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Abstract

A novel chiral (S)-proline-modified task-specific ionic liquid has been designed and synthesized as an efficient recoverable organo-
catalyst for the direct asymmetric aldol reaction between cycloalkanones and aromatic aldehydes in the presence of water. The catalyst
retains its activity and selectivity over at least five reaction cycles.
� 2007 Published by Elsevier Ltd.

Keywords: Direct asymmetric aldol reaction; Water; Chiral ionic liquid; Organocalatyst; Recycle
The direct asymmetric aldol reaction between unmodi-
fied ketones and aldehydes is a convenient method for
the synthesis of chiral organic compounds. In Nature this
reaction is catalyzed by native aldolase ferments.1 In the
laboratory, small organic molecules, which simulate aldol-
ase action, in particular amino acids2 and their derivatives,3

low-molecular weight peptides4 and substituted pyrrol-
idines,5 are used as the catalysts. Aldol reactions run with
an excess of the ketone,3a,6 in dipolar organic sol-
vents,2a,b,3d,5b,6d,7 or in ionic liquids, have become popular
in recent years.8

A few examples of asymmetric aldol reactions in the
presence of water, which is the most cost-effective and envi-
ronment-friendly reaction medium, have been pub-
lished.3f,h,9,10 High conversions and selectivity were
achieved in reactions catalyzed by water-insoluble organo-
catalysts bearing hydrophobic fragments, in particular
long-chained hydrocarbon moieties CnH2n+2 (n P 10),10a

binaphthyl10h or trialkyl(aryl)silyl groups,3g,10f,g polysty-
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rene10c,d or dendritic fragments.10b Reactions in hetero-
geneous aqueous systems containing hydrophobic
catalysts and reagents were characterized by Sharpless as
‘reactions on water’.11a Thus, organic molecules react with
each other inside or on the surface of concentrated organic
associates (micelles) where efficient stereo-control in the
transition state is ensured by hydrogen bonds between
the reagents and catalysts.10a,11b,12 The important role of
the organic associations at the organic/water interfacial
region is consistent with the moderate rate and enantiose-
lectivity of aldol reactions catalyzed by water-soluble
amino acids10e,f and with the favorable influence of organic
acids10a,e,h–j,13a and/or surfactants13b,c on heterogeneous
aldol reactions ‘on water’.

In spite of the impressive results obtained during the last
decade in implementing aqueous media in organic synthe-
sis,14 the development of efficient recoverable catalysts for
the asymmetric aldol reaction ‘on water’ has so far
remained challenging. Indeed, the syntheses of recoverable
4-hydroxyproline and proline amide derivatives bearing
polymer10c,d or dendritic moieties10b are rather complicated
and/or require expensive starting compounds. The catalytic
activity of more readily available hydroxyl amino acid
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trialkyl(aryl)silyl esters was reduced noticeably in the 2nd
or 3rd runs10f probably due to the gradual hydrolysis of
the Si–O bond. Multi-component catalytic systems con-
taining organic acids or surfactants could normally be used
successfully only once per run.

Recoverability is a characteristic feature of amphiphilic
organocatalysts containing ionic liquid fragments. Yet, the
aldol reactions catalyzed by a pyrrolidine derivative modi-
fied with an imidazolium cation proceed with poor diaste-
reo- and enantioselectivity.9g In addition, we have found
that (S)-proline-containing ionic liquid 1, being an efficient
organocatalyst of asymmetric aldol reactions in organic
solution,15 is completely inactive in an aqueous
environment.

It might be expected that hydrophobic structural ana-
logs of catalyst 1 bearing long-chain hydrocarbon groups
at the imidazolium nitrogen atoms and being poorly solu-
ble in aqueous media would possess a much higher activity
in asymmetric aldol reactions in water (Scheme 1).

To verify this hypothesis, we synthesized new amphi-
philic chiral imidazolium salts 2 and 3 bearing hydrophilic
ðBF4

�Þ and hydrophobic ðPF6
�Þ anions, respectively. The

synthetic scheme included esterification of (2S,4S)-N-Cbz-
4-hydroxylproline benzyl ester (4)16 under the action of
5-bromovaleric acid and DCC/DMAP,17 subsequent reac-
tion of ester 5 with n-dodecyl imidazole18,19 followed by
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deprotection of the resulting salt 620 and metathesis of
the anion in the product amino acid 721,22 (Scheme 2).

