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The w-unsaturated amines 1, 6, and 7 were converted into pyrrolidines 4 and 8 and piperidine 9, respectively,
by treatment of their hydrochlorides with benzenesulfenyl chloride followed by base-induced ring closure. This
novel sulfenocycloamination ring closure was applied to the synthesis of the pyrrolizidine ring (e.g., 20) and to
the total synthesis of (£)-retronecine (32) and (£)-turneforcidine (34).

In the past decade several new methods for forming C-N
bonds have been devised. For example, ring closures of
suitably substituted amines to nitrogen heterocycles have
been effected by palladium chloride,! benzeneselenyl
chloride,> mercuric acetate,* and sodium hydride—cuprous
halides.> In our investigation of C~N bond-forming re-
actions we have focused on the use of benzenesulfenyl
halides because of their strong electrophilicity for double
bonds®® and their ready availability. We now report on
the cyclization of some w-unsaturated alkenylamines (I),
as shown in Scheme I. The ring closure, which can be
called “sulfenocycloamination”, probably proceeds via an
epi-sulfonium ion III. We also report the application of
this ring closure to a facile and efficient synthesis of the
pyrrolizidine ring system,? culminating in the total syn-
thesis of (£)-retronecine and (%)-turneforcidine.!?

Sulfenocycloamination. As shown in Scheme I, there
are two possibilities for ring formation: endo and exo
cyclization. We examined these possibilities by running
the sulfenocycloamination on amines with different chain
lengths between the nitrogen and the olefinic group. In
the reaction of benzenesulfenyl chloride with 3-butenyl-
aniline (1),!! (all reactions of benzenesulfenyl chloride were
carried out on the amine hydrochlorides to avoid reaction
with the basic amino nitrogen), a mixture of adducts 2a
and 2b (Scheme II) was formed. Treatment of this mixture
with potassium carbonate and sodium iodide gave the
single product 4 in 90% overall yield. The reaction pro-
ceeds entirely by endo ring closure; there was no evidence
for a four-membered ring product that would have resulted
from exo closure. The fact that both 2a and 2b were
converted into 4 is evidence for the common epi-sulfonium
ion intermediate 3. Although sodium iodide was not es-
sential in the ring closure, the reaction was sluggish in its

tAll compounds reported in this paper are racemic. For conven-
ience, only one enantiomer is shown.
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absence. Potassium hydroxide in benzene—water with
tetrabutylammonium bromide as a phase-transfer catalyst®
was examined in the ring closure, but the reaction did not
give a clean result. The five-membered-ring structure of

(1) Hegedus, L. S.; Allen, G. F.; Bozell, J. J.; Waterman, E. L. J. Am.
Chem. Soc. 1978, 100, 5800.

(2) Clive, D. L. J.; Farina, V.; Singh, A.; Wong, C. K,; Kiel, W. A,;
Menchen, S. M. J. Org. Chem. 1980, 45, 2120.

(3) Danishefsky, S.; Regan, J. Tetrahedron Lett. 1981, 22, 3919.

(4) lida, H.; Yuasa, Y.; Kibayashi, C. Tetrahedorn Lett. 1982, 23, 3591.

(5) Kametani, T.; Ohsawa, T.; Ihara, M. J. Chem. Soc., Perkin Trans.
1 1981, 290.

(6) Nicolaous reported internal lactonization with phenylsulfenyl
chloride: Nicolaous, K. C.; Seitz, S. P.; Sipio, W. J.; Blount, J. F. J. Am.
Chem. Soc. 1979, 101, 3884.

(7) Mueller, W. H.; Butler, P. E. J. Am. Chem. Soc. 1968, 90, 2075 and
references cited therein.

(8) Recently we had developed a novel 3-lactam synthesis from «,3-
unsaturated amides through an epi-sulfonium intermediate: Ihara, M,;
Fukumto, K.; Kametani, T. Heterocycles 1982, 19, 1435.

(9) Ohsawa, T.; Thara, M.; Fukumoto, K.; Kametani, T. Heterocycles
1982, 19, 1605.

(10) Ohsawa, T.; Thara, M.; Fukumoto, K.; Kametani, T. Heterocycles
1982, 19, 2075.

(11) Wichterle, O.; Rogek, Y. J. Collect. Czech. Chem. Commun. 1954,
19, 282,
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4 was confirmed by converting it to the known compound
5!2 by reductive desulfurization with Raney nickel.

On the other hand, similar sulfenocycloamination of the
longer chain amines 6 and 7'3 gave as single products the
pyrrolidine 8 and the piperidine 9, respectively. The re-
actions reflect exclusive exo ring closure; the corresponding
six- and seven-membered products of endo ring closure
were not detected. The structures of 8 and 9 were con-
firmed by reductive desulfurization with Raney nickel to
give 2-methylpyrrolidine (10)! and 2-methylpiperidine
(11),13 respectively.

