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Introduction

The asymmetric synthesis of piperidine and indolizi-
dine alkaloids remains a field of great interest, as these
types of alkaloids display a very wide range of biological
activity and in many cases are scarcely available from
natural sources.® In particular, sesquiterpenoid and
triterpenoid alkaloids incorporating piperidine, indolizi-
dine, and quinolizidine rings, isolated from aquatic plants
of the genus Nuphar, are known as nuphar alkaloids.
Representative members of this family are 5-(3-furyl)-8-
methyloctahydroindolizine (1) and (—)-nupharamine (2).
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The structural motif common to nuphar alkaloids is the
presence of a trisubstituted piperidine ring with a methyl
group attached at C-3 and a 3-furyl substituent at C-6.
Some members of this family of alkaloids have shown
antibiotic and antifungal activity.? Aquatic plants are not
the only source of nuphar alkaloids; for example, 5-(3-
furyl)-8-methyloctahydroindolizine (1) is a minor com-
pound (0.0002%) detected in castoreum, a perfume
extract derived from the dried scent glands of the
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Canadian beaver (Castor fiber L.).> The structural for-
mula of 1 was determined exclusively by the fragmenta-
tion pattern displayed in the mass spectrum, as there
was insufficient material for further characterization.
Interestingly, indolizidine 1 belongs to the class of
5-substituted octahydroindolizines, compounds with
marked biological activity;* in particular, 5-arylindoliz-
idines have been identified recently as new antinoci-
ceptive agents with analgesic activity.® Three of the
possible stereoisomers of 1 have been synthesized in
racemic form,® and to the best of our knowledge, no
asymmetric synthesis has been reported.

On the other hand, in the recent years, we have been
interested in exploring the synthetic applications of chiral
2-amino-1,3-butadienes in asymmetric Diels—Alder cy-
cloadditions. We have previously shown that chiral
2-aminodiene 3 reacts with aromatic N-trimethylsilyla-
Idimines 4 in the presence of ZnCl, to afford, after mild
hydrolysis of the [4 + 2] cycloadduct, 4-piperidones 5 with
high to very high enantiomeric excesses (Scheme 1).”
Piperidones 5 are versatile synthetic intermediates that
have been used as precursors of different types of
substituted pipecolic acids and that could be employed
as a starting point for the preparation of enantiomerically
pure piperidine alkaloids. In this paper, we wish to report
our initial efforts in this direction; a novel approach to
the enantioselective synthesis of nuphar alkaloids. Thus,
we describe herein the first enantioselective total syn-
thesis of nuphar indolizidine (—)-(5S,8R,9S)-1. Moreover,
the generality of our methodology is illustrated by the
total synthesis of (—)-nupharamine (2).8

Results and Discussion

For our study, we chose 4-piperidone 5a, which can be
obtained from the cycloaddition of 2-amino diene 3 with
N-trimethylsilyl-3-furaldimine with 51% yield and ee
>99% (HPLC). Piperidone 5a is a very convenient start-
ing material for the total synthesis of Nuphar alkaloids,
since it already incorporates the methyl and 3-furyl
substituents characteristic of nuphar alkaloids and a
hydroxymethyl group attached at C2 that can be elabo-
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rated to build each particular compound. Moreover, 5a
features the same absolute and relative stereochemistry
of the substituents on the piperidine ring as most of the
alkaloids of this family (Scheme 1). Therefore, the
transformation of 4-piperidone 5a into nuphar alkaloids
would require two synthetic operations: the transforma-
tion of the chain at C2 and the deoxygenation of the
ketone functionality.

We decided to carry out the deoxygenation step first,
to avoid undesired side reactions due to the ketone, such
as epimerization of the C3 atom during the synthesis.
First, both the amino and hydroxy functionalities were
simultaneously protected as the bicyclic carbamate 6°
(Scheme 2) by treatment of 4-piperidone 5a with tri-
phosgene in the presence of NEt;. The deoxygenation was
then achieved in one step by NaBH3;CN reduction of the
in situ generated tosylhydrazone of 6 to obtain compound
7 with a poor 33% vyield.'® Nevertheless, better results
were obtained in a two-step procedure by formation of
an enoltriflate followed by catalytic hydrogenation in the
presence of PtO,,'! which afforded bicyclic carbamate 7
in 85% yield (based on 70% conversion of 6). At this point,
hydrolysis of the carbamate moiety of compound 7
employing anhydrous t-BuOK in THF afforded the de-
sired piperidine 8.

