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1. General methods

NMR data were obtained for 'H at 400 MHz and for "°C at 100 MHz. Chemical shifts were
reported in ppm from tetramethylsilane with the solvent resonance as the internal standard in
CDCl; solution. ESI HRMS was recorded on a Bruker Apex-2. In each case, enantiomeric ratio
was determined by HPLC analysis on a chiral column in comparison with authentic racemate,
using a Daicel Chiralpak OD-H Column (250 x 4.6 mm), Chiralpak AD-H Column (250 x 4.6 mm)
or Chiralpak IC Column (250 x 4.6 mm), etc. UV detection was monitored at 220 nm, 254 nm or
280 nm. Optical rotation data were examined in CHCI; or EtOH solution at 20 °C. Column
chromatography was performed on silica gel (200-300 mesh) eluting with ethyl acetate and
petroleum ether. TLC was performed on glass-backed silica plates. UV light and I, were used to
visualize products. All chemicals including the enals were used without purification as
commercially available unless otherwise noted. The electron deficient chromone-fuse dienes were
prepared according to the literature procedures.' The secondary amine catalysts were synthesized

according to the literature procedures.”

1 (@) A.-T. Dang, D. O. Miller, L. N. Dawe and G. J. Bodwell, Org. Lett., 2008, 10, 233; (b) D.
Kim and S. Hong, Org. Lett., 2011, 13, 4466.

2 (a) M. Marigo, T. C. Wabnitz, D. Fielenbach and K. A. Jargensen, Angew. Chem., Int. Ed.,
2005, 44, 794; (b) Y. Hayashi, H. Gotoh, T. Hayashi and M. Shoji, Angew. Chem., Int. Ed., 2005,
44, 4212; (c) Y.-K. Liu, C. Ma, K. Jiang, T.-Y. Liu and Y.-C. Chen, Org. Lett., 2009, 11, 2848.

2. General procedure for the asymmetric Diels—Alder (and cascade) reaction

The reaction was carried out with enal 3 (0.2 mmol) and electron deficient chromone-fuse diene
2 (0.1 mmol) in the presence of amine catalyst 1b (7.3 mg, 0.02 mmol) or le (14.8 mg, 0.02
mmol), o-fluorobenzoic acid (2.8 mg, 0.02 mmol) in 1,4-dioxane (1.0 mL) at room temperature
(about 25 °C) for a specified time. When the reaction completed, the mixture was concentrated and
the residue was purified by flash chromatography on silica gel (petroleum ether/ethyl acetate) to

afford the cycloadduct.

(6R,8aR,10aS,11S)-ethyl-11-hydroxy-6-methyl-9-0x0-5,6,9,10a-tetrahy

O OH
CO,Et
@f‘j‘%\ dro-8a,6-ethanoxanthene-7-carboxylate (5a) was obtained in 89% yield
0] Me

H after flash chromatography and the enantiomeric excess was determined to

be 94% by HPLC analysis on Chiralpak IC column (20% 2-propanol/n-hexane, 1 mL/min), UV
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220 nm, tygjor = 23.47 min, tyiner = 25.67 min. [o]p”’ = -21.3 (¢ = 0.79 in CHCl;); '"H NMR (400
MHz, CDCl;): 6= 8.01 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.52 (td, J = 8.0 Hz, J = 1.6 Hz, 1H),
7.30 (s, 1H), 7.09 (t, J = 8.0 Hz, 1H), 6.97 (d, J = 8.4 Hz, 1H), 4.59 (d, J = 7.6 Hz, 1H), 4.36 (dd, J
= 10.0 Hz, J = 3.2 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 2.21 (dd, J = 13.6 Hz, J = 8.0 Hz, 1H),
2.06-1.99 (m, 1H), 1.54 (dd, J = 14.0 Hz, J = 3.2 Hz, 1H), 1.49 (s, 3H), 1.40 (dt, J=13.6 Hz, J =
3.2 Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H) ppm; *C NMR (100 MHz, CDCl3): 6= 192.8, 164.7, 161.0,
142.6, 136.2, 134.5, 128.0, 122.1, 119.7, 117.8, 77.9, 67.3, 60.6, 55.4, 46.9, 40.5, 37.3, 22.6, 14.1
ppm; ESI HRMS: calcd. for C;9H,0Os+Na 351.1208, found 351.1207.

OH (6R,8aR,10aS,11S)-ethyl-11-hydroxy-2,6-dimethyl-9-0x0-5,6,9,10a-
Me\@fﬁoza tetrahydro-8a,6-ethanoxanthene-7-carboxylate (5b) was obtained
o7} Me in 88% yield after flash chromatography and the enantiomeric excess

was determined to be 96% by HPLC analysis on Chiralpak IC column (20% 2-propanol/n-hexane,
1 mL/min), UV 254 nm, tmajor = 25.09 min, tyiner = 27.84 min. [OL]D20 =-15.2 (c = 0.90 in CHCl3);
'H NMR (400 MHz, CDCl3): 5= 7.81 (s, 1H), 7.33 (dd, J = 8.4 Hz, J = 2.0 Hz, 1H), 7.30 (s, 1H),
6.88 (d, J =8.4 Hz, 1H), 4.58 (d, J = 6.8 Hz, 1H), 4.33 (dd, J =10.0 Hz, J = 2.8 Hz, 1H), 4.20 (q,
J=7.2Hz, 2H), 2.34 (s,3H ), 2.21 (dd, J = 13.6 Hz, J = 8.4 Hz, 1H), 2.05-1.98 (m, 1H), 1.54 (dd,
J=14.0 Hz, J = 3.2 Hz, 1H), 1.50 (s, 3H), 1.40 (dt, J = 13.6 Hz, J=2.8 Hz, 1H), 1.33 (t, J=7.2
Hz, 3H) ppm; >C NMR (100 MHz, CDCl;): 6= 193.1, 164.7, 159.2, 142.8, 137.4, 134.6, 131.7,
127.6, 119.4, 117.6, 77.9, 67.5, 60.6, 55.5, 47.0, 40.6, 37.3, 22.6, 20.4, 14.2 ppm; ESI HRMS:

calcd. for Cy0H2,0s+H 343.1545, found 343.1546.

O OH (6R,8aR,10aS,11S)-ethyl-11-hydroxy-3-methoxy-6-methyl-9-oxo-

CO,Et
/@f:@\ ? 5,6,9,10a-tetrahydro-8a,6-ethanoxanthene-7-carboxylate (5¢)
MeO o} Me Wwas obtained in 67% yield after flash chromatography and the

enantiomeric excess was determined to be 90% by HPLC analysis
on Chiralpak OD column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 18.12 min,
tmajor = 20.51 min. [a]p™ = -15.5 (¢ = 0.60 in CHCl3); '"H NMR (400 MHz, CDCl3): 6= 7.95 (d, J
= 8.8 Hz, 1H), 7.29 (s, 1H), 6.65 (dd, J = 8.8 Hz, J=2.4 Hz, 1H), 6.42 (d, J=2.4 Hz, 1H), 4.55 (d,
J=17.6 Hz, 1H), 4.34 (dd, J = 10.0 Hz, J = 3.2 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 3.85 (s, 3H ),
2.18 (dd, J=13.6 Hz, J = 8.4 Hz, 1H), 2.06-1.99 (m, 1H), 1.54-1.50 (m, 4H), 1.41 (dt,J = 13.6 Hz,
J=3.2Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H) ppm; C NMR (100 MHz, CDCl;): 6= 191.7, 166.2,
164.7, 163.1, 142.5, 134.8, 129.7, 113.6, 110.7, 100.7, 78.2, 67.5, 60.6, 55.7, 55.1, 46.8, 40.5, 37.3,
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22.6, 14.2 ppm; ESI HRMS: calcd. for Cy0H2,06+H 381.1314, found 381.1315.

