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Abstract The asymmetric organocatalytic one-pot Michael/Michael/
aldol reaction of trifluoromethyl-substituted 1,3-dicarbonyl com-
pounds, nitroolefins, and 2-arylidene indandiones catalyzed sequentially
by a cinchona-derived squaramide and DBU leads to spirocyclohexane-
indan-1,3-diones bearing five adjacent stereogenic centers including a
trifluoromethylated one in medium to very good yields and enantiose-
lectivities, but generally in low to high diastereomeric ratios.

Key words organocatalysis, one-pot reaction, squaramide, trifluoro-
methyl group, spirocycles

Organocatalytic one-pot transformations have emerged
as a viable tool to generate important key structures of nat-
urally occurring compounds and drug candidates, for exam-
ple, five- and six-membered carbo- and heterocycles.1 An
interesting class of carbocyclic compounds is that of the
spiroindanone derivatives. Selected examples of natural
products and potential drugs containing the spirocyclohex-
ane-indanone core are depicted in Figure 1.2,3 The coleo-
phomone diterpenes I and II exhibit various interesting bi-
ological activities such as antibacterial and antifungal prop-
erties.3 Furthermore, they inactivate several proteases, for
example, the heart chymase, and therefore a pharmaceuti-
cal application for the treatment of hypertension and con-
gestive heart failure seems feasible.2b,3 The spirocyclic cy-
clohexanone indandione III is a potential lead for the devel-
opment of new anticancer agents.4

In pharmaceutical research, not only the in vivo activity
but also other properties like lipophilicity, bioavailability,
binding selectivity, and metabolic stability of new drugs are
highly important. Therefore, it is very common to test tri-
fluoromethyl derivatives of promising drug candidates to
improve the biological activities of these compounds. As
outlined in recently published comprehensive reviews,
there are many trifluoromethyl-substituted drugs on the
market, but there is still a need to develop novel enantiose-
lective catalytic reactions for the formation of key struc-
tures bearing the trifluoromethyl substituent.5

Figure 1  Selected examples of natural products containing a spirocy-
clohexane indanone scaffold (red)2
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There are several reports on the organocatalytic con-
struction of spirocyclohexane-indan-1,3-diones, but only a
few on the enantioselective formation of this molecular
backbone.6 During our work He, Wang, Peng, and co-work-
ers described the synthesis of cyclohexane-indan-1,3-di-
ones from aldehydes, nitroolefins, and arylidene indandi-
ones with a TMS-prolinol catalyst (Scheme 1, top).6k In
2009 Zhu, Song, and co-workers reported on a base-cata-
lyzed Michael/Michael/aldol domino reaction leading to a
racemic mixture of trifluoromethyl-substituted cyclohex-
anes bearing two indan-1,3-dione moieties (Scheme 1,
middle).7 Despite the occurrence of spiroindanones in bio-
active compounds and the importance of enantioenriched
trifluoromethylated compounds as various drugs, there is
no report on the asymmetric synthesis of structures com-
bining both moieties. We envisioned a new route to com-
pounds combining  the spirocyclohexane indan-1,3-dione
core with a tetrasubstituted stereogenic center bearing the
CF3 substituent by a cinchona-derived squaramide-cata-
lyzed Michael/Michael/aldol one-pot reaction. In contrast
to the work of Zhu, Song, and co-workers,7 the new protocol
would allow not only for the introduction of a trifluoro-
methyl group, but also for a more diverse substitution pat-
tern in an asymmetric version (Scheme 1, bottom).

Based on the previous results of Rawal and co-workers,8
other groups,9 as well as our own studies,10 the Michael ad-
dition of the β-keto ester 1a to trans-β-nitrostyrene (2a)
was carried out in the presence of the bifunctional squara-
mide catalyst A to afford the Michael adduct 3a. Since the
enantiomeric excess could not be determined for 3a, the
maximum enantiomeric excess of the resulting final cyclo-
hexane 5a was searched.11 Then we started our investiga-
tion by optimizing the reaction conditions for the reaction
of the Michael adduct 3a and the α,β-unsaturated indandi-
one 4a (Table 1). The Michael/aldol domino reaction in
CH2Cl2 did not proceed in the absence of a base additive (Ta-
ble 1, entry 1). Consequently, different organic and inorgan-
ic bases were added to test the impact on the outcome of
the reaction. To our delight, the reaction worked in the
presence of an additional base to provide the cyclohexane
5a in moderate to very good yields (entries 2–9). In contrast
to the inorganic bases K2CO3 and KOAc (entries 8, 9), all or-
ganic bases tested led to no significant loss of the enantio-
meric excess, however, the yield varied strongly depending
on the nature of the base. In the case of DABCO, TBD, and
DIPEA, a third diastereomer was observed (entries 3, 5, and
6). Since DBU (entry 7) provided the best yield (71%) and
the best enantiomeric excess (89%) it was used for the sub-
sequent optimization by solvent screening testing various
polar and nonpolar solvents. Whereas in the case of CHCl3,
CCl4, and EtOAc the enantiomeric excess of 5a dropped to
85%, 80%, and 85%, respectively (entries, 10, 11, 16), the
yield decreased in the case of toluene, Et2O, THF, and MeCN

as reaction medium (entries 12–15). As a consequence,
CH2Cl2 was found to be the best solvent (entry 7), and we
started to investigate the one-pot procedure starting from
β-keto ester 1a and nitrostyrene 2a in CH2Cl2 in the pres-
ence of different catalysts using DBU as base in the second
step (Table 2).

All tested cinchona-derived squaramides A–G as well as
the thiourea catalyst H were capable of catalyzing the one-
pot reaction (Table 2, entries 1–8), albeit with very different
results. The catalysts A–D gave high enantioselectivities,
whereas the enantioselectivities achieved by the quinidine-
and cinchonine-based squaramides E–G as well as the
thiourea H were merely moderate. In order to optimize the
yield and the stereoselectivity, the catalyst loading of B and
C was increased. Interestingly, the use of both catalysts at
higher catalyst loading resulted in a drop in yield and

Scheme 1  One-pot Michael/Michael/aldol sequences to spirocyclohex-
ane indandione scaffolds
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slightly increased ee values (entries 9, 10). As a conse-
quence of the better catalytic activity of C at a catalyst load-
ing of 1 mol%, C was used for the next optimizations (entry
14). A variation of the amount of the base or of the second
Michael acceptor 4a did not have a beneficial effect on the
results (entries 15–18). So, the optimized conditions in-
clude 1 mol% of catalyst C in CH2Cl2 with 0.2 equivalent of
DBU and 2.0 equivalents of alkene 4 at –25 °C.

