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Imidazo[1,2-alindole-spirolactone 13, the: principal ring system of tryptoquivalines, was
successfully synthesized by a new method via oxidative double cyclization of 1-(N-alkoxy-
carbonylalanyl)-3-indolepropionic acids (5) with N-bromosuccinimide, which were synthesized
by acylation of benzyl 3-indolepropionate (10) with N-alkoxycarbonyl alanine p-nitrophenyl
ester (12). The use of KF, 18-crown-6 and (iso-Pr),NEt in acetonitrile lead to high yields of benzyl
1-(N-methoxycarbonyl-a-methylalanyl)-3-indolepropionates (4). The removal of the protecting
group of 13c¢ provided 2. The mechanisms of these reactions are discussed.
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The isolation and structure elucidation of about 14 tryptoquivalines, which are toxic and
tremorgic mycotoxins obtained from Aspergillus clavatus® and A. fumigatus,® have been
reported during the last ten years. These compounds typically contain the imidazo(1,2-a]-
indole-spirolactone ring system 2 shown in Chart 1.

One total synthesis® and a formal total synthesis® of 1b have since been described. As a
part of our investigations aimed at the synthesis of the unique heterocyclic skeleton of these
mycotoxins, we report here a convenient synthesis of 2 which involves the double ring closure
of N onto C, and of CO,H onto C; in an intermediate 3 formed by way of a bromonium ion-
initiated reaction of 5.

Bromination of 3-alkylindole with N-bromosuccinimide (NBS) under ionic conditions
has been shown to proceed via the 3-bromoindolenine intermediate 6a which collapses either
to 2-bromoindoles or to oxindoles depending on the reaction media.®’ We have reported that
in the presence of pyridine, 3-methylindole” produced N-(2-indolyl) pyridinium salt by
reaction with dioxane—dibromide. A similar result was obtained by bromination of 3-
phenylindole.®” Furthermore, the influence of a substituent at the N-position of indoles was
studied and it was found that the bromination of N-acylindoles also proceeded in a similar
manner via 6a to give 2-halo derivatives and related compounds.” When a nucleophilic group
was present at an appropriate position in the 3-substituents, the nucleophile in an aprotic
solvent could attack the 2-position of the 3 H-indolium intermediate to form a cyclic product 7
which was converted to the corresponding spirooxindoles 8 by further bromination,'®
whereas in a hydrolytic solvent, the spirolactone derivative 9 was obtained from 3-
indolepropionic acid and acyltryptophan.6?

Synthesis of the starting material 5 was envisaged via condensation of the corresponding
amino acid with benzyl 3-indolepropionate followed by hydrogenolysis. The known method
for acylation of indoles with an amino acid is the acylation of indole itself with the acid
chloride, prepared from N-benzoxycarbonylglycine or -alanine and PCl,, in the presence of
NaH in N,N-dimethylformamide (DMF).!'" However, when we attempted a model synthesis
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of benzyl 1-(N-methoxycarbonylglycyl)-3-indolepropionate (4a) from benzyl 3-indolepro-
pionate (10) according to the reported conditions, 4a was not formed. Instead, N-
methoxycarbonylglycine benzyl ester (11) was obtained in 18 yield and the starting material
10 was recovered in 56% yield. The reaction of 10 with N-methoxycarbonylglycine p-
nitrophenyl ester (12a) in the presence of NaH in DMF was then carried out under nitrogen
and 4a was obtained in 249/ yield, together with a small amount of 11 and benzyl 1-
methoxycarbonyl-3-indolepropionate. Treatment of 10 with N-methoxycarbonyl-methyl-
alanine p-nitrophenyl ester (12b) under similar reaction conditions provided 4b in 739, yield.

We next planned to examine the replacement of the strong base, NaH used to generate
the indolide ion, in order to avoid racemization of the tryptophan ester; the second objective
was to explore the possibility of improving the yield. Several other conditions, including the
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use of tetra-n-butylammonium hydrogen sulfate as a phase transfer catalyst,'® thallium (I)
ethoxide,'® or silylation with bis(trimethylsilyl)acetamide followed by treatment with 12 in
the presence of tetramethylammonium chloride (Me,N*CIl~),'¥ were examined, and potas-
sium fluoride (KF) with 18-crown-6 was chosen as the most appropriate system for further
study since no racemization has been reported to occur during acylation of tryptophan
derivatives.'> Thus, the reaction of 10 with 12b in acetonitrile in the presence of KF, 18-
crown-6 and (iso-Pr),NEt at 60 °C for 35h and at room temperature for a further 12.5h gave
4b in 847 yield and 129; of 10 was recovered. Likewise, 4c was obtained in 51% yield by
treatment of 10 with N-trichloroethoxycarbonylmethylalanine p-nitrophenyl ester (12¢) under
similar conditions. Debenzylation of 4a and 4b occurred smoothly in methanol upon
hydrogenolysis on Pd/C to give the corresponding acids Sa and 5b in 989, and 939 yields,
respectively. In contrast, the reaction of 4¢ in methanol was sluggish; only 3% yield of the
required acid Sc was obtained and the methyl ester, 18¢, was formed in 75%, yield in addition
to the methyl ester of 5d (6%). In ethyl acetate, however, 4¢ was smoothly debenzylated to
give 5c¢ in 759 yield.

With the requisite acid 5 in hand, we carried out the first series of transformations of 5a
to 13a by halogenation. Initial attempts to obtain 13a by treatment of 5a with 1 equivalent of
N-chlorosuccinimide (NCS) in acetic acid at 70—75 °C for 70 min failed and 14a was obtained
in 399 yield. Bromination of Sa with NBS in acetic acid at ambient temperature did not give
13a but 14a was obtained. The reaction of 5a with NBS (1 eq) either in fert-butanol or in
methylene chloride gave 14b as the only isolable product in 35%; and 519 yields, respectively.
Consequently, we decided to use 5b as the starting material. By treatment with NBS (1 eq) in
methylene chloride at ambient temperature for 50 min, 5b was converted to a less polar
unstable intermediate which gradually changed to 17b (30%), 18b (19%,), and 19b (9%/) when
left for 4.5h at —10~ —20°C and the cyclization product 13b was not obtained. This
intermediate was, however, successfully isolated by quick removal of succinimide with water
followed by removal of the solvent, and was proved to be the bromo-d-lactone 16b. The
proton nuclear magnetic resonance (H-NMR) spectrum of 16b showed the methine proton
PhNCH-O at 67.01 as a singlet with a significant downfield shift as compared with the
corresponding proton in other non-acylated PANCH-O or PANCHN systems.'® The infrared
(IR) spectrum contained a sharp band at 1760 cm ~* assigned to the §-lactone ring in addition
to the amide carbonyl bands at 1720sh and 1700cm ™!, and the amide II band at 1520cm 1.
The ultraviolet (UV) spectrum in ethanol displayed A_,, at 231, 254sh, and 299.5nm. The
similar reaction of Sb in 59, MeOH-CH,Cl, at room temperature for 7 min showed essentially
a single spot corresponding to 16b on thin layer chromatography (TLC) and no other
significant spot was detected. Work-up after a further 50 min of stirring provided 17b (12%),
18b (59%;), 19b (229(), and 20b (389) as a mixture of two stereoisomers. The foregoing
evidence demonstrated that the products 17, 18, 19, and 20 were formed from the common
intermediate 16 by participation of a trace amount of methanol present in methylene chloride,
and 17 was derived from 16 by dehydrobromination followed by further bromination as
shown in Chart 3.

Other attempts to convert 16b to 13b under Syl conditions usually applicable to alkyl
halides using Ag,CO,;—CH;CN, AgNO,-CH,CN, Ag,0-DMF*" or under basic conditions
using NaH, Et;N or K,CO; failed. The desired product 13b was finally prepared in 209 yield
by bromination of 5b with NBS (leq) in anhydrous methylene choride at ambient
temperature for 20 min (at this stage the reaction mixture showed essentially a single spot
corresponding to 16b on TLC and no other significant spot was detected) followed by 130 min
of refluxing. It appeared that cyclization of 16b to 13b was difficult to drive to completion,
some starting material (279,) being reformed on heating with liberation of bromine as well as
other unwanted polar substances. By the use of 2 eq of NBS, the yield of 13b was increased to
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Fig 1. Molecular Structure of 13b
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439 when bromination was carried out in a refluxing solution of CHCL,~CF,CO,H (10:1).
The structure of 13b was confirmed by spectroscopic and elemental analysis. The IR spectrum
of this compound showed no NH, CO,H, or amide II bands but showed a y-lactone band at
1790cm ™!, In the 'H-NMR spectrum the NCHN proton signal appeared at §5.62 as a
singlet. Spectroscopic evidence, however, could not furnish information about the stereo-
chemistry of 13b. X-Ray analysis showed 13b to have the cis configuration of the C-O and
C-N bands, which is the same stereochemistry as in tryptoquivalines. An ORTEP drawing is
shoewn in Fig. 1.

