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1. Introduction 

Michael addition has been played an import role in the field 
of organic synthesis. Chemists have synthesized numerous 
organocatalysts used in the Michael additions of different 
substrates in the past decade1.Among them, bifunctional 
amine-thiourea2 has become one of the most 
versatilecatalysts. Despite their tremendous utility, these 
organocatalysts are derived from a very limited range of 
chiral structural scaffolds.Thetypical bifunctional amine-
thioureas include the 1,2-diamine derivatives(Takemoto 
catalysts)3, the cinchona-alkaloid-derived catalysts4and 
binaphthyl-based catalysts5. Ferrocene is regarded as a 
"privileged framework" for the construction of effective 
chiral ligands in metal catalysis due to its specific and 
unique geometries (adequate rigidity, steric bulkiness and 
planar chirality), electronic (redox) properties, easy 
accessibility and derivatization, as well as stability6. 
Ferrocene-based organocatalysts have been developed 
rapidly in recent decade, and some of them have been 
synthesized and used in several enantioselective 
transformations7.As a part of our continuous research on the 
development of ferrocene-based chiral ligands and catalysts8, 
in 2014, we prepared the first ferrocene-based tertiary 
amine-thioureaorganocatalysts1 and investigated its catalytic 
performance in asymmetric Michael addition9. After that, 
anotherferrocene-based organocatalyst2 was synthesized by 
our group10 and presented excellent catalytic performance in 

the asymmetric Michael addition of acetylacetone to 
nitroolefins with high enatioselectivities(up to 96% ee). 
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Highly enantioselective Michael reactions between acetylacetoneandtrans-β-nitroolefinsare 
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Figure 1.Ferrocene-based chiral organocatalysts for asymmetric 
Michael additions. 

Ferrocenophaneisa kind of orbicular compound which 
combinesferrocene with cyclic structure, and in the 
ferrocenophanes, many of the important properties of the 
ferrocene are retained, such as high electron density, 
aromaticity, derivatization. Moreover,ferrocenophanes is 
more rigid and stable than ferrocene. Therefore, those 
compounds have been developed rapidly from the new 
century11. A class of ferrocenophane-based chiral 
monophosphines as organocatalysts have been developed by 
Marinetti12 and Štěpnička13 independently for highly 
enantioselectivecyclization and MBH reaction. Herein, in 
order to improve the catalytic activity and enantioselectivity, 
we designed and synthesized novel α-dimethylamino[3]-
ferrocenophanethiourea catalysts 3. We envisioned that, 
these newly-designed catalysts would be more rigid and 
stable than previously reported ferrocene-based 
organocatalysts, andbetter catalytic results should be 
obtained in the asymmetric Michael addition. 

2. Results and discussion 

The novel α-dimethylamino[3]-ferrocenophanethiourea 
catalysts 3 were synthesized using ferrocene as starting 
material (Scheme 1). Thus,Friedel-Crafts reaction of 
ferrocene with acryloyl chloride gave 4 in 17% yield14. 
Reductionof 4 with NaBH4, followed by esterification (Ac2O, 
pyridine) and amination(HNMe2, Et3N) affordedthe well-
known rac-514b in 59% overall yield.(R)-6 was obtained by 
resolution of rac-5using L-tartaric acid. Lithiation of (R)-6 
with t-BuLi (0°C~rt, 1~2 h) followed by reaction withp-
toluenesulfonylazide gave the azide7 in 83% yield. 7 was 
hydrogenated in the presence of 5% Pd–C at 1 barH2 
pressure to afford the diamine,and then followed by reaction 
with CS2 and EDC gave isothiocyanate8 in 68% yield. 
Finally, 8 was treated with 3,5-Bis(trifluoromethyl)aniline or 
L/D-plenylglycinol to give the corresponding thiourea 
catalysts 3 in 84-90% yields. 
 
Scheme1.Synthesis of α-dimethylamino[3]-
ferrocenophanethiourea catalysts 3. 

 
 

 

 

 

 

 

 

 
Reagents and conditions: a) acryloyl chloride, AlCl3, DCM, -
78°C, overnight; b) NaBH4, Ac2O, pyridine, r.t., overnight; c) 
HNMe2, Et3N, methanol, 75°C reflux, 4~6 h; d) L-tartaric acid, 
methanol, NaOHaq.; e) t-BuLi, TBME, 0 °C–r.t., 1-2 h; f) p-
toluenesulfonylazide, TBME, −78 °C–r.t., 5 h; g) H2, 5% Pd–
C,MeOH, r.t., 4 h; h) CS2, EDC, THF, -10 °C–r.t., overnight; i) 

3,5-(CF3)2C6H3NH2 (for 3a) or L/D-plenylglycinol (for 3b and 
3c), THF, r.t., 6~8 h. 

