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Manganese Acetate—Mediated Phosphorylation of Indoles
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Abstract Mn(OAc);-mediated selective radical phosphorylation of indoles with dialkylphosphites or diphenylphosphine
oxide in moderate to good yields is described. The reaction proceeds under mild conditions in air, no need to add extra addi-
tives, through a radical process involving phosphorus-centered radical generated from dialkylphosphites or diphe-
nylphosphine oxide mediated by Mn(OAc);, selectively added to 3-position of 2-substituted indoles or 2-position of
3-substituted indoles to form carbon radical intermediate, followed by oxidation with Mn(OAc); and deprotonation to afford
products 2- or 3-phosphonyl indoles. This protocol provides an efficient and general method for the preparation of 2- and
3-phosphoryl indoles. The detailed investigation revealed that 1) the yields of N-methyl indoles were higher than NH unpro-
tected analogues; 2) 2-Phenyl or 2-methyl indoles were unsuitable for the reaction with dialkylphosphites, but were suitable
for the reaction with diphenyl phosphine oxide; 3) Indoles bearing electron-withdrawing groups such as F, Cl, Br on the phe-
nyl ring were favored to the reaction. A representative procedure for this reaction is as follows: To a solution of substituted
indoles 1 or 4 (1 mmol) and dialkylphosphites 2 (2 mmol) in HOAc (3 mL) heated with oil bath (50 ‘C), Mn(OAc); (3
mmol) was added in portions within 0.5 h, then, the mixture was allowed to stir further for 0.5 h. After removal of the most
solvent under reduced pressure, 50 mL water was added to the residue and the mixture was extracted with EtOAc (20 mL X
3). The combined organic layers were dried over anhydrous Na,SO,, filtered, concentrated under reduced pressure, and the
residue was purified by flash silica-gel column chromatography (using mixture of petroleum ether/ethyl acetate as eluent
from ratio of 20/1 to 1/2) to afford the desired 2- or 3-phosphonyl indoles 3 or 5.
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Table 1 Reactions of 2-substituted indoles (1) and dialkyl phosphites
@

R!

|

N Mn(OAc);

)—R? + HPO(ORY), ————

R3 HOAc, 50°C, 1 h
2
1a~1r

R!

|

N

)R

R3
PO(OR%)
3a~3r ’
Entry R R? R’ R* 3 Yield"/%

1 H COOMe H Me 3a 42
2 H COOMe H Et 3a’' 55
3 Me COOMe H Me 3b 69
4 H Ph H Me 3¢ Complex
5 Me Ph H Me 3d 25
6 H Me H Me 3e Complex
7 Me Me H Me 3f Complex
8 H COOEt F Me 3g 65
9 Me COOEt F Me 3h 80
10 H COOEt Cl Me 3i 41
11 Me COOEt Cl Me 3j 57
12 H COOEt Br Me 3k 62
13 Me COOEt Br Me 31 65
14 H COOEt  NO, Me 3m trace
15 Me COOEt NO, Me 3n 55
16 H COOEt  Me Me 30 48
17 Me COOEt Me Me 3p 52
18 H COOEt OMe Me 3q+3q" 58(1:0.44)
19 Me COOEt OMe Me 3r 47

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“Reaction conditions: 1 (1 mmol), 2 (2 mmol), Mn(OAc); (3 mmol), HOAc (3
mL), 50 “C (oil bath) for 1 h. ®Isolated yield. ¢ 3q is ethyl 3-(dimethoxyphos-
phoryl)-5-methoxy-1H-indole-2-carboxylate, 3q" is ethyl 4-(dimethoxyphos-
phoryl)-5-methoxy-1H-indole-2-carboxylate, these two compounds can’t be

separated.
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Table 2 Reactions of 3-substituted indoles (4) and dialkyl phosphites

@

R! R!
'{‘ . Mn(OAc); fll .
7 PR Hoac s0°c, 1h ¢ FOOR:
sa~-a1 R? 2 5a~5| R’
Entry R! R? R* 5 Yield"/%
1 H COOMe Me 5a 38
2 H COOMe Et 5a’' 32
3 H COOMe Pr 5a" 0
4 Me COOMe Me 5b 55
5 H CN Me 5¢ 25
6 Me CN Me 5d 62
7 H CHO Me Se 51
8 Me CHO Me 5f 56
9 H Ph Me 5¢ Complex
10 Me Ph Me 5h Complex
11 H Me Me 5i Complex
12 Me Me Me 5j Complex
13 H H Me — Complex
14 Me H Me — Complex

“Reaction conditions: 1 (1 mmol), 2 (2 mmol), Mn(OAc); (3 mmol), HOAc (3
mL), 50 ‘C (oil bath) for 1 h. * Isolated yield.
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Table 3 Reactions of 2- and 3-substituted indoles (1 and 4) with diphe-
nylphosphine oxide (6)

1
{ )
2 Mn(OAc), N_POAr,
5 7'R2 + HPOAr, ———————> 25
R HOAc,50°C, 1h Ra R
1and 4 6 7
Entry R! R’ R’ Ar 7 Yield"/%
1 H  2-COOMe H Ph 7a 89
2 Me 2-COOMe H Ph 7b 91
3 H 2-Ph H Ph Te 72
4 Me 2-Ph H Ph 7d 68
5 H  2-COOEt  Me Ph Te 84
6 H  3-COOMe H Ph 7t 63
7 Me 3-COOMe H Ph Tg 65
8 H 3-CHO H Ph 7h 61
9 H 3-Ph H Ph 7i 51
10 H 3-CN H Ph 7 68
11 H 2-COOMe H  4-MeOCH, 7k 62

© 2016 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

“ Reaction conditions: 1 and 4 (1 mmol), 6 (2 mmol), Mn(OAc); (3 mmol),
HOAc (3 mL), 50 ‘C (oil bath) for 1 h. ® Isolated yield.

