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ABSTRACT: A straightforward and efficient protocol for the
construction of structurally and biologically interesting chiral
flavanoids incorporating three privileged structures, i.e.,
chromanone, dihydropyran, and indole, has been developed
on the basis of chiral bifunctional tertiary amine thiourea-
catalyzed asymmetric inverse-electron-demand Diels−Alder
reaction of chromone heterodienes and 3-vinylindoles, which
were used as dienophiles.

■ INTRODUCTION
Flavanoids with chromanone or chromone as the structural
scaffold represent an important class of naturally occurring
structures characterized by their ability to interact with a
number of different receptors in the body (Figure 1).1 Due to

their attractive pharmacological and biological properties, such
as anticancer, antitumor, and antibacterial, etc., great efforts
have been devoted to the synthesis of this class of compounds
during the past several years.2 Despite the important advances,
catalytic stereoselective construction of chromanones and
related structures still remains a challenge, especially when
chromones are used as precursors.3

Indole is regarded as a privileged structure due to its
existence in a huge number of alkaloids and natural products.4

The catalytic asymmetric Diels−Alder (DA) cycloadditions of

vinylindoles provide a straightforward route to introduce a
chiral indole skeleton with highly functional and stereogenic
complexity. However, it is difficult to find a compatible catalyst
system due to the instability and high reactivity of vinylindoles.
In 2008, Ricci and co-workers developed the first organo-
catalyzed asymmetric normal-electron-demand DA reaction of
vinylindoles based on the interaction between tertiary amine
catalysts and the indole NH moiety.5 In recent years,
vinylindoles have commonly been used as conjugated dienes
in normal-electron-demand DA reaction,6 and fewer studies
have focused on the catalytic asymmetric inverse-electron-
demand Diels−Alder (IEDDA) reaction7 using vinylindoles as
dienophiles.
To the best of our knowledge, there was only one example

reported in 2010 in which the acid-sensitive 3-vinylindoles were
used in chiral phosphoric acid-catalyzed asymmetric Povarov
reaction through a syringe pump (Scheme 1).6a To simplify the
experimental operation and continue our research on the
IEDDA reaction,8 herein we report a bifunctional tertiary amine
thiourea-catalyzed IEDDA reaction of chromone heterodienes
with 3-vinylindoles as dienophiles, leading to natural product-
like chromanone derivatives containing a tricyclic hetero-
system.

■ RESULTS AND DISCUSSION

To probe the feasibility of IEDDA reaction of 3-formylchro-
mone (1a) and 3-vinylindole (2a), we initially carried out the
reaction at 10 °C in CH2Cl2 in the presence of 20 mol %
quinine-derived catalyst I (Table 1, entry 1, and Figure 2).
Although the reaction proceeded smoothly to give the adducts
as a mixture of two diastereoisomers in high yield, the poor
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Figure 1. Chiral flavanoid natural products with chromanone as the
structural scaffold.
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solubility in most organic solvents made us take a further
protection on the indole NH with (Boc)2O. To our delight, the
two diastereoisomers showed better solubility and could be
separated by flash chromatography after the protection, giving
3a as the major product with a 65% ee value (Table 1, entry 1).
Next, several common chiral tertiary amine thiourea catalysts
were introduced, and their performance was tested (Figure 2).
Compared with chiral aminoindanol-derived tertiary amine
thioureas IIIa−V, Takemoto’s catalysts VIa−VIc gave better
enantioselectivities, particularly for catalysts VIb and VIc

(Table 1, entries 2−6 vs entries 7−9). With the best catalysts,
VIb and VIc, in hand, we further optimized the reaction
conditions. In all the solvents screened (see the Supporting
Information), CH2Cl2 turned out to be the best solvent, giving
91% total yield with a 3.0/1 endo/exo ratio and 83% ee for endo
product 3a (Table 1, entry 8). Lowering the temperature was
favorable to improve the ee value, and 87% ee for 3a was
obtained when the reaction was carried out at −40 °C (Table 1,
entry 13). When 4 Å molecular sieves were added, the ee value
was improved, and 92% ee for 3a was obtained when catalyst
VIc was introduced under the same conditions (Table 1, entry
15). Further lowering the concentration gave 3a with a 94% ee
value (Table 1, entry 16).
Under the optimized reaction conditions, we next examined

the substrate scope, and the results are summarized in Table 2.
In general, all of the chromone oxadienes with electron-
withdrawing or electron-donating substituents could undergo
IEDDA reaction to afford the desired adducts in moderate to
good yields with about 3.0−4.0/1 endo/exo ratios and good to
excellent enantioselectivities (Table 2, 3a−3i). MeO-substi-
tuted 3-formylchromones gave products with lower ee values
compared with other substituted 3-formylchromones (Table 2,
3f and 3i), probably caused by their negative effect on the
hydrogen-bonding interaction between the tertiary amine
thiourea catalyst and chromone oxadienes. Furthermore,
different substituted 3-vinylindoles were also employed to test
the substrate compatibility of 3-vinylindole. Generally speaking,
the IEDDA reaction of 3-formylchromone and different
substituted 3-vinylindoles progressed smoothly, giving satisfac-
tory yields and stereochemical outcomes (Table 2, 3j−3n).
When heterodiene 1 was treated with 2 equiv of methyl-
substituted vinylindole 2 (E/Z = 1/1), only the E isomer
underwent the IEDDA reaction, giving the endo product with
only 12% ee (Table 2, 3o), which was in accordance with
previous reports.5 Moreover, the chromone azadiene gave a
similar result, although attempts to separate the two
diastereoisomers by column chromatography failed (Table 2,
3p). A control experiment showed that only 28% yield was
obtained and no ee values for the two diastereoisomers were
observed when the nitrogen on 3-vinylindole was protected by
a benzyl (Bn) group, indicating that the interaction between the
tertiary amine catalyst and the indole NH moiety is necessary
for the stereoselective outcome (results not shown in Table 2).

