Reaction of Arylmethyl Isocyanides/Arylmethylamines with Xanthate Esters: A Facile Synthesis of Carbamothioates
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1. Experimental
1.1.  General information. The starting materials were purchased from commercial sources. The solvents were of analytical grade and were used without further purification. Reactions were monitored by thin layer chromatography (TLC) using pre-coated sheets of silica gel 60 (Merck 60F254, 0.25 mm thickness) and visualization under UV light. The melting points were determined on SELACO melting point apparatus and are uncorrected. 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were obtained using Agilent NMR spectrometer. Chemical shifts (δ) are given in parts per million (ppm) using the residue solvent (CDCl3) peak as reference relative to TMS. Coupling constant (J) values are given in Hz. Mass spectral analysis was performed using Waters-Synapt G2 mass spectrometer. Infrared spectra were recorded on Shimadzu FT-IR model 8300 spectrophotometer. The X-ray diffraction data were collected on a Bruker SMART APEX II X-ray diffractometer with graphite monochromated MoKα radiation. Raw data was processed and reduced by using APEX2 and SAINT.1 The structure was solved by direct methods and full-matrix least squares refinement was carried out using SHELXS-97/SHELXL-97, respectively.2 Geometry optimization and molecular energies were calculated by using DFT/B3LYP/6-31G(d) basis set.3
1.2.  General procedure for the synthesis of thionocarbamates:
Method A: To a suspension of sodium hydride (2 mmol) in DMF (2 mL), a mixture of xanthate ester 1 (1 mmol) and arylmethyl isocyanide 2 (1 mmol) in DMF (2 mL) was added at 0°C. The stirring was continued for 15-30 min (monitored by TLC). After the completion of reaction, the reaction mass was quenched by adding ice cold water (25 mL), extracted with ethyl acetate (25 mL X 2). The combined organic layer was washed with water (25 mL X 1), brine (25 mL X 1), dried over anhydrous sodium sulphate and concentrated under reduced pressure to get crude products, which were purified by column chromatography over silicagel using 10% ethyl acetate in hexane.
Method B: To a suspension of sodium hydride (2 mmol) in DMF (2 mL) at 0°C, a mixture of xanthate ester 1 (1 mmol) and arylmethylamine 5 (1 mmol) in DMF (2 mL) was added and stirred for 1-1.5 h (monitored by TLC). After the completion of reaction, the reaction mass was quenched by adding ice cold water (25 mL), extracted with ethyl acetate (25 mL X 2). The combined organic layer was washed with water (25 mL X 1), brine (25 mL X 1), dried over anhydrous sodium sulphate and concentrated under reduced pressure to get crude products, which were purified by column chromatography over silicagel using 10% ethyl acetate in hexane.
O-benzyl benzylcarbamothioate (4a).  White solid (mp 52-54 °C). Rotamers ratio 66:34. IR (KBr, cm-1) ῡ 636, 1069, 1285, 1328, 2936, 3256. 1H NMR (CDCl3, 400 MHz, δ) 4.44 (d, J = 6.0 Hz, 2H, CH2), 4.76 (d, J = 5.6 Hz, 2H, CH2), 5.51 (s, 2H, CH2), 5.55 (s, 2H, CH2), 6.58 (s, 1H, NH), 7.0 (s, 1H, NH), 7.19-7.39 (m, 20H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.3, 189.7, 136.7, 135.7, 128.8, 128.8, 128.7, 128.5, 128.5, 128.4, 128.3, 128.2, 127.9, 127.9, 127.7, 127.6, 127.2, 73.3, 72.1, 49.4, 47.3 (1 peak lost). HRMS (ESI) [M+H]+ Anal. Calcd for C15H16NOS: 258.0953; Found: 258.0957.
O-benzyl (4-methylbenzyl)carbamothioate (4b).  White solid (mp 60-62°C). Rotamers ratio 64:36. IR (KBr, cm-1) ῡ 626, 1055, 1274, 1326, 2920, 3197. 1H NMR (CDCl3, 400 MHz, δ) 2.33 (s, 6H, 2CH3), 4.42 (d, J = 5.2 Hz, 2H, CH2), 4.71 (d, J = 5.2 Hz, 2H, CH2), 5.49 (s, 2H, CH2), 5.55 (s, 2H, CH2), 7.11-7.37 (m, 18H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.0, 189.3, 137.4, 129.4, 129.4, 128.8, 128.5, 128.5, 128.3, 128.3, 128.1, 127.9, 127.7, 127.1, 72.0, 71.1, 47.2, 45.2, 29.6, 21.0 (4 peaks lost). HRMS (ESI) [M+H]+ Anal. Calcd for C16H18NOS:  272.1109; Found: 272.1104.
