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ABSTRACT 

In alkaline solutions, the 3-deoxyaldosuloses are degraded by two distinct 
reaction pathways: (l), rearrangements to isomeric saccharinic acids, and (2) to 
aldonic acids by an oxidative carbon-carbon bond cleavage. Thus, 3-deoxy-D-eryfhro- 
hexosuiose gave 3-deoxy-D-ribo and D-arabino-hexonic (“a’.‘- and “j3’‘-D-gluco- 
metasaccharinic) acids in a ratio of approximately 1 to 4 by a benzyl-benzilic acid 
type of rearrangement and was oxidized to 2-deoxy-D-erythro-pentonic acid. Similarly, 
3-deoxy-D-three-hexosulose was rearranged to 3-deoxy-D-xylo and D-lyxo-hexonic 

( “ a “- and “/3’‘-D-galactometasaccharinic) acids in the same ratio and was oxidized 
to 2-deoxy-D-three-pentonic acid. The preponderant pathway, even under oxidative 
conditions, was found to be the rearrangement reaction. The effects of cation, alkali 
concentration, and temperature were also determined. 

INTRODUCTION 

It has been well established that 3-deoxy-D-erytllro-hexosulose is an intermediate 
in the formation of 3-deoxy-D-ribo and D-arubino-hexonic (“a’‘-and “j?“- D-@UCO- 
metasaccharinic) acids under mild alkaline conditions in an inert atmosphere1-3. 

However, the effect of oxygen on 3-deoxy-D-erythro-hexosulose in alkaline solutions 
has not been investigated. The reactions giving rise to D-glucometasaccharinic acids 
are important in the field of pulping chemistry, since the formation of D-glucometasad- 
charinic acid end-units in a cellulose molecule render the polysaccharide more stable 
to alkali. As a result, losses of cellulosic material during alkaline pulping are de- 

creased. An earlier paper in this series4 dealt with the alkaline degradation of cel- 
lobiose under a variety of conditions. There it was found that D-glucometasaccharinid 
acids were not formed. Instead, oxidation reactions predominated, gibing rise to 
aldonic acids. It was considered important to degrade 3-deoxy-D-erythro-hexosulose 
under the same non-oxidizing and oxidizing conditions as were used for cellobiose, 
and determine the influence of oxygen upon the intermediate giving rise to D-gluco- 
metasaccharinic acids. 

*Presented, in part, at the Third Canadim Wood Chemistry Symposium, Vancouver, B.C.., June 1970. 
**In cooperation with the University of Wisconsin, Madison, Wisconsin. 
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Vicinal dicarbonyl compounds capable of undergoing the benzyl-benzilic acid 
type rearrangement5 to a-hydroxyalkanoic acids can also undergo rupture between 
the carbonyl groups by an oxidative mechanism and give rise to two shorter-chain 
carboxylic acids. For example, 4deoxy-D-glycero-2,3-hexo-diulose is rearranged in 
lime water to“Dglucoisosaccharinic” acid under oxygen-free conditions, and is 
oxidized by 30% hydrogen peroxide to a mixture of glycolic and 3,4dihydroxybutyric 
acid&’ Likewise, 3-deoxy-D-eryfhro-hexosulose is rearranged by oxygen-free lime 
water to D-glucometasaccharinic acids, and is fragmented to formic and Zdeoxy-D- 
erythro-pentonic acids by 30% hydrogen peroxide ’ _ 

Another factor which seems to play an important part in the be&l-benzilic 
acid type of rearrangement is the cation employed in the alkali. Divalent cations such 
as calcium and barium give the highest yields of the rearrangement products, whereas 
monovalent cations such as sodium and potassium favor fragmentation of the carbon 
skeleton. There has been speculation that this is due to an internal complex-formation 
with divalent cations’. Thus, I-deoxy-D-erythru-2,3-hexodiulose in calcium hydroxide 
gives predominantly the rearrangement product, “ a”-D-glucosaccharinic acid, whereas 
in sodium hydroxide the major products are acetic and D-erythronic acids’. Likewise, 
D-arabino-hexosulose in calcium hydroxide forms D-mannonic acid by a stereospe&c 
rearrangment, whereas in sodium hydroxide D-arabinonic acid is the major product lo. 
It is clear that two distinct types of reaction occur with the dicarbonyl intermediates 
in alkah: (a) rearrangements to isomeric saccharinic acids, and (b) oxidative chain- 
cleavage to aldonic acids. The extent of these two reactions on 3-deoxyaldosuloses in 
non-oxidizing and mildly oxidizing* alkaline media are studied herein. 

