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A New Approach to Functionalised Spiropiperidines Through Tandem RCM and Nitrogen-Directed Reactions
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Melting points (m.p.) were recorded on a Gallenkamp melting point apparatus and are uncorrected. Concentrations (c) are quoted in g/100ml. 1H NMR spectra were recorded on a Bruker AC-250 (250 MHz) unless otherwise stated. Chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as the internal standard (CHCl3:7.27 ppm). Data are reported as follows: chemical shift, integration, multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, br=broad, m=multiplet),  coupling constants (Hz), and assignment. 13C NMR spectra were recorded on a Bruker AC-250 (62.9 MHz) or AMX-400 (100.6 MHz) with complete proton decoupling. Chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as the internal standard (CDCl3:77.0 ppm). Infrared (IR) spectra were recorded on a Perkin Elmer Paragon 100 FTIR spectrophotometer, max in cm-1. Bands are characterized as broad (br), strong (s), medium (m) and weak (w). Low resolution mass spectra (m/z) were recorded on either a Kratos MS 25 or MS 80 spectrometer supported by a DS 55 data system, operating in E.I., C.I. or positive FAB mode; or a Perkin-Elmer Turbomass Benchtop GC-MS operating in E.I. mode with only molecular ions (M+) and major peaks being reported with intensities quoted as percentages of the base peak. High-resolution mass spectra (HRMS) were recorded on a Bruker Reflex III MALDI-TOF Mass Spectrometer. 
All reactions were conducted in oven and flame-dried glassware under an inert atmosphere of dry nitrogen. All reagents were used as received from commercial suppliers unless otherwise stated. Toluene, DCM and DMF were distilled from calcium hydride. Methanol was distilled from magnesium. Petroleum ether refers to 40-60 petroleum distillate, which was distilled prior to use. Ether and tetrahydrofuran were distilled from sodium metal/benzophenone ketal.  In vacuo refers to the rotary evaporation of solvents under reduced pressure on a Buchi. Flash chromatography was performed on silica gel (Merck Kieselgel 60 F254 230-400 mesh). Thin layer chromatography (TLC) was performed on aluminium backed plates pre-coated with silica (0.2 mm, Merck DC-alufolien Kieselgel 60 F254) which were developed using standard visualizing agents: potassium permanganateBrady’s reagent / . 

1. Synthesis of 2-tert-butoxycarbonylamino-2-pent-4-enyl-malonic acid               diethyl ester


[image: image1.wmf]O

O

O

O

E

t

E

t

N

H

O

O

O

O

E

t

E

t

N

H

O

O

4

O

O


To absolute ethanol (55 ml) at 0 oC was added sodium (1.49 g, 64.7 mmol, washed with petroleum ether 40:60). After dissolution of the sodium, diethyl-(boc-amino) malonate 4 (15 ml, 58.8 mmol) was added via syringe and the resultant mixture stirred at 0 oC. After 5 minutes, 5-bromopent-1-ene (8 ml, 67.6 mmol) was added again via syringe. The reaction was heated at reflux for 12 hours after which time it was quenched with water and the product extracted with ethyl acetate. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue was carried out by filtration through celite/silica with ethyl acetate, to afford the product as a colourless oil (20.18 g, 100 %) 

1H NMR (250 MHz, CDCl3): 1.20-1.30 (2H, m, CH2CH2CH2), 1.24 (6H, t, J=7.0 Hz, OCH2CH3), 1.42 (9H, s, C(CH3)3), 2.06 (2H, app dt, J=7.0, 7.0 Hz, CH2CH=CH2), 2.27 (2H, br t, J=8.0 Hz, CH2C(CO2Et)2NHBoc), 4.13-4.30 (4H, m, OCH2CH3), 4.90-5.05 (2H, m, CH=CH2), 5.76 (1H, app ddt, J=17.0, 10.5, 7.0 Hz, CH=CH2), 5.90 (1H, br s, NH)

13C NMR (62.9 MHz, CDCl3): 14.0, 22.8, 28.2, 33.2, 60.4, 62.3, 66.4, 114.9, 138.0, 153.8, 159.3, 168.3.