The performances of 3 were initially evaluted in the 
model Michael addition of acetylacetone 9 to trans-β-
nitrostyrene10a in the presence of 10 mol% of catalyst at 
room temperature, and the results are summarized in Table 1. 
Compared to catalysts 1 and 2, the more rigid and stable 
dimethylamino[3]-ferrocenophanethiourea catalyst 3a 
exhibited better catalytic results (Table 1, entry 3); 
compared with 1,3b and 3c also significantly enhanced the 
catalytic activity, but theenantioseletivity dropped sharply, 
especially 3c (Table 1,entries 4-5), it proves that the 
configuration of the β-amino alcohol moiety in the catalysts 
is an important factor for enantioselectivities. Therefore, we 
chose the [3]-ferrocenophanethiourea catalyst 3a as the 
organocatalyst for the rest of the study. 
 
Table 1.Ferrocene-based catalysts screeninga. 
 

 

 

 

Entry catalyst（10 mol%） Yield (%)b ee (%)c, 
1 1 55 80 
2 2 91 80 
3 3a 85 86 
4 3b 78 51 
5 3c 73 6 

aUnless otherwise specified, the reactions were performed with 
0.2mmol of 10a and 0.4mmol of 9 in 1.0 mL of toluene for 
48h.bIsolated yield. cDetermined by chiral HPLC analysis 
dAbsolute configuration was confirmed by comparing the 
HPLC data with that reported in the literature16. 
Table 2 Reaction conditions screeninga

. 

 

 

 

 

Entry Solvent Temp. Yield(%)b ee(%)c,d 
1 CHCl3 r.t. 65 55 
2 CH2Cl2 r.t. 72 68 
3 CH3CN r.t. 82 21 
4 1,4-dioxane r.t. 85 38 
5 MeOH r.t. 65 3 
6 Et2O r.t. 45 64 
7 xylene r.t. 78 72 
8 THF r.t. 87 61 
9 toluene r.t. 85 86 
10 toluene 0°C 65 78 
11 toluene -20°C 62 76 
12 toluene 50°C 90 69 
13e toluene rt 87 81 
14f toluene rt 82 78 

aUnless otherwise specified, the reactions were performed with 
0.2 mmol of 10a and 0.4mmol of 9 in 1.0 mL of toluene for 
48h.bIsolated yield. cDetermined by chiral HPLC analysis. 
dAbsolute configuration was confirmed by comparing the 
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3 
HPLC data with that reported in the literature16. eReaction with 
catalyst loading of 20 mol%.fReaction with catalyst loading of 5 
mol%, 60h. 

After screening of catalysts, we investigated the influence 
of different experimental conditions, and the results are 
summarized in Table 2. The choice of solvent plays a critical 
role in the reaction. Reactions in chlorinated solvents 
(CH2Cl2, CHCl3) afforded the desired Michael adduct(S)-
11a with moderate to good yields (65-72%) and 
enantioselectivities (55-68% ee) (Table 2, entries 1-2). More 
polar solvents such as dioxane and CH3CN decreased 
remarkably the enantioselectivity (Table 2, entries 3-4). 
Moreover, the use of a protic solvent, such as MeOH, 
afforded an almost racemic mixture (Table 2, entry 5). While the 
nonpolar solvents improved the enantioseletivity significantly 
(Table 2, entries 6-9). Like most Michael addition of β-
nitrostyrene with acetylacetone catalyzed by bifunctionalamine–
thioureas15, toluene is the best solvent in the reaction (Table 2, 
entry 9), possibly due to the increased hydrogen 
bondingactivation of β-nitrostyrene by 3a in the 
nonpolarsolvents. 

We also explored the effect of reaction temperature. As shown 
in Table 2, increasing the reaction temperature from r.t. to 50°C, 
the selectivity decreased remarkably (Table 2, entry 12). 
Surprisingly, lowering the reaction temperature from r.t. to 0°C 
or -20°C had no beneficial effect on the enantioselectivity (Table 
2, entries 10-11). In addition, increasing the catalyst loading to 
20 mol% had only a marginal effect on both yield and 
enantioselectivity (Table 2, entry 13).  

Next we explored the scope of this organocatalyzed conjugate 
addition reaction by variousnitroalkenes under the optimal 
conditions: 9 (0.4 mmol, 2.0 equiv) and 10a (0.2 mmol, 1.0 
equiv) 
 

Table 3 Asymmetric Michael addition of acetylacetone to 
trans-β-nitrostyrene catalyzed 3aa. 
 