Having determined the optimal reaction conditions, the
scope of the new one-pot reaction was extended by varying
the substituents at the nitroalkene 2. Electron-poor as well
as electron-rich aromatic nitroalkenes underwent the reac-
tion to give the corresponding spirocyclohexane indandi-
ones 5 in good yields and high enantioselectivities (Table 3,
5b–h). Substituents in ortho-position to the nitrovinyl moi-
ety and sterically demanding aromatic and heteroaromatic
substituents resulted in an increased stereoselectivity of
the one-pot reaction (Table 3, 5b, f, g, h). However, in the

Table 1  Optimization of the Reaction Conditionsa

Entry Base Solvent Yield (%)b drc ee (%)d

 1 – CH2Cl2 NR – –

 2 Et3N CH2Cl2 56 1.2:1 89

 3 DABCO CH2Cl2 32e 1.1:1 87

 4 TMEDA CH2Cl2 57 1.1:1 89

 5 TBD CH2Cl2 39e 1.1:1 88

 6 DIPEA CH2Cl2 44e 2.6:1 89

 7 DBU CH2Cl2 71 1:1.1 89

 8 K2CO3 CH2Cl2 19 1:3.9 76

 9 KOAc CH2Cl2 22 1:2.8 28

10 DBU CHCl3 50 1.2:1 85

11 DBU CCl4 62 1:1 80

12 DBU toluene 63 1.7:1 90

13 DBU Et2O 36 1.4:1 90

14 DBU THF 49 2.1:1 90

15 DBU MeCN 65 1.4:1 91

16 DBU EtOAc 51 1.3:1 85
a Reactions were carried out with 3a (0.5 mmol), A (2.5 μmol, 0.5 mol%), 4a (1.0 mmol, 2 equiv), and base (0.1 mmol, 0.2 equiv) in solvent (0.6 mL, c = 0.8 M). 
The enantiomeric excess of 3a could not be determined due to the critical instability under the applied HPLC conditions.
b Yield of the isolated product after column chromatography.
c Ratio of (2R,3R,4S,5R,6R)-5a/(2S,3S,4S,5R,6R)-5a determined by 1H NMR spectroscopy.
d Enantiomeric excess of the major diastereomer determined by HPLC on a chiral stationary phase.
e The formation of one additional diastereomer was observed.
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Table 2  Optimization of the One-Pot Michael/Michael/Aldol Reactiona

Entry Catalyst Catalyst Loading (mol%) 6 (equiv) 4a (equiv) Yield (%)b drc ee (%)d

 1 A 0.5 0.2 2.0 70 1:1.1 82

 2 B 0.5 0.2 2.0 62 1.1:1 91

 3 C 0.5 0.2 2.0 37 1.1:1 91

 4 D 0.5 0.2 2.0 63 1:1 88

 5 E 0.5 0.2 2.0 48 1.1:1 49e

 6 F 0.5 0.2 2.0 43 1.1:1 89e

 7 G 0.5 0.2 2.0 68 1:1.1 74e

 8 H 0.5 0.2 2.0 65 1.1:1 77

 9 B 5 0.2 2.0 46 1:1 94

10 B 2.5 0.2 2.0 57 1.3:1 79

11 B 1 0.2 2.0 58 1.2:1 86

12 C 5 0.2 2.0 45 1:1 93

13 C 2.5 0.2 2.0 51 1.2:1 91

14 C 1 0.2 2.0 64 1.2:1 92

15 C 1 0.1 2.0 48 1.4:1 93

16 C 1 0.5 2.0 26 2.4:1 93

17 C 1 0.2 1.5 59 1.5:1 93

18 C 1 0.2 4.0 57 1:1.1 93
a Reactions were carried out with 1a (0.5 mmol), 2a (0.5 mmol, 1 equiv), the indicated amount of catalyst, 4a (1.0 mmol, 2 equiv), and DBU (6; 0.1 mmol, 0.2 
equiv) in CH2Cl2 (0.6 mL, c = 0.8 M).
b Yield of the isolated product after column chromatography.
c Ratio of (2R,3R,4S,5R,6R)-5a/(2S,3S,4S,5R,6R)-5a determined by 1H NMR spectroscopy.
d Enantiomeric excess of the major diastereomer determined by HPLC on a chiral stationary phase.
e The opposite enantiomer is formed.
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case of the p-methyl- 2d and p-methoxy-substituted nitro-
styrene 2e, the enantioselectivity dropped to 82% and 72%,
respectively. Furthermore, an aliphatic nitroalkene was
tested, but no reaction occurred in this case.12 For the next
set of alterations, the substituent R3 at the 2-arylidenein-
dandione 4 was changed. We observed that an electron-de-
ficient alkene (Table 3, 5i) provides better results than elec-
tron-neutral or electron-rich Michael acceptors (Table 3, 5k,
l). In consequence, the strongly electron-withdrawing na-
ture of the nitro and trifluoromethyl group should enhance
the electrophilicity of the alkene 4, and therefore an in-
creased reaction rate should be observed. To our surprise,
the yield decreased to 23% when using the corresponding
alkene 4j and in the case of the trifluoromethyl-substituted
alkene the reaction did not work at all. Different heteroaro-

matic substituents at 4 inhibited the reaction. For the last
set of variations, our attention was focused on the 1,3-di-
carbonyl substrate 1. Both, the methyl β-keto ester and the
benzoyl-substituted trifluoroacetone were converted suc-
cessfully into the corresponding cyclohexanes 5m and 5n in
52% and 54% yield and high enantioselectivity, albeit with a
low diastereomeric ratio.

Finally, in order to demonstrate the preparative applica-
bility of the new organocatalytic one-pot Michael/
Michael/aldol reaction, the protocol was examined on a
gram-scale (Scheme 2). The relative and absolute configura-
tion of the products 5 was determined by NOESY experi-
ments and by X-ray crystal structure analysis of the repre-
sentative compound 5b (Figure 2).13

Table 3  Substrate Scope of the Michael/Michael/Aldol One-Pot Reactiona,12

5 R1 R2 R3 Yield (%)b drc ee (%)d

a OEt Ph Ph 64  1.2:1 92

b OEt 2-ClC6H4 Ph 59  5:1 85 (86)e

c OEt 4-FC6H4 Ph 52  1:1 (>20:1) 88

d OEt 4-MeC6H4 Ph 60  1:1 82

e OEt 4-MeOC6H4 Ph 54  1.6:1 72

f OEt thien-2-yl Ph 68  7:1f 89f

g OEt N-Boc-indol-3-yl Ph 54  1.5:1 (>20:1) 28e,g

h OEt naphth-1-yl Ph 47 20:1 89

i OEt Ph 4-BrC6H4 72  1.3:1  0h

j OEt Ph 4-NO2C6H4 23  1.5:1 (10:1) 81e

k OEt Ph 3-MeOC6H4 47  1.4:1 92 (91)

l OEt Ph 4-MeC6H4 35  1:1 75

m OMe Ph Ph 52  1:1 86 (88)

n Ph Ph Ph 54  1.3:1  0e,h

a Reactions were carried out with 1 (0.5 mmol), 2 (0.5 mmol, 1 equiv), catalyst C (5 μmol, 1 mol%), 4 (1.0 mmol, 2 equiv), and DBU (6; 0.1 mmol, 0.2 equiv) in 
CH2Cl2 (0.6 mL, c = 0.8 M) at –25 °C.
b Yield of the isolated product after column chromatography.
c Ratio of the 2R,3R/2S,3S-diastereomers. Diastereomeric ratio after recrystallization is given in parentheses.
d Enantiomeric excess of the major diastereomer determined by HPLC on a chiral stationary phase. Enantiomeric excess of the minor diastereomer given in paren-
theses.
e Determined by SFC on a chiral stationary phase.
f The formation of one additional diastereomer was observed.
g After one recrystallization.
h The racemic compound was obtained after crystallization.
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Scheme 2  Gram-scale one-pot synthesis of 5a

Figure 2  X-ray crystal structure of both diastereomers of 5b13

In conclusion, we have developed a new asymmetric
one-pot Michael/Michael/aldol reaction leading to highly
substituted spirocyclohexane indan-1,3-diones bearing five
adjacent stereogenic centers including a trifluoromethylat-
ed tetrasubstituted one. Only 1 mol% of a cinchona-derived
squaramide catalyst was enough to obtain the desired com-
pounds starting from trifluoromethyl-substituted 1,3-di-
carbonyl compounds, nitroolefins, and arylidene indandi-
ones in medium to very good yields and enantioselectivi-
ties, but generally low up to high diastereomeric ratios.
Especially the combination of the trifluoromethyl substitu-
ent and the spiroindandione moiety renders the com-
pounds interesting for medicinal chemistry.

