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Chirality is a key element in science and technology. A wide range of biological and physical functions 

result from precise molecular recognition that involves stict matching of chirality. In living systems, enzymes, 

receptors, and other binding sites interact with enantiomers in decisively different manners. Certain physical 

properties related to advanced electronics and optics are also obtained by means of highly ordered assemblies of 

chiral molecules. Therefore truly efficient ways to provide enantiomerically pure compounds constitute 

genuine challenges for synthetic organic chemists. Stereoselective synthesis of optically active compounds 

using small quantities of chiral sources is particularly desirable. In this context, suitably designed chiral metal 

complexes can precisely discriminate between enantiotopic atoms, groups, or faces in achiraf molecules and 

catalyze the production of a broad array of natural and unnatural substances of high enantiomeric purity.**2 

Certain racemates are also resolved kinetically by reactions with chiral metal complexes. This organometallic 

strategy, that provides a general principle of asymmetric catalysis to multiply chirality, has tremendously 

extended the potential for stereoselective organic synthesis. I have intensively investigated this intriguing area 

since the mid-1960s when we were engaged in the Cu-catalyzed asymmetric carbene teaction,3+l and it is now 

my great pleasure to set forth selected highlights accomplished by my colleagues in these three decades. Some 

of them are not only useful for the laboratory preparation of optically active compounds but also for the 

innovative industrial synthesis of significant chiral substances. The chiral efficiency of the chemical means 

rivals, or sometimes exceeds, that of biological processes, converting the chemist’s dream into reality.5 

Proper combination of the central metals and chiral auxiliaries as well as selection of reaction conditions 

is crucially important for obtaining a high degree of stereoselectivity. Transition metal complexes containing 

4259 



4260 R. NOYORI 

PAr, 

PAr, 

PAr, 

PAr, 

(I?)-BINAP (S)-BINAP 

atropisomeric BINAP [2,2’-bis(diarylphosphino)-I,l’-binaphthyl] exhibit exceptionally high chiral recognition 

in various catalytic reactions.6 BINAP is a fully arylated diphosphine ligand which exerts paramount steric 

influence, provides polarizability, and enhances the Lewis acidity of the metal complexes. Axially 

dissymmetric BINAP element has C2 symmetry which, in many cases, halves the number of possible 

diastereomeric intermediates or transition states. The BINAP ligand is conformationally flexible and 

accommodates various transition metals without a serious increase of torsional strain. The resulting seven- 

membered BINAP metal chelate rings contain only sp2-hybridized carbons and in turn are conformationally 

unambiguous and highly skewed. This feature provides distinct differentiation of the quadrant space sectors in 

the metal complexes. The P-phenyl rings play a key role in transmitting the chirality originally generated by the 

binaphthyl skeleton to the other metal coordination sites. %a Bond-formation and -breakage occurring in such 

an extremely dissymmetric environment results in excellent chiral efficiency. By choosing the chirality of 

BINAP, either antipodal product can be synthesized equally. In addition, the fully aromatic compound 

possesses high chemical stability and crystallinity, providing another practical advantage. 

top vlew 

0 5 transition metal 

q and WE coordlnatlon site 

Y 

side view 

& 
x 

Schematic representation of k-configurated (/?)-BINAP transltlon metal 
complexes (Ar In BINAP q C,H,; naphthalene rings are omitted for clarity) 

BINAP-Ru(I1) complexes catalyze highly enantioselective hydrogenation of various organic 

unsaturated substrates. The scope. is remarkably wide. The homogeneous hydrogenation can be operated 

simply on any scale ranging from <lo0 mg to >104l kg with high (up to 50%) substrate concentration and with 
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a high substrate to catalyst ratio, and the resulting chiral products are, in many cases, easily isolated. Some 

successful examples follow. 

