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CARBON-13 NMR STUDY OF SACCHARIDES* 
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Chemical Research I n s t i t u t e  o f  Non-aqueous S o l u t i o n s ,  

Tohoku U n i v e r s i t y ,  K a t a h i r a ,  Sendai  980, +Lag 

The C-13 nmr s t u d i e s  of mono-, o l i g o - ,  and poly- 

s a c c h a r i d e s  a r e  reviewed. E s p e c i a l l y ,  t h e  pro- 

cedures  of  s t r u c t u r a l  d e t e r m i n a t i o n  o f  polysaccha-  

r i d e s  by carbon magnetic resonance a r e  desc r ibed .  

I n  t h e  l a s t  decade,  t h e  nmr i n s t r u m e n t a t i o n  h a s  been s t r i k -  

i n g l y  developed.  One i s  a  h i g h  f i e l d  84.6 kG (360 MHz f o r  

p ro ton)  ins t rument  w i t h  a super-conduct ing magnet, and t h e  o th-  

e r  i s  a p u l s e d  F o u r i e r  t r ans fo rm (FT) ins t rument  combined w i t h  

a minicomputer. T h i s  FT nmr ins t rument  h a s  made p o s s i b l e  t o  

t a k e  nmr s p e c t r a  of  low n a t u r a l  abandant magnetic n u c l e i  such 

a s  I 3 c ,  1 5 ~ ,  and so on. I n  t h e  case  of biomacromolecules,  

h i g h  f i e l d  p r o t o n  magnetic resonance such a s  360 MHz cannot  

a f f o r d  we l l - reso lved  s p e c t r a  because  of  i t s  smal l - range chemical  

s h i f t  ( about  10 ppm). On t h e  c o n t r a r y ,  carbon magnetic 

resonance g i v e s  f i n e l y  r e s o l v e d  s p e c t r a  even at  low magnetic 

f i e l d  such a s  14  kG (15 MHz), because  i t s  chemical  s h i f t  range 

i s  about  200 ppm. 2 9 3  Th i s  wide chemical  s h i f t  range makes 

cmr be  v e r y  s u s c e p t i b l e  t o  conformat ional  and c o n f i g u r a t i o n a l  



changes of molecule. Especially, the cmr application to 

polysaccharide research is most suitable, because its structur- 

al determination is rather complicated and needs a lot of labor 

in spite of its relatively simple and repeating structure. 4 

The cmr studies of carbohydrates were firstly reported in 

1969. - In 1970, the cmr spectra of pento- and hexo-aldo- 

pyranoses were assigned as seen in  toth hers' book. 8v9 The 

cmr study of oligosaccharides was firstly reported by Neuss ,@ 

a1 on antibiotic pseudo-disaccharides, hygromycins. - l o  The 

author's group showed that a- and B-linkage anomeric signals 

of glucopyranobioses appear at distinctly different field- 

strength in neutral conditions (97 - 101 ppm downfield from 

Me Si for a, and 103 - 105 ppm for B). 4 Also,Dormanand 

~oberts,'~ Doddrell and ~llerhand,'~ and Voelter -- et a1 14, 15 

showed the cmr of some common oligosaccharides and polysaccha- 

rides. These studies clearly showed the utility of cmr spec- 

tra for the structural determination of carbohydrates. 

The authors studied the cmr spectra of all mono-0-methyl 

glucopyranoses, all glucopyrnobioses, and selected glucopyrano- 

trioses. j 6  The methylation or B-glucos~dation shift on a 

linkage carbon is 8 - 10 ppm downfield from that of unsubstitut- 

ed glucose and the a-glucosidation shift is 3 - 7 ppm down- 

field due to the a-axial steric compression. The chemical 

shifts of linkage carbons in Table 1 a re almost same through- 

out oligosaccharides to glucans in neutral conditions. 17 - 21 

The shift of p-carbon due to methylation or glucosidation is 
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0.5 - 2 ppm u p f i e l d  excep t  t h e  e f f e c t  on C-I by 0-2 m e t h y l a t i o n  

o r  g l u c o s i d a t i o n .  The e f f e c t  on o t h e r  carbons  i s  n e g l i g i b l e .  

S i m i l a r  e f f e c t s  were shown i n  t h e  case  of  mannopyranoside 

s e r i e s  by Gorin- w i t h  a l l  mono-0-methyl mannopyranoses 

2 2 and some s p e c i f i c a l l y  d e u t e r a t e d  mannopyranobioses and mannans. 

