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An efficient methodology for the enantioselective synthesis
of the decahydro-1,5-methano-pyrido[1,2-a][1,5]diazocine
skeleton found in tricyclic lupine alkaloids is described, start-
ing from 3,5-disubstituted piperidines as chiral building
blocks. Alkyne- or vinylsilane-terminated N-acyliminium ion

cyclizations performed on appropriate 3,7-diazabicy-
clo[3.3.1]nonane derivatives allow for the highly stereoselec-
tive construction of piperidino-quinolizidine ring systems. A
preliminary application of this methodology results in the
synthesis of the quinolizidine alkaloid virgilidone.

Introduction

Lupine alkaloids, also called quinolizidines, constitute a
large class of naturally occurring compounds widely distrib-
uted among various plant families,!'! such as the Legumino-
sae. As examples of their intriguing biological properties,
we mention the activity of the tricyclic (—)-cytisine (1) as
an agonist at the nicotinic receptor® and of some of its
analogues as promising agents for the treatment of neuro-
degenerative deseases.l*! On the other hand, some of these
structures have been attracting growing attention as chiral
chelating bases, as can be seen by the broad use of the tetra-
cyclic (—)-sparteine (2) in asymmetric deprotonations with
alkyllithium agents.*>! As a consequence of these various
possible applications, a considerable amount of attention
has been focused on the syntheses of lupine alkaloids dur-
ing the last few years, but, to the best of our knowledge, no
enantioselective routes to tricyclic and tetracyclic systems
have been published.®]
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As part of our ongoing program concenring the enanti-
oselective synthesis of natural nitrogen-containing com-
pounds, we were interested in elaborating a short, efficient
approach to the tricyclic core of quinolizidine alkaloids, in
the optically active form, starting from the chiral cis-piper-
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idine-3,5-dimethanol monoacetate (3). This compound, to-
gether with its enantiomer, is readily available by means of
biocatalytic asymmetrization of the corresponding Cg-sym-
metric forms.”! From a synthetic point of view, lupine alkal-
oids are usually regarded as quinolizidine-based structures,
but, in our synthetic project, we preferred to single out an-
other common feature, namely the presence of a chiral 3,7-
diazabicyclo[3.3.1]nonane core, the so-called bispidine nuc-
leus, on which one or two additional rings are fused. Re-
cently,®! we succeeded in developing a convenient enanti-
oselective route to the highly functionalized 3,7-diazabicy-
clo[3.3.1]nonane derivatives 4, as efficient precursors of
chiral N7-substituted-2-oxobispidines, representing the het-
erocyclic motif of a number of new pharmacologically act-
ive compounds that have been claimed to be cholinergic
agents for the prevention and treatment of Alzheimer’s dis-
case.l”]

As an extension of our studies, we planned to apply an
N-acyliminium ion initiated intramolecular cyclization to a
suitable 3,7-diazabicyclo[3.3.1]Jnonane derivative, func-
tionalized at N° with an appropriate tethered carbon n-nu-
cleophile, as the key step to arrive at the piperidino-quinol-
izidine ring system. In this paper, we report an efficient
elaboration of the C,-symmetric piperidine 3 into the bicyc-
lic N3-substituted a-(hydroxy)lactams 5 and 6 (Scheme 1),
and their conversion into the optically active piperidino-
quinolizidines 7 and 8, which represent the first advanced
intermediates in the stereocontrolled synthesis of tricyclic
lupine alkaloids.

The stereoselective cationic m-heterocyclization via N-
acyliminium ions has been proven to be one of the most
important methods for preparing nitrogen heterocycles.!'‘l
In particular, the observed high versatility, also in the case
of hindered substrates,['%%11] together with the mild experi-
mental conditions, made this procedure the method of cho-
ice in the synthesis of complex piperidine derivatives. At the
onset of our studies, we selected the N’-substituted chiral
3,7-diazabicyclo[3.3.1]Jnonanes 5 and 6, as candidate sub-
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strates, in which a tethered (Z)-vinylsilane and a terminal
triple bond, respectively, were introduced as m-nucleophiles.
The choice to use these alkenyl and alkynyl systems was
prompted by the expectation that only the 6-endo type of
cyclization would occur,[190:10¢12.13] {5 give the azacyclic
derivatives 7 and 8 regioselectively. Furthermore, although
it was proposed!!?®19¢:12] that the stereochemistry of the vi-
nylsilane terminator would not be critical, in certain cases
only the (Z)-vinyl isomer (as indicated in 5) and not the
(E)-vinyl isomer is described to undergo N-acyliminium-ini-
tiated cyclizations. A more important consideration which
drove our strategy was that the bridgehead nature of 5 and
6 would prevent the formation of enamides from the inter-
mediate N-acyliminium ions by the loss of a proton. This
important side-reaction was reported!®¥ to occur fre-
quently in the case of intramolecular reactions of sterically
hindered substrates to give dimeric structures. The question
about the stereochemical outcome of the cyclization reac-
tions (of 5 and 6) remained to be addressed, although it
was expected to occur predominantly from the less-
hindered, convex, methylene bridgehead face of the bispid-
ine nucleus to give ultimately a (6S) configuration (lupine
alkaloids numbering) as indicated in structures 7 and 8.

