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Ring expansion reactions via endocyclic cleavage of cyclopropylcarbinyl radicals derived from the reaction of
[1-benzyloxycarbonylbicyclo[n.1.0]alk-(n+1)-yl]-1-imidazolethiocarboxylates with tributyltin hydride/AIBN
proceeded to produce 3-cycloalkenecarboxylates in good yields. Benzyl (5"-phenoxypentyl)-3-cyclohepten-1-
carboxylate was obtained in 33% yield from the reaction of benzyl 5-methylenebicyclo[4.1.0]-1-carboxylates
with 4-phenoxybutyl iodide under radical conditions. Selective cleavage of endocyclic bond in cyclopropane
to the cyclohexane, results from stabilization of the resultant radical by the carbonyl groups, such as the ben-
zyloxycarbonyl group, which lower the transition state energy for the final cyclopropane cleavage in the ring

expansion.

Introduction

Radical based ring opening reactions have been success-
fully exploited in the development of a wide variety of use-
ful synthetic transformations.! Especially, recent advances in
the ring opening reactions of three-membered rings have led
to the steadily increasing utilization of cyclopropyl deriva-
tives as building blocks for organic synthesis.” In this respect,
ring opening of the cyclopropylcarbinyl radicals and cyclo-
propyl alkoxy radicals has proved to be an useful strategy for
ring expansion because cleavage of the three-membered ring
takes place easily and the disfavored entropy effect usually
associated with medium and large size ring formation can be
avoided.> However, the literature on bicyclo[n.1.0] radicals
reveals a preference for stereoelectronically controlled exo-
cyclic radical ring opening as opposed to thermodynamically
favored endocyclic ring opening.* The exocyclic cleavage has
usually been achieved under reaction conditions such as
electrolysis,” samarium iodide,® alkali metal’ and photo-
chemical electron transfer.® Ingold has studied the stereo-
electronic requirements of the fragmentation of cyclopropyl-
carbinyl radicals.’ In addition, Beckwith,'® Dowd, "' Baldwin'?
and Crimmins" have reported on some unusual radical based
ring expansion reactions. Much of the attention in this area
has focused on exocyclic cleavage of cycloalkylcarbinyl
radicals and endocyclic cleavage of cyclopropyl alkoxy radi-
cals generated in situ by the addition of carbon radical cen-
ters to an adjacent carbonyl group. Considerably less effort
has been expended on the development of ring expansion
reactions via endocyclic cleavage of cycloalkylcarbinyl radi-
cals. In connection with our research interest in the synthetic
utility of cyclopropane derivatives, we reported the conve-
nient Smlr-induced ring opening reactions of alkyl (n+1)-
oxobicyclo[n.1.0]alkane-1-carboxylates via endocyclic cleav-
age."* We next studied the feasibility of ring expansion reac-
tions via endocyclic cleavage of cyclopropylcarbinyl radi-
cals derived from [1-benzyloxycarbonylbicyclo[n.1.0]alk-
(n+1)-yl]-1-imidazolethiocarboxylates and benzyl (n+1)-
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methylenebicyclo[n.1.0]-1-carboxylates (Scheme 1).
Experimental Section

Benzyl 3-oxocyclohexene-1-carboxylate (3). To a solu-
tion of triphenylphosphine (230.9 mg, 0.88 mmol) in THF (4
mL) were added 2-cyclohexen-1-one (84.6 mg, 0.88 mmol)
and TBSOTT (244.2 mg, 0.92 mmol) at -30 °C. After being
stirred at room temperature for 30 min, the reaction mixture
was cooled to -78 °C and #n-butyllithium (0.62 mL, 0.97
mmol) was added dropwise to give a black-colored ylide
solution. The reaction mixture was stirred for 30 min at -78
°C and benzyl chloroformate (165.5 mg, 0.97 mmol) was
added to the ylide solution. After being warmed to room
temperature, TBAF (1.32 mL, 1.32 mmol) was added and
stirred at room temperature for 2 h. The reaction mixture
was then diluted with ether (2 x 20 mL) and washed with
saturated NaHCOj5 solution (10 mL) and brine (10 mL). The
combined organic layers were dried over anhydrous MgSOs,
filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel chromatography (EtOAc/
hexanes = 1/10) to give benzyl 3-oxocyclohexene-1-carbox-
ylate (174.3 mg, 86%) as a colorless liquid: '"H NMR (400
MHz, CDCls) & 7.38 (m, 5H), 6.80 (m, 1H), 5.26 (s, 2H),
2.60 (m, 2H), 2.45 (t, J = 6.73 Hz, 2H), 2.11 (m, 2H); "*C
NMR (100 MHz, CDCls) 6 199.64, 165.83, 148.36, 134.73,
132.74, 128.19, 128.06, 127.80, 66.85, 37.20, 24.35, 21.63;
IR (film) 3050, 2950, 1730, 1690, 1240 cm™.
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Benzyl (E)-2-methyl-4-oxo-2-hexenoate (1). 'H NMR
(400 MHz, CDCl3) 67.39 (s, 5H), 7.12 (s, 1H), 5.24 (s, 2H),
2.56 (q, J = 7.24 Hz, 2H), 2.25 (s, 3H), 1.1 (t, /= 7.31 Hz,
3H); *C NMR (100 MHz, CDCl;) 6201.68, 165.79, 143.38,
134.38, 134.25, 127.69, 127.56, 127.30, 126.55, 72.43, 66.57,
18.64, 14.02; IR (film) 3050, 2950, 1725, 1700 cm™".

Benzyl 3-oxocyclopentene-1-carboxylate (2). 'H NMR
(400 MHz, CDCl3) 0 7.41-7.34 (m, 5H), 6.8-6.78 (m, 1H),
5.3 (s, 2H), 2.90-2.83 (m, 2H), 2.55-2.5 (m, 2H); *C NMR
(100 MHz, CDCl3) 6209.35, 164.51, 164.28, 138.75, 135.55,
129.09, 129.00, 128.74, 67.64, 35.93, 27.88; IR (film) 3050,
2950, 1700, 1260 cm™.

Benzyl 4-methyl-3-oxocyclohexene-1-carboxylate (4).
'H NMR (400 MHz, CDCl3) §7.35-7.25 (m, 5H), 6.7 (dd, J
= 0.7, 0.66 Hz, 1H), 5.18 (s, 2H), 2.7-2.63 (m, 1H), 2.53-
243 (m, 1H), 2.38-2.29 (m, 1H), 2.18-2.04 (m, 1H), 1.73-
1.62 (m, 1H); *C NMR (100 MHz, CDCl;) 5202.88, 166.75,
148.39, 135.67, 133.28, 129.08, 128.93, 128.68, 67.68, 41.88,
30.63, 25.02, 15.13; IR (film) 3050, 2950, 1730, 1680, 1260,
1240 cm™.

