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Abstract
Aldol reaction is one of the most important methods for the formation of carbon-carbon bonds.
Because of its significance and usefulness, asymmetric versions of this reaction have been realized
with different approaches in the past. Over the last decade, the area of organocatalysis has made
significant progresses. As one of most studied reactions in organocatalyses, organocatalyzed aldol
reaction has emerged as a powerful tool for the synthesis of a large number of useful products in
optically enriched forms. In this review, we summarize our efforts on the development of novel
organocatalyzed aldol reactions for the enantioselective synthesis of biological active molecules.
Literatures closely related to our studies are also covered.
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1 Introduction
Since its discovery in 1872,1 the aldol reaction has been shown to be an important method
for the construction of carbon-carbon bond.2 The reaction involves the addition of an
enolizable carbonyl compound with itself or another carbonyl compound to afford the
corresponding β-hydroxy carbonyl derivatives, which are key building blocks for the
syntheses of poly functional compounds and natural products.3 Apart from the formation of
a new carbon-carbon bond, a new stereogenic center is created in the process, which allows
potential asymmetric induction in this reaction for the synthesis of optically enriched aldol
products. Owing to the numerous applications of optically active β-hydroxy carbonyl
compounds and the abundant presence of this moiety in biologically active compounds, such
as, carbonyhydrates, antibiodies, alkaloids, and terpenes, their asymmetric synthesis has
attracted a lot of attentions.4 Conventionally, the asymmetric aldol reaction was performed
using a chiral enolate and a prochiral carbonyl compound as the starting materials. Although
the aldol products may be obtained in excellent enantioselectivities using this method,
stoichiometric amount of chiral auxillaries have to be employed in these reactions.5
Asymmetric Mukaiyama-aldol reaction catalyzed by chiral Lewis acids represents a
convenient method for the preparation of enantioenriched aldol compounds in excellent
stereoselectivities.6 However, preformed silyl enol ethers have to be employed in the
reaction as the substrates, and therefore, it is less convenient than a direct aldol reaction.
Moreover, due to the loss of the silyl group in the products, the atom economy of this
reaction is affected.6 The catalytic asymmetric direct aldol reaction reported independently
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by Shibasaki7 and List8 offers a direct access to β-hydroxy carbonyl compounds using
unmodified ketones as the nucleophiles. Shibasaki`s approach was based upon class II
aldolases that use a metal co-factor.7 Although the proline mediated intramolecular aldol
reaction were reported in the 1970`s,9 List, Lerner and Barbas reported the first
intermolecular variant of this reaction using L-proline (4) as the catalyst (Scheme 1).8 The
best result obtained was from the reaction of acetone (1) with isobutyraldehyde (2, R= i-Pr),
which gave the aldol product 3 in 97% yield and 96% ee.8 The high enantioselectivity
obtained in the reaction was explained by a class I aldolase-like enamine mechanism, where
proline acts as a “micro-aldolase”.8

Following the rediscovery of this small molecule-catalyzed intermolecular aldol reaction by
List, Lerner and Barbas,8 the field of asymmetric organocatalysis has become a intensively
studied field of organic chemistry over the last decade. In general, these organocatalysts are
derivatives that can be easily synthesized from the chiral pool, such as, amino acids and
cinchona alkaloids, or even are commercially available.10 Additionally, organocatalysts
usually have better substrate tolerance than enzymes. Therefore, by now these research
efforts have led to a greener and general approach for conducting the asymmetric direct
aldol reactions as compared to the traditional transition metal-catalysis and enzyme
catalysis. The development of this fast-growing field of asymmetric organocatalysis is
constantly reviewed.11 In this current account, we will summarize the efforts of our group in
the past a few years in developing novel asymmetric aldol reactions for the enantioselective
synthesis of biologically active compounds. Studies that are closely related to our research
are also covered.

2 Enamine-mediated aldol reaction
In contrast to the catalytic cycles proposed by Hajos and Parrish, which involves a carbinol
amine intermediate,9 or by Agami, which involves a two proline molecules in the transition
state,12 an enamine mechanism involving a single proline molecule was proposed for the
proline-catalyzed intermolecular asymmetric aldol reaction.8 This mechanism is supported
by the experimental data and computational results.13 Recently, List group has reported the
crystal structures of various proline derived enamines that lend further supports to this
mechanism.10c

Although the results obtained in the proline-catalyzed direct aldol reaction represent a
breakthrough in this field, high catalyst loading, long reaction times, and highly polar
solvents have to be used in this reaction (since proline is insoluble in many organic
solvents). Most important of all, the ee values obtained with proline were not that high for
most of the substrates.8 These facts indicate that there are still rooms for optimizations.
Consequently, many efforts have been directed towards the design and synthesis of new
proline derivatives that are more reactive and selective. Expanding the substrate scope of
this reaction is another goal in these researches.14 Our journey in this area started in 2005,
with the goal of designing and synthesis of more reactive proline-derived catalysts for the
aldol reaction in mind.

