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1. General Information

All reagents were purchased from Zhengzhou Alfa chem Co., Ltd. Unless otherwise stated, all
commercially available reagents were directly used without further purification. All reactions were
monitored by thin layer chromatography (TLC), and column chromatography was carried out on 200-
300 mesh of silica gel purchased from Qing Dao Hai Yang Chemical Industry Co. All nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker Avance 400 MHz in CDCl; at room temperature
(20 £ 3 °C), using tetramethylsilane as internal standard. High resolution mass spectra (HRMS) were
conducted on a 3000-mass spectrometer, using Waters Q-Tof MS/MS system with the ESI technique.
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Scheme S1. The structures of photocatalysts used in this work

2. Experimental procedures

2.1. Preparation of Starting Materials

General experimental procedures for substrates 1a-m/1!

@NHz (1) NaNO,, HCI, H,0 @'
-~
s~ (2) KI S

A mixture of 2-(methylthio)aniline (149 mg, 1.5 mmol), aqueous HCI (37%, 0.3 mL) and water
(1.3 mL) was cooled to 0 °C. A solution of NaNO, (113 mg, 1.6 mmol) in water (0.3 mL) was

added dropwise and stirred for 10 min. The resulting diazonium salt was treated with a solution of

KI (285 mg, 1.7 mmol) in water (0.3 mL). The resulting brown foamy mixture was stirred for 30
min at room temperature and heated at reflux for 15 min. After cooling to ambient temperature,
the reaction was diluted with water (10 mL) and neutralized by slow addition of aqueous Na,S,0s.
The mixture was extracted with dichloromethane (10 mL X2). The combined organic layer was
dried over Na,SQ,, filtered and evaporated in vacuo. The residue was purified by silica gel
column chromatography to afford (2-iodophenyl)(methyl)sulfane as colorless oil (260 mg, 81%).
General experimental procedures for substrates 1n-p!!l

|
S (1) KOH, EtOH
/©i />_NH2 -
R? N (2) Mel R2 S

To the stirred solution of KOH (6 g) in 24 mL of water, benzothioazole (3 mmol) was added
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and refluxed for 17 h. After cooling to room temperature, Mel (3 mmol) was added drop wise and
stirring was continued for an additional 1 h. The resultant reaction mixture extracted with diethyl
ether (3X25 mL) combined organic layers dried over Na,SO,, filtered and concentrated in
vacuum. Purification of the crude product was achieved by flash column chromatography using
petrol ether/ethyl acetate (15:1) as eluent.

General experimental procedures for substrates 1t/

@I (1) NaNO,, HBF 4, MeOH @I
NH, (2) (MeSe), ss

To a stirred solution of methanol (30 mL) and 10 mmol of the 2-iodoaniline, 20 mmol of HBF,4

(3.6 mL, 48% solution) was added dropwise. After the addition was complete, the solution was
allowed to cool to 0 °C. To this solution an aqueous solution of NaNO, (12 mmol in 5 mL of
water) was added dropwise to the reaction mixture, which turned a pale yellow to red brown. The
mixture was allowed to warm to room temperature and methanol was removed under vacuum at
room temperature. The mixture was filtered and washed with cold methanol. The diazonium salt
was dried under vacuum and used for the next step without purification. A suspension of 8 mmol
of the crude diazonium salt in 25 mL of CHCIl; containing 10 mol% of 18-crown-6 and 9 mmol of
dimethyl diselenide was stirred at 0 °C. To this mixture, 16 mmol of KOAc was added in small
portions over a period of 10 min and the resulting solution was allowed to stir for 4 h and then
filtered. The solid residue was washed with chloroform and the resulting filtrate was washed with
water (2X5 mL), dried over anhydrous Na,SO,4, and concentrated under vacuum. The crude
product obtained was then purified by flash chromatography on silica gel using ethyl

"

acetate/hexanes as the eluent.

Pd(Ph3P),Cls(2 mol%) P

! e N Cul (2 mol%) =
_ + R N\ O
2
R X Et3N R2 X/
X=S, Se

To a solution of (2-iodophenyl)(methyl)sulfane (5 mmol), Cul (2 mol %), and Pd(Ph;P),Cl, (2
mol%) in triethylamine (100 mL) was added drop-wise an alkyne (6 mmol) under N,. The reaction

mixture was stirred for 5-10 h at room temperature. Upon completion, the mixture was diluted
with diethyl ether and then washed with water and brine successively. The organic phase was
dried with anhydrous Na,;SOy, filtered, and concentrated under vacuum. The residue was purified
through silica gel flash chromatography to give the desired product in mostly > 90% yield.
Synthesis of N,N-dimethyl-2-iodoaniline!!

= =
NH,

Pd/Cu

2-lodoaniline (2.19 g, 10 mmol), K,CO; (3.45 g, 25 mmol) and iodomethane (1.87 mL, 30
mmol) in 10 mL CH3;CN were stirred under reflux for 12 h. When the reaction was done, the
mixture was treated with water (50 mL), extracted with DCM (2x30 mL). The organic phase was
dried over anhydrous magnesium sulfate and filtered. The solvents were evaporated and the
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residue purified by silica gel column chromatography eluting with Hexane/EtOAc (19:1) yielding
N,N-dimethyl-2-iodoaniline (2.37 g, 96%)).
Synthesis of N,N-dimethyl-2-((trimethylsilyl)ethynyl)aniline!?!

To a stirred solution of N,N-dimethyl-2-iodoaniline (2.47 g, 10 mmol) in 5 mL DMF were
added triethylamine (1.4 mL, 10 mmol), bis(triphenylphosphine)palladium(II) dichloride (70.1 mg,
0.1 mmol), Cul (57 mg, 0.3 mmol), and (trimethylsilyl)acetylene (11-15 mmol), under N,
atmosphere. When the reaction was done, the mixture treated with saturated aqueous ammonium
chloride solution (50 mL) and extracted with diethyl ether (50 mL). The organic phase was dried
over anhydrous magnesium sulfate and filtered. The solvents were evaporated and the residue
purified by silica gel column chromatography eluting with Hexane/Diethyl ether (100:1) yielding
N,N-dimethyl-2-((trimethylsilyl)ethynyl)aniline (1.96 g, 90%).

General procedure for synthesis of 1-methoxy-2-(phenylethynyl)benzenel3!

©i ! Ph——= O Z
o~ PdiCu o~

To a solution of 2-iodothioanisole (5.0 mmol, 1.3 g), PdCl,(PPh;); (2.0 mol%, 70 mg), and Cul
(1.0 mol%, 10 mg) in Et;N (20 mL) (stirring for 5 min) was added dropwise terminal alkyne (1.2
equiv) in 5.0 mL of Et;N over 10 min. The reaction flask was flushed with Ar and the mixture was
stirred at room temperature for 2 h. The resulting solution was diluted with EtOAc, filtered
through a pad of celite. The solution was washed with brine. The organic layer was dried over
Na,SO4 and concentrated in vacuo. The residue was purified by flash column chromatography on
silica gel to give 1-methoxy-2-(phenylethynyl)benzene (1.04g, 100%).
2.2. General Procedures for the Synthesis of 3-Phosphorylated Benzothiophenes

o, R°
R' o 5N
& o 4CzIPN (5 mol%) R3
A 7 LPO (2 equiv) N
R2-! + H-P-R3 R25 R'
= N ':-{3 H,0, Ny, 12 h, RT Z =X
| Blue LEDs X=0,N, S, Se
1 2 3

The mixture of 1 (0.4 mmol), diarylphosphine oxide 2 (0.8 mmol), LPO (2 equiv) and 4CzIPN (5
mol%) were combined in H,O (3 mL) at room temperature for 12 h in a nitrogen atmosphere.
After the reaction, the solution was extracted with ethyl acetate (3 x 10 mL). The combined
organic layers were washed with brine and dried over anhydrous Na,SO,. The crude product was
purified by silica gel chromatography (petroleum ether/ethyl acetate = 10/1 to 5/1) to give the
desired products 3.

2.3. Gram scale synthesis

Ph
Ph 4CzIPN (5 mol%) O\\F;\
FZ 0 LPO (2 equiv) Ph
+ pB_p, _ BlueLEDs O N\ O
S Ph  H20/DMC (viv=5:1) S
I Ny, 24 h, RT
1a, 4 mmol 2a, 8 mmol 33,79 %,1.30g

Dimethyl carbonate (DMC) was used as the cosolvent to enhance the solubility of reactants.
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The mixture of methyl(2-(phenylethynyl) phenyl) sulfane 1a (4 mmol), diphenylphosphine oxide 2a
(8 mmol), LPO (2 equiv) and 4CzIPN (5 mol%) were combined in H,O/DMC (v/v = 5:1) (60 mL)
under the irradiation of blue light at room temperature for 24 h in a nitrogen atmosphere. After the
reaction, the solution was extracted with ethyl acetate (3 x 20 mL). The combined organic layers
were washed with brine and dried over anhydrous Na,SO,. The crude product was purified by
silica gel chromatography (petroleum ether/ethyl acetate = 10/1 to 5/1) to give the desired product
3a.

