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1. Introduction
In the development of new systems for asymmetric

synthesis it has always been a big challenge to obtain
optically active compounds with good yields and selectivities.
For this purpose, diamines have shown, since their first use,
much success in many important and useful transformations.
They have become widely studied by many groups as chiral
auxiliaries, chiral reagents, or chiral external ligands. Some
aspects of the use of these compounds have already been
discussed.1-5 This review will focus more specifically on
the use of bis-tertiary diamines (this term refers to the
diamines for which both nitrogen atoms are tertiary) as chiral
external ligands. As bis-secondary diamines and secondary-
tertiary diamines are often used in the same reactions, they
will be both mentioned and compared to tertiary diamines
when necessary. We will consider any structures containing
two tertiary nitrogen atoms regardless of the structure of the
spacer. Diamines containing nitrogen atoms substituted with
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heteroatoms such as phosphorus and boron (etc.) as well as
the corresponding ammonium salt of bis-tertiary diamines
will not be covered. In the diamines we are discussing the
element of chirality can be located in three places: between
the nitrogen atoms (internal chirality), on the nitrogen
substituents (external chirality), or on the nitrogen atom itself.
Thus, the element of chirality is located with regard to the
diamino functionality. It is common practice to compare
emerging diamine ligands with the established, efficacious
(-)-sparteine ligand; whenever this is possible comparisons
have been made. Nevertheless, (-)-sparteine is a ligand apart
for which the use in asymmetric synthesis has already been
covered in several reviews, and we will overlap with them
as little as possible.6-8 On the contrary, theC2-symmetric
diastereoisomers,R- and â-isosparteine, have not aroused
much interest as they are usually less efficient. Recently,
many efforts have been made to understand the real reason
for the efficiency of (-)-sparteine, and few analogues
possessing a simpler structure have been synthesized and
tested in several transformations. Furthermore, one major
drawback is that only one enantiomer of sparteine is avail-
able. Considering its efficiency and the synthetic difficulties
to access (+)-sparteine, sparteine surrogates available in both
enantiomerically pure forms have been developed.

In contrast with bis-imine ligands which possess aπ orbital
available for electronic retrodonation from the metal, diamine
ligands do not have any orbital for such interactions.
Nevertheless, they have shown their ability to coordinate
alkali or transition metals efficiently, making them particu-
larly useful in organometallic chemistry. Indeed, they have
been associated with most of the common metals used in
organic synthesis. All of these combinations will be discussed
later in the text. NMR studies of some of these complexes,
mainly with lithium, have been thoroughly investigated,
leading to a better understanding of their structures. In some

cases, X-ray structure determination has been possible,
leading to very accurate data about complexes closely related
to the reactive intermediates. Organometallic species exist
in solution in different aggregated states, often several in
equilibrium, which depend on the reagent itself, the solvent,
and other additives. These aggregation states are responsible
for the particular reactivity of organometallic compounds,
and these factors can be important for the outcome of the
reaction. Tertiary diamines are used to dissociate aggregated
organometallics to monomers or dimers, which are much
more reactive. The main interest is that when chiral diamines
are used the organometallic becomes a chiral reagent, which
ensures access to asymmetric synthesis. As the new reagent
is often more reactive than the parent one, catalysis is
theoretically possible and has been in some cases very nicely
and efficiently applied. Concerning diamines containing a
secondary amine, the corresponding amide could be used as
a chiral base or a ligand of organometallic species. In the
latter case, mixed aggregates are responsible for the reac-
tivities and selectivities observed.

Synthesis of these diamines will not be discussed here as
it has already been partially covered by the previous existing
reviews. Since the first use of this type of diamine with
(-)-sparteine in 1966, a large number of other derivatives
have been described that are enantiomerically pure. Although
many of them have been used for asymmetric catalysis, a
large number still need to be explored.trans-1,2-Diamino-
cyclohexane,1, 1,2-diphenyldiaminoethane,2, and (2-amino-
methyl)-pyrrolidine derivatives,3, are well-known core
structures of diamines (Scheme 1) and among the most-often
used. However, new ones have been discovered, and this
has led to improvements in several asymmetric transforma-
tions. This growing field is of prime importance because of
the big potential of these ligands in many different processes
and also because of their large-scale availability and low cost.

This review will be organized on the basis of reaction type.
Spectroscopic data concerning organometallic complexes
with a diamine ligand will also be discussed because it is
one of the keys of further breakthroughs. Indeed, several
recent studies have been developed based on these new
understandings.

2. Deprotonation Reactions

2.1. Deprotonation on a sp 3 Carbon

D. Hoppe was the first to obtain a high level of enanti-
oselectivity for deprotonation of a very weak acid proton.9

The deprotonating system, introduced by Nozaki et al. in
1971,10 is formed by an alkyllithium base complexed to
(-)-sparteine, and this was first applied to alkylcarbamates
such as4 (Scheme 2). This chiral base is able to efficiently
differentiate between two protons of a methylene group,
which leads to a configurationally stable lithiated intermedi-
ate5. It can be subsequently trapped by an electrophile with
complete stereoretention,11 but stereoinversion has been
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observed for benzylic derivatives depending on the electro-
phile.12 Some comparisons were made with severalC2-
symmetric tertiary diamines including (-)-R-isosparteine, but
apart from7, none of them induce this reaction.13,14Calcula-
tions showed that a combination of steric hindrance in the
substrate, the base, and the ligand is responsible for the
selectivity. No obvious differences between the two transition
states have been detected, and the sum of several small devi-
ations in different parts of the complexes has been pointed
out. Semiempirical PM3 calculations were able to reproduce
the selectivity obtained with diamine7,13 and quantum
chemical DFT calculations at the B3LYP/6-31G(d) level
gave better insight into its origin.15

(-)-Sparteine and (-)-R-isosparteine are diastereomers
and differ by the stereochemistry of one carbon at one of
the ring junctions. Their C rings prefer boat and chair confor-
mations, respectively (Scheme 3). However, the monoper-
chlorate of sparteine adopts the chair-chair conformation.16

The steric hindrance existing between the two nitrogen atoms
is quite different. In the case of (-)-isosparteine, both cycles
A and D point in the same direction, which is reverse for
the syn conformation of (-)-sparteine. The higher bulkiness
of (-)-isosparteine can have a big influence on the reactivity
and totally suppressed the reaction as shown in Scheme 2.
The conformations of all the diastereoisomers were studied,
in particular (-)-sparteine and (-)-R-isosparteine. Both
structures must be considered to be flexible compounds as
the energy differences for the two lowest energy conformers
are, respectively, 3.4 and 5.8 kcal/mol. Several other
conformers of higher energy have been determined by

MM2*-assisted conformational searches, but there is no
difference in the conformational flexibility of these stereo-
isomers.17

Hoppe also carried out a study on lithio-indenyl carbamates
17 and 18 complexed with (-)-sparteine and (-)-R-iso-
sparteine (Scheme 4).18 The enol carbamates15and16were
first deprotonated at-78 °C in the presence of the diamine.
The carbanionic intermediates were then trapped with
trimethylsilyl chloride or methyl iodide. In all cases, changing
(-)-sparteine to (-)-R-isosparteine led to opposite enanti-
omers and a significant increase in selectivity, though modest.

The interconversion barriers of the lithiated intermediates
17 and 18 were recorded by1H NMR. The data indicates
that the complex shows better stability when the organo-
lithium is associated with (-)-sparteine. Complexes17aand
18aequilibrate very slowly because the temperature at which
two sets of signals appear is 285 K and greater than 363 K,
respectively. On the contrary, complexes17b and18b need
much lower temperatures for equilibration, particularly17b,
which shows only one set of signals at 200 K. The complex
formed with (-)-R-isosparteine has a very high rate of
epimerization and is much less configurationally stable than
the complex formed with (-)-sparteine. This difference may
result from a longer carbon-lithium bond length caused by
the greater steric bulk of (-)-R-isosparteine.

Acyclic primary O-2-alkenyl carbamates23 were depro-
tonated withn-butyllithium in the presence of (-)-sparteine
or (-)-R-isosparteine (Scheme 5).19 The complexed orga-
nolithium 24 obtained is not configurationally stable and
interconverts at-70 °C, although the secondary allyl20 or
alkyl9 carbamate are stable. Nevertheless, and contrary to
what was first thought,21 the major diastereoisomer of
complex 24 has the 3-(S) configuration and crystallized
preferentially in a second-order asymmetric process. An
X-ray structure was obtained for a vinylsilane derivative,22

and a chemical correlation proved the absolute configuration
to be (S)-24. A certain amount of cyclohexane is required
for crystallization and to obtain reproducible results.23

Transmetalation to the allyltitanate with Ti(OiPr)4 occurs with
stereoinversion to give (R)-25, which does not racemize
below -30 °C. When (S)-24 was reacted with dry carbon
dioxide below-70 °C, the adduct26 was obtained in 39%
yield and the R configuration. The carboxylation also
proceeds with stereoinversion. This methodology has been

Scheme 2

Scheme 3
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extended to geranyl and merylN,N-diisopropylcarbamate24

and also to aromatic substrates (1,3-diphenyl-1-propenyl
N,N′-diisopropylcarbamate), which lead to an organolithium
intermediate with high mesomeric stabilization and configu-
rational stability.25

On the other hand, when (S)-24 was reacted with 2-meth-
ylpropanal, adducts were obtained as a 1:4 ratio of anti and
syn diastereoisomers (Scheme 6). Interestingly, (S)-24 and
(R)-25 formed the same major enantiomer27. The absolute
configuration of the organotitanium compound25 was
determined after a chemical sequence which involved its
reaction with a homochiral aldehyde. The result showed that
(R)-25 was produced from (S)-24 in 80% ee. Nevertheless,
several adducts such as27 could be formed with slightly
higher selectivities. The explanation given for the stereo-
chemical outcome was that the allylithium species24 reacts
via an unusual anti-SE′ process (giving a mixture of syn and
anti stereoisomers), while25 reacts via the classical Zim-
merman-Traxler transition state (giving one single stereo-
isomer). When (-)-R-isosparteine was used in the deproto-
nation step with28 and following transmetalation and reac-
tion with 2-methylpropanal, compound30 was obtained in
only 16% enantiomeric excess against 31% for (-)-sparteine.

Beak showed that the above deprotonation-alkylation se-
quence can be successfully adapted to a variety of sub-
strates.26 He found that compounds containing a nitrogen

atom substituted by a Boc protecting group could undergo
an efficient R-deprotonation, leading in some cases to a
configurationally stable organolithium species.27 Depending
on the substrate, the origin of the enantioselectivity was
recognized to be an asymmetric deprotonation, a dynamic
kinetic resolution, or a dynamic thermodynamic resolution.28-30

Beak et al. demonstrated thatN-Boc-pyrrolidine31 under-
goes an enantioselective deprotonation leading to a configu-
rationally stable organolithium intermediate.31was used as
a test substrate to evaluate the efficiency of numbers of
diamines in asymmetric deprotonation (Scheme 7). It was
found that (-)-sparteine is usually the most efficient chiral
inductor compared to (-)-R-isosparteine (Scheme 12),
N,N,N′,N′-tetramethyl-trans-1,2-cyclohexanediamine7 (Scheme
14),N,N,N′,N′-tetramethyl-binaphtyl-2,2′-diamine71 (Scheme
14), proline-based ligands (Scheme 8), bispidines derivatives
(Scheme 12),31 and diaza-cis-decaline (Scheme 9).32

(+)-Sparteine was reported to be a natural product but is
not available on a large scale.33 Resolution of racemic

Scheme 4

Scheme 5

Scheme 6

Scheme 7

Chiral Tertiary Diamines in Asymmetric Synthesis Chemical Reviews, 2008, Vol. 108, No. 1 143



lupanine and sparteine which can lead to (+)-sparteine was
described.34,35As a consequence, a few strategies have been
developed to produce both enantiomers of the same com-
pound using (-)-sparteine.11,23,28,36 Nevertheless, none of
these methods are a general solution to replace (+)-sparteine.
Many efforts have been made to find a ligand as efficient as
(-)-sparteine which could be available in both enantiomeri-
cally pure forms. The (-)-sparteine-mediated methodology
has been extremely useful as it allows access to (R)-proline
derivatives, while the (S)-proline series is the natural product.
Both enantiomers of the proline-based ligand can be readily
prepared. A few of them were tested in the asymmetric
deprotonation ofN-Boc-pyrrolidine (Scheme 7). The best
selectivities were obtained with diamines34 and35, which
are diastereoisomers. Interestingly, the result showed that
each of these ligands led to a different enantiomer of the

product. Diamine34 produced (S)-32 in 72% ee, while
diamine35produced (R)-32 in 64% ee. Several modifications
around the structure of the ligand did not improve these
selectivities (Scheme 8).31

In 2000, Kozlowski et al. developed a new kind of diamine
with a 1,5-diaza-cis-decalin core that is based on computer-
aided identification of novel ligands scaffold. Unfortunately,
in the case of substrate31, low selectivity was obtained.
Some other derivatives were prepared with different alkyl
substituents on the nitrogen atom. The results showed that
the smaller the R substituent is, the better the selectivities
are (Scheme 9, Ligands47-49).32 The reason for these poor
results was attributed to the conformational equilibrium of
the diamine. Compounds50and51were prepared to increase
theN-in conformation (Scheme 10) of the ligand and improve
the chiral discrimination around the lithium.37,38Both slightly
improved the selectivity but gave rise to the opposite
enantiomers, indicating that the stereochemical outcome is
not related to the configuration of the diamine core but to
its substitution.

Conformational studies of these 1,5-diaza-cis-decalin were
carried out using molecular mechanics (amber*) and ab initio
analysis (HF/6-31G*, B3LYP/6-31+G*). These results were
compared to experimental data obtained from1H and 13C
NMR studies.39 These diamines exist in predominantly two
conformationsN-in and N-out. It turned out that theN-in
conformer is preferred for small R substituents (H and Me),
while N-out is the major conformer for all the other
compounds (Scheme 10).

Conformational analysis of diamines50and51was made
by NMR and showed that both methyl substituents are in

Scheme 8

Scheme 9

Scheme 10

Scheme 11
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equatorial positions in theN-in conformation. This additional
stability helps to overcome the torsional effect of theN,N′-
dimethyl substitution and shift the conformational equilib-
rium in favor of theN-in conformers. The difference of
energy between the two conformations of50 and 51 was
calculated to be 1.1 and 1.9 kcal/mol, respectively, which
indicates thatN-out conformer may be present (Scheme 11).37

Bispidine represents the core structure of (-)-sparteine and
(-)-R-isosparteine. Simple chiral derivatives52-56 were
studied by Beak et al. using a chiral lateral chain (Scheme
12).31 In the case of diamine52, a strong solvent effect could
be observed. Nevertheless, in Et2O, 75% ee could be
achieved. None of the other derivatives were able to provide
similar enantiomeric excesses.

Attempts to find a surrogate of (+)-sparteine led research-
ers to focus on the structure itself and simplify it. It was
thought by O’Brien et al., from calculation made with
sparteine derivatives complexing a lithium atom, that the D
ring was not a key element in the enantiodiscrimination
process.40,41 Indeed, they showed that partially resolved
diamine58 (55% ee), having the same stereochemistry as
(-)-sparteine, led to (S)-32 in 53% ee.42 This was the first
experimental evidence that the ABC ring system of
(-)-sparteine is sufficient to obtain high enantiomeric excess
for the asymmetric deprotonation of31. Afterward, Lesma
and Silvani reported an enantioselective synthesis of tricyclic
diamines58and59, which represent the ABC and BCD ring
system of (-)-sparteine, respectively.43 They pointed out the
dramatic difference between these two diamines and were
able to confirm the result obtained by O’Brien. The latter
found that61, i.e., the ABC ring system of (+)-sparteine,
can be readily accessible in three steps from (-)-cytisin,44-46

which is isolated fromLaburnum anagyroidsseeds.47 This
diamine led to (R)-32 in high enantiomeric excess. When
other derivatives62-65 with variousN-alkyl substituents
were used, lower enantioselectivities were obtained even with
the N-ethyl derivative62 (Scheme 12).48 The molecular

Scheme 12

Scheme 13

Scheme 14
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orbital calculations were able to reproduce the experimental
observations of61 and 66 and pointed out, as postulated
previously by Beak, that high enantioselectivity involves
steric interaction in the prelithiated complex RLi/diamine/
31. While similar activation energies were calculated for67,
no product was isolated. The explanation given by the authors
was that steric crowding inhibits formation of the prelithiation
complex. Diamine60 was prepared in a racemic manner
because it could not be resolved and produced32 in 55%
yield. The enantiomeric excesses calculated for diamine60,
68, and 69 predict significantly lower ee’s than for61.
Diamine57prepared by Kozlowski et al. gave a very curious
result as (R)-32 was formed, although the ligand is structur-
ally analogous to (-)-sparteine. Furthermore, the selectivity
was very low, which indicates that the entire A ring of
sparteine is essential for high asymmetric induction.

In 2005 O’Brien addressed the problem of catalysis in the
enantioselective deprotonation of31.49 This had already been
studied by Beak but proved unsuccessful.31b Indeed, when
31 was deprotonated in the presence of 0.25 or 0.5 equiv
of (-)-sparteine, products were isolated in only 64% or
78% ee, respectively. Furthermore, a racemic product was
obtained when the reaction was carried out with 0.1 equiv
of (-)-sparteine and 0.9 equiv of TMEDA, which means
that s-BuLi/TMEDA deprotonates faster thans-BuLi/
(-)-sparteine. O’Brien et al. found that70 was very slug-
gish to catalyze the reaction. In another study of competi-
tion experiments, this diamine was found to be the least
reactive compared to TMEDA,7, (-)-sparteine, and several
(+)-sparteine surrogates.50 It then follows that70 allows
ligand exchange from the intermediate lithiated species and
liberates (-)-sparteine, which can be engaged in another
deprotonation step (Scheme 13). Applying these reaction
conditions to (-)-sparteine and61, (S)- and (R)-32 were
isolated in 80% and 88% ee, respectively. In all cases,
catalysis was more efficient with61 than (-)-sparteine, while
this was the reverse in stoichiometric reactions.

Having developed a very efficacious ligand equivalent to
(+)-sparteine, diamine61 was naturally used in the well-
established (-)-sparteine chemistry to validate his status of
(+)-sparteine surrogate. Deprotonation ofO-alkyl carbamate
developed by Hoppe was repeated with various (+)-sparteine
surrogates, among which61 was found to be the best.51

Diamines7 and71 studied by Beak and72 by O’Brien
gave essentially racemic product32. Theoretical studies
performed with7 have explained the inefficiency of this
diamine compared to (-)-sparteine.41,52,53

The (+)-sparteine surrogate61 was tested with alkyl
carbamate developed by Hoppe.44 Asymmetric lithiation of
73R to the oxygen followed by stannylation gave74 in high
enantiomeric excess in both cases, although61 is slightly
less efficient (Scheme 15).

Applications in the synthesis of61 have rapidly been
made. Fukuyama et al. were able to accomplish the synthesis
of (-)-Kainic acid usings-BuLi/61 as the deprotonating
system for the regio- and stereoselective introduction of a
carboxylic group at the C2 position.54

Coldham studied the dynamic resolution ofN-Boc- and
N-alkyl-2-lithiopyrrolidine 76, the latter being formed by
tin-lithium exchange from racemic stannane75 (Scheme
16).55 Although 31 has always been the test substrate, the
dynamic resolution of its corresponding organolithium
derivatives was only achieved in 2005.55d In the case of
N-alkylpyrrolidine, theR-amino-organolithium species were

generated at room temperature and a chiral ligand was then
added. Two diastereoisomeric complexes76can be formed,
and they react at different rates. Indeed, when the organo-
lithium species was cooled to-78 °C before addition of
the ligand, the reaction with the electrophile led to a racemic
product. On the contrary, when the reaction occurred at-10
°C with formation of the complex at room temperature, very
high enantioselectivity was obtained, but this did not occur
when the ligand was (-)-sparteine or78. The best ligand
was the commercially available prolinol derivativeent-35.
Very good results, with ee’s up to 94%, were obtained with
all the electrophiles used. The diastereoisomeric ligandent-
34 led to the opposite enantiomer of77 with the same level
of enantioselectivity. These results showed that both dia-
stereoisomeric complexes interconvert slowly compared to
the rate of the reaction. Interestingly, when (-)-sparteine
was used as ligand, lower ee and an opposite absolute
configuration were obtained from that formed by asymmetric
deprotonation. An experiment was performed with a shortage
of electrophile to determine which of the diastereoisomers
reacts faster. Complex76 obtained as a 1:1 mixture of
diastereoisomers from (()-75, in the presence of ligandent-
35, reacts with 0.3 mol equiv of TMSCl and produces77 in
a ratio 61:39 (R:S). At the beginning of the reaction, the
product was formed with the opposite absolute configuration
to the one it had at the end. The stereochemical pathway
occurs via a dynamic thermodynamic resolution with the
minor diastereoisomeric complex reacting faster. By choosing
eitherent-34 or its diastereoisomerent-35, it was therefore
possible to produce both enantiomers of 2-substituted pyr-
rolidine77with high enantiopurity.55a In the case ofN-Boc-
pyrrolidine, identical reaction conditions led to a very low
asymmetric induction. It turned out that an overall 10 equiv
of n-butyllithium was needed to reach similar level of
enantioselectivity. Here again, best results were obtained with

Scheme 15

Scheme 16

146 Chemical Reviews, 2008, Vol. 108, No. 1 Kizirian



ligandsent-34 andent-35, which led to32 in 82% (R) and
90% ee (S), respectively.55d

Beak also described the asymmetric deprotonation of
N-Boc-piperidines. Compared toN-Boc-pyrrolidine an im-
portant difference in behavior was observed. Indeed, the
silylated product was obtained in low yield and only 74%
ee (in favor of theS enantiomer).56 The study showed that
the least acidic equatorialR-hydrogen of the carbamate is
removed. Calculation of the activation parameters accounted
accurately with the experimental results. Metallinos and
Dudding showed that (-)-sparteine is more efficient than7
or 61 for this substrate.57 Furthermore, they reported that
deprotonation ofN-protected octahydrophenanthroline lead
to 72% ee, also for theSenantiomer. Piperazine derivatives
were also used as substrate but only in a racemic manner.58

Beak reported derivatives ofN-Boc piperidines functionalized
in C4 (Scheme 17).56,59 The organolithium intermediate
cyclized to the 2-azabicyclo-[3.1.0]-hexane, which underwent
further deprotonation leading to80. The enantiomeric
excesses were highly dependent on the nature of the leaving
group. The best result was obtained with (-)-sparteine and
a tosylate leaving group. The bispidine ligand52 and the
proline derivativeent-35 led to 47% and 3% ee, respectively.

Benzamide81 is a substrate which, upon deprotonation,
leads to a nonstable organolithium intermediate. The two
diastereoisomeric complexes are in a rapid equilibrium. One
of these complexes reacts faster than the other to form the
enantioenriched product82. This is a case of dynamic kinetic
resolution, which can be described by the Curtin-Hammett
principle.28

Kozlowski et al. used diamines45 and49 with a methyl
and benzyl substituent on the nitrogen, respectively.32 With
acetone or different allyl electrophiles, only low to moderate
selectivities were obtained. (-)-Sparteine was much more
efficient in the case of allyl electrophiles. It is notable that
both enantiomers could be obtained by changing the leaving
group from a halide to a tosylate (Scheme 18). Modified
1,5-diaza-decalins50, 51, and83were also tested.37 Diamine
83exists predominantly in anN-out conformation, but if the
reaction occurs through theN-in chelated form, dramatic
effects were expected. However, the low selectivity of the
reaction indicates that thisN-in chelated form was not
involved. On the contrary, diamines50 and51 exist more
in the N-in form, which should be a positive factor for the
reaction. Although50 did not increase the selectivity,51
showed a significant improvement. In this case, opposite
enantiomers were also obtained.

Desymmetrization of prochiral aryldimethylphosphine bo-
ranes84or aryldimethylphosphine sulfides85have become
a very straightforward way to access P-chirogenic ligands

since the first efficient examples given by Evans et al.60 The
(-)-sparteine-alkyllithium system has been successfully used
to enantioselectively deprotonate these substrates. Dimeth-
ylphosphine oxide has previously been reported to proceed
with low enantioselectivity (∼12%) (Scheme 19).61

As chiral diphosphines are extremely powerful ligands and
due to the difficulties associated with the synthesis of
enantiomerically enriched phosphorus stereocenters,62 asym-
metric deprotonation has been used to address these issues.
The organolithium compound88could be dimerized through
oxidative coupling with the THF-soluble copper(II) pivalate
[Cu(OPiv)2]. The diphosphine was obtained with high
enantiomeric excess because the meso diastereoisomer was
also produced (Scheme 20). In the absence of double stereo-
differentiation for the oxidative coupling, the anticipated
products enantiomeric excess should be the square of the
one of the metalated precursor. In all cases, diphosphines
were isolated in an enantiomerically pure form after a single
recrystallization.

