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Asymmetric organocatalytic reductions mediated by dihydropyridines†
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Catalytic asymmetric reduction reactions have long been the preserve of the transition metal catalyst.
Inspired by the myriad efficient enzyme-catalysed reduction reactions routine in biological systems,
chemists have recently begun to design chiral metal-free organocatalysts that employ synthetic
dihydropyridine NADH analogues as the hydride source with impressive results. Recent developments
in this burgeoning field are discussed.

1 Introduction

Given the prevalence of chiral methine groups in both biologically-
and pharmaceutically relevant molecules it is perhaps unsurprising
that the search for increasingly more efficient and general catalytic
methodologies for the asymmetric addition of a molecule of
hydrogen (formally or otherwise) to prochiral sp2-hybridised
substrates has remained at the forefront of catalytic asymmetric
synthesis for the last four decades1 and was recognised by the
awarding of a share in the Nobel prize in 2001.2,3 Until recently,
benchmark homogeneous catalyst systems for enantioselective
hydrogenation/hydrogen transfer were based on the use of a
central metal ion,1 e.g. Rh, Ru, Co, Ti or Zr (for example, Ir-
based catalysts are recently emerging as highly useful catalysts for
the asymmetric reduction of unfunctionalised olefins4) bound to
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a chiral (most often phosphine in the case of Rh, Ru or Ir-based
catalysts) ligand.

While transition metal catalysts for asymmetric reduction
reactions have proven spectacularly successful on the whole, in
recent times chemists have been inspired by the outstanding
efficacy of biological enzymatic systems to develop metal-free
organocatalysts5,6 for (inter alia) enantioselective reduction reac-
tions that rely on neither strong enthalpic substrate–metal (ion)
binding interactions nor the formation of a metal-hydride species.
Such de novo designed organocatalysts in principle hold promise
as robust, inexpensive, chemoselective and less functional group
sensitive alternatives to complement existing metal-based systems.
To date, these catalysts (with one exception) employ stoichiometric
amounts of readily available 1,4-dihydropyridine derivatives as a
mild organic ‘hydride’ source. A short monologue on this topic
appeared in 2005,7 which summarised the early developments in
the field—the aim of this work is to provide an update of selected
major developments in this rapidly maturing domain.

Natural enzymatic systems routinely employ nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2) as cofactors in a diverse array of reduction reactions
in vivo.8 Westheimer and Mauzerall were the first to demonstrate
that synthetic dihydropyridine analogues of NADH could be
used to mediate direct hydrogen transfer.9,10 It was found that
1-benzyldihydronicotinamide (BDNA, 1) reduced dyestuff 2 to its
leuco base 3 with concomitant formation of pyridinium ion 1a
in aqueous solvent (Scheme 1). Deuterium labelling experiments
demonstrated that only a 4-deuterio-analogue of the reductant
(and not 2- or 6-deuterated variants) transferred deuterium to the
product. While 1 could not reduce pyruvic acid (5), a low yielding
hydrogen transfer from Hantzsch dihydropyridine 411 did occur at
higher temperature, albeit in low yield.12

Subsequent studies on the reduction of thioketones13 indicated
that the kinetics of these reduction processes were unaffected by
either the presence of molecular oxygen or common radical traps
and that the reactions proceeded more rapidly in polar solvents
and displayed a significant kinetic isotope effect (kH/kD = 4–5)
when the dihydropyridine is labelled at C-4 with deuterium. The
authors concluded that the mechanism involves the transfer of one
‘hydride ion’. These findings later proved somewhat controversial
due to discrepancies between the magnitude of the kinetic isotope
effect and the product isotope compositions in these types of
reactions, which seemingly provided evidence for the existence of
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Scheme 1 Westheimer’s reduction of 2 and 5 with 1 and 4 respectively.

discrete intermediates along the reaction coordinate not expected
in a synchronous hydride transfer mechanism.14 While it was
later demonstrated by Bruice et al. that these anomalies can
be explained using quantum mechanical arguments and the
detection of both productive and unproductive side reactions,15

more recent incontrovertible spectroscopic evidence has confirmed
the existence of radical intermediates in some reduction processes
mediated by dihydropyridines.16 The current mechanistic picture is
complex and dependant on reaction conditions—it, however, does
seem clear that in certain cases the reaction can be described as an
electron-transfer driven process16 (A, Fig. 1), which (particularly if
the molecule to be reduced is not a strong single electron oxidant17)
is often difficult to distinguish kinetically from synchronous
hydride transfer (B, Fig. 1).15,18

In the years following Westheimer’s work, dihydropyridines19

were found to serve as mild, useful reagents capable of reduc-
ing organic substrates such as a,b-unsaturated electrophiles,20

imines,21 iminium ions,22 aldehydes,23 ketones24 and other func-
tional groups25 in the absence of metal ions under either thermal
or Brønsted acid-catalysed conditions.

