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Abstract: This Focus Review highlights the exciting re-
sults obtained in the area of asymmetric catalysis using
spirobiindane- or spirobifluorene-based chiral ligands. The
spiro, mono, and bidentate ligands have been successfully
applied in a wide range of transition-metal-catalyzed
asymmetric reactions, including hydrogenations, carbon-
carbon and carbon-heteroatom coupling reactions, with

privileged structure for chiral ligand design. It is expected
that the spiro concept for chiral ligand design will stimu-
late the future efforts to understand the features that ac-
count for their broad applicability and to apply this under-
standing to seek new privileged chiral ligands and cata-
lysts.

superior or comparable enantioselectivities to those ob- Keywords: asymmetric catalysis - copper - rhodium -
tained by using the related ligands bearing other back- ruthenium - spiro ligands
bones, thus proving that the spiro skeleton is a type of

/

1. Introduction

Driven by the ever-increasing demand for nonracemic chiral
chemicals, the development of efficient methods to provide
enantioenriched products is of great current interest to both
academia and industry."? Among the various approaches
employed for this purpose, asymmetric catalysis constitutes
one of the most general and appealing strategies in terms of
chiral economy and environmental considerations. There-
fore, the development of highly efficient and enantioselec-
tive catalysts is one of the most challenging endeavors for
chemists. To achieve highly efficient and enantioselective
catalysis of asymmetric reactions, tuning the catalysts to
make the perfect match among chiral ligands, metal ions, as
well as substrates and so on is the key issue, and the design
of chiral ligands plays a central role. Over the past several
decades, thousands of chiral ligands and their transition-
metal complexes have been developed for various organic
transformations. Among these chiral ligands or metal com-
plexes, only a few of them have demonstrated high generali-
ty for different reactions. Such ligands or catalysts have
been termed as “privileged structures” which offer much
more than one might have imagined, creating effective
asymmetric induction environments for mechanically unre-
lated reactions.”! Some of the representative examples are
shown in Scheme 1.
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Among the various privileged ligands reported so far, the
C,-symmetric structural feature of the scaffold is predomi-
nant with central or axial chirality at a relatively rigid back-
bone, which would reduce the conformational obscurity of
the intermediate or transition state and create an effective
chiral environment around the catalytically active center.
Molecules containing a spirocyclic framework are quite
common in nature. The synthesis of molecules with a spiro
structure can be traced back to the late 1890s,* and the
name “spirocyclane” for bicyclic hydrocarbons having two
rings with a common carbon atom (spiro carbon atom) was
proposed by von Baeyer in 1900.°! Owing to the tetrahedral
structure of the spiro carbon atom and perpendicular orien-
tation of the two rings, the rotation of the two rings in bicy-
clic spiro compounds is therefore restricted and as a result
gives rise to an axial chirality in spiro compounds with sub-
stituents on the rings. The inherent molecular rigidity and
the quaternary structure of the bridging carbon atom make
the racemization of chiral spiro compounds virtually impos-
sible. These characteristics of spiro compounds, especially
C,-symmetric spiranes, can provide the ideal backbones for
chiral ligand design. However, the use of such spirocyclic
frameworks to construct chiral ligands has been implement-
ed only recently, probably owing to the difficulty of the syn-
thesis of enantiopure spiro compounds. In this Focus
Review, the synthesis and application of a family of chiral li-
gands based on spirobiindane and spirobifluorene back-
bones in a variety of transition-metal-catalyzed asymmetric
reactions will be highlighted with emphasis on their high
generality and advantageous features in asymmetric catalysis
in comparison with those of related ligands bearing other
backbones.
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Scheme 1. Examples of privileged chiral ligands and catalysts.

2. The Design and Synthesis of Spirobiindane- and
Spirobifluorene-Based Chiral Ligands

In 1992, Kumar utilized the chiral spiro diol cis,cis-(+)- or
(—)-spiro[4.4]nonane-1,6-diol (1, Scheme 2) as a chiral auxil-
iary in the reduction of ketones with lithium aluminium hy-

OPPh, * .
"OPPh .
2 R™%-N N-g
1 2 SpirOP 3 sprix

Scheme 2. Representative examples of spiro chiral ligands.

dride, giving the corresponding alcohols with good to excel-
lent enantioselectivities.’! A pioneering work in asymmetric
catalysis with spiro backbone based ligands was reported by
Chan, Jiang, et al. in 1997, indicating that the chiral phos-
phinite ligands SpirOP (2) derived from chiral spiro diol 1
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are highly enantioselective in

Me, Me the rhodium-catalyzed asym-
OTAT\O) metric hydrogenation of a-de-
§/N N 3 hydroamino acid derivatives.”

tBu Bu Another type of spiro ligands

that should be mentioned is the
spiro[4.4]nonane-based bis(isox-
azoline) ligands sprix (3) re-
ported by Sasai and co-work-
ers.® A Pd" complex of 3 dem-
onstrates excellent asymmetric
induction in a tandem Wacker-
cyclization process, giving a bi-
cyclic compound with 95% ee
as a single diastereomer. Fol-
lowing these leading efforts, a
variety of chiral ligands with
spiro backbones have been de-
veloped by several research groups and utilized in transi-
tion-metal-catalyzed asymmetric reactions.
Spiro[4.4]nonane itself is not a chiral molecule
(Scheme 3a). The introduction of substituents on spiro
cycles results in more than one chiral center in the molecule

bis(oxazoline)

a b ¢ n=0or1

Spiro[4.4]nonane
achiral

C,-symmetric C,-symmetric
axially and centrally chiral axially chiral
rigid highly rigid

Scheme 3. The concept of spiro ligand design.

(Scheme 3b) and increases the difficulty in the synthesis of
its optically pure form. On the other hand, spirobiindane
(Scheme 3¢, n=0) and spirobifluorene (n=1), which can be
regarded as benzo derivatives of spiro[4.4]nonane, only have
axial chirality, and their rigid spiro structures make them
highly potential backbones for chiral ligands.

On the basis of the concept mentioned above, Zhou and
co-workers have developed a family of chiral ligands
(Scheme 4) with benzo spiro[4.4]nonane backbones.'”! The
chiral spiro ligands, including mono- and bidentate phospho-
rus ligands (4-10), phosphine—oxazoline ligands (siphox, 12),
as well as bisoxazoline ligands (SpiroBOX, 13) with a 1,1'’-
spirobiindane backbone, were synthesized from enantiopure
1,1"-spirobiindane-7,7'-diol (spinol) or its derivatives. The
racemic spinol can be easily prepared starting from 3-me-
thoxybenzaldehyde by a six-step reaction sequence devel-
oped by Birman et al. (Scheme 5).'Y An inclusion complex-
ation strategy[™? is particularly efficient for the optical reso-
lution of spinol among the procedures developed so far,['*!
in which only 0.55 equivalents of commercially available
chiral ammonium salt, N-benzylcinchonidinium chloride, is
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4a R = Me ((S)-siphos) 5aR=Br (R)-6 7a R = CgHs5 ((S)-ShiP)
4b R = (S)-1-phenylethyl 5b R =Ph 7b R = 2-naphthyl
4c R = (R)-1-phenylethyl 5¢ R =MeO 7¢ R = 4-MeOCgH,4

8a R = CgHj5 ((S)-FuP)
8b R = 4-MeCgH,

8c R = 4-MeOCgH,4
8d R = 4-CICgH,4

8e R = 4-CF3CgH,

8f R=1(Bu

>P-R

(R)-sitcp 9 10a Ar = CgHs ((S)-sdp)
10b Ar = 3,5-(Me),CgH3 (Xyl-sdp)
10c Ar = 3,5-(Me),-4-MeOCgH,

11a Ar = 4-MeCgH, (Tol-sfdp)
11b Ar = 3,5-(Me),CgH3 (Xyl-sfdp)
11¢ Ar = 3,4,5-(Me)3CeH, (tm-sfdp)

(Sa S)-siphox 12

(Sa S, S)-SpiroBOX 13

Scheme 4. Chiral ligands with privileged spiro backbones.
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Scheme 5. Practical synthesis and optical resolution of the key intermediate spinol.

used as the resolving agent (Scheme 5). It should be noted
that the above-mentioned procedures for the preparation of
racemic and enantiopure forms of spinol can be carried out
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on a ten-gram scale in the lab.
On the other hand, the chiral li-
gands with a 9,9-spirobifluor-
ene backbone (sfdp, 11)!"* were
prepared from enantiopure 9,9'-
spirobifluoren-1,1'-diol, ~ which
has been synthesized and re-
solved by a procedure devel-
oped by Zhou and co-work-
ers.™ The exciting results ach-
ieved recently by Zhou and co-
workers with chiral ligands'®
based on these backbones
(Scheme 3¢) clearly demon-
strate that the spiro skeleton
indeed makes a difference in a
variety of asymmetric catalytic
reactions, thus proving that the
spiro backbone is a privileged
structure for chiral ligand
design.

