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Experimental section

General

All reactions were carried out with dry, freshly distilled solvents in anhydrous conditions.
Toluene and THF were distilled from sodium, while dichloromethane was distilled from CaH,
immediately prior to use. All chemicals were used without further purification as commercially
available unless otherwise noted. All reactions were performed under an atmosphere of dry
nitrogen. Thin-layer chromatography (TLC) was performed on silica gel plates (60F-254) using
UV-light (254 and 365 nm). Flash chromatography was conducted on silica gel (300-400
mesh). NMR (400 MHz for *H NMR, 100 MHz for *C NMR) spectra were recorded in CDCl,
or Acetone with TMS as the internal standard. Chemical shifts are reported in ppm and
coupling constants are given in Hz. Data for *H NMR are recorded as follows: chemical shift
(ppm), multiplicity (s, singlet; d, doublet; t, triplet; g, quarter; m, multiplet), coupling constant
(Hz), integration. Data for **C NMR are reported in terms of chemical shift (8, ppm). High
resolution mass spectral (HRMS) analyses were measured using ESI techniques. Melting points
were determined in a hanon auto melting point system (MP 450).

A variety of 2-arylidene-1,3-indandiones 1 were synthesized via Knoevenagel reactions as
reported in the literature.® 4-nitrobutanal and 3-nitropropanal were prepared using general
procedures reported in the literature.? All the organocatalysts were purchased from Daicel
Chiral Technologies (China) Co., LTD.

General procedure for the enantioselective construction of spiro-1,3-indandiones

Procedure A:
o} ;3 OH
Ar Q VI (10 mol%) Ly
S o oo .
H CH,Cl,, RT,12h
5AMS (30 m H
1 e} 2a (30 mg) 3 O Ar NO,

To a stirred solution of 2-arylidene-1,3-indandiones 1 (0.2 mmol), 5A MS (30 mg) and catalyst
VI (0.02 mmol) in dichloromethane (2.0 mL) was added 4-nitrobutanal 2a (0.24 mmol) and
then stirred for 12 h at room temperature. After removal of the solvent, the crude residue was
purified by column chromatography (petroleum ether/acetone 4/1 v/v) on silica gel to give the
corresponding product.

Procedure B:

0 O OH
Ar ch\ VI (10 mol%) ;
f— + —_—
O,N H CH,Cl,, RT,72h
5 A MS (30 mg) NO,
1 e} 2b 3 O Ar

To a stirred solution of 2-arylidene-1,3-indandiones 1 (0.2 mmol), 5A MS (30 mg) and catalyst
VI (0.02 mmol) in dichloromethane (2.0 mL) was added 3-nitropropanal 2b (0.24 mmol) and
then stirred for 72 h at room temperature. After removal of the solvent, the crude residue was
purified by column chromatography (petroleum ether/acetone 4/1 v/v) on silica gel to give the
corresponding product.
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Compounds characterization

(2R,3R,6R)-6-Hydroxy-3-nitro-2-phenylspiro[cyclohexane-1,2'-indene]-1',3'-dione (3aa)
0 OH Prepared according to general procedure A to afford 3aa (58 mg, 83 % vyield)
as a white solid; m.p. 203-205 °C; [a]p? = - 91.4 (c = 1.0, CHCl5); 'H NMR
: (400 MHz, Acetone-Dg) & 7.85-7.72(m, 4H), 7.07-6.97 (m, 5H), 5.89-5.83 (m,
O No2  1H), 4.69 (d, J = 4.4 Hz, 1H), 4.42-4.37 (m, 1H), 3.79 (d, J = 12.0 Hz, 1H),
© 2.67-2.61 (m, 1H), 2.53-2.43 (m, 1H), 2.34-2.23 (m, 1H), 2.17-2.11 (m, 1H);
3C NMR (100 MHz, Acetone-Dg) & 202.2, 200.8, 143.3, 142.8, 135.8, 135.7, 134.3, 128.6, 128.4,
128.0, 122.4, 122.2, 84.8, 73.2, 63.2, 49.4, 28.7; HRMS (ESI): m/z calcd for CyH;7NNaOs
[M+Na] 374.1004, Found 374.1006; HPLC conditions: Daicel Chiralpak OD-H column,
n-hexane/2-propanol = 85/15, flow rate = 1.0 mL/min, 2 = 254 nm, retention time: tg (minor) =

17.1 min, tg (major) = 20.1 min, 90% ee.