3. Control experiment performed with BHT

/ Ph
Z 9 BHT Bequiv) \
+ H-P-Ph——————— Ph
s pp  standard conditions o)ph2
I
1a 2a 3a, 0% detected by HRMS

A mixture of 1a (0.2 mmol, 1 equiv), 2a (0.4 mmol, 2 equiv), LPO (2 equiv), 4CzIPN (5 mol%)
and BHT (3 equiv) were sequentially added in a 10-mL reaction vial. Then, H,O (3 mL) was
added into this reaction system. The reaction vial was sealed under N, and stirred under the
irradiation of blue LEDs at room temperature for 12 h. After the reaction, the reaction mixture was
analyzed by HRMS, and product 4a was successfully detected (Figure S1). HRMS calc. for
C,7H340,P* (42) m/z = 421.2291 found 421.2288
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Figure S1. HRMS spectrum of compound 4a

4. 3'P NMR monitored reaction

The reaction of 1e and 2a was conducted under the standard conditions, which was
monitored by 3'P NMR every 2 h. The results showed that with the increase of time, the peak
area of 2a gradually decreased along with the product 3a peak gradually increased (Figure
S2a). Then the yield/time profile of the generation of 3e was calculated based on area
normalization as shown in Figure S2b. Unfortunately, the signals of P-containing
intermediates were not observed.

Ph Ph
4CzIPN (5 mol%)

o ~Ph
I LPO (2 equiv) N T\

* HPP=Ph THo N, 12n RT . RO Ph
Ph S

blue LED
2a ue s 3e

S5



e — |«—2a
M

ay 4%
ec )
oo =R
6.0h !
. _ M
a4 £
£g g3
oo S
40h N
¥
&8
LE:
a-
2.0h |
L
<3
g8
i
0.0h ﬁ
N
;5 4‘4 43 4'2 4‘1 4'0 Z‘;E 3'8 3‘»7 CiIB 35 3‘4 3‘»3 32 5;1 3‘0 2“3 28 ZI? Z‘S 2'5 24 Z‘E 2‘2 21 20 ‘\‘S 1‘B 17 1'(
ppm
60 =
-
—
Fry =
g o
z T
o 404 -
>

20 4

T
0 2 4 6 8

Time (h)

Figure S2. (a) The reaction time course monitored by 3'P NMR; (b) The yield/time profile of
the generation of 3e

5. Procedure for emission quenching experiments

Emission intensities were recorded using a F-4600 FL Spectrophotometer. First, the emission
intensity of 4CzIPN solutions was observed at 550 nm. The solutions were irradiated at 378 nm
and fluorescence was measured from 530 nm to 700 nm. In a typical experiment, the emission
spectrum of a 5x10-3 M solution of 4CzIPN and different concentration of methyl(2-(phenylethynyl)
phenyl)sulfane 1a, phosphine oxides 2a and LPO in degassed anhydrous CH;CN in 10 mm path

length quartz cuvette was collected.
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Figure S3. (a) The emission spectra of a 5 x 10> M solution of 4CzIPN with various reactants in
degassed anhydrous CH3CN excited at 550 nm; (b) The emission spectra of a 5 x 10 M solution
of 4CzIPN with various concentrations of 1a in degassed anhydrous CH3CN excited at 550 nm; (c)
The linear relationship between I/l (I and I are the fluorescence intensities before and after the
increasing the concentration of 1a, respectively) and the increasing concentration of 1a.
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6. Characterization Data for Products

1-methoxy-2-(phenylethynyl)benzenel®]

=

I|Iii C)//’

984 mg; 94% yield; yellow liquid; '"H NMR (400 MHz, Chloroform-d) 8 7.6 (dd, J = 7.6, 1.8 Hz, 2H),
7.5 (dd, J = 7.6, 1.5 Hz, 1H), 7.4 (t, J = 7.2 Hz, 4H), 7.0 — 6.9 (m, 2H), 3.9 (s, 3H). 3C NMR (101
MHz, Chloroform-d) 6 160.0, 133.6, 131.7, 129.9, 128.4, 128.2, 123.7, 120.6, 112.5, 110.8, 93.5, 85.9,

55.9.
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N,N-dimethyl-2-(phenylethynyl)anilinel?)

964 mg; 88% yield; yellow liquid;"H NMR (400 MHz, Chloroform-d) & 7.6 — 7.5 (m, 3H), 7.4 — 7.2 (m,
4H), 7.0 — 6.9 (m, 2H), 3.0 (s, 6H). 3C NMR (101 MHz, Chloroform-d) & 154.8, 134.4, 131.4, 129.3,
128.4,128.1, 124.0, 120.5, 117.0, 115.1, 94.8, 89.1, 43.6.

Diphenyl(2-phenylbenzo[b]thiophen-3-yl) phosphine oxide (3a)]

P(O)Ph,

148 mg, 90%; white solid, m. p. 169.4-171.9 °C; 'H NMR (400 MHz, Chloroform-d) 8 7.94 (d, J = 8.3
Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.58 (m, 4H), 7.36 (m, 3H), 7.26 (m, 5H), 7.16 (d, 2H), 7.10 (t, J =
7.4 Hz, 1H), 7.00 (t, J = 7.7 Hz, 2H).3C NMR (101 MHz, Chloroform-d) § 154.9 (d, J = 12.9 Hz),
141.4 (d, J= 13.0 Hz), 139.4 (d, J = 12.7 Hz), 133.9, 132.9, 132.9 (d, J = 2.9 Hz), 131.7 (d, J = 10.1
Hz), 131.5 (d, J = 2.9 Hz), 129.9, 128.4, 128.3 (d, J = 12.5 Hz), 127.6, 126.0, 124.9 (d, J = 4.4 Hz),
122.8 (d, J = 105.4 Hz), 121.5.3'P NMR (162 MHz, Chloroform-d) & 21.5.

Diphenyl(2-(p-tolyl) benzo[b]thiophen-3-yl)phosphine oxide (3b)]

P(O)
CLCwe

156 mg, 94%; white solid, m. p. 198.2-200.7 °C; '"H NMR (400 MHz, Chloroform-d) 6 7.9 (d, J = 8.3
Hz, 1H), 7.9 (d, J = 8.0 Hz, 1H), 7.6 — 7.5 (m, 4H), 7.4 — 7.3 (m, 3H), 7.2 (m, 5H), 7.0 (d, J = 8.0 Hz,
2H), 6.8 (d, J=7.8 Hz, 2H), 2.2 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 155.1 (d, J = 12.8 Hz),
141.5 (d, J=12.9 Hz), 139.4 (d, J= 12.6 Hz), 138.4, 134.1, 133.1, 131.7 (d, /= 10.2 Hz), 131.2 (d, J =
2.9 Hz), 129.9 (d, J=2.9 Hz), 129.8, 128.3, 128.2 (d, J = 4.1 Hz), 125.9, 124.8 (d, J = 8.3 Hz), 122.8
(d, J=104.5 Hz), 121.5 21.2. 3'P NMR (162 MHz, Chloroform-d) & 21.7.

(2-(4-methoxyphenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3¢)*]

P(O)Ph,
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111 mg; 63%; white solid; m. p. 159.4-162.7 °C; '"H NMR (400 MHz, Chloroform-d) & 7.86 (t,J= 7.1
Hz, 2H), 7.61 — 7.54 (m, 4H), 7.37 (m, 3H), 7.27 (m, 5H), 7.10 (d, J= 8.7 Hz, 2H), 6.51 (d, /= 8.7 Hz,
2H), 3.74 (s, 3H). 13C NMR (101 MHz, Chloroform-d) & 159.7, 155.1 (d, J = 13.0 Hz), 141.5 (d, J =
13.0 Hz), 139.3 (d, J=12.8 Hz), 134.2, 133.2, 131.7, 131.6, 131.3 (d, /=2.9 Hz), 131.2, 128.3 (d, J =
12.4 Hz), 125.8, 125.1 (d, J = 3.0 Hz), 124.8 (d, J = 9.1 Hz), 122.5 (d, J = 104.9 Hz), 121.5, 55.3.3'P
NMR (162 MHz, Chloroform-d) 6 21.5.

