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Catalytic Asymmetric Synthesis by Means of Secondary Interaction between 
Chirai Ligands and Substrates 
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I.  Introducth 

In the past two decades, there has been great progress 
in asymmetric synthesis employing a chiral metal 
catalyst, so-called catalyticasymmetricsynthesis, which 
is one of the most promising methods of obtaining an 
optically active compound,since asmallamountofchi- 
ral material can produce a large amount of chiral 
product.' 
Aa seen in many succeeaful examples of catalytic 

asymmetric reactionssuch as rhodium- and ruthenium- 
catalyzed asymmetric hydrogenations, asymmetric ep- 
oxidation and dihydroxylation of olefins, palladium- 
catalyzed asymmetric allylic alkylations, and asymmetric 
alkylations with organozinc reagents, the achievement 
of highly enantioselective reaction by chiral metal 
catalyst meets a t  least one of the following two 
requirements in general. (1) The prochiral center of a 
reaction substrate is in close proximity to a central 
metal. In most cases, the prochiral functional group is 
in coordination with the central metal directly, e.g., 
n-coordination of olefins in the asymmetric hydroge- 
nations and a-coordination of aldehydes in the asym- 
metric alkylation with organozinc reagents. (2) The 
reacting substrate, to which asymmetry of a chiral 
catalyst should be induced, has a secondary coordina- 
tion site to form a chelate complex at  the enantiodif- 
ferentiating transition state. Such a secondary inter- 
action between the reacting substrate and the central 
metal suppreases the degree of freedom in the transition 
state and makes it easy to control the stereochemistry 
of the product. 

Masaya Sawamua was bom In 1961. He was Wadunted from 
Kyoto Unhwsny. where he also recehred his Doctor mbvw in 
1989 under the direction of Prof. Y. It0 wnh the thesis q& 
Cata!vzedAsymtric AldolReacthm Ofrr-Isocyanocarboxyletes 
He is now an assistant professor of the department of Synthetic 
Chemistry. Kyoto University. HIS research interests are in the 
development of new synthetic methods wkh organometallic and 
biological molecules. He is currently engaged in catalytic asym- 
metric synthesis promoted by transnlon metal complexes. 

Yoshhko It0 was born in 1937. He was graduated from Kyoto 
Unhwsny. where he received his Doctor Degree of Engineering 
under the supervislon of Prof. R. Oda in 1966. His -is Is entnled 
New Synfhetic Reacthms wilb IsonlMles. YlMes andCarbenes. He 
is now a full professor of the department of Synthetic Chemistry. 
Kyoto University HIS research group is involved in the study of a 
broad range of topics coveringthe general area 01 synthetic organic 
chemistry wkh emphasis on development of new synthetic 
methodologles by means 01 organometallic compounds. Synthesis 
and synthetic methods of new silicon compounds end functionally 
interesting molecules are also current topics in his group. 

Ontheotherhand,anewtypeofchiralligands,which 
has been designed and synthesized so as to interact 
with the reacting substrates by means of secondary 
interactions between functional groups on the chiral 
ligands and substrates and to overcome the above- 
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mentioned requirements, has recently been of much 
interest. An interesting point of the asymmetric 
synthesis with the new functionalized chiral ligands is 
the resemblance to enzymes in the manner of stereo- 
selection, which are excellent chiral catalysts in bio- 
logical systems. The multipoint interaction of the 
transition state with convergent functional groups of 
the enzyme is the essence of the stereospecific enzyme 
catalysis. 

In this review, we would like to describe the usefulness 
of the secondary ligand-substrate interaction by col- 
lecting the examples of catalytic asymmetric reactions, 
which seem to be in accord with the concepts2 

I I .  Palladlum-Catalyzed Asymmetrlc Allyllc 
Alkylatlon 

A. Asymmetric Induction at Carbon Nucleophlles 
Studies on the stereochemistry of the palladium- 

catalyzed allylic alkylation have revealed that stabilized 
carbon nucleophiles such as acetylacetonate attack a 
?r-allyl carbon from the side opposite to palladium atom 
in a ?r-allylpalladium(I1) Accordingly, 
it is apparent that a chiral ligand on palladium is far 
from the attacking nucleophile and has only a limited 
effect on the asymmetric allylation reaction where a 
new asymmetric center is created at the n~cleophile.~J 

Hayashi et al. have designed new types of chiral 
diphosphine ligands which possess a chirotopic func - 
tional group at an appropriate distance from an achi- 
ral diphosphine moiety and demonstratqd them to be 
fairly effective for the asymmetric allylic alkylation.6 
Phosphine ligands 1 and 2 were examined for the ste- 
reoselectivity in the palladium-catalyzed reaction of 
sodium enolate of 2-acetylcyclohexanone (3) with allyl 
acetate (Scheme 1, Table 1). Optically active allyla- 
tion product 4 with high enantiomeric purity can be 
obtained in the reaction with phosphine ligands la and 
lb. The reaction with la at -50 "C gives 4 in the highest 
enantiomeric excess (52% ee). The coordinative in- 
teraction between the chiral functional groups and the 
sodium enolate has been proposed for the stereoselec- 
tion (Figure la). The low selectivity with 2a, which 
has 1-phenylethyl group as a chiral source, supports 
the proposed chelation. The importance of linker chain 
length is shown by lower selectivity of 28, which is a 
long-chain version of la. 

Table 1. Palladium-Catalyzed Asymmetric Allylation 
of Sodium Enolate of 2-Acetylcyclohexanone (3) 
(Scheme 1). 

chiral T chiral T 
ligand (OC) 76 ee ligand ("C) 76 ee 

la -30 45(R) 2 r t  5 (R) 

lb -30 31 (R) (S)-prophos -30 11 (R) 
a 3/allyl acetate/[(wdlyl)PdC1]2/chiral ligand = 1/1.4/0.004/ 

la  r t  19 (R) IC -30 15(R) 

la  -50 52(R) (-)-DIOP -30 2(R) 

0.008. 

a 

H 
yNMe 

b 

's, hydrogen 
'*, tondng 

l+ 

n 

(inclusion complex) 
l+ 

Figure 1. Secondary interactions proposed for the palladium- 
catalyzed asymmetric allylation of unsymmetrically substi- 
tuted 1,3-diketones with ligands bearing a chirotopic func- 
tional group (1 and 2) (a), with ferrocenylphosphine ligand 
bearing a hydroxyl group 5a (b), and with crown ether- 
modified ligand 6d (c). 

Similar ligand modification was performed on chiral 
ferrocenylphosphine ligand 5 and used in the same 
palladium-catalyzed allylati~n.~ Results of asymmetric 
allylation of 3 are summarized in Table 2. The 
palladium catalyst bearing ferrocenylphosphine 5a, 
which contains one hydroxyl group on the terminal 
position of pendant chain, is the most catalytically active 
and stereoselective, giving the allylation product in 73 % 
ee at -50 "C and in 81% ee at -60 "C. The ligand 
possessing two terminal hydroxyl groups, 5b, shows less 
stereoselectivity (49% ee), although this ligand is better 
than 5a in the allylic alkylation where new stereogenic 
center is created at  allylic substrates (vide infra, 11-B). 
The dependency of the stereoselectivity on the linker 
chain length (ligand 5d and 5e) is herein observed. 

