COMMUNICATION

www.rsc.org/chemcomm | ChemComm

An efficient enantioselective method for asymmetric Michael addition of
nitroalkanes to o,fB-unsaturated aldehydest

Yongcan Wang,” Pengfei Li,” Xinmiao Liang,*** Tony Y. Zhang® and Jinxing Ye*”

Received (in Cambridge, UK) 2nd November 2007, Accepted 11th January 2008
First published as an Advance Article on the web 31st January 2008

DOI: 10.1039/b717000a

The addition of nitroalkanes to o,p-unsaturated aldehydes under
the catalysis of (.5)-2-(diphenyl(trimethylsilyloxy)methyl)pyrro-
lidine and lithium acetate as additive afforded y-nitroaldehydes
in good yield and up to 97% ee.

Asymmetric organocatalysis is one of the most rapidly grow-
ing and fruitful research areas in synthetic organic chemistry in
the past few years."> Nowadays, the term asymmetric orga-
nocatalysis covers a wide range of organic processes and
methodologies, providing efficient and environmentally
friendly access to enantiomerically pure compounds including
many drugs and bioactive natural products.’

The catalytic asymmetric Michael addition is one of the
most thoroughly studied chiral bond-forming processes. Re-
cently, the field of asymmetric organocatalytic Michael addi-
tion employing chiral organocatalysts has received widespread
attention.* Among these reactions, the conjugate additions of
nitroalkanes to o,fB-unsaturated carbonyl compounds are
especially useful, because their products are precursors to a
variety of highly functionalized structures, such as aminocar-
bonyl compounds, aminoalkanes, and pyrrolidines.® Several
organocatalytic methods via an iminium mechanism have been
developed for conjugate additions of nitroalkanes to enones,®
using L-proline and its derivatives, chiral imidazoline or chiral
diamine-dipeptides as catalysts. However, the protocol for
achieving the Michael addition of nitroalkanes to o,B-unsatu-
rated aldehydes is still somewhat cumbersome.” The major
complication may have been the fact that o,B-unsaturated
aldehydes readily undergo 1,2-addition with nitroalkanes un-
der the reaction conditions. Herein, we would like to report a
highly efficient and enantioselective method for carrying out
this kind of Michael addition based on Lewis base—Bronsted
base bifunctional catalysis.

The Michael addition of cinnamaldehyde (1a) and nitro-
methane (2a) under various conditions was first investigated
and representative results are presented in Table 1.

The Michael addition of cinnamaldehyde (1a) and nitro-
methane (2a) gave poor results under ordinary iminium cata-
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lytic conditions using 5 mol% of 2-(diphenyl(trimethyl-
silyloxy)methyl)pyrrolidine (4)>° as the organocatalyst. For
example, the reaction in methanol or dichloromethane pro-
ceeded to only 14% or 5% conversion after 12 h. A mixed
solvent of CH,Cl,-MeOH (v/v 9 : 1) improved the conversion
slightly to 25% (entries 1-3). A remarkable enhancement was
achieved when an additive base, lithium acetate (30 mol%),
was introduced to the reaction system,'® which supposedly
enhances the nucleophilicity of deprotonated nitromethane
and accelerates the formation of the iminium ion. Under these
conditions, the reaction proceeded to full conversion within
12 h in a mixed solvent of CH,Cl,-MeOH (9 : 1) with 95% ee.
The reactions in methanol or dichloromethane alone also

Table 1 Reaction conditions optimization for the enantioselective
Michael addition of cinnamaldehyde (1a) and nitromethane (2a)

Ph
o}
| N Ph
., —No, H 4 oT™ms
| Additive v NO2

Ph™ 1a 2a 3a
Entry 4 (%) Additive base  Solvent” Conv. (%) ee’ (%)