Benzyl 4,4-dimethyl-3-oxocyclohexene-1-carboxylate
(5). 'HNMR (400 MHz, CDCl3) 87.38 (s, SH), 6.71 (s, 1H),
5.25 (s, 2H), 2.61 (t, J = 5.9 Hz, 2H), 1.87 (t, J = 5.64 Hz,
2H), 1.11 (s, 6H).

Benzyl 3-oxocycloheptene-1-carboxylate (6). 'H NMR
(400 MHz, CDCl5) & 7.28-7.25 (m, 5H), 6.84 (s, 1H), 5.13
(s, 2H), 2.65 (t, J = 5.47 Hz, 2H), 2.55 (t, J = 6.37 Hz, 2H),
1.76-1.73 (m, 4H); *C NMR (100 MHz, CDCl;) & 204.67,
167.79, 145.08, 137.76, 135.77, 129.06, 128.88, 128.69, 67.87,
43.09, 28.13, 25.43, 21.91; IR (film) 3050, 2950, 1770,
1720, 1680, 1460, 1250 cm™.

Benzyl 3-hydroxycyclohexene-1-carboxylate (9). To a
solution of benzyl 3-hydroxycyclohexene-1-carboxylate
(322.4 mg, 1.4 mmol) and CeCl-7H,O (521.6 mg, 1.4
mmol) in MeOH (3.5 mL) was added dropwise a solution of
sodium borohydride (52.9 mg, 1.4 mmol) in MeOH (1 mL)
at room temperature under N». After 2 h, the reaction mix-
ture was quenched with NaHCO; (sat. aq.). The aqueous
layer was extracted with ether (3 X 15 mL), and combined
organic layers were washed with water (15 mL), brine (15
mL), dried with anhydrous MgSOQs, filtered and concen-
trated under reduced pressure. The crude product was puri-
fied by silica gel chromatography (EtOAc/hexenes=1/3) to
give benzyl 3-hydroxycyclohexene-1-carboxylate (318.7 mg,
98%) as a colorless liquied: 'H NMR (400 MHz, CDCl3) &
7.38 (m, 5H), 6.93 (m, 1H), 5.18 (s, 2H), 4.35 (m, 1H), 2.98
(m, 2H), 1.93 (m, 2H), 1.84 (m, 1H), 1.58 (m, 2H); “C
NMR (100MHz, CDCls) 4 167.02, 140.10, 136.00, 132.42,
128.55, 128.19, 128.10, 66.38, 65.98, 31.11, 24.21, 19.08.

Benzyl (E)-2-methyl-4-hydroxy-2-hexenoate (7). 'H
NMR (400 MHz, CDCl3) 67.38 (s, 5H), 6.70 (d, J = 9.16
Hz, 1H), 5.20 (s, 2H), 4.42 (dt, J = 6.69, 1.84 Hz, 1H), 1.91
(s, 3H), 1.75-1.48 (m, 3H), 0.94 (t, J = 7.45, 3H); S*C NMR
(100 MHz, CDCls) 167.65, 143.26, 135.99, 128.48, 128.10,
128.03, 69.97, 66.50, 29.69, 12.94, 9.43; IR (film) 3400,
3050, 2950, 2900, 2850, 1700, 1640 cm™.

Benzyl 3-hydroxycycloheptene-1-carboxylate (12). 'H
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NMR (400 MHz, CDCl3) 67.39-7.31 (m, 5H), 7.11 (s, 1H),
5.17 (s, 2H), 4.57-4.52 (m, 1H), 2.9 (dd, J = 6.83, 6.83 Hz,
1H), 2.17-1.61 (m, 7H), 1.31-1.17 (m, 1H); *C NMR (100
MHz, CDCl;) d 167.86, 150.14, 136.50, 133.21, 128.93,
128.53, 128.50, 72.38, 67.04, 36.13, 28.42, 27.81, 25.84; IR
(film) 3400, 3050, 2950, 1720, 1660, 1260 cm™.

Benzyl S5-hydroxybicyclo[4.1.0]heptane-1-carboxylate
(15). To a solution of benzyl 5-oxobicyclo[4.1.0.]heptane-1-
carboxylate (134 mg, 0,55 mmol) and CeCl - 7H,0 (208 mg,
0.55 mmol) in MeOH (1.4 mL) was added dropwise a solu-
tion of sodium borohydride (22 mg, 0.55 mmol) in MeOH (1
mL) at room temperature under N,. After 2 h, the reaction
mixture was quenched with NaHCO; (sat. aq.). The aqueous
layer was extracted with ether (3 x 15 mL), and combined
organic layers were washed with water (15 mL), brine (15
mL), dried with anhydrous MgSQO,, filtered and concen-
trated under reduced pressure. The crude product was puri-
fied by silica gel chromatography (EtOAc/hexenes=1/3) to
give benzyl 5-hydroxybicyclo[4.1.0]heptane-1-carboxylate
(113 mg, 89%) as a colorless liquid: '"H NMR (400 MHz,
CDCl;) 67.36 (m, 5SH), 5.12 (s, 2H), 4.10 (m, 1H), 2.55 (m,
1H), 1.42 (m, 8H), 0.60 (dd, J = 6.83, 4.48 Hz, 1H); “C
NMR (100 MHz, CDCl3) 6 173.31, 134.40, 126.81, 126.39,
126.16, 64.74, 63.67, 27.30, 26.49, 23.95, 21.89, 18.14,
16.31; IR (film) 3400, 3050, 2950, 2850, 1730 cm™".

Benzyl (E)-1-methyl-2-(1'-hydropropyl)cyclopropane-
carboxylate (13). '"H NMR (400 MHz, CDCl;) 6 7.34 (s,
SH), 5.10 (s, 2H), 3.31-3.21 (m, 1H), 1.74-1.55 (m, 4H),
1.44 (dd, J = 9.16, 3.97 Hz, 1H), 1.34 (s, 3H), 0.97 (t, J =
7.48 Hz, 3H), 0.72 (dd, J = 6.41, 3.97 Hz, 1H); “C NMR
(100 MHz, CDCl3)  175.52, 136.56, 128.93, 128.49, 128.16,
73.22, 66.83, 32.80, 31.16, 23.67, 20.62, 15.07, 10.06; IR
(film) 3400, 3050, 2950, 2580, 1720 cm™".

