1c (2.87 g, 10 
mmol) was added in a 200 mL Schlenk bottle under nitrogen, 150 
mL THF was added, 6.25 mL n-BuLi (2.0 mmol, 1.6 M in hexane) 
was added dropwise at -78 °C. The reaction mixture was stirred for 
1 h at this temperature, then 3a (905 mg, 5 mmol) was added at -78 
oC, then the temperature was slowly raised to room temperature and 
stirred for 2 h. After that, H2O (50 mL) was added and the organic 
phase was extracted with EtOAc (3 x 40 mL), dried over anhydrous 
MgSO4, filtered and the solvent was removed in vacuo, the 
resulting residue was purified by column chromatography (DCM: 
EA = 5: 1) to afford 5c as a white solid (865 mg, 50% yield).

X-Ray crystallography: Crystals suitable for X-ray 
crystallography were obtained by crystallisation from a mixture of 
n-hexane and dichloromethane ((SP)-5c, 10). X-ray 
crystallographic analyses were performed on an Oxford diffraction 
Gemini E diffractometer. The data confirm the molecular 
configuration. Complete structural data have been deposited with 
the Cambridge Crystallographic Data Centre, and their CCDC 
numbers are 1978510 (SP)-5c), 1978512(10).
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The Supporting Information is available free of charge on 
the ACS Publications website at: X-ray diffraction data 
and spectroscopic data for all new compounds including 
1H and 13C NMR spectra (PDF).
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CCDC 1978510 ((SP)-5c), 1978512(10) contains the 
supplementary crystallographic data for this paper. These 
data can be obtained free of charge via www. ccdc.cam. 
ac. Uk /data_request/cif, or by emailing data_ 
request@ccdc.cam.ac.uk, or by contacting The 
CambridgeCrystallographic Data Centre, 12 Union Road, 
Cambridge CB21EZ, UK; fax: +44 1223 336033

AUTHOR INFORMATION

Corresponding Author
*E-mail: duanzheng@zzu.edu.cn

ORCID
Er-Qing Li: 0000-0003-1286-6832
Zheng Duan: 0000-0002-0173-663X
François Mathey: 0000-0002-1637-5259

Notes
The authors declare no competing financial interests.

ACKNOWLEDGMENT 
We are grateful to the National Natural Science Foundation of 
China (No. 21672193, 21272218, 21702189), Ministry of industry 
and information technology (Z135060009002) and Zhengzhou 
University of China for financial support of this research. 

Reference

(1) For selected references see: (a) Willcox, D.; Melen, R. L. 
Illuminating Lewis Acidity Strength. Chem 2019, 5, 1362-1363. (b) 
Duffy, M. P.; Delaunay, W.; Bouit, P.-A.; Hissler, M. π-
Conjugated phospholes and their incorporation into devices: com-
ponents with a great deal of potential. Chem. Soc. Rev. 2016, 45, 
5296-5301. (c) Fourmy, K.; Nguyen, D. H.; Dechy-Cabaret, O.; 
Gouygou, M. Phosphole-based ligands in catalysis. Catal. Sci. 
Technol. 2015, 5, 4289-4323. (d) Matano, Y. Synthesis and 
Structure-Property Relationships of Phosphole-Based π Systems 
and Their Applications in Organic Solar Cells. Chem. Rec. 2015, 
15, 636-650. (e) Aillard, P.; Voiturize, A.; Marinetti. A. Helicene-
like chiral auxiliaries in asymmetric catalysis. Dalton Trans 2014, 
43, 15263-15278. (f) Wang, L. L.; Tian, R. Q.; Duan, Z.; Mathey, 
F. Recent Advances of [1,5]-Sigmatropic Shift of Phospholes. 
Chin. J. Org. Chem. 2013, 33, 36-45. (g) Crassous, J.; Réau, R. π-
Conjugated phosphole derivatives: synthesis, optoelectronic 
functions and coordination chemistry. Dalton Trans 2008, 6865-
6876. (h) Baumgartner, T.; Réau, R. Organophosphorus π-
Conjugated Materials. Chem. Rev. 2006, 106, 4681-4727. 