(2R,3R,6R)-2-(4-Fluorophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3"'-dione (3ba)
0 OH Prepared according to general procedure A to afford 3ba (59 mg, 80 % yield) as
a white solid; m.p. 195-197 °C; [a]p? = - 95.8 (¢ = 1.0, CHCI5); *H NMR (400
; MHz, Acetone-Dg) 8 7.87-7.76(m, 4H), 7.09-7.06 (m, 2H), 6.87-6.83 (m, 2H),
OANo: 586579 (m, 1H), 4.72 (d, J = 4.0 Hz, 1H), 4.42-4.37 (m, 1H), 3.80 (d, J =
© 12.0 Hz, 1H), 2.67-2.62 (m, 1H), 2.52-2.41 (m, 1H), 2.34-2.27 (m, 1H),
F 2.17-2.13 (m, 1H); *C NMR (100 MHz, Acetone-Dg) & 207.3, 205.9,
168.5(Jc.r = 244.1 Hz), 1485, 147.9, 141.2, 141.1, 135.8, 135.7(Jc.r = 3.0 HZz), 127.6(Jcr = 6.7
Hz), 1275, 120.5 (Jcr = 20.7 Hz), 90.1, 78.3, 68.4, 53.8, 34.7; HRMS (ESI): m/z calcd for
CxoH1sFNNaOs [M+Na] 392.0910, Found 392.0912; HPLC conditions: Daicel Chiralpak 1B-3
column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, 2 = 254 nm, retention time: tg

(major) = 9.3 min, tg (minor) = 13.4 min, 89% ee.

(2R,3R,6R)-2-(4-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1°,3'-dione (3ca)
O OH Prepared according to general procedure A to afford 3ca (64 mg, 75 % vyield)
as a white solid; m.p. 232-235 °C; [a]p?* = -78.5 (¢ = 1.0, CHCIl5); 'H NMR
: (400 MHz, CDCls3) & 7.82-7.81(m, 1H), 7.72-7.66 (m, 3H), 7.13 (d, J = 8.4 Hz,
OANo, 2H), 6.89 (d, J = 8.4 Hz, 2H), 5.82-5.77 (m, 1H), 4.40-4.36 (m, 1H), 3.79 (d, J
© = 12.0 Hz, 1H), 2.65-2.61 (m, 1H), 2.53-2.49 (m, 1H), 2.23-2.19 (m, 1H),
Br 2.15-2.09 (m, 2H); *C NMR (100 MHz, CDCl3) § 201.9, 200.9, 143.1, 142.5,
136.1, 135.9, 132.4, 131.8, 130.2, 122.9, 122.7, 122.5, 84.1, 73.3, 62.9, 48.8, 29.6, 28.6; HRMS
(ESI): m/z calcd for C,yHisBrNNaOs [M+Na] 452.0110, Found 452.0109; HPLC conditions:
Daicel Chiralpak IB-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, A = 254 nm,
retention time: tg (major) = 9.9 min, tg (minor) = 14.3 min, 86% ee.
(2R,3R,6R)-6-Hydroxy-3-nitro-2-(p-tolyl)spiro[cyclohexane-1,2'-indene]-1*,3'-dione (3da)
0 OH Prepared according to general procedure A to afford 3da (55 mg, 76 % yield)
' as a white solid; m.p. 228-230 °C; [a]p? = -82.8 (¢ = 1.0, CHCI3); *H NMR
\ (400 MHz, Acetone-Dg) 6 7.87-7.73 (m, 4H), 6.92-6.84 (m, 4H), 5.86-5.79 (m,
0_A NO, 1H), 4.65 (d, J = 4.4 Hz, 1H), 4.39-4.34 (m, 1H), 3.75 (d, J = 11.6 Hz, 1H),
@ 2.65-2.59 (m, 1H), 2.48-2.40 (m, 1H), 2.32-2.25 (m, 1H), 2.15-2.09 (m, 1H),
2.04 (s, 3H); *C NMR (100 MHz, Acetone-Ds) & 202.3, 200.8, 143.4, 142.9,
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137.6, 135.8, 135.7, 131.3, 128.9, 128.5, 122.4, 122.2, 85.0, 73.2, 73.1, 63.2, 48.9, 28.7, 19.9;
HRMS (ESI): m/z calcd for C;H19NNaOs [M+Na] 388.1161, Found 388.1156; HPLC conditions:
Daicel Chiralpak 1B-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, 2 = 254 nm,
retention time: tg (major) = 8.4 min, tg (minor) = 11.8 min, 86% ee.

(2R,3R,6R)-6-Hydroxy-2-(4-methoxyphenyl)-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione (3ea)
o OH Prepared according to general procedure A to afford 3ea (61 mg, 80 % yield)
as a white solid; m.p. 230-232 °C; [a]p? = -40.9 (c = 1.0, CHCI3); *H NMR
: (500 MHz, CDCl3) & 7.79-7.78 (m, 1H), 7.68-7.58 (m, 3H), 6.90 (d, J = 8.5 Hz,
O ANo; 2H), 6.50 (d, J = 8.5 Hz, 2H), 5.79-5.74 (m, 1H), 4.38-4.36 (m, 1H), 3.74 (d, J
= 12.0 Hz, 1H), 3.56 (s, 3H), 2.61-2.56 (m, 1H), 2.53-2.47 (m, 1H), 2.24-2.14
OMe (m, 2H), 2.11-2.07 (m, 1H); *C NMR (125 MHz, CDCl3) & 202.2, 201.4,
159.1, 143.2, 142.6, 135.7, 135.6, 129.6, 125.2, 122.8, 122.6, 113.9, 84.5, 73.2, 63.3, 54.9, 48.8,
29.6, 28.6; HRMS (ESI): m/z calcd for C;;H;9NNaOg [M+Na] 404.1110, Found 404.1112; HPLC
conditions: Daicel Chiralpak IB-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min,

A =254 nm, retention time: tg (major) = 11.6 min, tg (minor) = 16.5 min, 88% ee.