Salts 2 and 3 melt at 119 �C and 158 �C, respectively,
and can be described as ionic liquids. They have quite dif-
ferent solubility in water. Tetrafluoroborate 2 gave a clear
5% aqueous solution at 20 �C, whereas hexafluorophos-
phate 3/water mixture was a suspension under the same
conditions.

We studied the catalytic activity of chiral salts 2 and 3 in
the model aldol reaction between cyclohexanone 8a

(3 equiv) and p-nitrobenzaldehyde 9a in the presence of
water at 20 �C. The amount of organocatalyst was
30 mol % with respect to aldehyde 9a. The reaction did
not occur in the presence of the water-soluble compound
2. However, with salt 3/water suspension, it proceeded with
high conversion to afford chiral aldol 10a with extremely
high diastereo- and enantioselectivity (Table 1, entry 1).

Next, we applied catalyst 3 in the asymmetric aldol reac-
tions between cycloalkanones 8a,b and aromatic aldehydes
9a–d.23 In all the cases, the corresponding aldols 10b–e

were obtained. High conversions (P86%) were achieved
after 10 h in the reactions of aldehydes 9a,b bearing elec-
tron-withdrawing groups on the aromatic ring (Table 1,
entries 2 and 5). p-Methoxybenzaldehyde (9d) was found
to be less active under the conditions studied: about 80%
of the starting compound remained intact after 64 h.
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Table 1
The catalytic asymmetric aldol reaction between compounds 8 and 9 in the presence of water catalyzed by amphiphilic organocatalyst 3

O

H

O

+
3 (30 mol %)

H2O, 20 oC

O OH

RR
n

10a-e8a,b
n=3 (a), 2 (b)

9a-d

1
2

n

Entry 8 9 (R) 10 Timea (h) Conversiona (%) dra [anti:syn] ee, anti-isomera,b (%)

1 a a (p-NO2C6H4) a 10 (5,25 209g) >95 (86,25 939g) 97:3 (20:1,25 1:19g) >99 (>99,25 109g)
2 a b (p-CH3O2CC6H4) b 10 86 97:3 >99
3 a c (C6H5) c 36 (18,25 809g) 67 (78,25 669g) 93:7 (13:1,25 1.3:19g) 88 (>99,25 99g)
4 a d (p-CH3OC6H4) d 64 (5025) 20 (2125) 84:16 (5:125) 80 (9625)
5 b a (p-NO2C6H4) e 10 (69g) >95 (879g) 85:15 (1:2.89g) 91 (59g)

a Reported data are given in brackets.
b HPLC, chiral phase: Chiralcel OD-H, OJ-H.

Table 2
Recycling of catalyst 3 in the asymmetric aldol reaction (10 h) between
compounds 8a and 9b ‘on water’

Cycle Conversiona

(%)
dr of aldol 10ba

[anti:syn]
ee of aldol
10bb (%)

1 86 97:3 >99
2 88 96:4 99
3 86 96:4 98
4 85 97:3 99
5 83 97:3 99

a Determined by 1H NMR.
b Determined by HPLC.
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According to 1H NMR data (JH1–H2 anti = 5.5–10.0 Hz,
JH1–H2 syn < 2.4 Hz) the anti/syn diastereomeric ratio (dr)
of aldols 10b–e was high (P84:16) irrespective of the alde-
hyde structure.� Moreover, the ee’s of the major anti-iso-
mers were noticeably higher than those under the
influence of the pyrrolidine-derived amphiphilic catalyst9g

and similar to those achieved in the asymmetric aldol reac-
tions ‘on water’ catalyzed by the most efficient 4-siloxy-(S)-
proline derivatives.25

The recyclability of the catalytic system 3/H2O was
demonstrated in the asymmetric aldol reaction between
compounds 8a and 9b. After completion of the reaction,
aldol 10b was extracted with diethyl ether and replaced
with fresh starting mixtures 8a and 9b. Catalyst 3 retained
its activity and selectivity over at least five reaction cycles
(Table 2).

In conclusion, we have synthesized novel (S)-proline-
modified task-specific chiral ionic liquid 3 and demon-
strated its effectiveness as a recoverable catalyst for direct
asymmetric aldol reactions in the presence of water. Ionic
liquid structure optimization aimed at improving the cata-
� It is worth mentioning that the syn-diastereomer was the major
component of aldol 10e obtained from compounds 8b and 9a under the
action of (S)-proline in an excess of ketone24 or 1-(pyrrolidyl-2-methyl)-3-
butylimidazolium tetrafluoroborate in water.9g
lyst activity and widening the reaction scope is currently
underway.

