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Introduction

Bicyclic indolizidine (A) and quinolizidine (B) com-
pounds are important structural skeletons for natural
alkaloids. A common method to construct these skeletons
involves Lewis-acid promoted cyclization of the N-acylimin-
ium ion?3 with mild z-carbon nucleophiles. Such cycliza-
tion involves the use of organometallic z-nucleophiles*®
to control the regioselectivity because the metal fragment
stabilizes the carbocationic intermediate. Allyl and pro-
pargyl organometallics*® of silanes and stannanes un-
derwent regio- and stereocontrolled cyclization with
N-acyliminium due to the -effect of silicon and a cyclic
transition state in the reaction mechanism. We previ-
ously used alkynyltungsten complexes for syntheses of
complex oxygen heterocycles via condensation with al-
dehydes.5” The regiochemistry occurs at the Cg-carbon
to yield a tungsten—vinylidenium intermediate.® Scheme
1 (eq 2) shows a mechanism speculated for the cyclization
of alkynyltungsten complexes with N-acyliminium; the
alkynyltungsten functionality is considered to be equiva-
lent to an enolate according to this reaction pathway. The
cis-acyl complex (eq 2, Scheme 1) is envisaged to be the
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kinetically favored product upon protonation of the enol
intermediate (D).

Results and Discussion

Scheme 2 shows an example of the cyclization of
N-acyliminium with alkynyltungsten complex 3 that was
prepared from N-alkylated glutarimide 1 in two steps
(89% overall yield). Treatment of alkynyltungsten com-
plex 3 with BF3;-Et,0 (1.1 equiv) in cold diethyl ether
slowly deposited a yellow precipitate, presumably a
tungsten—vinylidenium intermediate.®~® Treatment of
this precipitate C with water afforded acyltungsten
compound 4 as a mixture of cis and trans isomers. 'H
NMR spectra shows the crude sample to have a trans/
cis ratio ca. 1:1.4. Separation of this mixture on a Et3N-
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Table 1. Cyclization and Demetalations Reactions
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W = CpW(CO)s. @ BF3-Et,0 (1.1 equiv), CH.Cl, (—78 °C — 23
°C), H20. b Yields were reported after chromatography from SiO,
column. ¢ BnOH (2.0 equiv), 1, (1.5 equiv), CHClI,, (=78 °C — 23
°C) dYields were reported from chromatorgraphy from prepara-
tive SiO; plate.

pretreated silica column afforded compounds 4-cis and
4-trans in 35% and 41% yields, respectively. The yields
of 4-cis and 4-trans became 10% and 66%, respectively,
when separation was conducted on a neutral silica
column. This phenomenon indicates a cis—trans isomer-
ization of compound 4 in the presence of proton. To
confirm this isomerization, compound 4-cis was treated
with p-toluenesulfonic acid (20 mol %) in CH,Cl, (23 °C,
10 h) to give a 4-trans/4-cis ratio of 11.4. An enhanced
effect of proton on this isomerization is attributed to
formation of a tungsten—oxacarbenium species® F that
accelerated proton exchange via its increased proton
acidity.

We extended these cyclizations to syntheses of bicyclic
lactam derivatives of various sizes; the scope is demon-
strated in Table 1. Syntheses of alkynyltungsten com-
pounds 5—11 followed the same procedures as those for
compound 3; details of their syntheses are provided in
Supporting Information. In a typical cyclization, alky-
nyltungsten compound 5 is treated with BF3-Et,0 (1.1
equiv) in cold diethyl ether (=78 °C) to yield tungsten
vinylidenium salts. After addition of a NaHCOj solution,
the mixture was stirred for 1.0 h at 23 °C to afford
acyltungsten compound 12 in a cis/trans ratio 1.0/1.6.
Elution of this mixture on a silica column afforded the
trans isomer 12 in 62% yield with the cis isomer in trace

