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enantioselective Michael addition of cyclohexanone to nitroalkenes
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Abstract—A novel class of pyrrolidine–pyridinium based organocatalysts has been developed and demonstrated to efficiently catalyze the
asymmetric Michael addition reactions of unmodified cyclohexanone to nitroalkenes in the ionic liquid BMImBF4 with up to 95% yield
and nearly 100% ee. The catalytic system could be reused for four times and still retained high enantioselectivity. X-ray crystallographic
analysis results suggested that a sterically hindered pyridinium moiety on the catalyst played an important role in the chiral induction.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Michael addition reactions play an important role in C–C
bond forming reactions in organic synthesis. The develop-
ment of efficient methods for the asymmetric Michael addi-
tion is one of the significant goals in asymmetric synthesis.1

One of the valuable Michael addition reactions is the
conjugate addition of a carbon nucleophile to an electron
deficient nitroalkene, which is a potentially useful building
block in organic synthesis.1a,2 Since the versatile nitro
functionality can be easily transformed into an amine, ni-
trile oxide, ketone, carboxylic acid, hydrogen, etc., great ef-
forts have been made to improve the diastereoselectivity
and enantioselectivity of the process over the last few
years.1,3

With the development of environmentally friendly organic
reactions, asymmetric organocatalysis has emerged as a
new field in organic synthesis, due to the great advantages
of organocatalysts.4 Accordingly, more and more attention
has been paid to organocatalytic asymmetric Michael addi-
tion reactions, although metal-complex-mediated processes
afford Michael adducts in high yield with good enantio-
meric excess.3 Since List5a and Barbas5b reported the enan-
tioselective Michael additions of unmodified ketones using
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LL-proline and (S)-1-(2-pyrrolidinylmethyl)-pyrrolidine as
organocatalysts, respectively, some new chiral pyrrol-
idine-type amines have been developed for promoting the
efficiency of the process.6 The pyrrolidine portion of these
chiral amines is regarded as a unique backbone for the
asymmetric catalysis that facilitates enamine- and imine-
based transformations from ketone precursors. Recently,
with the development of task specific ionic liquids, there
have been reports concerning ionic-liquid-functionalized
pyrrolidine-type amines as highly efficient asymmetric
organocatalysts.7 In these types of chiral amines, the pyr-
rolidine portion is conjugated to the imidazolium-type io-
nic liquids, so that the former can serve as a catalytic site
and the latter as both the phase tag and a chiral-induction
group. In our own work, such types of chiral amines have
also been designed and applied successfully in chiral
discrimination and asymmetric Michael addition to nitro-
alkenes, in which the pyrrolidine–imidazolium conjugates
as organocatalysts combined with ionic liquids (ILs) as
reaction media presented a synergistic effect in the improve-
ment of reaction performance of reactivity, enantioselectiv-
ity, and recyclability.8 As part of a program aimed at
developing new organocatalysts for asymmetric organic
transformations, we herein report the ability of our new
pyrrolidine–pyridinium conjugates in performing asym-
metric Michael addition reactions, the work of which was
encouraged by the success of chiral pyrrolidine–pyridine6a

and pyrrolidine–imidazolium7a conjugates as highly enan-
tioselective organocatalysts (Fig. 1).
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Figure 1. Favored pyrrolidine-type organocatalysts.
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2. Results and discussion

The pyrrolidine–pyridinium bromide conjugates 1–5 were
readily synthesized by treating pyridine or pyridine deriva-
tives with (S)-(+)-2-bromomethylpyrrolidine hydrobro-
mide, which was prepared, according to our previous
work, from commercially available LL-proline by reduction
with NaBH4–I2, a neutralization step and bromination
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Scheme 1. Synthesis of organocatalysts 1–5.

Table 1. Organocatalyzed direct Michael addition of cyclohexanone 6 to tran

O

+
IL/rtPh

NO2 20 mol %

6 7a

Entry Cat. IL Time (h)

1 1 BMImPF6 48
2 2 BMImPF6 48
3 3a BMImPF6 48

4 3b BMImPF6 48
5 4 BMImPF6 48
6 5 BMImPF6 48
7 1 BMImBF4 24
8 2 BMImBF4 48
9 3a BMImBF4 20

10 3b BMImBF4 20

11 4 BMImBF4 24
12 5 BMImBF4 48

a All reactions were carried out in BMImPF6 or BMImBF4 (3 mL) using 6 (2
b Isolated yield.
c Determined by GC–MS.
d Determined by chiral HPLC analysis with CD detector (Daicel Chiralpak A
with PBr3 successively.8 Anion metathesis of 3a with
KPF6 afforded 3b (Scheme 1).

