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An efficient asymmetric and enantio-swithchable organocatalytic [3 + 3] annulation reaction using MBH-
2-naphthoates of nitroalkenes and 4-hydroxyquinolin-2(1H)-ones has been developed. Densely
substituted tetrahydropyrano|3,2-c]quinolinones scaffolds with two adjacent stereogenic centers are
obtained with high yield (up to 95% yield) and good stereoselectivities (up to >20:1 dr and 96% ee) in an
enantio-switchable manner. Furthermore, gram scale synthesis was achieved and the nitro group could
easily transform into an amino group without any appreciable loss in the diastereo- and
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Quinolinone fused tetrahydropyran skeletons have received
enormous attention as a ubiquitous structural unit in drugs and
biologically active compounds [1]. Being an important constituent
of quinolinones fused tetrahydropyrans family, tetrahydropyran
[3,2-c]quinolinones is also an important structural motif presented
in plenty of natural products or synthetic compounds displaying a
wide range of biological activities (Fig. 1) [2]. For example, natural
product euodenine A was identified as an agonist of the human
TLR,4 receptor [3]. Zanthodioline was found to have strong anti-
platelet aggregation activity in vitro [4]. Toddacoumalone isolated
from Toddalia asiatica was reported as an effective phosphodies-
terase-4 inhibitor with an ICsg around 140 nmol/L [5]. Despite the
importance of those bioactive tetrahydropyran|[3,2-c]quinolinone
molecules, the enantioselective synthesis of these kind of hetero-
cycles are rarely reported. Therefore, the diverse biological profiles
of these tetrahydropyran|[3,2-c|quinolinones prompted us to
develop a novel and efficient catalytic method for the enantiose-
lective synthesis of structurally diverse tetrahydropyran fused
quinolinones.

Construction of six-membered heterocycles with adjacent
stereogenic centers has gain extensive research interests in recent
years, especially by using the cycloaddition strategies. Among all
the methods that have been developed, [3 + 3] annulation strategy
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was much less explored compared with [4+2] strategies [6].
Several asymmetric synthetic strategies to construct the chiral
tetrahydropyran skeletons have been developed successfully in
recent years [7]. Among all the strategies that have been reported,
the organocatalyzed [3+3] annulation behaved as efficient
methods [8]. For example, Gurubrahamam et al. successfully
employed sequential organocatalyzed and DABCO-catalyzed olefin
isomerization for asymmetric nucleophilic conjugate addition of
hydroxycoumarins and pyranone to branched nitro enynes to
afford pyrano-annulated scaffolds [9]. The similar strategy was
used by Modrocka and Zhang et al. to construct pyrano|[3,2-c]
chromen-5-on products [10]. Besides, Zheng et al. developed a
bifunctional squaramide catalyzed enantioselective formal [3+3]
annulation reaction with pyrazolin-5-ones and nitroallylic acetates
for the synthesis of tetrahydropyrano[2,3-c]pyrazoles [11]. Despite
few heterocycle fused tetrahydropyrans have been reported, most
of them are oxygen-containing heterocycle and nitrogen-contain-
ing fused tetrahydropyrans are rarely. More importantly, nitrogen-
containing heterocyclic compounds are more abundant in drugs
and with great potential [12]. Thus, the construction of nitrogen-
containing heterocycles fused tetrahydropyrans is of highly
importance.

Based on these research above and previous work of our group,
we observed that quinolinone 1 is a highly reactive nucleophile
and could undergo nucleophilic addition twice (Scheme 1) [13].
Considering that Morita-Baylis-Hillman (MBH) esters of nitro-
alkenes 2, which commonly behaved as Michael acceptor, followed
by a substitution reaction owing to the good leaving ability of the
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Euodenine A Zanthodioline Toddacoumalone

Fig. 1. Some bioactive pyrano[3,2-c]quinolinones.

Scheme 1. Construction of tetrahydropyrano[3,2-c]quinolinone scaffolds via [3+3]
annulation strategy.

ester groups [14]. Thus, we hypothesized that chiral tetrahydro-
pyrano|3,2-c]quinolinones 3 could be conveniently constructed
through an asymmetric Michael addition of 1,3-binucleophilic
quinolinones 1 to MBH esters of nitroalkenes 2, followed by the in
situ intramolecular annulation reaction. The stereochemistry of
this process could be controlled by chiral organo-catalyst. Herein,
we reported a cascade two steps asymmetric organocatalytic
Michael reaction from inter- to intra- stepwise to access
tetrahydropyrano[3,2-c]quinolinones in good yield, high dia-
stereo- and enantioselectivities.