Synthesis of the Pyrrolizidine Skeleton by Sul-
fenocycloamination. We applied the sulfenocyclo-
amination reaction to the construction of a pyrrolizidine
ring system!® as a model study and then to the total syn-
thesis of (&)-retronecine and (z)-turneforcidine. The key
to the synthesis of amino olefin 18, which was the substrate
for sulfenocycloamination, was a [3,3] sigmatropic rear-
rangement!® in the formation of 15 from 13. The reaction
sequence of our model study is shown in Scheme III.

Refluxing the 3-pyrrolidinone 13 in xylene with allyl
alcohol in the presence of a catalytic amount of cam-
phorsulfonic acid and anhydrous sodium sulfate® fur-
nished, probably through an allyl enol ether intermediate,
14, the single product 15 in 27% conversion and 86% yield,
based on unrecovered 13. The structure of 15 was based
on spectral data, including the observation that the 'H
NMR signal of one of the C-2 hydrogens in 13 was not
present in the spectrum of 15. Ketone 15 was reduced
stereoselectively with sodium borohydride to alcohol 16
in 62% yield. The stereochemistry of 16 was assumed to
be cis, which was confirmed by its conversion into the

(12) Degrand, C.; Compagnon, P.-L; Belot, G.; Jacquin, D. J. Org.
Chem, 1980, 45, 1189,

(13) Richards, H. P.; Bourns, A. N. Can. J, Chem. 1955, 33, 1433,

(14) Markwalder, J. J. Prakt. Chem. 1907, 75, 329.

(15) (a) Bull, L. B.; Culvenor, C. C. J.; Dick, A. T. “The Pyrrolizidine
Alkaloids”; North-Holland Publishing Co.: Amsterdam, 1968. (b) Hart,
D. J; Yang, T.-K. Tetrahedron Lett. 1982, 23, 2761 and references cited
therein.

(16) Magnus, P. D.; Nobbs, M. S. Synth. Commun. 1980, 10, 273.
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known pyrrolizidine 22.17 After conversion of 16 into the
benzyl ether 17 by reaction with benzyl bromide and so-
dium hydride in 79% yield, the carbamate group was hy-
drolyzed with potassium hydroxide in diethylene glycol to
give the olefinic amine 18 in 86% yield.

Sulfenocycloamination of 18 was effected by treating its
hydrochloride with benzenesulfenyl chloride in methylene
chloride at 0 °C, followed by cyclization with potassium
carbonate and sodium iodide in acetonitrile to give the
pyrrolizidine 20 as a mixture of two stereoisomers in 55%
yield. The phenylthio group was easily removed with
Raney nickel to afford in 92% yield the benzyl ether 21.
This compound was debenzylated by hydrogenolysis over
palladium chloride to furnish cis-1(1H,8H)-hydroxy-
pyrrolizidine (22) in 88% yield. The spectral data of 22
were identical with those of authentic material prepared
by a known method.'” Moreover, the hydrochloride of 20
could be converted into the olefinic compound 23 in a yield
of 25% by treatment with m-chloroperbenzoic acid in
methylene chloride at —20 °C, followed by refluxing in
xylene under argon.

Synthesis of (+)-Retronecine and (+)-Turneforci-
dine. Retronecine (32) is a necine base of several pyr-
rolizidine alkaloids,'®® and its total synthesis in racemic
form has been reported by four groups.!’®* On the other
hand, total synthesis of turneforcidine (34), a necine base
of turneforcine isolated by a Russian group,'® has not been

(17) Schnekenburger, J.; Breit, E. Arch. Pharm. 1977, 310, 152

(18) (a) Geissman, T. A.; Waiss, A. C. J. Org. Chem. 1962, 27, 139. (b)
Tufariello, J. J.; Lee, G. E. J. Am. Chem. Soc. 1980, 102, 373. (c) Keck,
G. E.; Nickell, D. G. Ibid. 1980, 102, 3632. (d) Vedejs, E.; Martinez, G.
R. Ibid. 1980, 102, 7993.
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reported. We have applied our methodology to the
syntheses of these two necine bases. The reaction se-
quences are shown in Scheme IV,

The 3-pyrrolidinone 13 was treated with the cis-buten-
ediol derivative 24° in the presence of a catalytic amount
of p-toluenesulfonic acid and anhydrous sodium sulfate
with azeotropic removal of water to give the ketone 26 in
77% vyield in a regio- and stereoselective reaction that
presumably proceeded via a chairlike transition state, 25.
The stereochemical relationship between C-2 and C-1’ of
26 was confirmed by its conversion into (£)-turneforcidine
(34). In this case, reaction with p-toluenesulfonic acid as
a catalyst gave a better result than that with camphor-
sulfonic acid. Subsequently, 26 was converted into the
olefinic amine 29 by the same sequence used for 15 — 18
(Scheme III). Although the attack of hydride in the re-
duction of 26 occurred mainly on the less hindered side
to give 27 (77% yield), a minor amount (10%) of the ep-
imer 35 was also obtained.

