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Experimental

Catalytic reactions were performed  under an atmosphere of dry nitrogen.  NMR spectra were obtained on a Varian spectrometer operating at 400 MHz for 1H NMR and 100 MHz for 13C NMR in CDCl3 unless otherwise noted.  IR spectra were obtained on a Bomen MB-100 FT IR spectrometer.  Gas chromatography was performed on a Hewlett-Parkard 5890 gas chromatography equipped with a 25 m polydimethylsiloxane capillary column.  Reported retention factors correspond to thin layer silica gel chromatoraphy.  Flash column chromatography was performed employing 200-400 mesh silica gel (EM).  Elemental analyses were performed by Complete Analysis Laboratories (Parsippany, NJ).  1,4-Dioxane (Aldrich, anhydrous) was used as received.  PdCl2(CH3CN)2 (2) was purchased (Aldrich) or was prepared from PdCl2 (Strem) employing a literature procedure.1  An authentic sample of 5 was purchased from Fluka.  

Alkenyl -Keto Esters

Alkenyl -keto esters 4,2 6,3 7,3 8, trans-12,4 14,5 15,4 16,6 20, and 22,7 were prepared via alkylation of a 3-oxo-butyrate dianion with the appropriate alkyl halide employing a published procedure.2,8  Substrate cis-129 was synthesized via partial hydrogenation of methyl 3-oxo-6-nonynoate10 with Lindlar catalyst.  Spectral and analytical data for new alkenyl -keto esters and spectral data for known alkenyl -keto esters for which spectral data is lacking or incomplete is provided below. 


Isobutyl 3-oxo-6-heptenoate (8).  1H NMR:    5.84-5.74 (m, 1 H), 5.08-4.97 (m, 2 H), 3.91 (d, J = 6.4 Hz, 2 H), 3.44 (s, 2 H), 2.65 (t, J = 7.4 Hz, 2 H), 2.37-2.32 (m, 2 H), 1.94 (m, 1 H), 0.92 (d, J = 6.8 Hz, 6 H).  13C{1H} NMR:    167.5, 136.9, 115.9, 71.8, 49.6, 42.4, 28.0, 27.7, 19.3.  IR (neat, cm–1):  3078, 2962, 2875, 1742, 1713, 1641, 1468, 1411, 1376, 1315, 1234, 1154, 1088, 1000, 915.  Anal. Calcd. (found) for C11H18O3:  C, 66.64 (66.79);  H, 9.15 (9.13).  Rf (0.51;  hexanes–ethyl acetate = 5:1)

 
trans-Methyl 3-oxo-6-nonenoate (trans-12).4  1H NMR (300 MHz):    5.55 (td, J = 6.0, 15.3 Hz, 1 H), 5.47 (td, J = 6.3, 15.3 Hz, 1 H), 3.82 (s, 3 H), 3.53 (s, 2 H), 2.68 (t, J = 7.2 Hz, 2 H), 2.42-2.33 (m, 2 H), 2.13-2.02 (m, 2 H), 1.03 (t, J = 7.2 Hz, 3 H).  13C{1H} NMR:    202.5, 167.9, 133.8, 127.0, 52.6, 49.4, 43.2, 26.7, 25.8, 14.0.  Rf (0.40;  hexanes–ethyl acetate = 5:1).


cis-Methyl 3-oxo-6-nonenoate (cis-12).9  1H NMR (300 MHz):    5.50 (ttd, J = 1.5, 7.2, 11.5 Hz, 1 H), 5.36 (ttd, J = 1.5, 7.2, 11.5 Hz, 1 H), 3.83 (s, 3 H), 3.55 (s, 2 H), 2.68 (t, J = 7.2 Hz, 2 H), 2.46-2.38 (m, 2 H), 2.19-2.09 (m, 2 H), 1.05 (t, J = 7.5 Hz, 3 H).  13C{1H} NMR:    202.5, 167.9, 133.6, 126.9, 52.7, 49.4, 43.3, 21.6, 20.8, 14.5.  Rf (0.41;  hexanes–ethyl acetate = 5:1).


