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C O N S P E C T U S

The preparation of chiral compounds in enantiomerically pure form is
a challenging goal in modern organic synthesis. The use of chiral

metal complex catalysis is a powerful, economically feasible tool for the
preparation of optically active organic compounds on both laboratory and
industrial scales. In particular, the metals coordinated by one or more
chiral phosphorus ligands exhibit amazing enantioselectivity and reac-
tivity. Many chiral phosphorus ligands have been synthesized and used
in transition-metal-catalyzed asymmetric reactions in past decades. How-
ever, a large number of reactions still lack effective chiral ligands, and
the enantioselectivities in many reactions are substrate-dependent. The
development of effective chiral phosphorus ligands, especially ligands having novel chiral backbones, is still an important
task in the area of asymmetric catalysis.

Molecules containing a spirocyclic framework are ubiquitous in nature. The synthesis of molecules with this spiro structure can
be traced back to 100 years ago. However, the use of this spirocyclic framework to construct chiral phosphorus ligands is a recent
event. This Account outlines the design and synthesis of a new family of chiral spiro phosphorus ligands including spiro diphos-
phines and spiro monodentate phosphorus ligands with 1,1′-spirobiindane and 9,9′-spirobifluorene backbone and their applica-
tions in transition-metal-catalyzed asymmetric hydrogenation and carbon-carbon bond formation reactions.

The chiral spiro diphosphine lgands SDP with a 1,1′-spirobiindane backbone and SFDP with a 9,9′-spirobifluorene backbone,
and the spiro monophosphorus ligands including phosphoramidites, phosphites, phosphonites, and phospholane with a 1,1′-
spirobiindane backbone were synthesized in good yields from enantiomerically pure 1,1′-spirobiindane-7,7′-diol and 9,9′-spiro-
bifluoren-1,1′-diol.

The ruthenium complexes of chiral spiro diphosphine ligands proved to be very effective catalysts for asymmetric hydroge-
nations of ketones, R-arylaldehydes and R,�-unsaturated acids. The rhodium complexes of chiral spiro monophosphorus ligands
are highly enantioselective for the asymmetric hydrogenations of R- and �-dehydroamino acid derivatives, R-arylethenyl aceta-
mides and non-N-acyl enamines. The spiro monophosphorus ligands were demonstrated to be highly efficient for the Rh-cata-
lyzed asymmetric addition of arylboronic acids to aldehydes and N-tosylarylimines, Pd-catalyzed asymmetric allylation of aldehydes
with allylic alcohols, Cu-catalyzed asymmetric ring opening reactions with Grignard reagents, and Ni-catalyzed asymmetric hydrovi-
nylation of styrene derivatives with ethylene.

The chiral spiro phosphorus ligands show high enantioselectivities for a wide range of transition-metal-catalyzed asym-
metric reactions. In most of these transformations, the enantioselectivities of spiro phosphorus ligands are superior to those
obtained by using the corresponding phosphorus ligands with other backbones. These results arise from the intriguing chiral
inducement of spiro structures of the ligands.

Introduction

Many biologically active compounds, such as

pharmaceuticals, agrochemicals, flavorings, and

functional materials, exhibit “handedness.” The

preparation of these “handed” (chiral) compounds

in enantiomerically pure form is a challenging

goal in modern organic synthesis. Undoubtedly,
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the use of chiral metal complex catalysis is a powerful, eco-

nomically feasible tool for the preparation of optically active

organic compounds on both laboratory and industrial scales.1

In particular, the metals coordinated by one or more chiral

phosphorus ligands exhibit amazing enantioselectivity and

reactivity2 (Figure 1).