The hydrochloride of 29 was treated with benzene-
sulfenyl chloride, followed by potassium carbonate and
sodium iodide, to give the sulfide 30 as the single isomer
in 72% yield. The stereochemistry of the phenylsulfenyl
group was assumed from a kinetic consideration of the
addition reaction and was supported by the ease of syn
elimination of the corresponding sulfoxide. Thus, the
hydrochloride of 30 was treated with m-chloroperbenzoic

(19) Men’shikov, G. P.; Denisova, S. O.; Massagetov, P. S. Zh. Obshch.
Khim. 1952, 22, 1465; J. Gen. Chem. USSR (Engl. Transl.) 1952, 22, 1509.
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acid to afford the sulfoxide, which then underwent syn
elimination on refluxing in xylene to furnish the olefin 31
in a yield of 30%. Olefin 31 was debenzylated with lithium
in liquid ammonia and tetrahydrofuran® at -33 °C to
afford (&)-retronecine (32), whose IR and 'H NMR spectra
were superimposable on those of natural retronecine.
Desulfurization of 30 with Raney nickel in refluxing
ethanol gave in 96% yield the dibenzyl ether 33, which was
debenzylated by catalytic hydrogenolysis to furnish (%)-
turneforcidine (34) in 94% yield. Its NMR spectrum was
identical with that of the authentic compound.?

Experimental Section

IR spectra were taken with a Hitachi 260-10 spectrophotometer
and NMR spectra with JEOL PMX-60 and JEOL PS-100 spec-
trometers. Ordinary mass spectra were obtained with a Hitachi
M-52G, and high-resolution mass spectra were taken with a JEOL
JMS-01SG-2 spectrometer.

N-(Pent-4-enyl)aniline (6). N-(Pent-4-enoyl)aniline?! (1.8
g, 10.3 mmol) was reduced with LiAlH, in ether, and the product
was purified by chromatography on silica gel with n-hexane/
benzene (50:50 v/v) as the eluant. Amine 6 (1.56 g, 94%) was
obtained as an oil: 'H NMR (CCly) 6 3.07 (2 H, t,J = 7 Hz, 1-CH,),
3.33 (1 H, br s, NH), 4.73-5.17 (2 H, m, CH=CH,), 5.42-6.10 (1
H, m, CH=CH,), 6.27-6.66 (3 H, m, 2',4,6’-H), 6.80-7.17 (2 H,
m, 3,5-H); mass spectrum, m/z 161 (M*). Anal. Caled for
C;;H;sN: C, 81.93; H, 9.38; N, 8.69. Found: C, 81.77; H, 9.25;
N, 8.45.

Sulfenocycloamination. Preparation of 4, 8, and 9. The
amine (1, 6, 7) was converted into its hydrochloride by treatment
with ethereal HCI solution in MeOH at 0 °C. The hydrochloride
(2.5 mmol) dissolved in 5-25 mL of CH,Cl, was treated with
benzenesulfenyl chloride (1.35 molar equiv) at 0 °C for 15 min.
The solvent was evaporated and the residue chromatographed
on silica gel with CHCl3/MeOH (98:2 v/v) as the eluant. The
resulting adduct hydrochlorides were dissolved in 30 mL of
CH,CN, K,CO4 (1.5 g, 10.9 mmol) and Nal (1.5 g, 10.0 mmol) were
added, and the mixture was refluxed for 1.5 h. After evaporation
of the solvent, the residue was extracted with CHCl;. The extract
was washed with saturated NaCl solution, dried over Na,SO,, and
evaporated to give a residue that was chromatographed on silica
gel with n-hexane/benzene (4:1 v/v) as the eluant.

(+)-1-Phenyl-3-(phenylthio)pyrrolidine (4): oil; 90%; 'H
NMR (CCly) 6 1.63-2.60 (2 H, m, 4-CH,), 6.27-6.73 (3 H, m,
2/,4/,6’-H), 6.83-7.43 (7 H, m, 3',5’-H and SPh); mass spectrum,
m/z 255 (M*). Anal. Caled for C;gH;NS: C, 75.27; H, 6.71; N,
5.49. Found: C, 75.46; H, 6.73; N, 5.39.

(+)-1-Phenyl-2-[(phenylthio)methyl]pyrrolidine (8): oil;
76%; *H NMR (CCl,) 4 3.57-4.00 (1 H, m, 2-CH), 6.13-7.50 (10
H, m, SPh and NPh); mass spectrum, m/z 269 (M*). Anal. Caled
for C,;H(NS: C, 75.81; H, 7.11; N, 5.20. Found: C, 75.55; H,
7.18; N, 5.05.

