Supporting Information

Gold(I)-Catalyzed Cyclization—3-Aza-Cope—Mannich Cascade and its

Application to the Synthesis of Cephalotaxine

Takeo Sakai,* Chise Okumura, Masatoshi Futamura, Naotaka Noda, Akari Nagae, Chiharu Kitamoto,
Madoka Kamiya, Yuji Mori

Faculty of Pharmacy, Meijo University, 150 Yagotoyama, Tempaku-ku, Nagoya 468-8503, Japan

Email: sakait@meijo-u.ac.jp

Table of Contents
General INFOrMALION ......couiiiiiiiiiei ettt ettt ettt b et satesbe et saeenaeenees S2
Synthesis of alkyl bromides S2, S4, and S6 ............c.cooiiiiiiriiiiieeeee e S3
Synthesis of piperidines 7a, 7i—k, 7Tm—n and ST1..........ccccoiiiiiiiiiniiiiee e S5
Synthesis of pyrrolidine 7b and TL..........ooouioiiiiiiiiieeiee ettt ettt s ebeeeaaeens S11
Synthesis of tetrahydroiSOQUINOLINE TC.......c.coriiiiiiiiiieiieiie ettt ettt e e teesaeebeesebeeseesnaeens S14
Synthesis of tetrahydroisoquinolines 7d—h, S21 and S22 ..........ccccoiiiiiiiiiiiieee e S17
Preparation of Silver pentacyanocyclopentadienide. ............ccooueerieriiieiieiiienieeieeiecee e S25
Reaction condition screening in FIGUIE 1 ........cciiiiiiiiiiiiieiieeiieiiece ettt S26
Scope and Limitation of the cascade rEaCtION ........ccuieuiiiiiiiiieiieeiece ettt ens S27
Experimental procedure for the cascade reaction (FIigUIe 2)........ccoecievieiiiiniieniiienieeieeiee e S28
Attempted hydrolysis of vinyl ether 10d and 11d to KEtONe ...........ccceeviieiiiiiiieniieeiieieeieeee e S49
Synthesis of (—)-Cephalotaxing (SCheme 3) ........c.ooiiiiiiiiiiieiieie et S50
Chiral separation of racemic 22 and cascade reaction with optical enriched (+)-22.........cccceecvveriennnnne S57
RETETEICES ...ttt a et et s bttt et e s bt et e st e sb e ebe et e saeenbeenees S59
CoPies OF HPLC CRAITS ...c..ciiiiiiiieiieie ettt ettt ettt e et e st e eteeeabeesseessbeeseesnsaans S61
Copies OF TH and PC SPECLA ....c.ovoviiieieiieeieeeteeeeee ettt ne S66

S1



General Information

All air- and moisture-sensitive reactions were carried out under an argon atmosphere in commercially
available dry solvents under anhydrous conditions. Heating reactions were performed using an oil bath
except for microwave experiments, and the microwave experiments were carried out in a Discover SP
microwave reactor (CEM corporation). Flash chromatography was carried out using silica gel (spherical,
neutral, particle size 40-50 um, Kanto Chemical), NH: silica gel (Silica gel 60 (spherical) NHo», particle
size 40—50 um, Kanto Chemical) or alumina (aluminum oxide 90, standardized, particle size 63-200 um,
Activity grade II-111, Merck). Preparative HPLC was performed using LaboACE LC-5060 and Analytical
HPLC was performed Shimazu LC-20 series. Specific optical rotations were recorded on a JASCO P-
1020 polarimeter. IR spectra were recorded on a JASCO FT/IR-410 spectrophotometer. NMR spectra
were recorded on AVANCE III HD (600 MHz), INM-ECA (500 MHz), or JNM-ECZS (400 MHz)
spectrometers. Chemical shifts are reported in ppm relative to the solvent signals (6 1.94 ppm for CD3CN)
or internal TMS (8 0.00 ppm for CDCI3) for 'H NMR spectra and to the solvent signals (& 1.39 ppm for
CD;CN, & 77.0 ppm for CDCl3) for 3C NMR spectra. Data are reported as follows: chemical shift,
integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad). High-
resolution mass spectra were recorded on an Exactive Plus orbitrap mass spectrometer (DART, ESI) or a

JMS-700 magnetic sector mass spectrometer (EI).
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Synthesis of alkyl bromides S2, S4, and S6
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Scheme S1. Synthesis of alkyl halides S2, S4, and S6.

= o

2-Bromoethyl propargyl ether (S2). To a solution of 2-(propargyloxy)ethanol' (S1) (2.28 g, 14.0 mmol)

and CBry (6.96 g, 21.0 mmol) in CH;CN (28 mL) at 0 °C was slowly added a solution of PPh; (5.51 g,

21.0 mmol) in CH,Cl, (14 mL) over 5-min period. The reaction mixture was stirred at 0 °C for 0.5 h and

the reaction was quenched with saturated aqueous NaHCO; solution. The resulting mixture was extracted

with Et,0, washed with water and brine, dried over MgSQ,, filtered, and concentrated under reduced

pressure. Flash chromatography on silica gel (8% Et,O/n-hexane) afforded 2-bromoethyl propargyl ether

(S2) (2.11 g,92%) as a colorless oil. '"H NMR (CDCl;, 600 MHz) & 423 (2H, d, J = 2.4 Hz), 3.87 (2H, t,

J=6.1Hz),3.50 (2H,t,J=6.1 Hz),2.47 (1H,t,J = 2.4 Hz). Spectroscopic data was consistent with that

reported in Hu et al.2
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2-Propargylbenzyl bromide (S4). To a solution of 2-propargylbenzyl alcohol® (S3) (983 mg, 6.72 mmol)
and carbon tetrabromide (2.45 g, 7.40 mmol, 1.1 equiv) in CH,Cl, (7 mL) at 0 °C was slowly added PPh;
(1.94 g, 7.40 mmol) over 15-min period. The reaction mixture was stirred at O °C for 4 h and then
concentrated under reduced pressure. The resulting mixture was diluted with n-hexane and resulting
precipitate of triphenylphosphine oxide was removed by suction filtration. The residue was concentrated
and purified by flash chromatography on silica gel (100% hexane) afforded 2-propargylbenzyl bromide
(S4) (811 mg, 58%) as a colorless solid. Mp 40-41 °C; IR (film) 3284,2123, 1456, 1225, 1210, 759, 715,
645,602 cm™; 'H NMR (CDCl;, 600 MHz) & 7.51 (1H,d,J =7.5 Hz), 7.34-7.31 (2H, m), 7.25 (1H, td,
J=75,09Hz),4.58 (2H, s),3.74 (2H,d, J =2.8 Hz),2.22 (1H, t, J = 2.8 Hz); *C NMR (CDCl;, 150
MHz) & 135.23, 135.21, 130.4, 129.39, 129.36, 127.6, 81.0, 71.2, 31.2, 22.0; HRDARTMS m/z [M+H]*

calcd for C1oH1oBr™ 208.9960, found 208.9956.

Br

éiTMS

2-((Trimethylsilyl)ethynyl)benzyl bromide (S6). To a solution of 2-((trimethylsilyl)ethynyl)benzyl
alcohol* (S5) (2.04 g, 10.0 mmol) and carbon tetrabromide (3.98 g, 12.0 mmol, 1.2 equiv) in CH,Cl, (10
mL) at O °C was slowly added PPh; (3.15 g, 12.0 mmol, 1.2 equiv) over 15-min period. The reaction
mixture was stirred at O °C for 7 h and then concentrated under reduced pressure. The resulting mixture
was diluted with n-hexane and resulting precipitate of triphenylphosphine oxide was removed by suction
filtration. The residue was concentrated and purified by flash chromatography on silica gel (100% hexane)
afforded 2-((trimethylsilyl)ethynyl)benzyl bromide (S6) (2.60 g,97%) as a colorless oil. 'H NMR (CDCl;,

600 MHz) 6 746 (1H,dd,J=7.5,15Hz),741 (1H,dd,J=7.5,13 Hz),7.30 (1H,td,J=7.5,1.5 Hz),
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724 (1H, td, J = 7.5, 1.3 Hz), 4.67 (2H, s), 0.29 (9H, s). Spectroscopic data was consistent with that

reported in Hu et al.>

Synthesis of piperidines 7a, 7i-k, 7m—n and S11
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Scheme S2. Synthesis of piperidines 7a, 7i—k, 7m—n, and S11.

(NjWOMe

Tertiary amine 7a. A 10-mL, thick-walled reaction vessel was charged with a solution of piperidine S9
(610 mg, 4.32 mmol), Et:N (1.18 mL, 8.50 mmol, 2.0 equiv), and 5-iodo-1-pentyne (990 mg, 5.10 mmol,
1.2 equiv) in CH;CN (4.3 mL). The vessel was sealed and the reaction mixture was heated with a
microwave reactor at 100 °C for 20 min. After cooling to room temperature, saturated aqueous NaHCO;
solution and saturated aqueous Na,S,0; solution were added. The resulting mixture was extracted with

Et,0, and the extract was washed with brine, dried over Na,SOy,, filtered, and concentrated under reduced
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pressure. Flash chromatography on NH, silica gel (10% Et,O/n-hexane) afforded tertiary amine 7a (668
mg, 75%) as a colorless oil. IR (film) 3308, 2936, 1655, 1301 cm™'; 'H NMR (CDCl;, 600 MHz) o 4.05
(1H,d,J/=1.8Hz),393 (1H,d,J=1.7 Hz),3.56 (3H, s),3.03 (1H,dt,J=11.2,2.8 Hz),2.75 (1H, ddd,
J=128,100, 6.1 Hz),2.60 (1H, dd, J = 10.8,2.8 Hz), 2.18 (1H, ddd, J = 12.8,9.5,4.8 Hz), 2.16 (1H,
dtd,J/=169,72,24Hz),2.13 (1H,dtd,J=16.9,7.3,2.8 Hz), 1.99 (1H, td,/=11.1,4.1 Hz), 1.91 (1H,
t,J =2.6 Hz), 1.78-1.56 (7H, m), 1.25 (1H, m); 3C NMR (CDCl;, 150 MHz) & 164.6, 84.5, 82.5, 68.1,
67.8, 54.9, 54.1, 52.9, 31.7, 25.7, 24.8, 24.4, 16.6; HRDARTMS m/z [M+H]" calcd for Ci;3H22NO™*

208.1696, found 208.1696.

o2

Ketone S10. To a solution of methyl vinyl ether 7a (459 mg, 2.22 mmol) in acetone (10 mL) was added
TsOH-H,O (506 mg, 2.66 mmol, 1.2 equiv), and the mixture was stirred at room temperature for 14 h.
The reaction was quenched with Et;N (1.0 mL), and the resulting mixture was concentrated. Flash
chromatography on alumina (0—50% Et,O in n-hexane) afforded ketone S10 (424 mg, 99%) as a
colorless oil. IR (film) 3291, 2938, 2857, 2805, 1710 cm™'; 'H NMR (400 MHz, CDCl;) 6 3.07 (1H, dt, J
=113,3.6 Hz),2.78 (1H,dd,J=10.7,3.2 Hz),2.44 (1H,ddd, J=12.6,8.5,7.5 Hz),2.26-2.15 (3H, m),
2.19 3H,s), 1.931 (1H,t,J =2.7 Hz), 1.927 (1H, td, J = 114, 3.2 Hz), 1.78-1.62 (5H, m), 1.60-1.47
(2H,m), 1.28 (1H, qt,J=12.1,3.9 Hz); 3C NMR (CDCl;, 150 MHz) § 212.2, 84.0, 74.4, 68.6, 55.6, 51.2,
28.7, 25.6, 25.3, 25.1, 23.4, 16.1; HRDARTMS m/z [M+H]" calcd for Ci2H20NO" 194.1539, found

194.1537.
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TBS ether 7i. To a solution of ketone S10 (193 mg, 1.0 mmol) and Et;N (0.42 mL, 3.0 mmol, 3.0 equiv)
in THF (3.0 mL) at —80 °C was added a solution of TBSCI (181 mg, 1.2 mmol, 1.2 equiv) in THF (2 mL).
LiHMDS (1.0 M solution in THF, 1.2 mL, 1.2 equiv) was added at —80 °C, and the reaction mixture was
warmed to room temperature. After 36 h, the reaction was quenched with saturated NaHCO; solution and
the resulting mixture was extracted with n-hexane. The extract was washed with brine, dried over Na,SO,,
filtered, and concentrated under reduced pressure. Flash chromatography on NH, silica gel (5—30%
Et,O/n-hexane) afforded TBS ether 7i (185 mg, 60%) as a colorless oil. IR (film) 3313,2933,2857,2118,
1626, 1300, 1255, 1027, 839 cm!; 'H NMR (400 MHz, CDCl;) 6 4.19 (1H,d,J=0.9 Hz),4.05 (1H, t,J
=09 Hz),3.02 (1H,dtd,J=11.2,3.6,1.0 Hz), 2.86 (1H, ddd, J = 12.6, 8.5, 7.3 Hz), 2.41 (1H, dd, J =
10.5,2.7Hz),2.24 (1H,dddd,/J=16.9,7.8,7.0,2.7 Hz),2.11 (1H,dddd,J=16.9,8.0,7.1,2.7 Hz), 2.10
(1H,ddd,J=12.6,8.2,5.0 Hz), 1.908 (1H,td,J=11.4,3.0 Hz), 1.906 (1H,t,J=2.7 Hz), 1.73-1.64 (4H,
m), 1.61-1.45 (3H, m), 1.23 (1H, qt,J =12.6,3.9 Hz),0.94 (9H, s), 0.18 (3H, 5), 0.17 (3H, s); *C NMR
(CDCl;, 100 MHz) & 160.6, 89.9, 84.9, 68.7, 67.9, 54.1, 52.8, 31.9, 25.9 (x2), 25.8, 24.4, 18.2, 16.5, 4.6,

—4.7; HRDARTMS m/z [M+H]" calcd for C1sH34NOSi* 308.2404, found 308.2403.

(NjWOMe

Tertiary amine 7j. A solution of piperidine S9 (400 mg,2.83 mmol, 1.0 equiv), Et;N (2.0 mL, 14.2 mmol,
5.0 equiv), and 2-propargylbenzyl bromide (S4) (650 mg, 3.11 mmol, 1.1 equiv) in CH;CN (2.0 mL) was
stirred at room temperature. After 16 h, the mixture was warmed to 60 °C and then stirred for additional
3 h. After cooling to room temperature, saturated aqueous NaHCO; solution was added, and the resulting
mixture was extracted with EtOAc. The extract was washed with brine, dried over Na,SO,, filtered, and
concentrated under reduced pressure. Flash chromatography on NH, silica gel (10% Et,O/n-hexane)

afforded tertiary amine 7j (605 mg, 79%) as a pale yellow oil. IR (film) 3304, 2936, 2795, 1654, 1615,
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1299 cm'; 'H NMR (CDCl;, 600 MHz) § 7.49 (1H, d, J = 7.7 Hz), 7.24-7.22 (2H, m), 7.17 (1H, td, J =
75,13 Hz),4.15 (1H,d,J=2.0 Hz),4.09 (1H,d,J = 13.0 Hz), 3.99 (1H,d,J = 2.0 Hz), 3.84 (1H, dd, J
=18.9,2.8 Hz), 3.80 (1H, dd, J = 18.9, 2.8 Hz), 3.59 (3H, s), 2.86 (1H, d, J = 13.0 Hz), 2.72 (1H, dtd, J
=114,3.5,1.0 Hz), 2.59 (1H, dd, J = 10.8, 2.6 Hz), 2.14 (1H, t, J = 2.8 Hz), 1.80-1.67 (4H, m), 1.47
(1H, m), 1.41 (1H, qt,J = 12.2,3.7 Hz), 1.27 (1H, qt, J = 12.5, 4.0 Hz); "C NMR (CDCL;, 150 MHz) §
165.0, 136.7, 135.8, 130.7, 128.5, 127.2, 126.3, 82.9, 82.5, 70.2, 69.0, 58.0, 54.9, 52.8, 31.8, 25.7, 24.5,

21.6; HRDARTMS m/z [M+H]" caled for C1gH24NO" 270.1852, found 270.1851.

(NHOMe

Tertiary amine 7k. A solution of piperidine S9 (385 mg, 2.73 mmol, 1.3 equiv), EN (2.83 mL, 20.3
mmol, 7.4 equiv), and 2-bromoethyl propargyl ether (342 mg, 2.10 mmol, 1.0 equiv) in CH3CN (6.0 mL)
was stirred at 50 °C for 22 h. After cooling to room temperature, saturated aqueous NaHCO3 solution was
added, and the resulting mixture was extracted with Et,O. The extract was washed with brine, dried over
NaxSOq, filtered, and concentrated under reduced pressure. Flash chromatography on alumina (50%
Et,0O/n-hexane — Et,0) afforded tertiary amine 7k (226 mg, 48%) as a colorless oil. IR (film) 3295,2937,
2855,2789,1654,1621,1101 cm™'; 'H NMR (CDCl;, 600 MHz) 6 4.138 (1H,dd,J=16.0,2.4 Hz),4.136
(1H,dd,J=16.0,24 Hz),4.06 (1H,d,J =2.0 Hz), 395 (1H,d,J =2.0 Hz),3.66 (1H, dt,J =9.6,6.4
Hz),3.62 (1H,ddd,J=9.6,6.8,5.5 Hz),3.57 (3H,s), 3.10 (1H,dtd,J=10.9,3.5,1.0 Hz),2.97 (1H, dt,
J=134,68 Hz),2.64 (1H,dd,J=109,2.8 Hz),241 (1H,t,J =2.4 Hz),2.35 (1H,ddd, J = 13.4,6 4,
5.7Hz),2.10 (1H, m), 1.80-1.72 (2H, m), 1.65-1.57 (3H, m), 1.26 (1H, m); *C NMR (CDCl;, 150 MHz)
5164.4,82.8,79.9,74.2,67.9, 67.6,58.1, 54.9, 53.92, 53.88, 31.5, 25.7, 24.3; HRDARTMS m/z [M+H]*

calcd for C13H22NO2" 224.1645, found 224.1646.
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QTOME

Tertiary amine 7m. A 10-mL, thick-walled reaction vessel was charged with a solution of piperidine S9

74

(282 mg, 2.0 mmol, 1.0 equiv), EtsN (1.39 mL, 10.0 mmol, 5.0 equiv), and 4-bromo-1-butyne (0.55 mL,
6.0 mmol, 3.0 equiv) in DMSO (0.5 mL) and CH3CN (0.5 mL). The vessel was sealed and the reaction
mixture was heated with a microwave reactor at 100 °C for 15 min. After cooling to room temperature,
saturated aqueous NaHCOj3 solution was added, and the resulting mixture was extracted with Et2O. The
extract was washed with brine, dried over Na,SOs, filtered, and concentrated under reduced pressure.
Flash chromatography on NHj silica gel (10 — 80% Et2O/n-hexane) afforded tertiary amine 7m (132 mg,
34%) as colorless plates and recovered piperidine S9 (90 mg, 32% recovery). Mp 91-92 °C; IR (KBr)
3193, 2951, 2940, 2926, 2107, 1626, 1302 cm™!; 'H NMR (CDCl;, 600 MHz) 6 4.08 (1H, d,J = 2.2 Hz),
397 (1H,d,J=2.2,09 Hz),3.58 (3H,s),3.01 (1H,dddd,J=114,39,2.9,1.5 Hz),291 (1H, ddd, J =
13.2,10.3,59Hz),2.67 (1H,ddd,J=10.8,2.8,0.9 Hz),2.50 (1H, ddd, /= 13.2,10.1,5.3 Hz), 2.37 (1H,
dddd,J=16.3,10.3,5.3,2.6 Hz),2.33 (1H,dddd,J=16.3,10.1,5.9,2.6 Hz), 2.14 (1H,td,J=11.2,4.0
Hz),1.94 (1H,t,J =2.6 Hz), 1.77-1.70 (2H, m), 1.65-1.55 (3H, m), 1.25 (1H, m); *C NMR (CDCl;, 150
MHz) & 164.0, 83.3, 82.9, 68.7, 66.8, 55.0, 53.7, 52.7, 31.5, 25.6, 24.2, 15.1; HRDARTMS m/z [M+H]*

calcd for C12H20NO™ 194.1539, found 194.1545.

