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ABSTRACT 

In acid and alkalme media, glycolaldehyde (hydroxyacetaldehyde) exists in 
equilibrium with its enediol form, which IS quantitatively oxidized to glyoxal by an 
excess of Methylene Blue. In acid and alkaline media, the enol form of methoxy- 
acetaldehyde is formed. In alkaline medium, this enol is stable; in acid, it undergoes 
hydrolysis to glycolaldehyde. The kinetics of enolization of glycolaldehyde and 
methoxyacetaldehyde were studied polarographically The mechanisms of enolizatlon 
of glycolaldehyde and acid hydrolysis of methoxyacetaldehyde were established both 
from kinetic data and from deuterium-incorporation data. The proposed mechanisms 
were confirmed by quantum-mechamcal calculation of the charge dlstributlon in the 
two compounds studied and their reaction IntermedIates. The glyoxal obtained in the 
oxidation was isolated as quinoxaline and analyzed by mass spectrometry. 

INTRODUCTION 

It is now generally acknowledged that the acids or bases act on monosaccharides 
to produce their enodiol forms as primary, unstable intermediates that determine 
the course of all further acid-base-catalyzed changes. The formation of these enediols 
may be studied conveniently by using glycolaldehyde, as this compound, in contrast 
to all higher monosaccharides, does not undergo dehydration, and its aldol conden- 
sation can be prevented by surtable choice of reaction conditions. We have developed 
a method whereby the rate of formation of the glycolaldehyde enediol maybe moni- 
tored by oxidation with Methylene Blue to produce glyoxal, which techmque broadens 
the choice of chemical and physico-chemical methods avallable for the study of 
keto-enol tautomerism’. 

The use of methylated derivatives of monosaccharides, 111 which the labile 
hydrogen atom is replaced by a methyl group, permits direct confirmation of the 
validity of some theories on the reactivity of simple sugars. The work of Lewis and 
coworkers2-7 has made a great contribution to the clarification of these problems. 
They explained the marked stability of methylated saccharides in alkaline media by 
studying 2,3,4,6-tetra-0-methyl-D-glucose2’3 and 2,3,4,6-tetra-O-methyl-D-mannosea, 
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for which they demonstrated only mutual epimerization by simple keto-enol tauto- 
merism; there 1s no formation of the corresponding ketoses because of exclusion of the 
participation of selective addition and elimination of water in the Nef mechamsm. 
Similar results were obtained wth 2,‘i,4-tri-0-methytxylose5 and 2,3,4-tri-O-methyl-r- 

arabinose6. where the products obtained form 2-furaldehyde more rapidly in acrd 
media than the mitral methylated or unmethylated pentoses. The behavior of these 
permethylated aldohexoses and aldopentoses explains m greater detail the reaction 
of 3-O-methyl-D-glucose’ and especially 2.3-di-O-methyl-D-~lucoses-1’, from which 
methanol is split off in alkahne media in a b-ehmrnation reaction with formation of 

the corresponding 2-methvl ether. It has been shown that direct action of mineral < 
acids on permethylatcd pentoses” and hexoses’3 also produces 2-furaldehyde or 
5-methoxymethyl-2-furaldehyde. respectively. 

Fundamental. quantitative data were obtained in these studres on acid-base- 
catalyzed reactions. To broaden our knowled_ge and obtain necessary quantitative 
data on these reactrons. the kinetics and mechanism of the acid-base-catalyzed 
transf-ormations of the simpIest mode!s. namely. gIycoIaIdehyde and Its methyl ether, 
were studied. 