2.1 Design and synthesis of C2-symmetric bisprolinamindes for asymmetric aldol reaction
Because of the significance of the optically enriched β-hydroxy carbonyl derivatives in the
synthesis of many natural products and biologically active molecules, the proline-catalyzed
aldol reaction immediately became a hot research area right after List and Barbas published
their seminal results. Before our efforts, several novel proline derivatives that can achieve
high enantioselectivities in organocatalytic asymmetric aldol reaction of linear and cyclic
ketones with aldehydes have been reported.15 For example, Gong and co-workers reported a
prolinamide derivative 5 (Figure 1) as high enantioselective catalysts for the asymmetric
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aldol reaction.15d However, a high loading of 20 mol % of the catalyst has to be used in
order to obtain good reactivities.15d Through fine tuning of the electronic effects, they
obtained catalyst 6, which shows both excellent enantioselectivity and high reactivity in
asymmetric aldol reactions.16

We believe the reactivity prolinamide catalyst may be improved by introducing more
reaction center moieties into the catalyst structure, because intuitively more reaction centers
should increase the chances for substrate to meet with the reaction center and, therefore, lead
to higher reactivity. Thus, we designed and synthesized some prolinamide catalysts that
containing two prolinamide moieties (9–11). C2-symmetry was introduced to achieve
uniformity in stereocontrol of these two reaction centers. The aldol reaction of acetone (1)
with 4-nitrobenzaldehyde (7) was adopted to evaluate these catalysts (Scheme 2).17 Some
similar catalysts with only one reaction center, such as 12, were also synthesized and
evaluated for comparison purpose (Scheme 2).17

Indeed, all these C2-symmetric catalysts showed high reactivity at ambient temperature, and
among them catalyst 11 yielded the aldol adduct in 93% yield with the highest ee value
(68% ee). Through optimization of the reaction temperature, an ee value of 98% with 88%
yields may be obtained at −35 °C. For comparison, although catalyst 12, which contain only
one prolinamide moiety, also gave high ee value of the product at this temperature, the
reactivity is much less since less product yield was obtained. The less reactivity of catalyst
12 as compared to 11 can be attributed to the fact that the catalyst 12 has less reaction
center. After the optimization of reaction conditions, the scope of this reaction was
examined with catalyst 11.17 Aromatic aldeyhdes bearing both electron-donating and an
electron-withdrawing group gave the desired aldol product in moderate to good yields and
high ee values. Catalyst 11 also catalyzes the aldol addition of acetone with aliphatic
aldehydes in excellent stereoselectivities. The reaction of cyclic ketones and acetol was also
investigated; however only cyclohexanone furnished with an excellent dr of 97:3 with an ee
value of 93% for the major anti dastereomer. Cyclopenatanone and acetol gave a mixture of
diastereomers in moderate selectivities.

During this study, we also discovered this reactivity of this type of catalyst may also be
improved through tuning the acidity of the remote hydrogen atom, a concept originally
proposed by Gong and co-workers.16 For example, catalysts 13–15 (Scheme 2) having a
remote acidic amide proton. Through tuning the electron with-drawing ability of the
substituent, high enantioselectivities and low catalyst loadings (down to 5 mol %) were
achieved with these catalysts.17b

Several other C2-symmetric prolinamide-based organocatalysts have been reported since
then. For example, Guillena et al. reported C2-symmetric BINAM-prolinamide catalyst 16
for the direct enantioselective aldol reaction (Scheme 3).18 The reaction employed a mixture
of DMF and water as the solvent and the catalyst could be easily recovered after the reaction
and reused with no significant decrease in the yields and ee values of the products. The same
group later on reported a significant rate enhancement of this reaction using benzoic acid as
an additive. The acceleration of the reaction rate was explained on the basis of the
improvement in the formation of the enamine intermediate.19

2.2 Aldol reaction of 1,2-diketones and glyoxylates
We are interested in developing asymmetric synthesis of biological active molecules using
the enamine-mediated asymmetric aldol reaction. For this purpose, the scope of this proline
derivative-catalyzed aldol reaction has to be widened to include enamine acceptors other
than simple aldehydes. Since normal ketones are poor enamine acceptors in direct aldol
reactions, we focused our attention on the use of activated ketones as the enamine acceptors.
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Before our work, only a few such examples are known in the literature.20 For example:
Maruoka and co-workers reported a practical synthesis of (S)-oxybutynin, in which the key
step is the L-proline-catalyzed cross aldol reaction of cyclohexanone (17) and ethyl
phenylglyoxylate (18) that affords the α-hydroxycarboxylate intermediate 19 in high ee
values and excellent dr value (Scheme 4).20d

In our initial study, 1,2-diketones were chosen as the representative substrates of activated
carbonyl compounds since the two carbonyl are activating each other through inductive
effects. Using L-proline (4) and L-proline tetrazole (22) as the catalysts, we studied the cross
aldol reaction of 1,2-diketones and ketones, such as acetone and cyclohexanone, and
developed an enantioselective synthesis of 2-hydroxy-1,4-diketones (Scheme 5).21 Both
catalysts were found to exhibit good reactivity and enantioselectivity. For example, the
reaction of 1-phenyl-1,2-propanedione (20) and acetone (1) with L-proline (4) as a catalyst
afforded the expected aldol product in 51% yield and 80% ee at −15 °C. Similar reaction
with L-proline tetrazole (22) at −35 °C gave a yield of 89% with an ee value of 83% for the
product. Cyclic ketones such as cyclohexanone gave only one diastereomer with an
enantioselectivity of 80%, whereas cyclopentanone afforded a diastereomeric ratio of 95:5
and an ee value of 99% for the major enantiomer, albeit with lower reactivity.21 In contrast,
the reaction of benzil and acetone leads to low reactivity and stereoselectivity. The reaction
of cyclic 9,10-phenanthrenequinone (23) with acetone generated a dialdolized product in
86% ee that formed a dihemiacteal in situ.