(2-(4-ethylphenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3d)™

P(O)Ph,

Et
S

128 mg; 73%; white solid; m. p. 203.1-204.0 °C; '"H NMR (400 MHz, Chloroform-d) & 7.95 (d, J = 8.3
Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.62 — 7.51 (m, 4H), 7.38 — 7.31 (m, 3H), 7.27 — 7.19 (m, 5H), 7.06
(d, J = 8.1 Hz, 2H), 6.80 (d, J = 8.1 Hz, 2H), 2.52 (q, J = 7.6 Hz, 2H), 1.18 (t, J = 7.6 Hz, 3H). 3C
NMR (101 MHz, Chloroform-d) & 155.1 (d, J = 13.1 Hz), 144.5, 141.5 (d, J = 12.8 Hz), 139.4 (d, J =
12.6 Hz), 134.1, 133.0, 131.7 (d, /= 10.2 Hz), 131.3 (d, /= 2.8 Hz), 130.1 (d, /=2.8 Hz), 129.9, 128.2
(d, J = 12.5 Hz), 127.1, 125.9, 124.8 (d, J = 7.5 Hz), 122.6 (d, J = 104.6 Hz), 121.4, 28.6, 15.4. 3'P
NMR (162 MHz, Chloroform-d) 6 21.7.

(2-(4-ethylphenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3e)*]

P(O)
O~
S

163 mg; 84%; yellow solid; m. p. 210.6-211.4 °C; 'H NMR (400 MHz, Chloroform-d) & 7.98 (d, J =
8.2 Hz, 1H), 7.88 (d, /= 8.0 Hz, 1H), 7.60 (dd, J = 12.3, 7.5 Hz, 4H), 7.48 (d, J = 3.4 Hz, 4H), 7.38 (m,
4H), 7.32 — 7.13 (m, 9H). 3C NMR (101 MHz, Chloroform-d) & 154.4 (d, J= 12.8 Hz), 141.4 (d, J =
12.8 Hz), 141.2, 140.4, 139.4 (d, J = 12.7 Hz), 134.0, 132.9, 131.8, 131.7, 131.4 (d, /= 2.9 Hz), 130.4,
128.9, 128.3 (d, J=12.5 Hz), 127.6, 127.0, 126.3, 126.0, 125.0 (d, J=2.7 Hz), 123.2 (d, J= 104.5 Hz),
121.5. 3P NMR (162 MHz, Chloroform-d) & 21.7.

(2-(4-fluorophenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3f)1*]

P(O)Ph,

O
S

153 mg; 89%; white solid; m. p. 186.7-187.8 °C; '"H NMR (400 MHz, Chloroform-d) & 7.86 (t, J= 7.8
Hz, 2H), 7.57 (dd, J = 12.4, 8.3 Hz, 4H), 7.43 — 7.32 (m, 3H), 7.27 (m, 5H), 7.16 (m, 2H), 6.68 (t, J =
8.7 Hz, 2H). 3*C NMR (101 MHz, Chloroform-d) & 162.7 (d, J = 249.1 Hz), 153.6 (d, J = 12.8 Hz),
141.3 (d, J=12.8 Hz), 139.3 (d, J = 12.5 Hz), 133.9, 132.9, 131.7 (d, J = 24.5 Hz), 131.6 (d, /= 10.9
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Hz), 128.9, 128.4 (d, J = 12.5 Hz), 125.9, 125.0, 123.5 (d, J = 103.7 Hz), 121.5, 114.6 (d, J = 22.0 Hz).
3P NMR (162 MHz, Chloroform-d) § 21.29. '"F NMR (376 MHz, Chloroform-d) & -112.6.

(2-(4-chlorophenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3g)™

P(O)Ph,

O~
S

144 mg; 81%; white solid; m. p.216.9-218.1 °C '"H NMR (400 MHz, Chloroform-d) 6 7.88 (dd, J =
12.9, 8.2 Hz, 2H), 7.60 — 7.52 (m, 4H), 7.47 — 7.41 (m, 2H), 7.36 (t, 1H), 7.25 (m,5 H), 7.08 (d, /= 8.4
Hz, 2H), 6.95 (d, J = 8.4 Hz, 2H). 3C NMR (101 MHz, Chloroform-d) & 153.2 (d, J= 12.5 Hz), 141.2
(d, J=12.6 Hz), 139.4 (d, J = 12.6 Hz), 134.8, 133.8, 132.8, 131.7 (d, J = 10.2 Hz), 131.6 (d, /= 2.9
Hz), 131.3 (d, /=29 Hz), 131.2, 128.4 (d, J = 12.5 Hz), 127.7, 126.0, 125.1 (d, J = 2.5 Hz), 123.8 (d,
J=103.6 Hz), 121.5. 3P NMR (162 MHz, Chloroform-d) & 21.4.

(2-(4-bromophenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3h)™

P(O)
O~
S

159 mg; 81%; white solid; m. p. 240.6-241.9 °C; '"H NMR (400 MHz, Chloroform-d) 4 7.91 (d, J = 8.3
Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.56 (dd, J = 12.5, 7.5 Hz, 4H), 7.48 — 7.40 (m, 2H), 7.37 (t, /=7.6
Hz, 1H), 7.28 (m, 5H), 7.10 (d, J = 8.1 Hz, 2H), 7.01 (d, J = 8.4 Hz, 2H). *C NMR (101 MHz,
Chloroform-d) 6 153.1 (d, J = 12.5 Hz), 141.2 (d, J = 12.7 Hz), 139.4 (d, J = 12.6 Hz), 133.8, 132.7,
131.8 (d,J=2.9 Hz), 131.7 (d, J=10.2 Hz), 131.6 (d, J=2.9 Hz), 131.4, 130.7, 128.4 (d, /= 12.5 Hz),
126.0, 125.1 (d, J=2.9 Hz), 123.8 (d, J= 103.4 Hz), 123.1, 121.5. 3'P NMR (162 MHz, Chloroform-d)
521.5.

Diphenyl(2-(4-(trifluoromethyl)phenyl)benzo[b]thiophen-3-yl)phosphine oxide (3i)1]

P(O)Ph,

S

115 mg; 60%; white solid; m. p. 210.2-212.5 °C; '"H NMR (400 MHz, Chloroform-d) & 7.96 (d, J = 8.3
Hz, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.59 — 7.52 (m, 4H), 7.43 — 7.36 (m, 3H), 7.32 — 7.22 (m, 9H). 3C
NMR (101 MHz, Chloroform-d) 6 152.3 (d, J = 12.4 Hz), 141.2 (d, J = 12.5 Hz), 139.4 (d, /= 12.4
Hz), 136.6, 133.6, 132.6, 131.8 (d, J = 2.9 Hz),130.1 (q, J = 325.22). 130.3, 130.1 (d, J = 32.32). 128.4
(d, J=12.5 Hz), 126.2, 125.3 (d, /= 9.8 Hz), 125.0 (d, /= 21.5 Hz), 124.3 (q, J = 8.08), 123.1 (d, J =
147.9 Hz), 121.6.3'P NMR (162 MHz, Chloroform-d) & 21.3. 9F NMR (376 MHz, Chloroform-d) & -
63.2.
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(2-(2-methoxyphenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3j)

P(O)Ph,

S

106 mg; 60%; white solid; m. p. 190.0-191.9 °C; '"H NMR (400 MHz, Chloroform-d) & 8.06 (d, J = 8.2
Hz, 1H), 7.85 (d, J=8.1 Hz, 1H), 7.57 (s, 4H), 7.43 — 7.19 (m, 8H), 7.17 — 7.01 (m,2H), 6.71 (t, J=7.2
Hz, 1H), 6.35 (d, J = 8.2 Hz, 1H), 3.52 (s, 3H). 3C NMR (101 MHz, Chloroform-d) 6 156.0, 150.1 (d,
J=13.1 Hz), 141.3 (d, J=12.8 Hz), 139.7 (d, /= 12.5 Hz), 133.5, 132.4, 131.8 (d, /= 10.4 Hz), 131.6,
131.5 (d, J=2.9 Hz), 130.5, 127.9 (d, J = 12.5 Hz), 125.8 (d, J = 1.5 Hz), 124.7 (d, J = 9.8 Hz), 123.9
(d, J=106.1 Hz), 121.7 (d, J=2.7 Hz), 121.4, 119.7, 109.9, 54.5. 3'P NMR (162 MHz, Chloroform-d)
8 23.1. HRMS Calcd for Cy7H,,0,PS [M + H]*: m/z 441.1073, found: 441.1077.

