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1-Alkylidene-2-arylhydrazines undergo annulative coupling with internal alkynes in presence of
a rhodium(III) catalyst and a copper(II) salt. The reaction proceeds through cleavage of the C—H
and N-N bonds of the hydrazines to afford 1,2,3-trisubstituted indole derivatives.
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Because of the importance of indoles as a privileged structure
in the manufacture of pharmaceuticals, agrochemicals, and
functional materials, the continued development of increasingly
efficient methods for the preparation of indoles has been a
pervasive topic in organic synthesis.'” The Fischer indole
cyclization (synthesis) has arguably become one of the most
studied and successful approaches to indole synthesis since its
discovery in 1883, and it remains under active development. The
vintage synthesis and its modern variants employ 1-alkylidene-2-
arylhydrazines or their tautomers, 1-alkenyl-2-arylhydrazines, as
substrates.

Transition-metal-catalyzed C—H bond functionalization has
witnessed tremendous growth in recent years because it offers an
innovative and elegant pathway for the construction of organic
molecules./As such, a wide variety of annulation and cyclization
reactions based on the functionalization of C—H bonds” have been
devised for indole synthesis>* and have addressed some of the
issues pertaining to the traditional methods. Reports of a
rhodium(III)-catalyzed indole synthesis involving the cleavage of
N-N bonds appeared in succession last year (Figure 1).*” During
our ongoing investigation into transition-metal-catalyzed
reactions of hydrazine derivatives,® we discovered an indole-
forming annulation reaction of alkylidenehydrazines with alkynes
under rhodium(III) catalysis, which we report herein.”
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Figure 1. N-N Compounds used in rhodium(IIl)-catalyzed
annulation with alkynes to give indoles

Subjection of 1-ethylidene-2-methyl-2-phenylhydrazine (1a)
and diphenylacetylene (2a) to [Cp*RhCl,], (2.5 mol%, 5 mol%
Rh) and Cu(OAc), (2 equiv) in DMF at 120 °C under nitrogen
resulted in the formation of 1-methyl-2,3-diphenylindole (3a) in
34% yield through the annulative coupling involving cleavage of
the C-H and N-N bonds under rhodium(III)-catalyzed oxidative
conditions (Table 1, entry 1). Because a cationic system
([Cp*RhCl,],/AgSbFy) proved to be more effective (entry 2), the
preformed cationic rhodium(III) catalyst
[Cp*Rh(MeCN);](SbFg), was used; the reaction gave 3a in 58%
yield  (entry  3).  Furthermore, the  addition  of
tetraphenylcyclopentadiene (CsH,Ph,) as the ligand boosted the
yield to 67% (entry 4).® A control experiment revealed that the
use of an excess (1.5 equiv) of 2a was pivotal for obtaining the
product in good yield. The reaction performed at a lower
temperature (100 °C) led to a reduced yield (entry 5), and a
complex mixture of products was obtained when the reaction was
performed under air. Almost no indole formation was observed in
the absence of either the Rh(III) catalyst or the Cu(Il) oxidant.

Table 1
Optimization of reaction conditions®

Me Ph 5 mol% Rh(lll) catalyst Me

N 2 equiv Cu(OAc), N

N+ | )—Ph
{ DMF
N
Me Ph under N Ph
1a 2a 3a

(1.5 equiv)
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Entry Catalyst Temp Time Yield®
o b (P

1 2.5 mol% [Cp*RhCl]» 120 3 34

2 2.5 mol% [Cp*RhCl,], 120 3 46
20 mol% AgSbFg

3 5 mol% [Cp*Rh(MeCN);](SbFs), 120 L5 58

4 5 mol% [Cp*Rh(MeCN);](SbFs), 120 L.5 67°
20 mol% CsH,Ph,

5 5 mol% [Cp*Rh(MeCN);](SbFs), 100 2 54
20 mol% CsH,Ph,

* 1a (0.20 mmol) and 2a (0.30 mmol) were reacted in the
presence of 5 mol% Rh(III) catalyst and 2 equiv Cu(OAc), in DMF
(1.0 mL) under nitrogen.

® [solated yield.
50% yield with 1 equiv 2a.

We subsequently investigated the effect of the alkylidene
moieties of hydrazines 1 that are dismantled during the reaction
(Table 2).° The reaction of N'-propylidene hydrazine 1b with 2a
resulted in a comparable yield (entry 1). N'-Isobutylidene
hydrazine 1c¢ was among the most efficacious substrates for the
reaction, giving 90% yield of 3a (entry 2). However, the product
3a was not obtained with neopentylidene hydrazine 1d because
of the decomposition of the substrate (entry 3), and no reaction
was observed with benzylidene hydrazine 1e (entry 4). We also
examined ketone-derived substrates; the use of cyclohexylidene
derivative 1f led to the decomposition of the starting hydrazine
(entry 5).