Benzyl 4-hydroxybicyclo[3.1.0]hexane-1-carboxylate
(14). "H NMR (400 MHz, CDCl;) 67.31-7.22 (m, 5H), 5.03
(d, J=1.35 Hz, 2H), 4.52-4.47 (m, 1H), 2.16-2.08 (m, 1H),
2.60-2.01 (m, 1H), 1.97-1.85 (m, 2H), 1.36-1.30 (m, 1H),
1.20-1.05 (m, 3H); *C NMR (100 MHz, CDCl;) & 173.57,
135.83, 128.17, 127.72, 127.55, 73.06, 65.89, 65.51, 36.08,
31.01, 24.34, 16.35; IR (film) 3400, 3050, 2950, 1720, 1460
em™L,

Benzyl  4-methyl-5-hydroxybicyclo[4.1.0]heptane-1-

carboxylate (16). '"H NMR (400 MHz, CDCls) 6 7.33 (s,
5H), 5.08 (s, 2H), 2.32-1.86 (m, 3H), 1.70-0.57 (m, 10H);
SCNMR (100 MHz, CDCl3) 173.67, 134.91, 127.28, 126.83,
126.65, 73.90, 65.11, 36.43, 28.35, 24.48, 23.31, 22.44,
17.96, 15.29; IR (film) 3400, 3050, 2950, 2850, 1730, 1460
em™l,
Benzyl 4,4-dimethyl-S-hydroxybicyclo|[4.1.0]heptane-
1-carboxylate (17). 'H NMR (400 MHz, CDCl;) & 7.39-
7.31 (m, 5H), 5.07 (d, J = 3.36 Hz, 2H), 3.32 (s, 1H), 2.34
(ddd, J=14.02, 7.63, 6.41 Hz, 1H), 1.84-1.71 (m, 2H), 1.52-
1.21 (m, 4H), 0.86 (d, J = 15.87 Hz, 6H), 0.55-0.52 (m, 1H);
IR (film) 3400, 3050, 2950, 2850, 1720, 1460 cm™'.

Benzyl 6-hydroxybicyclo[S.1.0]octane-1-carboxylate
(18). 'H NMR (400 MHz, CDCl;) §7.41-7.26 (m, 5H), 5.09
(s, 2H), 4.40-4.34 (m, 1H), 2.53-2.47 (m, 1H), 1.92-1.42 (m,
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9H), 1.28 (dd, J=9.65, 9.8 Hz, 1H), 1.17 (dd, J = 6.89, 6.83
Hz, 1H); "C NMR (100 MHz, CDCl;) J 176.29, 137.24,
129.45, 128.94, 128.69, 67.28, 66.80, 36.06, 33.42, 30.40,
28.88, 28.55, 25.25, 16.20; IR (film) 3450, 3050, 2950, 1720,
1460, 1160, 1100 cm ™.

Methyl  8-hydroxytricyclo|5,4,0,0**|undecane-1-car-
boxylate. "H NMR (400 MHz, CDCl;) 43.88-3.82 (m, 1H),
3.68 (s, 3H), 2.78-2.76 (m, 1H), 2.67 (t, J = 7.38 Hz, 1H),
2.44 (m, H), 2.23 (dt, J = 6.78, 3.68 Hz, 1H), 1.88-1.84 (m,
2H), 1.69-1.52 (m, 8H), 1.43-1.33 (m, 1H), 1.25-1.11 (m,
1H); *C NMR (100 MHz, CDCl;) 0 176.24, 67.98, 51.53,
48.85, 47.85, 41.87, 34.82, 33.75, 32.20, 30.85, 28.23, 26.77,
21.18; IR (film) 3400, 2950, 2850, 1720, 1710, 1450, 1180
em™

Benzyl S-hydroxybicyclo[4.1.0]heptane-1-carboxylate
(15). To a solution of samarium metal (5.1 g, 33.8 mmol) in
THF (75 mL) were added a solution of mercuric chloride
(0.92 g, 3.38 mmol) in THF (75 mL) at room temperature
under N,. After being stirred for 10 min at room tempera-
ture, Benzyl 3-hydroxy- cyclohexene-1-carboxylate (1.96 g,
8.46 mmol) was added to the reaction mixture. The reaction
mixture was cooled to -78 °C, and diiodomethane (9.1 mg,
33.8 mmol) was added dropwise. The reaction mixture was
warmed to room temperature and stirred at room tempera-
ture for 2 h. The reaction mixture was quenched with K,CO;
(sat. aq.). The aqueous layer was extrated with ether (3 x 50
mL), and the combined organic layers were washed with sat-
urated K,COs3 solution (50 mL), brine (50 mL), dried with
anhydrous MgSQO, filtered and concentrated under reduced
pressure. The crude product was purified by silica gel chro-
matography (EtOAc/hexanes=1/2) to give benzyl 5-hydroxy-
bicyclo[4.1.0] heptane-1-carboxylate (1.55 g, 74%) as a col-
orless liquid: "H NMR (400 MHz, CDCl;) 4 7.36 (m, 5H),
5.12 (s, 2H), 4.10 (m, 1H), 2.55 (m, 1H), 1.42 (m, 8H), 0.60
(dd, J = 6.83, 4.48 Hz, 1H); *C NMR (100 MHz, CDCl;) &
173.31, 134.40, 126.81, 126.39, 126.16, 64.74, 63.67, 27.30,
26.49, 23.95, 21.89, 18.14, 16.31; IR (film) 3400, 3050,
2950, 2850, 1730 cm™.

[1-Benzyloxycarbonylbicyclo[4.1.0]het-5-yl|-1-imida-
zolethiocarboxylate (21). A solution of Benzyl 5-hydroxy-
bicyclo[4.1.0]heptane-1-carboxylate (51 mg, 0.2 mmol),
1,1'-thiocarbonyldiimidazole (59 mg, 0.3 mmol) and 4-dim-
ethylaminopyridine (5 mg, 0.04 mmol) in MC (1.2 mL)
under N,. After being stirred for 10 h at room temperature,
the reaction mixture was quenched with water. The aqueous
layer was extrated with ether (3 x 25 mL), and the combined
organic layers were washed with saturated NaHCOj3 solution
(20 mL), brine (20 mL), dried with anhydrous MgSOs, fil-
tered and concentrated under reduced pressure. The crude
product was purified by silica gel chromatography (EtOAc/
hexanes=1/3) to give [1-Benzyloxycarbonylbicyclo[4.1.0]-
het-5-yl]-1-imidazolethiocarboxylate (60 mg, 85%) as a yel-
low liquid: '"H NMR (400 MHz, CDCls) 68.32 (d, J= 6.93
Hz, 1H), 7.57 (s, 1H), 7.28 (m, 5H), 6.69 (d, J = 2.30 Hz,
1H), 5.81 (t, J = 4.12 Hz, 1H), 5.05 (m, 2H), 2.63 (m, 1H),
1.90 (dd, J = 10.40, 6.83 Hz, 1H), 1.59 (m, 5H), 1.27 (m,
1H), 0.70 (dd, J = 6.54, 4.98 Hz, 1H); IR (film) 2950, 1720,
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1470, 1400, 1330, 1290, 1250 cm™".

Cyclopropylthionoimidazolide (19). 'H NMR (400
MHz, CDCl3) 0 8.38 (s, 1H), 7.66 (s, 1H), 7.44-7.35 (m,
SH), 7.05 (s, 1H), 5.58-5.45 (m, 1H), 5.13 (s, 2H), 2.00-1.83
(m, 3H), 1.49-1.43 (m, 4H), 1.03-1.96 (m, 4H); *C NMR
(100 MHz, CDCl3) 6 174.75, 136.28, 129.01, 128.67, 128.29,
86.08, 67.19, 29.36, 28.44, 24.35, 21.02, 15.45, 9.63; IR
(film) 3050, 2950, 2300, 1720, 1460 cm™.