The indolizidine structure was built as depicted in
Scheme 3; a one-pot process of Swern oxidation followed
by a Wittig olefination reaction over compound 8 led to
conjugated ester 9. Catalytic hydrogenation of the double
bond in the presence of Pd/C gave aminoester 10, which
was cyclized to indolizidone 11 in refluxing toluene.
Finally, reduction of the lactam with excess of LiAlH,
led to nuphar alkaloid (—)-(5S,8R,9S)-1, [0]*°> = —99.0
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sequence that involves protection of the hydroxy group
as a TBDMS ether, formation of the carbamate by
treatment with benzyl chloroformate, and deprotection
of the silyl ether in acidic media. Then, the same one-
pot procedure of Swern oxidation followed by Wittig
olefination described above, led to protected conjugated
ester 13 with excellent yield. Careful hydrogenation of
the double bond of 13 (H; (1 atm), Pd/C, EtOH, rt, 3.5 h)
gave ester 14, which was then treated with an excess
of MeLi to give tertiary alcohol 15. Finally, (—)-n-
upharamine 2 was obtained after deprotection of the
benzyl carbamate. Spectroscopic data (IR, MS, and 13C
NMR) and optical rotation of synthetic (—)-nupharamine
2 were in accordance with those previously reported.®

In summary, we have described a new approach to the
enantioselective synthesis of nuphar alkaloids, exempli-
fied by the first enantioselective synthesis of (—)-
(5S,8R,9S)-5-(3-furyl)-8-methyloctahydroindolizine alka-
loid and the total synthesis of (—)-nupharamine. Our
approach demonstrates that 4-piperidones derived from
chiral 2-aminodienes are useful precursors of piperidine
alkaloids. It is worth pointing out that the enantiomers
of these alkaloids are equally approachable in optically
pure form by this synthetic approach by employing the
chiral 2-aminodiene derived from (R)-2-methoxymeth-
ylpyrrolidine. Additionally, derivatives with other aro-
matic rings instead of the 3-furyl group would also be
accessible, and furthermore, the keto group of the start-
ing 4-piperidone will allow for the synthesis 4-substituted
derivatives.

Experimental Section

General Methods. The same experimental techniques were
used as reported previously; see ref 5b. Compounds 4a and 6
were prepared as described in refs 5b and 7, respectively.

Synthesis of (—)-(2S,5R,6R)-2-(3-Furyl)-5-methyl-1-aza-
8-oxabicyclo[4,3,0]nonan-9-one (7). (a) The Hydrazone
Method. To a solution of carbamate 6 (3.40 mmol, 800 mg) in
DMF (8.5 mL) were successively added sulfolane (8.5 mL),
p-toluensulfonylhydrazide (3.97 mmol, 740 mg), and p-toluen-

(12) Longer reaction times and/or larger quantities of Pd/C led to
deprotection of the Cbz group and, ultimately, to the reduction of the
furan ring.
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sulfonic acid (0.45 mmol, 86 mg). The resulting solution was
heated at 110 °C, and NaBH,4 was added in three portions at 1
h intervals. Then, 1 h after the last addition, the reaction
mixture was cooled, and H>O (10 mL) was carefully added,
followed by EtOAc (10 mL). The aqueous layer was extracted
with EtOAc, and the combined organic layers were washed with
brine, dried over anhydrous Na,SO,, and evaporated under
vacuum. Sulfolane and DMF were eliminated by Kugelrohr
distillation (0.01 mmHg, 90 °C, 6 h). Column chromatography
(SiOy, hexane/EtOAc 2:1) of the residue afforded bicyclic com-
pound 7 (33% yield, 248 mg).

