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We report herein two stereocomplementary approaches toerythro/transandthreo/cisvicinal amino diol
subunits containing 2-pyrrolidinones (9 and 10) starting from the known enamides7, easily available
from malimides. The first approach consists of an epoxidation-reductive dehydroxylation procedure,
and the second one is based on hydroboration-oxidation reactions. Using the second method, a formal
asymmetric synthesis of (-)-detoxinine was achieved.

Introduction

Cyclic vicinal amino diols having three consecutive chiral
centers as represented by the generic structureA are key
substructures found in a number of polyhydroxylated bioactive
alkaloids,1 azasugars,2 and amino acids.3 Representative ex-
amples include the unusual amino acids (-)-detoxinine (1),3-5

castanospermine6 (2), swainsonine7 (3), alexine8 (4), and aus-
traline9 (5) (Chart 1). The important bioactivities1-4 exhibited
by these molecules in association with their intriguing structural
features make them attractive targets for the development of

drugs and biological tools2 as well as for testing synthetic
strategies. Consequently, the asymmetric synthesis of these
natural products and their stereoisomers has attracted consider-
able attention, and a number of ingenious approaches have been
developed.1,2,4,5,7,10,11

As can be seen from Chart 1, bothcis andtransstereochem-
ical patterns around the pyrrolidine ring exist in these natural
products. Except for some approaches using carbohydrates as
the chiral starting materials, the stereoselective construction of
the vicinal amino diol moiety with three continuous chiral
centers remains a challenging problem, in particular, for the
exocyclic chiral center.11,5b,cAmong the known approaches to
the compounds of typeA, organometallic reagent addition to

* Corresponding author. Fax: 86-592-2186400.
(1) For a review of the synthesis and biological activity of polyhydroxy-

lated alkalods, see: Michael, J. P.Nat. Prod. Rep. 2005, 22, 603-626,
and references cited therein.

(2) For comprehensive reviews on azasugars, see: (a) Elbein, A. D.;
Molyneux, R. J. Inhibitors of Glycoprotein Processing. InIminosugars as
Glycosidase Inhibitors; Stutz, A. E., Ed.; Wiley-VCH: Weinheim, Germany
1999; p 216. (b) Watson, A. A.; Fleet, G. W. J.; Asano, N.; Molyneux, R.
J.; Nash, R. J.Phytochemistry2001, 56, 265-295. (c) Wrodnigg, T. M.
Monatsh. Chem. 2002, 133, 393-426.

(3) (a) Shimazu, A.Experientia1981, 37, 365-366. (b) Yonehara, H.;
Seto, H.; Aizawa, S.; Hidaka, T.; Shimazu, A.; Otake, N.J. Antibiot. 1968,
21, 369-370. (c) Otake, N.; Kakinuma, K.; Yonehara, H.J. Antibiot. 1968,
21, 371-373. (d) Otake, N.; Furihata, K.; Yonehara, H.J. Antibiot.1974,
27, 484-486. (e) Ogita, T.; Seto, H.; Otake, N.; Yonehara, H.Agric. Biol.
Chem.1981, 45, 2605-2611. For a synthesis and structure revision, see:
(f) Kakinuma, K.; Otake, N.; Yonehara, H.Tetrahedron Lett.1980, 21,
167-168.

(4) For a comprehensive review, see: Li, W.-R.; Han, S.-Y.; Joullie´, M.
M. Heterocycles1993, 36, 359-388.

CHART 1. Structure of Some Vicinal Amino Diol Subunits
Containing Natural Products
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2-formyl pyrrolidines5b,c,12 C (Scheme 1, path A) and the
reaction of pyrrolidineR-carbanions13 of type D (Scheme 1,
path B) with aldehydes represent two typical ones. Recently,
we reported the third flexible approach to the building blocks
with generic structureB, which relies on the epoxidation-
reduction of the enamides14 E. The major drawback of the
reported approaches is two-fold, namely, poor stereoselectivity
at the newly formed exocyclic chiral center5b,c,12-14 and the
limitation to only one, generally,trans diastereomer.5b,c,12-14

In continuation of our work on the asymmetric synthesis of the
scaffoldA-containing alkaloids,12,13we now report two comple-

mentary and highly diastereoselective methods, which allow for
control of the two newly formed stereocenters with eithertrans
or cis stereoselectivity at the 2-pyrrolidinone ring (B). In
addition, a formal asymmetric synthesis of (-)-detoxinine is
disclosed.

Results and Discussion

Recently, we have reported an approach to scaffoldB by
epoxidation of enamides14 E with m-chloroperbenzoic acid
(MCPBA) followed by reductive dehydroxylation.15 This method
shows hightrans diastereoselectivities at the pyrrolidine ring
but only 1:1 to 1:4threo/erythrodiastereoselectivities at the
exocyclic chiral center. Taking into account that the exo-
diastereoselectivity in the transformation of7 to 9 is determined
in the epoxidation step, and to improve the stereoselectivity at
the C1′ position, we investigated the use of oxidants other than
MCPBA.15 A search of literature revealed that a number of
oxidation systems have been used to functionalize the enamides,
which include dimethyldioxirane (DMDO),15a,b,e,f,16Oxone,17

