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Nitrogen-containing heterocycles as privileged structural motifs
are widely found in natural products and small molecule
pharmaceuticals.’ In particular, indoles and quinolinones are
of great significance in drug discovery because of their diverse
biological activities.>* For example, indometacin (I), a synthetic
indole acetic acid derivative, is an effective non-steroidal anti-
inflammatory drug.** Fluvastatin sodium (II) and compound
III, two 3-aryl-substituted indole derivatives, have been
designed as a HMG-CoA reductase inhibitor® and carbonic
anhydrase inhibitor,* respectively. 4-Phenyl-substituted qui-
nolinone derivatives such as IV, V and VI have been demon-
strated to possess excellent antitumor activity (Fig. 1).**¢ Thus,
it is highly desirable to develop more efficient and facile
methods to construct these nitrogen-containing heterocycles.
Recently, para-quinone methides (p-QMs) have emerged as
versatile building blocks due to their intrinsic reactivities.* A
large number of transformations based on p-QMs have been
achieved since the seminal reports by Fan® and Jergensen.® For
example, annulation reactions based on simple p-QMs and vinyl
p-QMs have been reported by Yao, Fan, Zhao, and Waser
groups.” In 2016, Enders and co-workers pioneered the design
and application of ortho-hydroxyphenyl-substituted p-QMs in [4
+ 2] cyclizations.® After that the use of ortho-hydroxyphenyl-
substituted p-QMs in [4 + 1], [4 + 2] and [4 + 3] cyclizations
reactions was extensively investigated,®** allowing the synthesis
of diverse oxygenous heterocyclic motifs (Scheme 1a). Quite
recently our group designed in situ generated ortho-
tosylaminophenyl-substituted p-QMs and successfully applied
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sequence. This cascade reaction occurs readily in good yield (up to 95%), providing a divergent synthetic
approach to structurally diverse 2,3-disubstituted indoles and 3,4-diaryl-substituted quinolinones.

this class of substrates in [4 + 2] and [4 + 1] annulation reactions
to synthesize tetrahydroquinolines and 2,3-dihydroindoles,
respectively (Scheme 1b).*?

Although great progress has been made in the synthesis of
oxygen-containing heterocyclic frameworks, the application of
p-QMs in the construction of nitrogen-containing heterocyclic
frameworks remains underdeveloped. Cyclizations using ortho-
tosylaminophenyl-substituted p-QMs as building blocks are still
rather limited. Whereas, the privileged status of indoles and
quinolinones in organic synthesis and biological applications
demands more efficient strategies for their preparation. In
2019, Anand and co-workers reported a one-pot synthesis of
oxygen-based heterocycles from 2-hydroxyphenyl-substituted p-
QMs, which provided an efficient method for the construction
of 2,3-disubstituted benzo[b]furans, 2,3-dihydrobenzofurans
and diaryl-substituted coumarin derivatives.' Inspired by this
work, we wondered whether this strategy could be extended to
ortho-tosylaminophenyl-substituted p-QMs, so that we might
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Fig.1 Selected natural products and synthetic compounds containing
indole and quinolinone frameworks.
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Scheme 1 Reported reactions based on p-QMs and our design.

establish a powerful divergent cascade reaction to synthesize
2,3-dihydroindoles, indoles and quinolinone derivatives.

We hypothesized that assembly of 2,3-dihydroindoles could
be realized through the union of ortho-tosylaminophenyl-
substituted p-QMs and a-halo ketones via N-alkylation fol-
lowed by intramolecular cyclization. Then, a suitable oxidant
can promote the in situ generation of indoles. Although we have
reported the synthesis of 2,3-dihydroindoles through a formal [4
+ 1] annulation of ortho-tosylaminophenyl-substituted p-QMs
with sulfur ylides,"” the direct one-pot synthesis of 2,3-disub-
stituted indoles and 3,4-diaryl-substituted quinolinone deriva-
tives from ortho-tosylaminophenyl-substituted p-QMs through
N-alkylation/acylation followed by intramolecular 1,6-conjugate
addition and oxidation strategy has not been reported yet
(Scheme 1c).

