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P R O L O G U E

C hi r alit y ( h a n d e d n ess; l eft o r ri g ht ) is a n i nt ri nsi c u ni v e rs al f e at u r e of v a ri o us

l e v els of m att e r [ 1 ]. M ol e c ul a r c hi r alit y pl a ys a k e y r ol e i n s ci e n c e a n d t e c h-

n ol o g y. I n p a rti c ul a r, lif e d e p e n ds o n m ol e c ul a r c hi r alit y, i n t h at m a n y bi ol o-

gi c al f u n cti o ns a r e i n h e r e ntl y diss y m m et ri c. M ost p h ysi ol o gi c al p h e n o m e n a

a ris e  f r o m  hi g hl y  p r e cis e  m ol e c ul a r  i nt e r a cti o ns  i n  w hi c h  c hi r al  h ost  m o-

l e c ul es r e c o g ni z e t w o e n a nti o m e ri c g u est m ol e c ul es i n diff e r e nt w a ys. T h e r e

a r e n u m e r o us e x a m pl es of e n a nti o m e r eff e cts w hi c h a r e f r e q u e ntl y d r a m ati c.

E n a nti o m e rs  oft e n  s m ell  a n d  t ast e  diff e r e ntl y.  T h e  st r u ct u r al  diff e r e n c e

b et w e e n e n a n ati o m e rs c a n b e s e ri o us wit h r es p e ct t o t h e a cti o ns of s y nt h eti c

d r u gs. C hi r al r e c e pt o r sit es i n t h e h u m a n b o d y i nt e r a ct o nl y wit h d r u g m o-

l e c ul es h a vi n g t h e p r o p e r a bs ol ut e c o n fi g u r ati o n, r es ulti n g i n m a r k e d diff e-

r e n c es  i n  t h e  p h a r m a c ol o gi c al  a cti viti es  of  e n a nti o m e rs.  A  c o m p elli n g  e x-

a m pl e of t h e r el ati o ns hi p b et w e e n p h a r m a c ol o gi c al a cti vit y a n d m ol e c ul a r

c hi r alit y w as p r o vi d e d b y t h e t r a gi c a d mi nist r ati o n of t h ali d o mi d e t o p r e g n a nt

w o m e n  i n  t h e  1 9 6 0s.  ( R )- T h ali d o mi d e  h as  d esi r a bl e  s e d ati v e  p r o p e rti es,  

w hil e its S e n a nti o m e r is t e r at o g e ni c a n d i n d u c es f et al m alf o r m ati o ns [ 2, 3 ].

S u c h p r o bl e ms a risi n g f r o m i n a p p r o p ri at e m ol e c ul a r r e c o g niti o n s h o ul d b e

a v oi d e d at all c osts. N e v e rt h el ess, e v e n i n t h e e a rl y 1 9 9 0s, a b o ut 9 0  % of s y n-

t h eti c c hi r al d r u gs w e r e still r a c e mi c – t h at is, e q ui m ol a r mi xt u r es of b ot h

e n a nti o m e rs, r e fl e cti n g t h e dif fi c ult y i n t h e p r a cti c al s y nt h esis of si n gl e e n a n-

ti o m e ri c c o m p o u n ds [ 4 ]. I n 1 9 9 2, t h e F o o d a n d D r u g A d mi nist r ati o n i n t h e

U S i nt r o d u c e d a g ui d eli n e r e g a r di n g “ r a c e mi c s wit c h es ”, i n o r d e r t o e n c o u-

r a g e  t h e  c o m m e r ci ali z ati o n  of  cli ni c al  d r u gs  c o nsisti n g  of  si n gl e  e n a nti o-

m e rs [ 5 ]. S u c h m a r k eti n g r e g ul ati o ns f o r s y nt h eti c d r u gs, c o u pl e d wit h r e c e nt

p r o g r ess i n st e r e os el e cti v e o r g a ni c s y nt h esis, r es ult e d i n a si g ni fi c a nt i n c r e as e

i n t h e p r o p o rti o n of si n gl e- e n a nti o m e r d r u gs. I n 2 0 0 0, t h e w o rl d wi d e s al es of

si n gl e e n a nti o m e r c o m p o u n ds r e a c h e d 1 2 3 billi o n U S d oll a rs [ 6 ]. T h us, g ai n-

i n g a c c ess t o e n a nti o m e ri c all y p u r e c o m p o u n ds i n t h e d e v el o p m e nt of p h a r-

m a c e uti c als, a g r o c h e mi c als, fl a v o rs, is a v e r y si g ni fi c a nt e n d e a v o r.

Dis c o v e r y of t r ul y ef fi ci e nt m et h o ds t o a c hi e v e t his h as b e e n a s u bst a nti al

c h all e n g e f o r c h e mists i n b ot h a c a d e mi a a n d i n d ust r y. E a rli e r, e n a nti o m e ri-
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c all y p u r e c o m p o u n ds w e r e o bt ai n e d b y t h e cl assi c al r es ol uti o n of a r a c e m at e

o r t r a nsf o r m ati o n of r e a dil y a c c essi bl e n at u r all y o c c u r ri n g c hi r al c o m p o u n ds

s u c h as a mi n o a ci ds, t a rt a ri c a n d l a cti c a ci ds, c a r b o h y d r at es, t e r p e n es, o r al-

k al oi ds. E v e n t h o u g h st e r e os el e cti v e c o n v e rsi o n of a p r o c hi r al c o m p o u n d t o

a c hi r al p r o d u ct, n a m el y, t h r o u g h a n as y m m et ri c r e a cti o n is t h e m ost att r a c-

ti v e a p p r o a c h, p r a cti c al a c c ess t o p u r e e n a nti o m e rs r eli e d l a r g el y o n bi o c h e-

mi c al o r bi ol o gi c al m et h o ds. H o w e v e r, t h e s c o p e of s u c h m et h o ds usi n g e n-

z y m es,  c ell  c ult u r es,  o r  w h ol e  mi c r o o r g a nis ms  is  li mit e d  b e c a us e  of  t h e

i n h e r e nt si n gl e- h a n d e d, l o c k- a n d- k e y s p e ci fi cit y of bi o c at al ysts. O n t h e ot h e r

h a n d, a c h e mi c al a p p r o a c h all o ws f o r t h e fl e xi bl e s y nt h esis of a wi d e a r r a y of

e n a nti o p u r e o r g a ni c s u bst a n c es f r o m a c hi r al p r e c u rs o rs. T h e r e q ui r e m e nts

f o r p r a cti c al as y m m et ri c s y nt h esis i n cl u d e hi g h st e r e os el e cti vit y, hi g h r at e a n d

p r o d u cti vit y, at o m e c o n o m y, c ost ef fi ci e n c y, o p e r ati o n al si m pli cit y, e n vi r o n-

m e nt al  f ri e n dli n ess,  a n d  l o w  e n e r g y  c o ns u m pti o n.  Tr a diti o n al  as y m m et ri c

s y nt h esis usi n g a st oi c hi o m et ri c a m o u nt of a c hi r al c o m p o u n d, t h o u g h c o n-

v e ni e nt f o r s m all t o m e di u m s c al e r e a cti o ns, is p r a cti c al o nl y if t h e e x p e nsi v e

c hi r al a u xili a r y d eli b e r at el y att a c h e d t o a s u bst r at e o r r e a g e nt is r e a dil y r e-

c y cl a bl e; ot h e r wis e it is a w ast ef ul p r o c e d u r e.

Fi g u r e 1 ill ust r at es a g e n e r al p ri n ci pl e of as y m m et ri c c at al ysis w hi c h p r o-

vi d es a n i d e al w a y f o r m ulti pl yi n g m ol e c ul a r c hi r alit y [ 7 ]. A s m all a m o u nt of a

w ell- d esi g n e d c hi r al c at al yst c a n c o m bi n e A a n d B, p r o d u ci n g t h e c hi r al A B

c o m p o u n d st e r e os el e cti v el y i n a l a r g e q u a ntit y. Of v a ri o us p ossi biliti es, t h e

us e of c hi r al o r g a n o m et alli c m ol e c ul a r c at al ysts w o ul d b e t h e m ost p o w e rf ul

st r at e g y f o r t his p u r p os e. As y m m et ri c c at al ysis is a n i nt e g r at e d c h e mi c al a p-

p r o a c h w h e r e t h e m a xi m u m c hi r al ef fi ci e n c y c a n b e o bt ai n e d o nl y b y a c o m-

bi n ati o n  of  s uit a bl e  m ol e c ul a r  d esi g ni n g  wit h  p r o p e r  r e a cti o n  c o n diti o ns.

T h e r e a cti o n m ust p r o c e e d wit h a hi g h t u r n o v e r n u m b e r ( T O N ) a n d a hi g h

t u r n o v e r  f r e q u e n c y  ( T O F ),  w hil e  t h e  e n a nti os el e cti vit y  r a n g es  f r o m  5 0: 5 0
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Fi g ure 1. A g e n e r al p ri n ci pl e of as y m m et ri c c at al ysis wit h c hi r al o r g a n o m et alli c m ol e c ul a r
c at al ysts. M = m et al; A, B = r e a ct a nt a n d s u bst r at e.



( n o ns el e cti v e ) t o 1 0 0: 0 ( p e rf e ctl y s el e cti v e ). T h e c hi r al li g a n ds t h at m o dif y

i nt ri nsi c all y  a c hi r al  m et al  at o ms  m ust  p oss ess  s uit a bl e  t h r e e- di m e nsi o n al

st r u ct u r es a n d f u n cti o n alit y t o g e n e r at e s uf fi ci e nt r e a cti vit y a n d t h e d esi r e d

st e r e os el e cti vit y. S o m eti m es t h e p r o p e rti es of a c hi r al li g a n ds a r e als o i m p o r-

t a nt. T h e c hi r al c at al yst c a n p e r mit ki netic ally p r e cis e dis c ri mi n ati o n a m o n g

e n a nti ot o pi c at o ms, g r o u ps, o r f a c es i n a c hi r al m ol e c ul es. Si mil a rl y, e n a nti o-

m e ri c m ol e c ul es c a n als o b e dis c ri mi n at e d. C e rt ai n w ell- d esi g n e d c hi r al m et al

c at al ysts n ot o nl y a c c el e r at e t h e c h e mi c al r e a cti o ns r e p e at e dl y b ut als o diff e-

r e nti at e b et w e e n di ast e r e o m e ri c t r a nsiti o n st at es ( T Ss ) wit h a n a c c u r a c y of 1 0

kJ / m ol. I n t his w a y s u c h c o m p a ct m ol e c ul a r c at al ysts wit h a m ol e c ul a r w ei g ht

l ess t h a n 1 0 0 0, o r < 2 0 Å i n l e n gt h o r di a m et e r, all o w f o r a n i d e al m et h o d f o r

s y nt h esi zi n g e n a nti o m e ri c c o m p o u n ds. T h e di v e rs e c at al yti c a cti viti es of m e-

t alli c s p e ci es as w ell as t h e vi rt u all y u nli mit e d st r u ct u r al v a ri ati o n of t h e o r g a-

ni c li g a n d p r o vi d es e n o r m o us o p p o rt u niti es f o r as y m m et ri c c at al ysis.

