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ABSTRACT: 3-Decyl-β-proline, which has a highly lipophilic
substituent, was synthesized, and its catalytic activities in Michael
addition using water as the solvent were investigated. The decyl
substituent promoted the reaction by hydrophobic interactions to
afford the Michael adduct in a high yield and with high
diastereoselectivity under low catalyst loading.

■ INTRODUCTION
Organic reactions in water have attracted much attention
because water is non-toxic, safe, and inexpensive, reduces the
amount of organic solvent waste produced,1 and is a potential
solvent for stereoselective transformation.2 Organocatalysts are
metal-free and stable in moisture and air compared to metal
catalysts. The ability to conduct organocatalytic reactions in
water would therefore be environmentally benign and facile
compared to reactions requiring the strictly anhydrous
conditions necessary for traditional organic reactions and
would lead to the development of truly practical synthetic
reactions.3 Our studies on the development of organocatalytic
reactions showed that β-proline bearing a highly lipophilic
substituent at the 3-position catalyzes Michael reactions in
water with high yields at low catalyst loading. This article
describes our results.

■ RESULTS AND DISCUSSION
We previously reported that 3-methyl-β-proline catalyzes
Mannich-type reactions with high yields and high stereo-
selectivities at low catalyst loading.4 We found that the
solubility of β-proline in an organic solvent could be increased
by introducing a methyl group to increase the lipophilicity of
the catalyst and became interested in the characteristics of β-
proline bearing a highly lipophilic group. Since we were
especially interested in catalytic activity using water as the
solvent, we examined the synthesis of 3-decyl-β-proline and its
use for organic reactions in water. The synthesis of 3-decyl-β-
proline (8) is shown in Scheme 1. Alkylation of commercially
available t-butyl cyanoacetate (1) with decyl bromide under
neat conditions followed by phase-transfer-catalyzed alkylation
with ethyl iodoacetate afforded the dialkylated compound 3.
Treating 3 with NaBH4 in the presence of CoCl2 afforded
lactam 4.5 After converting 4 to thiolactam 5 with Lawesson’s

reagent, hydrogenation followed by the protection of the
resulting amino group with Cbz−Cl gave compound 6.6

Finally, sequential deprotection of the t-butyl and Cbz groups
provided racemic 3-decyl-β-proline (8).With 3-decyl-β-proline
(8) in hand, we next investigated the Michael reaction of
cyclohexanone with β-nitrostyrene in water.7 The reaction was
carried out with 1.0 mol % catalyst 8 without an organic
solvent, and the results are shown in Table 1. While the
unsubstituted or methyl-substituted catalyst gave no product,
the decyl-substituted catalyst 8 gave adduct 14 in a desirable
yield with high diastereoselectivity (Table 1, entries 1, 2, and
4). The use of 2 equiv of cyclohexanone (9) rather than 1
equivalent improved the yield of the adduct from 46 to 65%.
Since hydrophobic interactions were likely driving the reaction
in water,8 we investigated the salting-out effect using saturated
aq KCl solution, and the yield increased to 79% (Table 1, entry
5). The reaction system was heterogeneous and an emulsion.
Thus, the reaction was considered to take place at the
interphase of the biphasic system. Saturated aqueous KCl
solution, by increasing the ionic strength, facilitates the
formation of the separate phase and concentrates the organic
phase in which the reactants and the catalyst aggregate. These
are considered to be the reason for the increase in the reaction
yield. Next, we conducted the reaction using several aldehydes
and saturated aq KCl solution as the solvent (Table 2).9 The
use of aldehyde rather than cyclohexanone greatly shortened
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the reaction time. Although propanal gave a low yield, more
lipophilic aldehyde gave high yields and high diastereoselectiv-
ities. Table 3 shows the results of reactions with pentanal and
several β-nitrostyrenes, which have an electron-donating or
electron-withdrawing substituent on the phenyl group. The
electronic effect of the substituent, which changes the electron
density at the reaction site, had no influence, and regardless of

the electronic effect, the substituted β-nitrostyrenes increased
the reaction rate compared to that of the unsubstituted β-
nitrostyrene and slightly decreased the diastereoselectivity. The
results suggested that the substituents increase the lipophilicity
of β-nitrostyrenes and made the hydrophobic interaction more
effective. Diastereoselectivity also decreased when the reaction
was continued for a long time, suggesting that the catalyst
affects the isomerization of the adducts (Table 3, entry 4).

■ CONCLUSIONS
In conclusion, an organocatalyst which promotes the Michael
reaction in water without an organic solvent was developed.
The reaction proceeded with low catalyst loading to give high
yields and high diastereoselectivities. The presence of a decyl
group in the catalyst was shown to increase the reaction rate
due to hydrophobic interactions. The synthesis of optically
active 3-decyl-β-proline is currently under investigation to
determine the enantioselectivities of the presented Michael
reactions. Moreover, studies on the scope of the reactions with
other Michael accepters are also underway. These results will
be reported in due course.

■ EXPERIMENTAL SECTION
General Information. All reagents were purchased from

commercial suppliers and used without further purification.