3 g
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Methyl 3-(dimethoxyphosphoryl)-1H-indole-2-
carboxylate (3a) White solid (11.9 mg, 42% yield), m.p.
122~123 °C. 'H NMR (400 MHz, DMSO-dj) J: 10.44 (s,
1H), 8.07~8.01 (m, 1H), 7.65~7.61 (m, 1H), 7.46~7.25
(m, 2H), 3.91 (s, 3H), 3.71 (d, J=11.3 Hz, 6H); °C NMR
(101 MHz, DMSO-dg) o: 161.5, 138.0 (d, J=7.1 Hz),
129.8 (d, J=6.8 Hz), 128.5, 128.3 (d, J/=3.2 Hz), 127.9
(d, J/=10.8 Hz), 121.1 (d, J=13.9 Hz), 109.0, 108.2 (d,
J=3.6 Hz), 53.3 (d, J=5.4 Hz), 52.7. *'P NMR (162 MHz,
DMSO-dg) d: 20.1. HRMS (ESI-TOF) m/z: [M+Na]"
Anal. caled for Cj,H4PNaNOs 306.0507, found 306.0503.

Methyl 3-(diethoxyphosphoryl)-1H-indole-2-
carboxylate (3a') White solid (17.1 mg, 55% yield), m.p.
118~119 C.'H NMR (400 MHz, DMSO-dj) 6: 12.76 (d,
J=2.6 Hz, 1H), 8.13 (d, /=8.3 Hz, 1H), 7.67~7.48 (m,
1H), 7.38~7.30 (m, 1H), 7.26~7.18 (m, 1H), 4.24~3.98
(m, 4H), 3.92 (s, 3H), 1.24 (t, J=7.1 Hz, 6H); °C NMR
(101 MHz, DMSO-dy) J: 161.1, 136.6 (d, J=15.4 Hz),
131.9 (d, J=20.5 Hz), 129.5 (d, J/=12.2 Hz), 125.4, 123.0,
122.2, 113.4, 104.8 (d, J/=212.4 Hz), 61.7 (d, J=5.4 Hz),
52.8, 16.6 (d, J=6.4 Hz). *'P NMR (162 MHz, CDCL;) ¢:
18.7. HRMS (ESI-TOF) m/z: [M+Na]" Anal. calcd for
C,4H sPNaNOs 334.0820, found 334.0852.

Methyl 1-methyl-3-(dimethoxyphosphoryl)-1H-
indole-2-carboxylate (3b) Yellow oil (103 mg, 69%
yield). '"H NMR (400 MHz, CDCl;) ¢: 8.09 (d, J=8.1 Hz,
1H), 7.48~7.37 (m, 2H), 7.33~7.29 (m, 1H), 4.04 (s,
3H), 3.98 (s, 3H), 3.81 (d, J=11.3 Hz, 6H); *C NMR (101
MHz, CDCly) o: 161.7, 137.5 (d, J=14.7 Hz), 134.9 (d,
J=22.7 Hz), 127.5 (d, J=11.1 Hz), 124.6, 122.3, 122.2,
110.0, 52.4, 52.3 (d, J=5.1 Hz), 31.5. *'P NMR (162
MHz, CDCl;) §: 17.97. HRMS (ESI-TOF) m/z: [M~+Na]"
Anal. calcd for C;3H7NOsP 298.0844 , found 298.0853.

Dimethyl (1-methyl-2-phenyl-1H-indol-3-yl)-
phosphonate (3d) Yellow oil (79 mg, 25% vyield). 'H
NMR (400 MHz, CDCl3) o: 8.06 (d, J=7.7 Hz, 1H),
7.52~7.45 (m, 5H), 7.40 (d, J=8.1 Hz, 1H), 7.37~7.32
(m, 1H), 7.31~7.26 (m, 1H), 3.60 (s, 6H), 3.57 (s, 3H);
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5C NMR (101 MHz, CDCly)) d: 147.37 (d, J=24.2 Hz),
136.90 (d, J=14.4 Hz), 130.33, 130.04 (d, /=0.6 Hz),
128.79, 128.53 (d, J=12.7 Hz), 127.61, 122.46, 121.32,
120.98, 109.37, 97.19 (d, J=219.8 Hz), 51.55 (d, J=5.3
Hz), 30.60. *'P NMR (162 MHz, CDCL;) d: 19.69. HRMS
(ESI-TOF) m/z: [M+H]" Anal. caled for C;H;sNO;P
316.1103 , found 316.1088.

