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Abstract A shorter and less costly alternative to Ichikawa’s [1,3]-transposition protocol has been described in this paper.
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[3,3]-Sigmatropic rearrangement of allylic cyanate to allylic isocyanate was first reported by Holms1 in 1970, Eq. 1., Scheme 1. Chelotropic rupture of thiatriazole 1 provided allylic cyanate intermediate 2, which immediately rearranged to allylic isocyanate 3. Following this observation, several attempts have been made to make this reaction useful as a synthetic tool,2 the most successful of which is the work by Ichikawa3 in 1991. He reported an efficient method for the synthesis of allylic cyanate 6 by dehydration of allylic carbamate 5, which, after [3,3]-sigmatropic rearrangement, provided the desired allylic isocyanate 7, Eq. 2., Scheme 1. In this paper we wish to report our observations on the reactions of allylic alcohols with in situ formed 1-cyano-4-dimethylaminopyridinium bromide (CAP): a convenient source of electrophilic cyanide,4 Scheme 2.

Scheme 1 [3,3]-Sigmatropic rearrangement of allylic cyanate to allylic isocyanate.

Scheme 2 Direct approach to rearranged allylic isocyanates by the reaction of allylic alcohols with CAP.
4-(Dimethylamino)pyridine readily activates cyanogen bromide towards nucleophilic attack by forming CAP, Scheme 2. This reagent has been reported to produce cyanate derivatives of enzymes and various imidazole derivatives4 but, surprisingly, this electrophilic activation of cyanogen bromide has not been exploited further in synthetic organic chemistry.5 We felt that the conversion of cyanogen bromide to CAP should also serve as a convenient cyanating agent to prepare allylic cyanates from allylic alcohols directly, thus allowing rapid access to rearranged allylic isocyanates.
Treatment of 4-(dimethylamino)pyridine solution in dichloromethane with cyanogen bromide immediately provided a pale-yellow precipitate of CAP. Sequential addition of diisopropylethylamine and allylic alcohol furnished the rearranged allylic isocyanate in less than 30 minutes at 0 °C. The resulting isocyanates were characterized as stable ureas, produced by subsequent trapping with pyrrolidine. The generality of this approach was examined on a number of model substrates, as shown in Table 1. The procedure works best for primary allylic alcohols. Propargyl alcohol 15a (Table 1, Entry 8) and sterically congested (R)-carvone derivative 16a (Table 1, Entry 9) failed to react. Finally, synthetic utility of this methodology in natural product synthesis was demonstrated on the preparation of Fukuyama’s advanced intermediate 18 used in his total synthesis of tetrodotoxin (Table 1, Entries 10 and 11). Both regioisomers of 17 were converted to Fukuyama’s carbamate 18 in one synthetic operation as opposed to two operations previously reported.11 In summary, a shorter and less costly alternative to Ichikawa’s [1,3]-transposition protocol has been described in this paper.

Table 1 Conversion of allylic alcohols to rearranged allylic ureas. aReactions were performed according to the general procedure reported. bIsocyanates were characterized as stable ureas, which were produced by reaction with pyrrolidine. cIsolated yields after chromatographic purification. dIntermediate Isocyanate was trapped with LiOtBu (1.0M in THF). 
The experimental section has no title; please leave this line here.
[bookmark: _Hlk505875244]1H NMR and 13C NMR spectra were recorded on a 300 MHz Bruker spectrometer. Chemical shifts for 1H NMR are reported in parts per million (ppm) with reference to non-deuterated residual chloroform solvent peak at 7.26 ppm. Data for proton spectra are reported as of following format: chemical shift (multiplicity [singlet (s), doublet (d), triplet (t), quartet (q) and multiplet (m)], coupling constants [Hz], integration). Chemical shifts for 13C NMR were reported in ppm relative to the central line of a triplet at 77.16 ppm for chloroform-d. Optical rotations were measured on a Mandel Rudolph Research Analytical Automatic Polarimeter at 589 nm with a cell length of 50 mm. Infrared (IR) spectra were recorded on a Bruker ATR Fourier Transform Infrared Spectrometer and were reported in wavenumbers (cm-1). Mass spectra and high-resolution mass spectra were obtained by the analytical division at Brock University. Melting points (mp) were determined on Hoover Unimelt apparatus and are uncorrected. Analytical thin layer chromatography (TLC) was performed on EMD Silica Gel 60 Å 250 μm plates with F-254 indicator, while column chromatography was performed using Silicycle SiliaFlash P60 (230-400 mesh). 
Dichloromethane was freshly distilled from calcium hydride prior to use. Commercial n-hexane was re-distilled prior to column chromatography to minimize the grease content. Diisopropylethylamine (Hunig’s base) was distilled from potassium hydroxide and stored over potassium hydroxide pellets. All other chemicals/solvents were purchased from either Sigma-Aldrich or Oakwood Chemicals and used as received. All reactions were conducted under argon atmosphere using standard Schlenk techniques.