Scheme 1. Vinylindoles Used as Dienophiles in Asymmetric
IEDDA Reaction

Table 1. Catalyst Screening and Optimization Studiesa

entry catalyst T (°C) yieldb (%) drc (endo/exo) eec (%)

1 I 10 86 3.5/1 −65 (−64)
2 IIIa 10 83 3.2/1 −50 (−49)
3 IIIb 10 78 3.3/1 −45 (−42)
4 IIIc 10 87 3.2/1 −51 (−48)
5 IV 10 90 3.2/1 −76 (−74)
6 V 10 46 3.3/1 55 (64)
7 VIa 10 90 3.3/1 75 (85)
8 VIb 10 91 3.0/1 83 (90)
9 VIc 10 90 2.8/1 83 (92)
10 VIb 0 88 3.4/1 85 (96)
11 VIb −20 85 3.4/1 86 (96)
12d VIb −20 83 2.8/1 86 (96)
13 VIb −40 84 3.4/1 87 (94)
14e VIb −40 85 3.0/1 90 (94)
15e VIc −40 88 3.2/1 92 (96)
16f VIc −40 87 3.4/1 94 (97)

aTo a solution of 1a (0.1 mmol) and catalyst (0.02 mmol) in CH2Cl2
(0.5 mL) at the indicated temperature was added 2a (0.12 mmol), and
the mixture was stirred for 12 h. After the solvent was evaporated,
THF (2.0 mL), DMAP (10 mol %), and (Boc)2O (0.15 mmol) were
added sequentially at room temperature, and the mixture was stirred at
room temperature for another 6 h. bIsolated total yield of 3a and 4a
after two steps. cDetermined by HPLC analysis. The first value in each
entry is the ee value of the endo product, and the value in parentheses
is the ee value of the exo product. dThe solution of 2a (0.12 mmol) in
CH2Cl2 (0.5 mL) was added by syringe pump in 2 h.

eTwo pellets of 4
Å molecular sieves were added at the first step. fTwo pellets of 4 Å
molecular sieves were added to 1.0 mL of CH2Cl2 at the first step.

Figure 2. Chiral tertiary amine thiourea catalysts.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo401592w | J. Org. Chem. 2013, 78, 10233−1023910234



An additional scaled-up experiment (Scheme 2) showed that
this reaction could be performed on the gram scale without
obvious loss of diastereoselectivity and enantioselectivity (6
mmol, 84% total yield, 3.8/1 endo/exo, 94% ee for the endo
product).

To determine the absolute configurations of the major
enantiomers and their potential application, compound 3a was
subjected to catalytic isomerization in the presence of
Wilkinson’s catalyst (5 mol %) and 7 mol % Et3SiH (Scheme
3).9 The exocyclic to endocyclic migration of the double bond

Table 2. Substrate Scope of the Reactiona

aReaction conditions: To a solution of 1 (0.1 mmol) and Vlc (0.02 mmol) in CH2CI2 (1.0 mL) containing two pellets of molecular sieves at −40 °C
was added 2a (0.12 mmol), and the mixture was stirred for 12 h. After the solvent was evaporated, THF (2.0 mL), DMAP (10 mol %), and (Boc)20
(0.15 mmol) were added sequentially at room temperature, and the mixture was stirred at room temperature for another 6 h. Yields refer to the
isolated total yield of 3 and 4 after two steps. The endo/exo ratios and ee values were determined by HPLC analysis, and the data in parentheses are
the ee values of the exo products. The absolute configuration of 3a was determined by X-ray analysis of its derivative 5a and NOE analysis, and other
endo products were assigned by analogy. bA 2 equiv portion of methyl-substituted vinylindole 2 (E/Z = 1/1) was used.
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in 3a took place smoothly to give chromone-derived product 5a
in 89% yield without obvious loss of enantioselectivity. The
absolute configuration of 5a was unambiguously determined to
be R by single-crystal X-ray structural analysis (see the
Supporting Information),10 which allowed us to assign the
absolute configuration of 3a as 3R,4aR according to its relative
configuration analysis. On the basis of these results, we
proposed a synergistic interaction for the catalytic asymmetric
IEDDA reaction between the catalyst and the two reactants, as
shown in Figure 3. The process was directed by multiple
hydrogen-bonding interactions between the chromone ox-
adienes and 3-vinylindoles (Figure 3).

■ CONCLUSION
In summary, a novel class of structurally and biologically
interesting chiral flavanoids incorporating three privileged
structures, i.e., chromanone, dihydropyran, and indole, have
been constructed through catalytic asymmetric IEDDA reaction
of chromone oxadienes and 3-vinylindoles for the first time.
The reaction proceeded smoothly to afford the IEDDA adducts
with good to high yields and enantioselectivities (up to 91%
total yield, up to 94% ee for the endo product). Although the
endo/exo ratios of the product are moderate, the two
diastereoisomers could be easily separated by flash chromatog-
raphy in most cases, which still makes it desirable in practical
application. Remarkably, such reaction could be performed on
the gram scale, and the product could be easily transformed to
equally biologically significant chromone-derived products
without obvious loss of enantioselectivity. The generated chiral
flavanoids with chromanone and indole as the structural
scaffolds in the current catalytic asymmetric reaction will be
useful to advance chemical research of the indole-containing

flavonoid compounds as drug candidates. The biological
evaluation of these compounds and further study of IEDDA
reaction of 3-vinylindoles with other heterodienes are currently
under way in our laboratory.