Based upon our previous work, we initially used these
organocatalysts 1–5 for the direct asymmetric Michael
addition of cyclohexanone 6 to trans-b-nitrostyrene 7a to
afford the Michael adduct 8a using ILs BMImPF6 and
BMImBF4 as reaction media, respectively. As shown in Ta-
ble 1, organocatalysts 1–5 were indeed able to catalyze the
transformation in ILs, but the activity and enantioselectiv-
ity differed significantly. Catalysts 1–2 and 4–5 gave only
poor to moderate results in either ILs (entries 1, 2, 5–8,
and 11, 12). While catalyst 3b still exhibited a poor perfor-
mance in BMImPF6, the use of BMImBF4 led to a signif-
icant improvement in both activity and enantioselectivity
with 95% yield and 93% ee value obtained after 20 h
(entries 4 and 10). Compound 3a was a powerful catalyst,
providing the desired adducts with a high degree of diaste-
reo- and enantiocontrol in either ILs (entries 3 and 9).

Using pyrrolidine–pyridinium conjugate 3a as a catalyst, a
series of different solvents were screened at room tempera-
ture. As evident in Table 2, the reaction yield and enanti-
oselectivity varied significantly in the solvents screened.
In general, reactions in traditional solvents were sluggish
(48 h) with poor enantioselectivities (0–59%) (entries 1–7)
while the use of the substrate cyclohexanone as a solvent
led to 91% yield and 63% ee value after 48 h (entry 8).
Interestingly, regardless of the solvents used, the reactions
exhibited high diastereoselectivity with values in the range
of 90/10–96/4. To our delight, decreasing the amount of 3a
from 20 mol % to 10 mol % did not affect the reaction per-
formance in BMImBF4, while further decreasing to
5 mol % still did not affect the diastereoselectivity and
enantioselectivity of 8a, but reduced the chemical yield
(entries 9 and 10). Therefore, the use of 10 mol % of cata-
lyst 3a was optimal to ensure high reaction efficiency (94%
yield and 99% ee). In addition, the observation indicated
s-b-nitrostyrene 7a in ILsa

NO2

PhO
 cat.

8a

Yieldb (%) drc (syn/anti) eed (%)

93 91/9 28
19 91/9 7
88 96/4 95

90 90/10 41
74 91/9 8
8 91/9 23

94 90/10 68
80 91/9 4
95 93/7 99

95 96/4 93

92 91/9 17
92 91/9 52

mmol) and 7a (1 mmol) in the presence of 20 mol % of 1–5.

S-H, hexane/2-propanol = 85/15).



Table 2. Solvent effect for organocatalyzed direct Michael addition reactionsa

O

+
NO2

PhO

Ph

NO2
20 mol % 3a

6 7a 8a

solvent/rt

Entry Solvent Time (h) Yieldb (%) drc (syn/anti) eed (%)

1 2-PrOH 48 55 93/7 6
2 MeOH 48 94 92/8 0
3 CH3CN 48 55 90/10 28
4 C6H5CH3 48 95 92/8 31
5 CH2Cl2 48 94 92/8 59
6 THF 48 27 93/7 27
7 DMSO 48 37 91/9 24
8 Neate 48 91 90/10 63
9 BMImBF4

f 20 94 94/6 99

10 BMImBF4
g 20 50 93/7 97

a Unless otherwise noted, all reactions were carried out in solvent (3 mL) using 6 (2 mmol) and 7a (1 mmol) in the presence of 20 mol % of 3a.
b Isolated yield.
c Determined by GC–MS.
d Determined by chiral HPLC analysis with CD detector (Daicel Chiralpak AS-H, hexane/2-propanol = 85/15).
e 10 equiv of cyclohexanone was used.
f 10 mol % of 3a was used.
g 5 mol % of 3a was used.
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that the catalytic system of pyrrolidine–pyridinium conju-
gate combined with ionic liquid media presented a synergis-
tic effect in the improvement of the organocatalytic
transformation, in which the ionic medium might play an
important role in stabilizing the formed iminium-ion tran-
Table 3. Michael addition of 6 to 7 catalyzed by 3a or 3b in BMImBF4
a

O

+
R

NO2

6 7

10 mol %

BMImB
20h

Entry Cat. Product R

1 3a 8a C6H5

2 3b

3 3a 8b o-MeO–C6H4

4 3b

5 3a 8c m-MeO–C6H4

6 3b

7 3a 8d p-MeO–C6H4

8 3b

9 3a 8e p-Me–C6H4

10 3b

11 3b 8f p-Cl–C6H4

12 3b 8g o-Br–C6H4

13 3b 8h m-Br–C6H4

14 3a 8i p-CF3–C6H4

15 3a 8j o-NO2–C6H4

16 3b 8k 2-Naphthyl
17 3a 8l 2-Furanyl
18 3b

19 3b 8m 2-Thioanyl

a All reactions were carried out in BMImBF4 (3 mL) using 6 (2 mmol) and 7
b Isolated yield.
c Determined by GC analyses.
d Determined by chiral HPLC analysis with CD detector (Daicel Chiralpak A
sition state, and further 3a/BMImBF4 was superior to 3a/
BMImPF6. On the other hand, it was noted that acids were
not needed in this catalytic system, while it was usually
essential to apply Brønsted acids as co-catalysts to improve
the chiral amine catalyzed asymmetric Michael additions.6
NO2

RO

8

 cat.

