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Abstract: A combination of zinc triflate and chiral
C2-symmetrical prolinamide ligand leads to high
enantioselectivities in direct aldol reactions essen-
tially assisted by water. The presence of 5 mol% of
the catalyst affords an asymmetric intermolecular
aldol reaction between unmodified ketones and al-
dehydes to give anti-products with excellent enan-
tioselectivities ranging from 86–98% ee. The same
bis(prolinamide) ligand is found to catalyze the
direct aldol reactions in the presence of water (or in
water) with excellent stereocontrol and furnish the
corresponding aldols in up to 99% ee. For the dem-
onstrated catalytic systems organic solvent-free con-
ditions are applied.
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The ability to control the enantioselectivity of the
aldol condensation has established this reaction as the
principal chemical transformation for the stereoselec-
tive construction of complex polyol architectures.[1]

However, most known methodologies require pre-ac-
tivation of the nucleophilic or donor partner.[2] An ex-
citing challenge to enhance the efficiency of the aldol
reaction is to find a compound that will catalyze the
direct aldol addition without prior stoichiometric for-
mation of the substrate[3] as it takes place in biologi-
cal-type catalysts, i.e. , enzymes[4] and antibodies.[5]

Pioneering studies by Shibasaki,[6] Trost,[7] List,[8]

Barbas[9] and MacMillan[10] have outlined the first ex-
amples of enantioselective direct aldol reactions, an
important class of organic and metal-catalyzed trans-
formations that do not require the pre-generation of
enolates or enolate equivalents.
Reactions in which water is used as the solvent are

another important issue and the development of
enantioselective reactions in aqueous media is an ex-
tensively investigated topic.[11] In this regard, direct
aldol reactions in water seem to be a challenging

issue which needs to be intensively explored. In the
nature, type I and II aldolases catalyze this reaction
in water with excellent enantiocontrol through an en-
amine mechanism and by using a metal cofactor, re-
spectively.[2b] The first reports of chemical organocata-
lysts for this process have just appeared.[12]

In contrast, application of methods utilizing Lewis
acids that rely on the catalysis of metal complexes
bearing chiral ligands is troublesome in aqueous sol-
vents. Mimicking the mode of action of class II aldo-
lases, the homobimetalic Zn-BINOL complexes de-
veloped by Shibasaki[6c,d] as well as TrostEs Zn-semi
crown ethers[7] were reported to be water-sensitive
and thus the reactions have been carried out under
anhydrous conditions in organic solvents. Neverthe-
less, continuous exploration of zinc complexes seems
to be rational as most aldolases contain an active site
Zn(II) cofactor facilitating the enolate formation in
water.[13]

We have recently presented a chiral Zn(II) complex
for Mukaiyama aldol reactions which proceed in
aqueous organic solvent,[14] but this is an indirect
method that requires pre-formation of a silyl enol
ether as a nucleophile. Here we present our studies
toward the identification of chiral metal complexes
that function as efficient aldol reaction catalysts.
In the development strategy for designing a zinc-

containing catalyst for the direct asymmetric aldol re-
action in aqueous media, the use of N-donor ligands
seemed very attractive. Their ability to tightly bind
zinc ions suggested that they might serve as good tem-
plates on which to construct asymmetric catalysts.
Using stronger coordinating elements such as nitrogen
was envisioned by analogy to type II aldolases in
which the zinc ion is tightly coordinated by three his-
tidine residues in the reaction active site.[15]

After many trials we found that chiral bis(prolin-
amides) 2 and 3, readily synthesized in two steps from
protected proline and chiral diphenylethylenedi-
amines,[16] meet these design criteria. The ligands with
a two-carbon linker between both amino acid moiet-
ies were found as the most attractive candidates in
the first stage of the optimization.
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The reaction of acetone with p-nitrobenzaldehyde
was explored as a test. Initial experiments were per-
formed using a 1:1 mixture of acetone and water. To
find the optimal reaction parameters we tested the li-
gands 2 and 3 with chiral backbones as well as their
analogue 1 with an ethylenediamine moiety. Applica-
tion of all tested ligands as catalysts to the aldol reac-
tion led to promising results, namely, the condensa-
tion proceeded efficiently in aqueous medium in all
cases. Disappointingly, the ee was poor (Table 1).
However, addition of zinc trifluoromethanesulfonate
increased the selectivity as reflected in higher ees. The
best results with respect to yield and enantioselectivi-
ty were observed with catalyst 2a and Zn ACHTUNGTRENNUNG(OTf)2 as ad-
ditive. The addition of Zn ACHTUNGTRENNUNG(OTf)2 increased the enan-
tioselectivity from 6 to 60% (entry 3 vs. 4). We did
not observe the formation of 4 in the presence of Zn-
ACHTUNGTRENNUNG(OTf)2 and l-proline (1:2) under similar reaction con-
ditions.
Thus, the reaction catalyst composed of 2a and Zn-