(2-(2-fluorophenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3k)

P(O)Ph,
(L~
S
F

110 mg; 64%; white solid; m. p. 191.3-193.6 °C; '"H NMR (400 MHz, Chloroform-d) & 8.05 (d, J = 8.3
Hz, 1H), 7.86 (d, /= 8.0 Hz, 1H), 7.61 (dd, J=12.5, 7.4 Hz, 4H), 7.32 (m, 8H), 7.10 (m, 2H), 6.85 (t, J
=7.6 Hz, 1H), 6.64 (t, J= 8.9 Hz, 1H). 3C NMR (101 MHz, Chloroform-d) & 158.9 (d, J = 247.2 Hz),
146.5 (d,J=13.4 Hz), 141.0 (d, J=12.6 Hz), 139.8 (d, /= 11.8 Hz), 133.2, 132.1, 131.9, 131.8, 131.8,
130.9 (d, J = 7.9 Hz), 128.2 (d, J = 12.6 Hz), 126.1, 125.4 (d, J = 103.9 Hz), 125.1 (d, J= 11.9 Hz),
123.5, 121.5, 1209 (d, J = 16.3 Hz), 115.3 (d, J = 21.5 Hz). 3'P NMR (162 MHz, DMSO-dy) 5 21.8.
9F NMR (376 MHz, Chloroform-d) 8 -109.8. HRMS Calcd for C,sHoFOPS [M + H]": m/z 429.0873,
found: 429.0874.

Diphenyl(2-(m-tolyl)benzo[b]thiophen-3-yl)phosphine oxide (31)*!
P(O)Ph,

sa ¥y
S
Me

124 mg; 73%; yellow solid; m. p. 176.5-179.1 °C; 'H NMR (400 MHz, Chloroform-d) & 7.96 (d, J =
8.2 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.58 (dd, J = 12.4, 7.3 Hz, 4H), 7.42 — 7.33 (m, 3H), 7.26 (m,
5H), 7.03 (d, J= 7.4 Hz, 1H), 6.97 — 6.84 (m, 3H), 2.12 (s, 3H). 13C NMR (101 MHz, Chloroform-d) &
155.0 (d, J=13.0 Hz), 141.5 (d, J=13.0 Hz), 139.3 (d, /= 12.6 Hz), 137.1, 134.1, 133.0, 132.7 (d, J =
2.7 Hz), 131.6 (d,J=10.2 Hz), 131.4 (d, J=2.9 Hz), 130.9, 129.3, 128.2 (d, J = 12.5 Hz), 127.6, 126.9,
126.0, 124.8 (d, J= 5.9 Hz), 122.7 (d, J= 104.8 Hz), 121.4, 21.1. 3'P NMR (162 MHz, Chloroform-d)
d21.6.
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(2-(3-chlorophenyl)benzo[b]thiophen-3-yl)diphenylphosphine oxide (3m)
P(O)Ph,

sty
S
Cl

160 mg; 90%; white solid; m. p. 193.1-195.2 °C; '"H NMR (400 MHz, Chloroform-d) & 7.94 (d, J = 8.2
Hz, 1H), 7.86 (d, /= 8.0 Hz, 1H), 7.58 (dd, /= 12.4, 7.4 Hz, 4H), 7.38 (q, /= 8.4, 8.0 Hz, 3H), 7.29 (m,
5H), 7.14 — 7.01 (m, 3H), 7.00 — 6.92 (m, 1H). 3C NMR (101 MHz, Chloroform-d) 8 152.5 (d, J =
12.6 Hz), 141.2 (d, J = 12.5 Hz), 139.3 (d, J = 12.5 Hz), 134.6 (d, J = 2.9 Hz), 133.6, 133.4, 132.6,
131.8 (d,/=2.9 Hz), 131.6 (d, /= 10.2 Hz), 130.1, 128.8, 128.7, 128.4 (d, /= 12.6 Hz), 128.1, 126.1,
125.1 (d, J = 8.5 Hz), 123.8 (d, J = 103.3 Hz), 121.5. 3'P NMR (162 MHz, Chloroform-d) & 21.4.
HRMS Calcd for CycH sCINaOPS [M + Na]*: m/z 467.0397, found: 467.0400.

(6-methyl-2-phenylbenzo[b]thiophen-3-yl)diphenylphosphine oxide (3n)

P(O)Ph,

117 mg; 69%; white solid; m. p. 207.6-209.6 °C; '"H NMR (400 MHz, Chloroform-d)  7.76 (d, J = 8.5
Hz, 1H), 7.65 (s, 1H), 7.62 — 7.53 (m, 4H), 7.40 — 7.33 (m, 2H), 7.25 (m, 4H), 7.19 — 7.14 (m, 2H),
7.08 (t, 2H), 6.97 (t,2 H), 2.45 (s, 3H). 3*C NMR (101 MHz, Chloroform-d)  153.8 (d, J = 12.8 Hz),
139.7 (d, J=12.6 Hz), 139.2 (d, J = 12.9 Hz), 134.9, 134.1, 133.0, 133.0 (d, /=29 Hz), 131.7 (d, J =
10.1 Hz), 131.4 (d, J=2.9 Hz), 130.0, 128.3 (d, /= 12.7 Hz), 127.5, 126.6, 125.5 (d, /= 1.4 Hz), 122.5
(d, J = 104.4 Hz), 121.2, 21.4. 3'P NMR (162 MHz, Chloroform-d) 8 21.5. HRMS Calcd for
CyH,,OPS [M + H]": m/z 425.1123, found: 425.1122.

(6-chloro-2-phenylbenzo[b]thiophen-3-yl)diphenylphosphine oxide (30)

P(O)Ph,

76 mg; 43%; white solid; m. p. 209.2-211.1 °C; '"H NMR (400 MHz, Chloroform-d) 8 7.90 (d, J = 8.9
Hz, 1H), 7.84 (s, 1H), 7.55 (dd, J = 12.4, 7.4 Hz, 4H), 7.37 (t, J = 7.0 Hz, 2H), 7.30 — 7.19 (m, 5H),
7.11 (dd, J = 16.2, 7.4 Hz, 3H), 6.98 (t, J = 7.6 Hz, 2H). *C NMR (101 MHz, Chloroform-d) & 155.0
(d, J=12.7 Hz), 140.4 (d, J = 12.4 Hz), 140.0 (d, J = 12.6 Hz), 133.7, 132.6, 132.4 (d, J = 2.7 Hz),
131.6 (d, /= 10.0 Hz), 131.1, 129.8, 128.6, 128.4 (d, J = 12.5 Hz), 127.7, 126.9, 125.7, 122.8 (d, J =
103.5 Hz), 121.1. 3'P NMR (162 MHz, Chloroform-d) 6 21.1. HRMS Calcd for C,sHoCIOPS [M + H]*:
m/z 445.0577, found: 445.0579.

(6-fluoro-2-phenylbenzo[b]thiophen-3-yl)diphenylphosphine oxide (3p)

S12



P(O)Ph,

-0

68 mg; 40%; white solid; m. p. 188.3-190.7 °C; 'H NMR (400 MHz, Chloroform-d) & 8.0 (dd, /= 9.1,
5.2 Hz, 1H), 7.6 — 7.5 (m, 5H), 7.4 (m, 2H), 7.3 (m, 4H), 7.1 — 7.1 (m, 3H), 7.1 — 6.9 (m, 3H). 3C
NMR (101 MHz, Chloroform-d) § 160.5 (d, J = 246.4 Hz), 154.3, 140.4 (dd, J = 12.4, 10.0 Hz), 137.9
(d, /=112 Hz), 133.7, 132.6, 132.5 (d, /= 2.8 Hz), 131.6 (d, J=10.0 Hz), 129.9, 128.5, 128.3 (d, J =
12.5 Hz), 127.6, 127.3 (d, J = 9.3 Hz), 122.6 (d, J = 104.0 Hz), 113.9 (d, J = 23.7 Hz), 107.6 (d, J =
25.3 Hz). *'P NMR (162 MHz, Chloroform-d) & 21.9. "F NMR (376 MHz, Chloroform-d) & -116.2.
HRMS Calcd for [M + H]": Cy;H;sFOPS m/z 429.0873, found: 429.0871.

Diphenyl(2-(thiophen-3-yl)benzo[b]thiophen-3-yl)phosphine oxide (3¢q)™

P(O)Ph,
NS
S —

120 mg; 72%; yellow solid; m. p. 185.9-186.1 °C; 'H NMR (400 MHz, Chloroform-d) & 7.85 (d, J =
8.1 Hz, 1H), 7.73 (d, J = 8.3 Hz, 1H), 7.63 (dd, J = 12.5, 7.6 Hz, 4H), 7.42 (t, J = 7.4 Hz, 2H), 7.37 —
7.17 (m, 7H), 6.94 (t, J= 3.9 Hz, 1H), 6.84 (d, J= 5.0 Hz, 1H). 1*C NMR (101 MHz, Chloroform-d) &
149.6 (d, J = 12.5 Hz), 141.3 (d, J = 12.9 Hz), 139.3 (d, J = 12.7 Hz), 134.1, 133.1 (d, J = 3.2 Hz),
133.0, 131.5, 131.5 (d, /= 10.0 Hz), 129.0, 128.4 (d, /= 12.4 Hz), 126.7, 125.7, 125.1, 124.8, 123.2 (d,
J=104.3 Hz), 121.5. 3P NMR (162 MHz, Chloroform-d) & 21.0.

