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Received August 12, 1988 - Final Form J u l y  21, 1989 

ABSTRACT 

The kinetics of ox ida t ion  of some aldoses by cerium(1V) have been 
studied spectrophotometrically !n sulphuric acid medium. The reactions 
are second order; f i r s t  order w i t h  respect t o  both  cerium(1V) and aldose 
concentration. The reaction rate decreases w i t h  increase i n  sulphuric 
acid concentration. The mechani sins for the reactions are discussed. 

INTRODUCTION 

The kinetics of  ox ida t ion  o f  some aldoses by different oxidants i n  

acid' - have been carried ou t .  
Though the ox ida t ion  of - 0-91 ucose,13 - l5 - - D-galactose,16 L--arabinose,16 
and P L-sorbose17 by cerium(1V) has been studied, the reactions generally 
proceeded t o  give the corresponding 1 actones and a1 donic  acids. 

However, no attempt has been made t o  study the oxida t ion  by cerium(1V) 
of lower members of  the aldoses. I t  was, therefore, necessary t o  
investigate the oxidations o f  a1 doses 1 ike g-ri bose, &-erythrose, and _DL- 

glyceraldehyde in order t o  compare the results obtained w i t h  t h a t  f o r  k- 
glucose. The kinetic investigations o f  the oxidat ion of g-glucose, &- 
ribose, g-erythrose, and &-glyceral dehyde by cerium(1V) are reported i n  

this paper. 

as well as alkaline medium'' - 
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7 14 S E N  GUPTA, S E N  GUPTA, AND MAHAPATRA 

[Aldose 1 I 10'.M - 
Fig. 1. V a r i a t i o n  o f  pseudo f i r s t - o r d e r  r a t e  c o n s t a n t  ( kobs )  w i t h  

a l d o s e  c o n c e n t r a t i o n s  a t  [ C e r i u m ( I V ) l  = 1 x M and 

[ su lphu r i c  ac id ]  = 2.2 x 10-1 M. 

0 - 4  E-Gl ucose (40 O C )  ; A-A 2-ri bose (30 OC); 

H g-Erythrose (25 OC); D-0 - &-glyceraldehyde (35 OC) 

RESULTS AND DISCUSSION 
The r e a c t i o n s  w e r e  c a r r i e d  o u t  a t  d i f f e r e n t  c e r i u m ( I V 1  

concentrat ions i n  t h e  reg ion  (0.5 - 3.0) x M, b u t  a t  concentrat ions 

o f  a l d o s e  and s u l p h u r i c  a c i d  o f  1.0 x M and 2.2 x 10-1 M, 

r e s p e c t i v e l y .  The r a t e  c o n s t a n t s  w e r e  independent o f  i n i t i a l  ox idan t  

concentrat ion i n  each react ion.  The pseudo f i r s t - o r d e r  r a t e  constants 

(kobs)  were c a l c u l a t e d  a t  c o n s t a n t  ce r ium(1V)  c o n c e n t r a t i o n  b u t  a t  

d i f f e r e n t  aldose concentrat ion.  The r e s u l t s  a r e  p l o t t e d  i n  Fig. 1 and 

i n d i c a t e  t h a t  t h e  order  i n  each aldose i s  un i ty .  

Oxidat ion o f  t h e  aldoses by cerium(1V) was c a r r i e d  o u t  i n  s o l u t i o n  

c o n t a i  n i  n g  d i  f f e r e n t  amounts o f  s u l  p h u r i  c a c i  d. The r e a c t i o n s  were 

s tud ied  a t  cerium(1V) and aldose concentrat ions of  1.0 x and 1.0 x 

lo-' M, r e s p e c t i v e l y .  P l o t s  o f  l o g  kobs  a g a i n s t  l o g  [ s u l p h u r i c  a c i d 1  

a r e  1 i near  w i  t h  n e g a t i v e  s l o p e s  ( d a t a  n o t  shown). The s l o p e s  a r e  n o t  

w i d e l y  d i f f e r e n t  (-0.6 - -0.7) f o r  t h e  o x i d a t i o n s  o f  &g lucose ,  e- 
r i b o s e ,  and n - e r y t h r o s e ,  - whereas f o r  - x - g l y c e r a l  dehyde, t h e  s l o p e  i s  
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KINETICS AND MECHANISM OF ALDOSES 715 

somewhat a1 tered (-0.95). Hardwick and Robertson'* have shown t h a t  
cerium(1V) assoc ia tes  w i t h  bisul phate  t o  form c e r i c  sulphate  complexes 
accord4 ng t o  the equi 1 i b r i  a. 

