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1-[2-(o-Iodophenyl)acetyl]-2-(prop-2-enyl)-2-vinylpyrrolidine (17), upon treatment with palladium(II) acetate
[Pd(OAc),] in the presence of triphenylphosphine and triethylamine in refluxing acetonitrile, gave the monocycliza-
tion product 20 as the major product along with a small amount of the tandem cyclization product 21. On the other
hand, treatment of the 1-[2-(o-iodophenyl)acetyl}-1-azaspiro[4.4]non-8-en-7-one (25) with Pd(OAc),, 1,3-bis-
(diphenylphosphino)propane, tributylphosphine, and silver carbonate in boiling V,/V-dimethylformamide afforded the

cyclized product 27 in 51% yield.

Key words intramolecular Heck reaction; anti-elimination; cephalotaxine; tandem Heck reaction; Cope rearrangement;

intramolecular aldol condensation

Palladium-catalyzed cyclizations of aryl halides to in-
tramolecular alkenes (intramolecular Heck reaction) are
now widely used for the construction of a variety of the
carbo- and heterocyclic compounds.? As part of our
studies directed toward the synthesis of optically active
cephalotaxine (1),2~% we envisioned that the ketolactam
2, which had already been converted into (3 )-cephalo-
taxine by additional three steps by Hanaoka*® and us,*”
would be obtainable in an optically active form using an
intramolecular Heck reaction as shown in the retrosyn-
thetic format (Chart 1). One route involves a tandem
intramolecular Heck reaction of the diene 4 followed by
oxidative cleavage of the resulting methylene derivative 3,
and the other uses an intramolecular Heck reaction of the
azaspiro[4.4]Jnonenone 8 followed by catalytic hydrogen-
ation of the resulting enone 7. The precursors 4 and 8
themselves would be accessible from D-proline (6) through
the optically active ester 5. In order to test the feasibility
of the indicated intramolecular Heck reactions, we have
carried out preliminary experiments with the readily
available racemic compounds 16, 17, 24, and 25. In this
paper we report the results obtained from this model
study.”

Results and Discussion

We initiated our studies with the intramolecular Heck
reaction of the 2-vinylpyrrolidine derivatives 10 and 11,
which were readily prepared from the 2-vinylpyrrolidine
9% When 10 was treated with palladium(Il) acetate
[Pd(OAc),] (3mol%), triphenylphosphine (Ph,P) (12
mol%), and triethylamine (Et;N) (2eq) in refluxing
acetonitrile under an argon atmosphere for 1h, the lactam
12 was obtained in 84% yield. A closely related reaction
has been reported by Tietze and Burkhardt.” Similar
treatment of 11 gave the lactam 13 in 70% yield. The
structures of 12 and 13 were easily characterized by the
presence of exo-methylene proton signals at § 5.22 (1H,
d, J=2.6Hz) and 5.58 (1H, d, J=2.6Hz) for 12 and ¢
5.25 (1H, d, J=1.8 Hz) and 5.31 (1H, d, J=1.8Hz) for
13 in the "H-NMR spectra.

We then investigated the tandem cyclization of the
2-(prop-2-enyl)-2-vinylpyrrolidine derivatives 16 and 17
which were prepared from the readily available ester 5%
as outlined in Chart 2. Thus, 5 was reduced with lithium
aluminum hydride in tetrahydrofuran (THF) at 0°C for
1h® to give the alcohol 14 in 88% yield. Swern oxidation
of 14 followed by Wittig olefination of the resulting
aldehyde gave the 2-(prop-2-enyl)-2-vinylpyrrolidine 15
in 88% overall yield. Deprotection of 15 and acylation

Chart 1
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of the resulting amine with o-iodobenzoyl chloride or
2-(o-iodophenyl)acetyl pivaloyl anhydride gave 16 and 17
in 56 and 94% yields, respectively.

Treatment of 16 with Pd(OAc),—Ph;P-Et;N in reflux-
ing acetonitrile gave 18 in 89% yield. The structure of 18
was based on spectroscopic and chemical evidence. The
!H-NMR spectrum showed the absence of the signals
characteristic of the exo-methylene protons but the pres-
ence of only three olefinic protons at § 4.97—5.10 (2H,
m) and 5.89 (1H, ddt) and the 3C-NMR spectrum revealed
the presence of five sp® methylene carbons and four olefinic
carbons. These data are consistent with structure 18, which
is assumed to be produced via a Cope rearrangement of
the initially formed 19. Indeed, when the same reaction
was carried out at lower temperature (at 50—60°C), 19
was isolated in 52% yield along with unchanged 16 (46%).
Compound 19 showed the expected exo-methylene proton
signals at 6 5.08 (1H, s) and 5.63 (1H, s) and signals
characteristic of the allylic system. When a solution of 19
in acetonitrile was heated under reflux for 4h, 19 com-
pletely rearranged to 18.

Similar treatment of compound 17 gave the mono-
cyclization product 20 (51% yield) and a mixture of the
double cyclization product 21 (<20% yield) and an
unidentified product. Although the mixture could not be
separated by column chromatography, several recrystal-
lizations gave a pure sample of 21. Confirmation of the
structure 21 was made by an X-ray analysis (Fig. 1). The

a) CF;CO,H, CH,Cl,; b) o-iodobenzoyl chloride or
2-(o-iodophenyl)acetyl pivaloyl anhydride, Et;N, DMAP,
CH,Cl,; c) Pd(OAc),, Ph,P, Ety,N, MeCN, reflux

Chart 2
Boc. Boc. Boc.
N a N b, ¢ N
—_— R
MeOZC HOCHQ |
5 14 I 15 l

20 17
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structure of 20 was assigned by comparison of its spec-
troscopic data with those of 19 (see Experimental). In
contrast to compound 19, compound 20 was found to be
stable in refluxing acetonitrile or toluene. The facile
rearrangement of 19 to 18 may be attributed to the higher
stability of the rearranged product 18 due to its aromatic
character.

