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Abstract – 3-Aryl-1-iodoisoquinoline synthesis is developed using titanium 

tetraiodide induced cyclization of cyanoketones. The method is applied to the 

short step formal synthesis of CWJ-a-5 having a topoisomerase I inhibitory 

activity. 3-Iodo-1-phenylisoquinoline synthesis is also reported under the similar 

reaction conditions. 

INTRODUCTION 

Synthetic methods for the preparation of nitrogen-containing heterocycles are of utmost interest and 

importance because these structures are the key components of natural and unnatural biologically active 

compounds and functionalized materials. Imines and nitriles having carbon-nitrogen double or triple 

bonds are often used as a nitrogen source constituting nitrogen-containing heterocycles. Among several 

imines, alkynyl imines are some of the most useful nitrogen-containing starting materials and extensively 

used in the synthesis of nitrogen-containing compounds including heterocycles. We have been interested 

in the reactivity at the -position of alkynyl imines as a Michael acceptor and developed efficient 

synthetic methods for several nitrogen-containing heterocycles such as 2-pyridones,1 bicyclo-pyridones,2 

iminopyridines,3 aminopyridines,3 -lactams,4 and 4-quinolones.5 

Isoquinolines and their derivatives are one of the most important nitrogen-containing compounds because 

they are often used as pharmaceuticals6 and organic functional materials.7 Bischler-Napieralski,8 

Pomeranz-Fritsch,9 and Pictet-Spengler10 reactions are used for the synthesis of isoquinolines as a 

classical method. However, these methods are often limited due to the use of harsh reaction conditions. 

Recently, transition metal catalyzed reactions have been developed for the preparation of isoquinoline 

derivatives.11 Iodoisoquinolines are utilized as useful intermediates which are transformed into various 

bioactive substances because metal-halogen exchanges12 and SNAr reactions13 easily occur or they are 

excellent starting materials for transition metal catalyzed reactions.14 Among the isoquinoline derivatives, 

3-arylisoquinolines such as CWJ-a-5 (1)15 and decumbenine B (2)16 are attractive compounds because 
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they have prominent biological activities (Figure 1). Therefore, the development of efficient synthetic 

methods of 3-arylisoquinolines has been highly desired.17 

 

 

Figure 1. 3-Arylisoquinolines having biological activityes 

 

 

Scheme 1. Titanium tetraiodide induced cyclization of cyanoketones for the syntheses of 

nitrogen-containing heterocycles 

 

Titanium(IV) halides are extensively used in carbon-carbon bond forming reactions; for examples, 

Mukaiyama aldol reactions of aldehydes with silyl enol ethers, Diels–Alder reactions, and carbonyl-ene 

reactions as a Lewis acid. Low valent titanium halides promote reductive coupling reactions of carbonyl 

compounds. In most of these reactions, ligands of titanium halides are chloride or bromide.18 Although 

titanium(IV) tetraiodide (TiI4) had been used for the production of high purity metal titanium, its use was 

rare in organic synthesis.19 We have focused on a mild Lewis acidity, reducing and iodination abilities of 
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titanium(IV) tetraiodide, and already reported several reactions such as reductive aldol,20 Mannich-type 

reactions,21 pinacol coupling reaction,22 Prins reaction,23 and iodoaldol reaction.24 In 2009, we reported the 

synthesis of multi-substituted 2-iodopyridines (4) via iodination-cyclization reactions of 

2-(2-cyanoalk-1-enyl)--ketoesters (3) using TiI4 (Scheme 1a).25 We envisioned a synthesis of 

isoquinolines (6) via iodination-cyclization reactions of benzonitrile derivatives (5) using TiI4 (Scheme  

1b). Herein we describe the synthesis of 3-aryl-1-iodoisoquinolines (6) via iodination-cyclization  

reactions of 2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5) using TiI4.
26 Moreover, to prove the utility 

of the method, we applied it to a short step formal synthesis of CWJ-a-5 (1) having a topoisomerase I 

inhibitory activity. 

RESULTS AND DISCUSSION 

Several reaction conditions were examined regarding the iodination-cyclization reaction of 

2-(2-oxo-2-phenylethyl)benzonitrile (5a). Table 1 summarizes the results. First, the TiI4 induced 

cyclization of 5a was carried out without any additives because it was thought that the cyclization 

reaction would efficiently occur compared to that of a 2-iodopyridine formation due to a benzene 

ring-fused substrate. However, the desired 1-iodo-3-phenylisoquinoline (6a) was not obtained. Use of 

salicylic acid or Ti(OiPr)4 as a single additive was not effective (entries 2 and 3). The desired reaction 

proceeded in the presence of TiI4, Ti(OiPr)4, and salicylic acid to give the desired 

1-iodo-3-phenylisoquinoline (6a) in 21% yield (entry 4). When the amount of Ti(OiPr)4 increased, 

1-iodo-3-phenylisoquinoline (6a) was obtained in 40% yield (entry 5).27 

 

Table 1. Optimization of reaction conditions 

 

Entry Ti(OiPr)4 (equiv) Salicylic acid (equiv) Time (h) Yield (%) 

1 – – 36 – 

2 – 2.0 36 – 

3 0.25 – 10 3 

4 0.25 2.0 10 21 

5 1.75 2.0 16 40 
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With the optimized reaction conditions in hand, several 2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5) 

were subjected to the iodination-cyclization reaction. Table 2 summarizes the results. The reactions of 

2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5b-d) having a halogen group at the phenyl moiety 

afforded the 1-iodo-3-(4-halophenyl)isoquinolines (6b-d) in 35%, 33%, and 38% yields, respectively.  

The reaction of 2-(2-oxo-2-(p-tolyl)ethyl)benzonitrile (5e) gave 1-iodo-3-(p-tolyl)isoquinoline (6e) in low 

yield probably because the electrophilicity of the keto carbonyl group decreases by an electron-donating 

methyl group. The reactions of 2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5f) and (5g) possessing a 

halogen group at the benzonitrile moiety afforded the 1-iodo-3-(4-halophenyl)isoquinolines (6f) and (6g) 

in 42% and 44% yields, respectively. 

Table 2. Synthesis of several 3-aryl-1-iodoisoquinolines (6) 

A plausible reaction mechanism for the 3-aryl-1-iodoisoquinolines (6) formation is shown in Scheme 2. 

