
1 

 

Supporting Information  

In situ-Generated Chiral Co(I)-Catalyst for Asymmetric 

[2+2+2] Cycloadditions of Triynes 

 

Phillip Jungk
†
, Fabian Fischer

†
 and Marko Hapke*

†,‡
 

 

† Leibniz-Institut für Katalyse e.V. an der Universität Rostock, Albert-Einstein-Strasse 29a,  

D-18059 Rostock (Germany) 

‡ 
Institut für Katalyse, Johannes Kepler Universität Linz, Altenberger Strasse 69, A-4040 Linz  

(Austria) 

E-mail: marko.hapke@catalysis.de 

 

 

Table of contents 

 

General methods ......................................................................................................................... 2 

Commercially available chiral P,P- and P,N-ligands ................................................................ 2 

Ligand screening in glass reaction vial ...................................................................................... 3 

Chiral ligand screening for catalytic reactions with CoBr2 in a reaction glass vial ................... 3 

Optimization of the catalytic Rreactions with CoBr2 in a Schlenk tube .................................... 4 

Screening of catalyst loading ..................................................................................................... 4 

Synthesis of cobalt(II)-precursor complex 7 .............................................................................. 4 

Oxidation of (R,aR)-N-PINAP (6) to SI-I .................................................................................. 5 

Catalytic evaluation of ligand SI-I ............................................................................................. 6 

Substrate screening for catalytic reactions ................................................................................. 6 

Synthesis of cyclization substrates ............................................................................................. 7 

Characterization of cyclization products .................................................................................... 7 

NMR spectra of compound SI-I: ............................................................................................. 13 

HPLC analysis: ......................................................................................................................... 15 

References: ............................................................................................................................... 39 

  



2 

 

General methods 

All experiments were carried out under inert gas atmosphere (argon) in flame dried Schlenk 

tubes or glass reaction vials. The anhydrous solvents (tetrahydrofuran, toluene, 

dichloromethane and n-hexane) were dried in a solvent purification system MD-5 from Inert 

(former Innovative Technology). All NMR spectra were recorded on a Bruker AV 300, AV 

400 or Fourier 300 NMR spectrometer. HPLC-analysis was performed on a Hewlett Packard 

HP 1100 with DAD, chiralyzer and RI-detector and chiral columns. HRMS (ESI-TOF) was 

performed at a Agilent 6210 Time-of-Flight LC/MS. Elemental analysis was performed at a 

Perkin Elmer AAS-Analyst 300 (Co), Leco Microanalysator-TruSpec CHNS (C, H), 

Radiometer Analytical SAS (Titrator) Titralab 870-TIM 870 (Br) and a Perkin Elmer 

UV/VIS-spectrometer Lambda 2 (P). 

CoBr2 (0.05 M) and ZnI2 (0.25 M) were used as solutions in dry THF. 

 

Commercially available chiral P,P- and P,N-ligands 

 

 
 

Scheme S1: Available chiral P,P- and P,N-ligands 

  



3 

 

Ligand screening in glass reaction vial 

 

Table S1. Screening of chiral ligands in reaction glass vial under “semi-oxygen free” 

conditions 

Entry Chiral ligand 
t1 

[h] 

t2 

[h] 

yield 

[%] 

d/l: 

meso
[a] 

Sel.
 [b] 

[% ee] 

1 no ligand 0.5 40 73
[c]

 1.4:1 -- 

2 (aR)-BINAP (4) 5 min 17 58 1.3:1 -- 

3 (aR)-QUINAP (5) 0.5 22 70 1.4:1 (+)6 

4 (aS)-QUINAP (5) 2 21 >95 1.4:1 (-)57 

5 (R)-PHOX (11) 2 26 77 1:1.2 (-)32 

6 (R, aR)-N-PINAP (6) 0.5 16 66 1:1.2 (+)17 

7 (R, aS)-N-PINAP 0.5 16 >95 1:1.3 (-)25 

8 (S, aR)-N-PINAP 0.5 16 58 1:1 (+)11 

9 (R, aR)-O-PINAP 0.5 16 51 1:1.4 -- 

10 (R, aS)-O-PINAP 0.5 16 63 1:1.5 -- 

[a] Determined by integration from the proton NMR spectra. [b] Determined by chiral 

HPLC. [c] Conditions: 10 mol% CoBr2, 10 mol% ZnI2, 30 mol% Zn. 