Results and Discussion

We began our investigation into the regio- and stereo-
selectivity of the cyclization reaction of compound 5 whose
preparation is depicted in Scheme 2. The required (Z£)-4-
(trimethylsilyl)-3-buten-1-ylamine (9) was obtained in good
yield, and 95% stereoisomeric purity, by aminolysis [excess
NH;(1)/THF, room temp.] of the readily available corres-
ponding tosylate 10 in a sealed tube.l'¥

Oxidation of the diol monoacetate 3 (98% ee) afforded
the unstable aldehyde 11, which instead of being purified,
was used directly in the next step in order to preserve the
stereochemical integrity at the C-3 carbon atom. Treatment
with KMnO, in aqueous tBuOH in the presence of
NaH,PO, 3! provided the carboxylic acid 12 as a single
stereoisomer (as shown by 'H NMR spectroscopy) in 90%
overall yield. Condensation of acid 12 with amine 9 using
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Scheme 2. a) Excess NH;(1)/THE, room temp. 63%; b) DMSO,
(COCl),, NEt;; then ¢) KMnO,, (BuOH, NaH,PO,, 90%; d)
HOBt, DCC, MeCN, 85%; e) NaOH, MeOH, 98%; f)
Dess—Martin periodinane, CH,Cl,; then g) K,CO3;, MeOH, 76%;
h) TFA, 0 °C, 72%

DCC and HOBt (1-hydroxybenzotriazole) in MeCN gave
85% of amide 13. Quantitative deacetylation of 13 with
NaOH/MeOH was followed by oxidation of the resulting
alcohol 14 with Dess—Martin periodinane to afford a sep-
arable 2.3:1 mixture of the aldehyde 15 and of the required
cyclic tautomer 5. The a-hydroxylactam 5 was obtained as
a single stereoisomer.['®) Remarkably, when the above un-
separated mixture was treated with K,CO3/MeOH,!'"! 5 was
isolated as the sole product in 76% yield from 14.

With the desired (Z)-vinylsilane in hand, its N-acylimin-
ium ion initiated cyclization was studied. This process pro-
ceeded smoothly by treatment of 5 in TFA for 2 h at 0 °C to
provide the piperidino-quinolizidine 7 as the only isolated
product in 72% yield. The structure of 7 was established
by NMR spectroscopic analysis which demonstrated, to the
limits of detection by 300-MHz 'H NMR, that only a single
(6S) stereoisomer was formed; the protons were assigned by
COSY experiments. The stereochemistry of 7 was sup-
ported by NOE interactions between 6-H at 6 = 4.02, 13e-
H at 6 = 4.16, and 2a-H at 6 = 2.56 (Figure 1), and was
confirmed by the negligible J ; value which is indicative of
an orthogonal nature of the C-6 (S) and C-7 (S) protons.

The formation of 7 as a single stereoisomer is consistent
with N-acyliminium ion 16 undergoing cyclization only
from the convex, sterically less hindered face of this bicyclo-
[3.3.1]nonane intermediate, through a chair-like transition
state, obeying the Stork—Eschenmoser hypothesis on olefin
cyclization (Figure 1).I'81 Apart from other conformational
factors that could likely be involved,!!'] this stereochemical
outcome is presumably also due to the presence of the
sterically demanding Cbz group, which is thought to block
the re face of iminium group from attack by the m-nucle-
ophile.

The synthesis of 6 followed a sequence similar to that
described for 5 (Scheme 3). The amine 17, prepared by me-
ans of a known procedure,?” was treated with acid 12 in
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Figure 1. Selected NOE interactions detected by NOE difference
studies (300 MHz, [Dg]DMSO, 50 °C) of 7 and proposed transition
structure of N-acyliminium ion 16 for cyclization to 7

the presence of DCC and HOBt in MeCN to give 80% of
amide 18. Quantitative deprotection of the acetate function
of 18 with NaOH/MeOH followed by Dess—Martin
periodinane oxidation of the alcohol 19 gave a separable
2:1 mixture of the aldehyde 20 and of the required bicyclic
a-hydroxylactam 6. Again, treatment of the above unsepar-
ated mixture with K,COs/MeOH, yielded 6 in 78% from 19.
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Scheme 3. a) HOBt, DCC, MeCN, 80%; b) NaOH, MeOH, 98%;
¢) Dess—Martin periodinane, CH,Cl,; then d) K,CO3;, MeOH,
78%; ¢) HCO,H, 85 °C, 65%; f) H,, Pd/C; then BzIBr, K,CO3, 70%

Iminium ion—acetylene cyclization was cleanly accomp-
lished by treatment of amide 6 with formic acid?!! at 85 °C
for 10 h, followed by hydrolysis, to provide tricyclic 8 in
65% yield. As was observed in the cyclization of 5, only a
single stereoisomeric cyclization product 8, having the same
6,7-trans relative configuration, was produced from the pre-
cursor 6.

No extraneous signals were detected in the NMR spectra
of 8. However, its stereochemistry could not be unambigu-
ously determined from the 'H NMR coupling constants
and NOE experiments owing to the relative complexity of
the spectrum in which broadening of most of the signals
and some severe overlapping were observed. Straightfor-
ward conversion of 8 into the N-benzyl analogue 21 resulted
in a more easily explainable '"H NMR spectrum. Therefore,
the stereochemistry of tricyclic 21 (and thus of 8) was de-
duced from the observation of an almost negligible coup-
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ling (ca. 0.5 Hz) between 6-H (at 6 = 3.39) and 7-H (at & =
1.74). Tt was then confirmed by NOE interactions between
6-H and 2a-H (at § = 2.84) and 13e-H (at 6 = 2.77), and
by the long-range (W) coupling between 6-H and 8a-H, ob-
served in the COSY spectrum (Figure 2).

Figure 2. Selected NOE interactions detected by NOE difference
studies (300 MHz, CDCl;, 50 °C) of 21

It is interesting to note here that reactions of 5 (and its
4-acetate) in the presence of Lewis acids (e.g. BF3°Et,O,
ZnCl,, TiCly) were found to be capricious and inefficient,
usually giving low yields of tricyclic 7, accompanied by
large amounts of unchanged material. A possible explana-
tion of these unexpected results is that the presence of a
Lewis acid promoter might drive the substrate to form a
1:1 complex in which the metal cation of the Lewis acid
would prefer bidentate binding through N3 and N7 of the
diazabicycle, thus preventing the formation of the planar
N-acyliminium ion 16. This point was not further exam-
ined, and the validity of our hypothesis remains to be estab-
lished.

