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Palladium Complex-Catalyzed Reductive N-Heterocyclization of
Nitroarenes: Novel Synthesis of Indole and 2H-Indazole Derivatives!
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The dichlorobis(triphenylphosphine)palladium (PdCla(PPhs)z)-tin(II) chloride (SnClp) system shows
high catalytic activity for the reductive N-heterocyclization of various 2-nitrostyrene and N-(2-
nitrobenzylidene)amine derivatives when employed at 100 °C for 16 h under 20 kg cm2 of initial
carbon monoxide pressure, to give the corresponding indole and 2H-indazole derivatives in good
yield. Forexample, 2-phenylindole was obtained in 75% yield from the reductive N-heterocyclization
of 2-nitrostilbene. Similarly, 2-propyl-2H-indazole was readily prepared in 83 % yield by the reductive
N-heterocyclization of N-(2-nitrobenzylidene)propylamine. A nitrene intermediate for the present
reaction is proposed on the basis of deuterium-labeling experiments and the investigation of alkyl
rearrangement in the construction of the indole skeleton. Carbon monoxide effectively operates as
a deoxygenating agent of the nitro group to afford a nitrene intermediate.

Introduction

The chemistry of indole and 2H-indazole derivatives
continues to be of interest because of their industrial and
agricultural applications and their biological and analytical
importance.2 The development of a catalytic synthesis of
such compounds by transition-metal complexes is therefore
desirable.

For the construction of the indole skeleton, the Fischer
indole synthesis is most widely used and has been
extensively reviewed.® Recently, numerous other ap-
proaches to the construction of the indole skeleton have
been reported, many employing transition-metal catalysts,*
and those of palladium in particular.? Hegedus et al. have
reported the palladium(Il) complex-catalyzed oxidative
N-heterocyclization of 2-aminostyrene or 2-allylaniline
derivatives to various indoles, including the ergot alka-
loids.52> Taniguchi et al. have reported the palladium
complex-catalyzed isomerization of diphenylazirine to
3-phenylindole.’¢ Larock et al. recently reported the
palladium-catalyzed heteroannulation of internal alkynes
with 2-iodoanilines to form indole derivatives.5d

On the other hand, widely adapted syntheses of 2H-
indazole derivatives employ the reduction of N-(2-ni-
trobenzylidene)amines using triethyl phosphite as a
reducing agent® and the thermal decomposition of N-(2-
azidobenzylidene)amines.®? Unlike indoles, the catalytic

® Abstract published in Advance ACS Abstracts, May 15, 1994.

(1) A preliminary account of this work has appeared: Akazome, M.;
Kondo, T.; Watanabe, Y. J. Chem. Soc., Chem. Commun. 1991, 1466.
Akazome, M.; Kondo, T.; Watanabe, Y. Chem. Lett. 1992, 769.

(2) (a) The Chemistry of the Alkaloids; Pelletier, S. W., Ed.; Van
Nostrand Reinhold Company; New York, 1970; Chapters 9 and 10. (b)
Sundberg, R. J. The Chemistry of Indoles; Academic Press: New York,
1970. (c) Comprehensive Heterocyclic Chemistry, Vol. 4; Katritzky, A.
R., Rees, C. W, Eds.; Pergamon: Oxford, 1984. (d) Grimmett, M.R. In
Comprehensive Organic Chemistry; Barton, S. D., Ollis, W. D., Eds,;
Pergamon Press: Oxford, 1979; Vol. 4, p 357. (e) Behr, L. C. In The
Chemistry of Heterocyclic Compounds; Wiley, R. H., Ed.; Interscience
Publisher: New York, 1967; Part 3, p 289.

(3) Robinson, B. Chem. Rev. 1963, 63, 373; 1969, 69, 227.

(4) Hegedus, L. S. Angew. Chem., Int. Ed. Engl. 1988, 27, 1113 and
references cited therein.

(5) (a) Hegedus, L. S.; Allen, G. F.; Bozell, J. J.; Watermn, E. L. J. Am.
Chem. Soc. 1978, 100, 5800. (b) Harrington, P. J.; Hegedus, L. S. J. Org.
Chem. 1984, 49, 2657. (c) Isomura, K.; Uto, K.; Taniguchi, H. J. Chem.
Soc., Chem. Commun. 1977, 664, (d) Larock, R. C.; Yum, E. K. J. Am.
Chem. Soc. 1991, 113, 6689.

0022-3263/94/1959-3375$04.50/0

synthesis of 2H-indazoles using transition-metal complexes
has never been reported.

