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An efficient asymmetric synthesis of pyranonaphthoquinones via Michael addition and oxo-Michael cycli-
zation sequence of 2-hydroxy-1,4-naphthoquinone with (E)-2-nitroallylic acetates has been developed.
The synthetically useful chiral pyranonaphthoquinone derivatives were obtained in moderate to high
yields and high enantioselectivities. This approach offers a facile way to prepare chiral pyranonaphthoqui-
none derivatives with a wide range of functional group tolerance.
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Introduction

2-Hydroxy-1,4-naphthoquinones serve as Michael donors for
the conjugate addition to nitroalkenes, unsaturated carbonyl
compounds, and β,γ-unsaturated α-oxo derivatives to afford
carbocycles and heterocycles compounds which are precur-
sors for the synthesis of various biologically active com-
pounds.1 The pyranonaphthoquinone skeleton is exist in
many natural products and biologically active molecules.2

Therefore, asymmetric synthesis of pyranonaphthoquinone
derivatives is of great significance.3 Recently, Namboothiri
and Pericas groups reported the asymmetric synthesis of pyra-
nonaphthoquinone via Michael and oxa-Michael cascade
reactions of 2-hydroxy-1,4-naphthoquinones with (E)-
2-nitroallylic acetates4 catalyzed by cinchona-derived
organocatalysts.5 Although these approaches are moderately
satisfying, new organocatalytic asymmetric Michael reaction
and oxa-Michael cyclization of 2-hydroxy-1,4-naphthoquinones
to (E)-2-nitroallylic acetates is highly desirable.
With our ongoing research interest for the development of

synthetic methods for the enantioselective construction of
stereogenic carbon centers,6 we recently described asymmet-
ric conjugated addition to nitroalkenes using chiral cata-
lysts.7 Herein, we report the asymmetric Michael addition of
2-hydroxy-1,4-naphthoquinones to (E)-2-nitroallylic acetates
promoted by binaphthyl-modified organocatalyst (Figure 1).8

Results and Discussion

To determine optimal reaction conditions for the organo-
catalytic asymmetric Michael addition and oxa-Michael
cyclization sequence of 2-hydroxy-1,4-naphthoquinone to
(E)-2-nitroallylic acetates, we investigated a reaction sys-
tem 2-hydroxynaphthalene-1,4-dione (1) and (E)-2-nitro-

3-phenylallyl acetate (2a) in the presence of 10 mol % of
organocatalyst. We initially evaluated the catalyst struc-
ture of bifunctional organocatalysts I–VI (Figure 1) on
reactivity and selectivity in dichloromethane (Table 1,
entries 1–6). Catalyst VI, which is a binaphthyl-derived
tertiary amine-containing squaramide, was the best cata-
lyst for this enantioselective Michael addition and oxa-
Michael cyclization sequence (97% ee, Table 1, entry 6).
Various solvents were surveyed in the presence of 10 mol%
of binaphthyl-derived organocatalyst VI (Table 1, entries
6 and 7–15). Among the solvents tested, dichloromethane was
found to be the best solvent, giving the desired product 3a
in 96% yield with >20:1 dr and 97% ee (Table 1, entry 6).

Figure 1. Structure of organocatalysts.
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Finally, the effect of catalyst loading was examined
(Table 1, entries 6 and 16–18), and excellent results were
obtained when the catalyst loading was lowered to
2.5 mol % (Table 1, entry 17).
With the optimal reaction conditions established, we pro-

ceeded to investigate the scope of the asymmetric Michael
addition and oxa-Michael cyclization sequence of
2-hydroxy-1,4-naphthoquinone (1) to (E)-2-nitroallylic ace-
tates 2 in the presence of 2.5 mol% of catalyst VI in
dichloromethane at room temperature (Table 2). A range of
electron-donating and electron-withdrawing substitutions
on the 3-aryl ring of the (E)-2-nitro-3-arylallyl acetate 2 pro-
vided desired products 3b-3g in high yields and excellent
enantioselectivities (69–98% yields and 89–99% ee).
3-Naphthyl- and heteroaryl-substituted (E)-2-nitroallylic
acetates 2 provided corresponding products 3h-3j with high
selectivity (83–92% yields and 94–99% ee).