DI S C O V E R Y O F A S Y M M E T RI C C A T A L Y SI S VI A C HI R A L 

O R G A N O M E T A L LI C C O M P L E X E S

I n 1 9 6 6, w h e n I w as i n H. N o z a ki’s l a b o r at o r y at K y ot o, w e dis c o v e r e d t h e fi rst

e x a m pl e of as y m m et ri c c at al ysis usi n g a st r u ct u r all y w ell- d e fi n e d c hi r al t r a n-

siti o n m et al c o m pl e x [ 8 ]. T his fi n di n g r es ult e d f r o m r es e a r c h d o n e f o r a n e n-

ti r el y  diff e r e nt  p u r p os e  w hi c h  w as  t o  el u ci d at e  t h e  m e c h a nis m  of  c a r b e n e  

r e a cti o ns. As ill ust r at e d i n Fi g u r e 2, w h e n a s m all a m o u nt ( 1 m ol % ) of a c hi-

r al S c hiff b as e – C u (II ) c o m pl e x w as us e d as a m ol e c ul a r c at al yst i n t h e r e a c-
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Fi g ure 2. Dis c o v e r y of as y m m et ri c r e a cti o n b y m e a ns of a c hi r al o r g a n o m et alli c m ol e c ul a r
c at al yst. P h ot o: P r of ess o r H. N o z a ki ( 1 9 8 5 ).



ti o n  of  st y r e n e  a n d  et h yl  di a z o a c et at e,  t h e  cis-  a n d  tr a ns- c y cl o p r o p a n e c a r-

b o x yl at es w e r e o bt ai n e d i n 1 0 a n d 6 % e n a nti o m e ri c e x c ess ( e e ), r es p e cti v el y.

W e als o o bs e r v e d as y m m et ri c i n d u cti o n i n c a r b e n e i ns e rti o n t o a C – O b o n d

of 2- p h e n yl o x et a n e gi vi n g o pti c all y a cti v e 2, 3-s u bstit ut e d t et r a h y d r of u r a n d e-

ri v ati v es. At t h at ti m e, t h e fi n di n g w as s y nt h eti c all y p ri miti v e si n c e t h e d e g r e e

of e n a nti os el e cti o n w as m e a ni n gl ess p r a cti c all y. L at e r, T. A r at a ni, a K y ot o st u-

d e nt, w e nt t o S u mit o m o C h e mi c al C o., w h e r e h e i n v e nt e d a n e x c ell e nt c hi r al

C u c at al yst f o r as y m m et ri c c y cl o p r o p a n ati o n, a c hi e vi n g t h e i n d ust ri al s y nt h e-

sis  of  c h r ys a nt h e m at es  ( ef fi ci e nt  i ns e cti ci d es )  a n d  ( S )- 2, 2- c y cl o p r o p a n e c a r-

b o x yli c a ci d. T h e l att e r c o m p o u n d is a b uil di n g bl o c k of cil ast ati n, a n i n vi v o

st a bili z e r  of  t h e  c a r b a p e n e m  a nti bi oti c,  i mi p e n e m  ( M e r c k  C o. )  ( Fi g u r e

3 ) [ 9 ].

A S Y M M E T RI C H Y D R O G E N A TI O N I N T H E E A R L Y D A Y S

At p r es e nt t h e as y m m et ri c c y cl o p r o p a n ati o n is i m p o rt a nt p r a cti c all y, b ut i n

t h e l at e 1 9 6 0s, it w as j ust a s p e ci al r e a cti o n i n o r g a ni c s y nt h esis. I d e ci d e d t o

p u rs u e  h y d r o g e n ati o n,  w hi c h  is  a  c o r e  t e c h n ol o g y  i n  c h e mist r y.  It  is  t h e
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Fi g ure 3. S u mit o m o as y m m et ri c c y cl o p r o p a n ati o n. a ) Us ef ul c hi r al c y cl o p r o p a n es a n d b )
r e a cti o n a p p a r at us.



si m pl est b ut m ost p o w e rf ul w a y t o p r o d u c e a wi d e a r r a y of i m p o rt a nt c o m-

p o u n ds  i n  l a r g e  q u a ntiti es  usi n g  i n e x p e nsi v e,  cl e a n  h y d r o g e n  g as  wit h o ut

f o r mi n g a n y w ast e. H y d r o g e n ati o n w as i niti at e d at t h e e n d of t h e 1 9t h c e n-

t u r y b y P. S a b ati e r ( 1 9 1 2 N o b el l a u r e at e ) w h o us e d fi n e m et al p a rti cl es as h e-

t e r o g e n e o us c at al ysts. S o m e n ot a bl e a c hi e v e m e nts t h at att r a ct e d m e, b ef o r e

d oi n g r es e a r c h i n t his a r e a, i n cl u d e: a cti v ati o n of H 2 b y a t r a nsiti o n m et al

c o m pl e x i n t h e l at e 1 9 3 0s ( M. C al vi n, 1 9 6 1 N o b el l a u r e at e ) [ 1 0 ]; h o m o g e n e-

o us h y d r o g e n ati o n of ol e fi ni c s u bst r at es wit h R u Cl 3 i n 1 9 6 1 (J. H al p e r n, J.

H a r r o d,  a n d  B.  R.  J a m es ) [ 1 1 ];  a n d  h y d r o g e n ati o n  of  ol e fi ni c  c o m p o u n ds

usi n g  R h Cl [ P ( C 6 H 5 ) 3 ] 3 i n  1 9 6 5  ( G.  Wil ki ns o n,  1 9 7 3  N o b el  l a u r e at e ) [ 1 2 ].

M ost  i m p o rt a ntl y,  i n  1 9 5 6,  S.  A k a b o ri  at  Os a k a  r e p o rt e d  t h at  m et alli c  P d

d r a w n o n sil k c at al y z es as y m m et ri c ( h et e r o g e n e o us ) h y d r o g e n ati o n of o xi-

m es a n d o x a z ol o n es [ 1 3 ]. T his pi o n e e ri n g w o r k, t h o u g h n ot eff e cti v e s y nt h e-

ti c all y, w as al r e a d y w ell k n o w n t h r o u g h o ut J a p a n. I n 1 9 6 8, t w o y e a rs aft e r o u r

as y m m et ri c c y cl o p r o p a n ati o n i n 1 9 6 6, W. S. K n o wl es (f ell o w N o b el l a u r e at e

i n 2 0 0 1 ) [ 1 4 ] a n d L. H o r n e r [ 1 5 ] r e p o rt e d i n d e p e n d e ntl y t h e fi rst h o m o g e-

n e o usl y c at al y z e d as y m m et ri c h y d r o g e n ati o n of ol e fi ns wit h c hi r al m o n o d e n-

t at e t e rti a r y p h os p hi n e – R h c o m pl e x es, al b eit i n 3 – 1 5 % o pti c al yi el d [ 1 6 ]. H.

B. K a g a n p r o vi d e d a m aj o r b r e a kt h r o u g h i n t his a r e a i n 1 9 7 1, w h e n h e d e vi-

s e d DI O P, a C 2 c hi r al di p h os p hi n e d e ri v e d f r o m t a rt a ri c a ci d. H e us e d its R h

c o m pl e x f o r as y m m et ri c h y d r o g e n ati o n of d e h y d r o a mi n o a ci ds l e a di n g t o

p h e n yl al a ni n e i n a b o ut 8 0 % e e, t h e n r e c o r d e d as 7 2 % e e [ 1 7 ]. T h e K n o wl es

g r o u p  at  M o ns a nt o  est a blis h e d  a  m et h o d  f o r  t h e  i n d ust ri al  s y nt h esis  of  L-

D O P A, a d r u g f o r t r e ati n g P a r ki ns o n’s dis e as e, usi n g his DI P A M P – R h c at al y-

z e d as y m m et ri c h y d r o g e n ati o n as a k e y st e p [ 1 8 ]. T h es e a c hi e v e m e nts si g ni fi-

c a ntl y sti m ul at e d t h e s u bs e q u e nt i n v esti g ati o n of t his i m p o rt a nt s u bj e ct.

S h o rtl y aft e r m o vi n g f r o m K y ot o t o N a g o y a i n 1 9 6 9 – 7 0, I s p e nt a p ost d o c-

t o r al y e a r at H a r v a r d wit h E. J. C o r e y ( 1 9 9 0 N o b el l a u r e at e ). H e as k e d m e t o

h y d r o g e n at e s el e cti v el y o n e of t h e t w o C = C b o n ds i n a p r ost a gl a n di n F 2 α d e-

ri v ati v e t o t h e F 1 α f o r m h a vi n g o nl y o n e C = C b o n d [ 1 9 ]. T his r es e a r c h w as

h el p e d b y K. B. S h a r pl ess ( a n ot h e r f ell o w N o b el l a u r e at e i n 2 0 0 1 ) w h o w as

t h e n a p ost d o ct o r al f ell o w wit h K. Bl o c h ( 1 9 6 4 N o b el l a u r e at e i n P h ysi ol o g y

o r M e di ci n e ) a n d w h o s u g g est e d a c o n v e ni e nt T L C t e c h ni q u e f o r a n al y zi n g

t h e  st r u ct u r all y  v e r y  si mil a r  ol e fi ni c  c o m p o u n ds.  I n  a d diti o n  t o  t his  b a c k-

g r o u n d, m y p e rs o n al i nt e r a cti o n wit h J. A. Os b o r n, a f o r m e r Wil ki ns o n st u-

d e nt  a n d  c o-i n v e nt o r  of  R h Cl [ P ( C 6 H 5 ) 3 ] 3 [ 1 2 ]  w h o  w as  t h e n  a n  Assist a nt

P r of ess o r at H a r v a r d, g r e atl y e n h a n c e d m y i nt e r est i n as y m m et ri c h y d r o g e-

n ati o n, w hi c h l at e r b e c a m e m y lif e-l o n g r es e a r c h i nt e r est. M y d esi r e w as t o 

d e v el o p a t r ul y ef fi ci e nt as y m m et ri c h y d r o g e n ati o n w hi c h w o ul d h a v e a wi d e

s c o p e  of  a p pli c ati o ns.  I n  t h e  e a rl y  1 9 7 0s,  c hi r al  p h os p hi n e – R h  c o m pl e x es

c o ul d  h y d r o g e n at e  s atisf a ct o ril y  o nl y  d e h y d r o  a mi n o  a ci ds  b ut  n ot  m a n y  

ot h e r  ol e fi ns.  As y m m et ri c  h y d r o g e n ati o n  of  k et o n es  w as  t ot all y  u n e x-

pl o r e d [ 2 0 ].
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BI N A P, A B E A U TI F U L C HI R A L M O L E C U L E

H 2 is t h e si m pl est m ol e c ul e b ut it h as e n o r m o us p ot e nti al f r o m b ot h a s ci e n-

ti fi c a n d t e c h ni c al p oi nt of vi e w. T o dis c o v e r hi g h- p e rf o r m a n c e as y m m et ri c

c at al ysts, d e v el o pi n g a n e x c ell e nt c hi r al li g a n d is c r u ci al. Att r a ct e d b y its m o-

l e c ul a r  b e a ut y [ 2 1 ],  w e  i niti at e d  t h e  s y nt h esis  of  BI N A P  ( 2, 2'- bis ( di p h e n yl-

p h os p hi n o )- 1, 1'- bi n a p ht h yl ) [ 2 2 ]  i n  1 9 7 4  at  N a g o y a  wit h  t h e  h el p  of  H.