[1-Benzyloxycarbonylbicyclo[3.1.0]hex-4-yl]-1-imida-
zolethiocarboxylate (20). 'H NMR (400 MHz, CDCl;) &
8.37 (s, 1H), 7.62 (s, 1H), 7.34 (s, SH), 7.04 (s, 1H), 6.02-
5.92 (m, 1H), 5.12 (d, J = 1.83 Hz, 2H), 2.53-2.26 (m, 3H),
2.16-2.30 (m, 1H), 1.60-1.43 (m, 2H), 1.39-1.24 (m, 1H); IR
(film) 3050, 2950, 1730, 1480 cm™.

|4-Methyl-1-benzyloxycarbonylbicyclo[4.1.0]hept-5-yl]-
1-imidazolethiocarboxylate (22). 'H NMR (400 MHz,
CDCls) 68.37 (s, 1H), 7.66 (s, 1H), 7.62-7.31 (m, 5H), 7.06
(s, 1H), 5.19-5.01 (m, 3H), 2.42-2.04 (m, 2H), 1.84-1.58 (m,
3H), 1.50-1.04 (m, 2H), 1.02-0.71 (m, 4H); IR (film) 3050,
2950, 1720, 1530, 1460 cm™.

[4,4-Dimethyl-1-benzyloxycarbonylbicyclo[4.1.0]hept-
5-yl]-1-imidazolethiocarboxylate (23). 'H NMR (400
MHz, CDCl;) 88.39 (s, 1H), 7.64 (s, 1H), 7.39-7.31 (m, 5H),
7.07 (s, 1H), 5.18-5.00 (m, 3H), 2.53-2.35 (m, 1H), 1.93-
1.83 (m, 1H), 1.57-0.67 (m, 11H); IR (film) 3050, 2950,
1720, 1460 cm™.

[1-Benzyloxycarbonylbicyclo[S.1.0]oct-6-yl]-1-imida-
zolethiocarboxylate (24). 'H NMR (400 MHz, CDCl;) &
8.39 (s, 1H), 7.64 (s, 1H), 7.35 (s, 5H), 7.08 (s, 1H), 6.13-
6.07 (m, 1H), 5.12 (s, 2H), 2.65-2.57 (m, 1H), 2.26-1.01 (m,
10H); IR (film) 3050, 2950, 1710, 1450 cm™.

Cyclobutylthionoimidazolide (29). '"H NMR (400 MHz,
CDCl;) 68.32 (s, 1H), 7.61 (d, J=1.16 Hz, 1H), 7.03 (d, J =
0.79 Hz, 1H), 5.67-5.61 (m, 1H), 3.72 (s, 3H), 3.02-2.98 (mm,
1H), 2.92-2.87 (m, 1H), 2.55-2.51 (m, 1H), 2.36-2.33 (m,
1H), 2.32-2.22 (m, 1H), 1.81-1.26 (m, 10H); *C NMR (100
MHz, CDCls) o 183.17, 175.35, 136.59, 130.61, 117.88,
80.75, 51.78, 49.02, 47.93, 38.13, 35.84, 33.41, 31.61, 28.12,
26.71,26.49, 20.51; IR (film) 3100, 2950, 2850, 1720, 1460
em™.

Benzyl 5-oxobicyclo[4.1.0]heptane-1-carboxylate (26).
A solution of dimethylsulfoxonium methylide was prepared
from NaH (81.4 mg, 3.39 mmol) and trimethylsulfoxonium
iodide (743.2 mg, 3.38 mmol) in DMSO (4.5 mL) under N,.
After 1 h, a solution of 3-benzyloxycarbonyl 2-cyclohexen-
1-one (597.1 mg, 2.59 mmol) in DMSO (2 mL) was added
dropwise over 20 min to a solution of dimethylsulfoxonium
methylide. After being stirred for 10 h at room temperature,
the solution was poured into ice-cold water (10 mL) and
extracted with ether (3 x 50 mL). The combined organic lay-
ers were washed with brine (50 mL), dried with anhydrous
MgSO;, filtered and concentrated under reduced pressure.
The crude product was purified by silica gel chromatogra-
phy (EtOAc/hexanes=1/5) to give benzyl S5-oxobicyclo-
[4.1.0]heptane-1-carboxylate (240.5 mg, 38%) as a colorless
liquid: "H NMR (400 MHz, CDCls) 67.35 (m, SH), 5.13 (s,
2H), 2.33 (m, 5H), 1.82 (m, 4H); *C NMR (100 MHz, CDCl;)
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0 205.92, 172.49, 135.55, 128.63, 128.38, 128.08, 66.91,
36.52, 33.80, 28.67, 22.12, 17.74, 16.75; IR (film) 3050,
2950, 1710, 1690, 1280 cm™; MS (CI) caled for CisHi605
[M+H]" 245, found 245.

Benzyl 4-oxobicyclo[3.1.0]hexane-1-carboxylate (25).
'H NMR (400 MHz, CDCl3) 8 7.36 (m, 5H), 5.16 (s, 2H),
2.58 (m, 1H), 2.33 (dd, J=4.34,4.21 Hz, 1H), 2.21 (m, 3H),
2.0 (dd, J=4.82,4.55 Hz, 1H), 1.36 (t, J=4.56 Hz, 1H); IR
(film) 3050, 2950, 1740, 1280, 1160 cm™'; MS (CI) calcd for
C14H1403 [l\/H‘I‘I]+ 230, found 230.

Benzyl 4-methyl-5-oxobicyclo[4.1.0]heptane-1-carbox-
ylate (27). "H NMR (400 MHz, CDCls) 8 7.3-7.24 (m, 5H),
5.06 (s, 2H), 2.29-2.21 (m, 3H), 1.93-1.9 (m, 1H), 1.77-1.75
(m, 1H), 1.55 (dd, J=5.02, 5.02 Hz, 1H), 1.39 (dd, J=5.53,
5.27 Hz, 'H), 1.28-1.18 (m, 1H), 1.03 (d, J = 6.92 Hz, 3H);
3C NMR (100 MHz, CDCl;) 207.86, 173.00, 135.99, 129.01,
128.74, 128.45, 67.21, 4248, 33.43, 27.99, 25.72, 22.70,
16.14, 15.75; IR (film) 3050, 2950, 1735, 1700, 1280 cm™.

Benzyl 4,4-dimethyl-5-oxobicyclo[4.1.0]heptane-1-car-
boxylate (28). '"H NMR (400 MHz, CDCls) 0 7.32-7.24 (m,
SH), 5.06 (d, J=3.51 Hz, 2H), 2.35-2.2 (m, 2H), 1.56 (dd, J
=4.95,4.94 Hz, 2H), 1.47-1.41 (m, 2H), 1.37 (t, J=5.37 Hz,
1H), 1.01 (s, 3H), 0.97 (s, 3H); IR (film) 3050, 2950, 1720,
1460, 1280, 1150 cm™.