Tertiary amine S11. A solution of piperidine S9 (220 mg, 1.56 mmol, 1.0 equiv), Et;N (1.2 mL, 8.3
mmol, 5.0 equiv), and (5-iodo-1-pentynyl)benzene® (635 mg, 2.35 mmol, 1.5 equiv) in CH;CN (4.0 mL)
was stirred at room temperature under dark condition. After 24 h, the reaction was quenched with saturated
aqueous NaHCO; solution, and the resulting mixture was extracted with Et,O. The extract was washed

with brine, dried over Na,SOy, filtered, and concentrated under reduced pressure. Flash chromatography
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on alumina (30% Et,0O/n-hexane) afforded tertiary amine S11 (243 mg, 55%) as a pale yellow oil. IR
(film) 2935, 2854, 2799, 2225, 1653 cm™'; 'H NMR (CDCl;, 600 MHz) 6 7.38-7.36 (2H, m), 7.28-7.23
(3H, m),4.07 (1H,d,J=2.0 Hz),3.92 (1H,d,J=2.0 Hz),3.53 (3H, s),3.06 (1H,dtd,J=11.2,34,1.0
Hz),2.84 (1H, ddd, J =12.9,10.2, 6.1 Hz), 2.62 (1H, dd, J = 10.8, 2.8 Hz), 2.37 (1H, dt,J = 169, 7.2
Hz),2.36 (1H,dt,J =16.9,7.2 Hz),2.24 (1H,ddd, J=129,9.8,4.9 Hz),2.01 (1H, m), 1.82-1.55 (7H,
m), 1.26 (1H, m); *C NMR (CDCl;, 150 MHz) § 164.5, 131.4, 128.0, 127.3, 124.0, 90.0, 82.4, 80.5, 67.7,

54.8,54.1, 52.8, 31.6, 25.7, 24.9, 24.3, 17.5; HRDARTMS m/z [M+H]" calcd for C19H26NO" 284.2009,

found 284.2008.
N OMe
——TMS

Tertiary amine S12. A solution of piperidine S9 (413 mg, 2.91 mmol, 1.0 equiv), Et;N (2 mL), and
bromide S6 (854 mg, 3.20 mmol, 1.1 equiv) in CH;CN (2.0 mL) was stirred at room temperature. After
16 h, the mixture was warmed to 60 °C and then stirred for additional 3 h. After cooling to room
temperature, saturated aqueous NaHCO; solution was added, and the resulting mixture was extracted with
EtOAc. The extract was washed with brine, dried over Na,SO,, filtered, and concentrated under reduced
pressure. Flash chromatography on NH, silica gel (10% Et,0O/n-hexane) afforded tertiary amine S12 (669
mg, 70%) as a pale yellow oil. IR (film) 2937,2155, 1654, 1614, 1250, 869, 843 cm™'; 'H NMR (CDCl;,
600 MHz) 8 7.54 (1H,d,J=7.7Hz),7.40 (1H,dd,J=7.7,13 Hz),7.28 (1H,td,J=7.6,1.5 Hz),7.14
(1H,td,J=7.6,10Hz),4.20 (1H,d,/=2.0Hz),4.00 (1H,d,/=2.0Hz),3.98 (1H,d,J=13.9 Hz), 3.58
(3H,s),3.46 (1H,d,J=139Hz),2.92 (1H,dtd,J=11.7,34,0.8 Hz),2.74 (1H, dd, J = 10.2,3.2 Hz),
1.96 (1H, m), 1.81-1.72 (3H, m), 1.53-1.48 (2H, m), 1.28 (1H, m), 0.26 (9H, s); *C NMR (CDCl;, 150
MHz) 6 165.3, 141.7, 132.0, 129.4, 128.6, 126.1, 122.9, 103.9, 98.3, 82.4, 68.0, 56.5, 54.9, 52.8, 32.1,

25.6,24.5, 0.0, HRDARTMS m/z [M+H]" calcd for C20H30NOSi* 328.2091, found 328.2086.

S10



OMe

Terminal alkyne 7n. To a solution of TMS alkyne S12 (308 mg, 0.940 mmol) in THF (9.4 mL) at 40 °C
was added tetrabutylammonium fluoride (1.0 M solution in THF, 1.41 mL, 1.41 mmol, 1.5 equiv). The
reaction mixture was stirred at —40 °C for 1 h, and the reaction was quenched with water. The resulting
mixture was extracted with Et,O, washed with brine, dried over Na,SO,, filtered, and concentrated under
reduced pressure. Flash chromatography on NH, silica gel (5% Et,O/n-hexane) afforded terminal alkyne
Tn (240 mg, 100%) as a colorless oil. IR (film) 3294,2936, 1655, 1448, 1300, 1224 cm™'; 'H NMR (CDCl;,
600 MHz) 8 7.58 (1H,d,J=7.7Hz),7.44 (1H,dd,J=7.7,1.1 Hz),7.32 (1H,td,J=7.6,1.4 Hz),7.16
(1H,td,J=7.6,0.8 Hz),4.20 (1H,d,/=2.0Hz),4.01 (1H,d,/=14.0Hz),398 (1H,d,J=1.7 Hz),3.57
(3H,s),3.44 (1H,d,J=14.0 Hz), 3.24 (1H, s), 2.88 (1H, dt,J = 11.5, 3.1 Hz), 2.74 (1H, m), 1.96 (1H,
m), 1.80-1.73 (3H, m), 1.53-1.46 (2H, m), 1.29 (1H, m); *C NMR (CDCl;, 150 MHz) 6 165.3, 142.1,
132.4, 1293, 128.8, 126.2, 121.8, 82.28, 82.27, 81.2, 68.1, 56.6, 54.9, 529, 32.2, 25.6, 24.5;

HRDARTMS m/z [M+H]" caled for C17H22NO™ 256.1696, found 256.1695.

Synthesis of pyrrolidine 7b and 71.

oM
M Q}( y
EtsN, CHCN E —
TMSOTY " 23h 7
OMe lebbe’sreagent OMe 2,6-lutidine OMe __| 55%
N THF N i
Boc O f, 23 h Boc CHoCla Br~ OMe
23 0°C th oy N
s13 s14 S15
EtsN, CHsCN

100 °C (MW), 15 min
95%

Scheme S3. Synthesis of pyrrolidine 7b and 71.
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OMe
N

Boc
Vinyl ether S14. To a solution of N-Boc-L-Pro-OMe (S13) (2.60 mL, 2.78 g, 12.1 mmol, 1.0 equiv) in
THF (38 mL) at 0 °C was added Tebbe reagent (0.5 M solution in toluene, 25 mL, 12.5 mmol, 1.03 equiv).
The reaction mixture was stirred at room temperature for 23 h, and then the mixture was diluted with Et,O
(120 mL). 1 M NaOH (37.5 mL, 37.5 mmol, 3.0 equiv for Tebbe’s reagent) was slowly added at room
temperature to form orange precipitate. The resulting mixture was dried over Na,SO,, and the orange
precipitate and Na,SO, was removed by suction filtration. The filtrate was concentrated under reduced
pressure and flash chromatography on alumina (30% Et,O/n-hexane) afforded vinyl ether S14 (2.07 g,
75%, 60:40 rotamers based on 'H NMR analysis) as a pale yellow oil. [a]*; —45.0 (¢ 0.97, CHCl;); IR
(film) 2975, 2878, 1696, 1390, 1163 cm™'; 'H NMR (CDCl;, 600 MHz) & 4.29 (0.4H, br s),4.16 (0.6H, br
s),3.95 (0.8H, br s), 3.91 (1.2H, br s), 3.55 (3H, br s), 3.45-3.30 (2H, m), 2.02-1.85 (3H, m), 1.80-1.75
(1H, m), 1.46 (3.6H, br s), 1.42 (5.4H, br s); *C NMR for the major rotamer (CDCl;, 150 MHz) 6 164.1,
154.5,112.0,79.5,59.6,55.0,46.3,31.3,28.4,22.8; 3C NMR for the minor rotamer (CDCl;, 150 MHz)
5 163.3, 1544, 1120, 79.2,59.3, 550, 46.7, 30.3, 28.5, 23.5; HREIMS m/z M* calcd for C;,H,NO;

227.1521, found 227.1517.

N
H

Pyrrolidine S15. To a solution of vinyl ether S14 (1.012 g, 4.46 mmol) and 2,6-lutidine (1.02 mL, 8.92
mmol, 2.0 equiv) in CH,Cl, (44 mL) at 0 °C was added TMSOTT (0.968 mL, 5.35 mmol, 1.2 equiv). The
reaction mixture was stirred at 0 °C for 1 h, and the reaction was quenched with saturated aqueous

NaHCO; solution. The resulting mixture was extracted with CH,Cl,, washed with brine, dried over

Na,SO,, filtered, and concentrated under reduced pressure. Flash chromatography on alumina (0%—50%
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MeOH/Et,0) afforded pyrrolidine S15 (32% solution in MeOH/Et,0O based on 'H NMR analysis, 1.678
g,93%). Because pyrrolidine S15 was highly volatile and extremely stinky, we did not carried out further
evaporation or distillation. S15 was used as a MeOH/Et,0 solution in the next reaction. '"H NMR (CDCl;,
600 MHz) 6 4.09 (1H,d,J=2.0Hz),3.92 (1H,d,J=2.0 Hz),3.58 (1H,t,J =7.3 Hz),3.56 (3H,s), 3.07
(1H, ddd,J=10.2,7.5,5.2 Hz),2.85 (1H, dt,J = 10.1, 7.1 Hz), 1.91 (1H, m), 1.80 (1H, m), 1.76-1.68
(2H, m); *C NMR (CDCl;, 150 MHz) 6 164.6, 80.4, 61.5, 54.9, 46.8, 30.3, 25.5; HRDARTMS m/z
[M+H]" calcd for C7HisNO* 128.1070, found 128.1072. Specific optical rotation was not measured

because S15 was obtained as a MeOH/Et,0O solution as mention above.

&om

Tertiary amine 7b. A solution of pyrrolidine S15 (32% solution in MeOH/Et,0, 552.4 mg, 1.37 mmol),
Et;N (960 uL, 6.87 mmol, 5.0 equiv), and 5-iodo-1-pentyne (273 mg, 1.41 mmol, 1.02 equiv) in CH;CN
(1.3 mL) was stirred at room temperature for 23 h. The reaction was diluted with saturated aqueous
NaHCO; solution, and the resulting mixture was extracted with Et,O, washed with brine, dried, and
concentrated under reduced pressure. Flash chromatography on alumina (20—550% Et,O/n-hexane)
afforded tertiary amine 7b (145 mg, 55%) as a colorless oil; [o]**p —68.3 (¢ 0.89, CHCL;); IR (film) 3303,
2948, 2799, 1657, 1620, 1236 cm™'; 'H NMR (CDCl;, 600 MHz) 6 4.11 (1H,d,J = 1.7 Hz),3.96 (1H, d,
J=1.7Hz),3.57 (3H,s),3.20 (1H,ddd, J =8.8,7.7,2.4 Hz), 2.79 (1H, dt,J = 9.0, 8.1 Hz), 2.78 (1H,
ddd,J=12.1,79,42 Hz),2.25 (1H, dtd, J =169, 7.0, 2.6 Hz), 2.22 (1H, ddd, J = 12.1, 7.5, 6.6 Hz),
2.18 (1H,dtd,J =169,7.3,2.6 Hz),2.13 (1H,td,J =9.0,7.9 Hz), 1.93 (1H, t,J = 2.7 Hz), 1.93-1.79
(3H,m), 1.75-1.70 (3H, m); “C NMR (CDCl;, 150 MHz) 6 163.9, 84.5, 82.1, 68.7, 68.1, 55.0, 53.8, 53.6,

29.7,27.6,22.5, 16.6; HRDARTMS m/z [M+H]" calcd for C12H20NO* 194.1539, found 194.1540.
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QW/OMe

Tertiary amine 71. A 10-mL reaction vessel was charged with a solution of pyrrolidine S15 (32% solution
in MeOH/Et,0, 625 mg, 1.57 mmol), Et;N (1.10 mL, 7.85 mmol, 5.0 equiv), and 2-bromoethyl propargyl
ether (768 mg,4.71 mmol, 3.0 equiv) in CH;CN (3.0 mL). The vessel was sealed and the reaction mixture
was heated with microwave reactor at 100 °C for 15 min. After cooling to room temperature, saturated
aqueous NaHCO; solution was added, and the resulting mixture was extracted with EtOAc. The extract
was washed with brine, dried over Na,SO,, filtered, and concentrated under reduced pressure. Flash
chromatography on alumina (15% Et,O/n-hexane) afforded tertiary amine 71 (313 mg, 95%) as a pale
yellow oil. [a]®p —=59.4 (¢ 0.63, CHCl,); IR (film) 3293, 2946, 2111, 1655, 1624, 1237 cm™; 'H NMR
(CDCl;, 600 MHz) 6 4.16 (2H,d,J=2.4Hz),4.12 (1H,d,J=2.0 Hz),3.97 (1H,d,J = 1.8 Hz), 3.66 (1H,
dt,/=9.3,62Hz),3.64 (1H,dt,J=9.3,6.2 Hz), 3.57 (3H,s),3.25 (1H,ddd,J=9.0,7.7,2.4 Hz),2.99
(1H,dt,J=12.7,6.5Hz),2.83 (1H,t,/=7.8 Hz),2.41 (1H,t,J=2.4Hz),2.40 (1H, dt,J=12.7,6.1 Hz),
2.23 (1H, td, J = 8.8, 8.1 Hz), 1.94-1.81 (3H, m), 1.74 (1H, m); C NMR (CDCl;, 150 MHz) & 163.5,
82.5,79.9, 74.2, 68.92, 68.91, 58.1, 55.0, 54.4, 53.4, 29.3, 22.6; HRDARTMS m/z [M+H]" calcd for

C12H20N02+ 210.1489, found 210.1488.

Synthesis of tetrahydroisoquinoline 7¢

X
Tebbe’s reagent TMSOTf
THF L 2 6-lutidine N
. _— OMe

N OMe rt, 12 h N OMe CH,Cl, OMe EtgN, CHaCN N

| 78% | 0°C,05h H 100 °C (MW), 15 min

Boc O Boc 67% 85% —

S16 S17 S18 7c

Scheme S4. Synthesis of tetrahydroisoquinoline 7c.
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N OMe

|
Boc

Vinyl ether S17. To a solution of N-Boc-L-Tic-OMe’ (S16) (901 mg, 3.09 mmol) in THF (13.5 mL) at
0 °C was added Tebbe reagent (0.5 M solution in toluene, 8.0 mL, 4.0 mmol, 1.3 equiv), and the mixture
was stirred at room temperature for 12 h. Et,O (10 mL) was added and the reaction was quenched with
10% aqueous NaOH (3 mL). The resulting orange precipitate was removed by suction filtration, and the
residue was concentrated. Flash chromatography on alumina (20—30% Et,0O in n-hexane) afforded vinyl
ether S17 (697 mg, 78%) as a pale yellow oil; [a]*p +9.0 (c 1.36, CHClL;); IR (film) 2974, 1695, 1392,
1167 cm™; 56:44 rotamers (0 °C, CDCl;); '"H NMR for the major rotamer (CDCl;, 600 MHz, 0 °C) & 7.20-
7.16 (2H, m), 7.14-7.09 (2H, m), 4.74 (1H, br s),4.72 (1H,d, J = 16.1 Hz),4.35 (1H, d, J = 16.1 Hz),
3.88 (1H, br s), 3.79 (1H, br s), 3.47 (3H, s), 3.12-3.02 (2H, m), 1.46 (9H, s); 'H NMR for the minor
rotamer (CDCl;, 600 MHz, 0 °C) 6 7.20-7.16 (2H, m), 7.14-7.09 (2H, m), 5.04 (1H, br s),4.69 (1H,d, J
=16.1 Hz),4.35 (1H,d, J = 16.1 Hz), 391 (1H, br s), 3.79 (1H, br s), 347 (3H, s), 3.12-3.02 (2H, m),
1.52 (9H,s); *C NMR (CDCl;, 150 MHz,0 °C) 6 162.1,161.1,155.3,155.2,133.9,133.3,133.12,133.09,
128.5,127.9,126.52,126.46,126.2,126.1,126.0,125.7,81.2,80.8,80.1,79.9,55.0 (x2),53.0,51.2,44.1,

43.6,31.8,31.0,28.4,28.3; HRDARTMS m/z [M+H]" caled for C17H24NO3" 290.1751, found 290.1753.

N OMe
H

Tetrahydroisoquinoline S18. To a solution of vinyl ether S17 (690 mg, 2.38 mmol) and 2 ,6-lutidine (545
pL,4.76 mmol, 2.0 equiv) in CH,Cl, (24 mL) at 0 °C was added TMSOT( (517 pL,2.86 mmol, 1.2 equiv),
and the reaction mixture was stirred at 0 °C for 0.5 h. The reaction was quenched with saturated aqueous

NaHCO; solution, and the resulting mixture was extracted with CH,Cl,. The extract was washed with

brine, dried over K,COs;, filtered, and concentrated under reduced pressure. Flash chromatography on
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alumina (30% Et,0/n-hexane—Et,0—5% MeOH/Et,0) afforded tetrahydroisoquinoline S18 (300 mg,
67%) as a colorless oil. [a]*p —100.9 (¢ 1.83, CHCL;); IR (film) 3319, 2933, 2838, 1659, 1623, 1451,
1249,1223 cm™!;'H NMR (CDCl;, 600 MHz) 6 7.14-7.12 (2H, m), 7.09 (1H, m), 7.02 (1H, m), 4.16 (1H,
d,J=2.6Hz),4.12 (1H,d,J=16.0 Hz),4.09 (1H,d,/J=16.0 Hz),4.02 (1H,d,J=2.6 Hz),3.61 (3H, s),
3.50 (1H,t,J =73 Hz),2.90 (1H, d, J = 7.3 Hz), 1.79 (1H, br s, NH); 1*C NMR (CDCl;, 150 MHz) &
164.5, 135.2, 134.5, 129.2, 126.0, 125.9, 125.8, 80.5, 56.6, 54.9, 48.3, 33.2; HRDARTMS m/z [M+H]*

calcd for C12H1sNO™ 190.1226, found 190.1225.

Tertiary amine 7c. A 10-mL, thick-walled reaction vessel was charged with a solution of 5-iodo-1-
pentyne (886 mg, 4.57 mmol, 2.9 equiv), EtN (1.10 mL, 793 mmol, 50 equiv), and
tetrahydroisoquinoline S18 (300 mg, 1.59 mmol) in CH;CN (1.6 mL). The vessel was sealed and the
reaction mixture was heated at 100 °C for 15 min using a microwave reactor. After cooling to room
temperature, saturated aqueous NaHCO; solution was added, and the resulting mixture was extracted with
Et,O. The extract was washed with brine, dried over K,CO;, filtered, and concentrated under reduced
pressure. Flash chromatography on alumina gel (15%—20% Et,O/n-hexane) afforded tertiary amine 7¢
(345 mg, 85%) as a colorless oil. [a]*p —71.7 (¢ 1.48, CHCL); IR (film) 3299, 2935, 2831, 2116, 1655,
1619, 1450, 1303, 1225, 1072 cm!; 'H NMR (CDCl;, 500 MHz) 6 7.14-7.08 (2H, m), 7.07 (1H, m), 7.01
(1H, m), 4.09 (1H,d,J =23 Hz),4.05 (1H,d,J =23 Hz),3.96 (1H,d, /=153 Hz), 3.60 (1H, d, J =
15.3 Hz), 3.58 (3H, s),3.30 (1H,dd, J =9.1,4.8 Hz), 3.15 (1H, dd, J = 16.4,8.8 Hz), 2.87 (1H, dd, J =
164,45 Hz),2.79 (1H,ddd, J =12.5,8.6,6.4 Hz),2.47 (1H,ddd, J = 12.6,8.4, 6.0 Hz), 2.24 (1H, dtd,

J=16.7,72,2.7Hz),2.23 (1H,dtd,J =16.7,7.2,2.7 Hz), 1.93 (1H, t,J = 2.7 Hz), 1.85-1.73 (2H, m);
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BC NMR (CDCl;, 125 MHz) § 162.8, 134.3, 134.1, 128.2, 126.2, 126.1, 125.6, 84.5, 83.5, 68.2, 62.7,

54.8, 53.7, 52.6, 32.7, 26.1, 16.4; HRDARTMS m/z [M+H]" calcd for Ci7H22NO™ 256.1696, found

256.1701.

Synthesis of tetrahydroisoquinolines 7d—h, S21 and S22

OMe OMe
OMe
N OEt

TBAF L:R
THE |: R=TMS 321 (63%) U 7e (90%) OMe
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0
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N
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Scheme S5. Synthesis of tetrahydroisoquinolines 7d-h, S21 and S22.