Ta k a y a, m y r es p e ct e d l o n g-t e r m c oll a b o r at o r. BI N A P w as a n e w f ull y a r o m ati c,

a xi all y diss y m m et ri c C 2 c hi r al di p h os p hi n e t h at w o ul d e x e rt st r o n g st e ri c a n d

el e ct r o ni c i n fl u e n c es o n t r a nsiti o n m et al c o m pl e x es. Its p r o p e rti es c o ul d b e

fi n e-t u n e d b y s u bstit uti o ns o n t h e a r o m ati c ri n gs. H o w e v e r, s y nt h esis of t his

o pti c all y p u r e C 2 c hi r al di p h os p hi n e w as u n e x p e ct e dl y dif fi c ult. I n 1 9 7 6, f o r

t h e fi rst ti m e, w e m a n a g e d t o o bt ai n o pti c all y a cti v e BI N A P st a rti n g f r o m o p-

ti c all y p u r e 2, 2'- di a mi n o- 1, 1'- bi n a p ht h yl ( Fi g u r e 4 a ). H o w e v e r, t his s e e mi n gl y

st r ai g htf o r w a r d s y nt h eti c p at h w a y w as n ot r e p r o d u ci bl e d u e t o t h e t e n d e n c y

of t h e c hi r al i nt e r m e di at es t o c a us e r a c e mi z ati o n [ 2 3 ]. I n 1 9 7 8, w e f o u n d a r e-

li a bl e  m et h o d  f o r  r es ol vi n g  r a c e mi c  BI N A P  wit h  a n  o pti c all y  a cti v e  di m e-

t h yl ( 1- p h e n yl et h yl ) a mi n e – P d (II ) c hl o ri d e c o m pl e x [ 2 2 ], w hil e l at e r o pti c all y

p u r e  BI N A P  b e c a m e  a v ail a bl e  m o r e  c o n v e ni e ntl y  b y  r es ol uti o n  of  BI N A P  

di o xi d e  wit h  c a m p h o rs ulf o ni c  a ci d  o r  2, 3- O - di b e n z o ylt a rt a ri c  a ci d  ( Fi g u r e

4 b ) [ 2 4, 2 5 ]. Alt h o u g h t h e el usi v e BI N A P w as a v ail a bl e, a c hi e vi n g o u r g o al w as
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Fi g ure 4. A c c ess t o e n a nti o m e ri c all y p u r e BI N A P.

a) Irr e pr o d u ci bl e st er e o s p e ci fi c s y nt h e si s



still i n t h e dist a n c e. E n a nti os el e cti vit y of BI N A P – R h (I ) c at al y z e d as y m m et ri c

h y d r o g e n ati o n of α - ( a c yl a mi n o ) a c r yli c a ci ds w as hi g hl y v a ri a bl e a n d n ot s a-

tisf a ct o r y at t h at ti m e, e e of t h e c hi r al p r o d u cts b ei n g at m ost a b o ut 8 0 %.

H o w e v e r, w e r e m ai n e d p ati e nt. I n 1 9 8 0, si x y e a rs aft e r t h e st a rt, t h a n ks t o t h e

u ns w e r vi n g  eff o rts  of  m y  y o u n g  ass o ci at es,  w e  p u blis h e d  o u r  fi rst  w o r k  o n

as y m m et ri c s y nt h esis of a mi n o a ci ds of hi g h e n a nti o m e ri c p u rit y, u p t o 1 0 0 %

e e, t o g et h e r wit h t h e X- r a y c r yst alli n e st r u ct u r e of a c ati o ni c BI N A P – R h ( n o r-

b o r n a di e n e ) c o m pl e x [ 2 2, 2 6 ].

BI N A P, a c o nf o r m ati o n all y fl e xi bl e at r o pis o m e ri c C 2 di p h os p hi n e, c a n a c-

c o m m o d at e  a  r a n g e  of  t r a nsiti o n  m et als  b y  r ot ati n g  a b o ut  t h e  bi n a p ht h yl

C ( 1 ) – C ( 1' ) pi v ot a n d C ( 2 o r 2' ) – P b o n ds wit h o ut s e ri o usl y i n c r e asi n g t o rsi o-

n al st r ai n, w hil e t h e r es ulti n g s e v e n- m e m b e r e d c h el at e ri n gs c o nt ai ni n g o nl y

s p2 c a r b o n at o ms a r e i n t u r n s k el et all y u n a m bi g u o us. T h e c hi r alit y of BI N A P

is t r a ns mitt e d t o ot h e r m et al c o o r di n ati o n sit es t h r o u g h t h e c h el at e st r u ct u-

r e [ 2 2, 2 6 ]. T h e δ o r λ g e o m et r y is hi g hl y s k e w e d a n d d et e r mi n es t h e c hi r al

dis p ositi o n of t h e P - p h e n yl ri n gs t h at pl a y a k e y r ol e i n g e n e r ati n g o utst a n d-

i n g  c hi r alit y- dis c ri mi n ati n g  a bilit y  at  t h e  r e a cti v e  c o o r di n ati o n  sit es.  T h us

BI N A P- b as e d m et al c o m pl e x es w e r e e x p e ct e d t o e x hi bit hi g h c hi r al r e c o g ni-

ti o n a bilit y i n v a ri o us c at al yti c r e a cti o ns i n a d diti o n t o h y d r o g e n ati o n. 

A S Y M M E T RI C S Y N T H E SI S O F M E N T H O L

T h e c ati o ni c BI N A P – R h c o m pl e x w as b est us e d i n as y m m et ri c is o m e ri z ati o n

of all yli c a mi n es [ 2 7 ], r e ali zi n g a n i n d ust ri al s y nt h esis of ( – )- m e nt h ol f r o m

m y r c e n e  ( Fi g u r e  5 ) [ 2 8 ].  T his  r es ult e d  f r o m  a  f r uitf ul  a c a d e mi c /i n d ust ri al
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Fi g ure 5. Ta k as a g o m e nt h ol s y nt h esis.



c oll a b o r ati o n  b et w e e n  g r o u ps  at  Os a k a  U ni v e rsit y  ( S.  Ots u k a  a n d  H.

Ta ni ) [ 2 9 ], N a g o y a U ni v e rsit y ( R. N o y o ri ), I nstit ut e f o r M ol e c ul a r S ci e n c e ( H.

Ta k a y a ),  Si z u o k a  U ni v e rsit y  (J.  Ta n a k a  a n d  K.  Ta k a b e ) [ 3 0 ],  a n d  Ta k as a g o

I nt e r n ati o n al C o. ( Fi g u r e 6 ). T h e k e y st e p w as t h e as y m m et ri c is o m e ri z ati o n of

g e r a n yl di et h yl a mi n e c at al y z e d b y a n ( S )- BI N A P – R h c o m pl e x i n T H F f o r mi n g

( R )- cit r o n ell al e n a mi n e, w hi c h u p o n h y d r ol ysis gi v es ( R )- cit r o n ell al i n 9 6 –

9 9 % e e. T his is f a r s u p e ri o r t o t h e 8 0 % e e of t h e n at u r all y o c c u r ri n g p r o d u ct

a v ail a bl e f r o m r os e oil. A m o n g v a ri o us R h a n d ot h e r c at al ysts e x a mi n e d, t h e

BI N A P- b as e d c ati o ni c R h c o m pl e x w as t h e m ost r e a cti v e a n d t h e m ost st e r e o-

s el e cti v e. T h e BI N A P – R h c at al yst cl e a rl y diff e r e nti at es b et w e e n t h e p r o- S a n d

p r o- R h y d r o g e ns o n t h e fl e xi bl e all yli c a mi n e s k el et o n d u ri n g t h e 1, 3-s u p r a-

f a ci al  s hift  t h at  o c c u rs  vi a  a  nit r o g e n-t ri g g e r e d  m e c h a nis m [ 3 1 ].  T h e  as y m-

m et ri c r e a cti o n is p e rf o r m e d o n a ni n e-t o n s c al e. T h e f ull t e c h ni c al r e fi n e-

m e nts of t h e p ositi o n- a n d st e r e os el e cti v e a d diti o n of di et h yl a mi n e t o m y r-

c e n e, gi vi n g t h e st a rti n g g e r a n yl a mi n e, a n d t h e Z n B r 2 - c at al y z e d i nt r a m ol e c u-

l a r e n e r e a cti o n of (R )- cit r o n ell al, f o r mi n g is o p ul e g ol wit h t h e t h r e e c o r r e ct

st e r e o g e ni c c e nt e rs, all o w e d f o r t h e p r o d u cti o n of t e r p e ni c s u bst r at es t ot ali n g

a b o ut 1 5 0 0 t o ns p e r y e a r at Ta k as a g o I nt e r n ati o n al C o. M ost of t h e ( R )- cit r o-

n ell al  is  c o n v e rt e d  t o  1 0 0 0  t o ns  p e r  y e a r  of  ( – )- m e nt h ol,  o n e-t hi r d  of  t h e

w o rl d d e m a n d. ( R )- 7- H y d r o x y di h y d r o cit r o n ell al t h us p r e p a r e d is a p e rf u m e-

r y a g e nt t h at s m ells li k e lil y of t h e v all e y. Its m et h yl et h e r is a n i nt e r m e di at e i n

t h e  s y nt h esis  of  m et h o p r e n e,  a  g r o wt h  r e g ul at o r  of  t h e  y ell o w  f e v e r  m os-

q uit o [ 2 8, 2 9 ].
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Fi g ure 6. At t h e Ta k as a g o pl a nt f o r ( – )- m e nt h ol s y nt h esis ( F e b r u a r y, 1 9 8 4 ). F r o m t h e l eft, K.
Ta ni, H. Ta k a y a, R. N o y o ri, S. Ots u k a, S. A k ut a g a w a, a n d H. K u m o b a y as hi.