O OH (6R,8aR,10aS,11S)-ethyl-2-fluoro-11-hydroxy-6-methyl-9-0x0-5,6,9,

CO,Et
F\@(E@\ ? 10a-tetrahydro-8a,6-ethanoxanthene-7-carboxylate (5d) was
o) Me obtained in 92% yield after flash chromatography and the enantiomeric

excess was determined to be 90% by HPLC analysis on Chiralpak IC
column (20% 2-propanol/n-hexane, 1 mL/min), UV 220 nm, tmajor = 19.51 min, tminor = 21.85 min.
[a]p®® =-18.2 (c = 1.17 in CHCl3); 'H NMR (400 MHz, CDCl;): 5= 8.04 (dd, J = 8.8 Hz, J = 6.4
Hz, 1H), 7.27 (d, J = 1.6 Hz, 1H), 6.82 (td, J = 8.8 Hz, J = 2.4 Hz, 1H), 6.67 (dd, J =10.0 Hz, J =
2.4 Hz, 1H), 4.56 (dd, J=8.0 Hz, J =2.4 Hz, 1H), 4.37 (dd, J = 10.4 Hz, J = 3.2 Hz, 1H), 4.20 (q,
J=17.2 Hz, 2H), 2.22 (dd, J = 13.6 Hz, J = 8.4 Hz, 1H), 2.07-2.00 (m, 1H), 1.54 (dd, J = 13.6 Hz,
J=3.2 Hz, 1H), 1.50 (s, 3H), 1.41 (dt, J=13.6 Hz, J = 3.2 Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H) ppm;
C NMR (100 MHz, CDCls): 6= 191.5, 168.8, 166.2, 164.6, 162.8, 142.9, 134.0, 130.6, 110.7,
110.5, 104.8, 104.6, 78.5, 67.4, 60.7, 55.2, 47.0, 40.4, 37.3, 22.6, 14.1 ppm; ESI HRMS: calcd. for
C19H19FOs+H 347.1295, found 347.1286.

0 OHCO - (6R,8aR,10aS,11S)-ethyl-2-chloro-11-hydroxy-6-methyl-9-0x0-5,6,9

2
CI\@(:@\ ,10a-tetrahydro-8a,6-ethanoxanthene-7-carboxylate  (5e)  was
o) Me obtained in 86% yield after flash chromatography and the

enantiomeric excess was determined to be 94% by HPLC analysis on Chiralpak OD column (10%
2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 10.95 min, tmajor = 13.87 min. [oc]D20 =-43.8
(c =0.72 in CHCl3); '"H NMR (400 MHz, CDCl3): 6= 7.96 (d, J = 2.4 Hz, 1H), 7.45 (dd, J = 8.8
Hz, J=2.4 Hz, 1H), 7.27 (s, 1H), 6.95 (d, J = 8.8 Hz, 1H), 4.55-4.54 (m, 1H), 4.35 (dd, J =10.0
Hz,J=3.2 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 2.22 (dd, J=13.6 Hz, J = 8.4 Hz, 1H), 2.06-1.99 (m,
1H), 1.54 (dd, J = 13.6 Hz, J = 3.2 Hz, 1H), 1.50 (s, 3H), 1.41 (dt, J = 13.6 Hz, J = 3.2 Hz, 1H),
1.33 (t, J = 7.2 Hz, 3H) ppm; >C NMR (100 MHz, CDCl;): 5= 191.6, 164.6, 159.5, 143.0, 136.0,
133.8, 127.6, 127.3, 120.6, 119.5, 78.3, 67.3, 60.7, 55.2, 47.1, 40.4, 37.4, 22.5, 14.2 ppm; ESI
HRMS: calcd. for C19H9ClOs+H 363.0999, found 363.0997.

O OH (6R,8aR,10aS,11S)-ethyl-2-bromo-11-hydroxy-6-methyl-9-oxo-5,6,
Br\@f:@ioza 9,10a-tetrahydro-8a,6-ethanoxanthene-7-carboxylate  (5f) was

o} Me obtained in 71% yield after flash chromatography and the
enantiomeric excess was determined to be 88% by HPLC analysis on Chiralpak OD column (20%
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2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 6.89 min, tyajor = 8.46 min. [OL]D20 =-23.1(c
= 1.30 in CHCls); "H NMR (400 MHz, CDCls): 6= 8.11 (s, 1H), 7.59 (dd, J = 8.8 Hz, J = 2.4 Hz,
1H), 7.27 (s, 1H), 6.89 (d, J = 8.8 Hz, 1H), 4.55 (dd, J = 8.4 Hz, J = 2.4 Hz, 1H), 4.35 (dd, J =
10.0 Hz, J = 2.8 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 2.22 (dd, J = 13.6 Hz, J = 8.0 Hz, 1H),
2.06-1.99 (m, 1H), 1.54 (dd, J = 14.0 Hz, J = 3.2 Hz, 1H), 1.50 (s, 3H), 1.41 (dt, J=13.6 Hz, J =
3.2 Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H) ppm; “C NMR (100 MHz, CDCl3): = 191.6, 164.6, 159.9,
143.0, 138.8, 133.8, 130.4, 121.1, 119.9, 114.8, 78.2, 67.3, 60.7, 55.2, 47.0, 40.4, 37.4, 22.5, 14.2
ppm; ESI HRMS: caled. for CoHoBrOs+H 407.0494 ("Br), 409.0474 (*'Br), found 407.0495,
409.0483.

O OH (6R,8aR,10aS,11S)-ethyl-3-bromo-11-hydroxy-2,6-dimethyl-9-oxo-
Me:@f‘:gioza 5,6,9,10a-tetrahydro-8a,6-ethanoxanthene-7-carboxylate (5g) was
Br o) Me obtained in 74% yield after flash chromatography and the

enantiomeric excess was determined to be 94% by HPLC analysis on
Chiralpak OD column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 11.45 min,
tmajor = 15.48 min. [a]DZO = -18.6 (¢ = 0.87 in CHCl5); '"H NMR (400 MHz, CDCls): 0= 7.84 (s,
1H), 7.27 (s, 1H), 7.24 (s, 1H), 4.55 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 4.33 (dd, J =10.0 Hz, J =
2.8 Hz, 1H), 4.20 (q, J = 7.2 Hz, 2H), 2.38 (s, 3H), 2.21 (dd, J = 13.6 Hz, J = 8.4 Hz, 1H),
2.05-1.98 (m, 1H), 1.52 (dd, J = 14.0 Hz, J = 2.8 Hz, 1H), 1.49 (s, 3H), 1.40 (dt, J=13.6 Hz, J =
2.8 Hz, 1H), 1.32 (t, J = 7.2 Hz, 3H) ppm; >C NMR (100 MHz, CDCl3): 5= 192.3, 164.6, 159.1,
142.9, 134.1, 133.4, 132.1, 128.7, 121.6, 118.7, 78.3, 67.4, 60.7, 55.4, 47.0, 40.5, 37.4, 22.6, 21.9,

14.2 ppm; ESI HRMS: caled. for CyoH,BrOs+Na 443.0470 ("Br), 445.0450 (*'Br), found
443.0473, 445.0470.