To show the utility of the present transformation, we per-
formed the asymmetric Michael addition and oxa-Michael
cyclization sequence at the gram scale. As shown in
Scheme 1, a gram scale synthesis of 3a was performed with

Table 1. Optimization of the reaction conditions.a

Entry Cat. Solvent
Time
(h) drb

Yield
(%)c

ee
(%)d

1 I CH2Cl2 21 17:1 50 85
2 II CH2Cl2 20 14:1 88 91
3 III CH2Cl2 27 15:1 93 90
4 IV CH2Cl2 21 13:1 81 89
5 V CH2Cl2 48 15:1 62 92
6 VI CH2Cl2 21 >20:1 96 97
7 VI CHCl3 22 16:1 76 95
8 VI DCE 22 34:1 69 94
9 VI PhMe 16 20:1 54 97
10 VI THF 22 13:1 78 87
11 VI 1,4-dioxane 24 15:1 74 81
12 VI acetone 41 12:1 48 95
13 VI EtOAc 46 16:1 96 75
14 VI MeCN 21 15:1 56 93
15 VI EtOH 19 13:1 91 81
16e VI CH2Cl2 23 >20:1 96 97
17f VI CH2Cl2 23 >20:1 97 97
18g VI CH2Cl2 115 19:1 85 97
a Reaction conditions: 2-hydroxy-1,4-naphthoquinones (1, 0.2 mmol)
of (E)-2-nitro-3-phenylallyl acetate (2a, 0.2 mmol), and catalyst
(10 mol %) in solvent (1.5 mL) at room temperature

b dr was determined by NMR analysis of crude mixture.
c Isolated yield.
d ee was determined by HPLC analysis using chiralpak AD-H
column.

e 5 mol % of catalyst loading.
f 2.5 mol % of catalyst loading.
g 1.3 mol % of catalyst loading.

Table 2. Asymemetric synthesis of pyranonaphthoquinones 3.a-d

a Reaction conditions: 2-hydroxy-1,4-naphthoquinones (1, 0.2 mmol)
of (E)-2-nitro-3-arylallyl acetate (2, 0.2 mmol), and catalyst VI
(2.5 mol%) in CH2Cl2 (1.5 mL) at room temperature.

b dr was determined by NMR analysis of crude mixture.
c Isolated yield.
d ee was determined by HPLC analysis using chiralpak AD-H
column.
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maintained efficiency and stereoselectivity. This reaction
affords practical access to chiral pyranonaphthoquinone
derivatives.
Based on the experiments and previous studies,8 possible

stereochemical model was proposed to elucidate the stereo-
control. We suppose that (E)-2-nitroallylic acetates 2 is acti-
vated by the chiral binaphthyl-derived squaramide VI by
hydrogen-bonding interaction. Then, enolate of 2-hydroxy-
1,4-naphthoquinone (1) attacks the re-face of (E)-
2-nitroallylic acetates 2 (Figure 2).

Conclusion

In summary, we have developed highly diastereo- and
enantioselective organocatalyzed Michael addition and
oxo-Michael cyclization sequence of 2-hydroxy-1,4-
naphthoquinone (1) with (E)-2-nitroallylic acetates 2.
This reaction is catalyzed by binaphthyl-derived squara-
mide catalyst VI with low catalyst loading (2.5 mol %).
The corresponding products were formed in high yields
(74–98%) with moderate to excellent diastereo- and
enantioselectivities (>20:1 dr and 94–99% ee). This reac-
tion would afford a practical access to chiral pyrano-
naphthoquinone derivatives.

Experimental

General. All commercial reagents and solvents were used
without purification. TLC analyses were carried out on pre-
coated silica gel plates with F254 indicator. Purification of
reaction products was carried out by flash chromatography
using E. Merck silica gel 60 (230–400 mesh). 1H NMR and
13C NMR spectra were recorded at 400 and 100 MHz

respectively, on a Jeol ECS 400 MHz NMR spectrometer.
Chemical shift values (δ) are reported in ppm relative to
Me4Si as the internal references and PhCF3 as the external
references. Mass spectra (MS-EI, 70 eV) were conducted
on GC–MS Shimadzu QP2010.
Typical Procedure for the Asymmetric Synthesis of 3a.
To a stirred solution of (E)-2-nitro-3-phenylallyl acetate
(2a, 44.2 mg, 0.2 mmol) and catalyst VI (3.4 mg, 5 μmol)
in methylene chloride (1.5 mL) was added 2-hydroxy-1,-
4-naphthoquinone (1, 34.8 mg, 0.2 mmol) at room tem-
perature. The reaction mixture was stirred for 23 h at
room temperature. After completion of the reaction, the
reaction mixture was purified by column chromatography
(ethyl acetate: n-hexane = 1:4) on silica gel directly to
give (3R,4S)-3-nitro-4-phenyl-3,4-dihydro-2H-benzo[g]
chromene-5,10-dione (3a, 65.1 mg, 97%)5: Yellow solid,
m.p. 218–220�C; [α]28D = −116.0 (c = 1.0, CHCl3);