Fist, BINAP-Ru(I1) dicarboxylate@ promote hydrogenation of various a$- and p;y-unsaturated 

carboxylic acids in alcoholic media to give the corresponding optically active saturated acids.10 Use of some 

hydroxylated substrates leads to chiral alkylated T- and Glactones. The reaction of tiglic acid with deuterated 

gas and methanol solvent indicates that the double bond saturation proceeds with cis stereochemistry. Gaseous 

hydrogen is incorporated in the a position and hydrogens of the protic molecules are introduced to the p 

position, suggesting the operation of a metal monohydride mechanism where the Ru center remains in the +2 

oxidation state throughout the catalytic cycle. 11 An important application is the synthesis of the anti- 

inflammatory drug naproxen. 

(IT)-BINAP-Ru(II) 
complex 

COOH 

(S)-BINAP-Ru(II) 
complex 

BINAP-Ru(II) 
+ HZ ) 

BINAP-Ru(II) 
+ HZ 

COOH 

CH,O 

001.1 + H, 
(S)-BINAP-Ru(II) w cH30&OOH 

naproxen, 97% ee 

The BINAP-Ru catalysts effect the enantioselective hydrogenation of 2-acyl-Q-l-benzylidene- 

1,2,3,4-tetrahydroisoquinolines. t* This discovery realized a general asymmetric synthesis of isoquinoline 

alkaloids including morphine, benzomorphans, and morphinans such as the antitussive dextromethorphanl3 

Optically active a- and p-amino acids am also accessible from appropriately amido-substituted olefins.14 
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H2 

BlNAP-Ru(ll) 

up to 10056 ee 

(&BIN~2-R~(II) 

4 . 

Appllcallons: 

(R)-totrahydropapav?rlne 

(S)-laudanoslne 

(R)-norrsticoline (f?)-tretoqulnol 

(S)-salsolldine morphlne 

H 

benzomorphans morphlnans dextromethorphan 
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Geraniol and nerol are convertible to natural or unnatural citronellol with >96% enantiomeric purity 

without saturation of the C-6-C-7 oletinic bond. 15 The hydrogenation of (R.R)-6,7,10,11 -tetrahydrofarnesol 

affords (3R,7R)-hexahydrofarnesol, a Cts side chain of vitamin E (tocopherol) and a part of vitamin Kt. The 

hH + “, <N”‘--NW/ &, 

geranlol (R)-citronellol 

(I?)-BJNAP-JW(II) 

nerol 

“OW +dGz.A 

vltamln E vitamin K, 

reaction of an allylic alcohol having a chiral azetidinone moiety leads diastereoselectively to a lB- 

methylcarbapenem intermediate. I6 Furthermore, certain racemic allylic alcohols can be resolved by the 

BINAP-Ru catalyzed hydrogenation,*7 providing a practical way to (R)-4-hydroxy-2-cyclopentenone, a 

building block for the three-component prostaglandin synthesis.tg 

TBDMSO 

H (R)-BINAP-Ru(II) H 
+ HZ 

TBDMS = f-C,H,(CH&SI 
precursor of 
lp-methylcarbapenem 

Klnetlc resolution of enantlomerlc alcohols, kl&k,lOw: 

OH OH OH 

b I I? 9 v-H3 
0 

R s H, 62 11 16 
R s CH,, 76 

BINAP-Ru(I1) complexes containing halide ligands catalyze hydrogenation of a diverse array of 

functionalized ketones to give the corresponding secondary alcohols with high enantiomeric purity. The sense 

of asymmetric induction is generally predictable.lg 
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Examples of the (R)-BINAP-Ru(II) catalyzed hydrogenation: 

OH 

ai 

93-96% ee 92% ee 96400% ee 

OH 0 

N(CH& SC2H5 

96% ee 90-100% ee 98% ee 

92% ee 

P-Keto esters are particularly good substrates for this stereoselective reaction.20 A high-temperature, 

short-period hydrogenation of ethyl 4-chloro-3-oxobutanoate gives the chloro hydroxy ester in 97% ee, which 

is transformed to camitine or GABOB .*l In a like manner, a building block for the synthesis of compactin and 

analogues, HMG-CoA reductase inhibitors, is also available. 