(%)-1-Phenyl-2-[(phenylthio)methyl]piperidine (9): oil;
64%; 'H NMR (CCl,) 6 3.53-4.07 (1 H, m, 2-CH), 6.53-7.47 (10
H, m, SPh and NPh); mass spectrum, m/z 283 (M*). Anal. Caled
for C;gHyNS: N, 4.94. Found: N, 4.98.

Elimination of the Phenylthio Group (5, 10, 11). The sulfide
(4, 8, or 9; 0.7 mmol) was treated with W, Raney nickel (1.5 g)
in 10 mL of ethanol under reflux for 30 min. The catalyst was
removed by filtration, the solvent evaporated, and the residue
chromatographed on silica gel with n-hexane/benzene (4:1 v/v)
as the eluant.

1-Phenylpyrrolidine (5) was obtained as an oil (67%) with
spectral data identical with those of an authentic sample.!?

(%£)-2-Methyl-1-phenylpyrrolidine (10): oil; 73%; 'H NMR
(CCl) 6 1.15(3H,d, J = 7 Hz, 2-CH,), 2.73-3.57 (2 H, m, 5-CHy),
3.63-4.10 (1 H, m, 2-CH), 6.30-6.67 (3 H, m, 2’,4’,6’-H), 6.87-7.30

(20) Aasen, A. J.; Culvenor, C. C. J.; Smith, L. W. J. Org. Chem. 1969,
34, 4137.

(21) Wohlgemuth, H. Justus Liebigs Ann. Chem. 1914, 2 (9), 327.

(22) Coburn, M. D.; Ungnade, H. E. J. Heterocycl. Chem. 1965, 2, 308.