Under anhydrous conditions, 16b was probably equilibrated with the acyl-3H-indolium
ion 21b which cyclized to cis and trans 13b by the expected double cyclization. The failure to
isolate the trans isomer of 13b suggested that cis 13b was probably the thermodynamically
more stable isomer, and the less stable ¢trans isomer 13b appeared to revert to cis 13b via 22
under the reaction conditions used. In order to improve the yield of 13b, other reaction
conditions were examined. All our attempts to effect intramolecular double cyclization with
NBS using other solvents such as tetrahydrofuran (THF), benzene, and DMF resulted in either
decomposition of the intermediate or recovery of the starting material and a small amount of
13b was formed only when NBS or N-iodosuccinimide (NIS) in CH;CN was used.

Removal of the methoxycarbonyl group of 13b was then attempted by treatment with
excess trimethylsilyl iodide'® or MeSMe-MeSO,H,'® but under both conditions the y-
lactone ring was preferentially cleaved to give 23. Therefore, the approach to 2 via 13b was -
abandoned and next we turned to the cyclization of 5¢. In a manner identical with the
foregoing, bromination of 5S¢ in methylene chloride resulted in exclusive formation of 16¢
which, in contrast to 16b, was resistant to further cyclization by refluxing. However, when
NBS (2eq) was added to a boiling solution of 5¢ in CF,CO,H-CH,Cl, (1:10), 13¢ was
obtained in 299 yield. Attempted cyclization of S¢ to 13c under other reaction conditions
failed except when NIS in MeCN was used or when TFA was added to 16¢ in methylene
chloride, in which cases small amounts of 13c were obtained. Deprotection of the tri-
chloroethoxycarbonyl group of 13¢ was effected by treatment with Zn in acetic acid to afford
the desired product 2. The TH-NMR spectrum of 2 in dimethy! sulfoxide (DMSO) showed the
PhNCHN proton at 6 5.37 as a doublet corresponding to that of tryptoquivalines G (6 5.30).%
The other spectral data supported the structure of 2. Further confirmation was obtained by
converting 2 to 13b with methyl chloroformate in the presence of K,CO;, demonstrating that
13c and 2 have the same stereochemistry as 13b. Recently we have succeeded in the synthesis
of (+)- and (—)-tryptoquivalines G and L by applying the present method.?> A further
extension of this approach to the synthesis of optically active tryptoquivaline itself is under
way.

Experimental

Melting points were measured with Yamato MP-1 and Yanagimoto micro melting point apparatus, and are
uncorrected. UV spectra were recorded with Hitachi 323 and 340 spectrophotometers. IR spectra were obtained with
Hitachi 295 and 260 instruments, and mass spectra (MS) with Hitachi RMU-7M and M-60 mass spectometers. NMR
spectra were run on JEOL MH-100 and FX-270 spectrometers, with SiMe, as an internal standard. Chemical shifts
are given as ¢ values (ppm). Unless otherwise noted, electronic spectra (4 in nm) refer to solutions in 959, EtOH, IR
spectra (v in cm ™) to KBr disks, and NMR spectra to solutions in CDCl,.

Benzyl 3-Indolepropionate (10)——A solution of 3-indolepropionic acid (30.0g, 159 mmol), benzyl alcohol
(34.3 g, 318 mmol), and p-toluenesulfonic acid monohydrate (1.5 g, 8 mmol) in benzene (180 ml) was refluxed under a
Dean-Stark trap for 2h under N,. The reaction mixture was then diluted with benzene (170 ml) and the aqueous
solution was extracted with benzene. The combined organic layer was washed with NaHCOj, solution, and water, and
dried over anhydrous Na,SO,. Evaporation of the solvent gave a residue, which was crystallized from methanol to
give 10 (15.1g, mp 69-—70°C). The mother liquor was evaporated and the residue was purified by column
chromatography on alumina (200 g, benzene) followed by crystallization from methanol to give 10 (13g). Excess
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benzyl alcohol contained in the mother liquor was removed in vacuo and the residue was chromatographed on silica
gel (120 g, CH,Cl,) followed by crystallization from methanol to give the third crop of 10 (7.3 g). Total yield of 10,
35.48(79.9%), mp 70—71°C. UV A, (¢): 220.5 (35400), 274 sh (5600), 281 (6000), 289.5 (5100). IR v, : 3310, 3050
(NH), 1726 (CO). '"H-NMR (100 MHz): 2.72 (2H, t, J=8 Hz, CH,CO), 3.09 (2H, t, J=8 Hz, CH,), 5.07 (2H, s,
CH,Ph), 6.85 (1H, d, /=3 Hz, C,-H), 6.90—7.40 (8H, m, arom. H), 7.40-—7.62 (1H, m, arom. H), 7.82 (1H, brs, NH,
exchangeable). **C-NMR (67.8 MHz): 20.65 (t, CH,), 34.96 (t, CH,CO), 66.20 (t, CH,Ph), 111.12 (d, C-7), 114.72 (s,
C-3), 118.66, 119.29 (d, C-4, C-5), 121.48, 122.00 (d, C-2, C-6), 127.13 (s, C-3a), 128.13, 128.48 (d, Ph), 135.97 (s, Ph),
136.25 (s, C-Ta), 173.23 (s, CO). 4nal. Caled for C;gH,NO,: C, 77.39; H, 6.13; N, 5.01. Found: C, 77.51; H, 6.19; N,
4.99.

N-Methoxycarbonylglycine p-Nitrophenyl Ester (12a) Dicyclohexylcarbodiimide (DCC) (10.1 g, 49 mmol) in
CH,Cl, (25ml) was added dropwise to a stirred solution of N-methoxycarbonylglycine (6.65g, 50mmol) and p-
nitrophenol (6.96 g, 50 mmol) in CH,Cl, (100 ml) over a period of 70 min. After a further 30 min of stirring at room
temperature, the reaction mixture was filtered to remove dicyclohexylurea (DCU). The filtrate was evaporated to give
a pale yellow solid (13.76 g), which was dissolved in a small amount of hot acetone, and insoluble DCU was removed
by filtration. The filtrate was concentrated followed by crystallization of the residue from CH,Cl,—ether-hexane to
give 12a (11.28 g, 88.8%) as pale yellow prisms, mp 92.5—93.5°C. UV 4_,, (¢): 211.5sh (9600), 267 (10500). IR v_, :
3460, 3320, 3100, 3070 (NH), 1780, 1760 sh, 1730, 1716 sh, 1693 (CO), 1540 (NO,), 1518 (amide II band), 1342 (NO,).
'H-NMR (100 MHz): 3.75 (3H, s, OMe), 4.25 (2H, d, /=7 Hz, CH,), 5.40 (1H, brs, NH), 7.30 (2H, d, J=9 Hz), 8.25
(2H, d, J=9Hz). 4nal. Calcd for C;(H,,N,Oq: C, 47.25; H, 3.97; N, 11.02. Found: C, 47.29; H, 3.97; N, 11.07.

