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Bronsted acid-catalyzed C6 functionalization of
2,3-disubstituted indoles for construction of
cyano-substituted all-carbon quaternary centersy
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We report a Bronsted acid-catalyzed C6 functionalization of 2,3-disubstituted indoles with 2,2-diarylace-
tonitriles for efficient construction of cyano-substituted all-carbon quaternary centers with excellent
yields. The synthetic utility was demonstrated by the conversion of the cyano-group which enables the
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divergent preparation of aldehydes, primary amines and amides. Control experiments suggested that this
process involves C—H oxidation of 2,2-diarylacetonitriles to in situ generate §,6-disubstituted p-quinone
methide intermediates. This protocol provides an efficient method for C6 functionalization of 2,3-di-
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Introduction

Indoles are crucial and prevalent structural units in a myriad
of natural products, pharmaceuticals and materials.” From the
standpoint of medicinal chemistry, indole has always been a
popular subject of research for scientists due to its excellent
antiviral, anti-inflammatory, anticarcinogenic, and antioxidant
properties.” The C-H functionalization of indoles is a facile
and straightforward strategy for synthesizing indole derivatives
with diverse and complex structures, and has been thoroughly
investigated.> Owing to the inherently nucleophilic properties,
the C-H functionalization of indoles at the remote C6-position
becomes challenging. As chemists devoted continuous efforts
for C6 functionalization of indoles, several directly catalytic
protocols have been developed to construct tertiary carbon
centers® and quaternary carbon centers.” Brgnsted acid-cata-
lyzed, Lewis acid-catalyzed and rhodium-catalyzed direct C6
functionalizations of indoles were disclosed for the formation
of tertiary carbon centers. Quaternary carbon centers are
present in various biologically active natural products and
drugs,” and their construction has attracted extensive atten-
tion. Due to the intrinsic steric hindrance, the access to qua-
ternary carbon centers still encounters difficulties.® There are
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substituted indoles to construct all-carbon quaternary centers.

only three reports on the direct catalytic C6 functionalization
of indoles to construct quaternary carbon centers. In 2014, Shi
and co-workers devised phosphoric acid-catalyzed direct C6
functionalization of 2,3-disubstituted indoles with 3-indolyl-
methanols, delivering bisindolyl-oxindoles containing all-
carbon quaternary centers (Scheme 1a).** Subsequently,
gallium triflate-catalyzed C6 functionalization of 2-substituted
indoles with trifluoro-methylated 3-indolylmethanols to access
trifluoromethylated  3,6-bis(indolyl)methanes bearing all-
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Scheme 1 Direct C6 functionalization of indoles for forming quatern-
ary carbon centers.
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carbon quaternary centers was reported by Rao’s group
(Scheme 1a).*” Zhang and co-workers developed chiral phos-
phonic acid-catalyzed direct C6 functionalization of 2,3-di-
substituted indoles with N-Boc ketimines for enantioselective
synthesis of quaternary carbon centers containing a nitrogen
atom (Scheme 1a).*° Although progress has been made in this
field, the development of new catalytic direct C6 functionali-
zation of indoles to synthesize all-carbon quaternary centers
remains highly desirable.

§,6-Disubstituted para-quinone methides (p-QMs) have
been recognized as important synthons for the formation of
all-carbon quaternary centers owing to the intrinsically strong
electrophilic characteristics.”'" The approaches to generate
§,6-disubstituted p-QMs include Breonsted acid-catalyzed de-
hydration of p-hydroxybenzyl alcohols®® and oxidant mediated
C-H oxidation of diarylmethanes bearing electron-withdrawing
groups.'”™? Owing to our interest in C6 functionalization of
2,3-disubstituted indoles,**'> we conceived the catalytic direct
C6 functionalization of 2,3-disubstituted indoles with §,5-di-
substituted p-QMs which were in situ generated from 2,2-diary-
lacetonitriles under oxidative conditions. The electron-with-
drawing cyano group of 2,2-diarylacetonitrile would tune the
molecular electron-density distribution, and the stability of the
resulting p-QMs might be enhanced by reducing their polymer-
izability.”” In addition, nitrile moieties can also serve as valu-
able building blocks because of their diverse transformation
performance.'® Herein, we report a Bronsted acid-catalyzed
direct C6 functionalization of 2,3-disubstituted indoles with
2,2-diarylacetonitriles for efficient construction of cyano-sub-
stituted all-carbon quaternary centers (Scheme 1b). Control
experiments suggested that the reaction involves C-H oxi-
dation of 2,2-diarylacetonitriles to in situ generate §,6-di-
substituted p-QM intermediates. The synthetic utility was
demonstrated by the convenient transformation of cyano-sub-
stituted products to valuable compounds including aldehydes,
primary amines and amides.

