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has been achieved. The key steps of the synthesis were 1) C-4 selective functionalization of the indole
ring via directed lithiation of 1-(triisopropylsilyl)gramine (2), and 2) stereoselective alkylation of the
lithiated (2R)-(-)-2,5-dihydro-2-isopropyl-3,6-dimethoxypyrazine (Scholikopf's bislactim ether) (4) with
1-t-butoxycarbonyl-3-chloromethyl-4-{ (£)-3-methoxy-3-methyl-1-butenyljindole (10). The diastereo-
selectivity of the latter reaction was found to be highly dependem on the coordinating ability of solvents
or addiiives. The opiically aciive amino-alcohol 13, prepared by the mild acid hydrolysis of the
alkylation product 11a, was successfully converted to the azepinoindoles 14a, b by PPTS-catalyzed
dehydrative cyclization. During the course of the final deprotection of N-Boc group, an interesting cis-
trans isomerization between 15a and 15b, which proceeded via acid-catalyzed ring opening and
recyclization at C-6, was observed. © 1999 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

Clavicipitic acids are unusual azepinoindole-type ergot alkaloids isolated as a mixture of cis- and trans-
isomers (1a and 1b) from culture of Claviceps strain SD5812.d or Claviceps fusiformis 139/2/1G.1b.d The
unique tricyclic structures of 1a,b have received considerable attention by synthetic chemists and, therefore, a

number of unique synthetic strategies have been developed.2 Recently, we have reported a concise total

disubstituted indoles developed in our laboratories.3 In this paper, we report an enantioselective formal
synthesis of clavicipitic acids based upon this methodology.
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We planed to synthesize optically active 1a,b by combined use of C-4 selective functionalization of the
indole ring via directed lithiation of 1-(triisopropylsilyl)gramine (2)32 (1st step), and Schéllkopf's amino acid
synthesis# using bislactim ether 4 (2nd step) as key reactions (Scheme 1).
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bislactim ether 4, were shown in Scheme 2. 1-(Triisopropylsilyl)gramine (2) was treated with #-BulLi in ether
at 0°C for 1 h and the resulting 4-lithio species was reacted with 3-methyi-2-butenal (3) to give the hydrogen-
bonded amino alcohol § in good yield.2] Methanolysis of 5 in the presence of anhydrous phosphoric acid
produced 6 via SN1' reaction in 85% yield. This compound was treated with 1 equivalent of isopropyl
chlorocarbonate in toluene for 10 min at room temperature to generate the chloride 7.5 This chloride, however,
was extremely unstable and decomposed to intractable tarry material during evaporation of the solvent.
Although, we attempted to use a freshly generated toluene solution of 7 for the alkylation of 4, we could isolate

none of the expected coupling product.
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Reagents and conditions: (a) (i) t-BuLli, ether, 0°C, 1h; (i) Me,C=CHCHO. (b) anhy H3PO,, MeOH, t, 1 h.
(c) CICOO-iPr, toluene, rt, 10 min. (d) TBAF, rt, 30 min. (d) (Boc),0, DMAP, EtzN, THF i, 1.5 h.
{f) CICOOEt, toluene, rt, 10 min.
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The lability of 7 was assumed to be due to rapid elimination of chloride ion by electronic assistance of
indole nitrogen, followed by decomposition of the generated 3-methyleneindolenine-type intermediate.®
Therefore, we planed to synthesize the chloride 10 in which indole nitrogen was protected by electron-
withdrawing t-butoxycarbonyl (Boc) group. Thus, compound 6 was treated with tetrabutylammonium fluoride
(TBAF) to give deprotected 8, which was then reacted with (Boc)20 in the prcscnce of 4-

evaporation of i

elaborated in further reactions.

Table 1. Diastereoselective Alkylation of Bislactim Ether 4 with Chloride 10

\:Ee OMe
N OMe 1. base, -78°C, 1h Z A, N _OMe /l NN OMe
eO/J%NJY 2.10, -78°C,1h '\ L /E S II/
. “then -50°C, 17 h r  MeO N Me0” "N
4 Boc | Boc ]
11a 11b
entry base? solvent additive 11a: 110" yield (%)% % ee 11a%
1 Buli THF — 25:1 68 -
2 BulLi Et,O _— 1:1 23 _—
3 BulLi DME — 20:1 53 —
4 Buti THF TMEDA >30: 1 71 89
5 BulLi THF HMPA 20:1 75 -
6 Buti THF LiCl 65:1 70 —_
7 LDA THF _ _ 0 —
8 MeLi THF — - 0 -—
9 Buli THF TMEDA >30:1 66 96

a) Reagents ratio; 10:4 :base =1.0:1.1: 1.2 (entries 1-8); 1.00: 1.15: 1.10 (entry 9). b) Diastereomeric ratio
was estimated by 'H-NMR analysis. ¢) Combined yield (11a + 11b). d) Enantiomeric excess was determined after
hydrolysis.