(b) The Enoltriflate Method. To a solution of ketone 6 (200
mg, 0.82 mmol) in 15 mL of dry THF, under nitrogen atmosphere
and cooled to —80 °C, was added dropwise 1 mL (1 mmol) of 1
M solution lithium hexamethyldisilylamide in THF. After the
reaction was stirred for 90 min at —80 °C, a solution of 500 mg
(1.4 mmol) of freshly prepared N-(2-pyridyl)triflimide!® in 2 mL
of THF was added, and the stirring was continued at —80 °C
for 90 min. The cold bath was removed, and the reaction was
quenched with 2 mL of H,O. The reaction mixture was diluted
with 40 mL of Et,O, dried over Na,SO,4, and concentrated in
vacuo. The reaction crude contained a mixture of the enoltriflate
and the starting material 6, which were separated by column
chromatography (SiO,, hexane/EtOAc 3:1—1:1). The first fraction
(Rf = 0.34, SiO,, hexane/EtOAc 1:1) consisted in the desired
enoltriflate (202 mg, 0.55 mmol), and the second fraction (Rt =
0.24, SiO,, hexane/EtOAc 1:1) afforded the unreacted ketone
(0.24 mmol, 60 mg): yield 96% (based on 70% conversion of 6);
1H NMR (300 MHz, CDCl3) 6 7.55 (m; 1H), 7.41 (m; 1H), 6.42—
6.40 (m; 1H), 5.79 (m; 1H), 5.16 (m; 1H), 4.51 (dd, J = 8.2, 7.4
Hz; 1H), 3.99 (dd, J = 10.6, 8.2 Hz; 1H), 3.77 (ddd, J = 10.6,
9.0, 7.4 Hz; 1H), 2.96—2.80 (m; 1H), 1.20 (d, J = 7.1 Hz; 3H)
ppm; ¥C NMR (75 MHz, CDCl3) 6 156.0, 148.0, 142.2, 141.2,
121.5, 120.1, 109.1, 66.6, 59.9, 47.1, 37.5, 11.9 ppm. The
enoltriflate was hydrogenated according with the following
procedure: A flask containing the enoltriflate (90 mg, 0.24 mmol)
and 6.8 mg of PtO, was capped with a rubber septum, evacuated
with a needle, and filled with hydrogen with a balloon. Then, 8
mL of EtOH was added to the flask with a syringe, and the
mixture was stirred at room temperature. The reaction was
monitored by TLC (SiO,, hexane/EtOAc/methylene chloride
1:1:1), and the septum was removed when the spot of the starting
material disappeared (Rf = 0.37), typically 6—8 h (longer reaction
times will result in hydrogenation of the furan ring). The
reaction was diluted with diethyl ether, filtered through Celite,
and concentrated under reduced pressure to obtain a pale yellow
oil. The crude was purified by flash chromatography (SiO,,
hexane/EtOAc 2:1), affording 47 mg of carbamate 7 (yield 89%).
Overall yield of the two steps (based on 70% conversion of 6)
85%: Rf= 0.27 (SiO, hexane/EtOAc 1:1); [a]?°p = —69.3 (c 1.4,
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CHCl,); *H NMR (200 MHz, CDCls) 6 7.40—7.39 (m; 2H), 6.44—
6.43 (m; 1H), 4.38 (dd, J = 8.6, 7.6 Hz; 1H), 4.12 (dd, J = 10.9,
3.6 Hz; 1H), 3.87 (t, J = 8.6 Hz; 1H), 3.26 (td, J = 9.2, 7.6 Hz;
1H), 1.98—1.47 (m; 4H), 1.35—1.14 (m; 1H), 0.94 (d, J = 6.4 Hz;
3H) ppm; 3C NMR (75 MHz, CDCl3) 6 156.1, 142.3, 139.2, 123.8,
109.6, 66.2, 62.4, 50.1, 34.5, 33.2, 31.6, 16.6 ppm. Anal. Calcd
for C12H1sNO3 (221.26): C, 65.14; H, 6.83; N, 6.33. Found: C,
64.76; H, 6.69; N, 6.22.