α-Hydroxycarboxylate moiety may be found in many biologically active molecules.22 These
compounds may also be regarded as analogues of α-amino acids. Although the asymmetric
synthesis of tertiary α-hydroxycarboxylates was well documented,23 the enantioselective
synthesis of secondary α-hydroxycarboxylates was not reported. On the basis of proline
derivative-catalyzed aldol reaction of activated carbonyl compounds,20,21 we envisioned that
secondary α-hydroxycarboxylates should be accessible from the cross aldol reaction of
ketones and with glyoxylates. Several novel L-proline derived peptide catalysts were
synthesized and evaluated for the cross-aldol reaction of acetone with ethyl glyoxylate (26),
and the desired secondary α-hydroxycarboxylate was obtained in 90% yield and 91% ee of
under the optimal conditions (Table 1).24 The reaction scope was explored by reacting linear
and cyclic ketones with ethyl glyoxylate. Good to excellent diastereo- and
enantioselectivities were accomplished with cyclic ketones. Although linear ketones tend to
yield a mixture of regioisomers, the ee values of these products are usually high. Moreover,
the peptide catalyst 28 may be easily synthesized in just three steps from N-CBZ-L-proline.

Most recently, Hayashi and co-workers reported a highly enantioselective synthesis of
secondary α-hydroxycarboxylates using the cross aldol reaction of aldehydes and polymeric
ethyl glyoxylate (Scheme 6).25 Diaryl prolinol 31 was found to be an efficient catalyst for
this cross aldol reaction. Using acetonitrile as the solvent and 3 equivalents of water as the
additive, the best reactivity was achieved. Excellent diastereo- and enantioselectivities of the
desired aldol products were obtained in almost all cases when different aldehydes were used.
To facilitate the analysis, the primary aldol products were further converted to homoallylic
alcohols 30a using a Wittig reaction or as acetals 30b.25 On the basis of the determined
absolute configuration of the product, a reaction mechanism was also proposed.

Gong and coworkers also reported a direct aldol addition of ketones to α-ketoacids (32)
using a novel prolinamide catalyst 33 designed on the basis of molecular recognition
(Scheme 7).26 This asymmetric aldol reaction offers a direct synthesis of α-
hydroxycarboxylic acids. The reaction tolerates different types of α-ketoacids and the
corresponding products, after in situ protection as their methyl esters 33, were obtained in
good yields and excellent ee values. The absolute configuration of the product was
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determined and a mechanism was proposed to account for the formation of the major
stereoisomer. The catalyst may also be reused for at least 2 cycles with no significant loss in
reactivity and stereoselectivity. 26

2.3 Syntheses of α-hydroxyphosphonates and phosphinates
In recent decades chiral α-hydroxyphosphonates have gained considerable attention due to
their antibacterial, antiviral, and anti-cancer properties.27 As structural analogues of α-amino
acids, α-hydroxyphosphonates are very good enzyme inhibitors. For examples, some of
these derivatives are found to display good inhibitory potency against renin.28 They also act
as autotaxin inhibitors and, therefore, are useful in preventing or treating cancer.29 These
compounds are also very useful in organic synthesis. For example, they may used as the
precursors for the synthesis of α and γ-substituted phosphonates.30 Several enzymatic and
chemical methods for the asymmetric synthesis of α-hydroxyphosphonates have been
developed.31 Enantioselective reduction of α-ketophosphonates, enantioselective α-
hydroxylation of alkylphosphonates, enantioselective and diastereoselective addition of
trialkylphosphites or dialkylphosphites to aldehydes (the Pudovik reaction) are among those
reported chemical methods. Most of these methods involve the use of stoichiometric amount
of chiral reagents or a kinetic resolution of the racemic starting materials. The chiral Lewis
acid-catalyzed dialkylphosphite addition to aldehydes (phospho-aldol reaction) is one of the
most convenient method for the synthesis of these compounds.32

As summarized above, we and others have demonstrated that activated ketones may also be
used as the enamine acceptors in the proline derivative-catalyzed asymmetric aldol
reactions. Since α-ketophosphonates may be regarded as activated carbonyl compounds due
to the strong electron-withdrawing effects of the phosphonate group, we envisioned that α-
hydroxphosphonates may be obtained via a direct aldol reaction of α-ketophosphonates and
ketones. Thus, the aldol reaction between acetone (1) and benzoylphosphonate 35 was tested
with several proline derivatives as the catalysts (Scheme 8).33