(2-phenylbenzo[b]thiophen-3-yl)di-p-tolylphosphine oxide (3r)!

S

132 mg; 75%; white solid; m. p. 176.5-178.1 °C; '"H NMR (400 MHz, Chloroform-d) & 8.02 (d, J= 8.2
Hz, 1H), 7.85 (d, /= 8.0 Hz, 1H), 7.43 (dd, /= 12.3, 8.1 Hz, 4H), 7.36 (t, J = 7.6 Hz, 1H), 7.30 — 7.27
(m, 1H), 7.12 (d, J = 12.7 Hz, 3H), 7.04 (dd, J = 8.0, 2.5 Hz, 4H), 7.00 — 6.95 (m, 2H). '*C NMR (101
MHz, Chloroform-d) & 154.3 (d, J=12.8 Hz), 141.8 (d, /=2.9 Hz), 141.5 (d, /= 12.6 Hz), 139.3 (d, J
=12.4 Hz), 133.1 (d, J=2.7 Hz), 131.7 (d, J = 10.6 Hz), 130.8, 129.9, 129.7, 129.0 (d, J = 12.9 Hz),
127.8, 1274, 126.2 (d, J = 1.3 Hz), 124.8 (d, J = 7.8 Hz), 123.5 (d, J = 103.9 Hz), 121.3, 21.5. 3'P
NMR (162 MHz, Chloroform-d) 6 22.2.

Bis(4-fluorophenyl) (2-phenylbenzo[b]thiophen-3-yl)phosphine oxide (3s)
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0°P©
S

118 mg; 66%; white solid; m. p. 149.1-152.6 °C; '"H NMR (400 MHz, Chloroform-d) & 7.95 (d, J = 8.3
Hz, 1H), 7.87 (d, J = 8.1 Hz, 1H), 7.54 (m, 4H), 7.42 — 7.35 (m, 1H), 7.33 — 7.26 (m, 1H), 7.18 (t, J =
7.4 Hz, 1H), 7.15 — 7.09 (m, 2H), 7.04 (t, J = 7.6 Hz, 2H), 6.94 (m, 4H). 3C NMR (101 MHz,
Chloroform-d) ¢ 164.8 (dd, J = 253.5, 3.4 Hz), 154.9 (d, /= 13.3 Hz), 141.1 (d, J=12.9 Hz), 139.4 (d,
J=12.8 Hz), 134.1 (dd, J=11.7, 8.8 Hz), 132.7 (d, /= 2.8 Hz), 129.9, 129.8 (d, J = 3.3 Hz), 128.7 (d,
J=3.4Hz), 128.6, 127.7, 125.8 (d, J = 1.7 Hz), 125.1 (d, J = 1.8 Hz), 122.5 (d, J = 106.6 Hz), 121.6,
115.8 (dd, J = 21.5, 13.7 Hz).*'P NMR (162 MHz, Chloroform-d) 8 19.8. '°F NMR (376 MHz,
Chloroform-d) & -107.6. HRMS Calcd for CocH;gF,PS [M + H]": m/z 447.0779, found: 447.0780.

diphenyl(2-phenylbenzo[b]selenophen-3-yl)phosphine oxide (3t)*
P(O)Phy

Se

174 mg; 95%; white solid; m. p. 207.5-208.9 °C; 'H NMR (400 MHz, Chloroform-d) & 8.2 (d, J= 7.3
Hz, 1H), 7.9 (d, J=7.5 Hz, 1H), 7.6 (dd, J = 12.5, 7.6 Hz, 4H), 7.4 — 7.2 (m, 8H), 7.1 (m, 3H), 6.9 (t, J
= 7.4 Hz, 2H). *C NMR (101 MHz, Chloroform-d) & 159.8 (d, J = 10.6 Hz), 143.6 (d, J = 13.7 Hz),
141.8 (d,J=12.2 Hz), 135.0 (d,J=3.5 Hz), 134.2, 133.2, 131.7 (d, /= 10.1 Hz), 131.4 (d, /= 2.7 Hz),
129.3, 128.3, 128.2, 128.1, 127.5, 126.1 (d, J = 99.0 Hz), 125.0 (d, J = 5.5 Hz), 124.5. 3'P NMR (162
MHz, Chloroform-d) 6 23.2.

Reference

[1] J.Yan, J. Xu, Y. Zhou, J. Chen, Q. Song, Org. Chem. Front. 2018, 5, 1483.

[2] B. Yao, Q. Wang, J. Zhu, 2012, 51, 5170.
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7. NMR Spectra for Products

S14



G6'c —

€6'97
G6°9 1
96°9 1
86'9
00°Z
zeLy
€€/
mm.Dﬁ
9€7 L
mm.T;W
ov'L
o:\
¥S'L
¥G'L]
95°2
95°L 1
09°21
092
292
292’

=Z
O/

"H NMR, 400MHz, CDCl,

Ak

== 17

— &
\ *80°¢C

-1

1.0 05 0.0 -05

15

20 11.5 11.0 10.5 100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20

ppm

40

50

$8°69

1692

€T LLTF

TG 77

8o

vS'€6 —

10

1904}

GZLL—

/502t

29°¢Z1

120

128C1

9e°821L

88'62L —

€Llel

O

€o9eet

J

40

3CINMR, [101 MHg,|CDCI

€009t

o

ppm

S15



< 4 Lo
['e]
[
o [e
Fo
©
LS FR
‘e i
0 o™
o
Eo Lo
©
F o
e ‘\w\
Fo
_.D. o
o F©
[e
< 29/ e -2
169 0 0 /,k -
66'9 Py YeLie
102 ° SELL E °
8072 Fo et =
oLL 62221
L2 e €T 5
oLt 984zl [
8LL fo 06'vZL
€L © 66'S2l °
vzl o 157/2L re
SZ'L Eo Sy
9’2 o Seset -
. ©
ra) S N T S ==l
R fal €662t =] =
62, o AN Vier =
el ~ 7 N Folomm et f N = —
oy s J Z ° 09'lgL & 3 [~
9gL = [ 0LLEL o =
o 8 )
oty ) = © 98'2Z€lL o 2 o
g€ A - Fo B8TEE o - S
P W €6°CEL — = —
§5°2 Z e BGEET ,Vﬁ
157 T @ ce'6gel w\ O — w
85/ - ] 1122 i e -
092 h 2 S T .(..
S8'L o i 2
1872 3 m I8 VST
€6'L © -
o e 661Gl
4 Lo
z o
LeE
- Q
o a oo
e

S16



T T
-70 -8

T
-60

T
-50

:
40

T
-30

T
-20

-10

Lg'le —

92°97
8191
€0°L
S0°L
2T L
€L
vZ' Ly
G2y
9z LY
121
62 L
€€

|

s

Hoe

w161
002

-1

1.0 05 0.0 -05

15

f0o 65 6.0 55 50 45 40 35 3.0 25 20

P(O)Ph,

N\
S

3a, 3'P NMR, 162 MHz, CDCl;

cey
GE

Apm

9¢"
9e'2 ]
18717
8€L
6e°L]
vSL
5L
9572
16721
1521
65°2 1
v8'L ]
982
26°L

Y

v6'L

P(O)Ph,

O
S

3b, "H NMR, 400 MHz, CD

20’

€0
66°€
60
0'L

20 11.5 11.0 10.5 100 95 9.0 85 80 7.5

ppm

S17



L'V —

T T
-80 -90

T
-70

30

B0

629

VL2 ) —=

1534

ov'Lcl

e} L

[SYAR AN

9L HZ]

Se'2Z1

16621 |

8 8ct
"QZ1

€68t
0£°8Z1

6.°62L

18'6Ct
06°6Z21 §

—Me

CDCl3

—Me

12p

12222

=

I

(1A 1N

=

r—\
A

20101
ESmaas

VZ1ETN

80°€El ~
vLveL

P(D)Rhy

{1

S

9E°8ET

_‘m.mmr§

€V 6ET i

B

8b||"3C NMR, 101 [MHiz

25 1L

3b, $'P NMR, 162|MHz|CDGl5

90°GGL

6165

gpm

ppM

S18



-0.5

0.0

0.5

1.0

v,.e—

]

2.0

30 25

3.5

.

