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Instrumentation and Chemicals

1H NMR (300 and 500 MHz) and 13C NMR (125.7 MHz) spectra were taken on

Varian Mercury 300 and UNITY INOVA 500 spectrometers and were recorded in CDCl3.

Chemical shifts (δ) are in parts per million relative to CHCl3 at 7.26 ppm for 1H and relative

to CDCl3 at 77.2 ppm for 13C unless otherwise noted.  IR spectra were determined on a

SHIMADZU FTIR-8200PC spectrometer.  TLC analyses were performed on commercial

glass plates bearing 0.25-mm layer of Merck Silica gel 60F254.  Silica gel (Wakogel 200

mesh) was used for column chromatography.  Elemental analyses were carried out at the

Elemental Analysis Center of Kyoto University.

Unless otherwise noted, materials obtained from commercial suppliers were used

without further purification.  Anhydrous CoCl2 was purchased from Wako Pure Chemicals

and was used after removal of water.  Specifically, in each experiment, CoCl2 was dried in

a reaction flask carefully under reduced pressure (0.5 torr) by heating with a hair dryer for 2

min immediately before use.  SIEt⋅HCl (1) and SIMes⋅HCl (3) were prepared according to

the literature.1  IMes⋅HCl (2) and IPr⋅HCl (4) were purchased from Strem Chemicals.

Trialkylsilylmethylmagnesium chloride was prepared from magnesium metal and the

corresponding (chloromethyl)trialkylsilane in diethyl ether.  Diethyl ether was purchased

from Kanto Chemical Co., stored under nitrogen, and used as it is.  Dioxane was dried

over slices of sodium.  All reactions were carried out under argon atmosphere.
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Experimental Section

Typical procedure for NHC/cobalt-catalyzed coupling reaction of 6-halo-1-hexene

derivative with trialkylsilylmethylmagnesium chloride: The reaction of 5 with

allyldimethylsilylmethylmagnesium chloride (Scheme 1) is representative.  Anhydrous

cobalt(II) chloride (3.2 mg, 0.025 mmol) was placed in a 20-mL reaction flask and was

heated with a hair dryer in vacuo for 2 min.  After the color of the cobalt salt became blue,

anhydrous dioxane (2 mL), SIEt⋅HCl (1, 9.3 mg, 0.025 mmol) and substrate 5 (182 mg,

0.50 mmol) were sequentially added under argon.  Allyldimethylsilylmethylmagnesium

chloride (1.0 M diethyl ether solution, 1.5 mL, 1.5 mmol) was then added over 5 s to the

reaction mixture at 25 ˚C.  While the Grignard reagent was being added, the mixture

turned brown.  After being stirred for 30 min at 25 ˚C, the reaction mixture was poured

into saturated ammonium chloride solution.  The products were extracted with ethyl

acetate (20 mL × 3).  The combined organic layer was dried over Na2SO4 and concentrated.

Silica gel column purification (hexane/ethyl acetate = 10:1) of the crude product provided

the corresponding cyclization/coupling product 6 (140 mg, 0.40 mmol) in 81% isolated

yield.

Oxidation of cyclization/coupling product 6: A solution of 6 (88 mg, 0.25 mmol) in

CHCl3 (5 mL) was placed in a 30-mL flask.  Potassium hydrogenfluoride (82 mg, 1.05

mmol) and trifluoroacetic acid (0.09 mL, 1.25 mmol) were sequentially added to the
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reaction mixture.  After being stirred for 18 h at room temperature, the solvent was

evaporated under a reduced pressure to give a yellow oil.  The crude product was

dissolved in methanol-THF (8 mL, 1:1 mixture).  Potassium hydrogencarbonate (115 mg,

1.15 mmol) and 30% H2O2 aq (0.52 mL) were successively added.  After being stirred at

room temperature for 18 h, the reaction mixture was poured into saturated sodium

thiosulfate solution.  The product was extracted with ethyl acetate (20 mL × 3).  The

combined organic layer was dried over Na2SO4 and concentrated.  Purification by silica

gel column chromatography (hexane/ethyl acetate = 1:1) provided the alcohol 7 (50 mg,

0.18 mmol) in 74% yield.

