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Any man who, upon looking down at his bare
feet, doesn’t laugh, has either no sense of
symmetry or no sense of humor.

Descartes

1. Introduction: Symmetry Breaking Concept

Living molecules and their components in Nature
are homo-chiral rather than hetero-chiral despite the
structural possibility of two enantiomeric “right-
handed” and “left-handed” forms. [A homo-chiral
relationship occurs in a series of homologous mol-
ecules of identical absolute configurations (cf. Dame-
wood, J. R., Jr. Chem. Eng. News 1985, Nov 4, 5.
Eliel, E. L.; Wilen, S. H. Chem. Eng. News 1990, Sept
10, 2).] Homogeneiety in chirality, either right- or
left-handed biomolecules, has been recognized as a
fundamental principle in Nature.1 For instance, DNA
and RNA, composed of D-(2-deoxy)ribose, store and
transfer genetic information, and highly ordered
structures of proteins derived from L-amino acids are
essential for the structural backbones and chemical
transformations in the biosphere. The scenario of
successive evolution, proposed by Pearson, suggests
that molecular formations at the early stages of
evolution might involve a nonracemic composition,
and subsequent evolutionary processes account for
the appearance of an excess of molecules with homo-
chirality.2 A homogeneous chirality sense in Nature,

obtained by catastrophic self-replication after sym-
metry breaking in the racemic world or the delivery
of exochirality, external chiral substances on the
primitive (prebiotic) Earth, is the key for the quest
of molecular evolution and the continuity of life.
Therefore, the fundamental question about the gen-
eration stage of homo-chirality in Nature has long
received widespread attention, and theoretical mod-
els of the origin of chirality on Earth have been
proposed.3

The origins of homo-chirality in Nature can be
divided into two categories, namely abiotic and biotic,
as tabulated in Figure 1. Biotic theories presumed
that life on Earth originated at some advanced stage
of molecular evolution with the particular choice of
one enantiomer, e.g., L-amino acids and D-sugars, as
the most efficient for continuous progress into higher
organized forms.4 In abiotic theories, by contrast,
generation of homo-chirality could not be originated
without some initial asymmetric abiotic bias. Abiotic
theories are further classified into chance and deter-
minant ones:3a,b (1) a “chance mechanism” to generate
an optically active molecule randomly and (2) a
“determining mechanism” to favor one enantiomer
by internal or external chiral bias. Spontaneous
multiplication after an initial enantiomeric imbalance
induced either by a chance or determinant mecha-
nism would be amplified to link with the homo-chiral
world on the current Earth. To explain amplification
of chirality, the concept of autocatalysis in a life
model was first reported by Frank in 1953.5 Later,
Calvin also drew the process of “stereospecific auto-
catalysis” to give enantiopure materials.6 As shown
in Figure 2, in two rapidly equilibrating enantiomeric
reactants (d)-S and (l)-S, the product enantiomer
(d)-P acts stereospecifically as an autocatalyst to
produce more (d)-P than (l)-P at a faster rate than
the original noncatalytic reaction. In statistical fluc-
tuations, the enantiomeric substrates (d)-S and (l)-S
are not in equal amounts. In the case of a slight
excess of (d)-S, (d)-P formed in slight excess can
rapidly catalyze the synthesis of (d)-P, leading to
homo-chirality.

Although various theoretical models for spontane-
ous amplification of chirality have been proposed,7
experimental evidence has been limited for a random
generation of chiral molecules. Spontaneous resolu-
tion during the crystallization of racemic or prochiral
compounds is a typical example for spontaneous
generation of optical activity without any chiral bias,
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and is closely associated with the discovery of chiral-
ity in molecules. In a pioneering work by Pasteur in
1848, it was found that the conglomerate of a 1:1
mechanical mixture of two enantiomers of sodium
ammonium tartrate (racemes: acide racémique) was
made up by an autocatalytic crystallization process

from a racemic mixture (spontaneous enantiomer
resolution).8 Later, in 1941, preferential enantiomor-
phic crystallization of ammonium salts through a
dynamic equilibrium between two enantiomeric forms
was reported by Havinga.9 In 1971, Pincock studied
the spontaneous generation of optical activity in the
crystallization of 1,1′-binaphthyl.10 The enantiopure
crystals differ in energy and kinetics of formation
from the diastereomeric racemate crystals. If the
enantiopure form is lower in energy and nucleation
of the crystal occurs from a single site, then sponta-
neous generation of optically active crystals would
be achieved. In general, spontaneous enantiomer
resolution is thus rather difficult in a fluid phase due
to thermal fluctuations and/or molecular diffusion.
Therefore, only a two-dimensional conglomerate has
been reported in a monolayer film but on a crystalline
surface.11 Very recently, the first example of spon-
taneous enantiomer resolution of a racemic molecule
into a three-dimensional conglomerate in a fluid
liquid-crystalline phase has been reported by us.12

Some intrinsic internal or external physical and
chemical forces are the determining factors to provide
a non-equivalence of enantiomers.3,6 Stereoselective
adsorption on crystalline quartz of one of the enan-
tiomers of racemic compounds has been argued as
another mechanism to generate a chiral bias in
Nature.13 Experimental evidence has also been re-
ported for asymmetric adsorption of racemic amino
acids on quartz.14 Nonconservation of equivalent
weak interactions may lead to small differences in
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Figure 1. The origins of homo-chirality in Nature.

Figure 2. Calvin’s autocatalysis model.
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energy [(2-6) × 10-14 J/mol] between two enantio-
meric forms.15 The weak interaction establishes an
intrinsic left chirality for the electron and right
chirality for the positron and leads to the chemical
expectation that â-decay of nucleides should induce
an enantiodifferentiating radiolysis of racemic mix-
tures. However, no clear-cut enantioselective radi-
olysis of racemic mixtures has been reported to result
from such a very weak energy (∼10-18 eV). Circular
polarized light (CPL)16 and geophysical fields such
as rotation of the earth and magnetic fields17 have
long been examined as determining factors. However,
these physical forces should account for homo-chiral-
ity in Nature.

Irrespective of the mechanism providing enantio-
meric excesses, the “symmetry breaking” concepts are
fundamental aspects of how natural fluctuation from
a completely racemic state followed by asymmetric
multiplication leads to a homo-chiral state. Therefore,
the efforts toward finding the origin of the generation
of chirality at the molecular level as well as at the
macromolecular level are closely associated with
current progress in asymmetric synthesis. Synthetic
chemists have long studied asymmetric synthesis,
since the discovery of molecular chirality in the times
of Pasteur. The term “asymmetric synthesis” was
first coined by Fisher:18 “Diese Vorstellung giebt, wie
mir scheint, eine einfache Losung fur das Rathsel der
naturlichen asymmetrichen Synthese.” Thus, he
showed that the D-series of sugars were synthesized
from (+)-glyceraldehyde and that the L-series was
from the (-)-enantiomer. Marckwald defined asym-
metric synthesis: “Asymmetrische Synthesen sind
solche, welche aus symmetrisch constituirten Verbin-
dungen unter intermediarer Benutzung optisch-
activer Stoffe, aber Vermeidung jades analytischen
Vorganges, optitsch-activen Substanzen erzeugen”
[translation: Asymmetric syntheses are those reac-
tions which produce optically active substances from
symmetrically constituted compounds with the in-
termediate use of optically active materials but with
the exclusion of all analytical (resolution) pro-
cesses.].19 Later, Morrison and Mosher reported a
wider definition: “Asymmetric synthesis is a reaction
in which an achiral unit in an ensemble of substrate
molecules is converted by a reactant into a chiral unit
in such a manner that the stereoisomeric products
are produced in unequal amounts”.20 Reactants in-
clude not only the usual chemical reagents but also
catalysts. The development of enantioselective cata-
lysts, which provide enantiomerically enriched prod-
ucts, is of central importance in modern asymmetric
synthesis21 in terms of ‘chirality economy’, namely
the ratio of product % ee × product % yield/catalyst
% ee × catalyst mol % (the racemic catalysis should
be infinitely efficient and economical), and hence is
an environmentally “green” process.22 Standard meth-
ods for such enantioselective catalysis are the em-
ployment of metal complexes bearing chiral and
nonracemic organic ligands, normally in enantiopure
form (Figure 3a). The key for efficient asymmetric
catalytic reactions is to develop chiral catalysts with
a suitable chiral environment. The studies on the
origin of chirality in Nature might provide the basis

for the new paradigm for the current stage of asym-
metric catalysis starting from racemic catalysts.
While nonracemic catalysts can generate nonracemic
products, racemic catalysts inherently produce only
racemic products (Figure 3b). On the basis of the
symmetry breaking concept, asymmetric catalysis
consisting of enantiomeric fluctuation (or discrimina-
tion) by the external chiral bias and subsequent
amplification of chirality through autocatalysis can
be developed. Recently, novel approaches for sym-
metry breaking in asymmetric catalysis have been
reported. The racemic catalysts can be enantiomer-
selectively transformed into a highly activated (or
deactivated) enantiomeric catalyst by additional chiral
sources (Figure 3c). The nonequivalence of enantio-
meric catalysts resulting from the spontaneous break-
ing of racemic catalysts is amplified by an asymmet-
ric autocatalytic process (Figure 3d).23 In this review,
recent progress in chirally economical racemic ca-
talysis (section 2) will be discussed and followed by
asymmetric amplification (section 3) and autocataly-
sis (section 4).

2. Racemic Catalysis
While nonracemic catalysts can generate enan-

tioenriched products, racemic catalysts generally give
only a racemic mixture of chiral products. In view of
the fluctuation of the racemic environment in Nature,
we might be able to develop asymmetric reactions
through preferential discrimination of racemic cata-
lysts by a certain chemical or physical source. Indeed,
as a new stage of asymmetric catalysis emphasizing
chiral economy, chiral symmetry breaking, i.e., in situ
resolution of racemic catalysts, has been reported
recently. A strategy for racemic catalysis by addition
of chiral sources can be classified into two ex-
tremes:24 (1) ‘asymmetric deactivation’ 33a and (2)
‘asymmetric activation’.33a In the asymmetric deac-
tivation strategy, enantiomer-selective deactivation
of a racemic catalyst by chiral sources (e.g., chiral
poison) achieves chiral symmetry breaking of a
racemic state to yield nonracemic products. As a
strategy conceptually opposite, the asymmetric acti-
vation has been developed. A chiral activator selec-

Figure 3. Asymmetric catalysis based on the symmetry
breaking concept.
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tively activates one enantiomer of a racemic catalyst.
Therefore, racemic catalysts can be evolved into
chirally active catalysts, leading to enantioenriched
products after symmetry breaking by association
with chiral deactivators or activators.

2.1. Asymmetric Deactivation33a

A racemic catalysis via enantiomer-selective deac-
tivation by a chiral source as a “catalyst poison” leads
to the enantiomer-selective formation of a catalyst-
deactivator complex with low reactivity (Scheme 1).
The chiral poisoning strategy is effective only in the
case that a chiral deactivator exclusively complexes
with one enantiomer of a racemic catalyst (Scheme
1a). In this case, the chiral deactivator leaves the
other enantiomer of the racemic catalyst unchanged,
thus affording the enantioenriched product. There-
fore, in principle, the level of enantiomeric excess
could not exceed that attained by the enantiopure
catalyst. On the other hand, nonselective complex-
ation of a chiral deactivator to equally kill racemic
catalysts leads to a racemic product (Scheme 1b).
Though there would be a significant advantage in
reducing cost or synthetic effort by use of the readily
available racemic catalyst and inexpensive chiral
deactivator, the chiral deactivator tends to be used
in an excess amount relative to the catalyst enan-
tiomers.

Asymmetric hydrogenation of a dehydroamino
ester has been achieved after kinetic resolution of
racemic CHIRAPHOS by association with a chiral
iridium amide complex (Scheme 2).25 The chiral
iridium enamide complex (+)-1 reacts with (S,S)-
CHIRAPHOS selectively to form the deactivated
iridium complex 2 and remaining (R,R)-CHIRAPHOS
affords a chiral rhodium complex 3, which catalyzes
asymmetric hydrogenation to give the (S)-hydrogena-
tion product with 87% ee. The opposite enantiomer
(-)-1 gave the (R)-product with 89.5% ee, which is
the same value of enantiomeric excess given by using
optically pure (S,S)-CHIRAPHOS. The readily avail-
able racemic diphosphine ligands 4 and 5 were
employed to afford the (R)-hydrogenation product in
91% and 79% ee, respectively (Scheme 3).

More recently, the term “chiral poisoning”, coined
by Faller, has been used for such a deactivating

strategy in the context of an asymmetric hydrogena-
tion reaction of dimethyl itaconate catalyzed by the
same CHIRAPHOS-Rh complex (Scheme 4).26 (S)-
METHOPHOS ((S)-[Ph2POCH2CH(NMe2)CH2CH2-
SMe]), readily prepared from methionine, was em-
ployed as a chiral deactivator. Although the (S)-
METHOPHOS-Rh complex gave the hydrogenation
product in <2% ee, the combination of racemic
CHIRAPHOS and (S)-METHOPHOS yielded the (S)-
product in 49% ee (Scheme 4). Since hydrogenation
using the pure (R,R)-CHIRAPHOS-Rh complex af-
fords the (S)-product in 98% ee, it is concluded that
(S)-METHOPHOS binds (S,S)-CHIRAPHOS-Rh com-
plex preferentially.

