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1. Experimental information  

General Information. TiO2 (the mixture of anatase and rutile, specific surface area: 50-51 

m2g−1) was purchased from a local supplier. Starting materials were purchased from commercial 

suppliers and used without further purification. All the solvents (HPLC grade) were dried and 

purified according to standard methods. The phase evolution of the catalyst was characterized by 

X-ray diffraction technique using Bruker D8-advance X-ray diffractometer with Cu Ka (λ = 

1.54178 Å) radiation. The distribution and morphology of the product were analyzed by JEOL, 

JSM-7610F Fe-SEM. UV–vis diffuse reflectance spectrum was performed with a Shimadzu UV-

2450 spectrophotometer. Brunauer–Emmett–Teller (BET) surface area, pore volume, and 

Barret–Joyner–Halenda (BJH) pore size distribution on the basis of nitrogen adsorption–

desorption isotherms were determined with a Micromeritics ASSP 2020 equipment. Melting 

points were measured on a Buchi 510 apparatus in open capillary tubes and were uncorrected. 1H 

NMR, 13C NMR, and 31P NMR spectra were recorded in CDCl3, unless otherwise noted, using 

residual solvent peaks as an internal standard or Me4Si, 31P NMR spectra were referenced to 

external H3PO4 (0 ppm), Bruker Advance DPX FT 300 MHz and Bruker Ultrashield 400 MHz 

spectrometry (multiplicity: s = singlet, d = doublet, t = triplet, dd = doublet of doublets, m = 

multiplet), coupling constants (J): in Hertz (Hz)). FT-IR spectra were obtained by a Shimadzu 

FT-IR 8300 spectrophotometer. The reactions were monitored by thin layer chromatography 

(TLC): silica gel PolyGram SIL G/UV 254 plates and visualized by UV lamp at 254 nm. The 

products purified by hand-made column chromatography: short columns of SiO2 60 (230–400 

mesh) in glass columns (0.5 –1.0 cm).  

 

Experimental 

Preparation of black TiO2 photocatalyst.  

Black TiO2 NPs were prepared according to a reported procedure1. Briefly, 2.0 g of TiO2 NPs 

powder (anatase and rutile) were mixed with 0.75 g of NaBH4 and the obtaining mixture was 

ground for 40 min at room temperature. Next, this mixture was placed into a porcelain boat, and 

transferred in a tubular furnace. The porcelain boat was heated from room temperature to 350 0C 

(10 0C/min) then held for 60 min under an Ar atmosphere. The reaction was allowed to cool 

down to room temperature; the colored TiO2 was washed with deionized water (three times) and 

ethanol (three times) and dried at 75 0C on the vacuum oven. 

 

Typical procedure for C-P bond formation. 

4-Iodotoluene (109 mg, 0.5 mmol), diphenylphosphine oxide (120 mg, 0.6 mmol), black TiO2 

NPs (3.0 mg), NiCl2·glyme (10.9 mg, 10 mol %), dtbbpy (13.4 mg, 10 mol %), CS2CO3 (163 mg, 

1.0 equiv.) were placed in the vessel, equipped with a stir bar then capped with a septum and 

parafilm, and 3.0 mL of dried MeCN was injected into the vessel.  The vessel was then degassed 
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with Ar for 10 minutes and the reaction mixture was sonicated for 5-10 min. Afterward, the 

mixture was stirred, under Ar, at room temperature under 15 W white LED for 24h. After 

completion, the reaction mixture was centrifuged to separate the catalyst, then, the solvent was 

removed by vacuum and the crude was diluted with ethylacetate or dichloromethane (15 ml), 

washed with brine (2× 10 ml) then the organic phase was dried over MgSO4, filtered, and the 

solvent was removed under redued pressure. The residue was purified by flash chromatography 

on silica gel (eluent: hexane/dichloromethane (6:1~1:1)) to afford the desired product 3a in 91% 

yield. 

 

The box used for the reactions 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. The box containing 15 W blue LED lamp (λ > 410 nm) and the reaction setup up 

under sunlight. 

