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Conclusion 

The main  synthet ic reactions o f  carbohydrates a t  the  anomeric center 

involve ionic processes. commonly cat ionic processes fo r  glycosylat ions and 

anionic processes fo r  C-branching reactions. The use of  homoly t i c  or radical  

reactions has emerged in  the  last decade fo r  the  synthesis of  complex mole- 

cules. These developments are o f  great interest  f o r  synthet ic purposes and fo r  

the  study of stereoelectronic e f fec ts  a t  t he  anomeric center of carbohydrates. 

This short rev iew summarizes the pr incipal  results o f  radical  t ransformat ions 

a t  C-1 o f  aldoses. 
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2 DESCOTES 

INTRODUCTION 

Cleavage a t  an aldose anomeric carbon a tom [Scheme 11 can occur 

by producing: [a1 carbocationic [bl. carbanionic or [ c l  radical  species. These 

intermediates confer electrophi l ic. nucleophilic. or radical  character respec- 

t i ve ly  t o  the anomeric center: y$&f ._-c- 
.- 

I/ H‘\ 

a /  
r d 

Scheme 1 qL ] 
The electrophi l ic  character of the anomeric center is manifested by 

glycosylation reactions [Scheme 21. The carbocation derived f r o m  glycopyranosyl 

derivatives yields mainly a, -glycosides due t o  the anomeric ef fect ,  unless 

part ic ipat ing C-Z substituents [OCOCH3, NHCOCH3, phthafimido. etc...) d i rects 

the format ion o f  a B -glycoside. 

=4 M 

I 

L 

“a“ L = l e a v i n g  group 

Scheme 2 

“6” 
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3 RADICAL ANOMERIC CHEMISTRY 

Recently. an "umpolung" reaction a t  the anomeric center of carbohydra- 

tes has been developed using strong electron-withdrawing groups such as sul- 

fonyl.2 nitro.3 and p h o s p h o n i ~ m . ~  The nucleophilic character produced in these 

reactions a t  C-1 was mainly used for the synthesis of C-branched sugars [Scheme 31. 

Scheme 3 

Radical character can be developed a t  the anomeric center i f  the 

substituents a t  C-1 are subject t o  captodative effects. Such substituents stabilize 

radicals by the simultaneous presence of one "capto" [electron acceptor1 and 

one "dative" [ intracycl ic oxygen atom1 s u b s t i t ~ e n t . ~  

dRad* 
mx Rad I H 

Scheme 4 
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4 DESCOTES 

1. FORMATION AND STRUCTURE OF ANOMERIC RADICALS 

GILBERT e t  investigated carbohydrate radicals generated by 

react ion o f  unprotected carbohydrates w i th  OH* radicals in aqueous solut ion 

and showed a nonselective hydrogen abstraction f rom al l  positions of the 

substrates. 

Protected carbohydrates are o f  special interest f r o m  a synthet ic paint  

o f  view. D i rec t  observation [ESRI o f  anomeric radicals derived f rom acylated 

and alkylated furanosyl and pyranosyl derivatives, recent ly  has been reported.B 

These results conf i rm previous kinet ic observations re la ted  t o  format ion o f  

anomeric radicals by hydrogen photoabstraction using sensitizers.g-13 

1.1. Methods of formation of anomeric radicals 

The format ion o f  monoradicals is pr incipal ly obtained by: 

a1 cleavage of  a C-1 t o  halogen. selenium. or sulfur bond [Scheme 

51 by stannyl radicals under photolyt ic conditions or using azodiisobutyronitr i le 

[AlBNI as a radical initiator.14 
A C O Y  

OR 

Scheme 5 
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5 RADICAL ANOMERIC CHEMISTRY 

b l  cleavage o f  a C-l t o  oxygen or  ni t rogen bond by  a one electron 

transfer t o  the  anomeric center o f  the  carbohydrate bearing a te r t i a ry  n i t ro3  

or  phenoxy group.16 

c l  cleavage of a C-l t o  hydrogen bond by photolysis o f  heterocycl ic 

w i t h  acetone or benzophenone or in the  presence o f  E - b u t o x y  acetals 

radicals [Scheme 61. 

