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1. General Methods: 'H and '*C NMR spectra were recorded at 400 and 100 MHz or 300 and
75 MHz by VARIAN, respectively. Low- and high-resolution mass spectra were recorded by
EI or ESI method. The used organic solvents were dried by standard methods if it was
necessary. Optical rotations were determined at 589 nm (sodium D line) by using a
Perkin-Elmer-341 MC digital polarimeter; [o]p-values are given in unit of 10 deg” cm” g™
Chiral HPLC was performed on a SHIMADZU SPD-10A vp series with chiral columns
(Chiralpak AD-H, OD-H and IC-H columns 4.6 x 250 mm, (Daicel Chemical Ind., Ltd.)).
Commercially obtained reagents were used without further purification. All these reactions
were monitored by TLC with silica-gel-coated plates. Flash column chromatography was
carried out by using silica gel at increased pressure.

Catalysts CP3, CP7, CP8, CP9, and CP10 were purchased from J&K Chemical Ltd. and
used directly without further purification.

cr1, cpr2,'" cp4,”” CP5,'” CP6,"! were prepared according to the previously reported
procedures.

All allenoates and compound 6 were prepared according to the previously reported

procedures.
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2. General procedure for the synthesis of alkylidene azlactone 1t

o) NaOAc (0.3 eq) O

Ac,O (40e
Ph)LH/\COZH + RCHO —2200ed) O\Jg:\

THF, reflux, 3 h
P N R

1.0 eq 1.2 eq

Hippuric acid (1.8 g, 10 mmol, 1.0 eq), aldehyde (12 mmol, 1.2 eq), NaOAc (0.25 g, 3
mmol, 0.3 eq) and Ac,O (40 mmol, 4.0 mL, 4.0 eq) were dissolved in 30 mL THF, and then
heated to reflux for about 3 h. The reaction mixture was cooled to room temperature. Saturate
Na,COs aqueous solution was added to the reaction mixture, and extracted with DCM for 3
times. The combined organic layers were dried over Na,SO4. The crude product was purified

by flash silica gel chromatography or recrystallization by EtOH to afford products 1a-n.

3. General procedure for the phosphine-catalyzed [3+2] annulation of alkylidene

azlactone with electron-deficient allenoate.

(0] 2
0 CO,R? ot CO,R
o CP10 (20 mol%)
pRENY SN
pr”” N R 4A MS, DCM, rt
R1

Alkylidene azlactone 1 (0.1 mmol), (R)-SITCP (0.02 mmol), 4A MS (30 mg) and
anhydrous DCM (3.0 mL) were added into a Schlenk tube, then allenoate 2 (0.30 mmol) was
added very slowly. The reaction mixture was stirred at room temperature for 8 h (TLC
monitored) under argon atmosphere. The reaction mixture was then concentrated on a rotary
evaporator under reduce pressure and the residue was subjected to purification by column

chromatography (PE/AcOEt = 12/1~8/1) to afford the corresponding product 3.
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4. General procedure for the synthesis of 4

O CcO,Bn
o 2 HOZC//’ COan
s HELOM_ o ochn=
Ph™ SN THF
Ph Ph

Compound 3a was dissolved in THF (1.0 mL), then 6 M HCI (5 mL) was added. The
solution was heated at 90 °C for 4 h. After cooling to room temperature, the aqueous solution
was extracted with DCM and the combined organic layers were dried over Na,SO4. Then the
crude product was purified by flash silica gel chromatography (DCM/MeOH = 9/1) to afford

the product 4 as a white solid in 76% yield.

5. General procedure for the synthesis of 5

O CO,Bn CO,Bn

O )\ k 2
P > PhOCHN
Ph™ SN T P NH2 olhene, 120°C 4 h
PH
Ph
3a 5

A mixture of 3a (42 mg, 0.1 mmol) and (R)-(+)-1-phenylethylamine (15 pL, 0.12 mmol) in
toluene (1.0 mL) was stirred at 120 °C under Ar atmosphere for 4 h. After cooling to room
temperature, purification of the crude mixture by column chromatography on silica gel

(PE/AcOEt = 1/2) gave peptide derivative 7 as white foam solid in 67% yield.

6. General procedure for the synthesis of 7

CO,Et

0
o) R)-SITCP (20 mol% @
):/g:\ + BOCOWCOZEt ( ) ( 0)‘ )Q
pn” N Ph N

4AMS, DCM Ph
Ph

Alkylidene azlactone (0.1 mmol), (R)-SITCP (0.02 mmol), 4A MS (30 mg) and anhydrous
DCM (3.0 mL) were added into a Schlenk tube, then allylic carbonate 5 (0.30 mmol) was
added very slowly. The reaction mixture was stirred at room temperature for 24 h (TLC
monitored) under argon atmosphere. The solvent was removed under reduced pressure and the
residue was purified by flash column chromatography (PE/AcOEt = 12/1~8/1) to afford the

product 6 as a yellowish solid in 62% yield.
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7. Screening of chiral phosphines for the asymmetric [3+2] annulation

The corresponding spiro-cycloadduct 3a was obtained in low yields and low ee values in the
presence of axially chiral binaphthyl skeleton containing phosphines CP1-CP3 at room
temperature. Using CP1 as the catalyst gave 3a in 8% yield with 20% ee and the other two
chiral phosphines afforded barely no product (Table SI-1, entries 1-3). Subsequently we
examined several multifunctional chiral phosphines derived from natural amino acids
(CP4-CP6) and some commercially available chiral phosphines (CP7-CP10). Using CP4 or
CP7 as the chiral phosphine produced 3a in 23% yield with >10:1 dr and 14% ee value or in
38% yield with 9:1 dr and 32% ee value (Table SI-1, entries 4 and 7). The use of CPS, CP6,
and CP8 as the catalysts gave the desired product in low yields but with no ee value (Table
SI-1, entries 5, 6 and 8). Chiral phosphine CP9 was also inefficient in this reaction (Table SI-1,
entry 9). Gratefully, we found that using chiral phosphine CP10 (R)-SITCP as the catalyst, 3a
was produced in 20% yield with 19:1 dr and 94% ee (Table SI-1, entry 10).

