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Abstract: A Cu-catalyzed aerobic oxidative coupling of
acetophenones with indoles has been developed, and is
an efficient and practical C—H (sp®) functionalization ap-
proach to C-3 dicarbonyl indoles, using O, as the green
oxidant. Moreover, a series of dicarbonyl indoles have
been obtained smoothly and the plausible mechanism is
proposed based on control experiments. )

Indoles, a class of key structural elements with biological and
pharmacological activities, are prevalent in plenty of natural
products, and bioactive synthetic and functional materials.!"
Moreover, they also play an important role in drug develop-
ment.”) Consequently, the research of further functional modi-
fications of indoles is a hot topic in organic synthesis, which
has attracted interest from chemists all over the world.”! Partic-
ularly, C-3 dicarbonyl indoles containing both indole and dicar-
bonyl structural units are powerful precursors for a variety of
functional group transformations.”

Owing to the significance of C-3 dicarbonyl indoles, strat-
egies for the synthesis of these useful units have been devel-
oped in the past few years.” Significantly, Li and co-workers re-
ported two methods: (1) Cu-catalyzed C—H oxidation/cross-
coupling of a-amino carbonyl compounds with indoles;*
(2) Pd-catalyzed synthesis of 3-acylated indoles involving oxida-
tive cross-coupling of indoles with a-amino carbonyl com-
pounds.™ In addition, Ahmed and co-workers developed an
aminocatalytic cross-coupling approach via iminium ions to di-
carbonyl indoles from 2-oxoaldehydes with indoles.*® Never-
theless, the advances mentioned above suffered from some
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drawbacks: (1) the relatively low atom efficiency; (2) starting
materials were not easily available, which might limit their ap-
plications. Therefore, it is highly desirable to develop a feasible
and highly efficient method to C-3 dicarbonyl indoles using
practical starting materials. In this regard, acetophenones as
simple and versatile building blocks are a great choice as re-
agents in oxidative coupling transformations.” Very recently,
Wu and co-workers reported a route to C-3 dicarbonylation of
indoles by direct regioselective oxidative cross-coupling of in-
doles with acetophenones under metal-free conditions.” How-
ever, O, has been regarded as an ideal oxidant and oxygen
source in organic synthesis because of it is natural, abundant
and environmentally friendly.® Herein, we presented a novel
Cu-catalyzed oxidative coupling of acetophenones with indoles
to C-3 dicarbonyl indoles, which is a practical method that
uses O, as the green oxidant (Scheme 1). This methodology
based on C—H (sp?) cleavage is highly efficient and has a broad
substrate scope.

To initiate our study, the reaction of acetophenone (1a) with
1-methylindole (2a) was selected as the model reaction to op-

Previous Work o o
N air R3
R3 N\ CuCl,, TBHP B
4 — e Ref. 5a
R HN/Y * l// N CH,Clp, RT 5 b
[¢] R? p i N
Ry, R R2
0 (o]
N Pd(OAC), s
Phy R AN Cu(OAc),, air B
T,
'}‘/\ﬂ/ 5 N ACOH, MeCN L b Ret.:50
0 R Lo 80°C pe N
R R R2
1) (o]
O | A AN pyrrolidine R Q Ph Ref. 5d
pth\?o & N toluene, RT |/ » :
“H0 R! R2 R th
1) (o]
1% | N I, pyrrolidine S Ph Ret. 7
Ph/U\ * AP N DMSO, 90°C | (AN ’
R R2 R k2
o, ,°
? ! 0, )
-H | NN\ cuCl, pyridine, AcOH | S\ @
bgy o _——
@ B AN toluene, 110°C (PN
R 2 R! R?

Scheme 1. Cu-catalyzed aerobic oxidative coupling of acetophenones with
indoles to C-3 dicarbonyl indoles.
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timize reaction conditions by examining a series of reaction pa-
rameters. All reactions were performed under an O, environ-
ment and the results were summarized in Table 1 and in the
Supporting Information. First, the model reactions were carried

Table 1. Reaction optimizations.”

