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Two novel bifunctional amine-thiourea organocatalysts 1 and
2, which both bear central and axial chiral elements, have
been developed to promote enantioselective Michael reaction
between 1,3-dicarbonyl compounds and nitro olefins. The
catalyst 2 afforded the desired products with good levels of
enantioselectivity (up to 96% ee), showing clearly that two
chiral elements of 2 are matched, and enhance the stereo-
chemical control.

The nitroalkanes are important building blocks and intermedi-
ates in organic synthesis because the nitro group can be easily
transformed into other useful groups such as amines and
carbonyls.1 Michael addition of carbon-centered nucleophiles
to nitro olefins represents a direct and powerful approach to
chiral nitroalkanes. As a result, a considerable of effort has been
devoted to the development of catalytic enantioselective versions
of the process.2

Although the catalytic asymmetric versions of this reaction
have been achieved, most required metal catalysts or strict

reaction conditions.3 Recently, the development of organocata-
lytic asymmetric Michael addition reactions of nitro olefins has
received growing attention.4 Impressive progress has been made
in the development of metal-free bifunctional organic catalysts
for the enantioselective addition of aldehydes and ketones,5

malonate esters,6 and ketoesters7 to nitroalkenes. Nonetheless,
few successful organocatalysts have been demonstrated for the
enantioselective addition of 1,3-diketone compounds to nitro
olefins. Recently, Wang and co-workers have developed the first
highly enantioselective organocatalytic Michael addition of 2,4-
pentandione to aryl nitroalkenes.8 As part of our interest in
asymmetric organocatalysis,9 we want to describe a novel type
of bifunctional chiral amine-thiourea organocatalyst for promot-
ing the Michael reaction between 1,3-diketone compounds and
nitro olefins with good levels of enantioselectivity (up to 96%
ee). In addition, other types of 1,3-dicarbonyl compounds such
as malonate ester and �-ketoester were also briefly investigated.

In the past few years, chiral urea and thiourea derivatives
have emerged as new and efficient organocatalysts for various
enantioselective reactions.10 Among them, Takemoto’s amine-
thioureas,11 Jacobsen’s ureas/thioureas,12 and cinchona alkaloid-
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based thioureas13 are the most popular, and have been widely
used in many asymmetric reactions. In addition, other types of
thiourea catalysts such as imidazole-thioureas,5i guanidine-
thioureas,14 pyrrolidine-thioureas,15 and oxazoline-thioureas16

have been found to be useful for different asymmetric trans-
formations. It is noted, however, that most of them contain
central chirality as the only asymmetric element. Chiral urea
and thiourea organocatalysts bearing two different types of
stereogenic structures in the same molecule are few. We
envisioned that appropriately introducing a second chiral element
in a chiral urea/thiourea molecule could facilitate its tunability,
and would lead to finding an optimal chiral organocatalyst. To
achieve catalytic enantioselective Michael reaction into nitro
olefins with thioureas, we designed novel bifunctional organo-
catalysts 1 and 2 bearing both central and axial chiral elements
(Figure 1). The influence of these elements on the enantiose-
lectivity of Michael addition of 2,4-pentandione to nitroalkenes
was also studied. To the best of our knowledge, this is the first
highly enantioselective organocatalytic Michael reaction of nitro
olefins promoted by amine-thioureas containing both central and
axial chiral elements.

The two bifunctional chiral amine-thioureas 1 and 2, carrying
the same absolute configuration of the binaphthyl unit, but
differing in the two stereogenic centers of the cyclohexyl
scaffold, were synthesized by following the procedure described
in Scheme 1. The reaction of (R)-2,2′-di(bromomethyl)-1,1′-
binaphthyl 317 with DAB (1,3-dimethyl-5-acetylbarbituric acid)-
monoprotected (1R,2R)- and (1S,2S)-cyclohexyldiamines 4a and
4b in CH2Cl2 in the presence of Et3N as the base gave the
corresponding tertiary amines 5a and 5b in 76% and 74% yield,

respectively.18 Subsequent deprotection of 5a and 5b with KOH
in 96% EtOH solution at 50 °C afforded primary amines 6a
and 6b in 89% and 90% yield, respectively. Finally, condensa-
tion of 6a and 6b with 1 equiv of 1-isothiocyanato-3,5-
bis(trifluoromethyl)benzene in THF provided the chiral amine-
thiourea catalysts 1 and 2 in 91% and 92% yield, respectively.