OH o0 oOH (6R,8aR,10aS,11S)-ethyl-1,11-dihydroxy-6-methyl-9-0x0-5,6,9,10a-tetr
)\: \/”\/ éicoza ahydro-8a,6-ethanoxanthene-7-carboxylate (5h) was obtained in 72%
ot _ Me yield after flash chromatography and the enantiomeric excess was
determined to be 82% by HPLC analysis on Chiralpak AD column (20%

2-propanol/n-hexane, 1 mL/min), UV 254 nm, tyinor = 8.95 min, tmajor = 12.47 min. [OL]D20 =-34.0
(¢ =2.00 in CHCl3); 'H NMR (400 MHz, CDCl;): 5= 11.71 (s, 1H), 7.39 (t, J = 8.0 Hz, 1H), 7.25
(s, 1H), 6.57 (d, J = 8.4 Hz, 1H), 6.44 (d, J = 8.0 Hz, 1H), 4.62 (d, J = 6.8 Hz, 1H), 4.33 (dd, J =

10.0 Hz, J = 2.8 Hz, 1H), 4.21 (q, J = 7.2 Hz, 2H), 2.23 (dd, J = 13.6 Hz, J = 8.0 Hz, 1H),
2.04-1.98 (m, 1H), 1.52 (dd, J = 14.0 Hz, J = 3.2 Hz, 1H), 1.50 (s, 3H), 1.40 (dt, J = 14.0 Hz, J =
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3.2 Hz, 1H), 1.33 (t, J = 7.2 Hz, 3H) ppm; BC NMR (100 MHz, CDCl3): 6=198.9, 164.6, 162.8,
161.0, 143.1, 138.3, 133.4, 110.2, 107.4, 107.0, 77.6, 68.1, 60.8, 55.2, 47.1, 40.2, 37.4, 22.6, 14.2
ppm; ESI HRMS: calcd. for C;9H,0O¢+Na 367.1158, found 367.1157.

O OH
COzEt  ahydro-11a,9-ethanobenzo[a]xanthene-10-carboxylate  (5i)  was

O (7aS,9R,11aR,13S)-ethyl-13-hydroxy-9-methyl-12-oxo0-7a,8,9,12-tetr
O o Ve obtained in 93% yield after flash chromatography and the enantiomeric
excess was determined to be 97% by HPLC analysis on Chiralpak 1A

column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 17.04 min, tminor = 19.23 min.
[a]p®® = -46.9 (c = 1.76 in CHCl;); '"H NMR (400 MHz, CDCls): 6= 9.54 (d, J = 8.8 Hz, 1H), 7.95
(d,J=9.2 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.67 (t, J = 7.2 Hz, 1H), 7.46 (t, J = 7.2 Hz, 1H), 7.42
(s, 1H), 7.08 (d, J = 9.2 Hz, 1H), 4.60 (d, J = 6.4 Hz, 1H), 4.45 (dd, J = 10.0 Hz, J = 3.2 Hz, 1H),
4.21(q, J =7.2 Hz, 2H), 2.18 (dd, J = 13.6 Hz, J = 8.0 Hz, 1H), 2.07-2.01 (m, 1H), 1.59 (dd, J =
13.6 Hz, J = 3.2 Hz, 1H), 1.51 (s, 3H), 1.42 (dt, J = 13.6 Hz, J = 3.2 Hz, 1H), 1.33 (t, J = 7.2 Hz,
3H) ppm; °C NMR (100 MHz, CDCl3): 6= 194.2, 164.7, 163.4, 142.2, 137.8, 135.3, 131.8, 129.9,
129.5, 128.5, 125.9, 125.1, 118.4, 111.4, 77.7, 67.8, 60.6, 55.6, 46.9, 40.4, 37.2, 22.6, 14.2 ppm;

ESI HRMS: calcd. for C3H»,05+H 379.1545, found 379.1546.

O OH (6R,8aR,10aS,11S)-ethyl-11-hydroxy-9-oxo0-6-phenyl-5,6,9,10a-tetrahy
©\/\:@C\02Et dro-8a,6-ethanoxanthene-7-carboxylate (5j) was obtained in 90% yield
ot ph  after flash chromatography and the enantiomeric excess was determined to

be 94% by HPLC analysis on Chiralpak OD column (20%

2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 13.43 min, tminer = 17.43 min. [oc]D20 =-56.4
(c = 1.85 in CHCl3); '"H NMR (400 MHz, CDCls): §= 8.03 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H),
7.55-7.51 (m, 1H), 7.38-7.26 (m, 5H), 7.20 (s, 1H), 7.10 (t, J = 8.0 Hz, 1H), 6.99 (d, J = 8.4 Hz,
1H), 4.71 (d, J = 8.0 Hz, 1H), 4.51 (dd, J = 10.0 Hz, J = 2.8 Hz, 1H), 3.87 (q, J = 7.2 Hz, 2H),
2.66-2.56 (m, 2H), 2.28 (br s, 1H), 1.98-1.93 (m, 2H), 0.91 (t, J = 7.2 Hz, 3H) ppm; “C NMR
(100 MHz, CDCls): 6=192.4, 165.7, 161.0, 145.3, 143.0, 136.2, 132.0, 128.3, 128.0, 126.8, 126.2,

122.2, 119.7, 117.8, 77.8, 67.3, 60.6, 55.5, 45.4, 44.7, 39.3, 13.5 ppm; ESI HRMS: calcd. for
C24H2,05+H 391.1545, found 391.1544.

(6R,8aR,10aS,11S)-ethyl-11-hydroxy-6-(4-methoxyphenyl)-9-oxo-5,6,9,10a-tetrahydro-8a,6-et
hanoxanthene-7-carboxylate (5k) was obtained in 82% yield after flash chromatography and the
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o OH enantiomeric excess was determined to be 86% by HPLC analysis

COLE
25t on Chiralpak OD column (20% 2-propanol/n-hexane, 1 mL/min),

O o H O UV 254 nm, tmgjor = 18.54 min, tuinor = 35.13 min. [a]p™ = -38.5 (c
oMe = 1.30 in CHCls); '"H NMR (400 MHz, CDCls): §=8.04 (d, J=7.6
Hz, 1H), 7.55-7.51 (m, 1H), 7.22 (d, J = 8.8 Hz, 2H), 7.18 (s, 1H), 7.11 (t, J = 7.6 Hz, 1H), 6.99 (d,
J=8.0 Hz, 1H), 6.90 (d, J = 8.8 Hz, 2H), 4.71 (d, J = 7.2 Hz, 1H), 4.51 (dd, J = 10.0 Hz, J = 2.8
Hz, 1H), 3.91 (q, J = 7.2 Hz, 2H), 3.81(s, 3H), 2.63-2.55 (m, 2H), 2.22 (br s, 1H), 1.94-1.90 (m,
2H), 0.98 (t, J = 7.2 Hz, 3H) ppm; >C NMR (100 MHz, CDCls): §= 192.6, 165.6, 161.1, 158.3,
145.6, 136.3, 134.9, 131.7, 128.1, 127.3, 122.3, 119.8, 117.9, 113.6, 77.9, 67.4, 60.7, 55.5, 55.2,
45.6,44.1,39.5, 13.8 ppm; ESI HRMS: calcd. for CpsHy406+Na 443.1471, found 443.1472.

O OH (4aR,6aR,12aS,12bR,13S)-ethyl-13-hydroxy-7-0x0-2,3,4,7,12a,12b-hexa
CO,Et
O Q‘ ? hydro-1H-6a,4a-ethanobenzo[c]xanthene-5-carboxylate ~ (51)  was
o) v

i ‘ obtained in 76% yield after flash chromatography and the enantiomeric

excess was determined to be 97% by HPLC analysis on Chiralpak OD

column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 7.46 min, tminer = 13.07 min.
[a]p®’ = -25.1 (c = 0.59 in CHCl3); "H NMR (400 MHz, CDCl;): 6= 8.01 (dd, J=8.0 Hz, J=1.6
Hz, 1H), 7.51 (td, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.22 (s, 1H), 7.08 (t, J = 8.0 Hz, 1H), 6.98 (d, J =
8.4 Hz, 1H), 4.58 (dd, J = 8.0 Hz, J = 2.4 Hz, 1H), 4.28-4.18 (m, 2H), 3.85 (d, J = 3.2 Hz, 1H),
2.81-2.78 (m, 1H), 2.16-2.12 (m, 1H), 1.85 (d, J = 13.2 Hz, 1H), 1.74-1.72 (m, 2H), 1.59 (dt, J =
12.8 Hz, J = 3.6 Hz, 1H), 1.42 (dd, J = 13.6 Hz, J = 2.8 Hz, 1H), 1.33 (t, J = 7.6 Hz, 3H),
1.28-1.20 (m, 3H), 0.97 (dd, J = 13.2 Hz, J = 3.2 Hz, 1H) ppm; *C NMR (100 MHz, CDCl;): 5=
192.7, 165.9, 161.3, 141.6, 136.2, 133.3, 128.0, 122.0, 119.8, 117.8, 84.1, 67.5, 60.8, 55.3, 48.0,
473, 42.5,32.3,31.6, 25.8, 23.4, 14.2 ppm; ESI HRMS: calcd. for C;,H»405+H 369.1702, found

