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Nitrogen-fused bicyclic alkaloids, having pyrrolizidine
(1), indolizidine (2), and quinolizidine (3) ring systems,
have been the targets of many synthetic efforts due to
their interesting and potent biological activities including
antiviral, antitumor, and glucosidase inhibitions.1 Many
synthetic methodologies have been developed for the
efficient construction of these bicyclic structures, includ-
ing acyliminium ion and R-acylamino radical cyclizations
from 2-pyrrolidinone intermediates.2,3 Recently, Heck-
type cyclization of iodovinyl-substituted cyclic enamides
and titanium-mediated cyclization of ω-vinyl imides were
also reported.4 In this paper, we would like to add a new
cyclization method, SmI2-mediated cyclization of N-ω-
iodoalkyl cyclic imides, to the synthetic arsenal for these
alkaloids.

Samarium diiodide has been extensively used in the
reduction of aldehydes and ketones designed to undergo
elimination, cyclization, and coupling reactions.5,6 More
recent studies about intramolecular acyl substitution
reactions of halo-substituted esters and lactones further

proved the efficacy of these SmI2-promoted reactions.7 In
our previous study, we reported our preliminary results
on SmI2-promoted cyclization of N-(iodoalkyl)-substituted
cyclic imides of the type 4 to construct pyrrolizidinone,
indolizidinone, and quinolizidinone ring systems of type
5 and 6 (Scheme 1).8

The N-ω-iodoalkyl cyclic imides 9a-d for the reductive
cyclization were prepared from the imide 7a derived from
L-tartaric acid and the imide 7b from L-malic acid
(Scheme 2).9,10 Oxidative removal of the 4-methoxybenzyl
group from 7a followed by the introduction of the io-
doalkyl groups provided 9a and 9b. Also, imide 7b was
converted to 9c and 9d after the silylation and N-
iodoalkylation.

Thus, N-(3-iodopropyl) and N-(4-iodobutyl)imide de-
rivatives 9a-d were subjected under the SmI2-promoted
reductive cyclization conditions in the presence of cata-
lytic amounts of tris(dibenzoylmethido)iron(III)[Fe(DBM)3]
in THF (Table 1). Imide 9a provided pyrrolizidinone 10a
as a single isomer in 77% yield. The stereochemistry of
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the hydroxy group at the ring junction of 10a was
tentatively assigned, and the assignment was based on
the results of the NOE study of the reduction product
from 10a (vide infra). The 4-iodobutyl derivative 9b was
cyclized to the corresponding hydroxy indolizidinone
which was slowly dehydrated to enamide 10b during the
purification by SiO2 chromatography.8 Thus, for the best
result, the crude cyclization product from 9b was directly
subjected to the dehydration conditions (4 Å powdered
molecular sieves, cat. p-TsOH, CH2Cl2), and the enamide
10b was isolated in 82% yield. Imide 9c gave a 1:4
mixture of 10c and 10d in 54% yield, while cyclization
and dehydration of the 4-iodobutyl derivative 9d gave
75% of 10e and 10% of 10f. The stereochemistry of 10c
and 10d was not confirmed and tentatively assigned. The
regioselectivities in the cyclizations of 9c and 9d were
quite contrasting. The selectivity of 10e over 10f can be
easily understood in terms of the well-known antiperi-
planar electronic effect of an R-substituent of the imide
carbonyl group.11 The reason for the reversed selectivity
in the cyclization of 9c is not clear at this stage, but the
increased angle strain during the second five-membered
ring formation together with the probable steric effect
by Sm(III) Lewis acid chelated to the imide carbonyl may
play a significant role in the reversed regioselectivity.

Hydroxylactam 10a was easily converted to 1,2-dihy-
droxypyrrolizidine 13 through the stereoselective reduc-
tion to 11 with Et3SiH/CF3COOH and desilylation in
methanolic hydrochloride followed by LAH reduction
(Scheme 3).

The same approach was also applied to 10b to provide
the least hydroxylated indolizidine alkaloid, (+)-lentigi-

nosine (16). The spectroscopic data of 16 were compared
and found to be identical with those reported.12 Dihy-
droxylation of enamide 10b with cat. OsO4-NMO pro-
vided 17 as an inseparable epimeric mixture (Scheme 4),
and the other two possible stereoisomers were not
observed. Attempt to reduce 17 with CF3CO2H/Et3SiH
resulted in an unidentifiable complex mixture. But
reduction of the crude 17 with LAH in THF heated at
reflux directly provided the desilylated 1,2,8-trihydroxy-
indolizidinones 18 and 19 with 30% and 9% overall
yields, respectively, from 10b. The stereochemistry of
C(8) and C(8a) 18 and 19 were assigned based on the
results of the NOE experiments.

