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The Diels—Alder reaction is one of the most powerful
pericyclic reactions for the construction of six-membered
functionalized cyclic frameworks. In the wake of the emer-
gence of organocatalysis, great efforts have been devoted to
the development of organocatalytic enantioselective versions
of this reaction, as it allows in principle the formation of four
contiguous asymmetric centers."?) MacMillan and co-workers
developed the first highly enantioselective amine-catalyzed
Diels—Alder reaction of a,f-unsaturated carbonyl compounds
as dienophiles via LUMO-lowering iminium formation.”!
Since then, iminum ion catalysis has been established as an
effective platform for enantioselective Diels—Alder reac-
tions.! Alternatively, Barbas and co-workers discovered the
first amine-catalyzed Diels—Alder reaction of a,f-unsaturated
carbonyl compounds as dienes involving in situ enamine
activation.®! This strategy has been successfully applied in
several hetero-Diels-Alder reactions.”! Other organocatalytic
Diels—Alder reactions have also been reported that use chiral
Brgnsted acids,”! N-heterocyclic carbenes,® and cinchona
alkaloids.”!

Water occupies a special place amongst alternative
reaction media owing to its unique properties."”’ Apart from
the obvious economic and environmental benefits, the
aqueous medium can have favorable effects on reaction
activity and selectivity. Most notably, intensive investigations
have revealed the dramatic acceleration of the Diels—Alder
reaction in aqueous solutions.'!! Recently, the positive
benefits of aqueous solutions were also discovered in organo-
catalysis. Ogilvie and Lemay developed a novel cyclic
hydrazide catalyst that functioned best in water for the
asymmetric Diels—Alder reaction of o,f-unsaturated alde-
hydes with cyclopentadiene via rapid iminium formation.?
Hayashi and co-workers reported that water increased the
enantioselectivity and accelerated the Diels—Alder reaction
of a,B-unsaturated aldehydes with dienes, catalyzed by a
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diaryprolinol silyl ether salt, to provide predominantly the
exo isomer of the Diels—Alder adducts.'"® Several highly
diastereoselective and  enantioselective aldol™ and
Michael™ reactions were successfully developed to proceed
in aqueous media. Herein, we describe the development of a
highly efficient organocatalytic system in aqueous salt sol-
utions for the enantioselective Diels—Alder reaction of cyclo-
hexenones with nitroolefins, a reaction which remained
elusive to datel™™ The organocatalysts used (Scheme 1)
were developed in our group and are highly efficient in
enantioselective Michael and oxa-Michael-Henry reac-
tions.!""!
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Scheme 1. The organocatalysts used in this study.

Initially, using amine catalyst 1a, good enantioselectivity
was obtained in the Diels—Alder reaction between cyclohex-
2-enone and B-nitrostyrene in THF, although the reaction rate
and conversion both remained low (Table 1, entry 1). Encour-
agingly, the reaction was not only dramatically accelerated
using water as a solvent, but also a higher enantioselectivity
was obtained than that in THF, providing the Diels—Alder
adduct with 90 % conversion and 82 % ee after 24 h (Table 1,
entry 2). The Diels—Alder reaction was further improved in
water and saturated brine in the presence of the catalyst 1¢
(Table 1, entries 4 and 5). Furthermore, the best results were
obtained when seawater, taken directly from the East China
Sea, was used as a solvent (Table 1, entry 6). Reaction in
boiled seawater gave similar results to those in untreated
seawater, suggesting an important role of salts on the reaction
rather than microorganisms (Table 1, entry 13 vs. entry 16).
Further tests showed that the concentration of aqueous NaCl
evidently affected the performance of the reaction.!'”! There-
fore, owing to the good dispersion of reactants in aqueous salt
solutions and the salting-out effect, nearly 100 % conversions
and high diastero- and enantioselectivities were obtained
from seawater and 7.5% NaCl aqueous solution (Table 1,
entries 13, 16, and 17).

