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Indoles are produced regioselectively and in moderate yields by two new processes: (a) from the [Cp*Ru(CO),],-catalyzed reaction of
nitrosoaromatics (ArNO) with alkynes under carbon monoxide and (b) in a two-step sequence involving the (uncatalyzed) reaction of ArNO
with alkynes, followed by reduction of the intermediate adduct.

The widespread natural occurrence and importance of indoles Our interest in metal-promoted nitrogenation reactions of
has stimulated the continuing development of new methods hydrocarborfsled us to discover the regioselective, iron-
for their preparation Especially attractive but few in number  catalyzed synthesis of allylamines by the reductive amination
are reactions that directly produce indoles by annulation of of olefins with nitroaromatics (eq ¥)We recently examined
commercially available N-aromatic precursors, as in the

Fischer indole synthes?s. The desire for broad substrate co

scope, more accessible starting materials, improved regiose-ArNO2  + AR m’ ANH R +C02 (1)
lectivity, milder reaction conditions, and functional group P =

tolerance has also spawned several transition metal promoted

routes to indoled,most of which, however, are intramo- the corresponding reactions of nitroaromatics with alkynes,

lecular reactions that require an ortho-substituted N-aromatic
precursoe. (4) (@) Hegedus, L. SAngew. Chem., Int. Ed. Endl988,27, 1113. (b)

Li, J. J. InAlkaloids: Chemical and Biological Perspectives; Pelletier, S.
W., Ed.; Wiley: New York, 1999; Vol. 14, p 437.

(1) Sundberg, R. dndoles; Academic Press: London, 1996. (5) (a) Larock, R. C.; Yum, E. K.; Refvik, M. DJ. Org. Chem1998,
(2) Robinson, B.The Fischer Indole Synthesis; John Wiley and Sons: 63, 7652. (b) Larock, R. C.; Yum, E. K. Am. Chem. Sod 991,113,
New York, 1982; ref 1, p 5470. 6689. (c) Arcadi, A.; Cacchi, S.; Marinelli, H.etrahedron Lett1992,33,

(3) (@) Gassman, P. G.; van Bergen, T. J.; Gilbert, D. P.; Cue, B. W., Jr. 3915. (d) Cacchi, S.; Fabrizzi, G.; Marinelli, F.; Moro, L.; PaceSknlett
J. Am. Chem. So0d974 96, 5495. (b) Sugasawa, T.; Adachi, M.; Sasakura, 1997, 1363. (e) Soderberg, B. C.; Shriver, J.JAOrg. Chem1997,62,
K.; Kitagawa, A.J. Org. Chem1979,44, 578. (c) Bartoli, G.; Bosco, M.; 5838. (f) Tollari, S.; Cenini, S.; Crotti, C.; Gianella, E.Mol. Catal.1994,
Dalpozzo, R.; Palmeri, G.; Marcantoni, &.Chem. Soc., Perkin Trans. 1 87, 203. (g) Akazome, M.; Kondo, T.; Watanabe, Ghem. Lett.1992,
1991, 2757. (d) Hwu, J. R.; Patel, H. V.; Lin, R. J.; Gray, M. D Org. 769. (h) Yamaguchi, M.; Arisawa, M.; Hirama, M. Chem. Soc., Chem.
Chem.1994,59, 1577. Commun.1998, 1399.
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anticipating the production of propargyl and/or allenylamines, || || Q9 NG
but found instead thandoles are thg major produc(eq 2, Table 1. [Cp*Ru(CO)],-Catalyzed Reaction of ArNO with
y = 2), the result of a novel reductive annulation reaction. ajynes (eq 2

entry Ar R R’ indole yield (%)°
R
X X R 1 Ph Ph  H 53
o] —S— \©l\—/|[ @ 2 Ph Ph  CHs 32
NO [Cp Ru(CO)2l2 N R 3 Ph Ph CO,Et 21¢
LY Q) | 4 p-EtN-CéHs Ph  H 49¢

H

aProcedure as described in ref/note 1Golated yield.c 1.5:1 ratio of
) ] ) ) 2,3-substituted isomer8.72 h reaction time.
These reactions feature moderate yields and high regiose-

lectivity for 3-substituted indoles when unsymmetrical

alkynes with conjugating substituents are utilized. and electron-rich nitrosoarenes are effective reaction partners

Given the precedented, metal-promoted deoxygenation of (entries 1,4); (2) moderately efficient reactions occur with
nitro compounds by carbon monoxfdeseemed likely that  5kynes possessing at least one aryl or carboalkoxy group
nitrosoarenes, either free or complexed, could be intermedi- (entries 1-4); and (3) unsymmetrical alkynes react with high
ates in the catalytic reductive annulation of nitroarenes to yegjoselectivity, placing the aryl substituent at the 3-position
indoles. To address this issue and to develop milder, more entries 1-4). The comparable regioselectivity and faster
efficient annulation variants, we have examined the reactionsyates of thenitrosoarene annulations support (but do not
of nitrosoarenes with alkynes under the above catalytic proyve) the hypothesis that theitroarene reactions pass
conditions. In addition, we report the discovery of a novel through nitrosoarene intermediates (either free or coordi-
uncatalyzed reaction between nitrosoarenes and alkynes ang\sted).