It should be noted that the catalysts with higher ste- 
reoselectivity are more catalytically active in general. 
Hayashi et al. have proposed that a secondary inter- 
action between the chiral ligands and the nucleophile 
accelerates the allylation by drawing the nucleophile 
up to the x-allyl and that a hydrogen bonding between 
the hydroxyl group and enolate anion is more probable 
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Table 2. Asymmetric Allylation of Sodium Enolate of 
2-Acetylcyclohexanone (3) (Scheme 1) Catalyzed by 
Palladium Complexes of Chiral Fermcenylphosphine 
Ligands 5a-b' 

X 

*iCH3 

Fa PPhZ 

chid liiand 
X of (R)-(S)-5 

NMeCH2CH20H 

T 

NMe2 -30 22 ( R )  
a l/allylacetata/[(~-allyl)PdCll~chual ligand = 1/1.25/0.005/ 

0.011. 

Figure 2. X-ray structure of r-allyIpalladium(I1) complex 
bearing femnylphosphine liiand Sa. 

for the secondary interaction than coordination to 
sodium of enolate (Figure 2) because the replacement 
of the terminal hydroxyl group with amino or methoxy 
group resulted in the formation of 4 with opposite con- 
figuration in low optical yield (ligand 5f and 5g). 
Recently, the X-ray crystal structure of the n-allylpal- 
ladium complex hearing hydroxylated ligand 5a was 
reported,'O in which the pendant hydroxyl group reachea 
over the n-allyl group and is located in close proximity 
to one of the n-allyl carbon atoms (Figure 2). Hayashi 
et al. proposed a hypothetical transition-state model 
(Figure 3a), where hydrogen bonding between the hy- 
droxyl group and enolate anion causes preferential at- 
tackoftheenolateonr-allylcarbonatomC1,arranging 
larger substituent L and smaller one S to outside (left 
side in Figure 3a) and inside (right side), respectively?JO 

Although the palladium catalyst bearing 5a is also 
effective for other cyclic diketones, near-racemic prod- 
uct is formed in the reaction of 2-acetylcyclopentanone. 
Moderate stereoselectivities are obtainable, however, 
in the reaction of acyclic active methine compounds 
(Figure 4). 
Ito, Sawamura, Hayashi, and co-workers reported the 

palladium-catalyzed asymmetric allylation of a-isocy- 
anocarboxylates using hydroxylated ferrocenylphos- 
phine ligand 5a.I' Enantioselectivities are very low 
under usual reaction conditions, but improved signif- 
icantly by an addition of 1 equiv of zinc halides, which 
may be coordinated to an isocyano group. The highest 
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Figure3. Transition-statamode1 proposed for the palladium- 
catalyzed asymmetric allyletion of unsymmetrically substi- 
tuted 1.3-diketones with ferrocenylphosphine ligand Sa (a) 
and with crown ether-modified ligand 6b (b). 

P h y  p h P H  

'I\ . 
60% 88 (+) U%M(R) 

Fiyre 4. List of producta resulting from the palladium- 
catalyzed asymmetric allylation with ferrocenylphoephine 6.. 
Values of enantiomeric ex- are accompanied with the 
structural formulas. 

Scheme 2 
Ph 1mOl)b Ph 
I PdlS. *I 

CNCHCOzMe CNCCOzMe 
CHICHCHflAc. THF I 

35% ee (+) 

optical yield (39 7% ) is obtained in the allylation of meth- 
yl a-isocyanophenylacetate in the presence of DBU as 
a base and ZnBrr additive (Scheme 2). 

Recently, Sawamura, Ito, and co-workers have syn- 
thesized a aeries of chiral ferrocenylphosphine ligands 
modified by monoaza or diaza crown ethers of varying 
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Table 3. Palladium-Catalyzed Asymmetric Allylation of 
2-Acetylcyclohexanone under the Two-Phase Reaction 
Conditions' 

1 mol% 
cmwn ether-rodified ligand 

4 ?Y pd CHz-CHCHzOAc 
KF (2 eq) 
mesitylene 

Sawamua and It0 

L' T PCI t (h) eo"" 1 9 .  I 9. ee 

6a -25 40 30 49 (R) 
6h -25 40 100 60 (R) 

-40 150 100 68 (R) 
6c -25 40 59 49 (R) 
6d -25 40 97 72 (R) 

-40 150 100 75 (R) 
6e -25 40 40 

a Diketone/allyl acetate/KF/Pd2(dba)3chiral ligand = 1/1.5/ 
2/0.005/0.011. 

ring sizes and linker chain lengths (6a-e and 7) and 
applied them to the palladium-catalyzed asymmetric 
allylation of @-diketones.12 These ligands were designed 
to interact with the nucleophile through the formation 
of inclusion complex with the crown ether (Figure IC). 

The crown ether-modified ligands were examined for 
the enantioselectivity and catalytic activity in the 
asymmetric allylation of 3 in the solid-liquid, two-phase 
reaction condition using potassium fluoride as a base 
in mesitylene solvent (Table 3). Ligands 6a-c have 
monoaza crown ethers of varying ring sizes tethered 
with the same length of linker chain. As expected from 
the complementarity between hole size of crown ether 
and ionic radius of a guest cation, ligand 6c with 
monoaza-18-crown-6 moiety significantly accelerates 
the allylation with increased enantioselectivity (60%) 
comparedwith5h (32% ee) and8a (22% ee), whichare 
the ferrocenylphosphine ligand lacking the crown ether 
moiety, while monoaza-15-crown-5 and monoaza-21- 
crown-7 of 6a and 6c retard the reaction, giving the 
allylation product inlow yield with4976 ee. The highest 
enantioselectivity of 75% is obtained in the allylation 
at  -40 "C with the ligand bearing 1,lO-diaza-lS-crown- 
6 moiety (6d). Length of linker chain is also important 
for bothstereoselectivityand catalyticactivity as shown 
by the reaction with ligand 6e and 7. Ligand 6d is also 
effective for the allylation of 2-acetylcyclopentanone 
[65% ee (31 andacyclicp-diketone, 2-methyl-1-phenyl- 
1.3-butanedione [72% ee (-)I. 

Interestingly, the chiral sense of enantioselection by 
the use of crown-modified ligands is always opposite to 
that of Hayashi's hydroxylated ligand 5a. It was 
proposed that the opposite sense may originate from 
theregiochemicalaltemation at thes-dylcarbonatoms 
in nucleophilic attack of enolate and that the sterically 
bulky crown ether moiety blocks the approach of the 
enolate to s-allyl carbon C1, providing a chiral pocket 
around *-allyl carbon C3 for the nucleophilic attack, 
as shown in Figure 3b. 

The NOE study of the *-allylpalladium(I1) complex 
of 6b suggests that the aza crown ether moiety of 6b is 
in a proper orientation to interact with the incoming 
nucleophile (Figure 5) .  

Figure 5. Molecular model of the r-dylpdadium(I1) 
complex bearing crown ether-modified ligand 6b. Arrows 
show 'H(IH) NOES observed. 

4 . k  0.2 

6b: n=2,m=2,X=O 7 

6c: n=Z,m=3,X=O 
W: n=2,m=2,X=NMe 
€8: n=3,m=2,X=O 

NMeCH,CHzNMe2 

e P ' P h z  

ea 

B. Asymmetrlc Inductlon at Allyllc Substrates 
Hayashi, Ito, and co-workers applied the hydroxyl- 

ated ferrocenylphosphine ligands to the palladium- 
catalyzed asymmetric allylic alkylation of 1,3-disub- 
stituted allylic acetates with sodium ecetylacetonate 
and related stabilized carbon  nucleophile^.'^ As shown 
in Table 4, the enantioselectivity in the reaction of (E)-  
1,3-diphenyl-3-acetoxy-l-propene (9) with acetylace- 
tonate increases as the number of hydroxyl group on 
the pendant side chain of chiral ligand increases. 
Extremely high enantioselectivity (96 % ) is attained 
with trihydroxylated ligand 5i. 