OsO4/N-methylmorpholine-N-oxide,18 microencapsulated OsO4/
NMO,15c K2OsO4‚2H2O/K3Fe(CN)6,15c Jacobsen epoxidation,19

Sharpless dihydroxylation,15a,19PhIO/MnO,15a(S,S)-(salen)MnIII -
Cl,15a and anodic oxidation conditions,20 etc. Considering the
environmental, economical, safety, and practice factors, Oxone
(2KHSO5 + KHSO4 + K2SO4, potassium peroxomonosulphate),
an oxidant that is stable and commercially available in large
quantities, was selected for our investigation. Thus, treatment
of a methanolic solution of7d (7, R ) i-Pr) with Oxone resulted
in, after reductive demethoxylation (F3B‚OEt2, Et3SiH, CH2-

(5) For syntheses of natural enantiomers of (-)-detoxinine, see: (a)
Ohfune, Y.; Nishio, H.Tetrahedron Lett.1984, 25, 4133-4136. (b) Joullie´,
M. M.; Ewing, W. R.; Harris, B. D.; Bhat, K. L.Tetrahedron1986, 42,
2421-2428. (c) Ewing, W. R.; Joullie´, M. M. Heterocycles1988, 27, 2843-
2850. (d) Kogen, H.; Kadokawa, H.; Kurabayashi, M.J. Chem. Soc., Chem.
Commun.1990, 1240-1241. (e) Denmark, S. E.; Hurd, A. R.; Sacha, H. J.
J. Org. Chem.1997, 62, 1668-1674. (f) Delle Monache, G.; Misiti, D.;
Zappia, G.Tetrahedron: Asymmetry1999, 10, 2961-2973. (g) Flögel, O.;
Okala, M.; Amombo, G.; Reissig, H.-U.; Zahn, G.; Bru¨dgam, I.; Hartl, H.
Chem.sEur. J. 2003, 9, 1405-1415. (h) Ceccon, J.; Poisson, J. F.; Greene,
A. E. Synlett2005, 1413-1416. For a synthesis of (+)-detoxinine see: (i)
Mulzer, J.; Meier, A.; Buschmann, J.; Luger, P.J. Org. Chem. 1996, 61,
566-572. For a racemic synthesis, see: (j) Hausler, J.Liebigs Ann. Chem.
1983, 982-992.

(6) Hohenschutz, L. D.; Bell, E. A.; Jewess, P. J.; Leworthy, D. P.; Pryce,
R. J.; Arnold, E.; Clardy, J.Phytochemistry1981, 20, 811-814.

(7) For reviews on the synthesis of swainsonine and its stereoisomers,
see: (a) El Nemr, A.Tetrahedron2000, 56, 8579-8629. (b) Pyne, S. G.
Curr. Org. Synth.2005, 2, 39-57.

(8) Alexine isolation: Nash, R. J.; Fellows, L. E.; Dring, J. V.; Fleet, G.
W. J.; Derome, A. E.; Hamor, T. A.; Scofield, A. M.; Watkin, D. J.
Tetrahedron Lett.1988, 29, 2487-2490.

(9) Australine isolation: Molyneux, R. J.; Benson, M.; Wong, R. Y.;
Tropea, J. E.; Elbein, A. D.J. Nat. Prod.1988, 51, 1198-1206.

(10) (a) Denmark, S. E.; Hurd, A. R.J. Org. Chem. 2000, 65, 2875-
2886. (b) Pearson, W. H.; Hines, J. V.J. Org. Chem.2000, 65, 5785-
5793. (c) Romero, A.; Wong, C. H.J. Org. Chem.2000, 65, 8264-8268.
(d) White, J. D.; Hrnciar, P.J. Org. Chem.2000, 65, 9129-9142. (e)
Buschmann, N.; Ruckert, A.; Blechert, S.J. Org. Chem.2002, 67, 4325-
4329. (f) Tang, M.; Pyne, S. G.J. Org. Chem.2003, 68, 7818-7824. (g)
Heimgartner, G.; Raatz, D.; Reiser, O.Tetrahedron2005, 61, 643-645.
(h) Zhao, Z.; Song, L.; Mariano, P. S.Tetrahedron2005, 61, 8888-8894.
(i) Donohoe, T. J.; Sintim, H. O.; Hollinshead, J.J. Org. Chem.2005, 70,
7297-7304. (j) Guo, H.; O’Doherty, G. A.Org. Lett. 2006, 8, 1609-1612.
(k) Sletten, E. M.; Liotta, L. J.J. Org. Chem.2006, 71, 1335-1343. (l)
Karanjule, N. S.; Markad, S. D.; Dhavale, D. D.J. Org. Chem.2006, 71,
6273-6276. (m) Ribes, C.; Falomir, E.; Carda, M.; Marco, J. A.Org. Lett.
2007, 9, 77-80. (n) Dechamps, I.; Pardo, D. G.; Cossy, J.ArkiVoc 2007,
part 5, 38-45.

(11) (a) Enders, D.; Jegelka, U.Synlett1992, 999-1000. (b) Hiranuma,
S.; Shimizu, T.; Nakata, T.; Kajimoto, T.; Wong, C. H.Tetrahedron Lett.
1995, 36, 8247-8250. (c) Blanco, M. J.; Sardina, F. J.J. Org. Chem.1996,
61, 4748-4755. (d) Poisson, J. F.; Normant, J. F.Org. Lett.2001, 3, 1889-
1891. (e) Lindstrom, U. M.; Ding, R.; Hidestal, O.Chem. Commun. 2005,
1773-1774. (f) Ceccon, J.; Greene, A. E.; Poisson, J. F.Org. Lett. 2006,
8, 4739-4742.