The research was initiated by testing the model reaction of
easily prepared 4-hydroxy-1-methylquinolin-2(1H)-one (1a) [15]
and (E)-2-nitro-3-phenylallyl benzoate (2a) [14a] in the presence
of catalyst 5a (quinine) in PhCF; (1 mL) at room temperature. To
our delight, the reaction ran smoothly to afford the desired
tetrahydropyran fused quinolinone derivative 3a in 88% yield with
8:1 dr and —80% ee (Table 1, entry 1). Several catalysts (Fig. 2),
including H-bond donating bifunctional catalysts 5b and 5c,
primary amine catalyst 5d and other natural cinchona alkaloids 5e,
5f and 5g were examined with the purpose of improving the
stereoselectivity of this reaction (Table 1, entries 2-7). 5e
(quinidine) turned out to be the best catalyst for this reaction,
as it gave the reaction in 90% yield 7:1 dr and 84% ee (Table 1, entry
5). Perhaps not surprised, catalysts 5a and 5e gave the product 3a
in the opposite configuration. Subsequently, we screened different
protecting groups of MBH esters 2 under room temperature with
the aim of further improving the stereoselectivity by using catalyst
5e (Table 1, entries 8-12). The reaction has good diastereo- and
enantioselectivity with p-nitrobenzoyl as protecting group (6:1 dr,
90% ee), however low yield was observed (30%) (Table 1, entry 9).
To our delight, a considerable improvement in both the yield (85%)
and dr (10:1) was achieved by replacing the protecting group with
2-naphthoyl, despite the slightly diminished ee value (88%)
(Table 1, entry 12). Other protecting groups like acetyl or 2,4,6-
trimethylbenzoyl were either gave the reaction in poor enantio-
selectivity, or in low yield (Table S1 in Supporting information).
Taken yield, dr and ee values into consideration, we choose 2-
naphthoyl as the protecting group for further optimization. Next,
solvents, reaction concentration, temperatures and time were
screened by using catalyst 5e (Table 1, entries 13-18). Finally, the
best reaction condition was established as performing the reaction
in dichloromethane at 0°C for 72 h, with the concentration of

Table 1
Optimization of the reaction conditions.?

OH NO;
NO, o r _
N A < Catalyst (10 mol%) - o
+ — N Ph -
N o © Solvent =

| R N
1a 2 3a

Entry Cat. R Solvent Yield (%)° dre ee (%)°
1 5a Bz PhCF3 88 8:1 -80
2 5b Bz PhCF3 39 >20:1 43
3 5¢ Bz PhCF3 80 15:1 1
4 5d Bz PhCF3 42 11:1 27
5 5e Bz PhCF3 90 7:1 84
6 5f Bz PhCF3 80 13:1 70
7 5g Bz PhCF3 83 12:1 -71
8 S5e Ac PhCF3 97 6:1 42
9 5e pNBz PhCF; 30 6:1 90
10 5e Mes PhCF3 39 9:1 18
1 5e 1-Nap PhCF3 <5 1.2:1 55
12 5e 2-Nap PhCF3 85 10:1 88
13 5e 2-Nap PhCH3 76 9:1 87
14 5e 2-Nap MeCN 79 8:1 63
15 S5e 2-Nap CH,Cl, 89 10:1 89
169 5e 2-Nap CH,Cl, 73 9:1 92
174 5e 2-Nap CHCl3 67 10:1 91
184 Se 2-Nap DCE 57 6:1 91

PNBz: p-nitrobenzoyl, 1-Nap: 1-naphthoyl; 2-Nap: 2-naphthoyl.

¢ Unless otherwise specified, all reactions were carried out with 1a (0.10 mmol), 2
(0.20mmol) in the presence of 10 mol% of catalyst in solvent (1mL) at room
temperature.

b Isolated yield.

¢ Determined by HPLC analysis using a chiral stationary phase.

4 The reaction was performed at 0°C for 72 h and 0.5 mL of solvent was loaded.

N
5g (Cinchonidine)

N
5f (Cinchonine)

Se (Quinidine)

Fig. 2. Catalysts investigated in the reaction.

0.2 mol/L, and gave the reaction in 73% yield, 9:1 dr and 92% ee
(Table 1, entry 16). The molecular structure and absolute
configuration of the two chiral centers within (35,4R)-(-)-3a were
unambiguously determined by X-ray crystallography analysis
(Table 1, Fig. S3 in Supporting information), and the crystallo-
graphic data has been deposited in cambridge centre with CCDC
1912415.