General procedure for NHC/cobalt-catalyzed coupling reaction of 6-halo-1-hexene

derivative with 1-alkynyl Grignard reagent: The reaction of 5 with 1-hexynylmagnesium

bromide (eq. 1) is representative.  

Preparation of 1-hexynylmagnesium bromide: Isopropylmagnesium bromide (1.0 M

diethyl ether solution, 1.25 mL, 1.25 mmol) was placed in a 30-mL reaction flask under

argon.  1-Hexyne (134 mg, 1.63 mmol) was added, and the reaction mixture was stirred

for 2 h at room temperature.  

NHC/cobalt-catalyzed coupling reaction: Anhydrous cobalt(II) chloride (3.2 mg,

0.025 mmol) was placed in a 20-mL reaction flask and was heated with a hair dryer in

vacuo for 2 min.  After the color of the cobalt salt became blue, anhydrous dioxane (1 mL)
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and IMes⋅HCl (2, 8.5 mg, 0.025 mmol) were sequentially added under argon.  Substrate 5

(91 mg, 0.25 mmol) was added.  1-Hexynylmagnesium bromide (1.0 M diethyl ether

solution, 1.25 mL, 1.25 mmol) was then added over 5 s to the reaction mixture at 25 ˚C.

While the Grignard reagent was being added, the mixture turned brown.  After being

stirred for 30 min at 25 ˚C, the reaction mixture was poured into saturated ammonium

chloride solution.  The products were extracted with ethyl acetate (20 mL × 3).  The

combined organic layer was dried over Na2SO4 and concentrated to provide a yellow oil.

Silica gel column purification (hexane/ethyl acetate = 10:1) furnished 22a (64 mg, 0.20

mmol) in 80% yield.
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Characterization Data

The substrates 5, 8, 9, 10, 11 and 12 were prepared according to the literature.2

1-(p-Toluenesulfonyl)-3-[2-(allyldimethylsilyl)ethyl]pyrrolidine (6):  oil. IR (neat) 663,

1099, 1162, 1248, 1346, 2916, 2952 cm–1;  1H NMR (CDCl3) δ –0.06 (s, 6H), 0.37–0.47

(m, 2H), 1.13–1.25 (m, 2H), 1.39 (m, 1H), 1.42–1.48 (dm, J = 8.0 Hz, 2H), 1.89–1.99 (m,

2H), 2.44 (s, 3H), 2.80 (dd, J = 10.0, 7.5 Hz, 1H), 3.20 (ddd, J = 10.0, 8.5, 7.5 Hz, 1H),

3.32 (ddd, J = 10.0, 8.5, 4.5 Hz, 1H), 3.43 (dd, J = 10.0, 7.5 Hz, 1H), 4.79–4.84 (m, 2H),

5.73 (dddd, J = 17.5, 13.5, 9.5, 8.0 Hz, 1H), 7.32–7.34 (dm, J = 8.5 Hz, 2H) , 7.71–7.73

(dm, J = 8.5 Hz, 2H); 13C NMR (CDCl3) δ –3.72 (× 2C), 13.36, 21.73, 23.20, 27.47, 31.25,

42.17, 47.79, 53.29, 113.13, 127.77, 129.80, 134.29, 135.02, 143.45;  Found: C, 61.21; H,

8.09%.  Calcd for C18H29NO2SSi: C, 61.49; H, 8.31%.