Imamoto extended the methodology for the synthesis of
chiral C2-symmetric bis(trialkylphosphine) linked with an
ethylene or a methylene bridge.63,64Phospholane derivatives
were also successfully employed with (-)-sparteine.65,66

Several ligands were tested in the asymmetric deprotona-
tion of 84 but with very limited efficiency.67,68 Ligands78

Scheme 17 Scheme 18

Scheme 19
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and 96 gave very different results despite their similar
structure. Bispidine ligands related to the configuration of
(+)-sparteine gave better ee depending on the nitrogen
substituent (Scheme 21).

2.2. Deprotonation of Aromatic Systems
All cases listed involve organometallic compounds where

the metal atom is borne by an sp3 carbon. As described in
the previous section, the configurational stability of this kind
of species is key to understanding the outcome of the
processes where they are involved. By contrast, an organo-
metallic borne by an sp2 carbon is configurationally stable,
such as in the aromatic series in which the processes involved
will be mainly asymmetric deprotonations. Arene-metal
compounds have been widely studied as substrates for
deprotonation as the aromatic protons are much more acidic
and easier to remove.

Although the asymmetric lithiation of ferrocene derivatives
has been studied for many years,69 the first enantioselective
ortholithiation was made by Snieckus in 1996.70 High levels
of enantioselectivities were achieved with then-butyl-
lithium-sparteine base system. This reaction is very impor-
tant because it leads to a very useful ligand with planar
chirality. Almost at the same time, Uemura et al. investigated
two other diamine ligands for the asymmetric ortholithiation
of some other ferrocene derivatives.71 In the case of substrate
98, (-)-sparteine afforded the product in only trace amounts,
while with diamine7, deprotonation occurred efficiently and

the organolithium intermediate was trapped with chlo-
rodiphenylphosphine to give the product in 49% yield and
62% ee. On the other hand, diamine71 led to the racemic
mixture. When the electrophile was DMF, the ee increased
up to 80% but the yield was reduced to 41% (Scheme 22).

Iwao et al. prepared enantiomerically enriched azafer-
rocene derivatives by asymmetric lithiation (Schemes 23 and
24).72 A preliminary study was made to compare the
selectivities obtained with (-)-sparteine, diamine7, and a
bis(oxazoline) derived fromS-valine. Substrate100 was
ortholithiated usings-BuLi associated with the chiral ligand.
(-)-Sparteine was much more efficient than the two other
ligands. Substrate102 underwent a lateral lithiation using
the same deprotonating system. In this instance, (-)-sparteine
was still more efficient than diamine7, but the best result
was obtained with the bis(oxazoline) ligand, which gave the
product with very high enantioselectivity.

(Arene)chromium complexes were also studied because
they represent the activated form of aromatic derivatives.
Uemura studied the ortholithiation of masked phenol and
aniline-chromium complexes (Scheme 25).73 Previous re-
sults showed that in the presence of diamine7 ortholithiation
of tricarbonylchromium complexes of phenyl methoxy-
methylether and phenyl methoxyethoxymethyl ether resulted
in low enantioselectivities, while the corresponding tricar-
bonyl(phenyl-N,N-diethylcarbamate)chromium produced
(lR,2S)-(2-formyphenyl carbamate)chromium complex in
43% ee. The coordination of the lithium on the carbonyl
oxygen of the carbamate was essential for asymmetric
ortholithiation. Complex104 was deprotonated withn-
butyllithium in the presence of several diamines and reacted
with an electrophile to give enantioenriched complex105.
The best selectivity was observed with diamine108 in
toluene; this was due to formation of a reactive dimer
intermediate. In ether, the competition between the solvent
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and the diamine to coordinate then-butyllithium led to a
less selective process.

Deprotonation of aniline chromium complex109 in the
presence of diamine108led to an ortholithiated intermediate,
which was reacted with several electrophiles to give the
enantioenriched product110. In that case, deprotonation with
tert-butyllithium was more selective (Scheme 26).

Benzylic lithiation of prochiral (arene)chromium com-
plexes of benzamides111and anilides113were also studied
by Uemura (Scheme 27).74 Ligands such as (-)-sparteine,
7, or 108 were not efficient at all for this transformation.
The best results were obtained with ligands115 and 116,
respectively. Axial and planar chirality were determined by
either X-ray analysis or comparison with the optical rotation
of an authentic sample. The conformation of the amide in
compound112 has the dimethylamino part oriented in an

anti-conformation to the tricarbonylchromium moiety, and
the amide carbonyl oxygen is in asyn-orientation. The
dihedral angle between the plane of the amide and the aryl
ring is approximately perpendicular. Concerning compound
114, the pivaloyl group is exo to the tricarbonylchromium
fragment, and the amide oxygen is trans to theN-methyl
group. Interestingly, with the same chiral base compounds
111 and113 were not lithiated on the same side leading to
opposite planar chirality. Although the conformation of the
substrate is crucial for the stereochemical outcome of the
lithiation, the precise mechanism is not clear. After oxidative
demetalation, benzamides and anilides were isolated with
very high enantiopurity. Although the conformational stabil-
ity depends on the bulkiness of the substituent, most of them
kept their enantiopurity after 24 h at room temperature.

Widdowson et al. reported several examples of asymmetric
lithiation of (arene)tricarbonylchromium complexes117, 118,
and 121 with (-)-sparteine, (-)-R-isosparteine, and7 as
ligands.75 The best result was obtained using118, with
(-)-sparteine as ligand and paraformaldehyde as electrophile.
When (-)-R-isosparteine and7 were used, products were
isolated with very low enantiopurity (Scheme 28).

2.3. Wittig Rearrangement
The 2,3-Wittig rearrangement is a very useful transforma-

tion that is initiated by deprotonation of an unsaturated ether.
The organolithium intermediate undergoes further rearrange-
ment due to the presence of a double bond, which can interact
via a five-membered ring cyclic transition state.

Allyl propargyl ethers are known to have nonclassical
behavior as both (E) and (Z) starting olefins led predomi-
nantly to the syn compound.76 Kang et al. reported the
reaction in the presence of (-)-sparteine and (-)-R-iso-
sparteine (Scheme 29).77 It was found that the best ratio of
substrate:diamine:s-BuLi was 1:6:2. While good diastereo-
selectivities were obtained, the enantioselectivity was always
moderate. In all cases, (-)-R-isosparteine was superior in
terms of enantioselectivity and 71% ee could be achieved
with substrate127. In that case, (-)-sparteine was a very
poor inductor but led, surprisingly, to the opposite diaste-
reoselectivity. In this reaction both diamines had two very
different behaviors. A short discussion of some mechanistic
aspects of the reaction was given by the authors to explain
these results. They attributed the stereochemical outcome
essentially to the hydrogen abstraction and conformation of
the allylic ether moiety.

Ligands130and131, which were derived from (R)-(+)-
R-methylbenzylamine and (S)-proline, respectively, were
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studied by Breeden et al. for the [2,3]-Wittig rearrangement
of benzyl prenyl ether128.78 Diamine131 did not give the
rearranged product, while130 led to 129 with 78% yield
but only moderate enantioselectivity (Scheme 30). Use of
n-BuLi in toluene was found to be the best conditions. Use
of THF as solvent or some additives such as HMPA,
TMEDA, or lithium chloride was detrimental in most cases.
s-BuLi as a base was slightly less efficient as well. Among
the other ligands tested, several bis(oxazolines) were much
more selective leading for the best result to129 in 66% ee.

2.4. Deprotonation of Epoxides
The opening of epoxides has been widely studied and can

occur through several pathways. The three possibilities are
the direct addition of an organometallic reagent andR or â
deprotonation. The mechanism of the reaction depends on
the structure of the substrate and the base used. After
deprotonation, epoxides derived from medium size cyclo-
alkenes undergo an intramolecular rearrangement. Cyclo-
heptene oxide was reported to rearrange predominantly to
cycloheptanone usingn-BuLi in Et2O-hexane. Deproto-
nation of epoxide132 in the presence of (-)-sparteine or
(-)-R-isosparteine gave ketone133with moderate yield but
good enantioselectivity. In this case, (-)-R-isosparteine was
the most selective diamine (Scheme 31).79

cis-Cyclooctene oxide134 is a substrate with a very
different behavior from132 since the product is bicyclic
alcohol135 (Scheme 32). This transformation results from
the particular shape of medium-sized cycloalkene oxide. It
favors an intramolecular hydrogen migration in the oxiranyl
anion intermediate leading after transannular cyclization to
the bicyclic alcohol135. The enantioselectivity obtained for
this alcohol was better with (-)-R-isosparteine than with

(-)-sparteine (Scheme 32).80 In contrast,cis-cyclodecene
oxide 136 gave better selectivity with (-)-sparteine. The
organolithium base has to be a secondary organolithium to
obtain a good level of enantioselectivity. When the amount
of ligand was reduced to 20%, the selectivities obtained were
in the same order. With a 1% level of ligand, although the
decrease of the enantiomeric excess was significant, (-)-R-
isosparteine was still efficient.81,82

Bispidine derivatives61-64with various steric hindrance
were evaluated by O’Brien et al.44,83 In this series, the best
ee was obtained with the less hindered diamines61 and62
which gave comparable selectivities to that obtained with
(-)-sparteine. With bulkier nitrogen substituents such as in
63and64, a strong decrease of the selectivities was observed.
These results contrast with those obtained with (-)-R-iso-
sparteine, which gave better selectivities than (-)-sparteine
although it is a more hindered ligand.

In order to obtain functionalized bicyclic alcohol, the
desymmetrization reaction was examined oncis-cyclooctene
oxide derivatives possessing a protected hydroxyl substituent
on the ring.84 Epoxides138, 140, and142are still meso and
gave access to interesting polyhydroxylated bicyclic com-
pounds (Scheme 33). The same reaction conditions set up
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for the cis-cyclooctene oxide were applied, and (-)-R-
isosparteine was clearly more efficient than (-)-sparteine.
This strategy was employed for the first total synthesis of
(-)-Xialenon A.85 The epoxide142 showed a different
reactivity as the bicyclic product143 was obtained along
with the allylic alcohol144, which was normally obtained
for smaller cyclic epoxide such as cyclohexene oxide. The
shape of the cyclooctene ring was sufficiently affected by
the presence of the substituent in this position to undergo a
different type of rearrangement. In addition, when TMEDA
was used as ligand instead of (-)-sparteine or (-)-R-
isosparteine, the only product formed was allylic alcohol144.

Some other substrates were tried, such as145 when the
protected alcohols areâ to the epoxide or146and147with
a ketal function in the ring (Scheme 34).86 None of the three
substrates led to the product; only decomposition occurred.
On the other hand, azacyclic epoxide148 reacted well to
give 149 as the major product with 89% and 79% enantio-
selectivity with (-)-sparteine and (-)-R-isosparteine, re-
spectively. On the other hand, when a catalytic amount of
diamine was used, 10 mol % with respect toi-PrLi, good
levels of induction were obtained and there was only a slight

decrease of selectivity. Furthermore, it was observed with
this substrate that a partial amount of the organolithium base
was incorporated in the product to give compound150 as
the minor product.

As we can see, the chemistry performed on medium-sized
cycloalkene oxide does not consider the oxiranyl anion itself
as it rearranges very rapidly. Nevertheless, Hodgson et al.
were able to set up experimental conditions which ensured
its use without losing the epoxide function (Scheme 35).87,88

After deprotonation at cold temperature, the lithiated species
underwent rearrangement as the temperature increased to
room temperature overnight. On the other hand, the oxiranyl
anion was trapped when an electrophile was added at-90
°C shortly after deprotonation. Substrates derived from
cyclooctene oxide134 were used successfully with a wide
range of electrophiles, leading to the corresponding trisub-
stituted enantioenriched epoxide in good isolated yield. While
simple cyclopentene oxide151 gave good results, a few of
its derivatives did not work successfully.

3. Configurational Stability of Organolithium
Compounds

Deprotonation reactions can lead to chiral lithiated species,
and it is necessary to know about their configurational
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stability. Several types of organolithium species are known
to racemize, even at low temperature, such as allyl,89

benzyl,90 R-seleno,91,92 andR-thio.93 Nevertheless, there are
examples of their use in asymmetric synthesis in combination
with (-)-sparteine as shown by the pioneering example of
Noyori with R-methylbenzyllithium.94

It is clear that complexation of an organolithium species
by a diamine can influence its configurational stability and
behavior in an asymmetric process. Hoffmann used a test
he developed95 to study the case ofR-phenylselenoalkyl-
lithium complexed by tertiary diamines (Scheme 36).96

Equilibria 2 and 3 show the competition for complexation
of the organolithium betweenN,N,N′,N′-tetramethyl-trans-
1,2-cyclohexanediamine7 and the solvent (Et2O). Equilibria
1 and 4 show the possibility of inversion of the configuration
of the organolithium. When the complex RLi/diamine reacts
with benzaldehyde, two sets of diastereoisomers157and158
can be obtained.

The reaction between the free organolithium and benzal-
dehyde gave a selectivity for157/158 of 55/45, whereas in
the presence of7 the ratio was 78/28. In the case of a
shortage of diamine, the selectivity stayed the same as at
the beginning of the reaction. However, as the amount of
benzaldehyde was increased, the ratio became closer to that
characteristic of the noncomplexed organolithium155. This
result showed that complex RLi/7 reacts faster than the free
organolithium and that equilibrium 5 exists (Scheme 37).

To determine if the complex is configurationally stable,
Hoffmann’s test was used. It is based on the observation of
the stereochemical outcome of the reaction withR-amino-
aldehyde159. In the present case, the complexed organo-
lithium 156was reacted either with an excess of electrophile
or with 10% (Scheme 38). The differences between the two
ratios showed the kinetic resolution existing between the two
complexes, one reacting 1.5 times faster than the other.
Furthermore, the ratio obtained (160/161) with an excess of
aldehyde was close to that obtained by77Se NMR for156
(ratio of 70/30). We can therefore conclude that the addition
reaction was faster than the isomerization. A competition
experiment showed that benzaldehyde reacts 2.2 times faster
than159; the conclusion was then also true for benzaldehyde.
The situation cannot be described by the Curtin-Hammett
principle but represents a case of dynamic thermodynamic
resolution.

The measure of enantiomeric excess of157and158shows
that both diastereoisomers are formed with similar selectiv-
ity, respectively, 40% and 44%. Both complexes react with
approximately equal selectivity as long as the addition reac-
tion is faster than the equilibrium regardless of the electro-
phile. This was also verified in the case of fluorodimethoxy-
borane and isopropylisocyanate.

Few other organolithium-diamine complexes were stud-
ied.97 We collected in Scheme 39 the diastereoisomeric ratios
measured by77Se NMR ofR-phenylselanylalkyllithium155
or 162complexed by severalC2-symmetric tertiary diamines.
Indeed, diamine167 led to a very good diastereoselectivity
of complexation (9/1). Addition of155complexed by 2 equiv
of diamine 167 to benzaldehyde resulted in a ratio of
diastereoisomers of 68/32 in 74% and 86% enantiomeric
excess, respectively. On the other hand, in a shortage of
ligand (0.5 equiv of ligand and 0.15 equiv of benzaldehyde),
a ratio of 62/38 was obtained in 44% and 46% enantiomeric
excess, respectively. The difference in these diastereoisomeric
ratios proves that free and complexed organolithium species
155and156 react with similar rates. It means that diamine
167 does not increase the rate of addition.

According to the77Se NMR experiment, diamine165
afforded two complexes in a 3/1 ratio, close that obtained
with diamine7. On the other hand, with 1.4 equiv of diamine,
the diastereoselectivity of the addition on benzaldehyde was
56/44 and enantiomeric excesses were low (16% and-12%).
Indeed, the adduct came from the reaction of the free
organolithium. In this case, the diamine slows down the rate
of the reaction. Because of the low concentration of the free
organolithium due to the complexation equilibrium, addition
on the benzaldehyde was also decreased. It follows that
isomerization became faster than addition and the Curtin-
Hammett principle applies. These examples showed that

Scheme 36a

a Reproduced from ref 96a by permission of the Royal Society of Chemistry.

Scheme 37a

a Reproduced from ref 96a by permission of the Royal Society of Chemistry.

Scheme 38a

a Reproduced from ref 96a by permission of the Royal Society of
Chemistry.
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diamines with very similar structures can have a very
different influence on the organolithium species with which
they are complexed. Scheme 39 sums up the results obtained
with diamines7, 165, and167 and gives a comparison of
their behavior as a ligand in the reaction of organolithium
155 with benzaldehyde.

Toru et al. used the configurationally unstable behavior
of R-thiobenzyllithium170to perform a dynamic resolution
by association with diamines and bisoxazolines.98 In the case
of this kind of organolithium compounds, it was found that
(-)-sparteine and7 gave very low selectivity. However,
bisoxazoline172 showed excellent chiral induction. It was
confirmed by Hoffmann’s test in the same study that170
was not configurationally stable. Some otherR-lithio aryl
benzyl sulfides were studied, but lower selectivities were
obtained. The reason suggested was that bulkier substituents
on sulfur increase the configurational stability of170. A
strong influence of the aryl substituent was observed as when
it was 2-pyridyl; the reaction proceeded through a dynamic
thermodynamic resolution with inversion of configuration
of the carbanionic center.

4. Oxidation Reactions

4.1. Olefin Dihydroxylation
Since the discovery of the acceleration of the rate of alkene

dihydroxylation with osmium tetroxide in the presence of
nitrogen ligand,99 many catalytic or stoichiometric asym-
metric systems have been developed. Intensive work has been
carried out to improve the reactivity of the oxidative complex
and the selectivity of the diols obtained.100 Tertiary diamines
have been used for their binding properties with metal and
for the stability of the intermediate complex. Although very
high selectivities have been achieved with bidentate diamines,
the osmium glycolate diamine complex formed during the
reaction is too stable and prevents any possibility of in situ
recycling the osmium and the ligand. Nevertheless, numerous
diamines have been tested with various structures, and they
will be presented in this section.

In 1986, Yamada was the first to use tertiary diamines in
this reaction.101 All of the ligands were prepared from readily
availableL-tartaric acid. The nitrogen substituent and nature
of the acetal both had a strong influence on the enantiose-
lectivity. The best result was obtained when the nitrogen
bears a piperidino group (Scheme 41). The variation on the
acetal showed that the most bulky substituent led to high
enantiomeric excess in the case oftrans-stilbene. When the
reaction was carried out at-100 °C, up to 90% ee was
obtained with diamine178. The selectivity was poorer with

other substrates. Indeed, it seems that the olefin needs to be
substituted with an aromatic group to undergo selective
oxidation. Several silylketene acetals were tested leading to
very usefulR-hydroxyesters, and enantiomeric excesses up
to 66% were achieved. These are the only examples of
R-ester hydroxylation; all other diamines were used with
classical olefins.

Snider used (S,S)-N,N,N′,N′-tetramethyl-trans-1,2-cyclo-
hexanediamineent-7, and interesting differences compared
to Yamada’s experimental conditions can be noticed (Scheme
42).102 All reactions were run in dichloromethane using 1.1
equiv of osmium tetroxide andent-7 at room temperature.
The reactivity was much lower than in Yamada’s system
with the reaction taking several hours at room temperature.
The best selectivity was obtained with 1-heptene, leading to
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the diol in 86% ee, but when the temperature was lowered
to -35 °C, a decrease in selectivity was observed. While
dimethylfumarate reacts well despite a moderate enantiose-
lectivity, chalcone was totally inert to the oxidative condi-
tions.

In 1987, Tomioka et al. described diamines179 which
consist of twotrans-3,4-diphenylpyrrolidine units linked by
a spacer.103 In this case, reactions were run in THF as solvent
with 1.1 equiv of OsO4 and 1.2 equiv of diamine at-78 °C
(Scheme 43). The results obtained showed that the ethylene
spacer was more efficient than the trimethylene, 1,2-
phenylene, or 2,2′-biphenylene. When the pyrrolidine moiety
was substituted in the 2,2′,5,5′ position, such as for180, no
oxidation product was formed. A very surprising result was
obtained with diamine179bas the product of the oxidation
of trans-stilbene was obtained with good enantioselectivity
but with the opposite absolute configuration of that obtained
with 179a. This inversion of facial selectivity was also
observed with styrene, while the other substrate gave low
selectivity but the same enantiomer as179a. These very
particular results were related to the mechanism of the
oxidation process and will be discussed later.

Diamine179awas selected to carry on the study in the
same reaction conditions but at lower temperature (Scheme
44). Diols obtained from styrene andtrans-di- and trisub-
stituted olefins were isolated in high enantiomeric excesses.
On the other hand, few other substrates, among whichcis
andgemdisubstituted olefins, did not give good selectivities.

The face selected by the OsO4-diamine complex is shown
in Scheme 45. Solvent effects were studied withtrans-

stilbene at-78 °C. Significant variations of reactivity and
selectivity were observed when the solvent was changed from
THF to diethyl ether, toluene, dichloromethane, or dimethoxy
ether.

Two mechanisms were proposed for the dihydroxylation
of alkene with osmium tetroxide (Scheme 46). The first,
initially suggested by Bo¨eseken and supported by Corey, is
a direct [3+ 2] cycloaddition between the alkene double
bond and the osmium tetroxide with a concerted five-
membered cyclic transition state181.104,105 The second,
supported by Sharpless et al., involves a fast, reversible [2
+ 2] cycloaddition of the alkene and the Os-O double bond
leading to a metallocyclic intermediate182.106 It subsequently
undergoes a rate-determining rearrangement to form the
osmate ester183.

On the basis of their experimental data, Tomioka et al.
proposed a stepwise mechanism involving intermediate182.
The osmate ester (VI) diamine complex obtained during the
oxidation reaction was isolated and characterized. The
structure determined by X-ray crystallography was184.103b,e

The two transition states of the [3+ 2] cycloaddition were
185 and 186. However, the prediction obtained with this
model led to the wrong enantiomer as186would have been
the favored transition state.

Considering the mechanism involving the [2+ 2] cyclo-
addition, they were able to explain the stereochemical
outcome of the reaction (Scheme 48. The case of diamine
179a, formation of187 which was favored over the three
other metallocycles, can explain the formation of the
enantiomer obtained (the disfavored interactions are indicated
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with the cross). On the contrary, when diamine179b was
used, the steric interactions increase in187 (double arrow)
and the reaction may occur to some extent through190.
Nevertheless, these mechanistic considerations were seriously
criticized by Corey and Houk. Calculations showed that the
qualitative prediction discussed in Scheme 47 was wrong
and that transition structure185 was more stable than186
by 1.5 kcal/mol.107 Contrary to what was thought, the result
of the calculations pointed out that the steric interactions in
the transition structure are quite different from those in the
osmate product. At the time of the study the mechanism of
the reaction was still unclear and the [2+ 2] and [3+ 2]
pathways were under debate. However, it is now recognized
that the reaction goes via the [3+ 2] pathway.108

Robinson et al. reported the use of hindered diamines191
and106which are nitrogen analogues of Me-DuPHOS and
Me-BPE (Scheme 49).109 In their study, diamines192a-c
were also evaluated. They found that all these ligands led to
the diol with low yield and selectivity.1H NMR studies
showed that diamine106 is not able to displace pyridine in
the bis(pyridine) osmium glycolate complex obtained with
trans-stilbene. Molecular modeling of the osmate ester of

106 indicated that the methyl group impedes the access to
the axial oxygen atoms but allowed free access to the
equatorial oxygens. On the basis of the mechanism proposed
by Corey in which one axial and one equatorial oxygen are
involved in formation of a five-membered transition state
with the alkene, it was assumed that the lack of accessibility
might be responsible for the lack of reactivity.

In 1989, Hirama introduced theN,N′-dialkyl-2,2′-bipyr-
rolidine 193 as a very efficient ligand for asymmetric
dihydroxylation (Scheme 50).110 Several derivatives were
studied, and solvent effects were also evaluated. The reac-
tions were run with 1.1 equiv of osmium tetroxide and 1.2
equiv of diamine at-78 °C. While the reaction in dichlo-
romethane with193a-c led to the (R,R)-diol, the opposite
selectivity was observed in toluene with193d-f. Further-
more, (S,S) selectivity increased in toluene as the length of
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the alkyl group increased. Diamine193f, which had a
neohexyl substituent on the nitrogen, gave the best result
with complete control of selectivity. The solvent effects were
not explained, but weak complexes between OsO4 and
aromatic compounds are well known and might be taken into
account for the mechanistic discussion. The other substrates
were dihydroxylated in the presence of diamine193f, and
very high enantiomeric excesses were obtained in most cases.
Olefins conjugated with a phenyl group gave a better result
in toluene, while nonaromatic olefins did so in nonaromatic
solvent.