Among catalysts 1a—c, catalyst 1¢ was the most suitable
for the Diels—Alder reaction in terms of conversion and
enantioselectivity (Table 1, entries 2-4). The additive acid

Chemie

3821


http://dx.doi.org/10.1002/anie.200900269

Communications

3822

Table 1: Screening of various reaction conditions for the Diels—Alder
Catalyst 20 mol%

reaction of cyclohex 2-enone with B-nitrostyrene.?
O,N
_Additive 20 mol%

d Solvent RT PH o

Entry Cat. Additive Solvent ¢ Conv. exo/  ee
(%"  endo [%]“
1 la CH;CO,H 2a THF 96 35 >25:1 80
2 la CgH;CO,H2a H,O 24 90 >25:1 82
3 1b CH;CO,H 2a H,O0 24 20 >25:1 75
4 1c CgH;CO,H 2a H,O0 24 95 >25:1 85
5 1c CHCO,H2a  brine 20 >99 >25:1 82
6 1c CgH;CO,H 2a swil 20 >99 >25:1 85
7 1c CH;CO,H2b Swo 18 >99 >20:1 82
8 1c CFCO,H 2c SW o 24 55 >25:1 84
9 1c 2-GH,S0,82d sw 24 60 >25:1 84
10 1c 4 SW 20 >99 >20:1 90
NO,C¢H,CO,H
2e
1M 1c 3- SwW 20 >99 >20:1 85
NO,C¢H,CO,H
2f
12 1c 2 SW 24 98 >20:1 83
NO,C¢H,CO,H
2g
13 1c 4CFCH,COH SW 20 >99  >25:1 95
2h
14 1c 2-CF,CH,COH SW 24 97 >20:1 89
2i
15 1c  4-FCeH,CO,H SW o 24 98 >20:1 93
2j
16 1c 4-CF,CH,CO,H sSwi 20 >99 >25:1 94
2h
17 1c  4-CF,CeH,CO,H  brinel 20 >99 >25:1 96
2h

[a] All the reactions were conducted in solvent (1 mL) using cyclohex-2-
enone (1 mmol) and B-nitrostyrene (0.75 mmol) in the presence of
20 mol% catalyst and 20 mol% additive at room temperature with
vigorous stirring. [b] Conversion to the product, as determined by GC-
MS. [c] Determined by HPLC analysis on a chiralcel OD-H column.
[d] Values of ee for the exo isomer. [e] Saturated aqueous NaCl solution.
[f] SW=seawater taken directly from the East China Sea. [g] 2-Naph-
thalenesulfonic acid. [h] Boiled seawater. [i] 7.5% aqueous NaCl solution
(mass concentration).

was found to play another important role on the reaction
(Table 1, entry 6-15). Weak acids, such as acetic acid and
benzoic acid and its derivatives, were superior to stronger
acids, such as 2-naphthalenesulfonic acid and trifluoroacetic
acid. Of the acids investigated, 4-trifluoromethylbenzoic acid
was found to be the most effective, and reactions in aqueous
salt solutions were complete within 20 h with 94-96 % ee
(Table 1, entries 13, 16, and 17).

Next, the enantioselective organocatalytic Diels—Alder
reaction of various cyclohexenones with nitroolefins was
investigated in seawater and 7.5 % NaCl aqueous solution. As
shown in Table 2, the combination of catalyst 1¢ and additive
acid 2h exhibited excellent asymmetric catalytic effects, and
furthermore, the nitroolefins with different substitution
patterns were tolerated in seawater and brine. It appeared
that the electronic property and the position of the substitu-
ents for the phenyl ring of nitroolefins had a very limited
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Table 2: Diels—Alder reactions of cyclohexenones with nitroolefins
promoted by catalyst 1c in seawater and brine.”
o R. _R'
% 2
@\ o MO St 1o20 el ;E
g R Solvent, RT
R"” "R R? o
3 4 5
Entry R' R* R’ Prod. t  Conv®! Y®! ee
thl %] (%19 9]
1 H H 2 5a 20 80 (85) 60 (66) 90 (91)
MeOC,H,
2 H H 3 5b 12 85(83) 80 (80) 96 (96)
MeOCH,
3 H H 4 5S¢ 20 >99(97) 98 (95) 93 (93)
MeOCH,
4 H H 4MeCH, 5d 20 >99(97) 97 (96) 93 (93)
H H Ph Se 20 >99(99) 98 (96) 95 (96)
6 H H 4FCH, 5f 20  >99 97 (97) 95 (95)
(>99)
7 H H 4CIGH, 5g 20 >99 (95 99 (93) 94 (94)
8 H H 3-BrCH, 5h 12 60(63) 55(56) 88 (90)
9 H H 4BrGH, 5i 12 95(93) 92 (90) 92 (94)
0 H H 3 5i 12 80(78) 70 (71) 93 (93)
NO,C,H,
M H H 4CRGH, Sk 12 >99  98(97) 90 (91)
(>99)
12 H H 2furanyl 51 20 >99 96 (96) 92 (94)
(>99)
13 H Me Ph 5m 36 >99 (98) 95 (95) 83 (85)
14 Me H Ph 5n 20 98 (>99) 96 (97) 93 (94)