Scheme 2

Scheme 3

Scheme 4

Scheme 1
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The racemic aluminum reagent 6 has been dis-
criminated using a chiral ketone by diastereoselective
complexation, and the remaining chiral aluminum
reagent (R)-6 or (S)-6 catalyzed an asymmetric het-
ero-Diels-Alder reaction (Scheme 5).27a Here, a chiral
ketone acts as a chiral deactivator for one enantiomer
of racemic organoaluminums. Maruoka and Yama-
moto explored several terpene-derived chiral ketones
as chiral deactivators, and finally commercially avail-
able (1R)-endo-(+)-3-bromocamphor was found to be
the most effective chiral deactivator for (R)-6. In the
presence of (1R)-endo-(+)-3-bromocamphor and
racemic 6 in a 1:1 ratio, an enantioselective hetero-
Diels-Alder reaction was achieved to yield the cis
adduct 7 preferentially with 82% ee, which is com-
parable to the ee obtained from enantiopure (S)-6
(95% ee).27b Combination of racemic 6 and chiral
ketone in a 1:1 ratio gave a better enantiomeric
excess than that in a 2:1 ratio. This indicates that
one diastereomer of a 6/chiral ketone complex readily
decomposed to optically pure 6 and chiral ketone
rather than the other diastereomeric complex upon
the addition of aldehydes for an asymmetric hetero-
Diels-Alder reaction (Table 1).

Asymmetric deactivation has been applied to the
racemic [p-cymeneRu(H2O)(BINAPO)](SbF6)2 com-
plex 8-catalyzed asymmetric Diels-Alder reaction of
methacrolein with cyclopentadiene (Table 2).28 Treat-
ment of the racemic [p-cymeneRuCl(BINAPO)]SbF6
with 1 equiv of AgSbF6 resulted in the racemic 8, and
subsequent addition of L-proline or L-prolinamide as
a chiral deactivator (P*) established an equilibrium
between the active aqua-Ru complex 8 and the

deactivated Ru complex 8-P*. The enantioselectivity
of the Diels-Alder product became ca. 60% ee when
the chiral deactivator was used in stoichiometric
amounts or greater with respect to (()-8. The most
successful chiral deactivators, L-proline and L-pro-
linamide, preferentially deactivate the (SRu,R)-8 via
different deactivation modes s selective displacement
of the aqua ligand by L-proline and of the BINAPO
ligand by L-prolinamide s and the remaining (RRu,S)-8
is free to catalyze the asymmetric Diels-Alder reac-
tion.

The enantiomerically pure diisopropoxytitanium
tartrate complex, prepared in situ from Ti(OiPr)4 and
diisopropyl D-tartrate (D-DIPT), can be effectively
used as a chiral deactivator for racemic BINOLate-
Ti(OiPr)2 9-catalyzed synthesis of homoallylic alcohols
(Scheme 5).29 The enantiomeric excess of the product
increases depending on the amount of D-DIPT em-
ployed. When Ti(OiPr)4 and D-DIPT as a chiral
deactivator for (()-9 were employed in a ratio of 1:3,
the enantioselectivity of the (S)-homoallylic alcohol
product was increased up to 91% ee and 63% yield
from 19% ee and 44% yield obtained by using a ratio
of 1:1. While using pure (S)-9 catalyst with the Ti-
(OiPr)4/D-DIPT deactivator led to the (S)-product in
>95% ee and 20% yield, no homoallylic alcohol was
obtained by using enantiopure (R)-9 with the Ti-
(OiPr)4/D-DIPT, which showed no catalytic activity on
its own. These results indicate that the Ti(OiPr)4/
D-DIPT complex therefore selectively deactivates
(R)-9 and the remaining (S)-9 effectively catalyzes
the reaction in association with an excess of D-DIPT.

The Ti(OPri)4/D-DIPT deactivator has been also
used for the BINOLate-Ti(OPri)2-catalyzed asym-
metric carbonyl-ene reaction of some olefins with
chloral.30 Comparable or enhanced enantioselectivity
has been achieved relative to that obtained with the
use of enantiopure (S)- or (R)-9 (Schemes 6 and 7).

Table 1. Asymmetric Hetero Diels-Alder Reaction

chiral ketone
(equiv) 6 (equiv)

% yield
cis-7/trans-7

% ee
cis-7

X ) H (0.15) (()-6 (0.3) 80/17 22
X ) Br (0.15) (()-6 (0.3) 66/32 70
X ) Br (0.3) (()-6 (0.3) 84/12 68
X ) Br (0.1) (()-6 (0.1) 78/19 82
- (S)-6 (0.1)a 86/9 95
a The reaction was carried out in toluene at -20 °C.

Scheme 5

Table 2. Asymmetric Diels-Alder Reaction

P* (equiv)
(()-8

(equiv) % conv
% de

(exo:endo)
% ee

(config)

L-proline (0.1) 0.2 76 98 8 (S)
L-proline (0.1) 0.1 28 95 54 (S)
L-proline (1.0) 0.2 35 95 59 (S)
L-prolinamide (0.1)a 0.2 48 95 30 (S)
L-prolinamide (0.1)a 1.25 92 96 60 (S)

a The reaction was carried out in toluene at -78 °C.
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By using the Ti(OPri)4/D-DIPT deactivator in a 1:3
ratio, not only the regioselectivity but also the enan-
tioselectivity of the ene product were improved.

A chiral amino alcohol, (1R,2S)-ephedrine, is also
employed as a chiral deactivator in the kinetic
resolution of cyclic allylic alcohols using racemic
BINAP-RuCl2 10a (Scheme 8).31 Using (()-10a with
(1R,2S)-ephedrine, (R)-2-cyclohexenol was obtained
in >95% ee at 77% conversion (the relative rate
kf/ks > 6.4). Since the enantiopure (R)-10a is effective
for the kinetic resolution of 2-cyclohexenol, where (S)-
2-cyclohexenol was obtained in >95% ee at 60%
conversion (kf/ks > 15), (R)-10a hydrogenated (R)-2-
cyclohexenol much faster than (S)-2-cyclohexenol.
Addition of (1R,2S)-ephedrine noticeably slows the
reaction. These results indicate that (1R,2S)-ephe-
drine can selectively deactivate the (R)-BINAP-Ru
component of the racemic catalyst.

As an ultimate chiral deactivator for racemic
BINAP-Ru complexes 10, 3,3′-dimethyl-2,2′-diamino-
1,1′-binaphthyl (DM-DABN) was designed by us, in
which the methyl groups in (R)-DM-DABN would
interact with PAr2 groups in (R)-BINAP but not in
(S)-BINAP (Figure 4).

Complete resolution and asymmetric deactivation
of the racemic XylBINAP-RuCl2 (()-10b by DM-
DABN are shown to be very effective in the kinetic
resolution of 2-cyclohexenol.32 The addition of just a
0.5 molar amount of (S)-DM-DABN deactivator to
racemic 10b gave enantiopure (S)-2-cyclohexenol.
Racemic cyclohexenol was kinetically resolved in the
same (53%) conversion as enantiopure 10b (Scheme
9). Indeed, the relative rate of hydrogenation of (R)-

vs (S)-2-cyclohexenol in the presence of just a 0.5
molar amount of (S)-DM-DABN added to (()-10b is
large enough (kf/ks ) 102). Asymmetric hydrogena-
tion of â-keto esters was also catalyzed by combina-
tion of (()-10b with (S)-DM-DABN as a chiral
deactivator to give 99% ee of (R)-methyl 3-hydroxy-
butanoate quantitatively. The enantioselectivity
(99.3% ee) was very close to that (99.9% ee) obtained
by using enantiopure (R)-catalyst in our work (Scheme
10).

2.2. Asymmetric Activation33a of Atropos
Catalysts

The racemic chiral catalysts can be evolved to
highly activated chiral catalysts by addition of chiral
sources as chiral activators (Scheme 11). The advan-
tage of the activation strategy over the deactivation
counterpart is that the activated catalyst can lead
to products with a greater enantiomeric excess (xact%
ee) than the enantiomerically pure catalyst on its own
(x% ee), even in the ideal case of catalytic use of the
activator per chiral catalyst. Therefore, the most
crucial step determining the overall enantioselec-
tivity is the complexation of the catalytically active
species with the substrate.

Asymmetric activation can also be established in
the case of a nonselective complexation giving acti-
vated diastereomeric catalysts (Scheme 11b), as the

Scheme 6

Scheme 7

Scheme 8

Figure 4. Design of the chiral deactivator for racemic
BINAP-RuCl2 complexes.

Scheme 9

Scheme 10
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result of a difference in turnover frequencies (cata-
lytic activities) between the diastereomers (kact >
k′act), which depend on the substrates. The use of 1.0
equiv of the activator per parent catalyst often affords
a 1:1 mixture of the diastereomeric complexes. In this
case, a higher level of enantioselectivity than that
achieved by using an enantiomerically pure catalyst
(xact% ee > x% ee) can be obtained hopefully, by a
difference of more than 2 orders of magnitude in the
catalytic efficiency (kact/k > 102). Figure 5, for ex-
ample, shows the effect of the variation of the relative
rate (krel ) kact/kact′ ranges from 0.01 to 100) in the
case where one activated diastereomeric complex
((R)-MLn/(R)-Act*) provides the product in 100% ee
(R) and the other diastereomer ((S)-MLn/(R)-Act*)
leads to the opposite enantiomeric product in 50%
ee (S). Even when the two diastereomeric activated
complexes are formed in a 1:1 ratio, a product with

more than 99% ee can be obtained if the relative rate
of the two activated diastereomers is 100 (log krel )
2) (Figure 5). Asymmetric catalysts are generally
metal complexes bearing chiral and atropisomeric
ligands such as BINOL or BINAP, which can usually
provide the C2-symmetric reaction center to achieve
asymmetric catalysis. The term “atropisomerism”
was coined to cover isomerism caused by blocking the
internal turn around a single bond.62 Since the word
atropos consists of “a” meaning “not” and “tropos”
meaning “turn” in Greek, with respect to the dynamic
behavior of a ligand with a chiral axis, the chirally
rigid or flexible nature of a ligand was called atropos
or tropos, respectively.24b

The asymmetric activation concept has been ap-
plied for the first time in the ene, aldol, and Diels-
Alder reactions catalyzed by the atropos BINOLate-
Ti(OiPr)2 complex 9. The racemic BINOLato-Ti(OiPr)2
(()-9-catalyzed carbonyl-ene reactions of carbonyl
enophiles achieved extremely high enantioselectivity
by addition of another diol, leading to enantiomer-
selective activation (Table 3).33 High enantioselec-
tivity (89.8% ee, R) can be achieved by adding just 5
mol % of (R)-BINOL as an activator to 10 mol % of
(()-9. The advantage of asymmetric activation of
(()-9 is highlighted in a catalytic version. High
enantioselectivity (80.0% ee) is obtained by adding
even less than the stoichiometric amount (0.25 equiv
per (()-9) of additional (R)-BINOL.

Activation of enantiopure (R)-9 can also be done
by further addition of (R)-BINOL as an activator
(Table 4). The reaction proceeds quite smoothly to
provide the carbonyl-ene product in higher chemical

Scheme 11

Figure 5. Influence of the relative rate krel on the ee value
of the product.

Table 3. Asymmetric Activation of (()-9 in the
Carbonyl-Ene Reaction

a Only 2.5 mol% of (R)-BINOL was used as a chiral activator.
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yield (82.1%) and enantioselectivity (96.8% ee) than
those attained without additional BINOL activator
(19.8%, 94.5% ee). Kinetic studies showed that the
reaction catalyzed by (R)-BINOLato-Ti(OiPr)2/(R)-
BINOL complex (R,Ract)-9 is 25.6 times as fast as that
catalyzed by (R)-9. These results imply that (()-9 and
a half-molar amount of (R)-BINOL self-assemble into
(R,Ract)-9 and leave (S)-9 unchanged. In contrast,
additional (S)-BINOL activates (R)-9 to a smaller
degree, providing the carbonyl-ene product in lower
optical (86.0% ee, R) and chemical (48.0%) yields than
(R)-BINOL.

A similar phenomenon of enantiomer-selective
activation has been observed in aldol34 and hetero-
Diels-Alder reactions.35 Asymmetric activation of
(R)-9 by addition of (R)-BINOL is also effective to
provide higher levels of enantioselectivity (97% ee)
than those attained by the parent (R)-9 (91% ee) in
the Mukaiyama aldol reaction of silyl enol ethers
(Scheme 12a). Asymmetric activation of (R)-9 by (R)-
BINOL is essential to provide higher levels of enan-
tioselectivity (84% ee) than those obtained by using
(R)-9 (5% ee) in the hetero-Diels-Alder reaction of
glyoxylates with the Danishefsky diene. Since activa-
tion of (R)-6-Br-BINOL gave lower yield (25%) and
enantioselectivity (43% ee) than those obtained by
using (R)-BINOL (50%, 84% ee), not only steric
factors but also electronic factors are important for
a chiral activator. (Scheme 12b).