3. Application of Spiro
Backbone Based Ligands
in Enantioselective
Catalysis

3.1. Enantioselective
Hydrogenations

Asymmetric hydrogenation
using molecular hydrogen to
reduce prochiral olefins, ke-
tones, and imines represents
one of the most efficient meth-
ods for the production of opti-
cally active chiral amino acid
derivatives, chiral alcohols, and
chiral amines, which are impor-
tant building blocks for the con-
struction of chiral drugs, agro-
chemicals, and functional mate-
rials."?  The transition-metal
complexes of phosphorus li-
gands including the siphos (4,
5), FuP (8), sdp (10), and sfdp
(11) families, as well as the N,P
chiral spiro ligands siphox (12),
proved to be very effective cat-
alysts for the hydrogenation of
a broad scope of unsaturated
substrates.

As shown in Scheme 6, the
Rh' complexes of monodentate

phosphoramidite ligands 4a and 5a—c were very effective in
the hydrogenation of a-dehydroamino acid derivatives, af-
fording a variety of the corresponding a-amino acid deriva-

www.chemasianj.org 35



FOCUS REVIEWS

[Rh(cod),]BF, /L (1:2)

CO,M CO,Me
_e H s/c =100 Nt
R NHAc : 0-25°C R NHAc
R =H, alkyl, aryl 1-10 atm L ee [%]
4a 95-gg!'7
5a-c  94-99 "™
8a-e gq_ggw
NHAC [Rh(cz;jc)leSFd,_/1Lo(o1 2) NHAG
A sCoMe +  H, o o 2L __coMe
R = Me, aryl 100 atm L ee [%]
4a 89-94 117!
8a-e 8598

Scheme 6. Asymmetric hydrogenation of a- or -dehydroamino acid de-
rivatives; cod =1,5-cyclooctadiene.

tives with excellent enantioselectivities (94-99 % ee) under
mild conditions."” These results are better than or compara-
ble to those achieved with diphosphine ligands'™® and other
monophosphorus ligands,”” showing the excellent enantio-
control achieved with 1,1’-spirobiindane-based ligands. In
the hydrogenation of (Z)-methyl-2-acetamido-3-phenylacry-
late, FuP ligand 8 was also shown to be effective for enan-
tioselective control. The electronic properties of the sub-
stituent at the para position of the P-phenyl ring demon-
strate a dramatic impact on both the reactivity and enantio-
selectivity of the reaction. The ligand 8¢ with an electron-
donating 4-MeO group turns out to be the best one in terms
of both enantioselectivity (99 % ee) and reactivity of the cat-
alysis.?! For the Rh-catalyzed asymmetric hydrogenation of
p-dehydroamino acid derivatives, both ligands 4a and 8a—e
gave very high enantioselectivities (85-98 % ee) in the corre-
sponding products,'”™? despite the need of a higher hydro-
gen pressure (100 atm). It is noteworthy that the Rh' com-
plexes of ligands 4a and 8¢ can promote hydrogenation of
Z/E mixtures of [-aryl-p-(acylamino)acrylates to afford the
corresponding (3-amino acid derivatives with high enantiose-
lectivities. This is of practical importance because the f3-
(acylamino)acrylate substrates are normally prepared as a
mixture of Z and E isomers.

Ligands 4a and Sa—c were also found to be highly enan-
tioselective in the asymmetric hydrogenation of a-arylethen-
yl acetamides; a series of a-arylethenyl amine derivatives
were obtained with 91-99% ee (Scheme 7).2!! This result
was superior to that obtained by using the monophos ligand
(90-94% ee),” thus showing that the 1,1-spirobiindane
backbone confers better enantioselective induction than the
1,1-binaphthalene backbone in the hydrogenation of a-ary-
lethenyl acetamides. Under the same experimental condi-
tions, N-(1,2-dehydro-1-indanyl)acetamides were successful-
ly hydrogenated to 1-aminoindanes with high enantioselecti-
vities.'”) The asymmetric hydrogenation of enamines is
quite challenging because of the absence of a chelating N-
acyl group in the substrates. It is interesting to find that
ligand 8 f with a rBu group on the P atom was an exception-
ally outstanding ligand for the asymmetric hydrogenation of
(E)-1-(1-pyrrolidinyl)-1,2-diarylethenes, yielding the corre-
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[Rh(cod),]BF, /L (1:2)

s/c =100 *
+ H,
A" TNHAc 5°C ArNHAc
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L ee [%]
4a  91-99%"
5a-c 9398 ™
NHAc [Rh(cod),|BF, /4a (1:2) NHAc
X + H, s/c =100 i B
R 5°C R _
= 50 atm
R =H, 4-Br, 88-95% ee!'™
5-MeO
O [Rh(cod),|BF,/ 8f (1:2) O
N . H s/c =100 N
= : 25°C 2\
Af Ar 10 atm Ar Ar'

87->99% ee ¥

Scheme 7. Asymmetric hydrogenation of acetyl enamides and enamines.

sponding tertiary amines with excellent enantioselectivities
(up to 99.9% ee).”! Other excellent bisphosphine ligands
such as binap, josiphos, and sdp (10) or monodentate phos-
phorus ligands, such as monophos, H-mop, siphos (4a), and
ShiP (7a) provided the hydrogenation product with very
low enantioselectivities under the same reaction condi-
tions.*"

The enantioselective hydrogenation of o,fB-unsaturated
carboxylic acids promoted by transition-metal complexes
represents a facile approach to optically active carboxylic
acids, one type of versatile intermediates in the synthesis of
biologically important compounds. A number of chiral di-
phosphine ligands have been successfully applied in the
ruthenium-catalyzed asymmetric hydrogenation of a,f-unsa-
turated carboxylic acids.” As shown in Scheme 8, the Ru'-
diacetate complexes of both sdp (10) and sfdp (11) ligands
with appropriate substituents showed good to excellent
enantioselectivities in the asymmetric hydrogenation of
tiglic acid, a-methylcinnamic acid, or a-aryloxy unsaturated
carboxylic acid derivatives.™ These results are normally su-
perior to those attained with Ru" complexes of binap or H-
binap,”* which might be attributed to the larger bite angles
of the sdp- or sfdp-based Ru complexes.*! Among a variety
of sfdp ligands 11 examined, 11b and 11¢ with 3,5-dimethyl
and 3,4,5-trimethyl substituents on the P-phenyl groups gave

Ru(OAG), /L

COH
Xy COH s/c =400-10000 e
R + H,
25°C
Me 6 atm R o
R = alkyl or aryl L ee [%]
1b  94.970
1c  g0-g7 el
Ru(OAc),/1a
N COH Ly s/c =100 COH
25°C
OAr 100 atm OAr

64-95% ee!"™

Scheme 8. Asymmetric hydrogenation of o,B-unsaturated carboxylic
acids.
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higher ee values of the products. A variety of tiglic acid de-
rivatives can be hydrogenated in the presence of 11b/Ru",
affording excellent enantioselectivities (94-97 % ee) and
good yields (ca.90%) for various substrates, regardless of
the bulkiness of the R group. It is worthwhile to mention
that the enantioselectivity of the reaction could be slightly
improved as the catalyst loading was reduced from 1 mol %
to 0.1 and 0.01 mol %, allowing one to carry out the reaction
at a low concentration of catalyst and high concentration of
substrates. This is particularly important for a catalyst used
on a production scale. Similarly, the catalyst 11¢/Ru"
showed excellent enantioselectivities (90-97 % ee) in the hy-
drogenation of a-methylcinnamic acid derivatives. More re-
cently, Zhou and co-workers reported that an Ir complex of
a siphox PN ligand (12) was extremely efficient for the
enantioselective hydrogenation of various a,f3-unsaturated
carboxylic acids, affording the corresponding optically active
aliphatic acids with 90-99% ee.”® In the hydrogenation of
a-aryloxy or alkoxy unsaturated carboxylic acids, catalyst
11a/Ru” is much better than 11¢/Ru". With the catalyst
11a/Ru", a number of crotonic acids substituted by different
a-aryloxy groups can be hydrogenated to the corresponding
chiral saturated acids in high yields with good to high enan-
tioselectivities.['*"!

