GDCh
~~—

Tandem Catalysis

Communications

International Edition: DOI: 10.1002/anie.201610520
German Edition: DOI: 10.1002/ange.201610520

Synthesis of Indoles and Pyrroles Utilizing Iridium Carbenes
Generated from Sulfoxonium Ylides

Janakiram Vaitla,* Annette Bayer, and Kathrin H. Hopmann

Abstract: Metal carbenes can undergo a myriad of synthetic
transformations. Sulfur ylides are potential safe precursors of
metal carbenes. Herein, we report cascade reactions that
involve carbenoids derived from sulfoxonium ylides for the
efficient and regioselective synthesis of indoles and pyrroles.
The tandem action of iridium and Brgnsted acid catalysts
enables rapid assembly of the heterocycles from unmodified
anilines or readily accessible enamines under microwave
irradiation. The key mechanistic steps are the catalytic trans-
formation of the sulfoxonium ylide into an iridium—carbene
complex, followed by N—H or C—H functionalization of an
aniline or enamine, respectively, and a final acid-catalyzed
cyclization. The present method was successfully applied to the
synthesis of the densely functionalized pyrrole subunit of
atorvastatin.

Sulfur (sulfonium and sulfoxonium) ylides are versatile
synthetic precursors for a diverse range of chemical trans-
formations.!! For example, they are widely used as methylene
synthons in the formation of small rings, such as epoxides,
aziridines, and cyclopropanes, from electrophilic substrates,
such as aldehydes, imines, and enones. The cycloaddition of
sulfur ylides to a variety of electrophilic metal-associated (Pd,
Fe, Cu, Rh, or Au) intermediates has been explored for the
synthesis of heterocycles (Scheme 1; type T).”

X

heterocycle heterocycle

type | type Il

(M ] = metal complex | R | = reactant

Scheme 1. Sulfur-ylide-based heterocycle synthesis via a metal-associ-
ated intermediate (type |) or a metal-carbene complex (type I).
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Sulfur ylides can also function as precursors to transition-
metal-carbene complexes.** However, this metal-carbene
chemistry is currently limited to the insertion of X—H (X =N,
O, S) bonds and cyclopropanation reactions.”! The develop-
ment of reactions involving sulfur-ylide-derived metal—car-
bene complexes for a wider range of applications is highly
desirable,”® as these intermediates can offer some advantages
over diazocarbenes. Large-scale synthesis with diazo com-
pounds can be challenging owing to safety issues resulting
from rapid exothermic reactions.” Sulfoxonium ylides are
safer to synthesize and give crystalline, bench-stable com-
pounds that can serve as practical substitutes for diazo
compounds in metal-carbene reactions.’” However, unlike
diazocarbenes, sulfoxonium-ylide-based carbenes have not
yet been explored in cascade transformations.®) We became
interested in studying the potential of metal-catalyzed
reactions of sulfur ylides (Scheme 1; type II) in a cascade
approach to the synthesis of heteroaromatic compounds, such
as indoles and pyrroles.

The indole moiety is found in many natural products,
pharmaceuticals, and agrochemicals,[g] and numerous meth-
ods for the synthesis of the indole scaffold have been
developed. Most reported methods for the synthesis of
indoles require modified anilines, such as N-substituted
aniline derivatives or ortho-functionalized anilines;'” in one
approach, N-(ortho-chloromethyl)aryl amides were used with
sulfur ylides as methylene synthons.'" In 1881, Mohlau
reported the synthesis of indoles from unmodified anilines
and ortho-halo ketones.' This reaction has received little
attention, perhaps owing to its poor regioselectivity, low
yields, and harsh reaction conditions, and the frequent need
for a two-step process.’ An efficient procedure for the
conversion of simple anilines into substituted indoles in one
step is lacking. Herein, we report a highly regioselective one-
step iridium-catalyzed indole synthesis from unmodified
anilines and sulfur ylides (Scheme 2).

Initially, we investigated the microwave irradiation of
aniline (2 equiv) with ylide 2a (1 equiv) in the presence of
[{Ir(cod)Cl},] (10 mol%) in dichloroethane (DCE) at 80°C
for 45 min. Interestingly, the reaction afforded a small amount
of the unprecedented 2-substituted indole 4a (5% yield)
along with the expected N-alkylated aniline 3a (73 % yield;

[{Ir(cod)Cl},] (2 mol%)

(o] 0,
@L X O“é\)L PTSA (10 mol%) 1
NH, IR R

w N
K H

Scheme 2. Sulfur-ylide-derived metal carbenes in indole synthesis.
cod =1,5-cyclooctadiene, pw = microwave irradiation.
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Table 1, entry 1). Other transition-metal (Ru, Rh) catalysts
afforded the N-alkylated product 3a in low yield (Table 1,
entries 2-4). An increased amount of indole 4a (12%) was
observed when the iridium-catalyzed reaction was performed

Table 1: Optimization of the reaction conditions.?!

