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COMMUNICATION 

VANADIUM(V) . PART X X I . '  A COMPARISON OF THE RATES OF OXIDATION OF 

MONOSACCHARIDES AND SELECTED MODEL COMPOUNDS WITH VANADIUM ( V ) 
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I n  e a r l i e r  s t u d i e s  on t h e  o x i d a t i o n  o f  h y d r o x y l i c  compounds w i t h  

v a n a d i u m ( V ) ,  we have measured t h e  r a t e s  o f  t h e  o x i d a t i o n  o f  some 

a l d o h e x o s e s , 3  a ke tohexose4  and  a l d o p e n t o s e s 5  and o f  t h e  mode l  

compounds a c e t o i n '  and h y d r o x y a c e t o n e  .7 C o n t i n u i n g  t h i s  w o r k ,  we 

i n v e s t i g a t e d  t h e  k i n e t i c s  o f  t h e  o x i d a t i o n  o f  e - g a l a c t o s e ,  C-sorbose,  

D - g l u c o n i c  a c i d  and 1 , 3 - d i h y d r o x y a c e t o n e ,  and now i n  t h e  p r e s e n t  

c o m m u n i c a t i o n  r e p o r t  t h e  r a t e  c o n s t a n t s  f o r  a l l  t h e  m o n o s a c c h a r i d e s  and  

mode l  compounds we have s t u d i e d ,  f o r  t h e  same e x p e r i m e n t a l  c o n d i t i o n s .  

The d a t a  a l l o w  b o t h  a c o m p a r i s o n  o f  t h e  r e a c t i v i t i e s  a n d  an e s t i m a t i o n  

o f  t h e  amounts o f  t h e  open-chain f o r m s  o f  t h e  compounds. 

- - 
P 

The d e t a i l s  o f  t h e  k i n e t i c  e x p e r i m e n t s  have  been d e s c r i b e d  

The k i n e t i c  d a t a  f o r  t h e  compounds i n  a l l  cases  i n c l u d e  t h e  

dependence o f  t h e  r a t e  c o n s t a n t  upon t h e  c o n c e n t r a t i o n  of p e r c h l o r i c  

a c i d ,  t h e  i o n i c  s t r e ' n g t h  and  t e m p e r a t u r e .  T h e r e f o r e ,  d e s p i t e  t h e  g r e a t  

d i f f e r e n c e s  i n  r e a c t i v i t y  o f  t h e  compounds t h e  r a t e  c o n s t a n t s  can be 

i n t e r p o l a t e d  t o  t h e  same e x p e r i m e n t a l  c o n d i t i o n s .  The r e s u l t s  a r e  shown 

i n  T a b l e  1. 

The r a t e  c o n s t a n t s  i n  T a b l e  1 r e f e r  t o  r e a c t i o n s  i n  w h i c h  t h e  

compounds a r e  o x i d i z e d  t o  t h e i r  f i r s t  o x i d a t i o n  p r o d u c t s .  A c c o r d i n g l y ,  

t h e  r e s u l t s  r e f l e c t  t h e  s t r u c t u r a l  f e a t u r e s  t h a t  i n f l u e n c e  t h e  r e a c t i v i t y  
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Tab le  1. The R a t e  C o n s t a n t s  f o r  t h e  O x i d a t i o n  o f  Monosacchar ides  and 

S e l e c t e d  Model  Compounds w i t h  Vanadium(V) i n  W a t e r .  [ H C 1 0 4 ]  = I = 

1.471 M a t  25 OC. 

Compound k r e l  25 b k;O,M-ls-l a k r e l  R e f .  
50 

0-Ga lac tose  2.52 2.40 6.29 x 2.18 T h i s  work  - - 
0-G 1 uc o s e 1.05 I O - ~  1.00 2.89 1 .oo 3 
1 

D-Man nose 1.50 x 1.43 2.68 x 0.93 3 
3 

0-F ruc tose  2.70 

L-Sorbose 3.52 
- - 
0 

L-Arab inose  6.76 - - 
0-Ribose 9.52 - - 
- D-Xylose 9.28 - 
D-Gluconic  a c i d  2.13 x = 

Hydroxyace tone  1.93 x lo-' 