Y OMe 

Me Me 

more stable less stable 

Scheme 6 

The creat ion o f  diradicals results f r o m  simi lar  intramolecular reactions. 

In part icular. the  presence o f  carbonyl groups on the  aglycone chain can generate, 

a f te r  photoexcitat ion. anomeric diradicals o f  great react iv i ty.  

1.2. Kinetics and structural studies of anomeric radicals 

The f i r s t  observation of  hydrogen abstraction f r o m  an acetal  carbon 

a tom in a heterocycl ic series was obtained w i th  substi tuted 2-alkoxy 

tetrahydropyrans, and showed preferent ia l  axial  hydrogen abstraction. These 

experimental observations were conf i rmed by ESR measurements on acetals. 

dioxanes. orthoestersl  2*1 and carbohydrates.8 

F rom the  appropriate carbohydrates, ESR spectroscopic data f r o m  

pyranosyl radicals can be interpreted in te rms o f  an almost planar ~i - type a 

-alkoxyalkyl radical.8 This planar structure a t  the anomeric center also reveals 

a dependence of  these radicals on the  structure o f  the  parent carbohydrate. 

Glucosyl and xylosyl radicals prefer t o  a t ta in  a tw is ted  62.5 boat confor- 

mation. Wi th  f ree hydroxyl  groups a t  C-2 and C-3. the  resul t ing conformat ion 
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6 DESCOTES 

is  an equil ibr ium between half-chair forms, this modif icat ion probably resul- 

t ing f rom hydrogen bonding. 

Galactopyranosyl radicals exist in a 4H half-chair conformat ion due 

t o  the occurence o f  substituent interactions. Mannopyranosyl and lyxopyranosyl 

radicals preserve the  qC1 conformat ion o f  the i r  precursors by probable inter- 

actions between the singly occupied p-orbital and the B-OR bond [Scheme 71. 

OAc OAc 

Scheme 7 

A l l  these conformations and their  interconversions have been interpreted 

in terms o f  a ”stabi l izing” interact ion between the singly occupied p-orbital 

[SOMOI and the ,u * -LUMO of an axial ly bonded -C-OR bond’s [Scheme 

SJ. 

dR 
Scheme 6 

The stabi l izing stereoelectronic e f fec ts  in glucosyl radicals are o f  

the same order as the  anomeric e f fec t  o f  glucosyl ch l0 r i des . l 5~  Electron-donating 

substituents a t  the anomeric center destabi l ize anomeric radicals. whi le 

withdrawing groups stabi l ize these intermediates and makes their  fo rmat ion  

easier. 

These suppositions have been conf i rmed in studies t o  be described 

tha t  involve intra- and intermolecular radical  react iv i ty.  
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RADICAL ANOMERIC CHEMISTRY 7 

II. INTRAMOLECULAR REACTIVITY OF ANOMERIC RADICALS 

The fo rmat ion  o f  a radical  or any exci ted s ta te  on an aglycone chain 

can induce the  abstraction o f  an anorneric hydrogen and yield new bonds such 

as C-o or C-c.1 

11.1. Anomeric C-0 bonds formations 

11.1.1. Orthoester i f i ca t  i on 

The unsusual orthoester linkage between saccharide un i ts  is found 

in a fam i l y  o f  ant ib iot ics cal led o r t h o s o m y ~ i n s . ~ ~  The synthesis of such 

orthoesters is feasible using radical  heterocycl izat ion reactions. I r radiat ion 

o f  hydroxyalkyl  glycosides in the  presence of  iodine and Hg t l l l  oxide. leads t o  

spiroorthoesters. by  prel iminary anorneric H-abstraction by the  intermediate 

alkoxy radical  [Scheme 91 according t o  previously described mechanisms.l ec 

dJrcI 
I 

Scheme 9 

H Q 

This react ion can be extended t o  the  2-deoxy anorneric orthoestersl  

using an addit ion reac t ion  on tr i -g-acetyl-g-glucal  according t o  Scheme 10. 
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8 DESCOTES 