A S Y M M E T RI C H Y D R O G E N A TI O N O F O L E FI N S B Y BI N A P – R U T H E NI U M

C O M P L E X E S

R et u r ni n g  t o  t h e  t o pi c  of  as y m m et ri c  h y d r o g e n ati o n,  o u r  s u c c ess  r es ult e d

f r o m t h e i n v e nti o n of t h e BI N A P li g a n d [ 3 2 ] a n d als o f r o m t h e us e of R u el e-

m e nt  t h at  b e h a v es  diff e r e ntl y  f r o m  c o n v e nti o n al  R h [ 3 3, 3 4 ].  T h e  c ati o ni c

BI N A P – R h c o m pl e x es c at al y z e h y d r o g e n ati o n of α - ( a c yl a mi n o ) a c r yli c a ci ds

o r est e rs t o gi v e t h e c o r r es p o n di n g a mi n o a ci d d e ri v ati v es of hi g h e e ( Fi g u r e

7 ) [ 2 2, 2 3 ]. H o w e v e r, t h e r e a cti o n is r el ati v el y sl o w, a n d hi g h e n a nti os el e cti vit y

is o bt ai n e d o nl y u n d e r s p e ci al c o n diti o ns p r o b a bl y d u e t o o p e r ati o n of t h e

u ns at u r at e / di h y d ri d e m e c h a nis m. J. H al p e r n [ 3 5 ] a n d J. M. B r o w n [ 3 6 ] s h o w-

e d t h at h y d r o g e n ati o n of e n a mi d es i n t h e p r es e n c e of a C 2 c hi r al di p h os p hi n e

– R h c o m pl e x p r o c e e ds vi a o xi d ati v e a d diti o n of H 2 t o di ast e r e o m e ri c R h –

s u bst r at e c h el at e c o m pl e x es, f oll o w e d b y st e p wis e t r a nsf e r of t h e t w o h y d ri d es

t o t h e c o o r di n at e d ol e fi n. M ost si g ni fi c a ntl y, t h e mi n o r di ast e r e o m e r of t h es e

c o m pl e x es is t h e m o r e r e a cti v e o n e [ 3 7 ]. B e c a us e of t h e e x c ell e nt c hi r al r e-

c o g niti o n a bilit y of BI N A P, t h e r e a cti v e s p e ci es, l e a di n g t o t h e d esi r e d h y d r o-

g e n ati o n p r o d u ct, is p r es e nt i n a v e r y s m all q u a ntit y a n d is e v e n N M R-i n vis-

i bl e i n t h e e q uili b ri u m mi xt u r e [ 2 3 a ]. T h e r ef o r e, c o n diti o ns s u c h as h y d r o-

g e n p r ess u r e, t e m p e r at u r e, a n d c o n c e nt r ati o n m ust b e c h os e n c a r ef ull y t o

o bt ai n hi g h e n a nti os el e cti vit y. F u rt h e r m o r e, as y m m et ri c h y d r o g e n ati o n w as

li mit e d t o t h e s y nt h esis of a mi n o a ci ds.

A m aj o r b r e a kt h r o u g h o c c u r r e d w h e n w e d e vis e d t h e BI N A P – R u (II ) di c a r-

b o x yl at e c o m pl e x es i n 1 9 8 6 ( Fi g u r e 8 ) [ 3 8, 3 9 ]. T h e R u c o m pl e x es a r e e x c el-

l e nt c at al ysts f o r as y m m et ri c h y d r o g e n ati o n of v a ri o us f u n cti o n ali z e d ol e fi ns,

as s u m m a ri z e d i n Fi g u r e 9. T h e r e a cti o n p r o c e e ds vi a a R u m o n o h y d ri d e i n-

t e r m e di at e f o r m e d b y h et e r ol ysis of H2 b y t h e R u c o m pl e x. T h e R u c e nt e r r e-

m ai ns i n t h e + 2 o xi d ati o n st at e t h r o u g h o ut t h e c at al yti c c y cl e [ 4 0 ] i n c o nt r ast

t o t h e R h c o m pl e x w hi c h i n v ol v es a + 1 / + 3 r e d o x p r o c ess. H et e r o at o ms i n t h e

f u n cti o n al g r o u ps s e r v e as a bi n di n g t et h e r t o t h e c at al yti c R u c e nt e r. T his

h y d r o g e n ati o n h as a v e r y wi d e s c o p e. H y d r o g e n ati o n of α ,β - a n d β ,γ - u ns at u-

r at e d c a r b o x yli c a ci ds t a k es pl a c e i n al c o h oli c m e di a, w h e r e t h e s e ns e a n d d e-
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Fi g ure 7. As y m m et ri c h y d r o g e n ati o n of α - ( a c yl a mi n o ) a c r yli c a ci ds c at al y z e d b y BI N A P – R h
c o m pl e x es.



g r e e of t h e e n a nti os el e cti o n a r e hi g hl y d e p e n d e nt o n t h e s u bstit uti o n p att e r n

a n d h y d r o g e n p r ess u r e [ 4 1 ]. All yli c a n d h o m o all yli c al c o h ols a r e als o h y d r o-

g e n at e d wit h hi g h e n a nti os el e cti o n [ 4 2 ]. C e rt ai n r a c e mi c all yli c al c o h ols c a n

b e r es ol v e d b y t h e BI N A P – R u c at al y z e d h y d r o g e n ati o n [ 4 3 ]. T h e c hi r al R u

c o m pl e x es eff e ct hi g hl y e n a nti os el e cti v e h y d r o g e n ati o n of ( Z )- 2- a c yl- 1- b e n z y-

li d e n e- 1, 2, 3, 4-t et r a h y d r ois o q ui n oli n es [ 3 8, 4 4 ].  I n  a  si mil a r  m a n n e r,  e n a n-

ti o- e n ri c h e d α -  a n d  β - a mi n o  a ci ds [ 4 5 ]  as  w ell  as  α - a mi n o  p h os p h o ni c

a ci ds [ 4 6 ] a r e o bt ai n a bl e f r o m s uit a bl y a mi d o-s u bstit ut e d ol e fi ns. N ot a bl y, t h e

R u (II ) a n d R h (I ) c o m pl e x es p oss essi n g t h e s a m e BI N A P c hi r alit y f o r m a nti-

p o d al a mi n o a ci ds as t h e p r e d o mi n a nt p r o d u cts [ 4 7 ].

Fi g u r e  1 0  ill ust r at es  s o m e  c hi r al  c o m p o u n ds  t h at  c a n  b e  o bt ai n e d  b y  

t his as y m m et ri c h y d r o g e n ati o n. A n i m p o rt a nt a p pli c ati o n is t h e s y nt h esis of

t h e  a nti-i n fl a m m at o r y  d r u g,  n a p r o x e n,  i n  9 7 %  e e  f r o m  a n  α - a r yl- a c r yli c

a ci d [ 4 1, 4 6 ]. N at u r al a n d u n n at u r al cit r o n ell ol wit h u p t o 9 9 % e e a r e o bt ai n-

a bl e f r o m g e r a ni ol o r n e r ol wit h o ut s at u r ati o n of t h e C ( 6 ) – C ( 7 ) d o u bl e b o n d

wit h  a  hi g h  s u bst r at e  t o  c at al yst  ( S / C )  r ati o.  T h e  h y d r o g e n ati o n  of  ( R ,E )-
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Fi g ure 8. St r u ct u r es of BI N A P – R u di a c et at e c o m pl e x es.
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Fi g ure 9. As y m m et ri c h y d r o g e n ati o n of f u n cti o n ali z e d ol e fi ns c at al y z e d b y ( S )- BI N A P – R u di-
c a r b o x yl at es.

Fi g ure 1 0. A p pli c ati o ns of BI N A P – R u c at al y z e d h y d r o g e n ati o n of ol e fi ns.

1 b- m et h yl c ar b a p e n e m i nt er m e di at e



6, 7, 1 0, 1 1-t et r a h y d r of a r n es ol p r o d u c es ( 3 R , 7R )- h e x a h y d r of a r n es ol, a C 1 5 si d e

c h ai n of α -t o c o p h e r ol ( vit a mi n E ) a n d a p a rt of vit a mi n K1 . T h e h y d r o g e n a-

ti o n of a n all yli c al c o h ol p oss essi n g a c hi r al a z eti di n o n e u nit gi v es a 1β - m e-

t h yl c a r b a p e n e m s y nt h eti c i nt e r m e di at e di ast e r e os el e cti v el y [ 4 8 ]. T h e dis c o v e-

r y of t his as y m m et ri c h y d r o g e n ati o n m a d e p ossi bl e t h e g e n e r al as y m m et ri c

s y nt h esis of is o q ui n oli n e al k al oi ds i n cl u di n g m o r p hi n e, b e n z o m o r p h a ns, a n d

m o r p hi n a ns s u c h as t h e a ntit ussi v e d e xt r o m et h o r p h a n [ 4 3, 4 9 ].

I m p o rt a ntl y, t h e list of s u bst r at es c a n b e e xt e n d e d t o i n cl u d e v a ri o us k et o-

n es, as g e n e r ali z e d i n Fi g u r e 1 1. T h e h al o g e n- c o nt ai ni n g BI N A P – R u (II ) c o m-

pl e x es ( oli g o m e rs ) [ 5 0 ], b ut n ot t h e di a c et at e c o m pl e x es, a r e ef fi ci e nt c at a-
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Fi g ure 1 1. As y m m et ri c h y d r o g e n ati o n of f u n cti o n ali z e d k et o n es c at al y z e d b y ( S )- BI N A P – R u
di h ali d e c o m pl e x es ( X = h al o g e n ). P h ot o: m aj o r c o nt ri b ut o rs (f r o m t h e l eft, H. Ta k a y a, M.
Kit a m u r a, a n d T. O h k u m a ).



l ysts f o r t h e as y m m et ri c h y d r o g e n ati o n of a r a n g e of f u n cti o n ali z e d k et o n es,

w h e r ei n c o o r di n ati v e nit r o g e n, o x y g e n, a n d h al o g e n at o ms n e a r C = O f u n c-

ti o ns  di r e ct  t h e  r e a cti vit y  a n d  st e r e o c h e mi c al  o ut c o m e  i n  a n  a bs ol ut e  s e n-

s e [ 5 1 ]. A wi d e v a ri et y of a c hi r al k et o n es a r e h y d r o g e n at e d e n a nti os el e cti v el y

t o t h e c o r r es p o n di n g c hi r al al c o h ols i n 9 0 – 1 0 0 % e e i n a p r e di ct a bl e m a n n e r.

T h e r e a cti o n c a n b e p e rf o r m e d n o r m all y i n al c o h ols wit h u p t o 5 0 % s u bst r a-

t e c o n c e nt r ati o n u n d e r 4 – 1 0 0 at m at r o o m t e m p e r at u r e wit h a n S / C r ati o of

u p t o 1 0 0 0 0 o n a n y s c al e e v e n usi n g > 1 0 0 k g of t h e s u bst r at e. Fi g u r e 1 2 s h o ws

s o m e  s y nt h eti c  a p pli c ati o ns  of  t his  as y m m et ri c  h y d r o g e n ati o n.  ( R )- 1, 2-

P r o p a n e di ol t h us o bt ai n e d f r o m h y d r o x y a c et o n e is us e d f o r i n d ust ri al s y n-

t h esis of t h e a nti b a ct e ri al l e v o fl o x a ci n ( Ta k as a g o C o. / D aii c hi P h a r m a c e uti c al

C o. ). I n a d diti o n, γ - a mi n o-β - h y d r o x y b ut y ri c a ci d ( G A B O B ) a n d a c o m p a cti n

i nt e r m e di at e c a n b e p r e p a r e d wit h hi g h e n a nti o m e ri c p u rit y [ 4 9, 5 2 ]. P r e- e x-

isti n g st e r e o g e ni c c e nt e rs i n t h e k et o ni c s u bst r at e si g ni fi c a ntl y aff e ct t h e st e ri c

c o u rs e. St ati n es c a n b e o bt ai n e d wit h a hi g h di ast e r e o- a n d e n a nti os el e cti vi-

t y [ 5 3 ]. T h e d o u bl e h y d r o g e n ati o n of 1, 3- di o n es vi a c hi r al h y d r o x y k et o n es 

l e a ds t o t h e a nti 1, 3- di ols i n cl os e t o 1 0 0 % e e [ 5 1 a ].