(2R,3R,6R)-2-(3-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1",3"-dione (3fa)
Prepared according to general procedure A to afford 3fa (69 mg, 80 % yield)
as a white solid; m.p. 226-228 °C; [a]p? = -74.7 (¢ = 1.0, CHCI3); *H NMR
(400 MHz, CDCly) 6 7.85-7.83 (m, 1H), 7.75-7.65 (m, 3H), 7.15-7.09 (m, 2H),
o : Nno, 6.97-6.95 (m, 1H), 6.89-6.86 (m, 1H), 5.81-5.74 (m, 1H), 4.43-4.37 (m, 1H),
@\ 3.78 (d, J = 12.0 Hz, 1H), 2.67-2.61 (m, 1H), 2.56-2.49 (m, 1H), 2.28-2.19
B (m,1H), 2.17-2.11 (m,1H), 1.89 (d, J = 5.2 Hz, 1H); *C NMR (400 MHz,
CDCl) 6 201.6, 200.7, 143.1, 142.4, 135.9, 135.8, 135.6, 131.5, 130.1, 122.9, 122.7, 122.6, 83.9,
73.2, 62.8, 48.9, 29.6, 28.7; HRMS (ESI): m/z calcd for CyH;sBrNNaOs [M+Na] 452.0110,
Found 452.0108; HPLC conditions: HPLC conditions: Daicel Chiralpak IB-3 column,
n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, 2 = 254 nm, retention time: tg (major) =
10.0 min, tg (minor) = 13.3 min, 77% ee.

o OH

(2R,3R,6R)-6-Hydroxy-3-nitro-2-(3-nitrophenyl)spiro[cyclohexane-1,2'-indene]-1',3'-dione (3ga)
o OH Prepared according to general procedure A to afford 3ga (54 mg, 68 % yield)
; as a white solid; m.p. 241-242 °C; [0]p”* = -75.4 (c = 1.0, CHCI5); *H NMR
(400 MHz, Acetone-Dg) 8 7.93-7.78 (m, 6H), 7.50-7.44 (m, 2H), 5.94-5.93
0 _~_No, (m, 1H), 4.82 (m, 1H), 4.44 (m, 1H), 4.00-3.97 (m, 1H), 2.72-2.69 (m, 1H),
2.49-2.34 (m, 2H), 2.20-2.17 (m, 1H); *C NMR (100 MHz, Acetone-Dg) &
201.8, 200.4, 147.9, 143.2, 142.6, 136.6, 136.3, 136.2, 134.9, 130.1, 123.1,
122.6,122.4, 845, 73.2, 63.1, 48.7; HRMS (ESI): m/z calcd for CyH;sN,NaO; [M+Na] 419.0855,
Found 419.0852; HPLC conditions: Daicel Chiralpak IB-3 column, n-hexane/2-propanol = 80/20,
flow rate = 1.5 mL/min, 2 = 254 nm, retention time: tg (major) = 10.6 min, tz (minor) = 13.8 min,

66% ee.

NO,

(2S,3R,6R)-2-(2-Chlorophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1*,3'-dione (3ha)

Prepared according to general procedure A to afford 3ha (56 mg, 73 % yield) as a white solid;
m.p. 206-208 °C; [o]p?? = -68.7 (¢ = 1.0, CHCI3); 1H NMR (400 MHz, Acetone-Dg) & 7.94-7.92
(m, 1H), 7.87-7.73 (m, 4H), 7.26-7.21 (m, 2H), 7.03-7.01 (m, 2H), 5.78-5.71 (m, 1H), 4.81 (d, J =

S4



0 OH 4.0 Hz, 1H), 4.57 (d, J = 12.0 Hz, 1H), 4.47-4.42 (m, 1H), 2.67-2.63 (m, 1H),

2.57-2.44 (m, 1H), 2.38-2.28 (m, 1H), 2.19-2.15 (m, 1H); *C NMR (100 MHz,

; Acetone-Dg) 6 202.8, 198.9, 143.4, 142.7, 135.9, 135.8, 134.6, 132.3, 130.4,

COANO2 1295 128.4, 127.1, 122.5, 122.4, 85.6, 73.3, 73.1, 62.3, 44.2, 28.5; HRMS

\© (ESI): m/z calcd for C,H;cCINNaOs [M+Na] 408.0615, Found 408.0612;

HPLC conditions: Daicel Chiralpak IB-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5
mL/min, A = 254 nm, retention time: tg (major) = 11.7 min, tg (minor) = 13.6 min, 86% ee.

