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This account demonstrates our recent work in the design and synthesis of benzylic-substituted chiral ligands and
their applications in metal-catalyzed asymmetric catalysis. High catalytic activity and asymmetric induction have been
shown in many enantioselective transformations. The relationship of flexibility and rigidity as well as the impact of
substituents at the benzylic position of ligands on the reactions has been revealed. The switch of enantioselectivity in the
palladium-catalyzed Heck reaction was observed using ligands with different substituents at the benzylic position of the
ligands. Based upon the benzylic-substituted framework, palladacycles were synthesized, which served as a real catalyst
in the ring opening reaction of oxabicyclic alkenes with organozinc halides. Highly efficient kinetic resolution of 2-aryl-1-
hydroxy-1,2-dihydronaphthalenes has also been developed via dehydration using benzylic-substituted chiral pallada-
cycles.

1. Introduction

Remarkable advancements have been achieved in asym-
metric catalytic synthesis since the late 20th century.
Transition metal-catalyzed asymmetric catalysis as one of the
most important fields attracts significant attention from the
scientific community, as it provides chemists with novel
and powerful tools for the efficient synthesis of enantiopure
organic compounds.1 One of the key factors that influence
the efficiency and asymmetric induction in transition metal-
catalyzed asymmetric catalysis is the structure of the chiral
ligand. Thus, the design and synthesis of new chiral ligands has
continuously been a challenge.

This account summarizes briefly our recent results on the
design, synthesis, as well as the applications of benzylic-
substituted ligands. Their unique catalytic activity and stereo-
control ability in reactions have also been demonstrated.

2. N,S- and N,Se-Planar Chiral [2.2]Paracyclophane

The study of benzylic-substituted ligands started with an
occasional finding. We have been interested in the synthesis
of novel chiral ligands with planar chirality and their
applications in asymmetric catalysis.2 A series of chiral
ligands were prepared based on the framework of ferrocene
and [2.2]paracyclophane. The later is rigid, linearly chiral,
chemically stable, and undergoes racemization only at rela-
tively high temperature.3 For understanding the role of planar
chirality of [2.2]paracyclophane in asymmetric induction, in

2000, we designed various N,S- and N,Se-ligands with both
planar and central chiralities based on the [2.2]paracyclophane
backbone.4

The N,S- and N,Se-ligands were readily accessible from the
racemic 4-[2.2]paracyclophane carboxylic acid (1), which was
converted to oxazoline 2 as a mixture of two diastereoisomers
in high yield in three steps. Direct ortho-lithiation of oxazoline
2 followed by quenching with PhSSPh or PhSeSePh gave rise
to the expected products 3a, 3b, 5a, and 5b (Scheme 1).
Surprisingly, additional products, the benzylic-substituted 4
and 6, were also afforded. The structure of 4, determined by
1HNMR spectroscopy and confirmed by X-ray crystallography,
is unique in the planar chiral cyclophane family. The planar
chirality of these ligands was readily determined by compar-
ison with that of products derived from optically pure 1a and
1b as starting materials.5 The absolute configuration of C-2 in
ligand 4 was assigned as (R) based on the (S)-configuration of
C-19 in the oxazoline moiety. We proposed that the benzylic-
substituted cyclophanes 4 and 6 were produced owing to the
nonplanarity of benzene rings in cyclophane and the steric
effect of the iso-propyl group of the oxazoline.

Palladium-catalyzed asymmetric allylic alkylation6 showed
that all ligands 3­6 catalyzed the reaction to provide the
substitution product 8 in almost quantitative yields. However,
the benzylic-substituted ligand 4 provided far better enantio-
selectivity, and the reactivity of ligand 4 was also much higher
than that of 3a and 3b. In case of N,Se-ligands 5a, 5b, and 6,
the same phenomena were observed (Scheme 2).
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These results clearly showed that the ligand with the two
coordinating atoms at benzylic and benzene ring-positions is
more effective than that with both the coordinating atoms at
benzene ring-positions. This is presumably due to the increased
tether length between the donor atoms which coordinate
palladium in ligands 4 and 6, bringing the asymmetric
environment closer to the allyl species during the reaction.

3. N,O-Planar Chiral [2.2]Paracyclophane

The salient features of the benzylic-substituted ligands 4
and 6 prompted us to study other [2.2]paracyclophanes with
coordinating atoms at benzylic positions. Thus we designed
and synthesized several chiral N,O-[2.2]paracyclophane ligands
9­12 through simple transformations (Scheme 3).7

With these new ligands in hand, the addition reaction of
diethylzinc to benzaldehyde was used to examine their efficacy
(Scheme 4).8 Using ligands 11a­11c the reaction gave enantio-
selectivity equal to or greater than that employing ligands 9a­
9c having a hydroxydiphenylmethyl moiety. Notably, ligands
9d and 9e with a 1-hydroxy-1-methylethyl group not only
showed higher reactivity but also provided better enantio-
selectivity (97.9% and 98.4% ee, respectively) than ligands
9a­9c and 11a­11c.

These results reflect the influence of the rigidity and
flexibility of ligands on the enantioselectivity of the reaction.
Many examples have shown the effects of the rigidity and
flexibility of ligands on enantioselectivity,9 however most of
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Scheme 1. Synthesis of N,S- and N,Se-planar chiral [2.2]paracyclophane.
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Scheme 2. The effect of different planar chiral N,S- and
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Scheme 3. Synthesis of N,O-planar chiral [2.2]paracyclophane.
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them revealed that the enantioselectivity increases with an
increase in the rigidity of the ligands.9b­9d In particular, the
introduction of a hydroxydiphenylmethyl group, known as a
magic group, into a chiral ligand usually leads to an increase
of enantioselectivity in various reactions.10 Only a few reports
have noted that the introduction of flexibility provided
excellent enantioselectivity in the reaction.11 Interestingly, in
our case the less sterically demanding 1-hydroxy-1-methylethyl
group gave better results than the more bulky hydroxydi-
phenylmethyl group. It may reflect that the backbone of
cyclophane is rigid, the introduction of a more sterically
demanding hydroxydiphenylmethyl group into the rigid
[2.2]paracyclophane backbone should make the ligand even
more rigid, while the 1-hydroxy-1-methylethyl group makes
the ligand flexible, which enables it to assume a more favorable
conformation in the reaction.

Ni-catalyzed asymmetric 1,4-addition of diethylzinc reagent
to chalcone provided a further example (Scheme 5).12 With
ligands 9a­9c, the reaction provided the corresponding
addition product in good yield but zero enantioselectivity,
while ligand 9e, which showed excellent enantioselectivity in

the addition of diethylzinc to benzaldehyde, gave an enantio-
meric excess of only 8%. However, ligands 11 with an even
less sterically demanding hydroxymethyl group provide far
better results.

If we consider the above results along with those obtained
previously in the N,S/Se-ligand system (Scheme 2), we can see
that an increase in the flexibility of the rigid [2.2]paracyclo-
phane framework leads to a remarkable increase in enantio-
selectivity. This regulation of the flexibility of [2.2]paracyclo-
phane ligands is very crucial for obtaining excellent results.
This valuable information led us to design some other new
chiral ligands based on another structural scaffold.