Of the various synthetic methods for nitrogen hetero-
cycles, we have been interested in transition-metal complex-
catalyzed reductive N-heterocyclization of nitroarenes.”
Recently, Cenini et al. reported novel synthetic methods
for indole, %2 benzotriazole,® and benzazole® derivatives
using transition-metal carbonyl catalysts. However, their
reaction conditions were severe (i.e., at 220 °C under 80
kg cm-2? of CO pressure), and a more effective catalyst is
desirable. Wehave succeededin developing a new catalyst
system, i.e., PdClo(PPhg)s-SnClg, for the efficient and facile
syntheses of indoles and 2H-indazoles under considerably
milder reaction conditions (at 100 °C under 20 kg cm-2 of
CO pressure). In this paper, we report the details of this
novel synthetic route to indoles 2 and 2H-indazoles 4 via
the reductive N-heterocyclizations of 2-nitrostyrenes 1 and
N-(2-nitrobenzylidene)amines 3 respectiviey (eqs 1 and
2).

R PdCly(PPhg)z R?
SnClp ]
+ 260 — 2 NPNge * 2002 (1)
NO, 1

H
1 2

PACH(PPha)e
NC, SnCl, _N
+ 260 ©:/N—R + 2¢0, @
CH:N-R =

3 4

This is the first example of a transition-metal complex-
catalyzed synthesis of 2H-indazole. Further, this process
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Table 1. Catalytic Activities of Several Transition-Metal
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Table 2. Effect of Additivies on the Reductive

Complexes* N-Heterocyclization of la*
convof yield of conv of yield of
entry catalyst additive 1a®(%) 2a®(%) entry catalyst additive 1a% (%)  2a%(%)
1 PdCly(PPhg), SnClp 100 62 1 PdClz(PPhy), SnCl, 100 62
2 PdCl;(PPhg); 4 3 15 PACly(PPhy): SnCl, 23 8
3 SnClp 31 i 16 Pd(PPhs), SnCl, 24 8
4 2PPh, SnCl 30 10 17 PdCly(PPhg); CuCly 4 3
5 PdCl;(PhCN)2 SnCl, 14 10 18 PdCly(PPhj)e FeCly 4 2
6 PdCl;(PhCN); + 2PPh;  SnCl; 96 52 19 PdCly(PPhg): ZnCl, 24 2
7 Pd(PPhy), 52 39 20 PdClz(PPhy), MoCl; 100 0
8 PdCl;(PBuy): SnCl, 81 61 21 PdCly(PPhg): AgBF, 11 6
9 PdCly(dppe) SnCl, 31 11 22 PdCly(PPhy); BF3Et.0 7 0
104 PdCly(bipy) SnClp 16 8 23 PdCl:(PPhs)s SnBr; 46 23
11 PtCl;(PPhg)2 SnCly 44 32 24 PdCl(PPhy). Snl, 35 16
ig g‘ll(gf;(l;,l;lngs gzg}: gé 12 % 1a (2.0 mmol), catalyst (0.10 mmol), additive (1.0 mmol), 1,4-
14 Rhcl(PPha)a Sn012 2 15 dioxane (10 mL), CO (20 kg cm""), 100 °C, 16 h. ® Determined by

¢ 1a (2.0 mmol), catalyst (0.10 mmol), additive (1.0 mmol), 1,4-
dioxane (10 mL), CO (20 kg cm-2), 100 °C, 16 h. ¢ Determined by
GLC. ¢dppe = 1,2-bis(diphenylphosphino)ethane. ¢ bipy = 2,2’-
bipyridine.

is quite attractive since it can be regarded as a nitrogen—
nitrogen bond-forming reaction by a transition-metal
complex. Itisquite differentfrom theiron pentacarbonyl-
catalyzed reductive homocoupling of nitroarenes to azo
and/or azoxy compounds.®

Results and Discussion

Palladium-Catalyzed Synthesis of Indoles from
2-Nitrostyrene Derivatives. Catalytic activities of
several transition-metal complexes were measured in the
reductive N-heterocyclization of methyl 2-nitrocinnamate
(1a) to methyl 2-indolecarboxylate (2a) (eq 3), and the
results are summarized in Table 1.

CO,CH,
NO

2

1a
N7 CO,CH;

H
2a

Catalyst

The combination of PdCl;(PPhs); and SnCl; was
essential for catalytic activity (entries 1, 2, and 3).
Monodentate phosphorus ligands such as triphenylphos-
phine and tributylphosphine were also indispensable for
high catalytic activity (entries 1, 5,6, and 8). The catalytic
activity of the PACla(PhCN)o—SnCl; system was quite low,
but by the addition of triphenylphosphine, the catalytic
activity drastically increased (entries 5 and 6). The
combination of a platinum complex (PtCly(PPh;),) with
SnCl; also showed moderate catalytic activity (entry 11),
but the activities of other group VIII metal complexes
were relatively low (entries 12-14).