Initially, the design and synthesis of chiral phosphorus

ligands focused on monodentate P-chiral phosphines, but

the level of asymmetric inducement was rather low.3 The

situation changed drastically in 1971 when Dang and

Kagan introduced the tartrate-derived C2-symmetric diphos-

phine DIOP in asymmetric hydrogenation, achieving high

enantioselectivites.4 The interest in ligand design shifted

from P-chiral monophosphines to chelating diphosphines

with chirality at their backbones, especially those with

C2-symmetry. This trend was further bolstered by the suc-

cess of the diphosphine DIPAMP in the production of the

chiral drug L-DOPA by the Monsanto Company, providing

the first example of an industrial application of asymmet-

ric catalysis.5 However, diphosphine ligands were mainly

applied in the Rh-catalyzed asymmetric hydrogenation of

R-dehydroamino acids until Noyori and Takaya reported in

1980 the outstanding diphosphine ligand BINAP, which was

successfully applied in the ruthenium-catalyzed asymmet-

ric hydrogenation of various functionalized olefins and

ketones.6 Inspired by BINAP, a large number of diphosphine

ligands with biaryl backbones have been developed in the

past two decades.7

Although many chiral phosphorus ligands have been

synthesized and used in transition-metal-catalyzed asym-

metric reactions, a large number of reactions still lack effec-

tive chiral ligands, and the enantioselectivities in many

reactions are substrate-dependent. Therefore, the develop-

ment of effective chiral phosphorus ligands, especially

ligands having novel chiral backbones, is still an impor-

tant and challenging task for chemists. In this Account, we

highlight our efforts to develop chiral spiro phosphorus

ligands with 1,1′ -spirobiindane and 9,9′ -spirobifluorene

backbones and to apply them in transition-metal-catalyzed

asymmetric hydrogenation and carbon-carbon bond for-

mation reactions.

Design and Synthesis of Chiral Spiro
Phosphorus Ligands with 1,1′-
Spirobiindane and 9,9′-Spirobifluorene
Backbones
Molecules containing a spirocyclic framework are ubiquitous

in nature. The synthesis of molecules with this spiro struc-

ture can be traced back to the late 1890s.8 However, the use

of this spirocyclic framework to construct chiral phosphorus

ligands is a recent event. In 1900, von Baeyer introduced the

name “spirocyclane” for bicyclic hydrocarbons having two

rings with a common carbon atom (spiro carbon), construing

them to be shaped like pretzels.9 Actually, due to the tetrahe-

dron structure of the spiro carbon, bicyclic spiro compounds

are not true “pretzels” because the two rings of the spiro com-

pounds lie in perpendicular planes. This structural feature not

only restricts the rotation of the two rings and gives rise to an

axial chirality in spiro compounds having substituents on the

rings but also increases molecular rigidity. In spiro molecules,

two rings connect at a quaternary center through σ-bonds,

which makes racemization of chiral spiro compounds virtu-

ally impossible. With these characteristics, spiro compounds,

especially C2-symmetric spiranes, are ideal backbones for

chiral phosphorus ligands. However, the chiral spiro phospho-

rus ligand was not studied until the past decade, probably due

to the difficulty of synthesizing optically pure spiro

compounds.

In 1992, Kumar used chiral spiro diols cis,cis-(+)- and (-)-

spiro[4,4]nonane-1,6-diol as chiral auxiliaries in the reduc-

tion of ketones with lithium aluminum hydride, giving the

corresponding alcohols with good enantioselectivities.10 Chan

and Jiang used the chiral spiro diol as a backbone to synthe-

size the chiral phosphinite ligands SpirOP and demonstrated

that they were highly enantioselective in rhodium-catalyzed

asymmetric hydrogenation of R-dehydroamino acid deriva-

tives.11 Very recently, additional research groups have partic-

ipated in the development of chiral ligands with spiro

backbones.12

Seeking chiral ligands with novel backbones, we became

interested in the chiral spirobiindane and spirobifluorene phos-

phorus compounds. Spiro[4,4]nonane is not itself a chiral mol-

ecule. Substitutions on the spiro cycles introduce more than

one chiral center into the molecule and increase the difficulty

of synthesizing optically pure ligands. However, spirobiindane

and spirobifluorene, which can be regarded as benzo deriva-

tives of spiro[4,4]nonane, only have axial chirality, and their

highly rigid spiro structures make them good potential back-

bones of chiral ligands (Figure 2).

FIGURE 1. Examples of chiral phosphorus ligands.
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The chiral spiro phosphorus ligands (R)- or (S)-SDP (6) with

a 1,1′-spirobiindane backbone were synthesized from opti-

cally pure (R)- or (S)-1,1′-spirobiindane-7,7′-diol (1)13 in high

yields by the methods illustrated in Scheme 1.14

The chiral ligands with a 9,9′-spirobifluorene backbone

(SFDP, 8)15 (Scheme 2) are easily prepared from enantiomeri-

cally pure 9,9′-spirobifluoren-1,1′-diol (7)16 by the same pro-

cedure used for the SDP ligands.