64c I 
Br 

d""0H 

H 0' 

A c0 

hv I 12 

Scheme 10 

The stereoselect iv i ty o f  this radical  heterocycl izat ion is observed 

in the fol lowing study [Scheme 111  where re ten t ion  o f  conf igurat ion o f  

6 -hydroxyglycosides is  predominant. led 

This methodology complements other methods used f o r  t he  synthesis 

of anomeric orthoesters.lgv2D 

11.1.2. Lactonizat ion 

The process o f  intramolecular abstract ion o f  a hydrogen a tom f r o m  

the y-carbon a tom o f  an exci ted carbonyl group is re fe r red  t o  as a "NORRISH 

type It reaction". The fo rmed diradical  can close t o  a cyclobutanol or cleave 

t o  .an o le f in  and an enol [Scheme 121. 
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RADICAL ANOMERIC CHEMISTRY 9 
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10 DESCOTES 

Scheme 12 

This NORRISH type I1 reac t ion  has been applied t o  carbohydrates f o r  

oxidation of the anomeric carbon by  i r rad ia t ion  of glycosyl pyruvic ester.21 

or 0x0-2 propyl  glycosidel according t o  Scheme 13. 

R = H  
R =  0 

Scheme 13 

The oxidation process is possible f o r  bo th  c1 and 5-anomers and has 

been applied t o  numerous examples in d i f fe ren t  carbohydrate series [gluco. 

2-deoxy and 2.3-dideoxy. unsaturated sugars etc. ..I. 

11.2. Anomeric C-C bond formation 

Using the NORRISH type I I  reaction, anomeric spiro carbohydrates 

can be synthesized by photocarbocycl izat ion o f  3-oxopropyl glycosides a f te r  

anomeric H-abstraction a t  the  6 -positionz2 (Scheme 141. 
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RADICAL ANOMERIC CHEMISTRY 11 

R = H, Me, Ph 
R 

4 
Scheme 14 

This regioselective react ion is also stereoselective w i th  preferent ia l  

photoabstraction o f  anomeric axial  hydrogens. Thus, f? -glycosides are much 

more reac t ive  than the a -glycosides and by freezing the intermediates radicals. 

cycl izat ion becomes more stereoselective w i th  arylketonic g l y c ~ s i d e s . ~ ~  This 

reaction, when applied t o  the p-manno, 2-gluco. _L-arabino and 2-deoxy. 2.3- 

dideoxy series was found t o  be fa'stest w i t h  _D-manno derivatives.22 The 

importance of the axial  substituent a t  C-2 is important in the stabi l izat ion 

o f  the anomeric radical  [Scheme 151. 

- - 
- 

111. INTERMOLECULAR REACTIVITY OF ANOMERIC RADICALS 

The preceding intramolecular reactions involved diradicals which were 

extremely react ive and gave e f f i c ien t  transformations of carbohydrates a t  

the anomeric center. The transformat ion o f  radicals by intermolecular pathways 

must be very fast t o  avoid racemizat ion reactions or other side reactions observed 

in ionic precesses e.g elimination. rearrangements. etc... 

I I  \ -C - C- ---P ,C - C l +  RO- 
I I  

OR 
@ I @  
-c - e- -c - c- 

I I  I I  
OR OR 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



12 DESCOTES 

R =  H ,CH3 

P 1 

Scheme 15 

In radicals w i t h  6 -heteroatorns. these react ions do no t  compete w i th  

chain reactions and other substi tut ion and addit ion react ions can occur t o  y ie ld 

C-H or C-0. C-halogen. C - 0  and C-C bonds. 

111.1. C-H or C-D bond formation 

The radical  cleavage of  an anomeric C-halogen. C-N or  C-S bond is 

possible under radical  in i t ia t ion  condit ions 24 [hv or AlBNl or reduct ive l i th ia t ion  

by SET [lithium n a ~ h t a l e n i d e l . ~  

These highly stereoselective reductions are observed w i t h  re ten t ion  

of  conf igurat ion s ta r t ing  f r o m  a -glycosyl derivatives. In contrast. B -glycosyl 

derivatives are reduced more slowly i n to  a -compounds w i t h  inversion o f  

configuration. Examples o f  such reductions are given in Scheme 16. 

