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REVIEW ARTICLE 

ACYCLIC STEREOSELECTIVE SYNTHESIS OF CARBOHYDRATES 

Glenn J. McGarvey,* Masayuki Kimura, Taeboem Oh, 
and J. Michael Williams 

Department of Chemistry 
U n i v e r s i t y  o f  V i r g i n i a  

C h a r l o t t e s v i l  l e ,  V i r g i n i a  22901 

ABSTRACT 

This  review examines r e c e n t  s y n t h e s e s  of carbohydra tes  i n  
which t h e  t a r g e t  compounds are viewed as a c y c l i c  carbon frame- 
works. The s y n t h e t i c  approaches are d iv ided  i n t o  two c a t e g o r i e s  
i n  which c r i t i c a l  asymmetry i s  placed e i t h e r  by ( a )  s t e r e o -  
select ive carbon-carbon bond formation,  o r  (b)  stereoselective 
carbon-heteroatom bond formation.  This  account  focuses  i ts  
a t t e n t i o n  on t h e  methodology u t i l i z e d  t o  p l a c e  a c y c l i c  s t e r e o -  
c e n t e r s  a s  t h e  key f e a t u r e  of t h e  s y n t h e t i c  s t r a t e g y .  

INTRODUCTION 

Throughout t h e  p a s t  cen tury ,  the  chemical  and b i o l o g i c a l  

f i e l d s  have b e n e f i t t e d  enormously from i n s i g h t s  provided through 

carbohydrate-based i n v e s t i g a t i o n s .  Tndccrl, t h i s  c l a s s  o f  rom- 

pounds s t i l l  h a s  murh t o  teach i s ,  and ,  consequent ly ,  t h c r r  1s n 

c o n s i d e r a b l e  amount of p r e s e n t  r e s e a r c h  e f f o r t  devoted t o  t h e  

s tudy  of carbohydra tes .  This  i s  c e r t a i n l y  t h e  c a s e  in t h e  a r e a  of 

o r g a n i c  s y n t h e s i s  where i n t e r e s t  i n  t h e s e  compounds h a s  

s u b s t a n t i a l l y  i n t e n s i f i e d  i n  r e c e n t  y e a r s .  One i n d i c a t i o n  of t h i s  
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126 MC GARVEY ET AL 

t rend  is t h e  i n c r e a s i n g  use  of monosaccharides a s  c h i r a l  s t a r t i n g  

materials f o r  t h e  s y n t h e s i s  of complex n a t u r a l  p roducts .  ' 3 '  

Perhaps even more t e l l i n g  i s  the  ever-growing number of r e p o r t e d  

s y n t h e s e s  t h a t  have t a r g e t e d  t h e  s u g a r  s t r u c t u r e s  themselves .  

Carbohydrates  a r e  a t t r a c t i v e  g o a l s  f o r  s y n t h e t i c  e f f o r t  by a 

number of c r i t e r i a .  The s t r u c t u r e s  of t h e s e  compounds are dense ly  

f u n c t i o n a l i z e d  and h ighly  asymmetric, thereby  provid ing  demanding 

tests of e x i s t i n g  methodology and a f f o r d i n g  a n  e x c e l l e n t  oppor- 

t u n i t y  f o r  t h e  development of new methods. A d d i t i o n a l l y ,  carbo-  

h y d r a t e s  are  a u b i q u i t o u s  c lass  of compounds p o s s e s s i n g  appea l ing  

d i v e r s i t y  of  s t r u c t u r e .  Furthermore,  these  compounds f u l f f  11 

c r u c i a l  r o l e s  i n  key b i o l o g i c a l  p r o c e s s e s ,  thus  e l e v a t i n g  the  

importance of s y n t h e t i c  a c c e s s  t o  r a r e  n a t u r a l l y - o c c u r r i n g  s p e c i e s  

and u n n a t u r a l  ana logs  f o r  t h e  i n v e s t i g a t i o n  of t h e s e  phenomena a t  

a molecular  level. 

S y n t h e t i c  approaches t o  carbohydra tes  may be  d i v i d e d  i n t o  two 

broad c a t e g o r i e s :  1. those  which t ransform e x i s t i n g  carbo- 

h y d r a t e s  i n t o  a new sugar  s p e c i e s ,  and 2.  those  t h a t  a f f o r d  the 

t a r g e t e d  compound through e l a b o r a t i o n  of "pro-sugar" s u b s t r a t e s .  

While t h e  former approach h a s  enjoyed s u b s t a n t i a l  s u c c e ~ s , ~  of t e n  

a f f o r d i n g  e f f i c i e n t  a c c e s s  t o  r a r e  o r  unusual  sugar  s t r u c t u r e s ,  

many carbohydra tes  of  i n t e r e s t  are n o t  wel l -served by t h i s  

s t r a t e g y  s i n c e  r e a d i l y  a v a i l a b l e  s u g a r s  may be conver ted  t o  t h e  

d e s i r e d  product  on ly  a f t e r  a n  e x c e s s i v e  number of s y n t h e t i c  

o p e r a t i o n s .  On t h e  o t h e r  hand, t h e  "pro-sugar" approach draws 

upon a much wider range of a v a i l a b l e  s t a r t i n g  n a t e r i a l s 6  and 

i n c o r p o r a t e s  t h e  p o t e n t i a l  t o  s y n t h e s i z e  t h e  product  as e i t h e r  

o p t i c a l  an t ipode  OT a s  a rncemic m o d i f i c a t i o n .  

This  l a t t e r  approach may b e  f i i r t h e r  subdivided into two 

c a t e g o r i e s  based upon t h e  type  o f  s u b s t r a t e  u t i l i z e d  i n  c r i t i c a l  

s te reochemica l  o p e r a t i o n s  t o  i n c l u d e :  a .  those  f e a t u r i n g  s t e r e o -  

s e l e c t i v e  manipula t ion  of c y c l i c  s p e c i e s ,  and b. s y n t h e s e s  

involv ing  a s y m e t r i c  e l a b o r a t i o n  of a c y c l i c  carbon frameworks. 

The f i r s t  of these  approaches t a k e s  advantage of t h e  v a s t  body of 

knowledge t h a t  h a s  been accumulated on s e l e c t i v e  t r a n s f o r m a t i o n s  
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FIG. 1. 

of f i v e -  and six-membered r i n g s  and has  been r e c e n t l y  reviewed.7 

This  account  w i l l  f o c u s  on t h e  second of t h e s e  approac:hrs, one 

which has  s e e n  r a p i d  development p a r a l l e l i n g  t h e  impress ive  r e c e n t  

advances i n  t h e  g e n e r a l  area of a c y c l i c  s t e r e o s e l e c t i v e  

methodology.* 

t h a t  any s y n t h e t i c  a s s a u l t  on thesecompounds must c o n c e n t r a t e  on 

t h e  t a s k  of c o n t r o l l i n g  t h e  asymmetric placement of heteroatoms on 

t h e  carbon s k e l e t o n .  As such, t h e  fo l lowing  d i s c u s s i o n  w i l l  be  

organized accord ing  t o  t h e  key s te reochemica l  o p e r a t i o n  used i n  

e s t a b l i s h i n g  t h e  i n t e g r i t y  of t h e  asymmetric a r r a y .  

The s t r u c t u r e s  of carbohydra tes  c l e a r l y  d i c t a t e  

Most of t h e  p r e s e n t  a c y c l i c  approaches are r e p r e s e n t e d  by the 

two pathways d e p i c t e d  i n  F ig .  1. A monosaccharide (e.g., 

Q-r ibose)  may be  viewed as a polyhydroxylated s t r a i g h t - c h a i n  

s p e c i e s  1. 
s y n t h e s e s  r e l y  upon e i t h e r :  a .  s t e r e o s e l e c t i v e  carbon-carbon bond 

From th i s  p e r s p e c t i v e ,  most of the s u c c e s s f u l  
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128 MC GARVEY ET AL. 

formation (Approach A ) ,  or  b .  s t e r e o s e l e c t i v e  carbon-heteroatom 

bond formation (Approach B) .' A s  i n d i c a t e d ,  t h e  r e q u i s i t e  s t e r e o -  

chemis t ry  r e s u l t s  from f a c i a l  s e l e c t i o n  of t h e  r e a g e n t  a c t i n g  on a 

s u i t a b l e  v-system, t h e  s ter ic  p r e f e r e n c e  being c o n f e r r e d  by e i t h e r  

t h e  unsa tura ted  s u b s t r a t e  o r  t h e  r e a g e n t .  

'I'his rcview wil  1 cmphnstzr s t i i t l ics  t h a t  havc hcctn r a r r i c d  o u t  

i n  the p a s t  teri y e a r s  and wi 11 a t t e m p t  to  mlnlmizc over lap  w i t h  

e x i s t i n g  compi la t ions .  D i s r u s s i o n  W I ~ J  a l s o  stress s t e r e o r a t i o n -  

a1 e l a b o r a t i o n s  of "pro-sugar'' s p e c i e s  and w i l l  n o t  a d d r e s s ,  f o r  

example, p r o c e s s e s  such a s  telomerf z n t i o n .  A d d i t i o n a l l y ,  space 

w i l l  no t  permi t  t h e  i n c l u s i o n  of  s u g a r - l i k e  molecules ,  i n  s p i t e  of 

t h e  f a c t  t h a t  s y n t h e t i c  approaches t o  t h e s e  compounds w i l l  
undoubtedly uncover chemis t ry  u s e f u l  f o r  t h e  p r e p a r a t i o n  of carbo- 

hydrates ."  F i n a l l y ,  i t  is n o t  t h e  endeavor of t h i s  account  t o  

d e t a i l  every  s t e r e o s e l e c t i v e  a c y c l i c  s y n t h e s i s  cu lmina t ing  in a 

sugar ,  b u t ,  r a t h e r ,  t o  convey what the  s u c c e s s f u l  s t r a t e g i e s  

e n t a i l ,  w i t h  p a r t i c u l a r  a t t e n t i o n  being g i v e n  t o  t h e  stereo- 

s e l e c t i v e  bond-forming processes .  

AF'PROACHES via STEREOSELECTIVE CARBON BOND FORMATION 

Tllc first  gencbral group of :ipproac.hcs fen t i i res  the s t e r t w -  

s e l e c t i v e  a d d i t i o n  of  cnrhon ccantrr', t o  (.;irl)onyl ( .ompoiind.q i l r l d  

imines.  Through t h i s  s t r a t e f ; y  the  carhon s k e l e t o n  of the- s~i${rlr I R  

assembled wi th  s imul taneous  es tab l i shment  of one or  more of t h e  

requi red  s t e r e o c e n t e r s .  These condensa t ion  r e a c t i o n s  f a l l  i n t o  

two c a t e g o r i e s :  1. a l k y l a t i o n  r e a c t i o n s ,  and 2 .  c y c l o a d d i t i o n  

r e a c t i o n s ,  i n c l u d i n g  Diels-Alder  r e a c t i o n s  and d i p o l a r  cyclo-  

a d d i t i o n s  . 
1. A l k y l a t i o n  Reac t ions  

A c o n c i s e  r o u t e  t o  carbohydra tes  is o f f e r e d  by a s y m e t r i c  

a l k y l a t i o n  r e a c t i o n s  w i t h  s u i t a b l e  e l e c t r o p h i l e s  i n  t h e  manner 

suggested i n  Fig. 2. The key f e a t u r e  of t h i s  "hypothe t ica l"  

s y n t h e s i s  of P-r ibose i s  t h e  c o n t r o l  of t h e  s t e r e o c e n t e r s  a t  C2 
and C3 d u r i n g  t h e  carbon-carbon bond-forming process .  F u r t h e r  
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ACYCLIC STEREOSELECTIVE SYNTHESIS 129 

FIG. 2. 

enhancing t h e  a t t r a c t i v e n e s s  of t h i s  r o u t e  is t h e  a v a i l a b i l i t y  of 

pro-sugar s p e c i e s  2 i n  e i t h e r  enant iomer ic  form through 

s t r a i g h t f o r w a r d  degrada t ion  of inexpens ive  sugars . '  

a p p r o p r i a t e  nucleophi l  i c  r e a c t i o n  p a r t n e r s  are e a s i l y  imagined 

which may a l l o w  placement of a l l  new s t e r e o c e n t e r s  i n  t h e  product  

r e l a t i v e  t o  t h e  s i n g l e  f i x e d  p o s i t i o n  i n  2. 