■ EXPERIMENTAL SECTION
Typical Procedure for Chiral Bifunctional Tertiary Amine

Thiourea VIc Catalyzed Asymmetric IEDDA Reaction of 3-
Formylchromone (1a) and 3-Vinylindole (2a). To a solution of 1a
(17.4 mg, 0.1 mmol) and VIc (9.0 mg, 0.02 mmol) in CH2Cl2 (1.0
mL) containing two pellets of 4 Å molecular sieves at −40 °C was
added 2a (17.1 mg, 0.12 mmol), and the mixture was stirred for 12 h.
After the solvent was evaporated, THF (2.0 mL), DMAP (1.2 mg, 0.01
mol), and (Boc)2O (26.1 mg, 0.12 mmol) were added sequentially at
room temperature, and the mixture was stirred at room temperature
for another 6 h. After evaporation of the solvent under reduced
pressure, the crude product was directly purified by flash
chromatography (ethyl acetate/petroleum ether = 1/9) to afford the
IEDDA adducts containing a mixture of two diastereoisomers for
HPLC analysis. Further separation by flash chromatography gave the
pure compound 3a for NMR analysis.

tert-Butyl 3-((3R,4aR)-10-Oxo-3,4,4a,10-tetrahydropyrano[4,3-b]-
chromen-3-yl)-1H-indole-1-carboxylate (3a). Total yield: 87% (36.2
mg, endo/exo = 3.4/1). White solid. Mp: 167.4 °C. 1H NMR (400
MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.0 Hz, 1H), 7.98 (dd, J = 8.0, 2.0
Hz, 1H), 7.76 (s, 1H), 7.69 (s, 1H), 7.62 (d, J = 7.6 Hz, 1H), 7.48−
7.43 (m, 1H), 7.39−7.34 (m, 1H), 7,30−7.26 (m, 1H), 7,09−7.05 (m,
1H), 6.97−6.95 (m, 1H), 5.46 (dt, J = 12.0, 1.2 Hz, 1H), 5.37 (ddd, J
= 10.0, 6.8, 1.2 Hz, 1H), 2.81 (ddd, J = 13.2, 6.8, 2.0 Hz, 1H), 2.68 (td,
J = 12.6, 10.0 Hz, 1H), 1.68 (s, 9H). 13C NMR (100 MHz, CDCl3): δ
(ppm) 181.2, 160.7, 154.0, 149.5, 135.8, 135.4, 128.1, 127.4, 125.1,
123.8, 123.1, 122.9, 122.1, 119.5, 118.1, 117.7, 115.7, 112.0, 84.4, 72.3,
71.0, 32.9, 28.3. HRMS: exact mass calcd for C25H23NNaO5 440.1474
[M + Na]+, found 440.1471. HPLC (Chiralpak IA-H, hexane/i-PrOH
= 80/20, flow rate 0.5 mL/min, λ = 238 nm): retention time 19.8 min
(major), 24.0 min (minor). [α]D

20.0 = −27.4 (c = 0.25, CHCl3, 94% ee).
tert-Butyl 3-((3R,4aS)-10-Oxo-3,4,4a,10-tetrahydropyrano[4,3-b]-

chromen-3-yl)-1H-indole-1-carboxylate (4a). Total yield: 87% (36.2
mg, endo/exo = 3.4/1). Yellow solid. Mp: 97.0 °C. 1H NMR (400
MHz, CDCl3): δ (ppm) 8.16 (d, J = 7.6 Hz, 1H), 7.99 (dd, J = 7.6, 1.6
Hz, 1H), 7.81 (d, J = 1.2 Hz, 1H), 7.64 (d, J = 7.6 Hz, 1H), 7.59 (s,
1H), 7.48−7.43 (m, 1H), 7,38−7.34 (m, 1H), 7.30−7.26 (m, 1H),
7,08−7.04 (m, 1H), 6.97 (dd, J = 8.4, 0.8 Hz, 1H), 5.51 (dd, J = 7.2,
2.8 Hz, 1H), 4.93 (td, J = 5.6, 1.6 Hz, 1H), 2.82−2.75 (m, 1H), 2.75−
2.66 (m, 1H), 1.67 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm)
181.9, 160.8, 153.3, 149.6, 135.9, 135.3, 128.0, 127.7, 125.1, 123.1,
123.1, 123.1, 122.0, 119.6, 118.2, 117.9, 115.7, 112.2, 84.4, 71.6, 68.9,
33.0, 28.3. HRMS: exact mass calcd for C25H23NNaO5 440.1474 [M +
Na]+, found 440.1485. HPLC (Chiralpak IA-H, hexane/i-PrOH = 80/
20, flow rate 0.5 mL/min, λ = 238 nm): retention time 17.96 min
(major), 18.74 min (minor). [α]D

25.5 = 220.1 (c = 0.3, CHCl3, 97% ee).
t e r t - Bu t y l 3 - ( ( 3R , 4aR ) - 8 - F luo ro -10 -oxo -3 , 4 , 4a , 10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3b). Total yield: 79% (34.3 mg, endo/exo = 3.4/1). White solid. Mp:
117.3 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.4 Hz,
1H), 7.78 (s, 1H), 7.69 (s, 1H), 7.64−7.61 (m, 2H), 7.39−7.35 (m,
1H), 7,30−7.26 (m, 1H), 7,19−7.15 (m, 1H), 6.96−6.92 (m, 1H),
5.49−5.46 (m, 1H), 5.35 (ddd, J = 10.0, 6.6, 1.2 Hz, 1H), 2.81 (ddd, J
= 13.2, 7.4, 2.0 Hz, 1H), 2.68 (td, J = 12.6, 10.0 Hz, 1H), 1.68 (s, 9H).
13C NMR (100 MHz, CDCl3): δ (ppm) 180.4 (d, JC−F = 1.5 Hz),
159.0, 156.9 (d, JC−F = 1.9 Hz), 154.6, 149.5, 135.8, 128.1, 125.2,
123.8, 123.6 (d, JC−F = 2.0 Hz), 123.1, 122.7, 122.5, 119.5 (d, JC−F =
4.9 Hz), 119.3 (d, JC−F = 7.2 Hz), 117.9, 115.7, 112.7 (d, JC−F = 23.6
Hz), 111.5, 84.4, 72.5, 71.2, 32.9, 28.3. HRMS: exact mass calcd for
C25H23FNO5 436.1560 [M + H]+, found 436.1544. HPLC (Chiralpak
IA-H, hexane/i-PrOH = 90/10, flow rate 0.5 mL/min, λ = 238 nm):
retention time 29.4 min (major), 31.7 min (minor). [α]D