4. Benzylic Oxazoline N,S-Ligands

Based upon the above information, the structure 18 emerged
by simplifying the structure of cyclophane ligands 4 and 6. The
ligands with substituted pattern 1713 are well known but little
attention has been paid to ligands substituted as 18,14 though
they seem simple (Scheme 6). Thus, ligand 20 was designed
and synthesized (Scheme 7).15 Williams reported Pd-catalyzed
asymmetric allylic substitution using benzene-substituted
ligands 19.16 Under this condition, our ligands were tested
(Scheme 8). The enantioselectivity using ligands 20 was
similar to that Williams obtained,16 but the reactions proceeded
much faster. When the amount of ligand decreased from 10 to
1mol%, the ee value changed a little. These results showed
better catalytic activity for benzylic-substituted ligands again.

5. Benzylic Oxazoline N,P-Ligands

5.1 Benzylic Substituents of Ligands in Asymmetric Heck
Reaction: Switch of Enantioselectivity. The intriguing
phenomena from the reaction using benzylic-substituted ligand
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20 stimulated us to investigate this kind of ligand further.
Ligand 27 was chosen as our target since the corresponding
ligand, chiral phosphinooxazoline (PHOX),13a,17 is a good
reference to test the behaviors of our ligand in asymmetric
catalysis.

The synthetic route to ligands 27 with an oxazoline ring
as the substituent at the benzylic position is depicted in
Scheme 9.18 Lithiation of o-bromotoluene (23) followed by
quenching with Ph2PCl afforded phosphine 24. Acid 25 was
prepared by direct benzylic-lithiation of phosphine 24 and then
quenching with CO2. Esterification of acid 25 followed by
treatment with amino alcohol salts and ring-closure gave rise to
ligands 27a­27c.

In order to understand the influence of substituents at the
benzylic position of ligand, ligand 30 with two methyl groups
at the benzylic position were also prepared. The synthesis of
ligand 30 is outlined in Scheme 10. Acid 28 was transformed
to oxazolines 29 in three steps. Lithiation of 29 followed by
quenching with PPh2Cl resulted in ligands 30.

The ligands 27 and 30 were applied to the Pd-catalyzed
asymmetric intermolecular Heck reaction of 2,3-dihydrofuran
(31) with aryl triflates 32a­32e and cyclohexenyl triflate (32f)
(Scheme 11).19 All the reactions completed in 20 h, providing
2-substituted-2,5-dihydrofuran 33 predominantly, while 4­5
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days were needed for completion employing PHOX as the
ligands.17 When the catalyst loading was 0.5mol%, the ee was
maintained at 93%, which was the same as that using 3mol%
of catalyst although the yield was slightly lower (54%). These
results demonstrated the high catalytic activity of the ligands 27
and 30 in the intermolecular Heck reaction.

To our surprise a dramatic switch of the configuration of the
product 33 was observed by using these ligands with different
substituents at the benzylic position. The reaction provided
products in (R)-configuration when ligands 27a­27c with H at
the benzylic position were used, while (S)-33 was afforded
utilizing ligands 30a and 30b with methyl substituents at the
benzylic position, though the chiral center in ligands 27 and 30
has the same configuration. These results reveal that the
substituent at the benzylic position of the ligand has a
significant impact on the stereochemistry of the reactions.20

In order to verify further the reversal of the enantioselec-
tivity using these ligands, Heck reactions of methyl 2,3-
dihydropyrrole-1-carboxylate (35) with some aryl triflates were
carried out (Scheme 12).19a,21 Still, ligand 27b yielded products
36 as (R)-enantiomers while ligand 30a led to (S)-enantiomers.

To reveal the effect of the methyl groups at the benzylic
position of the ligand and rationalize the reversal of the
enantioselectivity, density functional theory (DFT)22 study was
carried out to model the Heck reaction (Scheme 13 and
Figure 1) and concluded that:

(1) The coordination of complexes 27a­Pd and 30a­Pd with
2,3-dihydrofuran 11 can be either cis or trans with respect to
ligand oxazoline N. The calculations indicate that for inter-
mediate complex CP2, the cis-mode is more stable than the
trans-mode, but the trans-mode of the transition states (TS1)

is much more stable than the cis-mode with both ligands 27a
and 30a.

(2) The seven-membered ring formed by the ligands 27a and
30a coordinating with Pd can be in either the syn- or anti-
conformation according to the orientation of the benzylic
substituent and the phenyl group on phosphorus. Calculations
indicate that the syn-conformation is more stable than the anti
(by 1­2 kcalmol¹1) both in the CP2 and in the TS1 with ligand
27a. On the other hand, ligand 30a with two methyl groups at
the benzylic position favors forming the anti-conformation of
CP2 and TS1 (by 1­2 kcalmol¹1).

(3) The addition of a phenyl group can be on either the Re or
Si face of dihydrofuran. Overall, eight transition states are
possible. Calculations indicate no matter whether the ligand is
27a or 30a, the trans­syn­Si transition state is more stable than
the trans­syn­Re transition state by 0.7­0.9 kcalmol¹1. On the
other hand, the trans­anti­Si transition state is less stable than
the trans­anti­Re transition state by 0.7­1.0 kcalmol¹1. Since
trans­syn is more stable than trans­anti for ligand 27a, the (R)-
product is predicted to be the major product when the ligand is
27a. In contrast, trans­anti is more stable than trans­syn for
ligand 30a, and the (S)-product is predicted to be the major
product when the ligand is 30a. These predictions are in
qualitative agreement with experimental observations.

The X-ray analysis of PdCl2­27a and PdCl2­30a complexes
indicates that PdCl2­27a is in a syn-conformation and PdCl2­
30a is in an anti-conformation, which provides further experi-
mental support for the rational of our observations (Figure 2).

5.2 Chiral Benzylic-Substituted P,N-Ligands in Enantio-
selective Ir-Catalyzed Hydrogenation. To explore the utility
of benzylic-substituted P,N-ligands 27 and 30 in asymmetric
synthesis further, asymmetric hydrogenation was investigated
using these ligands.23

The asymmetric hydrogenation of unfunctionalized olefins
had been the challenge for a long time and a breakthrough
appeared when Pfaltz used Ir-catalyst incorporating the well-
known PHOX ligands.24 Since then, many P,N-ligands have
been used in the Ir-catalyzed asymmetric hydrogenation of
this type of olefin, some of which provided products in high
enantioselectivity. Thus, the asymmetric hydrogenation of
olefin 37a was chosen to test the effectiveness of the ligands.
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methyl 2,3-dihydropyrrole-1-carboxylate (35) using
ligands 27b and 30a.
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It showed that product 38a in 97% ee with 100% conversion
was obtained using catalyst 39a while 70% ee was observed
when iPr­PHOX was the ligand (Scheme 14).