(23) (a) Viscontini, M.; Bithle, H. Helv. Chim. Acta 1967, 50, 1289, (b)
Kuhn, R.; Osswald, G. Chem. Ber. 1956, 89, 1423.
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(2 H, m, 3',5’-H); mass spectrum, m/z 161 (M?); picrate (ethanol)
mp 122-123 °C (lit.!* mp 132 °C).
(%)-2-Methyl-1-phenylpiperidine (11): oil; 82%; ‘H NMR
(CCly) 6 0.92 (8 H, d, J = 7 Hz, 2-CHj,), 2.53-3.33 (2 H, m, 6-CH,),
3.50~4.03 (1 H, m, 2-CH), 6.53-7.30 (56 H, m, NPh); mass spectrum,
m/z 175 (M*); picrate (ethanol) mp 164-165 °C (lit.!* mp
166.8-167.2 °C).
1-(Ethoxycarbonyl)-3-pyrrolidinone (13) was prepared from
12 (Scheme III) in 59% yield (cf. ref 22 and 23).
(£)-1-(Ethoxycarbonyl)-2-(prop-1-en-3-yl)pyrrolidin-3-one
(15). A mixture of 13 (10.17 g, 64.8 mmol), allyl alcohol (10.2 g,
176 mmol), D-camphor-10-sulfonic acid (400 mg), and anhydrous
sodium sulfate (25 g) in xylene (200 mL) was refluxed for 20 h.
The sodium sulfate was removed by filtration and the filtrate
evaporated to give a residue that was chromatographed on silica
gel. Elution with benzene/acetone (98.5:1.5 v/v) gave 15: 3.43
g (27% conversion, 86% yield based on unrecovered 13); colorless
oil; IR (CHCl;) 1760, 1690 (CO) cm™!; 'H NMR (CCly) 6 1.27 (3
H,t,J =7 Hz, OCH,CH;), 4.13 (2 H, q, J = 7 Hz, OCH,CHj,),
4.83-6.10 (3 H, m, CH==CH,); mass spectrum, m/z 198 (M* +
1). Anal. Caled for C,oH;5NO4-0.25H,0: C, 59.53; H, 7.74; N,
6.94. Found: C, 59.57; H, 7.70; N, 6.86. Elution of the column
with benzene/acetone (98:2 v/v) afforded 6.98 g of recovered 13.
(£)-1-(Ethoxycarbonyl)-38-hydroxy-28-(prop-1-en-3-yl)-
pyrrolidine (16). To a stirred solution of 15 (1.7 g, 8.6 mmol)
in methanol (30 mL) was added sodium borohydride (200 mg, 5.4
mmol) in small portions at 0 °C. The resulting mixture was stirred
at room temperature for 30 min and evaporated to give a residue,
which was extracted with chloroform. The extract was washed
with saturated sodium chloride solution, dried over anhydrous
sodium sulfate, and evaporated to give a residue, which was
chromatographed on silica gel with benzene/acetone (96:4 v/v)
as an eluant, giving 16: 1.06 g (62%); oil; IR (CHCl,) 1700 (CO)
cm™; 'H NMR (CCly) 6 1.25 (3 H, t, J = 7 Hz, OCH,CHj;), 1.73-2
.17 (2 H, m, 4-CH,), 4.10 (2 H, q, J = 7 Hz, OCH,CH,), 4.83-5.37
(2H, m, CH=CH,), 5.57-6.30 (1 H, m, CH=CHy,); mass spectrum,
m/z 200 (M* + 1). Anal. Caled for C;xH;;NOg: N, 7.03. Found:
N, 6.80.
(£)-38-(Benzyloxy)-1-(ethoxycarbonyl)-23-(prop-1-en-3-
yl)pyrrolidine (17). After a mixture of 16 (1.9 g, 9.5 mmol) and
60% sodium hydride (640 mg, 16.7 mmol) in dimethylformamide
(20 mL) was stirred at room temperature, a solution of benzyl
bromide (2.2 g, 12.9 mmol) in dimethylformamide (5 mL) was
introduced, and the reaction mixture was stirred at room tem-
perature for 1 h. Excess crystalline ammonium chloride was added
to the mixture, which was then extracted with benzene. The
extract was washed with aqueous sodium chloride solution, dried
over anhydrous sodium sulfate, and evaporated to afford a residue,
which was chromatographed on silica gel. Elution with benz-
ene/acetone (99:1 v/v) furnished the benzyl ether 17: 2.19 g
(79%); colorless oil; IR (CHCl,) 1690 (CO) cm™; *H NMR (CCl,)
6 1.22 (3H,t,J =7 Hz, OCH,CHy), 1.70-2.17 (2 H, m, 4-CH,)
2.20-2.67 (2 H, m, 2’-CH,), 3.17-3.53 (2 H, t, J = 8 Hz, 5-CH,),
448 (2 H, s, OCH,Ph), 4.80-5.23 (2 H, m, CH=CH,), 5.43-6.23
(1 H, m, CH=CH,), 7.23 (5 H, br s, OCH,Ph); mass spectrum,
m/z 290 (M* + 1). Anal. Caled for C;;H,NOg; C, 70.56; H, 8.01;
N, 4.84. Found: C, 70.42; H, 8.03; N, 4.75.
(£)-38-(Benzyloxy)-28-(prop-1-en-3-yl)pyrrolidine (18). A
mixture of 17 (3.41 g, 11.8 mmol) and potassium hydroxide (2 g,
41 mmol) in diethylene glycol (50 mL) was heated under reflux
for 15 h and, after cooling, poured into saturated ammonium
chloride solution. The product was extracted with chloroform.
The extract was washed with saturated sodium chloride solution,
dried over anhydrous sodium sulfate, and evaporated to give the
crude product, which was purified by chromatography on silica
gel, eluting with chloroform/methanol (95:5 v/v) to afford the
amine 18: 2.21 g (86%); viscous oil; 1H NMR (CDCl,) 6 4.33 and
4.60 (each 1 H, each d, each J = 12 Hz, OCH,Ph), 4.87-6.27 (3
H, m, CH=CH,), 7.30 (5 H, s, OCH,Ph); mass spectrum, m/z
218 (M* + 1). Anal. Caled for C;,H;(NO-0.25H,0: C, 75.81; H,
8.86; N, 6.31. Found: C, 75.31; H, 8.88; N, 6.02.
(*)-cis-18(1H ,8H)-(Benzyloxy)-6a- and -65-(phenyl-
thio)pyrrolizidine (20). The hydrochloride of 18 (1 g, 4.6 mmol),
prepared with ethereal hydrogen chloride solution in methanol
at 0 °C, was treated with benzenesulfenyl chloride (1 g, 7 mmol)
in methylene chloride (50 mL) at 0 °C under stirring for 15 min.
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After evaporation of the solvent, the residue was chromatographed
on silica gel with chloroform/methanol (98:2 v/v) as an eluant
to give a mixture of the adducts, which was reacted with potassium
carbonate (1.9 g, 13.8 mmol) and sodium iodide (1.38 g, 9.2 mmol)
in refluxing acetonitrile (30 mL) for 1 h. Evaporation of the
solvent afforded a residue, which was extracted with chloroform.
The extract was washed with saturated sodium chloride solution,
dried over anhydrous sodium sulfate, and evaporated to give a
residue, which was purified by chromatography on silica gel,
eluting with chloroform/methanol (98:2 v/v) to afford the sulfide
20 as a mixture of stereoisomers: 820 mg (55%); 'H NMR (CDCl)
6 4.23-4.77 (2 H, m, OCH,Ph), 6.73-7.57 (10 H, m, OCH,Ph and
SPh); mass spectrum, m/z 325 (M*). Anal. Calcd for C,sHy;NOS:
C, 73.82; H, 7.12; N, 4.30. Found: C, 73.34; H, 6.97; N, 4.11.