The analogous Noyori-type Ru" catalyst®?”! generated with
ligands (S)-10b and (R,R)-1,2-diphenylethylene-1,2-diamine
((R,R)-dpen) was found to be extremely efficient in the
asymmetric hydrogenation of prochiral ketones (Scheme 9),
giving the corresponding secondary alcohols with excellent
ee values.” The same type of catalyst also demonstrated ex-
cellent stereocontrol in the asymmetric hydrogenation of
racemic o-aryl cycloketones or o-amino cycloketones
through dynamic kinetic resolution (DKR) under basic con-
ditions, affording the corresponding a-aryl cycloalkanols or
a-amino cycloalkanols with excellent cis/trans stereoselectiv-

(S)-10b/RuCL,/(R,R)-dpen

i . H sic = 5,000-100,000 J{'
Ar 5 2t s/KOfBU = 70 A
atm 25°C 98 to >99% ee™
1% (S)10b/RUCL/(R, R)-dpen OH
@,Ar . u s/c = 2000 Q_‘\Ar
2
/KOtBU = 10
50 atm S
" 25°C "
n=01,2 cis/ trans > 99:1
60 to >99% ee ™
o R (S)}-10a/RuCl,/(R,R)-dpen OH R'
N\RQ . H, s/c = 1000 - ”‘N‘RZ
X 10 atm s/KOfBu = 10 X
25°C
X =CH, or (CH,), cis [ trans > 99:1
R,, R, = alkyl or aryl 97 to >99% e
R (S)»-10¢/RuCl,/(R,R)-dach R
s/c = 1000-5000 :
Ar)\fo + H > p - OH
50 atm s/KOBu = 5 .
H 25°C 78-96% ee
R = alkyl goup

Scheme 9. Asymmetric hydrogenation of ketones and aldehydes.
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ities (>99:1) and enantioselectivities (up to 99.9% ee).?*®!

However, the asymmetric hydrogenation of racemic cyclic
amino ketones by DKR using Noyori’s [RuCL((S)-Xyl-
binap)((R)-daipen)] (Xyl-binap=2,2"-bis[di(3,5-xylyl)-phos-
phino]- 1,1’-binaphthyl; daipen=1,1-bis(4-methoxyphenyl)-
3-methyl-1,2-butanediamine) catalyst gave the correspond-
ing amino alcohol with 82% ee and 98% cis selectivity.*
An analogous catalyst, (§5)-10¢/RuCly/(R,R)-dach (dach=
trans-1,2-diaminocyclohexane), was found to be very effec-
tive in the asymmetric hydrogenation of racemic a-aryl alde-
hydes by a DKR process, affording the corresponding opti-
cally active primary alcohols with good to excellent enantio-
selectivities.”! This approach represents the first example
of asymmetric hydrogenation of aldehydes by DKR.

An Ir' complex of spirobiindane-based PN ligand 12 in
the presence of sodium tetrakis-3,5-bis-(trifluoromethyl)phe-
nylborate catalyzes the hydrogenation of acyclic N-aryl keti-
mines under ambient pressure with excellent enantioselec-
tivities (up to 97% ee; Scheme 10). Therefore, this Ir'/12
complex represents one of the best catalysts in the Ir-cata-

AP [Ir(12)(cod)|BAr AP
NI . H s/c = 100 HN
2 10°C
Ar 1 atm Ar)’\

90-97% ee™

[Ir(cod)CIL,/14/, ,
slc = 1000-5000

H, (50 atm), 0-25°C

up to 94% ee®"

(R)- 14

Scheme 10. Asymmetric hydrogenation of N-aryl ketimines and quino-
lines.

lyzed asymmetric hydrogenation of imines developed so far
using PN ligands.’” The Ir' complex of (S)-sdpo (14) dem-
onstrated a very high activity in the asymmetric hydrogena-
tion of quinolines to give the corresponding optically active
tetrahydroquinoline derivatives with high enantioselectivity
(up to 94 % ee).P!

3.2. Enantioselective C—C Bond-Forming Reactions

Catalytic asymmetric carbon—carbon bond-forming reactions
represent the most essential tools for the construction of
chiral organic molecules. In addition to the excellent perfor-
mance of the catalysts based on spiro ligands in asymmetric
hydrogenations, the metal complexes of spiro mono- or bi-
dentate phosphorus ligands (4, 6, 7, 9, and 10) are also very
effective for a variety of asymmetric carbon-carbon bond-
forming reactions. As shown in Scheme 11, The Rh' complex
of ligand (S)-7b with a 2-naphthoxy substituent at the
P atom (see Scheme 4) promotes the addition of arylboronic
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i [RhCI(CH,CH,),],/7b OH
+ AB(OH sfe = 100 T
A" H (OH), 0°C ArTAR
88-98% yield *4
62-87% ee
NS [Rh(acac)(C,H,),}/ 7a HNTS
J‘\ + AI'ZB(OH)Q __ sle=33 H
A H 35°C ATTAR
65-85% yield !
85-95% ee
(0] ; [RhCI(CH,CH,),],/7¢c Ar, ,OH
RZJH(OR + ArB(OH), s/c =33 2% OR'
25°C R

o )
51-96% yield ®
70-93% ee

Scheme 11. Asymmetric addition of arylboronic acids to aldehydes,
imines, and a-ketoesters.

acids with various aryl aldehydes, affording to the corre-
sponding secondary diaryl alcohols in excellent yields with
up to 87 % ee,’? which is much better than that obtained by
using the (S)-MeO-mop ligand.” An analogous addition re-
action of arylboronic acids to N-tosyl aryl imines has been
realized by using the (S)-7a/Rh' catalyst system, providing
the corresponding N-tosyl methyl amine products in good
yields (65-85%) with excellent enantioselectivities (85—
95% ee).® The high enantioselectivity of the catalysis is at-
tributed to the effective asymmetric environment generated
by two coordinating spiro phosphite ligands around the rho-
dium(I) center. Very recently,
this methodology was further
extended to the addition of ar-
ylboronic acids to a-ketoesters,
giving the corresponding terti-
ary o-hydroxyesters in good
yields with high enantioselectiv-
ities in the presence of Rh'/7¢ o
as the catalyst.

The allylation of aldehydes @ * B
using allylic alcohols as the ally-
lation reagent was realized in

AN
P "OH +

R = aryl or alkyl

O

K. Ding et al.

fording the adduct with up to 95% yield and 97 % ee.’) The
same catalyst was also effective in the catalysis of desym-
metrization of meso oxabicyclic alkenes using Grignard re-
agents as the nucleophile, affording ring-opening products
with excellent anti/syn selectivities and good enantioselectiv-
ities.’ The Ni"! complex of 6 showed the best performance
in catalyzing the asymmetric coupling of dienes with alde-
hydes, giving chiral bishomoallylic alcohols with excellent
diastereo- (anti/syn 98:2 to greater than 99:1) and enantiose-
lectivities (86-99 % ee).*]

Hydrovinylation of vinylarenes represents a very impor-
tant carbon—carbon bond-forming reaction, but its asymmet-
ric version remains a great challenge, in particular for the
construction of all-carbon quaternary stereocenters. The Ni
catalyst modified with (S,R,R)-4¢ was disclosed to be highly
efficient for the reaction of a-alkyl vinylarenes with ethyl-
ene under ambient pressure, affording a variety of hydrovi-
nylation products bearing chiral all-carbon quaternary cen-
ters in excellent enantioselectivities (70-99 % ee) with good
chemoselectivities (80-89 %, Scheme 13).1*! These vinylation
products are potentially useful intermediates for the synthe-
sis of versatile optically active molecules, such as chiral car-
boxylic acids and aldehydes. The Rh' complexes of both the
monophosphoramidite ligand siphos (4a) and bisphosphine
ligand sdp (10a) were found to be effective for the asym-
metric intramolecular Pauson—-Khand reaction of a series of
1,6-enynes, providing the cocyclization products in moderate
to excellent yields with good enantioselectivities.*!! In the
Rh'-catalyzed silylcyclization of 1,6-enynes, sdp (10a) was
shown to be superior to other bisphosphine ligands, such as