Acknowledgments

This work was partially supported by the Russian Foun-
dation of Basic Research (Grant 06-03-32603) and the Rus-
sian Academy of Sciences.

References and notes

1. Hoffmann, T.; Zhong, G.; List, B.; Shabat, D.; Anderson, J.;
Gramatikova, S.; Lerner, R. A.; Barbas, C. F., III. J. Am. Chem.

Soc. 1998, 120, 2768–2779.
2. (a) List, B.; Lerner, R. A.; Barbas, C. F., III. J. Am. Chem. Soc. 2000,

122, 2395–2396; (b) Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F.,
III. J. Am. Chem. Soc. 2001, 123, 5260–5267; (c) List, B. Tetrahedron

2002, 58, 5573–5590.
3. (a) Tang, Z.; Jiang, F.; Yu, L.-T.; Cui, X.; Gong, L.-Z.; Mi, A.-Q.;

Jiang, Y.-Z.; Wu, Y.-D. J. Am. Chem. Soc. 2003, 125, 5262–5263; (b)
Tang, Z.; Jiang, F.; Cui, X.; Gong, L.-Z.; Mi, A.-Q.; Jiang, Y.-Z.; Wu,
Y.-D. Proc.. Nat. Acad. Sci. U.S.A. 2004, 101, 5755–5760; (c) Chen,
J.-R.; Lu, H.-H.; Li, X.-Y.; Cheng, L.; Wan, J.; Xiao, W.-J. Org. Lett.

2005, 7, 4543–4545; (d) Bellis, E.; Kokotos, G. Tetrahedron 2005, 61,
8669–8676; (e) Guizzetti, S.; Benaglia, M.; Pignataro, L.; Puglisi, A.
Tetrahedron: Asymmetry 2006, 17, 2754–2760; (f) Fu, Q.-Y.; Li, Z.-C.;
Ding, L.-N.; Tao, J.-C.; Zhang, S.-H.; Tang, M.-S. Tetrahedron:

Asymmetry 2006, 17, 3351–3357; (g) He, L.; Jiang, J.; Tang, Z.; Cui,
X.; Mi, A.-Q.; Jiang, Y.-Z.; Gong, L.-Z. Tetrahedron: Asymmetry

2007, 18, 265–270; (h) Sathapornvajana, S.; Vilaivan, T. Tetrahedron

2007, 63, 10253–10259.
4. (a) Krattiger, P.; Kovasy, R.; Revell, J. D.; Ivan, S.; Wennemers, H.

Org. Lett. 2005, 7, 1101–1103; (b) Cordova, A.; Zou, W.; Dziedzic, P.;
Ibrahem, I.; Reyes, E.; Xu, Y. Chem. Eur. J. 2006, 12, 5383–5397; (c)
Zheng, J.-F.; Li, Y.-X.; Zhang, S.-Q.; Yang, S.-T.; Wang, X.-M.;
Wang, Y.-Z.; Bai, J.; Liu, F.-A. Tetrahedron Lett. 2006, 47, 7793–
7796.

5. (a) Dickerson, T. J.; Janda, K. D. J. Am. Chem. Soc. 2002, 124, 3220–
3221; (b) Lacoste, E.; Landais, Y.; Schenk, K.; Verlhac, J.-B.;
Vincent, J.-M. Tetrahedron Lett. 2004, 45, 8035–8038.

6. (a) Trost, B. M.; Silcoff, E. R.; Ito, H. Org. Lett. 2001, 3, 2497; (b)
Samanta, S.; Liu, J.; Dodda, R.; Zhao, C.-G. Org. Lett. 2005, 7, 5321;
(c) Guizzetti, S.; Benaglia, M.; Pignataro, L.; Puglisi, A. Tetrahedron:

Asymmetry 2006, 17, 2754; (d) Kano, T.; Tokuda, O.; Maruoka, K.
Tetrahedron Lett. 2006, 47, 7423.



