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Departamento de Quı́mica Orgánica e Instituto de Sı́ntesis Orgánica, UniVersidad de Alicante, Apdo. 99,
Facultad de Ciencias, E-03080-Alicante, Spain

gabriela.guillena@ua.es; cnajera@ua.es

ReceiVed April 7, 2008

Recoverable (Sa)-binam-L-prolinamide in combination with benzoic acid is used as catalysts in the direct
aldol reaction between cycloalkyl, alkyl, and R-functionalized ketones and aldehydes under solvent-free
reaction conditions. Three different methods are assayed: simple conventional magnetic stirring, magnetic
stirring after previous dissolution in THF and evaporation, and ball mill technique. These procedures
allow one to reduce not only the amount of required ketone to 2 equiv but also the reaction time to give
the aldol products with regio-, diastereo-, and enantioselectivities comparable to those in organic or aqueous
solvents. Generally anti-isomers are mainly obtained with enantioselectivities up to 97%. The reaction
can be carried out under these conditions also using aldehydes as nucleophiles, yielding after in situ
reduction of the aldol products the corresponding chiral 1,3-diols with moderate to high enantioselectivities
mainly as anti-isomers. The aldol reaction has been studied by the use of positive ESI-MS technique,
providing the evidence of the formation of the corresponding enamine-iminium intermediates.

Introduction

Catalytic enantioselective processes1 are the most attractive
alternative to produce chiral compounds with high selectivity
and efficiency.2 In this field, the use of transition metal catalysts
was the preferred option at the end of the last century.
Nowadays, the use of metal-free processes, so-called organo-
catalysis,3 is regarded as an environmentally benign strategy
due to the advantages related to handling, cost, and safety issues.
Organocatalysts are usually more stable, less expensive, readily

available, and can be applied in less demanding reaction
conditions than transition metal catalysts, and their use reduces
the toxicity of products. In addition, this type of strategy allows
the suppression of protection-deprotection steps, and therefore,
the direct synthesis of structurally complex chiral molecules can
be achieved by a highly efficient chemical process. However,
most of the reactions involving organocatalysts are equilibrium
processes, which generally need a huge excess of one of the
reactants, normally the nucleophile, to generate the products
with high yields. Besides this drawback, normally long reaction
times and high catalyst loading are needed. In the pursuit of a
more efficient and greener process,4 the application of solvent-
free reaction conditions5 in organocatalyzed processes should
be regarded as an improvement in the synthesis of complex
molecules.6

(1) ComprehensiVe Asymmetric Catalysis I-III; Jacobsen, E. N., Pfaltz, A.,
Yamamoto, H. Eds.; Springer: Berlin, 1999.

(2) (a) Trost, B. M. Science 1991, 254, 1471–1477. (b) Sheldon, R. A. Pure
Appl. Chem. 2000, 72, 1233–1246. (c) Trost, B. M. Acc. Chem. Res. 2002, 35,
695–705. (d) Trost, B. M.; Frederiksen, M. U.; Mathias, U.; Rudd, M. T. Angew.
Chem., Int. Ed. 2005, 44, 6630–6666. (e) Guillena, G.; Ramón, D. J.; Yus, M.
Angew. Chem., Int. Ed. 2007, 47, 2358–2364.
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On the other hand, the aldol reaction7 is extensively applied
in industry either in bulk or in fine chemical manufacture and
pharmaceutical target production, and therefore, the application
of “green conditions” is of great interest.8 This C-C bond-
forming reaction provides a molecule which bears one or more
stereogenic centers.9 Among other asymmetric catalytic meth-
ods, organocatalyzed processes have been extensively applied
in this reaction.10 Several reaction conditions have been devel-
oped11 in order to achieve higher efficiencies, and only recently
the use of solvent-free conditions has been reported.6b,d,e Thus,
L-proline (10 mol %) has been used as organocatalyst for the
aldol condensation of alkyl symmetrical ketones and aldehydes
using a ball milling12 technique, affording the expected aldol
with high yields (53-99%) mainly as anti-isomers (dr’s from
1:1 to 93:7) and with good enantioselectivities (ee’s from 56 to
99%) in short reaction times (5–36 h) and with 2 equiv of
ketone.6b,e The use of conventional magnetic stirring for the
same solvent-free reactions gave similar results, but longer
reaction times were required (1-4 days). These conditions have
also been applied to the aldehyde-aldehyde aldol reaction,
giving after 1-4 days mainly the anti-aldol products with good

yields (40-91%) and diastereo- (dr’s from 77:23 to 93:7) and
enantioselectivities (ee’s from 92 to 98%).6d

Prolinamides derived from 1,1′-binaphthyl-2,2′-diamine (1a
and 1b) have been studied as catalysts in the aldol reaction under
different reaction conditions using cyclic or acyclic alkyl13 and
R-functionalized14 ketones as nucleophiles. Bisprolinamides
(Sa)-binam-L-Pro 1a and its enantiomer were more efficient than
other bis- or monoprolinamide derivative 1b,13a with the addition
of benzoic acid as cocatalyst in the reaction being crucial to
obtaining a great acceleration in the reaction. Under these
reaction conditions, less reactive ketones, such as butanone13c

and R-functionalized ketones, can be used as nucleophile source
in organic solvents or even in the presence of water13f,14 to give
the corresponding aldols products with a high level of selectivity.
Catalyst 1a can also be recovered by simple extractive workup
after the reaction completion.13a,c

Recently, we have reported the enantioselective direct
intermolecular aldol under solvent-free conditions catalyzed by
(S)-binam-L-prolinamide 1a (5 mol %) and benzoic acid (10
mol %) under simple conventional magnetical stirring, in short
reaction times and using only 2 equiv of several cyclic and
acyclic aliphatic and R-functionalized ketones with 4-nitroben-
zaldehyde, giving the corresponding aldol products with enan-
tioselectivities highly dependent on the ketone.15 Herein, we
report a full account and the mechanistic studies about the aldol
reaction under solvent-free conditions, catalyzed by binam-
derived prolinamides in this type of transformation.

