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 (Scheme 1.1, left) 
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Scheme 1.1. Traditional oxidation method vs. modern oxidation method using O2 or H2O2 

7, 8 

 

(Scheme 1.2, a, b)  

 (Scheme 1.2, c)  
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Scheme 1.2. Photo-driven reaction 
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 (Scheme 2.1) 12b 
12c 

 

 
Scheme 2.1. Oxidative amination using iodide/peroxide catalysis 
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Scheme 2.2. Intra or intermolecular oxidative acyloxylation using the iodine catalysis 

E

 (Scheme 2.3) 12a  (IO )  

 (IO2 )  

 
Scheme 2.3. Enantioselective cyclization using a chiral iodide catalyst 

 sp3 C C  (Scheme 2.4) 12e 

 
Scheme 2.4. Cross dehydrogenative coupling using iodine catalysis 
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Scheme 2.5. Oxidative cyclization and functionalization using halogen sources with peroxides 
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Scheme 2.6. Traditional oxidation process using hypervalent iodine compounds 
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Scheme 2.7. Oxidative coupling using aryl iodide / peroxide catalysis 

16, 17 2015  Muñiz 

 Hofmann Löffler 

 N-  (NIS)  (Scheme 

2.8) 16a  NIS 

1,5-

 

 
Scheme 2.8. NIS-promoted Hofmann−Löffler reaction  
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Scheme 2.9. C−H halogenation using halogen sources and visible light 
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Scheme 2.10. A selected example of aerobic photooxidation using iodine 
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第二節 有機分子光触媒による酸化還元反応の現状と課題 
 

20, 21 

 (Mes−Acr+) 

 

(Scheme 2.11) 20a 

 
Scheme 2.11. Aerobic photooxidation of xylene using acridinium catalyst 

20b–d −

 (Scheme 2.12)  

 
Scheme 2.12. Photoredox reactions using Mes–Acr+ catalysis 
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×  (3O2) 

 (1O2) ×

 (Scheme 2.13) 20e 

 
Scheme 2.13. Aerobic photooxidation of boronic acids using singlet oxygen 

−  (Scheme 2.14) 20f 

 
Scheme 2.14. C−C bond formation via acyl radical addition using a hypervalent iodine catalyst 

−

 (Scheme 2.15) 20g  2017 Kumar -9,10-

 

 
Scheme 2.15. Dehydrogenative C−C bond formation using phenanthrene-9,10-dione 
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AQN

 (Scheme 2.16) 22 

 
Scheme 2.16. Photooxidation reported by our laboratory 

•

 

 

 (Figure 2.1) 

 

Figure 2.1. Advantages and disadvantages of the reactions described above 

 メリット デメリット 

ハロゲン ・安定な不活性炭素−水素の活性化が可能 
・優れた反応選択性 

・過酷な反応条件（温度、不安定な試薬） 
・大量の廃棄物の副生 

有機分子触
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・温和な条件下進行 
・比較的少ない廃棄物量 
・優れた反応選択性 

・酸化できる基質が限定的 
・触媒的大量合成には不向き 
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第一節 触媒量のヨウ化マグネシウムを用いるベンゾイミダゾール類の合成 
 

 (Figure 3.1) 23 

 
Figure 3.1. Medicinal compounds involving benzimidazole 

 (Scheme 3.1) 24 
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Scheme 3.1. Previous reports for catalytic syntheses of benzimidazoles using molecular oxygen 

25  

 2-

 (Scheme 3.2) 26 

 

 
Scheme 3.2. The previous work reported by our laboratory 
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第一項 最適条件の探索及び基質適用範囲の調査 
 

 (Table 3.1)  1,2-  (1a) 

 (2a) 

 (entry 1) 

 (entries 2–5) 

 (entry 6)  (DMF) 

 (THF)  (entries 7, 8) 

 (entries 9–11) 

 (entries 12, 13) 

N-  (NIS) N-

 (4aa)  (entry 14) 
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Table 3.1. Optimization of the reaction condition for the benzimidazole synthesis a 

 

entry  iodine source solvent 
yield (%) b 

3aa 4aa 

1  MgI2 EtOAc (93) 2 

2  MgI2 MeCN (86) trace 

3  MgI2 PhMe 84 trace 

4  MgI2 MeOH 72 4 

5  MgI2 CHCl3 70 3 

6  MgI2 hexane 40 trace 

7  MgI2 DMF 9 trace 

8  MgI2 THF trace 0 

9  I2 EtOAc 86 2 

10  CI4 EtOAc 85 7 

11  CaI2 EtOAc 79 trace 

12  LiI EtOAc 33 8 

13  NaI EtOAc 8 trace 

14  NIS EtOAc 49 25 
a Reaction conditions: a solution of 1a (0.15 mmol) and 2a (1.0 equiv) in solvent (3 mL) was stirred under an argon 

atmosphere for 30 min. Then it was added to iodine source (5 mol%) in solvent (2 mL), and the reaction mixture was stirred 

for 6 h at a room temperature with irradiation using a fluorescent lamp under an oxygen atmosphere. b Yields were 

determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. Numbers 

in parentheses are the isolated yields. 

  

NH2

NH2

+ PhCHO

O2, fluorescent lamp
iodine source (5 mol%)

solvent, r.t., 6 h N

N
Ph

1a 2a (1 equiv) 3aa: R = H
4aa: R = CH2Ph

R
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 (Table 3.2) 

 2  2-  3 

 3 

 (3aj 3al)  

Table 3.2. Substrate scope of the benzimidazole synthesis a 

 
a Reaction conditions: a solution of 1 (0.15 mmol) and 2 (1.0 equiv) in EtOAc (3 mL) was stirred for 30 min under an argon 

atmosphere. Then it was added to MgI2 (5 mol%) in EtOAc (2 mL), and the reaction mixture was stirred for 6 h at a room 

temperature with irradiation using a fluorescent lamp under an oxygen atmosphere. Isolated yields. b The yield was 

determined by 1H NMR analysis of the isolated mixture (31.3 mg, 3ae : 4ae : 1a = 200 : 7 : 10). c The reaction was 

performed with I2 (0.2 equiv) for 20 h. d The reaction was performed with I2 (5 mol%) for 20 h. 

NH2

XH
+ ArCHO

O2, fluorescent lamp
MgI2 (5 mol%)
EtOAc, r.t., 6 h X
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1 (X = NH, S) 2 (1 equiv)

R

3

N
H

N
Me

N
H

N
tBu

N
H
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H
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H
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H
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H
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H
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H
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H
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H

N
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H
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O2N S

N

3ab, 80% 3ac, 68% 3ad, 97%

3ae, 79% b 3af, 77% 3ag, 80%

3ah, 77% 3ai, 71% 3aj, 87%

3ak, 71% 3al, 91% 3ba, 90%

3ca, 75% 3da, 86% 3ea, 89%

3fa, 57% c 3ga, 87% d
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 1 

 3ba 3fa β

 0.2 

 3fa  (3ga) 

 

19a 

 (5a) 

 (1a) 2-  

(3aa)  93%  (Scheme 3.3)  

 
Scheme 3.3. One-pot synthesis of 2-phenylbenzimidazole (3aa) from benzyl alcohol (5a) 

a The yield was determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal 

standard. 

 

  

Ph OH

O2, fluorescent lamp
I2 (5 mol%)

5a (0.15 mmol)

EtOAc (4 mL), r.t., 10 h

O2, fluorescent lamp
1a (0.15 mmol)

EtOAc (1 mL), r.t., 6 h N
H

N
Ph

3aa, 93% a
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第二項 比較対照実験と反応機構の考察 
 

 (Table 3.3) 

 3aa  (entry 1) 

 (entries 2 4) 

 1 77% 

 3aa  (entry 5) 
25  N-  

4aa 

 

Table 3.3. Control experiments of the benzimidazole synthesis a 

 

entry changed condition 
yield (%) b 

3aa 4aa 

1 Without MgI2 0 0 

2 Under air 81 trace 

3 Under Ar 36 6 

4 In the dark 29 7 

5 Under Ar, in the dark, and with I2 (1 equiv) 77 11 
a Standard condition: a solution of 1a (0.15 mmol) and 2a (1.0 equiv) in EtOAc (3 mL) was stirred under an argon 

atmosphere for 30 min. Then it was added MgI2 (5 mol%) in EtOAc (2 mL) and was stirred for 6 h at a room temperature 

with irradiation using a fluorescent lamp under an oxygen atmosphere. b Yields were determined by 1H NMR analysis of 

crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. 

 (Figure 3.2) 

 1  2  6  7 

β

 7 

 3 

 N-  4  6 

 7  N-  8 

 2 

 6  7 

NH2

NH2

+ PhCHO

O2, fluorescent lamp
MgI2 (5 mol%)
EtOAc, r.t., 6 h N

N
Ph

1a 2a (1 equiv) 3aa: R = H
4aa: R = CH2Ph

R
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 24b Table 3.1  NIS  4aa 

NIS  

27 

 
Figure 3.2. Plausible reaction mechanism of the benzimidazole synthesis 

P.T. = Proton transfer 

 2-

 

 (NH3(CH2)4NH3SiF6)  
28  1   2  (Table 

3.3, entry 4) 

•
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+
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+
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第二節 触媒量の分子状ヨウ素を用いるキナゾリノン類の合成 
 

4-

 A 

 (Figure 3.3.) 29 

4-

 2-

 (Scheme 3.4) 30 

 

 
Figure 3.3. Medicinal compounds involving 4-quinazolinone 

 
Scheme 3.4. Previous reports for synthesis of 2-aryl-4-quinazolinone 

 

4-  
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第一項 最適条件の探索及び基質適用範囲の調査 
 

2-  (10)  (2a) 

 (Table 3.4) 

 (entry 1) 

 11a  

(entries 2−6)  1  (2a) 

 (entry 7)  

Table 3.4. Screening of iodine sources for 4-quinazolinone synthesis a 

 

entry iodine source yield (%) b 

1 I2 86 

2 MgI2 0 

3 CaI2 0 

4 ZnI2 0 

5 KI 0 

6 LiI 8 

7 I2 c 85 (86) 
a Reaction condition: a solution of 10 (0.3 mmol), 2a (1.5 equiv) and iodine source (5 mol%) in EtOAc (5 mL) was stirred 

for 30 min at a room temperature with irradiation using a fluorescent lamp under an oxygen atmosphere. b Yields were 

determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. The 

number in parentheses is the isolated yield. c The reaction was performed with benzaldehyde (1.0 equiv) for 1 h. 

 (Table 3.5) 

 (11d−f) 

 (11h−m) 

 

 

 

NH2

O

NH2

+ PhCHO

O2, fluorecent lamp

EtOAc, r.t., 30 min
NH

O

N Ph
2a (1.5 equiv)

iodine source (5 mol%)

10 11a
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Table 3.5. Substrate scope of the 4-quinazolinone synthesis a 

 
a Reaction condition: a solution of 10 (0.3 mmol), 2 (1 equiv) and I2 (5 mol%) in EtOAc (5 mL) was stirred for a period of 

indicated reaction time at a room temperature with irradiation using a fluorescent lamp under an oxygen atmosphere. 

Isolated yields. 
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10 2 (1 equiv) 11

11b, 76% (5 h) 11c, 93% (10 h) 11d, 80% (5 h)

11e, 75% (1 h) 11f, 81% (1 h) 11g, 83% (3 h)

11h, 85% (15 h) 11i, 88% (15 h) 11j, 82% (15 h)

11k, 76% (15 h) 11l, 66% (5 h) 11m, 69% (5 h)
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第二項 比較対照実験と反応機構の考察 
 

 (Table 3.6) 

 (entry 1)  

11a  (entry 2)  12a 

 12a  

(entries 3, 4) Entry 3 

entry 4 

 1  11a 

 12a  (entry 5) 

 

Table 3.6. Control experiments of the 4-quinazolinone synthesis a 

 

entry changed condition 
yield (%) b 

11a 12a 

1 Without I2 0 0 

2 Under air 44 47 

3 Under Ar 0 94 

4 In the dark 0 72 

5 Under Ar, in the dark and with I2 (1 equiv) 5 9 
a Standard condition: a solution of 10 (0.3 mmol), 2a (1.5 equiv) and I2 (5 mol%) in EtOAc (5 mL) was stirred for 30 min 

at a room temperature with irradiation using a fluorescent lamp under an oxygen atmosphere. b Yields were determined by 
1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. 

 12a 

 11a  (Scheme 3.5, 

eq. 1)  12a 

 (Table 3.4, entry 2) 

 11a  (Scheme 3.5, eq. 

2) β

 12a  

(Scheme 3.5, eq. 3) β  

+

NH2

NH2

O O2, fluorescent lamp
I2 (5 mol%)

N

NH

O

Ph

PhCHO
EtOAc, r.t., 30 min

10 2a (1.5 equiv) 11a

+

N
H

NH

O

Ph

12a
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Scheme 3.5. Control experiments from dihydroquinazolinone 12a 

 (Scheme 3.6) Table 3.6, entry 5 

β

 (IOH) 

31  12 

 11  

 
Scheme 3.6. Plausible pathway of the 4-quinazolinone synthesis 

2-

-4-
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第三節 分子状ヨウ素を利用するアジリジン類の合成 
 

 

 C  DNA 
32 

32a 

 

-  

Wenker  (Scheme 3.7, eq. 1) 

33 

− − −
34 

35 

 (Scheme 3.7, eq. 2) 31 

 (Scheme 3.7, eq. 3) 36 
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Scheme 3.7. Selected examples for previously reported aziridine syntheses 

 

  

R1
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R3

OR4
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Δ R1 R3
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R
cat. TBAI
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2012, Zhdankin et al.
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第一項 最適条件の探索及び基質適用範囲の調査 
 

 4-  (13a)  (14) 1 

 (Table 3.7) 37 

 (entries 1–7) 

 N-  (NIS) 

 (entry 8)  1 

 (entry 9) 

 (entries 10–14) 

 60 ºC 86%  (entry 15)  

Table 3.7. Optimization of the reaction condition for the aziridine synthesis a 

 
entry base solvent yield (%) b 

1 K2CO3 MeCN 0 

2 K2CO3 EtOAc trace 

3 K2CO3 DMF trace 

4 K2CO3 DMSO trace 

5 K2CO3 THF 6 

6 K2CO3 CHCl3 81 

7 K2CO3 CH2Cl2 83 

8 c K2CO3 CH2Cl2 81 

9 d K2CO3 CH2Cl2 23 

10 Li2CO3 CH2Cl2 trace 

11 Na2CO3 CH2Cl2 0 

12 Cs2CO3 CH2Cl2 0 

13 NaOH CH2Cl2 10 

14 KOH CH2Cl2 45 

15 e K2CO3 CHCl3 87 
a General procedure: a solution of 4-tert-butylstyrene (13a, 0.3 mmol), TsNH2 (14, 2.0 equiv), I2 (1.0 equiv), and base (2.0 

equiv) in CH2Cl2 (5 mL) was stirred for 20 h at a room temperature with irradiation using two of fluorescent lamps under 

an argon atmosphere. b Yields were determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-

tetrachloroethane as an internal standard. c With NIS (1.0 equiv) as an iodine source. d With I2 (0.5 equiv). e At 60 ºC. 

Ar, fluorescent lamp

solvent (5 mL), r.t., 20 h
+

I2 (1 equiv), base (2 equiv)

tBu
TsNH2

tBu

N
Ts

14 (2.0 equiv)13a (0.3 mmol) 15a
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  Table 3.7, entry 15  (Table 3.8) 

 13b  13c  

15b  15c 

 13d 

10

 13e−g 

 -  (13h) 

 (d.r.)  1 : 1 

	-

 (13i) β

  13j  13k 

 

Table 3.8. Scope and limitation of the aziridine synthesis a 

 

a General procedure: a solution of substrate (13, 0.3 mmol), TsNH2 (14, 2.0 equiv), I2 (1.0 equiv) and K2CO3 (2.0 equiv) 

in CHCl3 (5 mL) was stirred for 20 h at 60 ºC with irradiation using two of fluorescent lamps under an argon atmosphere. 

Isolated yields. b The reaction was performed with 3.0 mmol scale of 13d. c d.r. = 47:53. The diastereomer ratio was 

determined by 1H NMR analysis. 

  

Ar, fluorescent lamp

CHCl3 (5 mL), 60 ºC, 20 h
+

I2 (1 equiv), K2CO3 (2 equiv)
TsNH2

14 (2.0 equiv)13 (0.3 mmol) 15

substrate product

tBu

N
Ts

15a, 86%
Br

N
Ts

15c, 77%
Cl

N
Ts

15b, 85%

N
Ts

15d, 81% (73%) b

Me

N
Ts

15e, 83%

N
Ts

15g, 82%

N
Ts

15f, 76%

N
Ts

15h, 73% c

Me
Me

N
Ts

15j, 17%

N
Ts

15l, 0%15k, 0%

N
Ts
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第二項 比較対照実験と反応機構の考察 
 

 (Table 3.9)  

2,2,6,6-  1-  (TEMPO)  15a 

 (entry 1)  

 (entry 2)  13a 

38 

 (entry 3)  18-crown 

6-ether  (entry 4) 

 (Table 3.7, entries 7, 10–14) 

β  

Table 3.9. Control experiments of the aziridine synthesis a 

 
entry changed conditions yield (%) b 

1 Added TEMPO (1.0 equiv) 3 

2 Under air 30 

3 In the dark 27 

4 Added 18-crown 6-ether (4.0 equiv) 0 
a Standard condition: a solution of 4-tert-butylstyrene (13a, 0.3 mmol), TsNH2 (14, 2.0 equiv), I2 (1.0 equiv), and K2CO3 

(2.0 equiv) in CHCl3 (5 mL) was stirred for 20 h at 60 ºC with irradiation using two of fluorescent lamps under an argon 

atmosphere. b Yields were determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an 

internal standard.   

Ar, fluorescent lamp

CHCl3 (5 mL), 60 ºC, 20 h
+

I2 (1 equiv), K2CO3 (2 equiv)

tBu
TsNH2

tBu

N
Ts

14 (2.0 equiv)13a (0.3 mmol) 15a
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 (Scheme 3.8) 16 

 (14)  16 

−  17 

 13  18  18 

 19 

 15 

 (14)  16  

 
Scheme 3.8. Plausible mechanism of the aziridine synthesis 

 

 

 

 

  

Ar

TsNH2

14

13I2, K2CO3

– I–
TsN

17

H
•

18

Ar NHTs• I2 or I•

19
Ar NHTs

I K2CO3

15
Ar

N
Ts

TsN

16

H
I

fluorescent lamp
– I•
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sp3 C−H  

 

•  sp3 C−H 

 sp3 C−H 

 

 
 

 
sp3 C−H 

5a–f, 19a Kornbulm 
39 

1 
20a, 22a, 40 

 (Scheme 4.1) 41 

 

 
Scheme 4.1. Direct oxidation from picolines to the corresponding aldehyde using selenium dioxide 

2- •  

(Scheme 4.2, eq. 1) 42a  2-

 (Scheme 4.2, eq. 2) 42b -2-

DMF

 (Scheme 4.2, eq. 3) 42c 

•

 

Me SeO2

NR
CHO

NR +
CO2H

NR
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Scheme 4.2. General methods for synthesis of benzothiazole-2-carboxaldehyde  

-
 43 

 (Scheme 4.3)  

  
Scheme 4.3. Oxidation of active methylene species reported by Itoh et al. 

  

SeO2
S

N
Me

S

N
CHO

41%

2010, Finn, P. W. et al.