its relevance to the catalytic annulation processes. To further clarify the role of complex in the ArNO

In our initial experiments phenylacetylene and nitrosoben-
zene were heated together with [Cp*Ru(GlR)1, Cp* =
CsMes) and CO under the conditions employed for the
reductive annulation of nitroarenes (benzene, 10750
psi, 20 h). GC-MS analysis indicated the formation of a
major product in/e 193) that proved to be 3-phenylindole

annulations, nitrosobenzene and excess phenyl acetylene
were combined in refluxing benzene (16ih)the absence

of 1. Remarkably, GC and GE&MS (EIl) analysis of the
reaction mixture detected 68% of 3-phenylindole. However,
TLC analysis of the mixture showed only traces of the indole
with the major product being a polar, labile compound that

(eq2)y=1,R=Ph, R =H; 53% yield):"Lesser quantities tentatively has been identified as tihydroxy indole

of aniline (7%) and azo- (11%) and azoxybenzene (18%) gerivative2a (X,Y,R' = H, R = Ph, eq 3)i* The formation
were also produced, but none of the isomeric 2-phenyl indole of 23 was not influenced by conducting the reaction in the
was detected. For comparison, under identical conditions with 4ark or by the presence of the free radical inhibitor
1as the catalyst the corresponding PRIRDG=CH reaction  gajvinoxyl14 Furthermore,2a was converted to 3-phenyl
achieved only 63% conversion and a 14% yield of 3-phe- jndole when (1) injected into the GC at 25, (2) heated
nylindole after 36 h. at 80 °C with complex1 (10 mol %) under CO (5 atm,

A limited survey of nitrosoarene and alkyne substrates penzene), or (3) stirred under 1 atm I the presence of
showed that the these reactions are faster and somewhat morggo, pg/C (20°C, 5 h, 62% overall). Therefor@a, formed
efficient in general than the corresponding ArNennula- i the direct (uncatalyzed) reaction of PANO and PhC=CH,
tions (24 vs 48 h or more for ArN{yeactions) but display s a Jikely intermediate in the formation of the indole in the
comparable selectivity (eq 2, Table 1). Thus, (1) both neutral Ry.catalyzed reactions.

The regioselectivity and scope of the two-stage addition/
hydrogenation process for the synthesis of indoles (eq 3) was

(6) (a) Srivastava, A.; Ma, Y.; Pankayatselvan, R.; Dinges, W.; Nicholas,
K. M. J. Chem. Soc., Chem. Commui992, 853. (b) Srivastava, R. S.;
Nicholas, K. M. Tetrahedron Lett.1994, 8739. (c) Srivastava, R. S;
Nicholas, K. M.J. Org. Chem1994 59, 5365. (d) Srivastava, R. S.; Khan,

M. A.; Nicholas, K. M.J. Am. Chem. S04996,118, 3311. (e) Srivastava, X R

R. S.; Nicholas, K. M.J. Chem. Soc., Chem. Commu296, 2335. (f) A

Srivastava, R. S.; Nicholas, K. M. Am. Chem. S0d.997,119, 3302. + || —_—
(7) (a) Srivastava, R. S.; Nicholas, K. NMl.Chem. Soc., Chem. Commun NO

1998, 2705. (b) Kolel-Veetil, M. K.; Khan, M. A.; Nicholas, K. M. Y R'

Organometallics2000, 19, 3754.
(8) Penoni, A.; Nicholas, K. MJ. Chem. Soc., Chem. Commimpress.

(9) (@) Cenini, S.; Ragaini, FCatalytic Reductive Carbonylation of Ha
Organic Nitro CompoundsKluwer Academic: Dordrecht, Netherlands, X R /parc \X R
1997. (b) Tafesh, A. M.; Weiguny, £hem. Rev1996,96, 2035. | | | ] @)
(10) Experimental Procedure.A stainless steel autoclave fitted with a N R N \
glass liner and a magnetic spin bar was charged with catalyst (0.15 mmol), v | \&/ 1 R
OH 1

nitrosoarene (3 mmol), alkyne (12 mmol), and distilled solvent (benzene,
10 mL). In a well-ventilated fume hood the autoclave was purged with CO 2
three times (CAUTION, toxic) and finally pressurized to 750 psi. The vessel
was then heated to 17C for 24 h. After cooling, the autoclave was vented

in the fume hood, the solvent was removed by rotary evaporation, and the
products were isolated by flash chromatography over silica gel. Product
characterizational data are provided in Supporting Information.

then examined with a set of representative nitrosoarenes and
alkynes (Table 2)° In each case the intermediate add®ct
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Table 2. Indole Annulation by Addition/Hydrogenolysis (eq
3)

entry Ar R R’ indole yield (%)°

1 Ph Ph H 62

2 Ph Ph CHs 53

3 Ph Ph COzEt 46°

4 Ph COzEt COyEt 29

5 Ph COzEt H 64

6 Ph n-hexyl H 51d

7 p-Br-CsHs Ph H 34

8 p-Cl-CeHa Ph H 42

9 p-Etz;N-CsHs  Ph H 360

10 0-CH3-CgHa Ph H 39

aProcedure as described in ref/note 18olated indole yield based on
ArNO. ¢ 1.5:1 ratio of 2,3-substituted isomefs20 h reaction time¢ 48 h
reaction time withi-PrOH solvent.