After establishing the optimized reaction conditions, we set out
to explore the substrate scope of this asymmetric organocatalyzed
reaction to provide the generality of this method by using catalyst
5e (Table 2). First, a variety of quinolinones 1 (Fig. S1 in Supporting
information) were tested. The reaction worked well with
quinolinones bearing different N-substituent groups (3b, 3c), both
phenyl and benzyl substituted quinolinones gave the reaction in
good results (Table 2, entries 1-2). When quinolinones have either
electron-withdrawing substituents, or electron-donating substitu-
ents, or substituents on different positions on the benzene ring,
they were well tolerated and delivered the corresponding cyclized
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Table 2
Substrate scope of the asymmetic [3+3] annulation reaction.?

Ar/\[NOZ

Se (10 mmol%) R
o)

o pNO:
ol w
Y, © O DCM, 0°C, 72 h NS0
R

1 2 3
Entry 3 (Ry, Ry, Ar) Yield (%)° dre ee (%)°
1 3b (H, Ph, Ph) 95 12:1 94
2 3¢ (H, Bn, Ph) 72 9:1 92
3d 3d (6-F, Bn, Ph) 50 8:1 87
4 3e (6-Cl, Bn, Ph) 49 10:1 92
5 3f (6-CFs, Bn, Ph) 71 >20:1 94
6 3g (8-MeO, Me, Ph) 63 7:1 93
7 3h (6-Me, Bn, Ph) 56 11:1 94
8 3i (6-iPr, Bn, Ph) 89 6:1 95
9 3j (6-tBu, Bn, Ph) 88 >20:1 96
10 3k (6-Ph, Bn, Ph) 95 11:1 94
114 31 (6,7-(MeO),, Bn, Ph) 65 7:1 89
12 3m (H, Ph, 4-FPh) 95 >20:1 93
13 3n (H, Ph, 4-CIPh) 74 >20:1 91
14 30 (H, Ph, 4-MePh) 93 10:1 91
15 3p (H, Ph, 4-MeOPh) 82 10:1 91
16 3q (H, Ph, 2-Napth) 95 15:1 91
17 3r (6-tBu, Bn, 2-FPh) 69 13:1 92
18 3s (6-tBu, Bn, 2-MeOPh) 57 >20:1 92
19 3t (6-tBu, Bn, 3-MePh) 86 16:1 95
20 3u (6-tBu, Bn, 2-Furyl) 69 11:1 69
21 3v (6-tBu, Bn, (E)-styryl) 33 7:1 57
o NO, o NO, o NO2
a8 "Ph Xy "Ph i
SN0 0" So N0

1
L]

Bn Boc
3w, 75%, 17:1 dr, 94% ee

3x, 65%, 9:1 dr, 92% ee 3y, 29%, 7:1 dr, 80% ee

@ Unless noted otherwise, the reactions were carried out with 1 (0.10 mmol), 2
(0.20 mmol) in the presence of catalyst 5e in DCM (0.5 mL) at 0°C for 72 h.

b Isolated yield.

¢ Determined by HPLC analysis using a chiral stationary phase.

d Reaction temperature: room temperature.

products 3d-3f and 3g-31 in moderate to good yields (49%—95%)
and high stereoselectivities (6:1—>20:1 dr, 87%—96% ee) (Table 2,
entries 3-11). However, the reaction would not occur when the
quinolinone without an N-substituent group, which probably due
to this structure prone to form an aromatic system and reduce the
nucleophilicity. We next investigated the versatility of MBH esters
2 (Fig. S2 in Supporting information) in this asymmetric reaction.
We examined the electronic effect of the substituents on the
benzene ring of the MBH esters 2. Generally, aromatic rings bearing
electron-withdrawing or electron donating groups were turned
out to be good candidates for the reaction, and gave the reaction in
up to 95% yield and 95% ee (3m-3p, 3r-3t) (Table 2, entries 12-15,
17-19).