Benzyl 1-(/N-Methoxycarbonylglycyl)-3-indolepropionate (4a) A solution of 10 (3.050 g, 12mmol) in DMF
(10 ml) was added to a stirred suspension of NaH (612 mg, 12 mmol) in dry DMF (30 ml) with ice-salt cooling under
N,. The solution was stirred at — 10 to — 15 °C for 100 min, then p-nitrophenylester 12a (3.048 g, 12 mmol) in DMF
(10 ml) was added to the reaction mixture, and the whole was stirred for 20 min. Removal of DMF in vacuo gave a
solid which was extracted with anhydrous CH,Cl, to remove sodium p-nitrophenyl ester. The extract was filtered and
the filtrate was concentrated to give a residue (5.8 g) which was column chromatographed on silica gel (150 g, ben-
zene-acetone, 7:1). First elution gave benzyl 1-methoxycarbonyl-3-indolepropionate (76 mg). Second elution with
the same solvent gave a mixture of benzyl 1-methoxycarbonyl-3-indolepropionate and 10 (956 mg); this mixture
was rechromatographed twice on silica gel (50 g, benzene-acetone, 10: 1, 12:1) to give benzyl 1-methoxycarbonyl-3-
indolepropionate (134 mg) (totaling 210mg, 5.2%) and 10 (787 mg). Third elution with the same solvent gave 10
(276 mg). Fourth elution gave a mixture of 10, 4a, and p-nitrophenol (941 mg); this mixture was separated by
chromatography on silica gel (50 g, benzene-acetone, 7:1) to give 10 (456 mg; total 1520 mg, 45.4%) and crude 4a
(476 mg). Fifth elution provided crude 4a (1299 mg). The crude 4a was purified on Sephadex LH 20. Elution with
methanol provided 4a (1132 mg, 23.99%) and 11 (303 mg, 11.2%). Recrystallization of 4a from methanol gave colorless
needles, mp 97.5-98.5°C. UV 4, (e): 241 (18900), 263 sh (8700), 273 sh (7000), 292 (6700), 301 (7000). IR v,
3385, 3330 (NH), 3125, 3055, 3030, 1740 (CO), 1732 (NHCO), 1715 (NCO), 1540 (amide II band). *H-NMR
(100 MHz): 2.75 (2H, t, /=6 Hz, CH,CO), 3.04 (2H, t, /=6 Hz, CH,), 3.74 (3H, 5, OMe), 4.42 (2H, d, /=6 Hz, N-
CH,), 5.11 (2H, s, CH,Ph), 5.62 (1H, brs, NH), 7.09 (1H, s, C,~H), 7.20—7.60 (8H, m, arom. H), 8.35 (1H, dd, J=8
and 2 Hz, C;~-H). MS m/z (%): 394 (26) M*, 279 (70), 188 (100), 130 (42), 91 (48). Anal. Caled for C,,H,,N,0;: C,
66.99; H, 5.62; N, 7.10. Found: C, 66.96; H, 5.64; N, 7.08.

N-Methoxycarbonyl-z-methylalanine Methyl chloroformate (45.4g, 0.48 mol) and 4N NaOH (120 ml) were
added dropwise simultaneously to a vigorously stirred solution of a-methylalanine (25.0 g, 0.24mol) in 4N NaOH
(60 ml) with ice-cooling over a period of 15 min. The reaction mixture was stirred for 2 h under ice-cold conditions,
then basified with 109, NaOH and washed with CH,CI, (40 ml x 5). The aqueous layer was acidified with conc. HCI
to pH 1 and extracted with MeCO,Et (500 ml, 300 ml x 2). The organic layer was dried over anhydrous Na,SO, and
evaporated to leave crude N-methoxycarbonyl-a-methylalanine (31.89g, 81.7%) as colorless crystals.
Recrystallizations from methanol afforded colorless prisms, mp 157—158°C (28.50g, 72.9%). IR v,_,: 3330, 3065
(NH, OH), 1737 (CO,H), 1673 (CONH), 1548 (amide I band). 'H-NMR (100 MHz, DMSO-d,): 1.32(6H, s, Me),
3.50 (3H, s, OMe), 7.32 (1H, s, NH, exchangeable), 12.2 (1H, brs, OH, exchangeable). MS m/z (%): 146 (2) M* —15,
116 (8), 42 (100). Anal. Calcd for CgH,;NO,: C, 44.71; H, 6.88; N, 8.69. Found: C, 44.78; H, 6.84; N, 8.68.

N-2,2,2-Trichloroethoxycarbonyl-a-methylalanine——2,2,2-Trichloroethyl chloroformate (0.69 ml, 5 mmol) was
added to a solution of a-methylalanine (1.03g, 10mmol) in aqueous NaOH (0.4 g, 10 mmol/H,0, Sml) with ice-
cooling. The reaction mixture was stirred for 1.5h (pH 7—8), then NaOH (0.2 g, Smmol) in H,O (1 ml) and 2,2,2-
trichloroethyl chloroformate (0.69 ml, 5 mmol) were added and the reaction mixture was stirred for a further 50 min
under ice-cooling. Trichloroethyl chloroformate (0.69 ml, 5mmol) and NaOH (0.2 g) in H,O (I ml) were again added,
and the whole was stirred for 1 h, then basified to pH 10 with NaOH solution and washed with CH,Cl, (15ml, 10 ml).
The aqueous layer was acidified with conc. HCI to pH 1 and extracted with CH,CO,Et (25ml, 20ml x 4). The
combined organic layer was dried over anhydrous Na,SO, and evaporated to give crude N-2,2,2-tri-
chloroethoxycarbonyl-a-methylalanine (1.679g, 60.3%) as colorless crystals. Recrystallization from methanol
afforded colorless prisms, mp 152—155.5°C. IR v,: 3295, 3140, 3050 (NH, OH), 1738, 1703 (CO), 1540 (amide IT
band), 730 (C-Cl). '"H-NMR (100 MHz, DMSO-d,): 1.38 (6H, s, Me), 4.74 (2H, s, CH,), 7.89 (1H, s, NH,

NII-Electronic Library Service



No. 4 1379

exchangeable), 12.21 (1H, brs, COOH, exchangeable). Anal. Caled for C,H,,Cl,NO,: C, 30.18; H, 3.62; N, 5.03.
Found: C, 30.25; H, 3.59; N, 5.06.

N-Methoxycarbonyl-z-methylalanine p-Nitrophenyl Ester (12b)——DCC (25g, 0.12mol) in CH,Cl, (75ml) was
added to a solution of N-methoxycarbonyl-a-methylalanine (19.71 g, 0.12 mol) and p-nitrophenol (17.01 g, 0.12 mol)
in CH,Cl, (250 ml) over a period of 1h at 21 °C. After stirring of the mixture for 160 min, precipitates (DCU) were
filtered off. Evaporation of the filtrate gave a pale yellow solid (24.51 g) which was dissolved in hot acetone, and the
insoluble DCU was filtered. Crystallization of the residue obtained by evaporation of the filtrate from acetone or
acetone-methylene chloride afforded 12b (28.76 g, 85.8%,) as pale yellow prisms or as needles, mp 111—112°C. UV
Zmax (€): 210sh (9600), 267 (10600). IR v, .: 3315 (NH), 1780 (CO,), 1700 (CONH), 1528 (amide II band and NO,),
1349 (NO,). 'H-NMR (100 MHz): 1.67 (6H, s, Me), 3.71 (3H, s, OMe), 5.31 (1H, s, NH, exchangeable), 7.30 (2H, d,
J=9Hz, arom. H), 8.27 (2H, d, /=9 Hz, arom. H). MS m/z (%,): 144 (13), 116 (100), 84 (100), 73 (16), 72 (30), 56 (43).
Anal. Caled for C,H,,N,Oq: C, 51.06; H, 5.00; N, 9.93. Found: C, 51.11; H, 4.99; N, 9.94.

N-(2,2,2-Trichloroethoxy)carbonyl-a-methylalanine p-Nitrophenyl Ester (12c) DCC (5.106 g, 25mmol) in
CH,Cl, (15ml) was added to a stirred solution of N-(2,2,2-trichloroethoxy)carbonyl-a-methylalanine (6.925g,
25mmol) and p-nitrophenol (3.475 g, 25 mmol) in CH,Cl, (100 ml) over a period of 80 min. The reaction mixture was
stirred for 1.5h and filtered. The filtrate was evaporated in vacuo to leave a residue which was treated with a small
amount of hot acetone. The insoluble DCU was filtered off. The filtrate was evaporated and the residue was
crystallized from acetone-methylene chloride to give 12¢ (9.036 g, 90.9%) as colorless prisms. Recrystallization from
acetone gave mp 144—145.5°C. UV Agher (g): 209sh (9150), 266 (10000). IR v, : 3320 (NH), 1766 (CO), 1720

. (CONH), 1530 (amide II band and NO,), 1348 (NO,), 735 (C-Cl). 'H-NMR (100 MHz): 1.70 (6H, s, Me), 4.73 (2H,
s, OCH,), 5.56 (1H, s, NH), 7.26 (2H, d, J=9Hz, arom.H), 8.26 2H, d, J=9Hz, arom. H). Anal. Calcd for
C3H,3CLN,O4: C, 39.07; H, 3.28; N, 7.01. Found: C, 39.56; H, 3.38; N, 7.10.