In summary, we have shown that SmI2-promoted
reductive cyclization of N-(ω-iodoalkyl) cyclic imide pro-
vides an expedient approach to pyrrolizidine and indolizi-
dine ring systems. The synthesis of polyhydroxylated
indolizidines and pyrrolizidines, including (+)-lentigi-
nosine, from readily available imides demonstrate the
synthetic utility of this approach for diverse nitrogen-
fused bicyclic alkaloids and their analogues.

Experimental Section

General Procedures. Reagents obtained from commercial
sources were used as received, and solvents were dried prior to
use. All reactions, unless otherwise noted, were performed in
flame-dried glassware under an atmosphere of dry argon.
Column chromatography was performed on silica gel. Melting
points are uncorrected. 1H NMR spectra were recorded at 300
MHz and 13C NMR at 75 MHz. Infrared spectra were recorded
in the FT mode. Data for high-resolution mass spectra and
elemental analyses were obtained from Organic Chemistry
Research Center, Sogang University at Seoul, Korea.

(3R,4R)-3,4-Bis[(tert-butyldimethylsilyl)oxy]-2,5-pyrro-
lidindione (8a). To a solution of 7a (6.30 g, 13.2 mmol) in 126
mL of acetonitrile cooled at 0 °C was added ceric ammonium
nitrate (28.9 g, 52.8 mmol) in 63 mL of water in several portions
over 20 min. The mixture was stirred at 0 °C for 5 h, diluted
with 200 mL of water, and extracted three times with 200-mL
portions of EtOAc. The organic extracts were washed with
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Table 1. SmI2-Promoted Cyclizations of
N-(ω-Iodoalkyl)succinimides
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saturated aqueous NaHCO3, dried (MgSO4), and concentrated
under reduced pressure. Purification of the residue by chroma-
tography on silica gel (1:8, EtOAc/hexanes) gave 8a (2.79 g, 59%)
as a colorless oil. Rf ) 0.31 (1:6, EtOAc/hexanes); [R]21

D +134.7°
(c 1.14, CHCl3); 1H NMR (300 MHz, CDCl3) δ 8.24 (s, 1 H), 4.52
(s, 2H), 0.84 (s, 18H), 0.22 (s, 6H), 0.17 (s, 6H); 13C NMR (75
MHz, CDCl3) δ 173.5, 77.4, 25.6, 18.2, -4.5, -5.1; IR (CH2Cl2,
cm-1) 1750, 1468, 1323, 1252; MS (EI) m/z (relative intensity)
302 (M+ - 57, 26.3). Anal. Calcd for C16H33NO4Si2: C, 53.44; H,
9.25; N, 3.89. Found: C, 53.44; H, 9.47; N, 3.75.

(3R,4R)-3,4-Bis[(tert-butyldimethylsilyl)oxy]-N-(4-iodo-
butyl)-2,5-pyrrolidindione (9b). To a mixture of 8a (0.92 g,
2.56 mmol), potassium carbonate (3.54 g, 25.6 mmol), and tetra-
n-butylammonium bromide (0.25 g, 0.77 mmol) in 30 mL of
acetone was added 1,4-diiodobutane (0.68 mL, 5.12 mmol) at
room temperature. The reaction mixture was stirred at room
temperature for 18 h, diluted with 150 mL of distilled water,
and extracted twice with 150-mL portions of CH2Cl2. The
combined organic layers were dried (MgSO4) and concentrated
under reduced pressure. Purification of the residue by chroma-
tography on silica gel (1:1, CH2Cl2/hexanes) gave 9b (1.18 g, 85%)
as a colorless oil. Rf ) 0.55 (1:6, EtOAc/hexanes); [R]21

D +90.6°
(c 2.32, CHCl3); 1H NMR (300 MHz, CDCl3) δ 4.45 (s, 2H), 3.47
(m, 2H), 3.17 (t, J ) 7 Hz, 2H), 1.70-1.79 (m, 4H), 0.93 (s, 18H),
0.21 (s, 6H), 0.16 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 173.1,
76.7, 37.3, 30.4, 28.4, 25.6, 18.1, 5.2, -4.5, -5.1; IR (CH2Cl2,
cm-1) 1723, 1467, 1362, 1252, 1135; MS (EI) m/z (relative
intensity) 484 (M+ - 57, 100). Anal. Calcd for C20H40NO4Si2I: C,
44.35; H, 7.44; N, 2.59. Found: C, 44.34; H, 7.71; N, 2.62.