The osmium(VI) glycolate ester-diamine complex194
was prepared from OsO4, diamine 193f, and stilbene in
toluene. The complex is octahedral and free of toluene. Both
phenyl groups are facing the bulky neohexyl substituent as
is the case with Tomioka’s diamine (Scheme 51).

The asymmetric dihydroxylation of chiral substrates such
as195using193f increased the diastereoselectivity in favor
of either the syn or the anti product (Scheme 52). Diamine
ent-193f favored hydroxylation on the less hindered side of
the olefin and formed a matched pair with195. Very high
diastereoselectivities were obtained in this case. Although
diamine193f formed the mismatched pair, selectivities were
still very good. This reagent control of diastereomers was
used for the synthesis of the LM ring moiety of ciguatoxin.

Hirama et al. reported in 1992 the use of a chiral derivative
of DABCO (Scheme 54).111 As bidentate diamines are
usually used in a stoichiometric amount and at cold tem-

perature, the monodentateC2-symmetric tertiary diamines
201have a behavior closer to that of the cinchona alkaloids
used by Sharpless. The osmium tetroxide was used in
catalytic amounts and recycled with potassium hexacyano-
ferrate(III) [K3Fe(CN)6] as the stoichiometric cooxidant.
Diamine 201c was the best of the three ligands tested.
Although the selectivities were low, the need for only a
catalytic amount of OsO4 and diamine make this system very
advantageous.

In 1992, Fuji et al. reported the use of bis-piperazine in
order to improve the results obtained previously with
monocyclic piperazine derivatives.112 The reactions were
carried out in toluene at-78 °C with 1.1 equiv of osmium
tetroxide and 1.2 equiv of diamine. Scheme 55 summarizes
the results obtained for oxidation oftrans-stilbene. Decreas-
ing the temperature to-100 °C did not improve the ee.
While several diamines gave ee better than 90%, the best
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ligand was202d in which the nitrogens are substituted with
isopropyl groups. As shown in Scheme 55, the selectivities
were significantly influenced by the R substituent. When this
substituent was a hydrogen atom or a carbonyl group, the
diols were obtained without any selectivity. As usual, a strong
solvent effect was observed, no reaction occurred in THF,
and lower results were obtained in CH2Cl2. When the spacer
between the two piperazine rings was three or four methylene
units, the reaction was completely suppressed. The five-
membered coordination in the osmate ester complex was an
essential factor for the reaction. Other olefins were oxidized
with 202d in toluene at-78 °C. High levels of selectivity
were obtained withtrans-disubstituted olefins as well as
mono- and disubstituted terminal olefins, especially those
bearing aromatic substituents. On the contrary,cis-olefins
proved to be less good substrates.

C2-symmetric bis(aziridines)203 were developed by
Tanner et al. in 1994.113 This study was based on the known
hyperconjugative stabilization in 2,3-disubstituted aziridines
which also occurred for diamines203.114 The orbital interac-
tions between the phenyl moiety and the bent bonds of the
three-membered ring are maximized when the planes of the
aryl group are arranged nearly perpendicular to the plane of
the heterocyclic ring. Another effect which can be taken into
account is the possible hyperconjugative interaction between
the nitrogen lone pair and theπ system of the aromatic ring.
The lower inversion barrier for203acompared to203c(60
and 84 kJ‚mol-1, respectively) can be explained by these
interactions as they tend to flatten the nitrogen and bring it
closer to the planar situation it has in the transition state of
the inversion.

The reactions were carried out ontrans-stilbene in toluene
at -78 °C (Scheme 56). The most hindered diamine203a
was the most efficient. As a general trend, the further the
phenyl ring was, the lower the selectivity.

Haubenstock et al. studied the efficiency of atropoisomeric
diamine ligand204115 which was initially introduced by Suda
et al. for asymmetric polymerization.116 Dihydroxylation of
trans-stilbene was carried out in THF at-80 °C, and the
corresponding diol was obtained in 96% ee. When the
reaction was carried out at room temperature, the diol was
obtained in 76% ee. The authors added that (R)- or (S)-2,2′-
bis(dimethylamino)-6,6′-dimethylbiphenyl is an ineffective
catalyst for the dihydroxylation of stilbene and 1-heptene.

On the basis of these results, Salvadori studied atropo-
isomeric diamine205 which was previously developed by
Cram and Mazaleyrat.117,118The reactions were carried out
in THF at-78 °C with a molar ratio of olefin/OsO4/(S)-205
) 1/1/1. The same characteristics of the asymmetric dihy-
droxylation, previously noticed with the other diamines, were
observed. There was a strong temperature effect on the ee,
andtrans-disubstituted and terminal conjugated olefins were
the most suitable substrates. In the specific case oftrans-
stilbene, up to 98% ee was achieved. Only moderate ee’s
were obtained with nonconjugated and cis olefins. Another

interesting point is that nonlinear effects were absent in this
reaction.

The model206was suggested to explain the stereochem-
ical outcome of the reaction. Due to the steric hindrance
caused by the CH2 groups around O1 and O3 it is only
possible for the olefin to coordinate to O2 and O4. The
proposed pathway for the oxidation is the [3+ 2] mechanism
described by Corey. The aromatic substituent is placed near
the binaphthyl moiety, exposing the reactive site to thesi
face of the olefin. Aπ-π interaction between the two
aromatic moieties stabilizes this transition state (Scheme 57).
The other approach would have been to place the aromatic
substituent near the dimethylamino group and induce a
significant steric repulsion. For the substrates without
conjugated aromatic substituents, there is no stabilizingπ-π
interaction to favor thesi approach of the olefin. The other
possible pathway, namely, addition on there face, becomes
nearer in energy and lower ee’s were obtained for these
substrates. In the case of indene, it was shown that steric
repulsion between the CH2 group of indene and one naphthyl
ring prevents a fullπ-π interaction.

In 2001, as an alternative to the osmium-based oxidation,
Que et al. reported the first iron-catalyzed asymmetric
dihydroxylation.119 Despite the fact that the reaction led to
a mixture of diol and epoxide, they set up conditions to
perform the reaction and produce dihydroxylated product in
ee’s up to 88%. The best ligand was found to be207. It can
be noted that this ligand was also used in other oxidation
processes.120

Dihydroquinine DHQ and dihydroquinuclidine DHQD
have become very famous ligands for asymmetric olefin
dihydroxylation. The dimer derivatives developed by Sharp-
less et al.,121aabbreviated (DHQ)2-PHAL 208and (DHQD)2-
PHAL 209 and used in AD-mix-R and AD-mix-â, respec-
tively, are the most efficient. Since the discovery of the
effectiveness of these ligands, the design of others to improve
upon the moderate selectivity obtained in reactions involving
terminal and cis olefin has become an interesting challenge.
The Sharpless ligands208-219 outlined in Scheme 59 are
the most efficientC2-symmetric ligands. The three classes
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of ligands PHAL, PYR, and IND are complementary, and
with suitable choice of ligand, almost any olefin can be
dihydroxylated efficiently.100 More recently, the AQN class
of ligand turned out to be even more efficient than PHAL
and PYR, while IND is still needed in the specific case of
cis olefin.121c Ligands220-225were studied by Lohray for
mechanistic considerations.122 Sharpless’ asymmetric dihy-
droxylation has already been discussed in a more detailed
review.100 Nevertheless, in order to give some comparison
with the results obtained with diamines, some examples are
shown in Scheme 60.

4.2. Olefin Aminohydroxylation
Sharpless and co-workers first reported the aminohydroxy-

lation of olefin in 1975, but the one-step catalytic enantio-
selective method appeared in 1996.123 Several methods which
differed only in the nature of the nitrogen source have been
developed. The first source used was the chloramine salt of
tosylsulfonamide, but it was not of general efficiency. The
other procedures developed using alternative sources of
nitrogen have extended the efficiency of the reaction to a
large number of olefins.124 The regioselectivity is highly

dependent on the reaction conditions and substrates. Reversal
of regioselectivity can be observed by changing the ligand,
solvent system, substituents on the substrate, and N-protect-
ing group introduced.124 For cyclic allylic carbamates, the
nitrogen is delivered intramolecularly and ensures the regio-
selectivity of the aminohydroxylation.125

4.3. Oxidative Coupling
Homochiral 1,1′-binaphthalene derivatives have become

very common chiral inducers in a broad area of asymmetric
synthesis.126 Their preparation in an enantiopure manner has
also become extensively studied, and many different kinds
of methods have been reported.126 Among these, the enan-
tioselective oxidative coupling of 2-naphthol derivatives,
which was first attempted by Wynberg et al.,127 has recently
received more attention in a catalytic version. The first
enantioselective oxidative coupling using a chiral copper-
amine complex as catalyst was introduced by Nakajima et
al. in 1995.128 The ligands used were diamines derived from
L-proline because of their availability and sterically rigid
conformation in chelation. Tertiary diamines40and13were
tested along with primary-secondary diamine3 and second-
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ary-tertiary diamines229-235. On the basis of that study,
Kozlowski et al. reported in 2001 the use of 1,5-diaza-cis-
decalin derivatives containing bis-tertiary, bis-secondary, or
secondary-tertiary nitrogen atoms (Scheme 61).129 In both
works, the conditions of the reaction were set up by studying
solvent and salt effects. The reactions were best carried out
with copper(I) salt in refluxing dichloromethane, dichloro-
ethane, or acetonitrile under oxygen atmosphere. Almost all
the copper(I) sources provided the product with the same
level of enantioselectivity, but the counterion effects were
relevant to turnover. The copper(II) sources led in some case
to good yield but always with lower selectivities except for
Cu(BF4)2.

Among bis-tertiary diamines, sparteine led to (S)-227with
47% of enantiomeric excess, which is the best result for this
type of diamine. Alexakis et al. used diamine228 derived
from (1R,2R)-trans-cyclohexanediamine, which gave the
coupling product in 43% ee in favor of theR enantiomer.130

Among proline-based ligands developed by Nakajima, the
best ligands were those which bear a lateral tertiary nitrogen
atom and a nonsubstituted cyclic nitrogen. Particularly,
diamine233 led to the best selectivity leading to (S)-227 in
70% ee. The presence of a secondary nitrogen was also found
to be crucial for Kozlowski’s ligand. Nevertheless, in this
case, the bis-secondary diamine (S,S)-53 was far better
leading to (R)-227 in 91% ee.

For the oxidation of 2-naphthol, overoxidation occurred
under an oxygen atmosphere and the reaction had to be done
under air, which reduced formation of byproduct. Diamines
(S)-233 and (S,S)-53 gave (S)-239 in 17% and 16% ee,
respectively. In contrast to substrate226, which was oxidized
to (R)-227 with (S,S)-53, 2-naphthol238 led to (S)-Binol
239 (Scheme 62).

A number of other substrates were investigated by Koz-
lowski, and the influence of the C3 substituent was particu-
larly examined. As the best ligand for the reaction was53
in the preliminary study, all of the following investigations
were carried out using it. Interestingly, when the C3 sub-

stituent was P(O)Ph2, 96% ee was obtained for the dimerized
product.131 This reaction was applied for the synthesis of
perylenequinones and Nigerone, which are natural products
containing axial chirality.132

From a mechanistic point of view, the reaction proceeded
through a radical coupling of a tetrahedral copper(I) inter-
mediate. The product was tested by treating racemic239
under normal reaction conditions. No deracemization of239
was observed, excluding the possibility of a second-order
asymmetric transformation. Furthermore, the Hammett analy-
sis and stereochemical models supported the mechanism,
which implies an enantioselective coupling through the
radical intermediate.131

4.4. Sulfide Oxidation
The synthesis of chiral sulfoxide compounds via a direct

asymmetric oxidation of sulfide was initially studied by
Kagan with a modified Sharpless reagent.133 Zhu et al. used
vanadium complexes and tested theC2-symmetric tertiary
diamines243 along with salan ligand242 and salen ligand
244.134 The selectivities obtained with242 were excellent,
but when the nitrogens were methylated, the ee decreased
to 21% and 37% in CHCl3 and CH2Cl2, respectively (Scheme
63).

4.5. Baeyer −Villiger Oxidation
Several oxidative systems were developed for the asym-

metric Baeyer-Villiger oxidation of ketones.135Nevertheless,
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C2-symmetric diamine ligands were only used by Lopp et
al. (Scheme 64).136 They tested several derivatives of tartaric
acid in catalytic amount with two different reaction condi-
tions consisting of a Lewis acid (Ti(OiPr)4 or Cu(OTf)2),
the ligand, and an oxidant (t-BuOOH or O2). The results
obtained were low, in terms of both yields and enantiose-
lectivities (up to 37% ee), for all the ligands regardless to
the oxidative system used.

4.6. Oxidation with Biomimetic Copper
Complexes

The dinuclear and trinuclear copper(II) complexes
[Cu2(249)]4+ and [Cu3(249)]6+ derived from both (R)- and
(S)-249 were evaluated in the biomimetic oxidation of
catechol derivativesL- andD-Dopa and their methyl esters
(Scheme 65).137 The unstableo-quinone products were
trapped by formation of adducts with 3-methyl-2-benzothia-
zolinone hydrazone (MBTH). The kinetics parameters of the
oxidation were recorded. The enantioselectivity in catalytic
reactions can be described by the ratioR ) [(kcat/KM)L -
(kcat/KM)D]/[(kcat/KM)L + (kcat/KM)D]. This corresponds to a
selectivity for the oxidation ofL/D-Dopa andL/D-DopaOMe
by [Cu2(R-249)]4+ of 35% and 31%, respectively. The
complex [Cu3(R-249)]6+ was not selective forL/D-Dopa but
showed 24% of selectivity for bothL/D-DopaOMe. In oxi-
dations using (R)-249, the preferred substrate had theL con-
figuration. A dramatic increase of selectivities was observed
with (S)-249. Complex [Cu2(S-249)]4+ led to 74% ee for the
oxidation of L/D-DopaOMe, which is the highest reported
so far for catalytic oxidation of Dopa derivatives by bio-
mimetic Cu complexes. The selectivity dropped to 20% for
L/D-Dopa. Complex [Cu3(S-249)]6+ was even less selective.

5. Reduction Reactions

5.1. Hydrogen Transfer

The most common reductive process which uses tertiary
diamines is the asymmetric hydrogen transfer. Many ligands

have been used in this reaction,138 but it was only in 1993
that Lemaire et al. introducedC2-symmetric diamines as
ligands for asymmetric hydrogen transfer catalyzed by
rhodium complexes.139 Indeed, nitrogen ligands present many
advantages over their phosphorus analogues (accessibility,
ease of recovery, stability to oxidation, etc.). Among the
diamines tested,252gave the best yield of reductive product
in 67% ee. The tertiary diamine108afforded the product in
good yield but very low enantiomeric excess (Scheme 66).140

Cationic complexes of rhodium were used by Pertici141

and Shainyan.142 In the case of 2,2′-bis(dimethylamino)-1,1′-
binaphthyl71, used by Pertici et al., the cationic complex
could not be synthesized; it was necessary to have the
corresponding secondary or primary amines, namely, 2,2′-
diamino-1,1′-binaphthyl- and 2,2′-bis(methylamino)-1,1′-
binaphthyl diamine. In these ligands, the NH2 and NHMe
fragments are coplanar with the aromatic ring and the
naphthalene planes form a dihedral angle of about 90°. On
the other hand, concerning71, the dihedral angle is 75° and
the NMe2 fragments are not coplanar with the naphthalene
planes but twisted by about 30° due to steric repulsion
between one of the methyl substituents with the other
naphthalene ring. The nitrogen lone pair is only partially
conjugated with the aromatic ring, and the compromise
between these steric and electronic factors gives rise to a
stable conformation which makes the diamine71 a rigid
molecule.

The complex Rh(ent-1742)2
+CF3SO3

- was used by Shain-
yan et al. It was formed in situ by mixing diamineent-174
and [(1,5-COD)2Rh]+CF3SO3

-. This complex was able to
catalyze the reduction, but the yields were quite low. Use of
two extra equivalents of diamine led to a much better result
(Scheme 66).

Ruthenium-catalyzed hydrogen transfer was investigated
by Knochel143 and Van Leeuwen144 with diamines253-255
and256-257, respectively (Scheme 67). For these ligands,
the reaction studied was the asymmetric reduction of
benzophenone250 in the presence of 0.5 mol % of a
ruthenium complex and 2 or 1 mol % of ligand. Both
ferrocenyl diamines253 and 254 gave an only very
moderately active system. By contrast, the correspondingC2-
symmetric secondary diamine255was much more efficient
in terms of both reactivity and selectivity. The same trend
was observed with256and257. It was suggested by Noyori
that a NH moiety in the ligand may promote a cyclic
transition state through hydrogen bonding to the ketone
substrate.138b It has to be noted thatN-benzyl-1R,2S-norephe-
drine, which is a bidentate ligand, was the best catalyst found
for this transformation, and selectivities up to 97% were
obtained.

Mashima reported the use of multidentate ligand258 for
the samarium-catalyzed asymmetric reduction of aryl ketone

Scheme 64

Scheme 65

Scheme 66

160 Chemical Reviews, 2008, Vol. 108, No. 1 Kizirian



(Scheme 68).145 The dinuclear samarium-diamine complex
[(258)2Sm2]2 was formed in situ upon mixing 2 equiv of SmI-
(η8-cyclooctatetraene)(thf) with 1 equiv of diamine. While
in most cases the reduction products were obtained in high
ee’s, up to 99% for several substrates, cyclic ketones led to
the alcohols in low yields and moderate selectivities.

5.2. Hydrosilylation
The asymmetric hydrosilylation of aryl ketones with

diphenylsilane catalyzed by rhodium complexes in the
presence of diferrocenyl dichalcogenides259-261 was
developed by Uemura et al. in 1994 (Scheme 69).146 They
showed that good yields and ee’s up to 88% were achieved.
Bulky ortho substituents tend to decrease the yield, and
electron-donating substituents such asp-Me orp-OMe inhibit
it. Reasonably high ee values were obtained in many cases.
The exact mechanism of the reaction is not certain. The
authors postulated that ligand exchange occurs in the first
step between the cyclooctadiene and the diamine followed
by oxidative addition of diphenylsilane on Rh and subsequent
coordination of the carbonyl oxygen to Rh.

SeveralC2-symmetric tertiary diamines were used in the
zinc-catalyzed hydrosilylation of ketones with polymethyl-
hydrosiloxane (PMHS) (Scheme 70). ZnEt2 alone has no
catalytic activity, but activation by the diamine transforms
the linear C-Zn-C arrangement into a monomeric tetra-
hedral ZnEt2(diamine) complex which is an active catalyst
for the reduction. Mimoun et al. studied several types of
diamines and found that the best ligand was the secondary
diamine (S,S)-N,N′-dibenzyl-1,2-diphenyl-1,2-ethanediamine.
A mechanistic study made by the authors suggested several
possibilities for the mechanism. Among the tertiary diamines
used by Mimoun,78, 266, and (-)-sparteine13 were much
less efficient.147 Diamine 263 and 265 were used by
Carpentier along with few other secondary diamines.148

Enantiomer excesses up to 91% were achieved with ligand
264, while 265 did not give any selectivity.

5.3. Hydrogenation
Although many ligands have been developed in the

asymmetric hydrogenation, only few tertiary diamine ligands
have been used. Yamagishi et al. described phosphinedi-
amines267 and268 which can chelate the metal with the
PN unit; the other free amine serves in a secondary
interaction with the substrate.149 Rhodium-PN2 complexes
were formed from diamine267 and the neutral rhodium
complex [RhCl(nbd)]2 (nbd) bicyclo[2.2.1]hepta-2,5-diene),
and the structures were examined in solution by CD and
NMR spectroscopy. Two diastereoisomeric complexes were
formed in a 97:3 ratio, indicating that selective ligation of
the amino group occurs. With diamine268 this ratio was
only 75:25. In such complexes the former central phosphorus
atom becomes a stereogenic center. NOE experiments
showed that complex267A was the major form (Scheme
71).

The results obtained from268for hydrogenation of acrylic
acid derivatives were good, and ee’s up to 92% were
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achieved. In the case of esters, the reaction was much slower
and the enantioselectivities were low. This difference may
be due to the electrostatic interaction between the free amine
and the carboxylic acid, which formed an ammonium salt
and incorporated the substrate into the complex (Scheme 72).
On the contrary, phosphinodiamine267did not catalyze the
reaction.

In 1999, Knochel et al. reported the use ofC2-symmetric
diamino FERRIPHOS for the rhodium-catalyzed enantio-
selective reduction of methyl-R-acetamidoacrylates (Scheme
73).150 The reaction proceeded under very mild conditions
(1 bar of H2 and room temperature) in the presence of 1%
of catalyst prepared in situ. High ee’s were constantly
obtained with various substituted substrates and ligands. The

amount of ligand was lowered for one experiment to 0.2 mol
%, and the product obtained was isolated with the same
enantiomeric purity. The reaction was not affected by the
substrate concentration either. Hydrogenation attempted on
(Z)-R-acetamidocinnamic acid gave the product in 73% ee,
while 89% ee was obtained by addition of 2% of CF3COOH.

Shainyan reported the use of diamine174 for the asym-
metric hydrogenation of itaconic acid andR-acetamidocin-
namic acid, which gave (S)-(-)-methylsuccinic acid and (R)-
(-)-N-acetylphenylalanine in only 25% and 2% ee, re-
spectively.151 Reactions were conducted in a 2:1 solvent
mixture of methanol:benzene at 25°C under 35 atm of
hydrogen pressure. However, when hydrogenation was
performed in the presence of Rh(I) complexes and phosphine
275 (Scheme 74), a strong matched effect was observed. In
the case of itaconic acid, the hydrogenated product was
isolated in 74% ee.152

Zhang et al. reported in 2006 a six-membered bis-
(azaphosphorinane) ligand276synthesized in three steps and
36% overall yield (Scheme 74).153 In the presence of 1 mol
% of [Rh(nbd)2]SbF6 and under 15 psi of H2 atmosphere,
â-alkyl-â-(acylamino)acrylates andR-arylenamides were
hydrogenated in ee’s almost constantly as high as 99%. Even
when a mixture ofE/Z R-arylenamide was used, the same
selectivities were obtained.

5.4. Pinacol Coupling
A metallic amalgam was used for the asymmetric reduction

of prochiral ketones in the presence of diamine ligands.154

The reaction led to a mixture of carbinol and pinacol coupling
products. The best selectivity for the pinacol product was
obtained using acetonitrile as solvent. Moderatedl-meso
selectivities and low ee’s were obtained (Scheme 75).

Matsubara showed that diamines can be used with low-
valent titanium, TiCl2, to perform asymmetric pinacol
couplings.155 The amine is thought to facilitate the electron
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transfer and reduction coupling. The best selectivity was
obtained with7, which gave 41% ee.

5.5. Reduction with Hydride Reagents
The enantioselective reduction of carbonyl derivatives

using chirally modified aluminohydride and borohydride
reagents is an extremely powerful tool to produce enan-
tioenriched secondary alcohols.156 However, the combination
of chiral diamines and hydride reagents did not arouse much
interest despite its very large potential. In 1974, Seebach and
Daum used ligand278, deriving from tartaric acid, to
decompose LAH into complex279, which was able to reduce
ketones in ee’s up to 75%.157

In 1984, Mukaiyama showed that prochiral ketones are
reduced enantioselectively using a reducing agent formed
by treating a mixture of stannous chloride and a chiral
diamine with DIBAH in a ratio of SnCl2:diamine:DIBAH
) 1:1:0.5 (Scheme 78).158 They used chiral diamines derived
from (S)-proline as ligand. The best selectivity was obtained
with diamine168, which reduced 1-phenyl-2-propanone in
78% ee, while diamines40 and 107 led to the product in
64% and 46% ee, respectively. When keto-esters were used,
ee’s up to 89% were achieved with diamine168.159 Other
functionalized substrates such andR- andâ- OMEM-ketone
gave ee’s up to 93% and 87% ee using diamine280.160

Falorni et al. also studied the reaction with chiral pipera-
zine (Scheme 78).161,162They found that better selectivities
were obtained in diethyl ether. Ligand281 was the most
efficient, leading to the reduction of isopropyl phenyl ketone
in 85% ee in favor of theS enantiomer. Interestingly,
acetophenone was reduced to the corresponding alcohol with
theR absolute configuration. Although ligands282and283
gave modest ee’s with arylketones, ee’s up to 82% were
achieved forR-acetylenic ketone with283.

Radical-mediated reductions ofR-alkyl-R-iododihydro-
coumarins284 were studied by Murakata and Hoshino
(Scheme 79).163 A diamine and magnesium salt were used
to form a chiral Lewis acid in situ. The selectivities depended
on the concentration of the substrate. The best results were
obtained by reaction at a 36 mM concentration of284. The
substrate284d, which does not contain an oxygen atom in
the side chain, reacts with the same sense of induction but
lower ee. Comparison showed that Bu3SnH is more efficient
than Ph3SnH or TMS3SiH.