F4/rt

Yieldb (%) drc (syn/anti) eed (%)

94 94/6 99
95 96/4 93
95 95/5 82
95 96/4 97
93 95/5 92
95 93/7 93
95 92/8 �100
95 94/6 93
94 94/6 87
94 95/5 98
95 95/5 83
95 96/4 81
94 92/8 82
93 95/5 84
93 95/5 77
95 93/7 82
95 90/10 87
95 91/9 91
95 92/8 75

(1 mmol) in the presence of 10 mol % of catalyst.

S-H, hexane/2-propanol = 85/15).
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Scheme 2. Proposed transition state.
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Encouraged by the above results, the asymmetric addition
reactions of cyclohexanone to trans-b-nitroalkenes pro-
moted by 10 mol % of catalysts 3a and/or 3b were carried
out in BMImBF4 at room temperature with the results
summarized in Table 3. While the introduction of elec-
tron-donating (OCH3 and CH3) or electron-withdrawing
(Cl, Br, CF3, and NO2) groups on the benzene ring of
the trans-b-nitrostyrene slightly influenced enantioselectiv-
ities, the Michael adducts were all formed in excellent
yields (93–95%) and good diastereoselectivities (92/8–96/
4) without any side products observed (entries 3–15). The
O- and S-heteroaromatic nitroalkenes were also suitable
substrates as Michael acceptors (entries 17–19).

One noteworthy feature of the present study was the recy-
clability of the organoncatalyst, as well as the reaction
media. The 3a/BMImBF4 system could be repeatedly used
for four consecutive runs for the addition of 6 to 7a (Table
4). In each reuse, the organocatalyst retained its high activ-
ity and high levels of enantioselectivities (96–99% ee) and
diastereoselectivity (94/6) despite some degree of loss of
the yields observed in entries 2–4.
Table 4. Recycling study of Michael reaction organocatalyzed by 3aa

6 7a 8a

O

+
NO2

PhO

Ph

NO2 10 mol %  3a

BMImBF4/rt

Recycle Time (h) Yieldb (%) drc (syn/anti) eed (%)

20 94 94/6 99
1 24 94 94/6 99
2 24 92 94/6 99
3 24 90 94/6 97
4 24 90 94/6 96

a All reactions were carried out in BMImBF4 (3 mL) using 6 (2 mmol) and
7a (1 mmol) in the presence of 10 mol % of 3a.

b Isolated yield.
c Determined by GC–MS.
d Determined by chiral HPLC analysis with CD detector (Daicel Chir-

alpak AS-H, hexane/2-propanol = 85/15).

Figure 3. The possible enamine transition states of 2 and 3a catalyzed
Michael addition.
The Michael adduct 8a was determined to have a syn con-
figuration by X-ray crystallographic analysis.9 Therefore,
based on Seebach’s model,10 pyrrolidine–pyridinium conju-
Figure 2. X-ray crystal structures of 2 and 3a’s hydrobromide salts.
gates must catalyze a Re-face attack on 6 via an enamine
transition state, in which the Si-face was shielded by the
pyridinium moiety on the catalyst as outlined in Scheme
2. In addition, the ionic liquid BMImBF4 might play a
key role in stabilizing the formed iminium-ion transition
state, owned a greater charge density than the initial reac-
tion molecules, by operating favorable electrostatic interac-
tions, which led to the enhancement of the overall reaction
efficiency.11

To better understand the efficiency of the present model,
the relative configurations of the pyrrolidine–pyridinium
conjugates 2 and 3a were also investigated, as shown in
Figure 2, by X-ray diffraction of their hydrobromide salts.9

The results suggested that the isoquinolium-containing arm
of 3a catalyst could shield the Si-face of the enamine dou-
ble bond more completely and thus direct the Michael
acceptor approaching the less hindered Re-face more effi-
ciently than the methylpyridinium-containing arm of 2
(Fig. 3), which was quite concordant with the observed ste-
reochemistry and the obtained enantiomeric excess values
of the Michael adducts.