Results and Discussion

Catalyst 1a was synthesized by coupling of commercially
available (S)-1,1′-binaphthyl-2,2′-diamine [(S)-binam] and the
in situ generated Fmoc-L-Pro chloride (2.1 equiv) followed by

(3) (a) Dalko, P. I.; Moisan, L. Angew. Chem., Int. Ed. 2004, 43, 5138–
5175. (b) Berkessel, A.; Gröger, H. Asymmetric Organocatalysis: From
Biomimetic Concepts to Applications in Asymmetric Synthesis; Wiley-VCH:
Weinheim, Germany, 2005. (c) Seayad, J.; List, B. Org. Biomol. Chem. 2005,
3, 719–724. (d) Kočovský, P.; Malkov, A. V. Tetrahedron 2006, 62, 255.
(thematic issue on Organocatalysis in Organic Synthesis, Nos. 2 and 3). (e) Lelais,
G.; McMillan, D. W. C. Aldrichimica Acta 2006, 39, 79–87. (f) Taylor, M. S.;
Jacobsen, E. N. Angew. Chem., Int. Ed. 2006, 45, 1520–1543. (g) List, B. Chem.
Commun. 2006, 819–824. (h) Wessig, P. Angew. Chem., Int. Ed. 2006, 45, 2168–
2171. (i) Connon, S. J. Angew. Chem., Int. Ed. 2006, 45, 3909–3912. (j) Palomo,
C.; Mielgo, A. Angew. Chem., Int. Ed. 2006, 45, 7876–7880. (k) Marigo, M.;
Jørgensen, K. A. Chem. Commun. 2006, 2001, 2011. (l) Guillena, G.; Ramón,
D. J. Tetrahedron: Asymmetry 2006, 17, 1465–1492. (m) Gaunt, M. J.; Johansonn,
C. C. C.; McNally, A.; Vo, N. T. Drug DiscoVery Today 2007, 12, 8–27. (n)
Rueping, M. Nach. Chem. 2007, 55, 35–37. (o) Enders, D.; Grondal, C.; Hüttl,
M. R. M. Angew. Chem., Int. Ed. 2007, 46, 1570–1581. (p) Almaşi, D.; Alonso,
D. A.; Nájera, C. Tetrahedron: Asymmetry 2007, 18, 299–365. (q) Guillena, G.;
Ramón, D. J.; Yus, M. Tetrahedron: Asymmetry 2007, 18, 693–700. (r) Pellissier,
H. Tetrahedron 2007, 63, 9267–9331. (s) EnantioselectiVe Organocatalysis;
Dalko, P. I. Ed.; Wiley-VCH: Weinheim, Germany, 2007. (t) List, B. Chem.
ReV. 2007, 107, 5413. (special issue on Organocatalysis, No. 12)

(4) (a) Anastas, P. T.; Warner, J. C. Green Chemistry, Theory and Practice;
Oxford University Press: Oxford, 1998. (b) Noyori, R. Chem. Commun. 2005,
1807–1811.

(5) (a) Metzger, J. O. Angew. Chem., Int. Ed. 1998, 37, 2975–2978. (b)
Tanaka, K. SolVent-Free Organic Synthesis; Wiley-VCH: Weinheim, Germany,
2003. (c) Kaupp, G. Top. Curr. Chem. 2005, 95–184.

(6) For some recents examples of solvent-free asymmetric organocatalytic
reactions, see: (a) Berkessel, A.; Roland, K.; Neudörfl, J. M. Org. Lett. 2006, 8,
4195–4198. (b) Rodrı́guez, B.; Rantanen, T.; Bolm, C. Angew. Chem., Int. Ed.
2006, 45, 6924–6926. (c) Carlone, A.; Marigo, M.; North, C.; Landa, A.;
Jørgensen, K. A. Chem. Commun. 2006, 4928–4930. (d) Hayashi, Y.; Aratake,
S.; Itoh, T.; Okano, T.; Sumiya, T.; Shoji, M. Chem. Commun. 2007, 957–959.
(e) Rodrı́guez, B.; Bruckmann, A.; Bolm, C. Chem.—Eur. J. 2007, 13, 4710–
4722. (f) Rantanen, T.; Schiffers, I.; Bolm, C. Org. Process Res. DeV. 2007, 11,
592–597.

(7) Modern Aldol Reactions; Marhrwald, R. Ed.; Wiley-VCH: Weinheim,
Germany, 2004; Vols 1 and 2.

(8) Green, M. M.; Wittcoff, H. A. Organic Chemistry Principles and
Industrial Practice; Wiley-VCH: Weinheim, Germany, 2003.

(9) For general reviews on the catalytic enantioselective aldol reaction, see:
(a) Gröger, H.; Vogl, E. M.; Shibaski, M. Chem.—Eur. J. 1998, 4, 1137–1141.
(b) Nelson, S. G. Tetrahedron: Asymmetry 1998, 9, 357–389. (c) Carreira, E. M.
In ComprehensiVe Asymmetric Catalysis; Jacobsen, E. N., ; Platz, A., ;
Yamamoto, H. Eds.; Springer: Heidelberg; Vol. 3, pp 997-1065. (d) Mahrwald,
R. Chem. ReV. 1999, 99, 1095–1120. (e) Machajewski, T. D.; Wong, C.-H.
Angew. Chem., Int. Ed. 2000, 39, 1352–1374. (f) Alcaide, B.; Almendros, P.
Eur. J. Org. Chem. 2002, 1595–1601. (h) Palomo, C.; Oiarbide, M.; Garcı́a,
J. M. Chem. ReV. Soc. 2004, 33, 65–74. (i) Mestres, R. Green Chem. 2004, 6,
583–603. (j) Vicario, J. L.; Badı́a, D.; Carillo, L.; Reyes, E.; Etxbarria, J. Curr.
Org. Chem. 2005, 9, 219–235. (k) Schetter, B.; Mahrwald, R. Angew. Chem.,
Int. Ed. 2006, 45, 7506–7525.

(10) For a comprehensive review on the enantioselective organocatalyzed
aldol reactions, see: Guillena, G.; Nájera, C.; Ramón, D. J. Tetrahedron:
Asymmetry 2007, 18, 2249–2293.

