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Quinoline and indole are important core structures in biologically
active compounds and materials. Atropisomeric biaryls consisting of
quinoline and indole are a unique class of axially chiral molecules. We
report herein enantioselective synthesis of 3-(N-indolyl)quinolines
having both C—N axial chirality and carbon central chirality by a
photoredox Minisci-type addition reaction catalyzed by a chiral
lithium phosphate/Ir-photoredox complex. The catalytic system
enabled access to a unique class of 3-(N-indolyl)quinolines with high
chemo-, regio-, and stereoselectivities in good yields through the
appropriate choice of an acid catalyst and a photocatalyst. This is the
first example of the synthesis of 3-(N-indolyl)quinoline atropisomers
in a highly enantioselective manner.

Axial chirality is an important structural motif in organic
chemistry. Axially chiral bis(hetero)arenes have recently shown
potential use in a wide range of fields'™ including materials
science,” medicinal chemistry,” and catalyst design.® A range of
efficient synthetic methods have been reported lately.” In
contrast to the general procedure for installing one chiral
element, the procedure for the simultaneous construction of
multiple chiral elements, particularly elements having multiple
chiralities such as axial and central chiralities, remains
underdeveloped.® The development of novel catalytic metho-
dology for the stereoselective synthesis of heterobiaryls posses-
sing carbon central chirality continues to be a formidable task.
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Enantioselective synthesis of 3-(N-
indolyl)quinolines containing axial and central
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Quinolines with axial chirality and central chirality are an
important class of compounds in pharmaceuticals and biolo-
gically active compounds,®””® and the catalyst-controlled synth-
esis of chiral quinolines has attracted significant attention over
the last decade.”' For instance, a quinoline-based biaryl HIV
integrase inhibitor showed high potential, and the balance
between potency and metabolic stability is tuned by the func-
tional groups on C3 and C4 positions of quinoline.'*™"* Despite
expectations placed on axially chiral 3-arylquinolines and their
analogues as a key structure in chemistry, their applications are
rare because the reported synthetic routes are limited. To the
best of our knowledge, the only example of the synthesis of
enantio-enriched axially chiral 3-arylquinolines is the recent
work of Gustafson and co-workers on the dynamic kinetic
resolution of 2-fluoro-3-arylquinolines by the SyAr reaction with
thiophenol using chiral cinchona-urea catalyst, in which some
limitations hindered the path to high enantioselectivity.'* The
enantioselective synthesis of quinolines with multiple chiral
elements is a challenging task that remains unexplored.

As part of our continued interest in developing atroposelec-
tive reactions using chiral phosphoric acid (CPA) catalysis** and
for addressing the above-mentioned issues, we envisaged that
the Minisci-type radical functionalization by photoredox-chiral
acid hybrid catalysis would provide the desired quinolines in
high yields and with excellent enantioselectivities.'> The stereo-
selective Minisci reaction under photoredox catalysis is a power-
ful method for the transformation of heteroarenes under mild
conditions. Phipps and co-workers disclosed an enantioselective
Minisci-type addition reaction by Ir photocatalysis-CPA under
visible-light irradiation (Scheme 1b)."® In 2022, Xiao and co-
workers applied the dual photoredox-CPA catalysis to the atro-
poselective synthesis of 5-arylbipyrimidines containing axial and
central chiralities (Scheme 1c)."” However, the atroposelective
Minisci reaction for the synthesis of quinolines bearing axial and
carbon central chirality has not been reported, probably because
of its inability to meet the high efficiency, regioselectivity,
chemoselectivity, and stereoselectivity requirements."®

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 (a) Atroposelective functionalization reaction of 3-arylquinoline.
(b) Asymmetric Minisci reaction by CPA-Ir photocatalysis. (c) Asymmetric
synthesis of 5-arylpyrimidines containing axial and central chiralities. (d) This
study.
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Our reaction design is described in Fig. 1d. Redox-active
ester (RAE) derived from an amino acid was selected as a
radical precursor in the Minisci-type radical addition reaction
with achiral 3-aryl quinolines. We started our investigation
by evaluating the catalytic activity of chiral BINOL-derived
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Fig. 1 Asymmetric synthesis of 3-(N-indolyl)quinolines.
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2021 in the reaction of

phosphoric acid" and its metal salt
3-(2'-phenyl-N-indolyl)quinoline 1a with alanine-derived RAE
2a. The desired reaction proceeded smoothly in the presence
of 10 mol% of lithium phosphate derived from 3,3'-[2,4,6-(i-
Pr);CgH,J-substituted (R)-BINOL (TRIP-Li) and 2 mol% of
Ir[(ppy).(dtbbpy)|PFs at 60 °C in toluene to afford biaryl 3a in
91% yield, with 20: 1 dr, and 90% ee (Table 1, entry 1). The use
of phosphoric acid (TRIP) gave 3a with similar diastereoselec-
tivity and enantioselectivity albeit in a lower yield (entry 2 vs.
entry 1). The other metal phosphates examined were ineffective.
Control experiments established that lithium phosphate, Ir
photocatalyst, and light are essential for the alkylation of quino-
line under these conditions (see ESIt). Further catalyst screening
demonstrated that the use of bulky lithium phosphate (4-Li)
improved the enantioselectivity of 3a to 96% (entry 7). The
combination of lithium phosphate and Ir[(ppy),(dtbbpy)]PFs
was crucial for achieving the excellent yield and high chemo-,
regio-, and stereoselectivities (for detail, see ESI,¥ S1). The
absolute stereochemistry of 3a was unambiguously determined
to be (S,S) by single-crystal X-ray diffraction analysis,** and those
of other compounds were surmised by analogy.