2 Asymmetric organocatalytic reductions

The design of chiral dihydropyridines for enantioselective reduc-
tion reactions has been an intensively investigated field for over
three decades, however, efforts have been strongly focussed on
reagents devised for use in conjunction with metal (usually 2+)
ions for the reduction of activated carbonyl-based substrates. For
example, Kanomata et al. reported that chiral bicyclic dihydropy-
ridine 7 reduced a-keto ester 8 to afford (R)-methyl mandelate (9)
with almost perfect enantiopurity in the presence of stoichiometric
amounts of Mg(ClO4)2 (Scheme 2).26,27 However, such catalyst
systems (in the main) were either inactive or unselective in the

Fig. 1 Mechanism of reduction reactions mediated by NADH analogues.

Scheme 2 Kanomata’s bicyclic dihydropyridine–Mg2+ system.

absence of the metal additive and as such are not within the scope
of this survey.28,29

While the potential synthetic utility of dihydropyridine deriva-
tives in reduction processes had been appreciated and explored
since the 1950’s, little regarding the corresponding metal-free
asymmetric processes was known until recent times, which have
witnessed an explosion of interest in the design of synthetic
organocatalytic systems based on enzymatic design principles.
Recent developments are summarised below and are organised
according to the class of catalyst involved.

Iminium ion catalysis

In 2000, MacMillan et al.30 demonstrated that a,b-unsaturated
aldehydes could be activated in a face-selective fashion by exposure
to the conjugate acids of chiral cyclic secondary amines such as 11
via the formation of an iminium ion 12. Since the condensation is
reversible in the presence of trace amounts of water the amine salt
could be used in substoichiometric amounts, which quickly led to
a new field commonly called ‘iminium ion catalysis’ (Fig. 2).6,31

Fig. 2 Iminium ion catalysis—basic principle.

3408 | Org. Biomol. Chem., 2007, 5, 3407–3417 This journal is © The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 0

1 
M

ar
ch

 2
01

1
Pu

bl
is

he
d 

on
 1

1 
Se

pt
em

be
r 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

71
14

99
K

View Online

http://dx.doi.org/10.1039/B711499K


List and co-workers were the first to report an efficient, highly
enantioselective organocatalytic reduction of a,b-unsaturated
aldehydes. In exploratory studies using an iminium ion catalysis
strategy, it was found that unsaturated aldehydes could be reduced
by 4 in the presence of catalytic amounts of simple ammonium
salts such as dibenzyl ammonium trifluoroacetate32 at room
temperature. The reaction also proceeded in the presence of cyclic
ammonium catalysts, which led to the first asymmetric variant
of the reaction promoted by chiral salt 13 (Scheme 3).33 Further
optimisation of the catalyst structure and reaction conditions (10
mol% ammonium trichloroacetate catalyst 16, 1.02 equiv. of 4,
dioxane, 13 ◦C, 48 h) allowed the isolation of 15 in 83% yield and
94% ee. Interestingly, both 14 and its (Z)-isomer 17 (and even 1 :
1 mixtures of 14 and 17) furnished the same product enantiomer
in almost identical yield and enantioselectivity.34

Scheme 3 The first enantioselective organocatalytic reductions.

Very shortly after List’s initial report,33 MacMillan et al. dis-
closed the results of a very similar independent study, which found
that catalyst 18 could promote highly enantioselective reductions
of trisubstituted aldehydes (irrespective of their geometric purity)
at −30 ◦C (Scheme 3).35

List proposed that the very convenient (in a practical sense) lack
of stereospecificity in these reactions, which allows the use of E–Z
alkene mixtures, is due to a rapid interconversion of the iminium
ion isomers 21 and 22 via enamine 23 on the hydride addition
timescale, which leads to the selective formation of (R)-15 due to
a faster addition of hydride to (E)-22 than to (Z)-21 (Scheme 4).34

Scheme 4 Proposed mechanism of the non-stereospecific enantioselective
reduction of (E–Z)-unsaturated aldehydes.

This iminium ion catalysed reduction methodology was later ex-
panded to include more challenging ketone substrates. MacMillan
found that catalysts designed for use with enal substrates incorpo-
rating a tert-butyl group such as 16 and 18 were incompatible
with more hindered enone substrates, however, the less bulky
ammonium ion 24—which was known from a previous study36

to catalyse enantioselective Diels–Alder reactions involving cyclic
enones via iminium ion catalysis—promoted highly enantiose-
lective reduction of cyclic enones such as 25 with the tert-butyl
Hantzsch ester 27 under mild conditions (Scheme 5).37

Scheme 5 Enantioselective reduction of cyclic enones using catalyst 24.