The efficacy of bifunctional amine-thioureas 1 and 2 as chiral
organocatalysts was initially evaluated by using the reaction of
2,4-pentandione 7 with trans-�-nitrostyrene 8a in toluene at
room temperature (Table 1). Under the same conditions, catalyst
2 gave desired product 9a in higher enantioselectivity (93% ee,
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FIGURE 1. Designed bifunctional catalysts 1 and 2 with both central
and axial chiral elements.

SCHEME 1. Synthesis of Organocatalysts 1 and 2a

a Reagents and conditions: (a) Et3N, CH2Cl2, 35 °C, 5a 76%, 5b 74%;
(b) KOH, 96% EtOH, 50 °C, 6a 89%, 6b 90%; (c) 1-isothiocyanato-3,5-
bis(trifluoromethyl)benzene, THF, rt, 1 91%, 2 92%.

TABLE 1. Enantioselective Addition of 2,4-Pentandione (7) to
trans-�-Nitrostyrene (8a) Catalyzed by Amine-Thioureas 1 and 2a

entry catalyst solvent yield (%) ee (%)b

1 1 toluene 84 78(R)
2 2 toluene 82 93(S)
3 2 DCM 80 89(S)
4 2 THF 78 84(S)
5 2 Et2O 81 90(S)
6 2 DMSO 63 28(S)

a The reaction was performed with trans-�-nitrostyrene (8a) and
2,4-pentandione (7) (2 equiv) in the presence of catalysts (10 mol %) at
room temperature for 16 h. b Enantiomeric excess (ee) was determined
by chiral HPLC analysis (Chiralpak AS-H).
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entry 2), whereas catalyst 1 afforded product 9a in lower
enantioselectivity (78% ee, entry 1), as well as a reversal of
the absolute configuration of product 9a. These results demon-
strate that the two chiral elements in chiral amine-thiourea
catalyst 2 are matched, enhancing the stereochemical control,
whereas the two chiral elements in chiral amine-thiourea catalyst
1 are mismatched. Furthermore, the central chiral element of
catalysts predominates the absolute configuration of product 9a.
Next, the influence of the solvents was investigated by using
the bifunctional organocatalyst 2. In polar solvents such as
DMSO (Table 1, entry 6), lower enantioselectivity for product
9a was observed. This is probably due to the destruction of
hydrogen bonding interactions between the thiourea and the nitro
group in the substrate in strongly H-bonding-acceptor solvents.
As expected, when reactions were conducted in less polar
solvents, higher enantioselectivities were obtained (entries 2-5,
Table 1). With toluene as the solvent, the Michael adduct 9a
was isolated with the highest ee (93%) in 82% yield (entry 2).

Experiments that probe the scope and limitations of the
nitroalkene substrates utilizing the bifunctional catalyst 2 are
summarized in Table 2. The Michael addition reactions of
aromatic nitro olefins 8a-i with 2,4-pentandione (7) proceeded
smoothly with good enantioselectivities (90-96% ee). It appears
that the position and the electronic property of the substituents
for aromatic rings of nitroalkenes are well tolerated by the
Michael addition reactions. Whether electron-withdrawing
(entries 2-4, Table 2), -donating (entries 5-9, Table 2), or
-neutral (entry 1, Table 2) groups on aromatic rings were used,
the reactions proceeded smoothly to give the desired adducts
in good yields (78-86%) with good enantioselectivities (90-96%
ee). The Michael reaction of aliphatic nitro olefin 8j reacted
with 2,4-pentandione 7 to afford the desired product 9j in 80%
yield and 76% ee value (entry 10, Table 2). Although the
enantioselectivity of the product with aliphatic nitro olefin is
not so high as the enantioselectivity with aromatic nitroalkenes,
this is the first example of enantioselective addition of 1,3-
diketone to aliphatic nitro olefin. Absolute configurations of
9a-i were determined by comparing the retention time of HPLC
of products with those of literature data.