(1) 
K1 ~ e 4 +  + ~ ~ 0 4 -  

C ~ ( S O ~  )2+ + ~ ~ 0 4 -  

~ e ( ~ 0 4 ) 2  + ~ ~ 0 4 -  L, c ~ ( s o ~ ) $ -  + H+ 

~ e ( ~ 0 4 ) 2 +  + H+ 

+ H +  (2) 
K2 
ad C ~ ( S O ~  12 

K3 
( 3 )  

The values  f o r  the equi l ibr ium quot ien ts  K 1 ,  K2, and K3 a r e  3.5 x lo3, 2 
x lo2,  and 2 x 10, r e s p e c t i v e l y ,  a t  35 OC. 

In o rde r  t o  understand the r o l e  of sulphuric ac id  on reac t ion  r a t e ,  
the experiments were performed a t  cons tan t  b i  sul phate concentrat ion 1v= 
1.0 MI. From t h e  results a t  cons t an t  hydrogen ion concentrat ion and the 

K v a l u e s  quo ted  above, t h e  p l o t s  o f  k2 a g a i n s t  [ l  + K2CHSOil + 

K2K3[HS04-l2~" a r e  n o t  l i n e a r .  O n  t h e  o t h e r  hand, the  p l o t s  of  k2 
aga ins t  (1 + K2[HS04-I}'1 a r e  1 inear ,  passing through the o r i g i n  f o r  the  

o x i d a t i o n s  of 1 - g l  ucose,  e-ri  bose ,  and 8 - e r y t h r o s e .  These a r e  u n l  i ke 
t h a t  f o r  &-glyceraldehyde where t h e  p l o t  i s  n o t  l i n e a r  (Fig.  2). T h u s  

the o x i d a t i o n s  o f  4 -g lucose ,  g - r i b o s e ,  and g - e r y t h r o s e  obey the 
fol lowing rate expression (4). i nd ica t ing  t h a t  a s i m i l a r  mechanism may 
be opera t ive  f o r  the oxidat ion of a l l  these aldoses. 

The second-order rate cons tan ts  (k2) f o r  t h e  oxidat ions o f  aldoses  
were c a l c u l  a t e d  a t  d i f f e r e n t  temperatures .  The ac t iva t ion  parameters 

were then calculated using the r e l a t i o n  (5). 

l o g  (k2/T) a ( log(k/h)  + ASf/2.303R] - AH#/2.303 RT ( 5 )  

The e n t h a l p i e s  of a c t i v a t i o n  (AH$) were c a l c u l a t e d  from t h e  s l o p e s  of  

t h e  p l o t s  o f  l o g  ( k p / T )  a g a i n s t  1 / T  ( F i g .  3 1 ,  f o l l o w e d  by t h e  
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716 SEN GUPTA, SEN GUPTA, AND MAHAPATRA 

Fig. 2. Plots of k2 against 11 t Kz[HSO~-I}-~ a t  [Cerium(IV)l 
= 1 x M ,  [Aldose] = 1 x 
0-4 g-Gl ucose; 3a g-ri bose; W g-erythrose; 

M - DL--glyceral dehyde 

M a t  35 OC. 

d c h a  
1 

Q 

b 
C 
d 

Fig. 3. Dependence o f  temperature on second-order rate constants 

for the o x i d a t i o n  o f  aldoses by cerium(1V). Plots of  

1 og (k2 /T)  against 1/T.  

0-4 L-Gl ucose; W p-ri  bose; 134 g-erythrose; 

M &-glyceraldehyde - 
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KINETICS AND MECHANISM OF ALDOSES 717 

Table 1. Ac t iva t ion  Parameters f o r  t he  Oxidation o f  Some 
A1 doses by C e r i  urn( I V )  

A1 dose A H f  ( k J  mo1-l) A Sf (J mol- l  deg'l) 

- D-G1 ucose 81.3 - - D-Ri  bose 57.4 

- D-Erythrose 27.8 

&-Glyceral dehyde 70.8 

-4.8 

-65.6 

-160.3 

-23.5 

c a l c u l a t i o n  of A S f  u s i n g  equa t ion  (5). The r e s u l t s  a r e  recorded i n  

Table 1. 