1792 D.-Q. Xu et al. / Tetrahedron: Asymmetry 18 (2007) 1788–1794
3. Conclusions

In conclusion, pyrrolidine–pyridinium based organocata-
lysts have been designed and readily synthesized from com-
mercially available LL-proline. The 3a/BMImBF4 catalytic
system demonstrated high enantioselectivities (75–100%
ee) and yields (93–95%) and recyclability in the Michael
addition of cyclohexanone to different aromatic nitroalk-
enes. X-ray crystallographic analysis results gave clear evi-
dence that a pyridinium-containing arm on the catalyst
played an important role in the chiral induction by shielding
the Si-face of enamine transition state and thus directing the
Michael acceptor approaching the less hindered Re-face.
Further investigations on the application of these catalysts
in asymmetric organocatalysis are currently in progress.
4. Experimental

4.1. General

All reactions were carried out directly under air. 1H NMR
and 13C NMR spectra were recorded on a Bruker ARX
400. Chemical shifts of 1H and 13C were given in d relative
to tetramethylsilane (TMS). IR spectra were obtained on a
Bruker EQUINOX 55. Electrospray ionization (ESI) mass
experiments were performed on a Finnigan LCQ Advan-
tage. ESI-HRMS spectra were obtained on a Bruker APEX
III FTICR mass spectrometer. HPLC experiments were
carried out using a JASCO LC-2000 Plus system consisting
of MD and CD detectors. GC–MS experiments were per-
formed on a Angilent 6890N gas chromatograph with a
5973N mass selective detector.

4.2. Experimental procedures

4.2.1. General procedures for the preparation of organocat-
alysts 1–5’s hydrobromide. To a stirred solution of pyri-
dine or pyridine derivatives (10 mmol) in MeCN (40 mL)
was added (S)-(+)-2-bromomethylpyrrolidine hydrobro-
mide (10 mmol) at 80 �C and the reaction mixture was stir-
red at reflux for 20 h. The solvent was removed under
reduced pressure and the residue was recrystallized from
MeOH to afford organocatalysts 1–5 hydrobromide (71–
86% yield).

A mixture of 3a (7 mmol), KPF6 (7 mmol) and 20 mL of
CH3OH/H2O was stirred at room temperature for 2 days.
Solvents of the mixture were removed under vacuum and
the residue was recrystallized from MeOH to afford a white
solid 3b (92% yield).

4.2.2. General procedures for the asymmetric Michael
addition reaction. To a stirred solution of catalyst 3a or
3b (0.1 mmol) in BMImBF4 (3 mL) at room temperature
was added cyclohexanone (2 mmol), triethylamine
(0.1 mmol) and after 15 min, nitroalkene (1 mmol). The
reaction mixture was stirred at room temperature for the
appropriate time by monitoring on GC. After completion
of the reaction, water (5 mL) was added to the reaction
mixture and the organic layer was extracted with ethyl
ether (3 · 5 mL). The combined extracts were dried over
Na2SO4 and concentrated. The residue was purified by pre-
parative TLC (hexane/CHCl3 = 4/1) to give the Michael
adduct. On the other hand, the remaining catalyst-
BMImBF4 system could be reused in subsequent reactions
after being dried under vacuum to remove water.

4.3. Spectroscopic data

4.3.1. (S)-(+)-1-Pyrrolidin-2-ylmethyl-pyridinium bromide
hydrobromide 1. 1H NMR (400 MHz, DMSO-d6, d
ppm): 9.29–9.28 (d, 4H), 8.70–8.66 (t, J = 8.0 Hz, 1H),
8.26–8.22 (t, J = 8.0 Hz, 2H), 5.09 (s, 1H), 3.80–3.67 (m,
2H), 3.38–3.35 (d, J = 11.6 Hz, 1H), 3.03–2.98 (t,
J = 11.6 Hz, 1H), 2.34–2.30 (m, 2H), 2.09–2.05 (m, 1H),
1.87–1.85 (m, 1H); 13C NMR (75 MHz, DMSO-d6, d
ppm): 147.1, 144.5, 128.8, 64.8, 45.4, 42.6, 28.7, 21.4; IR
(KBr): 3440, 2910, 2701, 2477, 1628, 1570, 1487, 1451,
1177 cm�1; MS (ESI, m/z): 162.9 [M�HBr–Br]+; HRMS
(ESI): Calcd for C10H15Nþ2 : 163.1235. Found: 163.1228.

4.3.2. (S)-(+)-2-Methyl-1-pyrrolidin-2-ylmethyl-pyridinium
bromide hydrobromide 2. 1H NMR (400 MHz, DMSO-
d6, d ppm): 9.32 (s, 2H), 9.19–9.18 (d, J = 6.4 Hz, 1H),
8.57–8.52 (t, J = 8.0 Hz, 1H), 8.14–8.12 (d, J = 8.0 Hz,
1H), 8.06–8.03 (t, J = 6.4 Hz, 1H), 5.07–5.04 (m, 2H),
4.13 (s, 1H), 3.38 (m, 1H), 3.16–3.14 (m, 1H), 2.94 (s,
3H), 2.27–2.23 (m, 1H), 2.05–2.02 (m, 1H), 1.96–1.92 (m,
1H), 1.83–1.78 (m, 1H); 13C NMR (75 MHz, DMSO-d6,
d ppm): 156.7, 146.4, 146.1, 130.8, 126.2, 58.4, 56.8, 45.1,
27.9, 22.5, 20.7; IR (KBr): 3468, 2755, 2472, 1629, 1574,
1511, 1471, 1177 cm�1; MS (ESI, m/z): 176.9 [M�HBr–
Br]+; HRMS (ESI): Calcd for C11H17Nþ2 : 177.1392. Found:
177.1390.