OMe
OMe

+ I-
N
V\

TMS

S17



Iminium iodide S20. A mixture of 6,7-dimethoxy-3,4-dihydroisoquinoline hydrochloride (5.01 g, 22.0
mmol) and 10% aqueous K>COs3 solution (100 mL, 72.5 mmol, 3.3 equiv) was extracted with Et2O. The
extract was dried over K2COs, filtered, and concentrated under reduced pressure to afford 6,7-dimethoxy-
3,4-dihydroisoquinoline (S19) (4.12 g) as a yellow oil, which was used in the next alkylation without
further purification. A solution of 6,7-dimethoxy-3,4-dihydroisoquinoline (S19) (4.12 g, 21.5 mmol) and
(5-iodo-1-pentynyl)trimethylsilane® (19) (7.29 g, 27.4 mmol, 1.27 equiv) in CH3CN (50 mL) was stirred
at 60 °C for 14 h. After cooling to room temperature, Et;O (50 mL) was added. Resulting precipitation
was collected with suction filtration to afford S20 (9.00 g, 89%) as a pale yellow powder. Mp 166—-167 °C;
IR (KBr) 3011, 2958, 2173, 1659 cm™!; 'H NMR (CDCl;, 600 MHz) & 9.88 (1H, s), 7.64 (1H, s), 6.90
(1H,s),4.33 (2H, t,J = 6.9 Hz),4.06 (2H,t,J = 8.3 Hz),4.02 (3H, s), 3.94 (3H, s),3.31 (2H,t,J =8.3
Hz),2.50 (2H,t,J = 6.6 Hz), 2.16 (2H, quintet, J = 6.7 Hz), 0.06 (9H, s); *C NMR (CDCl;, 150 MHz) 6
164.7,157.6, 148.9, 132.2, 117.1, 115.7, 110.7, 104.3, 87.0, 59.5, 56.9, 56.7, 48.4, 25.8, 25.7, 17.1, -0.1;

Anal Calcd for CoHx;INO,Si: C,49.89; H, 6.17; N, 3.06. Found: C, 49.60; H, 5.97; N, 3.02.

OMe
OMe

N OEt
L:TMS

Addition of (1-ethoxyvinyl)lithium to iminium S20. To a solution of ethyl vinyl ether (0.48 mL, 5.0
mmol, 1.0 equiv) in THF (5 mL) at —80 °C was added tert-butyllithium (1.61 M solution in n-pentane,
3.11 mL, 5.0 mmol, 5.0 equiv). The reaction mixture was stirred at —80 °C for 2 h, and then warmed to
roomed temperature. The resulting yellow solution of (1-ethoxyvinyl)lithium was added to a suspension
of cyclic iminium S20 (457 mg, 1.0 mmol, 1.0 equiv) in THF (5§ mL) at —80 °C. The reaction mixture was
warmed to 0 °C and stirred at O °C for 50 min. The reaction was quenched with brine, and the resulting

mixture was extracted with Et,O. The organic layer was dried over Na,SO,, filtered, and concentrated
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under reduced pressure. Flash chromatography on NH, silica (5—20% Et,0O in n-hexane) atforded TMS
alkyne S21 (255 mg, 63%) and terminal alkyne 7d (50 mg, 15%).

TMS alkyne S21. Colorless solid; Mp 50-52 °C; IR (film) 2954, 2924, 2853, 2172, 1516, 1250, 1225,
842 cm™'; 'H NMR (CDCl;, 600 MHz) 6 6.71 (1H,s), 6.56 (1H, s),4.11 (1H,d,J=1.7 Hz),4.05 (1H, d,
J=1.7Hz),4.03 (1H,s), 3.84 (3H, s), 3.80 (3H, s),3.80 (1H,dq,J=9.9,7.0 Hz),3.73 (1H,dq,J=9.9,
70 Hz),3.22 (1H,ddd, J=11.6,6.5,5.0 Hz), 2.84-2.71 (3H, m), 2.62-2.57 (2H, m), 2.30 (1H, dt, J =
17.1,7.1 Hz),2.27 (1H,dt,J =17.1,7.1 Hz), 1.81-1.71 (2H, m), 1.26 (3H, t,J = 7.1 Hz), 0.14 (9H, s);
BC NMR (CDCl;, 150 MHz) 6 163.1, 147.5, 146.9, 127.7, 127.1, 110.9, 110.3, 107.7, 85.5, 84.3, 66.4,
62.9, 55.83, 55.77, 53.3, 46.6, 28.1, 26.2, 17.8, 14.3, 0.2; HRDARTMS m/z [M+H]" caled for

C23H36NOsSi" 402.2459, found 402.2459.

OMe
OMe

Terminal alkyne 7d. Colorless solid; Mp 56-57 °C; IR (film) 3287,2933,2832,2116, 1612, 1516, 1256,
1224 cm™; '"H NMR (CDCl;, 600 MHz) & 6.70 (1H, s), 6.56 (1H, s),4.12 (1H,d, J = 1.8 Hz), 4.03 (1H,
s),4.03 (1H,d,J = 1.8 Hz), 3.84 (3H, s), 3.80 (3H, s), 3.80 (1H,dq,/J=9.7,7.0 Hz), 3.73 (1H, dq, J =
9.7,70 Hz),3.22 (1H,ddd, J=11.7,6.7,5.0 Hz), 2.82-2.71 (3H, m), 2.62-2.57 (2H, m), 2.28 (1H, dtd,
J=169,7.1,2.6 Hz),2.24 (1H, dtd,J =16.9,7.1,2.6 Hz), 1.93 (1H, t,J = 2.6 Hz), 1.83-1.73 (2H, m),
1.26 (3H,t,J =7.1 Hz); *C NMR (CDCl;, 150 MHz) 6 163.1, 147.5, 146.9, 127.6, 127.1, 110.9, 110.3,
85.6, 84.7, 68.0, 66.3, 62.9, 55.82, 55.76, 53.2, 46.6, 27.9, 26.3, 16.3, 14.3; HRDARTMS m/z [M+H]"

calcd for C20H2sNO3™ 330.2064, found 330.2063.
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OMe OMe
OMe OMe

E E
N OEt N OEt

L:TMS L:H
Deprotection of TMS group from S21 to 7d. To a solution of TMS alkyne S21 (226 mg, 0.562 mmol,
1.0 equiv) in THF (5.6 mL) at 0 °C was added tetra-n-butylammonium fluoride (1 M solution in THF,
0.674 mL, 0.674 mmol, 1.2 equiv). The reaction mixture was stirred at 0 °C for 1 h, and the reaction was
quenched with water. The resulting mixture was extracted with Et,O, and the organic layer was washed
with brine, dried over Na,SOy, filtered, and concentrated under reduced pressure. Flash chromatography

on NH; silica (10% Et,0 in n-hexane) afforded 7d (153 mg, 83%).

OMe

Dihydropyran 7e. To a solution of 3,4-dihydro-2H-pyran (0.42 mL, 5.0 mmol, 5.0 equiv) in THF (5 mL)
at —80 °C was added tert-butyllithium (1.61 M solution in n-pentane, 3.11 mL, 5.0 mmol, 5.0 equiv). The
reaction mixture was stirred at —80 °C for 2 h, and then warmed to roomed temperature. The resulting
yellow solution of (3,4-dihydro-2H-pyran-6-yl)lithium was added to a suspension of cyclic iminium S20
(457 mg, 1.0 mmol, 1.0 equiv) in THF (5 mL) at —80 °C. The reaction mixture was warmed to 0 °C and
stirred at 0 °C for 50 min. The reaction was quenched with brine, and the resulting mixture was extracted
with Et,O. The organic layer was dried over Na,SOy, filtered, and concentrated under reduced pressure to
afford DHP adduct (471 mg), which was used in the desilylation step without further purification. To a
solution of the DHP adduct in THF (11.2 mL) at O °C was added tetra-n-butylammonium fluoride (1 M

solution in THF, 1.12 mL, 1.12 mmol, 1.1 equiv). The reaction mixture was stirred at 0 °C for 50 min,
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and the reaction was quenched with water. The resulting mixture was extracted with Et,O, and the organic
layer was washed with brine, dried over Na,SO,, filtered, and concentrated under reduced pressure. Flash
chromatography on NH, silica (5—20% Et,0O in n-hexane) afforded dihydropyran 7e (308 mg, 90%) as a
colorless solid. Mp 95-96 °C; IR (film) 3284, 2931, 2846, 1666, 1516, 1255, 1223 cm™!; "H NMR (CDCl;,
600 MHz) 6 6.73 (1H, s), 6.56 (1H,s),4.75 (1H,t,J =3.8 Hz),3.99 (1H,ddd, J=10.5,7.3,3.3 Hz), 3.93
(1H,ddd, J =10.6,6.8,3.1 Hz), 3.87 (1H, s), 3.84 (3H, s), 3.81 (3H, 5), 3.20 (1H, dt,J = 11.7, 5.1 Hz),
2.90-2.85 (2H, m), 2.68 (1H, dt, J = 16.0,4.8 Hz), 2.57-2.53 (2H, m), 2.28 (1H, dtd, J = 169, 7.0, 2.6
Hz),2.23 (1H,dtd,J=16.9,7.2,2.6 Hz),2.11-2.08 (2H, m), 1.94 (1H, t,J =2.6 Hz), 1.85-1.75 (4H, m);
BC NMR (CDCl;, 150 MHz) & 154.0, 147.5, 147.0, 127.5, 127.2, 111.0, 110.2, 101.4, 84.7, 68.1, 66.8,
66.3,55.9,55.7,53.2,47.5,28.2,25.8,22.3, 20.5, 16.4; HRDARTMS m/z [M+H]" calcd for C21H2sNO3*

342.2064, found 342.2074.

Dihydrofuran 7f. To a solution of 2,3-dihydrofuran (0.38 mL, 5.0 mmol, 5.0 equiv) in THF (5§ mL) at —
80 °C was added tert-butyllithium (1.61 M solution in n-pentane, 3.11 mL, 5.0 mmol, 5.0 equiv). The
reaction mixture was stirred at —80 °C for 2 h, and then warmed to roomed temperature. The resulting
yellow solution of (4,5-dihydrofuran-2-yl)lithium was added to a suspension of cyclic iminium S20 (457
mg, 1.0 mmol, 1.0 equiv) in THF (5§ mL) at —80 °C. The reaction mixture was warmed to O °C and stirred
at 0 °C for 80 min. The reaction was quenched with brine, and the resulting mixture was extracted with
Et,O. The organic layer was dried over Na,SOy, filtered, and concentrated under reduced pressure to afford
DHF adduct (384 mg), which was used in the desilylation step without further purification. To a solution

of the DHF adduct in THF (9.6 mL) at 0 °C was added tetra-n-butylammonium fluoride (1 M solution in

S21



THF,0.96 mL,0.96 mmol, 1.1 equiv). The reaction mixture was stirred at O °C for 50 min, and the reaction
was quenched with water. The resulting mixture was extracted with Et,O, and the organic layer was
washed with brine, dried over Na,SO,, filtered, and concentrated under reduced pressure. Flash
chromatography on NH, silica (5—30% Et,0O in n-hexane) afforded dihydrofuran 7f (228 mg, 70%) as a
pale yellow solid. Mp 58-60 °C; IR (film) 3286, 2931, 1517, 1254, 1135 cm™!; '"H NMR (CDCl;, 600
MHz) § 6.65 (1H,s), 6.57 (1H,s),4.74 (1H,t,J =24 Hz),4.35 (1H, dt,J =9.8,9.0 Hz), 4.32 (1H, dt, J
=938, 8.8 Hz), 4.23 (1H, s), 3.84 (3H, s), 3.82 (3H, s), 3.18 (1H,ddd, J =12.0,7.2,5.2 Hz), 2.81-2.71
(3H, m), 2.69-2.60 (4H, m), 2.27 (1H, dtd, J =169, 7.1,2.8 Hz), 2.26 (1H, dtd, / = 169, 7.1, 2.8 Hz),
193 (1H,t,J = 2.7 Hz), 1.82-1.75 (2H, m); *C NMR (CDCl;, 150 MHz) 6 158.7, 147.8, 147.0, 127.0,
126.6, 111.1, 110.5, 99.7, 84.6, 70.2, 68.1, 59.9, 55.9, 55.8, 53.0, 46.2, 29.7, 27.3, 26.3, 16.3;

HRDARTMS m/z [M+H]" calcd for C20H26NO3"™ 328.1907, found 328.1905.

OMe
OMe

Dioxene 7g. To a solution of 1,4-dioxene (0.40 mL, 5.0 mmol, 1.0 equiv) in THF (5 mL) at —80 °C was
added tert-butyllithium (1.61 M solution in n-pentane, 3.11 mL, 5.0 mmol, 1.0 equiv). The reaction
mixture was stirred at —80 °C for 10 min, and then warmed to O °C. After stirring for 5 min at 0 °C, the
resulting solution of (5,6-dihydro-1,4-dioxin-2-yl)lithium was added to a suspension of cyclic iminium
S20 (457 mg, 1.0 mmol, 1.0 equiv) in THF (5 mL) at —80 °C. The reaction mixture was warmed to 0 °C
and stirred at 0 °C for 2 h. The reaction was quenched with brine, and the resulting mixture was extracted
with Et,0O. The organic layer was dried over Na,SOy, filtered, and concentrated under reduced pressure to
afford 1,4-dioxene adduct (585 mg), which was used in the next desilylation step without further

purification. To a solution of the 1,4-dioxene adduct in THF (14 mL) at 0 °C was added tetra-n-
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butylammonium fluoride (1 M solution in THF, 1.41 mL, 1.41 mmol, 1.41 equiv). The reaction mixture
was stirred at 0 °C for 50 min, and the reaction was quenched with water. The resulting mixture was
extracted with Et,0O, and the organic layer was washed with brine, dried over Na,SO,, filtered, and
concentrated under reduced pressure. Flash chromatography on NH, silica (5—30% Et,O in n-hexane)
afforded dioxane 7g (343 mg, quantative yield) as a pale yellow solid. Mp 110-113 °C; IR (film) 3284,
2933, 1676, 1517, 1255, 1137 cm™!; '"H NMR (CDCl;, 600 MHz) § 6.74 (1H, s), 6.57 (1H, s), 6.02 (1H,
s), 4.12-4.05 (2H, m), 4.02-3.99 (2H, m), 3.84 (3H, s), 3.83 (3H, s), 3.81 (1H, s), 3.21 (1H, t,J =11.7,
5.3 Hz),291 (1H,dt,J=13.1,7.5 Hz),2.86 (1H,ddd, J =159, 8.1,5.2 Hz), 2.71 (1H, dt,/=159,5.2
Hz),2.60-2.55 (2H, m), 2.27 (1H, dtd,J=169,7.0,2.6 Hz),2.26 (1H, dtd,J =16.9,7.0, 2.6 Hz), 1.95
(1H,t,J=2.6 Hz), 1.80—1.75 (2H, m); *C NMR (CDCl;, 150 MHz) 6 147.7, 147.2, 136.9, 127.7, 126.65,
126.59, 111.1, 110.1, 84.6, 68.2, 64.5, 64.2, 63.3, 56.0, 55.8, 52.9, 47.2, 28.1, 25.9, 16.4; HRDARTMS

m/z [M+H]" caled for C20H26NO4™ 344.1856, found 344.1859.

OMe
OMe

Dimethyldioxolene 7h. To a solution of 2,2-dimethyl-1,3-dioxolene’ (994 mg, 9.93 mmol, 1.0 equiv) in
THF (100 mL) at —80 °C was added fert-butyllithium (1.61 M solution in n-pentane, 6.78 mL, 10.9 mmol,
1.1 equiv). The reaction mixture was stirred at —80 °C for 1 h. A powder of cyclic iminium S20 (4.77 mg,
10.4 mmol, 1.05 equiv) was added at —80 °C under argon stream, and the reaction mixture was stirred at
—80 °C for 6.5 h. The reaction was quenched with brine, and THF was removed by rotary evaporator. The
resulting mixture was extracted with Et,O, and the organic layer was dried over Na,SO., filtered, and
concentrated under reduced pressure to afford dimethyldioxolene adduct (4.77 g), which was used in the

desilylation step without further purification. To a solution of the dimethyldioxolene adduct in THF (90
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mL) at 0 °C was added tetra-n-butylammonium fluoride (1 M solution in THF, 12.0 mL, 12.0 mmol, 1.2
equiv). The reaction mixture was stirred at 0 °C for 30 min, and the reaction was quenched with water.
THF was removed by rotary evaporator, and the resulting mixture was extracted with Et,O. The organic
layer was washed with brine, dried over Na,SO,, filtered, and concentrated under reduced pressure. Flash
chromatography on alumina (CH,Cl,) afforded dimethyldioxolene 7h (3.16 g, 89%) as a pale yellow
needles; Mp 94-96 °C; IR (film) 3283, 2934, 2832, 2114, 1516, 1254, 1224, 1139 cm™!; "H NMR (CDCl;,
600 MHz) 6 6.70 (1H, s),6.57 (1H, s),5.97 (1H, s),4.22 (1H, s), 3.85 (3H, s), 3.83 (3H,s), 3.14 (1H, ddd,
J=119,70,5.1Hz),2.84 (1H,ddd,J=12.7,8.1,6.4 Hz), 2.82-2.74 (2H, m), 2.67-2.61 (2H, m), 2.28
(1H,dtd,J=17.1,7.3,2.7Hz),2.25 (1H, dtd,J=17.1,7.0,2.7 Hz), 1.94 (1H,t,J = 2.7 Hz), 1.83-1.75
(2H, m), 1.56 (3H, s), 1.45 (3H, s); C NMR (CDCl;, 150 MHz) & 147.9, 147.1, 138.7, 127.4, 126.0,
125.8, 114.7, 111.1, 110.3, 84.5, 68.3, 57.9, 55.9, 55.8, 53.2, 46.5, 27.9, 26.3, 25.6, 25.2, 16.4;

HRDARTMS m/z [M+H]" caled for C21H2sNO4* 358.2013, found 358.2012.

OMe

N (@)
&/

Furan S22. To a solution of furan (0.150 mL, 140 mg, 2.06 mmol, 1.0 equiv) in THF (20 mL) at 0 °C

was added r-butyllithium (1.59 M solution in n-hexane, 1.30 mL, 2.06 mmol, 1.0 equiv). The reaction
mixture was stirred at 0 °C for 1 h and then cooled to —25 °C. A powder of cyclic iminium S20 (943 mg,
2.06 mmol, 1.0 equiv) was added at —25 °C under argon stream, and the reaction mixture was stirred at —
25 °C for 1.5 h. The reaction was quenched with brine, and THF was removed by rotary evaporator. The
resulting mixture was extracted with Et,O, and the organic layer was dried over Na,SO., filtered, and
concentrated under reduced pressure to afford furan adduct (828 mg), which was used in the desilylation

step without further purification. To a solution of the furan adduct in THF (10 mL) at 0 °C was added
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tetra-n-butylammonium fluoride (1 M solution in THF, 2.06 mL, 2.06 mmol, 1.0 equiv). The reaction
mixture was stirred at O °C for 10 min, and the reaction was quenched with water. THF was removed by
rotary evaporator, and the resulting mixture was extracted with Et,O. The organic layer was washed with
brine, dried over Na,SO., filtered, and concentrated under reduced pressure. Flash chromatography on
NH; silica (5—30% Et,0 in n-hexane) afforded furan S22 (535 mg, 80%) as a yellow oil. IR (film) 3290,
2950, 2934, 2911, 2832, 1517 cm™'; 'H NMR (CDCl;, 600 MHz) 6 7.36 (1H, dd, J = 1.8, 0.7 Hz), 6.61
(1H,s),6.40 (1H,s), 6.29 (1H,dd,J=3.1,1.8 Hz),6.02 (1H, d,J = 3.1 Hz),4.79 (1H, s), 3.85 (3H, s),
3.73 3H,s),3.04 (1H,ddd,J=12.1,8.5,4.8 Hz),2.88 (1H,ddd, J=16.3,8.5,5.6 Hz), 2.78 (1H, dt, J =
16.3,4.8 Hz), 2.71 (1H, dt,J = 11.8,5.3 Hz), 2.61 (1H,ddd, J =128, 8.1, 6.2 Hz), 2.56 (1H, ddd, J =
12.8,8.1,6.2Hz),2.26 (1H,dtd,J=169,7.2,2.6 Hz),2.21 (1H,dtd,/J=16.9,7.2,2.6 Hz), 1.92 (1H, t,
J=2.7Hz),1.79 (1H, d-quintet-d, J=13.9,7.2,6.8 Hz), 1.77 (1H, d-quintet-d, J = 13.9,7.2, 6.8 Hz); *C
NMR (CDCls, 150 MHz) 6 155.6, 147.8, 147.1, 142.0, 127.0, 126.9, 111.1, 110.8, 109.8, 109.4, 84.4,
68.2, 59.7, 55.84, 55.78, 53.1, 45.7, 27.5, 26.4, 16.3; HRDARTMS m/z [M+H]" calcd for C20H24NO3*

326.1751, found 326.1751.