NH,
©/ catalyst (x mol %)
1a cocatalyst (y mol %)
+
(o]
\ .0 solvent, T, pw, 45 min NH
S
\
H

2a
Entry  Catalyst Cocatalyst Solvent®  Yield [%]“
(x mol %) (y mol %) 3a/4a/5a

1 [{Ir(cod)Cl},] (10) - DCE 73/5/-

2 [Rh,(OAc),] (10) - DCE 12/-/-

3 [Cp*RuCl(cod)] (10) - DCE 10/—/—

4 [Rh(acac)cod] (10) - DCE 18/-/—

5 [{Ir(cod)Cl},] (10) - toluene 68/12/—
6 - - toluene -/-/-

7 [{Ir(cod)Cl};] (2) TfOH (20) toluene -/68/10
8 [{Ir(cod)Cl};] (5) PPA (20) toluene -/30/27
9 [{Ir(cod)Cl},] (2) PTSA (30)  toluene  —/55/10
10 [{Ir(cod)Cl};] (5) LiClO, (20)  toluene 58/15/-
1 [{ir(cod)Cl},] (2) PTSA (10)  toluene  —/81/—
121 [{Ir(cod)Cl},] (2) PTSA (10) toluene 86/—/—
139 [{ir(cod)Cl},] (2) PTSA (10)  toluene  —/42/12
14 [{Ir(cod)Cl};] (10) PTSA (10) toluene -/79/-
15 [{ir(cod)Cl},] (2) PTSA (10)  DCE -/68/-
16 [Ir(cod),] BARF ( ) PTSA(10)  toluene  —/48/—
17 [{Ir(cod)Cl},] (2 PTSA (5) toluene  10/58/-

[a] Reactions were carried out with 2 mmol of Ta and 1 mmol of 2a in
3.0 mL of the solvent, unless otherwise specified. [b] Reactions in DCE
were carried out at 80°C, and reactions in toluene were carried out at
140°C. [c] Yield of the isolated product. [d] The reaction was carried out
at room temperature without microwave irradiation for 20 h. [e] The
reaction was carried out with 1 mmol of Ta and 1 mmol of 2a.

at 140°C in toluene (Table 1, entry 5). No reaction was
observed in the absence of the iridium catalyst (Table 1,
entry 6), which is a notable indication of the stability of ylide
2a under microwave heating conditions (140°C). For com-
parison, a-diazoketones undergo either decomposition or
Wolf rearrangement at high temperatures." The use of triflic
acid (TfOH, 20mol%), polyphosphoric acid (PPA,
20 mol %), or p-toluenesulfonic acid (PTSA, 30 mol%)
along with the iridium catalyst led to a mixture of 2- and
3-substituted indoles (Table 1, entries 7-9). The formation of
3-substituted indole Sa can be explained by a Friedel-Crafts-
type reaction of the N-alkylated aniline 3a at increased acid
concentrations.™ Gratifyingly, a decrease in the concentra-
tion of PTSA from 30 to 10 mol % led to the formation of
2-substituted indole 4a selectively in over 80 % yield (Table 1,
entry 11). The corresponding reaction at 110°C without
microwave irradiation for 16 h afforded 4a in comparable
yield (see the Supporting Information), while no cyclization
was observed without heating, leading to 3a in 86 % yield
(Table 1, entry 12). Partial formation of 5a was also observed
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when the amount of aniline was decreased from 2 equivalents
to 1 equivalent (Table 1, entry 13).

Having optimized the reaction conditions (Table 1,
entry 11), we then examined the scope of this reaction
(Scheme 3). A series of sulfoxonium ylide substrates 2 with
electron-donating, electron-withdrawing, and halo substitu-

[IcoD)Ci2 (2 mol%)

00 / \
O+ A _prshvonory - Ly
R/ NH2 5 Toluene, pW . N R
0.
( O MeO
O \ O \ © )
Y
aa: (m%) ab: 85%) 4e: (79‘” e 19%)
MeS,
MeO,
MeO
Cn Oy O 3 (203
e & >0
H © 1g: (so°/) M
de: (64%) af: (83%) 4h:(63%)
MeO, O Me MeQ
O ) P O P
N O N O cl N Q
4i:(69%) 4j: (82%) 4k: (76%)
A2
e ) AL
(6] ve M F P
a1: (54%) 4m: (80%) an: (71%)

S, S T,

[b]
40: (62%) 4p: (72%) 4q: (12%) ar: (86%)

Scheme 3. Scope of the iridium-catalyzed synthesis of indoles. General
reaction conditions: 1 (2 mmol), 2 (1 mmol), toluene (3.0 mL). Yields
are for the isolated product. [a] The indole regioisomer 5h was formed
in 15% yield. [b] The reaction was carried out in toluene/DMF (3:1).
[c] The N-alkylated product 3 q was formed in 40% yield.

ents on the benzene ring underwent smooth cyclization to
give indole products 4 in moderate to good yields. When
a nitro group was introduced on the benzene ring of ylide 2,
the corresponding indole 41 was formed in poor yield under
the standard reaction conditions. This problem was addressed
by carrying out the reaction in a 3:1 mixture of toluene and
N,N-dimethylformamide (DMF); in this way, the yield of
indole 41 was improved to 54 % .01 The aliphatic ylide (R’ =
Me) furnished indole 4q in low yield (12%).