With the optimized reaction conditions in hand, we
explored the scope of our method by performing reactions
of a range of 3-(N-indolyl)quinolines with several RAEs
(Fig. 2). Quinolines bearing electron-donating and electron-
withdrawing groups on indole participated in the reaction to
afford the corresponding adducts in good yields and with
excellent stereoselectivities. In addition to alanine-derived
RAE 2a, phenylalanine- and tyrosine-derived RAEs could also
be used as radical precursors, and the corresponding adducts
were obtained in high yields and with good to excellent stereo-
selectivities. We also explored the steric and electronic nature
of the phenyl group at C2 position of indole. The desired
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Table 1 Optimization of conditions for asymmetric Minisci reaction

AcHN
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Ph o

N Ph
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=z | N (2 mol%) H
SN o TRIP-Li (19 mol%) = | NHAc
60 °C, white LED S
toluene (0.05 M)
60 h
1a (1.0 equiv)  2a (1.2 equiv) 3a

n=1
TRIP:M=H
TRIP-M : M = Li, Na, K

n=2
TRIP-M : M = Mg, Ca

Entry® Deviation from standard conditions Yield? (%) dr® ee? (%)
1 None 91 20:1 90

2 TRIP 42 20:1 87

3 TRIP-Na <10 —

4 TRIP-K Trace — —

5 TRIP-Mg 21 12:1 20

6 TRIP-Ca 37 12:1 34

7 4-Li 92 20:1 96

“ Reactions were performed using 0.05 mmol of 1a and 0.06 mmol of 2a
in 0.5 mL of toluene i in, the presence of 2 mol% of Ir[(ppy).(dtbbpy)]|PFe
and 10 mol% of acid. ? Isolated yield. ¢ Determined from crude NMR.
 Determined by chiral HPLC analysis.
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Fig. 2 Proposed reaction mechanism.

reaction smoothly proceeded to give 3h, 3i, and 3j in excellent
yields and with excellent enantioselectivities. Replacing the
2-phenyl substituent with a methyl group gave corresponding
product 3k with low diastereoselectivity (dr = 3:1) but with
excellent enantioselectivity (major diastereomer: 96% ee). In
order to demonstrate the robustness and scalability of this
method, enantio-enriched quinoline 3a was synthesized on a
gram scale (Fig. 1B). Even though the catalyst loading of 4-Li
was reduced to 5 mol%, the desired product was obtained
without loss of stereoselectivity.

Experiments were performed to gain insight into the mecha-
nism of this reaction. The Minisci reaction of 3-(N-indolyl)quinoline
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1a with proline-derived RAE 5, which contains no hydrogen bond
donor under the optimized reaction conditions furnished the
corresponding adduct 6 in a good yield albeit with low optical
purity (eqn (1)). The N-H moiety in RAE was critical for the excellent
enantioselectivity because it formed a hydrogen bond between
the alkyl radical and the chiral phosphate. Photoluminescence
quenching experiments verified the initial single-electron transfer
step in this photoredox process (see ESIt). Strong quenching of the
fluorescence of photoexcited Ir[(ppy),(dtbbpy)]PFs was observed,
suggesting that the excited Ir complex reduced RAE. The radical
trapping experiment showed that TEMPO inhibited the formation
of the desired product, and alkylated TEMPO was detected by
HRMS (See ESIT). From these results and previous reports,'® we
propose a reaction mechanism, as shown in Fig. 2. The single-
electron reduction of RAE by the photoexcited Ir(ur) complex would
generate alkyl radical 2’ along with oxidized Ir(iv) complex, which
could be verified by the Stern-Volmer luminescence quenching
experiments (see ESIT). The radical addition of 2’ to chiral acid-
activated quinoline would afford cationic intermediate intA. The
subsequent intramolecular proton transfer would furnish oxonium
species intB. Oxidation of resulting intermediate intB would pro-
vide the alkylated quinoline and release the Lewis acid. We suppose
that the transformation of intA into intB would be the rate-
determining step, and the central chirality would be controlled in
this step.”

I[(ppy)2(dtbbpy)]PFg Ar
(2 mol%)
\n/(> CPA-Li (10 mol%)
1a el 60 °C, white LED
N )
phthal I toluene (0.05 M) 6}
60h 6, 69% yield
1.0 equiv 5, 1.2 equiv dr=4:1

30% /30% ee

In conclusion, we have developed a strategy for the enantio-
selective synthesis of 2-alkyl-3-(N-indolyl)quinolines bearing
both axial and central chiralities by the combined use of chiral
lithium phosphate and Ir photocatalyst. The reaction took place
smoothly to give the addition products in high yields and with
high to excellent optical purity under mild conditions and
offered access to a variety of quinolines bearing both C-N axial
chirality and central carbon chirality. This is the first report on
the stereoselective synthesis of axially chiral N-indolylquinolines
with high enantioselectivity. Further investigations to expand
the utility of this methodology and its application to bioactive
molecular synthesis are under way in our laboratory.
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CCDC 2286593 contains the supplementary crystallographic data of 3af.
The transformation of intA into intB or the following oxidation of
intB would be the stereodetermining step of the axial chirality.
Further mechanistic studies to elucidate the origin of stereochem-
istry are focus of ongoing investigation.
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