List sought a different approach to the problem associated with
the incompatibility of 16 with enone substrates. Noticing that there
was a significant contribution from the counteranion towards both
catalyst activity and selectivity, the Müllheim group designed a
new class of ammonium ion catalyst (of which 28 is representative)
in which the chiral information is incorporated in a BINOL-
derived counterion component.38 Under optimised conditions,
morpholium ion 28 could catalyse the enantioselective reduction
of 14 to furnish 15 in 98% ee (the highest yet reported for this class
of substrate) and 90% yield, while the unhindered, industrially
relevant (E)-citral (29), which proved a poor substrate for use
with catalysts such as 16 and 18 (40% ee), could be reduced to
(R)-cintronellal (30) in good yield and excellent enantioselectivity.

Very shortly thereafter, List et al. reasoned that more hindered
enone substrates would be more amenable to reaction with
less bulky primary amine-derived analogues of 28. Screening
studies subsequently identified the (S)-valine-derived material 32
as the optimum salt combination capable of promoting highly
selective reduction reactions of a variety of cyclic ketones at
elevated temperature (Scheme 6). A single example involving
an acyclic enone was also reported (84% ee). The chirality in
both ionic components of 32 are genuinely ‘matched’; analogous
catalysts derived from either glycine or the opposite antipode
of the phosphoric acid promoted reduction with moderate to
poor levels of stereoselectivity.39 This ‘asymmetric counteranion
directed catalysis’ strategy appears to be a simple yet powerful
method for the tuning of an ammonium ion catalyst’s proper-
ties without necessarily requiring the catalyst’s amino unit to
be redesigned/resynthesised from scratch and should play an
important role in the design of catalysts for these reactions in
the future.

Brønsted acid catalysis of enantioselective imine reduction

Undoubtedly the most convenient organocatalytic alternative to
metal-based Lewis acids is the proton, and it has been established
for some time that reactions that proceed with a considerable
increase in basicity at a heteroatom are susceptible to the influence

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3407–3417 | 3409
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Scheme 6 ‘Asymmetric counteranion directed catalysis’.

of general acid catalysis.40,41 In 1998, Jacobsen et al.42 pioneered
the development of highly efficient chiral (thio)urea catalysts for
enantioselective Strecker reactions, which spawned a new class of
hydrogen-bond donating catalysts for a wide range of asymmetric
addition reactions to imines.6a,g,h,k However, despite the overall
success of this strategy, to the best of our knowledge it has not yet
been reported to be applicable to the corresponding organocat-
alytic asymmetric ‘hydride’ reduction reactions of imines.43 At the
time of writing, it appears that these reactions are best promoted in
an enantioselective fashion using stronger chiral acids potentially
capable of the protonation of the imine prior to the formation of
the transition state (specific acid catalysis).

Singh and Batra reported the first example of an asymmetric
metal-free reduction reaction of an achiral imine in 1989.44 The
benzophenone-derived imine 35 could be converted to amine 36 by
4 and a variety of chiral acids in good to excellent yields and poor
to moderate levels of enantioselectivity. Of the acids surveyed, the
hydrochloride salts of (S)-cysteine, (S)-serine and (S)-histidine
proved to be the best additives with (S)-cysteine furnishing 36
with the highest levels of enantioselectivity (Scheme 7). It should
be noted that while this study was certainly ahead of its time, it is
also almost bereft of experimental details and as such cannot be
classified as an organocatalytic transformation as the loadings of
the acid additives utilised in these reactions are not disclosed.45

Scheme 7 The first asymmetric Brønsted-acid mediated imine reduction.

In 2004, Akiyama et al.46 and Terada and Uraguchi47 inde-
pendently developed a new class of axially chiral phosphoric
Brønsted acid catalyst (37 and 38 respectively, Fig. 3).48 These
catalysts are conformationally rigid and (rather unusually) possess
a single highly acidic proton for substrate activation.49 The extent
(in a spacial context) of the influence of the molecule’s chiral
axis is extended through the incorporation of aryl substituents
(the presence of which is crucial for good asymmetric induction)
adjacent to the BINOL-derived oxygen atoms. The presence of
the Lewis basic phosphoryl moiety in proximity to the acidic
proton potentially allows for the simultaneous activation of both
electrophilic and nucleophilic reaction components (bifunctional
catalysis). Compounds 37 and 38 promoted highly enantioselective
Mannich-type reactions between N-aryl- and N-Boc substituted
imines with silyl ketene acetals46 and acetyl acetone.47,50

Fig. 3 Prototype phosphoric acid catalysts designed independently by
Akiyama and Terada.