I t  has been shown6s7 t h a t  c y c l i c  py rano id  forms, and n o t  t h e  

a1 dehydo forms, o f  8 - g l  ucose and g-ri bose a r e  i n v o l  ved i n  t h e i r  

o x i d a t i o n  w i t h  t h e  m e t a l  i o n s .  The p y r a n o i d  f o r m  i n  t h e  4 C 1  

conformation preponderates" i n  aqueous so lu t i on  o f  1-91 ucose, and the  

6-anomer w i t h  t h e  1-OH e q u a t o r i a l  i s  a t t a c k e d  by t h e  oxidants.20 

forms, o f  which the  former preponderates. These a1 doses are be1 ieved' 

t o  be p r e f e r e n t i a l l y  oxidised i n  t h e  4 C 1  B-pyranoid form,  and hence the  

i n i t i a l  product shoul d be corresponding 1 actone. Though 2-ery throse i s  

known t o  e x i s t  i n  a c y c l i c  form, 1 i t e r a t u r e  ev idence i n d i c a t e s  t h a t  i t  

can a l s o  e x i s t  i n  t h e  c y c l i c  form.21 It has been shown22 t h a t  0- 
erythrose ex fs t s  i n  88% furanoi d form, w i t h  t h e  8-anomer predominating. 

Again the  c r y s t a l l i n e  f o r m  o f  _DL-glyceraldehyde i s  d imer ic  w i t h  a 1:4 

d ioxane s t r u c t u r e ;  however, i n aqueous s o l u t i o n  i t d i s s o c i a t e s  i n t o  a 

monomeric form which remains i n  equibrium wi th  the  hydrated and non- 

hyd ra ted  form.' Cerium(1V) e x i s t s  ma in l y  as  a m i x t u r e  o f  severa l  

sulphato complexes 1 i k e  CeS042+, Ce(SO&, and Ce(S04)32' i n  sulphuric 

However, B-g- r ibose e x i s t s  as an e q u i l i b r i u m  m i x t u r e  o f  4 C 1  and 1 C4 D
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718 S E N  GUPTA,  SEN GUPTA,  AND MAHAPATRA 

=0 

R = -H for D-ribose 
R = - C H 2 0 H  Tor 

- D-g1 ucose - 

Scheme 1 

R = -H for g-erythrose 
R = - C H z O H  for !-ribose - 

Scheme 2 
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KINETICS AND MECHANISM OF ALDOSES 719 

fast - I 
I +ceso:* - HO-C-OH 

- 
H-C-OH 

2+ - 

I - R 

R = -CH20H for &-glyceraldehyde 

R -CHOH, CH20H for g-erythrose 

Scheme 3 

acid medium.23 Among the v a r i o u s  cerium(IV1 sul p h a t o  species,  the 

monosulphato species qua l i f i e s  a s  a n  e lec t rophi le  i n  the o x i d a -  

t i ~ n ~ ~  - 25 of some organic compounds. I t  i s  suggested t h a t  the 

monosulphato complex i s  the k ine t i ca l ly  relevant cerium(1V) species 
under our experimental conditions. 

The reactions proceed t h r o u g h  the intermediate formation o f  a f ree  

radical i n  the rate-determing step. The l a t t e r  i s  then rapidly oxidised 
by another cerium(IV1 t o  give the products. The mechanism appears t o  
i nvol ve a d i r e c t  attack o f  the cer i  um(1V) species  on the  a1 dose. The 
oxidation of the pyranoi d form of  g-g1 ucose and &-ribose takes pl  ace 

th rough  the formation o f  a f ree  radical w i t h  cerium(IV1 t o  give the 6- 
lactone, which on hydrolysis y i e lds  the aldonic acid. The l a t t e r  
remains i n  e q u i l i b r i u m  w i t h  theY-lactone* (Scheme 1). The oxidation of 
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720 S E N  G U P T A ,  SEN G U P T A ,  AND MAHAPATRA 

t h e  f u r a n o i d  f o r m  o f  1-ri bose and g - e r y t h r o s e  t a k e s  p l a c e  a s  shown i n  

Scheme 2. The acycl i c  forms o f  g -e ry th rose  and &-glyceral  dehyde a r e  

pos tu la ted  t o  r e a c t  w i t h  cerium(1V) t o  g i v e  c a r b o x y l i c  a c i d  (Scheme 3). 