The azacycles 7 and 8 represent the first entry to chiral,
nonracemic functionalized piperidino-quinolizidine plat-
forms, which are substructures found in a number of biolo-
gically active quinolizidine alkaloids such as in the southern
tricyclic part (BCD rings) of (—)-sparteine (2) or in
aromatized piperidino-quinolizidine alkaloids such as (—)-
cytisine (1). In addition, these adducts incorporate diverse
functionalities which can be selectively manipulated. In or-
der to expand the versatility of our approach, a particularly
noteworthy transformation was effected, namely the com-
plete inversion of configuration at the C-6 stereogenic
centre, which allowed for the same 6,7-cis relationship
found in natural tricyclic, nonaromatized, lupine alkaloids
and in the northern tricyclic part (ABC rings) of (—)-spart-
eine (Scheme 4) to be set up.
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Scheme 4. a) Pd/C, THF/NEts, 120 °C; then b) Pd/C, H,, EtOH,
65%

Heating of 7 with Pd/C and NEty/THF?” in a sealed
tube resulted in the almost quantitative migration of the
double bond to give the unstable enamide 22, which rapidly
became coloured when opened to air. Thus, this enamide
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was not isolated but immediately hydrogenated in the pres-
ence of Pd on carbon to give the dihydro derivative 23, with
the (6R) configuration, as a single diastereoisomer in 65%
overall yield. The expected stereoselective reduction of the
C-5—C-6 double bond, with the concomitant deprotection
of the amino group, allowed us to achieve an enantioselec-
tive synthesis of virgilidone 23,1*3 a quinolizidine alkaloid
recently isolated from genus Virgilia, within the family Leg-
uminosae.

Conclusions

In summary, an efficient route to chiral, nonracemic
functionalized piperidino-quinolizidine platforms is de-
tailed, involving an alkyne- or vinylsilane-terminated N-
acyliminium ion cyclization as the key step. A first applica-
tion of this methodology to the enantioselective synthesis
of a lupine alkaloid is also described. The obtained results
lay the groundwork for exploring the preparation of
tricyclic structural analogues of sparteine, which could be
envisaged as potential chiral ligands, with either the pos-
sible 6,7-cis or -trans relationships. It should be noted that
the availability of both the enantiomeric forms (3 and ent-
3) of the chiral building block cis-piperidine-3,5-dimethanol
monoacetatel’® would allow for an access these systems as
both antipodes, giving the possibility of overcoming the
synthetic limitation of sparteine, which is readily available
only as its (—) enantiomer. Further work is in progress in
order to expand the utility of our approach.

Experimental Section

General: All solvents were distilled and thoroughly dried, when
necessary, prior to use. — During usual workup, all organic extracts
were dried (Na,SO, or MgSO,) and concentrated. — All reactions
were monitored by thin-layer chromatography (TLC) on precoated
silica gel 60 F,s4 (Merck); spots were visualized with UV light or
by treatment with 1% aqueous KMnO, solution. Products were
purified by flash chromatography (FC) on Merck silica gel 60
(230—400 mesh). — IR spectra of CHCl; solutions were recorded
with a Perkin—Elmer 681 instrument. — 'H and '*C NMR spectra
were recorded with Bruker AC 200 (' H, 200 MHz; '3C, 50.2 MHz)
or AC 300 (! H, 300 MHz; 3C, 75.4 MHz) spectrometers in CDCl;
solutions (unless otherwise stated) with TMS as internal standard.
— Optical rotations were measured with a Perkin—Elmer 241 po-
larimeter. — HR, EI (70 ¢V) and FAB mass spectra in the positive
mode, were measured with a VG 70-70 EQ-HF instrument,
equipped with its standard sources.

(Z)-4-(Trimethylsilyl)-3-buten-1-ylamine (9): Liquid ammonia
(12 mL) was added to a cooled (—50 °C) solution of 1014 (3.08 g,
10.33 mmol) in THF (16 mL) and the resulting mixture was kept
at room temperature in a sealed tube for 24 h. The solvent was
evaporated, and the crude oil was distilled under reduced pressure
to provide the desired (Z)-4-trimethylsilyl-3-buten-1-ylamine (9)
(928 mg, 63%). — 'H NMR (300 MHz): 5 = 6.28 (dt, | H, J =
14.1 Hz, 7.5 Hz, 2-CH), 5.62 (d, 1 H, J = 14.1 Hz, 1-CH), 2.78 (br.
d, 2 H, J = 6.7Hz, 4-CH,), 2.28 (br. dt, 2 H, J = 7.5, 6.7 Hz, 3-
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CH,), 1.41 (br. m, 2 H, NH,), 0.15 (s, 9 H, —SiCH). — HRMS; m/
z: caled. for C;H7NSi 143.1130, found 143.1115.