Table 2

Screening of alkylidene substituents of 1°*
Me 5 mol% [Cp*Rh(MeCN)gl(SbFe)a
20 mol% CsH,Phy

N‘N + 2a 3a
)j\ 2 equiv Cu(OAc),
R R DMF (0.2 M), 120 °C
1

Entry 1 R, R’ Yield® (%)

1 1b Et, H 70

2 1c i-Pr, H 90

3 1d t-Bu,H decomposition
4 le Ph, H no reaction

5 1f (CH,)s decomposition

*1 (0.20 mmol) and 2a (0.30 mmol) were reacted in the presence
of 5mol% [Cp*Rh(MeCN);](SbFs), and 2 equiv Cu(OAc), in DMF
(1.0 mL) under nitrogen.

®Isolated yield.

Some experiments were conducted to probe the mechanism of
the reaction. The reaction with 1-methyl-1-phenylhydrazine

(PhMeN-NH,) under our reaction conditions afforded 3a in trace
amount,  suggesting that a  mechanism involving
hydrohydrazination of alkynes followed by the Fischer indole
cyclization'® is improbable in this case.

The proposed mechanism for the rhodium(IIl)-catalyzed
indole-forming annulation reaction between lc¢ and 2a is shown
in Scheme 1. A rhodium(Ill) acetate species is presumably
generated from ligand exchange, and the nitrogen of the
hydrazine 1c directs the C—H bond cleavage event to generate
five-membered rhodacycle A with an accompanying loss of
acetic acid.'"'* Next, the C—C triple bond of 2a coordinates to the
rhodium, after which migratory insertion occurs to form seven-
membered rhodacycle B. The N-N bond in intermediate B is
then cleaved, and the amino group migrates to the rhodium to
forge six-membered rhodacycle C with the concomitant release
of acetic acid and isobutyronitrile.’ ~Finally, reductive
elimination of C furnishing indole 3a extrudes a rhodium(I)
species, which is oxidized by Cu(Il) to restore the catalytically
active rthodium(III) complex. Under our oxidative conditions, the
putative byproduct, nitrile, was so unstable that its detection and
isolation were not possible

u(OAc), CUOAC 1c
]/—‘ ;_A Rh!'(OAc),
AcOH
Me
N\Rh NP ipr
# > ph ©:R;
(OAc
ACOH
i-PrCN

Scheme 1. Proposed mechanism for the rhodium(Ill)-catalyzed
indole-forming annulation

Using N'-isobutylidene hydrazines as coupling partners of
choice, we subjected a range of alkynes to the optimized indole-
forming reaction conditions (Table 3)." The reaction of 1c with
diaryl alkynes afforded the corresponding 2,3-diaryl indoles 3b—
f. A thienyl group was tolerated in this reaction to provide
dithienyl indole 3g. An aliphatic alkyne was also used that
resulted in 2,3-dipropylindole 3h being isolated in 54% yield. In
the case of the unsymmetrical alkyne 1-phenyl-1-propyne,
product 3i was obtained as an 80:20 mixture of regioisomers. In
addition to N-methylindoles, N-ethyl-, N-benzyl-, and N-
phenylindoles 3j—m were also prepared through the reaction. In
the reaction of 3-tolyl derivative, the C—H bond cleavage process
occurred at the more sterically accessible sites to give and 6-
methylindole 3o, respectively, as the exclusive products.

5 mol% [Cp*Rh(MeCN)3](SbFe)s R

2 equiv Cu(OAc),
DMF (0.2 M), 120 °C

Rl N
P Wa

R4

Table 3
Substrate scope of the rhodium(Ill)-catalyzed annulative coupling of 1 with 2
R2 R3
\ 20 mol% CsH,Ph
T g
N Nipe R
1 2

3



Me Me Me Me
N N N
L= O 2190
74 \ 7 \ Q Me
== = Me
Me OMe Me
3b91% 3¢ 97% 3d 63%
Me
N S Me Mo
7\ N N
S =
= Pr Me
3g 55% 3h 54% 3i 72% (80:20)
Ph Ph Me
N N N
) —Ph @—Pr )—Ph
Me
Ph Pr Ph
3192% 3m 61% 3n 88%

Me Me
N N
e
CF3 Cl
3e 69% 3 52%
,Et Bn
N N
Ph Ph
3§ 73% 3k 41%
Me Me  mMe
Me N N
m"h )—Ph
Ph Ph
30 89% 3p 74%

In conclusion, we developed a method for the synthesis of
indoles from alkylidenehydrazines and alkynes under
rhodium(IIl)-catalyzed oxidative conditions. This annulation
reaction proceeds via the cleavage of C—H and N-N bonds and
allows access to a range of 1,2,3-trisubstituted indoles.
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