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The Fischer Indole Synthesis with Formic Acid. ILV
The Synthesis of Hexahydrocyclopent (b) indoles
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2-Alkylcyclopentanone phenylhydrazones (Ia, b) were refluxed with 98—100%; formic
acid to solely afford cis-1: 2: 3: 3a: 4: 8b-hexahydro-8b-alkyl-cyclopent(b)indoles (IVa, b}
in the yields of 34% and 33%, respectively. Similar treatment of cyclopentanone phenyl-
hydrazone with formic acid gave indoline (IVc) and indoles (IIc) and its N-formyl deriva-
tive (IIe). The reaction mechanism and stereochemistry of these products are discussed.

Since the procedure of the Fischer indolization with 98—1009, formic acid was described,’
this method has been shown to have a useful applicability to the syntheses of aspidosperma
and sboga alkaloids by using the ketones of the polycyclic ring system.® An advantageous
feature of this method consists in isolation of the formyl-indolines (IV) as relatively stable
products which have been formed by reduction and formylation with formic acid immediately
after cyclization to the indolenine(III) occurred, since most of the latters are less stable on
treatment. A

Meanwhile, the difficulties experienced in the Fischer indolization of 2-alkylcyclopentanone
phenylhydrazones (I, R=alkyl, n=3) by acid are known in the literature.4-® For example,
Buu-Hoi reported that an attempt to effect indolization of 2-ethylcyclopentanone (Ia) by
acid resulted in failure.® Afterwards, Kelly, ef al. described a new method of the thermal
indolization, by which they obtained a mixture of IIb and IIIb in the yield ratio of approxi-
mately 1:5, on boiling 2-methylcyclopentanone phenylhydrazone(Ib) in diethylene glycol
without acid, though in a poor total yield of 1569,.5 They described nothing, however, about
cyclization of 2-ethylcyclopentanone phenylhydrazone (Ia). Now, Ia has been substantially
cyclized to the formyl-indoline(IVa) as a sole product in 349, yield according to the present
standard procedure.

The initial material (Ia, orange oil, bp; 151—153°) was mixed with anhydrous formic
acid in the molar ratio 1:5, on which an intense exothermic reaction proceeded with con-
current evolution of carbon dioxide. The whole mixture was further refluxed at 130—135°
for a half hour. The crude product was purified by chromatography on alumina, and the
main fraction eluted by benzene-hexane (1:1) afforded the formyl indoline (IVa), [ultraviolet
spectrum (UV) A2 254, 294 my. infrared spectrum (IR) v, 1666 cm~* (C=0). nuclear magne-
tic resonance (NMR) (CDCl;) 1.1 (N-CHO)]. In spite of the careful search for the other
neutral or the basic material on this operation, no characterized product was obtained. For
proof of the structure, IVa was reduced with lithium aluminum hydride to the methylindo-
line (Va) as a colorless oil, bp, 110—111°, UV: A2g¥ 261, 318 myu.; NMR, (CDCl,) 7 7.2 (N-Me),
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‘which formed the picrate, yellow needles, mp 145—146°, giving satisfactory elemental ana-
lyses.

Similarly, Ib was treated with formic acid under a similar condition to give the formyl-
indoline (IVb) as a single isolable product in a state of oil [UV 232 253, 293 my. IR v,,, 1675
cm (N-CHO). NMR (CDCl,) T 1.07 (N-CHO)] in 339%, yield. IVb was also reduced to the
methylindoline (Vb), colorless oil, bp, 88—89°, which was characterized as the picrate, mp
1562—154°. It is interesting to compare the present result with the indolization of 2-methyl-
cyclopentanone 4-benzyloxyphenylhydrazone (VIII) in boiling monoethylene glycol afford-
ing 529%, yield of the indole (IX) as only one product without generation of the corresponding
indolenine (III type).”

It is readily noticed that the direction of the Fischer cyclization (e.g. Ia,b,d—IIa,b,d and/
or IIla,b,d, respectively) will be affected by various conditions of catalysis, the kind of the
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substituent on a-position to carbonyl and the size of cyclic ketones, efc.® But, it seems also
likely that the substituent attached to the phenyl ring of phenylhydrazone may exert an
effect on the direction of cyclization.®