4.3.3. (S)-(+)-2-Pyrrolidin-2-ylmethyl-isoquinolinium bro-
mide hydrobromide 3a. 1H NMR (400 MHz, DMSO-d6,
d ppm): 10.27 (s, 1H), 9.20 (s, 2H), 8.94–8.92 (d,
J = 8.0 Hz, 1H), 8.72–8.70 (d, J = 8.0 Hz, 1H), 8.54–8.52
(d, J = 8.0 Hz, 1H), 8.42–8.40 (d, J = 8.0 Hz, 1H), 8.34–
8.30 (t, J = 8.0 Hz, 1H), 8.14–8.11 (t, J = 8.0 Hz, 1H),
5.21–5.16 (m, 2H), 4.28 (s, 1H), 3.29–3.37 (m, 1H), 3.22–
3.21 (m, 1H), 2.27–2.24 (m, 1H), 2.11–2.06 (m, 1H),
1.99–1.84 (m, 2H); 13C NMR (75 MHz, DMSO-d6, d
ppm): 151.4, 137.8, 137.7, 135.3, 131.8, 131.1, 127.7,
127.6, 126.5, 60.0, 59.9, 45.4, 27.9, 22.9; IR (KBr): 3421,
2973, 2851, 2719, 2461, 1644, 1510, 1409, 1285,
1185 cm�1; MS (ESI, m/z): 213.0 [M�HBr–Br]+; HRMS
(ESI): Calcd for C14H17Nþ2 : 213.1392. Found: 213.1388.

4.3.4. (S)-(+)-2-Pyrrolidin-2-ylmethyl-isoquinolinium hexa-
fluorophosphate hydrobromide 3b. 1H NMR (400 MHz,
DMSO-d6, d ppm): 10.17 (s, 1H), 9.08 (s, 2H), 8.87–8.85
(d, J = 8.0 Hz, 1H), 8.70–8.68 (d, J = 8.0 Hz, 1H), 8.53–
8.51 (d, J = 8.0 Hz, 1H), 8.40–8.39 (d, J = 8.0 Hz, 1H),
8.33–8.30 (t, J = 8.0 Hz, 1H), 8.14–8.10 (t, J = 8.0 Hz,
1H), 5.20–5.06 (m, 2H), 4.23 (s, 1H), 3.37–3.34 (m, 1H),
3.22–3.20 (m, 1H), 2.27–2.22 (m, 1H), 2.09–2.05 (m, 1H),
1.99–1.94 (m, 1H), 1.90–1.83 (m, 1H); 13C NMR
(75 MHz, DMSO-d6, d ppm): 151.4, 137.8, 137.7, 135.3,
131.8, 131.1, 127.7, 127.6, 126.5, 60.0, 59.9, 45.4, 27.9,
22.9; IR (KBr): 3420, 2959, 2747, 1650, 1401, 883, 841,
740, 558 cm�1; MS (ESI, m/z): 213.0 [M�HBr–Br]+, 145
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[PF6]�; HRMS (ESI): Calcd for PF�6 : 144.9642. Found:
144.9646.

4.3.5. (S)-(+)-1-Pyrrolidin-2-ylmethyl-quinolinium bromide
hydrobromide 4. 1H NMR (400 MHz, DMSO-d6, d ppm):
10.29 (s, 1H), 9.26 (s, 2H), 8.96–8.94 (d, J = 8.0 Hz, 1H),
8.72–8.70 (d, J = 8.0 Hz, 1H), 8.52–8.50 (d, J = 8.0 Hz,
1H), 8.41–8.39 (d, J = 8.0 Hz, 1H), 8.33–8.29 (t,
J = 8.0 Hz, 1H), 8.13–8.10 (t, J = 8.0 Hz, 1H), 5.22–5.19
(m, 2H), 4.30–4.28 (m, 1H), 3.38–3.34 (m, 1H), 3.22–3.19
(m, 1H), 2.29–2.22 (m, 1H), 2.11–2.04 (m, 1H), 1.98–1.83
(m, 2H); 13C NMR (75 MHz, DMSO-d6, d ppm): 151.4,
137.8, 137.7, 135.4, 131.8, 131.1, 127.7, 127.6, 126.5, 59.9,
59.8, 45.3, 28.0, 22.9; IR (KBr): 3405, 2704, 2394, 1568,
1433, 1210 cm�1; MS (ESI, m/z): 213.0 [M�HBr–Br]+;
HRMS (ESI): Calcd for C14H17Nþ2 : 213.1392. Found:
213.1388.