Colson and King, a l s o ,  s t u d i e d  t h e  cmr of  d i s a c c h a r i d e s  con ta in -  

i n g  rhamnose a s  a model of immunological po lysacchar ides .  2 3 

Other  r e s e a r c h  groups  g o t  s i m i l a r  r e s u l t s  on o l igosaccha-  

r i d e s .  20, 21, 24 - 26 

The con t inuous  wave (CW) cmr s p e c t r a  o f  g lucans  were 

measured f i r s t l y  by Dorman and ~ o b e r t s "  and t h e n  by t h e  

a u t h o r ' s  group. l 6  However, a CW i n s t r u m e n t ,  a u s u a l  machine 

w i t h  a t ime-averaging s i g n a l  accumulator ,  gave on ly  poor  

s p e c t r a  and i s  v e r y  l i m i t e d  f o r  t h e  r e s e a r c h  of  po lysacchar ide .  

On t h e  c o n t r a r y ,  t h e  FT method h a s  g i v e n  f i n e l y  r e s o l v e d  

s p e c t r a  o f  po lysacchar ides .  I n  1972, t h e  f i r s t  two r e p o r t s  

by t h e  FT method appeared on mannans by Gorin  and Spencer 27 

and on h e p a r i n  by P e r l i n  u. " I n  1973, J e n n i n g s  and 

Smith r e p o r t e d  t h e  cmr of  g lucan  c o n t a i n i n g  a-1,6- and a-1,4- 

1 l inkages , ' '  and t h e  a u t h o r  s group showed t h e  cmr and pmr s t u d y  

of g lucan  c o n t a i n i n g  a - I , & ,  a-1,2-,  and a-1 ,3- l inkages .  17 

The s p e c t r a l  ass ignment  of  t h i s  g lucan  o b t a i n e d  from 

Leuconostoc mensenteroides  NRKL B-1299 w i l l  be shown a s  an 

example. T h i s  g lucan  showed anomeric s i g n a l s  a t  99.4, 98.0, 

and 97.2 ppm, a l l  of  which a r e  a ss igned  t o  a-anomeric carbons .  

By comparison w i t h  Table  1 ,  s i g n a l s  of l i n k a g e  carbons  



Fig .  1 

appeared  at  83.7,  77.7, 67.6, and 64.9 ppm a s s i g n e d  t o  C-3, 

- 2  C-6, and C-6 b i n d i n g  t o  an  anomeric p o s i t i o n  of g l u c o s e  

hav ing  l i n k e d  0-2,  r e p e c t i v e l y .  The anomeric s i g n a l  a t  99.4 

ppm can be  a s s i g n e d  t o  a -1 ,b  and a-1 , ,3- l inkages ,  t h a t  a t  98.0 

ppm t o  a -1 ,6 - l inkage  a d j a c e n t  t o  l i n k e d  0-2, and t h a t  a t  97.2 

ppm t o  a - l , 2 - l i n k a g e .  (F ig .  1 )  The i n t e n s i t y  r a t i o  of t h o s e  

anomeric s i g n a l s  was a s  same a s  t h e  r e s u l t  o f  chemical  degrada- 

t i o n .  Thus, i n  t h e  c a s e  of g l u c a n ,  cmr s p e c t r a  a r e  e a s i l y  

a s s i g n e d  w i t h  Tab le  1. The a u t h o r s ,  a l s o ,  a s s i g n e d  t h e  cmr 

s p e c t r a  of g l u c a n s  c o n t a i n i n g  v a r i o u s  l i n k a g e s  o b t a i n e d  from 

endosperm of naked b a r e l y ,  from L e n t i n u s  edodes (mashroom, 

Japanese  name " s h i i t a k e " ) ,  from r a b b i t  l i v e r ,  from o y s t e r ,  29 

and from S t r e p t o c o c c u s  mutans JC-2  ( d e n t a l  c a r i e s  b a c t e r i u m ) .  30 