S5



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012

CP3 (S)-BINAPINE

OTBDPS

S :
Ph 7 PPhy

i k

),, n, NH "N :

[H Ph E H pn o NH
PPh, i

PPh2 tBU NH

CP4 CP5 o L ><

0~ >ccl,
CP6 Lu's cat™

t

OMe MeO O P O

SN Ia JINGS @i
P P.\\\\ H

I \ b8 0 PPh,
N O

CP7 (1R,2R)-DIPAMP CP8 DuanPhos CP9 (S)-C5-TunePhos

CP10 (R)-SITCP

Figure SI-1. Chiral phosphines having different skeleton
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Table Sl-1. Screening of chiral phosphines for the asymmetric [3+2] annulation of 1a with 2a

0 0] COan
COan (@]
@) cat.” /Q\
/‘Q o * toluene, rt Ph™ "N
ph™ N Ph ' R
1a 2a 3a
entry® cat.* yield® (%) dre ee (%)
1 CP1 8 10:1 20
2 CP2 trace - -
3 CP3 trace - -
4 CP4 23 >10:1 14
5 CP5 13 >19:1 0
6 CP6 42 10:1 0
7 CP7 38 9:1 32
8 CP8 38 >19:1 0
9 CcP9 30 >19:1 18
10 CP10 20 >19:1 94

@ The reactions were carried out with 1a (0.1 mmol), 2a (0.2 mmol), cat* (0.01
mmol) in toluene (1.0 mL) at room temperature for 8 h. P Isolated yield by column
chromatography. ¢ Diastereomeric ratios determined by "H NMR spectroscopy. ¢
Determined by chiral HPLC analysis.
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8. Optimization of the reaction conditions

The examination of solvent effects revealed that in dichloromethane (DCM), the desired
product 3a could be obtained in 48% yield along with 97% ee and using other solvents such as
CHCl; or tetrahydrofuran (THF) gave 3a in lower yield with excellent ee values under
identical conditions (Table SI-2, entries 1-4). Lowering the reaction temperature to 0 °C did
not improve the yield of 3a in DCM (Table SI-2, entry 5). Increasing the reactant
concentration by carrying out the reaction in 0.5 mL of DCM did not enhance the yield of 3a
either, affording 3a in 18% yield (Table SI-2, entry 6). Increasing the catalyst loading to 20
mol% could significantly improve the yield of 3a (Table SI-2, entry 7). Dilution of the
reactant concentration by carrying out the reaction in 3.0 mL of DCM could further improve
the yield of 3a (Table SI-2, entry 8). Moreover, adding 4A MS into the reaction system to get
rid of the adventitious water afforded 3a in 78% with 12:1 dr and 97% ee value, which served

as the best reaction conditions in above reaction (Table SI-2, entry 9).

Table SI-2. Optimization of the reaction conditions

O CO,Bn
0 CO,Bn 0 2
0 R)-SITCP
bq . N ®ser L
N Ph solvent, T
Ph Ph
1a 2a 3a
entry? solvent T (°C) yield® (%) dre ee (%)°
1 toluene rt 20 >19:1 94
2 DCM rt 48 >19:1 97
3 CHCl; rt 38 >19:1 97
4 THF rt 45 >19:1 95
5 DCM 0 28 >19:1 95
6e DCM rt 18 >19:1 97
7f DCM rt 60 >19:1 97
gf9 DCM rt 67 >19:1 97
ofgh DCM rt 78 12:1 97

@ The reactions were carried out with 1a (0.1 mmol), 2a (0.2 mmol), (R)-SITCP (0.01
mmol) in solvent (1.0 mL) at rt for 8 h. PIsolated yield by column chromatography. ©
Diastereomeric ratios determined by 'H NMR spectroscopy. ¢ Determined by chiral
HPLC analysis. 0.5 mL DCM was used. f 20 mol% (R)-SITCP was used. ¢ 3.0 mL
DCM was used. " 4A MS (30 mg) was used.
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9 Characterization and spectra charts for catalysts CP4-6.
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(S)-N-(1-(diphenylphosphino)-3-methylbutan-2-yl)benzamide (CP4)
A white solid, 82% yield, 114 mg, Mp: 139-140 °C. 'H NMR (400 MHz, CDCl;, TMS) 6
7.53-7.50 (m, 2H), 7.49-7.46 (m, 2H), 7.45-7.40 (m, 3H), 7.37-7.34 (m, 2H), 7.33-7.29 (m,
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6H), 5.89 (d, J= 9.2 Hz, 3H), 4.23 (m, 1H), 2.43 (ddd, J; = 1.6 Hz, J, = 4.2 Hz, J; = 14.0 Hz,
1H), 2.36 (dd, J; = 8.8 Hz, J, = 14.0 Hz, 1H), 2.15-2.07 (m, 1H), 0.95 (d, J = 6.8 Hz, 6H); *'P
NMR (121.45 MHz, CDCls, 85% H3PO,): § -23.83; IR (neat) v 3310, 2966, 1637, 1541, 740,
695 cm™; MS (ESI) m/z 376.0 (M™+H, 100); HRMS Calcd. for C;oH,7N3;05P™ (M™+H):
376.1804, found: 376.1785. [0]*’p = +31 (¢ 0.25, CHCL5).
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(S)-1-benzhydryl-3-(1-(diphenylphosphino)-3-(naphthalen-2-yl)propan-2-yl)thiourea
(CP5)
Colorless solid, m.p. 84-88 °C; "H NMR (300 MHz, CDCl3, TMS): 0 2.18-2.33 (m, 2H), 2.89

(dd, J; = 6.6 Hz, J, = 12.9 Hz, 1H), 3.13 (dd, J; = 5.1, J> = 12.9 Hz, 1H), 4.89 (br, 1H), 5.66
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(br, 1H), 6.35 (br, 1H), 7.06-7.10 (m, 4H), 7.18-7.31 (m, 15H), 7.38-7.48 (m, 5H), 7.66-7.70
(m, 2H), 7.77-7.80 (m, 1H); *'P NMR (121.45 MHz, CDCls, 85% H3PO4): & -23.97; IR
(CH,Cly): v 3279, 3054, 2924, 2853, 1599, 1530, 1494, 1480, 1453, 1434, 1344, 1271, 1097,
1027, 814, 740, 696 cm™; MS (ESI) m/z (%): 595.1 (100) [M"+H]; HRMS Calcd. For
C3oH36N,PS™ (M™+H) requires 595.2331, Found: 595.2340; [0]*°p = -16.2 (¢ 1.0, CHCI;).