4.3.6. (S)-(+)-10-Pyrrolidin-2-ylmethyl-acridinium bromide
hydrobromide 5. 1H NMR (400 MHz, DMSO-d6, d ppm):
9.99 (s, 1H), 8.88–8.72 (m, 2H), 8.53–8.51 (d, J = 8.0 Hz,
2H), 8.41–8.38 (d, J = 8.0 Hz, 2H), 8.30–8.26 (t,
J = 8.0 Hz, 2H), 7.95–7.91 (t, J = 8.0 Hz, 2H), 4.48-4.43
(m, 1H), 3.59–3.56 (m, 1H), 3.29–3.15 (m, 2H), 3.00–2.98
(m, 1H), 2.23–2.20 (m, 1H), 1.94–1.85 (m, 2H), 1.75–1.71
(m, 1H); 13C NMR (75 MHz, DMSO-d6, d ppm): 148.3,
140.7, 137.4, 130.3, 128.1, 126.2, 120.8, 49.3, 44.4, 42.8,
32.6, 21.7; IR (KBr): 3429, 2995, 2897, 2705, 2415, 1638,
1583, 1467, 1398, 892, 746 cm�1; MS (ESI, m/z): 263.2
[M�HBr–Br]+; HRMS (ESI): Calcd for C18H19Nþ2 :
263.1548. Found: 263.1545.

4.3.7. 2-(2-Nitro-1-phenylethyl)cyclohexanone 8a. ee value
was determined by HPLC analysis (Daicel Chiralpak AS-
H, hexane/2-propanol = 85/15, 1.0 ml/min, 220 nm; tr(mi-
nor) = 14.32 min, tr(major) = 20.58 min); 1H NMR
(400 MHz, CDCl3, d ppm): 7.34–7.16 (m, 5H), 4.95 (dd,
J = 12.4, 4.8 Hz, 1H), 4.63 (dd, J = 12.4, 10 Hz, 1H),
3.75 (ddd, J = 10, 10, 4.8 Hz, 1H), 2.72–1.19 (m, 9H, cycl);
MS (EI): 55 (30), 77 (12), 91 (63), 104 (34), 115 (25), 141
(15), 157 (13), 171 (100), 183 (21), 200 (60), 247 (1).

4.3.8. 2-(2-Nitro-1-(2-methoxyphenyl)ethyl)cyclohexanone
8b. The ee value was determined by HPLC analysis (Dai-
cel Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/
min, 220 nm; tr(minor) = 11.35 min, tr(major) = 14.90 -
min); 1H NMR (400 MHz, CDCl3, d ppm): 7.24 (dd,
J = 8.4, 7.6 Hz, 1H), 7.08 (d, J = 7.6 Hz, 1H), 6.88 (t,
J = 8.4 Hz, 2H), 4.88–4.80 (m, 2H), 3.95 (dt, J = 9.2,
4.9 Hz, 1H), 3.84 (s, 3H), 3.01–2.94 (m, 1H), 2.49–2.35
(m, 2H), 2.09–2.05 (m, 1H), 1.79–1.56 (m, 4H), 1.25–1.16
(m, 1H); MS (EI): 55 (11), 77 (17), 91 (15), 105 (11), 121
(60), 134 (54), 145 (10), 159 (12), 171 (9), 187 (7), 201
(100), 213 (6), 230 (51), 277 (10).

4.3.9. 2-(2-Nitro-1-(3-methoxyphenyl)ethyl)cyclohexanone
8c. The ee value was determined by HPLC analysis (Daicel
Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/min,
220 nm; tr(minor) = 12.75 min, tr(major) = 25.90 min); 1H
NMR (400 MHz, CDCl3, d ppm): 7.25 (t, J = 8.0 Hz, 1H),
6.79 (d, J = 8.0 Hz, 1H), 6.75 (d, J = 8.0 Hz, 1H), 6.71 (s,
1H), 4.92 (dd, J = 12.0, 4.0 Hz, 1H), 4.62 (dd, J = 12.0,
10.4 Hz, 1H), 3.79 (s, 3H), 3.77–3.70 (m, 1H), 2.70–2.62
(m, 1H), 2.49–2.35 (m, 2H), 2.10–2.07 (m, 1H), 1.81–1.55
(m, 4H), 1.27–1.21 (m, 1H); MS (EI): 55 (5), 77 (16), 91
(26), 103 (14), 121 (39), 134 (27), 147 (11), 159 (18), 171
(10), 187 (14), 201 (100), 213 (33), 230 (38), 277 (19).