To verify our hypothesis, we initially tried to identify the
optimal conditions for the synthesis of 2,3-dihydroindoles
before exploring the one-pot synthesis of indoles. ortho-
Tosylaminophenyl-substituted p-QMs 1a and 2-bromoaceto-
phenone 2a were chosen as the model substrates to optimize
the reaction conditions (Table 1). To our delight, in the presence
of Et;N (1.5 equiv.) in CH3;CN at 20 °C, the expected reaction
occurred and the desired product 3a could be obtained, albeit
with moderate yield (Table 1, entry 1). Encouraged by this
promising result, different bases were evaluated, and we found
that the inorganic base Cs,CO; performed best, offering 3a in
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Table 1 Reaction condition optimization studies®

base

solvent

Entry Base T (°C) Solvent Yield” (%)
1 Et;N 20 CH,CN 54
2 DBU 20 CH,CN 38
3 ipr,NH 20 CH,CN 7
4 Na,CO, 20 CH,CN 4
5 K,CO;4 20 CH,CN 5
6 Cs,CO;3 20 CH;CN 82
7 Cs,CO; 20 CH,Cl, 60
8 Cs,CO;3 20 CHCl; 57
9 Cs,CO3 20 Acetone 80
10 Cs,CO3 20 Toluene 53
11 Cs,CO; 20 DCE 50
12¢ Cs,CO;4 20 CH,CN 80
134 Cs,CO; 20 CH,CN 76
14° Cs,CO;4 20 CH,CN 83
15 Cs,CO; 35 CH,CN 85
16 Cs,CO5 50 CH,CN 92

@ All reactions were conducted with 1a (0.11 mmol), 2a (0.10 mmol),
base (1.5 equiv.), solvent (1.5 mL), 1.5 h. ? Determined by 'H NMR
usmg 1,3,5- trlmethoxybenzene as an internal standard; dr > 20:1.

© 1.0 equiv. of base was used. ¢ 2.0 equiv. of base was used t=3h.

82% yield (Table 1, entry 6). Striving for higher efficiency of this
reaction, the effect of solvent was next investigated and we
found that other solvents (e.g. CH,Cl,, CHCl;, acetone, toluene
and DCE) failed to improve the yield (entries 7-11). After
establishing the optimal base and solvent, the dosage of the
base was then evaluated and it was found that increasing or
decreasing the amount of base is not beneficial for the reaction
(entries 12 and 13). We further examined the reaction time and
the reaction temperature (entries 14-16). Notably, when the
temperature reached 50 °C, the expected product 3a could be
afforded in a good yield of 92%. Finally, the optimal reaction
conditions were selected as those shown in entry 16 (1.5 equiv.
of Cs,CO; as base, CH;CN as solvent and reaction at 50 °C for
1.5 h).

After establishing the optimal reactions conditions for 2,3-
dihydroindoles, the substrate scope was explored. As shown in
Table 2, a wide range of p-QMs 1 bearing different substituents
on the benzene ring and different substituted bromomethyl aryl
ketones and bromomethyl alkyl ketones could be smoothly
processed to afford the expected products 3a-3j in 70-92%
yields. The reaction efficiency was less affected by the variations
of the electronic properties or the position of substituents on
the benzene ring. Based on this good result, we continued to
investigate the one-pot synthesis of indoles, directly from the in
situ dehydrogenative oxidation of 2,3-dihydroindoles by using
suitable oxidant. After several attempts (e.g. Ag,COs, Ag,0,

This journal is © The Royal Society of Chemistry 2020
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Table 2 Substrate scope for the synthesis of 2,3-dihydroindoles

Cs,CO;3 (1.5 equiv)
CH3CN, 50°C, 1.5 h

3aRZ=H, yield: 92%,dr=16:1
3b R? = 4-Me, yield: 90%, dr = 4:1

3¢ R2=4-Cl, yield: 88%,dr=2.8:1
3dR2=4-F, yield: 80%,dr=32:1

I
Ts

3h yield: 78%, dr = 2.5:1

3i yield: 78%, dr = 3.2:1 3j yield: 70%, dr > 20:1

% All reactions were conducted with 1 (0.11 mmol), 2 (0.10 mmol),
Cs,CO; (1.5 equiv.), CH3CN (1.5 mL). Yields are those of isolated
products 3 after column chromatography.

DDQ, PhI(OAc), and MnO,), we found that DDQ performed best
and the corresponding product 4a could be obtained in a total
yield of 83% (not shown).