Results and discussion

Initially, we began our study with the reaction of 2,2-diarylace-
tonitrile 1a and 2,3-dimethylindole 2a using 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) as an oxidant, silica gel as
an additive, and p-toluenesulfonic acid monohydrate as a cata-
lyst in dichloromethane at 30 °C. The desired C6 functionali-
zation product 3aa was obtained in 74% isolated yield and C5
or C7 functionalization was not observed (Table 1, entry 1).
The reason might be that Cé-alkylation is more thermo-
dynamically favorable.** Considering that suitable additives
would be conducive to promoting the oxidation,'® a series of
additives were investigated. Additives 4 A MS and florisil were
futile when DDQ was used as an oxidant (entries 2 and 3). The
reaction provided product 3aa in 85% yield with basic alumi-
num oxide serving as the best additive (entry 4). In addition,
the reaction could not take place in the absence of an additive
(entry 5). The screening of oxidants showed that DDQ
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Table 1 Optimization of the reaction conditions

Me Me
CN cat., additive Ho
H04©_<A, * mMe [O], solvent Me
Ar = 4-MeCqH, A alen M
1a 2a 3aa

Entry”  Additive [0] Catalyst Solvent Yield®(%)
1 Silicagel  DDQ TsOH-H,0O DCM 74
2 4AMS DDQ TsOH-H,0 DCM —
3 Florisil DDQ TsOH-H,O DCM —
4 Al,O; DDQ TsOH-H,0 DCM 85
5 — DDQ TsOH-H,O DCM —
6 ALO, BQ TsOH-H,0 DCM —
7 ALO, MnO, TsOH-H,O DCM —
8 AlL,O; DIB TsOH-H,0 DCM —
9 ALO, DDQ (PhO),PO,H  DCM 74
10 ALO, DDQ PA DCM 86
11 Al,O4 DDQ SC(OTf)3 DCM 54
12 Al,O; DDQ Cu(0Tf), DCM 14
13 Al,O4 DDQ TsOH-H,O0 Toluene 52
14 ALO, DDQ TsOH-H,0 MeCN 16
15 ALO; DDQ TsOH-H,O0 THF <5
16 Al,O; DDQ TsOH-H,0 DCE 81
17° ALO, DDQ TsOH-H,0 DCM 89
18¢ ALO, DDQ TsOH-H,O DCM 96

% Conditions: 1a (0.10 mmol), additive (40.0 mg), oxidant (0.10 mmol),
solvent (2.0 mL), 3 hours, 30 °C. Then 2a (0.12 mmol), catalyst
(10 mol%), 1 hour. ?Isolated yield. “1a (0.12 mmol), 2a (0.10 mmol),
DDQ (0.11 mmol). “1a (0.24 mmol), 2a (0.20 mmol), AL,O; (base,
80.0 mg), DDQ (0.22 mmol).

remained the optimal one (entries 4 and 6-8). Next, a variety
of acid catalysts were tested. The results revealed that the acid
catalyst played a significant role in this C6 functionalization.
The C6 functionalization with a racemic phosphoric acid cata-
lyst produced the product in good yield (entry 10). Lewis acids
including scandium trifluoromethanesulfonate and copper tri-
fluoromethanesulfonate could not catalyze this reaction well
(entries 11 and 12). p-Toluenesulfonic acid monohydrate was
selected as the best catalyst from the perspective of cost-effec-
tiveness. Various solvents were investigated (entries 4 and
13-16). We found that chloro solvents are superior to other sol-
vents, and dichloromethane served as the most favorable
solvent. To further improve the reactivity, the ratios of 1a, 2a
and DDQ were examined. The ratio of 1.2 equivalents of 1a
and 1.1 equivalents of DDQ was the best choice for the
efficient synthesis of the target compound 3aa (entry 17).