First, TiI4 would react with Ti(OiPr)4 and salicylic acid to form the (diiodosalicyloxy)titanium (7), which 

would coordinate to the cyano group of 2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5). The titanium 

alkoxide intermediate (8) would be formed via a nucleophilic addition of an iodide ion to the cyano group 
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and the subsequent cyclization. The titanium alkoxide intermediate (8) would undergo aromatization via 

the elimination of titanium oxide (9) to give 3-aryl-1-iodoisoquinolines (6). 

 

 

Scheme 2. Plausible reaction mechanism for the 3-aryl-1-iodoisoquinoline (6) formation 

 

We next examined the iodination-cyclization reaction of alkyl 2-(2-benzoylphenyl)-2-cyanoacetates (10) 

instead of 2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5). The reactions of (10a) and (10b) proceeded 

smoothly to give the desired 3-iodo-1-phenylisoquinolines (11a) and (11b) having an alkoxy carbonyl 

group in 38% and 31% yields, respectively (Scheme 3).28 

 

 

Scheme 3. Synthesis of 3-iodo-1-phenylisoquinolines (11) 
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A plausible reaction mechanism for the 3-iodo-1-phenylisoquinolines (11) is shown in Scheme 4. The 

(diiodosalicyloxy)titanium (7) would coordinate to the cyano group of an alkyl 

2-(2-benzoylphenyl)-2-cyanoacetate (10). The titanium alkoxide intermediate (12) would be formed via a 

nucleophilic addition of an iodide ion to the cyano group and the subsequent cyclization. The titanium 

alkoxide intermediate (12) would undergo aromatization via the elimination of titanium oxide (9) to give 

3-iodo-1-phenylisoquinolines (11). 

 

 

Scheme 4. Plausible reaction mechanism for the 3-iodo-1-phenylisoquinoline (11) formation 

 

 

Scheme 5. A short step formal synthesis of CWJ-a-5 (1) 
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As an application, we examined a short step formal synthesis of CWJ-a-5 (1) having a topoisomerase I 

inhibitory activity from 2-(2-oxo-2-phenylethyl)benzonitrile (5a), which is prepared from a commercially 

available 2-methylbenzonitrile and methyl benzoate in a single step. The SNAr reaction of 

2-(2-oxo-2-phenylethyl)benzonitrile (6a) with N-methylpiperazine proceeded smoothly to provide the 

1-(4-methylpiperazin-1-yl)-3-phenylisoquinoline (13) in high yield (Scheme 5).15 

CONCLUSIONS 

In conclusion, we have developed a synthesis of 3-aryl-1-iodoisoquinolines (6) using TiI4 induced 

iodination-cyclization reactions of 2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5) as a nitrogen source 

and the subsequent application to the short step formal synthesis of CWJ-a-5 (1) has been successfully 

achieved. The present 3-aryl-1-iodoisoquinoline synthesis is an attractive alternative method because 

2-(2-aryl-2-oxoethyl)benzonitrile derivatives (5) are readily prepared from the corresponding 

2-methylbenzonitrile derivatives and methyl benzoate derivatives in a single step, and furthermore, an 

iodine substituent can be transformed into other functional groups using SNAr reactions, transition metal 

catalyzed cross coupling reactions, or iodine-metal exchange reactions. 

EXPERIMENTAL 

General. Melting point (Mp) determinations were performed using a YAMATO MP-21 instrument and 

are uncorrected. Infrared spectra were recorded on a JASCO FT/IR-460 Plus spectrometer. 1H NMR 

spectra were recorded on a JEOL ECX-400 spectrometer (400 MHz) with tetramethylsilane as an internal 

standard. 13C NMR spectra were recorded on a JEOL ECX-400 spectrometer (100 MHz). Chemical sifts 

are reported in  units, parts per million from the central peak of CDCl3 ( 77.0) as an internal reference. 

High resolution mass spectra (EI) were recorded on a JEOL JMS-700D mass spectrometer. 

1,2-Dimethoxy ethane (DME) was distilled from CaH2 and then cupper(I) chloride, and stored over 

sodium. Dimethyl sulfoxide (DMSO) was pre-dried with CaH2, distilled from CaH2, and stored over 

molecular sieves 4Å. Dichloromethane (CH2Cl2) was pre-dried with P2O5, distilled from CaH2, and stored 

over molecular sieves 4Å. N,N-Dimethylformamide (DMF) was pre-dried with P2O5, distilled from CaH2, 

and stored over molecular sieves 4Å. Purification of products was performed by column chromatography 

on silica gel (Kanto Chemical Co. Inc., Silica Gel 60 N (spherical, neutral)) and/or preparative TLC on 

silica gel (Merck Kiesel Gel GF254 or Wakogel B-5F). All reactions were carried out under an argon 

atmosphere. 

Synthesis of cyanoketones (5) 

Cyanoketones (5a), (5c), and (5e) were synthesized from 2-methylbenzonitrile with the corresponding 

methyl benzoate derivatives according to the literature method.29 
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2-(2-(4-Fluorophenyl)-2-oxoethyl)benzonitrile (5b): 

A stirred slurry of sodium hydride (60% dispersion in mineral oil, 800 mg, 20.0 mmol) in DME (5.0 mL) 

was refluxed. 2-Methylbenzonitrile (593 mg, 5.06 mmol) and methyl 4-fluorobenzoate (1.00 g, 6.49 

mmol) were added to the slurry. After a catalytic amount of MeOH was added, the mixture was refluxed 

for 7 h. The mixture was cooled to 0 ºC. Water (10 mL) was added to quench the reaction and then 2 M 

HCl (10 mL) was added. The resulting mixture was diluted with EtOAc (30 mL). The aqueous layer was 

extracted with EtOAc (2x30 mL). The combined organic layers were washed with brine (10 mL), dried 

over Na2SO4, and filtered. The solvents were evaporated in vacuo. The crude product was purified by 

column chromatography on silica gel (hexane/EtOAc = 6:1 to 2:1 as an eluent) to give 

2-(2-(4-fluorophenyl)-2-oxoethyl)benzonitrile (5b) (285 mg, 28%). White solid. Mp 88-90 ºC. 1H NMR 

(400 MHz, CDCl3): δ = 8.07-8.10 (m, 2H), 7.69 (d, J = 7.8 Hz, 1H), 7.56-7.60 (m, 1H), 7.38-7.42 (m, 2H), 

7.16-7.20 (m, 2H), 4.52 (s, 2H). 13C NMR (100 MHz, CDCl3): δ = 193.8, 166.0 (d, J = 256 Hz), 138.3, 

132.8, 132.6 (d, J = 2.9 Hz), 132.6, 131.0, 127.7, 117.8, 115.9 (d, J = 21.1 Hz), 113.5, 43.5. IR (KBr): 

3064, 2904, 2230, 1686, 1595, 1504, 1449, 1412, 1335, 1304, 1231, 1159, 1099, 1045, 994, 895, 839, 768, 

709 cm-1. HRMS (EI): Calcd for C15H10FNO 239.0746 (M)+, found: 239.0742. 