Indeed, several proline-based catalysts (4, 22, and 37) catalyze the desired cross aldol
reaction between 1 and 35. L-prolinamide (37) was found to be the most reactive catalyst,
although it is less enantioselective. On the other hand, L-proline (4) was found to the most
efficient catalyst, providing the desired aldol product 36 in 83% ee with a good yield of
81%. After further optimization of the catalyst loading (20 mol %), the reaction temperature
(−30 °C), and the solvent (acetone), the desired α-hydroxyphosphonate 36 may be obtained
in 67% yield and 87% ee. Thus, a highly efficient organocatalyzed asymmetric synthesis of
α-hydroxyphosphonates was realized for the first time. The scope of this reaction is
summarized in Table 2.33

Diethyl benzoylphosphonates (38, R = Ar, R1 = Et) with an electron-withdrawing halogen
substituent on the phenyl ring all give good yields of the products with ee values up to 99%,
whereas as those with an electron-donating substituent react more sluggishly and require
higher catalyst loading. Nevertheless, the desired α-hydroxyphosphonates may still be
obtained in good enantioselectivities. Changing the ester functionality of the
benzoylketophosphonates (from methyl to isopropyl) enhances the enantioselectivity while
the reactivity of the reaction is maintained. Aliphatic and β,γ-unstaurated α-
ketophosphonates are highly reactive in this reaction, too. For example, diethyl
acetylphosphonate afford the desired adduct in 91% yield and 96% ee. If L-prolinamide (37)
is used as the catalyst, the protocol is also applicable for the aldol addition of 2-butanone
and methoxy acetone, which provides only a single regioisomer in moderate ee value.33

Thus, with proline derivatives as the catalyst, a versatile catalytic method for the
enantioselective synthesis of substituted tertiary α-hydroxyphosphonates was developed.
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Later Hu and co-workers reported a new class of bispidine-based catalysts for the direct
asymmetric synthesis of chiral tertiary α-hydroxyphosphonates (36).34 Various amino acids,
such as, L-phenyl alanine, L-phenyl glycine, L-leucine, L-proline, L-valine, and L-4-
nitrophenyl alanine were introduced into the bispidine backbone to yield the desired
catalysts (40–45) and they were employed in the enantioselective aldol reaction of acetone
(1) and diethyl benzoylphosphonate (35, Scheme 9).34

The best result was obtained by using the L-phenyl alanine-derived bispidine catalyst 40
(80% yield and 78% ee). The reactivity and enantioselectivity of this catalytic system was
further enhanced by adding an acid additive to the reaction mixture, and formic acid was
found to be the best acid additive. Under these optimized conditions, the desired α-
hydroxyphosphonate 36 was obtained in 94% yield and 96% ee (Scheme 9). The reaction
has been show to have a broad substrate scope.

Most recently, Feng and coworkers also reported a biphenyl-derived C2–symmetric
bisprolinamide catalyst 46 for the enantioselective aldol reaction of 1 and 38 for the
synthesis of α-hydroxyphosphonates 39 (Scheme 10).35 The presence of an acid additive,
such as, trifluoroacetic acid, was found to enhance the reactivity and enantioselectivity of
the reaction.35

By using diethyl formylphosphonate hydrate (47) as the starting material, we also achieved
the first organocatalytic enantioselective synthesis of secondary α-hydroxyphoshphonates
using a similar aldol reaction (Scheme 11).36 Readily available proline derivatives, such as,
L-proline (4), L-prolinamide (37) and L-proline tetrazole (22), were originally screened as
the catalyst, and among them, L-prolinamide (37) was found to be best catalyst for this
reaction. Surprisingly, L-proline (4), which proves to be the best catalyst for the aldol
reaction of α-ketophosphonates and acetone, completely failed in this case. Most likely
because the formylphosphonate hydrate is labile towards the more acidic L-proline (4).
Nevertheless, with L-prolinamide (4) and L-proline tetrazole (22) as the catalysts, the
desired secondary α-hydroxyphosphonate 49 (R1 = R2 = H) was obtained in 93% yields and
84% ee, and in 46% yield and 72% ee, respectively. The ee value of the product may be
further enhanced to 94% by conducting the reaction at 0 °C with L-prolinamide (37). The
reaction scope was investigated by reacting formylphosphonate hydrates with a variety of
ketones, such as, linear, α-substituted, and cyclic ketones (Table 3). High enantioselectivities
were universally obtained with the exception of hydroxyacetone, which gave only 43% ee
for the corresponding product. Linear ketone and cyclopentanone also lead to high
diastereoselectivities for the products, while cyclohexanone derivatives yield low
diastereoselectivities. Linear ketones also tend to a yield a mixture of regioisomers.

The absolute configuration of the product was determined to be S-configured by converting
the primary product obtained in the reaction into a compound of known stereochemistry.36

On the basis of the absolute configuration of the major enantiomer obtained in the reaction
and the previously proposed mechanisms for similar proline derivative-catalyzed aldol
reactions, plausible transition states of this reaction were proposed (Figure 2).36 As show in
Figure 2, the re face approach of the enamine onto the formyl group is disfavored as a result
of the steric interactions between the large axial phosphonate group and the axial methyl
group. The favored si face attack leads to the observed S-configured major enantiomer.