(11) For the use of proline in aqueous media, see: Cordova, A.; Notz, W.;
Barbas, C. F., III Chem Commun. 2002, 3024–3025. (b) Nyberg, A. I.; Usano,
A.; Pihko, P. M. Synlett 2004, 1891–1806. (c) Hayashi, Y.; Sumiya, T.;
Takahashi, J.; Gotoh, H.; Urushima, T.; Shoji, M. Angew. Chem., Int. Ed. 2006,
45, 958–961. (d) Mase, N.; Nakai, Y.; Ohara, N.; Yoda, H.; Takabe, K.; Tanaka,
F.; Barbas, C. F., III J. Am. Chem. Soc. 2006, 128, 734–735. (e) Hayashi, Y.;
Aratake, S.; Okano, T.; Takahashi, J.; Sumiya, T.; Shoji, M. Angew. Chem., Int.
Ed. 2006, 45, 5527–5529. For the use of additives, see: (f) Wu, Y.-S.; Chen, Y.;
Deng, D.-S.; Cai, J. Synlett 2005, 1627–1629. (g) Zhou, Y.; Shan, Z. Tetrahedron:
Asymmetry 2006, 17, 1671–1677. (h) Pihko, P. M.; Laurikainen, K. M.; Usano,
A.; Nyberg, A. I.; Kaavi, J. A. Tetrahedron 2006, 62, 317–328. (i) Majewski,
M.; Niewczas, I.; Palyam, N. Synlett 2006, 2387–2390. For the use of
microwaves, see: (j) Mossé, S.; Alexakis, A. Org. Lett. 2006, 8, 3577–3580. (k)
Hosseini, M.; Stiasni, N.; Barbieri, V.; Kappe, C. O. J. Org. Chem. 2007, 72,
1417–1424. For the use of supported proline, see: (l) Calderón, F.; Fernández,
R.; Sánchez, F.; Fernández-Mayoralas, A. AdV. Synth. Catal. 2005, 347, 1395–
1403. (m) Shen, Z.; Ma, J.; Liu, C.; Li, M.; Zhang, Y. Chirality 2005, 17, 556–
558. (n) Belli, E.; Kokotos, G. J. Mol. Catal. A: Chem. 2005, 241, 166–174. (o)
Andreae, M. R. M.; Davis, A. P. Tetrahedron: Asymmetry 2005, 16, 2487–2492.
(p) Chandrasekhar, S.; Reddy, R. N.; Sultana, S. S.; Narsihmulu, Ch.; Reddy,
K. V. Tetrahedron 2006, 62, 338–345. (q) Giacalone, F.; Gruttadauria, M.;
Marculescu, A. M.; Noto, R. Tetrahedron Lett. 2007, 48, 255–259. For high
pressure promoted reaction, see: (r) Sekiguchi, Y.; Sasaoka, A.; Shimomoto,
A.; Fujioka, S.; Kotsuki, H. Synlett 2003, 1655–1658. For the use of ionic liquids,
see: (s) Gruttadauria, M.; Riela, S.; Aprile, C.; Lo Meo, P.; D’Anna, F.; Noto,
R. AdV. Synth. Catal. 2006, 348, 82–92. (t) Kucherenko, A. S.; Struchkova, M. I.;
Zlotin, S. G. Eur. J. Org. Chem. 2006, 2000–2004.
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deprotection with piperidine. After chromatographic purification,
pure system 1a was obtained in 97% overall yield. When only
1.1 equiv of Fmoc-L-Pro chloride was used in the coupling step,
catalyst 1b was obtained as the main product and isolated in
58% yield after purification. Suitable crystals for X-ray diffrac-
tion experiment of both compounds were obtained from CHCl3/
Et2O at -20 °C, showing that the dihedral angle between the
binaphthyl groups in compound 1a was 81.51°, whereas for
compound 1b, it was of 83.45° (Figure 1).16

The organocatalyzed solvent-free aldol reaction was carried
out with cyclohexanone (2a) and 4-nitrobenzaldehyde (3a) as
a model, and different parameters were studied, such as the
amount of ketone, the catalyst, the temperature, method to carry
out the process, and comparing the obtained results with those
obtained under similar reaction conditions with L-proline.

Three different methods were tested: conventional magnetic
stirring (method A), conventional magnetic stirring with previous
solution in THF (method B),17 and ball milling conditions

(method C), under different temperatures and equivalents of
cyclohexanone (Table 1). The reaction of 4-nitrobenzaldehyde
and 2 equiv of cyclohexanone at 25 °C using 10 mol % of 1a
and 20 mol % of benzoic acid was carried out using these three

(12) For a review on the use solvent-free process with ball mills, see:
Rodrı́guez, B.; Bruckmann, A.; Rantanen, T.; Bolm, C. AdV. Synth. Catal. 2007,
349, 2213–2233.

(13) (a) Guillena, G.; Hita, M. C.; Nájera, C. Tetrahedron: Asymmetry 2006,
17, 729–733. (b) Gryko, D.; Kowalczyk, B.; Zawadzki, L. Synlett 2006, 1059–
1062. (c) Guillena, G.; Hita, M. C.; Nájera C. Tetrahedron: Asymmetry 2006,
17, 1493-1497; Tetrahedron: Asymmetry 2007, 18, 1031 (corrigendum). (d)
Guizzetti, S.; Benaglia, M.; Pignataro, L.; Puglisi, A. Tetrahedron: Asymmetry
2006, 17, 2754–2760. (e) Ma, G.-N.; Zhang, Y.-P.; Shi, M. Synthesis 2007, 197–
208. (f) Guizzetti, S.; Benaglia, M.; Raimondi, L.; Celentano, G. Org. Lett. 2007,
9, 1247–1250.

(14) (a) Guillena, G.; Hita, M. C.; Nájera, C. Tetrahedron: Asymmetry 2006,
17, 1027-1031; Tetrahedron: Asymmetry 2007, 18, 1030 (corrigendum). (b)
Guillena, G.; Hita, M.; Nájera, C. ARKIVOC 2007, iV, 260-269; ARKIVOC
2007, i, 146147 (corrigendum). (c) Guillena, G.; Hita, M. C.; Nájera, C.
Tetrahedron: Asymmetry 2007, 18, 1272–1277.

(15) Guillena, G.; Hita, M. C.; Nájera, C.; Viózquez, S. F. Tetrahedron:
Asymmetry 2007, 18, 2300–2304.

(16) Crystal data (excluding structure factors deposited at the Cambridge
Crystallographic Data Centre as supplementary publication number CCDC
673355 and 673356.

(17) With this pretreatment, the molecule-to-molecule contacts between
reactants would be enhaced, and therefore an acceleration in the reaction rate
should be observed: Orita, A.; Uehara, G.; Miwa, K.; Otera, J. Chem. Commun.
2006, 4729-4731.

FIGURE 1. Single-crystal X-ray structure of compounds 1a and 1b.