Benzyl 1-(/V-Methoxycarbonyl-a-methylalanyl)-3-indolepropionate (4b)———1) A solution of 12b (274 mg, 1 mmol)
in DMF (4ml) was added dropwise to a stirred suspension of NaH (51 mg, 1 mmol) in DMF (4 ml) with icesalt
cooling under N,. After a further 15 min of stirring, the solvent was distilled off in vacuo and the residue was extracted
with CH,Cl,. The insoluble material (sodium p-nitrophenolate) was filtered off. The filtrate was evaporated and the
residue was column-chromatographed on silica gel (20g, benzene-acetone, 7:1) to give 4b (305mg, 72.7%).
Recrystallization from methanol gave colorless needles, mp 125—126°C. UV 4__ (e): 243 (18900), 265sh (8700),
273sh (7300), 293 (6650), 301 (7200). IR v, 3360 (NH), 1730, 1685 (CO), 1518 (amide II band). 'H-NMR
(270 MHz): 1.65 (6H, s, Me), 2.76 (2H, t, J=7 Hz, CH,CO), 3.05 (2H, t, J=7Hz, CH,), 3.57 (3H, s, OMe), 5.11 (2H,
s, CH,Ph), 5.17 (1H, s, NH, exchangeable), 7.24—7.50 (7H, m, arom. H), 7.49 (1H, d, J=8 Hz, C,-H), 7.71 (1H, s,
C,-H), 8.54 (1H, d, J=8Hz, C,-H). *C-NMR (67.8 MHz): 20.36 (t, CH,), 26.58 (q, Me x 2), 33.92 (t, CH,CO),
52.38 (q, OMe), 58.54 (s, OC-C-NH), 66.31 (t, CH,Ph), 117.65 (d, C-7), 118.26 (d, C-4), 120.68 (s, C-3), 122.12 (d, C-
2), 123.56 (d, C-5), 125.46 (d, C-6), 128.05, 128.25, 128.59 (d, Ph), 129.29 (s, C-3a), 135.85 (s, Ph), 137.23 (s, C-7a),
155.26 (s, NHCO,), 171.47 (s, NCO), 172.62 (s, CO,CH,Ph). MS m/z (%,): 390 (15), 188 (77), 84 (100). Anal.
Calcd for C,,H,5N,05: C, 68.23; H, 6.20; N, 6.63. Found: C, 68.18; H, 6.20; N, 6.59.

2) 18-Crown-6 (1.32g, Smmol) was placed in a flask, followed by acetonitrile (20ml) in which 10 (1.395¢g,
Smmol), 12b (1.505g, 5.5mmol), and diisopropylethylamine (0.95ml, 6mmol) had been dissolved. Then dry
potassium fluoride (0.58 g, 10 mmol, pre-dried over P,O; for 15h at 120 °C) was added. The suspension was stirred
with protection from light for 5.5h at 60°C and then the solvent was removed in vacuo. The residue was column-
chromatographed on neutral alumina (50 g, upper layer) and silica gel (70 g, lower layer). Elution with CH,Cl, gave
crude 4b (1.765 g, 83.6%,) and some 10 (173 mg, 12.4%) was recovered. Recrystallization of 4b from methanol gave
colorless needles (1.588 g, 75.3%), mp 126—127°C.

Benzyl 1-(/V-(2,2,2-Trichloroethoxy)carbonyl-a-methylalanyl)-3-indolepropionate (4c)——The reaction was carried
out by a procedure similar to that for 4b using 18-crown-6 (3.96¢g, 15mmol) in acetonitrile (60ml), 10 (4.17g,
15mmol), 12¢ (7.196 g, 18 mmol), EtN (iso-Pr), (2.8 ml, 18 mmol), and KF (1.74 g, 30 mmol). The reaction mixture
was refluxed for 19.5h. Work-up was followed by purification through column chromatography (neutral alumina
130 g, upper layer; silica gel 150 g, lower layer; CH,Cl,~hexane, 2: 1 and CH,Cl,) and rechromatography on silica gel
(150 g, hexane—ethyl acetate, 4: 1) to give crude 4c (4.059 g, 50.5%). Recrystallization from methanol gave colorless
prisms, mp 96.5—97.5°C. UV 4, (¢): 242 (18500), 263 sh (8800), 273 sh (6900), 292 (6500), 301 (7000). IR v,,,,: 3290
(NH), 1740, 1715 (CO), 1538 (amide II band). 'H-NMR (270 MHz): 1.69 (6H, s, Me), 2.77 (2H, t, J=7.5Hz,
CH,CO), 3.03 (2H, t, J=7.5Hz, CH,), 4.62 (2H, s, CH,CCl,), 5.12 (2H, s, CH,Ph), 5.62 (1H, s, NH, exchangeable),
7.25—7.42 (2H, m, Cs;-H, Cs-H), 7.26 (5H, s, Ph), 7.49 (1H, dd, /=8 and 1 Hz, C,~H), 8.53 (1H, d, J=8 Hz, C,-H),
7.64 (1H, s, C,—H). *C-NMR (67.8 MHz): 20.33 (t, CH,), 26.32 (q, Me x 2), 33.83 (t, CH,CO), 58.77 (s, CO~C-NH),
66.31 (t, CH,Ph), 74.38 (t, CH,CCl,), 95.37 (s, CCly), 117.6 (d, C-7), 118.31 (d, C-4), 120.96 (s, C-3), 121.91 (d, C-2),
123.73 (d, C-5), 125.63 (d, C-6), 127.99, 128.28, 128.68 (d, Ph), 129.23 (s, C-3a), 135.88 (s, Ph), 137.17 (s, C-7a), 152.69
(s, NHCO,), 170.86 (s, NCO), 172.59 (s, CO,CH,Ph). MS m/z (3}): 390 (26), 299 (29), 188 (100), 91 (43), 84 (57).
Anal. Caled for C,sH,CILN,O5: C, 55.62; H, 4.67; N, 5.19. Found: C, 55.64; H, 4.65; N, 5.21.

1-(N-Methoxycarbonylglycyl)-3-indolepropionic Acid (5a)——A mixture of 4a (1.97g, 5mmol), 5% Pd/C
(180 mg) and methanol (600 ml) was stirred under a stream of hydrogen at room temperature for 5.5 h. After removal
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of the catalyst by filtration, the solvent was removed in vacuo. The solid (1504 g) was washed with a small amount of
methanol to give the crude acid 5a (1.482¢g, 97.59%) as a powder. Crystallization from methanol gave mp 183.5—
185°C. UV A_,, (&): 240 (19400), 262 sh (8800), 271 sh (7200), 291 (6800), 299.5 (7100). IR v_,,,: 3410 (NH), 3000—
2500 (COOH), 1715, 1700 (CO), 1521 (amide II band). 'H-NMR (100 MHz, DMSO-d,): 2.66 (2H, t, J=7Hz,
CH,CO0), 2.94 2H, t, J=7Hz, CH,), 3.60 (3H, s, OMe), 4.46 (2H, d, J=7Hz, CH,N), 7.20—7.45 (2H, m, arom. H),
7.45—7.75 (2H, m, arom. H), 7.72 (1H, s, NH, exchangeable), 8.30 (1H, d, J=7Hz, C,—H). MS m/z (%): 304 (29)
M, 272 (17), 189 (96), 130 (100). Anal. Caled for C,H,;(N,O4: C, 59.20; H, 5.30; N, 9.21. Found: C, 59.31; H, 5.38;
N, 9.07.