(2S,3R,6R)-2-(2-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione (3ia)
O OH Prepared according to general procedure A to afford 3ia (64 mg, 75 % yield) as
a white solid; m.p. 225-227 °C; [a]p? = -35.4 (¢ = 1.0, CHCl5); *H NMR (400
: MHz, Acetone-Dg) & 7.94 (d, J = 7.6 Hz, 1H), 7.88-7.73 (m, 3H), 7.41 (dd, J =
BrOANO: 80, 1.2 Hz, 1H), 7.25 (dd, J = 8.0, 1.2 Hz, 1H), 7.07-7.03 (m, 1H), 6.96-6.91
\© (m, 1H), 5.77-5.70 (m, 1H), 4.76 (d, J = 4.4 Hz, 1H), 4.55 (d, J = 12.0 Hz, 1H),
4.48-4.42 (m, 1H), 2.67-2.62 (m, 1H), 2.58-2.48 (m, 1H), 2.39-2.28 (m, 1H), 2.20-2.14 (m, 1H);
3C NMR (100 MHz, Acetone-Dg) & 202.8, 198.8, 143.5, 142.8, 135.9, 135.8, 133.9, 129.7, 128.5,
127.6, 125.6, 122.5, 122.4, 85.6, 73.3, 62.3, 46.9, 29.5, 28.5; HRMS (ESI): m/z calcd for
CH1sBrNNaOs [M+Na] 452.0110, Found 452.0108; HPLC conditions: Daicel Chiralpak 1B-3
column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, 2 = 254 nm, retention time: tg

(major) = 9.8 min, tg (minor) = 15.3 min, 86% ee.

(2R,3R,6R)-2-(Furan-2-yl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1",3'-dione (3ja)

0 OH Prepared according to general procedure A to afford 3ja (57 mg, 84 % vyield)as
: a white solid; m.p. 135-137 °C; [a]p? = -60.1 (¢ = 1.0, CHCI5); *H NMR (400
MHz, Acetone-Dg) & 7.91-7.84 (m, 4H), 7.07 (d, J = 1.2 Hz, 1H), 6.03-5.97 (m,
OQONOZ 2H), 5.70-5.63 (m, 1H), 4.65 (d, J = 4.4 Hz, 1H), 4.38-4.33 (m, 1H), 3.93 (d, J
= = 8.0 Hz, 1H), 2.63-2.57 (m, 1H), 2.47-2.39 (m, 1H), 2.31-2.23 (m, 1H),
2.14-2.09 (m, 1H); BC NMR (100 MHz, Acetone-Dg) & 200.9, 200.3, 148.5, 143.1, 142.7, 142.5,
135.8, 135.6, 122.5, 122.4, 110.1, 108.8, 84.1, 72.6, 61.4, 43.2, 29.2, 28.4; HRMS (ESI): m/z
calcd for C1gH;sNNaOg [M+Na] 364.0797, Found 364.0795; HPLC conditions: Daicel Chiralpak
IB-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, 2 = 254 nm, for major

diastereomer: retention time: tg (major) = 7.9 min, tz (minor) = 10.1 min, 88% ee, 97.8:2.1 dr.

(2R,3R,6R)-6-Hydroxy-3-nitro-2-(thiophen-2-yl)spiro[cyclohexane-1,2'-indene]-1",3'-dione (3ka)
0 OH Prepared according to general procedure A to afford 3ka (43 mg, 61 % yield)
: as a white solid; m.p. 151-153 °C; [a]p?* = -81.7 (¢ = 1.0, CHCILy); 'H NMR
(400 MHz, Acetone-Dg) & 7.91-7.82 (m, 4H), 7.09 (d, J = 5.2 Hz, 1H),
OC/SNOz 6.73-6.67 (m, 2H), 5.75-5.68 (m, 1H), 4.75 (d, J = 5.2 Hz, 1H), 4.39-4.34 (m,
= 1H), 4.10 (d, J = 11.6 Hz, 1H), 2.65-2.59 (m, 1H), 2.45-2.38 (m, 1H),
2.32-2.25 (m, 1H), 2.16-2.09 (m, 1H); **C NMR (100 MHz, Acetone-D) & 202.1, 200.7, 143.5,
142.9, 136.0, 135.9, 135.8, 127.4, 126.5, 125.5, 122.5, 122.3, 86.4, 73.0, 63.3, 44.5, 29.5, 28.5;
HRMS (ESI): m/z calcd for Ci;gH;sNNaOsS [M+Na] 380.0569, Found 380.0566; HPLC
conditions: Daicel Chiralpak IA-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min,