The results of the coupling of 4 with 10 were summarized in Table 1. The bislactim ether 4 was
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metalated under the standard conditions* (BuLi/THF/-78°C/1 h) and subsequently alkylated with the freshly

prepared chloride 10 (-78°C/1 h then -50°C/17 h) (entry 1). Ti
a mixture by flash chromatography in 68% yield and the diastereomeric ratio was estimated to be 2.5:1 by

=

e aikylation products i1a,b were isolated as
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integration of isopropyl absorptions in the IH-NMR spectrum [ 0.68 (trans); & 0.46 (cis)]. This result was
very surprising for us because the diastereoselectivity of the alkylation of 4 with common alkyl halides has been
reported to be generally very high (de>95%).4 We, therefore, tested a variety of conditions to improve the
diastereoselectivity and also to clarify the origin of this unusually poor result. When diethyl ether was used as a
solvent instead of THF, the stereoselectivity was changed for the worse (1:1) (entry 2). On the other hand, the

use of 1,2-dimethoxyethane (DME) as a solvent improved the diastereomeric ratio dramatically to 20:1(entry 3).

Thace raciilte ecnnaagactad that tha anlvant Af ~rhalating ahility ci1vnh agc NMAME ~Anld raganarata tha imharant ran~tiyity
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M UC 1HNI4iCa 4. 1n 14Ct, wnen 1ivibib)A wads us€d das a ch 1dung additive 1n 1 I, tne oest frans SCICLllVlly

(>30:1) was achieved (entry 4). The addition of HMPA proved to be also effective (entry 5). However, the
effect of LiCI8 as an additive was not remarkable (entry 6). We also tested the effects of bases, however none
of the coupling products were isolated when LDA or Mel.i was employed as the base (entries 7,8).

A reasonable explanation for the dramatic change of the stereoselectivity is as follows.” In ether or
THF, the Boc-carbonyl of the substrate 10 may coordinate to the lithium of the aza-enolate 12 from the less
congested bottom side as shown in Figure 1. The poor trans selectivity in these solvents could be caused by
ination because the molecular modeling of this adduct showed that the bottom side of 12 is efficiently

sielded by a bulky #-bu tyl group. In the presence of a solvent (DME) or additives (TMEDA or HMPA) having
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in usuai manner with 10 to give the trans product 1ia in high stereoseiectivity.
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rechromatographed to remove minor cis isomer 11b. The pure 11a thus obtained was treated with 0.1 M aq

HCI in THF to give the amino ester 13 in 76% yield (Scheme 3). The enantiomeric excess (ee) of 13 was
estimated to be 89% by chiral stationary phase HPLC analysis. We assumed that somewhat lower ee of 13
compared to the typical ee (>95%) of this type reactions could be due to partial racemization of 4 via dianion
formation with excess of BuLi under the metalation conditions (10 : 4 : BuLi = 1.0 : 1.1 : 1.2). Thus, we
reexamined the coupling reaction using slightly excess of 4 against BuLi (10 : 4 : BuLi=1.00: 1.15: 1.10)
(entry 9, Table 1). As we expected, the ee of 13 derived from 11a prepared under these conditions was

found to be satisfactory (96%).
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Tha cranvarcinn of 12 ta antically acstiva olavicinitic acid methvul ectare (18a h) ic chown in Scheme 4
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and pyridinium p-toluenesulfonate (PPTS) for 7 days. After chromatographic purification, cis 14a and trans
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14b were obtained in 44% and 30% yields, respectively. The optical purity of both 14a and 14b did not
decrease during this cyclization (96% ee). Although we tested the cyclization in refluxing benzene or
chloroform in order to accelerate the reaction, yields of 14a,b were decreased considerably and the diene
derivative2i.J generated by simple dehydration at C-4 side chain was obtained as a major product.

\:E; 0.1 M HCI, THF, \{i;

/'\i_i/ ", N, OMe 1, 24 h /\—\/\S’/NHz
X N N) H COOMe
\ MeO’L\N/LW// 76%
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Reagents and conditions: (a)PPTS, CH,Cl,, reflux, 7 days. (b) silica gel, 0.2 mm, 55 °C, 24 h.
{c) PPTS, CH,Cl,, reflux.