Most recently, we also realized a highly enantioselective synthesis of β-formyl-α-
hydroxyphosphonates using a cross aldol reaction of enolizable aldehydes to α-
ketophosphonates with a quinine-derived amine as the organocatalyst (Scheme 12).37

Previously we reported such an aldol reaction was not feasible if a secondary amine (such as
proline) was used as the catalyst.38 After careful evaluation of the proposed reaction
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transition states, we believe that steric interaction between the enamine and the α-
ketophosphonate is the culprit for the failure. By using less hindered aldehyde, such as
acetaldehyde, and/or primary amines as the catalysts,39 the aldol reaction may be realized.
For example, L-proline and L-prolinamide catalyzed the aldol reaction of acetaldehyde (51)
and α-ketophosphonate 35 to give the expected product 32 in moderate yields and low ee
values. Better results may be obtained with chiral primary amine catalysts, and the best
results was obtained with quinine-derived primary amine catalyst 55 in presence of benzoic
acid, which afforded the desired product in 49% yield with an ee value of 57%.37 Further
optimization of reaction conditions led to the finding of a better co-catalyst, 4-methoxy
benzoic acid. Under the optimized conditions, the expected aldol product was obtained in
75% yield and 93% ee.

The quinine amine-catalyzed cross aldol reaction was applicable for the synthesis of a series
of β-formyl-α-hydroxyphosphonates (Table 4). α-Ketophosphonates bearing an electron-
donating and an electron-withdrawing groups were well tolerated in the reaction and in
general high ee values of the products were obtained. The reaction of diisopropyl
benzoylphosphonate with acetaldehyde under the optimal conditions yielded the desired
product in 67% yield and 96% ee. The reaction of propionaldehyde was also found to
proceed under these conditions and provided a diastereomeric ratio of 7:5 with an ee value
of 68% and 73% for the two diastereomers, respectively. Preliminary screening of these
compounds indicates that they can the proliferation of human and murine tumour cells,
while are mild against immortalized cells (HFF).37

Like α-hydroxyphosphonates, α-hydroxy phosphinates are also biological active
compounds. They may act as enzyme inhibitors and have found applications in anti-cancer
studies.27,40 However, unlike α-hydroxyphosphonates, the phosphinate group in α-
hydroxyphosphinates has intrinsic chirality. Such phosphorus chirality makes the
enantioselective synthesis of these compounds even more complicated because the starting
materials, such as α-ketophosphinates, are now chiral molecules. Although optically active
α-hydroxyphosphinates have been synthesized in good enantioselectivities using various
strategies,41 none of these methods addressed the stereochemistry of the phosphinate group.
Based on our previously proposed transition states, we hypothesized that the stereochemistry
of the phosphorous atom should not affect the enantiofacial selectivity of the cross aldol
reaction of racemic α-ketophosphinates with ketones since the phosphinate group should be
pointing away from the reaction center in the favored transition state (cf. Figure 2). This
would allow the synthesis of both diastereomers of α-hydroxyphosphinates in good
enantioselectivities simultaneously.42

The aldol reaction of ethyl benzoylphenylphosphinate (59a, R = Ph) and acetone was
studied with proline-derived catalysts, such as, L-proline (4), L-prolinamide (37), L-proline
tetrazole (22), and (S)-N-tosylprolinamide (Table 5).42 All the catalyst exhibited high
reactivity and led to the formation of the expected diastereomeric mixture of 60a and 61a
(due to the phosphorus chirality) in roughly 50:50 ratio and good yields. Although moderate
enantioselectivities were obtained for the rest of these catalysts, L-proline (4) was found to
yield good enantioselectivities for both diastereomers. Further optimization of the reaction
conditions, such as solvent and reaction temperature, resulted in enantioselectivities of 99%
and 91% for the two diastereomers with a diastereomeric ratio of 52:48. This L-proline-
catalyzed cross aldol reaction between acetone and α-ketophosphinate was applicable for the
synthesis of various substituted α-hydroxyphosphinates in moderate to good yields and high
enantioselectivities (Table 5). In all the cases, diastereomeric ratios around 50:50 were
obtained, which indicates both enantiomers of the racemic 59 reacts efficiently under the
reaction conditions, which is different from normal kinetic resolutions.
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The cross aldol reaction of acetone and ethyl formylphenylphosphinate hydrate (62) was
also realized (Scheme 13, R1 = R2 =H).42 And again, L-prolinamide was found to be the
best catalyst for this reaction, which gave 90% yield of desired adduct with ee values of 90%
and 79% for the two diastereomers. These two diastereomers were also obtained in equal
amount. Performing the reaction at 0 °C further enhanced the ee values to 93% and 87%
with no loss in reactivity. Cyclopentanone [R1,R2 =(CH2)2] is also a good substrate for this
reaction, and complete syn selectivity (referring to the relative stereochemistry of the two
carbon stereogenic centers) was observed. The two syn diastereomers (syn-63a and syn-63b)
were obtained in enantioselectivities of 96% and 87%, respectively. However, the reaction
of cyclohexanone [R1,R2 =(CH2)3] gave lower diastereoselectivities and the four
diastereomers were obtained with good to excellent enantioselectivities.42