FTIR (Film/cm-1) (max: 3429 (m), 2980 (m), 2934 (w), 1740 (s), 1722 (s), 1488 (s), 1368 (w), 1258 (m), 1205 (w), 1169 (s), 1027 (m).

HRMS Calculated for C17H29NO6 (MH+): 344.2073. Found 344.2058.

2. Reduction  to (1,1-bis-hydroxymethyl-hex-5-enyl)-carbamic acid tert-butyl ester 5
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To a stirred solution of lithium aluminium hydride (LiAlH4) (1.15 g, 29.12 mmol) in THF (20 ml) at 0 oC was added alkylated malonate 4 (4 g, 11.65 mmol) in THF (20 ml) via cannula. The mixture was allowed to warm to room temperature and stirred for 12 hours, after which time it was quenched with NH4Cl(aq). The product was extracted with DCM/MeOH (10:1), the organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded diol 5 as a colourless solid (2.35 g, 78 %).

(NB: larger quantities of diol 5 were prepared by multiple small-scale reactions rather than a large-scale reaction for safety purposes.)

1H NMR (250 MHz, CDCl3): 1.30-1.46 (2H, m, CH2CH2CH2), 1.43 (9H, s, C(CH3)3), 1.49-1.59 (2H, m, CH2C(CH2OH)2NHBoc), 2.04 (2H, app dt, J=7.0, 7.0 Hz, CH2CH=CH2), 3.57 (2H, br d, J=11.0 Hz, CHHOH), 3.82 (2H, br d, J=11.0 Hz, CHHOH), 4.90 (1H, br s, NH), 4.92-5.07 (2H, m, CH=CH2), 5.78 (1H, app ddt, J=17.0, 10.0, 7.0 Hz, CH=CH2).

13C NMR (62.9 MHz, CDCl3): 22.3, 28.3, 32.9, 33.7, 59.3, 60.4, 66.4, 115.0, 138.2, 156.5.

FTIR (Film/cm-1) max:  3355 (br s), 2978 (m), 2930 (s), 1694 (s), 1642 (w), 1504 (m), 1367 (m), 1170 (s), 1048 (m).

HRMS Calculated for C13H25NO4 (MH+): 260.1862. Found 260.1849.

Melting point / oC: 86.5 – 88.1.

3. Synthesis of 4-hydroxymethyl-4-pent-4-enyl-oxazolidin-2-one 6
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To THF (120 ml) at 0 oC was added NaH (60 % w/w in mineral oil) (1.4 g, 34.91 mmol). After several minutes, diol 5 (8.23 g, 31.73 mmol) in THF (10 ml) was added via cannula and the mixture was allowed to warm to room temperature and stir for 12 hours. The reaction was quenched with water and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded oxazolidinone 6 as a colourless solid (4.14 g, 71 %).

1H NMR (250 MHz, CDCl3): 1.36-1.59 (4H, m, CH2CH2CH2CH=CH2), 2.12 (2H, app dt, J=7.0, 7.0 Hz, CH2CH=CH2), 3.44 (1H, d, J=12.0 Hz, CHHOH), 3.58 (1H, d, J=12.0 Hz, CHHOH), 4.07 (1H, d, J=8.5 Hz, CHHOC(O)), 4.32 (1H, d, J=8.5 Hz, CHHOC(O)), 4.90-5.07 (2H, m, CH=CH2), 5.75 (1H, app ddt, J=17.0, 10.0, 7.0 Hz, CH=CH2), 6.62 (1H, br s, NH).

13C NMR (62.9 MHz, CDCl3): 22.5, 33.7, 34.8, 62.0, 66.2, 71.4, 115.4, 137.7, 160.6.

FTIR (Film/cm-1) max:  3306 (br s), 2927 (m), 2854 (w), 1738 (s), 1403 (w), 1257 (w), 1166 (w), 1047 (m).

HRMS Calculated for C9H15NO3 (MH+): 186.1130. Found 186.1123.

Melting point / oC: 80.3 – 81.4.