Commercially available compounds were used without further purifi-
cation. Solvents were distilled using standard procedures. Flash col-
umn chromatography was performed with silica gel SIL G-25 UV254

(size 0.040–0.063 mm) from Machery & Nagel. For the TLC silica gel
60 F254 plates from Merck, Darmstadt, were used. The compounds on
the TLC plates were identified under UV light (254 nm) and by stain-
ing with anisaldehyde staining reagent. 1H, 13C, and 19F NMR spectra
were recorded on with Varian Gemini 300, Varian Mercury 300, Vari-
an Inova 400, and Varian Inova 600 instruments at ambient tempera-
ture. Signals of the diastereomer are marked with a superscript ‘a’.
Mass spectra were recorded with the spectrometer SSQ7000 from
Finnigan at 70 eV, whereas HRMS data (ESI) were collected with a
ThermoFisher Scientific LTQ-Orbitrap XL apparatus. The IR spectra
were recorded on a PerkinElmer FT-IR Spectrum 100 using the ATR
technique. Melting points were measured with a Büchi 510 melting
point apparatus. For the determination of the enantiomeric excesses,
the HPLC data were collected with either Hewlett-Packard 1050,
Agilent 1100, or Agilent 1260 instruments using Chiracel (OD, OJ),
Chiralpak (AD, AS, IA, IC) columns from Daicel. The analytical SFC was
conducted with a SFC Method – Station II from Thar SFC Waters in-
cluding a (R,R)-Whelk-01 column from Merck and Chiralpak IA col-
umn from Daicel. Some compounds seem to be impure due to critical
instability in solution and under the applied chromatography condi-
tions optical rotations were determined on a PerkinElmer P241 po-
larimeter.

One-Pot Michael/Michael/Aldol Reaction; General Procedure
A solution of nitroalkene 2 (0.5 mmol, 1 equiv), trifluoromethylated
β-dicarbonyl compound 1 (0.5 mmol, 1 equiv), and squaramide cata-
lyst C (0.05 mmol, 1 mol%) in CH2Cl2 (0.6 mL) was stirred at –25 °C for
24 h. Subsequently, the reaction mixture was treated with 2-
arylidene indandione 4 (1.0 mmol, 2 equiv) and DBU (6; 15.2 mg, 0.1
mmol, 0.2 equiv) and the stirring was continued at –25 °C for 3 days.
The crude reaction mixture was purified by column chromatography
(pentane–Et2O, 10:1 to 2:1) and recrystallization (Table 3).

Ethyl (2R,3R,4S,5R,6R)-2-Hydroxy-5-nitro-1′,3′-dioxo-4,6-diphe-
nyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cyclohexane-1,2′-in-
dene]-3-carboxylate (5a)
Yield: 182 mg (64%, dr = 1.2:1), colorless solid; mp 98–100 °C; 92% ee
[HPLC: Chiralpak IC]; Rf = 0.29 (n-pentane–Et2O, 2:1); [α]D

22 –42.9 (c =
1.01, CHCl3).
IR (ATR): 3379, 2985, 2189, 2082, 2001, 1915, 1709, 1555, 1462, 1356,
1249, 1185, 1018, 949, 844, 757, 701 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.97 (d, 3J = 7.4 Hz, 1 H, ArH), 7.86–
7.71 (m, 3 H, ArH), 7.43–7.37 (m, 2 H, ArH), 7.36–7.28 (m, 3 H, ArH),
7.11–7.00 (m, 5 H, ArH), 6.19 (s, 1 H, OH), 5.95 (dd, 3J = 11.1 Hz,
3J = 8.2 Hz, 1 H, CHNO2), 4.84 (dd, 3J = 12.8 Hz, 3J = 8.2 Hz, 1 H, PhCH),
4.46 (d, 3J = 11.1 Hz, 1 H, PhCH), 4.28 (d, 3J = 12.8 Hz 1 H, CHCO2Et,),
3.99–3.89 (m, 1 H, CH3CH2), 3.88–3.78 (m, 1 H, CH3CH2), 1.03 (t,
3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 198.2, 195.6, 172.8,
143.3, 143.1, 136.3, 136.2, 133.9, 133.7, 129.6, 129.3, 129.1, 128.9,
128.8, 128.6, 124.8, 123.7, 123.5, 91.7, 79.3, 62.6, 62.4, 46.5, 43.3,
42.6, 13.5.
19F NMR (376 MHz, CDCl3): δ = –73.87 (s, 3 F).
MS (EI, 70 eV): m/z = 521 (61, [M – NO2]+), 475 (37, [M – NO2 – EtOH]+),
457 (35, [M – NO2 – EtOH – H2O]+), 429 (26), 365 (13), 279 (22), 233
(100), 205 (14), 191 (13), 189 (18), 173 (11), 149 (13), 115 (12), 104
(12), 91 (16, [C7H7]+), 77 (9, [C6H5]+).
MS (CI, methane): m/z = 596 (4, [M + Et]+), 568 (44, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C30H24F3NO7Na+: 590.1397;
found: 590.1391.
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Ethyl (2R,3R,4S,5R,6R)-4-(2-Chlorophenyl)-2-hydroxy-5-nitro-
1′,3′-dioxo-6-phenyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cy-
clohexane-1,2′-indene]-3-carboxylate (5b)
Yield: 178 mg (59%, dr = 5:1); colorless solid; mp >180 °C; 85% ee
[SFC: (R,R)-Whelk-01]; Rf = 0.26 (n-pentane–Et2O, 2:1); [α]D

22 –56.3
(c = 0.81, CHCl3).
IR (ATR): 3401, 2984, 2637, 2221, 2085, 2001, 1709, 1554, 1465, 1352,
1252, 1185, 1020, 951, 848, 753, 704 cm–1.
1H NMR (600 MHz, CDCl3): δ = 8.04 (d, 3J = 7.9 Hz, 1 H, ArH), 7.84–
7.75 (m, 2 H, ArH), 7.74–7.67 (m, 1 H, ArH), 7.44 (dd, 3J = 7.7 Hz,
4J = 1.2 Hz, 1 H, ArH), 7.33 (dd, 3J = 7.9 Hz, 4J = 1.5 Hz, 1 H, ArH), 7.28–
7.16 (m, 2 H, ArH), 7.14–7.01 (m, 5 H, ArH), 6.05–5.91 (m, 2 H, CHNO2,
OH), 5.52 (dd, 3J = 12.9 Hz, 3J = 7.9 Hz, 1 H, 2-ClC6H4CH), 4.45 (d,
3J = 10.9 Hz, 1 H, PhCH), 4.29 (d, 3J = 12.9 Hz, 1 H, CHCO2Et), 4.04–3.94
(m, 1 H, CH3CH2), 3.94–3.84 (m, 1 H, CH3CH2), 1.08 (t, 3J = 7.2 Hz, 3 H,
CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 197.4, 195.3, 172.9,
143.5, 143.2, 136.3, 136.1, 135.8, 133.8, 131.9, 130.1, 130.1, 129.8,
129.0, 128.9, 128.7, 126.9, 125.4, 123.6, 123.6, 90.6, 79.2, 62.9, 62.8,
46.1, 42.9, 38.1, 13.6.
19F NMR (376 MHz, CDCl3): δ = –73.9 (s, 3 F).
MS (EI, 70 eV): m/z = 566 (8, [M – Cl]+), 555 (100, [M – NO2]+), 509 (16,
[M – NO2 – EtOH]+), 491 (75, [M – NO2 – EtOH – H2O]+), 463 (43), 399
(30), 313 (11), 267 (18), 233 (34), 149 (16), 91 (11, [C7H7]+), 77 (6,
[C6H5]+).
MS (CI, methane): m/z = 630 (5, [M + Et]+), 602 (26, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C30H23

35ClF3NO7Na+: 624.1007;
found: 624.1009.

