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formates. A relatively wide range of functional groups can be
tolerated in this transformation, and the corresponding esters
are obtained in good yields. On this basis, an intramolecular oxidative C—H/C—H coupling has been developed to prepare

indolo[3,2-c]coumarins.

C arboxylic ester and lactone derivatives (e.g, coumarins)
are widely found in natural products, pharmaceuticals,
and functional materials."™® For example, indolo[3,2-c]-
coumarins are an important class of fused coumarin derivatives
that possess a variety of interesting biological activities,
including antiangiogenesis, anticancer, and estrogenic activity.4
The main methods to prepare the indolo[3,2-c]coumarins
usually involve multistep condensation and cyclization to
construct the indole scaffold and/or various traditional coupling
and lactonization to forge the coumarin framework (Scheme
1).>® These methods generally suffer from limitations such as

Scheme 1. Retrosynthesis of Indolo[3,2-c]coumarin
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Although CO is a famous C1 building block and has been
extensively used to synthesize aromatic carboxylic acids and
ester derivatives in industry,” many chemists are slightly
reluctant to employ it in academic laboratories.” Because of
high toxicity, flammability, explosibility, and difficult handling
of gaseous CO, a high-pressure reactor usually has to be
employed. Therefore, formate esters have been widely used as
alternative sources of CO in recent years because they are
liquid or solid, which make them easy to handle.”'® Recently,
considerable attention has been focused on the synthesis of
aromatic carboxylic derivatives by using formate esters as the
carboxyl source.'” However, the C—H carbonylation of
(hetero)arenes using aryl formate esters as a carboxyl source
to form aromatic carboxylic esters remains unexplored.
Following our contlnulng interest in C—H functionalization
of heteroarenes,'" we herein present an efficient synthesis of
(hetero)aryl carboxylic esters via Pd-catalyzed C—H carbon-
ylation of (hetero)arenes with aryl formate esters, which offers
an opportunity to concisely prepare indolo[3,2-c]coumarins
through an intramolecular oxidative C—H/C—H coupling
between an indole ring and an arene (Scheme 1).

The Pd-catalyzed C—H carbonylation of (hetero)arenes with
aryl formates to produce carboxylic esters was first investigated.
1-Benzyl-1H-indole (1a) and phenyl formate (2a) were chosen
as model substrates to optimize the reaction conditions (Table
1). Using palladium acetate as a catalyst, various common

3 inorganic oxidants (e.g, Cu(OAc),, Ag,CO;, and K,S,05) or
nn organic oxidants (e.g, DDQ and PhI(OAc),) were screened,

substrate generality, harsh reaction conditions, and sometimes
inaccessible or not easily accessible synthetic precursors. From
the viewpoint of synthetic simplicity and step economy, the C—
H carbonylation of (hetero)arenes and sequential intra-
molecular oxidative C—H/C—H coupling is doubtless one of
the most ideal strategies to construct indolo[3,2-c]coumarins
(Scheme 1).7
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but all failed to give the desired product (Table 1, entries 1—5).
Fortunately, when iodine was tested as an oxidant, product 3a
was obtained in 52% yield (Table 1, entry 6). It was speculated
that the Pd-catalyzed C—H carbonylation might involve an in
situ iodination process.'* The structure of 3a was confirmed by
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Table 1. Optimization of the Pd-Catalyzed C—H
Carbonylation”

H COOPh
Ejf\g N j\ oh Pd(CAc),, oxujoant, base A
N H™ Yo" solvent, 100 °C, 12 h N
Bn Bn
1a 2a 3a
entry oxidant base solvent yield (%)°
1 Cu(OAc), K,CO; DMEF NR
2 Ag,CO, K,CO, DMF NR
3 K,$,04 K,CO, DMEF NR
4 DDQ K,CO, DMF ND
S PhI(OAc), K,CO, DMF NR
6 L K,CO; DMEF 52
7 L Na,CO,4 DME 30
8 I, K;PO, DMF trace
9 I, KHCO;, DMF trace
10 I, Et;N DMF trace
11 I, K,CO; toluene ND
12 I, K,CO;,4 1,4-dioxane trace
13 L K,CO, DMSO 50
14° L K,CO, DMF 78
1559 L K,CO, DMF 93