A variety of substrates, including trisubstituted olefins and
terminal disubstituted olefins, regardless of whether the
substitute on the aromatic ring was electron-withdrawing or
-donating, were suitable substrates in this asymmetric hydro-
genation using 39a as catalyst, providing the corresponding
products in excellent enantioselectivities with full conversion
(Scheme 14).23 High enantioselectivities were also realized
when ¢-disubstituted ¡,¢-unsaturated esters were the substrate.
It is worth noting that both (E)- and (Z)-olefins, such as 37b and
37c, 37f, and 37g, were smoothly hydrogenated using catalyst
with benzylic-substituted ligand to produce products in similar
enantioselectivities with opposite configuration, while many
reports showed that olefins in (Z)-configuration did not provide
good ee values using catalysts with other P,N-ligands.25

Preparation of ketones with an ¡-chiral center is important
as they are very useful compounds in organic synthesis.26

However, few procedures have achieved high enantioselectiv-
ity in the synthesis of ¡-substituted ketones, since the products
suffer from racemization of the chiral carbon via enolization.

Great challenges remain for the synthesis of ketones with
an ¡-chiral center. It seems that they could be obtained by
asymmetric hydrogenation of corresponding ¡-substituted ¡,¢-
unsaturated ketones. To our surprise, few examples were found
in the literature to establish a chiral center at the ¡-position of a
carbonyl group via ¡,¢-unsaturated ketones using hydrogena-
tion,27 though the asymmetric hydrogenation of ¡,¢-unsaturat-
ed ketones has well been investigated, allyl alcohols being the
products in general.

It is interesting that when ¡,¢-unsaturated ketones were the
substrates in hydrogenation in the presence of Ir-complexes
derived from benzylic ligands, high enantioselectivities were
realized (Scheme 15). Reaction of both acyclic ketones and
cyclic ketones provided chiral ketones in excellent ee, being
79­99% using catalyst 39a. The ¡,¡¤-dibenzylidene ketone 40f
was also smoothly hydrogenated to provide corresponding
ketone in high diastereo- and enantioselectivities, being >99%
ee with a ratio of 1:14 using catalyst 39a and the configuration
of the major product was trans. It is worth noting that even
higher enantioselectivity was achieved when we used tBu­
PHOX as the ligand.28 At almost the same time, Bolm reported
the similar results.29

PdCl2-27a PdCl2-30a

Figure 2. ORTEP drawings of X-ray crystal structures of PdCl2­27a and PdCl2­30a complexes.
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The effectiveness of benzylic-substituted ligand derived
Ir-catalyst 39a was also revealed in the hydrogenation of
imines (Scheme 16). As low as 0.3mol% of catalyst is enough
in the hydrogenation of N-(1-arylethylidene)arylamines 42,
affording the chiral amines in ²75% ee. Imines derived from
1-indanone and 1-tetralone were hydrogenated with full
conversion to provide the products in 61% ee and 62% ee,
respectively.23

As a seven-membered ring is produced when benzylic-
substituted ligand formed a complex with Ir metal, it should be
more flexible than the six-membered ring formed from many
other P,N-ligands so that it has more chance to fit the demands
of different substrates. The X-ray analysis of catalyst 39f also

showed that it has a little bit larger P­Ir­N bite angle. These
results provide the support for the above hypothesis to some
extent.23

6. Benzylic-Substituted Palladacycles

Palladacycles are a class of metal complexes with versatile
backbones and air and moisture stability.30 They are easily
prepared and have showed high catalytic activity in many
carbon­carbon bond forming reactions. High catalytic activity
has also been demonstrated by palladacycles derived from
benzylic-substituted frameworks.

The synthesis is simple. Palladacycle 44 was afforded
in high yield as a yellow powder after the reaction of
benzylic-substituted oxazoline 29a with [Pd2(dba)3]¢CHCl3
(Scheme 17), which is air-stable and has a dimeric structure
with a distorted square-planar geometry as showed from the
X-ray diffraction analysis.31

Hydroarylation, similar to the Heck reaction, is a useful
methodology employed successfully in the synthesis of natural
product analog epibatidine alkaloids.32 Benzylic-substituted
palladacycle 44 showed excellent catalytic activity in this
hydrophenylation reaction when 2.5 © 10¹3mol% of pallada-
cycle 44 was used as catalyst under aerobic condition without
exclusion of water. Different kinds of bicyclic alkenes,
including norbornene, norbornadiene, and oxabicyclic alkenes,
reacted with PhI to provide corresponding products in high
yields, TON being 1.6­1.9 © 104. Aza-bicyclic alkene was also
suitable substrate, in this case, 0.25mol% of catalyst should be
used because of its low reactivity (Scheme 18).

Although palladacycles have shown many advantages in
catalysis, they usually serve as catalyst precursor33 and are
mainly used in Heck-type reactions and coupling reactions.30
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4140
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c 97% ee b 90% ee 

O

O
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catalyst 39a (1  mol %)
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CH2Cl2, rt, 24 h

Scheme 15. Ir-catalyzed asymmetric hydrogenation of ¡,¢-
unsaturated ketones.
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Scheme 16. Ir-catalyzed asymmetric hydrogenation of
imines.
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Scheme 17. Synthesis of palladacycle 44.

Ph

O N Ts

CO2Me
CO2Me

O

CO2Me
CO2Me

Ph

Ph PhPh

Ph Ph

yield: 89%
TON: 1.8 x 104

yield: 93%
TON: 1.9 x 104

PhI
44, DMSO

iPr2NEt/HCOOH

X

45

X

46

Ph
R1

R2

yield: 97%
TON: 1.9 x 104

yield: 66%
TON: 132

yield: 82%
TON: 1.6 x 104

yield: 71%
TON: 1.4 x 104

yield: 97%
TON: 1.9 x 104

R1

R2

Scheme 18. Catalytic hydrophenylation of different bicyclic
alkenes with palladacycle 44.
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Racemic products are very often obtained in spite of chiral
palladacycles being used.31,34,35 Asymmetric induction has
been realized in some examples, however chiral palladacycles
serve as Lewis acid in most cases.36 To explore the applications
of palladacycles as real transition metal catalysts in asymmetric
catalysis, some other reactions using benzylic-substituted
palladacycles as catalyst were investigated.

The ring-opening reaction of oxabicyclic compounds is a
useful methodology in the synthesis of cyclic compounds with
multiple stereocenters.37 Many metal complexes have been
used as catalyst in the regio- and enantioselective nucleophilic
ring-opening reaction of oxabicyclic alkenes. However, no
report using palladacycle as catalyst appeared for this reaction.
When we employed palladacycle monomer 47 as catalyst in the
reaction of 7-oxabenzonorbornadiene (48a) with benzyl zinc
bromide 49a, ring-opening product 50a in 95% yield was
delivered, while only 10% of 50a was afforded accompanied
by the formation of palladium black using palladacycle dimer
44.35

Still, high catalytic activity of benzylic-substituted pallada-
cycle was shown in this reaction. A variety of ring-opening
products 50 have been produced by using as low as 0.05mol%
of palladacycle 47 as catalyst in the reaction of oxabicyclic
alkenes 48 with different alkylzinc bromide derivatives
(Scheme 19).