OTBDPS

~\""PPh,

-0.000

23775

T T T T T T T T T
200 160 100 a0 1) -60 -100 -180 -200 PP

This is a known compound.3 'H NMR (400 MHz, CDCl3, TMS): 6 0.97 (d, J = 6.0 Hz, 3H),
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1.04 (s, 9H), 1.07 (s, 9H), 1.93 (s, 6H), 2.19 (dd, J; = 7.2 Hz, J, = 13.6 Hz, 1H), 2.40 (dd, J, =
8.0 Hz, J, = 13.6 Hz, 1H,), 3.83-3.92 (m, 2H), 4.19 (t, J = 6.4 Hz, 1H), 5.68 (d, J = 9.2 Hz,
1H), 5.98 (d, J = 9.6 Hz, 1H), 7.22-7.28 (m, 5H), 7.31-7.47 (m, 11H), 7.63-7.69 (m, 4H); *'P

NMR (161 MHz, CDCls, 85% H;POy): & -23.78.
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10. Characterization and spectra charts containing HPLC traces for products 3a-q.
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Benzyl 4-0x0-2,9-diphenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate (3a)

A known product, pale yellow solid,!”! 78% vyield, 32 mg, Mp: 119-121 °C. 'H NMR (400
MHz, CDCl;, TMS) o 7.68-7.66 (m, 2H), 7.48-7.44 (m, 1H), 7.41 (t, J = 2.4 Hz, 1H),
7.35-7.31 (m, 2H), 7.29-7.20 (m, 9H), 7.16-7.13 (m, 1H), 5.16 (d, /= 12.0 Hz, 1H), 5.03 (d, J
=12.0 Hz, 1H), 4.09 (dd, J; = 8.0 Hz, J, = 9.6 Hz, 1H), 3.27 (ddd, J; = 2.0 Hz, J> = 9.6 Hz, J;
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= 18.8 Hz, 1H), 3.07 (ddd, J; = 2.8 Hz, J, = 8.0 Hz, J; = 18.8 Hz, 1H); *C NMR (100 MHz,
CDCl3) & 179.1, 162.0, 160.4, 150.2, 1352, 135.0, 134.6, 132.5, 128.9, 128.45, 128.43,
128.28, 128.25, 128.2, 127.9, 127.8, 125.6, 80.6, 66.9, 56.0, 38.2; [0]*’p = +147.9 (c 0.5,
CHCI;) for 97% ee; Enantiomeric excess was determined by HPLC with a Chiralcel IC-H

column, Hexane/PrOH = 80/20, 0.5 mL/min, 214 nm, tine = 19.832 min, tmajor = 21.988 min.
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Benzyl
9-(4-bromophenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
(3b)

A pale yellow solid, 80% yield, 37 mg, Mp: 104-105 °C. '"H NMR (400 MHz, CDCls;, TMS) &
7.71-7.69 (m, 2H), 7.52-7.48 (m, 1H), 7.39-7.34 (m, 5H), 7.27-7.20 (m, 5H), 7.17-7.15 (m,
2H), 5.16 (d, J = 12.0 Hz, 1H), 5.03 (d, J = 12.0 Hz, 1H), 4.03 (dd, J; = 7.6 Hz, J, = 9.2 Hz,
1H), 3.19 (ddd, J; = 2.4 Hz, J, = 9.6 Hz, J; = 18.6 Hz, 1H), 3.07 (ddd, J; = 3.2 Hz, J, = 7.6 Hz,
J; = 18.6 Hz, 1H); °C NMR (100 MHz, CDCl;) & 178.9, 161.9, 160.7, 150.4, 149.7, 134.9,
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134.7, 134.4, 132.7, 131.3, 130.7, 128.6, 128.5, 128.44, 128.43, 128.30, 128.29, 127.9, 125.4,

121.8, 80.3, 67.0, 55.2, 38.5; IR (neat) v 3065, 1813, 1718, 1648, 1260, 1117, 953, 750, 695

cm™; MS (ESI) m/z 502.0 (M™+H, 100); HRMS Calcd. for C,7Hy0BrNO4Na™ (M™+Na):

524.0488, found: 524.0468. [a]zoD = +119.8 (c 1.0, CHCls) for 96% ee; Enantiomeric excess

was determined by HPLC with a Chiralcel IC-H column, hexane/PrOH = 90/10, 0.5 mL/min,

214 nm, tyinor = 20.377 min, tygj0r = 27.377 min.
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Total 1041200. 9 34557290. 1 100. 0000
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HPLC REPORT
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Benzyl
9-(3-bromophenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
R1Y)

A pale yellow solid, 96% yield, 48 mg, Mp: 108-110 °C. 'H NMR (400 MHz, CDCls, TMS) &
7.72-7.66 (m, 2H), 7.52-7.47 (m, 2H), 7.40-7.35 (m, 4H), 7.30-7.27 (m, 1H), 7.24-7.18 (m,
5H), 7.10-7.06 (m, 1H), 5.16 (d, J=12.0 Hz, 1H), 5.04 (d, /= 12.0 Hz, 1H), 4.02 (dd, J; = 8.0
Hz, J, =10.0 Hz, 1H), 3.20 (ddd, J; =2.0 Hz, J, = 10.0 Hz, J; = 18.4 Hz, 1H), 3.08 (ddd, J; =
2.8 Hz, J, = 8.0 Hz, J; = 18.4 Hz, 1H); °C NMR (100 MHz, CDCl3) & 178.8, 161.9, 160.7,
149.7, 137.7, 134.9, 134.5, 132.7, 132.2, 131.0, 129.7, 128.6, 128.5, 128.32, 128.26, 128.0,
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127.7, 125.4, 122.1, 80.3, 67.0, 55.4, 38.5; IR (neat) v 3065, 1813, 1718, 1648, 1560, 1320,
1248, 1119, 955, 883, 692 cm™'; MS (ESI) m/z 502.0 (M'+H, 100); HRMS Caled. for
Co7H,0BrNOgNa'! (M +Na): 524.0456, found: 524.0468. [0]*’p = +119.4 (¢ 0.8, CHCI;) for
95% ee; Enantiomeric excess was determined by HPLC with a Chiralcel IC-H column,

Hexane/PrOH = 90/10, 0.8 mL/min, 214 nm, t,ine, = 17.068 min, tmajor = 19.835 min.
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Benzyl
9-(2-bromophenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
(3d)

A pale yellow solid, 90% yield, 42 mg, Mp: 107-109 °C. '"H NMR (400 MHz, CDCls;, TMS) &
7.68-7.66 (m, 2H), 7.55-7.53 (dd, J; = 1.6 Hz, J, = 8.0 Hz, 1H), 7.50-7.41 (m, 3H), 7.37-7.32
(m, 3H), 7.27-7.24 (m, 2H), 7.21-7.19 (m, 3H), 7.03-6.99 (m, 1H), 5.13 (d, J = 12.4 Hz, 1H),

