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An efficient strategy for the easy access to carbonylated
heteroaromatic compounds has been developed via a visible-light-
promoted intramolecular decarboxylative cyclization reaction of
o-alkynylated carboxylic acids. This method is characterized by its
benign conditions and the tolerance of a wide range of
functionalities.

Heteroaromatic compounds, including 3-acylindoles, 3-
acylbenzofurans and 3-acylbenzothiophenes, have been widely
employed as pervasive structural motifs in numerous natural
products and biologically active pharmaceutical molecules™™.
For example, pravadoline, which has been synthesized by
Sterling Drug (Sterling Research Group, Rensselaer, NY),
exhibits significant analgesic activity in humans?. Daphnodorin
A and B show a broad range of biological activities such as
antitumor  properties, antiviral activities, and anti-
inflammatory properties3. Raloxifene has been found as an
oral selective estrogen receptor modulator (SERM) to prevent
the osteoporosis in postmenopausal women®. Therefore
considerable efforts have been the
development of efficient protocols for the synthesis of
carbonylated heteroaromatic compoundss's. Among them the
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Figure 1. Examples of bioactive carbonylated heteroaromatic compounds.
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typical methods include Friedel-Crafts reactions, Vilsmeier-
Haack reactions, and transition-metal-catalyzed C3-H
activation reaction7, which almost rely on preformed indoles,
benzofurans or benzothiophenes to achieve carbonylated
products. However, most of traditional strategies suffer from
limited functional group tolerability and harsh conditions.
Compared with the prosperous achievements, photoredox
catalysis may provide an efficient method for the assembly of
3-acylindoles, 3-acylbenzofurans and 3-acylbenzothiophenes
under milder conditions.

Carboxylic acids are readily available and inexpensive basic
chemicals, and their radical decarboxylative functionalization
has recently received considerable attention as a powerful
synthetic method that allows to rapidly construct C-C and/or
C-X bonds’. In recent years, visible-light-promoted radical
decarboxylative functionalization of carboxylic acids and their
derivatives has arguably gained considerable momentum®®.
With this regard, the applications on the visible-light-driven
decarboxylation process for the construction of C-C and/or C-X
bonds have been reportedn. In contrast to the previous
achievements in intermolecular C-C bond and/or C-X bonds
formation via decarboxylative functionalization, research on
visible-light-induced intramolecular decarboxylative cyclization
to construct C-C bond and C-O bond remains scarce. Herein,
reported a visible-light-driven
decarboxylative cyclization of o-alkynylated carboxylic acids in
the presence of air, base and photocatalyst for the formation
of 3-acylindoles, 3-acylbenzofurans and 3-
acylbenzothiophenes, in which alkyl radical generated from
decarboxylation could undergo intramolecular radical addition
to the C-C triple bond, followed by a C-O bond formation, to
synthesize the corresponding carbonylated compounds.

Optimization of the reaction conditions was investigated by
irradiating a mixture of carboxylic acid, base, and
photocatalyst under air atmosphere using blue LEDs as the
light source (Table 1). On the basis of reported successes of
radical decarboxylative reactions'®™, our initial investigation
was carried out using o-alkynylated a-amino acid 1a as the
substrate, K;HPO, as base and [Ir{dF(CFs;ppy)},(dtbbpy)]PFg as

we novel intramolecular
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Table 1. Optimization of the Reaction Conditions”

é [Ir{dF(CF3ppy)}»(dtbbpy)]PFg (5 mol %)
N
O o~ base, solvent, air O
N~ “COOH N

| blue LEDs \
1a 2a
entry base solvent yield (%)b

1 K,HPO, DMF 44
2 2,6-Lutidine DMF 48
3 Cs,CO; DMF 58
4 DBU DMF 32
5 no DMF 31
6 Cs,COs DMSO 54
7 Cs,CO5 MeCN 46
8 Cs,COs 1,2-DCE 36
9° Cs,CO; DMF 54
10° Cs,CO; DMF 0
11° Cs,CO4 DMF 0
12 Cs,CO; DMF 34