The effects of additives on this reaction are summarized
in Table 2. As mentioned above, the system of PdCls-
(PPh;); with SnCl; showed the highest catalytic activity
(entry 1), and the employment of SnCl, instead of SnCly
with PdCly(PPhs)s was less effective (entry 15). Similarly,
a combination of Pd(PPhs), with SnCl, was ineffective
(entry 16). Other Lewis acids such as CuCl,, FeCls, ZnCl,,
and MoCl; were totally ineffective (entries 17-20). Fur-
thermore, BF - and CF3SO4 are weakly or noncoordinating
anions and the cationic palladium complexes generated

(9) Kmiecik, J. E. J. Org. Chem. 1965, 30, 2014.
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Figure 1. Effect of the molar ratio of SnCly/PdCly(PPh): on
the reductive N-heterocyclization of 1a to 2a. Reaction condi-
tions: la (2.0 mmol), PACl;(PPhg); (0.10 mmol), and 1,4-dioxane
(10 mL) under CO (20 kg cm-2) at 100 °C for 16 h.

by addition of these salts are often employed as active
catalyst precursors in organic synthesis.! However, the
addition of BFzEt,;0 or AgBF,; did not improve the
catalytic activity (entries 21 and 22). When the effect of
the halogen in SnX, was examined, the catalytic activities
dwindled in the order of Cl > Br > I (entries 1, 23, and
24).

The effect of the molar ratio of SnCly/PdCla(PPhg); on
the reductive N-heterocyclization of 1a is shown in Figure
1. When the ratio was 10, the indole 2a was obtained in
the best yield (62%). Further addition of SnCl; did not
improve the yield of 2a. In the case when the ratio was
2 and the reaction time was 16 h, the conversion and yield
were 36% and 13%, respectively. However, when the
reaction time was extended to 48 h, both the conversion
and yield increased to 100% and 55%, respectively. This
result suggests that a catalytic amount of tin(II) chloride
was sufficient in the present reaction.

The effect of solvents is summarized in Table 3. Among
the solvents employed, 1,4-dioxane was the most effective
(entries 1 and 25-27), since the reaction mixture was
completely homogeneous even after the termination of
the reaction.

(10) (a) Sen, A.; Lai, T.-W.J. Am. Chem. Soc. 1982, 104, 3520. (b) Lai,
T.-W.; Sen, A. Organometallics 1984, 3, 866. (c) Hegedus, L. S.; Mulhern,
T. A.; Asada, H. J. Am. Chem. Soc. 1986, 108, 6224. (d) Brumbaugh, J.
S.; Sen, A. J. Am. Chem. Soc. 1988, 110, 803. (e) Akermark, B.;
Krakenberger, B.; Hannson, S.; Vitagliano, A. Organometallics 1987, 6,
620. (f) Ozawa, F.; Kudo, A.; Hayashi, T. J. Am. Chem. Soc. 1991, 113,
1417. (g) Ozawa, F.; Hayashi, T.; Koide, H.; Yamamoto, A. J. Chem. Soc.,
Chem. Commun. 1991, 1469. (h) Pisaano, C.; Consiglio, G.; Sironi, A,;
Moret, M. J. Chem. Soc., Chem. Commun. 1991, 421.
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Table 3, Effect of Solvents and Reaction Conditions on the
Reductive N-Heterocyclization of 1a*

temp (00) convof yield of
entry  solvent °C) (kgem-2) 1ad (%) 2a°(%)
1 1,4-dioxane 100 20 100 62
25 THF 100 20 97 38
26 toluene 100 20 60 36
27 anisole 100 20 97 15
284  toluene reflux 1 22 16
(bp 110 °C)
29%¢  diglyme reflux 1 43 9
(bp 162 °C)

% la (2.0 mmol), PdCl;(PPhg); (0.10 mmol), SnCl; (1.0 mmol),
solvent (10 mL), 16 h. ® Determined by GLC. ¢ Used a 50-mL Pyrex
flask with a reflux condenser and a 2-L balloon. ¢ For 6 h. ¢ For 4 h.
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Figure 2. Effect of initial carbon monoxide pressure on the
reductive N-heterocyclization of 1a to 2a. Reaction conditions:
1a (2.0 mmol), PdClo(PPhg); (0.10 mmol), SnCl; (1.0 mmol), and
1,4-dioxane (10 mL) at 100 °C for 16 h.
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Figure 3. Effect of reaction temperature on the reductive
N-heterocyclization of 1a to 2a. Reaction conditions: la (2.0
mmol), PdCly(PPh;), (0.10 mmol), SnCl; (1.0 mmol), and 1,4-
dioxane (10 mL) under carbon monoxide (20 kg cm-2) for 16 h.