In most cases when the palladacycle served as a precatalyst,
the reaction proceeds at temperature higher than 120 °C, at
which active Pd species is released,30 however in our case the
reaction proceeded at 80 °C or lower. In addition, no visible
palladium black was observed in the reaction. 31PNMR study

showed that the palladacycle 47 remained intact in the reaction.
We also found that the reaction of 48a with benzylzinc bromide
was catalyzed by 0.5mol% of palladacycle 51 to give 93%
yield of product 50a (Scheme 20). 31PNMR investigation
revealed that the structure of palladacycle 51 remained
unchanged during the reaction. These experimental results
implied that palladacycles 47 and 51 were a real catalyst in the
reaction though the products are racemic. However, optically
active ring-opening product was afforded when bicyclic alkene
48a was treated with phenylboronic acid using palladacycle 47
as catalyst, albeit the ee was only moderate. This promising
result means that the palladacycle served as real catalyst and
encourages us to study further.38

It was found that all N-containing palladacycles afforded
ring-opening product in low yields and low ee was given using
pincer complex and Overman’s palladacycle, while P-contain-
ing palladacycle showed its highly catalytic activity, providing
product 54 in high yield. Based upon the results, chiral P-
containing palladacycle 53 was designed and synthesized from
MOP.39 High yields with high ee were obtained for products 52
when P-containing palladacycle 53 was the catalyst in the
reaction of oxabicyclic alkenes 48 with a variety of arylboronic
acids (Scheme 21).38

During the study of the reaction of oxabicyclic alkene 48a
with PhB(OH)2 using palladacycle 47 as catalyst, we found that
as reaction time was prolonged, the yield of ring-opening
product 52a decreased while the ee of the adduct 52a increased,
meanwhile the yield of the side product 54a increased. Based
upon these results, we deduced that there should be a kinetic
resolution process for the compound 52a (Scheme 22).
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Scheme 19. Palladacycle 47 catalyzed ring-opening reaction
of oxabicyclic alkenes 48 with alkylzinc reagents 49.
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Scheme 20. Palladacycle 51 catalyzed ring-opening reaction
of oxabicyclic alkene 48a with benzyl zinc bromide.
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The kinetic resolution of 52a was confirmed by treatment of
racemic 52a with Cs2CO3 and palladacycle 47 in MeOH,
providing optically active 52a in 19% yield and 11% ee
accompanied by 67% of 54a. Investigations on the influence of
the structure of palladacycles and other parameters on the
reaction led the use of palladacycle 55, providing optically
active 52 with the yields ranging from 35 to 43% and with
high ee value ranging from 84 to 99% (S factor: 9­26)
(Scheme 23).40

7. Other Benzylic Ligands

As mentioned above, the structure of chiral ligands has
played a key role in asymmetric catalysis and a variety of
ligands with different structures have been synthesized.
Benzylic ligands were also reported by other groups such as
phosphine ligand (R)-1-[(S)-2-(diphenylphosphino)ferrocenyl]-
ethyldicyclohexylphosphine (Josiphos).41a Some of them will
be discussed briefly.

Ito synthesized a series of (S,S)-2,2¤¤-bis[(R)-l-(dialkyl-
phosphino)ethyl]-1,1¤¤-biferrocene (TRAP) benzylic-substitut-
ed ligands. n-BuTRAP is the first effective chiral phosphane

ligand for the rhodium-catalyzed asymmetric hydrosilylation of
hindered saturated ketones and simple ketones lacking secon-
dary coordinating functional groups.41b,41c The authors sug-
gested that the chiral environment created by the trans-
spanning biferrocenyl backbone of the ligands is the critical
element for stereocontrol. Chiral ferrocenylphosphines 56
containing an imino group at the side chain, were reported by
the Hayashi group in 1995.41d The imino­phosphine ligands
56 were found to be very effective for rhodium-catalyzed
asymmetric hydrosilylation of prochiral ketones with diphen-
ylsilane to give optically active alcohols of up to 90% ee
(Scheme 24).

Following this work, Zheng synthesized a series of (R, Sp)-
ferrocenylphosphine­imine ligands 57 and applied them in the
Pd-catalyzed AAA reaction.42 The substituent at the benzylic
position has great effect on enantioselectivity, and 96% ee was
achieved when the ligand 57c was used (Scheme 25). Later, the
Zheng group developed chiral phosphine­imine ligands 59,43

which were found to be effective for the Pd-catalyzed AAA
reaction, up to 94% ee being obtained, in contrast to 14% ee
using phosphine­imine ligands 58 reported by the Hashimoto

Cs2CO3 in H2O (5 mol%)

MeOH, 60 °C
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Ph
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PhB(OH)2

palladacycle 47 (5 mol%) Ph

+

Time 52a 54a

40 min 23% yield, 33% ee

1.5 h 98% yield, 33% ee

2 h 86% yield, 41% ee 12% yield

3 h 52% yield, 84% ee 40% yield

4 h 45% yield, 97% ee 45% yield

12 h 90% yield

Scheme 22. Palladacycle 47 catalyzed asymmetric ring-opening reaction of oxabicyclic alkene 48a with phenylboronic acid.
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Scheme 23. Kinetic resolution of 1,2-cis-52 catalyzed by palladacycle 55.
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group.44 The authors suggested that the chirality of ligand 59
residing on the chelate ring of P­Pd­N complex is more
effective for the transfer of stereochemical information, while
the chirality of Hashimoto’s phosphine­imine ligand 58 lay the
outside of P­Pd­N chelate ring.

Chelucci reported that pyridinylmethyl-oxazolines 60,45

initially developed by Fryzuk,46 could be used as ligands in
the palladium-catalyzed AAA reaction, however, the enantio-
selectivities were rather poor. Zhou synthesized dialkylmeth-
ylene-bridged pyridinyl­oxazoline ligands 61,47 which provid-
ed ee values of 20­88% in the palladium-catalyzed AAA
reaction, higher than that provided by unsubstituted analogs 60
(Scheme 25).

[2.2]Paracyclophane-derived P,N-ligand 62 was designed
and synthesized by Jiang’s group.48 Their abilities of asym-

metry induction in Pd-catalyzed AAA reaction were examined,
and high yields and enantioselectivities (i.e., 99% yield, 97%
ee) were observed (Scheme 25). The author suggested the
structural flexibility brought by the long side chain and the
rigidity originating from the rigid paracyclophane skeleton
cooperated to provide a fixed chiral environment.

The Bolm group synthesized chiral ferrocene-based
hydroxyoxazolines (S, Rp)-63 and (S, Sp)-64 as well as benzene
analog (S)-65 (Scheme 26).49 The results from the reaction of
diethylzinc to benzaldehyde demonstrated the importance of
planar chirality in the reaction and the catalytic activity of
ligand 65.

8. Summary

We have shown the efficiency of benzylic-substituted
ligands in asymmetric catalysis. They are simple and easily
accessible. Because of the increased tether length between the
donor atoms, the flexibility and rigidity are adjustable, which
gives them good catalytic activity and stereocontrol in many
enantioselective transformations. The substituents at benzylic
positions provide the ligands extra power for tuning the
stereochemistry of the reaction. For the present, only a few
types of ligands have been synthesized and applied in
asymmetric catalysis. We believe that in the future, more new
ligands with different coordination atoms will be synthesized
and new applications will be found with the understandings of
them.