These seminal studies highlighted the strong potential of
phosphoric acids for the activation of imine substrates. Soon
afterward, Rueping et al. demonstrated the first enantioselective
organocatalytic imine reduction catalysed by variants of 37–38.

Optimum catalyst 41 at 20 mol% level allowed the synthesis
of 40 from 39 with high yield and enantiopurity (Scheme 8).51,52

Both electron donating and withdrawing substituents on the
acetophenone-derived aromatic ring were well tolerated, however,
no substrates incorporating two aliphatic substituents or non-
methyl ketones were reported in this study. A specific acid catalysis
mechanism was proposed involving an initial protonation of the
substrate by the catalyst to afford ion pair 43, which undergoes
reduction by 4 to generate the amine product 44 and protonated 4a
(45), which regenerates the catalyst after a proton transfer process
(Scheme 8).

Soon afterward, List independently reported a parallel study
that identified the bulky 46 as the optimum catalyst.53 The
reduction of acetophenone-derived ketimines promoted by 46 gave
improved results (80–90% yield and 80–93% ee) at lower temper-
atures compared to those obtained by Rueping.51 Organocatalyst
46 was also highly active—it could be utilised at 1 mol% levels
and was shown to be compatible with an imine derived from
an aliphatic ketone. This publication also detailed an example
representing the first enantioselective organocatalytic reductive
amination reaction. Acetophenone (47) was first treated with
aniline 48 under conditions conducive to ketimine formation
followed by in situ reduction with 4 catalysed by 46. Finally,
oxidative deprotection of the PMP moiety afforded primary amine
49 in very good yield and enantiomeric excess (Scheme 9).

3410 | Org. Biomol. Chem., 2007, 5, 3407–3417 This journal is © The Royal Society of Chemistry 2007
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Scheme 8 Enantioselective phosphoric acid derivative-catalysed asym-
metric reduction of imines.

Scheme 9 The first organocatalytic asymmetric reductive amination.

Very shortly after List’s study,53 MacMillan et al. published the
efficient and highly enantioselective reductive coupling of 48 and a
variety of substituted and unsubstituted acetophenones catalysed
by the triphenylsilyl-substituted catalyst 50.54 The reaction was
found to be applicable to the enantioselective reductive amination
of either aromatic or aliphatic ketones. Experimental, compu-
tational and X-ray crystallographic studies indicated that the
imine substrate for the reduction reaction must be derived from a
methyl ketone—substituents larger than methyl led to the shielding
of the ‘open’ si-face of the catalyst-bound (activated) imine in
the stereocentre-forming reaction transition state. However, this
considerable limitation of the methodology was cleverly exploited
in the enantioselective reductive amination of highly challenging
substrates such as 2-butanone (51) and the selective (mono)
reductive amination of bis-ketone 53 (Scheme 10).

Scheme 10 Methyl vs. ethyl selectivity in reductive amination reactions
promoted by 50.

While it is obvious that aldehydes cannot undergo direct
enantioselective reduction due to the formation of an achiral
product, List’s group have discovered an interesting variation on
this theme where racemic a-branched aldehyde substrates can
furnish enantioenriched products on reductive amination via a
dynamic kinetic resolution process.55 Organocatalytic reductive
amination of racemic aldehyde 54 with modified Hantzsch ester
27 at 6 ◦C catalysed by 46 allowed the isolation of almost
enantiopure 55 in good yield (Scheme 11). The proposed origin
of the enantioselectivity is as follows—reaction of 54 with 48
generates both enantiomers of imine 56, which rapidly equilibrate
in the presence of acid via achiral enamine 57. The chiral
catalyst then effects a highly diastereoselective reduction of (in this
case) (R)-56, which is rapidly replenished by the aforementioned
equilibration process to give a product of high enantiopurity
(Scheme 11). While this promising methodology is undoubtedly a
very useful addition to the field, it is currently limited to the use
of aromatic amines, however, aldehydes containing both aromatic
and aliphatic substituents can be employed.

Scheme 11 Catalytic asymmetric reductive amination of aldehydes via
dynamic kinetic resolution.

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3407–3417 | 3411
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Antilla and co-workers56 have recently utilised an organocat-
alytic hydride reduction process in the direct enantioselective
synthesis of protected a-amino acids. Using a VAPOL-derived
phosphoric acid (58) developed in their laboratory, readily avail-
able a-imino esters (such as 59, Scheme 12) could be efficiently and
selectively reduced to the corresponding amines with stoichiomet-
ric amounts of 4. It is notable that 58 was found to be superior
to both 50 and a small library of alternative chiral phosphoric
acid catalysts in this reaction.57 The method was general; imino
esters derived from both aromatic and aliphatic a-keto esters
could be transformed smoothly, although the authors state that
an analogous process involving in situ imino ester formation (i.e.
a reductive amination methodology) is as yet inefficient and is
selective only with aliphatic moiety-substituted starting materials.