[a] All reactions were conducted in seawater or 7.5% aqueous NaCl
solution (1 mL) using cyclohexenones 3 (1 mmol) and nitroolefins 4
(0.75 mmol) in the presence of 20 mol % catalyst 1c and 20 mol % acid
2h at room temperature with vigorous stirring. [b] Results from reactions
in 7.5% NaCl aqueous solution shown in parentheses. [c] Conversion to
the product as determined by GC-MS. [d] Yield of isolated product.
[e] Determined by chiral-phase HPLC; values of ee for the exo isomer; the
ratio (exo/endo) is >25:1 for all the products.

influence on the diastero- and enantioselectivity of the
reaction. The nitroolefins bearing groups at the para-position
of the phenyl ring gave higher yields than those at other
positions (Table 2, entry 3 vs. entries 1,2; entry 9 vs. entry 8).
The reaction was also applicable to heterocyclic nitroolefins,
producing the desired Diel-Alder adduct with 96 % yield and
92-94% ee (Table 2, entry 12). Surprisingly, both 3- and 4-
methyl-substituted cyclohex-2-enones underwent Diels—
Alder reaction with excellent yields and high enantioselectiv-
ities (Table 2, entries 13, 14). In general, corresponding results
from reactions in seawater and 7.5 % NaCl aqueous solution
were essentially the same, and good to high yields were
observed; the enantioselectivities were as high as 96 %.

The stereochemical outcome of the Diels-Alder reaction
was determined on the basis of the X-ray crystal structure of
the adduct 5i, which revealed that adduct 5i had the absolute
configuration (38, 45, SR, 65).1'7

We propose a mechanism to account for the observed
results (Scheme 2). First, the catalyst 1¢ forms a chiral
enamine 6 with the cyclohexenones 3, and the nitroolefin 4
forms a complex with the catalyst 1¢ and additive acid 2h.
[4+42] pericyclization of the in situ enamine-activated 6 and
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Scheme 2. The catalytic cycle and transition state for the in situ
enamine-catalyzed Diels—Alder reaction.

the activated nitroolefin 4 leads to formation of the corre-
sponding enamine 8 via the transition state 7. Hydrolysis by
water finally affords the desired Diels—Alder adduct 5 and
releases the catalyst 1e, which continues the subsequent
catalytic cycle. The existence of the intermediates 6 and 8 in
the reaction mixture was further confirmed using the ESI-MS
(Figure 1). The fact that seawater or brine significantly
enhance the catalytic performance of the Diels—Alder reac-
tion suggests that seawater or brine should play other roles in
the process besides the salt effect, which might stabilize the
transition state 7 through a hydrogen-bonding interaction
with the acid 2h and favor the hydrolysis step to finish the
catalytic cycle. It is noteworthy that in our experiments,
corresponding Michael adducts of cyclohexenones 3 to nitro-
olefins 4 were not found during the transformations, suggest-
ing that in the present catalytic system, cyclization is involved
in the one-step concerted addition pathway rather than a
sequential of the Michael/Michael mechanism.*!
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Figure 1. Confirmation of the existence of intermediates 6 and 8 by
ESI-MS. The fragment at m/z 84.1 corresponds to [2-CH,-C,HzN]".
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In summary, we have developed a highly efficient
asymmetric organocatalytic Diels—Alder reaction of cyclo-
hexenones with aromatic nitroolefins in seawater and brine
with excellent chemo-, regio- and stereoselectivities. Cycliza-
tion was involved in the concerted addition process. Most
importantly, seawater and brine significantly promoted the
reaction performance, and both led to essentially the same
results. Further investigations into applying the catalytic
system to other synthetically useful asymmetric transforma-
tions are underway.
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