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C O N S P E C T U S

Catalytic asymmetric synthesis has received considerable
attention over the past few decades, becoming a highly

dynamic area of chemical research with significant contribu-
tions to the field of organic synthesis. In the development of
new catalysts, the concept of multifunctional catalysis described
by Shibasaki and co-workers, namely, the combination of more
than one functional group within a single molecule to acti-
vate the transformation, has proved a powerful strategy in the
design of efficient transition metal-containing catalysts.

A variety of reactions have since been addressed with
multifunctional organocatalysts. One example is the
Morita-Baylis-Hillman (MBH) reaction, in which a
carbon-carbon bond is created between the R-position of an
activated double-bond compound and a carbon electrophile.
The seminal report on this reaction in 1972 described the prototypical couplings of (i) ethyl acrylate with acetaldehyde and
(ii) acrylonitrile with acetaldehyde; the reaction is promoted by the conjugate addition of a nucleophilic catalyst to the R,�-
unsaturated aldehyde. Many variations of the MBH reaction have been reported, such as the aza-MBH reaction, in which
an N-tosyl imine stands in for acetaldehyde. Recent innovations include the development of chiral molecules that catalyze
the production of asymmetric products. In this Account, we describe the refinement of catalysts for the MBH and related
reactions, highlighting a series of multifunctional chiral phosphines that we have developed and synthesized over the past
decade. We also review similar catalysts developed by other groups.

These multifunctional chiral phosphines, which contain Lewis basic and Brønsted acidic sites within one molecule, pro-
vide good-to-excellent reactivities and stereoselectivities in the asymmetric aza-MBH reaction, the MBH reaction, and other
related reactions. We demonstrate that the reactivities and enantioselectivies of these multifunctional chiral phosphines can
be adjusted by enhancing the reactive center’s nucleophilicity, which can be finely tuned by varying nearby hydrogen-
bonding donors.

Artificial catalysts now provide highly economic access to many desirable compounds, but the general adaptability and
reactivity of these platforms remain problematic, particularly in comparison to nature’s catalysts, enzymes. The multifunc-
tional organocatalysts described in this Account represent another positive step in the synthetic chemist’s efforts to profit-
ably mimic nature’s catalytic platform, helping develop small-molecule catalysts with enzyme-like reactivities and selectivities.

1. Introduction

A wide variety of enantioselective chemical trans-

formations are now performed with only a cata-

lytic amount of chiral promoters, providing highly

economic access to desired compounds, although

the performance of most artificial catalysts is still

far from satisfactory in terms of generality and

reactivity.1 During the past two decades, the

research on chiral catalysts has been particularly
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active in both metal catalysis and organocatalysis. In metal
catalysis, Shibasaki et al. have developed the concept of mul-
tifunctional catalysis,2 wherein the catalysts exhibit both Lewis
acidity and Brønsted basicity (Figure 1), using lanthanide
complexes.1a,3 Furthermore, a variety of asymmetric transfor-
mations have been realized by carefully choosing the metal
elements according to the reaction type, consistent with the
above-mentioned concept. An ideal set of multifunctional
chiral catalysts should conceptually contain Brønsted base,
Brønsted acid, Lewis base, and Lewis acid as active sites to
synergistically activate the substrates in a controlled chiral
environment (Figure 2). The catalysts including bi/multifunc-
tions enable effectively asymmetric transformations that have
never been achieved by using conventional catalysts employ-
ing only Lewis acidity or Lewis basicity. Therefore, multifunc-
tional catalyst systems have drawn and will continue to attract
much attention.