(3R,5S5)-5-(Acetoxymethyl)-1-(benzyloxycarbonyl)piperidine-3-
carboxylic Acid (12): Dimethyl sulfoxide (1.27 mL, 18 mmol) in
CH,Cl, (50 mL) was added to a stirred solution of oxalyl chloride
(1.01 mL, 11.8 mmol) in CH,Cl, (150 mL) at —65 °C, and the solu-
tion was stirred for 15 min. After the addition of a solution of 3!
(2.89 g, 9 mmol) in CH,Cl, (15mL) at —60 °C within 5 min, the
mixture was stirred for 15 min. After the addition of triethylamine
(6.26 mL, 45 mmol), the mixture was stirred at the same temper-
ature for 15 min, and then allowed to warm to room temperature.
After being quenched with water, the mixture was extracted with
CH,Cl,. The extract was washed with water, dried and concen-
trated to give aldehyde 11 as an oil (2.70 g)."®! — To a solution of
the above crude aldehyde 11 in /BuOH/phosphate buffer (pH =
7.2) (1.9:1, 102 mL) was added dropwise an aqueous solution of
KMnO, (1 M, 51.3mL, 51.3 mmol). The mixture was stirred at
room temperature for 1 h, aqueous NaHSO; (5%) was added, and
the resulting solution was poured into cold HCI (1 N). After extrac-
tion with EtOAc (3 X 60 mL), workup and chromatographic puri-
fication by FC (AcOEt) gave the acid 12 as an amorphous solid in
90% overall yield. — [0]f = —7.5 (¢ = 1, CHCI3). — IR (CHCl5):
v = 1780, 1725 cm~!'. — 'H NMR (300 MHz, CDCls;, 50 °C): 6 =
7.35 (m, 5 H, arom.), 5.12 (s, 2 H, benzyl-H,), 4.46 (br.d, 1 H, J =
12.7 Hz, 2-CH,), 4.28 (br. d, 1 H, J = 12.7 Hz, 6-CH,), 3.98 (dd,
1 H, J = 12.0, 5.5Hz, CHOACc), 3.90 (dd, 1 H, J = 12.0, 6.7 Hz,
CHOAc), 2.79 (t, 1 H, J = 12.7Hz, 2-CH,,), 246 (t, 1 H, J =
12.7 Hz, 6-CH,y), 2.18 (br. d, 1 H, J = 12.4 Hz, 4-CH,), 2.03 (s,
3 H, OAc), 1.91 (m, 2 H, 3-CH/5-CH), 1.37 (q, | H, J = 12.4 Hz,
4-CH,,). — '*C NMR (CDCls, 75.4 MHz): 6 = 177.5, 170.9, 155.1,
136.4, 128.5, 128.1, 127.9, 67.5, 65.9, 46.7, 45.4, 40.9, 35.0, 30.3,
20.7. — EI-MS; m/z: (relative intensity): 335 (28) [M]*, 275 (54),
232 (100). — C7H» N0 (335.1): caled. C 60.88, H 6.32, N 4.18;
found C 60.95, H 6.47, N 4.05.

Benzyl (3R,5S)-5-Acetoxymethyl-3-{[(Z)-1-trimethylsilyl-1-buten-4-
yllcarbamoyl}piperidine-1-carboxylate (13): A mixture of 9 (69 mg,
0.48 mmol), 12 (161 mg, 0.48 mmol), DCC (109 mg, 0.53 mmol),
and HOBt (65 mg, 0.48 mmol) in CH3CN (5 mL) was stirred at 25
°C for 12 h. The mixture was filtered, and the filtrate was concen-
trated to dryness. The residue was purified by FC (50% EtOAc/
hexane) to give 13 (187 mg, 85%) as an oil. — [0]} = =73 (¢ = 1,
CHCl3). — IR (CHCly): v = 1730, 1684 cm~!. — 'H NMR
(300 MHz, CDCl3, 50 °C): 6 = 7.34 (m, 5 H, arom.), 6.23 (dt, 1
H, J = 13.5, 7.2 Hz, Me;SiCH=CH), 5.66 (d, 1 H, J = 13.5Hz,
Me;SiCH), 5.48 (m, 1 H, NH), 5.18 and 5.09 (AB system, 2 H,
J = 12.5 Hz, benzyl-H,), 4.27 (m, 2 H, 2-CH,/6-CH,,), 3.98 (dd,
1 H, J =114, 57Hz, CHOACc), 3.89 (dd, 1 H, J = 11.4, 6.6 Hz,
CHOAc), 3.30 (m, 2 H, —CONHCH,), 2.87 (br. t, 1 H, J =
12.5 Hz, 2-CH,y), 2.51 (br. t, 1 H, J = 12.5 Hz, 6-CH,,), 2.33 (m,
2 H, —CONHCH,CH,), 2.20 (m, 1 H, 3-CH), 2.03 (s, 3 H, OAc),
1.92 (br. d, 1 H, J = 13.0 Hz, 4-CH,), 1.85 (m, 1 H, 5-CH), 0.14
(s, 9 H, —SiCH). — 3C NMR (CDCls, 75.4 MHz): 6 = 172.0,
170.8, 155.1, 144.4, 136.4, 132.6, 128.5, 128.1, 127.9, 67.2, 67.5,
65.9,46.7,46.4,43.3, 38.9, 38.0, 34.9, 33.2, 20.7, 0.13. — FAB*MS;
mlz: 461 [MH*]. — C,4H36N,05Si (460.2): caled. C 62.64, H 7.89,
N 6.09; found C 62.78, H 7.80, N 6.21.

Benzyl (3R,5S5)-5-Hydroxymethyl-3-{[(Z)-1-trimethylsilyl-1-buten-4-
yllcarbamoyl}piperidine-1-carboxylate (14): To a solution of the
acetate 13 (161 mg, 0.35 mmol) in MeOH (8 mL), a solution of
NaOH (1.0 m, 0.7 mL) was added, and the mixture was stirred at
room temperature until TLC (70% EtOAc/hexane) indicated that
no substrate 13 remained (24 h). The reaction mixture was
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quenched by the addition of saturated aqueous NH4Cl1 (10 mL). A
standard workup with EtOAc extraction and brine washing gave
14 (143 mg, 98%) as a colorless thick oil. — [a]¥= + 11.9 (¢ = 1,
CHCl3). — IR (CHCl): ¥ = 1725, 1680 cm™!'. — 'H NMR
(300 MHz, CDCl;, 50 °C): 8 = 7.35 (m, 5 H, arom.), 6.20 (dt, 1
H, J = 13.7, 7.5 Hz, Me;SiCH=CH), 5.64 (d, | H, J = 13.7 Hz,
Me;SiCH), 5.59 (m, 1 H, NH), 5.12 (s, 2 H, benzyl-H,), 4.21 (m,
2 H, 2-CH,/6-CH,,), 3.51 (d, 2 H, J = 6.3 Hz, CH,OH), 3.29 (m,
2 H, CONHCH,), 2.97 (br. t, | H, J = 12.5 Hz, 2-CH,,), 2.51 (m,
1 H, 6-CH,,), 2.30 (m, 2 H, CONHCH,CH,), 2.25 (m, 1 H, 3-
CH), 1.94 (br. d, 1 H, J = 12.8 Hz, 4-CH,), 1.74 (m, 1 H, 5-CH),
0.13 (s, 9 H, SiCH). — '*C NMR (CDCl;, 75.4 MHz): § = 172.8,
155.0, 144.5, 136.6, 132.4, 128.5, 128.0, 127.7, 67.2, 64.8, 46.9, 46.6,
43.1, 39.1, 38.3, 38.1, 33.2, 0.17. — FAB*MS; m/z: 419 [MH*]. —
EI-HRMS for C»,H34N,0,Si: caled. 418.2288; found 418.2302. —
Cy4H36N,05Si (418.2): caled. C 68.93, H 8.68, N 6.70; found C
68.82, H 8.78, N 6.73.