With the optimal conditions in hand, we next set out to
explore the scope and generality of this Brensted acid-catalyzed
C6 functionalization of indoles. Initially, the influence of the
substituents on indole derivatives 2 was tested (Scheme 2).
Different substituents at the C2 or C3 position of the pyrrole
ring were well tolerated, affording 3aa-3ae in moderate to high
yields. Meanwhile, introducing methyl (3af) or methoxyl (3ag)
as the C5 substituent on the benzene ring of indole afforded
the corresponding products in high yields. The product 3ah
was obtained in 70% yield when the C5 substituent of indole
was the electron-withdrawing fluoro group. The ring-fused
indoles performed well, affording the desired products (3ai-

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Substrate scope of 2,3-disubstituted indoles. Reaction con-
ditions: 1a (0.24 mmol), Al,Os3 (basic, 80.0 mg), DDQ (0.22 mmol), DCM
(20 mL), 3 hours. Then 2 (0.20 mmol), TsOH-H,O (10 mol%),
15 minutes—6 hours.

3ak) in favorable yields. Moreover, N-protected indoles could
also exhibit pleasing results (3al, 3am).

Next, we evaluated the substrate scope of 2,2-diarylacetoni-
triles. As depicted in Scheme 3, a plethora of 2,2-diarylacetoni-
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Scheme 3 Substrate scope of 2,2-diarylacetonitrile. Reaction con-
ditions: 1 (0.24 mmol), Al,O3 (basic, 80.0 mg), DDQ (0.22 mmol), DCM
(2.0 mL), 2-5 hours. Then 2a (0.20 mmol), TsOH-H,O (10 mol%),
20 minutes—24 hours.
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triles were suitable reaction partners, giving the desired pro-
ducts in moderate to good yields. The meta-methyl substituted
2,2-diarylacetonitrile (3ca) was superior to the ortho-methyl
substituted 2,2-diarylacetonitrile (3ba) in view of the yield for
this process, which might be caused by steric hindrance.
Various electron-donating and electron-withdrawing substitu-
ents on the para-position of the aryl ring of 2,2-diarylacetoni-
triles, including 4-methoxy, 4-phenyl, halogen and 4-trifluoro-
methyl, were acceptable for this protocol. 3,5-Dimethyl phenyl
(1j) and 2-naphthyl (1k) substituted 2,2-diarylacetonitriles
underwent the reaction efficiently under the standard con-
ditions. Moreover, the corresponding product 3la was also iso-
lated in high yield when heteroaryl substituted 2,2-diarylaceto-
nitrile was used. Additionally, alkyl substituted substrates such
as 2-(4-hydroxyphenyl)propanenitrile (1m) and 2-(4-hydroxy-
phenyl)-butyronitrile (1n) resulted in 57% and 58% yields,
respectively. Phenolic moieties bearing electronically varied
substituents at the ortho-position were well tolerated, affording
the desired products in excellent yields (3oa-3ra). In addition
to 2,2-diarylacetonitriles, we also tried §-phenyl and §-trifluoro-
methyl substituted diarylmethanes. Unfortunately, the reaction
failed to provide the target products, which might be caused
by steric hindrance and electronic properties.

To demonstrate the practical nature of the present catalytic
approach, a gram-scale preparation and further chemical
transformations of compound 3aa were performed (Scheme 4).
Under the standard reaction conditions, amplifying the model
reaction to a 4.2 mmol scale straightforwardly gave the product
3aa in 92% yield without a marginal loss of efficiency
(Scheme 4a). Furthermore, in light of the fact that nitrile moi-
eties can serve as valuable building blocks in the syntheses of

a) Gram Scale Experiment Ve Me
HO.
CN DDQ, Al,O.
Ar N TsOHH,0 (10 mol%) N
H 30 °C, DCM Ar CN A

Ar =4-MeCgHy
2a
0.508 g, 3.5 mmol

aa
0.878 g, 4.2 mmol 1.183 g, 3.2 mmol, 92% yield

b) Synthetic Transformation

MeO. 1) Mel Me!
O O N ve at| 2) DiBALH
N
ooy e
2 Lig ¥
4 Hy 3aa «L\a\w“d
Mé  31.5mg, 79% yield ta

