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Unsymmetrical 2,3-Aliphatic-Substituted Indoles and Pyrroles**
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Since their introduction in the 1880s, the Fischer indole
synthesis!"! (Scheme 1a) and the Paal-Knorr pyrrole syn-
thesis®? have ranked among the most utilized reactions in

a) Fischer Indole Synthesis (Ref. 1):

Lewis acid W E%_/
100 °C

Larock Indole Synthesis (Ref. 6):
N N
e

c) Fagnou's Indole Synthesis (Ref. 11):
nHex
CL, ©f§
+ nHex
N~ H I 120 °C

/go nHex ):

Scheme 1. Challenges in the synthesis of 2,3-aliphatic indoles.

at Pd°
100 °C

cat. Rh'"

heterocyclic chemistry.”! However, the general importance of
these heterocycles have driven chemists to continue devel-
oping novel methods to access differentially substituted
indoles” and pyrroles! Over 100 years later, Larock’s
indole synthesis® (Scheme 1b) aptly highlighted the utility
of transition-metal catalysis in the formation of aromatic
heterocycles.”) In the subsequent decade, palladium has
continued to play a central role in this diverse reaction class.®!

More recently, an increasing number of examples have
appeared in the literature featuring a transition metal
catalyzed oxidative C—H bond functionalization event as a
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fundamental step in the formation of various heterocycles.”
This mode of reactivity is particularly desirable since the cost
to install activating functionality, such as halides, is obviated.
A particular focus has been placed on annulative couplings of
nitrogen-substituted aryl or vinyl groups with internal alkynes
catalyzed by rhodium(IIT) complexes.'” Our group has
previously exploited this approach, developing reactions
forming indoles!'?! (Scheme 1c¢), pyrroles,'*! isoquino-
lines,'*! and isoquinolones.*!

Despite these recent advances, a pharmaceutically rele-
vant target! that continues to represent a significant
synthetic challenge is the unsymmetrical 2,3-aliphatic-substi-
tuted indole (Scheme 1). To the best of our knowledge, all
methods for constructing indoles with 2,3-aliphatic substitu-
tion other than methyl require multistep procedures, and the
opposite C2/C3 regioisomer cannot be accessed by the same
method.” In the context of rhodium(IIT)-catalyzed annula-
tions, the difficulties associated with this substrate class derive
from poor regioselectivity in the 1,2-migratory insertion
across unsymmetrical aliphatic-substituted internal alkynes
as well as rate inhibition by dialkyl-substituted internal
alkynes.['

Previous studies on the mechanism of our indole-forming
reaction revealed that, while there is little influence from
steric effects in the alkyne insertion event, this step is largely
controlled by electronic effects.'”! Therefore, in cases we
have investigated in which there is one aryl (or sp® hybridized)
substituent on the alkyne, this group is delivered proximal to
the indole nitrogen atom with very high regioselectivity.') On
the basis of these results a working hypothesis was conceived
in which an enyne would function as a coupling partner with a
bias for highly regioselective alkyne insertion leading to the
production of a C2-vinyl-substituted heterocycle (Scheme 2).
Herein, we report the realization of this goal, namely the
ability to control which regioisomer is obtained by employing
the appropriate enyne, and formation of unsymmetrical 2,3-
aliphatic-substituted indoles and pyrroles by facile hydro-
genation of the resulting alkene at the C2 position of the
heterocycle. The nonhygroscopic, bench-weighable complex
[Cp*Rh(MeCN);](SbFy), catalyzed the annulation reaction
under mild reaction conditions (20-60°C), required no inert
atmosphere, and displayed broad substrate scope with respect
to the formation of both indoles and pyrroles.!'”!

Our studies were initiated by the reaction of an enyne with
acetanilide under our first-generation reaction conditions.!"!!
Despite a low yield of the isolated product (11%), the
reaction yielded exclusively the desired 2-alkenyl indole
regioisomer (Table 1, entry 1). The incompatibility of enynes
with acetanilide under more mild reaction conditions
(entry2) led us to examine a wide variety of anilides,"®
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Scheme 2. The vinyl moiety as an element of regiocontrol.