(12) For a review on optically activeN-protectedR-amino aldehydes in
organic synthesis, see: (a) Jurczak, J.; Golebiowski, A.Chem. ReV. 1993,
93, 149-164. For some examples, see: (b) Ikota, N.; Hanaki, A.
Heterocycles1987, 26, 2369-2370. (c) Ikota, N.; Hanaki, A.Chem. Pharm.
Bull. 1987, 35, 2140-2143. (d) Takahata, H.; Banba, Y.; Tajima, M.;
Momose, T.J. Org. Chem. 1991, 56, 240-245. (e) Yoda, H.; Katoh, H.;
Takabe, K.Tetrahedron Lett.2001, 41, 7661-7665. (f) Donohoe, T. J.;
Sintim, H. O.Org. Lett.2004, 6, 2003-2006. (g) Murray, A. J.; Parsons,
P. J.Synlett2004, 1443-1445.

(13) Zheng, X.; Feng, C. G.; Ye, J. L.; Huang, P.-Q.Org. Lett. 2005, 7,
553-556.

(14) (a) Zhou, X.; Huang, P.-Q.Synlett2006, 1235-1239. (b) Zhou,
X.; Zhang, P.-Y.; Ye, J.-L.; Huang, P.-Q.C. R. Chim.2007, in press.

(15) (a) Dugisaki, C. H.; Carroll, P. J.; Correia, R. D.Tetrahedron Lett.
1998, 39, 3413-3416. (b) Koseki, Y.; Kusano, S.; Ichi, D.; Yoshida, K.;
Nagasaka, T.Tetrahedron2000, 56, 8855-8865. (c) Okitsu, O.; Suzuki,
R.; Kobayashi, S.J. Org. Chem.2001, 66, 809-823. (d) Xiong, H.; Hsung,
R. P.; Shen, L.; Hahn, J. M.Tetrahedron Lett.2002, 43, 4449-4453. (e)
Davies, S. G.; Key, M. S.; Rodriguez-Solla, H.; Sanganee, H. J.; Savory,
E.; Smith, A. D.Synlett2003, 1659-1662. (f) Adam, W.; Bosio, S. G.;
Wolff, B. T. Org. Lett. 2003, 5, 819-822.

(16) (a) Burgess, L. E.; Gross, E. K. M.; Jurka, J.Tetrahedron Lett. 1996,
37, 3255-3258. (b) Koseki, Y.; Kusano, S.; Sakata, H.; Nagasaka, T.
Tetrahedron Lett.1999, 40, 2169-2172. (c) Rameshkumar, C.; Xiong, H.;
Tracey, M. R.; Berry, C. R.; Yao, L. J.; Hsung, R. P.J. Org. Chem. 2002,
67, 1339-1345. (d) Lemire, A.; Charette, A. B.Org. Lett. 2005, 7, 2747-
2750.

(17) (a) Takeuchi, Y.; Azuma, K.; Abe, H.; Sasaki, K.; Harayama, T.
Chem. Pharm. Bull. 2002, 50, 1011-1012. (b) Takeuchi, Y.; Azuma, K.;
Oshige, M.; Abe, H.; Nishioka, H.; Sasaki, K.; Harayama, T.Tetrahedron
2003, 59, 1639-1646. (c) Botman, P. N. M.; Dommerholt, F. J.; Gelder,
R. de; Broxterman, Q. B.; Schoemaker, H. E.; Rutjes, P. J. T.; Blaauw, R.
H. Org. Lett. 2004, 6, 4941-4944.

(18) Adelbrecht, J. C.; Craig, D.; Dymock, B. W.; Thorimbert, S.Synlett
2000, 467-470.

(19) Sunose, M.; Anderson, K. M.; Orpen, A. G.; Gallagher, T.;
Macdonald, S. J. F.Tetrahedron Lett. 1998, 39, 8885-8888.

(20) (a) Shono, T.; Matsumura, Y.; Onomura, O.; Kanazawa, T.; Habuka,
M. Chem. Lett. 1984, 1101-1104. (b) Shono, T.; Matsumura, Y.; Onomura,
O.; Sato, M.J. Org. Chem. 1988, 53, 4118-4121.

SCHEME 1. Typical Approaches toN-Containing Cyclic
Compounds Having a Vicinal Amino Diol Substructure
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Cl2, -78 °C to room temperature),14,21the formation oferythro/
trans-9d (9, R ) i-Pr) in an 8:1 diastereomeric ratio (Scheme
2). Encouraged by this result, the transformation of other
enamides (7) to 9 was investigated, and as shown in Table 1,
much better diastereoselectivities (from 1:3.8 to 1:8) than those
using MCPBA (from 1:1 to 1:4)14 were observed.

The stereoselectivity of the reaction can be rationalized by
the approach of oxone from the less hinderedR-face of the Cd
C bond in7 to avoid the steric interaction with the benzyloxyl
group at C4 (Scheme 3). The epoxideH thus formed was
subjected to in situ solvolysis with methanol, which gave the
epoxide ring opening product8.