Palladium-catalyzed asymmetric allylic amination 
with benzylamine or its derivatives takes place more 
stereoselectively than the allylic alkylations (Scheme 
3).10J4 The reaction of 1,3-diphenyl-2-propenyl ethyl 
carbonate with benzylamine gives an amination product 
in 97% ee with dihydroxylated ligand 5b. Ligand 5b 
is also effective for the amination of 2-propenyl car- 
bonates or phosphinates substituted with alkyl groups. 

31P NMR of s-allylpalladium(I1) acetate bearing 1,3- 
diphenyl s-allyl group and chiral ligand 5b indicated 
that the complex exists as an equilibrium mixture of 
two isomeric forms in a ratio of 20:1, which are 
tentatively assigned to W form and M form, respec- 
tively, as shown in Figure 6. An addition of an excess 
of benzylamine to the equilibrium mixture gave the 
allylicaminationproductin96% ee. On theother hand, 
a 2 1  equilibrating mixture of (1,3-diphenyl-s-allyI)- 
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Table 4. Asymmetric Allylic Alkylation of 
(E)-1,3-Diphenyl-3-acetoxy-l-propene (9) with Sodium 
Acetylacetonate Catalyzed by Palladium Complexes 
Containing Ferrocenyl Ligands 5. 

* phPph 
Pd15 

NaCH(COMe)2 
THF, 40 "C CH(COMe)2 

,,PPh OAc 

9 
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~~~ 

c h i d  ligand x of (R)-(S)-5 % ee 
~ ~~ 

NMeCHzCHzOH (5a) 71 (S) 
NMeCH(CH20H)z (5b) 90 (S) 
NMeC(CHZ0H)s (5i) 96 (S) 
NMez (5h) 62 (S) 

9/NaCH(COMe)d [(~-allyl)PdClI~/L* = 1/1.2/0.005/0.01. 

Ph Ho 

W-form 

~. 

(-30 -1 0 "C) Ph 
M-form 

PhCH2NHZ (1 eq). -10% 

"Pph 96%ee (R) 

I 
NHCHZPh 

Figure 6. Preparation of (1,3-diphenyl-~-allyl)palladium- 
(11) complex bearing ferrocenylphosphine ligand 5b and sto- 
ichiometric reaction of the ?r-allylpalladium(I1) complex with 
benzylamine. 

Scheme 3 
Pd / 5b RpR' + PhCHpNHp 

X 

R = R' = Ph, X = OC02Et, 97% ee (R) 
R = R' = Me, X = OPOPhp, 73% ee (s) 
R = R' = i-Pr, X = OCOpEt, 97% e8 (s) 
R = Me, R' = H, X = OAc, 84% ee (s) 

palladium complex bearing chiral ligand 5h, which lacks 
the hydroxyl pendant, gave the amination product of 
low enantiomeric purity (62% ee) on treatment with 
an excess of benzylamine. 

Chiral ligand 5b is also effective for asymmetric al- 
lylic alkylation of allyl acetates which have two different 
substituents at 1 and 3 positions, resulting in kinetic 
optical resolution of racemic 1- [(E)-styryl1-2-methyl- 
propyl acetate (Scheme 4),15 and for intramolecular 
asymmetric cyclization of carbamate 10 to give 4-vi- 
nyloxazolidones (up to 77% ee) (Scheme 5).16 

Minami and co-workers have synthesized a series of 
chiral monodentate phosphine ligands, which have a 
carboxylic acid functionality and a cyclobutane or cy- 
clopentane backbone (1 1 and 12), and applied them to 
the asymmetric allylic alkylation of 3-acetoxy-1,3-di- 

Scheme 4 

racemic 
OAc 

Pd I Sb, NaCH(COMe)2 
kslKR= 14 I 

Scheme 5 

- -0 
RNHCOZ Pd 15b 

COzNHR 
THF. reflux 

1 0  

R=Ph(E): 73%ee(s) R=l -Np(€) :  70%ee(+) 
R = Ph (2): 77% ee (s) R = (E)-PhCH=CH (E ) :  70% ee (s)  

Table 5. Asymmetric Allylic Alkylation of 9 Catalyzed 
by Palladium Complexes Containing Chiral Ligands 
11-13. 

* Ph+-Ph 
P h w P h  Pd/L',THF 

OAc NaCH: R RACO,R' 
I 

COpR 9 

14a: R = P(0)(OEt)2, R' = Et 
14b: R = C02Me, R' = Me 

nucleophile L* % ee nucleophile L* % ee 
14a (+)-lla 79(+) 14b (+)-llb 85(R)  
14a (+)-llb 83(+) 14b (+)-12a 2(R) 
14a (+)-12a 2(+) 14b (+)-12b 7(R)  
14a (+)-12b 48(+) 14b (+)-13 3 7 ( R )  
14b (+)-lla 77(R) 

9/14/Pd(OAc)dL* = 1/1.5/0.01/0.02. 
~~ ~ 

phenyl-1-propene with triethyl sodiophosphonoacetate 
(14a) and dimethyl malonate (14b) (Table 5).17 

r-fPPh2 HPPh2 NPPhZ 
l l a  l l b  1 3  

U 
12a 12b 

Although high enantioselectivity of around 80% ee 
is obtained in the reaction with both nucleophiles in 
the presence of chiral ligands 2-(dipheny1phosphino)- 
cyclopentanecarboxylic acid (1 lb) and its cyclobutane 
analogue lla, a drastic decrease of the stereoselectiv- 
ity is caused by the use of the chiral ligands whose car- 
boxyl group is connected with a cycloalkane backbone 
via a methylene group (12a,b), indicating that the 
position of the carboxyl substituent is important for 
the stereoselective allylic alkylation. The importance 
of the carboxyl group is further supported by the low 
enantioselectivity observed for the reaction using ligand 
13, which is the ester analogue of 8b. It has been 
proposed that the high stereoselectivity with 1 la,b is 
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Scheme 7 

Sawamura and Ito 

f 
Nu' 

Figure 7. Repulsive secondary interaction proposed for the 
palladium-catalyzed asymmetric allylic alkylation with chi- 
ral ligand bearing carboxyl group ll. 

Scheme 6 

P h p  P h y w C '  + Br- - NiCIz I L' 

Me Me 
16 17 

L'= q2 NMe2 

Me % 
(S)-(R)-PPFA, 15,63% ee ( R j  

(S)-lS, 65% ee (S) (Rj-19, 5% ee (S) (S)-(i!?)-5h, 65% ee (R) 

n 
W 

N NMe 

2W, 65% ee ( R j  

Me H 
(S)-( R)-20 

20c, 42% ee (S) 

caused by an electronic repulsion between the carbox- 
ylate anion on the ligands and the negative charge of 
the incoming nucleophiles, which directs the nucleo- 
philic attack on one of the n-allyl carbons, as shown in 
Figure 7. 

ZZZ. Asymmetrlc Grlgnard Cross-Coupllng 
In 1976, Kumada, Hayashi, and co-workers reported 

the nickel-catalyzed asymmetric Grignard cross-cou- 
pling using chiral [ (aminoalkyl)ferrocenyllphosphine 
ligand PPFA, 15.l8 The cross-coupling of l-phenyl- 
ethyl Grignard reagent 16 with vinyl bromide is 
catalyzed enantioselectively by nickel-PPFA complex 
(0.5 mol %), giving coupling product 17 in 63% ee at  
0 "C (Scheme 6). Various chiral ferrocenylphosphine 
ligands (Sh and 18-20) were examined for the asym- 
metric Grignard cross-coupling. 