When examining the scope of the reaction with respect to
the aniline derivative, we found that electron-donating
substituents, such as methyl, methoxy, and methylthio
groups, on the aniline ring were tolerated well (Scheme 3).
The polycyclic indole 4p was obtained from 1-aminonaph-
thalene in 72% yield. In the case of nonsymmetric 3,4-
(methylenedioxy)aniline 1d, the reaction was highly regiose-
lective, and only isomer 4d was obtained, in 73 % yield. When
halogen atoms and electron-withdrawing groups were intro-
duced on the aniline ring, the reaction did not afford the
indole products, but instead we observed the corresponding
N-alkylated anilines 3, thus showing that electron-poor
aniline derivatives did not cyclize to the indoles.!”

Angew. Chem. Int. Ed. 2017, 56, 1-6
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Next, we envisioned that, in analogy with the indole
synthesis, pyrroles!'® might be formed from the reaction of
a sulfoxonium ylide with a -enamino ester. The treatment of
ylides 2 with fB-enamino esters 6 in the presence of
[{Ir(cod)Cl},] (2 mol %) and p-TSA (10 mol %) in toluene at
140°C under microwave irradiation gave pyrroles 7
(Scheme 4). A series of electronically diverse ylides 2 under-

- [I(COD)ClJ2 (2 mol%) R'R?
HIR R % PTSA (10 mol%) ya
4 " R Me
RN Me R3u\/ Toluene, pW N4
H R = COOMe
6 2 = COOEt
R1
R1
e
PNy PMe PPN TMe N
Sen
7a: (78%) 7b:(75%) 763 (69%) 7d: (67%) Ph
/ \

M
Me

<;79 (55%)

é

7e: (61%) 7“(54%) 7h: (70%)
4 \
N Me :( < S
7i: (ez%) 7j: (ez%) 7k: (66%)
R' Br R?
I\ I\
N Me N Me Me
O2N ) Ph
71: (60%) PH 7m:(57%) 7n: (64%) 70: (69%)

Scheme 4. Scope of the iridium-catalyzed synthesis of pyrroles. Gen-
eral reaction conditions: 6 (2 mmol), 2 (1 mmol), [{Ir(cod)Cl};]

(2 mol %), PTSA (10 mol %), toluene (3.0 mL), 140°C, microwave
irradiation, 45 min. Yields are for the isolated product.

went smooth cyclization with various (-enamino esters 6
(R*=Dbenzylic, aliphatic or cyclic, aromatic) to provide the
corresponding pyrrole derivatives in moderate to good yields
(55-78 %). Additionally, the one-pot three-component syn-
thesis of a pyrrole was possible by the use of a sulfoxonium
ylide and a B-enamino ester generated in situ from amine 8
and f-ketoester 9 (Scheme 5).116)

The applicability of our method was demonstrated by the
synthesis of the pyrrole subunit of atorvastatin (Lipitor, 12;
Scheme 6), the world’s largest-selling cholesterol-lowering
drug in therapeutic use."”! The cyclization of B-enamino
amide 10 with sulfoxonium ylide 11 in the presence of

Me
PTSA (10 mol%), ~o COOMe
NH, o O toluene, pw, 15 min; @/{/_\S\
* Me Me
8 9 [{Ir(cod)Cl},], (2 mol%),
(1 equiv) (1.3 equiv) pw, 45min - @ 7p: 41% yield
[§¥e)
/S\
OMe

2e (0.8 equiv)

Scheme 5. One-pot reaction for pyrrole synthesis.
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58% yield 12
Q 5 8
Ref. [20] NH
p— / \
Ly
OH
OH 13
COOH atorvastatin (Lipitor)

Scheme 6. Synthesis of the pyrrole subunit 12 of atorvastatin (13).

[{Ir(cod)Cl},] (2mol%) and p-TSA (10 mol%) gave the
tetrasubstituted pyrrole 122% in 58 % yield.