4. Synthesis of 4-pent-4-enyl-4-vinyl-oxazolidin-2-one 7
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To DCM (35 ml) at –78 oC was added oxalyl chloride (0.92 ml, 10.48 mmol) via syringe. DMSO (1.55 ml, 21.87 mmol) in DCM (60 ml) was then added via cannula into this mixture and left to stir for 2 minutes. After this time oxazolidinone 6 (1.69 g, 9.11 mmol) in DCM (35 ml) was added via cannula into the reaction. The reaction mixture was left to stir for one hour. Et3N (5.08 ml, 36.45 mmol) was added via syringe and the mixture allowed to warm to room temperature. The reaction was quenched with water and NaHCO3 and the product extracted with DCM. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. The crude aldehyde was carried through to the next step without further purification or characterisation.
To a stirred solution of methyltriphenylphosphonium bromide (4.82 g, 13.50 mmol) in THF (100 ml) at room temperature was added potassium tbutoxide (1.51 g, 13.50 mmol) in one portion. The mixture was stirred until dissolution, after which time the crude aldehyde in THF (30 ml) was added via cannula. The reaction was left to stir for 1 hour. The reaction was quenched with water and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded oxazolidinone 7 as a colourless oil (1.4 g, 85 %) from 6.

1H NMR (250 MHz, CDCl3): 1.26-1.44 (2H, m, CH2CH2CH2CH=CH2), 1.53-1.67 (2H, m, CH2CH2CH2CH=CH2), 2.01 (2H, app dt, J=7.0, 7.0 Hz, CH2CH=CH2), 4.07 (1H, d, J=8.0, CHHOC(O)), 4.10 (1H, d, J=8.0, CHHOC(O)), 4.85-5.00 (2H, m, CH2CH=CH2), 5.18 (1H, d, J=11.0, CH=CHcisHtrans), 5.23 (1H, d, J=17.5 Hz, 
C-CH=CHcisHtrans), 5.65 (1H, app ddt, J=16.5, 10.0, 7.0 Hz, CH2CH=CH2), 5.75 (1H, dd, J=17.5, 11.0 Hz, C-CH=CHcisHtrans), 6.82 (1H, br s, NH).

13C NMR (62.9 MHz, CDCl3): 22.6, 33.5, 38.4, 62.0, 74.3, 114.8, 115.1, 137.8, 139.3, 160.0.

FTIR (Film/cm-1) max:  3268 (br m), 2934 (m), 1753 (s), 1392 (m), 1276 (w), 1038 (m), 923 (m).

HRMS Calculated for C10H15NO2 (MH+): 182.1181. Found 182.1185.

5. Synthesis of 3-but-3-enyl-4-pent-4-enyl-4-vinyl-oxazolidin-2-one 8
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To a stirred solution of NaH (60 % w/w in mineral oil) (110 mg, 2.76 mmol) in DMF (8 ml) at room temperature was added oxazolidinone 7 (500 mg, 2.76 mmol) in DMF (4 ml) via cannula. After stirring for 5 minutes, 1-bromobut-4-ene (0.3 ml, 3 mmol) was added via syringe under nitrogen and left to stir for 30 minutes. This was followed by sequential addition of NaH and 4-bromobut-1-ene respectively until oxazolidinone  7 was no longer present by TLC analysis. The reaction was quenched with water and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded alkylated oxazolidinone 8 as a yellow oil (510 mg, 79 %).

1H NMR (250 MHz, CDCl3): 1.19-1.82 (4H, m, CH2CH2CH2CH=CH2), 2.10 (2H, app dt, J=7.0, 7.0 Hz, CH2CH2CH2CH=CH2), 2.35 (2H, app dt, J=7.5, 7.5 Hz, NCH2CH2), 2.96-3.22 (2H, m, NCH2), 4.04 (1H, d, J=9.0 Hz, CHHO), 4.10 (1H, d, J=9.0 Hz, CHHO), 4.92-5.14 (4H, m, CH2CH=CH2), 5.25 (1H, d, J=17.5 Hz, C-CH=CHcisHtrans), 5.32 (1H, d, J=10.5 Hz, C-CH=CHcisHtrans), 5.65-5.88 (2H, m, CH2CH=CH2), 5.84 (1H, dd, J=17.5, 10.5 Hz, C-CH=CHcisHtrans).