Preparation of Silver pentacyanocyclopentadienide

CN Agt
NC 9

CN

NC
CN

Silver pentacyanocyclopentadienide (Ag[Cs(CN)s]). To a solution of Na[Cs(CN)s]' (5.68 g, 26.7
mmol) in H>O (120 mL) was added Et4NBr (7.0 g, 33 mmol, 1.2 equiv). Resulting precipitate was
collected by filtration, washed with H>O, and dried under reduced pressure to afford Et4N[Cs(CN)s] (8.22
g) as a beige powder, which was used in the next step without further purification. To a solution of
Et4N[C5(CN)s] (8.22 g) in acetone (250 mL) under dark condition was added a solution of AgNOs (13.1
g, 77.0 mmol, 3.0 equiv) in H>O (50 mL). The solution was stirred at room temperature for 24 h under

dark condition, and the resulting precipitate was collected by filtration, washed well with water, MeOH,

S25



and Et,0, and dried under reduced pressure to afford Ag[Cs(CN)s] (6.37 g, 83%) as a beige powder. IR
(KBr pellet) 2250, 2221, 1466 cm™'; 3C NMR (CDs;CN, 600 MHz) & 114.3, 103.3; Anal calcd for
CioNsAg: C,40.30; H, 0.00; N, 23.50. Found: C, 39.97; H, 0.31; N, 23.20. Similar procedure was reported
by Williams et al., in which elemental analysis showed Ag[Cs(CN)s] with hydration waters.!! Elemental

analysis in our experiment supported the non-hydrated salt.

Reaction condition screening in Figure 1

1.07 (qdd, J=13.3, 3.9, 3.3 Hz)

H
OMe H ome H ome
+ +
N N
L H H
— 4.04(d, J=1.8 Hz) 4.47 (q, J=2.1 Hz) 4.30 (q, J= 2.4 Hz)
10a cis-11a trans-11a

To a solution of amine 7a (10 mg, 0.048 mmol, 1.0 equiv) in CD,Cl, (0.6 mL) in a NMR tube was
added 1,2-dichloroethane (1 pL), and a "H NMR spectrum was collected for determination of signal ratio
between amine 7a (4.04 ppm) and 1,2-dichloroethane (3.76 ppm, internal standard). Au catalyst (0.008
mmol, 20 mol%) and Ag salt (0.010 mmol, 25 mol%) were added and the reaction mixture was heated
under dark condition at 40 °C for the indicated time in Figure 1. After cooling to room temperature, a 'H
NMR spectrum was collected and product yields were determined based on the integration of 1.07 ppm
(qdd, J =13.3,3.9,3.3 Hz) for 10a, 4.47 ppm (q, J = 2.1 Hz) for cis-11a, and 4.30 ppm (q, J = 2.4 Hz)

for trans-11a.
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Scope and Limitation of the cascade reaction

Table S1. Scope of the cascade reaction

/

AUCI(PPhs) (1-5 mol%) o
(j\[(o\ AgIC5(CN)s] (1-5 mol%) o ~
N \ e —— g+ K
( o 1,2-DCE N N

7 10 1
total
ield of
entry  substrate  conditions product(s) p‘:oducts
Au 1 mol% H
6 Ag 1 mol% OMe OMe 78%
1 N OMe 80 °C °
[ 24 h N N
e cis-11a  13%
7a 10a 50% trans-11a 15%
OMe H OMe
5 OMe Au5mol%
0a N AQSSO rggl% 65%
LI A
7b 10b 21% 11b 44%

Au 1 mol% O O
" Ag 1 mol°/: OMe H ome .
3 N OMe g °C i ‘ 73%
[ 24 h N N

cis1ic  17%

7c 10c 34% trans-11c 22%
OMe MeO MeO
OMe OMe oMe
Au 1 mol% Q O
Ag 1 mol%
. g80 no OFt H opt 60%
e g (A S
_ { “
7d 10d 22% 11d 38%

OMe

Au 2 mol%
Ag 2 mol%
80 °C
5h

63%

Au 2.5 mol%
Ag 2.5 mol%
80 °C
5h

10f 42%

11f16%

MeQ OMe MeQ OMe
Au 1.5 mol% Q Q
Ag 1.5 mol% o Ho 7%
o L) W0
N 0 N 0
H

79 syn-10g 38%
anti-10g 9%

119 26%

total
ield of
entry  substrate conditions product(s) p%oducts
OMe
OMe MeQ OMe
Au 2 mol% Q
8 AT 0. Me %
N ‘ O><Me 27h a < Me
Me N o
I H
7h 10h 7%
OMe
oMo MeO OMe MeO OMe
Au 1 mol%
Ag 1 mol% o
9 ) EtN _ 0 73%
N Me 80 °C "
[ | o>< Ve  24h N= 0
= R NEt,
7h 1273% A
6 orgs Au4mol% 0oTBS 0
0 N A N N 84%
48h IS
7i 10i 29% 135%
OMe H oMe
Cl O
N Au 2 mol% N N 16%,
1 Ag 2 mol% 46% brsm
130 °C
B0 O
— (Microwave)
7i 10j i
1 9% (26% brsm) 7% (20% brsm)
Au 5 mol% OMe
N OMe Ag 5 mol%
12 120 °C N 30%
44 h
o) o (in CgH5Cl) 0
7k 10k 30%
H OMe
N OMe Ay 5 mol%
Ag 5 mol% 219%
132 80 °C N o
22h
O;: \/O
71 11121%
H
OMe Au 2 mol% H OMe H OMe
14 N Ag 2 mol% 36%
8206"3 N N 50% brsm
\\ H H
7m 14 15% 1521%
(21% brsm) (29% brsm)
OMe
OMe H
N Au1 mol% N
15 Agg10 Tgl% . 569%
— 25h O
7n 16 22%
For entries 14 and 15
3-aza-Cope
endo-
i and OMe
Q\H/OMe cyclyzation RJ OMe  Mannich H ‘
—— e Z N
) @
H
Q: [Au] U

@ S-Enantiomers were used in the reactions shown in entries 2, 3, and 13. The specific optical rotations of products 10b—c, 11b, trans- and cis-11¢, and 111 were very low.
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Figure S1. Substrates that did not give products.
As a limitation of this reaction, substrate S11 or S21 bearing a phenyl or trimethylsilyl group on the alkyne
terminal did not afford any product derived from the cascade reaction. Furan S22 did not give a product

possibly because of its low reactivity during the 3-aza-Cope rearrangement stage.

Experimental procedure for the cascade reaction (Figure 2)

AuCI(PPh3) OMe H OMe
AQ[CS(CN)sl

12DCE

@3

10a (50%) cis-11a (13%) trans-11a (15%)

Cyclization reaction with 7a. To a solution of tertiary amine 7a (98 mg, 0.47 mmol, 1.0 equiv) in 1,2-
dichloroethane (5 mL) were added AuCI(PPhs) (2.5 mg, 0.005 mmol, 1 mol%) and Ag[Cs(CN)s] (1.5 mg,
0.005 mmol, 1 mol%). The reaction mixture was stirred at 80 °C under dark condition for 23 h. After
cooling to room temperature, flash chromatography on NHo silica gel (20—-30% Et,0O in n-hexane) gave
a mixture of 10a and cis-11a (67 mg) and a mixture including frans-11a (18 mg). The former mixture
was further purified by flash chromatography on alumina (20% Et;O in n-hexane — Et,0) to afford 10a
(49 mg, 50%) and cis-11a (13 mg, 13%). The latter mixture was further purified by flash chromatography
on alumina (20% Et;0 in n-hexane — Et;0) to give trans-11a (15 mg, 15%).

Internal enol ether 10a. Pale yellow oil; IR (film) 2922, 2846, 1684 cm™'; 'H NMR (CDCl;, 600 MHz)
5 3.59 (3H,5s),3.09 (1H,ddd,J=99,8.1,6.2 Hz),3.06 (1H, ddt,J = 14.8,4.8, 1.3 Hz), 2.89 (1H, ddd, J
=148,119,1.2Hz),2.74 (1H, m),2.57 (1H,ddt,J=13.3,4.1,1.9 Hz),2.36 (1H, dd, J = 14.9,9.2 Hz),
2.25(1H,dddd,J=14.9,94,74,2.1 Hz), 1.86-1.79 (3H, m), 1.78-1.73 (3H, m), 1.67 (1H, dt,J = 12.1,
94 Hz),1.58 (1H, m), 1.46 (1H, tt,J=13.3,2.3 Hz), 1.38 (1H, m), 1.11 (1H, qdd,J=13.3,3.9, 3.1 Hz);
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13C NMR (CDCl;, 600 MHz)  150.8 (C), 122.9 (C), 73.3 (C), 56.0 (CHz), 50.0 (CHa), 46.7 (CH,), 37.6
(CHa), 36.6 (CHa), 29.8 (CHa), 26.3 (CHa), 24.7 (CHa), 24.2 (CH), 23.1 (CHz); HRDARTMS m/z
[M+H]" caled for Ci3HNO* 208.1696, found 208.1697.

Cis-fused compound cis-11a. Pale yellow oil; IR (film) 2923, 2849, 1653 cm'; 'H NMR (CDCl,, 600
MHz) § 4.46 (1H, q, J = 2.1 Hz), 3.60 (3H, s), 3.05 (1H, ddd, J = 9.5, 8.6, 3.5 Hz), 2.71 (1H, m), 2.68
(1H, dtd, J = 13.5,4.0, 1.5 Hz),2.65 (1H, td, J = 9.7, 6.2 Hz), 2.50 (1H, dt, J = 15.4,2.2 Hz), 2.43 (1H,
ddd, J = 13.5,9.0,5.0 Hz), 1.96 (1H, dd, J = 152,22 Hz), 1.87-1.80 (4H, m), 1.70 (1H, m), 1.63 (1H,
dddd, J =14.0,11.6,3.9,1.3 Hz), 1.57-1.50 (3H, m), 1.24 (1H, m); '*C NMR (CDCL;, 600 MHz) & 160.0
(C), 91.5 (CH), 70.7 (C), 56.0 (CHs), 53.8 (CHa), 52.4 (CH), 49.2 (CH,), 42.3 (CH,), 33.8 (CH,), 30.8
(CHa), 27.1 (CHa), 24.4 (CH,), 20.4 (CH,); HRDARTMS m/z [M+H]* caled for C13H2NO* 208.1696,

found 208.1696.

2.12 (1H,dddtJ=14.5,72,5.1,09 Hz)
293 (1H, m)

1.74 (1H,ddd,J=11.7,8.7,3.1 Hz)

Figure S2. Difference NOE for cis-11a (C¢Ds, 500 MHz).

Trans-fused compound #rans-11a. Pale yellow oil; IR (film) 2931, 2843, 1639 cm™!; '"H NMR (CDCls;,
600 MHz) 6 4.31 (1H, q,J = 2.4 Hz), 3.56 (3H, s), 3.14-3.09 (2H, m), 3.04 (1H, dq, J = 11.8,2.0 Hz),
2.86-2.80 (2H, m), 2.12 (1H, dd, J =134, 3.1 Hz),2.07 (1H, dq, J = 134, 1.8 Hz), 2.03 (1H, dqd, J =
14.1,3.3,1.6 Hz), 1.88-1.75 (3H, m), 1.69 (1H, tdd,/J=11.0,8.8,1.1 Hz), 1.63-1.57 (2H, m), 1.48 (1H,
ddt,J =152,72,3.7Hz), 141 (1H,dtd, J=14.0,119,4.2 Hz), 1.32 (1H, qdd, J = 125, 5.1, 3.7 Hz);
3C NMR (CDCl;, 600 MHz) & 160.0 (C), 90.2 (CH), 76.0 (C), 55.8 (CH3), 54.0 (CH>), 53.5 (CH), 48.6
(CH»), 43.5 (CH2), 31.9 (CH»), 28.7 (CH»), 25.3 (CH>), 22.9 (CH), 22.7 (CHz). HRDARTMS m/z

[M+H]" caled for C13H22NO™ 208.1696, found 208.1694.
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%H
N
3.04 (1H,dq,J = 11.8,2.0 Hz)H

__M212(1H,dd,J=134,3.1 Hy)

Figure S3. 2D NOESY for trans-11a (600 MHz, CDCl;).

AuCI(PPh,) OMe H OMe
N OMe AgICs(CN)s]

Bt +

1,2-DCE N N

7b 10b (21%) 11b (44%)
Cyclization reaction with 7b. To a solution of amine 7b (173 mg, 1.29 mmol, 1.0 equiv) in 1,2-
dichloroethane (13 mL) were added AuCl(PPhs) (31.6 mg, 0.065 mmol, 5 mol%) and Ag[Cs(CN)s] (20.0
mg, 0.065 mmol, 5 mol%). The reaction mixture was stirred at 80 °C under dark condition for 17 h. After
cooling to room temperature, flash chromatography on alumina (50% Et,0O in n-hexane — 5% MeOH in
Et,0) afforded 10b (37 mg, 21%) and 11b (76 mg, 44%).
Internal enol ether 10b. Pale yellow oil; IR (film) 2937, 2847, 1699 cm!; '"H NMR (CDCl;, 600 MHz)
6 3.63 (3H,s),2.99 (1H, dt,J =12.3,8.9 Hz), 2.70 (1H, ddd, J = 12.2, 8.8, 2.9 Hz), 2.70 (1H, m), 2.52
(1H,dddd,J=14.2,4.5,24,1.5Hz),2.45 (1H,ddt,J=15.2,9.7,1.8 Hz), 2.40 (1H,dddd, /= 15.2,9.2,
75,42 Hz),2.37 (1H,td,J =119, 2.4 Hz), 1.98 (1H, m), 1.85-1.72 (4H, m), 1.71-1.63 (2H, m), 1.54
(IH,qt,J=12.8,4.1Hz),1.47 (1H,ddd,J=12.2,9.2,2.9 Hz); 3C NMR (CDCl;, 600 MHz) & 149.6 (C),
113.3 (C), 73.1 (C), 56.5 (CH3), 52.6 (CH>), 50.5 (CH>), 36.8 (CH>), 28.2 (CH>), 26.7 (CH>), 25.7 (CH>),
21.3 (CH»), 19.5 (CHz); HRDARTMS m/z [M+H]" calcd for Ci2H20NO™ 194.1539, found 194.1541.
Compound 10b showed low specific optical rotation [a]*p = —0.9 (¢ 1.90, CHCl;) and enantiomeric
excess of 10b was not determined.
Cis-fused amine 11b. Pale yellow oil; IR (film) 2931, 2852, 2788, 1636 cm™; 'H NMR (CDCl;, 600
MHz) 6 4.38 (1H,t,J =2.0 Hz), 3.59 (3H, s),2.91 (1H, m), 2.85 (1H, m), 2.76-2.70 (2H, m), 2.49 (1H,
d,J=14.1 Hz),2.18 (1H,dd,J=7.7,6.1 Hz), 191 (1H,dd,J = 14.2,2.7 Hz), 1.87-1.80 (3H, m), 1.79—
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1.71 (2H, m), 1.49-1.41 (2H, m), 1.34 (1H, m); *C NMR (CDCl;, 600 MHz) & 163.2 (C), 90.6 (CH),
67.9 (C), 56.0 (CH3), 51.7 (CH»), 47.1 (CH»), 45.1 (CH), 38.3 (CH»), 36.4 (CH), 26.1 (CH>), 21.4 (CH>),
19.0 (CH2); HRDARTMS m/z [M+H]" calcd for C12H20NO™ 194.1539, found 194.1541. Compound 11b
showed low specific optical rotation [a]**p = +3.0 (¢ 1.10, CHCI;) and enantiomeric excess of 11b was

not determined.

2.17 (1H,dd,J=8.5,6.2 Hz)

2%
) @ 178 (1H, dt, J = 119,85 Hz)
OCH,4
1 46-132 2H.m) H

1.7%\, -
2.60 (1H,dt,J = 140, 1.0 Hzy'

Figure S4. Difference NOE for 11b (CsDg, 500 MHz).

AUCI(PPhy) O
AQ[CS (CN)s] OMe
'
: " 12DCE e

10c (34%) cis-11¢ (17%) trans-11c (22%)

Cyclization reaction with 7c. To a solution of amine 7¢ (325 mg, 1.27 mmol, 1.0 equiv) in 1,2-
dichloroethane (13 mL) were added AuCl(PPhs) (6.3 mg, 0.013 mmol, 1 mol%) and Ag[Cs(CN)s] (3.9
mg, 0.013 mmol, 1 mol%). The reaction mixture was stirred at 80 °C under dark condition for 24 h. After
cooling to rt, flash chromatography on NHj silica gel (50% Et;O in n-hexane) gave a mixture including
cis-11¢ (101 mg) and a mixture including 10¢ and trans-11¢ (212 mg). The former mixture was further
purified by HPLC on NHj; silica (Chlomatorex NH,, 5 um, 2.0 cm x 25 cm, 15% Et,0 in n-hexane, 19.0
mL/min, 11.9 min for cis-11¢) to afford cis-11¢ (55 mg, 17%). The latter mixture was further purified by
HPLC on NH, silica (Chlomatorex NH,, 5 um, 2.0 cm x 25 cm, 7% i-PrOH in n-hexane, collection
between 8.9—-11.2 min for 10¢ and trans-11c¢) to afford a 61:39 mixture of 10c and trans-11c¢ (183 mg,

56%). Analytical samples of 10c and frans-11c¢ was obtained by separation of HPLC on NH, silica
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(Chlomatorex NH,, 5 um, 2.0 cm x 25 cm, 7% i-PrOH in n-hexane, 19.0 mL/min, 6.6 min for 10¢ and
6.2 min for trans-11c¢).

Internal enol ether 10c. Colorless solid; Mp 44—46 °C; IR (film) 2953, 2937, 2895, 1686, 1343, 1071
cm™'; 'H NMR (CDCl;, 600 MHz) 6 7.17-7.13 (2H, m), 7.08-7.03 (2H, m), 4.46 (1H, d, J = 15.8 Hz),
394 (1H,d,J=17.6 Hz),3.69 (1H, d, J = 15.8 Hz), 3.61 (3H, s),3.31 (1H,dd, J = 17.6,2.9 Hz), 2.83
(1H, m), 2.64 (1H, m), 2.51 (1H, dddd, J = 15.2,89,2.2, 1.5 Hz), 2.36 (1H, dtd, J = 15.2, 8.1, 3.6 Hz),
1.95(1H,ddd,J=12.8,8.3,2.4Hz),1.92 (1H,dt,J =12.8,8.6 Hz), 1.87-1.72 (4H, m); *C NMR (CDCl;,
600 MHz) 6 152.8 (C), 137.91 (C), 137.90 (C), 130.3 (CH), 129.3 (CH), 126.9 (CH), 125.4 (CH), 116.6
(©), 74.3 (C), 56.1 (CH3), 51.9 (CH»), 50.4 (CH>), 37.3 (CH>), 35.5 (CH2), 29.4 (CH>), 26.8 (CH>), 23.8
(CH2); HRDARTMS m/z [M+H]" caled for C17H22NO" 256.1696, found 256.1692. Compound 10¢
showed low specific optical rotation [a]*p = —3.8 (¢ 0.59, CHCl;), and enantiomeric excess of 10c was
not determined.

Cis-fused compound cis-11c. Colorless oil; IR (film) 3065, 2931, 2900, 2845, 1641, 1456, 1341, 1245
cm™'; 'H NMR (CDCl;, 600 MHz) & 7.15-7.08 (4H, m), 4.53 (1H,d,J=15.2 Hz),4.40 (1H,dd,J = 2.8,
1.7 Hz),3.76 (1H, d, J = 15.2 Hz), 3.55 (3H, s),3.01 (1H,dd, J=14.2, 109 Hz),2.90 (1H, dt, J = 14.3,
1.7Hz),2.89 (1H,dd,J=14.2,3.2 Hz),2.80 (1H, td, J = 8.8,4.6 Hz),2.56 (1H, td, J = 8.8, 6.9 Hz), 2.25
(1H, ddd,J=10.8,3.2,1.3 Hz), 1.99 (1H, dd, J = 14.3, 2.8 Hz), 1.96 (1H, ddd, J = 12.7,9.0, 6.2 Hz),
1.86 (1H,ddd,J=12.7,9.5,6.2 Hz), 1.72 (1H, dddt,J = 12.7,9.2,8.4,6.4 Hz), 1.62 (1H, dtdd, J = 12.7,
8.8,6.0,4.6 Hz); ’*C NMR (CDCl;, 600 MHz) 8 162.2 (C), 139.2 (C x 2), 129.2 (CH), 128.8 (CH), 127.0
(CH), 125.9 (CH), 90.9 (CH), 70.5 (C), 55.9 (CH3), 50.92 (CH>), 50.88 (CH>), 49.3 (CH), 43.0 (CH>),
37.4 (CH>), 35.0 (CH), 21.3 (CHz); HRDARTMS m/z [M+H]" calcd for Ci17H22NO™ 256.1696, found
256.1690. Compound cis-11¢ showed low specific optical rotation [a]*p = +0.7 (¢ 3.53, CHCl;), and

enantiomeric excess was not determined.
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289 (1H. dd.J = 142,32 Hz) 2.25(1H,ddd,J=10.8,32,1.3 Hz)
. ,dd,J/=142,32Hz 7

OCH,

T7TT-1.96 (1H,ddd, J = 12.7,9.0,6.2 Hz)

453 (1H,d,J = 152 HZ)H/ —

301 (1H,dd, J = 142, 10.9 Hz)/ 2.90 (1H, dt,J=14.3, 1.4 Hz)

Figure S5. 2D NOESY for cis-11¢ (CDCl;, 600 MHz).