Stabi l ized anomeric radicals in pyranose or furanose systems were 

also evoked t o  explain reduct ion react ionz5 or  decarboxylat ion26 [Scheme 171 

tha t  proceeded w i th  lower stereoselectivi ty. 

Simi lar  reactions result during reductions by non anomeric stabi l ized 

radicalsZ7 [Scheme 181. 
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RADICAL ANOMERIC CHEMISTRY 13 

AcO ?kj+ A Fc&N c0 

H 

Scheme 16 

Scheme 17 
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14 DESCOTES 

f 
L 

Scheme 18 

111.2. C-halogen bond Formation 

Radical brominations of a range o f  aldopyranosyl compounds have 

been described by R. J. FERRIER e t  by which the halogen can be introduced 

into sugar rings a t  positions adjacent t o  the r ing oxygen atom [C-4. C-53. The 

presence o f  electron withdrawing groups such as halogens [CI. F. Brl. keto 

functions or their 0-substituted oximes at  C-2, C-nitri le groups a t  proanomeric 

carbons, act ivate th is position towards homolyt ic b r o r n i n a t i ~ n . ~ ~ ~ ~ ~  [Scheme 

191. 

The regio and -stereoselectivity of photobromination results f rom 

the captodative radicals which are formed w i th  considerably greater ease in  

quantitative conversions. 

Using this photobromination methodology, many di- and trisaccharides 

have been obtained in good yield.2g 
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Br 

hv 8 20 

OR OR 

Scheme 19 

P h v _  

Scheme 20 
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111.3. C-O bond formation 

DESCOTES 

Photosensitized transacetal izet ions are possible using a binary sensit izing 

system consisting of  a high absorbing aromat ic  hydrocarbon (P: phenanthrenel 

and a non-light absorbing cyanoaromatic compound [p-dicyanobenzene: DCNBI. 

This react ion involves a photostirnulated one electron transfer process [Scheme 

201. 

Photolysis o f  glucosides w i t h  a f ree  hydroxyl  a t  C-6 yields an 

intramolecular cycl izat ion product. If the  C-6 hydroxyl  group is protected. 

intramolecular acetal izat ion occurs in the  presence o f  n-octane (Scheme 21 1. 

Scheme 21 

111.4. C-C bond formation 

The addit ion of anomeric radicals t o  alkenes is one of  the most  

interest ing methods fo r  the synthesis of  C-glycosides.’ These reactions are 

carr ied out, using sugar halides or selenides. ei ther photo ly t i ca l l y  a t  room 

temperature or thermal ly w i th  radical  in i t ia t ion  [e.g. AIBNI. 

The anorneric radical  is nucleophil ic and interacts by i t s  high ly ing  

SOMO w i t h  the  LUMO o f  an electron-poor alkene such as acry lon i t r i le  or me thy l  

acrylate. The presence o f  such electron-withdrawing substituents in  the alkene 

lowers the  LOMO energy and increases the  addit ion ra te  by reducing t h e  SOMO- 

LUMO dif ference [Scheme 221. 
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R. 

17 

Scheme 22 

This addition reaction forms predominantly the C-glucosides by 

equatorial at tack a t  the previously described boat conformation of  the glucosyl 

anomeric [Scheme 231. 

A c O  
A c d  Br I A C O  - 

hv 
h C N  

Bu,SnH 

CN 

r- 7 

4 
L d 

Scheme 23 
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18 DESCOTES 

In contrast. the a-attack in the manno series results f rom the shielding 

e f fec t  o f  t h e  axial  C-2 substi tuent in the chair conformat ion o f  the intermediate 

radical [Scheme 241. 