We noticed that substrates 2 with either meta- or para-
substituents on the benzene ring gave more satisfactory yields
than those with ortho-substituents, probably due to the higher
steric hindrance arised from the ortho-substituents. MBH esters 2
derived from 2-naphthyl nitroalkene turned out to be a suitable
substrate and delivered the desired cyclic product 3q in high yield
and good ee, whereas 2-furyl nitroalkene derived MBH esters only
gave moderate yield and ee (Table 2, entries 16 and 20).
Interestingly, (E)-styryl substituted MBH benzoate could react
with quinolinone to give cyclic adduct 3y, albeit the low yield and
moderate enantioselectivity (Table 2, entry 21). However, the
reaction would not occur when MBH 2-naphthoates of aliphatic
nitroolefins was used, which may due to the low reactivity of

aliphatic nitroolefins. Moreover, other different heterocycles that
contain the 1,3-dicarbonyl structure are also applicable with
similar results, gave 3w and 3x in good yield and high ee. Bicyclic
product 3y was obtained in low yield, which might be attributable
to the low nucleophilicity of the corresponding 1,3-dicarbonyl
compound 10 (Fig. S2).

As we have observed that catalyst 5a gave the product in
opposite configuration compared with 5e, we also briefly
examined the substrate scope of the 5a catalyzed asymmetic
[3 +3] annulation reaction to further explore the generality of this
asymmetric reaction. As shown in Fig. 3, this reaction exhibited
good substrate compatibility. Quinolinone analog 1m reacted with
MBH ester 2b to give 4a in good yield, excellent diastereoselectivity
and enantioselectivitiy. Quinolinone bearing a trifluoromethyl or
tert-butyl group on the aromatic ring also participate in the
reaction well, and gave the corresponding adducts 4b-4e up to 91%
yield and 95% ee (Fig. 3). Thus, by employing different catalysts, we
could efficiently prepare a variety of chiral tetrahydropyrano|3,2-c]
quinolinones and their enantiomers.

To illustrate the reaction mechanism conveniently, a plausi-
ble mechanism was proposed. As show in Scheme 2, intermedi-
ate A could be formed via a hydrogen-bonding interaction
between the catalyst quinidine and substrate 1a. Then intermedi-
ate B was formed in a similar way and the reaction enantiose-
lectivity was controlled in this process. Then inter-molecular
Michael addition and the recovering of the catalyst were occur,
which resulted in the formation of intermediate C. Finally, the
desired annulation product 3a was formed via an intramolecular
annulation reaction.

Finally, in order to demonstrate the potential practical utility
of our method, we performed the reaction with 2.5 mmol of
starting material 1j and reduced the equivalent of 2b to
1.5 equiv. By simply extended the reaction time, the reaction
ran smoothly and delivered 1.03g of tetrahydropyran|[3,2-c]
quinolinone 3j with a 90% yield, >20:1 dr and 96% ee. The result
was almost identical to the reaction carried out in small scale,
indicating that the reaction could be applied to prepare chiral
building blocks in a large amount. In addition, the nitro group can
easily transform into amino group under the mild reaction
condition without any appreciable loss in the diastereo- and
enantioselectivity, suggesting an additional potential utility of this
chiral scaffold (Scheme 3).

In summary, we developed an organocatalyzed asymmetric
formal [3+3] annulation of 4-hydroxyquinoline-2(1H)-one and
MBH 2-naphthoates of nitroolefins catalyzed by natural cinchona
alkaloids. The reactions run smoothly to provide a variety of
tetrahydropyrano[3,2-c]quinolinones and analogs with good yields
(up to 95%), high diastereo- and enantioselectivities (up to >20:1
dr, 96% ee) under the optimized reaction condition. By employing
different catalysts, the reactions could be performed in an enantio-
switchable manner and gave both enantiomers in good yield and
excellent enantioselectvities, respectively. In addition, this reac-
tion could be carried out in a gram scale, which has potential
practical utility. Using this synthetic strategy in preparing bioactive
compounds are currently underway in our lab.

Fig. 3. Asymmetic [3 + 3] annulation reaction catalyzed by 5a under the optimized
conditions. The yield is isolated yield. The ee value and dr are determined by HPLC
analysis using a chiral stationary phase.
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NO,

o

Scheme 2. Proposed mechanism.

N™ "0

NO:

AN 2

OH ©/\[ 5e (10 mmol%) oo
o+ e N "Ph
N Yo o DCM, 0 °C, 5d

Bn
1j (769 mg, 2.5 mmol)  2b (1.5 eq) 3j, 1.03 g, 90%, >20:1 dr, 96% ee
o NHz
Zn, CH3COOH N7 "Ph
EtOH NN
Bn

6, 74%, >20:1 dr, 96% ee

Scheme 3. Scale up reaction and transformation study.
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