Scheme 4

The final deprotection of Boc group from indole nitrogen was proved to be somewhat tricky. When 14a

was treated with 1:1 mixture of trifluoroacetic acid and dichloromethane for 30 min at room temperature, only a

complex mixture was obtained. This result indicated that the deprotection must be carried out under much

milder conditions. Thus, we tested the silica gel-catalyzed thermolytic deprotection devised by Wensbo.?

When 14a was adsorbed on silica gel and the mixture was heated in vacuo at 55 °C for 24 h, cis-clavicipitic acid

methyl ester (152a) (96% ee) was obtained in 45% yield, accompanied by epimerized trans isomer 15b (15%
1 14a (10%). Similar thermolysis of 14b afforded trans glavlgl Diti
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ield, 96% ee), epimerized 15a (4% yield, 83% ece), and unchanged 14b (10%).
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Single recrystallization of 15a,b afforded optically pure samples (>99% ee). The spectroscopic data and
specific rotations of 15a,b thus synthesized were identical with those reported for optically pure cis- and trans-
clavicipitic acid methyl esters reported by Yokoyama and Murakami.2-!0 Since alkaline hydrolysis of these
methyl esters without racemization has been rcporled by the same authors,?2! this therefore represents a formal
. thesis of cis- and trans-clavicipitic acids (1a,b).

Finally, we wish to discuss briefly about an interesting epimerization observed at the final deprotection

tnnmo ~F tha amimvasioa b clTB&h (AC £DY o

iguiations of the epimerized trans15b (45, 6R) and cis15a (45, 65) ek ed by chiral

a (45, 65) elucidated by chiral
stationary phase HPL.C analyses revealed that the inversion occurred mainly at C-6. This unusual epimerization
may proceed by an acid-catalyzed ring opening and recyclization mechanism via the resonance-stabilized
carbocation intermediate 16 (Scheme 5). The following experiments supported this mechanism. Treatment of
cis15a (>99% ee) with catalytic amount of PPTS in refluxing dichloromethane for 5 h afforded epimerized
trans15b (>99% ee) and unreacted cis15a (>99% ee) in 69% and 18% yields, respectively. On the other hand,
treatment of trans15b (>99% ee) with PPTS under similar conditions afforded only 4% yield of cis15a (>99%

ee) and recovered trans1Sb (>99% ee) in 91% yield. These experiments clearly indicated that cis15a is
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EXPERIMENTAL

General. Melting points were determined with a Yanagimoto micro melting points apparatus and are
uncorrected. IR spectra were recorded with a Perkin Elmer System 2000 FT-IR spectrometer or a JASCO
FT/IR-420 spectrometer. IH-NMR spectra were obtained with Varian Gemini-200 or -300 or JEOQL JMS-GX

400 machine using TMS as an internal standard. Mass spectra (MS) were recorded with JEOL JMS-DX303

crantrarmaatar DT M amals,

a ~AF A
spLLtlvLliIciel . ILrLAC allaly iS¢

mamtlamnantia avanace ara narfaemaad grith Qlhiloanaa T M £ A
I eiaiitior TiC €XCCSS WEf P1ulIIcu WlLll OI11iTNaZu LU-0Aa

17

e Aatarmiinnt: ~n
101 Geermiiation
1

L
Fal) . 1T

using Chiralpak AD column produced by Daicel Chemical Industries. Optical rotations were measured on a
JASCO DPI-1000 digital polarimeter at ambient temperature. Elemental analyses were performed at the
microanalytical laboratory in Nagasaki University. Dry diethyl ether and THF were distilled from Na-
benzophenone ketyl under Nj before use. Dry DME and toluene were distilled over powdered CaHj and kept
over MS 4A. (2R)-(-)-2,5-dihydro-2-isopropyl-3,6-dimethoxypyrazine was purchased from Merck and used

after distillation. BuLi was purchased from Aldrich and titrated with 2,5-dimethoxybenzyl alcohol before use.

4-[(E)-3-Methoxy-3-methyl-1-buteny |] -1-(triisopropylsilyl)gramine (6). To a stirred
solution of 52j (13.83 g, 33 mmol) in methanol ( mL) was added dropwise anhydrous H3PO4 (16 mL) at
room temperature over 10 min. Afier being stirred for 1 h, eacti ¢ Was

i € reaction HHX[UIC was pOUI'CU lfll() a bOIUUOH 01
NaHCO3 (30 g) in water (770 mL) with vigorous stirring. The product was extracted twice with CH,Cly, and
the combined extracts were washed with water and brine solution, dried over NapSQy4, and evaporated. The
residue was chromatographed over Chromatorex NH-DM 1020 silica gel (Fuji Silisia) using hexane-AcOEt
(20:1) as an eluent to give 12.04 g (85%) of 6 as colorless oil; IR: (neat) 2949, 1558, 1467, 1420, 1377, 1364,
1305, 1257, 1237, 1178, 1154, 1135, 1071, 1046, 1014, 900, 885, 852, 766, 745, 708, 690, 664, 648 cm'1;