The failure of the tandem cyclization of 16 and the poor
yield of the tandem cyclization product 21 from 17 may
be because the (o-alkyl)palladium intermediates A de-
composed by elimination of f-hydrogen faster than the
intermediates reacted with another olefinic bond.'®

We next examined the intramolecular Heck reaction of
the 1-azaspiro[4.4]non-8-en-7-ones 24 and 25 which were
prepared as illustrated in Chart 4. Swern oxidation of 14
followed by Wacker oxidation'?) of the resulting aldehyde
gave the ketoaldehyde 22 in 72% overall yield from 14.
Intramolecular aldol condensation of 22 was effected by

a) LiAlH,, THF, 0°C; b) DMSO, (COC),, Et;N, CH,Cl,; ¢) Ph;P*MeBr~, NaH, DMSO; d) CF,CO,H, CH,Cl,;
e) o-iodobenzoyl chloride, Et;N, DMAP, CH,Cl,; f) 2-(o-iodophenyl)acetyl pivaloyl anhydride, Et;N, DMAP, CH,Cl,;
g) Pd(OAc),, Ph,P, Et;N, MeCN, reflux; h) Pd(OAc),, Ph;P, Et;N, MeCN at 50—60°C; i) MeCN, reflux

Chart 3
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a) DMSO, (COCl),, Et;N, CH,Cl,; b) O,, PdCl,, CuCl, DMF-H,0, room temp.; c) K,CO,, MeOH-H,0, 70°C;
d) CF;CO,H, CH,Cl,; ¢) o-iodobenzoyl chloride or 2-(o-iodophenyl)acety] pivaloyl anhydride, Et;N, DMAP,

CH,Cl,; f) Pd(OAc),, POT, Ag,CO,, DMF, reflux

Chart 4

treatment with potassium carbonate in aqueous methanol
at 70°C for 40 min to give the enone 23 in 50% yield.
Deprotection of 23 with trifluoroacetic acid (TFA) in
dichloromethane followed by acylation of the resulting
amine with o-iodobenzoyl chloride or 2-(o-iodophenyl)-
acetyl pivaloyl anhydride in the presence of N,N-dimethyl-
aminopyridine (DMAP) and Et;N in dichloromethane
gave the desired precursors 24 and 25 in 43 and 93%
yields, respectively.

Compound 24, when treated with Pd(OAc),~Ph;P-
Et;N in refluxing acetonitrile for 3h, gave, in addition
to a small amount of several unidentified products and
the unreacted 24, the cyclized enone 26 but in only 12%
yield. The structure of 26 was determined on the basis
of the spectroscopic evidence: the 'H-NMR spectrum
revealed a singlet at 6 6.54 due to the 1-H proton and a
singlet at ¢ 2.74 assignable to the methylene protons at
3-position, and the IR spectrum showed the carbonyl
groups at 1710cm ™! (an o,f-unsaturated five-membered
ketone) and 1655 cm ~ ! (amide and double bonds). In order
to improve the yield of 26, cyclization of 24 was attempted
under a variety of conditions, among which the most
effective was the use of Pd(OAc), and tris(o-methylphe-
nyl)phosphine (POT) as a catalyst and silver carbonate
(Ag,CO,) as a base in N,N-dimethylformamide (DMF)
at reflux,!? affording 26 in 66% yield.

Similar treatment of 25 with Pd(OAc),-POT-Ag,CO,
in refluxing DMF gave 27 in 35% yield. Use of Pd(OAc),,
1,3-bis(diphenylphosphino)propane (DPPP), tributylphos-
phine (Bu;P), and Ag,CO; in refluxing DMF'? im-
proved the yield of 27 to 51%. The structure of 27 was
assigned by a comparison of the spectroscopic data with
those of 26.

In view of the accepted mechanism of the Heck reaction
which involves a syn-1,2-addition of a palladated aryl
group to the alkene followed by a syn-f-elimination of
palladium and a hydrogen atom from the resulting o-Pd-
complex, it is interesting to note that significant amounts
of 26 and 27 were formed in spite of the fact that its
formation formally involves an anti-elimination of pal-

ladium hydride. Some other examples of such an anti-
elimination have been reported.!* One plausible mecha-
nism for the formal anti-elimination would involve prior
isomerization of the g-complex B to the isomeric o-
complex D via oxy-zn-allyl complex C followed by a syn-
elimination,!4*®

An application of this method to the synthesis of
optically active cephalotaxine and its analogues is now in
progress.

Experimental

Melting points are uncorrected. 'H-NMR spectra were determined
with a JEOL JNM-PMX 60 (60 MHz), JEOL JNM-EX 270 (270 MHz),
or a Varian XL-300 (300 MHz) spectrometer, using CDClj as a solvent
and tetramethylsilane as an internal standard. 3C-NMR spectra were
recorded on a Varian XL-300 (75 MHz) spectrometer using CDCl, as a
solvent and reported in ppm using solvent resonance as internal standard
(77.0 for CDCl;). All *3C-NMR spectra were determined with complete
proton decoupling. High resolution MS were determined with a JEOL
JMS-SX 102A spectrometer at 20eV. Optical rotations were measured
with a JASCO DIP-360 polarimeter. Column chromatography was per-
formed on Silica gel 60 PF,, (Nacalai Tesque, Inc.) under pressure.