The absolute configuration of the products was determined using X-ray crystallographic
analysis of the separated diastereomer.42 With that information, a reaction mechanism was
proposed (Figure 3). As in the α-ketophosphonate case, irrespective of the phosphinate
group chirality, the attack of the enamine on the si face of the substrate was always favored,
because the unfavorable steric interactions between the large axial phosphinate group and
the axial enamine methyl group are avoided in such an approach. The favored transition
states lead to the expected RCRP (60a), and RCSP (60b) diastereomers as the major
products.42

3. Enolate- and enol-mediated aldol reactions of unactivated ketones
The primary/secondary amine-catalyzed aldol reaction of unactivated ketones via the
enamine pathway is well documented; however, the reports on organocatalyzed asymmetric
aldol reactions of unactivated ketones via an enolate or enol pathway are rare.
Organocatalytic asymmetric aldol reaction of unactivated ketones via the enolate
intermediate is difficult because the acidity of the α-proton of these substrates is very low,
while the basicity of organocatalysts is limited. The enol pathway is also not easy since the
acidity of organocatalysts (a Brønsted acid) is not comparable to that of Lewis acids.
Nevertheless, the enolate- and enol-mediated aldol reactions may potentially offer some
synthetic advantages over the enamine-mediated aldol reactions. For example, the enolate-
mediated aldol is mainly affected by the acidity of the α-proton. It is not sensitive towards
the electrophilicity of the carbonyl group of the ketone substrate like the enamine
mechanism. These facts allow some tough substrates for the enamine mechanism to be
adopted in the enolate-mediated aldol reactions.

There are very few reports on tertiary amine-catalyzed aldol reactions of activated
ketones.43–47 For examples, Mahrwald and coworkers reported a 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU)-catalyzed diastereoselective addition of hydroxyacetone to aldehydes.44

Shing and coworkers utilizes a similar intramolecular aldol reaction in sugar synthesis.45 An
asymmetric version of the Mahrward aldol reaction was reported recently by Mlynarski and
coworkers,46 who employed cinchona alkaloids as the organocatalyst for the
enantioselective addition of hydroxyacetone (66) to aldehydes (2) (Scheme 14).46 However,
the diastereo- and enantioselectivities obtained in this reaction were low. The
stereochemistry of the products was determined and based on that, a reaction mechanism
was proposed. The hydroxy group of the quinidine catalyst activates the aldehyde
electrophile while the tertiary nitrogen on the quinuclidine backbone deprotonates the
hydroxyacetone, resulting in a hydrogen bond- stabilized enolate nucleophile.46 On the other
hand, Shi and Zhang also reported that the reaction of cyclopenten-2-one with methyl
benzoylformate afforded an aldol product in 64% yield using DBU as a catalyst.47
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During our study of using activated carbonyl compounds as the enamine acceptors for the
organocatalyzed direct aldol reactions, we envisioned such an organocatalyzed enolate-
mediated aldol reaction of unactivated ketones should be possible if the enolate acceptor is
sufficiently activated, because with such a substrate the equilibrium favors the formation of
the aldol product. Since isatin contains an activated ketone group, we studied the
asymmetric aldol reaction of isatins (68)48 and unactivated ketones (69) using a quinidine-
derived thiourea 74 as the catalyst (Scheme 15).49 The reaction was shown to undergo an
enolate-mediated aldol reaction.49 Moreover, the reaction products, 3-alkyl-3-
hydroxyindolin-2-ones (70) are biologically active natural products and medicinal
compounds.50 This was the first report on an organocatalyzed direct aldol reaction of
unactivated ketones following an enolate pathway. The protocol allowed the synthesis of
various 3-hydroxy-indolin-2-one derivatives in high enantioselectivity (Table 6). Besides
acetone, acetophenone and α,β-unsaturated ketones, which are otherwise unreactive for the
enamine-mediated asymmetric aldol reactions due to their low electrophilicity, react
efficiently and high yields and enantioselectivities of the corresponding aldol products may
be obtained. We also demonstrated that our protocol is useful for the high enantioselective
synthesis of compound 73 (Scheme 15), which has been recently chosen as the lead
compound for treating Erwings Sarcoma.51

This enolate-mediated aldol reaction may also be applied to other activated carbonyl
compounds, such as 7-azaisatins, dihydrofuran-2,3-dione, and phenylglyoxal hydrate, and
good enantioselectivities and diastereoselectivities were obtained (Figure 4).

Base on the stereochemistry of the obtained major enantiomer of this reaction, a plausible
reaction mechanism was proposed (Figure 5).49 Deprotonation of acetone by the tetriary
nitrogen of the quinuclidine moiety of the catalyst results in the formation of an enolate that
is bound to the catalyst via ionic interactions. Simultaneously, the carbonyl groups of isatin
interact with the thiourea moiety of the catalyst via the hydrogen bonds, which directs the
isatin’s approach and activate its carbonyl group for nucleophilic attack. The favored si face
attack of the enolate on the isatin group leads to the observed major ‘R’ enantiomer.