2-[1-(p-Toluenesulfonyl)-3-pyrrolidinyl]ethanol (7):  oil. IR (neat) 1043, 1160, 1340,

2880, 2930, 3566 cm–1;  1H NMR (CDCl3) δ 1.41 (m, 1H), 1.52 (q, J = 6.5 Hz, 2H), 1.62

(brs, 1H), 1.96 (m, 1H), 2.16 (septet, J = 8.0 Hz, 1H), 2.43 (s, 3H), 2.83 (t, J =9.0 Hz, 1H),

3.17 (m, 1H), 3.36 (m, 1H), 3.46 (dd, J = 10.0, 8.5 Hz, 1H), 3.56–3.64 (m, 2H), 7.31 –7.33

(dm, J = 8.5 Hz, 2 H), 7.70–7.72 (dm, J = 8.5 Hz, 2H); 13C NMR (CDCl3) δ 21.72, 31.65,

35.88, 35.91, 47.62, 53.38, 61.42, 127.69, 129.84, 133.99, 143.58;  Found: C, 58.12; H,

7.30%.  Calcd for C13H19NO3S: C, 57.97; H, 7.11%.

Allyl{2-(2,9-dioxa-4-bicyclo[4.3.0]nonanyl)ethyl}dimethylsilane (13, Major isomer):

oil. IR (neat) 898, 1147, 1251, 1629, 1773, 2877, 2921 cm–1;  1H NMR (CDCl3) δ –0.01 (s,
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6H), 0.41–0.54 (m, 2H), 1.28 (m, 1H), 1.34–1.40 (m, 2H), 1.51–1.53 (dm, J = 8.5 Hz, 2H),

1.50–1.63 (m, 3H), 1.97 (m, 1H), 2.73 (m, 1H), 3.62 (dd, J = 10.5, 8.0 Hz, 1H), 3.65 (m,

1H), 3.75 (m, 1H), 3.95 (t, J = 8.0 Hz, 1H), 4.81–4.86 (m, 2H), 5.28 (d, J = 4.0 Hz, 1H),

5.76 (dddd, J =18.5, 16.5, 10.5, 8.5 Hz, 1H); 13C NMR (CDCl3) δ –3.65 (× 2C), 13.62,

19.29, 21.29, 23.28, 23.49, 36.51, 44.57, 61.21, 70.20, 102.30, 113.14, 135.11;  Found: C,

66.11; H, 10.51%.  Calcd for C14H26O2Si: C, 66.09; H, 10.30%.  

Allyl[2-(4-butoxy-2,2-dimethyl-3-oxacyclopentyl)ethyl]dimethylsilane (14) (67:33

mixture of diastereomers):  oil. IR (neat) 893, 1097, 1250, 1558, 2932, 2960 cm–1;  1H

NMR (CDCl3) δ –0.01 (s, 6H), 0.40–0.60 (m, 2H), 0.91 (t, J = 7.0 Hz, 3H), 1.01 (s,

0.67×3H), 1.13 (s, 0.33×3H), 1.14–1.21 (m, 1H), 1.23 (s, 0.33×3H), 1.32 (s, 0.67×3H),

1.33–1.41 (m, 4H), 1.49–1.64 (m, 4H), 1.72 (m, 0.33×1H), 2.04–2.11 (m, 0.67×2H), 2.45

(ddd, J = 13.0, 8.0, 6.0 Hz, 0.33×1H), 3.30–3.37 (m, 1H), 3.64–3.72 (m, 1H), 4.81–4.85 (m,

2H), 4.95 (d, J = 4.5 Hz, 0.67×1H), 5.04 (dd, J = 6.0, 4.5 Hz, 0.33×1H), 5.77 (dddd, J =

18.0, 16.5, 10.0, 8.0, Hz, 1H); 13C NMR (CDCl3) δ –3.63 (× 2C), 14.11 (× 2C), 14.22, 14.30,

19.64, 19.66, 23.31, 23.33 (× 2C), 23.35 (× 2C), 23.76, 24.22, 24.41, 28.51, 30.32, 32.14,

32.19, 39.33, 39.54, 49.23, 51.98, 66.68, 67.87, 82.92, 83.64, 102.01, 103.20, 113.01 (× 2C),

135.23 (× 2C) ;  Found: C, 68.31; H, 11.45%.  Calcd for C17H34O2Si: C, 68.39; H,

11.48%.