O2, cat. CuCl2S

N
Me

S

N
CHO

56%

2016, Wang, M. et al.

DMF, 130 ºC

1) n-BuLi, THFS

N

S

N
CHO

50%

2017, Weaver, J. D. et al.

2) DMF

eq. 1

eq. 2

eq. 3

base
EWGX

O
EWGX

O–
EWGX

O

I

I2 hν, 3O2 EWGX

O

OO•
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(Scheme 4.4) 

44 

 
Scheme 4.4. Working hypothesis for the oxidation of methyl groups on aromatic heterocycles 

P.T. = Proton transfer 

  

+ acid (= A)

S

N
Me

O2, fluorescent lamp
cat. I2, acid

S

N+
Me

A

P.T.
– A

S

N
H

S

N
CHO

I2 S

N

I

hν, 3O2

– HI
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第一項 最適条件の探索及び基質適用範囲の調査 
 

 2-  (20a)  -2-

 (21a)  (Table 4.1) 

 (AQN) 

 (entries 1−4) 22a, 45  

 (TFA)  (entries 5, 6) 

 50 ºC  (entry 7)  

Table 4.1. Starting experiments for the oxidation of the heterocycles a 

 
entry catalyst yield (%) b 

1 AQN-2-CO2H trace 

2 2-Cl−AQN trace 

3 MgBr2•OEt2 0 

4 I2 0 

5 c I2 trace 

6 cd I2 trace 

7 cde I2 13 
a Reaction conditions: a mixture of 2-methylbenzothiazole (20a) (0.3 mmol) and catalyst (0.1 equiv) in EtOAc (5 mL) was 

stirred for 20 h at a room temperature with irradiation using a fluorescent lamp under an oxygen atmosphere. b Yields were 

determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. c TFA 

(0.1 equiv) was added. d 0.2 equiv of catalyst was used. e The reaction was performed at 50 °C. 

 (Table 4.2)  TFA 

 (entries 1−6) TFA  TFA TFA  

1  78%  21a  (entries 7−9) 

 (MgI2)  N-

 (NIS)  (entries 10, 

11)  1  TFA 

 (entries 12–14) TFA

 70 ºC 81%  21a  (entry 15) 

 (entry 16) 

S

N
Me

O2, fluorescent lamp
catalyst (0.1 equiv) S

N
CHO

EtOAc, r.t., 20 h

20a 21a
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 (entry 17)  

Table 4.2. Optimization of the reaction conditions a 

 

entry acid (equiv) iodine source yield (%) b 

1 AlCl3 0.1 I2 trace 

2 AgOTf 0.1 I2 trace 

3 Yb(OTf)3 0.1 I2 trace 

4 AcOH 0.1 I2 0 

5 HCl 0.1 I2 6 

6 TFA 0.1 I2 13 

7 TFA 0.2 I2 21 

8 TFA 0.5 I2 49 

9 TFA 1.0 I2 80 (78) 
10 TFA 1.0 MgI2 0 

11 TFA 1.0 NIS 15 

12 35% HCl aq. 1.0 I2 64 

13 TsOH•H2O 1.0 I2 26 
14 H2SO4 1.0 I2 trace 

15 c TFA 1.0 I2 80 (81) 
16 d TFA 1.0 I2 0 

17 ce TFA 1.0 I2 66 (74) 
a Reaction conditions: a mixture of 2-methylbenzothiazole (20a) (0.3 mmol), iodine source (0.2 equiv), and acid in EtOAc 

(5 mL) was stirred for 20 h at 50 ºC with irradiation using a fluorescent lamp under an oxygen atmosphere. b Yields were 

determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. The 

numbers in parentheses are the isolated yields. c The reaction was performed at 70 °C. d The reaction was performed under 

reflux. e The reaction was performed under an air atmosphere. 

  

S

N
Me

O2, fluorescent lamp
iodine source (0.2 equiv), acid S

N
CHO

EtOAc, 50 ºC, 20 h

20a 21a
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 (Table 4.3) 

 (entries 7−9) 

Table 4.3, entry 10  

Table 4.3. Screening of solvent for the oxidation of the heterocycles a 

 

entry solvent yield (%) b 

1 H2O 0 

2 DMF 0 

3 CHCl3 0 

4 MeOH trace 

5 MeCN / MeOH ( 3 : 2 ) 0 

6 THF 7 

7 MeCN 61 

8 PhMe 65 

9 nPrOAc 71 

10 EtOAc 80 (81) 
a Reaction conditions: a mixture of 2-methylbenzothiazole (20a) (0.3 mmol), I2 (0.2 equiv), and TFA (1.0 equiv) in solvent 

(5 mL) was stirred for 20 h at 70 ºC with irradiation using a fluorescent lamp under an oxygen atmosphere. b Yields were 

determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. The 

number in parentheses is the isolated yield. 

 2-  (Table 4.4) 

 

20c  20d  20e  2-

 20e 

 20f  20g 

 85% 

 21h  20i  20j  2 

2 

2

 (20k)  2-

 (20l)  2-  (20m)  

(21l, 21m)  

 

S

N
Me

O2, fluorescent lamp
I2 (0.2 equiv), TFA (1.0 equiv) S

N
CHO

solvent, 70 ºC, 20 h

20a 21a



36 
 
 
 
 

Table 4.4. Substrate scope for the oxidation of the benzothiazoles a 

 

a Reaction conditions: a mixture of a methyl heterocycle (20) (0.3 mmol), I2 (0.2 equiv), and TFA (1.0 equiv) in EtOAc (5 

mL) was stirred for a period of indicated reaction time at 70 ºC with irradiation using a fluorescent lamp under an oxygen 

atmosphere. Isolated yield. 

  

S

N
Me

O2, fluorescent lamp
I2 (0.2 equiv), TFA (1.0 equiv) S

N
CHO

EtOAc, 70 ºC

20 21

R R

S

N
CHO

21b 73% (20 h)
F

S

N
CHO

21c 78% (20 h)
Cl

S

N
CHO

21d 79% (20 h)
Br

S

N
CHO

21e 69% (50 h)
MeO2C

S

N
CHO

21f 71% (70 h)
NC

S

N
CHO

21g 58% (50 h)
O2N

S

N
CHO

21h 85% (20 h)
MeO

S

N
CHO

21i 81% (70 h)
Me

S

N
CHO

21j 78% (20 h)
Me

Me

S

N
CHO

21k 80% (60 h)

S

N
COMe

21l 69% (20 h)

S

N
COPh

21m 85% (20 h)
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2-  (Table 4.5) 

2  20n  4  20p 

 21n  21p 3  20o 

2-  (20q) Table 4.3 

 (Table 4.3, entry 8) 

 100 ºC  21q 2-  (20r) 

2-  (21s) 

 

Table 4.5. Substrate scope for the oxidation of the other heterocycles a 

 
a Reaction conditions: a mixture of substrate (20) (0.3 mmol), TFA (1.0 equiv), I2 (0.2 equiv), and EtOAc (5 mL) was 

stirred for a period of indicated reaction time at 70 °C with irradiation using a fluorescent lamp under an oxygen atmosphere. 

Isolated yields. b PhMe was used as a solvent and reaction was performed at 100 °C. 

  

Ar Me

O2, fluorescent lamp
I2 (0.2 equiv), TFA (1.0 equiv)

Ar CHO
EtOAc, 70 ºC20 21

21n 65% (60 h) 21o 0% (20 h) 21p 44% (20 h)
N CHO N

CHO

N

CHO

21q 6% (20 h) 21r 0% (20 h) 21s 0% (20 h)
NN

O
CHO

50% (30 h) b

N

H
N

CHO
CHO
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第二項 比較実験および反応機構の考察 
 

 (Scheme 4.5) 

 22a  (eq. 1) 

 22a  (eq. 2) 

 22a 

 22a  22a 

 2-  (20a)  (eq. 

3)  

 
Scheme 4.5. Control experiments to investigate the reaction mechanism (1) a 

a Yields were determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal 

standard. FL = fluorescent lamp. 

2-

 TFA  50 ºC 1H 

NMR  (Scheme 4.6) TFA 

 (Figure 4.1) TFA 

 (Figure 4.2)  

 
Scheme 4.6. Enamine tautomerization 

S

N
Me

O2, dark

TFA (1.0 equiv) S

N
CHO

EtOAc (5 mL)

20a (0.3 mmol) 21a, 9%

+
S

N
22a, 15%

I
eq. 1

I2 (0.2 equiv)

50 ºC, 20 h

S

N
Me

Ar, FL

TFA (1.0 equiv) S

N
CHO

EtOAc (5 mL)

20a (0.3 mmol) 21a, 0%

+
S

N
22a, 7%

I
eq. 2

I2 (0.2 equiv)

50 ºC, 20 h

S

N

aq. HI 55% (1.0 equiv) S

N
Me

EtOAc (1 mL), r.t., 3 min

22a (5 mg) 20a, quant.

eq. 3
I

S

N
Me

TFA (1.0 equiv)
CD3OD (0.5 mL)

20a (0.3 mmol)

Figure 4.2

50 ºC, 20 h
CD3OD (0.5 mL)

Figure 4.1

50 ºC, 20 h
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Figure 4.1. Without TFA 

 

 
Figure 4.2. With TFA 
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 2-

 (Scheme 4.7)  

 
Scheme 4.7. H−D exchange on 2-methylbenzothiazole through imine-enamine tautomerization 

 23a  (Scheme 4.8) 

 TEMPO  TEMPO 

 24a  (eq. 1) 

2-( )  (25a)  

21a  25a  15%  (eq. 2) 

α  25a 

 22a  21a 

 (eq. 3)  

 
Scheme 4.8. Control experiments to investigate the reaction mechanism (2) a 

a Yields were determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal 

standard. FL = fluorescent lamp. b The ratio was determined by 1H NMR analysis of the crude product. 

  

S

N
Me

TFA

20a

Δ

S

N
H

23a

CD3OD

20a–d

S

N
CH2D + CD3OH

O2, FL

TFA (1.0 equiv)

EtOAc (5 mL)
20a (0.3 mmol) 21a, 23% +

S

N
24a, 23%

O
eq. 1

I2 (0.2 equiv)

70 ºC, 20 h

S

N

O2, FL

TFA (1.0 equiv) S

N
CHO

EtOAc (5 mL)

25a (0.3 mmol) 21a, 66%

+ 25a, 15% eq. 2

I2 (0.2 equiv)

70 ºC, 20 h

S

N

O2, FL
EtOAc (4 mL), MeOH (1 mL)

22a (10 mg)

21a eq. 3
I

TEMPO (1.0 equiv) N

OH

20 h

+ 25a

1 0.03 b:
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 25a  27a 

 (Scheme 4.9) 46  Scheme 4.8, eq. 3 

 25a  27a 

 25a 

 

 
Scheme 4.9. Plausible mechanism of production of the alcohol 25a 

 22a  25a  

(Figure 4.3)  20a 

 21a   22a 

 25a  27a 

 

 

 
Figure 4.3. Time course determined by 1H NMR analysis of the crude product 

S

N

hν

22a

O2
I S

N
26a

•
S

N
27a

OO •

disproportionation
21a

S

N
27a

OO •
2 x – O2

+ 25a

S

N
Me

20a (0.3 mmol)

O2, fluorescent lamp
I2 (0.2 equiv), TFA (1.0 equiv)
EtOAc (5 mL), 50 ºC, Time (h)

21a + 22a + 25a
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 (Scheme 4.10) 

 23a  23a 

 22a  22a −

 26a 

 27a 

 28a 

 21a 

 

 
Scheme 4.10. Plausible pathway of the oxidation of heterocycles 

P.T. = Proton trransfer 

 22a  26a  SET 

 (O2
−)  (Scheme 4.11) 

 26a'  26a'' 

 27a  28a (route 

A)  28a' (route B) 

SET  

 

Scheme 4.11. Plausible SET processes 
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 2 

−

 2 

-2-  21a 
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47 
48 

49 

−

 tert-  (TBHP) 

tert-

 (Scheme 4.12, eq. 1, 2) 50a, b 

 

(Scheme 4.12, eq. 3) 50c 

 
Scheme 4.12. Traditional syntheses for TBHP and cumenehydroperoxide 

51, 52 
51a, b 51c, d 

51e–i 51j 
51k, l 53 

  

acid, H2O2

Benzene, Δ
OH OOH

O2
Δ

H OOH

O2
ΔPh

H
Ph

OOH

eq. 1

eq. 2

eq. 3+
Ph

O
+

Ph
OH
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 (Mes–Acr+) 

Nicewicz 

 (Scheme 4.13, eq. 1) 20d  (HA) 

α-  (Scheme 4.13, eq. 2) 54 

 
Scheme 4.13. Selected examples for alkene oxidation using Mes–Acr+ 

N-  

(NHPI)  1-  (HOBt)  -

 (Scheme 4.14) 53a 

 

 
Scheme 4.14. A previous report of β-alkoxy monohydroperoxide synthesis using Mn catalyst 

Mes–Acr+ 

 -  

  

DCE, r.t.

Ar, 450 nm LED
cat. Mes-Acr+ ClO4–

R2

R1

2014, Nicewicz et al.

XH

X = O, CO2, NTs

HA (= PhCH(CN)2, PhSH)

R2

R1
X

MeCN, MS 4 Å, r.t.

air, 450 nm LED
cat. Mes-Acr+ ClO4–

Ar

2016, Liu et al.

CO2H DABCO
Ar

O
O O

eq. 1

eq. 2

open flask to air

NHPI, cat. Mn(acac)3

MeCN, r.t.Ar

R1

R2 Ar R2
OOHR1

ONPhth
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 (29a) 

 (Table 4.6)  30a 	-

 31a  (entry 1) 

 30a  2 

 63%  30a  (entries 2–6) 

 (entries 7, 8) 

 15-crown 5-ether  (entry 9) 

450 nm LED 

 (The data wasn’t shown.) 

 

Table 4.6. Optimization of the reaction condition a 

 

entry additive (equiv) yield (%) b 

  30a 31a 
1 none 17 20 
2 Li2CO3 (1) 52 8 
3 NaHCO3 (1) 47 3 
4 Mg(OH)2 (1) 50 6 
5 MgO (1) (60) 8 
6 MgO (2) (63) 6 
7 Mg(ClO4)2 (2) 0 0 
8 MgCl2 (2) 0 10 
9 MgO (2) c 51 3 

a Reaction conditions: a solution of styrene (29a) (0.3 mmol), Mes–Acr+ClO4
− (0.1 equiv), and additive in 

MeOH/EtOAc (1 mL/4 mL) was stirred for 10 h under an oxygen atmosphere at room temperature during irradiation 

with a fluorescent lamp. b Yields were determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-

tetrachloroethane as an internal standard. The numbers in the parentheses are the isolated yields. c Added 15-crown 

5-ether (2.0 equiv). 

  

Ph
Ph OMe

additive (X equiv)
MeOH / EtOAc (1:4)

Mes–Acr+ ClO4
– (0.1 equiv)

O2, fluorescent lamp

r.t., 10 h

OOH

29a 30a
Ph OMe

O

31a

+
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Table 4.7. Scope and limitation of the hydroperoxidation a 

 
a Reaction conditions: a solution of styrene 29 (0.3 mmol), Mes–Acr+ClO4− (0.1 equiv), and additive in MeOH/EtOAc (1 

mL/4 mL) was stirred for 10 h under an oxygen atmosphere at room temperature during irradiation with a fluorescent lamp. 

Isolated yields. b Isolated yields of the corresponding alcohols 32, which were prepared by reduction of the crude products 

with PPh3 (1.0 equiv) in CH2Cl2. c H2O/Acetone (1 mL/4 mL) was employed as a solvent. d EtOH (1 mL) was employed 

instead of MeOH. e nPrOH (1 mL) was employed instead of MeOH. f iPrOH (1 mL) was employed instead of MeOH. 

PhCO2H (5 equiv) was added as a nucleophile, and CH2Cl2 (2 mL) was employed as a solvent. 

 (Table 4.7) •

 tert-

 29b–29f 

 30b–30f  29g 

 29h 

 29i 

 29j  29k 

Ar

MgO (2.0 equiv)
MeOH / EtOAc (1:4)

29

Mes–Acr+ ClO4
– (0.1 equiv)

O2, fluorescent lamp

r.t., 10 h

R1

R2 Ar

30

OR3

R2

OOHR1

X

OOH
OMe

30b:
30c:
30d:
30e:
30f:

X = F
X = Cl
X = Br
X = Me
X = tBu

47%
58%
50%
66%
69%

30g: X = OAc 23%
30h: X = CO2Me 11%

OH
OMe

O

O 32i
47% b

Me
OOH

OMe
OOH

OMe
Me

Ph
OMe

OOHMe

Ph
OMe

OOHPh

30j 30k 30l 30m
50% 49% 60% 59%

Ph

OH
Me

Ph

OOH
OH

32n (major) b 30o 30p
50% (major : minor = 1.8 : 1) 47% c 47% d

OMe
Ph

OOH
OEt

Ph
OnPr

32q
28% b, e

Ph

OH
OCOPh

30r 32s 30t
17% f 14% b, g 24%

OMe
OH

Ph
OiPr

OOH

Me

OOHMe

Ph

OH
Me

32n (minor) b
OMe
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	-  (29l)  	-  (29m) 

– -

 (29n)  32n  

 30o 

 30p 

 32q, 30r,  32s 

 (29t)  30t 

 29u 

 (Scheme 4.15) 

 

 

Scheme 4.15. Ene reaction between singlet oxygen and aliphatic alkene 29u a 

a Reaction conditions: A solution of the substrate 29u (0.3 mmol), Mes–Acr+ClO4− (0.1 equiv), and MgO (2.0 equiv) in 

MeOH/EtOAc (1 mL/4 mL) was stirred for 10 h under an oxygen atmosphere at room temperature during irradiation with 

a fluorescent lamp. The yields were the isolated yields of the corresponding alcohols, which were prepared via reduction 

of the isolated products with PPh3 (1.0 equiv) in CH2Cl2. 

  

MgO (2.0 equiv)
MeOH / EtOAc (1 : 4)

29u

Mes–Acr+ClO4
– (0.1 equiv)

O2, fluorescent lamp

r.t., 10 h
OMe

O

(1.0 equiv)
CH2Cl2
r.t., 21 h

32u'

OMe

O

OH

+

32u''
OMe

OHO
PPh3
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0.2 

  

(Scheme 4.16)  29v –

 30v  (Scheme 4.16, eq. 1)  29w 

 (Scheme 4.16, eq. 2) 

 29x  30x –

 (Scheme 4.16, eq. 3)  

 
Scheme 4.16. Intramolecular β-alkoxy monohydroperoxide synthesesa 
a Reaction conditions: a solution of the substrate 29 (0.15 mmol), Mes– Acr+ClO4– (0.2 equiv), and MgO (2.0 equiv) in 

CH2Cl2/H2O (2.5 mL/10 µL) was stirred for 10 h under an oxygen atmosphere at room temperature during irradiation with 

a fluorescent lamp. The yields were isolated yields. 