Scheme 12 Direct reductive organocatalytic synthesis of enantioenriched
protected amino acids.

Given that prior to the advent of this breakthrough enzyme-
inspired technology there was a relative dearth of catalytic
asymmetric strategies for reductive amination processes,58 the
discovery and development of these efficient and highly enan-
tioselective reactions represents a most welcome addition to the
organic chemist’s toolbox. It seems likely, as investigation in this
field intensifies, that additional improvements in substrate scope
(non-methyl ketone-derived imines, use of non-aniline coupling
partners) will add further to the utility of this already most
powerful of transformations.

Brønsted acid catalysis of enantioselective heterocycle reduction

Rueping et al.59 exploited the iminium ion-like behaviour of
protonated quinolines to bring about the highly enantioselective
organocatalytic synthesis of biologically important tetrahydro-
quinolines. For example, treatment of 2-substituted quinoline
61 with phosphoric acid catalyst 63 (2 mol%) and excess 4 led
to the formation of 62 in excellent yield and enantioselectivity.
The methodology was also applied to the two-step synthesis of
natural products (−)-angustureine (64), (+)-cusparine (65) and
(+)-galipinine (66) in >90% ee. It was proposed that protonation
of the quinoline substrate gives ion pair A, which undergoes
reduction by 4 to give enamine B. Protonation of B by the catalyst

gives a second quinolinium ion pair C, which is the substrate for the
subsequent stereocentre-forming reduction event (Scheme 13).60

Scheme 13 Enantioselective reduction of quinolines.

Later, the same group extended this methodology to include
pyridine derivatives61 and benzo-fused thiazines, oxazinones and
oxazines—the latter class of substrate could be reduced efficiently
using loadings more usually associated with benchmark transition
metal catalyst systems (substrate–catalyst ratio = 10 000 : 1,
Scheme 14). The products of this class of reaction are of
considerable medicinal/pharmaceutical interest.62,63

Scheme 14 Efficient enantioselective reduction of a benzoxazine.

Asymmetric organocatalytic domino processes involving reduction

The high stability and functional group tolerance of organocat-
alysts (generally speaking) makes their use in cascade reactions
a desirable and realistic goal.64 Such organocatalytic processes to
some extent mimic the complex multistep, multienzyme catalysed
biosynthetic pathways ubiquitous in nature and offer potential
advantages over more conventional transformation–purification–
transformation etc. strategies in terms of convenience, faster real-
time overall conversion of the starting material to the product and
(most importantly for cascades involving two or more asymmetric
processes) higher enantioselectivity (vide infra).

In 2006, MacMillan and co-workers designed asymmetric
organocatalytic cascade sequences involving the use of both
‘iminium’ and ‘enamine’ type catalysis with chiral secondary
amine promoters.65 Treatment of enal 69 with 27 and catalyst 18 (as
the TCA salt) followed by subsequent reaction with electrophilic

3412 | Org. Biomol. Chem., 2007, 5, 3407–3417 This journal is © The Royal Society of Chemistry 2007
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fluorine source 70 promoted by catalyst 11 (as the DCA salt)
furnished a-fluoroaldehyde 71 with outstanding enantioselectivity
and very good diastereoselectivity in one pot (Scheme 15). The
proposed mechanism is outlined in Scheme 15; the first catalytic
cycle consists of an iminium ion mediated asymmetric reduction
(as per Fig. 2 and Scheme 3), which generates aldehyde 75. The
addition of the second catalyst leads to the formation of enamine
77 (via iminium ion 76), a single face of which can then react
with 70 to form iminium ion 78 and (after hydrolysis) product 71.
This formal addition of HF to an alkene is remarkable in that
two seemingly quite structurally similar secondary amines can
execute two discrete tasks synergistically in a one-pot process to
afford products with two contiguous chiral centres with excellent
stereocontrol. The excellent level of catalyst (as opposed to
substrate) control in the formation of the second stereogenic centre
is obvious from the observation that a repeat of the reaction using
the opposite antipode of 11 in the second cycle (under otherwise
identical conditions gives anti-71 (62% yield, 9 : 1 syn–anti, 99%
ee) with excellent levels of enantioselectivity.66

Scheme 15 MacMillan’s asymmetric reduction–fluorination cascade
process.

