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Ionization constants of sugars: a predominant factor 
in the cyanogen-induced phosphorylation of sugars 

CH. DEGANI 

Isotope Departmwt, The Weirmann Institate of Science, Rehooot (Israel) 

(Received November 3rd. 1970; accepted for publication, November 30th, 1970) 

Cyanogen-induced phosphorylation has been suggested as a simple method 
for synthesizing aldose l-phosphates’*2. By this me th o d, phosphorylation of a free 
sugar with orthophosphate is carried out in aqueous solutions (pH 6.7-8.8) in the 
presence of cyanogen. Reducing mono- and di-saccharides are readily phosphorylated 
by this method, whereas polyhydroxy compounds (e.g., glycerol) or non-reducing 
sugars (e.g., sucrose and trehalose) fail to undergo phosphorylation (see Tabie I). 
Furthermore, the presence of a free-hemiacetal hydroxyl group, although necessary, 
is not sufficient for a successful phosphorylation; thus, 2-deoxy-D-erylhro-pentose 
is inactive towards phosphorylation’ (see Table I). 

These experimental facts suggested that phosphorylation of reducing sugars 
might be controlled by the acidity of the hemiacetal hydroxyl group. In order to find 
a possible correlation between the pK value of a sugar and its capability to undergo 
the phosphorylation reaction, the ionization constants of several sugars were measured. 

Ionization constants of D-glucose, D-ribose, 2-deoxy-D-eryr/?ro-pentose, 
D-arabinose, L-arabinose, D-xylose, and L-xylose were determined by potentiometric 
titration3. The pK values are presented in Table I, together with some literature data. 
The values obtained by us for pentoses are in good agreement (except in the case of 
arabinose) with those obtained by the entropy titration procedure”. In the case of 
ribose and glucose, measurements were also made at constant ionic strength (,u = 0. l), 
and the results were similar to those obtained without maintaining constant ionic 
strength. As shown in Table I, there is a distinct correlation between the pK values 
of sugars and their tendency to undergo the phosphorylation reaction. Thus, arabinose, 
which has a higher pK value than either glucose or xylose, is phosphorylated to a 
smaller extent (6% yield) than the other two sugars (ca. 20% yield). 2-Deoxy-D- 
erythro-pentose, having a still higher pK value, completely fails to undergo phos- 
phorylation’. 

The mechanism suggested for the preferential phosphorylation of the hemi- 
acetal hydroxyl group is shown in Fig. 1. 

The cyclic mechanism clarifies the importance attributed to the acidity of the 
hemiacetal hydroxyl group. The required activation process of the phosphorylation 
agent cyano(imino)methyl phosphate is accomplished by protonation by means of the 
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relatively acidic hydrogen of the hemiacetal hydroxyl group. Protonation of the 
imino nitrogen atom makes it electron deficient and thus causes increasing electron- 
withdrawal from the adjacent phosphorus atom which favours a simultaneous 
nucleophilic attack by the hemiacetal oxygen atom. 

GN2 + HPOZ- - 
2- n-glucose 

NC-C(=NH)OPO, - 

Fig. 1. Mechanism for cyanogen-induced phosphorylation of a hemiacetal group of a sugar. 

The acidity of the hemiacetal group is explained by the combined inductive 
effects of the ring oxygen atom and the hydroxyl groups which are both electron- 
attracting and exhibit negative inductive effects (-I). The remarkably high pK value 
of 2-deoxy-D-eryfhro-pentose, relative to that of D-ribose, is apparently due to the 
absence in the former compound of an hydroxyl group at the position CL to the hemi- 
acetal group. A similar effect on the ionization of an acidic group exerted by an 
a-hydroxyl group is found in the case of propionic and lactic acids. The former acid, 
which lacks an a-hydroxyl group, has a pK value of 4.87, whereas the latter has a 
pK value of 3.86’“. 

EXPERIMENTAL 

D-Arabinose, L-arabinose, D-ribose (Mann), r-xylose (Calbiochem, B Grade), 
and 2-deoxy-D-er]Vhro-pentose (Sigma) were used without further purification. 
D-Glucose (British Drug House) and commercial D-xylose (Eastman-Kodak) were 
purified according to Isbell and Wade’ 6. 

Ionization constant measurements. - All pH measurements were made with a 
Radiometer pH meter TTTla equipped with a scale expander and a special Radiometer 
glass-electrode GK 2025B for the region above pH 12. An accuracy of -f-O.005 pH 
unit was achieved. The pH meter was calibrated with the following buffer solutions: 
(I) Beckman buffer solution, pH 10; and (2) 1OmM trisodium phosphate buffer 5b 
wa,HP04 (1.419 g) + 100 ml Of o.lM sodium hydroxide in 1 litre of water], pH 11.72. 
Titrations were carried out in a thermostated beaker (t_ O.l>“. A slow stream of argon 
was continuously bubbled through the titrated solution. This provided efficient stirring 
as well as an inert atmosphere, which was essential for preventing the presence of 
carbon dioxide and for avoiding the oxidation of sugars under basic conditions. Care 
was taken to exclude atmospheric carbon dioxide from all solutions, which were 
made up from ion-free, degassed water. 

Titrations were carried out with potassium hydroxide, which is preferable to 
sodium hydroxide in potentiometric titrations, because a higher ratio of potassium 
to hydrogen ions can be permitted before accuracy is affected’=. 

Curbo/?yd. Res., 18 (1971) 329-332 
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For pH measurements, solutions (total volume, 2 ml) were prepared by mixing 
four different amounts of 0.1~ potassium hydroxide with a stock solution of a sugar. 
All measurements were performed at least twice, and each sugar was titrated at three 
different molar concentrations (0.1, 0.06, 0.04). 

Calculations of the ionization of sugars (K,) were made according to the 
following equation3 : 

K,=A*f,H-. aH+/(C@ucose-A), where, 

A = (GO” -[KH,~/(fb~- -%+N>- 

=KOH and =glucosc are the molar concentrations of potassium hydroxide and D-glucose 
respectively ; KHz0 is the ioric product of water at 25” (1.01 x 10-14, Ref. 5d); aH+ is 
the potentiometrically measured, hydrogen-ion activity; and &- is the activity 
coefficient of the hydroxy! ion determined by measuring the pH of a pure solution 
of potassium hydroxide of known concentration3 (C,oH). Calculations were per- 
formed by using an Olivetti Programma 101 computer. 
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