EYPERIMEXTAL 

Itrstr lfIilfYltS nnd appm 0t11s. - Studres of the kinetics of the enolizatron of 
glycolaldehyde (1) and mcthoxyaldehyde dimethyi acetal (2) were conducted in 
aqueous hydrochloric acrd and sodium hydroxide at defined temperatures, maintained 
with a precwon of 20.1 ’ The reactron was monitored polarographically (Type 
PO4g Polarrter. Copenhagen). The products were analyzed by using a Jeol JMS-D 
100 mass spectrometer. Quantum-chemical calculations were performed with a 
Siemens 4004 computer. The linear dependences were calculated by the least-squares 
method by using a programmable calculator_ 

Cltettticds. - Glycolaldehyde (1. Fluka AG, Buchs SG), methoxyacetaldehyde 
dimethy acetal (2, Aldrich Chermcal Company, Inc.) and methoxyacetaldehyde 3, 
obtained by hydrolyses of 2 (20m\r in 40mxi hydrochloric acid for 4 h at 50”) were 
used in the study_ DC1 WEB Berlin Chemie) and DzO (Koch-Light Laboratorres, 
Ltd_) were also employed. All other chemicals used; Methylene Blue, hydrochloric 
acid, sodium hydroxide, c&rum hydroxide, o-phenyleneduunine, and sodium 
periodate, were of analytical purity_ 

Pt-occdttt-es. - The enolization of glycolaldehyde (1) was studied polaro- 
graphically in a thermostatted polarographic vessel” at the required temperature- 
from the decrease in the her_ght of the polarographic wave of Methylene Blue in acid 
and basic media. Before initiating the reaction. atmospheric oxygen was removed 
from the reaction vessel by purging with pure nitrogen. The polarographic waves 
were recorded by using a saturated mercury(l) sulfate electrode. The hydrolysis of 
20mhr 2 in aqueous hydrochlorrc acrd was monitored by using the polarographic 
curves of the methoxyacetaldehyde (3) formed in a saturated solution of cakium 
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mational energies and electron distributions for the compounds studied were cal- 
culated by the semiempirical PCILO quantum-chemical method15-f6, which is based 
on the Rayleigh-Schrodinger energy expansion, where the individual terms of the 
perturbation expansion are expressed as interactions among the orthonormal sets 
of bonding orbitals. These bonding orbitals are composed of localized, bicentral, 
bielectronic wavefunctions, whose product yields the most suitable wavefunction 
for a molecule having the bonds specified. All integrals are calculated on the basis of 
the ZDO schemes”. The standard geometric parameters of Pople” were employed 

in the calculation: 

t (C-C) 150.3 pm (H-C-C) 108” 
(C=O) 120.5 (O=C-C) 124 

K-0) 140 3 (C-O-C) 112 

(0-H) 100.0 (O-O-C) 11s 
(C-H) 110.0 (C-O-H) 110 
(C-?-O) 130.0 (H-0.*.-H) 120 
(0-i-H) 105.0 
(C=C) 134.0 
(C-C = ) 136.0 

These parameters were kept constant throughout the calculation, and the most- 
stable conformation was found as the energy minimum in the dihedral angles charac- 
terizing rotation about the Individual single bonds. 

RESULTS 

Etlolization of gIwolnldei~_yde irr aqueous l~p+ocldoric acid. - The method for 
measuring the rate of enolization of glycolaidehyde in aqueous hydrochloric acid is 
based on observattons of the rapid oxidizability of the enediol of glycolaldehyde by 
Nlethylene Blue as found here and employed in the solution of a number of practical 

problems. As the two-electron oxidation of the enediol form of glycolaldehyde to 
glyoxal is accompanied by two-electron reduction of Methylene Blue to its leuco form, 
the concentration of unreacted glycolaldehyde may be determined directly from the 
decrease in the hetght of the polarographic wave of Methylene Blue. A practical 
example cf the study of the enolization of @ycolaldehyde by using Methylene Blue 
is given in Fig. 1. It was found that the enolization of glycolaldehyde in acid and 
alkaline media is first order with respect to glycolaldehyde and zero order with respect 
to Methylene Blue; that is, it is independent of the concentration of Methylene Blue, 
as also was found for halogenation of acetone’ 8_ It is obvious that both of these 
reactions are catalyzed by acids and by bases. It was found that the rate constants 
measured for the enolization in the range of 1-5rnbt glycolaldehyde studied with 
m;M Methylene Blue; or m&r glycolaldehyde with I-3mbt Methylene Blue in 4.5hI 
hydrochloric acid at 50”, are comparable and independent of the concentration range 
chosen for the reactants used. 
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Fig. 1 Time dependence of the enohzation of 5rnhj glycolaldehyde m 4.5~ hydrochloric acid at 50” 
The rate of enohzation was monitored on the polarographic wave for the rcductlon of 3mht Methylcne 
Blue m dependence \crth time: 0 Cl), 3 (2), 6 (3), 10 (4), 15 (5). 20 (6), 25 (7). 30 (8). and 35 (9) mm. 