  

Ph MgO (2.0 equiv)
CH2Cl2, H2O

29v

Mes–Acr+ClO4
– (0.2 equiv)

O2, fluorescent lamp

r.t., 9 hOH

Z : E = 11 : 1

Ph

30v
58%, d.r. = 1.2 : 1

OOH

O

eq. 1

MgO (2.0 equiv)
CH2Cl2, H2O

29w

Mes–Acr+ClO4
– (0.2 equiv)

O2, fluorescent lamp

r.t., 9 h
30w
73%

eq. 2
OH

Me

O

OOHMe

MgO (2.0 equiv)
CH2Cl2, H2O

29x

Mes–Acr+ClO4
– (0.2 equiv)

O2, fluorescent lamp

r.t., 9 h
30x
11%

eq. 3
NHMs

Me

NMs

OOHMe
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 (Table 4.8)  

 (entry 1) 

 (entry 2) 

 (entry 3) 1  TEMPO 

 TEMPO  33a  (entry 4) 

 

Table 4.8. Control experiments a 

 

entry changed conditions yield (%) b 

1 Under dark condition n.r. 
2 Under an argon atmosphere n.d. 
3 Under an air atmosphere 53 

4 Added TEMPO (1.0 equiv) 17 c 
a The standard conditions are shown in Table 4.6, entry 3. b Yields were determined by 1H NMR analysis of crude reaction 

mixture using 1,1,2,2-tetrachloroethane as an internal standard. The number in parentheses is the isolated yield. c TEMPO-

adducted product (33a) was observed. 

 

  

Ph
standard condition

29a
Ph

OOH
OMe

Ph

O
OMe+

N

30a 33a
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 (Scheme 4.16)  Mes-Acr+ 

 (29a)  29a•+ 

 29a•+  34a 

 35a  (29a)  Mes–Acr+* 

 Mes–Acr •  35a  

36a  36a 

 30a  

30a  36a 

 35a  36a  

 

Scheme 4.16. Plausible pathway of the hydroperoxidation 

-

 

 

   

  

Ph
29a

Mes–Acr+
fluorescent lamp

Mes–Acr+* Ph

29a•+

•+

– Mes–Acr•

MeOH
Ph

34a

OMe O2•
Ph

35a

OMe
OO•

Mes–Acr•

– Mes–Acr+

Ph
36a

OMe
OO–

base

base–H+

Ph
30a

OMe
OOH
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 sp3 

C−H 

 (Scheme 4.17) 55  9,10-  (9,10-DCA) 

 (Scheme 4.17, eq. 1) 55a N-

 (NHPI) 

 (Scheme 4.17, eq. 2) 55b 

 
Scheme 4.17. Previous reports of C−H hydroperoxidation on aromatic rings 

cat. DCA, cat. paraquat
MeCN / MeOHAr

500 W high-pressure Hg lamp

Ar R
eq. 1R

OOH

O2 (bubbling)

Toxic condition
Narrow scope

cat. NHPI, cat. azobis compound
MeCNAr

Ar R
eq. 2R

OOH
O2 (1 atm)

Low yields

1989, Santamaria, J. et al.

2005, Matsui, T. et al.
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 (AQN) 

 (Scheme 4.18, eq. 1) 56a 

 (Scheme 4.18, eq. 2) 56b 

 (Scheme 4.18, 

eq. 3) 56c  

 sp3 C−H 

 

 
Scheme 4.18. Previous work of oxidation of aromatic rings using bromine source 

  

excess HBr aq.
EtOAcAr

Ar
Me

O
O2, fluorescent lamp

Over-oxidation
Br

2010, Tada, N. et al.

2015, Sugiura, Y., Nagasawa, Y. et al.

cat. CBr4

EtOAc / H2OAr
Ar CN

CN
O

O2, fluorescent lamp

Over-reaction

2016, Taguchi, M., Nagasawa, Y. et al.

cat. AQN
EtOAc / MeCNAr Me

Ar OOH

O
O2, fluorescent lamp

Over-oxidation

eq. 1

eq. 2

eq. 3



54 
 
 
 
 

 (Table 4.9)  	-

 38a  (entries 1−4)  N-

 (NBS)  38a 

 NBS 

 (entry 4)  

Table 4.9. Optimization of reaction conditions for the selective oxidation a 

 

entry 
bromine 
source 

H2O2•Urea 
 (X equiv) 

MeCN 
(Y mL) 

1H NMR yield b 

38a 39a 

1 Br2 0 1 4 43 

2 HBr aq. 0 1 0 39 

3 MgBr2•Et2O 0 1 26 17 

4 NBS 0 1 21 7 

5 NBS 1 1 34 18 

6 NBS 1 3 37 12 

7 NBS 1 5 48 16 

8 c NBS 1 5 52 16 

9 c NBS 4 5 51 9 

10 cd NBS 4 5 63 10 

11 e NBS 1 5 trace trace 

12 f NBS 1 5 15 1 
a Reaction condition: to a mixture of ethylbenzene (37a) (0.3 mmol) and additives in MeCN, bromine source (0.1 equiv) 

was added. The reaction mixture was stirred for 20 h at a room temperature with irradiation using fluorescent lamps under 

an ambient atmosphere. b Yields were determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-

tetrachloroethane as an internal standard. c With biphenyl (0.5 equiv). d Irradiated using 470 nm LED. e With MgO (1.0 

equiv). f With Li2CO3 (1.0 equiv). 

  

Ph Me

air, fluorescent lamp

H2O2•Urea (X equiv)

MeCN (Y mL), r.t., 20 h Ph Me

OOH
Br source (0.1 equiv)

Ph Me

O
+

37a (0.3 mmol) 38a 39a
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 (Scheme 4.19) 57 

 NBS 

 (H2O2 Urea, 97%) 

 (entry 5)  0.3 mmol 

 3 mL  5 mL  38a  (entries 6, 7) 

 0.5 

 4  

(entries 8, 9) 58  (  450 nm  550 nm )  470 nm 

LED NMR  63%  38a  (entry 10) 

 (entries 11, 12)  

 
Scheme 4.19. Previous work using a cationic halogen source and hydrogen peroxide 

Table 4.9, entry 10 

 (Table 4.10)  37b  37c 

  37d 

 38d 
55 

 37e 

 37f  37g 

 (37f)  39f  (37g) 

 39g  (37h)  (37i) 

 39h, 39i 

 NHPI 
55b 

 (37j)  2-  (37k)  NBS 

 (37q)  (37r) 

 

DMSO, 70 ºC
cat. I2, H2O2 aq.NO2

+
N

NH2
N

N
Ph

NO2
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Table 4.10. Scope and limitation 

  
a Reaction condition: to a mixture of ethylbenzene derivatives (37) (0.3 mmol), H2O2•Urea (4.0 equiv), and biphenyl (0.5 

equiv) in MeCN (4 mL), a solution of NBS (0.1 equiv) in MeCN (1 mL) was added. The reaction mixture was stirred for 

20 h at a room temperature with irradiation using 470 nm LED under an ambient atmosphere. Yields were determined by 
1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. The numbers in the 

parentheses are the isolated yields. The reaction ratios between 38 and 39 were determined by 1H NMR analysis. b With 

NBS (0.3 equiv). c For 2 d. d With NBS (0.2 equiv). 

  

  

air, 470 nm LED

biphenyl (0.5 equiv), MeCN, r.t., 20 h
NBS (0.1 equiv), H2O2•Urea (4.0 equiv)

37

substrate hydroperoxide

OOH

38a 63% (44%)

OOH

38b 51% (n.d.)

Cl

OOH

38c 34% (n.d.)

Br

OOH

38f 73% (68%) b
Br

OOH

38e 54% (51%)

OOH

38d 22% (17%)

O2N

OOH

38k 62% (42%) d

OOH

38m n.r.

Ph

S

OOH

38h 53% (44%)

OOH

38j (79%) d

OOH

38g 52% (52%) c
OMe

38

N

OOH

38l n.r.

OOH

38i 50% (50%) d

38a : 39a = 6 : 1 38b : 39b = 5 : 1 38c : 39c = 8 : 1

38f only38e :  39e = 5 : 1

38d : 39d = 5 : 1

38k : 39k = 4 : 1

38h : 39h = 9 : 1

38j only

38g : 39g = 8 : 1

38i : 39i = 10 : 1

ketone

39

+
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 (Table 4.11)  TEMPO 

 (entry 1) 

 (entry 2) 

 NBS  

(entries 3, 4) 

 40a, 41a 

 (entries 5–7)  NBS 

 

Table 4.11. Control experiments for the standard condition 

 

entry changed conditions 
1H NMR yield b 

38a 39a 40a 41a 

1 Added TEMPO (0.1 equiv) 0 0 0 0 

2 Under Ar 46 11 0 0 

3 In the dark 0 0 0 0 

4 Without NBS 0 0 0 0 

5 Added 30% H2O2 aq. (4.0 equiv) instead of H2O2•Urea 38 12 0 3 

6 Added Urea (4.0 equiv) instead of H2O2•Urea 32 8 3 4 

7 Added H2O (120 µL) instead of H2O2•Urea 35 30 2 8 
a Standard condition: to a mixture of ethylbenzene (37a) (0.3 mmol), H2O2•Urea (4.0 equiv), and biphenyl (0.5 equiv) in 

MeCN (4 mL), a solution of NBS (0.1 equiv) in MeCN (1 mL) was added. The reaction mixture was stirred for 20 h at a 

room temperature with irradiation using fluorescent lamps under an ambient atmosphere. b Yields were determined by 1H 

NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal standard. 

  

air, fluorescent lamp

biphenyl (0.5 equiv), MeCN
H2O2•Urea (4.0 equiv)

Ph Me
Ph Me

OOH

Ph Me

O
+

37a 38a 39a
Standard condition

Ph Me

OH

Ph Me

Br
+

40a 41a

+

NBS (0.1 equiv)

 r.t., 20 h
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NBS 

 NBS 

 (Scheme 

4.20) Table 4.9, entry 1 

 38a  39a  40a 

 41a  (eq. 1)  41a 

 38a  41a 

 41a  (eq. 

2) 

 

 Table 4.9  (390 nm) 

 (42a)  10%  (Scheme 4.20, eq. 3) 

 NBS 

 43a 

 390 nm 
19b, 56c 

 
Scheme 4.20. Control experiments using molecular bromine and a brominated substrate a 

a Yields were determined by 1H NMR analysis of crude reaction mixture using 1,1,2,2-tetrachloroethane as an internal 

standard. 

Ph Me

air, fluorescent lamp

H2O2•Urea (1.0 equiv)
MeCN (1 mL), r.t., 20 h Ph Me

OOH
Br2 (0.1 equiv)

Ph Me

O
+

37a (0.3 mmol) 38a 39a
35% 20%

Ph Me

OH

Ph Me

Br
+

40a 41a
6% 2%

Ph Me

air, fluorescent lamp
H2O2•Urea (4.0 equiv)

MeCN (5 mL), r.t., 20 h

Br

41a (0.3 mmol)

41a + 38a 39a+
Ph

O

42a

Br +
Ph OH

O

43a

+

+

4% 43% 5% 7%

eq. 1

without H2O2•Urea
with H2O2•Urea

eq. 2

75% 7% 1% 1% 0%
82% 0% 3% 11% 3%

with H2O2•Urea
without H2O2•Urea

Ph Me

air, 390 nm LED

H2O2•Urea (4.0 equiv)

biphenyl (0.5 equiv)
37a (0.3 mmol)

42a + 43a eq. 3
10% observed

NBS (0.1 equiv)

MeCN (5 mL)
r.t., 20 h

38a 39a
27% 2%

+ +
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 41a  (BrOH) 

 41a 

• 59 

 BrOOH 

Table 4.8, entries 5–7  40a 

 41a  NBS 

 (37a) 
59 

 NBS −
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×  
 

 sp3 C−H 

 (Scheme 

4.21) 19, 22a 

 (Scheme 4.22) 60 

 

 
Scheme 4.21. Selected previous reports of oxidation of methyl groups on aromatic rings 

 
Scheme 4.22. Previous work of oxidation of methylene groups using methylene blue 

•

 

 

β

 ( ) 

 ( ) 

 Flash-Vacuum-Pyrolysis  1  1864 
61 

O2, fluorescent lamp
cat. MgBr2•OEt2

EtOAc, r.t.

2007, Hirashima et al.

EtOAc, r.t.

O2, fluorescent lamp
cat. 2-Cl–AQN

cat. K2CO3R
Me

R
CO2H

2011, Tada et al.

R
Me

R
CO2H

O2, fluorescent lamp
cat. MB, base

R2OH, r.t.R1

O

X

O

R2O

O

X

O

R1 OH
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62 
63, 64 

62 

β

65 
66  

( ) 
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 (Figure 4.4) Figure 4.4 (a) 70 mm 

 50 mm  50 mm  50 mm  500 µm  300 

µm  2400 mm  Figure 4.4 (b) 

 LED  Figure 4.4 (c)  0.1 MPa  5 L 

/min  ( ) 

         

 

Figure 4.4. A 70 mm x 50 mm glass chip, a flow micro reactor, and a slug flow
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 44 

 4-  (44a) 0.1  2-  (2-
tBu−AQN)  0.5 mol/L  2-

 (2-Cl–AQN)  2-tBu–AQN 
22a 0.1 MPa 

 Y 

 1 mm  375 nm LED 

 11.4 W  (Table 4.12) その結果  ( )  0.3 

mmol  0.06 mol/L  44a  10 

 (entries 

1−3) 0.3 mmol

 1−2 

 5 µL/min  

2  0.3 mmol  45a 

 (entry 2)  

Table 4.12. Optimization of the reaction condition a 

 
entry flow rate (µL/min) time (h) yield (%) b 

1 2 5 76 

2 5 2 83 

3 10 1 70 
4 c – 10 32 

a Reaction condition: a 0.5 mol/L solution of 4-tert-butyltoluene (44a) and 2-tBu-AQN (0.1 equiv) in EtOAc was introduced 

into one of the channels by using a syringe pump. Simultaneously, molecular oxygen (0.1 MPa) was introduced into the 

second channel from a gas cylinder controlled by a mass flowmeter. Both streams were mixed in the channel of the glass 

chip to form a slug flow. Light (375 nm) from an LED array (sum: 11.4 W) was used to irradiate the slug flow from a 

distance of 1 mm from the chip surface. b 1H NMR yields determined by 1,1,2,2-tetrachloroethane. c The reaction was 

performed under the batch condition reported by Tada et al. (ref. 22a) 

  

O2 (0.1 MPa, 0.35 mL/min)
375 nm LEDMe

tBu

CO2H

tBu

2-tBu–AQN (0.1 equiv)

44a 45a

0.5 mol/L EtOAc solution
flow rate
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Table 4.13

 44 

 

Table 4.13. Substrate scope of the oxidation using flow micro reactor a 

  

a Reaction condition: a 0.5 mol/L solution of toluene (44) and 2-tBu-AQN (0.1 equiv) in EtOAc was introduced into one 

of the channels in 5 µL/min flow rate by a syringe pump. Simultaneously, molecular oxygen (0.1 MPa, 0.35 mL/min) was 

introduced into the second channel from a gas cylinder controlled by a mass flowmeter. Both streams were mixed in the 

channel of the glass chip to form a slug flow. Light (375 nm) from an LED array (sum: 11.4 W) was used to irradiate the 

slug flow from a distance of 1 mm from the chip surface. 1H NMR yields determined by 1,1,2,2-tetrachloroethane. The 

numbers in parentheses are 1H NMR yields under a batch condition. b The flow rate was 10 µL/min. 

  

O2 (0.1 MPa, 0.35 mL/min)
375 nm LED

Ar Me 2-tBu–AQN (0.1 equiv)

44 45
0.5 mol/L EtOAc solution Ar CO2H

CO2H

45b 48%, 2 h
(58%, 24 h)

CO2H

45a 83%, 2 h
(97%, 12 h)

tBu

CO2H

45c 80%, 2 h
(86%, 18 h)

MeO

CO2H

45d 30%, 2 h
(68%, 36 h)

45e 51%, 1 h b
(70%, 30 h)

Cl

CO2H

Ph

flow rate = 5 µL/min
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さらなる量産化を見据え、100 mm x 100 mm の大型ガラスチップ（流路幅 500 m  300 m

 9600 mm  (Figure 4.5, Table 4.14)  375 nm LED 

 (  18.1 W)  3 

 0.15 mmol  (entry 4) 

 70 mmol/day  10  700 mmol/day 

62a 

 
Figure 4.5. A 100 mm x 100 mm glass chip for the flow micro reactor 

Table 4.14. Scale-up for the photo-oxidation a 

 

entry flow rate of sol. (µL/min) flow rate of O2 (mL/min) time (min) yield (%) b 

1 40 1.4 15 75 

2 80 2.8 7.5 61 

3 120 5.6 5 51 

4 200 7.0 3 49 
a Reaction condition: a 0.5 mol/L solution of 4-tert-butyltoluene (44a) and 2-tBu-AQN (0.1 equiv) in EtOAc was introduced 

into one of the channels by a syringe pump. Simultaneously, molecular oxygen (0.1 MPa) was introduced into the second 

channel from a gas cylinder controlled by a mass flowmeter. Both streams were mixed in the channel of the glass chip to 

form a slug flow. Light (375 nm) from an LED array (sum: 18.1 W) was used to irradiate the slug flow from a distance of 

1 mm from the chip surface. b GC yields determined by heptadecane as an internal standard. 

  

O2 (0.1 MPa)
375 nm LED

Me

tBu

CO2H

tBu

2-tBu–AQN (0.1 equiv)

44a 45a

0.5 mol/L EtOAc solution
flow rate
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• AQN  (44f)  1-  (45f) 

 60% 

 (The data wasn’t 

shown.)  (44f) 

1-  (45f)  1,3-  Baeyer

Villiger 

 1-  (45f) 

 (44f)  (Table 

4.15)  

Table 4.15. Selective oxidation from indane to 1-indanone a 

 

entry 2-tBu−AQN 
(equiv) 

O2 rate 
(mL/min) 

yield of 1-indanone 
(%) b 

recovery of 
indane (%) b 

1 0.02 0.25 43 48 

2 0.03 0.25 50 44 

3 0.04 0.25 56 37 

4 0.06 0.25 64 33 

5 0.08 0.25 70 31 

6 0.10 0.25 74 11 

7 0.12 0.25 80 12 

8 0.20 0.35 74 12 

9 c 0.20 0.50 83 10 
a Reaction condition: a 0.4 mol/L solution of indane (44f) and 2-tBu-AQN (0.1 equiv) in EtOAc was introduced into one 

of the channels in 10 µL/min flow rate by a syringe pump. Simultaneously, molecular oxygen (0.1 MPa) was introduced 

into the second channel from a gas cylinder controlled by a mass flowmeter. Both streams were mixed in the channel of 

the glass chip to form a slug flow. Light (375 nm) from an LED array (sum: 18.1 W) was used to irradiate the slug flow 

from a distance of 1 mm from the chip surface. The total reaction time was 80 min. b GC yields determined by heptadecane 

as an internal standard. c Flow rate was 20 µL/min and the total reaction time was 40 min. 