A =254 nm, retention time: tg (minor) = 11.4 min, tg (Major) = 12.2 min, 74% ee.
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-phenylspiro[cyclopentane-1,2'-indene]-1',3'-dione (3ab)
O OH Prepared according to general procedure B to afford 3ab (63mg, 94 % yield)
as a pale off-white sticky oil; [o]p?* = - 58.7 (¢ = 1.0, CHCI5); *H NMR (400
" “wo, MHz, Acetone-Dg) 6 7.94-7.91 (m, 1H), 7.89-7.86 (m, 3H), 7.23-7.09 (m,
O@ 5H), 6.11-6.05 (m, 1H), 5.08 (s, 1H), 5.05-5.00 (m, 1H), 4.31 (d, J = 9.6 Hz,
1H), 2.97-2.92 (m, 2H); **C NMR (100 MHz, Acetone-Dg) & 199.8, 199.5,
143.2, 142.9, 136.4, 136.1, 134.3, 128.7, 128.2, 128.1, 122.8, 122.7, 86.1, 76.9, 70.3, 53.5, 37.2;
HRMS (ESI): m/z calcd for C;gH;sNNaOs [M+Na] 360.0848, Found 360.0842; HPLC conditions:
Daicel Chiralpak OD-H column, n-hexane/2-propanol = 80/20, flow rate = 1.0 mL/min, 1 = 254

nm, retention time: tg (major) = 11.4 min, tg (minor) = 14.4 min, 90% ee.

(2R,3R,5R)-2-(4-Fluorophenyl)-5-hydroxy-3-nitrospiro[cyclopentane-1,2'-indene]-1',3"-dione (3bb)

O OH Prepared according to general procedure B to afford 3bb (64 mg, 90 % yield)
as a pale off-white sticky oil; [a]p?? = -84.2 (¢ = 1.0, CHCIl5); *H NMR (400

" “no, MHz, Acetone-Dg) & 7.96-7.89 (m, 4H), 7.29-7.25 (m, 2H), 6.99-6.94(m,
oz 2H), 6.08-6.02(m, 1H), 5.10 (s, 1H), 5.03-4.99 (m, 1H), 4.31 (d, J = 9.6 Hz,
© 1H), 2.97-2.92 (m, 2H); *C NMR (100 MHz, Acetone-Dg) & 199.7, 199.5,
F 163.5(Jc.r= 243.7 Hz), 143.1 (Jc.r= 15.4 Hz), 136.5, 136.2, 130.5(Jcr=2.8

Hz), 130.3(Jcr= 8.5 Hz), 122.9, 122.7, 115.5, 115.3, 86.2, 76.9, 70.3, 52.6, 37.1; HRMS (ESI):
m/z calcd for Ci9HisFNNaOs [M+Na] 378.0754, Found 378.0751; HPLC conditions: Daicel
Chiralpak IB-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, A = 254 nm,
retention time: tg (major) = 9.0 min, tz (minor) = 11.1 min, 87% ee.

(2R,3R,5R)-5-Hydroxy-3-nitro-2-(p-tolyl)spiro[cyclopentane-1,2'-indene]-1',3'-dione (3db)
O OH Prepared according to general procedure B to afford 3db (43 mg, 62 % yield)
: as a pale off-white sticky oil; [a]p? = -59.7 (¢ = 1.0, CHCI5); *H NMR (400
" Mo, MHz, Acetone-De) & 7.94-7.90 (m, 1H), 7.89-7.83 (m, 3H), 7.11-7.08 (m,
0~ 2H), 6.97-6.95 (m, 2H), 6.06-6.00 (m, 1H), 5.06-4.99 (m, 2H), 4.28 (d, J =
@ 10.0 Hz, 1H), 2.95-2.90 (m, 2H), 2.12-2.10 (m, 3H); *C NMR (101 MHz,
Acetone-Dg) 6 199.9, 199.6, 143.2, 143.0, 137.8, 136.4, 136.1, 131.2, 129.3,
128.1, 122.8, 122.7, 86.4, 76.9, 70.3, 53.3, 37.2, 20.00; HRMS (ESI): m/z calcd for CyH17NNaOs
[M+Na] 374.1004, Found 374.1007; HPLC conditions: Daicel Chiralpak 1B-3 column,
n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, 4 = 254 nm, retention time: tg (major) = 7.9

min, tg (Minor) = 9.5 min, 87% ee.

(2R,3R,5R)-2-(3-Bromophenyl)-5-hydroxy-3-nitrospiro[cyclopentane-1,2'-indene]-1',3"-dione(3fb)
O OH Prepared according to general procedure B to afford 3fb (63 mg, 76 % yield)
as a pale off-white sticky oil; [a]p?? = -64.2 (c = 1.0, CHCI5); *H NMR (400
Nno, MHz, Acetone-Dg) & 7.96-7.95 (m, 1H), 7.92-7.90 (m, 3H), 7.48-7.44 (m,
@ 1H), 7.33-7.31 (m, 1H), 7.25-7.23 (m, 1H), 7.16-7.13(m, 1H), 6.11-6.07 (m,
B 1H), 5.12 (s, 1H), 5.04-4.99 (m, 1H), 4.32 (d, J = 10.0 Hz, 1H), 2.99-2.94
(m, 2H); *C NMR (100 MHz, Acetone-Dg) & 199.5, 199.3, 143.1, 142.9, 137.2, 136.6, 136.3,
131.2, 131.1, 130.6, 127.3, 122.9, 122.7, 122.2, 85.7, 77.0, 70.4, 52.5, 36.9; HRMS (ESI): m/z
calcd for CigH1sBrNNaOs [M+Na] 437.9953, Found 437.9947; HPLC conditions: Daicel
Chiralpak IB-3 column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, A = 254 nm,