(1R,4&,55)-7-Benzyloxycarbonyl-4-hydroxy-3-[(Z)-1-trimethylsilyl-
1-buten-4-yl|-3,7-diazabicyclo[3.3.1]nonan-2-one (5) and Benzyl
(3R,5S5)-5-Formyl-3-{|(Z)-1-trimethylsilyl-1-buten-4-yl|carbamoyl}
piperidine-1-carboxylate (15): To a solution of 14 (150 mg,
0.36 mmol) in dry dichloromethane (3 mL) was added
Dess—Martin reagent (183 mg, 0.43 mmol). The reaction mixture
was stirred at room temperature for 20 h. After dilution with
EtOAc (20 mL), water (10 mL) was added. The organic layer was
separated, washed with aqueous NaHCOj; and brine, dried and
concentrated. The residue was purified by FC (60% EtOAc/hexane)
to give the aldehyde 15 (92 mg, 62%) and 5 (40 mg, 26%), both as
an oil. — 15: IR (CHCly): ¥ = 2720, 1725, 1670 cm~!. — '"H NMR
(300 MHz, CDCl;, 50 °C): 6 = 9.70 (s, 1 H, CHO), 7.37 (m, 5 H,
arom.), 6.19 (dt, 1 H, J = 14.5, 7.5 Hz, Me;SiCH=CH), 5.65 (d,
1 H, J = 14.5 Hz, Me;SiCH), 5.13 (s, 2 H, benzyl-H,), 4.15 (m, 2
H, 2-CH.¢/6-CH,g), 3.29 (m, 2 H, —~CONHCH,), 2.98 (m, 2 H, 2-
CH,,/6-CH,,), 2.42 (m, 1 H, 5-CH), 2.28 (m, 4 H, CONHCH,CH,/
3-CH/4-CH,y), 0.13 (s, 9 H, SiCH). — "“C NMR (CDCl,,
75.4MHz): § = 200.6, 171.5, 155.1, 144.3, 142.6, 136.3, 132.7,
128.5, 128.2, 128.0, 67.6, 47.7, 46.3, 43.4, 42.5, 39.0, 36.3, 33.2,
0.17. — FAB*MS; m/z: 417 [MH*]. — EI-HRMS for
C,,H3,N,0,Si: caled. 416.2131; found 416.2124. — 5. — IR
(CHCI3): v = 1725, 1660 cm~!. — '"H NMR (300 MHz, CDCl;, 50
°C): 6 = 7.35 (m, 5 H, arom.), 6.25 (dt, 1 H, J = 14.7, 7.5 Hz,
Me;SiCH=CH), 5.57 (d, 1 H, J = 14.7 Hz, Me;SiCH), 5.14 and
5.00 (AB system, 2 H, J = 12.5 Hz, benzyl-H,), 4.98 (m, 1 H, 4-
CH), 4.50 (br. d, 1 H, J = 13.5 Hz, 8-CHg), 4.41 (br.d, 1 H, J =
13.3 Hz, 6-CH,), 3.41 (m, 2 H, CONHCH,), 3.10 (br.d, 1 H, J =
13.5 Hz, 8-CH,,), 2.92 (br. d, 1 H, J = 13.3 Hz, 6-CH,,,), 2.55 (m,
1 H, 1-CH), 2.30 (m, 2 H, CONHCH,CH,), 2.23 (m, 1 H, 5-CH),
2.12 (br.d, 1 H, J = 12.5 Hz, 9-CH), 1.92 (br.d, | H, J = 12.5 Hz,
9-CH), 0.17 (s, 9 H, SiCH). — FAB*MS; m/z: 417 [MH*]. —
C»H3,N,0,Si (416.2): caled. C 63.49, H 7.75, N 6.73; found C
63.55, H 7.81, N 6.76. — In a separate experiment, anhydrous
K,COs3 (26 mg) was added to a solution of the above unseparated
2.3:1 mixture of compounds 15 and 5 (80 mg, 0.19 mmol) in meth-
anol (4 mL). The resulting solution was heated at refluxed for 1 h,
by which time all starting material had been consumed (TLC con-
trol, EtOAc). Evaporation of the solvent and FC (EtOAc) of the
residue, gave 5 (69 mg, 76% yield from 14) as the only isolated
product.