As for the stereochemistry at B/C ring juncture of these indolines, the cis-configuration
has been generally approved,® although without conclusive evidences, mainly by analogy
with relative stabilities of cis- and ¢rans-bicyclo (3.3.0)octane(pentalane) derivatives, of which
the cis-isomer is far more stable on comparison with the energetically unfavorable ¢rans-
isomer.1® Meanwhile, the stereochemistry of 4a-alkyl-1,2,3,4,4a,9a-hexahydro-carbazole
‘(e.g. IVd) which was produced by the present method, was established to be czs mainly based
on the NMR spectral data,' although the stable frans-isomer(VII) has been obtained as a
major product by Chapman® on photoisomerization of the N-arylenamine (VIb), which
excited state should take the conrotatory cyclization course, followed by a suprafacial (1,4)
hydrogen shift.®» Photoisomerization of VIa, however, carried out by us according to the
Chapman’s method®® gave the identical csis-indoline (Vb) as only one product, whose physico-
chemical properties were in good agreement with those of Vb on the Fischer cyclization.
Thus, the present work indicates that the Woodward-Hoffmann’s rule®® well explaining
formation of the ¢rans-isomer (VII), is not applicable to the cyclization of VIa. These results
suggest that the compounds with two fused five-membered rings in the cis-configuration are
extremely preferable to the frans-isomer, even though the latter could be present, but further
direct evidences should be required.

Subsequently, cyclopentanone phenylhydrazone (Ic) was submitted to the Fischer in-
dolization with anhydrous formic acid under a similar condition. The product was chromato-
graphed on alumina to give the indole (IIc, 169%, yield), the formyl indole (IIe, 19, yield) and
unexpectedly, the formylindoline (IVc, 179, yield). The last product had not been anticipated
to generate, since any Fischer indolization of the ketones with no substituent at «-positions
of the carbonyl had never furnished the indolenine derivative, and the present product (IVc)
must have taken place by reduction of such an indolenine (IIlc), if formed.

According to the so far known works, the indoline (Vc) was prepared only by reduction
I1c electrolytically in acid solution'® or by hydrogenation of Ilc under a high pressure of hy-
drogen (in dioxane, Raney Ni, 70—75°, 75 atom.).}® It was also reported that an attempted
reduction of IIc with tin and hydrochloric acid gave no indoline (Vc).1%

Therefore, for establishment of the structure of the present product, the compound
(IVc), red orange oil, was hydrolyzed to Vc, which was characterized as the acetyl derivative
(Vd), colorless prisms, mp 79—80° (lit.1® 77—79°), providing the satisfactory spectral and ana-
lytical results for support of these assignments.

In contrast to this fact, Ib was similarly treated with formic acid to give the formyl
indole (IIf) in 939, yield, but the formyl indoline (IVe) was not detected at all, although

8) It was experienced that 6a-ethyl-octahydro-4H-pyrrolo[3,2,1-¢,j]quinoline 2,9-dione(A/B, A/C: trans,
cis) phenylhydrazones with a methoxyl group or with no substituent in the aromatic ring were sub-
mitted to the Fischer indolization with formic acid, providing the corresponding formyl indole and
indoline in different ratios. Y. Ban and I. Iijima, Unpublished work.3/)
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naturally. Thus, the reaction processes leading to IVc are significantly interesting in light
of the most reliable mechanism which was originally proposed by Robinson and Robinson!®
and later modified by Carlin and Fischer,%!® who indicated it as follows:
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In the present particular case, the final intermediate(X) could be assumed to afford the
indole (XI) through the pathway of (), and give the indolenine (XII) via the (b) route, the
latter product should be immediately reduced to Vc and then to the formyl derivative IVc.
The alternative possibility that there might be an equilibrium between XI and XII in the
presence of formic acid was presumably considered, but this assumption was discarded by a
result of the experiment, in which (IIc=XI) was heated with formic acid not to afford IVc
at all. This experiment also demonstrates that XI could not be the direct precursor of Vc
in the present synthesis. The other possibility that the phenylhydrazone Ic should have been
initially formylated to XIII is not likely, at least for formation of IVc, since such an inter-
mediate (XIII) could have afforded the formyl indole (II), but not the IVc. The generation
of IVc is thus only compatible with the pathway of (b) delineated in Chart 2. The initial
formation of a double bond at N(4)—C(3a) [exocyclic to C-ring] as well as at C(3a)—C(8b)
might be acceptable on consideration of the high strain present in two fused five membered
rings. As a consequence, the proposal on the pathway () leading to XII in the Robinson’s
mechanism should be limited to the Fischer indolization with a ﬁve membered cyclic ketone
of no substituent at 2-position.

