
U. S. DEPARTMENT OF COMMERCE NATIONAL BUREAU OF STANDARDS 

RESEARCH PAPER RP1408 

Part of Journal of Research of the National Bureau of Standards, Volume 27, 
August 1941 

CHEMICAL REACTIONS OF THE CHLORITES 
WITH CARBOHYDRATES 1 

By Allene Jeanes 2 and Horace S. Isbell 

ABSTRACT 

Interest in the chemistry of the chlorites has recently been stimulated by the 
commercial production of sodium chlorite. Until just a few months ago the 
literature afforded only meager information about the general chemistry of the 
chlorites, and knowledge of their chemical behavior with the carbohydrates was 
limited to the fact that sodium chlorite bleaches the objectionable colored sub
stances in paper and cotton textile materials without weakening the cellulose 
fibers. A reagent possessing the desirable properties of sodium chlorite should 
find extensive use in the field of carbohydrate chemistry. To provide a guide for 
the application of the reagent and to determine how the characteristic groups and 
structures occurring in the carbohydrates react with chlorites, the authors under
took a systematic investigation of the reactions of chlorites with carbohydrate 
material of diverse character. 

This investigation has shown that at room temperature the nonrcducing disac
charide, sucrose, is completely inert to chlorites under all conditions which do not 
involve acid hydrolysis, and that the ketoses, the polyhydroxy alcohols, and 
the aldonic acids are attacked only after treatment with chlorites for many days. 
In marked contrast to the glycosides, poly hydroxy alcohols, aldonic acids, and 
ketoses, the aldoses are oxidized readily and give the corresponding aldonic acids. 

The aldopentoses are oxidized more rapidly than the aldohexoses, and the 
monosaccharides more rapidly than the disaccharides. The reaction is slow in 
neutral solution but rapid in acid solution. Quantitative measurements under 
various conditions have revealed that chlorous acid is the oxidant and that the 
reaction corresponds in large measure to the following equation: 

RCHO+3HClOz-->RCOOH+2Cl02+HCI+HzO. 
(Aldose) (Aldonic acid) 
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I. APPLICATION OF CHLORITES IN THE 
CARBOHYDRATE FIELD 

Recently sodium chlorite has become commercially available and 
it has been advocated as a very useful bleaching agent for wood pulp 
and cotton t extile materials [1].3 The new reagent appears to oxidize 
and bleach the objectionable colored substances without materially 
altering or injuring the cellulose fibers. Aside from the bleaching 
action on cellulose very little was heretofore known concerning the 
reactions of chlorites with carbohydrate materials.4 

The carbohydrates contain several characteristic groups which 
exhibit specific reactions with various oxidizing a.gents. Chlorine, 
bromine, hypochlorite, hypobromite, and hypoiodite react readily 
with aldoses to give the sugar acids or their lactones. On prolonged 
treatment with these reagents, the oxidation proceeds further and 
gives rise to lower acids, together with ketonic and dibasic acids. 
Oxidation of the ketonic group usually results in the cleavage of the 
carbon chain and the formation of lower acids. On oxidation with 
cupric acetate or phenylhydrazine, the sugars yield osones. Hydrogen 
peroxide, in the presence of iron salts, oxidizes the aldonic acids to the 
next lower sugars. Other reagents, such as periodic acid or lead tetra
acetate, cause cleavage of the carbon chain and give dialdehydes. 
These examples clearly show that extensive generalization concerning 
the behavior of oxidizing agents with the carbohydrates cannot be 
made and that, in advance of this experimental study, the reactions of 
the new rea.gent could not be predicted . 

In order to determine the behavior of chlorites with each of the 
constituent parts of a typical~carbohydra.te, a number of simple 
sugars and sugar derivatives were treated with chlorites in solutions of 
different acidity and the progress of the reactions was followed by 
determination of the optical rotation, acidity, and the fimolUlt of re
ducing sugar and chlorite. In these experiments, sucrose, methyl 
a-d-glucoside, mannitol, sodium gluconate, levulose, lactose, glucose, 
and arabinose were used to represent nonreducing disaccharides, the 
pyranosides, the open-chain polyhydroxy alcohols, aldonic acids, the 
ketoses, the reducing disaccharides, the aldohexoses, and the pentoses, 
respectively. These substances contain nearly all of the structural 
groups characteristic of the carbohydrates which might be used in 
conjunction with the new reagent. 

Our results reveal that the glycosidic linkages in · sucrose and in 
methyl a-d-glucopyranoside are not altered by chlorites, except in the 
presence of acid, which causes the well-known acid hydrolysis. Even 
after treatment for 105 days, neutral and alkaline sucrose solutions 
containing chlorites gave no indication of oxidation (see table 1). 
During the first 14 days samples of sodium gluconate and magnesium 
xylonate were not appreciably affected by chlorites; but on longer 
treatment small changes were observed. These observations clearly 
show the inertness of the carboxylic and the alcoholic groups of the 
carbohydrates to oxidation by chlorites. Levulose (table 2) was not 
appreciably affected by chlorites in the course of several days, but in 
21 days some oxidation had occurred, as shown by a slight decrease in 

, Figures iu brackets indicate the li terature rcferenoes at the end of this paper . 
• In 1939 M. C. Taylor, in conversation with one of us (Isbell), ment.ioned the production of sodinm 

chlorite by the Mathieson Alkali Works and offered to supply some of the salt for investigation in tbe carbo
hydrate field. Shortly thereafter a sample, originally donated by Lhe Mathieson Alkali Works, Inc., was 
obtained through the courtesy of A. L. Pitman, of the Bureau of Agricultural Chemistry and Engineering, 
U. S. Department of Agriculture. 

• I 
I 
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reducing power. In marked contrast to the nonreducing carbohy
drates and the ketoses, the aldoses arc oxidized readily (tables 3 and 
4). In subsequent paragraphs it will be shown that each aldose is 
oxidized to the corresponding aldonic acid and that the oxidation re
action provides a means for investigating the chemistry of chlorous 
acid. 
TABLE I. - Behavior of nonreducing ca1'bohydmtes with chlorites in aqueous solutions 

at 20° C 

Sodium chlo· Sodium chlo· Calcium chlo· Sodium chlo· 
rite in acid Sodium chlo· rite+sodium Calcium chlo· rite+sodiurn rite+calcium solution b (5 g rite bicarbonate rite (4.3g carbonate (4.8 carbonate (4.3 of NnCIO,+ (5 g of NaCIO, (5gofNnCIO,+ of Cs (CIO,), gofNsCIO,+ g of Ca(CIO,), 0.028 mole of in 100 ml) 5gofNaHCO. in 100 ml) ~.3 g of Na,CO. in 100 H,PO.in pH=8.7" in 100 ml) pH=7.2 • in 100m!) ml+CaCO.) 100 mil pH=8.9 • pH=lO.1 • pH=7.5 • pH=2.2 • 

Time 
(days) 

<l~ 2; <l ~ 2; <l~ 2; <l~ 2< <l~ 2< <l~ 2<~ om ~:::- :3~ d~ .soo .... :::- .S(/) .... :::- :3~ .... :::- :3~ '""!s ~~ oS _0 oS _0 oS oS "'~ "'~ ,,~ 

"'~ 
,,~ 

:=~ -., sB -" sB -", --.. -", sB -., sB -., 
0.0 e.g 8.0 so 8~ e.g 8'§ so 
~El ~m ~m gEl ~m ~m ~m ~m 

0P:1 ]'S 0P:1 0P:1 ~'S o~ 
-;;;- .~ -;;;- .~ 

·~S ~Z 
... ", .- S ... ", ... ", .~ 13 

~Z ~~ ... ", 
-", -", ~Z 0.'9 ~Z 0.'9 .~Z ~'9 ~Z 0.. 0.. 0.. 
0"" E-< 0'" E-< 0'" E-< 0'" E-< 0"" E-< 0'" E-< 

Sucrose (10 g of C"H"Oll per 100 ml) 

