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Perhydroindolic acids, the by-products obtained in the industrial production of a trandolapril intermediate,
were used as chiral organocatalysts in asymmetric Michael addition reactions of aldehydes to nitroolefins.
These proline-like catalysts are unique for their rigid bicyclic structure with two H atoms attached to the
bridgehead C atoms lying on the opposite side of the ring. They therefore showed high efficiency in
asymmetric Michael additions of aldehydes to nitroolefins. Under the optimal conditions, excellent
diastereo- and enantioselectivities (up to 99/1 dr and 98% ee) were obtained with high chemical yields for
a series of aldehydes and nitroolefins using only 5 mol% catalyst loading. The methodology features
easily available catalysts, high catalytic efficiency and environmentally green procedures.

Introduction

Asymmetric Michael additions as a practical and atom-economic
strategy to construct carbon—carbon bonds have drawn much
attention for decades.! Specifically, the organocatalytic Michael
addition of an aldehyde to a nitroalkene is deemed to be one of
the most important reactions due to the crucial role of nitroalk-
anes in organic synthesis."> In 2001, Barbas first reported the
asymmetric Michael addition, by using proline derivatives as cat-
alysts with up to 78% ee, however, when using L-proline and
trans-4-hydroxyl-L-proline only 25% ee was obtained (Fig. 1).
After that, the amine-catalyzed Michael addition (named the
Barbas-Michael reaction),® has been improved by Hayashi,’
Zhao,® Chan,” and Loh® by using proline-like catalysts (mol-
ecules containing a proline moiety, Fig. 1). However, current
procedures retain several shortcomings, such as: the difficulty in
obtaining readily available catalysts, high catalytic loading
requirements and unsatisfactory results, and further modifications
of these proline-like catalysts had to be carried out for excellent
asymmetric catalytic results.>*>~ The search for highly efficient
and easily available proline-like organocatalysts therefore
remains a worthwhile endeavor.

Recently, we have been committed to developing new and
easily available organocatalysts and applying them to various
asymmetric transformations.” We found that perhydroindolic
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acid 1a (Fig. 2), the key intermediate of ACE inhibitor trandola-
pril, could be obtained from large-scale industrial production.
Furthermore, perhydroindolic acids 1b, 1¢, 1d (Fig. 2), the by-
products of 1a, are discarded resulting in the waste of resources
and environmental pollution.'® However, these proline-like com-
pounds are unique for their rigid bicyclic structure with two H
atoms attached to the bridgehead C atoms lying on the opposite
side of the ring. We therefore envisage that they would be good
catalysts for asymmetric catalysis. Herein, we report a highly
efficient asymmetric Michael addition of aldehydes to nitroo-
lefins using perhydroindolic acid as a chiral organocatalyst.

Results and discussion

We first applied 1a—1d in Michael additions of aldehydes to
nitroalkenes to determine the effect of different configurations
of the catalyst used in the reaction. Thus, the reaction of
(E)-(2-nitrovinyl)benzene and n-butyraldehyde was carried out
in the presence of 20 mol% of catalyst loading at room
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Fig. 1 The proline-type catalysts.
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Fig. 2 Trandolapril intermediate 1a and its by-products 1b—1d.

Table 1 Screening of catalysts la-1d for Michael additions of
aldehyde 4a to nitroalkene 5a“

o O Ph

M . Ph\/\NOZ 1a-1d (20 mol%) H)K('\/Noz

H CH,Cly, rt.
4a 5a 6aa

Entry Catalyst ¢ [h] Yield [%]” synlanti ee [%]¢
1 1a 72 trace — —
2 1b 72 trace — —
3 1c 72 93 91/9 —86
4 1d 72 95 92/8 86

“Reactions were conducted with 0.2 mmol (E)-(2-nitrovinyl)benzene
and 2 mmol butaldehyde at room temperature in the presence of catalyst
with CH,Cl, as a solvent. ®Isolated yield. ¢ Determined by 'H NMR
spectra of crude products. The relative and absolute configurations of
6aa were determined by comparison with the literature data.’
4 Determined by chiral HPLC.

H
1b: LD L
N
o,,/H %» No Reaction Eq. 1
o~
Et (
H
fl 0
d S| ) 3 O Ph
N o
( Eq. 2

Fig. 3 A proposed stereochemical pathway for 1b and 1d.

temperature in CH,Cl, (Table 1). However, the intermediate 1a
and its enantiomer 1b showed no reaction activity even after
72 h (entries 1 and 2). To our delight, their diastereoisomers, 1¢
and 1d, resulted in a highly efficient reaction with excellent dia-
stereo- and enantioselectivity, affording syn-selective Barbas—
Michael reaction products (entries 3 and 4).""

The difference in reactivity between the utilized catalysts can
be explained by the proposed stereochemical pathway shown in
Fig. 3 with catalysts 1b and 1d. Originally, the n-butyraldehyde
reacts with 1b and 1d to afford a nucleophilic enamine inter-
mediate whilst the (E)-(2-nitrovinyl)benzene is directed toward
the carboxylic group by a hydrogen bond, which enhances the
electrophilic property of the nitroolefin.'® The formed enamine

Table 2 Influence of additives for the Michael addition of aldehyde 4a
to nitroalkene 5a catalyzed by catalyst 1d”

1d (5 mol%) O Ph

o) o
Ph Additive (5 mol%
oo, 2O, NO,
H CH,Cly, r-t.

4a 5a 6aa

Catalyst

loading Yield/  syn/ ee!