15) G.M. Robinson and R. Roblnson, j Chem. Soc., 1918, 639.
16) R.B. Carlin and E.E. Fischer, J. Am. Chem. Soc., 70, 3421 (1948)
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Experimental'?)

cis-1,2,3,3a,4,8b-Hexahydro-4-formyl-8b-ethylcyclopent(b)indolé(IVa)——To 850 mg of 2-ethylcyclo-
pentanone‘phenylhydrazone (Ia, bp, 151—153°, orange oil) was added anhydrous (98—100%) formic. acid
(902 mg), during which time an exothermic reaction occurred with concurrent evolution of carbon dioxide.
The bright red solution was refluxed at 180—135° in an oil bath for 35 min. The excess of formic acid was
removed ix vacuo, the residual solution was made alkaline with sodium bicarbonate, and was: extracted
with ethyl acetate. The extract was shaken with 10% HCI to remove a basic material, washed with water,
10% NaHCO,, and again with water. The solvent was removed to furnish an oil which indicated five spots
on thin-layer chromatography (TLC) (eluted by benzene: ethyl acetate (1: 1)). The crude oil was chromato-
graphed on‘alumina, and the fraction eluted by benzene-hexane (1:1) furnished 246 mg of IVa as a red
brownish oil (UV: AR0F 254, 294 mu. IR 1666 cm-! (CHO). NMR (CDCly) z 1.1 (N-CHO)). The
crude neutral product (301 mg) which was indicated by TLC to contain IVa, was submitted to the lithium
aluminum hydride reduction and purified by chromatography to give Va which provided 197 mg of the
picrate, mp 145-—146°, identical with the authentic sample. (See the next procedure for preparation of
Va.} . The amount of this picrate was corresponding to 57 mg of IVa, and the total yield of IVa was 33.6%
(303 mg) of the theoretical amount. The 10% HCI solution containing the basic material which had been
transfered from the ethyl acetate extract after the reaction, was made alkaline, but nothing was obtained,

cis-1,2,3,3a,4, 8b-Hexahydro-4-methyl-8b-ethylcyclopent(b)mdole(Va) A solution of the formyl-
indoline (Va, 246 mg) in THF was gradually added to a suspension of LiAlH, (434 mg) in THF at room
temperature, and the whole solution was refluxed with stirring for 2 hr on cooling, the whole mixture was
worked up in the usual manner to give 192 mg (83.89,) of Va as a colorless oil, bp, 110—111°, [UV; z5tx
261, 313 mu. NMR: 7 7.2 (N-CHy)], which afforded the picrate, yellow needles, mp 145—146° (decomp.).’
Anal. Caled, for CyH,yO;N,: C, 55.81; H, 5.15; N, 13.02. Found: C, 55.42; H, 5.03; N, 12.89.

cis-1,2,3,3a,4,8b-Hexahydro-4-formyl-8b-methylcyclopent(b)indole (IVb)——Anhydrous formic acid
(4.632 g, 5 molar equivalent of formic acid to Ib) was mixed with 2-methylcyclopentanone phenylhydra-
zone (3.770 g), on which an exothermic reaction occurred with concurrent evolution of carbon dioxide.
The whole solution was refluxed at 130° in an ofl bath for 30 min. On cooling, the reaction mixture was
extracted with benzene, the benzene layer was washed with 109, NaHCO,, and with water. The solvent
was removed, the residue was submitted to chromatography on alumina, on which the fraction eluted with
benzene—hexane (1: 1) furnished 971 mg of the formyl indoline (IVDb) as an oil [UV: 25%% 253, 293 mu. IR:
vma 1675 cm—? (N-CHO). NMR (CDCl,) 7 1.07 (N-CHO)]. The acidic layer containing the basic material
was made alkaline, but nothing was obtained. In a similar way that was done with the ethyl derivative,
the fraction being indicated by TLC to contain IVb, was reduced with lithium aluminum hydride to give
Vb, which was purified by chromatography and collected as the picrate (1.009 g), mp 152—154°, identical
with the authentic specimen. (See the next procedure for preparation of Vb). The amount of this picrate
corresponded to 1.307 g of IVDb, and the total yield of IVb was 32.89%, from Ib.

cis-1,2,3, 3a,4, 8b~-Hexahydro-4-methyl-8b-methylcyclopent(b)indole(Vb)——Method-A: The synthesis
from IVb: A solution of the formylindoline (IVb, 971 mg) in THF was gradually added to a suspension of
LiAlH, (2.76 g) in THF at room temperature, and the whole solution was refluxed with stirring for 2 hr,
then worked up in the usual manner. The N-methylindoline (Vb, 764 mg, bp, 88—89°) was obtained as
a colorless oil [UV: AZ9F 258, 308 mu. NMR (CDCl,) 7 7.2 (N-CH,) which formed the picrate, yellow needles,
mp 152—154°. Amnal. Calcd. for C,yH,,O,N,: C, 54.80; H, 4.84; N, 13.46. Found: C, 54.66; H, 4.84; N,
13.29].