Piperidino-Quinolizidine 7: Compound 5 (150 mg, 0.36 mmol) was
dissolved in trifluoroacetic acid (S5mL) at 0 °C, and the reaction
mixture was stirred at the same temperature for 6 h. The solvent
was removed in a rotary evaporator, and the residue was poured
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carefully into a saturated aqueous solution of sodium hydrogen car-
bonate (10 mL) and the product was extracted into EtOAc (2 X
SmL). After usual workup, the residue was purified by FC
(EtOAc) to give the title compound 7 (85 mg, 72%) as a foam. —
[a] = + 13.0 (¢ = 1.5, CHCl;). — IR (CHCl3): v = 1725, 1660
cm~ . — '"H NMR (300 MHz, [D¢]DMSO, 80 °C): § = 7.35 (m, 5
H, arom.), 5.86 (m, 1 H, 4-CH), 5.59 (br. d, 1l H, J = 10.2 Hz, 5-
CH), 5.08 (m, 2 H, benzyl-H,), 4.51 (dd, 1 H, J = 12.5, 6.0 Hz, 2-
CH.,), 4.22 (br. d, 1 H, J = 12.5Hz, 11-CH,), 4.16 (br. d, 1 H,
J = 12.5Hz, 13-CH,,), 4.02 (m, 1 H, 6-CH), 3.08 (dd, 1 H, J =
12.5, 2.4 Hz, 11-CH,,,), 3.04 (dd, 1 H, J = 12.5, 3.0 Hz, 13-CH,,),
2.56 (dt, 1 H, J = 12.5, 4.4 Hz, 2-CH,,), 2.45 (m, 1 H, 9-CH), 2.18
(m, 1 H, 3-CH), 2.08 (m, 1 H, 7-CH), 1.96 (m, 1 H, 3-CH), 1.86
(dm, 1 H, J = 13.0 Hz, 8-CH), 1.77 (dt, 1l H, J = 13.0, 3.0 Hz, 8-
CH). — 3C NMR (CDCl;, 75.4 MHz): & = 130.0, 128.2, 127.6,
66.6, 59.4, 49.8, 45.8, 40.4, 38.2, 33.3, 29.2, 25.1. — FAB*MS; m/z:
327 [MH*]. — EI-HRMS for C;9H»,N,05: caled. 326.1630; found
326.1651. — C9H»N,05 (326.2): caled. C 69.96, H 6.80, N 8.59;
found C 70.02, H 6.70, N 8.45.

Benzyl (3R,5S5)-5-Acetoxymethyl-3-[(3-butynyl)carbamoyl]piperi-
dine-1-carboxylate (18): The reaction of 12 (330 mg, 0.98 mmol)
with 3-butynamine (17) (68 mg, 0.98 mmol) in the presence of DCC
(222 mg, 1.08 mmol), and HOBt (133 mg, 0.98 mmol), led to the
formation of compound 18 (302 mg, 80%) as an oil, applying the
procedure described above for compound 13. — [0]® = —9.7 (¢ =
1, CHCls). — IR (CHCls): v = 3340, 3277, 1730, 1697 cm~'. — 'H
NMR (300 MHz, CDCl;, 50 °C): 6 = 7.34 (m, 5 H, arom.), 5.85
(m, 1 H, NH), 5.15 and 5.10 (AB system, 2 H, J = 12.5 Hz, benzyl-
H,),4.28 (m, 2 H, 2-CH,(/6-CH,), 3.99 (dd, 1 H, J = 11.3, 5.0 Hz,
CHOAC), 3.89 (dd, 1 H, J = 11.3, 6.8 Hz, CHOACc), 3.38 (q, 2 H,
J = 58 Hz, CONHCH,), 2.88 (dd, 1 H, J = 13.3, 11.7 Hz, 2-
CH,,), 2.52 (br. t, | H, J = 12.5 Hz, 6-CH,), 2.38 (dt, 2 H, J =
3.2, 5.8 Hz, CONHCH,CH,), 2.27 (br. t, J = 12.5 Hz, 1 H, 3-CH),
2.03 (s, 3 H, OAc), 1.95 (m, 2 H, 4-CH.(/C=CH), 1.86 (m, 1 H, 5-
CH), 1.52 (q, 1 H, J = 12.5 Hz, 4-CH,,). — EI MS; m/z: 386 (9)
[M*], 344 (17), 333 (28), 290 (44), 279 (32), 251 (100). —
C,1H,6N,05 (386.2): caled. C 65.31, H 6.79, N 7.25; found C 65.27,
H 6.68, N 7.32.

Benzyl (3R,5S5)-3-(3-Butynylcarbamoyl)-5-(hydroxymethyl)piperid-
ine-1-carboxylate (19): This compound was prepared from acetate
18 (190 mg, 0.49 mmol) in 98% yield (165 mg) according to a pro-
cedure identical to that described above for 14. — Colorless thick
oil. — [a]f) = —14.0 (¢ = 1, CHCl3). — IR (CHCl,): v = 1715,
1680 cm~'. — 'H NMR (300 MHz, CDCl;, 50 °C): § = 7.34 (m,
5 H, arom.), 6.25 (m, 1 H, NH), 6.00 (br. s, 1 H, OH), 5.13 (s, 2
H, benzyl-H,), 421 (m, 2 H, 2-CH./6-CH,,), 3.48 (d, 2 H, J =
6.3 Hz, CH,OH), 3.35(q, 2 H, J = 6.2 Hz, CONHCH,), 2.90 (dd,
1 H, J = 13.8, 10.5 Hz, 2-CH,,), 2.56 (m, 1 H, 6-CH,,), 2.36 (dt,
2 H, J = 3.0, 6.2 Hz, CONHCH,CH,), 2.29 (br. t, J = 12.5 Hz, 1
H, 3-CH), 1.97 (m, 2 H, 4-CH.,/C=CH), 1.72 (m, 1 H, 5-CH),
1.52 (q, 1 H, J = 12.5Hz, 4-CH,,). — '"*C NMR (CDCl;,
75.4 MHz): 6 = 170.8, 155.4, 136.3, 128.7, 128.5, 128.1, 83.5, 69.9,
68.1, 67.3, 47.5, 46.4, 44.3, 38.0, 35.0, 23.7, 19.3. — FAB*MS;
miz: 345 [MH"]. — CgH4N,0, (344.2): calced. C 66.30, H 7.03, N
8.14; found C 66.44, H 7.15, N 8.08.