R a c e mi c β - k et o est e rs wit h a c o n fi g u r ati o n all y l a bil e α -st e r e o g e ni c c e nt e r,

u n d e r g oi n g i n sit u st e r e oi n v e rsi o n, c a n b e t r a nsf o r m e d i nt o a si n gl e st e r e o-

is o m e r, o ut of t h e f o u r st e r e ois o m e rs, wit h hi g h st e r e os el e cti vit y, as ill ust r at e d

i n Fi g u r e 1 3 [ 5 4 ]. T his d y n a mi c ki n eti c r es ol uti o n [ 5 5 ] h as b e e n us e d f o r t h e

s y nt h esis of v a ri o us bi ol o gi c all y i m p o rt a nt c o m p o u n ds s u c h as t h r e o ni n e, L-

D O P S [ 5 2 ], p h os p h ot h r e o ni n e [ 5 6 ], a n d f osf o m y ci n [ 5 7 ]. Its utilit y w as hi g h-

li g ht e d  b y  t h e  i n d ust ri al  s y nt h esis  of  c a r b a p e n e m  a nti bi oti cs  at  Ta k as a g o

I nt e r n ati o n al  C o.  ( Fi g u r e  1 4 ).  T h e  r e q uisit e  c hi r al  4- a c et o x y a z eti di n o n e  is

p r e p a r e d b y t h e ( R )- BI N A P – R u c at al y z e d h y d r o g e n ati o n of r a c e mi c m et h yl 

α - ( b e n z a mi d o m et h yl ) a c et o a c et at e i n di c hl o r o m et h a n e gi vi n g t h e 2S , 3R h y-

d r o x y est e r wit h 9 4: 6 e r yt h r o:t h r e o di ast e r e os el e cti vit y [ 5 8 ] a n d 9 9. 5: 0. 5 e n a n-

ti os el e cti vit y [ 5 4 a ]. Q u a ntit ati v e a n al ysis [ 5 4 ] i n di c at es t h at t h e 2S s u bst r at e is

h y d r o g e n at e d 1 5 ti m es f ast e r t h a n t h e R e n a nti o m e r, a n d t h e sl o w- r e a cti n g R

is o m e r is i n v e rt e d t o t h e 2S e n a nti o m e r 9 2 ti m es e asi e r t h a n it is h y d r o g e-

n at e d. T h e e xt e nt of t h e BI N A P c at al yst- b as e d as y m m et ri c i n d u cti o n is c al c u-
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Fi g ure 1 2 . A p pli c ati o ns of BI N A P – R u c at al y z e d h y d r o g e n ati o n of k et o n es.



l at e d t o b e 1 0 4 i n f a v o r of t h e 3R is o m e r, w h e r e as t h e s u bst r at e- b as e d as y m-

m et ri c i n d u cti o n is 9 i n f a v o r of t h e C ( 2 ) / C ( 3 ) e r yt h r o st e r e o c h e mist r y. T h e

v ol u m e of t h e h y d r o g e n ati o n r e a ct o r s h o w n i n Fi g u r e 1 5 is 1 3 m 3 .

β - K et o est e rs a r e t h e b est s u bst r at es f o r t h e R u c at al y z e d as y m m et ri c h y-

d r o g e n ati o n l e a di n g t o t h e β - h y d r o x y est e rs i n > 9 8 % e e [ 5 9 ]. Fi g u r e 1 6 ill u-

st r at es t h e m e c h a nisti c m o d el. T h e h ali d e li g a n d i n t h e R u c o m pl e x, g e n e r at-

i n g a st r o n g a ci d a n d a R u H Cl s p e ci es b y t h e a cti o n of H2 , is i m p o rt a nt t o

f a cilit at e t h e h y d ri d e t r a nsf e r f r o m R u t o t h e c a r b o n yl c a r b o n [ 5 5 ]. I n a d di-

ti o n, t h e p r es e n c e of t h e est e r m oi et y i nt e r a cti n g wit h t h e R u c e nt e r is c r u ci al

f o r b ot h hi g h r e a cti vit y a n d e n a nti os el e cti vit y. B e c a us e of t h e e x c ell e nt c hi r al

r e c o g niti o n a bilit y of BI N A P, t h e t w o st e r e o- d et e r mi ni n g di ast e r e o m e ri c T Ss

a r e w ell diff e r e nti at e d wit h t h e assist a n c e of t h e o x y g e n – R u i nt e r a cti o n. T h e

R - di r e cti n g T S is hi g hl y f a v o r e d o v e r t h e S - g e n e r ati n g di ast e r e o m e r, w hi c h

s uff e rs f r o m s u bst a nti al R /P - p h e n yl r e p ulsi v e i nt e r a cti o n. T h e o x y g e n – R u d a-

ti v e b o n d ( a n d r el at e d i nt e r a cti o n i n t h e r e a cti o ns i n Fi g u r e 1 1 ) e x e rts a pi-

v ot al  f u n cti o n  i n  t h e  a c c el e r ati o n  of  h y d r o g e n ati o n  as  w ell.  T h us,  β - k et o

1 9 9

Fi g ure 1 3. As y m m et ri c h y d r o g e n ati o n vi a d y n a mi c ki n eti c r es ol uti o n.

Fi g ure 1 4. St e r e os el e cti v e s y nt h esis of c a r b a p e n e m a nti bi oti cs.
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Fi g ure  1 5. A  l a r g e-s c al e  BI N A P – R u  c at al y z e d
h y d r o g e n ati o n at Ta k as a g o I nt e r n ati o n al C o.

Fi g ure 1 6. M e c h a nis m of ( R )- BI N A P – R u c at al y z e d h y d r o g e n ati o n of β - k et o est e rs.



est e rs a r e h y d r o g e n at e d s m o ot hl y e v e n i n t h e si m pl est k et o n e, a c et o n e, c o n-

t ai ni n g a s m all a m o u nt of w at e r. T h us, alt h o u g h BI N A P – R u di h ali d e c at al ysts

h a v e a v e r y wi d e s c o p e, t h e y a r e u n a bl e t o h y d r o g e n at e si m pl e u nf u n cti o n ali-

z e d k et o n es.

A S Y M M E T RI C H Y D R O G E N A TI O N O F SI M P L E K E T O N E S B Y BI N A P /

DI A MI N E R U T H E NI U M C O M P L E X E S 

F o r m o r e t h a n h alf a c e nt u r y, s el e cti v e r e d u cti o n of si m pl e k et o n es r eli e d

h e a vil y  o n  t h e  m et al  h y d ri d e  c h e mist r y  d e v el o p e d  l a r g el y  b y  H.  C.  B r o w n

( 1 9 7 9 N o b el l a u r e at e ). C h e m os el e cti v e r e d u cti o n of a C = O f u n cti o n i n t h e

p r es e n c e of a C = C g r o u p h as b e e n b est eff e ct e d b y t h e st oi c hi o m et ri c N a B H 4

r e a g e nt [ 6 0 ].  Di ast e r e os el e cti v e  r e d u cti o n  of  k et o n es  h as  f r e q u e ntl y  b e e n

a c hi e v e d b y S el e ct ri d es [ 6 1 ]. E n a nti os el e cti v e r e d u cti o n of a c hi r al k et o n es a r e

eff e ct e d b y c hi r al st oi c hi o m et ri c r e a g e nts i n cl u di n g BI N A L- H [ 6 2 ], DI P c hl o-

ri d e [ 6 3 ], a n d Al pi n e- b o r a n e [ 6 4 ] o r b y t h e C o r e y – B a ks hi – S hi b at a ( C B S ) m e-

t h o d c o m bi ni n g B2 H 6 o r c at e c h ol b o r a n e a n d a c hi r al o x a z a b o r oli di n e c at a-

l yst [ 6 5 ]. U ntil v e r y r e c e ntl y, t h es e t y p es of s el e cti v e C = O r e d u cti o ns w e r e n ot

g e n e r all y a c hi e v a bl e b y c at al yti c h y d r o g e n ati o n [ 4 9 d, 6 6 ].

I n 1 9 9 5 w h e n I w as t h e di r e ct o r of t h e E R A T O M ol e c ul a r C at al ysis P r oj e ct,

w e  f o u n d  t h at  h y d r o g e n ati o n  c at al y z e d  b y  a  R u Cl 2 ( p h os p hi n e ) 2 ( di a mi n e )

c o m pl e x a n d a n al k ali n e b as e p r o vi d e d a g e n e r al s ol uti o n t o t his l o n g-st a n-

di n g  p r o bl e m [ 6 7 ].  T h e  us e  of  a p p r o p ri at e  c hi r al  di p h os p hi n es  a n d  c hi r al  

di a mi n es all o ws as y m m et ri c h y d r o g e n ati o n of si m pl e k et o n es w hi c h l a c k a n y

L e wis- b asi c  f u n cti o n alit y  c a p a bl e  of  i nt e r a cti n g  wit h  t h e  m et al  c e nt e r.  T h e  

r e a cti vit y a n d st e r e os el e cti vit y a r e fi n e-t u n e d b y c h a n gi n g t h e st e ri c ( b ul ki n ess

a n d c hi r alit y ) a n d el e ct r o ni c p r o p e rti es of t h e a u xili a ri es. As g e n e r ali z e d i n

Fi g u r e 1 7, t h e n e wl y d e vis e d BI N A P / di a mi n e c o m pl e x c at al y z es r a pi d, p r o-

d u cti v e a n d hi g hl y e n a nti os el e cti v e h y d r o g e n ati o n of a r a n g e of a r o m ati c, h e-

t e r o- a r o m ati c, a n d ol e fi ni c k et o n es i n 2- p r o p a n ol c o nt ai ni n g K O-t- C4 H 9 o r

K O H [ 6 8 – 7 0 ].  A m o n g  v a ri o us  c o m pl e x es,  R u Cl 2 ( x yl bi n a p ) ( d ai p e n ) [ 7 1 ]  is

p a rti c ul a rl y eff e cti v e. F o r e x a m pl e, a c et o p h e n o n e a n d its d e ri v ati v es a r e h y-

d r o g e n at e d wit h S / C of u p t o 1 0 0 0 0 0 gi vi n g t h e s e c o n d a r y al c o h ols q u a nti-

t ati v el y i n 9 9 % e e [ 7 2 ], alt h o u g h t h e di a mi n e f r e e BI N A P – R u c o m pl e x es a r e

t ot all y i n eff e cti v e. N o r m all y C = C b o n ds a r e m u c h m o r e r e a cti v e t h a n C = O i n

c at al yti c h y d r o g e n ati o n, b ut t his s yst e m all o ws f o r t h e p r ef e r e nti al s at u r ati o n

of a C = O f u n cti o n o v e r a c o e xisti n g C = C li n k a g e [ 7 3, 7 4 ]. Ol e fi ni c k et o n es, eit-

h e r c o nj u g at e d o r n o n c o nj u g at e d, c a n b e c o n v e rt e d t o ol e fi ni c al c o h ols s e-

l e cti v el y. T h e h y d r o g e n ati o n t ol e r at es v a ri o us f u n cti o n aliti es i n cl u di n g F, Cl,