1-(/V-Methoxycarbonyl-x-methylalanyl)-3-indolepropionic Acid (Sb)——By the procedure just described, 4b
(2.532 g, 6 mmol) afforded 5b (1.856 g, 93.3%). Recrystallization from methanol gave colorless prisms, mp 216—
217°C. UV i_,, (e): 243 (18500), 265 sh (8500), 274 sh (7000), 293 (6500), 301 (7000). IR v,,,,:-3435 (NH), 3000—2500
(COOH), 1710 (CO), 1500 (amide II band). 'H-NMR (100 MHz, DMSO-dy): 1.76 (6H, s, Me), 2.62 (2H, t, /J=7Hz,
CH,CO), 2.92 (2H, t, J=7Hz, CH,), 3.45 (3H, s, OMe), 7.10—7.46 (2H, m, C,—H, C4—H), 7.60 (1H, dd, /=7 and
2Hz, C,~H), 7.90 (1H, s, C,-H), 8.15 (1H, s, NH, exchangeable), 8.20 (1H, dd, /=7 and 2 Hz, C,-H), 12.15(1H, brs,
COOH, exchangeable). MS m/z (%): 332 (1) M™, 300 (30), 189 (80), 130 (100) 84 (59). Anal. Caled for C,,H,oN,Os:
C, 61.43; H, 6.07; N, 8.43. Found: C, 61.41; H, 6.12; N, 8.45.

1-(V-(2,2,2-Trichloroethoxy)carbonyl-a-methylalanyl)-3-indolepropionic Acid (5¢)——1) By analogy with the
procedure for the preparation of 5a, a solution of 4¢ (2.68 g, 5 mmol) in ethyl acetate (75 ml) was hydrogenated over
10% Pd/C (250 mg) for 8 h and 5c (1.704 g, 74.8%,) was obtained. Recrystallization from methanol gave colorless
prisms, mp 201—202°C. UV /_,. (¢): 242 (18400), 263 (8700), 273 sh (6900), 293 (6400), 301 (6900). IR v, : 3320,
3296 (NH), 3140, 3045, 3000—2500 (COOH), 1725 (CO), 1525 (amide II band). '"H-NMR (270 MHz, DMSO-d,):
1.60 (6H, s, Me), 2.63 (2H, t, J=8 Hz, CH,CO), 2.85 (2H, t, J=8 Hz, CH,), 4.68 (2H, s, CH,CCl;), 7.26 (1H, t, J=
7Hz, Cs~H), 7.32 (1H, t, J=7Hz, C,-H), 7.55 (1H, dd, /=7 and 1.5Hz, C,-H), 7.85 (1H, s, C,~H), 8.36 (1H, d, /=
7Hz, C,-H), 8.81 (1H, s, NH, exchangeable). MS m/z (%): 300 (39), 189 (39), 130 (100), 84 (67). Anal. Calcd for
C,sH,,C3N,04: C, 48.07; H, 4.26; N, 6.23. Found: C, 48.25; H, 4.27; N, 6.25.

2) A solution of 4¢ (2.678 g, Smmol) in methanol was hydrogenated over 5% Pd/C (330 mg) for 11.5h and left
overnight. The reaction mixture was filtered and the filtrate was evaporated to give a residue (2.428 g), which was
column-chromatographed on silica gel (75 g, benzene-acetone, 5: 1, 2: 1) to give 18¢ (1.757 g, 74.6%,) and the methyl
ester of 5d (109mg, 6.1%) and 5¢ (69mg, 3.1%). Methyl 1-(N-(2,2,2-trichloroethoxy)carbonyl-a-methylalanyl)-3-
indolepropionate (18¢), crystallized from acetone-CH,Cl,~hexane, mp 100—103 °C, colorless prisms, UV 1_,,: 243,
265sh, 273 sh, 293, 302. IR v, : 3310 (NH), 1730, 1698 (CO), 1520 (amide II band). *H-NMR (100 MHz): 1.76 (6H,
s, Me), 2.70 (2H, t, J="7 Hz, CH,CO0), 3.00 2H, t, J=7Hz, CH,), 3.65 (3H, s, OMe), 4.60 (2H, s, CH,CCl,), 5.87 (1H,
s, NH, exchangeable), 7.10—7.50 (3H, m, arom. H), 7.68 (1H, s, C,~H), 8.50 (1H, dd, J=8 and 2Hz, C,-H). 1*C-
NMR (67.8 MHz): 20.34 (t, CH,), 26.33 (q, Me x 2), 33.58 (t, CH,CO), 51.74 (g, OMe), 58.83 (s, CO-C-NH), 74.34
(t, CH,CCl,), 95.37 (s, CCly), 117.61 (d, C-7), 118.29 (d, C-4), 121.00 (s, C-3), 121.87 (d, C-2), 123.70 (d, C-5), 125.62
(d, C-6), 129.22 (s, C-3a), 137.15 (s, C-7a), 152.76 (s, NHCO,Me), 170.90 (s, NCO), 173.26 (s, CO,). MS m/z (7;): 466
(0.2) M* +4, 464 (0.5) M+ +2, 462 (0.6) M*, 315 (11), 314 (49), 203 (56), 130 (100), 84 (68). The aromatic ring 3C-
NMR signals were assigned by the selective decoupling method. Methyl 1-(N-ethoxycarbonyl-a-methylalanyl)-3-
indolepropionate, crystallized from CHCl,~hexane, mp 118.5—119.5°C, colorless prisms. UV 4., 243, 265sh,
274sh, 292.5, 301.5. IR v_,: 3320 (NH), 1698 (CO), 1520 (amide II band). 'H-NMR (270 MHz, taken at 55°C): 1.06
(3H, brs, CH,CHj,), 1.71 (6H, s, Me), 2.69 (2H, t, J=7Hz, CH,CO0), 3.02 (2H, t, /=7 Hz, CH,), 3.67 (3H, s, OMe),
3.99 (2H, q, J=7Hz, OCH,CH,), 5.11 (1H, s, NH, exchangeable), 7.23—7.40 (2H, m, C;—H and C4-H), 7.47 (1H, d,
J=8Hz, C,—H), 7.73 (1H, s, C,~H), 8.51 (1H, d, J=8 Hz, C,~H). MS m/z (3}): 360 (2) M ™, 314 (18), 203 (70), 142
(12), 130 (100).

Reaction of 5a with NCS in AcOH——NCS (20mg, 0.15mmol) in AcOH (3 ml) was added dropwise to a stirred
solution of 5a (46 mg, 0.15 mmol) in AcOH (5 ml) over a period of 10 min at 70 °C. The reaction mixture was stirred
for 1h at 75°C and the solvent was removed in vacuo. The residue was column-chromatographed on alumina (2 g,
benzene—acetone, 2: 1) to give 14a (21 mg, 39%). UV A, 244, 273, 287. IR v,,,: 3350 (NH), 1780 (y-lactone), 1700
(CO), 1525 (amide II band). 'H-NMR (100 MHz): 2.12 (3H, s, MeCO,), 2.20—3.10 (4H, m, CH,CH,), 3.71 (3H, s,
OMe), 3.90—4.50 (2H, brs, NCH,), 5.62 (1H, brs, NH), 6.60 (1H, s, C,—H), 7.00—7.60 (3H, m, arom. H), 8.06 (1H,
brs, C~H). MS m/z (%): 362 (12) M*, 247 (70), 205 (100), 159 (15), 148 (19), 145 (17), 88 (22).

Reaction of 5a with NBS in CH,Cl, NBS (27 mg, 0.15 mmol) in CH,Cl, (10 ml) was added to a suspension of
5a (46 mg, 0.15mmol) in CH,Cl, (20 ml) at room temperature and the reaction mixture was stirred for 110 min until it
became a homogeneous solution and the starch-KI test became negative. The solvent was evaporated off and the
residue was purified by preparative TLC (silica gel, 20 g, benzene-acetone, 2: 1) to give 14b (24 mg, 519,). UV 4.
248, 282, 291 sh. IR v_, : 3350 (NH, OH), 1770 (y-lactone), 1700 (CO), 1530 (amide II band). 'H-NMR (100 MHz):
2.20—3.20 (4H, m, CH,CH,), 3.65 (3H, s, OMe), 4.20 and 4.35 (2H, d x 2, J=6 Hz, CH,N), 5.68 and 5.76 (1H, s x 2,
C,-H), 6.10 (1H, brs, NH, exchangeable), 7.00-—7.60 (3H, m, arom. H), 8.08 (1H, d, /=8 Hz, C,-H). MS m/z (%):
320 (22) M*, 233 (31), 205 (100), 187 (46), 176 (34), 159 (25), 148 (59), 146 (50), 145 (88), 116 (33), 88 (61).