Ethyl 3-(dimethoxyphosphoryl)-5-fluoro-1H-indole-
2-carboxylate (3g) Yellow oil (205 mg, 65% yield). 'H
NMR (400 MHz, CDCl;) o: 11.30 (s, 1H), 7.91 (dd, J=
10.2, 2.4 Hz, 1H), 7.57~7.48 (m, 1H), 7.12~7.01 (m,
1H), 4.35 (q, J=7.1 Hz, 2H), 3.83 (d, J=11.6 Hz, 6H),
1.34 (t, J=7.1 Hz, 3H); “C NMR (101 MHz, CDCl;) ¢:
159.58, 158.57 (d, J=238.0 Hz), 132.80 (d, /=20.7 Hz),
132.18 (d, J/=15.2 Hz), 129.93 (t, J/=11.4 Hz), 114.37 (d,
J=27.1 Hz), 113.14 (d, J=9.6 Hz), 107.31 (d, /=254
Hz), 103.06 (d, J/=217.5 Hz), 61.47, 52.26 (d, J=5.6 Hz),
13.52. *'P NMR (162 MHz, CDCl;) ¢: 17.83. HRMS
(ESI-TOF) m/z: [M—i—H]+ Anal. calcd for C3H;(FNOsP
316.0750, found 316.0754.

Ethyl  3-(dimethoxyphosphoryl)-5-fluoro-1-methyl-
1 H-indole-2-carboxylate (3h) Yellow oil (263 mg, 80%
yield). '"H NMR (400 MHz, CDCl;) 6: 7.79 (dd, J=9.8, 2.5
Hz, 1H), 7.37~7.31 (m, 1H), 7.17~7.08 (m, 1H), 4.47 (q,
J=17.2 Hz, 2H), 3.94 (s, 3H), 3.77 (d, J=11.6 Hz, 6H),
1.45 (t, J=7.2 Hz, 3H); °C NMR (101 MHz, CDCl;) ¢:
160.85, 158.68 (d, J=238.5 Hz), 136.15 (d, /=21.8 Hz),
133.98 (d, J/=14.4 Hz), 128.15 (t, J=10.9 Hz), 113.45 (d,
J=26.9 Hz), 110.97 (d, /=9.6 Hz), 107.09 (d, /J=25.2
Hz), 101.71 (dd, /=217.0, 5.1 Hz), 61.89, 51.94 (d, J=5.3
Hz), 31.65, 13.34. *'P NMR (162 MHz, CDCl;) J: 17.48.
HRMS (ESI-TOF) m/z: [M + H] " Anal. caled for
C14HsFNOsP 330.0907, found 330.0910.

Ethyl 5-chloro-3-(dimethoxyphosphoryl)-1H-indole-
2-carboxylate (3i) Yellow oil (136 mg, 41% yield). 'H
NMR (400 MHz, CDCl;) o: 11.29 (s, 1H), 8.35 (s, 1H),
7.61 (d, J=8.7 Hz, 1H), 7.36 (d, J/=10.3 Hz, 1H), 4.60~
4.35 (m, 2H), 3.94 (d, J=11.5 Hz, 6H), 1.62~1.33 (m,
3H); *C NMR (101 MHz, CDCl;) d: 159.55, 133.98 (d,
J=15.2 Hz), 132.64 (d, J=20.8 Hz), 130.27 (d, J=11.8
Hz), 127.77, 125.68, 121.95, 113.29 (d, J/=5.4 Hz), 102.61
(d, J=217.2 Hz), 61.55, 52.32 (d, J=5.5 Hz), 13.54. *'P
NMR (162 MHz, CDCl;) ¢: 17.44. HRMS (ESI-TOF) m/z:
[M+H]" Anal. caled for Ci3H;CINOsP 332.0455, found
332.0466.

Ethyl  5-chloro-3-(dimethoxyphosphoryl)-1-methyl-
1 H-indole-2-carboxylate (3j) Yellow oil (197 mg, 57%
yield). '"H NMR (400 MHz, CDCl3) d: 8.12 (s, 1H), 7.31 (s,

Acta Chim. Sinica 2016, 74, 811—818



1 F F ®R

2H), 4.53~4.44 (m, 2H), 3.93 (d, J=0.9 , 3H), 3.78 (dd,
J=11.6, 0.6 Hz, 6H), 1.50~1.42 (m, 3H); >C NMR (101
MHz, CDCl;) o: 160.82, 136.07 (d, J=22.0 Hz), 135.72
(d, J=14.3 Hz), 128.50 (d, /=10.9 Hz), 127.86, 124.95,
121.60, 111.06, 101.41 (d, J=216.7 Hz), 61.96, 52.00 (d,
J=5.3 Hz), 31.62, 13.36. *'P NMR (162 MHz, CDCl;) o:
17.12. HRMS (ESI-TOF) m/z: [M+H]" Anal. calcd for
C14H;sCINOsP 346.0611, found 346.0610.

Ethyl 5-bromo-3-(dimethoxyphosphoryl)-1H-indole-
2-carboxylate (3k) Yellow oil (233 mg, 62% yield). 'H
NMR (400 MHz, CDCly) d: 10.78 (s, 1H), 8.43 (s, 1H),
7.43 (d, J=9.4 Hz, 2H), 4.38 (q, J=7.1 Hz, 2H), 3.83 (d,
J=11.6 Hz, 6H), 1.37 (t, J=7.1 Hz, 3H); >C NMR (101
MHz, CDCl;) 6: 159.52, 134.07 (d, J=15.1 Hz), 132.33
(d, J=20.6 Hz), 13091 (d, /=11.9 Hz), 128.31, 125.24,
115.53, 113.45, 102.81 (d, J=216.9 Hz), 61.61, 52.31 (d,
J=5.6 Hz), 13.56. *'P NMR (162 MHz, CDCl;) §: 17.34.
HRMS (ESI-TOF) m/z: [M + H] " Anal. caled for
C13H6BrNOsP 375.9949, found 375.9960.