A v a r i e t y  of 

I t  is n o t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  2 , 3 - ~ - i s o p r o p y l i d e n e - ~  

(or -I,)-glyceraldehyde - (2) has  become an extremely v a l u a b l c  c h i r a l  

b u i l d i n g  b lock  f o r  carbohydra te  s y n t h e s i s .  I n v e s t i g a t i o n s  examin- 

i n g  t h e  c r i t i ca l  q u e s t i o n  of s t e r e o s e l e c t i o n  r e s u l t i n g  from 
n u c l e o p h i l i c  a t t a c k  upon t h i s  a ldehyde have y i e l d e d  t h e  d a t a  

compiled i n  Tables  1, 2, 3, and 4. A t  t h i s  p o i n t ,  i t  is 

a p p r o p r i a t e  t o  d i s c u s s  i n  g e n e r a l  terms t h e  r a t i o n a l e  f o r  s t e r e o -  

s e l e c t i o n  i n  t h e s e  bond-forming processes ,  s i n c e  such l a y s  t h e  

groundwork f o r  many of t h e  d i a s t e r e o s e l e c t i v e  s y n t h e s e s  t h a t  are 

addressed la te r  i n  t h i s  review. Fig. 3 a p p l i e s  t h e  v a r i o u s  

t r a n s i t i o n  s t a t e  models t h a t  have been proposed t o  e x p l a i n  

asymmetric i n d u c t i o n  i n  t h e  k i n e t i c  a l k y l a t i o n  of carbonyl  

compounds. Both _syn and product  s e l e c t i o n  may be p r e d i c t e d  

by one c h e l a t e d  (4 and 2, r e s p e c t i v e l y )  and t w o  non-chelated 

models (5,D and EYE, r e s p e c t i v e l y ) .  Recent t h e o r e t i c a l  f i n d i n g s  
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M 

Mgl'or MgBr 
Li 

MgBr 
Li 

Ti(Oi- Pr), 

MgBr or Li 

0 . 5 Z n  
Tl(Oj-R), 
Ti(O!- Pr), 

- 
I 

MgCl 

MgBr 

SnBr Fp 

c - 

MgBr 

Li 

MC GARVEY ET AL. 

- 
Conditions 

Et,0/OO',-5O0 
EtZ0/-5O0 

Et,0/-7B0 
EtXO/-78' 
Et,0/220 

Et,0/-70' 

E110/-4O0 
Et,0/-78" 
THF/-78' 

THF- DMSO/-IJ0 

THF-DMSO/RT 

THF/21-60° 

THF/RT 

DMSO/RT 

C1.C - CI,CH 

d - 

THF/-70° 

TABLE I. Condensation of 2 with Locolized Carbonionic Species 

2 

3 
4 
5 

6 
7 
8 
9 

10 

c - 8 ~  

Ph 

M ~ , ~ - c H O ,  
I I  

12 

13 

I4 

15 

16 

17 

M~,&o)-cH: 

HtC-CH 

HCSC 

Br,C 

CI,C 

(EtO),CHCSC 

H,C=CCH(OEl), 

Y!! 

a d : *  

67 ; 33 
60 : 40 

75:25 
69 : 31 
9o:io 

4 8 ~ 5 2  
79:21 
24 : 76 

9 : 91 

60 : 40' 

70 ! 30b 

Mi40 

44: 56 

75 : 25 

61 : 33 

mo jor : mina 

70 : 30 

Identity of major and minor isomers mode by analogy 'Products ore the corresponding eporidea. 

- 
Rd. 

14',15 
6 

Is 
15 
15 

15 
6 
15 
I5 

16 

16 

17 

I8 

I9 

20 

21 

22 

- 

- 
'Nuclsophile IS generated eldctrochemically 4Cond~tionr not speclfled 

a r g u e  s t r o n g l y  i n  f a v o r  of F e l k i n  model o v e r  t h e  a l t e r n a t i v e  

non-che la t ed  m o d e l s . 3 4  

be e x p e c t e d  t o  approach  t h e  c a r b o n y l  a t  a n  o b l i q u e  a n g l e  n e a r  t h e  

a d j a c e n t  hydrogen  w i t h  t h e  v i c i n a l  oxygen s u b s t i t u e n t  occupy ing  a 

p o s i t i o n  p e r p e n d i c u l a r  t o  t h e  c a r h o n y l  n-system. The d a t a  i n  t h e  

t a b l e s  may t h e n  be  e v a l u a t e d  i n  terms o f  models  6, & a n d  E.  
e x p e r i m e n t a l  r e s u l t s  r e v e a l  a r e a s o n a b l y  g e n e r a l  t r e n d  toward 

- a n t i - s e l e c t i o n  i n  t h e s e  c o n d e n s a t i o n s ,  w i t h  o n l y  a few e x c e p t i o n s  

I n  t h e  case a t  hand,  t h e  n u c l e o p h i l e  would 

The 
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Entry 

I 

2 

3 

4 

5 

6 

7 

131 

f f -M Candifiona ff' a 2  : E n  Ref. 

Allyl 4 g B r  E t,o/-7e. Allyf 60:40 IS 
Ally1 - Ti(O!-Pr), THF/-100* Allyl 71 :29 IS 

(Allyl),Cr THF/25* Allyl 70:W IS 
(Allyl),Zn ~t,o/-7e- Ally1 e4 :16  IS 

(Allyl),Zn THF/-78' Allyl 9) : 9  b 

Allyl-VSriF, DMI.-DMF/O* Allyl 81 : 19 24 

THF/-100* tz 100 : oc 25 
&&)Idb 

CdIs 

Entry 

6 

7 

Mltemp. I onti : s y  

1 40:60 
- 

, 
5 0 : 5 0  

95 : 5 
90 : 10 

>95 : <5 

95:  5 

>95 : <5 

'Carried out In PhMe. 

TABLE 3. Condrnrotlon of 2, with Allyllc Carbanian Sprder. 
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132 MC GARVEY ET AL. 

TABLE 4 Aldol Condensolions wjlh Aldehyde 2, 

a; 
2, 

M 

L i  

BPh: 

- 

Li 

Li 

Li 

Li 

Li 

Li 

Li 

Z n d  

R 

OMe 

OEI 

(XoTMs 
Me Me 

I-Bu ,-:b 
I-Bu 

OMc 

MI ( x O T M S  MI 

!-Ell 

I-Bu 

1-Bu 

O E I  

X 

H 

H w HgOAi 

H 

H 

H 

Me 

Me 

Ma 

M I  

C I  

OH 6 
anti - - 

Y 

H 

H 

- 

H 

H 

H 

M I  
H 

Me 
H 

Md 
H 

Me 
H 

C I  
H - 

Z 

H 

H 

- 

H 

H 

H 

ti 
Me 

H 
MI 

H 
MI 

H 
Me 

H 
CI 

aAi : y 
85 : 15 

93 : 7 
(>90 : I O P  

66 : 34 

>95 : > I  

66 : 34 

4 0 : O  
60:O 

0:15 
8 5 : O  

0 : I5 
85:O 

47:s 
1 7 : 3  

80 : 20‘ 

- 
bf. 

26 

27 

- 

26 

26 

26 

26 

26 

26 

26 

28 

(most n o t a b l y ,  e n t r i e s  8 and 9 i n  Table  1 ) .  While o c c a s i o n a l  

p a r t i c i p a t i o n  by c h e l a t e  4 cannot  be d iscounted ,  t h e s e  d a t a  a r e  

most g e n e r a l l y  r a t i o n a l i z e d  in terms of  F e l k i n ’ s  model (a l though 

t h e s e  models complement each o t h e r ) .  Regard less ,  t h e  c o n t r o l  over  

t h e  format ion  of t h e  new s t e r e o c e n t e r  i s  s e e n  t o  depend upon a 

s e n s i t i v e  ba lance  of r e a c t i o n  c o n d i t i o n s ,  meta l  i o n  i d e n t i t y ,  and 

t h e  n a t u r e  of t h e  nuc leophi le .  

These condensat ions o f t e n  proceed w i t h  u s e f u l  l e v e l s  of 

s t e r e o s e l e c t i o n  t o  a f f o r d  promising s u b s t r a t e s  f o r  carbohydra te  
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ACYCLIC STEREOSELECTIVE SYNTHESIS 133 

Non-chelated Models --- 

Me 

e 

FIG. 3. 

s y n t h e s i s .  F o r  example,  2-deoxy-D-erythro-pentose ( i .e . ,  

"2-deoxy-l)-ribose") may be  o b t a i n e d  th rough  s t r a i g h t f o r w a r d  

m a n i p u l a t i o n  of a l l y l a t i o n  and a l d o l  p r o d u c t s  (2 and 5 i n  Fig. 4). 

The p r e p a r a t i o n  of more h i g h l y  f u n c t i o n a l i z e d  s u g a r s  r e s u l t s  

from t h e  u s e  o f  more s o p h i s t i c a t e d  n u c l e o p h i l e s .  Some 

r e p r e s e n t a t i v e  examples  are  d e p i c t e d  below (Fig.  5 ) .  I n  t h e  f i r s t  

r o u t e ,  one f rom Mukaiyama's l a b o r a t o r y ,  a l l  the stereocenters are 

p l a c e d  fo r  D-e ry th ro -pen tu lose  ( i . e . ,  "g - r ibu lose" )  i n  t h e  

i n i t i a l  a d d u c t  5, t h e  p r o d u c t  b e i n g  r e a l i z e d  th rough  s i m p l e  

d e g r a d a t i v e  unmasking o f  t h e  appended f ~ r a n . ' ~  

D-r ibose by t h e  same group ,  c t  s t r r r o c c n t e r s  are f i x e d  in th(.  oxy- 

. i l l y l a t i o n  o f  c h i r a l  a1dehydc 2 to riawilt  i n  5 ,  which Is I I I J ~ H C ~  

f o r  c o n v e r s l o n  t o  t h e  f i n a l  produc t . ' '  I%y a c o m p l e t e l y  analogous 

- 

I n  a s y n t h e s i s  o f  

- 
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134 MC GARVEY ET AL. 

2- Deoxy- 0-erythro-penlose - 
( 2-Deoxy-_D-ribose) - 

4 - 

F I G .  4 .  

sequence germinat ing from enant io-2,  t h e  rarer L-ribose - w a s  a l s o  

e f f i c i e n t l y  prepared .  The l a s t  two r o u t e s  f e a t u r e  t h e  placement 

of t h e  u l t i m a t e  s t e r e o c e n t e r  by tak ing  advantage of i n t e r v e n i n g  

c y c l i c  s p e c i e s .  

pyranose 8 which w a s  subsequent ly  s u b j e c t e d  t o  d i r e c t  e p o x i d a t i o d  

ring-opening t o  g i v e  only  t h e  r e q u i r e d  a x i a l  a l c o h o l  a t  C2 f o r  t h e  

methyl g l y c o s i d e  of hamamelose.*’ 

t h e  Mukaiyama l a b o r a t o r i e s ,  t h e  epimeric  c e n t e r  a t  C 2  i n  

condensat ion product  2 is  c o r r e c t e d  through base-induced 

ring-closure/equilibration t o  y i e l d  t h e  more s t a b l e  lo. ‘This 

epoxide was then  u t i l i z e d  t o  in t rodt i re  n i t r o g e n  t o  a f f o r d  t h e  

p r e c u r s o r  t o  an amino sugar  11. 2 R  

Depezay and L e  Merrer c y c l i z e d  adduct  1 t o  

I n  another  c o n t r i b u t i o n  from 

I n  a n o t h e r  approach t o  aminopentoses, t h e  condensa t ion  of 

n u c l e o p h i l e s  a l r e a d y  i n c o r p o r a t i n g  n i t r o g e n  has been examined. 