(2) For selected references see: (a) Li, X. F.; Wang, C. Q.; Song, J. 
Q.; Yang, Z. H.; Zi, G. F.; Hou, G. H. Copper-Catalyzed 
Asymmetric Hydroboration of 2H‑Chromenes Using a Chiral 
Diphosphine Ligand. J. Org. Chem. 2019, 84, 8638-8645. (b) 
Grandane, A.; Longwitz, L.; Roolf, C.; Spannenberg, A.; Escobar, 
H. M.; Junghanss, C.; Suna, E.; Werner, T. Intramolecular Base-
Free Catalytic Wittig Reaction: Synthesis of Benzoxepinones. J. 

Org. Chem. 2019, 84, 1320-1329. (c) Wang, L.; Sun, M.; Ding, M.-
W. Catalytic Intramolecular Wittig Reaction Based on a Phosphine/ 
Phosphine Oxide Catalytic Cycle for the Synthesis of Heterocycles. 
Eur. J. Org. Chem. 2017, 2568-2578. (d). Saleh, N.; Voituriez, A. 
Synthesis of 9H-Pyrrolo[1,2-a]indole and 3H-Pyrrolizine 
Derivatives via a Phosphine-Catalyzed Umpolung 
Addition/Intramolecular Wittig Reaction. J. Org. Chem. 2016, 81, 
4371-4377. (e) Schirmer, M. -L.; Adomeit, S.; Spannenberg, A.; 
Werner, T. Novel Base-Free Catalytic Wittig Reaction for the 
Synthesis of Highly Functionalized Alkenes. Chem. -Eur. J. 2016, 
22, 2458-2465.

(3) For selected references see: (a) Longwitz, L.; Werner, T. Recent 
advances in catalytic Wittig-type reactions based on P (III)/P (V) 
redox cycling. Pure. Appl. Chem. 2019, 91, 95-102. (b) Lee, C. -J.; 
Chang, T. -H.; Yu, J. -K.; Reddy, G. M.; Hsiao, M. -Y.; Lin, W. W. 
Synthesis of Functionalized Furans via Chemoselective 
Reduction/Wittig Reaction Using Catalytic Triethylamine and 
Phosphine. Org. Lett. 2016, 18, 3758-3761. (c) Włodarczyk, K.; 
Stankevič, M. Intramolecular cationic cyclization of β-
hydroxyalkylphosphine oxides-a route towards the 
benzophosphorinane core. Tetrahedron 2016, 72, 5074-5090. (d) 
Gregson, A. M.; Wales, S. M.; Bailey, S. J.; Willis, A. C.; Keller, 
P. A. Cyclic Phosphine Oxides and Phosphinamides from Di-
Grignard Reagents and Phosphonic Dichlorides: Modular Access 
to Annulated Phospholanes. J. Org. Chem. 2015, 80, 9774-9780.

(4) Zhang, W. C.; Chi, Y. X.; Zhang, X. M. Developing Chiral 
Ligands for Asymmetric Hydrogenation. Acc. Chem. Res. 2007, 40, 
1278-1290.

(5) (a) Ciric, A.; Mathey, F. Boosting the Nucleophilicity of 
Phosphole Lone Pairs by Isomerization. Organometallics 2010, 29, 
4785-4786. (b) Leca, F.; Fernández, F.; Muller, G.; Lescop, C.; 
Réau, R.; Gómez, M. Enantiomerically Pure P, N Chelates Based 
on Phospholene Rings: Palladium Complexes and Catalytic 
Applications in Allylic Substitution. Eur. J. Inorg. Chem. 2009, 
5583-5591. (c). Leca, F.; Lescop, C.; Toupet, L.; Réau, R. A New 
Family of P, N Chelates:  Stereoselective Synthesis of 2-Pyridyl-2-
phospholenes in the Coordination Sphere of Palladium(II) 
Complexes. Organometallics 2004, 23, 6191-6201 (d) Leca, F.; 
Sauthier, M.; Guennic, B. L.; Lescop, C.; Toupet, L.; Halet, J. -F.; 
Réau, R. Stereospecific isomerisation of P-heterocycles triggered 
by coordination: synthesis of the first P,N-chelates featuring a 2-
phospholene moiety. Chem. Commun. 2003, 1774-1775.

