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ABSTRACT: A Rh(III)-catalyzed intramolecular redox-neu-
tral or oxidative annulation of a tethered alkyne has been
developed to efficiently construct 3,4-fused indoles via a C—H
activation pathway. The advantages of this process are (1)
ready availability of annulation precursors; (2) broad substrate
scope; (3) complete regioselectivity; (4) simple and mild
reaction conditions; and (S) no need for an external oxidant or
to employ molecular oxygen as the stoichiometric terminal
oxidant.

Indoles are of great interest to organic synthesis because of
their presence in numerous natural products, pharmaceut-
icals, and agrochemicals.1 Among them, 3,4-fused indole is
particularly noteworthy because it presents a key structural
motif of numerous bioactive natural products, such as the well-
known lysergic acid,? hapalindole U} chuangxinmycin,4
dehydrobufotenine,5 aurantioclavine,’ N—methylwelwistatin,7
communesin F,® and dragmacidin E’ As a consequence,
there is a continued interest in the development of new
methods to access this scaffold.> ' Despite these advances,
most of these approaches are limited to cyclization of 3- or 4-
functionalized indoles or generally require multistep synthesis
to prepare their annulation precursors. Thus, methods for
general and rapid preparation of 3,4-fused indoles would be
highly desirable.

In 2012, Cho et al. reported the first intramolecular Fischer
indolization reaction of aryl hydrazide with a tethered carbonyl
group, followed by a tandem aromatic [3,3] sigmatropic
rearrangement, to provide 3,4-fused indoles."! Recently, Boger
and Jia reported an elegant synthesis of 3,4-fused indoles
through an intramolecular Larock annulation reaction of 2-

Scheme 1. Synthesis of 3,4-Fused Indoles
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condition A:
Rh(lll) (2.5 mol %), NaOAc (30 mol %)
redox-neutral annulation

1 condition B:
R Rh(lIl) (2.5 mol %), Cu(ll) (20 mol %), O,
oxidative annulation

ZNRIRH

R = Alkyl, Ac or Boc
broad substrate scope complete regioselectivity
mild conditions without external oxidant

readily avaiable annulation precursors ar O as the terminal oxidant
valuable N-alkyl or -acyl indoles insensitive to air and moisture

Table 1. Reaction Optimization”

E

O/\/\Ph catalyst (2.5 mol %) i A\ on Me Ci)n(e) ‘
NHAG Cu(OAG),.H,0 (20 mol %), O, N Me RnZ®

1a solvent, temp 2a Ac etooc ¢!
Rh(Ill) complex 3
entry catalyst (2.5 mol %) solvent t (°C) yield (%)*

1 [RhCp*(MeCN),](SbFs), ~ DMF 60 50
2 [RhCp*(MeCN);](SbFy), t-AmOH 60 70
3 [RhCp*(MeCN);](SbFy), CH,CN 60 40
4 [RhCp*(MeCN);](SbFy), dioxane 60 30
s [RhCp*(MeCN),](SbF;),  DCE 60 21
6 catalyst 3/AgSbFy acetone 20 70

“Reaction conditions: 0.2 mmol of la, catalyst (2.5 mol %),
Cu(OAc),H,0 (20 mol %), solvent (2 mL) at the indicated
temperature for 15 h. “Yield of isolated product.

halide-3-substituted anilines (Scheme 1a).'? Given that
selective installation of a halide usually requires several steps,
it would be highly desirable and attractive if we can take
advantage of arene C—H bonds by a transition-metal-catalyzed
C—H activation pathway. Indeed, transition-metal-catalyzed
C—H bond activation has become an increasingly viable tool to
functionalize aromatic C—H bonds during the past decade
because it removes the need for time-consuming and tedious
substrate prefunctionalization, thus enhancing the efficiency
and scope as well. In this context, Rh(III)-catalyzed Cy C—H
activation with subsequent cross-coupling with alkynes and
alkenes is a rapidly evolving research field.">™"° Inspired by
these reports and in continuation of our interest in Rh(III)-
catalyzed C—H functionalization,'® we herein report the
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Scheme 2. Substrate Scope for the Rh-Catalyzed Oxidative
Annulation Reaction”
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“Reaction conditions: 0.2 mmol of 1, [RhCp*(MeCN),](SbF¢), (2.5
mol %), Cu(OAc),-H,0 (20 mol %), -AmOH (2 mL) at 60 °C under
0, for 15 h. Yield of isolated product. ” The reaction was conducted
with (Cp*RhCl,), (2.5 mol %), AgSbF, (10 mol %), Cu(OAc), H,0
(2 equiv), -AmOH (2 mL) at 110 °C for 0.5 h. ¢ The reaction was
conducted with 3 (2.5 mol %), AgSbF, (10 mol %), Cu(OAc),-H,0
(0.2 equiv), acetone (2 mL) at rt for 1S h.

rhodium-catalyzed intramolecular annulation of alkynes via a
C—H bond activation ]};athway to efficiently construct 3,4-fused
indoles (Scheme 1b).