D. E. Siyutkin et al. / Tetrahedron Letters 49 (2008) 1212–1216 1215
7. (a) List, B.; Pojarliev, P.; Castello, C. Org. Lett. 2001, 3, 573; (b)
Chandrasekhar, S.; Narsihmulu, C.; Reddy, N. R.; Sultana, S. S.
Chem. Commun. 2004, 2450; (c) Amedjkouh, M. Tetrahedron:

Asymmetry 2005, 16, 1411.
8. (a) Welton, T. Chem. Rev. 1999, 99, 2071; (b) Wasserscheid, P.;

Welton, T. Ionic liquids in Synthesis 2003, 363; (c) Cordova, A.
Tetrahedron Lett. 2004, 45, 3949; (d) Gruttadauria, M.; Riela, S.;
Meo, P. L.; D’Anna, F.; Noto, R. Tetrahedron Lett. 2004, 45, 6113;
(e) Guo, H.-M.; Cun, L.-F.; Gong, L.-Z.; Mi, A.-Q.; Jiang, Y.-Z.
Chem. Commun. 2005, 1450; (f) Lombardo, M.; Pasi, F.; Easwar, S.;
Trombini, C. Adv. Synth. Catal. 2007, 349, 2061.

9. (a) Darbre, T.; Machuqueiro, M. Chem. Commun. 2003, 1090; (b)
Chimni, S. S.; Mahajan, D.; Suresh Babu, V. V. Tetrahedron Lett.

2005, 46, 5617; (c) Guilenna, G.; Hita, M. C.; Najera, C. Tetrahedron:

Asymmetry 2006, 17, 729–733; (d) Guillena, G.; Hita, M. C.; Najera,
C. Tetrahedron: Asymmetry 2006, 17, 1493; (e) Chimni, S. S.;
Mahajan, D. Tetrahedron: Asymmetry 2006, 17, 2108; (f) Chen,
X.-H.; Luo, S.-W.; Tang, Z.; Cun, L.-F.; Mi, A.-Q.; Jiang, Y.-Z.;
Gong, L.-Z. Chem. Eur. J. 2007, 13, 689; (g) Luo, S.; Mi, X.; Zhang,
L.; Liu, S.; Xu, H.; Cheng, J.-P. Tetrahedron 2007, 63, 1923.

10. (a) Mase, N.; Nakai, Y.; Ohara, N.; Yoda, H.; Takabe, K.; Tanaka,
F., ; Barbas, C. F., III. J. Am. Chem. Soc. 2006, 128, 734; (b) Wu, Y.;
Zhang, Y.; Yu, M.; Zhao, G.; Wang, S. Org. Lett. 2006, 8, 4417; (c)
Font, D.; Jimeno, C.; Pericas, M. A. Org. Lett. 2006, 8, 4653; (d)
Giacalone, F.; Gruttadauria, M.; Marculescu, A. M.; Noto, R.
Tetrahedron Lett. 2007, 48, 255; (e) Amedjkouh, M. Tetrahedron:

Asymmetry 2007, 18, 390; (f) Wu, X.; Jiang, Z.; Shen, H.-M.; Lu, Y.
Adv. Synth. Catal. 2007, 349, 812; (g) Teo, Y.-C. Tetrahedron:

Asymmetry 2007, 18, 1155; (h) Guizzetti, S.; Benaglia, M.; Raimondi,
L.; Celentano, G. Org. Lett. 2007, 9, 1247; (i) Gryko, D.; Saletra, W.
J. Org. Biomol. Chem. 2007, 5, 2148; (j) Wang, C.; Jiang, Y.; Zhang,
X.; Huang, Y.; Li, B.; Zhang, G. Tetrahedron Lett. 2007, 48, 4281; (k)
Huang, J.; Zhang, X.; Armstrong, D. W. Angew. Chem., Int. Ed. 2007,
46, 9073.

11. (a) Narayan, S.; Muldoon, J.; Finn, M. G.; Fokin, V. V.; Kolb, H. C.;
Sharpless, K. B. Angew. Chem., Int. Ed. 2005, 44, 3275; (b) Jung, Y.;
Marcus, R. A. J. Am. Chem. Soc. 2007, 129, 5492.

12. Brogan, A. P.; Dickerson, T. J.; Janda, K. D. Angew. Chem., Int. Ed.

2006, 45, 8100.
13. (a) Guillena, G.; del Carmen Hita, M.; Najera, C. Tetrahedron:

Asymmetry 2006, 17, 1493; (b) Peng, Y.-Y.; Ding, Q.-P.; Li, Z.; Wang,
P. G.; Cheng, J.-P. Tetrahedron Lett. 2003, 44, 3871; (c) Lei, M.; Shi,
L.; Li, G.; Chen, S.; Fang, W.; Ge, Z.; Cheng, T.; Li, R. Tetrahedron

2007, 63, 7892.
14. Li, C.-J. Chem. Rev. 2005, 105, 3095.
15. Miao, W.; Chan, T. H. Adv. Synth. Catal. 2006, 348, 1711.
16. Tamaki, M.; Han, G.; Hruby, V. J. J. Org. Chem. 2001, 66, 1038.
17. Dibenzyl 4-((5-bromopentanoyl)oxy)pyrrolidine-1,2-dicarboxylate (5).