Colson et sugges ted  t h a t  t h e  downfie ld  s h i f t  of s i g n a l s  

of i n t e r s u g a r - l i n k a g e  ca rbons  of  cycloamyloses  and t h e  pH- 

dependent  downf ie ld  s h i f t  of t h o s e  of amylose ( a -1 ,4 )  and a -1 ,3  
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Table  1. Carbon chemical  s h i f t  of anomeric and l i n k a g e  

carbon of g lucan  (ppm downfie ld  from Me ~ i ) .  
4 

l i n k a g e  anomeric c o n f i g u r a t i o n  Chemical s h i f t  

a  b anomeric l i n k a g e  

194 a 101 .O 78.5 

B 103.9 80.1 

1 , 6  a 99.4 67.4 

B 103.8 70.2 

a anomeric c o n f i g u r a t i o n  of g l u c o s y l  r e s i d u e .  

b anomeric c o n f i g u r a t i o n  of  g l u c o s e  r e s i d u e  having a l i n k a g e  

carbon,  

c a-Glucoside  shows i t s  carbon s i g n a l s  between 71 and 74.4 

ppm excep t  C-6 (62  ppm) and C-1 (100 ppm) and B-glucoside does 

between 71 and 77.5 ppm except  C-6 (62 ppm) and C-1 (105 ppm). 



glucan (laminarin) are due to their conformational changes. 19 

The disappearance of the C-13 signals of carrageenan in gel 

state was rationalized by Bryce et in terms of furmation of 
double.helix. Saito -1 interpreted carhon spectral 

changes of some glucans depending on pH, concentration, and 

solvent with the above two  discussion^.^^ - 34 Seymour fi 

a1 reported the cmr of microbial glucans and showed that there - 

is the temperature dependent 0.017 ppm per degree upfield shift 

on each carbon of glucans. 35 The 62.8 MHe cmr spectrum of 

linchenine, @-1,3- and @-1,4-glucan, was studied by Gagnarie 

and Vincendon. 36 A surprising study was reported by Kainosho 

and Ajisaka. That is, boiled tissues of potato, corn kernels, 

and chestnut clearly showed carbon signals of starch, never- 

theless these intact tissues did not. 37 

Since aldofuranosides are constituents of polysaccharides, 

the cmr study of them, also, is very important. Originally, 

carbon signals of ribofuranoses were detected by Hall and 

~ o h n s o n , ~  but they did not assign them. Afterwards, 

Breitmaier -1 assigned the all signals of ribo-pyranoses and 

-furanoses. 38' 39 Jones et reported the cmr assignment of 

phenyl p-D-ribofuranoside in their ribonucleoside study. 40 

Their assignment was corrected by Mantsch and and by 

the authors. 42 The author s group reported the cmr assign- 

ment of methyl a- and @-D-ribofuranosides and methyl a- and @ -  

L-arabinofuranosides for the purpose of structural determination 

of furanans along with the anomeric assignment of a furanan 
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obtained from coffee bean. 43 Ritchie -1 studied the cmr 

of various cyclopentanols and of methyl aldofuranosides. 44 

They corrected our assignment of methyl $-arabinoside. 

Gorin and Mazurek confirmed those results with specifically 

deuterated furanosides. 45 They also assigned the cmr of 

various methyl mono-0-methyl and mono-0-isopropyl furanosides 

as a model of polysaccharide. 46 The methylation shift of 

linked carbons of furanosides shows 8 - 20 ppm downfield shift, 

but the isopropylation shift of those carbons shows 5 - 6 ppm 

downfield shift. These on $-carbons are 0.5 - 2 ppm upfield 

shift and these of other carbons are less than 1 ppm, as these 

of pyranosides. Anomeric signals of furanosides appear at 

lower field than those of pyrnosides, and that of cis-1,2 

configuration appears at 103.5 ppm and that of trans-1,2 does 

at 109 ppm. 44 

The structural determination of a malonogalactan obtained 

from Penicillium citrinum Thom 1131 by cmr will be shown as a 

s~ccessful example. 47 The carbon chemical shiftb of the 

malonogalactan and its de-esterified galactan are listed in 

Table 2. By comparison with the chemical shifts of methyl 

a- and @-D-galactofuran~sides,~~ the anomeric signals of both 

of the galactans at 108 ppm clearly suggest that they have $- 

anomeric linkage. The other signals of the de-esterified 

galactan at 83, 77.5 and 62.5 ppm and the signal at 78 ppm 

instead of 72 ppm suggest that the galactan has furanoside 

rings substituted at 0 - 5 ,  since the glycosidation effect makes 



Table 2. Carbon chemical shift of malonogalactan and its de- 

esterified galactan from Penicillium citrinum Thorn 1131. 47 

C- I 

c-2 

C- 3 

C-4 

C- 5 

C- 6 

ester C=O 

acid C=O 

methylene 

malono- galactan 
galactan ' A  
108 108 I 
8 3 83 

83 and 77.5 77.5 

66 and 76 (A) the galactan 
( B )  the malonogalactan 

Table 3. Carbon chemical shift of furanosides. 