The effects of initial carbon monoxide pressure and
reaction temperature are shown in Table 3 and in Figures
2 and 3.

The yield of 2a climbed to a maximum of 62% under
20 kg ecm-2 of CO at 100 °C. The present reaction was also
examined under 1 atm of carbon monoxide using a 50-mL
Pyrex flask equipped with a reflux condenser and a 2-L
balloon. Under reflux in toluene (bp 110 °C), the
conversion of la and yield of 2a were 22% and 16%,
respectively (entry 28 in Table 3). Under refluxindiglyme
(bp 162 °C), the conversion was slightly raised, to 43%,
but the yield decreased to 9% (entry 29 in Table 3).

The effect of reaction temperature, at 20 kg cm-2 of
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initial carbon monoxide pressure, was also examined
(Figure 3). At 120 °C, the maximum yield of the indole
reached 71%. Below 100 °C, the yield drastically de-
creased. Above 140 °C, the catalyst was deposited as
palladium metal during the reaction. As for optimization
of the reaction conditions, 2a was obtained from 1a in the
highest yield (71%) at 120 °C under 20 kg cm-2 of initial
carbon monoxide pressure. These reaction conditions are
remarkably mild in comparison with the ruthenium
carbonyl-catalyzed synthesis of indoles from 2-nitrostyrene
derivatives.8:b

A variety of 2-nitrostyrenes la—d bearing alkoxy-
carbonyl, aryl, and alkyl substituents on the olefinic
carbons were smoothly transformed into the corresponding
indoles 2a-d in 50-75% yields (entries 30~33 in Table 4).
On the other hand, in the case of 2-nitrochalcone (le),
which has an acyl group on the olefinic carbon, 2-benzoyl-
indole (2e) was obtained in 52% yield, together with
2-phenylquinoline (6a) in 34% yield (entry 34 in Table
4).1! In the reaction of 2-nitrocinnamaldehyde (1f), only
quinoline 6b was isolated, in 23% yield, and the corres-
ponding indole was not obtained at all (entry 35 in Table
4.1

When 2-(2-methyl-1-propenyl)nitrobenzene (1g) was
employed, 2,3-dimethylindole (2g) was obtained in 52%
yield via reductive N-heterocyclization, followed by the
rearrangement of the alkyl group (eq 4). Similarly, (2-
nitrobenzylidene)cyclopentane (1h) was transformed into
1,2,3,4-tetrahydrocarbazole (2h) in 45% yield (eq 4).

] PdCl(PPhg)2 R
SnCl |
R N R @
NO, co \
H
19 R=CH, Isolated yield: 2g 52%
1h RR=-(CHp)¢- 2h 45%

Furthermore, under the presentreaction conditions, and
even at 150 °C, 2-nitrobiphenyl was not converted into
carbazole (entry 36 in Table 4). When 2-ethylnitrobenzene
was employed, neither indole nor indoline was detected,
and a small amount of 2-ethylaniline was detected at 200
°C (eq 5). As can be seen from these results, C-N bond
formation in this reductive N-heterocyclization proceeded
characteristically at olefinic sp? carbons only not at sp3
carbons.

CoHe Pd(;l:(cl:Phg)g
L |
@[ —_— and/or (5)
NO, co N N

) '
H H

(11) The quinoline would be obtained by intramolecular reductive
coupling of the nitro group with the carbonyl group, after trans—cis
isomerization of the olefinic carbon-carbon double bond. Indeed, the
present catalyst system (PdCly(PPhg);-SnClp) also promoted the reductive
coupling of nitrobenzene with benzaldehyde to give N-benzylideneaniline
in 71% yield (eq 7). As for the similar synthesis of six-membered
heterocyclic compounds, we have reported that ruthenium-catalyzed
synthesis of 4(3H)-quinazolinone derivatives by the reductive N-hetero-
cyclization of N-(2-nitrobenzoyl)amides under carbon monoxide pressure.”

PdClx(PPhy).

e Oyoo S8
CO,100°C
2.1 mmol
OodD o

yiekd 71%

2.5 mmol
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Table 4. Palladium-Catalyzed Reductive
N-Heterocyclization of 2-Nitrostyrene Derivatives®
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Table 5. Palladium-Catalyzed Reductive
N-Heterocyclization of N-(2-Nitrobenzylidene)amines®

entry substrate product yield® (%)
mCOOCHa
30 E I l' 62 (60)
mz v COOCH;,
1a 2a 4
OGNS wt
31 |
bNOg 'I‘ Ph 75 (74)
1
CH, 2b 4
CHy
82 @:T 57 (41)
NO. N

-
0
[
n
0
T-

3
8

-
[

(o]
N
[-%
X

52

3
-zi
3

o

(23)

(-] N
» o
zi /; zg\ /; T
2
®

&

Q;%{ :%
DY :

) ;
)

I-=Z

¢ Substrate (2.0 mmol), PdClz(PPhg)s (0.10 mmol), SnCl; (1.0
mmol), 1,4-dioxane (10 mL), CO (20 kg cm-2), 100 °C, 16 h. 8 GLC
yields (isolated yields).