5.03 (d, J= 12.4 Hz, 1H), 4.84 (t, J = 8.4 Hz, 1H), 3.24 (ddd, J, = 2.8 Hz, J, = 8.4 Hz, J; =
S22
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18.8 Hz, 1H), 3.11 (ddd, J; = 2.4 Hz, J, = 8.4 Hz, J; = 18.8 Hz, 1H); °C NMR (100 MHz,
CDCls) & 178.7, 161.9, 160.8, 149.7, 136.0, 134.8, 134.2, 132.61, 132.57, 131.2, 128.9, 128.5,
128.4, 128.3, 128.2, 127.9, 126.8, 125.6, 125.3, 79.5, 66.9, 52.1, 39.9; IR (neat) v 3069, 1815,
1718, 1654, 1648, 1267, 1117, 955, 687 cm™; MS (ESI) m/z 502.0 (M"+H, 100); HRMS Calcd.
for Co7H2BrNO4Na'™ (M+Na): 524.0447, found: 524.0468. [0]*’p = +163.2 (¢ 1.7, CHCls)
for 85% ee; Enantiomeric excess was determined by HPLC with a Chiralcel IC-H column,
Hexane/'PrOH = 90/ 10, 0.7 mL/min, 214 nm, tyinor = 23.820 min, tygjor = 32.312 min.
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Br
O IC-H, 0.7 ml/min, Hexane/PrOH = 90/10, 214 nm.
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Benzyl
9-(4-chlorophenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
(3e)

A known product, white solid,!”! 85% yield, 34 mg, Mp: 72-73 °C. '"H NMR (400 MHz, CDCl;,
TMS) 6 7.71-7.69 (m, 2H), 7.52-7.48 (m, 1H), 7.39-7.35 (m, 3H), 7.25-7.16 (m, 9H), 5.16 (d,
J=12.4 Hz, 1H), 5.03 (d, /= 12.4 Hz, 1H), 4.05 (t, J = 8.8 Hz, 1H), 3.20 (dd, J; = 8.8 Hz, J>
= 18.4 Hz, 1H), 3.07 (ddd, J; = 3.2 Hz, J, = 8.8 Hz, J; = 18.4 Hz, 1H); *C NMR (100 MHz,
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CDCls) & 178.8, 161.8, 160.6, 149.7, 134.8, 134.6, 133.8, 133.5, 132.7, 130.3, 128.5, 128.4,
128.3, 128.2, 128.1, 127.9, 125.4, 80.3, 66.9, 55.1, 38.4; [0]*°> = +121.1 (¢ 1.4, CHCl;) for
95% ee; Enantiomeric excess was determined by HPLC with a Chiralcel AD-H column,

Hexane/PrOH = 80/20, 0.75 mL/min, 214 nm, tuine, = 14.135 min, tmajor = 15.332 min.
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Benzyl
9-(3,4-dichlorophenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylat
e (3f)

A white solid, 75% yield, 36 mg, Mp: 98-100 °C. '"H NMR (400 MHz, CDCl3;, TMS) &
7.75-7.72 (m, 2H), 7.54-7.50 (m, 1H), 7.43-7.36 (m, 4H), 7.29-7.20 (m, 6H), 7.12 (dd, J; =2.0
Hz, J, = 8.4 Hz, 1H), 5.16 (d, J = 12.4 Hz, 1H), 5.04 (d, J = 12.4 Hz, 1H), 4.00 (dd, J; = 8.4
Hz, J, = 9.2 Hz, 1H), 3.20-3.05 (m, 2H); °C NMR (100 MHz, CDCl3) § 178.6, 161.8, 160.9,
149.4, 135.7, 134.8, 134.7, 132.9, 132.2, 131.9, 131.1, 130.1, 128.6, 128.5, 128.35, 128.34,
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128.0, 125.3, 80.2, 67.0, 54.7, 38.7; IR (neat) v 2947, 1813, 1716, 1650, 1473, 1451, 1247,

1122, 956, 885, 695 cm’; MS (ESI) m/z 492.0 (M'+H, 100); HRMS Calcd. for

Cy7H1oCLNO,Na™ (M +Na): 514.0590, found: 514.0583. [0]*’p = +106.1 (c 0.85, CHCL) for

93% ee; Enantiomeric excess was determined by HPLC with a Chiralcel AD-H column,

Hexane/'PrOH = 90/ 10, 0.5 mL/min, 214 nm, tyinor = 31.475 min, tygjor = 33.128 min.
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Benzyl 4-oxo0-2-phenyl-9-(p-tolyl)-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate (3g)
A known product, white solid,!”! 76% yield, 29 mg, Mp: 82-83 °C. '"H NMR (400 MHz, CDCl;,
TMS) & 7.71-7.68 (m, 2H), 7.49-7.45 (m, 1H), 7.40 (t, J = 2.4 Hz, 1H), 7.36-7.32 (m, 2H),
7.24-7.15 (m, 7H), 7.01 (d, J = 8.4 Hz, 1H), 5.16 (d, J = 12.4 Hz, 1H), 5.03 (d, J = 12.4 Hz,
1H), 4.45 (dd, J; = 8.0 Hz, J, = 10.0 Hz, 1H), 3.23 (ddd, J; = 2.0 Hz, J, = 10.0 Hz, J; = 18.6
Hz, 1H), 3.04 (ddd, J; = 2.8 Hz, J, = 8.0 Hz, J; = 18.6 Hz, 1H), 2.21 (s, 3H); >C NMR (100
MHz, CDCl3) § 179.1, 162.0, 160.4, 150.2, 137.4, 135.0, 134.6, 132.4, 132.1, 128.84, 128.80,
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128.43, 128.41, 128.3, 128.2, 127.9, 125.7, 80.6, 66.8, 55.8, 38.4, 21.0; [0]*°p = +190.1 (c 1.0,
CHCI;) for 99% ee; Enantiomeric excess was determined by HPLC with a Chiralcel OD-H
column, Hexane/iPrOH = 80/20, 0.3 mL/min, 214 nm, #yinor = 39.848 min, 40 = 42.678 min.
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Benzyl
9-(4-methoxyphenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
(3h)

A known product, white solid,!”! 66% yield, 26 mg, Mp: 61-62 °C. '"H NMR (400 MHz, CDCl;,
T™S) & 7.72-7.69 (m, 2H), 7.50-7.46 (m, 1H), 7.41-7.40 (m, 1H), 7.37-7.33 (m, 2H),
7.26-7.19 (m, 7H), 6.76-6.72 (m, 2H), 5.16 (d, J = 12.4 Hz, 1H), 5.03 (d, J = 12.4 Hz, 1H),
4.04 (dd, J; = 8.4 Hz, J, = 10.4 Hz, 1H), 3.69 (s, 3H), 3.20 (ddd, J; = 2.0 Hz, J, = 10.4 Hz, J;
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= 18.8 Hz, 1H), 3.04 (ddd, J; = 2.8 Hz, J, = 8.4 Hz, J; = 18.8 Hz, 1H); *C NMR (100 MHz,
CDCl3) 6 179.2, 162.0, 160.4, 159.0, 150.2, 135.0, 134.6, 132.5, 130.1, 128.5, 128.4, 128.3,
128.2, 127.9, 127.2, 125.7, 113.5, 80.6, 66.8, 55.6, 55.1, 38.6; [0]*p = +160.2 (¢ 0.9, CHCls)
for 96% ee; Enantiomeric excess was determined by HPLC with a Chiralcel PC-2,