(5)-1-(o-Iodobenzoyl)-2-vinylpyrrolidine (10) TFA (I ml) was added
to a solution of tert-butyl (S)-2-vinylpyrrolidine-1-carboxylate (9)®
(200 mg, 1.02 mmol) in dichloromethane (1 ml) at 0°C and the mixture
was stirred at the same temperature for 30 min. The solvent was evap-
orated off and the residue was dissolved in dichloromethane (5 ml). Et;N
(514 mg, 5.08 mmol), DMAP (12 mg, 0.10 mmol), and then a solution of
o-iodobenzoyl chloride (406 mg, 1.52mmol) in dichloromethane (5ml)
were added successively, and the whole was stirred at room temperature
overnight. After water (3ml) had been added to the reaction mixture,
the organic layer was separated, washed with 5% HCI, sat. aq. NaHCO,,
dried (MgSO,), and concentrated. The residue was chromatographed on
silica gel (hexane-AcOEt, 2:1) to give 10 (277 mg, 87%) as a 1.5:1 oily
mixture of two rotamers, [a]2® —55.8° (¢=0.5, CHCl;). IR (CCl,)
cm™!: 1625. 'H-NMR (300 MHz) for the major rotamer &: 1.20—1.30
and 1.72—2.21 (total 4H, m), 3.12—3.43 (1H, m, one of 5-H,), 3.63—3.82
(1H, m, one of 5-H,), 4.03—4.10 (1H, m, 2-H), 4.73 (1H, d, J=17.0Hz,
one of CH=CH,), 493 (IH, d, J=10.3Hz, one of CH=CH,), 5.57
(1H, ddd, J=17.0, 10.3, 5.8 Hz, CH=CH,), 7.00—7.10 (1H, m, ArH),
7.18 (1H, dd, /=178, 1.7Hz, ArH), 7.31 (1H, td, J=7.8, 1.0 Hz, ArH),
7.78 (1H, dd, J=8.3, 1.0 Hz, ArH). Selected signals for the minor rotamer
§:4.79—4.86 (1H, m, 2-H), 5.20 (1H, d, /=10.3 Hz, one of CH=CH,),
5.34 (1H, d, J=17.0Hz, one of CH=CH,), 5.95 (1H, ddd, J=17.0,
10.3, 5.8 Hz, CH=CH,), 7.24 (1H, dd, J=17.8, 1.7Hz, ArH), 7.39 (1H,
td, J=7.8, 1.0Hz, ArH), 7.82 (1H, dd, J=8.3, 1.0 Hz, ArH). 4ral. Calcd
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for C;,HLINO: C, 47.73; H, 4.31; N, 4.28. Found: C, 47.65; H, 4.46;
N, 4.24.

(S)-1-[2-(o-lodophenyl)acetyl]-2-vinylpyrrolidine (11) According to
the procedure described for the preparation of 10, 11 (134 mg, 47%) was
obtained from 9 (163 mg, 0.83 mmol) and 2-(o-iodophenyl)acetyl pivaloyl
anhydride (245 mg, 0.91 mmol) as a 1.6: 1 oily mixture of two rotamers,
[¢]3® —14.1° (¢=0.3, CHCl,). IR (CCl) cm™%: 1640. ‘H-NMR
(300 MHz) for the major rotamer 6: 1.76—2.14 (4H, m), 3.48—3.64 (2H,
m, 5-H,), 3.66 and 3.78 (2H, ABq, J=15.9 Hz, CH,Ar), 4.44—4.50 (1H,
m, 2-H), 5.06—5.23 (2H, m, CH=CH,), 5.85 (1H, ddd, J=16.8, 10.5,
5.4Hz, CH=CH,), 6.89—6.97 (1H, m, ArH), 7.24—7.34 (2H, m, ArH),
7.79—7.84 (1H, m, ArH). Selected signals for the minor rotamer §: 3.75,
3.80 (2H, ABq, J=15.9Hz, CH,Ar), 4.67—4.73 (1H, m, 2-H), 5.79 (1H,
ddd, J=16.8, 10.5, 5.4 Hz, CH=CH,). 4nal. Calcd for C,,H,(INO: C,
49.28; H, 4.73; N, 4.11. Found: C, 49.38; H, 4.78; N, 4.26.

Intramolecular Heck Reaction of Compound 10. General Procedure
Et;N (58 mg, 0.60 mmol) was added to a solution of 10 (100 mg, 0.30
mmol), Pd(OAc), (2mg, 0.0089 mmol), Ph,P (9mg, 0.034 mmol) in
acetonitrile (3ml) and the mixture was refluxed under an argon
atmosphere until the starting material disappeared by TLC (1 h). The
reaction mixture was filtered through Celite and concentrated. The
residue was chromatographed on silica gel (hexane-AcOEt, 2: 1) to give
(S)-1,2,3,5,10,10a-hexahydro-10-methylenepyrrolo[ 1,2-bJisoquinolin-5-
one (12) (50 mg, 84%), mp 158—159°C (from AcOEt), [«]3* +86.7°
(¢=0.15, CHCly). IR (CCl,) em™!: 1665. '"H-NMR (270 MHz) §:
1.20—2.48 (4H, m), 3.58—4.34 2H, m, 3-H,), 4.37—4.46 (1H, m, 10a-H),
5.22 (1H, d, J=2.6 Hz, one of C=CH,), 5.58 (1H, d, J=2.6 Hz, one of
C=CH,), 7.38—17.74 (3H, m, ArH), 8.11 (1H, dd, /=7.3, 1.7Hz, ArH).
Exact MS m/z: 199.0999 (Calcd for C,;H,;NO: 199.0997).