Benzyl S-oxobicyclo[4.1.0]heptane-1-carboxylate (26).
To a solution of molecular sieves 5 A (2.9 g) and pyridinium
chlorochromate (1.74 g, 8.05 mmol) in MC (17 mL) was
rapidly added a solution of benzyl 5-hydroxybicyclo[4.1.0]-
heptane-1-carboxylate (1.32 g, 5.37 mmol) in MC (3 mL) at
room temperature. After being stirred for 2 h at room tem-
perature, the reaction mixture was quenched with NaHCO;
(sat. aq.). The aqueous layer was extracted with ether (3 x 50
mL), and combined organic layers were washed with water
(50 mL), brine (50 mL), dried with anhydrous MgSQ, fil-
tered and concentrated under reduced pressure. The crude
product was purified by silica gel chromatography (EtOAc/
hexenes=1/5) to give benzyl 5-oxobicyclo[4.1.0]heptane-1-
carboxylate (1.23 g, 94%) as a colorless liquid: '"H NMR
(400 MHz, CDCl3) 6 7.35 (m, 5H), 5.13 (s, 2H), 2.33 (m,
5H), 1.82 (m, 4H); *C NMR (100 MHz, CDCl;) 4 205.92,
172.49, 135.55, 128.63, 128.38, 128.08, 66.91, 36.52, 33.80,
28.67,22.12, 17.74, 16.75; IR (film) 3050, 2950, 1710, 1690,
1280 cm™'; MS (CI) caled for CysHi05 [M+H]" 245, found
245.

Benzyl 3-cycloheptenecarboxylate (32). The [1-Benzy-
loxycarbonylbicyclo[4.1.0]het-5-y1]-1-imidazolethiocarbox-
ylate (35 mg, 0.1 mmol) was dissolved in dry, degssed
benzene (1 mL) and heated to reflux. A solution of tributyl-
tin hydride (34.9 mg, 0.12 mmol) and AIBN (3 mg, 0.02
mmol) in benzene (1 mL) was added over 4 h by syringe
pump. When the addition was complete, the benzene was
removed under reduced pressure and the residue was
extracted with ether (3 x 25 mL). The combined organic lay-
ers were washed with saturated KF solution (20 mL) and
brine (20 mL), dried with MgSQ,, filtered and concentrated
under reduced pressure. The crude product was purified by
silica gel chromatography (EtOAc/hexanes=1/30) to give
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benzyl 3-cycloheptenecarboxylate (18.9 mg, 82%) as a col-
orless liquid: "H NMR (400 MHz, CDCls) & 7.36 (m, SH),
5.99 (m, 1H), 5.57 (m, 1H), 5.13 (s, 2H), 2.08 (m, 4H), 1.85
(m, 3H), 1.56 (m, 1H), 1.22 (m, 1H); *C NMR (100 MHz,
CDCl;) 0 172.25, 174.58, 135.77, 132.95, 128.74, 128.02,
127.55, 127.35, 126.16, 124.22, 65.77, 65.57, 42.91, 33.75,
30.08, 27.94, 26.25, 24.80, 20.71, 20.68, 19.12, 18.37; IR
(film) 3050, 2950, 1730, 1300 cm™; MS (CI) calcd for
Ci5H1302 [l\/H‘H]+ 231, found 231.

Benzyl (E)-2-methyl-4-heptenoate (30). 'H NMR (400
MHz, CDCls) 6 7.35 (s, 5H), 5.53-5.17 (m, 2H), 5.11 (s,
2H), 2.59-1.90 (m, 5H), 1.16 (dd, J = 7.02, 6.72 Hz, 3H),
0.93 (t, J = 7.33 Hz, 3H); *C NMR (100 MHz, CDCl;) &
175.79, 135.90, 134.43, 128.17, 127.74, 125.18, 65.65, 39.48,
36.34, 25.20, 16.14, 13.44; IR (film) 3050, 2950, 2900,
1730, 1450 cm™"; MS (CI) calcd for CisH0, [M+H]" 233,
found 233.

Benzyl 3-Cyclohexenecarboxylate (31). 'H NMR (400
MHz, CDCl3) 6 7.39-7.30 (m, 5H), 5.68 (s, 2H), 5.14 (s,
2H), 2.66-2.58 (m, 1H), 2.28 (d, J = 6.93 Hz, 2H), 2.12-2.01
(m, 3H), 1.74-1.71 (m, 1H); *C NMR (100 MHz, CDCl;) &
176.96, 137.51, 129.84, 129.42, 129.29, 127.98, 126.45, 67.38,
40.65, 28.73, 26.37, 25.71; IR (film) 3050, 2950, 1730, 1460,
1320 cm™; MS (CI) caled for C14H60, [M+H]" 217, found
217.

Benzyl 4,4-dimethyl-3-cycloheptenecarboxylate (34).
'H NMR (400 MHz, CDCl;) & 7.34 (s, 5H), 5.55-5.37 (m,
2H), 5.09 (s, 2H), 2.61-2.26 (m, 3H), 2.10-0.87 (m, 10H);
C NMR (100 MHz, CDCl;) 0 175.81, 142.66, 128.54,
128.13, 128.06, 124.78, 66.10, 44.31, 38.36, 36.62, 30.69,
29.71, 29.40, 28.77, 27.85; IR (film) 3050, 2950, 1720,
1450, 1140 cm™; MS (CI) caled for C17H»0, [M+H]" 259,
found 259.

Benzyl 3-Cyclooctenecarboxylate (35). 'H NMR (400
MHz, CDCls) 6 7.35 (s, 5H), 5.82-5.59 (m, 2H), 5.11 (s,
2H), 2.55-2.05 (m, 5H), 1.83-1.10 (m, 6H); *C NMR (100
MHz, CDCl3) é 174.68, 135.25, 131.12, 127.51, 127.07,
126.98, 126.37, 65.01, 44.07, 28.13, 27.20, 26.16, 24.86,
23.44; IR (film) 3050, 2950, 1720, 1140 cm™; MS (CI)
caled for Ci6H2002 [M+H]" 245, found 245.