In view of the high diastereoselectivities observed in the
epoxidation of enamides15a,b,e,16or glycals22 by DMDO, we also
tested the epoxidation of7 using DMDO, generated in situ from
Oxone and acetone23 (Scheme 4). However, as can be seen from
Table 2, since there was no significant improvement over the
diastereoselectivities, a systematic investigation of the DMDO
oxidation was not pursued.

Given the stereodiversity of the cyclic vicinal amino diol
systems as mentioned previously, we then turned our attention
to explore other reaction conditions to establish other stereo-
chemical patterns at the scaffoldB. On the basis of the
consideration that the observedtransstereochemistry in the BF3‚
OEt2-promoted Et3SiH reduction14,21is a result of thecisattack
of a hydride to theN-acyliminium intermediateF (Scheme

2),14,24 the trans attack of a hydride to the enamide7 would
lead tocis diastereoselection at the 2-pyrrolidinone ring. The
hydroboration-oxidation of enamines25 has been known for a
long time. Applications of this procedure to enamides have also
been reported.26 While the stereoselectivities of such a reaction
at the rings are generally good,26 to the best of our knowledge,
those at the exocyclic stereocenters remain unknown. Consider-
ing the rigidity of our enamide system7, it was expected that
the hydroboration-oxidation would provide good cyclic/exo-
cyclic stereochemical control. Indeed, when enamide7b (7, R
) Me) was treated successively with BH3‚SMe2 in THF at room
temperature and alkaline hydrogen peroxide (H2O2, NaOH) at
reflux, compound10b (10, R ) Me) was obtained as the only
isolable diastereomer (Scheme 5), which means that the reaction
proceeded with high cyclic and exocyclic stereoselectivities.

Encouraged by this result, the transformation of other
enamides (7) to 10 was carried out, and as shown in Table 3,
excellent cyclic and exocyclic diastereoselectivities were ob-
served.

The threo (syn) stereochemistry of the product10b was
confirmed by X-ray diffraction crystallographic analysis of the
O-debenzylated product11 (Figure 1). This allows us to
speculate that the stereoselectivity of the hydroboration-
oxidation is the result of, first, atransattack of a borane to the
R-face of the enamide CdC bond, namely, opposing the C-4
benzyloxyl group, and second, a retention of configuration
during the migration of the alkyl group fromB to O of the
intermediate (Scheme 6).

To further demonstrate the flexibility of the method, we
elected to synthesize polyhydroxylated pyrrolidinone10i and
pyrrolidine12 because such compounds have been used as the
key intermediates for the asymmetric synthesis of (-)-
retronecine,27a(+)-retronecine,27 and (-)-detoxinine (1).5g,h(-)-

(21) For a review on ionic hydrogenation, see: Kursanov, D. N.; Parnes,
Z. N.; Loim, N. M. Synthesis1974, 633-651.

(22) For selective examples, see: (a) Chang, C. F.; Yang, W. B.; Chang,
C. C.; Lin, C. H.Tetrahedron Lett. 2002, 43, 6515-6519. (b) Duffy, R. J.;
Morris, K. A.; Romo, D.J. Am. Chem. Soc. 2005, 127, 16754-16755. (c)
Moilanen, S. B.; Potuzak, J. S.; Tan, D. S.J. Am. Chem. Soc. 2006, 128,
1792-1793.

(23) (a) Murray, R. W.; Jeyaraman, R.J. Org. Chem.1985, 50, 2847-
2853. For reviews on dioxirane chemistry, see: (b) Adam, W.; Curci, R.;
Edwards, J. O.Acc. Chem. Res. 1989, 22, 205-211. (c) Murray, R. W.
Chem. ReV. 1989, 89, 1187-1201.

(24) For reviews, see: (a) Speckamp, W. N.; Hiemstra, H.Tetrahedron
1985, 41, 4367-4416. (b) Speckamp, W. N.; Moolenaar, M. J.Tetrahedron
2000, 56, 3817-3856. (c) Bur, S. K.; Martin, S. F.Tetrahedron2001, 57,
3221-3242. (d) Marson, C. M.ArkiVoc2001, part 1, 1-16. (e) Maryanoff,
B. E.; Zhang, H.-C.; Cohen, J. H.; Turchi, I. J.; Maryanoff, C. A.Chem.
ReV. 2004, 104, 1431-1628. (f) Royer, J.Chem. ReV. 2004, 104, 2311-
2352.

(25) (a) Borowitz, I. J.; Williams, G. J.J. Org. Chem. 1967, 32, 4157-
4160. (b) Barieux, J. J.; Gore, J.Tetrahedron1972, 28, 1555-1563.