Hexane/PrOH = 80/20, 0.5 mL/min, 214 nm, t,ine = 42.518 min, tmajor = 46.942 min.
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Benzyl
9-(4-nitrophenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate (3i)
A pale yellow solid, 69% yield, 31 mg, Mp: 135-136 °C. "H NMR (400 MHz, CDCl3, TMS) &
8.10-8.08 (m, 2H), 7.70-7.68 (m, 2H), 7.52-7.34 (m, 6H), 7.25-7.20 (m, 5H), 5.17 (d, J=12.4
Hz, 1H), 5.04 (d, J = 12.4 Hz, 1H), 4.17 (t, J = 8.4 Hz, 1H), 3.26 (ddd, J; = 2.0 Hz, J, = 8.4
Hz, J; = 18.8 Hz, 1H), 3.15 (ddd, J; = 2.8 Hz, J, = 8.4 Hz, J; = 18.8 Hz, 1H); >C NMR (100
MHz, CDCls) 6 178.5, 161.7, 161.0, 149.2, 147.5, 143.1, 134.8, 134.7, 133.0, 130.0, 128.7,
128.5, 128.39, 128.36, 127.9, 125.1, 123.4, 80.4, 67.1, 55.0, 38.4; IR (neat) v 2925, 1816,
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1713, 1650, 1522, 1346, 1118, 955, 700 cm™'; MS (ESI) m/z 469.0 (M'+H, 100); HRMS Calcd.
for Co7HyN,06™ (M™+H): 469.1400, found: 469.1394. [0]*’p = +49.6 (c 0.75, CHCI3) for
93% ee; Enantiomeric excess was determined by HPLC with a Chiralcel AD-H column,

Hexane/PrOH = 80/20, 0.75 mL/min, 214 nm, tiner = 22.893 min, tmajor = 25.902 min.
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Benzyl
9-(4-cyanophenyl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
&)

A white solid, 83% yield, 37 mg, Mp: 91-92 °C. '"H NMR (400 MHz, CDCl;, TMS) &
7.69-7.67 (m, 2H), 7.53-7.49 (m, 3H), 7.41-7.35 (m, 5H), 7.25-7.20 (m, 5H), 5.17 (d, J = 12.0
Hz, 1H), 5.04 (d, /= 12.0 Hz, 1H), 4.11 (dd, J; = 8.0 Hz, J, = 9.6 Hz, 1H), 3.24 (ddd, J; = 2.0
Hz, J,=9.6 Hz, J; = 18.8 Hz, 1H), 3.12 (ddd, J; = 3.2 Hz, J, = 8.0 Hz, J; = 18.8 Hz, 1H); "°C
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NMR (100 MHz, CDCl;) o 178.6, 161.7, 160.9, 149.3, 141.0, 134.8, 134.6, 133.0, 132.0,
129.8, 128.7, 128.5, 128.37, 128.35, 128.2, 127.9, 125.1, 118.5, 111.8, 80.4, 67.1, 55.4, 38.2;
IR (neat) v 3065, 2228, 1813, 1718, 1648, 1451, 1321, 1119, 956, 695 cm™; MS (ESI) m/z
449.1 (M™+H, 100); HRMS Calcd. for CogHy N,O,™ (M™+H): 449.1509, found: 449.1496.
[0]*p = +87.7 (¢ 0.75, CHCl;) for 93% ee; Enantiomeric excess was determined by HPLC
with a Chiralcel AD-H column, 0.75 ml/min, Hexane/'PrOH = 80/20, 214 nm, tpinor = 23.240

min, tugjor = 30.775 min.
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AD-H. 0.75 ml/min, Hexane/ PrOH = 80/20, 214 nm.
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Benzyl 9-(furan-2-yl)-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
(k)

A known product, white solid,!”! 65% yield, 26 mg, Mp: 87-89 °C. '"H NMR (400 MHz, CDCl;,
T™S) & 7.75-7.73 (m, 2H), 7.53-7.49 (m, 1H), 7.39-7.35 (m, 3H), 7.24-7.21 (m, 6H),
6.20-6.15 (m, 2H), 5.16 (d, J = 12.0 Hz, 1H), 5.02 (d, J = 12.0 Hz, 1H), 4.18 (t, J = 8.8 Hz,
1H), 3.29 (ddd, J; = 2.0 Hz, J, = 8.8 Hz, J; = 18.4 Hz, 1H), 3.09 (ddd, J; = 2.8 Hz, J, = 8.8 Hz,
J; = 18.4 Hz, 1H); >C NMR (100 MHz, CDCl3) & 178.8, 161.8, 161.4, 150.4, 149.6, 142.3,
134.9, 134.5, 132.6, 128.5, 128.4, 128.34, 128.27, 128.1, 125.6, 110.1, 107.4, 80.1, 66.9, 48.6,
35.7; [oc]zoD = +33.4 (¢ 1.1, CHCI) for 94% ee; Enantiomeric excess was determined by
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HPLC with a Chiralcel AD-H column, hexane/iPrOH = 80/20, 0.5 mL/min, 214 nm, fpinor =

25.515 min, tygjor = 29.382 min.