  

O2 (0.1 MPa)
375 nm LED
2-tBu–AQN

44f 45f

EtOAc/MeOH (1:1)

O

0.4 mol/L, 80 min
flow rate = 10 µL/min
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の 2-tBuAQN  0.02 equiv 

 entry 1  

 1-  (45f)  0.12  80% 

 (entries 2−7)  0.20  0.35 

mL/min  (entry 8) 

entry 9  40  83% 

 
  44 

 

 (44f)  1-  (45f) 

 

 

 sp3 C–H 

 sp3 C–H 
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1)  

 
 

2)  

 
 

3)  

 
 

4)  

 
5)  

 
  

NH2

XH
+ ArCHO

O2, fluorescent lamp
MgI2 (5 mol%)

EtOAc, r.t. X

N
Ar

X = NH, S

R

up to 97%

R

+

NH2

NH2

O O2, fluorescent lamp
I2 (5 mol%)

N

NH

O

Ar

ArCHO
EtOAc, r.t.

up to 93%

Ar + TsNH2
Ar

N
Ts

Ar, fluorescent lamp

CHCl3 (5 mL), 60 ºC
I2 (1 equiv), K2CO3 (2 equiv)

up to 86%

S

N
Me

O2, fluorescent lamp
I2 (0.2 equiv), TFA (1.0 equiv) S

N
CHO

EtOAc, 70 ºC
R R

up to 85%

Mes–Acr+ ClO4– (0.1 equiv)

R3OH / EtOAcAr

R1

R2

O2, fluorescent lamp

Ar R2

OR3

OOHR1
MgO (2.0 equiv)

or CH2Cl2 / H2O
up to 73%
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6)  

 
 

7)  

 
 

β

 

  

air, 470 nm LED
cat. NBS, H2O2•Urea (4.0 equiv)
biphenyl (0.5 equiv), MeCN, r.t.

up to 79%
Ar

R1

R2 Ar R2

OOHR1

O2 (0.1 MPa)
375 nm LED

Me

tBu

CO2H

tBu

2-tBu–AQN (0.1 equiv)

ca. 70 mmol/day

EtOAc

O2 (0.1 MPa)
375 nm LED

2-tBu–AQN (0.2 equiv)
EtOAc/MeOH (1:1)

O

83%

ca. 0.7 mmol/day
under the batch condition22a
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Silica Gel 60N ( , 40−50 µm, , ) YMC-GEL SIL 8 nm S-25 um 

(SLF 08S25) TLC silica gel 60 F254 (Merck, 0.25 mm) 1H NMR, 13C NMR  
19F NMR JEOL ECA 500 spectrometer (500 MHz for 1H NMR, 125 MHz for 13C NMR, 470 MHz for 19F NMR)

JEOL AL 400 spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR) 1H NMR

Me4Si (0.00 ppm) DMSO α DMSO (2.5 

ppm) ppm 13C NMR  (77.0 ppm/CDCl3, 39.5 

ppm/DMSO-d6) ppm

JEOL JMS-T100TD Yanaco IR

Perkin Elmer Spectrum 100 FTIR spectrometer
 

 LED 
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×  
 

 

 1 (0.15 mmol)  2 (0.15 mmol)  3 mL 

30  (0.050 equiv)  2 mL 

 (23 W Twist lamp from Osram Sylvania Inc.)  6 

 20 mL 

 1,1,2,2- 1H NMR  NMR 

 (CHCl3 : MeOH = 98 : 2) 

2-  (3)  

 

2-Phenylbenzimidazole (3aa)67a (Table 3.1) 

 93%, Rf = 0.4 (CHCl3 : MeOH = 98 : 2), 1H NMR (400 MHz, DMSO-d6) δ 8.16 (d, J 

= 7.2 Hz, 2H), 7.68-7.60 (m, 1H), 7.58-7.43 (m, 4H), 7.22-7.14 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 151.2, 

143.8, 135.0, 130.2, 129.9, 129.0, 126.5, 122.6, 121.7, 118.9, 111.3. 

 

1-Benzyl-2-phenylbenzimidazole (4aa)67b (Table 3.1)  

1,2-  (1a, 0.3 mmol)  (2a, 0.3 mmol)  3 mL 

30  (0.05 equiv)  2 mL 

 6  20 mL 

 (CHCl3 : MeOH = 99 : 1) 1-benzyl-2-phenylbenzimidazole 

(4aa)  7%, Rf = 0.1 (CHCl3 : MeOH = 99 : 1), 1H NMR (400 MHz, DMSO-d6) δ 7.74-7.72 (m, 3H), 

7.54-7.52 (m, 3H), 7.47-7.45 (m, 1H), 7.30-7.21 (m, 5H), 6.99 (d, J = 6.8 Hz, 2H), 5.58 (s, 2H); 13C NMR (100 MHz, 

DMSO-d6) δ 153.3, 142.7, 136.9, 135.9, 130.1, 129.8, 129.0, 128.8, 127.5, 126.1, 122.7, 122.2, 119.3, 111.1, 47.4. 

 

2-(4-Methylphenyl)benzimidazole (3ab)67a (Table 3.2)  

 80%, Rf = 0.5 (CHCl3 : MeOH = 98 : 2), 1H NMR (400 MHz, DMSO-d6): δ 8.08 (d, 

J = 7.4 Hz, 2H), 7.69-7.49 (m, 2H), 7.35 (d, J = 7.4 Hz, 2 H), 7.20-7.18 (m, 2 H), 2.37 (s, 3H); 13C NMR (100 MHz, 

DMSO-d6): δ 151.4, 143.5, 139.6, 129.5, 127.4, 126.4, 122.0, 121.9, 121.9, 110.8, 21.0. 
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2-(4-tert-Butylphenyl)benzimidazole (3ac)67c (Table 3.2) 

 (CHCl3 : MeOH = 97 : 3)  

 68%, Rf = 0.5 (CHCl3 : MeOH = 97 : 3), 1H NMR (500 MHz, DMSO-d6) δ 8.12 (d, J = 8.3 Hz, 2H), 7.70-7.51 

(m, 2H), 7.56 (d, J = 8.3 Hz, 2H), 7.22-7.16 (m, 2H), 1.32 (s, 9H); 13C NMR (100 MHz, DMSO-d6) δ 152.6, 151.3, 

127.4, 126.2, 125.7, 122.0, 34.6, 31.0. 

 

2-(4-Chrolophenyl)benzimidazole (3ad)67a (Table 3.2) 

 97%, Rf = 0.2 (CHCl3 : MeOH = 98 : 2), 1H NMR (500 MHz, DMSO-d6) δ 8.18 (d, J 

= 8.6 Hz, 2H), 7.68-7.62 (m, 3H), 7.53 (d, J = 7.5 Hz, 1H), 7.23-7.20 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 

150.2, 143.7, 135.0, 134.5, 129.1, 128.2, 122.8, 121.9, 119.0, 111.5. 

 

2-(4-Hydroxyphenyl)benzimidazole (3ae)67d (Table 3.2) 

 1H NMR 

 79%, Rf = 0.1 (CHCl3 : MeOH = 98 : 2), 1H NMR (major, 500 MHz, DMSO-d6) δ 9.95 (br, 

1H), 7.99 (d, J = 8.0 Hz, 2H), 7.58 (d, J = 7.4 Hz, 1H), 7.46 (d, J = 6.9 Hz, 1H), 7.16-7.13 (m, 2H), 6.90 (d, J = 8.0 

Hz, 2H); 13C NMR (major, 125 MHz, DMSO-d6) δ 159.1, 151.8, 143.9, 128.1, 121.9, 121.3, 121.1, 118.3, 115.7, 

110.9. 

 

2-(4-Methoxyphenyl)benzimidazole (3af)67a (Table 3.2) 

 77%, Rf = 0.3 (CHCl3 : MeOH 98 : 2), 1H NMR (500 MHz, DMSO-d6) δ 8.12 (d, J = 

8.9 Hz, 2H), 7.56 (br, 2H), 7.18-7.15 (m, 2H), 7.11 (d, J = 8.9 Hz, 2H), 3.84 (s, 3H); 13C NMR (100 MHz, DMSO-

d6) δ 160.6, 151.4, 146.1, 128.0, 122.7, 121.8, 114.4, 55.4. 

 

2-(4-Trifluoromethylphenyl)benzimidazole (3ag)67e (Table 3.2) 

 80%, Rf = 0.4 (CHCl3 : MeOH 98 : 2), 1H NMR (400 MHz, DMSO-d6) δ 8.39 (d, J = 

8.2 Hz, 2H), 7.92 (d, J = 8.2 Hz, 2H), 7.72 (d, J = 7.2 Hz, 1H), 7.58 (d, J = 7.2 Hz, 1H), 7.31-7.20 (m, 2H); 13C NMR 

(100 MHz, DMSO-d6) δ 149.6, 143.7, 135.1, 134.0, 133.9, 129.5 (q, J = 32.1), 126.9, 126.0 (d, J = 3.6), 124.2 (q, J 

= 270.7), 123.2, 122.1, 119.3, 111.7. 

 

2-(4-Cyanophenyl)benzimidazole (3ah)67f (Table 3.2) 

 77%, Rf = 0.2 (CHCl3 : MeOH 98 : 2), 1H NMR (500 MHz, DMSO-d6) δ 8.34 (d, J = 

8.2 Hz, 2H), 8.01 (d, J = 8.2 Hz, 2H), 7.76-7.53 (m, 2H), 7.31-7.21 (m, 2H); 13C NMR (125 MHz, DMSO-d6) δ 149.4, 

143.8, 135.2, 134.3, 133.0, 127.0, 123.4, 122.2, 119.4, 118.6, 111.9. 

 

2-(4-Nitrophenyl)benzimidazole (3ai)67g (Table 3.2) 

 71%, Rf = 0.0 (CHCl3 : MeOH 98 : 2), 1H NMR (400 MHz, DMSO-d6) δ 8.43-8.38 

(m, 4H), 7.69-7.61 (m, 2H), 7.28-7.23 (m, 2H); 13C NMR (125 MHz, DMSO-d6) δ 149.0, 147.8, 143.9, 136.0, 135.2, 

127.4, 127.3, 124.3, 123.6, 122.4, 119.4, 111.8. 
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2-(3-Methylphenyl)benzimidazole (3aj)67g (Table 3.2) 

 87%, Rf = 0.3 (CHCl3 : MeOH 98 : 2), 1H NMR (400 MHz, DMSO-d6) δ 8.03 (s, 1H), 

7.97 (d, J = 7.5 Hz, 1H), 7.65-7.52 (m, 2H), 7.43 (t, J = 7.5 Hz, 1H), 7.30 (d, J = 7.5 Hz, 1H), 7.20-7.19 (m, 2H), 

2.41 (s, 3H); 13C NMR (125 MHz, DMSO-d6) δ 151.9, 144.3, 138.7, 135.5, 131.0, 130.6, 129.4, 127.5, 124.1, 123.0, 

122.2, 119.3, 111.8, 21.6. 

 

2-(3-Methoxyphenyl)benzimidazole (3ak)67h (Table 3.2) 

 71%, Rf = 0.3 (CHCl3 : MeOH 98 : 2), 1H NMR (400 MHz, DMSO-d6) δ 7.81-7.78 

(m, 2H), 7.72-7.52 (m, 2H), 7.48 (t, J = 8.0 Hz, 1H), 7.26-7.19 (m, 2H), 7.10-7.07 (m, 1H), 3.89 (s, 3H); 13C NMR 

(100 MHz, DMSO-d6) δ 159.6, 151.1, 143.8, 134.9, 131.5, 130.1, 122.7, 121.7, 118.7, 115.9, 111.4, 55.3. 

 

2-(2-Methylphenyl)benzimidazole (3al)67g (Table 3.2)  

 91%, Rf = 0.8 (CHCl3 : MeOH 98 : 2), 1H NMR (400 MHz, DMSO-d6): d 7.76 (d, 

J = 4.0 Hz, 1H), 7.61 (s, 1H), 7.39 (s, 3H), 7.22-7.20 (m, 2H), 2.60 (s, 3H); 13C NMR (100 MHz, DMSO-d6): d 152.3, 

137.3, 131.7, 129.8, 129.6, 126.3, 122.2, 21.2. 

 

4-Methyl-2-phenylbenzimidazole (3ba)67i (Table 3.2)  

 90%, Rf = 0.3 (CHCl3 : MeOH 98 : 2), 1H NMR (400 MHz, DMSO-d6): d 8.21 (d, J 

= 8.0 Hz, 2H), 7.56-7.39 (m, 4H), 7.05 (dd, J = 8.0, 4.0 Hz, 2H), 2.57 (s, 3H); 13C NMR (125 MHz, DMSO-d6): d 

154.1, 141.0, 130.96, 130.0, 129.2, 126.3, 122.4, 17.1. 

 

5-Methyl-2-phenylbenzimidazole (3ca)67j (Table 3.2) 

 75%, Rf = 0.8 (CHCl3 : MeOH 98 : 2), 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 7.5 

Hz, 2H), 7.54-7.44 (m, 4H), 7.01 (d, J = 8.0 Hz, 1H), 2.41 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 150.9, 131.7, 

130.4, 129.7, 129.0, 126.4, 123.6, 118.4, 111.1, 21.4. 

 

5-Bromo-2-phenylbenzimidazole (3da)67k (Table 3.2) 

 86%, Rf = 0.2 (CHCl3 : MeOH 98 : 2), 1H NMR (500 MHz, DMSO-d6) δ 8.16 (d, J = 

8.6 Hz, 2H), 7.85-7.70 (m, 1H), 7.61-7.48 (m, 4H), 7.33 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz, DMSO-d6): δ 

152.5, 145.3, 142.8, 136.3, 134.1, 130.3, 129.6, 129.0, 126.6, 125.0, 121.2, 120.6, 114.0, 113.2. 

 

5-Methoxy-2-phenylbenzimidazole (3ea)67k (Table 2) 

 89%, Rf = 0.4 (CHCl3 : MeOH 98 : 2), 1H NMR (500 MHz, DMSO-d6) δ 8.13 (d, J = 

7.4 Hz, 2H), 7.55-7.46 (m, 4H), 7.08 (brs, 1H), 6.84 (dd, J = 8.6, 2.3 Hz, 1H), 3.80 (s, 3H); 13C NMR (125 MHz, 

DMSO-d6) δ 155.8, 150.8, 130.3, 129.5, 128.9, 126.1, 111.5, 55,4. 
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Synthesis of 5-nitro-2-phenylbenzimidazole (3ea)67j (Table 2): 4- -1,2-  (1e, 0.15 

mmol)  (2a, 0.15 mmol)  3 mL 30 

 (0.20 equiv)  2 mL 

 20  20 mL 

 (CHCl3 : MeOH = 98 : 2) 5-nitro-2-phenylbenzimidazole (3ea)  57%, Rf = 0.1 

(CHCl3 : MeOH = 98 : 2), 1H NMR (500 MHz, DMSO-d6) δ 8.56-8.33 (m, 1H), 8.22-8.20 (m, 2H), 8.13-8.11 (m, 

1H), 7.75 (m, 1H), 7.62-7.55 (m, 3H); 13C NMR (125 MHz, DMSO-d6) δ 155.5, 142.7, 131.0, 129.2, 129.0, 127.0, 

118.0, 114.7, 111.9. 
 

Synthesis of 2-phenylbenzothiazole (3fa)67b (Scheme 3): 2-  (1e, 0.15 mmol) 

 (2a, 0.15 mmol)  3 mL 30 

 (0.050 equiv)  2 mL 

 20  20 mL 

 (Hexane : 

EtOAc = 8 : 2) 2-phenylbenzothiazole (3fa)  87%, Rf = 0.6 (Hexane : EtOAc = 8 : 

2), 1H NMR (500 MHz, CDCl3) δ 8.11-8.07 (m, 3H), 7.90 (d, J = 8.0 Hz, 1H), 7.52-7.48 (m, 4H), 7.40-7.37 (m, 1H). 
13C NMR (100 MHz, CDCl3) δ 168.0, 154.1, 135.2, 133.7, 131.1, 129.2, 127.7, 126.5, 125.3, 123.4, 121.8. 

 

 

×  
 

2-  (10, 0.3 mmol)  2 (0.3 mmol)  (0.05 

equiv)  5 mL  (23 W Twist lamp from Osram Sylvania Inc.) 

 1,1,2,2- 1H NMR  

NMR  (CHCl3 : MeOH = 9 : 1) 

2- -4-  11  

 

2-phenyl-4-quinazolinone (11a)68a (Table 3.4) 

 1  86%, 1H NMR (500 MHz, DMSO-d6) δ 12.55 (br, 1H), 8.19-8.15 

(m, 3H), 7.82 (t, J = 8.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.58-7.50 (m, 4H). 
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2-(4-tolyl)-4-quinazolinone (11b)68b (Table 3.5) 

 5  76%, 1H NMR (500 MHz, DMSO-d6) δ 12.47 (br, 1H), 8.15 (d, 

J = 8.0 Hz, 1H), 8.10 (d, J = 8.0 Hz, 2H), 7.83 (t, J = 8.0 Hz, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 

7.36 (d, J = 8.0 Hz, 2H), 2.39 (s, 3H). 

 

2-(3-tolyl)-4-quinazolinone (11c)68b (Table 3.5) 

 10  93%, 1H NMR (500 MHz, CDCl3) δ 10.79 (br, 1H), 8.24 (d, J 

= 8.0 Hz, 1H), 7.80 (d, J = 3.4 Hz, 2H), 7.57 (d, J = 6.9 Hz, 1H), 7.51-7.48 (m, 1H), 7.42 (t, J = 7.5 Hz, 1H), 7.36-

7.34 (m, 2H), 2.52 (s, 3H). 

 

2-(4-hydroxyphenyl)-4-quinazolinone (11d)68c (Table 3.5) 

 5  80%, 1H NMR (500 MHz, DMSO-d6) δ 12.31 (br, 1H), 10.19 (s, 

1H), 8.12-8.07 (m, 3H), 7.79 (t, J = 7.7 Hz, 1H), 7.68 (d, J = 7.7 Hz, 1H), 7.45 (t, J = 7.7 Hz, 1H), 6.90 (d, J = 7.8 

Hz, 2H). 

 

2-(4-methoxyphenyl)-4-quinazolinone (11e)68b (Table 3.5) 

 1  75%, 1H NMR (400 MHz, CDCl3) δ 8.33-8.31 (m, 1H), 7.88-

7.80 (m, 2H), 7.72-7.66 (m, 2H), 7.55-7.47 (m, 2H), 7.15-7.13 (m, 1H), 5.96 (s, 1H), 3.96 (s, 3H). 

 

2-(3-methoxyphenyl)-4-quinazolinone (11f)68b (Table 3.5) 

 1  81%, 1H NMR (500 MHz, CDCl3) δ 10.72 (br, 1H), 8.32 (d, J 

= 8.0 Hz, 2H), 7.85-7.79 (m, 2H), 7.73-7.69 (m, 2H), 7.52-7.46 (m, 1H), 7.13 (d, J = 8.0 Hz, 1H), 3.95 (s, 3H). 

 

2-(4-tert-butylphenyl)-4-quinazolinone (11g)68a (Table 3.5) 

 3  83%, 1H NMR (500 MHz, CDCl3) δ 11.80 (br, 1H), 8.34 (d, J = 

8.0 Hz, 1H), 8.21 (d, J = 8.0 Hz, 2H), 7.84-7.78 (m, 2H), 7.59 (d, J = 8.6 Hz, 2H), 7.50 (t, J = 8.0 Hz, 1H), 1.39 (s, 

9H). 

 

2-(4-fluorophenyl)-4-quinazolinone (11h)68a (Table 3.5) 

 15  (EtOAc : H2O : Hexane = 1: 1 : 5)  85%, 
1H NMR (500 MHz, DMSO-d6) δ 12.58 (br, 1H), 8.25 (dd, J = 5.4 Hz, 8.6 Hz, 2H), 8.15 (d, J = 7.5 Hz, 1H), 7.84 (t, 

J = 8.6 Hz, 1H), 7.73 (d, J = 8.2 Hz, 1H), 7.52 (t, J = 7.8 Hz, 1H), 7.39 (t, J = 8.8 Hz, 2H). 