We wish to thank all our collaborators, whose names are
mentioned in relevant references, for their extraordinary
contributions, without which this account would not have
materialized. Financial support from the Major Basic Research
Development Program (No. 2010CB833300), National natural
Science Foundation of China (Nos. 20872161, 20821002, and
20932008), the External Cooperation Program of Chinese
Academy of Sciences (No. GJHZ200816), Chinese Academy
of Sciences, the Technology Commission of Shanghai Munic-
ipality (No. 10ZR1436800), and the Croucher Foundation of
Hong Kong are acknowledged.

Fe
PPh2

57a R = Me, R` = H 51%yield; 73%ee
57b R = Me, R` = 3-NO2 99%yield; 94%ee
57c R = Et, R` = 3-NO2 99% yield; 96%ee
57d R = Ph, R` = 3-NO2 89%yield; 83%ee

Ph Ph

OAc

Ph Ph

CH(CO2Me)2

*

[Pd(C3H5)Cl]2, L*

CH2(CO2Me)2

(R, Sp)

N
R

R`

PPh2

N Ph

PPh2

N

58: 85% yield
14% ee

59: 99% yield
94% ee

PPh2

OTBS

N

(Sp, S )-62

up to 99% yield, 97% ee

N N

O
R' R'

R

R = Bn, i -Pr, Ph, t -Bu

60 R' = H: 3-20% ee
61 R' = Me, Et, or n -Bu: 20-88% ee

Scheme 25. Palladium-catalyzed asymmetric allylic substi-
tution reaction.

[RhCl(NBD)]2/L* (1 mol%)O

Ar CH2R

OH

Ar CH2R

Fe
(S, Rp)-56

Ph2P

N MeAr

Ph2SiH2, THF

H3O+

yield up to 97%
ee up to 90%

Scheme 24. Rhodium-catalyzed asymmetric hydrosilylation
of ketones.

Ph

OH

*

L*/[ZnEt2]

PhCH3/rtPh H

O

13 14

63:     6 h,  83%, 93% 
64:   59 h,  55%, 35%
65:     5 h,  85%, 92%

L* yield eetime

Fe

N

O tBu

OH

Ph
Ph

(S, Rp)-63

N

O

OH
Ph Ph

tBu

(S )-65

Fe

(S, Sp)-64

OH
Ph

Ph

O

N

tBu

Scheme 26. Enantioselective addition of diethylzinc to
benzaldehyde with ligands 63­65.

C.-H. Ding et al. Bull. Chem. Soc. Jpn. Vol. 83, No. 9 (2010) 1001



References

1 a) Comprehensive Asymmetric Synthesis I­III, ed. by E. N.
Jacobsen, A. Pfaltz, H. Yamamoto, Springer, Berlin, 1999.
b) Catalytic Asymmetric Synthesis, 2nd ed., ed. by I. Ojima,
Wiley-VCH, New York, 2000.

2 a) L.-X. Dai, X.-L. Hou, W.-P. Deng, S.-L. You, Y.-G.
Zhou, Pure Appl. Chem. 1999, 71, 1401. b) L.-X. Dai, T. Tu, S.-L.
You, W.-P. Deng, X.-L. Hou, Acc. Chem. Res. 2003, 36, 659.

3 a) S. E. Gibson, J. D. Knight, Org. Biomol. Chem. 2003, 1,
1256. b) V. Rozenberg, E. Sergeeva, H. Hopf, in Modern
Cyclophane Chemistry, ed. by R. Gleiter, H. Hopf, Wiley-VCH,
Weinheim, Germany, 2004, p. 435. c) G. J. Rowlands, Org.
Biomol. Chem. 2008, 6, 1527.

4 X.-L. Hou, X.-W. Wu, L.-X. Dai, B.-X. Cao, J. Sun, Chem.
Commun. 2000, 1195.

5 V. Rozenberg, N. Dubrovina, E. Sergeeva, D. Antonov, Y.
Belokon, Tetrahedron: Asymmetry 1998, 9, 653.

6 a) B. M. Trost, M. L. Crawley, Chem. Rev. 2003, 103, 2921.
b) Z. Lu, S. Ma, Angew. Chem., Int. Ed. 2008, 47, 258.

7 a) X.-W. Wu, X.-L. Hou, L.-X. Dai, J. Tao, B.-X. Cao, J.
Sun, Tetrahedron: Asymmetry 2001, 12, 529. b) X.-W. Wu, T.-Z.
Zhang, K. Yuan, X.-L. Hou, Tetrahedron: Asymmetry 2004, 15,
2357.

8 a) N. Oguni, T. Omi, Y. Yamamoto, A. Nakamura, Chem.
Lett. 1983, 841. b) R. Noyori, M. Kitamura, Angew. Chem., Int.
Ed. Engl. 1991, 30, 49. c) K. Soai, S. Niwa, Chem. Rev. 1992, 92,
833. d) L. Pu, H.-B. Yu, Chem. Rev. 2001, 101, 757. e) P. J. Walsh,
Acc. Chem. Res. 2003, 36, 739. f) D. J. Ramón, M. Yus, Chem.
Rev. 2006, 106, 2126.

9 a) Handbook of Enantioselective Catalysis with Transition
Metal Compounds, ed. by H. Brunner, W. Zettlmeier, VCH,
Weinheim, 1993. b) G. Zhu, P. Cao, Q. Jiang, X. Zhang, J. Am.
Chem. Soc. 1997, 119, 1799. c) P. Cao, X. Zhang, J. Am. Chem.
Soc. 1999, 121, 7708. d) D. Liu, W. Tang, X. Zhang, Org. Lett.
2004, 6, 513.
10 For review: M. Braun, Angew. Chem., Int. Ed. Engl. 1996,

35, 519.
11 A. S. C. Chan, W. Hu, C.-C. Pai, C.-P. Lau, Y. Jiang, A. Mi,

M. Yan, J. Sun, R. Lou, J. Deng, J. Am. Chem. Soc. 1997, 119,
9570.
12 a) M. P. Sibi, S. Manyem, Tetrahedron 2000, 56, 8033.

b) N. Krause, A. Hoffmann-Röder, Synthesis 2001, 171. c) A.
Alexakis, J. E. Bäckvall, N. Krause, O. Pàmies, M. Diéguez,
Chem. Rev. 2008, 108, 2796. d) S. R. Harutyunyan, T. den Hartog,
K. Geurts, A. J. Minnaard, B. L. Feringa, Chem. Rev. 2008, 108,
2824.
13 a) G. Helmchen, A. Pfaltz, Acc. Chem. Res. 2000, 33, 336.

b) G. C. Hargaden, P. J. Guiry, Chem. Rev. 2009, 109, 2505.
14 K. Boog-Wick, P. S. Pregosin, G. Trabesinger, Organo-

metallics 1998, 17, 3254.
15 H. Wu, X. W. Wu, X. L. Hou, L. X. Dai, Q. R. Wang, Chin.

J. Chem. 2002, 20, 816.
16 J. V. Allen, S. J. Goote, G. J. Dawson, C. G. Frost, C. J.

Martins, J. M. J. Williams, J. Chem. Soc., Perkin Trans. 1 1994,
2065.
17 a) O. Loiseleur, P. Meier, A. Pfaltz, Angew. Chem., Int. Ed.