Deprotection of the Bicyclic Carbamate. Synthesis of
(—)-(2R,3R,6S)-6-(3-Furyl)-2-hydroxymethyl-3-methylpip-
eridine (8). To a solution of carbamate 7 (1.10 mmol, 240 mg)
in dry THF (15 mL) cooled at 0 °C was added t-BuOK (4.40
mmol, 495 mg). After 30 min of stirring at this temperature,
the reaction mixture was poured over an aqueous HCI solution
(1 N, 5 mL), and the resulting mixture was made basic by
addition of Na,COgs. The organics were extracted with EtOAc (5
x 10 mL), and the combined organic layers were washed with
brine, dried over anhydrous Na,SO4, and evaporated under
vacuum. Flash column chromatography (Al,O3) of the residue
afforded piperidine 8 (95% yield, 205 mg): colorless oil; Rf =
0.33 (Al,03, EtOAC); [a]®p = —22.9 (c 0.5, CH,Cl,); *H NMR (200
MHz, CDCl3) ¢ 7.38—7.37 (m; 2H), 6.43—6.41 (m; 1H), 3.79 (dd,
J =11.0, 3.1 Hz; 1H), 3.64 (dd, J = 10.7, 2.6 Hz; 1H), 3.51 (dd,
J=11.0, 7.6 Hz; 1H), 2.47 (ddd, J = 9.5, 7.6, 3.1 Hz; 1H), 1.93—
1.79 (m; 2H), 1.61-1.13 (m; 3H), 0.91 (d, J = 6.1 Hz; 3H) ppm;
13C NMR (50 MHz, CDClg) 6 142.6, 138.5, 128.4, 108.9, 63.8,
63.1,52.5,33.7, 32.8, 32.2, 17.8 ppm; HRMS (EI) calcd for C11H16-
NO, (M* — H) 194.1181, found 194.1183.

(—)-(2R,3R,6S)-(E)-2-(2-Ethoxycarbonyl-1-ethenyl)-6-(3-
furyl)-3-methylpiperidine (9). Dry DMSO (1.31 mmol, 93 mL)
was added dropwise to a cooled (—65 °C) solution of (COCI);, (0.66
mmol, 58 mL) in dry CH,Cl, (10 mL), and stirring was continued
at this temperature for 20 min. Then, a solution of alcohol 8
(0.50 mmol, 98 mg) in dry CH,ClI, (7 mL) was added dropwise,
and the reaction mixture was stirred at —65 °C for 90 min.
Thereafter, NEt; (1.97 mmol, 275 mL) was added and the
temperature was permitted to reach —15 °C during 90 min.
Afterward, PhsP=CHCO;Et (0.75 mmol, 260 mg) was added in
one portion, and the reaction mixture was warmed to room
temperature over 90 additional min. The reaction mixture was
poured over brine (10 mL), and the aqueous layer was extracted
with CHCly; the combined organic layers were dried over
anhydrous Na,SO, and evaporated under vacuum. Column
chromatography (SiO,) of the residue afforded conjugated ester
9 (44% yield, 58 mg): yellow oil; Rt = 0.57 (SiO,, CH,Cl,/EtOAc
2:1); [o]*8p = —31.0 (c 0.9, CH,Cl,); *H NMR (200 MHz, CDCl5)
0 7.38—7.35 (m; 2H); 6.95 (dd, J = 15.7, 7.9 Hz; 1H), 6.41-6.39
(m; 1H), 5.98 (dd, 3 = 15.7, 0.9 Hz; 1H), 4.24—4.13 (m; 1H), 4.19
(9, 3 = 7.0 Hz; 2H), 3.67 (dd, J = 11.0, 2.8 Hz; 1H), 2.99 (ddd,
J=09.1,7.9,609Hz; 1H), 1.94—-1.18 (m; 4H), 1.28 (t, I = 7.0 Hz;
3H), 0.88 (d, J = 6.4 Hz; 3H) ppm; 3C NMR (50 MHz, CDCl3) ¢
166.3, 149.3, 142.8, 138.4, 128.8, 122.1, 108.9, 65.2, 60.3, 52.6,
35.4, 33.6, 33.3, 18.5, 14.1 ppm.
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(—)-(2S,3R,6S)-2-(2-Ethoxycarbonylethyl)-6-(3-furyl)-3-
methylpiperidine (10). A suspension of conjugated ester 9
(0.19 mmol, 50 mg), EtOH (8 mL), and Pd/C (50 mg) was
degassed through a freezing-vacuum-melting sequence (three
turnovers); the flask was finally filled with H, with the aid of a
balloon (1 atm), and a vigorous stirring was kept for 6 h at room
temperature. Then, the reaction mixture was filtered through
a Celite pad, the retained solid was washed with EtOH (3 x 3
mL), and the organic solvent was eliminated under vacuum.
Flash column chromatography (SiO,) of the residue afforded
ester 10 (91% yield, 46 mg): colorless oil; R = 0.40 (SiO,, CH»-
Cl,/EtOACc 1:1); [a]?®p = —39.3 (c 1.8, CH.Cl,); *H NMR (300
MHz, CDCl3) 6 7.35—7.33 (m; 2H), 6.39 (s; 1H), 4.12 (9, J=7.3
Hz; 2H), 3.58 (dd, J = 11.2, 2.2 Hz; 1H), 2.43 (dd, J = 8.8, 6.7
Hz; 1H), 2.42 (t, J = 7.7 Hz; 1H), 2.31 (td, J = 8.4, 3.0 Hz; 1H),
2.07—1.95 (m; 1H), 1.88—1.77 (m; 2H), 1.69—1.62 (m; 4H), 1.25
(t, 3 = 7.3 Hz; 3H), 0.90 (d, J = 6.0 Hz; 3H) ppm; 3C NMR (50
MHz, CDCl3) 6 174.1, 142.7, 138.3, 129.4, 109.1, 62.3, 60.2, 53.2,
35.4, 34.1, 33.8, 30.5, 28.5, 18.3, 14.2 ppm.