1 5 None MeOH 14(12h) nd

2 5 None CH,Cl, 512h) nd

3 5 None DCM:MeOH 9:1 25(12h) 94

4 5 LiOAc MeOH 76(12h) 94

5 5 LiOAc CH,Cl, 48(12h) 95

6 5 LiOAc DCM:MeOH 9:1 >99(12h) 95

7 5 LiOAc Toluene 17(12h) nd

8 5 LiOAc EtOAc 11(12h) nd

9 5 LiOAc Et,0 17(12h) nd
10 5 PhCO,Li DCM:MeOH 9:1 >99(12h) 93
11 5 4-FPhCO,Li DCM:MeOH 9:1 >99(12h) 95
12 5 4-MeOPhCO,Li DCM:MeOH 9:1 >99(12h) 94
13 5 2-NO,PhCO,Li DCM:MeOH 9:1 >99(12h) 93
14 5 4-NO,PhCO,Li DCM:MeOH 9:1 >99(12h) 93
15 5 LiOH DCM:MeOH 9:1 91(12h) 60
16 5 Et;N DCM:MeOH 9:1 17(12h) nd
17 5 DABCO DCM:MeOH 9:1 47(12h) 93
18 5 Et;N-AcOH DCM:MeOH 9:1 95(12h) 93
19 5 DABCO-AcOH DCM:MeOH 9:1 96(12h) 93
20 2 LiOAc DCM:MeOH 9:1 9040 h) 94
21 2 LiOAc® DCM :MeOH 1:9 >99(40 h) 95
2 2 LiOAc® MeOH 92(40 h) 94
23 1 LiOAc® DCM:MeOH 1:9  88(72h) 95

¢ Reaction conditions: cinnamaldehyde (1.0 mmol), nitromethane (3.0 mmol), 4
and additive (0.3 mmol) in solvent (2.0 mL) under room temperature. © The
solvent ratio refers to v : v. “ The conversion was determined by GC with area
percentage. ¢ The enantiomeric excess was determined vie HPLC using a
Chiralpak®™ AD-H column. ¢ Lithium acetate (0.1 mmol) was used.
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afforded conversions of 76% and 48%, and ee’s of 94% and
95%, respectively (entries 4-6). These encouraging results
indicated that Lewis base—Bronsted base bifunctional catalysis
might indeed be operating for this particular type of Michael
addition.

A series of other solvents were then investigated, but
solvents other than MeOH or CH,Cl,, such as toluene, ethyl
acetate or ether, resulted in low conversions (entries 7-9).

The effects of other additives were also investigated. It was
found that a series of lithium benzoate derivatives were also
suitable for obtaining satisfactory conversion and enantios-
electivity, and all of these salts gave results similar to that with
lithium acetate (entries 10-14). The addition of a strong base
such as lithium hydroxide afforded low enantioselectivity
(60% ee) due to the increase in background racemization
(entry 15). It is worthy of note that using an organic amine
as an additive base did not efficiently improve the reaction
outcome. For example, the reaction using triethylamine or
DABCO resulted in respectively only 17% or 47% conversion
after 12 h (entries 16-17)."" Interestingly, their acetate salts
gave satisfying results with >95% conversion. This might be
because of the existence of countercations in these salts which
favor the formation of the iminium ion (entries 18-19).

More experiments showed that the proportion of the mixed
CH,Cl,-MeOH solvent also affected the reaction perfor-
mance. An increase in the content of methanol led to increased
activity. For example, the reaction in 9 : 1 CH,Cl,-MeOH
resulted in 90% conversion and 94% ee after 40 h using 2
mol% of 4 and 30 mol% of lithium acetate, while in 1 : 9
CH,Cl,-MeOH, full conversion and 95% ee were obtained
within the same time frame even with 2 mol% of 4 and 10
mol% of lithium acetate (entries 20-21). However, the pre-
sence of dichloromethane was necessary because the reaction
in pure methanol was incomplete (entry 22). Further reduction
in catalyst loading to 1 mol% of catalyst 4 and 10 mol%
of lithium acetate resulted in 88% conversion after 72 h
(entry 23).

To demonstrate the generality of this catalytic Michael
addition, the additions of nitromethane to various o,f-unsa-
turated aldehydes were then evaluated and representative
examples are shown in Table 2.1

The addition of nitromethane to aromatic o,f-unsaturated
aldehydes afforded good results. Cinnamaldehyde derivates
with electron-withdrawing or donating group on the ortho-,
meta-, or para-position of the benzene ring all gave full
conversion and good to excellent enantioselectivity ranging
from 90% to 97%. (entries 1-10). An aromatic heterocyclic
o,B-unsaturated aldehyde such as 3-(furan-2-yl)acrylaldehyde
also resulted in 92% ee using 10 mol% of catalyst 4 and
10 mol% of lithium acetate (entry 11).