Scheme 1. Synthesis of 3-Decyl-β-proline (8)

Table 1. Michael Addition of Cyclohexanone (9) to trans-β-
Nitrostyrene (11) in Water

Entry
cat.
(R) solvent

amount of 9
(equiv)

yield of 14a

(%) syn/antia

1 H H2O 2.0 0 -
2 Me H2O 2.0 0 -
3 decyl H2O 1.0 46 96:4
4 decyl H2O 2.0 65 96:4
5 decyl sat. aq KCl 2.0 79 95:5

aDetermined by 1H NMR using mesitylene as an internal standard.

Table 2. Michael Addition of Aldehydes (15) to trans-β-
Nitrostyrene (11) in Water

entry R yield of 16a (%) recovery of 11a (%) syn/antia

1 Me 40 30 92:8
2 Et 74 6 94:6
3 n-Pr 88 0 94:6
4 i-Pr 76 14 97:3
5 n-Bu 81 2 92:8
6 n-hexyl 99 0 94:6

aDetermined by 1H NMR using mesitylene as an internal standard.

Table 3. Michael Addition of Pentanal to trans-β-
Nitrostyrene (11) in Water

entry R time yield of 17a (%) recovery of 11a (%) syn/antia

1 H 5 75 14 94:6
2 H 20 88 0 94:6
3 Me 5 86 3 82:18
4 Me 20 86 0 78:22
5 OMe 5 82 0 85:15
6 Cl 5 97 1 90:10
7 Br 5 88 0 87:13

aDetermined by 1H NMR using mesitylene as an internal standard.
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The organic solvents used were the commercially available
dehydrated ones, and ion-exchange water was used in Michael
reactions. Column chromatography was performed using silica
gel (spherical, neutral, 100−200 μm) or NH silica gel (100−
200 mesh). NMR spectra were recorded on 400 MHz (1H
NMR) and 100 MHz (13C NMR) spectrometers using
tetramethylsilane as an internal standard. IR spectra were
recorded on an FT-IR spectrometer as neat or KBr. High-
resolution mass spectroscopy (HRMS) spectra were recorded
on an AccuTOF mass spectrometer using direct analysis in real
time (DART) as an ionization method. Melting points were
not corrected.
tert-Butyl 2-Cyanododecanoate (2). A mixture of t-butyl

cyanoacetate 10.0 mL (70.1 mmol), 1-bromodecane 14.5 mL
(70. 1 mmol), and K2CO3 11.6 g (84.2 mmol) was heated at
80 °C under an Ar atmosphere for 57 h. After H2O (80 mL)
was added, the solution was neutralized with aq HCl and then
extracted with AcOEt (80 mL × 3). The combined organic
layer was washed with brine and dried over MgSO4. After
filtration, the solvent was evaporated, and the residue was
purified by column chromatography on silica gel (hexane/
AcOEt = 10/1) to give 2 (14.0 g, 49.8 mmol) in 71% yield as a
colorless oil. 1H NMR (400 Hz, CDCl3): δ 0.88 (t, J = 6.8 Hz,
−CH2CH3, 3H), 1.23−1.53 (m, −CH2(C8H16)CH3, 16H),
1.50 (s, −C(CH3)3, 9H), 1.90 (q, J = 7.6 Hz, −CH2(C8H16)-
CH3, 2H), 3.39 (t, J = 7.2 Hz, CHCH2−, 1H); 13C NMR
(100 MHz, CDCl3): δ 14.1, 22.6, 26.7, 27.8, 28.8, 29.18, 29.24,
29.4, 29.5, 29.9, 31.8, 38.6, 83.8, 117.0, 165.2; HRMS (DART)
m/z: [M + H]+ Calcd for C17H32N1O2, 282.2433; Found,
282.2429.
1-tert-Butyl 4-Ethyl 2-Cyano-2-decylbutanedioate (3).

To a solution of 2 (2.05 g, 7.30 mmol) in Et2O (85 mL) were
added ethyl iodoacetate (1.87 mL, 8.76 mmol), TBAB (0.070
g, 0.22 mmol), and powdered KOH (2.05 g, 36.5 mmol). The
solution was stirred at room temperature (rt) for 23 h under an
Ar atmosphere, and then, water was added. After Et2O (350
mL) was added, the organic layer was washed with water (45
mL × 2) and brine (10 mL), dried over MgSO4, and
concentrated under reduced pressure. The residue was purified
by column chromatography on silica gel (hexane/AcOEt = 10/
1) to give 3 (2.65 g, 7.22 mmol) in 99% yield. 1H NMR (400
MHz, CDCl3): δ 0.88 (t, J = 6.8 Hz, −CH2CH2CH3, 3H),
1.20−1.60 (m, −CH2(C8H16)CH3 and −OCH2CH3, 19H),
1.52 (s, −C(CH3)3, 9H), 1.73−1.89 (m, −CH2(C8H16)CH3,
2H), 2.74 (d, J = 16.8 Hz, −OCO−CHaHb−, 1H), 2.97 (d, J =
16.8 Hz, −OCO−CHaHb−, 1H), 4.15−4.25 (m, −OCH2CH3,
2H); 13C NMR (100 MHz, CDCl3): δ 14.0, 22.6, 24.8, 27.7,
29.10, 29.13, 29.2, 29.3, 29.4, 31.8, 37.5, 40.9, 46.5, 61.3, 84.0,
118.9, 167.2, 168.7; IR (neat) νmax: 1741 (CO), 2247 (CN),
2928 cm−1 (C−H); HRMS (DART/AccuTOF) m/z: [M +
H]+ Calcd for C17H38N1O4, 368.2801; Found, 368.2805.
tert-Butyl 3-Decyl-5-oxopyrrolidine-3-carboxylate (4).