TABLE 1. Optimization of the Used Method under Solvent-Free Conditions for the Reaction of Cyclohexanone and 4-Nitrobenzaldehydea

entry methodb catalyst (mol %) benzoic acid (mol %) ketone (equiv) T (°C) t (h) conversion (%)c anti/synd ee (%)e

1 A 1a (10) 20 2 25 1.0 99 67:33 88
2 B 1a (10) 20 2 25 1.5 99 72:28 89
3 C 1a (10) 20 2 25 1.5 100 69:31 88
4 A 1a (10) 20 2 0 1.5 80 83:17 90
5 B 1a (10) 20 2 0 2.0 94 89:11 93
6 A 1a (10) 20 1 0 1.5 65 82:18 88
7 B 1a (10) 20 1 0 5.5 98 92:8 93
8 A 1a (5) 10 2 0 2.0 99 90:10 86
9 B 1a (5) 10 2 0 4.0 94 93:7 90
10 A 1a (5) 0 2 0 4.0 82 97:3 90
11 B 1a (5) 0 2 0 4.0 94 96:4 90
12 A 1b (5) 10 2 0 8.0 85 87:13 83
13 B L-Pro (10) - 2 0 24 34 96:4 96
14 B L-Pro (10) 10 2 0 24 60 94:6 94

a General reaction conditions: the reaction was carried out using 4-nitrobenzaldehyde (0.25 mmol) and cyclohexanone (2 or 1 equiv). b Method A:
Conventional magnetic stirring. Method B: 4-Nitrobenzaldehyde, catalyst, and benzoic acid were dissolved in dry THF (0.5 mL), and the solvent was
evaporated previous to the addition of the cyclohexanone. Method C: The grinding bowl containing the reaction mixture was rotated in a ball mill at a
rotation speed of 400 rpm. c Conversion based on the amount of the unreacted aldehyde. d Determined by 1H NMR of the crude product. e Determined
by chiral phase HPLC analysis for the anti-4aa isomer.
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different methods. The expected products were obtained after
only 1-1.5 h, with similar results for all of them, 99-100%
conversions and 88-89% ee and moderate dr (Table 1, entries
1-3) but in shorter reaction time using method A (Table 1,
entry 1). Conversely to the previous reported results with
L-proline,6b,e the use of the ball milling technique (method C,
Table 1, entry 3) did not render the aldol product in shorter
reaction time or with better results than those obtained using
conventional magnetical stirring. Therefore, the optimization of
other reaction parameters was done by using methods A and B
using simple conventional magnetic stirring. Then, the influence
of the reaction temperature and the amount of cyclohexanone
(2a) in the results was studied using methods A and B.
Decreasing the temperature to 0 °C, using 10 mol % of 1a and
20 mol % of benzoic acid, and methods A and B, we observed
a slight increase of the reaction time with better diastereo- and
enantioselectivities up to 93% ee (Table 1, entries 4 and 5).

By reduction of the amount of cyclohexanone to 1 equiv,
using method A or B, longer reaction times were needed for
the reaction completion (Table 1, compare entries 4 with 6, and
5 with 7), but compound 4aa was obtained with similar
selectivities. Reducing the amount of catalyst 1a and benzoic
acid to 5 and 10 mol %, respectively, led to an increase in the
reaction time, with a slight increase in the achieved diastereo-
selectivities and a small decrease in the obtained enantioselec-
tivities being observed (Table 1, entries 8 and 9). In the absence
of benzoic acid, a decrease in the reaction rate but an increase
in the diastereoselectivity and the enantioselectivity by using
method A was observed (Table 1 compare entry 8 with 10).
Using method B, the absence of acid did not have any
considerable effect on the reaction rate, diastereo-, and enan-
tioselectivities obtained (Table 1, compare entries 9 and 11).

Catalyst 1b (5 mol %) and benzoic acid (10 mol %) were
less efficient than catalyst 1a, affording product 4aa in 8 h with
lower enantioselectivity (Table 1, compare entries 8 and 12).
When L-proline (10 mol %) was used as catalyst under method
B conditions, low conversion was observed even after 24 h
reaction time, but product 4aa was achieved in excellent
diastereo- and enantioselectivities (Table 1, entry 13). In order
to increase the conversion, benzoic acid (10 mol %) was added
to the reaction mixture, achieving aldol 4aa with higher
conversion (60%) after the same time, but with slightly lower
diastereo- and enantioselectivities (Table 1, compare entries 13
and 14). Other conditions tested with L-proline as catalyst gave
better conversion but afforded the aldol product with much lower
diastereoselectivities and enantioselectivities. In view of the
obtained results, some conclusion about the appropriate amount
of catalyst 1a and benzoic acid can be made. The best
compromise between the reaction rate, yield, amount of ketone,
and diastereo- and enantioselectivities was achieved by using
2 equiv of cyclohexanone, 5 mol % of 1a in the presence of 10
mol % of benzoic acid, with longer reaction times required using
method B but with increased selectivity (Table 1, entries 8 and
9). For comparison, when the same reaction was carried out in

DMF/H2O (1:1) at -20 °C using a higher catalyst loading of
1a (10 mol %) and benzoic acid (20 mol %), a large excess of
cyclohexanone (26.4 equiv) must be used. This reaction took
place in 2 h with full conversion affording product 4aa, with
98% de and 97% ee for the anti-isomer.13c Alternatively, pure
H2O at 0 °C was used under the same reaction conditions,
affording mainly anti-4aa with 99% conversion in only 1.5 h
with 90% de and 94% ee.13c

The scope of the solvent-free process using method A was
studied using several aromatic aldehydes and cyclohexanone
as donor (Scheme 1 and Table 2).

When different aromatic activated aldehydes were allowed
to react with cyclohexanone under 1a/benzoic acid catalysis,
the corresponding aldol products were obtained in 80-86%
yields, 80-90% de, and 84-90% ee, mainly as anti-isomers
(Table 2, entries 1-4). Comparing these results with those
obtained with L-proline (10 mol %) using ball milling conditions,
the reaction times were similar, giving the aldol products in
slightly higher yields and ee but with lower de.6e When
nonactivated aldehyde, such as benzaldehyde, was used as
electrophile, longer reaction time was needed for the completion
of reaction and lower yields were obtained although the
diastereo- and enantioselectivities for the anti-4ae were rather
high (Table 2, entry 5). In this case, the use of ball milling
conditions and L-proline (10 mol %) as catalyst afforded the
aldol product in shorter reaction time with similar yields but
with lower diastereo- and enantioselectivities.6e