Asymmetric activation was also observed in the
combination of (R)-BINOL and Zr(OtBu)4-promoted
enantioselective synthesis of homoallylic alcohols

(Scheme 13).36 The use of (R)-BINOL and Zr(OtBu)4
in a 2:1 ratio without any other chiral source afforded
the homoallylic alcohol product in 27% ee and 44%
yield. Since addition of (R)-(+)-R-methyl-2-naphtha-
lenemethanol ((R)-MNM) led to higher ee (53% ee)
than those obtained by using only (R)-BINOL (27%
ee), (R)-MNM can act as a chiral activator for the
reaction. With use of (R)-BINOL and Zr(OtBu)4 in a
1:1 ratio, 2 equiv of (R)-MNM led to higher ee (57%
ee) than that obtained by addition of 1 equiv of (R)-
MNM (43% ee). A higher ee and activation effect for
the allylation of benzaldehyde were thus attained by
addition of (R)-MNM as a product-like activator.

Chiral organozinc reagents constitute one of the
most fundamental asymmetric catalysts for carbon-
carbon bond-forming reactions. In an enantioselective
addition of diorganozinc reagents to aldehydes, vari-
ous chiral ligands including â-amino alcohols have
been explored since its initial report by Oguni.37,38

However, less attention has been paid to C2-sym-
metric and atropos BINOLs39 for Zn catalysts, despite
their wide application as chiral ligands for B,40 Al,41

Ti,42 Zr,43 and Ln44 catalysts in enantioselective aldol,
ene reactions and so forth, due to their lower catalytic
activity and enantioselectivity for the organozinc
addition reaction.45 More recently, some modified
BINOLs46-48 have been reported to be effective, but
the simple BINOL itself is less effective in the
reaction. The addition of chiral amine activators for
activation of BINOL-zinc catalysts should facilitate
the alkyl transfer efficiently because of its strong
ability to coordinate to the zinc center. As a result, a
monomeric zinc complex might be expected to form
in a manner similar to that of the chiral salen-zinc
catalyst system.49

The bimolecular combination of the BINOLs, di-
ethylzinc reagent, and various chiral amines 11,
which can act as chiral activators, greatly enhanced
the reactivity and enantioselectivity in the asym-
metric alkylation of benzaldehyde (Table 5).50 When
either (R)-BINOL or the chiral amine 11a was
employed, (S)-1-phenylpropanol was obtained with
only 8.2% ee (54% yield) or 1.1% ee (64% yield). In
this case, the reduction product (in parentheses) was
also formed as a side product. However, the combined
use of (R)-BINOL and 11a afforded quantitatively the
product with 37.4% ee. The enantioselectivity of the
reaction is further increased by using a matched
combination of a modified BINOL and certain chiral
diamine activators. The replacement at the 3- and
3′-positions with sterically demanding phenyl groups,
(R)-3,3′-diphenyl-1,1′-bi-2-naphthol ((R)-Ph2-BINOL)
led to (S)-1-phenylpropanol in up to 65% ee and

Table 4. Asymmetric Activation of Enantiopure (R)-9
in the Carbonyl-Ene Reaction

BINOL % yield % ee

- 19.8 94.5
(R)-BINOL 82.1 96.8
(S)-BINOL 48.0 86.0
(()-BINOL 69.2 95.7

Scheme 12

Scheme 13
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quantitative yields in association with either the
chiral amine 11a or 11b. The absolute configuration
of the product can be determined primarily by that
of BINOLs, since use of the chiral amine 11b, having
opposite chirality to that of 11a, led to the same
enantiomers as with 11a. The chirality of the diamine
activators thus has little effect on the absolute
configuration of the product, but it greatly affects the
level of enantioselectivity. The steric hindrance of the
chiral activators is also crucial. The chiral activator
11c was finally found to lead to the best results. The
reaction catalyzed by the best combination of (R)-Ph2-
BINOL/11c was further optimized by tuning the
lower reaction temperature to -78 °C, and hence (S)-
1-phenylpropanol was obtained in quantitative yield
with 99% ee. All amine activators significantly acti-
vate the BINOL-Zn catalyst complexes to enhance
the yields and enantioselectivities of 1-phenylpro-
panol above those obtained by using only the ligands
themselves. The best combination of chiral ligands
and activators can easily be determined in an ef-
ficient way by super-high-throughput screening52 to
afford the most enantioselective and activated cata-
lyst.

Noyori has reported the Nobel-award-winning ca-
talysis of enantioselective hydrogenation of simple
ketones. The enantiomerically pure RuCl2(BINAP)-
(dmf)n complex (10a:BINAP, 10b:XylBINAP,51 10c:
TolBINAP52), an enantiopure diamine such as (S,S)-
1,2-diphenylethylenediamine (DPEN),53 and KOH to
provide hydrogenation products of carbonyl com-
pounds with high enantioselectivity.54,55 The asym-
metric activation concept could be applied to the
racemic BINAP-RuCl2 catalysts 10 for the enantio-
selective catalysis of carbonyl reduction (Table 6).56b

A chiral diamine leads to a nonracemic hydrogena-
tion product. Exploring various chiral diamines, we

found (S,S)-DPEN to be the most effective chiral
activator to give the highest enantioselectivity in
contrast to 2,2′-diamino-1,1′-binaphthyl (DABN) as
a chiral deactivator.

Hydrogenation of ketones with (()-10b or (()-10c,
an enantiomerically pure diamine, (S,S)-DPEN, or
the (R,R)-DPEN, and KOH in a 1:1:2 ratio was
carried out (Table 7).56b The use of (S,S)-DPEN led
to the nonracemic hydrogenation product, even when
starting from (()-10c. The asymmetric activation of
(()-10c by (S,S)-DPEN affords almost the same level
of asymmetric induction (80% ee) and catalytic activ-
ity as those attained by using the matched pair (R)-
10c/(S,S)-DPEN complex (81% ee). In contrast, the
mismatched pair (S)-10c/(S,S)-DPEN complex leads
to a much lower level of enantioselectivity (40% ee),
supporting the importance of chirality in the diamine
activator for selective activation of one enantiomer
of (()-10c. It is noted that the matched pair is
dramatically changed on going from 9-acetylan-
thracene 17 to 1′-acetonaphthone 16; in the latter
case, the (S)-10b/(S,S)-DPEN complex is a more
enantioselective combination (>99% ee) than the (R)-
10b/(S,S)-DPEN one (56% ee). This directly indicates
that the catalytic activity critically depends on the

Table 5. Screening of Chiral Ligand/Activator
Combinations in the Addition of Diethylzinc

Table 6. Asymmetric Activation of Racemic
BINAP-RuCl2 Complex in the Hydrogenation

Table 7. Asymmetric Activation of Racemic
BINAP-RuCl2 Complexes in the Hydrogenation with
(S,S)-DPEN

catalyst ketone temp (°C) % yield % ee

(()-10b 16 -35 95 90 (R)
(()-10b 16 -35 90 90 (R)a

(R)-10b 16 28 99 56 (S)
(S)-10b 16 28 99 >99 (R)
(()-10c 17 80 99 80 (R)
(R)-10c 17 80 82 81 (R)
(S)-10c 17 80 48 40 (R)

a 0.2 mol % of (S,S)-DPEN was used.
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nature of the carbonyl substrates. Interestingly, the
use of a catalytic amount of DPEN affords an equally
high level of enantioselectivity as the one obtained
by using an equimolar amount.

The 1H and 31P NMR spectra of a mixture of (()-
10c and a 0.5 molar or 1.0 molar amount of (S,S)-
DPEN per (()-10c are identical to those of the 1:1
mixture (Figure 6). The combination of a racemic
BINAP-RuCl2 species with even a 0.5 equimolar
amount of an enantiopure diamine, DPEN in par-
ticular, gives a 1:1 mixture of two diastereomeric
RuCl2(BINAP)/DPEN complexes. Computational mod-
eling studies showed that the two diastereomeric
complexes have almost the same steric energies, and
that the structures are in close analogy to those
obtained by X-ray diffraction analysis (Figure 7).
Therefore, the dichotomous sense of the matched pair
leading to the higher enantioselectivity (S/S,S cycle
for 16 and R/S,S cycle for 17 case, respectively) might
be determined by the ratio and catalytic activity
(turnover frequency) of mono- or dihydrido RuHX-
(BINAP)/DPEN complexes (X ) H or Cl)57 derived
under the hydrogenation conditions from the diaster-
eomeric complexes of BINAP-RuCl2/DPEN (Scheme
14).

A similar asymmetric activation of a racemic BI-
NAP-RuCl2/DPEN catalyst system for hydrogena-
tion has also been reported by Noyori. The (S)-allyl
alcohol was quantitatively obtained in 95% ee by
enantioselective hydrogenation of 2,4,4-trimethyl-2-
cyclohexenone in the presence of (()-10c, (S,S)-
DPEN, and KOH under 8 atm of H2 (Scheme 15).56a

The enantiomeric purity was very close to 96% ee
attained with the combination of enantiopure (R)-10c
and (S,S)-DPEN. Employing the diastereomeric (R)-
10c/(R,R)-DPEN combination caused the reaction
rate to slow to afford the (S)-allyl alcohol in only 26%
ee. During hydrogenation of 2,4,4-trimethyl-2-cyclo-
hexenone, the R/S,S cycle with 96% ee of S-enantio-
selectivity occurs 121 times faster than the S/S,S
cycle with 26% ee of R-enantioselectivity (cf. Scheme
14). The rate of hydrogenation catalyzed by (()-10c
was enhanced by increasing the amount of (S,S)-
DPEN, and the maximum rate was observed with a
molar ratio of Ru to diamine of 1:1. On the other
hand, the ee value of the product was consistently
high, and ca. 90% ee of the (S)-product was obtained
even when employing a molar ratio of Ru to diamine
of 1:0.25. When o-methylacetophenone was used as
a substrate, (S)-10c was more activated by addition
of (S,S)-DPEN than (R,R)-DPEN, in contrast to the
case using 2,4,4-trimethyl-2-cyclohexenone as a sub-
strate. The hydrogenation of o-methylacetophenone
was carried out by using (()-10c, (S,S)-DPEN, and

Figure 6. 1H and 31P NMR measurement of (()-TolBI-
NAP-RuCl2 10c and 1.0 molar amount of (S,S)-DPEN per
(()-10c.

Figure 7. Computational modeling studies of (R)-BINAP-
RuCl2/(R,R)-DPEN and (R)-BINAP-RuCl2/(S,S)-DPEN.

Scheme 14

Scheme 15

Scheme 16
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KOH under 4 atm of H2 to quantitatively afford the
(R)-alcohol product in 90% ee (Scheme 16). Separate
experiments revealed that the enantiopure (S)-10c
combined with (S,S)-DPEN catalyzes the reaction,
giving the (R)-product in 97.5% ee, and that the
reaction with (R,R)-DPEN affords the (R)-product in
only 8% ee. During hydrogenation of o-methylac-
etophenone, the S/(S,S) cycle with 97.4% ee of R-
enantioselectivity occurs 13 times faster than the
R/(S,S) cycle with 8% ee of S-enantioselectivity (cf.
Scheme 14).

2.3. Asymmetric Activation/Deactivation
Asymmetric activation and deactivation of racemic

catalysts are two extremes in racemic catalysis. The
asymmetric activation protocol coupled with the
asymmetric deactivation protocol, namely “asym-
metric activation/deactivation”, maximizes the dif-
ference in catalytic activity between the two enan-
tiomers of racemic catalysts through selective acti-
vation and deactivation of one enantiomeric catalyst
(Scheme 17).

The catalyst system of DM-DABN, DPEN, and
racemic BINAP-RuCl2 led to highly enantioselective
hydrogenation, regardless of ketonic substrates.58

Complexation of BINAP-RuCl2(dmf)n (10a:BINAP-
RuCl2, 10b:XylBINAP-RuCl2) with chiral diamines
gives stable trans-10/diamine complexes which cata-
lyze hydrogenation of simple ketones. However,
DPEN as a chiral activator forms both diastereomeric
complexes with (()-10 in equal amounts. It is inevi-
table that the degree of asymmetric induction highly
depends on the substrates obtained by the nonselec-
tive complexation of DPEN with (()-10. On the other
hand, (S)-DM-DABN as a chiral deactivator com-
plexes selectively with (S)-10. On the basis of DFT
model studies, the less catalytically active BINAP-
Ru(II)/DM-DABN complex 19-I stems from the elec-
tron delocalization from the Ru center to the diamine
moiety, in contrast to the BINAP-Ru(II)/DPEN
complex 18-I, where the highest electrons are local-
ized on the Ru-N region (Figure 8b). Indeed, the
activation energy of the hydrogen cleavage in a
heterolytic manner (I f II f III), which would be
the turnover-limiting step because of the rate depen-
dency of the H2 pressure, is 4.0 kcal/mol smaller in
the case using DPEN model of 18 (+11.2 kcal/mol)
than that using DM-DABN model of 19 (+15.2 kcal/
mol) (Figure 8a).58b

Since 10/DM-DABN complexes are far less cata-
lytically active than 10/DPEN complexes for hydro-
genation, (()-10b coupled with these two chiral
diamines as a chiral deactivator and activator can
achieve higher enantioselectivities than those at-
tained by simple activation. By sequential addition
of first DM-DABN and then DPEN, (()-10b can be

completely discriminated with DM-DABN and used
as a catalyst that is equally effective as the enan-
tiopure 10b, which is eventually activated by DPEN
(Table 8).58a All the ketones employed were readily
hydrogenated at room temperature with high enan-
tiomeric excesses (>90% ee) in quantitative yield.
Thus, the asymmetric activation/deactivation strat-
egy can achieve higher levels of enantioselectivity
than those obtained using the (()-10b/(S,S)-DPEN
complexes, even at the same temperature and pres-

Scheme 17

Figure 8. (a) The stabilization energies (∆E1) resulting
from coordination of a hydrogen molecule and the activa-
tion energies (∆E2) of hydrogen cleavage. (b) The highest
occupied Kohn-Sham orbitals of 18-I and 19-I.

