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A completely atom-economical synthesis of the oxazinoindolone
core via the Pd-catalyzed intramolecular addition of carboxylic
acids to alkynes has been developed. Oxazinoindolones have been
known to have varied biological activities. The reaction proceeds
via 6-exo-dig cyclization and affords the products in high yields
(55-93%). The developed method demonstrates the applicability
of a Pd(0) complex in combination with a substrate-tethered acid
for the 1,2-addition of carboxylic acids to alkynes.

Fused polycyclic indoles constitute the structural core of a
large number of bioactive natural products and pharmaceuti-
cals." In particular, tricyclic oxazinoindolones, especially the
3,4-dihydro-1H-[1,4]oxazino[4,3-a]indol-1-ones, have attracted
attention from the synthetic community owing to their varied
biological activities, such as anticancer,” antitubercular,® and
herbicidal activities.* Among the different approaches adopted
for the construction of this scaffold,” an intramolecular cycli-
zation of indole-2-carboxylic acid with an appropriate
N-tethered alkyne, via a 6-exo-dig pathway, is arguably the most
direct approach. In addition, it installs an exocyclic double
bond in the oxazinone ring, making it suitable for further
functionalization. Although iodolactonization utilizing this
strategy with stoichiometric reagents has been reported
(Scheme 1a),>? surprisingly, there have hardly been any reports
on the synthesis of this core via a direct catalytic 1,2-addition
of carboxylic acids to alkynes. This reaction is also completely
atom-economical and thus offers an additional advantage.
There has only been a single catalytic approach reported using
AuCl; as a catalyst which, however, has an extremely limited
substrate scope (Scheme 1b).”* While this approach remains
largely unexplored, a report published last year utilizes allenes
generated from alkynes and an NHC-Au(1) complex as the cata-
lyst for synthesizing the oxazinoindolone scaffolds
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(Scheme 1c¢).*” The procedure, however, requires an additional
synthetic step and the use of relatively unstable allenes.
Transition metal catalysis has been employed for the
addition of carboxylic acids to alkynes, for both the inter- and
intramolecular versions.® The use of Pd has also been
reported, mostly employing the Pd(u) catalysts.” The appli-
cation of a Pd(0) complex in combination with an acid for the
intramolecular 1,2-addition of carboxylic acid to alkynes has
however not been reported.® We were intrigued to explore the
application of such a species for the synthesis of the oxazino-
indol-1-one core via a 6-exo-dig cyclization of 1. The presence
of a carboxylic acid moiety in the substrate itself might make
the addition of an external acid optional. We hereby report the
results of our study on the cyclization of substrates 1 using Pd
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Scheme 1 Oxazinoindolone synthesis via intramolecular addition of
carboxylic acids to alkynes/allenes.
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(PPh;), with tri-n-butylphosphine as the ligand and no
additional acid (Scheme 1d).

We commenced our studies using 1a as the model sub-
strate, 5 mol% of Pd(dba), as the catalyst and 10 mol% of PPh;
as the ligand (Table 1, entry 1). The reaction was conducted in
toluene at 105 °C. After 24 h, 2a was isolated in 18% yield. We
attempted to improve the yield by changing the phosphine
ligand. An improvement was observed when ‘BuXPhos and
JohnPhos were used as the ligands (Table 1, entries 2 and 3).
However, the yield was still not optimal. We then changed the
Pd source to Pd(PPh;),. When no additional ligand was added,
after 12 h, the product was isolated in 50% yield (Table 1,
entry 4). With Pd(PPh;), as the Pd source, we then explored
different phosphines as ligands (Table 1, entries 5-9). A jump
in the yield was observed with PCy; and JohnPhos as the
ligands (Table 1, entries 5 and 6). With P("Bu); after 9 h, the
product could be isolated in 85% yield (Table 1, entry 7).° The
reaction proved to be highly selective for 6-exo-dig cyclization
and a (Z)-isomer of the product. Other phosphines did not
offer any significant improvement (Table 1, entries 8 and 9).
We also tested the reaction with Pd(OAc), and after 9 h at
105 °C, the product was obtained in only 34% yield (Table 1,
entry 10). The yield increased to 63% when the reaction was
conducted with Pd(OAc), and P("Bu)s, indicating Pd(0) to be
the active species (Table 1, entry 11). Ag(OTf), and Cu(OTf), as
the catalysts showed no conversion (Table 1, entries 12 and
13). When 2 eq. of TfOH were used, even after 48 h, no
product could be isolated (Table 1, entry 14). We also tested
base-promoted cyclization with K,COj3, which did not yield any
product after 48 h (Table 1, entry 15).

Table 1 Optimization of reaction conditions?