 

Chiral ligand screening for catalytic reactions with CoBr2 in a reaction glass vial 

CoBr2 (5 mol% in regard to the triyne), the respective chiral ligand (5 mol% in regard to the 

triyne) and Zn (10 mol% in regard to the triyne) were dissolved in THF (1 mL), ZnI2 (10 

mol% in regard to the triyne) was added and the solution stirred at 65 °C for 5 min-2 h.  

After cooling to room temperature the triyne 2a (0.25 mmol) was added and the mixture again 

heated to 65 °C for 16-40 h. At the end of the reaction, the solvent was removed under 

reduced pressure and the residue purified by column chromatography (c-hexane/ethyl acetate 

4:1, v/v) to yield the benzene derivative. The ee values were determined by chiral HPLC-

analysis. (Cellulose 2, n-heptane/isopropanol 95:5, v/v, 1 mL/min). 
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Optimization of the catalytic reactions with CoBr2 in a Schlenk tube 

CoBr2 (1-5 mol% in regard to the triyne), the respective chiral ligand (1-5 mol% in regard to 

the triyne), Zn (2-10 mol% in regard to the triyne) were dissolved in THF (1 mL), ZnI2 (2-10 

mol% in regard to the triyne) was added and the solution stirred at 0-65 °C for 1-2 h. After the 

triyne 2a (0.25 mmol) was added the mixture was again stirred at 0-65 °C for 6-27 h. At the 

end of the reaction, the solvent was removed under reduced pressure and the residue purified 

by column chromatography (c-hexane/ethyl acetate 4:1, v/v) to yield the benzene derivative. 

The ee values were determined by chiral HPLC-analysis. (Cellulose 2, n-heptane/isopropanol 

95:5, v/v, 1 mL/min). 

Screening of catalyst loading 

 
Table S2. Screening of the catalysts loading 

# x y z ligand* t1 t2 yield d/l: Sel. 

 [mol%] [mol%] [h] [h] [%] meso
[a] 

[% ee]
[b]

 

1 2.5 5 5 (aR)-QUINAP (5) 

[2.5] 

1 4 73 1.3:1 (+)76 

2 1 2 2 (aR)-QUINAP (5) 

[1] 

1 21 70 1.3:1 (+)81 

[a] determined out of the Integrals in the proton NMR spectra. [b] determined by chiral 

HPLC. 

 

Synthesis of cobalt(II)-precursor complex 7 

To a solution of (R,aR)-N-PINAP (6) (0.10 g, 0.18 mmol) in 8 mL THF a solution of CoBr2 

(3.55 mL, 0.18 mL, 0.05 M in THF) in THF was added and stirred at room temperature for 

1 h. The solvent was removed in vacuo and the residue washed twice with n-hexane and dried 

in vacuo. The resulting green solid was recrystallized under argon atmosphere from a 

dichloromethane/THF mixture, yielding green crystals.  
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EA: calc.:   C 58.64 H 3.88   Br 20.53  Co 7.57  P 3.98 

found:   C 58.82 H 3.58  Br 18.81  Co 6.46  P 3.88 

Crystal Structure data: CCDC 1418399 contains the supplementary crystallographic data 

for this paper. These data can be obtained free of charge from the Cambridge Crystallographic 

Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Oxidation of (R,aR)-N-PINAP (6) to SI-I 

A suspension of (R,aR)-N-PINAP (6) (0.10 g, 0.18 mmol) in hydrogenperoxide (3.00 mL, 

29.0 mmol, 30% in H2O) was stirred at room temperature for 24 h. The reaction was stopped 

by adding water to the solution and was extracted thrice with dichloromethane. The combined 

organic phases were washed with brine, dried with sodium sulfate and the solvent was 

evaporated. The resulting product SI-I was isolated as colorless oil (92 mg, 89%) without 

further purification.  