Intramolecular Heck Reaction of Compound 11 According to the
general procedure, 11 (76 mg, 0.22 mmol) was treated with Pd(OAc),
(2mg, 0.0089 mmol) to give (5)-2,3,5,6,11,11a-hexahydro-11-methylene-
1 H-pyrrolo[2,1-b][3]benzazepin-5-one (13) (30 mg, 70%) as an oil, [a]32
—185.0° (¢=1.0, CHCL,). IR (CCl,) em™!: 1650. 'H-NMR (270 MHz)
6:1.74—2.04 (3H, m), 2.29—2.41 (1H, m), 3.27 (1H, dt, J=11.9, 8.2 Hz,
one of 3-H,), 3.32 (1H, d, /=13.2 Hz, one of 6-H,), 3.63—3.76 (1H, m,
one of 3-H,), 3.91 (1H, d, J=13.2 Hz, one of 6-H,), 4.69 (IH, dd, /=8.8,
7.1Hz, 11a-H), 5.25 (1H, d, J=1.8 Hz, one of C=CH,), 5.31 (1H, d,
J=1.8Hz, one of C=CH,), 7.22—7.38 (4H, m, ArH). Exact MS m/z:
213.1139 (Calcd for C,H,sNO: 213.1153).

tert-Butyl 2-Hydroxymethyl-2-(prop-2-enyl)pyrrolidine-1-carboxylate
(14) A solution of 5% (200 mg, 0.74 mmol) in THF (2ml) was added
to a suspension of LiAlH, (31 mg, 0.82 mmol) in THF (2ml) at 0°C and
the mixture was stirred at the same temperature for 1h. Water was
carefully added to decompose excess reagent. The inorganic material
was filtered off and washed with hot ethanol. The filtrate was dried
(MgSO,) and concentrated. The residue was chromatographed on silica
gel (hexane-AcOEt, 1:1) to give 14 (158 mg, 88%), mp 53—55 °C (from
hexane). IR (CCl,) cm™?: 3400, 1670. 'H-NMR (300 MHz) §: 1.46 (9H,
s, tert-Bu), 1.66—1.97 (4H, m, 3- and 4-H,), 2.57 (1H, d of a pair of
ABq, /=13.8, 8.1 Hz, one of CH,CH=CH,), 2.64 (1H, d of a pair of
ABq, J=13.8, 6.8 Hz, one of CH,CH = CH,), 3.31—3.48 (2H, m, 5-H,),
3.61 (1H, d of a pair of ABq, J=11.5, 9.0Hz, one of CH,OH), 3.66
(IH, d of a pair of ABq, J=11.5, 2.7Hz, one of CH,0OH), 5.07—5.16
(2H, m, CH=CH,), 540 (1H, dd, J=9.0, 2.7Hz, CH,0OH), 5.81
(1H, dddd, J=17.2, 10.2, 8.1, 6.8Hz, CH=CH,). Anal. Calcd for
Cy3H,;3NO;: C, 64.70; H, 9.61; N, 5.80. Found: C, 64.44; H, 9.90; N.
5.65.

tert-Butyl 2-(Prop-2-enyl)-2-vinylpyrrolidine-1-carboxylate (15) A
solution of dimethyl sulfoxide (DMSO) (2.79g, 35.7mmol) in dry
dichloromethane (5 ml) was added to a solution of oxalyl chloride (2.13 g,
16.8 mmol) in dry dichloromethane (5ml) at —78 °C over a period of
10min and the mixture was stirred for 10 min. Then a solution of 14
(3.59 g, 14.9 mmol) in dichloromethane (8 ml) at —78 °C was added to
the mixture which was stirred at the same temperature for 15 min. After
addition of Et;N (7.53 g, 74.4mmol) to the mixture, it was allowed to
warm to room temperature. The mixture was diluted with water (10 ml)
and the organic layer was separated and washed with 5% HCI, sat.
aq. NaHCO,, and brine, dried (MgSO,), and concentrated. The residue
was chromatographed on silica gel (hexane-AcOEt, 12:1) to give
tert-butyl 2-formyl-2-(prop-2-enyl)pyrrolidine-1-carboxylate (3.56 g,
quant.) as an oil. IR (CCl,) em~!: 1730, 1695. 'H-NMR (60 MHz) §:
1.43 (9H, s, tert-Bu), 1.7—2.2 (4H, m, 3- and 4-H,), 2.4—2.9 (2H, m,
CH,CH =CH,), 3.3—3.8 (2H, m, 5-H,), 4.9—5.35 (2H, m, CH=CH,),
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5.4—6.2 (1H, m, CH=CH,), 9.39 and 9.49 (total 1H, both brs, CHO).
This compound was used for the next step without further purification.