Since the formation of 3-deoxyaldosuloses involves the loss of two asymmetric 
centers, only two structures are possible for the products in the D-series, the D-erythro 
configuration, in which the hydroxyi groups at C-4 and C-5 are cis, and the D-three 
configuration in which these two hydroxyl groups are cram. If C-4, C-5, and C-6 have 
any influence on the rearrangement reaction, these differences should be observed in 
the degradation of 3-deoxy-D-erythro-hexosulose and its D-three analog. 

ExPERlMJ3TTALl 

3-Deoxy-D-erythro-hexosulose. - The following procedure is a modification of 
the one originally given by Kato ’ ‘. To 30 g of D-glucose in absolute methanol (20 ml) 
was added 17 ml of butylamine, and the mixture was stirred for 30 ruin at 65”. The 
light yellow solution was cooled quickly to 25”, 10 ml of glacial acetic acid was 
added, and the mixture was again stirred for 30 tin at 65”. The resuI.Gng black 
solution was cooled quickly to 25” and diluted with 300 ml of distilled water. Decol- 
orizing carbon was added, and the mixture was stirred for 1 h. After atering the 
mixture through a bed of Celite, the straw-colored filtrate contained three components, 
as indicated by t.1.c. in 6:3:1 (v/v) ethyl acetate-ethanol-water. The major product, 

having &tvcose 0.35 was found to be the Amadori product1 ‘, l-butyhunino-l-deoxy- 
D-fructose’ 3. Minor spots having &t*ase 1 .O and 1.3 were found to be D-glucose and 
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3-deoxy-D-eryt[zro-hexosulose, respectively. To remove the nitrogenous material, the 
aqueous soIution was passed through a column of Bio-Rad AG 5&v-X8 (H*) resin 
(4 x 20 cm bed of resin). The ef?iuent was evaporated under diminished pressure 
below 40” to a thick, fight-yellow syrup weighing 6.2 g. This syrup was dissolved in 
a minimum amount of ethanol and applied to the top of an Avicel* column (3 x 60 cm) 
and chromatographed in the 6:3:1 solvent system. The pure fractions containing 
3-deoxy-D-eryyfhrcz-hexosuIose were combined and evaporated below 40” to a thick 
syrup weighing 0.87 g, 

3-Deoxy-D-three-lze_vo&ose. - By the above procedure, 30 g of D-galactose 
gave 0.94 g of chromatographicahy pure 3-deoxy-D-rhreo-hexosulose, RGnlPcioSe 1.8 in 
the 6:3:1 solvent. 

Degradation of 3-deoxyaidosuloses. - Run A. Purified nitrogen gas was bubbled 
through 25 ml of 0.02M Ba(OH), (prepared from deoxygenated, distilled water) in a 
IOO-ml bubbling tower equipped with a closed side-arm and two vacuum-sealed 
stopcocks. Nitrogen was allowed to pass through the solution for 15 min, and was then 
closed off. -4 vacuum was employed to evacuate the reaction vessel, which was then 
filled again with nitrogen. This procedure was repeated four times, and then 0.035 g 
of 3-deoxy-D-eryt!zro-hexosulose was added from the side arm inside the flask. The 
fiask was shaken. Nitrogen gas was bubbled through the solution throughout the 
degradation. A temperature of 25” was maintained by using a constant-temperature 
water-bath. Niquots of 3 ml were removed, under nitrogen, at different time-intervals 
and the reaction products were determined. 

Rtrn 23. The procedure was that given for Run A, except that no special 
precautions were used to exclude air from the flask when samples were removed. The 
flask was opened to the atmosphere for sampling, and ahquots were withdrawn by 
means of a disposable pipet. 

Rraz C. Oxygen gas was bubbled through 25 ml of 0.02M Ba(OH), for 0.5 h, and 
then 0.035 g of 3-deoxy-D-ez-yttzro-hexosmose was added. A temperature of 25” was 
maintained and oxygen gas was bubbled through the solution throughout the degrada- 
tion. Aliquots of 3 ml were removed at various time intervals. 

RWZ D. The procedure was as given for Run C, except that 0.04~ NaOH was 
used. 

Rrrn E. The procedure was as given for Run C, except the temperature was 
maintained at 50”. 

Rirzz I;. The procedure was as given for Run E, except that 0.2M Ba(OH), was 
used. 

Run G. The procedure was as given for Run C, except that the temperature was 
maintained at 100”. 

Run H. The procedure was given for Run C, except that 0.035 g of 3-deoxy+- 
three-pentosulose was used. 

Arrtomated detectiojz of products. - The aliquots from the various reactions 

*Microcrystalline c&dose available from FMC Corporation, American Viscose Division, Newark, 
Delaware. 
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were neutralized with Bio-Rad AG 5Ow-X8 (H*) resin. The solutions were decanted 
into small test tubes and frozen until needed. It is impoltint to note in this neutrali- 
zation procedure that the resin should be added, the mixture shaken, and the pH be 
determined quickly. Once neutral the solution should be separated immediately, 
because lactones form rapidly in the presence of the acid resin and the losses of free 
acids are significant. Corbett and Liddle14 also found this to be a problem in the 
determination by the resin methods of total acids produced in the alkaline degradation 
of D-glucose. In those solutions where lactonization accounted for more than 1% of 
the total products (as determined by the area under recorded peaks described later), 
0.02 ml of 2~ KOH was added to ensure complete conversion into the acid salts. 