(1R,4¢£,5S5)-7-Benzyloxycarbonyl-3-(3-butyn-1-yl)-4-hydroxy-3,7-
diazabicyclo[3.3.1]nonan-2-one (6) and Benzyl (3R,5S)-3-|(3-Butyn-
yl)carbamoyl]-5-formylpiperidine-1-carboxylate (20): Dess—Martin
reagent (272 mg, 0.64 mmol) was added to a solution of 19
(170 mg, 0.49 mmol) in dry dichloromethane (4 mL). The reaction
mixture was stirred at room temperature for 20 h. After dilution
with EtOAc (25 mL), water (13 mL) was added. The organic layer
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was separated, washed with aqueous NaHCOj; and brine, dried and
concentrated. The residue was purified by FC (EtOAc) to give the
aldehyde 20 (91 mg, 54%) as a thick oil and 6 (46 mg, 27%) as a
white foam. — 20: IR (CHCl5): ¥ = 2728, 1725, 1670 cm~!. — 'H
NMR (300 MHz, CDCl3, 50 °C): 6 = 9.62 (s, 1 H, CHO), 7.36 (m,
5 H, arom.), 6.01 (m, 1 H, NH), 5.14 (s, 2 H, benzyl-H,), 4.37 (m,
1 H, 6-CH,), 4.24 (br. d, 1 H, J = 12.7 Hz, 2-CH,), 3.38 (q, I H,
J = 6.3 Hz, CONHCH,), 2.95 (dd, 1 H, J = 13.9, 10.2 Hz, 2-
CH,,), 2.89 (m, 1 H, 6-CH,,), 2.43 (m, 1 H, 3-CH), 2.37 (dt, 2 H,
J = 3.0, 6.2 Hz, CONHCH,CH,), 2.32 (m, 2 H, 5-CH/C=CH),
2.24 (br.d, 1 H, J = 12.5Hz, 4-CH,,), 1.82 (q, 1 H, J = 12.5 Hz,
4-CH,,). — *C NMR (CDCls, 75.4 MHz): § = 200.6, 171.8, 155.1,
136.3, 128.5, 128.2, 128.0, 70.2, 67.6, 47.3, 46.3, 43.4, 42.4, 37.9,
27.7, 19.2. — FAB*MS; m/z: 343 [MH*]. — EI-HRMS for
C9H5,N,04: caled. 342.1580; found 342.1592. — 6: IR (CHCly):
v = 1715, 1660 cm~!'. — "H NMR (300 MHz, CDCl;, 50 °C): § =
7.32 (m, 5 H, arom.), 5.12 and 5.02 (AB system, 2 H, J = 12.5 Hz,
benzyl-H,), 5.04 (m, 1 H, 4-CH), 4.51 (br. d, 1 H, J = 13.5 Hz, 8-
CH,), 442 (br. d, 1 H, J = 13.3 Hz, 6-CH,), 4.39 (br. s, 1 H,
OH), 3.59 (ddd, 1 H, J = 13.5, 8.7, 6.3 Hz, CONHCH), 3.41 (ddd,
1 H, J = 13.5, 9.0, 5.7Hz, CONHCH), 3.11 (br. d, 1 H, J =
13.3 Hz, 6-CH,y), 2.93 (dd, 1 H, J = 13.5, 2.5 Hz, 8-CH,,), 2.57
(m, 1 H, 1-CH), 2.48 (m, 1 H, CONHCH,CH), 2.38 (m, 1 H,
CONHCH,CH), 2.31 (t, 1 H, J = 1.8 Hz, C=CH), 2.26 (m, 1 H,
5-CH), 2.13 (br. d, 1 H, J = 12.5Hz, 9-CH), 1.93 (br. d, 1 H,
J = 12.5Hz, 9-CH). — FAB*MS m/z: 343 [MH"]. — C;oH»,N,0,
(342.2): caled. C 66.69, H 6.48, N 8.19; found C 66.81, H 6.57, N
8.14. — In a separate experiment, anhydrous K,COj3 (52 mg) was
added to a solution of the above unseparated 2:1 mixture of com-
pounds 20 and 6 (130 mg, 0.38 mmol) in methanol (8 mL). The
resulting solution was heated at reflux for 1h, by which time all
starting material had been consumed (TLC control, EtOAc). Evap-
oration of the solvent and FC (EtOAc) of the residue, gave 6
(125 mg, 78% yield from 19) as the only isolated product.

Piperidino-Quinolizidine 8: Compound 6 (150 mg, 0.44 mmol) was
dissolved in formic acid (2.2 mL), and the reaction mixture was
stirred at 85 °C under a nitrogen for 36 h. The solvent was removed
in a rotary evaporator, and the residue was poured carefully into a
saturated aqueous solution of sodium hydrogen carbonate (20 mL)
and the product was extracted into EtOAc (2 X 10 mL). After the
usual workup, the residue was purified by FC (EtOAc) to give com-
pound 8 (98 mg, 65%) as a foam. — [a]f) = — 4.2 (¢ = 1, CHCl;).
— IR (CHCly): v = 1702, 1643 cm™~!'. — 'H NMR (300 MHz,
[Dg]DMSO, 80 °C): 6 = 7.32 (m, 5 H, arom.), 5.07 (s, 2 H, benzyl-
H,), 4.82(dd, 1 H, J = 9.0, 43 Hz, 2-CH,,), 443 (br.d, 1 H, J =
13.4 Hz, 11-CH,,), 4.34 (br. d, 1 H, J = 13.4 Hz, 13-CH,), 3.60
(br. s, 1 H, 6-CH), 3.01 (br. d, 2 H, J = 13.8 Hz, 11-CH,, and 13-
CH,,), 2.63 (br. s, 1 H, 9-CH), 2.37 (m, 5 H, 2-CH,,, 3-CH,, 5-
CHs), 2.23 (br. d, J = 13.6 Hz, 8-CH,), 1.84 (br. d, J = 13.6 Hz,
8-CH,,), 1.77 (br. s, 7-CH). — 3C NMR (CDCl;, 75.4 MHz): § =
205.7, 169.1, 136.5, 128.4, 128.0, 67.3, 58.8, 49.9, 47.8, 47.3, 40.7,
40.5, 38.1, 33.2, 25.1. — FAB*MS; m/z: 343 [MH*]. — EI-HRMS
for C19H»5N,Oy: caled. 342.1580; found 342.1565. — C9H,,N,04
(342.2): caled. C 66.69, H 6.48, N 8.19; found C 66.80, H 6.31,
N 8.14.