26.5 = −8.4 (c =
0.27, CHCl3, 90% ee).

t e r t -Bu ty l 3 - ( ( 3R ,4aR ) -8 -Ch lo ro -10 -oxo -3 , 4 , 4a , 10 -
tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate

Scheme 2. Scaled-Up Experiment

Scheme 3. Conversion of 3a to Chromone Derivative 5a

Figure 3. Proposed reaction mode between the substrates and catalyst
VIc.
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(3c). Total yield: 88% (39.6 mg, endo/exo = 3.0/1). White solid. Mp:
119.8 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.0 Hz,
1H), 7.93 (d, J = 2.8 Hz, 1H), 7.78 (s, 1H), 7.69 (s, 1H), 7.62 (d, J =
7.6 Hz, 1H), 7.41−7.35 (m, 2H), 7.30−7.26 (m, 1H), 6.91 (d, J = 8.4
Hz, 1H), 5.50−5.49 (m, 1H), 5.37 (ddd, J = 10.0, 6.4, 1.2 Hz, 1H),
2.82 (ddd, J = 13.2, 6.6, 2.0 Hz, 1H), 2.69 (td, J = 12.6, 10.0 Hz, 1H),
1.68 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm) 180.1, 159.2,
154.7, 149.5, 135.8, 135.1, 128.0, 127.6, 126.9, 125.2, 123.9, 123.8,
123.1, 119.4, 119.4, 117.9, 115.7, 111.3, 84.5, 72.5, 71.3, 32.8, 28.3.
HRMS: exact mass calcd for C26H26ClNNaO6 506.1346 [M + CH3OH
+ Na]+, found 506.1340. HPLC (Chiralpak IA-H, hexane/i-PrOH =
90/10, flow rate 1.0 mL/min, λ = 238 nm): retention time 16.02 min
(major), 18.12 min (minor). [α]D

27.1 = 25.3 (c = 0.33, CHCl3, 90% ee).
t e r t - Bu ty l 3 - ( ( 3R , 4aR ) - 8 -B romo-10 -oxo -3 , 4 , 4a , 10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3d). Total yield: 83% (41.1 mg, endo/exo = 3.0/1). White solid. Mp:
168.5 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.4 Hz,
1H), 8.08 (d, J = 2.4 Hz, 1H), 7.78 (s, 1H), 7.69 (s, 1H), 7.62 (d, J =
7.6 Hz, 1H), 7.53 (dd, J = 8.8, 2.4 Hz, 1H), 7.39−7.35 (m, 1H), 7.30−
7.26 (m, 1H), 6.86 (d, J = 8.8 Hz, 1H), 5.50−5.47 (m, 1H), 5.37 (ddd,
J = 10.0, 6.8, 1.2 Hz, 1H), 2.82 (ddd, J = 13.2, 6.6, 2.0 Hz, 1H), 2.69
(td, J = 12.8, 10.0 Hz, 1H), 1.68 (s, 9H). 13C NMR (100 MHz,
CDCl3): δ (ppm) 179.9, 159.6, 154.7, 149.6, 138.0, 135.8, 130.0, 128.0,
125.2, 124.2, 123.9, 123.1, 119.8, 119.5, 117.9, 115.7, 114.8, 111.3,
84.5, 72.5, 71.3, 32.8, 28.3. HRMS: exact mass calcd for
C25H22BrNNaO5 518.0579 [M + Na]+, found 518.0573. HPLC
(Chiralpak IA-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ =
238 nm): retention time 16.89 min (major), 19.74 min (minor).
[α]D

19.8 = 17.3 (c = 0.25, CHCl3, 89% ee).
t e r t -Bu ty l 3 - ( ( 3R ,4aR ) -8 -Methy l - 10 -oxo -3 , 4 , 4a ,10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3e). Total yield: 75% (32.3 mg, endo/exo = 3.5/1). White solid. Mp:
131.4 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.19 (d, J = 8.4 Hz,
1H), 7.77 (d, J = 1.6 Hz, 1H), 7.75 (s, 1H), 7.69 (s, 1H), 7.63 (d, J =
7.6 Hz, 1H), 7.39−7.35 (m, 1H), 7.30−7.26 (m, 2H), 6.86 (d, J = 8.4
Hz, 1H), 5.48−5.44 (m, 1H), 5.34 (ddd, J = 10.0, 6.6, 1.2 Hz, 1H),
2.80 (ddd, J = 13.2, 6.8, 2.0 Hz, 1H), 2.68 (td, J = 12.4, 10.0 Hz, 1H),
2.33 (s, 3H), 1.68 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm)
181.4, 158.8, 153.9, 149.5, 136.3, 135.8, 131.6, 128.1, 127.1, 125.1,
123.8, 123.1, 122.5, 119.5, 118.2, 117.5, 115.7, 112.2, 84.4, 72.3, 71.0,
33.0, 28.3, 20.6. HRMS: exact mass calcd for C26H25NNaO5 454.1630
[M + Na]+, found 454.1635. HPLC (Chiralpak IA-H, hexane/i-PrOH
= 90/10, flow rate 1.0 mL/min, λ = 238 nm): retention time 13.07
min (major), 17.14 min (minor). [α]D

28.2 = 16.9 (c = 0.33, CHCl3, 94%
ee).
ter t -Buty l 3- ( (3R ,4aR) -8-Methoxy-10-oxo-3 ,4 ,4a ,10-