Pd(OAc), /9 OH

s/ic =20 R/Y\

Et,B, 25 °C L

anti/ syn  50-99% yield
95:5-99:1 58-83% ee

Cu(OTf), / ent-4b o
s/c =33
0°C
Et

95% yield*”

the presence of Pd"/(5)-9 as the 97% ee

2 3 2 3
f:atalyst and Et;B as th.e reduc- 1 R* R Cu(OTH,/ 4b 1 R? R® oy R R oy
ing reagent. Accordingly, a R + RMgBr slc =33 R ~R R! R
series of aromatic, heteroaro- R " -20°C R + 1 O‘
matic, and aliphatic aldehydes R R R2 R R 2 RS
can be allylated by cinnamyl al- R'.R% R®= H, Me, or MeO anti syn
cohol to provide the corre- R = Me, Et, or nBu anti/syn  54-90 % yield®®
sponding homoallylic alcohols 94:6 ~ 9911 42-88% ee for anti isomer
in good enantioselectivities and
excellent diastereoselectivities [N'/(acazcc);]/ 6 OH
(Scheme 12).5° In the Michael P XXPh + ArcHO sét#» PhWAr
addition of diethylzinc to an i Ph
o,p-unsaturated  ketone, the anti/syn  85-99 % yield™

Cu" complex of ligand 4b was
found to be highly efficient, af-
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98:2 ~>99:1 85-96% ee for antiisomer

Scheme 12. Asymmetric alkylation of aldehydes, a,f-unsaturated ketones or meso oxabicyclic alkenes.
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J\ ¥ - sle=10 f + other products
Ar R 1atm 38°C Ar” TR
R = Et, nPr, iPr, )
Bu, cCgHy, chemoselectivity 76-96% yield*”
‘ 80-89 % 70-99% ee
/%R [Rh(co)zC|2]/ L R
X + o AgSbF,
\—\ 1 atm slc = 16, 90°C X T, »=o

Spiro Skeletons in Chiral Ligand Design

INi(allyl)Br(4c)] / NaBAr;

X =0, TsN, (EtO,C),C ent-4a  28-73% yield"*'™
R = alkyl or aryl 47-84% ee
ent-10a  56-99% yield“™
50-86% ee
_ R
,—R [Rh(cod),|BF, /ent-10a
X + HSIR, slc =16 ~ "SiR,
\ 70°C X As
X =MsN, NsN TsN, (EtO,C),C, (NC),C 41-93% yield™
R =HorMe
89 to >99% ee
R' = Et, nPr, MeO or EtO, etc. ?

Scheme 13. Asymmetric hydrovinylation and cyclization of olefin deriva-
tives.

(8)-binap, (R)-synphos, (R,R)-Me-Duphos or (R,S)-josiphos,
demonstrating good reactivity and excellent enantioselectivi-
ty."?! This methodology provides a facile access to optically
active silylalkylidene cyclopentane and pyrrolidine deriva-
tives, along with other functionalized carbocyclic and heter-
ocyclic compounds after subsequent appropriate transforma-
tions.

3.3. Enantioselective Carbon-Heteroatom Bong-Forming
Reactions

The Cu complexes of bisoxazoline ligands 13 based on a
spiro backbone demonstrate exceptionally excellent enantio-
control in the catalytic asymmetric insertion of a-diazoesters
into the N—H or O—H bonds of amines, phenols, or H,O for
carbon-heteroatom bond formation. As shown in
Scheme 14, Cu' complexes of spirobiindane-based bisoxazo-
lines 13 were found to be highly efficient and enantioselec-
tive in the asymmetric insertion of a-diazoesters into the N—
H bonds of aromatic amines, providing o-amino acid deriva-
tives in 51-96% yields with excellent enantioselectivities
(85-98% ee).”! The same Cu complex was also optimized
to be an optimal catalyst for the insertion of a-diazoesters
into the O—H bonds of a wide range of phenols, affording
the corresponding optically active a-aryloxypropionates and
the related acids with excellent enantioselectivities (up to
99.6% ee),*! representing the first efficient chiral catalyst
for the enantioselective insertion of carbenoids into the O—
H bonds of phenols. Parallel to the asymmetric insertions of
a-diazoesters into the O—H bonds of phenols, the enantiose-
lective insertion reaction of a-diazoesters with H,O was re-
alized by using the Cu"/13 complex as the catalyst. The reac-
tion of a variety of a-diazoesters with H,O proceeds effi-
ciently to give the corresponding a-hydroxy ester in good
yields and enantioselectivities,*”) which represents one of
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Ne o CuCl 13 / NaBAr, R’
R YR+ AN, slc =20 Ar\N)SrORZ
S 25°C Ho L
R'=Me or Et; 78-96% yield 9
R? = Me, Et, or Bu 85-98% ee
N, CuCl /13 / NaBAr: R’
OR? +  ArOH s/lc =20 Ar 3 R?
R' 25°C o °
(o] O
R'= Me; 70-88% yield ¥
R? = Me, Et, or {Bu 95 to >99% ee
N, CuS0, /13 / NaBAr, OH
OR + HOH sfc =20 * _OR
Ar I 40°C Ar

o}
81-92% yield ¥
86-94% ee

R = Me, Et, iPr, or tBu

Scheme 14. Asymmetric insertion of a-diazoesters into the N—H or O—H
bonds of amines, phenols, or H,O.

the few catalytic asymmetric procedures using water as a re-
actant. In addition, the Pd complexes of bisphosphine ligand
10c¢ and monodentate phosphoramidite ligand 4e are very
efficient catalysts for allylic substitution and hydrosilylation,
respectively, affording excellent enantiocontrol in the cata-
Iytic reactions.™*®!

Very recently, Kita and co-workers reported an elegant
enantioselective intramolecular oxidative dearomatization
of phenols for the construction of a chiral ortho-spirolactone
structure using a chiral organoiodine(III) reagent (15) based
on a 1,1’-spirobiindane backbone (Scheme 15).*”) The high
level of the asymmetric induction (up to 86% ee) achieved
in this reaction was ascribed to the high rigidity of the 1,1'-
spirobiindane backbone, which provides the chiral environ-
ment around the iodine(III) center throughout the reaction.
Furthermore, a catalytic version of this process was also re-
alized in the presence of 15mol% of 1,1’-spirobiindane-
based diiodide 16 using mCPBA as a terminal oxidant, af-
fording the corresponding cyclization product with moderate
enantioselectivity (65 % ee).

o
OH
R)-15 or (R)}-16 19
rcop RP1Sor(RI8
0~-50°C

R R
R=H, Et, Cy, Bn (R)- 15 (55 mol%) 66-86%(78-86% ee) ")
(R)-16 (15 mol%) 68% (65% ee)
mCPBA / HOAc

(R)-15

Scheme 15. Asymmetric intramolecular oxidative dearomatization of
phenols.
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FOCUS REVIEWS

4. Conclusions and Outlook

In this Focus Review, the exciting results in asymmetric cat-
alysis with spirobiindane-based chiral ligands or reagents,
particularly in transition-metal-catalyzed asymmetric reac-
tions, have been highlighted. In many cases for these trans-
formations, the enantioselectivities attained with the spiro li-
gands are clearly superior to those obtained by using the re-
lated ligands having other backbones. These facts have dem-
onstrated that this family of spiro ligands with spirobiindane
and spirobifluorene backbones is a privileged class of chiral
ligands, and the spiro concept for chiral ligand design repre-
sents an important contribution in the area of asymmetric
catalysis. It can be expected that the exciting results realized
by using these spiro ligands will stimulate future efforts to
understand the features that account for their broad applica-
bility and to apply this understanding to seek new privileged
chiral ligands and catalysts aiming at high selectivity and ac-
tivity, ready availability, and broad applicability.