 

2-(4-chlorophenyl)-4-quinazolinone (11i)68a (Table 3.5) 

 15  (EtOAc : H2O : Hexane = 1: 1 : 5)  88%, 
1H NMR (500 MHz, DMSO-d6) δ 12.61 (br, 1H), 8.21-8.15 (m, 3H), 7.85 (t, J = 8.0 Hz, 1H), 7.75 (d, J = 8.6 Hz, 

1H), 7.63 (d, J = 7.6 Hz, 2H), 7.54 (t, J = 7.1 Hz, 1H). 
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2-(4-bromophenyl)-4-quinazolinone (11j)68a (Table 3.5) 

 15  (EtOAc : H2O : Hexane = 1: 1 : 5)  82%, 
1H NMR (500 MHz, DMSO-d6) δ 12.61 (br, 1H), 8.16-8.12 (m, 3H), 7.85 (t, J = 8.0 Hz, 1H), 7.78-7.74 (m, 3H), 

7.54 (t, J = 7.2 Hz, 1H). 

 

2-(4-trifluoromethylphenyl)-4-quinazolinone (11k)68a (Table 3.5) 

 15  (EtOAc : H2O : Hexane = 1: 1 : 5)  76%, 
1H NMR (500 MHz, DMSO-d6) δ 12.75 (br, 1H), 8.38-8.35 (m, 2H), 8.19-8.15 (m, 1H), 7.94-7.84 (m, 3H), 7.79-

7.76 (m, 1H), 7.58-7.53 (m, 1H). 

 

2-(4-cyanophenyl)-4-quinazolinone (11l)68b (Table 3.5) 

 15  (EtOAc : H2O : Hexane = 1: 1 : 5)  66%, 
1H NMR (500 MHz, DMSO-d6) δ 12.72 (br, 1H), 8.31 (d, J = 8.6 Hz, 2H), 8.15 (d, J = 8.0 Hz, 1H), 8.01 (d, J = 8.0 

Hz, 2H), 7.84 (t, J = 7.5 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.54 (t, J = 7.5 Hz, 1H). 

 

2-(4-nitrophenyl)-4-quinazolinone (11m)68b (Table 3.5) 

 5  (EtOAc : H2O : Hexane = 1: 1 : 5)  69%, 
1H NMR (500 MHz, DMSO-d6) δ 12.84 (br, 1H), 8.41-8.40 (m, 4H), 8.19 (d, J = 6.9 Hz, 1H), 7.90-7.87 (m, 1H), 

7.80 (d, J = 7.4 Hz, 1H), 7.60-7.57 (m, 1H). 

 

Synthesis of 2-phenyl-2,3-dihydroquinazolin-4-one (12a)68d (Table 3.6): 2-  (10, 0.3 mmol)

 (2a, 0.3 mmol)  (0.05 equiv)  5 mL 

 (23 W Twist lamp from Osram Sylvania Inc.) 

 1,1,2,2-
1H NMR  NMR 

 (CHCl3 : MeOH = 20 : 1) 2-phenyl-2,3-dihydroquinazolin-4-one (12a) 

 49%, 1H NMR (500 MHz, DMSO-d6) δ 8.29 (s, 1H), 7.61 (d, J = 8.1 Hz, 1H), 7.50 (d, J = 6.8 Hz, 

2H), 7.40-7.33 (m, 3H), 7.24 (t, J = 7.9 Hz, 1H), 7.11 (br, 1H), 6.75 (d, 8.6 Hz, 1H), 6.67 (t, J = 8.0 Hz, 1H), 5.75 (s, 

1H). 
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× ×  
 

 13 (0.3 mmol)  14 (0.6 mmol)  (0.3 equiv) 

 (0.6 mmol)  5 mL  (22W lamp  2, 

EFR25ED from Panasonic)  60 ºC  20  
20 mL  5 mL 

 1,1,2,2- 1H NMR 

 NMR 

 15  

 

N-(p-Tolylsulfonyl)-2-(4-tert-butylphenyl)aziridine (15a)69a (Table 3.8) 

 86%, Rf = 0.3 (hexane : EtOAc = 9 : 1), 1H NMR (500 MHz, CDCl3) δ 

7.86 (d, J = 8.0 Hz, 2 H), 7.33-7.30 (m, 4 H), 7.14 (d, J = 8.0 Hz, 2 H), 3.76 (dd, J = 7.2, 4.6 Hz, 1 H), 2.95 (d, J = 

7.2 Hz, 1 H), 2.42 (s, 3 H), 2.37 (d, J = 4.6 Hz, 1 H), 1.27 (s, 9 H); 13C NMR (125 MHz, CDCl3) δ 151.3, 144.5, 

134.9, 131.9, 129.7, 127.9, 126.2, 125.4, 40.9, 35.7, 34.5, 31.2, 21.6. 

 

N-(p-Tolylsulfonyl)-2-(4-chlorophenyl)aziridine (15b)69a (Table 3.8) 

 85%, Rf = 0.3 (hexane : EtOAc = 17 : 3), 1H NMR (500 MHz, CDCl3) δ 

7.85 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 8.3 Hz, 2H), 7.14 (d, J = 8.3 Hz, 2H), 3.73 (dd, J =  

6.9, 4.5 Hz, 1H), 2.98 (d, J = 6.9 Hz, 1H), 2.43 (s, 3H), 2.34 (d, J = 4.5 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 

144.8, 134.7, 134.1, 133.5, 129.7, 128.7, 127.9, 127.8, 40.2, 36.0, 21.6. 

 

N-(p-Tolylsulfonyl)-2-(4-bromophenyl)aziridine (15c)69a (Table 3.8)  

 77%, Rf = 0.3 (hexane : EtOAc = 17 : 3), 1H NMR (500 MHz, CDCl3) δ 

7.85 (d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.3 Hz, 2H), 7.09 (d, J = 8.3 Hz, 2H), 3.71 (dd, J = 

7.1, 4.6 Hz, 1H), 2.97 (d, J = 7.1 Hz, 1H), 2.42 (s, 3H), 2.34 (d, J = 4.6 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 

144.7, 134.6, 134.1, 131.6, 129.7, 128.1, 127.8, 122.2, 40.2, 35.9, 21.6. 

 

N-(p-Tolylsulfonyl)-2-phenylaziridine (15d)69a (Table 3.8) 

 81%, Rf = 0.3 (hexane : EtOAc = 9 : 1), 1H NMR (500 MHz, CDCl3) δ 

7.87 (d, J = 8.0 Hz, 2 H), 7.33 (d, J = 8.0 Hz, 2 H), 7.31-7.26 (m, 3 H), 7.23–7.19 (m, 2 H), 3.77 (dd, J = 7.4, 4.6 Hz, 

1 H), 2.98 (d, J = 7.4 Hz, 1 H), 2.43 (s, 3 H), 2.38 (d, J = 4.6 Hz, 1 H). 13C NMR (125 MHz, CDCl3) δ 144.6, 134.9, 

134.8, 129.7, 128.5, 128.26, 127.9, 126.5, 40.9, 35.9, 21.6. 
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N-(p-Tolylsulfonyl)-2-(4-methylphenyl)aziridine (15e)69a (Table 3.8)  

 83%, Rf = 0.3 (hexane : EtOAc = 9 : 1), 1H NMR (500 MHz, CDCl3) δ 

7.86 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.3 Hz, 2H), 7.09 (br, 4H), 3.73 (dd, J = 7.1, 4.6 Hz, 1H), 2.96 (d, J = 7.1 Hz, 

1H), 2.42 (s, 3H), 2.37 (d, J = 4.6 Hz, 1H), 2.30 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 144.5, 138.1, 135.0, 131.9, 

129.6, 129.2, 127.8, 126.4, 41.0, 35.7, 21.6, 21.1. 

 

N-(p-Tolylsulfonyl)-2-(3-methylphenyl)aziridine (15f)69a (Table 3.8) 

 76%, Rf = 0.3 (hexane : EtOAc = 17 : 3), 1H NMR (500 MHz, CDCl3) δ 

7.87 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.19-7.16 (m, 1H), 7.08 (d, J = 8.0 Hz, 1H), 7.02-7.01 (m, 2H), 

3.74 (dd, J = 7.4, 4.6 Hz, 1H), 2.95 (d, J = 7.4 Hz, 1H), 2.41 (s, 3H), 2.37 (d, J = 4.6 Hz, 1H), 2.30 (s, 3H). 13C NMR 

(125 MHz, CDCl3) δ 144.6, 138.2, 134.8, 129.7, 129.0, 128.4, 127.9, 127.1, 123.6, 41.0, 35.8, 21.6, 21.2. 

 

N-(p-Tolylsulfonyl)-2-(2-methylphenyl)aziridine (15g)69b (Table 3.8) 

 82%, Rf = 0.3 (hexane : EtOAc = 17 : 3), 1H NMR (500 MHz, CDCl3) δ 

7.89 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 7.19-7.15 (m, 1H), 7.12 (d, J = 8.0 Hz, 1H), 7.11-7.09 (m, 2H), 

3.86 (dd, J = 7.4, 4.6 Hz, 1H), 2.98 (d, J = 7.4 Hz, 1H), 2.44 (s, 3H), 2.38 (s, 3H), 2.31 (d, J = 4.6 Hz, 1H). 13C NMR 

(125 MHz, CDCl3) δ 144.6, 136.6, 134.8, 133.1, 129.8, 129.7, 127.9, 126.0, 125.8, 39.4, 35.0, 21.6, 19.0. 

 

cis- and trans-N-(p-Tolylsulfonyl)-2-methyl-3-aziridine (15h)69c (Table 3.8) 

 72%, Rf = 0.3 (hexane : EtOAc = 17 : 3), 1H NMR (500 MHz, CDCl3) δ 

(trans-isomer) 7.81 (d, J = 8.0 Hz, 2H), 7.29-7.13 (m, 5H), 7.15-7.13 (m, 2H), 3.79 (d, J = 4.0 Hz, 1H), 2.90 (dq, J 

= 5.7, 4.0 Hz, 1H), 2.37 (s, 3H), 1.84 (d, J = 5.7 Hz, 3H); δ (cis-isomer) 7.88 (d, J = 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 

2H), 7.29-7.19 (m, 5 H), 3.92 (d, J = 7.4 Hz, 1H), 3.18 (dq, J = 7.4, 5.7 Hz, 1H), 2.42 (s, 3H), 1.01 (d, J = 5.7 Hz, 

3H). 13C NMR (125 MHz, CDCl3) δ 144.3, 143.8, 137.8, 135.4, 135.2, 132.6, 129.6, 129.4, 128.4, 128.2, 128.0, 

127.7, 127.4, 127.1, 126.2, 49.1, 49.0, 46.0, 41.75, 21.5, 21.5, 14.0, 11.8 (one carbon peak was overlapped). 

 

N-(p-Tolylsulfonyl)-2-methyl-2-phenylaziridine (15i)69a (Table 3.8) 

 17%, Rf = 0.1 (hexane : EtOAc = 20 : 3), 1H NMR (500 MHz, CDCl3) δ 

7.87 (d, J = 7.7 Hz, 2H), 7.38 (d, J = 7.7 Hz, 2H), 7.33-7.30 (m, 4H), 7.28-7.26 (m, 1H), 2.96 (s, 1H), 2.52 (s, 1H), 

2.43 (s, 3H), 2.04 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 143.9, 140.9, 137.6, 129.5, 128.3, 127.7, 127.4, 126.5, 51.7, 

41.8, 21.6, 20.9. 

  



81 
 

 
 

 20 (0.3 mmol)  (0.06 mmol) TFA (0.3 mmol) 5 mL

 (Mini Twister 23 W from Philips Co., Ltd)  70 ºC  20 

 (TFA) 30 mL

10 mL ×

 1,1,2,2-
1H NMR  NMR 

 21  

 

Benzothiazole-2-carboxaldehyde (21a)70a (Table 4.2) 

 81%, Rf = 0.7 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 

10.17 (s, 1H), 8.25 (d, J = 8.0 Hz, 1H), 8.01 (d, J = 7.7 Hz, 1H), 7.63-7.56 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 

185.4, 165.2, 153.5, 136.3, 128.4, 127.3, 125.7, 122.6. 

 

5-Fluorobenzothiazole-2-carboxaldehyde (21b) (Table 4.4) 

 73%, Rf = 0.5 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 

10.15 (s, 1H), 7.98-7.95 (m, 1H), 7.91 (dd, J = 2.3, 8.8 Hz, 1H), 7.39-7.35 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 

185.1, 167.4, 162.1 (d, J = 244 Hz), 154.3 (d, J = 11.9 Hz), 131.9, 123.5 (d, J = 9.5 Hz), 117.7 (d, J = 25.0 Hz), 111.2 

(d, J = 23.9 Hz); 19F NMR (470 MHz, CDCl3) δ -113.2. Anal. Calcd for: H: 2.23%, C: 53.03%, N: 7.73%. Found: H: 

2.34%, C: 52.75%, N: 7.63%. IR (ATR): 3072, 2856, 1682 (cm-1). m.p.: 113.8-114.8 °C. 

 

5-Chlorobenzothiazole-2-carboxaldehyde (21c) (Table 4.4) 

 78%, Rf = 0.5 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 

10.15 (s, 1H), 8.21 (d, J = 2.3 Hz, 1H), 7.92 (d, J = 8.6 Hz, 2H), 7.54 (dd, J = 2.3, 8.6 Hz, 1H); 13C NMR (125MHz, 

CDCl3) δ 185.1, 166.8, 154.2, 134.5, 133.5, 128.9, 125.2, 123.3. Anal. Calcd for: H: 2.04%, C: 48.62%, N: 7.09%. 

Found: H: 2.24%, C: 48.49%, N: 6.97%. IR (ATR): 2941, 1682 (cm-1). m.p.: 151.2-152.2 °C. 

 

5-Bromobenzothiazole-2-carboxaldehyde (21d) (Table 4.4) 

 79%, Rf = 0.5 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 

10.15 (s, 1H), 8.38 (d, J = 1.9 Hz, 1H), 7.87 (d, J = 8.6 Hz, 1H), 7.66 (dd, J = 1.9, 8.6 Hz, 1H); 13C NMR (125 MHz, 

CDCl3) δ 185.1 , 166.5, 154.5, 135.0, 131.5, 128.3, 123.6, 121.0. Anal. Calcd for: H: 1.67%, C: 39.69%, N: 5.79%. 

Found: H: 1.77%, C: 39.51%, N: 5.74%. IR (ATR): 3053, 1686 (cm-1). m.p.: 149.2-150.2 °C. 
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2-Formyl-5-benzothiazolecarxylic acid methyl ester (21e) (Table 4.4) 

 50  69%, Rf = 0.4 (Hexane : EtOAc = 4 : 1), 1H NMR 

(500 MHz, CDCl3) δ 10.19 (s, 1H), 8.90 (d, J = 1.2 Hz, 1H), 8.23 (dd, J = 1.2, 8.7 Hz, 1H), 8.07 (d, J = 8.7 Hz, 1H), 

4.01 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 185.2, 166.6, 166.2, 153.3, 140.6, 129.7, 128.6, 127.4, 122.6, 52.5. Anal. 

Calcd for: H: 3.19%, C: 54.29%, N: 6.33. Found: H: 3.48%, C: 54.18%, N: 6.10%. IR (ATR): 3067, 2962, 1718, 

1687. m.p.: 160.0-161.0 °C. 

 

5-Cyanobenzothiazole-2-carboxaldehyde (21f) (Table 4.4) 

 70  71%, Rf = 0.5 (Hexane : EtOAc = 1 : 1), 1H NMR 

(500 MHz, CDCl3) δ 10.18 (s, 1H), 8.57 (s, 1H), 8.14 (d, J = 8.3 Hz, 1H), 7.80 (d, J = 8.3 Hz, 1H); 13C NMR (125 

MHz, CDCl3) δ 184.8, 167.5, 152.9, 140.6, 130.2, 130.2, 124.0, 117.9, 111.4. Anal. Calcd for: H: 2.14%, C: 57.44%, 

N: 14.88%. Found: H: 2.50%, 57.54%, 14.46%. IR (ATR): 3101, 3071, 2924, 2857, 2231, 1694 (cm-1). m.p.: 174.9-

175.0 °C. 

 

5-Nitrobenzothiazole-2-carboxaldehyde (21g) (Table 4.4) 

50  61%, Rf = 0.4 (Hexane : EtOAc = 4 : 1), 1H NMR 

(500 MHz, CDCl3) δ 10.22 (s, 1H), 9.11 (d, J = 2.3 Hz, 1H), 8.46 (dd, J = 2.3, 9.2 Hz, 1H), 8.21 (d, J = 9.2 Hz, 1H); 
13C NMR (125 MHz, CDCl3) δ 184.7, 168.4, 153.1, 147.4, 142.1, 123.5, 122.3, 121.2. Anal. Calcd for: H: 1.94%, C: 

46.15%, N: 13.46%. Found: H: 2.24%, C: 46.13%, N: 13.08%. IR (ATR): 3074, 1691 (cm-1). m.p.: 154.9-155.9 °C. 

 

5-Methoxybenzothiazole-2-carboxaldehyde (21h) (Table 4.4) 

 85%, Rf = 0.5 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 

10.13 (s, 1H), 7.84 (d, J = 8.9 Hz, 1H), 7.63 (d, J = 2.3 Hz, 1H), 7.22 (dd, J = 2.3, 8.9 Hz, 1H), 3.92 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 185.2, 166.1, 159.6, 154.9, 128.6, 122.7, 119.8, 106.2, 55.6. Anal. Calcd for: H: 3.58%, 

C: 55.76%, N: 7.06%. Found: H: 3.65%, C: 55.94%, N: 7.25%. IR (ATR): 2846, 1681 (cm-1). m.p.: 100.1-101.1 °C. 

 

5-Methylbenzothiazole-2-carboxaldehyde (21i) (Table 4.4) 

 81%, Rf = 0.6 (Hexane : EtOAc = 4 : 1), 1H NMR (400 MHz, CDCl3) δ 

10.14 (s, 1H), 8.01 (d, J = 1.2 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.39 (dd, J = 1.2, 8.0 Hz, 1H), 2.54 (s, 3H); 13C 

NMR (100 MHz, CDCl3) δ 185.4, 165.3, 153.9, 137.6, 133.4, 130.3, 125.3, 122.0, 21.4. Anal. Calcd for: H: 3.98%, 

C: 60.99%, N: 7.90%. Found: H: 4.03%, C: 60.76%, N: 7.86%. IR (ATR): 2913, 2850, 1689 (cm-1). m.p.: 118.8-

119.8 °C. 

  



83 
 

5,6-Dimethylbenzothiazole-2-carboxaldehyde (21j) (Table 4.4) 

 78%, Rf = 0.5 (Hexane:EtOAc = 4:1), 1H NMR (500 MHz, CDCl3) δ 10.11 

(s, 1H), 7.96 (s, 1H), 7.72 (s, 1H), 2.40 (s, 3H), 2.39 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 185.4, 164.2, 152.4, 

138.9, 137.1, 134.1, 125.3, 122.1, 20.5, 20.2. Anal. Calcd for: H: 4.74%, C: 62.80%, N: 7.32%. Found: H: 4.70%, C: 

62.56%, N: 7.17%. IR (ATR): 2941, 2918, 2836, 2805, 1687 (cm-1). m.p.: 95.8-96.8 °C. 

 

Naphtho[1,2-d]thiazole-2-carboxaldehyde (21k) (Table 4.4) 

60

 80%, Rf = 0.3 (Hexane : EtOAc = 20 : 1), 1H NMR (500 MHz, CDCl3) δ 10.26 (s, 1H), 8.88 (d, J = 8.0 

Hz, 1H), 8.01-7.95 (m, 3H), 7.78 (t, J = 8.0 Hz, 1H), 7.68 (t, J = 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 185.0, 

163.8, 150.4, 134.7, 132.0, 129.7, 129.3, 128.3, 127.9, 127.1, 123.5, 119.0. Anal. Calcd for: H: 3.31%, C: 67.58%, 

N: 6.57%. Found: H: 3.43%, 67.39%, 6.59%. IR (ATR): 2848, 1685 (cm-1). m.p.: 126.0-127.0 °C. 