 

 

 

Entry R Product Yield(%)b ee(%)c,d 
1 C6H5(10a) 11a 85 86 
2 2-F-C6H4(10b) 11b 90 91 
3 2-Cl-C6H4(10c) 11c 89 97 
4 2-Br-C6H4 (10d) 11d 88 99 
5 2-NO2-C6H4 (10e) 11e 67 91 
6 2,3-Cl2-C6H3 (10f) 11f 95 87 
7 3-Br-C6H4 (10g) 11g 86 89 
8 3-OMe-C6H4 (10h) 11h 86 95 
9 3,5-Cl2-C6H3 (10i) 11i 87 80 
10 4-F-C6H4(10j) 11j 78 90 
11 4-Cl-C6H4 (10k) 11k 85 87 
12 4-Br-C6H4 (10l) 11l 82 93 
13 4-CH3-C6H4 (10m) 11m 78 94 
14 1-naphthyl (10n) 11n 80 91 
15 2-naphthyl (10o) 11o 82 90 
16 2-furyl (10p) 11p 90 92 

aUnless otherwise specified, the reactions were performed 
with0.2mmol of 10a and 0.4mmol of 9 in 1.0 mL of toluene for 
48h.bIsolated yield. cDetermined by chiral HPLC analysis. 
dAbsolute configuration was confirmed by comparing the 
HPLC data with that reported in the literature16. 
in 1.0 mL of toluene with 10 mol% of 3a at room temperature for 
48 h, the obtained results are summarized in Table 3. All the 
nitrostyrenes bearing either electron-donating or electron-
withdrawing substituents on the aromatic ring, as shown in Table 
3, afforded the desired Michael adduct in excellent yields and 
enantioselectivities. Theortho substituents on the phenyl ring 
gave relatively higher enantioselectivity, and the 2-bromo 
derivative gave the highest enantioselectivity (99% ee, entry 4). 
The results indicate that the more rigid and stable [3]-
ferrocenophanethiourea catalyst 3aindeed hashigher catalytic 
activity and enantioselectivity than the first ferrocene-based 
thiourea catalysts1doesin the asymmetric Michael addition of 
acetylacetone to nitroolefins. It also proved that, in accord with 
metal catalysis, the rigid, bulky, planar and carbon-centered 
chiral [3]-ferrocenophane moiety is an excellent scaffold for 
chiral organocatalysts. 

3. Conclusion 

In summary, the novel [3]-ferrocenophanethiourea 
catalysts have been designed and synthesized. Good levels 
of reactivity, and excellent enantioselectivities were 
achieved in the asymmetric Michael addition of 
acetylacetone tonitroolefinsusing the novel [3]-
ferrocenophanethiourea catalyst 3a,givingthe products with 
up to 95% yield and 99% ee. The results indicate that, 
compared with the first ferrocene-based thiourea catalyst 1, 
the more rigid and stable [3]-ferrocenophanethiourea 
catalysts have better catalytic activity and enantioselectivity 
in the asymmetric Michael addition. It again proved that 
ferrocene can not only be used as the skeleton of ligands in 
metal catalysis, but alsoan ideal skeleton for building 
organocatalysts. In this work, we successfully expand the 
structural types of ferrocene-based organocatalysts. Further 
work in our lab is still ongoing to expand theirapplications 
to other valuable transformations and develop other types of 
organocatalysts based on the ferrocene backbone. 

4. Experimental Section 

General methods 

The 1H and 13C NMR spectra were recorded on a Bruker AV-
400 spectrometer using TMS as an internal reference. Coupling 
constant (J) values were given in Hz. HRMS were recorded on 
ZAB-HS spectrometer with ES ionization (ESI). All 
commercially available reagents were used as received. Solvents 
and reagents were purified and dried by standard methods prior 
to use. Products were purified by flash column chromatography 
on silica gel purchased from Qingdao Haiyang Chemical Co., Ltd. 
All reactions involving air or moisture sensitive species were 
performed under inert atmosphere in oven-dried glassware. 
Enantiomeric excesses (ee) were determined by HPLC analysis 
using an Agilent 1100 Series instrumentwith Daicel Chiralpak 
AD-H column, as indicated. 

Preparation of 4 
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To a solution of AlCl3(13.3 g, 0.1 mol) in dry DCM was 