2-(2-(4-Bromophenyl)-2-oxoethyl)benzonitrile (5d): 

A stirred slurry of sodium hydride (60% dispersion in mineral oil, 800 mg, 20.0 mmol) in DME (5.0 mL) 

was refluxed. 2-Methylbenzonitrile (593 mg, 5.06 mmol), methyl 4-bromobenzoate (1.40 g, 6.54 mmol), 

and DME (5.0 mL) were added to the slurry. After a catalytic amount of MeOH was added, the mixture 

was refluxed for 18 h. The mixture was cooled to 0 ºC. Water (10 mL) was added to quench the reaction 

and then 2 M HCl (10 mL) was added. The resulting mixture was diluted with EtOAc (30 mL). The 

aqueous layer was extracted with EtOAc (2x30 mL). The combined organic layers were washed with 

brine (10 mL), dried over Na2SO4, and filtered. The solvents were evaporated in vacuo. The crude product 

was purified by column chromatography on silica gel (hexane/EtOAc = 6:1 as an eluent) to give 

2-(2-(4-bromophenyl)-2-oxoethyl)benzonitrile (5d) (1.35 g, 89%). Light yellow solid. Mp 111-113 ºC. 1H 

NMR (400 MHz, CDCl3): δ = 7.90-7.93 (m, 2H), 7.69 (d, J = 7.8 Hz, 1H), 7.64-7.66 (m, 2H), 7.56-7.60 

(m, 1H), 7.36-7.42 (m, 2H), 4.51 (s, 2H). 13C NMR (100 MHz, CDCl3): δ = 194.4, 138.1, 134.9, 132.8, 

132.8, 130.9, 129.8, 128.9, 127.7, 117.8, 113.5, 43.5. IR (KBr): 3066, 3033, 2945, 2907, 2228, 1689, 

1586, 1486, 1449, 1397, 1339, 1284, 1206, 1182, 1074, 994, 822, 763 cm-1. HRMS (EI): Calcd for 

C15H10BrNO 298.9946 (M)+, found 298.9944. 

5-Chloro-2-(2-oxo-2-phenylethyl)benzonitrile (5f): 

A stirred slurry of sodium hydride (60% dispersion in mineral oil, 564 mg, 14.1 mmol) in DME (3.5 mL) 

was refluxed. 5-Chloro-2-methylbenzonitrile (534 mg, 3.52 mmol), methyl benzoate (653 mg, 4.80 

mmol), and DME (3.5 mL) were added to the slurry. After a catalytic amount of MeOH was added, the 
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mixture was refluxed for 7 h. The mixture was cooled to 0 ºC. Water (10 mL) was added to quench the 

reaction and then 2 M HCl (10 mL) was added. The resulting mixture was diluted with EtOAc (30 mL). 

The aqueous layer was extracted with EtOAc (2x30 mL). The combined organic layers were washed with 

brine (10 mL), dried over Na2SO4, and filtered. The solvents were evaporated in vacuo. The crude product 

was purified by recrystallization from ethanol to give 5-chloro-2-(2-oxo-2-phenylethyl)benzonitrile (5f) 

(684 mg, 76%). White solid. Mp 142-144 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.03-8.05 (m, 2H), 

7.60-7.66 (m, 2H), 7.49-7.56 (m, 3H), 7.32-7.34 (m, 1H), 4.52 (s, 2H). 13C NMR (100 MHz, CDCl3): δ = 

194.8, 137.0, 136.0, 133.8, 133.6, 133.1, 132.4, 132.2, 128.9, 128.3, 116.6, 115.1, 43.0. IR (KBr): 3084, 

3061, 3033, 2945, 2902, 2230, 1690, 1596, 1483, 1448, 1419, 1335, 1222, 1209, 1192, 1119, 1000, 993, 

881, 849, 754 cm-1. HRMS (EI): Calcd for C15H10ClNO 255.0451 (M)+, found 255.0453. 

5-Iodo-2-(2-oxo-2-phenylethyl)benzonitrile (5g): 

A stirred slurry of sodium hydride (60% dispersion in mineral oil, 480 mg, 12.0 mmol) in DME (3.0 mL) 

was refluxed. 5-Iodo-2-methylbenzonitrile (729 mg, 3.00 mmol), methyl benzoate (544 mg, 4.00 mmol), 

and DME (3.0 mL) were added to the slurry. After a catalytic amount of MeOH was added, the mixture 

was refluxed for 7 h. The mixture was cooled to 0 ºC. Water (10 mL) was added to quench the reaction 

and then 2 M HCl (10 mL) was added. The resulting mixture was diluted with EtOAc (30 mL). The 

aqueous layer was extracted with EtOAc (2x30 mL). The combined organic layers were washed with 

brine (10 mL), dried over Na2SO4, and filtered. The solvents were evaporated in vacuo. The crude product 

was purified by recrystallization from ethanol to give 5-iodo-2-(2-oxo-2-phenylethyl)benzonitrile (5g) 

(635 mg, 61%). Yellow white solid. Mp 134-136 ºC. 1H NMR (400 MHz, CDCl3): δ = 7.98-8.04 (m, 3H), 

7.87-7.89 (m, 1H), 7.60-7.64 (m, 1H), 7.49-7.53 (m, 2H), 7.10-7.13 (m, 1H), 4.49 (s, 2H). 13C NMR (100 

MHz, CDCl3): δ = 194.7, 141.8, 140.8, 138.1, 136.0, 133.8, 132.6, 128.8, 128.3, 116.3, 115.6, 91.7, 43.2. 