 

1-(2-Benzothiazolyl)-ethanone (21l)70b (Table 4.4) 

 69%, Rf = 0.4 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 

8.18 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.58-7.52 (m, 2H), 2.83 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 

193.1, 166.4, 153.5, 137.3, 127.6, 126.9, 125.4, 122.4, 26.1. 

 

1,3-Benzothiazol-2-yl(phenyl)methanone (21m)70c (Table 4.4) 

 85%, Rf = 0.5 (Hexane : EtOAc = 20 : 1), 1H NMR (500 MHz, CDCl3) δ 

8.55 (d, J = 7.5 Hz, 2H), 8.22 (d, J = 7.5 Hz, 1H), 7.97 (d, J = 7.5 Hz, 1H), 7.64 (d, J = 7.5 Hz, 1H), 7.55-7.49 (m, 

4H); 13C NMR (125 MHz, CDCl3) δ 185.2, 167.0, 153.8, 136.9, 134.8, 133.8, 131.2, 128.4, 127.5, 126.8, 125.6, 

122.0. 

 

2-Quinolinecarboxaldehyde (21n)70d (Table 4.5) 

 60  65% Rf = 0.4 (Hexane : EtOAc = 4 : 1), 1H NMR 

(500 MHz, CDCl3) δ 10.24 (s, 1H), 8.31 (d, J = 8.6 Hz, 1H), 8.25 (d, J = 8.6 Hz, 1H), 8.03 (d, J = 8.6 Hz, 1H), 7.91 

(d, J = 8.6 Hz), 7.83 (dd, J = 6.9, 8.6 Hz, 1H), 7.70 (dd, J = 6.9 Hz, J = 8.6 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 

193.7, 152.5, 147.8, 137.3, 130.5, 130.3, 130.0, 129.2, 127.8, 117.3. 

 

4-Quinolinecarboxaldehyde (21p)70e (Table 4.5) 

 44%, Rf = 0.4 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 

10.52 (s, 1H), 9.21 (d, J = 4.0 Hz, 1H), 9.02 (d, J = 8.6 Hz, 1H), 8.22 (d, J = 7.5 Hz, 1H), 7.83-7.74 (m, 3H); 13C 

NMR (125 MHz, CDCl3) δ 192.9, 150.4, 149.2, 136.7, 130.1, 130.0, 129.4, 125.8, 124.4, 123.8. 
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Synthesis of benzoxazole-2-carboxaldehyde (21q)70a (Table 4.5): 2-  (20q, 0.3 

mmol)  (0.06 mmol) TFA (0.3 mmol) 5 mL  (Mini 

Twister 23 W from Philips Co., Ltd)  100 ºC  20  (TFA) 

30 mL

10 mL ×

 1,1,2,2-
1H NMR  NMR 

 (Hexane : CHCl3 = 1 : 1, Rf = 0.3) benzoxazole-2-

carboxaldehyde (21q)  63%, 1H NMR (500 MHz, CDCl3) δ 9.93 (s, 1H), 7.88 (d, J = 8.2 

Hz, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.51 (t, J = 7.3 Hz, 1H), 7.44 (t, J = 7.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 

179.4, 157.3, 150.6, 140.6, 129.3, 126.1, 122.7, 112.1. 

 

Synthesis of 2-(iodomethyl)benzothiazole (22a) (Scheme 4.5): 2-  (20a, 0.3 mmol) 

 (0.06 mmol) TFA (0.3 mmol) 5 mL 70 

ºC 20 30 mL 10 

mL ×

2-( )

 (3a)  7%, Rf = 0.4 (Hexane : EtOAc = 20 : 1), 1H NMR (500 MHz, CDCl3) δ 

7.99 (d, J = 7.5 Hz, 1H), 7.82 (d, J = 7.5 Hz, 1H), 7.47 (td, J = 1.2, 7.5 Hz, 1H), 7.40 (td, J = 1.2, 7.5 Hz, 1H), 4.78 

(s, 2H); 13C NMR (125 MHz, CDCl3) δ 167.3, 152.8, 136.1, 126.4, 125.6, 123.2, 121.7, -3.0. Anal. Calcd for: H: 

2.20%, C: 34.93%, N: 5.09%. Found: H: 2.23%, C: 34.81%, N: 5.00%. 

 

Synthesis of deuterated 2-methylbenzothiazole (20a–d) (Scheme 4.6): 2-  (20a, 0.3 

mmol)  0.5 mL  TFA (0.3 mmol)  NMR 

 NMR 50 ºC 20 1H NMR 

 2-  

 

Synthesis of 1-(2-benzothiazolemethoxy)-2,2,6,6-tetramethylpiperidine (24a) (Scheme 4.8): 2-

 (20a, 0.3 mmol) 2,2,6,6-  1-  (TEMPO, 0.3 mmol)  (0.06 

mmol) TFA (0.3 mmol) 5 mL 70 ºC  20 

 30 mL  10 mL 

×

 (Hexane : EtOAc = 20 : 1) 1-(2-

benzothiazolemethoxy)-2,2,6,6-tetramethylpiperidine (24a)  10%, Rf = 0.2 (Hexane : 

EtOAc = 20 : 1), 1H NMR (500 MHz, CDCl3) δ 7.99 (d, J = 8.0 Hz, 1H), 7.90 (d, J = 8.0 Hz, 1H), 7.47 (t, J = 8.0 

Hz, 1H), 7.38 (t, J = 8.0 Hz, 1H), 5.23 (s, 2H), 1.60-1.50 (m, 6H), 1.26-1.22 (m, 12H); 13C NMR (125 MHz, CDCl3) 

δ 169.4, 152.8, 134.7, 125.9, 124.8, 122.8, 121.6, 60.3, 39.6, 32.9, 20.1, 17.0. HRMS m/z (ESI) calcd for 

C17H25N2OS+ 305.1688, found 305.1668. 
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Time course determined by 1H NMR analysis ot the crude product (Figure 4.3): 

 

Entry Time (h) 
1H NMR yield (%) 

20a 21a 22a 25a 

1 1 93 1 4 0 

2 2 84 8 7 0 

3 3 65 18 trace trace 

4 4 57 26 trace 1 

5 5 55 35 0 2 

6 8 41 32 trace 2 

7 10 30 54 2 3 

8 15 19 63 0 2 

9 20 0 80 0 0 

 

 1,1,2,2- 1H NMR 

  

S

N
Me

20a (0.3 mmol)

O2, fluorescent lamp
I2 (0.2 equiv), TFA (1.0 equiv)
EtOAc (5 mL), 50 ºC, Time (h)

S

N
CHO

S

N
CH2I

S

N
CH2OH

21a 22a 25a
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Synthesis of 2-methyl-5-benzothiazolecarxylic acid methyl ester (20e)70f (Table 4.4): 4- -3-

 (1 g)  (4 g)  120 °C 1 

 (4 mL)  (2 mL) 1  (5 mL) 

 (5 mL)  30  2 M 

10 mL ×

 (5 mL)  (20 mL) 70 ºC 20

α

×

 (Hexane : EtOAc = 4 : 1) 2- -5-

 (20e)  20%, Rf = 0.3 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.59 (s, 1H), 8.00 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 3.96 (s, 3H), 2.85 (s, 3H); 
13C NMR (125 MHz, CDCl3) δ 168.2, 166.8, 153.1, 140.4, 128.1, 125.2, 123.7, 121.1, 52.2, 20.1. Anal. Calcd for: 

H: 4.38%, C: 57.95%, N: 6.76%. Found: H: 4.33%, C: 57.80%, N: 6.59%. m.p.: 96.2-97.2 °C. 

 

5-Cyano-2-benzothiazole (20f)70g (Table 4.4) 

 70h 1H NMR (500 MHz, CDCl3) δ 8.20 (s, 1H), 7.93 (d, J = 8.6 Hz, 1H), 

7.57 (d, J = 8.6 Hz, 1H), 2.89 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 169.7, 152.7, 140.5, 126.9, 126.2, 122.3, 118.6, 

109.3, 20.1. 

 

Synthesis of 2-ethylbenzothiazole (20l)70i (Table 4.4): 2-  (3.0 mmol)  3,5-  

(4.5 mmol) TsOH·H2O (0.15 mmol) 16

 (Hexane : EtOAc = 20 : 1) 2-ethylbenzothiazole (20l) 

 69%, Rf = 0.3 (Hexane : EtOAc = 20 : 1), 1H NMR (500 MHz, CDCl3) δ 7.96 (d, J = 8.0 Hz, 1H), 7.82 (d, 

J = 8.0 Hz, 1H), 7.43 (t, J = 8.0 Hz, 1H), 7.33 (t, J = 8.0 Hz, 1H), 3.14 (q, J = 7.5 Hz, 2H), 1.46 (t, J = 7.5 Hz, 3H). 

 

Synthesis of 2-(hydroxymethyl)benzothiazole (25a)70j (Scheme 4.8): 

-2-  (21a, 0.3 mmol)  (0.33 mmol) 3 mL

20

×

 (Hexane : EtOAc = 3 : 1) 

2-(hydroxymethyl)benzothiazole (25a)  98%, Rf = 0.3 (Hexane : EtOAc 

= 3 : 1), 1H NMR (400 MHz, CDCl3) δ 7.88 (d, J = 8.2 Hz, 1H), 7.77 (d, J = 8.2 Hz, 1H), 7.39 (t, J = 8.2 Hz, 1H), 

7.30 (t, J = 8.2 Hz, 1H), 5.67 (br, 1H), 5.05 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 174.0, 152.5, 134.4, 126.1, 125.0, 

122.4, 121.8, 62.0. 
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A  29 (0.30 mmol) 9- -10-  (0.10 equiv) 

 (2.0 equiv)  (4 mL)  (1 mL) 

 (EFD21EN from TOSHIBA)  10 

 1,1,2,2- 1H NMR 

 1H NMR 

 (Hexane / EtOAc)  30  

B  29 (0.15 mmol) 9- -10-  (0.20 equiv) 

 (2.0 equiv)  (10 µL)  (2.5 mL) 

 (EFD21EN from TOSHIBA)  9 

 1,1,2,2- 1H NMR 

 1H NMR  

(Hexane / EtOAc)  30  

C A  (0.30 mmol) 2 

mL  2 

 (Hexane / EtOAc)  32  

 

2-Methoxy-1-phenylethyl hydroperoxide (30a) (Table 4.6) 

A  63%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (500 MHz, CDCl3) 

δ 9.16 (br, 1H), 7.30-7.40 (m, 5H), 5.21 (dd, J = 2.9, 8.6 Hz, 1H), 3.70, (dd, J = 8.6, 10.9 Hz, 1H), 3.63 (dd, J = 2.9, 

10.9 Hz, 1H), 3.40 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 137.2, 128.6, 128.5, 126.9, 86.5, 74.8, 59.3.; Elemental 

Analysis: Anal. Calcd for C9H12O3:C, 64.27; H, 7.19, Found: C, 64.32; H, 7.14.; FTIR: (neat): 3315, 2903, 1475, 

1455, 1408, 1378, 1353, 1204, 1194, 1116, 1094, 1068, 1056, 1027, 964, 921, 858, 818, 763, 704 (cm−1).; m.p.: 58-

59 ºC. 

 

2-Methoxy-1-(4-fluorophenyl)ethyl hydroperoxide (30b) (Table 4.7) 

A  47%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 9.08 (s, 1H), 7.36 (dd, J = 5.3, 8.2 Hz, 2H), 7.07 (t, J = 8.7 Hz, 1H), 5.19 (dd, J = 3.4, 8.2 Hz, 1H), 3.70, (dd, J = 

8.2, 10.6 Hz, 1H), 3.60 (dd, J = 3.4, 10.6 Hz, 1H), 3.41 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 162.9 (d, J = 246.6 

Hz), 133.0 (d, J = 3.3 Hz), 128.8 (d, J = 8.2 Hz), 115.6 (d, J = 21.3 Hz), 85.8, 74.7, 59.3.; 19F NMR (470 MHz, 

CDCl3) δ −113.1.; Elemental Analysis: Anal. Calcd for C9H11FO3: C, 58.06; H, 5.96, Found: C, 57.77; H, 5.87.; 

FTIR: (neat): 3374, 2990, 2919, 1851, 1603, 1508, 1471, 1447, 1418, 1397, 1348, 1218, 1196, 1159, 1105, 1084, 

1060, 1016, 966, 939, 917, 864, 834, 777, 717 (cm−1).; m.p.: 88-90 ºC. 
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2-Methoxy-1-(4-chlorophenyl)ethyl hydroperoxide (30c) (Table 4.7) 

A  58%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 9.11 (s, 1H), 7.36 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 5.18 (dd, J = 3.4, 8.2 Hz, 1H), 3.67, (dd, J = 8.2, 

11.1 Hz, 1H), 3.59 (dd, J = 3.4, 11.1 Hz, 1H), 3.40 (s, 3H); 13C NMR: (100 MHz, CDCl3): δ 135.8, 134.4, 128.8, 

128.4, 85.8, 74.5, 59.3.; Elemental Analysis: Anal. Calcd for C9H11ClO3: C, 53.35; H, 5.47, Found: C, 53.21; H, 

5.43.; FTIR: (neat): 3330, 2893, 1682, 1593, 1490, 1449, 1417, 1398, 1363, 1323, 1254, 1204, 1177, 1127, 1107, 

1084, 1054, 1014, 962, 918, 863, 847, 822, 807, 761, 722, 696 (cm−1).; m.p.: 65-69 ºC. 

 

2-Methoxy-1-(4-bromophenyl)ethyl hydroperoxide (30d) (Table 4.7) 

A  50%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 8.79 (s, 1H), 7.52 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 5.17 (dd, J = 3.4, 8.2 Hz, 1H), 3.68, (dd, J = 8.2, 

11.1 Hz, 1H), 3.59 (dd, J = 3.4, 11.1 Hz, 1H), 3.41 (s, 3H).; 13C NMR: (100 MHz, CDCl3): δ 136.2, 131.8, 128.7, 

122.6, 86.0, 74.5, 59.4. Elemental Analysis: Anal. Calcd for C9H11BrO3: C, 43.75; H, 4.48, Found: C, 43.54; H, 4.49. 

FTIR: (neat): 3323, 2893, 2554, 1677, 1587, 1487, 1447, 1425, 1399, 1365, 1320, 1297, 1280, 1202, 1178, 1127, 

1107, 1083, 1069, 1056, 1010, 962, 917, 862, 851, 820, 805, 757, 719, 698, 681 (cm−1).; m.p.: 74-77 ºC. 

 

2-Methoxy-1-(4-methylphenyl)ethyl hydroperoxide (30e) (Table 4.7) 

A  66%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 9.01 (s, 1H), 7.26 (d, J = 7.7 Hz, 2H), 7.19 (d, J = 7.7 Hz, 2H), 5.18 (dd, J = 3.4, 8.7 Hz, 1H), 3.71, (dd, J = 8.7, 

11.1 Hz, 1H), 3.60 (dd, J = 3.4, 11.1 Hz, 1H), 3.40 (s, 3H), 2.35 (s, 3H); 13C NMR: (100 MHz, CDCl3): δ 138.4, 

134.1, 129.3, 127.0, 86.4, 74.9, 59.2, 21.1.; Elemental Analysis: Anal. Calcd for C10H14O3: C, 65.92; H, 7.74, Found: 

C, 65.67; H, 7.70.; FTIR: (neat): 3326, 2983, 2897, 1516, 1478, 1446, 1403, 1375, 1345, 1311, 1260, 1202, 1181, 

1112, 1092, 1056, 1022, 962, 920, 864, 813, 766, 723 (cm−1).; m.p.: 76-80 ºC. 

 

2-Methoxy-1-(4-tert-butylphenyl)ethyl hydroperoxide (30f) (Table 4.7) 

A  69%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 9.10 (s, 1H), 7.40 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.2 Hz, 2H), 5.20 (dd, J = 3.4, 8.7 Hz, 1H), 3.73, (dd, J = 8.7, 

10.6 Hz, 1H), 3.61 (dd, J = 3.4, 10.6 Hz, 1H), 3.41 (s, 3H), 1.31 (s, 9H).; 13C NMR: (100 MHz, CDCl3): δ 151.6, 

134.0, 126.7, 125.6, 86.4, 74.9, 59.2, 34.5, 31.2. Elemental Analysis: Anal. Calcd for C13H20O3: C, 69.61; H, 8.99, 

Found: C, 69.33; H, 9.07.; FTIR: (neat): 3332, 2962, 1513, 1462, 1364, 1270, 1197, 1108, 1084, 1018, 968, 912, 862, 

829, 732, 701 (cm−1). 
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2-Methoxy-1-(4-acetoxyphenyl)ethyl hydroperoxide (30g) (Table 4.7) 

A  23%, Rf = 0.3 (Hexane : EtOAc = 2 : 1), 1H NMR (400 MHz, CDCl3) 

δ 8.79 (br, 1H), 7.39 (d, J = 8.2 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 5.21 (dd, J = 3.4, 8.2 Hz, 1H), 3.71 (dd, J = 8.2, 

11.1 Hz, 1H), 3.62 (dd, J = 3.4, 11.1 Hz, 1H), 3.42 (s, 3H), 2.31 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.5, 150.8, 

134.8, 128.2, 121.8, 86.0, 74.7, 59.3, 21.0.; Elemental Analysis: Anal. Calcd for C11H14O5: C, 58.40; H, 6.24, Found: 

C, 58.29; H, 6.21.; FTIR: (neat): 3319, 2918, 1747, 1606, 1509, 1472, 1452, 1421, 1369, 1206, 1126, 1108, 1087, 

1056, 4016, 960, 916, 853, 819, 728, 669 (cm−1).; m.p.: 109-111 ºC. 

 

2-Methoxy-1-[4-(methoxycarbonyl)phenyl]ethyl hydroperoxide (30h) (Table 4.7) 

A  11%, Rf = 0.2 (Hexane : EtOAc = 3 : 1), 1H NMR (400 MHz, CDCl3) 

δ 9.07 (s, 1H), 8.05 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H), 5.26 (dd, J = 3.4, 8.2 Hz, 1H), 3.92 (s, 3H), 3.70 

(dd, J = 8.2, 10.9 Hz, 1H), 3.62 (dd, J = 3.4, 10.9 Hz, 1H), 3.41 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 166.8, 142.4, 

130.3, 129.9, 126.9, 86.2, 74.5, 59.4, 52.2.; Elemental Analysis: Anal. Calcd for C11H14O5: C, 58.40; H, 6.24, Found: 

C, 58.12; H, 6.20.; FTIR: (neat): 3309, 2891, 1716, 1613, 1578, 1451, 1440, 1420, 1311, 1275, 1194, 1175, 1127, 

1102, 1087, 1058, 1018, 961, 916, 865, 831, 804, 770, 707, 679 (cm−1).; m.p.: 115-116 ºC. 