0 ________ +38.20 22.0 +37.80 22.0 +38.5 19. 4 +36. 50 21. 4 +38.40 19.4 +36.40 d 22. 2 L _______ +38.20 22.0 +37.80 22.0 ___ ___ ___ ______ 36.70 ___________ __________ +35. iO 12. I 
7 ________ +38.20 21. 9 +37.85 21.8 +38.35 19. 1 +36.55 21. 6 +38.70 19.1 +30.10 9. 2 14 _______ +38. 17 21. 9 +37.80 21. 5 __ ___ ____ ______ +36.65 21.4 _______________ __________ ____ _ 
21.. _____ +38.35 21.8 +37.95 21. 4 +38.30 19.6 __ ____ _____ ___ +30.50 10.0 ______________ _ 
49,. _____ +38.45 21. 4 +37.70 21. 3 +38. 40 18.5 ___ ______ __ ____ -+40. 45 18.4 _________ __ ___ _ 
105 ______ -+39.00 18.9 +37.75 21. 0 

Methyl a-d-glucopyrauoside (10 g of CH,OC.HIIO. per 100 mil 

0___ ___ __ +90.10 22.0 +90.40 22. 0 +90.00 d 22. 2 L___ ____ +90.10 22.0 _________ 22.0 +89.85 12.3 
7 _______ . +90.20 +90.15 21. 8 +89.75 9.2 
49,._ __ __ +90.45 21. 9 +90.15 21. 3 

Mannitol (10 g of C,R .. O, per 100 m!) 

0 ________ 1 Inact ivel22.0 I Insctivel22.0 1-- -- -----1 ------1---------1 - -----1---------1 -- --- -1------- - - ,---- --7 _________________ 21.5 _______ __ 21.4 __________ ____ ___ ____ ______ _____________ ____ __ ___ _____ _____ _ 

4
14
9
------- _________ *20.5 __ ___ ____ 20.8 __ ______ __ ___________________ ___ ___ ___ _____ _________ _______ _ 
_______ __ ______ _ 16.9 .. ________ 20. 1 ________________________ __ ___ __ __ _________ __ __ ______ __ _____ _ 

Sodium gluconate (12 g of NaC,HlIO, per 100 ml) 

~4----- --1 * +8.00 1 22. 0 1----- --- -1- --- -- 1---- - -- - -1-- - -- -1- - - -- - - - -1- -- - - -1---- - - - - -1--- -- -1- - -- - -- --1- -- - --__ ____ _ +8.00 21.5 ___ _____ _ ___________ ____ ____ _______ ______ _______ ____ __ ________ ____ ____ ____ _ 
21.______ +7.63 20.6 ______ _________________________ ______________________ _ ________ _________ ___ _ 
49_______ + 7. 10 19.2 __ ____ _______ ___ ___ ___ ____________ ______ ______________ _______ ____ __ __ _____ _ 

Magnesium xylonate (11.1 g of Mg (C,H,Q,J,.5H,0 per 100 mIl 

0 ________ I +8.80 122. 0 1-- --- ----1---- --1------- --1------1----- ----1-- --- -1---------1------1------- --1-- -- --~i:::::-- +~.80 ~1·8 --------- ---- -- --- --------- ------ ------------ -- ------- ------ --------- ------__ +.60 .7 _______________________ __ _____ __ __ ______ ____ ___ ___ ______ ________ ___ _______ _ 

• The pH values were measured at the beginning of the experiment. 
h The samples were kept in sealed glass tubes. 
o The values under this heading were obtained by titrating with NnHSO. solution the iodino liberated by 

treatment of the solution with potassium iodide and acetic acid, and they correspond to the sum of the 
cblorite, chlorous acid, and chlorine dioxide which remain in solution. Under the experimental conditions 
employed part of the chlorine dioxide escaped during the manipulations. 

d The initia l drop in the "titer" was caused by the loss of chlorine dioxide gas during the preparatIon of 
the samples. The "titer" at zero time was calculated from the amount of sodium chloride originally added. 
A control experiment run in the absence of any carbohydrate, using sodium Chlorite, pbosphoric acid and 
water in the proper proportions, gave the following results : 

Time in days_____________ ________ 0 

"Titer" ml 0.1 N NaHSO./mL __ (22.1) 12.2 

3 

10. 9 

5 

10.6 

7 

9.6 

• The slight rise in optical rotation was caused by slight evaporation of the solution over the long period 0 f 
time. 

• At this time the solution turned slightly yellow, which is evidence of the formation of 010,. 
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TABLE 2.- Behavior of levulose with chlorites in aqueous solution at 20° C 

Sodium chlorite (5 g of NaOlO, Sodium chlorite+sodium bicar· Calcium chlorite (4.3 g of Calcium chlorite+calcium car· Sodium'chlorite in acid solution b 
. 100 I) h -87' bonate 5 g of NaCIO,+5 g of Ca(ClO) in 100 ml) pH-72' bonate (4.3 g 01 Ca(CIO,),+ (5 g of NaClO,+O.028 mole 
m m . p -. NaHCO,in100ml).pH~8.9' " . -. CaCO,).pH~7.5' H,POdn100ml) .pH~2.2 ' 

Time I 
(days) Opti~al R~duc· Titer 0 (ml Optkal Reduc· Titer 0 (ml Optical Reduc· Titer' (ml Optical R~duc· Titer 0 (ml Opti~al R~duc. Titero (ml 

~f. rotatIOn mg 0.1 N rotatIOn mg 0.1 N rotatIOn mg 0.1 N rotatIOn mg 0.1 N rotatIOn mg 0.1 N 
2-dm tube sugar NaHSO /ml) 2-dm tube sugar NaHSO /ml) 2-dm tube sugar NaHSO /ml) 2-dm tube sugar NaHSO /ml) 2-dm tube sugar NaHSO/m!) .="'... ........ (OS) (mg/m!) , (OS) (mg/ml) , (OS) (mg/ml) , (OS) (mg/ml) , (OS) (mg/ml) 

ior'ij 
0. ... ...... -54.51 101. 7 22.1 -54.60 100. 0 21. 8 -55.40 103.3 19.4 -55. 25 103.3 19.4 -53.95 98.0 d 22.2 
1.......... -54.20 101. 7 21. 7 -54.50 .... ... . 21. 1 -55.45 ._.. .. .. 19.4 -55.15 ....... . 19. 4 -54.05 97.6 U . 7 
3 .. . ....... -54.05 99.6 21.2 -54. 55 99.6 20.0 ....... ___ 102.2 ___________________________________________ ___ -53.85 96.0 10. 8 
7_ ____ _____ -53.60 98.5 20. 6 -53.60 99.1 18.5 -55.20 102.2 19.0 -55.30 102.2 19. 0 I -53.45 96.0 9.1 
14_____ ____ -53.50 101. 2 20.9 -52.35 98.0 17.6 -54. 45 102.2 19.1 -54.60 102.2 19.2 ____________________ ____ __ _____ _ 
2L ___ ____ -53.30 100.0 20.5 -51.10 95.8 16.0 -53.95 99.0 18.4 -54.20 99.0 18.9 ____________________ ___ __ ___ ___ _ 

- ----------------------- -----------------

• b. d See corresponding footnotes, table 1. 

TABLE 3.- Reactions of aldoses with chlorites in aqueous solutions at 20° C 

Sodium chlorite+sodium bi-
Calcium chlorite (4.3 g of Calcium chlorite+calcium car· Sodium chlorite in acid solutior Sodium chlorite (5 g of NaClO, carbonate b (5 g of NaCIO,+ bonate (4.3 g of Ca(CIO,)o+ (5 g of NaCIO,+O.028 mol in 100 ml) pH=8.7 • 5 g of NaHCO, in 100 ml) Ca(CIO,J, in 100 ml) pH~7.2 • CaCO, in 100 ml) pH=7.5 • H,PO, in 100 ml) pH~2.2 • 

pH~8.9 • 
e 

Time 
(days) 

Optical Re· Optical Re· Optical Re- Optical Re· Titer 0 
Optical Re- Titer 0 Titer c Titer 0 Titer· rotation ducing rotation ducing rotation ducing rotation ducing rotation ducing (mIO.l N (ml 0.1 N (ml n.l N (mIO.l N (ml 0.1 N 2-dm 2-dm sugar 2-dm sugar 2-dm sugar 2-dm sugar NaHSO,/ml) sugar NaHSO,/ml) NaHSO,/m' tube (OS) (mg/ml) NaHSO,/ml) tube (OS) (mg/ml) NaHSO,/ml) tube (OS) (mg/ml) tube(OS) (mg/ml) tube (OS) (mg/ml) 

d-Glucose (10 g of C.H"O. in 100 m!) 