Other types of 1,3-dicarbonyl compounds 10 were also
applicable to the present catalytic system (eq 1). For R-mono-
substituted 1,3-diketone 10a, malonate ester 10b, and �-ketoester
10c, the corresponding adducts were obtained in good yields
(75-81%) and enantioselectivities (80-84%) at the �-position
to the nitro group.

A plausible catalytic mode representing the prototypical addition
of 2,4-pentandione (7) to trans-�-nitrostyrene (8a) in the presence
of 2 as a catalyst is shown in Figure 2, in which a thiourea moiety
of the catalyst 2 interacts through hydrogen bonding with a nitro
group of the nitroalkene and enhances their electrophilicity while
the tertiary amine deprotonates an acidic proton of 2,4-pentandione
(7), generating a ternary complex. The synergistic steric hindrance
from the chiral dihydroazepine moiety of bifunctional catalyst 2
might be responsible for the increased stereocontrol of the Michael
addition reaction. Nevertheless, the real catalytic mechanism still
needs further investigation.

In summary, we have developed two novel bifunctional
amine-thiourea organocatalysts 1 and 2, which both bear central
and axial chiral elements, for promoting the enantioselective
Michael reaction between 1,3-dicarbonyl compounds and nitro
olefins.19 Catalyst 2 afforded the desired products with levels
of enantioselectivity of up to 96% ee, showing clearly that two
chiral elements of 2 are matched, and enhance the stereochem-
ical control. Our research might have implications for the design
of novel chiral organocatalysts. Utilization of these bifunctional
amine-thiourea organocatalysts in other asymmetric reactions
is under way in our laboratory.

Experimental Section

Typical Procedure for Michael Addition Reaction Catalyzed
by Bifunctional Catalyst 2. The catalyst 2 (6.63 mg, 0.01 mmol,
10 mol %) was added to a vial containing 2,4-pentanedione 7 (20

(19) The catalysts can be recovered and reused after further purification. For
example, the Michael addition reaction of 2,4-pentandione (7) and trans-�-
nitrostyrene (8a) in the presence of recovered catalyst 2 (10 mol %) afforded
adduct 9a in 73% yield and 89% ee (1st run).

TABLE 2. Organocatalytic Enantioselective Addition of
2,4-Pentandione (7) to Various Nitro Olefins 8 Promoted by
Amine-Thioureas 2a

entry R yield (%) ee (%)b

1 Ph (8a) 82 93
2 4-Cl-C6H4 (8b) 86 94
3 4-Br-C6H4 (8c) 84 94
4 2-CF3-C6H4 (8d) 81 91
5 2-BnO-C6H4 (8e) 78 96
6 2,3-(MeO)2-C6H3 (8f) 83 96
7 4-Me-C6H4 (8g) 80 93
8 4-MeO-C6H4 (8h) 85 92
9 4-BnO-C6H4 (8i) 83 90
10 i-Bu (8j) 80 76c

a The reaction was performed with 2,4-pentandione (7) (2 equiv) and
nitro olefins 8 in the presence of catalyst 2 (10 mol %) at room
temperature. b Enantiomeric excess (ee) was determined by chiral HPLC
analysis (Chiralpak AS-H, OD-H, and AD/AD-H). c Absolute configura-
tion was not determined.

FIGURE 2. Proposed catalytic reaction mode through double activation.
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mg, 0.2 mmol) and trans-�-nitrostyrene 8a (14.9 mg, 0.1 mmol)
in dry toluene (1 mL) at room temperature. After 16 h of stirring,
the reaction mixture was quenched with 1 M aqueous HCl solution,
extracted with EtOAc, and dried over Na2SO4. The crude product
was purified by flash silica gel chromatography to give 20.4 mg
(82%) of the adduct 9a as a white solid: 1H NMR (400 MHz,
CDCl3) δ 7.32-7.25 (m, 3H), 7.19-7.16 (m, 2H), 4.64-4.59 (m,
2H), 4.35 (d, J ) 10.8 Hz, 1H), 4.26-4.22 (m, 1H), 2.26 (s, 3H),
1.92 (s, 3H); HPLC (Chiralpak AS-H, isopropyl alcohol/hexane )
15/85, flow rate 1.0 mL/min, λ ) 210 nm) tmajor ) 14.1 min, tminor

) 20.2 min.
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