A mixture of NaBH4 (2.70 g, 72.6 mmol) and CoCl2 (1.88 g,
14.5 mmol) was added to a solution of 3 (2.66 g, 7.26 mmol)
in dry MeOH (38 mL) at 0 °C, and the solution was stirred at
rt for 44 h under an Ar atmosphere. After 20% aqueous
Rochelle salt (70 mL) was added, the mixture was stirred for 3
h and filtered. MeOH in the filtrate was evaporated, and the
resulting solution was extracted with AcOEt (60 mL × 3). The
combined organic layer was washed with brine (20 mL) and
dried over MgSO4. After filtration, the solvent was evaporated
to give 4 (2.31 g, 7.12 mmol) in 98% yield as a solid. mp: 45−
46 °C (hexane); 1H NMR (400 MHz, CDCl3): δ 0.88 (t, J =

7.0 Hz, −CH2CH2CH3, 3H), 1.26 (br s, −CH2(C8H16)CH3,
16H), 1.46 (s, −C(CH3)3, 9H), 1.68−1.78 (m, −CH2(C8H16)-
CH3, 2H), 2.23 (d, J = 17.2 Hz, −NHCOCHaHb−, 1H), 2.82
(d, J = 17.2 Hz, −NHCOCHaHb−, 1H), 3.19 (d, J = 10.0 Hz,
−NHCHaHb−, 1H), 3.73 (d, J = 10.0 Hz, −NHCHaHb−, 1H),
6.47 (br s, −NH−, 1H); 13C NMR (100 MHz, CDCl3): δ
14.0, 22.6, 24.7, 27.9, 29.25, 29.28, 29.4, 29.5, 29.7, 31.8, 38.2,
39.3, 50.1, 50.3, 81.4, 173.6, 176.6; IR (KBr) νmax: 1684 (C
O), 1723 (CO), 2924 (C−H), 3383 cm−1 (N−H); HRMS
(DART/AccuTOF) m/z: [M + H]+ Calcd for C19H36N1O3,
326.2695; Found, 326.2698.

tert-Butyl 3-Decyl-5-thioxopyrrolidine-3-carboxylate
(5). To a solution of 4 (0.19 g, 0.60 mmol) in THF (5 mL)
was added Lawesson’s reagent (0.35 g, 0.85 mmol). The
solution was stirred at rt for 3 h under an Ar atmosphere. After
the solvent was removed under reduced pressure, the residue
was purified by column chromatography on NH silica gel
(hexane/AcOEt = 1/1) to give 5 (0.19 g, 0.56 mmol) in 94%
yield. mp: 56−57 °C (hexane); 1H NMR (400 Hz, CDCl3): δ
0.88 (t, J = 6.8 Hz, −CH2CH2CH3, 3H), 1.20−1.35 (m,
−CH2(C8H16)CH3, 16H), 1.46 (s, −C(CH3)3, 9H), 1.70−
1.75 (m, −CH2(C8H16)CH3, 2H), 2.82 (d, J = 18.4 Hz,
−NHCSCHaH b− , 1H) , 3 .32 (d , J = 18 .4 Hz ,
−NHCSCHaHb−, 1H), 3.44 (d, J = 11.2 Hz, −NHCHaHb−,
1H), 4.05 (d, J = 11.2 Hz, −NHCHaHb−, 1H), 8.26 (br s,
−NH− 1H); 13C NMR (100 MHz, CDCl3): δ 14.1, 22.6, 24.8,
27.9, 29.2, 29.3, 29.4, 29.5, 29.6, 31.8, 37.8, 52.0, 52.9, 56.5,
81.8, 172.8, 203.8; IR (KBr) νmax: 1307 (CS), 1536 (CS),
1725 (CO), 2923 (C−H), 3197 cm−1 (N−H); MS: m/z [M
+ H]+: 342; Anal. Calcd for C19H35NO2S: C, 70.54; H, 11.44;
N, 5.48; Found, C, 70.54; H, 11.48; N, 5.37.