The second-order r a t e  constants  f o r  t h e  ox ida t i ons  o f  Q-glucose, 9- 
r ibose, g-erythrose, and I&-glyceraldehyde a r e  4.38 x 

34.8 x 1 mo1- l  s'l, r e s p e c t i v e l y ,  as d e t e r m i n e d  

under comparable exper imental  condi  t i ons. The obse rved  dependence o f  

second-order r a t e  constant  on a c i d i t y  and enthalpy data i n  t h e  o x i d a t i o n  

o f  &-glyceraldehyde suggests t h a t  DJ-glyceral dehyde i s  o x i  d i  sed  b y  a 

d i f f e r e n t  mechanism. On t h e  o t h e r  hand, t h e  o x i d a t i o n  o f  Q-glucose, p- 
r i b o s e ,  and i - e r y t h r o s e  b y  c e r i u m ( 1 V )  a r e  k i n e t i c a l l y  s i m i l a r ,  and 

second-order r a t e  constants f o l l o w  t h e  o rde r  2-ery throse > E - r i bose  > p- 
glucose, whereas t h e  enthalpy o f  a c t i v a t i o n s  a r e  i n t h e  o rde r  &-glucose 

> g-ri bose > g-erythrose. The observed dependence of second-order r a t e  

c o n s t a n t  o n  a c i d i t y  a n d  e n t h a l p y  d a t a  i n  t h e  o x i d a t i o n  o f  L L -  

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

mechanism. Thus i t  i s  u n l i k e l y  t h a t  - g - e r y t h r o s e  i s  o x i d i s e d  b y  t h e  

mechanism as shown i n  Scheme 3 ,  b u t  t h e  c y c l i c  f u r a n o i d  f o r m  o f  t h i s  

compound i s  o x i d i s e d  by cer ium(IV1 t o  g i v e  r e a c t i o n  products  (Scheme 2). 

29.5 x 

and 21.2 x 

EXPERIMENTAL 
Reagen ts .  I n o r g a n i c  m a t e r i a l s  w e r e  o f  t h e  h i g h e s t  p u r i t y  

a v a i l a b l e .  Cer ium(1V) i n  s u l p h u r i c  a c i d  s o l u t i o n  was p r e p a r e d  b y  

d i s s o l v i n g  ce r ium(1V)  ammonium s u l p h a t e  (Merck )  i n  s u l p h u r i c  a c i d  

s o l u t i o n s ,  and t h e  s o l u t i o n  was ti t r a t e d  a g a i n s t  f e r r o u s  ammonium 

s u l  phate.  k-Gl ucose, & - r i bose ,  and I&-glyceral  dehyde w e r e  E. Merck ' s  

products. 1-Erythrose was purchasedfrom Koch-Light. A1 1 s o l u t i o n s  were 

made up i n  doubly d i s t i l l e d  water. 

K i n e t i c s .  A l a r g e  excess o f  a l d o s e  r e l a t i v e  t o  ce r ium(1V)  was 

employed. The r e a c t i o n s  w e r e  s t u d i e d  a t  l o w e r  s u l p h u r i c  a c i d  

c o n c e n t r a t i o n s  ( <  1 M )  i n  o r d e r  t o  m i n i m i z e  t h e  e r r o r  due t o  i t s  - 
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KINETICS AND MECHANISM OF ALDOSES 721 

r e a c t i o n  w i t h  t h e  sugars. O x i d a t i o n  o f  t h e  a l d o s e s  was f o l l o w e d  

spec t ropho tomet r i ca l l y  by n o t i n g  t h e  changes i n  absorpt ion w i t h  t i m e  a t  

420 nm u s i n g  a c e l l  o f  1-cm p a t h  l e n g t h .  CCerium(1V) s o l u t i o n  has 

absorpt ion i n  t h e  reg ion  280 - 500 nm, w h i l e  ce r ium( I I1 )  i s  t ransparent  

a t  420 Measured q u a n t i t i e s  o f  t h e  s o l u t i o n s  w e r e  r a p i d l y  

m i x e d  and poured  i n t o  t h e  c e l l ,  and  t h e  a b s o r p t i o n  o f  c e r i u m ( I V 1  was 

then measured a t  d e f i n i t e  t i m e  i n t e r v a l s .  The pseudo f i r s t - o r d e r  r a t e  

c o n s t a n t s  (kobs) were c a l c u l a t e d  f r o m  p l o t s  o f  l o g  A ( A  = absorbance)  

versus time. 

P r o d u c t  a n a l y s i s .  The a1 doses were o x i d i s e d  s e p a r a t e l y  b y  

c e r i u m ( 1 V )  u n d e r  k i n e t i c  c o n d i t i o n s .  A f t e r  p u r i f i c a t i o n  a n d  

concentrat ion o f  t h e  so lut ions,  t h e  products  were i d e n t i f i e d 4  by paper 

ch romatog raphy  u s i n g  Whatman No. 1 paper  w i t h  4:1:5 ( u p p e r  1 a y e r )  - n- 

b u t a n o l  - a c e t i c  a c i d  - w a t e r  a s  t h e  e l u a n t  and  s i l v e r  n i t r a t e  as t h e  

d e t e c t i o n  reagent .  26,27 The e x p e r i m e n t s  i n d i c a t e d  t h e  p resence  o f  

a1 doni c a c i d  a1 ong w i t h  6 - and Y-1 actone i n t h e  ox ida t i ons  o f  g-g l  ucose 

and - D-r i  bose, whereas f o r  g - e r y t h r o s e  and & - g l y c e r a l  dehyde, o n l y  

a l d o n i c  a c i d s  were ob ta ined .  The r e s u l t s  were  compared w i t h  t h e  

products o f  t h e  respec t i ve  aldoses f rom o x i d a t i o n  by both bromine and 

n i t r i c  a c i d .  