Piperidino-Quinolizidine 21: A solution of 8 (50 mg, 0.15 mmol) in
EtOAc (2 mL) including Pd on carbon (10%, 5 mg) was shaken
under hydrogen for 12 h. The catalyst was filtered off, and the solu-
tion was concentrated to dryness. The residue was dissolved in di-
oxane (2 mL), and K,CO; (13 mg, 0.09 mmol) followed by BzIBr
(27 mg, 0.16 mmol) were added. After being stirred at room tem-
perature for 15 h, the reaction mixture was concentrated, the res-
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idue was poured into water and extracted with EtOAc, and the
combined organic fractions were dried and concentrated. Flash
chromatography of the residue gave 21 (31 mg, 70% yield) as a
foam. — [0]® = —5.3 (¢ = 1, CHCl3). — IR (CHCl3): v = 1705,
1640 cm™!'. — 'H NMR (300 MHz, CDCl;, 50 °C): § = 7.22 (m,
5 H, arom), 5.10 (ddd, 1 H, J = 13.0, 6.3, 2.7 Hz, 2-CH,), 3.39
(dd, 1 H, J = 12.5, 3.3 Hz, 6-CH), 3.59 and 3.30 (AB system, 2 H,
J = 13.2 Hz, benzyl-H,), 3.20 (br. dt, 1 H, J = 10.5, 1.5 Hz, 11-
CH.y), 2.84 (ddd, 1 H, J = 13.0, 11.2, 5.1 Hz, 2-CH,), 2.77 (br.
d, 1 H, J = 10.2 Hz, 13-CH,), 2.64 (m, 1 H, 9-CH), 2.47 (m, 2 H,
3-CH,), 2.29 (dd, 1 H, J = 10.5, 2.5 Hz, 11-CH,,), 2.28 (m, 2 H,
5-CH,), 2.18 (dd, 1 H, J = 10.2, 1.7 Hz, 13-CH,,), 2.10 (br. d, 1
H, J = 129 Hz, 8-CH,,), 1.74 (m, 1 H, 7-CH), 1.67 (dt, 1 H, J =
12.9, 2.8 Hz, 8-CH,,). — '*C NMR (CDCls, 75.4 MHz): § = 207.1,
172.1, 138.2, 128.5, 128.4, 127.1, 62.1, 59.5, 58.7, 56.9, 48.1, 40.9,
40.5, 39.0, 34.0, 25.2. — FAB*MS; m/z: 299 [MH*]. — EI-HRMS
for C;3H»,N,O,: calcd. 298.1681; found 298.1672.

Virgilidone (23): A mixture of 7 (50 mg, 0.15 mmol), Pd/C (10%,
5Smg) and THF/NEt; (8:2, 2 mL) was heated at 120 °C for 8 h in
a sealed tube. After filtration, the solvent was evaporated under
reduced pressure and the residue was dissolved in EtOH and hydro-
genated in the presence of Pd/C (10%, 5 mg). After 12 h, the cata-
lyst was filtered off and the solvent evaporated. Purification of the
residue by FC (10% MeOH/CH,Cl,) gave 23 (20 mg, 65%) as a
foam. — [a]f) = —4.1 (¢ = 1, CHCI3). — IR (CHCl3): v = 1648
cm~ ! — TH NMR (300 MHz, CDCl;, 50 °C): § = 4.83 (dm, 1 H,
J = 13.5Hz, 2-CH.), 3.36 (ddd, 1 H, J = 11.4, 5.3, 2.5 Hz, 6-
CH), 3.27 (br.d, 1 H, J = 13.5 Hz, 11-CH,g), 3.20 (br. d, 1 H, J =
13.0 Hz, 13-CH,), 2.89 (dd, 1 H, J = 12.7, 2.7 Hz, 13-CH,,), 2.78
(dd, 1 H, J = 13.4, 2.5 Hz, 11-CH,,), 2.55 (br. s, 1 H, 9-CH), 2.44
(dt, 1 H, J = 12.9, 3.1 Hz, 2-CH,,), 1.99 (br. d, 1 H, J = 5.5 Hz,
8-CHg), 1.93 (m, 1 H, 4-CH), 1.91 (dt, 1 H, J = 12.8, 2.6 Hz, 8-
CH), 1.78 (m, 1 H, 7-CH), 1.76 (dm, 1 H, J = 10.1 Hz, 3-CH),
1.69 (dm, 1 H, J = 12.5Hz, 5-CH.y), 1.54 (dq, 1 H, J = 12.0,
3.5Hz, 5-CH,,), 1.49—1.40 (m, 2 H, 3-CH and 4-CH). — 3C
NMR (CDCl;, 75.4 MHz): § = 171.6, 59.8, 49.1, 47.3, 42.6, 39.8,
32.4, 30.3, 29.2, 25.5, 24.7. — FAB*MS; m/z: 195 [MH"]. — EI-
HRMS for C;;HgN,O: calcd. 194.2888; found 194.2902.
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