(£)-cis-1(1H ,8H)-(Benzyloxy)pyrrolizidine (21). The
sulfide 20 (400 mg, 1.23 mmol) in ethanol (15 mL) was refluxed
with Raney nickel (W5, 3 g) under a nitrogen atmosphere for 1
h. The Raney nickel was filtered off, and the filtrate was evap-
orated to give a residue, which was subjected to chromatography
on silica gel. Elution with chloroform/methanol (97:3 v/v) gave
the benzyloxy compound 21: 245 mg (92%); viscous syrup; 'H
NMR (CDCly) 6 4.45 and 4.68 (each 1 H, each d, each J = 12 Hz,
OCH,Ph), 7.33 (56 H, s, OCH,Ph); mass spectrum, m/z 337 (M™*);
exact mass caled for C;H;;NO 217.1465, found 217.1445.

(£)-cis-1(1H,8H)-Hydroxypyrrolizidine (22). A mixture
of the benzyloxy compound 21 (245 mg, 1.13 mmol) and palladium
chloride (100 mg) in methanol (10 mL) and chloroform (1 mL)
was stirred under a hydrogen atmosphere at room temperature
for 12 h. The catalyst was filtered off, and the filtrate was
evaporated to give a residue, which was chromatographed on
alumina (grade III). Elution with chloroform/methanol (90:10
v/v) afforded the hydroxy compound 22 (125 mg, 88%) as a
viscous syrup, the NMR spectrum of which was identical with
that of an authentic sample.!”

(£)-cis-1(1H ,8H)-(Benzyloxy)-1,2,3,8-tetrahydro-5H -
pyrrolizine (23). To a stirred solution of the hydrochloride of
the sulfide 20 (55 mg, 0.17 mmol), prepared with ethereal hydrogen
chloride in methanol at 0 °C, in methylene chloride (5 mL) was
added 70% m-chloroperbenzoic acid (42 mg, 0.17 mmol) in one
portion at —20 °C, and the resulting mixture was stirred at the
same temperature for 5 min. After addition of 10% potassium
hydroxide solution (5 mL), the reaction mixture was extracted
with methylene chioride. The extract was washed with saturated
sodium chloride solution, dried over anhydrous sodium sulfate,
and evaporated to give a residue, which was dissolved in xylene
(5 mL). After heating under reflux for 1 h, the solvent was
evaporated to afford a residue, which was chromatographed on
silica gel with chloroform/methanol (97.5:2.5 v/v) as eluant, giving
23 (9 mg, 25%): 'H NMR (CDCly) 5 4.47 (2H, s, OCH,Ph), 5.73
(2H, s, -CH=CH-), 7.20 (5H, s, OCH,Ph); mass spectrum m/z 215
(M); exact mass caled for C,,H;;NO 215.1311, found: 215.1312.

(£)-2(R*)-[3(R*)-[4-(Benzyloxy)but-1-enyl]]-1-(ethoxy-
carbonyl)pyrrolidin-3-one (26). A mixture of the 3-
pyrrolidinone 13 (1.9 g, 12.1 mmol), the cis-2-butenediol derivative®
24 (3.5 g, 19.7 mmol), p-toluenesulfonic acid (300 mg), and an-
hydrous sodium sulfate (10 g) in xylene (80 mL) was refluxed for
8 h with a Dean-Stark apparatus. After the mixture cooled, the
sodium sulfate was filtered off, and the filtrate was evaporated
to give a residue, which was purified by chromatography on silica
gel. Elution with benzene/acetone (98.5:1.5 v/v) afforded com-
pound 26: 2.96 g (77%); pale yellow oil; IR (CHCl3) 1750, 1690
(CO) em™; 'H NMR (CCl,) 6 1.23 (3 H, t, J = 7 Hz, OCH,CH,),
2.10-2.50 (2 H, m, 4-CH,), 4.40 (2 H, s, OCH,Ph), 4.87-5.33 (2
H, m, CH=CH,), 5.50-6.30 (1 H, m, CH=CH,), 7.20 (5 H, s,
OCH,Ph); mass spectrum, m/z 318 (M* + 1). Anal. Calcd for
C1gHpsNO0.25H,0: C, 67.16; H, 7.35; N, 4.35. Found: C, 67.44;
H, 7.31; N, 4.37.