B r, I, C F 3 , O C H3 , O C H2 C 6 H 5 , C O O C H ( C H3 ) 2 , N O2 , N H2 , a n d N R C O R. B ot h

el e ct r o n- ri c h (f u r a n, t hi o p h e n e, t hi a z ol e, et c. ) a n d - d e fi ci e nt ri n gs ( p y ri di n e

a n d p y ri mi di n e ) a r e l eft i nt a ct [ 7 5 ]. T h e si m pl e R u Cl 2 ( P A r 3 ) 2 ( N H 2 C H 2 C H 2 -

N H 2 )  c o m pl e x  h y d r o g e n at es  v a ri o us  s u bstit ut e d  c y cli c  a n d  a c y cli c  k et o n es

wit h  hi g h  di ast e r e os el e cti vit y,  w h e r e  t h e  R u H  i nt e r m e di at e  a cts  as  a  b ul k y

h y d ri d e s p e ci es [ 7 6 ]. B e c a us e of t h e b asi c a n d p r oti c n at u r e of t h e r e a cti o n

e n vi r o n m e nt, h y d r o g e n ati o n of c o n fi g u r ati o n all y l a bil e k et o n es all o ws f o r t h e
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d y n a mi c  ki n eti c  dis c ri mi n ati o n  of  di ast e r e o m e rs,  e pi m e rs,  a n d  e n a nti o-

m e rs [ 7 6 – 7 8 ],  eff e cti n g  a  n e w  t y p e  of  st e r e os el e cti v e  r e d u cti o ns  of  k et o n es

w hi c h a r e n ot p ossi bl e wit h st oi c hi o m et ri c h y d ri d e r e a g e nts. 

T his as y m m et ri c h y d r o g e n ati o n s h o ws p r o mis e f o r t h e p r a cti c al s y nt h esis of

a wi d e v a ri et y of c hi r al al c o h ols. T h e c hi r al di p h os p hi n e / di a mi n e R u c o m-

pl e x es eff e ct e n a nti os el e cti v e h y d r o g e n ati o n of c e rt ai n a mi n o o r a mi d o k et o-

n es vi a a n o n- c h el at e m e c h a nis m wit h o ut i nt e r a cti o n b et w e e n R u a n d nit r o-

g e n  o r  o x y g e n [ 7 8 ].  T his  m et h o d  h as  b e e n  a p pli e d  t o  t h e  as y m m et ri c  s y n-

t h esis of v a ri o us i m p o rt a nt p h a r m a c e uti c als, i n cl u di n g (R )- d e n o p a mi n e, a β 1 -

r e c e pt o r a g o nist, t h e a nti d e p r ess a nt ( R )- fl u o x eti n e, t h e a nti ps y c h oti c B M S

1 8 1 1 0 0, a n d ( S )- d ul o x eti n e w hi c h is a p ot e nt i n hi bit o r of s e r ot o ni n a n d n o-

r e pi n e p h ri n e u pt a k e c a r ri e rs ( Fi g u r e 1 8 ). B e n z o p h e n o n es c a n b e h y d r o g e-

n at e d t o b e n z h y d r ols wit h a n S / C r ati o of u p t o 2 0 0 0 0 wit h o ut o v e r- r e d u c-

ti o n [ 7 9 ].  E n a nti os el e cti v e  h y d r o g e n ati o n  of  c e rt ai n  ort h o -s u bstit ut e d  b e n-

z o p h e n o n es l e a ds t o t h e u ns y m m et ri c all y s u bstit ut e d b e n z h y d r ols wit h hi g h

e e, all o wi n g c o n v e ni e nt s y nt h esis of t h e a nti c h oli n e r gi c a n d a nti hist a mi ni c

( S )- o r p h e n a d ri n e. T h e a nti hist a mi ni c ( R )- n e o b e n o di n e c a n b e s y nt h esi z e d

b y usi n g as y m m et ri c h y d r o g e n ati o n of o - b r o m o-p' - m et h yl b e n z o p h e n o n e.

T his a p p r o a c h is t h e fi rst e x a m pl e of g e n e r al a n d ef fi ci e nt as y m m et ri c h y-

d r o g e n ati o n  of  α ,β - u ns at u r at e d  k et o n es  t o  c hi r al  all yli c  al c o h ols  of  hi g h
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Fi g ure 1 7. G e n e r al as y m m et ri c h y d r o g e n ati o n of si m pl e k et o n es. A r = a r yl, H et = h et e r o-
a r yl, U n = al k e n yl.



e n a nti o m e ri c p u rit y [ 7 2 – 7 4 ]. T h e s el e cti vit y p r o fil e is i n s h a r p c o nt r ast t o t h at

o bs e r v e d  wit h  t h e  di a mi n e-f r e e  BI N A P – R u  c o m pl e x,  ef fi ci e ntl y  c at al y zi n g

as y m m et ri c h y d r o g e n ati o n of all yli c al c o h ols ( Fi g u r e 9 ). Its utilit y h as b e e n

d e m o nst r at e d b y t h e s y nt h esis of i nt e r m e di at es of a n α -t o c o p h e r ol si d e c h ai n

a n d a nt h r a c y cli n es as w ell as β -i o n ol ( Fi g u r e 1 8 ) [ 7 2, 7 3 ]. T h e as y m m et ri c h y-

d r o g e n ati o n s h o w n i n Fi g u r e 1 7 is g e n e r all y a c hi e v e d b y t h e c o m bi n e d us e of

a n ( S )- BI N A P li g a n d a n d a n ( S )- 1, 2- di a mi n e ( o r R a n d R ). T his is als o t h e 

c as e f o r t h e r e a cti o n of s- cis e x o c y cli c e n o n es, s u c h as (R )- p ul e g o n e. H o w e v e r,

as y m m et ri c  h y d r o g e n ati o n  of  2, 4, 4-t ri m et h yl- 2- c y cl o h e x e n o n e  w as  eff e ct e d

b est  wit h  R u Cl 2 [ ( S )-t ol bi n a p ] [ ( R ,R )- d p e n ] [ 7 4, 8 0 ].  T h e  c y cli c  all yl  al c o h ol

o bt ai n e d i n 9 6 % e e ( Fi g u r e 1 8 ) c a n b e c o n v e rt e d t o a s e ri es of c a r ot e n oi d- d e-

ri v e d o d o r a nts a n d bi o a cti v e t e r p e n es, s u c h as α - d a m as c o n e. T h e R o r S al c o-

h ols wit h e e as hi g h as 9 5 % c a n b e o bt ai n e d e v e n wit h a r a c e mi c T ol BI N A P –

R u Cl 2 c o m pl e x i n t h e p r es e n c e of ( R ,R )- o r ( S ,S )- D P E N vi a as y m m et ri c a cti-

v ati o n [ 8 0 – 8 2 ]. I n t his c as e, t h e hi g hl y e n a nti os el e cti v e h y d r o g e n ati o n c at a-
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Fi g ure 1 8. A p pli c ati o n of as y m m et ri c h y d r o g e n ati o n of si m pl e k et o n es.



l y z e d  b y  t h e  (S )- di p h os p hi n e / ( R ,R )- di a mi n e  c o m pl e x  ( o r  R / S ,S c o m bi n a-

ti o n ) t u r ns o v e r 1 2 1 ti m es f ast e r t h a n t h e l ess st e r e os el e cti v e r e a cti o n p r o m o-

t e d b y t h e di ast e r e o m e ri c S / S ,S ( o r R / R ,R ) c o m pl e x [ 8 3 ].

T h e r e a cti o n is r a pi d a n d hi g hl y p r o d u cti v e. F o r e x a m pl e, w h e n a mi xt u r e

of a c et o p h e n o n e ( 6 0 1 g ), t h e ( S )- T ol BI N A P / ( S ,S )- D P E N R u c o m pl e x ( 2. 2

m g ), a n d K O- t- C4 H 9 ( 5. 6 g ) i n 2- p r o p a n ol ( 1. 5 L ) ( 3 0 % w / v s u bst r at e c o n-

c e nt r ati o n ) w as sti r r e d u n d e r 4 5 at m H 2 at 3 0 ° C f o r 4 8 h, t h e R al c o h ol w as

o bt ai n e d wit h 8 0 % e e a n d 1 0 0 % yi el d [ 7 1, 8 4 ]. U n d e r s u c h c o n diti o ns, t h e

t u r n o v e r n u m b e r w as g r e at e r t h a n 2 4 0 0 0 0 0, w hil e t h e t u r n o v e r f r e q u e n c y at

3 0 % c o n v e rsi o n w as 2 2 8 0 0 0 h – 1 o r 6 3 s – 1 .

T his hi g h r at e a n d c h e m os el e cti vit y f o r t h e C = O f u n cti o n a r e d u e t o t h e

n o n cl assi c al m et al –li g a n d bif u n cti o n al m e c h a nis m ( Fi g u r e 1 9 ) [ 6 8, 7 0 ]. T h e

h y d r o g e n ati o n i n v ol v es a m et al h y d ri d e i nt e r m e di at e. H y d ri d e t r a nsf e r f r o m

t h e m et al t o t h e c a r b o n yl c a r b o n h as b e e n c o nsi d e r e d t o o c c u r vi a a 2 + 2 m e-

c h a nis m. T his r e a cti o n i n v ol v es a R u h y d ri d e s p e ci es p oss essi n g a n N H 2 li-
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Fi g ure 1 9. a ) N o n cl assi c al m et al –li g a n d bif u n cti o n al m e c h a nis m a n d c o n v e nti o n al 2 + 2 m e-
c h a nis m. b ) C at al yti c c y cl e of h y d r o g e n ati o n of k et o n es wit h a R u Cl 2 ( P R 3 ) 2 ( N H 2 C H 2 C H 2 -
N H 2 ) /st r o n g b as e c o m bi n e d s yst e m i n 2- p r o p a n ol. X = H, O R, et c.



g a n d, w h os e h y d ri di c R u – H a n d p r oti c N – H a r e si m ult a n e o usl y t r a nsf e r r e d t o

t h e C = O li n k a g e vi a a si x- m e m b e r e d p e ri c y cli c T S, t h e r e b y f o r mi n g a n al c o-

h oli c p r o d u ct di r e ctl y, wit h o ut f o r mi n g a m et al al k o xi d e ( Fi g u r e 1 9 a ). I n t his

h y d r o g e n ati o n,  t h e  m et al  a n d  t h e  li g a n d  p a rti ci p at e  c o o p e r ati v el y  i n  t h e

b o n d-f o r mi n g a n d - b r e a ki n g p r o c ess es. A m o r e d et ail e d m e c h a nisti c m o d el is

gi v e n i n Fi g u r e 1 9 b. T h e 1 8 e R u H s p e ci es r e d u c es t h e k et o n e s u bst r at e vi a

t h e p e ri c y cli c m e c h a nis m a n d t h e f o r m al 1 6 e R u a mi d e r e a cts di r e ctl y wit h

H 2 i n a 2 + 2 m a n n e r o r b y a st e p wis e m e c h a nis m assist e d b y a n al c o h ol a n d a

b as e, gi vi n g b a c k t h e r e d u ci n g R u H c o m pl e x [ 8 5 ]. T h e r e d u ci n g a cti vit y of

t h e R u H s p e ci es is g e n e r at e d b y t h e h y d r o g e n- b o n di n g N H2 e n d i n t h e di a-

mi n e li g a n d t h at f o r ms a f ac r el ati o ns hi p wit h t h e h y d ri d e li g a n d i n t h e o ct a-

h e d r al  g e o m et r y.  N eit h e r  k et o n e  s u bst r at e  n o r  al c o h oli c  p r o d u ct  i nt e r a cts

wit h t h e m et alli c c e nt e r t h r o u g h o ut t h e h y d r o g e n ati o n. T h e e n a nti of a c es of

p r o c hi r al k et o n es a r e diff e r e nti at e d o n t h e m ol e c ul a r s u rf a c e of t h e c o o r di-

n ati v el y s at u r at e d R u H i nt e r m e di at e. T his n oti o n is i n c o nt r ast t o t h e c o n-

v e nti o n al m e c h a nis m f o r h y d r o g e n ati o n of u ns at u r at e d b o n ds t h at r e q ui r es

t h e m et al –s u bst r at e π c o m pl e x ati o n.