N2000 #3E T 4Eu;
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Benzyl
4-ox0-2-phenyl-9-(thiophen-2-yl)-3-oxa-1-azaspiro[4.4|nona-1,6-diene-6-carboxylate (31)
A pale yellow solid, 66% yield, 28 mg, Mp: 96-97 °C. 'H NMR (400 MHz, CDCl;, TMS) &
7.79-7.77 (m, 2H), 7.53-7.49 (m, 1H), 7.40-7.36 (m, 3H), 7.25-7.21 (m, 5H), 7.14-7.12 (m,
1H), 6.91-6.90 (m, 1H), 6.83 (dd, J; = 3.6 Hz, J> = 4.8 Hz, 1H), 5.16 (d, J = 12.4 Hz, 1H),
5.04 (d, J= 12.4 Hz, 1H), 4.39 (t, J = 8.8 Hz, 1H), 3.19-3.16 (m, 2H); >C NMR (100 MHz,
CDCl;) & 178.6, 161.8, 161.1, 149.5, 138.2, 134.9, 132.72, 132.69, 128.9, 128.5, 128.4,
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128.31, 128.28, 128.1, 126.7, 126.4, 125.6, 80.3, 66.9, 50.9, 40.3; IR (neat) v 3065, 1817,

1714, 1647, 1494, 1450, 1321, 1065, 884, 695 cm™; MS (ESI) m/z 430.0 (M'+H, 100); HRMS

Caled. for CosHaNO,S™ (M'+H): 430.1106, found: 430.1108. [0’ = +95.0 (c 1.2, CHCl5)

for 94% ee; Enantiomeric excess was determined by HPLC with a Chiralcel AD-H column,

Hexane/PrOH = 80/20, 0.5 mL/min, 214 nm, tyiner =

N2000 3 T 4Eus

29.800 min, #y4jor = 27.128 min.
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AD-H, 0.5 ml/min. Hexane/PrOH = 80/20, 214 nm.
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AD-H. 0.5ml/min, Hexane/PrOH = 80/20, 214 nm.
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Benzyl
9-(naphthalen-2-yl)-4-oxo0-2-phenyl-3-oxa-1-azaspiro[4.4|nona-1,6-diene-6-carboxylate
(3m)

A pale yellow solid,[”) 68% yield, 29 mg, Mp: 135-137 °C. '"H NMR (400 MHz, CDCl;, TMS)
8 7.75-7.69 (m, 4H), 7.65-7.63 (m, 2H), 7.48-7.41 (m, 2H), 7.37-7.28 (m, 3H), 7.26-7.20 (m,
7H), 5.17 (d, J = 12.4 Hz, 1H), 5.04 (d, J = 12.4 Hz, 1H), 4.25 (dd, J; = 8.0 Hz, J> = 9.6 Hz,
1H), 3.36 (ddd, J; = 2.0 Hz, J>, = 9.6 Hz, J; = 18.6 Hz, 1H), 3.12 (ddd, J; = 2.9 Hz, J, = 8.0 Hz,
J; = 18.6 Hz, 1H); >C NMR (100 MHz, CDCl3) & 179.1, 162.0, 160.5, 150.1, 134.9, 134.6,
133.0, 132.9, 132. 7, 132.5, 128.40, 128.38, 128.3, 128.2, 128.1, 127.9, 127.7, 127.6, 127.5,
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126.7, 126.0, 125.9, 125.4, 80.8, 66.9, 56.1, 38.6; [0]*’p =

+8.4 (c 1.0, CHCls) for 96% ee;

Enantiomeric excess was determined by HPLC with a Chiralcel AD-H column, Hexane/PrOH

=90/10, 0.7 mL/min, 214 nm, &0, =

39.822 min, fygjor = 35.142 min.
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AD-H, HexanedPrOH = 90010, 0.7 mLinin, 214 nm
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AD-H, HexanefiPrOH = 900, 0.7 mLAnin, 214 nm
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Benzyl  9-isopropyl-4-oxo-2-phenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate
(3m)

A colorless oil, 68% yield, 26 mg. '"H NMR (400 MHz, CDCl;, TMS) 6 7.94-7.91 (m, 2H),
7.59-7.54 (m, 1H), 7.47-7.43 (m, 2H), 7.28-7.20 (m, 6H), 5.13 (d, /= 12.4 Hz, 1H), 5.00 (d, J
= 12.4 Hz, 1H), 2.81 (ddd, J; = 3.2 Hz, J, = 7.6 Hz, J; = 18.2 Hz, 1H), 2.69-2.54 (m, 2H),
1.93-1.84 (m, 1H), 0.94 (d, J = 6.4 Hz, 3H), 0.74 (d, J = 6.4 Hz, 3H); >°C NMR (100 MHz,
CDCls) 6 180.2, 162.1, 161.2, 150.2, 135.2, 135.0, 132.7, 128.7, 128.4, 128.3, 128.2, 128.1,
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125.9,79.1, 66.8, 57.4, 37.1, 28.5, 21.5, 21.0; IR (neat) v 2922, 1816, 1715, 1647, 1451, 1335,
1249, 1064, 882, 697 cm™'; MS (ESI) m/z 390.1 (M™+H, 100); HRMS Calcd. for Co4HzsNO,4 ™!
(M™+H): 390.1702, found: 390.1700. [a]*p = +100.3 (¢ 1.15, CHCL) for 79% ee;
Enantiomeric excess was determined by HPLC with a Chiralcel AD-H column, Hexane/PrOH

=90/10, 0.4 mL/min, 214 nm, #yinor = 14.727 min, ty4jor = 15.377 min.

B ITIRS

Fan A F: FE i 0 44 - WD-5-56+-AD-HB20. 4214. che
Fanftt 5 : VI e
34T H #7:2011-09-27 St it a) : 08:47
| gk
" 2501! ET
| | |
2001 ! |‘
150
| |
1004 | ‘
i |
50 ' [
! |
Jvil
B | \_J
) 1 3 12 16 0 24
Min
Fe #¥Ss EHes REE s LEER EIRE L (%)
1 1 14. 527 279162. 1 4543119, 3 48. 0011
2 2 15, 377 261148, 1 4921489, 0 51. 9989
Eit: 540310. 1 9464608, 3 100, 0000
O CO.Bn
o
F'h/LN

AD-H. 0.4 ml/min, Hexane/PrOH = 90/10, 214 nm
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HPLC Report

Sample Name: Data File:WD-5-93. che

Operator: Date:2011-09-27
Time:09:11
m | i
5’”' |
- |
300
200{
w il
|II|I Ii
o - L s
0 4 8 12 16 20 24
Min
No. PeakNo |D. Name R. Time PeakHe ight PeakArea PerCent
L 1 14. 727 65580. 6 1174934, 1 10. 5756
2 2 15. 377 981774, 7 9934967, 0 89, 1244
Total 647355. 3 11109906. 1 100. 0000
O CO,EN
@]
F'h/LN
AD-H, 0.4 ml/min, Hexane/PrOH = 90/10, 214 nm._
O CO,Et
0]
sy
Ph
Ph
0 CO4Et
o]
PW)§N
Ph
2.90, : 304
1.80
s // / e,
i . l M
9 8 &k : s L S T T =)
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179.203
B0 650
77320
77.000
76 660
61.009
55924
38173
13 887

Z

Ethyl 4-0x0-2,9-diphenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-6-carboxylate (30)