retention time: tg (major) = 8.9 min, tg (minor) = 10.3 min, 68% ee.
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-(3-nitrophenyl)spiro[cyclopentane-1,2'-indene]-1",3'-dione (3gb)
O OH Prepared according to general procedure B to afford 3gb (55 mg, 72 % yield)
' as a pale off-white sticky oil; [a]p? = -59.5 (¢ = 1.0, CHCl5); *H NMR (400
" Mo, MHz, Acetone-Dg) 8 8.14 (s, 1H), 8.05-8.03 (m, 1H), 7.97-7.88 (m, 4H),
3 7.71-7.69 (m, 1H), 7.56-7.52(m, 1H), 6.24-6.18 (m, 1H), 5.18 (s, 1H),
@ 5.06-5.02 (m, 1H), 4.50 (d, J = 9.6 Hz, 1H), 3.04-2.96 (m, 2H); *C NMR
(100MHz, Acetone-Dg) & 199.3, 199.2, 148.3, 143.0, 142.9, 137.0, 136.7,
136.3, 134.8, 130.1, 123.0, 123.0, 122.8, 85.5, 77.1, 70.5, 52.1, 36.8; HRMS (ESI): m/z calcd for
CioH14N,NaO; [M+Na] 405.0699, Found 405.0697; HPLC conditions: Daicel Chiralpak 1B-3
column, n-hexane/2-propanol = 85/15, flow rate = 1.5 mL/min, 2 = 254 nm, retention time: tg
(major) = 18.9 min, tg (minor) = 23.7 min, 65% ee.

NO,
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NMR Spectra of compounds

(2R,3R,6R)-6-Hydroxy-3-nitro-2-phenylspiro[cyclohexane-1,2'-indene]-1",3'-dione(3aa)
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(2R,3R,6R)-2-(4-Fluorophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1",3'-dione(3ba)
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(2R,3R,6R)-2-(4-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione(3ca)
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(2R,3R,6R)-6-Hydroxy-3-nitro-2-(p-tolyl)spiro[cyclohexane-1,2'-indene]-1",3'-dione(3da)
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(2R,3R,6R)-6-Hydroxy-2-(4-methoxyphenyl)-3-nitrospiro[cyclohexane-1,2'-indene]-1',3"'-dione(3ea)
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(2R,3R,6R)-2-(3-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione(3fa)
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(2R,3R,6R)-6-Hydroxy-3-nitro-2-(3-nitrophenyl)spiro[cyclohexane-1,2'-indene]-1",3'-dione(3ga)
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(2S,3R,6R)-2-(2-Chlorophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione(3ha)
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(2S,3R,6R)-2-(2-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3"'-dione(3ia)
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(2R,3R,6R)-2-(Furan-2-yl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1",3'-dione(3ja)
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(2R,3R,6R)-6-Hydroxy-3-nitro-2-(thiophen-2-yl)spiro[cyclohexane-1,2'-indene]-1',3"-dione(3ka)
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-phenylspiro[cyclopentane-1,2'-indene]-1',3'-dione(3ab)
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(2R,3R,5R)-2-(4-Fluorophenyl)-5-hydroxy-3-nitrospiro[cyclopentane-1,2'-indene]-1',3'-dione(3bb)
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-(p-tolyl)spiro[cyclopentane-1,2'-indene]-1',3'-dione(3db)
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(2R,3R,5R)-2-(3-Bromophenyl)-5-hydroxy-3-nitrospiro[cyclopentane-1,2'-indene]-1',3"-dione(3fb)
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-(3-nitrophenyl)spiro[cyclopentane-1,2'-indene]-1",3'-dione(3gb)
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HPLC chromatograms

(2R,3R,6R)-6-Hydroxy-3-nitro-2-phenylspiro[cyclohexane-1,2'-indene]-1',3'-dione(3aa)
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] 7%

1 16.253 BB 0.4368 2.55332e4  853.97699 49.7900
2 19.021 BB 0.5346 2.57486e4  704.13849 50.2100
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 17.136 BB 0.4625 1438.18164  45.53844 5.0921
2 20.148 BB 0.5718 2.68051e4  6860.17822 94.9079
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(2R,3R,6R)-2-(4-Fluorophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1",3'-dione(3ba)
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1 9.307 BB 0.3345 3.09855e4 1387.46765 94.4788
2 13.397 BB 0.4774 1810.75903 57.81847 5.5212
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(2R,3R,6R)-2-(4-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione(3ca)
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R R R [-mmmm e R |--- oo |
1 9.987 BV 0.3415 4.18093e4 1837.11255 50.3319
2 14.065 BB ©.5100 4.12579e4 1191.36108 49.6681
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(2R,3R,6R)-6-Hydroxy-3-nitro-2-(p-tolyl)spiro[cyclohexane-1,2'-indene]-1',3"-dione(3da)