Chiral ligand 18, which contains an amino group on 
the ferrocene side chain but lacks the central chirality, 
shows almost the same degree of enantioselectivity, 
while chiral ligand 19, which lacks both the central chi- 
rality and amino group, gives almost racemic product, 
indicating that the planar chirality is more important 
for the stereoselection than the central chirality and 
that the amino group on the side chain is crucial. 
Dramatic change of stereoselectivity is observed by 

Ph Ph 

N- MgCl 
Me &Ph 

I Me 

& 
Me H 

H H 

Table 6. Nickel-Catalyzed Asymmetric Grignard 
Cross-Coupling of 16 with Vinyl Bromide Using Various 
Chiral (8-Aminoalky1)phosphines 21 (Scheme 6) 

R 

Me," 'PPh, 
2 1  

R 96 ee of 17 

(5')-Alaphos (21a) Me 38 (SI 
(S)-Phephos (2 lb) PhCHz 71 (SI 
(R)-PhGlDhos ( 2 1 ~ )  Ph 70 (R) 
(S)-Valphos (21d) i-Pr 81 (S) 
(R)-t-Leuphos (21e) t-Bu 83 (R) ( 9 4 ) O  

Value corrected for the optical purity of ligand 210. 

changing alkyl substituents on amino group [for 20a- 
d, 7% ee ( S )  to 65% ee (R)] .  BPPFA (5h), which is a 
diphosphine ligand bearing a dimethylamino group on 
the side chain, is also an effective chiral ligand. 

Kumada, Hayashi, and co-workers have proposed a 
mechanism of asymmetric induction by PPFA as shown 
in Scheme 7, where the amino group of PPFA coor- 
dinates to the magnesium atom of the in-coming Grig- 
nard reagent. This coordination occurs selectively with 
one of the enantiomers of the racemic Grignard reagent 
(kinetic optical resolution), whose racemization is much 
faster than the cross-coupling, and permits it to readily 
undergo subsequent transmetalation. 
Chiral(8-aminoalky1)phosphines 21, which are pre- 

pared from optically active amino acids, are also 
effective chiral ligands for the asymmetric Grignard 
cross-coupling of 16 with vinyl bromide (Table 6).19 
When t-Leuphos (2113) is used as the chiral ligand the 
highest optical yield of 83 % ee is obtained. The optical 
yield is corrected to 94 '5% ee for the optical purity of the 
ligand. The chiral ligand with larger substituent at  the 
chiral carbon atom induces higher stereoselectivity, that 
is, the order of efficiency for asymmetric induction is 
2113 (R = t-Bu) > 21d (R = i-Pr) > 21b (R = PhCH2) 
r 21c (R = Ph) > 23a (R = Me), 

The cross-coupling of phenyl(trimethylsily1)meth- 
ylmagnesium bromide with vinyl bromide proceeds with 
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Table 7. Asymmetric Grignard Cross-Coupling 
Producing Optically Active Binaphthyls in the 
Presence of NiBra/(S)-(R)-PPFOMe Catalyst 

MgBr 

OMe 

( ~ 4 - 2 3  

Scheme 8 
0.5 mol% 

I I 
SiMe3 R2 

R, R2 %ee 
H H 95 
Me H 85 
H Me 24 
Ph H 95 
H Ph 13 

Scheme 9 
0.5 mol% 

t * PdCI2[(R)-(S)-PPFA(I5)1 Ph 

TH F/Et20 
16/ZnI2 (excess) + B ~ -  

i e  

86% ee 
(S)-17 

extremely high stereoselectivity in the presence of 
PPFA-Pd catalyst, giving an optically active allylsi- 
lane (Scheme Although the reaction of both (E)- 
1-propenyl bromide and (E)-cinnamyl bromide is highly 
stereoselective, the corresponding (2) isomers give 
coupling products in very low optical yield. 

The cross-coupling of organozinc reagents, which are 
prepared in situ from Grignard reagent 16 and zinc 
halides, proceeds in the presence of PPFA-Pd catalyst 
more stereoselectively than that of the Grignard reagent 
(Scheme 9).21 Cz-Symmetric ferrocenyldiphosphine 22 
is an excellent ligand in this reaction, giving the coupling 
product 17 in 93% eeezZ 

The asymmetric cross-coupling has been successfully 
applied to the synthesis of optically active binaphthyls 
(up to 95 7% ee, Table 7).23 Ferrocenylphosphine ligand 
23, which has a methoxy group on the ferrocene side 
chain, is the chiral ligand of choice. The nickel complex 
of PPFA (15), which has a dimethylamino group instead 
of methoxy group, is catalytically inactive in this case. 
Although 2-methyl-l,l'-binaphthyl is obtained in 83 % 
ee by the cross-coupling of (2-methyl-1-naphthy1)mag- 
nesium bromide with 1-naphthyl bromide, the same 
product with a much lower enantiomeric excess is 
produced in another cross-coupling of l-naphthylmag- 
nesium bromide with 2-methyl-1-naphthyl bromide. 
This result suggests that the stereochemistry of binaph- 
thy1 is determined kinetically in the formation of di- 
astereomeric diorganonickel(I1) species, which has a 
chiral propeller structure and hardly undergoes epimer- 
ization due to a steric hindrance preventing rotation of 
nickel-carbon bonds. It has been proposed that co- 
ordination of the methoxy group of ligand 23 with the 
magnesium atom in the Grignard reagent favors the 
stereoselective transmetalation forming the diorgano- 
nickel species. 

cat. T 
Ri Rz mol % ("C) % ee 
Me Me 5 -15 95 (R) 
Me H 2 -30 83 (R) 
H Me 2 -10 16 (R) 
Et H 5 -20 77 (R) 

Table 8. Gold-Catalyzed Asymmetric Aldol Reaction of 
Isocyanoacetate 29a with Aldehydes (Scheme 14) 

ratio of % ee of 
entry aldehyde L* translcis trans-30 

6 

7 

8 

9 

10 
11 
12 
13 
14 
15 
16 

PhCHO Sa 90/10 91 
PhCHO 8b 89/11 93 
PhCHO 8c 9416 95 
PhCHO 8d 9515 95 

8d 9515 96 

8d 9218 92 

&&no 

&no 8d 9614 95 

OM0 a CHO 

C I O C H O  8d 9416 94 

O,N 0 CHO sa 83/17 86 

MeCHO Sa 78/22 31 
MeCHO 8b 84/16 12 
MeCHO 8d 89/11 89 
i-BuCHO 8d 9614 81 
i-PrCHO Sa 9911 94 
t-BuCHO 8d 100/0 91 
(E)-n-PrCH=CHCHO 8d 87/13 92 

The cross-coupling of 2-methyl-1-naphthylmagne- 
sium bromide with 1,5- and 1,4-dibromonaphthanenes 

Me Me 

(R,R)-24 
90.7% ee 

(R, R)-25 
95.3% ee 

gives optically active ternaphthalenes 24 and 25, 
respectively, in the presence of the same catalyst.23b 
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' S T P P h ,  / ' T P P h ,  's-pph, 

NMe, NMe, NMe, 

26a, 38% ee (3 26b, 65% ee (S) 26c, 88% ee (R)  

NMe2 NMe, 

26e, 58% ee (S) 26d, 42% ee (Rl 

Figure 8. Chiral (0-aminoalky1)phosphine bearing a func- 
tionalized side chain 26 and results of nickel-catalyzed 
asymmetric cross-coupling of Grignard reagent 16 with vinyl 
bromide. Compound numbers are accompanied with the 
values of enantiomeric excess of coupling product 17. 