13C NMR (62.9 MHz, CDCl3): 22.2, 33.4, 33.7, 34.1, 40.6, 64.1, 71.5, 115.6, 117.0, 117.2, 135.0, 137.6, 138.9, 158.1.

FTIR (Film/cm-1) max:  3078 (w), 2978 (m), 2928 (s), 2858 (m), 1748 (s), 1642 (w), 1440 (w), 1402 (m), 1368 (w), 1053 (m), 916 (m).

HRMS Calculated for C14H21NO2 (MH+): 236.1651. Found 236.1643.

6. Synthesis of 2-but-3-enylamino-2-vinyl-hept-6-en-1-ol 9
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To oxazolidinone 8 was added, MeOH and 10M NaOH(aq) and the reaction mixture heated at reflux for 48 hours. The reaction was quenched with water and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded amino alcohol 9.
Synthesis of 2-but-3-enylamino-2-vinyl-hept-6-en-1-ol 8 from 4-pent-4-enyl-4-vinyl-oxazolidin-2-one 7
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To a stirred solution of oxazolidinone 7 (1.73 g, 9.55 mmol) in toluene (50 ml) was added NaOH (2.87 g, 71.63 mmol, freshly ground), K2CO3 (2.9 g, 21.01 mmol) and nBu4NHSO4 (324 mg, 0.96 mmol). 4-Bromobut-1-ene (2.91 ml, 28.64 mmol) was added via syringe to the mixture, which was then heated at reflux for 4 hours. The reaction was quenched with water and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded amino alcohol 9 as an off-white solid (1.45 g, 73 %).

1H NMR (250 MHz, CDCl3): 1.12-1.44 (4H, m, CH2CH2CH2CH=CH2), 1.97 (2H, app dt, J=7.0, 7.0 Hz, CH2CH2CH2CH=CH2), 2.15 (2H, app dt, J=7.0, 7.0 Hz, NCH2CH2), 2.36-2.54 (2H, m, NCH2), 3.32 (1H, d, J=10.5 Hz, CHHOH), 3.39 (1H, d, J=10.5 Hz, CHHOH), 4.8-5.15 (6H, m, CH=CH2), 5.61 (1H, dd, J=17.5, 11.0 Hz, CH=CH2), 5.71 (2H, app dt, J=17.0, 10.0, 7.0 Hz, CH2CH=CH2).

13C NMR (62.9 MHz, CDCl3): 22.5, 34.0, 34.1, 34.9, 40.3, 60.2, 63.4, 114.7, 114.8, 116.7, 136.4, 138.5, 141.6.

FTIR (Film/cm-1) max:  3341 (br m), 3079 (w), 2928 (s), 2860 (m), 1641 (m), 1461 (w), 1058 (m), 994 (m), 912 (s).

HRMS Calculated for C13H23NO (MH+): 210.1858. Found 210.1857.

Melting point / oC: 41.5-42.6

7. Synthesis of but-3-enyl-(1,1-divinyl-hex-5-enyl)-amine 1
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To DCM (40 ml) at –78 oC was added oxalyl chloride (1.12 ml, 12.84 mmol) via syringe. DMSO (1.89 ml, 26.75 mmol) in DCM (80 ml) was then added via cannula into this mixture and left to stir for 2 minutes. During which time, amino alcohol 9 (2.2 g, 10.7 mmol) was stirred with TFA (0.91 ml, 11.77 mmol) in DCM (40 ml) for 30 minutes and then added via cannula to the above mixture. This was allowed to stir at 
–78 oC for 1 hour. Et3N (6.26 ml, 44.94 mmol) was added via syringe and allowed to warm to room temperature. The reaction was quenched with water and the product extracted with DCM. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. The crude aldehyde was carried through to the next step without purification.
To a stirred solution of methyltriphenylphosphonium bromide (5.73 g, 16.05 mmol) in THF (100 ml) at room temperature was added potassium tbutoxide (1.80 g, 16.05 mmol) in one portion. The mixture was stirred until dissolution, after which time the crude aldehyde in THF (20 ml) was added via cannula. The reaction was left to stir for 1 hour. The reaction was quenched with water and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded tetraene 1 as a colourless oil (1.85 g, 84 %).