On the other hand, organocatalysts combining multifunc-

tional sites in a single structure have been applied recently in

a variety of organic reactions.4,5 One of the important reac-

tions employing multifunctional/bifunctional chiral catalysts is

the Morita-Baylis-Hillman (MBH) reaction and its aza-coun-

terpart. MBH reaction is described as the coupling between the

R-position of an activated double bond and an sp2 electro-

philic carbon using an appropriate catalyst, normally Lewis

bases. Great progress has been made in the execution of the

MBH reaction, since the seminal report in 1972 described the

reaction of acetaldehyde with ethyl acrylate and acrylo-

nitrile in the presence of a catalytic amount of 1,4-

diazabicyclo[2.2.2]octane (DABCO).6,7 During the long-term of

research in this area, many versions of the MBH reaction have

been discovered, including the aza-MBH reaction (reported by

Perlmutter and Teo), the chalcogenide-mediated MBH reac-

tion (reported by Kataoka et al.), the TiCl4-mediated MBH reac-

tion (reported by Taniguchi et al. and Oshima et al. using a

TiCl4-Bu4NI system and Li et al.), and the intramolecular MBH

reaction reported by Murphy et al.8 Recently the asymmetric

versions of the MBH/aza-MBH reaction have also been well

exploited.9 The most recent notable advances are in catalytic

asymmetric MBH reactions;10 however the catalytic asymmet-

ric MBH reactions are limited to specialized R,�-unsaturated

ketones or acrylates such as ethyl vinyl ketone (EVK, 71%

ee),10a 2-cyclohexen-1-one (96% ee),10b or 1,1,1,3,3,3-

hexafluoroisopropyl acrylate (99% ee).10c MBH reactions

involving simple Michael acceptors such as methyl vinyl

ketone (MVK) or methyl acrylate are notoriously character-

ized by poor enantioselectivity, which motivates people to

design more efficient and enantioselective catalysts to

broaden the scope of this general class of reactions. Undoubt-

edly, mechanistic studies of MBH have provided a solid basis

and inspired the design of new catalysts. The commonly

accepted mechanism of MBH reaction is depicted in Scheme

1.11 The catalytic cycle is initiated by the conjugate addition

of a nucleophilic catalyst to an R,�-unsaturated carbonyl com-

pound, leading to the formation of a zwitterionic enolate I,

which subsequently attacks the aldehyde to afford the zwit-

terionic alkoxide II. At this point, the mechanism is consid-

ered to diverge into two distinct pathways leading to the

observed products. In the first pathway, proton transfer in III

or with promotion of hydrogen-bonding additives or solvents

(MeOH/t-BuOH/H2O/phenol), followed by elimination of the

catalyst, completes the catalytic cycle. The second pathway

FIGURE 1. Multifunctional catalysts employing the synergistic
function of a Lewis acid and a Brønsted base: LA, Lewis acid; B,
Brønsted base; E, electrophile; Nu-H, nucleophile.

FIGURE 2. Ideal multifunctional chiral catalysts containing Lewis acid, Brønsted base, Brønsted acid, and Lewis base as active catalytic sites:
LA, Lewis acid; B, Brønsted base; BA, Brønsted acid; LB, Lewis base.
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involves attack of the alkoxide II on a second molecule of

aldehyde, which leads to the formation of the zwitterionic

hemiacetal IV. This intermediate facilitates proton transfer and

subsequent elimination of the catalyst. Recently, the theoret-

ical studies of mechanisms of MBH reactions have shown that

the proton transfer step in the zwitterionic aldolate interme-

diate is the rate-determining step. Thus the addition of hydro-

gen-bonding substituents to a specific catalyst may provide a

good opportunity to accelerate the crucial proton transfer step

and influence the overall reaction rate and selectivity. Bifunc-

tional chiral amine catalysts have shown good reactivity and

selectivity for asymmetric MBH/aza-MBH reaction.12 Because

phosphines are effective nucleophilic organocatalysts for MBH/

aza-MBH reaction and other reactions,13 it appears straight-

forward that one expects to develop bifunctional chiral

phosphines for asymmetric MBH/aza-MBH reactions. However,

the research on a phosphine version of bifunctional organo-

catalysts has been less explored, compared with that on

bifunctional chiral amine catalysts.

Inspired by the concept of multifunctional catalysis and

based on understanding the mechanism of MBH reaction, we

have employed the strategy of multifunctional catalysis to

design LBBA (Lewis base and Brønsted acid) bifunctional chiral

phosphine organocatalysts (Figure 3) for MBH/aza-MBH and

related reactions. Our developed bifunctional chiral phosphine

organocatalysts have afforded the corresponding adducts in

high yields with good to excellent ee’s in MBH/aza-MBH and

related reactions. This Account will summarize the origin and

development in the application of multifunctional/bifunctional

chiral phosphine organocatalysts in catalytic asymmetric MBH/

aza-MBH and related reactions.