The structural characteristics of SDP and SFDP ligands were

revealed by X-ray analysis of single crystals of complexes

[PdCl2((S)-6a)]14b and [PdCl2((R)-8a)].15a Both complexes have

a square-planar configuration, and the eight-membered het-

erometallocyclic rings formed by chelation of the ligands 6a
and 8a to palladium are highly rigid (Figure 3). The P-Pd-P

bite angles in [PdCl2((S)-6a)] and [PdCl2((R)-8a)] are 96.0° and

96.7°, respectively, which are greater than that of [PdCl2((R)-

BINAP)] (92.7°).17 In addition, one P-phenyl group on each

phosphorus atom in these two palladium complexes lies par-

allel to the indane or fluorene ring. The central distances

between the P-phenyls and the indane or fluorene ring are 3.5

and 4.2 Å in [PdCl2((S)-6a)] and 3.5 and 3.6 Å in [PdCl2((R)-

8a)], thereby indicating the existence of π-π stacking inter-

actions between the P-phenyl rings and the indane or fluorene

ring. This π-π stacking interaction was also observed in com-

plex [PdCl2((R)-BINAP)].17

Very recently, the enantioselectivity-inducing potential of

chiral monodentate phosphorus ligands was rediscovered,18

and several efficient chiral monophosphorus ligands based on

the 1,1′-binaphthalene backbone such as monophosphine

MOP,19 monophosphoamidite MonoPhos,20 and monophos-

phite21 were reported and applied in the asymmetric hydro-

genation of functionalized olefins and other asymmetric

transformations with good to excellent enantioselectivities.

These results showed that the chiral inducement by mono-

phosphorus ligands could be equal or even superior to that

obtained by bidentate phosphorus ligands. Current develop-

ment of phosphorus ligands has witnessed a strong competi-

tion between monodentate and bidentate phosphorus ligands.

We have synthesized a series of chiral spiro monodentate

phosphorus ligands including phosphoramidites 9,22 phosphi-

tes 10,23 phosphonites 11, 24 and phospholane 1225 ligands

with a 1,1′-spirobiindane scaffold from spiro diol 1 in good

yields by using simple procedures (Figure 4).

Asymmetric Catalytic Hydrogenation
Asymmetric hydrogenation utilizing molecular hydrogen to

reduce prochiral olefins, ketones, and imines is currently one

of the most efficient methods for the production of chiral

amino acid derivatives, chiral alcohols, and chiral amines,

which are important building blocks for constructing enantio-

merically pure pharmaceuticals and functional materials. The

transition metal complexes of SDP and SFDP families of

ligands, as well as chiral spiro monophosphorus ligands,

proved to be very effective catalysts with high enantioselec-

tivities for the hydrogenation of a broad scope of unsatur-

ated substrates.

Hydrogenation of Ketones. The enantioselective reduc-

tion of carbonyl compounds catalyzed by well-defined transi-

tion metal complexes is an efficient synthetic tool for

producing optically active alcohols. One of the best catalysts

for ketone hydrogenation is the RuCl2[(diphosphine)(1,2-di-

amine)] complex, which was initially reported by Noyori.26 The

ruthenium complexes of chiral spirobiindane diphosphines,

RuCl2[(SDPs)(1,2-diamine)], were also found to be highly effec-

tive catalysts in the asymmetric hydrogenation of prochiral

ketones.14a The steric hindrance of the ligand has a strong

influence on the enantioselectivity of the catalyst. A bulkier

ligand provides higher enantioselectivity; the ligand 6d (Xyl-

SDP) containing 3,5-dimethyl groups on the P-phenyl rings is

the best, giving 99% enantiomeric excess (ee) in the asym-

metric hydrogenation of acetophenone. The reactivities of the

RuCl2[(SDPs)(1,2-diamine)] catalysts are extremely high. For

example, using the catalyst RuCl2[((S)-6d)((R,R)-DPEN)], the

hydrogenation of acetophenone can be carried out at a cata-

lyst loading of 0.001 mol %. A variety of simple ketones

including aromatic, heteroaromatic, and R,�-unsaturated

ketones can be hydrogenated by the catalyst RuCl2[((S)-

6d)((R,R)-DPEN)], producing the corresponding chiral second-

ary alcohols in excellent enantioselectivities (Figure 5).