Engl. 1996, 35, 200. b) O. Loiseleur, M. Hayashi, N. Schmees, A.
Pfaltz, Synthesis 1997, 1338.
18 a) X.-L. Hou, D. X. Dong, K. Yuan, Tetrahedron:

Asymmetry 2004, 15, 2189. b) W.-Q. Wu, Q. Peng, D.-X. Dong,
X.-L. Hou, Y.-D. Wu, J. Am. Chem. Soc. 2008, 130, 9717.

19 a) F. Ozawa, A. Kubo, T. Hayashi, J. Am. Chem. Soc. 1991,
113, 1417. b) A. B. Dounay, L. E. Overman, Chem. Rev. 2003, 103,
2945. c) L. T. Tietze, H. Ila, H. P. Bell, Chem. Rev. 2004, 104,
3453. d) M. Shibasaki, E. M. Vogl, T. Ohshima, Adv. Synth. Catal.
2004, 346, 1533. e) A. G. Coyne, M. O. Fitzpatrick, P. J. Guiry, in
The Mizoroki­Heck Reaction, ed. by M. Osterich, Wiley-VCH,
Weinheim, 2009, p. 405.
20 M. E. Jung, G. Piizzi, Chem. Rev. 2005, 105, 1735.
21 a) F. Ozawa, T. Hayashi, J. Organomet. Chem. 1992, 428,

267. b) L. F. Tietze, K. Thede, Synlett 2000, 1470. c) T. Tu, X.-L.
Hou, L.-X. Dai, Org. Lett. 2003, 5, 3651.
22 The calculations were performed with Gaussian 03 pro-

gram: M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,
V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross,
V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J.
Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,
C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B.
Johnson, W. Chen, M. W. Wong, C. Gonzalez, J. A. Pople,
Gaussian 03, Revision C.02, Gaussian, Inc., Wallingford CT, 2004.
23 W.-J. Lu, Y.-W. Chen, X.-L. Hou, Adv. Synth. Catal. 2010,

352, 103.
24 A. Lightfoot, P. Schnider, A. Pfaltz, Angew. Chem., Int. Ed.

1998, 37, 2897.
25 a) K. Källström, P. G. Andersson, Tetrahedron Lett. 2006,

47, 7477. b) C. Hedberg, K. Källström, P. Brandt, L. K. Hansen,
P. G. Andersson, J. Am. Chem. Soc. 2006, 128, 2995. c) X. Li, Q.
Li, X. Wu, Y. Gao, D. Xu, L. Kong, Tetrahedron: Asymmetry 2007,
18, 629. d) X. Li, L. Kong, Y. Gao, X. Wang, Tetrahedron Lett.
2007, 48, 3915.
26 a) S. H. Lim, M. D. Curtis, P. Beak, Org. Lett. 2001, 3, 711.

b) U. Schneider, X. Pannecoucke, J.-C. Quirion, Synlett 2005,
1853. c) K. C. Nicolaou, D. J. Edmonds, A. Li, G. S. Tria, Angew.
Chem., Int. Ed. 2007, 46, 3942.
27 a) T. Ohta, T. Miyake, N. Seido, H. Kumobayashi, H.

Takaya, J. Org. Chem. 1995, 60, 357. b) A. Tungler, Y. Nitta, K.
Fodor, G. Farkas, T. Máthe, J. Mol. Catal. A: Chem. 1999, 149,
135. c) C. Thorey, S. Bouquillon, A. Hélimi, F. Henin, J. Muzart,
Eur. J. Org. Chem. 2002, 2151. d) R. Hilgraf, A. Pfaltz, Adv. Synth.
Catal. 2005, 347, 61. e) J. B. Tuttle, S. G. Ouellet, D. W. C.
MacMillan, J. Am. Chem. Soc. 2006, 128, 12662. f) N. J. A.
Martin, B. List, J. Am. Chem. Soc. 2006, 128, 13368. g) A. I.
McIntosh, D. J. Watson, J. W. Burton, R. M. Lambert, J. Am.
Chem. Soc. 2006, 128, 7329. h) L. Qiu, F. Y. Kwong, J. Wu, W. H.
Lam, S. Chan, W.-Y. Yu, Y.-M. Li, R. Guo, Z. Zhou, A. S. C.
Chan, J. Am. Chem. Soc. 2006, 128, 5955. i) B. H. Lipshutz, B. A.
Frieman, A. E. Tomaso, Jr., Angew. Chem., Int. Ed. 2006, 45, 1259.
j) Y. Tsuchiya, Y. Hamashima, M. Sodeoka, Org. Lett. 2006, 8,
4851. k) T. Ikariya, A. J. Blacker, Acc. Chem. Res. 2007, 40, 1300.
l) T. Ohshima, H. Tadaoka, K. Hori, N. Sayo, K. Mashima,
Chem.®Eur. J. 2008, 14, 2060.
28 W.-J. Lu, Y.-W. Chen, X.-L. Hou, Angew. Chem., Int. Ed.