Reaction conditions: 1a (0.1 mmol), [Ir{dF(CFsppy)}.(dtbbpy)]PFs (0.005
mmol), base (0.15 mmol), solvent (anhydrous, 4 ml), air, 30 W blue LEDs,
room temperature (rt), 24 h. ®solated yield. ‘Under O, atmosphere. “Under
N, atmosphere. °In the dark. No photocatalyst.

photocatalyst in DMF. Gratifyingly, the desired 3-acylindole 2a
was obtained in 44% isolated yield (entry 1), and further
screening on diverse bases showed that Cr,CO; could provide
an obviously improvement in reaction efficiency (entries 2-5).
Subsequently, examination on the solvent revealed that DMF
was still the optimal reaction medium for this transformation
(entries 6-8). Interestingly, it was found that the yield of the
product was decreased when using pure oxygen instead of air,
and the reaction was completely suppressed under N,
atmosphere (entries 9-10). A control experiment confirmed
that visible light was essential for the desired transformation
to occur (entry 11). Notably, when the photocatalyst was
absent in the reaction mixture, the desired product 2a could
also be obtained with a decreased vyield of 34% (entry 12),
which might be owing to the fact that the o-alkynylated a-
amino acid 1a could be directly oxidized by oxygen of air under
irradiation with light to form the corresponding radical
intermediate.

With the optimized reaction conditions in hand, we then
explored the scope of a-amino acid derivatives. As shown in
Table 2, a wide range of structurally diverse o-alkynylated a-
amino acids were readily converted to the corresponding 3-
acylindoles. It is important to note that the reaction efficiency
is closely relevant to the substitution effect on the nitrogen
atom, wherein substrates with electron-donating groups, e.g.
methyl and ethyl, readily delivered products (2a-2b). However,
for less-substituted or acetyl-substituted carboxylic acid, the
corresponding products were not observed (2c-2d). Substrate
1le bearing a methyl group in the a-position of the carboxyl
group performed well under the optimized conditions to
furnish a 2, 3-disubstituted indole product. To our delight, a
variety of a-amino acid derivatives with either electron-
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withdrawing or electron-donating substituents on the
aromatic ring at the terminal alkyne were all competent
partners in this reaction (2f-2l), especially substrate 1j with a
strong electron-donating group was successfully converted to
2j in 78% yield. Note that the yield of product 2j remained
positive when the reaction was carried out even at gram scale.
Different substituents, including F, Cl and Me on the aromatic
ring of the aniline moiety all smoothly led to the desired 3-
acylindoles (2m-20). Moreover, we were pleased to find that
the acids with a heteroaromatic ring were competent
substrates for this transformation (2p-2q). Finally, when
carboxylic acid 1r with a bulky tert-butyl group at the terminal
alkyne was employed, the desired 3-acylindoles 2r could be
isolated in 29% yield.

Table 2. Scope of a-Amino Acid Derivatives” b

o)
P Rj N—R3
B “Re [GF(CFappYLAGIOOPYIPFs (Sl %) AN
2
AN AN Cs,CO;3 (1.5 equiv), DMF, air SN
R g COOH 30W blue LEDs R
1
1a-1r

\
N

R
! N
2a, Ry = Me, 58% N
\

2b, Ry =Et, 56%
2¢,Ry=H, 0%
2d, Ry =Ac, 0% 2e, 57%

L0

O CQ

2f, R=F,60%
2g, R=Cl,63%
2h, R=Et,48%
2i, R =t-Bu,55%
2j, R=MeO, 78%
(gram scale, 72%)

O 0

—

o)

Ry
RO
N

\ \
2k, R=F,67%
21, R=Me,57% 2m, R, =F,60% 20, 51%
2n, Ry = Me, 56%
o) = O/ \ o)
N A
NS s
N N N
N N N
\ \ \
2p, 55% 2q, 63% 2r, 29%

“Reaction conditions: 1 (0.1 mmol), [Ir{dF(CFsppy)}(dtbbpy)]PFs (0.005
mmol), Cr,CO3 (0.15 mmol), DMF (anhydrous, 4 ml), air, 30 W blue LEDs, rt,
24 h. Isolated yield.