The RuCl2[(diphosphine)(1,2-diamine)] complex catalyzed

asymmetric hydrogenation of ketones was performed under

basic reaction conditions. The two enantiomers of R-arylcy-

cloketone compounds can racemize rapidly under these con-

ditions, allowing dynamic kinetic resolution (DKR) of the

racemate by asymmetric hydrogenation. Thus, we applied

RuCl2[(SDPs)(1,2-diamine)] catalysts in the asymmetric hydro-

genation of racemic R-arylcycloketones.27 Through DKR, use

of the catalyst RuCl2[((S)-6d)((R,R)-DPEN)] converted both enan-

FIGURE 2. Spiro backbones for phosphorus ligands.
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tiomers of racemic R-aryl cyclohexanones to the R-aryl cyclo-

hexanols. The cis/trans stereoselectivities (>99/1) and

enantioselectivities (up to 99.9% ee) are excellent (Scheme 3).

Hydrogenation of Aldehydes. Although exciting progress

had been achieved in asymmetric hydrogenation of ketones,

no successful example of asymmetric hydrogenation of alde-

hydes, providing enantiomer-enriched primary alcohols, had

been reported prior to our work.28 In the hydrogenation of

prochiral ketones, at least one new stereogenic center is gen-

erated. However, no new stereogenic center is generated in

the hydrogenation of R-branched aldehydes, which makes

enantiocontrol of the reaction extremely difficult. Our attempts

to achieve the asymmetric hydrogenation of racemic R-aryla-

ldehyde via DKR using RuCl2[(SDPs)(1,2-diamine)] complexes

as catalysts led to remarkable results (Figure 6).29 The com-

plex RuCl2[((S)-6e)((R,R)-DACH)] was the optimum choice of cat-

alyst, and a bulky alkyl group at the R-position of the racemic

R-arylaldehydes was crucial for obtaining high enantioselec-

tivity. This result represents the first example of asymmetric

hydrogenation of aldehydes via DKR.

The chiral primary alcohols prepared by the process in Fig-

ure 6 have wide potential applications in the synthesis of

chiral pharmaceuticals, pesticides, and natural products. For

example, the product (S)-2-(4-methoxyphenyl)-3-methylbutan-

SCHEME 1. The Synthetic Route for SDP Ligands

SCHEME 2. The Synthesis of SFDP Ligands

FIGURE 3. OPTER diagrams of [PdCl2((S)-6a)] (top) and [PdCl2((R)-8a)]
(bottom).
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1-ol (94% ee) is the key intermediate for the synthesis of

natural product (1S,4S)-cis-7-methoxy-calamenene.30 Quinolyl-

methoxyphenyl acetic acid derivatives are important leukot-

riene receptor antagonists and lipoxygenase inhibitors (e.g.,

BAY × 1005 31) and can be synthesized easily by our method

(Scheme 4).

Hydrogenation of r,�-Unsaturated Carboxylic Acids.

Enantioselective hydrogenation of R,�-unsaturated carboxy-

lic acids catalyzed by transition metal complexes is a straight-

forward method for the synthesis of optically active carboxylic

acids, which are widely used as chiral drugs or important inter-

mediates in the synthesis of pharmaceutically interesting com-

pounds.32 A number of chiral diphosphine ligands have been

used successfully in the ruthenium-catalyzed asymmetric

hydrogenation of R,�-unsaturated carboxylic acids.33 The Ru-

diacetate complexes ligated by SDP and SFDP ligands (6a and

8a) were applied in the asymmetric hydrogenation of tiglic

acid. The results illustrated in Scheme 5 clearly show that the

SFDP ligand, which has a larger bite angle, is superior to the

ligands BINAP and SDP in terms of enantioselectivity.15 Intro-

ducing 3,5-dimethyl (ligand 8d) and 3,4,5-trimethyl (ligand

8e) groups on the P-phenyls of the SFDP ligand enhanced the

enantiomeric excess of hydrogenation products. Interestingly,

the enantioselectivity of the reaction was further increased as

the catalyst loading was reduced from 1 mol % to 0.1 and

0.01 mol %. Thus, this catalytic hydrogenation might prefer-

entially occur at higher concentrations, which is very impor-

tant for a catalyst used on a production scale.

A variety of tiglic acid derivatives have been hydrogenated

by using the catalyst Ru/8d (Figure 7). High enantioselectivi-

ties (>94% ee) and good yields (∼90%) were obtained for all

tested substrates regardless of the bulkiness of the R1 and R2

groups. However, the reaction rate was obviously retarded

when a large group was introduced at either the R- or �-po-

sition in the tiglic acid type substrates.