Epoxyketone (43). To a solution of benzyl 3-oxocyclo-
hexene- 1-carboxylate (130 mg, 0.57 mmol) in 2-propanol (2
mL) was added 28% hydrogen peroxide (277 uL, 2.28
mmol) and 6 M NaOH (19 uL, 0.114 mmol) at 0 °C. After
being stirred at room temperature for 6 h, the reaction mix-
ture was quenched with NaHCOs (sat. aq.). The aqueous
layer was extracted with ether (3 x 15 mL), and combined
organic layers were washed with water (15 mL), brine (15
mL), dried with anhydrous MgSO,, filtered and concen-
trated under reduced pressure. The crude product was puri-
fied by silica gel chromatography (EtOAc/hexenes=1/5) to
give epoxyketone (43) (116.8 mg, 83%) as a colorless liquid:
'H NMR (400 MHz, CDCl3) 7.34 (m, 5H), 5.21 (m, 2H),
3.55 (s, 1H), 2.54 (m, 1H), 2.39 (m, 2H), 2.11 (m, 1H), 1.93
(m, 1H), 1.75 (m, 1H); C NMR (100 MHz, CDCl;) &
203.00, 168.01, 134.77, 128.71, 128.39, 67.76, 60.51, 59.19,
35.98,22.91, 16.58; IR (film) 3050, 3000, 2950, 2850, 1720
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Epoxyalcohol (44). To a solution of epoxyketone (43)
(55.5 mg, 0.225 mmol) and CeCl - 7H,O (83.8 mg, 0.225
mmol) in 2-propanol (0.5 mL) was added dropwise a solu-
tion of sodium borohydride (8.5 mg, 0.225 mmol) in 2-pro-
panol (0.5 mL) at room temperature under N». After 2 h, the
reaction mixture was quenched with NaHCOj; (sat. aq.). The
aqueous layer was extracted with ether (3 x 10 mL), and
combined organic layers were washed with water (10 mL),
brine (10 mL), dried with anhydrous MgSO,, filtered and
concentrated under reduced pressure. The crude product was
purified by silica gel chromatography (EtOAc/hexenes=1/2)
to give epoxyalcohol derivatives (44) (48.6 mg, 87%) as a
colorless liquid: '"H NMR (400 MHz, CDCl;) & 7.38 (m,
SH), 5.26 (d, J= 1.12 Hz, 2H), 4.10 (m, 1H), 3.82 (m, 1H),
2.08 (m, 3H), 1.70 (m, 3H), 1.40 (m, 1H); “C NMR (100
MHz, CDCl;) & 172.36, 134.54, 128.76, 128.71, 128.39,
7822, 71.71, 68.30, 35.30, 31.63, 18.69; IR (film) 3400,
3050, 2950, 2850, 1730 cm™.

Epoxythionoimidazolide (45). A solution of epoxyalco-
hol drivatives (44) (27.4 mg, 0.11 mmol), 1,1'-thiocarbonyl-
diimidazole (29.4 mg, 0.17 mmol) and 4-dimethylamino-
pyridine (2.7 mg, 0.02 mmol) in MC (0.8 mL) under N».
After being stirred for 10 h at room temperature, the reaction
mixture was quenched with water. The aqueous layer was
extrated with ether (3 x 10 mL), and the combined organic
layers were washed with saturated NaHCOj3 solution (10
mL), brine (10 mL), dried with anhydrous MgSQO, filtered
and concentrated under reduced pressure. The crude product
was purified by silica gel chromatography (EtOAc/hex-
anes=1/1) to give epoxythionoimidazolide (45) (29.2 mg, 74
%) as a yellow liquid: '"H NMR (400 MHz, CDCl5) 68.40 (s,
1H), 7.63 (s, 1H), 7.41 (m, 5H), 7.05 (s, 1H), 6.03 (m, 1H),
5.31(dd, J=33.08, 11.94 Hz, 2H), 4.16 (d, J=9.99 Hz, 1H),
2.44 (m, 1H), 2.15 (m, 1H), 1.81 (m, 3H), 1.54 (m, 1H); *C
NMR (100 MHz, CDCls) 4 183.06, 172.36, 137.17, 134.51,
130.68, 129.35, 129.22, 118.46, 83.11, 78.77, 69.31, 66.64,
35.65, 29.70, 19.16; IR (film) 3100, 2900, 1720, 1460, 1380
em™.

Benzyl 1-hydroxy-2-cyclohexene-1-carboxylate (46).
The epoxythionoimdazolide (45) (35 mg, 0.1 mmol) was
dissolved in dry, degssed benzene (1 mL) and heated to
reflux. A solution of tributyltin hydride (34.9 mg, 0.12
mmol) and AIBN (3 mg, 0.02 mmol) in benzene (1 mL) was
added over 4 h by syringe pump. When the addition was
complete, the benzene was removed under reduced pressure
and the residue was extracted with ether (3 X 25 mL). The
combined organic layers were washed with saturated KF
solution (20 mL) and brine (20 mL), dried with MgSO4, fil-
tered and concentrated under reduced pressure. The crude
product was purified by silica gel chromatography (EtOAc/
hexanes=1/7) to give benzyl 1-hydroxy-2-cyclohexene-1-
carboxylate (20 mg, 88%) as a colorless liquid: '"H NMR
(400 MHz, CDCl3) 87.36 (m, 5H), 6.04 (m, 1H), 5.63 (d, J
=10.0 Hz, 1H), 5.21 (d, J= 5.40 Hz, 2H), 1.94 (m, 7H); '*C
NMR (100 MHz, CDCl3) 4 176.31, 135.37, 132.77, 128.60,
128.39, 127.96, 126.45, 71.61, 67.50, 33.85, 24.52, 18.25;
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IR (film) 3400, 3050, 2950, 1730, 1460, 1250 cm™'.

Benzyl S-methylenebicyclo|[4.1.0]heptane-1-carboxy-
late (47). To A solution of zinc (0.86 g, 13.2 mol) in THF
(14 mL) was added diiodomethane (1.95 g, 7.3 mmol) at
room temperature under N,. After being stirred for 30 min at
room temperature, a dichloromethane solution of TiCls (1.0
M, 1.46 mmol) was added at 0 and the reaction mixture was
stirred at room temperature for 30 min. A solution of benzyl
5-oxobicyclo[4.1.0]heptane- 1-carboxylate (0.36 g, 1.46 mmol)
in THF (3 mL) was added dropwise at room temperature.
After being stirred for 15 min at room temperature, the reac-
tion mixture was diluted with ether (10 mL) and the organic
layer was washed with 1 M HCI solution (20 mL), brine (20
mL), dried with anhydrous MgSQO,, filtered and concen-
trated under reduced pressure. The crude product was puri-
fied by silica gel chromatography (EtOAc/hexenes=1/30) to
give benzyl 5-methylenebicyclo[4.1.0]heptane-1-carboxy-
late (0.25 g, 70%) as a colorless liquid: '"H NMR (400 MHz,
CDCls) 67.35 (m, 5H), 5.10 (s, 2H), 4.92 (s, 1H), 4.81 (d, J
= 1.58 Hz, 1H), 2.50 (m, 1H), 2.29 (dd, J = 9.88, 6.33 Hz,
1H), 2.05 (m, 2H), 1.83 (m, 1H), 1.49 (m, 3H), 0.94 (dd, J =
6.31, 4.31 Hz, 1H); C NMR (100 MHz, CDCl;) 4 174.92,
144.15, 136.17, 128.52, 128.07, 127.90, 110.15, 66.41, 29.70,
28.80, 25.38, 23.83, 21.50, 21.01; IR (film) 3050, 3000,
2900, 2850, 1710, 1640 cm™; MS (CI) caled for Ci6Hi50,
[M+H]" 243, found 243.