1H
NMR (400 MHz, CDCl3) δ 8.18 (dd, J = 5.8 Hz,
J = 3.2 Hz, 1H), 8.03 (dd, J = 6.0 Hz, J = 4.0, 1H), 7.75
(dd, J = 5.6 Hz, J = 3.2, 2H), 7.41–7.29 (m, 5H), 5.07
(m, 2H), 4.82 (q, J = 2.0 Hz, 1H), 4.36 (dd, J = 12.8 Hz,
J = 2.0 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 182.47,
178.47, 154.26, 138.77, 134.57, 133.78, 131.69, 130.76,
129.56, 128.41, 127.88, 126.71, 126.61, 118.72, 81.80,
63.09, 37.44; EI-MS: m/z = 335.1 [M+];The ee value was
97%, tR (major) = 13.70 min, tR (minor) = 79.02 min
(Chiralpak AD-H, λ = 230 nm, 20% i-PrOH/hexanes,
flow rate = 1.0 mL/min).
(3R,4R)-3-Nitro-4-p-tolyl-3,4-dihydro-2H-benzo[g]chro-

mene-5,10-dione (3b)5: Yellow solid, m.p. 164–167�C;
[α]28D = −85.6 (c = 1.0, CHCl3);

1H NMR (400 MHz,
CDCl3) δ 8.17 (dd, J = 6.0 Hz, J = 3.2 Hz, 1H), 8.03 (dd,
J = 6.0 Hz, J = 3.2, 1H), 7.74 (dd, J = 5.6 Hz, J = 3.2,
2H), 7.17 (q, J = 8.4 Hz, 4H), 5.06 (m, 2H), 4.82 (q,
J = 2.4 Hz, 1H), 4.36 (dt, J = 13.2 Hz, J = 2.8 Hz, 1H),
2.33(s, 3H); 13C NMR (100 MHz, CDCl3) δ 182.65,
178.66, 154.30, 138.46, 135.95, 134.67, 133.77, 131.85,
130.90, 130.34, 127.89, 126.81, 126.75, 119.09, 82.04,
63.24, 37.22, 21.18; EI-MS: m/z = 349.1 [M+]; The ee
value was 97%, tR (major) = 11.81 min, tR (minor) =
58.74 min (Chiralpak AD-H, λ = 230 nm, 20% i-PrOH/
hexanes, flow rate = 1.0 mL/min).
(3R,4R)-4-(4-Methoxyphenyl)-3-nitro-3,4-dihydro-2H-

benzo[g]chromene-5,10-dione (3c)5: Yellow solid,
m.p. 118–121�C; [α]28D = −60.4 (c = 1.0, CHCl3);

1H
NMR (400 MHz, CDCl3) δ 8.16 (m, 1H), 8.02 (m, 1H),
7.74 (dd, J = 5.6 Hz, J = 2.4 Hz, 2H), 7.19 (d, J = 8.8 Hz,
2H), 6.90 (d, J = 8.8 Hz, 2H), 5.07(m, 2H), 4.78 (q,
J = 1.6 Hz, 1H), 4.36 (dd, J = 13.2 Hz, J = 2.4 Hz, 1H),
3.78(s, 3H); 13C NMR (100 MHz, CDCl3) δ 182.50,
178.52, 159.49, 154.08, 134.54, 133.65, 131.73, 130.69,
129.93, 129.01, 126.68, 126.61, 119.03, 114.89, 81.93,
63.07, 55.36, 36.69; EI-MS: m/z = 365.1 [M+]; The ee
value was 97%, tR (major) = 22.93 min, tR (minor) =
167.32 min (Chiralpak AD-H, λ = 230 nm, 20% i-PrOH/
hexanes, flow rate = 1.0 mL/min).

Scheme 1. Gram scale synthesis of 3a.

Figure 2. Proposed stereochemical model.