Table 1: Optimization of indole synthesis with enynes.”

PHEX ¢ 01 % [Cp*Rh(MeCN)3I(SbFe)s nHex

©\ 2. Il 20 mol % Cu(OAG);H,0 WﬂHex

N° R solvent, 0.2 M N

H = 60 °C =0

nHex O, atm R
1.1 equiv

Entry R solvent Yield [9%6]"
1 Me t-AmOH (me
2 Me t-AmOH n.r.
3 NHMe t-AmOH n.r.
4 NEt, t-AmOH 74
5 NMe, t-AmOH 161 (15)
6 NMe, acetone 14
7 NMe, iPrOAc 35
8 NMe, toluene 46 (48)
9 NMe, toluene 57t
10 NMe, toluene 76 (74)0
[a] Reaction conditions: Anilide (1 equiv), [Cp*Rh(MeCN);](SbFe),

(5 mol%), and Cu(OAc), H,O (0.2 or 2.1 equiv) were placed in a test
tube, a solution of enyne (1.1 equiv) in solvent (0.2m) was added. The
test tube was capped with a septum, fitted with an oxygen balloon, and
the mixture was stirred at 60°C overnight. [b] Yields determined by GC
analysis of the crude reaction mixture using 1,3,5-trimethoxybenzene as
an internal standard, and the yields of the isolated products are given in
parentheses. [c] Reaction performed at 120°C with 2.1 equiv Cu-
(OAc), H,0 in place of oxygen atmosphere. [d] Reaction performed at
80°C and yield was determined by '"H NMR analysis. [e] Cu(OAc), H,0
was ground with a mortar and pestle. [f] 2.1 equiv of Cu(OAc), H,0
without an oxygen atmosphere. t-AmOH = 2-methyl-2-butanol, n.r.=no
reaction.

eventually revealing N-aryl ureas as competent substrates for
the desired coupling (entries 3-5).1! Thus, reaction of N,N-
dimethyl-N'-phenylurea afforded the target 2-alkenyl indole
in 15% yield as a single regioisomer (entry 5). The reaction
outcome was significantly influenced by changes in solvent
(entries 5-8), guiding us to a 46% yield with toluene
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(entry 8). Finely powered copper(Il) acetate provided an
additional improvement (entry9), and stoichiometric
amounts secured the final reaction conditions (entry 10).
Peroxides can also be used in place of metal or atmospheric
oxidants.!"”!

Under the optimal reaction reaction conditions, a variety
of 2-alkenylindoles were constructed (Scheme 3). A number
of functional groups were compatible on the benzo ring, such
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Scheme 3. Scope of the rhodium-catalyzed 2-alkenylindole formation.
Reaction conditions: N-aryl urea (1 equiv), [Cp*Rh(MeCN);](SbFe), (5
mol %), and Cu(OAc), H,0 (2.1 equiv) were placed in a test tube, a
solution of enyne (1.1 equiv) in toluene (0.2m) was added, and the
mixture was stirred at 60°C overnight. [a] Employed 3 equiv of enyne.
Boc = tert-butylcarbamate, TBS = tert-butyldimethylsilyl, Tr=triphenyl-
methyl.
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as m-trifluoromethyl, p-methoxy, p-chloro, o-methyl, and
1-naphthyl (1b-1f). Compounds 1g-1j not only demonstrate
that o,p-unsaturated esters were tolerated, but also tert-
butylcarbamate-protected amines and triphenylmethyl
ethers. Notably, Z alkenes can be employed without evidence
of olefin isomerization (1i) and 22-disubstituted alkenes
function as well (1k). Finally, an allylic alcohol, protected as
the fert-butyldimethylsilyl ether, was also installed alongside
another aromatic heterocycle (11).