(26) (a) Bennett, R. B., III; Choi, J. R.; Montgomery, W. D.; Cha, J. K.
J. Am. Chem. Soc. 1989, 111, 2580-2582. (b) Pearson, W. H.; Lin, K. C.
Tetrahedron Lett.1990, 31, 7571-7574. (c) Herdeis, C.; Heller, E.
Tetrahedron: Asymmetry1993, 4, 2085-2094. (d) Martin-Topez, M. J.;
Bermejo-Gonzalez, F.Tetrahedron Lett.1994, 35, 8843-8846. (e) Rod-
riguez, R.; Bermeji, F.Tetrahedron Lett.1996, 37, 5581-5584. (f) Moody,
C. J.; Lightfoot, A. P.; Gallagher, P. T.J. Org. Chem.1997, 62, 746-748.
(g) Martin-Lopez, M. J.; Rodriguez, R.; Bermejo, F.Tetrahedron1998,
54, 11623-11636. (h) Herdeis, C.; Hekker, E.Tetrahedron: Asymmetry
1997, 8, 1115-1121. (i) Punniyamurthy, T.; Irie, R.; Katsuki, T.Chirality
2000, 12, 464-468. (j) Padwa, A.; Brodney, M. A.; Dimitroff, M.; Liu,
B.; Wu, T.J. Org. Chem.2001, 66, 3119-3128. (k) Corre, L. L.; Dhimane,
H. Tetrahedron Lett.2005, 46, 7495-7497.

SCHEME 2

SCHEME 3. Possible Mechanism for Oxone Epoxidation of
Enamide 7

SCHEME 4
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Detoxinine is the parent structure of 10 components of the
detoxin complex,3,4 which have been isolated from the fermen-
tation broth ofStreptomyces caespitosusvar. detoxicus 7072
GC1. As the first isolated natural product displaying detoxifi-
cation as its bioactivity, the detoxin complex is applied as a
selective antagonist against the cytotoxic activity of the nucleo-
side antibiotic blasticidin S (a fungicide used in the treatment
of rice blast disease)28 without impeding the antibiotic effect.29

In vivo studies also showed that its administration decreased
eye irritation caused by the antibiotic together with a remarkable
decrease of conjunctivitis in rats.28

Treatment of (R)-malimide6 with allyl magnesium bromide
followed by TsOH catalyzed dehydration22 gave enamide7i as
an 8:1E/Z geometric mixture in yields ranging from 59% to
63% over two steps (Scheme 7). Double hydroboration-
oxidation of (E)-7i with a 1 M solution of a borane dimethyl
sulfide complex provided lactam10i in 35% yield. Such a
compound has served as a useful intermediate for the asym-
metric synthesis of (-)-retronecine according to Nishimura et
al.27aand Greene et al’s procedures.27b Further reduction of the
amide10i with the borane complex furnished pyrrolidine12 in
83% yield. One-potN,O-bisdebenzylation/N-protection provided
pyrrolidinol 13 in 80% yield. The synthetic product13 shows
identical physical and spectral data to those reported (mp: 77
to 78°C and lit.5g mp: 78 to 80°C; [R]D

20 -63.5 (c 0.3, CHCl3)
and lit.5g [R]D

20 -61.3 (c 1.0, CHCl3). Since compound13 has
been converted to detoxinine (1),5g our synthesis of13 thus
constitutes a formal asymmetric synthesis of detoxinine (1). It
is noteworthy that the present synthesis of13 also confirmed
the E-stereoselection in the formation of7 and cis/threo
stereoselectivity in the hydroboration-oxidation of (E)-7.

Compound15, a higher homologue of12, was also synthe-
sized from (S)-malimide6 by the synthetic sequence depicted
in Scheme 8, which consisted of 4-silyloxybutyl magnesium
bromide addition, TsOH-mediated dehydration of the major

diastereomer, hydroboration-oxidation, and amide reduction
with borane.

In summary, using oxone as the oxidant, the epoxidation-
reductive dehydroxylation of the known enamides7 led to the
substituted 2-pyrrolidinone9 in 3.8:1 to 8:1erythroselectivities
and excellenttrans diastereoselectivities; bettererythro selec-
tivities were observed with DMDO in cases where theerythro
selectivities were modest using oxone. Alternatively, hydrobo-
ration-oxidation of enamides7 afforded10 in excellentcis
diastereoselectivities (93:7 to 100:0) withthreo selectivities
ranging from 95:5 to 99:1. Using the hydroboration-based
method, a formal asymmetric synthesis of (-)-detoxinine was
achieved.

Experimental Section

General Procedure A: Preparation of 9 from 7 by Oxone
Epoxidation-Reductive Dehydroxylation. To a suspension of
Oxone (3.075 g, 5.0 mmol) and NaHCO3 (504 mg, 6.0 mmol) in
MeOH (5 mL) was added a methanolic solution (5 mL) of an
enamide7 (1.0 mmol), prepared as described previously.14 After
stirring for 6 h, the solid materials were removed by filtration. The
filtrate was diluted with CH2Cl2 (20 mL) and saturated aqueous
NaHCO3 (20 mL). The layers were separated, and the aqueous phase
was extracted with CH2Cl2 (2 × 20 mL). The combined organic
layers were washed with brine, dried over Na2SO4, and concentrated
under reduced pressure. Filtration through a short pad of SiO2

eluting with ethyl acetate-petroleum ether gave a diastereomeric

(27) Yonehara, H.; Seto, H.; Shimazu, A.; Aizawa, S.; Hidaka, T.;
Kakinuma, K.; Otake, N.Agric. Biol. Chem. 1973, 37, 2771-2776.

(28) (a) Nishimura, Y.; Kondo, S.; Umezawa, H.J. Org. Chem. 1985,
50, 5210-5214. (b) Roche, C.; Kadlecikova, K.; Veyron, A.; Delair, P.;
Philouze, C.; Greene, A. E.J. Org. Chem.2005, 70, 8352-8363.