“Reaction conditions: 1a (0.50 mmol), 2a (1.0 mmol, 2.0 equiv),
Pd(OAc), (5 mol %), oxidant (2.0 equiv), base (3.0 equiv) and
solvent (1.0 mL) at 100 °C for 12 h under N,. “Isolated yield. “Phenyl
formate (2.0 mmol, 4.0 equiv). 9pd(0Ac), (10 mol %). DDQ = 23—
dichloro-5,6-dicyanobenzoquinone. ND = no detection. NR =
reaction.

single-crystal X-ray diffraction (Figure S1). Next, other
parameters were screened. After screening a variety of bases
(e.g, Na,CO;, K,CO,, KHCO;, K;PO,, and Et;N), K,CO; was
clearly the most effective (Table 1, entries 6—10). Among the
solvents investigated, DMF was found to be the best choice
(Table 1, entries 11—13). Finally, the best result was obtained
by using iodine as the oxidant in the presence of Pd(OAc), (10
mol %) and K,CO; (3.0 equiv) in DMF at 100 °C for 12 h.

Utilizing the optimal conditions, the reaction scope of indole
derivatives was first investigated, and the results are
summarized in Scheme 2. To our delight, a relatively broad
range of indole derivatives with a substituent at C2, CS, C6, or
C7 position of the indole ring were successfully transformed to
desired products in good to excellent yields. It was gratifying
that chloride and bromide were tolerated, although they were
sometimes highly reactive under palladium catalysis. The
reaction condition was also compatible with other functional
groups on indoles (e.g, ester, nitrile, and methoxy groups)
(Scheme 2, 3c—3h), which could be subjected to further
synthetic transformations. Indoles with other N-protecting
groups such as methyl and phenyl could also give the
corresponding products in satisfactory yields, and free (N—
H) indoles could even couple with 2a in good yields (Scheme
2, 3k and 31).

Subsequently, a variety of substituted aryl formates were
investigated under the optimized reaction conditions, and the
results are shown in Scheme 3. Aryl formates bearing either
electron-donating groups or electron-withdrawing groups gave
the desired products in good to excellent yields. In addition,
2,6-dimethylphenyl formate with steric hindrance was also
compatible in the transformation, delivering 4j in 74% yield.
Naphthyl formate was also tested, affording 2-naphthyl indole-
3-carboxylate (4k) in 78% yield. However, alkyl formates such
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Scheme 2. Pd-Catalyzed C—H Carbonylation of Various
Indole Derivatives with 2a“
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“Reactions were carried out using Pd(OAc), (10 mol %), K,CO; (3.0
equiv), I, (2.0 equiv), indole derivative (0.50 mmol), and 2a (2.0
mmol, 4.0 equlv) in DMF (1.0 mL) under N, at 100 °C for 12 h.
Isolated yields. “80 °C. “Pd(OAc), (5 mol %).
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Scheme 3. Pd-Catalyzed C—H Carbonylation of Indoles with
Various Aryl Formates®
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“Reactions were carried out using Pd(OAc), (10 mol %), K,CO; (3.0
equiv), I, (2.0 equiv), indole (0.50 mmol), and 2 (2.0 mmol, 4.0
equiv) in DMF (1.0 mL) under N, at 100 °C for 12 h. Isolated yields.

as methgl formate did not afford the corresponding
product.'