IH-NMR (200 MHz) (CDCl3) § 1.13 (d, 18H, J=7.7 Hz), 1.44 (s, 6H), 1.69 (sept, 3H, J=7.7 Hz), 2.26 (s,

6H), 3.26 (s, 6H), 3.54 (s, 3H), 6.15 (d, 1H, J=16.1 Hz), 7.09 (s, 1H), 7.10 (dd, 1H, J=8.4, 7.3 Hz), 7.27
) (s, 6H), 3.54 (s, 3H), 6.15 (d, 1H, J=16.1 Hz), 7.09 (s, 1H), 7.10 (dd, 1H, J=8.4,

(d TH I<-72 H2Y 72 /A 1TH J1—-Q A HaY TAQL (A TH J—1A 1 LI\ Anal Calad foar CA-H . . N NQ;:

\u, LAy =7 .0 1L}, .00 \U, 111y J—0O.77 l.].L}, f.JO \U, 111, J—1U.1 llL} ATLUL. walvu 1ul \41011441‘&\_’\)1 Ly

Y OA T 1N JA Y rz 7 T - | ~ 7N, 1T 1N £ A. N £ N

14.094, I, 1U.04, IN, 000, I'Ound. L, 724.71, 1, 1U.04, IN, 0.0Y

3-Chloromethyl-4-[(E)-3-methoxy-3-methyl-1-butenyl]-1-(triisopropylsilyl)indole (7).
A mixture of 6 (423 mg, 1.0 mmol) and isopropyl chlorocarbonate (139 pL, 1.0 mmol) in benzene-dg (4 mL)
was stirred at room temperature for 10 min. !'H-NMR spectrum (200 MHz) of this mixture indicated a
quantitative formation of 7 [d 0.94 (d, 18H, J=7.3 Hz), 1.36 (sept, 3H, J=7.7 Hz), 1.49 (s, 6H), 3.23 (s,
3H), 4.85 (s, 2H), 6.30 (d, 1H, J=16.1 Hz), 7.07 (s, 1H), 7.18 (dd, 1H, J=7.7, 7.3 Hz), 7.32 (d, 1H, J=7.7
Hz), 7.38 (d, 1H, J=7.3 Hz), 7.71 (d, 1H, J=16.1 Hz)] and isopropyl N,N-dimethylcarbamate [ 1.11 (d, 6H,

J=6.3 Hz), 2.47 (br s, 3H), 2.63 (br s, 3H), 5.04 (sept, 1H, J=6.3 Hz)]. Evaporation of the solvent,
| By nesme = | gt D JNEFS NUNE LNy . Iyt .. PRy ety By, [ WU Sy, |
NOWCVCL, ICSUILCA 11 LIC T0ITAU0n Ol HIUdCtaDIC Lldlly Hdiclial

4-[(E)-3-Methoxy-3-methyl-1-butenyl]gramine (8). To a stirred solution of 6 (12.02 g, 28
mmol) in THF (70 mL) was added dropwise tetrabutylammmonium fluoride (36 mL of 1.0 M THF solution, 36
mmol) over 8 min. After stirring for 30 min, water was added to the reaction mixture. The organic layer was
separated and the aqueous layer was extracted twice with ether. The combined extract was washed twice with
water and then with brine solution, dried over NapSQOy, and evaporated. The residue was chromatographed



over Chromatorex NH-DM1020 silica gel (Fuji Silisia) using hexane-AcOEt (1:1) as an eluent to give 6.05 g
(90%) of 8, mp 126.5-127.5 °C (ether-hexane); IR (KBr) 3147, 3104, 2978, 2945, 2815, 1456, 1248, 1168,
1070, 996 cm-1; 1H-NMR (400 MHz) (CDCl3) & 1.44 (s, 6H), 2.27 (s, 6H), 3.26 (s, 3H), 3.55 (s, 2H), 6.16
(d, 1H, J=16.1 Hz), 7.08 (d, 1H, J=2.6 Hz), 7.15 (1, 1H, J=7.7 Hz), 7.25-7.28 (m, 2H), 7.68 (d, 1H,
J=16.1 Hz), 8.05 (br s, 1H). Anal. Caled for C17H24N2O: C, 74.96; H, 8 88: N, 10.28. Found: C, 74.87; H,
8.88; N, 10.16.