2. Synthesis and characterization of black TiO2 

Black TiO2 NPs was prepared by applying a feasible method based on the treatment of a grinded 

mixture of TiO2 (p25) and NaBH4 in a tubular furnace heated under an inert atmosphere. The 

resulting black TiO2 NPs was washed, dried and characterized via Fourier-transform infrared 

spectroscopy (FT-IR), X-ray diffraction energy (XRD), Scanning electron microscope (SEM), 

and diffuse reflectance ultraviolet-visible spectrophotometry (UV–Vis). As depicted in Figure 

S2a, both white and black TiO2 exhibited similar transmittance patterns in FT-IR. The broad band 

appeared in the spectrum at the 500 to 900 cm-1 was ascribed to the stretching peaks of Ti-O-Ti 
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bonds. Moreover, O–H stretching (bridging O–H groups) and bending vibration of absorbed 

water (H-O-H bonds) appeared at 3426 cm-1, 2922 cm-1, 2852 cm-1, and 1634 cm-1, respectively2. 

However, the intensity of the water absorbed peaks have been reduced in black TiO2 rather than 

white TiO2. This change probably raised from the incorporation of hydrogen into the TiO2 which 

generated oxygen vacancy and partly passivate the number of oxygen dangling bonds. The XRD 

was applied to characterize the crystalline phase change of TiO2 nanocrystals before and after 

treatment with NaBH4 (Figure S2b). The diffraction peaks at 2θ values of  25.6° and 27.7° were  

ascribed to the diffractions of (101) and (110) planes for anatase and rutile structures, 

respectively 3. According to the maximum diffraction peaks (black TiO2) in Figure 1b and using 

Scherrer’s equation (D=Kλ/ βcosθ), where D is the crystallite size, K is Scherrer constant usually 

taken as 0.9 in this case, λ is the wavelength of the X-ray radiation (0.15418 nm for Cu Kα), and 

β is the full width at half maximum (FWHM) of the diffraction peaks measured at 2θ, the 

average sizes of black TiO2 crystal for anatase and rutile (101 and 110) are estimated ~24.8 nm 

and ~53.9 nm, respectively (25.7 nm and 55.6 nm for white TiO2). These values exhibited there 

is no significant change in particle size of black TiO2 after treatment with NaBH4. However, 

some peaks of black TiO2 showed slightly broadening, which are probably in connection with 

oxygen vacancies resulted from disorder-induced lattice strains. Moreover, two new peaks 

appeared (shown with * in the spectrum of black TiO2). It can be assumed a new crystalline 

phase was probably formed due to the mixture of reduced TiO2 species such as Ti9O17, Ti8O15, 

and Ti3O5
1. 

 

 

 

  

 

 

 

 

 

 

 

 

Figure S2. FT-IR spectra of white and black TiO2 (a), The XRD patterns of white and black TiO2 (b).  

 

While the diffuse reflectance UV-Vis spectrum (UV-DRS) of white TiO2 showed absorption band 

lower than 400 nm (charge transfer from O 2p valence band to Ti 3d conduction band4), black 

TiO2 revealed a broad absorption, starting at 400 nm to 900 nm, along with significant 

improvement in the visible light absorption rather than white TiO2 (Figure S3a). Moreover, the 

band gap of black TiO2 was calculated by using Tauc's equation and found to be about 2.6 eV 

b a 
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which band-gap narrowing of 0.6 eV was observed in comparison with white TiO2. According to 

the SEM image, after hydrogen doping in black TiO2, there is no significant change in the 

morphology of the black TiO2 NP rather than before treatment with NaBH4. Also, it could be 

surveyed by the N2 adsorption experiment. The BET analysis revealed that specific surface areas 

of black TiO2 and white TiO2 are 50.5 m2g-1 and 50 m2g-1, respectively. Notably, energy 

dispersive X-ray (EDX) analysis revealed about 1.9 % of Na impurity in TiO2 after treatment 

with NaBH4 (Figure S3d and S3e). 
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Figure S3. UV-Vis spectra of white and black TiO2 (a), SEM of black TiO2 (b) and white TiO2 (c), mapping (d) and 

EDX (e) of black TiO2. 

 

Calculation of band Gap 

The optical band gap of the semiconductors can be calculated by using the absorption spectrum 

and the following equation to draw Tauc plot5. 