Ethyl  5-bromo-3-(dimethoxyphosphoryl)-1-methyl-
1H-indole-2-carboxylate (31) Yellow oil (253 mg, 65%
yield). '"H NMR (400 MHz, CDCl;) J: 8.29 (d, J=1.7 Hz,
1H), 7.45 (dd, J=8.8, 1.8 Hz, 1H), 7.27 (dd, J=8.9, 2.0
Hz, 1H), 4.48 (q, J=7.1 Hz, 2H), 3.93 (s, 3H), 3.78 (d, J=
11.6 Hz, 6H), 1.47 (t, J=7.2 Hz, 3H); *C NMR (101
MHz, CDCl;) 6: 160.82, 136.00 (d, J=14.2 Hz), 135.93
(d, J=21.8 Hz), 129.10 (d, /=11.0 Hz), 127.51, 124.73,
115.54 (d, J/=1.0 Hz), 111.41, 101.37 (d, J=216.6 Hz),
61.99, 52.02 (d, J=5.2 Hz), 31.60, 13.37. *'P NMR (162
MHz, CDCl;) 6: 17.06. HRMS (ESI-TOF) m/z: [M+H]"
Anal. calcd for C4H3sBrNOsP 390.0106, found 390.0120.

Ethyl 3-(dimethoxyphosphoryl)-1-methyl-5-nitro-1H-
indole-2-carboxylate (3m) Yellow oil (188 mg, 55%
yield). '"H NMR (400 MHz, CDCl;) J: 9.02 (d, J=1.9 Hz,
1H), 8.20 (dd, J=5.0, 4.2 Hz, 1H), 7.47 (dd, J=9.2, 1.8
Hz, 1H), 4.47 (q, J=7.1 Hz, 2H), 3.99 (s, 3H), 3.79 (d, J=
11.6 Hz, 6H), 1.44 (t, J=7.1 Hz, 3H); ®C NMR (101
MHz, CDCl;) J: 160.38, 143.20, 139.81 (d, J=13.6 Hz),
138.28 (d, J=21.3 Hz), 126.75 (d, J=10.5 Hz), 119.64,
119.54, 110.39, 104.82 (d, J=216.7 Hz), 62.39, 52.25 (d,
J=5.4 Hz), 32.03, 13.37. *'P NMR (162 MHz, CDCl;) 6:
15.48. HRMS (ESI-TOF) m/z: [M+H]" Anal. calcd for
C14HsN,O4P 357.0852, found 357.0855.

Ethyl 3-(dimethoxyphosphoryl)-5-methyl-1H-indole-
2-carboxylate (30) Yellow oil (118 mg, 48% yield). 'H
NMR (400 MHz, CDCl3) o: 9.45 (s, 1H), 7.78 (d, J=1.4
Hz, 1H), 7.56~7.50 (m, 1H), 7.20 (dd, J=38.5, 4.8 Hz,
1H), 4.41 (q, J=7.1 Hz, 2H), 3.77 (d, J=11.3 Hz, 6H),
2.70 (d, J=2.0 Hz, 3H), 1.40 (t, J=7.1 Hz, 3H); *C NMR
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(101 MHz, CDCl;) ¢: 161.7, 136.7 (d, J=10.2 Hz), 134.8
(d, J=16.5 Hz), 129.5, 129.3, 129.2, 128.6, 128.4, 128.1,
126.8, 121.3, 117.5, 115.9 (d, J=3.5 Hz), 115.7, 111.1,
109.3, 107.6, 60.7, 60.5, 51.7 (d, J=5.2 Hz), 21.1 (d, J=
3.9 Hz), 20.9, 13.9. *'P NMR (162 MHz, CDCl;) 6: 18.26.
HRMS (ESI-TOF) m/z: [M + H] " Anal. caled for
C1sH9NOsP 312.1001, found 312.1008.

Ethyl 3-(dimethoxyphosphoryl)-1,5-dimethyl-1H-
indole-2-carboxylate (3p) Yellow oil (169 mg, 52%
yield). "H NMR (400 MHz, CDCLy) 6: 7.95 (s, 1H), 7.34~
7.30 (m, 1H), 7.29~7.16 (m, 1H), 4.50 (q, J=7.2 Hz,
2H), 3.96 (s, 3H), 3.80 (d, J=11.5 Hz, 6H), 2.50 (s, 3H),
1.49 (t, J=7.2 Hz, 3H); °C NMR (101 MHz, CDCL;) ¢:
161.34, 135.90 (d, J=14.7 Hz), 134.96 (d, J/=22.3 Hz),
131.61, 127.97 (d, J=11.4 Hz), 126.32, 121.64, 109.53 (d,
J=1.0 Hz), 100.89 (d, /=215.7 Hz), 61.72, 51.91 (d, J=
5.1 Hz), 31.41, 21.09, 13.40. *'P NMR (162 MHz, CDCl;)
0: 18.41. HRMS (ESI-TOF) m/z: [M+H]" Anal. calcd for
Ci5H,NOsP 326.1157, found 326.1169.