Japanese  group h a s  condensed both b isg lyc ina tocopper  (11) 12 and 

- N-pyrwyl ideneg lyc ina toaquocopper ( I1 )  2 w i t h  aldehyde 2 t o  g i v e  

compound 11 as t h e  predominat ing isomer (F ig .  6 ) . 3 5  
t e g i c a l l y  similar approach, Mukaiyama’s group s t u d i e d  t h e  

s e l e c t i o n  a f f o r d e d  by e n o l a t e s  of g l y c i n e  bear ing  enant iomer ic  

c h i r a l  a u x i l i a r i e s  (2 and 15) upon a d d i t i o n  t o  2 (Fig.  7 ) . 3 6  
t h i s  way, s e l e c t i o n  between t h e  g-arabino (16) o r  E-rib0 (17) 
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FIG. 6 .  

O!-BU - - 
HO 

16 - 
t 

F1G. 7 .  

FIG.  8 .  
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a r r a y s  i s  a v a i l a b l e .  

a t t a c k  on aldehyde _Z once a g a i n  controls t h e  s t e r e o c h e m i s t r y  a t  

c3. 

I t  b e a r s  n o t i n g  t h a t  F e l k i n - p r e d i ~ t e d ~ ~  

I n  a unique approach t o  v a r i o u s  branched-chain hexoses ,  David 

and co-workers have e x p l o i t e d  t h e  Ramirez dioxophospholen conden- 

s a t i o n  t o  o b t a i n  a d d u c t s  s o l e l y  of s t e r e o s t r u c t u r e  (Fig.  8 p 7  
The s t e r e o s e l e c t i o n  of  t h i s  four-carbon n u c l e o p h i l e  is c o n s i s t e n t  

w i t h  t h e  s te reochemica l  arguments of the  prev ious  examples. 

With e x c e p t i o n  o f t h e  David s y n t h e s i s ,  d i s c u s s i o n  has  been 

d i r e c t e d  toward t h e  p r e p a r a t i o n  of pentoses  through two-carbon 

homologation of a ldehyde 2. This  s t r a t e g y  is very  s imply extended 

to  t h e  hexoses  by s u b s t i t u t i n g  a four-carbon pro-sugar e l e c t r o -  

p h i l e .  A t t e n t i o n  w i l l  now be  turned  t o  compounds 19-22 (Fig.  9 ) ,  

which a r e  a v a i l a b l e  i n  o p t i c a l l y - p u r e  form through enzymatic  

and chemical  methods from inexpens ive  s t a r t i n g  materials, 3 8  

clear  t h a t  through similar means many o t h e r  u s e f u l  f ragments  should 

be  o b t a i n a b l e  which would f u r t h e r  extend t h e  p r e p a r a t i v e  u t i l i t y  

of t h i s  approach.  

It is 

Once aga in ,  t h e  c r u c i a l  q u e s t i o n  of s t e r e o s e l e c t i v i t y  d u r i n g  

t h e  carbon-carbon bond-forming p r o c e s s  must be  cons idered .  

S p e c i f i c a l l y ,  what e f f e c t  w i l l  t h e  a d d i t i o n a l  asymmetric c e n t e r  a t  

t h e  B-posi t ion i n  19-22 have upon condensat ion r e a c t i o n s ?  

problem is addressed  by t h e  d a t a  i n  Tables  5, 6, and 7. I n  

g e n e r a l ,  t h e s e  r e s u l t s  fo l low t h e  F e l k i n  model33 p r e d i c t i o n  of 

- a n t i - s t e r e o s e l e c t i o n  s e e n  p r e v i o u s l y .  

a ldehyde 1, however, t h e r e  are except ions  t o  t h i s  t r e n d  which 

s e r v e  as  a reminder t h a t  t h e  f a c t o r s  i n f l u e n c i n g  t h i s  a c y c l i c  

s t e r e o s e l e c t i o n  are  s t i l l  i m p e r f e c t l y  understood.  

This 

A s  w a s  t h e  case w i t h  

Never the less ,  many of t h e s e  condensa t ions  e x h i b i t  h igh  

s e l e c t i v i t y  and a f f o r d  materials t h a t  a r e  wel l - su i ted  f o r  e labo-  

r a t i o n  i n t o  carbohydra tes .  The e f f i c i e n c y  of t h i s  approach t o  

hexoses  i s  n i c e l y  i l l u s t r a t e d  by Roush's s y n t h e s i s  of a f u l l y  

d e r i v a t i z e d  _D-fucose (Fig. 10):' 

boronate  23 w i t h  21 (prepared from h-threonine)  completes  t h e  

carbon s k e l e t o n  and p l a c e s  a l l  t h e  s t e r e o c e n t e r s  wi th  g r e a t e r  than  

Condensation O F  t h e  a l l y 1  - 
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Entry R R' M 

1' H El Mg Br 

2 H  - I MqBr 

3 H  n- Deeyl MgEr 

4 H  Allyl MqBr 

5 H  Ally1 MqBr 

6 H  Ally1 0.5211 

7 Me ArCH,CH, MgBr 

B Me Ll MgBr 
Me 

9 Me All9 MgBr 

10 Me Allyl 0 . 5 Z n  

MC GARVEY E T  AL. 

Conditions a s i  : sLn 

THF/-78 4 0  : 60 

THF/-?O* 40:60 

THF/-7Bo 60 : 40 

THF/-7Eo 6o:a 
Et,0/-7Ee 70 : 30 

El,O/-78* -95 : 5 

THF/-78. 0 : 100 

Et,O/Ze 0 : 100 

Et,0/-78" l O 0 : O  

Et,0/-78e 100: 0 

Boher's 4 1 1 1 ,  Enrymotlc Methode 
y.0.I 

22 - 21 - 

L-Tartoric Acid 
T Chemkol Methods - 

D- T hreonine 

&-Tartaric Acid - 

F I G .  9. 

TABLE 5. Stereosdective Condensations of B / s  with Carbon Nucleophiles. 

- 
Ref 

39 

40 

41 

42 

43 

43 

44 

45 

- 

43 

43 
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ACYCLIC STEREOSELECTIVE SYNTHESIS 

Entry R R' M Ccnditionr *:F Ref. 

I (CHI)# E l  MqBr THF/-7Be 20:80 39 

2 Me Allyi MqBr THF/-7B0 2o:eo 42 

3 Me Allyl MgBr Etg0/-78* 70:30 43 

4 Me Allyl 0.5Zn Et,0/-78. 95 : 5 43 

50 (CHt)# Me0 P (Me), 

L l  8 \ ~ I ( M e l ~  

Hex./-lP-.RT >95 : <!ib 46 

+ 

139 

TABLE 6. Sterecneisctive Condenrations of 21 with Carbon Nucleophiler. 

TABLE 7, S(ermalective Condenrationr of with Caban Nucleophller. 

0 
22 - 

9 

R 

Allyl 

Allyl 

Me,SiCzC 

anti - 
M I Conditions 

Li THF/-7B0 

Li/ZnBr* THF/-78* I 
0.5SnBrz 

SnIF, 

Li 

Li 

Li 

Li 

SnBr 

THF/-IOO* 

THF/O* 

DME/-7B* 

THF/- 78. 

THF/-IOO* 

THF/- 78. 

THF/RT 

anti : $2 

63: 37 

- 

98:2 

90 : 10 

92:8 

80 : 20 

83 : 17 

90:10 

74 : 26 

87 : 13 

- 
Ref. 

47 
- 

47 

48 

49 

49 

49 

49 

49 

49 - 
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FIG. 10. 

95% d i a s t e r e o s e l e c t i o n .  

completes  t h e  three-s tep  sequence. 50 

of t h i s  s y n t h e t i c  s t r a t e g y  i s  Mukaiyama's r e c e n t  s t u d y  t h a t  in -  

c o r p o r a t e s  t h e  extremely u s e f u l  pro-sugar compound 22 (F ig ,  11) .46 

S t e r e o s e l e c t i v e  a l l y l a t i o n  a f f o r d s  2, which i s  i n  a form t h a t  

a l lows  selective manipula t ion  of  t h e  p o s i t i o n s  t h a t  become C 3  

and C6 i n  t h e  f i n a l  hexose. This  w a s  e x p l o i t e d  t o  f u r n i s h  s e v e r a l  

rare &-sugars, i n c l u d i n g  an amino sugar  through replacement  of t h e  

C3 hydroxyl  group by an amine w i t h  i n v e r s i o n  (24 + 3). 

Routine p r o t e c t i o n  and o x i d a t i v e  c leavage  

Exemplifying t h e  v e r s a t i l i t y  

- 

Amino s u g a r s  are compell ing t a r g e t s  f o r  s y n t h e t i c  s t u d i e s  

because of t h e i r  r o l e  i n  b i o l o g i c a l  p r o c e s s e s  and t h e i r  p resence  

i n  many impor tan t  t h e r a p e u t i c  a g e n t s .  An a l t e r n a t i v e  approach t o  

t h e s e  compounds is o f f e r e d  by r e p l a c i n g  t h e  carbonyl  wi th  a n  imine 

i n  t h e  e l e c t r o p h i l i c  component of t h e  carbon-carbon bond-forming 

sequence. A summary of s t e r e o s e l e c t i v e  condensa t ions  of t h i s  type 

i s  presented  i n  Table  8. Any r a t i o n a l i z a t i o n  of  t h e s e  resul ts  

must recognize  t h e  e lec t ron-donat ing  a b i l i t i e s  of  n i t r o g e n  and,  

t h e r e f o r e ,  g i v e  more c o n s i d e r a t i o n  t o  p o s s i b l e  c h e l a t e  models f o r  

t r a n s i t i o n  s ta tes  l e a d i n g  t o  products .  However, u n l i k e  organo- 

magnesium and organol i th ium r e a g e n t s ,  s t a b i l i z e d  organozinc  

n u c l e o p h i l e s  f a v o r  e x c l u s i v e  format ion  of products ,  

sugges t ing  i n t e r v e n t i o n  of t h e  F e l k i n  o r  B-chelate  model ( o r  bo th ,  

see and i n  F ig .  3 ) .  These a d d u c t s  have been e f f i c i e n t l y  

converted i n t o  p r o t e c t e d  forms of t h e  impor tan t  amino s u g a r s  

2-daunosarnine and L-r is tosamine - (Fig.  1 2 ) .  ' *  9 54 
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L-Mginose 
f 

24 
(Table 1,entry 3) 

HO ww 

2 L I .  - 
3 LIAIH. 

4 C b C l  

FIG. 11. 

2 .  Cycloaddi t ion  Approaches 

Another conceptua l ly  a t t r a c t i v e  approach t a r g e t s  n o t  t h e  

a c y c l i c  form of carbohydra tes  b u t , r a t h e r ,  t h e  pyranose form. 

