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ABSTRACT 

The final product compositions of the alkaline (calcium 
hydroxide) degradation of D-fructose in the presence of 
formaldehyde at several D-fructose/formaldehyde ratios, and of the 
formose reaction were determined by WLC and GC analysis. At 
decreasing D-fructose/formaldehyde ratio a gradual change of the 
composition was observed except for lactic acid and the oligomeric 
acidic products, which show a minimum and a maximum, respectively. 
A mechanistic explanation is given by the aldolization of 
formaldehyde both with saccharides and with their subsequent 
or-dicarbonyl intermediates , which favours the formation of 
oligomeric products at the cost of lactic acid. It is established 
both experimentally and theoretically that there is no essential 
mechanistic difference between the formose reaction and the 
alkaline degradation of monosaccharides. 

2 The formose reaction , i.e. the oligomerization of formaldehyde in 
aqueous alkaline solution, results in a mixture of monosac- 
charides, called formose or formose sugars. The product mixture 
largely consists of both linear and branched aldo- and ketopen- 
toses, and the respective hexoses. In addition, variable amounts 
of linear and branched alditols as well as hydroxycarboxylic 
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562  DE BRUIJN, KIEBOOM, AND VAN BEKKUM 

acids are irreversibly formed by (cross-)Cannizzaro reactions. 
Much research has been devoted to the improvement of the 
selectivity of the reaction. It has been reported that a proper 
choice of reaction conditions, catalysts, and additives leads to a 
preferential conversion of formaldehyde into ethylene glycol , 2- 

4 5 C-hydroxymethylglycerol , D,L-arabinitol , or 2,4-di-C-hydroxy- 
methyl-3-pentulose , respectively. 

3 

6 

The reaction conditions of the formose reaction are quite 
similar to those of the alkaline degradation of monosaccharides , 
i.e. [HO-] > loM3 M, T = 40-90 OC, and 0.01-1 M reactant. It 
should be noted that in comparison with the fast conversion of 
formaldehyde, the alkaline degradation of formose sugars or 
monosaccharides is slow. For example, at 80 OC in aqueous 
saturated Ca(OH)2, formaldehyde is converted within a few minutes, 
apart from a variable time of induction (see below), whereas the 
alkaline degradation of D-fructose takes about 2 hours. Thus, by 
the use of short reaction times subsequent degradation reactions 
can be largely prevented. Maximum conversion of formaldehyde 
together with a maximum yield of formose sugars has experimentally 
found to be attained at the so-called "yellowing point", based on 
colour development in the reaction mixture as an indication that 
irreversible alkaline degradation of the formose sugars starts to 
occur. The composition of the reaction mixture after complete 
alkaline conversion of the formose sugars is close to that of the 

899 product mixture of alkaline degradation of monosaccharides . 
Furthermore, the formose reaction requires the initial presence of 

7 

trace amounts of > C 
ses 
reactions. 

aldehydes lo' 11, which 
taking place are "normal" aldolization 

2 

It is expected that monosaccharides, 
formose reaction, also might influence 

means that the proces- 
and retro-aldolization 

besides initiating the 
the selectivity of the 

reaction when present in higher concentrations. In addition, 
knowledge of the final reaction products of formaldehyde and 
monosaccharides in alkaline solution is of importance for the 
sugar manufacture. The formaldehyde used for controlling micro- 
biological activity in the diffusion section is decomposed in the 
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ALKALINE DEGRADATION OF MONOSACCHARIDES. VI 5 6 3  

presence of invert sugar during the main liming. For these 
reasons, we have investigated the influence of monosaccharides, in 
particular D-fructose, on the formose reaction at various monosac- 
charide/formaldehyde ratios using HPLC and GC analysis12 of the 
final carboxylic acid products. 

The total concentration of carbohydrates, expressed as 
mol-C /L (e.g. 6 mol formaldehyde/L corresponds to 1 mol-C6/L) was 6 
chosen between 0.025 mol-C6/L and 0.050 mol-C6/L in order to 
eliminate any concentration effects . The reactions were per- 
formed in a thermostatted (78 OC) vessel (150 ml) under N2. An 

excess of solid calcium hydroxide (590 mg in 100 ml water) was 
applied as the base, resulting in a constant HO- concentration 
( N  0.03 M) during the reaction. The composition of the final 
reaction mixtures as a function of the starting molar D-fructose/- 
formaldehyde ratio is depicted in Fig. 1. Going from the D-fruc- 
tose alkaline degradation (left) to the formose reaction (right) 
there is a gradual change in the composition except for lactic 
acid and the > C6 acids, i.e. the oligomeric acidic products , 
which show a minimum and a maximum, respectively, at D-fructose/- 
formaldehyde = 1/6. In addition, more branched C and C5 sac- 
charinic acids are formed at higher formaldehyde concentrations. 