Allyl[2-(4-butoxy-2-pentyl-3-oxacyclopentyl)ethyl]dimethylsilane (15) (54:46 mixture

of diastereomers):  oil. IR (neat) 893, 1097, 1250, 1458, 1631, 2957 cm–1;  1H NMR
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(CDCl3) δ –0.01 (s, 6H), 0.43–0.58 (m, 2H), 0.89–0.94 (m, 6H), 1.19 (m, 0.54×1H),

1.26–1.65 (m, 17H), 1.99 (m, 0.46×1H), 2.11 (dd, J = 17.5, 7.5 Hz, 0.54×1H), 2.27 (ddd, J

= 13.0, 9.5, 5.5 Hz, 0.46×1H), 3.31–3.39 (m, 1H), 3.56–3.62 (m, 1H), 3.65–3.70 (m, 1H),

4.81–4.86 (m, 2H), 5.02 (d, J = 5.0 Hz, 0.54×1H), 5.07 (dd, J = 5.0, 2.5 Hz, 0.46×1H),

5.73–5.81 (m, 1H); 13C NMR (CDCl3) δ –3.64 (× 2C), –3.62 (× 2C),13.54, 13.60, 14.08,

14.12, 14.27, 14.30, 19.66, 19.69, 22.89 (× 2C), 22.31, 23.35, 26.26, 26.47, 27.38, 27.75,

32.11, 32.18, 32.19, 32.26, 34.89, 37.25, 39.27, 39.95, 45.94, 47.04, 66.89, 67.26, 82.85,

85.58, 103.61, 103.71, 112.95, 113.00, 135.23, 135.29;  Found: C, 70.54; H, 11.93%.

Calcd for C20H40O2Si: C, 70.52; H, 11.84%.  

Allyl(2-cyclopentylethyl)dimethylsilane (16):  oil. IR (neat) 893, 1150, 1250, 1630, 2910,

2952 cm–1;  1H NMR (CDCl3) δ –0.02 (s, 6H), 0.50–0.55 (m, 2H), 1.03–1.10 (m, 2H),

1.25–1.31 (m, 2H), 1.46–1.62 (m, 6H), 1.67–1.78 (m, 3H), 4.80–4.86 (m, 2H), 5.79 (dddd,

J = 18.0, 16.5, 10.0, 8.0 Hz, 1H); 13C NMR (CDCl3) δ –3.59, 13.93, 23.44, 25.49, 30.22,

32.57, 43.59, 112.69, 135.59.

1-(p-Toluenesulfonyl)-3-[2-(dimethylphenylsilyl)ethyl]pyrrolidine (17):  oil. IR (neat)

815, 1113, 1163, 1345, 2919, 2953 cm–1;  1H NMR (CDCl3) δ 0.22 (s, 6H), 0.61–0.69 (m,

2H), 1.17–1.27 (m, 2H), 1.35 (m, 1H), 1.89–1.98 (m, 2H), 2.44 (s, 3H), 2.77 (dd, J = 10.0,

7.5 Hz, 1H), 3.18 (ddd, J = 10.0, 8.5, 7.5 Hz, 1H), 3.31 (ddd, J = 10.0, 8.5, 4.0 Hz, 1H),

3.42 (dd, J = 10.0, 7.5 Hz, 1H), 7.31–7.33 (dm, J = 8.5 Hz, 2H), 7.34–7.37 (m, 3H),

7.45–7.47 (m, 2H), 7.70–7.72 (dm, J = 8.5 Hz, 2H);  13C NMR (CDCl3) δ –3.14, –3.08,
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14.32, 21.70, 27.45, 31.13, 42.05, 47.77, 53.22, 127.68, 127.97, 129.15, 129.77, 133.62,

134.00, 138.96, 143.44;  Found: C, 65.08; H, 7.39%.  Calcd for C21H29SNO2Si: C, 65.07;

H, 7.39%.