The addition of nitromethane to aliphatic o,f-unsaturated
aldehydes also exhibited promising results. A series of
alkenals, such as crotonaldehyde, pentenal, hexenal or
decenal, all achieved full conversion and good to excellent
enantioselectivity ranging from 81% to 94% ee using
2-10 mol% of catalyst 4 and 10 mol% of lithium acetate
(entries 12-16). Aliphatic o,B-unsaturated aldehydes with a
functional group such as 2-frans-6-cis-nonadienal also
behaved satisfactorily (entry 17).

Table 2 Base-base bifunctional catalytic enantioselective Michael
addition of o,B-unsaturated aldehydes (1) and nitromethane (2a)

i |
| 4 (2-10 mol%)
+ —NO,
| LiOAc (10 mol%) NO
DCM:MeOH=1:9,rt. g~ ~"-2
R
1 2a 3

Entry  R¢ 4 (%) Time/h  Yield® (%)  ec (%)

1 Ph 2 40 80 95

2 2-MeOCeHy 2 48 63 97

3 2-CIC¢Hy4 2 84 61 95

4 2-NO,CeHs? 5 72 73 92

5 3-CIC¢H4 2 33 72 93

6 4-FC¢Hy 2 96 66 96

7 4-MeCgH, 5 96 67 93

8 4-BrC¢H, 5 48 65 92

9 4-CIC4H,4 10 60 61 90
10 4-MeOCgH, 10 60 67 92
11 2-Furanyl 10 40 74 92
12 Me 2 96 67 81
13 Et 5 96 74 88
14 n-Pr 5 96 76 90
15 n-Bu 5 72 65 92
16 n-Hept 5 100 60 94
17 Hex-3-en-1-yl 5 72 68 93

“ Reaction conditions: o,B-unsaturated aldehyde (1.0 mmol), nitro-
methane (3.0 mmol), 4 and lithium acetate (0.1 mmol) in CH,Cl, :
MeOH (1 : 9 v/v, 2.0 mL) at room temperature. © Isolated yield. ¢ The
enantiomeric excess was detected using GC or HPLC. For details, see
ESIF. “In 9 : 1 CH,CL, : MeOH (v/v).

This catalytic method was also proven suitable for higher
nitroalkanes. For example, Michael addition of nitroethane to
cinnamaldehyde progressed to full conversion with 2 mol% of
4 and 10 mol% of lithium acetate within 72 h. The reaction
gave two diastereoisomers with a ratio about 48 : 52 and
respective ee’s of 95% and 96% (Scheme 1).

A very important synthetic application of this kind of
Michael addition is the transformation of the addition product
to an optically active y-amino acid. For example, the addition
product 3i’, prepared from 4-chlorocinnamaldehyde and
nitromethane catalyzed by (R)-4, could be conveniently
converted to the corresponding y-nitro acid 5i’.!> The nitro
group of 5i’ was easily reduced to an amino group with the
usual hydrogenation process'® to afford the optically active
(R)-baclofen hydrochloride salt, which is an important
GABAGp, receptor agonist (Scheme 2).'*

In summary, we have developed a new Lewis base—Bronsted
base bifunctional catalysis for the asymmetric catalytic
Michael addition of nitroalkanes to o,B-unsaturated aldehydes
with high efficiency and enantioselectivity, even with a

]
f . /—Noz
Ph

Scheme 1 Enantioselective Michael addition of cinnamaldehyde and
nitroethane.

4 (2 mol%)
LiOAc (10 mol%)
_LiOAc (10 mol%)

, 1. NO
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Scheme 2 Synthetic route for the preparation of the optically active
(R)-baclofen hydrochloride salt.

1-2 mol% loading level for the catalyst. The results indicated
that this methodology might be of practical and general utility
for the synthetic community. Further investigations of the
mechanism of this methodology are currently ongoing and
results from which will be presented in due course.