Ethyl (2S,3S,4S,5R,6R)-4-(4-Fluorophenyl)-2-hydroxy-5-nitro-
1′,3′-dioxo-6-phenyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cy-
clohexane-1,2′-indene]-3-carboxylate (5c)
Yield: 155 mg (52%, dr = 1:1); colorless solid; 88% ee [HPLC: Chiralpak
IC]; Rf = 0.27 (n-pentane–Et2O, 2:1).
IR (ATR): 3785, 3347, 2987, 2639, 2291, 2174, 2056, 1988, 1904, 1709,
1552, 1365, 1176, 1021, 850, 765, 704 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.92–7.80 (m, 1 H, ArH), 7.77–7.55 (m,
5 H, ArH), 7.24–6.69 (m, 7 H, ArH), 6.43 (dd, 3J = 13.1 Hz, 3J = 7.7 Hz,
1 H, CHNO2), 6.06 (s, 1 H, OH), 4.92 (d, 3J = 13.1 Hz, 1 H, PhCH), 4.58
(‘t’, 3J = 7.7 Hz, 1 H, 4-FC6H4CH), 4.19 (d, 3J = 7.7 Hz, 1 H, CHCO2Et),
4.04–3.88 (m, 2 H, CH3CH2), 1.16 (t, 3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 199.2, 195.1, 170.7,
163.2, 142.5, 141.3, 136.6, 135.9, 133.1, 132.8, 129.2, 128.5, 124.7,
123.5, 123.2, 115.7, 84.1, 78.2, 62.5, 58.8, 45.9, 44.0, 42.7, 14.0.
19F NMR (376 MHz, CDCl3): δ = –72.0 (s, 3 F), –112.5 (m, 1 F).
MS (EI, 70 eV): m/z = 539 (27, [M – NO2]+), 493 (17, [M – NO2 – EtOH]+),
475 (21, [M – NO2 – EtOH – H2O]+), 447 (12), 251 (100), 233 (98), 223
(21), 209 (21), 207 (18), 202 (13), 173 (48), 149 (45), 133 (36), 120 (3),
115 (40), 109 (73, [C7H6F]+), 104 (50), 101 (47), 91 (60, [C7H7]+), 77
(25, [C6H5]+), 76 (51, [C6H4]+), 69 (41, [CF3]+).
MS (CI, methane): m/z = 614 (2, [M + Et]+), 586 (100, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C30H23F4NO7Na+: 608.1303;
found: 608.1306.

Ethyl (2R,3R,4S,5R,6R)-2-Hydroxy-5-nitro-1′,3′-dioxo-6-phenyl-4-
(p-tolyl)-2-(trifluoromethyl)-1′,3′-dihydrospiro[cyclohexane-1,2′-
indene]-3-carboxylate (5d)
Yield: 176 mg (60%, dr = 1:1); colorless solid; 82% ee [HPLC: Chiralpak
IC]; Rf = 0.23 (n-pentane–Et2O, 2:1).
IR (ATR): 3410, 2984, 2310, 2037, 1900, 1708, 1555, 1455, 1350, 1248,
1177, 1021, 847, 770, 702 cm–1.
1H NMR (600 MHz, CDCl3): δ (mixture of diastereomers) = 7.95 (d,
3J = 7.4 Hz, 1 H, ArH), 7.88–7.60 (m, 7 H, ArH), 7.59–7.47 (m, 1 H,
ArH), 7.33–7.24 (m, 3 H, ArH), 7.12 (d, 3J = 7.4 Hz, 5 H, ArH), 7.08–7.00
(m, 6 H, ArH), 6.90 (t, 3J = 7.2 Hz, 3 H, ArH), 6.44a (dd, 3J = 12.9, 3J = 7.7
Hz, 1 H, CHNO2), 6.18 (s, 1 H, OH), 6.09a (s, 1 H, OH), 5.93 (dd, 3J = 11.1
Hz, 3J = 8.2 Hz, 1 H, CHNO2), 4.99a (d, 3J = 12.9 Hz, 1 H, PhCH), 4.80 (dd,
3J = 12.6 Hz, 3J = 8.2 Hz, 1 H, p-TolCH), 4.55a (‘t’, 3J = 7.7 Hz, 1 H, p-
TolCH), 4.27 (d, 3J = 12.6 Hz, 1 H, CHCO2Et), 4.45 (d, 3J = 11.1 Hz, 1 H,
PhCH), 4.19a (d, 3J = 7.7 Hz, 1 H, CHCO2Et), 4.02–3.78 (m, 4 H, CH3CH2),
2.30 (s, 6 H, Ar–CH3), 1.16 (t, 3J = 7.2 Hz, 3 H, CH3CH2), 1.05 (t, 3J = 7.2
Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ (mixture of diastereo-
mers) = 199.3, 198.2, 195.6, 195.0, 172.9, 170.9a, 143.3, 143.1, 142.8,
141.3, 139.0, 138.8, 136.5, 136.3, 136.2, 135.7, 134.0, 133.1, 131.1,
130.6, 130.3, 129.5, 129.4, 128.9, 128.6, 128.4, 126.1, 124.2, 123.7,
123.5, 123.2, 91.8, 84.3a, 79.3, 78.2a, 62.5, 62.5, 62.4a, 58.9, 46.4, 46.4a,
44.0a, 43.3, 42.9a, 42.2, 21.3, 14.0, 13.6.
19F NMR (376 MHz, CDCl3): δ (mixture of diastereomers) = –72.1 (s, 3
F), –73.9 (s, 3 F).
MS (EI, 70 eV): m/z = 535 (38, [M – NO2]+), 489 (30, [M – NO2 – EtOH]+),
471 (23, [M – NO2 – EtOH – H2O]+), 443 (13), 293 (32), 247 (51), 233
(100), 205 (19), 203 (44), 178 (13), 149 (13), 145 (10), 129 (12), 117
(12), 115 (25), 105 (19), 91 (16, [C7H7]+), 77 (7, [C6H5]+), 76 (14,
[C6H4]+).
MS (CI, methane): m/z = 610 (7, [M + Et]+), 582 (48, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C31H26F3NO7Na+: 604.1554;
found: 604.1553.

Ethyl (2R,3R,4S,5R,6R)-2-Hydroxy-4-(4-methoxyphenyl)-5-nitro-
1′,3′-dioxo-6-phenyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cy-
clohexane-1,2′-indene]-3-carboxylate (5e)
Yield: 160 mg (54%, dr = 1.6:1); colorless solid; 72% ee [HPLC: Chiral-
pak IC]; Rf = 0.20 (n-pentane–Et2O, 2:1).
IR (ATR): 3370, 2963, 2312, 2078, 1894, 1704, 1555, 1457, 1350, 1254,
1181, 1023, 933, 847, 765, 703 cm–1.
1H NMR (600 MHz, CDCl3): δ (mixture of diastereomers) = 7.96 (d,
3J = 7.4 Hz, 1 H, ArH), 7.86–7.77 (m, 3 H, ArH), 7.76–7.61 (m, 4 H,
ArH), 7.32 (d, 3J = 8.9 Hz, 2 H, ArH), 7.17 (br s, 1 H, ArH), 7.09–7.00 (m,
5 H, ArH), 6.90 (t, 3J = 7.2 Hz, 1 H, ArH), 6.84 (d, 3J = 8.9 Hz, 4 H, ArH),
6.43 (dd, 3J = 12.9 Hz, 3J = 7.6 Hz, 1 H, CHNO2), 6.12a (s, 0.5 H, OH),
6.21 (s, 1 H, OH), 5.92 (dd, 3J = 11.1 Hz, 3J = 8.2 Hz, 1 H, CHNO2), 4.96a