Methyl 3-oxo-6-nonynoate.10  1H NMR:    3.73 (s, 3 H), 3.47 (s, 2 H), 2.73 (t,  J = 7.4 Hz, 2 H), 2.44-2.40 (m, 2 H), 2.11 (tq, J = 2.4, 7.6 Hz, 2 H), 1.08 (t, J = 7.6 Hz, 3 H).  13C{1H} NMR:    201.4, 167.7, 82.9, 77.6, 52.7, 49.3, 42.7, 14.4, 13.6, 12.6.  Rf (0.37;  hexanes–ethyl acetate = 5:1).


Methyl 5-methyl-3-oxo-6-octenoate (20).  1H NMR:    5.47-5.38 (m, 1 H), 5.34-5.28 (m, 1 H), 3.71 (s, 3 H), 3.41 (s, 2 H), 2.65 (m, 1 H), 2.52 (dd, J = 7.2, 16.0 Hz, 1 H), 2.43 (dd, J = 7.2, 16.0 Hz, 1 H), 1.61 (m, 3 H), 0.98 (d, J = 6.4 Hz, 3 H).  13C{1H} NMR:    202.3, 167.9, 135.4, 124.5, 52.6, 50.4, 49.9, 32.7, 20.7, 18.2.  IR (neat, cm–1):  3024, 2957, 2932, 2876, 1746, 1714, 1650, 1632, 1453, 1436, 1406, 1319, 1239, 1157, 1011, 970.  Anal. Calcd. (found) for C10H16O3:  C, 65.19 (64.83);  H, 8.75 (8.77).  Rf (0.47;  hexanes–ethyl acetate = 5:1).

2-Carboalkoxycyclohexanones

Carbocycles 9-11 and 17 were synthesized employing a procedure analogous to that used to synthesize 5 (see below).  Carbocycles 18 and 19 and 21 were synthesized employing a procedure analogous to that used to synthesize 13 (see below).  2-Carboalkoxycyclohexanones existed as mixtures of enol and keto tautomers in CDCl3 solution.  The predominant tautomer for each carbocycle is noted and NMR data correspond to this predominant tautomer.  

2-Carbomethoxycyclohexanone (5).  A solution of methyl 3-oxo-6-heptenoate (4) (78 mg, 0.50 mmol), chlorotrimethylsilane (0.13 mL, 1.0 mmol), and 2 (13 mg, 0.05 mmol) in dioxane (15 mL) was stirred at room temperature for 8 h.  The resulting solution was concentrated under vacuum, treated with aqueous 1 N HCl (20 mL), and extracted with ether (3  60 mL).  The combined ether extracts were washed with brine, dried (MgSO4), concentrated, and chromatographed (hexanes–ether = 75:1) to give 5 (71 mg, 91%) as a pale yellow oil, Rf (0.67;  hexanes–ethyl acetate = 5:1).  1H NMR (enol tautomer):    12.19 (s, 1 H), 3.75 (s, 3 H), 2.27 (t, J = 6.4 Hz, 2 H), 2.21 (t, J = 6.0 Hz, 2 H), 1.69-1.66 (m, 2 H), 1.62-1.58 (m, 2 H).  13C{1H} NMR (enol tautomer):    173.4, 172.5, 98.0, 51.7, 29.4, 22.8, 22.7, 22.2.  NMR data were identical to an authentic sample.  


2-Carboethoxycyclohexanone (9).11  1H NMR (enol tautomer):    12.24 (s, 1 H), 4.20 (q, J = 7.2 Hz, 2 H), 2.27-2.20 (m, 4 H), 1.70-1.64 (m, 2 H), 1.62-1.58 (m, 2 H), 1.29 (t, J = 7.2 Hz, 3 H).  13C{1H} NMR (enol tautomer):    173.1, 172.3, 98.1, 60.5, 29.4, 22.8, 22.7, 22.3, 14.6. NMR data were consistent with the published data.3,11  Rf (0.59;  hexanes–ethyl acetate = 5:1).  