369.1703.
(3aR,5aS,11aS,11bR)-ethyl-6,12-dioxo-1,2,3,6,11a,11b-hexahydro-3a,5a
CO,Et
2 -ethanocyclopenta[c]xanthene-4-carboxylate (6m) was obtained in 72%
o yield for two steps after flash chromatography and the enantiomeric excess
H

was determined to be 94% by HPLC analysis on Chiralpak AD column
(20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 6.54 min, tminor = 7.64 min. [OL]D20 =
-37.8 (¢ =0.70 in CHCl3); "H NMR (400 MHz, CDCls): 5= 8.02 (dd, J=8.0 Hz, J = 1.2 Hz, 1H),
7.51 (td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.35 (s, 1H), 7.10 (t, J = 7.6 Hz, 1H), 6.96 (d, J = 8.4 Hz,
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1H), 4.40 (d, J = 3.2 Hz, 1H), 4.29-4.20 (m, 2H), 2.98-2.93 (m, 1H), 2.55 (d, J = 18.0 Hz, 1H),
2.33-2.19 (m, 4H), 2.00-1.90 (m, 2H), 1.57-1.49 (m, 1H), 1.34 (t, J = 7.2 Hz, 3H) ppm; °C NMR
(100 MHz, CDCls): 5=204.4, 189.1, 164.2, 160.6, 142.7, 136.3, 132.5, 127.5, 122.4, 120.9, 118.0,
83.1, 66.9, 61.0, 53.5, 50.8, 45.8, 30.3, 28.9, 23.5, 14.2 ppm; ESI HRMS: calcd. for C,;H005+Na
375.1208, found 375.1207.

o OHco Et (6R,8aR,10aS,115)-ethyl-11-hydroxy-6-(4-methylpent-3-en-1-yl)
m -9-0x0-5,6,9,10a-tetrahydro-8a,6-ethanoxanthene-7-carboxylate
ot Z (5n) was obtained in 54% yield after flash chromatography and the

enantiomeric excess was determined to be 95% by HPLC analysis
on Chiralpak AD column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tyinor = 9.53 min,
tmajor = 12.80 min. [o]p™* = -36.3 (¢ = 0.60 in CHCl3); "H NMR (400 MHz, CDCl3): 5= 8.00 (d, J
=7.6 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.20 (s, 1H), 7.08 (t, J = 7.6 Hz, 1H), 6.96 (d, J = 8.4 Hz,
1H), 5.14 (br s, 1H), 4.59 (d, J = 6.8 Hz, 1H), 4.36 (dd, J = 10.0 Hz, J = 2.8 Hz, 1H), 4.20 (q, J =
7.2 Hz, 2H), 2.27 (dd, J = 13.6 Hz, J = 8.4 Hz, 1H), 2.10-2.03 (m, 1H), 1.98-1.91 (m, 4H), 1.69 (s,
3H), 1.60 (s, 3H), 1.56-1.53 (m, 1H), 1.43-1.39 (m, 1H), 1.31 (t, J = 7.2 Hz, 3H) ppm; *C NMR
(100 MHz, CDCl3): 6=192.8, 165.3, 161.1, 143.1, 136.3, 134.0, 131.6, 128.1, 124.2, 122.1, 119.8,
117.8,77.9, 67.4, 60.8, 55.3, 44.4, 41.0, 38.0, 34.9, 25.7, 23.8, 17.7, 14.2 ppm; ESI HRMS: calcd.
for Cy4H2305+Na 419.1834, found 419.1832.

O OH (5R,6R,8aR,10aS,11S)-ethyl-11-hydroxy-6-methyl-5-(3-methylbut-2-en
CO,Et

? -1-y)-9-0x0-5,6,9,10a-tetrahydro-8a,6-ethanoxanthene-7-carboxylate

o} Me (5n") was obtained in 27% yield after flash chromatography and the

enantiomeric excess was determined to be 94% by HPLC analysis on

Chiralpak AS column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm,
tmajor = 7.10 Min, tminer = 13.26 min. [o]p™’ = -42.9 (¢ = 0.45 in CHCl;); '"H NMR (400 MHz,
CDCl): 6=28.02 (d, J = 7.6 Hz, 1H), 7.52 (t, J = 7.2 Hz, 1H), 7.28 (s, 1H), 7.09 (t, J = 8.0 Hz,
1H), 6.98 (d, J = 8.4 Hz, 1H), 5.08-5.06 (m, 1H), 4.56 (d, J= 5.6 Hz, 1H), 4.21 (q, J= 7.2 Hz, 2H),
3.91 (d, J =2.4 Hz, 1H), 2.41-2.36 (m, 1H), 2.24 (dd, J = 13.6 Hz, J = 8.0 Hz, 1H), 1.78-1.67 (m,
1H), 1.65 (s, 3H), 1.53 (s, 3H), 1.45 (s, 3H), 1.42 (dd, J = 13.2 Hz, J=2.4 Hz, 1H), 1.33 (t, J=7.2
Hz, 3H), 1.26 (d, J = 12.0 Hz, 1H) ppm; °C NMR (100 MHz, CDCl;): § = 193.0, 165.0, 161.4,
141.6, 136.3, 133.9, 133.5, 128.0, 122.0, 120.7, 119.8, 117.9, 83.2, 67.2, 60.6, 55.6, 50.5, 48.1,
40.8, 29.8, 25.8, 20.9, 18.0, 14.2 ppm; ESI HRMS: calcd. for Cy4H305+Na 419.1834, found
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419.1835.
(5R,6R,8aR,10aS,11S)-ethyl-5-ethyl-11-hydroxy-9-oxo-5,6,9,10a-tetrah
CO,Et
>~ ydro-8a,6-ethanoxanthene-7-carboxylate (50) was obtained in 47% yield
o after flash chromatography and the enantiomeric excess was determined to
H

Et be 91% by HPLC analysis on Chiralpak AD column (10%
2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 12.91 min, tmajor = 13.78 min. [OL]D20 =-30.0
(c = 0.65 in CHCl;); '"H NMR (400 MHz, CDCl;): 6= 8.01 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.52
(td, J=8.4 Hz, J = 1.6 Hz, 1H), 7.40 (s, 1H), 7.09 (t, J = 7.6 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H),
4.58 (dd, J=7.6 Hz, J = 2.4 Hz, 1H), 4.27-4.21 (m, 2H), 3.84 (d, J = 3.2 Hz, 1H), 3.33 (s, 1H),
2.44-2.38 (m, 1H), 1.79-1.76 (m, 1H), 1.41-1.26 (m, 6H), 0.99 (t, J = 7.6 Hz, 3H) ppm; °C NMR
(100 MHz, CDCl3): 6=192.9, 164.4, 161.4, 139.6, 136.3, 134.2, 128.0, 122.1, 119.8, 117.9, 83.7,
66.6, 60.9, 56.2, 46.4, 38.7, 34.5, 27.8, 14.2, 11.6 ppm; ESI HRMS: calcd. for C,0H»,Os+Na
365.1365, found 365.1364.