(d, 3J = 12.9 Hz, 0.5 H, PhCH), 4.78 (dd, 3J = 12.6 Hz, 3J = 8.2 Hz, 1 H, 4-
MeOC6H4CH), 4.54a (‘t’, 3J = 7.6 Hz, 0.5 H, 4-MeOC6H4CH), 4.44 (d,
3J = 11.1 Hz, 1 H, PhCH), 4.24 (d, 3J = 12.6 Hz, 1 H, CHCO2Et), 4.18a (d,
3J = 7.6 Hz, 0.5 H, CHCO2Et), 4.02–3.81 (m, 3 H, CH3CH2), 3.80–3.75 (m,
4.5 H, OCH3), 1.17a (t, 3J = 7.2 Hz, 1.5 H, CH3CH2), 1.05 (t, 3J = 6.9 Hz,
3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ (mixture of diastereo-
mers) = 199.3a, 198.2, 195.6, 195.0a, 172.9, 170.9a, 160.0a, 160.0,
143.3, 143.0, 142.6, 141.3, 136.5, 136.3, 136.2, 135.7, 134.0, 133.0,
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132.4, 130.5, 129.5, 128.9, 128.6, 128.4, 125.5, 125.1, 123.6, 123.5,
123.2, 114.2, 114.0, 91.8, 84.3a, 79.3, 78.2a, 62.5, 62.4a, 62.4, 58.9a,
55.3, 55.2a, 46.4, 46.0a, 44.0a, 43.5, 42.8a, 41.9, 14.0a, 13.6.
19F NMR (376 MHz, CDCl3): δ (mixture of diastereomers) = –72.0 (s, 3
F), –73.9 (s, 3 F).
MS (EI, 70 eV): m/z = 551 (2, [M – NO2]+), 505 (2, [M – NO2 – EtOH]+),
487 (1, [M – NO2 – EtOH – H2O]+), 363 (7), 316 (6), 233 (100), 219
(15), 205 (5), 179 (18), 176 (8), 139 (5), 132 (11), 115 (7), 104 (5), 91
(2, [C7H7]+), 77 (4, [C6H5]+), 76 (9, [C6H4]+).
MS (CI, methane): m/z = 626 (2, [M + Et]+), 598 (23, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C31H26F3NO8Na+: 620.1503;
found: 620.1502.

Ethyl (2S,3S,4R,5S,6R)-2-Hydroxy-5-nitro-1′,3′-dioxo-6-phenyl-4-
(thiophen-2-yl)-2-(trifluoromethyl)-1′,3′-dihydrospiro[cyclohex-
ane-1,2′-indene]-3-carboxylate (5f)
Yield: 194 mg (68%, dr = 7:1); colorless solid; 89% ee [SFC: (R,R)-
Whelk-01]; Rf = 0.20 (n-pentane–Et2O, 2:1).
IR (ATR): 3401, 2995, 2626, 2229, 2088, 1997, 1702, 1560, 1452, 1347,
1254, 1184, 1023, 849, 759, 703 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.83 (d, 3J = 7.4 Hz, 1 H, ArH), 7.71–
7.59 (m, 3 H, ArH), 7.32 (d, 3J = 5.0 Hz, 1 H, ArH), 7.22 (br s, 1 H, ArH),
7.04 (br s, 1 H, ArH), 6.99–6.77 (m, 5 H, ArH), 6.43 (dd, 3J = 12.9 Hz,
3J = 6.9 Hz, 1 H, CHNO2), 6.01 (s, 1 H, OH), 4.98–4.85 (m, 2 H, thien-2-
yl-CH, PhCH), 4.18 (d, 3J = 6.4 Hz, 1 H, CHCO2Et), 4.14–4.01 (m, 2 H,
CH3CH2), 1.20 (t, 3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 199.2, 195.3, 170.1,
142.4, 141.3, 136.6, 135.8, 133.7, 132.7, 131.6, 128.4, 127.9, 126.8,
124.6, 123.5, 123.2, 84.1, 78.2, 62.5, 58.8, 44.2, 42.8, 42.3, 14.0.
19F NMR (564 MHz, CDCl3): δ = –71.9 (s, 3 F).
MS (EI, 70 eV): m/z = 527 (6, [M – NO2]+), 481 (8, [M – NO2 – EtOH]+),
463 (9, [M – NO2 – EtOH – H2O]+), 437 (8, [M – NO2 – CO2Et – H2O]+),
285 (47), 239 (100), 233 (69), 211 (13), 205 (8), 195 (17), 178 (25),
173 (26), 149 (25), 137 (21), 115 (20), 104 (32), 91 (20, [C7H7]+), 77
(16, [C6H5]+), 76 (28, [C6H4]+), 69 (13, [CF3]+).
MS (CI, methane): m/z = 602 (1, [M + Et]+), 574 (11, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C28H22F3NO7SNa+: 596.0961;
found: 596.0960.

tert-Butyl 3-{(2S,3S,4S,5R,6R)-3-(Ethoxycarbonyl)-2-hydroxy-5-ni-
tro-1′,3′-dioxo-6-phenyl-2-(trifluoromethyl)-1′,3′-dihydro-
spiro[cyclohexane-1,2′-indene]-4-yl}-1H-indole-1-carboxylate 
(5g)
Yield: 190 mg (54%, dr = 1.5:1); yellowish solid; 28% ee [SFC: (R,R)-
Whelk-01]; Rf = 0.24 (n-pentane–Et2O, 2:1); [α]D

22 +22.7 (c = 1.00, CH-
Cl3).
IR (ATR): 3359, 2976, 2295, 2079, 1719, 1558, 1453, 1366, 1249, 1159,
849, 753 cm–1.
1H NMR (600 MHz, CDCl3): δ = 8.33 (s, 1 H, ArH), 8.06 (d, 3J = 6.9 Hz,
1 H, ArH), 7.84 (d, 3J = 7.4 Hz, 1 H, ArH), 7.74–7.59 (m, 3 H, ArH), 7.42
(d, 3J = 7.9 Hz, 1 H, ArH), 7.30–7.18 (m, 3 H, ArH), 7.08–6.87 (m, 4 H,
ArH), 6.50 (dd, 3J = 12.6 Hz, 3J = 6.7 Hz, 1 H, CHNO2), 5.09 (‘t’, 3J = 6.7
Hz, 1 H, BocIndolyl-CH), 5.87 (s, 1 H, OH), 4.87 (d, 3J = 12.6 Hz, 1 H,
PhCH), 4.28 (d, 3J = 6.7 Hz, 1 H, CHCO2Et), 3.90–3.77 (m, 1 H, CH3CH2),
3.70–3.59 (m, 1 H, CH3CH2), 1.74 [s, 9 H, C(CH3)3], 1.05 (t, 3J = 7.2 Hz,
3 H, CH3CH2).

13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 199.3, 195.2, 170.4,
149.6, 142.5, 141.3, 136.5, 135.8, 134.3, 133.0, 131.5, 128.6, 128.4,
127.7, 124.7, 124.6, 123.4, 123.2, 122.7, 117.3, 115.5, 111.2, 84.5, 83.3,
78.6, 62.4, 58.9, 43.4, 43.2, 35.7, 28.4, 13.7.
19F NMR (376 MHz, CDCl3): δ = –71.9 (s, 3 F).
MS (EI, 70 eV): m/z = 472 (1, [M – H2O − BocIndolyl]+), 416 (1), 288 (4),
233 (42), 188 (3), 178 (3), 176 (5), 139 (5), 115 (10), 104 (8), 102 (5),
91 (1, [C7H7]+), 77 (3, [C6H5]+), 76 (14, [C6H4]+), 69 (11, [CF3]+), 57 (100,
[C4H9]+), 50 (5).
MS (CI, methane): m/z = 707 (4, [M + H]+), 651 (4, [M – C4H8 + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C37H33F3N2O9Na+: 729.2030;
found: 729.2030.