(2-Iodocyclopentyloxy)dimethylvinylsilane (18) :  oil. IR (neat) 698, 787, 836, 884, 959,

1017, 1074, 1252, 1407, 2958 cm–1;  1H NMR (C6D6) δ 0.14 (s, 3H), 0.15 (s, 3H),

1.38–1.57 (m, 3H), 1.78–1.95 (m, 2H), 2.08 (m, 1H), 3.96 (m, 1H), 4.43 (m, 1H), 5.71 (dd,

J = 20.1, 3.9 Hz, 1H), 5.91 (dd, J = 14.7, 3.9 Hz, 1H), 6.12 (dd, J = 20.1, 3.9 Hz, 1H);  13C

NMR (C6D6) δ –1.16, –1.15, 22.80, 32.78, 34.85, 36.39, 83.23, 133.76, 138.08;  Found: C,

36.27; H, 5.48%.  Calcd for C9H17OSiI: C, 36.49; H, 5.78%.

Diol 20 (Major isomer): oil. IR (neat) 700, 838, 1114, 1248, 1427, 2955, 3337 cm–1;  1H

NMR (CDCl3) δ 0.28 (s, 6H), 0.67 (ddd, J = 14.0, 13.0, 4.5 Hz, 1H), 0.88 (ddd, J = 14.0,

13.0, 4.5 Hz, 1H), 1.40–1.88 (m, 9H), 2.44 (brs, 1H), 2.83 (brs, 1H), 3.97 (m, 1H), 4.30 (m,

1H), 7.34–7.36 (m, 3H), 7.50–7.52 (m, 2H);  13C NMR (C6D6) δ –3.00, –2.88, 11.98, 21.22,

22.06, 30.82, 36.22, 47.95, 74.42, 77.37, 128.00, 129.13, 133.76, 139.32. ;  Found: C,

69.13; H, 9.28%.  Calcd for C16H26O2Si: C, 69.01; H, 9.41%.  (Minor isomer): 1H NMR

(C6D6) δ 0.28 (s, 6H), 0.72 (ddd, J = 14.0, 13.0, 4.5 Hz, 1H), 0.97 (ddd, J = 14.0, 13.0, 4.5

Hz, 1H), 1.45–1.86 (m, 9H), 2.19 (brs, 1H), 2.24 (brs, 1H), 3.64 (m, 1H), 4.40 (m, 1H),

7.34–7.36 (m, 3H), 7.50–7.52 (m, 2H);  13C NMR (C6D6) δ –2.92, _2.89, 11.37, 22.66,

26.57, 30.80, 35.36, 50.06, 74.54, 75.09, 128.02, 129.15, 133.76, 139.29.

1-(p-Toluenesulfonyl)-3-(2-heptynyl)pyrrolidine (22a):  oil. IR (neat) 664, 1039, 1094,
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1162, 1346, 2872, 2957 cm–1;  1H NMR (CDCl3) δ 0.89 (t, J = 7.5 Hz, 3H), 1.32–1.44 (m,

4H), 1.57 (m, 1H), 1.92 (m, 1H), 2.05–2.12 (m, 4H), 2.22 (septet, J = 7.0 Hz, 1H), 2.43 (s,

3H), 2.98 (dd, J = 10.0, 7.5 Hz, 1H), 3.23 (dt, J = 10.0, 8.5 Hz, 1H), 3.31 (m, 1H), 3.42 (dd,

J = 10.0, 7.5 Hz, 1H), 7.31–7.33 (dm, J = 8.5 Hz, 2H), 7.71–7.73 (dm, J = 8.5 Hz, 2H);

13C NMR (CDCl3) δ 13.77, 18.44, 21.70, 22.07, 22.17, 30.57, 31.17, 38.19, 47.60, 52.59,

77.11, 81.95, 127.74, 129.77, 133.81, 143.51;  Found: C, 67.78; H, 8.06%.  Calcd for

C18H25NO2S: C, 67.67; H, 7.89%.  