tert-Butyl N-Cbz-3-Decylpyrrolidine-3-carboxylate
(6). In a 300 mL two-necked flask, a Raney nickel slurry in
water (12 mL) was placed under an Ar atmosphere and then
washed two times with H2O (15 mL × 2), two times with
MeOH (15 mL × 2), and two times with THF (15 mL × 2)
consecutively by decantation. Compound 5 (1.26 g, 3.70
mmol) in THF (70 mL) was added, and the solution was
stirred under a H2 atmosphere for 22 h at rt. The reaction
mixture was filtered through a pad of celite, and the filtrate was
concentrated. The residue was dissolved in THF/H2O = 3 (50
mL), and then, K2CO3 (1.87 g, 13.5 mmol) and Z-chloride
(0.92 g, 5.40 mmol) were added at 0 °C. After the solution was
stirred at rt for 47 h and concentrated under reduced pressure,
AcOEt (100 mL) was added. The solution was washed with
H2O (10 mL × 2) and brine (5 mL) and dried over MgSO4.
After filtration, the solvent was evaporated, and the residue was
purified by column chromatography on NH silica gel (hexane/
AcOEt = 8/1) to give 6 (1.01 g, 2.27 mmol) in 61% yield as a
mixture of two conformational isomers whose ratio was about
10:9. 1H NMR (400 MHz, CDCl3) chemical shifts in
parentheses are that of a minor conformational isomer: δ
0.88 (J = 6.8 Hz, −CH2CH2CH3, 3H), 1.09−1.17 (m,
−CH2(C8H16)CH3, 16H), 1.43 (s, −C(CH3)3, 9H), 1.50−
1.70 (m, −CH2(C8H16)CH3, 2H), 1.74 (m, NCH2CHaHb−
1H), 2.31 (m, NCH2CHaHb−, 1H), 3.15 (3.21) (d, J = 11.2
Hz, NCHaHbC, 1H), 3.36−3.53 (m, NCH2CH2−,
2H), 3.88 (3.90) (d, J = 11.2 Hz, NCHaHbC, 1H), 5.10−
5.17 (m, −OCH2Ph, 2H), 7.26−7.40 (m, −OCH2Ph, 5H);
13C NMR (100 MHz, CDCl3) chemical shifts in parentheses
are that of a minor conformational isomer: δ 14.0, 22.6, 25.5,
27.9, 29.26 (29.30), 29.51(29.46), 29.9, 31.8, 33.8, 34.3, 36.7,
44.7, 45.0, 53.4 (54.0), 54.1 (53.2), 66.7 (66.6), 80.9, 127.77,
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127.82, 128.4, 137.0, 154.74 (154.68), 173.9; IR (neat) νmax:
1711 (CO), 2926 cm−1 (C−H); HRMS (DART/
AccuTOF) m/z: [M + H]+ Calcd for C27H44N1O4,
446.3270; Found, 446.3279.
N-Cbz-3-Decylpyrrolidine-3-carboxylic Acid (7). To a

solution of 6 (0.12 g, 0.27 mmol) in CH2Cl2 (2.0 mL) was
added TFA (308 μL, 2.7 mmol), and the solution was stirred
for 22 h at rt. After the solvent was evaporated, the residue was
purified by column chromatography on silica gel (hexane/
AcOEt/MeOH = 8/4/1) to give 7 (0.088 g, 0.23 mmol) in
85% yield as a mixture of two conformational isomers whose
ratio was about 5:4. 1H NMR (400 MHz, CDCl3) chemical
shifts in parentheses are that of a minor conformational
isomer: δ 0.88 (t, J = 6.8 Hz, −CH2CH2CH3, 3H), 1.25 (br s,
−CH2(C8H16)CH3, 16H), 1.62−1.73 (m, −CH2(C8H16)CH3,
2H), 1.82 (m, NCH2CHaHb− 1H), 2.38 (m, 
NCH2CHaHb− 1H), 3.22 (3.27) (d, J = 11.2 Hz, 
NCHaHbC, 1H), 3.40−3.58 (m, NCH2CH2−, 2H),
3.95(3.98) (d, J = 11.2 Hz, NCHaHbC, 1H), 5.09−5.18
(m, −OCH2Ph, 2H), 7.26−7.40 (m, −OCH2Ph, 5H);

13C
NMR (100 MHz, CDCl3) chemical shifts in parentheses are
that of a minor conformational isomer: δ 14.0, 22.6, 25.6,
29.27, 29.34, 29.5, 29.9, 31.9, 33.5, 34.3, 36.5, 45.1(44.8),
53.3(53.8), 53.5(52.6), 67.0, 127.8, 127.9, 128.4, 136.7, 154.8,
180.5; IR (KBr) νmax: 1672 (CO), 1718 (CO), 2924 (C−
H), 3092 cm−1 (O−H); HRMS (DART/AccuTOF) m/z: [M
+ H]+ Calcd for C23H36N1O4, 390.2644; Found, 390.2652.
3-Decyl-β-proline (8). To a solution of 7 (60 mg, 0.15

mmol) in dry MeOH (2.5 mL) was added 10% Pd/C (31 mg,
10 mol %), and the solution was stirred under a H2 atmosphere
for 24 h at rt. The reaction mixture was filtered through a pad
of celite, and the filtrate was evaporated to give 8 (38 mg, 0.15
mmol) in 95% yield. mp: 217 °C dec (MeOH/CHCl3);