  

Eq.1:   (αhν)1/n = A(hν - Eg) 

h: Planck's constant, ν: frequency of vibration, 

α: absorption (extinction ) coefficient 

Eg: band gap, 

A: proportionality constant 

n: the value of the exponent n denotes the nature of the transition  

In this study, this method was applied to estimate the band gap energy value of black TiO2 and 

white TiO2 photocatalyst which obtained from UV–Vis spectra of the coresponding 

semiconductors6. Figure S4 depicts the plot of band-gap energy for black TiO2 and white TiO2, 

obtained by Tauc's equation (1) 7. 

Eq.2: [ahv]1/2  = A(hv-Eg)  

The calculated band-gap energy found to be 2.6 eV for black TiO2 and 3.2 eV for white TiO2 

(anatase), respectively. Noticeably, by treatment of hydrogen with TiO2, the band-gap of black 

TiO2 was significantly reduced.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.  The plot for the band gap calculation of black TiO2 NPs (a) and white TiO2 NPs (b).  
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BET and BJH results 

  

 

 

 

 

 

Figure S5.  BJH and BET data, the absorption 

and desorption isotherm diagram of black TiO2. 

 

 

3. Sun light, gram-scale and reusability tests 

When the model reaction was carried out under sunlight (the reaction vessel was sealed, 

evacuated and refilled with Ar gas for three times, followed by addition of degassed MeCN, in 

two consecutive sunny days at Shiraz University, Jul. 21, 22 2018, 29°59′ north latitude and 

52°58′ east longitude, 1500 m above the sea level), 92 % of desired product was obtained with a 

shortened reaction time (Scheme S1a). The gram-scale reaction was further carried out and 

exhibited an acceptable efficiency after 30h (Scheme S1b). Recoverability and reusability are 

key factors of a heterogeneous catalyst, so, we tested the reusability of black TiO2 in this 

photocatalytic process. The model reaction was conducted for five cycles and after each run, the 

mixture was centrifuged to remove black TiO2; then, the photocatalyst was washed with EtOH 

and MeCN, dried in a vacuum oven and used in the subsequent run. The reusability test revealed 

the black TiO2 maintained a high efficiency during five subsequent runs (Figure S6) and the 

product yield decreased only 12 % after the last run. This decrease would be rationalized by the 

loss of small amounts of black TiO2 (about 0.5 mg after last run) during these consequent runs.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme S1. Visible-light-mediated C-P formation under sunlight (a) and gram-scale reaction (b).  

BJH desorption summary BET  

Surface Area Pore 

Volume 

Pore Diameter 

(d) 

Surface Area 

65.231 m²/g 0.439 cm3/g 34.268 nm 50.51 m²/g 
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Figure S6. Reusability of black TiO2 in semi heterogeneous dual catalytic C-P formation. 

 

   It was possible that a small amount of nickel could be deposited onto the surface of recovered 

black TiO2 during cycles. So, after the last run, we surveyed nickel content by inductively 

coupled plasma (ICP) and atomic absorption spectroscopy. The result revealed 0.8 % of nickel 

on the surface of black TiO2. However, when the recovered photocatalyst without nickel complex 

and ligand (NiCl2.glyme and dtbbpy) was applied in the reaction, it resulted in only 11 % of the 

corresponding product (3a), upon 31P NMR yield.  

After the last run, the recovered photocatalyst was characterized via FT-IR, XRD, and UV–Vis. 

As expected, no apparent change was observed in XRD pattern and IR spectrum of recovered 

black TiO2 owning to small crystallite size and low amount of nickel content onto the surface of 

the recovered photocatalyst8. As demonstrated in Figure S7, the FT-IR and UV–DRS analysis 

revealed no significant change in transmittance patterns and absorption of black TiO2 before and 

after recovery. In addition, XRD patterns showed that the recovered photocatalyst has maintained 

the crystalline phase during experiments.   
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Figure S7. The characterization of the recovered photocatalyst, FT-IR (a), Uv-Vis (b) and XRD (c).  

 

4. Control experiments 

First, 2,2,6,6-Tetramethylpiperidinyl-1-oxy (TEMPO) as a common radical scavenger  and 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO) as an electron-trapping agent for semiconductors9 were 

separately employed under typical reaction condition which suppressed the generation of the 

corresponding product (3a). Then, two scavengers namely triethanolamine (TEA) and 

ethylenediaminetetraacetic acid (EDTA) were applied in this reaction condition to trap the 

photogenerated holes9a, 10 of the photocatalyst which resulted in a sharp decrease of the product 

yield (Scheme S2). Next, an “On/off” LED irradiation experiment was performed under typical 

condition except for interval on/off light irritation after every 3h. Accordingly, the reaction 

progress merely occurred during the periods of light irradiation (Figure S8). 

