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Castoreum, the extract of the dried scent glands of the
Canadian beaver (Castor fiber L.), was once considered one
of the most valuable animal-based components in the
perfume industry;[1,2] today it is approved only for homeo-
pathic applications. Castoreum contains a number of nitrogen
bases[3] that are properly classified as furan sequiterpenes but
are traditionally considered alkaloids.[4] They have a quino-
lizidine or indolizidine structure and make up the group of
nuphar alkaloids. A minor component accounting for
< 0.0002% of castoreum is a 5-(3’-furyl)-8-methylindolizi-
dine. Its constitution was elucidated with the aid of mass
spectrometric analysis,[1] but its relative and absolute config-
uration are unknown to date.

All known quinolizidines from castoreum have S config-
uration at C4 and C10. Both (�)-deoxynupharidine (1) and its
epimer, (�)-1-epi-deoxynupharidine (2), are found in the
scent glands of the beaver. Based on this fact, the diastereo-
meric structures 3 and 4 can be assumed for the natural 5-(3’-
furyl)-8-methylindolizidine. Two enantioselective total syn-
theses of compound 4 have already been reported.[5, 6]

Nupharamine 3, however, has not been synthesized enantio-
selectively to date.

We describe herein the enantioselective total syntheses of
3 and 4. To control the relative and absolute stereochemistry,
galactosylamine 5[7] was applied as the chiral auxiliary. To
obtain the key intermediate N-galactosyldidehydropiperidi-
none, furan-3-carboxaldehyde (6) was condensed with 5 in
boiling 2-propanol to afford N-galactosylimine 7. In a highly
diastereoselective domino Mannich–Michael reaction[8] cata-
lyzed by zinc chloride, aldimine 7 reacted with the methyl-

substituted Danishefsky diene 8[9] to give piperidinone 9 after
acidic workup (Scheme 1). Since the Re face of the imine is
shielded by the bulky 2-pivaloyloxy group of the auxiliary, the
stereogenic center of the heterocycle was formed with high
selectivity.[8, 10, 11]

The O-protected alkyl side chain[12] was introduced
through conjugate addition of an organocopper compound.
The best results were achieved using the “complex reagent”
RCu·BF3 (R = (CH3)2OTIPS),[13] which was prepared from
the corresponding Grignard compound by transmetalation
with CuBr·SMe2. As a result of the shielding of the 2-
pivaloyloxy group, the addition of the organocuprate pro-
ceeded cis to the furyl substituent with high diastereoselec-
tivity and yield (Scheme 2). The formed enolate was proton-

ated at low temperature with astonishingly high stereoselec-
tivity to form the all-cis isomer 11a as the major product
(Scheme 3). This protonation also is controlled by the
carbohydrate, which, as a result of the exo-anomeric effect
and the steric repulsion between the introduced side chain
and the 2-pivaloyloxy substituent, forces the heterocycle to
adopt the chair conformation 11. Diastereomer 11 b logically
is the stronger CH acid as its C�H s bond is located parallel to
the p*-orbital lobes of the C=O bond. In the formed

Scheme 1. Diastereoselective synthesis of 9 : a) HOAc (cat.), iPrOH,
80 8C, 45 min; b) ZnCl2, 8, THF, �78 to �30 8C, 72 h, then 1n HCl.
Piv = pivaloyl (2,2,2-trimethylacetyl), TMS= trimethylsilyl.

Scheme 2. Rotamers of N-galactosyldidehydropiperidinone 9.
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diastereomer 11a, however, the C�H bond is located within
the s plane of the carbonyl group (Scheme 4). In an optimized
experimental procedure the proton source was added drop-
wise to the enolate. Thus, the enolate is always present in
excess, and proton exchange between enolate and protonated
product is certainly possible.