(1S,2R)-1,2-Bis[(tert-butyldimethylsilyl)oxy]pyrrolizidin-
8-ene-3-one (10b). To a solution of SmI2 (9.36 mmol) in 63 mL
of THF cooled at 0 °C was added 65 mg (0.09 mmol) of Fe(DBM)3
in 10 mL of THF via cannula followed by stirring for 2 h at 0
°C. A solution of imide 7b (1.69 g, 3.12 mmol) in 10 mL of THF
was added via cannula, and the resulting mixture was stirred
for 2 h at 0 °C. The mixture was quenched by Ruchelle’s salt
and extracted three times with 50-mL portions of EtOAc. The
combined organic layers were dried (MgSO4) and concentrated
under reduced pressure. The solid residue was dissolved in 20
mL of CH2Cl2, and 4 Å powered molecular sieves (1.2 g) and
p-TsOH (60 mg, 0.31 mmol) were added. The mixture was stirred
for 3 h at room temperature and filtered over Celite, and the
filtrate was concentrated under reduced pressure. Purification
of the residue by chromatography on silica gel (1:8, EtOAc/
hexanes) gave 10b (970 mg, 78%) as a colorless oil. Rf ) 0.50
(1:6, EtOAc/hexanes); [R]24

D +111.1° (c 6.02, CHCl3); 1H NMR
(300 MHz, CDCl3) δ 4.75 (m, 1H), 4.43 (m, 1H), 4.11 (d, J ) 6
Hz, 1H), 3.60 (m, 1H), 3.04 (m, 1H), 1.99 (m, 1H), 1.57-1.67 (m,
2H), 0.78 (s, 18H), 0.06 (s, 12H); 13C NMR (75 MHz, CDCl3) δ
169.5, 137.6, 98.8, 77.9, 75.9, 38.2, 25.8, 25.7, 21.3, 20.4, 18.2,
17.9, -4.2, -4.3, -4.6, -4.7; IR (CH2Cl2, cm-1) 2911, 1710, 1467,
1382, 1251; MS (EI) m/z (relative intensity) 397 (M+, 0.01), 340
(M+ - 57, 51.2). Anal. Calcd for C20H39NO3Si2: C, 60.40; H, 9.88;
N, 3.52. Found: C, 60.49; H, 10.07; N, 3.35.

(1S,2R,8aS)-1,2-Bis[(tert-butyldimethylsilyl)oxy]-3-in-
dolizidinone (14). To a solution of 10b (420 mg, 1.06 mmol) in
5 mL of CH2Cl2 were added trifluoroacetic acid (0.15 mL, 1.94
mmol) and triethylsilane (0.50 mL, 3.13 mmol). The reaction
mixture was stirred for 3 h at room temperature, diluted with
100 mL of saturated aqueous NaHCO3, and extracted twice with
100-mL portions of CH2Cl2. The combined organic layers were
dried (MgSO4) and concentrated under reduced pressure. Puri-
fication of the residue by chromatography on silica gel (1:7,

EtOAc/hexanes) gave 14 (395 mg, 93%) as a colorless oil. Rf )
0.41 (1:6, EtOAc/hexanes); [R]20

D +47.7° (c 1.75, CHCl3); 1H NMR
(300 MHz, CDCl3) δ 4.15 (d, J ) 6 Hz, 1H), 4.07 (s, 1H), 3.81 (t,
J ) 6 Hz, 1H), 3.0-3.07 (m, 1H), 2.59 (m, 1H), 2.02-2.06 (m,
1H), 1.88 (m, 1H), 1.71 (m, 1H), 1.37 (m, 2H), 1.16 (m, 1H), 0.94
(s, 9H), 0.90 (s, 9H), 0.09-0.22 (m, 12H); 13C NMR (75 MHz,
CDCl3) δ 169.9, 80.7, 78.0, 59.4, 39.3, 30.4, 25.8, 25.6, 23.9, 23.2,
18.1, 17.7; IR (CH2Cl2, cm-1) 2909, 1714, 1419, 1253, 1137; MS
(EI) m/z (relative intensity) 342 (M+-57, 100). Anal. Calcd for
C20H41NO3Si2: C, 60.09; H, 10.34; N, 3.50. Found: C, 60.04; H,
10.46; N, 3.61.