Notes

Scheme 3
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amount. Attempts to obtain the pure cis isomer were
unsuccessful even on a EtsN-pretreated silica column; in
this case, the cis isomer was obtained in small yield
(<5%) with contamination of trans isomer. Demetalation
of acyltungsten complex 12 with benzyl alcohol (2.0 equiv)
and I, (1.5 equiv) in CH,ClI, afforded the ester derivative
19 in 89% yield. This cyclization worked well for synthe-
ses of 5,6 and 5,7 bicyclic lactams 13 and 14 for which
the yields were 71% and 62%, respectively. Similarly, the
corresponding cis isomers of 13 and 14 were not isolable
in pure form because of their facile isomerization on a
column chromatograph. The trans configurations of
compounds 13 and 14 were confirmed by 'H NOE NMR
spectra. I,-induced demetalation of 13 and 14 gave the
esters 20 and 21 in good yields (89%). Entry 4 shows a
diastereocontrolled cyclization for the synthesis of tricy-
clic lactam compound 15 in 62% yield. The stereochem-
istry of compound 15 was determined according to *H
NOE NMR spectra (see Supporting Information). Com-
pound 15 is envisaged to derive from an attack of
alkynyltungsten carbon at acyliminium from the less-
hindered face. This cyclization was successfully extended
to six- and seven-membered analogues 16 and 17 (entries
5 and 6) that were likewise obtained as single diastere-
omers. The configurations of 16 was confirmed through
IH NOE NMR spectra with the map below (Scheme 3).
For 16, the magnitude of *H NMR coupling constant J;,
= 10.2 Hz indicates an axial—axial coupling, confirming
our proposed structure. The availability of acyltungsten
complexes 15—17 provides an easy entry to a tricyclic
alkaloid framework via demetalation with I, and benzyl
alcohol, giving the complex azacycles 22—24 in 91—88%.

The failure in the cyclization of acyltungsten complex
18 is unexpected because cyclization of the corresponding
6,6 bicyclic lactam 4 proceeded smoothly under similar
conditions, and the uncyclized acyltungsten compound
18 was obtained in 53% yield.

Natural (&)-laburnine,® (+)-epilupinine,l®3 and (+)-
lupinine! can be prepared from the preceding cyclization
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products; these synthetic procedures are shown in Scheme
4. Toward synthesis of (+)-epilupinine, the crude product
of acyltungsten complex 4 was demetalated with I, and
benzyl alcohol without chromatographic separation of the
cis and trans isomers of the acyltungsten compound 4.
The ester 25-cis was obtained in 46% isolated yield based
on alkynyltungsten complex 3. LiAlIH,4 reduction of this
ester in diethyl ether afforded (+)-lupinine 26-cis in 85%
yield after workup. As mentioned before, the trans-
acyltungsten compound 4-trans was obtained in 66%
yield via isomerization from its cis isomer 4-cis. The ester
25-trans and epilupinine 26-trans were obtained in 91%
and 87% vyields, respectively, following the same se-
quence. Similarly, (£)-laburnine 27 was produced ef-
ficiently from LiAIH, reduction of the corresponding
bicyclic ester 19.

Experimental Section

Unless otherwise noted, all reactions were carried out under
nitrogen atmosphere in oven-dried glassware using standard
syringe, cannula, and septa apparatus. Benzene, diethyl ether,
tetrahydrofuran, and hexane were dried with sodium benzophe-
none and distilled before use. Dichloromethane was dried over
CaH, and distilled before use. W(CO)s, BF3-Et,0, dicyclopenta-
diene, 3-butyn-1-ol, 4-pentyn-1-ol and 5-hexyn-1-ol, glutarimide
succinimide, and sodium were obtained commercially and used
without purification. Mass data of tungsten compounds were
reported according to 184W. Spectral data of compounds 6—10,
13—-18, 20—25 in repetitive experiments are provided in Sup-
porting Information.

(1) Synthesis of 1-Pent-4-ynyl-1-piperidine-2,6-dione 1.
To a benzene solution (35 mL) of glutarimide!? (3.50 g, 30.9

(12) Gresson, J. P.; Jacquesy, J. C.; Rambaud, D. Bull. Chim. Fr.
1992, 129, 227.
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mmol) and 4-pentynyl-1-tosylate (7.74 g, 32.5 mmol) were added
K2CO3 (4.70 g, 34.0 mmol) and 18-crown-6-ether (70 mg). This
mixture was refluxed for 16 h and quenched with water. The
solution was extracted with diethyl ether, dried over MgSOy,
and flashed over a silica column to afford compound 1 as a
colorless oil (4.93 g, 27.5 mmol 89%). IR (neat, cm~1): »(CO) 1780
(s), 1710 (s); *H NMR (400 MHz, CDCl3): ¢ 3.78 (2H, dt, J =
3.2,9.6 Hz), 2.57 (4H, dt, J = 4, 6.4 Hz), 2.20 (2H, dt, J = 2.8,
5.6 Hz), 1.91-1.86 (3H, m), 1.71-1.66 (2H, m); 3C NMR (100
MHz, CDCls): 6 172.3, 83.4, 68.4, 38.6, 32.6, 26.6, 16.9, 16.1;
MS (75 eV m/e): 179 (M*). Anal. Calcd for C;0H13NO2: C, 43.17;
H, 3.45. Found: C, 43.01; H, 3.40; N, 3.33.