 

 

 

 

 

 

 

Scheme S2. Control experiment in the presence of quenchers. 
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Figure S8.  “On/off” LED irradiation experiment, 31P NMR yields of 3a using triethyl phosphate as an internal 

standard. 

 

   Moreover, the correlation of the black TiO2 performance with light irradiation was investigated 

through wavelength and light intensity tests. As illustrated in Figure S9a, whereas in the 

wavelengths range of white, blue and green LED lamps (15 W) the product yields are nearly the 

same, in the range of red LED lamp (15 W) it exhibited a sharp decrease yield under typical 

condition. These results might be justified with the band gap of modified photocatalyst (2.6 eV). 

Similarly, the correspondence of the photocatalytic activity and intensity of the light source was 

surveyed. According to Figure S9b, by increasing the irritation intensity from 5w bulb-shaped 

white LED lamps to 15 W, the reaction progress showed gradual enhance in the product yields. 

Notably, all the LED lamps were used at an identical distance.     

 

 

 

 

 

 

 

 

 

 

 

Figure S9. The dependence of the photocatalytic activity of black TiO2 on the wavelength of the light irradiation (a) 

and the intensity of the light irradiation (b), isolated yield.  

 

5. Characterization of compounds 

diphenyl(p-tolyl)phosphine oxide (3a)11 

a b 
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White solid, mp = 131-132 oC (lit. 130.4-131.3 oC). 1H NMR (400 MHz, CDCl3) δ 7.70 – 7.63 

(m, 4H), 7.59 – 7.50 (m, 4H), 7.41-7.45 (m, 4H), 7.25 (dd, J = 8.1, 2.7 Hz, 2H), 2.38 (s, 3H). 13C 

NMR (101 MHz, CDCl3) δ 142.43 (d, J = 2.6 Hz), 132.22 (d, J = 104.1 Hz), 132.08 (d, J = 10.2 

Hz), 132.05 (d, J = 9.8 Hz), 131.98 (d, J = 2.6 Hz), 130.74 (d, J = 106.7 Hz), 130.62 (d, J =12.6 

Hz), 129.30 (d, J = 12.0 Hz), 128.33 (d, J = 11.9 Hz), 21.58. 31P NMR (162 MHz, CDCl3) δ 

27.85. 

 

(4-(tert-butyl)phenyl)diphenylphosphine oxide (3b)12 

 

 

 

White solid; mp 131-132 °C (lit. 132-133 oC). 1H NMR (400 MHz, CDCl3) δ 7.78 – 7.65 (m, 

6H), 7.54 – 7.40 (m, 8H), 1.33 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 153.92, 132.27 (d, J = 

104.5 Hz), 132.25 (d, J = 9.7 Hz), 132.02(d, J = 10.3 Hz), 131.84 (d, J = 2.0 Hz), 128.46 (d, J = 

107.2 Hz), 127.77 (d, J = 12.1 Hz), 125.70 (d, J = 12.5 Hz), 34.62, 31.17. 31P NMR (162 MHz, 

CDCl3) δ 28.26. 

 

(4-methoxyphenyl)diphenylphosphine oxide (3c)13 

 

White solid , mp 113-115 °C (lit. 114.1-115.2 oC). 1H NMR (400 MHz, Chloroform-d) δ 7.66 

(dd, J = 12.1, 7.7 Hz, 2H), 7.59 (dd, J = 11.4, 8.4 Hz, 1H), 7.51-7.54 (m, 1H), 7.41-7.46 (m, 2H), 

6.95 (d, J = 8.1 Hz, 1H), 3.83 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 162.50 (d, J = 2.8 Hz), 

134.0 (d, J = 11.2 Hz), 133.46 (d, J = 104.4 Hz), 132.43 (d, J = 10.0 Hz), 131.99 (d, J = 2.7 Hz), 

128.48 (d, J = 12.2 Hz), 123.36 (d, J = 110.3 Hz), 114.08 (d, J = 13.2 Hz), 55.34. 31P NMR (162 

MHz, CDCl3) δ 28.97. 