Reaction of 5a with NBS in zerr-BuOH A solution of NBS (27 mg, 0.15 mmol) in tert-BuOH (7 ml) was added
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to a suspension of 5a (46 mg, 0.15mmol) in rert-BuOH (10 mi) at 28—30°C. The reaction mixture was stirred for
40min, and the solvent was removed in vacuo. The residue was subjected to preparative TLC (silica gel, 20g,
benzene-acetone, 2: 1) to give 14b (17mg, 35%) as the only isolable product.

3-Methoxycarbonyl-2,2-dimethyl-1-0x0-2,3,3a,4-tetrahydro-1H-imidazo[ 1,2-a]indole-4-spiro-5'-y-butyrolactone
(13b): Bromination of 5Sb——1) A solution of NBS (267 mg, 1.5 mmol) in anhydrous CH,Cl, (35ml) was added to a
stirred suspension of 5b (498 mg, 1.5 mmol) in anhydrous CH,Cl, (5ml, purified by acid and base washing followed
by drying over CaH,) over a period of 7 min at room temperature. The reaction mixture was stirred for 60 min. The
solution became clear and TLC showed essentially a single spot corresponding to 16b (Rf 0.6, silica gel, benzene—
acetone, 5:2). After an additional 20 min of stirring, the mixture was refluxed for 130 min until 16b disappeared. The
reaction mixture was poured into H,0-CH,Cl, (30ml-40ml) and the organic layer was separated. The aqueous
solution was extracted with CH,Cl,. The CH,Cl, extracts were washed with water, dried over anhydrous MgSO, and
concentrated to leave a residue (692 mg) which was treated with ethyl acetate-hexane (1 : 1). The starting material, 5b,
was recovered as the insoluble material by filtration. The filtrate was subjected to column chromatography on silica
gel (135, ethyl acetate-hexane, 1:1—5:1) to give crude 13b (142 mg), which was rechromatographed on silica gel
(40 g, benzene-acetone, 3: 1) to give 13b (97 mg, 20%) as a colorless caramel (TLC, silica gel, benzene-acetone, 3:1,
Rf 0.7). Crystallization from benzene-hexane gave 13b as colorless prisms (73mg, 15%, mp 122—124°C).
Recrystallization from ethanol-hexane gave an analytically pure sample, mp 116—117°C, which was used for X-ray
analysis. 13b: UV 4, (e): 244.5 (10500), 276 (1400), 285sh (1150). IR v,,,: 1790 (y-lactone), 1740, 1732, 1715 (CO).
1H-NMR (270 MHz): 1.59 (3H, s, Me), 1.60 (3H, s, Me), 2.72 (2H, m, CH,), 3.05 (2H, m, CH,), 3.83 (3H, s, OMe),
5.62 (1H, s, NCHN), 7.30 (1H, dt, J=7, 7 and 1 Hz, C,~H), 7.38 (1H, d, J=7Hz, Cs-H), 7.50 (1H, dt, J=8, 8 and
1Hz, C,-H), 7.61 (1H, d, J=8 Hz, Cg-H). '*C-NMR (67.8 MHz): 23.81 and 24.42 (q, C,-CHj,), 28.68 (t, CH,CH,),
53.15(q, OCH,), 65.88 (s, C-2), 82.24 (d, C-3a), 86.79 (s, C-4), 117.36 (d, C-8), 124.56 (d, C-5), 126.64 (d, C-6), 131.59
(d, C-7), 133.81 (s, C-4a), 138.82 (s, C-8a), 155.46 (s, NCO,), 173.37, 175.70 (s, NCO, C0).*” The NMR signals
of the aromatic protons and the aromatic carbons were determined by the decoupling and selective decoupling
methods, respectively. MS m/z (%): 330 (97) M*, 302 (39), 301 (100), 287 (13), 247 (13), 246 (67), 161 (17), 130 (10),
116 (20), 84 (10). Anal. Calcd for C;;H,3N,O;: C, 61.81; H, 5.49; N, 8.48. Found: C, 61.80; H, 5.53; N, 8.44.

X-Ray analysis of 13b: forms triclinic crystals with space group PT and unit cell parameters a=10.926 (2) A b=
17.686 (3) A, ¢=9.185 (1) A, «=91.78 (2)°, B=87.66 (1)°, y=66.09 (1)°, V'=1619 A®, Z=4. The intensities of 7868
reflections (3<20<55° Mo Ko radiation) were collected, and 4795 reflections (upper limit of sin 0/4=0.6181,
Fo>30(Fo) were used for the structure analysis by the direct method?" using a mini computer. All the carbon,
nitrogen, and oxygen atoms were located and the structure of 13b was elucidated to be as shown in Fig. 1. The
resulting R value at this stage was 0.101. Further refinements on a large computer? using 5315 reflections
(Fo>3c¢(Fo)) were made with the assumption of anisotropic temperature factors for all C, N, and O atoms.
Hydrogen atoms were located in difference maps and their parameters were included in the final cycles of refinement.
The final R value was 0.059.

2) NBS (178mg, 1 mmol) was added to a boiling solution of 5b (332mg, 1 mmol) in CHCl; (150ml) and
CF,CO,H (15ml). After 1h of refluxing, NBS (178 mg, | mmol) was added to the reaction mixture. The whole was
refluxed for 80 min and the solvent was evaporated off. The residue was taken up with CH,Cl,, washed with water,
and dried over MgSO,. Evaporation of the solvent gave a residue (311 mg), which was chromatographed on silica gel
to give 13b (141 mg, 42.7%).