O  OHCo,Et (3S,4aS,9aR,11S,12R)-ethyl-11-hydroxy-9-oxo-12-phenyl-3,4,4a,9-tetra

Ph  hydro-3,9a-ethanoxanthene-2-carboxylate (5p) was obtained in 38%
@:@’ yield after flash chromatography and the enantiomeric excess was
determined to be 98% by HPLC analysis on Chiralpak AD column (20%

2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 21.95 min, tmajor = 28.23 min. [(1]])20 =-229
(¢ =0.70 in CHCl;); '"H NMR (400 MHz, CDCl;): 6= 8.06 (dd, J = 8.0 Hz, J = 1.2 Hz, 1H), 7.57
(td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.50-7.44 (m, 3H), 7.37 (t, J = 8.0 Hz, 2H), 7.29-7.28 (m, 1H),
7.13 (t, J=7.2 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 4.90 (s, 1H), 4.46 (dd, J = 10.0 Hz, J = 3.6 Hz,
1H), 4.28 (q, J = 7.2 Hz, 2H), 3.43 (s, 1H), 2.74 (s, 1H), 2.06-2.01 (m, 1H), 1.95-1.88 (m, 1H),
1.79 (br s, 1H), 1.36 (t, J = 7.2 Hz, 3H) ppm; °C NMR (100 MHz, CDCl3): & = 192.4, 164.0,
161.3, 141.7, 139.6, 136.5, 135.2, 128.6, 128.5, 128.1, 126.9, 122.4, 119.9, 118.0, 78.1, 70.8, 61.1,

56.6, 54.7, 36.9, 25.8, 14.2 ppm; ESI HRMS: calcd. for C4H2,0s+H 391.1545, found 391.1547.
The relative configuration of 5p was determined by NOEDS analysis.

OH (6R,8aR,10aS,11S)-methyl-11-hydroxy-6,10a-dimethyl-9-oxo0-5,6,9,10a
dﬁowe -tetrahydro-8a,6-ethanoxanthene-7-carboxylate (5q) was obtained in
o IS Me  36% yield after flash chromatography and the enantiomeric excess was
determined to be 97% by HPLC analysis on Chiralpak OD column (20%
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2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 6.51 min, tminer = 7.95 min. [OL]D20 =+62.2 (C
= 1.25 in EtOH); Since some decomposition was observed for 5q in CDCl; solution, NMR data of
its ketone derivative 6q was provided: "H NMR (400 MHz, CDCl3): 6= 7.98 (dd, J =8.0 Hz, J =
1.6 Hz, 1H), 7.51 (td, J= 8.4 Hz, J= 1.6 Hz, 1H), 7.44 (s, 1H), 7.06 (t, J = 8.0 Hz, 1H), 6.93 (d, J
= 8.4 Hz, 1H), 3.77 (s, 3H), 2.31-2.28 (m, 3H), 2.031-1.99 (m, 1H), 1.57 (s, 3H), 1.28 (s, 3H) ppm;
BC NMR (100 MHz, CDCls): 6= 204.3, 189.1, 164.6, 158.1, 142.2, 136.1, 132.4, 126.9, 121.9,
121.2, 118.4, 85.7, 69.5, 51.9, 50.4, 45.8, 39.3, 22.6, 22.1 ppm; ESI HRMS: calcd. for
C19H»00O5+Na (5q) 351.1208, found 351.1204; for C;9H;30s+Na (6q) 349.1052, found 349.1054.

O OH (6R,8aR,10aS,115)-11-hydroxy-6-methyl-7-(phenylsulfonyl)-5,10a-dih

SO,Ph
(j:@ ? ydro-8a,6-ethanoxanthen-9(6H)-one (5r) was obtained in 89% yield
o} Me  after flash chromatography and the enantiomeric excess was determined to

be 85% by HPLC analysis on Chiralpak AD column (40% 2-propanol/n-hexane, 1 mL/min), UV
220 M, tminor = 8.95 Min, tmgior = 18.01 min. [a]p™’ = -67.2 (¢ = 0.50 in CHCl3); 'H NMR (400
MHz, CDCls): 6=7.96 (d, J = 8.0 Hz, 1H), 7.87 (d, J = 7.6 Hz, 2H), 7.62-7.59 (m, 1H), 7.54-7.49
(m, 4H), 7.07 (t, J= 7.6 Hz, 1H), 6.95 (d, J = 8.4 Hz, 1H), 4.59 (d, J = 6.8 Hz, 1H), 4.36 (dd, J =
10.0 Hz, J = 2.4 Hz, 1H), 2.34 (br s, 1H), 2.11-1.98 (m, 2H), 1.52 (dd, J = 13.6 Hz, J = 2.4 Hz,
1H), 1.28 (s, 3H), 1.21 (d, J = 13.6 Hz, 1H) ppm; >C NMR (100 MHz, CDCl3): 6= 191.9, 160.9,
148.8, 139.8, 137.0, 136.4, 133.5, 129.2, 128.0, 127.8, 122.3, 119.4, 117.8, 77.2, 67.4, 56.5, 46.5,
40.9, 38.2, 20.5 ppm; ESI HRMS: calcd. for C,,H200sS+Na 419.0929, found 419.0929.

o OHC (6R,8aR,10aS,11S)-11-hydroxy-6-methyl-9-0x0-5,6,9,10a-tetrahydro-8a,
6-ethanoxanthene-7-carbonitrile (5s) was obtained in 85% yield after

o’} Me flash chromatography and the enantiomeric excess was determined to be

80% by HPLC analysis on Chiralpak AD column (10% 2-propanol/n-hexane, 1 mL/min), UV 254
nMm, tminor = 23.59 Min, tmjor = 26.61 min. [o]p™’ = -22.8 (¢ = 0.90 in CHCl3); 'H NMR (400 MHz,
CDCl3): 6=8.00 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.55 (td, J = 8.0 Hz, J = 2.0 Hz, 1H), 7.32 (s,
1H), 7.12 (t, J = 8.0 Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 4.65 (dd, J = 8.0 Hz, J = 2.0 Hz, 1H), 4.39
(dd, J=10.0 Hz, J = 3.2 Hz, 1H), 2.29 (dd, J = 13.6 Hz, J = 8.4 Hz, 1H), 2.08-1.96 (m, 1H), 1.65
(dd, J = 14.0 Hz, J = 3.2 Hz, 1H), 1.46 (s, 3H), 1.38 (dt, J = 14.0 Hz, J = 3.2 Hz, 1H) ppm; "°C
NMR (100 MHz, CDCl3): 6= 191.6, 160.9, 141.8, 136.6, 128.1, 125.2, 122.5, 119.5, 117.9, 115.1,
77.5, 67.5, 55.8, 45.3, 39.4, 37.2, 22.2 ppm; ESI HRMS: calcd. for C;7H;sNO3;+Na 304.0950,
found 304.0947.
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o 2-((2S,3S,4aS)-3-methyl-9-oxo-2-phenyl-3,4,4a,9-tetrahydro-2H

Ph -xanthen-3-yl)acetaldehyde (4t) was obtained in 62% yield after
O o -,,///CHO flash chromatography and the enantiomeric excess was determined
H Me to be 84% by HPLC analysis on Chiralpak OD column (30%
2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 8.70 min, tmajor = 9.55 min. [a]D20 =+97.3 (c
=1.50 in CHCl3); "H NMR (400 MHz, CDCl3): §=9.59 (d, J = 1.6 Hz, 1H), 8.02 (dd, J = 8.0 Hz,
J =1.6 Hz, 1H), 7.52 (td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.33-7.26 (m, 3H), 7.18-7.16 (m, 2H),
7.11-7.06 (m, 2H), 7.02 (d, J = 8.8 Hz, 1H), 5.11-5.08 (m, 1H), 3.56 (s, 1H), 2.31 (dd, J = 13.6 Hz,
J = 8.4 Hz, 1H), 2.20-2.05 (m, 3H), 1.31 (s, 3H) ppm; °C NMR (100 MHz, CDCl3): 6= 201.4,
182.0, 161.6, 138.7, 137.9, 135.9, 132.2, 130.0, 128.6, 128.0, 127.8, 122.3, 122.0, 118.0, 73.8,
52.7, 52.4, 36.3, 35.2, 25.5 ppm; ESI HRMS: calcd. for CH»003+MeOH+Na 387.1572, found