Acknowledgements

Financial support from the National Natural Science Foundation of
China (no. 20532050, 20632060), the Chinese Academy of Sciences, the
Major Basic Research Development Program of China (grant no.
2006CB806106), the Science and Technology Commission of Shanghai
Municipality, and Merck Research Laboratories is gratefully acknowl-
edged. We thank Professor Qi-Lin Zhou, Nakai University, for his kind
support and helpful discussions in the preparation of this manuscript.

[1] Asymmetric Catalysis on Industrial Scale: Challenges, Approaches
and Solutions (Eds.: H. U. Blaser, E. Schmidt), Wiley-VCH, Wein-
heim, 2004.

[2] For examples, see: a) Catalytic Asymmetric Synthesis, 2nd ed. (Ed.:
I. Ojima), Wiley-VCH, Weinheim, 2000; b) Comprehensive Asym-
metric Catalysis, Vol. I-1II (Eds.: E. N. Jacobsen, A. Pfaltz, H. Yama-
moto), Springer, Berlin, 1999; c) Lewis Acids in Organic Synthesis
(Ed.: H. Yamamoto), Wiley-VCH, Weinheim, 2001.

[3] T. P. Yong, E. N. Jacobsen, Science 2003, 299, 1691 -1693.

[4] A.P. Krapcho, Synthesis 1974, 383-419.

[5] A. von Baeyer, Ber. Dtsch. Chem. Ges. 1900, 33, 3771-3775.

[6] N. Srivastava, A. Mital, A. Kumar, J. Chem. Soc. Chem. Commun.
1992, 493-494.

[7] a) A.S. C. Chan, W.-H. Hu, C.-C. Pai, C.-P. Lau, Y.-Z. Jiang, A.-Q.

Mi, M. Yan, J. Sun, R.- L. Lou, J.-G. Deng, J. Am. Chem. Soc. 1997,

119, 9570-9571; b) W.-H. Hu, M. Yan, C. Yang, A.S. C. Chan, Tet-

rahedron Lett. 1999, 40, 973-976.

a) M. A. Arai, T. Arai, H. Sasai, Org. Lett. 1999, 1, 1795-1797;

b) M. A. Arai, M. Kuraishi, T. Arai, H. Sasai, J. Am. Chem. Soc.

2001, 723, 2907-2908.

a) M. A. Arai, M. Kuraishi, T. Arai, H. Sasai, Chirality 2003, 15,

101-104; b) S. Takizawa, Y. Honda, M. A. Arai, T. Kato, H. Sasai,

Heterocycles 2003, 60, 2551-2556; c) K. Wakita, M. A. Arai, T.

Kato, T. Shinohara, H. Sasai, Heterocycles 2004, 61, 831-838; d) K.

Wakita, G. B. Bajracharya, M. A. Arai, S. Takizawa, T. Suzuki, H.

Sasai, Tetrahedron: Asymmetry 2007, 18, 372-376; ¢) P. S. Koranne,

T. Tsujihara, M. A. Arai, G. B. Bajracharya, T. Suzuki, K. Onitsuka,

H. Sasai, Tetrahedron: Asymmetry 2007, 18, 919-923; f) S. M. Lait,

M. Parvez, B. A. Keay, Tetrahedron: Asymmetry 2004, 15, 155-158;

g) S. Wu, W. Zhang, Z. Zhang, X. Zhang, Org. Lett. 2004, 6, 3565—

3567; h) Z. Freixa, M. S. Beentjes, G. D. Batema, C.B. Dieleman,

G. P. F. van Strijdonck, J. N. H. Reek, P. C.J. Kamer, J. Fraanje, K.

8

=

[9

—

40 www.chemasianj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

K. Ding et al.

Goubitz, P. W. N. M. van Leeuwen, Angew. Chem. 2003, 115, 1322—
1325; Angew. Chem. Int. Ed. 2003, 42, 1284—1287; i) S. M. Lait, M.
Parvez, B. A. Keay, Tetrahedron: Asymmetry 2004, 15, 155-158.

[10] For accounts of asymmetric catalysis with chiral diphosphine and
monodentate phosphorus ligands on a spiro scaffold, see: J.-H. Xie,
Q.-L. Zhou, Acc. Chem. Res. 2008, 41, 581- 593.

[11] V.B. Birman, A. L. Rheingold, K.-C. Lam, Tetrahedron: Asymmetry
1999, 70, 125-131.

[12] a) K. Ding, Y. Wang, H. Yun, J. Liu, Y. Wu, M. Terada, Y. Okubo,
K. Mikami, Chem. Eur. J. 1999, 5, 1734-1737; b) K. Tanaka, T.
Okada, F. Toda, Angew. Chem. 1993, 105, 1266-1267; Angew.
Chem. Int. Ed. Engl. 1993, 32, 1147-1148.

[13] a) J.-H. Zhang, J. Liao, X. Cui, K.-B. Yu, J. Zhu, J.-G. Deng, S.-F.
Zhu, L.-X. Wang, Q.-L. Zhou, L. W. Chung, T. Ye, Tetrahedron:
Asymmetry 2002, 13, 1363-1366. For other approaches to enantio-
pure spinol, see: b) Z. Li, X. Liang, F. Wu, B. Wan, Tetrahedron:
Asymmetry 2004, 15, 665-669; c) Z. Li, X. Liang, B. Wan, F. Wu,
Synthesis 2004, 2805-2808; see also reference [11].

[14] a) X. Cheng, Q. Zhang, J.-H. Xie, L.-X. Wang, Q.-L. Zhou, Angew.
Chem. 2005, 117, 1142-1145; Angew. Chem. Int. Ed. 2005, 44, 1118 -
1121; b) X. Cheng, J.-H. Xie, S. Li, Q.-L. Zhou, Adv. Synth. Catal.
2006, 348, 1271-1276.

[15] X. Cheng, G.-H. Hou, J.-H. Xie, Q.-L. Zhou, Org. Lett. 2004, 6,
2381-2383.

[16] For related ligands with a 1,1’-binaphthyl backbone, see: a) A. Miya-
shita, A. Yasuda, H. Takaya, K. Toriumi, T. Ito, T. Souchi, R.
Noyori, J. Am. Chem. Soc. 1980, 102, 7932—7934; b) R. Hulst, N. K.
De Vries, B. L. Feringa, Tetrahedron: Asymmetry 1994, 5, 699-708;
¢) S. Gladiali, A. Dore, D. Fabbri, O. De Lucci, M. Manassero, Tetra-
hedron: Asymmetry 1994, 5, 511-514; d) Y. Uozumi, H. Kyota, E.
Kishi, K. Kitayama, T. Hayashi, Tetrahedron: Asymmetry 1996, 7,
1603-1606; e) M. Ogasawara, K. Yoshida, H. Kamei, K. Kato, Y.
Uozumi, T. Hayashi, Tetrahedron: Asymmetry 1998, 9, 1779-1787,
f) M. T. Reetz, G. Mehler, Angew. Chem. 2000, 112, 4047-4049;
Angew. Chem. Int. Ed. 2000, 39, 3889-3890; g) C. Claver, E. Fer-
nandez, A. Gillon, K. Heslop, D.J. Hyeet, A. Martorell, A.G.
Orpen, P. G. Pringle, Chem. Commun. 2000, 961—962.

[17] a) Y. Fu, J-H. Xie, A.-G. Hu, H. Zhou, L.-X. Wang, Q.-L. Zhou,
Chem. Commun. 2002, 480-481; b) Y. Fu, X.-X. Guo, S.-F. Zhu, A.-
G. Hu, J-H. Xie, Q.-L. Zhou, J. Org. Chem. 2004, 69, 4648-4655;
¢) S.-F. Zhu, Y. Fu, J.-H. Xie, B. Liu, L. Xing, Q.-L. Zhou, Tetrahe-
dron: Asymmetry 2003, 14, 3219.

[18] a) T. Ohkuma, R. Noyori in Transition Metals for Organic Synthesis:
Building Blocks and Fine Chemicals, Vol.2 (Eds.: M. Beller, C.
Bolm), Wiley-VCH, Weinheim, 1998, pp. 25-69; b) H.-U. Blaser, C.
Malan, B. Pugin, F. Spindler, H. Steiner, M. Studer, Adv. Synth.
Catal. 2003, 345, 103-151; c¢) W. Tang, X. Zhang, Chem. Rev. 2003,
103, 3029-30609.