Trans-fused compound trans-11c¢. Colorless solid; Mp 50-52 °C; IR (film) 2929, 2835, 1638, 1446,
1232 cm™'; 'TH NMR (CDCl;, 600 MHz) & 7.18-7.15 (2H, m), 7.05 (1H, ddd, 7.7, 6.4, 2.6 Hz), 6.99 (1H,
dd,/=7.3,13Hz),4.79 (1H, d,J=15.8 Hz), 4.36 (1H, ddd, J=3.1, 2.4, 1.8 Hz), 3.85 (1H, ddt, J=13.5,
4.5,2.3 Hz), 3.60 (3H, s), 3.47 (1H, d, J = 15.8 Hz), 3.44 (1H, dd, /= 17.8, 4.6 Hz), 3.06 (1H, ddd, J =
9.4,7.7,1.3 Hz),2.96 (1H, dd, /= 17.8, 13.6 Hz), 2.64 (1H, td, /= 10.1, 6.2 Hz), 2.22 (1H, dq, J = 13 .4,
1.9 Hz), 2.11 (1H, dd, J=13.5, 3.2 Hz), 1.71 (1H, m), 1.61-1.51 (3H, m); *C NMR (CDCl;, 600 MHz)
8 159.9 (C), 137.8 (C), 137.6 (C), 132.0 (CH), 130.6 (CH), 127.2 (CH), 125.0 (CH), 90.8 (CH), 74.3 (C),
56.2 (CHz), 56.0 (CHs), 52.3 (CH»), 45.2 (CH), 43.8 (CH>), 32.1 (CH>), 32.0 (CHy), 22.8 (CHy);
HRDARTMS m/z [M+H]" calcd for C17H22NO* 256.1696, found 256.1694. Compound trans-11¢ showed
low specific optical rotation [a]**p = 7.0 (¢ 0.41, CHCl;), and enantiomeric excess of trans-11¢ was not

determined.

3.47 (1H, d, J= 15.8 HzH
H
479 (1H,d,J=158 H2) H X H222 (1H, dg, /= 13.4, 1.9 Hz)

3.85 (1H, ddt, J= 13.5, 4.5, 2.3 Hz)

Figure S6. 2D NOESY for trans-11¢ (CDCl;, 600 MHz).
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AuCI(PPhg) Q
Ag[C5(CN)s]
OEt _ OEt 4
N 1,2-DCE ‘
! y

7d 10d (22%) 11d (38%)

Cyclization reaction with 7d. To a solution of amine 7d (167 mg, 0.50 mmol, 1.0 equiv) in 1,2-
dichloroethane (5 mL) were added AuCI(PPhs) (2.8 mg, 0.005 mmol, 1 mol%) and Ag[Cs(CN)s] (1.8 mg,
0.005 mmol, 1 mol%). The reaction mixture was stirred at 80 °C under dark condition for 25 h. After
cooling to room temperature, the mixture was filtered through the alumina pad with aid of 5% MeOH in
Et;0, and the filtrate was concentrated. The residue was purified by flash chromatography on NHo silica
(50% Et;0 in n-hexane — Et2O — 5% MeOH in Et,O) afforded 10d (36 mg, 22%) and a mixture
including 11d (71 mg). The mixture was further purified by HPLC on NH; silica (Chlomatorex NH,, 5
pm, 2.0 cm x 25 cm, 5% i-PrOH in n-hexane, 7.9 min for 11d) afforded 11d (63 mg, 38%).

Internal enol ether 10d. Pale yellow amorphous solid; IR (film) 2925,2851, 1512 cm™'; 'TH NMR (CDCl;,
600 MHz) 6 6.87 (1H, s),6.57 (1H,s),3.90 (1H,dq,J=9.7,7.0 Hz),3.89 (1H,dq,J=9.7,7.0 Hz), 3.844
(3H,s),3.841 (3H,s),3.52 (1H,ddd,J=14.7,11.5,3.7 Hz),3.25 (1H,ddd, J=17.1,11.9,4.8 Hz), 2.96
(1H,ddd,J=14.7,4.5,3.5 Hz),2.90 (1H, dt,J = 17.1,3.4 Hz),2.86 (1H, m), 2.83 (1H, td, /= 8.8,5.9
Hz), 2.56 (1H,ddd,J=154,7.7,39 Hz), 2.44 (1H, dt,J = 15.4, 8.1 Hz), 1.89-1.84 (2H, m), 1.78-1.67
(3H, m), 1.56 (1H, m), 1.24 (3H, t, J = 7.0 Hz); 3C NMR (CDCl;, 600 MHz) 6 152.2 (C), 147.2 (C),
146.1 (C), 130.0 (C), 125.4 (C), 119.0 (C), 114.4 (CH), 112.4 (CH), 76.9 (C), 64.3 (CHz), 55.8 (CH3),
55.7 (CH3), 49.2 (CH>), 44.0 (CH»), 37.6 (CH»), 35.9 (CH>), 32.5 (CH>), 27.9 (CH»), 23.8 (CH2), 15.5
(CH3); HRDARTMS m/z [M+H]" calcd for C20H2sNO3" 330.2064, found 330.2061.

Cis-fused compound 11d. Pale yellow amorphous solid; IR (film) 2937, 2875, 2792, 1647, 1515 cm™!;
'H NMR (CDCl;, 600 MHz) 6 6.65 (1H, s), 6.61 (1H,s),4.47 (1H,q,J=2.4 Hz),3.86 (3H, s), 3.84 (3H,
s),3.82 (1H,td,J=2.3,1.3 Hz),3.79 (1H,dq,J=9.7,70 Hz),3.74 (1H,dq, J=9.7,7.0 Hz), 3.22 (1H,

ddd,J=14.1,12.2,7.7Hz),3.03 (1H,ddd,/=94,8.3,49 Hz),2.93 (1H,td,J=11.8,7.2 Hz),2.68 (1H,
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dt,J=159,2.4 Hz),2.60 (1H,dd,J=11.5,7.4 Hz),2.44 (1H,td, /= 9.6, 6.8 Hz),2.38 (1H,dd, J = 14.1,
6.8 Hz), 1.98 (1H, ddd, J = 159,22, 1.3 Hz), 1.98-1.90 (2H, m), 1.75-1.69 (2H, m), 1.16 (3H, t,J = 7.0
Hz); '*C NMR (CDCls, 600 MHz) & 156.5 (C), 147.6 (C), 146.9 (C), 130.7 (C), 128.9 (C), 115.2 (CH),
112.5 (CH), 92.0 (CH), 66.7 (C), 64.4 (CHa), 60.3 (CH), 56.0 (CHs), 55.8 (CHs), 53.0 (CHa), 48.8 (CHa),
42.8 (CHz), 31.6 (CHa), 30.3 (CH,), 19.7 (CHz), 14.3 (CHs); HRDARTMS m/z [M+H]" calcd for

C20H2sNO3" 330.2064, found 330.2060.

3.82 (1H,td,J=2.3,1.3 Hz)
6.65 (1H, 5) 7.4%!
MeQ " H 1,98 (1H,ddd, /= 159,22, 1.3 Hz)
CH’ oEt

MeO

Figure S7. Difference NOE for compound 11d.

OMe

MeO OMe
AuCI(PPhy)
Ag[C5(CN)s]
1,2-DCE
7e 11e (63%)

Cyclization reaction with 7e. To a solution of cyclic amine 7e (83.3 mg, 0.244 mmol, 1.0 equiv) in 1,2-
dichloroethane (2.5 mL) were added AuCIl(PPh;) (1.2 mg, 0.0025 mmol) and Ag[Cs(CN)s] (0.7 mg,
0.0025 mmol). The reaction mixture was stirred under dark condition at 80 °C for 4 h. Additional
AuClI(PPh;) (1.2 mg,0.0025 mmol) and Ag[Cs(CN)s] (0.7 mg, 0.0025 mmol) were added and the mixture
was further stirred at 80 °C for 1 h. After cooling to room temperature, the mixture was concentrated.
Flash chromatography on NH, silica gel (50% Et,O in n-hexane—Et,0) afforded 11e (52.1 mg, 63%) as
a pale yellow amorphous solid. IR (film) 2935,2837,2832, 1695, 1510 cm™!; 'H NMR (CDCl;, 600 MHz)
5 6.65 (1H,s), 6.62 (1H, s), 3.97-3.92 (2H, m), 3.85 (3H, s), 3.84 (1H, s), 3.83 (3H, s), 3.25 (1H, ddd, J
=1338,124,7.6 Hz),3.03 (1H,td,/=89,4.8 Hz),2.93 (1H,td,J=11.8,7.2 Hz),2.61 (1H,d,J =145
Hz),2.59 (1H,dd,/J=114,7.7Hz),2.44 (1H,td,J=9.6,6.9 Hz),2.39 (1H,dd,J=13.9,7.0 Hz),2.07-
1.94 (4H, m), 1.92 (1H, d, J = 14.5 Hz), 1.86-1.82 (2H, m), 1.75-1.69 (2H, m); *C NMR (CDCl;, 600
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MHz) § 148.7 (C), 147.7 (C), 147.0 (C), 130.8 (C), 128.7 (C), 114.7 (CH), 112.7 (CH), 105.6 (C), 67.0
(CHb), 65.4 (C), 60.0 (CH), 55.9 (CHs), 55.7 (CHs), 53.0 (CH,), 48.7 (CHa), 42.7 (CHa,), 34.7 (CHa), 30.5
(CHa), 22.7 (CHa), 21.7 (CHp), 19.7 (CHz); HRDARTMS m/z [M+H]* caled for Co1HasNOs™ 342.2064,

found 342.2071.

3.97 (1H, s)
6.74 (1H, s)18.3%
MeO H

W ). 2.00 (IH, dt, J = 114,9.7 Hz)
(_Ho

MeO

OMe
AuCI(PPhg)
Ag[C5(CN)s]
1,2-DCE
7f 10f (42%) 11f (16%)

Cyclization reaction with 7f. To a solution of cyclic amine 7f (109 mg, 0.334 mmol, 1.0 equiv) in 1,2-
dichloroethane (3.3 mL) were added AuCl(PPh;) (1.7 mg, 0.0033 mmol, 1 mol%) and Ag[Cs(CN)s] (1.0
mg, 0.0033 mmol, 1 mol%). The reaction mixture was stirred under dark condition at 80 °C for 2 h.
Additional AuCI(PPh;) (2.5 mg, 0.0050 mmol, 1.5 mol%) and Ag[Cs(CN)s] (1.5 mg, 0.0050 mmol, 1.5
mol%) were added and the mixture was stirred at 80 °C for 3 h. The reaction mixture was concentrated
and flash chromatography on NH, silica gel (50% Et,0O in n-hexane — Et,0) gave a mixture of 10f and
11f. The mixture was further purified by HPLC on NH, silica (Chlomatorex NH,, 5 pm, 2.0 cm x 25 cm,
Et,0, 16.0 mL/min, 24.0 min for 10f and 19.0 min for 11f) to give 10f (46 mg, 42%) and 11f (18 mg,
16%).

Conjugated enol ether 10f. Pale yellow amorphous solid; IR (film) 2930, 2895, 2852, 1683, 1514 cm~
; 'TH NMR (CDCl;, 600 MHz) 6 6.81 (1H, s), 6.57 (1H, s), 4.49 (1H, t,J = 8.5 Hz), 4.38 (1H, ddd, J =

11.6,8.7,5.2 Hz), 3.86 (3H, s), 3.83 (3H, s), 3.57 (1H, ddd, J = 14.5, 12.3, 3.7 Hz), 3.40 (1H, ddd, J =
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17.3,12.3,4.8 Hz),3.05 (1H,ddd, J = 14.5,4.8,3.3 Hz),2.96-2.91 (2H, m), 2.87 (1H, ddd, J = 17.3,3.7,
3.3 Hz),2.80 (1H,m), 2.13 (1H,ddd, /= 11.8,6.8,5.2 Hz),2.07 (1H,dd, J= 11.6,6.4 Hz),2.01 (1H, m),
1.77-1.66 (3H, m), 1.63 (1H, qd, J = 11.6, 8.4 Hz), 1.53 (1H, dd, J = 11.3, 9.4 Hz); *C NMR (CDCL,,
600 MHz) & 158.8 (C), 147.1 (C), 146.4 (C), 129.1 (C), 124.3 (C), 114.2 (CH), 112.7 (CH), 111.0 (C),
82.6 (C), 76.2 (CHa), 55.8 (CHs), 55.7 (CH), 48.7 (CH,), 44.7 (CHa), 42.6 (CHa), 42.3 (CH), 35.6 (CHa),
32.2 (CHy), 31.1 (CHy), 24.1 (CHa); HRDARTMS m/z [M+H]" caled for C20Hz6NOs" 328.1907, found

328.1907.

196 (1H,ddd, J = 114,55, 1.0 Hz)
‘x\(\ 2.60 (1H,ddt,J=11.4,9.3,6.7 Hz)

Figure S9. 1D Gradient NOESY for compound 10f (CsDs, 400 MHz).

Unconjugated enol ether 11f. Pale yellow amorphous solid; IR (film) 2929, 2853,2797, 1706, 1514 cm~
I; 'TH NMR (CDCl;, 600 MHz) & 6.65 (1H, s), 6.63 (1H, s), 4.65 (2H, t, J = 8.8 Hz), 3.84 (3H, s), 3.83
(3H,s),3.77 (1H,s), 3.22 (1H, ddd, J = 13.8, 12.8,7.2 Hz), 3.09 (1H, m), 2.98 (1H, ddd, J = 12.8, 11.6,
6.6 Hz),2.66 (1H,dd,J=11.6,7.2 Hz),2.64 (1H,d, J = 15.6 Hz), 2.62-2.53 (2H, m), 2.46 (1H,td, J =
93,7.7Hz),2.41 (1H,dd,J=13.8,6.6 Hz),2.10 (1H,ddd,/J=11.7,6.2,5.0 Hz),2.01 (1H,dt,J=11.7,
10.1 Hz), 1.89 (1H, dq, J = 15.6, 1.1 Hz), 1.79-1.74 (2H, m); 3C NMR (CDCl;, 600 MHz) 5 159.0 (C),
147.8 (C), 147.2 (C), 130.6 (C), 128.0 (C), 114.3 (CH), 112.9 (CH), 110.8 (C), 76.2 (CH>), 74.8 (C), 55.9
(CHs), 55.8 (CHs), 54.8 (CH), 53.4 (CH>), 49.5 (CH»), 43.6 (CH>), 30.5 (CH>), 29.0 (CH>), 28.5 (CH>),

19.8 (CH2); HRDARTMS m/z [M+H]" calcd for C20H26NO3" 328.1907, found 328.1902.

377 (1H, s)
6.65 (1H, s) !

MeO

Figure S10. 2D NOESY for compound 11f (CDCl;, 600 MHz).
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Cyclization reaction with 7g. To a solution of cyclic amine 7g (496 mg, 1.44 mmol, 1.0 equiv) in 1,2-
dichloroethane (14 mL) were added AuCI(PPh;) (7.1 mg, 0.0144 mmol, 1 mol%) and Ag[Cs(CN)s] (4.3
mg, 0.0144 mmol, 1 mol%). The reaction mixture was stirred under dark condition at 80 °C for 17 h.
Additional AuCI(PPh;) (3.5 mg, 0.0072 mmol, 0.5 mol%) and Ag[Cs(CN)s] (2.1 mg, 0.0072 mmol, 0.5
mol%) were added and the mixture was stirred at 80 °C for 2 h. The reaction mixture was concentrated
and flash chromatography on NH, silica gel (50% Et,0O in n-hexane — Et,0) afforded a mixture of syn-
10g and 11g (324 mg) and a mixture including anti-10g (66 mg). The former mixture was further purified
by flash chromatography on alumina (Et,O) to afford syn-10g (189 mg, 38%) and 11g (130 mg, 26%).
The latter mixture was further purified by HPLC on NH, silica (Chlomatorex NH,, 5 um, 2.0 cm x 25
cm, 5% MeOH in Et,0, 19.0 mL/min, 6.2 min for anti-10g) to give anti-10g (45 mg, 9%).

Conjugated syn-enol ether syn-10g. Colorless amorphous solid; Mp 168-170 °C; IR (film) 2956, 2929,
2853, 1514 cm™'; 'H NMR (CDCls, 600 MHz) & 6.71 (1H, s), 6.63 (1H, s),4.35 (1H,dd,J=7.7,7.0 Hz),
3.97-3.86 (4H, m), 3.848 (3H, s), 3.847 (3H, s), 3.60 (1H, ddd, J = 14.8,12.3,3.9 Hz), 3.38 (1H, ddd, J
=17.6,12.3,53 Hz),3.05 (1H,ddd, J = 14.8,5.3,2.2 Hz),2.97 (1H, ddd, J = 17.6, 3.9, 2.2 Hz), 2.85
(1H,ddd,J=104,84,5.1 Hz),2.81 (1H,dd,/J=84,6.0Hz),2.27 (1H,dd,/=11.8,6.9 Hz), 1.82-1.69
(4H, m), 1.56 (1H, td, J = 12.1, 7.0 Hz); 3C NMR (CDCl;, 600 MHz) & 147.8 (C), 147.5 (C), 146.3 (C),
129.9 (C), 123.4 (C), 123.1 (C), 114.0 (CH), 112.7 (CH), 74.9 (CH), 72.0 (C), 67.7 (CH2), 65.0 (CH>),
55.9 (CH3), 55.7 (CHas), 48.3 (CH2), 44.8 (CH2), 41.9 (CH2), 36.5 (CHz), 32.3 (CH>), 24.1 (CH»);

HRDARTMS m/z [M+H]" calcd for C20H26NO4" 344.1856, found 344.1863.
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1.59 (1H, m) m 424(1H dd,J=84,6.8 Hz)

5
& “ﬁ
227(1H dd,J=11.9,6.8 Hz)
Figure S11. Difference NOE for compound syn-10g (CsDs, 500 MHz).
Conjugated anti-enol ether anti-10g. Colorless solid; Mp 72—75 °C; IR (film) 2957, 2917, 2849, 1671,
1513 em™!; 'TH NMR (CDCls, 600 MHz) & 6.88 (1H, s), 6.58 (1H, s), 4.67 (1H, t,J = 7.1 Hz), 4.09-4.07
(2H, m), 3.97-3.90 (2H, m), 3.88 (3H, s), 3.84 (3H, s),3.32 (1H,dd,J=14.6,11.5 Hz), 3.18 (1H, ddd, J
=11.1,84,3.7Hz),3.10 (1H,ddd,J=174,11.5,1.8 Hz),2.88 (1H,dt,/=11.1,8.1 Hz),2.79 (1H, ddd,
J=14.6,53,18 Hz),2.62 (1H,dd,J=174,49 Hz),2.43 (1H,dd,J=12.3,7.3 Hz), 1.87 (1H, dtdd, J
=11.8,85,3.7,1.6 Hz),1.79 (1H,tq,J=11.9,8.1 Hz), 1.71 (1H,td,/J=11.7,8.5 Hz), 1.63 (1H,dd, J =
12.3,6.9 Hz), 1.52 (1H, ddd, J = 12.1, 7.0, 1.6 Hz); 13C NMR (CDCl;, 600 MHz) § 150.0 (C), 147.7 (C),
146.5 (C), 130.7 (C), 123.9 (C), 117.8 (C), 113.2 (CH), 112.4 (CH), 76.0 (CH), 74.8 (C), 67.6 (CH>), 65.2
(CH»), 55.8 (CH3), 55.7 (CH3), 50.9 (CH>), 50.6 (CH»), 45.8 (CH>), 37.5 (CH»), 31.9 (CH>), 24.1 (CHb);

HRDARTMS m/z [M+H]" calcd for C20H26NO4" 344.1856, found 344.1860.

1.52 (1H,ddd,J =

12.1.7.0. 16Hz)‘ 1.63 (1H,dd,J=12.3,69 Hz)

)_/
| H467(1HtJ 7.1 Hz)

2.43(1H,dd,] 12.3,7.3 Hz)

Figure S12. 1D Gradient NOESY for compound anti-10g (CDCl;, 600 MHz).