Then, the reaction of different cyclic ketones with 4-nitroben-
zaldehyde was studied using methods A, B, and C (Scheme 1
and Table 3). Whereas cyclohexanone gave exclusively the anti-
4aa product with high enantioselectivities using methods A and
B (Table 3, entries 1 and 2), the use of cyclopentanone afforded
a nearly 1:2 mixture of anti/syn-4ba isomers with higher ee for
the anti-isomer (Table 3, entries 3 and 4). In solution, using 10
mol % of catalyst 1a, 20 mol % of benzoic acid, and 26.4 equiv
of cyclopentanone in DMF/H2O (1:1) at -20 °C, the syn-isomer
was mainly obtained (44:66 dr) after 1.5 h in 61% ee. Carrying
the reaction in pure H2O at 0 °C gave results comparable to
those achieved in DMF/H2O but after 1 h of reaction time.13c

Heterocyclic ketones 2c-2e are also suitable nucleophiles for
the aldol reaction,18 affording under solvent-free conditions the
expected products mainly as anti-isomers. The purification of
such compounds (4ca, 4da, and 4ea) was carried out by filtration
through a small pad of silica gel or by removal of the catalyst
by acid extraction and subsequent purification of the aldols by
recrystallization since epimerization of the aldol products was
observed under column chromatography purification. Whereas
ketones 2c and 2d gave high ee exclusively for the anti-4ca
and anti-4da aldols, respectively, (Table 3, entries 5-8), the

(18) Chen, J.-R.; Li, X.-Y.; Xing, X.-N.; Xiao, W.-J. J. Org. Chem. 2006,
71, 8198–8202.

SCHEME 1. Aldol Reaction Catalyzed by 1a/Benzoic Acid of Different Ketones with Different Aldehydes under Solvent-Free
Conditions
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use of N-Boc-protected piperidin-4-one (2e) led to a mixture
of anti-4ea/syn-4ea in 76% ee for the anti-isomer (Table 3, entry
11).

For ketone 2c, using method B, the results were comparable
to those obtained using method A, but longer reaction times
were needed. However, for solid ketones, 2d and 2e, it was
necessary to use method B or method C in order to obtain the
corresponding aldol products in high yields. Using method C,
product anti-4da was achieved with a yield and enantioselec-
tivity higher than that obtained with method B (Table 3, entries
7 and 9), whereas anti-4ea was obtained with lower yield and
enantioselectivity but with slightly better diastereoselectivity
than with method B (Table 3, entries 11 and 13). The use of
L-proline (10 mol %) as catalyst under method B conditions
gave the corresponding aldol products in much longer reaction
time but with similar diastereo- and enantioselectivities for
product anti-4da (Table 3, entries 8 and 12). Under ball milling
conditions using L-proline as catalyst,6e compound anti-4da was
achieved with similar yield and slightly higher de and ee (Table
3, entry 10). For solid ketone 2e, longer reaction time was
required, obtaining anti-4ea with similar yield, higher de but
lower ee (Table 3, entry 14).6e

Then, several acyclic alkyl ketones, such as acetone and
butanone and R-functionalized ketones as nucleophiles, were
tested in the reaction with 4-nitrobenzaldehyde (Scheme 1 and
Table 4). Acetone was tested as nucleophile, affording the aldol
product 4fa in only 3 h in 86% yield and 74% ee using method
A. Using method B, similar results were obtained but longer
reaction time was required (Table 4, entries 1 and 2). These
results were better than those reported by using the ball milling
technique (Table 4, entry 3).6b,e Longer reaction time (8 h) was
required by carrying out the reaction in DMF/H2O (1:1) at -20
°C using catalyst 1a (10 mol %), benzoic acid (20 mol %), and
26.4 equiv of acetone, achieving compound 4fa in higher 94%

yield and 86% ee.13c When H2O at 0 °C was used as solvent
under similar reaction conditions, the aldol product was obtained
after 20 h with quantitative yield but with 75% ee.13c In the
case of 2-butanone, a mixture of anti-4ga (62% yield) and iso-
5ga (38% yield) with excellent 97 and 91% ee was obtained in
only 1 day (Table 4, entry 4). The use of method B led to similar
results but in longer reaction times (Table 4, entry 5). For
comparison, carrying out the reaction in solution, DMF/H2O
(1:1) at -20 °C using catalyst 1a (10 mol %), benzoic acid (20
mol %), and 26.4 equiv of ketone, gave similar results after 1
day and in pure H2O at 0 °C as solvent; the results were similar
in only 12 h reaction time.13c

When R-functionalized ketones were tested as nucleophiles,
the results were dependent on the functionality. Thus, when
R-chloroacetone (2h) was used as nucleophile, the aldol product
anti-4ha was mainly obtained with a 94:6 regioisomer ratio 4/5,
81:19 dr, and 72% ee. Due to the lability of the aldol 4ha toward
column chromatography purification, the obtained mixture was
converted by treatment with Et3N in CH2Cl2 to the correspond-
ing trans-R,�-epoxycarbonyl compound 6ha in 76% yield and
66% ee (Table 4, entry 6, and Scheme 2).14c Using the same
protocol in solution, DMF/H2O (1:1) at 0 °C, catalyst 1a (10
mol %), benzoic acid (20 mol %), and 26.4 equiv of ketone,
after treatment with Et3N in CH2Cl2, the epoxide 6ha was
obtained with 45% yield and 83% ee.14c

Using R-fluoroacetone (2i) as source of nucleophile, a double
loading of catalyst 1a (10 mol %) and benzoic acid (20 mol %)
was needed in order to achieve the aldol product in good yield
and moderate regioselectivity (50%) and 38% de (Table 4, entry
7). Longer reaction times and lower diastereoselectivity were
observed by using method B (Table 4, entry 8). However, using
the same catalyst loading and 26.4 equiv of R-fluoroacetone
(2i) in DMSO at 25 °C, aldol 4ia was obtained after 48 h in

TABLE 2. Reaction of Aldehydes with Cyclohexanone under Solvent-Free Conditions Using Method Aa

a General reaction conditions: aldehyde (0.25 mmol), cyclohexanone (0.5 mmol), (Sa)-binam-L-Pro 1a (5 mol %), and benzoic acid (10 mol %) at 0
°C. b Yield of the pure product after flash column chromatography. c Determined by 1H NMR of the crude product. d Determined by chiral phase HPLC
analysis.

SolVent-Free Asymmetric Direct Aldol Reaction

J. Org. Chem. Vol. 73, No. 15, 2008 5937



94% conversion and excellent regioselectivity (>99:1), high
84% de, and 93% ee.