1H NMR (250 MHz, CDCl3): 1.26-1.40 (2H, m, CH2CH2CH2CH=CH2), 1.48-1.59 (2H, m, CH2CH2CH2CH=CH2), 2.03 (2H, app dt, J=7.0, 7.0 Hz, CH2CH2CH2CH=CH2), 2.22 (2H, app dt, J=7.0, 7.0 Hz, NCH2CH2), 2.49 (2H, t, J=7.0 Hz, NCH2), 4.89-5.05 (4H, m, CH2CH=CH2), 5.08 (2H, d, J=17.5 Hz, C-CH=CHcisHtrans), 5.14 (2H, d, J=11.0 Hz, C-CH=CHcisHtrans), 5.73 (2H, dd, J=17.5, 11.0 Hz, C-CH=CHcisHtrans), 5.66-5.73 (2H, m, CH2CH=CH2).

13C NMR (62.9 MHz, CDCl3): 22.8, 34.1, 34.9, 37.2, 41.4, 61.4, 113.9, 114.6, 116.3, 136.7, 138.7, 143.8.

FTIR (Film/cm-1) max: 3434 (br s), 3076 (w), 2926 (m), 2849 (w), 1640 (w), 1458 (w), 996 (m), 913 (s)

HRMS Calculated for C14H23N (MH+): 206.1909. Found 206.1900.

8. Synthesis of N-but-3-enyl-N-(1,1-divinyl-hex-5-enyl)-2,2,2-trifluoro-acetamide 10
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To a solution of tetraene 1 (834 mg, 4.06 mmol) in diethyl ether (50 ml) was added Et3N (1.13 ml, 8.12 mmol). The solution was cooled to 0 oC and stirred for 5 minutes before the addition of trifluoroacetic anhydride (TFAA) (1.15 ml, 8.12 mmol) via syringe. The reaction mixture was allowed to warm to room temperature and stirred for 12 hours. The reaction was quenched with water and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded protected tetraene 10 as a yellow oil (1.02 g, 84 %).

1H NMR (250 MHz, CDCl3): 1.25-1.39 (2H, m, CH2CH2CH2CH=CH2), 1.99 (2H, app dt, J=7.0, 7.0 Hz, CH2CH2CH2CH=CH2), 2.03-2.11 (2H, m, CH2CH2CH2CH=CH2), 2.26 (2H, br dd, J=8.5, 7.0 Hz, NCH2CH2), 3.37 (2H, br t, J=8.5 Hz, NCH2), 4.84-5.05 (4H, CHCH=CH2), 5.11 (2H, d, J=17.5 Hz, C-CH=CHcisHtrans), 5.23 (2H, d, J=10.5 Hz, C-CH=CHcisHtrans), 5.58 (1H, app ddt, J= 17.5, 10.0, 7.0 Hz, CH2CH2CH2CH=CH2), 5.71 (1H, app ddt, J=17.0, 10.0, 7.0 Hz, NCH2CH2CH=CH2), 5.94 (2H, dd, J=17.5, 10.5 Hz, C-CH=CHcisHtrans).

13C NMR (62.9 MHz, CDCl3): 23.1, 33.7, 35.4, 35.7, 45.3, 68.9, 114.9, 115.9, 116.5 (q, J=289 Hz, CF3), 117.4, 133.2, 137.7, 138.0, 156.6 (q, J=34 Hz, C=O).

FTIR (Film/cm-1) max:  2924 (m), 2854 (w), 1698 (s), 1643 (w), 1416 (w), 1204 (m), 1143 (s), 1109 (m), 917 (m).

 HRMS Calculated for C16H22F3NO (MH+): 302.1732. Found 302.1722.