Unconjugated enol ether 11g. Colorless amorphous solid. IR (film) 2932, 2867, 1719, 1515 cm™'; 'H
NMR (CDCls, 600 MHz) & 6.66 (1H, s), 6.65 (1H, s),4.12-4.03 (4H, m), 3.93 (1H, dd,J=2.9,0.9 Hz),
3.85(3H,s),3.84 3H,s),3.37 (1H,ddd, J=13.7,12.9,7.5 Hz),3.07 (1H,td,J =9.5,8.5,4.9 Hz), 2.95
(1H,ddd,J=129,11.6,69 Hz),2.77 (1H,dd, J = 15.3,3.0 Hz), 2.63 (1H, dd, J=11.6,7.5 Hz), 2.44
(1H,dd,J=13.7,69 Hz),2.43 (1H,td,J=9.5,6.6 Hz), 2.04 (1H,d, J = 15.3 Hz), 2.03 (1H, ddd, J =
11.4,83,29 Hz), 1.98 (1H, dt, J = 11.4,9.7 Hz), 1.79-1.71 (2H, m); 3*C NMR (CDCl;, 600 MHz) &
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147.9 (C), 147.1 (C), 130.7 (C), 129.3 (C), 128.9 (C), 128.3 (C), 114.7 (CH), 112.9 (CH), 65.4 (CHa),
65.3 (CHa), 63.3 (C), 57.8 (CH), 55.9 (CHs), 55.8 (CH3), 53.2 (CH,), 49.0 (CHa), 43.4 (CH,), 30.4 (CHa),

30.3 (CHa), 19.6 (CH,); HRDARTMS m/z [M+H]* caled for CaoHasNO4* 344.1856, found 344.1860.

3.93 (1H,dd,J =2.9,09 Hz)
6.66 (1H, 5)17.0%

H '_6.2%
MeO /\@/198 (1H,dt,J = 11.4,9.7 Hz)

MeO

Figure S13. Difference NOE for compound 11g (CDCl;, 500 MHz).

OMe MeO
OMe OMe
AuCI(PPhs)
Ag[Cs(CN)s]
O_ CH
1,2-DCE 3
N O_Me a < cH,
[ L <y N o
O e
_ H
7h 10h (7%)

Cyclization reaction with 7h. To a solution of cyclic amine 7h (358 mg, 1.00 mmol, 1.0 equiv) in 1,2-
dichloroethane (10 mL) were added AuCI(PPh;) (4.9 mg, 0.010 mmol, 1 mol%) and Ag[Cs(CN)s] (3.0
mg, 0.010 mmol, 1 mol%). The reaction mixture was stirred under dark condition at 80 °C for 24 h.
Additional AuCl(PPh;) (4.9 mg, 0.010 mmol, 1 mol%) and Ag[Cs(CN)s] (3.0 mg, 0.010 mmol, 1 mol%)
were added and the mixture was stirred at 80 °C for 3 h. The reaction mixture was concentrated and flash
chromatography on alumina (80% Et,O in n-hexane — Et,0O) afforded 10h (27 mg, 7%) as a pale yellow
amorphous solid. IR (film) 2954, 2931, 2853, 1697, 1515 cm™'; 'H NMR (CDCls, 600 MHz) & 6.72 (1H,
s), 6.62 (1H, s),4.85 (1H,dd,J=7.7, 6.1 Hz), 3.86 (3H, s), 3.84 (3H, s), 3.48 (1H, ddd, J = 14.5, 10.9,
39Hz),3.34 (1H,ddd,J=17.2,109,5.0 Hz),3.07 (1H,ddd, J = 14.6,5.0,3.9 Hz),2.92 (1H, m), 291
(1H,dt,J=17.2,39 Hz),2.76 (1H,ddd, J=7.6,49,3.3 Hz),2.22 (1H,dd,J=11.2,6.1 Hz), 1.90 (1H,
m), 1.86 (1H,dd,J=11.2,7.7 Hz), 1.77-1.72 (3H, m), 1.56 (3H, s), 1.53 (3H, s); 3*C NMR (CDCl;, 600
MHz) 6 151.2 (C), 147.6 (C), 146.6 (C), 129.5 (C), 123.9 (C), 118.3 (C), 114.2 (CH), 113.4 (C), 112.7
(CH), 80.0 (C), 79.3 (CH), 55.9 (CH3), 55.7 (CH3), 48.6 (CH>»), 44.9 (CH»), 42.4 (CH>), 36.9 (CH>), 32.1
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(CHa), 27.6 (CHs), 25.4 (CHa), 23.9 (CH,); HRDARTMS m/z [M+H]" caled for Co1HasNO4* 358.2013,

found 358.2017.

1.90 (1H, m)
! 4.85(1H,dd,J=7.7,6.1 Hz)

Meo H  y "',o\?fe
/)/ o Me
MeO—( /) H

Figure S14. 1D gradient NOESY for compound 10h (CDCl;, 600 MHz).

OMe
OMe
AUCI(PPhg)
Ag[C5 CN)s] 3 -aza- Cope Mannich
+ N _
T 12DCE KJ VLMG ) ,Q ~°
EtsN \
Me =

12 (73%)

Cyclization reaction with 7h in the presence of Et;N. To a solution of cyclic amine 7h (107 mg, 0.30
mmol, 1.0 equiv) in 1,2-dichloroethane (1 mL) and Et;N (2 mL) were added Ph;PAuCl (1.5 mg, 0.003
mmol, 1 mol%) and Ag[Cs(CN)s] (0.9 mg, 0.003 mmol, 1 mol%). The reaction mixture was stirred under
dark condition at 80 °C for 24 h. The reaction mixture was concentrated and flash chromatography on
NH; silica gel (Et,O) afforded 12 (66 mg, 73%) as a pale yellow amorphous solid. IR (film) 2941, 2804,
1714, 1486 cm™'; 'H NMR (CDCl3, 600 MHz) 6 7.79 (1H, d,J = 5.9 Hz), 6.73 (1H, s), 6.68 (1H, s), 6.45
(1H,d,J=6.1 Hz),3.89 (3H, s),3.85 (3H, s),3.43 (1H,5),3.13 (1H, td,J =9.0,4.2 Hz),2.99 (1H, td, J
=114,83Hz),2.79 (1H,td,J=94,7.7Hz),2.62 (1H,ddd,J=114,7.1,1.2 Hz),2.49 (1H, ddd, J =
149,11.6,7.3 Hz),2.46 (1H,ddd,J=14.9,8.5,12 Hz),2.14 (1H,ddd,J=12.7,104, 8.6 Hz), 2.03 (1H,
ddd, J =12.6, 8.3, 4.2 Hz), 1.95-1.85 (2H, m); '*C NMR (CDCl;, 150 MHz) § 208.2 (C), 163.1 (CH),
148.2 (C), 147.3 (C), 135.1 (CH), 129.2 (C), 127.7 (C), 115.5 (CH), 113.2 (CH), 70.2 (C), 60.9 (CH),
55.9 (CH3), 55.8 (CH3), 53.1 (CH»), 48.1 (CH2), 37.9 (CH»), 31.2 (CH2), 20.2 (CH2); HRDARTMS m/z

[M+H]" calcd for C1sH22NO3" 300.1594, found 300.1597.
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3.77 (IH, 5)
6.73 (1H, s))/ﬁ.{@
H ! 6.2%
Me® @/2.14 (1H, ddd, J = 12.7,10.4, 8.6 Hz)

MeO

Figure S15. Difference NOE for compound 12 (CDCl;, 600 MHz).

AUCl(PPha) OTBS 0
(Nj\H/OTBS Ag[C5(CN)s]
oy +
1,2-DCE N o >N

7i 10i (29%) 13 (5%)

Cyclization reaction with 7i. To a solution of cyclic amine 7i (142 mg, 0.462 mmol, 1.0 equiv) in 1,2-
dichloroethane (4.6 mL) were added AuCl(PPh;) (2.1 mg, 0.0046 mmol, 1 mol%) and Ag[Cs(CN)s] (1.4
mg, 0.0046 mmol, 1 mol%). The reaction mixture was stirred under dark condition at 80 °C for 1.5 h.
Additional AuCl(PPh;) (6.3 mg, 0.014 mmol, 3 mol%) and Ag[Cs(CN)s] (4.2 mg, 0.014 mmol, 3 mol%)
were added and the mixture was stirred at 80 °C for 48 h. The reaction mixture was concentrated and flash
chromatography on NH, silica gel (5—520% Et,O in n-hexane) gave 10i (41 mg, 29%) and a mixture
including 13 (9 mg). Further purification for the mixture by flash chromatography on alumina (20—50%
Et,0O in n-hexane) to give 13 (6 mg, 5%).

TBS enol ether 10i. Colorless oil; IR (film) 2952, 2928, 2857, 2792, 1681 cm™'; 'H NMR (CDCl3, 600
MHz) 6 3.09 (1H, td, J = 8.4, 6.8 Hz),3.07 (1H,ddt,J =149,4.8,13 Hz),2.86 (1H,dd,J =149, 11.8
Hz),2.74 (1H, m), 2.20 (1H, dddd, J=14.9,9.5,7.3,2.0 Hz),2.12 (1H, dd, J=14.9,9.0 Hz), 1.86-1.73
(6H, m), 1.70-1.65 (2H, m), 1.56 (1H, m), 1.46 (1H, tt,J =13.2,2.4 Hz), 1.37 (1H, m), 1.13 (1H, qdd, J
=13.2,4.0,3.1 Hz),0.94 (9H, s), 0.133 (3H, s), 0.127 (3H, s); *C NMR (CDCl;, 150 MHz) & 146.8 (C),
125.3 (C), 73.0 (C), 50.0 (CH>), 46.8 (CH>), 37.7 (CH>), 36.5 (CH>), 31.3 (CH>), 29.5 (CH>), 25.7 (CH3),
24.7 (CH»), 24.2 (CH>), 23.3 (CH>), 18.1 (C), —4.0 (CHz3), —4.1 (CH3); HRDARTMS m/z [M+H]" calcd

for C1sH34NOSi" 308.2404, found 308.2400.
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2-Chloroethylated compound 13. Colorless oil; IR (film) 2957, 2926, 2854, 2796, 1691, 1636 cm™; 'H
NMR (C¢Ds, 600 MHz, 50 °C) 6 3.19 (2H, m), 2.64 (2H, t,J = 6.6 Hz),2.27 (2H,t,J = 6.7 Hz),2.20 (2H,
m), 2.05 2H, AA’XX’, Jaa = 12.5 Hz, Jxx = 12.5 Hz, Jax = 7.0 Hz, Jox: = 3.0 Hz), 1.99 (2H, m), 1.97
(2H, m), 1.86 (2H, m), 1.77 (2H, t,J = 5.9 Hz), 1.27 (2H, m), 1.09 (2H, dq, J = 6.4, 5.3 Hz); 3C NMR
(CsDs, 150 MHz, 50 °C) & 208.3 (C), 171.0 (C), 142.0 (C), 56.9 (CHz), 56.7 (CH>), 48.3 (CH>), 42.1
(CH>), 34.6 (CH2), 29.1 (CH»), 27.3 (CH>), 26.7 (CHz), 23.9 (CH>), 23.6 (CH2), 23.4 (CH2); HRDARTMS

m/z [M+H]" calcd for C14H230NCI" 256.1463, found 256.1462.

AuCI(PPhy) OMe
u 3
NS OMe  AGICsCN)] Sy
i et .
1,2-DCE

7j 10j (9%) 1 (7%)

Cyclization reaction with 7j. A 10-mL reaction vessel was charged with a solution of cyclic amine 7j
(69.4 mg, 0.258 mmol, 1.0 equiv) in 1,2-dichloroethane (2.6 mL). After addition of AuCl(PPh;) (2.6 mg,
0.0052 mmol, 2 mol%) and Ag[Cs(CN)s] (1.5 mg, 0.0052 mmol, 2 mol%), the vessel was sealed and the
reaction mixture was heated at 130 °C for 0.5 h using a microwave reactor. After cooling to rt, the reaction
mixture was concentrated and flash chromatography on NH, silica gel (5— 20% Et,O in n-hexane)
afforded recovered 7j (45.3 mg, 65% recovery) and a mixture of 10j and 11j. The mixture was further
purified by HPLC on NH; silica gel (Chlomatorex NH,, 5 pum, 2.0 cm x 25 cm, 20% Et,0O in n-hexane,
19.0 mL/min, 11.0 min for 10j and 14.5 min for 11j) to afford 10j (6.4 mg, 9%) and 11j (4.6 mg, 7%).

Internal enol ether 10j. Pale yellow oil; IR (film) 2926, 2846, 1686 cm™'; 'H NMR (CDCl;, 600 MHz)
8 7.12-7.06 3H, m),7.01 (1H, m),3.89 (1H,d,/=154Hz),3.84 (1H,d,J=154Hz),3.64 (3H,s),2.92
(1H,d,J=16.0Hz),2.82 (1H,ddd,J=13.7,11.6,0.7 Hz), 2.56 (1H, dt,J = 12.7,3.3 Hz), 2.48 (1H, d,
J=160Hz),2.44-2.38 (2H, m),2.35 (1H,ddd, J=13.7,4.8,2.6 Hz), 1.83-1.75 (3H, m), 1.70 (1H, m),

1.63-1.56 (2H, m), 1.17 (1H, qdd, J = 13.0,4.8, 3.0 Hz); *C NMR (CDCl;, 600 MHz) & 151.4 (C), 135.5
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(©), 135.1 (C), 129.4 (CH), 126.0 (CH), 125.9 (CH), 125.2 (CH), 122.2 (C), 67.8 (C), 56.3 (CH3), 54.1
(CH>), 50.8 (CH), 38.4 (CH2), 31.8 (CH>), 29.6 (CHz), 26.3 (CH>), 24.3 (CH2), 22.4 (CHz2); HRDARTMS
m/z [M+H]" caled for C1gH24NO™ 270.1852, found 270.1847.

Cis-fused product 11j. Pale yellow oil; IR (film) 2922, 2846, 1653 cm™'; '"H NMR (CDCl;, 600 MHz) 6
7.14-7.09 (2H, m),7.03 (1H,dd,J=7.1,1.5 Hz),6.99 (1H,dd,J =69, 1.5 Hz),4.28 (1H, ddd, J = 3.0,
1.7,0.7 Hz),4.24 (1H,d,J =172 Hz), 3.66 (1H,d, J = 17.2 Hz), 3.60 (3H,5),2.97 (1H,d,J = 17.0 Hz),
2.80 (1H,d,J=17.0 Hz),2.75 (1H, m), 2.57 (1H, dt, J = 14.3,3.9 Hz), 2.45 (1H, dq, J = 14.1, 1.5 Hz),
2.18 (1H, dt,J = 10.6, 1.7 Hz),2.13 (1H,dd, J = 14.1,2.9 Hz), 1.88 (1H, m), 1.86 (1H, dtd, J = 14.0, 11.6,
2.0 Hz), 1.71 (1H, ddt, J = 14.0, 6.3, 2.1 Hz), 1.68-1.63 (2H, m), 1.29 (1H, m); 3C NMR (CDCl;, 600
MHz) § 161.9 (C), 134.8 (C), 134.4 (C), 129.4 (CH), 126.1 (CH), 126.0 (CH), 125.6 (CH), 89.5 (CH),
64.4 (C), 58.9 (CH), 56.3 (CH3), 55.6 (CH>), 53.2 (CH>), 38.8 (CH2), 34.7 (CHz), 31.5 (CH>), 29.1 (CH>),
27.0 (CHz); HRDARTMS m/z [M+H]" calcd for C1gH24NO" 270.1852, found 270.1852.

45% 7 - 2.18 (IH, dt, /= 106, 1.7 Hz)
129 (1H,m)H % @%11.3%

171 (1H, ddt, -~ —N
J=140,63,2.1 Hz)

Figure S16. Difference NOE for compound 11j (CDCl;, 500 MHz).

AuCI(PPhy) OMe
Q\Wom AGIC5(CN);] %
iU Y

120 °C 0

7k 10k (30%)
Cyclization reaction with 7k. To a solution of cyclic amine 7k (50 mg, 0.22 mmol, 1.0 equiv) in
chlorobenzene (2.2 mL) were added AuCI(PPh;) (5.7 mg, 0.012 mmol, 5 mol%) and Ag[Cs(CN)s] (3.4

mg, 0.012 mmol, 5 mol%), and the reaction mixture was heated at 120 °C for 24 h under dark condition.
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After cooling to room temperature, the reaction mixture was concentrated and flash chromatography on
alumina (30 — 40% Et,0 in n-hexane) afforded 10k (15 mg, 30%) as a pale yellow oil. IR (film) 2926,
2846, 1684 cm™'; 'H NMR (CDCl;, 600 MHz) 6 3.74 (1H, ddt, J = 10.7, 3.2, 1.1 Hz), 3.61 (3H, s), 3.60
(1H,ddd,J=11.6,10.7,3.0 Hz),3.30 (1H,d,J=10.3 Hz), 3.19 (1H,dd, /=104, 2.5 Hz), 2.89 (1H, td,
J=11.6,33Hz),2.77 (1H,ddd,J=13.5,11.7,1.5 Hz),2.44-2.38 (4H, m), 2.25 (1H,ddd, J = 124,6.1,
2.6 Hz),2.16 (1H,dddd, J=13.8,4.2,29,09 Hz), 1.77 (1H, m), 1.69 (1H, tdd, /= 12.7, 2.8, 1.5 Hz),
1.63 (1H, m), 1.59 (1H, m), 1.47 (1H,tddd,J=13.2,11.4,4.6,29 Hz), 1.07 (1H,qdd,J=12.8,4.8,3.1
Hz); 13C NMR (CDCl;, 600 MHz) & 152.9 (C), 119.3 (C), 71.8 (CH»), 68.5 (C), 67.9 (CH>), 56.2 (CH3),
51.5 (CH2), 50.2 (CH2), 32.0 (CH2), 29.9 (CH>), 26.4 (CH>), 23.4 (CH>), 22.6 (CH2); HRDARTMS m/z

[M+H]" calcd for C13H22NO>" 224.1645, found 224.1646.

OMe AuCI(PPhs) H OMe
(N AgIC5(CN)g] (b

b G
71 111 (21%)

Cyclization reaction with 71. To a solution of cyclic amine 71 (133 mg, 0.64 mmol, 1.0 equiv) in
chlorobenzene (6.4 mL) were added AuCI(PPh;) (15.9 mg, 0.032 mmol, 5 mol%) and Ag[Cs(CN)s] (9.7
mg, 0.032 mmol, 5 mol%), and the reaction mixture was heated at 80 °C for 22 h under dark condition.
After cooling to room temperature, the reaction mixture was concentrated and the residue was purified by
flash chromatography on alumina (30% Et,O in n-hexane — Et,0). Further purification was performed
by HPLC on NH; silica gel (Chlomatorex NH,, 10 um, 2.0 cm x 25 cm, 20% Et,0 in n-hexane, 16.0
mL/min, 5.6 min for 111) to afford 111 (28 mg, 21%) as a pale yellow oil. IR (film) 2936, 2848, 1643,
1447, 1106 cm™; '"H NMR (CDCl;, 600 MHz) 6 4.35 (1H,t,J =24 Hz),3.77 (1H,ddt,/=11.0,3.7,1.1
Hz),3.72 (1H,td,J =11.4,2.8 Hz), 3.68 (1H, dd, J = 10.3,0.9 Hz), 3.56 (3H, s), 3.19 (1H,d,J =105
Hz),2.70 (1H,td,J=11.8,3.9 Hz),2.62 (1H,dt,/=11.0,5.2 Hz),2.44 (1H,ddd,J=11.3,8.6,4.9 Hz),

240 (2H,d,J = 2.4 Hz),2.37 (1H,ddd, J= 11.8,2.8, 1.1 Hz), 1.98 (1H, dtdd, J = 13.0,6.3,4.1, 1.1 Hz),
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1.87 (1H,t,J =7.2 Hz), 1.60-1.48 (2H, m), 1.30 (1H,dddd,J=13.2,9.9, 8.3, 4.5 Hz); 3*C NMR (CDCl;,
600 MHz) & 162.8 (C), 89.9 (CH), 75.4 (CH), 66.8 (CH»), 62.1 (C), 56.1 (CH3), 49.9 (CH>), 49.2 (CH>),
44.2 (CH), 25.9 (CH»), 24.8 (CH), 21.2 (CHz); HRDARTMS m/z [M+H]" calcd for Ci2H20NO>"
210.1489, found 210.1488. Compound 111 showed low specific optical rotation [a]*p = +0.5 (¢ 2.36,

CHCI,), and enantiomeric excess of 111 was not determined.