Table 8. Hydrogenation of Ketones with (()-10b
through Asymmetric Activation/Deactivation

ketone DABNa DPEN % yield % ee

16 + (S,S) >99 96
16 - (S,S) >99 80
20 + (S,S) >99 91
20 - (S,S) >99 45
21 + (S,S) >99 95
21 - (S,S) >99 70
22a + (S,S) >99 95
22a - (S,S) >99 82
22b + (S,S) >99 95
22b - (S,S) >99 60
22c + (S,S) >99 93
22c - (S,S) >99 60
23 + (R,R) >99b 92
23 - (R,R) >99b 84

a “+” denotes the presence of (R)-DM-DABN. b (()-10c was
used.
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sure. The superiority of the asymmetric activation/
deactivation concept is shown in the case of 2-naph-
thylmethyl ketone 20, where the enantioselectivity
of (R)-1-(2-naphthyl)ethanol using (R)-DM-DABN is
increased to 91% ee in contrast to only 45% ee
obtained by simple asymmetric activation without
deactivation. (R)-2,4,4-Trimethyl-2-cyclohexenone 23
was also hydrogenated in high enantioselectivity
(92% ee) by changing the chirality of DPEN from S
to R.

2.4. Asymmetric Activation of Tropos Catalysts
To prepare enantiopure compounds, asymmetric

synthesis or resolution is indispensable. By contrast,
tropos ligands can be used without their asymmetric
synthesis or resolution. Thus, a further advanced
strategy for ‘asymmetric activation’ can be high-
lighted in the combination of tropos and racemic
ligands.24b This promising approach is roughly clas-
sified into two categories: (1) the tropos catalyst
enantiomers can be discriminated by a chiral activa-
tor but evolved into a single enantiomeric catalyst
and (2) the chirality of the tropos catalyst can be
controlled by a chiral activator through complexation.
As shown in section 2.2, an atropos catalyst with a
chiral activator usually produces a diastereomeric
mixture of the resulting complex. The ee of the
product strongly depends on the difference in reactiv-
ity between the diastereomers. However, combination
of a tropos ligand, such as a biphenyl ligand, a chiral
activator, and a metal atom can, in principle, form a
single diastereomeric complex. Upon controlling the
chirality through diastereomer interconversion (e.g.,
tropo-inversion of the chiral axis), the catalytic activ-
ity is increased and the chiral environment of the
resulting catalyst is amplified in asymmetric cataly-
sis (Scheme 18).

For example, the dynamic asymmetric activation
can be attained by incorporating a chiral activator
with a tropos catalyst through in situ diastereomer
interconversion (Scheme 19). In one case, selective

complexation of a chiral activator with one enantio-
mer of a tropos and thus racemic catalyst along with
the remaining enantiomeric catalyst, which may
racemize, followed by complexation with the chiral
activator to afford the single diastereomer (Scheme
19a). The other case involves non-selective complex-
ation of a tropos catalyst with a chiral activator
initially provides a 1:1 ratio of activated diastereo-
mers, which would epimerize to the single diastere-
omer (Scheme 19b).

The dynamic asymmetric activation phenomena
can be interpreted through a continuum from non-
selective to selective complexation with a chiral
activator. Figure 9, for example, shows the difference
of the influence on the relative rate (kact/kact′ ranges
from 0.01 to 100) in the range from a 1:1 to 99:1 ratio
of the diastereomeric catalysts when one activated
diastereomer ((R)-MLn/(R)-Act*) provides the product
in 100% ee (R) and the other diastereomer ((S)-MLn/
(R)-Act*) leads to the opposite enantiomeric product
in 50% ee (S). A relative rate of 100 (log krel ) 2)

Scheme 18

Scheme 19

Figure 9. Continuum from nonselective to selective com-
plexation with a chiral activator in the ee value of the
product.
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achieves a high enantioselectivity (e.g., 99% ee), even
when the diastereomeric catalysts are formed in a
1:1 ratio. In the case of a 20:1 ratio between the
diastereomeric catalysts, and if the former activated
catalyst is more active (log krel ) 1), a product with
more than 99% ee can be obtained. Even when the
relative rate of the diastereomeric catalysts is the
same (log krel ) 0), a high level of enantioselectivity
(e.g., up to 99% ee) can be achieved if the diastere-
omeric catalysts are formed in a 99:1 ratio.

Recently, Davies, Sibi, and Renaud reported the
“chiral relay” concept:59 chirality originates from an
internal or an external chiral source but is then
enhanced via an achiral template. In this case, the
steric interaction of the flexible achiral group in the
substrate with the chiral auxiliary (internal) or the
chiral Lewis acid (external) defines the conformation,
in which one face of the reactive center can be
shielded effectively, to achieve asymmetric induction.
However, the asymmetric activation of a tropos
catalyst clearly differs from the chiral relay concept
based on the substrate conformational control. The
chiral environment of the catalyst bearing the tropos
ligand can be controlled by the external chiral ad-
ditional source (shown in section 2.4.1) or in a chiral
catalyst can be amplified by the external flexible
achiral source (shown in section 2.4.2).

2.4.1. Asymmetric Activation by Chiral Activators

Flexible achiral ligands possess various chiral
conformations. The conformational chirality of simple
acyclic molecules has long been studied, mostly
spectroscopically and theoretically.60 For example,
capture of enantiomeric conformation of ethane ana-
logues, e.g., 1,2-dihaloethanes, XCH2CH2X (X ) Cl
or Br), has been reported in host-guest chemistry
but not from the point of view of asymmetric cataly-
sis.61 In view of the prime importance of atropiso-
meric ligands such as BINOL or BINAP, the tropos
biphenol (BIPOL) or biphenylphosphine (BIPHEP)
has replaced the enantiopure form of atropos BINOL
or BINAP. The chiral Ti catalysts obtained by self-
assembly of a TADDOL-BINOL combination exhibit
higher catalytic activity and enantioselectivity through
asymmetric activation. It is expected that the enan-
tiopure TADDOL combined with the BIPOLate-Ti
catalyst 24 would control the chirality of the tropos
BIPOL moiety and increase the catalytic activity of
24 (Scheme 20b). Molecular mechanics (MM2) cal-

culations of the two diastereomeric complexes (3,3′-
(MeO)2-BIPOLato)(TADDOLato)-Ti show that the
(R)/(R)-diastereomer is more stable than the (R)/(S)-
diastereomer by 3.6 kcal/mol (Scheme 21). The steric
effect of the 3-methoxy group is significant in maxi-
mizing the difference in relative thermodynamic
stability between the diastereomeric complexes from
the parent BIPOLate diastereomers.

The BIPOLate/TADDOLate-Ti catalysts prepared
by sequential addition of BIPOL and TADDOL to
Ti(OiPr)4 catalyzed methylation with an achiral
methyltitanium reagent to afford highly enantio-
merically pure methylcarbinol. Since the introduction
of sterically bulky 3,3′-substituents leads to an
increase in enantioselectivity, the chirality of 24 can
be dynamically controlled by the chiral TADDOL
moiety (Scheme 22).63 Particularly, the 3,3′-dimethoxy
derivative gave virtually complete enantioselectivity
(100% ee), in sharp contrast to the moderate enan-
tioselectivity obtained with the parent BIPOL (73%
ee). This indicates the possibility of the chelation of
3-methoxy group in the three-dimensional arrange-
ment.

Such a self-assembly of a chiral titanium catalyst
bearing two different chiral diol components was also
found in the enantioselective carbonyl-ene reaction
(Scheme 23).64 Addition of tropos BIPOL to (R)-
BINOL-Ti(OiPr)2 9, which formed a new catalytic
species, led to higher enantioselectivity (95.4% ee)
in the carbonyl-ene reaction of glyoxylate with R-
methylstyrene than in the absence of BIPOLs (93.2%
ee). Substitution in the 3,3′-positions greatly in-
creased the enantioselectivity of the ene product
(R ) Cl, 96.7% ee; Br, 96.3% ee; tBu, 97.3% ee). Due
to polymerization of glyoxylate, the reaction afforded
the ene product in poor yields (18-33%). Use of ethyl
glyoxylate improved the yields with only slightly
lower ee values (R ) H, 42%, 85.2% ee; Cl, 62%,
92.1% ee). The enantiomerically pure 9, with the

Scheme 20 Scheme 21

Scheme 22
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tropos BIPOL ligands, preferentially forms the most
favorable conformation in the activated catalyst upon
reaction. Molecular modeling studies on the catalytic
species generated in situ indicate that the hexaco-
ordinated titanium complex, bearing two different
diol ligands and 2-propanol (L), would have a center
of chirality at the titanium atom (i.e., iPrOH groups
are located cis). The authors reported that the Λ
isomer is clearly more favorable than the ∆ isomer
(Figure 10).

In a manner similar to BIPOL, the atropos BINAP
can be also replaced by the tropos BIPHEP.65,66 The
tropos metal catalysts with BIPHEP ligands can be
used as activated diastereomeric complexes with
chiral diamines. Upon addition of DPEN to BI-
PHEP-RuCl2 catalysts (25a:BIPHEP, 25b:XylBI-
PHEP, 25c:TolBIPHEP), diastereomeric complexes
were formed, initially in equal amounts. However,
this mixture of (S)- and (R)-25b/(S,S)-DPEN in
2-propanol-d8, when allowed to stand at room tem-
perature, was found to give a 3:1 mixture in favor of
the (S)-25b/(S,S)-DPEN diastereomer (Scheme 24).
The equilibration took place due to the tropos nature
of 25/DPEN complexes.

The significant effect of the tropos complex of 25b
with (S,S)-DPEN can be seen in hydrogenation (Table
9)66 of 1′-acetonaphthone 16 in comparison with the
enantioselectivity obtained using the atropos (()-
RuCl2(XylBINAP) complex (()-10b/(S,S)-DPEN. A
further increase in enantioselectivity was attained
at a lower reaction temperature. The enantioselec-
tivity given by tropos 25b/(S,S)-DPEN was higher
than that attained by atropos 10b/(S,S)-DPEN at the
same low temperature and high pressure. The tropos
25b/(S,S)-DPEN catalyst gave (R)-1-(1-naphthyl)-
ethanol with 92% ee in quantitative yield. In addi-
tion, 25b/(S,S)-DPEN was useful for the reduction
of o-methylacetophenone 22a to afford (R)-1-(1-o-
methylphenyl)ethanol quantitatively with 88% ee,
which is slightly higher than 86% ee obtained by use
of the (()-RuCl2(XylBINAP) complex (()-10b/(S,S)-
DPEN. To obtain a single diastereomeric 25/DPEN
complex, N,N-dimethyl-1,2-diphenylethylenediamine
(DM-DPEN) was designed as a chiral activator with
primary amine function to discriminate between the
enantiomeric BIPHEP-RuCl2 catalysts; the enanti-
omer-selective complexation of (S)-25b with (S,S)-
DM-DPEN was highly predictable by a computa-
tional modeling study. This model showed a severe
steric repulsion between N-methyl and P-phenyl
groups for the other diastereomer (Figure 11). Through
nonselective complexation of 25b with (S,S)-DM-
DPEN, (R)-25b/(S,S)-DM-DPEN completely isomer-
ized to (S)-25b/(S,S)-DM-DPEN in 2-propanol at 50
°C after 1 h, as observed by 1H NMR. The single
diastereomer (S)-25b/(S,S)-DM-DPEN showed a spec-
trum quite similar to that of (S)-10/(S,S)-DPEN.
Indeed, the (S)-configuration of BIPHEP was con-

Scheme 23

Figure 10. Relative energies (in kcal/mol) of the Λ and ∆
isomers of 9 with BINOL or tBu4-BIPOL.

Scheme 24

Table 9. Asymmetric Hydrogenation by
XylBIPHEP-RuCl2 with (S,S)-DPEN

ketone catalyst H2 (atm) temp (°C) % yield % ee

16 25b 8 28 >99 84
16 10ba 8 28 >99 80
16 25b 40 -35 >99 92
16 10ba 40 -35 >99 89
22a 25b 8 0 >99 88
22a 10ba 8 0 >99 86
a (()-XylBINAP-RuCl2(dmf)n (10c) was used.

Figure 11. Design of DM-DPEN for controlling of chirality
in the BIPHEP-RuCl2 counterpart.
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firmed by single-crystal X-ray analysis of XylBI-
PHEP- and BIPHEP-RuCl2 with (S,S)-DM-DABN
(Figure 12).67 Unfor-
tunately, however, the enantioselectivity was found
not to be high. In hydrogenation of 16, the enantio-
selectivity (81% ee at room temperature) obtained
with the diastereomerically pure (S)-25b/(S,S)-DM-
DPEN is comparable to that (84% ee) obtained with
the 3:1 diastereomeric mixture of 25b/(S,S)-DPEN.