DMSO (5ml) was added to a flask containing NaH (60% mineral oil
dispersion) (303 mg, 7.58 mmol) (washed several times with dry ether),
and the mixture was heated with stirring at 65-—70 °C until the evolution
of hydrogen gas ceased. After cooling of this solution to 0 °C, a solution
of methyltriphenylphosphonium bromide (2.71 g. 7.58 mmol) in DMSO
(5ml) was added, and the mixture was stirred at room temperature for
1 h. A solution of the aldehyde (1.21 g, 5.06 mmol) in DMSO (5 ml) was
added to the above solution and the mixture was stirred at room
temperature for 2h. The reaction mixture was poured into water and
extracted with hexane. The extract was dried (MgSO,) and concentrated.
The residue was chromatographed on silica gel (hexane-AcOEt, 10:1)
to give 15 (1.05g, 88%) as a 1 : 1 oily mixture of two rotamers. IR (CCl,)
em™': 1680. 'H-NMR (300 MHz) §: 1.44 (9H, s, tert-Bu), 1.64—1.85
(3H, m), 1.91—2.08 (1H, m), 2.40 and 2.53 (total 1H, both dd, /=13.8,
8.2 Hz, one of CH,CH =CH,), 2.81 and 2.94 (total 1H, both dd, /=13.8,
6.4Hz, one of CH,CH=CH,), 3.22—3.37 (1H, m, one of 5-H,),
3.48—3.57 and 3.58—3.68 (total 1H, both m, one of 5-H,), 4.90—5.14
(4H, m, 2x CH=CH,), 5.65—5.79 (1H, m, CH,CH=CH,), 5.87 and
5.97 (total 1H, both dd, J=17.1, 10.5Hz, CH=CH,). Exact FAB-MS
mjz: 238.1819 (Calcd for C,,H,,NO, +H: 238.1807).

1-(o-lodobenzoyl)-2-(prop-2-enyl)-2-vinylpyrrolidine (16) According
to the procedure described for the preparation of 10, 16 (174 mg, 56%)
was obtained from 15 (200 mg, 0.84 mmol) and o-iodobenzoyl chloride
(338mg, 1.26mmol) as an oil. IR (CCl,)) cm™!: 1640. 'H-NMR
(300 MHz) 4: 1.69—1.88 (2H, m), 1.90—2.00 (1H, m), 2.02—2.14 (1H,
m), 2.55—3.40 (4H, br, 5-H, and CH,CH=CH,), 5.05—5.45 (3H, br,
CH,CH=CH, and one of CH=CH,), 5.19 (1H, dd, /=10.7, 0.8 Hz,
one of CH=CH,), 5.77—6.05 (1H, br, CH,CH=CH,), 6.31 (1H, dd,
J=17.3, 10.7Hz, CH=CH,), 7.04 (1H, td, J=17.6, 1.8 Hz, ArH), 7.19
(1H, dd, /=7.6, 1.8 Hz, ArH), 7.37 (1H, td, J=17.6, 1.0 Hz, ArH), 7.81
(1H, dd, J=17.6, 1.0Hz, ArH). Anal. Calcd for C,sH,INO: C, 52.33;
H, 4.94; N, 3.81. Found: C, 52.36; H, 5.00; N, 3.74.

1-[2-(o-1odophenyl)acetyl]-2-(prop-2-enyl)-2-vinylpyrrolidine (17) Ac-
cording to the procedure described for the preparation of 10, 17 (756 mg,
94%) was obtained from 15 (500 mg, 2.11 mmol) and 2-(o-iodophenyl)-
acetyl pivaloyl anhydride (1.09 g, 3.16 mmol) as a 4: 1 oily mixture of two
rotamers. IR (CCl,) cm™!: 1655. 'H-NMR (300 MHz) for the major
rotamer §: 1.78—2.06 (4H, m, 3- and 4-H,), 2.66 (1H, dd, J=13.5, 8.1 Hz,
one of CH,CH=CH,), 3.03 (1H, ddt, J=13.5, 6.4, 1.3Hz, one of
CH,CH=CH,), 3.47—3.87 (2H, m, 5-H,), 3.76 (2H, s, CH,Ar),
5.00—5.20 (4H, m, 2 x CH=CH,), 5.67—5.82 (IH, m, CH,CH=CH,),
6.10 (1H, dd, /=17.3, 10.7Hz, CH=CH,), 6.90—6.97 (1H, m, ArH),
7.25—7.35 (2H, m, ArH), 7.82 (1H, d, J=7.8 Hz, ArH). Selected signals
for the minor rotamer §: 1.78—2.39 (4H, m, 3- and 4-H,), 2.79 (1H, dd,
J=13.5, 8.1Hz, one of CH,CH=CH,), 2.95 (1H, ddt, J=13.5, 6.4,
1.3Hz, one of CH,CH=CH,), 3.77 (2H, s, CH,Ar). Exact FAB-MS
mjfz: 382.0653 (Calcd for C,,H,,INO+H: 382.0668).