3) NBS (534mg, 3mmol) in CH,Cl, (140ml) was added to a stirred suspension of 5b (997 mg, 3 mmol) in
CH,Cl, (50 ml, dried over CaCl, and distilled) at room temperature. The reaction mixture was stirred for 50 min and
then stirred for 4.5h at —20 to —10°C. The solvent was evaporated off and the residue was dissolved in a small
amount of benzene-acetone (4: 1). The solution was filtered, and the filtrate was column-chromatographed on silica
gel (150 g, benzene-acetone, 4: 1) followed by rechromatography on silica gel to provide 17b (394 mg, 29.8%), 18b
(201 mg, 19.4%), and 19b (90mg, 8.7%). 4a-Bromo-9a-methoxy-9-(N-methoxycarbonyl-a-methylalanyl)-2-oxo-
2,3,4,4a,9,9a-hexahydropyrano[2,3-blindole (17b): mp 108—109 °C (hexane-CH,Cl,). UV 4_,, (¢): 238 (12500). IR
Venax- 3400 (NH), 1762, 1736, 1718 (CO), 1605, 1518 (amide I band). 'H-NMR (270 MHz): 1.78 (6H, s, Me), 2.25 (2H,
m, CH,), 2.75 (2H, m, CH,), 3.50 (3H, s, OMe), 3.60 (3H, s, CO,Me), 5.47 (1H, s, NH, exchangeable), 7.22 (1H, dd,
J=7and 1 Hz, C,~H), 7.38 (1H, dt, J=8, 8, and 1 Hz, C,-H), 7.41 (1H, d, J=7Hz, C;-H), 7.76 (1H, d, J=8 Hz, Cg—
H). 13C-NMR (67.8 MHz): 25.63 and 26.17 (g, C-CHy), 30.15 (t, C-4), 34.29 (t, C-3), 51.89 (q, OCHy,), 52.20 (q,
COOCH,), 55.20 (s, C-4a), 59.49 (s, C-Me,), 116.07 (d, C-8), 124.22 (d, C-5), 125.46 (d, C-6), 128.71 (s, C-4b), 131.01
(d, C-7), 139.10 (s, C-8a), 155.86 (s, NCO,), 171.76, 172.88, 177.75 (s, C-2,C-10, NCO). MS m/z (%): 344 (2), 330 (4),
219 (53), 217 (26), 188 (39), 187 (100), 185 (53), 145 (85), 116 (70), 84 (19), 72 (21), 56 (22). Anal. Calcd for
C,H,;BrO4N,: C, 48.99; H, 4.80; N, 6.35. Found: C, 48.95; H, 4.77; N, 6.39. Methyl 1-(N-methoxycarbonyl-a-
methylalanyl)-3-indolepropionate (18b): mp 126—127°C (hexane-CH,Cl,), colorless needles. UV A4, (e): 242.5
(19000), 265 sh (8400), 273 sh (7300), 293 (6700), 301 (7000). IR v,,,,: 3405 (NH), 1743, 1730, 1704 (CO), 1511 (amide
II band). 'H-NMR (100 MHz): 1.70 (6H, s, Me), 2.70 (2H, t, J=7 Hz, CH,CO), 3.03 (2H, t, J=7 Hz, CH,), 3.57 (3H,
s, NCO,Me), 3.66 (3H, s, CO,Me), 5.47 (1H, brs, NH, exchangeable), 7.18—7.60 (3H, m, arom. H), 7.75 (1H, 5, C,-
H), 8.55 (1H, dd, /=8 and 2 Hz, C,—H). '*C-NMR (67.8 MHz): 20.33 (t, CH,), 26.61 (g, C-CH3), 33.66 (t, CH,CO,),
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51.69 (g, CO,CH,;), 52.38 (q, NCO,CHj), 58.60 (s, C-CH,), 117.65 (d, C-7), 118.23 (d, C-4), 120.73 (s, C-3), 122.12
(d, C-2), 123,53 (d, C-5), 125.46 (d, C-6), 129.29 (s, C-3a), 137.23 (s, C-7a), 155.32 (s, NCO,), 171.53 (s, NCO), 173.31
(s, CO,CH,;). MS mjfz (9;): 346 (3) M™, 314 (24), 203 (100), 130 (97), 116 (38), 84 (31). 4nal. Caicd for C,gH,,N,O;:
C, 6241; H, 6.40; N, 8.07. Found: C, 62.08; H, 6.35 N, 7.99. 2-Methoxy-1-(N-methoxycarbonyl-a-
methylalanyl)indolin-3-spiro-5’-y-butyrolactone 19b: mp 180.5—182 °C (CH,Cl,~hexane), colorless needles. UV 1.,
(&): 248 (14100), 281 sh (1700), 290 (1300). IR v,,.: 3350 (NH), 1780 (y-lactone), 1700, 1675, 1665 (CO), 1525 (amide
II band). 'H-NMR (270 MHz); 1.60 (3H, s, Me), 1.68 (3H, s, Me), 2.65 (1H, m) and 2.75—3.05 (3H, m) (CH,CH,), 2.91
(3H, s, OMe), 3.67 (3H, s, CO,Me), 5.02 (1H, brs, NH, exchangeable), 5.30 (1H, s, CH,Cl,), 6.04 (1H, s, NCHO),
7.17 (1H, t, J=8 Hz, Cs-H), 7.31 (1H, dd, /=8 and 1 Hz, C,-H), 7.45 (1H, dt, J=8, 8 and 1 Hz, C,~H), 8.27 (1H, d,
J=8Hz, C,~H). "*C-NMR (67.8 MHz): 24.22 (t, CH,), 26.20 (q, C~CH3), 26.80 (g, C-CH3), 29.43 (t, CH,CO), 51.60
(g, OCHy), 52.29 (g, NCO,CH,), 58.28 (s, C-CH,), 90.13 (s, C-3), 92.52 (d, C-2), 118.52 (d, C-7), 122.32 (d, C-4),
124.79 (d, C-5), 129.08 (s, C-3a), 131.85 (d, C-6), 145.76 (s, C-7a), 155.49 (s, NHCO,), 173.11, 174.95 (s, CO). MS m/z
(%): 362 (1) M*, 330 (3), 219 (72), 191 (21), 158 (25), 130 (13), 116 (100), 84 (17), 72 (14). Anal. Caled for
C,gH,,N,04 - 1/2CH,Cl,: C, 54.84; H, 5.69;.N, 6.88. Found: C, 54.89; H, 5.73; N, 6.92.

4) NBS (356 mg, 2mmol) in 59, methanol in CH,Cl, (54 ml) was added to a stirred solution of 5b (664 mg,
2mmol) in 595 methanol in CH,Cl, (70 mi) over a period of 7min (TLC showed only one spot corresponding to 16b
when all the NBS had been added). The reaction mixture was stirred for 50 min, poured into saturated sodium
bicarbonate solution and then extracted with CH,Cl,. The CH,Cl, extract was dried over anhydrous Na,SO, and
evaporated to yield a residue (682mg), which was column-chromatographed on silica gel (50g, ethyl acetate—
hexane, 1:1). First elution provided 17b (109 mg, 12.49; Rf0.7, SiO,/ethyi acetate-hexane, 1: 1). Second elution gave
18b (37mg, 5.3%;; Rf 0.4, the same conditions as above). The product from the third elution was rechromatographed
(three times) on silica gel (25 g, ethyl acetate-hexane, 5 : 4) to give a mixture of less poalr and more poalr isomers of 20
(300 mg, 387). Fourth elution gave 19b (159 mg, 22.2%). 20a, less polar isomer: UV A, 250, 287sh. IR v__,: 3330
(NH, OH), 1780, 1720, 1660 (CO), 1530 (amide II band). 'H-NMR (100 MHz): 1.60, 1.66 (s, 6H, Me), 1.80—2.30
(IH, m) and 2.30—2.70 (3H, m) (CH,CH,), 2.90 (3H, s, OMe), 3.57 (6H, s, CO,Me), 4.00 (1H, br’s, OH, exchangeable),
5.73 (1H, d, J=8 Hz, C,-H), 5.40—6.40 (1H, brs, NH, exchangeable), 6.92—7.20 (3H, m, arom. H), 8.11 (1H, d, J=
8Hz, C,~H). MS m/z (%): 333 (35), 273 (51), 261 (18), 219 (24), 162 (17), 160 (28), 158 (18), 146 (18), 145 (17), 132
(21), 130 (31), 116 (100), 84 (30). 20b, more polar isomer: UV A, 248, 277sh, 286sh, IR v,_,.: 3330—3400 (NH,
OH), 1730, 1660 (CO), 1520 (amide II band). 'H-NMR (100 MHz): 1.66 (6H, s, Me), 1.80—2.50 (4H, m, CH,CH,),
3.35 (3H, s, OMe), 3.61 (6H, s, CO,Me), 4.00 (1H, d, J=8Hz, OH, exchangeable), 5.45 (1H, s, NH, exchangeable),
5.77 (1H, d, /=8 Hz, C,-H), 6.90—7.44 (3H, m, arom. H), 8.16 (1H, d, J=8 Hz, C,—H). MS m/z (%}): 333 (1), 273 (2),
219 (100), 158 (7), 116 (21).

Both isomers were readily interconvertible in CH,Cl,.

Isolation of 4a-Bromo-9-(V-methoxycarbonyl-a-methylalanyl)-2-0x0-2,3,4,4a,9,9a-hexahydropyrano[2,3-5]indole
(16b)——NBS (18 mg, 0.1 mmol) in CH,Cl, (4ml) was added to a stirred suspenison -of 5b (33 mg, 0.1 mmol) in
CH,Cl, at room temperature. The reaction mixture was stirred for 80 min until the solution became clear and the
conversion of 5b to 16b was completed, then it was diluted with CH,Cl, (10 ml). The CH,Cl, layer was washed with
water, dried over anhydrous MgSQ,, filtered, and evaporated to give 16b. This work-up was completed within 30 min.
16b: UV 4_,.: 231, 254sh, 299.5. IR v,,,.: 3320 (NH), 1760, 1720sh, 1700, 1680 sh (CO), 1520 (amide II band). *H-
NMR (100 MHz): 1.66, 1.69 (s, 6H, Me), 2.10—2.68 (2H, m, CH,), 2.80—3.28 (2H, m, CH,CO), 3.69 (3H, s, OMe),
5.54 (1H, s, NH), 7.01 (1H, s, NCHO), 7.06—7.55 (3H, m, arom. H), 8.20 (1H, d, J=8 Hz, Cs—H).