Entry [mol%] t [h] Additive [%]" anti® [%]
1 10 7d — 59 93/7 85
2 10 5d TFA 43 91/9 92
3 10 7d Methane 45 93/7 86
sulfonamide
4 10 7d CH;CO,H 59 93/7 89
5 10 5d Benzoic acid 68 92/8 91
6 10 3.5 Et;N 97 95/5 94
7 10 35 DIPEA 95 94/6 95
8 10 3.5 DBU 95 92/8 94
9 10 3.5 TMEDA 98 96/4 93
10 10 12 DABCO 95 95/5 91
11 10 16 DMAP 93 94/6 92
12 10 7d Pyridine 72 93/7 86
13 5 7 Et;N 93 87/13 95
14 5 7 DIPEA 97 93/7 95
15 2 16 Et;N 94 89/11 95
16 2 72 DIPEA 90 83/17 92

“Reactions were conducted with 0.2 mmol (E)-(2-nitrovinyl)benzene
and 2 mmol butaldehyde in the presence of catalyst with different
additives in CH,Cl, at room temperature. b Isolated yield. ¢ Determined
by "H NMR spectra of crude products. The relative and absolute
conﬁ_gurations of 6aa were determined by comparison with the literature
data.”  Determined by chiral HPLC.

moiety then tends to attack the double C—C bond of (£)-(2-nitro-
vinyl)benzene to afford the terminal molecule. Accordingly,
different catalysts result in different reaction results. With 1b as a
chiral catalyst, much larger steric repulsion will exist between
the a-H atom of the cyclohexyl moiety and phenyl group of the
activated (F)-(2-nitrovinyl)benzene (eqn (1)). The large steric
repulsion leads to a relatively long distance between the enamine
moiety and double bond of (E)-(2-nitrovinyl)benzene and thus
no reaction occurs. Alternatively, if 1d was used as a catalyst, the
e-H atom plus upward pointing C atom results in a short distance
between the enamine moiety and the double bond of (E)-
(2-nitrovinyl)benzene (eqn (2)). The reaction can therefore occur
readily.

The catalyst loading was then decreased with 1d as a chiral
organocatalyst. No obvious influence was found on the diastereo-
and enantioselectivity, but only 59% yield was obtained even
after 7 days (Table 2, entry 1). Several bases and acids were
chosen as additives with the aim to improve the reaction activity.
As shown in Table 2, acidic additives had a slight effect on the
reaction (entries 2—5). Compared to acidic additives, many basic
additives (entries 5—12) dramatically shortened the reaction time
providing excellent yield (up to 97% yield within 3.5 h). It
appears that the basic conditions are in favour of the leaving of
(E)-(2-nitrovinyl)benzene, promoting reaction activity. Et;N and
DIPEA are somewhat better than others according to a combi-
nation of diastereo- and enantioselectivity, and they were used in
the following reactions.

This journal is © The Royal Society of Chemistry 2012
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Table 3 Influence of solvents and temperature for the Michael addition
of aldehyde 4a to nitroalkene 5a catalyzed by catalyst 1d*

Table 4 Exploration of aldehydes for Michael addition catalyzed by
catalyst 1b“

o 1d (5 mol%) O Ph
DIPEA (5 mol%
) L
H Solvent. T
4a 5a 6aa
Entry Solvent T[°C] «¢[h] Yield [%]° syn/anti ee [%]¢
1 CH,Cl, 20 7 97 93/7 95
2 CH;CN 20 7 91 89/11 95
3 Toluene 20 30 90 92/8 90
4 DMF 20 16 50 93/7 92
5 THF 20 7d 36 87/13 85
6 i-PrOH 20 7d 14 82/18 84
7 DCM 0 15 95 96/4 96
8 DCM -20 72 88 93/7 97

“Reactions were conducted with 0.2 mmol (E)-(2-nitrovinyl)benzene
and 2 mmol butaldehyde in the presence of catalyst with DIPEA as an
additive in CH,Cl, at suitable temperature. ® Isolated yield. ¢ Determined
by 'H NMR spectra of crude products. The relative and absolute
conﬁ/gurations of 6aa were determined by comparison with the literature
data.” ¥ Determined by chiral HPLC.

We wanted to further decrease catalyst loading since the high
reaction activity was obtained by using basic additives such as
Et;N and DIPEA in the presence of 10 mol% catalytic loading.
To our delight, when the above reaction was carried out in the
presence of 5 mol% 1d, almost no change was found in diaster-
eoselectivity and enantioselectivity with DIPEA as an additive,
albeit with a slight drop in reactivity (entries 13—14). However,
further decreasing the catalyst loading to 2 mol% resulted in
decreased diastereoselectivity and long reaction times (entries
15-16). Therefore 5 mol% catalytic loading was adopted in
further reactions.

We then investigated the influence of solvents on the reaction
and almost all reactions presented excellent catalytic results
(Table 3). High yield and excellent enantioselectivity were
obtained by using CH,Cl,, CH3CN and toluene (entries 1-3).
CH,CIl, was the best solvent according to the reactions’ activity
and stereoselectivity. DMF also afforded high diastereoselectivity
and enantioselectivity, but only a moderate yield was obtained
(entry 4). i-PrOH and THF proved unsuitable for the reaction.
As shown in Table 3, reduced diastereo- and enantioselectivity
and yield were obtained even with long reaction times (entries
5-6).

Temperature had a little effect on the reaction, and excellent
enantioselectivity and diastereoselectivity were observed from
20 °C to —20 °C (entries 1, 7-8). 0 °C was somewhat better than
others and was adopted in following reactions.

With the optimal reaction conditions in hand, we surveyed a
series of aldehydes (Table 4). Excellent catalytic behavior was
obtained when using linear aldehydes, such as n-butyraldehyde,
propaldehyde and hexaldehyde (entries 1-3). Propaldehyde with
decreased steric hindrance gave the best result. As for nonlinear
aldehydes, large steric hindrance resulted in lower reaction
activity and a 72 h reaction time was required for isovaleralde-
hyde though excellent stereo- and enantioselectivity was
obtained (entry 4). Unfortunately, no reaction occurred when
using o-branching aldehydes, such as cyclohexyl formaldehyde

o) 1d (5 mol%) O Ph
0,
H)S . Ph\/\NOZ DIPEA (5 mol%) y NO,
R CH,Cl,, 0°C R

da-4f 5a 6aa-6fa
Entry  Product R! t[h]  Yield [%]”  synlanti€  ee [%]"
1 6aa Et 15 95 96/4 97
2 6ba Me 24 97 92/8 98
3 6ca n-Bu 12 98 95/5 95
4 6da i-Pr 72 96 97/3 95

“Reactions were conducted with 0.2 mmol (E)-(2-nitrovinyl)benzene
and 2 mmol propaldehyde in the presence of catalyst with DIPEA as an
additive in CH,Cl, at 0 °C. *Isolated yield. ¢ Determined by '"H NMR
spectra of crude products. The relative and absolute configurations of 6
were determined by comparison with the literature data.” ¢ Determined
by chiral HPLC.