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
R EREEERE B s R s <= mme |
1 9.031 BB 9.2817 9833.81934 522.24817 50.7584
2 12.574 BB 0.4249 9539,96875 330.36652 49,2416
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s | [mAU ] %
e EaSE R <= mme e s | <-eeme - |
1 8.434 BV ©.3128 2.59612e4 1198.05847 93.11860
2 11.865 BB ©.3500 1918.68237 82.29803 6.8820
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(2R,3R,6R)-6-Hydroxy-2-(4-methoxyphenyl)-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione(3ea)
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# [min] [min] [mAU*s ] [mAU] %
R EOREE s R R <= mm |
1 11.445 BB 0.3904 1.18199%e4  444.32159 50.8760

2 15.947 BB

0.5723 1.14129%e4

293.06638 49.1240
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ORI EEEEEES R |<=memm e |--meme e R |
1 11.579 BB 0.4304 8004.49561 272.70755 93.8807
2 16.482 BB 0.5820 521.75037 13.34822 6.1193
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(2R,3R,6R)-2-(3-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione(3fa)
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# [min] [min] [mAU*s ] [mAU] %

1 10.089 BB 0.3576 5.26502e4 2181.50879 50.9125
2 13.200 BB 0.4763 5.07629e4 1565.56897 49.0875
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1 10.001 BB 0.3439 3.11253e4 1306.62756 88.6725
2 13.374 BB 0.4424 3976.11279 132.38905 11.3275
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(2R,3R,6R)-6-Hydroxy-3-nitro-2-(3-nitrophenyl)spiro[cyclohexane-1,2'-indene]-1",3'-dione(3ga)
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1 10.612 BV 0.3410 1.38061e4  607.71643 49.6401
2 13.635 VB 0.4697 1.40063e4  446.83270 50.3599
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1 10.636 BV 0.3418 1.77828e4  780.46869 82.9432
2 13.855 BB 0.4627 3656.92969 120.28986 17.0568
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(2S,3R,6R)-2-(2-Chlorophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3'-dione(3ha)
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1 11.606 BB 0.2491 5088.10303 307.38098 50.8394
2 13.628 BB 0.2989 4920.08398 244.37735 49.1606
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Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 11.767 BB 0.2526 743.25397 45.49549 7.2548
2 13.665 BB 0.3034 9501.74512 470.92419 92.7452

S31



(2S,3R,6R)-2-(2-Bromophenyl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1',3"'-dione(3ia)

mAU ] 5
400—5 g o | g
EUUE @Qo :
200—5 @'k)
100—%
25 7.5 10 125 15 175 20
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU ] %
el EESEE B R B R | <-- - |
1 9.707 BB ©.3282 1.10259%e4  498.21313 49.8769

2 14.870 BB 0.5441 1.10804e4  295.06595 50.1231

mAU 3 <)
I
woé \ "“

] , [ @
503 | | 8
=3 \ . |\ e
Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %

1 9.798 BB
2 15.288 BB

0.3275 4635.42383
0.4827 363.79510
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(2R,3R,6R)-2-(Furan-2-yl)-6-hydroxy-3-nitrospiro[cyclohexane-1,2'-indene]-1",3'-dione(3ja)

mAU*:
400—5
300—f
200%
100—2 L_AJ
2 4 6 8 10 12 14 16
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [mAU] %
SORIEEEEE R e |-=meme e | --- - |
1 6.852 BV 0.2235 345.51950 22.96283 1.8080
2 7.930 W 0.2773 9333.17383 487.66599 48.8387
3 9.187 W 0.3444 390.05984  16.00299 2.0411
4 9.928 VB 0.3370 9041.44238 395.12744 47.3121
s :
300—; |I,I
200 [
i L N T
2 4 6 8 10 12 14
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 7.914 BV 0.2711 8620.12402 467.59308 92.0836
2 9.126 W 0.3438 200.45915 8.60523 2.1414
3 10.100 VB 0.3882 540.61438 19.82370 5.7751
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(2R,3R,6R)-6-Hydroxy-3-nitro-2-(thiophen-2-yl)spiro[cyclohexane-1,2'-indene]-1',3'-dione(3ka)

mAU - o 2
707 I
60 o o
40
] c{ £ NO,
303 N
0 ©
10 3
0—; J\M ,
o 2|5 - é 7!5 1‘0 12‘5 1‘5
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] 7%

1 11.340 BV 0.2446 1331.47620  82.36429 495.6108
2 12.230 VB 0.2642 1352.36499 76.52934 50.3892

mAU 8
250 ﬁ
200 I
150 | l‘
100 2 |‘ I:I

%0 \ f |‘| I"\

0ot —n Y

2l5 I .'.l": 7‘5 1ID I I12|5 1‘5 1?|'5
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s | [mAU ] %