IR (KBr): 3097, 3056, 3033, 2951, 2884, 2230, 1688, 1594, 1479, 1448, 1416, 1385, 1332, 1204, 1110, 

988, 906, 868, 837, 806, 752 cm-1. HRMS (EI): Calcd for C15H10INO 346.9807 (M)+, found 346.9820. 

Synthesis of cyanoketo esters (10) 

Cyanoketoester (10b) was synthesized according the literature method.28a 

2-(2-Benzoylphenyl)-2-cyanoacetate (10a): 

A stirred mixture of 2-fluorobenzophenone (936 mg, 4.68 mmol), ethyl cyanoacetate (1.06 g, 9.40 mmol), 

Cs2CO3 (3.06 g, 9.39 mmol) in DMSO (20 mL) was heated to 130-140 ºC for 5 h. After cooling, water 

(20 mL) was added to quench the reaction. The mixture was filtered through a Celite pad, and extracted 

with EtOAc-hexane (1:4). The combined organic layers were washed with 2 M HCl and brine, dried over 

Na2SO4, and filtered. The solvents were evaporated in vacuo. The crude product was purified by column 

chromatography on silica gel (hexane/EtOAc/CH2Cl2 = 16:2:1 as an eluent) to give ethyl 

2-(2-benzoylphenyl)-2-cyanoacetate (10a) (538 mg, 39%). Orange oil. 1H NMR (400 MHz, CDCl3): δ = 
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7.71-7.80 (m, 3H), 7.59-7.64 (m, 2H), 7.44-7.51 (m, 4H), 5.70 (s, 1H), 4.09-4.23 (m, 2H), 1.17 (t, J = 7.1 

Hz, 3H). 13C NMR (100 MHz, CDCl3): δ = 197.2, 164.7, 137.2, 136.6, 133.3, 131.9, 131.2, 130.3, 130.1, 

129.9, 128.4, 128.3, 115.7, 63.2, 40.1, 13.7. IR (neat): 3064, 2984, 2945, 2901, 2252, 1747, 1659, 1597, 

1579, 1448, 1317, 1272, 1217, 1158, 1027, 942, 926, 767, 743, 701 cm-1. HRMS (EI): Calcd for 

C18H15NO3 293.1052 (M)+, found 293.1073. 

General procedure for the titanium tetraiodide induced cyclization of cyanoketones (5) or 

cyanoketo esters (10) into aryliodoisoquinolines (6) or (11) 

To a suspension of TiI4 (195 mg, 0.35 mmol) in CH2Cl2 (0.65 mL) was added Ti(OiPr)4 (0.35 mL, 1.0 M 

in CH2Cl2, 0.35 mmol) at room temperature. After stirring for 10 min, salicylic acid (55.2 mg, 0.40 mmol) 

was added to the mixture. The mixture was stirred for another 10 min. Cyanoketone (5) or cyanoketo 

ester (10) (0.20 mmol) in CH2Cl2 (1.0 mL) was added to the resulting mixture, which was stirred at room 

temperature for 16 h or 1 h. The reaction mixture was quenched with phosphate buffer solution (10 mL), 

and EtOAc (10 mL) and 10 wt% aqueous NaHSO3 (10 mL) were added successively. The mixture was 

filtered through a Celite pad, and extracted with EtOAc. The combined organic extracts were dried over 

Na2SO4 and concentrated in vacuo. The residue was purified by preparative silica gel TLC 

(toluene/EtOAc = 40:1 as an eluent) to give aryliodoisoquinolines (6) or (11). 

1-Iodo-3-phenylisoquinoline (6a): 

Light brown solid (40%). Mp 77-78 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.07-8.11 (m, 3H), 7.94 (s, 1H), 

7.74 (d, J = 7.4 Hz, 1H), 7.66-7.70 (m, 1H), 7.60-7.63 (m, 1H), 7.46-7.50 (m, 2H), 7.38-7.43 (m, 1H). 13C 

NMR (100 MHz, CDCl3): δ = 151.8, 137.8, 136.9, 132.8, 131.1, 131.0, 129.0 128.8, 128.6, 127.6, 127.4, 

126.8, 116.7. IR (KBr): 3058, 3020, 1618, 1589, 1553, 1483, 1436, 1354, 1306, 1250, 1202, 1149, 1025, 

955, 924, 885, 853, 818, 777, 766, 749, 718, 697, 674, 646 cm-1. HRMS (EI): Calcd for C15H10IN-I 

204.0813 (M-I)+, found 204.0815. 

3-(4-Fluorophenyl)-1-iodoisoquinoline (6b): 

Light brown solid (35%). Mp 97-99 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.05-8.10 (m 3H), 7.89 (s, 1H), 

7.74 (d, J = 7.3 Hz, 1H), 7.67-7.71 (m, 1H), 7.60-7.64 (m, 1H), 7.13-7.19 (m, 2H). 13C NMR (100 MHz, 

CDCl3): δ = 163.5 (d, J = 249 Hz), 150.7, 136.9, 134.0 (d, J = 2.9 Hz), 132.9, 131.2, 130.9, 128.7, 128.6 

(d, J = 8.6 Hz), 127.5, 127.4, 116.4, 115.7 (d, J = 22.1 Hz). IR (KBr): 3068, 3050, 1599, 1583, 1554, 

1511, 1482, 1442, 1307, 1247, 1233, 1202, 1159, 1149, 954, 884, 859, 832, 771, 746, 722, 697 cm-1. 

HRMS (EI): Calcd for C15H9FIN 348.9764 (M)+, found 348.9778. 

3-(4-Chlorophenyl)-1-iodoisoquinoline (6c): 

Light brown solid (33%). Mp 119-121 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.10 (d, J = 8.3 Hz, 1H), 

8.03-8.06 (m, 2H), 7.93 (s, 1H), 7.76 (d, J = 7.3 Hz, 1H), 7.69-7.73 (m, 1H), 7.62-7.66 (m, 1H), 7.43-7.47 

(m, 2H). 13C NMR (100 MHz, CDCl3): δ = 150.5, 136.8, 136.3, 135.1, 132.9, 131.3, 131.1, 129.0, 128.9, 
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128.1, 127.6, 127.5, 116.7. IR (KBr): 3052, 1617, 1552, 1497, 1307, 1248, 1094, 1010, 953, 833, 816, 

772, 753, 716, 675 cm-1. HRMS (EI): Calcd for C15H9ClIN-I 238.0424 (M-I)+, found 238.0436. 