0 20 40 60 
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Fig. 2. The kinetic dependence of the enohzation of 5m:.t glycolaldehyde studlcd in 2 5 (l), 3 5 (2). 
4.5 (3), 5.5 (4), and 6 5~ (5) hydrochloric acid at 50”. 

The orientation experiments described for studying the rate of enolization of 

glycolaldehyde by using Methylene Blue, as catalyzed by aqueous solutions of hydro- 

chloric acid, were used for selection of optimal reaction conditions. In most instances, 

5rnhI glycolaldehyde and 3mbr Methylene Blue were used m 2.5-6.5~1 hydrochlorrc 

acid at 50”. 
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FIN. 3. Dependence of the rate constant for enolization of glycolaldehyde on the molar concentration 
of HCI (I), on the acidity function (/to) (3), and the mean activity of hydrochloric acid (a,) (3) at 50”. 

The rate constants for enolization of glycolaldehyde for the selected concen- 
trations of hydrochloric acid at 50” were determined from the dependences depicted 
in Fig. 2. As indicated in Fig. 3. the rate-constants measured Increase more rapidly 
than the molar concentration of hydrochloric acid and, in contrast, when using the 
Hammett acrdity function (IzO), more slowly than would correspond to linear de- 
pendences. These requirements are best met by the dependence of the rate constants 
on the mean activity of hydrochloric acid (a=), as was also found for the dehydration 
of trtoses’ 9_ The required vaIues of the mean, molar-activity coefficients cfi) for 
calculation of the mean activity of hydrochloric acid (a= = c-f&) at 50” were cal- 
culated from the known mean, molal activity-coeffictents (yI)20*21_ The values of the 
acidity function (h,) were calculated” from Ho at a temperature of 50”. A value of 
the catalytic constant for enohzation of glycolaldehyde of k,, = 1.60 x IO-‘L. 
mol-‘_s-’ was found from the dependences of the rate constants on the mean activity 
of hydrochlonc actd at 50” (Fig. 3, No. 3). 

Kinetic measurements on 5mu glycolaldehyde in 4.5~ hydrochlorrc acid at a 
temperature of 30-60” was performed in order to determine the activation energy 
for enohzatron of glycolaldehyde. The activation energy was found graphically by 
using the Arrhenius equation: the calculation was performed with cataIytic constants 

(X-,*) obtained from the measured rate-constants (/c) and the mean activity of 

hydrochloric acid (cL) calcu!ated for each temperature used”. An activation-energy 
value of E,+ = 112.2 k.f.mol-’ was found from the measurements described and 
from calculations for the enolization of glycolaldehyde in an acid medium. 

Etrolization of glycolalde/lyde in aqueous sohtiom of sodium &froside. - The 
reactivity of glycolaldehyde in alkaline solution was much higher than that in acid. 
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Fig. 4. The kinetic dependence of the enolization of mhl glycolaldehyde In I X IO-” ( I), 2 x IO-’ (2). 
4 Y lo-’ (3) and 6 x 10-zar sodium hydroxide (4) at 25”. 

To limit the undesirable aldolization reaction of glycolaldehyde to a negligible value, 
its initial concentration was decreased to lmbr. Similarly, Methylene Blue displayed 
a certain concentration-decrease in alkaline media; however, over the period used for 
kinetic measurement of the enolization of glycolaldehyde, the decrease was small_ 

Although glycolaldehyde as well as Methylene Blue is polarographically active in 
alkaline media, the enolization wds studied on the basis of the tnne-decrease m the 
limiting current of Methylene Blue. 