Viewing an u n s a t u r a t e d  s p e c i e s  such a s  30 a s  a p r e c u r s o r  t o  t h e  

d e s i r e d  hexose, a heteroatom Dtels-Alder r e a c t i o n  o f f e r s  a n  

e f f i c i e n t  means of  assembling t h e  carbon s k e l e t o n  i n  one o p e r a t i o n  

(Fig.  1 3 ) .  While t h e  Diels-Alder r e a c t i o n  of s u b s t i t u t e d  

butad ienes  w i t h  carbonyl  compounds has been known f o r  sometime, 

i t s  u t i l i t y  has  been a t t e n t u a t e d  p r i n c i p a l l y  by problems in 

r e a c t i v i t y .  5 5  

through t h e  use  of a c t i v a t e d  carhonyl  components, such as 

ketomalonates  and g l y o x y l a t e s .  sf, 

t h i s  review, a t t e m p t s  have bern  made t o  p r e p a r e  o p t i c a l l y  a r t f v e  

carbohydra te  p r e c u r s o r s  by t h i s  method through the  attnchrnrnt o f  

c h i r a l  a u x i l i a r i e s  t o  e i t h e r  the  d icne ,  ' , 7  t h e  t l f c 3 r w r , h i l c , ' 9  o r  

both.59 
s a t i o n s  has ,  i n  g e n e r a l ,  been d i s a p p o i n t i n g ,  some n o t a b l e  

T h i s  problem was circumvented in e a r l i e r  work 

More germane to t h e  crnphris1.r of 

While t h e  level of asymmetrfc i n d u c t i o n  i n  t h e s e  conden- 
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TABLE 8 Slereorelectwc Condarrolionn with Iminei 

- 
Entry - 

I 
2 
3 
4 

5 

6 

7 

8 

9 

10 

II 

I2 

J -0  

Me-R 
0 

NSPh - 27 
R=H 

R*Me 

A.H 

$0 
M~+R 

NSPh 

NHR I;Im 

26 : 74 
37 : 63 
91 : 9 

713 : 22 

$0 0 $0 

M L y - , :  M e y l  H,N R H,N R 

30 : 70 

0 : loob 
100 : 0 

55 : 45 

0 : 100' 

100 : 0 

33 : 67 

100 : 0 

Ref - 

51 
51 
JI 
51 

52 

53 

52 

52 

53 

52 

54 

54 

- 

s u c c e s s e s  have been r e a l i z e d .  For example, David and co-workers 

have used t h i s  approach t o  p r e p a r e  the  a n t i g e n i c  de te rminant  of 

blood group A (Fig. 14) .*" I n  t h i s  c a s e ,  c h i r a l  d i e n o p h i l e  2 
and c h i r a l  d i e n e  32 c o n s p i r e  t o  f a v o r ,  fo l lowing  L e w i s  acid-  

induced e q u i l i b r a t i o n ,  adduct  2 in respectab1.e y i e l d .  

Fucosyla t ion  g i v e s  t h e  t r i s a c c h a r i d e  p r e c u r s o r  34, which I s  

converted by a s t r a i g h t f o r w a r d  sequence t o  t h e  f i n a l  p roduct .6o  
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I PhCOCI.NaHC0, 

no 

1 

I - Benzoyl-i=-dounoramine 

PhCONH 

2 I PhCOCl, 0,;DMS NaHC03 no M d o H  

NHz 
y - Benzoyl-L- - r 1st orominr 

m 
Bn~CBz OH 

M?&N%a I CBzCI, NoHC03 I DlBAL 

HNBn 0 
2 80% HOAc * 0%; - 3 Ac,O 

m# WAC 
HO 

&Acetyl-paunoromm 

FIG. 12.  

The heteroatom Diels-Alder approach as  descr ibed  above s u f f e r s  

from t h e  s t r u c t u r a l  l i m i t a t i o n s  p laced  upon t h e  r e a c t i o n  p a r t n e r s .  

I n  a n  e f f o r t  t o  overcome t h i s  shortcoming, t h e  use  of h igh  

p r e s s u r e  t o  f a c i l i t a t e  t h e  c y c l o a d d i t i o n  process  h a s  been examined. 

I t  was found by Jurczak  and co-workers t h a t  p r e s s u r e s  of  15-23 

kbar  forced  t h e  condensa t ion  t o  take  p l a c e  w i t h  s imple u n a c t i v a t e d  

carbonyl  compounds a t  moderate temperatures  (2OoC-65OC). As p a r t  

of t h e  development of a g e n e r a l  s t r a t e g y  f o r  t h e  s y n t h e s i s  of 

s u g a r s ,  t h e s e  workers examined t h e  h igh  p r e s s u r e  c y c l o a d d i t i o n  of 

1-methoxybutadiene w i t h  aldehyde 2 (Fig.  15).&' 

are formed i n  h igh  y i e l d  w i t h  a s t r o n g  p r e f e r e n c e  f o r  t h e  Felkin-  

p r e d i c t e d J 3  approach t o  t h e  c h i r a l  a ldehyde 2, a long  wi th  a re- 

s p e c t a b l e  &-preference. 

carbohydra tes  awaits f u t u r e  d i s c l o s u r e .  

The a d d u c t s  

The e l a b o r a t i o n  of t h e s e  a d d u c t s  i n t o  

The most s i g n i f i c a n t  development i n  t h i s  area of Diels- 

Alder  chemis t ry  h a s  been t h e  use  of e l e c t r o n - r i c h  d i e n e s  w i t h  L e w i s  

a c i d  c a t a l y s i s .  I n  p a r t i c u l a r ,  Danishefsky and co-workers have 
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FIG.  13 

3 steps 1 

ontigenic determinont of blood group A 

FIG. 14. 

50' 
22 hbar 

___+ 
E120 
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FIG. 15. 
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ACYCLIC STEREOSELECTIVE SYNTHESIS 145 

found t h a t  many h i g h l y  oxygenated d i e n e s  smoothly condense w i t h  

u n a c t i v a t e d  aldehydes i n  t h e  presence  of  such c a t a l y s t s  as ZnCl;! 

or  BF3.Et20 t o  g i v e  2-subs t i tu ted  2,3-dihydro-&-pyrone~.~~r'~ As 

i l l u s t r a t e d  i n  F ig .  16,  t h e s e  cyc loadducts  are e f f i c i e n t l y  t r a n s -  

formed i n t o  a v a r i e t y  of sugar  s p e c i e s .  These cyc locondensa t ions  

were presumed t o  proceed through t h e  in te rmediacy  of a methoxy- 

e n o l  e t h e r  s p e c i e s  sucb  as a, which is t ransformed under the 

r e a c t i o n  c o n d i t i o n s  t o  t h e  observed enones 39-42. Diene 2 o f f e r s  

e f f i c i e n t  e n t r y  t o  4-deoxyhexoses (I and 1 1 ) ,  w h i l e  t h e  completely 

oxid ized  sugar  series are r e a l i z e d  by s imply us ing  more h i g h l y  

oxygenated d i e n e s  (e.g., 2 and 371, as exempl i f ied  by t h e  

s y n t h e s e s  of  d e r i v a t i v e s  of gL-talose and L)~-l incosaminide(III  and 

IV) . 
The mechanis t ic  d e t a i l s  of t h i s  condensa t ion  have also been 

t h e  s u b j e c t  of investt:;atlonr;by t h e  Danishefsky group. The re- 

s u l t s  of t h i s  s t u d y  i n d i c a t e  t h a t  t h e s e  r e a c t i o n s  proceed via  a 

p e r i c y c l i c  t r a n s i t i o n  s ta te  u n l e s s  a v e r y  a g g r e s s i v e  Lewis a c i d  is 

used (e..g., BF3*Et20), i n  which c a s e ,  a s t e p w i s e  a l d o l - l i k e  

p r o c e s s  may b e  p r ~ m o t e d . ' ~  

of two mechanis t ic  pathways, p roducts  of d i f f e r e n t  r e l a t i v e  

s t e r e o c h e m i s t r i e s  may be s e l e c t e d  through j u d i c i o u s  c h o i c e  o f  t h e  

r e a c t i o n  c o n d i t i o n s  employed (See I and I1 i n  Fig. 17) .  An 

impor tan t  f a c e t  of t h e s e  cyc locondensa t ions  is t h e  h igh  l e v e l  o f  

d i a s t e r e o f a c i a l  d i s c r i m i n a t i o n  o f t e n  e x h i b i t e d  i n  r e a c t i o n s  w i t h  

a ldehydes  b e a r i n g  a-asmmetry (See boxed s t e r e o r e l a t i o n s h i p s  i n  

F ig .  1 7 ) .  

a ldehydes ,  t h e  major  d ias te reomer  is c o n s i s t e n t  w i t h  a t r a n s i t i o n  
s ta te  resembling t h e  F e l k i n  model. 3 3  p 6 '  

As a consequence of t h e  a v a i l a b i l i t y  

As i n  t h e  case of n u c l e o p h i l i c  a d d i t i o n s  t o  c h i r a l  

The v a l u e  of t h i s  h igh  degree  of s t e r e o c o n t r o l  has  been 

p r e l i m i n a r i l y  demonstrated i n  t h e  c o n t e x t  of carbohydra te  

s y n t h e s i s  (Pig. 1 8 ) . 6 7  Adduct 43, a v a i l a b l e  i n  e i t h e r  enant io-  

merit form, may be  t ransformed i n t o  pentoses  or  hexoses  depending 
upon which c a r b o n ( s )  i s ( a r e )  o x i d a t i v e l y  exc ised .  Without removal 

of p a r t  of t h e  carbon s k e l e t o n ,  t h i s  approach is a l s o  a p p l i c a b l e  

t o  heptose  s y n t h e s i s .  
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146 MC GARVEY ET AL. 

I "  

lIh 

mf 

A c O q  

HO OH 

OTMS 1 

OTMS Y 

In an important  r e c e n t  d i scovery ,  t h e  Ilanishefsky group has  

found t h a t  t h e  l a n t h a n i d e s  [e .g . ,  Eu(fod)s ]  69 a c t  as  extremelv 

mild c a t a l y s t s  f o r  t h e s e  r e a c t i o n s ,  c l e a n l y  a f f o r d i n g  methoxy-enol 

e t h e r s  of t h e  type  2 without  i n  s i t u  decomposition t o  an enone." 

Moreover, t h e  products  are i s o l a t e d  i n  h igh  y i e l d  f a v o r i n g  t h e  

- c i s - d i s p o s i t i o n  of t h e  groups a t  C1 and C 5 .  

importance i s  t h e  o b s e r v a t i o n  t h a t  o p t i c a l l y  a c t i v e  europium 

c a t a l y s t s  a f f o r d  products  w i t h  enant iomer ic  enhancement. 7 0  

been r e c e n t l y  demonstrated t h a t  adducts  possess ing  h igh  enant io-  

O f  conspicuous 

I t  has  
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19 0 ( r d  63b) BF;OEI, ,cn,ci, BI 
(90%) 

ZnCI,.TH 
(92%) 

0 es I I  (rrf 66) 

66  54 0 (rot661 

0 60 1 40 (rrt66) 

EF,.OEI, ,cn,ci, 
(33%) 

ZnCI,,THF 
(72%) 

OTMS 

0 -h”-- ZnCI* 

PhH 
68% 

M8 

Me 

90 : 10 
a 

(rd. 67) 

0 

FIG. 17. 

FIG. 18. 
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148 MC GARVEY ET AL. 

meric  excesses  may be r e a l i z e d  by augmenting the  d i r e c t i n g  e f f e c t s  

of t h e  c h i r a l  c a t a l y s t  w i t h  a n  a p p r o p r i a t e  c h i r a l  a u x i l i a r y  on 

t h e  d iene  (Ftg. 19) .70c  

process  arc  unclcnr  a t  p r e s e n t ,  t h c a  ccmsitlcrablc~ s y n t h v t i c  u t i l i t y  

of t h i s  condensa t ion  has  been demonstrated i n  t h e  p r e p a r a t i o n  of 

an o p t i c a l l y  pure  4-deoxy-L-gluconic a c i d  d e r i v a t i v e .  

While thcn iiic.clinnistlr fc,iturc.s o f  tlils 

O C  
- 

Complementing t h e  Diels-Alder  approach t o  c a r b o h y d r a t e s ,  

s e v e r a l  sugar  s y n t h e s e s  have s u c c e s s f u l l y  u t i l i z e d  d i p o l a r  cyclo-  

a d d i t i o n s  of n i t r i l e  ox ides  and n i t r o n e s .  For example, Muller  

and J2ger  have condensed t h e  n i t r i l e  oxide d e r i v e d  from t h e  t- 
b u t y l  e t h e r  of 2 - n i t r o e t h a n o l s  wi th  f u r a n  t o  g i v e  a b i c y c l i c  

a r r a y  45 (Fig. 

v e h i c l e  f o r  e s t a b l i s h i n g  a c y c l i c  s t e r e o c e n t e r s ,  a s  exempl i f ied  

by i t s  two s t e p  convers ion  t o  a p r o t e c t e d  v e r s i o n  of 5-epi-nor- 

j i r i m y c i n  w i t h  >95% d i a s t e r e o s e l e c t i o n  i n  about  26% o v e r a l l  y i e l d .  