4.3.10. 2-(2-Nitro-1-(4-methoxyphenyl)ethyl)cyclohexanone
8d. The ee value was determined by HPLC analysis (Daicel
Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/min,
220 nm; tr(minor) = 18.76 min, tr(major) = 20.07 min); 1H
NMR (400 MHz, CDCl3, d ppm): 7.09 (d, J = 6.7 Hz, 2H),
6.85 (d, J = 6.7 Hz, 2H), 4.90 (dd, J = 12.4, 4.6 Hz, 1H),
4.58 (dd, J = 12.4, 9.6 Hz, 1H), 3.78 (s, 3H), 3.71 (ddd,
J = 9.6, 9.6, 4.6 Hz, 1H), 2.72–2.60 (m, 1H), 2.50–2.31 (m,
2H), 2.11–2.02 (m, 1H), 1.77–1.64 (m, 4H), 1.27–1.15 (m,
1H); MS (EI): 55 (4), 77 (6), 91 (14), 103 (5), 121 (39), 134
(74), 147 (6), 176 (5), 187 (7), 201 (100), 213 (6), 230 (54),
277 (3).

4.3.11. 2-(2-Nitro-1-(4-methylphenyl)ethyl)cyclohexanone
8e. The ee value was determined by HPLC analysis (Dai-
cel Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/
min, 220 nm; tr(minor) = 8.56 min, tr(major) = 13.33 min);
1H NMR (400 MHz, CDCl3, d ppm): 7.12 (d, J = 8.4 Hz,
2H), 7.04 (d, J = 8.4 Hz, 2H), 4.91 (dd, J = 12, 4.8 Hz,
1H), 4.60 (dd, J = 12, 10 Hz, 1H), 3.75–3.69 (ddd,
J = 10, 10, 4.8 Hz, 1H), 2.70–2.63 (m, 1H), 2.50–2.35 (m,
2H), 2.33 (s, 3H), 2.10–2.04 (m, 1H), 1.79–1.52 (m, 4H),
1.28–1.18 (m, 1H); MS (EI): 55 (6), 77 (7), 91 (17), 105
(47), 118 (36), 129 (16), 147 (13), 155 (11), 171 (11), 185
(100), 197 (13), 214 (53).

4.3.12. 2-(2-Nitro-1-(4-chlorophenyl)ethyl)cyclohexanone
8f. The ee value was determined by HPLC analysis (Daicel
Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/min,
220 nm; tr(minor) = 11.18 min, tr(major) = 17.47 min); 1H
NMR (400 MHz, CDCl3, dppm): 7.34 (d, J = 8.4 Hz, 2H),
7.15 (d, J = 8.4 Hz, 2H), 4.93 (dd, J = 12.4, 4.4 Hz, 1H),
4.61 (dd, J = 12.4, 10 Hz, 1H), 3.75 (ddd, J = 10, 10,
4.4 Hz, 1H), 2.67–2.63 (m, 1H), 2.50–2.34 (m, 2H), 2.10–
2.08 (m, 1H), 1.82–1.61 (m, 4H), 1.30–1.19 (m, 1H); MS
(EI): 55 (13), 77 (10), 89 (7), 103 (16), 115 (23), 125 (57),
138 (37), 151 (11), 165 (12), 175 (7), 182 (8), 191 (13), 205
(100), 217 (14), 234 (50).

4.3.13. 2-(2-Nitro-1-(2-bromophenyl)ethyl)cyclohexanone
8g. The ee value was determined by HPLC analysis (Daicel
Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/min,
220 nm; tr(minor) = 10.54 min, tr(major) = 13.67 min); 1H
NMR (400 MHz, CDCl3, d ppm): 7.47 (dd, J = 8.1,
1.2 Hz, 1H), 7.23–7.13 (m, 2H), 7.06–7.00 (m, 1H), 4.87–
4.73 (m, 2H), 4.30–4.22 (m, 1H), 2.78 (m, 1H), 2.38–2.28
(m, 2H), 2.03–1.97 (m, 1H), 1.72–1.45 (m, 4H), 1.30–1.26
(m, 1H); MS (EI): 55 (14), 67 (5), 77 (14), 91 (7), 103 (16),
115 (26), 128 (23), 141 (8), 155 (7), 171 (24), 185 (96), 199
(18), 246 (100).

4.3.14. 2-(2-Nitro-1-(3-bromophenyl)ethyl)cyclohexanone
8h. The ee value was determined by HPLC analysis (Daicel
Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/min,
220 nm; tr(minor) = 12.22 min, tr(major) = 21.42 min); 1H
NMR (400 MHz, CDCl3, d ppm): 7.27 (s, 1H), 7.19 (d,
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J = 8.0 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 4.95 (dd, J = 12.8,
4.8 Hz, 1H), 4.62 (dd, J = 12.8, 10 Hz, 1H), 3.77–3.72 (m,
1H), 2.75–1.20 (m, 9H, cycl); MS (EI): 55 (33), 67 (13), 71
(32), 90 (13), 103 (29), 115 (58), 129 (56), 143 (21), 156
(20), 170 (44), 182 (89), 195 (6), 209 (10), 221 (5), 235 (12),
249 (99), 251 (100), 263 (15), 280 (62).