As mentioned above, organocatalyzed enol-mediated aldol reaction is difficult, too.
Nevertheless, Blanchet and co-workers achieved a chiral Brønsted acid-catalyzed
asymmetric aldol reaction recently (Scheme 16).52 The reaction also utilizes an activated
carbonyl compound as the enol acceptor.52 With the chiral phosphoric acid 83 as the acid
catalyst, the aldol reaction of various cyclic unactivated ketones 81 with ethyl glyoxylate
(26) gave the desired aldol products in moderate syn selectivity and good
enantioselectivities. This aldol reaction may also be applied to α, β-unsaturated compounds,
which are poor enamine precursors. Although no mechanism of reaction has been proposed,
it most likely follows an enol pathway since an acidic catalyst is used.

4. Organocatalytic tandem reactions
The realm of organocatalysis has been extended to reactions that allow the formation of
complex compounds starting from simple substrates in a single transformation consisting of
several steps. Such reactions are called tandem or domino or cascade reactions. Molecules
with complex structure features containing one or more stereogenic centers may be easily
generated during the course of these reactions from simple starting materials. They are
particularly useful in the asymmetric synthesis of bioactive compounds. Numerous reports
of organocatalytic tandem reactions are available and are reviewed elsewhere.53 We are
particularly interested in synthesizing molecules of potential biological activities using the
tandem reactions containing an aldol reaction step.
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Thiochromane derivatives have been demonstrated to possess many biological activities54

and their asymmetric synthesis has attracted a lot attention in recent years. For example,
Wang and co-workers developed an asymmetric synthesis of thiochromanes via a tandem
Michael-aldol reaction of mercaptobenzaldehyde (84) with 3-cinnamoyloxazolidin-2-one
derivatives (85) (Scheme 17).55 Employing quinidine thiourea (74) as the catalyst, excellent
diastereoselectivities and enantioselectivities were obtained for the desired products.

In 2008, we developed an efficient synthesis of 2, 3, 4-trisubsituted thiochromanes using an
tandem Michael-Henry reaction of 2-mercaptobenzaldehydes (87) with trans-β-nitrostyrenes
catalyzed by cupriene (89).56 For example, the reaction of 2-mercaptobenzaldehyde (87)
with trans-β-nitrostyrenes (88) afforded the corresponding thiochromane in 95% yield and
86% ee (Scheme 18). A series of 2-mercaptoaldehydes and nitrostyrenes with substituents of
different electronic properties reacted smoothly to furnish the desired thiochromanes in
moderate diastereoselectivities and good enantioselectivities (Scheme 18). The major
diastereomers and enantiomers obtained in this study may be further enriched through
recrystalization. The nitro-substituted thiochromanes may also be further reduced to
aminothiochromanes with no loss in enantioselectivity. The latter products are also
biologically active compounds.

We also developed an organocatalytic Michael-Knoevenagel reaction between 2-
mercaptobenzaldehydes (87) and benzylidenemalonates (97) for the high enantioselective
and diastereoselective synthesis of the corresponding thiochromanes (98) (Scheme 19).57

When quinine thiourea (99) was used as the catalyst, the desired thiochromanes was
obtained in high ee values if the reaction was conducted at −40 °C. Other alkaloid-derived
catalysts, such as quinine and cupreine, provided lower enantioselectivities. The
diastereoselectivities of this reaction remain around 70:30, irrespective of the catalyst used.
However, when o-substituted benzylidenemalonates are used as the substrates, excellent
diastereoselectivities are obtained (Scheme 19). The reaction of aliphatic benzylidene
malonates was also investigated; however, lower ee value of the product was obtained.57

In the above approaches, the catalyst activates the nucleophile through deprotonation of the
thiol group, and the enantioselectivities are achieved mainly through controlling the
approaches of the electrophilic substrates using the hydrogen bonding between the substrates
and the catalysts.

Most recently, Luo and coworkers reported a tandem oxa-Michael-aldol reaction of
salicaldehydes (106) and cinnamaldehydes (107) for the enantioselective synthesis of
chromene derivatives using a diphenylprolinol TMS ether as the organocatalyst in the
presence of chiral acid as the co-catalyst (Scheme 20).58 However, unlike Wang’s and our
syntheses, this reaction is achieved through the formation an iminium intermediate and the
stereoselectivity is mainly controlled by steric factors.

Most recently, Rueping and co-workers and our group independently developed a tandem
Michael-Henry reaction of cyclohexane-1,2-dione (110) and β-nitro styrenes (111) using
bifunctional cinchona-derived thiourea catalysts. Rueping and co-workers used cinchonidine
thiourea (113) as the catalyst to afford the corresponding polyfunctionalized
bicyclo[3.2.1]octane-8-ones (112) in good diastereoselectivities and excellent
enantioselectivities (Scheme 21).59

We instead used quinine thiourea (99) as the catalyst. The reaction of cyclohexane-1,2-dione
(110) with β-nitrostyrene (88) gave a different diastereomer (the 1R, 5R, 6S, 7S–
diastereomer) as the major product (Scheme 22).60 After optimization of the reaction
conditions, the quinine thiourea- catalyzed tandem Michael-Henry reaction provides the
corresponding bicylco[3.2.1]octan-8-ones in good diastereoselectivities (up to 95:5) and
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excellent enantioselectivities (up to 99%). The reaction is applicable for a variety of
substituted β-nitrostyrenes with different steric and electronic properties. Excellent ee value
(97%) and good dr value (88:12) were also obtained for the product of aliphatic nitrostyrene
(120). However, the protocol is not applicable for the open-chain 1,2-diones, such as,
butane-2,3-dione, and cyclopentane-1,2-dione.