T h i s  r i g i d  s t r u c t u r e  may be  used as  a 

- 

Toward t h e  p r e p a r a t i o n  of carbohydra tes  i n  o p t i c a l l y  d i s c r e t e  

form, c h i r a l  n i t r o n e s ,  which a r e  r e a d i l y  formed from c h i r a l  

a ldehydes ,  have been examined i n  s e v e r a l  s t u d i e s .  I n  t h e  approach 

of Vase l la  and Voeffray t o  n o r j i r i m y c i n  and 1-deoxy-norjirimycin, 

a sugar  i s  used as  a c h i r a l  a u x i l i a r y  € o r  t h e  n i t r o n e  (Fig. 2 1 ) . 7 2  

The n i t r o n e  (47) der ived  from t h e  condensa t ion  of c h i r a l  oxime 46 
w i t h  t - b u t y l  g l y o x a l a t e  undergoes a remarkably s t e r e o c o n t r o l l e d  

c y c l o a d d i t i o n  w i t h  f u r a n  t o  a f f o r d  adduct  2. Hydroxylat ion of 

t h i s  b i c y c l i c  s t r u c t u r e ,  followed by r e d u c t i v e  c leavage  o f t h e  N - 0  

bond, h y d r o l y t i c  removal of t h e  c h i r a l  a u x i l i a r y ,  and adjustment  

of o x i d a t i o n  s ta tes ,  l e a d s  t o  p r o t e c t e d  furanose  - 4 9 ,  which h a s  

been p r e v i o u s l y  converted t o  n o r j  i r i m w i n  and l-deoxy- 

n ~ r j i r i m y c i n . ~ ~  

n o r j i r i m y c i n  i s  a c r e d i t a b l e  19.5%. 

t h i s  s t r a t e g y  r e l i e s  upon s t e r e o c o n t r o l l e d  r ing-formation/  

f ragmenta t ion  t o  e s t a b l i s h  a c y c l i c  s t e r e o r e l a t i o n s h i p s .  

The o v e r a l l  y i e l d  i n  this sequence t o  

As i n  t h e  prev ious  example, 

I n  a r e l a t e d  approach, DeShong and Leginus have u t i l i z e d  
pro-sugar 2, a v a i l a b l e  e i t h e r  i n  o p t i c a l  an t ipode  o r  i n  racemic 

form, t o  p r e p a r e  n i t r o n e  50 a s  a s i n g l e  isomer (Fig.  2 2 ) . 7 4  

Regio- and s t e r e o s p e c i f i c  c y c l o a d d i t i o n  w i t h  e t h y l  v i n y l  e t h e r  
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OTMS OTMS 

AcoF RO 0'-Ph Ph 

catalyst 69 

Eu(hfc1, 41 : 59 

-- R 

- D-Menthyl Eu(fod1, 4 5  : 55 - 

- L-Menthyl Eu(fod), 
Eu(hfc), 

- 55 : 45 
I7:93 ] 

FIG. 19. 

, F ~ O ! - B U  0-N QdN 
44 32 o derivative of 

5-Epi-nojirimycin - 
FIG. 20. 

FIG. 21. 
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150 MC GARVEY ET AL. 

FIG. 22.  

a f f o r d s  a d d u c t z ,  which i s  converted i n  one s t e p  t o  t h e  methyl  

g l y c o s i d e  of daunosamine i n  58% o v e r a l l  y i e l d .  

t h e  s t e r e o s e l e c t i o n  of t h e  c y c l o a d d i t i o n  i s  r a t i o n a l i z e d  by 

F e l k i n  t r a n s i t i o n  s t a t e  2, i n  which t h e  a d j a c e n t  a l k y l  s u b s t i t u e n t  

and not t h e  oxygen s u b s t i t u e n t  occupies  t h e  p o s i t i o n  p e r p e n d i c u l a r  

t o  t h e  r-system. 

I n t e r e s t i n g l y ,  

Using an i n t r a m o l e c u l a r  v a r i a n t  of t h e  n i t r o n e  c y c l o a d d i t i o n ,  

Wovlculich and Uskokovic s u c c e s s f u l l y  prepared  t h e  methyl glyco- 

s i d e s  of &-acosamine and L-duanosamine - (Fig.  23) ." I n  s i t u  

format ion  of c h i r a l  n i t r o n e  52 w i t h  subsequent  c y c l o a d d i t i o n  

s e l e c t i v e l y  a f f o r d e d  d ias te reomer  53. I t  i s  noteworthy t h a t  the  

normal r e g i o s e l e c t i v i t y  of t h e s e  c y c l o a d d i t i o n s  has been revcirsetl 

as  a r e s u l t  of r e s t r a i n t s  placed by i n t r a m o l e c u l a r  approach of 

t h e  n i t r o n e  and o l e f i n .  Cleavage of t h e  N-0 bond, p a r t i a l  reduc- 

t i o n ,  and removal of t h e  c h i r a l  a u x i l i a r y  y i e l d s  key i n t e r m e d i a t e  

- 54, which may be hydrolyzed d i r e c t l y  t o  L-acosamine - o r  i n v e r t e d  a t  

C4 t o  g i v e  4-duanosamine. 

- 53 was a l s o  r e p o r t e d  t h a t  f e a t u r e s  s imultaneous c leavage  of t h e  

N-0 bond and t h e  c h i r a l  d i r e c t i n g  group through hydrogenolys is .  

An a b b r e v i a t e d  r o u t e  t o  L-acosamine from - 

Kozikowski and Ghosh have examined t h e  e f f e c t  o f  a l l y l i c  

asymmetry i n  t h e  d i p o l a r o p h i l e  i n  a s tudy  t h a t  l e d  t o  an expedient  

s y n t h e s i s  of 2-deoxy-Q-erythro-pentose. ' S e v e r a l  n i t r i l e  ox ides  
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152 MC GARVEY ET AL. 

TABLE 9. Effect of Dipole Structure Upon Stereoselectivity. 

Entry onti : syn 

80 : 20 

CH,OTHP >94 : <6 

were condensed w i t h  b u t e n e d i o l  +5 ( r e a d i l y  p r e p a r e d  from 2) w i t h  

t h e  r e s u l t  t h a t  t h e  &-isomer p redomina ted  i n  v a r y i n g  d e g r e e s  

depend ing  upon the s t r u c t u r e  o f  t h e  d i p o l e  ( T a b l e  9 ) .  T h i s  

s t e r e o s e l e c t i o n  i s  a g a i n  c o n s i s t e n t  w i t h  a t r a n s i t i o n  s ta te  

r e s e m b l i n g  the F e l k i n  w i t h  t h e  a l l y l i c  oxygen i n  55 
occupy ing  t h e  p e r p e n d i c u l a r  p o s i t i o n  (x i n  F i g .  3 ) .  T h i s  

s e l e c t i v i t y  w a s  e x p l o i t e d  i n  t h e  s y n t h e s i s  of 2-deoxy-g-erythro- 

p e n t o s e  by c o n v e r t i n g  t h e  ma jo r  i s o m e r s  

t r i o 1  ester 2, which is r o u t i n e l y  c o n v e r t e d  t o  t h e  p e n t o s e  

(F ig .  2 4 ) .  

and 52 t o  p r o t e c t e d  

APPROACHES v i a  STEREOSELECTIVE CARBON-HETEROATOM BOND FORMATION 

I n  c o n t r a s t  t o  t h e  s t r a t e g i e s  d i s c u s s e d  I n  t h e  above s e c t i o n ,  

which f o c u s  on t h e  s t e r e o s e l e c t i v e  c o n s t r u c t i o n  of  t h e  c a r b o n  

s k e l e t o n  of t h e  c a r b o h y d r a t e ,  t h e  f o l l o w i n g  d i s c u s s i o n  w i l l  a d d r e s s  

a p p r o a c h e s  t h a t  b e g i n  w i t h  t h e  c a r b o n  framework e s s e n t i a l l y  

a s sembled ,  t h e n  s t e r e o s e l e c t i v e l y  a t t a c h  t h e  r e q u i r e d  h e t e r o a t o m s  

(See F i g .  1 ) .  Almost w i t h o u t  e x c e p t i o n ,  t h i s  f e a t u r e s  T - f a c i a l  

d i s c r i m i n a t i o n  of  a n  o l e f i n  d u r i n g  a p r o c e s s  l e a d i n g  t o  a 

carbon-oxygen o r  c a r b o n - n i t r o g e n  bond. T h i s  s e c t i o n  w i l l  sequen-  

t i a l l y  t reat  t h e  two i m p o r t a n t  a p p r o a c h e s  of :  1. a m i n a t i o n  o f  

doub le  bonds,  and 2 .  o x y g e n a t i o n  of d o u b l e  bonds.  
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FIG. 24. 
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1.. Amination of Double Bonds 

The p r o p e n s i t y  of t h e  amines t o  undergo conjugat ive  a d d i t i o n t o  

a ,@-unsa tura ted  carhonyl  compounds has  been e x p l o i t e d  t o  i n t r o d u c e  

t h e  c r i t i c a l  n i t r o g e n  i n  amino s u g a r s .  I n  t h e  a p p l i c a t i o n  t o  acy- 

c l i c  s u b s t r a t e s ,  t h e  aminc m u s t  be biased toward one f a c e  of t h e  

a-system through t h e  i n f l u e n c e  of e x i s t i n g  s t e r e o c e n t e r s  on t h e  

carbon s k e l e t o n .  A s  t h e  d a t a  i n  Table  10 demonstrate ,  such amin- 

a t i o n s  a r e  s u b j e c t  t o  a h i g h  degree  of s t e r e o c o n t r o l ,  o f t e n  

a f f o r d i n g  a s i n g l e  d ias te reomer .  A s  i n d i c a t e d  by e n t r i e s  1-3, 

t h i s  remarkably s e l e c t i v e  condensa t ion  is independent  of t h e  

geometry of t h e  s t a r t i n g  d i s u b s t i t u t e d  double  bond s i n c e  t h e  

s e p a r a t e d  E and 2-isomers gave e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  over  

a range of  temperatures .  Furthermore,  t h e  presence  of an addi-  

t i o n a l  s t e r e o c e n t e r  a t  t h e  homoal ly l ic  p o s i t i o n  h a s  a n e g l i g i b l e  

e f f e c t  on t h e  outcome of t h e s e  r e a c t i o n s  ( s e e  e n t r i e s  5-8). These 

r e s u l t s  c o r r e l a t e  very  w e l l  wi th  t h e  F e l k i n  model3 

state 1, w i t h  t h e  a l l y l i c  oxygen s u b s t i t u e n t  occupying t h e  cus- 

tomary p o s i t i o n  p e r p e n d i c u l a r  t o  the  ir-system. F i n a l l y ,  t h e  

stereocomplementary n a t u r e  of these  r e a c t i o n s  w i t h  t h e  a l l y l a t i o n  

of asymmetric imines b e a r s  emphasis (Table  8 ) .  

t r a n s i t i o n  

The amine adducts  i n  Table  10 r e p r e s e n t  q u i t e  advanced i n t e r -  

media tes  f o r  the  s y n t h e s i s  of  amino s u g a r s  and have been e x p l o i t e d  

i n  t h i s  regard .  

t o  s e v e r a l  b i o l o g i c a l l y  impor tan t  carbohydra tes  is i l l u s t r a t e d  in 

Fig .  25. 

The f a c i l e  conversion of adducts  2, 60, and 61 

It  i s  noteworthy t h a t  t h e  mode of amine a d d i t i o n  t o  epoxy 

compounds such as 

es ter  f u n c t i o n a l i t y  w i t h  a c a r b o x y l i c  a c i d  group.  