L ___ ______ + 30.36 99.2 22.1 +30.02 99.8 22.0 +30.50 104. 2 19.6 +30.50 100.8 19.6 +30 . . \0 99.4 d 22.2 
L ______ ___ +30.15 101. 5 22.0 +29.70 --- ----- 21. 7 +30.65 -------- -------------- +30.10 19.1 +21.90 70.3 14.0 2 __________ +29.90 21. 6 ---------- 100.0 ---------- ---- *+28.90 97. 5 18. 0 *+29.05 98.0 IS.3 +21. 05 69.9 12.9 
'---------- *+28.43 9S.4 20.3 +29.20 21. 0 +25.45 87.6 13.7 +25.95 91. 7 14. 9 +20.05 69.0 10.2 7 __________ +22.95 76.6 9.7 +29.00 100.0 20.5 +21.55 74.6 8.0 +22.10 76.3 8. 7 +19.45 67.6 S.4 14 _________ +18.25 68.1 2.7 +28.35 97.0 20.6 +IS.98 71. 5 .1.3 +16. SO 66.0 2.9 ---------- ---.---- -- ------ ------11. ________ +17.45 67.6 0. 9 +27.90 97. 0 20.3 +18. 00 69. 5 3.7 +14.73 61. 8 0.9 ---------- -------- ---------- ----

I--' 
~ 
00 

~ 

I 
<2,., 
~ 
'" "" '" 
~ 
~ 
~ 
~ 
[ 
r 
~ 
~ 
~ 
§ 
~ 
~ 
"" 
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I-Arabinose (8.3 g of 0,H100, in 100 mll 

0 __________ ··+50. 00 83.2 21. 8 +50.00 83.2 21.8 ··+50.00 83.2 19. 3 L _________ +29.35 51.1 10.9 ·+38.43 65. 3 14.5 +33.00 57.5 10.6 2 ____ ___ ___ +26.20 46.9 8. 1 + 28. 45 48. 0 6.6 + 28.70 51.1 8. 3 3 __________ +25.55 46.4 6.1 +24.60 41. 4 3. 4 +28.25 50.5 5.8 5 ________ __ +24.50 44.7 3.8 +22.15 37. 0 1.2 +27. 45 48.8 4.1 7 ___ __ _____ +23.85 44.0 1. 7 + 21.40 34.4 0.5 +26.90 48.2 1.8 
---_._-- ------ - ----------- - ----

d·Xylose (8.3 g of O,H"O, in 100 ml) 

0 ________ __ +9.39 83.2 21.9 +9.45 82.6 22.0 +9.68 84.2 19.3 L _________ ·+9.05 72.1 17.8 ·+9.25 74.7 18.4 .+8. 70 61. 9 11. 9 2 _______ ___ +9. 55 50.1 10.2 +9.32 56.1 9. 9 +8.50 53.4 7.9 3 __ __ ______ +9.10 48. 8 8.0 --------- - -------- 4.6 -------- -- -------- ----------- ---4 __________ +8.65 48. 1 6. 2 +9.10 43.8 4.6 +7.80 52.6 7.0 7 __ ________ +8. 05 47.2 2.6 +9.00 37.4 1.6 +7.18 50.0 5.4 14 ___ _____ _ +7.75 46.7 0. 5 +8.80 34. 4 0.7 +6.75 49. 0 2.7 

Lactose (10 g of 012H"Oll in 100 ml) 

0 _______ ___ +32. 10 98. 0 22.1 +32. 38 100.0 22.1 ---- 100.0 19.5 L _________ 
+31.90 99.7 22. 0 + 32. 05 99.1 21. 7 +32.60 -------- -- ------------3 ____ ______ +31.80 99.9 21. 6 +31.30 96.5 21. 0 ·+31. 40 95.0 18.3 7 __________ ·+29.85 92.5 20.0 + 30. 30 94.0 20.1 +29. 25 82.9 15.8 14 _____ ____ +24. 75 62.2 12.0 + 29. 15 90.3 20.0 +25.65 61. 4 9. 1 21. __ ______ +21.15 46.8 4.3 +28.90 89.3 19.9 +23.85 51. 4 4.7 

_,b, ' ,d,. See corresponding footnotes, table l. 
•• Oolor appeared In the solution after 1 hour. 

··+50.00 
+ 33. 15 
+28.25 
+26.70 
+ 24.75 
+23.50 

+9.68 
· +8.90 
+8.63 

----------
+8. 0 
+7.25 
+6.25 

+32.45 
·+31. 70 
+29.95 
+26.40 
+24.25 

83.2 
57.8 
50. 0 
47.6 
45.0 
42.3 

84.2 
59. 7 
52. 9 

--------
50.3 
46. 0 
42. 2 

100. 0 

96.0 
87.4 
64.0 
53.2 

19.3 
10. 1 
6.5 
5.0 
3.8 
2. 8 

19.3 
10. 1 
6.3 

--------------
4. 5 
3.3 
1.2 

19.5 
19.4 
19. 0 
17. 0 
10. 8 
6.0 

+50. 00 83. 2 d 22.2 
+29.50 51.4 12.6 

---------- - - ------ ----------- -- -
+26.00 50.3 8.1 
+21.35 46. 3 6.4 
+18.90 45.5 4.8 

+9.40 83. 2 d 22.2 
+6.35 53.0 12.9 

---------- -------- --------------
+6.45 52.0 9.5 
+6.90 50.0 8. 2 
+ 8.35 48.7 5. 6 

---- ------ ------- - --------- -----

----------1--------1--------. ___ ___ _ _______ __ __ - __ _ _ __ 0 

---------- -------- --- ---- " 
---------- -------- ------ - _. 

--- -- -- -- - , - --- --- -1- -- --- ---. 
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TABLE 4.-0xidation of glucose at 20° C by chlorous acid in solutions of different 
acidities 

SRtumted benzoic acid 0.56 M acetic acid 0.10 M pbosphoric acid 0.55 M phosphoric acid 
--------

0.056 mole d·glucose 0.056 mole d·glucose 0.056 mole d·glucosc 0.055 mole d·glucose 
+0.056 mole sodium +0.056 mole sodium +0.056 mole sodium +0.055 mole sodium 
chlorite in 100 ml chlorite +0.056 mole chlorite +0.01~ mole chlorite +0.056 mole 
solution saturated aoetic acid in 100 ml phosphoric acid In 100 phosphoric acid In 100 
with benzoic acid at wlution at 20° C. ml solution at 20° C. ml solution at 20° C. 
20° C. 

- - ------
Optical Optical Optical Optical 

Time rotation pH 'rime rota tion pH Time rotation pH Time rotation pH (min) 2·dm tube (min) 2·dm tube (min) 2·dm tube (min) 2·dm tube 
(0 S) (0 S) (0 S) (0 S) 

------ - --- - - - -- - --
6.L ..... +29.35 4.2 5.3 . . . . . ·1·28.30 3.7 6.1. .. . __ +25. 74 3.2 5.9 . ... . +20.80 2.1 
28.0 .... .. +27.89 4.6 15.3 .... +25.84 4.1 22.8 .... +25.00 4.0 15.0 ._ ... +21.34 2.1 
64.0 . .... . +26. 87 4.7 30.3 . ... +24. G1 4.3 30.L . . . +24.68 4. 1 24.8 . . ___ +21.87 2.2 
122.4 . . ... +25.78 4.8 133.0 . " +22.98 4.3 129.3 ... +24. liD 4.8 178.4 . . _ +n.9G 2.2 
1,275.0 ... +21.97 4. 9 1,394.0 .. +21.43 4.2 1,140.0" 1 +21. 78 3. S 1,414.0 .. +22.86 2. 0 
---_. 

Sugar oxidized, 29.9 per~ Sugar oxidized, 28.3 per· I Sugar oxidized. 31.5 per· Sugar oxidized, 27.2 per-
cent a cent · I cent· cent a. 