added a solution of ferrocene(18.6 g, 0.1 mol) which was 
dissolved in DCM under argon. Then the mixture was 
cooled to -78°C, a solution of acryloyl chloride(4.06 mL, 
0.05mol) was added dropwise 10 minutes later. After 
stirring overnight at –78°C, the mixture was poured into ice 
water, added some 1M HCl and extracted with CH2Cl2 
(2×50 mL). The combined organic solutions were washed 
with sodium hydrogen carbonate and water,dried over 
MgSO4 and the solvent was removed in vacuo.The crude 
product was purified by column chromatography to afford a 
red brown solid4 (4.1 g, 17.1%). 
Preparation of rac-5 
4(1.37 g, 5.0 mmol) was weighed into a 100 mL round 
bottom flask, dissolved with DCM and slowly added a 
solution of NaBH4(0.57 g, 15 mmol) in MeOH. The reaction 
was completed after 4~6h, and the solvent was removed. 
The residue was dissolved with pyridine and acetic 
anhydride was added to the mixture. The reaction was 
completed after stirring overnight, the residual acetic 
anhydride and solvent were removed in vacuo, washed with 
water and saturated salt solution, dried over MgSO4. The 
ester compound was obtained, red brown solid. 
  The ester compound(1.59 g, 5.0 mmol) was dissolved with 
10 mL of MeOH, dimethylamine methanol solution(50 mL, 
2.0 mol/L in methanol) and trimethylamine(1.4 mL, 10 
mmol) were added. The mixture was heated to 75°C and 
refluxed for 4~6h, cooled to room temperature and removed 
the solvent. The crude product was obtained and purified by 
column chromatography to afford a red brown solid rac-
5(1.21 g, 72.9%). 

Preparation of R-6 
L-tartaric acid (3.0 g, 20 mmol) was added to a solution of 
rac-5 (5.38 g, 20 mmol) in CH3OH(20 mL) and then heated 
to 70°C. More methanol were slowly added until the solid 
was completely dissolved. Then the mixture was cooled to 
0°C.After several hours,the solid precipitates were filtered. 
The solids were added to NaOH solution (10%, 200 mL). 
The mixture was extracted with diethyl ether (2×50 mL), 
washed with water. The combined organic solutions were 
dried over Na2SO4, and the solvent was removed in vacuo 
and resulting red brown solid R-6 (>99% ee, 2.1 g, 78%).  
Preparation of 7 
To a degassed solution of R-6(>99%ee, 2.0 g, 7.43 mmol) in 
TBME (8 mL) was added dropwise at 0°C a solution of t-
BuLi in pentane (1.6M, 5.62 mL, 9.0 mmol). After stirring 
for 1 h at ambient temperature, the mixture was cooled to -
78°C. A solution of p-tosylazide (1.77 g, 9.0 mmol, 1.2equiv) 
in TBME (8 mL) was added dropwise. The mixture was 
stirred at –78°C for 5 h, warmed to 0°C, stirred for 10 min, 
and then Na4P2O7.10H2O(3.73 g, 8.36 mmol, 1.1equiv) in 
H2O (100 mL) was added. After stirring overnight at room 
temperature, the mixture was extracted with CH2Cl2 (3×25 
mL). The combined organic solutions were dried over 
MgSO4 and the solvent was removed in vacuo. The crude 
product was purified by column chromatography to afford a 
red brown oil 7 (1.58 g, 83.7%). 1H NMR (400 MHz, 
Chloroform-d) δ 4.43 (q, J = 2.0 Hz, 1H), 4.35 (t, J = 2.0 Hz, 
1H), 4.12 – 4.10 (m, 1H), 3.98 (q, J = 2.5 Hz, 2H), 3.93 (dt, 