The rate constants for enohzation of glycolaldehyde at various concentrations 
of sodmm hydroxide at 25” were found from the dependences depicted m Fig. 4. 
The rate constants observed were directly proportional to the correspondmg concen- 
trations of sodium hydroxide, from which the constant kOH - = 8.9 x IO-” Lmol- ‘s- ’ 

at 25” was found for catalysis of the enolization of glycolaldehyde by hydroxrde ion. 
The kinetic measurements were conducted over the temperature range 20-40” 

to find the activation energy for the enolization of glycolaldehyde as catalyzed by 
hydroxide ion. An activation energy EOH- = 82.9 kJ.mol-’ was obtained from the 
given dependences. 

H~~drolysis of r7ler/losyrrcet~Ideflyde dimetflyl crcettrl (2) in nqrreom hydrochlol ic 

acid. - Although the hydrolysis of 2 with formation of methoxyacetaldehyde (3) is 
not really a part of the problem studied, It was conducted in order to determme 
whether the rate of this hydrolysis is sufficiently large not to affect the rate of the 
enolization of methoxyacetaldehyde. The practical importance of this study lies in 

determination of whether 2 may be employed directly in study of the kinetics of the 
enolization of methoxyacetaldehyde. The kinetics of the hydrolysis of 1Omhr 2 was 
studied polarographically in 8-80mbf HCl at 50°, as described in the procedure_ The 
dependence of hydrolysis of 2 to methoxy&etaldehyde on the concentration of 
hydrochloric acid at 50” is depicted in Fig. 5. The corresponding catalytic-constant 
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Fig. 6 The calculated course of the enolization of 5maI methoxyacetaldehyde (I), temporary 
formatIon of glycolaldehyde (2), and its enolization (3) in 4 5~ hydrochloric acid at 50”. The e\perl- 
mentally determined values of the catalytic constant for enolrzation of methoxydcetaldchyde ( I j(o) 
and enolization of glycolaldehyde (4)(r) \\ere used in the calculation. 

k, rapid k, 

HC=O HC-OH HC=O HC-OH 

I -, II -+ I * II (I) 
CHzOMe HC-OMe CH,OH HC-OH 

The calculated time-courses of the concentrations of all three compounds are deplcted 
in Fig. 6. The points on the curves correspond to the experimental data. 

The reaction of 5rnM 2 in 4.5h1 hydrochloric acid over the temperature range 
50-70” was studied in order to determine the activation energy for the enolization 
of methoxyacetaldehyde; this was found to be E,,, = 134.6 kJ.mol-‘. 

Incorporation of deuterirm hto glycolaldehyde itI sohrtiom of DCI and NaOD 

in D,O. - The incorporation of deuterium into glycolaldehyde was demonstrated 
in the reaction of 1OmM glycolaldehyde in 4.5,~ DC1 in D,O at 50” over a period of 3 h 
under conditions listed under (a) in the procedure (without Methylene Blue). In 
the isolated quinoxaline, mass spectrometry demonstrated the presence of 40, 51, 
and 9 ok of quinoxaIine having molecular weights of 130, 131, and 132, respectively. 
Under the experimental conditions described under (b) (in the presence of Methylene 

Blue), the presence of 95 and 5% quinoxaline having molecular weights of 130 and 
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131, respectively, was demonstrated. Thus, in the former case, undisturbed incorpora- 
tion of deuterium into the glycolaldehyde molecule occurred in the reversible reac- 
tron of glycolaldehyde and Its enediol. In the latter instance: the enediol of glycol- 
aldehyde is rapidly oxidized by Methylene Blue to glyoxal, and thus incorporation 
of deuterium into the glycolaldehyde molecule is small (N 5 %). Similarly, in alkaline 
medium under the conditton s gtven under (d) (without Methylene Blue), incorpora- 
tion into glycolaldehyde was demonstrated, and the quinoxaline obtained from this 
reaction contained 64.3, 2s. 3, and 7.4% of quinoxaline having molecular weights 
of 130, 131, and 132, respectively_ In contrast, under the experimental conditions 
given under (c) (in the presence of Methylene Blue), only quinoxaline having a 
molecular weight of 130 was obtained. Consequently, no incorporation of deuterium 
into glycolaldehyde occurred, because its enedrol form is rapidly oxidized to glyoxal 
by the Methylene Blue present; this compound condenses with o-phenylenediamine 
to yield the stable quinoxaline. It should be noted that, in prevrous work, we demon- 
strated that deuterium is not incorporated mto qumoxaline itself either in acid or 
in alkaline mediaz3. These experiments were performed to corn%-m the existence of a 
mobile equilibrium between glycolaldehyde and its enediol in both acid and alkaline 
media, accompanied by the mcorporation of deuterium into the glycolaldehyde 
molecule, and also to demonstrate that, under the given experimental condrtions, the 
consumption of Methylene Blue provides a quantitative measure of the rate of 
enolization of glycolaldehyde. 