ACHTUNGTRENNUNG(OTf)2 was adopted as our standard to explore opti-
mal reaction conditions. When the aldol reaction was
carried out with different amounts of water, the ee de-
creased with a corresponding increase in the water
concentration (Table 2). In water alone the zinc com-
plex gave the (R) enantiomer in 36% ee (entry 1).
The reaction carried out in organic co-solvent pro-

ceeded well, and only 3–5 equivs. of ketone are neces-
sary to obtain good yield and ee (entries 2–6). Re-
markably, lowering the catalyst loading to 0.5 mol%
showed a significant increase in enantioselectivity
with some loss in yield (entry 4 vs. 6). We were de-
lighted to find that the reaction without harmful co-
solvents proceeded also well when 5 mol% of the cat-
alyst was applied.
Thus, the conditions of entry 7 were adopted for

further reactions. Following on from these results, we
turned our attention to broadening the range of sub-
strates. The scope of this class of aldol reaction using
diamide 2a/Zn ACHTUNGTRENNUNG(OTf)2 catalyst in the presence of water
was examined and the results are summarized in
Table 3. The reaction has broad applicability with re-
spect to the aldehyde. Aldehydes with electron-with-
drawing substituents show higher reactivity. In all
cases, however, the reaction proceed smoothly at
room temperature, and enantioselectivity was good to
high (entries 1–6). Both excellent enantioselectivity
and anti selectivity were obtained when cyclohexa-
none was employed (entries 8–14). The aldol reac-
tions of ortho- and metha-substituted aldehydes show
higher selectivity than those of para-substituted alde-
hydes.
Retention of the good level of ee in the reaction

with non-cyclic ketones (entries 1–7) is a valuable ob-
servation as the application of previously demonstrat-
ed catalysts resulted in lower stereoselectivity with
these important substrates.[12]

The new catalyst developed incorporated zinc that
can act as a Lewis acid in water. In this respect the

Table 1. Screening of efficient catalyst in the direct asym-
metric aldol reaction of acetone with p-nitrobenzaldehyde.

Entry Catalyst Yield [%][a] ee [%][b]

1 1 82 14
2 1/Zn ACHTUNGTRENNUNG(OTf)2 90 24
3 2a 65 6
4 2a/Zn ACHTUNGTRENNUNG(OTf)2 92 60
5 2b/Zn ACHTUNGTRENNUNG(OTf)2 0 -
6 2c/Zn ACHTUNGTRENNUNG(OTf)2 0 -
7 3 78 12
8 3/Zn ACHTUNGTRENNUNG(OTf)2 98 27

[a] Isolated yield.
[b] Enantiomeric excess was determined by HPLC analysis

on a chiral phase column (Chiralpak AS-H).

Table 2. Prolinamide 2a/Zn ACHTUNGTRENNUNG(OTf)2-catalyzed direct asymmet-
ric aldol reaction of acetone with p-nitrobenzaldehyde in
aqueous solvents.

Entry Solvent Catalyst
loading

Yield
[%]

ee
[%][d]

1[a] water 10 mol% 36 36
2[b] THF-H2O (1:1) 10 mol% 76 58
3[b] THF-H2O (9:1) 10 mol% 70 82
4[b] THF-H2O (9:1) 5 mol% 70 80
5[b] THF-H2O (9:1) 1 mol% 55 84
6[b] THF-H2O (9:1) 0.5 mol% 45 88
7[c] acetone-H2O (9:1) 5 mol% 87 86

[a] Conditions: acetone (2.5 mmol) and p-nitrobenzaldehyde
(0.50 mmol) in water (2 mL) at room temperature for
20 h.

[b] Conditions: acetone (2.5 mmol) and p-nitrobenzaldehyde
(0.50 mmol) in solvent (2 mL) at room temperature for
20 h.