ACCOUNTSBull. Chem. Soc. Jpn. Vol. 83, No. 9 (2010)1002

http://dx.doi.org/10.1351/pac199971081401
http://dx.doi.org/10.1021/ar020153m
http://dx.doi.org/10.1039/b300717k
http://dx.doi.org/10.1039/b300717k
http://dx.doi.org/10.1039/b800698a
http://dx.doi.org/10.1039/b800698a
http://dx.doi.org/10.1039/b002679o
http://dx.doi.org/10.1039/b002679o
http://dx.doi.org/10.1016/S0957-4166(98)00015-9
http://dx.doi.org/10.1021/cr020027w
http://dx.doi.org/10.1002/anie.200605113
http://dx.doi.org/10.1016/S0957-4166(01)00102-1
http://dx.doi.org/10.1016/j.tetasy.2004.06.026
http://dx.doi.org/10.1016/j.tetasy.2004.06.026
http://dx.doi.org/10.1246/cl.1983.841
http://dx.doi.org/10.1246/cl.1983.841
http://dx.doi.org/10.1002/anie.199100491
http://dx.doi.org/10.1002/anie.199100491
http://dx.doi.org/10.1021/cr00013a004
http://dx.doi.org/10.1021/cr00013a004
http://dx.doi.org/10.1021/cr000411y
http://dx.doi.org/10.1021/ar0300219
http://dx.doi.org/10.1021/cr040698p
http://dx.doi.org/10.1021/cr040698p
http://dx.doi.org/10.1021/ja9634381
http://dx.doi.org/10.1021/ja9634381
http://dx.doi.org/10.1021/ja991547k
http://dx.doi.org/10.1021/ja991547k
http://dx.doi.org/10.1021/ol0362717
http://dx.doi.org/10.1021/ol0362717
http://dx.doi.org/10.1002/anie.199605191
http://dx.doi.org/10.1002/anie.199605191
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1016/S0040-4020(00)00618-9
http://dx.doi.org/10.1055/s-2001-10803
http://dx.doi.org/10.1021/cr0683515
http://dx.doi.org/10.1021/cr068424k
http://dx.doi.org/10.1021/cr068424k
http://dx.doi.org/10.1021/ar9900865
http://dx.doi.org/10.1021/cr800400z
http://dx.doi.org/10.1021/om9802010
http://dx.doi.org/10.1021/om9802010
http://dx.doi.org/10.1039/p19940002065
http://dx.doi.org/10.1039/p19940002065
http://dx.doi.org/10.1002/anie.199602001
http://dx.doi.org/10.1002/anie.199602001
http://dx.doi.org/10.1055/s-1997-1341
http://dx.doi.org/10.1016/j.tetasy.2004.05.030
http://dx.doi.org/10.1016/j.tetasy.2004.05.030
http://dx.doi.org/10.1021/ja7104174
http://dx.doi.org/10.1021/ja00004a056
http://dx.doi.org/10.1021/ja00004a056
http://dx.doi.org/10.1021/cr020039h
http://dx.doi.org/10.1021/cr020039h
http://dx.doi.org/10.1021/cr030700x
http://dx.doi.org/10.1021/cr030700x
http://dx.doi.org/10.1002/adsc.200404203
http://dx.doi.org/10.1002/adsc.200404203
http://dx.doi.org/10.1021/cr940337h
http://dx.doi.org/10.1016/0022-328X(92)83236-B
http://dx.doi.org/10.1016/0022-328X(92)83236-B
http://dx.doi.org/10.1055/s-2000-7628
http://dx.doi.org/10.1021/ol035308k
http://dx.doi.org/10.1002/adsc.200900618
http://dx.doi.org/10.1002/adsc.200900618
http://dx.doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2897::AID-ANIE2897>3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1521-3773(19981102)37:20<2897::AID-ANIE2897>3.0.CO;2-8
http://dx.doi.org/10.1016/j.tetlet.2006.08.039
http://dx.doi.org/10.1016/j.tetlet.2006.08.039
http://dx.doi.org/10.1021/ja057178b
http://dx.doi.org/10.1016/j.tetasy.2007.02.018
http://dx.doi.org/10.1016/j.tetasy.2007.02.018
http://dx.doi.org/10.1016/j.tetlet.2007.03.106
http://dx.doi.org/10.1016/j.tetlet.2007.03.106
http://dx.doi.org/10.1021/ol007012+
http://dx.doi.org/10.1055/s-2005-871561
http://dx.doi.org/10.1055/s-2005-871561
http://dx.doi.org/10.1002/anie.200700586
http://dx.doi.org/10.1002/anie.200700586
http://dx.doi.org/10.1021/jo00107a014
http://dx.doi.org/10.1016/S1381-1169(99)00153-3
http://dx.doi.org/10.1016/S1381-1169(99)00153-3
http://dx.doi.org/10.1002/1099-0690(200207)2002:13<2151::AID-EJOC2151>3.0.CO;2-Y
http://dx.doi.org/10.1002/adsc.200404168
http://dx.doi.org/10.1002/adsc.200404168
http://dx.doi.org/10.1021/ja0653066
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ja061104y
http://dx.doi.org/10.1021/ja061104y
http://dx.doi.org/10.1021/ja0602694
http://dx.doi.org/10.1002/anie.200503149
http://dx.doi.org/10.1021/ol0619157
http://dx.doi.org/10.1021/ol0619157
http://dx.doi.org/10.1021/ar700134q
http://dx.doi.org/10.1002/chem.200701505
http://dx.doi.org/10.1002/anie.200803872


2008, 47, 10133.
29 a) S.-M. Lu, C. Bolm, Angew. Chem., Int. Ed. 2008, 47,

8920. b) S.-M. Lu, C. Bolm, Chem.®Eur. J. 2008, 14, 7513.
30 J. Dupont, C. S. Consorti, J. Spencer, Chem. Rev. 2005,

105, 2527.
31 K. Yuan, T. K. Zhang, X. L. Hou, J. Org. Chem. 2005, 70,

6085.
32 a) R. C. Larock, P. L. Johnson, J. Chem. Soc., Chem.

Commun. 1989, 1368. b) A. Kasyan, C. Wagner, M. E. Maier,
Tetrahedron 1998, 54, 8047. c) J. C. Namyslo, D. E. Kaufmann,
Synlett 1999, 114. d) J. C. Namyslo, D. E. Kaufmann, Synlett 1999,
804.
33 a) J. Louie, J. F. Hartwig, Angew. Chem., Int. Ed. Engl.

1996, 35, 2359. b) V. Farina, Adv. Synth. Catal. 2004, 346, 1553.
c) O. Navarro, N. Marion, Y. Oonishi, R. A. Kelly, III, S. P. Nolan,
J. Org. Chem. 2006, 71, 685.
34 J. Bravo, C. Cativiela, R. Navarro, E. P. Urriolabeitia, J.

Organomet. Chem. 2002, 650, 157.
35 T.-K. Zhang, K. Yuan, X.-L. Hou, J. Organomet. Chem.

2007, 692, 1912.
36 a) R. Navarro, E. P. Urriolabeitia, C. Cativiela, M. D.

Diaz-de-Villegas, M. P. López, E. Alonso, J. Mol. Catal. A: Chem.
1996, 105, 111. b) T. K. Hollis, L. E. Overman, Tetrahedron Lett.
1997, 38, 8837. c) P.-H. Leung, K.-H. Ng, Y. Li, A. J. P. White,
D. J. Williams, Chem. Commun. 1999, 2435. d) A. Moyano, M.
Rosol, R. M. Moreno, C. López, M. A. Maestro, Angew. Chem.,
Int. Ed. 2005, 44, 1865. e) S. F. Kirsch, L. E. Overman, J. Am.
Chem. Soc. 2005, 127, 2866. f) M. E. Weiss, D. F. Fischer, Z. Xin,
S. Jautze, W. B. Schweizer, R. Peters, Angew. Chem., Int. Ed.
2006, 45, 5694. g) H. Nomura, C. J. Richards, Chem.®Eur. J.
2007, 13, 10216.
37 a) M. Lautens, K. Fagnou, S. Hiebert, Acc. Chem. Res.

2003, 36, 48. b) L.-P. Li, D. K. Rayabarapu, M. Nandi, C.-H.

Cheng, Org. Lett. 2003, 5, 1621. c) M. Nakamura, K. Matsuo, T.
Inoue, E. Nakamura, Org. Lett. 2003, 5, 1373. d) W. Zhang, L.-X.
Wang, W.-J. Shi, Q.-L. Zhou, J. Org. Chem. 2005, 70, 3734. e) S.
Cabrera, R. G. Arrayás, I. Alonso, J. C. Carretero, J. Am. Chem.
Soc. 2005, 127, 17938. f) T. Imamoto, K. Sugita, K. Yoshida,
J. Am. Chem. Soc. 2005, 127, 11934. g) C.-L. Chen, S. F. Martin,
J. Org. Chem. 2006, 71, 4810.
38 T.-K. Zhang, D.-L. Mo, L.-X. Dai, X.-L. Hou, Org. Lett.