With the optimal one-pot reaction conditions in hand, we
began to explore the substrate scope of this annulation reaction.
The scope of bromomethyl ketones part was examined firstly
and we were pleased to find that a wide range of bromomethyl
aryl ketones 2 could readily react with ortho-tosylaminophenyl-
substituted p-QM 1a to afford 4a-40 in good yields (Table 3). In
detail, bromomethyl aryl ketones with electron-neutral (R = H),
electron-donating (R = OMe, Me, Ph), or electron-withdrawing
(R = Br, Cl, F, NO,) groups at the C3 or C4 position of the
benzene ring easily underwent this cascade reaction to provide
the desired products 4a-4i in 71-87% yields. Besides, the bro-
momethyl aryl ketones containing disubstituted groups on the
benzene ring were also suitable substrates, and the corre-
sponding products (4j-4m) were obtained in uniform high
yields (83-91%). Moreover, the bromomethyl aryl ketones
bearing a naphthyl or pyridinyl could also readily take part in
this [4 + 1] annulation reaction to give the expected products 4n
and 40 in 87% and 89% yields, respectively. In addition, bro-
momethyl alkyl ketones such as 1-bromo-2-butanone and bro-
mopinacolone could also participate in the process to give the
desired products 4p and 4q in 61% and 30% yields, respectively.

However, bromomethyl alkyl ketone with an electron-

This journal is © The Royal Society of Chemistry 2020
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Table 3 Substrate scope for the synthesis of 2,3-disubstituted
indoles”

(i) Cs2CO3 (1.5 equiv)
CH4CN, 50°C, 1.5 h

(i) DDQ (1.5 equiv)
50°C,6h
4aR?=H, yield: 83%
4b R? = 4-Me, yield: 86%
4c R? = 4-Ph, yield: 71%
4d R? = 4-OMe,  vyield: 82%
4e R? = 4-F, yield: 74%
4f R?=4-Cl, yield: 82%
4g R? = 4-Br, yield: 82%
4h R? = 4-NO,, yield: 64%
4i R?=3-F, yield: 87%

MeO
4j yield: 83%

4s yield: 77%

4t yield: 67% X-ray crystal structure of 4d

@ All reactions were conducted with 1 (0.11 mmol), 2 (0.10 mmol),
Cs,CO; (1.5 equiv.), DDQ (1.5 equiv.), CH;CN (1.5 mL). Yields are
those of isolated products 4 after column chromatography.

withdrawing group such as 1-bromo-3,3,3-trifluoroacetone was
not suitable for this transformation.

Subsequently, the generality of this reaction was further
evaluated by varying another reaction partner ortho-
tosylaminophenyl-substituted p-QMs 1. It was found that p-
QMs bearing different substituents on the benzene ring could
be smoothly converted into the expected products 4r-4t in
67-77% yields, and the reaction efficiency was less affected by
the electronic properties of substituents. The structure and
relative configuration of 4d was determined based on its
HRMS, NMR spectroscopy and single-crystal X-ray analyses
(Table 3).**
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After accomplishing the [4 + 1] annulation reaction of ortho-
tosylaminophenyl-substituted p-QMs with bromomethyl
ketones for the synthesis of 2,3-disubstituted indole derivatives,
we further tried to apply this methodology for the synthesis of
other nitrogen-containing heterocycles. We envisioned that
assembly of 3,4-diaryl-substituted quinolinone derivatives
could be realized by treating ortho-tosylaminophenyl-
substituted p-QMs with arylacetyl halides followed by one-pot
dehydrogenative oxidation with DDQ. To verify the feasibility
of our hypothesis, an initial experiment was carried out by
treating 1a with phenylacetyl chloride 5a (1.2 equiv.) in the
presence of Cs,COj; (2.2 equiv.) in CH3CN for 1.5 h followed by
the addition of DDQ (1.5 equiv.) and reaction for another 6 h. As
expected, the desired product 6a was obtained in 87% isolated
yield. Encouraged by this result, the substrate scope of this [4 +
2] annulation reaction was explored. As shown in Table 4, a wide
range of arylacetyl chlorides 5 could readily react with 1a to
afford products 6a-6g in acceptable yields. For instance, aryla-
cetyl chlorides bearing electron-neutral (R = H), electron-
donating (R = OMe, OBn), or electron-withdrawing (R = Cl, F)
groups at the C3 or C4 position of the benzene ring were well-