D i h y d r o x y a c e t o n e  1.53 x lo-' 

A c e t o i n  2.61 x lo-' 

D-G l u  c i t  o 1 6.00 x = 

25.7 

33.5 

6 -44 

9.09 

8.84 

203 

1840 

1460 

2490 

0.57 

7.63 

1.09 x lo-2 

1.88 

2.25 

1.68 x 

2.85 x lo-' 

1.52 x lo-' 

1.61 x lo-' 

2.02 x 10-1 

1.12 

26.4 

37.7 

5.81 

6.51 

7.79 

526 

557 

69 9 

0.39 

4 

T h i s  work 

T h i s  work 

7 

T h i s  work 

6 

8 

0 
a. The second o r d e r  r a t e  c o n s t a n t  a t  25 OC and a t  50 C. 

b. The r e l a t i v e  r a t e  c o n s t a n t  k (cornpd) /k  ( g l u c o s e )  a t  25 C and a t  0 

2 2 
50 OC. 

o f  t h e  compounds, f e a t u r e s  such  a s  t h e i r  e x i s t e n c e  i n  s o l u t i o n  i n  r i n g  

o r  open-chain fo rms .  

I n  o u r  a c i d i c  e x p e r i m e n t a l  c o n d i t i o n s ,  m u t a r o t a t i o n  i s  much f a s t e r  

t h a n  so t h a t  t h e  s o l u t i o n s  o f  monosacchar ides  b e i n g  

o x i d i z e d  w i l l  c o n t a i n ,  i n  e q u i l i b r i u m ,  t h e  open-cha in  f o r m  a s  w e l l  a s  

t h e  p y r a n o s e  and f u r a n o s e  f o r m s .  T a b l e  1 shows t h e  r e a c t i v i t y  o f  a 

compound l i k e  h y d r o x y a c e t o n e  t o  be more t h a n  t h r e e  t h o u s a n d  t i m e s  a s  

g r e a t  as t h a t  o f  g l u c i t o l .  I n  t h e  o x i d a t i o n  o f  a l c o h o l s  by  v a n a d i u m ( V ) ,  

t h e  c a r b o n  r a d i c a l  is f o r m e d  by  h y d r o g e n  a tom t r a n s f e r  i n  t h e  
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VANADIUM (V). 26 315 

3-7 
r a t e - d e t e r m i n i n g  s t e p .  The c a r b o n y l  g r o u p  encourages  t h e  f o r m a t i o n  

o f  t h i s  r a d i c a l  b y  resonance ,  and  so f a c i l i t a t e s  t h e  o x i d a t i o n  o f  

monosacchar ides  and o x o a l c o h o l s .  L i k e w i s e  a l l y l i c  a l c o h o l s  o x i d i z e s  

a l s o  much more e a s i l y  t h a n  t h e i r  s a t u r a t e d  ana loques .  
10  

We have e a r l i e r  s u g g e s t e d  t h a t  a t  l e a s t  a m a j o r  p a r t ,  i f  n o t  a l l ,  

o f  t h e  o x i d a t i o n s  o f  t h e  monosacchar ides  p r o c e e d  t h r o u g h  t h e i r  open- - 
c h a i n  f o r m s  and  i n v o l v e  a C-H bond f i s s i 0 n . j  The same c o n c l u s i o n  has 

been drawn e a r l i e r  b y  Kumar and Mehro t ra ' '  and Ha ldo rsen . "  From T a b l e  

1, t h e  r e a c t i v i t y  o r d e r  i s  k e t o h e x o s e s  a l d o p e n t o s e s  a l d o h e x o s e s .  

I n  t h e  case  o f  t h e  t h r e e  mode l  compounds and g l u c o n i c  a c i d ,  t h e  v a l u e s  

are m a r k e d l y  d i f f e r e n t  a t  25  C and  50 C. Because t h e s e  o f  

compounds e x i s t  i n  s o l u t i o n  s o l e l y  a s  open-cha in  f o r m s  ( g l u c o n i c  a c i d  

a t  l e a s t  f o r  t h e  mos t  p a r t ) ,  t e m p e r a t u r e  a f f e c t s  o n l y  t h e  r a t e  o f  

o x i d a t i o n .  The monosacchar ides ,  on t h e  o t h e r  hand, a l s o  e x i s t  i n  r i n g  

f o r m s  and  t e m p e r a t u r e  a f f e c t s  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  t h e  

d i f f e r e n t  f o r m s  a s  w e l l  as t h e  r a t e  o f  o x i d a t i o n .  

