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Abstract: A convergent and efficient transition-metal-free
catalytic synthesis of 2-aryl-indoles has been developed. The
interception of a highly reactive and transient aza-ortho-
quinone methide by an acyl anion equivalent generated
through N-hetereocyclic carbene catalysis is central to this
successful strategy. High yields and a wide scope as well as the
streamlined synthesis of a kinase inhibitor are reported.

The indole nucleus is the most common heterocycle found in
nature.!! Many indole-containing compounds possess potent
biological activity, which has earned this structural core the
description of “privileged” in therapeutic discovery. Begin-
ning with Mohlau® and Fischer,® the indole has captured the
attention of the chemical community since the late 19th
century.” Historically, the most common method is the
Fischer indole synthesis, but this reaction can be limited in
scope due to the stability of the hydrazine component,
preparation of aryl hydrazines, and strong acidic condi-
tions.”>* The Bischler-Mohlau synthesis of 2-aryl-indoles
usually requires high temperatures that can lead to low yields
and regiochemistry problems.”! To develop new strategies to
access this key heterocycle, modern chemical research has
focused on transition-metal-catalyzed approaches
(Scheme 1).) For example, the Larock indole synthesis and
Suzuki coupling strategies have enabled the synthesis of
previously inaccessible indole scaffolds, and more recent
work describes the copper-catalyzed arylation of indoles. !
Although greatly expanding the access to diverse indole
structures, these methods use metal catalysts, which can
contaminate the desired products with toxic metal impurities,
or require potentially expensive starting materials (such as
alkynes and prefunctionalized indoles).®®! Given these
requirements, metal-free approaches with a broad scope and
easily accessible precursors could provide new and compli-
mentary routes to indole structures. With this goal, we set out
to develop an organocatalytic indole synthesis by harnessing
Umpolung reactivity.”? In particular, N-heterocyclic carbenes
(NHCs) have emerged as powerful Lewis base catalysts to
construct a vast array of carbocyclic, heterocyclic, and
polycyclic compounds."”! Herein, we report a convergent
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Selected approaches to indoles: Metals or strong base required
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Scheme 1. Strategies for the synthesis of 2-aryl-indoles.

synthesis of 2-aryl-indoles promoted by NHC catalysis under
mild conditions.')

A review of the relevant literature identified several
indole syntheses that intercepted 2’-aminobenzylic ketone 1a
(Scheme 1)."! The synthesis of this intermediate usually
proceeds through the acylation of a benzylic anion, followed
by reduction of the nitro moiety to promote C—N bond
formation. In contrast, we surmised that this strategic ketone
(1a) could be accessed in a conceptually distinct manner
through an Umpolung disconnection from acyl anion equiv-
alent 1b and transient aza-ortho-quinone methide (Ao-QM)
1c.3 Several strategies to generate and intercept Ao-QMs
have been reported, including photochemical fragmenta-
tion,!™ fluoride induced elimination of ammonium salts,[""
pyrolysis of o-hydroxymethyl anilines,'” and Brgnsted base
induced elimination.™®
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A base elimination strategy would allow for direct access
from numerous commercially available, substituted anthra-
nilic acid derivatives in 2-3steps (see the Supporting
Information for details). Ultimately, the success of our
approach would rely on the concomitant generation of the
Ao0-QM and the NHC catalyst using a single Brgnsted base
along with balancing the concentrations of each reactive
intermediate during the course of the reaction (i.e., 1b and
1¢)."! Additionally, it was undetermined if the Lewis-basic
NHC catalyst would directly trap a reactive electrophile 1c.
Initial experiments with benzyl chloride 2 and benzaldehyde
in the presence of precatalysts A or B with DBU (1,8-
diazabicyclo[5.4.0]Jundec-7-ene) yielded the desired ketone 3
in moderate to low yield (Table 1, entries 1 and 2). Under

Table 1: Optimization of the reaction conditions.

Ph
[ :[ cl n/
NHBoc S

NHBoc Boc

20 mol % azolium

PhCHO, base
solvent, 23 °C

2 3 4

Entry NHC Base (equiv) PhCHO Solvent Yield  Yield
(equiv) 3 (% 4%

1 A DBU (1.5) 1.5 THF 190!

2 B DBU (1.5) 1.5 THF 350!

30 B Cs,CO; (2.5) 10 CHCl; 60 -

4 C Cs,CO; (2.5) 1.5 THF 82 -

5 C Cs,CO; (2.5) 1.09 THF 80 -

6 C Cs,CO; (2.5) 1.2 THF 86 -

7 C Cs,CO; (1.2) 1.2 THF 88 -

8Ll C Cs,CO; (1.2) 1.2 1,4-dioxane — 82

ol ¢ Cs,CO; (1.2) 1.2 1,4-dioxane — 56

1008 C Cs,CO; (1.2) 1.2 1,4-dioxane — 61

11 C K,CO; (3.0) 1.2 1,4-dioxane 311 -

[a] Yield of the isolated product. [b] Determined by '"H NMR spectros-
copy (500 MHz) with 1,3,5-trimethoxybenzene as internal standard.