Although Hegedus et al. reported the palladium-
catalyzed intramolecular cyclization of 2-aminostyrenes
to indoles,® when a 2-aminostyrene such as 2-amino-
stilbene (7), rather than a 2-nitrostyrene, was employed
in the present reaction, 2-phenylindole was not produced.
This result completely excludes the possibility that the
present reductive N-heterocyclization proceeds via a
2-aminostyrene-type intermediate.

During the reductive N-heterocyclization of la (entry
30in Table 4), the evolution of carbon dioxide was detected
and the yield of the generated carbon dioxide was 141%
onthebasisof 1a charged. Thisresultsuggeststhatcarbon
monoxide actually operates as an efficient deoxygenating
agent for 2-nitrostyrenes, generating the corresponding
nitrene intermediates. Under hydrogen pressure (20 kg
c¢m-?), or water gas shift reaction conditions (H;O (10 mmol)
+ CO (20 kg cm-?)), the present reaction did not occur.

Palladium-Catalyzed Synthesis of 2H-Indazoles
from N-(2-Nitrobenzylidene)amine Derivatives. The
reductive N-heterocyclization of N-(2-nitrobenzylidene)-
amines 3 proceeded smoothly using the same catalyst
system to give the corresponding 2H-indazole derivatives
4 in good yields (eq 2).

The results are listed in Table 5. When (2-nitro-
benzylidene)amines 3a—i bearing alkyl, aryl, methoxyalkyl,
and 3-chlorophenyl substituents on the imino group were
employed, the corresponding 2H-indazole derivatives 4a—i

entry substrate yield® (%)

e T m
CH N=—Pr"
4a
. @c
CH N—Ph

©:/N_Ph 48(64)
o
39 N—Pr" 65
CH:N-PP™ 0
© j@r Mo
CH:=N—Ph
©:/ N-=Pr 63

41
CH:N—Pr

42 @ ©:/ —(CH;);0CH; 53
—(CHz)sOCHa
< P e oTal
N 74
O 3
3g 4g

“
CH N-But!
ah
CH,
% o
45 CHEN - 59
3l 4 CH
CH, 8
NO; N
CaiY
. QX o
9

o Substrate (2.0 mmol), PACly(PPhg); (0.10 mmol), SnCl; (1.0
mmol), THF (10 mL), CO (20 kg cm-2), 100 °C, 16 h. ® Isolated yields
(GLC yields).

were obtained in 51-83% yields (entries 37-45). Steric
hindrance presented by N-substituents did not affect the
reaction (entries 44 and 45). Furthermore, 2H-indazoles
having a dioxymethylene substituent on the aromatic ring
were also obtained in good yields (entries 39 and 40). Upon
employment of 2-nitrobenzaldehyde (8), 2,1-benzisoxazole
(9) was obtained in 37% yield (entry 46).

A typical N-(2-aminobenzylidene)amine such as N-(2-
aminobenzylidene)propylamine was not transformed into
the corresponding 2H-indazole under the present reaction
conditions.

Mechanism of the Reductive N-Heterocyclization
of Nitroarenes. In order to investigate the mechanism,
we carried out the following deuterium labeling experi-
ments. First, 2-(2,2-dideuterio-1-methylvinyl)nitro-
benzene (1i) was prepared by a Wittig reaction (see
Experimental Section); the level of deuteriation in the
B-positions of 1i was 88%. N-Heterocyclization of li
afforded 3-methylindole 2i with 20% and 31% deuterium
at the 1- and 2-positions respectively (eq 6).12 This result
clearly indicates that the deuterium at the 8-position of
the starting 2-nitrostyrene i is directly abstracted by the
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nitrogen atom (probably of a nitrene intermediate) in the
construction of the indole skeleton.