Kellogg et al. have synthesized a series of chiral (0- 
aminoalky1)phosphine ligands 26, which have a side 
chain containing a functional group such as sulfide or 
amine and applied them to the nickel-catalyzed cross- 
coupling of Grignard reagent 16 with vinyl bromide 
(Figure 8).24 Chiral ligand 26c, derived from homome- 
thionine, gives 17 of the highest optical purity (88%). 
Kellogg et al. have proposed two possibilities for the 
role of the sulfur atom on the side chain, i.e., coordi- 
nation of the sulfur atom to the nickel in the reductive 
elimination process or to magnesium atom of Grignard 
reagent in the transmetalation process. They also 
prepared various chiral macrocyclic amino sulfide 
ligands and examined them for the cross-~oupling.~~ 
The highest enantioselectivity is, however, only 46 % 
with macrocyclic tetrasulfide ligands 27. 

Brubaker et al. have synthesized new chiral ferro- 
cenyl sulfide ligands 28 and have tested them for the 
asymmetric cross-coupling of allylmagnesium chloride 
with 1-phenylethyl chloride (<25% ee).26 

n NMe, 

R = Me, CPr, Ph, 
Fe '" e ptolyl, pClPh 

27 28 

I V. Asymmetrlc Aldol Reaction of 
cy - Isocyanocarboxylates 

A. Gold-Catalyzed Asymmetric Aldol Reaction 
In 1986, Ito, Sawamura, and Hayashi reported that 

the aldol-type reaction of isocyanoacetate 29 with al- 
dehydes is catalyzed by gold complexes containing chi- 
ral ferrocenylphosphine ligands 8 bearing a tertiary 
amino group at  the terminal position of the pendant 
chain, giving optically active 5-alkyl-2-oxazoline-4-car- 
boxylates 30 with high enantio- and diastereoselectiv- 
ity (Scheme 10, Table 8).27128 The trans-oxazolines thus 
obtained can be readily hydrolyzed to the correspond- 
ing threo-&hydroxy a-amino acids. 

For instance, the reaction of methyl isocyanoacetate 
(8a) with benzaldehyde in methylene dichloride at 25 
"C in the presence of 1 mol % of cationicgold(1) catalyst 
prepared in situ by mixing bis(cyclohexy1 isocyanide)- 
gold (I) tetrafluoroborate (31) and chiral ligand sa, which 
has a terminal dimethylamino group, gives almost 
quantitative yield of the oxazoline with 91 % ee in 90/ 

Ph 

0 

'N 
M e 4  

Figure 9. Hypothetical transition-state model proposed for 
the gold-catalyzed asymmetric aldol reaction of 29. 

Scheme 10 

1 mol% 

29a: R2 = Me 
29b: R2 = Et 

30 
trans-( 4S,5Uj 

30 NH, 

trans-( 4S,5R) /3-hydroxy-a-amino acid 

10 trans/cis ratio (Table 8, entry 1). Both enantio- and 
diastereoselectivity are remarkably dependant on the 
structure of the terminal amino group of the ligand 
(entries 1-4 and 10-12), indicating that the amino group 
is playing a key role in the stereoselection. In general, 
six-membered ring amino groups such as piperidino 
and morpholino groups are effective as the terminal 
amino group. Various substituents on the aromatic 
aldehyde are acceptable for the highly stereoselective 
aldol reaction with isocyanoacetate (entries 5-9). Sec- 
ondary and tertiary alkyl aldehydes give the correspond- 
ing trans-oxazolines almost exclusively with high enan- 
tioselectivity (entries 14 and 15). 

Ito, Sawamura, and Hayashi have proposed a hypo- 
thetical transition-state model as shown in Figure 9, 
where the chiral ligand chelates to gold with the two 
phosphorus atoms, leaving the two nitrogen atoms in 
the pendant chain free, and the terminal amino group 
abstracts one of a-methylene protons of gold-coordi- 
nated isocyanoacetate, forming an ion pair between eno- 
late anion and ammonium cation. The attractive 
interaction permits a favorable arrangement of the eno- 
late and aldehyde on the gold at  the stereodifferenti- 
ating transition state. Later, the possibility of coor- 
dination of the aldehyde to the gold a t  the transition 
state was suggested by the results of silver(1)-catalyzed 
asymmetric aldol reaction (vide infra, IV-B). 

Use of ligands 32a,b, which are analogous to 8a,b but 
with a longer tether between the terminal amino groups 
and the ferrocene moiety, or ligand 5a, which has a 
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Table 9. Gold-Catalyzed Asymmetric Aldol Reaction 
of Isocyanoacetate 29a with PhCHO Using Various 
Ferrocenyl Ligands (Scheme 10) 

X 

Chemical Reviews, 1992, Vol. 92, No. 5 865 

4G-PPh2 

ratio of % ee of 
L* X in L* translcis trans-30 
32a NMe(CHd3NMez 89/11 23 
32b NMe(CH2)3NEtz 86/14 26 
5a NMeCHzCHZOH 69/31 37 
5h NMez 68/32 racemic 
5j OMe 861 14 racemic 

Scheme 11 

frans(4R,5S), 93% ee 
franslcis = 89/11 

NHI 
1 1 ) HCI/MeOH 

2) LiAIHl 

A 
OH 

D-erythrcFsphingosine D-tbreesphingosine 

hydroxyl group instead of the terminal amino group, 
causes a drastic decrease in stereoselectivity. The gold 
catalysts containing ferrocenyl phosphine BPPFA (5h) 
and 5j, which lack the terminal amino group, as well as 
chiraphos, DIOP, and p-TolBINAP, are catalytically 
much less active and give almost racemic oxazolines 
(Table 9). 

The usefulness of the gold-catalyzed aldol reaction 
was demonstrated by the application to asymmetric 
synthesis of D-eFythrO- and D-threo-sphingosine, an 
important membrane component and its stereoisomer 
(Scheme 11),29 and MeBmt, an unusual amino acid in 
the immunosuppressive undecapeptide cyclosporine 
(Scheme 12).30 

Togni and Pastor have pointed out that enantiose- 
lectivity in the gold-catalyzed aldol reaction of alde- 
hyde containing a-heteroatom is significantly different 
from that of simple aldehydes (Table Low enan- 
tioselectivities for the corresponding trans-oxazoline 
are observed in the aldol reaction of 2-thiophene-, 2- 
furan-, and 2-pyridinecarboxaldehyde (entries 2,4, and 
7). Worthy of note is the fact that the cis-oxazolines 
are formed as minor product in rather low trans/& 
ratio with fairly high enantioselectivities in the reaction 
of the 2-furan- and 2-pyridinecarboxaldehyde. A 
similar a-heteroatom effect is also observed in the al- 
dol reaction of 2,3-O-isopropylidene-~-glyceraldehyde.~~~ 

The gold-catalyzed aldol reaction of a-isocyanocar- 
boxylates (29a and 33-36) with paraformaldehyde 
produces optically active 4-alkyl-2-oxazoline-4-carbox- 
ylates (37) in moderate to good enantioselectivity.32 
These products can be easily converted to biologically 
interesting a-alkylserines and their derivatives (Scheme 
13). 

