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A wealth of experimental data, which frequently contradicts itself, has been accumulated on the hydrogenation and 

hydrogenolysis of sugars [1-3]. This is especially true of the mechanism of these processes. 

Quantum-chemical studies are very valuable for determining the sequence of steps and direction of reactions. They 

enable the "study" of short-lived intermediates, i.e., radicals, ions, and ion-radicals, that often cannot be studied experimentally. 

We used a semi-empirical MINDO3 method [4], which is highly recommended for studying oxygen-containing hydrocarbons 

[5]. 
Therefore, we performed quantum-chemical calculations in order to answer the separate questions about the 

mechanisms of hydrogenation and hydrogenolysis of monoses, in particular, xylose. 

Any pentose or hexose can be represented by four structural forms [6]: two cyclic (pyranose and furanose) and two open 

(hydroxyaldehyde and endiol) [2]. All four structural forms of xylose were calculated in order to establish the electronic 

structure and analyze the stability and reactivity of the molecules. 

The geometric structure and charge distribution of the structural forms of xylose are shown in Fig. 1. Figure la and 

-b show that the C2-C 3 bond is noticeably shortened on going from the hydroxyaldehyde to the endiol form. This is consistent 

with its strength. Numerous experimental data confirm this. The effect of the Cl-C 2 double bond explains it. 

An analysis of the geometric structure and charge distribution of the cyclic hemiacetal structures suggests that the 

decrease in the number of C atoms in the ring on going from xylopyranose to xylofuranose causes a significant decrease in the 

C2-C 3 bond. This may be explained by the higher energetic stability of the xylofuranose. 

The calculated heats of formation and total energies indicate that the cyclic forms are more stable than the open ones, 

which are more reactive. Of the two cyclic forms, xylofuranose is the more stable one; of the two open ones, the endiol. These 

data confirm many conclusions about the very high reactivity of the hydroxyaldehyde monoses [7]. The energy of the lowest 

unoccupied and molecular orbital under otherwise equal conditions enables the activity of the molecule toward reduction, such 
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as hydrogenation and hydrogenolysis, to be estimated. The energy characteristics of the xylose structural forms are given below: 

Structural form Heat of formation, kcal/mol 

Hydroxyaldehyde - 187.951 

Endiol -223.110 

Pyranose -226.952 

Furanose -237.507 

Electron affinity 
Total energy, eV 

(LUMO energy), eV 

-2338.458 0.695 

-2339.983 1.222 

-2340.150 0.414 

-2340.607 1.098 

The calculated electron affinities (LUMO energy) show that the pyranose and hydroxyaldehyde forms should be the 

most active toward reduction. This is consistent with the lowest energy for the LUMO compared with the other forms. The final 

product of xylose hydrogenation is xylitol. Therefore, we calculated the energy of xylitol and determined the hydrogenation 

energy using the formula 

AEreaction = ~ . , E n p r o d u c t s  - EEnreactants, 

where En is the total energy of the molecules. 

The results of the calculations, which are listed below, confirm that the hydroxyaldehyde form of xylose is the most 

reactive toward reduction. This is consistent with the lowest AE for the reaction: 

Structural form Hydrogenation energy, eV 

Hydroxyaldehyde - 1.715 

Endiol -0.190 

Pyranose -0.023 

Furanose +0.434 

The positive energy of hydrogenation for the xylofuranose indicates that energy must be expended for the hydrogenation 

to occur. 

Several theories that are sometimes contradictory also exist for the hydrogenolysis of sugars and polyols [8-11 ]. We 
performed quantum-chemical calculations in this area also. We found that decomposition of the hydroxyaldehyde form of xylose 

from the two possible directions is more favored for formation of the hydroxyethanal and the glycerine aldehyde: 

Compound 

1. Xylose hydroxyaldehyde 

2. Xylose 

3. Xylitol 

Product formed Cleavage energy, eV 

a) dihydroxypropanol and hydroxyethanal 0.049 

b) methanal and trihydroxybutanal 0.764 

a) methanal and butenetetraol 0.788 

b) hydroxyethanal and propenetriol 0.166 

c) dihydroxypropanal and ethanediol 1.473 

a) methanol and trihydroxybutanal 1.385 

b) ethanediol and dihydroxypropanal 1.244 

c) propanetriol and hydroxyethanal -0.020 

d) butanetetraol and methanal 0.749 

Three different directions are possible for decomposition of the endiol form of xylose. Of these, the most energetically 

favorable is formation of propenetriol and hydroxyethanal; the least, cleavage of the C2-C 3 bond [12]. This has often been 

observed experimentally and is explained by the effect of the double bond, which weakens the [3-bond and strengthens the t~- 

bond relative to the double bond. 

The study of xylitol decomposition showed that the most energetically favorable direction is that which forms glycerine 
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and hydroxyethanal. Comparison of the three decomposition reactions revealed that the most favorable in all instances is the 
one that forms hydroxyethanal (directions la, 2b, and 3c). It is interesting that the energetic favorability of the carbohydrate 
decomposition is determined not by the site of bond cleavage but by the structure of the products formed. A comparison of the 
data suggests that the indirect decomposition that proceeds through xylitol formation is the most probable for xylose 
hydrogenolysis. 

Thus, energy characteristics of the four structural forms of xylose are calculated by a quantum-chemical method. Their 
reactivities toward hydrogenation and hydrogenolysis are determined. It is shown that the hydroxyaldehyde form of xylose is 
most reactive toward reduction. The energetic favorability of hydrogenolysis is determined by the structure of the products 
formed, in our instance, xylitol. 
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