I 

• The percentage of oxidation was calculated Irom the reducing-sugar content at the time olthe last sample. 

II. OXIDATION OF ALDOSES WITH CHLORITES IN 
NEUTRAL AND ACID SOLUTION 

The present investigation has revealed that under suitable condi
tions the aldoses are oxidized to aldonic acids by chlorites and that 
during the course of the reaction chloride, chlorine dioxide, and 
chlorate are produced. Inasmuch as the oxidation is slow in neutral 
and in alkaline solutions as compared with the oxidation in acid 
solutions, it appears that chlorous acid, or some substance derived 
therefrom, is the oxidant. Since chlorous acid decomposes spon
taneously into chloride, chlorine dioxide, and chlorate, [2] these sub
stances must be considered as possible oxidants in the aldose reaction. 
Previously Schmidt and Graumann [3] reported that several simple 
carbohydrates, including glucose, arabinose, levulose, and sucrose, 
were inactive in respect to aqueous chlorine dioxide_ We have found 
(table 5) that the aldoses are oxidized slowly by chlorine dioxide and 
that in the absence of a buffer, sucrose is hydrolyzed. Nevertheless, 
the oxidation of aldoses by chlorine dioxide is very slow, and conse
quently, chlorine dioxide cannot be responsible for the rapid oxidation 
observed in solutions containing chlorous acid. 

Other measurements (table 6) have shown that the aldoses are not 
oxidized by chloric acid or by chlorates and that neither of these sub
stances can be the oxidant. Thus none of the products that are 
ordinarily formed during the decomposition of chlorous acid are 
particularly reactive, and it seems probable that the oxidation of the 
aldoses is effected by chlorous acid. 
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TABLE 5.- Carbohydrates treated with chlorine dioxide in aqueous solution· at 20° C 

i-Arabinose d-G1ucose Levulose Sucrose 
(8.3 g of C,EIOO. in (10 g of C,ElIO. in (10 g of C,EI;O. in (10 g of CI2E"OIl 

l OO ml) 100 ml) 100 ml) in 100 ml) 

g~ ... :c; " ~ ~ " ~ :c; §~ :c; '" o~ o~ 

Time (days) ._ w b/) 

;;]. 
._w "" ._ w b/) ~~ ~ o 

" 
~ o " ""S ~ o " d:§. ci:§. ,,~ 

:~ 
"'~ :] "'~ 

~ 
"'~ 

8~ 8J5 o~ BJ5 e~ -0 -0 - 0 -0 
" """ Sw " "en S", " """ Sw " Sm ]6 'oS ~iII ~8 '0 S ~iII ~8 '0 S ~iII ]fs ~~ 

,,~ ... ", ,,~ 

~z 
,,~ 

... " .~ z ~'1::l '1::l :§z ~'1::l '1::l ~'1::l '1::l ~z ~'1::l 
0.' " "- , <> "-, '" "- , 
0'" ~ E-< 0'" ~ E-< 0'" ~ E-< 0'" E-< 

-------------- -- - - --- ---
0 ____ ________ +49.35 83.6 --- ---- +30. 93 100.8 --- ---- -53. 55 100.2 -- - ---- b+38. 40 - - - - ----2 ____________ +47.50 80.8 14.2 +30.45 100.3 15. 5 -53.20 100.2 13.7 +33.28 15. 2 4 _______ __ ___ +46.00 79.1 10.1 +29.40 96.1 13.5 -51.42 99.0 14.3 +21. 40 15.5 7 ___ ______ __ _ +43.00 76.3 8.8 +28.70 92.9 8.7 - 52.10 99.0 12.1 + 3.90 13. 9 

• The solut ions contained approximately 3.3 g o[ ClO, per 100 ml and wero kept in sealed glass tubes In 
tbe dark. 

b Tbe marked change in optical rotation is the result of inversion caused by acid formcd [rom the chlorlno 
dioxide. 

T ABLJ, 6.- Carbohydrates treated with chlorates in neutral and in acid solutions a 

Time 
(days) 

I-ArB binose d·G\uCDse (10 g in 100 ml) Levulose (10 g in 100 ml) Sucrose (10 g in 100 ml) (8.3 g in 100 ml) 

----.------.---I---.----~--I·---~----~------

1
0 15M 0.15M 
ICClO3, ~~J3.1 

0.15 M 0.56 M ~ith 
KCIO, with phos

acetIc phoric 
aeld acid 

o J5M O.15M 
KClO KCIO" 

0.15 M 0.56,,1 0.56 M 
KClO, with wltb 

t' pbos
ace. IC phoric 
aCId acid 

0.15 M 
O.lpM KCIO" 

o 15M KClO" 0 56M 
rCCIO, 0.56 M ~itb 0.15 M 

_ Wlt~ phos- KCIO. 
acetic phoric 
aCId acid 

0.15 _~£ 
K CIO. 
0.5611£ 
with 
acetic 
acid 

oS oS 08 oS oS oS oS oS oS oS "S 
0 __ ________ . _____________ ._ +30.50 __________ . __ __ . ___ . __ _ . +38.40 +38.30 +38.15 +49.50 + 49.50 
L ______ . __ +3050 + 30. 65 _. ___ -54.35 - 54.35 -55.00 .. ___ ___ ____ ___ _ ___ _____ ____ ____ ____ ___ _ 
7.. ___ ____ .. +30.45 + 30. 65 +30.45 -54. 36 - 54.10 - 54.80 +38.40 + 29.50 -12.,5 +49. 15 +49_ 25 
14 _______ __ + 30.40 + 30.60 + 30. 'J5 - 54.50 - 54.35 - 54.65 + 38. 50 +21.75b-13.20 + 49. 40 +49. 2 

• Optical rotations in oS, read in a 2-dm tube, at 20° C. 
b The optical rotation of a sim ilar solut ion contain ing 10 g o[ completely hydrolyzed sucrose is calculat ed 

to be approximately - J2.2°. 

Investigation of the quantitative aspects of the reactions of the 
chlorites with the carbohydrates has been greatly complicated by the 
instability of chlorous acid. vVhen one equivalent of a mineral acid 
is added to a cold aqueous solution containing sodium chlorite, the 
solution develops a yellow color which soon turns to reddish brown; 
on further standing, a yellow gas, presumably chlorine dioxide, is 
evolved and the solution becomes light yellow. Very little is known 
concerning the intermediate compounds necessary to explain these 
color changes, When an aqueous solution containing a chlorite and 
an aldose is acidified, the color changes previously noted for the 
chlorite alone are observed in somewhat more rapid sequence_ An 
examination of the reaction in detail reveals that the oxidation of the 
aldose proceeds rapidly at first and then more slowly. After the initial 
rapid reaction the dark color, probably due to chlorous acid, disap
pears and the oxidation of the sugar virtually ceases, even though the 
solution contains both chlorine dioxide and ch10ric acid. The rapid 
ini'tial oxidation reaction proceeds more rapidly in strongly acid s01u-
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tion than in less acid solution. Thus, as shown by the results given 
in table 4, when glucose is treated with sodium chlorite and phosphoric 
acid at pH 2.1, the reaction is substantially complete in 6 minutes, 
but at pH 4.2 the oxidation reaction continues over a period of several 
hours. Although the rate of reaction increases markedly with increas
ing acidity, the amount of oxidation produced by a given quantity of 
chlorite decreases slightly with increasing acidity. The smaller quan
tity of sugar oxidized in the more strongly acid solutions suggests 
that part of the chlorous acid undergoes a competitive side reaction 
and that the distribution of the chlorous acid between the competi
tive reaction and the carbohydrate reaction is influenced by the 
acidity. The existence of a competitive side reaction is in accord 
with the well-known decomposition of chlorous acid in acid solution. 