O-benzyl (4-fluorobenzyl)carbamothioate (4c). Yellow solid (mp 72-75°C). Rotamers ratio 65:35. IR (KBr, cm-1) ῡ 634, 1056, 1265, 1326, 2920, 3256. 1H NMR (CDCl3, 400 MHz, δ) 4.42 (d, J = 6.0 Hz, 2H, CH2), 4.73 (d, J = 5.6 Hz, 2H, CH2), 5.49 (s, 2H, CH2), 5.53(s, 2H, CH2), 6.52 (s, 1H, NH), 6.96 (s, 1H, NH), 6.97-7.05 (m, 4H, Ar-H), 7.14-7.18 (t, J = 5.2Hz, 1H, ArH), 7.21-7.25 (m, 1H, Ar-H), 7.27-7.38 (m, 12H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.4, 189.6, 163.6 (J=34.0 Hz), 161.1 (J=34.0 Hz), 135.6, 132.5, 129.7, 129.6, 129.4, 129.3, 128.8, 128.6, 128.4, 128.3, 127.2, 115.7, 115.5, 115.4, 73.4, 72.2, 48.6, 46.6.  HRMS (ESI) [M+H]+ Anal. Calcd for C15H15FNOS: 276.0858; Found:  276.0851.
O-(2-methylbenzyl) benzylcarbamothioate (4d). Viscous liquid. Rotamers ratio 66:34. IR (KBr, cm-1) ῡ 696, 1056, 1323, 1596, 2865, 3206. 1H NMR (CDCl3, 400 MHz, δ) 2.28 (s, 3H, Ar-CH3), 2.36 (s, 3H, Ar-CH3), 4.41 (d, J = 6.4 Hz, 2H, Ar-CH2), 4.76 (d, J = 5.6 Hz, 2H, Ar-CH2), 5.50-5.53 (two singlet, 4H, 2CH2), 7.15-7.36 (m, 18H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.9, 190.2, 138.9, 138.6, 136.9, 136.7, 136.9, 133.9, 133.5, 130.3, 130.3, 129.6, 129.5, 128.7, 128.0, 127.9, 127.6, 126.0, 125.9, 72.0, 70.7, 49.2, 47.3, 18.9, 18.8 (3 peaks lost).  HRMS (ESI) [M+H]+ Anal. Calcd for C16H18NOS: 272.1109; Found: 272.1105.
O-(3-methoxybenzyl) (4-fluorobenzyl)carbamothioate (4e). White solid (mp 74-76°C).  Rotamers ratio 100:0. IR (KBr, cm-1) ῡ 690, 1097, 1353, 1482, 1584, 2852, 3015. 1H NMR (CDCl3, 400 MHz, δ) 3.77 (s, 3H, OCH3), 4.15 (s, 2H, CH2), 4.43 (d, J = 5.6 Hz, 2H, CH2), 5.61 (s, 1H, NH), 6.78 (dd, J = 8.2 Hz, 2.4 Hz, 1H, Ar-H ), 6.88-6.92 (m, 2H, Ar-H), 7.00 (t, J = 8.4 Hz, 2H, Ar-H), 7.18-7.25 (m, 3H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.1, 163.5 (J=31.0 Hz), 159.7, 139.6, 129.5, 129.4, 121.1, 115.6, 115.5, 114.3, 112.9, 55.1, 44.7, 34.3. HRMS (ESI) [M+H]+ Anal. Calcd for C16H17FNO2S: 306.0964; Found: 306.0969.
O-(3-methoxybenzyl) (4-chlorobenzyl)carbamothioate (4f).  Viscous liquid. Rotamers ratio 100:0. IR (KBr, cm-1) ῡ 692, 1040, 1318, 1486, 1593, 2920, 3025. 1H NMR (CDCl3, 400 MHz, δ) 3.80 (s, 3H, OCH3), 4.15 (s, 2H, CH2), 4.43 (d, J = 5.6 Hz, 2H, CH2), 5.64 (s, 1H, NH), 6.76-6.79 (m, 1H, Ar-H), 6.89-7.17 (m, 2H, Ar-H), 7.18-7.29 (m, 5H, Ar-H). 13C NMR (CDCl3, 100M Hz, δ) 190.1, 159.7, 138.3, 137.3, 136.3, 129.5, 128.9, 128.8, 121.0, 114.2, 112.9, 55.1, 34.3, 29.6.  HRMS (ESI) [M+H]+ Anal. Calcd for C16H17ClNO2S: 322.0669; Found: 322.0661.