1-t-Butoxycarbonyi-4-[(E)-3-methoxy-3-methyi-i-butenyijgramine (9). Under ice-water
cooling, a solution of compound 8 (5.70 g, 21 mmol) in THF (90 mL) was added dropwise over 10 min to a
stirred solution of di-t-butyl dicarbonate (5.50g, 25 mmol), 4-(dimethylamino)pyridine (257 mg, 2.1 mmol),
triethylamine (3.5 mL, 25 mmol) in THF (50 mL). After stirring for 1.5 h at room temperature, water was
added to the reaction mixture. The organic layer was separated and the aqueous layer was extracted twice with
ether. The combined extract was washed three times with water and then with brine solution, dried over

NaySOy, and evaporated. The residue was chromatographed over Chromatorex NH-DM 1020 silica gel (Fuji
Siligia) nmnc hexane-AcQEt (§ I\ as an eluent to give 6,83 o (88%) of 9, mn 87-88 °C (CHsCls-hexane): IR
AAAAAAAAAAA " WAl wANMWLAL ELVV Ved o/ 6 \VU /v ) vl sy i1 tl wviiouv N \NVLL /N v AL Je BAN
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(KBr) 2975, 2816, 2777, 1739, 1457, 1422, 1381, 1347, 1285, 1254, 1159, 1091, 856, 770, 748, 704 cmn'1;
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H, 8.67, N, 7.38.

1-(¢.-Butoxycarbonyl)-3-chloromethyl-4-[(E)-3-methoxy-3-methyl-1-butenyl]indole
(10). To a solution of 9 (372 mg, 1.0 mmol) in dry toluene (4 mL) was added ethyl chlorocarbonate (96 uL.,

2NN LITY 72 10 7o
300 MHz) (CgDg) 5 1.34 (s, 9H), 1.42 (s, 6H), 3.19 (s,

Hz), 7
J=7.5 Hz). This compound was used immediately for the next reaction without further purification due to its
instability.

(2R,55)-5-({1-(¢-Butoxycarbonyl)-4-[(E)-3-methoxy-3-methyl-1-butenyl]indol-3-
yl}methyl)-2,5-dihydro-2-isopropyl-3,6-dimethoxypyrazine (11a) and (2R,5R)-5-({1-(¢-
Butoxycarbonyl)-4-[(E)-3-methoxy-3-methyl-1-butenyl]indol-3-yl}methyl)-2,5-dihydro-2-

icanranul T £ dimathavvnurazina (11Th) Tha cunthacio wuae Aarein A st riz Anv tha ~nnditinne sudiratad
DUPLUPYI1-0, U~ GIITICUIY. LTALIUIT (11 iné .))/ruut:am was carried out under the conditions indicated

" P n Lrr 11 ) LA O 1 1A L X ) = LAY -
ineniry¥ gy 1aote 1. Under an dtmospnere of Al', BulLi (4.¥ mi of i.12 M solution in nexane, J. 5 mmo )y was

added dropwise to a stirred solution of (2R)-(-)-2,5-dihydro-2-isopropyl-3,6-dimethoxypyrazine (4) (1.07 g,
5.8 mmol) in dry THF (20 mL) at -78 °C. After stirring for 1 h, TMEDA (1.0 mL, 6.6 mmol) was added to this
solution and, after 30 min, a solution of the freshly prepared chloride 10 (1.82 g, 5.0 mmol) in THF (20 mL)
was added dropwise over 10 min. The mixture was stirred for 1 h at -78 °C and then stirred for 17 h at -50 °C.
The reaction mixture was quenched with aqueous NH4Cl at -50°C and the product was extracted three times

with ether. The combined extract was washed with brine solution, dried over NapSOy4, and evaporated. The
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residue was purified by flash chromatography over neutral silica gel using hexane-AcOEt (20:1) as an eluent to
give diastereomeric mixture of 1l1a and 11b (1.68g, 66% combined yield). This mixture was
rechromatographed over neutral silica gel using CHClz-AcOEt (20:1) as an eluent to give 1.58 g (62%) of the
trans isomer 11a as colorless oil, [o]p -15.7° (c=1.50, EtOH); IR (neat) 2975, 1735, 1696, 1422, 1370, 1287,
1239, 1156, 1093, 1014, 858, 754, 669 cm'!; TH-NMR (400 MHz) (CDCl3) 8 0.68 (d, 3H, J=6.6 Hz), 1.02
(d, 3H, J=6.6 Hz), 1.43 (s, 3H), 1.44 (s, 3H), 1.64 (s, 9H), 2.22 (m, 1H), 3.03 (dd, 1H, J=15, 8 Hz), 3.29