J = 2.6, 1.5 Hz, 2H), 2.61 (dt, J = 15.6, 11.3 Hz, 3H), 2.33 
(m, 1H), 2.28 (s, 6H), 2.04 – 1.94 (m, 1H).13C NMR (101 
MHz, Chloroform-d) δ 98.15, 89.70, 74.83, 72.37, 71.62, 
70.77, 70.33, 66.77, 66.52, 64.47, 61.06, 44.69, 37.86, 25.80. 
Preparation of 8 
7(1.5 g, 5.9 mmol) was dissolved in MeOH (40 mL). The 
solution was degassed by passing nitrogen for 5 min. Then 5% 
Pd/C (0.25 g) was added and the mixture was stirred for 4 h 
at a H2 pressure of 1bar. The mixture was filtered through 
Celite and washed with a small amount of CH2Cl2. The 
solvent was removed and resulting crude primary amine 
product. Then 10 mL THF was added under the nitrogen, 
cooled to -10 °C. A solution of CS2 (2 mL, 36 mmol) and 
EDC (1.5 g, 6 mmol) in THF (10 mL) was added dropwise, 
The mixture was stirred at –10°C for 2 h, warmed to room 
temperature, stirred overnight. The solvent was removed, 
washed with water and extracted with CH2Cl2 (3×10 mL). 
The combined organic solutions were dried over MgSO4 and 
the solvent was removed. The crude product was purified by 
column chromatography to afford 8 (1.3 g, 68%). 1H NMR 
(400 MHz, Chloroform-d) δ 4.49 – 4.42 (m, 2H), 4.11 (dd, J 
= 2.5, 1.3 Hz, 1H), 4.00 (dd, J = 8.0, 1.8 Hz, 3H), 3.93 (td, J 
= 2.4, 1.2 Hz, 1H), 2.97 (dd, J = 11.4, 2.3 Hz, 1H), 2.66 
(ddd, J = 14.4, 4.1, 2.9 Hz, 1H), 2.59 – 2.51 (m, 1H), 2.38 – 
2.32 (m, 1H), 2.29 (s, 6H), 2.07 (td, J = 13.5, 3.0 Hz, 
1H).13C NMR (101 MHz, Chloroform-d) δ 90.05, 84.66, 
74.27, 71.83, 71.48, 70.72, 68.51, 67.60, 66.19, 65.56, 43.51, 
38.48, 25.95, 15.29. 
General procedure for the synthesis of catalyst 3 
   To a solution of 8(300 mg, 0.92 mmol) in THF was added 
a solution of primary amino compounds(0.95 mmol) in THF 
at 0°C under the argon, warmed to room temperature, stirred 
for 12 h. The solvent was removed and then purified by 
column chromatography to give the products of 3a,3b and 
3c.  
3a, 90% yield; yellow crystals; 1H NMR (400 MHz, 
Chloroform-d) δ 10.21 (s, 1H), 8.80(s, 1H), 8.13 (s, 2H), 
7.72 (s, 1H), 4.39 (s, 1H), 4.30 (s, 1H), 4.22 (s, 1H), 4.05 (t, 
J = 2.2 Hz, 4H), 3.98 (s, 1H), 2.64 (d, J = 13.0 Hz, 2H), 2.37 
(s, 6H), 2.21 (d, J = 12.6 Hz, 1H), 1.97 (t, J = 14.0 Hz, 1H). 
13C NMR (101 MHz, Chloroform-d) δ 179.00, 140.94, 
132.06 (d, J = 33.7 Hz), 124.45, 123.69, 121.73, 118.87 (d, J 
= 31.0 Hz), 91.98, 89.45, 81.96, 72.84, 70.80, 70.27, 68.97, 
67.93, 65.88, 65.29, 60.73, 45.06, 37.95, 24.71. HRMS(ESI) 
Calcd for C24H23F6FeN3S+H (M+H)+: 556.0945, Found: 
556.0942. 
3b, 84% yield; yellow crystals; 1H NMR (400 MHz, 
Chloroform-d) δ 8.91 (s, 1H), 7.93 (d, J = 8.6 Hz, 1H), 7.47 
– 7.42 (m, 4H), 7.37 (d, J = 5.3 Hz, 1H), 6.02 (s, 1H), 4.52 
(s, 1H), 4.23 – 4.15 (m, 3H), 4.03 (s, 4H), 3.94 (d, J = 2.4 
Hz, 1H), 2.56 (dt, J = 25.6, 9.7 Hz, 4H), 2.30 (s, 6H), 2.16 
(q, J = 12.5 Hz, 1H), 1.90 (t, J = 13.9 Hz, 1H). 13C NMR 
(101 MHz, Chloroform-d) δ 178.43, 138.47, 129.05, 127.89, 
126.86, 92.44, 89.24, 80.88, 72.52, 70.85, 70.18 67.68 (d, J 
= 12.6 Hz), 66.55, 65.06 (d, J = 8.9 Hz), 60.31, 57.98, 45.20, 
38.32, 24.53. HRMS(ESI) Calcd for C24H29F6FeN3OS+H 
(M+H)+: 464.1459, Found: 464.1452. 
3c, 86% yield; yellow crystals; 1H NMR (400 MHz, 
Chloroform-d) δ 8.84 (s, 1H), 7.72 – 7.67 (m, 1H), 7.56 (d, J 
= 7.6 Hz, 2H), 7.44 (t, J = 7.5 Hz, 2H), 7.35 (t, J = 7.3 Hz, 
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1H), 5.85 (s, 1H), 4.23 (ddd, J = 15.1, 9.1, 4.7 Hz, 3H), 4.11 
(s, 1H), 3.98 (s, 1H), 3.91 (t, J = 2.6 Hz, 1H), 3.85 (d, J = 
3.0 Hz, 1H), 3.63 (s, 1H), 3.49 (s, 1H), 2.65 – 2.42 (m, 4H), 
2.30 (s, 6H), 2.16 – 2.00 (m, 1H), 1.83 (t, J = 13.5 Hz, 
1H).13C NMR (101 MHz, Chloroform-d) δ 178.31, 138.79, 
129.11, 128.30, 127.57, 92.68, 88.91, 80.50, 72.24, 70.29 (d, 
J = 23.5 Hz), 67.69, 67.43, 65.66, 65.04, 60.32, 57.71, 45.13. 
HRMS(ESI) Calcd for C24H29F6FeN3OS+H (M+H)+: 
464.1459, Found: 464.1446. 
General procedure for asymmetric Michael addition 
The catalyst 3a(5.55 mg, 0.01 mmol) was added to a vial 
containing 2,4-pentanedione (0.4 mmol) and nitroolefin (0.2 
mmol) in 1 mL of dried toluene. After 48 hours of stirring at 
room temperature, TLC analysis indicated completion of the 
reaction. The reaction mixture wasconcentrated and purified 
by column chromatography to afford the Michael addition 
products 11a-11p. Spectral data match those previously 
reported16. 
(S)-3-(2-Nitro-1-phenyl-ethyl)-pentane-2,4-dione(11a), 
white solid, 85%yield, 86% ee.1H NMR (400 MHz, 
Chloroform-d)δ7.35 – 7.29 (m, 3H), 7.19 (d, J = 7.2 Hz, 
2H), 4.68 – 4.59 (m, 2H), 4.38 (d, J = 10.8 Hz, 1H), 4.29 – 
4.21 (m, 1H), 2.29 (s, 3H), 1.94(s, 3H). ChiralpakAD-H 
column, Hex:i-Pro =90:10, 1mL/min, wavelength=210 nm. 
tr =10.6 min [major(S)-enantiomer], tr = 14.0 min [minor 
(R)-enantiomer]. 
(S)-3-[1-(2-Fluoro-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11b),white solid, 90% yield, 91%ee.1H NMR (400 
MHz, Chloroform-d) δ 7.36 – 7.29 (m, 1H), 7.19 (td, J = 7.7, 
1.9 Hz, 1H), 7.15 – 7.06 (m, 2H), 4.79 – 4.72 (m, 1H), 4.68 
– 4.62 (m, 1H), 4.50 (q, J = 3.3, 2.8 Hz, 2H), 2.32 (s, 3H), 
2.04 (s, 3H).Chiralpak AD-H column, Hex:i-Pro =95:5, 
1mL/min, wavelength=210 nm. tr =15.0min [major(S)-
enantiomer], tr = 17.5min [minor(R)-enantiomer]. 
(S)-3-[1-(2-Chloro-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11c), White solid, 89% yield, 97% ee.1H NMR (400 
MHz, Chloroform-d) δ 7.49 – 7.44 (m, 1H), 7.31 – 7.25 (m, 
2H), 7.20 – 7.15 (m, 1H), 4.86 (dd, J = 12.2, 6.6 Hz, 1H), 
4.77 (ddd, J = 10.4, 6.6, 3.9 Hz, 1H), 4.68 (dd, J = 12.2, 4.0 
Hz, 1H), 4.62 (d, J = 10.0 Hz, 1H), 2.31 (s, 3H), 2.06 (s, 
3H).ChiralpakAD-H column, Hex:i-Pro =98:2, 1mL/min, 
wavelength=210nm.tr=16.1 min [major(S)-enantiomer], tr = 
17.6min [minor(R)-enantiomer]. 
(S)-3-[1-(2-Bromo-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11d),white solid, 88% yield, 99% ee.1H NMR (400 
MHz, Chloroform-d) δ7.65 (d, J = 7.9 Hz, 1H), 7.32 (td, J = 
7.5, 1.1 Hz, 1H), 7.23 – 7.14 (m, 2H), 4.86 (dd, J = 12.0, 6.4 
Hz, 1H), 4.79 – 4.73 (m, 1H), 4.69 (dd, J = 12.2, 3.8 Hz, 
1H), 4.63 (d, J = 9.8 Hz, 1H), 2.31 (s, 3H), 2.06 (s, 3H). 
Chiralpak AD-H column, Hex:i-Pro =98:2, 1mL/min, 
wavelength=210 nm. tr =20.7 min [major(S)-enantiomer], tr 
= 22.1 min [minor(R)-enantiomer]. 
(S)-3-[2-Nitro-1-(2-nitro-phenyl)-ethyl]-pentane-2,4-
dione(11e),white solid, 67% yield, 91% ee.1H NMR (400 
MHz, Chloroform-d) δ 7.96 (dd, J = 8.1, 1.4 Hz, 1H), 7.64 – 
7.48 (m, 2H), 7.38 (dd, J = 7.8, 1.4 Hz, 1H), 5.00 (dd, J = 
13.4, 7.1 Hz, 1H), 4.86 (dd, J = 13.4, 3.7 Hz, 1H), 4.79 – 
4.66 (m, 2H), 2.33 (s, 3H), 2.15 (s, 3H).Chiralpak AD-H 
column, Hex:i-Pro =98:2, 1mL/min, wavelength=210 nm. tr 