After warming the solution to 25”, a sample (0.6 ml) was pumped (0.6 mi/min) 
by means of a peristaltic pump onto a column (0.6 x 72 cm) packed with Bio-Rad AG 
l-X8 (200400 mesh) resin in the acetate form. The column was eluted with water 
(1.8 ml) and the acids eluted with 2M acetic acid. The eluate from the bottom of the 
column was divided into two fractions. One part went to a fraction collector and 
the other was analyzed by the automated periodate-pentane-2,4_dione assay 1 5 for 
reieased formaldehyde, employing a Technicon Autoanalyzer. The yellow color 
developed in the assay, due to the formation of 3,5-diacetyl-l+dihydro-2,6-lutidine, 
was recorded at 420 nm. The amount of each compound was determined by compa- 
rison of areas under peaks relative to standard runs. The results are given in Tables I 
and II. 

DISCUSSION 

The alkaline degradation of the 3-deoxyaldosuloses provides an opportunity to 
determine the effects of oxygen on the intermediate that gives rise to 3-deoxyhexonic 

TABLE I 

IUZENTIONTUHESOFCO~OUNDSONBI~-FLAD AGI-XS(200-4W MESH)RESIFP 

Compound Time to peak center (min) 

Siundurd 3-deoxy-nexythro- %&?Oxy-D-threO- 

hexosukse hexosufose 

3-Deoxy-D-erythro-hexosulose 
3-Deoxy-D-lhreo-hexosulose 
Lactoncs of acids listed below 
Z-Deoxy-D-eryrhro-pentonic acid 
2-Deoxy-D-rhreo-pentonic acid 
3-Deoxy-D-rib@hexonic 

(“cc”-D-glucometasaccharinic) acid 
3-Deoxy-Mrubino-hexonic 

(“9”-D-ghIcometasaccharinic) acid 
3-Deoxy-D-xylo-hexonic 

(“a’‘-D-galactometasaccharinic) acid 
3-Deoxy-D-Zyxo-hexonic 

(“B”-D-gtiactometasaccharinic) acid 

42-44 42 
42-M 43 
50-52 50 50 
64-66 64 
64-66 65 

84-86 

loo-104 

85-87 

98-102 

84 

100 

86 

98 

“Acetate form, elution with 2~ acetic acid. 
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TABLE II 

ALKALINE DEGRADATlON OF 3-DEOXYP_X.DOSULOSES= 

15 min 2 h 6h Endo 

3-Deoxy-D-erythro-hexosulose 
No, 25”, 0.02~ Ba(OH)z 

Trace 02, 25”, 0.02~ Ba(OH)s 
02, 25”, 0.02~ Ba(OH)2 
02, 25”, 0.04~ NaOH 
02, SO”, 0.02~ Ba(OH)s 
02, 50”, 0. 2~ Ba(OH)s 
02, 100”. 0.02~ Ba(OH)s 

2-Deoxy-o-eryrhro-pentonic acid 
Ns, 25”, 0.02~ Ba(OH)s 

Trace 02, 25”, 0.02M Ba(OH)s 
02, 25”, 0.02~ Ba(OH)s 
02, 25",0.04~ NaOH 
02, SO”, 0.02~ Ba(OH)2 
02, SO”, 0. 2hl Ba(OH)2 
02. loo”, 0.02~ Ba(OH)2 

“a”-D-Glucometasaccharinic acid 
Nz, 25”, 0.02~ Ba(OH)s 

Trace 02, 25”, 0.02~ Ba(OH)2 
02, 25”, 0.02~ Ba(OH)2 
02, 25”, 0.04~ NaOH 
02, 50”, 0.02~ Ba(OH)2 
02, 50”. 0. 2~ Ba(OH)s 
02, IOO”, 0.02hr Ba(OH)z 

“/?‘‘-D-Glucometasaccharinic acid 
Ns, 25”, 0.02~ Ba(OH)s 

Trace 02, 25”, 0.02M Ba(OH)z 
02, 25", 0.02~ Ba(OH)2 
OS, 25',0.04~ NaOH 
02, 50”, 0.02~ Ba(OH)2 
02, 50”, 0. 2M Ba(OH)2 
02, loo”, 0.02~ Ba(OH)2 