Notes and references

I General procedure for the Michael addition of nitroalkanes to o,f-
unsaturated aldehydes: to a mixed solution of 1 : 9 CH,Cl,-MeOH
(v/v, 2.0 mL) was added o,B-unsaturated aldehyde 1 (1.0 mmol),
nitroalkane 2 (3.0 mmol), catalyst 4 (6.5 mg, 0.02 mmol) and lithium
acetate (6.6 mg, 0.10 mmol). The reaction mixture was stirred at room
temperature for the time indicated in Table 2 and then the solvent was
removed under vacuum. Water (5.0 mL) was added to the residue and
it was extracted with CH,Cl, three times. The combined organic
phases were dried over anhydrous Na,SO,, filtered and evaporated
under vacuum. The residue was purified by column chromatography
on silica gel (350400 mesh) to yield the desired addition product.

—

For recent published books on asymmetric organocatalysis, see: A.

Berkessel and H. Groger, Asymmetric Organocatalysis, Wiley-

VCH, Weinheim, Germany, 2004; P. 1. Dalko, Enantioselective

Organocatalysis, Wiley-VCH, Weinheim, Germany, 2007.

For recent reviews on asymmetric organocatalysis, see: P. I. Dalko

and L. Moisan, Angew. Chem., Int. Ed., 2001, 40, 3726; E. R. Jarvo

and S. J. Miller, Tetrahedron, 2002, 58, 2481; B. List, Tetrahedron,

2002, 58, 5573; Acc. Chem. Res., 2004, 37(8)Adv. Synth. Catal.,

2004, 346(9-10); P. 1. Dalko and L. Moisan, Angew. Chem., Int.

Ed., 2004, 43, 5138; J. Seayad and B. List, Org. Biomol. Chem.,

2005, 3, 719; M. J. Gaunt, C. C. C. Johansson, A. McNally and N.

T. Vo, Drug Discovery Today, 2007, 12, 8.

R. Marcia de Figueiredo and M. Christmann, Eur. J. Org. Chem.,

2007, 2575.

4 For recent reviews on asymmetric organocatalytic Michael addi-
tion, see: D. Almasi, D. A. Alonso and C. Najera, Tetrahedron:
Asymmetry, 2007, 18, 299; S. B. Tsogoeva, Eur. J. Org. Chem.,
2007, 1701.

5 For a recent review on the Michael additions of nitroalkanes to
electron-poor alkenes, see: R. Ballini, G. Bosica, D. Fiorini, A.
Palmieri and M. Petrini, Chem. Rev., 2005, 105, 933.

6 For previous work on the enantioselective addition of nitroalkanes

to ao,B-enones with an iminium mechanism, see: M. Yamaguchi,

[\

(95)

10

11

12

13

14

T. Shiraishi, Y. Igarashi and M. Hirama, Tetrahedron Lett., 1994,
35, 8233; M. Yamaguchi, Y. Igarashi, R. S. Reddy, T. Shiraishi
and M. Hirama, Tetrahedron, 1997, 53, 11223; S. Hanessian and V.
Pham, Org. Lett., 2000, 2, 2975; N. Halland, R. G. Hazell and K.
A. Jorgensen, J. Org. Chem., 2002, 67, 8331; S. B. Tsogoeva and S.
B. Jagtap, Synlett, 2004, 2624; A. Prieto, N. Halland and K. A.
Jorgenson, Org. Lett., 2005, 7, 3897; C. E. T. Mitchell, S. E.
Brenner and S. V. Ley, Chem. Commun., 2005, 5346; C. E. T.
Mitchell, S. E. Brenner, J. Garcia-Fortanet and S. V. Ley, Org.
Biomol. Chem., 2006, 4, 2039; S. Hanessian, Z. Shao and J. S.
Warrier, Org. Lett., 2006, 8, 4787.

For previous work on the enantioselective addition of nitroalkanes
to ao,B-unsaturated aldehydes with an iminium mechanism, see: L.
Hojabri, A. Hartikka, F. M. Moghaddam and P. 1. Arvidsson,
Adv. Synth. Catal., 2007, 349, 740; for a cascade organocatalytic
reaction concerning in situ iminium catalytic Michael addition of
nitroalkanes to ao,B-unsaturated aldehydes, see: D. Enders, M. R.
M. Hiittl, C. Grondal and G. Raabe, Nature, 2006, 441, 861; recent
reports on this kind of reaction during revision of our manuscript:
C. Palomo, A. Landa, A. Mielgo, M. Oiarbide, A. Puente and S.
Vera, Angew. Chem., Int. Ed., 2007, 46, 8431; H. Gotoh, H.
Ishikawa and Y. Hayashi, Org. Lett., 2007, 9, 5307; L. Zu, H.
Xie, H. Li, J. Wang and W. Wang, Adv. Synth. Catal., 2007, 349,
2660.