Method-B: Photochemical synthesis from (VIa): The enamine VIa was prepared by refluxing N-
methylaniline (9.0 g), 2-methylcyclopentanone (8.4 g) and toluene containing a small amount of p-toluene-
sulfonic acid in a Dean-Stark apparatus for removal of the water produced during the reaction for 24 hr.
The product VIa was purified by distillation, bps 115—120°, which was found by TLC to be contaminated
with a small amount of N-methylaniline. The enamine (VIa) thus obtained, without further purification,
was submitted to photoisomerization according to the Chapman’s method.® The degassed ethereal solu-
tion (300 ml) of the enamine (VIa, 2.2 g) was irradiated by a pyrex-jacket immersion lamp (400 W) for
- 3.5hr. The ether was removed, and the residual oil was purified by chromatography on silica-gel to afford
450 mg of N-methyl indoline (Vb), [IR »5% 2800 (N-CHy), UV : A5%¥ 261, 312 mu. Mass: M+=187; NMR (CDCl,)

17) Melting points were determined on the Yanagimoto Micromelting Apparatus (hot stage type). Ultra-
violet spectra were taken with the Hitachi EPS-3T recording spectrophotometer and infrared spectra
were determined with the Koken DS-301 spectrophotometer. NMR spectra were measured with the
Hitachi-Perkin Elmer H-60 spectrometer [60 Mc/sec with tetramethylsilane] as the internal reference.
Mass spectra were taken with the Hitachi RMD-6D spectrometer. The plates for thin layer chromato-
graphy were prepared by developmg Silica Gelyg, according to Stahl (E. Merck AG), followed by heat-
ing.
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7 8.67 (3H, s, C-Me), 8.75—8.80 (6H, m, methylene), 7.28 (3H, s, N-CH,), 6.3—6.7 (1H, m, methine) 3.9—
2.9 (4H, m, atrom.)]. Picrate, mp 147—150°, was identified with the sample prepared by the procedure
of Method-A.

Indolization of Cyclopentanone Phenylhydrazone (Ic)——A solution of 4.001 g (0.0228 mol) of Ic in 98—
100% formic acid (5 ml) was refluxed at 130° in an oil bath for 3 hr, during which time evolution of carbon
dioxide was observed. The reaction mixture became dark red and turned viscous. The formic acid was
removed in vacuo, and 3.906 g of the residue was chromatographed on silica-gel.

. (1) 1st fraction: The fraction eluted by benzene-hexane (1: 1) afforded 52 mg of 1,2,3,4-tetrahydro-
4-formyl-cyclopent(b)indole (IIe) as colorless needles, mp 85—86° (IR: »¥uo! 1690 cm~! (N-CHO). UV:
Adax’ 247, 304 mu; AT 280 mu. NMR (CDCly) 7 1.10 (N-CHO)]. The formyl group of this compound
is readily removable.

~ (2) 2nd fraction: The second fraction of chromatography eluted by benzene-hexane (1: 1) afforded
1,2,3,4-tetrahydro-cyclopent(b)indole (IIc) as 777 mg (16%) of colorless plates, mp 102—104° (Lit.1®» mp
108°) (IR: »¥u* 3460 cm~! (NH); UV: AB% 280 mu).

- (3) 3rd fraction: The third fraction eluted by the same solvent furnished 809 mg (17%) of cis-1,2,
8,3a,4,8b-hexahydro-4-formyl-cyclopent(b)indole (IVc) as an orange red oil which indicated one spot on
TLC. IR:»0% 1670 cm~—* (N-CHO). UV:AEE 253 mu. NMR (CDCl) 76.12 (1H, m, C-(8b)-H), 5.20
(1H, m, C-(3b)-H). :

For proof of the structure of IVc, the following chemical conversions were carried out for character-

ization.
- A solution of 560 mg of IVc in 15% HCI (10 ml) was refluxed for 5 hr. On cooling, the whole solution
was made alkaline with 10% NaOH under ice cooling, and extracted with benzene. The benzene extract
was washed with water, dried over sodium sulfate, and the solvent was removed to leave 99 mg of a red
oil (Vc), IR »53 3400 cm—? (NH). _ ,

A mixture of 80 mg of the above oil (Vc) in acetic anhydride (5 ml) and pyridine (5 ml) was heated
at reflux for 2 hr. The excess of acetic anhydride and pyridine were removed in vacwo to give cis-1,2,3,
3a,4-8b-hexahydro-4-acetylcyclopent(b)indole (Vd) as colorless prisms, mp 79—80° (it.!®» 77—79°). IR:
vmax 1650 cm™! (N-COCH,). UV: AR 254 mu. NMR (CDCly) 7 7.67 (N-COCH,). Awal, Calcd. for
CsHyNO: C, 77.59; H, 7.51; N, 6.96. Found: C, 77.64; H, 7.44; N, 6.94.
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