At almost the same time, List et al. reported an enantioselective
organocatalytic reductive cyclisation reaction.67 The strategy is
similar to that outlined in the previous example except the

electrophilic component that reacts in the second catalytic cycle is
a tethered Michael acceptor and a single catalyst system is used.
Ammonium catalyst 16 (as the HCl salt) could promote first the
reduction (iminium ion catalysis using 4 as the reductant) and
then the Michael cyclisation (enamine catalysis) of substrates such
as 79 in one pot. Chemo-, regio-, enantio- and diasterocontrol
in these processes were excellent and the methodology is not
confined to aromatic substrates; analogues with tethers leading
to the formation of 5 and 6 membered ring products were also
compatible (Scheme 16).

Scheme 16 Organocatalytic asymmetric reductive Michael cyclisation.

Córdova and Zhao reported that a reductive Mannich-type
reaction is also feasible.68 Using (S)-proline derived catalyst 83
as its benzoic acid salt, enal 69 was asymmetrically reduced by
4 and then reacted with the imino ester electrophile 59 (the
limiting reagent) to give the unnatural protected amino acid 84
with excellent stereocontrol. Just as was the case in MacMillan’s
earlier study,65 it was found that catalyst control in the second cycle
was excellent—the anti-diastereomer of 84 could be prepared by
simply adding (R)-proline (35 mol%) to the reaction after the
initial reduction had taken place (Scheme 17).

Scheme 17 Organocatalytic reductive Mannich reaction.

List and Zhou69 found that enantioenriched cyclohexylamines
could be prepared from 1,5-diketones and anilines using an
organocatalytic reductive cascade process. The reaction of dike-
tone 85 with 48 and 4 catalysed by ent-46 yielded cyclohexylamine
86 in good yield and excellent enantioselectivity (Scheme 18). It
was posited that the reaction proceeds through the acid-catalysed
formation of enamine 87, which cyclises and eliminates water
under acidic conditions to give the iminium ion substrate for the
two successive asymmetric reduction reactions. The high isolated
yields of cyclohexylamine products from these reactions indicate
that they are highly chemoselective—little ‘double’ reductive
amination was observed and the chemoselectivity (1,4- vs. 1,2-
reduction) was excellent.

Recently a complex four-component amino acid-catalysed
Knoevenagel–reduction–Robinson annulation sequence has been
developed by Ramachary and Kishor.70 1,3-Diketone 90, ben-
zaldehyde (91) and 4 were allowed to react in the presence of
(S)-proline in dichloromethane, followed by a change of solvent,

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3407–3417 | 3413

D
ow

nl
oa

de
d 

on
 0

1 
M

ar
ch

 2
01

1
Pu

bl
is

he
d 

on
 1

1 
Se

pt
em

be
r 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

71
14

99
K

View Online

http://dx.doi.org/10.1039/B711499K


Scheme 18 Organocatalytic reductive cascade reaction.

the addition of methyl vinyl ketone (92) and a second charge of
catalyst. Under these conditions, the Wieland–Miescher ketone
analogue 93 could be prepared in moderate yield and 71% ee, along
with the corresponding hydrated product 94 and pre-annulation
substrate 95.

The authors postulated that the cascade involves an initial
Knoevenagel condensation reaction between the acidic diketone
and the aldehyde to form the electrophilic enone 96, which is
then reduced by the Hantzsch ester (it was not suggested that
this reaction is catalysed by the amine) to afford the a-substituted
product 97, which subsequently behaves as a Michael donor in
a proline-catalysed reaction with 92 (to form 95) followed by
cyclisation to give the bicyclic product (Scheme 19).71

Scheme 19 Four component organocatalytic cascade reaction.

(Thio)urea mediates catalysis of asymmetric organocatalytic
reductions

As mentioned earlier in the section describing enantioselective
imine reduction, the last decade has witnessed the advent of a new
class of (thio)urea-based hydrogen-bond donating catalyst pio-
neered by Curran and Kuo,72 Jacobsen and Sigman42 and Schreiner
and Wittkopp73 for the activation of electrophiles incorporating
sp2-hybridised heteroatoms that undergo an increase in basicity in
the transition state of a given addition reaction.6a,g,h,k Menche et al.

reported that thiourea could catalyse the reductive amination of
ketones43a and aldehydes,43b,43c although Schreiner and Zhang43d

have questioned some of these protocols (in particular the role
played by activated/unactivated molecular sieves), this group also
found that a more active 3,3′,5,5′-tetratrifluoromethyl thiocarban-
ilide catalyst (98) at 10 mol% levels was superior to thiourea as
a promoter of ald- and ketoimine reductions by 4 in the absence
of molecular sieves (Fig. 4).43d To date, no (thio)urea catalysed
enantioselective variants of these reductive amination processes
have appeared.