For a highlight related to diarylprolinol ethers, see: C. Palomo and
A. Mielgo, Angew. Chem., Int. Ed., 2006, 45, 7876.

For recent examples on conjugate addition with an iminium
mechanism using diarylprolinol ethers as an organocatalyst, see:
M. Marigo, T. Schulte, J. Franzén and K. A. Jergensen, J. Am.
Chem. Soc., 2005, 127, 15710; S. Brandau, A. Landa, J. Franzén,
M. Marigo and K. A. Jergensen, Angew. Chem., Int. Ed., 2006, 45,
4305; M. Marigo, S. Bertelsen, A. Landa and K. A. Jorgensen, J.
Am. Chem. Soc., 2006, 128, 5475; W. Wang, H. Li, J. Wang and L.
Zu, J. Am. Chem. Soc., 2006, 128, 10354; 1. Ibrahem, R. Rios, J.
Vesely, P. Hammar, L. Eriksson, F. Himo and A. Cordova,
Angew. Chem., Int. Ed., 2007, 46, 4507; P. Dinér, M. Nielsen, M.
Marigo and K. A. Jorgensen, Angew. Chem., Int. Ed., 2007, 46,
1983; H. Li, L. Zu, H. Xie, J. Wang, W. Jiang and W. Wang, Org.
Lett., 2007, 9, 1833; J. Vesely, I. Ibrahem, R. Rios, G.-L. Zhao, Y.
Xu and A. Cordova, Tetrahedron Lett., 2007, 48, 2193; A. Carlone,
G. Bartoli, M. Bosco, L. Sambri and P. Melchiorre, Angew. Chem.,
Int. Ed., 2007, 46, 4504; H. Sundén, R. Rios, I. Ibrahem, G.-L.
Zhao, L. Eriksson and A. Cordova, Adv. Synth. Catal., 2007, 349,
827; S. Bertelsen, P. Dinér, R. L. Johansen and K. A. Jorgensen, J.
Am. Chem. Soc., 2007, 129, 1536.

For a report on using NaOAc as a basic additive in iminium-based
conjugate addition—aldol-dehydration reactions, see: H. Li, J.
Wang, H. Xie, W. Jiang, E. N. Duesler and W. Wang, Org. Lett.,
2007, 9, 965.

An example with DABCO as a basic additive in the organocata-
lytic domino reaction of ethyl nitroacetate was reported, see: A.
Carlone, S. Cabrera, M. Marigo and K. A. Jorgensen, Angew.
Chem., Int. Ed., 2007, 46, 1101; for using triethylamine as an acid
scavenger in organocatalytic cyclopropanation of 2-bromo acet-
oacetate esters, see: R. Rios, H. Sundén, J. Vesely, G.-L. Zhao, P.
Dziedzic and A. Cordova, Adv. Synth. Catal., 2007, 349, 1028.

S. Brandau, A. Landa, J. Franzén, M. Marigo and K. A. Jorgen-
sen, Angew. Chem., Int. Ed., 2006, 45, 4305.

P. Camps, D. Munoz-Torrero and L. Sanchez, Tetrahedron:
Asymmetry, 2004, 15, 2039; F. Felluga, V. Gombac, G. Pitacco
and E. Valentin, Tetrahedron: Asymmetry, 2005, 16, 1341.

H. R. Olpe, H. Demieville, V. Baltzer, W. L. Bencze, W. P. Koella,
P. Wolf and H. L. Haas, Eur. J. Pharmacol., 1978, 52, 133; N. G.
Bowery, Trends Pharmacol. Sci., 1982, 3, 400.

1234 | Chem. Commun., 2008, 1232-1234

This journal is © The Royal Society of Chemistry 2008