Ethyl 3-(dimethoxyphosphoryl)-5-methoxy-1-methyl-
1H-indole-2-carboxylate (3r) Yellow oil (160 mg, 47%
yield). '"H NMR (400 MHz, CDCl;) §: 7.56 (d, J=2.4 Hz,
1H), 7.26~7.20 (m, 1H), 7.02~6.95 (m, 1H), 4.41 (q, J=
7.1 Hz, 2H), 3.88 (s, 3H), 3.83 (s, 3H), 3.72 (d, J=11.6
Hz, 6H), 1.40 (t, J=7.2 Hz, 3H); “C NMR (101 MHz,
CDCl;) d: 161.09, 155.51, 134.58 (d, J=22.0 Hz), 132.72
(d, J/=14.8 Hz), 128.60 (d, J/=11.3 Hz), 115.92, 110.75 (d,
J=0.9 Hz), 102.50, 100.88 (d, /=216.0 Hz), 61.61, 55.14,
51.89 (d, J=5.2 Hz), 31.57, 13.36. *'P NMR (162 MHz,
CDCl;) d: 18.52. HRMS (ESI-TOF) m/z: [M-+H]" Anal.
calcd for C;sH, NOgP 342.1106, found 342.1093.

Methyl 2-(dimethoxyphosphoryl)-1H-indole-3-
carboxylate (5a) White solid (10.7 mg, 38% yield), m.p.
130~131 ‘C."H NMR (400 MHz, DMSO-d;) 0: 12.34 (s,
1H), 8.07 (d, J=8.1 Hz, 1H), 7.61 (d, J=8.2 Hz, 1H),
7.41~7.22 (m, 2H), 3.87 (s, 3H), 3.79 (d, J=11.6 Hz,
6H); *C NMR (101 MHz, DMSO-d;) d: 164.2, 137.3 (d,
J=129 Hz), 129.4 (d, J=214.1 Hz), 126.7 (d, J=12.7
Hz), 125.0, 122.9, 122.1, 113.7, 112.7 (d, J=15.2 Hz),
53.8 (d, J=5.8 Hz), 51.8. *'P NMR (162 MHz, DMSO-d)
0: 9.8. HRMS (ESI-TOF) m/z: [M+Na]" Anal. calcd for
C,H4PNaNOs 306.0507, found 306.0513.

Methyl 2-(diethoxyphosphoryl)-1H-indole-3-
carboxylate (5a') White solid (9.9 mg, 32% yield), m.p.
127~128 ‘C. '"H NMR (400 MHz, CDCl;) 6: 10.59 (s,
1H), 8.25 (d, J/=38.0 Hz, 1H), 7.58 (d, J=8.1 Hz, 1H), 7.36
(m, 2H), 4.24 (m, 4H), 3.99 (s, 3H), 1.36 (t, J=7.0 Hz,
6H); *C NMR (101 MHz, CDCL3) d: 164.4, 125.0, 122.7
(d, J=7.6 Hz), 112.5, 63.5, 51.3, 16.3. *'P NMR (162
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MHz, CDCl;) 6: 7.6. HRMS (ESI-TOF) m/z: [M+Na]"
Anal. calcd for C4H,sPNaNO; 334.0820, found 334.0852.

Methyl 2-(dimethoxyphosphoryl)-1-methyl-1H-
indole-3-carboxylate (Sb) Yellow oil (253 mg, 65%
yield). '"H NMR (400 MHz, CDCl3) ¢: 8.07 (d, J=8.1 Hz,
1H), 7.47~7.36 (m, 2H), 7.29 (t, J=7.4 Hz, 1H), 4.15 (s,
3H), 3.97 (s, 3H), 3.85 (d, J=11.7 Hz, 6H); *C NMR (101
MHz, CDCl;) o: 164.19, 138.62 (d, J=13.0 Hz), 127.17
(d, J=213.4 Hz), 125.34 (d, J=12.7 Hz), 124.80, 122.02,
121.94, 115.99 (d, J=14.6 Hz), 110.05 (d, /=1.9 Hz),
52.94 (d, J=5.7 Hz), 51.25, 32.54. *'P NMR (162 MHz,
CDCl;) 6: 10.16. HRMS (ESI-TOF) m/z: [M+Na]" Anal.
calcd for C3H{NNaOsP 320.0664, found 320.0649.

Dimethyl (3-cyano-1H-indol-2-yl)phosphonate (5¢)
Yellow oil (63 mg, 25% yield). 'H NMR (400 MHz,
CDCl) 0: 12.31 (s, 1H), 7.82 (d, J=8.1 Hz, 1H), 7.66 (d,
J=8.3 Hz, 1H), 7.44 (t, J=7.6 Hz, 1H), 7.34 (t, J=7.5
Hz, 1H), 3.97 (d, J=11.6 Hz, 6H); *C NMR (101 MHz,
CDCl;) o: 136.96 (d, J=13.2 Hz), 128.98 (d, /=216.0
Hz), 127.62 (d, J=11.5 Hz), 125.72, 122.68, 119.72,
114.22, 113.03, 92.82 (d, J=12.9 Hz), 53.75 (d, J=5.6
Hz). P NMR (162 MHz, CDCly) &: 7.74. HRMS
(ESI-TOF) m/z: [M—l—H]+ Anal. calcd for C;H;,N,O;P
251.0586, found 251.0575.