While complexation of BIPHEP-Pd(II) 26 was
observed with DPEN in a nonselective manner even
with a half-molar amount of enantiopure DPEN, a
highly selective (9:1) complexation of one enantiomer
of 26 was observed upon addition of 0.5 equiv of (R)-
DABN, the (R)-26/(R)-DABN complex being formed
as the major diastereomer. With 1.0 equiv of (R)-
DABN, however, complexation of both enantiomers
took place to afford a 1:1 ratio of a diastereomeric
mixture of (R)-26/(R)-DABN and (S)-26/(R)-DABN.
The diastereomeric mixture of 26/(R)-DABN did not
epimerize at room temparature over 3 days, but
exhibited tropo-inversion of the BIPHEP moiety at
80 °C after 12 h to afford the favorable (R)-26/(R)-
DABN exclusively (Scheme 25).68 This indicates that
the BIPHEP moiety in the complex of 26 with DABN
shows a tropo-inversion at 80 °C but not at room
temparture. The (R)/(R)-configuration of the diaster-
eomer was determined by X-ray analysis of a single
crystal obtained from a hexane-chloroform solution
at room temparture (Figure 13).

In contrast, a highly effective resolving agent such
as DM-DABN, which would not lead to a mixture of
diastereomers, was also employed to determine
whether the remaining enantiomer of 26 shows a
tropo-inversion or not.69 Combination of 26 even with
1.0 equiv of (R)-DM-DABN formed the single (R)-26/
(R)-DM-DABN diastereomer, along with the remain-
ing (S)-26 and (R)-DM-DABN. There was no tropo-
inversion of the remaining (S)-26 at room temperature,
even after 3 days. On the other hand, after 12 h at
80 °C, the complete tropo-inversion of (S)-26 was
achieved to give the single diastereomer (R)-26/(R)-
DM-DABN without any remaining (S)-26 or (R)-DM-
DABN. It was thus clarified that 26 could be resolved
as an atropos metal complex at or below room
temperature. Thus, the metal complexes derived from
tropos ligands can be used as asymmetric catalysts
for carbon-carbon bond-forming reactions in the
same manner as atropos catalysts. The BIPHEP-
Pd(II) catalysts, in particular, can lead to products
with high enantioselectivity. The single diastereomer
(R)-26/(R)-DABN can be used as an activated asym-
metric catalyst for the hetero-Diels-Alder reaction
at room temperature (Table 10).68,69 This is exempli-
fied by high chemical yields and enantioselectivity
(62%, 94% ee) in the hetero-Diels-Alder reaction of
ethyl glyoxylate with 1,3-cyclohexadiene attained by
using 0.5 mol % of the (R)-26/(R)-DABN catalyst.68

The efficiency of (R)-DABN as a chiral activator is
highlighted by the higher levels of enantioselectivity
and catalytic activity than those (11%, 75% ee)
attained by using the enantiopure (R)-26 without (R)-
DABN. A higher chemical yield and enantioselectiv-
ity (75%, 92% ee) were obtained by using 2 mol % of
(R)-26/(R)-DABN catalyst than those attained by
using the atropos and racemic BINAP counterpart
with DABN activator (61%, 7% ee), and by using the
racemic BIPHEP-Pd(II) with DABN (64%, 9% ee).

In a very similar approach, enantiopure BIPHEP-
Pt(II) 28-catalyzed enantioselective Diels-Alder and
carbonyl-ene reactions were also reported by Gagné.70

Reaction of BIPHEP-Pt(CO3) with (S)-BINOL yielded
28/(S)-BINOL complexes as a 1:1 mixture of diaster-
eomers. The thermodynamically favored (S)/(S)-
isomer can be obtained in a 96:4 ratio at 92-122 °C
via tropo-inversion of the BIPHEP unit (Scheme 26).
Eyring analysis for the thermal conversion of the (R)/

Figure 12. X-ray single-crystal structure of the (S)-
BIPHEP-RuCl2/(S,S)-DM-DPEN complex.

Scheme 25

Figure 13. X-ray single-crystal structure of the (R)-
BIPHEP-Pd/(R)-DABN complex.
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(S)- to the (S)/(S)-isomer established ∆Hq and ∆Sq of
27 kcal mol-1 and -5 eu, respectively. In addition,
the (R)/(S)-isomer can be converted to a 95:5 ratio of
(S)/(S)-major isomer in pyridine at 40 °C. The ther-
modynamically less preferred (R)/(S)-isomer can be
provided by recrystallization from CH2Cl2. The X-ray
structure of the mismatched (R)/(S)-isomer illustrates
the origin of the diastereoselectivity of the 28/BINOL
complexes from the point of view of the relative
stereochemistry of BIPHEP and BINOL fragments.
The structure of the BIPHEP moiety of the (R)/(S)-
isomer is greatly distorted and does not have the C2-
symmetry to minimize the interaction between pseu-
doequatorial P-Ph groups of (R)-BIPHEP and the
3,3′-CH groups of BINOL (Figure 14).70a Indeed, one
side of BIPHEP has two P-Ph groups eventually
disposed around the square plane (neutral axial and
equatorial positions), while the other side has over-
emphasized the axial and equatorial positions. On
the other hand, the 3,3′-CH groups in the thermo-
dynamically favored (S)/(S)-isomer are expected to-
ward the less hindered pseudoaxial P-Ph groups of
(S)-BIPHEP.

The reaction of the diastereopure 28/BINOL com-
plexes with HCl followed by traditional AgOTf treat-

ments provides the enantiopure 28 with retention of
configuration. The enantiopure 28 can act as a chiral
Lewis acid to be employed for the enantioselective
Diels-Alder and carbonyl-ene reactions. The Diels-
Alder products were obtained in 92-94% ee (93:7
endo:exo) and 92-94% ee (94:6 endo:exo) from (R)-
and (S)-28, respectively (Scheme 27a).70b On the basis
of the stereochemical model for the (R)-BINAP-
Pt(II)(OTf)2 complex, the (S)- and (R)-products can
be expected for the absolute stereochemistry of the
products. In the carbonyl-ene reaction, where the
dication species were generated from BIPHEP-
Pt(II)Cl2 and AgSbF6, the (S)- and (R)-ene products
were obtained with 71% ee (99% conversion at room
temperature) and 70% ee (90% conversion at room
temperature) from (R)- and (S)-28, respectively
(Scheme 27b).70b

The mechanism of the tropo-inversion of the
BIPHEP moiety is the fundamental issue in activa-

Table 10. Asymmetric Hetero-Diels-Alder Reaction of
Glyoxylate with 1,3-Cyclohexadiene by
(R)-BIPHEP-Pd/(R)-DABN

catalyst mol % % yield % ee

(R)-26 0.5 11 75 (1R,3S,4S)
(R)-26/(R)-DABN 0.5 62 94 (1R,3S,4S)
(R)-26/(R)-DABN 2 75 92 (1R,3S,4S)
(()-27/(R)-DABN 2 61 7 (1S,3R,4R)
(()-26/(R)-DABN 2 64 9 (1S,3R,4R)

Scheme 26

Figure 14. X-ray single-crystal structure of the (R)-
BIPHEP-Pt/(S)-BINOL complex.

Scheme 27
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tion of a chirally flexible catalyst with a chiral
activator. Two possible mechanisms can be proposed
for the tropo-inversion of the BIPHEP-metal com-
plex: (a) internal rotation between the biphenyl rings
and (b) dissociation of one phosphine-metal (P-M)
coordination and rotation back to the enantiomeric
BIPHEP-metal complex (Scheme 28). On the basis
of experimental evidence, in which interconversion
of the BIPHEP-Ru moiety can readily occur at room
temperature in contrast to the BIPHEP-Pd (80 °C)
and -Pt (92-122 °C) moieties, the energetic cost of
the tropo-inversion of BIPHEP would depend on the
strength of the phosphine-metal interaction (P-Ru
, P-Pd, P-Pt). In the case of the BIPHEP-Pt
complex, the tropo-inversion of BIPHEP was also
affected by solvent, and in particular, the activation
energy barrier for interconversion of the BIPHEP
moiety was greatly decreased by the use of pyridine
(40 °C) as a solvent, which can coordinate on the
coordinatively unsaturated metal center in path b.
These results indicate that a mismatched BIPHEP-
metal diastereomeric complex can be converted to the
thermodynamically preferred diastereomer via path
b.67,71

Furthermore, the tropo-inversion mechanism was
theoretically studied with respect to the (S)/(S,S)-29
model complex (B3LYP/SDD for Ru and 6-31G* for
the rest) (Figure 15).71 In the transition state of the
internal rotation of biphenyl rings (path a, TS1), the

biphenyl rings were fixed on the same plane to
optimize the other variables of the structure under
C2 symmetry. The activation energy of the internal
rotation (path a, TS1) is 36 kcal/mol. The 55 kcal/
mol-activation energy of one P-Ru dissociation (path
b, TS2) is 19 kcal/mol larger than that of TS1.
However, the trigonal bipyramidal structure of TS2
indicates that TS2 can be stabilized by solvent
coordination on the vacant site of the Ru center. In
contrast, since the Ru center is saturated in TS2,
solvents cannot coordinate on the Ru center. There-
fore, the activation energy for the solvated transition
state of TS2s is eventually decreased to 22 kcal/mol
by coordination of MeOH as a solvent model, which
is lower than the energy of internal rotation by 14
kcal/mol. Since the rotational barrier around the
biphenyl single bond of BIPHEP is ca. 22 kcal/mol,72

the rotation of the biphenyl rings after the first
dissociation step can readily proceed at room tem-
perature. Therefore, the internal rotation pathway
via TS1 is very unlikely to occur. Solvent-assisted
mutation73 around the biphenyl single bond through
the so-called cog-wheeling effect,74 and subsequent
recoordination of phosphine to the Ru center would
then result in isomerization to afford the favorable
diastereomer. The mechanism of the tropo-inversion
described herein might be widely applied for the
transition metal complex with the BIPHEP ligands.

As a closely related system, a tropos quaternary
ammonium bromide bearing a biaryl subunit with a
three-atom tether has been reported by Maruoka as
a phase-transfer catalyst. The chiral C2-symmetric
quaternary ammonium bromide 30 bearing a chiral
and atropos binaphthyl subunit catalyzed phase-
transfer alkylation of the glycine Schiff base to afford
R-amino acids enantioselectively (Table 11).75 The
dramatic effect of 3,3′-bisaryl substituents of the
catalysts 30 on the reactivity as well as on the
enantioselectivity was observed in the asymmetric
phase-transfer alkylation. The ee of the (R)-alkylation
product is eventually increased by use of the catalyst
30c with the sterically demanding â-naphthyl group

Scheme 28

Figure 15. Energetics and geometries of two tropo inversion pathways of the (S)/(S,S)-29 model complex: internal rotation
(path a, TS1) and dissociation-rotation with and without solvent coordination (path b, TS2s and TS2). The activation
energies (in kcal/mol) are shown in parentheses. Bond lengths are shown in angstroms. Color code: Ru, brown; P, purple;
N, blue; O, red; Cl, green; C, gray; H, small blue spheres.
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(30a, 73% yield, 79% ee; 30c, 95% yield, 96% ee). A
C2-symmetric tropos quaternary ammonium bromide
replaced one of the two atropos binaphthyl units. The
tropos phase-transfer catalysts 31 also attained suf-
ficient reactivity and enantioselectivity in the enan-
tioselective synthesis of R-amino acids.76 In a manner
similar to the atropos catalysts 30, the presence of a
â-naphthyl group at the 3,3′-position of the flexible
biphenyl moiety in 31 greatly enhanced both the
chemical yield and the enantioselectivity (31a, 62%
yield, 64% ee; 31b, 85% yield, 87% ee). Furthermore,
the ee obtained by employing the more hindered 3,5-
diphenylphenyl substituent of the tropos catalysts
(31c, 92% ee; 31d, 95% ee) is almost the same as that
obtained by using the atropos catalysts (96% ee).

The origin of the chiral efficiency of the tropos
catalyst 31 is the considerable difference in catalytic
activity between diastereomeric homo- and hetero-
chiral isomers resulting from conformational inter-
conversion. Indeed, in contrast to the case with the
matched homochiral catalyst 30c, the benzylation by
the mismatched heterochiral catalyst 32 proceeds
slowly to afford the (R)-product in 47% yield with low
enantiomeric excess (11% ee). Therefore, the homo-
chiral 30c is primarily responsible for the efficient
asymmetric phase-transfer catalysis with a high level
of enantioselectivity. Indeed, analysis of variable-
temperature (VT) 1H NMR clearly showed that the
existence ratio of the homochiral isomer increased as
the temperature lowered. This VT 1H NMR experi-
ment resulted in positive enthalpy (∆H° ) 5.74 kcal
mol-1) and large entropy (∆S° ) 23.1 cal mol-1 K-1)
for the interconversion from a homochiral to a het-
erochiral diastereomer.

Such a conformational preference and configura-
tional control of spiro-bi[dibenzazepinium] 33, which
contains two tropos biphenyl subunits, was also

detected by VT NMR analysis (Scheme 30).77 Inter-
conversion between the D2-symmetric homochiral
(S/S and R/R) and S4-symmetric heterochiral (meso)
isomers of 33 can rapidly occur in solution, and the
equilibrium between them shifts toward the thermo-
dynamically favored homochiral isomer (diastereo-
meric ratio is >24:1 at -40 °C).