Br 

L 
A c O  

C N  P 
Scheme 24 

The high stereoselectivi ty for  synthesizing a .-C-glycosides is part icular-  

l y  interesting and C-disaccharides have been obtained using this m e t h ~ d o l o g y . ~ ~  

CONCLUSIONS 

The radical chemistry a t  the anomeric center o f  carbohydrates, because 

of i t s  regio- and stereoselectivi ty. has been increasingly employed in organic 

synthesis. Many substitution. addition. oxidation and reduction reactions between 

radicals and between radicals and nonradicals by intra- and intermolecular routes 

have been reported. The development o f  single electron transfer processes should 

be observed in the  fu tu re  by the  systematic use of "umpolung" reactions a t  

the anomeric posit ion of sugars substi tuted by electron-withdrawing groups. 

Wi th  the high regioselect iv i ty and stereoselect iv i ty o f  radical  

transformations a t  anorneric carbons the  accompanying mild react ion conditions 

are part icular ly useful f o r  the synthesis of complex carbohydrates. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



RADICAL ANOMERIC CHEMISTRY 19 

1 .  

2. 

3. 

4. 

5. 

6. 

7. 

a. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

15. 

REFERENCES 

B. GIESE. Radicals in  Organic Synthesis: Formation of Carbon-Carbon 
Bonds. Pergamon Press. Oxford, 1986. 

J. M. BEAU and P. SINAY. Tetrahedr. Lett., 26. 6185. 6189 and 6193 
[ 19831. 

-- 

F. BAUMBERGER and A. VASELLA. Helv. Chim. Acta. 66, 2210 [19831. ---- 
J. 8. OUSSET. C. MIOSKOWSKI. Y .  L. YANG and J. R. FALCK.. 
Tetrahedr. Lett., 25. 5903 [ 19841. - 
H. G. VIEHE. R. MERENYI. L. STELLA. 2. JANOUSEK. Angew. Chem. 
Int. Ed. Engl.. 18. 917 [19791. -- - 
B. C. GILBERT, D. M. KING and C. 8. THOMAS. J. Chem. SO~.. Perkin 
Trans. 2. 1821 [19801: Carbohydr. Res.. 125. 217 [19841. 

---- 
-- 
B. C. GILBERT, 0. M. KING and C. B. THOMAS. J. Chem. SO~.. Perkin 
Trans. 2. I 1 86 [ 198 1 I: 675 [19831. 

---- 
-- 
H. G. KORTH. R. SUSTMANN, J. DUPUIS and B. GIESE. - J. Chern. 
Sac. Perkin Trans. 2. 1453 [ 19861. --- 
a. C. BERNASCONI and G. DESCOTES, C. R. Acad. Sci.. 280. 469 
[ 1  Q751. 

----- 
b, C. BERNASCONI, L. COTTIER and G. DESCOTES. Bult. SOC. Chim. 
101 e t  107 [19771. 

--- 

a. K. HAYDAY and R. 0. McKELVEY. J. Org. Chem.. 41. 2222 (19761. 
b. 8. W. BABCOCK, 0. R. DIMMEL. 0. P. GRAVES Jr. and R. 0. Mc 
KELVEY. J. Org. Chem.. 46. 736 [19811. 
c. R. 0. McKELVEY and H. IWAMRA. J. Org. Chem., 50. 402 [19851. - 
C. BERNASCONI. L. COTTIER. G. DESCOTES. M. F. GRENIER and 
F. METRAS. Nouv. J. Chem.. 2 ,  79 [19781. ---- 
a. V. MALATESTA and K. U. INGOLD. J. Am. Chem. SO~.. 103. 609 
[ I981 I. 
b. G. BRUNTON. K. U. INGOLD. B. P. ROBERTS. A. L. J. BECKWITH 
and P. J. KRUJIC. J. Am. Chem. SOC.. gg, 3177 [19771. 