Once formed, the diastereomer 11 a can no longer be
deprotonated to give the enolate because of its low CH
acidity. In this way, the carbohydrate auxiliary controls the
relative and absolute configuration of the three formed
stereogenic centers. Subsequently 11a was deprotonated
regioselectively with lithium diisopropylamide (LDA), and
the resulting enolate was trapped using 5-chloro-[N,N-bis(tri-
fluoromethylsulfonyl)amino]pyridine (5ClPyrN-Tf2)

[14] to
give the enol triflate. Catalytic hydrogenation of the enol
triflate over palladium/charcoal afforded the deoxygenated
heterocycle 12 (Scheme 5).

The enantioselective synthesis of the alkaloid was com-
pleted by removal of the protecting silyl group, conversion of
the alcohol to the corresponding chloride using triphenyl-

phosphine/N-chlorosuccinimide,[15] acidolytic detachment of
the auxiliary, and subsequent cyclization to give indolizidine
3.[16] Separation of the diastereomers (d.r. 86:14[17]) was
achieved by column chromatography on basic alumina. The
specific optical rotation of the free base 3 is [a]23

D =�57.9 (c =

1.0, CHCl3), that of its hydrochloride is [a]23
D =�21.1 (c = 0.5,

CHCl3).
The diastereomeric nupharamine 4 was also accessible

from ketone 11a. To this end, the silyl group was removed
with TBAF. Subsequently, the auxiliary was cleaved off using
HCl/MeOH. The resulting amino alcohol 13 was transformed
into the bromide,[15] which cyclized under basic conditions to
give indolizidinone 14 (Scheme 6). In the course of this

reaction, now without the effect of carbohydrate auxiliary,
inversion of configuration occurred at C8 to afford the
thermodynamically more stable cis–trans isomer (ratio of
diastereomers > 93:7). For the concluding deoxygenation, the
enol triflate was formed by regio- and diastereoselective
deprotonation using LDA and trapping of the enolate.[14]

Catalytic hydrogenation of the enol triflate over palladium/
charcoal gave the nuphar alkaloid 4 (Scheme 6).

Its optical rotation [a]25
D =�94.5 (c = 0.35, CHCl3) is in the

range of that reported by Barluenga et al. ([a]20
D =�99.0 (c =

1.3, CH2Cl2)).[5] The structure of the all-cis nupharamine
enantiomer 3, which has been synthesized for the first time, is
confirmed, in particular, by the 1H–1H NOESY NMR signals
between the axial 8-methyl group (d = 1.05 ppm) and the
axial protons in the 1- (d = 1.65 ppm) and 6-positions (d =

1.80 ppm). In the case of cis–trans nupharamine 4, the
equatorial 8-methyl group (d = 0.90 ppm) showed 1H–1H-
�NOESY contacts only to the two protons at position 7 (d =

1.79 and 1.09 ppm). The EI mass spectrum (70 eV) of the all-
cis nupharamine 3 is identical with that of the natural
product,[1] while in the EI mass spectrum of the epimer 4
signals for fragments with m/z 191.1, 176.9, 162.7, and 149.9
are missing.

The methodology described here has resulted in the
enantioselective total synthesis of two diastereomers of 5-(3’-

Scheme 3. Diastereoselective 1,4-addition and protonation. a) TIPS-Cl,
imidazole, CH2Cl2, 20 h, quant.; b) Mg, THF, RT, 2 h; c) CuBr·SMe2,
THF, �65 to �50 8C, 1 h; d) BF3·OEt2, THF, �78 8C, 9, 15 h, 82 %.
TIPS= triisopropylsilyl.

Scheme 4. Orbital overlap of the possible protonation products.
Piv4Gal = 2,3,4,6-tetra-O-pivaloylgalactosylamine, Ar= 3-furyl.

Scheme 5. Deoxygenation of piperidinone 11a. a) 1.1 equiv LDA, THF,
�78 8C, 2 h, then 5ClPyrNTf2, 3.5 h, 65%; b) 20 mol% Pd/C, H2,
MeOH, RT, 4.5 h, 70 %; c) TBAF, THF, RT, 4 h, 91%; d) PPh3, NCS,
CH2Cl2, �40 8C to 25 8C, 4 h, RT, 69%; e) 1n HCl, MeOH, RT, 18 h,
then Na2CO3, EtOH, reflux, 1.5 h, 60%. NCS= N-chlorosuccinimide,
TBAF = tetrabutylammonium fluoride.