= 42.0min [major(S)-enantiomer], tr = 45.6min [minor(R)-
enantiomer]. 
(S)-3-[1-(2,3-Dichloro-phenyl)-2-nitro-ethyl]-pentane-
2,4-dione(11f),colorless oil, 95% yield, 87% ee.1H NMR 
(400 MHz, Chloroform-d) δ 7.46 (dd, J = 8.0, 1.5 Hz, 1H), 
7.21 (t, J = 7.9 Hz, 1H), 7.09 (dd, J = 7.9, 1.5 Hz, 1H), 4.91 
– 4.77 (m, 2H), 4.69 (dd, J = 12.0, 3.4 Hz, 1H), 4.60 (d, J = 
9.4 Hz, 1H), 2.32 (s, 3H), 2.09 (s, 3H).Chiralpak AD-H 
column, Hex:i-Pro =99.5:0.5, 0.6mL/min, wavelength=210 
nm. tr = 52.2min [major(S)-enantiomer], tr = 59.0min 
[minor(R)-enantiomer]. 
(S)-3-[1-(3-Bromo-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11g),white solid, 86% yield, 89% ee.1H NMR (400 
MHz, Chloroform-d) δ 7.45 (ddq, J = 8.0, 2.3, 1.2 Hz, 1H), 
7.38 (t, J = 1.8 Hz, 1H), 7.23 (t, J = 7.8 Hz, 1H), 7.14 (dt, J 
= 7.9, 1.3 Hz, 1H), 4.70 – 4.58 (m, 2H), 4.36 (d, J = 10.6 Hz, 
1H), 4.23 (ddd, J = 10.7, 7.6, 4.9 Hz, 1H), 2.32 (s, 1H), 2.02 
(s, 2H).Chiralpak AD-H column, Hex:i-Pro=98:2, 1mL/min, 
wavelength=210 nm. tr =22.9min [major(S)-enantiomer], tr = 
25.8min [minor(R)-enantiomer]. 
(S)-3-[1-(3-Methoxy-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11h),yellow oil, 86% yield, 95%ee.1H NMR (400 
MHz, Chloroform-d) δ 7.29 – 7.20 (m, 1H), 6.86 – 6.76 (m, 
1H), 6.73 (d, J = 2.2 Hz, 1H), 4.71 – 4.57 (m, 2H), 4.39 (dd, 
J = 10.7, 1.7 Hz, 1H), 4.28 – 4.16 (m, 1H), 3.80 (d, J = 1.7 
Hz, 3H), 2.32 (d, J = 1.7 Hz, 3H), 1.99 (d, J = 1.7 Hz, 
3H).ChiralpakAD-H column, Hex:i-Pro =90:10, 1mL/min, 
wavelength=210 nm. tr =12.5 min [major(S)-enantiomer], tr 
= 16.2min [minor(R)-enantiomer]. 
(S)-3-[1-(3,5-Dichloro-phenyl)-2-nitro-ethyl]-pentane-
2,4-dione(11i),colorless oil, 87%yield, 80% ee.1H NMR 
(400 MHz, Chloroform-d) δ 7.33 (t, J = 1.8 Hz, 1H), 7.12 (d, 
J = 1.8 Hz, 2H), 4.70 – 4.58 (m, 2H), 4.34 (d, J = 10.4 Hz, 
1H), 4.22 (ddd, J = 10.4, 7.6, 4.8 Hz, 1H), 2.33 (s, 3H), 2.09 
(s, 3H).Chiralpak AD-H column, Hex:i-Pro=95:5, 1mL/min, 
wavelength=210nm. tr=12.6min [major(S)-enantiomer], tr = 
14.9min [minor(R)-enantiomer]. 
(S)-3-[1-(4-Fluoro-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11j), white solid, 78% yield, 90% ee.1H NMR (400 
MHz, Chloroform-d) δ 7.23 – 7.16 (m, 2H), 7.09 – 7.01 (m, 
2H), 4.66 – 4.60 (m, 2H), 4.36 (d, J = 10.8 Hz, 1H), 4.30 – 
4.22 (m, 1H), 2.32 (s, 3H), 1.99 (s, 3H).Chiralpak AD-H 
column, Hex:i-Pro =85:15, 1mL/min, wavelength=210 nm. 
tr =9.8min [major(S)-enantiomer], tr = 18.0min [minor(R)-
enantiomer]. 
(S)-3-[1-(4-Chloro-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11k),white solid, 85% yield, 87% ee.1H NMR (400 
MHz, Chloroform-d) δ 7.36 – 7.30 (m, 2H), 7.19 – 7.13 (m, 
2H), 4.68 – 4.59 (m, 2H), 4.35 (d, J = 10.7 Hz, 1H), 4.29 – 
4.20 (m, 1H), 2.32 (s, 3H), 2.00 (s, 3H).Chiralpak AD-H 
column, Hex:i-Pro =80:20, 1mL/min, wavelength=210 nm. 
tr =8.5min [major(S)-enantiomer], tr = 20.8min [minor(R)-
enantiomer]. 
(S)-3-[1-(4-Bromo-phenyl)-2-nitro-ethyl]-pentane-2,4-
dione(11l),white solid, 82% yield, 93%ee.1H NMR (400 
MHz, Chloroform-d) δ 7.52 – 7.44 (m, 2H), 7.12 – 7.06 (m, 
2H), 4.68 – 4.57 (m, 2H), 4.35 (d, J = 10.7 Hz, 1H), 4.23 
(ddd, J = 10.7, 7.4, 5.2 Hz, 1H), 2.32 (s, 3H), 2.00 (s, 3H). 
Chiralpak AD-H column, Hex:i-Pro =80:20, 1mL/min, 
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wavelength=210 nm. tr =9.1min [major(S)-enantiomer], tr 