 
1
H-NMR (CDCl3, 300 MHz): δ = 1.72 (d, J = 6.8 Hz, 3H), 5.38 (sbr, 1H), 5.71 (p, J = 6.4 Hz, 

1H), 6.26-6.34 (m, 2H), 6.65-6.72 (m, 1H), 6.83-6.87 (m, 1H), 6.87-6.91 (m, 1H), 6.95 (dt, 

J = 8.2, 0.9 Hz, 1H), 7.10 (dd, J = 8.5, 1.1 Hz, 1H), 7.25-7.29 (m, 1H), 7.29-7.32 (m, 1H), 

7.34-7.42 (m, 4H), 7.42-7.49 (m, 2H), 7.50-7.58 (m, 3H), 7.59-7.64 (m, 2H), 7.88-7.92 (m, 

1H), 7.94 (dt, J = 8.3, 1.5 Hz, 2H), 8.11 (dd, J = 8.7, 1.6 Hz, 1H), 8.28 (dd, J = 10.9, 8.7 Hz, 

1H) ppm. 
13

C-NMR (CDCl3, 75 MHz): δ = 22.1, 50.2, 117.0, 119.9, 120.4, 126.6, 126.8, 

126.9, 127.0, 127.1, 127.2, 127.4, 127.6, 128.0, 128.1, 128.2, 128.3, 128.4, 128.5, 128.6, 



6 

 

128.7, 129.1, 129.3, 129.7, 129.8, 130.5, 130.7, 130.9, 131.0, 131.1, 131.3, 131.4, 131.5, 

131.6, 132.4, 132.6, 132.7, 144.2, 152.2 ppm. 
31

P-NMR (CDCl3, 121 MHz): δ = 31.65 ppm. 

HRMS (ESI-TOF) C38H30N3OP:  calc.: 576.2199 [M+H]
+
, 598.2019 [M+Na]

+ 
found: 

576.2204 [M+H]
+
, 598.2025 [M+Na]

+
 

 

Catalytic evaluation of ligand SI-I 

CoBr2 (0.0.6 mL, 0.05 M in THF, 2.5 mol% in regard to the triyne), ligand SI-I (1.8 mg, 

2.5 mol% in regard to the triyne), Zn (0.41 mg, 5 mol% in regard to the triyne) were dissolved 

in THF (1 mL), ZnI2 (0.03 mL, 0.25 M in THF, 5 mol% in regard to the triyne) was added and 

the solution stirred at 25 °C for 1 h. After the triyne 2a (0.1 mL, 1.25 M in THF, 0.125 mmol) 

was added the mixture was again stirred at 25 °C for 4 d. At the end of the reaction, the 

solvent was removed under reduced pressure and the residue purified by column 

chromatography (c-hexane/ethyl acetate 4:1, v/v) to yield the benzene derivative 3a (48 mg, 

93%) of a racemic mixture. The ee value was determined by chiral HPLC-analysis. (Cellulose 

2, n-heptane/isopropanol 95:5, v/v, 1 mL/min). 

 

Substrate screening for catalytic reactions 

Co-precursor 7 (2.5-10 mol% in regard to the triyne) or CoBr2 (2.5-10 mol% in regard to the 

triyne) and (aR)-/( aS)-QUINAP (5) (2.5-10 mol% in regard to the triyne) and Zn (5-20 mol% 

in regard to the triyne) were dissolved in THF/toluene (1 mL) and ZnI2 (5-20 mol% in regard 

to the triyne) was added and the solution stirred at 25-95 °C for a specific time. After cooling 

to room temperature the triyne 2a (0.1-0.5 mmol) was added and the mixture again was stirred 

at the described temperature for a specific time. At the end of the reaction, the solvent was 

removed under reduced pressure and the residue purified by column chromatography to yield 

the benzene derivative. The ee values were determined by chiral HPLC-analysis. 