9. Synthesis of 1-(1-aza-spiro[5.5]undeca-4,7-dien-1-yl)-2,2,2-trifluoro-ethanone 12
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To a solution of protected tetraene 10 (823 mg, 2.73 mmol) in toluene (5 ml) was added Grubbs Ruthenium catalyst 13 (PCy3[1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene]Ru(II)Cl2) (23 mg, 27 (mol). The reaction was heated to 
80 oC for 1 hour before cooling and removing the solvent in vacuo. Purification of the resulting residue by silica gel chromatography afforded protected spirocycle 12 as a colourless oil (670 mg, 100 %).

1H NMR (250Hz, CDCl3): 1.61-1.95 (4H, m, C-CH2CH2), 1.95-2.40 (4H, m, NCH2CH2, CH2CH2CH2CH=CH), 3.22 (1H, ddd, J=13.5, 11.0, 3.0 Hz, NCHH), 3.90 (1H, br d, J=13.5 Hz, NCHH), 5.29 (1H, app br dd, J=10.0, 1.0 Hz, C-CH=CH-CH2), 5.66-5.87 (3H, m, CH=CH).

13C NMR (62.9 MHz, CDCl3): 19.5, 23.8, 25.3, 30.3, 41.1, 59.9, 111.7 (q, J=292 Hz, CF3), 122.7, 126.3, 130.3, 131.9, 155.4 (q, J=34 Hz, C=O).

FTIR (Film/cm-1) max:  2934 (m), 2841 (w), 1698 (s), 1652 (w), 1433 (m), 1205 (m), 1188 (m), 1175 (m), 1138 (s), 747 (w), 660 (w). 

HRMS Calculated for C12H14F3NO (MH+): 246.1106. Found 246.1102.

10. Synthesis of 1-aza-spiro[5.5]undeca-4,7-diene 2
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To a solution of protected spirocycle 12 (131 mg, 0.53 mmol) in MeOH (7 ml) and water (2 ml), was added K2CO3 (740 mg, 5.34mmol). The mixture was heated at reflux for 24 hours, and then quenched with water. The product was extracted with ether and the organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded spirocycle 2 as a colourless oil (76 mg, 95 %).

1H NMR (400 MHz, CDCl3): 1.55-1.71 (4H, m, C-CH2CH2CH2, HE & HF), 1.89-1.95 (1H, m, NH), 1.55-1.71 (2H, m, C-CH2CH2CH2, HG), 2.01-2.07 (2H, m, NHCH2CH2, HB), 2.91 (1H, app dt, J=12.0, 6.0 Hz, NCHH, HA), 3.02 (1H, app dt, J=12.0, 6.0 Hz, NCHH, HA), 5.55 (1H, dt, J=10.0, 2.0 Hz, NHCH2CH2CH=CH, HD), 5.63 (1H, dt, J=10.0, 2.0Hz, CH2CH2CH2CH=CH, HI), 5.71 (1H, dt, J=10.0, 3.5 Hz, CH2CH2CH2CH=CH, HH), 5.75 (1H, dt, J=10.0, 4.0 Hz, NHCH2CH2CH=CH, HC).

13C NMR (101 MHz, CDCl3): 18.8, 25.1, 25.5, 35.2, 38.3, 51.7, 124.4, 127.8, 132.2, 134.2.

FTIR (Film/cm-1) max: 3400 (br m), 3076 (w), 2925 (s), 2849 (m), 1637 (w), 1462 (m), 1061 (w), 995 (w), 910 (m).

HRMS Calculated for C10H15N (MH+): 150.1283. Found 150.1281.

Metathesis of unprotected tetraene 1
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To a stirred solution of tetraene 1 (98 mg, 0.48 mmol) in toluene (5 ml) was added TsOH (91 mg, 0.48 mmol). This was left to stir for 15 minutes before addition of Grubbs Ruthenium catalyst 13 (PCy3[1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene]Ru(II)Cl2) (20 mg, 0.024 mmol). The mixture was heated at 80oC for 16 hours. The reaction was cooled and quenched with saturated aqueous K2CO3, and the product extracted with ether. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue was carried out by silica gel chromatography affording protected spirocycle 2 as a colourless oil (51 mg, 71 %). 