Table 5 Nitroolefins generality for Michael addition catalyzed by
catalyst 1b“

7 DI?D(I‘E,(AS (QOI%I)"/ y 7 R
R2 mol7oe
H Jk’ + \/\ N02 H N02
R1 CHzclz, 0°C R1
4 5 6

Entry Product R' R? TTh] [%]”  anti® [%]°
1 6ba Me Ph 24 97 92/8 98
2 6bb Me 4-CIPh 10 99 91/9 97
3 6bc Me 3-CIPh 48 95 94/6 95
4 6bd Me 4-FPh 16 98 92/8 97
5 6be Me 4-CF3;Ph 12 99 87/13 96
6 6bf Me 4-CH;0Ph 96 96 94/6 96
7 6bg Me 3-CH5;0Ph 5d 85 93/7 96
8 6bh Me 2-CH;0Ph 96 99 97/3 96
9 6bi Me 2-CH;Ph 7d 57 93/7 97
10 6bj Me 3,4-(CH30),Ph 7d 45 91/9 96
11 6bk Me 1-Naphthyl 96 84 92/8 95
12 6bl Me 2-Naphthyl 72 93 89/11 96
13 6bm Me 2-Furyl 72 99 86/14 96
14 6bn Me 2-Thienyl 5d 83 87/13 94
15 6bo Me 3-Pyridyl 36 99 65/35 95
16  6bp Me Cyclohexyl 7d nr. — —
17 6cb i-Pr 4-CIPh 90 98 982 97

18  6cc i-Pr 2-CH;0Ph 7d 94 99/1 96
“Reactions were conducted with 0.2 mmol (E)-(2-nitrovinyl)benzene
and 2 mmol propaldehyde in the presence of catalyst with DIPEA as an
additive in CH,Cl, at 0 °C. Isolated yield. ¢ Determined by '"H NMR
spectra of crude products. The relative and absolute configurations of 6
were determined by comparison with the literature data.”®'3
4 Determined by chiral HPLC.

and isobutyraldehyde, mainly due to their much larger steric
hindrance.

Finally, we examined several kinds of nitroolefins (Table 5).
In the case of aryl-substituted nitroolefins, high yields and excel-
lent diastereo- and enantioselectivity were observed for both

2842 | Org. Biomol. Chem., 2012, 10, 2840-2846

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob00003b

Downloaded on 24 March 2012
Published on 07 February 2012 on http://pubs.rsc.org | doi:10.1039/C20B00003B

View Online

electron-withdrawing and electron-donating substituted nitroalk-
enes (entries 1-9). However, the reaction activity decreased for
some electron-donating substituted nitroalkenes (entries 6-9).
The most obvious being the nitroalkene with di-methoxyl
groups, which gave only 45% yield of product even after 7 days.
However excellent diastereo- and enantioselectivity were also
obtained (entry 10). Replacement of the phenyl ring by a
naphthalene ring resulted in excellent dr and ee values being
obtained with high yields of products (entries 11-12). In
addition, this method also allowed the use of heteroaromatic
nitroolefins in excellent asymmetric catalytic behavior (entries
13—15). Unfortunately, no reaction occurred when using aliphatic
nitroalkenes with a cyclohexyl group (entry 16). It is obvious
that the present catalytic system is suitable for asymmetric
Michael additions of a series of aromatic nitroolefins.

Isobutyraldehyde with large steric hindrance was also adopted
to pursue higher diastereoselectivity. As we expected, up to 99/1
diastereoselectivity were also obtained with excellent enantios-
electivity (entries 17, 18). However, long reaction times were
needed for the reaction to go to completion.

Conclusions

In summary, we have successfully applied the by-products of a
trandolapril key intermediate in asymmetric Michael additions of
aldehydes to nitroolefins. These proline-like catalysts enjoy the
merits of easy availability and especially high catalytic efficiency
in asymmetric catalysis. As a result, they showed excellent dia-
stereo- and enantioselectivity (up to 99/1 dr and 98% ee)
together with high yields in the catalytic reactions. The method-
ology could also be expanded to a series of aldehydes and
nitroolefins with excellent asymmetric catalytic results using 1d
as a chiral organocatalyst. Encouraged by its excellent perform-
ance, a broader application is under investigation in our
laboratory.

Experimental section
General

"H NMR (400 MHz) and "*C NMR (100 MHz) spectra were
recorded on a Varian MERCURY plus-400 spectrometer with
TMS as an internal standard. HRMS was performed on Analysis
Center of Shanghai Jiao Tong University. The enantioselectivity
was measured by high performance liquid chromatography
(HPLC) using Daicel Chiralcel AD-H, OD-H, AS-H, OJ-H
and OZ-H columns with hexane/2-propyl alcohol as eluent.
Column chromatography was performed using 100-200 mesh
silica gel. All commercially available substrates were used
as received. Nitroolefins were prepared according to literature
procedures.>“¢m:14

General procedure for the Michael addition

The catalyst 1d (1.69 mg, 0.01 mmol), DIPEA (1.75 uL,
0.01 mmol) and aldehyde (2 mmol) were dissolved in CH,Cl,
(1 mL) at 0 °C. The solution was stirred for 5 min, and then the
appropriate nitroolefin (0.2 mmol) was added. The reaction

mixture was stirred at 0 °C until the complete consumption of
nitroolefin (monitored by TLC). The solvent was then evaporated
and the residue was purified by flash column silica-gel chromato-
graphy (PE/EA = 8/1) to provide the corresponding Michael
adducts. Diastereoselectivities were measured by 'H NMR
analysis of the crude product directly. The enantiomeric excess
(ee) was determined by HPLC analysis of samples with different
fractions.'” The absolute configurations of the products were
determined by comparing with reported literature data.