triphenylphosphine oxide (3d)14 
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White solid, mp 155-157 °C (lit. 154.5-156.2 oC). 1H NMR (300 MHz, Chloroform-d) δ 7.76 – 

7.62 (m, 6H), 7.61 – 7.51 (m, 3H), 7.51 – 7.41 (m, 6H). 13C NMR (75 MHz, Chloroform-d) δ 

133.29 , 132.15 (d, J = 104.6 Hz) , 132.02 (d, J = 9.9 Hz) , 131.90 (d, J = 2.2 Hz), 128.53 (d, J = 

12.1 Hz). 31P NMR (122 MHz, CDCl3) δ 28.98. 

 

(4-fluorophenyl)diphenylphosphine oxide (3e)14 

 

White solid, m.p.: 134-135 °C (lit. 133.6-135.5 oC). 1H NMR (400 MHz, Chloroform-d) δ 7.62-

7.68 (m, 6H), 7.50-7.54 (m, 2H), 7.41-7.46 (m, 4H), 7.10-7.14 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ 165.01 (dd, JC-F = 253.5, JC-P = 3.2 Hz), 134.55 (dd, JC-P = 11.1, JC-F = 8.8 Hz), 132.28 

(d, JC-P = 104.8 Hz), 132.07 (d, JC-P = 3.03), 131.97 (d, JC-P = 10.1 Hz), 128.56 (dd, JC-P = 106.5, 

JC-F = 3.4 Hz), 115.86 (dd, JC-F = 21.4, JC-P = 13.2 Hz). 31P NMR (162 MHz, CDCl3) δ 28.27. 

 

diphenyl(4-(trifluoromethyl)phenyl)phosphine oxide (3f)15 

 

White solid, mp 88–90 °C (lit. 89-90 oC). 1H NMR (400 MHz, CDCl3) δ 7.80-7.85 (m, 2H), 

7.75-7.62 (m, 6H), 7.54-7.60 (m, 2H), 7.46-7.50 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 136.99 

(d, JC-P = 99.3 Hz), 133.14-134.15 (m, JC-P and JC-F), 132.55 (d, JC-P = 10.1 Hz), 132.39 (d, JC-P = 

2.7 Hz), 132.01 (d, JC-P = 10.0 Hz), 130.71 (d, JC-P = 11.2 Hz), 128.71 (d, JC-P = 12.2 Hz), 125.39 

(dq, JC-P = 12.1 Hz, JC-F = 3.5 Hz), 122.19. 31P NMR (162 MHz, CDCl3) δ 28.01. 

methyl 4-(diphenylphosphoryl)benzoate (3g)14 
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White solid. m.p 114-115 °C (lit. 113.4–114.5 °C). 1H NMR (400 MHz, CDCl3) δ 8.12 (dd, J = 

8.3, 2.5 Hz, 2H), 7.86 – 7.74 (m, 2H), 7.65-7.70 (m, 4H), 7.56-7.60 (m, 2H), 7.46 – 7.51 (m, 

4H), 3.95 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 167.24, 137.07, 132.31, 132.23 133.2 (d, J = 

2.7 Hz), 132.15 (d, J = 10.2 Hz), 131.27, 129.41 (d, J = 12.2 Hz) 128.65 (d, J = 12.2 Hz), 52.45. 
31P NMR (162 MHz, CDCl3) δ 28.48. 

(2-methoxyphenyl)diphenylphosphine oxide  (3h) 

 

White solid. 1H NMR (400 MHz, CDCl3) δ 7.80 – 7.65 (m, 5H), 7.53 – 7.44 (m, 3H). 7.37-7.42 

(m, 4H), 7.05 (td, J = 7.6, 2.0 Hz, 1H), 6.89 (dd, J = 8.3, 5.3 Hz, 1H), 3.52 (s, 3H). 13C NMR 

(101 MHz, CDCl3) δ 160.83 (d, J = 3.0 Hz), 134.87 (d, J = 7.0 Hz), 134.31 (d, J = 2.0 Hz), 

133.70, 132.63, 131.76 (d, J = 10.1Hz), 131.44 (d, J = 3.0 Hz), 130.66 (d, J = 12.1 Hz), 128.90 

(d, J = 12.1 Hz), 128.09 (d, J = 13.1 Hz), 121.94 (d, J = 12.1 Hz), 120.74, 119.71, 111.46 (d, J = 