29b/CICH2CHzCI 1 I mol% 
Au(l)l(R)-(S)-8a 40°C 

Me 

+ cis-isomers 

85% 10% 5% 
desired isomer 

Me NHMe 
mixtureof - dcOzEt 
oxazolines 

51 % - 
OH overall 

pure MeBmt 

Scheme 13 

34: R=Et  
35: R =  iPr 
36: R=Ph 

Table 10. Asymmetric Aldol Reaction of 
Isocyanoacetate 29b with Functionalized Aldehydes in 
the Presence of Gold(1) Catalyst Containing Ligand 8a 
(Scheme 14). 

~~~ 

aldehyde, ratio of % ee of % eeof 
R' translcis trans-30 cis-30 

3-thienyl 90/10 78 1 

3-fury1 86/14 81 I 
2-fury1 68/32 32 83 
4-pyridyl 88/12 75 78 

2-thienyl 9515 33 17 

3-pyridyl 88/12 79 62 
2-pyridyl 75/25 6 84 
Reaction at  50 OC in dichloromethane. 

H H 

38 L N i i R ,  39 

(S)-37 (R)-37 

Figure 10. Hypothetical transition-state model of the gold- 
catalyzed asymmetric aldol reaction of isocyanocarboxylates 
(29a and 33-36) with paraformaldehyde. 

A proposed transition state 38 and 39 (Figure 10) in 
the aldol reaction with formaldehyde is relatively 
simple, in which the stereoselection is concerned only 
with the enantioface differentiation of the enolate. The 
absolute configuration (S) of the products 37 indicates 
that the hydroxymethylation occurs preferentially from 
the si face of the donor center of the enolate in 38. 
Noteworthy is the fact that the enolates of all the iso- 
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Scheme 14 

Sawamwe and It0 

Scheme 16 

R2 = Me, Et, i-Pr 

Table 11. Gold-Catalyzed Asymmetric Aldol Reaction of 
Isooyanoaoetamide 41 with Aldehydes 

1 mol% 

CONMe2 Au(l) L' (8C) (31) 5 J N M e 2  - RCHO + ( + cis-42 
N=C: CH2C12,25'C O W N  

4 2  41 
trans-(4S,5R) 

ratio of % ee of 
aldehyde translcis trans-42 

MeCHO 9119 98.6 
EtCHO 9515 96.3 
i-BuCHO 9416 91.3 

PhCHO 9416 94.1 
p-BnOCeH.,CH&HO >95/5 94.5 

Scheme 15 
1 mol% 
Au(l) (31) C02Me 

0 L' (Ed) * M e , 2 h c o N M e 2  Me 
A 

cyanocarboxylates (29 and 33-35) react on the si face 
irrespective of the steric bulkiness of the a-alkyl sub- 
stituent. From these results, it is likely that the reaction 
face of the enantiotopic enolate is determined mainly 
by the attractive interaction rather than by steric 
repulsions between the substituents on the enolate and 
the chiral ligand. 

The aldol reaction of a-alkyl-a-isocyanoacetates 33- 
35 with benzaldehyde or acetaldehyde gives optically 
active 4,5-dialkyl-2-oxazoline-4-carboxylates 40 with 
high enantioselectivities (Scheme 14).33 The oxazo- 
lines can be converted into a,@-dialkylserine derivatives. 

Extremely high enantioselectivity has been achieved 
in the aldol reaction of acetaldehyde (98.6% ee) or 
primary alkyl aldehydes such as propionaldehyde 
(96.3% ee) or isovaleraldehyde (97.3% ee) with NJV- 
dimethyl-a-isocyanoacetamide (41) rather than with 
isocyanoacetate (Table ll).34 Conversion of the ox- 
azolinecarboxamides (42) to 8-hydroxy-a-amino acid 
can be similarly accomplished by acidic hydrolysis. 

The aldol reaction of a-keto esters with isocyanoa- 
cetamide 41 proceeds with moderate to high enantio- 
selectivity, giving the corresponding oxazolines of up 
to 90% ee (Scheme 15).35 

The methodology of the gold-catalyzed asymmetric 
aldol reaction has been further extended to the aldol- 
type condensation of (isocyanomethy1)phosphonates 
(43) with aldehydes, which provides a useful method 
for the synthesis of (1-aminoalky1)phosphonic acids, 
phosphonic analogs of a-amino acids (Scheme 16).36,37 
Higher enantioselectivity and reactivity are obtained 

43a: R'= Et (4S,5R) 
43b: R2=Ph trans selectivity >98% 

OH 

Table 12. Gold-Catalyzed Aldol-Type Condensation of 
(1socyanomethyl)phosphonate 43 with Aldehydes 
(Scheme 21) 

isocyanide, R2 aldehyde T(OC) % ee 
43a, Et PhCHO 40 92 
43a, Et i-PrCHO 60 88 
43b, Ph PhCHO 25 96 
43b, Ph 0 40 95 

43b, i-Pr i-PrCHO 40 95 

i & C H O  

Table 13. Gold-Catalyzed Aldol Reaction of 
Isocyanoacetate 29a with PhCHO by the Use of 
Ferrocenyl Ligands (R)-(S)-8a or (S)-(S)-sa (Scheme 10) 

Me. NMe2 

&;R2 

Fe ' PPh2 I-I Planar Chirality: S 
P - P P h 2  

(R)-(S)-8a: R'  = H, RZ = Me 
(S)-(S)-8a: R' = Me, R2 = H 

trans-30 cis-30 
L* translcis % ee % ee 

~~ 

(R)-(S)-8a 90110 91 (4S,5R) 1 (4S,5S) 
(S)-(S)-8a 841 16 41 (4R,5S) 20 (4S,5S) 

with diphenyl ester 43b rather than with diethyl ester 
43a (Table 12). 

The ferrocenyl ligands 8 possess both central and 
planar chiralities which are cooperative for the stereo- 
selection (concept of internal cooperatiuity of chiral- 
ity) as pointed out by Pastor and T ~ g n i . ~ l b ~ a  Table 13 
reveals that not only does the change of the central 
chirality of the stereogenic carbon atom from R to S 
result in both a reduction of trans/& ratio and enan- 
tiomeric excess of the trans isomer but also the opposite 
trans-oxazoline enantiomer is formed in moderate enan- 
tiomeric excess. Analysis of the NMR spectral data of 
(R)-(S)-8a and (S)-(S)-8a suggests that their preferred 
time-averaged conformations in solution are different 
from each other. Togni and a co-worker prepared 
sulfur-containing ferrocenylphosphine ligands 44, which 
possess an additional two stereogenic centers on their 
,f3-(aminoalkyl) thio side chain (Table 14). Enantiose- 
lectivities in the gold-catalyzed aldol reaction with 44 
are dramatically changed by varying the configuration 
of the two stereogenic centers on the side chain.2*bLong- 
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Table 14. Gold-Catalyzed Aldol Reaction of 
Isocyanoacetate 29a with PhCHO by the Use of 
Sulfur-Containing Ferrocenylphosphine Ligands 44 
(Scheme 10) 

Ph 

zS+NMez 

448 (3R4.S) * ; y 2  Me 44b (3S,4R) 

-PPh2 44d (3R,4R) 
44c (3S,4S) 

Chemical Reviews, 1992, Vol. 92, No. 5 887 

trans-30 cis-30 
L* translcie % ee % ee 
44a 72/28 13 (4S,5R) 22 (4S,5S) 
44b 83/17 84 (4S,5R) 71 (4R,5R) 
44c 88/12 89 (4S,5R) 12 (4R,5R) 
44d 74/26 17 (4S,5R) 18 (4S,5S) 

Table 15. Silver-Catalyzed Asymmetric Aldol Reaction 
of Isocyanoacetate 29a with Aldehydes 

2 mol% 

c 

AgC104 
C0,Me 

L‘ (8c) 
RCHO + ( + cis-30 

N=C: ClCHpCH2Cl O W N  

29e 30”c 
slow addition 

30  

% ee of 
aldehyde translcis trans-30 

PhCHO 961 4 80 
i-PrCHO 991 1 90 
t-BuCHO >99/ 1 88 
CHpCMeCHO 9713 87 

range chiral cooperativity in chiral ferrocenyl ligands 
as presented by the general structure 45, which contains 
both planar chirality and multiple stereogenic carbon 
atoms, has been further demonstrated.39 

Me 

I 
.WI Me 

chiral substituent 

45 

9 A H  

B. Sliver-Catalyzed Asymmetric Aldol Reaction 
Recently, it has been found that high stereoselec- 

tivity in the asymmetric aldol reaction of isocyanoac- 
etate is also obtainable with silver(1) catalyst containing 
ferrocenyl ligands 8 by controlling isocyanoacetate in 
low concentration throughout the reaction (Table 15).a 
trans-Oxazolines 30 of over 80% ee can be obtained in 