(£)-2(R*)-[3(R*)-[4-(Benzyloxy)but-1-enyl}]-1-(ethoxy-
carbonyl)-3(R *)-hydroxypyrrolidine (27). To a solution of
26 (5.87 g, 18.5 mmol) in methanol (100 mL) was added sodium
borohydride (1 g, 26.3 mmol) in small portions at room tem-
perature. After the mixture was stirred at room temperature for
10 min, the solvent was evaporated to give a residue, which was
extracted with chloroform. The extract was washed with saturated
sodium chloride solution, dried over anhydrous sodium sulfate,
and evaporated to give a residue, which was chromatographed
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on silica gel with benzene/acetone (97.5:2.5 v/v) as the eluant,
affording (£)-2(R*)-[3(R*)-[4-(benzyloxy)but-1-enyl}]-1-(eth-
oxycarbonyl)-3(S*)-hydroxypyrrolidine (35): 560 mg (10%); oil;
IR (CHCIl;) 1690 (CO) cm™; 'H NMR (CCly) § 1.22 (3 H, t,J =
7 Hz, OCH,CH,), 4.05 (2 H, q, J = 7 Hz, OCH,CHj), 4.50 (2 H,
s, OCH,Ph), 4.77-6.50 (3 H, m, CH=CHy,), 7.27 (5 H, s, OCH,Ph);
mass spectrum, m/z 320 (M* + 1). Anal. Caled for C gHysNOy:
C, 67,69; H, 7.89; N, 4.39. Found: C, 67.43; H, 7.91; N, 4.10.
Further elution with benzene/acetone (97:3 v/v) gave the isomeric
3(R*)-hydroxypyrrolidine 27: 4.53 g (77%), oil; IR (CHCl;) 1680
(CO) ecm™; 'H NMR (CCl,) 6 1.17 (8 H, t, J = 7 Hz, OCH,CH,),
1.62-2.08 (2 H, m, 4-CH,), 4.45 (2 H, s, OCH,Ph), 4.87-5.27 (2
H, m, CH=CH,), 5.47-6.27 (1 H, m, CH=CH,), 7.23 (6 H, s,
OCH,Ph); mass spectrum, m/z 320 (M* + 1). Anal. Caled for
C1sHsNO0.5H,0: C, 65.28; H, 7.98; N, 4.27. Found: C, 65.93;
H, 7.75; N, 4.45.

(£)-3(R*)-(Benzyloxy)-2(R*)-[3(R *)-[4-(benzyloxy)but-
1-enyl]]-1-(ethoxycarbonyl)pyrrolidine (28). After a mixture
of 27 (2.45 g, 7.7 mmol) and 60% sodium hydride (430 mg, 10.7
mmol) in tetrahydrofuran (50 mL) was refluxed, a solution of
benzyl bromide (2 g 11.7 mmol) in tetrahydrofuran (5 mL) was
introduced, and the resulting mixture was stirred under reflux
for 1 h. After addition of excess crystalline ammonium chloride,
the mixture was extracted with benzene. The extract was washed
with saturated sodium chloride solution, dried over anhydrous
sodium sulfate, and evaporated to afford a residue, which was
chromatographed on silica gel with benzene/acetone (99:1 v/v)
as an eluant, affording the benzyl ether 28: 2.55 g (81%); oil; IR
(CHCl,) 1690 (CO) em™; 'H NMR (CCly) 6 1.19 (8 H, t,J = 7 He,
OCH,CH,), 1.77-2.22 (2 H, m, 4-CH,), 4.23-4.70 {4 H, m,
20CH,Ph), 4.85-6.07 (3 H, m, CH=CHy,), 6.83-7.50 (10 H, m,
20CH,Ph); mass spectrum, m/z 409 (M*). Anal. Caled for
CysHy NO#0.5H,0: C, 71.74; H, 7.71; N, 3.34. Found: C, 71.89;
H, 7.53; N, 3.30.

(£)-3(R*)-(Benzyloxy)-2(R*)-[3( R*)-[4-(benzyloxy)but-
l-enyl]]lpyrrolidine (29). A mixture of 28 (2.45 g, 6.0 mmol)
and potassium hydroxide (1.5 g, 23.3 mmol) in diethylene glycol
(20 mL) was heated under reflux for 15 h and, after cooling, poured
into saturated ammonium chloride solution. After extraction with
chloroform, the extract was washed with saturated sodium chloride
solution and dried over anhydrous sodium sulfate. Evaporation
of the solvent, followed by chromatography on silica gel with
chloroform /methanol (95:5 v/v) as the eluant gave the amine 29:
1.87 g (92%); viscous oil; 1H NMR (CDCly) 6 4.15 and 4.50 (each
1 H, each d, each J = 12 Hz, OCH,Ph), 4.40 (2 H, s, OCH,Ph),
4.97-5.40 (2 H, m, CH=CH,), 5.63-6.30 (1 H, m, CH=CH, ), 7.23
(10 H, s, 20CHyPh); mass spectrum, m/z 338 (M* + 1). Anal.
Caled for CooHy;NO,-0.25H,0: C, 77.26; H, 8.11; N, 4.09. Found:
C, 77.31; H, 7.98; N, 3.95.