When R-oxygenated ketones were used as donors, good yields
and regioselectivities were achieved (Table 4, entries 9-15).
However, whereas R-hydroxyacetone (2j) gave poor ee (Table
4, entries 9 and 10), R-methoxyacetone (2k) and R-benzyloxy-
lacetone (2 L) gave mainly the anti-aldols 4ka and 4la,
respectively, with good ee’s (Table 4, entries 11-15). In order
to obtain aldol product 4ja with good results, the reaction must
be carried out as previously described in DMSO at 0 °C using
20 mol % of catalyst 1a and 26.4 equiv of R-hydroxyacetone,
giving after 24 h mainly anti-4ja (96% yield, 80:20 regioiso-
meric ratio, 70:30 dr) with 80% ee.14b In the case of R-meth-
oxyacetone (2k), best results concerning enantioselectivity
(80%) were obtained by using method B, although longer
reaction time was required (Table 4, entries 11 and 12).

In solution, similar results were achieved by using catalyst
1a (10 mol %), benzoic acid (20 mol %), and 26.4 equiv of 2k
in DMF/H2O (1:1) at 0 °C after 25 h.14b For the case of
R-benzyloxylacetone (2l), anti-4al aldol was mainly obtained
with similar diastereo- and enantioselectivities by using method
A or B, but in higher yield, regioisomeric ratio, and shorter
reaction time with method A (Table 4, entries 14 and 15). In
DMF as solvent and using catalyst 1a (10 mol %), benzoic acid
(20 mol %), and 26.4 equiv of 2l, aldol 4la was obtained after
39 h with high conversion, but with lower regio- and diaste-
reoselectivities and in 88% ee.14b

Using R-(methylsulfanyl)acetone (2m) as nucleophile af-
forded mainly the iso-5ma product with a regioselectivity of
1:5 and 86% ee using method A (Table 4, entry 16). Under

method B conditions, longer reaction time was required (7 days),
giving lower yield and regioselectivity with slightly better ee
(Table 4, entry 17). Carrying the reaction in solution, best results
were achieved using H2O at 0 °C as solvent and catalyst 1a
(10 mol %), benzoic acid (20 mol %), and 26.4 equiv of ketone,
giving after 21 h mainly the iso-5ma (ratio 4/5 1:8) with 93%
ee.14b For the case of ketones 2k, 2i, 2k, and 2l, L-proline (10
mol %) was tested as catalyst under method B conditions. Only
in the case of R-methoxyacetone (2k) was the aldol product
obtained with low yield (Table 4, entry 13).

Finally, the recovery of the catalyst was studied in the reaction
between cyclohexanone and 4-nitrobenzaldehyde. For that
purpose, after the reaction was finished, the dissolved reaction
mixture in AcOEt was treated with 6 M HCl. The aqueous phase
containing the catalyst was treated with saturated NaOH until
pH 10 and extracted with ethyl acetate. After flash chromato-
graphic purification, 86% of the catalyst was recovered and
reused in another catalytic cycle, affording results similar to
that obtained in the first use, 81% yield, 91:9 anti/syn ratio,
84% ee for anti-4aa (compare with Table 2, entry 1).

The use of solvent-free conditions can be also applied to the
more challenging aldol reaction between aldehydes. Therefore,
several aromatic aldehydes were allowed to react with propanal
(5 equiv) at 0 °C using catalyst 1a (5 mol %) and benzoic acid
(10 mol %). After 5-7 days reaction time, the obtained aldol
products were reduced in situ to give diols 8 in moderate to
good yields, mainly as anti-isomers with high enantioselectivities
(Table 5). Thus, when 4-nitrobenzaldehyde was used as accep-
tor, the reaction took place in 6 days, yielding, after in situ
reduction, the corresponding diol 8aa in 45% yield, 56% de,

TABLE 3. Reaction of 4-Nitrobenzaldehyde with Cyclic Ketones under Solvent-Free Conditionsa

a General reaction conditions: 4-nitrobenzaldehyde (0.25 mmol), ketone (2 equiv), (Sa)-binam-L-Pro 1a (5 mol %), and benzoic acid (10 mol %) at 0
°C, unless otherwise stated. b As in Table 1. c Yield of the pure product after flash chromatography. d Determined by 1H NMR of the pure product.
e Determined by chiral phase HPLC analysis. f In parentheses is the ee for the syn-isomer. g Yields, de, and ee determined after purification of the crude
reaction mixture by filtration through a small pad of silica gel. h The reaction was carried out at 25 °C. i The reaction was carried out using L-Pro (10
mol %) at 25 °C. j Yields, de, and ee determined after purification of the crude reaction mixture by acidic extraction and recrystallization. k Previously
reported results on ref 6e obtained with L-Pro as catalyst.
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and 85% ee (Table 5, entry 1). However, the more hindered
2-chlorobenzaldehyde (3d) gave the diol with lower diastereo-
and enantioselectivities (Table 5, entry 2). When 4-trifluorom-
ethylbenzaldehyde was used as electrophile, again the diol
product 8af was achieved in high yield (96%), diastereoselec-
tivity (78% de), and enantioselectivity (94% ee) (Table 5, entry
3). In this transformation, the use of a less activated aldehyde
such as benzaldehyde as electrophile led to poor results (ca.
20% conversion) after 7 days reaction time.

The possible mechanism in the aldol reaction catalyzed by
proline and its derivatives has been extensively discussed, with
the enamine formation being assumed to be involved in the rate-
determining step.10,19 For the case of L-proline-catalyzed reac-
tion, the formation of such an intermediate has been detected
by employing electrospray-ionization mass spectrometry (ESI-
MS);20 this technique was also successfully applied for the aldol
reaction catalyzed by L-prolinethioamides.21 For the (Sa)-binam-
L-Pro, one or both proline residues can be involved in the

TABLE 4. Reaction of 4-Nitrobenzaldehyde with Acyclic Ketones under Solvent-Free Conditionsa

a As in Table 3. b As in Table 3. c As in Table 3. d As in Table 3. e As in Table 3. f Previously reported results in ref 6e obtained with L-Pro as
catalyst. g In parentheses is the ee of iso-5ga. h Yield and ee of the pure epoxide. i Reaction carried out with 1a (10 mol %) and benzoic acid (20 mol
%) at 25 °C. j Conversion based on the amount of the unreacted aldehyde. k The reaction was carried out using L-Pro (10 mol %) at 25 °C. l The
reaction was carried out at -20 °C.