3-(4-Bromophenyl)-1-iodoisoquinoline (6d): 

Yellow orange solid (38%). Mp 141-143 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.09 (d, J = 8.2 Hz, 1H), 

7.96-7.99 (m, 2H), 7.93 (s, 1H), 7.75 (d, J = 7.8 Hz, 1H), 7.68-7.73 (m, 1H), 7.62-7.66 (m, 1H), 7.58-7.62 

ppm (m, 2H). 13C NMR (100 MHz, CDCl3): δ = 150.5, 136.8, 136.7, 132.9, 131.9, 131.3, 131.1, 128.9, 

128.4, 127.6, 127.6, 123.4, 116.7. IR (KBr): 3055, 1617, 1589, 1553, 1495, 1440, 1305, 1248, 1204, 1150, 

1076, 1007, 954, 886, 853, 832, 772, 754, 745, 713, 664 cm-1. HRMS (EI): Calcd for C15H9BrIN-I 

281.9918 (M-I)+, found 281.9920. 

1-Iodo-3-(p-tolyl)isoquinoline (6e): 

Light brown solid (8%). Mp 91-92 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.09 (d, J = 8.2 Hz, 1H), 8.01 (d, 

J = 8.3 Hz, 2H), 7.93 (s, 1H), 7.75 (d, J = 7.8 Hz, 1H), 7.67-7.71 (m, 1H), 7.60-7.64 (m, 1H), 7.29 (d, J = 

8.2 Hz, 2H), 2.42 (s, 3H). 13C NMR (100 MHz, CDCl3): δ = 151.9, 139.0, 137.0, 135.1, 132.9, 131.0, 

130.9, 129.5, 128.4, 127.5, 127.4, 126.7, 116.6, 21.3. IR (KBr): 3034, 2958, 2913, 2857, 1618, 1589, 

1553, 1516, 1440, 1306, 1248, 1151, 955, 875, 831, 823, 816, 788, 772, 752, 715, 697, 672 cm-1. HRMS 

(EI): Calcd for C16H12IN 345.0014 (M)+, found 345.0020. 

7-Chloro-1-iodo-3-phenylisoquinoline (6f): 

White solid [42% (54% conversion yield on the basis of 22% of the recovered starting cyanoketone 5f)]. 

Mp 104-105 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.06-8.09 (m, 3H), 7.90 (s, 1H), 7.69 (d, J = 8.7 Hz, 

1H), 7.60 (dd, J = 1.9, 10.7 Hz, 1H), 7.39-7.50 (m, 3H). 13C NMR (100 MHz, CDCl3): δ = 152.1, 137.4, 

135.1, 134.2, 132.1, 131.7, 131.6, 129.3, 129.2, 128.8, 126.8, 125.5, 116.2. IR (KBr): 3060, 3030, 1574, 

1543, 1498, 1470, 1347, 1290, 1248, 1176, 1085, 966, 883, 872, 826, 816, 771, 757, 695, 661 cm-1. 

HRMS (EI): Calcd for C15H9ClIN 364.9468 (M)+, found 364.9480. 

1,7-Diiodo-3-phenylisoquinoline (6g): 

White solid [44% (51% conversion yield on the basis of 13% of the recovered starting cyanoketone 5g)]. 

Mp 153-154 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.48 (s, 1H), 8.05-8.10 (m, 2H), 7.89-7.93 (m, 2H), 

7.40-7.51 (m, 4H). 13C NMR (100 MHz, CDCl3): δ = 152.3, 141.5, 139.8, 137.4, 135.7, 132.1, 129.3, 

128.9, 128.9, 126.7, 125.1, 116.3, 93.8. IR (KBr): 3063, 3027, 1570, 1536, 1497, 1344, 1290, 1248, 1175, 

960, 883, 857, 813, 740, 694 cm-1. HRMS (EI): Calcd for C15H9I2N 456.8824 (M)+, found 456.8847. 

Ethyl 3-iodo-1-phenylisoquinoline-4-carboxylate (11a): 

White solid (38%). Mp 131-132 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.08 (d, J = 8.2 Hz, 1H), 7.79 (d, J 

= 8.7 Hz, 1H), 7.70-7.75 (m, 1H), 7.63-7.66 (m, 2H), 7.56-7.60 (m, 1H), 7.51-7.53 (m, 3H), 4.60 (q, J = 

7.3 Hz, 2H), 1.51 (t, J = 7.3 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ = 167.7, 162.3, 137.7, 134.5, 132.1, 

131.6, 130.0, 129.3, 128.4, 128.1, 128.0, 125.3, 123.9, 108.2, 62.5, 14.1. IR (KBr): 3061, 2983, 2898, 
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1712, 1614, 1569, 1521, 1496, 1471, 1444, 1382, 1349, 1254, 1204, 1160, 1143, 1099, 1074, 1040, 1008, 

872, 766, 760, 715, 703, 668, 643 cm-1. HRMS (EI): Calcd for C18H14INO2-I 276.1025 (M-I)+, found 

276.1014. 

Methyl 3-iodo-1-phenylisoquinoline-4-carboxylate (11b): 

White solid (31%). Mp 140-142 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.08 (d, J = 8.7 Hz, 1H), 7.78 (d, J 

= 8.3 Hz, 1H), 7.70-7.75 (m, 1H), 7.65-7.68 (m, 2H), 7.57-7.61 (m, 1H), 7.51-7.51 (m, 3H), 4.11 (s, 3H); 

13C NMR (100 MHz, CDCl3): δ = 168.2, 162.4, 137.7, 134.6, 132.1, 131.6, 130.1, 129.4, 128.4, 128.1, 

128.1, 125.2, 123.9, 108.3, 53.2. IR (KBr): 3061, 2947, 2848, 1727, 1611, 1568, 1526, 1501, 1446, 1386, 

1349, 1257, 1205, 1145, 1102, 1023, 921, 842, 798, 779, 714, 698, 671 cm-1. HRMS (EI): Calcd for 

C17H12INO2 388.9913 (M)+, found 388 9901. 