We initiated our studies by exploring various reaction
conditions for the desired annulation of substrate la (Table
1). Initial experiments were performed with [RhCp*-
(MeCN);](SbF¢), (2.5 mol %) and Cu(OAc), (20 mol %)
in DMF under oxygen at 60 °C for 1S h. To our delight, the
desired annulation product 2a was obtained in 50% yield (entry
1). Among the solvents tested (entries 2—5), tert-amyl alcohol
was proven to be optimal, affording the desired product 2a in
70% yield (entry 2). In addition, the same reaction proceeded
even at room temperature in 70% yield by using an electron-
deficient rhodium(III) complex 3 as a catalyst and air/a
catalytic amount of Cu (OAc), as oxidants (entry 6).15ef
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Table 2. Optimization of the Intramolecular Redox-Neutral
Annulation Reaction”

O
? X [RhCp*Clal, (2.5 mol %) O 4
AgSbFg (10 mol %) O
o :
N0 additive (30 mol %) \
4a solvent, 100 °C
5a
entry additive (30 mol %) solvent yield (%)”
1 AcOH CH;CN 0
2 PivOH CH,CN 0
3 NaOAc CH;CN 3S
4 Na,CO, CH,CN <10
S CsOAc CH,CN 20
6 AgOAc CH,CN <10
7 NaOAc THF 17
8 NaOAc DCE 70

“Reaction conditions: 0.2 mmol of 4a, [RhCp*CL], (2.5 mol %),
AgSbF¢ (10 mol %), additive (30 mol %), and solvent (2 mL) at 100
°C for 12 h. ®Yield of isolated product.

Scheme 3. Substrate Scope for the Rh-Catalyzed Redox-
Neutral Annulation Reaction”
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“Reaction conditions: 0.2 mmol of 4, [RhCp*CL], (2.5 mol %),
AgSbF (10 mol %), NaOAc (30 mol %), and DCE (2 mL) at 100 °C
for 12 h. Yield of isolated product.

With the optimal conditions established, we next investigated
the substrate scope in this oxidative annulation reaction
(Scheme 2). Various functional groups in the phenyl
substituent of the alkyne, such as chloro, fluoro, and
trifluoromethyl groups, were well tolerated. Substrates contain-
ing both electron-donating (2b, 2¢, 2f, 2h) and -withdrawing
(24, 2e, 2g, 2i) groups at the para (2b—2e), meta (2f and 2g)
and ortho (2h and 2i) positions of the phenyl ring were all
viable for this intramolecular annulation reaction, affording the
corresponding products in good yields. To our delight,
heteroaromatic groups, such as thiophene, and alkyl groups
could be accommodated in the reaction, giving products 2j and
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Scheme 4. Proposed Mechanism
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2k in good yields. Substrates with electron-donating or
-withdrawing R* groups also participated in this reaction (21—
2n, 2r). Satisfyingly, the intramolecular reaction could be
extended to generate 3,4-fused indoles with 6- to 9-membered
rings (20—2q), albeit in relatively low yields. More importantly,
Boc-protected anilide was also well tolerated, providing the
Boc-protected indole 2s in good yield.

Next, the intramolecular redox-neutral annulation reaction
was also investigated (Table 2).'® When 4a was treated with
[RhCp*Cl,], (2.5 mol %), AgSbF, (20 mol %), and an acid
additive (30 mol %) in CH,CN at 100 °C for 12 h, no desired
annulation product Sa was observed (entries 1—2). To our
delight, when NaOAc (30 mol %) was added, product Sa was
obtained in 35% yield. Other bases, such as Na,CO;, CsOAc,
and AgOAc, did not improve the yield of Sa (entries 4—6).
Next, we tested some solvents (entries 7—8), and DCE proved
to be optimal as a solvent, improving the yield of Sa to 70%
(entry 8).

Next the optimized conditions were used to survey the scope
of the reaction with various substrates (Scheme 3). Diverse
functional groups were tolerated on the para positions of the
ethynylphenyl substituent, including electron-donating (Sb, 5c)
and electron-withdrawing (5d) groups, all providing their
corresponding products in good yields. To our delight,
heteroaromatic groups were well tolerated, giving products Se
in good yields and demonstrating the versatility of this
annulation. Various N-alkyl groups were next examined. N-Et
and N-Bn substrates could be accommodated in the reaction,
providing indoles 5f and Sg in moderate yields. To our delight,
this intramolecular reaction could be extended to generate 3,4-
fused indoles with 8- to 9-membered rings (Sh and 5i).

Based on the previous work,'*'* we tentatively propose the
following mechanism (Scheme 4). First, a Rh(III)-catalyzed
ortho-directed C—H bond cleavage occurs to form intermediate
A, followed by coordination and alkyne insertion to give
rhodacycle B. Then reductive elimination occurs to provide the
desired indole 2a and the Rh(I) catalyst. Oxidation of the Rh(I)
catalyst with Cu(Il) regenerates the Rh(III) catalyst.

In summary, we have developed a novel, mild, and rapid
method for the construction of 3,4-fused indoles based on a
rhodium(III)-catalyzed C—H bond activation and subsequent
intramolecular redox-neutral or oxidative annulation of tethered
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alkynes. The reactions feature a good substrate scope and
complete regioselectivity and employ molecular oxygen as the
stoichiometric terminal oxidant. More importantly, an intra-
molecular redox-neutral annulation reaction was also developed
by utilizing the directing group as an internal oxidant. Given the
importance of 3,4-fused indoles, we expect this intramolecular
annulation reaction to gain broad synthetic utility.
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Experimental procedures, characterization of products, and
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