Intramolecular Heck Reaction of Compound 16 According to the
general procedure, 16 (496 mg, 1.35mmol) was treated with Pd(OAc),
(10mg, 0.045mmol) to give 10-(3-butenyl)-1,2,3,5-tetrahydropyrrolo-
[1,2-b]isoquinolin-S-one (18) (289 mg, 89%) as an oil. IR (CCl,) cm ™ !:
1650, 1620. *H-NMR (300MHz) 4: 2.19 (2H, quintet, J=7.3Hz),
2.28—2.38 (2H, m), 2.74—2.82 (2H, m), 3.11 2H, t, J=7.6Hz), 4.21
(2H, dd, J=17.3, 6.8Hz), 4.97—5.10 2H, m, C=CH,), 5.89 (1H, ddt,
J=17.0,10.3, 6.8 Hz, CH,CH =CH,), 7.43 (1H, ddd, J=8.0, 6.0, 2.1 Hz,
ArH), 7.60—7.69 (2H, m, ArH), 8.46 (1H, brd, /J=8.0Hz, ArH).
13C.NMR 6: 21.6 (CH,), 27.4 (CH,), 30.2 (CH,), 33.6 (CH,), 48.3
(CH,), 109.7 (quaternary C), 115.4 (=CH,), 122.2, 125.3, 125.4 (qua-
ternary C), 127.8, 131.8, 137.4 (quaternary C), 137.7, 140.6 (qua-
ternary C), 160.9 (C=0). Exact FAB-MS m/z: 240.1396 (Calcd for
C,6H,,NO+H: 240.1388).

When the same reaction was carried out at 50—60 °C for 30 min, 16
(160 mg, 0.44 mmol) gave 1,2,3,5,10,10a-hexahydro-10-methylene-10a-
(prop-2-enyl)pyrrolo[ 1,2-b]Jisoquinolin-5-one (19) (54mg, 52%) along
with the starting material 16 (74 mg, 46%). Compound 19 was an oil.
IR (CCl,) cm™!: 1645. 'H-NMR (300MHz) §: 2.04—2.13 (3H, m),
2.23—2.37 (3H, m), 3.70—3.84 (2H, m), 4.88—4.97 (1H, m, one of
CH=CH,), 4.97—5.03 (1H, m, one of CH=CH,), 5.08 (1H, s, one of
C=CH,), 5.53 (1H, dddd, J=17.0, 10.2, 7.8, 6.9Hz, CH,CH=CH,),
5.63 (1H, s, one of C=CH,), 7.42 (1H, td, /=74, 1.7Hz, ArH), 7.49
(1H, td, J=7.4, 1.5Hz, ArH), 7.52—7.57 (1H, m, ArH), 8.07—8.11 (1H,
m, ArH). 13C-NMR 4: 20.7 (CH,), 34.4 (CH,), 42.0 (CH,), 44.9 (CH,),
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67.6 (10a-C), 1119 (=CH,), 118.7 (=CH,), 124.1, 127.5, 128.5
(quaternary C), 128.7, 132.0, 132.8, 135.5 (quaternary C), 144.8 (5a-C),
162.0(C=0). Exact MS m/z: 239.1316 (Calcd for C, (H, ;NO: 239.1310).

Thermal Isomerizationof 19to 18 A solution of 19 (54 mg, 0.23 mmol)
in acetonitrile (5 ml) was refluxed for 4 h. The mixture was concentrated
and the residue was chromatographed on silica gel (hexane-AcOEt, 2: 1)
to give 18 (50 mg, 93%) as an oil.

Intramolecular Heck Reaction of Compound 17 According to the
general procedure, 17 (756 mg, 1.98 mmol) was treated with Pd(OAc),
(13 mg, 0.058 mmol) and the crude products were chromatographed on
silica gel (hexane—-AcOEt, 5:1). The first fraction gave hexahydro-1H-
pyrrolo[2,1-b][3]benzazepin-5-one (20) (256 mg, 51%) as an oil. IR
(CCl,) em™!; 1640. '"H-NMR (270 MHz) §: 1.84—2.16 (4H, m), 2.58
(1H, dd, J=14.2, 8.3 Hz, one of CH,CH=CH,), 2.82 (1H, dd, /=14.2,
6.6 Hz, one of CH,CH=CH,), 3.27 (1H, d, J=13.5Hz, one of 6-H,),
3.46—3.65 (2H, m, 3-H,), 3.97 (1H, d, J=13.5Hz, one of 6-H,),
5.12—5.22 (2H, m, CH,CH=CH,), 5.27 (1H, s, one of C=CH,), 5.43
(IH, s, one of C=CH,), 5.99 (1H, dddd, J=17.8, 9.6, 8.3, 6.6Hz,
CH,CH=CH,), 7.14—7.27 (4H, m, ArH). Exact MS mj/z: 253.1463
(Calcd for C,,H,4NO: 253.1467). The second fraction gave a mixture
(102mg, <20%) of compound 21 and an unidentified compound, which
was recrystallized several times from hexane-AcOEt to give (3aS*,13bS*)-
1,2,3,5,6,8,9,13b-octahydro-2-methylene-4 H-cyclopenta[ a]pyrrolo[ 2,1-
b][3]benzazepin-8-one (21) as a pure sample, mp 107—108°C. IR
(CHCl,) em™1: 1625. 'TH-NMR (300 MHz) 6: 1.72—1.97 (3H, m, one
of 4-and 5-H,), 2.02—2.14 (1H, m, one of 4-H,), 2.50 (1H, d, J=15.4 Hz,
one of 3-H,), 2.55—2.90 2H, m, 1-H,), 2.82 (1H, brd, J=15.4Hz, one
of 3-H,), 3.20—3.32 (1H, m, one of 6-H,), 3.39 (1H, d, /=13.5Hz, one
of 9-H,), 3.59—3.81 (2H, m, one of 6-H, and 13b-H), 4.02 (1H, d,
J=13.5Hz, one of 9-H,), 4.92 (2H, s, =CH,), 7.07—7.31 (4H, m, ArH).
Anal. Caled for C,,H,,NO: C, 80.60; H, 7.56; N, 5.53. Found: C, 80.57;
H, 7.55; N, 5.31.