(29) Kakinuma, K.; Otake, N; Yonehara, H.Tetrahedron Lett.1972,
2509-2512.

TABLE 1. Results of Oxone Epoxidation-Ring Opening of 7 and Subsequent Reductive Demethoxylation Reaction Leading to 9

entry R
epoxidation
(yield, %)a

reduction
(yield, %)b

9: d.s. at C1′
threo/erythroratio

(using Oxone)

9: d.s. at C1′
threo/erythroratio
(using MCPBA)

1 Me 80 (8a) 84 (9a) 17:83c 38:62
2 Et 68 (8b) 84 (9b) 11:89d 33:67
3 n-Pr 74 (8c) 88 (9c) 21:79d 33:67
4 i-Pr 85 (8d) 82 (9d) 11:89c 20:80
5 n-Bu 87 (8e) 75 (9e) 16:84d 50:50
6 n-C6H13 88 (8f) 90 (9f) 18:82d 20:80
7 Ph 62 (8g) 64 (9g) 12.5:87.5c 28:72
8 PhCH2 75 (8h) 73 (9h) 17:83d 40:60

a Combined yield of four diastereomers.b Combined yield of two diastereomers (only two diastereomers were obtained).c Ratio determined by1H NMR.
d Diastereomeric ratio determined by chromatography separation.

SCHEME 5

FIGURE 1. X-ray structure of11.
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mixture of8 (yields: 62% to 88%), which without separation was
used directly in the subsequent reductive dehydroxylation (Et3SiH/
F3B‚OEt2) as described previously14 to give the lactam9 as a
mixture of diastereomers. The diastereomeric ratios were determined

either by flash chromatographic separation or by1H NMR analysis
of the crude mixture. The characterization of lactams9 was reported
previously,14 and the diastereomeric ratios were shown in Table 1.

General Procedure B: Preparation of 9 from 7 by DMDO
Epoxidation-Reductive Dehydroxylation.To a CH3CN solution
(3.0 mL) of 714 (0.28 mmol) and acetone (0.02 mL) at room
temperature was added an aqueous Na2EDTA solution (2 mL, 4×
10-4 M). To this mixture was added portionwise a mixture of Oxone
(676 mg, 1.1 mmol) and sodium bicarbonate (278 mg, 3.3 mmol).
The reaction was complete in 8 h atroom temperature as indicated
by TLC monitoring. The reaction mixture was poured into water
and extracted 3 times with CH2Cl2. The combined organic layers
were washed with brine, dried over Na2SO4, and concentrated under
reduced pressure. Filtration through a short pad of SiO2 eluting
with ethyl acetate-petroleum ether gave a mixture of diastereomers
8′14 (yield: 57% to 73%). Without separation, compound8′ was
used directly in the subsequent reductive dehydroxylation (Et3SiH/
F3B‚OEt2) as described previously14 to give the lactam9 as a
mixture of diastereomers. The diastereomeric ratios were determined
either by flash chromatographic separation or by1H NMR spectra
of the crude mixture. The characterization of lactams9 has been
reported previously,14 and the diastereomeric ratios are shown in
Table 2.

TABLE 2. Results of DMDO Epoxidation of 7 and Subsequent Reductive Dehydroxylation Reaction Leading to 9

entry R
oxidation step

(yield, %)a
reduction step

(yield, %)b

9: d.s. at C1′
threo/erythroratio

(using DMDO)c

9: d.s. at C1′
threo/erythroratio

(using Oxone)c

1 Et 73 (8b) 73 (9b) 17:83 11:89
2 n-Pr 68 (8c) 79 (9c) 17:83 21:79
3 n-Bu 57 (8e) 81 (9e) 12.5:87.5 16:84
4 n-C6H13 69 (8f) 85 (9f) 12.5:87.5 18:82

a Combined yield of four diastereomers.b Combined yield of two diastereomers (only two diastereomers were obtained).c Diastereomeric ratio determined
by chromatography separation.

TABLE 3. Results of One-Pot Hydroboration (BH3‚SMe2)-Oxidation (H2O2) of 7

entry R yield (%) of10 d.s. at C5cis/transa d.s. at C1′ threo/erythrob

1 H 62 (10a) ca. 100:0
2 Me 54 (10b) ca. 100:0 99:1
3 Et 62 (10c) 96:4 99:1
4 n-Pr 78 (10d) ca. 100:0 95:5
5 i-Pr 45 (71) (10e) ca. 100:0 99:1
6 n-Bu 74 (10f) ca. 100:0 99:1
7 n-C6H13 70 (10g) 93:7 96:4
8 PhCH2 61(10h) 95:5 99:1
9 CH2dCH 35 (10i) ca. 100:0 99:1

10 TBSOC4H8 44 (10j) ca. 100:0 99:1

a Diastereomeric ratio determined by chromatography separation.b Diastereomeric ratio determined by1H NMR.
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General Procedure C: Preparation of 10 from 7 by BH3‚
SMe2/H2O2. To a cooled (0°C) solution of7 (1.0 mmol) in THF
(4 mL) was added dropwise borane dimethyl sulfide (0.1 mL, 1.03
mmol). The reaction mixture was stirred overnight at room
temperature. The reaction was quenched with ethanol (1.7 mL) and
then treated with an aqueous solution of 3 N NaOH (0.37 mL, 1.13
mmol). To the resulting mixture was added dropwise 1 mL of H2O2

(30%) at 0°C. The reaction mixture was refluxed for 1 to 2 h.
After cooling, the reaction mixture was poured into ice water and
then extracted with ether. The combined organic layers were washed
with brine, dried over Na2SO4, filtered, and concentrated under
reduced pressure. The residue was purified by flash chromatography
on silica gel to give10.