Aldolization of formaldehyde with saccharides and their 
intermediate alkaline degradation compounds explains the observed 
change in composition of the final carboxylic acid products upon 
addition of formaldehyde (Fig. 2). Comparison of the degradation 
of D-fructose towards lactic acid (route A) with that including 
the interference by formaldehyde (routes A + B) clearly 
demonstrates the possible effects of formaldehyde on the degrada- 
tion pattern. At a first approximation, there exists a direct 
correlation between the amounts of > C6 acids and lactic acid 
formed (Fig. 1). Apparently, formaldehyde functions as a scavenger 
for C3 enediol (anion) species - precursors of lactic acid - by 
the formation of the non-enolizable species J (Fig. 2). As a 
result, lactic acid formation decreases, whereas aldolization of I 
with other enolizable carbonyl compounds may be responsible for 
the enhanced > C6 acid formation. 
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Fig. 1 .  Carboxylic acid products as a function of the molar 
D-fructose/formaldehyde ratio. Reaction conditions: 0.025 
M D-fructose (except at the ratios 1/36 (0.0042 M) and 0 
(0.15 M formaldehyde)); 590 mg Ca(OH)Z in 100 ml H20, 78 
O C ,  N2, 7 h,  100% conversion. 

1. > C acids 6. C 5 -saccharinic acids 
2. lactic acid 7. C -saccharinic acids 
3. 2-methylglyceric acid 8. agetic acid 
4. 2,4-dihydroxybutyric acid 9. glycolic acid 
5. formic acid 10. glyceric acid 
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Fig. 2. Simplified reaction sequence for the alkaline degradation 
of D-fructose into lactic acid without (A) and in the 
presence of formaldehyde (A + B). 
Numbering of reaction types: 
1. retro-aldolization, 
2. aldolization, 
3. enolization, 
4. 8-elimination, 
5. benzilic acid rearrangement, 
6. aldolization with other enolizable carbonyl compounds. 
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566 DE BRUIJN, KIEBOOM, AND VAN BEKKUM 

Furthermore, aldolization of enols with formaldehyde will 
compete with the @-elimination to dicarbonyls, which in turn may 
aldolize with formaldehyde in stead of other carbonyl compounds. 
As are assumed to be the main precursors of coloured 
compounds , these reactions explain the retardment of colour 
formation upon addition of formaldehyde (Fig. 3 ) .  The rate of 
colour formation is indicated by the time elapsed until the 
yellowing point (t ). Up to the yellowing point, the formation of 
acidic products can be neglected and, consequently, only 
formaldehyde and saccharides derived thereof will be present in 
the reaction mixture . At the yellowing point formaldehyde is 
almost completely converted (Fig. 4) and concomitantly a maximum 
concentration of saccharides is attained. 
The various fructo-formose reactions carried out can be also con- 
sidered as normal formose reactions since the initial composition 
of these mixtures reflects more or less that of the formose reac- 

dicarbonyls 
14 

YP 

2 

0 i 116 1/36 0 
mol 0-fructose 
rnol formaldehyde 

Fig. 3. Time elapsed until the yellowing point (t ) as a function 
of the molar D-fructose/formaldehyde Tatio. Reaction 
conditions: see Fig. 1. 
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ALKALINE DEGRADATION OF MONOSACCHARIDES. VI 567 

tion mixture between t = 0 and t Indeed, the t of the various 
fructo-formose reactions versus their initial formaldehyde-sac- 
charide compositions, as indicated by A in Fig. 4, correlate quite 
well with the conversion curve of formaldehyde in the formose 

YP' YP 

reaction. The results also confirm the earlier conclusion 10,ll 

that the fornose reaction has to be considered as an autocatalytic 
reaction sequence consisting of aldolization and retro-aldoliza- 
tion steps and that the first step of the formose reaction 
(C1 + C1 - Cz> does not occur at all. Using the derived 
relation 11 

ar 
[CHZO] = - kt ' 1+@e 

100 

60- 

40 - 

2 0  - 

0 I I I I 

0 2 4  6 8  
t (mid 

Fig. 4. Reaction course of formaldehyde (0.15 M) in alkaline 
medium (590 mg Ca(0H) in 100 ml HZO, 78 O C ,  N ): 0 ,  
experimental data; A, igitial compositions of the f2ructo- 
formose mixtures versus their correspohding t observed 
(data from Fig. 3 ) ;  YP, yellowing point. 
The dotted line is the theoretical conversion curve of 
formaldehyde calculated according to the kinetic relation 
for an autocatalytic reaction sequence (see text). 
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568 DE BRUIJN, KIEBOOM, AND VAN BEKKUM 

[Cnl 
in which OL is the initial CHZO concentration and = - [ CHZO] with 
Cn > C2 carbonyl species, the experimental data in Fig. 4 
correlate with a pseudo first order reaction rate constant k = 2.7 

min-' and 0 = 2 f (see dotted line in Fig. 4). 
The results clearly show that (retro-)aldolization reactions 

are of major importance for both the formose reaction and the 
alkaline degradation of monosaccharides. In other words, there is 
no essential mechanistic difference between these two reactions. 
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