[19] For examples, see: a) I. V. Komarov, A. Borner, Angew. Chem. 2001,
113, 1237-1240; Angew. Chem. Int. Ed. 2001, 40, 1197-1200; b) T.
Jerphagnon, J.-L. Renaud, C. Bruneau, Tetrahedron: Asymmetry
2004, 75, 2101 -2111.

[20] Y. Fu, G.-H. Hou, J-H. Xie, L. Xing, L.-X. Wang, Q.-L. Zhou, J.
Org. Chem. 2004, 69, 8157-8160.

[21] A.-G. Hu, Y. Fu, J-H. Xie, H. Zhou, L.-X. Wang, Q.-L. Zhou,
Angew. Chem. 2002, 114, 2454-2456; Angew. Chem. Int. Ed. 2002,
41,2348-2350.

[22] a) M. Van den Berg, R. M. Haak, A.J. Minnaard, A. H. M. de Vries,
J. G. de Vries, B.L. Feringa, Adv. Synth. Catal. 2002, 344, 1003—
1007; for a highlight, see: b) I. V. Komarov, A. Borner, Angew.
Chem. 2001, 113, 1237-1240; Angew. Chem. Int. Ed. 2001, 40, 1197 -
1200; for a review, see: ¢) H. Guo, K. Ding, L. Dai, Chin. Sci. Bull.
2004, 49, 2003-2016.

[23] a) N.E. Lee, S.L. Buchwald, J. Am. Chem. Soc. 1994, 116, 5985-
5986; b) V. 1. Tararov, R. Kadyrov, T. H. Riermeier, J. Holz, A.
Borner, Tetrahedron Lett. 2000, 41, 2351 -2355.

[24] G.-H. Hou, J.-H. Xie, L. Xing, L.-X. Wang, Q.-L. Zhou, J. Am.
Chem. Soc. 2006, 128, 11774-11775.

Chem. Asian J. 2009, 4, 3241


http://dx.doi.org/10.1055/s-1974-23326
http://dx.doi.org/10.1055/s-1974-23326
http://dx.doi.org/10.1055/s-1974-23326
http://dx.doi.org/10.1002/cber.190003303187
http://dx.doi.org/10.1002/cber.190003303187
http://dx.doi.org/10.1002/cber.190003303187
http://dx.doi.org/10.1039/c39920000493
http://dx.doi.org/10.1039/c39920000493
http://dx.doi.org/10.1039/c39920000493
http://dx.doi.org/10.1039/c39920000493
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1021/ja970955q
http://dx.doi.org/10.1016/S0040-4039(98)02576-3
http://dx.doi.org/10.1016/S0040-4039(98)02576-3
http://dx.doi.org/10.1016/S0040-4039(98)02576-3
http://dx.doi.org/10.1016/S0040-4039(98)02576-3
http://dx.doi.org/10.1021/ol9902881
http://dx.doi.org/10.1021/ol9902881
http://dx.doi.org/10.1021/ol9902881
http://dx.doi.org/10.1021/ja005920w
http://dx.doi.org/10.1021/ja005920w
http://dx.doi.org/10.1021/ja005920w
http://dx.doi.org/10.1021/ja005920w
http://dx.doi.org/10.1002/chir.10164
http://dx.doi.org/10.1002/chir.10164
http://dx.doi.org/10.1002/chir.10164
http://dx.doi.org/10.1002/chir.10164
http://dx.doi.org/10.1016/j.tetasy.2007.02.004
http://dx.doi.org/10.1016/j.tetasy.2007.02.004
http://dx.doi.org/10.1016/j.tetasy.2007.02.004
http://dx.doi.org/10.1016/j.tetasy.2007.04.010
http://dx.doi.org/10.1016/j.tetasy.2007.04.010
http://dx.doi.org/10.1016/j.tetasy.2007.04.010
http://dx.doi.org/10.1016/j.tetasy.2003.10.031
http://dx.doi.org/10.1016/j.tetasy.2003.10.031
http://dx.doi.org/10.1016/j.tetasy.2003.10.031
http://dx.doi.org/10.1021/ol048528m
http://dx.doi.org/10.1021/ol048528m
http://dx.doi.org/10.1021/ol048528m
http://dx.doi.org/10.1002/ange.200390301
http://dx.doi.org/10.1002/ange.200390301
http://dx.doi.org/10.1002/ange.200390301
http://dx.doi.org/10.1002/anie.200390330
http://dx.doi.org/10.1002/anie.200390330
http://dx.doi.org/10.1002/anie.200390330
http://dx.doi.org/10.1016/j.tetasy.2003.10.031
http://dx.doi.org/10.1016/j.tetasy.2003.10.031
http://dx.doi.org/10.1016/j.tetasy.2003.10.031
http://dx.doi.org/10.1021/ar700137z
http://dx.doi.org/10.1016/S0957-4166(98)00481-9
http://dx.doi.org/10.1016/S0957-4166(98)00481-9
http://dx.doi.org/10.1016/S0957-4166(98)00481-9
http://dx.doi.org/10.1016/S0957-4166(98)00481-9
http://dx.doi.org/10.1002/(SICI)1521-3765(19990604)5:6%3C1734::AID-CHEM1734%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1521-3765(19990604)5:6%3C1734::AID-CHEM1734%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1521-3765(19990604)5:6%3C1734::AID-CHEM1734%3E3.0.CO;2-G
http://dx.doi.org/10.1002/ange.19931050843
http://dx.doi.org/10.1002/ange.19931050843
http://dx.doi.org/10.1002/ange.19931050843
http://dx.doi.org/10.1002/anie.199311471
http://dx.doi.org/10.1002/anie.199311471
http://dx.doi.org/10.1002/anie.199311471
http://dx.doi.org/10.1002/anie.199311471
http://dx.doi.org/10.1016/S0957-4166(02)00360-9
http://dx.doi.org/10.1016/S0957-4166(02)00360-9
http://dx.doi.org/10.1016/S0957-4166(02)00360-9
http://dx.doi.org/10.1016/S0957-4166(02)00360-9
http://dx.doi.org/10.1016/j.tetasy.2003.12.041
http://dx.doi.org/10.1016/j.tetasy.2003.12.041
http://dx.doi.org/10.1016/j.tetasy.2003.12.041
http://dx.doi.org/10.1016/j.tetasy.2003.12.041
http://dx.doi.org/10.1002/ange.200462072
http://dx.doi.org/10.1002/ange.200462072
http://dx.doi.org/10.1002/ange.200462072
http://dx.doi.org/10.1002/ange.200462072
http://dx.doi.org/10.1002/anie.200462072
http://dx.doi.org/10.1002/anie.200462072
http://dx.doi.org/10.1002/anie.200462072
http://dx.doi.org/10.1002/adsc.200606065
http://dx.doi.org/10.1002/adsc.200606065
http://dx.doi.org/10.1002/adsc.200606065
http://dx.doi.org/10.1002/adsc.200606065
http://dx.doi.org/10.1021/ol0492546
http://dx.doi.org/10.1021/ol0492546
http://dx.doi.org/10.1021/ol0492546
http://dx.doi.org/10.1021/ol0492546
http://dx.doi.org/10.1021/ja00547a020
http://dx.doi.org/10.1021/ja00547a020
http://dx.doi.org/10.1021/ja00547a020
http://dx.doi.org/10.1016/0957-4166(94)80032-4
http://dx.doi.org/10.1016/0957-4166(94)80032-4
http://dx.doi.org/10.1016/0957-4166(94)80032-4
http://dx.doi.org/10.1016/0957-4166(94)80005-7
http://dx.doi.org/10.1016/0957-4166(94)80005-7
http://dx.doi.org/10.1016/0957-4166(94)80005-7
http://dx.doi.org/10.1016/0957-4166(94)80005-7
http://dx.doi.org/10.1016/0957-4166(96)00193-0
http://dx.doi.org/10.1016/0957-4166(96)00193-0
http://dx.doi.org/10.1016/0957-4166(96)00193-0
http://dx.doi.org/10.1016/0957-4166(96)00193-0
http://dx.doi.org/10.1016/S0957-4166(98)00136-0
http://dx.doi.org/10.1016/S0957-4166(98)00136-0
http://dx.doi.org/10.1016/S0957-4166(98)00136-0
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C4047::AID-ANGE4047%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C4047::AID-ANGE4047%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C4047::AID-ANGE4047%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3889::AID-ANIE3889%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3889::AID-ANIE3889%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3889::AID-ANIE3889%3E3.0.CO;2-T
http://dx.doi.org/10.1039/b109827f
http://dx.doi.org/10.1039/b109827f
http://dx.doi.org/10.1039/b109827f
http://dx.doi.org/10.1021/jo049655z
http://dx.doi.org/10.1021/jo049655z
http://dx.doi.org/10.1021/jo049655z
http://dx.doi.org/10.1016/j.tetasy.2003.08.017
http://dx.doi.org/10.1016/j.tetasy.2003.08.017
http://dx.doi.org/10.1002/adsc.200390000
http://dx.doi.org/10.1002/adsc.200390000
http://dx.doi.org/10.1002/adsc.200390000
http://dx.doi.org/10.1002/adsc.200390000
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20010401)40:7%3C1197::AID-ANIE1197%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20010401)40:7%3C1197::AID-ANIE1197%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20010401)40:7%3C1197::AID-ANIE1197%3E3.0.CO;2-G
http://dx.doi.org/10.1016/j.tetasy.2004.04.037
http://dx.doi.org/10.1016/j.tetasy.2004.04.037
http://dx.doi.org/10.1016/j.tetasy.2004.04.037
http://dx.doi.org/10.1016/j.tetasy.2004.04.037
http://dx.doi.org/10.1021/jo049146x
http://dx.doi.org/10.1021/jo049146x
http://dx.doi.org/10.1021/jo049146x
http://dx.doi.org/10.1021/jo049146x
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2454::AID-ANGE2454%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2454::AID-ANGE2454%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3757(20020703)114:13%3C2454::AID-ANGE2454%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2348::AID-ANIE2348%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2348::AID-ANIE2348%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2348::AID-ANIE2348%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020703)41:13%3C2348::AID-ANIE2348%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20010401)113:7%3C1237::AID-ANGE1237%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20010401)40:7%3C1197::AID-ANIE1197%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20010401)40:7%3C1197::AID-ANIE1197%3E3.0.CO;2-G
http://dx.doi.org/10.1002/1521-3773(20010401)40:7%3C1197::AID-ANIE1197%3E3.0.CO;2-G
http://dx.doi.org/10.1360/04wb0021
http://dx.doi.org/10.1360/04wb0021
http://dx.doi.org/10.1360/04wb0021
http://dx.doi.org/10.1360/04wb0021
http://dx.doi.org/10.1021/ja00092a066
http://dx.doi.org/10.1021/ja00092a066
http://dx.doi.org/10.1021/ja00092a066
http://dx.doi.org/10.1016/S0040-4039(00)00197-0
http://dx.doi.org/10.1016/S0040-4039(00)00197-0
http://dx.doi.org/10.1016/S0040-4039(00)00197-0