A white solid, 77% yield, 28 mg, Mp: 98-99 °C. '"H NMR (400 MHz, CDCl;, TMS) 6
7.81-7.79 (m, 2H), 7.50-7.46 (m, 1H), 7.39-7.35 (m, 3H), 7.30-7.14 (m, 5H), 4.16-4.07 (m,
3H), 3.28 (ddd, J; = 2.0 Hz, J, = 10.0 Hz, J; = 18.6 Hz, 1H), 3.08 (ddd, J; = 2.8 Hz, J, = 7.6
Hz, J; = 18.6 Hz, 1H), 1.17 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl;) § 179.2, 162.2,
160.3, 149.3, 135.4, 135.0, 132.6, 128.9, 128.5, 128.1, 127.9, 127.8, 125.7, 80.7, 61.0, 55.9,
38.2, 13.9; IR (neat) v 2976, 1815, 1711, 1650, 1451, 1256, 1081, 954, 884, 695 cm™; MS
(ESI) m/z 362.0 (M™+H, 100); HRMS Calcd. for CyyHyoNO4™' (M™+H): 362.1388, found:
362.1387. [0]*°p = +200.8 (¢ 0.4, CHCls) for 95% ee; Enantiomeric excess was determined by
HPLC with a Chiralcel IC-H column, Hexane/'PrOH = 70/30, 0.5 mL/min, 214 nm, tuinor =

9.263 Min, fygjor = 10.460 min.
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HPLC REPORT

Sample Name:WD-4-56-I1C-T-3-0.5-230. che Date:2011-09-05

Time:10:06
Column:

Wave Length:

Method:
Flow Rate:
Mobile Phase:

my

400
350
300
250
2004
150
100

50

No. PeakNo  ID. Name R. Time PeakHeight PeakArea PerCent
1 1 Unknown 9. 362 173402. 1 2234823.1 19, 6826
2 2 Unknown 10. 535 152695. 2 2263374.1 50. 3174
Total 326097. 2 4498197. 2 100. 0000

O CO5Et
O
F'h’J\ N __
Ph IC-H. 0.5 ml/'min, Hexane/PrOH = 70/30. 230 nm.
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HPLC REPORT

Sample Name:WD-5-48. che Date:2011-09-035

Time:10:43
Column:

Wave Length:

Method:
Flow Rate:
Mobile Phase:

m

1600

1400

1200

10004

800+

B0+

400+

2004 ""

0 A o~
o 2 4 G IB 10 2 ‘I4
Min
No. PeakNo  [D. Name R. Time PeakHeight PeakArea PerCent
1 1 Unknown 9. 263 35329.9 418081.8
2 2 Unknown 10. 460 1290417. 2 18149990. 8
Total 1325747.1 18568072. 6 100. 0000
O CO.Et
.
PR N
Ph

IC-H. 0.5 ml/min, Hexane/PrOH = 70/30, 230 nm.
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Isopropyl 4-0x0-2,9-diphenyl-3-oxa-1-azaspiro[4.4|nona-1,6-diene-6-carboxylate (3p)

A white solid, 91% yield, 32 mg, Mp: 130-131 °C. '"H NMR (400 MHz, CDCl;, TMS) &
7.81-7.79 (m, 2H), 7.50-7.46 (m, 1H), 7.39-7.35 (m, 3H), 7.30-7.28 (m, 2H), 7.25-7.21 (m,
2H), 7.18-7.13 (m, 1H), 5.03-4.93 (m, 1H), 4.09 (dd, J; = 8.0 Hz, J, = 9.6 Hz, 1H), 3.27 (ddd,
J1=2.0Hz,J,=9.6 Hz, J; = 18.4 Hz, 1H), 3.07 (ddd, J; = 2.8 Hz, J, = 8.0 Hz, J; = 18.4 Hz,
1H), 1.20 (d, J = 6.4 Hz, 3H), 1.08 (d, J = 6.4 Hz, 3H); °C NMR (100 MHz, CDCl3) § 179.2,
161.6, 160.3, 149.2, 135.4, 135.2, 132.6, 128.9, 128.6, 128.2, 128.1, 127.8, 127.7, 125.7, 80.7,
68.8, 55.9, 38.1, 21.58, 21.56; IR (neat) v 2976, 1810, 1702, 1654, 1260, 1102, 945, 694 cm™;
MS (ESI) m/z 398.3.0 (M"+Na, 100); HRMS Calcd. for C53Hy NOsNa™" (M*+Na): 398.1370,
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found: 398.1363. [(X]zOD = +161.1 (¢ 0.6, CHCIl5) for 94% ece; Enantiomeric excess was
determined by HPLC with a Chiralcel IC-H column, Hexane/PrOH = 80/20, 0.5 mL/min, 230
nm, fyinor = 8.252 min, tygjor = 12.877 min.

HPLC REPORT

Sample Name:WD-5-25-IC-8-2-0. 5-230. che Date:2011-09-05
Time:15:16 Method:

Column: Flow Rate:

Wave Length: Mobile Phase:
mi

25
200

150

100+ ”

12. 835

o 2 4 8 g 10 12 14 18
Min
No. PeakMo 1D Name R Time PeakHeight PeakArea PerCent
1 1 Unknown 8. 280 138932. 8 1342800. 4 50. 0393
2 2 Unknown 12. 835 75123. 6 1340790. 8 19. 9607
Total 214038, 4 2883601, 2 100. 0000
O COJPr
0]
ps
PR N .
Ph IC-H 0.5 ml/min. Hexane/PrOH = 80/20. 230 nm

S59



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2012

HPLC

REPORT

Sample Name:WD-5-50...che Date:2011-09-05
Time:15:34 Method:
Column: Flow Rate:
Wave Length: Mobile Phase:
™ 450
400
350
200 -<
250 T
200
150
100H
504 &
01 e W :’L-.._.-—
0 3 4 5 [ 10 2 14 & 5
Min
No. PeakNo ID. Name R. Time PeakHeight PeakArea PerCent
1 1 Unknown 8. 252 13720.3 131908. 4 2. 7683
2 2 Unknown 12. 877 263212.6 4633036. 7 97. 2317
Total 276932. 8 4764945. 0 100. 0000
O COJPr
]
F'h/LN _
Ph IC-H. 0.5 ml/min. Hexane/PrCOH = 80/20. 230 nm.
O COZtBU
0]
e
N
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Tert-butyl 4-0x0-2,9-diphenyl-3-oxa-1-azaspiro[4.4|nona-1,6-diene-6-carboxylate (3q)

A white solid, 89% yield, 33 mg, Mp: 139-141 °C. '"H NMR (400 MHz, CDCl;, TMS) &

7.80-7.78 (m, 2H), 7.51-7.47 (m, 1H), 7.40-7.36 (m, 2H), 7.33-7.28 (m, 3H), 7.24-7.20 (m,