AuCI(PPhyg) OMe H ome
N OMe  Ag[C5(CN)s] H . H
K 1,2-DCE N N
0°C
S 8 H H

7m 14 (15%) 15 (21%)

Cyclization reaction with 7m. To a solution of cyclic amine 7m (130 mg, 0.67 mmol, 1.0 equiv) in 1,2-
dichloroethane (6.7 mL) were added AuCl(PPh;) (6.0 mg, 0.013 mmol, 2 mol%) and Ag[Cs(CN)s] (4.0
mg, 0.013 mmol, 2 mol%). The reaction mixture was stirred under dark condition at 80 °C for 26 h. The
reaction mixture was concentrated and flash chromatography on NH, silica gel (15— 40% Et,O in n-
hexane) gave 14 (20 mg, 15%) and a mixture of 7m and 15 (77 mg). The mixture was separated by HPLC
on NH; silica gel (Chlomatorex NH,, 5 pm, 2.0 cm x 25 cm, 10% Et,0O in n-hexane, 16.0 mL/min, 9.5
min for 7m and 11.0 min for 15) to afford 15 (28 mg, 21%) and recovered 7m (36 mg, 28% recovery).
Internal enol ether 14. Colorless oil; IR (film) 2924, 2781, 1684 cm™'; '"H NMR (CDCl;, 600 MHz) &
3.60 (3H,s),3.27 (1H,d,J=6.8 Hz),3.06 (1H,ddd,J=11.9,4.4,3.6 Hz),2.96 (1H,dd, J=8.0,7.4 Hz),
2.71-2.67 (2H, m), 2.38-2.32 (3H, m), 2.26 (1H, ddd, J=11.0,9.0,5.6 Hz),2.17 (1H, td, /=110, 2.7
Hz),2.09 (1H,dddd,/J=12.7,7.8,5.1, 1.3 Hz), 1.85 (1H, m), 1.79 (1H, m), 1.66-1.55 (3H, m); 3C NMR
(CDCl;, 150 MHz) & 149.8 (C), 115.0 (C), 74.2 (CH), 56.3 (CH3), 56.0 (CH2), 55.6 (CH2), 36.8 (CH>),
36.4 (CH), 33.3 (CHz), 30.6 (CH2), 25.7 (CHz), 25.3 (CH2). HRDARTMS m/z [M+H]" calcd for
C12H20NO" 194.1539, found 194.1545.

Tricyclic compound 15. Colorless oil; IR (film) 2926, 2800, 1646, 1292, 1248, 1212 cm™'; 'H NMR
(CDCl;, 600 MHz) 6 4.42 (1H,t,J=2.0 Hz),3.54 (3H,s),3.17 (1H, qt,J = 8.1, 1.5 Hz), 3.11 (1H, dddd,
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J=123,44,30,1.1 Hz),2.96 (1H, dd, J = 9.1, 7.6 Hz), 2.89 (1H, t, J = 7.7 Hz), 2.72 (1H, dddt, J =
12.1,7.7,62, 1.6 Hz),2.25 (1H, ddd, J = 11.7,9.2, 6.6 Hz), 2.08 (1H, td, J = 12.2, 3.6 Hz), 2.00 (1H,
ddd, J = 14.0,7.7,6.6 Hz), 1.96 (1H, ddd, J = 12.2,9.5, 6.6 Hz), 1.87 (1H, m), 1.72-1.63 (2H, m), 1.54
(1H,tt,J = 12.1,7.0 Hz), 1.49 (1H, dddd, J = 14.0, 12.1, 11.0, 0.9 Hz), 1.30 (1H, m); '*C NMR (CDCl,,
150 MHz) & 160.3 (C), 97.4 (CH), 72.0 (CH), 58.2 (CH,), 57.7 (CH,), 56.5 (CHs), 47.9 (CH), 45.1 (CH),
31.6 (CHy), 31.4 (CHy), 28.7 (CHy), 26.4 (CHp); HRDARTMS m/z [M+H]" caled for Ci;HaoNO*

194.1539, found 194.1544.

2.63 (1H, dddt, J = 12.1,7.7,62, 1.6 Hz)

H 4.30/0
207 (1H.td,J= 122,36 Hy)  34%, 286 (UH.t.7=7.THz)
H OMe o
.4°/o 9 /°
QL H 3.14 (1H, qt,J= 8.1, 1.5 Hz)

3.04 (1H, dddd,
J=123,44,30,1.1 Hz)

Figure S17. Difference NOE for compound 15 (CD;CN, 500 MHz).

OMe
OMe  AuCI(PPhy) H
N Ag[C5(CN)s] N
T +
_ 1,2-DCE H
7n 16 (22%) 17 (34%)

Cyclization reaction with 7n. To a solution of cyclic amine 7n (233 mg, 0.912 mmol, 1.0 equiv) in 1,2-
dichloroethane (9.1 mL) were added AuCl(PPh;) (4.5 mg, 0.0091 mmol, 1 mol%) and Ag[Cs(CN)s] (2.7
mg, 0.0091 mmol, 1 mol%). The reaction mixture was stirred under dark condition at 80 °C for 2.5 h. The
reaction mixture was concentrated and flash chromatography on NH, silica gel (5— 20% Et,0O in n-
hexane) gave a mixture of 16 and 17. The mixture was further purified by HPLC on NH, silica gel
(Chlomatorex NH,, 5 um, 2.0 cm x 25 cm, 5% Et,0 in n-hexane, 19.0 mL/min, 13.0 min for 16 and 11.0

min for 17) to afford 16 (52 mg, 22%) and 17 (79 mg, 34%).
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Internal enol ether 16. Pale yellow oil; IR (film) 2920, 2845, 1680 cm'; 'H NMR (CDCL, 600 MHz) &
7.17-7.14 (2H, m), 7.09 (1H, m), 7.01 (1H,d,J=7.5 Hz), 3.84 (1H,d, J = 14.6 Hz),3.70 (1H,d, J = 6.4
Hz),3.58 (3H, s),3.51 (1H, dt, J=8.2,63 Hz),3.41 (1H,d, J = 14.6 Hz), 3.21 (1H, dddd, J = 13.4, 4.6,
29,10 Hz),2.97 (1H, ddtd, J = 15.0,8.7,2.2, 1.3 Hz),2.61-2.55 (2H, m), 2.41 (1H, m), 2.34 (1H, dddtd,
J=16.1,10.8,5.3,2.0, 1.3 Hz), 1.86 (1H, m), 1.79-1.70 (2H, m), 1.51 (1H, dtdd, J = 13.9,10.8,5.3,3.3
Hz); 13C NMR (CDCls, 600 MHz) § 152.6 (C), 138.2 (C), 135.5 (C), 128.2 (CH), 126.6 (CH), 125.8 (CH),
125.3 (CH), 115.7 (C), 68.5 (CH), 59.5 (CH,), 56.2 (CHs), 54.2 (CH.), 38.7 (CH), 36.6 (CH.,), 28.6 (CHa),

26.3 (CH,), 25.0 (CHa); HRDARTMS m/z [M+H]* caled for C17H2NO* 256.1696, found 256.1695.

2.61-2.55 370 (1H,d,J = 6.4 Hz)
(2H, m) '

297 (1H,ddtd,J=150,8.7,2.2,1.3 Hz)

Figure S18. Difference NOE for compound 16 (CDCl;, 500 MHz).

Compound 17. Pale yellow oil; IR (film) 2920, 2845, 1680 cm™!'; 'H NMR (CDCl;, 600 MHz) & 7.19-
7.15 (2H, m),7.11-7.06 (2H, m), 4.78 (1H,dd,J=2.9,2.0 Hz),3.97 (1H, dt,J = 8.8, 2.2 Hz), 3.76 (1H,
d,/=143Hz),3.62 (1H,t,J =8.4 Hz),3.58 (3H, s),3.54 (1H,d,J = 143 Hz),3.08 (1H, m), 2.91-2.86
(2H, m), 2.04 (1H,ddd,J=12.8,11.4, 6.4 Hz), 1.86-1.80 (2H, m), 1.74-1.70 (2H, m), 1.29 (1H, tt,J =
12.6, 6.7 Hz); *C NMR (CDCl;, 600 MHz) & 162.0 (C), 138.8 (C), 134.6 (C), 127.3 (CH), 126.8 (CH),
126.3 (CH), 125.2 (CH), 94.8 (CH), 64.4 (CH), 59.0 (CH>), 56.3 (CH3), 52.7 (CH»), 42.1 (CH), 41.8 (CH),
29.2 (CHy), 27.1 (CHy), 24.9 (CH2); HRDARTMS m/z [M+H]" calcd for C17H22NO* 256.1696, found

256.1690.
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2.85 (1H,ddd, J = 12.8,8.5,2.3 Ho) 3.52 (1H, t,J = 8.5 Hz)
4.0% /

133 (1H, ddt, J = 134,11.8,6.7 Hz) \

217 (1H,dtd, /= 137,69, 54 Ho) .

3.59 (1H,d, J = 14.2 Hz)

2.69 (1H,ddd, /= 12.5,79,23 H 3.8%
( 2) 294(1H dddt, J=11.6,79,5.8,1.8 Hz)

Figure S19. Difference NOE for compound 17 (CsDs, 500 MHz).

Attempted hydrolysis of vinyl ether 10d and 11d to ketone

MeQ  ome MeQ  ome MeO  OMe

AuCI(PPhj)

Ag[05 (CN)s] p-TsOH-H,O

OEt + o
1,2-DCE ‘ acetone /
rt
N goo N
7d 10d 11d S23

Macrocyclic ketone S23. To a solution of amine 7d (146 mg, 0.44 mmol, 1.0 equiv) in 1,2-dichloroethane
(5 mL) were added AuCI(PPhs) (2.7 mg, 0.005 mmol, 1 mol%) and Ag[Cs(CN)s] (1.9 mg, 0.006 mmol,
1 mol%). The reaction mixture was stirred at 80 °C under dark condition for 23 h. After cooling to room
temperature, the mixture was concentrated to afford a mixture containing 10d and 11d, which was used
in the next hydrolysis step without further purification. A solution of the mixture of 10d and 11d in
acetone (8 mL) was added p-toluenesulfonic acid (449 mg, 2.61 mmol), and the reaction mixture was
stirred at room temperature for 23 h. The reaction was quenched with Et;N and the resuting mixture was
concentrated under reduced pressure. Flash chromatography on NH, silica gel (Et,O) afforded conjugate
ketone S23 (109 mg, 82%) as a pale yellow oil. IR (film) 3352, 2923, 2852, 1695, 1513 cm™'; 'H NMR
(CDCl;, 600 MHz) 6 6.75 (1H,'s), 6.40 (1H, s), 3.87 (3H, s), 3.82 (3H,s),2.87 (1H, td, /= 13.2,3.5 Hz),
2.84-2.74 (3H, m), 2.72 (1H, dt,J = 11.5, 3.1 Hz), 2.59-2.52 (4H, m), 2.41 (1H, m), 2.25-2.20 (2H, m),
1.77 (1H, m), 1.69 (1H, m); *C NMR (CDCl;, 600 MHz) 6 208.3 (C), 175.9 (C), 149.0 (C), 147.3 (C),

144.2 (C), 131.7 (C), 125.5 (C), 111.8 (CH), 111.7 (CH), 55.7 (CHs), 55.6 (CH3), 49.0 (CHa), 42.2 (CHo),
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34.6 (CHa), 30.3 (CHa), 28.4 (CHa), 26.9 (CHa), 24.8 (CH,); HRDARTMS m/z [M+H]* calcd for

C1sH24NO3" 302.1751, found 302.1748.

Synthesis of (—)-Cephalotaxine (Scheme 3)

0\
(0]

N+
L:TMS

Iminium 20. A mixture of 6,7-methylenedioxy-3,4-dihydroisoquinoline (Norhydrastinine; 18)!? (2.46 g,
14.0 mmol) and (5-iodo-1-pentynyl)trimethylsilane (19)3 (5.60 g, 21.1 mmol, 1.5 equiv) in CH3CN (35
mL) was stirred at 65 °C for 21 h. After cooling to room temperature, EtO (50 mL) was added, and
resulting precipitation was collected with suction filtration to afford iminium 20 (5.58 g, 97%) as a pale
yellow powder. Mp 173-175 °C; IR (KBr) 2958, 2930, 2173, 1660 cm™!; 'H NMR (CDCl;, 600 MHz) &
9.84 (1H,s), 749 (1H,s),6.85 (1H,s),6.15 (2H, s),4.34 (2H,t,J =69 Hz),4.08 (2H,t,J=8.3 Hz), 3.31
(2H,t,J=8.3Hz),2.50 (2H,t,J=6.6 Hz),2.17 (2H, quintet, J = 6.8 Hz),0.07 (9H, s); 3*C NMR (CDCl;,
150 MHz) 6 164.6, 156.2, 147.8, 134.8, 118.3, 112.7, 108.9, 1044, 103.1, 87.0, 59.5, 48.3, 26.0, 25 .8,

17.1,-0.1; HRESIMS m/z [M-1]" calcd for Ci1sH24NO2Si" 314.1571, found 314.1573.

Dioxene adduct 22. To a solution of 1,4-dioxene (0.42 mL, 5.3 mmol, 1.5 equiv) in THF (30 mL) at —
80 °C was added tert-butyllithium (1.60 M solution in n-pentane, 3.13 mL, 5.0 mmol, 1.4 equiv). The

reaction mixture was stirred at —80 °C for 10 min, and then warmed to O °C. After stirring for 5 min at
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0 °C, the resulting solution of (5,6-dihydro-1,4-dioxin-2-yl)lithium was added to a suspension of cyclic
iminium 20 (1.545 g, 3.5 mmol, 1.0 equiv) in THF (15 mL) at —80 °C. The reaction mixture was stirred
for —80 °C for 30 min. The reaction was quenched with brine, and the resulting mixture was extracted
with Et,0O. The organic layer was dried over Na,SOy, filtered, and concentrated under reduced pressure to
afford an addition product (2.03 g), which was used in the desilylation step without further purification.
To a solution of the addition product (2.03 g) in THF (35 mL) at 0 °C was added tetra-n-butylammonium
fluoride (1 M solution in THF, 3.6 mL, 3.6 mmol, 1.03 equiv). The reaction mixture was stirred at 0 °C
for 30 min, and the reaction was quenched with water. The resulting mixture was extracted with Et,O,
and the organic layer was washed with brine, dried over Na,SOy, filtered, and concentrated under reduced
pressure. Flash chromatography on NH, silica (50% Et,O in n-hexane) afforded 22 (1.047 g, 91%) as a
pale yellow solid. Mp 101-103 °C; IR (film) 3289, 2953, 2926, 1676, 1484 cm™'; '"H NMR (CDCl;, 600
MHz) 6 6.74 (1H, s), 6.54 (1H, s), 6.01 (1H, s), 5.89 (2H, s), 4.10-4.00 (4H, m), 3.76 (1H, s), 3.19 (1H,
dt,J=11.6,5.3 Hz),291 (1H, dt,J =129, 8.0, 7.2 Hz), 2.85 (1H, m), 2.68 (1H, dt, / = 16.1, 5.0 Hz),
2.57-2.52 (2H,m),2.27 (1H,dtd,J=169,7.0,2.8 Hz),2.24 (1H,dtd,J=16.9,7.0,2.8 Hz), 1.95 (1H, t,
J=2.7Hz),1.79-1.74 (2H, m); *C NMR (CDCl;, 150 MHz) 6 146.2, 145.8, 136.7, 128.8, 127.9, 126.7,
108.2, 107.1, 100.6, 84.5,68.3,64.6,64.2,63.8,52.9,47.2,28.6,25.8, 16.4; HRDARTMS m/z [M+H]*

calcd for C19H22NO4" 328.1543, found 328.1546.

Condition screening for the cascade reaction of dioxane adduct 7g to 11g. To a solution of tertiary
amine 7g (10 mg, 0.029 mmol) in solvent (0.2 mL) were added AuCI(PPhs) (1.5 mg, 0.003 mmol, 10
mol%), Ag[Cs(CN)s] (1.0 mg, 0.003 mmol, 10 mol%), and additive in Table S1. The reaction mixture
was stirred at 55 °C for 3 h, and then cooled to room temperature. The mixture was filtered through NH>
silica with aid of Et;O and the filtrate was concentrated under reduced pressure. Internal standard Ph;CH

was added and the mixture was subjected to '"H NMR analysis. Product yield of 11g, 10g, and recovered
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7g were calculated based on integration values of PhsCH (5.55 ppm), 11g (6.66 ppm), 10g (6.71 ppm),

and 7g (6.74 ppm).

Table S2. Condition Screening

MeO OMe
AuCI (PPh3) (1.5 mg, 0.003 mmol, 10 mol%) i. NH, silica (Et,O elution)
Ag[C5(CN)s] (1.0 mg, 0.003 mmol, 10 mol%) ii. concentration O
+
additive iii. internal standard (PhzCH) H o
solvent (0.2 mL) iv. NMR ‘ j
55°C,3h N o
11g
10 mg (0 029 mmol)

entry  solvent additive 11g (%) 10g (%) Others (%) recovered 79 (%) 11g/(11g+10g)

1% 1,2-DCE 26 38 0.41

2 EtOAc 16 24 0.40

3 THF 1 14 0.44

4 CH5CN 31 30 0.51

5 Tol 10 23 0.30

6 -PrOH 15 8 48¢ 0.65
A tBuOH - 9 057 ____

8 1,2-DCE i-ProNEt (0.02 mL) 9 10 0.47

9 1,2-DCE 2,6-di-tert-BuPy (0.02 mL) 12 14 0.46
210 _12-DCE._______ 25-diCIPy (20mg) _________ 15 22 Q41 _____

11 1,2-DCE CF3CH,OH (20 mg) 24 10 oad 3 071

12 1,2-DCE  2,6-di-tert-BuCgH3OH (20 mg) 20 26 4 0.43

13  1,2-DCE PhCONH, (20 mg) 27 23 3 0.54

14 1,2-DCE CH3SO,NH, (20 mg)® 30 23 3 0.57

15  1,2-DCE TolSO,NH, (20 mg, 4 equiv) 40 24 4 0.63

16 1,2-DCE PhCOOH (20 mg) 16 33 4 0.33
A7 T RBUOH T ToISO,NH, (4 equiv) "7~ 74477777 Pz < 065

18  t+BuOH TolSO,NH, (10 equiv) 48 24 3 0.67

19 +BuOH TolSO,NH, (2 equiv) 38 25 3 0.60

20  +BuOH TolSO,NH, (1 equiv) 44 34 6 0.56

21 tBuOH TolSO,NH, (0.4 equiv) 39 29 8 0.57

22 +BuOH HFIP (0.02 mL) 38 21 4 0.64

a|solation experiment in Table 2, entry 6. P Reaction time was 17 h.
¢ Reaction with i-PrOH gave an unidentified byproduct in entry 6.
d Reaction with TFE gave an unidentified byproduct in entry 11. © MsNH, did not dissolved in entry 14.

First, we examined the effect of solvents on the cascade reaction (entries 1-7). Aprotic solvents, including
1,2-DCE, EtOAc, THF, CH;CN, and toluene, yielded conjugated product 10g as a major isomer (entries
1-5). i-PrOH preferentially yielded the desired unconjugated isomer 11g; however, 'H NMR analysis
revealed a high amount of an unidentified byproduct having an isopropyl group (entry 6). ter--BuOH
slightly improved the selectivity for 11g compared to the aprotic solvents (entry 7). Basic additives, such
as i-Pr,NEt, 2,6-di-tert-butylpyridine, and 2,5-dichloropyridine, did not improve the ratio of 11g and
decreased the product yield (entries 8—10). A weak-acid additive, CF;CH,OH (pKa'® 12.5), increased the
ratio of 11g; however, an unidentified byproduct was observed (entry 11). 2,6-Di-tert-butylphenol (pKa'?
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12.2), a bulky acid with an acidity similar to that of CF;CH,OH, did not improve the ratio of 11g (entry
12). MsNH, (pKa' 10.9) was not completely dissolved in 1,2-DCE (entry 13); therefore, we investigated
TsNH, (pKa®® 10.2), and the best yield of 11g was obtained without the formation of any byproduct,
except for isomer 10g (entry 15). Benzamide, which has a weaker acidity (pKa'® 16.0), afforded 11g and
10g in almost 1:1 ratio (entry 13), whereas, benzoic acid, with a lower pKa (pKa'® 4.2), decreased both
the product yield and ratio of 11g (entry 16). Based on these results, terr~-BuOH and TsNH, were the best
solvent and additive, respectively. We further investigated the amount of TsNH, (entries 17-21). The runs
with four or ten equivalents of TsNH, yielded 11g and 10g in almost 2:1 ratio (entries 17 and 18). With
less TsNH,, the selectivity of 11g decreased (entries 19-21). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
(pKa'" 9.8), which has pKa similar to that of TsNH,, gave a slightly lower yield of 11g and 10g (entry 22).

In conclusion, using four equivalents of TsNH, as an additive in fert-BuOH (entry 17) is the best condition.

AuCI(PPhs) 0 0

Ag[C5(CN)s] Q Q
TsNH2
H o + o)
tBuOH j j
v Nt
H

23 (51%) 24 (32%)

[

Cascade reaction with 22. To a solution of cyclic amine 22 (1.12 g, 3.42 mmol, 1.0 equiv) and p-
toluenesulfonamide (2.34 g, 13.7 mmol, 4.0 equiv) in fert-butanol (17.1 mL) were added AuCl(PPh;)
(33.9 mg, 0.069 mmol, 2 mol%) and Ag[Cs(CN)s] (20.4 mg, 0.069 mmol, 2 mol%). The reaction mixture
was stirred under dark condition at 50 °C for 5.5 h. After cooling to room temperature, the reaction mixture
was filtered through NH, silica gel pad, and the filtrate was concentrated under reduced pressure. Flash
chromatography on alumina (Et,O) provided 23 (567 mg, 51%) and 24 (359 mg, 32%).