( e n t r y  9 )  can  be modif ied by r e p l a c i n g  t h e  

Dyong and co- 
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OH 

OH 

L C O 2 H  ' "2 . 
NMc2 3 OtBAL 

Me ~ 2 A c 2 0  

Ma2NH 4 0- Forosomine 
t .. - 

Me%COtH I 
(resolved) 

!Met  
M e Y P H  

OH 

PIG. 2 6 .  

w o r k e r s  rook a d v a n t a g e  of  t h i s  i n  an e f f i c i e n t  s y n t h e s i s  of p- - 

f o rosamine  ( F i g .  26).  8 4  

2. Oxygenat ion of Dorihlc H o ~ ~ I  

I n  view o f  t h e  h i g h  oxyg:r?n c o n t c n t  of  c a r b o h y d r a t e s ,  i t  i s  

n o t  s u r p r i s i n g  t h a t  a p p r o a c h e s  des igned  a b o u t  t h e  a d d i t i o n  of 

oxygen t o  carbon-carbon d o u b l e  hontls have  been numerous and suc- 

c e s s f u l .  The d i s c u s s i o n  of  t h e s e  a p p r o a c h e s  is c o n v e n i e n t l y  

o r g a n i z e d  a c c o r d i n g  t o  t h e  p r o c e s s  by which t h e  oxygen i s  

i n t r o d u c e d :  o x i d a t i v e  c y c l i z n t i o n  of a n  a c y c l i c  p r e c u r s o r ,  

h y d r o x y l a t i o n ,  and c p o x i d a t i o n .  

I n  t h e  f i r s t  s t r a t e g y ,  a n  u n s a t u r a t e d ,  a c y c l i c  molecu1.e is 

a c t i v a t e d  toward r i n g  f o r m a t i o n  v i a  an  e l e c t r o p h i l i c  o x i d a n t .  An 

i n t e r e s t i n g  example of  t h i s  approach  w a s  r e p o r t e d  by C u r r e n t  and 

S h a r p l e s s  w h e r e i n  ArSeBr i n i t i a t e s  a three-component  c o n d e n s a t i o n  

which may be  c o n t r o l l e d  t o  f a v o r  e i t h e r  thermodynamic (63, 62%) o r  

k i n e t i c  ( 6 4 ,  68%. two i s o m e r s )  p r o d u c t s  ( F i g .  2 7 ) . ' *  The s e l e n i d e  

- 63 h a s  been  ox ida t ive1 .y  e l i r n f n a t e d  t o  o 1 . e f i n i c  compound 65, which 

is s u i t a b l e  f o r  f u r t h e r  f u n c t i o n n l i z a t i o n .  

h'agakawa's g roup  j n v e s t i g n t r r l  t h e  h a 1 . o l a c t o n i z a t i o n  o r  

hydroxypen teno ic  a c i d  

t h a t  a s l n g l . ~ !  h romolac tone  67 r c s i i l  ted (Fi!;. 28) . 8 '  Th-i:: r.ornpotintl 

c o u l d  he r e a d i l y  t r n n s f o r m c d  t c :  thc r lc~oxypcntosc~ (with 

i n v e r s i o n  a t  C 4 )  o r  t o  t h e  dfdeoxy spcc icLs  69. The stc,reos<!lp(:- 

t i o n  of t h i s  r o u t e  i s  n r e s u l t  o r  thermotlynnmlc c o n t r o l ,  a s  

w i t h  aqueoiis E-hromosuccinimide and f o u n d  

- 
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kinetic (93:7) ss 
lo 

se 

FIG. 28. 

ev idenced  by Chamher l in ' s  k l n e t i r  I o d o l a c t o n i z a t i o n  o f  2 which 

s t r o n g l y  f a v o r s  t h e  o p p o s i t e  isomer 2 ( 9 3 : 7 ) . "  

Tn view of t h e i r  r e l e v a n c e  t o  t h e  p r e s e n t  d i s c u s s i o n ,  n o t e  

s h o u l d  b e  made o f  several c y c l i z a t i o n  s t u d i e s  which e f f e c t  t h e  

s t e r e o s e l e c t i v e  c o n v e r s i o n  of e x i s t i n g  c a r b o h y d r a t e s  t o  2-glyco- 

s i d e s  and 5 - g l y c o s y l  compounds (Fig. 29)."-' 

e l e c t r o p h i l e - i n d u c e d  c y c l i z a t i o n s  c a r r i e d  o u t  by Mukaiyama (I)' ' 
and S i n a y  (II)" f a v o r  t h e  p r e p a r a t i o n  o f  a-anomeric  p r o d u c t s  t o  

t h e  v i r t u a l  e x c l u s i o n  of t h e  @- i somer ,  w h i l e  t h e  asymmetr ic  

e x p o x i d a t i o n  ( v i d e  i n f r a ) /  r i ng -open ing  p r o c e d u r e  of S h a r p l e s s  and 

Masamune (111)' 

The c y c l i z a t i o n  approach  t o  c a r b o h y d r a t e s  may be  e x p e c t e d  t o  p l a y  

a n  i m p o r t a n t  r o l e  i n  f u t u r e  s y n t h e s e s ,  as  judged  by t h e  amount of 

e f f o r t  p r e s e n t l y  h e i n g  d i r e c t e d  toward u n d e r s t a n d i n g  such  

p r o c e s s e s  .' 

The d i r e c t ,  

a l l o w s  s e l ec t ive  p r e p a r a t i o n  of  e i t h e r  anomer.' 

I n  a n o t h e r  s t r a t e g y ,  a n  acyc l i c -  o l c f i n  may h e  o x i d i z e d  wi th -  

o u t  c y c l i z a t i o n  to  a f f o r d ,  u l t i m a t e l y ,  a gerninal d i o l .  The m o s t  

d i r e c t  methods i n v o l v e  c&-hydroxylation of t h e  d o u b l e  bond by 

one  of t h e  s e v e r a l  methods p r e s e n t l y  a v a i l a b l e .  

r e c e n t l y  o n l y  i s o l a t e d  examples  of h i g h l y  s e l e c t i v e  o x i d a t i o n s  o f  

t h i s  t y p e  have been  o b s e r v e d ,  such  as T w a i  and T o m i t a ' s  s y n t h e s i s  

U n t i l  v e r y  
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FIG. 29. 

of L&-arabinose, which f e a t u r e s  a s t e r e o s p e c i f i c  permanganate 

o x i d a t i o n  (Fig.  30).' 

have been d i s a p p o i n t i n g l y  low. For syntheses  t h a t  r e l y  on 

e s s e n t i a l l y  stereorandom hydroxyla t ion ,  r e f e r e n c e  is made t o  

prev ious  reviews on carbohydra te  s y n t h e s i s .  ' 
however, s e v e r a l  r e p o r t s  of e f f i c i e n t  r o u t e s  t o  s u g a r s  i n  s p i t e  of 

t h e  modest s t e r e o s e l e c t i o n  of t h e  key hydroxyla t ion  r e a c t i o n s .  

The fo l lowing  examples are i l l u s t r a t i v e .  

-- 
More o f t e n  t h e  l e v e l s  of s t e r e o s e l e c t i o n  

There have been, 

Bog& and Herczegh hydroxylated o l e f i n  2 with  O s O r  t o  pro- 

duce a n  unequal mixture  of p r o t e c t e d  pentoses  Z a &  (Fig. 31)." 

These are e a s i l y  unmasked t o  a f f o r d  the  racemic pentoses ;  &- 
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DL- Arobinoss 

(single isomer) 
P= 

FIG. 30. 

r i b o s e  and _D_L-arabinose. 

i n  s p i t e  of t h e  low l e v e l  of s t e r e o s e l e c t i o n  i n  t h e  format ion  of 

- 72a&, through i t s  b r e v i t y .  

This  r o u t e  remains p r e p a r a t i v e l y  u s e f u l ,  -- 

Several s u c c e s s f u l  s y n t h e s e s  f e a t u r i n g  t h e  hydroxyla t ion  of 

a l l y l i c  amines have been r e p o r t e d .  

c losed  a c o n c i s e  s y n t h e s i s  of E-benzoyl-g&-daunosamine i n  which 

all t h e  r e l a t i v e  s t e r e o c h e m i s t r y  i s  placed i n  a s e l e c t i v e  osmyla- 

t i o n  of o l e f i n  2 (Fig.  32)." I t  i s  worth n o t i n g  t h a t  t h e  

r e l a t i v e  asymmetric i n d u c t i o n ,  as w e l l  a s  t h e  isomer r a t i o ,  

c l o s e l y  follow t h e  prev ious  example. 

Recent ly ,  Hauser and Rhee d i s -  

Dyong's group has  c a r r i e d  o u t  a s e r i e s  o f  experiments  tar- 

g e t i n g  s e v e r a l  impor tan t  amino sitgars tha t  also depend upon 

liydroxylat ion  of a 1  l y  1 i c  a m i n c s  t o  1 n trotluce key H t e r e o r c l a -  

t i o n s h i p s .  P r o t e c t i o n  of a r e a d l l y  a v a i l a b l e  aldehydc. wi th  (+)- 

dimethyl  t a r t ra te  a f f o r e d  which, i n  turn, was aminatcd a t  the 

C3 p o s i t i o n  i n  a v i r t u a l l y  random manner ( F i g .  33).' Following 

s e p a r a t i o n ,  t h e  major  isomer could be oxid ized  t o  f a v o r  t h e  lyxo 
(z) o r  xylo (z) c o n f i g u r a t i o n s ,  depending upon t h e  c o n d i t i o n s  

employed. Rout ine t r a n s f o r m a t i o n s  subsequent ly  l e d  t o  t h e  

t a r g e t e d  sugars .  Through minor m o d i f i c a t i o n  of t h i s  r o u t e ,  

o p t i c a l l y  pure  tJ-tosyldaunosamine could be  r e a l i z e d  i n  10-gram 

q u a n t i t i e s . s c  

e s s e n t i a l l y  t h e  same s t r a t e g y ,  t o  f u l l y  p r o t e c t e d  I&-vancosamine 

(Fig.  34).97 

A s l i g h t l y  d i f f e r e n t  s t a r t i n g  material  has  l e d ,  by 

Very r e c e n t l y ,  r e p o r t s  have appeared t h a t  demonstrate  t h a t  

t h e s e  hydroxyla t lon  r e a c t i o n s  may be c a r r i e d  out  w i t h  p r e p a r a t i v e -  

l y  u s e f u l  levels of  s t e r e o s e l e c t i o n  (Fig. 35) .  I t  b e a r s  n o t i n g  
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p 
2 I Dl8AL Ac20 
3NH31MeOH HO HNCOPh HO HNCOPh 

Me\p.,coRMe -k Me*CO,Me 

HO 
N-Benzoyl- 0 L- dounosomine -- - 62: 38 

FIG. 3 2 .  