Spiro Skeletons in Chiral Ligand Design

[25] For examples, see: a) T. Ohta, H. Takaya, M. Kitamura, K. Nagai,
R. Noyori, J. Org. Chem. 1987, 52, 3174-3176; b) J. P. Genét, C.
Pinel, V. Ratovelomanana-Vidal, S. Mallart, X. Pfister, L. Bischoff,
M. C. de Andrade, S. Darses, C. Galopin, J. A. Laffitte, Tetrahedron:
Asymmetry 1994, 5, 675-690; c) T. Uemura, X.-Y. Zhang, K. Mat-
sumura, N. Sayo, H. Kumobayashi, T. Ohta, K. Nozaki, H. Takaya,
J. Org. Chem. 1996, 61, 5510-5516; d) C.-C. Pai, C.-W. Lin, C.-C.
Lin, C.-C. Chen, A.S. C. Chan, J. Am. Chem. Soc. 2000, 122, 11513—
11514.

[26] S. Li, S.-F. Zhu, C.-M. Zhang, S. Song, Q.-L. Zhou, J. Am. Chem.
Soc. 2008, 130, 8584 —8585.

[27] For a review, see: a) R. Noyori, T. Ohkuma, Angew. Chem. 2001,
113, 40-75; Angew. Chem. Int. Ed. 2001, 40, 40-73; for asymmetric
hydrogenation of racemic cyclic amino ketones, see: b) T. Ohkuma,
D. Ishii, H. Takeno, R. Noyori, J. Am. Chem. Soc. 2000, 122, 6510—
6511.

[28] J.-H. Xie, L.-X. Wang, Y. Fu, S.-F. Zhu, B.-M. Fan, H.-F. Duan, Q.-
L. Zhou, J. Am. Chem. Soc. 2003, 125, 4404—-4405.

[29] a) J.-H. Xie, S. Liu, X.-H. Huo, X. Cheng, H.-F. Duan, B.-M. Fan,
L.-X. Wang, Q.-L. Zhou, J. Org. Chem. 2005, 70, 2967-2973; b) S.
Liu, J-H. Xie, L.-X. Wang, Q.-L. Zhou, Angew. Chem. 2007, 119,
7650-7652; Angew. Chem. Int. Ed. 2007, 46, 7506-7508; c) J.-H.
Xie, Z.-T. Zhou, W.-L. Kong, Q.-L. Zhou, J. Am. Chem. Soc. 2007,
129, 1868-1869.

[30] S.-F. Zhu, J.-B. Xie, Y.-Z. Zhang, S. Li, Q.-L. Zhou, J. Am. Chem.
Soc. 2006, 128, 12886-12891.

[31] W.-J. Tang, S.-F. Zhu, L.-J. Xu, Q.-L. Zhou, Q.-H. Fan, H.-F. Zhou,
K. Lam, A. S. C. Chan, Chem. Commun. 2007, 613-615.

[32] H.-F. Duan, J.-H. Xie, W.-J. Shi, Q. Zhang, Q.-L. Zhou, Org. Lett.
2006, 8, 1479-1481.

[33] M. Sakai, M. Ueda, N. Miyaura, Angew. Chem. 1998, 110, 3475-
3477, Angew. Chem. Int. Ed. 1998, 37, 3279-3281.

[34] H.-F. Duan, Y.-X. Jia, L.-X. Wang, Q.-L. Zhou, Org. Lertt. 2006, 8,
2567-2569.

CHEMISTRY

AN ASIAN JOURNAL

[35] H.-F. Duan, J.-H. Xie, X.-C. Qiao, L.-X. Wang, Q.-L. Zhou, Angew.
Chem. 2008, 120, 4423-4425; Angew. Chem. Int. Ed. 2008, 47, 4351 -
4353,

[36] S.-F. Zhu, Y. Yang, L.-X. Wang, B. Liu, Q.-L. Zhou, Org. Lett. 2005,
7,2333-1335.

[37] H. Zhou, W.-H. Wang, Y. Fu, J.-H. Xie, W.-J. Shi, L.-X. Wang, Q.-L.
Zhou, J. Org. Chem. 2003, 68, 1582-1584.

[38] W. Zhang, L.-X. Wang, W.-J. Shi, Q.-L. Zhou, J. Org. Chem. 2005,
70, 3734-3736.

[39] Y. Yang, Z.-T. Zhou, H.-F. Duan, C.-Y. Zhou, L.-X. Wang, Q.-L.
Zhou, J. Am. Chem. Soc. 2007, 129, 2248-2249.

[40] W.-J. Shi, Q. Zhang, J.-H. Xie, S.-F. Zhu, G.-H. Hou, Q.-L. Zhou, J.
Am. Chem. Soc. 2006, 128, 2780-2781.

[41] a) B.-M. Fan, J.-H. Xie, S. Li, Y.-Q. Tu, Q.-L. Zhou, Adv. Synth.
Catal. 2005, 347, 759-762; b) B.-M. Fan, S. Li.J-H. Xie, L.-X.
Wang, Y.-Q. Tu, Q.-L. Zhou, Sci. China Ser. B 2006, 49, 81-87.