General Procedure
To a stirred solution of 4-(N, N-dimethylamino)pyridine (275 mg, 2.25 mmol) in dichloromethane (4 mL) was added cyanogen bromide (3.0M in dichloromethane, 0.75 mL, 2.25 mmol) dropwise at 0 °C. A pale-yellow precipitate of 1-cyano-4-dimethylaminopyridinium bromide was immediately formed and the mixture was allowed to stir for another 5 minutes whereupon diisopropylethylamine (0.2 mL, 1.13 mmol) followed by geraniol (8a, 121 mg, 0.75 mmol) in dichloromethane (0.5 mL) were added at at 0 °C. The resulting reaction mixture was warmed up to room temperature and stirred until the full consumption of the starting material (ca. 20 min). The reaction mixture was cooled to 0 °C and pyrrolidine (0.43 mL, 5.25 mmol) was slowly added. Cooling bath was removed and the reaction mixture was stirred for another 1 hour at room temperature. Then, volatiles were removed under reduced pressure and the residue was purified using silica gel column chromatography (ethyl acetate : n-hexane = 1 : 1) to furnish urea 8b (187 mg, 72%) as a colorless oil.
N-(3,7-dimethylocta-1,6-dien-3-yl)pyrrolidine-1-carboxamide (8b)
Colorless oil.
IR (neat, cm-1): 3340, 2967, 2927, 2869, 1637, 1523, 1450, 1374, 1195, 911, 765.
1H NMR (300 MHz, CDCl3) δ 5.97 (dd, J = 17.3, 11.0 Hz, 1H), 5.20 – 4.96 (m, 3H), 4.21 (s, 1H), 3.36 – 3.19 (m, 4H), 2.00 – 1.90 (m, 2H), 1.90 – 1.83 (m, 4H), 1.79 – 1.67 (m, 2H), 1.65 (s, 3H), 1.57 (s, 3H), 1.44 (s, 3H).
13C NMR (75 MHz, CDCl3) δ 156.0, 144.8, 131.7, 124.5, 111.7, 56.7, 45.5, 40.3, 25.7, 25.2, 22.9, 17.8;
HRMS (EI+): Calcd for C15H26N2O: 250.2045, Found: 250.2040.
N-(1-phenylbut-3-en-2-yl)pyrrolidine-1-carboxamide (9b)
White solid; m.p. 76-78 °C (ethyl acetate).
IR (neat, cm-1): 3280, 2927, 2869, 1619, 1521, 1391, 913, 696.
1H NMR (300 MHz, CDCl3) δ 7.38 – 7.13 (m, 5H), 5.87 (ddd, J = 17.1, 10.4, 5.4 Hz, 1H), 5.12 (dt, J = 17.1, 1.4 Hz, 1H), 5.08 (dt, J = 5.4, 1.4 Hz, 1H), 4.77 – 4.64 (m, 1H), 4.11 (d, J = 8.0 Hz, 1H), 3.37 – 3.22 (m, 4H), 2.99 – 2.81 (m, 2H), 1.97 – 1.82 (m, 4H).
13C NMR (75 MHz, CDCl3) δ 156.2, 139.0, 137.8, 129.8, 128.4, 126.6, 114.6, 53.0, 45.5, 25.6.
HRMS (EI+): Calcd for C15H20N2O: 244.1576, Found: 244.1572.
N-(1-phenylallyl)pyrrolidine-1-carboxamide (10b)
Colorless oil.
IR (neat, cm-1): 3321, 2969, 2869, 1612, 1517, 1390, 1198, 992, 699.
1H NMR (300 MHz, CDCl3) δ 7.36 – 7.20 (m, 5H), 6.05 (ddd, J = 17.3, 10.1, 5.4 Hz, 1H), 5.64 – 5.50 (m, 1H), 5.26 – 5.21 (m, 1H), 5.21 – 5.17 (m, 1H), 4.51 (d, J = 7.8 Hz, 1H), 3.41 – 3.26 (m, 4H), 1.94 – 1.82 (m, 4H).
13C NMR (75 MHz, CDCl3) δ 155.9, 142.0, 138.8, 128.7, 127.4, 127.3, 115.3, 56.1, 45.6, 25.6.
HRMS (EI+): Calcd for C14H18N2O: 230.1419, Found: 230.1413. 
N-(1-(naphthalen-2-yl)allyl)pyrrolidine-1-carboxamide (11b)
White solid; m.p. 131-132 (ethyl acetate / n-hexane).
IR (neat, cm-1): 3319, 2970, 2870, 1612, 1517, 1378, 1206.