When using 2 (and, consequently methoxyacetaldehyde), under the experi- 
mental conditions listed under (c) (m the presence of Methylene Blue), a considerable 
proportion of deuterium was incorporated into the glycolaldehyde formed (79.1, 
17.7, and 3.2 % of quinoxaline having molecular weights of 130, 131, and 132, respec- 
trvely). The formation of quinoxaline of mol. wt. 132 in this experiment and also 
quinoxaline having molecular weight 131 (5 O/Q when using glycolaldehyde alone 
under experimental conditions (b), may be considered as a consequence of the in- 
ability of Methylene Blue at the concentration used to oxidize completely the glycol- 
aldehyde enediol formed, so that the given amounts were converted back into glycol- 
aldehyde during deuteration. ignoring these inaccuracies, it was found that, under 
the given condttions, the enediol form of glycolaldehyde is oxidized by Methylene 
Blue to glyoxal without incorporation of deuterium, in contrast to methoxyacetal- 
dehyde, from which 20.9 % of monodeuterated quinoxaline is obtained under similar 
conditions. Whereas quinoxaline contains only two (66.6%) of the original three 
hydrogen atoms of glycolaldehyde (100 %). calculations indicated that the deuterium 
content in the onginal glycolaldehyde was 31.3 %, which is close to the theoretical 
value (33.3 %) for incorporation of one deuterium mto glycolaldehyde. The calcula- 

tions were based on the simplifying assumption that elimination of an Hf or D’ 
ion from glycolaldehyde is equally probable during enolization. 
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A- HA 
HC=O HC=O HC-0 - HC-OH 

I = I - II = II (3) 
CH,OH HC-OH HC-OH HC-OH 

HA A- 

It follows from the values obtained for the rate constants that the enolization 
of glycolaldehyde as catalyzed by acids is much slower as compared with catalysis 
by bases. This observation explains the proposed mechanism in which the rate- 
determining step is abstraction of a proton from the glycolaldehyde molecule (in 
acid medium from the protonated form, whose concentration is small as a result of 

the low basicrty of the carbonyl oxygen atom of glycolaldehyde and also of the low 
concentratron of the free unhydrated form) by the general base in either acid or 
alkaline medium. Clearly, the basicities of the bases used for base-catalyzed enoliza- 
tion of glycolaldehyde are mcomparably greater than the basicity of the conjugated 
bases of the acids used, and of water. Consequently, it seems that the formation of 

enediol in acids is the slowest step, not only with glycolaldehyde, but also with higher 
monosaccharides. In contrast, the formation of their enol intermediates in alkaline 
media is rapid in comparison with the subsequent reactions”. 

As already mentioned, the rapid oxidation of 1,2-ethenediol to glyoxal by 
Methylene Blue in acid and alkaline media prevents the reverse reaction and thus also 
incorporation (4) of deuterium into glycolaldehyde. 

It should be noted that not only Methylene Blue, but also other inorganic or organic 

redox systems, could be useful for studymg these types of reactIon. 