0 > N4

@)k i @ Catalyst, Ligand, Addictive O AN O
N\ Temperature, Solvent N

1a 2a \3aa
Entry Catalyst Ligand Additive T[°C Yield® [%]
1 Cu(OA0), pyridine TFA 100 <10%
2 Cu(TFA), pyridine TFA 100 22%
3 Cucl pyridine TFA 100 52%
4 CuBr pyridine TFA 100 36%
5 Cul pyridine TFA 100 Trace
6 Cucl 2,4-DMP TFA 100 48%
7 Cudl DMAP TFA 100 44%
8 Cucl 22-Bpy  TFA 100 35%
9 Cucl pyridine PivOH 100 33%
10 Cucl pyridine AcOH 100 73%
n Cucl pyridine PhCO,H 100 46 %
12 Cudl pyridine HCl 100 Trace
13 Cucl pyridine H,0 100 Nr'd
14 Cudl pyridine AcOH 80 Trace
15 Cudl pyridine AcOH 90 65 %
16 Cudl pyridine AcOH 110 85%
17 Cudl pyridine AcOH 120 81%
18 Cudl pyridine AcOH 110 72%
19 Cudl pyridine AcOH 110 37%
201 Cudl pyridine AcOH 110 76%
219 Cucl pyridine AcOH 110 54%
22 Cucl pyridine AcOH 110 79%
23 Cucl pyridine AcOH 110 83%
[a] Reaction conditions: 0.5 mmol 1a, 1.5 mmol indoles 2, 10% Cudl,
0.25 mmol pyridine and AcOH solved in 3 mL toluene stirred at 100 °C for
16 h in a sealed tube equipped with an O, balloon, unless otherwise
noted; [b]Isolated vyields; [c] No reaction; [d] PhCl used as solvent;
[e] MeCN used as solvent; [f] DMF used as solvent; [g] 1,4-Dioxane used
as solvent; [h] CuCl (5%); [i] CuCl (20%). TFA =trifluoroacetic acid; 2,4-
DMP = 2,4-dimethylpyridine; DMAP =4-dimethylaminopyridine.

out in the presence of pyridine and TFA at 100°C in toluene to
screen a variety of copper catalysts (Table 1, entry 1-5). Among
these copper salts, CuCl exhibited the best catalytic effect, af-
fording the desired dicarbonyl product3aa in 52% yield
(Table 1, entry 3). With the view of further enhancing its cata-
lytic ability, ligands and additives were examined (Table 1,
entry 6-13). To our delight, CuCl combined with pyridine and
AcOH effectively catalyzed this aerobic oxidative coupling reac-
tion and the yield of 3aa increased to 73% (Table 1, entry 10).
In order to further optimize the reaction conditions, reaction
temperatures of 80-120°C were also examined (Table 1,
entry 14-17). When the temperature was increased to 110°C,
the highest yield (859%) was obtained (Table 1, entry 16). Then,
some other solvents were examined, such as PhCl, MeCN, DMF
and 1,4-dioxane, which showed that toluene was the ideal sol-
vent in this reaction (Table 1, entry 18-21). For the reason that
atomic economy of chemical reactions is one of the important
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contents of green chemistry, we tried to reduce the amounts
of 1-methylindoles in this reaction. However, 3 equiv of 1-
methylindoles were required for the highest yield of produc-
t3aa (see the Supporting Information). Finally, 5 and 20%
CuCl were also tested (Table 1, entry 22, 23); however, their
yields were lower than when using 10% CuCl. Based on the
screening experiments above, the optimized reaction condi-
tions of this Cu-catalyzed aerobic oxidative coupling of aceto-
phenones with indoles were: 0.5 mmol acetophenone 1a,
1.5 mmol 1-methylindole 2a, 10% CuCl, 0.5 equiv pyridine and
AcOH dissolved in 3 mL toluene and stirred at 110°C for 16 h
in a sealed tube under an O, environment.

With the optimized reaction conditions in hand, a series of
experiments were carried out to investigate the universality of
this method with regard to both acetophenones1 and in-
doles 2. As shown in Scheme 2, acetophenones bearing differ-
ent electron-donating and electron-withdrawing substituents
reacted smoothly with 1-methylindole (2a), affording the cor-
responding products in moderate to good yields (Scheme 2,
3aa-3la). Moreover, the results indicated that electron-with-
drawing groups (-F, -Cl, -Br, -NO,) performed slightly better
than electron-donating groups (-OMe, -Et, -Me), but the posi-
tion (ortho, meta, or para) of the substituents had no obvious
influence on the efficiency of this reaction. Then, ketones with
polycyclic aromatic and heterocyclic substituents were also
subjected to the optimized conditions. To our delight, 1-acetyl-
naphthalene could also undergo reaction with 2a, affording
the desired product 3ma in 77 % vyield. In addition, 2-acetylth-
iophene, 2-acetylfuran and 2-acetylpyridine were all compati-
ble reaction partners for this transformation (52-74% yield,
Scheme 2, 3na-3pa). Besides, we also examined some other
aliphatic ketones, such as cyclohexanone, acetone and 2-buta-
none under our optimized reaction conditions. However, no
corresponding target products were detected, implying that
aliphatic ketones were not suitable for our recommended reac-
tion conditions with indoles.