(¢ 3HY 287 (dd 1TH T=18 4 HzY 280 (¢ 2HY 272 fc W) 2 Q6+t 11 JT—A LIz} 4720 (A+ 1] 11— A
\Oy Jik), J.J0 U, 1K1, J=1J, T XL J, J.JT Dy, JILJy J.iJ \Dy JI1)y J.OU 1, L11, =T 114 ), T.LT7 \Ul 111, y—O, T
IT.N £ NO 71 11T F1£ 1 TT_\ "T NN T AT Fooe NITIN "7 AL 7. TEIN 7Y AN 72 1y ¥f_ 1L 1 1Y\ O 1N /L. 3 117
nsj, o.Uo 4, in, 4=10.1 1iL), /.2U-7.27 111, 4I1), /.40 {5, 111), /.4¥ (Q, 1I1, y=10.1 I14£), 0.1V (DI Q, 111,
J=7.3 Hz); MS m/z 511 (M*); HRMS calcd for CpgH41N305 511.3046, found 511.3059. Further elution with

the same eluent afforded 48 mg (2%) of the cis isomer 11b as colorless oil, [0]p +56.3° (¢=1.93, CHCl3); IR
(neat) 2975, 1736, 1696, 1423, 1370, 1287, 1239, 1157, 1095, 1015, 858, 755, 666 cm-!; IH-NMR (400
MHz) (CDCl3) & 0.46 (d, 3H, J=6.6 Hz), 1.01 (d, 3H, J=6.6 Hz), 1.44 (s, 3H), 1.45 (s, 3H), 1.64 (s, 9H),
2.10 (m, 1H), 2.98 (dd, IH, J=15, 8 Hz), 3.26 (s, 3H), 3.60 (s, 3H), 3.62 (dd, 1H, J=15 and 4 Hz), 3.74 (s,
3H), 3.90 (t, 1H, J=4 Hz), 4.37 (dt, 1H, J=15, 4 Hz), 6.08 (d, 1H, 16.1 Hz), 7.20-7.26 (m, 2H), 7.48 (s,
1H), 7.52 (1H, d, J=16.1 Hz), 8.09 (br d, 1H, J=7.2 Hz); MS m/z 511 (M*); HRMS calcd for CogH41N30s
511.3046, found 511.3053.

Methyi (S)-{i-(i-Butoxycarbonyi)-4-{(£)-3-hydroxy-3-methyi-i-butenyij}-
tryptophanate (13). A mixture of 11a (1.50 g, 2.9 mmol), THF (20 mL), and 0.1 M aqueous HCI (60 mL)
was stirred at room temperature for 24 h. The mixture was concentrated under reduced pressure, washed with
ether, and made basic (pH 9) with conc. NH4OH. The alkaline solution was extracted three times with ether.
The combined extract was dried over NapSOy4 and evaporated. The residue was purified by flash
chromatography over silica gel using CH2Cl3-MeOH (20:1) as an eluent to give 0.90 g (76%) of 13, mp
100.5-101 °C (ether-hexane); HPLC (hexane-i-PrOH=19:1) 96% ee; [a]p +29.3° (¢c=2.34, CHCl3); IR (KBr)

(m, 2H), 7.33 (d, 1H, J=15.8 Hz), 7.42 (s, 1
for CooH3gN205 402.21535, found 402.2139.

Methyl (45,65)-1-(¢-Butoxycarbonyl)-3,4,5,6-tetrahydro-6-(2-methyl-1-propenyl)-
azepino[5,4,3-cd]indole-4-carboxylate (14a) and Methyl (4S, 6R)-1-(¢-Butoxycarbonyl)-
3,4,5,6-tetrahydro-6-(2-methyl-1-propenyl)azepino[5,4,3-cd]indole-4-carboxylate (14b).

A mixed solution of 13 (858 mg, 2.13 mmol) and anhydrous pyridinium p-toluenesulfonate (535 mg, 2.13
el te Ay OIS D12 T ) g rafliiva A Ffar 7 Aove nindar Ar atrmacnhara Aftar annlinag (CHA(1s wag
IHHUL) 1 Uy Cil)0U 1) (210 1L ) wadd 1TLHIUA 1Vl /7 Uayd ullucl Al aliiivspiicic ALl LUULLE, i1 17 wad
evaporated and the residue was partitioned between ether and aqueous NaHCO3 solution. The organic layer