(R)-BlNAnp;Ru(Il) 

4 

R :: CHs: carnltlne 
R = H: GABOB 

Intermedlate for 
compactln 

t 
H2 

(S)-BINAP-Ru(II) 
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The steric course of the reaction of chiral ketonic substrates is markedly affected by the pre-existing 

stereogenic centers. The BINAP-Ru catalyzed double hydrogenation of I$-diones leads to the anti-1.3~diols 

of high enantiomeric purity.*0 Furthermore, the hydrogenation of BOC-protected y-amino P-keto esters 

selectively affords threo-configurated statine, a component of the aspartic proteinase inhibitor pepstatin, or its 

analogues.** Some racemic a-hydroxy ketones can be. resolved by the Ru-catalyzed hydrogenation. 

/“ltjr, + H, (R)-BINAP-Flu(II) ~ m 

100% ee 

0 

Y- 
OH 0 

CzHs 
+ HZ 

(R)-BINAP-Ru(II) 

t ‘Ii& 

Cz”, 

NHCOOC(CH,), 

stallne derlvatlves 

(R)-BINAP-Ru(II) 

racemlc 50.5% yield 
92% ee 

49.5% yield 
92% ee 

Unlike ordinary kinetic resolution where the maximum yield of the desired enantiomer is 50%, the 

second-order stereoselective reaction utilizing in situ racemization of chirally labile substates allows for the 

synthesis of a single stereoisomer among several possible stereoisomers in 100% yield and 100% ee, in 

principle. Indeed the BINAP-Ru catalyzed hydrogenation of a-substituted j3-keto esters leads stereoselectively 

to one hydroxy ester isomer among four possible stereoisomers. *3 The stereoselectivity is highly affected by 

the relative reactivities of the enantiomeric substrates, the relative ease with which stereoinversion and 

hydrogenation take place, the ability of the catalyst differentiating between hypothetical enantiofaces of the keto 

ester substrate (catalyst control, Ccat), and the diastereoselectivity of the reaction of the chiral substrate using a 

Hz OH 0 
BINAP-Ru(II) 

* 
R” + R’ 

kc 

0 0 “2 OH 0 
BINAP-Ru(II) 

R’ R’ 

k *km 

- ++,R, + R+&, 
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% compositlon of 
the most abundant Isomer 

BD-graphic demonrrtratlon of k,,,lk,,,,, k,.,,lk,,,,, and composltlon of the most abundant 
stereoisomer with Ccrt = 10 and Csub = 10 

hypothetical achiral Ru catalyst (substrate control, Csub). Therefore, the overall efficiency of the dynamic 

kinetic resolution actually depends on the substrate structures and the reaction conditions.24 

The C-3 absolute configuration (hydroxy ester numbering) is determined by the chirality of the BINAP 

catalyst, while the C-2/C-3 relative configuration is controlled by the skeleton and substituent of the ketonic 

substrates. Racemic 2-alkoxycarbonyl-cycloalkanones are hydrogenated to the corresponding anti products 

with high diastereo- and enantioselectivity, whereas hydrogenation of 2-acetyl-4-butanolide exhibits a high 

degree of syn selection. 

Open-chain P-keto esters containing an a-amido or -carbamate substituent are hydrogenated with 

excellent syn selectivity providing a convenient way to threonines, including the anti-Parkinsonian L-DOPS. 