[c] Conditions: acetone (0.9 mL) and p-nitrobenzaldehyde
(0.50 mmol) and water (0.1 mL) at room temperature for
20 h.

[d] Enantiomeric excess was determined by HPLC analysis
on a chiral phase (Chiralpak AS-H).
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catalyst can be seen as mimic of class II aldolases.
Formation of an enamine in the active site can be as-
sumed. This mechanism can be supported by the ob-
servation of inactivity of the ligands 2b and 2c having
protected amino groups (Table 1, entries 5 and 6).
Based on the observation that zinc salts do not cata-
lyze the aldol reaction, we can assume that both zinc
salt and proline motives are necessary for catalysis.
On the other hand, poor reaction selectivity without
metal additives (Table 1) indicates that zinc-assisted
enamine formation can be essential for the asymmet-
ric aldol reaction promoted under our reaction condi-
tions. We assume that zinc as an aqua complex coor-
dinates amide and carbonyl groups of aldehyde in a
chiral surrounding. Moreover, coordination to zinc
stabilizes the enamine in water, making the condensa-
tion with the aldehyde possible, as was proposed by
Darbre and co-workers.[13]

Thus, we observed that the direct aldol reaction
promoted by small organic molecules can be efficient-
ly supported by water-compatible Lewis acid addi-
tives. To test this hypothesis, the aldol reaction of cy-
clohexanone and para-nitrobenzaldehyde was per-
formed using prolinamide 2a in the presence or ab-
sence of additives.
We found that a number of metal salts can improve

the outcome of the aldol reaction. Among others
complexes of zinc and rare earth element salts turned
out to be the most promising. Application of zinc tri-
flate resulted in high reactivity and selectivity of the
catalyst (Table 3). In a reaction conducted at 0 8C the
ee reached smoothly 98% with perfect diastereoselec-

Table 3. The direct catalytic asymmetric aldol reaction in the
presence of water catalyzed by 2a-Zn ACHTUNGTRENNUNG(OTf)2 (5 mol%): Sub-
strate scope.

Entry Product Yield
(%)[a]

anti/
syn[b]

ee
(anti)
(%)[c]

1 88 - 88[d]

2 80 - 90

3 83 - 88

4 77 - 90

5 21 - 86

6 54 - 88

7 33 - 84

8 98 95/5 94

9 56 98/2 97

10 71 98/2 97

11 94 96/4 93

12 56 98/2 94

13 56 96/4 96

Table 3. (Continued)

Entry Product Yield
(%)[a]

anti/
syn[b]

ee
(anti)
(%)[c]

14 46 98/2 94

15 82
44/
66

46
(anti);
18
(syn)

[a] Yield refers to combined yield of isolated diastereomers.
Conditions: prolinamide catalyst 2a (0.025 mmol, 5
mol%), Zn ACHTUNGTRENNUNG(OTf)2 (0.025 mmol), aldehyde (0.50 mmol) in
ketone/water mixture (9/1, 1 mL) at room temperature
for 20 h.

[b] Diastereoselectivity was determined by HPLC and
1H NMR analysis of the isolated diastereomers.

[c] Enantiomeric excess was determined by HPLC analysis
on a chiral phase (Chiralpak AD-H and AS-H).

[d] This system seems to be selective for the formation of
the R configuration.[17]

Adv. Synth. Catal. 2007, 349, 1041 – 1046 G 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim asc.wiley-vch.de 1043

COMMUNICATIONSDirect Catalytic Asymmetric Aldol Reactions

http://asc.wiley-vch.de


tivity and reasonable reactivity of the catalytic system
with only 5 mol% catalyst loading (Table 4, entry 2).
It is important to underline that the essential role of
water was observed when the reaction was carried out
in pure cyclohexanone. In this case only a trace of
product was isolated (Table 4, entry 1).
Our results show also that the zinc complex is an

efficient catalyst that promotes the aldol reaction in
the presence of water without an organic co-solvent.

The reaction selectivity was affected, however, by the
increasing the amount of water in the reaction mix-
ture (entry 8). This unwelcome tendency can be over-
come by application of an ytterbium complex which
seems to give a much more water-tolerant catalyst
(entries 10–16). In this case the aldol reaction proceed
well in water with only 5 equivalents of ketone (en-
tries 13–16).

Table 4. The direct catalytic asymmetric aldol reaction in the presence of water catalyzed by prolinamide 2a (5 mol%) with
various additives. Metal complexes (entries 1–16) vs. organocatalytic attempts (entries 17–30).