Crystal Structure Determination of Compound 21'5 A single crystal
of 21 was obtained by recrystallization from hexane-AcOEt. Crystal
data of 21: C,,H,,NO, Mr=253.34, colorless prismatic, space group
P2,/c, a=7974(5)A, b=23.0504)A, c=7.4525)A, V=1369(1)A?,
Z=4,Dgq.=1.229gcm ™3, p(CuKa)=5.90cm ™', The R (R,) value of
21 was 0.082 (0.117). The data were collected on a Rigaku AFC7R
diffractometer at 23+1°C using graphite monochromated CuKa
(A=1.54178 A) radiation. The structure was solved by direct methods
(MITHRIL84!®), The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms included but not refined. Neutral atom scattering factors
were taken from Cromer and Weber.!” All calculations were performed
using the teXsan'®) crystallographic software package of Molecular
Structure Corporation.

tert-Butyl 2-Formyl-2-acetonylpyrrolidine-1-carboxylate (22) A
suspension of PdCl, (296 mg, 1.67 mmol) and CuCl (871 mg, 8.36 mmol)
in DMF (6 ml)-H,O (2 ml) was stirred under an oxygen atmosphere at
room temperature for 1 h. A solution of tert-butyl 2-formyl-2-(prop-2-
enyl)pyrrolidine-1-carboxylate (2.0g, 8.4mmol) in DMF (4ml) was
added to the suspension and the mixture was stirred overnight at room
temperature under an oxygen atmosphere. The mixture was poured into
ice-cooled 10% HCI and extracted with dichloromethane. The extract
was washed with sat. aq. NaHCO,, brine, dried (MgSO,), and con-
centrated. The residue was chromatographed on silica gel (hexane-
AcOEt, 5:1) to give 22 (1.53 g, 72%) as an oil. IR (CCl,) em~*: 1735,
1700, 1685. 'H-NMR (60 MHz) 6: 1.43 (9H, s, fert-Bu), 1.75—2.2 (4H,
m, 3- and 4-H,), 2.23 (3H, s, CH,CO), 2.8—3.2 (2H, m, CH;COCH,),
3.35—3.75 2H, m, 5-H,), 9.2—9.4 (1H, br, CHO). This compound was
used for the next step without further purification.

tert-Butyl 7-Oxo-1-azaspiro[4.4]non-8-ene-1-carboxylate (23) A
solution of K,CO, (1.93 g, 14.1 mmol) in water (20 ml) was added to a
solution of 22 (2.40 g, 9.40 mmol) in methanol (25ml) and the mixture
was stirred at 70 °C for 40 min. Sat. aq. NH,Cl was added to it and the
whole was extracted with dichloromethane. The extract was dried
(MgSO0,) and concentrated. The residue was chromatographed on silica
gel (hexane-AcOEt, 1:1) to give 23 (1.12g, 50%) as a 2: 1 mixture of
two rotamers, mp 76—77 °C (from hexane). IR (CCl,) cm~*: 1720, 1690.
!H-NMR (300 MHz) for the major rotamer &: 1.36 (9H, s, tert-Bu),
1.82—2.01 (4H, m, 3- and 4-H,), 2.37 and 2.77 (1H each, ABq, J=
18.1 Hz, 6-H,), 3.38—3.69 (2H, m, 2-H,), 6.10 (1H, d, J=5.4Hz, 8-H),
7.35 (1H, d, J=5.6 Hz, 9-H). Selected signals for the minor rotamer 4:
1.44 (9H, s, tert-Bu), 2.33 and 2.95 (1H each, ABq, J=18.0Hz, 6-H,),
6.15 (1H, d, J=5.4Hz, 8-H), 7.44 (1H, d, J=5.5Hz, 9-H). 4nal. Calcd
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for C,3H,oNO;: C, 65.80; H, 8.07; N, 5.90. Found: C, 65.53; H, 8.10;
N, 5.89.

1-(o-lodobenzoyl)-1-azaspiro[4.4]non-8-en-7-one (24) According to
the procedure described for the preparation for 10, 24 (158 mg, 43%)
was obtained from 23 (239 mg, 1.01 mmol) and o-iodobenzoyl chloride
(424 mg, 1.51 mmol), mp 130—131°C (from AcOEt). IR (CCl,) cm™:
1725, 1625. 'H-NMR (300 MHz) ¢: 1.88—2.06 (3H, m), 2.10—2.21 (1H,
m), 2.42 (1H, d, J=17.6 Hz, one of 6-H,), 3.23—3.43 (3H, br, 2-H, and
one of 6-H,), 6.26 (1H, d, J=5.6Hz, 8-H), 7.09 (1H, ddd, J=8.0, 7.5,
1.7Hz, ArH), 7.23 (1H, dd, J=7.6, 1.5Hz, ArH), 7.40 (1H, td, J=17.5,
1.1Hz, ArH), 7.62 (1H, brd, J=5.5Hz, 9-H), 7.82 (1H, dd, J=8.0,
1.1 Hz, ArH). 4nal. Calcd for C,sH,,INO,: C, 49.07; H, 3.84; N, 3.81.
Found: C, 48.92; H, 3.79; N, 3.66.