(—)-(2S,5R,6S)-2-(3-Furyl)-5-methyl-1-azabicyclo[4.3.0]-
nonan-9-one (11). A solution of amino ester 10 (0.15 mmol, 42
mg) in dry toluene (6 mL) was refluxed for 48 h. Then, the
reaction mixture was allowed to cool to room temperature, and
the solvent was evaporated under vacuum. The resulting yellow
oil was purified by column chromatography (SiO,) to afford
lactam 11 (78% yield, 28 mq): colorless oil; Rt = 0.40 (SiO2, CH3-
Cl,/EtOACc 3:1); [a]®°> = —74.4 (c 1.0, CH,Cl,); 'H NMR (200
MHz, CDCls) 6 7.36—7.33 (m; 1H), 7.33 (s; 1H), 6.38—6.37 (m;
1H), 4.41 (dd, J = 7.6, 4.0 Hz; 1H), 3.12 (td, J = 10.1, 6.1 Hz;
1H), 2.39—-2.14 (m; 3H), 1.95—-1.16 (m; 6H), 0.96 (d, J = 6.4 Hz;
3H) ppm; 13C NMR (50 MHz, CDCls) 6 175.0, 142.6, 138.7, 126.2,
109.8, 63.4, 49.0, 36.4, 31.4, 31.2, 29.9, 25.1, 17.5 ppm; HRMS
(Cl) calcd for C13H1sNO, (M + H) 220.1338, found 220.1330.

(—)-(5S,8R,9S)-5-(3-Furyl)-8-methyloctahydroindoliz-
ine [(5S,8R,9S)-1]. To a solution of lactam 11 (0.13 mmol, 28
mg) in dry THF (8 mL) cooled to 0 °C was added LiAlH4 (0.52
mmol, 20 mg), and the reaction mixture was then refluxed for
2.5 h. The reaction was allowed to cool to room temperature,
and an aqueous saturated solution of Na,SO, was added
dropwise until the reaction mixture became clear, with a solid
stuck to the walls of the flask. The liquid was decanted, the solid
was washed with THF (5 x 2 mL), and the resulting organic
solution was concentrated under vacuum. Flash column chro-
matography (Al,O3) of the residue afforded indolizidine
(5S,8R,9S)-1 (71% yield, 19 mg): colorless oil; Rf = 0.48 (Al,03,
hexane/EtOAc 10:1); [a]*°o = —99.0 (c 1.3, CH2Cl,); *H NMR (400
MHz, CDCls) ¢ 7.33—7.26 (m; 2H), 6.44 (s; 1H), 2.91 (dd, J =
8.4, 5.7 Hz; 1H), 2.88 (td, J = 8.8, 2.2 Hz; 1H), 1.98—1.87 (m;
2H), 1.82—1.39 (m; 8H), 1.13—1.02 (m; 1H), 0.90 (d, J = 6.6 Hz;
3H) ppm; 3C NMR (50 MHz, CDCls) 6 142.6, 139.3, 128.0, 109.6,
71.4,59.7, 53.1, 36.2, 34.0, 33.8, 28.9, 20.0, 18.8 ppm; MS (EI)
m/z 205 (79), 190 (24), 176 (11), 162 (16) 136 (51), 94 (100);
HRMS (El) calcd for C13H20NO (M*) 205.1466, found 205.1461;
HRMS (FAB) calcd for Ci3H20NO (M + H) 206.1545, found
206.1536.