Article Synthesis of pyranonaphthoquinone

BULLETIN OF THE

KOREAN CHEMICAL SOCIETY

Bull. Korean Chem. Soc. 2018 © 2018 Korean Chemical Society, Seoul & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.bkcs.wiley-vch.de 3



(3R,4S)-4-(4-Chlorophenyl)-3-nitro-3,4-dihydro-2H-benzo
[g]chromene-5,10-dione (3d)5: Yellow solid, m.p.
175–179�C; [α]28D = −108.200 (c = 1.0, CHCl3);

1H NMR
(400 MHz, CDCl3) δ 8.17 (dd, J = 5.2 Hz, J = 3.2 Hz,
1H), 8.03 (dd, J = 4.8 Hz, J = 3.2 Hz, 1H), 7.75 (dd,
J = 8.0 Hz, J = 3.6 Hz, 2H), 7.37–7.22 (m, 4H), 5.04–5.12
(m, 2H), 4.79 (d, J = 11.6 Hz, 1H), 4.32 (dd, J = 16.0 Hz,
J = 2.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 182.40,
178.30, 154.37, 137.28, 134.66, 134.53, 133.81, 131.60,
130.74, 129.76, 129.25, 126.78, 126.64, 118.36, 81.58,
63.02, 36.94; EI-MS: m/z = 369.0 [M+]; The ee value was
99%, tR (major) = 18.46 min, tR (minor) = 126.49 min
(Chiralpak AD-H, λ = 230 nm, 20% i-PrOH/hexanes, flow
rate = 1.0 mL/min).
(3R,4R)-4-(3-Bromophenyl)-3-nitro-3,4-dihydro-2H-

benzo[g]chromene-5,10-dione (3e)5: Yellow solid,
m.p. 129–132�C; [α]28D = −137.2 (c = 1.0, CHCl3);

1H
NMR (400 MHz, CDCl3) δ 8.19–8.15 (m, 1H), 8.05–7.99
(m, 1H), 7.76 (dd, J = 5.2 Hz, J = 2.8 Hz, 2H), 7.46 (dt,
J = 7.2 Hz, J = 1.2 Hz, 1H), 7.42 (t, J = 2 Hz, 1H),
7.31–7.22(m, 2H), 5.15–5.08 (m, 2H), 4.81 (q, J = 2.4 Hz,
1H), 4.34 (dd, J = 12.8 Hz, J = 2.8 Hz, 1H); 13C NMR
(100 MHz, CDCl3) δ 182.36, 178.29, 154.41, 141.00,
134.67, 133.82, 131.65, 131.05, 130.92, 130.72, 126.80,
126.61, 118.00, 81.45, 63.02, 37.06; EI-MS: m/z = 413.0
[M+]; The ee value was 96%, tR (major) = 15.75 min, tR
(minor) = 102.22 min (Chiralpak AD-H, λ = 230 nm, 20%
i-PrOH/hexanes, flow rate = 1.0 mL/min).
(3R,4S)-4-(2-Chlorophenyl)-3-nitro-3,4-dihydro-2H-

benzo[g]chromene-5,10-dione (3f)5: Pale yellow solid,
m.p. 212–216�C; [α]28D = −95.4 (c = 1.0, CHCl3);

1H
NMR (400 MHz, CDCl3) δ 8.20–8.16 (m, 1H), 8.06–8.03
(m, 1H), 7.76 (dd, J = 5.2 Hz, J = 3.2 Hz, 2H), 7.52
(dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.30 (dt, J = 8 Hz,
J = 2 Hz, 1H), 7.23 (dt, J = 8 Hz, J = 1.2 Hz, 1H), 7.04
(dd, J = 8 Hz, J = 2 Hz, 1H), 5.48 (s, 1H), 5.11 (dt,
J = 12.8 Hz, J = 2 Hz, 1H), 4.91 (q, J = 5.6 Hz, 1H), 4.27
(dd, J = 13.4 Hz, J = 1.6 Hz, 1H); 13C NMR (100 MHz,
CDCl3) δ 182.21, 178.27, 154.98, 135.85, 134.65, 133.78,
133.57, 131.62, 130.66, 129.77, 129.30, 127.63, 126.77,
126.64, 118.42, 79.46, 63.45, 34.88; EI-MS: m/z = 369.0
[M+]; The ee value was 95%, tR (major) = 15.65 min, tR
(minor) = 90.66 min (Chiralpak AD-H, λ = 230 nm, 20%
i-PrOH/hexanes, flow rate = 1.0 mL/min).
(3R,4R)-3-Nitro-4-(2-nitrophenyl)-3,4-dihydro-2H-benzo[g]

chromene-5,10-dione (3g)5: Yellow solid, m.p. 225–232�C;
[α]28D = −343.2 (c = 0.5, CHCl3);

1H NMR (400 MHz,
CDCl3) δ 8.19–8.17 (m, 2H), 8.00–7.97 (m, 1H), 7.78–7.74
(m, 2H), 7.70–7.47 (m, 3H), 5.53(s, 1H), 5.20–5.17 (m, 2H)
4.42 (d, J = 11.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ
182.22, 178.16, 155.16, 148.48, 134.76, 134.07, 133.93,
133.72, 131.47, 130.73, 130.30, 129.55, 126.85, 126.61,
126.34, 118.60, 80.62, 63.91, 33.87; EI-MS: m/z = 380.1
[M+]; The ee value was 89%, tR (major) = 19.59 min, tR
(minor) = 62.86 min (Chiralpak AD-H, λ = 230 nm, 30%
iPrOH/hexanes, flow rate = 1.0 mL/min).