Short step formal synthesis of CWJ-a-5 (1) 

To a suspension of 1-iodo-3-phenylisoquinoline (6a) (26.7 mg, 0.0806 mmol) and K2CO3 (33.4 mg, 0.242 

mmol) in DMF (2.0 mL) was added N-methylpiperazine (18.1 mg, 0.181 mmol) at room temperature. The 

mixture was stirred at 120 ºC for 2 h. After cooling, K2CO3 (33.4 mg, 0.242 mmol) and 

N-methylpiperazine (18.1 mg, 0.181 mmol) were added to the mixture, which was stirred at 120 ºC for 

more 2 h. The reaction mixture was cooled to room temperature and then quenched with water (10 mL). 

The mixture was extracted with CH2Cl2 (3x10 mL). The combined organic extracts were dried over 

Na2SO4 and concentrated in vacuo. The residue was purified by preparative silica gel TLC (EtOAc as an 

eluent) to give 1-(4-methylpiperazin-1-yl)-3-phenylisoquinoline (13)30 (20.0 mg, 82%). Light yellow solid. 

Mp 74-76 ºC. 1H NMR (400 MHz, CDCl3): δ = 8.16-8.18 (m, 2H), 8.07 (d, J = 8.7 Hz, 1H), 7.79 (d, J = 

8.2 Hz, 1H), 7.70 (s, 1H), 7.56-7.60 (m, 1H), 7.45-7.49 (m, 3H), 7.35-7.39 (m, 1H), 3.59 (t, J = 4.6 Hz, 

4H), 2.72 (t, J = 4.6 Hz, 4H), 2.42 (s, 3H). 13C NMR (100 MHz, CDCl3): δ = 160.6, 148.3, 139.7, 139.1, 

129.6, 128.5, 128.2, 127.6, 126.6, 125.7, 125.5, 120.6, 111.1, 55.3, 51.1, 46.3. IR (KBr): 3060, 2969, 

2834, 2796, 2766, 2741, 1618, 1562, 1500, 1456, 1412, 1370, 1345, 1305, 1287, 1269, 1202, 1148, 1075, 

1029, 1009, 943, 920, 877, 849, 837, 798, 772, 752, 695, 678 cm-1. HRMS (EI): Calcd for C20H21N3 

303.1736 (M)+, found 303.1723. 

 

ACKNOWLEDGEMENTS 

This work was supported by JSPS KAKENHI Grant Number JP16H01143 in Middle Molecular Strategy 

and JP25410114. 

 

REFERENCES AND NOTES 

1. (a) I. Hachiya, K. Ogura, and M. Shimizu, Org. Lett., 2002, 4, 2755; (b) I. Hachiya, K. Ogura, and M. 

Shimizu, Synthesis, 2004, 1349; (c) I. Hachiya, S. Fukushima, and M. Shimizu, Heterocycles, 2006, 

HETEROCYCLES, Vol. 92, No. 11, 2016 2043

http://dx.doi.org/10.1021/ol026283c
http://dx.doi.org/10.1055/s-2004-822381
http://dx.doi.org/10.3987/COM-06-S(O)4


69, 43.  

2. (a) I. Hachiya, M. Atarashi, and M. Shimizu, Heterocycles, 2006, 67, 523; (b) I. Hachiya, W.  

Maehara, Y. Yamada, T. Kamiki, and M. Shimizu, Synlett, 2006, 3271; (c) I. Hachiya, N. Kugisaki,  

R. Agata, H. Matsumoto, Y. Yamada, and M. Shimizu, Tetrahedron, 2015, 71, 5824. 

3. I. Hachiya, Y. Minami, T. Aramaki, and M. Shimizu, Eur. J. Org. Chem., 2008, 1411. 

4. (a) I. Hachiya, T. Yoshitomi, Y. Yamaguchi, and M. Shimizu, Org. Lett., 2009, 11, 3266; (b) I. 

Hachiya, A. Ito, and M. Shimizu, Asian J. Org. Chem., 2014, 3, 614. 

5. I. Hachiya, K. Yokoyama, A. Ito, and M. Shimizu, Heterocycles, 2015, 90, 97. 

6. (a) K. W. Bentley, 'The Isoquinoline Alkaloids,' ed. by B. Ravindranath, Harwood Academic 

Publishers, Amsterdam, 1998, pp. 107-122; (b) K. W. Bentley, Nat. Prod. Rep., 2005, 22, 249. 

7. (a) S.-J. Liu, Q. Zhao, R.-F. Chen, Y. Deng, Q.-L. Fan, F.-Y. Li, L.-H. Wang, C.-H. Huang, and W. 

Huang, Chem. Eur. J., 2006, 12, 4351; (b) A. Tsuboyama, H. Iwawaki, M. Furugori, T. Mukaide, J. 

Kamatani, S. Igawa, T. Moriyama, S. Miura, T. Takiguchi, S. Okada, M. Hoshino, and K. Ueno, J.  

Am. Chem. Soc., 2003, 125, 12971. 

8. For a review on Bischler-Napieralski reaction, see: M. M. Heravi and N. Nazari, Curr. Org. Chem., 

2015, 19, 2358. 

9. For Pomeranz-Fritsch examples, see: (a) E. V. Brown, J. Org. Chem., 1977, 42, 3208; (b) P. Fritsch, 

Ber. Dtsch. Chem. Ges., 1893, 26, 419; (c) C. Pomeranz, Monatsh. Chem., 1893, 14, 116. 

10. For Pictet-Spengler examples, see: (a) S. W. Youn, J. Org. Chem., 2006, 71, 2521; (b) A. Pictet and  

T. Spengler, Chem. Ber., 1911, 44, 2030. 

11. For a representative example, see: (a) N. Guimond and K. Fagnou, J. Am. Chem. Soc., 2009, 131, 

12050 and references therein. For an example of the isoquinoline synthesis using a catalytic 

acid-mediated cyclization of tosylmethyl isocyanide derivatives, see: (b) A. Coppola, D. Sucunza, C. 

Burgos, and J. J. Vaquero, Org. Lett., 2015, 17, 78. 

12. S. T. Heller, T. Kiho, A. R. H. Narayan, and R. Sarpong, Angew. Chem. Int. Ed., 2013, 52, 11129. 

13. T.-H. Chuang, C.-F. Li, H.-Z. Lee, and Y.-C. Wen, J. Org. Chem., 2013, 78, 4974. 

14. A. Metzger, M. A. Schade, and P. Knochel, Org. Lett., 2008, 10, 1107. 

15. (a) D. B. Khadka and W.-J. Cho, Bioorg. Med. Chem., 2011, 19, 724; (b) K.-E. Kim, W.-J. Cho, S.-J. 