Reaction of 13b with Trimethylsilyl Todide (TMSI)——A solution of freshly prepared TMSI (0.1 mmol) in
acetonitrile (1.2 ml) was added to a solution of 13b (33 mg, 0.1 mmol) in anhydrous acetonitrile (1 ml) via a dry syringe
under N, at room temperature. The reaction mixture was stirred for 75 min, poured into water (20 ml), and extracted
with CH,Cl,. The extract was dried over anhydrous Na,SO, and concentrated. The resulting residue (41 mg) was
chromatographed on silica gel (4 g, benzene—acetone, 5 : 2) to give 23 (25mg, 77%). 23: UV 1. 242sh, 248, 257.5,
283, 292. IR v,,: 3500—3100 (OH), 3000—2500 (COOH), 1720, 1625 (CO). ‘*H-NMR (100 MHz): 1.75 (6H, s, Me),
2.68 (2H, t, J=8 Hz, CH,CO), 3.26 (2H, t, J=8 Hz, CH,), 3.96 (3H, s, OMe), 7.06—7.58 (3H, m, arom. H), 7.92 (1H,
dd, J=7 and 2 Hz, C4~H), 8.30—9.60 (1H, brs, COOH). MS m/z (%}): 330 (43) M+, 272 (20), 271 (100), 243 (19), 184
(11), 183 (27), 59 (10).

The reaction of 13b (33 mg, 0.1 mmol) in DMSO (1 ml) with methanesulfonic acid (1 ml) at 1—10 °C for 7 h gave
23 (32 mg).

2,2-Dimethyl-3-(2,2,2-trichloroethoxy)carbonyl-1-0x0-2,3,3a,4-tetrahydro-1 H-imidazo[ 1,2-a]indole-4-spiro-5’-y-
butyrolactone (13¢) 1) NBS (178 mg, 1 mmol) was added to a boiling solution of 5¢ (450 mg, 1 mmol) in CH,Cl,
(20 ml) containing CF,CO,H (2ml). After 140 min of refluxing, NBS (178 mg, 1 mmol) was added to the reaction
mixture, which was further refluxed for 2h and then concentrated. The resulting residue was treated with CH,Cl,~
H,0. The CH,Cl, layer was dried over anhydrous MgSO,, and evaporated to give a residue (577 mg), which was
chromatographed on silica gel (20 g, benzene—chloroform) twice to give 13¢ (129 mg, 28.8%) (TLC: SiO,/CHC,, Rf
0.6) and 15 (TLC: SiO,/CHCl,, Rf0.5) which was unstable and readily hydrolyzed to 9 (R =H). Recrystallization of
13c from CHCl;-hexane gave colorless needles, mp 186—186.5°C. UV A_.. (e): 242.5 (10200), 275 (1300). IR v

max*
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1792, 1779, 1745sh, 1735, 1720 sh (CO). 'H-NMR (270 MHz): 1.70 3H, s, Me), 1.78 (3H, s, Me), 2.75 (2H, m, CH,),
3.05 (2H, m, CH,), 4.84 (1H, d, J=8 Hz) and 4.95 (1H, d, J=8 Hz, CH,CCl,), 5.30 (1/3H, s, CH,Cl,), 5.65 (1H, s,
NCHN), 7.32 (1H, dt, J=8, 8, and 1 Hz, C¢~H), 7.39 (1H, dd, /=8 and 1 Hz, Cs-H), 7.50 (1H, dt, /=8, 8, and ! Hz,
C,-H), 7.63 (1H, dd, J=8 and 1 Hz, C4—H). '*C-NMR (67.8 MHz): 23.87 (q, C-CH,), 24.73 (q, C-CHy,), 28.56, 28.77
(t, CH,CH,), 66.46 (s, C~CHj), 75.30 (t, OCH,), 82.32 (d, C-3a), 86.61 (s, C-4), 94.62 (s, CCl;), 117.42 (d, C-8),
124.53 (d, C-5), 126.81 (d, C-6), 131.70 (d, C-7), 133.63 (s, C-4a), 138.70 (s, C-8a), 153.16 (s, NCO,), 173.02, 175.38 (s,
NCO, CO). MS m/z (%): 448 (64) M* +2, 446 (56) M ¥, 421 (35), 419 (79), 417 (100) M* — CHO, 366 (45), 364 (66),
362 (89), 243 (40), 204 (43), 188 (55), 160 (41), 149 (45), 131 (41), 84 (57). Exact mass caled for C;gH,;;C;N,05: M7 =
446.0205, Found 446.0209; M* +2=448.0175, Found 448.0170; M* +4=450.0145, Found 450.0146. Anal. Calcd
for C,gH,,CI,N,05-1/6CH,Cl,: C, 47.24; H, 4.05; N, 6.07. Found C, 47.19; H, 3.80; N, 6.00.

2) NIS (45mg, 0.2mmol) in acetonitrile (3ml) was added to a stirred solution of 5¢ (91 mg, 0.2 mmol) in
acetonitrile (2 ml). The reaction mixture was stirred for 5 h at room temperature and for 3.5h at reflux. Work-up gave
13¢ (4 mg, 4%;) and recovered 5¢ (64 mg, 70%).

2,2-Dimethyl-1-0x0-2,3,3a,4-tetrahydro-1H-imidazo[ 1,2-aJindole-4-spiro-5’-y-butyrolactone (2)——A solution of
13c (45mg, 0.1 mmol) in AcOH (2ml) was treated with Zn (45mg). The reaction mixture was stirred for 1h, then
further Zn (45 mg) was added and the reaction was continued for 1 h at room temperature. The insoluble material was
filtered off. The filtrate was concentrated in vacuo. The resulting residue was chromatographed on silica gel (3 g,
CHCl,-acetone, 20: 1) to give 2 (22mg, 80%). Recrystallization from CHCly-hexane gave colorless needles, mp
216—217.5°C. UV A_,, (e): 246.5 (11800), 284sh (1500). IR v, 3350 (NH), 1783 (y-lactone), 1711 (CO), 1610
(PhNCN). 'H-NMR (270 MHz): 1.43 (3H, s, Me), 1.49 (3H, s, Me), 2.45 (1H, brs, NH, exchangeable), 2.53 (1H, ddd,
J=14,14,and 9 Hz) and 2.73—2.97 (3H, m, CH,CH,), 5.24 (1H, s, NCHN), 7.21 (1H, t,J=7.5Hz, Cs-H), 7.39 (1H, d,
J=17.5Hz, Cs~H), 7.47 (1H, t, J=8Hz, C;-H), 7.59 (1H, d, /=8 Hz, Cg—H). 13C.NMR (67.8 MHz): 24.39 (q, C-
CHS,), 24.88 (q, C-CH3,), 28.85, 30.32 (t, CH,CH),), 66.46 (s, C-~CH,), 81.66 (d, C-3a), 85.95 (s, C-4), 115.84 (d, C-8),
124.51 (d, C-5), 125.37 (d, C-6), 131.93 (d, C-7), 132.11 (s, C-4a), 138.96 (s, C-8a), 174.46, 175.73 (s, NCO, CO). MS
mjz (%): 272 (67) M+, 244 (35), 243 (77), 201 (16), 189 (22), 188 (100), 161 (27), 160 (35), 131 (20), 130 (20), 104 (52),
58 (67), 42 (28). Exact mass caled for C,sH (N,05: 272.1162. Found 272.1161. Anal. Caled for C,sH N, 05 1/3H,0:
C, 64.73; H, 6.04; N, 10.07. Found: C, 65.01; H, 5.82; N, 10.03.

Formation of 13b from 2——A mixture of 2 (6 mg, 0.02 mmol), anhydrous K,CO, (8 mg, 0.06 mmol), and methyl
chloroformate (7.56 mg, 0.08 mmol) in acetone (2ml) was refluxed for 1h then further methyl chloroformate
(7.56 mg) in acetone (1 ml) was added. After 2h of refluxing, additional methyl chloroformate (7.56 mg) in acetone
(1 ml) and anhydrous K,CO, (8 mg) were added to the reaction mixture. The whole was refluxed for 2.5h and then
evaporated. The residue was taken up with CH,Cl,. The CH,CI, extract was filtered, dried over anhydrous MgSO,
and evaporated. Purification of the crude product by column chromatography on silica gel (3 g, CHCl;-acetone, 40:1)
gave 13b (6 mg) which was identical with that obtained by bromination of 5b, both spectroscopically *H-NMR and
IR, UV) and in TLC behavior.
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