A. L. J. BECKWITH and C. J. EASTON. J. Am. Chem. SO~.. 103. 615 
[19811. 

----- 

----- 
----- 

0. E. KECK. E. J. ENHOLM. J. B. YATES and M. R. WILEY, Tetra- 
hedron. 41. 4079 119851. -- 
a. J. DUPUIS. 8. GIESE. 0. RUEGGE. H. FISHER, H. G. KORTH and 
R. SUSTMANN. AAngew. Chem. Int. Ed. Engl.. 23. 896 [19841. 
b. J. DUPUIS. B. G I E S E m A H A R T E G ?  M. LEISING, H. G. KORTH 
and R. SUSTMANN. J. Am. Chem. SOC.. 107. 4382 [19851. 
c. 8. GIESE and J. DUPUIS. Tetrahedr. Lett.. 25. 1349 [19831. 

----- -- 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



20 DESCOTES 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

S. HASHIMOTO. I. KURIMOTO. Y. FUJI1 and R. NOYORI. J. Am. 
Chem. SO~. .  107, 1427 [IS851. 

0. E. WRIGHT, Tetrahedron, 35. 1207 [19791. 
a. J. P. PRALY and G. DESCOTES. Tetrahedr. Lett.. 1982. 849. 
b. J. P. PRALY and G. DESCOTES. Carbohydr. Res.. 128. 341 [19841. 
c. I. KIHEUSLER and J. KALVODA. Angew. Chem., 76. 518 [19641. 
d. J. P. PRALY. G. DESCOTES. M. F. m I E ~ - L O U S T A L O T  and 
F. METRAS. Carbohydr. Res.. 128. 21 [19841. 

-- 
--- 

-- 

J. YOSHIMURA. S. HORITO and H. HASHIMOTO, Chem. Lett.. 375 
C19811. 

-- 

G. JAURAND. J. M. BEAU and P. SINAY. J. Chem. SOC. Chern. Cornm.. 
701 Ilg821. 

----- 

a. R. W. BINKLEY. J.Org.Chem. -- 42. 1216 [19771. 
b. R. C. ROTH a n T R .  W. BINKLEY, J. Org. -- Chern.. 50. 690 [I985l. 

G. DESCOTES. Bull. S O ~ .  Chirn. Belges. 91, 973 [19821. 
C. BERNASCONI. L. COTTIER. G. DESCOTES. J. P. PRALY. G. REMY. 

--- 

M. F. GRENIER-LOUSTALOT and F. METRAS. Carbohydr. Res.. 115. 
105 [19831. 

J. P. PRALY, Tetrahedr. Lett.. 24. 3075 [19831. -- 
L. SOMSAK. G. BATTA and I. FARKAS. Tetrahedr, Lett.. 25. 5877 
[ 19863. 

R. E. IRELAND, D. W. NORBECK, G. S. MANDEL and N. S. MANDEL. 
J. Am. Chem. SOC.. 107. 3285 C19851. 

T. CHIBA and P. SINAY, Carbohydr. Res.. 151. 379 [1986l. 

a. R. J. FERRIER and R. H. FURNEAUX. Aust. J. Chem.. 33, 1025 
[ 19801. 
b. R. J. FERRIER and R. H. FURNEAUX. J. Chem. Soc., Perkin Trans 
I. 1996 [ 19771. 

----- 

---- 
----- 

F. W. LICHTENTHALER and P. JARGLIS. Angew. Chem. Int. Ed. Engl.. 
21. 625 (19821; Angew. Chem. Suppl.. 1982. 1449; F. W. LICHTENTHALER 
?. JARGLIS and W. HEMPE. Liegibs Ann. Chern.. 1959 Ilg831. 

L. SOMSAK. G. BATTA and I. FARKAS. Carbohydr. Res.. 108, C4 
[ 19821. 

---- 
-- 

-- 

6. GIESE and J. DUPUIS. Angew. Chern. Int. Ed. Engl.. 22. 622 [19831. 

R. M. ADLINGTON. J. E. BALDWIN. A. BASAK and R. P. KOZYROD. 
J. Chem. SOC. Chem. Cammun.. 944 [ 191331. 

B. GIESE and T. WITZEL. Angew. Chern. Int. Ed. Engl.. 25. 450 [19861. 

---- 

~ - -  - 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
4
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