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3f). Total yield: 71% (31.7 mg, endo/exo = 3.0/1). Yellow oil. 1H
NMR (400 MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.4 Hz, 1H), 7.75 (s,
1H), 7.69 (s, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.42 (d, J = 3.6 Hz, 1H),
7.39−7.35 (m, 1H), 7.30−7.26 (m, 1H), 7.06 (dd, J = 9.2, 3.2 Hz, 1H)
6.89 (d, J = 8.8 Hz, 1H), 5.48−5.44 (m, 1H), 5.32 (ddd, J = 9.8, 6.6,
1.2 Hz, 1H), 3.83 (s, 3H), 2.80 (ddd, J = 13.2, 6.8, 2.0 Hz, 1H), 2.68
(td, J = 12.6, 10.0 Hz, 1H), 1.68 (s, 9H). 13C NMR (100 MHz,
CDCl3): δ (ppm) 181.2, 155.3, 154.7, 154.1, 149.5 135.8, 128.1, 125.1,
124.1, 123.8, 123.1, 123.0, 119.5, 119.0, 118.1, 115.7, 112.1, 108.3,
84.4, 72.4, 71.1, 55.9, 33.0, 28.3. HRMS: exact mass calcd for
C27H29NNaO7 502.1842 [M + CH3OH + Na]+, found 502.1841.
HPLC (Chiralpak IA-H, hexane/i-PrOH = 90/10, flow rate 0.5 mL/
min, λ = 238 nm): retention time 36.34 min (major), 43.83 min
(minor). [α]D

28.7 = 17.3 (c = 0.24, CHCl3, 74% ee).
t e r t - Bu t y l 3 - ( ( 3R , 4aR ) - 7 - F luo ro -10 -oxo -3 , 4 , 4a , 10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3g). Total yield: 85% (36.9 mg, endo/exo = 3.5/1). White solid. Mp:
162.5 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.4 Hz,
1H), 8.00 (dd, J = 8.4, 6.4 Hz, 1H), 7.76 (s, 1H), 7.69 (s, 1H), 7.62 (d,
J = 8.0 Hz, 1H), 7.39−7.35 (m, 1H), 7.30−7.26 (m, 1H), 6.78 (td, J =
8.0, 2.0 Hz, 1H) 6.65 (dd, J = 9.6, 2.4 Hz, 1H), 5.49−5.46 (m, 1H),
5.41 (ddd, J = 10.0, 6.8, 1.2 Hz, 1H), 2.82 (ddd, J = 13.6, 6.8, 2.0 Hz,
1H), 2.69 (td, J = 12.8, 10.0 Hz, 1H), 1.68 (s, 9H). 13C NMR (100
MHz, CDCl3): δ (ppm) 180.0, 168.4, 165.9, 162.4 (d, JC−F = 10.6 Hz),

154.3, 149.5, 135.8, 129.9 (d, JC−F = 10.5 Hz), 128.0, 125.2, 123.8,
123.1, 119.6 (d, JC−F = 3.4 Hz), 119.5, 118.0, 115.7, 111.3, 110.3 (d,
JC−F = 22.3 Hz), 104.8 (d, JC−F = 24.3 Hz), 84.4, 72.4, 71.6, 32.9, 28.3.
HRMS: exact mass calcd for C25H25FNO6 454.1666 [M + H2O + H]+,
found 454.1666. HPLC (Chiralpak IA-H, hexane/i-PrOH = 95/5, flow
rate 1.0 mL/min, λ = 238 nm): retention time 24.96 min (major),
28.08 min (minor). [α]D

29.2 = 5.0 (c = 0.38, CHCl3, 92% ee).
t e r t -Bu ty l 3 - ( ( 3R ,4aR ) -7 -Methy l - 10 -oxo -3 , 4 , 4a ,10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3h). Total yield: 84% (36.2 mg, endo/exo = 3.8/1). White solid. Mp:
172.1 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.0 Hz,
1H), 7.87 (d, J = 8.0 Hz, 1H), 7.74 (s, 1H), 7.69 (s, 1H), 7.63 (d, J =
8.0 Hz, 1H), 7.42 (d, J = 3.6 Hz, 1H), 7.39−7.35 (m, 1H), 7.30−7.26
(m, 1H), 6.90−6.87 (m, 1H), 6.76 (s, 1H), 5.48−5.44 (m, 1H), 5.35
(ddd, J = 10.0, 6.8, 1.2 Hz, 1H), 2.80 (ddd, J = 13.2, 6.4, 2.0 Hz, 1H),
2.67 (td, J = 12.8, 10.0 Hz, 1H), 2.36 (s, 3H), 1.68 (s, 9H). 13C NMR
(100 MHz, CDCl3): δ (ppm) 181.0, 160.8, 153.6, 149.5, 146.9, 135.8,
128.1, 127.3, 125.1, 123.8, 123.4, 123.1, 120.5, 119.5, 118.2, 117.8,
115.7, 112.0, 84.4, 72.3, 71.0, 33.0, 28.3, 22.0. HRMS: exact mass calcd
for C27H29NNaO6 486.1893 [M + CH3OH + Na]+, found 486.1895.
HPLC (Chiralpak IA-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/
min, λ = 238 nm): retention time 19.86 min (major), 26.86 min
(minor). [α]D

29.6 = 15.7 (c = 0.22, CHCl3, 92% ee).
ter t -Buty l 3- ( (3R ,4aR) -9-Methoxy-10-oxo-3 ,4 ,4a ,10-