(%)-cis-168(1H,8H)-(Benzyloxy)-7a-[(benzyloxy)-
methyl]-68-(phenylthio) pyrrolizidine (30). To a solution of
the hydrochloride of 29 (1.7 g, 5.04 mmol), prepared as described
for 18, in methylene chloride (20 mL) was added benzenesulfenyl
chloride (750 mg, 5.26 mmol) in methylene chloride (5 mL) at
0 °C. The mixture was stirred at 0 °C for 10 min and then
evaporated to give a residue, which was purified by chromatog-
raphy on silica gel with chloroform/methanol (97:3 v/v) as the
eluant, giving the adducts which were dissolved in acetonitrile
(30 mL). The resulting solution was treated with potassium
carbonate (2 g, 14.5 mmol) and sodium iodide (2 g, 13.3 mmol)
under reflux for 30 min and evaporated. The residue was extracted
with chloroform. The extract was washed with saturated sodium
chloride solution, dried over anhydrous sodium sulfate, and
evaporated to give a residue, which was chromatographed on silica
gel. Elution with chloroform/methanol (98:2 v/v) gave the sulfide
30: 1.16 g (72%), viscous oil; 'H NMR (CDCly) § 4.35 and 4.60
(each d, each 1 H, each J = 12 Hz, OCH,Ph), 443 (2 H, s,
OCH,Ph), 6.97-7.67 (15 H, m, 20CHyPh and SPh); mass spec-
trum, m/z 445 (M*). Anal. Caled for Cp;HpNO,S: C, 75.15; H,
6.77; N, 3.25. Found: C, 75.42; H, 7.01; N, 3.03.

(£)-cis-18(1H ,8H)-(Benzyloxy)-7a-[(benzyloxy)methyl]-
pyrrolizidine (33). The sulfide 30 (250 mg, 0.56 mmol) was
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refluxed with Raney nickel (W;, 2 g) in ethanol (10 mL) for 1.5
h under nitrogen. The catalyst was filtered off, and the filtrate
was evaporated to give a residue, which was chromatographed
on silica gel with chloroform/methanol (97.5:2.5 v/v), affording
the dibenzyl ether 33: 186 mg (95%); 'H NMR (CDCly) 6 4.43
and 4.63 (each 1 H, each d, each J = 11 Hz, OCH,Ph), 4.50 (2
H, s, OCH,Ph), 7.27 (10 H, s, 20CH,Ph); mass spectrum, m/z
337 (M™); exact mass caled for CyHyNO, 337.2040, found
337.2032.

(+)-Turneforcidine (34). A mixture of 33 (186 mg, 0.55 mmol)
and palladium chloride (100 mg) in methanol (25 mL) and
chloroform (1 mL) was stirred at room temperature under a
hydrogen atmosphere for 12.h. The catalyst was filtered off, and
the filtrate was evaporated to give a residue, which was purified
by chromatography on alumina (grade IIT) with chloroform/
methanol (90:10 v/v) as the eluant, affording (&)-turneforcidine
(34; 81 mg, 93%) as a viscous oil, whose NMR spectrum was
superimposable on the reported one® of natural turneforcidine.

(+)-cis-1(1H ,8H)-(Benzyloxy)-7-[(benzyloxy)methyl]}-
2,3,4,8-tetrahydropyrrolizine (31). To a stirred solution of the
hydrochloride of the sulfide 30 (600 mg, 1.35 mmol) in methylene
chloride (30 mL) was added 70% m-chloroperbenzoic acid (335
mg, 1.36 mmol) in one portion at —20 °C, and the mixture was
stirred for 15 min at the same temperature. After addition of
10% potassium hydroxide solution, the organic layer was sepa-
rated, and the aqueous layer was extracted with methylene
chloride. The combined extracts were washed with saturated
sodium chloride solution, dried over anhydrous sodium sulfate,
and evaporated to give the crude sulfoxide, which was dissolved
in xylene (20 mL). The solution was heated under reflux for 30
min under an argon atmosphere. After evaporation of the solvent,
the resulting residue was chromatographed on silica gel. Elution
with chloroform/methanol (96:4 v/v) afforded the olefinic com-
pound 31: 139 mg (30%); viscous oil; 'TH NMR (CDCl,) 5 4.28
and 4.53 (each 1 H, each d, each J = 13 Hz, OCH,Ph), 4.47 (2
H, s, OCH,Ph), 5.65 (1 H, br s, CH,CH==), 7.20 and 7.23 (each
5 H, each s, 20CH,Ph); mass spectrum, m/z 335 (M*); exact mass
caled for CyHysNO, 335.1884, found 335.1878.

(£)-Retronecine (32). After 31 (120 mg, 0.36 mmol) was
stirred in liquid ammonia (20 mL) and tetrahydrofuran (6 mL)
with lithium (25 mg, 3.57 mmol) at =33 °C for 4 h, isoprene (0.5
mL) and crystalline ammonium chloride (1 g) were added to the
reaction mixture. Evaporation of the solvent afforded a residue,
which was extracted with chloroform/methanol (1:1 v/v). After
evaporation of the solvent, the residue was extracted with chlo-
roform. The solvent was removed to give a residue, which was
purified by chromatography on alumina {grade III). Elution with
chloroform /methanol (80:20 v/v) afforded a crude product, which
was recrystallized from acetone to furnish (%)-retronecine (32):
25 mg (45%); needles; mp 131-132 °C (lit.’8 mp 130-131 °C),
IR and NMR spectra were identical with those of natural re-
tronecine.
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