2-Carbobenzyloxycyclohexanone (10).12  1H NMR (enol tautomer):    12.16 (s, 1 H), 7.38-7.31 (m, 5 H), 5.21 (s, 2 H), 2.30-2.27 (m, 4 H), 1.70-1.66 (m, 2 H), 1.64-1.58 (m, 2 H).  13C{1H} NMR (enol tautomer):    172.9, 172.8, 136.5, 128.9, 128.4, 128.2, 98.0, 66.0, 29.5, 22.7, 22.6, 22.2.  NMR data were consistent with the published data.3,12  Rf (0.66;  hexanes–ethyl acetate = 5:1). 


2-Carboisobutoxycyclohexanone (11).  1H NMR (enol tautomer):    12.21 (s, 1 H), 3.91 (d, J = 6.4 Hz, 2 H), 2.27-2.21 (m, 4 H), 1.96 (m, 1 H), 1.71-1.64 (m, 2 H), 1.63-1.57 (m, 2 H), 0.94 (d, J = 6.8 Hz, 6 H).  13C{1H} NMR (enol tautomer):    173.1, 172.3, 98.2, 70.5, 29.4, 28.1, 22.8, 22.7, 22.3, 19.4.  IR (neat, cm–1):  2933, 2872, 1744, 1715, 1655, 1613, 1469, 1448, 1420, 1402, 1385, 1359, 1295, 1258, 1218, 1174, 1081, 1058, 984, 830.  Anal. Calcd. (found) for C11H18O3:  C, 66.64 (66.58);  H, 9.15 (9.14).  Rf (0.80;  hexanes–ethyl acetate = 5:1).


2-Carbomethoxy-3-ethylcyclohexanone (13).  A suspension of 2 (15 mg, 0.06 mmol), CuCl2·2H2O (94 mg, 0.53 mmol), trans-12 (100 mg, 0.55 mmol), and chlorotrimethylsilane (0.14 mL, 1.1 mmol) in 1,4-dioxane (15 mL) was stirred at 55 °C for 12 h.  The resulting suspension was concentrated under vacuum, treated with aqueous 1 N HCl (20 mL), and extracted with ether (3  60 mL).  The combined ether extracts were washed with brine, dried (MgSO4), concentrated, and chromatographed (hexanes–ether = 20:1  5:1) to give 13 (82 mg, 82%) as a pale yellow oil, Rf (0.32;  hexanes–ethyl acetate = 5:1).  1H NMR (keto tautomer):    3.75 (s, 3 H), 3.14 (d, J = 11.2 Hz, 1 H), 2.51-2.45 (m, 1 H), 2.30-2.23 (m, 1 H), 2.07-1.99 (m, 2 H), 1.75-1.64 (m, 2 H), 1.48-1.36 (m, 2 H), 1.31-1.21 (m, 1 H), 0.92 (t, J = 7.2 Hz, 3 H).  13C{1H} NMR (keto tautomer):    206.6, 170.7, 63.7, 52.3, 42.8, 41.4, 28.7, 27.9, 25.0, 11.1.  IR (neat, cm–1):  2952, 2874, 1745, 1712, 1649, 1613, 1439, 1380, 1337, 1301, 1280, 1262, 1219, 1152, 1116, 1079.  Anal. Calcd. (found) for C10H16O3:  C, 65.19 (65.03);  H, 8.75 (8.69).  


2-Carbomethoxy-3-phenylcyclohexanone (17).  1H NMR (enol tautomer):    12.54 (s, 1 H), 7.28-7.24 (m, 3 H), 7.23-7.10 (m, 2 H), 3.89 (dd, J = 3.4, 5.4 Hz, 1 H), 3.51 (s, 3 H), 2.36-2.33 (m, 2 H), 1.90-1.83 (m, 1 H), 1.73-1.69 (m, 1 H), 1.56-1.51 (m, 2 H).  13C{1H} NMR (enol tautomer):    174.3, 173.3, 146.3, 128.3, 127.9, 126.1, 100.0, 51.8, 38.6, 31.8, 29.5, 17.1.  IR (neat, cm–1):  3059, 3025, 2947, 2867, 1951, 1876, 1746, 1713, 1656, 1613, 1492, 1440, 1380, 1359, 1314, 1267, 1221, 1084.  Anal. Calcd. (found) for C14H16O3:  C, 72.39 (72.36);  H, 6.94 (6.84).  Rf (0.21;  hexanes–ethyl acetate = 5:1).