(—)-(2R,3R,6S)-N-Benzyloxycarbonyl-6-(3-furyl)-2-hy-
droxymethyl-3-methylpiperidine (12). To a solution of pip-
eridine 8 (1.05 mmol, 205 mg) in MeCN (15 mL) were succes-
sively added imidazole (2.63 mmol, 179 mg) and tert-butyl-
dimethylsilylchlorosilane (2.63 mmol, 397 mg); the mixture was
stirred at room temperature for 4 h. The reaction was quenched
by addition of H,O (10 mL) and EtOAc (15 mL), and the aqueous
layer was extracted with EtOAc; the combined organic layers
were washed with brine, dried over anhydrous Na,SO,, and
evaporated under vacuum. Column chromatography (SiO,) of
the residue afforded (—)-(2R,3R,6S)-2-(tert-butyldimethylsily-
loxymethyl)-6-(3-furyl)-3-methylpiperidine (220 mg, 67% yield)
as a colorless oil: Rf = 0.30 (SiO,, hexane/Et,0O 3:1); [0]%p =
—47.5 (c 0.8, CH.Cly); *H NMR (200 MHz, CDCl3) 6 7.38—7.37
(m; 2H), 6.40—6.39 (m; 1H), 3.88 (dd, J = 9.8, 3.1 Hz; 1H), 3.62
(dd, 3 = 11.0, 2.6 Hz; 1H), 3.49 (dd, J = 9.8, 8.9 Hz; 1H), 2.43
(td, 3 =8.9, 3.1 Hz; 1H), 1.92—1.75 (m; 2H), 1.61—-1.10 (m; 3H),
0.92—-0.84 (m; 12H), 0.07 (s, 6H) ppm. The silylated derivative
obtained was dissolved in MeCN (10 mL). To the stirred solution
were successively added aqueous saturated K,CO3 (10 mL), and
benzylchloroformate (2.10 mmol, 300 «L). The biphasic mixture
was vigorously stirred for 4 h, and then the layers were
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separated. The aqueous layer was extracted with EtOAc, and
the combined organic layers were washed with brine, dried over
anhydrous Na,SO4, and evaporated under vacuum. Column
chromatography (SiOy) of the residue afforded (—)-(2R,3R,6S)-
N-benzyloxycarbonyl-2-(tert-butyldimethylsilyloxymethyl)-6-(3-
furyl)-3-methylpiperidine (310 mg, 99% yield) as a colorless oil:
R¢ = 0.45 (SiO,, hexane/Et;0 4:1); [a]?°p = —66.6 (c 2.2, CH,-
Cl,); *H NMR (200 MHz, CDCl3) 6 7.44—7.25 (m; 7H), 6.26 (s;
1H), 5.36—5.30 (m; 1H), 5.27 (d, 3 = 12.5 Hz; 1H), 5.19 (d, J =
12.5 Hz; 1H), 4.11—4.00 (m; 1H), 3.83—3.19 (m; 2H), 2.22—1.79
(m; 4H), 1.40—-1.25 (m; 1H), 1.11 (d, J = 7.0 Hz; 3H), 0.83 (s;
9H), —0.06 (s; 6H) ppm. The O,N-diprotected piperidine obtained
was then dissolved in THF (15 mL), and aqueous HCI (3N, 10
mL) was added. After 30 min of stirring, H,O (10 mL) and EtOAc
(10 mL) were added; the aqueous layer was extracted with
EtOAc, and the combined organic layers were washed with brine,
dried over anhydrous Na,SO,4, and evaporated under vacuum.
Column chromatography (SiO,) of the residue afforded hydroxy-
piperidine 12 (88% yield, 203 mg): colorless oil; Rt = 0.23 (SiOy,
hexane/EtOAc 2:1); [a]??p = —75.6 (c 0.8, CH2Cl,); *H NMR (200
MHz, CDCls) 6 7.46—7.28 (m; 7H), 6.33 (s; 1H), 5.41-5.32 (m;
1H), 5.27 (d, 3 = 12.2 Hz; 1H), 5.18 (d, J = 12.2 Hz; 1H), 4.22—
4.10 (m; 1H), 3.42 (dd, J = 11.3, 7.3 Hz; 1H), 3.36 (dd, J = 11.3,
7.9 Hz; 1H), 2.20—1.78 (m; 4H), 1.43—1.23 (m; 1H), 1.12 (d, I =
7.0 Hz; 3H), ppm; 3C NMR (75 MHz, CDCl3) 0 157.5, 143.2,
138.7, 136.5, 128.4, 127.9, 127.7, 127.6, 109.7, 67.4, 64.2, 58.8,
45.8, 27.2, 22.2, 22.1, 18.9 ppm. Anal. Calcd for C;9H23NO4
(329.40): C, 69.28; H, 7.04; N, 4.25. Found: C, 69.04; H, 7.03;
N, 4.25.