(2R,3S5)-2-Ethyl-4-nitro-3-phenylbutanal (6aa).” From alde-
hyde 4a and nitroolefin 5a at 0 °C according to the general pro-
cedure to give pale yellow oil. "H NMR (400 MHz, CDCly): &
9.71 (d, J = 2.5 Hz, 1H), 7.38-7.14 (m, 5H), 4.75-4.58 (m, 2H),
3.83-3.74 (m, 1H), 2.72-2.63 (m, 1H), 1.55-1.45 (m, 2H), 0.83
(t, J=17.5 Hz, 3H). HPLC conditions: The enantiomeric excess
was determined by HPLC (Chiralcel OD-H), Hex—i-PrOH 91 : 9,
UV 230 nm, 0.9 mL min~}, syn: tg = 32.96 min (major) and g
=24.73 min (minor).

(2R,35)-2-Methyl-4-nitro-3-phenylbutanal (6ba).” From alde-
hyde 4b and nitroolefin Sa at 0 °C according to the general pro-
cedure to give pale yellow oil. "H NMR (400 MHz, CDCly): §
9.70 (d, J = 1.8 Hz, 1H), 7.37-7.12 (m, 5H), 4.83-4.75 (m, 1H),
4.72-4.64 (m, 1H), 3.86-3.74 (m, 1H), 2.85-2.70 (m,1H), 0.99
(d, J = 7.2 Hz, 3H). HPLC conditions: The enantiomeric excess
was determined by HPLC (Chiralcel OD-H), Hex—i-PrOH
90:10, UV 210 nm, 0.8 mL min~", syn: tz = 48.66 min (major)
and fg = 31.92 min (minor).

(2R ,3S)-2-Isopropyl-4-nitro-3-phenylbutanal (6¢a).” From alde-
hyde 4¢ and nitroolefin 5a at 0 °C according to the general pro-
cedure to give pale yellow oil. '"H NMR (400 MHz, CDCl;): &
9.92 (d, J=2.4 Hz, 1H), 7.38-7.25 (m, 3H), 7.21-7.15 (m, 2H),
4.70-4.63 (m, 1H), 4.61-4.53 (m, 1H), 3.94-3.85 (m, 1H),
2.80-2.74 (m, 1H), 1.77-1.66 (m, 1H), 1.09 (d, J = 7.2 Hz, 3H),
0.88 (d, J = 7.0 Hz, 3H). HPLC conditions: The enantiomeric
excess was determined by HPLC (Chiralcel OD-H), Hex—i-
PrOH 95:5, UV 210 nm, 0.8 mL min~", syn: fx = 27.20 min
(major) and g = 25.67 min (minor).

(R)-2-((S)-2-Nitro-1-phenylethyl)hexanal (6da).” From alde-
hyde 4e and nitroolefin 5a at 0 °C according to the general pro-
cedure to give pale yellow oil. "H NMR (400 MHz, CDCly): §
9.70 (d, J = 2.7 Hz, 1H), 7.44-7.15 (m, SH), 4.84-4.57 (m, 2H),
3.86-3.72 (m, 1H), 2.81-2.63 (m, 1H), 1.52-1.07 (m, 6H), 0.78
(t, J = 6.8 Hz, 3H). HPLC conditions: The enantiomeric excess
was determined by HPLC (Chiralcel OD-H), Hex—i-PrOH
90:10, UV 210 nm, 0.8 mL min™"', syn: fr = 28.48 min (major)
and fg = 21.13 min (minor).

(2R,35)-3-(4-Chlorophenyl)-2-methyl4-nitrobutanal (6bb).” From
aldehyde 4b and nitroolefin 5b at 0 °C according to the general
procedure to give pale yellow oil. "H NMR (400 MHz, CDCls):
6 9.69 (d, J = 1.5 Hz, 1H), 7.36-7.28 (m, 2H), 7.15-7.09 (m,
2H), 4.82-4.73 (m, 1H), 4.68-4.59 (m, 1H), 3.83-3.75 (m, 1H),
2.81-2.70 (m, 1H), 1.00 (d, J = 7.2 Hz, 3H). HPLC conditions:
The enantiomeric excess was determined by HPLC (Chiralcel
AD-H), Hex—i-PrOH 97 : 3, UV 210 nm, 0.9 ml min~!, syn: tg =
24.16 min (major) and fgr = 33.93 min (minor).

This journal is © The Royal Society of Chemistry 2012
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(2R,3S)-3-(3-Chlorophenyl)-2-methyl-4-nitrobutanal (6bc).">"
From aldehyde 4b and nitroolefin 5¢ at 0 °C according to the
general procedure to give pale yellow oil. '"H NMR (400 MHz,
CDCl3) 6 9.69 (d, J = 1.5 Hz, 1H), 7.32-6.97 (m, 4H),
4.84-4.75 (m, 1H), 4.69-4.61 (m, 1H), 3.82-3.74 (m, 1H),
2.82-2.70 (m, 1H), 1.01 (d, J = 7.3 Hz, 3H). HPLC conditions:
The enantiomeric excess was determined by HPLC (Chiralcel
0Z-H), Hex—i-PrOH 90 : 10, UV 210 nm, 0.8 mL min_l, syn: fr
=35.05 min (major) and #g = 29.42 min (minor).