(R,E/Z)-1-Benzyl-4-benzyloxy-5-allylidenepyrrolidin-2-one (7i).
Grignard addition of allyl magnesium bromide to6 and the
subsequent dehydration (1.971 g, 6.68 mmol) were performed under
the conditions described previously,14 which gave a separable
mixture of (Z)-7i and (E)-7i in a 1:8 ratio (1.321 g) in a combined
yield of 63% over two steps. (Z)-7i: colorless oil. [R]D

20 +122.0
(c 0.5, CHCl3). IR (film): 3031, 2925, 2863, 1722, 1653, 1496,
1434, 1396, 1347, 1307, 1261, 1199, 1117, 1080, 1029 cm-1. 1H
NMR (500 MHz, CDCl3) δ 2.64 (dd,J ) 3.4, 16.7 Hz, 1H), 3.04
(dd,J ) 8.6, 16.7 Hz, 1H), 4.24 (dd,J ) 3.4, 8.6 Hz, 1H), 4.56 (d,
J ) 15.5 Hz, 1H), 4.66 (d,J ) 15.5 Hz, 1H), 4.70 (d,J ) 11.8
Hz, 1H), 4.84 (d,J ) 10.2 Hz, 1H), 4.90 (d,J ) 16.8 Hz, 1H),
4.94 (d,J ) 11.8 Hz, 1H), 5.38 (d,J ) 10.8 Hz, 1H), 6.10 to 6.24
(m, 1H), 7.10 to 7.40 (m, 10H, Ar) ppm;13C NMR (125 MHz,
CDCl3) δ 30.3, 43.7, 72.3, 73.2, 104.8, 114.1, 127.0, 127.5, 127.9,
128.1, 128.5, 128.7, 131.1, 135.4, 137.4, 138.5, 173.6 ppm. MS
(ESI,m/z): 342 (M+ Na+, 81), 320 (M+ H+, 100). (E)-7i: [R]D

20

-122.0 (c 0.6, CHCl3). IR (film): 3030, 2927, 1719, 1652, 1496,
1433, 1393, 1344, 1199, 1070 cm-1. 1H NMR (500 MHz, CDCl3)
δ 2.70 (dd,J ) 1.9, 18.0 Hz, 1H), 2.80 (dd,J ) 7.1, 18.0 Hz, 1H),
4.44 (d,J ) 11.3 Hz, 1H), 4.54 (d,J ) 11.3 Hz, 1H), 4.72 (d,J )
15.7 Hz, 1H), 4.78 (d,J ) 15.7 Hz, 1H), 4.86 (dd,J ) 1.9, 7.1
Hz, 1H), 4.98 (d,J ) 10.3 Hz, 1H), 5.04 (dd,J ) 0.8, 16.8 Hz,
1H), 5.60 (d,J ) 11.1 Hz, 1H), 6.40 to 6.54 (m, 1H, H), 7.20 to
7.40 (m, 10H) ppm;13C NMR (125 MHz, CDCl3) δ 36.3, 43.5,
70.0, 70.1, 108.1, 115.6, 126.9, 127.4, 128.0, 128.1, 128.5, 128.7,
131.0, 135.4, 137.0, 141.3, 173.2 ppm. MS (ESI,m/z): 342 (M +
Na+, 50), 320 (M+ H+, 100). HRESIMS calcd for [2C21H21NO2

+ Na]+: 661.3037; found: 661.3042.
(4R,5R,1′S)-1-Benzyl-4-benzyloxy-5-(1,3-dihydroxypropyl)-

pyrrolidin-2-one (10i). To a cooled (0°C) solution of (E)-7i (1.0
mmol, 319 mg) in THF (4 mL) was added dropwise a 1 Msolution
of borane dimethyl sulfide in CH2Cl2 (2.0 mL, 2.0 mmol). The
reaction mixture was stirred for 12 h at room temperature. The
reaction was quenched with ethanol (3.2 mL) and treated with an
aqueous solution of 3 N NaOH (0.7 mL, 2.1 mmol). To the resulting
mixture was added dropwise 2 mL of H2O2 (30%) at 0°C. The
reaction mixture was refluxed for 1 h. After cooling, the reaction
mixture was poured into ice- water and extracted with ether. The
combined organic layers were washed with brine, dried over Na2-
SO4, filtered, and concentrated under reduced pressure. The residue
was purified by flash chromatography on silica gel to give10i (124
mg, 35%) as white crystals. Mp 98 to 99°C (ethyl acetate/P.E.).
Rf: 0.36 (EtOAc/PE) 3:1). [R]D