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3i). Total yield: 86% (38.4 mg, endo/exo = 3.5/1). White solid. Mp:
131.7 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.18 (d, J = 8.0 Hz,
1H), 7.72 (s, 1H), 7.67 (s, 1H), 7.63 (d, J = 7.6 Hz, 1H), 7.38−7.33
(m, 2H), 7.28 (d, J = 7.2 Hz, 1H), 6.60−6.54 (m, 2H), 5.41 (d, J =
11.6 Hz, 1H), 5.25 (dd, J = 9.6, 6.8, Hz, 1H), 3.93 (s, 3H), 2.77 (ddd, J
= 13.2, 6.4, 2.0 Hz, 1H), 2.61 (td, J = 12.8, 9.6 Hz, 1H), 1.68 (s, 9H).
13C NMR (100 MHz, CDCl3): δ (ppm) 180.2, 162.6, 161.2, 153.5,
149.5, 135.8, 135.2, 128.1, 125.1, 123.7, 123.0, 119.6, 118.3, 115.6,
113.4, 113.0, 110.2, 105.3, 84.3, 72.0, 70.8, 56.3, 33.0, 28.3. HRMS:
exact mass calcd for C27H29NNaO7 502.1842 [M + CH3OH + Na]+,
found 502.1841. HPLC (Chiralpak IA-H, hexane/i-PrOH = 80/20,
flow rate 1.0 mL/min, λ = 238 nm): retention time 25.20 min (major),
40.33 min (minor). [α]D

29.9 = 96.2 (c = 0.30, CHCl3, 79% ee).
t e r t - Bu t y l 5 - F l uo ro -3 - ( ( 3R , 4aR ) - 10 -oxo -3 , 4 , 4a , 10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3j). Total yield: 74% (32.2 mg, endo/exo = 3.4/1). Yellow oil. 1H
NMR (400 MHz, CDCl3): δ (ppm) 8.15−8.13 (m, 1H), 7.98 (dd, J =
7.6, 1.6 Hz, 1H), 7.75 (s, 1H), 7.71 (s, 1H), 7.49−7.44 (m, 1H), 7.28
(dd, J = 8.8, 2.4 Hz, 1H), 7.12−7.05 (m, 2H), 6.97−6.95 (m, 1H),
5.44−5.40 (m, 1H), 5.37 (ddd, J = 10.0, 6.8, 1.2 Hz, 1H), 2.80 (ddd, J
= 13.2, 6.8, 2.0 Hz, 1H), 2.66 (td, J = 12.8, 10.0 Hz, 1H), 1.68 (s, 9H).
13C NMR (100 MHz, CDCl3): δ (ppm) 181.1, 160.6 (d, JC−F = 18.2
Hz), 158.2, 153.8, 149.2, 135.4, 132.2, 129.0 (d, JC−F = 9.3 Hz), 127.5,
125.2, 122.8, 122.2, 117.9 (d, JC−F = 3.2 Hz), 117.7, 116.7 (d, JC−F =
9.1 Hz), 113.0 (d, JC−F = 24.6 Hz), 112.1, 105.3 (d, JC−F = 24.7 Hz),
84.7, 72.1, 70.9, 32.8, 28.2. HRMS: exact mass calcd for C25H23FNO5

436.1560 [M + H]+, found 436.1567. HPLC (Chiralpak IA-H,
hexane/i-PrOH = 80/20, flow rate 0.5 mL/min, λ = 238 nm):
retention time 21.12 min (major), 26.08 min (minor). [α]D

30.8 = 22.9 (c
= 0.20, CHCl3, 90% ee).

t e r t -Bu ty l 5 -Ch lo ro -3 - ( ( 3R , 4aR ) -10 -oxo -3 , 4 , 4a , 10 -
tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3k). Total yield: 91% (41.0 mg, endo/exo = 3.2/1). White solid. Mp:
143.3 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.11 (d, J = 8.8 Hz,
1H), 7.98 (dd, J = 8.0, 2.0 Hz, 1H), 7.76 (s, 1H), 7.70 (s, 1H), 7.60 (d,
J = 2.0 Hz, 1H), 7.49−7.45 (m, 1H), 7.32 (dd, J = 8.8, 2.0 Hz, 1H),
7.10−7.06 (m, 1H), 6.96 (d, J = 8.4 Hz, 1H), 5.45−5.41 (m, 1H), 5.38
(ddd, J = 10.0, 6.8, 1.2 Hz, 1H), 2.81 (ddd, J = 13.2, 6.8, 2.0 Hz, 1H),
2.66 (td, J = 12.8, 10.4 Hz, 1H), 1.68 (s, 9H). 13C NMR (100 MHz,
CDCl3): δ (ppm) 181.1, 160.7, 153.8, 149.1, 135.5, 131.8, 129.2,
128.9, 127.5, 125.4, 125.0, 122.8, 122.2, 119.3, 117.7, 117.6, 116.7,
112.1, 84.9, 72.0, 70.9, 32.9, 28.2. HRMS: exact mass calcd for
C25H22ClNNaO5 474.1084 [M + Na]+, found 474.1085. HPLC
(Chiralpak IA-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ =

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo401592w | J. Org. Chem. 2013, 78, 10233−1023910237



238 nm): retention time 15.76 min (major), 19.93 min (minor).
[α]D

30.4 = 5.8 (c = 0.57, CHCl3, 88% ee).
t e r t - Bu ty l 5 -B romo-3 - ( ( 3R , 4aR ) - 10 -oxo -3 , 4 , 4a , 10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3l). Total yield: 87% (43.1 mg, endo/exo = 3.4/1). White solid. Mp:
147.9 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d, J = 8.8 Hz,
1H), 7.98 (dd, J = 7.6, 1.2 Hz, 1H), 7.76−7.75 (m, 2H), 7.68 (s, 1H),
7.49−7.45 (m, 2H), 7.10−7.06 (m, 1H), 6.96 (dd, J = 8.0, 0.8 Hz,
1H), 5.44−5.41 (m, 1H), 5.38 (ddd, J = 10.0, 6.8, 1.2 Hz, 1H), 2.80
(ddd, J = 13.6, 6.8, 2.0 Hz, 1H), 2.65 (td, J = 12.8, 10.0 Hz, 1H), 1.68
(s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm) 181.1, 160.7, 153.8,
149.1, 135.5, 134.6, 129.8, 128.1, 127.5, 124.8, 122.9, 122.3, 122.2,
117.7, 117.5, 117.1, 116.5, 112.1, 84.9, 72.0, 70.9, 32.9, 28.2. HRMS:
exact mass calcd for C25H22BrNNaO5 518.0579 [M + Na]+, found
518.0580. HPLC (Chiralpak IB-H, hexane/i-PrOH = 95/5, flow rate
1.0 mL/min, λ = 238 nm): retention time 17.12 min (major), 23.44
min (minor). [α]D