(2R,3S5)-3-(4-Fluorophenyl)-2-methyl-4-nitrobutanal (6bd)."*”
From aldehyde 4b and nitroolefin 5d at 0 °C according to the
general procedure to give pale yellow oil. "H NMR (400 MHz,
CDCl3): 6 9.70 (d, J = 1.5 Hz, 1H), 7.22-7.11 (m, 2H),
7.07-6.99 (m, 2H), 4.83-4.73 (m, 1H), 4.68-4.59 (dd, J = 12.7,
9.6 Hz, 1H), 3.85-3.75 (m, 1H), 2.84-2.66 (m, 1H), 1.00 (d, J =
7.4 Hz, 3H). HPLC conditions: The enantiomeric excess was
determined by HPLC (Chiralcel AD-H), Hex—i-PrOH 97 : 3, UV
210 nm, 0.9 mL min~", syn: fg = 22.99 min (major) and fr =
30.86 min (minor).

(2R,35)-2-Methyl-4-nitro-3-(4-(trifluoromethyl)phenyl)butanal
(6be).”*? From aldehyde 4b and nitroolefin Se at 0 °C according
to the general procedure to give pale yellow oil. '"H NMR
(400 MHz, CDCl5): 6 9.70 (d, J = 1.4 Hz, 1H), 7.61 (d, J= 8.2
Hz, 2H), 7.32 (d, J= 8.1 Hz, 2H), 4.87-4.79 (m, 1H), 4.75-4.65
(m, 1H), 3.96-3.84 (m, 1H), 2.90-2.75 (m, 1H), 1.00 (d, /= 7.4
Hz, 3H). HPLC conditions: The enantiomeric excess was deter-
mined by HPLC (Chiralcel AD-H), Hex—i-PrOH 90:10, UV
210 nm, 0.8 ml min~", syn: tg = 11.83 min (major) and tr =
15.00 min (minor).

(2R,35)-3-(4-Methoxyphenyl)-2-methyl-4-nitrobutanal (6bf)".
From aldehyde 4b and nitroolefin 5f at 0 °C according to the
general procedure to give pale yellow oil. '"H NMR (400 MHz,
CDCl;): 6 9.69 (d, J = 1.7 Hz, 1H), 7.17-6.97 (m, 2H),
6.95-6.77 (m, 2H), 4.82—4.70 (m, 1H), 4.67-4.58 (m, 1H), 3.77
(s, 3H), 3.76-3.71 (m, 1H), 2.81-2.63 (m, 1H), 0.98 (d, J=7.3
Hz, 3H). HPLC conditions: The enantiomeric excess was deter-
mined by HPLC (Chiralcel AS-H), Hex—i-PrOH 85:15, UV
210 nm, 0.8 mL min~", syn: fr = 45.56 min (major) and g =
35.23 min (minor).

(2R,35)-3-(3-Methoxyphenyl)-2-methyl-4-nitrobutanal  (6bg).
From aldehyde 4b and nitroolefin 5g at 0 °C according to the
general procedure to give pale yellow oil. '"H NMR (400 MHz,
CDCl;): 6 9.69 (d, J = 1.6 Hz, 1H), 7.27-7.21 (m, 1H),
6.83-6.67 (m, 3H), 4.80-4.73 (m, 1H), 4.69-4.62 (m, 1H), 3.78
(s, 3H), 3.84-3.72 (m, 1H), 2.83-2.69 (m, 1H), 1.00 (d, J = 7.3
Hz, 3H). '3C NMR (101 MHz, CDCl;): § 202.4, 160.1, 138.4,
130.3, 120.3, 114.6, 113.1, 78.2, 55.4, 48.6, 44.2, 12.3. HPLC
conditions: The enantiomeric excess was determined by HPLC
(Chiralcel OZ-H), Hex—i-PrOH 90:10, UV 210 nm, 0.8 mL
min~", syn: /g = 40.98 min (major) and 7z = 35.47 min (minor).
HRMS (ESI-TOF) Calcd for C;,HsNO4 [M — HJ 236.0923,
Found: 236.0938. IR (v/em™'): 2970, 2939, 2888, 2839, 2729,
1724, 1601, 1552, 1491, 1456, 1382, 1263, 1161, 1045, 785,
702.

(2R,35)-3-(2-Methoxyphenyl)-2-methyl-4-nitrobutanal (6bh)’.
From aldehyde 4b and nitroolefin Sh at 0 °C according to the

general procedure to give pale yellow oil. "H NMR (400 MHz,
CDCl3) 69.71 (d, J= 1.8 Hz, 1H), 7.31-7.23 (m, 1H), 7.07 (dd,
J =15, 1.7 Hz, 1H), 6.96-6.83 (m, 2H), 4.90-4.81 (m, 1H),
4.77-4.70 (m, 1H), 4.10-3.96 (m, 1H), 3.83 (s, 3H), 3.09-2.91
(m, 1H), 0.93 (d, J = 7.3 Hz, 3H). HPLC conditions: The enan-
tiomeric excess was determined by HPLC (Chiralcel AS-H),
Hex—i-PrOH 98:2, UV 210 nm, 0.95 mL min~}, syn: tg =
45.50 min (major) and g = 43.61 min (minor).

(2R,35)-2-Methyl-4-nitro-3-o-tolylbutanal (6bi)."** From alde-
hyde 4b and nitroolefin 5i at 0 °C according to the general pro-
cedure to give pale yellow oil. "H NMR (400 MHz, CDCly): §
9.72 (d, J = 2.0 Hz, 1H), 7.23-7.08 (m, 4H), 4.83-4.61 (m, 2H),
4.22-4.03 (m, 1H), 2.82-2.71 (m, 1H), 2.38 (s, 3H), 0.96 (d, J =
7.3 Hz, 3H). HPLC conditions: The enantiomeric excess was
determined by HPLC (Chiralcel AS-H), Hex—i-PrOH 95 : 5, UV
210 nm, 0.9 mL min~", syn: fg = 23.11 min (major) and fr =
24.89 min (minor).