2. Multifunctional Chiral Phosphine
Catalysts in Aza-Morita-Baylis-Hillman
Reaction
In 1993, Hayashi first synthesized the chiral phosphorus com-

pound CP1 as a chiral monodentate phosphine ligand.14 In

2002, our group first demonstrated that this 1,1′-bi-2,2′-naph-

thol (BINOL)-derived chiral LBBA bifunctional phosphine CP1
(LB ) PPh3, BA ) Ph-OH) could be used as an effective cat-

alyst in asymmetric aza-MBH reaction of N-tosyl imines with

MVK and phenyl acrylate, providing the corresponding

adducts in good yields with high ee’s (Scheme 2).15 The asym-

metric induction of this catalyst is comparable to that of the

quinidine derivatives.16 The presence of a phenolic hydroxyl

group in catalyst CP1 seems crucial for good yield and high

ee since replacing the phenolic hydroxyl group with a meth-

oxyl or an ethyl group gave the product in much lower yield

and ee. Then, we first conducted the mechanistic studies of

the bifunctional chiral phosphine catalysis in the aza-MBH

reaction through the 1H and 31P NMR spectroscopic tracing

experiments, which revealed the bifunctional role of catalyst

SCHEME 1. The Proposed Mechanism of MBH Reaction

FIGURE 3. Multifunctional chiral phosphine Lewis base catalyst,
LBBA bifunctional catalytic system: LB, Lewis base; BA, Brønsted
acid.

SCHEME 2. Phosphine and Phenolic Hydroxyl Group Type of
Multifunctional Chiral Phosphine-Catalyzed Asymmetric Aza-MBH
Reaction
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CP1.17 The 31P NMR spectroscopic data of CP1 with MVK elu-

cidated a new signal at +25.30 ppm, which was believed to

correspond to the phosphonium enolate intermediate A (Fig-

ure 4). The 1H NMR spectra clearly showed that the phenolic

hydroxy group at 4.62 ppm in CP1 shifted to another place

with the addition of MVK, which indicated the existence of a

hydrogen-bonding interaction (Figure 5). For comparison, the

phosphonium bromide salt was prepared, and its 1H NMR

spectrum was measured and showed that the signal of the

phenolic hydroxy group dramatically shifted to 9.78 ppm (Fig-

ure 5; for a more detailed discussion on the preparation pro-

cedure and NMR measurements, please see ref 17). This

further strongly suggests that there is an intramolecular hydro-

gen bonding between the phenolic hydroxy group and oxy-

gen atom of carbonyl group to stabilize the in situ formed

phosphonium enolate. We then proposed a detailed mecha-

nism to rationalize the reaction outcomes of stereochemistry

of adducts. The phosphorus center acts as a Lewis base (LB) to

initiate the reaction, and the phenolic OH group acts as a

Brønsted acid (BA) utilized to stabilize the in situ formed key

enolate intermediate A and the reaction intermediate B
through hydrogen bonding; subsequently one of B’s diaster-

eomers is the most favorable for the subsequent proton trans-

fer and �-elimination, leading to the desirable enantioselective

adduct (Scheme 3). Subsequently, Leitner et al. observed that

triphenylphosphine either alone or in combination with pro-

tic additives could cause racemization of the aza-MBH prod-

uct.18 To our delight, the chiral catalyst CP1 did not induce

any racemization on a similar time scale. The phenolic

hydroxyl group in the catalyst might play an important role in

preventing the racemization of the product. Catalyst CP1 also

shows good asymmetric induction for the aza-MBH reactions

of ethyl (arylimino)acetates with MVK and EVK.19 However,

catalyst CP1 could not give good enantiomeric excess in the

reaction of N-arylmethylidenediphenylphosphinamides with

activated alkenes such as MVK, acrylonitrile, or phenyl acry-

late.20

Having identified the catalyst CP1 as an efficient catalyst

for aza-MBH reaction, we hypothesized that replacing the phe-

nol group in catalyst CP1 with other groups such as a (thio-

)urea group might also give high catalytic activity and good

asymmetric induction, because the acidic NH protons provide

good opportunity to form a hydrogen bond, which may sta-

bilize certain intermediates.21 Indeed it was found that the

chiral thiourea-phosphine CP2 in combination with benzoic

acid was a very successful catalytic system for the aza-MBH

reaction of N-tosyl imines with MVK, PVK, EVK, or acrolein

(Scheme 4).22 To the best of our knowledge, this was the first

report about the synthesis and application of chiral phosphi-

nothiourea catalysts in asymmetric catalysis.