Compound 23. Pale yellow amorphous solid; IR (film) 2928, 2873, 2798, 1719, 1504, 1486 cm™'; 'H

NMR (CDCL, 600 MHz) 6 6.64 (1H,s), 6.61 (1H,s),5.89 (1H,d,J=1.7 Hz), 587 (1H, d, J = 1.7 Hz),
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4.13-4.02 (4H, m), 3.91 (1H,dd, J =29, 1.2 Hz), 3.35 (1H, ddd, J = 13.8, 13.0, 7.3 Hz), 3.07 (1H, td, J
=9.0,49 Hz),2.93 (1H, ddd, J = 13.0, 11.5, 6.7 Hz), 2.76 (1H, dd, J = 15.4,2.9 Hz), 2.61 (1H, dd, J =
11.5,7.3 Hz),2.42 (1H,ddd, J=10.3,9.0, 6.4 Hz),2.41 (1H,dd, J = 13.8,6.7 Hz),2.02 (1H, dd, J = 15 4,
1.2 Hz), 2.01 (1H, ddd, J = 11.9, 8.1,2.6 Hz), 1.94 (1H, dt, J = 11.6, 10.0 Hz), 1.80-1.69 (2H, m); 3C
NMR (CDCL, 150 MHz) § 146.7 (C), 146.0 (C), 132.1 (C), 129.4 (C), 129.2 (C), 129.0 (C), 111.6 (CH),
109.9 (CH), 100.8 (CHa), 65.4 (CH), 65.3 (CHa), 63.2 (C), 58.0 (CH), 53.2 (CHa), 49.1 (CH,), 43.4 (CHa),
30.6 (CHa), 30.4 (CHa), 19.6 (CH,); HRDARTMS m/z [M+H]* caled for C1oHNO4* 328.1543, found

328.1544.

391 (1H,dd, /=29, 1.2 Hz)

6.64 (1H, s)17.5%
o H N\ 4T

Figure S20. Difference NOE for 23 (CDCl;, 500 MHz).

Conjugated isomer 24. Pale yellow amorphous solid; IR (film) 2958, 2932, 2895, 2857, 1669, 1504,
1484 cm™'; 'TH NMR (CDCls, 600 MHz)  6.67 (1H, s), 6.62 (1H, s), 5.92 (1H, d, J = 1.5 Hz), 5.89 (1H,
d,/J=15Hz),4.34 (1H,dd,J=7.8, 6.8 Hz), 3.98-3.85 (4H, m), 3.54 (1H,ddd, J =14.7,11.5,4.2 Hz),
328 (1H,ddd,J=174,115,55Hz),3.01 (1H,ddd,J=14.7,5.5,3.0 Hz),2.95 (1H,ddd, /= 174,42,
30Hz),2.84 (1H,ddd, J=10.0,84,54 Hz),2.79 (1H,dd,J=8.4,6.3 Hz),2.24 (1H,dd, /=119, 6.8
Hz), 1.80-1.68 (4H, m), 1.59 (1H, tdd, J = 12.3, 7.3, 0.7 Hz); 3C NMR (CDCl;, 600 MHz) & 147.7 (C),
146.8 (C), 145.3 (C), 131.4 (C), 124.4 (C), 122.9 (C), 110.6 (CH), 109.8 (CH), 100.9 (CH»), 74.9 (CH),
71.7(C), 67.7 (CH>), 65.0 (CH>), 48.6 (CH2), 44.0 (CH>), 42.1 (CH>), 36.3 (CH>), 32.7 (CH>), 23.9 (CH>);

HRDARTMS m/z [M+H]" calcd for C1oH22NO4" 328.1543, found 328.1541.

1.59 (1H,dt,J=11.6,6.2 Hz) 4.15 (1H,t,J =74 Hz)

H '
K Y /——§
o—( /)/ o
N ! 220 (1H,dd,J=12.1,6.8 Hz)
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Figure S21. 1D Gradient NOESY for 24 (CsDs, 600 MHz).

N -~
0" o 0" o

& 8
H oo — OH
L) L
(£)-Demethylcephalotaxinone (25). To a suspension of hexacyclic compound 23 (561 mg, 1.71 mmol)
in THF/H,O (1:1) (20 mL) at 0 °C was added TsOH-H,O (400 mg, 2.10 mmol, 1.23 equiv). After 3
minutes, the mixture became a colorless solution and then m-CPBA (stabilized with 30% water, 444 mg,
1.80 mmol, 1.05 equiv) was added. The reaction mixture was stirred at 0 °C for 1 h and the reaction was
quenched with saturated aqueous Na,S,0; solution and saturated aqueous NaHCO; solution. The resulting
mixture was extracted with CH,Cl,, and the organic layer was washed with brine, dried over Na,SO,,
filtered, and concentrated under reduced pressure. Flash chromatography on silica gel (10% MeOH in
CH.Cl,) afforded (+)-demethylcephalotaxinone (25) (447 mg, 87%) as a pale yellow amorphous solid. IR
(film) 2894, 1698, 1487, 1226 cm™'; '"H NMR (CDCl3, 600 MHz) 6 6.92 (1H, s), 6.68 (1H, s), 5.97 (1H,
d,/J=15Hz),596 (1H,d,J=1.5Hz),4.70 (1H, br s), 3.39-3.31 (2H, m),3.01 (1H, m), 2.96-2.86 (3H,
m), 2.60 (1H, d, J = 18.5 Hz), 2.56 (1H, d, J = 18.5 Hz), 1.90-1.83 (3H, m), 1.70 (1H, m); 3C NMR
(CDCl;, 150 MHz) & 200.7 (C), 148.1 (C), 147.6 (C), 145.8 (C), 145.0 (C), 132.5 (C), 123.9 (C), 109.9
(CH), 109.7 (CH), 101.3 (CH2), 70.6 (C), 51.0 (CH2), 49.4 (CH>), 44.7 (CH>), 39.0 (CH>), 32.7 (CH>),

24.3 (CHz); HRDARTMS m/z [M+H]" calcd for C17HisNO4* 300.1230, found 300.1227.
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(2)-Cephalotaxinone. To a solution of 24 (105 mg, 0.351 mmol, 1.0 equiv) in 1,2-dichloroethane (35.1
mL, 0.01 M) were added CH(OMe); (230 pL, 2.10 mmol, 6.0 equiv) and p-TsOH-H,O (134 mg, 0.702
mmol, 2.0 equiv), and the reaction mixture was stirred at 50 °C for 2.0 h. After cooling to room
temperature, the reaction was quenched with Et;N and the mixture was concentrated under reduced
pressure. Flash chromatography on NH, silica gel (Et,O) afforded (+)-cephalotaxinone (63 mg, 57%) as
a colorless solid; mp 182-184 °C (lit'* 178-180 °C); IR (film) 2936, 2884, 2802, 1720, 1625, 1487, 1229,
1103 cm™'; 'H NMR (CDCl3, 600 MHz) 6 6.70 (1H, s), 6.64 (1H, s), 6.40 (1H,s),5.92 (1H,d,J =15
Hz),590 (1H, d,J = 1.5 Hz), 3.80 (3H, s), 3.53 (1H, s), 3.09 (1H, td, J =8.6,5.1 Hz),291 (1H, q,J =
10.2 Hz), 2.69 (1H, q,J = 8.6 Hz),2.53 (1H, dt,J=11.2,4.2 Hz), 244 (2H,dd, J =9.6,4.1 Hz), 2.10
(IH,dt,J =12.1,10.1 Hz), 1.96 (1H, ddd, J = 12.2,7.2, 4.8 Hz), 1.89-1.83 (2H, m); 1*C NMR (CDCl;,
150 MHz) & 200.8, 158.2, 147.2, 146.2, 130.6, 128.4, 123.7, 112.4, 110.2, 101.0, 65.3, 60.7, 57.2, 52.9,

47.6,38.9,31.4,20.0. HRDARTMS m/z [M+H]" calcd for C1gH20NO4* 314.1387, found 314.1387.

(-)-Cephalotaxine. The reaction was carried out according to the report by Ju and Beaudry in somewhat
larger scale.!

A 7-mL thick-walled reaction vessel was charged with a mixture of (+)-cephalotaxinone (60 mg, 0.19
mmol) and RuCl(p-cymene)-(S,S)-TsDPEN (5.0 mg, 0.0079 mmol, 4 mol%) in Et;N (0.67 mL). Formic
acid (0.13 mL) was added dropwise and the reaction tube was sealed with a Teflon cap. The resulting
biphasic mixture was vigorously stirred at 40 °C for 45 h and then cooled to room temperature. The
mixture was poured into saturated aqueous NaHCO; solution and the resulting mixture was extracted with
EtOAc. The extract was washed with brine, dried over Na,SO,, filtered, and concentrated under reduced
pressure. Flash chromatography on silica gel (MeOH/CH,Cl, (5:95) — Et;:N/MeOH/CH,CI, (1:10:90))
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afforded (—)-cephalotaxine (25 mg, 41%, 99% ee) and recovered (+)-cephalotaxinone (31 mg, 52%
recovered, 89% ece).

(-)-Cephalotaxine. Colorless solid; Mp 133-135 °C (lit!'¢ 134—-136 °C); 99% ee determined by HPLC
(Daicel Chiralcel OD-3, 0.46 x 25 cm, 40% i-PrOH/n-Hexane, 1.0 mL/min, 254 nm. Major 5.70 min,
Minor 6.51 min); [a]*?p —182.1 (¢ 0.73, CHCl;) (1it'* —189 (¢ 0.51, CHCl,)); IR (film) 3541, 2933, 2880,
2804, 1651, 1486, 1222 cm™'; 'H NMR (CDCls, 600 MHz) § 6.67 (1H, s), 6.64 (1H, s),5.91 (1H,d, J =
1.5Hz),590 (1H,d,J=1.5Hz),4.93 (1H,s),4.76 (1H,dd,/=9.4,29 Hz),3.73 (3H, s),3.68 (1H,d, J
=9.5Hz),3.35 (1H, ddd, J = 14.4, 12.2, 7.9 Hz) 3.08 (1H, ddd, /= 9.5, 8.2, 4.5 Hz) 2.92 (1H, ddd, J =
12.2,11.0, 7.2 Hz) 2.60 (1H, dd, J=11.0, 7.9 Hz), 2.57 (1H, dd, J=9.5, 7.3 Hz), 2.35 (1H, dd, J = 14.4,
7.2 Hz) 2.01 (1H, dt, J=12.2,9.6 Hz) 1.87 (1H, ddd, /= 12.2, 8.3, 4.0 Hz) 1.79-1.69 (2H, m) 1.62 (1H,
d,J=3.5Hz); 3CNMR (CDCl;, 150 MHz) & 160.4, 146.9, 146.1, 134.3, 128.0, 112.6, 110.3, 100.9, 97.6,
73.3, 70.5, 58.0, 57.2, 53.9, 48.6, 43.6, 31.7, 20.3. HRDARTMS m/z [M+H]" calcd for CigH220NO4*
316.1543, found 316.1547.

(+)-Cephalotaxinone. Pale yellow amorphous solid; 89% ee determined by HPLC (Daicel Chiralcel OD-
3,0.46 x 25 cm, 40% i-PrOH/n-Hexane, 1.0 mL/min, 254 nm. Major 8.82 min, Minor 7.22 min); [a]*'p
+97.6 (¢ 1.03, CHCl;) (1it'7 —=109.3 (CHCly)).

Chiral separation of racemic 22 and cascade reaction with optical enriched (+)-22

00—\ 0\ 0\
0 o) 0
o) o) ' o)
N NT N
LEJ & LEJ
(2)-22 (+)-22 (-)-22

Separation of racemic 22 by chiral-phase HPLC. Racemic 22 was separated by chiral-phase HPLC
(20% i-PrOH/n-hexane, Chiralcel OD, 10 pm, 1.0 cm x 25 cm, 5 mL/min, 254 nm, 6.7 min for (+)-22 and
14.4 min for (-)-22). From racemic 22 (151 mg), (+)-22 (98% ee, 56 mg) and (-)-22 (87% ee, 58 mg)

were obtained.
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(+)-22. Pale yellow oil; 98% ee determined by HPLC (20% i-PrOH/n-hexane, Chiralcel OD-3, 0.25 cm
x 25 cm, 1 mL/min, 254 nm). [a]*p +38.0 (¢ 0.64, CHCI,).
(-)-22. Pale yellow oil; 87% ee determined by HPLC (20% i-PrOH/n-hexane, Chiralcel OD-3,0.25 cm x

25 cm, 1 mL/min, 254 nm). [a]?p —32.0 (¢ 0.93, CHCL).

0\
(0]
(0]

0™y 0™y
g8 F
- H o * o)
s 9 b
(t); (-)-23 ()-24
Cascade reaction with (+)-22. To a solution of cyclic amine (+)-22 (56 mg, 0.17 mmol, 1.0 equiv) and
p-toluenesulfonamide (117 mg, 0.681 mmol, 4.0 equiv) in fert-butanol (0.85 mL) were added AuCl(PPh;)
(1.7 mg, 0.0034 mmol, 2 mol%) and Ag[Cs(CN)s] (1.0 mg, 0.0034 mmol, 2 mol%). The reaction mixture
was stirred under dark condition at 50 °C for 2.5 h. After cooling to room temperature, the reaction mixture
was filtered through NH, silica gel pad, and the filtrate was concentrated under reduced pressure. Flash
chromatography on alumina (Et,O) provided (-)-23 (26.7 mg, 48%) and (-)-24 (17.0 mg, 31%).
(-)-23.98% ee determined by HPLC (30% i-PrOH/n-hexane, Chiralcel OD-3, 1.0 mL/min, 254 nm, major
9.4 min and minor 7.1 min); mp 142-147 °C; [a]*p —87.1 (¢ 2.18, CHCL).
(-)-24.96% ee determined by HPLC (50% i-PrOH/n-hexane, Chiralcel OD-3, 1.0 mL/min, 254 nm, major
12.7 min and minor 5.4 min); Pale yellow amorphous solid; [a]**p —6.9 (c 1.45, CHCL).

N N
0" 0"

o o
N

OH

) W

(523 (+)-25

0]
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Oxidation with (-)-23. To a suspension of hexacyclic compound (-)-23 (10.8 mg, 0.0330 mmol) in
THF/H,O (1:1) (0.5 mL) at 0 °C was added TsOH-H,O (13 mg, 0.066 mmol, 2.0 equiv). After 3 minutes,
the mixture became a colorless solution and then m-CPBA (stabilized with 30% water, 16 mg, 0.066
mmol, 2.0 equiv) was added. The reaction mixture was stirred at O °C for 1.0 h and the reaction was
quenched with saturated aqueous Na,S,0; solution and saturated aqueous NaHCO; solution. The resulting
mixture was extracted with CH,Cl,, was washed with brine, dried over Na,SO,, filtered, and concentrated
under reduced pressure. Flash chromatography on silica gel (10% MeOH in CH,Cl,) afforded enol (+)-
25 (8.8 mg, 89%) as a pale yellow amorphous solid. [a]*p +382.5 (¢ 0.53, CHCl,) (it +371.9 (¢ 0.42,

CHCL)).

References

1) Bucher, J.; Wurm, T.; Nalivela, K. S.; Rudolph, M.; Rominger, F.; Hashimi, A. S. K. Angew. Chem.
Int. Ed. 2014, 53, 3854-3858.

2) Breitenfeld, J.; Ruiz, J.; Wodrich, M. D.; Hu, X. J. Am. Chem. Soc. 2013, 135, 12004-12012.

3) Chang, S.; Lee, M.; Jung, D. Y.; Yoo, E. J.; Cho, S. H.; Han, S. K. J. Am. Chem. Soc. 2006, 128,
12366-12367.

4) Hiroya, K.; Jouka, R.; Kameda, M.; Yasuhara, A.; Sakamoto, T. Tetrahedron 2001, 57, 9697-9710.

5) Xue, C.; Kung, S.-H.; Wu, J.-Z.; Luo, F. T. Tetrahedron 2008, 64, 248-254.

6) Barber, D.; Sanganee, H. J.; Dixon, D. Org. Lett. 2012, 14, 5290-5293.

7) Charton, J.; Delarue, S.; Vendeville, S.; Debreu-Fontaine, M.-A.; Girault-Mizzi, S.; Sergheraert, C.
Tetrahedron Lett. 2001, 42, 7559-7561.

8) Koft, E. R.; Smith III, A. B. J. Org. Chem. 1984, 49, 832-836.

9) (a) Field,N.D.J. Am.Chem. Soc.1961,83,3504-3507. (b) Posner, G. H.; Nelson, T. D. Tetrahedron

1990, 46, 4573-4586.

S59



10) Sakai, T.; Seo, S.; Matsuoka, J.; Mori, Y. J. Org. Chem. 2013, 78, 10978—10985.

11) Da Silva, C.; Bergamo, M ; Cerny, R.; Williams, A. F. Helv. Chim. Acta. 2009, 92, 2480-2487.

12) Slemon, C. E.; Hellwig, L. C.; Ruder, J.-P.; Hoskins, E. W.; MacLean, D. B. Can. J. Chem. 1981,
59, 3055-3060.

13) The pKa values for CF;CH,OH, 2,6-di-tert-butylphenol, benzamide, MsNH,, TsNH,, and HFIP
calculated by Advanced Chemistry Development (ACD/Labs) Software V11.02 were obtained from
Scifinder".

14) Weinreb, S. M..; Auerbach, J. J. Am. Chem. Soc. 1975, 97, 2503-2506.

15) Ju, X.; Beaudry, C. M. Angew. Chem. Int. Ed. 2019, 58, 6752—6755.

16) Powell, R. G.; Weisleder, D.; Smith, C.R., Jr. J. Pharm. Sci. 1972,61, 1227-1230.

17) Isono, N.; Mori, M. J. Org. Chem. 1995, 60, 115-119.

S60



rac-cephalotaxine

5.7

<HPLC Condition>
Chiralcel OD-3

40% i-PrOH/n-hexane
1.0 mL/min, 254 nm

—
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
1 5.70 525231968.000 49.902 0.241
2 6.47 527304800.000 50.098 0.275
N~
It}
(=)-cephalotaxine
(99% ee)
0
©
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
1 6.51 31071900.000 0.571 0.268
2 5.70 5410529792.000 99.429 0.253
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217

PN
O] 0]
2 <HPLC Condition>
b}
Q H Q Chiralcel OD-3
O\ 30% i-PrOH/n-hexane
N .
1.0 mL/min, 254 nm
rac-cephalotaxinone
N
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
4 5 6 7 8 9 10 11 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
717 8281185792.000 49.678 0.284
2 8.83 8388433920.000 50.322 0.380
Q
o
(+)-cephalotaxine
(89% ee)
8
~
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
4 5 6 7 8 9 10 11 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
7.22 727704256.000 5.414 0.273
2 8.82 12713650176.000 94.586 0.381
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6.73

P <HPLC Condition>
Chiralcel OD-3
20% i-PrOH/n-hexane
0] .
N 1.0 mL/min, 254 nm @
| 3
0]
——CH
22 (racemic) L
A~ J
3 4 5 6 9 10 11 12 13 14 15 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
1 14.43 251089248.047 49.555 0.502
2 6.73 255599208.984 50.445 0.211
0]
N\ o
(o) 0
N ©
0)
7
0]
CH
(]
(+)-22 (98% ee) -
3 4 5 6 7 9 10 11 12 13 14 15 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
1 13.66 88376982.422 0.920 0.456
2 6.55 9515654062.500 99.080 0.200
O’\ N
0 g
NS
0 (—)-22 (87% ee)
0] S
— 0
——CH ©
A it ~
3 4 5 6 7 9 10 11 12 13 14 15 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
1 6.57 196093828.125 6.310 0.199
2 13.72 2911813593.750 93.690 0.460
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.03

<HPLC Condition>

o/\o Chiralcel OD-3
§ 30% i-PrOH/n-hexane
H O 1.0 mL/min, 254 nm
G
N

23 (racemic)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)

1 7.03 476090496.000 49.622 0.228

2 9.23 483349312.000 50.378 0.315
N
<
[e;]

O/\O
O
H \’C?
N

(-)-23 (98% ee)

.

? 713
~—
—

2 3 4 5 6 7 8 9 10 11 12 13 14 15 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
1 7.13 3347684.326 1.205 0.220
2 9.42 274543798.828 98.795 0.324
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5.36

<HPLC Condition>
Chiralcel OD-3

50% i-PrOH/n-hexane
1.0 mL/min, 254 nm

24 (racemic)

~
o
2 3 4 5 6 7 8 9 10 11 12 13 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
12.71 239853376.000 49.438 0.518
2 5.36 245309424.000 50.562 0.199

———12.67

(—)-24 (96% ee)

_
> —5.37

2 3 4 5 6 7 8 9 10 11 12 13 Retention Time (min)
No. tR Peak Area Area Width
(Y units*ms) (%)
1 5.37 48670944.000 1.873 0.203
2 12.67 2549951232.000 98.127 0.516
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