According to the work of Taylor, White, Vincent, and Cunningham 
[1], the reaction of sodium chlorite with acetic acid at pH 2.5 produces 
chlorine dioxide and cllioric and hydrochloric acids. When the solu
tion is aerated to remove the chlorine dioxide as it is formed, the final 
products may be represented approximately by reaction I; but as 
suggested by Taylor, White, Vincent, and Cunningham, the chlorine 
dioxide and the chloric a.cid might be formed by separate reactions. 
Under suitable conditions chloric acid may be produced from chlorous 
acid by reaction II, or from chlorine dioxide by reaction III. In the 
presence of reducing agents, such as the aldoses, chlorous acid might 
be completely reduced to chloride (reaction IV), or it might be par
tially reduced and partially oxidized to give chloride and chlorine 
dioxide (reaction V). Since reactions I to V may take place simul
taneously, interpretation of the oxidation process is a highly compli
cated problem. 

4HCIO~HCI03+HCl+2CI02+H20 (I) 

3HClO~HCl+2HCI03 (II) 

2CIOd-H20 -->HCI0 2 +HCIOa (III) 

2RCHO+HCI02----->2RCOOH+HCl (IV) 
(Aldose) (Aldonic acid) 

RCHO+3HC102--->RCOOH+HCI+2CI02+ H20 (V) 
(Aldose) (Aldonic acid) 

A better understanding of the course of the oxidation reaction can 
be derived from consideration of the quantitative relationships 
between the amounts of sugar oxidized and the reaction products. 
A summary of the results obtained by the treatment of glucose (1) 
with 3 moles of chlorous acid at 0° C, (2) with 1 mole of chlorous acid 
at 20° C, and (3) with one-half mole of calcium chlorite in a solution 
buffered with calcium carbonate, is given in table 7. In each case the 
reaction products correspond roughly to those required by the reac
tion of equation V. In the first experiment 1 mole of glucose con
sumed 3.83 moles of chlorous acid and gave in addition to gluconic 
acid, 1.35 moles of chloride, 0.47 mole of chlorate, and 2.01 moles of 
chlorine dioxide. According to reaction IV 1 mole of glucose would 
produce only 0.5 mole of chloride, while reaction V would result in the 
formation of 1 mole of chloride. Since more than 1 mole of chloride 
was isolated, it appears that reaction IV can be regarded as of little 
importance under the conditions of this experiment. 
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TABLE 7.-Quantitative study of the products formed by the oxidation of glucose with 
chlorites in acid and in ne1dral solutions 

Constituents 

Chlorous acid consumed per mole of glucose oxidized . .. . 
Chloride formed per mole of glucose oxidized ............ . 
Chlorate formed per mole of glucose oxidized ........ ... . 
Chlorine dioxide lost per mole of glucose oxidized ...... . 
Oxalic acid formed per mole of glucose oxidized .... . ... . 

I 
0.0555 mole of 

glucose+0.1516 
molaof 

NaClO,+0.168 
mole of acetic 
acid in 100 ml 
at 0° C for 24 

hours 

:Moles 
3.83 
1. 35 
.47 

2.01 
Done 

II 
0.0555 mole of 

glucose+0.0531 
moleo! 

NaOlO,+0.056 
mole of acetic 
acid in 100 ml 
at 20° C for 24 

h ours 

Moles 
3.19 
1. 21 
.14 

1. 82 
none 

III 
0.0555 mole of 

glucose+0.0248 
mole of 

Ca(CIO,),in 
100 ml+CaCO. 
at 20° C for 7 

. days 

Moles 
2.59 
1.21 
.51 
.85 
. 01 

The utilization of more than 3 moles of chlorous acid per mole of 
glucose shows that the oxidation proceeds beyond the gluconic acid 
stage, or else that part of the chlorous acid was decomposed either by 
reaction I or by reaction II. The production of only 2 moles of 
chlorine dioxide per mole of sugar indicates that the excess of chlorous 
acid probably did not undergo reaction I, while the excess of chloride 
and chlorate found suggests that part of the chlorous acid was con
verted to chlorate and chloride by reaction II. It appears that in 
highly acid solutions the oxidation of glucose follows r eaction V with 
small deviations, which may be explained by competitive reaction 
II. Chlorites in aqueous solution in the absence of reducing agents 
are stable for long periods of time. Hence the conversion of chlorous 
acid to clIloric acid by reaction II does not take place readily in neutral 
solution, and under such conditions one might anticipate that very 
little of the chlorous acid would undergo decomposition. As a matter 
of fact, when the oxidation was conducted in neutral solution (experi
ment III) 1 mole of glucose reduced 2.59 moles of chlorite and gave 
in addition to gluconic acid, 1.24 moles of chloride, 0.51 mole of 
chlorate, 0.85 mole of chlorine dioxide, and 0.01 mole of oxalate. 
The quantity of chlorine dioxide separated in this experiment is 
much less than that required by reaction V. This discrepancy finds 
explanation in the chemistry of chlorine dioxide. Other experiments 
have shown that chlorine dioxide in aqueous solution in the presence 
of calcium carbonate is slowly decomposed according to reaction 
III. By this reaction 1 mole of chlorous acid and 1 mole of chlorate 
are formed from 2 moles of chlorine dioxide. Hence, if we assume 
that the chlorate found in the experiment under discussion is a measure 
of the amount of chlorine dioxide which had been hydrolyzed, we may 
calculate that the 0.51 mole of chlorate (determined by analysis) 
was derived from 1.02 moles of chlorine dioxide. By adding this 
quantity to that found experimentally, we may calculate that 1.87 
moles of chlorine dioAride were produced. This compares favorably 
with the 2 moles required by reaction V. Furthermore, the hydrolysis 
of the chlorine dioxide would have produced 0.51 mole of chlorous 
acid, which would have been used in oxidation and would make the 
total chlorous acid used 3.10 moles in comparison with 3 moles 
required by reaction V. Thus the results in neutral solution may be 
explained by reaction V in conjunction with reaction III. The 
presence of a small quantity of oxalic acid among the oxidation 
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products shows that part of the sugar is oxidized beyond the aldonic 
acid stage, and this may account for the production of slightly more 
than 1 mole of chloride. Similar studies with l-arabinose and lactose 
revealed that in each case calcium aldonate, calcium oxalate, chloride, 
chlorine dioxide, and chlorate are produced. By comparIson of the 
results obtained in neutral solution with those obtained in acid solu
tions, it will be noted that the reactions differ mainly in the reaction 
rates and in the relative importance of the side reactions II and III. 
In highly acid solutions reaction II is important, while in neutral 
and in slightly alkaline solutions reaction III is important. 

The oxidation of aldoses with chlorites, even in neutral solution, 
appears to depend in large measure on the presence of chlorous acid. 
When an aldose is treated with a chlorite in neutral or slightly alkaline 
solution, considerable time elapses before a relatively rapid reaction 
begins. Ordinarily the oxidation does not become pronounced until 
after the lapse of several days, at which time the formation of chlorine 
dioxide is shown by the evolution of a yellow gas. The length of the 
induction period varies erratically with different sugars and with dif
ferent samples of sodium chlorite. The end of the induction period is 
marked by the appearance of the yellow color caused by chlorine 
dioxide, and is accompanied by a significant increase in acidity. 
These observations confirm our conclusion that the oxidizing agent is 
chlorous acid. Presumably during the induction period the rate of 
reaction is slowly accelerated by the formation of chlorous acid, which 
oxidizes the carbohydrate and forms acids which in turn liberate 
additional chlorous acid and thus further increase the rate of oxidation. 

Reference to table 3 shows that oxidations utilizing calcium chlorite 
exhibit a shorter induction period than those using sodium chlorite, 
either alone or in conjunction with sodium bicarbonate. Inasmuch as 
a freshly prepared aqueous solution of calcium chlorite is pale yellow 
and has the odor of chlorine dioxide. it must contain some free chlor
ous acid. In the concentrations employed in this investigation, solu
tions containing calcium chlorite have an initial pH of about 7.5. In 
table 8 it is shown that the rate of oxidation increases very rapidly 
as the pH of the solution falls below 8. 