Subsequently, in order to further improve the catalytic

activity and enantioselectivity, we designed and synthesized

a series of bifunctional chiral phosphine amides, CP3-CP9
(Figure 6), which may serve as efficient catalysts because they

FIGURE 4. 31P NMR tracing experiment.
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FIGURE 5. 1H NMR spectra.

SCHEME 3. A Plausible Mechanism of Bifunctional Chiral Phosphine Catalyzed Aza-MBH Reaction
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have a unique chiral environment and their acidic amide pro-

ton may act as an efficient hydrogen-bonding donor to inter-

act with substrate. Interestingly, it was observed that the

acetamide-phosphine CP7 with a moderately acidic amide

proton displayed the best asymmetric induction for the aza-

MBH reaction of N-tosyl imines with MVK or EVK, affording

high yield up to 99% and excellent ee up to 91%.23 How-

ever, the catalyst CP4 having a stronger acidic amide proton

could not give any product. Presumably, the strong acidic

amide proton is transferred to zwitterionic enolate I mentioned

in Scheme 1, leading to some inactive intermediate, which

cannot facilitate the catalytic cycle.

Later on, three sterically congested bifunctional chiral phos-

phane-amides, CP10-CP12 (Figure 7) were further synthe-

sized in order to evaluate the steric effect for asymmetric

induction. It was found that this type of catalyst has similar

chiral induction for the aza-MBH reaction of N-tosyl imines

with MVK at room temperature as catalyst CP1 at -30 °C.

Catalysts CP11 and CP12 are indeed more effective than the

less sterically hindered phosphane-monobenzamide CP6.24

The nucleophilicity of the phosphorus center in the cata-

lyst may affect catalytic activity. Thus catalyst CP13 was

designed to test the nucleophilicity effect by changing the

phenyl groups in catalyst CP1 with methyl groups. The

derived catalyst CP13 was examined in the aza-MBH reac-

tion of N-tosyl imines with less reactive olefins of 2-cyclo-

hexen-1-one or 2-cyclopenten-1-one (Scheme 5), which could

not be catalyzed by CP1. The desired adducts were obtained

in good yields and moderate enantiomeric excess.25 This indi-

cates that increasing the nucleophilicity of the reactive cen-

ter improves the catalytic reactivity.

Having established the nucleophilicity effect, we further

designed and developed a series of bifunctional chiral phos-

phine Lewis bases, CP14-CP17 (Figure 8), bearing an alkyl

group on the phosphorus atom to tune the nucleophilicity of

the phosphorus center and the steric hindrance.26 We were

pleased to find that catalysts CP14-CP17 were very effec-

tive in the aza-MBH reaction of various N-tosyl imines with

MVK under mild and concise conditions to produce the cor-

responding adducts in good-to-excellent yields within rela-

tively short reaction times. Especially, CP16 was the most

effective catalyst to give the corresponding adducts in good-

to-excellent yields and moderate-to-good enantioselectivities

SCHEME 4. Multifunctional Chiral Phosphinothiourea-Catalyzed
Asymmetric Aza-MBH Reaction

FIGURE 6. Structures of phosphine-amide-type bifunctional chiral
phosphines.

FIGURE 7. Sterically congested phosphine-amide-type bifunctional chiral phosphines.
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within only 1-5 h under mild conditions.26 To the best of our

knowledge, this is the fastest asymmetric aza-MBH reaction

reported thus far.

A few reports have demonstrated that introducing a long-

chain alkyl group in a variety of chiral ligands could improve

the catalytic activity and enantioselectivity in homogeneous

asymmetric catalysis.27 Inspired by these reports, we have

introduced the so-called “pony tails”, long perfluoroalkane

chains, at the naphthalene framework and synthesized the cat-

alysts CP18 and CP19 (Figure 9). Indeed, the catalyst CP19
was more effective in the aza-MBH reaction of N-tosyl imines

with MVK than the previously reported original chiral phos-

phine CP1.28 The performance of CP18 was not so impres-

sive, presumably due to the steric bulkiness.