Ethyl (2R,3R,4S,5R,6R)-2-Hydroxy-4-(naphthalen-1-yl)-5-nitro-
1′,3′-dioxo-6-phenyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cy-
clohexane-1,2′-indene]-3-carboxylate (5h)
Yield: 148 mg (47%, dr = 20:1); yellowish solid; mp >180 °C; 89% ee
[HPLC: Chiralpak IC]; Rf = 0.24 (n-pentane–Et2O, 2:1); [α]D

22 –34.1 (c =
1.01, CHCl3).
IR (ATR): 3308, 2988, 2296, 2067, 1889, 1704, 1560, 1348, 1193, 1101,
1018, 861, 770, 698 cm–1.
1H NMR (600 MHz, CDCl3): δ = 8.74 (d, 3J = 8.4 Hz, 1 H, ArH), 8.12 (d,
3J = 7.9 Hz, 1 H, ArH), 7.73–7.91 (m, 6 H, ArH), 7.61–7.55 (m, 1 H,
ArH), 7.46 (d, 3J = 7.4 Hz, 1 H, ArH), 7.41–7.35 (m, 1 H, ArH), 7.15–7.10
(m, 2 H, ArH), 7.08–7.01 (m, 3 H, ArH), 6.11 (s, 1 H, OH), 6.00 (dd,
3J = 10.9 Hz, 3J = 7.7 Hz, 1 H, CHNO2), 5.81 (dd, 3J = 12.6 Hz, 3J = 7.7 Hz,
1 H, naphthyl-CH), 4.56–4.48 (m, 2 H, PhCH, CHCO2Et), 4.01–3.81 (m,
2 H, CH3CH2), 1.09 (t, 3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 198.2, 195.2, 173.4,
143.7, 143.3, 136.3, 136.2, 134.2, 133.9, 132.4, 130.1, 129.7, 129.4,
129.0, 128.7, 127.9, 126.3, 125.7, 124.8, 123.7, 123.6, 122.6, 92.4, 79.6,
63.4, 62.7, 46.3, 43.0, 36.7, 13.7.
19F NMR (376 MHz, CDCl3): δ = –73.9 (s, 3 F).
MS (EI, 70 eV): m/z = 617 (8, [M]+∙), 571 (2, [M – NO2]+), 507 (20, [M –
NO2 – EtOH –  H2O]+), 383 (25, [M – NO2 – EtOH – OH – Naph]+), 283
(9), 233 (100), 176 (5), 152 (31), 115 (6), 104 (10), 91 (1, [C7H7]+), 87
(14), 77 (9, [C6H5]+), 76 (50, [C6H4]+), 69 (24, [CF3]+), 50 (9).
MS (CI, methane): m/z = 646 (3, [M + Et]+), 618 (40, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C34H26F3NO7Na+: 640.1554;
found: 640.1552.

Ethyl (2S,3S,4S,5R,6R)-6-(4-Bromophenyl)-2-hydroxy-5-nitro-
1′,3′-dioxo-4-phenyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cy-
clohexane-1,2′-indene]-3-carboxylate (5i)
Yield: 233 mg (72%, dr = 1.3:1); colorless solid; 0% ee [SFC: (R,R)-
Whelk-01]; Rf = 0.17 (n-pentane–Et2O, 2:1).
IR (ATR): 3355, 2984, 2662, 2330, 2102, 1923, 1708, 1557, 1466, 1368,
1253, 1179, 1020, 886, 757, 701 cm–1.
1H NMR (600 MHz, CDCl3): δ (mixture of diastereomers) = 7.97 (d,
3J = 7.9 Hz, 1 H, ArH), 7.93–7.86 (m, 2 H, ArH), 7.84–7.64 (m, 6 H,
ArH), 7.51–7.28 (m, 11 H, ArH), 7.12 (dd, 3J = 7.9 Hz, 3J = 1.5 Hz, 1 H,
ArH), 7.05–6.99 (m, 1 H, ArH), 6.95–6.86 (m, 2 H, ArH), 6.85–6.69 (m,
2 H, ArH), 6.34a (dd, 3J = 12.9 Hz, 3J = 7.4 Hz, 1 H, CHNO2), 6.27 (s, 1 H,
OH), 6.16a (s, 1 H, OH), 6.01 (dd, 3J = 11.6 Hz, 3J = 8.2 Hz, 1 H, CHNO2),
5.88a (d, 3J = 12.9 Hz, 1 H, 4-BrC6H4CH), 5.28 (d, 3J = 11.6 Hz, 1 H, 4-
BrC6H4CH), 4.86 (dd, 3J = 12.1 Hz, 3J = 8.2 Hz, 1 H, PhCH), 4.58a (‘t’,
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3J = 7.4 Hz, 1 H, PhCH), 4.43 (d, 3J = 12.1 Hz, 1 H, CHCO2Et), 4.25a (d,
3J = 7.4 Hz, 1 H, CHCO2Et), 4.02–3.84 (m, 4 H, CH3CH2), 1.13 (t, 3J = 7.2
Hz, 3 H, CH3CH2), 1.05 (t, 3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ (mixture of diastereo-
mers) = 199.9, 199.1, 195.9, 192.8, 172.3, 170.6, 143.1, 142.9, 142.6,
141.7, 136.8, 136.5, 136.4, 135.9, 134.6, 134.2, 134.1, 133.8, 133.2,
133.0, 131.3, 129.8, 129.7, 129.5, 129.3, 129.1, 128.9, 128.8, 128.5,
128.1, 127.2, 126.7, 124.0, 123.8, 123.4, 123.3, 90.7, 85.1a, 79.6, 78.6a,
62.5, 62.4, 61.6, 58.4, 47.1a, 44.3, 44.2a, 43.8, 43.2, 40.8a, 13.9, 13.6.
19F NMR (376 MHz, CDCl3): δ (mixture of diastereomers) = –71.9 (s, 3
F), –73.5 (s, 3 F).
MS (EI, 70 eV): m/z = 599 (14, [M – NO2]+), 553 (8, [M – NO2 – EtOH]+),
535 (6, [M – NO2 – EtOH – H2O]+), 507 (4), 428 (7), 359 (5), 313 (7),
249 (6), 233 (100), 189 (20), 176 (10), 161 (5), 115 (6), 104 (7), 91 (4,
[C7H7]+), 77 (5, [C6H5]+), 76 (6, [C6H4]+), 69 (2, [CF3]+).
MS (CI, methane): m/z = 646 (2, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C30H23

79BrF3NO7Na+: 668.0502;
found: 668.0515.