In 2004, Du et al. reported the use of pyridinylmethyl
pyrrolidinemethanols in the enantioselective reduction of
ketones by boranes (Scheme 80).164 In the presence of 10
mol % of ligand287, a high level of enantioselectivity was
achieved for aromatic ketones. On the other hand, ligand
288, havingC2 symmetry and possessing two diphenylpyr-
rolidinol unit, led to a good level of enantioselectivity, while
with aliphatic ketones it was inefficient. Ligand289, which
also contains aC2 symmetry axis, gave a very low level of
induction.

6. Allylic Substitution
The asymmetric allylic alkylation is a very powerful

reaction which allows a Pd-catalyzed substitution of an allylic
leaving group by a soft nucleophile.165 Before the develop-
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ment of this catalytic method,166 (-)-sparteine13 was used
in stoichiometric amounts by Trost for the alkylation of
π-allylpalladium intermediate290 leading to compound291
in 20% ee (Scheme 81).167

(-)-Sparteine13 was re-examined by Togni168 in 1991
and Kang169 in 1994 along with (-)-R-isosparteine14 as a
ligand in the catalytic reaction (Scheme 82). Contrary to
Togni, who performed the reactions at room temperature,
Kang found that a better yield and ee were obtained when
the reactions were carried out at reflux. Solvents such as
DMF and THF were found to be the most suitable for the
reaction. High ee’s, up to 95%, were only obtained for
substrate292, which bears two phenyl substituents. In that
particular case (-)-sparteine was slightly better than
(-)-R-isosparteine, but for the other substrates, (-)-R-
isosparteine was found to be more efficient. Substrates293
and294 were transformed in the presence of296 in up to
69% and 62% ee, respectively.

In the case of an unsymmetrical acetate297, two products
were obtained (Scheme 83). As previously reported for this
reaction, the major product came from addition at the less
hindered site of the allyl fragment. It must be noted that very
different results were obtained by Togni and Kang for the
case of (-)-sparteine at room temperature. Indeed, Togni
reported that the product formed in 62% yield and 21% ee,
while Kang et al. obtained only trace amounts of product.
By changing the reaction conditions, that is the concentration,
solvent, or temperature, the product was isolated in good
yield and moderate ee.

Since then, a wide range of diamine structures has been
studied as asymmetric inductors. Lemaire studied the diamine
derived from diphenylethylenediamine and found that the
best results were obtained with theN,N′-dimethyl-1,2-trans-
diphenylethane diamine, while108led to low selectivities.170

Studies carried out by Koga et al. and Alexakis et al. showed
that increasing the steric hindrance in the ligand dramatically
decreased the reactivities and selectivities (Scheme 84).171,172

In the bis-pyrrolidine series, the most electron-rich diamine
303gave higher yields by comparison to301and302, while
the effect on the enantioselectivity was low. Bis-pyrrolidine
diamines106and301 led to 91% and 79% ee, respectively.
Tanner et al. developed bis-aziridine203a, which gave 99%
ee.173 Other derivatives such as203ewith a longer spacer
between the two aziridines units gave a very low result.

Scheme 80
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Scheme 84b

a With 294. b Yields and ee’s are given for the reaction of292 with
dimethylmalonate.

164 Chemical Reviews, 2008, Vol. 108, No. 1 Kizirian



Ferrocenyl ligands were evaluated by Ito et al.174 The ligand
305 bearing an aza crown ether moiety was much more
efficient than304, and ee’s up to 80% were obtained. The
reaction conditions involve the use of 2 equiv of RbF as a
base with 1 equiv of RbClO4 as additive. However, the exact
role of this cation is not yet fully understood. The piperazine
derivative306 which proved to be inefficient was studied
along with mono-oxazoline, which showed better selectivi-
ties.175 Wildhalm et al. developed several very efficient
aminophospine ligand176,177 and evaluated macrocyclic di-
aminodiphosphine ligands307and308which contain a local
Cs symmetry of the diphosphine subunit (Scheme 85). X-ray
structures of complexes308‚NiCl2 did not reveal any
coordination of nitrogen atoms. Diphosphine308 exhibits
significantly higher selectivities than307. One can notice
that in the study the concentration of reactant influences the
rate of the reaction without affecting the ee. While reaction
conditions are sometimes fairly different from each other,
there is a general trend which conventionally uses a metal
to ligand ratio of 1:2, the palladium source being the complex
[Pd(η3(C3H5)µ-Cl)]2 which is used in a catalytic amount
varying from 1 to 5 mol % depending on the ligand. The
best solvent can be dichloromethane, diethyl ether, THF, or
more polar ones such as acetonitrile or DMF.

Koga obtained a crystal of the (1,3-diphenylallyl)palladium
diamine (106) complex and determined the structure by X-ray
diffraction studies (Scheme 86). The complex has a distorted
square-planar geometry with different bond lengths between
the palladium and the two allylic termini (d(C1-Pd)) 2.18
Å, d(C2-Pd) ) 2.22 Å, d(N1-Pd) ) 2.17 Å, d(N2-Pd) )
2.19 Å). The13C NMR chemical shift of C1 and C2 are 13
ppm different, which suggests that C1 has a more cationic
character than C2. Andersson also studied the complex
formed with diamine203aand found a difference of 18.4
ppm. The optimized structure obtained by MM2 calculation
accurately accounts for the enantiomer obtained. The nucleo-
philic attack occurs anti to the palladium, and both electronic
and steric effects lead to nucleophilic attack at C1.

Kondo and Murakami reported in 2002 a new type of
chiral ligand mimicking N-Ar axial chirality (Scheme 87).178

The rotation barrier of 13 kcal/mol at 0°C was calculated
for diamine309, and NMR study of the conformation was
carried out.179 As described in Scheme 88, these diamines,
which have two conformers in equilibrium, led to only one
diastereoisomer of theπ-allyl-palladium complex. Complex

309C1was characterized by NMR spectroscopy. The allylic
substitution reaction was carried out on the standard test
system, that is, (E)-1,3-diphenyl-2-propenyl acetate292 as
substrate and dimethylmalonate as nucleophile in DMF at
-10 °C employing 2.5 mol % of [Pd(η3(C3H5)µ-Cl)]2 and 5
mol % of diamine in the presence BSA and KOAc. High
levels of enantioselectivities were obtained with all the
ligands tested, but among them,310 showed the best
selectivities leading to the product in 98% ee in toluene and
99% in trifluorotoluene. In all cases, the product was obtained
with the S absolute configuration, which can be explained
by the reactive intermediate shown in Scheme 88. Due to
the trans effect arising from the fact that the pyrrolidinyl
group acts as a donor while the phosphinyl group acts as a
π acceptor, the alkylation occurs from the back side of the
palladium catalyst, opposite to the phosphorus atom. In
addition, lower selectivities were obtained with ligands that
lacked the lateral amino function, suggesting coordination
between the lateral amino function and the nucleophile.

In 2005, Mino et al. described diaminophosphine311
(Scheme 89).180 In the standard reaction conditions ([Pd(η3-
(C3H5)µ-Cl)]2 (2 mol %), diamine (4 mol %), BSA, KOAc,
-10 °C, Et2O) with 292 as substrate, better reactivity was
observed when toluene and ether were used as solvent. Most
of the ligands gave good yields and enantioselectivities, and
some of them led to the product in ee’s up to 95%. By
contrast, diamine312, which contains a six-membered ring,
gave very low results. In addition, the product was isolated
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with theRabsolute configuration. By changing the malonate,
the selectivity was improved in up to 98% ee.

Hii et al. reported terdentate diaminophosphine ligands314
(Scheme 90).181 Moderate selectivities were obtained using
the classic experimental conditions. The best ratio Pd/ligand
was better than 1 (Pd/L) 1/0.9), which means that the ligand
has to be slightly less than 1 equiv with regard to the metal.
On the basis of the31P NMR study made on the ligand
bearing a N-diethyl moiety, it was suggested that the
intermediate palladium complexes315 and 316 are in
equilibrium, and the pyrrolidinyl nitrogen atom acts as the
hemilabile site (Scheme 91). A slow addition of BSA (over
8 h) at -20 °C improved the ee’s by 10%, leading to the
product in up to 94% ee. Introduction of an additional
stereogenic center on the ligand,R to the NPh2 position of
314, led to a significant match-mismatch effect. However,
better selectivities were obtained without this additional
stereogenic center.

7. Nucleophilic Additions

7.1. 1,2-Addition of Organolithium onto Carbonyl
Compounds

Direct asymmetric nucleophilic addition of organolithium
reagents onto carbonyl compounds has been extensively
studied in the presence of a wide range of ligands. Despite
their high reactivity, their use in asymmetric synthesis is still
widely studied because these species are very easily prepared
and cheaper than other organometallics. Diamines have often
been used with organolithium reagents because they produce
species of lower aggregated states which are more reactive.
In return, reactions run in the presence of such additives are
cleaner, leading to the product usually in higher yields with
lower amounts of byproducts.

The first attempt was made by Nozaki et al. using
(-)-sparteine13andn-butyllithium in a 1:1 ratio to perform

asymmetric addition to carbonyl compounds.182 Addition
onto benzaldehyde gave the correspondingR alcohol in
6% ee.

It was 9 years later that another study was reported by
Seebach et al. with ligands derived from tartaric acid
(Scheme 92). He also reexamined (-)-sparteine and obtained
the same result as Nozaki. Diamine7 also led to a very low
selectivity. A screening of ligand using addition ofn-
butyllithium to benzaldehyde led to the selection of173 as
the most efficient of the family producing theR alcohol in
29% ee.183 The best result was obtained witho-tolualdehyde,
which led to the alcohol in 45% ee, while aliphatic aldehydes
were transformed in a less selective manner. Other organo-
lithium reagents were tested on various electrophiles such
as valeraldehyde, benzaldehyde, and benzophenone, but only
moderate selectivities were obtained.184

Shortly thereafter, ligands320-322 were designed as
derivatives of promising ligand173. The aim was to check
the effect on selectivities by removing theC2 symmetry,
introducing a chiral nitrogen atom in the reactive complex,
or stabilizing it with a multidentate ligand. All three ligands
improved the selectivities compared to173, but 322 turned
out to be much more efficient leading to theS alcohol in
52% ee. Addition of PhLi to valeraldehyde in the same
conditions gave only 15% ee. Although better selectivities
were also obtained with other aldehydes, even aliphatics, the
best result was 56% ee ono-tolualdehyde.185

Kang et al. studied the addition of 2-lithio-1,3-dithiane
on aldehydes in the presence of (-)-sparteine and (-)-R-
isosparteine. While (-)-sparteine led to the product in only
3% ee, theC2-symmetric diastereoisomer (-)-R-isosparteine
produced it in a remarkable 70% ee.186

Proline-based ligands were studied by Mukaiyama and
Scolastico. In 1978, Mukaiyama et al. introduced ligand34
and reported ee’s up to 72% ee for addition ofn-butyllithium
on benzaldehyde in diethyl ether at-123 °C. Addition of
phenyllithium to valeraldehyde led, in the same conditions,
to 11% ee only, and methyllithium was added to benzalde-
hyde at-78°C in 21% ee.187 In the latter case, improvements
were obtained with ligand330 used at-123 °C which
increased the ee to 86%.188 One can notice that the presence
of the free hydroxyl group is critical for selective reactions.
Indeed, O-methylated derivative43was not efficient at all.187

Strong solvent effects were also observed and used to
improve the enantioselectivity up to 95% in the particular
solvent system dimethoxymethane-dimethyl ether (DMM/
Me2O ) 1/1).188,189 However, with all the other ligands
325-329 reactions were run only in Et2O at -123 °C. On
the basis of a different maximum value of [R]D

20 considered
for the alcohol, the ee value was corrected to 83% by Cram
et al.190 The size of substituents R1 and R2 in these ligands
had a dramatic effect on the asymmetric induction (ligands
34 and 325-329, Scheme 93). Generally,34 was more
efficientthan any other ligand; however, among the more
hindered series325-329, better induction was obtained using
more hindered ligands. Interestingly, they did not all lead to
the same enantiomer of the alcohol. Ligand332containing
three pyrrolidine units led to 68% ee, which was close to
the selectivity obtained with34 under the same reaction
conditions. Furthermore, while a very good selectivity was
obtained using methyllithium prepared from methyl iodide
and Li, almost no selectivity was recorded when it was
prepared from methyl bromide and Li.188 The methodology
was extended to the functionalized organolithium reagent.
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Among them, alkynyllithium led to a high level of asym-
metric induction, up to 92%, using34 as the ligand.191,192

In 1982, Scolastico developedC2-symmetric ligands12
and 333. Optimized reaction conditions led to moderate
selectivities, up to 36% ee using333, for addition of
n-butyllithium to benzaldehyde. The low selectivity obtained
with 12 (15% ee) showed that the lithium alkoxide played
an important role in the mechanism of the reaction.193 Ligand
334was easily prepared by Sato et al. from camphoric acid
and used with various organometallic species. Acting as a
bidentate ligand, the chelate intermediate has a conforma-
tionally rigid structure, which is usually an important factor
for good selectivities. However,n-butyllithium associated
with 334 added to benzaldehyde with only 4% ee.194

Diamine ligands containing axial chirality where intro-
duced by Cram et al. in 1981. They used the binaphthyl
derivatives205and337for addition of various organolithium
reagents to benzaldehyde. Diamine205 led to moderate
selectivities, up to 58% in the case ofn-butyllithium, while
337, containing two binaphthyl units, produced theRalcohol
in 95% ee at-150°C (based on optical rotation, while 89%
ee was measured based on1H NMR of Moscher’s ester).

Interestingly, addition of phenyllithium to valeraldehyde led
to the alcohol with opposite configuration in 43% ee.190,195

Diamine (S)-338 also contains a binaphthyl unit, but both
nitrogen atoms are connected by an ethylene chain which
make the diamine nonchelating. Indeed, the conformational
hindrance prevents formation of the complexn-BuLi-
diamine, and the product was obtained in good yield but as
the racemic mixture.196

On the basis of this work, Suda et al. tested the biaryl
derivatives204 and 336. As described above, the ligand
containing two biaryl units was much more effective. In the
classic case of the addition ofn-butyllithium to benzaldehyde,
(R,R)-336 at -120 °C produced theR alcohol in 99% ee.
Again, addition of phenyllithium to valeraldehyde was much
less efficient leading to the alcohol in only 18% ee.197

Although many 3-aminopyrrolidines lithium amides were
used for this reaction, only one example of a tertiary diamine
was reported. Diamine335 was used for the addition of
benzaldehyde too-tolualdehyde leading to the racemic
alcohol in quantitative yield, whereas analogues having a
secondary-tertiary diamine structure led to the product in 80%
ee.198,199

7.2. 1,2-Addition of Organolithium onto Imines
Synthesis of enantiomerically enriched amines is still a

challenging task. Although many different strategies have
been developed using chiral imines and nucleophiles, enan-
tioselective reactions provide the most attractive method.
Several efficient methods have appeared since 2000, which
are based on addition of organozinc or organotin to activated
imines catalyzed by copper salts or rhodium complexes.200

However, because of the low reactivity of nonactivated
imines toward the nucleophilic addition, most of the studies
have been limited to use of organolithium reagents com-
plexed to an external chiral ligand. Small numbers of
different structural of ligands have been used; these are
mainly aminoalcohols, bis-oxazoline, and few diamines.

Although it was an isolated example, the first enantio-
selective addition was reported by Seebach et al. in 1979
using 2-lithio-2-methyl-1,3-dithiane as the nucleophile and
N-benzylidenaniline339as the electrophile in the presence
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of 10 equiv of173. The product340was isolated with 70%
yield, but the ee was not determined.184

In 1989, Tomioka et al. reported the first complete study
in this area as well as a high level of selectivities. However,
as this study is concerned with the conjugate addition onto
unsaturated imines, this study will be briefly developed in
section 7.3. Furthermore, it was found in this study that
diethers are more effective than diamines. The latter has
therefore not been studied for 1,2 addition reactions.

In 1991, Itsuno et al. studied addition ofn-butyllithium
to N-trimethylsilyl imines and extended it afterward to other
N-metalloimines such asN-aluminum imine andN-boryl
imines.201,202N-Trimethylsilyl imines gave very low levels
of selectivity, while N-boryl imines were transformed in
much better yields although it remained moderate. In
order to recover the ligand more easily, a polymer-sup-
ported version was tested and gave similar selectivities.
Eventually,N-aluminum imines gave the best selectivities,
up to 74%, but only (-)-sparteine was evaluated with this
substrate.

Denmark,203 North,204 Lete,205 and Senanayake206 used
(-)-sparteine as ligand. In almost all cases,N-PMP imines
(PMP ) paramethoxyphenyl) were used because the PMP
substituent is an amine protecting group that is usually easily
removed with an oxidizing agent such as CAN. Denmark et
al. found that (-)-sparteine is a better ligand than bis-
oxazolidine for enolizable imines344. MeLi and PhLi gave
fairly good selectivities, 72% and 82%, respectively, whereas
n-BuLi reached 91% ee with a stoichiometric amount of
ligand at-94 °C. However, with 20% of (-)-sparteine at
-78 °C, the ee dropped to 79% showing the problem related
to catalysis. In 1997, North et al. considered unsaturated
imines348which underwent very regioselective 1,2 addition.
Addition of MeLi and n-BuLi led to the corresponding
product in 76% and 88% ee, respectively. However, the
problems encountered when removing the PMP protecting
group prompted North et al. to investigate other nitrogen
substituents which would be easier to deprotect.N-Tri-
phenylmethyl imine349 and N-trimethylsilyl imine 350
were selected, but they did not undergo very selective
additions. Lete et al. explored addition of various organo-
lithium reagents to aromatic imines353 in the presence of
(-)-sparteine. This substrate was studied previously by
Denmark using bis-oxazoline. Solvent effects and substituent
effects on the nitrogen were evaluated and ultimately led to
the best result of 34% ee for MeLi and 29% forn-BuLi. An
isolated example reported by Senanayake et al. indicates that
PhLi adds to imine356to give the corresponding imine357
in 50% ee. The authors described formation of the (S)-enan-
tiomer.

Tanner207 and Alexakis208 developed their own ligand in
order to address the subject. Tanner set upC2-symmetric
bis-aziridine ligands in which the aziridine moiety is
separated with various spacers and bearing various substit-
uents (Scheme 98). Reasonable selectivities could be achieved
with alkyllithium and vinyllithium reagents, but almost no
selectivity or reactivity was observed with aryllithium.
Ligand 203a was the most effective in the addition of
methyllithium andn-butyllithium onto imine353, leading
to 354 and355 in 67% and 68% ee, respectively. Addition
of vinyllithium could also be performed to produce the
corresponding amine in 89% ee.

Alexakis et al. preparedC2-symmetric diamines, derived
from trans-cyclohexane-1,2-diamine, in which both nitrogens

bear two different substituents. In the cyclic complex359
formed with an organolithium reagent, the nitrogen atom
becomes stereogenic and brings the chirality closer to the
reactive site (Scheme 99). This concept proved successful
for the nucleophilic addition of alkyllithium reagents onto
aromatic imines, and dramatic increases in selectivity were
observed when changing the ligand from7 to 228 or 358.
Numerous derivatives were tested, but the latter two gave
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the best results and were found to be equivalent in efficiency.
Furthermore, reactions were done with 20% of diamine with
respect to imine (namely 7% with respect to MeLi) without

any loss of enantioselectivity. However, an important condi-
tion to ensure this selectivity was the presence of bulky
substituents two methylene units away from the nitrogen.208

The reaction is thought to proceed through an open dimer
transition state in which imines react with there face
(Scheme 101).209

Interestingly, aryllithium reagents also gave good selec-
tivities but only when using the less hindered diamine7
(Scheme 100).210 Among the other nonhindered diamines,
360, which derived from pseudoephedrine, gave very good
ee’s with several imines. Diamines361 and 362, which
derived from ephedrine and phenylglycinol, respectively,
both gave much lower ee’s, pointing out the importance of
both stereogenic center in a trans relationship. In the par-
ticular case of 1-naphthyllithium,360used in a stoichiometric
amount provided the correspondingRamine in 94% ee, while
in the presence of only 20% of360, a high induction of 80%
was observed.211 The stereochemistry of the stereogenic
center was determined by X-ray analysis. Using (R,R)-7 as
chiral inducer, addition of aryllithium reagent onto nonac-
tivated aromatic imine occurs from thesi face leading to
the aminodiarylmethane product. An intermediate of ceti-
rizine, a nonsedating histamine H1-receptor antagonist used
for the treatment of allergies, was also obtained in 69% ee.

7.3. 1,4-Addition of Organolithium onto
Unsaturated Nitro, Esters, and Imines

Organolithium reagents are hard nucleophiles as described
by the HSAB theory212 and usually react at the hard
electrophilic site, which for an unsaturated system corre-
sponds to a 1,2 addition. However, in some cases, the
structure of the substrate can force the reaction to occur in
a conjugated manner.

In 1979, Seebach et al. showed that nitro-olefin365
undergoes conjugate addition with the nucleophilic system
n-BuLi/322. Product366 was obtained in 58% ee.185

The reaction of esters with organolithium reagents usually
occurs at the carbonyl site leading to tertiary alcohol or
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ketone depending upon the substrate. However, hindered
esters such as BHA-ester (BHA) 2,6-di-tert-butyl-4-
methoxyphenyl) ortert-butyl ester give exclusively the 1,4
adduct. Tomioka described the use of (-)-sparteine with
alkyl-, vinyl-, and aryllithium reagents for the conjugate
addition to BHA-esters (Scheme 103). High levels of
enantioselectivity were obtained in many cases; however,
vinyllithium was added with moderate selectivity. Use of
substoichiometric amounts of ligand led to a significant
decrease of ee, giving in most cases moderate selectivities,
but ee’s up to 85% were achieved.213,214 Thanks to this
method, the first asymmetric synthesis of dihydrexine, a
benzophenanthridine dopamine D1 agonist, was achieved in
16% overall yield.215

Xu et al. explored conjugate addition oftert-butyl esters
in the presence of chiral additives such as diethers, amino-
ethers, or diamines.216 In this reaction, the 1,4 adduct was
produced in 68% and 57% ee with (-)-sparteine and Tro¨ger’s
base, respectively (Scheme 104).

Conjugate addition onto imines was studied by Tomioka
et al.217,218This was the first complete and successful study
concerning the enantioselective addition of organolithium
reagent to imines using an external chiral ligand. The imines
used, which derived from 1-naphthaldehyde or unsaturated
aldehyde and cyclohexylamine, selectively underwent con-
jugate addition. The regioselectivity was opposite to that
obtained with substrate which bears aN-PMP substituent
and led to the 1,2 addition product. Several chiral inducers
were evaluated such as diether372 and diamine108.
Alexakis et al. evaluated diamines7 and228 in the reaction
with the difference that the intermediate was quenched with
methyl iodide (Scheme 106).130 The product of the reaction
375has a quaternary benzylic center and cannot rearomatize.
It was obtained in significantly higher ee using228 as the
ligand instead of7. In Tomioka’s study, the product was
directly hydrolyzed leading to an aldehyde quite sensitive

to rearomatization, which was therefore reduced quickly to
the stable corresponding alcohol. When using diamine108,
the alcohol374was obtained in only 11% ee, while diether
372 was much more efficient (Scheme 106).

7.4. Addition of Organometallic Reagents onto
Quinoline and Isoquinoline

In 2002, Alexakis et al. reported the first direct enantio-
selective addition of an organometallic reagent onto an aza-
aromatic system, such as isoquinoline219 and quinoline,220

using (-)-sparteine13, Tomioka’s diether372, and bisoxa-
zoline. These studies were later extended using derivatives
of trans-cyclohexane-1,2-diamine.221 Isoquinoline was alky-
lated at the benzylic position, and subsequent trapping of
the resulting ene-amide occurred at either the N or the C
position. Addition of methyl-, butyl-, and phenyllithium
occurred in moderate to good yield leading to the adducts
in up to 57% ee. On the other hand, quinoline underwent
regioselective addition of organolithium reagent leading to
the 1,2 adduct as a single product. Methyllithium was found
to be very difficult to add selectively, and indeed, none of
the ligands tested were able to induce significant selectivities.
(-)-Sparteine led to low selectivities with alkyllithium but
showed much higher selectivities with aryllithium, up to 78%
with 2-naphthyllithium. In the case ofn-butyllithium, diamine
228 was much more efficient than (-)-sparteine or7, and
the product was formed in 63% ee. It has to be noted that in
all cases decreasing the amount of ligand reduces the ee’s,
sometimes dramatically, which makes catalysis a not yet
efficient process for these systems.