T his N H eff e ct is c o m m o n t o t h e m e c h a nis m of R u – c at al y z e d as y m m et ri c

t r a nsf e r  h y d r o g e n ati o n [ 8 6 ].  R e c e ntl y  w e  f o u n d  t h at  R u Cl [ (S, S )- Y C H-

( C 6 H 5 ) C H ( C 6 H 5 ) N H 2 ] ( η
6 - a r e n e ) ( Y = O, N Ts ) o r t h ei r a n al o g u es c at al y z e

as y m m et ri c t r a nsf e r h y d r o g e n ati o n of a r o m ati c a n d a c et yl e ni c c a r b o n yl c o m-

p o u n ds usi n g a 2- p r o p a n ol / al k ali n e b as e s yst e m t o gi v e t h e c o r r es p o n di n g S

c hi r al  al c o h ols  of  hi g h  e n a nti o m e ri c  p u rit y,  as  g e n e r ali z e d  i n  Fi g u r e

2 0 [ 8 7, 8 8 ]. A f o r mi c a ci d /t ri et h yl a mi n e mi xt u r e oft e n s e r v es as a b ett e r r e-

d u ci n g a g e nt. C e rt ai n i mi n es a r e als o r e d u c e d e n a nti os el e cti v el y b y t his m e-

t h o d. T h e d et ail e d e x p e ri m e nt al [ 8 9 ] a n d t h e o r eti c al a n al ys es [ 9 0 ] r e v e al e d

t h at t h e t r a nsf e r h y d r o g e n ati o n of c a r b o n yl c o m p o u n ds wit h 2- p r o p a n ol p r o-

c e e ds vi a a c o o r di n ati v el y s at u r at e d 1 8 e c o m pl e x, R u H [ ( S, S )- Y C H ( C 6 H 5 ) C H-

( C 6 H 5 ) N H 2 ] ( η
6 - a r e n e ), as ill ust r at e d i n Fi g u r e 2 1. T h e m et al –li g a n d bif u n c-

ti o n al m e c h a nis m all o ws f o r si m ult a n e o us d eli v e r y of t h e R u – H a n d N – H t o

t h e C = O f u n cti o n vi a a si x- m e m b e r e d p e ri c y cli c T S, gi vi n g a n S al c o h ol a n d

R u [ ( S, S )- Y C H ( C 6 H 5 ) C H ( C 6 H 5 ) N H ] ( η 6 - a r e n e ).  T h e  l att e r  1 6 e  R u  a mi d e

c o m pl e x  d e h y d r o g e n at es  2- p r o p a n ol  t o  r e g e n e r at e  t h e  R u  h y d ri d e  s p e-

ci es [ 8 6, 9 1 ].

T O W A R D C E R E B R A L M O L E C U L A R S CI E N C E

T h e m aj o r g o als of s y nt h eti c c h e mists a n d t h e c h e mi c al i n d ust r y h a v e b e e n

t h e ef fi ci e nt s y nt h esis of k n o w n v al u a bl e c o m p o u n ds. A n ot h e r a n d p e r h a ps

m o r e i m p o rt a nt p u rs uit is t h e c r e ati o n of n e w v al u a bl e s u bst a n c es a n d m at e-

ri als t h r o u g h c h e mi c al s y nt h esis. T o w a r d t his e n d, m e r e c h e mi c al k n o wl e d g e

o r t e c h n ol o g y is oft e n i ns uf fi ci e nt a n d b asi c r es e a r c h t h r o u g h i nt e r dis ci pli-

n a r y c oll a b o r ati o n wit h s ci e ntists i n ot h e r fi el ds is n e e d e d. T h e r e c e nt p r o-

g r ess i n as y m m et ri c s y nt h esis h as, i n f a ct, s p u r r e d s u c h e n d e a v o rs w hi c h a r e

di r e ct e d t o w a r d t h e c r e ati o n of m ol e c ul a rl y e n gi n e e r e d n o v el f u n cti o ns.

I n t h e mi d- 1 9 8 0s, w e est a blis h e d t h e l o n g-s o u g ht aft e r t h r e e- c o m p o n e nt
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Fi g ure 2 0. As y m m et ri c t r a nsf e r h y d r o g e n ati o n of c a r b o n yl c o m p o u n ds a n d i mi n es c at al y z e d
b y c hi r al R u c o m pl e x es.

Fi g ure 2 1. M et al –li g a n d bif u n cti o n al m e c h a nis m i n as y m m et ri c t r a nsf e r h y d r o g e n ati o n c a-
t al y z e d b y R u H [ (S ,S )- Y C H ( C 6 H 5 ) C H ( C 6 H 5 ) N H 2 ] ( η

6 - a r e n e ). R = al k yl o r D; Y = O o r N Ts.



c o u pli n g s y nt h esis of p r ost a gl a n di ns ( P Gs ) ill ust r at e d i n Fi g u r e 2 2 [ 9 2 ]. T h e

fi v e- m e m b e r e d u nit c o ul d b e c o m bi n e d wit h t h e t w o C 7 a n d C 8 si d e c h ai n

u nits b y o r g a n o m et alli c m et h o d ol o gi es. O u r as y m m et ri c m et h o ds pl a y a k e y

r ol e i n c o nt r olli n g t h e C ( 1 1 ) a n d C ( 1 5 ) O H- b e a ri n g st e r e o g e ni c c e nt e rs. T h e

r e q uisit e ( R )- 4- h y d r o x y- 2- c y cl o p e nt e n o n e is c o n v e ni e ntl y p r e p a r e d o n a m ulti-

kil o g r a m s c al e b y ki n eti c r es ol uti o n of t h e r a c e m at e b y BI N A P – R u c at al y z e d

h y d r o g e n ati o n [ 4 3 ]. T h e BI N A L – H r e a g e nt is us ef ul f o r as y m m et ri c s y nt h esis

of t h e l o w e r si d e- c h ai n bl o c k [ 9 3, 9 4 ]. T his st r ai g htf o r w a r d p r o c e d u r e is us ef ul

f o r t h e s y nt h esis of n ot o nl y n at u r all y o c c u r ri n g P Gs b ut als o t h ei r a rti fi ci al

a n al o g u es [ 9 5 ].

T o e x pl o r e a p pli c ati o ns t o t h e s ci e n c e of t h e h u m a n b r ai n, w e c oll a b o r at e d

wit h  t h e  r es e a r c h  g r o u ps  l e d  b y  M.  S u z u ki  ( m y  l o n g-t e r m  c oll a b o r at o r  at

N a g o y a a n d n o w at Gif u U ni v e rsit y ), Y. W at a n a b e ( Os a k a Cit y U ni v e rsit y ), a n d

B. L å n gst r ö m ( U p ps al a U ni v e rsit y ) [ 9 6, 9 7 ]. Aft e r a l o n g i n v esti g ati o n, ( 1 5 R )-

TI C, a P GI 2 -t y p e c a r b o x yli c a ci d, w as f o u n d t o s h o w st r o n g, s el e cti v e bi n di n g

i n  t h e  c e nt r al  n e r v o us  s yst e m,  t h e r e b y  i d e ntif yi n g  t h e  n o v el  I P2 r e c e pt o r

( Fi g u r e 2 3 ). I nt e r esti n gl y, t his c o m p o u n d h as t h e u n n at u r al 1 5 R c o n fi g u r a-

ti o n, alt h o u g h m ost bi ol o gi c all y a cti v e P G d e ri v ati v es h a v e t h e n at u r al 1 5S

c o n fi g u r ati o n. T his dis c o v e r y w as m a d e b y a n i n vit r o st u d y usi n g f r o z e n s e c-

ti o ns of r at b r ai n a n d ( 1 5R )- [ 3 H ] TI C as a p r o b e [ 9 8 ]. H o w e v e r, t his r a di o a cti-

v e p r o b e is n ot a p p r o p ri at e f o r st u di es o n li vi n g m o n k e y o r h u m a n b r ai n, si n-

c e β – p a rti cl es e mitt e d f r o m 3 H c a n n ot p e n et r at e tiss u es. I n c o r p o r ati o n of
1 1 C, a p osit r o n e mitt e r h a vi n g a s h o rt h alf-lif e of a b o ut 2 0 mi n a n d a hi g h s p e-

ci fi c r a di o a cti vit y, as a r a di o a cti v e n u cli d e is ess e nti al f o r n o ni n v asi v e st u di es

usi n g p osit r o n e missi o n t o m o g r a p h y ( P E T ). P osit r o ns ( β + ) i nt e r a ct wit h f r e e

el e ct r o ns i n bi ol o gi c al m at e ri als p r o d u ci n g γ r a ys t h at c a n p e n et r at e tiss u es
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Fi g ure  2 2. T h r e e- c o m p o n e nt  s y nt h esis  of  p r ost a gl a n di ns.  α c h ai n  =  I C H 2 C ≡  C ( C H 2 ) 3 -
C O O C H 3 ; ω c h ai n = ( E ,S )- Li C H = C H C H ( O R' ) ( C H 2 ) 4 C H 3 .



a n d a r e d et e ct a bl e o utsi d e t h e h u m a n b o d y. H o w e v e r, t his p r es e nts a n e w

c h e mi c al p r o bl e m. T h e 1 1 C H 3 g r o u p m ust b e i n c o r p o r at e d i n t h e fi n al st e p of

t h e s y nt h esis of ( 1 5R )- TI C m et h yl est e r, a n d t h e t ot al ti m e f o r s y nt h esis, w o r k-

u p, p u ri fi c ati o n, a n d st e rili z ati o n s h o ul d b e l ess t h a n 4 0 mi n b e c a us e of t h e

s h o rt h alf-lif e ti m e of 1 1 C. A st u d e nt i n m y g r o u p at N a g o y a m a d e a c o n c e rt e d

eff o rt  t o  a c hi e v e  t his  a n d,  e v e nt u all y  s u c c e e d e d  wit h  a  r a pi d  P d- m e di at e d

c o u pli n g of m et h yl i o di d e a n d t ri b ut yl ( a r yl )st a n n a n e ( e x c ess ) w hi c h is a p pli-

c a bl e t o t h e s y nt h esis of ( 1 5 R )- [ 1 1 C ] TI C m et h yl est e r [ 9 9 ].