Ethyl (2S,3S,4S,5R,6R)-2-Hydroxy-5-nitro-6-(4-nitrophenyl)-1′,3′-
dioxo-4-phenyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cyclohex-
ane-1,2′-indene]-3-carboxylate (5j)
Yield: 70 mg (23%, dr = 1.5:1); yellow solid; 81% ee [SFC: (R,R)-Whelk-
01]; Rf = 0.21 (n-pentane–Et2O, 2:1).
IR (ATR): 3761, 3399, 3098, 2689, 2440, 2292, 2209, 2091, 2000, 1912,
1691, 1596, 1512, 1423, 1340, 1247, 1184, 997, 855, 736 cm–1.
1H NMR (600 MHz, CDCl3): δ = 8.55 (d, 3J = 8.9 Hz, 1 H, ArH), 8.38–
8.31 (m, 1 H, ArH), 8.07 (dd, 3J = 5.9 Hz, 4J = 3.0 Hz, 1 H, ArH), 7.92–
7.86 (m, 2 H, ArH), 7.82–7.70 (m, 3 H, ArH), 7.63 (br s, 1 H, ArH), 7.54–
7.41 (m, 1 H, ArH), 7.36–7.31 (m, 2 H, ArH), 7.09 (br s, 1 H, ArH), 6.49
(dd, 3J = 12.9 Hz, 3J = 7.7 Hz, 1 H, CHNO2), 6.14 (s, 1 H, OH), 5.15 (d,
3J = 12.9 Hz, 1 H, 4-NO2C6H4CH), 4.61 (‘t’, 3J = 7.7 Hz, 1 H, PhCH), 4.16
(d, 3J = 7.7 Hz, 1 H, CHCO2Et), 4.02–3.88 (m, 2 H, CH3CH2), 1.16 (t,
3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 198.9, 194.1, 170.7,
147.6, 142.8, 140.9, 140.4, 138.6, 137.4, 136.4, 136.2, 136.1, 134.4,
132.9, 132.4, 131.1, 129.5, 128.9, 123.9, 123.9, 123.8, 123.7, 123.5,
84.0, 78.2, 62.7, 58.8, 46.5, 43.9, 42.7, 13.9.
19F NMR (376 MHz, CDCl3): δ = –72.1 (s, 3 F).
MS (EI, 70 eV): m/z = 566 (7, [M – NO2]+), 520 (2, [M – NO2 – EtOH]+),
502 (3, [M – NO2 – EtOH – H2O]+), 474 (2, [M – NO2 – CO2 – EtOH]+),
279 (97), 262 (75), 232 (100), 189 (39), 176 (56), 149 (15), 115 (37),
104 (51), 91 (44, [C7H7]+), 77 (69, [C6H5]+), 76 (64, [C6H4]+), 69 (56,
[CF3]+), 51 (44).
MS (CI, methane): m/z = 641 (1, [M + Et]+), 613 (22, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C30H23F3N2O9Na+: 635.1248;
found: 635.1249.

Ethyl (2R,3R,4S,5R,6R)-2-Hydroxy-6-(3-methoxyphenyl)-5-nitro-
1′,3′-dioxo-4-phenyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cy-
clohexane-1,2′-indene]-3-carboxylate (5k)
Yield: 141 mg (47%, dr = 1.4:1); colorless solid; mp 179–181 °C; 92%
ee [HPLC: Chiralpak AD]; Rf = 0.19 (n-pentane–Et2O, 2:1); [α]D

22 –37.1
(c = 0.46, CHCl3).
IR (ATR): 3409, 2979, 2658, 2328, 2070, 1714, 1560, 1461, 1371, 1173,
1021, 759, 700 cm–1.

1H NMR (600 MHz, CDCl3): δ = 7.98 (d, 3J = 7.4 Hz, 1 H, ArH), 7.89–
7.73 (m, 3 H, ArH), 7.43–7.37 (m, 2 H, ArH), 7.36–7.28 (m, 3 H, ArH),
7.01–6.88 (m, 1 H, ArH), 6.63 (d, 3J = 7.9 Hz, 1 H, ArH), 6.60–6.54 (m, 2
H, ArH), 6.19 (s, 1 H, OH), 5.92 (dd, 3J = 10.9 Hz, 3J = 8.2 Hz, 1 H, CH-
NO2), 4.83 (dd, 3J = 12.6 Hz, 3J = 8.2 Hz, 1 H, PhCH), 4.43 (d, 3J = 10.9
Hz, 1 H, 3-MeOC6H4CH), 4.27 (d, 3J = 12.6 Hz, 1 H, CHCO2Et), 4.00–3.89
(m, 1 H, CH3CH2), 3.88–3.77 (m, 1 H, CH3CH2), 3.61 (s, 3 H, OCH3), 1.03
(t, 3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C-F-decoupled): δ = 198.0, 195.3, 172.7,
159.4, 143.1, 142.9, 136.1, 136.0, 135.2, 133.5, 129.7, 128.9, 128.6,
124.6, 123.5, 123.3, 114.3, 91.6, 79.1, 62.4, 62.2, 55.1, 46.3, 43.1, 42.4,
13.4.
19F NMR (376 MHz, CDCl3): δ = –72.0 (s, 3 F).
MS (EI, 70 eV): m/z = 597 (2, [M]+∙), 551 (16, [M – NO2]+), 533 (3, [M –
NO2 – H2O]+), 505 (18, [M – NO2 – EtOH]+), 487 (14, [M – NO2 – EtOH –
H2O]+), 459 (44, [M – NO2 – OMe – EtO – OH]+), 439 (7), 395 (7), 391
(7), 309 (22), 263 (100), 243 (13), 237 (9), 235 (21), 233 (20), 221 (31),
205 (7), 202 (11), 189 (22), 178 (14), 173 (36), 165 (32), 161 (8), 159
(11), 155 (7), 151 (7), 149 (21), 145 (11), 135 (8), 133 (16), 131 (13),
121 (26), 115 (30), 104 (31), 91 (40, [C7H7]+), 89 (8), 77 (27, [C6H5]+),
76 (16, [C6H4]+), 69 (10, [CF3]+).
MS (CI, methane): m/z = 626 (1, [M + Et]+), 598 (6, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C31H26F3NO8Na+: 620.1503;
found: 620.1508.

Ethyl (2S,3S,4S,5R,6R)-2-Hydroxy-5-nitro-1′,3′-dioxo-4-phenyl-6-
(p-tolyl)-2-(trifluoromethyl)-1′,3′-dihydrospiro[cyclohexane-1,2′-
indene]-3-carboxylate (5l)
Yield: 101 mg (35%, dr = 1:1); colorless solid; mp 140 °C (dec.); 75% ee
[HPLC: Chiralpak IC]; Rf = 0.20 (n-pentane–Et2O, 2:1); [α]D