Pdc|2(PPh3)2 3

31

nd; &%) co 6(20%)( )
1 2i

Recently, Leconte et al. reported the generation of a
metallacyclic intermediate in the reductive N-carbony-
lation of nitrobenzene.!3 Inthe present reaction, however,
carbon monoxide operates only as a reducing agent for the
nitro group (vide supra) and is not incorporated into the
product. Therefore, the generation of isocyanate or
metallacyclic intermediates as postulated by Leconte et
al. is unlikely in the present reaction. From the results
of the deuterium labeling experiments and the reaction
features mentioned previously, we now assume a nitrene
intermediate,!* which would strongly coordinate to the
metal as postulated for many traditional reductive N-
carbonylations of nitroarenes!5 and reductions of nitroso
compounds.!® Accordingly, the most plausible route for
the reductive N-heterocyclization of nitroarenes is il-
lustrated in Scheme 1. Firstly, deoxygenation of the nitro
group of the nitroarene by carbon monoxide would occur
togive the corresponding nitrene intermediate, along with
the generation of CO; (vide supra). In the case of indole
synthesis, this electrophilic nitrene could attack the olefinic
carbon, followed by a hydrogen transfer via a [1,5]-
sigmatropic rearrangement, to give the corresponding
indole.

The reductive N-heterocyclization of 8,8-disubstituted
2-nitrostyrenes (eq 4) can also be rationalized by a similar
mechanism (Scheme 2). Namely, the nitrene intermediate
would also attack the olefinic carbon to form a nitrogen-
carbon bond. Following [1,5]-sigmatropicrearrangement

(12) The reason that the deuterium content of the 8-position of the
starting 2-nitrostyrene 1i was reduced from 88% to 31% in the generated
3-methylindole 2i (at the 2 position) could be explained by the following
additional experiment. Namely, 3-methylindole labeled by deuterium at
the 2 position (64 % ) was separately prepared and treated under the present
reaction conditions (eq 8). In the presence of both PdCly(PPhj); and
SnCl,, the deuterium content at the 2 position was drastically reduced
to 18 %, although the deuterium content at the 2 position did not change
at all in the absence of both PdCly(PPhy); and SnCl;. These results
suggest that the deuterium on the indole ring would easily exchange with
the other hydrogens on the indole ring, solvent, and/or triphenylphosphine

ligand.
CH, PACH(PPhy), CH,
N7>D (84%) co N77D (18%)
H H

(13) Leconte, P.; Metz, F.; Mortreux, A.; Osborn, J. A.; Paul, F.; Petit,
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149.
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Laine, R. M,; Heck, R. F. J. Org. Chem. 1975, 40, 2819. (c) Alessio, E.;
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1988,53,1243. (f) Watanabe, Y.; Tsuji, Y.; Takeuchi, R.; Suzuki, N. Bull.
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R. Bull. Chem. Soc. Jpn. 1984, 57, 3011. (h) Watanabe, Y.; Tsuji, Y.;
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of an alkyl group from the 2 position to the 3 position on
the indole ring, and subsequent hydrogen migration, the
corresponding more stable indoles would be obtained. A
similar rearrangement of alkyl substituents has been
reported by Sundberg et al. in the synthesis of indoles
from B3,8-disubstituted 2-nitrostyrenes using an excess of
triethyl phosphite as the reducing agent.!” In the case of
pyrrole analogs, Chiu and Sammes have reported that a
2,2-disubstituted 2H-pyrrole can be reversibly intercon-
verted to give the more stable 1H-pyrrole via [1,5]-
sigmatropic rearrangement.18

In the case of the formation of 2H-indazole derivatives,
the electrophilic nitrene could attack the nitrogen atom
of the imino substituent to give the corresponding 2H-
indazole derivatives.

In summary, this paper reports the discovery of a new
palladium-catalyzed reductive N-heterocyclization of
nitroarenes for the synthesis of indole and 2H-indazole
derivatives. We anticipate that this reductive N-hetero-
cyclization will be applicable to the construction of other
N-heterocyclic ring systems.

Experimental Section

General. The GLC analyses were carried out on gas chro-
matographs equipped with glass columns (3 mmi.d. X 3m) packed
with Silicone OV-17 (2% on Chromosorb W(AW-DMCS), 80—
100 mesh) and PEG-HT (5% on Uniport HP, 60-80 mesh). In
the case of gas-phase analysis, gaseous products were collected
in a gas buret and analyzed on a gas chromatograph equipped
with a thermal conductivity detector and a stainless column (3
mm i.d. X 3 m) packed with active carbon (60-80 mesh). The
1H-NMR spectra were recorded at 90 and/or 270 MHz. 13C-
NMR spectra were recorded at 25.05 and/or 67.80 MHz. Samples
were analyzed in CDCl;, and the chemical shift values are
expressed relative to MeSi as internal standard. Elemental
analyses were performed at Microanalytical Center of Kyoto
University.

Materials. The reagents employed in this study were dried
and purified before use by the usual procedures. Carbon
monoxide (>99.9%) was used without further purification.