was separated, washed sequentially with water and brine solution, dried over Na;SOj4, and evaporated. The
residue was purified by flash chromatography over silica gel using hexane-AcOEt (5:1) to give trans 14b (248
mg, 30%) as colorless oil; HPLC (hexane-i-PrOH=19:1) 96% ee; [a]p -32.2° (¢=0.51, CHCl3); IR (neat)
3339, 2977, 1733, 1423, 1383, 1353, 1300, 1284, 1252, 1217, 1157, 1094, 1059, 856, 757, 667 cm'!; IH-
NMR (400 MHz) (CDCl3) & 1.66 (s, 9H), 1.82 (d, 3H, J=1.1 Hz), 1.87 (d, 3H, J=1.5 Hz), 3.01 (ddd, 1H,
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J=15.8, 11.0, 1.8 Hz), 3.51 (ddd, 1H, J=15.8, 2.9, 1.1 Hz), 3.81 (s, 3H), 3.82 (dd, 1H, J=11.0, 2.9 Hz),
4.87 (d, 1H, J=8.8 Hz), 5.46 (d with fine coupling, 1H, J=8.8 Hz), 6.98 (d, 1H, J=7.7 Hz), 7.22 (dd, 1H,
J=8.1,7.7 Hz), 7.42 (br s, 1H), 8.07 (br d, 1H, J=8.1 Hz); MS m/z 384 (M*); HRMS calcd for CypHpgN20y4
384.2049, found 384.2040. Further elution with the same eluent afforded cis 14a (364 mg, 44%) as colorless
oil; HPLC (hexane-i-PrOH=19:1), 96% ee; [a]p -82.5° (¢=0.71, CHCIl3); IR (neat) 3341, 2977, 2930, 1732,
1427, 1385, 1370, 1351, 1284, 1252, 1158, 1098, 1055, 856, 783, 755, 666 cm-!1; |H-NMR (400 MHz)

(CDCl3) & 1.66 (s, 9H), 1.80 (d, 3H, J=1.1 Hz), 1.83 (d, 3H, J=1.1 Hz), 3.20 (ddd, 1H, /=154, 114, 1.8
Hz), 3.37 {dd, 1H, J=15.4, 4.0 Hz), 3.78 (s, 3H), 4.11 (dd, 1H, J=11.4, 4.0 Hz), 5.30 (d, 1H, /=8.8 Hz),
5.40 (d with fine coupling, 1H, /=8 "z), 6.92 (d, 1H, J=7.7 Hz), 7.19 (dd, iH, J=8.1, 7.7 Hz), 7.40 (br s,
1H), 7.98 (br d, 1H, J/=8.1 Hz); M 7 384 (M*); HRMS calced for CaoH2gN204 384.2049, found
384.2048.

Methyl (45,65)-3,4,5,6-Tetrahydro-6-(2-methyl-1-propenyl)-1H-azepino[5,4,3-cd]-
indole-4-carboxylate (15a). [(-)-cis-Clavicipitic Acid Methvl Ester]. A mixture of 14a (300 mg,
0.78 mmol) and silica gel 60 (3.00 g) in CH>Cl; (10 mL) was stirred at room temperature for 30 min. The

solvent was evaporated and the residue was heated at 55 °C (bath temperature) under vacuum pump pressure for

MMh A £ +h
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silica gel and eluted with hexane-AcOEt

cocidiie wag annl antly on g coli
residue was applied directly on a columr
-

(2:1) to give 29 mg (10%) of the starting material 14a, 32 mg (15%) of the epimerized ¢rans 15b, and 99 mg
(45%) of the cis 15a. HPLC analyses (hexane-i-PrOH=8:2 for 15a; 9:1 for 15b) indicated the optical purity of
15a and 15b thus obtained were 96% ee and 78% ee, respectively. Single recrystallization of the crude 15a
from benzene-hexane afforded optically pure (>99% ee) compound as slightly yellow prisms, mp 141-142.5 °C
(1it.2i, mp 144.0-145.5 °C); [a]p -205.2° (c=0.88, EtOH) [lit.2i, [a]p -195.3° (EtOH)]; IR (KBr) 3323, 3168,
2890, 1732, 1434, 1363, 1275, 1233, 1219, 1126, 1050, 926, 834, 809, 782, 741 cm-1; TH-NMR (400
MHz) (CDCl3) & 1.76 (d, 3H, J=1.1 Hz), 1.84 (d, 3H, J=1.1 Hz), 2.68 (br s, 1H), 3.21 (ddd, 1H, J=15.4,

11.4, 1.5 Hz), 3.42 (dd, 1H, J=15.4, 3.7 Hz), 3.76 (s, 3H), 4.17 (dd, 1H, J=11.4, 3.7 Hz), 5.35 (d, IH,
J_Q Q LT & AL /A rith fiona Amsimline 1T JT_Q Q I £777 74 1T JT_T712 e\ LK QK (e o 1IN T NA /¢ 110
J=0.0 114), J.90 (U Wil 1110 quplllls, 111, J=0.0 114}, V.77 \U, 111, J=/.0 114}, U.OU (Ul >, 111}, 7.UF \4, 111,
J=1.3 Hz), 7.10 (d, 1H, J=7.3 Hz) 8.44 (br s, 1H). Anal. Caled for C17Hz0N202: C, 71.81; H, 7.09; N,