2-Carbomethoxy-3-methylcyclohexanone (18).13  1H NMR (keto tautomer):    3.76 (s, 3 H), 3.05 (d, J = 11.2 Hz, 1 H), 2.49-2.44 (m, 1 H), 2.32-2.24 (m, 2 H), 2.08-2.01 (m, 1 H), 1.95-1.89 (m, 1 H), 1.79-1.57 (m, 2 H), 1.02 (d, J = 6.4 Hz, 3 H).  13C{1H} NMR (keto tautomer):    206.3, 170.5, 65.4, 52.3, 41.2, 37.0, 32.7, 25.3, 21.2.  NMR data were consistent with the published data.13  Rf (0.35;  hexanes–ethyl acetate = 5:1).


2-Carbomethoxy-3-(4-methoxycarbonyl-3-oxo)butylcyclohexanone (19).  1H NMR (keto tautomer):    3.75 (s, 3 H), 3.73 (s, 3 H), 3.46 (s, 2 H), 3.12 (d, J = 10.8 Hz, 1 H), 2.64-2.55 (m, 2 H), 2.53-2.49 (m, 1 H), 2.28-2.24 (m, 2 H), 2.08-2.02 (m, 1 H), 1.86-1.77 (m, 1 H), 1.70-1.64 (m, 2 H), 1.61-1.48 (m, 2 H).  13C{1H} NMR (keto tautomer):    202.9, 202.2, 173.5, 170.4, 63.7, 52.7, 51.8, 49.2, 41.8, 40.5, 31.3, 29.3, 25.7, 17.3.  IR (neat, cm–1):  2999, 2951, 2868, 1754, 1746, 1730, 1713, 1643, 1620, 1441, 1414, 1358, 1316, 1221, 1151, 1068, 1021, 944.  Anal. Calcd. (found) for C14H20O6:  C, 59.14 (59.18);  H, 7.09 (7.04).  Rf (0.49;  hexanes–ethyl acetate = 1:1).


2-Carbomethoxy-3,5-dimethylcyclohexanone (21).  1H NMR (keto tautomer):    3.75 (s, 3 H), 2.98 (d, J = 12.0 Hz, 1 H), 2.44-2.40 (m, 1 H), 2.30-2.20 (m, 1 H), 1.83 (m, 3 H), 1.19-1.10 (m, 1 H), 1.02 (d, J = 6.0 Hz, 3 H), 1.01 (d, J = 6.4 Hz, 3 H).  13C{1H} NMR (keto tautomer):    206.6, 170.7, 64.7, 52.2, 49.4, 41.9, 35.9, 33.1, 22.5, 21.3.  IR (neat, cm–1):  2955, 2926, 2872, 1745, 1711, 1609, 1435, 1355, 1313, 1261, 1221, 1190, 1157, 1058, 1028.  Anal. Calcd. (found) for C10H16O3:  C, 65.19 (65.37);  H, 8.75 (8.82).  Rf (0.42;  hexanes–ethyl acetate = 5:1).


Compound 21 was decarboxylated employing the method of Johnson14 to form 3,5-dimethylcyclohexanone,15 which was analyzed by 1H NMR spectroscopy.  Integration of the methyl resonances corresponding to the trans ( 1.00, d, J = 6.8 Hz) and cis ( 1.04, d, J = 6.0 Hz) isomers of 3,5-dimethylcyclohexanone established a 5.8:1 mixture of trans:cis diastereomers.15 

2-Phenylcyclohexanone.16  1H NMR:  7.33-7.29 (m, 2 H), 7.25-7.21 (m, 1 H), 7.13-7.11 (m, 2 H), 3.59 (dd, J = 5.4, 12.2 Hz, 1 H), 2.54-2.43 (m, 2 H), 2.28-2.22 (m, 1 H), 2.16-2.10 (m, 1 H), 2.04-1.95 (m, 2 H), 1.83-1.77 (m, 2 H).  13C {1H} NMR:    210.6, 139.1, 128.8, 128.7, 127.2, 57.7, 42.5, 35.4, 28.1, 25.6. .  NMR data were consistent with the published data.16  Rf (0.44;  hexanes–ethyl acetate = 5:1).
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