 

α-(Methoxymethyl)- 4-(1,3-dioxolan-2-yl)-benzenemethanol (32i) (Table 4.7) 

A  30i  1H NMR  5.18 ppm (dd, J = 3.4, 8.2 Hz, 1H) 
1H NMR  48% C  47%, Rf = 0.2 (Hexane : 

EtOAc = 2 : 1), 1H NMR (400 MHz, CDCl3) δ 7.46 (d, J = 8.0 Hz, 2H), 7.39 (d, J = 8.0 Hz, 2H), 5.80 (s, 1H), 4.90 

(d, J = 8.7 Hz, 1H), 4.15-4.00 (m, 4H), 3.52 (dd, J = 3.4, 9.7 Hz, 1H), 3.45-3.38 (m, 4H), 2.95 (s, 1H); 13C NMR (100 

MHz, CDCl3) δ 138.3, 138.2, 127.0, 126.8, 103.4, 86.4, 74.8, 65.3, 59.3.; HRMS: m/z (DART) calcd for C12H17O4 

(M+H)+: 225.1121, Found: 225.1123.; FTIR: (neat): 3415, 2889, 1698, 1609, 1386, 1305, 1210, 1116, 1074, 1018, 

969, 942, 905, 829, 729 (cm−1). 

 

2-Methoxy-1-(3-methylphenyl)ethyl hydroperoxide (30j) (Table 4.7) 

A  50%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 8.90 (s, 1H), 7.29-7.25 (m, 1H), 7.20-7.10 (m, 3H), 5.19 (dd, J = 3.4, 8.7 Hz, 1H), 3.72, (dd, J = 8.7, 11.1 Hz, 1H), 

3.57 (dd, J = 3.4, 11.1 Hz, 1H), 3.42 (s, 3H), 2.37 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 138.5, 137.0, 129.5, 128.6, 

127.7, 124.0, 86.7, 75.1, 59.3, 21.4.; Elemental Analysis: Anal. Calcd for C10H14O3: C, 65.92; H, 7.74, Found: C, 

65.14; H, 7.78.; FTIR: (neat): 3309, 2898, 1609, 1476, 1449, 1407, 1383, 1345, 1192, 1157, 1117, 1100, 1078, 1051, 

967, 933, 910, 839, 791, 748, 708 (cm−1).; m.p.: 64-66 ºC. 
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2-Methoxy-1-(2-methylphenyl)ethyl hydroperoxide (30k) (Table 4.7) 

A  49%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR: (400 MHz, CDCl3): 

δ 9.06 (br, 1H), 7.39-7.3.7 (m, 1H), 7.26-7.17 (m, 3H), 5.50 (dd, J = 2.4, 8.7 Hz, 1H), 3.69, (dd, J = 8.7, 11.1 Hz, 

1H), 3.57 (dd, J = 2.4, 11.1 Hz, 1H), 3.43 (s, 3H), 2.40 (s, 3H); 13C NMR: (100 MHz, CDCl3): δ 135.9, 135.0, 130.7, 

128.3, 126.3, 125.9, 83.3, 74.5, 59.3, 19.0.; Elemental Analysis: Anal. Calcd for C10H14O3: C, 65.92; H, 7.74, Found: 

C, 65.72; H, 7.69.; FTIR: (neat): 3344, 2989, 2939, 1477, 1448, 1406, 1381, 1279, 1257, 1216, 1194, 1112, 1077, 

1058, 966, 915, 874, 853, 819, 765, 727 (cm−1).; m.p.: 52-54 ºC. 

 

2-Methoxy-1-methyl-1-phenylethyl hydroperoxide (30l) (Table 4.7) 

A  60%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR: (400 MHz, CDCl3): 

δ 8.25 (br, 1H), 7.50-7.15 (m, 5H), 3.80, (d, J = 10.4 Hz, 1H), 3.70 (d, J = 10.4 Hz, 1H), 3.42 (s, 3H), 1.62 (s, 3H) 
13C NMR: (100 MHz, CDCl3): δ 141.8, 128.5, 127.8, 125.8, 85.5, 77.4, 59.6, 21.7.; Elemental Analysis: Anal. Calcd 

for C10H14O3: C, 65.92; H, 7.74, Found: C, 65.79; H, 7.72.; FTIR: (neat): 3350, 2999, 2901, 1494, 1469, 1450, 1397, 

1378, 1247, 1194, 1141, 1094, 1031, 975, 950, 932, 858, 770, 728, 704 (cm−1).; m.p.: 66-67 ºC. 

 

2-Methoxy-1,1-diphenylethyl hydroperoxide (30m) (Table 4.7) 

A  59%, Rf = 0.3 (Hexane : EtOAc = 10 : 1), 1H NMR (400 MHz, CDCl3) 

δ 8.75 (br, 1H), 7.39-7.23 (m, 10H), 4.27, (s, 2H), 3.43 (s, 3H); 13C NMR: (100 MHz, CDCl3): δ 140.9, 128.2, 127.8, 

127.2, 88.5, 76.8, 59.5.; Elemental Analysis: Anal. Calcd for C15H16O3: C, 73.75; H, 6.60, Found: C, 73.63; H, 6.60.;  

FTIR: (neat): 3356, 2925, 1599, 1493, 1448, 1279, 1193, 1120, 1091, 1060, 1029, 1002, 909, 841, 755, 731, 697 

(cm−1). 

  

α-(1-Methoxyethyl)-benzenemethanol (32n)71a (Table 4.7) 

A  30n  1H NMR 5.02 ppm (dd, J = 3.9 Hz, 1H)  4.87 ppm (dd, 

J = 7.7 Hz, 1H) 1H NMR  60% (d.r. = 1.7 : 1) C

 50%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) mixture of diastereomers δ 7.36-

7.28 (m, 8H), 4.92 (s, 1H), 4.40 (d, J = 8.2 Hz, 0.6H), 3.47-3.34 (m, 5.3H), 3.28 (s, 1H), 2.58 (s, 1H), 0.98 (d, J = 6.8 

Hz, 4.8H); 13C NMR: (100 MHz, CDCl3): mixture of diastereomers δ 140.5, 140.5, 128.4, 128.2, 128.0, 127.3, 126.3, 

81.7, 80.7, 78.3, 74.4, 56.7, 56.6, 14.6, 12.5. 

 

β-Hydroperoxy-benzeneethanol (30o)71b (Table 4.7) 

A /  47%, Rf = 0.2 

(Hexane : EtOAc = 3 : 2), 1H NMR (500 MHz, CDCl3) δ 8.80 (br, 1H), 7.41-7.33 (m, 5H), 5.14 (dd, J = 3.4, 8.0 Hz, 

1H), 3.93-3.89 (m, 1H), 3.83-3.80 (m, 1H), 2.57 (brs, 1H); 13C NMR: (125 MHz, CDCl3): δ 136.7, 128.7, 127.0, 88.5, 

64.8 (One carbon atom was overlapped.) 
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2-Ethoxy-1-phenylethyl hydroperoxide (30p) (Table 4.7) 

A  47%, Rf = 0.3 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 9.29 (br, 1H), 7.42-7.37 (m, 5H), 5.27 (dd, J = 3.2, 8.7 Hz, 1H), 3.78 (dd, J = 8.7, 10.9 Hz, 1H), 3.69 (dd, J = 3.2, 

10.9 Hz, 1H), 3.61 (q, J = 7.2 Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 137.3, 128.6, 128.5, 

127.0, 86.7, 73.1, 67.1, 14.9.; Elemental Analysis: Anal. Calcd for C10H14O3: C, 65.92; H, 7.74, Found: C, 65.95; H, 

7.71.; FTIR: (neat): 3368, 2979, 2901, 2878, 1491, 1455, 1421, 1379, 1365, 1351, 1202, 1163, 1131, 1113, 1095, 

1067, 1056, 1028, 919, 896, 853, 806, 762, 702 (cm−1). 

 

α-(n-Propoxymethyl)-benzenemethanol (32q) (Table 4.7) 

A  30q  1H NMR 5.21 ppm (dd, J = 3.4, 8.7 Hz, 1H) 
1H NMR  30% C  28%, Rf = 0.2 (Hexane : EtOAc 

= 7 : 1), 1H NMR (500 MHz, CDCl3) δ 7.40-7.27 (m, 5H), 4.90-4.89 (m, 1H), 3.59, (dd, J = 2.9, 9.7 Hz, 1H), 3.53-

3.41 (m, 3H), 2.88 (br, 1H), 1.64 (septet, J = 7.5 Hz, 2H), 0.95 (t, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 

140.2, 128.3, 127.8, 126.1, 76.3, 73.0, 72.7, 22.8, 10.5.; HRMS: m/z (DART) calcd for C12H17O2 (M+H)+: 181.1223, 

Found: 181.1228.; FTIR: (neat): 3427, 2962, 2876, 1495, 1453, 1198, 1107, 1064, 1028, 961, 912, 829, 756, 698 

(cm−1). 

  

2-i-Propoxy-1-phenylethyl hydroperoxide (30r) (Table 4.7) 

A  17%, Rf = 0.3 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 9.24 (br, 1H), 7.40-7.30 (m, 5H), 5.22 (dd, J = 3.4, 8.7 Hz, 1H), 3.76 (dd, J = 8.7, 11.1 Hz, 1H), 3.70-3.63 (m, 2H), 

1.21-1.18 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 137.1, 128.6, 128.6, 127.0, 86.9, 72.8, 71.4, 21.9, 21.8.; Elemental 

Analysis: Anal. Calcd for C11H16O3: C, 67.32; H, 8.22, Found: C, 67.05; H, 8.24.; FTIR: (neat): 3378, 2976, 2928, 

1495, 1468, 1456, 1407, 1388, 1356, 1336, 1255, 1203, 1149, 1126, 1076, 1057, 1028, 930, 869, 831, 799, 763, 703 

(cm−1).; m.p.: 44-46 ºC. 

 

2-Hydroxy-2-phenylethyl benzoate (32s)71c (Table 4.7) 

A  5.0  (2 mL) 

 30s  1H NMR 4.83 ppm (d, J = 12.6 Hz, 1H) 1H NMR  21% 

C  14%, Rf = 0.3 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 8.06 (d, J = 7.7 Hz, 1H), 7.59 (t, J = 7.2 Hz, 1H), 7.48-7.32, (m, 7H), 5.14-5.12 (m, 1H), 4.54 (dd, J = 3.4, 11.6 Hz, 

1H), 4.44 (dd, J = 8.2, 11.6 Hz, 1H), 2.61 (br, 1H); 13C NMR (100 MHz, CDCl3): δ 166.8, 139.9, 133.3, 129.8, 129.8, 

128.7, 128.5, 128.3, 126.2, 72.6, 69.8. 
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1-(Methoxymethyl)-1,2-dimethyl-2-propenyl hydroperoxide (30t) (Table 4.7) 

A  24%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (400 MHz, CDCl3) 

δ 8.28 (s, 1H), 5.02 (dd, J = 1.2, 10.1 Hz, 2H), 3.70 (d, J = 10.1 Hz, 1H), 3.55 (d, J = 10.1 Hz, 1H), 3.43 (s, 3H), 1.84 

(s, 3H), 1.34 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 145.4, 112.7, 85.6, 76.0, 59.5, 19.8, 19.0.; HRMS: m/z (DART) 

calcd for C7H15O3 (M+H)+: 147.1016, Found: 147.1012.; FTIR: (neat): 3351, 2926, 1645, 1450, 1375, 1200, 1097, 

977, 902, 845 (cm−1). 

 

6-Hydroxy-3,7-dimethyl-7-octenoic acid methyl ester (32u') + 7-Hydroxy-3,7-dimethyl-5-octenoic acid methyl 

ester (32u") (Scheme 4.15) 

A  76% (30u' : 30u" = 1 : 1.1), Rf = 0.3 (Hexane : EtOAc = 5 : 1) 

C  21  33% (32u')  36% (32u"), Rf (32u') = 0.33 (Hexane : 

EtOAc = 4 : 1), Rf (32u") = 0.27 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) 32u' mixture of diastereomers 

δ 4.94 (s, 2H), 4.83 (d, J = 1.7 Hz, 2H), 4.06-4.03 (m, 2H), 3.67 (s, 3H), 3.66 (s, 3H), 2.34-2.30 (m, 4H), 2.01-1.94 

(m, 2H), 1.72 (s, 9H), 1.64-1.12 (m, 11H), 0.96 (d, J = 2.3 Hz, 3H), 0.95 (d, J = 2.3 Hz, 3H); 32u" δ 5.64 (d, J = 15.5 

Hz, 1H), 5.58 (dt, J = 5.7, 15.5 Hz, 1H), 3.67 (s, 3H), 2.32 (dd, J = 5.2, 14.9 Hz, 1H), 2.13-1.94 (m, 4H), 1.53 (brs, 

1H), 1.31 (s, 6H), 0.95 (d, J = 5.7 Hz, 3H); 13C NMR: (125 MHz, CDCl3): 32u' mixture of diastereomers δ 173.7, 

173.6, 147.4, 147.3, 111.3, 111.0, 76.1, 75.8, 51.4, 41.5, 41.5, 32.4, 32.3, 32.1, 32.0, 30.3, 30.1, 19.7, 19.7, 17.5, 17.3 

32u" δ 173.6, 140.2, 124.5, 70.6, 51.4, 40.9, 39.2, 30.4, 29.8, 29.8, 19.7.; HRMS: m/z (DART) calcd for C11H21O3 

(M+H)+: 201.1485, Found: 201.1483.; FTIR: (neat): 3427, 2956, 1736, 1437, 1367, 1204, 1154, 1094, 1008, 974, 

898 (cm−1). 

 

Tetrahydro-α-phenyl-2-furanmethyl hydroperoxide (30v) (Scheme 4.16) 

A  58% (d.r. = 1.2 : 1.0), Rf = 0.3 (Hexane : EtOAc = 3 : 1), Major 1H 

NMR (400 MHz, CDCl3) δ 8.69 (s, 1H), 7.40-7.33 (m, 5H), 5.07 (d, J = 4.4 Hz, 1H), 4.26-4.21, (m, 1H), 3.84-3.73 

(m, 2H), 1.93-1.78 (m, 4H); 13C NMR (100 MHz, CDCl3) δ 137.4, 128.5, 128.4, 127.4, 88.9, 80.4, 68.8, 26.9, 25.5. 

Minor 1H NMR (400 MHz, CDCl3) δ 9.51 (s, 1H), 7.42-7.30 (m, 5H), 4.84 (d, J = 8.2 Hz, 1H), 4.25, (ddd, J = 7.2, 

7.7, 8.2 Hz, 1H), 4.01-3.88 (m, 2H), 1.95-1.78 (m, 2H), 1.71-1.50 (m, 2H); 13C NMR: (100 MHz, CDCl3): δ 136.9, 

128.8, 128.7, 127.7, 90.4, 81.9, 68.8, 28.9, 25.4.; HRMS: m/z (DART) calcd for C11H15O3 (M+H)+: 195.1016, Found: 

195.1013.; FTIR: (neat): 3268, 2884, 11494, 1454, 1345, 1207, 1057, 1012, 954, 925, 867, 835, 798, 755, 694 (cm−1).; 

m.p.: 85-89 ºC. 
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4-(4-Methyl-isochromanyl) hydroperoxide (30w) (Scheme 4.16) 

A  73%, Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (500 MHz, CDCl3) 

δ 7.91 (s, 1H), 7.54 (dd, J = 3.5, 8.0 Hz, 1H), 7.32-7.27 (m, 2H), 7.04, (dd, J = 3.5, 8.0 Hz, 1H), 4.83 (d, J = 14.9 Hz, 

1H), 4.75 (d, J = 14.9 Hz, 1H), 4.34 (d, J = 12.0 Hz, 1H), 3.74 (d, J =12.0 Hz, 1H), 1.55 (s, 3H); 13C NMR (125 MHz, 

CDCl3) δ 135.6, 134.7, 128.2, 127.3, 126.3, 124.2, 79.0, 71.1, 68.5, 22.4.; Elemental Analysis: Anal. Calcd for 

C10H12O3: C, 66.65; H, 6.71, Found: C, 66.39; H, 6.62.; FTIR: (neat): 3294, 2982, 1723, 1490, 1468, 1456, 1380, 

1365, 1306, 1280, 1261, 1215, 1159, 1126, 1086, 1034, 1014, 954, 931, 900, 855, 772, 733, 707, 657 cm−1.; m.p.: 

69-72 ºC. 

 

4-[1,2,3,4-Tetrahydro-4-methyl-2-(methylsulfonyl)-isoquinolinyl] hydroperoxyde (30x) (Scheme 4.16) 

A  11%, Rf = 0.2 (Hexane : EtOAc = 3 : 2), 1H NMR (500 MHz, CDCl3) 

δ 8.44 (s, 1H), 7.57 (dd, J = 3.5, 5.5 Hz, 1H), 7.35-7.33 (m, 2H), 7.15, (dd, J = 3.5, 5.5 Hz, 1H), 4.59 (d, J = 16.3 Hz, 

1H), 4.50 (d, J = 16.3 Hz, 1H), 4.25 (d, J = 13.8 Hz, 1H), 3.29 (d, J =13.8 Hz, 1H), 2.93 (s, 3H), 1.66 (s, 3H); 13C 

NMR (125 MHz, CDCl3) δ 134.4, 132.6, 129.0, 127.8, 127.6, 126.1, 79.9, 49.7, 47.6, 37.8, 21.9.; HRMS: m/z (DART) 

calcd for C11H16NO4S (M+H)+: 258.0795, Found: 258.0797. FTIR: (neat): 3401, 2931, 1705, 1496, 1450, 1373, 1356, 

1312, 1265, 1145, 1133, 1047, 1036, 972, 947, 810, 767, 752, 722 (cm−1). 

 

Synthesis of 2,2,6,6-tetramethyl-1-[(2-methoxy-1-phenyl)ethoxy]-pyperidine (33a) (Table 4.8):  (29a, 

0.30 mmol) 2,2,6,6-  1-  (1.0 equiv) 9- -10-

 (0.10 equiv)  (2.0 equiv)  (4 mL)  (1 mL) 

 (EFD21EN from TOSHIBA)  10 

 

(Hexane : EtOAc = 20 : 1) TEMPO  33a  10%, Rf = 0.3 

(Hexane : EtOAc = 20 : 1), 1H NMR (500 MHz, CDCl3) δ 7.37-7.3 (m, 5H), 4.80 (dd, J = 4.8, 6.3 Hz, 1H), 3.88 (dd, 

J = 4.8, 10.1 Hz, 1H), 3.65 (dd, J = 6.8, 10.1 Hz, 1H), 3.26 (s, 3H), 1.50-0.66 (m, 18H); 13C NMR (125 MHz, CDCl3) 

δ 141.8, 127.9, 127.7, 127.3, 85.2, 75.4, 59.1, 40.4, 29.7, 20.4, 17.2.; HRMS: m/z (DART) calcd for C9H12O3 (M+H)+: 

292.2271, Found: 292.2271.; FTIR: (neat): 2928, 1454, 1376, 1361, 1258, 1242, 1192, 1127, 1025, 958, 932, 883, 

761, 698 (cm−1). 

  



94 
 

 

Synthesis of 4-fluorostyrene (29b)71d (Table 4.7): MeP+Ph3I– (6.0 mmol, 

2.0 equiv)  10 mL  –40 ºC  nBuLi 

(2.2 M in nHexane, 1.4 mL, 4.6 mmol, 1.5 equiv) 

30  −40 ºC 4-  (3.0 mmol, 1.0 

equiv)  

(20 mL)  (20 mL) ×

 (30 mL) 

4-  (29b)  39% (0.14 g) 
1H NMR (400 MHz, CDCl3) δ 7.39-7.35 (m, 2H), 7.04-6.99, (m, 2H), 6.69 (dd, J =11.1, 17.4 Hz, 1H), 5.67 

(d, J = 17.4 Hz, 1H), 5.22 (d, J = 11.1 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 162.5 (d, J = 246.6 Hz), 135.7, 133.7 

(d, J = 3.3 Hz), 127.8 (d, J = 8.2 Hz), 115.4 (d, J = 22.2 Hz), 113.5 (d, J = 1.6 Hz). 