A mixture of compound 416 (4.01 g, 11.30 mmol), 5-bromovaleric acid
(2.09 g, 11.55 mmol), DCC (2.38 g, 11.55 mmol), DMAP (20 mg,
0.16 mmol), and CH2Cl2 (60 ml) was stirred at 5 �C for 3 h. The
resulting precipitate was filtered off and washed with CH2Cl2
(3 � 10 ml). The combined organic extracts were washed successively
with 35% HCl (2 � 15 ml) and distilled water (2 � 20 ml). The solvent
was evaporated in vacuo, and the residue was purified by column
chromatography on silica gel (Acros, 60–200 lm, 60 Å, eluent
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56.05; H, 8.17; N, 7.68; F, 13.99.

22. 4-((5-(3-Dodecyl-1H-imidazol-3-ium-1-yl)pentanoyl)oxy)proline

hexafluorophosphate (3). A solution of amino acid 7 (0.10 g,
0.19 mmol) in water (5 ml) was adjusted to pH � 2–3 with 60%
HPF6 (0.06 ml, 0.38 mmol) at 20 �C. The reaction mixture was then
adjusted to pH � 8–9 with 25% NH3. The resulting precipitate was
filtered off, and washed with water until the washings became neutral
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and then dried in vacuo (0.5 Torr) for 2 h to afford hexafluoropho-
phate 3 (0.11 g, 95%) as a colorless powder, mp 156–158 �C; ½a�19

D

�10.8 (c 1, CH3OH); 1H NMR (300 MHz, DMSO-d6), d: 9.20 (1H, s,
NCHN), 7.79 (2H, s, NCHCHN), 5.18–5.22 (1H, m, CHO), 4.11–4.22
(4H, m, CH2CH2N), 3.79 (1H, t, J = 8.9 Hz, CH2CHN), 3.06–3.49
(2H, m, CHCH2N), 2.37 (2H, t, J = 6.6 Hz, CH2CH2COO), 2.03–2.23
(2H, m, CH2CHN), 1.71–1.88 (4H, m, CH2CH2N), 1.42–1.55 (2H, m,
CH2CH2COO), 1.22 (18H, s, CH3(CH2)9), 0.85 (3H, t, J = 6.1 Hz,
CH3) ppm; 13C NMR (75 MHz, DMSO-d6), d: 172.07, 169.90, 136.04,
122.49, 122.44, 73.25, 59.37, 49.91, 48.88, 48.49, 35.06, 32.58, 31.32,
29.34, 29.04, 28.96, 28.85, 28.74, 28.68, 28.38, 25.53, 22.11, 20.72,
13.93 ppm; 19F NMR (188.31 MHz, DMSO-d6), d: �67.4,
�71.1 ppm; 31P NMR (81.02 MHz, DMSO-d6), d: �42.46 (hp,
J = 8.8 Hz) ppm. Anal. Calcd for C25H44F6N3O4P: C, 50.41; H,
7.45; N, 7.06; F, 19.14. Found: C, 50.59; H, 7.37; N, 6.95; F, 18.97.
23. Typical procedure for the aldol reaction: A mixture of organocatalyst 3

(23.2 mg, 0.039 mmol), ketone 8 (0.40 mmol), aldehyde 9

(0.13 mmol), and distilled water (0.5 ml) was stirred at 20 �C for the
period given in Tables 1 and 2. Aldol 10 and the remaining starting
compounds were extracted with Et2O (3 � 5 ml), the combined
extracts were dried over anhydrous NaSO4, the solvent was evapo-
rated in vacuo (15 Torr) and the residue was purified by column
chromatography on silica gel (Acros, 40–60 lm, 60 Å, eluent n-
hexane/EtOAc 3:1). Conversions and dr’s of aldols 10 were measured
by 1H NMR of the crude reaction mixture, ee’s of the anti-isomers of
10 were determined by HPLC, chiral phase: Chiralcel OD-H, OJ-H.
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