[42] B.-M. Fan, J.-H. Xie, S. Li, L.-X. Wang, Q.-L. Zhou, Angew. Chem.
2007, 119, 1297-1299; Angew. Chem. Int. Ed. 2007, 46, 1275-12717.

[43] B. Liu, S.-F. Zhu, W. Zhang, C. Chen, Q.-L. Zhou, J. Am. Chem.
Soc. 2007, 129, 5834-5835.

[44] C. Chen, S.-F. Zhu, B. Liu, L.-X. Wang, Q.-L. Zhou, J. Am. Chem.
Soc. 2007, 129, 12616-12617.

[45] S.-F. Zhu, C. Chen, Y. Cai, Q.-L. Zhou, Angew. Chem. 2008, 120,
946-948; Angew. Chem. Int. Ed. 2008, 47, 932-934.

[46] a) J.-H. Xie, H.-F. Duan, B.-M. Fan, X. Cheng, L.-X. Wang, Q.-L.
Zhou, Adv. Synth. Catal. 2004, 346, 625-632; b) X.-X. Guo, J.-H.
Xie, G.-H. Huo, W.- J. Shi, L.-X. Wang, Q.-L. Zhou, Tetrahedron:
Asymmetry 2004, 15, 2231-2234.

[47] T. Dohi, A. Maruyama, N. Takenaga, K. Senami, Y. Minamitsuji, H.
Fujioka, S. B. Caemmerer, Y. Kita, Angew. Chem. 2008, 120, 3847 -
3850; Angew. Chem. Int. Ed. 2008, 47, 3787—-3790.

Received: May 3, 2008
Published online: September 4, 2008

Chem. Asian J. 2009, 4, 3241

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemasianj.org 41


http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1021/jo00390a043
http://dx.doi.org/10.1021/jo960426p
http://dx.doi.org/10.1021/jo960426p
http://dx.doi.org/10.1021/jo960426p
http://dx.doi.org/10.1021/ja000163n
http://dx.doi.org/10.1021/ja000163n
http://dx.doi.org/10.1021/ja000163n
http://dx.doi.org/10.1021/ja802399v
http://dx.doi.org/10.1021/ja802399v
http://dx.doi.org/10.1021/ja802399v
http://dx.doi.org/10.1021/ja802399v
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
http://dx.doi.org/10.1021/ja001098k
http://dx.doi.org/10.1021/ja001098k
http://dx.doi.org/10.1021/ja001098k
http://dx.doi.org/10.1021/ja029907i
http://dx.doi.org/10.1021/ja029907i
http://dx.doi.org/10.1021/ja029907i
http://dx.doi.org/10.1021/jo0478712
http://dx.doi.org/10.1021/jo0478712
http://dx.doi.org/10.1021/jo0478712
http://dx.doi.org/10.1002/ange.200702491
http://dx.doi.org/10.1002/ange.200702491
http://dx.doi.org/10.1002/ange.200702491
http://dx.doi.org/10.1002/ange.200702491
http://dx.doi.org/10.1002/anie.200702491
http://dx.doi.org/10.1002/anie.200702491
http://dx.doi.org/10.1002/anie.200702491
http://dx.doi.org/10.1021/ja0680109
http://dx.doi.org/10.1021/ja0680109
http://dx.doi.org/10.1021/ja0680109
http://dx.doi.org/10.1021/ja0680109
http://dx.doi.org/10.1021/ja063444p
http://dx.doi.org/10.1021/ja063444p
http://dx.doi.org/10.1021/ja063444p
http://dx.doi.org/10.1021/ja063444p
http://dx.doi.org/10.1039/b614446b
http://dx.doi.org/10.1039/b614446b
http://dx.doi.org/10.1039/b614446b
http://dx.doi.org/10.1021/ol060360c
http://dx.doi.org/10.1021/ol060360c
http://dx.doi.org/10.1021/ol060360c
http://dx.doi.org/10.1021/ol060360c
http://dx.doi.org/10.1002/(SICI)1521-3757(19981204)110:23%3C3475::AID-ANGE3475%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1521-3757(19981204)110:23%3C3475::AID-ANGE3475%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1521-3757(19981204)110:23%3C3475::AID-ANGE3475%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3279::AID-ANIE3279%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3279::AID-ANIE3279%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1521-3773(19981217)37:23%3C3279::AID-ANIE3279%3E3.0.CO;2-M
http://dx.doi.org/10.1021/ol060755w
http://dx.doi.org/10.1021/ol060755w
http://dx.doi.org/10.1021/ol060755w
http://dx.doi.org/10.1021/ol060755w
http://dx.doi.org/10.1002/ange.200800423
http://dx.doi.org/10.1002/ange.200800423
http://dx.doi.org/10.1002/ange.200800423
http://dx.doi.org/10.1002/ange.200800423
http://dx.doi.org/10.1002/anie.200800423
http://dx.doi.org/10.1002/anie.200800423
http://dx.doi.org/10.1002/anie.200800423
http://dx.doi.org/10.1021/ol050556x
http://dx.doi.org/10.1021/ol050556x
http://dx.doi.org/10.1021/ol050556x
http://dx.doi.org/10.1021/ol050556x
http://dx.doi.org/10.1021/jo026611m
http://dx.doi.org/10.1021/jo026611m
http://dx.doi.org/10.1021/jo026611m
http://dx.doi.org/10.1021/jo050015l
http://dx.doi.org/10.1021/jo050015l
http://dx.doi.org/10.1021/jo050015l
http://dx.doi.org/10.1021/jo050015l
http://dx.doi.org/10.1021/ja0693183
http://dx.doi.org/10.1021/ja0693183
http://dx.doi.org/10.1021/ja0693183
http://dx.doi.org/10.1021/ja057654y
http://dx.doi.org/10.1021/ja057654y
http://dx.doi.org/10.1021/ja057654y
http://dx.doi.org/10.1021/ja057654y
http://dx.doi.org/10.1002/adsc.200404395
http://dx.doi.org/10.1002/adsc.200404395
http://dx.doi.org/10.1002/adsc.200404395
http://dx.doi.org/10.1002/adsc.200404395
http://dx.doi.org/10.1007/s11426-005-0044-3
http://dx.doi.org/10.1007/s11426-005-0044-3
http://dx.doi.org/10.1007/s11426-005-0044-3
http://dx.doi.org/10.1002/ange.200603533
http://dx.doi.org/10.1002/ange.200603533
http://dx.doi.org/10.1002/ange.200603533
http://dx.doi.org/10.1002/ange.200603533
http://dx.doi.org/10.1002/anie.200603533
http://dx.doi.org/10.1002/anie.200603533
http://dx.doi.org/10.1002/anie.200603533
http://dx.doi.org/10.1021/ja0711765
http://dx.doi.org/10.1021/ja0711765
http://dx.doi.org/10.1021/ja0711765
http://dx.doi.org/10.1021/ja0711765
http://dx.doi.org/10.1021/ja074729k
http://dx.doi.org/10.1021/ja074729k
http://dx.doi.org/10.1021/ja074729k
http://dx.doi.org/10.1021/ja074729k
http://dx.doi.org/10.1002/ange.200704651
http://dx.doi.org/10.1002/ange.200704651
http://dx.doi.org/10.1002/ange.200704651
http://dx.doi.org/10.1002/ange.200704651
http://dx.doi.org/10.1002/anie.200704651
http://dx.doi.org/10.1002/anie.200704651
http://dx.doi.org/10.1002/anie.200704651
http://dx.doi.org/10.1002/adsc.200404003
http://dx.doi.org/10.1002/adsc.200404003
http://dx.doi.org/10.1002/adsc.200404003
http://dx.doi.org/10.1016/j.tetasy.2004.05.038
http://dx.doi.org/10.1016/j.tetasy.2004.05.038
http://dx.doi.org/10.1016/j.tetasy.2004.05.038
http://dx.doi.org/10.1016/j.tetasy.2004.05.038
http://dx.doi.org/10.1002/ange.200800464
http://dx.doi.org/10.1002/ange.200800464
http://dx.doi.org/10.1002/ange.200800464
http://dx.doi.org/10.1002/anie.200800464
http://dx.doi.org/10.1002/anie.200800464
http://dx.doi.org/10.1002/anie.200800464