T his t e c h n ol o g y w as t h e n t r a nsf e r r e d t o t h e P E T C e nt e r at U p ps al a. A v e r y

d e di c at e d c oll e a g u e i n o u r t e a m, S u z u ki, v ol u nt e e r e d t o t est t his n e w a rti fi ci-

al  c o m p o u n d  o n  hi ms elf.  Aft e r  b ei n g  c a r ef ull y  e x a mi n e d,  ( 1 5 R )- [ 1 1 C ] TI C

m et h yl  est e r w as i nj e ct e d i nt o his ri g ht a r m. T h e m et h yl est e r w as c a r ri e d

t h r o u g h his bl o o d st r e a m, p ass e d t h r o u g h t h e bl o o d- b r ai n b a r ri e r, r e a c h e d

his b r ai n, a n d w as h y d r ol y z e d t o t h e f r e e c a r b o x yli c a ci d, w hi c h w as b o u n d t o

I P2 r e c e pt o rs i n his c e nt r al n e r v o us s yst e m. Fi g u r e 2 4 s h o ws t h e P E T i m a g es

of h o ri z o nt al sli c es of his b r ai n, f r o m t h e l o w e r t o t h e u p p e r p o rti o ns. F r o m

t his t ri al, a n e w r e c e pt o r, I P2 , w as f o u n d i n v a ri o us i m p o rt a nt st r u ct u r es of t h e

h u m a n b r ai n. T h us, ( 1 5 R )- TI C a n d its a n al o g u es a r e e x p e ct e d t o h a v e eff e cts
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Fi g ure 2 3. ( 1 5 R )- TI C ( R = H ) a n d t h e m et h yl est e rs ( R = C H 3 ) l a b el e d b y r a di o a cti v e n u cli-
d es  a n d  a n  i nt e r dis ci pli n a r y  c oll a b o r ati v e  t e a m  (f r o m  t h e  l eft,  M.  S u z u ki,  R.  N o y o ri,  Y.
W at a n a b e, a n d B. L å n gst r ö m ).



o n t h e b r ai n a n d, i n f a ct, d o s h o w a u ni q u e n e u r o p r ot e cti v e eff e ct, w hi c h m a y

b e of cli ni c al b e n e fit. P ri m a r y c ult u r e d hi p p o c a m p al n e u r o ns e x p os e d t o a

hi g h o x y g e n c o n c e nt r ati o n dis pl a y t h e m o r p h ol o gi c al f e at u r es of a p o pt oti c

c ell d e at h a n d ( 1 5 R )- TI C eff e cti v el y p r ot e cts t h e m a g ai nst s u c h o x y g e n t o xi-

cit y [ 1 0 0 ]. Si mil a r n e u r o p r ot e cti v e eff e cts w e r e d e m o nst r at e d i n ot h e r i n vitr o

e x p e ri m e nts usi n g s e r u m d e p ri v ati o n a n d i n i n vi v o st u di es of is c h e mi c i ns ults

wit h g e r bils, r ats, a n d m o n k e ys. T h us, t h e I P 2 r e c e pt o r is a n o v el t a r g et f o r 

d e v el o pi n g d r u gs w hi c h m a y b e n e u r o p r ot e cti v e i n b r ai n dis o r d e rs a n d n e u-

t r o d e g e n e r ati v e dis e as es.

St u di es of m ol e c ul a r c hi r alit y h a v e t h e p r o mis e t o yi el d si g ni fi c a nt cli ni c al,

s ci e nti fi c, a n d i n d ust ri al b e n e fits i n t h e f ut u r e. A st r u ct u r all y di v e rs e a r r a y of

m ol e c ul a r  s u bst a n c es  e xist.  All  m ol e c ul es  p oss ess  c o m m o n  c h a r a ct e risti cs,
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Fi g ure 2 4. T h e u pt a k e of ( 1 5 R )- [ 1 1 C ]- TI C i n t h e h u m a n b r ai n. T h e P E T i m a g es of 1 8 h o ri-
z o nt al sli c es f r o m t h e l o w e r t o t h e u p p e r p o rti o ns of t h e b r ai n ( v ol u nt e e r: M. S u z u ki; J u n e
1 3, 2 0 0 0. P E T C e nt e r of U p ps al a U ni v e rsit y ).



vi z., fi x e d el e m e nt al c o m p ositi o n, d e fi nit e at o mi c c o n n e cti vit y, a d e fi n e d r e-

l ati v e a n d a bs ol ut e st e r e o c h e mist r y, a n d s o m e c o nf o r m ati o n. F r o m s u c h p r e-

cis e n a n o m et e r-s c al e st r u ct u r es, c e rt ai n si g ni fi c a nt p r o p e rti es a n d f u n cti o ns

e m e r g e. C h e mists c a n d esi g n a n d s y nt h esi z e m ol e c ul es at will, b as e d o n a c-

c u m ul at e d s ci e nti fi c k n o wl e d g e. T h e p r a cti c al s y nt h esis of e n a nti o m e rs wit h a

d e fi n e d a bs ol ut e st e r e o c h e mist r y is o n e of t h e m ost si g ni fi c a nt a r e as of r e-

s e a r c h. T his e n d e a v o r is n ot o nl y a n i nt ell e ct u al p u rs uit b ut is als o a f e rtil e

a r e a  f o r  t h e  d e v el o p m e nt  of  b e n e fi ci al  t e c h n ol o gi es [ 1 0 1 ].  Its  utilit y  is  o b-

vi o us, r a n gi n g f r o m b asi c s ci e nti fi c r es e a r c h at a s u b-f e mt o m ol s c al e, as i n t h e

c as e of b r ai n r es e a r c h d es c ri b e d a b o v e, t o t h e i n d ust ri al p r o d u cti o n of hi g h-

v al u e  c o m p o u n ds  i n  m ulti-t h o us a n d  t o ns  p e r  a n n u m  q u a ntiti es.  L o uis

P ast e u r st at e d i n 1 8 5 1 t h at, “ Diss y m m et r y is t h e o nl y a n d disti n ct b o u n d a r y

b et w e e n bi ol o gi c al a n d n o n bi ol o gi c al c h e mist r y. S y m m et ri c al p h ysi c al o r c h e-

mi c al f o r c e c a n n ot g e n e r at e m ol e c ul a r diss y m m et r y. ” T his n oti o n is n o l o n g-

e r t r u e. T h e r e c e nt r e v ol uti o n a r y d e v el o p m e nt i n as y m m et ri c c at al ysis h as t o-

t all y c h a n g e d t h e a p p r o a c h t o c h e mi c al s y nt h esis. T his fi el d is still g r o wi n g

r a pi dl y a n d I a m c e rt ai n t h at it will pl a y a pi v ot al r ol e i n t h e d e v el o p m e nt of

t h e lif e s ci e n c es a n d n a n o-t e c h n ol o g y i n t h e 2 1st c e nt u r y.

T h e hi g h est h o n o r f o r m e is t o b e r e c o g ni z e d wit h t h e p r esti gi o us 2 0 0 1

N o b el P ri z e i n C h e mist r y. T his h o n o r m ust b e s h a r e d wit h m y r es e a r c h f a mil y

at N a g o y a a n d wit h m a n y c oll a b o r at o rs at ot h e r i nstit uti o ns. As y m m et ri c h y-

d r o g e n ati o n h as b e e n t h e lif e-l o n g f o c us of m y r es e a r c h, a n d m y st u di es h a v e

r eli e d l a r g el y o n BI N A P c h e mist r y w hi c h I i niti at e d wit h t h e l at e P r of ess o r

Hi d e m as a Ta k a y a. S u bs e q u e ntl y BI N A P c h e mist r y w as d e v el o p e d f u rt h e r i n

o u r l a b o r at o ri es at N a g o y a, w h e r e P r of ess o rs M as at o Kit a m u r a a n d Ta k es hi

O h k u m a m a d e m aj o r c o nt ri b uti o ns. Ot h e r as y m m et ri c h y d r o g e n ati o n m e-

t h o ds  w e r e  dis c o v e r e d  d u ri n g  m y  di r e ct o rs hi p  of  t h e  E R A T O  M ol e c ul a r

C at al ysis P r oj e ct ( 1 9 9 1 – 1 9 9 6 ), w hi c h w as m a n a g e d b y P r of ess o r Ta k a o I k a ri y a

( n o w  T o k y o  I nstit ut e  of  T e c h n ol o g y )  a n d  D r.  S h o h ei  H as hi g u c hi  ( Ta k e d a

C h e mi c al I n d ust r y ). O u r l a b o r at o r y at N a g o y a is s m all. T o r e ali z e t h e utili z a-

ti o n of o u r s ci e nti fi c a c hi e v e m e nts, it w as i m p o rt a nt t o c oll a b o r at e wit h ot h e r

i nstit uti o ns. I n t his r e g a r d, I a p p r e ci at e t h e c o o p e r ati o n of t h e g r o u ps l e d b y

P r of ess o rs S ei Ots u k a a n d K a z u hi d e Ta ni ( Os a k a U ni v e rsit y ), a n d P r of ess o rs

M as a a ki S u z u ki ( Gif u U ni v e rsit y ), Y as u y os hi W at a n a b e ( Os a k a Cit y U ni v e r-

sit y ), a n d B e n gt L å n gst r ö m ( U p ps al a U ni v e rsit y ). T h es e a r e j ust t h e n a m es of

t h e l e a d e rs of t h e r es e a r c h g r o u ps, alt h o u g h m a n y y o u n g ass o ci at es a n d st u-

d e nts als o c o nt ri b ut e d si g ni fi c a ntl y. I h a d o p p o rt u niti es t o h a v e f r uitf ul c oll a-

b o r ati o ns wit h m a n y ot h e r s ci e ntists w h os e n a m es a r e cit e d i n t h e r ef e r e n c es.

W e  h a v e  b e e n  s u p p o rt e d  b y  m a n y  c o m p a ni es,  p a rti c ul a rl y  Ta k as a g o  I nt e r-

n ati o n al C o r p o r ati o n a n d T eiji n C o m p a n y. T h e g e n e r o us a n d c o nsist e nt s u p-

p o rt  f r o m  t h e  Mi nist r y  of  E d u c ati o n,  C ult u r e,  S p o rts,  S ci e n c e  a n d  T e c h-

n ol o g y w as ess e nti al f o r t h e s u c c ess of m y r es e a r c h. I a m als o g r at ef ul t o t h e

J a p a n S ci e n c e a n d T e c h n ol o g y C o r p o r ati o n a n d m a n y p ri v at e f o u n d ati o ns

f o r t h ei r s u p p o rt. L ast, b ut n ot l e ast, I a c k n o wl e d g e P r of ess o r Hit osi N o z a ki at

K y ot o U ni v e rsit y, m y m e nt o r w h o fi rst i nt r o d u c e d m e t o t his f as ci n ati n g a n d

r e w a r di n g fi el d of r es e a r c h.
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