Chiral ansa-metallocene complexes have become
useful catalysts in asymmetric polymerization reac-
tions.78 While enantiomer resolution of ansa-metal-
locene racemates cannot yield more than 50% of a
particular enantiomer, the readily accessible race-
mate of a biphenyl-bridged metallocene complex
(abbreviated to BIPHECp-M; M ) Ti, Zr) has been
reported to give enantiopure ansa-titanocene and
-zirconocene complexes through BINOL-induced asym-
metric transformation (Scheme 31).79 Enantiopure
BIPHECp-M complexes 34 (34a, M ) Ti; 34b, M )
Zr) have been obtained by association with BINOL
and subsequent transformation of the mixture of
diastereomers, leading to the thermodynamically
favored diastereomer. The reaction of (()-34a-Me2
with 1 equiv of enantiopure (R)-BINOL at room
temperature yielded the diastereomers (R)-34a/(R)-
BINOL and (S)-34a/(R)-BINOL in a ratio of about
2:1, rather than 1:1. The diastereomeric mixture of
34a/(R)-BINOL can epimerize at 100 °C for 4 days
to afford the thermodynamically preferred (R)-34a/
(R)-BINOL ((R)-34b/(R)-BINOL at 100 °C for 2 days),
which reacts with MeLi as a methyl-transfer agent
at -20 °C to regenerate enantiopure (R)-34a-Me2
with no racemization (AlMe3 for (R)-34b-Me2). Then,
(R)-34a-Me2 is finally converted to the dichloride
derivative (R)-34a-Cl2 with dry HCl at room temper-
ature (dry Me2SiCl2 for (R)-34b-Cl2). The biphenyl-
bridged complex (R)-34a-Cl2 in the presence of
n-BuLi served as an efficient asymmetric catalyst for
imine hydrogenation (Scheme 32).

Table 11. Catalytic Enantioselective Phase-Transfer
Alkylation

catalyst time (h) % yield % ee

30a 6 73 79
30b 0.5 81 89
30c 0.5 95 96
31a 36 62 64
31b 18 85 87
31c 27 95 92
31d 48 81 95

Scheme 29

Scheme 30
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A different but closely related approach to asym-
metric activation of tropos catalysts is the diastere-
omeric control of tropos ligands combined with a
chiral subunit, which adopts a preferential conforma-
tion of a diastereomeric complex.80 Recently, the
atropos unit in the chiral catalysts has been replaced
with a tropos unit. Reetz has reported the advanta-
geous application of incorporating the tropos BIPOL
unit into chiral diphosphite ligands prepared by the
reaction of 1,4:3,6-dianhydro-D-mannite 35 as a chiral
diol backbone and tropos biphenyl phosphorochlo-
rides. When employing chiral diphosphites 36a and
36b bearing (R)- and (S)-BINOL for the Rh(I)-
catalyzed hydrogenation of dimethyl itaconate, the
(R)- and (S)-products were formed in 94.5% and
87.8% ee, respectively (Scheme 33).81 Therefore, the
absolute configuration is determined by the chiral
axis of the binaphthyl and not by the bicyclic chiral
diol backbone, and the use of (R)-BINOL leads to the
more effective combination. By replacement of atro-
pos BINOL groups with tropos BIPOLs (e.g., 37a),
an ee value of only 38.9% was reached for the (S)-
product. However, diphosphite ligand 37b with ortho-
methyl groups is superior to 37a and achieves 96.8%
ee of the (R)-product (Scheme 33). In the case of the

ligand with a tropos BIPOL unit such as 37, three
interconverting diastereomeric Rh(I) complexes are
expected (e.g., R/R, S/S, and R/S combinations in the
BIPOL moieties). According to the higher enantio-

Scheme 31

Scheme 32

Scheme 33

Table 12. Enantioselective Oxidative Coupling of
2-Naphthols

catalyst R1 R2 % yield % ee

(S,S)-38a H H 70a 6a

(R,S)-38a H H 75a 39a

(R,S)-38b H H 93 83
(R,S)-38c H H 63 71
(R,S)-38b OMe H trace -
(R,S)-38b H OMe 88 98
39a H H 77 80
39b H H 89 89
39c H H 56 79
39b OMe H traceb -
39b H OMe 95b 95b

a Reaction was carried out at 20 °C. b 5 mol % of 39b was
carried.
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meric excess in the matched (R)-BINOL combination
leading to (R)-configuration of the product, the most
active catalyst displays the (R)/(R)-configuration.
Indeed, the catalysts 36a and 36b exhibit extremely
different kinetic profiles, in which the reaction rate
using 36a increased continuously through the reac-
tion, but that using 36b decreased.81b

Chiral oxovanadium(IV) complexes 38, prepared by
the condensation of chiral 3,3′-diformyl-2,2′-dihy-
droxy-1,1′-bi-2-naphthol with enantiopure amino
acids, have been designed for asymmetric catalytic
oxidative coupling of 2-naphthols (Table 12).82 Since
the combination of two chiral centers on the axially
chiral binaphthyl and the amino acid units eventu-
ally affects the enantioselectivity of the coupling
product, both (R,S)-38 and (S,S)-38 show almost the
same reactivity, but the (R,S)-38 achieves much
higher enantioselectivity than the (S,S)-38. According
to the results, it was anticipated that the diastere-
omers will be generated by employing tropos oxova-
nadium complexes 39 with BIPOL unit instead of an
atropos BINOL unit. One diastereomer with match-
ing chirality between two chiral centers, which might
be more stable than the other with mismatching
chirality, should achieve high enantioselectivity for
oxidative coupling.82b Indeed, the tropos 39 gave
higher or comparable enantioselectivities in compari-
son with those obtained by their 1,1-binaphthyl
analogue (R,S)-38, even though 39 is employed as a
mixture of diastereomers. According to the high level
of enantioselectivity obtained by matching (R,S)-38,
the major diastereomer was expected to have an axial
chirality similar to that of (R,S)-39. In both catalyst
systems 38 and 39, the methoxy groups at C7 and
C3 of 2-naphthol increased the ee value (38b, 98%
ee; 39b, 95% ee) and suppressed the coupling reactiv-
ity, respectively.

Tropos monodentate phosphite ligands have also
been reported for the Rh(I)-catalyzed hydrogenation
of dimethyl itaconate (Scheme 34).83 The monoden-
tate phosphite ligands 40a, bearing (R)- and (S)-
BINOL units, in reaction with L-menthol showed

almost the same reactivity but slightly different
enantioselectivities in the (R)- (91% ee) and (S)-
products (95% ee). Thus (S)-40a would be a matched
combination. In the case of chirally flexible mono-
dentate phosphite ligands 41a,b, the steric bias of
the chiral alcohol is not enough to discriminate two
diastereomers on the basis of the chirality of the
BIPOL unit. Two signals with the same intensities
were observed in 31P NMR. However, the equal
intensities between the two diastereomers of 41b did
break down upon addition of half equivalent of [Rh-
(COD)2][BF4] to produce a ratio of 1:5 in 31P NMR.
When the diastereomeric Rh(I)/41b complexes, which
exist as a nonequimolar mixture in solution, were
employed, enantioselective hydrogenation of dimethyl
itaconate was achieved to afford the enantioenriched
product with 57% ee. The ee value for 41b was
increased to 75% ee when the temperature was
lowered (68% ee at 0 °C, 75% ee at -15 °C).83b

According to such a concept, the phosphoramidite
ligands based on a chiral amine unit and a tropos
BIPOL unit have been employed in the copper-
catalyzed conjugate addition of dialkylzinc reagents
to induce high enantioselectivities (Scheme 35).84,85

The chiral phosphoramidite ligand 42, bearing two
chiral moieties in the atropos BINOL and the exo-
cyclic amino units, has been employed in the asym-
metric conjugate addition. While the configuration-
ally matched ligand (R)-42 affords 98% ee,84a the
mismatched (S)-42 gave only 75% ee. Since the
mismatched ligand (S)-42 leads to the opposite enan-
tiomer to that obtained by using the matched ligand,
the absolute stereochemistry of the conjugate adduct
can be caused by the chiral axis of the BINOL unit.
The tropos phosphioramidite ligand 43a gave very
good enantioselectivity with cyclohexanone (82% ee),
but did not attain the high level of ee obtained by
the use of the parent matched ligand (R)-42 (98% ee).
Adding a substituent in the ortho position of the
BIPOL moiety in the ligand 43b, and a sterically

Scheme 34 Scheme 35
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demanding ligand at the exocyclic amino moiety in
the ligand 43c, greatly improved the enantioselec-
tivity up to 89% and 92% ee, respectively.85b Depend-
ing on the substrates, the enantioselectivity of the
conjugate adduct was eventually increased with 43b
or 43c instead of (R)-42. In particular, 43b afforded
significantly higher enantioselectivities with eth-
ylidene malonate (68% ee instead of only 12% ee for
(R)-42).

In sharp contrast to the BIPHEP-Pd complex, the
diphenylphosphinoferrocene (DPPF) counterpart has
the tropos nature even at room temparature. The
DPPF-metal complexes are thus chirally dynamic
and subject to more facile chirality control by chiral
diamines than the BIPHEP-metal complexes. Fer-
rocenyl-bis(phosphine) ligands with appendages of
chiral centers, such as (R)-N,N-dimethyl-(S)-1′,2-bis-
(diphenylphosphino)ferrocenylethylamine ((R,S)-BP-
PFA),86 are often used as chiral ligands for asym-
metric catalysis. By contrast, asymmetric catalysis
with tropos DPPF ligands, which have never been
used as chiral ligands because they have no central
and planar chirality, can be established only through
control of dynamic axial chirality by use of a chiral
controller (Scheme 36).87 Chiral diamines such as
DPEN, DABN, and DM-DABN readily coordinated
and controlled the axial chirality of DPPF-Pd 44a
and -Pt 44b complexes to afford the single diaster-
eomers within seconds.88 The (P)/(R)-configuration of
the 44a/DABN diastereomer obtained from dichlo-
romethane-hexane was determined by X-ray analy-
sis (Figure 16).

Asymmetric catalysis with the DPPF ligand can be
established through prompt control, by use of a chiral
diamine, of dynamic axial chirality not only in the
Pd and Pt catalysts but also in the Ni catalyst, which
is rarely used as an asymmetric Lewis acid catalysts.
Significantly, the DPPF-Ni 44c/(R)-DABN catalyst
was found to exhibit higher levels of enantioselec-
tivity in the ene reaction (Scheme 37).87 The 44c/(R)-
DABN complex gave good yields and higher levels of
enantioselectivity (90% ee) at room temperature than
without DPPF ligand (75% ee). It is noted that the
choice of the counteranion is critical to obtain high
enantioselectivity and chemical yield; the perchlorate
counterpart gave lower chemical yield and enantio-
selectivity (76% ee) than those obtained with the
hexafluoroantimonate complex.

In relation to the asymmetric activation of the
tropos catalyst, Katsuki has reported enantioselective
epoxidation using the flexible achiral Mn(III)-salen
complex with a chiral additive (Scheme 38).89 Such
an achiral Mn(III)-salen complex 45 should exist as
an equilibrium mixture of “stepped” enantiomers (A
and B), both of which can catalyze epoxidation
equally to afford a racemic epoxide. On the basis of
the asymmetric activation concept, conformational
control of the enantiomeric confomation of 45 would
be achieved by association of a certain chiral axial
ligand because of the interaction between the axial
substituent (R′) and the chiral axial ligand (AL*). The
achiral Mn(III)-salen complexes catalyzed asym-
metric epoxidation to afford high enantioselectivities
up to 83% ee with the chiral bipyridine N,N′-dioxide
(+)-47 as an asymmetric activator.89a

2.4.2. Asymmetric Activation by Achiral/Meso Activators

In a similar manner of asymmetric activation of a
chirally flexible achiral catalyst by a chiral activator,
a chiral environment in an enantiopure catalyst
would be further amplified by association with steri-
cally demanding achiral90 or meso source. The con-
formational preferences of the achiral ligand are
influenced by the interaction with the chiral ligand
and are largely responsible for defining the chiral
environment. The strategy of chiral environment
amplification has been applied by Walsh to the

Scheme 36

Figure 16. X-ray single-crystal structure of the (P)-
DPPF-Pd/(R)-DABN complex.

Scheme 37
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asymmetric addition of diethylzinc to aldehydes in
the presence of Ti(OR)4 and bis(sulfonamide) (Table
13).91 The achiral Ti(OiPr)4 promoted the alkylation
in the absence of bis(sulfonamide) ligands to afford
the racemic alcohol product. By employing the chiral
titanium alkoxide 48, the (S)-alcohol was obtained
with 42% ee. When the chiral bis(sulfonamide) ligand
(R,R)-49 was used with Ti(OiPr)4 and 48, the (S)-
alcohol product was formed in 79% and 84% ee,
respectively. On the other hand, the reaction per-
formed using the enantiomer of the ligand (S,S)-49
and -48 led to the (R)-enantiomer of the product in
81% ee. While the chiral bis(sulfonamide) ligand
clearly controls the absolute configuration of the
alcohol product, the chirality on 48 has little influ-
ence. However, higher enantioselectivity of the alco-
hol can be also achieved by combination of 48 with
the achiral and meso bis(sulfonamide) ligands 50

(50a, 84% ee, Ar ) 4-tert-butylbenzene; 50b, 78% ee,
Ar ) 4-methoxybenzene). Thus, incorporating 50
with 48 can lead to desymmetrization and amplifica-
tion of the asymmetric environment of the reaction
center. In this case, the meso ligand 50 has two static
chair conformations, which interconvert by cyclohex-
ane ring-flip in solution (A and B), and hence this
enantiomeric interconversion of the meso ligand
moiety can induce diastereomeric conformations of
the catalyst system consisting of 48 and 50. If one
diasteromer is formed preferentially, the meso ligand
can amplify the asymmetric environment of the
catalyst. Furthermore, coordination of the sulfonyl
oxygens to the titanium center, which was observed
in the X-ray structures of the bis(sulfonamido)Ti-
(OiPr)2 complexes derived from trans-1,2-diamino-
cyclohexane, may be important in the transition state
of the enantioselective alkylation (Figure 17).92 Such
a coordination structure can generate the stereogenic
centers on the sulfur atoms to extend the chiral
environment.