0 0 OH 0 

MC 
R’ + H, 

(R)-BINAP-Ru(II) 

R -h 

.&R 

anti 

0 0 OH 0 

(IT))-BINAP-Ru(II) 
+ HZ 

45 
H.“’ 

syn 

(R)-BINAP-Ru(II) 

threonlne 
derivatives 

L-DOPS 
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0 

H2 

(R)-BINAP-Au(II) 
+ NHCOC,H, 

iOOCH, 

racemlc 

HO 

carbapenems 

The most significant industrial application of this method is the stereoselective synthesis of a chiral azetidinone, 

a common synthetic intermediate of carbapenem antibiotics, by the hydrogenation of racemic methyl a- 

(benzamidomethyl)acetoacetate (120 tons/year). W The second-order stereoselective hydrogenation with the 

(R)-BINAP catalyst in dichloromethane affords the 2S,3R three isomer with 94:6 diastereoselectivity and 99% 

ee. The computer-aided quantitative treatment indicates that the reaction occurs with a 151 enantiomer 

discrimination &//CR) and ki,Jh ratio greater than 90 and with excellent catalyst control (R*:S* = 104:l) and 

substate control (threo:erythro = 9: l).a 

Cationic BINAF-Rh(I) complexes effect highly enantioselective hydrogenation of a-(acylamino)acrylic 

acids or esters, giving amino acid derivatives. 26 Interestingly, the Rh(I) and Ru(II) complexes, which have the 

same BINAP chirality, produce antipodal amino acids as the predominant products.*2~14 

CH, CH, 85 

More importantly, the BINAP-Rh(I) complexes26 catalyze the enantioselective isomerization of allylic 

amines to enamines.27 Development of this work has enabled citronella1 to be synthesized in 9699% ee by the 

Rh catalyzed isomerization of diethylgeranylamine. The optical purity of the synthetic (R)-cintronellal is far 

superior to that of the natural product, ca. 80%. This transformation working on a 9-ton scale represents the 
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/ 

t 
I 

myrcene 

(S)-BINAP-Rh’ 

dlethylgeranylamine 

p - QHO - ~ pH 

citronellal dlethylenamlne cltronellal (-)-menthol 

catalyst: 

L’, LZ 3 THF, acetone, diene, etc. 

L’-Lz I (S)-BINAP 

world’s largest industrial application of asymmetric catalysis. 25J8 This asymmetric process allows production 

of (-)-menthol and other terpenic substances totaling ca. 1500 tons per year. 

The isomerization of allylic amines has proved to proceed via a unique nitrogen-triggered mechanism.29 

The ab initio MO calculation of the model system indicates that the suprafacial 1,3-hydrogen shift occurs by 

CH2 

e 

C”3 

CH,- H 
CH,=CH 

c 
c CH= H 

I 
“,P\R;I/N”2 

oxldatlve 
addltlon ~ 

H,P’ ‘NH, 

H3p\J~;NH2 EIc~~t)on 
I 

H’ 1 ‘NH, 

H,P\;h/NH2 

““3 

H,P’ ‘NH, 

0.0 kcallmol -3.4 -4.9 

C”3 

! 

C”2 

CH= H CH 1 

I 1 2- ” CH, 

H3\R;/NH2 + 

H,P’ ‘NH 

CH -3.1 ~ H3P\R;jNH2 + CH=AH 

3 I 2- 
N ‘-4 

H,P’ ‘NH 3 I 
N “2 
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Rh(l)-allylamlne Rh(lll) lntermedlate Rh(l)-enamlne 
complex complex 

oxidative addition of the C-I-H bond to the Rh(I) center in the square planar complex followed by reductive 

elimination of an enamine from the Rh(II1) intermediate accompanied by allylic transposition.30 With the 

BINAP-Rh template, the enantiotopic C-l hydrogens of geranylamine are discriminated clearly in the oxidative 

addition step. 

Thus the BINAP chemistry is particularly powerful in the field of pharmaceuticals, agrochemicals, 

flavors, and fragrances. A diverse array of terpenes, vitamins, antibiotics, amino acids, alkaloids, and other 

biologically significant compounds are accessible by homogeneous asymmetric catalysis. 