Methyl (4S,6R)-3,4,5,6-Tetrahydro-6-(2-methyl-1-propenyl)-1H-azepino[5,4,3-cd]-
indole-4-carboxylate (15b). [(-)-trans-Clavicipitic Acid Methyl Ester]. A mixture of 14b (216
mg, 0.56 mmol) and silica gel 60 (2.16 g) in CH;Cl; (10 mL) was stirred at room temperature for 30 min. The
solvent was evaporated and the residue was heated at 55 °C (bath temperature) under vacuum pump pressure for

24 h. After cooling, the residue was applied directly on a column of silica gel and eluted with hexane-AcOEt
(Y1) tna civa D1 s (TNOLNY Af tha ctasting matarial 1Ah QR mao AV Af tha tranme T1Rh and 7 mao (AN ~f the
\£. 1] W0 BivVe 41 Hig \1V/0) UL UIU dStal iy Hlatviial 13U, 70 1l \U&L /U UL UIC Ftito LJRr, allu 7 g 77 /u ) Ul uiv
S U S | = _ TINY h 54 al. atlanl - aalas L AL o TR el b ] o (Y 2/

epimerized cis 15a. HPLC analyses indicated the optical purity of 15b and 15a thus obtained were 96% ece

and 83% ee, respectively. Single recrystalhzatlon of the crude 15b from benzene-hexane afforded optically
pure (>99% ee) compound as slightly yellow prisms, mp 161.5-162.5 °C (lit.2i, mp 158-160 °C); [ot]p -130.9°
(c=1.03, EtOH) [lit.2}, [a]p -129.1° (EtOH)]; IR (KBr) 3330, 3103, 2936, 1728, 1434, 1374, 1333, 1289,
1272, 1206, 1180, 1110, 1051, 980, 918, 861, 834 cm~1; TH-NMR (400 MHz) (CDCl3) & 1.82 (d, 3H, J=1.5

Hz), 1.86 (d, 3H, J=1.5 Hz), 2.64 (br s, 1H), 3.04 (ddd, 1H, J=154, 11.7, 1.5 Hz), 3.52 (dd, 1H, J=15.4,



2.6 Hz), 3.80 (s, 3H), 3.83 (dd, 1H, J=11.7, 2.6 Hz), 4.87 (d, 1H, J=8.8 Hz), 5.49 (d with fine coupling,
1H, J=8.8 Hz), 6.83 (d with fine coupling, 1H, J=7.3 Hz), 6.92 (br s, 1H), 7.08 (dd, 1H, J=8.1, 7.3 Hz),
7.16 (d, 1H, J=8.1 Hz), 8.42 (br s, 1H). Anal. Calcd for C17HgN205: C, 71.81; H, 7.09; N, 9.85. Found:
C, 71.80; H, 7.04; N, 9.85.

PPTS-Catalyzed Isomerization of (-)-cis-Clavicipitic Acid Methyl Ester (15a) to (-)-
t'ranssclavicinilﬁn Acid Mothvl Retor (18K A ecnhittinn nf 18a (178 mo N NDA mmnl) (~QQ ) and
.lllrl\r LAWINE L"I.'In‘yl AL \Jﬂu’l 4% SUIMLIVILIL U Aol 4R \ | O Y, llls, .y llllll\ll} \,II v \l\-{’ “Alivd

DDTC 718 cvnnv N NELE cininn -~ o LY M T\ e rraflaie ] O & 1 A Fe e e s b bl s MIATTMYMY
rrio (1o lig, V.VU ILIHIIVL) T ULIIoWI) (U L) Wadd TCIHIUACU 101 0 11, ALCL COOLLHLE, ddlulditd ayucoud INdIIL\V3
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was added and the organic layer was separated. The aqueous layer was extracted with CHyCly. The combined
extract was washed with water, dried over NaySOy, and evaporated. The residue was chromatographed over
silica gel using hexane-AcOEt (2:1) as an eluent to give 12.0 mg (69%) of the epimerized trans isomer 15b and
3.2 mg (18%) of the starting material 15a. HPLC analyses indicated the optical purity of both 15b and 15a
thus isolated were >99% ee.

-)-trans-Clavicipitic Acid Methyl Ester (15b) to (-)-

PPTS-Catalyzed Isomerization of (
cis-Clavicipitic Acid Methyl Ester (15a). A solution of 15b (22.1 mg 0.077 mmol) (>99% ee) and
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