(17) Sundberg, R. J.; Yamazaki, T. Y. J. Org. Chem. 1967, 32, 290.
(18) Chiu, P. K.; Sammes, M. P. Tetrahedron 1990, 46, 3439.
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Transition-metal complexes such as PACly(PPhg),,* Pd(PPhy),, 2
PdCl:(PBujs)s,2t PdCly(dppe),22 PACly(bipy),2® PACla(PhCN)g,24
PiCly(PPhyg)2,25 NiCly(PPhg);,2% RuCly(PPhy)s,?” and RhCl-
(PPhg)s8 were prepared by the literature methods. SnCly, SnBr,,
Snl;, and AgBF, were commercially available and were used
without further purification. Starting materials were prepared
by the following procedure. Methyl 2-nitrocinnamate (1a) was
prepared by esterification of 2-nitrocinnamic acid with dimethyl
sulfate according to the literature.? 2-Nitrostilbene (1b), 2-(2-
methyl-1-propenyl)nitrobenzene (1g), and (2-nitrobenzylidene)-
cyclopentane (1h) were prepared by the Wittig—-Horner reaction
of 2-nitrobenzyl bromide with triethyl phosphite.® 2-Iso-
propenylnitrobenzene (1¢) was prepared by a Wittig reaction.?!
2-Nitrostyrene (1d) was prepared by decarboxylation of 2-
nitrocinnamic acid using copper powder in quinoline according
to the literature.®? 2-Nitrochalcone (le) was prepared by the
condensation of 2-nitrobenzaldehyde with acetophenone under
basic conditions.®  2-(2,2-Dideuterio-1-methylvinyl)nitro-
benzene (li) was prepared by the Wittig reaction of 2-nitro-
acetopenone with (methyl-ds)triphenylphosphonium iodide.?
2-Aminostilbene (7) was prepared by reduction of 2-nitrostilbene
with iron powder in acetic acid and ethanol.%s N-(2-Nitro-
benzylidene)amines 3a—i were readily obtained by a condensation
between 2-nitrobenzaldehyde and the corresponding amines using
MgSO, as a dehydrating reagent in ether.

Preparation of 2-Deuterio-3-methylindole (2i). N-(Phen-
ylsulfonyl)-2-lithio-3-methylindole was prepared by the literature
method,3* and it was decomposed by the addition of dueterium
oxide to give N-(phenylsulfonyl)-2-deuterio-3-methylindole. Sub-
sequently, the sulfonyl substituent as a N-protecting group was
removed by hydrolysis to afford the corresponding indole.3%

General Procedures for Palladium-Catalyzed Reductive
N-Heterocyclization of Nitroarenes. A mixture of nitroarene
derivative (2.0 mmol), PdCly(PPhg); (0.10 mmol), SnCl; (1.0
mmol), and solvent (10 mL) was placed in a 50-mL stainless steel
autoclave equipped with a glass liner and a magneticstirring bar.
The unit was sealed and then purged three times with 10 kg cm-2
pressurization—depressurization cycles of carbon monoxide. The
reactor was then pressurized to 20 kg cm-2 with carbon monoxide
(at rt), heated to 100 °C within 10 min with stirring, and held
at this temperature for 16 h. The reaction was terminated by
rapid cooling, and gaseous products were discharged. The
resulting brown solution was analyzed by GLC and FT-IR. The
products were isolated by Kugelrohr distillation and/or medium
pressure column chromatography (absorbent, silica gel; eluent,
amixture of hexane and ethyl acetate). Theidentification of the
products was confirmed by FT-IR, 'H- and 13C-NMR, elemental
analyses, and GC-MS.