(2R,35)-3-(3,4-Dimethoxyphenyl)-2-methyl-4-nitrobutanal
(6bj). From aldehyde 4b and nitroolefin 5j at 0 °C according to
the general procedure to give pale yellow oil. 'H NMR
(400 MHz, CDCly): 6 9.70 (d, J = 1.9 Hz, 1H), 6.86-6.62 (m,
3H), 4.84-4.72 (m, 1H), 4.69-4.61 (m, 1H), 3.86 (s, 3H), 3.85
(s, 3H), 3.79-3.70 (m, 1H), 2.82-2.68 (m, 1H), 1.02 (d, J=7.2
Hz, 3H). '*C NMR (100 MHz, CDCl3) & 202.6, 149.4, 148.9,
129.0, 120.3, 111.6, 111.3, 78.5, 56.1, 56.0, 48.8, 43.9, 12.3.
HPLC conditions: The enantiomeric excess was determined by
HPLC (Chiralcel OJ-H), Hex—i-PrOH 75:25, UV 210 nm,
0.6 mL min~"', syn: g = 80.56 min (major) and #x = 122.64 min
(minor). HRMS (ESI-TOF) Caled for Ci3H{;NOs [M — H]
266.1028, Found: 266.1040. IR (v/em™'): 2968, 2937, 2888,

2839, 1722, 1592, 1552, 1518, 1463, 1381, 1263, 1145,
1026,980, 901, 810, 768.
(2R,35)-2-Methyl-3-(naphthalen-1-yl)-4-nitrobutanal (6bk)’.

From aldehyde 4b and nitroolefin 5k at 0 °C according to the
general procedure to give pale yellow oil. "H NMR (400 MHz,
CDCl3): 69.76 (d, J = 1.8 Hz, 1H), 8.24-8.05 (m, 1H), 7.89 (d,
J = 8.0 Hz, 1H), 7.81 (d, J = 8.2 Hz, 1H), 7.63-7.33 (m, 4H),
5.00—4.82 (m, 3H), 3.10-2.92 (m, 1H), 0.99 (d, J = 7.3 Hz, 3H).
HPLC conditions: The enantiomeric excess was determined by
HPLC (Chiralcel AS-H), Hex—i-PrOH 90:10, UV 210 nm,
0.8 mL min~", syn: fz = 37.14 min (major) and fz = 39.39 min
(minor).

(2R,3S)-2-Methyl-3-(naphthalen-2-yl)-4-nitrobutanal (6bl).">
From aldehyde 4b and nitroolefin 51 at 0 °C according to the
general procedure to give pale yellow oil. "H NMR (400 MHz,
CDCl3): 6 9.75 (d, J = 1.6 Hz, 1H), 7.86-7.78 (m, 3H),
7.68-7.61 (m, 1H), 7.53-7.45 (m, 2H), 7.35-7.24 (m, 1H),
4.91-4.84 (m, 1H), 4.82-4.73 (m, 1H), 4.04-3.92 (m, 1H),
2.93-2.82 (m, 1H), 1.02 (d, J = 7.3 Hz, 3H). HPLC conditions:
The enantiomeric excess was determined by HPLC (Chiralcel
AS-H), Hex—i-PrOH 90 : 10, UV 210 nm, 0.8 mL min_l, syn: g
=34.53 min (major) and g = 41.53 min (minor).

(2R,3R)-3-(Furan-2-yl)-2-methyl-4-nitrobutanal (6bm).” From
aldehyde 4b and nitroolefin Sm at 0 °C according to the general
procedure to give pale yellow oil. '"H NMR (400 MHz, CDCl5):
6 9.70 (d, J = 1.0 Hz, 1H), 7.44-7.30 (m, 1H), 6.32-6.28 (m,
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1H), 6.21-6.16 (m, 1H), 4.78-4.66 (m, 2H), 4.13-4.03 (m, 1H),
2.87-2.75 (m, 1H), 1.06 (d, J = 7.3 Hz, 3H). HPLC conditions:
The enantiomeric excess was determined by HPLC (Chiralcel
AS-H), Hex—i-PrOH 90 : 10, UV 210 nm, 0.8 mL min~', syn: fg
=24.77 min (major) and g = 22.84 min (minor).

(2R,3R)-2-Methyl-4-nitro-3-(thiophen-2-yl)butanal (6bn)’.
From aldehyde 4b and nitroolefin 5n at 0 °C according to the
general procedure to give pale yellow oil. "H NMR (400 MHz,
CDCl;): 6 9.68 (d, J = 1.2 Hz, 1H), 7.25-7.21 (m, 1H),
6.97-6.87 (m, 2H), 4.83-4.64 (m, 2H), 4.27-4.12 (m, 1H),
2.90-2.68 (m, 1H), 1.12 (d, J = 7.3 Hz, 3H). HPLC conditions:
The enantiomeric excess was determined by HPLC (Chiralcel
0OZ-H), Hex—i-PrOH 98 : 2, UV 230 nm, 0.95 mL min~", syn: fx
= 84.95 min (major) and g = 57.26 min (minor).

(2R,3S)-2-Methyl-4-nitro-3-(pyridin-3-yl)butanal (6bo). From
aldehyde 4b and nitroolefin 50 at 0 °C according to the general
procedure to give pale yellow oil. "H NMR (400 MHz, CDCl,):
6 9.68 (d, J = 1.4 Hz. 1H), 8.56-8.45 (m, 2H), 7.54-7.50 (m,
1H), 7.33-7.22 (m, 1H), 4.84-4.79 (m, 1H), 4.73-4.65 (m, 1H),
3.90-3.80 (m, 1H), 2.91-2.77 (m, 1H), 1.01 (d, /= 7.4 Hz, 3H).
3C NMR (100 MHz, CDCls) & 201.7, 149.9, 149.7, 135.7,
132.8, 124.0, 77.6, 48.1, 41.7, 12.4. HPLC conditions: The
enantiomeric excess was determined by HPLC (Chiralcel
0Z-H), Hex—i-PrOH 75 : 25, UV 210 nm, 0.6 mL min~", syn: fx
= 49.58 min (major) and fg = 61.62 min (minor). HRMS
(ESI-TOF) Calcd for C;oH;,N,0O5 [M + H] 209.0926, Found:
209.0925. IR (v/em™'): 3035, 2974, 2935, 2881, 2854, 2730,
1724, 1576, 1556, 1381, 1025, 814, 717.