the silver-catalyzed aldol reaction of several aldehydes 
by the slow addition of 29% over a period of 1 h. 

IR studies on the structure of gold(1) and silver(1) 
complexes coordinated with ferrocenyl ligand 8a in the 
presence of isocyanoacetate revealed that the most 
significant difference between those metal catalysts is 
in the coordination number of the isocyanide to metal 
(Scheme 17). Thus, the gold complex adopts tricoor- 
dinated structure 46 even in the presence of a large 
excess of isocyanide, while the silver complex is in equi- 
librium between tricoordinated complex 47 and tet- 
racoordinated complex 48. In the presence of 20 equiv 
of 298, only 48 was observed. 

Scheme 17 

RCHO 
CNCH2C02Me - stereoselective 

[P’ 46 

RCHO - stereoselective ? 

‘P’ 47 

+29a I t  -29a 

48 

Scheme 18 
1 mol% 

49 5 0  
trans-( 45,5 R) 

R = Ar, Me, i-Pr, t-Bu, (E)-MeCH=CH 77-86% e8 

trans selectivity: 20/1- 100/1 

OH 
c L N H M e  

LiAIH4 
trans-50 

R 

The slow addition method in the silver-catalyzed al- 
dol reaction should keep the isocyanide in a low enough 
concentration in the reaction system to diminish the 
unfavorable tetracoordinate species. The high stere- 
oselectivity of the tricoordinated catalyst may result 
from the presence of one vacant coordination site on 
the metal which is in the chiral surroundings of the 
ligand. The aldol reaction of the aldehyde in the chiral 
coordination site (transition state shown in Figure 9) 
may be more stereoselective than that of aldehyde 
without coordination on the metal catalyst. Therefore, 
a coordinative interaction between aldehyde and gold 
at the transition state of the gold-catalyzed aldol 
reaction is also conceivable, although there exists 
indirect experimental evidence against such an inter- 
action at a ground 

Interestingly, aldol-type condensation of tosylmeth- 
yl isocyanide (49) with aldehyde is catalyzed by the 
silver catalyst more stereoselectively than by the gold 
catalyst under the usual reaction conditions (Scheme 
18).41 The elucidation of the mechanistic differences 
between gold and silver catalyst in the asymmetric al- 
dol reaction of 49 needs to be further studied. Ox- 
azoline 50 can be converted to optically active a-alkyl- 
p-(N-methy1amino)ethanols. 

V. Asymmetric Hydrogenation 
Although there has been many reports on highly ste- 

reoselective asymmetric hydrogenation of olefins and 
ketones by the use of chiral phosphine-rhodium or 
ruthenium catalysts, the unsaturated substrates have 
been restricted to those containing a functional group 
at a proper position. For example, enantioselective 
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Scheme 19 
0 I I  [Rh(COD)L']C104 

Sawamura and Ito 

OH 
1 

HP(50atm) * MeA R 

R=Ph: 43%ee(R) 
R = 1-Bu: 43% ee (R)  
R = COOH: 83% ee (R )  (Et3N, 1 eq) 

HO 
H2 (50 atm) 

Et3N HO 
95% ee (R) 

Et3N 
R = Ph: 78% ee (R) 
R = i-Pr: 60% ee (R) 

OH 

(R)-(S)-EPPFOH (5e) 

hydrogenation of a simple prochiral ketone is a difficult 
task. Hayashi, Kumada, et al. have reported that rho- 
dium catalysts containing chiral ferrocenylphosphine 
ligand 58 (BPPFOH), which has a hydroxyl group (Y to 
ferrocenyl moiety, showed high catalytic activity with 
good enantioselectivity in the asymmetric hydrogena- 
tions of the simple ketones such as acetophenone (43 % 
ee) or pinacolone (43% ee) (Scheme 19).42 The hy- 
drogenated product of lower enantiomeric excess with 
reversed configuration was obtained with BPPFA (5h), 
which has a dimethylamino group instead of the hy- 
droxyl group of BPPFOH. The ability of BPPFOH 
ligand to cause higher asymmetric induction may 
possibly be ascribed to hydrogen bonding between the 
carbonyl group on a substrate and the hydroxyl group 
on BPPFOH. Functionalized ketones such as pyruvic 
acid and aminomethyl aryl ketone hydrochlorides can 
be hydrogenated by the Rh-BPPFOH catalyst with 
higher enantioselectivity than the simple ketones.43 

The BPPFOH-Rh complex is also good catalyst for 
hydrogenation of enol phosphinates to give optically 
active secondary alcohols with up to 78% ee (Scheme 
19).44 The hydrogenation with (-)-DIOP or BPPM as 
chiral ligands results in low conversion and formation 
of ethylbenzene as a byproduct, although the enanti- 
oselectivities are comparable. The role of the hydroxyl 
group on the ligand in this hydrogenation remains to 
be clarified. 

Yamagishi and co-workers have synthesized chiral 
diphosphinite ligands, which have a pyrrolidine moiety 
(51a-e), some of them (51b-d) having a (dimethylami- 
nolalkyl pendant chain, and applied them to the rho- 
dium-catalyzed asymmetric hydrogenation of a dehy- 
droamino acid and dehydrodipeptides (Table 16).45 
Although the diphosphinite ligand with the amino group 
(51b,c) gives lower enantioselectivity in the hydroge- 
nation of achiral Ac- APhe-OH (52) and Ac- APhe-Gly- 

Table 16. Asymmetric Hydrogenation of a Dehydro- 
amino Acid and Dehydrodipeptides Catalyzed by 
Rhodium(1) Complexes with Diphosphinite Ligand 51. 

51a: R = CH2CH2CH(CH&, R = Ph 
51 b: R = CH2CH2NMe2, R = Ph 

A r 2 ' o ~ N R  51c: R = CH2CH2CH2NMe2, R = Ph 
51d: R = CH2CH2NMe2, R = Ph-OMe-p 

Ar,PO" 51e: R = CH2CH2CH(CH3)2, R = Ph-OMe-p 

olefinic substrate ligand ee or de, 76 
NHAc 51a 29 (S) 

51b 16 (S) 
COOH 51c 13 (S) 

NHAc 51a 48 (S) 

CONHCHzCOOH 51c 16 (8) 

52 

P h y  51b 34 (S) 

5 3  

Ph\_/NHAC CHzPh 

(S)-54 COOH 

Ph\_/NHAC $HZPh 

(4-54 7COOH 

"\_/ CH2Ph 

CON,-( 

CONH ' 

NHAc 

CONH-( 
(5)-55 COOMe 

51a 
51b 
51c 
51d 

51d 
51e 

51a 
51b 
51c 
51d 
51e 

2 (SS)  
no reaction 
low yield 
no reaction 
10 (SS) 

Substrate/[Rh(COD)2]BF$51 = 50/1/1.5. PH* = 1 atm. 
Solvent: EtOH. 

OH (53) than the diphosphinite without the amino 
group (51a), the former ligands (51b,c) significantly 
improve the diastereoselectivity in the hydrogenation 
of some chiral dehydrodipeptides compared with 5la.  

For Ac-APhe-(S)-Phe-OH [(S)-531, diphosphinites 
51b and 51c give (S,S)-product with high diastereo- 
selectivity (90% and 86%, respectively), whereas 51a 
gives much lower selectivity (58%). Ligand 51d with 
4-methoxyphenyl groups on phosphorus atom gives 
extremely high selectivity, more than 98 % de. On the 
other hand, ligand 51d gives (R,R)-product in 86 % de, 
in the hydrogenation of Ac-APhe-(E)-Phe-OH [(I?)- 
531, and the selectivity is almost the same as that with 
ligand 51e, which is an analogue of 51d but lacks the 
terminal amino group. The phosphinite ligands bearing 
the terminal amino group (51b-d) are catalytically 
inactive in the hydrogenation of methyl ester of (S)-54 
[(S)-551. 

As a possible explanation for the stereoselectivity, 
Yamagishi et al. have proposed that the electrostatic 
interaction between the terminal amino group in ligand 
