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A new family of organocatalysts based on aminoquinoline and pyrrolidine have been developed and
shown to catalyze the direct and highly enantioselective cyclization of 2’-hydroxychalcones in imitation
of the natural process of chalcone cyclization. The straightforward synthetic process occurs under mild
reaction conditions, tolerates moisture and air, and gives an enantiomeric excess up to 99%. This
approach provides a facile and efficient access to chiral flavanones.

© 2014 Elsevier Ltd. All rights reserved.

Flavonoids make up a large family of versatile secondary
metabolites that fulfill many functions in plants such as UV filtra-
tion, symbiotic nitrogen fixation, and floral pigmentation.' In addi-
tion to their biological roles, many flavonoids have been studied for
potential human health benefits. A subgroup of flavonoids called
flavanones contain ‘privileged structures’ that exhibit a broad
range of biological activities including anticancer, antitumor, anti-
bacterial, antimicrobial, antioxidant, estrogenic, and anti-estro-
genic.” Flavanones are also precursors of numerous other plant
metabolites such as flavanols, dihydroflavanols, deoxyantocyani-
dins, and various polyphenolics.> Given their range of interesting
physiological roles in plants and health-promoting roles in
humans, significant efforts have been devoted to isolation of flava-
nones from plants as well as synthesis in laboratories.

Since flavanones cannot be isolated efficiently from plants, they
are quite attractive to synthetic chemists. Despite numerous
efforts, researchers have developed few ways to synthesize flava-
nones enantioselectively.”® In early work, researchers obtained
enantio-enriched flavanones by resolving racemic flavanone mix-
tures’ or performing asymmetric reduction of flavones.® Recent
work focused on the intramolecular Mitsunobu reaction of B-
hydroxy ketone® and on intermolecular conjugate addition of a
metal-based nucleophile to a 4-chromone.'® More recently, intra-
molecular asymmetric conjugate addition has been achieved using
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chalcones activated by C-2 tert-butyl ester, yielding the corre-
sponding flavanone-3-carboxylic esters. These esters were then
decarboxylated under acidic conditions to afford flavanones
(Scheme 1, a)."" All these synthetic procedures involve more steps
and are less efficient and enantioselective than in nature, where
the enzyme chalcone isomerase (CHI) catalyzes the cyclization of
2'-hydroxychalcones to yield (25)-flavanones (Scheme 1, b).!? This
enzyme-catalyzed intramolecular oxa-Michael addition occurs in a
simple and elegant one-step reaction, generates no byproducts,
and is completely enantioselective.

To approach the efficiency of the CHI-catalyzed reaction, many
investigators have searched without success for a catalyst that
facilitates the direct enantioselective cyclization of 2’-hydroxy-
chalcones into the desired flavanones.!'*!> These failures can be
ascribed to the reversibility and poor reactivity of chal-
cones.'%1"314 Hintermann et al. achieved a breakthrough when
they used chiral quaternary ammonium salts (e.g., 9-anthra-
cenylmethlycinchoninium chloride) and NaH as small-molecule
co-catalysts to achieve the cyclization of 2’-hydroxychalcones (1)
into flavanones (2) with 38-87% ee.!” However, this method
should be performed under argon to prolong the life of the strongly
basic NaH co-catalyst.

As part of our efforts to develop a more practical catalytic sys-
tem that mimics the direct asymmetric cyclization of 2’-hydroxy-
chalcones to flavanones in nature, we present here a novel
organocatalyst that facilitates the enantioselective synthesis of
flavanones from a broad range of substrates with ee up to 99%.
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Scheme 1. (a) Strategy for synthesizing chiral flavanone using chalcones activated
by C-2 tert-butyl ester as substrates. (b) Enzymatic cyclization of chalcones to
flavanones.

The reaction is conducted at room temperature and it tolerates
moisture and air, bringing it much closer to the simplicity of the
CHI-catalyzed reaction.

Organocatalysis, one of the main branches of enantioselective
synthesis,'® can be quite effective for synthesizing complex struc-
tures because of its operational simplicity and both the ready avail-
ability and low toxicity of organocatalysts.'®® These advantages
make organocatalysis particularly useful in pharmaceutical syn-
thesis.'®® In the field of organocatalysis, the discovery and design
of new efficient catalysts is an everlasting subject.'®® In searching
for structurally diverse organocatalysts, recently we developed a
new class of H-bond catalysts readily prepared from tr-proline in
87% overall yield in five simple steps (Scheme 2a): Boc-protection,
reduction, oxidation, amination, and deprotection (3a-3d). We
envisioned that this kind of organocatalyst might catalyze the
intramolecular oxa-Michael addition of 2’-hydroxychalcone to fla-
vanone via a transition state as shown in Figure 1. The bifunctional
catalyst may activate both enone and phenol hydroxyl simulta-
neously through the formation of an iminium-ion intermediate
and hydrogen bond, directing the oxygen nucleophile to stereose-
lectively attack at the Si-face of the double bond to form the
product.
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Scheme 2. Preparation of organocatalysts.