0 0 

k r e l  

The s t r u c t u r e  and c o n f o r m a t i o n  o f  m o n o s a c c h a r i d e s  i n  s o l u t i o n  have 

been s t u d i e d  b y  NMR.13 The amounts o f  a l d o -  a n d  k e t o s u g a r s  have been 

e s t i m a t e d  f r o m  p o l a r o g r a p h i c  d a t a  and f rom c i r c u l a r  d i c h r o i s m  

s p e c t r a . "  The r e l a t i v e  amounts o f  t h e  open-chain f o r m s  a r e  v e r y  s m a l l ,  

however ,  and t h e  r e s u l t s  d i f f e r  f r o m  each  o t h e r  c o n s i d e r a b l y .  

14,15 

A c e t o i n ,  MeCOCH(OH)Me, w h i c h  has  a s e c o n d a r y  a l c o h o l  g r o u p ,  can  be 

" ( 2  ) -'( 3 c o n s i d e r e d  a mode l  compound f o r  a l d o -  a n d  k e t o s u g a r s  

c o m p l e x a t i o n )  w h i l e  h y d r o x y a c e t o n e ,  MeCOCH20H, w h i c h  has a p r i m a r y  

a l c o h o l  g r o u p ,  can  be c o n s i d e r e d  a mode l  compound f o r  k e t o s u g a r s  

( C ( * ) - C ( , )  c o m p l e x a t i o n ) .  From t h e  v a l u e s  o f  t h e  r a t e  c o n s t a n t s  o f  t h e  

m o n o s a c c h a r i d e s  and  m o d e l  compounds i n  T a b l e  1, we e s t i m a t e d  t h e  

amounts o f  t h e  open-cha in  fo rms ,  assuming  t h a t  t h e  r a t e s  o f  o x i d a t i o n  

o f  t h e  open-cha in  f o r m s  d o m i n a t e  t h e  o v e r a l l  r a t e .  I f  t h i s  a s s u m p t i o n  

is t r u e  t h e  f o r m a t i o n  c o n s t a n t s  o f  t h e  b i d e n t a t e  comp lexes  formed f rom 

t h e  monosacchar ides  and f r o m  t h e  m o d e l  compounds can be assumed t o  b e  

e q u a l .  On t h e  same b a s i s  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  t h e  comp lexes  may 

a l s o  be assumed e q u a l .  The r e s u l t s  a r e  shown i n  T a b l e  2. 

The d a t a  i n  T a b l e  2 show, e x c e p t  f o r  r i b o s e ,  a r e l a t i v e l y  g o o d  

c o r r e l a t i o n  between t h e  k i n e t i c  and  p o l a r o g r a p h i c  r e s u l t s .  I t  is a l s o  

n o t e w o r t h y  t h a t  t h e  amounts o f  t h e  open-chain f o r m s  c a l c u l a t e d  f rom 

k i n e t i c  s t u d i e s  i n c r e a s e  w i t h  t e m p e r a t u r e ,  as one w o u l d  e x p e c t .  
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T a b l e  2. The E s t i m a t e d  P r o p o r t i o n s  o f  t h e  Open-chain Forms o f  Mono- 

s a c c h a r i d e s  i n  W a t e r .  [HClO,] = 1.471 M a t  25 C. 0 

Compound P r o p o r t i o n  o f  t h e  open-cha in  s u g a r  
a b f r o m  k i n e t i c s a  f rom k i n e t i c s  f rom p o l a r o g r a p h y  

0 a t  25 OC/% a t  50 C/% 
0 

a t  25 C/% 

G a l a c t o s e  0.097 0.31 0.082 

G lucose  0.040 0.14 0.024 

Man nose 0.057 0.13 0.064 

F r u c t o s e  

Sorbose  

A r a b i  nose 

R i b o s e  

X y l o s e  

0.57 

0.77 

0.26 

0.37 

0.36 

2 . 2  

3.1 

0.83 

0.93 

1.1 

0.28 

( 8 . 5 ) '  

G l u c o n i c  a c i d  ( 8 . 2 )  ( 1 9 )  - 

a .  T h i s  work .  

b. R e f .  14, a t  pH 7.0. 

c .  The p a r e n t h e s e s  a r e  f r o m  R e f .  14. 