The generality of this method was next explored for the synthesis
of various 3-acylbenzofurans. As described in Table 3, a series of o-
alkynylated phenoxyacetic acids could undergo efficient
decarboxylative cyclization/carbonylation to afford the desired 3-
acylbenzofurans successfully. Importantly, this transformation
appears to be restricted to the substituent at the a-position of the
carboxyl group. When phenoxyacetic acid 3b incorporated with a-
phenyl group was employed as a substrate, the reaction worked
more smoothly to deliver the desired product (4a-4c). This result
may be rationalized by stability of the respective radical
intermediate. Moreover, for ortho-substituted carboxylic acid 3d, it
was observed that the reactivity was decreased compared with its

para- or meta- substituted counterpart (4d-4f). Subsequently, we

This journal is © The Royal Society of Chemistry 20xx
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evaluated the substitution effect of the aromatic ring at the
terminal alkyne. It was observed that both electron-withdrawing
and electron-donating aromatic substituents were well tolerated
(4g-4m). In addition, this protocol could be applied to heteroaryl-
substituted phenoxyacetic acids (4n-40). A substrate bearing a tert-
butyl group at the terminal alkyne was also subjected to this
reaction, and 4p was obtained in 22% yield. Interestingly, this
process was extended to the acid 3q with a naphthalene ring.

COMMUNICATION

Table 4. Scope of (Phenylthio)acetic Acid Derivatives * b

Table 3. Scope of Phenoxyacetic Acid Derivatives” b

0O,
R3 \—Rj3
=Z
Ra [Ir{dF (CF 3ppy)}2(dtbbpy)]PFs (5 mol %) N Ry
O COOH Cs,CO3 (1.5 equiv), DMSO, air ¢}
3a-3q 30W blue LEDs 4a-4q

4a, Ry;=H, 26% 49, R' =F, 50% 4 R =F,53%
4b, R, = Ph, 55% 4h, R' = Cl, 55% 4mR' = Me, 49%
4c, Ry = Me, 10% 4i, R' = Me, 53%

4d, R, = 2-CICqHs, 45%
4e, R, = 3-CICgHs, 54%
4f, R, = 4-CICgHs, 55%

3 o oYt &

4n, 48% 40, 54% 4p, 22% 4q, 32%
“Reaction conditions: 3 (0.1 mmol), [Ir{dF(CFsppy)}(dtbbpy)]PFs (0.005
mmol), Cr,COs (0.15 mmol), DMSO (anhydrous, 4 ml), air, 30 W blue LEDs, rt,
48 h. Isolated yield.

4j, R' = Et, 49%
4K, R' = MeO, 51%

0,
— N—R3
/
Rz [I{dF (CF3ppy)}2(dtbbpy)IPFs (5 mol %) \ &
COOH Cs,CO;3 (1.5 equiv), DMSO, air g ¢

30W blue LEDs
5a-5h 6a-6h

A
S S

6d, 44% 6e, 51% 6f, 40%
o
A
\ Ph N e
S
6g, 32% 6h, 25%

Reaction conditions: 5 (0.1 mmol), [Ir{dF(CFsppy)}.(dtbbpy)]PFs (0.005
mmol), Cr,CO5 (0.15 mmol), DMSO (anhydrous, 4 ml), air, 30 W blue LEDs, rt,
48 h. “1solated yield.