20 -23.9 (c 0.3, CHCl3). IR (KBr
pellet): 3406, 2925, 1670, 1594, 1416, 1259, 1116 cm-1. 1H NMR
(500 MHz, CDCl3) δ 1.60 to 1.64 (m, 1H, H-2′), 1.80 to 1.98 (m,
1H, H-2′), 2.60 to 2.78 (m, 3H, one proton is D2O exchangeable),
3.30 (d,J ) 5.5 Hz, 1H, D2O exchangeable), 3.60 (dd,J ) 3.7,
7.3 Hz, 1H), 3.62 to 3.80 (m, 2H), 4.16 (d,J ) 15.2 Hz, 1H), 4.16
to 4.20 (m, 1H), 4.30 (q,J ) 7.6 Hz, 1H), 4.42 (d,J ) 11.6 Hz,

1H), 4.60 (d,J ) 11.6 Hz, 1H), 5.04 (d,J ) 15.2 Hz, 1H), 7.20 to
7.40 (m, 10H) ppm;13C NMR (125 MHz, CDCl3) δ 35.5, 37.0,
45.5, 61.2, 62.3, 70.3, 70.4, 72.1, 74.5, 127.6, 127.7, 127.9, 128.2,
128.6, 128.7, 136.3, 136.6, 172.8 ppm. MS (ESI,m/z): 356 (M +
H+, 49), 378 (M+ Na+, 100). Anal. calcd for C21H25NO4: C, 70.96;
H, 7.09; N, 3.94. Found: C, 70.81; H, 7.13; N, 3.85.

(2R,3R,1′S)-1-Benzyl-3-benzyloxy-2-(1,3-dihydroxyprop-1-yl)-
pyrrolidine (12). To a cooled solution (0°C) of 10i (120 mg, 0.34
mmol) in anhydrous THF (4 mL) was added BH3‚SMe2 (0.2 mL,
2.03 mmol). After stirring at room temperature for 12 h, the reaction
was quenched with EtOH (3 mL). The resulting mixture was stirred
at 65°C for 4 h and then extracted with EtOAc (3× 10 mL). The
combined extracts were successively washed with saturated aqueous
sodium bicarbonate and brine, dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel eluting with
ethyl acetate to give12 (95 mg, yield, 83%) as a colorless oil.
[R]D

20 -37.5 (c 0.3, CHCl3). IR (film): 3394, 2952, 2853, 1453,
1312, 1068 cm-1. 1H NMR (400 MHz, CD3OD) δ 1.70 to 1.80
(m, 1H), 1.85 to 2.07 (m, 3H), 2.61 (dt,J ) 10.4, 7.2 Hz, 1H),
3.02 (dd,J ) 5.7, 6.3 Hz, 1H), 3.08 (dt,J ) 10.4, 6.5 Hz, 1H),
3.68 (d,J ) 13.0 Hz, 1H), 3.70 to 3.81 (m, 2H), 4.10 to 4.15 (m,
1H), 4.22 (q,J ) 5.7 Hz, 1H), 4.29 (d,J ) 13.0 Hz, 1H), 4.46 (d,
J ) 11.7 Hz, 1H), 4.60 (d,J ) 11.7 Hz, 1H), 7.25 to 7.45 (m,
10H) ppm;13C NMR (100 MHz, CD3OD) δ 29.3, 29.4, 37.5, 50.3,
59.1, 61.2, 67.5, 71.2, 79.3, 127.3, 127.5, 128.0, 128.1, 129.2, 137.4,
138.2 ppm; MS (ESI,m/z): 342 (M + H+, 100). HRESIMS calcd
for [C21H27NO3 + H]+: 342.2064; found: 342.2067.

(2S,3R,1′S)-1-t-Butoxycarbonyl-2-(1,3-dihydroxyprop-1-yl)-
3-hydroxy-pyrrolidine (13). A suspension of 10% Pd/C (167 mg)
and compound12 (84 mg, 0.25 mmol) in methanol (5 mL) was
stirred at room temperature and under 1 atm hydrogen atmosphere
for 8 h. To the resultant reaction mixture was added (Boc)2O (0.11
mL, 0.12 mol). After stirring at room temperature for 6 h, the
catalyst was removed by filtration, and the filtrate was concentrated
under reduced pressure. The residue was purified by flash column
chromatography on silica gel eluting with ethyl acetate to give13
(51 mg, yield, 80%) as white crystals. Mp: 77 to 78°C (ethyl
acetate/P.E.); [R]D

20 -63.5 (c 0.3, CHCl3) {lit.5g mp 78 to
80 °C, [R]D

20 -61.3 (c 1.0, CHCl3)}. IR (KBr, pellet): 3379, 2923,
1666, 1404, 1167 cm-1. 1H NMR (400 MHz, CD3OD) δ 1.44 (s,
9H), 1.72 to 1.92 (m, 2H), 1.95 to 2.12 (m, 2H), 3.35 to 3.48 (m,
1H), 3.66 to 3.78 (m, 3H), 4.08 to 4.18 (m, 1H), 4.35 (dt,J ) 7.7,
7.8 Hz, 1H) ppm;13C NMR (100 MHz, CD3OD) δ 28.7, 33.3, 38.6,
45.3, 60.5, 64.8, 69.7, 72.4, 81.1, 157.4 ppm; MS (ESI,m/z): 262
(M + H+, 7); 284 (M+ Na+, 100). HRESIMS calcd for [C12H23-
NO5 + Na]+: 284.1468; found: 284.1466.
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