For every compound the specific reaction conditions are written in parentheses: (amount of 

substrate, catalyst loading, solvent, reaction temperature, time, eluent for column 

chromatography, yield, d/l:meso ratio, aggregation state)  
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Synthesis of cyclisation substrates 

 

Compounds 2a, 2b: 

 

Synthesis according to the published procedure by Shibata et al. The analytical data were in 

accordance with the reported data.
[1]

  

 

All other triynes have been synthesized by literature-known procedures we have published in 

preceding work and the analytical data were in accordance with the reported data.
[2]

 

 

Characterization of cyclization products 

Compound 3a: 

 

The compound was identified by NMR and MS and comparison with reported data.
[1]

  

Optical rotation: []D
22

 = 224.83 (c 1.0052, CHCl3, 85% ee) obtained by the reaction 

described in Table 2, Entry 2. 

 

Compound 3b: 

9-phenanthrenyl: 

(0.125 mmol, 2.5 mol% 7, THF, 25 °C, 23 h, c-hex/EE (4:1, v/v), 43 mg (75%), (+)30% ee, 

1.8:1 (d/l:meso, HPLC area), colorless solid)  

NMR data were in accordance with published data.
[1]

 

Conditions of the HPLC-analysis: Reprosil, n-heptane/EtOH 90:10 (v/v), 0.5 mL/min. 

 

Compound 3c: 

4-Me-1-naphthyl 

(0.125 mmol, 2.5 mol% 7, THF, 25 °C, 16 h, c-hex/EE (10:1, v/v), 51 mg (92%), (+)19% ee, 

1.4:1 (d/l:meso, HPLC area), colorless solid) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 2, n-heptane/Isopropanol 98:2 (v/v), 0.8 mL/min. 
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Compound 3d: 

 

(0.25 mmol, 5 mol% 7, THF, 65 °C, 18 h, c-hex/EE (4:1, v/v), 77 mg (90%), (+)15% ee, 1.4:1 

(d/l:meso, HPLC area), colorless solid)  

NMR data were in accordance with published data.
[2]

 

Conditions of the HPLC-analysis: Cellulose 1, n-heptane/EtOH 99:1 (v/v), 0.4 mL/min. 

 

Compound 3e: 

 

(0.125 mmol, 2.5 mol% 7, THF, 25 °C, 17 h, c-hex/EE (4:1, v/v), 23 mg (42%), (+)24% ee, 

2.7:1 (d/l:meso), colorless solid) 

 

(0.25 mmol, 5 mol% (aS)-5 + CoBr2, THF, 65 °C, 17 h, c-hex/EE (4:1, v/v), 94 mg (87%), 

rac, 1:1.3 (d/l:meso), colorless solid) 

NMR data were in accordance with published data.
[2]

 

Conditions of the HPLC-analysis: Reprosil, n-heptane/EtOH 95:5 (v/v), 1 mL/min. 

 

Compound 3f: 

4-quinolinyl 

(0.125 mmol, 10 mol% 7, THF, 25-65 °C, 7 d, n-hex/THF (1:2, v/v + 0.5% NEt3), 42 mg 

(81%), (+)46% ee, 1.2:1 (d/l:meso), yellow solid)  

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Eurocel, n-heptane/EtOH 90:10 (v/v), 0.5 mL/min. 

 

Compound 3g: 

4-isoquinolinyl 

(0.125 mmol, 10 mol% 7, THF, 25-65 °C, 6 d, n-hex/THF (1:2, v/v + 0.5% NEt3), 45 mg 

(86%), (-)66% ee, 1.2:1 (d/l:meso), yellow solid)  
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NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 1, n-heptane/EtOH 90:10 (v/v), 1 mL/min. 

 

Compound 3h: 

 

(0.25 mmol, 2.5 mol% 7, THF, 25 °C, 17 h, c-hex/EE (4:1, v/v), 74 mg (>95%), (+)78% ee, 

colorless solid) 

 

(0.25 mmol, 5 mol% (aR)-5 + CoBr2, THF, 25 °C, 17 h, c-hex/EE (4:1, v/v), 75 mg (>95%), 

(+)7% ee, colorless solid) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 2, n-heptane/isopropanol 95:5 (v/v); 0.5 mL/min. 

 

Compound 3i 

 

(0.25 mmol, 2.5 mol% 7, THF, 25 °C, 19 h, c-hex/EE (4:1, v/v), 67 mg (74%), (-)55% ee, 

colorless solid) 

 

(0.25 mmol, 2.5 mol-% (aR)-5 + CoBr2, THF, 25 °C, 17 h, c-hex/EE (4:1, v/v), 86 mg (94%), 

(-)18% ee, colorless solid) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Eurocel, n-heptane/isopropanol 95:5 (v/v), 0.5 mL/min. 