30.1 = 8.6 (c = 0.68, CHCl3, 91% ee).
ter t -Buty l 5-Methoxy-3- ( (3R ,4aR) -10-oxo-3 ,4 ,4a ,10-

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3m). Total yield: 51% (22.8 mg, endo/exo = 3.0/1). White solid. Mp:
120.5 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d, J = 8.8 Hz,
1H), 7.99 (dd, J = 8.0, 2.0 Hz, 1H), 7.77 (s, 1H), 7.66 (s, 1H), 7.49−
7.44 (m, 1H), 7.09−7.05 (m, 2H), 6.99−6.95 (m, 2H), 5.46−5.42 (m,
1H), 5.38 (ddd, J = 10.4, 6.8, 1.2 Hz, 1H), 3.87 (s, 3H), 2.81 (ddd, J =
13.6, 6.8, 2.0 Hz, 1H), 2.69 (td, J = 12.8, 10.0 Hz, 1H), 1.67 (s, 9H).
13C NMR (100 MHz, CDCl3): δ (ppm) 181.2, 160.8, 156.2, 154.0,
149.5, 135.4, 130.5, 129.0, 127.5, 124.4, 122.9, 122.2, 117.8, 117.7,
116.4, 113.9, 112.0, 102.2, 84.2, 72.3, 71.1, 55.9, 32.7, 28.3. HRMS:
exact mass calcd for C26H25NNaO6 470.1580 [M + Na]+, found
470.1580. HPLC (Chiralpak IB-H, hexane/i-PrOH = 90/10, flow rate
1.0 mL/min, λ = 238 nm): retention time 14.26 min (major), 21.12
min (minor). [α]D

30.7 = 1.8 (c = 0.42, CHCl3, 93% ee).
t e r t -Bu ty l 6 -Ch lo ro -3 - ( ( 3R ,4aR ) -10 -oxo -3 ,4 , 4a ,10 -

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3n). Total yield: 77% (34.7 mg, endo/exo = 1/1). White solid. Mp:
160.5 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.23 (s, 1H), 7.98
(dd, J = 7.6, 1.2 Hz, 1H), 7.75 (s, 1H), 7.66 (s, 1H), 7.54 (d, J = 8.4
Hz, 1H), 7.47 (t, J = 8.4 Hz, 1H), 7.28−7.27 (m, 1H), 7.08 (t, J = 7.6
Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 5.44 (d, J = 13.2 Hz, 1H), 5.40−
5.36 (m, 1H), 2.80 (ddd, J = 13.2, 6.8, 2.0 Hz, 1H), 2.66 (td, J = 12.4,
10.4 Hz, 1H), 1.68 (s, 9H). 13C NMR (100 MHz, CDCl3): δ (ppm)
181.1, 160.7, 153.8, 149.1, 136.3, 135.5, 131.3, 127.5, 126.6, 124.2,
123.7, 122.9, 122.2, 120.3, 118.0, 117.8, 116.0, 112.1, 85.0, 72.1, 70.9,
33.0, 28.2. HRMS: exact mass calcd for C26H26ClNNaO6 506.1346 [M
+ CH3OH + Na]+, found 506.1347. HPLC (Chiralpak IB-H, hexane/i-
PrOH = 95/5, flow rate 1.0 mL/min, λ = 238 nm): retention time
13.36 min (minor), 14.95 min (major). [α]D

30.9 = 13.4 (c = 0.36,
CHCl3, 90% ee).
tert-Butyl 3-( (3R,4S,4aR)-4-Methyl -10-oxo-3,4,4a,10-

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(3o). Total yield: 42% (18.1 mg, endo/exo = 1/1.6). White solid. Mp:
158.2 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.19 (d, J = 8.0 Hz,
1H), 7.98 (dd, J = 8.0, 2.0 Hz, 1H), 7.77 (s, 1H), 7.69 (s, 1H), 7.65 (d,
J = 8.0 Hz, 1H), 7.48−7.44 (m, 1H), 7.39−7.35 (m, 1H), 7.28−7.24
(m, 1H), 7.09−7.05 (m, 1H), 6.98 (dd, J = 8.4, 0.8 Hz, 1H), 5.05 (d, J
= 11.6 Hz, 1H), 4.87 (dd, J = 9.2, 2.0 Hz, 1H), 2.88−2.81 (m, 1H),
1.69 (s, 9H), 1.09 (d, J = 6.8 Hz, 1H). 13C NMR (100 MHz, CDCl3):
δ (ppm) 181.4, 160.8, 154.0, 149.5, 136.0, 135.3, 128.0, 127.4, 125.6,
125.1, 123.1, 122.7, 122.1, 119.9, 117.8, 116.4, 115.7, 111.8, 84.4, 78.2,
77.0, 36.4, 28.3, 14.6. HRMS: exact mass calcd for C27H29NNaO6
486.1893 [M + CH3OH + Na]+, found 486.1879. HPLC (Chiralpak
IA-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ = 238 nm):
retention time 11.89 min (major), 17.11 min (minor). [α]D

25.2 = −9.2
(c = 0.20, CHCl3, 12% ee).
tert -Butyl 3-( (3R,4S,4aS)-4-Methyl-10-oxo-3,4 ,4a,10-

tetrahydropyrano[4,3-b]chromen-3-yl)-1H-indole-1-carboxylate
(4o). Total yield: 42% (18.1 mg, endo/exo = 1/1.6). Yellow solid. Mp:
155.6 °C. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.15 (d, J = 7.6 Hz,
1H), 7.96 (dd, J = 8.0, 1.6 Hz, 1H), 7.80 (d, J = 1.6 Hz, 1H), 7.60 (d, J
= 8.0 Hz, 1H), 7.53 (s, 1H), 7.45−7.41 (m, 1H), 7.37−7.34 (m, 1H),
7.28 (d, J = 7.6 Hz, 1H), 7.03 (t, J = 7.2 Hz, 1H), 6.94 (d, J = 8.4 Hz,