TABLE S.-Oxidation of pentoses with sodium chlorite in the presence of sodium 
bicarbonate 

a·Xylose I·Arabinose 

8.3 g of d·xylose+4.83 g of sodium chlor· 8.3 g of l·arsbinose+4.83 g of sodium chlor· 
ite+50 ml of sodium bicarbonate solu· ite+50 ml of sodium bicarbonate solu· 
tiou (saturated at 20°0) per 100 ml of tion (saturated at 20°0) per 100 ml of 

Time (days) solution solution 

Optical Reducing Sodium Optical Reducing Sodium rotation rotation 
2·dm tube sugar chlorite' pH 2·dm tube sugar chlorite' pH 

(OS) (mg/ml) (rug/rul) (OS) (mg/ml) (mg/ml) 

----------
0 ...... .. . ....... +9.30 83.3 48.3 8.9 +49.85 83.3 48.3 8.9 
3 .. . ............. +9.20 79.2 45.0 8. 7 +46.95 78.0 44.4 8.7 
~ +9.15 73.5 41.7 8.5 ·+29. 10 47.7 17.6 7. 0 ._-----_ ._-- ---- -
9 ....... ......... ·+8.95 59.4 29.2 7.1 +21.70 33.0 5.1 7. 1 
11 ............... +8.75 40.1 11.1 7.1 +20.30 32.0 3. 1 7.6 

• Any chlorine dioxide in the sample was removed by aeration with nitrogen, and the chlorite was deter· 
mined by titration of the iodine liberated from potassium iodide in acetic acid solution . 

• Indicates first appearance of yellow color In the solution. 
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It is of further interest to note the changes in acidity which accom
pany and follow the treatment of,; carbohydrates with chlorous acid. 
Samples of various sugars were permitted to react with sodium chlorite 
and phosphoric acid in sealed tubes, and at intervals the tubes were 
opened and the acidity was measured with a glass electrode. It will 
be observed from the data given in table 9 that in the absence of any 
carbohydrate or in the presence of sucrose or methyl a -d-glucoside, 
the acidity decreases from about pH 2.2 to about pH 2.8 and then 
increases to about pH 2.3. The initial decrease in acidity is caused 
by the formation of chlorine dioxide (reaction I), and the subsequent 
increase in acidity is caused by the slow hydrolysis of the chlorine 
dioxide with the formation of hydrochloric and chloric acids (reaction 
III). Presumably, in a closed system an equilibrium would be 
established between the chlorine dioxide, and the hydrochloric, 
chloric, and chlorous acids. In the experiments in which glucose, 
arabinose, and xylose were oxidized by chlorous acid, the acidity 
decreased rapidly to a minimum and then increased slowly. The 
initial decrease in acidity parallels the formation of chlorine dioxide 
and the rapid oxidation of the sugar, according to reaction V. The 
subsequent increase in acidity is presumably caused by the slow 
hydrolysis of the chlorine dioxide (reaction III). In this connection, 
it will be recalled that these experiments were conducted in closed 
tubes to prevent the loss of chlorine dioxide. After standing for 7 
days, the acidity of the solutions containing oxidizable sugars was 
greater than the acidity of the solutions not containing easily oxidiz
able carbohydrates. The higher acidity found in the solutions 
containing oxidizable sugars arose from the formation of a larger 
quantity of hydrochloric acid and from the presence of aldonic acids 
formed in the course of the reaction. These remarks suffice to explain 
the observations, but it might be mentioned that part of the change in 
acidity may have arisen from the formation of sugar acid lactones and 
their subsequent hydrolysis. 

TABLE 9.-Changes in the acidity of carbohydrate solutions containing aqueous 
chlorous acid • 

Time 
(days) 

Control d·Glucose Levulose I·Arabinose d·Xyloso Sucrose 
(10 g in 
100ml) 

Methyl 
a·a·glucoside 

(10 g in 100 
ml) 

(no (10 g in (10 g in (8.3 g in (8.3 g in 
sugar) 100 ml) 100 ml) 100 m!) 100 ml) 

pH 
0................. 2.2 
0.007 .. . ... ... ..... . . . _. _ .. . 
0.021. .. .. ........ . . _._. _ .. . 
0.12.5 .. _ . . . _...... 2.6 
1. .............. . _ 2.8 
3 . ........... _.... 2.7 
5 •• __ •• _ .•••• _ ..• _ 2.6 
7 .. __ ...... _...... 2.4 

pH pH pH pH pH pH 
(h) 2.1 (h) (h) 2.2 2. 2 

2.7 . ........... 3.4 3.3 .•. _ .... .... ........ _._. __ 
3.4 .... _ ......... . ..... .............................. .. . . ....... . 
3.4 ._ .. _ .. __ ... 3.3 ....... _.... 2.9 2.7 

2.1 
2.0 

2.6 
2.3 
2.2 

2.0 
1.8 
1.7 

2.2 
1. 8 
1.6 

2.7 
2.4 
2.2 

2.7 
2. 4 
2.3 

• The chlorous acid was prepared from equal volumes of 1 M sodium chlorite and 0.5 M phosphoric acid. 
The samples were kept at 20° C in sealed glass tubes. 

h This substance gave a rapid, exothermic reaction. The acidity at the beginning is presumably the same 
(pH 2.2) as that of the control experiment conducted in the absence of carbohydrate. 

At the beginning of this investigation, it was thought likely that 
the ring modifications of the aldoses might be oxidized directly to 
lactones in a manner analogous to that previously observed in the 
oxidation of the aldoses with bromine water [4, 5]. Unfortunately, 

200723-41-3 
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the oxidation with chlorous acid in neutral solution is so slow that 
equilibrium between the delta lactones and the acids is established 
as the reaction proceeds, and although the oxidation in strongly aeid 
solution is fairly rapid, the delta lactone under these conditions is 
also split rapidly. ThUi~, our measurements (changes in pH and in 
optical rotation) do not give information concerning the chamcter of 
the oxidation product. 

Inasmuch as the reducing sugars in solution contain a number of 
isomeric modifications in dynamic equilibrium, it is of interest to 
ascertain, if possible, the relative rates of reaction for the separate 
modifications. Preliminary information on this subject was obtained 
by the oxidation of alpha and beta glucose under such conditions that 
the interconversion of the alpha and beta isomers is slow in comparison 
with the oxidation reaction. The sugar was mixed with a solution 
containing sodium chlorite and acetic aeid at 0° 0, and the oxidation 

o 20 40 SO 80 tOO 120 110 Ito 180 200 220 240 

~tNUrE5 

FIGURE 1.- The oxidation of the alpha and beta modifications of d-glucose by chlorous 
acid at 0° C. 

The reaction solutions were prepared at 00 C from 0.056 mole of the sugar, 0.167 mole of sodium chlorite, 
and 0.167 mole of acetic acid in sufficient water to give 100 ml at 00 C. At intervals 12-ml samples were 
removed and added to equal volumes of 3M· sodium bisulfite solution ato° C. The temperature was allowed 
to rise to 200 C, and after 24 bours the optical rotation of the sample was read in a 4-dm tube. 

was followed by optical rotation measurements made on samples of 
the solution taken from time to time. The oxidation reaction in the 
samples was stopped by the addition of sodium bisulfite, and the 
optieal rotation of the sample was read after equilibrium was estab
lished. The results so obtained are recorded in figure 1. 

A comparison of the curves given in figure 1 shows that a-d-glucose 
is oxidized by chlorous acid slightly more rapidly than j3-d-glucose. 
The relationship is the opposite of that found by one of us for the 
oxidation of the a- and j3-aldoses with bromine water [5, 6], in which 
case it will be recalled that j3-d-glucose is oxidized approximately 50 
times as fast as a-d-glucose. As might be expected, the curve obtained 
for the data representing the oxidation of glucose in the equilibrium 
solution lies between the curves representing the oxidation of the 
alpha and beta isomers. A difference in the rates of oxidation for the 
alpha and beta isomers also explains the small rise in optical rotation 
observed during the oxidation of xylose (see table 3). 