(—)-(2R,3R,6S)-(E)-N-Benzyloxycarbonyl-2-(2-ethoxycar-
bonyl-1-ethenyl)-6-(3-furyl)-3-methylpiperidine (13). The
same experimental procedure described for compound 9 was
applied to alcohol 12 (0.50 mmol, 200 mg). Column chromatog-
raphy (SiO) of the resulting residue afforded conjugated ester
13 (96% yield, 165 mg): yellow oil; Rt = 0.38 (SiO2, hexane/
EtOAc 3:1); [a]*?p = —46.0 (c 1.0, CH,Cl,); 'H NMR (200 MHz,
CDCls) 6 7.47—7.24 (m; 7H), 6.66 (dd, J = 15.9, 7.3 Hz; 1H),
6.26—6.24 (m; 1H), 5.75 (dd, J = 15.9, 1.4 Hz; 1H), 5.46—-5.38
(m; 1H), 5.25 (d, J = 12.4 Hz; 1H), 5.19 (d, J = 12.4 Hz; 1H),
4.68—4.59 (m; 1H); 4.12 (g, J = 7.0 Hz; 2H), 2.21-1.87 (m; 4H),
1.44—1.36 (m; 1H), 1.25 (t, J = 7.0 Hz; 3H), 1.12 (d, J = 7.0 Hz;
3H), ppm; 33C NMR (75 MHz, CDCl3) 6 166.0, 156.3, 147.6, 142.9,
139.2, 136.3, 128.3, 127.9, 127.7, 126.9, 121.4, 110.2, 67.4, 60.0,
57.5,45.7,30.4, 22.2, 21.9, 18.1, 14.0 ppm; HRMS (EI) calcd for
C23H27NOs 397.1889, found 397.1907.
(—)-(2S,3R,6S)-N-Benzyloxycarbonyl-2-(2-ethoxy-
carbonylethyl)-6-(3-furyl)-3-methylpiperidine (14). An ad-
aptation of the experimental procedure described for compound
10 was applied to alcohol 13 (0.32 mmol, 127 mg), carrying out
the hydrogenation for 3.5 h with a smaller ammount of Pd/C
(10 mg). Flash column chromatography (SiO,) of the resulting
residue afforded ester 14 (85% yield, 110 mg): colorless oil; R¢
= 0.39 (SiO;, hexane/EtOAc 4:1); [a]?®p = —79.1 (c 2.7, CH.Cly);
IH NMR (300 MHz, CDCl3) 6 7.39—7.26 (m; 7H), 6.33 (s, br; 1H),
5.39 (s, br; 1H), 5.26 (d, J = 12.5 Hz; 1H), 5.11 (d, J = 12.5 Hz;
1H), 4.08—3.98 (m; 1H), 3.99 (q, J = 7.3 Hz; 2H), 2.22—1.99 (m;
4H), 1.91-1.64 (m; 2H), 1.55 (quint, J = 7.1 Hz; 1H), 1.37—1.18
(m; 2H), 1.16 (t, 3 = 7.3 Hz; 3H), 1.05 (d, J = 7.1 Hz; 3H) ppm;
13C NMR (75 MHz, CDCls) 6 172.9, 156.8, 142.8, 138.6, 136.5,
128.3,127.8,127.6, 127.5, 110.1, 67.1, 59.9, 56.4, 45.1, 31.3, 31.0,
29.3, 21.9, 21.4, 18.5, 14.0 ppm; HRMS (EI) calcd for Cy3Hag-
NOs 399.2046, found 399.2057.
(—)-(2S,3R,6S)-N-Benzyloxycarbonylnupharamine (15).
To a solution of ester 14 (0.24 mmol, 96 mg) in dry THF (15
mL) cooled to —70 °C was added dropwise MeL.i (1.6M in Et,0,
1.15 mmol, 720 mL), and the mixture was stirred at this
temperature for 15 min. Then, the reaction was quenched by
the slow addition of H,O (5 mL), and the cooling bath was
removed. The reaction was allowed to reach rt and then
extracted with EtOAc; the combined organic layers were dried
over anhydrous Na,SOg, and the solvent was eliminated under
vacuum. Column chromatography (SiO,) of the residue afforded
compound 15 (77% yield, 72 mg): colorless oil; Rt = 0.25 (SiOy,
hexane/EtOAc 2:1); [a]*p = —82.5 (c 2.0, CH2Cly); *H NMR (200
MHz, CDCl3) 6 7.35—7.31 (m; 7H), 6.37 (s; 1H), 5.39 (s, br; 1H),
5.22 (s; 2H), 4.08—3.94 (m; 1H), 2.17—1.23 (m; 9H), 1.07 (d, I =
7.0 Hz; 3H), 0.99 (s; 3H), 0.96 (s; 3H) ppm; 3C NMR (50 MHz,
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CDCl3) 0 157.0, 142.5, 138.9, 136.7, 128.4, 128.1, 127.9 (x2),
110.7, 70.4, 67.1, 57.5, 45.1, 40.5, 31.3, 29.3, 29.0, 28.6, 22.0,
21.6, 18.7 ppm; HRMS (EI) calcd for C,3H3:NO,4 385.2253, found
385.2249.