Chang, C.-S. Yong, C.-H. Lee, and D.-D. Kim, Int. J. Pharm., 2001, 217, 101; (c) W.-J. Cho, E.-K. 

Kim, M.-J. Park, S.-U. Choi, C-.O. Lee, S.-H. Cheon, B.-G. Choi, and B.-H. Chung, Bioorg. Med. 

Chem., 1998, 6, 2449; (d) W.-J. Cho, M.-J. Park, B.-H. Chung, and C.-O. Lee, Bioorg. Med. Chem. 

Lett., 1998, 8, 41; (e) W.-J. Cho, S.-J. Yoo, M.-J. Park, B.-H. Chung, and C.-O. Lee, Ach. Pharm.  

Res., 1997, 20, 264. 

16. (a) Y. Wada, N. Nishida, N. Kurono, T. Ohkuma, and K. Orito, Eur. J. Org. Chem., 2007, 4320; (b) 

2044 HETEROCYCLES, Vol. 92, No. 11, 2016

http://dx.doi.org/10.3987/COM-06-S(O)4
http://dx.doi.org/10.3987/COM-05-S(T)54
http://dx.doi.org/10.1055/s-2006-951554
http://dx.doi.org/10.1016/j.tet.2015.05.090
http://dx.doi.org/10.1002/ejoc.200701039
http://dx.doi.org/10.1021/ol901192y
http://dx.doi.org/10.1002/ajoc.201402005
http://dx.doi.org/10.3987/COM-14-S(K)13
http://dx.doi.org/10.1039/B316108K
http://dx.doi.org/10.1002/chem.200501095
http://dx.doi.org/10.1021/ja034732d
http://dx.doi.org/10.1021/ja034732d
http://dx.doi.org/10.2174/1385272819666150730214506
http://dx.doi.org/10.2174/1385272819666150730214506
http://dx.doi.org/10.1021/jo00439a025
http://dx.doi.org/10.1002/cber.18930260191
http://dx.doi.org/10.1007/BF01517862
http://dx.doi.org/10.1021/jo0524775
http://dx.doi.org/10.1002/cber.19110440309
http://dx.doi.org/10.1021/ja904380q
http://dx.doi.org/10.1021/ja904380q
http://dx.doi.org/10.1021/ol5032624
http://dx.doi.org/10.1002/anie.201304687
http://dx.doi.org/10.1021/jo400645g
http://dx.doi.org/10.1021/ol7030697
http://dx.doi.org/10.1016/j.bmc.2010.10.057
http://dx.doi.org/10.1016/S0378-5173(01)00593-2
http://dx.doi.org/10.1016/S0968-0896(98)80019-9
http://dx.doi.org/10.1016/S0968-0896(98)80019-9
http://dx.doi.org/10.1016/S0960-894X(97)10190-1
http://dx.doi.org/10.1016/S0960-894X(97)10190-1
http://dx.doi.org/10.1007/BF02976155
http://dx.doi.org/10.1007/BF02976155
http://dx.doi.org/10.1002/ejoc.200700225


X.-Y. Xu, G.-W. Qin, R.-S. Xu, and X.-Z. Zhu, Tetrahedron, 1998, 54, 14179; (c) J.-S. Zhang, D.-Y. 

Zhu, and S.-H. Hong, Phytochemistry, 1995, 39, 435. 

17. (a) J.-B. E. Y. Rouchet, C. Schneider, C. Fruit, and C. Hooarau, J. Org. Chem., 2015, 80, 5919; (b)  J. 

D. Tovar and T. M. Swager, J. Org. Chem., 1999, 64, 6499; (c) A. Carty, I. W. Elliott, and G. M. 

Lenior, Can. J. Chem., 1984, 62, 2435. 

18. (a) T. Mukaiyama, Org. React., 1982, 28, 203; (b) M. T. Reetz, 'Organotitanium Reagents in Organic 

Synthesis,' Springer, Berlin, 1986; (c) K. Narasaka, Synthesis, 1991, 1; (d) K. Mikami and M.  

Shimizu, Chem. Rev., 1992, 92, 1021. 

19. Digest paper on chemoselective reductions and iodinations using titanium(IV) tetraiodide, I. Hachiya 

and M. Shimizu, Tetrahedron Lett., 2014, 55, 2781. 

20. (a) R. Hayakawa and M. Shimizu, Org. Lett., 2000, 2, 4079; (b) M. Shimizu, Y. Takeuchi, and T. 

Sahara, Chem. Lett., 2001, 30, 1196; (c) M. Shimizu, F. Kobayashi, and R. Hayakawa, Tetrahedron, 

2001, 57, 9591; (d) M. Shimizu and T. Toyoda, Org. Biomol. Chem., 2004, 2, 2891; (e) M. Shimizu,   

H. Kurokawa, S. Nishiura, and I. Hachiya, Heterocycles, 2006, 70, 57; (f) M. Shimizu, S. Nishiura, 

and I. Hachiya, Heterocycles, 2007, 74, 177; (g) I. Hachiya, T. Inagaki, Y. Ishihara, and M. Shimizu,  

Bull. Chem. Soc. Jpn., 2011, 84, 419; (h) S. Hata, D. Fukuda, I. Hachiya, and M. Shimizu, Chem. 

Asian J., 2010, 5, 473; (i) S. Hata, D. Fukuda, I. Hachiya, and M. Shimizu, Heterocycles, 2012, 84, 

301; (j) S. Ariga, S. Hata, D. Fukuda, T. Nishi, I. Hachiya, and M. Shimizu, Heterocycles, 2012, 86, 

1187. 

21. (a) M. Shimizu and T. Sahara, Chem. Lett., 2002, 31, 888; (b) M. Shimizu, K. Inayoshi, and T.  

Sahara, Org. Biomol. Chem., 2005, 3, 2237; (c) M. Shimizu, M. Tanaka, T. Itoh, and I. Hachiya, 

Synlett, 2006, 1687. 

22. (a) R. Hayakawa and M. Shimizu, Chem. Lett., 2000, 29, 724; (b) R. Hayakawa, H. Goto, and M. 