7.5. 1,2-Addition of Organomagnesium onto
Carbonyl Compounds

Association of an organometallic reagent with a chiral
ligand was first described by Nozaki in 1968 for addition of
organolithium and Grignard reagents to aldehydes and
ketones.182 Ethylmagnesium bromide was combined with
(-)-sparteine, and the resulting chiral nucleophile was added
to benzaldehyde leading to the adduct in 22% ee with theR
configuration. Addition of ethylbenzoylformate gave theS
product in 18% ee, and acetophenone was transformed to
the corresponding racemic tertiary alcohol. In 1979, Seebach
et al. described the addition of butylmagnesium iodide and
dibutylmagnesium to benzaldehyde in the presence of173.
Alcohols with theSabsolute configuration were obtained in
6% and 8% ee, respectively.184

Mukaiyama reported the first good result in this area in
1978 using the proline-based ligand34.188,222Both Grignard
and dialkylmagnesium reagents were tested, but the latter
led to better selectivities. Furthermore, better results were
obtained in noncoordinating solvents such as toluene at low
temperature. Enantiomeric excesses up to 92% were re-
corded; however, the induction efficiency was highly de-
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pendent on the substrate and nucleophile. All alcohols were
obtained with theRconfiguration unlike alkyllithium, where
the stereochemistry of the product is dependent on the size
of the reagent. Dimethylmagnesium, which gave significant
lower selectivity, was tested with more hindered ligands such
as327and330. While 327slightly increases the ee to 43%,
330 reduced it to 21%. This behavior was opposite to that
observed with methyllithium. The authors suggested that a
rigid complex376 is formed, namely, a mixed aggregate,223

which was responsible for the selectivities observed. How-
ever, no spectroscopic data was given to support formation
of this rigid intermediate complex.

In 1987, Tomioka et al. reported the use of diamines179a
and179b in the asymmetric addition of Grignard reagent to
aldehydes.224 They found that when these diamines were used
alone, the selectivity of the addition of alkylmagnesium
bromide was rather low, while in the presence of aryloxy-
magnesium bromide or aryloxyaluminum dichloride, much
better results were obtained and ee’s up to 70% were
achieved. On the other hand, arylmagnesium bromide led to
reasonable ee’s without any other assistance. Enantiomeric
excesses up to 75% were recorded in the most favorable case
of the hindered 1-naphthylmagnesium bromide (Scheme
108).225,226Organolithium reagents did not give any selectivi-
ties with these ligands, and diorganomagnesium reagents
gave lower selectivities than Grignards. The stereochemical
outcome of the reaction is explained with the model depicted
in Scheme 108. The explanation for the improvement
observed with alkylmagnesium reagent using Lewis acid377
or 378was based on control of the geometry of coordination.
The metal halide is supposed to coordinate the aldehyde syn
to the aldehyde hydrogen which allows the magnesium to
coordinate the only other position anti to the aldehyde
hydrogen. The additional steric hindrance introduced in the
reactive intermediate led to better induction.

Diamine 334, developed by Sato et al., was tested with
butylmagnesium bromide; however, for the addition reaction
on benzaldehyde, only 8% ee was recorded.194

In 1994, Markó reported the observation of unusual
behavior with diamine379 (Scheme 109).227 Despite the
rather moderate selectivities obtained, up to 42% ee, it was
noticed that an inverse correlation between ee and temper-
ature existed. Usually lowering the temperature results in
an increase of the ee, though a few cases exist showing the
opposite behavior.228 In the case of the addition of isopro-
pylmagnesium chloride to cyclohexylcarboxaldehyde, 9% ee
was recorded at-40 °C, while selectivity increased to 42%
at 35°C. An inversion point on the graphT/ee was discussed
on a mechanistic level. However, little is known about the
real mechanism of the reaction, and no explanation was given
to rationalize this behavior.

In 1994, Breitmaier reported an elegant and simple way
to form opposite enantiomeric products from the same chiral
inducer.229 Diamine 10 was used stoichiometrically with
Grignard and dialkylmagnesium reagents, and the resulting
complex was added to aldehydes and ketones. A wide range
of alkyl groups was added in high ee, often above 90% and
up to 98%. In the presence of 1 equiv of triethylamine, a
reversal of selectivity was obtained. Furthermore, the same
level of induction was kept (Scheme 110).

7.6. 1,4-Addition of Organomagnesium onto
Carbonyl Compounds

Conjugate addition is an extremely popular method for
carbon-carbon bond formation which has underwent con-
siderable development since its discovery.230 Kretchmer was
the first to report the enantioselective conjugate addition of
an organometallic reagent modified by an external chiral
ligand, which was (-)-sparteine.231 Grignard reagents modi-
fied with an equimolar equivalent of (-)-13have a reactivity
considerably reduced. Low yields were obtained at room
temperature or even in refluxing solvent, and products were
obtained with almost no selectivity. In the presence of copper
salt (CuCl or CuI) yields were improved but selectivities were
still very low.

On the basis of various works describing the use of
triorganozincate or Grignard reagents in the presence of
TMEDA and ZnCl2, Feringa et al. reported in 1988 the
enantioselective conjugate addition of Grignard reagents
catalyzed by zinc complexes.232 During a preliminary study
the best conditions were those using 1 equiv of potassium
tert-butoxide as a nontransferable ligand which allowed the
use of 2 equiv of Grignard reagent instead of 3. Under these
conditions, isopropylmagnesium chloride was added to
cyclohexenone in the presence of ligand130 in 17% ee.
Several diamines, among the ligands screened, gave the
highest selectivities reported by this study. Using only 1 mol
% of catalyst, diamines34 and380 reached 22% and 26%
ee, respectively, while by increasing the amount of catalyst
to 5%, ee increased to 29% and 33% ee, respectively. Several
factors having significant effects on the selectivities can be
emphasized. The rather low level of induction may be due
partly to the noncatalyzed conjugate addition which is very
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fast even at low temperatures. The halide of the Grignard
reagent had a strong effect, but the nature of its influence is
unknown. Significant improvements were observed by
introducing a lithium cation with the lithium salts of
aminoalcohols or upon addition of lithium alkoxides. Al-
though the catalytic cycle is not known, the model described
in Scheme 112 was considered to rationalize the results
obtained. It was suggested that the reactive complex384 is
formed from the tetracoordinated (sp3) Zn(II) monoalkyl
complex385on which coordination of the Grignard reagent
lead to binuclear species. The enone is then activated through
coordination to Zn, which becomes pentacoordinated. Trans-
fer of the Mg-bonded alkyl group occurs leading to theR
product.

7.7. Addition of Organocopper Reagents
Organocopper reagents are soft nucleophiles well known

to react selectively with unsaturated systems to perform
conjugate additions. Indeed, they have been modified with

tertiary diamines and used in direct 1,2 addition on aldehydes,
but to this present day, no highly selective reaction has been
reported. Mukaiyama,188 Seebach,184 and Sato194 studied
organocopper and dialkylcuprate reagents, but only moderate
selectivities could be obtained.n-Butylcopper was added to
benzaldehyde in the presence of34 without any selectivity,
while with 1.2 equiv of334, the product was obtained in
17% ee. On the other hand, lithium di-n-butylcuprate was
added to benzaldehyde in 10% ee with108, 15% ee with
173, and 35% ee with334. Concerning the conjugate
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addition, only three examples were found which associate
(noncovalently) alkylcopper and phenylcopper with either
(-)-sparteine13231 or 7233 and diorganocuprate with13.234

Addition of n-butylcopper onto cyclohexenone gives 6% ee
with 13 and the racemate with7. In the case of dimethyl-
cuprate associated with13, no selectivity was recorded upon
its addition to cyclohexenone, whilen-dibutylcuprate led to
the product with an optical activity ([R]D ) + 0.12°).

Corey and Rossiter succeeded to set up efficient diamine
ligands which form mixed aggregate intermediates and react
in a very selective manner to give highly enantiomerically
enriched adducts. This approach was used before by many
groups with considerable success using other chiral sources
such as alkoxides, dialkylamides, or arenethiolates.235 In this
approach, cuprates are formed with a covalently bonded and
nontransferable chiral ligand and one unique transferable
ligand.

In 1986, Corey et al. described diamine386, which is very
easily prepared from (+)-ephedrine, as a chiral ligand for
organocuprate species.236 In the first procedure, organolithium
of high purity was required to get high ee. However, a
convenient modification could be found using methyl iodide
as an alkoxide scavenger. The sequential stoichiometric
protocol uses 1.0 equiv of aminoalcohol386, 0.89 equiv of
RLi, 0.18 equiv of MeI, 0.67 equiv of CuI, 0.45 equiv of
RLi, 0.09 equiv of MeI, and finally 0.3 equiv of enone.
Additions of the chiral nucleophile derived from ethyllithium,
n-butyllithium, and (tert-butoxymethyl)lithium to cyclohex-
enone led to products in 92%, 89%, and 85% ee, respectively.
Lower ee’s were obtained with cyclopentenone, 77%, 72%,
and 81% ee, respectively. Ligand387was prepared in four
steps from mandelic acid and used to produce a mixed methyl
cuprate, which reacted at-78°C with cyclohexenone to give
the product in 90% ee.

In 1990 Rossiter et al. introduced diamine388, which they
refer to as “MAPP”, which could be used for conjugate
addition achieving ee’s up to 97%. However, such a level
of induction was only obtained with cyclohexenone and
cycloheptenone. Intense screening of diamines and tetra-
amines did not improve these results.237

Davies and Wollowitz used mixed organocopper reagents
for the asymmetric opening of cyclohexene oxide. Using
various reaction conditions and chiral inducers, including34,
low yield and enantioselectivities were recorded. It is to be
noted that no product was formed with diamine34.238

7.8. Addition of Organozinc Reagents onto
Carbonyl Compounds

7.8.1. 1,2-Addition

Diethylzinc was the first organometallic discovered and
isolated by Frankland in 1849.239 However, these reagents
were introduced very late as nucleophilic reagents due to
their poor reactivity and side reactions such as reductions,
which usually occurred. These reagents were first used in
processes such as Simmon-Smith reactions, Reformatsky
reactions, and polymerization of oxiranes. It became ex-
tremely popular after the discovery that a catalytic process
was able to enhance their reactivity. Soai and Niwa reviewed
this topic in 1992 including all details about the mecha-
nism.240 Mukaiyama showed in 1978 that addition of
diethylzinc to benzaldehyde in the presence of34 gave a
clean reaction but without any induction.188 Seebach used
trialkylzincate with 173 and got 15% ee on addition to

benzaldehyde.184 However, the first enantioselective addition
of diorganozinc was reported by Oguni et al. in 1984 using
(S)-leucinol with ee’s of up to 49% being obtained.241 This
major breakthrough led to tremendous interest in the reaction,
opening new opportunities and challenges in asymmetric
catalysis. Since then, numerous ligands have been developed.
We will focus only on those which contain a tertiary diamino
functionality. We classified the ligands on the basis of their
structures that are derived from ephedrine and pseudoephe-
drine (Schemes 114 and 115), bispidine (Scheme 116), bi-
naphthyldiamine (Scheme 117), cyclohexanediamine (Scheme
118), piperazines,D-mannitol, diselenide, ketopinic acid, and
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camphoric acid (Scheme 119). The most popular reaction
used as a reference is the addition of diethylzinc to
benzaldehyde, and unless otherwise stated, any discussion
will refer to this reaction.

Corey et al. used diamine386 along with derivatives q
389-393 (Scheme 114). High enantioselectivities were
usually obtained for the addition of diethylzinc to benzal-
dehyde, the best being with390. However, when changing
to dibutylzinc or other aldehydes, selectivities dropped
significantly.242 Soai et al. studied ligands containing two
ephedrine units linked with two or three methylene groups.
Ligands394aand394b were used as the lithium salts and
led to very different results. Three methylene units were

necessary to obtain good selectivity as well as the lithiated
ligand. Interestingly and by contrast to Corey’s system, the
non-lithiated ligand led to much lower inductions.243

Bis-diamino ligands linked by am-xylylene unit were first
studied by Pedrosa et al. in 1994 (Scheme 115).244 The best
conditions were set up using396, and diethylzinc was added
to p-chlorobenzaldehyde in 78% ee and 2-naphthaldehyde
in 87% ee. Better induction was obtained when the nitrogen
substituent was changed from methyl to ethyl as for396,
while the N-benzyl ligand397 did not improve the ee’s.
Ligands402-404 derived from (S)-leucine and possessing
a hindered tertiary alcohol moiety also led to the product in
very high enantiomeric excesses up to 98% ee at room
temperature. Williams et al. used ligands405 (which is the
enantiomer of395) and406 and found a dramatic increase
in reactivity when the link is pyridine.245 Reactions occur
with 406 at -70 °C instead of 0°C for 405 leading to the
product in 90% and 76%, respectively. Interestingly, opposite
enantiomers were constantly obtained simply by exchanging
the ligand.

O’Brien and Wyatt used the complex formed between
(-)-sparteine and dimethylzinc for the asymmetric addition
on benzaldehyde. After refluxing for 17 h in THF, they
obtained the product in 39% yield and 15% ee in favor of
the R enantiomer.246 Waldman et al. used bispidine deriva-
tives407-409bearing a chiral aminoalcohol moiety on one
or both nitrogens (Scheme 116).247 Those ligands efficiently
catalyzed the addition of diethylzinc to benzaldehyde with
very high induction. Ligands407and408 led to the product
in 98 and 96% ee, respectively, while onn-heptaldehyde
products were obtained in 85% and 77% ee, respectively.
Tetradentate ligand409 was found to be consistently less
efficient. Harmata et al. prepared Tro¨ger’s base derivatives
by regioselective alkylation.248 In the best case, the adduct
was produced in 86% ee.

Salvadori et al. first explored atropoisomeric ligands for
the enantioselective addition of diethylzinc onto benzalde-
hyde.249 N,N′-Tetramethyl binaphtyldiamine71was used for
the first time in such an asymmetric reaction. The addition
occurred in 94% yield and 63% ee (S); similar results were
obtained with 2-naphthaldehyde, but it appeared to be much
lower with other substrates. Vyskocˇil and Kočovskýexplored
other derivatives of binaphthyldiamine as well as NOBIN
derivatives (Scheme 118).250 All diamines tested, regardless
of the nitrogen substitution, gave lower selectivities than71.
C2-symmetric ligands with both nitrogens bearing the same
substituents such as410-414 or with two different groups
such as415-418 led to ee’s in up to 41% ee. By contrast,
NOBIN derivatives were far superior, although the best ee
obtained was 88% on benzaldehyde with the lithium salt of
419. Derivatives of the same family such as420studied by
Shi also led to moderate selectivities.251

N,N′-Bistosylated trans-cyclohexane-1,2-diamines were
successfully used in this reaction.2 Using the same diamine
framework, Marson et al. developed tetradentate ligands
containing two vicinalâ-amino alcohol subunits.252 For each
amino alcohol, a ligand with both a secondary and a tertiary
amine was studied (ligands421-428, Scheme 118). Di-
amines421 and422 bearing a lateral aminoethanol moiety
without chirality gave very low results. However, by
introducing a new stereogenic center in this lateral chain, a
large increase in the reactivity and selectivity was observed
and a match-mismatch effect for diastereoisomers423/425
and 424/426. The best results with those ligands were
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obtained with tertiary diamine428which led to the product
in 92% ee but only 25% yield. Gotor and Rebolledo used
ligand429, which catalyzed the reaction and led to the adduct
in up to 75%.253 Reaction conditions optimization showed
that the best selectivity is obtained using 6 mol % of ligand
at 20°C.

Piperazine ligands such as430were first used by Soai in
1987 as the bis-lithium salt leading to ee’s up to 92% (98%
ee ontop-chlorobenzaldehyde). Other derivatives with alkyl
substituents also gave a high level of selectivity; up to 94%
in the case of431.254 Shono et al. efficiently prepared chiral
piperazine from (R,R)-trans-cyclohexane-1,2-diamine using
an electroreductive method, and ee’s up to 99% ee were
achieved with434 for aromatic aldehydes, while433 gave
much lower selectivity. In a study based on the use of (N,N-
disubstituted aminomethyl)indoline, Asami et al. designed
432 as the best derivatives of this study which led to ee’s
between 59% and 95%.255

Chiral diaminodiselenides435-438 were used success-
fully by Wirth in 1995.256 He showed that very high ee’s
could be achieved, up to 98% on benzaldehyde with437,
with only 1 mol % of ligand. However, by changing the
aldehyde or the organozinc reagent, much lower efficiency
was observed.â-Aminodisulfide derived from (S)-phenyl-
glycine used by Gibson et al. led to the adducts in up to
80% ee.257

Diamines derived fromD-mannitol were used by Masaki
et al.258 He showed that tertiary diamines439and440gave
very low selectivities, 10% and 2% ee, respectively. The best
result, 82% ee, was obtained with a derivative of440which
contains aâ-amino alcohol moiety. Ligands441 and 442,
derived from camphoric acid and ketopinic acid, respectively,
were studied by Sato and Oppolzer, respectively.194,259Ligand
441 catalyzed the addition of diethylzinc to aromatic alde-
hydes with very good selectivity. On the other hand,
Oppolzer studied the addition of dialkylzinc and divinylzinc
to aromatic and aliphatic aldehydes with442 and obtained
selectivities in a range from 82% to>96% ee.

In 2005, Kozlowski et al. reported the use of salen ligand
which contained a basic moiety leading to bifunctional

catalyst (Scheme 120).260 They tested ligands such as443
with various nitrogen substituents in the addition of dieth-
ylzinc to aldehydes andR-ketoesters leading to the corre-
sponding product in up to 87% ee. Wang and Braga designed
ligands444and445, respectively.261,262Braga obtained high
level of selectivities up to 99.5% ee.

H8BINOL-based ligand446 was used by Pu et al. to
perform enantioselective addition of diphenylzinc onto
aldehydes (Scheme 120).263 Best reaction conditions use THF
as solvent with 10 mol % of ligand at room temperature.
Addition onto aliphatic and para-substituted aromatic alde-
hydes was almost constantly superior to 90% ee, while
ortho-substituted and unsaturated aldehydes led to much
lower selectivity. It was also possible to perform asymmetric
alkynylation in the presence of Ti(OiPr)4 (100 mol %),
Et2Zn (4 equiv), phenylacetylene (4 equiv), and the ligand.
Addition onto aromatic aldehydes occurred in ee up to 98%.

In 2006, Trost reported the enantioselective alkynylation
of aldehyde using447as bimetallic catalyst.264 They added
phenyl- and trimethylsilyl acetylene in good yields and
selectivities, up to 99% ee, onto aromatic and unsaturated
aldehyde. The catalytic cycle suggested involves an alky-
nylzinc reagent that coordinates with the aldehyde onto the
ligand to perform the addition.

7.8.2. 1,4-Addition
Organozinc reagents have become very efficient reagents

to perform conjugate additions following the discovery that
they can be used in the presence of catalytic amounts of
copper salt and phosphorus-based chiral ligands.265 However,
very little work has been devoted to the use of diamine
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ligands. Gibson first used ligand448 for the conjugate
addition of diethylzinc to chalcone and obtained ee’s up to
50%.266 The reaction was performed in the presence of 7
mol % of Ni(acac)2 and 17% of ligand in acetonitrile at-30
°C. Feringa et al. described the cobalt-catalyzed addition of
diethylzinc to chalcone with several aminoalcohol, among
them 34 and 449, which led to 28% and 83% ee, respec-
tively.267 Tetradentate ligands450and451were studied for
the nickel-catalyzed addition and led to 21% and 69% ee,
respectively, which is much less than449 for which 84%
was reached.268,269Addition of diethylzinc onto cyclohexe-
none catalyzed by450and451gave only racemic products.
One possible explanation involves thes-cis and s-trans
conformation of the substrate which may or may not favor
enantioselective addition.

7.9. Reaction of Organotin Reagents
Organotin reagents have become extremely useful as soft

organometallic partners. Nowadays, allyltin derivatives are
one of the most popular reagents to perform asymmetric
allylation of aldehydes.270 Many external chiral ligands have
been used to control the chirality of the product. However,
very limited interest has been devoted to the use of tertiary
diamines. Allylation through Lewis base catalysis was first
introduced by Sakurai in 1989.271 On the basis of their studies
concerning the asymmetric reduction of ketones, Mukaiyama
et al. adapted this methodology for the asymmetric allylation
by replacing DIBAL-H by allyldialkylaluminium.272 In the
presence of 1.8 equiv of stannous trifluoromethanesulfonate
(stannous triflate Sn(OTf)2), 1.8 equiv of diamine168, and
1.4 equiv of allyldiisobutylaluminium, the allylated product
was isolated in good yield and with a good level of
asymmetric induction, up to 82% ee.

Kobayashi et al. pointed out that diallyltin dibromide reacts
with aldehydes at-78°C in the presence of tertiary diamines
such as TMEDA, while other allylating agents such as
tetraallyltin and allyltributyltin do not.273 Chiral diamines
derived from (S)-proline were used to introduce asymmetric
induction into the homoallylic alcohol obtained. In all cases,
alcohols with theR configuration were isolated. The best
results were obtained with diamine453, which contains a
n-butyl nitrogen substituent and a lateral piperidine ring.
Reactions were performed with stoichiometric amounts of
ligand; however, it was shown with455 that 0.5 equiv of
ligand could be used without significant loss of selectivity.

7.10. Reaction of Organogallium Reagents
Although organogallium reagents were first synthesized

in 1932, they were used very scarcely in organic synthesis
because of their low reactivity. In 2005, Zhu and Pan reported
the first asymmetric addition of organogallium onto alde-
hydes.274 Reactivity was achieved with a strong Lewis acid
such as titanium tetrachloride, while selectivity was intro-
duced with diamine456. Addition of trimethyl- and trieth-
ylgallium occurred at-60 °C leading to the secondary
alcohols in ee’s up to 84%.

7.11. Cyanation Reaction
Asymmetric cyanation of aldehydes and ketones has

proven to be a very powerful reaction to prepare cyanohy-
drins which are important intermediates as chiral building
blocks.275 On the basis of Poirier’s work,276 Deng reported
in 2001 that chiral tertiary amines, derived from cinchona

alkaloids, could be used for asymmetric cyanation of
ketones.277 Among the chiral amines used, (DHQD)2AQN
gave the best result in the preliminary study performed on
2-heptanone. Cyclic ketones were particularly good sub-
strates, and ee’s up to 97% were achieved. Acyclic ketones
bearing a tertiary or quaternary carbon in theR position also
gave very good results.

Nájera and Saa´ introduced in 2002 a new bifunctional
ligand referred to as “BINOLAM” which is derived from
binol.278 They showed that ligand (S)-457 is a precursor of
the catalyst for efficient cyanation of aldehydes using a very
convenient procedure. In several examples, ee’s up to 99%
were achieved using trimethylsilyl cyanide in the presence
of 10 mol % of ligand and dimethylaluminium chloride. Two
additives, triphenylphosphine oxide and 4 Å molecular
sieves, were found to be crucial to increase both the yield
and selectivities. However, ketones did not react under these
conditions. Indeed, thermogravimetric analysis of the 4 Å
MS dried 4 h at 120°C used in the reaction reveal the
presence of 7.5% of water content. By contrast, ultradry 4
Å MS (6 h at 200°C under high vacuum) led to very low
results as well when 1 equiv of water was used without
molecular sieves. These results suggest that 4 Å MS act as
a carrier of a limited amount of water.279 In the presence of
this small amount of water, TMSCN is hydrolyzed to HCN.
The reaction is thus a hydrocyanation followed byO-
silylation. The hydrogen cyanide is trapped by the dimethyl-
amino group and becomes more nucleophilic. The aldehyde
is activated by the Lewis acid part of the ligand with the
interaction taking place between the oxygen atom of the
aldehyde and the aluminum atom. A second weaker interac-
tion occurs between the hydrogen atom of the aldehyde and
the chlorine atom as described in Scheme 127. The impor-
tance of this effect has been observed by changing the
dimethylaluminium chloride to dimethylaluminium cyanide.
Contrary to (S)-458, catalyst (S)-459 led to good yields but
almost no selectivities.280 Pu et al. reported the use of460
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in similar reaction conditions except that Ph3PO was replaced
by HMPA, which was found to accelerate the reaction.281

They reached a high level of enantioselectivities with both
aromatic and aliphatic aldehydes. Later, they noticed that
diethyl ether is indeed more suitable for aliphatic aldehydes,

and using the same reaction conditions in this solvent, these
substrates react in selectivities up to 99% ee and almost
constantly above 95%.263

BINOLAM ( R)-457 was also used in the cyanoformyla-
tion282 and cyanobenzoylation283 of carbonyl compounds. In
the presence of dimethylaluminium chloride and 4 Å MS at
25 °C, methyl cyanoformate was added to aldehydes to give
O-methoxycarbonylcyanohydrins in high yields and enan-
tiomeric ratios up to 82%. In these reaction conditions,
ketones did not react as in the hydrocyanation. Furthermore,
monofunctional ligand BINOL-AlCl was not able to catalyze
the reaction. As for the hydrocyanation, the mechanistic
discussion given by the authors favored the double action
of the catalyst which acts as a Lewis acid and a Lewis base.
It led to the reactive complex shown in Scheme 127 and
explained the stereochemical outcome of the reaction.
Cyanobenzoylation was performed using benzoyl cyanide
and [(S)-457-Ti(Oi-Pr)2] complex as catalyst.O-Benzoylated
cyanohydrins were obtained in high yields and ee’s up to
68%.