Scheme 6. a) TBAF, THF, RT, 1.5 h, 85%; b) 1n HCl, MeOH, RT, 18 h,
quant.; c) PPh3, NBS, CH2Cl2, RT, 1.5 h, then NEt3, 20 h, RT, 69%;
d) LDA, THF, �78 8C, 1 h, then 5ClPyrNTf2, 2 h; e) Pd/C, H2, 2 h,
MeOH, RT, 29% over 2 steps. NBS= N-bromosuccinimide
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furyl)-8-methylindolizidine using the same galactose auxil-
iary. The N-galactosyl auxiliary induces high stereo- and
regioselectivity in the key reactions. The all-cis furylindolizi-
dine 3 is odorless, whereas the 8-epimer 4 has a slightly stale,
amine-like odor. The scope of the strategy of this enantiose-
lective total synthesis is extended by the fact that the both
optical antipodes of the indolizidine alkaloids can be synthe-
sized analogously using the quasi-enantiomeric d-arabinosyl
auxiliary.[19]

Experimental Section
Synthesis of 11: All manipulations were carried out under argon
atmosphere: 1,2-Dibromethane (0.44 mL, 5.0 mmol) was added to
magnesium turnings (1.28 g, 52.7 mmol) in anhydrous oxygen-free
tetrahydrofuran (20 mL), and the mixture was stirred at RT for 1 h. In
order to remove the formed MgBr2, the THF was removed with a
syringe, and the remaining magnesium was washed with THF (2 �
15 mL). After addition of fresh THF (30 mL) and the O-TIPS-
protected bromo alcohol 10, the mixture was stirred at RT for 2 h. The
resulting grayish-brown clear Grignard solution was poured into a
suspension of CuBr·SMe2 (6.37 g, 31.0 mmole) in THF (70 mL) at
�65 8C within 1 h. During the addition the color of the turbid solution
changed from almost colorless to yellow to orange. The mixture was
warmed up to�54 to�50 8C within 1 h, and the color changed to gray
and then brown, indicating the formation of the organocuprate. The
mixture was then cooled to �78 8C and stirred for 15 min. After the
addition of BF3·OEt2 (4.2 mL, 38.0 mmol) the reaction mixture was
stirred for 15 min at this temperature before a solution of furylpiper-
idinone 9 (3.0 g, 4.44 mmol) in THF (90 mL) was added dropwise by
syringe over 1.5 h with vigorous stirring. After 30 min, more BF3·OEt2

(4.2 mL, 38.0 mmol) was added, and the stirring continued for 15 h at
�78 8C. The grayish-brown reaction mixture was stirred at this
temperature, and a mixture of conc. ammonia and sat. NH4Cl solution
(1:1) was added within 1 h. After the reaction mixture had warmed up
to RT, diethyl ether (400 mL) was added. The organic layer was
washed with a mixture of conc. NH4OH/sat. NH4Cl solution (1:1,
80 mL) until the blue color disappeared. The combined aqueous
solutions were extracted with Et2O (2 � 100 mL). The combined
organic phases were washed with brine (250 mL) and dried over
MgSO4, and the solvents were evaporated in vacuo. The crude
product was purified by flash chromatography on silica gel (cyclo-
hexane/ethyl acetate 17:1). Yield: 3.26 g (82%); colorless oil,
d.r. 86:14[17] (1H NMR); Rf = 0.34 (cyclohexane/ethyl acetate 5:1);
[a]25

D =�22.6 (c = 1.0, CHCl3).

Received: November 17, 2008
Published online: December 30, 2008

.Keywords: asymmetric synthesis · chiral auxiliaries ·
domino reactions · indolizidines · terpenoids

[1] E. Lederer in Fortschr. der Chemie org. Naturstoffe, Vol. 6 (Ed.:
L. Zechmeister), Springer, Wien, 1950, pp. 87, 112.