SCHEME 2. Formation of Chiral r-Epoxy Ketone 6ha by a Subsequent Aldol Condensation-SN2 Displacement
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enamine formation, with the detection of such intermediates
being possible by the use of ESI-MS experiments. For this
purpose, to a mixture of catalyst 1a and benzoic acid was added
dry acetone at 0 °C, and the reaction mixture was stirred for 65
min. An aliquot of the mixture was diluted with methanol and
analyzed by ESI-MS showing the signals m/z 479, 519, 559,
and 599 corresponding to catalyst 1a ·H+, monoenamine 9 ·H+,
dienamine 10 ·H+, and dienamine 10 ·H2O ·Na+, respectively
(Figure 2b). When the same experiment was carried out in the
absence of benzoic acid, only the signals m/z 501 and 541
corresponding to catalyst 1a ·Na+ and monoenamine 9 ·Na+,
respectively, appeared (Figure 2a). Therefore, the presence of
benzoic acid promotes the additional formation of dienamine
10.

When 4-nitrobenzaldehyde was added to the above reaction
mixture, that is, catalyst 1a, benzoic acid, and dry acetone, after
3.5 h, very complicated m/z spectra were obtained having all
the above-mentioned peaks and also three small signals m/z 231,

692, and 732, respectively, corresponding to the aldol product
4fa ·Na+ and intermediates 11 ·Na+ and 12 ·Na+, showing that
both or either enamine 9 or 10 can be involved in the formation
of the aldol products (Figure 2c). However, only one arm is
working in the aldol process. When the same experiment was
carried out in the absence of benzoic acid, only the formation
of the monoenamine 9 ·Na+ and a small peak corresponding to
the intermediate 11 ·Na+ were detected (see Supporting Infor-
mation). With these results, the catalytic cycle depicted in Figure
3 can be proposed as a possible reaction pathway, although other
short-lived intermediates which cannot be detected by this MS
technique cannot be excluded.

In summary, catalyst (Sa)-binam-L-Pro 1a in combination with
benzoic acid can be used under solvent-free reaction conditions
under simple and conventional magnetic stirring with a wide
scope of ketones and aldehydes. This procedure permitted us
to reduce the amount of required ketone to 2 equiv, achieving
the aldol products in shorter reaction times compared to the
results in solvents13,14 with high regio-, diastereo-, and enan-
tioselectivities when alkyl and R-functionalized ketones are used
as nucleophilic source. Generally anti-isomers were mainly
obtained with enantioselectivities from 16 to 97%, which were
highly dependent on the ketone. These results are comparable
and sometimes better than those previously reported using the
ball milling technique and L-proline as catalyst,6b,e with the
additional advantage that conventional magnetic stirring is used.
Under these conditions, the aldol reaction between aldehydes
was also possible, yielding after in situ reduction mainly chiral
1,3-diols with moderate to high enantioselectivities. The ap-
plication of ESI-MS techniques has permitted us to propose an
enamine-iminium mechanism in which both proline moieties
are involved, with the addition of benzoic acid being crucial

(19) (a) Rankin, K. R.; Gauld, J. W.; Boyd, R. J. J. Phys. Chem. A 2002,
106, 5155–5159. (b) Hoang, L.; Bahmanyar, S.; Houk, K. N.; List, B. J. Am.
Chem. Soc. 2003, 125, 16–17. (c) Bahmanyar, S.; Houk, K. N.; Martin, H. J.;
List, B. J. Am. Chem. Soc. 2003, 125, 2475–2479. (d) Dickerson, T. J.; Lovell,
T.; Meijler, M. M.; Noodleman, L.; Janda, K. D. J. Org. Chem. 2004, 69, 6603–
6609. (e) Bassan, A.; Zou, W.; Rayes, E.; Himo, F.; Córdova, A. Angew. Chem.,
Int. Ed 2005, 44, 7028–7032. (f) Arnó, M.; Zaragozá, R. J.; Domingo, L. R.
Tetrahedron: Asymmetry 2005, 16, 2764–2770. (g) Hayashi, Y.; Matsuzawa,
M.; Yamaguchi, J.; Yonehara, S.; Matsumoto, Y.; Shoji, M.; Hashizume, D.;
Koshino, H. Angew. Chem., Int. Ed. 2006, 45, 4593–4597. (h) Klussmann, M.;
White, J. P. A.; Armstrong, A.; Blackmond, D. G. Angew. Chem., Int. Ed. 2006,
45, 7985–7989. (i) Klussmann, M.; Mathew, S. P.; Iwamura, H.; Wells, D. H.;
Armstrong, A.; Blackmond, D. G. Angew. Chem., Int. Ed. 2006, 45, 7989–7992.
(j) Klussmann, M.; Iwamura, H.; Mathew, S. P.; Wells, D. H.; Pandya, U.;
Armstrong, A.; Blackmond, D. G. Nature 2006, 441, 621–623. (k) Dziedzic, P.;
Zou, W.; Ibrahem, I.; Sundén, H.; Córdova, A. Tetrahedron Lett. 2006, 47, 6657-
6661; Tetrahedron Lett. 2007, 48, 1875 (corrigendum). (l) Shinisha, C. B.; Sunoj,
R. B. Org. Biomol. Chem. 2007, 5, 1287–1294. (m) Seebach, D.; Beck, A. K.;
Badine, D. M.; Limbach, M.; Eschenmoser, A.; Treasurywala, A. D.; Hobi, R.
HelV. Chim. Acta 2007, 90, 425–471. (n) Kellogg, R. M. Angew. Chem., Int.
Ed. 2007, 46, 494–497.

(20) Marquez, C.; Metzger, J. O. Chem. Commun. 2006, 1539–1541.
(21) Gryko, D.; Zimmicka, M.; Lipiñski, R. J. Org. Chem. 2007, 72, 964–

970.

TABLE 5. Reaction of Propanal with Aromatic Aldehydes under Solvent-Free Conditionsa

a General reaction conditions: the reaction was carried out using propanal (5 equiv), aldehyde (0.25 mmol), catalyst 1a (5 mol %), and benzoic acid
(10 mol %) at 0 °C. b Yield of the pure diol after flash chromatography. c Determined by 1H NMR of the crude diol product. d Determined by chiral
phase HPLC analysis for the anti isomer.
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for providing the enamine-iminium species and therefore to
accelerate the reaction rates.