387.1571. The relative configuration of 4t was determined by NOEDS analysis.

2-((2S,3S,4aS)-2-(4-chlorophenyl)-3-methyl-9-o0x0-3,4,4a,9-tetr

Cl
O
©/ ahydro-2H-xanthen-3-yl)acetaldehyde (4u) was obtained in
O ‘ CHO 75% yield after flash chromatography and the enantiomeric excess
P
O R 7 Me was determined to be 94% by HPLC analysis on Chiralpak AD

column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tminor = 10.96 min, tmajor = 12.09 min.
[a]p™® = +109.1 (c = 2.25 in CHCls); '"H NMR (400 MHz, CDCl3): §=9.63 (d, J = 1.6 Hz, 1H),
8.00 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.51 (td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.29-7.26 (m, 2H),
7.11-7.06 (m, 3H), 7.01-6.99 (m, 2H), 5.09-5.06 (m, 1H), 3.58-3.57 (m, 1H), 2.26-2.02 (m, 4H),
1.29 (s, 3H) ppm; *C NMR (100 MHz, CDCls): & = 201.1, 181.9, 161.5, 138.0, 136.4, 136.0,
133.7, 132.4, 131.2, 128.7, 127.9, 122.1, 122.0, 118.0, 73.6, 52.4, 51.4, 36.1, 35.2, 25.2 ppm; ESI
HRMS: calcd. for C»,H9ClO3+MeOH+Na 421.1183, found 421.1185.

2-((2S,3S,4aS)-3-methyl-9-oxo-2-(p-tolyl)-3,4,4a,9-tetrahydro-

Me
0]
©/ 2H-xanthen-3-yl)acetaldehyde (4v) was obtained in 44% yield
O ‘ CHO after flash chromatography and the enantiomeric excess was
oy
O h ™ Me determined to be 86% by HPLC analysis on Chiralpak AD

column (10% 2-propanol/n-hexane, 1 mL/min), UV 220 nm, tmajor = 15.14 min, tminer = 16.65 min.
[a]p™ = +115.1 (c = 0.95 in CHCl;); 'H NMR (400 MHz, CDCl3): §=9.59 (t, J = 1.6 Hz, 1H),
8.02 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.52 (td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.13-7.09 (m, 3H),
7.06-7.01 (m, 4H), 5.11-5.07 (m, 1H), 3.53-3.51 (m, 1H), 2.32 (s, 3H), 2.30-2.26 (m, 1H),
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2.19-2.05 (m, 3H), 1.30 (s, 3H) ppm; BC NMR (100 MHz, CDCl;): 6 = 201.6, 182.0, 161.5, 139.0,
137.6, 135.8, 134.7, 131.9, 129.9, 129.2, 128.0, 122.2, 122.0, 118.0, 73.8, 52.7, 51.9, 36.2, 35.1,
25.5,21.0 ppm; ESI HRMS: calcd. for Cy3H2,03+Na 369.1467, found 369.1465.

2-((2S,3S,4aS)-3-methyl-9-0x0-2-(pyridin-3-yl)-3,4,4a,9-tetrahy
@ dro-2H-xanthen-3-yl)acetaldehyde (4w) was obtained in 74%

‘5‘:‘ ,_CHO yield after flash chromatography and the enantiomeric excess was

determined to be 94% by HPLC analysis on Chiralpak AD column
(40% 2-propanol/n-hexane, 1 mL/min), UV 220 nm, tyajor = 10.14 min, tminer = 13.60 min. [a]D20 =
+51.9 (c = 0.75 in CHCl3); 'H NMR (400 MHz, CDCls): 5= 9.68 (s, 1H), 8.55 (d, J = 4.0 Hz, 1H),
8.49 (s, 1H), 8.02 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.55-7.50 (m, 2H), 7.29-7.26 (m, 1H), 7.10 (t, J
= 7.6 Hz, 1H), 7.03-6.99 (m, 2H), 5.12-5.09 (m, 1H), 3.65-3.64 (m, 1H), 2.30-2.15 (m, 3H),
2.08-2.04 (m, 1H), 1.34 (s, 3H) ppm; *C NMR (100 MHz, CDCls): §=200.7, 181.8, 161.4, 151.0,
149.1, 137.2, 137.1, 136.1, 133.7, 133.1, 128.0, 123.4, 122.2, 122.1, 118.1, 73.5, 52.1, 49.6, 36.1,
35.3, 25.1 ppm; EST HRMS: calcd. for C;;H;9NOs+Na 356.1263, found 356.1264.

3. Synthetic transformation of the chiral cycloadducts.
O Me O Me
O / 0 1) pyridine, Ac,0, 0 °C Ze)
2) Et3S|H, BF3'Et20, rt.
O H Me OH o H Me
7 8

To a solution of product 7 (28 mg, 0.09 mmol), which was generated from the domino DA-

hemiacetalization of 2b and 3a, in 0.5 mL of pyridine was added Ac,O (11 mg, 0.11 mmol) at 0
°C. Then, the mixture was stirred for 10 minutes. When the reaction completed, DCM (3 mL) was
added and the organic phase was washed with dilute hydrochloric acid (10%). The aqueous
solution was further extracted with DCM for three times and the combined organic solution was
evaporation in vacuum to give a yellow oil, which was purified by flash column chromatography
on silica gel (petroleum ether/ethyl acetate = 10:1) to afford a hydroxyl-protected intermediate.
Next, to an anhydrous DCM solution of the hydroxyl-protected intermediate was added triethyl
silane (34.8 mg, 0.3 mmol) and BF3.Et20 (36 L, 0.3 mmol). The mixture was stirred at 0 °C for
5 minutes and then at room temperature for another 6 hours until the reaction completed
(monitored by TLC). The reaction was quenched with aqueous NaHCOs3, extracted with DCM.

The organic layer was dried over Na,SO4 and concentrated. The crude product was purified by
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column chromatography (petroleum ether/ethyl acetate = 10:1) to give the final product 8 in 45%
yield for two steps and the enantiomeric excess was determined to be 91% by HPLC analysis on
Chiralpak AD column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tyinor = 7.12 min, tmajor
=7.76 min. [a]p> = +20.4 (¢ = 0.45 in CHCl3); "H NMR (400 MHz, CDCl3): 5= 7.99 (dd, J = 8.0
Hz, J = 1.6 Hz, 1H), 7.62-7.60 (m, 1H), 7.44 (td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.04 (t, J = 8.0 Hz,
1H), 6.95 (d, J = 8.0 Hz, 1H), 5.21-5.17 (m, 1H), 4.33-4.29 (m, 1H), 4.23-4.16 (m, 1H), 2.24 (dd,
J=12.0 Hz, J = 5.6 Hz, 1H), 2.07 (s, 3H), 1.78 (dd, J = 12.8 Hz, J = 4.8 Hz, 1H), 1.72-1.66 (m,
1H), 1.32-1.19 (m, 1H), 1.08 (s, 3H) ppm; °C NMR (100 MHz, CDCl3): 5= 181.4, 161.0, 158.5,
134.9, 133.8, 127.7, 124.5, 123.0, 121.6, 117.6, 112.1, 77.3, 74.0, 63.1, 41.8, 36.0, 25.2, 17.2 ppm;
ESI HRMS: caled. for C;sH;303+Na 305.1154, found 305.1153.