(2) Synthesis of 6-Methoxy-1-pent-4-ynyl-piperidin-2-
one 2. To a CHCl; solution (50 mL) of compound 1 (3.10 g, 17.3
mmol) was added DIBAL-H (1 M, hexane, 19.0 mL) at —78 °C;
the mixture was stirred for 0.5 h before addition of MeOH (2.0
mL). The solution was slowly warmed to 23 °C over 8 h, and a
saturated NH4ClI solution (3.0 mL) was added. The solution was
treated with HCI solution (2.0 M) with neutralization (pH = 7.0).
The solution was extracted with CH,Cl, and chromatographed
over a short silica column (ethyl acetate/hexane = 2/1) to afford
compound 2 as a colorless oil (2.77 g, 14.2 mmol, 82%). *H NMR
(400 MHz, CDClg): 6 4.50 (1H, d, J = 2.4 Hz), 3.63 (1H, m),
3.31(3H,s), 3.24 (1H, m), 2.41 (1H, m), 2.30—2.13 (3H, m), 2.03—
1.92 (3H, m), 1.78 (2H, t, J = 6.8 Hz), 1.68—1.60 (2H, m); 13C
NMR (100 MHz, CDClg): ¢ 170.2, 88.3, 83.6, 68.6, 55.2, 45.1,
32.1, 26.6, 26.1, 15.9, 15.6; MS (75 eV m/e): 195 (M*). Anal.
Calcd for C11H17NOy: C, 67.66; H, 8.75; N, 7.21. Found: C, 67.56;
H, 8.70; N, 7.11.

(3) Synthesis of Alkynyltungsten Compound 3. To a Et,-
NH solution (15 mL) of CpW(CO)sCl (4.78 g, 12.9 mmol) and
Cul (0.25 g, 1.13 mmol) was added compound 2 (2.30 g, 11.7
mmol); the mixture was stirred for 4 h before concentration. The
residues were chromatographed over a silica column (diethyl
ether/ hexane = 1/1) to afford compound 3 as an orange solid
(4.47 g, 8.48 mmol, 72%); IR (neat, cm~1): » (CO) 2014 (s), 1915
(s), 1710 (s); *H NMR (400 MHz, CDClg): ¢ 5.52 (5H, s), 4.51
(1H, t, J = 3.2 Hz), 3.72 (1H, m), 3.26 (3H, s), 3.15 (1H, m),
2.42—2.30 (3H, m), 2.28—2.19 (1H, m), 2.00—1.90 (2H, m), 1.72—
1.57 (4H, m); 13C NMR (100 MHz, CDCl3): 4 229.9, 212.1, 212.0,
170.0, 127.8, 91.3, 88.1, 55.9, 55.0, 45.3, 32.0, 28.0, 26.0, 19.6,
15.5; MS (75 eV m/e): 527 (M*). Anal. Calcd for C19H2:WNOs:
C, 43.29; H, 4.01; N, 2.67. Found: C, 43.22; H, 4.02; N, 2.55.