(2R,35)-3-(4-Chlorophenyl)-2-isopropyl-4-nitrobutanal (6cb).
From aldehyde 4¢ and nitroolefin 5b at 0 °C according to the
general procedure to give white solid (78.2-80.0 °C). '"H NMR
(400 MHz, CDCl3): 6 9.90 (d, J = 2.2 Hz, 1H), 7.36-7.27 (m,
2H), 7.16-7.08 (m, 2H), 4.71-4.62 (m, 1H), 4.58-4.47 (m, 1H),
3.92-3.83 (m, 1H), 2.78-2.70 (m, 1H), 1.76-1.64 (m, 1H), 1.10
(d, J = 7.2 Hz, 3H), 0.86 (d, J = 7.0 Hz, 3H). *C NMR
(100 MHz, CDCl3) 6 204.2, 135.8, 134.2, 129.6, 129.5, 78.9,
58.7,41.5, 28.1, 21.8, 17.1. HPLC conditions: The enantiomeric
excess was determined by HPLC (Chiralcel OJ-H), Hex—i-PrOH
85:15, UV 210 nm, 0.7 mL min™", syn: g = 28.95 min (major)
and fg = 26.76 min (minor). HRMS (ESI-TOF) Calcd for
Ci3H(CINO; [M — H] 268.0740, Found: 268.0728. IR (v/
em™'): 3029, 2964, 2934, 2875, 2845, 2742, 1716, 1554, 1492,
1468, 1379, 1087, 1013, 831, 721.

(2R,3S)-2-Isopropyl-3-(2-methoxyphenyl)-4-nitrobutanal
(6¢c). From aldehyde 4¢ and nitroolefin 5¢ at 0 °C according to
the general procedure to give pale yellow oil. 'H NMR
(400 MHz, CDCL3): 6 991 (d, J = 2.4 Hz, 1H), 7.30-7.23 (m,
1H), 7.11 (dd, J = 7.4, 1.7 Hz, 1H), 6.94-6.83 (m, 2H),
4.83-4.75 (m, 1H), 4.61-4.54 (m, 1H), 4.17-4.07 (m, 1H), 3.85
(s, 3H), 3.08-3.02 (m, 1H), 1.74-1.63 (m, 1H), 1.10 (d, /= 7.2
Hz, 3H), 0.84 (d, J = 7.0 Hz, 3H). ">C NMR (100 MHz, CDCl5)
6 205.1, 157.7, 130.9, 129.4, 124.8, 121.2, 111.4, 77.5, 57.1,
55.5,39.4, 28.4,21.9, 17.3. HPLC conditions: The enantiomeric
excess was determined by HPLC (Chiralcel OJ-H), Hex—i-PrOH
96:4, UV 210 nm, 0.8 mL min~", syn: 7z = 37.63 min (major)
and fg = 31.79 min (minor). HRMS (ESI-TOF) Caled for

C14H,oNO, [M — H] 264.1236, Found: 264.1221. IR (v/em™):
2964, 2942, 2875, 2840, 2741, 1716, 1601, 1587, 1552, 1494,
1464, 1381, 1246, 1124, 1026, 756.

Acknowledgements

This work was partly supported by the National Nature Science
Foundation of China (No. 20972095 and 21172145), Science
and Technology Commission of Shanghai Municipality (No.
10dz1910105), Nippon Chemical Industrial Co., Ltd and Instru-
mental Analysis Center of Shanghai Jiao Tong University. We
thank Prof. Tsuneo Imamoto and Dr Masashi Sugiya of Nippon
Chemical Industrial Co., Ltd for helpful discussion.

Notes and references

1 For selected reviews on asymmetric Michael additions, see: () N. Krause
and A. Hoffmann-Rdoder, Synthesis, 2001, 171-196; (b) O. M. Berner,
L. Tedeschi and D. Enders, Eur. J. Org. Chem., 2002, 1877-1894;
(c) J. Christoffers and A. Baro, Angew. Chem., Int. Ed., 2003, 42, 1688—
1690; (d) S. B. Tsogoeva, Eur. J. Org. Chem., 2007, 1701-1716;
(e) D. Almasi, D. A. Alonso and C. Najera, Tetrahedron: Asymmetry,
2007, 18, 299-365.

For selected reviews, see: (a) W. Notz, F. Tanaka and C. F. Barbas III,

Acc. Chem. Res., 2004, 37, 580-591; (b) J. L. Vicario, D. Badia and

L. Carrillo, Synthesis, 2007, 2065-2092; (c) S. Sulzer-Mossé and

A. Alexakis, Chem. Commun., 2007, 3123-3135. For selected papers,

see: (d) A. Alexakis and O. Andrey, Org. Lett., 2002, 4, 3611-3614;

(e) O. Andrey, A. Alexakis, A. Tomassini and G. Bernardinelli, 4dv.