O-(4-bromobenzyl) benzylcarbamothioate (4g).  Yellow solid (mp 110-115°C). Rotamers ratio 56:44. IR (KBr, cm-1) ῡ 746, 1041,1294, 1593, 2920, 3204. 1H NMR (CDCl3, 400 MHz, δ) 4.43 (d, J = 6.0 Hz, 2H, CH2), 4.75 (d, J = 5.6 Hz, 2H, CH2), 5.45-5.48 (two singlet, 4H, 2CH2), 6.6 (s, 1H, NH), 7.00 (s, 1H, NH), 7.16-7.34 (m, 16H, Ar-H), 7.35-7.48 (m, 2H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.5, 190.0, 136.5, 134.8, 131.6, 131.6, 130.6, 130.5, 130.0, 129.8, 128.8, 128.8, 128.0, 128.0, 127.5, 72.3, 71.0, 49.5, 47.4 (3 peaks lost).  HRMS (ESI) [M+H]+ Anal. Calcd for C15H15BrNOS: 336.0058 and 338.0037; Found: 336.0051 and 338.0032.
O-(4-bromobenzyl) (4-methylbenzyl)carbamothioate (4h). Yellow solid (mp 96-98 °C). Rotamers ratio 58:42. IR (KBr, cm-1) ῡ 747, 1061, 1285, 1549, 2923, 3225. 1H NMR (CDCl3, 400 MHz, δ) 2.31 & 2.33 (two singlet, 6H, 2CH3), 4.39 (d, J = 5.6 Hz, 2H, CH2), 4.70 (d, J = 5.2 Hz, 2H, CH2), 5.44 & 5.49 (s, 2H, CH2), 6.5 (s, 1H, NH), 6.9 (s, 1H, NH), 7.07-7.25 (m, 14H, Ar-H), 7.39-7.48 (m, 2H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.7, 189.8, 137.7, 134.8, 133.5, 131.6, 131.6, 130.5, 129.9, 129.8, 129.4, 129.2, 128.0, 127.9, 127.5, 122.3, 72.3, 70.9, 49.3, 47.1, 29.6, 21.0 (2 peaks lost).  HRMS (ESI) [M+H]+ Anal. Calcd for C16H17BrNOS: 350.0214 and 352.0194; Found: 350.0219 and 352.0198.
O-butyl (4-fluorobenzyl)carbamothioate (4i).  Viscous liquid. Rotamers ratio 60:40. IR (KBr, cm-1) ῡ 626, 1057, 1323, 1584, 1695, 3076, 3235. 1H NMR (CDCl3, 400 MHz, δ) 0.83-0.94 (m, 6H, 2CH3), 1.24-1.43 (m, 4H, 2CH2), 1.62-1.71 (m, 4H, 2CH2), 4.49-4.69 (m, 4H, 2CH2), 4.71 (d, J = 6.0 Hz, 4H, 2CH2), 6.43 (s, 1H, NH), 6.98-7.03 (m, 4H, Ar-H), 7.19-7.30 (m, 4H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.9, 190.1, 163.6 (J=28.0 Hz), 161.1 (J=28.0 Hz), 129.7, 129.6, 129.3, 129.2, 115.8, 115.7, 115.6, 115.5, 72.0, 70.6, 48.4, 46.4, 30.7, 30.6, 19.0, 13.7, 13.6. HRMS (ESI) [M+H]+ Anal. Calcd for C12H17FNOS: 242.1015; Found: 242.1019.
O-butyl (4-chlorobenzyl)carbamothioate (4j). Viscous liquid. Rotamers ratio 62:38. IR (KBr, cm-1) ῡ 632, 1054, 1307, 1584, 3074, 3224. 1H NMR (CDCl3, 400 MHz, δ) 0.89-1.24 (m, 6H, 2CH3), 1.27-1.41 (m, 4H, 2CH2), 1.56-1.70 (m, 4H, 2CH2), 4.38-4.71 (m, 4H, 2CH2), 4.72 (d, J = 5.6 Hz, 2H, CH2), 6.4 (s, 1H, NH), 6.8 (s, 1H, NH),7.15-7.31 (m, 8H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.8, 190.0, 137.2, 135.4, 129.1, 128.9, 128.8, 128.7, 127.9, 127.1, 72.1, 70.7, 48.3, 48.4, 30.6, 30.5, 29.6, 19.0, 13.7, 13.6 (2 peaks lost).  HRMS (ESI) [M+H]+ Anal. Calcd for C12H17ClNOS: 258.0719; Found: 258.0711.