= 26.7min [minor(R)-enantiomer]. 
(S)-3-(2-Nitro-1-p-tolyl-ethyl)-pentane-2,4-
dione(11m),white solid, 78% yield, 94% ee.1H NMR (400 
MHz, Chloroform-d) δ 7.15 (d, J = 7.9 Hz, 2H), 7.08 (d, J = 
8.1 Hz, 2H), 4.67 – 4.57 (m, 2H), 4.38 (d, J = 10.8 Hz, 1H), 
4.22 (ddd, J = 10.9, 7.6, 5.1 Hz, 1H), 2.32 (d, J = 4.4 Hz, 
6H), 1.96 (s, 3H).Chiralpak AD-H column, Hex:i-Pro 
=90:10, 1mL/min, wavelength=210 nm. tr =10.1min 
[major(S)-enantiomer], tr = 16.2min [minor(R)-enantiomer]. 
(S)-3-(1-Naphthalen-1-yl-2-nitro-ethyl)-pentane-2,4-
dione(11n),yellow solid, 80% yield, 91%ee.1H NMR (400 
MHz, Chloroform-d) δ 8.20 (d, J = 8.6 Hz, 1H), 7.95 – 7.88 
(m, 1H), 7.84 (d, J = 8.2 Hz, 1H), 7.67 (ddd, J = 8.5, 6.9, 1.4 
Hz, 1H), 7.58 (ddd, J = 8.0, 6.8, 1.1 Hz, 1H), 7.44 (dd, J = 
8.2, 7.3 Hz, 1H), 7.30 (d, J = 9.1 Hz, 1H), 5.22 (dd, J = 10.5, 
5.4 Hz, 1H), 4.84 (dd, J = 12.2, 6.5 Hz, 1H), 4.79 – 4.68 (m, 
2H), 2.35 (s, 3H), 1.90 (s, 3H).Chiralpak AD-H column, 