Next, a wide range of indoles 2 were subjected to the opti-
mized reaction conditions. As shown in Scheme 3, indoles with
different N-protective groups (-R;) could be transformed
smoothly with acetophenone (1a) to corresponding dicarbonyl
products in good yields (Scheme 3, 3ab-3ae). However, elec-
tron-withdrawing substituents, such as N-Boc-, N-acetyl- and 5-
nitroindole failed to produce corresponding products likely
owing to their decreasing electron density on the indole ring
(Scheme 3, 3af, 3ag and 3ak, respectively), showing that this
reaction is sensitive to electronic characteristics of substituents
groups on the indole rings. We were delighted to find that di-
carbonyl products containing an N-benzyl indole structural
unit (Scheme 3, 3ab-3ad) have been disclosed to act as either
positive or negative modulators of the human A,; adenosine
receptor (A,3AR) and C-3 diketoindole scaffolds have the po-
tential to design new analogs, which could be generated in
moderate to excellent yields by using our method.”’ Moreover,
some 2-substitued and 5-substitued indoles were also subject-
ed to the oxidative cross-coupling reaction with 1a, affording
63-80% yields of the corresponding products (Scheme 3, 3ah,
3ai, 3aj and 3al). However, when the reaction was carried out
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Scheme 2. Substrate scope of acetophenones. Reaction conditions: 0.5 mmol acetophe-
nones 1, 1.5 mmol 1-methylindole 2a, 10% CuCl, 0.25 mmol pyridine and AcOH solved
in 3 mL toluene stirred at 110°C for 16 h in a sealed tube equipped with an O, balloon;
yields are given for isolated products after chromatography.
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Scheme 3. Substrate scope of indoles. Reaction conditions: 0.5 mmol acetophenone 1,
1.5 mmol indoles 2a, 10% CuCl, 0.25 mmol pyridine and AcOH solved in 3 mL toluene
stirred at 110°C for 16 h in a sealed tube under an O, environment; yields are given for
isolated products after chromatography.

between N—H indole 3m (R, =H) with 1a under the optimized
reaction conditions, no desired product was obtained.
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In order to understand the mechanism of dicar-
bonyl indole formation, several control experiments
were conducted (Scheme 4). When the radical scav-
enger BHT (2 equiv) was added to the optimized re-
action conditions, the reaction was strongly hin-
dered and the BHT-captured intermediate was de-
techted by ESI-MS analysis (see the Supporting Infor-
mation), suggesting that the oxidation process un-
dergoes through a radical pathway (Scheme 4a]. In
the second experiment, reactions under different
gaseous environments were examined. The results
showed that reactions under O, or air could proceed
smoothly while the reaction under N, atmosphere
failed to produce desired product 3aa, which indi-
cated that O, was the essential oxidant in this reac-
tion. Next, we found that no desired product was
detected if CuCl was removed from the optimized
reaction conditions. Compound 3aa was isolated in
only 54 and 21% yield under modified conditions
without pyridine or AcOH [Scheme 4 c]. Furthermore,
phenylglyoxal (4) was also subjected to the opti-
mized reaction conditions with 1-methylindole (2a)
and the desired product could be obtained in good
yield (Scheme 4d), which confirms our conjecture
that that compound 4 serves as the important inter-
mediate in the reaction process.

On the basis of previous reports"” and the experi-
mental results above, a mechanism for the Cu-cata-
lyzed aerobic oxidative coupling of acetophenones
with indoles was proposed (Scheme 5). Initially, ace-
tophenone 1a is enolized to the intermediate B in
the presence of a more active Cu" salt, which is gen-
erated from the oxidation of CuCl by 0,." Mean-
while, pyridine may serve as a base to promote the
release of HCl in this step. Next, a single electron
transformation occurs to the intermediate B to gen-
erate the radical intermediates C/C " which react
with O, to form a four-membered intermediate F
though the free radical reaction. Homolytic cleavage
of intermediate D produces the key intermediate 4,
releasing the hydroxyl radical which could be simul-
taneously reduced to "OH in the presence of CudCl
and AcOH. Then, the Friedel-Crafts type reaction be-
tween phenylglyoxal 4 and indole 2a is occurred, af-
fording the benzoin intermediate 5. Finally, copper-
catalyzed aerobic oxidation of intermediate 5 gives
the desired dicarbonyl product 3 aa.

In conclusion, a novel Cu-catalyzed aerobic oxida-
tive cross-coupling of acetophenones with indoles
has been developed, and provides an efficient
approach to synthesize a series of dicarbonyl
compounds containing indole structural moieties.
Moreover, readily available starting materials, the
broad substrate scope, and the use of a green oxi-
dant, make it very practical and environmental

friendly. A reaction mechanism was proposed based on
a series of control experiments. Further investigations on the
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Scheme 4. Control experiments.

synthetic application of this strategy are underway in our labo-
ratory.

Experimental Section

Acetophenones 1 (0.5 mmol), indoles 2 (1.5 mmol), CuCl (0.005 g,
10%), pyridine (0.02 g, 0.25 mmol) and AcOH (0.015 g, 0.25 mmol)
were dissolved in 3 mL toluene and stirred at 110°C for 16 h in
a sealed tube equipped with an O, balloon. To determine the
status of the reaction, it was monitored by TLC. After its comple-
tion, the reaction mixture was cooled to room temperature, then
quenched with saturated NH,Cl solution and extracted with ethyl
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Scheme 5. Proposed mechanism.
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acetate. The organic layer was washed with brine and dried over
anhydrous Na,SO,. Removal of the organic solvent in vacuo fol-
lowed by flash column chromatography on silica gel (hexane/ethyl
acetate 60:1) afforded the desired products 3 in good yields (51-
88%).
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