Experimental Section

Typical Procedure for the Aldehyde-Ketone Aldol Reaction
Catalyzed by (Sa)-Binam-L-Prolinamide 1a under Solvent-Free
Conditions. Method A: To a mixture of the 4-nitrobenzaldehyde
(0.25 mmol, 0.037 g), catalyst 1a (0.0125 mmol, 6 mg), and
benzoic acid (0.025 mmol, 3 mg) under argon atmosphere at
the indicated temperature was added cyclohexanone (0.5 mmol,
0.052 mL). The reaction was stirred until the aldehyde was
consumed (monitored by TLC). Then, the crude product was
diluted in CH2Cl2 (10 mL), silica gel was added, and the solvent
was evaporated in vacuo. The resulting residue was purified by
flash chromatography (hexanes/AcOEt) to yield the pure aldol

product. Method B: To a mixture of the 4-nitrobenzaldehyde
(0.25 mmol, 0.037 g), catalyst 1a (0.0125 mmol, 6 mg), and
benzoic acid (0.025 mmol, 3 mg) under argon atmosphere at
the indicated temperature was added dry THF (0.5 mL), and
the corresponding mixture was stirred for 5 min. Then, the
solvent was completely evaporated in vacuo during 15 min. The
reaction flask was cooled to the indicated temperature, and
cyclohexanone (0.5 mmol, 0.052 mL) was added. The reaction
was stirred until the aldehyde was consumed, and the above
workup procedure was carried out to yield the pure aldol product.
Method C: To a mixture of the 4-nitrobenzaldehyde (0.25 mmol,
0.037 g), catalyst 1a (0.0125 mmol, 6 mg), and benzoic acid
(0.025 mmol, 3 mg) at 25 °C in a ball mill vessel was added
cyclohexanone (0.5 mmol, 0.052 mL). The reaction mixture was
stirred in a grinding bowl using a ball mill with a rotation speed
of 400 rpm for 30 + 5 min pause periods until the aldehyde

FIGURE 2. ESI-MS spectra for the aldol reaction catalyzed by prolinamide 1a; (a) 1a and acetone; (b) 1a, benzoic acid, and acetone; (c) 1a,
benzoic acid, acetone, and 4-nitrobenzaldehyde.
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was consumed, and the above workup procedure was carried
out to yield the pure aldol product 4.

Compound 4aa: 1H NMR (300 MHz, CDCl3) δ 1.28-1.49 (m,
1H), 1.52-1.73 (m, 3H), 1.79-1.83 (m, 1H), 2.06-2.14 (m, 1H),
2.21-2.31 (m, 1H), 2.33-2.50 (m, 1H), 2.54-2.63 (m, 1H), 3.12
(br s, 1H syn), 4.02 (br s, 1H anti), 4.88 (d, J ) 8.4 Hz, 1H anti),
5.46 (s, 1H syn), 7.49 (d, J ) 8.7 Hz, 2H), 8.19 (d, J ) 8.7 Hz,
2H); 13C NMR (75 MHz, CDCl3) δ anti 24.6, 27.5, 30.6, 42.6,
57.1, 73.9, 123.5, 127.8, 147.4, 148.3, 214.6; 13C NMR (75 MHz,
CDCl3) δ syn 24.7, 25.8, 27.7, 42.5, 56.7, 70.0, 123.4, 126.5, 147.5,
149.2, 213.9.

Typical Procedure for Catalyst Recovery: To a mixture of
4-nitrobenzaldehyde (4.2 mmol, 0.625 g), catalyst 1a (0.21 mmol,
100 mg), and benzoic acid (0.42 mmol, 52 mg) under argon
atmosphere at 0 °C was added cyclohexanone (2 equiv, 8.4 mmol,
0.88 mL). The reaction was stirred for 6 h until the aldehyde was
consumed (monitored by TLC). Then, the crude product was diluted
in AcOEt (30 mL), and 6 M HCl (30 mL) was added, and the
mixture was stirred for 10 min. The resulting emulsion was treated
with saturated NaCl solution (3 × 15 mL). The aqueous layer was
basified with saturated NaOH until pH 10 and extracted with EtOAc
(3 × 30 mL). The organic phase was dried with MgSO4 and filtered,
and the solvent was evaporated in vacuo. The resulting residue was
purified by flash chromatography (hexanes/AcOEt) to yield catalyst
1a (75 mg, 81% recovery yield), which was used in the next reaction
cycle.

Typical Procedure for the Aldehyde-Aldehyde Aldol
Reaction Catalyzed by (Sa)-Binam-L-Prolinamide 1a under
Solvent-Free Conditions: To a mixture 4-nitrobenzaldehyde (0.25
mmol, 0.037 g), catalyst 1a (0.0125 mmol, 6 mg), and benzoic

acid (0.025 mmol, 3 mg) under argon atmosphere at 0 °C was
added propanal (1.25 mmol, 0.09 mL). The reaction was stirred
for 5-7 days until the aromatic aldehyde was consumed
(monitored by TLC). Then, the crude product was diluted with
MeOH (0.8 mL), and NaBH4 (1.25 mmol, 0.048 g) was added
at 0 °C, and the mixture was stirred for 2 h. The resulting residue
was purified by flash chromatography (hexanes/AcOEt 4:1) to
afford pure products 8.

Compound 8aa: [R]20
D -56.7 (c ) 0.66, CHCl3); 1H NMR (300

MHz, CDCl3) δ anti 0.78 (d, J ) 7.0 Hz, 3H), 2.01-2.06 (m, 1H),
2.74 (br s, 1H), 3.72-3.85 (m, 3H), 4.72 (d, J ) 7.8 Hz, 1H anti),
7.54 (d, J ) 8.7 Hz, 2H), 8.23 (d, J ) 8.7 Hz, 2H); 13C NMR (75
MHz, CDCl3) δ anti 13.6, 41.5, 67.4, 79.3, 123.6, 127.5, 147.4,
150.5; 1H NMR (300 MHz, CDCl3) δ syn 0.82 (d, J ) 7.2 Hz,
3H), 2.01-2.06 (m, 1H), 3.28 (d, J ) 3.6 Hz, 1H), 3.67-3.84 (m,
3H), 5.14 (s, 1H), 7.54 (d, J ) 8.7 Hz, 2H), 8.23 (d, J ) 8.7 Hz,
2H); 13C NMR (75 MHz, CDCl3) δ syn 9.8, 41.1, 66.6, 75.4, 123.3,
128.3, 147.6, 150.6.
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FIGURE 3. Possible catalytic cycle for the aldol reaction mediated by binam-prolinamide 1a.
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