Entry R-C6H4CHO, R= Additive Ketone/Water Temp. [8C] Yield [%][a] anti/syn[b] ee [%][c]

Metal salts
1 p-NO2 ZnACHTUNGTRENNUNG(OTf)2 cyclohexanone r.t. trace - -
2 p-NO2 ZnACHTUNGTRENNUNG(OTf)2 cyclohexanone/water (9/1) 0 93 98/2 98
3 p-CN Zn ACHTUNGTRENNUNG(OTf)2 cyclohexanone/water (9/1) 0 64 97/3 97
4 p-Cl Zn ACHTUNGTRENNUNG(OTf)2 cyclohexanone/water (9/1) 0[d] 35 99/1 98
5 p-Br Zn ACHTUNGTRENNUNG(OTf)2 cyclohexanone/water (9/1) 0[d] 37 99/1 98
6 H Zn ACHTUNGTRENNUNG(OTf)2 cyclohexanone/water (9/1) 0[d] 13 99/1 98
7 p-NO2 ZnACHTUNGTRENNUNG(OTf)2 acetone/water (9/1) 0 80 - 91
8 p-NO2 ZnACHTUNGTRENNUNG(OTf)2 cyclohexanone/water (1/1) r.t. 86 87/13 80[e]

9 p-NO2 Sc ACHTUNGTRENNUNG(OTf)3 cyclohexanone/water (9/1) r.t. 55 50/50 54
10 p-NO2 YbACHTUNGTRENNUNG(OTf)3 cyclohexanone/water (9/1) r.t. 81 96/4 95
11 p-NO2 YbACHTUNGTRENNUNG(OTf)3 cyclohexanone/water (9/1) 0 50 99/1 99
13 p-NO2 YbACHTUNGTRENNUNG(OTf)3 cyclohexanone (5 equivs.) in water[f] r.t. 65 82/18 82
14 p-NO2 YbACHTUNGTRENNUNG(OTf)3 cyclohexanone (5 equivs,) in water 0 60 95/5 91
15 p-CN YbACHTUNGTRENNUNG(OTf)3 cyclohexanone (5 equivs.) in water 0 81 92/8 86
16 p-Cl YbACHTUNGTRENNUNG(OTf)3 cyclohexanone (5 equivs.) in water 0 28 98/2 93
Brønsted acids
17 p-NO2 - cyclohexanone/water (9/1) r.t. 98 85/15 75
18 p-NO2 TfOH cyclohexanone/water (9/1) r.t. 30 97/3 97
19 p-NO2 TFA cyclohexanone/water (9/1) rt 99 96/4 92
20 H TFA cyclohexanone/water (9/1) r.t.[d] 76 98/2 94
21 p-NO2 TFA cyclohexanone/water (9/1) 0 81 98/2 98
22 p-NO2 TFA cyclohexanone/water (1/1) r.t. 93 97/3 93
23 p-NO2 TFA cyclohexanone (5 equivs.) in water r.t. 90 93/7 87
24 p-NO2 TFA cyclohexanone (5 equivs.) in water 0 20 99/1 95
25 p-NO2 TFA cyclohexanone (5 equivs.) in water 0[g] 89 96/4 95
26 p-CN TFA cyclohexanone (5 equivs.) in water 0[g] 94 96/4 93
27 p-Cl TFA cyclohexanone (5 equivs.) in water 0[g] 45 98/2 95
28 p-NO2 - acetone/water (9/1) r.t. 76 - 22
29 p-NO2 TFA acetone/water (9/1) r.t. 90 - 90
30 p-NO2 TFA acetone/water (9/1) 0 91 - 92

[a] Yield refers to combined yield of isolated diastereomers. Conditions: prolinamide catalyst 2a (0.025 mmol, 5 mol%), ad-
ditive (if used, metal salts: 0.025 mmol or acids, 0.050 mmol), aldehyde (0.50 mmol) in ketone/water mixture (1 mL).

[b] Diastereoselectivity was determined by HPLC and 1H NMR analysis of the isolated diastereomers.
[c] Enantiomeric excess was determined by HPLC analysis on a chiral phase (Chiralpak AD-H and AS-H).
[d] Reaction time 44 h.
[e] When the condensation of cyclohexanone and p-nitrobenzaldehyde was tested in the biphasic system (cyclohexanone-

water, 1:1, 1 mL) the catalyst (5 mol%) was soluble in the water phase. After the reaction, both phases were separated,
and the product was easily isolated from the organic phase (96% yield, 84% ee). As the active species remained in the
aqueous phase, the second run was carried out by addition of cyclohexanone and aldehyde to give a similar result (80%
yield, 85% ee).