Trost showed that cyanosilylation of aldehyde occurs in
the presence of 11 mol % of447, 10 mol % of AlMe3, and
TMSCN.284 The reaction conditions were carefully studied,
and the adduct was obtained in up to 86% ee. Shortly after,
Kim et al. reported the use of461 and 462.285 In contrast
to Trost’s conditions, they obtained the best result with
Ti(Oi-Pr)4 as the Lewis acid. Ligand462 (10 mol %) led to
the best ee’s, up to 95%, at-20 °C using CH2Cl2 as the
solvent and in the presence of 2 equiv of OdPPh3 and
TMSCN.

Feng et al. reported the enantioselective Strecker reaction
of ketoimines using aC2-symmetric diamine (Scheme
129).286 The procedure involves the in situ oxidation with
m-CPBA that produces the effective ligand, that is to say
the correspondingN,N′-dioxide. Addition of TMSCN led to
the R-amino nitrile in high yield and up to 92% ee.

7.12. Phase-Transfer Catalysis
Phase-transfer catalysis has become a very useful and

powerful method, particularly for alkylation of glycine
derivatives (Scheme 130).287 Many ammonium salts were
found to be very efficient in terms of reactivity and selec-
tivity. However, free tertiary diamines did not arouse much
interest in this reaction. Na´jera and Saa´ used BINOLAM
derivatives as phase-transfer catalysts forC-alkylation of
alanine-derived isopropyl iminoester466.288 When sodium
hydride was used, the alkylated product467 was obtained
in 40% ee, while using sodium hydroxide it was obtained in
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57% ee. Use of other bases such as potassium hydroxide,
cesium hydroxide, and lithiumtert-butoxide gave poorer
results. By changing the nitrogen substituents on the ligand,
selectivities dropped significantly. Indeed, best selectivities
were obtained with457.

7.13. Reformatsky Reaction
Enantioselective Reformatsky reactions were first studied

by Guettéet al. in 1971 using (-)-sparteine as a ligand.289,290

Reaction conditions were carefully set up to avoid several
problems of compatibility with the reagents: (a) they used
an apolar solvent to ensure the efficient complexation of the
ligand to the metal and (b) as (-)-sparteine is easily alkylated
by the halide, it is necessary to avoid direct mixing of these
species. Two different procedures were used. In the first one,
both (-)-sparteine and bromoesters are introduced slowly
and simultaneously in refluxing benzene containing zinc
powder (method A). The second procedure occurs in two
steps. First, the Reformatsky reagent is prepared, and then
(-)-sparteine is added to complex the metal (method B).
Low yields and ee’s were obtained in most cases, except
for addition of the ethyl ester to benzaldehyde, which gave
theâ-hydroxyester in 95% ee (Scheme 131). When methylal
was used as a solvent, 98% ee was achieved. BothO- and
C-metalated reagents468were observed either by NMR or
IR spectroscopy. However, no data was given for the
(-)-sparteine complexed reagent because of its insolubility.
It may exist in both forms and react preferentially through
one only. Indeed, the results obtained in the study tend to
support reactivity through the enolate. Furthermore, by
considering the reaction of the C-metalated reagent, mod-
elization of the transition state leads to the wrong enantiomer.

A model was established considering the zinc enolate-
(-)-sparteine complex reacting to a carbonyl in a cyclic six-
membered transition state. The phenyl substituent of the
carbonyl is positioned on the back face to minimize unfa-
vored interactions with hydrogens borne by C15 of (-)-spar-
teine (Scheme 132). This can explain the drop in selectivity
when the bulkiness of R1 is increased. Indeed, interactions
with hydrogens H15 increase as well, which leads to less
efficient differentiation between both enantioselective pro-
cesses. Strong influences were also observed for the ester
moiety R of the Reformatsky reagent. The authors suggested
that electronic effects may have more influence than steric
effects as the ester moiety is in a clear space. Considering
that the inductive effect is minimum for an ethyl substituent
and that it is transmitted to the other part of the ester func-
tion, it was suggested that it could influence the equilib-
rium betweenC- andO-metalated forms of the reagent.291

As a consequence, ethyl esters are more likely to be in the
O-metalated form than methyl ortert-butyl esters and
therefore lead to better selectivities.

Seebach et al. used ethyl andtert-butyl esters of Refor-
matsky reagents with ligand173 for the addition onto
benzaldehyde. Adducts were obtained with 88% and 95%
yield in 22% and 24% ee, respectively.184

Pedrosa et al. explored the ligands outlined in Scheme 133
with Reformatsky reagents prepared fromtert-butyl-bro-
moacetate.292 Several aldehydes and acetophenone were
tested as substrates. Diamine395 was the most efficient,
leading to the product in ee’s up to 78% with benzaldehyde.
Aromatic aldehydes gave better results than the aliphatics,
while acetophenone was transformed in 68%ee.
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Afterward, they extended their methodology usingR-bromo-
N-methoxy-N-methylacetamide473(Weinreb amide) (Scheme
134).293 The resulting product was subsequently easily
transformed to the chiral nonracemic aldol product. Only the
one-step procedure was used as the Reformatsky reagent
derived from473could not be prepared. Diamines395and
399were used along with (1S,2R)-N-methylephedrine. Again,
in this case, diamine395gave the best selectivities leading
to â-hydroxyamide474in ee’s up to 47%. The corresponding
ketones were obtained in moderate yields by addition of the
Grignard reagents without affecting the enantiomeric ex-
cesses.

Uneyama et al. evaluated similar ligands containing a
trifluoromethylated aminoalcohol moiety (Scheme 135).294

Reactions were performed on the classic system using ethyl
bromoacetate and benzaldehyde. Indeed, the best result was
obtained with aminoalcohol476 with up to 89% ee, while
tetradentate ligands477 and478 gave lower results. How-
ever, these ligands showed a very different behavior in a
way consistent to Pedrosa’s original report.292 Ligands
containing an aminoalcohol moiety in the ortho position to
each other such as in478 or 472 led to racemic products.
On the contrary, when both aminoalcohols were in the meta
position to each other such as in395 or 477, much better
results were obtained with up to 78% and 68% ee, respec-
tively.

Yamano et al. studied the Reformatsky reaction on ketones
containing a heteroatom capable of participating in the
formation of a geometrically defined complex intermediate
(Scheme 136).295 Most of the substrates bear a heteroaromatic
moiety with a nitrogen atom. Among the ligands used, two
contained the tertiary diamine functionality, (-)-sparteine
13 and (DHQ)2-PHAL208. Other cinchona alkaloids were
used, such as cinchonine, cinchonidine, quinidine, and
quinine. In the presence of cinchonine,480was obtained in

68% ee while13and208gave 19% and 0% ee, respectively.
Reaction conditions were improved using 2 equiv of pyridine
at -40 °C, and 480 was obtained with 1.5 equiv of
cinchonine in 97% ee. Several other examples containing
sp2-nitrogen atoms adjacent to the carbonyl were transformed
in high enantiomeric excesses.

7.14. Conjugate Addition of 2-(Trimethylsilyloxy)-
furans

2-(Trimethylsiloxy)furans have been often used as nu-
cleophiles for the synthesis of butenolides. Katsuki et al.
reported in 1997 the first enantioselective conjugate addition
of this nucleophile to oxazolidinone enolates (Scheme
137).296,297 In the presence ofN,N,N′,N′-tetraalkyl-BINOL-
3,3′-aminomethyl and Sc(OTf)3, they obtained butenolides
481 with excellent diastereoselectivity and 73% enantiose-
lectivity. A Diels-Alder-type adduct482 was the major
byproduct of the reaction and could be avoided by adding 1
equiv of isopropyl alcohol. However, these modified condi-
tions improved the yield of butenolide but were detrimental
to the enantioselectivity. Almost all the selectivities were
recovered using hexafluoroisopropyl alcohol (HFIP), which
is more acidic and has poor coordinating ability.

7.15. Aza-Michael Addition
Benzylic amines were added onto maleimide486 in the

presence of diamine7 and produced487 in low ee’s, up to
16% (Scheme 138).298

7.16. Addition to Sulfinyl Chloride
Chiral sulfinate are used as precursors of chiral sulfoxide

by addition of an organometallic reagent (Andersen’s
method).299 In 2005, Toru et al. reported the addition oftert-
butyl alcohol ontop-toluenesulfinyl chloride488 in the
presence of a stoichiometric amount of chiral diamines
(Scheme 139).300 The best result was obtained with 2 equiv
of diamine492, which produced the corresponding sulfinate
489 in 76% ee.

8. Cross Coupling
Transition-metal-mediated reactions involving an organo-

metallic reagent and an electrophile, usually referred to as
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cross-coupling reactions, are of prime importance in total
synthesis and also for ligand preparation. It has become one
of the most important classes of reactions among which are
Heck, Suzuki, Stille, Sonogashira, Kumada-Corriu, Negishi
reactions, etc. The effectiveness and scope of cross-coupling
reactions, associated with asymmetric synthesis, have led to
enantioselective processes which are now extremely powerful
in synthesis.301 We will focus in this section on systems that
involve chiral tertiary diamines.

Ligand 269 was first prepared by Hayashi et al. in 1989
for the enantioselective coupling of495 with 496 in the
presence of zinc chloride.302 Only one example was reported,
and the product was obtained in 93% ee. Almost 10 years
later, Knochel evaluated other ferrocenyl ligand derivatives
for enantioselective palladium-catalyzed cross-coupling be-
tween Grignard reagent495and vinyl bromide496or 497.303

Complexes were formed by mixing palladium salt and the
diaminodiphosphine, and the crude isolated complexes were
used without further purifications. In the case of vinyl
bromide496, all diamines gave very similar results. How-
ever, selectivities were improved by adding zinc salt. On
the contrary, vinyl bromide497was sensitive to the ligand,
and best selectivities were obtained with254. Addition of
zinc chloride made the ee drop drastically. A few of the
examples reported are outlined in Scheme 140. It can be
noticed that when cross coupling was attempted withs-BuLi,
very low selectivities were obtained.

In 1996, Wildham et al. reported a study concerning the
influence of distance between the asymmetric moiety and
the transition-metal center.177 Nickel-catalyzed cross coupling
between Grignard reagent495and vinyl bromide496 is one
reaction that has been adopted as a test reaction. Previous
studies made by Kumada et al. pointed out the importance
of an amino substituent capable ofN-Mg interaction for high
selectivity.304,305Here again, ligand308, with three methylene
units between the nitrogen and phosphorus atom, gave better
selectivities compared to307. However,498 was obtained
with only 1% and 16% ee using307and308, respectively.

Kondo and Aoyama developed aP-N axially chiral ligand
specifically for asymmetric cross coupling ofâ-bromostyrene
for which selective transformations have been found to be
particularly difficult.306,307The main feature of these ligands
is to form two diastereoisomeric complexes by coordination
to a metal (Scheme 88). One of these complexes is more
stable and possesses a stable chiral axis. A ligand possessing
a pyrrolidine central core slows down the reaction because

of a strong coordination to the metal. Reaction time was
typically 24 h and led to 20-43% yield in up to 65% ee
with 499. However, the aromatic substituents present on the
phosphorus atom had little influence on the reaction, and
similar selectivities were obtained with309. On the other
hand, piperidine base ligands were much more reactive.
Indeed, they led to less favored bidentate coordination to
the metal because of torsional effects. Better yields were
obtained but with a similar level of selectivities. Other
bromostyrene were examined, andp-isopropyl-bromostyrene
led to the coupling product in 49% yield and 80% ee.

The first highly asymmetric coupling between phenols and
arylleads was reported in 1999 by Yamamoto et al.308 Among
the few aminated ligands tested, diamine168 led to only a
3% yield of racemic product. Best selectivities were obtained
with brucine. Lithium phenoxide had to be used to obtain
good yields as well as 4 Å molecular sieves. Using 2 equiv
of brucine, axially chiral biaryls with up to 93% ee were
obtained.

Since 2002 Malinakova et al. developed a synthetic
methodology to access heterocycles via palladacycle inter-
mediates500 with a metal-bonded stereogenic carbon.309

They succeeded in the insertion of alkyne and obtained
benzopyrans in up to 88% and 56% ee in the presence of
diphosphine and diamine ligands, respectively.310,311 The
latter was also reacted with azapalladacycle to prepare
dihydroquinoline in up to 91% ee. Among all diamines used
(7, 71, 108, 166, 174, and (1R,2R)-N,N,N′,N′-tetraethyl-1,2-
diaminocyclohexane), the best results were achieved with
ligand 7. This was also applied for the synthesis of
3,4-dihydro-2H-1-benzopyran via insertion of allenes (Scheme
143).312 The products obtained depend on the allene substitu-
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tion that influences the regiochemistry of the cyclization.
Enantiomerically enriched palladacycle was obtained and
furnished benzopyrans in ee up to 47%.

Since 2001, Oshima et al. developed the cobalt-catalyzed
coupling reaction.313 This metal has been less used than
others but shows very interesting possibilities like the
coupling between two sp3 carbon atoms.314 In 2006, they
found that CoCl2-7 is an efficient catalyst that allows
arylating primary and secondary alkyl halides. However, in
very few cases, low enantioselectivities were observed.315

9. Carbometalation

Carbometalation is the addition of an organometallic
reagent onto unsaturated systems such as alkene or alkyne.
The product of the reaction is either an alkylmetal or a
vinylmetal (Scheme 144). Two main problems have been
pointed out which are allylic or propargylic deprotonations
and polymerization if the newly formed organometallic
reagent reacts on the starting material. The tricks usually
used to avoid these problems are to increase the reactivity
of either the unsaturation or the organometallic, to stabilize

the product with an intramolecular coordination, or to
perform an intramolecular reaction. Regioselectivity is highly
dependent on the substrate, but generally selectivity of the
addition is syn.

Most of the asymmetric carbometalations have been
studied with (-)-sparteine as a ligand. However, few other
tertiary diamines were evaluated. Normant et al. reported in
1995 excellent levels of induction for the carbometalation
of cinnamic alcohol and some of its derivatives in the
presence of (-)-sparteine.316,317In the particular case of (E)-
cinnamic alcohol, addition ofn-butyllithium with a stoichio-
metric amount of (-)-sparteine led to alcohol501 in 82%
yield and 82% ee. With only 5% of ligand, the product was
obtained with 84% ee and only 55% yield because of the
formation of 32% of dimer. Addition onto (Z)-cinnamic
alcohol led to a lower ee of 70%. In both cases, the
intermediate was trapped with a wide range of electrophile.
When other diamines were used, lower selectivities were
obtained. Bis-aziridine203awas able to induce a good level
of selectivity, while ligands derived fromtrans-1,2-diphen-
ylethylenediamine andtrans-1,2-cyclohexanediamine led to
moderate selectivity only.130,318

Hoppe et al. developed a very efficient method to syn-
thesize highly enantioenriched molecules using the associa-
tion of an organolithium reagent and (-)-sparteine in the
case of asymmetric deprotonation. Carbamates undergo de-
protonation in theR position to the oxygen atom leading to
organolithiated intermediates which were trapped by a variety
of electrophiles very selectively. They used alkenyl carbam-
ates such as502 which underwent carbometalation and led
to similar lithiated intermediates.319 With substituted olefins,
very good diastereoselectivities were obtained. Protonation
occurred with retention of configuration, while other elec-
trophiles such as methyl iodide reacted with stereoinversion.
Some examples of intramolecular carbometalation have also
been reported. When asymmetric reactions were performed,
best selectivities were recorded with (-)-R-isosparteine,
while all the other diamines, including (-)-sparteine, gave
moderate ee. Substituted carbamates gave even lower
selectivities.319,320The authors suggested that the induction
is established in the intermediate complexes (M)-505 and
(P)-505 (Scheme 147). Both complexes are in slow equi-
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librium and react with similar activation energies.
Bailey et al. investigated the efficiency of several diamines

as ligands for the cyclization of 2-(N,N-diallylamino)phen-
yllithium 506 (Scheme 148).321 (-)-Sparteine and Kozlow-
ski’s diamine45 gave a similar level of induction but for
opposite enantiomers. Interestingly, diamine228led to lower
selectivities than the less hindered analogue7. This latter
result is in agreement with those previously obtained by
Alexakis et al. concerning addition of aryllithium reagent to
imines.210

10. Aziridination and Cyclopropanation

10.1. Cyclopropanation
Asymmetric synthesis of cyclopropane has been exten-

sively studied for many natural products containing this ring.
Furthermore, it is also a very interesting intermediate because
of its high reactivity.322 Among all the ligands used for its
synthesis, very few studies have been made using tertiary
diamines. The first report concerning the enantioselective
synthesis of cyclopropane using tertiary diamine came from
Nozaki et al. in 1966 using (-)-sparteine.323 They prepared
cyclopropane derivatives in good yields but very low
enantioselectivities. In 1994 Tanner and Andersson reported
the use of bis(aziridine) ligands for several enantioselective
reactions.113 In the copper-catalyzed cyclopropanation of
styrene, best results were obtained with bis(aziridine)203c,
which induced 90% ee for thetrans-cyclopropane (Scheme
149). With 1,1-diphenylethene as substrate, the product was
obtained in 74% yield and 63% ee.

Kim et al. reported the cyclopropanation with the ruthe-
nium complex 513 obtained from 510 and trans-Ru-
(DMSO)4Cl2 (Scheme 150).324 The complex was purified by
silica gel chromatography and recrystallized in CHCl3/
isooctane (1/3) as the solvent mixture. When 2,6-di-tert-
butyl-4-methylphenyl diazoacetate was used, a very high
level of diastereoselectivity was observed, up to 96%, and
also a very high level of enantioselectivity, up to 95% for
indene (Scheme 150). Few derivatives were used such as
509-512with copper salt. Very high enantioselections were
achieved with511 in up to 96% for indene. The study done
with ethyl diazoacetate showed that the more hindered the
ligand is, the better enantioselectivities are.325 It can be
increased when the reacting partner is a bulkier diazoacetate
such as 2,6-di-tert-butyl-4-methylphenyl diazoacetate.

O’Hagan et al. studied ligands containing a perfluoroalkyl
chain to facilitate separation of the ligand after the reaction
(Scheme 151).326 With secondary diamines and diimine
ligands, no detrimental influence of the perfluoroalkyl chain
was observed neither on the reactivity nor on the selectivity
compared to the corresponding classical non-fluorinated
ligands. However, with514 and 515, cyclopropanation of
styrene using ethyl diazoacetate led to the product in 67%
and 57% yield and 16% and 11% ee, respectively. The trans/
cis ratio of the reaction was in both cases 58/42.

Achmatowicz et al. studied macrocyclic ligands516
because of their molecular recognition properties.327 It was
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tested as the copper complex Cu‚516 for the cyclopropana-
tion of methylstyrene with ethyl acetate. Although no yields
or a cis/trans ratio were given, the authors reported that the
trans isomer was obtained in 30% ee and the cis isomer was
obtained as the racemic mixture.

10.2. Aziridination
Aziridines are extremely important molecules as chiral

building blocks for asymmetric synthesis and because they
appear in biologically active molecules. Their synthesis and
reactivity have been extensively studied, and numerous
methods have appeared in the literature.328 However, con-
sidering the whole range of chiral ligands available to pro-
duce enantioenriched aziridines, to the best of our knowledge,
only one study has been found using bis-tertiary diamine.
Tanner and Andersson used their bis(aziridine) ligand for
the copper-catalyzed aziridination of styrene with PhINTs.113

In contrast with the results obtained for cyclopropanation,
low selectivities were recorded despite the similar mecha-
nistic pathway which was suggested (Scheme 152).329

11. Asymmetric Protonation
Preparation of enantioenriched molecule using asymmetric

protonation is conceptually a very simple and straightforward

method. This reaction needs a species such as enamine or
enolate to be protonated and a chiral proton source which
has to be weakly acidic to favor better facial selectivity. The
main features of this process have been thoroughly discussed
in a previous review published in 1996;330 we will focus our
attention on systems with diamines. Although the first
example of asymmetric protonation was recognized in 1974
by Miwa with a very low induction (3% ee),331 the main
development came from Duhamel et al.332

In 1991, Vedejs et al. developed an efficient method using
the internal proton return process (IPR).333 The principle
relies on activation (with a Lewis acid) of the amine function
present in the 1:1:1 enolate:amide:amine complex518 in
order to increase its acidity and take advantage of intramo-
lecular protonation. A screening of Lewis acid showed that
BF3‚Et2O was most efficient, allowing520 to protonate the
enolate, through intermediate518, in high selectivities.
However, when521was used as a proton source, no Lewis
acid was needed and the protonation occurred directly from
521 to give the enantiomerically enriched starting material.
Amides such as517 were deracemized in ee’s up to 97%
(Scheme 153). However, apart from one carboxamide that
derived from pipecolic acid and studied by Duhamel et al.,334

only these types of amides were deracemized in high ee’s
with 521.335

A catalytic version was developed using the same system,
which allowed use of 10 mol % of521 (Scheme 154).336

Protonation occurs directly from the proton source without
any activation. A second protonating agent, which is achiral,
is used to react selectively with521 rather than with the
enolate and ensure an efficient catalytic cycle. To achieve
this selectivity, a screening of various proton sources was
investigated. Best results were obtained with ethyl andtert-
butyl phenylacetate, which led to the deracemized product
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in 92% and 94% ee, respectively. Very weak acid protons
have to be used to ensure that the carbon acid (secondary
acid) can discriminate between the enolate522 and the
heteroatom base521. This corresponds to the general
behavior that proton transfer between a heteroatom base and
a carbon acid is much faster than transfer involving a carbon
acid and carbon base.337

Fuji et al. reported in 1993 the direct protonation of cyclic
ketones lithium enolate using the hydrochloride salt of chiral
piperazine.338 Acetoxy-alkene523were first transformed into
the lithium enolate, which was subsequently submitted to
the enantioselective protonation (Scheme 155). Among the
various proton sources tested, it was the mono-hydrochloride
salt 524 that gave the best selectivities. Proton sources525
and526 that have the bis tertiary diamine moiety led to the
corresponding ketone in 73% and 80% yield, respectively,
but as the racemic mixture. Better induction was usually
observed when at least one NH function is present in the
proton source and using the monosalt derivatives. Solubility
factors were pointed out by the authors to explain the small
differences observed between the various proton sources as
the hydrochloride salts of piperazines were not very soluble
in organic solvent at low temperature.

In 1993, Koga et al. also reported the use of multidentate
ligand 527 as chiral inducer, which forms a complex with
the lithium enolate without protonating it (Scheme 156). By
adding a proton source (acetic acid, water, succinimide, etc.)
this ternary complex enolate-amine-LiBr was protonated
to give the corresponding ketone in ee’s up to 91%.339Several
variations were made during this study about the intermediate
complex and the proton source. Indeed, the exact mode of

protonation is not clear and has not been fully studied. In
the presence of a stoichiometric amount of527, best results
were obtained in toluene, with lithium enolate aggregated
with LiBr, and with acetic acid as the proton source. Under
these conditions, the ketone was isolated in 91% ee.
However, slightly different experimental conditions were
needed for the catalytic version. Indeed, using 0.1 equiv of
527 and acetic acid, only 28% ee was obtained. However,
by changing the proton source to succinimide, which has a
very low solubility in toluene, much better induction was
observed. Using 0.2 equiv of527 and 10 equiv of succin-
imide, the ketone was isolated in 83% ee.340 The tetraamine
528was as efficient as527, leading to the ketone in 93% ee
with aqueous workup. The same level of enantioselectivities
was reached with only 10 mol % of528 and 2 equiv of
N,N,N′,N′-tetramethyl-1,4-butanediamine. Under these new
conditions, use of 5 mol % and 2.5 mol % of528 led to the
ketone in 91% and 88% ee, respectively.341

Eames et al. evaluated diamine7 as chiral additive for
protonation of lithium enolate of tetralone derivatives
(Scheme 156).342 Best results were obtained when the
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enolate‚LiBr ‚7 complex was protonated with acetic acid.
Other proton sources gave very low selectivities as well when
the enolate was free from LiBr. However, when diamine7
monoprotonated with acetic acid was used, an almost racemic
mixture of the product was isolated. In addition, when the
tetrabutylammonium enolate was used as substrate in the
presence of7 and quenched with acetic acid, a racemic
product was obtained. In that case, the mechanism of
protonation is more likely to be a directC-protonation of
the lithium enolate.