[2] a) J. T. Wr�bel in The Alkaloids, Vol. 9 (Ed.: R. H. F. Manske),
Academic Press, New York, 1967, pp. 441 – 465; b) J. T. Wr�bel
in The Alkaloids, Vol. 16 (Ed.: R. H. F. Manske), Academic
Press, New York, 1977, pp. 181.

[3] E. Breitmaier in Alkaloide, Teubner, Stuttgart, 2002, p. 45.
[4] B. Maurer, G. Ohloff, Helv. Chim. Acta 1976, 59, 1169.
[5] J. Barluenga, F. Aznar, C. Ribas, C. Vald�s, J. Org. Chem. 1999,

64, 3736 – 3740.
[6] F. A. Davis, M. Santhanaraman, J. Org. Chem. 2006, 71, 4222 –

4226.
[7] H. Kunz, W. Sager, D. Schanzenbach, M. Decker, Ann. Chem.

1991, 649 – 654.
[8] a) H. Kunz, W. Pfrengle, Angew. Chem. 1989, 101, 1041 – 1042;

Angew. Chem. Int. Ed. Engl. 1989, 28, 1067 – 1068; b) M.
Weymann, W. Pfrengle, D. Schollmeyer, H. Kunz, Synthesis
1997, 1151 – 1160; c) M. Weymann, M. Schultz-Kukula, S.
Knauer, H. Kunz, Monatsh. Chem. 2002, 133, 571 – 587; d) M.
Weymann, M. Schultz-Kukula, H. Kunz, Tetrahedron Lett. 1998,
39, 7835 – 7838.

[9] a) S. Danishefsky, C.-F. Yan, R. K. Singh, R. B. Gammill, P. M.
McCurry, Jr., N. Fritsch, J. Clardy, J. Am. Chem. Soc. 1979, 101,
7001 – 7008; b) D. L. J. Clive, R. J. Bergstra, J. Org. Chem. 1991,
56, 4976; c) O. Diels, K. Pflaume, Chem. Ber. 1916, 49, 158; d) S.
Sugasawa, S. I. Yamada, M. Harahashi, J. Pharm. Soc. Jpn. 1951,
71, 1345.

[10] E. Klegraf, S. Knauer, H. Kunz, Angew. Chem. 2006, 118, 2685 –
2688; Angew. Chem. Int. Ed. Engl. 2006, 45, 2623 – 2626.

[11] S. Knauer, B. Kranke, L. Krause, H. Kunz, Curr. Org. Chem.
2004, 8, 1739.

[12] J. Clayden, F. E. Knowles, I. R. Baldwin, J. Am. Chem. Soc. 2005,
127, 2412 – 2413.

[13] Y. Yamamoto, Angew. Chem. 1986, 98, 945; Angew. Chem. Int.
Ed. Engl. 1986, 25, 947.

[14] a) D. L. Comins, A. Dehghani, Tetrahedron Lett. 1992, 33, 6299 –
6302; b) D. L. Comins, D. H. LaMunyon, X. Chen, J. Org. Chem.
1997, 62, 8182 – 8187.

[15] a) L. Horner, H. Oediger, H. Hoffmann, Liebigs Ann. Chem.
1959, 626, 26 – 34; b) S. Yamaguchi, N. Tsuchida, M. Miyazawa,
Y. Hirai, J. Org. Chem. 2005, 70, 7505 – 7511; c) J. C. Liermann,
T. Opatz, J. Org. Chem. 2008, 73, 4526 – 4531.