1H
NMR (400 MHz, CD3OD): δ 0.89 (t, J = 6.8 Hz,
−CH2CH2CH3, 3H), 1.28 (br s, −CH2(C8H16)CH3, 16H),
1.55 (m, −NHCH2CHaHb− , 1H), 1.71−1.84 (m,
−CH2(C8H16)CH3, 2H), 2.42 (m, −NHCH2CHaHb−, 1H),
2.82 (d, 11.2 Hz, −NHCHaHbC, 1H), 3.21−3.33 (m,
−NHCH2CH2−, 2H), 3.79 (d, 11.2 Hz, −NHCHaHbC,
1H); 13C NMR (100 MHz, CD3OD): δ 14.4, 23.7, 27.6, 30.4,
30.59, 30.67, 30.68, 31.2, 33.0, 36.0, 38.3, 45.8, 54.4, 56.5,
180.6; IR (KBr) νmax: 1390 (C−O), 1629 (CO), 2473−
2957 (NH2

+), 2920 cm−1(C−H); MS: m/z [M + H]+

256.213; Anal. Calcd for C15H29NO2, C, 70.54; H, 11.44; N,
5.48; Found, C, 70.54; H, 11.48; N, 5.37.
Typical Procedure for the Michael Reaction in Water.

To a saturated KCl aqueous solution (0.75 mL) were added β-
nitrostyrene (60 mg, 0.40 mmol), 3-decyl-β-proline (1.0 mg,
0.0039 mmol), and valeraldehyde (84 μL, 0.80 mmol). The
suspension was stirred at rt for 20 h and then extracted with
AcOEt (6 mL × 3). The combined organic layer was washed
with brine (2 mL), dried over MgSO4 and evaporated off to
give 2-(2-nitro-1-phenylethyl) pentanal10 as a mixture of
diastereomers. The yield and diastereomeric ratio of the
product were determined by 1H NMR using mesitylene as an
internal standard. According to the typical procedure, 2-(2-
nitro-1-phenylethyl)cyclohexanone,11 2-methyl-4-nitro-3-phe-
nylbutanal,12 2-ethyl-4-nitro-3-phenylbutanal,12,13 2-isopropyl-
4-nitro-3-phenylbutanal,12 2-(2-nitro-1-phenylethyl) hexanal,14

2-(2-nitro-1-phenylethyl) octanal,15 2-[1-(4-methylphenyl)-2-
nitroethyl] pentanal,16 2-[1-(4-methoxyphenyl)-2-nitroethyl]
pentanal,17 2-[1-(4-chlorophenyl)-2-nitroethyl] pentanal,18

and 2-[1-(4-bromophenyl)-2-nitroethyl] pentanal16 were

synthesized, and 1H NMR spectra were in accordance with
the literature.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c02289.

Copies of 1H NMR and 13C NMR spectra of compounds
2−8 and IR spectra of compounds 3−8 (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Kazuhiro Nagata − School of Pharmacy, Showa University,
Tokyo 142-8555, Japan; orcid.org/0000-0002-0806-
133X; Email: ngt-kzhr@pharm.showa-u.ac.jp

Authors
Chihiro Nakagawa − School of Pharmacy, Showa University,
Tokyo 142-8555, Japan

Wakana Yokoyama − School of Pharmacy, Showa University,
Tokyo 142-8555, Japan

Haruka Usui − School of Pharmacy, Showa University, Tokyo
142-8555, Japan

Rikako Mochizuki − School of Pharmacy, Showa University,
Tokyo 142-8555, Japan

Takuya Kanemitsu − School of Pharmacy, Showa University,
Tokyo 142-8555, Japan

Michiko Miyazaki − School of Pharmacy, Showa University,
Tokyo 142-8555, Japan

Takashi Itoh − School of Pharmacy, Showa University, Tokyo
142-8555, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c02289

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) (a) Kitanosono, T.; Masuda, K.; Xu, P.; Kobayashi, S. Catalytic
Organic Reactions in Water toward Sustainable Society. Chem. Rev.
2018, 118, 679−746. (b) Jimeno, C. Water in asymmetric
organocatalytic ststems: a global perspective. Org. Biomol. Chem.
2016, 14, 6147−6164. (c) Bhowmick, S.; Bhowmick, K. C. Catalytic
asymmetric carbon -carbon bond-forming reactions in aqueous media.
Tetrahedron: Asymmetry 2011, 22, 1945−1979. (d) Li, C.-J. Organic
Reactions in Aqueous Media with a Focus on Carbon -Carbon Bond
Formations: A Decade Update. Chem. Rev. 2005, 105, 3095−3166.
(2) (a) Alarcón-Matus, E.; Alvarado, C.; Romero-Ceronio, N.;
Ramos-Rivera, E. M.; Lobato-García, C. E. Proline-derived Long-
aliphatic-chain Amphiphilic Organocatalysts (PDLACAOs) for
Asymmetric Reactions in Aqueous Media. Asian J. Org. Chem. 2020,
9, 1667−1687. (b) Song, C. E.; Park, S. J.; Hwang, I.-S.; Jung, M. J.;
Shim, S. Y.; Bae, H. Y.; Jung, J. Y. Hydrophobic chirality amplification
in confined water cages. Nat. Commun. 2019, 10, 851. (c) Zhang, Y.;
Luo, L.; Ge, J.; Yan, S.-Q.; Peng, Y.-X.; Liu, Y.-R.; Liu, J.-X.; Liu, C.;
Ma, T.; Luo, H.-Q. “On Water” Direct Organocatalytic Cyanoar-
ylmethylation of Isatins for the Diastereoselective Synthesis of 3-
Hydroxy-3-cyanomethyl Oxindoles. J. Org. Chem. 2019, 84, 4000−
4008. (d) Gruttadauria, M.; Giacalone, F.; Noto, R. Water in
Stereoselective Organocatalytic Reactions. Adv. Synth. Catal. 2009,
351, 33−57. (e) Raj, M.; Singh, V. K. Organocatalytic reactions in
Water. Chem. Commun. 2009, 6687−6703. (f) Hayashi, Y.; Urushima,
T.; Aratake, S.; Okano, T.; Obi, K. Organic Solvent-Free, Enantio-
and Diastereoselective, Direct Mannich Reaction in the Presence of