Another approach to improve the catalytic activity and

enantioselectivity is to increase the number of hydrogen bond

donors in the bifunctional chiral phosphines. The working

hypothesis is that chiral phosphine Lewis base, such as chiral

phosphinyl BINOL, bearing multiple phenol groups, can accel-

erate the reaction rates and overcome the drawback of the

limited substrates in catalytic asymmetric aza-MBH reaction

because these hydrogen bond donating groups can signifi-

cantly stabilize the key phosphonium enolate and then pro-

duce the corresponding adducts in good yields and high ee

(Figure 10). Thus, CP1 was modified to incorporate multiple

phenol groups, and it was found that catalyst CP20 gave the

best asymmetric induction. The corresponding adducts could

be obtained in >90% ee and good to excellent yields at -20

°C or room temperature (25 °C) in THF for most substrates

using MVK, EVK, or acrolein as a Michael acceptor (Scheme

6).29 We also carried out the 31P NMR measurements for

CP20 and the mixture of CP20 and MVK in order to provide

some evidence for our working hypothesis. It was observed

that the 31P NMR spectrum of CP20 showed a signal at

-12.07 ppm, and then a new signal appeared quickly at

+26.36 ppm, while the signal at -12.07 ppm almost van-

ished after addition of MVK (Figure 11). The signal at +26.36

ppm was considered to be the chemical shift corresponding to

a key phosphonium enolate intermediate generated in situ

from equilibrium. It is notable that under the same conditions,

the aforementioned 31P NMR spectrum of the mixture of CP1

and MVK (see Figure 4) showed two signals at +25.3 ppm

and -13.2 ppm in a ratio of almost 1:1. These results indi-

cated that multiple phenol groups, namely, more hydrogen

bond donors, can drive the equilibrium largely to the forma-

tion of the phosphonium enolate intermediate and stabilize

the intermediate strongly via intramolecular hydrogen bond-

ing, which may be employed to rationalize the high enanti-

oselectivities and yields achieved by CP20.

SCHEME 5. More Nucleophilic Phosphane-Phenol-Type Bifunctional
Chiral Phosphines in the Asymmetric Aza-MBH Reaction of N-
Sulfonated Imine with Cyclic Enone

FIGURE 8. Structures of more nucleophilic phosphane-phenol type
bifunctional chiral phosphines.

FIGURE 9. Phosphane-phenol-type bifunctional chiral phosphines
bearing perfluoroalkane chains.

FIGURE 10. A proposed hydrogen-bonding structure in chiral
phosphine Lewis bases bearing multiple phenol groups.

SCHEME 6. Asymmetric Aza-MBH Reaction Catalyzed by Chiral
Phosphines Bearing Multiple Phenolic Hydroxyl Groups
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On the basis of the same working hypothesis, Sasai et al.

functionalized the 3-position of BINOL with a series of aryl

phosphines. It was found that catalyst CP21 could effectively

catalyze asymmetric aza-MBH reaction of N-tosyl imines with

vinyl ketones (Scheme 7).30 More recently, Ito et al. also

reported biphenol-based bifunctional catalyst CP22 for aza-

MBH reaction of N-tosyl imines with MVK (Scheme 8).31 High

enantioselectivity up to 96% ee was achieved by CP22 with

catalyst loading of 1 mol %.

In order to recycle the catalyst, we immobilized CP1 on

a series of dendrimers.32 It was found that the dendrimer-

immobilized catalyst CP23 (Figure 12) was more effective

FIGURE 11. 31P NMR of CP20 and the mixture of CP20 and MVK.