C- I C-2 C-3 C-4 C-5 C-6 
methyl a-D- 
galactofuranosidea 103.1 77.4 75.5 82.3 73.7 63.4 

methyl p-D- 
galactofuranosidea 109.2 81.9 77.8 84.0 72.0 63.9 

methyl a-L- 
arabinofuranoside b 109.2 81.8 77.5 84.9 62.4 

methyl p-L- 
arabinofuranoside b 103.2 77.4 75.4 82.9 62.4 

a data from ref. 45. b data from ref. 44. 
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6 pprn downfield s h i f t  on C-5, and about 2 pprn u p f i e l d  s h i f t  

on C-4 and -6 a s  above mentioned. The malonogalactan 

shows t h e  more i n t e n s e  s i g n a l  a t  8 3  pprn and t h e  l e s s  i n t e n s e  

s i g n a l  a t  77.5 ppm t h a n  t h o s e  of t h e  g a l a c t a n .  T h i s  f a c t  

s u g g e s t s  t h a t  malonic  a c i d  a t t a c h e s  on 0-3, and t h a t  t h e  s i g n a l  

of 6-3 b i n d i n g  t o  malonate  e s t e r  s h i f t s  from 77.5 t o  8 3  ppm. 48 

The s i g n a l  a t  171.5 ppm due t o  e s t e r  carbonyl  i s  more i n t e n s e  

t h a n  t h e  s i g n a l  a t  174 ppm due t o  f r e e  carboxyl .  Moreover, 

t h e  methylene s i g n a l s  at  66 'and 76 pprn, which a r e  ext remely 

low f i e l d  f o r  o r d i n a r y  a-carbon of malonate e s t e r , 4 8  a r e  t h e  

average chemical  s h i f t  o f  keto-en01 tautomer  and a r e  a s s i g n e d  

t o  monoester  and d i e s t e r ,  r e s p e c t i v e l y .  S ince  t h i s  malono- 

g a l a c t a n  i s  v e r y  s o l u b l e  i n  wa te r  (more t h a n  500 mg/ml), t h e  

d i e s t e r  l i n k a g e s  should  be  i n t r a c h a i n  b u t  n o t  i n t e r c h a i n .  

Gor in  and Mazurek s t u d i e d  t h e  cmr of g a l a c t o f u r a n o t e t r o s e  from 

P e n i c i l l i u n  c h a r l e s i i  galactomannan and o b t a i n e d  a  similar 

r e s u l t .  46 J b s e l e a u  fi & r e p o r t e d  t h e  cmr s t u d y  of wa te r  

s o l u b l e  a r a b i n o f u r a n a n s  o b t a i n e d  from Rosa glauca .  49 

The cmr o f  mannans was s t u d i e d  e x t e n s i v e l y  by G o r i n s  

a1 . .- 2 7 9  50 - 52 However, i t  i s  hard  t o  de te rmine  t h o s e  anomeric 

c o n f i g u r a t i o n s  w i t h  chemical  s h i f t ,  because  a -  and p-anomeric 

s i g n a l s  of mannans appear  a t  t h e  a lmost  same f i e l d .  S ince  t h e  

1  carbon-proton coup l ing  c o n s t a n t  ( JC-E) between anomeric carbon 

and p r o t o n  i s  170 Hz f o r  an  a x i a l  p r o t o n  and 160 He f o r  an equa- 

t o r i a l  proton.  1 6'  53 - 59 The JC-H v a l u e  i s  a  good c r i t e r i o n  

of t h e  anomeric c o n f i g u r a t i o n  of  pyranos ides  and of  mannans. 



Many other cmr studies on polysaccharides have been 

reported (condroitin,60 -62 heparin,28' 6' menningococcal 

polysaccharides, 64 - 66 rhamnomannans, 67, and others 69 - 73) 

Also, several reviews have been published. 74 - 76 
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