 

Synthesis of 4-acetoxystyrene (29g)71e (Table 4.7): 4-

 (4.1 mmol, 1.0 equiv)  (4.1 mmol, 1.0 equiv)  12 mL 

 0 ºC  (4.1 mmol, 1.0 equiv) 

30  (20 mL) 

 (20 mL) ×  (30 mL) 

 

(Hexane : EtOAc = 1 : 1) 4-  90% (0.61 g) 4-

 (3.0 mmol) MeP+Ph3I− (1.2 equiv)   (1.2 equiv)  10 mL 

α  (10 mL) 

×  (30 mL) 

 (Hexane : EtOAc = 10 : 1) 4-  (29g)  44% (0.22 g) 
1H NMR (400 MHz, CDCl3) δ 7.38 (d, J = 8.5 Hz, 2H), 7.03, (d, J = 8.5 Hz 2H), 6.67 (dd, J = 11.1, 17.9 

Hz, 1H), 5.68 (d, J = 17.9 Hz, 1H), 5.22 (d, J = 11.1 Hz, 1H), 2.24 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.3, 

150.1, 135.8, 135.2, 127.1, 121.5, 113.9, 20.8. 

 

Synthesis of methyl 4-ethenylbenzoate (29h)71f (Table 4.7): 

 (6.7 mmol, 1.0 equiv)  (0.26 mL)   18 mL 

 1 M  (10 mL) 

 (10 mL) × 0.5 M 

 (10 mL)  2  1 M  (10 mL) 

 (10 mL) ×  (30 mL) 

4-

MeP+Ph3I− (3.3 mmol, 1.2 equiv)  (10 mL)  DMSO (2.6 mL) 
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 0 ºC 

 (60%, dispersion in paraffin liquid, 0.13 g, 3.3 mmol, 1.1 equiv.)  30 

0 ºC 4-

 (10 mL)  (20 mL) ×

 (20 mL) ×  (30 mL) 

 (Hexane : EtOAc = 40 : 1) 4-  (29h)  73% (0.36 

g) 1H NMR (400 MHz, CDCl3) δ 8.00 (d, J = 8.2 Hz, 2H), 7.46, (d, J = 8.2 Hz 2H), 6.75 (dd, 

J = 11.1, 17.4 Hz, 1H), 5.86 (d, J = 17.4 Hz, 1H), 5.38 (d, J = 11.1 Hz, 1H), 3.91 (s, 3H); 13C NMR (100 MHz, 

CDCl3) δ 166.9, 141.9, 136.0, 129.9, 129.3, 126.1, 116.5, 52.0. 

 

Synthesis of 2-(4-ethenylphenyl)-1,3-dioxolane (29i)71g (Table 4.7): 2-(4- )-1,3-  

(25 mmol, 1.0 equiv)  (38 mmol, 1.5 equiv)  (38 

mmol, 1.5 equiv)   (0.43 mmol, 0.017 equiv)  

 (45 mL)  (5 mL) 

2-(4- )-1,3-  (29i) 

 69% (3.0 g) 1H NMR (500 MHz, CDCl3) δ 7.44 (d, J = 8.6 Hz, 2H), 7.42 (d, J = 8.6 

Hz, 2H), 6.73 (dd, J = 10.9, 17.2 Hz, 1H), 5.81 (s, 1H), 5.77 (d, J = 17.2 Hz, 1H), 5.27 (d, J = 10.9 Hz, 1H), 4.14-

4.02 (m, 4H); 13C NMR (125 MHz, CDCl3) δ 138.5, 137.3, 136.4, 126.6, 126.2, 114.4, 103.5, 66.3. 

 

Synthesis of 3,7-dimethyl-6-octenoic acid methyl ester (29u)71h (Scheme 4.15):  (5.0 mmol, 1.0 

equiv)  50 mL  (8.0 M in H2SO4 aq. solution, 25 mL) 

 (30 mL) 

α  0.5 M  (20 mL)  (20 mL) ×

 (30 mL)  (1.0 mL) 

 1 M  (20 mL) 

 (10 mL) × α

 (0.30 g)  (30 mL) 1 

 1 M  (20 mL)  (10 mL) ×

 (30 mL) 

 (Hexane : EtOAc = 35 : 1) 

3,7- -6-  (29u)  27% (0.25 g) 1H NMR 

(400 MHz, CDCl3) δ 5.08 (t, J = 5.7 Hz, 1H), 3.66, (s, 3H), 2.32 (dd, J = 5.7, 14.9 Hz, 1H), 2.12 (dd, J = 8.6, 14.9 

Hz, 1H), 2.01-1.94 (m, 3H), 1.67 (s, 3H), 1.59 (s, 3H), 1.37-1.18 (m, 2H), 0.94 (d, J = 6.3 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 173.8, 131.6, 124.3, 51.3, 41.5, 36.7, 30.0, 25.6, 25.4, 19.6, 17.6. 
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Synthesis of 5-phenyl-4-penten-1-ol (29v)71i (Scheme 4.16): -  (23 mmol, 1.0 equiv)  

 (30% in acetic acid, 5.0 mL, 26 mmol, 1.1 equiv.) 4 

 (8.0 mL) 

 (50 mL) 

 (30 mL) ×  (40 mL) 

-4-  62% (2.6 g) 

-4-  (14 mmol, 1.0 equiv)  (1.0 equiv) 

 17 ºC 

μγ  (100 mL) 

 68% (4.4 g)  (3.3 mmol, 1.1 equiv)  (9.0 

mL)  DMSO (2.3 mL)  0 ºC 

 (60%, dispersion in paraffin liquid, 3.3 mmol, 1.1 equiv)  30 

 0 ºC  (3.0 mmol, 1.0 equiv) 

 (10 mL)  (20 mL) ×

 (30 mL) 

 (Hexane : EtOAc = 20 : 1) 

 84% (0.48 g)  5 mL 

 DIBAL-H (0.98 M in nHexane, 5.7 mL, 5.5 mmol, 2.2 equiv.) 0 ºC 

 (5 mL) 

 (20 mL) ×

 (30 mL) 

 (Hexane : EtOAc = 3 : 1) 

5- -4- -1-  82% (0.34 g, E / Z = 1 : 12) 1H NMR 

(400 MHz, CDCl3) major δ 7.32-7.17 (m, 5H), 6.43, (d, J = 11.8 Hz, 1H), 5.64 (dt, J = 7.2, 11.8 Hz, 1H), 3.57 (t, J 

= 6.8 Hz, 2H), 2.44-2.35 (m, 3H), 1.70-1.62 (m, 2H); 13C NMR (100 MHz, CDCl3) major δ 137.4, 132.0, 129.3, 

128.6, 128.1, 126.5, 62.0, 32.6, 24.7. 

 

Synthesis of 2-(1-methylethenyl)-benzenemethanol (29w)71j (Scheme 4.16):  (58 mmol, 1.0 

equiv)  (4.3 mL) 80 ºC  (70 

mmol, 1.2 equiv) 

 (30 mL) 30  1 M  pH  13 

 (20 mL) ×  1 M 

 pH  1  (30 mL) ×

 (40 mL) 

 52% (4.9 g) MeP+Ph3I− (11 mmol, 1.1 equiv) 

 (30 mL)  DMSO (7.6 mL) 

 0 ºC  (60%, dispersion in paraffin liquid, 22 mmol, 2.2 equiv.) 

 30 0 ºC  
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(10 mmol, 1.0 equiv)  (10 mL) 

 (20 mL) ×  1 M  pH  1 

 (20 mL) ×  (40 mL) 

 72% (1.2 g) 

 15 mL  DIBAL-H (0.98 M in hexane, 24 mmol, 3.3 equiv.) 0 ºC 

 (10 mL)  (20 mL) 

 (30 mL) ×  (40 mL) 

 (Hexane : EtOAc = 4 : 1) 2-(1- )-  (29w)  

90% (0.98 g) 1H NMR (400 MHz, CDCl3) δ 7.41-7.38 (m, 1H), 7.24-7.19, (m, 2H), 7.13-7.11 

(m, 1H), 5.18 (s, 1H), 4.84 (s, 1H), 4.60 (s, 2H), 2.77 (br, 1H), 2.02 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 144.6, 

142.8, 137.2, 128.0, 127.8, 127.2, 127.1, 115.3, 62.6, 24.8. 

 

Synthesis N-[2-(1-methylethenyl)phenyl]-methanesulfonamide (29x) (Scheme 4.16): 

2-(1- )  (29w, 1.0 mmol)  (1.5 equiv) 

 (2.0 equiv)  14 mL 

 (DIAD) (40% in toluene, ca. 1.9 M, 2.0 equiv) 

 (Hexane : EtOAc = 

10 : 1)  29w  10 mL 

 (2.5 mmol 2.5 equiv) 2 

α  (20 mL) 

 (10 mL) ×  (10 mL) 

 (0.80 mmol)  (1.1 

equiv)  3 mL  (1.0 equiv) 0 ºC 

 1 M  (10 

mL)  (10 mL) ×  (10 mL) 

 (Hexane / EtOAc = 3 : 1) 2-(1- )-  

(29x)  64% (0.13 g) Rf = 0.2 (Hexane : EtOAc = 5 : 1), 1H NMR (500 MHz, CDCl3) 

δ 7.41-7.20 (m, 1H), 7.31-7.28, (m, 2H), 7.19-7.17 (m, 1H), 5.28 (s, 1H), 4.90 (s, 1H), 4.56 (br, 1H), 4.36 (s, 1H), 

4.35 (s, 1H), 2.85 (s, 3H), 2.09 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 144.6, 143.6, 132.9, 129.0, 128.5, 128.1, 

127.5, 116.0, 45.1, 40.9, 25.1.; HRMS: m/z (DART) calcd for C11H16NO2S (M+H)+: 226.0896, Found: 226.0898.; 

FTIR: (neat): 3261, 3022, 1639, 1491, 1422, 1373, 1336, 1306, 1199, 1151, 1093, 1046, 992, 911, 868, 840, 764 

(cm−1). 
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 37 (0.3 mmol)  (0.5 equiv) 97%  (4 equiv) 

4 mL N-  (NBS, 0.1 equiv)  4 mL 

 (470 nm LED)  20 h 

 1,1,2,2- 1H NMR 

 1H NMR  

A  Biotage  Isolera  10 g  (Hexane : EtOAc = 10 : 0 to 4 : 

1, gradient)  38  

B  (1.2 mmol)  5 mL 

 4 

 (Hexane : EtOAc = 4 : 1)  40  

C A  38  (0.3 mmol)  

1 mL  1 

Biotage  Isolera  10 g  (Hexane : EtOAc = 10 : 0 to 4 : 1, gradient) 

 40  

 

1-Phenyleth-1-yl hydorperoxide (38a)72a (Table 4.10) 

A  44%, Rf = 0.6 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.94 (s, 1H), 7.40-4.32 (m, 5H), 5.08 (q, J = 6.5 Hz, 1H), 1.47 (d, J = 6.5 Hz, 3H); 13C 

NMR (125 MHZ, CDCl3) δ 141.4, 128.7, 128.3, 126.5, 83.8, 20.1. 

 

1-(4-Chlorophenyl)ethanol (40b)70e (Table 4.10) 

1-(4-Chlorophenyl)eth-1-yl hydroperoxid (38b)  1H NMR  5.02 ppm (q, J = 6.5 

Hz, 1H) B  17.8 mg, Rf = 0.2 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz) δ 7.30 (s, 4H), 4.86 (q, J = 6.4 Hz, 1H), 2.06 (brs, 1H), 1.46 (d, J = 6.4 Hz, 3H); 13C NMR (125 

MHz) δ 144.3, 133.0, 128.5, 126.8, 69.7, 25.2. 

 

1-(4-Bromophenyl)ethanol (40c)70e (Table 4.10) 

1-(4-Bromophenyl)eth-1-yl hydroperoxid (38c)  1H NMR  5.01 ppm (q, J = 7.0 

Hz, 1H) B  28.0 mg, Rf = 0.2 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz) δ 7.46 (d, J = 8.5 Hz, 2H), 7.24 (dd, J = 8.5 Hz, 2H), 4.86 (q, J = 6.4 Hz, 1H), 2.01 (brs, 1H), 1.46 

(d, J = 6.4 Hz, 3H); 13C NMR (125 MHz) δ 144.7, 131.5, 127.1, 121.1, 69.7, 25.2. 
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1-(4-Nitrophenyl)eth-1-yl hydorperoxide (38d)72b (Table 4.10) 

A  22%, Rf = 0.5 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.24 (d, J = 8.5 Hz, 2H), 8.02 (s, 1H), 7.55 (d, J = 8.5 Hz, 2H), 5.19 (q, J = 6.6 Hz, 1H), 

1.48 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 149.2, 147.7, 127.1, 123.9, 82.7, 20.3.; C

 5.6 mg, Rf = 0.1 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 8.8 Hz, 2H), 

7.55 (d, J = 8.8 Hz, 2H), 5.03 (q, J = 6.5 Hz, 1H), 2.02 (brs, 1H), 1.53 (d, J = 6.5 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 153.0, 147.2, 126.1, 123.8, 69.5, 25.5. 

 

1-(4-Biphenyl)eth-1-yl hydorperoxide (38e)70e (Table 4.10) 

A  51%, Rf = 0.6 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.86 (brs, 1H), 7.61-7.58 (m, 4H), 7.45-7.42 (m, 4H), 7.37-7.33 (m, 1H), 5.12 (q, J = 6.8 

Hz, 1H), 1.51 (d, J = 6.8 Hz, 3H); 13C NMR (125 MHZ, CDCl3) δ 141.2, 140.7, 140.3, 128.8, 127.4, 127.3, 127.1, 

127.0, 83.5, 20.0.; C  15.7 mg, Rf = 0.3 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, 

CDCl3) δ 7.85 (dd, J = 2.5, 7.5 Hz, 4H), 7.43 (t, J = 7.5 Hz, 4H), 7.34 (t, J = 7.5, 1H), 4.94 (q, J = 6.5 Hz, 1H), 1.96 

(brs, 1H), 1.53 (d, J = 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 144.8, 140.8, 140.4, 128.7, 127.2, 127.0, 125.8, 

70.1, 25.1. 

 

1-(2-Bromophenyl)eth-1-yl hydorperoxide (38f)72c (Table 4.10) 

A  68%, Rf = 0.6 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 8.09 (brs, 1H), 7.55 (d, J = 8.0 Hz, 1H), 7.51 (dd, J = 1.5, 8.0 Hz, 1H), 7.37 (t, J = 7.5 

Hz, 1H), 7.16 (dt, J = 1.5, 7.5 Hz, 1H), 5.50 (q, J = 6.6 Hz, 1H), 1.42 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHZ, 

CDCl3) δ 141.0, 133.0, 129.2, 127.9, 126.5, 122.6, 82.6, 19.3.; C  33.3 mg, Rf = 0.5 

(Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 7.58 (dd, J = 1.5, 8.0 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 

7.33 (t, J = 7.8 Hz, 1H), 7.12 (dt, J = 1.5, 7.8 Hz, 1H), 5.22 (q, J = 6.5 Hz, 1H), 2.23 (brs, 1H), 1.47 (d, J = 6.5 Hz, 

3H); 13C NMR (125 MHz, CDCl3) δ 144.6, 132.6, 128.7, 127.8, 126.6, 121.7, 69.1, 23.5. 

 

1-(2-Methoxyphenyl)eth-1-yl hydorperoxide (38g)70e (Table 4.10) 

A  52%, Rf = 0.5 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.96 (brs, 1H), 7.41 (dd, J = 1.5, 7.7 Hz, 1H), 7.28 (t, J = 7.7 Hz, 1H), 7.00 (t, J = 7.7 Hz, 

1H), 6.90 (d, J = 7.7 Hz, 1H), 5.55 (q, J = 6.5 Hz, 1H), 3.81 (s, 3H), 1.42 (d, J = 6.5 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 156.8, 129.8, 128.8, 125.9, 120.8, 110.7, 77.8, 55.4, 19.2.; C  10.8 mg, Rf 

= 0.4 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 7.5 Hz, 1H), 7.27-7.7.23 (m, 1H), 6.97 (t, 

J = 7.5 Hz, 1H), 6.88 (d, J = 8.5 Hz, 1H), 5.09 (q, J = 6.5 Hz, 1H), 3.86 (s, 3H), 2.67 (brs, 1H), 1.51 (d, J = 6.5 Hz, 

3H); 13C NMR (125 MHz, CDCl3) δ 156.5, 133.4, 128.3, 126.1, 120.8, 110.4, 66.5, 55.2, 22.8. 
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1-Phenylprop-1-yl hydorperoxide (38h)72a (Table 4.10) 

A  44%, Rf = 0.4 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.74 (brs, 1H), 7.40-7.33 (m, 5H), 4.83 (t, J = 7.2 Hz, 1H), 1.90 (septet, J = 7.2 Hz, 1H), 

1.68 (septet, J = 7.2 Hz, 1H), 0.91 (t, J = 7.2 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 140.5, 128.6, 128.2, 126.9, 

89.6, 27.4, 10.2. 

 

2-Methyl-1-phenylprop-1-yl hydorperoxide (38i)72a (Table 4.10) 

A  50%, Rf = 0.6 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.70 (brs, 1H), 7.38 (d, J = 7.0 Hz, 2H), 7.34-7.31 (m, 3H), 4.60 (d, J = 7.0 Hz, 1H), 1.98 

(octet, J = 7.0 Hz, 1H), 1.06 (d, J = 7.0 Hz, 3H), 0.75 (d, J = 7.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 139.7, 

128.4, 128.1, 127.3, 93.6, 32.4, 19.2, 19.0. 

 

Cumene hydorperoxide (38j)72b (Table 4.10) 

A  79%, Rf = 0.6 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.47-7.46 (m, 2H), 7.39-7.36 (m, 3H), 7.31-7.28 (m, 1H), 1.60 (s, 6H); 13C NMR (125 

MHz, CDCl3) δ 144.5, 128.5, 127.4, 125.4, 83.9, 26.0. 

 

1-(2-Naphthyl)eth-1-yl hydorperoxide (38k)72d (Table 4.10) 

A  42%, Rf = 0.6 (Hexane : EtOAc = 4 : 1), 1H 

NMR (500 MHz, CDCl3) δ 7.88-7.81 (m, 5H), 7.51-7.48 (m, 3H), 5.24 (q, J = 6.6 Hz, 1H), 1.54 (d, J = 6.6 Hz, 3H); 
13C NMR (125 MHz, CDCl3) δ 138.7, 133.3, 133.2, 128.6, 127.9, 127.7, 126.3, 126.1, 125.8, 124.0, 83.9, 20.1.; 

C  12.8 mg, Rf = 0.4 (Hexane : EtOAc = 4 : 1), 1H NMR (500 MHz, CDCl3) δ 7.82-7.79 

(m, 4H), 7.50-7.44 (m, 3H), 5.05 (q, J = 6.6 Hz, 1H), 2.00 (brs, 1H), 1.57 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 143.1, 133.3, 132.9, 128.3, 127.9, 127.6, 126.1, 125.8, 123.8, 123.8, 70.5, 25.1. 

  



101 
 

×  
 

 44  (0.1 equiv)  0.5 mol/L  0.4 mol/L /

 (1:1) 

 (0.1 MPa) 

 1 mm LED (375 nm) 

 1,1,2,2-
1H NMR  1H NMR 22a GC

GC MS  
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