1-[2-(o-lodophenyl)acetyl]-1-azaspiro[4.4]non-8-en-7-one (25) Ac-
cording to the procedure described for the preparation of 11, 25 (595 mg,
93%) was obtained from 23 (400 mg, 1.69 mmol) and 2-(o-iodophenyl)-
acetyl pivaloyl anhydride (709 mg, 2.53 mmol), mp 145—146°C (from
hexane-AcOEt). IR (CHCl,) cm™: 1700, 1640. *H-NMR (300 MHz) 6:
1.80—1.90 (1H, m), 2.00—2.16 (3H, m), 2.33 and 3.06 (1H each, ABq,
J=17.4Hz, 6-H,), 3.63—3.84 (2H, m, 2-H,), 3.74 (2H, s, ArCH,CO),
6.12 (1H, d, J=5.6 Hz, 8-H), 6.95 (1H, ddd, /=738, 7.2, 2.0Hz, ArH),
7.26 (1H, dd, J=17.5, 2.0Hz, ArH), 7.31 (1H, ddd, J=17.5, 7.1, 1.2Hz,
ArH), 7.46 (1H, d, J=5.6 Hz, 9-H), 7.82 (1H, dd, J=8.0, 1.1 Hz, ArH).
Anal. Caled for C,¢H,(INO,: C, 50.41; H, 4.23; N, 3.67. Found: C,
50.61; H, 4.30; N, 3.43.

Intramolecular Heck Reaction of Compound 24 According to the
general procedure, 24 (158 mg, 0.43 mmol) was treated with Pd(OAc),
(3mg, 0.013 mmol) to give 2,3,4,5-tetrahydro-6 H,8 H-cyclopenta[c]pyr-
rolo[ 1,2-b]isoquinoline-2,8-dione (26) (12mg, 12%), mp 121—122°C
(from AcOE). IR (CCl,) cm™1: 1710, 1655. 'H-NMR (300 MHz) 6: 1.79
(2H, t, J=7.1Hz), 1.97—2.15 (2H, m), 2.74 (2H, s, 3-H,), 3.23 (1H,
ddd, J=12.5, 9.1, 7.0Hz, one of 6-H,), 4.66 (1H, ddd, J=12.5, 8.2,
5.7Hz, one of 6-H,), 6.54 (1H, s, 1-H), 7.60—7.76 (3H, m, ArH),
8.27—8.34 (1H, m, ArH). '3C-NMR 4: 22.0 (CH,), 37.8 (CH,), 44.8
(CH,), 50.9 (CH,), 69.3 (3a-C), 125.7 (1-C), 127.8, 127.9 (quaternary
0), 129.6, 130.0 (quaternary C), 132.3, 133.0, 164.6 (8-C or 12b-C), 165.5
(12b-C or 8-C), 202.0 (C=0). Exact FAB-MS m/z: 240.1033 (Calcd for
C,sH,3NO, +H: 240.1025). Anal. Calcd for C,sH,;NO,: C, 75.30; H,
5.48; N, 5.85. Found: C, 75.84; H, 5.69; N, 5.68.

The yield of 26 was improved by the following procedure. A mixture
of 24 (100 mg, 0.27 mmol), Pd(OAc), (12mg, 0.05 mmol), POT (33 mg,
0.11 mmol), and Ag,CO; (150mg, 0.55mmol) in DMF (10ml) was
refluxed under an argon atmosphere until the starting material
disappeared by TLC (2h). The reaction mixture was filtered through
Celite and concentrated. The residue was chromatographed on silica gel
(hexane-AcOEt, 1:1) to give 26 (43 mg, 66%).

Intramolecular Heck Reaction of Compound 25 Following the
procedure described above for the preparation of 26, treatment of 25
(113 mg, 0.30mmol) with Pd(OAc), (13 mg, 0.058 mmol), POT (36 mg,
0.12mmol), and Ag,CO; (163mg, 0.59mmol) in DMF (10ml) gave
2,3,5,6,8,9-hexahydro-4 H-cyclopenta[ a]pyrrolo[2,1-b][3]benzazepine-
2,8-dione (27) (26 mg, 35%), mp 257—258 °C (from hexane-AcOEt). IR
(CHCl;) em™1: 1700, 1620. *H-NMR (300 MHz) 6: 1.65—1.74 (2H, m),
1.92—2.11 (2H, m), 2.80 (2H, s, 3-H,), 3.42 and 3.81 (1H each, ABq,
J=13.8Hz, 9-H,), 3.42—3.52 (1H, m, one of 6-H,), 3.67—3.79 (1H, m,
one of 6-H,), 6.15 (1H, s, 1-H), 7.29—7.45 (4H, m, ArH). '3C-NMR §:
20.8 (CH,), 40.3 (CH,), 42.1 (CH,), 46.2 (CH,), 50.4 (CH,), 70.5 (3a-C),
126.3 (1-C), 127.8 (arom. CH), 128.4 (arom. CH), 130.5, 130.6, 133.8
(quaternary C), 132.6 (quaternary C), 167.3 (13b-C), 175.8 (8-C), 202.3
(C=0). Anal. Calcd for C,4H,;NO,: C, 75.87; H, 5.97; N, 5.53. Found:
C, 75.71; H, 5.95; N, 5.33.

The yield of 27 was further improved to 51% by using the following
procedure. A mixture of 25 (120mg, 0.32mmol), Pd(OAc), (71 mg,
0.32 mmol), DPPP (130 mg, 0.32mmol), Bu,P (64 mg, 0.32 mmol) and
Ag,CO, (174 mg, 0.63 mmol) in DMF (10 ml) was refluxed for 3 h under
an argon atmosphere. Work-up as above gave 27 (41 mg, 51%).
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