[16] Spectroscopic data of 3 : 1H NMR (400 MHz, CDCl3): d = 7.35–
7.31 (m, 2H, furyl-5, furyl-2), 6.43 (sbr, 1H, furyl-4), 2.91–2.82 (m,
2H, H-5ax, H-3a,ax), 2.15–2.06 (m, 1H, H-8a,ax), 1.97–1.89 (m, 1H,
H-8eq), 1.88–1.75 (m, 2H, H-3b,eq, H-6a,ax), 1.71–1.53 (m, 6H, H-
7a,b, H-1a,b H-2a,b), 1.52–1.45 (m, 1H, H-6b,eq), 1.04 ppm (d, 3J =
7.0, 3H, CH3); 13C NMR (100.6 MHz, CDCl3): d = 142.58 (furyl-
5), 139.06 (furyl-2), 128.70 (furyl-3), 109.71 (furyl-4), 67.54 (C-
8a), 60.91 (C-5), 53.40 (C-3), 32.14 (C-1), 29.42 (C-8), 28.92 (C-
6), 26.84 (C-7), 20.06 (C-2), 12.19 ppm (CH3); ESI-MS (pos.):
206.16 ([M+H]+, calcd. 206.15); HR ESI-MS (pos.): 206.1552
([M+H]+, calcd. 206.1545).

[17] Addition of the protonating reagent at �95 8C increased the
diastereomeric ratio to 93:7.

[18] Spectroscopic data of 4 : 1H NMR (400 MHz, CDCl3): d = 7.35
(m, 2H, furyl-5, furyl-2), 6.47 (sbr, 1H, furyl-4), 2.99–2.78 (m, 2H,
H-3a, H-5), 2.01–1.90 (m, 2H, H-1a, H-3b), 1.84–1.70 (m, 3H, H-
7a, H-6a,b), 1.68–1.55 (m, 3H, H-2a,b, H-8a), 1.54–1.36 (m, 2H, H-
1b, H-8), 1.14–1.01 (m, 1H, H-7b), 0.91 (d, 3J = 6.5, 3H, CH3);
13C NMR (100.6 MHz, CDCl3): 142.75 (furyl-5), 139.38 (furyl-2),
128.01 (furyl-3), 109.73 (furyl-4), 71.50 (C-8a), 59.81 (C-5), 53.09
(C-3), 36.25 (C-8), 33.99 (C-6), 33.83 (C-7), 28.97 (C-1), 20.03 (C-
2), 18.82 ppm (CH3); ESI-MS (pos.): 206.16 ([M+H]+, calcd.
206.15); HR ESI-MS (pos.): 206.1539 ([M+H]+, calcd. 206.1545).

[19] B. Kranke, D. Hebrault, M. Schultz-Kukula, H. Kunz, Synlett
2004, 671 – 674.

Communications

2230 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 2228 –2230

http://dx.doi.org/10.1002/hlca.19760590420
http://dx.doi.org/10.1021/jo9823240
http://dx.doi.org/10.1021/jo9823240
http://dx.doi.org/10.1021/jo060371j
http://dx.doi.org/10.1021/jo060371j
http://dx.doi.org/10.1002/anie.198910671
http://dx.doi.org/10.1055/s-1997-3185
http://dx.doi.org/10.1055/s-1997-3185
http://dx.doi.org/10.1007/s007060200030
http://dx.doi.org/10.1016/S0040-4039(98)01745-6
http://dx.doi.org/10.1016/S0040-4039(98)01745-6
http://dx.doi.org/10.1021/ja00517a037
http://dx.doi.org/10.1021/ja00517a037
http://dx.doi.org/10.1021/jo00016a033
http://dx.doi.org/10.1021/jo00016a033
http://dx.doi.org/10.1002/ange.200504090
http://dx.doi.org/10.1002/ange.200504090
http://dx.doi.org/10.1002/anie.200504090
http://dx.doi.org/10.2174/1385272043369485
http://dx.doi.org/10.2174/1385272043369485
http://dx.doi.org/10.1021/ja042415g
http://dx.doi.org/10.1021/ja042415g
http://dx.doi.org/10.1002/ange.19860981102
http://dx.doi.org/10.1002/anie.198609473
http://dx.doi.org/10.1002/anie.198609473
http://dx.doi.org/10.1016/S0040-4039(00)60957-7
http://dx.doi.org/10.1016/S0040-4039(00)60957-7
http://dx.doi.org/10.1021/jo971448u
http://dx.doi.org/10.1021/jo971448u
http://dx.doi.org/10.1021/jo050550l
http://dx.doi.org/10.1021/jo800467e
http://www.angewandte.org