Benzyl 4-(tributyltin)methyl-3-cycloheptene-1-carbox-
ylate (48). The benzyl 5-methylenebicyclo[4.1.0]Theptane-1-
carboxylate (76.3 mg, 0.31 mmol) was dissolved in dry,
degssed benzene (4 mL) and heated to reflux. A solution of
tributyltin hydride (110.7 mg, 0.38 mmol) and AIBN (5 mg,
0.03 mmol) in benzene (2.4 mL) was added over 1 h by
syringe pump. When the addition was complete, the benzene
was removed under reduced pressure and the residue was
extracted with ether (3 x 25 mL). The combined organic lay-
ers were washed with saturated KF solution (20 mL) and
brine (20 mL), dried with MgSOs, filtered and concentrated
under reduced pressure. The crude product was purified by
silica gel chromatography (EtOAc/hexanes=1/40) to give
benzyl 4-(tributyltin)methyl-3-cycloheptene-1-carboxylate
(103.4 mg, 63%) as a colorless liquid: '"H NMR (400 MHz,
CDCl;) 6 7.36 (m, SH), 5.31 (t, J = 6.44 Hz, 1H), 5.10 (s,
2H), 2.36 (m, 1H), 2.30 (m, 2H), 2.13 (m, 2H), 1.94 (m, 1H),
1.79 (m, 2H), 1.72 (s, 2H), 1.47 (m, 6H), 1.30 (m, 7H), 0.86
(m, 15H); *C NMR 175.00, 145.28, 135.32, 127.48, 127.02,
126.97, 116.41, 64.90, 42.80, 33.96, 33.62, 29.28, 28.12,
26.36,23.90,21.78, 12.70, 8.52; IR (film) 3050, 2950, 2900,
2850, 1730, 1480 cm™.

Benzyl (5'-phenoxypentyl)-3-cycloheptene-1-carboxy-
late (50). The benzyl 5-methylenebicyclo[4.1.0]heptane-1-
carboxylate (94.4 mg, 0.39 mmol) and 4-phenoxybutyl
iodide (861.5 mg, 3.12 mmol) was dissolved in dry, degssed
benzene (3 mL) and heated to reflux. A solution of tributyl-
tin hydride (908 mg, 3.12 mmol) and AIBN (13 mg, 0.08
mmol) in benzene (2 mL) was added over 20 h by syringe
pump. When the addition was complete, the benzene was
removed under reduced pressure and the residue was
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extracted with ether (3 x 25 mL). The combined organic lay-
ers were washed with saturated KF solution (20 mL) and
brine (20 mL), dried with MgSOy, filtered and concentrated
under reduced pressure. The crude product was purified by
silica gel chromatography (EtOAc/hexanes=1/30) to give
Benzyl (5'-phenoxypentyl)-3-cycloheptene-1-carboxylate (50
mg, 33%) as a colorless liquid: "H NMR (400 MHz, CDCl5)
07.24 (m, 7H), 6.83 (m, 3H), 5.40 (t, J= 6.22 Hz, 1H), 5.02
(s, 2H), 3.87 (t, J = 6.53 Hz, 2H), 2.31 (m, 3H), 2.00 (m,
5H), 1.71 (m, 4H), 1.34 (m, 5H); “C NMR (100 MHz,
CDCl;) J 176.24, 159.46, 146.28, 136.67, 129.80, 128.92,
128.49, 128.44, 123.06, 120.86, 114.86, 68.12, 66.39, 43.65,
40.18, 35.06, 32.52, 30.45, 29.45, 29.55, 27.90, 26.06,
25.35; IR (film) 3050, 2900, 2850, 1720, 1600, 1500 cm™';
MS (CI) caled for CaHz205 [M+H]" 393, found 393.

Benzyl (5'-isopropyl)-3-cycloheptene-1-carboxylate (51).
'H NMR (400 MHz, CDCl3) 7.35 (s, SH), 5.45 (t, J=6.11
Hz, 1H), 5.10 (s, 2H), 2.48-1.18 (m, 11H), 0.98-0.69 (m,
7H); *C NMR (100 MHz, CDCl;) §176.27, 145.21, 136.67,
128.93, 128.50, 128.46, 124.33, 66.42, 50.26, 43.72, 35.09,
32.52,30.54,26.30, 25.28, 23.01, 22.82.

Results and Discussion

Precusors (I) of radical reactions were prepared from phos-
phoniosilylation,'® 1,2-reduction,' cyclopropanation'” followed
by acylation' of a,-enones (Scheme 2). We used many
reagents (zinc-copper couple, ethylzinc iodide, and etc.) to
obtain cyclopropane derivatives from benzyl 3-hydroxy-1-
cycloalkenylcarboxylate and found that samarium and di-
iodomethane in the presence of mercury chloride gave the
best results. Experimental results are shown in the Table 1
and Table 2. Also, some compounds (14, 15, 16 and 17)
could be obtained from phosphoniosilylation, cyclopropana-
tion, followed by 1,2-reduction (Table 3). Trimethyloxosul-
foxonium iodide gave the best results for cyclopropanation
of cyclopropy! ketones.

Initial studies were performed with thiocarbamate 21
(entry 3, Table 4). Slow addition of a solution of tributyltin
hydride and AIBN to thiocarbamate 21 in benzene at 80 °C
resulted in reductive cleavage of the cyclopropane to give an
82% yield of benzyl 3-cycloheptenecarboxylate (32). The
tentative mechanism for this reaction is shown in Scheme 1.
The cyclopropylcarbinyl radical (I1 and VI) fragments to
produce the more stable tertiary radical (111 and VII), which
is reduced by tributyltin hydride. Selective cleavage of bond

1) NaH/Me;SOI
o 1) PhPITBSOTE o /__.._._._.___A
2) n-Buli 2) NaBH,/CeCly 7H,0
_2AnBui
3) BnOCOCI
n ) CO2Bn 1)NaBHJCeCIg7H20 COzBn
4) n-BuyNF '
acydlic ) SmICH,lyHgCly
X
(Im),C=S, DMAP N’\\N
<~/
CH,Cly
 COzBn

Scheme 2
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Table 1. 3-Benzyloxycarbonylation and 1,2-Reduction of a.(3-
Unsaturated Ketones

o 1) PhaPITBSOTE 0 OH
2 0Bul _NaBHJCeCTHO
3) BnOCOC) c0g8n *cosen
n 4) n-BuyNF n
product isolated yield/% product isolated yield/%

PPN
1 58
#0480

o
d 2 80
COzBn CO,Bn
o OH
O’ = QL v @
COzBn COzBn
o OH
\ij\ 4 40 \@ 10 89
CO,Bn CO.Bn
o} OH
ﬁ 5 43 >©\ 1 72
COzBn COzBn

[¢] OH
Oraw* "
CO,Bn

PP
7 87
Z~C0o,8n

O\ 12 85
COgBn

Table 2. Cyclopropanation and Thiocarbonylation of Allylic
Alcohol Derivatives

oH OH oc(s)im
@\ SMICH,l, @2 (Im),C=S, DMAP CP
comn  HeCh COBn CHoClz COzBn

isolated yield/% product isolated yield/%

Im(S)CO
19 85
CO2Bn

Q 14 10 Q 20 78
CO,Bn CO,8n
OH OC(S)im
CQ 15 74 21 85
CO2Bn CO,Bn
OH oc(s)im
\CQ 16 - \(> 22 76
0,80 COBn
OH oc(S)Im
>¢P 17 >©2 23 61
COZBn c0,Bn