Hex:i-Pro =99:1, 1mL/min, wavelength=210nm. tr=33.9min 
[major(S)-enantiomer], tr = 35.6min [minor(R)-enantiomer]. 
(S)-3-(1-Naphthalen-2-yl-2-nitro-ethyl)-pentane-2,4-
dione(11o),light yellow solid, 82% yield, 90%ee.1H NMR 
(400 MHz, Chloroform-d) δ 7.88 – 7.77 (m, 3H), 7.67 (d, J 
= 1.8 Hz, 1H), 7.57 – 7.47 (m, 2H), 7.32 (dd, J = 8.5, 2.0 Hz, 
1H), 4.81 – 4.68 (m, 2H), 4.52 (d, J = 10.7 Hz, 1H), 4.44 
(ddd, J = 10.7, 7.9, 4.4 Hz, 1H), 2.35 (s, 3H), 1.97 (s, 
3H).Chiralpak AD-H column, Hex:i-Pro =90:10, 1mL/min, 
wavelength=210nm.tr =16.0min [major(S)-enantiomer], tr = 
20.3min [minor(R)-enantiomer]. 
(R)-3-(1-Furan-2-yl-2-nitro-ethyl)-pentane-2,4-
dione(11p),colorless oil, 90% yield, 92% ee.1H NMR (400 
MHz, Chloroform-d) δ 7.38 (dd, J = 1.9, 0.8 Hz, 1H), 6.32 
(dd, J = 3.4, 1.9 Hz, 1H), 6.20 (d, J = 3.3 Hz, 1H), 4.68 (d, J 
= 5.5 Hz, 2H), 4.44 – 4.33 (m, 2H), 2.30 (s, 3H), 2.10 (s, 
3H).Chiralpak AD-H column, Hex:i-Pro =90:10, 1mL/min, 
wavelength=210 nm. tr =11.1min [major(R)-enantiomer], tr= 
13.1min [minor(S)-enantiomer]. 
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