 

Compound 3k: 

 

(0.25 mmol, 2.5 mol% 7, THF, 25 °C, 19 h, c-hex/EE (4:1, v/v), 69 mg (70%), (+)12% ee, 

colorless solid) 
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NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 2, n-heptane/isopropanol 95:5 (v/v), 0.5 mL/min. 

 

Compound 3l: 

 

(0.125 mmol, 2.5 mol% 7, THF, 25 °C, 15 h, c-hex/EE (6:1, v/v), F1: 15 mg (27%); F2: 

19 mg (34%), F1: (+)39% ee; F2: (+)32% ee, colorless solid) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 2, n-heptane/EtOH 95:5 (v/v), 1 mL/min. 

 

Compound 9a: 

 

(0.125 mmol, 2.5 mol% 7, THF, 25-65 °C, 43 h, c-hex/EE (4:1, v/v), 47 mg (53%), (-)78% ee, 

2.2:1 (d/l:meso, HPLC area), colorless solid) 

 

(0.125 mmol, 2.5 mol% 7, toluene, 25-90 °C, 41 h, pentane/EE (6:1, v/v), 84 mg (>95%), 

(-)67% ee, 1.9:1 (d/l:meso, HPLC area), colorless solid) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Eurocel, n-heptane/EtOH 99:1 (v/v), 0.5 mL/min. 

 

Compound 9b: 
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(0.125 mmol, 2.5 mol% 7, THF, 25-65 °C, 41 h, c-hex/EE (4:1, v/v), 30 mg (32%), (-)13% ee, 

no meso-form detected), colorless solid) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 2, n-heptane/EtOH 95:5 (v/v), 0.5 mL/min. 

 

Compound 9c: 

 

(0.25 mmol, 2.5 mol% (aR)-5 + CoBr2, THF, 25-65 °C, 44 h, c-hex /EE (10:1, v/v), 141 mg 

(91%), (-)17% ee, yellow oil) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 2, n-heptane/isopropanol 95:5 (v/v), 1 mL/min. 

 

 

Compound 9d: 

 

(0.15 mmol, 10 mol% 7, toluene, 25-95 °C, 17 h, c-hex/EE (4:1, v/v), 60 mg (63%), 

(+)60% ee, colorless solid) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Reprosil, n-heptane/isopropanol 95:5 (v/v), 1 mL/min. 

 

Compound 9e: 
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(0.15 mmol, 10 mol% 7, toluene, 25-95 °C, 17 h, c-hex/EE (4:1, v/v), 90 mg (87%), 

(-)11% ee, colorless sirup) 

NMR data were in accordance with published data. 
[2]

 

Conditions of the HPLC-analysis: Cellulose 2, n-heptane/isopropanol 95:5 (v/v), 1 mL/min. 
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NMR spectra of compound SI-I: 
1
H-NMR: 

 
13

C-NMR: 

 
 

 



14 

 

31
P-NMR: 
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HPLC analysis: 

Table 1, entry 1: 
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Table 1, entry 2: 
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Table 1, entry 3: 

  

 
  

35.0183 

64.9817 

35.0345 

64.9655 
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Table 1, entry 4: 
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Table 1, entry 5: 
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Table 1, entry 6: 
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Table 1, entry 7: 
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Table 1, entry 8: 
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Table 2, entry 1: 
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Table 2, entry 2: 
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Table 3, entry 1: 
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Table 3, entry 2: 
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Table 3, entry 4: 

 

  

61.76 

38.24 

 

61.40 

38.60 
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Table 3, entry 6: 
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Table 3, entry 7: 
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Table 3, entry 8: 
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Table 3, entry 9: 
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Table 3, entry 10: 
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Table 3, entry 11: 
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Table 3, entry 13, fraction 2: 
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Table 4, entry 1: 
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Table 4, entry 2: 
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Table 4, entry 5: 

 

  

 

80.21 

19.79 

 

80.41 

19.59 
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