Extension of the enyne chemistry to the synthesis of
2-alkenyl pyrroles was accomplished at room temperature
using an enamide coupling partner. During reaction develop-
ment we found that when the inexpensive cyclohexanone”
was used as a solvent, it provided superior yields to our
previously reported conditions employing acetone.!* ! Con-
sistent with the indole chemistry, triphenylmethyl and tert-
butyldimethylsilyl ethers were well tolerated on the enyne
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coupling partner (Scheme4; 2b and 2c¢), as were tert-
butylcarbamate-protected amines (2d). A pyrrole having
a styryl substituent at C2 was also prepared (2f), and

R 5mol % [Cp*Rh(MeCN)3](SbFg)2 R
| | 20 mol % Cu(OAc),H,0
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RN room temperature
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Scheme 4. Scope of the rhodium-catalyzed 2-alkenylpyrrole formation.
Reactions conditions: methyl 2-acetamidoacrylate (1 equiv), [Cp*Rh-
(MeCN);](SbFg), (5 mol %), and Cu(OAc),.H,O (20 mol %), were
placed in a test tube and a solution of enyne (1.1 equiv) in cyclo-
hexanone (0.2 M) was added. The reaction vessel was purged with
oxygen and stirred overnight. [a] N-Vinylacetamide (3 equiv) was used
as coupling partner. TMS = trimethylsilyl.

N-vinylacetamide also participates as the enamide compo-
nent, providing direct access to 2,3-disubstituted pyrroles,
albeit in diminished yield (2i). Access to pyrroles not
possessing functionality at C3 was possible through the use
of TMS-functionalized enynes (2g and 2h).*!!

In accordance with our desired goal of obtaining single
regioisomers of unsymmetrical 2,3-aliphatic-substituted
indoles and pyrroles, we secured conditions for the efficient
hydrogenation of the resultant compounds having alkene
substituents at C2 (Scheme 5). Reduction of the 2-alkenylin-
doles proved to be facile under standard hydrogenation
conditions with Pd/C and H, atmosphere in ethanol at room
temperature (Scheme 5; 3a-3¢). For the reduction of the
2-alkenylpyrroles, ammonium formate was employed as the
hydrogen source in refluxing ethanol (3d-3e). In these cases,
loss of the N-acetyl group occurs concomitantly with alkene
hydrogenation.

To additionally establish the power of the methodology,
two members of the regioisomeric series represented in
Scheme 6 were prepared as single regioisomers. Coupling of
the enamide with 5-methylhex-1-en-3-yne or 2-methyl-1-en-3-
yne provided pyrrole 2j or 2k, respectively, as single
regioisomers. Hydrogenation under our established condi-
tions then provided 2-ethyl-3-isopropylpyrrole (3f) or
3-ethyl-2-isopropylpyrrole (3g) as single regioisomers.”

Finally, conditions for removal of the robust dimethylurea
protecting group from the indole series were developed.”!
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Scheme 5. Hydrogenation of C2-alkenylindoles and pyrroles. Reaction
conditions: Indole (1 equiv) and 10% Pd/C (5 mol %), were dissolved
in EtOH under an atmosphere of hydrogen (1 atm) and stirred
overnight, or pyrrole (1 equiv), 10% Pd/C (5 mol %) and ammonium
formate (10 equiv) were dissolved in EtOH and refluxed overnight
under an argon atmosphere.
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Scheme 6. Preparation of a C2/C3 regioisomeric series.

After considerable optimization, we found that heating
compound 1la in ethanol/saturated aqueous potassium hy-
droxide (3:1) in a sealed vessel delivered the 2-alkenyl indole
4ain 80% yield [Eq. (1)].

nHex nHex
EtOH/sat. ag. KOH
nHex
W > S
N 1a 0.3 ™, 100°C N 4a
=0 H 80%

MeoN

In conclusion, unsymmetrical 2,3-aliphatic-substituted
indoles and pyrroles may be accessed under mild conditions
by the rhodium-catalyzed union of enynes with simple
nitrogen-containing starting materials, and subsequent facile
hydrogenation. The mild nature of the reaction (room
temperature or 60°C) should facilitate its practical applica-
tion in settings that feature multiple labile functional groups.
This method also provides direct access to 2-alkenyl indoles
and pyrroles, scaffolds whose value is demonstrated by the
recent interest in direct C2 alkenylations.”"
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