Scheme 1. Control Experiments

Finally, to further explore the scope of this protocol, we turn our
attention to the decarboxylative cyclization of (phenylthio)acetic
acid derivatives (Table 4). As a result of this endeavor, this
transformation could also be applied to furnish a variety of
differentially substituted 3-acylbenzothiophenes in acceptable
yields. Fortunately, various substitutions at the a-position of the
carboxyl group were well tolerated with the reaction conditions to
obtain the expected products with moderate efficiency (6a-6¢). As
expected, the acids with a substituent on the aromatic ring at the
terminal alkyne also worked smoothly (6d-6f). However, in the case
of substrates with a 3-thienyl group or a tert-butyl group at the
terminal alkyne, lower yields of the desired products were formed
(6g and 6h, 32% and 25%, respectively).

To gain some information about this transformation, several
control experiments were conducted. As illustrated in Scheme 1,
when the acid 3b or 5a was employed, the reactions did not
proceed in the absence of either photocatalyst or light, which
highlighted the essential roles of the light and photocatalyst in this
transformation (eq 1). Under the optimized conditions, 2a was not
observed in the presence of TEMPO, which revealed that the
reaction might occur through a radical process (eq 2). Meanwhile,
to further elucidate the origin of the oxygen atom of the ketonic
carbonyl group, 18O-Iabeling experiments were carried out. As
expected, it was observed that an 80 atom was incorporated into

This journal is © The Royal Society of Chemistry 20xx

g optimized conditions

= .
O Bh without photocatalyst A
- 00 .
)\ OR
X" "COOH optimized conditions
X=0,3b without light b 0%
.
C TEMPO (3.0 equiv) O A )
l\‘l/\COOH optimized conditions N\
_________ & ... Aatae
mainly“o’\
s S, )
Z 180,
2 N
O timized diti O ®
lil/\COOH optimized conditions N\
1a 2a, 54%
160
_ N\
O = H,80 (5.0 equiv) O A @
lil/\COOH optimized conditions N\
1a 2a, 52%

No "80-labelled product

the ketonic carbonyl group under 1802 atmosphere based upon GC-
MS analysis (eq 3). However, in the presence of H2180 (5 equiv) and
anhydrous DMF, an ¥0-labelled product was not observed (eq 4).
On the basis of the above results, a plausible mechanism was
proposed as outlined in Scheme 212 Upon irradiation with visible
light, the photocatalyst was excited to *Ir[dF(CF;)ppyl,(dtbbpy)’ (2)
(ERedl/2 = +1.21 V vs SCE), which was readily reduced by o-
alkynylated carboxylic acids (1a, ERedl/z =+0.45 V vs SCE; 3b, ERedl/z =
+1.18 V vs SCE; 5a, ERedm = +1.09 V vs SCE; see Sl) to form the
corresponding carboxyl radical specie. The immediate CO,-
extrusion would provide the radical intermediate (4). It is to note

J. Name., 2013, 00, 1-3 | 3
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Scheme 2. Plausible Mechanism
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Light
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that when o-alkynylated a-amino acids 1 was employed, it could
directly undergo oxidative quenching with the assistance of visible
light and O, to generate the radical intermediate (4). Following
intramolecular addition with the C-C triple bond, the resulting
radical intermediate (5) was then captured by O, that was derived

from the oxidation of Ir" to Ir"

by air to form the peroxide radical
intermediate (6). After abstraction of a protonla, intermediate (6)
was converted into peroxide intermediate (7) which finally led to
the desired product (8) after the elimination of H,0.

In summary, we have developed a photoredox-assisted
intramolecular  decarboxylative  cyclization  reaction  and
demonstrated its utility over various o-alkynylated carboxylic acids,
which are easily synthesized and a wide range of such derivatives
are available. In contrast to previously reported methods, this
protocol enables the formation of a variety of 3-acylindoles, 3-
acylbenzofurans and 3-acylbenzothiophenes under genuinely
simple and benign conditions. We believe that this strategy will find
its wide application in organic synthesis.

Financial supports for this research from China NSFC ((Nos.
21372055, 21472030 and 21672047), and SKLUWRE (No.

2018DX02).
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An efficient strategy for the easy access to carbonylated heteroaromatic compounds has been developed via a visible-light-promoted
intramolecular decarboxylative cyclization reaction of o-alkynylated carboxylic acids.
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