57:43 I 74 - 

Me 

OH on 
7Sb - 750 - 

OSO,/NMO 
MeCONHBr/AgOAc 

20 : 80 
89:Il 

AcO Me$ HNAc HNAc 

Methyl .-&-Daunoumintde Methyl 3-4cetamido-~-ocetyl -- 
2,3.4-lrideoay-gL- ly’o- 
hmopyranoside 

FIG. 3 3 .  
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protected QL-Vancosomine -- 
FIG. 34. 

t h a t  i n  every example i n  t h e  f i g u r e  t h e  same sense of  1,2- 

asymmetric i n d u c t i o n  was observed. 

e m p i r i c a l  model _zf! t o  account  f o r  t h e  s te reochemica l  outcome of 

t h e s e  r e a c t i o n s  and h a s  demonstrated c o n s i d e r a b l e  p r e d i c t i v e  v a l u e  

f o r  t h i s  formulation."'  

p l a n a t i o n  f o r  s u b s t r a t e s  which have electron-withdrawing sub- 

s t i t u e n t s  a t t a c h e d  t o  the  double  bond." C l e a r l y ,  t h e s e  

r e a c t i o n s  o f f e r  a powerful  method f o r  prepar ing  carbohydra tes  of 

d i v e r s e  s t r u c t u r e s  and w i l l  become i n c r e a s i n g l y  usefu l  as 

mechanis t ic  d e t a i l s  of t h e s e  o x i d a t i o n s  are uncovered through 

s y s t e m a t i c  s t u d i e s  

K i s h i  h a s  suggested a n  

S tork  has  suppl ied  a n  a l t e r n a t i v e  ex- 

such as those c a r r i e d  o u t  by Kishi . ' "  

I n  c o n t r a s t ,  epoxida t ion  has  a l r e a d y  emerged as a n  except ion-  

a l l y  u s e f u l  t o o l  f o r  carbohydra te  s y n t h e s i s .  Abundant d a t a  h a s  

been amassed w i t h  regard  t o  t h e  s t e r e o s e l e c t i o n  of t h e s e  reac- 
t i o n s ,  e s p e c i a l l y  as  i n f l u e n c e d  by asymmetric a l l y l i c  heteroatom 

substituents.'0',8c,ai,ej Consider ,  f o r  example, t h e  p e r a c i d  

epoxida t ton  of s imple a l l y l i c  a l c o h o l s  77 (Fig.  36). Involv ing  a 

hydrogen-bonding i n t e r a c t i o n  w i t h  t h e  reagent ,  two d i a s t e r e o m e r i c  

t r a n s i t i o n  s t a t e s E s a n d  78a c o n t r i b u t e  t o  t h e  format ion  of syn 
and epoxy a l c o h o l s .  P r e d i c t a b l y ,  r e p l a c i n g  R=H w i t h  t h e  more 

s t e r i c a l l y  demanding R=Me i n c r e a s e s  t h e  i n d i c a t e d  1 , 3 - i n t e r a c t i o n  
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i n  78a and r e s u l t s  i n  a s u b s t a n t i a l  enhancement i n  s y n - s e l e c t i v i t y  

of t h e  r e a c t i o n .  The u t i l i t y  of such s t e r e o c o n t r o l l e d  o x i d a t i o n  

of a l l y l i c  a l c o h o l s  i n  carbohydra te  s y n t h e s i s  is obvious and has  

been e x p l o i t e d  i n  t h i s  regard .  

Perac id  epoxida t ion  of s imple d i e n y l  systems h a s  been exam- 

ined  i n  a n  e f f o r t  t o  p r e p a r e  5- and 6-carbon p o l y o l s  of s p e c i f i e d  

r e l a t i v e  c o n f i g u r a t i o n s .  While t h e  o x i d a t i o n  of conjugated  d i e n y l  

s u b s t r a t e s  has  been hampered by low yields ," '  t h e  use  of d i v i n y l  

methanol as a p e n t i t o l  p r e c u r s o r  has  enjoyed modest success .  

Chautemps observed an unequal  d i s t r i b u t i o n  of s t e r e o i s o m e r s  

favor ing  t h e  --configuration when t h e  p a r e n t  compound ( E , R = H )  

w a s  t r e a t e d  wi th  p-ni t roperoxybenzoic  a c i d  (Fig. 37)  . I o 3  Holland 

and S t o d d a r t ,  on t h e  o t h e r  hand, s i m i l a r l y  epoxidized t h e  

corresponding a c e t a t e  (Z,R=Ac) i n  a s t e p w i s e  f a s h i o n ,  w i t h  low 

l e v e l s  of s e l e c t i v i t y  observed f o r  each s t e p . I o 4  

s tudy  r e p o r t s  c l e a n  base-induced r i n g  opening of t h e  hydroxy 

d iepoxides  t o  t h e  correspondinf: p e n t i t o l s ,  t h e  l a t t e r  

i n v e s t i g a t o r s  observed c o n s i d e r a b l e  s te reochemica l  e r a s i o n  i n  the 

acetate- induced r i n g  c leavage  of t h e  ace toxy  d iepoxides .  

While t h e  former 

'' 
Holland and Stoddar t  have r e c e n t l y  d i s c l o s e d  a s t e r e o s e l e c -  

t i v e  s y n t h e s i s  of x y l i t o l  which t a k e s  advantage of t h e  p r o d u c t ' s  

symmetry (Fig.  381.' O 6  

l y l i c  a l c o h o l @ ,  which was epoxidized t o  g i v e  a mixture  of pro- 

d u c t s  f a v o r i n g  t h e  =-epoxide a s  expected.  Ring opening of t h e  

mixture, however, h e a v i l y  favored t h e  p e n t i t o l  w i t h  t h e  d e s i r e d  

Cyclopentadiene was converted t o  b i s a l -  

c o n f i g u r a t i o n .  T h i s  s e l e c t i v i t y  r e s u l t s  from t h e  a n t i c i -  
p a t e d  c leavage  of the  --isomer d i r e c t l y  t o  t h e  t a r g e t  compound 

and a c e t a t e  p a r t i c i p a t i o n  i n  t h e  c leavage  of t h e  a n t i - e p o x i d e  t o  
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ACYCLIC STEREOSELECTIVE SYNTHESIS 167 

FIG. 38. 

g i v e  symmetr ical  b i c y c l i c  i n t e r m e d i a t e  i n t e r m e d i a t e  81 which 

c o l l a p s e s  t o  g i v e  t h e  xylo-isomer as w e l l .  

C lose ly  r e l a t e d  approaches t o  p o l y o l s  w i t h  t h e  xylo re- 

l a t i v e  s t e r e o c h e m i s t r y  have been carried o u t  by Bognir and 

Herczegh (Route I ) 9  ' and K i s h i ' s  group (Route I I , lo7 Fig .  39). I n  

c o n t r a s t  t o  t h e  prev ious  example, however, epoxida t ion  of b i s a l l y -  

l i c  a l c o h o l  s p e c i e s  a2 and 83 t a k e s  p l a c e  w i t h  h igh  s t e r e o -  

s e l e c t i o n  to  a l l o w  d i r e s t  p r e p a r a t i o n  of xylo-isomers. 

r e s u l t  of e x t e n s i v e  s t u d i e s  which examined a range of o l e f i n i c  

s u b s t r a t e s ,  Kish i  has  formulated a t r a n s i t i o n  s t a t e  f o r  t h e s e  

e p o x i d a t i o n s  which proceeds v i a  a conformation t h a t  minimizes 

a l l y l i c  1 , 3 - i n t e r a c t i o n s  (84). l o '  s s i  

be c o n f e r r e d  by involv ing  both a l l y l i c  oxygen s u b s t i t u e n t s  w i t h  

t h e  p e r a c i d  i n  t h e  t r a n s i t i o n  state.'m 

As a 

Addi t iona l  s ter ic  b i a s  may 

Epoxidat ion of a c y c l i c  a l l y l i c  a l c o h o l s  is t h e  key f e a t u r e  of 

two approaches t o  &-olivomycose (Fig.  40). 
Dyong and G l i t t e n b e r g  epoxidized t h e  Reformatsky product  t o  

i s o l a t e  a s i n g l e  product .  ' l o  9 ' ' ' 
p a r t i a l  reduct ion ,  a f f o r d s  the  d e s i r e d  m a t e r i a l .  The o p t i c a l l y  

pure product  was r e a l i z e d  through t h e  use  of r e s o l v e d  ester as. 
I n  t h e  approach of Fugant i  and co-workers. an o p t i c a l l y  a c t i v e  

pro-sugar u n i t  86, prepared  through a m i c r o b i a l  t ransformat ion ,  

I n  t h e  f i r s t  r o u t e ,  

Simple h y d r o l y s i s ,  €allowed by 
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FIG.  39. 

a l s o  underwent s t e r e o s p e c i f i c  z - e p o x i d a t i o n . '  

forward sequence  s u b s e q u e n t l y  a f f o r d s  t h e  e n a n t i o m e r i c a l l y  

d i s c r e t e  s u g a r .  

A s t r a i g h t -  

Recent  a d v a n c e s  i n  e p o x i d s t i o n  have  had a d r a m a t i c  impac t  on 

c a r b o h y d r a t e  s y n t h e s i s .  T h i s  may be  ii t t r i b u t e d  p r i n c i p a l l y  t o  t h e  

p i o n e e r i n g  s t u d i e s  of t h e  S h a r p l e s s  g roup  o n  m e t a l - c a t a l y z e d  ox i -  

d a t i o n s  of o l e f i n s  w i t h  t - b u t v l  h y d r o p c r o x i d e . ' j  

e p o x i d a t i o n s  a r c  c h e m o s e l e c t i v e  toward double  bonds p o s s e s s i n g  

proximal  hytlroxyl g roups ,  w i t h  a1 l y l  i c ,  h o m o a l l y l i c ,  and 

bishontoa1lyl i i :  a l c o h o l s  a l l  s e r v l n ) :  11s s i i h s t m t e s  For t l t fs  reac- 

t i o n .  Tn a d d i t i o n ,  t h e  stt~rc.osc~11.c.t i v i t y  of t h e  VOf;icac)2- 

c a t a l y z e d  e p o x i d a t i o n  of a c y c l i c .  : i l l y l i c  n l c : o l i o l ~ i  Iias 1 m . n  

e x t e n s i v e l y  i n v e s t i g a t e d  a n d  i s  o f  tc.n f o u n d  t o  complerncnt pc~rnc ld  

s t e r e o s e l e c t i o n  (F ig .  4 1 ) .  T h i s  s c l e c t - i v i t y  i s  a consequence  of 

u n f a v o r a b l e  i n t e r a c t i o n s  between t h e  C 1  m e t h y l ,  R g r o u p s  on t h e  

d o u b l e  bond, and l i g a n d s  on t h e  metal c e n t e r  i n  t r a n s i t i o n  s ta tes  

These  

37s ; l , l c ~  a. * j  1 3  
- -- 

Depazay and co-workers  have i n c o r p o r a t e d  t h i s  method of 

e p o x i d a t i o n  i n  a v e r s a t i l e  s y n t h e s i s  of branched-cha in  pen- 

t O S e S . l l S  I l l u s t r a t i v e  O f  t h e s e  s t u d i e s ,  compound I (See T a b l e  1, 
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FIG. 40. 
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OH OH OH 
MCPBA 60 :40 
VO(OCOC),, !-BuOOH 20 : 80 

MCPBA 
V~(OCOC)* ,!-BuOOH 
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f y e  ______* 

Me OH 
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VO(ococ), , !-BuOOH 

&Me * 
OH 

MCPBA 
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?!-Bu 
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+ 0 m M e  

Me OH Me OH 

71 : 29 
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OH OH 
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e n t r y  1 7 )  was oxid ized  t o  g i v e  a s i n g l e  isomer 88,which could be 

r e g i o s p e c i f i c a l l y  opened w i t h  wide range of n u c l e o p h i l e s  (Fig.  

4 2 ) .  I f  t h e  epoxide w a s  c leaved  w i t h  aqueous base,  subsequent  

acid-induced h y d r o l y s i s  and l a c t o l  format ion  a f f o r d e d  t h e  e t h y l  

e l y c o s i d e  of epi-hammarnelose. As poin ted  o u t  e a r l i e r ,  t h e  ep imer ic  

sugar  could be prepared  by f i r s t  c y c l i z i n g  1 t o  8, then c a r r y i n g  

out  epoxida t ion  us ing  t h e  d i r e c t i q  e f f e c t  of t h e  a x i a l  C 4  hydrox- 

y l  group. 