11. Epoxidation of 1-aza-spiro[5.5]undeca-4,7-diene 2
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To a stirred solution of spirocycle 2 (117 mg, 0.78 mmol) in DCM (4.5 ml) at 0 oC was added TFA (0.06 ml, 0.78 mmol) and stirred for 30 minutes. Mcpba (stabilised with 50 % w/w water) (324 mg, 0.94 mmol) in DCM (4.5ml) was added via cannula and reaction allowed to warm to room temperature and stirred overnight. The reaction was quenched with water / K2CO3 and the product extracted with DCM. The organic layer was separated, dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded the unsaturated epoxide as a yellow oil (82 mg, 64 %).

1H NMR (400 MHz, CDCl3): 1.24-1.53 (4H, m, C-CH2CH2CH2, HE & HF), 1.65-1.95 (2H, m, CH2CH2CH2, HG), 2.00-2.30 (2H, m, NCH2CH2, HB), 2.96 (1H, ddd, J=12.0, 5.0, 5.0 Hz, NCH2, HA), 3.14 (1H, ddd, J=12.0, 8.0, 5.0 Hz, NCH2, HA), 3.18 (1H, d, J=4.0 Hz, C-CHOCH, HI), 3.35 (1H, dt, J=4.0, 1.0 Hz, C-CHOCH, HH), 5.69 (1H, dt, J=10.0, 2.0 Hz, NHCH2CH2CH=CH, HD), 5.91 (1H, dt, J=10.0, 4.0 Hz, NHCH2CH2CH=CH, HC).

13C NMR (62.9 MHz, CDCl3): 16.5, 23.5, 26.0, 33.2, 38.2, 53.2, 55.2, 57.3, 127.5, 130.1.
FTIR (Film/cm-1) max: 3330 (br m), 2934 (s), 1665 (w), 1443 (m), 1330 (w), 1259 (w), 1103 (m), 943 (w), 873 (m), 816 (m).

HRMS Calculated for C10H15NO (MH+): 166.1232. Found 166.1225.

12. Synthesis of spiro[7-oxabicyclo[4.1.0]heptane-2,2'-piperidine] 15
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To a solution of the unsaturated epoxide (36.5 mg, 0.22 mol) in EtOAc (4 ml) was added 5% w/w Rh / alumina (3 mg, 0.002 mmol). The nitrogen was removed under vacuum and replaced with hydrogen from a balloon. This was then stirred for 12 hours at room temperature. The crude reaction mixture was filtered through celite, washed with ethyl acetate and the solvent removed in vacuo, affording clean saturated epoxide 15 as a yellow oil (30 mg, 82 %)

1H NMR (100 MHz, CDCl3): 1.40-1.82 (8H, m, CH2’s), 1.85-2.03 (4H, m, CH2’s), 2.73-2.93 (2H, m, NCH2), 3.12 (1H, d, J=4.0 Hz, C-CHIOCH), 3.31 (1H, ddd, J=4.0, 3.0, 1.5 Hz, C-CHOCHH)
13C NMR (62.9 MHz, CDCl3): 15.5, 20.4, 24.5, 25.9, 34.2, 34.3, 41.4, 49.3, 55.0, 56.7

FTIR (Film/cm-1) max: 3315 (br m), 2934 (s), 2866 (m), 1443 (m), 1333 (w), 1260 (w), 1112 (m).

HRMS Calculated for C10H17NO (MH+): 168.1388. Found 168.1384

13. Synthesis of 1'-(4-nitrobenzoyl)spiro[7-oxabicyclo[4.1.0]heptane-2,2'-piperidine] 16
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To a solution of epoxide 15 (20 mg, 0.12 mmol) in THF (1 ml) was added Et3N (0.025 ml, 0.18 mmol) and a catalytic quantity of DMAP. This mixture was allowed to stir at 0 oC for ten minutes before the addition of 4-nitro-benzoyl chloride (33 mg, 0.18 mmol) in one portion. The reaction was allowed to warm to room temperature and stirred overnight. Water was added to quench the reaction and the product was extracted with DCM / MeOH. The organic layer was separated and dried over MgSO4, and the solvent removed in vacuo. Purification of the resulting residue by silica gel chromatography afforded the acylated epoxide 16 as a yellow solid (35 mg, 92 %). A small amount was recrystallised from hot hexanes / EtOH, for X-ray analysis and melting point determination.