O Me O Me
o BnNH,, NaBH(OAC) O / N-B"
O ‘ THF, 0 °C to rt o
OR "me O H Me
7 9

To the anhydrous THF solution of the product 7 (30 mg, 0.1 mmol) was added BnNH, (53.5
mg, 0.5 mmol). Then the mixture was stirred at 0 °C for about 10 minutes. NaBH(OAc); (169.6
mg, 0.8 mmol) was added to the mixture, and the reaction was stirred at room temperature for
additional 4 hours. When the reaction completed, the reaction mixture was quenched by water and
extracted with DCM for three times and evaporation in vacuum to give a yellow oil, which was
purified by column chromatography on silica gel (petroleum ether/ethyl acetate = 5:1) to afford
the desired product 9 in 68% yield and the enantiomeric excess was determined to be 91% by
HPLC analysis on Chiralpak AS column (20% 2-propanol/n-hexane, 1 mL/min), UV 280 nm,
tminor = 10.52 Min, tmgjor = 11.78 min. [a]p™ = +9.3 (¢ = 0.90 in CHCl3); 'H NMR (400 MHz,
CDCl): 6=7.99 (dd, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.89 (s, 1H), 7.40-7.36 (m, 3H), 7.32-7.29 (m,
1H), 7.14 (d, J = 7.2 Hz, 2H), 7.02 (t, J = 7.2 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 5.26 (dd, J =10.4
Hz, J = 6.0 Hz, 1H), 4.64-4.54 (m, 2H), 3.54-3.48 (m, 1H), 3.31-3.26 (m, 1H), 2.34 (s, 3H), 2.18
(dd, J = 12.0 Hz, J = 5.6 Hz, 1H), 1.77-1.70 (m, 3H), 1.02 (s, 3H) ppm; °C NMR (100 MHz,
CDCL): 6=179.9, 160.6, 150.1, 137.0, 135.6, 133.7, 129.0, 127.6, 127.4, 125.9, 124.1, 121.3,
117.9, 117.1, 109.4, 74.3, 55.2, 45.8, 42.4, 35.3, 31.2, 25.1, 14.9 ppm; ESI HRMS: calcd. for
CosHasNOy+H 372.1964, found 372.1965.
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_N® O H 0
N CeFs ClPh
BF9 P
NaOAc, CHCls, 40 °C oA Ve
10

To an anhydrous chloroform solution of the product 4u (37 mg, 0.1 mmol) was added the
carbene precatalyst (7.3 mg, 0.02 mmol) and sodium acetate (9.8 mg, 0.12 mmol) at ambient
temperature. Then the mixture was stirred at 40 °C for 15 hours. When the reaction completed, the
mixture was evaporated and purified by column chromatography on silica gel (petroleum
ether/ethyl acetate = 8:1) to afford the desired product 10 in 92% yield and the enantiomeric
excess was determined to be 90% by HPLC analysis on Chiralpak OD column (20%
2-propanol/n-hexane, 1 mL/min), UV 220 nm, tpiner = 11.96 min, tmajor = 17.04 min. [(1]])20 =
+128.8 (¢ = 0.90 in CHCl;); 'H NMR (400 MHz, CDCl3): §=7.92 (dd, J = 8.0 Hz, J = 1.6 Hz,
1H), 7.50 (td, J = 8.0 Hz, J = 1.6 Hz, 1H), 7.27-7.25 (m, 2H), 7.07 (t, J = 8.0 Hz, 1H), 6.95-6.92
(m, 3H), 4.79-4.78 (m, 1H), 3.10 (t, J = 3.6 Hz, 1H), 2.99 (br s, 2H), 2.71 (d, J = 18.4 Hz, 1H),
2.45 (d, J = 15.2 Hz, 1H), 2.24-2.20 (m, 1H), 2.09 (d, J = 18.0 Hz, 1H), 1.01 (s, 3H) ppm; "*C
NMR (100 MHz, CDCls): 6=216.4, 191.4, 160.6, 137.7, 136.5, 132.9, 129.3, 128.5, 127.2, 122.3,
120.9, 118.3, 75.5, 58.1, 55.1, 54.9, 46.5, 45.8, 42.1, 24.4 ppm; ESI HRMS: calcd. for
Cx»H;9ClO3+Na 389.0920, found 389.0921.

o cl
. O OH
O -‘ DBU, DCM p-CIPh
., _CHO g
1y~
0) rt, 6 h o Me
H
4u 5u

To an anhydrous dichloromethane solution of the product 4u (33 mg, 0.09 mmol) was added
DBU (15.2 mg, 0.1 mmol) at ambient temperature. Then the mixture was stirred for 6 hours.
When the reaction completed, the mixture was evaporated and purified by column
chromatography on silica gel (petroleum ether/ethyl acetate = 8:1) to afford the desired product 5u
in 88% yield and the enantiomeric excess was determined to be 94% by HPLC analysis on
Chiralpak AD column (20% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tmajor = 11.14 min,
tminor = 19.03 min. [a]p*’ =-17.0 (¢ = 0.50 in CHCl3); '"H NMR (400 MHz, CDCls): 5= 8.03 (dd, J
= 8.0 Hz, J = 1.6 Hz, 1H), 7.52 (td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.31 (d, J = 8.4 Hz, 2H),
7.12-7.07 (m, 3H), 6.99 (d, J = 8.4 Hz, 1H), 6.33 (s, 1H), 4.60 (t, J = 6.0 Hz, 1H), 4.48 (dd, J =
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10.0 Hz, J = 2.8 Hz, 1H), 2.30 (dd, J = 13.6 Hz, J = 8.0 Hz, 1H), 2.12-2.05 (m, 1H), 1.65 (dd, J =
13.6 Hz, J = 3.2 Hz, 1H), 1.43 (dt, J = 13.6 Hz, J = 3.2 Hz, 1H), 1.15 (s, 3H) ppm; >C NMR (100
MHz, CDCls): 6= 193.8, 161.3, 152.8, 137.3, 136.1, 133.4, 129.5, 128.2, 128.1, 122.2, 122.0,
119.9, 117.8, 78.6, 67.4, 55.2, 47.4, 40.8, 38.3, 23.3 ppm; ESI HRMS: calcd. for C,H;4ClO;+Na
389.0920, found 389.0922.

(0] OH o o
PCC, silica gel _ 1) O3, DCM, -78 °C
o) H Me DCM, rt 0 ) Me 2) MesS, rt
5a 6a 11

To an anhydrous DCM solution of the product 5a (38 mg, 0.12 mmol) was added PCC (77.8
mg, 0.36 mmol) and silica gel (78 mg) at ambient temperature. Then the mixture was stirred for 3
hours. When the reaction completed, the mixture was evaporated and purified by flash column
chromatography on silica gel (petroleum ether/ethyl acetate = 10:1) to afford the ketone product
6a which was directly dissolved in dichloromethane and ozone was introduced at -78 °C. After 20
minutes, 20 ulL of dimethyl sulfide was added to the mixture and stirred for an additional 4 hours
at room temperature. The mixture was evaporated and purified by column chromatography on
silica gel (petroleum ether/ethyl acetate = 10:1) to afford the final product 11 in 82% yield for two
steps and the enantiomeric excess was slightly dropped to be 90% determined by HPLC analysis
on Chiralpak AD column (10% 2-propanol/n-hexane, 1 mL/min), UV 254 nm, tpajor = 10.59 min,
tminor = 11.92 min. [o]p™ = -23.5 (¢ = 0.95 in CHCl3); 'H NMR (400 MHz, CDCl;): 6= 14.76 (s,
1H), 7.83 (dd, J=8.0 Hz, J = 1.6 Hz, 1H), 7.43 (td, J = 8.4 Hz, J = 1.6 Hz, 1H), 7.05 (t, J = 7.6 Hz,
1H), 6.92 (d, J = 8.0 Hz, 1H), 5.00-4.96 (m, 1H), 4.38-4.31 (m, 2H), 2.96-2.91 (m, 2H), 2.41-2.36
(m, 1H), 2.03 (dd, J = 12.8 Hz, J = 10.8 Hz, 1H), 1.49 (s, 3H), 1.36 (t, J = 7.2 Hz, 3H) ppm; °C
NMR (100 MHz, CDCls): 6=197.9, 181.0, 179.6, 162.3, 159.9, 135.3, 126.6, 122.0, 121.2, 117 .4,
103.4, 72.0, 62.5, 46.0, 38.7, 37.4, 24.8, 14.0 ppm; ESI HRMS: calcd. for C;oH;30;—~CHO+Na
353.1001, found 353.0995.
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4. Crystal data and structure refinement for enantiopure 5i and the proposed catalytic

mechanism

Identification code
Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Data / restraints / parameters
Goodness-of-fit on F~2

Final R indices [I>2sigma(I)]

5i

C23H2,05
378.41
291(2) K
1.54184 A
Triclinic, P 1
a=7.75123) A

b=8.1381(3) A
c=8.4256(3) A

alpha =70 deg.

beta = 80 deg.
gamma = 74 deg.
476.8(3) A3

1, 1.318 mg/mm"3
0.756 m/mm"-1

200

0.40 x 0.36 x 0.35 mm

5.96 to 66.58 deg.