(4) Synthesis of Acyltungsten Complex 4. To a diethyl
ether (20 mL) of compound 3 (1.26 g, 2.39 mmol) at —78 °C was
added BF3-Et,0 (0.33 mL, 2.63 mmol), and the solution was
stirred for 3 h and then warmed to 23 °C to deposit yellow
precipitates. The diethyl ether was decanted away, and the
precipitates were redissolved in CH2Cl, (10 mL). To this solution
was added water (3.0 mL) at 23 °C, and the mixtures were
stirred for 1 h. The organic layer was separated, concentrated
to yield a dark orange precipitate as a mixture of cis and trans
isomers (4-cis/4-trans = 1/1.4). Elution of this residue through
a EtsN-pretreated silica column afforded compounds 4-trans
(0.50 g, 0.98 mmol, 41%) and 4-cis (0.43 g, 8.36 mmol, 35%),
respectively.Spectral data for 4-trans. IR (neat, cm~1): v (CO)
2018 (s), 1914 (s), 1712 (s); *H NMR (400 MHz, CDClg): 6 5.52
(5H, s), 4.74 (1H, m), 3.67 (1H, m), 3.39—3.21 (2H, m), 2.61 (1H,
m), 2.40—2.19 (3H, m), 2.00—1.82 (2H, m), 1.75 (1H, m), 1.62—
1.35 (2H, m), 1.23 (1H, m); 13C NMR (100 MHz, CDClg): ¢ 247.3,
225.5, 220.6, 220.2, 169.7, 93.9, 77.8, 58.0, 42.0, 32.8, 28.7, 28.1,
24.2, 18.9; MS (75 eV m/e): 513 (M*). Anal. Calcd for CigH1o-
WNOs: C, 37.45; H, 3.73; N, 2.73. Found: C, 37.25; H. 3.71; N.
2.66.

Spectral data for 4-cis: IR (neat, cm~1): » (CO) 2019 (s),
1915 (s), 1711 (s); *H NMR (400 MHz, CDCl3): ¢ 5.46 (5H, s),
4.05 (1H, dt, 3 = 2.4, 13.2 Hz), 3.53 (1H, m), 3.16 (1H, m), 2.38—
2.25 (4H, m), 1.95—-1.87 (2H, m), 1.79—1.68 (2H, m), 1.56—1.44
(2H, m), 1.41-1.34 (1H, m); ¥C NMR (100 MHz, CDCl3): ¢
243.0, 226.4, 220.9, 220.2, 169.6, 94.0, 71.7,57.8, 41.8, 32.7, 28.0,
24.6, 20.3, 19.8; MS (75 eV mle): 513 (M"). Anal. Calcd for
Ci1sH10WNOs: C, 37.44; H, 3.73; N, 2.73. Found: C, 37.11; H,
3.71; N, 2.50.

(5) Synthesis of Acyltungsten Complex 12. The reaction
of alkynyltungsten complex 5 (0.93 g, 1.81 mmol) and BF3-Et,0O
(0.25 mL, 1.99 mmol) in cold diethyl ether, followed by quenching
with water, afforded crude acyltungsten complex 12. Purification
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of this sample on a silica column afforded the trans isomer 12
(0.56 g, 1.16 mmol) in 64% yield. IR (neat, cm™1): v (CO) 2021
(s), 1913 (s), 1724 (s); *H NMR (300 MHz, CDCls): 6 5.54 (5H,
s), 3.90 (1H, dt, 3 = 7.1 Hz), 3.49—-3.55 (2H, m), 3.01 (1H, m),
2.60 (1H, m), 2.36 (2H, m), 2.21 (1H, m), 1.98 (1H, m), 1.76 (1H,
m); 13C NMR (75 MHz, CDClg): 6 248.1, 225.2, 220.1, 174.5, 95,
79.8, 63.8, 40.6, 34.8, 32.8, 26.3; MS (75 eV, m/e): 485 (M*). Anal.
Calcd for C16H1sWNOs: C, 39.62; H, 3.12; N, 2.89. Found: C,
39.44; H. 3.06; N. 2.77.

(6) Oxidative Demetalation of Complex 12. To a CH,Cl,
solution (5.0 mL) of acyltungsten complex 12 (0.90 g, 1.85 mmol)
were added I, (0.71 g, 2.78 mmol) and benzyl alcohol (0.18 mL)
at —78 °C, and the mixtures were stirred for 1 h before it was
warmed to 23 °C. To this solution was added a saturated
Na,S,03 solution (3 mL); the organic layer was extracted with
diethyl ether to give a yellow oil of 19. Flash chromatography
on a silica column afforded compound 19 as a colorless oil (0.21
g, 0.80 mmol, 89%). IR (neat, cm~1): v (CO) 1724 (s), 1695 (s);
1H NMR (400 MHz, CDClg): 6 7.40—7.30 (5H, s), 5.17 (2H, s),
4.07 (1H, g, J = 9.2 Hz), 3.63 (1H, dt, J = 8.4 Hz, 11.2 Hz),
3.19(1H, dt, 3 = 3.6, 8.6 Hz), 2.73—2.66 (1H, m), 2.61—2.55 (1H,
m), 2.48—2.31 (4H, m), 1.93—-1.83 (1H, m); 3C NMR (100 MHz,
CDCl3): 6 174.8, 171.8, 135.5, 128.6, 128.4, 128.1, 66.8, 64.2,
49.6, 41.1, 34.3, 30.6, 25.9; MS (75 eV m/e): 259 (M*). Anal.
Calcd for CisH17NO3: C, 69.48; H, 6.61; N, 5.40. Found: C, 69.22;
H, 6.55; N, 5.33.