Fig. 4 3,3′,5,5′-Tetratrifluoromethyl thiocarbanilide.

Inspired by the elegance and highly efficient enzymatic manipu-
lation of the NAD(P)+/NAD(P)H redox couple in living cells that
allows constant ‘regeneration’ of the stoichiometric NAD(P)H re-
ductant, our group have designed the first nicotinamide precatalyst
99 capable of both activating and reducing its substrate and that
can be employed in catalytic amounts together with an inexpensive
inorganic co-reductant in a two-phase system.74

Precatalyst 99 could efficiently reduce benzil (100) to benzoin
(101) under the reactions conditions outlined in Scheme 20.
Sodium dithionite continually reduces the oxidised pyridinium
form of the dihydropyridine precatalyst (allowing it to be used at
catalytic loadings)75 and it was shown that both binary catalyst
systems (separate thiourea and dihydropyridine catalysts) were
inferior to 99 and that the background reaction in the absence
of 99 gave only trace amounts of product. Unfortunately, while a
similar enantiopure catalyst 102 is able to bring about asymmetric
induction in this process, the product racemises under the reaction
conditions (Scheme 20).

Scheme 20 Organocatalytic reduction of benzil using substoichiometric
amounts of a dihydropyridine precatalyst.

List and co-workers76 have exploited the well established
ability of suitably substituted (thio)urea derivatives to activate
nitroalkenes towards attack by nucleophiles6g,h,k in the realisation
of the first organocatalytic asymmetric nitroolefin reduction
reaction (Scheme 21). For example, (E)-a-methyl-b-nitrosytrene
(103) underwent smooth enantioselective reduction catalysed by
105 (an analogue of a catalyst developed by Jacobsen and Taylor
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for the promotion of asymmetric Pictet–Spengler reactions77) to
afford 104 in excellent yield and 94% ee. The ready availability
of nitroolefin substrates and the high synthetic utility of the
nitoalkane products makes this methodology a most promising
development.

Scheme 21 Organocatalytic asymmetric nitroolefin reduction.

3 Concluding remarks

While the use of dihydropyridines to reduce organic substrates
has been possible in the laboratory since the 1950’s, the re-
cent general appreciation of the potential advantages associated
with the design of chiral metal-free organocatalyst systems has
breathed new life into this old, well-known reaction class. The
first such metal-free asymmetric reduction was reported (and
subsequently overlooked) in 1985, however, all major progress
in this area has been made since 2004. These three years have
been an exciting period characterised by success after success
in the asymmetric dihydropyridine-mediated reduction of a,b-
unsaturated electrophiles and imines (including the reductive
amination of ketones) in addition to the discovery of several
highly useful-looking cascade processes. More encouraging still
is the application of three diverse catalytic strategies (iminium
ion-including counterion directed-catalysis, strong Brønsted acid
catalysis and the use of hydrogen-bond donating catalysts), which
augurs well for future expansion of the scope of these reactions.
Frantic as the pace of progress has been, there is still scope for
discovery with respect to both catalyst efficiency and substrate
scope—in particular, the asymmetric reduction of simple ketones
to sec-alcohols remains outside the domain of current catalyst
technology. Regardless of future development in the field, these
organocatalytic reduction reactions (which occur under mild
conditions and do not require high pressures) already constitute
highly useful complementary technologies to their well-established
metal(ion)-mediated counterparts and they will doubtless find
considerable synthetic application in the coming years.
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S. Böhm, J. Li, S. Rudolph and W. Zander, Tetrahedron Lett., 2007, 48,
365; (d) Z. Zhang and P. R. Schreiner, Synlett, 2007, 1455.

44 S. Singh and U. K. Batra, Ind. J. Chem., 1989, 28B, 1.
45 The authors use optical rotation data to determine levels of enan-

tiomeric excess and cite previous work by Kagan et al., curiously the
absolute configuration of 36 is not given by Singh even though it was
determined by Kagan. We have assumed that Singh used the same
conditions as Kagan in assigning the absolute configuration of 36:
H. B. Kagan, N. Langois and T. P. Dang, J. Organomet. Chem., 1975,
90, 353.

46 T. Akiyama, J. Itoh, K. Yokota and K. Fuchibe, Angew. Chem., Int.
Ed., 2004, 43, 1566.

47 D. Uraguchi and M. Terada, J. Am. Chem. Soc., 2004, 126, 5356.
48 For a short monograph concerning the use of chiral phosphoric acids

as catalysts for enantioselective addition reactions to imines see: S. J.
Connon, Angew. Chem., Int. Ed., 2006, 45, 3909.