The e s t i m a t e d  amounts o f  t h e  open-cha in  f o r m s  o b t a i n e d  f rom 

c i r c u l a r  d i c h r o i s m  s p e c t r a  a r e  l o w e r  t h a n  t h e  v a l u e s  i n  T a b l e  2, f o r  

example 0.002 % f o r  g l u c o s e  a t  20 O C  a t  pH 5.2 - 7.016 The d i f f e r e n c e  

may be due t o  t h e  d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s ,  t o  t h e  c o n s i d e r -  

a b l e  r e a c t i v i t i e s  o f  t h e  r i n g  f o r m s  e t c .  The l o w  r e a c t i v i t y  of t h e  
8 

open-cha in  g l u c i t o l  ( T a b l e  1) and o f  t h e  o t h e r  p o l y h y d r i c  a l c o h o l s  

( w i t h o u t  t h e  c a r b o n y l  g r o u p )  as compared w i t h  t h a t  o f  t h e  mono- 

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

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

vanad ium(V)  s p e c i e s  and t h e r e f o r e  a r e  o n l y  w e a k l y  r e a c t i v e .  

The e s t i m a t e d  p r o p o r t i o n  o f  g -g lucono-  6 - l a c t o n e  i n  b u f f e r e d  

D - g l u c o n i c  a c i d  s o l u t i o n s  a t  25  O C  has  been f o u n d  t o  be 1 0  % b y  

p o l a r i m e t r y 1 7  and 21 % by  p H - s t a t i c  method." I n  c o m p a r i s o n  w i t h  t h e s e  
- 
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Tab le  3. The R e l a t i v e  Amounts of t h e  Open-chain Forms of t h e  Mono- 

sacchar ides  Es t ima ted  by  D i f f e r e n t  Methods. 

Compound R e l a t i v e  amount o f  t h e  open-chain fo rm 

es t ima ted  f rom 
a 

k j  n e t i c s  po la rog raphy  c i r c u l a r  d i ch ro i sm '  

Ga lac tose  

Glucose 

Mannose 

F ruc tose  

Sorbose 

Arab inose 

Ribose 

Xy lose  

2.4 

1 .o 
1.4 
- 

14 

19 

6.5 

9.3 

9.0 

3.4 

1 .o 
2.7 
- 

12 

( 3 5 0 I d  

7.1 

10 

1 .o 
2.5 
- 

350 

100 

15 

25 

10 

a. 

b. 

c.  

d.  The parentheses from Ref.  14. 

T h i s  work, 25 OC at  pH -0.17. 

R e f .  14, 25 OC a t  pH 7.0. 

Ref.  16, 20 O C  a t  pH 5.2 - 7.0. 

va lues ,  t h e  va lue  92 % (Tab le  2 )  i n  1.471 M HC104 i s  much t o o  h igh .  

2 -Hydroxycarboxy l i c  a c i d s  have been r e p o r t e d  t o  undergo a C-C bond 

f i s s i o n . "  Since t h i s  l i k e l y  h o l d s  f o r  g l u c o n i c  a c i d  t o o ,  a c e t o i n ,  

wh ich  undergoes a C-H bond f i s s i o n ,  i s  n o t  a p roper  model compound f o r  

it. 

The r e l a t i v e  p r o p o r t i o n s  o f  t h e  open-chain fo rms o f  t h e  mono- 

sacchar ides ,  es t ima ted  by  d i f f e r e n t  methods, a r e  shown i n  Tab le  3. 

Through w i d e l y  rang ing ,  t h e y  a r e  a t  l e a s t  u s e f u l  i n  c o n s i d e r i n g  t h e  

seauence o f  t h e  amounts o f  t h e  open-chain forms. 
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