'---~-----
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III. EXPERIMENTAL DETAILS 

137 

1. REACTIONS OF CARBOHYDRATES WITH CHLORITE SOLUTIONS 

In order to obtain information as to which carbohydrate groups are 
reactive and as to the conditions which are suitable for a more detailed 
investigation, certain typical sugars and sugar derivatives were 
treated with chlorites under a variety of conditions and the reactions 
were followed by determinations of optical rotation and of reducing 
power, and by titration of the oxidizing agent. The results of these 
measurements are reported in tables 1, 2, and 3. In the reactions 
utilizing sodium chlorite, calcium chlorite, and calcium chlorite with 
calcium carbonate, the sugar or its derivative was dissolved in water 
and allowed to come to equilibrium, after which 50 ml of the chlorite 
solution was added and the volume made to 100 rol. The sodium 
chlorite solution was approximately 1.1 M, while the calcium chlorite 
was about 0.5 M . In the reactions in which sodium chlorite was 
used in conjunction with sodium bicarbonate, the sugar or sugar 
derivative was dissolved in 25 ml of sodium bicarbonate solution 
(saturated at 20° C) and allowed to come to equilibrium. Then 50 
ml of 1.1 M sodium chlorite solution was added and the solution was 
made to 100 ml by the addition of saturated sodium bicarbonate 
solu tion. In the reactions using calcium chlorite in the presence of 
calcium carbonate, 100 ml of the sugar-calcium chlorite solution was 
poured into a bottle containing 10 g of precipitated calcium carbonate, 
which was kept in suspension by frequ ent shaking. On account of the 
large amount of gas liberated, the oxidations with chlorous acid were 
conducted in a slightly different manner and will be described in a 
subsequent paragraph. The solutions containing the reacting mix
tures were kept in a room maintained at 20° C, from which sunlight 
was excluded. F rom time to time samples were taken and analyzed 
in the following manner: 

Ten milliliters of the solution undergoing oxidation was transferred 
to a 2-dm polariscope tube and the optical rotation was read. Then 
5 ml of the solution was removed from the polariscope tube and diluted 
to 25 ml. The solution remaining in the tube was used for the 
measurement of pH with a conventional pH meter, using a glass 
electrode. A lO-ml sample of the diluted solution was then slowly 
added to a solution prepared from 15 ml of lO-pm·cent potassium 
iodide and 15 ml of 30-percent acetic acid. The iodine liberated was 
titrated in a 100-ml sugar flask with a 0.2 N sodium bisulfite solution 6 

standardized at frequent intervals with potassium dichromate solution. 
The titration is a measure of the quantity of chlorite and chlorine 
doxide in the solution [7]. The solution from the sodium bisulfite 
titration was cooled in ice water and neutralized to phenolphthalein 
with 30-percent sodium hydroxide solution, and ultimately made up 
to 100 ml at 20° C. From this neutral solution, samples of 5 or 10 
ml were taken for the determination of reducing-sugar values by means 
of the modified Scales procedure and the factors determined by 
Isbell, Pigman, and Frush [8]. 

The measurements utilizing chlorous acid were conducted in scaled 
tubes using essentially the same proportions of sugar and oxidant as 

, Sodium thiosulfate could not be employed for this titration because the tetratllionato for'med from 
sodium thiosulfate interferes in the subsequent determination of reducing-sugar. 
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were employed in the measurements using chlorites. The sugar or 
sugar derivative and phosphoric acid were placed in the tube, pre
pared for sealing. After the tube and contents were cooled in ice 
water, the required quantity (10 ml) of 1 M sodium chlorite solution 
was added and the tube was sealed at once. The tubes were kept for 
about 15 minutes in cold water and were then placed in a dark room 
at 20° C and allowed to stand until opened for analysis. A number 
of tubes were made up for each reaction mixture, and at stated 
intervals the tubes were opened and the contents were analyzed. 
Immediately after opening a tube, 5 ml of the solution was removed 
and diluted to 25 ml for the determination of the oxidant and the 
reducing sugar by the procedure described in the preceding paragraph. 
The solution remaining in the tube was used for the determination of 
optical rotation and pH. Some of the reactions were very rapid, 
and it was necessary to estimate the constants at zero time by indirect 
methods. The initial pH values of the highly reactive sugars were 
postulated to be the same as those given by sucrose under like condi
tions; the values for the initial optical rotations and the reducing 
sugars were determined by measurements on samples of the sugar 
containing phosphoric acid diluted with water, instead of with the 
sodium chlorite solution. The initial bisulfite titration was estimated 
by titration of a solution containing sodium chlorite and water 
diluted as described for the samples containing the sugars. 

In the experiments reported in tables 1 to 4 approximately 0.056 
mole of the carbohydrate was treated with 0.056 mole of chlorite 
in 100 ml. This proportion of chlorite is only one-third of that 
required for the oxidation of the aldoses by reaction V. Experiments 
using the theoretical quantity of chlorite have shown that the reactions 
are essentially the same as those in which only one-third the theoretical 
amount of chlorite was used. 

2. ACTION OF CHLORINE DIOXIDE ON SUGARS 

Chlorine dioxide was generated in an all-glass apparatus from a 
mixture of 25 g of potassium chlorate and 20 g of oxalic acid dihydrate, 
to which 80 ml of a cold solution of sulfuric acid (made from 40 ml of 
concentrated sulfuric acid and 90 ml of water) was added [3,9]. 
The mixture was well shaken and then warmed to 58° C in a water 
bath to initiate reaction and was kept at 50° to 58° C during the 
reaction. The chlorine dioxide gas was passed through water to 
wash it before it was absorbed in 250 ml of water kept at 0° C by an 
ice bath. The reaction was complete in about 1 hour and gave about 
8 g of chlorine dioxide in solution. 

The measurements recorded in table 5 were conducted in the 
following manner: Ten-gram samples of glucose, fructose, and sucrose, 
and an 8.325-g . ~ample of I-arabinose were made up to 50 ml with 
water. Ten millilit'el"S of these solutions were introduced into tubes 
prepared for sealing, and the tubes and cOntents coole'd to 0° C. Ten 
milliliters of the preViously prepared ice-cold chlorine dioxide solution 
was then added to each tube while cooling was continued, and the 
tube was sealed and kept in the dark at 20° C. At stated intervals 
the solutions were sampled, the op~ical rot'ations and the reducing
s¥~at 1C<Ju.t~?e 'w~te d~ter~Et~1 !1~~ th~ SQqru~ pft!ulfiee , ~itra'tion ~as 
performed m the mann~r descrl1)ed for the reactlO'ns usmg chlorous 
aCid; 
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3. ANALYSIS OF OXIDATION PRODUCTS FOR CHLORIDE, CHLORITE, 
CHLORATE, AND CHLORINE DIOXIDE 

The investigations in which the reactions were followed by the 
amount of oxidation were supplemented by experiments in which the 
degradation products of the oxidant were determined. In these 
experiments, the quantity of chlorite consumed in the reaction was 
calculated from the difference between the amount added and that 
remaining in the sample. The latter was determined by titration in 
acetic acid solution with thiosulfate according to the method described 
in refer ence [7J. Before titration the chlorine dioxide was removed 
by passing nitrogen through the solution. Chloride was determined 
as silver chloride in the conventional manner, and the "total chlorine 
content" of the solution after removal of the chlorine dioxide was 
determined by reducing all the chlorine compounds to chloride by 
heating with zinc according to the method described on page 408 of 
reference [10J. The total chlorine content of the solution consists of 
the chloride, chlorite, and chlorate chlorine, and hence the chlorate 
chlorine was obtained by subtracting the chloride and chlorite chlorine 
from the total. The amount of chlorine dioxide was calculated from 
the difference between the chlorine originally added as chlorite and 
the chlorine content determined after removing the chlorine dioxide 
by volatilization. This calculation is based on the assumption that 
the only volatile product containing chlorine is chlorine dioxide. The 
results obtained by these methods are given in tables 7 and 10 and 
are discussed on page 132. 