(3R,4R)-4-(Naphthalen-1-yl)-3-nitro-3,4-dihydro-2H-
benzo[g]chromene-5,10-dione (3h)5: Yellow solid,
m.p. 217–223�C; [α]28D = −130.0 (c = 1,0 CHCl3);

1H
NMR (400 MHz, CDCl3) δ 8.34 (d, J = 8.4 Hz, 1H),
8.20–8.22 (m, 1H), 8.02–8.01 (m, 1H), 7.95 (d, J = 7.6 Hz,
1H), 7.84 (d, J = 8.0 Hz, 1H), 7.74–7.77 (m, 3H), 7.62 (t,
J = 7.2 Hz, 1H), 7.37 (t, J = 6.8 Hz, 1H), 7.16 (d,
J = 6.8 Hz, 1H), 5.93 (s, 1H), 5.10 (d,, J = 12.8 Hz, 1H)
4.93 (d, J = 1.2 Hz, 1H), 4.32 (d, J = 11.6 Hz, 1H); 13C
NMR (100 MHz, CDCl3) δ 182.35, 178.44, 154.94,
134.60, 134.47, 134.34, 133.71, 131.75, 130.83, 129.99,
129.62, 129.39, 127.92, 126.77, 126.67, 126.07, 125.20,
121.86, 118.62, 80.00, 63.04, 34.07; EI-MS: m/z = 385.1
[M+]; The ee value was 94%, tR (major) = 12.73 min, tR
(minor) = 84.81 min (Chiralpak AD-H, λ = 230 nm, 30%
i-PrOH/hexanes, flow rate = 1.0 mL/min).
(3R,4S)-4-(Furan-2-yl)-3-nitro-3,4-dihydro-2H-benzo[g]

chromene-5,10-dione (3i)5: Yellow solid, m.p. 159–164�C;
[α]28D = −69.8 (c = 1.0, CHCl3);

1H NMR (400 MHz,
CDCl3) δ 8.18–8.14 (m, 1H), 8.10–8.07 (m, 1H),
7.77–7.73 (m, 2H), 7.38 (dd, J = 1.6 Hz, J = 0.8 Hz, 1H),
6.34 (m, 1H), 6.26 (d, J = 3.2 Hz, 1H), 5.19 (m, 2H), 5.02
(q, J = 2.0 Hz, 1H), 4.55 (dt, J = 13.2 Hz, J = 1.2 Hz,
1H); 13C NMR (100 MHz, CDCl3) δ 182.34, 178.44,
153.89, 150.20, 143.07, 134.58, 133.69, 131.65, 130.70,
126.73, 126.60, 117.02, 111.04, 109.37, 78.85, 64.40,
31.31; EI-MS: m/z = 325.1 [M+]; The ee value was 97%,
tR (major) = 32.64 min, tR (minor) = 44.14 min (Chiralpak
AD-H, λ = 230 nm, 20% i-PrOH/hexanes, flow
rate = 1.0 mL/min).
(3R,4R)-3-Nitro-4-(thiophen-2-yl)-3,4-dihydro-2H-benzo

[g]chromene-5,10-dione (3j)5: Yellow solid,
m.p. 153–161�C; [α]28D = −83.2 (c = 1.0, CHCl3);

1H
NMR (400 MHz, CDCl3) δ 8.19–8.15 (m, 1H), 8.09–8.04
(m, 1H), 7.77–7.42 (m, 2H), 7.30–7.28 (m, 1H), 7.00–6.96
(m, 2H), 5.34 (s, 1H), 5.16 (dt, J = 13.2 Hz, J = 2.4 Hz,
1H), 4.91 (q, J = 2.0 Hz, 1H), 4.54 (dd, J = 12.8 Hz,
J = 1.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 182.29,
178.47, 153.44, 141.50, 134.63, 133.73, 131.62, 130.69,
127.70, 126.84, 126.74, 126.65, 126.09, 119.03, 81.26,
63.54, 32.28; EI-MS: m/z = 341.0 [M+]; The ee value was
99%, tR (major) = 10.53 min, tR (minor) = 42.08 min
(Chiralpak AD-H, λ = 230 nm, 30% i-PrOH/hexanes, flow
rate = 1.0 mL/min).
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