SCHEME 7. Multifunctional Chiral Phosphines in Asymmetric Aza-MBH Reaction
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than catalyst CP1 for the aza-MBH reaction of N-sulfonyl

imines with MVK, EVK, or acrolein. The catalyst could be

easily separated from the reaction mixture by simple filtra-

tion after the reaction and reused without obvious loss of

activity.33

More recently, Liu and co-workers reported trifunctional

organocatalyst-promoted counterion catalysis for aza-MBH

reactions at ambient temperature.34 Fast and enantioselec-

tive aza-MBH reactions between electron-deficient or electron-

rich aromatic N-tosyl imines and MVK were achieved at

ambient temperature using asymmetric counterion-directed

catalysis promoted by trifunctional organocatalysts with a

Brønsted base as the activity switch after protonation with ben-

zoic acid (Scheme 9).

3. Multifunctional Chiral Phosphine
Catalysts in Morita-Baylis-Hillman
Reaction
We have demonstrated that bifunctional chiral phosphines are

efficient enantioselective catalysts in aza-MBH reactions.

Besides aza-MBH reactions, we and other groups found that

they can also be applied in MBH reaction of aldehydes with

various activated alkenes. In 2000, Zhang reported that

hydroxyl phospholane CP25 catalyzed MBH reaction between

4-pyridinecarboaldehyde and methyl acrylate. If the hydroxyl

group in the phospholane was protected, a lower reaction rate

was observed (Scheme 10).35

As an effective catalyst in aza-MBH reaction, catalyst CP20
bearing multiple phenol groups is also effective for the MBH

reaction of aldehydes with MVK (Scheme 11).36 If the two

phenol groups on the second binaphthalene moiety were

changed to methoxy groups, the resulting chiral phosphine

could not catalyze the reaction under identical conditions. It

SCHEME 8. Biphenol-Based Bifunctional Catalyst in Asymmetric Aza-MBH Reaction

FIGURE 12. Dendrimer immobilized phosphine-phenol type of
multifunctional chiral phosphines.

SCHEME 9. Trifunctional Phosphine Organocatalyst-Promoted Aza-
MBH Reaction

SCHEME 10. Phosphane-Hydroxy-Type Multifunctional Chiral
Phosphine-Catalyzed Asymmetric MBH Reaction

SCHEME 11. Phosphane-Multiphenol Groups of Chiral Phosphines
in Asymmetric MBH Reaction of Aldehydes with MVK
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could be deduced that the multiple phenol groups played a

significant role in accelerating the reaction rates, which is in

line with our observations in aza-MBH reaction.

In order to investigate whether previously synthesized cat-

alysts CP14-CP17 were still effective for MBH reaction, we

tested them in the reaction of aldehydes with activated alk-

enes. For comparison, the catalyst CP1 and newly designed

catalysts CP26-CP30 were also examined (Figure 13). Unfor-

tunately, the effective catalyst CP1 for aza-MBH reaction did

not show catalytic activity for the reaction of 3-phenylpropa-

nal and MVK. CP16 was still the most effective catalyst with

respect to a wide range of substrates, affording the corre-

sponding products in good yields with moderate ee’s (Scheme

12).37

Recently, Wu’s group reported a series of chiral phosphi-

no(thio)ureas CP31-CP36 (Figure 14) derived from trans-2-

amino-1-(diphenylphosphino)cyclohexane. CP31 was the best

catalyst for the MBH reaction of various aromatic aldehydes

with MVK giving the products with excellent enantiomeric

excesses under mild conditions in relative short reaction time

(Scheme 13).38

4. Multifunctional Chiral Phosphine
Catalysts in Other Reactions
Since 2007, several elegant papers have reported that bifunc-

tional chiral phosphines can be applied in reactions beyond

MBH/aza-MBH reaction, such as enantioselective [3 + 2]

cycloaddition reactions.39,40 Miller’s group developed R-amino

acid derived chiral phosphines that can catalyze [3 + 2]

cycloaddition between allenic ester and R,�-unsaturated

ketones. Both cyclic and acyclic enones were applicable for

this reaction, giving the corresponding cyclopentenes with

high enantioselectivities (Scheme 14).41 The hydrogen atom

in the amide moiety of CP37 was considered to be pivotal as

the hydrogen bond donor to stabilize the transition state

accounting for asymmetric induction.