TABLE lO.- Products formed by the oxidation of d-glucose with chlorites in acid 
and in neutral solutions 

Oonstituents 

Ohlorite (initial) __ ______ _______________ _____ ___________ _ 
Ohlorite nnreactcd ____ __ ___ __________________ ________ __ _ 
Ohlorous acid consumed ____ ________________ __ _________ _ 
Glucose oxidized _______________________ ___ __ ___________ _ 
Total chlorine in nonvolatile products _________________ _ 
Ohloride formed in reaction ____________________________ _ 
Ohloride plus chlorate, formed _________________________ _ 
Ohlorate, formed .... __________ J _ _______________ _ _______ _ 

Ohlorine dioxide lost .. __________ __ ____ .. ______ .. ________ _ 

I 
0.0555 mole of 

d-glucose+ 
0.1516 mole of 
NaOIO,+O.I68 
mole of aeetic 
acid in 100 ml 

at 0° 0 for 
24 hours 

Moles 
0. 1516 
. 0000 
.1516 
.0396 
.0721 
.0533 
. 0721 
.0187 
.0796 

II 
0.0555 mole of 

d-glucose+ 
0.0531 mole of 
N aOIO,+0.056 
mole of acetic 
acid in 100 ml 

at 20° 0 for 
24 hours 

Moles 
0.0531 
.0001 
. 0530 
.0166 
.0230 
.0206 
.0229 
.0023 
. 0301 

4. ISOLATION OF THE OXIDATION PRODUCTS 

(a) OXIDATION OF d-GLUCOSE IN NEUTRAL SOLUTION 

III 
0.0555 mole of 

d-glucose+ 
0.0248 mole of 
00(010,). in 

100 ml+OaCO 
at200~ 

7 days 

Moles 
0.0495 
.0081 
. 0414 
. 0160 
.0359 
.0197 
.0278 
. 0081 
. 0136 

Twenty-five grams of d-glucose and 12 g of calcium chlorite were 
dissolved in water and made to a volume of 250 ml. This solution 
was mixed in a glass-stoppered flask with 25 g of precipitated calcium 
carbonate and allowed to stand at 20° C in the dark with occasional 
shaking. In the course of 7 days, the glucose content dropped from 
100 mg/ml to 66 mg/ml and the pH changed from 7_2 to 5.9. On the 
7th, 9th, and 15th days, 6-g portions of calcium chlorite were added. 



140 Journal of Research of the National Bureau of Standards [Vol. $7 

On the 16th day the glucose content was 32 mg/ml; at this time the 
solution was placed in a distillation flask and the chlorine dioxide was 
removed by volatilization in vacuo at room temperature. The 
solution containing calcium carbonate and calcium oxalate in sus
pension was filtered and the insoluble residue washed with hot water. 

The calcium carbonate residue was dried, and the amount of 
calcium oxalate was determined by titmtion in sulfuric acid solution 
with potassium permanganate. The titration showed the presence 
of 0.492 g of calcium oxalate in the residue. This corresponds to 
1 molecule of oxalic acid for each 24.6 molecules of glucose oxidized. 

The solution, containing the soluble products from the oxidation 
described above, was added slowly to 50 g of lime in 150 ml of water. 
The resultant mixture was heated to 50° C, filtered, and the insoluble 
basic calcium salts were washed with satumted limewater. The basic 
salts were then suspended in water and treated with carbon dioxide 
until neutral to phenolphthalein. The carbonated solution was 
heated to boiling, filtered, and concentrated in vacuo to a thin sirup; 
sufficient alcohol was added to saturate the solution, which was then 
seeded with calcium gluconate. After 24 hours the product was 
removed by filtration, washed with 75-percent aqueous alcohol, and 
air-dried. The crystals weighed 3.5 g and gave [a]:g>= +8.5 (water; 
c,63). Calcium gluconate has a specific rotation of +8.5 [11]. The 
mother liquor gave a small second crop of crystalline calcium gluco
nate, but the residue could not be brought to crystallization. 

(b) OXIDATION OF J-ARABINOSE IN NEUTRAL SOLUTION 

Twenty-one grams of l-arabinose and 12 g of calcium chlorite were 
dissolved in water and the volume was made to 250 m!. The solution 
was mixed in a glass-stoppered flask with 25 g of precipitated calcium 
carbonate and allowed to stand at 20° C in the dark with occasional 
stirring. After 2 days the sugar content had dropped from 83.24 to 
44.40 mg/ml and the pH had changed from 7.5 to 5.5. On the 2d 
and 5th days, 6-gram portions of calcium chlorite were added. On 
the 6th day, when the sugar content had dropped to 6 mg/ml and 
considerable calcium arab onate had crystallized from solution, the 
chlorine dioxide was removed by volatilization at room temperature 
and the residmtl calcium salts were collected on a filter and washed 
with water. The calcium ambonate in the filtrate was separated by 
precipitation with 50 g of hydrated lime. The basic salt was collected 
on a filter and washed with limewater. Then the basic salt was sus
pended in water and carbonated until neutral to phenolphthalein. 
The mixture was heated to boiling, and the calcium carbonate was 
removed by filtration and washed with hot water. The filtrate and 
washings were concentrated in vacuo until crystallization began, when 
3 volumes of 50-percent aqueous methyl alcohol was added. On 
standing, 3.4 g of crystalline calcium arabonate separated. The air
dried salt gave [a]~o=+2.81 (water; c, 2.3) and contained 8.66 percent 
of calcium. Calcium ambonate, Ca(CsH90 6)2.5H20 , gives [a]to= +2.97 
[12] and has a calcium content of 8.69 percent. The larger part of the 
calcium arab onate was extracted from the calcium carbonate residue 
separated from the original reaction mixture . This material was 
extracted with boiling water and the water solution was evaporated 

• Throughout this article c designates the concentration of the optically active substaDce in grams per 
100 ml of solution. 
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and brought to crystallization. The first crystals weighed 3.63 g, 
gave [a]~ =+2.85 (water; c, 2.3), and contained 8.90 percent of 
calcium. The second crop of crystals weighed 5.84 g, gave [a)~o= +3.16 
(water; c, 2.3), and contained 8.58 percent of calcium. The total 
quantity of calcium arabonate separated was 12.88 g. As final proof 
of the identification of this material, it was converted into crystalline 
l-arabonic acid, which was found to melt at 112° to 114° C in agree
ment with the recorded value [13). 

Part of the insoluble calcium carbonate residue after extraction of 
the calcium arabonate was dissolved in sulfuric acid and titrated 
with potassium permanganate. The titration showed a total of 0.767 
g of calcium oxalate in the residue. This corresponds to 1 mole of 
oxalic acid for each 21.6 moles of arabinose oxidized. The identity 
of the salt was established by the isolation of crystalline oxalic acid 
from the residue. 

(c) OXIDATION OF LACTOSE IN NEUTRAL SOLUTION 

Forty-eight grams of anhydrous lactose and 12 g of calcium chlorite 
were dissolved and made up to 250 ml with water. This solution was 
mixed with 25 g of precipitated calcium carbonate in a glass-stoppered 
flask and allowed to stand at 20° C in the dark with occasional shaking. 
After 2 days the solution was yellow with chlorine dioxide gas . By the 
5th day the color of the solution had diminished considerably and 12 
g of calcium chlorite was added. Likewise, on the 7th day 12 g of 
calcium chlorite was added. On the 10th day the chlorine dioxide 
was removed from the mixture at 20° C in vacuo and the solution was 
filtered. It was found that the reducing sugar had changed from 192 
to 70.20 mg/ml, and the pH from 7.5 to 5.4. The unreacted calcium 
chlorite in the total solution was about 0.5 g. The insoluble residue, 
which consisted of a mixt.ure of calcium carbonate and calcium oxa
late, was extracted with hot water and dried. The calcium oxalate 
present., determined by permanganate titration in sulfuric acid so
lution, was 0.124 g. This corresponds to 1 mole of oxalic acid for each 
88 moles of lactose oxidized. The filtrate was treated with 50 g of 
freshly hydrated lime. The resultant mixture was warmed to 50° C, 
and the insoluble basic salts were removed and washed with saturated 
limewater. The basic salts, suspended in water, were carbonated 
until neutral to phenolphthalein. The mixture was heated to boiling 
and filtered, and 30 g of CaBrz 6HzO (1.1 M equivalents) was added. 
The solution was concentrated in vacuo to a thick syrup, and crystal
lization was initiated by saturating the solution with alcohol and seed
ing with calcium lactobionate-calcium bromide crystals. After 24 
hours at 4° C the crystals were removed, washed with 50-percent 
aqueous alcohol, and dried at 50° C. Weight, 8.31 g; [a)~= + 18.8 
(water; c, 7.3). Calcium lactobionate-calcium bromide (Ca(C12H21012)Z 
CaBr2·6H20) gives [al~= + 18.7 [14). 
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