Mikami et al. studied the enantioselective protonation of
samarium enolate.343 The reductive cleavage ofR-hetero-
substituted carbonyl substrate with SmI2 is a common way
to produce samarium enolate.344 In their study, they tested
R-alkyl cyclohexanone bearing variousR-heterosubstituents
such as methoxy, acetoxy, bromo, and chloro. Many proton
sources were evaluated, few of them having aC2-symmetric
tertiary diamine core (Scheme 157). Indeed, best selectivities
were obtained with533, which gave529 in 87% ee. Proton
sources with a diamine core gave lower results, although
76% ee was reached with530. Further study showed that
other R-substituents than a methoxy can be used without
affecting the selectivities very much. However, among the
substrates tested, only cyclohexanone derivatives gave such
results, while acyclic aliphatic or aromatic ketone, lactone,
and tetralone derivatives were protonated in much lower
selectivities.

12. Baylis −Hillman Reaction
The Baylis-Hillman reaction was first reported in a

German patent in 1972 and has been reviewed several times
since then.345,346It has rapidly drawn the attention of synthetic
chemists thanks to the simplicity of the process and also to
the high selectivities obtained. However, introducing chirality
in the Baylis-Hillman adduct has turned out to be a very
challenging task. Besides several successful diastereoselective
reactions using various chiral auxiliaries, efficient asymmetric
catalysis was achieved much later.346 The Baylis-Hillman
reaction requires catalysts with a very nucleophilic tertiary
nitrogen atom, for instance, the bridgehead nitrogen atom
contained in quinuclidine systems.

DABCO has been the most popular catalyst for this
reaction, and chiral catalysts based on its structure were
developed by Hirama et al. in 1995 (Scheme 158).347 When
reactions were performed under atmospheric pressure, prod-
ucts were obtained in moderate yields and low enantiose-
lectivities after 3 weeks. However, under high pressure, both
yields and selectivities were improved. The best result was
obtained, under 5 Kbar of pressure, with201a, which led to
the product with aS configuration in 47% ee. With one
specific catalyst bearing TBPS substituent instead of Bn, the
sense of induction was dependent on the pressure applied.
Under atmospheric pressure, (R)-534 was obtained in 15%
ee, while under 5 Kbar, (S)-534was formed in 34% ee. When
the reaction was tested with less reactive substrates such as
benzaldehyde and methylacrylate in the presence of201a,
no reaction occurred at 5 Kbar while at 10 Kbar a 14% yield
of product was isolated in 10% ee. However, using methanol
as a cosolvent, a dramatic increase in the reactivity was
observed and the product was isolated with the same
selectivity and in 72% yield.

Hayashi et al. showed that a pyrrolidine-based diamine
can be used in a substoichiometric amount to obtain534 in
up to 75% ee (65% ee withp-nitrobenzaldehyde) (Scheme
158).348 In this study, various aldehydes were used with
methyl vinyl ketone using40 as catalyst. Contrary to other
systems, the catalyst did not contain an acidic moiety, which
was able to stabilize the oxyanion intermediate.

Zhou and Zhao used diamine10as well as benzodiazepine
and aminoalcohol ligand.349 They observed that10 did not
catalyze the reaction alone. However, in the presence of
L-proline as cocatalyst, the adduct was obtained in 66% ee.
The benzodiazepine ligand was more efficient, leading to
the adduct in up to 83% ee.

13. Enolborination
Desymmetrization of cyclic ketone substrates was studied

by Ward et al.350 Preliminary results, using Ipc2BCl in the
presence of triethylamine, showed very low selectivities,
which correspond to the first report made by Paterson et al.351

However, using the double-differentiation strategy,352 im-
provements were made. In the presence of chiral diamines
such as (-)-sparteine13or 108, boron enolates of symmetric
cyclohexanones were obtained in very high diastereoselec-
tivities at-131°C (Scheme 159). Usually (-)-sparteine was
always slightly more selective than108.

With chiral racemic starting materials such as 2- and
3-methylcyclohexanone, kinetic resolution was performed
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with very high selectivities. This was found to be very useful
for the latter as the kinetic resolution by enantioselective
deprotonation is not very efficient.353

14. Cycloadditions

In 1991, Grigg et al. reported a 1,3-dipolar cycloaddition
reaction of azomethine ylides, derived from arylidene imines
of glycine, and acrylic esters in the presence of a stoichio-
metric amount of anhydrous CoCl2 and 2 equiv of amino-
alcohol as ligands (Scheme 160).354 The diamine394a, which
consists of two ephedrine units separated by two methylene
groups, failed to give any pyrrolidine products. However,
very good results were obtained with the aminoalcohol536,
which led to the product in high yields and ee’s up to 96%
in several cases.

In 2004, Gagne´ et al. described the synthesis of chiral
complexes in which nitrogen atoms are the only source of
chirality.355 Amines are known to be conformationally labile
with a very fast rate of inversion (Scheme 161).356 Therefore,
stable chirality centered on nitrogen atoms is only found on
polycyclic molecules or induced by another stereogenic
center which already exists nearby.357 However, Gagne´ et
al. managed to fix the stereochemistry of nitrogen atoms by
complexation to a metal. Diamines537-539were resolved
with (R)-Me2BINOL, which was removed afterward to give
the enantiomerically pure complexes540and541 (Scheme
162). The Me2BINOL/Cl- exchange for545agave a mixture
of dl andmesocomplexes, which indicates that epimerization
occurs during the reaction. The complexes they obtained were
purified by crystallization or chromatography and showed
configurational stability at the nitrogen atom, which is the
only stereogenic center of the molecule.

Good reactivities were observed with all catalysts in the
Diels-Alder reaction of olefin546with furan, and the adduct
547was isolated with high endo:exo selectivities. However,
enantioselectivities were low. The best selectivity was
obtained using the ditriflate complex containing amine539
(prepared from545aand TfOH) leading to547 in 25% ee.
The ditriflate complex formed with537gave 21% ee, while
the silver salt led to547 in 18% ee.

15. Aza- and Oxabicyclic Ring Opening

Lautens et al. studied the enantioselective opening of
oxabicyclic substrate548 in the presence of (-)-sparteine
and108 (Scheme 165).358 At -78 °C with a (-)-sparteine:
RLi:substrate ratio of 25:5:1,549 was isolated in 52% ee.
At -40 °C, 5 equiv of the equimolar mixture of (-)-spar-
teine/RLi still gave a selectivity of 40%. The variation in
the amount of ligand at this temperature showed that a
slightly better level of selectivity (52% ee) was obtained with
only 15 mol % of (-)-sparteine compared to the sub-
strate. When108was used, the product was obtained in only
4% ee.

Since 2000, Lautens et al. also developed a very successful
methodology to open oxabenzonorbornadiene ring systems.
First, palladium catalysis was performed in association with
phosphine ligands and dialkylzinc nucleophiles.359 Rhodium
catalysis was used for nucleophiles such as alcohols,360

phenol derivatives,361 and amines despite the latter adding
much less selectivity.360,361In addition, carboxylate nucleo-
philes were added in ee’s up to 92% in the presence of PPF-
PtBu.362 During this study, C2-Ferriphos269showed similar
reactivity and selectivity to PPF-PtBu. Eventually, after
optimization of the reaction conditions363 and in the presence
of C2-Ferriphos269, various amines were added ontoN-Boc-
azabenzonorbornadiene in selectivities up to 99% ee (Scheme
166).364

16. Alcohol Acylation

Although the first examples of kinetic resolution were
observed by Pasteur by using enzymes,365 the first example
of nonenzymatic kinetic resolution was reported in 1899 by
Marckwald and McKenzie for the enantioselective esterifi-
cation of racemic mandelic acid by (-)-menthol.366 With the
increasing importance of synthesizing enantiopure com-
pounds, numerous methodologies based on this concept have
appeared. Nowadays, it has become an extremely powerful
tool in asymmetric synthesis.367 As chiral diamines also
turned out to be very efficient chirality inducers, few kinetic
resolution methodologies have been reported based on their
use. However, use of diamines in this domain has not been
studied very much.

In 1983, Mukaiyama et al. reported the kinetic resolution
of glycerol derivatives using tin(II) alkoxides formed in situ
from the alcohol and 1,1′-dimethylstannocene or (methyl-
cyclopentadienyl) tin(II) chloride (Scheme 167).368 Then, the
dialkoxide diamine tin complex551 was formed in the
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presence of a stoichiometric amount of diamine550. A
selective acylation occurred with benzoyl chloride (used in
excess compared to the substrate) leading to the monoben-
zoylated product553 in 20% yield and 84% ee. The bis-
acylated product554 was also formed in 57% yield. Much
better selectivities were obtained when an excess of acylating
reagent was used because of the possibility of a second
kinetic resolution, which occurs on the monoacylated glycerol
derivatives. The bis-acylated product554would be formed
preferentially from the minor enantiomer552, resulting in
the enrichment of major enantiomer553.

Duhamel et al. described the kinetic resolution of the diol
555 in the presence of several amines (Scheme 168). When
diamine556 was used, the monobenzoylated product was
isolated in good yield but low selectivities. No improvement
was observed when an excess of acylating reagent was
used.369

In 1996, Oriyama et al. reported an efficient diamine
catalyst for the kinetic resolution of chiral racemic alcohol.370

trans-2-Phenyl-1-cyclohexanol was used to set up the reac-
tion conditions which were best with acyl bromide in the
presence of 0.3 mol % of SnBr2-diamine 492 complex
(Scheme 169). It appeared that 4 Å MS wascrucial to obtain
better selectivities. At 44% conversion, the ester was isolated
in 97% ee and the alcohol in 84% ee. Under the same
reaction conditions, several similar cyclic alcohols were
resolved in high enantioselectivities. However, with meso
diols, the best reaction conditions were slightly different as
benzoyl chloride was used in the presence of stoichiometric
amount of diamines catalyst and without tin bromide. Several
other meso diols were resolved in high enantiomeric
excesses.371 Important improvements were achieved using a
combination of chiral diamine559 with an achiral amine.
Indeed, with 0.5 mol % of559and a stoichiometric amount
of triethylamine, the monobenzoylated diol was isolated in
high yield and ee’s up to 97%.372 These new reaction
conditions were used successfully with several cycloalkanols,
improving the yields and selectivities previously obtained.
A comparison between diamines492 and559 showed that
492 was superior in terms of reactivity and selectivity.373

meso-1,3-Propane diol was a more challenging substrate as
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it contains two primary alcohols which are more difficult to
differentiate than secondary alcohols. Indeed, it was acylated
with 4-tert-butylbenzoylchloride inn-butyronitrile, leading
to the product in ee’s up to 98% but with low yields, in a
range of 22-33%.374 Other primary alcohols deriving from
glycerol or bearing a heterocyclic ring such as epoxide,
aziridine, tetrahydrofuran, or tetrahydropyran were evaluated,
but they led to much less selective transformations.375

Janda et al. developed a polymer-supported version of
diamine 559 (Scheme 169).376 Although slightly lower
conversion rates were observed, similar levels of selectivities
were obtained compared to the solution-phase catalyst.
Furthermore, ee’s up to 95% were retained after five

recycling runs of the polymeric-supported catalyst. In 2003,
Trost et al. applied the dinuclear zinc catalyst447 they
developed for desymmetrization of meso 1,3- and 1,4-
diols.377 Reactions run at-15 °C in toluene led to monoben-
zoylated products in moderate to good selectivities and ee’s
up to 93%.

In order to address the regioselectiveO-acylation of
carbohydrates, Vasella et al. evaluated Oriyama’s methodol-
ogy (Scheme 170).378 Methyl 6-O-(tert-butyldiphenylsilyl)-
â-D-glucopyranoside561 was benzoylated preferentially in
position 3 in the presence or absence of the catalyst. Although
(R)-559 did not improve the yield of562 compared to
benzoyl chloride alone, with the diamine (S)-559, 84% yield
was obtained. In this report, the selective acylation of
numerous other carbohydrate isomers partially protected was
studied. The influence of the molecule structure and also
the neighborhood of the hydroxyl group were clearly
highlighted.

In 2004, Kundig et al. reported the desymmetrization of a
diol which derived from a chromecarbonyl complex (Scheme
171).379 Although559 led to very good results, the fact that
its enantiomer is less available prompted the search for new
diamines available in both enantiomerically pure forms.
Pseudo-enantiomeric quincorine and quincoridine were evalu-
ated with diamines565 and566, which were derived from
their structures. They led to better results in terms of both
reactivity and enantioselectivity. Interestingly, no dibenzy-
lated product was observed; the reaction stopped after the
first acyl transfer.
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In 2006, Shirai et al. designed new diamine567 derived
from a piperazine structure (Scheme 172).380 On the basis
of the procedure described by Breitmeier et al., they
developed a new synthesis to introduce the angular methyl
substituent. However, Breitmeier’s procedure, which was not
found to be reproducible, was reinvestigated and improved.
Several meso alcohols were reacted with 3 mol % of the
copper complexes of diamines. The best enantioselectivities
were obtained with (-)-sparteine, up to 97%, while567also
gave very high ee, constantly higher than10. Furthermore,
compared to (-)-sparteine, (S,S)-567 led to the opposite
enantiomer of the acylated product.

17. Allene Synthesis
In 1968, Nozaki et al. described an asymmetric version

of the Skattebøl-Moore allene synthesis.381 This reaction is
the dehalogenation ofgem-dihalocyclopropane such as568
with alkyllithium.382 Optical rotations were recorded, but
optical yields of the product were not known at that time
(Scheme 173).

Uemura et al. used an enantiomerically pure diselenide
reagent260 to prepare vinylselenide571.383 After oxidation
to selenoxide572, an enantioselective elimination occurred
leading to the enantiomerically enriched allene573. The best
result was obtained at-78 °C in dichloromethane and in
the presence of molecular sieves 4 Å (powder). Allene573
was isolated in 43% yield and 89% ee. This highly selective
process was the result of two very diastereoselective steps,
namely, oxidation of selenide571 and elimination of
selenoxide572 (Scheme 174).

18. Rearrangements
In 1974, Overman reported the rearrangement of allylic

trichloroacetamidate which gave allylic amines from allylic
alcohols.384 The rearrangement can be thermally induced or
catalyzed by a metallic salt. It appears that palladium
complexes are very efficient and can tolerate a wide range
of functionality. In 1997, Overman et al. used tertiary diamine
ligands on palladium to perform an enantioselective version
of this reaction.385 On the basis of the assumption that the
alkene complexation would probably be the enantiodiffer-
entiating step,N-phenylbenzimidate was studied since the
cyclization is the first irreversible step for this substrate
(Scheme 175). To ensure a sufficient activation of the alkene,
strongly electron-donating ligands such as phosphine were

not suitable. It was found that these ligands either suppressed
the reaction or favored the elimination pathway. On the other
hand, less electron-rich ligands such as diamines led effi-
ciently to the rearranged product. However, dicationic di-
meric complexes and nonbasic substrates such asp-trifluo-
rophenylbenzimidate574had to be used to obtain reasonable
yields. In the best case, the rearranged product was isolated
in 60% ee when complex576 was prepared from a
diastereomerically pure sample of the starting monomeric
PdCl2diamine complex. Otherwise, some contamination with
the other diastereoisomeric complex led to a less selective
catalyst with which575 was isolated in 55% ee.

In 2003, Brunner et al. reported the enantioselective
version of theR-ketol rearrangement (Scheme 176).386 The
reaction consists of migration of an R substituent from the
hydroxy carbon atom to the carbonyl carbon atom.387 The
process is reversible, and in order to avoid any equilibration
in the system, the starting material with strained ring systems
was used. Diamines13, 579, and580 led to the rearranged
products in enantioselectivities lower than 5%. The best

Scheme 172

Scheme 173

Scheme 174

Scheme 175

Scheme 176

Chiral Tertiary Diamines in Asymmetric Synthesis Chemical Reviews, 2008, Vol. 108, No. 1 189



results were obtained with chiral (oxazoline)pyridine deriva-
tives, which produced578 in ee’s up to 47%.

19. Hydroamination
Peter Scott was the first to useC2-symmetric tertiary

diamines as a ligand for this reaction. He reported in
2003 that the complex formed between (S)-581 and
[M{N(SiMe2H)2}(THF)2], M being Y, La, or Sm, catalyzed
the transformation to produce the cyclic amine essentially
as a racemic mixture. However, by changing581(n ) 0) to
582 (n ) 1), 586was obtained in ee’s up to 61%.388 On the
other hand, use of a cationic zirconium complex obtained
from [Zr(CH2Ph)4] and 582, secondary amines cyclized in
ee’s up to 82% while primary amine was found to be an
unreactive substrate (Scheme 177).389

Livinghouse et al. reported the use of yttrium(III) com-
plexes584 formed in situ by mixing the diamine ligand583
and Y[N(TMS)2]3 in the presence of 2 equiv of thiophene.390

Several primary and secondary aminoalkenes were treated
with 5 mol % of this catalyst and afforded pyrrolidine and
piperidine rings at 60°C in 3-36 h. Under these reaction
conditions, good levels of enantioselectivities were obtained,
from 60 to 87%. When performed at 30°C, cyclization of
585with 584gave 95% of conversion after 23 days in 89%
ee.

20. Aldolization
The aldol reaction groups together the condensation of a

nucleophilic enolate species with an electrophilic carbonyl
moiety. The product of the reaction, the aldol product, is
extremely important as it is contained in macrolides or
polyether antibiotics. Furthermore, this reaction is one of the
basic biosynthetic transformations, which makes it even more
important. It has therefore been widely studied with many
metals and many combinations of substrates and reagents in
order to synthesize very selectively syn or anti aldol products
with a high level of enantioselectivity.391

In 1982, Mukaiyama et al. reported that stannous trifluo-
romethanesulfonate (triflate) Sn(OTf)2 can generate divalent

tin enolate from the corresponding ester in the presence of
N-ethylpiperidine.392 It can react with aldehyde or ketone to
give the aldol product in good yield.393 Furthermore, in the
case of aldehydes, high syn (also called erythro) selectivity
was observed. Since this discovery, tin enolate has been the
subject of thorough studies in order to use it as a new tool
for asymmetric synthesis and more interestingly for enan-
tioselective catalysis. Indeed, the element tin is very interest-
ing as tin(II) derivatives have vacant d orbitals in low energy
levels and can accept up to five ligands. Furthermore, it forms
tight complexes with diamines. Particularly, when chiral
diamines were employed, very high levels of enantioselec-
tivities were achieved. This represents a very attractive
method as it uses a noncovalently bound ligand, which can
therefore be used in a catalytic amount. We will develop
the evolution of this methodology based on tin and silicon
chemistry being careful that several systems were developed
which were efficient for different substrates. Furthermore,
large numbers of diamine ligands which derived from
L-proline were evaluated during these studies (Scheme 178).

In 1982, Mukaiyama et al. reported the first enantiose-
lective aldol reaction.394 Stannous triflate was treated with
an aromatic ketone in the presence of a base, and then a
chiral diamine was used in a stoichiometric amount to form
a chiral tin enolate which was enabled to react onto aldehydes
at -95 °C to form enantiomerically enrichedsyn-aldol
product in ee’s up to 90%. The best result was obtained with
diamine168. When aliphatic ketones were used,syn-aldol
products were isolated in lower enantioselectivities. Use of
diamine 43 was necessary to reach 80% with these sub-
strates.395 When 3-acetylthiazolidine-2-thione603 was em-
ployed as a substrate (Scheme 179) very good enantiose-
lectivities were obtained, up to 90% ee using diamine168,
upon reaction with aromatic or aliphatic aldehydes.395,396

However, using the same reaction conditions, addition onto
R-ketoesters gave very low ee’s. Evaluation of several
diamines showed that591was much more efficient and able
to produce the malate derivatives in ee’s superior to 95%
with a wide range ofR-ketoesters.397 A similar substrate,
the 3-(2-benzyloxyacetyl)thiazolidine-2-thione604, was found

Scheme 177

190 Chemical Reviews, 2008, Vol. 108, No. 1 Kizirian



to be very interesting as thesyn-aldol (isomer erythro) adduct
is preferentially formed in the absence of TMEDA while
theanti-aldol (isomer threo) adduct is formed in its presence.
This reversal of selectivity is more likely due to the influence
of the diamine on the transition state because noE-Z
equilibration was observed under these reaction conditions.
Indeed, the same configuration of the enolate was obtained
when trapped by an acyl chloride either in the presence or
in the absence of TMEDA. By replacing TMEDA with
diamine 168, anti-aldol products were isolated in good
diastereoselectivities and ee’s up to 94%.398

With the emerging new challenge introduced by asym-
metric synthesis, new powerful methodologies have been
developed. The efficiency found in asymmetric aldol-type
reactions with Mukaiyama’s system, associated with the
importance of the reaction, led to major breakthroughs using
ketene silyl acetals derived from thioesters. Stoichiometric
and catalytic systems were developed in parallel, although
the latter was derived from the stoichiometric process. For
more clarity we will first detail the stoichiometric systems,
which is the first step to understanding the evolution toward
the catalytic enantioselective aldol reaction. In 1989, fol-
lowing the development of their tin-based enantioselective
aldol methodology, Mukaiyama et al. reported a very
efficient system using silyl enol ether of thioesters for
addition to various aromatic, aliphatic, andR,â-unsaturated
aldehydes.399 While tin(II) triflate associated with a chiral
diamine was sufficient to give excellent results with enolate
derived from ketones, with silyl enol ether this system gave
the aldol product in good yield but as a racemic mixture.
However, in the presence of tributyltin fluoriden-Bu3SnF
or dibutyltindiacetaten-Bu2Sn(OAc)2, high ee’s were ob-
tained (Scheme 180). The nature of the additive was crucial.
Other fluorinated salts such as AlF3 or MgF2 led to the
racemic mixture,400 and other tin alkoxide or tin carboxylate
did not give optimum results.401 Among all the diamines

evaluated, many led to the aldol product in very high
enantioselectivities; however, diamine591consistantly gave
the highest asymmetric induction. Indeed, silyl enol ether
derived from propionic acid thioester react with aldehydes
in the presence of a stoichiometric amount of tin(II) triflate,
diamine591, and tributyltin fluoride or dibutyltindiacetate
to give the aldol product with a total control of both the
diastereo- and the enantioselectivities. With silyl enol ether
derived from acetic acid thioester, a very good level of
induction was also observed, in up to 92% ee.399,402,403

From a mechanistic point of view, the reaction proceeded
through an active complex606, which activated both the
aldehyde and the silyl enol ether (double activation) (Scheme
181). No metal exchange from silicon to tin was observed
by NMR spectroscopy, which supported the fact that the
reaction proceeded through the silicon enolate rather than
the tin enolate. Furthermore, when the reaction was con-
ducted with the tin enolate formed from the thioester and
tin(II) triflate, the aldol adduct was isolated in lower yield,
diastereoselectivity, and enantioselectivity.403

Kobayashi et al. later used this methodology with (Z)-1-
(ethylthio)-1-(trimethylsiloxy)-2-(tert-butyldimethylsiloxy)-
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ethene607 for aldol reactions with aldehydes (Scheme
182).404 The same reaction conditions were used, namely, a
stoichiometric combination of tin(II) triflate, dibutyltindi-
acetate, and chiral diamine. A very interesting behavior was
observed with two different series of ligands,597-599which
have a benzylic nitrogen atom and600-602 which have a
conjugated nitrogen atom. Indeed, all the diamines led to
the aldol product in high diastereoselectivities and enantio-
meric excesses, greater than 90% and up to 98% ee; in
addition, both series of ligands led to opposite enantiomers
of the aldol adduct. Diamines491 and492 were used with
a wide range of aldehydes as they both produce the aldol
product with complete control of both diastereo- and enan-
tioselectivity. The origin of the selectivities was attributed
to the difference of conformation of the bicyclic tin-diamine
complexes. Other silylenol ether derivatives608, bearing
various R substituents, led to very good syn selectivities and
high enantioselectivities only with diamine591, while much
lower ee’s were obtained with all the other diamines tested.
However, when R ist-BuS, the anti-aldol product was
obtained as the major product (syn/anti) 24/76) in 93%
ee.405

Most of the studies detailed so far have concerned the silyl
enol ether of thioester. However, ketene silyl acetals of acetic
acid ester were also explored as nucleophiles for the aldol
reaction onto aldehydes.406 The reaction conditions used were
slightly different, as the best results were obtained in a mixed
solvent mesitylene:dichloromethane (2/1) and best selectivi-
ties with diamine280, while 591 gave the aldol product in
good yield but only 5% enantiomeric excess. Optimization
of the ester moiety showed that the best result was obtained
when the substrate bears a benzyl substituent. Therefore,
when all these conditions were put together, aldol products
were isolated in good yields and high enantiomeric excesses
(Scheme 183).