3.00

55 50 45 40

6.0

}OCHa

JhL

09 5.00 1.93 1.94
6.5

\

P(O)Ph,
N
S
7.0

3c, [H NMR, 400|MHz, CDClg

8

\
2.023.97
8.0

90 85
ppm

9.5

98°L

12765 —

70

929
80°LL—F

ov'LL

80

ol WAl

66121 1
€0°€Z) 1
ARAS

S19

100

18424

[ANTAR

S1°G21

€862l

119

22’821

[ )CH3
, @DCI

4

STBCT
oN.S:W
ze'Lel o
Ge'Lel

12(

1971E€L

13

tETeT

Leerd

R(O)Ph,
/
S

N

LSAL 72 51 NS

f

oz 6eL \\

, 3G NMR, 101 MH

8€-6C+
mm.Zl%
[4Nad3

N
\
A
3
150

66" ¥GL ~

ZL°'GGL

B9 65T

160

Fpm

170

80



-70 -8C

-60

-30

10

Svic—

30

Cly

KOl

8.9
189
S0'L
102
1L
2L
£TL
vZ'L
vZ'L
ST L
9z'. 1
9Z'. 1
9Z'. 1
127 LA
ze L
ze/ N

Feoz

716}
/86l

V16V

-1

1.0 05 00 -05

15

50

70

3¢| 3P NMR, 1162 MHz| GD

80

i

100

110

pAm

€€'L ]
mm.iﬁ
¥e'L]
mm.n%
Ge'L]
9g'L
28721
¥5'L
vsL ]
95°2 1
1521
mmi
6521
€8’/

S8/
v6'L
962

P(O)Ph,

S

3d, 'H NMR, 400 MHz,|CDCl3

*zo'e
[ Fo0'v
Z0'L

0}

20 11.5 11.0 10.5 100 95 9.0 85 80 75| 70 65 6.0 55 50 45 40 35 3.0 25 20

ppm

S20



144

6G'8C —

-80 -90 -10

-70

464

-850

640/
64

o_‘.mhw

'Ll

L1221
mr.mN_Q

Ll +Z)

$#6°GZ1|
WA

QL oz,

100

0E'8Cl
89'6Z]
700¢ET
0L°0€!
velel
pA7N 297

11

€L —

t
aDCls

T
120

7

10
S21

20

30

e

€9°LEL
€21ET
60velL [e)
05661 =

BE-6¢+ [on

0

J mmmmmmmwm WWMMMWWUVW

i
K=:
N

1

T
40

40

=

P(O)Ph,
50

(

/4

£ o

L4 L) §

|
~g

Q
I

A

~

60

vSLvl g\
1 AR 442
10°SSL
[r4=i*13

(b

)
/r—(
3d, 3C NMR, 1p{t|MH

3d, 3P NMR, 162 MHz, CDCl3

Cl

ppM

1
~ oA \ A
r T
80 1170 160
ppm




S22

- L O
© 3
Fe
E o
< 3 [~
— Fo
it E S o
EQ ; )
4 o 1
- E (o)
3 o E
o Ed a
“ F o S——
[ =
N 3 [ 2
o E
ES L
© : B
Fo ©
2
o -
[ Z «Ff o
LR
(10 WA
@ 124 h/,
F <
£C' L _.w/ﬂ o
) ° - 3
e 2 n .
6121 1 96 721 E
LTL Ea aebo | =)
€2, - ¥ A=
STV o &@&d. 2
9z /1 ro S9T9TT
. 769C1 3
NN.\'J © P E =
8¢, F o .
0821 9z'8zl
sl ? 5] mE
L€ _ m\.vom - —
. = — 160y SEOEL )
6€L c ) | L oelol = a 3
6€'L"] o a p— ﬁmov ~ T & 3 o
oy O _ (V4 6Etet t ~ - =
2o N = wwo.r ES 69°L€L AL T —=
ww.\y; ~ s 0'L 6271€T ~ __ _
672 N o fw© #6°2E L (el m
g0 | o =] ® 00'¥EL a /“\ -
S > s I S
_\m.\rL 4 2 W S oL — J\/S z =
€92 9 P Oovr — —
182 = Fo :
iy § ° Y 4 =
£62] L] Fo — © 3 -
662 - _3
o s
- 2
E-E €
- a o
Q e o a
© = T
o 3




-80 -90

-70

60

-50

40

-30

-20

-10

10

clLre—

Cls

20

99'9
89'9
029
eLL
vLL
vLL
SLL
9L
9121
£TL
£TL
ST L
92'L
92'L7
1247
12747
82 LA
62°L

SE£0'Z

0€°L~
€€

M/«mo”m

-1

1.0 05 00 -05

15

75 |70 65 60 55 50 45 40 35 3.0 25 20

€e'L

eov

40

B0

3¢, |1P|NMR| 162 MHZ, CD

fo

80

90

00

PPN

Lo
182
182
8¢,
8g°L 1
ov'.
ov'z]
zvs ]
Nvi
vS'L

1672
85/
09°2
v8'L
98°L

88°L

3f, '"H NMR, 400 MHz| CPCls;

—

00z

20 11.5 11.0 10.5 10.0 95 9.0 8.5 8.

ppm

S23



10

60

T T
-80 -90 -1

T
-70

60|

T
-50

‘
-40

T
30

70

8.9/
moNBW
Wil

T
80

2Svll

A2

LG LZL

100

86 CC1

|2AZ42

LO:GZL
3

Eiad

S6'Gel

10

£€€'8¢l

-20

-10

6C'lc—

S¥'8¢l

.
Ll

€682 |
9g'LeL

09T€T

Hz, CD

0L 1€

gL 1EL N

08 1El \w
88'¢cel

26°Cgl [

P{O)Rh

=

LZ6EL]

oreeLd

T

CE IVl

2sesh

3f, "PCINMIR, 1

S9°€ST

vyi9L —
L6°€9L —

3f, 3'P NMR, 162 MHz, CDCI

S24



-2

-1

-0.5

1.0 05 0.0

769
96'91
1021
60°L 1
Sz.
Ges
1817
6€L
1L
Lp LA
ISR
ers

Gy )

N

FuTt

6L
Fi0e
220G

|550°)

1.

r5 70 65 6.0 55 50 45 40 35 3.0 25 20

o
>
-
l
o
@
-
l
o
~
-~
|
o
©
-
l
o
e}
-
|
o
<
-
l
o
®
~
l
o
«
0
29Cl-— Q
hy
}
o
<]
-
l
o
&
g
o0 [=}
O *®
[a)]
O
B o
L R
N
£ =
o © o
—~ nqu ©
T
%\ 4
(2] = o
= K
[T
=3
- o
5 ¥
o
@
i
o
9__
£
g
o
v

Svs
es s
vSL ]
65L
95°2
25721
85/
98/
88°/ |
68°L1
6L’

P(O)Ph,

\

N\
S

3g, "H NMR, 400 MKz, CDCl;

|¥0C

it

20 11.5 11.0 10.5 100 95 9.0 85 8.0

ppm

S25



T T
-80 -90

T
-70

40

€L°9L
G0°LL
Gc'LL

PRV
€s’icl

vTETt

Tyt

L0°Gcl

isiomeTnn

00'9¢l

el lc)

1Q

9€°'gZ|L

8¥'8¢l 1

SLLEL
peLEl

Dl

ebLZ—

N
L

Jo o

SSLEL
8G7LEL
€9°LEL

€L tet

J>—CI

N

SZzel\l

9sveL”

6Z°6EL

zreeL \

P(O)Ph,

VI
IS

5Q

v.v_\v\

B8 Lt

S maag

Bg, [3C NMR|101/MHz, C

60°€SL
2eest v.

D

3g, P'A NMR| 162 MHz, CD

prPM

1170

T
80

D0

ppm

00

S26



S27

0
[e
<
] Fa 1
S ]
Ee m
e 3
P
<
» Fo
B
0
3 N
<
Fom
0
Lo
<
F <
G194
= il
PYSIEE
002 | E2 [ H¥A)
20| © FANYAY
60| — 0 6CECT
el o 1S %2Z)
2] 602} 1
ov 1] o Ziezt
i 10921
oz ] £ M +E8CH
o 61 6582+
ovz] B %m,r N 99-6¢t =
T2 —_— of ™~ gci¢el S
. . _
L€/ o % — Msmm_ psLel | & w i
: ——— B8O+ . !
o] ® o e A lGTLElL | = 2
nm_mu \_/ M . ) e TITETY X bl 1
Tz M 160 [ © (7 am 227 ~ =
v N _ = 0L 08'LEL % _— ) s
eve LN~ 3 Fo £8'1eL a e 8
ev'L a ) © yfies o L =
svL o ; S £Lzel TN, &
€621 L N W = o = :
552 ] z ” BEets —
oot = Fo w:vr\ = _
soL = LE Lk < 2
68/ < o
Lo ] ® Fe L0€SL
om.& 0 ETEST -
26'L L3
s :
E<E _
-5 S
“ -~
P i
<
E i