To gain insight into the reaction mechanisms, we carried
out a series of control experiments. First, treatment of the
ylide 2b (X =Br) with iridium catalyst in the absence of an
aniline or f-enamino ester resulted in dimerization of the
ylide.F*11 Next, the reaction of ylide 2a (X=H) and
4-methoxyaniline was evaluated in the absence of the
Brgnsted acid cocatalyst under microwave irradiation.
Under these conditions, N—H insertion of the carbene
occurred to afford 3b (Scheme 7). Interestingly, the replace-

o Me oy
é:fne : prAN
2a(X=H) ! 1 equi
: uiv,
2 X (1equvy 20(X=Bn ! i OMe
H p-TSA toluene,
[I(COD)CN2 | toluene, (10 mol%) | w, 30 min
(2mol%) | .w, 30 min
H NH,
NH; Me, ~COOEt
HN. H 7
g .2 equiv,
ph>_Me 6 H q OMe
OMe (1.2 equiv) 1y (1.2 equiv)
(1.2 equiv) He!
H MeO,

o
H HN

N
4i H
: 4i
14a: 88% : (3 N\L oh 81% yield

X=Br H

3b: 94%

X=H

G\I—H insertiorD (selective C-H insertion) I

88% yield

Scheme 7. Mechanistic investigations.

ment of 1a’ with 3-enamino ester 6a’ under the same reaction
conditions resulted in selective C—H functionalization in the
presence of a free N—H group to give 14a in 88 % yield. In
previously reported reactions involving other metal carbenes,
unselective N and C attack of acyclic -enamino esters
resulted in mixtures of pyrroles.”!! Iridium carbenoids gen-
erated from sulfoxonium ylides might be less reactive but
more selective as compared to other metal carbenes.”™

To evaluate the role of the acid, we treated 3b (1 equiv)
with aniline (1.2 equiv) and an acid catalyst and obtained
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a mixture of 2-aryl indoles 4i and 4a in a 1:10 ratio, whereas
the reaction of 3b (1 equiv) with 1a" (1.2 equiv) resulted in
the formation of 4i in 81% yield. This reaction resembles
a Bischler-Mohlau indole synthesis, but the latter normally
gives mixtures of regioisomers (4 and 5) owing to competition
between imine formation and a Friedel-Crafts-type reac-
tion™* and is performed with an excess amount of a base to
trap the acid generated in situ. In the new method described
herein, the regioselectivity can be controlled by a catalytic
amount of an acid to give exclusively 2-substituted indoles
(Table 1).

From these observations!'® (Scheme7) and literature
precedent,” we propose the following reaction mechanism
(Scheme 8): Activation of the sulfoxonium ylide 2 by Ir'

[e]
Ph)J\l
HN
COOR @ —H0
iy
Ph Me

¥ , [[r]CI
X @©
Ph
—H0 A
'\ C]
® o
ROOC (Ir(cod)CI}Q] AL 1 H
Ir]CI
H _HN-R N
Me H H 4
ROOC ROOC e

Scheme 8. Proposed mechanism for the synthesis of indoles and
pyrroles from sulfoxonium ylides.

generates the iridium carbene complex A. This carbene is
trapped by aniline to give 3, which undergoes acid-catalyzed
electrophilic cyclization to give indole 4. Alternatively, metal
carbene A can be trapped by a -enamino ester 6 to give 14,
which cyclizes under acidic conditions to give a pyrrole 7.

The reported method could also be extended to the
synthesis of a quinoxaline scaffold 16 using o-phenylenedi-
amine (15) and a sulfoxonium ylide (Scheme 9). Interestingly,
for this transformation, the additional acid catalyst was not
required.

In conclusion, we have demonstrated a novel synthetic
strategy for the preparation of indoles (through a cascade
involving carbene generation, N—H insertion, imine forma-
tion, substitution, and aromatization) and pyrroles (through

NH2 [(Ir(cod Cl},] (2 mol%) @[
NH2 toluene Hw
140 °C, 45 min
(1. 2 equw (1.0 equw)

Scheme 9. Iridium-catalyzed synthesis of quinoxaline 16.
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C—H insertion of carbenes, followed by cyclization) from
stable sulfoxonium ylides by the use of [{Ir(cod)Cl},] and
PTSA as catalysts. The new approach is operationally
straightforward and enables the synthesis of a range of
substituted pyrroles and indoles from readily accessible
starting materials with commercially available catalysts.
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Synthesis of Indoles and Pyrroles R?

Utilizing Iridium Carbenes Generated
from Sulfoxonium Ylides Take the shortcut: Substituted indoles
and pyrroles, including the densely func-
tionalized pyrrole subunit of atorvastatin,
were assembled in one step from sul-
foxonium ylides and unmodified anilines

or readily accessible enamines through
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tandem catalysis by [{Ir(cod)Cl},] and

a Brgnsted acid under microwave irradi-
ation (see scheme). The transformation
involves the formation of an iridium—
carbene complex and an unprecedented
C—H functionalization step.
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