ACKNOWLEDGMENTS 

Thanks a r e  due t o  U. G. C. and C. S. I. R. (New D e l h i )  f o r  a w a r d i n g  

an associateship and fe l l owsh ip  t o  S. S. G. and A. M., r espec t i ve l y .  

REFERENCES 

1. 

2. 

3. B. Pe r lmu t te r -Hayman  and A. Persky,  J. Am. Chem. SOC., 82, 276 

4. 

J. W. Green Advan. Carbohydr.  - -  Chem., 3, 129 (1948). 

N. N. L i c h t i n  and M. H. Saxe, J. Am. Chem. S O ~ . ,  77, 1875 (1955). 

(1960). 

B. Capon, Chem. Rev., 69, 407 (1969). 

---- - 
---- - 

-- 
5. I. R. L.  B a r k e r  W .  G. Ove rend ,  a n d  C. W. Rees, -- Chem. I n d .  

(London), 1297 (1460). 

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



7 22 SEN GUPTA, SEN GUPTA, AND MAHAPATRA 

6. K. K. Sen Gupta, S .  Sen Gupta, and S. N. Basu, Carbohydr.  Res., 71, 
75 (19791. 

7. K. K. Sen Gupta and S. N. Basu, Carbohydr. Res., 72, 139 (1979). 

8. K. K. Sen Gupta and S. N. Basu, Carbohydr. - -  Res., 80, 223 (1980). 

9. K. K. Sen Gupta and S. N. Basu, Carbohydr. - -  Res., 86, 7 (1980). 

10. M. C. A a r w a l  and S. P. Mushran, J. Chem. S O ~ . ,  P e r k i n  Trans. 2, 
762 (1993). 

11. T. A. Turney, Oxidat ion Mechanisms, But terwor ths:  London, 1965, p. 
103. 

12. O x i d a t i o n  i n  O r  a n i c  C h e m i s t r y ,  P a r t  B, W. S .  Trahanovsky, Ed.; 

- - 
- -  

--- --- 

Acaaemic pms+orK, 1- , . 1. 
13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

C. R. Pottenger and D. C. Johnson, J. Polym. Sci., 8, 301 (1970). 

R. N. Mehrotra and E. S. Amis, J. Org. Chem., 39, 1788 (1974). 

V. I .  Krupenski i ,  Zh. Obshch. Khim., 48, 2228 (1978). 

V. 1. Krupenski i ,  Zh. Obshch. - -  Khim., 49, 457 (1979). 

A. Ka le  and K. C. Nand, Gazz. Chim. I t a l . ,  112, 396 (1982). 

T. J .  Hardwick and E. Robertson, Can. J. Chem., 29, 828 (1951). 

M. Rudram and D. F. Shaw, J. Chem. SOC., 52 (1965). 

--- - 
--- - 

- --  
- 
--- - 

--- - 
--- 

R. Bentley, J. Am. Chem. S O ~ .  , 79, 1720 11957). 

R. Schaf fer  i n  The Carbohydrates: Chemistry and Biochemistry,  Vol. 
I A ,  2nd edi t . ,  mi gman and u. n o r t o n ,  t a s  .;T-rress: New 
York, 1972, p. 73. 

---- - 

22. 

23. 

24. A. McAuley, J. Chem. SOC., 4054 (1965). 

25. A. McAuley and C. H. Btubaker, Jr. J. Chem. S O ~ .  A, 960 (1966). 

26. K. K. Sen Gu t a  A. T a r a f d a r ,  and A. Mahapatra,  J. Chem. Res. 
Synop., 306 If98f). 

S. J. Angyal ,  Advan. Carbohydr.  Chem. Biochem., - 42, 36 (1984). 

S. 8. Hanna and S. A. Sarac, J. Org. Chem., 42, 2063 (1977). --- - 
--- 

---- 
--- 

27. K. K. Sen Gu t a  U. C h a t t e r j e e ,  and A. Mahapatra,  J. Chem. Res. --- Synop., 260 h98b) .  

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