In the same reaction of diethylzinc with aldehydes
in the presence of Ti(OR)4, members of the achiral
methylene-bis(phenol) (MBP) ligand series have been
employed as achiral ligands rather than the meso bis-
(sulfonamido) ligands (Scheme 39).93 When the chiral
titanium complex 51 was used without any other
ligands, the asymmetric alkylation resulted in the

Scheme 38

Table 13. Enantioselective Addition of Diethylzinc to
Aldehydes

catalyst ligand % conv (time) % ee

Ti(iPr)4 (R,R)-48 20 (15 min) 79 (S)
63 (60 min)

48 (R,R)-48 11 (15 min) 84 (S)
48 (S,S)-48 22 (15 min) 81 (R)
48 50a 62 (15 min) 84 (R)
48 50b 53 (15 min) 78 (R)

Figure 17. X-ray single-crystal structure of the Ti(OiPr)2/
(S,S)-49 (Ar ) 4-C6H4-Me) complex.

Scheme 39
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formation of the (S)-alcohol with only 39% ee. The
addition of substituted 2,2′-MBP ligands 52 with 51
eventually had an effect on the ee of the product.
While 52a, with small substituents R1 ) R2 ) H, led
to lower enantioselectivities than those obtained in
the background reaction without 52, larger R group
such as a tert-butyl group increased remarkably the
enantioselectivity of the (S)-alcohol product (68-79%
ee). In addition, 52d, bearing an adamantyl group,
increased the ee value of the product to 83% ee. On
the other hand, substitution in the methylene posi-
tion of 52 (e.g., 52e,f) decreased the ee values. On
the basis of the concept that symmetric ligand
coordination on the metal can become asymmetric
upon binding the substrate, six trigonal bipyramidal
isomers can be formed in solution, where the MBP
ligand is bound in apical and equatorial positions.
As shown in Figure 18, the X-ray structure of 52c/
Ti(OR*)2(NMe2H) [OR* ) (S)-OCHEt(4-C6H4-Cl)]
showed that the HNMe2 as a substrate analogue is
trans to the axial 52c phenoxide oxygen in the
distorted trigonal bipyramidal geometry.

The chiral environment amplification involving
modification of the achiral ligand combined with a
chiral catalyst has been also applied in the BINOL-
Zn-catalyzed enantioselective addition of an alkyl
group to aldehydes. As shown in section 2.2, the same
reaction led to very high enantioselectivity with the
matched combination of the chiral Ph2-BINOL-Zn
catalyst with the chiral diimine activator. Later,
various achiral diimine and diamine ligands with
ethylenediamine, meso diamine, and 2,2′-diaminobi-
phenyl backbones were examined by Walsh as acti-
vators of the chiral Ph2-BINOL-Zn-catalyzed asym-
metric alkylation.94 The (S)-Ph2-BINOL-Zn catalyst
was used without any achiral ligands for the reaction
to yield the (S)-alcohol in 44% ee. As a simple
analogue of the catalyst system consisting of the
chiral BINOL-Zn and the chiral diimine activator,
the most simple achiral diimine ligands 53 were
examined. Though addition of the achiral diimine
ligand 53a derived from smaller aldehydes increased
the catalytic efficiency, the enantioselectivities of the
product were moderate with use of the (S)-enantio-
mer (Scheme 40). It is noted that the opposite
enantiomer of the product was obtained with moder-
ate to good enantioselectivities (30-87% ee) by ad-

dition of the diimine ligands 53b-d derived from
sterically demanding aldehydes.

The (S)-Ph2-BINOL-Zn catalyst, incorporating the
achiral diimine ligand 54 and the 55 series, showed
results quite comparable to those obtained with the
53 series. In both cases, the diimine ligands bearing
larger aryl groups yielded the higher enantioselec-
tivities (Scheme 41). When the ligands 54a and 55a
derived from smaller aldehydes were employed, the
(S)-enantiomer tended to be obtained with low to
moderate enantioselectivities. Thus, no additional
effect on the enantioselectivity of the product was
found originating from the meso or biphenyl back-
bone. Irrespective of the backbone structures of
achiral diimines, the ligands 54d and 55d derived
from 2,4,6-trimethylbenzaldehyde formed the most
enantioselective catalyst (up to 75% and 96% ee,
respectively), where (S)-Ph2-BINOL-Zn moiety would
control the position of the mesityl groups. Therefore,
the sterically demanding aryl groups on the achiral
diimine ligands are fundamental in amplification of
the chiral environment of the catalysts.

A series of achiral diamine ligands 56 and 57
showed a different tendency in enantioselectivity
from achiral diimines (Scheme 42). While the most

Figure 18. X-ray single-crystal structure of the 52c/
Ti(OR*)2(NMe2H) complex [OR* ) (S)-OCHEt(4-C6H4-Cl)].

Scheme 40

Scheme 41
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simple ethylenediamine 56a-combined catalyst showed
almost the same enantioselectivity as (S)-Ph2-BINOL-
Zn alone (47% vs 44% ee), TMEDA 56b further
increased the ee of the (S)-product to 64% ee. Sur-
prisingly, the bulkier N,N,N′,N′-tetraethylethylene-
diamine 56c afforded the opposite enantiomer of the
(R)-product with 36% ee at 0 °C and 72% ee at
-45 °C. When the achiral diamines 57 that can form
stereocenters upon coordination to zinc are employed,
the C2-symmetric Ph2-BINOL-Zn moiety is expected
to cause the diamine structure to bind in one of the
C2-symmetric modes. With bulkier chiral diamine
57a, the highest enantioselectivity of the (S)-product
(73% ee) was attained. On the other hand, the further
bulkier N-alkyl groups derived from tritylamine
resulted in a reversal of the absolute configuration
of the product with lower enantioselectivity (57b,
30% ee). In the achiral diamines 58 with tropos
pendant biphenyl groups, the configuration of the
biphenyl subunit in 58 would be controlled via tropo
inversion by association with the (S)-Ph2-BINOL-
Zn moiety and would extend the chiral environment
of the resulting (S)-Ph2-BINOL-Zn/58 complex. Re-
gardless of the tether length and the conformation
of 58, the (R)-enantiomer of the product was pre-
dominantly formed with moderate to high enantiose-
lectivities, and hence the tropos biphenyl moiety
exclusively determines the absolute configuration of
the product. In particular, 58b with a cis-1,2-diami-
nocyclohexane backbone achieved the highest enan-
tioselectivities (up to 94% ee at -78 °C) in the achiral
diamine series. Thus, the simple achiral diamine
ligands showed that the ee of the product is very
sensitive to the size of the N-alkyl groups in the
diamine backbone.

3. Asymmetric Amplification (Positive Nonlinear
Effect)

While racemic catalysts inherently give only a
racemic mixture of chiral products, the nonlinear
relationship in enantiomeric excesses between cata-
lysts and products is caused by self-assembly of

nonracemic catalysts, leading to diastereomeric per-
turbations. The relationship of the ee values between
the chiral ligand and the product deviates from
linearity to achieve higher enantiomeric enrichment
of the product than that of the catalyst (Figure 19).
Kagan has opened the door to such a deviation from
the linear relationship, namely the nonlinear effect
(NLE), which is often observed between the enantio-
meric purity of chiral catalysts and the optical yields
of the products (Figure 19a).95 In particular, a posi-
tive nonlinear effect (abbreviated as (+)-NLE), that
is, asymmetric amplification, has attracted current
attention because an enantiopure chiral catalyst is
not needed to prepare a chiral product with high
enantiomeric excess.96,97 Recently, Blackmond dem-
onstrated98 that, in these nonlinear catalytic systems,
a detailed analysis of the reaction rate can give an
independent confirmation (Figure 19b) of the math-
ematical models developed by Kagan.96a Consider-
ation of the kinetic behavior of these nonlinear
catalytic reactions can provide valuable mechanistic
insights into the NLE by comparison of the prediction
of the models. A strong (+)-NLE in the product
enantioselectivity severely suppresses the rate of
product formation.

The first report to show a slight NLE, but unfor-
tunately a negative one ((-)-NLE), in the asymmetric
aldol reaction of a triketone in the presence of (S)-
prolin is that of Agami and Kagan (Scheme 43a).96b

This earliest example of (-)-NLE was recently chal-
lenged by List.99 On the basis of kinetic, stereochem-
ical, and dilution experiments, he suggested that only
one proline could catalyze the aldol reaction, but the
conventional two-proline mechanism cannot be com-
pletely ruled out. A (+)-NLE has been obviously
observed in asymmetric epoxidation of geraniol in the

Scheme 42 Scheme 43

Figure 19. Possible relationship between the enantio-
meric purity of chiral catalysts and (a) the optical yield of
products and (b) the reaction rate.
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presence of Ti(OiPr)4 and (R,R)-diethyl tartrate (DET).
This (+)-NLE can be explained by the intervention
of a dimeric complex that generates two tartrate
units in the active species, as proposed by Sharp-
less.100 The heterochiral dimer is more stable and
thus less reactive than its homochiral dimer (Scheme
43b).

Oguni independently coined the term “asymmetric
amplification” 101 for (+)-NLE in an asymmetric car-
bonyl addition reaction of dialkylzinc reagents in the
presence of chiral amino alcohols.102 Benzaldehyde
is alkylated enantioselectively to afford (R)-1-phen-
ylpropanol with 82% ee, even by treatment of an 11%
ee of (-)-1-piperidino-3,3-dimethyl-2-butanol ((-)-
PDB) with diethylzinc. This amplification in the
enantioselectivity of the product can be also explained
by the intervention of dimeric zinc species in solution.
Furthermore, kinetic study showed that the reaction
with zinc catalyst derived from a 60% ee of (-)-PDB
was 5.5 times faster than that from racemic PDB
(Scheme 44).

In the same asymmetric alkylation reaction, Noyori
and Kitamura reported a strong (+)-NLE by using
partially resolved (2S)-3-exo-(dimethylamino)isoborneol
((-)-DAIB).103 The zinc catalyst prepared from lower
resolved (-)-DAIB (15% ee) can achieve the high level
of enantioselectivity of (S)-1-phenylpropanol (95% ee),
which is close to the 98% ee obtained with enan-
tiopure (-)-DAIB (Scheme 45). They reported a
beautiful mechanistic work on the asymmetric am-
plification in view of the stability of the heterochiral
zinc amino alcohol dimer compared to the homochiral
dimer. They clarified a delicate balance between
monomeric and dimeric forms in equilibrium during
the course of the reaction. The remaining monomer
is the more active catalyst and thus should be
preferentially implicated in the catalytic cycle (Scheme
45).103a

Indeed, the dynamic behavior of the dimeric species
in solution was revealed by 1H NMR measurement,
where the heterochiral dimer exists predominantly
and dissociates to the monomer very slowly during
the time that the homochiral dimer is in equiliblium
with the monomer in toluene solution (Khomo >
Khetero).103d The quantitative analysis of NLE using
experimentally available parameters s the equilib-
lium constant K, the rate constant k, the ee of DAIB,
and the concentrations of DAIB, R2Zn, and aldehyde s
has been carried out. It has been clarified math-
ematically that the NLE observed can originate from
the competition of two enantiomorphic cycles with the
monomeric zinc catalysts, as shown in Scheme 2, and
not from diastereomorphic cycles with the dimeric
zinc catalysts.103e X-ray analysis indicated that the
labile Zn-O and Zn-N bonds in the homochiral
dimer are longer than those in the heterochiral

dimer. An ab initio molecular orbital study of a
simplified model supported these experimental re-
sults. The heterochiral dimer is more stable than the
homochiral one by 3.1 kcal/mol due to the repulsive
interaction of the 1,3-syn-oriented Zn-Me bonds
(Figure 20).103c,d Upon employing diphenylzinc in the
presence of (-)-DAIB, a slight asymmetric amplifica-
tion was observed in the enantioselective alkylation
of ketones. The remarkable (+)-NLE was also ob-
served in the same reaction using diethylzinc pro-
moted by various ee’s of the 2-pyridylalkanol (R)-
59.104 In a similar manner, asymmetric amplification
can be explained by preferential intervention of the
heterochiral dimer (Scheme 46).