[f] Conditions: prolinamide catalyst 2a (0.025 mmol, 5 mol%), additive (if used, metal salts: 0.025 mmol or acids,
0.050 mmol), aldehyde (0.50 mmol), cyclohexanone (260 mL, 2.50 mmol) in water (1 mL).

[g] Reaction time 70 h, catalyst loading 10 mol%.
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It is interesting that the catalyst operates both in
homogeneous solution and biphasic media. This last
observation is of fundamental importance for the easy
recovery of the chiral catalyst and its re-usability
making this methodology extremely exciting
(entry 8).
To make sure that the reaction is promoted by the

zinc complex and not by prolinamide 2a supported by
triflic acid (assuming hydrolysis of the zinc salt) we
tested the catalytic activity of the protonated organo-
catalyst. Thus, the catalyst having counterion OTf�

gave a comparable enantiomeric excess (Table 3
entry 8 vs. Table 4 entry 18) but the effect on the rate
of reaction was tremendous. The aldol reaction pro-
moted by catalyst 2a-TfOH gave only 30% conver-
sion, and the reaction was stopped at 0 8C, while zinc
complex showed both good reactivity and selectivity
at a lower temperature (Table 4 entry 2).
On the other hand, the promising influence of the

Brønsted base on the reaction enantioselectivity
(entry 18 vs. 17) forced us to test the calatytic activity
of the protonated prolinamide 2a in the aldol reac-
tion.[18] For this purpose organocatalyst 2a was tested
with different counterions. The best results with re-
spect to yield, diastereoselectivity, and enantioselec-
tivity were observed with TFA as additive (entry 19).
The same selectivity was observed for unactivated al-
dehyde (entry 20) and acetone (entries 29 and 30)
when only 5 mol% of the catalyst were used. More-
over, a preliminary study showed that a good level of
ee and excellent diastereoselectivities were main-
tained in water at 0 8C (entries 23–27). In this case the
catalyst loading was raised to 10 mol% and slightly
longer reaction time was needed.
In summary, we have succeeded in carrying out the

metal-assisted direct asymmetric direct aldol reaction
in aqueous media. To date these are the best results
reported for the direct aldol reaction catalyzed by a
small artificial metal complex in aqueous media. The
high selectivity of the catalyst was maintained for
non-cyclic ketones making the elaborated methodolo-
gy especially promising in the literature background.
As the chiral backbone of the catalyst can be easily
modified, the findings reported herein present a new
and flexible approach. Moreover, we have demon-
strated that the same bis(prolinamide) catalyst can
promote the direct aldol reactions of aliphatic ketones
with various aldehydes without an organic co-solvent
in the presence of water or even in water in some
cases. The amount of organocatalyst can be reduced
to 5 mol%. The present study reveals an interesting
area of aqueous asymmetric aldol reactions between
application of metal complexes and organocatalysis.
Further studies focusing on the full scope of this and
related systems are in progress and will be reported
in due course.

Experimental Section

Typical Procedure for the Asymmetric Aldol
Reaction

Prolinamide 2a (10 mg, 0.025 mmol, 5 mol%) and ZnACHTUNGTRENNUNG(OTf)2
(9 mg, 0.025 mmol, 5 mol%) were added to a mixture of cy-
clohexanone (or appropriate ketone) (0.9 mL) and water
(0.1 mL) at room temperature and stirred for 15 min. p-Ni-
trobenzaldehyde (75 mg, 0.5 mmol) was added to the sus-
pension and the whole reaction mixture was stirred for 20 h.
The reaction mixture was poured onto a silica gel column
and eluted with hexane-ethyl acetate (3:2) to afford
(2S,1’R)-2-hydroxy(4-nitrophenyl)methylcyclohexanone;
yield: 123 mg (98%); anti :syn=97:3 (by 1H NMR and
HPLC analysis); ee 94% (Chiralpak AD-H, hexane-i-
PrOH=4:1, flow rate 0.5 mLmin�1, l =254 nm): anti : t1=
21.6 min, t2=23.3 min (major); syn : t1=25.2 min, t2=
32.5 min (major)).
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