Reductive N-Heterocyclization Products. Methyl 2-
indolecarboxylate (2a)® (mp 148.0-148.4 °C), 2-phenylindole
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(2b)¥ (mp 187.8-188.5 °C), 3-methylindole (2¢)38 (mp 92.5-93.4
°C), 2-benzoylindole (2e)% (mp 1562.2-153.0 °C), 2,3-dimeth-
ylindole (2g)* (mp 105.5-106.5 °C), 1,2,3,4-tetrahydrocarbazole
(2h)4 (mp 114-117 °C), 2-phenylquinoline (6a)*? (mp 82.0-82.5
°C), 2-phenyl-2H-indazole (4b)*® (mp 81.5-81.8 °C), 5,6-(meth-
ylenedioxy)-2-phenyl-2H-indazole (4d)* (mp 173-175 °C), 2-iso-
propyl-2H-indazole (4e)4 (bp 130 °C/0.4 mmHg (Kugelrohr
distillation)), and 2-tert-butyl-2H-indazole (4h)* (mp 56.5-57.5
°C), 2,1-benzisoxazole (9)4" (bp 150 °C/13 mmHg (Kugelrohr
distillation)) were identical in all respects with authentic samples.
2-Propyl-2H-indazole (4a): colorless liquid; bp 160 °C/0.9
mmHg (Kugelrohr distillation); tH NMR (CDCl;, 90 MHz) &
0.90 (t, 3H), 1.99 (sextet, 2H), 4.31 (t, 2H), 6.95-7.76 (m, 4H),
7.86 (s, 1H); 3C NMR (CDCl;, 25.056 MHz) § 11.2, 24.0, 55.2,
117.3, 120.0, 121.4, 121.6, 122.5, 125.6, 148.8; MS, m/z (relative
intensity) 160 (M*, 44.3), 131 (M* - Et, 96.1), 118 (M* - Pr, 100).
Anal. Caled for CioH2No: C, 74.97; H, 7.55; N, 17.48. Found:
C, 74.72; H, 7.69; N, 17.36.
5,6-(Methylenedioxy)-2-propyl-2H-indazole (4c): yellow
solid; mp 98.7-99.5 °C; tH NMR (CDCls, 90 MHz) § 0.92 (t, 3H),
1.97 (sextet, 2H), 4.24 (t, 2H), 5.92 (s, 2H), 6.84 (s, 1H), 6.98 (s,
1H), 7.66 (s, 1H); 13C NMR (CDCl;, 25.05 MHz) 6 11.1, 23.8, 54.9,
93.9,94.7,100.7,116.6,121.8,144.9,145.6, 148.4; MS, m/z (relative
intensity) 204 (M*, 46.6), 1756 (M* - Et, 100), 162 (M* - Pr, 62.8).
Anal. Caled for C,;Hy3N20q: C,64.69; H, 6.95; N, 13.72; 0, 15.67.
Found: C, 64.61; H, 5.88; N, 13.67.
2-(3-Methoxypropyl)-2H-indazole (4f): colorlessliquid; bp
190°C/0.2mmHg (Kugelrohr distillation); tH NMR (CDCls, 270
MHz) § 1.99 (m, 2H), 3.31 (t, J = 5.9 Hz, 2H), 3.31 (s, 3H), 4.50
(t,J = 6.8 Hz, 2H), 7.06 (ddd, J = 0.7, 6.6, 8.3 Hz, 1H), 7.26 (ddd,
J=0.7,6.6,8.8Hz, 1H), 7.63 (ddd, J = 0.7, 1.0, 8.3 Hz, 1H), 7.71
(ddd, J = 0.7, 1.0, 8.8 Hz, 1H), 7.89 (s, 1H); 13C NMR (CDCls,
25.05 MHz) ¢ 30.5, 50.4, 58.7, 68.8, 117.2, 120.1, 121.5, 122.4,
123.2, 125.8, 148.8; MS, m/z (relative intensity) 190 (M*, 27.2),
175 (M -~ Me, 26.9), 132 (64.4), 131 (M* - CH,CH,OCHj;, 100),
119 (30.0). Anal. Caled for C;H; N.O: C, 69.45; H, 7.42; N,
14.72. Found: C, 69.41; H, 7.53; N, 14.74.
2-(3-Chlorophenyl)-2H-indazole (4g): white solid; mp
102.5-104.0 °C; tH NMR (CDCl;, 90 MHz) 8 7.07-7.97 (m, 8H),
8.35 (s, 1H); 13C NMR (CDCl;, 25.05 MHz) 6 117.7, 118.4, 120.1,
120.9, 121.1, 122.5, 126.9, 127.5, 130.2, 135.1, 141.0, 149.5; MS,
m/z (relative intensity) 230 (M[3'Cl}*, 33.2), 228.0 (M[*CIl}*,
100), 192 (20.2). Anal. Caled for CisHgN;Cl: C, 68.28; H, 3.97;
N, 12.25. Found: C, 68.44; H, 3.75; N, 12.29.
2-(2,6-Dimethylphenyl)-2 H-indazole (4i): white solid; mp
92.3-93.0 °C; 'H NMR (CDCl;, 270 MHz) 6 1.97 (s, 6H), 7.10-
7.35 (m, 5H), 7.73 (d, J = 8.5 Hz, 1H), 7.80 (dd, J = 0.7, 8.8 Hz,
1H), 7.95 (s, 1H); 13C NMR (CDCl;, 25.05 MHz) § 17.2, 118.0,
120.3,121.9, 122.7, 124.4, 126.1, 128.1, 129.3, 135.4, 139.6, 149.1.
Anal. Caled for CsH; Ns: C, 81.05; H, 6.35; N, 12.60. Found:
C, 81.28; H, 6.47; N, 12.70.
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