Recently, Bolm reported the (+)-NLE in the same
asymmetric carbonyl addition reaction of dialkylzinc

Scheme 44 Scheme 45

Figure 20. Molecular structures of homochiral and het-
erochiral dimers. Bond lengths are shown in Å, and relative
energies of model dimers (in parentheses) are in kcal/mol
(MP2//HF).
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reagents but with diastereomeric mixtures of chiral
ferrocenes 60.105 No deviation from linearity was
observed resulting from the use of enantiomeric
mixtures of the ferrocene bearing a planar chility
(Scheme 47). In Bolm’s case, however, even with 1:1
diastereomeric mixtures of the ferrocenes (S,Rp)-60
and (S,Sp)-60, the enantiomeric excess of the (R)-
product was still 94% ee, which is close to the 97%
ee obtained with diastereomerically pure (S,Rp)-60.
This strong asymmetric amplification may be at-
tributed to the significantly different activities of the
two diastereomeric catalysts derived from (S,Rp)-60
and (S,Sp)-60 rather than participation of higher
aggregates.

The use of dialkylzinc reagents, far from being
limited to the 1,2-addition, can also be expanded to
conjugate addition. Bolm106 and Feringa107 indepen-
dently reported the (+)-NLE in the conjugate addi-
tion of dialkylzinc catalyzed by a Ni complex with
chiral amino alcohol ligands such as substituted
2-pyrimidylalkanol (S)-59 and (-)-DAIB, respectively
(Scheme 48). It is noted that the enantioselectivity
and the amplitude of the (+)-NLE were very sensitive
to the ligand concentration, Ni content, and conver-
sion. A type of diastereomeric perturbation similar
to that in the 1,2-addition was speculated between
homochiral and heterochiral species prepared from
chiral ligand and Ni(acac)2 in a ratio of 2:1 (Scheme
48). The (+)-NLE might be due to the slow dissocia-
tion of an inactive heterochiral structure or the
formation of other Ni species during the reaction. A
dependence of enantioselectivity on conversion indi-
cates that active monomeric catalysts might be
formed from homochiral and heterochiral Ni dimers
by the association with a substrate.106 Furthermore,
in Feringa’s study, even in the absence of Ni, the
reaction took place to give the opposite enantiomeric
product, presumably obtained by the zinc complexes
with the chiral ligand.107 At low substrate concentra-
tions, the Ni catalysts might be stable, as inactive

dimers and hence Zn catalysts might compete with
Ni catalysts.

The (+)-NLE in the carbonyl-ene reaction with
glyoxylate catalyzed by a BINOL-Ti complex has
been reported by us.33b,97 The partially resolved
titanium complex (33.0% ee) derived from BINOL
and Br2Ti(OiPr)2 was employed for the glyoxylate-
ene reaction with R-methylstyrene to afford the chiral
homoallyl alcohol with 91.4% ee (Scheme 49). Kagan
and Blackmond independently applied the modified
Kagan’s two-ligand model (e.g., ML2)95,98 with differ-
ent parameters to prove a good fit to support our
results. However, Blackmond also reported a smaller
suppression of activity for racemic catalyst than that
observed experimentally, because the reversible dis-
sociation might not reach equilibrium, giving a
steady-state concentration of monomeric species
smaller than predicted. Evans studied the asym-
metric amplification in the enantioselective aldol
reaction with C2-symmetric bis(oxazolinyl)pyridine
(PYBOX)-Cu(II) complexes (Scheme 50).108 The (+)-
NLE was explained as a result of the relative stabili-
ties of the heterochiral and homochiral ligand com-
plexes with metal in a ratio of 2:1.109

Scheme 46

Scheme 47

Scheme 48

Scheme 49

Scheme 50
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Significant levels of (+)-NLE are also observed in
the asymmetric catalysis by cationic complexes bear-
ing trans-chelating tridentate ligands. Kanemasa
reported an aqua complex prepared from Ni(ClO4)2‚
6H2O and 4,6-dibenzofurandiyl-2,2′-bis(4-phenylox-
azoline) (DBFOX-Ph) as a tridentate ligand to exhibit
a remarkable (+)-NLE (Scheme 51).110 Two mecha-
nisms were involved in this (+)-NLE: the irreversible
formation of heterochiral ligand complexes with Ni
in a ratio of 2:1 (2:1 complex 60) and the water-
bridged oligomerization of homo- or heterochiral
ligand complexes with Ni in a ratio of 1:1 (1:1 complex
61). In the chirality enhancement process, the aqua
ligands play an essential role to form the associated
homo- or hetero-chiral oligomers via a hydrogen-
bonding network. On the basis of the packing struc-
ture of 61, it is suggested that the heterochiral
aggregation is much stronger than the homochiral
one. In solution, the less stable homochiral oligomer
should be predominantly dissociated to generate the
reactive monomeric form.

A (+)-NLE has been observed in the enantioselec-
tive Diels-Alder reaction catalyzed by TADDOLate-
Ti catalyst. When the partially resolved TADDOL
(25% ee) was employed, the cycloadduct was obtained
with 83% ee (Scheme 52).111 The white Ti species that
precipitated was generated as a heterochiral dimer
(or oligomer) in a 1:1 ratio upon completion of the

reaction. Also in the case of the BINOLate-Ti
catalyst 9, a (+)-NLE has been observed in the
enantioselective Diels-Alder reaction (Scheme 53).112

It is noted that the asymmetric amplification strongly
depends on the way that partially resolved 9 is
prepared. When the MS-free (R)-9 was prepared from
partially resolved BINOL (52% ee) and Cl2Ti(OiPr)2
in the presence of 4-Å molecular sieves (MS), which
were filtered off prior to the reaction, the cycloadduct
was obtained with 76% ee. The combined use of an
enantiopure (R)-9 and racemic 9 in a ratio of 1:1
resulted in a similar (+)-NLE (74% ee). By contrast,
mixing enantiopure (R)- and (S)-9 in a ratio of 3:1
led to a linearity (40% ee). However, the same
catalyst system obtained by mixing (R)- and (S)-9 in
the presence of MS, which are filtered off prior to the
reaction, showed a slight (+)-NLE (60% ee). On the
other hand, a (-)-NLE was observed in the reaction
carried out in the presence of MS (29% ee), because
MS acts as an achiral catalyst for the Diels-Alder
reaction. Keck also reported BINOL-titanium ca-
talysis in the presence or absence of 4-Å MS.113

The study of NLE in asymmetric catalysis can be
useful in getting mechanistic insight into the active
species involved in the catalytic cycle and their
behavior in solution.114 Jacobsen has provided the
participation of the bimetallic pathway in the asym-
metric ring opening of epoxides with trimethylsilyl
azide catalyzed by the chiral Cr(salen) complex 62
(Scheme 54).115 The observation of a significant (+)-
NLE, coupled with a second-order kinetic dependence
on 62, led to a mechanistic proposal for simultaneous
activation of both the epoxide and the azide inde-
pendently by two Cr(salen) complexes 62. On the
basis of this cooperative mechanism, the dimeric
analogues of the Cr(salen) complex 63 were designed.
While monomeric 62 exhibited a (+)-NLE, dimeric
63 displayed a strict linear relationship between the
ee of the product and the catalyst. This indicated
participation of an intramolecular bimetallic pathway
in the use of 63. Covalent linkage of the Cr(salen)

Scheme 51 Scheme 52

Scheme 53
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complex unit with a suitable tether length and
position resulted in an increase in catalytic activity
by up to 2 orders of magnitude as compared to the
monomeric analogues without any loss of enantio-
selectivity.

On the basis of NLE studies coupled with kinetic
analyses, Denmark reported mechanistic insight into
the rate acceleration by chiral phosphoramides 64 in
asymmetric aldol reactions of trichlorosilyl enolates
with aldehydes (Scheme 55).116 Sterically less hin-
dered 64a (R ) Me), which afforded the anti product
predominantly, resulted in a slight (+)-NLE, and
thus the transition structure with more than one
phosphoramide molecule was expected. On the basis
of Kagan’s ML2 model,95 64a would bind to the
enolate in a 2:1 fashion, and the resulting hexacoor-
dinated silicate A favors a chairlike arrangement to
give the anti product. In contrast, sterically demand-
ing 64b (R ) Ph) exhibited a linear relationship and
thus can bind to the enolate in a 1:1 fashion. The
resulting pentacoordinated silicate B favors a boat-
like transition state to give the syn product.

4. Autocatalysis
Another aspect of NLE is asymmetric autocatalysis

following the statistical fluctuations of racemic states
in catalysts. In view of the spontaneous generation
of molecular chirality on the Earth, asymmetric
autocatalysis attracts special interest, where the
chiral product can act as the asymmetric catalyst for
its own production. In an usual asymmetric catalysis,
an increased amount of enantioenriched products can
be obtained by use of a catalytic amount of asym-
metric catalysts, which have structures different from
those of the products (Scheme 56a). On the other
hand, asymmetric autocatalysis is defined as the
asymmetric catalysis where the chiral product can
act as a chiral catalyst to cause its own multiplication
(Scheme 56b). This asymmetric autocatalytic process
is an efficient method for spontaneous multiplication
of chiral molecules without any chiral ligands.

In view of enantiomeric recognition and interaction
of chiral molecules, Alberts and Wynberg reported
the first experimental result in the enantioselective
autoinduction in the asymmetric addition of ethyl-
lithium or diethylzinc to benzaldehyde (Scheme
57).117 The mixed aggregates derived from the chiral
lithium alkoxide 65 or titanium alkoxide 66 and the
alkoxide product would affect the chiral environment
of the reaction center to increase the enantioselec-
tivity of the product. The ee of the product, however,
did not exceed the ee of the catalyst. In the asym-
metric hydrocyanation catalyzed by cyclic dipeptides
67, the (S)-cyanohydrine product formed an active
complex with the cyclic peptide to increase the
enantioselectivity of the (S)-cyanohydrine product
upon reaction to 95.8% ee (Scheme 58).118 The asym-
metric autoinduction is closely related to but signifi-
cantly different from the approach to asymmetric
autocatalysis because, in asymmetric autoinduction,

Scheme 54

Scheme 55

Scheme 56

Scheme 57
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a chiral product itself cannot promote the reaction
without formation of reactive catalyst by association
with any other chiral catalysts (Scheme 56c).

Recently, Soai has reported a remarkable experi-
mental proof for asymmetric autocatalysis in car-
bonyl addition reactions of diisopropylzinc.119,120 Usu-
ally, zinc alkoxide forms an inactive cubic tetramer.
However, the use of pyridyl aldehyde as a substrate
gives an enantioenriched pyridyl alcohol product 68,
which can loop the catalytic cycle without formation
of the inactive tetramer. In this autocatalytic system,
the product % ee (35% ee) did not exceed the level of
catalyst % ee (86% ee),120a while use of chiral 5-py-
rimidylalkanols 69 as asymmetric autocatalysts in-
stead of their pyridyl counterparts gave the product
without any loss of enantiopurity (Scheme 59).120b In
particular, 69c possessing an alkynyl group at the
2-position of the pyrimidine ring can act as a very
efficient asymmetric autocatalyst to achieve practi-
cally perfect asymmetric autocatalysis (the product
with >99.5% ee).120c A significant asymmetric am-
plification is achieved in the same carbonyl addition
reaction with the pyrimidyl alkanol. Starting from
the (S)-alcohol in 2% ee (20 mol %), the first reaction
provides the (S)-alcohol in 16% ee. The fourth reac-
tion provides 90% ee via 74 and then 89% ee’s
(Scheme 60).120d

Kinetic studies of such an autocatalytic reaction
using the modified ML2 model proposed by Black-

mond have clarified a statistical distribution of
dimers.121 Very recently, Soai reported amplification
of chirality from an extremely small enantiomeric
imbalance (ca. 0.00005% ee) to give practically enan-
tiomerically pure product 69c (>99.5% ee) in only
three consecutive cycles. This indicates that the ee
of catalyst 69c can be enhanced by inducing enan-
tiomeric imbalance of chirality, even if it is very
small, and subsequent asymmetric autocatalysis
(Scheme 61).120e

Circularly polarized light (CPL) or quartz has long
been proposed as an origin of chirality of organic
compounds (shown in section 1). As an initiator of a
slight enantiomeric imbalance, an R-amino acid such
as L- or D-leucine was examined because enantio-
enriched leucine (ca. 2% ee) can be obtained by
asymmetric photolysis of a racemic amino acid with
CPL.122 In the presence of L- and D-leucine with ca.
2% ee, (R)- and (S)-69b with amplified ee’s of 23%
and 26% were obtained, respectively. Another R-ami-
no acid, valine, with only ca. 1% ee, can act as a chiral
initiator, and hence (R)- and (S)-69b (51% and 47%
ee) were also obtained from L- and D-valine, respec-
tively (Scheme 62).123a A chiral inorganic crystal such
as quartz, which interacts with organic compounds
weakly, can also attain a slight asymmetric induc-
tion. In asymmetric autocatalysis using dextrorota-
tory d- and levorotatory l-quartz as a chiral initiator,
(S)- and (R)-69c were respectively obtained with high
enantioselectivities (both 97% ee) (Scheme 62).123b

These results are the first correlation between the

Scheme 58

Scheme 59

Scheme 60

Scheme 61
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imbalance induced by CPL or the chirality of the
quartz and an organic compound with high ee. Thus,
a little nonequivalence of enantiomers caused by
statistical fluctuation or chiral physical force can be
amplified through asymmetric autocatalysis to the
large enantiomeric nonequivalence in molecules found
in Nature.
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