(6) (a) Song, Y. Y.; Wang, L. L.; Duan, Z.; Mathey, F. Divergent 
intramolecular reactions between phosphines and alkynes. Chin. 
Chem. Lett. 2020, 31, 329-332. (b) Hou, J. J.; Xu, Y. Z.; Gan, Z. J.; 
Zhao, X.; Duan, Z.; Mathey, F. Cyclization of ortho-
alkynylphenylphosphine P-ylides; dependence on ylide 
nucleophilicity. J. Organomet. Chem. 2019，879, 158-161 (c) Tao, 
G. Y.; Duan, Z.; Mathey, F. Zwitterionic nido-Carborane-Fused 
Phospholes. Org. Lett. 2019, 21, 2273-2276. (d) Zhao, X.; Lu, Z. 
M.; Wang, Q. Y.; Wei, D. H.; Lu, Y. P.; Duan, Z.; Mathey, F. 
Blocking Intramolecular Cycloadditions between C≡C Triple 
Bonds and Electrophilic Phosphinidene Complexes: Generation of 
Intermediates Able To React with Arenes. Organometallics 2016, 
35, 3440-3443. (e) Zhao, X.; Gan, Z. J.; Hu, C. P.; Duan, Z.; 
Mathey, F. Planar Polycyclic Oxaphosphoranes Incorporating a 
Benzophosphole Unit. Org. Lett. 2017, 19, 5814-5817. (f) Zhou, 
Y.; Gan, Z. J.; Su, B.; Li, J.; Duan, Z.; Mathey, F. Intramolecular, 
Pd/Cu-Co-catalyzed P-C Bond Cleavage and Addition onto an 
Alkyne: A Route to Benzophospholes. Org. Lett. 2015, 17, 5722-
5724. (g) Xu, Y. Z.; Wang, Z. H.; Gan, Z. J.; Xi, Q. Z.; Duan, Z.; 

Page 7 of 8

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

Mathey, F. Versatile Synthesis of Phospholides from Open-Chain 
Precursors. Application to Annelated Pyrrole-and Silole-Phosphole 
Rings. Org. Lett. 2015, 17, 1732-1734.