OH oc(S)im

Q
o
~
o
5
-
o«
Fs
w
9
&
o
w
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Table 3. Cyclopropanation and 1,2-Reduction of a,3-Unsaturated
Ketones

o o OH
? NaH/Me;SO! i> NaBH,4 i}
CeCly7H,0
CO,4Bn CO2Bn COzBn

product isolated yield/% product

isolated yield/%

OH
25 21 Q 14 58

CO;zBn COzBn

o]

26 35 15 89
COBn COBn

OH
27 35 \C} 16 89
CO2Bn CO2Bn
o OH
>¢P 28 62 >¢Q 17 72
COBn CO.Bn

“b” in cyclopropane, endocyclic to the cyclohexane, results
from stabilization of the resultant radical by the carbonyl
groups, such as the benzyloxycarbonyl group, which lowers
the transition state energy for the final cyclopropane cleav-
age in the ring expansion. This result is compatible with the
fact that thiocarbamate 21 lacking carbonyl group which can
stabilize the produced radical undergoes simple exocyclic
cleavage to give 3-methylcyclohexene 37 in 82% yield. To
explain two contrasting results, we propose that stereoelec-
tronic effects initially favor the cleavage of bond “a” in 21
because “a” o-bond has better orbital overlap with the sp*
orbital of the adjacent radical as seen in structure 38. How-
ever, bond “b” is almost orthogonal to the sp* orbital of the
radical.

Our observation means that both endo- and exo-bond cleav-
age involve cyclopropylmethyl radicals and potentially can
involve a reversible ring-closure process; however, bond cleav-
age is highly favored because of the release of ring strain
energy, as shown in Scheme 3. Reclosure could become more
facile in 41 because no substituent is present and the center
is less hindered. At this point, cleavage of bond “b” likely
occurs, leading to the resonance-stabilized radical intermedi-
ate 42 in which the reverse reaction is possible, but less
likely."

The generality of this process was evaluated by preparing
20, 23 and 24 exposing these to #n-Bus;SnH in benzene in 80
°C to produce ring expansion compounds in good yields
(Table 4). Monocyclic compound 19 (entry 1, Table 4) reacted
readily and gave a good yield of benzyl trans-2-methyl-4-

CL £ H
CHy b
a7 38

Figure 1

S O

82%

X
N
0 @N n-BuzSnH
a —_—
@> AIBN/PhH
21

Bull. Korean Chem. Soc. 2000, Vol. 21, No. 6 601

Table 4. Ring Expansion Reactions via Endocyclic Cleavage of
Cycloalkylcarbinyl Radicals
oC(s)im
n-BuzSnH/AIBN

- .
COz8n benzene/reflux 080

entry starting material product isolated yield/%

Im(S)CO
1 \/% 19 \M 30 82
CO2Bn CozBn

oc(S)im
2 Q 20 Q 31 83
CO,Bn COzBn
oC(S)im
3 21 Q 32 82
COzBn €O,Bn

oc(S)im
5 ><> 23 34 65
€OzBn

oc(s)im

6 24 Q 35 4!
CO2Bn c0,8n
OC(8)im
7 ) 2 Cp 36 30°
CO;Me

Co Me

“The exocyclic cleavage and direct reduction product were produced in
13% and 7% yield, respectively.

heptenoate (30). The present method reaches a limit with 29
derived from [2+2]-photoaddition of a,3-enone and cyclo-
pentene. In this case, the desired product 36 was obtained in
only 30% yield together with the exocyclic ring opening and
direct reduction products in 13% and 7% yield, respectively,
which is consistent with Ranus and Beckwith's results on
the kinetics of ring opening of radicals containing the cyclo-
butylcarbinyl system.?’

It has been well established that ring opening of oxiranyl-
carbinyl radicals (IX) is dependent on the substituents R».
When R,=vinyl or aryl, C-C bond cleavage predominates to
give (X) otherwise the C-O bond cleaves to afford the alkoxy
radicals (XI),?! although there are some reports of the oxira-
nylcarbinyl radicals being reluctant to cleave the oxirane

Ck
COzBn
41(cyclic out radical)

S
40 \

X
o N/\\N
&/ n-BugSnH
a
AIBN/PhH
CO.Bn
39

CO,Bn
42(cyclic in radical)

Scheme 3
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Figure 2

Table 5. Ring Expansion Reactions via Endocyclic Cleavage of
Cyclopropylcarbinyl Radicals Derived from the Reaction of
Benzyl (n+1)-methylenebicyclo[n.1.0]-1-carboxylates with Alkyl

lodide
R
n-BuzSnH/AIBN
+ Rl
CO,Bn benzene/reflux
a CO,Bn
entry R-l product isolated yield/%
SnBuy
1 - 63
48
CO28n
2 A~ 49 s
CO2Bn
OPh
3 PhO_A~ A~ N “

€0,Bn

51
. )\I 23

CO,Bn

ring.”? We have observed that the epoxycyclohexane thiocar-
bonylimidazolide 45 was treated with #-Bu;SnH/AIBN in
benzene to produce benzyl 1-hydroxy-2-cyclohexene-1-car-
boxylate (46) in 88% yield arising from the C-O bond cleav-
age of the oxiranyl radical.

We next studied ring expansion reactions via endocyclic
cleavage of cyclopropylcarbinyl radicals derived from the
reaction of benzyl (n+1)-methylenebicyclo[n.1.0]-1-carbox-
ylates with alkyl iodide (Scheme 1). To find optimum condi-
tions for radical-mediated ring opening reaction, initially the
radical acceptor 47%° was reacted with #-Bu;SnH/AIBN in
benzene to produce benzyl 4-(tributylstannylmethyl)-3-cyclo-
heptenecarboxylate (48) in 63% yield. On the basis of this
result, 4-phenoxybutyl iodide was used as radical donor to
yield benzyl 4-(5-phenoxybutyl)-3-cycloheptenecarboxylate

Phil Ho Lee et al.

(50) in 33% yield together with reduction and radical cou-
pling compounds. Although 4-phenoxybutyl iodide was treated
with BuzSnSnBus (1.2 equiv), 47 (2.0 equiv) and acetone (5
equiv) as a sensitizer in benzene (0.3 M in iodide) at 300 nm
for 4 h, 50 was obtained in 33% yield. Because 47 was
decomposed under the reaction conditions, when 350 nm
was used for ring opening reaction, a similar result was
obtained (Table 5).

In summary, the free radical ring expansion reactions pro-
ceed via endocyclic cleavage of the bridged bond of cyclo-
propylcarbinyl radicals. Because the exocyclic cleavage of
cyclopropylcarbinyl radicals was reported mainly in previ-
ous work, the present method contrasts with and comple-
ments the existing synthetic methods.
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