1H NMR (250 MHz, CDCl3): 1.46-1.67 (5H, m, CH2), 1.70-1.93 (5H, m, CH2), 2.00-2.14 (1H, m), 2.35-2.48 (1H, m), 3.21-3.36 (2H, m, NCH & CH(O)), 3.42 (1H, app dt, J=14.0, 5 Hz, NCH), 3.60 (1H, d, J=4 Hz, CH(O)), 7.63 (2H, d, J=8.5 Hz, C(=O)C(CH)2), 8.23 (2H, d, J=8.5 Hz, NO2C(CH)2).

13C NMR (62.9 MHz, CDCl3): 16.1, 19.4, 23.1, 26.0, 28.3, 32.6, 45.6, 55.2, 27.1, 58.9, 123.8, 128.2, 144.7, 148.3, 170.5.

FTIR (Film/cm-1) max: 3105 (w), 2931 (s), 2855 (m), 1728 (w), 1650 (s), 1602 (m), 1521 (s), 1406 (m), 1346 (s), 1273 (m), 1105 (m), 1013 (w), 866 (m), 728 (m).

HRMS Calculated for C17H20N2O4 (MH+): 317.1501. Found 317.1490.

Melting point / oC: 106.7-108.4

X-ray crystallographic data for 1'-(4-nitrobenzoyl)spiro[7-oxabicyclo[4.1.0]heptane-2,2'-piperidine] 16  deposited at the Cambridge Crystallographic Data Centre:

CCDC no. 184035 

Crystal data for C17H20N2O4; M = 316.35; crystallises from hexane/ethanol as colourless blocks; crystal dimensions 0.32 x 0.29 x 0.18 mm3. Monoclinic, a = 11.882(3), b = 9.5188(19), c = 13.700(3) Å,  97.160(4)°, U = 1537.4(6) Å3, Z = 4, Dc = 1.367 Mg/m3, space group P21/c (C EQ \s(5,2)   h,  No.14), Mo-K radiation ( EQ \O(l,-)   = 0.71073 Å), (Mo‑K) = 0.098 mm-1, F(000) = 672.

Data collected were measured on a Bruker Smart CCD area detector with Oxford Cryosystems low temperature system. Cell parameters were refined from the setting angles of 2011 reflections (range 1.73 to 23.33(). 

Reflections were measured from a hemisphere of data collected of frames each covering 0.3 degrees in omega. Of the 6647 reflections measured, all of which were corrected for Lorentz and polarisation effects and for absorption by semi empirical methods based on symmetry-equivalent and repeated reflections (minimum and maximum transmission coefficients 0.9693 and 0.9826) 1562 independent reflections exceeded the significance level |F|/(|F|) > 4.0. The structure was solved by direct methods and refined by full matrix least squares methods on F2. Hydrogen atoms were placed geometrically and refined with a riding model, and with Uiso constrained to be 1.2 times Ueq of the carrier atom. Refinement converged at a final R = 0.0737 (wR2 = 0.2270, for all 6647 data, 208 parameters, mean and maximum /) with allowance for the thermal anisotropy of all non-hydrogen atoms. Minimum and maximum final electron density -0.385 and 1.264 e.Å-3. A weighting scheme  w = 1/[(Fo2) +( 0.1311*P)2+1.44*P] where P=(Fo2+ 2 * Fc2)/3 was used in the latter stages of refinement. Complex scattering factors were taken from the program package SHELXTLY as implemented on the Viglen Pentium computer.                                                         

Reference Y
SHELXTL version, An integrated system for



solving and refining crystal structures from



diffraction data (Revision 5.1), Bruker AXS LTD

Supplementary material

anisotropic thermal vibrational parameters with e.s.d.s


hydrogen atom position parameters


observed structure amplitudes and calculated structure factors.
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