T T
-80 -90

T
-70

-10

-1

1.0 05 0.0 -0.5

15

10

6v'lc —

B

/

€21
SZ'L
92’ L
9T 1
L2°L Y
82°L 7
62°L Y
L€/
L€
AN
8€7L
6€°L N
ov'L ]

CDCly

106
60'¢
Rso

75 70 65 60 55 50 45 40 35 3.0 25 20

vz

>'_CF3

—66°0

_<

P(Q)Ph,

A\
S

Bh, 3'P NMR,[16R MHz, QD5

50

7a

ppm

5203
2]
€572
€521
66
9572
9572 ]

85,
1821
68'L
S6°2
86'L

P(O)Ph,

\

N
S

3i, "H NMR, 400 MHz,

00°L

20 11.5 11.0 10.5 10.0 95 9.0 8.5 8.

ppm

S28



-70 -80 -90

-60

40

-50

€L°9L1
S0°2L1 F
ISZL :

9s'Lel

60

-40

-30

€cct N

$8°€Z1 3

-2Q

28 H2Z

8evel

et

Sz

19 Z |
80’62l C
NN.mN_‘g
G1'9Z) | [
pamiran

100

S29

10

06°8Z1

€1 0ET
LE€0€L 7§

8c'lc—

11

I3

L
b

DC

29°'LEl
¢l
81°L€EL
65°CEL
G9°€EL

3°0C1

~
U

Hz,

Wiy
130

40

50

)

|

f
140

60

3§, 13%¢ NMR,| 101

i, 'PINMR, 162 MHz, CD

3

80

ppn|

80

90
Apm

00



63-15

P(O)Ph,
Y )
S \ ’

3i, '%F NMR, 376 MHz, CDCl3

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0o -10 20 -30 -40 -50 -60| -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -2
ppm

—3.52

H5CO
3], H NMR, 400 MHz, GDCl3

&
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2.0 115 11.0 105 100 95 90 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1
ppm

S30



T
-50

GG —

8L 97
602/

70

|

tv 727

G6'601 F
2L6LL

6e’Lct

Qg LZ1

fe=ra

40

T
-20

10

avect

Qb1

SVt

Sover |

SEVTT
£8°GZ1

10

$£8°GZ1

U8 Zcl

cb Zcl

8V 0tT

2Q

oL'ec—

SYIEr |
8y LEL |

=\
W/

Hz,|GDCI

=\
|/

79°LEL

8L 1S

B8'LEL

Ly 2el —

R(O)Ph,
1

H,CO

)

greel
29'6EL
v26EL T

\ (
4
D

=

FarTE|

3j, 13c NMR| 101

P(O)Ph,

4

S

H,CO

Bl

~

)

N

NA

$6° 4] J

3,13"P NVIR, 162 MHz| CPClg

YO OSt
217051
€095 7

PPN

S31



-1

T
-0.5

1.0 05 0.0

15

S32

r5 70 65 6.0 55 50 45 40 35 3.0 25 20

S
991 i Ly
99'9 £vll
mw.& 3 0TSl
. = [14°1213
MMM4 r Ge02L
mo.L z0'121
10727 £ 6121
: e =
or 2052} | S
M_..NF - | 3 #1°62Z1
_..N)r —— T, mw.o SQ9zL o
[T\ S| Mo b » =
Sz L~ o | Tyoz 6182 1 o z
. vw &) - T 3 T3] =
ey i g S — oSt 06°08} 5 W -
b e I — o0+ n - 2
ve2] _ A N — | oo 860E _ = N - = =
ses & I —)| 10012 SLTLELY o L
Rs: o = b = 6L 1€l o = w .
2] o 8 0 06°LEL = by =
b4 S S F o rzod ) = e
2 SH2et —
MM.ML LA N0 o s Srest s TN, P
2 = Fo 126l \ = o
¢ NL z Ve oLl =
b ES L 96°071 7N @
8] x 0Lyl T — -
Mo.m; “© | 3 N Z#op| §~ = 3
90" i - s ort
r A:Uu 7S WA —
= 0L°09L — o
o
Fog £
0l X
P IS) °
L= 2



PN

/

162 M

HZ |C

—21.84

OCly

pm

3k, "°F NMR, 376 MHZ

, CDCl3

—-109.80

-30

-40

-50

-6Q

F70 -80 90 -1

‘
0
ppm

‘
-10

T
-20

T
-30

‘
-40

T
-50

T
-60|

T
-70

T
-80

T T T T T T T T
-90 -100 -110 -120 -130 -140 -150 -160

S33

T T T
-170 -180 -190 -2




- 3 e
0
2 3
2 =]
o  : 2
- o
© 3 [ o
° 1012 — —% N
2 3
= 3z 5
0 m °
o E [ ©
zre— =) rgoef -
1 o ‘
N = 2 2
o
(3]
2 F3
(2}
< =
907247 W ~
) 0 e a0 =
1897 < btz t >
8891 1S) £1°221 1 3 F8
059 0 ARAR
269
. 18'v21 1
€69 1 [t}
G691 o 18921 m E&
Py
£0°L Y ° 86-5¢+
v0'L Y e ot ‘ .
£z'L ] s512t 2 3 [ o
vZ'L 0 60°921 3 e
mN.L © A4 o 3
S5e 7 S = 7806 vE6TL o =)
1272 2 A —| 0L [~ £6°0EL S E o
a7 =5 ¥80°G 6E1EL XS T £
e f el J s — e T =3 - :
S 7 o [} 16168 = —
oL 5 = =S 5— =
982 1 b =] foort | @ 69ZEN = = =
oy 7" ; I [AA 72" N [ ®
o xc © 06-66+=% # = =
Gos ] W [e10 5725} p
Nm.ﬂ_ T W 907 /¢l ¢ AY % w
7] - 8z'6El — 2 —3 Fe
852 - - 3
ooi ® p or6eL \ =
68/ SE IVl o
182 = sivt ] : L3
g6'L | - e ySLy ¥
16727 s £0°595 Y 3 =)
L ©
o
2 f :
[fe} W T~
o E o
Al = L o

S34



-80 -90

-70

-50|

-4q

30

2Q

10

10

20

£6'9
G691
1691
S0°L
90°L 1
2027
60°L 1
by
ST LA
127 LA

82 L

0L

1.0 05 0.0 -05

1.5

6221
el F
LeL
ge'L]

{

Cl

720’

€9l —
s o
O A ®
=
el
S| | T 2
o _/_\ S
@ w— o
L i)
a 2~ 5—
i G/ [
\ 7/ =
\|/ Z [=)
< @
< )] 1= =3
_ »
© S
=)
I
€
a
Op
1

00

Ie7
6gL]
s
9572 1
28721
6572
09°2 ]
g8/ ]
1821
€6
62/

P(O)Ph,

\

A\
S

3m, 'H NMR, 400 MHz, CDCl,

2.0 11.5 11.0 10.5 100 95 9.0 85 8p 75 7/0 65 60 55 50 45 40 35 30 25 20

ppm

S35



ul

-10

T T
-80 -90

-70

-0

-50

-4

130

08'9.

60

I

AV

ec Lz

€G1Et

1e°¢21

T
-20

vever ﬁ

-10

o1 msron

oL'9ct
oL'scl

Le'szl
€782

T
90

no

49'8¢1

S88el |

1

01 0T

A
L

EGLEL

10

€9 lL¢el

gl'Lel

6e'lc—

Cl

8L'LEL
gsecel

T
120

|

PP EEl

_<

L9°€€L
€5VEL
95 veElL —~

9c'6eL

P(Q)Phy

R NMR, 162 MHz, CDCl3

6E6ET

STTHL

[y ARl

3m,|"C NMR, 101 MHz, GO

L' ZCL

65°25+

3m,

ppm)

ppm

S36



-1

-0.5

1.0 05 0.0

ov'le—

10

20

Sv'e—

N

1.4

3.0 25 20

30

10

50

96'9
86'9
002
10721
60°L 1
012
SL'L
9L
Ve
2L
€Z'L
vz L
SZ'L
9Z'L
1271
62 L F
ve'L

6L

02

——— 02
————1300"
- JM.WO.N

— 1 \eo'p

60

G/'9/1

no

L

W

N~ 1

8¢

80

L
L
ezl

Q6°LZL 1

20°'€cl

QG Gzl

00

zs'szL |

s roun

vg 21
0z'8Z1 1
££'82) 1

Cly

10

et

H
-

e+

0ottt

veZ
9e/
9e/
8€'L
8€°L ]
6521
R
1621
86/
86/
09°2
S92
GlL
8.1

P(O)Ph,

A\
S

Me’