(7) (a) An, Q.; Sun, Q.; Weu, A.; Becker-Koch, D.; Paulus, F.; 
Arndt, S.; Stuck, F.; Hashmi, A. S. K.; Tessler, N.; Vaynzof, Y. 
Enhancing the Open-Circuit Voltage of Perovskite Solar Cells by 
up to 120 mV Using π-Extended Phosphoniumfluorene 
Electrolytes as Hole Blocking Layers. Adv. Energy Mater. 2019, 9, 
1901257. (b) Arndt, S.; Borstelmann, J.; Saatlo, R. E.; Antoni, P. 
W.;. Rominger, F.; Rudolph, M.; An, Q.; Vaynzof, Y.; Hashmi, A. 
S. K. The Gold(I)-Mediated Domino Reaction to Fused Diphenyl 
Phosphoniumfluorenes: Mechanistic Consequences for Gold-
Catalyzed Hydroarylations and Application in Solar Cells. Chem. 
Eur. J. 2018, 24, 7882-7889.(c) Arribat, M.; Rémond, E.; Clément, 
S.; Lee, A. V. D.; Cavelier, F. Phospholyl(borane) Amino Acids 
and Peptides: Stereoselective Synthesis and Fluorescent Properties 
with Large Stokes Shift. J. Am. Chem. Soc. 2018, 140, 1028-1034. 
(d) Wang, C. G.; Fukazawa, A.; Tanabe, Y.; Inai, N.; Yokogawa, 
D.; Yamaguchi, S. Water-Soluble Phospholo[3,2-b]phosphole P,P-
Dioxide-Based Fluorescent Dyes with High Photostability. Chem. 
Asian. J. 2018, 13, 1616-1624.(e) Arndt, S.; Hansmann, M. M.; 
Motloch, P.; Rudolph, M.; Rominger, F.; Hashmi, A. S. K. 
Intramolecular anti-Phosphinoauration of Alkynes: An FLP-
Motivated Approach to Stable Aurated Phosphindolium 
Complexes. Chem. -Eur. J. 2017, 23, 2542-2547. (f) Arndt, S.; 
Hansmann, M. M.; Rominger, F.; Rudolph, M.; Hashmi, A. S. K. 
Direct Access to π-Extended Phosphindolium Salts by Simple 
Proton-Induced Cyclization of (o-Alkynylphenyl) phosphanes. 
Chem. Eur. J. 2017, 23, 5429-5433. (g) Pérez-Saavedra, B.; 
Vázquez-Galiñanes, N.; Saá, C.; Fañanás-Mastral, M. Copper(I)-
Catalyzed Tandem Carboarylation/Cyclization of Alkynyl 
Phosphonates with Diaryliodonium Salts. ACS Catal. 2017, 7, 
6104-6109. (h) Chen, Y. -R.; Duan, W. -L. Silver-Mediated 
Oxidative C-H/P-H Functionalization: An Efficient Route for the 
Synthesis of Benzo[b]phosphole Oxides. J. Am. Chem. Soc. 2013, 
135, 16754-16757. (i) Fukazawa, A.; Yamaguchi, E.; Ito, E.; 
Yamada, H.; Wang, J.; Irle, S.; Yamaguchi, S. Zwitterionic Ladder 
Stilbenes with Phosphonium and Borate Bridges: Intramolecular 
Cascade Cyclization and Structure-Photophysical Properties 
Relationship. Organometallics 2011, 30, 3870-3879. (j) Sanji, T.; 
Shiraishi, K.; Kashiwabara, T.; Tanaka, M. Base-Mediated 
Cyclization Reaction of 2-Alkynylphenylphosphine Oxides: 
Synthesis and Photophysical Properties of Benzo[b]phosphole 
Oxides. Org. Lett. 2008, 10, 2689-2692. (k) Tsuji, H.; Sato, K.; 
Ilies, L.; Itoh, Y.; Sato, Y.; Nakamura, E. Modular Synthesis of 
Benzo [b] phosphole Derivatives via BuLi- Mediated Cyclization 
of (o- Alkynylphenyl) phosphine. Org. Lett. 2008, 10, 2263-2265.

(8) (a) Li, B.; Zhou, B.; Lu, H.; Ma, L.; Peng, A. -Y. 
Phosphaisocoumarins as a new class of potent inhibitors for 
pancreatic cholesterol esterase. Eur. J. Med. Chem. 2010, 45, 1955-
1963. (b) Peng, A. -Y.; Ding, Y. -X. Synthesis of 
Phosphaisocoumarins via Iodocyclization. Org. Lett. 2004, 6, 
1119-1121. (c) Peng, A. -Y.; Ding, Y. -X. The Synthesis of 
Phosphaisocoumarins by Cu (I)- Catalyzed Intramolecular 
Cyclization of o-Ethynylphenylphosphonic Acid Monoesters. J. 
Am. Chem. Soc. 2003, 125, 15006-15007.

(9) (a) Tang, W. J.; Qu, B.; Capacci, A. G.; Rodriguez, S.; Wei, X.; 
Haddad, N.; Narayanan, B.; Ma, S.; Grinberg, N.; Yee, N. K.; 
Krishnamurthy, D.; Senanayake, C. H. Novel, Tunable, and 
Efficient Chiral Bisdihydrobenzooxaphosphole Ligands for 
Asymmetric Hydrogenation. Org. Lett. 2010, 12, 176-179. (b) 
Clayden, J.; Warren, S. Stereokontrolle in der organischen 

Synthese durch Verwendung der Diphenylphosphorylgruppe. 
Angew. Chem. 1996, 108, 261-291. (c) Vineyard, B. D.; Knowles, 
W. S.; Sabacky, M. J.; Bachman, G. L.; Weinkauff, D. J. 
Asymmetric hydrogenation. Rhodium chiral bisphosphine catalyst. 
J. Am. Chem. Soc. 1977, 99, 5946-5952. (d) Peterson, D. J. 
Phosphinomethyllithium compounds IV. An improved method of 
preparation and some synthetic applications. J. Organomet. Chem. 
1967, 8, 199-208.