More recently, Jacobsen developed a series of bifunctional

phosphorus thiourea derivatives for highly enantioselective

synthesis of chiral dihydropyrroles via imine-allene [3 + 2]

cycloaddition. They identified the simplified alanine-derived

chiral phosphinothiourea CP38 as the best catalyst (Scheme

15) and found that the amino amide plays a secondary role

relative to the aminophosphine component of the catalyst with

respect to enantioinduction but is nonetheless important for

catalyst activity.42 The hydrogen bonding of thiourea to the

oxygen atom of the phosphinyoyl group is proposed to make

the imine adopt an s-cis conformation that is critical to fur-

nish an effective chiral environment. The π-π stacking

between the amide portion of the catalyst and the diphenyl

portion of the imine may also provide additional selective sta-

bilization of the lowest energy transition state.

Interestingly, our previously developed catalyst CP7 for

aza-MBH reaction has a new application. Catalyst CP7

achieved high yield and excellent ee for the reaction of MBH

acetates with 2-trimethylsilyloxy furan, which is an effective

approach for the asymmetric synthesis of γ-butenolides

(Scheme 16).43 The experimental observations reveal that the

active amide proton in CP7 is crucial to the catalytic reactiv-

ity and enantioselectivity. The proposed mechanism is illus-

trated in Scheme 17, which suggests that the active amide

proton in CP7 as a hydrogen donor to form intramolecular

FIGURE 13. Structures of more nucleophilic phosphine-phenol-type
bifunctional chiral phosphines.

SCHEME 12. Phosphane-Phenol-Type Multifunctional Chiral
Phosphine-Catalyzed Asymmetric MBH Reaction of Aldehydes with
R,�-Unsaturated Ketones

FIGURE 14. Structures of phosphine-(thio)urea multifunctional
chiral phosphines.

SCHEME 13. Phosphine-(thio)urea Multifunctional Chiral
Phosphine-Catalyzed Asymmetric MBH Reaction
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hydrogen bonding stabilizes the intermediate, leading to

excellent enantioselectivity.

In 2004, Krische and co-workers reported the first exam-

ple of phosphine-catalyzed intermolecular allylic substitution

reactions of MBH acetates,44 and then the asymmetric ver-

sion was reported by Hou using planar chiral [2.2]paracyclo-

phane monophosphines as catalyst, affording the allylic

amination products in high regioselectivities and in modest

enantioselectivities with respect to limited substrates.45 To fur-

ther extend the substrate scope of this reaction, we developed

a series of L-proline-derived chiral phosphine-amide catalysts

and examined their performance. Using catalyst CP39, we

were pleased to obtain the product in good yields with mod-

erate ee, which could not be achieved successfully in previ-

SCHEME 14. Phosphine-amide-Type Multifunctional Chiral Phosphine Catalyzed Asymmetric [3 + 2] Cycloaddition Reaction

SCHEME 15. Phosphane-Amide-Type Multifunctional Chiral Phosphine Catalyzed Asymmetric [3 + 2] Cycloaddition Reaction of Activated
Imines with Allenic Ester

SCHEME 16. Phosphane-Amide-Type Multifunctional Chiral Phosphine Catalyzed Allylic Substitution of Various MBH Acetates with 2-
Trimethylsilyloxy Furan

SCHEME 17. A Plausible Reaction Mechanism
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ous studies (Scheme 18).46 Our results reveal that the chirality

of the proline moiety has a certain impact on the reaction out-

come but do not show any significant match/mismatch

between the chirality of binaphthol and proline. Replacing the

active amino proton of proline with an N-Boc group did not

decrease the yield and enantioselectivity significantly, sug-

gesting that the active amino proton of the proline moiety

might be dispensable in this reaction.

5. Conclusion

In conclusion, multifunctional/bifunctional chiral phosphine

organocatalysts have established themselves as efficient enan-

tioselective catalysts in catalytic asymmetric MBH and related

reactions due to the combination of a hydrogen-bonding motif

with a highly nucleophilic phosphorus center within one mol-

ecule. We have also demonstrated that the reactivities and

enantioselectivies of these multifunctional/bifunctional chiral

phosphine organocatalysts can be finely tuned through

enhancing the reactive center’s nucleophilicity and varying

and increasing hydrogen bond donors. Multifunctional catal-

ysis will remain as a powerful strategy to inspire the design of

new efficient and selective catalysts.
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