5. Conclusion
The field of organocatalysis has grown tremendously since its advent and the asymmetric
aldol reaction has been one of the most studied reactions in organocatalysis. Significant
advances have been achieved both in terms of reactivity and selectivity in the
organocatalyzed aldol reaction via the enamine mechanism. Most recently, asymmetric aldol
reactions of substrates that are less reactive for the enamine pathway have been made
possible by using the complementary enolate/enol pathways. While the organocatalyzed
enamine-mediated aldol reactions are well established by now, the organocatalyzed enolate/
enol-mediated aldol reactions are still in its infancy. Future work should be directed
particularly to the development of new organocatalysts that can enhance of reaction rate and
improve the substrate scope so that unactivated enolate/enol acceptors may be used in these
reactions. Taking the advantages of these developments in the organocatalyzed aldol
reactions, we have synthesized many useful organic molecules that have or potentially have
interesting biological activities, such as, α-hydroxy carboxylate, α-hydroxyphosphonate, α-
hydroxyphosphinate, 3-hydroxy-indolin-2-one, and thiochromane derivatives in good to
high enantioselectivities.
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Figure 1.
Gong’s prolinamide catalysts.
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Figure 2.
Proposed transition state structures for the aldol reaction of acetone and diethyl
formylphosphonate
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Figure 3.
Proposed transition states for the cross aldol reaction of acetone to acylphosphinate
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Figure 4.
Quinidine thiourea-catalyzed cross-aldol reaction products of activated carbonyl compounds
with unactivated ketones
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Figure 5.
Proposed mechanism for quinidine thiourea-catalyzed aldol reaction of acetone with isatin
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Scheme 1.
Proline catalyzed intermolecular asymmetric aldol reaction
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Scheme 2.
Aldol reaction of acetone and 4-nitrobenzaldehyde using C2-symmteric bisprolinamide 9–12
and monoprolinamides 13–15
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Scheme 3.
Aldol reactionsof ketones with aldehydes catalyzed by a BINAM-prolinamide
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Scheme 4.
Cross-aldol reaction of cyclohexanone with ethyl phenylglyoxylate
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Scheme 5.
Cross aldol reaction of acetone and 1,2-diketones catalyzed by L-proline and L-proline
tetrazole
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Scheme 6.
Cross aldol reaction of aldehydes with polymeric ethyl glyoxylate catalyzed by a
diarylprolinol
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Scheme 7.
Cross aldol reaction of acetone with α-ketoacids promoted by a prolinamide catalyst
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Scheme 8.
Organocatalyzed asymmetric cross aldol reaction of acetone and diethyl
benzoylphosphonate using different catalysts
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Scheme 9.
Bispidine-derived amines as the catalyst for the enantioselective aldol reaction of acetone
and diethyl benzoylphosphonate
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Scheme 10.
Enantioselective synthesis of α-hydroxy phosphonates catalyzed by a biphenyl-derived C2–
symmetric bisprolinamide catalyst
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Scheme 11.
Prolinamide- catalyzed enantioselective aldol reaction of α-formylphosphonate hydrates and
ketones
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Scheme 12.
Cross aldol reaction of acetaldehyde with benzoylphosphonates
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Scheme 13.
Prolinamide-catalyzed cross aldol reaction of ketones with formylphenylphosphinate
hydrate
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Scheme 14.
Quinidine-catalyzed aldol addition of hydroxyacetone to aldehydes
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Scheme 15.
Quinidine thiourea-catalyzed aldol reaction of unactivated ketones with isatins
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Scheme 16.
A chiral phosphoric acid-catalyzed aldol reaction of carbonyl compounds with ethyl
glyoxylate
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Scheme 17.
Quinidine thiourea-catalyzed cascade reaction of 2-mercaptobenzaldehyde with α, β-
unsaturated oxazilidinone
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Scheme 18.
Cupriene-catalyzed tandem Michael-aldol reaction of 2-mercaptobenzaldehyde with trans-β-
nitrostyrene
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Scheme 19.
Quinine thiourea catalyzed cascade reaction of 2-mercaptobenzaldehyde with benzyl
malonates

Bhanushali and Zhao Page 40

Synthesis (Stuttg). Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 20.
Tandem oxa-Michael-aldol reaction catalyzed by a chiral amine catalyst in the presence of a
chiral acid co-catalyst
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Scheme 21.
Cinchonidine thiourea-catalyzed tandem Michael-Henry reaction of cyclohexan-1,2-dione
and β-nitro styrenes
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Scheme 22.
Quinine thiourea-catalyzed tandem Michael-Henry reaction for the synthesis of
bicylco[3.2.1]octan-8-ones
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