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02289
ACS Omega 2021, 6, 19642−19646

19645

https://pubs.acs.org/doi/10.1021/acsomega.1c02289?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c02289/suppl_file/ao1c02289_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazuhiro+Nagata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0806-133X
https://orcid.org/0000-0002-0806-133X
mailto:ngt-kzhr@pharm.showa-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chihiro+Nakagawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wakana+Yokoyama"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haruka+Usui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rikako+Mochizuki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takuya+Kanemitsu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michiko+Miyazaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Itoh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02289?ref=pdf
https://doi.org/10.1021/acs.chemrev.7b00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c6ob00783j
https://doi.org/10.1039/c6ob00783j
https://doi.org/10.1016/j.tetasy.2011.11.009
https://doi.org/10.1016/j.tetasy.2011.11.009
https://doi.org/10.1021/cr030009u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030009u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr030009u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.202000419
https://doi.org/10.1002/ajoc.202000419
https://doi.org/10.1002/ajoc.202000419
https://doi.org/10.1038/s41467-019-08792-z
https://doi.org/10.1038/s41467-019-08792-z
https://doi.org/10.1021/acs.joc.8b03194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b03194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.8b03194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.200800731
https://doi.org/10.1002/adsc.200800731
https://doi.org/10.1039/b910861k
https://doi.org/10.1039/b910861k
https://doi.org/10.1021/ol702489k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol702489k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Water. Org. Lett. 2008, 10, 21−24. (g) Teo, Y.-C.; Lau, J.-J.; Wu, M.-
C. Direct asymmetric three-component Mannich reactions catalyzed
by a siloxy serine organocatalyst in water. Tetrahedron: Asymmetry
2008, 19, 186−190. (h) Blackmond, D. G.; Armstrong, A.; Coombe,
V.; Wells, A. Water in Organocatalytic Processes: Debunking the
Myths. Angew. Chem., Int. Ed. 2007, 46, 3798−3800. (i) Cheng, L.;
Wu, X.; Lu, Y. Direct asymmetric three-component organocatalytic
anti-selective Mannich reactions in a purely aqueous system. Org.
Biomol. Chem. 2007, 5, 1018−1020. (j) Li, C.-J.; Chen, L. Organic
chemistry in water. Chem. Soc. Rev. 2006, 35, 68−82. (k) Hayashi, Y.;
Sumiya, T.; Takahashi, J.; Gotoh, H.; Urushima, T.; Shoji, M. Highly
Diastereo- and Enantioselective Direct Aldol Reactions in Water.
Angew. Chem., Int. Ed. 2006, 45, 958−961.
(3) Paradowska, J.; Stodulski, M.; Mlynarski, J. Catalysts Based on
Amino Acids for Asymmetric Reactions in Water. Angew. Chem., Int.
Ed. 2009, 48, 4288−4297.
(4) Nagata, K.; Kuga, Y.; Higashi, A.; Kinoshita, A.; Kanemitsu, T.;
Miyazaki, M.; Itoh, T. Asymmetric Synthesis and Catalytic Activity of
3-Methyl-β-proline in Enantioselective anti-Mannich-type Reactions.
J. Org. Chem. 2013, 78, 7131−7136.
(5) Satoh, T.; Suzuki, S.; Suzuki, Y.; Miyaji, Y.; Imai, Z. Reduction of
organic compounds with sodium borohydride-transition metal salt
systems : Reduction of organic nitrile, nitro and amide compounds to
primary amines. Tetrahedron Lett. 1969, 10, 4555−4558.
(6) Mazzini, C.; Lebreton, J.; Alphand, V.; Furstoss, R.
Enantiodivergent Chemoenzymatic Synthesis of (R)- and (S)-β-
Proline in High Optical Purity. J. Org. Chem. 1997, 62, 5215−5218.
(7) For recent studies on asymmetric catalyzed Michael addition of
cyclohexanone to β-nitrostyrenes, see: (a) Mahato, C. K.; Mukherjee,
S.; Kundu, M.; Vallapure, V. P.; Pramanik, A. Asymmetric 1,4-Michael
Addition in Aqueous Medium Using Hydrophobic Chiral Organo-
catalysts. J. Org. Chem. 2021, 86, 5213−5226. (b) Wang, J.-C.; Kan,
X.; Shang, J.-Y.; Qiao, H.; Dong, Y.-B. Catalytic Asymmetric Synthesis
of Chiral Covalent Organic Frameworks from Prochiral Monomers
for Heterogeneous Asymmetric Catalysis. J. Am. Chem. Soc. 2020,
142, 16915−16920. (c) Ivantcova, P. M.; Kudryavtsev, K. V.
Chemoselectivity issues of the asymmetric interaction between
cyclohexanone, β-nitrostyrene, and benzoic acid under 5-aryl
prolinate’s organocatalysis. Chirality 2020, 32, 833−841. (d) Cruz-
Hernández, C.; Martínez-Martínez, E.; Hernández-González, P. E.;
Juaristi, E. Synthesis of a New N- Diaminophosphoryl-N′-[(2S)-2-
pyrrolidinylmethyl] thiourea as a Chiral Organocatalyst for the
Stereoselective Michael Addition of Cyclohexanone to Nitrostyrenes
and Chalcones−Application in Cascade Processes for the Synthesis of
Polycyclic Systems. Eur. J. Org. Chem. 2018, 2018, 6890−6900.
(e) Castán, A.; Badorrey, R.; Gálvez, J. A.; López-Ram-de-Víu, P.;
Díaz-de-Villegas, M. D. Michael addition of carbonyl compounds to
nitroolefins under the catalysis of new pyrrolidinebased bifunctional
organocatalysts. Org. Biomol. Chem. 2018, 16, 924−935. (f) Azad, C.
S.; Khan, I. A.; Narula, A. K. Organocatalyzed asymmetric Michael
addition by an efficient bifunctional carbohydrate−thiourea hybrid
with mechanistic DFT analysis. Org. Biomol. Chem. 2016, 14, 11454−
11461. (g) Kaplaneris, N.; Koutoulogenis, G.; Raftopoulou, M.;
Kokotos, C. G. 4-Fluoro and 4-Hydroxy Pyrrolidine-thioxotetrahy-
dropyrimidinones: Organocatalysts for Green Asymmetric Trans-
formations in Brine. J. Org. Chem. 2015, 80, 5464−5473.
(8) (a) Breslow, R. Hydrophobic Effects on Simple Organic
Reactions in Water. Acc. Chem. Res. 1991, 24, 159−164. (b) Maya,
V.; Raj, M.; Singh, V. K. Highly Enantioselective Organocatalytic
Direct Aldol Reaction in an Aqueous Medium. Org. Lett. 2007, 9,
2593−2595. (c) Vishnumaya, M. R.; Singh, V. K. Highly Efficient
Small Organic Molecules for Enantioselective Direct Aldol Reaction
in Organic and Aqueous Media. J. Org. Chem. 2009, 74, 4289−4297.
(9) For studies on asymmetric catalyzed addition of aldehydes to β-
nitrostyrenes in water, see: (a) Koshino, S.; Hattori, S.; Hasegawa, S.;
Haraguchi, N.; Yamamoto, T.; Suginome, M.; Uozumi, Y.; Hayashi, Y.
Amphiphilic Immobilized Diphenylprolinol Alkyl Ether Catalyst on
PS-PEG Resin. Bull. Chem. Soc. Jpn. 2021, 94, 790−797.
(b) Duschmalé, J.; Kohrt, S.; Wennemers, H. Peptide catalysis in