1 11.385 BV 0.2634 823.66144  46.33184 13.2814
2 12.256 VB ©.2730 5377.94434 291.81488 86.7186
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-phenylspiro[cyclopentane-1,2'-indene]-1',3'-dione(3ab)

mAU
30
25 o OH
20 r._E
15 7N NO,
10
5
0
‘2‘.5‘II‘5|““T!S‘I“1‘0‘I“12‘.5‘“I1‘5I“‘17‘.5I‘II2‘OI‘I‘Z£.5I
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 11.631 BB ©.5133 1220.81396 35.49238 48.0308
2 14.722 BB 0.6557 1320.91846 30.59381 51.9692

o :
80 | I“I‘
60 "‘ |
40 — I\l‘ “. <
20 | | \‘\ 3
0 f \ e =_¢_/ng
2 4 ¢ ! 1 e 5 18
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

1 11.424 BB 0.4703 3730.86743 119.47281 94.9220
2 14.424 BB 0.6020 199.58965 5.08446 5.07860
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(2R,3R,5R)-2-(4-Fluorophenyl)-5-hydroxy-3-nitrospiro[cyclopentane-1,2'-indene]-1',3'-dione(3bb)

0] i :
250 f
200 —E
150 —%
100 f

50 *

04 ;

I U S T e S
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %

1 9.119 BB 0.2607 5562.17725 323.38464 49.7330
2 11.005 BB 0.3080 5621.88965 275.62732 50.2670

mAU A o
] 5

800 H

600; | I‘|‘

4oo—f ‘I ‘l‘.‘

200—? ‘\I ‘I\ %

S T S A

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s ] [mAU] %

1 9.052 VB 0.2670 1.83256e4 1032.84497 93.3636
2 11.090 BB 0.3061 1362.61731 64.36866 6.6364
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-(p-tolyl)spiro[cyclopentane-1,2'-indene]-1',3'-dione(3db)

mAL i gi%
400 —_ g i ?_-
] LA,
300 ] %:l
200 —i
o ] —L L
Peak RetTime Type Width Area Height Area
#  [min] [min] [mAU*s] [ mAU] %

1 7.984 VB 8.2379 7574.25684 488.55981 52.7329
2 9.372 BB B.2693 6789.18758 378.37341 47.2671

mAU ]| %
i \“
120i ||
i
100—: ‘l‘
] |
80| ‘ |‘
o A
f |
o] B
1 |
20 ] ;E g
ol J_M o \Jr/\_.ll‘ \\f\y‘?\_ o
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU ] %

1 7.949 BB 0.2449 2144.45166 132.42311 93.2734
2 9.472 BB 0.2617 154.65190 8.60287 6.7266

S37



(2R,3R,5R)-2-(3-Bromophenyl)-5-hydroxy-3-nitrospiro[cyclopentane-1,2'-indene]-1',3"-dione(3fb)

mAU ]

800

600

400

200

0

mAU
175
150
125
100
75
50
25

0

E QL
E S . ‘
T T T T I N T
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU] %
] ENEERES B s R s | <-- - |
1 8.932 BV 0.2565 1.56476e4  919.64313 49.4185
2 10.242 VB 0.2999 1.60158e4  805.80792 50.5815
i
L
:% .“ \\\_Jr//f\\__'_
RS N
Peak RetTime Type Width Area Height Area

#

1 8.951 BV
2 10.322 VB

[min] [mAU*s ] [mAU] 7%

0.2588 3412.71875 198.23868 83.9084
0.3038 654.47711 32.38340 16.0916
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(2R,3R,5R)-5-Hydroxy-3-nitro-2-(3-nitrophenyl)spiro[cyclopentane-1,2'-indene]-1",3'-dione(3gb)

mAU 3 -

577

14043
120
100 3
80
607
40

. JAa ‘
S s T T e T T T s T T e T s T T
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s ] [mAU ] %

1 18.781 BB 0.4790 5332.33301 164.12785 49.6093
2 23.577 BB 0.5527 5416.32568 147.38565 50.3907

mAU—; %

] kel

807 (|

50 i

] i

A g

20 | ",\‘ &

O: ﬂJ o | \__ /'/\__

R T T 30 35

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s | [mAU ] %

1 18.974 BB 0.5208 3514.56592 99.80968 82.2950
2 23.702 BB 0.5238 756.12445 18.69752 17.7050
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Crystal Structure and data for compound 3ea
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Crystal data and structure refinement for compound 3ea

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.687<
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

shelx

C21 H19 N O6

381.37

293(2) K

1.54187 A

Orthorhombic

P212121

a=10.85690(10) A a=90°
b = 14.9130(2) A B=90°
¢ =23.1808(16) A y=90°%
3753.2(3) A3

8

1.350 Mg/m?3

0.831 mm-!

1600

0.20 x 0.20 x 0.20 mm3

7.034 t0 68.581<

-12<=h<=13, -17<=k<=17, -27<=I<=27
52124

6840 [R(int) = 0.0484]

99.5 %

Semi-empirical from equivalents

0.861 and 0.684

Full-matrix least-squares on F2
6840/1/512

1.097

R1=0.0978, wR2 = 0.2475
R1=0.1036, wR2 = 0.2574

0.03(7)

0.0016(6)

0.735 and -0.302 e. A3

S41