In contrast to the excellent results obtained in the asym-

metric hydrogenation of tiglic acids, R-arylacrylic acids, and

other R,�-unsaturated carboxylic acids, initial attempts at

asymmetric hydrogenation of cinnamic acid derivatives were

FIGURE 4. Chiral spiro monophosphorus ligands with a 1,1′-spirobiindane backbone.

FIGURE 5. Ru-catalyzed asymmetric hydrogenation of ketones
using SDP ligands.

SCHEME 3. Hydrogenation of R-Arylcyclohexanones Using
RuCl2[((S)-6d)((R,R)-DPEN)]
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far from successful. The Ru-diacetate complex ligated with

BINAP had been applied in the hydrogenation of R-methyl-

cinnamic acid, but the enantioselectivity was very low (<40%

ee). By using the H8-BINAP ligand, Takaya significantly

improved the enantioselectivity to 89% ee.33c However, when

the catalyst Ru[(OAc)2((R)-8e)] was employed, an unprece-

dented enantioselectivity (94% ee) in the hydrogenation of

R-methylcinnamic acid was achieved. In this reaction, the

steric hindrance of the substituents on the P-phenyl rings of

the SFDP ligand has a notably positive influence on the reac-

tivity and enantioselectivity of the catalysts (Scheme 6).15

A variety of R-methylcinnamic acid derivatives were hydro-

genated by ruthenium catalyst ligated with TM-SFDP (8e) to

yield the corresponding saturated acids in excellent enantio-

meric excesses (Figure 8). This result represents the highest

FIGURE 6. Hydrogenation of R-arylaldehydes using RuCl2[((S)-6e)((R,R)-DACH)].

SCHEME 4. Preparation of BAY × 1005

SCHEME 5. Asymmetric Hydrogenation of Tiglic Acid with Ru-Diacetate Catalysts

FIGURE 7. Hydrogenation of tigilic acid derivatives with
Ru[(OAc)2((R)-8d)].
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level of enantiocontrol reported to date in the asymmetric

hydrogenation of cinnamic acid derivatives.

Asymmetric hydrogenation of R-aryloxyl or alkoxyl unsat-

urated carboxylic acids has not received much attention

despite the fact that its products, R-aryloxyl or alkoxyl car-

boxylic acids, are important in organic syntheses and indus-

trial production. When the catalyst [Ru(OAc)2((R)-8e)], which

provided the highest enantioselectivity in the asymmetric

hydrogenation of cinnamic acid derivatives, was employed for

the asymmetric hydrogenation of R-phenoxycrotonic acid,

only a moderate level of enantioselectivity was obtained.

However, when the catalyst [Ru(OAc)2((R)-8b)] having a

4-methyl group on each P-phenyl ring of the ligand was used,

the enantioselectivity of this reaction was improved signifi-

cantly to 94% ee. With the catalyst [Ru(OAc)2((R)-8b)], a num-

ber of crotonic acids substituted with different R-aryloxyl

groups can be hydrogenated to the corresponding chiral sat-

urated acids in high yields with good to high enantioselectivi-

ties (Figure 9).15b

Asymmetric Hydrogenation of Enamines. The Rh(I)-cat-

alyzed asymmetric hydrogenation of functionalized enamines,

such as R- and �-dehydroamino acid derivatives, and enam-

ides is one of the most efficient methods for the synthesis of

chiral amines. In the past three decades, Rh(I)-complexes bear-

ing chelating diphosphine ligands dominated this field.2

Recently, several Rh(I)-complexes bearing monodentate phos-

phorus ligands were developed, and high enantioselectivi-

ties were obtained in the asymmetric hydrogenation of

functionalized enamines.18 However, the successful mono-

dentate phosphorus ligands that have been reported are lim-

ited to phosphoramidites and phosphites containing a 1,1′-
binaphthylene backbone. We have developed a series of

chiral monophosphoramidite and monophosphonite ligands

bearing a spirobiindane backbone and demonstrated that they

are highly enantioselective in Rh(I)-catalyzed hydrogenation of

N-acyl and non-N-acyl enamines.

Spiro monophosphoramidite ligands 9 were very effective

in the hydrogenation of R-dehydroamino acid derivatives. The

ligand SIPHOS (9a), which has two dimethyl groups on the

nitrogen, gave the best results.22b,d For a variety of R-dehy-

droamino acid derivatives, excellent enantioselectivities

(96-99.3% ee) were obtained under ambient H2 pressure

(Figure 10). These results are better than or comparable to

SCHEME 6. Asymmetric Hydrogenation of R-Methylcinnamic Acid
Using Ru-Diacetate Catalysts

FIGURE 8. Asymmetric hydrogenation of R-methylcinnamic acid
derivatives with Ru[(OAc)2((R)-8e)].