49 The pKa of diethyl phosphate is 1.39: L. D. Quin, A Guide to
Organophosphorus Chemistry, John Wiley & Sons, New York, 2000,
ch. 5.

50 For a review detailing the use of phosphoric acid catalysts in other
asymmetric transformations see ref. 6i.

3416 | Org. Biomol. Chem., 2007, 5, 3407–3417 This journal is © The Royal Society of Chemistry 2007

D
ow

nl
oa

de
d 

on
 0

1 
M

ar
ch

 2
01

1
Pu

bl
is

he
d 

on
 1

1 
Se

pt
em

be
r 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

71
14

99
K

View Online

http://dx.doi.org/10.1039/B711499K


51 M. Rueping, E. Sugiono, C. Azap, T. Theissmann and M. Bolte, Org.
Lett., 2005, 7, 3781.

52 At the same time the authors reported the non-asymmetric version of
the reaction using an achiral phosphoric acid: M. Rueping, C. Azap,
E. Sugiono, T. Theissmann and M. Bolte, Synlett, 2005, 2367.

53 S. Hoffman, A. M. Seayad and B. List, Angew. Chem., Int. Ed., 2005,
44, 7424.

54 R. I. Storer, D. E. Carrera, Y. Ni and D. W. C. MacMillan, J. Am.
Chem. Soc., 2006, 128, 84.

55 S. Hoffmann, M. Nicoletti and B. List, J. Am. Chem. Soc., 2006, 128,
13074.

56 G. Li, Y. Liang and J. C. Antilla, J. Am. Chem. Soc., 2007, 129, 5830.
57 For a previous example where VAPOL-derived phosphoric acids proved

superior to BINOL-based materials see: G. B. Rowland, H. Zhang,
E. B. Rowland, S. Chennamadhavuni, Y. Wang and J. C. Antilla, J. Am.
Chem. Soc., 2005, 127, 15696 .

58 Review: V. I. Tararov and A. Börner, Synlett, 2005, 203.
59 M. Rueping, A. P. Antonchick and T. Thiessmann, Angew. Chem., Int.

Ed., 2006, 45, 3683.
60 A short time afterwards the same group reported a non-chiral variant

of this process: M. Rueping, T. Thiessmann and A. P. Antonchick,
Synlett, 2006, 1071.

61 M. Rueping and A. P. Antonchick, Angew. Chem., Int. Ed., 2007, 46,
4562.

62 M. Rueping, A. P. Antonchick and T. Thiessmann, Angew. Chem., Int.
Ed., 2007, 45, 6751.

63 For interesting reports detailing non-catalysed reductions of exocyclic
olefins in heterocyclic systems see: (a) S. J. Garden, C. R. Werneck
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68 G.-L. Zhao and A. Córdova, Tetrahedron Lett., 2006, 47, 7417.
69 J. Zhou and B. List, J. Am. Chem. Soc., 2007, 129, 7498.
70 D. B. Ramachary and M. Kishor, J. Org. Chem., 2007, 72, 5056.
71 For a second report detailing a (S)-proline catalysed domino process

involving a reduction reaction that does not generate enantioenriched
products see: D. B. Ramachary, M. Kishor and G. B. Reddy, Org.
Biomol. Chem., 2006, 4, 1641.

72 (a) D. P. Curran and L. H. Kuo, J. Org. Chem., 1994, 59, 3259; (b) D. P.
Curran and L. H. Kuo, Tetrahedron Lett., 1995, 36, 6647.

73 (a) P. R. Schreiner and A. Wittkopp, Org. Lett., 2002, 4, 217; (b) P. R.
Schreiner and A. Wittkopp, Chem.–Eur. J., 2003, 9, 407.

74 B. Procuranti and S. J. Connon, Chem. Commun., 2007, 1421.
75 For a similar strategy in a photoinduced dihydropyridine-mediated

reduction of chalcone oxides not under the influence of catalysis see:
H.-J. Xu, Y.-C. Liu, Y. Fu and Y.-D. Wu, Org. Lett., 2006, 8, 3449.

76 N. J. A. Martin, L. Ozores and B. List, J. Am. Chem. Soc., 2007, 129,
8976.

77 M. S. Taylor and E. N. Jacobsen, J. Am. Chem. Soc., 2004, 126,
10558.

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3407–3417 | 3417

D
ow

nl
oa

de
d 

on
 0

1 
M

ar
ch

 2
01

1
Pu

bl
is

he
d 

on
 1

1 
Se

pt
em

be
r 

20
07

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

71
14

99
K

View Online

http://dx.doi.org/10.1039/B711499K