3n, "H NMR, 400 MHz, CDCl3

6°0
0'L

20 11.5 11.0 10.5 100 95 9.0 85 80| 75 70 65 6.0 55 50 45 4.0 3.5

ppm

0L'1EL
66°2¢1

2c0°eel

VO EET

0L ¥EL

U

16 7€l

vL'BEL

40

pRAIIA
g9'6el

3n, 30 NWR||[101 MHz, G

8/ 6glL7

150

0
pm

80

S37



T T
-80 -90

T
-70
A

: 96'97

86°9 1
Lo 00°Z1
80°Z
012
Ve
YL LA
22 LA
22 LA
8vVic— 7V
TR
9z
122
8z'1 ]
ge'L ]
162
6eL]
25,
$G L]
G572
= 16721
8L ]
68°L1
6L’

10¢
Fvo'e
—————— | 66}
e 2oz
R

M /60

0°L

s

B0

0

9

=

a4
Me S

n, 3'PINMR, 162 MHz,
50

#o

P(O)Phy
P(O)Ph,

O
Cl S

|
1

30, 'H NMR, 400 MHz, CDCl3

7

PRM

-1

1.0 05 00 -05

15

S38

ppm

20 11.5 11.0 10.5 100 95 9.0 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20



10

40

9.9/

-30

T
-20

pAVY A

il

90'Let

ogeet

€eect

-10

SISTH
68'9Z1 |

60°'Lc —

Cl3

agd

=
H——
L

@

&
P(O)Ph,
<

v

[}
0
o
2}
-

L

| A

~d

P(Q)Ph,

{0
fO|
0
M)
1

o
(=)
[
©
N
| A

L
~

T
140

C

30, "*C NMR, [101 Mhiz| CDCIy

Bo, 'R NMR, 162|MHz,|CD

10

0

ppm

80

ppm

S39



-1

1.0 05 0.0 -05

15

10

20

o
N
x 2
N
0. —
E2 =
©
©
96'9 p i
660 E2 §2°9/ o
002 ~ IR
2oL 0 wm.R/K
cos Y v¥20L 3
i . 69°201 1
20.] Fw 08ELT ¥
20.] YOvLL .
507 b N4 3
i vLEZL i
ove) o 0g°22) 1 | o
ol [ e XIFAN g
] © €921
rs ] F© 27°27|
: =
€12 az-az. : -
bes] Hpsoe b 2 €5'8Z1
oz s 10 9862t —
o o 0y | @ 65 TEL g o
9z'L] Q ARA SN pedigel g = | S
o 3 w 0S| o 8v'ZEl N ]
b7 s 007 | © Lgzel JW T 1 o
o 3 W sozel = 3
o6 2 s LAEEL =
2o S BE7EL = F =
NWNL AO—. C 0 B0 ZEl —~F R = M
mm.ﬁ 4 @ 1Z°0v1 w
o] 2 0 il P
@ﬂ“; N o o UV B w
ol ,m_n o X et 2] — 10
mmi S o 5 =
gz ] toe ) LepsL— 3 -
S92 o = :
b - LLL9L ~ _
85°L S , —
96°L = ot
162 .= ‘
86°L x
66°L -

80

S40



—21.89

3p, 3P NMR, 162 MHz, |CDCl,

90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 90 -1

ppm

-116.23

R(D)Ph,

3p, "F INMR| 376 MHz, CDQI5

T T
-180 -190 -200 -21

]

q -10 20 || -30|| -40

T
0D -60 10| -80 —Eﬂﬂ -100 | 4119 -120 |-130 _1mf 150 -16D —17T

S41



€8'9
689
€691
6°9
SG6°9 1
6177
L¢ Ly
€2/
9Z' L
NNN%
0€" LA
(5]

-1

1.0 05 0.0 -05

15

veLF
9g°L”

ov.iw
zvL]

vy 2]
19°2 4
€92
¥9L
99°Z
IINE
v1 L
8L
98/

3q, "H NMR, 400 MHz, CDCl3

2.0 11.5 11.0 105 100 95 90 85 80 75|70 65 60 55 50 45 40 35 30 25 2.0
ppm

€L°9L \

Qe /.

0G'Lcl

€9 i}

69°€CT

({23 7A N

74 ETA

69621

50071

89-9¢+

rAM 1A

L0z

e
66 8<t

v’ LEL

[4=H2A3

oG ted
SHEt

¥0€CT

PAVEA

0L'€EL

L

oL’ vEL Xt

9Z'6S}

BEBET —~
€21yl T

j1omaa

R 67t

196Vl

A

et
S42

q, 30 NMR, 10(| 1Kz, ¢DCll3




P(O)Ph,
AL
™ /s
Iy —
NI '
3q| A'RINMR, 162 MHz, CDE|
00 90 80 79 60 50 40 30 (] 0] D| -10 »AF -30 -40 -50 -60 70 -80 -90 -1
PR
M- OTOONONONOTOIINULMOAN~TOLLWLMOHONLW N
CORATYLTTMNNNOANNNT <0000 00N «
WONMNNMNNNNNNNNNNNNNNNNNNNNO OO [
i AN DA il |
O:P
N—Ph
S
3r, "H NMR, 400 MHz, CDCI4
1
1 1
SRBTHLIR 3
OO RO 5
—OM~ v NM Te}
2.0 11.5 11.0 10.5 10.0 95 90 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05 -1
ppm

S43



Ls'e—

-80 -90

-70

0

-6

50

40

279/

430

20

TR

7%

E \
veLL
DW.\\N.

ge'Lel
coect

-10

SOVt

6.%2L |

8 vet
91921

D0

1 9ct
L' )71

6/.'/¢2L

20

6921

10

6l'¢cc—

Z006cCt
69621

¥6'621
01

T
120

30

o LEL

~

5

~1

GLLEL A
soeel

T
130

L0°€El

4

D
T
Pl

Bl

{

6

926¢€1

|~

™~

T
40

6E€6EL
Skl \ﬂ

/]

A

G

60

8 1Vl
Nh._nv_\%

3r, "Sc|NMR| 101 MH4, CDCl4

T
150

T
160

3r, 3P NMR| 162 MHz,(CDCl3

fo

T
170

ppM

80

90 80

00

ppm

S44



c6'9

¥6'9
¥6'9

169
20°L
v0'L
90°Z
[AWA
[AWa
€LY
9171
8L°LY
6L°L
82,

62" LA
0€°L

6€L |

98,

88°L
v6'L

96°L

=P

(0]

V—Ph

S
3s, "H NMR, 400 MHz, CDCl;

Ak

-1

1.0 05 0.0 -05

15

20 11.5 11.0 10.5 100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20

ppm

10

20

40

6D

8G°'GLL
L2'GLL A

70

64°CL1

645+

£6'9l1

00-22Z1
06-<¢<t

90°ec)

60SCl 7
L1'sZL
ze'szi |

90

F8GE+

69°/¢l

100

VASR A,
0,821 7

110

€781

67621

i

€862
16°621
€2l
9/°Z¢€L

16°€€L

: L
Sovel L

120

13

14

Bs| ['PC NMR, 101|MHz, 0[5\:

8V €91

a9t

00991

pm

70

cU 991

80

S45



— 1982

i

3s, >|PINMR, |162|MHz, CDGl3

70 60 50 4”) 30 2| 10 0] -10 -20 30 t4q 50 -60 -70 -80 -90 -1
N~
w0
S
i
F
Q
O:F \)\
\ 7—Ph
Zs

3s, 'YF NMR, 376 MHz, CDCly

T T T T T T
-30 -40 -5 -60 -70 -80 -D -10p 11 120 -1130 -140 | +15 60 -170 -180 -190 -2

S46



An

-1

1.0 05 00 -05

1.5

65 6.0 55 50 45 40 35 30 25 20

196°L

T00°€

)

y0°
Bov

7.5 |7.p

10

20

30

40

50

yo

LL°9L

602~

1200

Iy vl

o=
66Vt

v0'SClL

S47

195eh

65°9Z1

1G'221

100

[AR:11]
02-8Z1

2€'8¢!
oY AlYAN

110

Jort oy

CHEr

or'LEL
#2911

\

Ph
<p-
A\
Se

(0]

3t, 'H NMR, 400 MHz, |CDCI

Ten:
TE0T

200°L

ppm

20 11.5 11.0 10.5 10.0 95 9.0 8.5 8.

)
120

I ZA2A1

Hiz, CDCI

/:

St ety

0ZHeL

i
3q

&t

TN

RPh

v6'veEL -

i
N

Se

I6vEL
Nh.rvrv

O6-LiL

140

064+
Nm.mvr\
LLevl

(r

150

3t, '3C NMR] 10

i

14

»
D
[
')
+ H

17
ppm

Wikt

80



23.19

Ph
P~ph

C~O
Se

3t, 3'P NMR, 162 MHz, CDCl;

O=

T
10 0 -10 -20

S48

T
-30

‘
-40

T
-50

T
-60

T
-70

T
-80

T
-90