FIGURE 9. Hydrogenation of R-aryloxy crotonic acids catalyzed by
[Ru(OAc)2((R)-8b)].

FIGURE 10. Asymmetric hydrogenation of R-dehydroamino acid
derivatives catalyzed by Rh(I)/(S)-9a or (S)-11c.

Spiro Diphosphine and Monodentate Phosphorous Ligands Xie and Zhou

Vol. 41, No. 5 May 2008 581-593 ACCOUNTS OF CHEMICAL RESEARCH 587



those achieved with diphosphine ligands34 and other mono-

phosphorus ligands.18

To study the electronic effects of ligands, spiro phospho-

nite ligands 11, which have different substituents at the para
position of the P-phenyl ring, were prepared and applied in

the hydrogenation of (Z)-methyl-2-acetamido-3-phenyl-

acrylate.24a It was found that an electron-withdrawing sub-

stituent on the P-phenyl ring of the ligand dramatically

diminished both the reactivity and enantioselectivity of the

catalyst in the reaction. In contrast, the ligand 11c having an

electron-donating p-MeO group gave the best enantioselec-

tivity and the fastest reaction rate. The data in Figure 11

clearly indicate that electron-rich monophosphorus ligands are

beneficial to both enantioselectivity and reactivity of the

rhodium catalysts in this reaction.

The Rh-catalyzed asymmetric hydrogenation of �-dehy-

droamino acid derivatives is another model reaction. Although

a higher hydrogen pressure (100 atm) was needed for the

hydrogenation of �-dehydroamino acid derivatives, both the

phosphoramidite ligand SIPHOS (9a) and the phosphonite

ligand 11c gave high enantioselectivities in this transforma-

tion (Figure 12).22d,24a It is noteworthy that the Rh(I) com-

plexes of ligands 9a and 11c can hydrogenate Z/E mixtures

of �-aryl-�-(acylamino)acrylates to produce �-amino acid deriv-

atives. This is of practical importance because the �-(acylami-

no)acrylate substrates are normally prepared as a mixture of

Z- and E-isomers.

The spiro phosphoramidite ligands 9 were highly enanti-

oselective in the asymmetric hydrogenation of R-arylethenyl

acetamides. In this reaction, a smaller dialkylamino group in

the ligand was found to be crucial for obtaining high enanti-

oselectivity. Using the ligand SIPHOS (9a), a series of

R-arylethenyl acetamides can be hydrogenated with 91-
99.7% ee.22a This result was superior to that obtained by

using the ligand MonoPhos (90-94% ee),35 showing that the

1,1′-spirobiindane backbone confers better enantioselective

inducement than the 1,1′-binaphthalene backbone in the

hydrogenation of R-arylethenyl acetamides (Figure 13).

Optically active cyclic amines are an important class of

compounds that are used widely in pharmaceutical synthe-

sis. For example, chiral 1-aminoindanes are the key inter-

mediates for drugs such as rasagiline for Parkinson’s

disease.36 The asymmetric hydrogenation of N-(1,2-dehy-

dro-1-indanyl)acetamide is a potential method to produce

enantiomer-enriched 1-aminoindane. With the Rh/9a cata-

lyst, N-(1,2-dehydro-1-indanyl)acetamides were suc-

cessfully hydrogenated to 1-aminoindanes in high enanti-

oselectivities (Figure 14).22d

In the current approaches to asymmetric hydrogenation of

enamides, a substantial drawback is the requirement for an

N-acyl group in the substrate. This N-acyl group is considered

indispensable for the substrate to form a chelated complex

with the metal of the catalyst in the transition state, giving

good reactivity and enantioselectivity.37 Until our study, only

FIGURE 11. Electronic effect of ligands in Rh(I)-catalyzed
asymmetric hydrogenation of (Z)-methyl-2-acetamido-3-
phenylacrylate.

FIGURE 12. Asymmetric hydrogenation of �-dehydroamino acid
derivatives using Rh(I)/(S)-9a or (S)-11c.