Other atropisomeric l,l’-binaphthyl derivatives are also useful in certain asymmetric synthesis. For 

example, binaphthol-modified lithium aluminum hydride reducing agent (BINAL-H) exhibits exceptionally 

high enantioselection in the stoichiometric reduction of a wide range of prochiral carbonyl compounds, where 

two substituents flanking the carbonyl group are differentiated mainly by differences in their electronic 

3 : 
Ll I% I O\A/” 

\ 0’ \oFl 

3 / 
I. 2 

(R)-BINAL-H 

General sense: 

Ll 

(S)-BINAL-H 

Un R 

d”- 

(R)-BINAL-H Un R 

K 

(S)-BINAL-H 

H ‘Ii 0 

Un = aryl, alkenyl, alkynyl, etc. R = alkyl, H 
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Applications: 

(S)-BINAL-H 

R I H, CH$ZO, THP 

X = Br, I, (n-C,Hd,Sn 

15S:lSR > 9950.5 

(S)-BINAL-H 
t xv 

bH 

96-98% ee 

properties.31 The reagent is remarkably effective in generating the 1% configuration of the prostaglandin 

series, facilitating greatly the current commercial synthesis32 as well as the three-component coupling 

synthesis.l* 

In addition, chiral binaphtbol acts as an efficient auxiliary in the enantioselective alkylation of aldehydes 

with magnesium/lithium bmary organometallic reagents.33 

Highly enantioselective addition of dialkylzincs to aldehydes is achievable in the presence of a catalytic 

amount of (2+S)-3-exe-(dimethylamino)isobomeol (DAIB). 34.35 The alkyl transfer proceeds via a mechanism 

involving dinuclear Zn complexes. 

0 
cat. DAIB 

H + R2Zn - 

Hz0 

(PS)-DAIS I 



Organometallic ways for the multiplication of chirality 4211 
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% ee of (2.59.DAM 

0 

Correlatlon of the ee of the alkylatlon product and the ee of the chlral auxlllary 

This reaction exhibits a unique, enormous nonlinear effect in terms of enantiomeric purity of the chiral 

source and products.34*36 Typically, the reaction using DAIB in 15% ee (2S:2R = 57.5:42.5) forms the 

alkylation product in 95% ee, which is close to the 98-99% ee obtained with enantiomerically pure DAIB. The 

&king chiral amplification arises from the strict matching of chirality, viz., self and nonself recognition of the 

enantiomeric catalyst. The 2s and 2R alkylzinc alkoxide formed from dialkylzincs and DAIB are active 

catalytic species. The self or nonself recognition of these chiral monomers leads to diastexeomeric dimeric 

complexes, where the heterochiral2&2’R complex is overwhelmingly more stable than the homochiial2SJ’S 

or 2R,2’R dimer. When partially resolved (ES)-DAIB is used as a chiral auxiliary, all the minor 2R enantiomer 

is converted to the 2S,2’R dinuclear zinc complex by taking the same amount of the 2s monomer; the 

remaining 2s monomer forms its dimer. The latter tends to dissociate more readily into the true monomeric Zn 

catalyst, exhibiting a high turnover efficiency. Under some conditions, the chiral efficiency of the 

enantiomerically pure catalyst system is >600-times higher than that of the achiral counterpart. 

The above described accomplishments were attained by the sustained experimental and intellectual 

efforts of my young, able collaborators at Nagoya, whose names are given in the reference literature. I have 

also enjoyed very fruitful collaborations with the research groups led by Professors H. Takaya (Institute of 

Molecular Science/Kyoto University), S. Otsuka and K. Tani (Osaka University), and N. Oguni (Yamaguchi 

University), and Dr. S. Akutagawa (Takasago Research Institute). 
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(CH,), 

(CH,), 
2R,2’R 

2s catalyst 

FW, 
2R catalyst 

(CH,), qqc::~ 
(CW, 

2S,2’R 

Enantiomer recognition of the chiral trigonal Zn compounds 

Stereoview of the 2&2’S (upper) and 2S,2’R dinuclear complex (lower) (R = CH3) 
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