(—)-Nupharamine (2). To a solution of piperidine 15 (0.16
mmol, 62 mg) in MeOH (10 mL) were added black Pd (10 mg)
and HCO;NH; (0.80 mmol, 50 mg), and the mixture was
vigorously stirred at room temperature for 14 h. Afterward, the
solvent was removed under vacuum, and the residue obtained
was dissolved in EtOAc (6 mL), aqueous saturated NaHCOs (3
mL), and brine (3 mL). The aqueous layer was extracted with
EtOAc; the combined organic layers were dried over anhydrous
Na S04, and the solvent was eliminated under vacuum. Flash
column chromatography (Al.Os) of the residue afforded alkaloid
2 (99% yield, 40 mg): colorless oil; Ry = 0.37 (Al,O3, CH.Cly/
EtOAc 3:1); [a]®p = —29.5 (¢ 2.2, CHCI3); 'H NMR (300 MHz,
CDCl3) 6 7.33 (s; 2H), 6.41 (s; 1H), 3.61 (dd, J = 11.2, 2.1 Hz;
1H), 2.43—-2.33 (m; 1H), 1.90—1.64 (m; 4H); 1.61—1.39 (m; 4H),
1.28—1.12 (m; 2H); 1.19 (s; 3H), 1.17 (s; 3H), 0.89 (d, J = 6.4

Notes

Hz; 3H) ppm; 3C NMR (75 MHz, CDCls) 6 142.9, 138.3, 128.7,
109.1, 68.7, 62.8, 52.9, 39.5, 34.0, 33.7, 33.4, 30.1, 29.1, 28.3,
18.4 ppm; MS (EIl) m/z 251 (2), 236 (8), 164 (100), 107 (33) 94
(36). HRMS (EI) calcd for C15sH25NO, 251.1885, found 251.1879.
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