FIGURE 13. Hydrogenation of R-arylethenyl acetamides using
Rh(I)/(S)-9.
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two reports have tackled the challenging class of enamine

substrates without an N-acyl group, and moderate to excel-

lent enantioselectivities have been achieved.38 During our

study on the asymmetric hydrogenation of non-N-acyl enam-

ines, we found that the phosphonite 11h, which has a tBu

group on the P-atom, was an admirable ligand for the asym-

metric hydrogenation of (E)-1-(1-pyrrolidinyl)-1,2-dia-

rylethenes. In the presence of 2 mol % I2 and 20 mol % acetic

acid as additives, a variety of (E)-1-(1-pyrrolidinyl)-1,2-dia-

rylethenes can be hydrogenated by the Rh(I)/(S)-11h catalyst,

yielding the corresponding tertiary amines with excellent

enantioselectivities (up to 99.9% ee) (Scheme 7).24b Other

ligands such as the diphosphine ligands BINAP, Josiphos, and

SDP (6a) and the monodentate phosphorus ligands Mono-

Phos, H-MOP, SIPHOS (9a), and ShiP (10a) provided the hydro-

genation product with very low enantioselectivities under the

same reaction conditions.

Asymmetric Catalytic Carbon-Carbon
Bond Formation
Asymmetric catalytic carbon-carbon bond formation is one of

the most essential and effective tools for the construction of

chiral organic molecules. The metal complexes of monoden-

tate spiro phosphorus ligands were demonstrated to be very

effective for different types of asymmetric carbon-carbon

bond formation reactions.

Addition of Arylboronic Acids to Aldehydes and N-
Tosylarylimines. The enantioselective addition of aryl orga-

nometallic reagents to aromatic aldehydes is a very useful

method for the synthesis of enantiomer-enriched chiral dia-

rylmethanols, which are important intermediates for the syn-

thesis of biologically and pharmaceutically active compounds.

However, reports of successful transition-metal-catalyzed

asymmetric addition of aryl organometallic reagents to aro-

matic aldehydes are scarce. In 1998, Miyaura and co-work-

ers first reported the enantioselective Rh-catalyzed addition of

phenylboronic acid to naphthaldehyde by using the (S)-MeO-

MOP ligand, giving naphthylphenylmethanol in low enanti-

oselectivity (41% ee).39 However, by employing the ligand (S)-

10f, which has a 2-naphthoxy substituent on the P-atom, the

enantioselectivity of this reaction was remarkably improved to

87% ee. Either electron-rich or electron-deficient benzalde-

hydes and various arylboronic acids can be applied as sub-

strates and reagents in the reaction, producing

diarylmethanols in high yields (88-98%) with good enanti-

oselectivities (62-87% ee) (Figure 15).23b

By extension of this Rh(I)/ShiP catalyst system to the addi-

tion of arylboronic acids to N-tosylarylimines, high enantiose-

lectivities were achieved. With the catalyst generated in situ
from Rh(acac)(C2H2)2 and (S)-ShiP (10a), which has a phenoxy

group on the P-atom, the arylation of a variety of aromatic

imines with different arylboronic acids gave N-tosylmethy-

lamine products in good yields (65-85%) with excellent

enantioselectivities (85-95% ee) (Figure 16).40

To understand the prominent enantioselective inducement

of spiro phosphite ligands 10 in the Rh-catalyzed addition of

arylboronic acids to imines, we grew a single crystal of

FIGURE 14. Asymmetric hydrogenation of cyclic enamides using
Rh(I)/(S)-9a.

SCHEME 7. Hydrogenation of (E)-1-(1-Pyrrolidinyl)-1,2-diarylethenes
Using Rh(I)/(S)-11h

FIGURE 15. Asymmetric addition of arylboronic acids to aldehydes
using Rh(I)/(S)-10f.
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[Rh(COD((S)-10a)2)]BF4 that was suitable for X-ray diffraction.

The structure analysis showed that two coordinating spiro

phosphite ligands created an effective asymmetric environ-

ment around the rhodium. Two phenyl groups of the phos-

phite ligand 10a blocked the back side of the complex. From

the proposed stereorecognition model (Figure 17), it can be

seen that the phenyl group transferred favorably to the Re face

of the imine, providing the corresponding product with the R

configuration, which is consistent with the X-ray analysis of a

single crystal of the addition product.40

Allylation of Aldehydes with Allylic Alcohols. Catalytic

enantioselective allylation of aldehydes represents one of the

most efficient strategies for the synthesis of chiral homoal-

lylic alcohols. In 2004, Zanoni and co-workers reported Pd-

catalyzed asymmetric allylation of benzaldehyde with allyl

esters by umpolung of π-allylpalladium complexes.41 In con-

sideration of synthetic efficiency and green chemistry, we

attempted the direct use of allylic alcohols as allylation

reagents in this transformation and found that chiral mono-

dentate spiro phenylphospholane SITCP (12) was a compe-

tent ligand for this task. In the presence of the Pd(II)/(R)-12
catalyst and Et3B as the reducing reagent, a series of aromatic,