8
Mé 39.0 mg, 91% yield

Scheme 4 Gram scale experiment and synthetic transformation.
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pharmaceuticals and heterocyclics,”® transformation experi-
ments were performed on the cyano group (Scheme 4b).
Compound 3aa was methylated with methyl iodide and
reduced with lithium aluminum hydride to give the corres-
ponding aldehyde 4. The methylated 3aa could undergo
reduction in the presence of diisobutylaluminum hydride,
giving the corresponding primary amine 5. Alternatively, for
methylated 3aa, hydrolysis of the cyano-group proceeded
smoothly using potassium hydroxide in tert-amylalcohol, pro-
viding the corresponding amide 6 in 85% yield. Compound
3aa was treated with trifluoro-methanesulfonic anhydride, fol-
lowed by Pd/C hydrogenolysis to give the hydroxy group-free
product 7. Palladium-catalyzed cross-coupling reaction of
trifluoromethylsulfonylated 3aa with phenyl boronic acid
could provide the Suzuki-Miyaura coupling product 8 with
high efficiency.

To gain further insights into the mechanism, some control
experiments were performed (Scheme 5). The 2,2-diarylacetoni-
trile 1a could be oxidized by DDQ, giving the active intermedi-
ate p-QM 9 in 93% yield (Scheme 5a). Subjecting 9 to the stan-
dard reaction conditions without DDQ provided the product
3aa in comparable yield which was observed in the single-oper-
ation process, thus suggesting the formation of p-QM inter-
mediate 9 (Scheme 5b). Product 11 was not detected when
methyl-protected substrate 10 was used under the standard
conditions (Scheme 5c¢), which indicated that the presence of a
free phenolic hydroxyl group in 2,2-diarylacetonitrile is crucial
for the formation of the key p-QM intermediate.

Based on the above results and literature reports,'® a plaus-
ible mechanism is proposed (Scheme 6). 2,2-Diarylacetonitrile
1a is reversibly oxidized by DDQ to provide intermediate B.
Basic Al,O; might be able to adsorb the byproduct DDQH,,
which is generated during the oxidation process, and promote
the conversion of intermediate B to the stable §,6-disubstituted
P-QM 9. Subsequently, Bronsted acid-catalyzed C6 functionali-
zation of 2,3-dimethylindole with §,5-disubstituted p-QM 9
would take place, giving the desired product 3aa.

Finally, we also explored chiral phosphoric acid-catalyzed
C6 functionalization of 2,3-disubstituted indoles with §,6-di-
substituted p-QMs from 2,2-diarylacetonitrile. The desired

DDQ (1.0 eq.)
e
DCM, 30°C

CN
Ar

Ar = 4-MeCgHy
1a

: CN
0
Ar
9
41.3 mg, 93% yield

Me
cN TsO-H,0 Bo
S = o e
e DCM, 30 °C H

Ar = 4-MeCgHy4 Ar CN
9

3aa
65.6 mg, 90% yield
Standard

Me
CN Conditions ~ MeO A
€) MeO + 2a ——%— Me
Ar H

Ar = 4-MeCeH, A’ CN
10 1

Scheme 5 Control experiments.
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Scheme 6 Plausible mechanism.
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Scheme 7 Preliminary investigation on the catalytic asymmetric
version.

chiral product could be obtained in 94% yield albeit in moder-
ate 33% ee (Scheme 7, for details, see the ESI}). This could be
ascribed to remote activation which might not be beneficial
for the control of enantioselectivity.

Conclusions

In summary, we successfully developed Brgnsted acid-cata-
lyzed C6 functionalization of 2,3-disubstituted indoles with
2,2-diarylacetonitriles for efficient construction of cyano-sub-
stituted all-carbon quaternary centers. This process features
excellent yields, broad substrate scope and mild reaction con-
ditions. Furthermore, the cyano-substituted products could be
conveniently transformed to other valuable compounds
including aldehydes, primary amines and amides. Control
experiments suggested that the reaction involves C-H oxi-
dation of 2,2-diarylacetonitriles to in situ generated §,6-di-
substituted p-QM intermediates. The asymmetric C6
functionalization of 2,3-disubstituted indoles with 2,2-diaryla-
cetonitroles has encountered great challenges possibly owing
to remote activation. Further efforts are currently underway
toward the asymmetric version of this reaction.
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