Dimethyl (3-cyano-1-methyl-1H-indol-2-yl)phos-
phonate (5d) Yellow oil (164 mg, 62% yield). '"H NMR
(400 MHz, CDCl3) d: 7.75 (d, J=8.1 Hz, 1H), 7.44~7.38
(m, 2H), 7.34~7.27 (m, 1H), 4.03 (s, 3H), 3.90 (d, J=
11.5 Hz, 6H); °C NMR (101 MHz, CDCl;) ¢: 138.17 (d,
J=12.2 Hz), 131.38 (d, J=214.1 Hz), 127.00 (d, J/=11.8
Hz), 125.81, 122.62, 119.96, 114.05, 110.54 (d, J=1.9
Hz), 94.23 (d, J=12.8 Hz), 53.41 (d, /=6.0 Hz), 32.37.
3'P NMR (162 MHz, CDCl;) d: 6.94. HRMS (ESI-TOF)
m/z: [M—|—H]+ Anal. caled for C,H4sN,Os;P 265.0742,
found 265.0752.

Dimethyl (3-formyl-1H-indol-2-yl)phosphonate (5e)
Yellow oil (129 mg, 51% yield). '"H NMR (400 MHz,
CDCl;) 6: 11.98 (s, 1H), 10.37 (s, 1H), 8.44 (d, J=8.0 Hz,
1H), 7.65 (d, J/=8.1 Hz, 1H), 7.42 (t, J=7.5 Hz, 1H), 7.36
(t, J=7.5 Hz, 1H), 3.90 (d, J=11.7 Hz, 6H); °C NMR
(101 MHz, CDCl;) J: 185.77, 137.45 (d, J=13.3 Hz),
130.39 (d, J=211.3 Hz), 125.59, 125.13 (d, /=13.0 Hz),
123.50, 122.56, 122.33 (d, J=16.0 Hz), 112.18, 53.18 (d,
J=5.2 Hz). *'P NMR (162 MHz, CDCl;) : 10.68. HRMS
(ESI-TOF) m/z: [M-+H]" Anal. caled for C;H;;NO,P
254.0582, found 254.0574.

Dimethyl  (3-formyl-1-methyl-1H-indol-2-yl)phos-
phonate (5f) Yellow oil (150 mg, 56% yield). 'H NMR
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(400 MHz, CDCl3) d: 10.63 (s, 1H), 8.47 (d, J=38.0 Hz,
1H), 7.42~7.36 (m, 2H), 7.34~7.27 (m, 1H), 3.98 (s,
3H), 3.83 (d, J=11.6 Hz, 6H); *C NMR (101 MHz,
CDCly) 6: 188.43, 138.89 (d, J=12.2 Hz), 131.40 (d, J=
208.4 Hz), 125.67, 124.66 (d, J=19.0 Hz), 124.38 (d, J=
13.9 Hz), 123.36, 123.05, 109.76 (d, J=1.6 Hz), 52.73 (d,
J=5.3 Hz), 31.99. *'P NMR (162 MHz, CDCl;) J: 9.64.
HRMS (ESI-TOF) m/z: [M + H] " Anal. caled for
C11H3NO4P 268.0739, found 268.0741.

Methyl 3-(diphenylphosphoryl)-1 H-indole-2-
carboxylate (7a) White solid (315 mg, 83% yield), m.p.
215~216 ‘C."H NMR (400 MHz, CDCl;) 6: 9.95 (s, 1H),
7.90~7.75 (m, 4H), 7.60~7.40 (m, 7H), 7.35~7.25 (m,
1H), 7.21 (d, J/=8.3 Hz, 1H), 7.10~6.96 (m, 1H), 3.39 (s,
3H); *C NMR (101 MHz, DMSO-d;) d: 161.0, 137.1 (d,
J=11.6 Hz), 135.6 (d, J=108.7 Hz), 132.1 (d, J=15.5
Hz), 131.8 (d, /=2.5 Hz), 131.3 (d, /=10.1 Hz), 130.3 (d,
J=8.8 Hz), 128.9 (d, J=12.2 Hz), 125.3, 123.0, 121.8,
113.5, 108.4 (d, J=118.5 Hz), 52.0. *'P NMR (162 MHz,
CDCl;) 6: 22.3. MS (ESI-TOF) m/z: [M+H]" Anal. calcd
for C,H;9PNO; 376.1, found 376.1.

Methyl 3-(diphenylphosphoryl)-1-methyl-1H-indole-
2-carboxylate (7b) White solid (320 mg, 84% yield).
m.p. 175~176 ‘C. 'H NMR (400 MHz, DMSO-d;) §:
7.75~7.65 (m, 5H), 7.62~7.57 (m, 2H), 7.55~7.45 (m,
4H), 7.40~7.30 (m, 1H), 7.18 (d, J/=8.2 Hz, 1H), 7.08~
7.00 (m, 1H), 3.93 (s, 3H), 3.20 (s, 3H); *C NMR (101
MHz, DMSO-dg) d: 161.9, 138.2 (d, J=10.6 Hz), 135.64
(d, J=16.2 Hz), 135.63, 134.5, 132.0 (d, /=2.7 Hz), 131.3
(d, J/=10.1 Hz), 129.0 (d, /=12.1 Hz), 128.4 (d, J=8.7
Hz), 124.9, 124.9, 122.2 (d, J=20.7 Hz), 112.0, 107.0 (d,
J=120.2 Hz), 52.3, 32.2. >'P NMR (162 MHz, DMSO-d)
0: 18.7. MS (ESI-TOF) m/z: [M+H]" Anal. calcd for
Cy»3H,PNO; 390.1, found 390.1.