(10) Beaud, R.; Phipps, R. J.; Gaunt, M. J. Enantioselective Cu-
Catalyzed Arylation of Secondary Phosphine Oxides with 
Diaryliodonium Salts toward the Synthesis of P-Chiral Phosphines. 
J. Am. Chem. Soc. 2016, 138, 13183-13186.

(11) Li, Y. B.; Liu, X. H.; Jiang, H. F.; Feng, Z. N. Expedient 
Synthesis of Functionalized Conjugated Enynes: Palladium-
Catalyzed Bromoalkynylation of Alkynes. Angew. Chem. Int. Ed. 
2010, 49, 3338-3341.

(12) Zhang, L.; Liu, C.; Duan, Z.; Mathey, F. A Straightforward 
Synthesis of 1,2-Azaphosphindoles. Eur. J. Inorg. Chem. 2017, 
2504-2509.

(13) Adams, H.; Collins, R. C.; Jones, S.; Warner, C. J. A. 
Enantioselective Preparation of P-Chiral Phosphine Oxides. Org. 
Lett. 2011, 13, 6576-6579

(14) (a) Hérault, D.; Nguyen, D. H.; Nuel, D.; Buono, G. Reduction 
of secondary and tertiary phosphine oxides to phosphines. Chem. 
Soc. Rev. 2015, 44, 2508-2528. (b) Coumbe, T.; Lawrence, N. J.; 
Muhammad, F. Titanium (IV) catalysis in the reduction of 
phosphine oxides. Tetrahedron Lett. 1994, 35, 625-628. (c) Marsi, 
K. L. Phenylsilane reduction of phosphine oxides with complete 
stereospecificity. J. Org. Chem. 1974, 39, 265-267. (d) Naumann, 
K.; Zon, G.; Mislow, K. Use of hexachlorodisilane as a reducing 
agent. Stereospecific deoxygenation of acyclic phosphine oxides.  
J. Am. Chem. Soc. 1969, 91, 7012-7023. (e) Horner, L.; Balzer, W. 
D. Phosphororganische verbindungen IXL zum sterischen verlauf 
der desoxygenierung von tertiären phosphinoxyden zu tertiären 
phosphinen mit trichlorsilan. Tetrahedron Lett. 1965, 6, 1157-
1162.

(15) (a) Chen, M.; Su, N. J.; Deng T. N.; Wink, D. J.; Zhao,Y. W.; 
Driver, T. G. Controlling the Selectivity Patterns of Au-Catalyzed 
Cyclization–Migration Reactions. Org. Lett. 2019, 21, 1555-1558. 
(b) Sun, L. -L.; Deng, C. -L.; Tang, R. -Y.; Zhang X. -G. 
CuI/TMEDA-Catalyzed Annulation of 2-Bromo Alkynylbenzenes 
with Na2S: Synthesis of Benzo[b]thiophenes. J. Org. Chem. 2011, 
76, 7546-7550. (c) Guilarte, V.; Fernández-Rodríguez, M. A.; 
García-García, P.; Hernando, E.; Sanz, R. A Practical, One-Pot 
Synthesis of Highly Substituted Thiophenes and 
Benzo[b]thiophenes from Bromoenynes and o-
Alkynylbromobenzenes. Org. Lett. 2011, 13, 5100-5103. (d) Kuhn, 
M.; Falk, F. C.; Paradies, J. Palladium-Catalyzed C-S Coupling: 
Access to Thioethers, Benzo[b]thiophenes, and Thieno[3,2-
b]thiophenes. Org. Lett. 2011, 13, 4100-4103.

Page 8 of 8

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