¢
catalyst, ligand N o)

= toluene \m
1a 2a

Entry Catalyst Ligand Time (h) Yield” (%)
1 Pd(dba), PPh, 24 18

2 Pd(dba), ‘BuXphos 24 23

3 Pd(dba), JohnPhos 24 32

4 Pd(PPh;), — 12 50

5 Pd(PPh;), PCy; 9 74

6 Pd(PPh;), JohnPhos 9 73

7 Pd(PPh;), P("Bu); 9 85

8 Pd(PPh;), ((p-CF3)CeH,)sP 9 49

9 Pd(PPh,), dppf 9 46

10 Pd(OAc), — 9 34

11° Pd(OAc), P("Bu); 9 63

12¢ AgOTf — 9 0

134 Cu(OTf), — 9 0

14° TfOH — 48 0

15/ K,CO; — 48 0

“Reaction conditions: 1a (0.1 mmol), catalyst (5 mol%), ligand
(10 mol%) and toluene (300 pL) were heated at 105 °C in a Schlenk
tube under an Ar atmosphere. ”Isolated yield. 15 mol% ligand.
910 mol% catalyst. °2 eq. of TfOH were used. /3 eq. of K,CO; were
used.
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With the optimized reaction conditions in hand, the sub-
strate scope of the reaction was then explored (Table 2).
Substrates 1a-j with different R* substituents were tested. Both
the electron-donating and electron-withdrawing phenyl substi-
tuents were well tolerated. The substrate containing a para-
fluoro phenyl ring attached to the alkyne moiety provided the
product in 88% yield (Table 2, 2b). The substrates with para-
chloro- and meta-bromo-substituted phenyl rings were also
suitable and formed the cyclized products in high yields
(Table 2, 2¢ and 2d). The introduction of electron-donating
groups such as methyl and methoxy at different positions of
the phenyl ring tethered to alkyne led to the formation of 6-
exo-dig cyclized products selectively in good yields (Table 2,
2e-2g). A slight decrease in yields in such cases might be due

Table 2 Substrate scope of various substituents on alkynes?

NS Pd(PPhs), (5 mol %) @\{o
N on P("Bu); (10 mol %) S
[e]
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2e, 64%
¢
N (0] Me
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21,78% g

“Isolated yields. 16 h. ©7 mol% Pd(PPh;),.
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to the reduced rate of carboxylate addition to the triple bond
of the alkyne. A meta-chloro- and para-methyl-substituted
phenyl ring was also well tolerated (Table 2, 2h). Notably, even
an aliphatic methyl substituent on the alkyne was also found
to be suitable (Table 2, 2i). An unsubstituted terminal alkyne
moiety was also tested, and gratifyingly, the product was iso-
lated in an excellent yield (Table 2, 2j). A biphenyl substituent
could also be employed and the product was formed in 70%
yield (Table 2, 2k). A heterocyclic group, 2-thiophene, was also
tested and satisfyingly, the product was isolated in a high yield
(Table 2, 21). The structure and geometry of compound 2a were
also confirmed by X-ray crystallography.'®

The substituent effects on the indole ring were also
explored (Table 3). The introduction of electron-releasing sub-
stituents such as methoxy and methyl at different positions of
the indole ring was tested, and the products were obtained in

Table 3 Substrate scope of various indole components?
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excellent yields when R*>=Ph was used (Table 3, 2m, 2n, and
2q). Notably, the terminal alkyne also cyclized well in all the
cases tested (Table 3, 20 and 2p). The combination of electron-
releasing substituents on the indole ring with different R* sub-
stituents on alkyne was also explored, and remarkably, the
reaction proved to be extremely tolerant of the different substi-
tutions tested (Table 3, 2r-2v). The substrates containing elec-
tron-withdrawing groups on the indole ring worked well, albeit
under slightly modified conditions, and afforded the products
in good and high yields (Table 3, 2w-2z). A slight decrease in
the yields in the case of 5-chloro-substituted indole ring might
be attributed to the stronger electron-withdrawing effect of
chlorine, thus reducing the rate of cyclization.

To further demonstrate a synthetic application of the
product, compound 2p was reduced by hydrogenation on Pd/
C. The reduction proceeded successfully and product 3 was
isolated in 63% yield (Scheme 2).

Based on the mechanism proposed by Han'’ and Hua'?
and a mechanistic study by us,'® we hypothesize that the reac-
tion proceeds via the hydropalladation of alkyne generating
intermediate A (Scheme 3). A subsequent isomerization of A
leads to intermediate B which undergoes reductive elimination
to form the product and regenerate Pd(0) species. The mechan-
istic studies by Han et al.'* support the hydropalladation/iso-
merization sequence.

.0
N o
2p \\ﬁ

Scheme 2 Synthetic transformation of 2p.

0
Pd/C (10 mol %)  HaC m\/{o
H, (1 atm) N 5
MeOH, rt, 12 h 3 \\<
63%

Isomerization

Scheme 3 Proposed reaction mechanism.
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Conclusions

In summary, we have developed the Pd-catalyzed synthesis of
the oxazinoindolone core via the intramolecular 1,2-addition
of indole carboxylic acid to an N-tethered alkyne for the first
time. The reaction selectively gave the 6-exo-dig cyclization pro-
ducts with the installation of an exocyclic double bond in the
oxazinone ring. The reaction is completely atom economical,
high yielding and widely tolerable to changing substitutions
on the substrate. A Pd(0) complex in combination with an acid
of the substrate is proposed to be the active catalyst.
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