22 –34.5 (c =
0.20, CHCl3).
IR (ATR): 3363, 2984, 2656, 2324, 2070, 1976, 1709, 1554, 1458, 1354,
1186, 1022, 890, 756, 704 cm–1.
1H NMR (600 MHz, CDCl3): δ (mixture of diastereomers) = 7.97 (d,
3J = 7.4 Hz, 1 H, ArH), 7.90–7.53 (m, 9 H, ArH), 7.46–7.28 (m, 8 H,
ArH), 7.06 (br s, 1 H, ArH), 6.99–6.55 (m, 7 H, ArH), 6.43a (dd, 3J = 12.9
Hz, 3J = 7.7 Hz, 1 H, CHNO2), 6.18 (s, 1 H, OH), 6.03a (s, 1 H, OH), 5.92
(dd, 3J = 11.1 Hz, 3J = 8.2 Hz, 1 H, CHNO2), 4.97a (d, 3J = 12.9 Hz, 1 H, p-
TolCH), 4.82 (dd, 3J = 12.6 Hz, 3J = 8.2 Hz, 1 H, PhCH), 4.56a (‘t’, 3J = 7.7
Hz, 1 H, PhCH), 4.42 (d, 3J = 11.1 Hz, 1 H, p-TolCH), 4.27 (d, 3J = 12.9 Hz,
1 H, CHCO2Et), 4.20a (d, 3J = 7.7 Hz, 1 H, CHCO2Et), 3.99–3.76 (m, 4 H,
CH3CH2), 2.10 (s, 3 H, ArCH3), 2.01 (s, 3 H, ArCH3), 1.13 (t, 3J = 7.2 Hz, 3
H, CH3CH2), 1.02 (t, 3J = 7.2 Hz, 3 H, CH3CH2).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ (mixture of diastereo-
mers) = 199.4, 198.2, 195.6, 195.1, 172.9, 170.7, 143.4, 143.1 142.6,
141.3, 138.4, 138.1, 136.5, 136.2, 136.1, 135.7, 133.7, 133.5, 131.3,
130.8, 129.8, 129.6, 129.4, 129.1, 129.0, 128.8, 128.6, 124.7, 123.7,
123.5, 123.5, 123.2, 92.0, 84.3a, 79.3, 78.2a, 62.5, 62.4, 58.9, 46.7a, 46.0,
44.1a, 43.2, 42.6, 21.0, 20.9, 13.9, 13.5.
19F NMR (376 MHz, CDCl3): δ (mixture of diastereomers) = –72.1 (s, 3
F), –73.9 (s, 3 F).
MS (EI, 70 eV): m/z = 581 (1, [M]+∙), 535 (93, [M – NO2]+), 489 (51, [M –
NO2 – EtOH]+), 471 (60, [M – NO2 – EtOH – H2O]+), 443 (31), 423 (9),
379 (34), 351 (10), 327 (12), 293 (36), 247 (100), 233 (47), 219 (12),
205 (15), 202 (9), 191 (10), 189 (29), 173 (14), 149 (12), 115 (22), 105
(20), 91 (17, [C7H7]+), 77 (14, [C6H5]+), 76 (12, [C6H4]+), 69 (7, [CF3]+).
MS (CI, methane): m/z = 582 (2, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C31H26F3NO7Na+: 604.1554;
found: 604.1558.
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Methyl (2R,3R,4S,5R,6R)-2-Hydroxy-5-nitro-1′,3′-dioxo-4,6-diphe-
nyl-2-(trifluoromethyl)-1′,3′-dihydrospiro[cyclohexane-1,2′-in-
dene]-3-carboxylate (5m)
Yield: 143 mg (52%, dr = 1:1); colorless solid; 86% ee [HPLC: Chiralpak
IC]; Rf = 0.18 (n-pentane–Et2O, 2:1).
IR (ATR): 3368, 3039, 2954, 2301, 2074, 1894, 1707, 1556, 1444, 1352,
1251, 1179, 1031, 842, 759, 700 cm–1.
1H NMR (600 MHz, CDCl3): δ (mixture of diastereomers) = 7.94 (d,
3J = 7.9 Hz, 1 H, ArH), 7.88–7.55 (m, 10 H, ArH), 7.54–7.08 (m, 13 H,
ArH), 7.01–6.70 (m, 4 H, ArH), 6.44a (dd, 3J = 13.1 Hz, 3J = 7.7 Hz, 1 H,
CHNO2), 6.06 (s, 1 H, OH), 6.01a (s, 1 H, OH), 5.98 (dd, 3J = 11.4 Hz,
3J = 8.2 Hz, 1 H, CHNO2), 5.01a (d, 3J = 13.1 Hz, 1 H, PhCH), 4.84 (dd,
3J = 12.6 Hz, 3J = 8.2 Hz, 1 H, PhCH), 4.58a (‘t’, 3J = 7.7 Hz, 1 H, PhCH),
4.46 (d, 3J = 11.4 Hz, 1 H, PhCH), 4.33 (d, 3J = 12.6 Hz, 1 H, CHCO2Me),
4.25a (d, 3J = 7.7 Hz, 1 H, CHCO2Me), 3.53 (s, 3 H, OCH3), 3.45 (s, 3 H,
OCH3).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ (mixture of diastereo-
mers) = 199.3, 198.4, 195.6, 195.1, 173.1, 171.3, 143.2, 143.0, 142.6,
141.3, 136.6, 136.3, 136.3, 135.8, 133.8, 133.0, 131.1, 129.5, 129.2,
129.1, 128.9, 128.7, 128.6, 128.5, 124.7, 124.7, 123.7, 123.5, 123.5,
123.2, 91.3, 84.1a, 79.3, 78.3a, 62.1, 58.9a, 53.0, 52.9, 46.7a, 46.6, 44.1a,
43.6, 43.0a, 42.7.
19F NMR (376 MHz, CDCl3): δ (mixture of diastereomers) = –72.1 (s, 3
F), –73.9 (s, 3 F).
MS (EI, 70 eV): m/z = 507 (51, [M – NO2]+), 475 (28, [M – NO2 –
MeOH]+), 458 (32, [M – NO2 – MeOH – H2O]+), 429 (17, [M – NO2 – CO
– MeOH − H2O]+), 365 (13), 265 (24), 233 (100), 205 (14), 191 (11),
178 (10), 173 (13), 149 (17), 121 (18), 104 (24), 91 (49, [C7H7]+), 77
(29, [C6H5]+), 76 (25, [C6H4]+), 69 (17, [CF3]+), 59 (33, [C3H7O]+).
MS (CI, methane): m/z = 582 (2, [M + Et]+), 554 (22, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C29H22F3NO7Na+: 576.1241;
found: 576.1241.

(2S,3S,4S,5R,6R)-3-Benzoyl-2-hydroxy-5-nitro-4,6-diphenyl-2-
(trifluoromethyl)spiro[cyclohexane-1,2′-indene]-1′,3′-dione (5n)
Yield: 163 mg (54%, dr = 1.3:1); colorless solid; 0% ee [SFC: (R,R)-
Whelk-01]; Rf = 0.19 (n-pentane–Et2O, 2:1).
IR (ATR): 3334, 3038, 2648, 2323, 2204, 2075, 1961, 1886, 1706, 1554,
1451, 1357, 1243, 1168, 1026, 912, 764, 693 cm–1.
1H NMR (600 MHz, CDCl3): δ = 7.95 (d, 3J = 7.9 Hz, 1 H, ArH), 7.92–
7.64 (m, 12 H, ArH), 7.59 (t, 3J = 7.7 Hz, 3 H, ArH), 7.44 (t, 3J = 7.7 Hz, 2
H, ArH), 7.35–7.20 (m, 6 H, ArH), 7.18–7.00 (m, 10 H, ArH), 6.93 (t,
3J = 7.2 Hz, 3 H, ArH), 6.87 (br s, 1 H, ArH), 6.63–6.51 (m, 2 H, CHNO2,
OH), 6.34a (s, 1 H, OH), 6.07a (dd, 3J = 11.4 Hz, 3J = 7.9 Hz, 1 H, CHNO2),
5.50a (d, 3J = 11.9 Hz, 1 H, CHC=O), 5.34 (d, 3J = 7.4 Hz, 1 H, CHC=O),
5.13 (d, 3J = 12.9 Hz, 1 H, PhCH), 4.97a (dd, 3J = 11.9 Hz, 3J = 7.9 Hz, 1 H,
PhCH), 4.67a (d, 3J = 11.4 Hz, 1 H, PhCH), 4.47 (‘t’, 3J = 7.4 Hz, 1 H,
PhCH).
13C NMR (101 MHz, CDCl3, C,F-decoupled): δ = 202.6, 200.4, 200.2,
198.2, 196.3, 194.5, 143.2, 142.9, 141.2, 137.6, 136.7, 136.4, 136.2,
135.8, 135.6, 135.2, 134.6, 133.9, 133.4, 133.1, 133.0, 129.6, 129.5,
129.1, 129.0, 128.9, 128.8, 128.7, 128.7, 128.6, 128.5, 123.7, 123.6,
123.5, 123.1, 91.6a, 84.4, 80.9a, 79.8, 62.7a, 59.5, 47.4, 46.9a, 44.4a,
43.2, 42.5, 41.5a.
19F NMR (376 MHz, CDCl3): δ = –71.0 (s, 3 F), –71.9 (s, 3 F).

MS (EI, 70 eV): m/z = 431 (1, [M – NO2 – PhCO2H]+), 347 (1), 304 (1),
249 (2), 233 (100), 216 (37), 176 (16), 147 (48), 105 (65), 91 (27,
[C7H7]+), 77 (64, [C6H5]+), 76 (30, [C6H4]+), 69 (54, [CF3]+), 65 (11), 51
(30).
MS (CI, methane): m/z = 600 (11, [M + H]+).
HRMS (ESI): m/z [M + Na]+ calcd for C30H24F3NO7Na+: 622.1448;
found: 622.1450.
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