2H), 7.16-7.13 (m, 1H), 4.07 (dd, J; = 8.0 Hz, J> = 10.0 Hz, 1H), 3.24 (ddd, J, = 2.4 Hz, J, =

10.0 Hz, J;=18.4 Hz, 1H), 3.04 (ddd, J; = 2.8 Hz, J, = 8.0 Hz, J; = 18.4 Hz, 1H), 1.36 (s, 9H);

C NMR (100 MHz, CDCls) § 179.3, 161.3, 160.0, 148.8, 136.3, 135.5, 132.5, 128.9, 128.6,

128.1, 127.8, 127.7, 125.8, 82.1, 80.7, 56.2, 37.9, 27.8; IR (neat) v 2976, 1813, 1716, 1647,
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1447, 1273, 1118, 765, 688 cm’; MS (ESI) m/z 412.4 (M"+Na, 100); HRMS Calcd. for
Co4H23NO,Na™' (M+Na): 412.1529, found: 412.1519. [0]*’p = +152.0 (¢ 0.45, CHCl5) for
91% ee; Enantiomeric excess was determined by HPLC with a Chiralcel IC-H column,

Hexane/iPrOH = 80/20, 0.5 mL/min, 230 nm, #yinor = 11.663 min, 4o = 15.925 min.
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(1S,5R)-1-Benzamido-2-((benzyloxy)carbonyl)-5-phenylcyclopent-2-enecarboxylic  acid
C))

This is a known compound.”” A white solid, 82% vyield, 92 mg. 'H NMR (400 MHz,
Ds-DMSO, TMS) 6 8.13 (s, 1H), 7.43-7.38 (m, 1H), 7.34-7.22 (m, 11H), 7.16 (t, J = 7.2 Hz,
2H), 7.12-7.05 (m, 1H), 5.18 (d, /= 12.4 Hz, 1H), 5.02 (d, /= 12.4 Hz, 1H), 4.12 (t, /= 8.8

Hz, 1H), 3.47-3.32 (m, 2H), 2.91-2.84 (m, 1H). [0]*’> = +12.7 (¢ 0.9, CHCls)

/LN\// CO,Bn

PhOCHN
Ph
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(4S,5R)-benzyl
S5-benzamido-4-phenyl-5-(((R)-1-phenylethyl)carbamoyl)cyclopent-1-enecarboxylate (5)
A white solid, 63% yield, 12 mg, Mp: 72-74 °C. "H NMR (400 MHz, CDCl;, TMS) 6 7.53 (t,
J=2.4Hz, 1H), 7.46 (s, 1H), 7.36-7.30 (m, 2H), 7.29-7.17 (m, 18H), 7.15-7.11 (m, 1H), 6.25
(d, J = 8.0 Hz, 1H), 5.22-5.15 (m, 2H), 4.85 (d, J = 12.4 Hz, 1H), 4.19 (t, J = 8.0 Hz, 1H),
3.42 (ddd, J; = 2.4 Hz, J, = 6.8 Hz, J; = 18.6 Hz, 1H), 3.14 (ddd, J;, = 2.4 Hz, J,=8.0 Hz, J; =
18.6 Hz, 1H), 1.51 (t, J, = 6.8 Hz, 3H); °C NMR (100 MHz, CDCl3) § 171.4, 166.6, 163.1,
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152.7, 142.4, 138.2, 135.3, 135.0, 132.0, 131.0, 128.6, 128.51, 128.47, 128.20, 128.19, 128.04,
128.03, 127.4, 127.1, 126.5, 126.2, 72.3, 66.5, 54.2, 49.3, 38.6, 21.1; IR (neat) v 3344, 2954,
1714, 1650, 1504, 1480, 1453, 1257, 1126, 751, 698 cm’™'; MS (ESI) m/z 567.4 (M"+Na, 100);
HRMS Caled. for C3sH3N,O4Na™ (M™+Na): 567.2260, found: 567.2254. [0]*’p = +68.9 (¢

0.5, CHCly)
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ethyl 4-0x0-2,9-diphenyl-3-oxa-1-azaspiro[4.4]nona-1,6-diene-7-carboxylate (7)
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A white solid, 62% yield, 22 mg, Mp: 107-109 °C. "H NMR (400 MHz, CDCl;, TMS) § 7.93
(dd, J; = 1.2 Hz, J, = 8.4 Hz, 2H), 7.60-7.56 (m, 1H), 7.49-7.45 (m, 2H), 7.29-7.23 (m, SH),
6.51 (d, J = 2.0 Hz, 1H), 4.32-4.26 (m, 2H), 4.17 (dd, J; = 8.0 Hz, J, = 10.4 Hz, 1H), 3.49
(ddd, J; = 2.8 Hz, J, = 10.4 Hz, J; = 16.0 Hz, 1H), 3.09 (ddd, J; = 0.8 Hz, J, = 8.0 Hz, J; =
16.0 Hz, 1H); C NMR (100 MHz, CDCl3) § 175.2, 163.8, 162.1, 142.8, 137.6, 135.0, 133.1,
128.8, 128.6, 128.1, 128.01, 127.99, 125.3, 84.6, 61.0, 54.8, 34.3, 14.2; IR (neat) v 2927, 1810,
1717, 1647, 1647, 1451, 1255, 1081, 694 cm™'; MS (ESI) m/z 362.3 (M"+H, 100); HRMS
Caled. for Co,HooNO, ™ (M*+H): 362.1389, found: 362.1387. [0]*’p = -17 (¢ 0.2, CHCl;) for
68% ece; Enantiomeric excess was determined by HPLC with a Chiralcel OJ-H column,

Hexane/'PrOH = 80/20, 0.7 mL/min, 214 nm, tyino = 18.282 min, tgjor = 14.857 min.
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HPLC REPORT
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Sample Name:wd-6-59 aj B0, che
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11. X-ray data of product 3b

The crystal data of 3b have been deposited in CCDC with number 853417. Empirical Formula:
Cy7H20BrNOy4; Formula Weight: 502.35; Crystal Color, Habit: colorless; Crystal Dimensions:
0.257 x 0.069 x 0.057 mm; Crystal System: Monoclinic; Lattice Parameters: a =
13.1287(16)A, b = 5.9348(7)A, ¢ = 15.3288(19)A, o = 90°, B = 111.831(2)°, y = 90°, V =
1108.7(2)A3; Space group: P2(1); Z = 2; Dy~ 1.505 g/cm3; Fooo = 512; Final R indices
[[>2sigma(I)] R1 =0.0349, wR2 = 0.0723.
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