Figure 1. Possible transition state in the organocatalytic cyclization of 2’-hydroxy-
chalcone to flavanone.

We tested the organocatalysts for their ability to catalyze the
biomimetic cyclization of 2’-hydroxychalcones (1) to flavanones
(2). The reaction was first performed in the presence of 20 mol %
catalyst 3a in toluene. To our delight, 2’-hydroxychalcone reacted
smoothly to give the desired (2S)-flavanone in 35% yield with
49% ee (Table 1, entry 1). This result indicates that this kind of cat-
alyst supports the enantioselective cyclization of 2’-hydroxychal-
cone to flavanone, acting analogously to CHI. Switching from
catalyst 3a to the analogous catalysts 3b and 3¢, which contain,
respectively, an additional electron-withdrawing group (Br) or
electron-donating group (OH), led to lower yield and enantioselec-
tivity (entries 2 and 3). The amide catalyst 3f and pyridine-derived
catalysts 3d and 3g gave only trace amounts of flavanone (2a)
(entries 4-6). These results demonstrate that the chemical proper-
ties and structure of the catalyst are important for its ability to pro-
mote the enantioselective oxa-Michael reaction.

The optimal catalyst 3a was then used to screen reaction condi-
tions. We were pleased to find that lowering the reaction temper-
ature to 15 °C increased the enantiomeric excess to 95% (Table 1,
entry 7). This is, to our knowledge, the highest ee value ever
reported for direct cyclization of 2’-hydroxychalcone to flavanone
using a man-made catalyst. However, using this temperature slo-

Table 1
Optimization of reaction conditions®”

OH O

70

Cat. (20 mol%l)
additive (20 mol%)

19
O

solvent, rt, 72h

1a 0 2a
Entry cat Additive Solvent Temp (°C) Yield” (%) ee“? (%)
1 3a -— Toluene 25 35 49
2 3b — Toluene 25 27 42
3 3c - Toluene 25 13 37
4 3f - Toluene 25 <5 -
5 3d -— Toluene 25 <5 —
6 3g — Toluene 25 <5 —
7 3a -— Toluene 15 10 95
8 3a -— Toluene 50 90 23
9 3a -— Methanol 15 47 5
10 3a - DCM 15 13 38
11 3a - THF 15 48 8
12 3a - EA 15 25 41
13 3a (CgHsCO,H Toluene 25 71 37
14 3a  4-CIC¢H4COH Toluene 25 68 96
15 3a 4-FCgH4CO,H Toluene 25 75 45
16 3a  2-NO,CgH4COH Toluene 25 55 39
17 3a  2-FCgH4CO,H Toluene 25 64 47
18°¢ 3a  4-CICgH4COH Toluene 25 65 96
19 3e 4-ClC¢H4COH Toluene 25 NR —
20 3h 4-CIC¢H4COH Toluene 25 NR -

¢ Reaction conditions: 1a (0.1 mmol), catalyst (20 mol %) and additive (20 mol %)
in 0.3 mL solvent at RT (25 °C) for 72 h.

b Yield of isolated product.

¢ Determined by HPLC using a chiral stationary phase (See the Supporting
information).

4 Absolute configuration was determined as S by comparison of optical rotation
to literature values (See the Supporting information).