Diphenyl (2-phenyl-1H-indol-3-yl) phosphine oxide
(7¢) Yellow solid (287 mg, 73% yield), m.p. 237~
238 ‘C. 'H NMR (400 MHz, DMSO-dy) J: 12.27 (s, 1H),
7.67~7.58 (m, 4H), 7.56~7.47 (m, 3H), 7.45~7.37 (m,
2H), 7.38~7.28 (m, 4H), 7.25~7.08 (m, 4H), 6.82 (t, J=
7.6 Hz, 1H), 6.49 (d, J=8.1 Hz, 1H); *C NMR (101 MHz,
DMSO-dg) o: 147.2 (d, J=17.3 Hz), 137.0 (d, J=11.5
Hz), 135.6 (d, J/=105.8 Hz), 132.0, 131.9, 131.6 (d, J=9.7
Hz), 130.2, 130.1 (d, J=2.9 Hz), 128.9, 128.7 (d, J=11.8
Hz), 128.0, 125.7, 122.6, 120.7, 112.4, 101.1 (d, J=124.9
Hz). *'P NMR (162 MHz, DMSO-d;) d: 16.6. MS
(ESI-TOF) m/z: [M+H]" Anal. caled for C,H, PNO
394.1, found 394.1.

Diphenyl (1-methyl-2-phenyl-1H-indol-3-yl)
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phosphine oxide (7d) Yellow solid (167 mg, 72% yield),
m.p. 213~214 C. '"H NMR (400 MHz, DMSO-d;) §:
7.70~7.48 (m, SH), 7.42~7.39 (m, 2H), 7.34~7.09 (m,
10H), 6.98~6.93 (m, 2H), 3.53 (s, 3H); °C NMR (101
MHz, DMSO-d;) 6: 147.9 (d, J/=18.4 Hz), 137.7 (d, J=
10.7 Hz), 135.3 (d, J=106.0 Hz), 131.6 (d, J=9.8 Hz),
131.5 (d, J=2.6 Hz), 131.1, 130.5, 129.2 (d, /=9.8 Hz),
129.0, 128.7, 128.6, 128.1, 122.8, 121.1 (d, J=13.9 Hz),
111.3, 102.5 (d, J=126.1 Hz), 31.4. *'P NMR (162 MHz,
DMSO-d¢) 6: 17.3. HRMS (ESI-TOF) m/z: [M+H]"
Anal. calcd for C,7H»;PNO 408.1517, found 408.1528.

Ethyl 3-(diphenylphosphoryl)-5-methyl-1H-indole-2-
carboxylate (7e) Green solid (278 mg, 79% yield), m.p.
196~197 °C.'H NMR (400 MHz, DMSO-dj) J: 12.69 (s,
1H), 7.73~7.62 (m, 4H), 7.59~7.55 (m, 2H), 7.54~7.43
(m, 5H), 7.15~7.10 (m, 2H), 3.81 (q, J=7.1 Hz, 2H),
2.20 (s, 3H), 0.89 (t, J=7.1 Hz, 3H); *C NMR (101 MHz,
DMSO-dy) 6: 160.6, 135.8 (d, J/=109.1 Hz), 135.4 (d, J=
11.6 Hz), 132.2 (d, J=15.6 Hz), 131.8 (d, J=2.4 Hz),
131.4 (d, J/=10.1 Hz), 130.7 (d, /=8.8 Hz), 130.5, 128.8
(d, J=12.1 Hz), 127.1, 122.3, 113.1, 107.2 (d, J=118.9
Hz), 61.3, 21.8, 14.0.*'P NMR (162 MHz, DMSO-d;) J:
21.3. HRMS (ESI-TOF) m/z: [M+H]" Anal. caled for
Cy4H,3PNO; 404.1416, found 404.1425.

Methyl 2-(diphenylphosphoryl)-1H-indole-3-
carboxylate (7f) White solid (191 mg, 51% yield), m.p.
214~215 ‘C. '"H NMR (400 MHz, CDCl;) d: 11.90 (s,
1H), 8.24~8.16 (m, 1H), 7.93~7.85 (m, 4H), 7.60~7.57
(m, 2H), 7.47~17.50 (m, 5H), 7.36~7.20 (m, 2H), 3.55 (s,
3H); C NMR (101 MHz, DMSO-d;) d: 164.0, 138.0 (d,
J=9.7 Hz), 134.5 (d, J=110.6 Hz), 132.9, 132.6 (d, J=
2.7 Hz), 131.7 (d, J=10.6 Hz), 129.0 (d, J=12.7 Hz),
127.5 (d, J/=8.3 Hz), 124.8, 122.9, 121.9, 114.0, 112.4 (d,
J=10.0 Hz), 50.9. *'P NMR (162 MHz, CDCl;) §: 26.2.
HRMS (ESI-TOF) m/z: [M + H] " Anal. caled for
Cp»H9PNO; 376.1103, found 376.1105.