-9<=h<=9, -9<=k<=9, -9<=I<=10
5866 /2997 [R(int) = 0.0136]
2997 /37256

1.018

R1=10.0278, wR2 =0.0736
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R indices (all data) R1=0.0279, wR2 = 0.0737
Absolute structure parameter -0.07(14)
Largest diff. peak and hole 0.109 and -0.105 e.A"-3

Based on the absolute configuration of enantiopure 5i, a plausible catalytic mechanism has
been proposed for the IEDDA/vinylogous aldol cascade reaction. As outlined in the following
scheme, the observed major enantiomer 4i could be obtained from endo-selective concerted
cycloaddition of the dienamine intermediate and chromone-fused diene (the similar transitional
state is adopted when crotonaldehyde is applied in the IEDDA reaction, see: Angew. Chem., Int.
Ed., 2010, 49, 6418). Subsequently, the vinylogous C-H could be deprotonated to give anion I,
and isomerises to enolate Il. Then an intramolecular vinylogous aldol reaction could occur to

afford the caged system 5i.

O\. o

N

Q\. )\VCHO WCO,Et

e L 1)
e e o -, ~CHO
H Me
HOMO DA adduct 4i

deprotonation \

-
vinylogous
aldol
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5. NMR spectra and HPLC chromatograms
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AU

AU

] 2
0.804 -
] [Te]
] o™
0.704
] OH
060 CO,Et
050
] (@) Me
0.404 H
1 racemate 5a
0.30+
0.204
0.104
0.004 z = =
200 400 ' 6od 800 1000 1200 1400 "16.00 "18.00 2000 '22.00 ‘2400 2600 '28.00 '30.00 '32.00
Minutes
RT Area |, Height| %
(mi) | (V 'sec) | 22| (v) | Height
1122.549 | 35843296 50.85 (847129 | 53.73
2125176 134648969 | 49.15|729615 | 46.27
1.40-
1.20
1 OH
I.OO-_ COZEt
0.80- o "
. e
] H
0.60- 5a
0.40-
] [=)]
0.20- @
] To)
] (9]
0.00- u x x
‘200 " ‘400 ' so00d ' 'sod 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Minutes
RT Area |, Height | %
(min) | (V *sec) foifmag (V) |Height
1123.469 |67659191 96.87 | 1478614 | 96.74
2125.669| 2185433 3:13 49776 | 3.26
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AU

AU

T (=)}
1.20-_ % %
. &
1,00
] OHco Et
0.80 Me 5
o.ao- O Me
J H
) racemate 5b
0.40-
0.20-
0.00+ _/\—'_ T 3 s
5.00 10.00 15.00 " 20.00 2500 3000
Minutes
RT Area |, Height | %
(min) | (v *sec) [ 228 (V) |Height
1125.065 |60393402 | 50.27 |1242124 | 53.83
2127.599|59755192 | 49.73|1065228 | 46.17
0.601
= OHCO =
Me 2Et
0.401 —
Me
H
0.30- 5b
0.201
0.104 g
o0
g
(o]
0.0H—— T > o ~——
" 00 " 400 " 600 800 1000 1200 1400 1600 1800 2000 22.00 2400 2600 2800 30.00
Minutes
RT Area |, Height| %
(min) | (v *sec) | A8 (V) |Height
1125.087 132202462 | 97.81 |663863 | 97.84
2|27.836 721777 2.19| 14674 2.16
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AU

AU

1 o
0147 b
)
] (o]
0.12-
0.104 O OH
- CO,Et
0.08
] MeO O Me
J H
0.06-
] racemate 5c
0.04
0.024
OIDU_-_________,_,,_,_J\_.,_,..._.___-- o
‘200 400 " 'eod | "800 | 1000 1200 1400  1e0d  1sod | 20000 | 22000 2400
Minutes
RT Area |, Height | %
(miny | (vsec)| 2 A8 (v) [Heignt
1118.185| 5910296 50.40 |140643 | 53.28
2120.803 | 5817000 4960 11233331 46.72
0.164
0.14-
0.12]
| (0] OH
0.10- CO,Et
0.08]
1 MeO (@] Me
] H
0.06- 5c
0.04-
] <
i e
0.02] =
0.00- A A T/\m -
" 200 ' 400 " ‘600 " 'sod 1000 | 1200 " 1400 1600 1800 ' 2000 ' 2200 2400 2800
Minutes
RT Area |, Height | %
(min) | (Vsec) | A8 (V) |Height
1118.124 | 361547 4.87 8472 5.19
2120.510 | 7055137 95.13 (154643 | 94.81
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0.14-
0.12
3 O OH
0.10-_ E CO,Et
0.08- "
1 e
] O H
0-05-_ racemate 5d
0.04-
0.02-
000d— AN

‘200 400 " ‘600 800 1000 1200 1400 " 1600 1800 2000 2200 2400 2600 2800

AU

Minutes
RT Area |, Height | %
(miny | (vsec) | A (V) |Height

—

19.714 | 6378760 | 50.42 |144899 | 52.32
21.844 16273243 | 49.58 [132074 | 47.68

]

AU

1.30-:
1.50-:
1.40 (@] OH
] E CO,Et
1.20-: .
3 Me
1.001 O H
o.so-: 5d
0.60
0.40+
0.204

<
[Tp]
@
-
od
0.004 z
"200 " "a0d " "s0d " sod " 1000 1200 1400 1600 18od | 2000 0 2200 | 2400
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RT Area o ek Height | %
(min) | (V *sec) | (V) |Height

-

19.511 (78178645 | 94.86 [ 1849999 | 95.13
2121.854 | 4235895 5.14 94739 | 4.87
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(@] OH
0.40-
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0.301 (@) Me
H
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0.20
0.10-
000d— o 5 ]
2.00 400 " " s0d " sod ' ‘1000 © ‘120d ‘1400 T1e0d | 1800 2000
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RT Area |, Height| %
(min) | (v sec) | A€ (V) |Height
1110.364 |26294352 | 49.82 559959 | 54.25
2113.799 |26481616 | 50.18 (472238 | 45.75
0.60-
0.50-
0.40] Q OHCO Et
e Cl< : /U\ é: 2
0.304 o) Me
- H
] 5e
0.20-
0.10 10
] (=]
=
0.00-] e " 5
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0.80 =
] [+0]
0.701
] (0] OH
0.604
5 B CO,Et
0.504 =
: O Me
0.40] H
] racemate 5f
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0.201
0.104
0.001 s L
1.00 200 © " ‘300 "' "and C O 'spd T 'eod ‘700 © " ‘sod ‘900 © 000 C
Minutes
RT Area |, Height| %
(min) | (V *sec) dien (V) |Height
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218.497 [17564891 4948 (737408 | 46.28
0.50-
el OHCO =
Br 2t
0.301 =
Me
S H
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0101 3
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o
0.00- .
" 00 0" 40d 0 sod T od 10.00 12.00 14.00
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