Synth. Catal., 2004, 346, 1147-1168; (f) T. Ishii, S. Fujioka,

Y. Sekiguchi and H. Kotsuki, J. Am. Chem. Soc., 2004, 126, 9558-9559;

(g) W. Wang, J. Wang and H. Li, Angew. Chem., Int. Ed., 2005, 44,

1369-1371; (k) J. Wang, H. Li, B. Lou, L. Zu, H. Guo and W. Wang,

Chem.—Eur. J., 2006, 12, 4321-4332; (i) M. P. Lalonde, Y. G. Chen and

E. N. Jacobsen, Angew. Chem., Int. Ed., 2006, 45, 6366-6370;

(j) C. Palomo, S. Vera, A. Mielgo and E. Gomez-Bengoa, Angew. Chem.,

Int. Ed., 2006, 45, 5984-5987; (k) Y. Hayashi, T. Itoh, M. Ohkubo and

H. Ishikawa, Angew. Chem., Int. Ed., 2008, 47, 4722-4724;

(1) M. Wiesner, J. D. Revell and H. Wennemers, Angew. Chem., Int. Ed.,

2008, 47, 1871-1874; (m) A. Quintard, C. Bournaud and A. Alexakis,

Chem.—Eur. J., 2008, 14, 7504-7507; (n) M. Lombardo, M. Chiarucci,

A. Quintavalla and C. Trombini, Adv. Synth. Catal., 2009, 351, 2801—

2806; (0) Z. Zheng, B. L. Perkins and B. Ni, J. Am. Chem. Soc., 2010,

132, 50-51; (p) B. G. Wang, B. C. Ma, Q. Wang and W. Wang, Adv.

Synth. Catal., 2010, 352, 2923-2928; (¢) Y. Arakawa, M. Wiesner and

H. Wennemers, Adv. Synth. Catal., 2011, 353, 1201-1206; (r) Y.-

M. Chuan, L.-Y. Yin, Y.-M. Zhang and Y.-G. Peng, Eur. J. Org. Chem.,

2011, 578-583; (s) E. M. Omar, K. Dhungana, A. D. Headley and

M. B. A. Rahman, Lett. Org. Chem., 2011, 8, 170-175; (¢) T. C. Nugent,

M. Shoaib and A. Shoaib, Org. Biomol. Chem., 2011, 9, 52-56.

3 J. M. Betancort and C. F. Barbas III, Org. Lett., 2001, 3, 3737-3740.

4 D. B. Ramachary, M. S. Prasad and R. Madhavachary, Org. Biomol.
Chem., 2011, 9, 2715-2721.

5 Y. Hayashi, H. Gotoh, T. Hayashi and M. Shoji, Angew. Chem., Int. Ed.,
2005, 44, 4212-4215.

6 L. Q. Guand G. Zhao, Adv. Synth. Catal., 2007, 349, 1629-1632.

7 R.-S. Luo, J. Weng, H.-B. Ai, G. Lu and A. S. C. Chan, Adv. Synth.
Catal., 2009, 351, 2449-2459.

8 J. Xiao, F. X. Xu, Y. P. Lu and T. P. Loh, Org. Lett., 2010, 12, 1220—
1223.

9 (a) L. Sun, Z. Zhang, F. Xie and W. Zhang, Chin. J. Org. Chem., 2008,
28, 574-587; (b) Y. Ma, Y. J. Zhang, S. Jin, Q. Li, C. Li, J. Lee and
W. Zhang, Tetrahedron Lett., 2009, 50, 7388-7391; (c¢) S. Jin, C. Li,
Y. Ma, Y. Kan, Y. J. Zhang and W. Zhang, Org. Biomol. Chem., 2010, 8,
4011-4015; (d) Y. Ma, S. Jin, Y. Kan, Y. J. Zhang and W. Zhang, Tetrahe-
dron, 2010, 66, 3849-3854; (e) Z. Zhang, F. Xie, J. Jia and W. Zhang, J.
Am. Chem. Soc., 2010, 132, 15939-15941.

10 W. Zhang, D. Liu and J. Shen, CN patent 2011/0229873.6, 2011.

[\

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 2840-2846 | 2845


http://dx.doi.org/10.1039/c2ob00003b

Downloaded on 24 March 2012
Published on 07 February 2012 on http://pubs.rsc.org | doi:10.1039/C20B00003B

View Online

11

12

To date only primary amine catalysts have been shown to direct anti-
selective Michael reactions: H. Uehara and C. F. Barbas III, Angew.
Chem., Int. Ed., 2009, 48, 9848-9852.

(a) B. Ni, Q. Zhang and A. D. Headley, Green Chem., 2007, 9,
737-739; (b) Y. Okuyama, H. Nakano, Y. Watanabe, M. Makabe,
M. Takeshita, K. Uwai, C. Kabuto and E. Kwon, Tetrahedron Lett.,
2009, 50, 193-197; (¢) R. J. Reddy, H.-H. Kuan, T.-Y. Chou and
K. Chen, Chem.—Eur. J., 2009, 15, 9294-9298; (d) D. Lu, Y. Gong
and W. Wang, Adv. Synth. Catal., 2010, 352, 644-650; (e) J.
F Bai, X. Y. Xu, Q. C. Huang, L. Peng and L. X. Wang, Tetrahe-
dron Lett., 2010, 51, 2803-2805; (f) W.-H. Wang, X.-B. Wang,

13

14

15

K. Kodama, T. Hirose and G.-Y. Zhang, Tetrahedron, 2010, 66,
4970-4976.

(a) R.-Y. Yang, C.-S. Da, L. Yi, E-C. Wu and H. Li, Lett. Org. Chem.,
2009, 6, 44-49; (b) R. Husmann, M. Jorres, G. Raabe and C. Bolm,
Chem.—Eur. J., 2010, 16, 12549-12552; (c¢) W.-H. Wang, X.-B. Wang,
K. Kodama, T. Hirose and G.-Y. Zhang, Tetrahedron, 2010, 66, 4970—
4976; (d) K. Patora-Komisarska, M. Benohoud, H. Ishikawa, D. Seebach
and Y. Hayashi, Helv. Chim. Acta, 2011, 94, 719-745.

X.-F. Xia, X.-Z. Shu, K.-G. Ji, Y.-F. Yang, A. Shaukat, X.-Y. Liu and Y.-
M. Liang, J. Org. Chem., 2010, 75, 2893-2902.

V. A. Soloshonok, Angew. Chem., Int. Ed., 2006, 45, 766—769.

2846 | Org. Biomol. Chem., 2012, 10, 2840-2846

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob00003b