€ 10 mol % 3a was used and the reaction time was 96 h. NR=no reaction.
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wed the reaction such that conversion was only 12% after 72 h.
Raising the reaction temperature increased the yield to 90% but
the enantioselectivity decreased dramatically to 23% ee (entry 8).
Varying the solvent could not enhance reactivity or enantioselec-
tivity (entries 9-12). Given that adding organic acid could acceler-
ate the formation of the iminium-ion intermediate,'” we tested a
series of organic acids in our cyclization system. As expected, the
oxa-Michael reaction of 2’-hydroxychalcone was much faster in
the presence of a catalytic amount of various benzoic acids (entries
13-17). The best result was obtained by adding 4-chlorobenzoic
acid, which gave the desired flavanone in 68% yield with 96% ee
(entry 14). Gratifyingly, the enantioselectivity was maintained
and the yield remained mostly unchanged with decreased catalyst
amount to 10 mol %, albeit a little longer time was needed (entry
18). We were intrigued to find that 2-aminopyridine derivatives
could not substitute for 3a to catalyze the oxa-Michael reaction
of 2’-hydroxychalcone under the same reaction conditions (entries
19 and 20). We expected 2-aminopyridine derivatives to work
because they are excellent H-bond catalysts reported previously.'®
Under the optimized reaction conditions, a variety of represen-
tative 2’-hydroxychalcones were investigated (Scheme 3). Various
substituted 2’-hydroxychalcones reacted smoothly in moderate to
good yield with high enantioselectivity. Both electron-withdraw-
ing and electron-donating groups were tolerated on the right aryl
ring, yielding the desired products in 55-80% yield and 84-96%
e (Scheme 3, 2a-2h). In particular, 2’-hydroxychalcone bearing
naphthalene as the right aryl ring reacted smoothly to afford the
corresponding flavanone in 67% yield with 99% ee (Scheme 3, 2i).
This high enantioselectivity is probably due to good arene m-stack-

ing between substrate and catalyst.
2c 93% ee (56%)°

- o™

2f 92% ee (69%)°
90% ee (66%)

s

2i 99% ee (67%)

Cat. 3a (10 mol%I)
4-chlorobenzoic acid
(10 mol%)

toluene, RT

cof™

2b 85% ce (64%

e
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- oY
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2j93 % ee (67%) 2k 83% ee (63%

Scheme 3. Substrate scope. General reaction conditions: 1 (0.1 mmol), catalyst 3a
(10 mol %) and 4-chlorobenzoic acid (10 mol %) in 0.3 mL toluene at rt. Values for ee
were determined by HPLC using a chiral stationary phase (see the Supporting
information). Yields of isolated products are shown in parentheses. The absolute
configuration of 2a-2c¢ and 2i were determined as S by comparison of optical
rotation to literature values (see the Supporting information details). *1 mmol
substrate was used. 2 4-Dichlorobenzoic acid was used as additive, 20 mol % 3a
was used. ‘Recovered catalyst 3a was used. “The reaction was performed at 50 °C
without additive.

We also examined the effect of electronic and structural varia-
tions on the left aryl ring. Previous study, in which chiral flavanon-
es were generated from chalcones activated by C-2 tert-butyl ester
(Scheme 1a), reported that electron-poor substituents on the phe-
nol moiety dramatically decreased the enantioselectivity of the
oxa-Michael reaction''?; for example, flavanone substituted with
chloride (2j) was produced with only 40% ee.!''® We were pleased
to find that adding Cl to the phenol moiety created a suitable
Michael donor for our cyclization reaction; the substrate generated
the corresponding product 2j in good yield with 93% ee (Scheme 3,
2j). Placing an electron-withdrawing 4’-TsO group on the phenol
moiety also afforded the desired flavanone in 63% yield with 83%
ee (Scheme 3, 2K).

2’-Hydroxy-naphthol chalcones were challenging substrates for
the oxa-Michael reaction in the literature, for instance, flavanone
(21) was obtained with 46% ee.'>® Pleasingly, this substrate could
be converted into the desired flavanone in good yield with high
enantioselectivity by our approach (e.g., 21 82% yield and 95% ee,
Scheme 3). Our organocatalytic process was readily scaled up to
1 mmol without loss of reactivity or enantioselectivity (Scheme 3,
2a). In addition, the catalyst was conveniently recovered using an
acid-base conversion procedure. The recovered catalyst could pro-
mote the biomimetic cyclization of 2’-hydroxychalcone in good
yield albeit with slightly decreased enantioselectivity (Scheme 3,
2f). These reaction conditions tolerated certain functional substit-
uents, including F, Cl, Br, and TsO, which can subsequently be
transformed into other functionalities.

In summary, we have designed and synthesized a new family of
organocatalysts based on aminoquinoline and pyrrolidine. The
organocatalysts can promote enantioselective oxa-Michael reac-
tion of 2’-hydroxychalcones to afford flavanones in good yield with
high enantioselectivity. The simple and straightforward biomi-
metic cyclization is performed under mild conditions and it toler-
ates moisture and air. This approach provides a facile and efficient
access to chiral flavanones. Studies of the mechanism and applica-
tions of this catalytic system are in progress.
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