1H NMR (300 MHz, CDCl3) δ 7.87 – 7.74 (m, 4H), 7.52 – 7.40 (m, 3H), 6.16 (ddd, J = 17.4, 10.0, 5.3 Hz, 1H), 5.84 – 5.66 (m, 1H), 5.35 – 5.17 (m, 2H), 4.54 (d, J = 8.0 Hz, 1H), 3.51 – 3.24 (m, 4H), 1.99 – 1.82 (m, 4H).
13C NMR (75 MHz, CDCl3) δ 155.9, 139.4, 138.7, 133.4, 132.8, 128.4, 128.0, 127.6, 126.2, 125.9, 125.8, 125.7, 115.6, 56.1, 45.6, 25.6.
HRMS (EI+): Calcd for C18H20N2O: 280.1576, Found: 280.1572.
N-(cyclohex-2-en-1-yl)pyrrolidine-1-carboxamide (12b)
White solid; m.p. 88–91 °C (ethyl acetate / n-hexane).
IR (neat, cm-1): 3297, 2930, 2849, 1612, 1514, 1294, 1192, 699.
1H NMR (300 MHz, CDCl3) δ 5.86 – 5.74 (m, 1H), 5.70 – 5.56 (m, 1H), 4.45 – 4.30 (m, 1H), 4.20 – 4.03 (m, 1H), 3.31 (m, 4H), 2.04 – 1.93 (m, 2H), 1.93 – 1.82 (m, 5H), 1.69 – 1.58 (m, 2H), 1.58 – 1.45 (m, 1H).
13C NMR (75 MHz, CDCl3) δ 156.3, 130.3, 129.3, 45.6, 45.5, 30.5, 25.7, 25.1, 19.9.
HRMS (EI+): Calcd for C11H18N2O: 194.1419, Found: 194.1417.
N-(1-vinylcyclohexyl)pyrrolidine-1-carboxamide (13b)
White solid; m.p. 101–102 °C (ethyl acetate / n-hexane).
IR (neat, cm-1): 3313, 2971, 2851,  1618, 1524, 1377, 910.
1H NMR (300 MHz, CDCl3) δ 6.07 (dd, J = 17.5, 10.7 Hz, 1H), 5.10 (dd, J = 17.5, 1.1 Hz, 1H), 5.04 (dd, J = 10.7, 1.1 Hz, 1H), 4.05 (s, 1H), 3.40 – 3.25 (m, 4H), 2.15 – 2.00 (m, 2H), 1.96 – 1.84 (m, 4H), 1.68 – 1.18 (m, 8H).
13C NMR (75 MHz, CDCl3) δ 155.9, 145.2, 111.7, 55.8, 45.6, 35.7, 25.8, 25.7, 22.1.
HRMS (EI+): Calcd for C13H22N2O: 222.1732, Found: 222.1730.
N-(1-vinylcyclopentyl)pyrrolidine-1-carboxamide (14b)
Colorless oil.
IR (neat, cm-1): 3336, 2949, 2867, 1626, 1520, 1373, 903.
1H NMR (300 MHz, CDCl3) δ 6.07 (dd, J = 17.4, 10.6 Hz, 1H), 5.06 (dd, J = 17.4, 1.0 Hz, 1H), 5.00 (dd, J = 10.6, 1.0 Hz, 1H), 4.19 (s, 1H), 3.39 – 3.15 (m, 4H), 2.06 – 1.59 (m, 12H).
13C NMR (75 MHz, CDCl3) δ 156.2, 143.5, 111.3, 64.6, 45.6, 38.6, 25.7, 23.3.
HRMS (EI+): Calcd for C12H20N2O: 208.1576, Found: 208.1571.
tert-butyl((3aS,4R,7R,7aS)-2,2,2',2'-tetramethyl-7-vinyl-7,7a-dihydro-3aH-spiro[benzo[d][1,3]dioxole-4,4'-[1,3]dioxolan]-7-yl)carbamate (18)
Yellow oil.
 +9.8° (c 1.0, CHCl3).
1H NMR (300 MHz, CDCl3) δ 6.10 (d, J = 9.9 Hz, 1H), 6.04 (dd, J = 16.9, 10.6 Hz, 1H), 5.90 (d, J = 9.9 Hz, 1H), 5.26 (d, J = 10.6 Hz, 1H), 5.22 (d, J = 16.9 Hz, 1H), 5.08 (s, 1H), 4.64 (d, J = 7.5 Hz, 1H), 4.44 (d, J = 7.5 Hz, 1H), 4.25 (d, J = 8.8 Hz, 1H), 3.72 (d, J = 8.8 Hz, 1H), 1.43 (s, 3H), 1.42 (s, 9H), 1.39 (s, 3H), 1.38 (s, 3H), 1.33 (s, 3H).
 13C NMR (75 MHz, CDCl3) δ 154.7, 138.7, 134.8, 132.2, 115.6, 110.1, 109.0, 79.9, 79.7, 78.7, 78.0, 71.5, 57.4, 28.6, 27.1, 26.7, 26.3, 24.6.
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