As described above, the stoichiometric enantioselective
aldol reactions have been very successful. However, devel-
opment of catalytic systems allowing the use of only a
catalytic amount of both the metal and the catalyst is indeed
very attractive and has been also successfully developed. First
attempts using 10 mol % of tin enolate of the corresponding
carbonyl derivatives and chiral diamine168for addition onto
benzaldehyde gave a very low yield and selectivities, which
is far from the result obtained with the stoichiometric system.

However, more promising results were obtained with tri-
methylsilyl enethiolate andR,â-unsaturated ketone as elec-
trophile since an identical level of enantioselectivities was
obtained in both the stoichiometric and catalytic methods.407

A mixture of R,â-unsaturated ketone and 10 mol % of the
tin-diamine complex was treated with the silyl enolate,
which has to be added very slowly, over several hours. The
driving force of the process relies on the affinity of tin to
sulfur and the weakness of the silicon-sulfur bond. The
mechanism of the reaction was described starting with a
silicon-tin metal exchange and then conjugate addition,
which releases the tin-diamine complex and affords the
silylated aldol product. The assumption that the tin enolate
pathway was supported by experimental results obtained
when the reaction conditions were set up.407b

Considering the reaction of silyl enol ether of thioesters
with aldehydes, the catalytic aldol reaction became, indeed,
as efficient as the stoichiometric system as long as the silyl
enol ether was added very slowly.408 The system used was
almost exactly the same than the stoichiometric one, except
that neither the tributyltin fluoride nor the dibutyltindiacetate
was used. Slow addition keeps TMSOTf in low concentration
which otherwise promotes the achiral aldol reaction and
therefore lowers the selectivities. According to the catalytic
cycle described in Scheme 184, TMSOTf serves for the tin-
silicon exchange which produces the silyl ether of the aldol
product and releases the tin-diamine complex. The catalytic
cycle relies on the rate of tin-silicon exchange because if
this step is too slow the nonselective process can occur more
easily. In more polar solvents, such as propionitrile, faster
rates for this exchange were observed, while in THF or DME
no reaction occurred.409 The best conditions for the catalytic
aldol reaction were using 20 mol % of tin triflate and chiral
diamine in propionitrile, to which was added over a period
of 3 h amixture of the aldehyde and the silyl enol ether of
S-ethyl ethanethioate orS-ethyl propanethioate.410 In the
presence of diamine591, syn-aldol products were isolated
in high yield and enantioselectivities from 89% to 98%. The
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tin-diamine complex activates the aldehyde, which is
oriented in the complex with there face blocked by the
naphthyl substituent of the ligand. Addition of the silyl
enolate occurred on thesi face via an acyclic transition state.

Interestingly, the association tin triflate/diamine168 did
not catalyze the aldol reaction on its own (an additive such
as n-Bu3SnF is needed), while the association tin triflate/
diamine 591 led to the aldol product in good yield and
selectivities.399,409 Indeed, the structure of the diamine is
responsible for the dramatic difference of reactivity between
these two systems. All catalytic reactions were performed
with diamines containing a conjugated nitrogen, cf.591,
which was the most selective over other similar diamines
tested (diamines229, 592, 594, and595).410b

Mukaiyama et al. described another catalyst based on the
use of tin oxide associated with trimethylsilyl triflate used
as an activator.411 It results in a cationic tin complex which
was coordinated by a chiral diamine ligand and produced a
suitable catalyst for the aldol reaction. The best result was
obtained with a stoichiometric amount of tin oxide, 0.65
equiv of TMSOTf and 0.5 equiv of chiral diamine591. With
this systemsyn-aldol products were obtained in high ee’s
but slightly lower than the other systems. On the basis of
this idea, Kobayashi et al. reported in 1994 a similar system
which involved tin oxide as scavenger for TMSOTf as it
decreases its Lewis acidity. Indeed, it was postulated that in
the catalytic system lower ee’s were due to the nonselective
process catalyzed by TMSOTf. Using the catalytic system,
namely, 20 mol % of tin triflate and chiral diamine, along
with 40 mol % of tin oxide in propionitrile, for the reaction
of silyl enol ether605 with aldehyde, increased yield and
enantioselectivities were obtained.412

In 1987, Heathcock et al. studied the structure and
reactivity of zinc enolate (Scheme 185). The aldol reaction
between benzaldehyde and609associated with (-)-sparteine
gave theanti-aldol product as the major isomer, but ee’s
were only measured on the syn isomer, which was obtained
in 26% ee when the solvent used was ether (20% in THF,
23% in toluene).413

In 1986, Hayashi et al. reported the use of a ferrocenyl-
phosphinegold(I) complex bearing a diamine moiety for the
catalytic asymmetric aldol reaction between isocyanoace-
tate (X ) CO2Me),414 (isocyanomethyl)phosphonate (X)
PO(OR2)2),415 or N,N-dimethyl-R-isocyanoacetamide (X)
CONMe2)416 and aldehyde orR-ketoesters (Scheme 186).
The two former reagents were used with aldehydes in the
presence of ligands304, 610, 611, and 612, respectively,
leading in both cases to thetrans-oxazoline in high enan-
tiomeric excesses (up to 97% and 96% ee, respectively). On
the contrary, reaction of isocyanoacetate andN,N-dimethyl-
R-isocyanoacetamide withR-ketoesters in the presence of
613 led to a mixture ofcis- and trans-oxazoline in good
enantioselectivities (up to 90% ee for the syn isomer and

84% ee for the trans isomer) (Scheme 186). Mechanistic con-
siderations were discussed in 1990 by Togni and Pastor.417

In 1988, Koga used chiral lithium amides to form mixed
aggregates with enolate derived from aromatic or aliphatic
methyl ketones.418 This intermediate was reacted with various
aldehydes at very low temperature, leading to the adduct in
good yields and ee’s up to 86% (Scheme 187).

Despite the efficiency of the catalytic asymmetric aldol
reaction described above, all systems displayed a major
drawback because of the need to use a stoichiometric amount
of base or adjunct reagents. The direct catalytic enantiose-
lective aldol reaction (DCEAR) has been a major break-
through as it is a real atom economic process as the original
aldol reaction was.419 It is important to briefly note here that
diamines containing a secondary nitrogen atom have been
used with great success as organocatalyst for the DCEAR.420

In 2000, Trost et al. designed semi-crown447 for their
molecular recognition properties to perform the DCEAR. The
turnover was increased to a practical level by adding a weak
coordinating agent for zinc that helps to displace the product.
Good yields and a high level of induction were recorded
with various aryl methyl ketones,421,422 methyl ynones,423

methyl vinyl ketone,424 and acetone425 upon reaction with
various aldehydes. Several important differences were noticed
when R-hydroxyketones were used as substrates. The
absolute configuration of the stereocenter, which derived
from the aldehyde, was opposite to that obtained using
acetophenone. Furthermore, turnovers efficient enough were
obtained without the help of any additive, which allowed
performing the reaction at lower temperature in 24 h (Scheme
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188). The Henry, Mannich, and Michael reactions, which
are closely related to the aldol condensation reaction, were
studied using this methodology.426 Maheswaran et al. per-
formed a Henry reaction (nitroaldol) using copper(II) com-
plexes of (-)-sparteine.427 They showed that high enantio-
selectivities are obtained under double catalytic activation
conditions. Using methanol as solvent and in the presence
of 3 mol % of triethylamine and 20 mol % of CuCl2[(-)-
sparteine)-N,N’], ee’s up to 97% were achieved.

Calter et al. reported the use of diamine7, which gave
the best result among all the chiral amines he tested (Scheme
189).428 The aldol product was isolated in moderate yield
and selectivity.

21. Biginelli Reaction
The Biginelli reaction is a multicomponent reaction that

makes an aldehyde, 1,3-ketoester, and urea react together
(Scheme 190).429 Zhu et al. reported in 2005 an asymmetric
version of this transformation.430 The reaction conditions
were first set up showing that best results were obtained in
THF with ytterbium triflate and 10 mol % of chiral diamine

ligand. Variations were made with the three partners of the
reaction, leading to a small library of dihydropyrimidines,
which were obtained in good yield and ee’s up to 99%.

22. Enantiomeric Excess Determination by NMR
Spectroscopy

With the growing importance of synthesizing chiral
molecules, mainly because of pharmaceutical companies,
development of new methodologies to produce nonracemic
chiral compounds has become one of the main challenges
in organic synthesis. Inevitably, the very closely related task
of determining the enantiopurity of these molecules has
received considerable attention. Several techniques have been
developed; they involve either the enantiomeric mixture itself
or a derivatized form into a pair of diastereoisomers.
Although the latter is still currently the more widely used
method and has great success,431-433 the former technique is
by far the most attractive in terms of simplicity.431,434Indeed,
measuring the optical rotation was the only way to determine
the enantiomeric excess of chiral nonracemic molecules until
the mid-1960’s. However, several important drawbacks
accompany this technique as the optical purity is not
necessarily equivalent to the enantiomeric excess,435 the
relatively low sensitivity of the method, the high sensitivity
to optically active byproduct contamination, and ultimately
the high number of incorrect optical rotations reported in
the literature.431 The two NMR techniques which allow direct
determination of enantiomeric excesses, meaning without
derivatization, imply chiral lanthanides shift reagents and
chiral solvating agents. It is interesting to note that the latter
method is efficient to measure the enantiomeric purity of
primary, secondary, or tertiary diamines.436

Secondary diamines have been very efficiently used as
chiral derivatizing agents;437 however, very little has been
reported with tertiary diamines. Kabuto and Sasaki reported
an extremely efficient chiral shift reagent formed by mixing
europium oxide Eu2O3 and chiral EDTA derivatives616and
617 (Scheme 191). The europium complexes618 (Scheme
192) were used efficiently withR-aminoacids,438 R-hy-
droxyacids,438a,439and simple carboxylic acids. It was found
that the hydrogenR to the acid function, HR, was resolved
in a range of 0.03- 0.6 ppm (∆∆δ) depending on the
substrate. In addition, there was a consistent correlation
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between the absolute configuration and the shift of theR
proton signals. Therefore, it was possible to not only measure
the enantiomeric excess of the substrate but also determine
the absolute configuration of the stereogenic center. For all
substrates described and when (R)-616 was used, theR
proton of theS enantiomer appeared in a higher field than
for theR enantiomer. In all cases studied, there was a wide
tolerance with the presence of functional groups, which was
demonstrated by the effectiveness of the method even with
aldonic acids (carboxylic acid related to aldose).440 All of
the above-mentioned studies were made on a 90 MHz1H
NMR instrument, and spectra were recorded using618under
basic conditions. When using617 in the complex, neutral
conditions were used and the method could also be extended
to N-acyl amino acids substrates.441 The structure of the
racemic complex of618was determined by X-ray analysis
showing several unusual features.442 It consists in an asym-
metric unit cell formed by six complex molecules. In each
cell the hexamer contains a ligand of identical chirality and
each hexameric unit is linked to four neighboring hexamer
units forming a two-dimensional zigzag network. In the
complex the four coordinating oxygen atoms deviate sig-
nificantly from the average plane and both axes formed by
(O1O3) and (O2O4) have an angle of 7.2°. The direction of
this deviation, which is induced by the chirality of the
propylene moiety, is an important factor for the ability to
differentiate enantiomers.

By changing from a 90 to a 400 MHz NMR instrument,
serious line broadening appeared with the europium complex
618. This problem was overcome using the samarium anion,
which has the smallest magnetic moment of all the para-
magnetic lanthanides.443 This allowed enhancing the range
of substrate to be resolved in both1H and 13C NMR
spectroscopy and in keeping with the same consistency
between the absolute configuration and the shift of HR. An
interesting application of this methodology was reported for
determination of the absolute configuration of metabolites
in body fluids, which is important for diagnosis of some
inborn errors of metabolism. Direct analysis of the urine
sample of a patient was made, showing that in the case of
2-hydroxyglutaric acid and 5-oxoproline enantiomers ofD

andL absolute configuration, respectively, were eliminated,
which was in agreement with the known clinical and
biochemical data.444

In 1994, Feringa et al., based on the work of Kido which
previously described the diamine619,445 reported diamine
620and621which upon association to europium salt form

effective chiral shift reagent.446 When used with racemic
amino acids, complexes Eu-620and Eu-621showed very
good separation of proton signals in theR or â position in
a range of 0.31-1.31 and 0.14-0.51 ppm, respectively.
These results were significantly better than those obtained
with complex Eu-619, which induced a separation in a range
of 0.08-0.41 ppm.

Another application of NMR spectroscopy techniques was
reported in 1981 by Meinwald et al. for determination of
glycols stereochemistry.447 They used the osmate ester of
glycols chelating withN,N,N′,N′-tetramethyl-1,2-trans-cy-
clohexanediamine7 and observed both of the enantiomers
by resolution of theN-methyl signals of the diamine. In this
way, they attributed the absolute configuration of a pyr-
rolizidine alkaloid obtained fromM. scorpioidesL.

23. Molecular Recognition

Molecular recognition of chiral molecules is very impor-
tant for asymmetric synthesis and chromatographic resolution
of enantiomers. The basic principle relies on formation of a
stable complex between the chiral macromolecule and the
host. The rigidity of the macromolecule and multiple binding
sites ensure a better efficiency for the molecular recognition.
Large numbers of reviews have already fully covered this
area,448 and the purpose of this section is to point out that a
few aza macrocycles have been described.449

In 2004, the enantioselective fluorescent sensor622 for
sugar acids was designed by James et al.450 The sensor
contains two boronic acid functions as a binding site and an
anthracene moiety as a fluorophore.451 Using (S,S)-sensor a
large enhancement of fluorescence was observed in the
presence ofL-tartaric acid, whereas in the presence of
D-tartaric acid only a small enhancement was observed. In
this case best selectivities were obtained at pH 7. Fluores-
cence intensity changes were linear with the ee of tartaric
acid, which allowed using this as a method for ee determi-
nation with an accuracy of only 1%.

The Zn(II) complex of cyclohexanediamine derivative623
was able to stereoselectively recognize vicinal diamine.452

For all diamines tested the same sense of stereoselectivity
was observed, i.e., rac-623 in the presence of Zn(OTf)2 and
the racemic guest diamine led to two major homochiral
complexes [(R,R)-623-Zn(II)-(R,R)-diamine] and [(S,S)-623-
Zn(II)-(S,S)-diamine].

24. Polymerization

Polymerization of alkene is one of the most important
industrial processes. Nonracemic chiral polymers have raised
great interest and found many applications in asymmetric
synthesis, chiral separation, ferroelectric, and nonlinear
optical application. They have interesting chiral recognition
abilities and can effectively resolve many racemates as a
chiral stationary phase for high-performance liquid chroma-
tography. Indeed, most biomacromolecules such as proteins,
nucleic acids, polysaccharides, or ribonucleic acids are chiral
and possess these molecular recognition abilities and catalytic
activities. Synthetic enantioenriched polymers can be ob-
tained in three ways: (1) asymmetric synthesis polymeri-
zation, where the monomer bears a chiral auxiliary which
controls the selectivity of the polymerization process; (2)
helix sense-selective polymerization which produces aright-
or left-handed helix; (3) enantiomer-selective polymerization

Scheme 192
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where one enantiomer of a racemic monomer is selectively
polymerized in a kinetic resolution process.

Vinyl polymer obtained from achiral monomer cannot be
optically active even if it is highly isotactic. Indeed, apart
from the carbon located near the ends of the polymer chain,
each asymmetric carbon which is formed in the polymeri-
zation process becomes pseudo asymmetric. However, many
macromolecules are known to take a helical conformation
in the solid state which confers to the polymer an element
of chirality. Even though most isostatic vinyl polymers such
as polystyrene and polypropylene without chiral pendant
groups cannot be optically active in solution because the
dynamics of the polymer chain is extremely fast at room
temperature, the polymer cannot maintain a helical confor-
mation. However, when large groups are present on the
backbone such as in poly(triarylmethyl methacrylate), the
helical conformation becomes stable even in solution and
the polymer is chiral. On the other hand, poly(methyl
methacrylate) and poly(benzyl methacrylate) do not maintain
their helical conformation in solution as such ester groups
are not bulky enough.

The polymerization domain is extremely vast, and many
different aspects of this topic have been reviewed.453 We are
limited in the present review to diamine ligands for which
most aspects of their use in polymerization have already been
thoroughly reviewed, and few diamine structures have been
reported since then.454,455

25. Diamine −Metal Complexes
Diamines are very good ligands for most metals, and a

large number of complexes have been reported. It is indeed
the case for most of the diamines described so far in this
review. Other crystal structures of diamine-metal complexes
were reported with a large number of metals such as cobalt,456

copper,457manganese,458palladium,459platinium,459cnickel,460

titanium,461 and lanthanides.462

Complexes624 and 625, which imply copper and pal-
ladium metals, respectively, are depicted in Scheme 194.457c,459b

In both cases, the parent diamines have a tertiary nitrogen
atom in such a substitution that it becomes a stereogenic
center upon complexation. The X-ray crystallographic data
showed that the large substituents of the nitrogen atoms are
trans to each other. Miyake et al. reported the interesting
behavior of Co(II) complexes of diamine626. It was found
that the diamine is a tetradentate N2O2 ligand complexing
the metal to form aΛ cis-R configuration around the Co(II)
center. However, in the presence of NO3

- anion, complete
inversion of helicity fromΛ to ∆ was induced.463 Other
ligands such as623or 289were also used to bring chirality
at the metal centers.464

Kumada’s ferrocene ligand304was used in 2003 by Bell
and Tilley as a framework for the synthesis of heterobi-
metallic complexes.459cFirst, monometallic complexes were
studied with Pd(II), Pt(II), and Mg(II) ions which led pref-
erentially to (P,N), (P,P), and (N,N) chelation, respectively.
The two bimetallic complexes Pd-Mg 627and Pt-Cu 628
were isolated in good yield and studied using NMR spec-
troscopy (Scheme 195).

Other kinds of complex have been widely studied, although
much more difficult from a practical point of view. Indeed,
organolithium-diamine complexes are extremely important
reagents, and it is important to know more about their
structure.465 This is closely related to the aggregation state
problems which are strongly influenced by solvent and
structural effects of both the diamines and the organolithium
reagent. In the presence of a Lewis base, such as diamines,
a competition situation arises between the Lewis base and
the anion for coordination of the lithium cation. If the Lewis
base is strong enough, this solvation will result in deaggre-
gation of the complex into smaller aggregates.466 For
example, phenyllithium, one of the best understood of all
organolithium reagents, is a tetramer in diethyl ether,467 a
dimer in the presence of TMEDA,468and an monomer-dimer
equilibrium in THF solution.469 On the other hand, Lewis
base free phenyllithium consists of Ph2Li 2 units which
interact with an adjacent identical unit forming a polymeric
structure.470 Several other organolithium reagents have been
studied upon complexation with a Lewis base.471 Many
techniques have been developed to characterize the structure
of organolithium reagents. Their aggregation state can be
determined from their colligative properties (cryoscopy,
ebullioscopy, density measurement) by X-ray crystallography
or studies in solution (UV-vis, IR, NMR). In 1984, Okamoto
et al. reported the circular dichroism of arylmethyllithium
carbanions induced by diamines such as13and173.472 They
observed that in the presence of these diamines an induced
CD was recorded which suggests that a tight complex was
formed between the organolithium reagent and the diamine.
Furthermore, UV and CD spectral patterns and their relative
intensity were not varied by the presence of an excess of
diamine, which indicates that a 1:1 complex was formed.
The most popular method is certainly NMR spectroscopy
of the 13C nucleus because of its large range of chemical
shift which reduces the problem of overlapping signals.

Scheme 193 Scheme 194
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Indeed, both6,7Li nuclei have been used in NMR, although
it suffers from several drawbacks. The chemical shift range
is relatively small, from-2 to +2 ppm; furthermore, it is
very sensitive to several parameters such as viscosity,
temperature, concentrations, solvation, and the nature of the
standard used (which are usually LiClO4, LiBr, or LiCl used
in concentrations ranging from 0.1 to 1.0 M in water or
THF). Pioneering work of Fraenkel introduced6Li isotopic
labeling to take advantage of the spectroscopic properties
given by the spin number of this nuclei (I ) 1), and the6Li
labeling technique is now a common routine.473 Detection
of the 13C-6Li J coupling is, indeed, the most direct
information concerning the aggregation state of an organo-
lithium complex.474 It was found, from theoretical studies,
that the nature of the carbon-lithium bond of methyllithium
is 88% ionic and 12% covalent,475 which may be important
for the scalar coupling between the two nuclei. However, it
was also shown by Streitweiser thatJ coupling can be visible
even though the interaction is strictly electrostatic.476 Prob-
lems with overlapping signals can often be circumvented
using 2D techniques based on spin-spin couplings. All the
common 2D experiments using the homonuclear and het-
eronuclear coupling are indeed applicable to6Li NMR.

A few studies were carried out using chiral diamine as
ligands despite the importance of such systems in asymmetric
synthesis. (-)-Sparteine has been undoubtedly the most
widely studied ligand for which many crystal structures have
been reported upon complexation witht-BuLi, n-BuLi,
i-PrLi, MeLi, PhLi, and lithiosilane.477 In the solid state, a
mixed aggregate [PhLi·PhOLi·2(-)-sparteine] was isolated.
It was shown that the structure contains a single C-Li-
O-Li four-membered ring.478 The great interest devoted to
find a (+)-sparteine equivalent having eventually been
successful, the crystal structure of (+)-sparteine surrogate
with MeLi and PhLi has been reported.479 Furthermore,
Collum et al. carried out NMR studies with complexes
containing (-)-sparteine or7 as ligand that showed that a
dimeric complex was present in solution.480 However,
attempts to clarify a simple structure-reactivity relationship
failed, mainly because van der Waals interactions are
dominant and specific to each combination of the solvent,
organolithium, and substrate. Kinetics of reaction between
RLi/diamine complexes and imines were studied.480,481Reac-
tions occurred through a monomer- or dimer-based transition
structure depending on the substrate and concentration of
the reagents. It was proposed from these studies that either
a four-membered transition state or an open dimer occurs
as a mechanistic pathway. The complexation kinetics of
organomagnesium reagents with (-)-sparteine were also
studied by NMR spectroscopy. While the rate of exchange
of dialkylmagnesium compounds between the dietherate and
the TMEDA was too fast to be measured on the NMR time
scale, the rate of exchange for (-)-sparteine was much slower
for steric reasons.482 Due to the importance of lithium amide
bases, many studies have been reported on the structure of
LiHMDS in the presence of diamines such as (-)-sparteine
or 7, showing that, in this case, the complex is monomeric.483

26. Conclusions and Outlook
Diamines have become a large and important topic in

organic synthesis. The particular case of tertiary diamines
has never been the central topic in a review. Our review
covers their use in asymmetric synthesis in the most
exhaustive manner (articles were collected until January

2007). Considering the importance of diamine-based ligands,
it appeared to us to be necessary, after so many develop-
ments, to set the record straight about the subject. Although
some diamines have demonstrated broader capacity than
others, this review shows that none of them is broad enough
to cover the whole range of applications. However, they are
flexible enough to introduce various types of diversity
through the framework or nitrogen substitution, which has
allowed chemists to access almost any reaction. The diamine
function is able to support both of the basic requirements
needed for an effective ligand, which are the capacity to
catalyze a reaction and induce selectivity. Despite this,
improvements are still needed in the area already covered
and also to enlarge their application field. For these chal-
lenges, new structures of diamines have been synthesized
and new concepts have been developed.

The reader will note, even with a rough reading of this
review, the very large number of diamines used. Other new
structures appeared over the years either from computing
assistance or the intuition of chemists. New breakthroughs
may come from some of these new diamines or improve-
ments of some of the already existing and studied structures.
Indeed, diamines having a bridgehead structure,484-488 based
on aziridine,489 azetidine,490 pyrrolidine,491-495 or piperidine
core,496,497derived from cyclobutane,498 cyclopentane,494,499

or cyclohexane diamines,500-504 derived from metallocene505-507

or other structures,508-513 have already been reported in the
literature, but they have not yet been used as tertiary
diamines. Considering the restriction we made describing
only those having tertiary nitrogen atoms, one can easily
obtain a glimpse of the huge potential of diamines in the
broad sense of the term when added to all other substitution
possibilities. Indeed, if one considers secondary and primary
diamines, a much broader range of reactions can be reached,
extending the real possibilities of the diamine family. This
topic, although already widely studied, is still under continu-
ing evolution and brings regularly new possibilities in
synthesis.
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28. Note Added in Proof
Since the submission of the accepted version of the

manuscript, several publications have appeared on various
aspects of diamines.514
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