To further expand the scope of this methodology, we applied
this catalytic system to other (hetero)arenes (Scheme 4). The
reaction of indolizines afforded the corresponding esters in
good yields (Scheme 4, Sa and Sb). When pyrrole was
employed as the substrate, the carbonylation reaction occurred
at both C2 and C3 positions with a 1:2.5 ratio of C2/C3
(Scheme 4, 6a). Moreover, the C2- and C3-carbonylated
products could be isolated by column chromatography. It is
worth noting that the benzene rings could also work to provide
the benzoate derivatives in moderate yields (Scheme 4, 7a—7c).

After the C—H carbonylation was implemented, the
cyclization reaction via the intramolecular oxidative C—H/C—
H coupling to build up indolo[3,2-c]coumarins was inves-
tigated. Although numerous transition-metal-catalyzed intra-
molecular oxidative C—H/C—H coupling reactions between

dx.doi.org/10.1021/01502749b | Org. Lett. 2014, 16, 5862—5865



Organic Letters

Scheme 4. Pd-Catalyzed C—H Carbonylation of Other
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“Reactions were carried out using Pd(OAc), (10 mol %), K,CO; (3.0
equiv), I, (2.0 equiv), (hetero)arene (0.50 mmol), and 2a (2.0 mmol,
4.0 equiv) in DMF (1.0 mL) under N, at 100 °C for 12 h. Isolated
yields. ®The ratio was determined by isolated yield. Pd(OAc), (5 mol
%).

two (hetero)arenes have been reported,® the intramolecular
oxidative C—H/C—H coupling of aryl esters of aromatic
carboxylic acids to form lactones still remains under-
represented. Thus, the resulting phenyl 1-benzyl-1H-indole-3-
carboxylate (3a) was chosen as a model substrate to optimize
the reaction condition. After screening several parameters (see
Table S2), the best result was obtained by using AgOAc as the
oxidant, pivalic acid (PivOH) as the additive, and K,CO; as the
base in the presence of Pd(OAc), (10 mol %) in DMA at 120
°C for 22 h. Next, the scope of this oxidative cyclization was
investigated, and indolo[3,2-c]Jcoumarins with different sub-
stituents were obtained in moderate to good yields (Scheme ).
The structure of product 8a was confirmed by X-ray analysis of
single crystals (Figure S2).

In conclusion, we have developed an efficient palladium-
catalyzed C—H carbonylation of (hetero)arenes with formate
esters to prepare (hetero)aryl carboxylic esters with good

Scheme 5. Synthesis of Indolo[3,2-c]coumarins through
Intramolecular Oxidative C—H/C—H Coupling®

Q
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N N N @Ra 3.0 equiv AgOAc, 1.0 equiv PivOH
R N —/ 2.0 equiv K,CO3, DMA, 120 °C, 22 h
R' R’
Jord 8
Q o] O,
Q o] o] OMe
=0 o O
N N N
R \ OMe \

8a, 52%, R =Bn
8b, 74%, R = CH3

0 o 0

MeO I ?_Oi I i Oi °
O N\\ O Cl ,\{\ Q O r\{\ Q
Ph

8f, 73%

)
0 "
RZ N\ Q

8c, 86% 8d, 68%

8e, 77% 89, 69%

“Reactions were carried out using Pd(OAc), (10 mol %), AgOAc (3.0
equiv), PivOH (1.0 equiv), K,CO; (2.0 equiv), and 3 or 4 (0.20
mmol) in DMA (1.0 mL) under N, at 120 °C for 22 h. Isolated yields.
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functional group tolerance. Both N-protected and unprotected
indoles can readily react with a variety of phenyl formates.
Other (hetero)arenes such as indolizines, pyrroles, and
electron-rich benzene rings are capable of coupling with phenyl
formates. An intramolecular oxidative C—H/C—H coupling of
the resulting esters has been developed to synthesize indole-
fused coumarins. A series of indolo[3,2-c]coumarin derivatives
are obtained in good yields. Further studies to apply this
strategy are currently in process.
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Experimental procedures, characterization data, X-ray crystal
structures (CIF) of 3a (CCDC-1027233) and 8a (CCDC-
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