Methyl 2-(diphenylphosphoryl)-1-methyl-1H-indole-
3-carboxylate (7g) White solid (214 mg, 55% yield),
m.p. 181~182 ‘C. '"H NMR (400 MHz, DMSO-d,) J:
7.89 (d, J=8.1 Hz, 1H), 7.81~7.69 (m, 4H), 7.69~7.61
(m, 3H), 7.59~7.54 (m, 4H), 7.43 (t, J/=7.4 Hz, 1H), 7.30
(t, J=7.3 Hz, 1H), 4.03 (s, 3H), 3.11 (s, 3H); *C NMR
(101 MHz, DMSO-dg) o: 164.1, 139.6 (d, J=8.0 Hz),
133.6, 132.63 (d, J=2.7 Hz), 132.57 (d, J=107.0 Hz),
132.5,131.5 (d, J/=10.5 Hz), 129.2 (d, /=12.7 Hz), 125.7
(d, J=9.1 Hz), 125.5, 122.2 (d, J=127.2 Hz), 115.9 (d,
J=11.7 Hz), 111.7, 51.4, 33.7. *'P NMR (162 MHz,
CDCl;) 6: 22.3. HRMS (ESI-TOF) m/z: [M+H]  Anal.
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calcd for C,3H,,PNO;5 390.1259, found 390.1284.

2-(Diphenylphosphoryl)-1H-indole-3-carbaldehyde
(7h)  Yellow solid (245 mg, 68% yield), m.p. 263~
264 °C.'"H NMR (400 MHz, DMSO-d) J: 12.40 (s, 1H),
10.33 (s, 1H), 8.23 (d, J/=7.9 Hz, 1H), 7.81~7.69 (m,
6H), 7.66~7.61 (m, 4H), 7.58 (d, /=8.1 Hz, 1H), 7.40~
7.25 (m, 2H); *C NMR (101 MHz, DMSO-d;) o: 187.5,
138.7 (d, J=43.3 Hz), 138.2 (d, J=54.6 Hz), 133.5 (d,
J=2.7 Hz), 132.6, 132.0 (d, J/=10.7 Hz), 131.5, 129.6 (d,
J=12.5 Hz), 125.8, 125.6 (d, J/=8.6 Hz), 124.3 (d, J=
11.2 Hz), 123.1 (d, J=147.5 Hz), 113.6. *'P NMR (162
MHz, DMSO-dg) o: 19.4. HRMS (ESI-TOF) m/z: [M+
H]+ Anal. caled for C,H;(PNaNO, 368.0816, found
368.0847.

Diphenyl (3-phenyl-1H-indol-2-yl) phosphine oxide
(7i)) Yellow solid (208 mg, 51% vyield), m.p. 219~
220 ‘C.'H NMR (400 MHz, DMSO-d;) 6: 11.39 (s, 1H),
7.62~7.42 (m, 8H), 7.40~7.38 (m, 4H), 7.34~7.24 (m,
3H), 7.20~7.05 (m, 4H); *C NMR (101 MHz, DMSO-d;)
0: 138.3 (d, J=9.9 Hz), 133.8 (d, J=11.5 Hz), 132.6,
132.3 (d, J/=2.6 Hz), 131.8 (d, J/=10.1 Hz), 130.6, 129.5
(d, J=12.5 Hz), 128.9 (d, J=12.2 Hz), 128.1, 127.6 (d,
J=10.8 Hz), 127.0, 126.7 (d, J=13.1 Hz), 125.9, 124.7 (d,
J=4.0 Hz), 120.6 (d, J=53.2 Hz), 113.2. *'P NMR (162
MHz, DMSO-dg) 0: 17.3. HRMS (ESI-TOF) m/z: [M+
H] * Anal. caled for CyH, PNO 394.1361, found
394.1379.

2-(Diphenylphosphoryl)-1H-indole-3-carbonitrile (7j)
White solid (209 mg, 61% yield), m.p. 229~230 C. 'H
NMR (400 MHz, DMSO-dq) 6: 12.92 (s, 1H), 7.79~7.67
(m, 7H), 7.66~7.60 (m, 5H), 7.44~7.40 (m, 1H), 7.36~
7.29 (m, 1H); *C NMR (101 MHz, DMSO-d;) J: 137.7 (d,
J=6.6 Hz), 136.6, 133.6 (d, J/=2.7 Hz), 132.0 (d, /=10.7
Hz), 131.1 (d, J=109.4 Hz), 129.6 (d, J/=12.6 Hz), 128.6
(d, /=8.0 Hz), 126.1, 123.3, 119.6, 114.7, 114.2, 92.7 (d,
J=10.7 Hz). *'P NMR (162 MHz, DMSO-dy) o: 17.5.
HRMS (ESI-TOF) m/z: [M + H] " Anal. caled for
C,1H6PN,O 343.1000, found 343.1013.

Methyl 3-(bis(4-methoxyphenyl)phosphoryl)-1H-
indole-2-carboxylate (7k) Yellow oil (270 mg, 62%
yield). '"H NMR (400 MHz, CDCl;) d: 11.39 (s, 1H),
7.86~7.59 (m, 4H), 7.47 (s, 1H), 7.27~7.11 (m, 2H),
7.02~6.90 (m, 5H), 3.83 (s, 6H), 3.30 (s, 3H); *C NMR
(101 MHz, CDCl;) d: 162.1, 136.6, 133.4, 132.0, 130.2,
126.7, 125.6, 125.1, 123.0, 121.8, 113.9, 113.8, 112.8,
55.3, 51.8. *'P NMR (162 MHz, CDCl;) ¢: 23.2. HRMS
(ESI-TOF) m/z: [M+H]" Anal. caled for Cy;H,3PNO5
436.1314, found 436.1327.
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