7.0 Hz), 55.24. 31P NMR (162 MHz, CDCl3) δ 27.39. 

diphenyl(o-tolyl)phosphine oxide (3i)12 

 

Light yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.70 – 7.61 (m, 4H), 7.56 – 7.49 (m, 2H), 7.49 

– 7.37 (m, 5H), 7.26 (dd, J = 7.7, 4.2 Hz, 1H), 7.11 (td, J = 7.6, 2.6 Hz, 1H), 7.03 (ddd, J = 13.8, 

7.7, 1.5 Hz, 1H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 143.25 (d, J = 8.1 Hz), 133.39 (d, 

J = 12.4 Hz), 132.79 (d, J = 104.5 Hz), 132.06 (d, J = 2.1 Hz), 131.88 (d, J = 10.1 Hz), 131.74 

(d, J = 2.1 Hz), 130.82 (d, J = 104.3 Hz), 128.53 (d, J = 12.1 Hz),125.16 (d, J = 12.7 Hz), 21.67 

(d, J = 4.4 Hz). 31P NMR (122 MHz, CDCl3) δ 31.62.  

phenanthren-9-yldiphenylphosphine oxide (3j) 
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 White solid. 1H NMR (300 MHz, CDCl3) δ 8.75 – 8.61 (m, 3H), 7.82 – 7.67 (m, 7H), 7.65 – 

7.62 (m, 1H), 7.60 – 7.51 (m, 3H), 7.47.49-3 (m, 5H). 13C NMR (75 MHz, CDCl3) δ 136.86 (d, 

J = 11.3 Hz), 133.37, 132.16 (d, J = 9.7 Hz), 132.00 (d, J = 2.8 Hz), 130.97 (d, J = 8.5 Hz), 

130.76 (d, J = 8.6 Hz), 130.05, 129.70 (d, J = 14.8 Hz), 129.14, 128.67 (d, J = 12.2 Hz), 127.20 

(d, J = 4.2 Hz), 127.04, 123.05, 122.65. 31P NMR (122 MHz, CDCl3) δ 32.58. 

naphthalen-2-yldiphenylphosphine oxide (3k)14 

 

Light yellow oil. 1H NMR (400 MHz, CDCl3) δ 8.35 – 8.26 (m, 1H), 7.85-7.91 (m, 3H), 7.69-

7.75 (m, 4H), 7.62-7.66 (m, 1H), 7.50 – 7.58 (m, 4H), 7.43-7.48 (m, 4H). 13C NMR (101 MHz, 

CDCl3) δ 134.71 (d, J = 2.5 Hz), 134.02 (d, J = 9.2 Hz), 133.06, 132.42 (d, J = 13.2 Hz), 132.14 

(d, J = 10.0 Hz), 132.01 (d, J = 2.6 Hz), 131.38 (d, J = 10.2 Hz), 130.70 (d, J = 11.5 Hz), 130.07, 

128.96, 128.56 (d, J = 12.1 Hz), 128.38, 128.27 (d, J = 2.3 Hz), 127.84, 126.97, 126.84 (d, J = 

10.6 Hz). 31P NMR (162 MHz, CDCl3) δ 29.17. 

naphthalen-1-yldiphenylphosphine oxide (3l)11 

 

White solid, mp 183-184 oC (lit. 184.8-185.7 oC). 1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 8.4 

Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 8.1 Hz, 1H), 7.71 (dd, J = 12.1, 7.6 Hz, 4H), 7.50-

7.55 (m, 2H), 7.42-7.48 (m, 2H), 7.47 – 7.37 (m, 4H), 7.40 – 7.27 (m, 2H). 13C NMR (101 MHz, 

CDCl3) δ 133.91 (d, J = 9.1 Hz), 133.71 (d, J = 6.2 Hz), 133.34 (d, J = 2.9 Hz), 132.76 (d, J = 

104.4 Hz), 132.08 (d, J = 9.8 Hz), 131.95 (d, J = 2.8 Hz), 129.36, 128.81, 128.62 (d, J = 12.0 

Hz), 128.35, 127.60 (d, J = 5.8 Hz), 126.94 (d, J = 84.5 Hz), 124.18 (d, J = 14.3 Hz). 31P NMR 