was isolated by flash chromatography and subjected to
hydrogenolysis (H10% Pd on C, 4—6 h); reported yields
are for the isolated indole based on ArNO. As found for the
Ru-catalyzed annulations of ArN@nd ArNO with alkynes,
considerable electronic and steric variability is accom-
modated in the N-arene component (entries 1 antidj with

little effect on efficiency, although the electron-rich 4-MEt
CsH4NO reacted sluggishly (entry 9). Although alkynes with

(11) Data for2a: R;0.25 (7:3 CHCly/petroleum etherH NMR (CDCl)
0 6.8-8.0 (broad m); MS (ESI, neg ion) 208 (M 1 for C;4H1a1NO, 100%);
IR (CH.Cl,) 3470 (b), 1605, 1540, 1416 crh N-Hydroxyindoles, as found
for 2, are typically unstable (see ref 12a for a revieviNefiydroxyindoles)
and subject to facile autoxidation (ref 13) and hydrogenolysis to indoles
(ref 12a). An alternative formulation dfa as 4-phenyl-1,2-benzooxazine
is less consistent with the compound’s high polarity and abundanrt @)1
MS ion.

(12) (a) Somei, MHeterocyclesl999,50, 1157. (b) Acheson, R. M.;
Hunt, P. G.; Littlewood, D. M.; Murrer, B. A.; Rosenberg, H. E.Chem.
Soc., Perkin Trans. 1978, 1117.

(13) Berti, C.; Greci, L.; Poloni, MJ. Chem. Soc., Perkin Trans1981,
1610.

(14) Galvinoxyl did largely suppress the formation of the major byprod-
uct, azoxybenzene.

(15) Experimental Procedure Formation of adduct. The nitrosoarene
(1.0 mmol) and the alkyne (80 mmol) were refluxed in benzene{120
mL) under nitrogen for 12—15 h until the complete consumption of the
nitrosoarene was indicated by TLC. The solvent and volatiles were
evaporated in vacuo, and the intermediateas isolated as a yellow oil or
oily solid by flash chromatography over silica gel using 7:3 ,CH/
petroleum ether as eluants(&a. 0.2). Hydrogenolysis d. A mixture of
ca. 100 mg2 and ca. 66-70 mg of Pd/C (10%) in benzene (280 mL)
was stirred at room temperature while ttas bubbled into the solution.
After 5—6 h TLC analysis indicated complete consumptior2 ahd clean
formation of the corresponding indole; filtration to remove the catalyst and
solvent evaporation provided the indole, which was pure by NMR analysis
(see Supporting Information).
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conjugating substituents (entries3 and 710) are the most
reactive substrates in the annulation, 1-octyne (entry 6) did
undergo reasonably efficient (albeit somewhat slower) and
3-regioselective reaction. Aryl alkynes and ethyl propriolate
afford indoles selectively substituted with the conjugating
group at the 3-position (entries—B, 5, and #10); the
regioselectivity found with PhC=CC#t (1.5:1 in favor of
2-Ph-3-CQEt-indole, entry 4) was comparable to that in the
Ru-catalyzed reaction of PhN@vith PhNO.

To our knowledge the reaction of nitrosoarenes with
alkynes is heretofore unknowf Although further insight
into the mechanism of this novel transformation and the
metal-catalyzed annulations awaits studies in progress, the
absence of strong solvent or arene substituent effects on the
reactions and their indifference to galvinoxyl argue against
the involvement of ionic or radical intermediates. Its mech-
anism notwithstanding, the facility of the purely organic
ArNO/alkyne addition and the substrate reactivity/selectivity
similar to that of the Ru-catalyzed reactions suggest that this
novel reaction is an integral part of the Ru-catalyzed
processes and determines their regioselectivity. The primary
role of the catalyst thus appears to be to promote selective
reduction of the nitroarene (to nitrosoarene) and the inter-
mediate<? (to the indoles).

The presently disclosed novel annulation reactions provide
a direct and regioselective route to indoles from nitrosoare-
nes. The synthetic potential of these reactions is enhanced
by the ready accessibility of variously substituted nitrosoare-
nes (by oxidation of anilines or nitrosation of areftésnd
the neutral reaction conditions employed. Efforts are under-
way to develop more efficient catalytic reductive annulations,
to elucidate their mechanisms, and to demonstrate their
synthetic potential.

Acknowledgment. We are grateful for financial support
provided by the National Science Foundation and the
Ministero dell'Universita’ e della Ricerca Scientifica e
Tecnologica (ltaly, for A.P.).

Supporting Information Available: Characterization
data for the indole products and (partial) for the intermediates
2. This material is available free of charge via the Internet
at http://pubs.acs.org.

OL017139E
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