aqueous emulsion. Chem. Commun. 2014, 50, 8109−8112. (c) Ghosh,
S. K.; Qiao, Y.; Ni, B.; Headley, A. D. Asymmetric Michael reactions
catalyzed by a highly efficient and recyclable quaternary ammonium
ionic liquid-supported organocatalyst in aqueous media. Org. Biomol.
Chem. 2013, 11, 1801−1804. (d) Wu, J.; Ni, B.; Headley, A. D.
Di(methylimidazole)prolinol Silyl Ether Catalyzed Highly Michael
Addition of Aldehydes to Nitroolefins in Water. Org. Lett. 2009, 11,
3354−3356.
(10) Alexakis, A.; Andrey, O. Diamine-Catalyzed Asymmetric
Michael Additions of Aldehydes and Ketones to Nitrostyrene. Org.
Lett. 2002, 4, 3611−3614.
(11) Cao, C.-L.; Ye, M.-C.; Sun, X.-L.; Tang, Y. Pyrrolidine-
Thiourea as a Bifunctional Organocatalyst: Highly Enantioselective
Michael Addition of Cyclohexanone to Nitroolefins. Org. Lett. 2006,
8, 2901−2904.
(12) Betancort, J. M.; Barbas, C. F., III. Catalytic direct asymmetric
Michael reactions: taming naked aldehydes donors. Org. Lett. 2001, 3,
3737−3740.
(13) Betancort, J. M.; Barbas, C. F., III. Catalytic direct asymmetric
Michael reactions: taming naked aldehydes donors. Org. Lett. 2001, 3,
3737−3740.
(14) Li, Y.; Liu, X.-Y.; Zhao, G. Effective and recyclable dendritic
catalysts for the direct asymmetric Michael addition of aldehydes to
nitrostyrenes. Tetrahedron: Asymmetry 2006, 17, 2034−2039.
(15) Wang, C.; Yu, C.; Liu, C.; Peng, Y. 4-Trifluoromethanesulfo-
namidyl prolinol tert-butyldiphenylsilyl ether as a highly efficient
bifunctional organocatalyst for Michael addition of ketones and
aldehydes to nitroolefins. Tetrahedron Lett. 2009, 50, 2363−2366.
(16) Zhang, Q.; Ni, B.; Headley, A. D. Asymmetric Michael addition
reactions of aldehydes with nitrostyrenes catalyzed by functionalized
chiral ionic liquids. Tetrahedron 2008, 64, 5091−5097.
(17) Wang, W.; Wang, J.; Li, H. Direct, Highly Enantioselective
Pyrrolidine Sulfonamide Catalyzed Michael Addition of Aldehydes to
Nitrostyrenes. Angew. Chem., Int. Ed. 2005, 44, 1369−1371.
(18) Wang, W.-H.; Abe, T.; Wang, X.-B.; Kodama, K.; Hirose, T.;
Zhang, G.-Y. Self-assembled proline-amino thioureas as efficient
organocatalysts for the asymmetric Michael addition of aldehydes to
nitroolefins. Tetrahedron: Asymmetry 2010, 21, 2925−2933.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02289
ACS Omega 2021, 6, 19642−19646