[c] 30 mol % azolium. [d] Benzoin D used instead of benzaldehyde.

[e] After 36 h, 6.5 equiv MsOH was added. [f] 10 mol% azolium. [g] The
reaction was conducted at 50°C. [h] Conversion after 36 h.
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these reaction conditions, no other triazolium or imidazolium
NHC precursor gave appreciable yield (>10%) of the
desired ketone 3. Thorough investigations revealed the
formation of unproductive adducts between nucleophilic
bases (e.g., DBU, Et;N) and chloride 2. In turn, an exhaustive
screen of azolium precatalysts and solvents with non-nucle-
ophilic cesium carbonate as base was undertaken. These
experiments showed that 30 mol % of azolium B in chloro-
form afforded the highest yield of ketone 3, however, 10 equiv
of aldehyde was required (entry 3).

The promising yields obtained with azoliums A and B
prompted us to explore several new N-aryl thiazoliums
prepared with the 2,6-diethylphenyl moiety, which has been
shown to increase catalyst performance.’™?'! Gratifyingly,
thiazolium C in THF afforded the isolated ketone 3 in 82 %
yield (entry 4). Notably, the replacement of benzaldehyde
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with benzoin D furnished the ketone in a similar yield,
providing evidence for the reversibility of the benzoin
condensation under these conditions (entry 5). Importantly,
the ability to cycle this undesired Umpolung product back
into the desired reaction allows for less aldehyde substrate
(i.e., 1.2 equiv) than typical intermolecular acyl anion reac-
tions.’>%! Further improvement in yield was achieved by
reducing the equivalents of benzaldehyde and cesium car-
bonate (entries 6 and 7).

With optimized conditions for the NHC/Ao-QM synthesis
of ketone 3 in hand, the in situ dehydration for the prepara-
tion of 2-aryl-indole 4 was explored. The exposure of the
isolated ketone 3 to TFA in dichloromethane delivered the
desired N-Boc indole in nearly quantitative yield (5 min,
96 % ). Unfortunately, the direct addition of TFA or other
organic acids to the reaction mixture did not produce the
desired results. Based on the results with TFA, it was clear
that the Lewis basicity of the solvent played a key role in the
dehydration step. To streamline the indole synthesis to
a single flask operation, many ethereal solvents and organic
acids were evaluated. We found that 1,4-dioxane mediated
the NHC-catalyzed ketone synthesis as well as the acid
promoted dehydration. The addition of methanesulfonic acid
promoted the in situ dehydration of ketone 3 to the desired
indole 4 (entry 8). Attempts to further optimize the con-
ditions by reducing the precatalyst loading or by increasing
the reaction temperature were unsuccessful and rather
reduced the overall yield (entries9 and 10). The use of
other bases, such as potassium carbonate, showed minimal
conversion (entry 11).

With efficient single-flask conditions identified for the
synthesis of 2-aryl-indoles, we surveyed the scope of this
transformation (Table 2). Aryl aldehydes with electron-with-
drawing or -donating groups in the para-position were
tolerated, giving rise to the corresponding indoles in good
to excellent yield (4a—4g). Furthermore, meta-substituted
aryl aldehydes with electron-withdrawing and -donating
groups were also accommodated under the reaction condi-
tions, affording indoles 4h—4k in high yield.

Indoles 4¢ and 4i were isolated in higher yield when the
reaction was performed at an elevated temperature (50°C).
The synthesis of indole 4i is noteworthy, because it has never
been prepared to date (N-Boc or N-H) and transition-metal-
catalyzed strategies should prove difficult due to competing
insertion reactions.” The yield of indole 4h was significantly
higher when the amount of aryl aldehyde (2.2 equiv) was
increased. At this time, reactions with ortho-substituted aryl
aldehydes usually lead to the recovery of unreacted starting
materials or low conversion to the intermediate ketone.”
Either the production of the nucleophilic Breslow intermedi-
ate (1b) is slow and/or disfavored, because of destabilizing
interactions, or, once formed, the engendered strain promotes
a conformational change, placing the aryl ring orthogonal to
the enol thiazolium system, thus sterically encumbering the
nucleophilic acyl anion carbon [Eq. (1)]. Investigation of
heteroaryl aldehydes produced indoles with 2-naphthyl (41),
pyridyl (4m), and thiophenyl (4m) substituents at C-2.
Aliphatic aldehydes (40) showed only minimal activity with
azolium B and no activity with C.
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Table 2: Substrate scope.?