Table 4 Substrate scope for the synthesis of quinolinone derivatives®

OH
t-Bu t-Bu
(i) CsCO3 (2.2 equiv)
CH4CN, 50°C, 1.5h R
— XX
(i) DDQ (1.5 equiv) e = N o
50°C, 6 h 1
Ts
6a-m
6aR%2=H, yield: 87%
6bR?2=4-Cl, yield: 53%
6c R2=4-F, yield: 95%
6d R? = 4-OMe, yield: 49%
6e R2=3-Cl, yield: 91%

6k yield: 87%

6l yield: 89% 6m yield: 66%

“ All reactions were conducted with 1 (0.1 mmol), 5 (0.12 mmol), Cs,CO;
(2.2 equiv.), DDQ (1.5 equiv.), CH;CN (1.5 mL). Yields are those of
isolated products 6 after column chromatography.
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Scheme 2 Scale-up synthesis (a) and synthetic transformation (b).

tolerated and delivered the desired products 6a-6f in 49-95%
yields. Even arylacetyl chlorides bearing disubstituted groups
on the benzene ring, the reaction also proceeded smoothly,
giving the corresponding product 6g in 75% yield. Furthermore,
it was found that a variety of p-QMs 1 bearing different
substituents on the benzene ring could be smoothly processed
to afford the expected products 6h-6m in 66-91% yields, and
the reaction efficiency was less affected by variations of the
electronic properties or the position of substituents on the
benzene ring.

To evaluate the general utility and robustness of this novel
protocol, we conducted a 1 mmol scale reaction under the
standard conditions, and the products 4a and 6a could be iso-
lated in 88% and 90% yields (Scheme 2a). Furthermore, the
synthetic transformation of 6a was carried out by treating it with
excess of AICl; (10 equiv.) in toluene at 60 °C, and the expected
de-tert-butylation product 7 was obtained in 78% yield (Scheme
2b).

‘ o
standard standard Ph
conditions conditions cocl

standard
conditions

standard
conditions

1a 4q yield: 30%

12 yield: 55%

Scheme 3 Control experiments.
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Scheme 4 The plausible reaction mechanism for the one-pot synthesis of 2,3-disubstituted indoles (a) and 3,4-diaryl-substituted quinolinones

(b).

Finally, to understand the mechanism of this reaction, some
control experiments were carried out (Scheme 3). Firstly, the
reactions of phenyl substituted p-QM 8 with phenacyl bromide
and phenylacetyl chloride were carried out individually under
standard conditions. However, the corresponding products 9
and 10 were not detected, and the starting material 8 was not
transformed in both cases. Further, in exploring the substrate
scope of bromomethyl ketones, we obtained some by-products
which may help explain the mechanism of this reaction.
When treating 1a with 1-bromo-2-butanone under standard
conditions, in addition to product 4p, N-alkylated product 11
was isolated in 20% yield. The similar phenomenon was
observed when treating 1a with bromopinacolone, N-alkylated
product 12 was isolated in 55% yield, while the corresponding
1,6-adduct was only obtained in 30% yield. Based on above
results, a plausible mechanism was suggested as shown in
Scheme 4. The reaction proceeds through N-alkylation followed
by intramolecular 1,6-conjugate addition/cyclization to form
2,3-dihydroindoles, which underwent the in situ dehydrogen-
ative oxidation for the one-pot synthesis of 2,3-disubstituted
indoles (Scheme 4a). Also, we can speculate that quinolinone
derivatives were formed through N-acylation followed by intra-
molecular cyclization and one-pot oxidation (Scheme 4b).

In summary, we have developed an efficient and facile one-
pot method for the synthesis of 2,3-disubstituted indoles and
3,4-diaryl-substituted  quinolinones through alkylation/
acylation of ortho-tosylaminophenyl-substituted p-QMs fol-
lowed by intramolecular 1,6-conjugate addition/cyclization and
oxidation sequence. This protocol could not only fulfill the task
of developing new cyclization reactions of ortho-
tosylaminophenyl-substituted p-QMs but also provide an easy
access to structurally diverse nitrogen-containing heterocycles.
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