19646

https://doi.org/10.1021/ol702489k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetasy.2007.12.011
https://doi.org/10.1016/j.tetasy.2007.12.011
https://doi.org/10.1002/anie.200604952
https://doi.org/10.1002/anie.200604952
https://doi.org/10.1039/b701579h
https://doi.org/10.1039/b701579h
https://doi.org/10.1039/b507207g
https://doi.org/10.1039/b507207g
https://doi.org/10.1002/anie.200502488
https://doi.org/10.1002/anie.200502488
https://doi.org/10.1002/anie.200802038
https://doi.org/10.1002/anie.200802038
https://doi.org/10.1021/jo4010316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4010316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0040-4039(01)88749-9
https://doi.org/10.1016/s0040-4039(01)88749-9
https://doi.org/10.1016/s0040-4039(01)88749-9
https://doi.org/10.1016/s0040-4039(01)88749-9
https://doi.org/10.1021/jo9701905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo9701905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chir.23212
https://doi.org/10.1002/chir.23212
https://doi.org/10.1002/chir.23212
https://doi.org/10.1002/ejoc.201801339
https://doi.org/10.1002/ejoc.201801339
https://doi.org/10.1002/ejoc.201801339
https://doi.org/10.1002/ejoc.201801339
https://doi.org/10.1002/ejoc.201801339
https://doi.org/10.1039/c7ob02798b
https://doi.org/10.1039/c7ob02798b
https://doi.org/10.1039/c7ob02798b
https://doi.org/10.1039/c6ob02158a
https://doi.org/10.1039/c6ob02158a
https://doi.org/10.1039/c6ob02158a
https://doi.org/10.1021/acs.joc.5b00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b00283?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00006a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00006a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol071013l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol071013l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo900548f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo900548f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo900548f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/bcsj.20200355
https://doi.org/10.1246/bcsj.20200355
https://doi.org/10.1039/c4cc01759e
https://doi.org/10.1039/c4cc01759e
https://doi.org/10.1039/c3ob27398a
https://doi.org/10.1039/c3ob27398a
https://doi.org/10.1039/c3ob27398a
https://doi.org/10.1021/ol901204b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol901204b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol026543q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol026543q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol060481c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol060481c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol060481c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0167006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0167006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0167006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0167006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetasy.2006.07.004
https://doi.org/10.1016/j.tetasy.2006.07.004
https://doi.org/10.1016/j.tetasy.2006.07.004
https://doi.org/10.1016/j.tetlet.2009.02.211
https://doi.org/10.1016/j.tetlet.2009.02.211
https://doi.org/10.1016/j.tetlet.2009.02.211
https://doi.org/10.1016/j.tetlet.2009.02.211
https://doi.org/10.1016/j.tet.2008.03.073
https://doi.org/10.1016/j.tet.2008.03.073
https://doi.org/10.1016/j.tet.2008.03.073
https://doi.org/10.1002/anie.200461959
https://doi.org/10.1002/anie.200461959
https://doi.org/10.1002/anie.200461959
https://doi.org/10.1016/j.tetasy.2010.11.025
https://doi.org/10.1016/j.tetasy.2010.11.025
https://doi.org/10.1016/j.tetasy.2010.11.025
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