heteroaromatic, and aliphatic aldehydes can be allylated by

cinnamyl alcohol to provide the corresponding homoallylic

alcohols in good enantioselectivities and excellent diastereo-

selectivities. The simple allylic alcohol prop-2-en-1-ol also can

serve as an allylation reagent (Scheme 8).25

Cu-Catalyzed Ring-Opening Reactions. Enantioselec-

tive desymmetrization of meso oxabicyclic alkenes with a

nucleophile, that is, asymmetric ring opening (ARO), is an effi-

cient strategy by which cyclic compounds with multiple ste-

reocenters can be constructed in one operation. Many

organometallic reagents such as dialkylzinc have been applied

successfully in this reaction, and excellent stereoselectivities

and enantioselectivities were achieved.42 However, the Grig-

nard reagent, the most readily available organometallic

reagent, has been scarcely utilized in the ARO reactions.42b

The reason for the rare application of the Grignard reagent in

this important reaction might be attributed to the complex

FIGURE 16. Addition of arylboronic acids to N-tosylarylimines
using Rh(I)/(S)-10a.

FIGURE 17. Crystal structure of [Rh(COD)((S)-10a)2]BF4 and the
stereorecognition model.

SCHEME 8. Asymmetric Allylation of Aldehydes with Allylic
Alcohols Using Pd(II)/(R)-12
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mechanism of the ARO reaction with this hard nucleophile. In

a study of Cu-catalyzed ARO reactions with Grignard reagents,

we demonstrated that the phosphoramidite (S,SS)-9d, which

has a di-((S)-1-phenylethyl)amino group on the P-atom, was

the best choice of ligands for this reaction. Using Cu(II)/(S,SS)-

9d, the ARO of various oxabenzonorbornadiene substrates

with different Grignard reagents yielded ring-opening prod-

ucts with excellent anti/syn selections and good enantioselec-

tivities (Figure 18).43

Hydrovinylation of r-Alkyl Vinylarenes. Ni-catalyzed

asymmetric hydrovinylation of vinylarenes is an important

carbon-carbon bond-forming reaction, and impressive

progress has been achieved.44 During the study of Ni-cata-

lyzed asymmetric hydrovinylation, we were aware that this

transformation could be a new approach for the construction

of all-carbon quaternary stereocenters if an R-alkyl vinylarene

is used as the substrate. By using spiro phosphoramidite

ligand (S,RR)-9e, different R-alkyl vinylarenes reacted with eth-

ylene under ambient pressure to afford the hydrovinylation

products bearing a chiral all-carbon quaternary center in excel-

lent enantioselectivities. These vinylation products are poten-

tially useful intermediates for the synthesis of versatile

optically active molecules, such as chiral carboxylic acids and

aldehydes (Figure 19).45

Conclusions
A series of C2-symmetric chiral spiro phosphorus ligands

including diphosphines, monodentate phosphoramidites,

phosphites, phosphonites, and phospholanes that are based

on spirobiindane and spirobifluorene backbones have been

synthesized and applied to various transition-metal-catalyzed

FIGURE 18. Cu(II)-catalyzed asymmetric ring-opening reaction by using (S,SS)-9d.

FIGURE 19. Asymmetric hydrovinylation of vinylarenes with Ni(I)/
(S,RR)-9e.
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processes. Gratifyingly, these chiral spiro phosphorus ligands

furnish excellent enantioselectivities for a wide range of reac-

tions such as the Ru-catalyzed asymmetric hydrogenations of

racemic R-arylaldehydes and R,�-unsaturated acids, the Rh-

catalyzed asymmetric hydrogenations of R-arylethenyl aceta-

mides and non-N-acyl enamines, and the Ni-catalyzed

asymmetric hydrovinylation of R-alkyl vinylarenes to construct

chiral all-carbon quaternary centers. These results arise from

the intriguing chiral inducement of spiro phosphorus ligands.

In the coming years, further investigations will disclose the

merits of this family of chiral spiro phosphorus ligands for

more transition-metal-catalyzed asymmetric reactions.
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