20 mol % C

052003, dioxane
23 °C; then MsOH

RZ
(¢]
N o+ )J\ TN
R H DAr
NHBoc Boc

R= H, 4 (82%) R=Cl, 4h 91%)101 R = Me, 4j (88%)
F, 4a (90%) R = Br, 4i (80%)"! R = OMe, 4k (74%)
Cl, 4b (72%)
Br, 4c (74%)! A
CN, 4d (61%) N
CF3, 4e (52%) Boc
Me, 4f (78%) 41 (79%) 4m (88%)!

OMe, 4g (61%) s "
e
C<0 0
\
goc gOC Me

4n (90%)'e! 40 (<10%)Mf1

R R’
N—pn N R N

Boc Boc
Boc R'=F, 4s (88%)
0,
R'= F, 4p (86%) Me, 4t (91%)
Cl, 4q (88%) Me
OMe, 4r (92%)
N

Noe 4aa (91%)

= F, 4u (84%)
Cl, 4v (80%)
Br, 4w (82%)
CF3, 4x (84%)
Me, 4y (60%)
OMe, 4z (23%)

[a] See the Supporting Information for details. Reactions were conducted
on a 0.32 mmol scale. Yields are of isolated product after column
chromatography. [b] Reaction conducted at 50°C. [c] 2.2 equiv of aryl
aldehyde. [d] Deacylation occurred prior to dehydration over 12 h.

[e] Isolated as a 5:4 mixture of N-Boc/N-H indole. [f] 20 mol% B

[g] Starting material decomposes rapidly.

TN
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? ot
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The tolerance of functionality and substitution on the
amino-benzyl chloride 2, was also investigated. Both electron-
withdrawing and electron-donating groups were tolerated at
the C-4, C-5, and C-6 position affording indoles 4p—4z in
moderate to high yields. The low yield observed for 4z was
due to the rapid decomposition of the starting material under
the reactions conditions. Attempts to prepare indoles with
substitution at C-7 proved unproductive, and only recovered
starting material or decomposition at elevated reaction
temperatures (50°C) was observed. Initial data suggests that
ortho substitution of benzylic chlorides 2 impedes the
deprotonation necessary for Ao-QM formation and
approaches to circumvent this, are currently being investi-
gated. Lastly, substitution at the C-3 position gave access to
indole 4aa in 91 % isolated yield.
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Scheme 2. Improved synthesis of c-Kit kinase inhibitor 7. See the
Supporting Information for details.

2-Aryl-indoles have gained increased attention for their
potential in therapeutic development.['*% To directly demon-
strate the practicality of this new indole synthesis, we
synthesized a reported pharmacologically active 2-aryl-
indole. Recent work by Exelixis showed that several 2-aryl-
indoles are potent c-Kit kinase inhibitors (N-H and N-Boc
indoles reported with ICs, values of 0.5-5.0 umol,
Scheme 2).%) In their approach, the synthesis of 7 relied on
the use of a palladium-catalyzed cross-coupling with a pre-
functionalized indole boronic acid to construct the target in
six steps overall. Our approach began from commercially
available aniline 5. A two-step amide formation and phenol
alkylation yielded aldehyde 6 in 95% yield. Employing our
optimized conditions to a mixture of aldehyde 6 and aniline 2
gave heterocycle 7 in 83 % yield. The route is unique in that
only one chromatographic purification is required from
benzyl chloride 2. In contrast, the reported proprietary
synthesis required six steps and a Suzuki coupling involving
10 mol % Pd to furnish the C-2 arylated indole.

In conclusion, a highly efficient Umpolung synthesis of 2-
aryl-indoles using organocatalysis has been developed. The
synthesis of a 2,6-diethylphenyl-substituted thiazolium-
derived NHC and modulation of the Lewis basicity of the
solvent are necessary to access the indoles in high yield in
a single-flask operation. To the best of our knowledge, this
represents the first indole synthesis facilitated by NHC
catalysis. This new approach to these privileged heterocycles
is operationally straightforward and allows for the incorpo-
ration of a wide range of aryl groups at the indole 2-position in
good to excellent yield. Substitution around the indole
nucleus is also well tolerated with the exception of C-2’ on
the aryl group derived from the aldehyde reactant. To
demonstrate the utility of this new approach, a known
pharmaceutical intermediate was synthesized rapidly without
applying transition metals, cryogenic temperature, or strong
bases. The application of this transformation in therapeutic
endeavors and the leveraging of the basic conditions used to
access active carbene catalysts for the production of reactive
electrophiles in new bond forming processes are ongoing.
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