1-(p-Toluenesulfonyl)-3-(4,4-dimethyl-2-pentynyl)pyrrolidine (22b):  white solid. IR

(nujol) 665, 1160, 1340, 2854, 2923 cm–1;  1H NMR (CDCl3) δ 1.12 (s, 9H), 1.57 (m, 1H),

1.90 (m, 1H), 2.05 (dd, J = 16.5, 7.0 Hz, 1H), 2.10 (dd, J = 16.5, 6.0 Hz, 1H), 2.22 (septet,

J = 7.0 Hz, 1H), 2.43 (s, 3H), 2.94 (dd, J = 10.0, 7.5 Hz, 1H), 3.22–3.30 (m, 2H), 3.42 (dd,

J = 10.0, 7.5 Hz, 1H), 7.31–7.33 (dm, J = 8.5 Hz, 2H), 7.71–7.72 (dm, J = 8.5 Hz, 2H);

13C NMR (CDCl3) δ 21.70, 21.96, 27.48, 30.45, 31.39, 38.16, 47.69, 52.51, 75.48, 90.83,

127.80, 129.82, 134.00, 143.52;  Found: C, 67.38; H, 7.82%.  Calcd for C18H25NO2S: C,

67.67; H, 7.89%.  m.p. 76–80 ˚C.

1-(p-Toluenesulfonyl)-3-[7-(trimethylsilyloxy)-2-heptynyl]pyrrolidine (22c):  oil. IR

(neat) 664, 842, 1094, 1162, 1251, 1346, 2866, 2952 cm–1;  1H NMR (CDCl3) δ 0.11 (s,

9H), 1.46–1.60 (m, 5H), 1.91 (m, 1H), 2.05–2.12 (m, 4H), 2.22 (septet, J = 7.0 Hz, 1H),

2.43 (s, 3H), 2.97 (dd, J = 10.0, 7.5 Hz, 1H), 3.22 (dt, J = 10.0, 7.5 Hz, 1H), 3.31 (m, 1H),

3.41 (dd, J = 10.0, 7.5 Hz, 1H), 3.58 (t, J = 6.0 Hz, 2H), 7.31–7.33 (dm, J = 8.5 Hz, 2H),



S11

7.70–7.72 (dm, J = 8.5 Hz, 2H);  13C NMR (CDCl3) δ –0.26, 18.66, 21.73, 22.32, 25.59,

30.71, 32.05, 38.31, 47.63, 52.68, 62.30, 77.48, 81.73, 127.81, 129.82, 134.13, 143.52;

Found: C, 62.15; H, 8.22%.  Calcd for C21H33NO3SSi: C, 61.87; H, 8.16%.

4-(2-Heptynyl)-4,5-dihydro-5,5-dimethyl-2(3H)-furanone (23):  oil. IR (neat) 960,

1123, 1272, 1388, 1773, 2959 cm–1;  1H NMR (CDCl3) δ 0.90 (t, J = 7.5 Hz, 3H), 1.33 (s,

3H), 1.35–1.48 (m, 4H), 1.50 (s, 3H), 2.12–2.17 (m, 2H), 2.29 (dt, J = 6.5, 2.5 Hz, 2H),

2.39–2.46 (m, 2H), 2.71 (q, J = 9.5 Hz, 1H);  13C NMR (CDCl3) δ 13.77, 18.50, 19.79,

22.06, 22.15, 28.35, 31.10, 35.18, 44.62, 76.67, 82.79, 86.45, 175.32;  Found: C, 74.70; H,

9.60%.  Calcd for C13H20O2: C, 74.96; H, 9.68%.
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