(162 MHz, CDCl3) δ 32.45. 
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diphenyl(pyridin-3-yl)phosphine oxide (3m)14 

 

White solid, mp 124–126 °C (lit. 124.1–125.6 °C) . 1H NMR (300 MHz, CDCl3) δ 8.86 -8.60 (m, 

2H), 8.02 (t, J = 9.8 Hz, 1H), 7.75 – 7.59 (m, 4H), 7.60 – 7.51 (m, 2H), 7.48 - 7.35 (m, 5H). 13C 

NMR (75 MHz, CDCl3) δ 152.58, 152.41, 148.73 (d, J = 86.2 Hz), 139.72 (d, J = 7.8 Hz), 

132.41 (d, J = 2.8 Hz), 131.95 (d, J = 10.2 Hz), 130.71, 128.75 (d, J = 12.4 Hz), 123.45 (d, J = 

8.9 Hz). 31P NMR (122 MHz, CDCl3) δ 26.49. 

(1H-indol-5-yl)diphenylphosphine oxide (3n)16 

 

White solid. 1H NMR (300 MHz, CDCl3) δ 10.75 (s, 1H), 7.87 (dd, J = 13.4, 1.4 Hz, 1H), 7.77 – 

7.67 (m, 4H), 7.57 – 7.48 (m, 2H), 7.48 – 7.39 (m, 5H), 7.35 – 7.28 (m, 1H), 7.19 (t, J = 2.8 Hz, 

1H), 6.47 (t, J = 2.5 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 138.15, 133.34 (d, J = 103.9 Hz), 

131.74 (d, J = 2.7 Hz), 128.44 (d, J = 12.1 Hz), 127.60 (d, J = 15.2 Hz), 126.52, 125.95 (d, J = 

12.0 Hz), 124.24 (d, J = 11.9 Hz), 121.62, 120.15, 112.13 (d, J = 14.0 Hz), 102.52. 31P NMR 

(122 MHz, CDCl3) δ 32.65. 

diphenyl(thiophen-2-yl)phosphine oxide (3o)12 

 

 

 

Pale yellow oil. 1H NMR (300 MHz, CDCl3) δ 7.76 – 7.62 (m, 5H), 7.57-7.52 (m, 2H), 7.48 – 

7.38 (m, 5H), 7.18-7.15 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 137.05 (d, J = 10.3 Hz) 134.57 

(d, J = 112.0 Hz), 133.97 (d, J = 5.9 Hz), 133.59 (d, J =110.5 Hz), 132.61 (d, J = 2.6 Hz), 131.83 

(d, J = 10.5 Hz), 128.99 (d, J = 12.5 Hz), 128.37 (d, J = 13.8 Hz). 31P NMR (122 MHz, CDCl3) δ 

21.82.  

phenyldi-p-tolylphosphine oxide (3p)12 
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White solid. 1H NMR (400 MHz, CDCl3) δ 7.57-7.78 (m, 2H), 7.51-7.56 (m, 7H), 7.25-7.49 (m, 

4H), 2.37 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 142.6 (d, J = 2.7 Hz), 133.0 (d, J= 104.3 Hz), 

132.3 (d, J = 10.3 Hz), 132.1 (d, J = 9.7 Hz), 131.6 (d, J = 2.8 Hz), 129.8 (d, J = 12.7 Hz), 129.1 

(d, J = 105.7 Hz), 128.2 (d, J = 12.3 Hz), 21.4 (d, J = 1.1 Hz). 31P NMR (162 MHz, CDCl3) δ 

28.20. 

bis(4-methoxyphenyl)(phenyl)phosphine oxide (3s)12 

 

Light yellow oil. 1H NMR (400 MHz, CDCl3) δ  7.54-7.51 (m, 6H), 7.49-7.31 (m, 3H), 6.97-7.04 

(m, 4H), 3.80 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 161.91 (d, J = 2.5 Hz), 133.69 (d, J = 11.3 

Hz), 132.25, 131.98 (d, J = 10.3 Hz), 131.84 (d, J = 2.3 Hz), 128.47 (d, J = 12.6 Hz), 124.20 (d, 

J = 110.4 Hz), 113.86 (d, J = 13.4 Hz), 55.35. 31P NMR (162 MHz, CDCl3) δ 28.16.  
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6. 1H and 13C, and 31P NMR Spectra of Products. 
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