(7) Synthesis of (+)-lupinine 26-cis. To a THF solution (7.0
mL) of the cis ester 25-cis (150 mg, 0.52 mmol) at 0 °C was added
LiAIHs (2.5 M in THF, 0.63 mL) at 0 °C; the mixture was
refluxed for 2 h. To this solution was added HCI (3.0 M) until
the solution reached pH = 6.0. The solution was concentrated,
extracted with ethyl acetate, and purified on a preparative silica
plate (ethyl acetate/hexane = 2/1, 3% Et3N) to afford (+)-lupinine
26-cis (75.1 mg, 0.44 mmol, 85%) as a colorless solid (mp 168—
169°; lit.1! 168—169°); *H NMR (400 MHz, CDCl3): ¢ 3.68—3.58
(3H, m), 2.86 (2H, t, 3 = 14.8 Hz), 2.07 (2H, m), 1.93—1.61 (4H,
m), 1.58—1.37 (2H, m), 1.28—1.13 (5H, m); 3C NMR (100 MHz,

Notes

CDCls): 6 65.1, 64.5,57.1, 56.9, 30.1, 29.9, 28.4, 25.9, 25.3, 24.8;
MS (75 eV m/e): 169 (MT). Anal. Calcd for C10H1sNO: C, 70.96;
H, 11.31; N, 2.37. Found: C, 70.88; H, 11.25; N, 2.55.

(8) Synthesis of (+)-Epilupinine 26-trans. LiAlH, reduc-
tion of the trans-ester 25-trans (120 mg, 42 mmol, followed by
hydrolysis, afforded (+)-epilupinine (61.4 mg, 0.36 mmol, 87%)
as a colorless solid (mp 79—80°; lit.2° 80°); 'H NMR (400 MHz,
CDCl3): 0 4.14 (1H, dd, J = 4.4, 11.6 Hz), 3.68 (1H,d, J = 10.8
Hz), 2.81 (2H, m), 2.13 (2H, m), 2.05 (1H, t, J = 10.0 Hz), 1.86—
1.70 (4H, m), 1.60—1.52 (6H, m), 1.30—1.22 (2H, m); 3C NMR
(100 MHz, CDCl3): ¢ 65.8, 65.1, 57.0, 53.4, 38.2, 31.2, 29.5, 25.4,
24.6, 22.9; MS (75 eV m/e): 169 (M*). Anal. Calcd for CioH1o-
NO: C, 70.96; H, 11.31; N, 8.28. Found: C, 70.66; H, 11.51; N,
8.22.

(9) Synthesis of (+)-Laburnine. LiAlH4 reduction of the
trans-ester 19 (110 mg, 4.24 mmol) followed by hydrolysis
afforded (+)-laburnine 27 (49.7 mg, 3.52 mmol, 83%) as a
colorless solid (mp 115—117°; lit.° 117°). *H NMR (400 MHz,
CDCl3): 6 3.56 (2H, d, 3 = 5.6 Hz), 3.23(1H, br), 3.16 (1H, q, J
= 6.8 Hz), 3.08 (1H, m), 2.91 (1H, dt, J = 6.0 Hz, 10.8 Hz), 2.58—
2.46 (2H, m), 2.00—1.88 (2H, m), 1.84—1.79 (1H, m), 1.75—-1.67
(1H, m), 1.61—1.55 (1H, m); 3C NMR (100 MHz, CDCls): 6 67.7,
65.3,54.7,54.4,48.4,31.9, 30.0, 25.7; MS (75 eV, m/e): 141 (M™).
Anal. Calcd for CgH1sNO: C, 68.05; H, 10.71; N, 9.92. Found:
C, 68.11; H, 10.90; N, 9.88.
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