O-(3-methylcyclohexyl) benzylcarbamothioate (4k).  Viscous liquid. Rotamers ratio 57:43. IR (KBr, cm-1) ῡ 626, 1318, 1236, 1523, 2896, 3221. 1H NMR (CDCl3, 400 MHz, δ) 0.79-1.05 (m, 12H, 2CH, 2CH2, 2CH3), 1.17-1.63 (m, 4H, 2CH2), 1.75-1.78 (m, 1H, CH), 2.09-2.12 (m, 4H, 2CH2), 4.4 (d, J = 6.0 Hz, 2H, CH2), 4.73 (d, J = 5.60 Hz, 2H, CH2), 5.23-5.29 (m, 2H, CH), 6.37 (s, 1H, NH), 7.0 (s, 1H, NH), 7.21-7.34 (m, 10H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 190.2, 189.5, 136.9, 128.7, 128.7, 127.9, 127.8, 127.7, 127.6, 81.2, 79.3, 49.1, 47.0, 40.4, 40.2, 34.0, 33.9, 31.4, 31.3, 31.2, 31.2, 23.8, 23.7, 22.2, 22.2 (1 peak lost).  HRMS (ESI) [M+H]+ Anal. Calcd for C15H22NOS: 264.1422; Found: 264.1429.
O-(3-methylcyclohexyl) (4-fluorobenzyl)carbamothioate (4l). Viscous liquid. Rotamers ratio 58:42. IR (KBr, cm-1) ῡ 638, 1222,1391, 1508, 2931, 3234. 1H NMR (CDCl3, 400 MHz, δ) 0.76-1.03 (m, 10H, 2CH2, 2CH3), 1.16-1.78 (m, 6H, 3CH2), 1.89-1.96 (m, 1H, CH), 2.08-2.15 (m, 2H, CH2), 4.35 (d, J = 6.0 Hz, 1H, CH), 4.69 (d, 4H, J = 5.24 Hz, 2CH2), 5.20-5.29 (m, 2H, 2CH), 5.61 (s, 1H, NH), 6.37 (s, 1H, NH), 6.98-7.04 (m, 4H, Ar-H), 7.18-7.21 (m, 2H, Ar-H), 7.22-7.31 (m, 2H, Ar-H). 13C NMR (CDCl3, 100 MHz, δ) 189.9, 189.1, 132.8 (J=29.0 Hz), 129.7 (J=29.0 Hz), 129.6, 129.4, 129.3, 128.9, 115.7, 115.5, 81.3, 79.5, 77.3, 77.0, 76.7, 76.6, 48.3, 46.4, 40.4, 40.3, 33.9, 33.8, 31.4, 31.4, 31.3, 31.2, 31.2, 23.8, 23.7, 22.2, 22.2.  HRMS (ESI) [M+H]+ Anal. Calcd for C15H21FNOS: 282.1328; Found: 282.1335.
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1H and 13C NMR spectra of 4a

[image: ][image: ]
1H and 13C NMR spectra of 4b
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1H and 13C NMR spectra of 4c
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1H and 13C NMR spectra of 4d
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1H and 13C NMR spectra of 4e
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1H and 13C NMR spectra of 4f
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1H and 13C NMR spectra of 4g
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1H and 13C NMR spectra of 4h
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1H and 13C NMR spectra of 4i
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1H and 13C NMR spectra of 4j
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1H and 13C NMR spectra of 4k
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1H and 13C NMR spectra of 4l
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1H NMR of 4c in DMSO-d6 under normal condition
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1H NMR of 4c in DMSO-d6 after heating to 60°C 

[image: ]
Fig. S1. Total energies (hartree) along the intrinsic reaction coordinate (IRC) for the five transition state of the proposed mechanism calculated at the HF/6-31G(d) level of theory in gas phase.






Table S1. Relative electronic energies (Eele), thermal energies (Eth), enthalpies (H), free energies (G)  in kJ mol-1 for species involved in the mechanism at 298.15 K calculated by the B3LYP/ 6-31++g(d,p) level of theory in gas phase.
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Table S2. Relative electronic energies (Eele), thermal energies (Eth), enthalpies (H), free energies (G)  in kJ mol-1 for species involved in the mechanism at 298.15 K calculated by the HF/ 6-31g(d) level of theory in gas phase.
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