Roush and Brown have r e p o r t e d  a s y n t h e s i s  of racemic o l i v o s e  

which f e a t u r e s  t h e  es tab l i shment  of a l l  t h e  r e l a t i v e  stereochem- 

i s t r y  through a meta l -ca ta lyzed  e p o x i d a t i o n / r t n g  opening sequence 

(Fig. 4 3 ) . l 1 3  Dime was reg to-  and s t e r e o s e l e c t i v e l y  con- 

v e r t e d  t o  epoxide p0 w t t h  g r e a t e r  than 952 i somer ic  p u r i t y .  

epoxide was opened w i t h  c l e a n  i n v e r s i o n  of  t h e  C4 p o s i t i o n  through 

L e w i s  acid-mediated p a r t i c i p a t i o n  of a carbarnate a t  C 5 .  Base 

c leavage  of t h e  r e s u l t i n g  c y c l i c  c a r b o n a t e s  and o z o n o l y t i c  un- 

masking of t h e  C1 aldehyde f u r n i s h e d  t h e  d e s i r e d  product .  

The 

Through a m o d i f i c a t i o n  of t h i s  s t r a t e g y ,  t h e s e  workers  w e r e  

a l s o  a b l e  t o  prepare  carbohydra tes  i n  o p t i c a l l y  a c t i v e  form.” 

Advantage w a s  taken of a procedure developed i n  t h e  S h a r p l e s s  

group t h a t  k i n e t i c a l l y  r e s o l v e d  a l l y l i c  a l c o h o l s  through asymmet- 

r i c  epoxida t ion  (v ide  i n f r a ) .  ’ Through t h i s  method, racemic 91 
was converted t o  e n a n t i o m e r i c a l l y  pure epoxy a l c o h o l  92 and h ighly  

enr iched  a l l y l i c  a l c o h o l  93 (Fig.  4 4 ) .  P a r a l l e l i n g  t h e  prev ious  

r o u t e ,  epoxide 92 was r e g i o s e l e c t i v e l y  opened i n t r a m o l e c u l a r  

carbarnate p a r t i c i p a t i o n ,  then  r o u t i n e l y  t ransformed i n t o  L-(+)- 
o l i v o s e .  On the  o t h e r  hand, asymmetric e p o x i d a t i o n  of  a lcohol  ?J, 
accompanied by f u r t h e r  rcsol u t i o n ,  gave 9/., t h e  enanttcnntr o f  

compound 92. D i r e c t ,  r e g i o s p e c t f i c  r i n g  opening wi thout  

i n t r a m o l e c u l a r  a s s i s t a n c e  g i v e s  a t r i o 1  w i t h  an a l t e r n a t i v e  

r e l a t i v e  s t e r e o r e l a t i o n s h i p  (2) which i s  s t r a i g h t f o r w a r d l y  

converted t o  k-(+)-digi toxose,  

A breakthrough i n  asymmetric s y n t h e s i s ,  a l l u d e d  t o  i n  t h e  

s y n t h e s i s  above, w a s  d i s c l o s e d  by S h a r p l e s s  and Katsuki  i n  1980 

when they r e p o r t e d  the  f i r s t  p r a c t i c a l  method f o r  asymmetric 
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OH OEI 

Nuc' t 
H 

2- h o m o m e h  

HCI , MeOH I ' OMe 
I 

Homomelore 

FIG.  42. 

FIG. 4 3 .  
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I PhNCO 

2 BF, OEI, 
3 H,O@ I 

0 
10:1 

I MeOe 
2 0,;DMS I 

99 
75% .95%ce 

H,O@/DMSO 

Me 
no 

&- (+)-OYvore L-(+)-Digitoxose - 

F I G .  44.  

epoxida t ion ,  u s i n g  a system of  Ti(OL-Pr)b/pBuOOH modif ied by g- 
(+) o r  & - ( - ) - t a r t a r i c  - ac id . ’  l s  T h i s  d i s c o v e r y  broadened t h e  

s y n t h e t i c  access to o p t i c a l l y  pure m a t e r i a l s  enormously through 

asymmetric e p o x i d a t i o n  of pr imary a l l y l i c  a l c o h o l s .  ’ ’’ BY a 

procedure developed s h o r t l y  t h e r e a f t e r ,  t h e  k i n e t i c  r e s o l u t i o n  of 

secondary a l l y l i c  a l c o h o l s  was made p o s s i b l e .  l 1  7 ,  

p r e s e n t  c o n t e x t ,  t h i s  has  l e d  t o  t h e  f i r s t  t r u l y  g e n e r a l  p r o t o c o l  

f o r  t h e  p r e p a r a t i o n  of a l l  t h e  i somer ic  t e t r o s e s ,  pentoses ,  and 

hexoses  p r i n c i p a l l y  through t h e  e f f o r t s  of t h e  S h a r p l e s s  and 

Masamune groups i n  c o l l a b o r a t i o n s c  s 9  a ’ a ’,’ * ’ and t h e  K i s h i  

group. 

I n  t h e  

1 0 7  

The r o u t e  starts w i t h  an i s o m e r i c a l l y  def ined  o l e f i n ,  such 

as  96E o r  962, which i s  asymmetr ica l ly  epoxid ized  w i t h  i n d u c t i o n  

f a v o r i n g  e i t h e r  of t h e  two p o s s i b l e  oxides  depending upon which 

e n a n t i m e r  of t h e  c h i r a l  m o d i f i e r  i s  employed (Fig. 4 5 )  . 9 8 ,  ’ 0 7  
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97c - 
I 

I Hoe 

f L 0 .  1 

OH 

4 

+ 

- 97b 
<I 

I 

FIG. 45. 

An important f e a t u r e  of these epoxida t ions  i s  t h e  r e l a t i o n  of the  

epoxide asymmetry t o  the  reagent ' s  c h i r a l i t y  without  regard  

(genera l ly)  t o  asymmetry i n  the  o l e f i n i c  subs t r a t e .  

except ion t o  t h i s  observa t ion  i s  the  almost stereorandom oxi- 

d a t i o n  of t he  Z-isomer (962) with  the  (-)-reagent, a po in t  t h a t  

w i l l  b e  addressed s h o r t l y .  I n  any event ,  t h e  hydro ly t i c  r i n g  

opening of  these  epoxides (under a spec i f i ed  set of cond i t ions )  

a f f o r d s  f o u r  s e l e c t i v e l y  pro tec ted  p e n t i t o l ~ . ~  a 

A no tab le  

Obviously, success fu l  conversion of epoxides such as 

97a-d t o  sugars  r e q u i r e s  r eg iospec i f i c  c leavage of t h e  r ing .  

This has  been r e a l i z e d  through s e v e r a l  methods, o f t e n  tak ing  

advantage of an  in t ramolecular  de l ive ry  of a nucleophi le .  Pro- 
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AICI, 1 
OH 

I 
97a - 

FIG. 46 .  

cedures  have been developed f o r  s i t e - s p e c i f i c  n u c l e o p h i l i c  a t t a c k  

by oxygen,98 ,107 ,116  

f o r  a d d i t i o n a l  examples see r e f e r e n c e  101b). 

method by which t h e  epoxide may be s e l e c t i v e l y  cleaved t a k e s  

advantage of t h e  Payne rearrangement  which d e s c r i b e s  t h e  

e q u i l i b r a t i o n  between t w o  hydroxy epoxides  such as  98 and 2 
(Fig. 47).Iz3 
p h i l e s ,  such as t h i o l a t s  ions, a t  t h e  most r e a c t i v e  p o s i t i o n  (C1) 

t o  a f f o r d  r e g i o s p e c i f i c  ring-opened  product^.'^ 

and hydrogen121a*122 (Fig.  46; 
Another impor tan t  

T h i s  e q u i l i b r i u m  can be i n t e r c e p t e d  by nucleo- 

This  manipula t ion  p l a y s  a n  important  r o l e  i n  t h e  development 

of a s imple procedure f o r  overcoming t h e  problem of t h e  d i s -  

appoin t ing  l e v e l s  of s e l e c t i v i t y  sometimes observed i n  t h e  

asymmetric e p o x i d a t i o n  of Z - o l e f i n s  ( s e e  epoxida t ion  of 962 us ing  

(-)-DET i n  F ig .  4 5 ) .  Since  h igh  l e v e l s  of s t e r e o s e l e c t i o n  are 

always observed w i t h  E - o l e f i n s ,  a s t r a t e g y  was conceived t o  

conver t  t h e  d i o l  der ived  from t h e  s-epoxide t o  t h e  d i o l  which 

would r e s u l t  from t h e  Z-o lef in  (Fig.  48).’*Ib 

which i s  c l e a n l y  prepared  from E - o l e f i n  m, may be  opened via 
t h e  Payne rearrangement  t o  d i o l  100. P r o t e c t i o n  a s  t h e  c y c l i c  

a c e t a l ,  fol lowed by a n  o x i d a t i o n  us ing  t h e  Pummerer rearrangement ,  

l e a d s  t o  aldehyde 101. 

Epoxide m, 

This  a ldehyde s u f f e r s  h i g h l y  s e l e c t i v e  
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FIG. 47. 

sm 1. A M e , l t  OMe ~ $oAco O q J  SPh OIBAL, k -  
2. MCPBA 
3. Pummerer on 

1Ol 97 100 rearrangement - 

FIG. 48. 

epimerization, without competitive B -elimination, to the more 
stable trans-acetonide 102, which is effectively the product of 
applying the asynunetric epoxidation/hydrolysis sequence to olefin 
962. - 

The net result of all the above developments is an extremely 
flexible, reiterative two-carbon extension procedure that is 
applicable to the preparation of all possible stereoisomers of the 
trioses, tetroses, pentoses, hexoses, and beyond. It is fitting 
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t o  br ing  t o  a c l o s e  t h e  d iscuss ion  i n  t h i s  review w i t h  a demon- 

s t r a t i o n  of the  power of the  asymmetric epoxidation s t r a t e g y  i n  

the  syn thes i s  of carbohydrates. 
c a r r i e d  out  by the  Sharplesshfasamune groups i n  a syn thes i s  of a l l  

e i g h t  poss ib le  h-hexoses s t a r t i n g  from a s i n g l e ,  monoprotected 

b u t e n e d i o l E  and using the  transformations described i n  Fig. 45 

and 48 (Pig. 49). '*lC 

This has been impressively 

CONCLUSION 

The preceeding d iscuss ion  has de t a i l ed  recent  advances i n  t h e  

chemical syn thes i s  of carbohydrates t h a t  f e a t u r e  a c y c l i c  s te reo-  

selective placement of t he  r e q u i s i t e  sites of asynnnetry. Since 

one is deal ing  wi th  a conformationally f l e x i b l e  carbon framework, 

i t  is o f t e n  poss ib l e  t o  c r e a t e  r e l a t i v e  stereochemical r e l a t ion -  

sh ips  t h a t  a r e  d i f f i c u l t  t o  a t t a i n  when s t a r t i n g  wi th  r i n g  

subs t r a t e s .  Not su rp r i s ing ly ,  the  growth i n  t h i s  area has 
p a r a l l e l e d  t h e  explos ive  advances i n  the  genera l  area of a c y c l i c  

s t e r e o s e l e c t i o n  and has  provided a n  attractive test of e x i s t i n g  

methodologies, c r e a t i n g  impetus f o r  the  development of new 
chemistry. 

The f u t u r e  of t h i s  f i e l d  would seem secure.  While acyc l i c  

s t r a t e g i e s  f o r  preparing carbohydrates w i l l  no t  supplant a l l  t he  

e x i s t i n g  r o u t e s  t o  unccmon sugars ,  e spec ia l ly  those i n  which t h e  

product is r ead i ly  a t t a i n a b l e  from inexpensive carbohydrate 

precursors ,  these  methods w i l l  s t rongly  complement the  b e t t e r  

syntheses a v a i l a b l e  a?d expand the  range of s t r u c t u r a l  types t h a t  

may be e f f i c i e n t l y  prepared. Carbohydrates have been ins t rumenta l  

i n  gaining a b e t t e r  understanding of bas i c  chemical p r inc ip l e s ;  i t  
is now reasonable t o  expect that chemistry w i l l  i nc reas ing ly  t u r n  

i ts  a t t e n t i o n  toward a deeper understanding of the  fundamental 

r o l e s  t h a t  carbohydrates assume i n  l i v i n g  systems. 
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