3-Deoxy-D-three-hexosulose 
02, 25”, 0.02~ Ba(OH)s 

2-Deoxy-D-three-pentonic acid 
02, 25”, 0.02~ Ba(OH)z 

“a”-D-Galactometasaccharinic acid 
02, 25”, 0.02~ Ba(0I-Q 

“8’‘-D-Galactometasaccharinic acid 
02, 25",O.O2M Ba(OH)2 

68.2 
66.8 
56.0 
63.1 
18.9 
14.2 
3.1 

28.2 
25.6 
23.1 
19.9 
9.9 
7.1 

22.6 
19.4 
18.2 

5.4 
3.G 

7.1 
2.3 
4.6 
3.8 

1.2 
7.8 

15.6 
7.0 

20.0 
20.3 
16.8 

2.7 
8.9 

31.0 
14.6 
26.8 
25.2 

9.5 
35.9 
16.8 
23.9 
21.2 

14.8 
41.5 
22.6 
24.1 

8.7 
7.2 
8.4 
6.0 

12.9 
26.1 
24.4 

17.5 
16.4 
8.6 

12.7 
15.1 
27.6 

17.0 
8.5 

12.3 
17.5 
31.3 

19.5 
11.5 
13.9 
16.2 

21.9 
18.2 
20.0 
23.8 
48.1 
39.4 
55.6 

51.6 
49.0 
37.3 
52.8 
48.2 
40.2 

51.0 
36.2 
52.6 
53.2 
44.4 

58.6 
44.6 
58.8 
55.9 

35.4 28.9 3.6 

22.4 24.4 36.3 

10.2 

32.1 

11.1 

35.5 

15.7 

44.4 

aExpressed as molar percent yields. bPeriods of B, 4 days; C, 9 days; D, 11 days; E, 2 days; and 
H, 9 days. 
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(metasaccharinic) acids. Since D-glucometassaccharinic acid is not formed to any 
great extent in the degradation of cellobiose4 or cellulose’ ’ in the presence of oxygen, 
it is not known whether this is due to the lack of formation of the 3-deoxyaldosulose 
or whether the 3-deoxyaldosulose, once formed, is degraded to other products. 

Table II clearly shows that non-oxidative benzil-benzilic type of rearrangement 
to the metasaccharinic acids is the preponderant reaction, even in the presence of 
oxygen. Run A demonstrates that the pathway by oxidative carbon-carbon bond 
cleavage to 2-deoxy-D-erythro-pentouic acid can effectively be eliminated by excluding 
oxygen. Run B shows how sensitive these reactions are to oxygen and that alkaline 
30% hydrogen peroxide is not required. The controls in this run closely resemble 
the conditions most often referred to in the literature as an “oxygen-free” environ- 
ment; in this case 15% of the total products are lost in oxidation products. 

The differences between Runs C and D contradict previous findings of the 
effect of monovalent versus divalent cations. It would be expected that the most 
severe conditions favoring fragmentation would be with sodium hydroxide in an 
oxygen atmosphere. The greatest proportion of the fragmentation product, 2-deoxy- 
D-erythro-pentonic acid is formed, however, in the presence of oxygen and divalent 
baritim. This is inconsistent with existing theories of the participation of divalent ions 
in the benzil-benzilic type rearrangement discussed earlier and is under further investi- 
gation. 

In the rearrangement reaction, “CL”-and “j3’‘-D-glucometasacchariuic acids are 
produced in a ratio of approximately 1 to 4, indicating some stereospecificity in the 
reaction. This was also found with “o-galactometasaccharinic” acid, indicating C-4, 
C-5, and C-6 exert no stereochemical influence on the rearrangement. In the alkaline 
degradation of D-erythru-hexosulose? Lindberg and Theander” found a very selective, 
stereospecific rearrangement to D-mannonic acid in preference to o-gluconic acid, 
probabIy due to the influence of the asymmetric center at C-3. Since the 3-deoxy- 
aldosuloses do not contain this asymmetric center it is not clear what are the control- 
ling factors to produce this one-sided ratio. Since the same ratio is observed when 
monovalent sodium is used, it can be assumed that the complexing nature of divalent 
barium is not the explanation for the stereochemical preference. It is interesting to 
note that at high alkali concentrations (0.2& Run F) the ratio of “CL” to “j3” is reduced 
to 1 to 1.5. 

The effect of increasing the temperature in these reactions is less pronounced 
than was found for cellobiose4. The yield of the o.xidation product decreases as the 
temperature is increased and slightly more ‘sa” o-glucometasaccharinic acid appears 
at higher temperatures. 

Finally, the data prove that in the previous degradation of cellobiosec, the 
3-deoxy-D-glucosyl-D-eryt/lro-hexosulose was not formed. If it had been produced 
as an intermediate from cellobiose, the D-glucosyl-D-glucometasaccharinic acid would 
have been observed, since the rearrangement is the predominating reaction pathway 
under-all conditions employed. 
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