4.3.15. 2-(2-Nitro-1-(4-trifluolomethylphenyl)ethyl)cyclohex-
anone 8i. The ee value was determined by HPLC analy-
sis (Daicel Chiralpak AS-H, hexane/2-propanol =
85/15, 1.0 ml/min, 220 nm; tr(minor) = 8.17 min, tr(ma-
jor) = 11.75 min); 1H NMR (400 MHz, CDCl3, d ppm):
8.31 (d, J = 8.8 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 4.99
(m, 1H), 4.66 (m, 1H), 3.98 (m, 1H), 2.70–1.25 (m, 9H,
cycl); MS (EI): 55 (30), 69 (12), 81 (8), 103 (8), 115 (15),
129 (17), 151 (14), 159 (68), 173 (35), 185 (24), 199 (16),
209 (15), 225 (19), 239 (100), 251 (34), 268 (53).

4.3.16. 2-(2-Nitro-1-(2-nitrophenyl)ethyl)cyclohexanone
8j. The ee value was determined by HPLC analysis (Daicel
Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/min,
220 nm; tr(minor) = 25.38 min, tr(major) = 30.43 min); 1H
NMR (400 MHz, CDCl3, d ppm): 7.90–7.84 (m, 1H),
7.65–7.54 (m, 1H), 7.47–7.38 (m, 2H), 4.95–4.93 (m, 1H),
4.35–4.30 (m, 1H), 4.13–4.09 (m, 1H), 2.66–1.24 (m, 9H,
cycl); MS (EI): 55 (49), 67 (22), 77 (41), 91 (31), 104 (20),
115 (39), 130 (36), 144 (19), 156 (17), 168 (13), 185 (91),
200 (20), 246 (100).

4.3.17. 2-(2-Nitro-1-(2-naphthyl)ethyl)cyclohexanone
8k. The ee value was determined by HPLC analysis (Dai-
cel Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/
min; tr(minor) = 17.77 min, tr(major) = 33.86 min); 1H
NMR (400 MHz, CDCl3, d ppm): 7.82–7.27 (m, 7H),
5.01 (dd, J = 12.4, 4.4 Hz, 1H), 4.73 (t, J = 12.4 Hz, 1H),
3.93 (ddd, J = 10, 10, 4.4 Hz, 1H), 2.78–1.19 (m, 9H, cycl);
MS (EI): 55 (16), 73 (16), 81 (25), 115 (16), 128 (17), 141
(52), 154 (53), 165 (39), 179 (28), 191 (15), 207 (46), 221
(100), 250 (43), 281 (21), 297 (10).

4.3.18. 2-(2-Nitro-1-(furan-2-yl)ethyl)cyclohexanone
8l. The ee value was determined by HPLC analysis (Daicel
Chiralpak AS-H, hexane/2-propanol = 85/15, 1.0 ml/min,
220 nm; tr(minor) = 10.13 min, tr(major) = 17.07 min); 1H
NMR (400 MHz, CDCl3, d ppm): 7.34 (s, 1H), 6.29 (s,
1H), 6.18 (s, 1H), 4.80 (dd, J = 12.4, 4.8 Hz, 1H), 4.67
(dd, J = 12.4, 9.6 Hz, 1H), 3.98 (ddd, J = 9.6, 9.6, 4.8 Hz,
1H), 2.79–1.25 (m, 9H, cycl); MS (EI): 55 (11), 65 (9), 77
(14), 81 (29), 91 (15), 94 (33), 108 (10), 121 (9), 134 (9),
147 (14), 161 (100), 190 (63), 237 (1).

4.3.19. 2-(2-Nitro-1-(thioan-2-yl)ethyl)cyclohexanone
8m. The ee value was determined by HPLC analysis
(Daicel Chiralpak AS-H, hexane/2-propanol = 85/15,
1.0 ml/min, 220 nm; tr(minor) = 12.50 min, tr(major) =
16.10 min); 1H NMR (400 MHz, CDCl3, d ppm): 7.23–
7.21 (m, 1H), 6.95–6.91 (m, 2H), 4.89 (dd, J = 12.0,
4.4 Hz, 1H), 4.65 (dd, J = 12.0, 8.8 Hz, 1H), 4.13 (ddd,
J = 8.8, 8.8, 4.4 Hz, 1H), 2.79–1.28 (m, 9H, cycl); MS
(EI): 55 (10), 65 (9), 77 (10), 97 (50), 110 (50), 123 (15),
135 (16), 150 (10), 163 (14), 177 (100), 189 (4), 206 (70).
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