1H), 5.34 (d, J = 5.2 Hz, 1H), 4.91 (dd, J = 5.6, 1.6 Hz, 1H), 2.97−
2.92 (m, 1H), 1.67 (s, 9H), 1.29 (d, J = 7.2 Hz, 1H). 13C NMR (100
MHz, CDCl3): δ (ppm) 181.4, 160.8, 152.2, 135.8, 135.1, 135.0, 127.6,
127.2, 124.9, 123.3, 122.8, 122.7, 121.6, 119.4, 117.8, 117.6, 115.5,
110.3, 84.3, 74.3, 71.3, 34.2, 28.0, 11.8. HRMS: exact mass calcd for
C26H25NNaO5 454.1630 [M + Na]+, found 454.1632. HPLC
(Chiralpak IA-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ
= 238 nm): retention time 8.55 min (major), 12.70 min (minor).
[α]D

25.0 = 26.2 (c = 0.20, CHCl3, 67% ee).
tert-Butyl 3-(10-Oxo-2-tosyl-3,4,4a,10-tetrahydro-2H-chromeno-

[3,2-c]pyridin-3-yl)-1H-indole-1-carboxylate (3p). Total yield: 80%
(45.6 mg, endo/exo = 3.6/1). Yellow oil. Attempts to separate the two
diastereoisomers by column chromatography failed, and the 1H NMR
and 13C NMR spectra were recorded for the mixture containing endo
and exo products. 1H NMR (400 MHz, CDCl3): δ (ppm) 8.28−8.27
(m, 1H), 8.08−7.93 (m, 2H), 7.61 (d, J = 8.0 Hz, 1.1H), 7.47 (d, J =
7.6 Hz, 0.6H), 7.42−7.30 (m, 3H), 7.24−7.16 (m, 2H), 7.09−6.98 (m,
2H), 6.84−6.78 (m, 2H), 5.67 (s, 0.5H), 5.40 (dd, J = 8.4, 4.2 Hz,
0.5H), 5.12−5.09 (m, 0.5H), 4.77 (dd, J = 10.4, 5.6 Hz, 0.5H), 2.93−
2.85 (m, 0.5H), 2.76 (ddd, J = 12.4, 5.6, 2.4 Hz, 0.5H), 2.62−2.56 (m,
0.5H), 2.35 (s, 1.6H), 2.20 (s, 1.3H), 2.17−2.10 (m, 0.5H), 1.62 (s,
5H), 1.58 (s, 4H). 13C NMR (100 MHz, CDCl3): δ (ppm) 180.6,
179.9, 160.6, 160.5, 149.2, 149.1, 145.0, 144.2, 135.7, 135.3, 135.2,
135.0, 134.6, 133.4, 130.0, 129.0, 128.1, 127.6, 127.5, 127.3, 127.0,
125.4, 125.0, 124.4, 123.4, 123.0, 122.9, 122.7, 122.0, 119.5, 118.6,
117.8, 117.7, 116.4, 115.7, 115.2, 113.1, 112.2, 84.4, 84.0, 70.2, 69.8,
50.6, 50.5, 36.0, 31.6, 28.2, 28.1, 21.7, 21.5. HRMS: exact mass calcd
for C32H30N2NaO6S 593.1722 [M + Na]+, found 593.1726. HPLC
(Chiralpak IA-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ =
238 nm): retention time 14.08 min (major for endo product), 17.58
min (minor for endo product), 90% ee for endo product.

Typical Procedure for the Transformation of endo Product
3a to Chromone-Derived Product 5a. To a solution of 3a (0.42 g,
1 mmol) and Wilkinson’s catalyst (46 mg, 0.05 mmol) in toluene
(20.0 mL) was added a solution of triethylsilane in toluene (12 μL,
0.07 mmol, in 5 mL of toluene) under an Ar atmosphere, and the
mixture was stirred at 100 °C for 20 h. After evaporation of the solvent
under reduced pressure, the crude product was directly purified by
flash chromatography (ethyl acetate/petroleum ether = 1/4) to afford
5a as a white solid.

(R)-tert-Butyl 3-(10-Oxo-1,3,4,10-tetrahydropyrano[4,3-b]-
chromen-3-yl)-1H-indole-1-carboxylate (5a). Yield: 89% (0.37 g).
White solid. Mp: 172.1 °C. 1H NMR (400 MHz, CDCl3): δ (ppm)
8.22 (dd, J = 8.0, 1.6 Hz, 1H), 8.16 (d, J = 8.0 Hz, 1H), 7.70−7.63 (m,
3H), 7.47−7.33 (m, 3H), 7.29−7.27 (m, 1H), 5.11 (dd, J = 9.6, 3.2
Hz, 1H), 4.97 (d, J = 15.2 Hz, 1H), 4.77 (td, J = 15.2, 2.0 Hz, 1H),
3.28−3.20 (m, 1H), 3.06−3.01 (m, 1H), 1.67 (s, 9H). 13C NMR (100
MHz, CDCl3): δ (ppm) 175.7, 160.4, 156.2, 149.7, 135.9, 133.6, 128.5,
125.7, 125.1, 125.0, 123.7, 123.0, 123.0, 119.9, 119.8, 117.9, 117.0,
115.6, 84.1, 69.6, 62.8, 33.0, 28.3. HRMS: exact mass calcd for
C25H23NNaO5 440.1474 [M + Na]+, found 440.1470. HPLC
(Chiralpak IB-H, hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, λ
= 238 nm): retention time 13.21 min (major), 18.26 min (minor).
[α]D

26.4 = 47.9 (c = 0.35, CHCl3, 94% ee).
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