For the foregoing reasons, a kinetic study was also made of the hydrolysis of 
methoxyacetaldehyde drmethyl acetal (2) wrth formation of rnethoxyacetaldehyde. 
It was found that this hydrolysis is catalyzed only by acids, and not by bases. The 

CH20Me 

- CH30H H&-OMe + Hz0 

I 
CH,OMe CH2OMe 

OH 
/ + 

HC\t/H HC-OH HC=O 

I 

MeoH_ 

I 

H2O _ 

H,O+ I 
bH2OMe ;Ih20Me (5) 
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Fig 7. Charge distribution (in 101 e) in the most-Gable conformation of glycolaldehyde and methoxy- 
acetaldehyde in their protonated and enol forms. 
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The mechanism for acid-catalyzed enolization of methoxyacetaldehyde is the same 
as that (2) given for enolization of giycolaldehyde; however, the vaiue of the catalytic 

constant is 7.3 times smaller and the value of the activation energy is, on the other 
han&, 22.4 kJmol-l greater than for glycolaldehyde. The difference in the rate of 
enolization of methoxyacetaldehyde and glycolaldehyde is aIso a measure of the 
decreased acidity of the a-hydrogen atoms (in methoxyacetaldehyde) caused by the 
positive induction-effect of the methoxyl group (Fig. 7, structures 1,2). As, in the 
given instance, it is not possible to study individually the hydrolysis of the enol 
form of methoxyacetaldehyde produced, that is, of the corresponding vinyl ether, 
and it is possible only to employ knowledge obtained in study of similar vinyl ethers. 
Consequently, it is assumed that the hydrolysis of 2-methoxy-1-ethenoi is a general 
acid-catalyzed reaction, where the slowest step is proton transfer from the general 
acid to the /?-carbon atom of the given enol ether, with formation of the resonance- 
stabilized oxonium-carbonium cation 35 This preferential protonation of the given . 
carbon atom in the 2-methoxy-I-ethenol molecule is in agreement with the cal- 
culated distribution of electron charges on the carbon atoms of the multiple bond in 
the particular molecule (Fig. 7, structure 2b). At this stage, deuterium is incorporated 
into the molecule of glycolaldehyde formed. All of the subsequent reactions, namely, 
addition of water with formation of the corresponding hemiacetal and elimination 

of methanol with formation of glycolaldehyde, are rapid. Interestingly, disregardmg 
the different mechanisms of hydrolysis of acetals (A-l) and vinyl ethers (A-%2), 
their intermediates have the same structure and similar ratesZ*-29. Application of 

these observations to the reactions studied here indicates that not only the hydrolysis 
of 2 to methoxyacetaldehyde, but also the hydrolysis of its enol ether to glycolalde- 
hyde, is approximately IO3 times greater than the enolization of methoxyacetaldehydt. 

Methoxyacetaldehyde also undergoes enolization in alkaline media in a manner 
similar to that demonstrated for glycolaldehyde, higher monosaccharides, or their 
methylated derivatives. The finding that addition of water to 2-methoxy-1-ethenol, 
as demonstrated for vinyl ethers, is not direct but occurs on a protonated inter- 
mediate, also explains the corresponding stability of methylated sugars in alkaline 
media. 

In connection with the kinetic studies described for the enolization of glycol- 
aldehyde and its methyl ether, caIculations by the PCILO method’5*‘6 also yielded 
the energy differences in the stability of the two forms of the compounds studied. The 
fact that the carbonyl forms of simple aldehydes and ketones are more stable than 
their corresponding enols is well known; however, the difference in stabihty of the 
two forms can be changed by simple substitution_ The calculated energy-difference 
between glycolaldehyde and its enol form (Fig. 7, structures I, 1 b) is d E = E(enol) - 
E(aldehyde) = 52.1 kJ.moI-’ and indicates a marked shift in the equilibrium towards 
the aldehyde form of glycolaldehyde. Replacement of the hydroxyl group in glycol- 
aldehyde by a methoxyl group leads to a decrease in this difference to 34.1 kJ.mol-’ 
(Fig. 7, structures 2,2b), which is in agreement with the results of Hehre and Lathan36, 
who found that increasing the rc-electron donor character of the +substituent de- 
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creases the energy difference between the aldehyde and enol forms of the acetaldehyde 
derivati\ es 
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