2008, 10, 3689.
39 T. Hayashi, Acc. Chem. Res. 2000, 33, 354.
40 T.-K. Zhang, D.-L. Mo, L.-X. Dai, X.-L. Hou, Org. Lett.

2008, 10, 5337.
41 a) A. Togni, C. Breutel, A. Schnyder, F. Spindler, H.

Landert, A. Tijani, J. Am. Chem. Soc. 1994, 116, 4062. b) M.
Sawamura, R. Kuwano, Y. Ito, Angew. Chem., Int. Ed. Engl. 1994,
33, 111. c) R. Kuwano, M. Sawamura, J. Shirai, M. Takahashi, Y.
Ito, Bull. Chem. Soc. Jpn. 2000, 73, 485. d) T. Hayashi, C.
Hayashi, Y. Uozumi, Tetrahedron: Asymmetry 1995, 6, 2503.
42 X. Hu, H. Dai, X. Hu, H. Chen, J. Wang, C. Bai, Z. Zheng,

Tetrahedron: Asymmetry 2002, 13, 1687.
43 J.-D. Huang, X.-P. Hu, S.-B. Yu, J. Deng, D.-Y. Wang,

Z.-C. Duan, Z. Zheng, J. Mol. Catal. A: Chem. 2007, 270, 127.
44 T. Kohara, Y. Hashimoto, K. Saigo, Synlett 2000, 517.
45 G. Chelucci, S. Gladiali, A. Saba, Tetrahedron: Asymmetry

1999, 10, 1393.
46 M. D. Fryzuk, L. Jafarpour, S. J. Rettig, Tetrahedron:

Asymmetry 1998, 9, 3191.
47 Z.-P. Li, F.-Y. Tang, H.-D. Xu, X.-Y. Wu, Q.-L. Zhou,

A. S. C. Chan, J. Mol. Catal. A: Chem. 2003, 193, 89.
48 B. Jiang, Y. Lei, X.-L. Zhao, J. Org. Chem. 2008, 73, 7833.
49 C. Bolm, K. Muñiz-Fernández, A. Seger, G. Raabe, K.

Günther, J. Org. Chem. 1998, 63, 7860.

Xue-Long Hou graduated from Shanghai First Medical College in 1978 and obtained his Ph.D. in
1986 in Shanghai Institute of Organic Chemistry (SIOC) under the mentorship of Professors Wei
Yuan Huang of SIOC and Henry N. C. Wong of the Chinese University of Hong Kong. After
two years postdoc with Professor Emanuel Vogel at Cologne University, Germany awarded by
Alexander von Humboldt foundation, he returned to SIOC in 1989 and was promoted to full
professor in 1997. His research interests are the design of chiral ligands and their applications in
asymmetric catalysis, transformations of organic molecules under non-metal conditions.

Chang-Hua Ding received his Ph.D. under the guidance of Prof. Xue-Long Hou in 2005 at
Shanghai Institute of Organic Chemistry (SIOC), Chinese Academy of Sciences. During 2005­
2007, he was a post-doctor in the group of Prof. Junzo Otera at Okayama University of Science. He
stayed in Prof. Keiji Maruoka’s group at Kyoto University as a research associate from 2007 to
2009. He has been an associate professor in the group of Prof. Xue-Long Hou at SIOC since 2009.
His research interests focus on the development of asymmetric catalytic transformations and their
application in natural product synthesis.

C.-H. Ding et al. Bull. Chem. Soc. Jpn. Vol. 83, No. 9 (2010) 1003

http://dx.doi.org/10.1002/anie.200803872
http://dx.doi.org/10.1002/anie.200803709
http://dx.doi.org/10.1002/anie.200803709
http://dx.doi.org/10.1002/chem.200801096
http://dx.doi.org/10.1021/cr030681r
http://dx.doi.org/10.1021/cr030681r
http://dx.doi.org/10.1021/jo050491b
http://dx.doi.org/10.1021/jo050491b
http://dx.doi.org/10.1039/c39890001368
http://dx.doi.org/10.1039/c39890001368
http://dx.doi.org/10.1016/S0040-4020(98)00443-8
http://dx.doi.org/10.1055/s-1999-2528
http://dx.doi.org/10.1055/s-1999-2719
http://dx.doi.org/10.1055/s-1999-2719
http://dx.doi.org/10.1002/anie.199623591
http://dx.doi.org/10.1002/anie.199623591
http://dx.doi.org/10.1002/adsc.200404178
http://dx.doi.org/10.1021/jo0521201
http://dx.doi.org/10.1016/S0022-328X(02)01148-8
http://dx.doi.org/10.1016/S0022-328X(02)01148-8
http://dx.doi.org/10.1016/j.jorganchem.2006.12.039
http://dx.doi.org/10.1016/j.jorganchem.2006.12.039
http://dx.doi.org/10.1016/1381-1169(95)00192-1
http://dx.doi.org/10.1016/1381-1169(95)00192-1
http://dx.doi.org/10.1016/S0040-4039(97)10385-9
http://dx.doi.org/10.1016/S0040-4039(97)10385-9
http://dx.doi.org/10.1039/a907617d
http://dx.doi.org/10.1002/anie.200462434
http://dx.doi.org/10.1002/anie.200462434
http://dx.doi.org/10.1021/ja0425583
http://dx.doi.org/10.1021/ja0425583
http://dx.doi.org/10.1002/anie.200601731
http://dx.doi.org/10.1002/anie.200601731
http://dx.doi.org/10.1002/chem.200700873
http://dx.doi.org/10.1002/chem.200700873
http://dx.doi.org/10.1021/ar010112a
http://dx.doi.org/10.1021/ar010112a
http://dx.doi.org/10.1021/ol034251z
http://dx.doi.org/10.1021/ol034375b
http://dx.doi.org/10.1021/jo050015l
http://dx.doi.org/10.1021/ja055692b
http://dx.doi.org/10.1021/ja055692b
http://dx.doi.org/10.1021/ja053458f
http://dx.doi.org/10.1021/jo060299p
http://dx.doi.org/10.1021/ol801294b
http://dx.doi.org/10.1021/ol801294b
http://dx.doi.org/10.1021/ar990080f
http://dx.doi.org/10.1021/ol801946e
http://dx.doi.org/10.1021/ol801946e
http://dx.doi.org/10.1021/ja00088a047
http://dx.doi.org/10.1002/anie.199401111
http://dx.doi.org/10.1002/anie.199401111
http://dx.doi.org/10.1246/bcsj.73.485
http://dx.doi.org/10.1016/0957-4166(95)00326-K
http://dx.doi.org/10.1016/S0957-4166(02)00471-8
http://dx.doi.org/10.1016/j.molcata.2007.01.010
http://dx.doi.org/10.1055/s-2000-6588
http://dx.doi.org/10.1016/S0957-4166(99)00114-7
http://dx.doi.org/10.1016/S0957-4166(99)00114-7
http://dx.doi.org/10.1016/S0957-4166(98)00340-1
http://dx.doi.org/10.1016/S0957-4166(98)00340-1
http://dx.doi.org/10.1016/S1381-1169(02)00443-0
http://dx.doi.org/10.1021/jo801373r
http://dx.doi.org/10.1021/jo981098r