Shimizu, Org. Lett., 2002, 4, 4097; (c) M. Shimizu, H. Okimura, N. Manabe, and I. Hachiya, Chem. 

Lett., 2008, 37, 28. 

23. (a) M. Shimizu, T. Toyoda, and T. Baba, Synlett, 2005, 2516; (b) M. Shimizu, T. Baba, S. Toudou,  

and I. Hachiya, Chem. Lett., 2007, 36, 12; (c) M. Shimizu, K. Okura, T. Arai, and I. Hachiya, Chem. 

Lett., 2010, 39, 1052. 

24. I. Hachiya, S. Ito, S. Kayaki, and M. Shimizu, Asian J. Org. Chem., 2013, 2, 931. 

25. I. Hachiya, Y. Minami, and M. Shimizu, Heterocycles, 2009, 79, 365. 

26. For examples of the isoquinoline synthesis using benzonitrile derivatives, see: (a) K. Kobayashi, T. 

Shiokawa, H. Omote, K. Hashimoto, O. Morikawa, and H. Konishi, Bull. Chem. Soc. Jpn., 2006, 79, 

1126; (b) J. Ichikawa, Y. Wada, H. Miyazaki, T. Mori, and H. Kuroki, Org. Lett., 2003, 5, 1455. For 

examples of the 1-iodoisoquinoline synthesis, see: (c) T. Ikawa, H. Urata, Y. Fukumoto, Y. Sumii, T.  

HETEROCYCLES, Vol. 92, No. 11, 2016 2045

http://dx.doi.org/10.1016/S0040-4020(98)00894-1
http://dx.doi.org/10.1016/0031-9422(94)00904-8
http://dx.doi.org/10.1021/acs.joc.5b00475
http://dx.doi.org/10.1021/jo990810x
http://dx.doi.org/10.1139/v84-419
http://dx.doi.org/10.1007/978-3-642-70704-9
http://dx.doi.org/10.1007/978-3-642-70704-9
http://dx.doi.org/10.1055/s-1991-26364
http://dx.doi.org/10.1021/cr00013a014
http://dx.doi.org/10.1016/j.tetlet.2014.03.052
http://dx.doi.org/10.1021/ol006729u
http://dx.doi.org/10.1246/cl.2001.1196
http://dx.doi.org/10.1016/S0040-4020(01)00982-6
http://dx.doi.org/10.1016/S0040-4020(01)00982-6
http://dx.doi.org/10.1039/B411127C
http://dx.doi.org/10.3987/COM-06-S(W)9
http://dx.doi.org/10.3987/COM-07-S(W)43
http://dx.doi.org/10.1246/bcsj.20100363
http://dx.doi.org/10.1002/asia.200900457
http://dx.doi.org/10.1002/asia.200900457
http://dx.doi.org/10.3987/COM-11-S(P)26
http://dx.doi.org/10.3987/COM-11-S(P)26
http://dx.doi.org/10.3987/COM-12-S(N)74
http://dx.doi.org/10.3987/COM-12-S(N)74
http://dx.doi.org/10.1246/cl.2002.888
http://dx.doi.org/10.1039/b505335h
http://dx.doi.org/10.1055/s-2006-944220
http://dx.doi.org/10.1246/cl.2000.724
http://dx.doi.org/10.1021/ol026842f
http://dx.doi.org/10.1246/cl.2008.28
http://dx.doi.org/10.1246/cl.2008.28
http://dx.doi.org/10.1055/s-2005-872679
http://dx.doi.org/10.1246/cl.2007.12
http://dx.doi.org/10.1246/cl.2010.1052
http://dx.doi.org/10.1246/cl.2010.1052
http://dx.doi.org/10.1002/ajoc.201300165
http://dx.doi.org/10.3987/COM-08-S(D)32
http://dx.doi.org/10.1246/bcsj.79.1126
http://dx.doi.org/10.1246/bcsj.79.1126
http://dx.doi.org/10.1021/ol034192p


Nishiyama, and S. Akai, Chem. Eur. J., 2014, 20, 16228; (d) A. C. Bissember and M. G. Banwell, J. 

Org. Chem., 2009, 74, 4893; (e) C. Wolf, G. E. Tumambac, and C. N. Villalobos, Synlett, 2003,  

1801; (f) M. Schlosser and F. Cottet, Eur. J. Org. Chem., 2002, 4181; (g) Y. Yamamoto and A.  

Yanagi, Chem. Pharm. Bull., 1982, 30, 1731. 

27. (a) 3-Phenyl-1H-isochromen-1-one was obtained as a byproduct in 17% yield. (b) When 2  

equivalents of Ti(OEt)4 instead of Ti(OiPr)4 were used as an additive, 1-iodo-3-phenylisoquinoline 

(6a) was obtained in 30% yield. 

28. For an example of the isoquinoline synthesis using 2-(2-benzoylphenyl)-2-cyanoacetates (10), see:  

(a) S. H. Kim, H. S. Lee, K. H. Kim, and J. N. Kim, Tetrahedron Lett., 2009, 50, 6476; For an  

example of the 3-iodoisoquinoline synthesis, see: (b) P. Talukder, S. Chen, P. M. Arce, and S. M. 

Hecht, Org. Lett., 2014, 16, 556. 

29. C. K. Bradsher and T. G. Wallis, J. Org. Chem., 1978, 20, 3817. 

30.  V. Reddy, A. S. Jadhav, and R. V. Anand, Eur. J. Org. Chem., 2016, 453. 

2046 HETEROCYCLES, Vol. 92, No. 11, 2016

http://dx.doi.org/10.1002/chem.201404633
http://dx.doi.org/10.1021/jo9008386
http://dx.doi.org/10.1021/jo9008386
http://dx.doi.org/10.1055/s-2003-41405
http://dx.doi.org/10.1055/s-2003-41405
http://dx.doi.org/10.1002/1099-0690(200212)2002:24&lt;4181::AID-EJOC4181&gt;3.0.CO;2-M
http://dx.doi.org/10.1248/cpb.30.1731
http://dx.doi.org/10.1016/j.tetlet.2009.09.013
http://dx.doi.org/10.1021/ol403429e
http://dx.doi.org/10.1021/jo00414a005
http://dx.doi.org/10.1002/ejoc.201501390