and the carboxyl group in substrate is more effectively 
operative with (S) substrate than with ( R )  substrate 
and that the steric effect is more important for ( R )  
substrate than the electrostatic interaction. Figure 11 
shows the proposed mechanism of asymmetric induc- 
tion in the (S) substrates. Thus, coordination of the 
substrate onto rhodium by the ( C s i ,  C p e )  face of the 
double bond is unfavorable because of the steric 
repulsion between the substituent on the chiral carbon 
of the substrate and the phenyl group of the ligand 
(Figure l la) .  So the coordination by the (Care, CPsi) 
face becomes favorable, resulting in the predominant 
(S,S) product formation (Figure l lb).  
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Me Me 
a + \ /  
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H (Care,Cps/) 2 (s,s) 

Figure 11. Secondary interactions proposed for the asym- 
metric hydrogenation of optically active dehydropeptides with 
a diphosphinite ligand bearing aminoalkyl side chain 51b. 

Table 17. 1,a-Asymmetric Induction in the Hydrogen- 
ation of Dehydrodipeptide Catalyzed by Rhodium(1) 
Complexes with Achiral Phosphine Ligands' 

P h 2 P l  
5 6  

Ph2P --/ 
5 7  

ligand substrate de, % ligand substrate de, % 
56 (SI-54 94(S,S) 57 (S)-55 68 (S,S) 
56 (S)-55 47 (S,S) 57 + Et3Nb (5'1-54 66 (S,S) 
56.HC1 (S)-54 63 (S,S) 57 + Et3N (S)-54 64 (S,S) 
57 (SI-54 34 (S,S) 

MeOH. EtaN/Rh = 10/1. 
S~bstrate/[Rh(COD)~]BF~/ligand = 50/1/1.1. Solvent: 

Achiral diphosphine ligand 56 bearing a (dimethyl- 
amino)ethyl pendant can induce (S,S) or (R&) selec- 
tivity comparable to that of the chiral phosphinite 
ligand 51b-d in the hydrogenation of 54.46 The 
important role of the dimethylamino group in 56 has 
been well documented in the hydrogenation of (S)-54 
by comparing 56 with 1,3-bis(diphenylphosphino)pro- 
pane (57) (Table 17). Entry 2 shows that the free car- 
boxyl group in the substrate is indispensable for high 
stereoselectivity. Conversion of the amino group in 56 
to an ammonium group, or use of diphosphine 57 
without an amino group, lower the diastereoselectivity 
(entries 3 and 4). Although the addition of a catalytic 
amount of triethylamine to the Rh-57 system raised 
the selectivity, the diastereoselectivity can not reach 
the level observed with 56 (entry 7). The addition of 
triethylamine to the Rh-56 system lowers the selectivity 
(entry 6). 

This lP-asymmetric induction methodology by the 
use of achiral aminoalkylated phosphine 56 has been 
applied to the diastereoselective synthesis of dipep- 
tides with a polycondensed aromatic ring.47 
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Hayashi, Ito, and a co-worker have applied [(ami- 
noalkyl)ferrocenyllphosphine ligands 8, which have 
been employed successfully in the gold-catalyzed asym- 
metric aldol reaction, to the rhodium-catalyzed asym- 
metric hydrogenation of fully substituted acrylic acids 
58 (Scheme 20).48 The rhodium complexes with chira- 
phos, pyrphos, and ferrocenylphosphines without the 
aminoalkyl pendant, such as BPPFA (5h), are cata- 
lytically much less active for the hydrogenation, acrylic 
acids 58, giving low enantiomeric excess (<25 % ee) with 
low conversion even at  higher reaction temperature. It 
has been proposed that the terminal amino group on 
ligand 8 forms an ammonium carboxylate with the ole- 
finic substrate and consequently attracts the substrate 
to the coordination sphere of the catalyst to promote 
the hydrogenation. The attractive interaction is also 
expected to permit the selective enantioface differen- 
tiation of the olefin. 

VI.  Le wls Acld-Catalyzed Asymmetric 
Dlels-Alder Reactlon 

Corey and a co-worker reported a highly enantiose- 
lective Diels-Alder reaction promoted by (8)-tryp- 
tophan-derived oxazaborolidine catalyst 59 (Scheme 
21).49 It has been proposed that an attractive donor- 
acceptor u-u interaction favors coordination of the di- 
enophile at  the coordination site of boron which is cis 
to the 34ndolylmethyl substituent (transition-state 
model 60). The existence of the u-u interaction is 
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catalytic asymmetric reactions, highlighting the sec- 
ondary ligand-substrate interaction, which uses coor- 
dinative, hydrogen bonding, electrostatic, or T-T stack- 
ing interactions. It is conceivable that a properly 
functionalized chiral ligand makes higher enantiose- 
lective reactions possible through the highly well- 
organized transition state rather than the conventional 
chiralligands. Most of the functionalized chiral ligands 
developed so far have been phosphine ligands, whose 
complexes with late transition metals are utilized for 
asymmetric synthesis. Other chiral ligands such as cy- 
clopentadienyl ligands, amino ligands, alkoxo ligands, 
etc. might be potentially useful chiral ligands in 
asymmetric synthesis with the proper modification in 
the future. 
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Scheme 22 
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Table 18. Effect of Aromatic Substituent of Chiral Diol 
Ligands 62 on the Asymmetric Diels-Alder Reaction of 
61, R1 = R, with Cyclopentadiene (Scheme 22) 

62, Ar 
% ee 

endolexo (endo) 
62a, Ph 9317 73 
62b, 8-Naphth 9317 68 
62c, 6-MeO-8-Naphth 90110 82 
62d, 3,5-MezPh 9515 94 
62e, 3,5-(CF&Ph 9218 68 
62f, 3.5-CLPh 9317 44 

suggested from the result that the Diels-Alder reaction 
under catalysis of the oxazaborolidines corresponding 
to 59 from N-tosyl derivatives of (5')-valine or (5')- 
hexahydrophenylalanine gave the opposite enantiomer 
of the Diels-Alder product with ca. 70 76 enantiomeric 
excess. 

Corey has proposed that the n-a interaction is also 
important in the titanium(1V)-catalyzed asymmetric 
Diels-Alder reaction of a,&unsaturated N-acyloxazo- 
lidinones (61),60 which has originally been reported by 
Narasakaet al5l  (Scheme 22). Various chiral diolligands 
bearing aromatic substituents with varying a-basisi- 
ties, 62, were synthesized and compared with each other 
in the Diels-Alder reaction of N-acryloyloxazolidinone 
with cyclopentadiene. The results summarized in Table 
18 suggest that a-basisity of the aromatic substituent 
favors enantioselectivity. The chiral ligand with 3,5- 
dimethylphenyl substituents (62d) is the best ligand. 
A beneficial effect of meta substituents on the aromatic 
ring was explained to be steric effect. The high enan- 
tioselectivity and the absolute stereocourse of the 
reaction with chiral ligand 62d was explained with the 
transition-state model represented by structure 63. 

V I  I .  Concluslon 
This review article has emphasized the importance 

of the design of chiral ligands in enantioselective 
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