(1S,2R,8aS)-1,2-Dihydroxy-3-indolizidinone (15). A solu-
tion of 14 (220 mg, 0.55 mmol) in 5 mL of 10% methanolic HCl
was stirred for 3 h at room temperature. The reaction mixture
was quenched by NH3 solution, filtered over a Celite pad, and
concentrated under reduced pressure. Purification of the residue
by chromatography on silica gel (8:1, CH2Cl2/MeOH) to give 15
(81 mg, 86%) as a white solid: Rf ) 0.38 (8:1, CH2Cl2/MeOH);
mp 136-137 °C; [R]21

D +52.3° (c 1.99, MeOH); 1H NMR (300
MHz, CD3OD) δ 3.79-3.93 (m, 2H), 3.48 (t, J ) 7 Hz, 1H), 2.90
(m, 1H), 2.47 (m, 1H), 1.92 (m, 1H), 1.67 (m, 1H), 1.52 (m, 1H),
1.11-1.13 (m, 2H), 0.94-1.08 (m, 1H); 13C NMR (75 MHz, CD3-
OD) δ 172.8, 80.8, 77.4, 60.3, 40.6, 31.6, 25.2, 24.0; IR (KBr, cm-1)
1683, 1451, 1370, 1280; MS (EI) m/z (relative intensity) 171 (M+,
13.4). Anal. Calcd for C8H13NO3: C, 56.13; H, 7.65; N, 8.18.
Found: C, 56.15; H, 7.64; N, 8.06; HRMS calcd for C8H13NO3
(M+) 171.0895, found 171.0897.

(1S,2S,8aS)-1,2-Dihydroxyindolizidine [16, (+)-Lentigi-
nosine]. To a solution of 15 (70 mg, 0.41 mmol) in 5 mL of THF
was added LiAlH4 (62 mg, 1.64 mmol), and the mixture was
heated at reflux for 4 h. Under ice cooling, the mixture was
quenched by careful addition of distilled water (0.5 mL) and 1
N NaOH (0.5 mL). The resulting mixture was filtered over Celite
pad and concentrated under reduced pressure. The residue was
purified by chromatography on silica gel (41:8:1, CH2Cl2/MeOH/
NH3) to give 16 (53 mg, 83%) as a white solid: Rf ) 0.33 (41:
8:1, CH2Cl2/MeOH/NH3); mp 106 °C; [R]20

D +3.0° (c 0.70, MeOH);
1H NMR (300 MHz, CD3OD) δ 3.95 (m, 1H), 3.60 (dd, J ) 9, 3
Hz, 1H), 2.96 (d, J ) 11 Hz, 1H), 2.86 (d, J ) 11 Hz, 1H), 2.54
(dd, J ) 11, 7 Hz, 1H), 2.00 (m, 2H), 1.83 (m, 2H), 1.61 (m, 2H),
1.30 (m, 2H); 1H NMR (300 MHz, D2O) δ 4.01 (m, 1H), 3.59 (dd,
J ) 9, 3 Hz, 1H), 2.89 (d, J ) 11 Hz, 1H), 2.77 (d, J ) 11 Hz,
1H), 2.58 (dd, J ) 11, 7 Hz, 1H), 2.00 (m, 1H), 1.90 (m, 2H),
1.74 (m, 1H), 1.56 (m, 1H), 1.42 (m, 1H), 1.19 (m, 2H); 13C NMR
(75 MHz, CD3OD) δ 85.0, 77.5, 71.0, 62.8, 54.4, 29.3, 25.7, 24.9;
13C NMR (75 MHz, D2O) δ 86.0, 78.7, 71.6, 63.3, 55.7, 30.7, 27.1,
26.2; IR (KBr, cm-1) 3402, 2817; MS (CI, CH4) m/z (relative
intensity) 158 [(M + H)+, 100]. Anal. Calcd for C8H15NO2: C,
61.12; H, 9.62; N, 8.91. Found: C, 61.48; H, 9.43; N, 8.43; HRMS
calcd for C8H15NO2 (M+) 157.1103, found 157.1101.
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