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Incorporation of deuterium in acidic and basic media into glyoxal, methyl-
glyoxal, diacetyl, and their quinoxaline derivatives, viz. quinoxaline, 2-methyl-
quinoxaline, 2,3-dimethylquinoxaline has been studied by i.r. and mass spec-
trometry.

ITpn nomoum uHpPaKpacHON U Macc-CIEKTPOMETPHH GbIIO H3YYEHO aeiTe-
PHPOBaHME MOJIEKYJ MNIHOKcalla, METHUIITIMOKCAJIa, AUALIETHIA U UX XHHOKCa-
JIMHOBbLIX MPOU3BOAHBIX, T.€. XHHOKCAJIHHA, 2-METHJIXHHOKCAJIMHA U 2,3-1uMe-
TUJIXMHOKCAJIMHa, B KUCIIOW U LIEJIOYHOMN cpenax.

Although important kinetic data were obtained by our previous studies on
acid-base catalyzed reactions of the simplest monosaccharides [1, 2] and their
products [3, 4], they have been insufficient to elucidate completely the reaction
mechanisms. For these reasons the involved processes have been reinvestigated on
selected model substances using deuterized acids and bases in deuterium oxide.
The present study was undertaken to distinguish between the incorporation of
deuterium into intermediates and final products of acid-base catalyzed reactions of
monosaccharides. Glyoxal, methylglyoxal, and diacetyl can, under certain con-
ditions, be the final products of these reactions. Since these substances are often
isolated by means of quinoxaline derivatives [5] the information about the
incorporation of deuterium into this class of substances is of great importance. It
was also expected that the isotope-exchange study would provide data important to
understand more fully the effect of the carbonyl and azomethine groups upon the
tautomeric equilibria of the studied substances.

The known i.r. spectra of quinoxalines [6, 7], mechanisms of the mass spectral
fragmentation [8, 9], polarographic properties [10, 11], and their separation by gas
chromatography [12] were used as analytical tools. From the point of view of
comparison of the results of i.r. spectroscopy 2,3-dihydroxyquinoxaline has also
been studied.
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Experimental

Instruments and methods

To keep the temperature constant (+1.5°C) a KL 1 thermostat (Laboratorni pfistroje,
Prague), equipped with an incubating lid, has been used. The solutions were neutralized by
way of an automatic titrator TTT 2 (Radiometer, Copenhagen). Polarographic measure-
ments were performed using an OH 102 Polarograph (Radelkis, Budapest). The i.r. spectra
were obtained with a Perkin—Elmer, Model 457 double-beam spectrometer. The mass
spectra (23 eV, emission 30 nA) were taken with a JMS 100 D (Jeol) spectrometer coupled
to a JGC-20 K gas chromatograph.

Chemicals

Glyoxal, methylglyoxal (40% aqueous solution), diacetyl and o-phenylenediamine were
obtained from Fluka, A.G. (Buchs). The quinoxaline derivatives were prepared according to
known procedures [13, 14]. 2,3-Dihydroxyquinoxaline was a product of Spolana
(Neratovice). Deuterium oxide (99.75% D,0), sodium hydroxide-d (40% solution in D,O
— degree of deuteration =99%), and hydrochloric acid-d (37% in D,0O — degree of
deuteration =99%) were obtained from Merck, A.G. (Darmstadt).

Working procedures

Deuterium-exchange reactions were performed in test tubes or flasks equipped with
ground-joint stoppers ; prior to each experiment the reaction vessels were flushed with dry
nitrogen. Deuterated chemicals were transferred from the containers in which they were
delivered, under nitrogen, into rubber capped vials and closed immediately. The solutions
were mixed with the aid of syringes by way of puncturing the rubber closures. Operations
involving the ground-joint vials were done under dry nitrogen. The reactions were run at 50,
70, and 90°C using 0.1 M solutions of quinoxalines, except for 2,3-dihydroxyquinoxaline the
concentration of which was 0.01 M. The reaction volume in D,0, 0.1—1 M-NaOD,
1 M-CH,COOD, and 0.1—4.5 M-DCl was 5—50 ml. For the reactions of dicarbonyl
compounds under basic conditions 0.01 M solutions of the substances in 0.01 M-NaHCO, in
D,O were used. The reactions were terminated by cooling, dilution to at least 20 ml and fast
neutralization to pH 7.5 and 6.5—7 for the reactions run under basic and acidic conditions,
respectively. a-Dicarbonyl compounds were then allowed to react for 15—30 min with
o-phenylenediamine. The formed quinoxaline derivatives were extracted with ether and the
ethereal solutions were dried with anhydrous sodium sulfate. The distribution of quinoxaline
derivatives between ether and water was checked by polarography [15]. After concentration
of the ethereal solution quinoxaline and 2-methylquinoxaline were purified by distillation;
2,3-dimethyl- and 2,3-dihydroxyquinoxaline were crystallized.

The i.r. spectra for 5% solutions in chloroform were measured at 25°C in 0.1 mm sodium
chloride cells. The spectra of 2,3-dihydroxyquinoxaline were measured in KBr or Nujol. The
isotope-exchange reactions were monitored by following the shift of the absorption bands
corresponding to —XH groups (X = C or O). The theoretical ratio of the wavenumbers for
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the substituted and nonsubstituted —XH groups v(X—D)/v(X—H)=0.7 [16]. Prior to
taking the mass spectra the unreacted o -phenylenediamine was separated by gas chromatog-
raphy using a column packed with OV-225 phase.

Results and discussion

The incorporation of deuterium into the methyl group of quinoxaline derivatives
did not occur in basic media, although rather vigorous conditions had been applied
(1 M-NaOD, 90°C, 24 h). When glyoxal, methylglyoxal, and diacetyl were treated
with 0.01 M-NaHCO; at 50°C for 5 h no deuterium incorporation was observed
either. The content of deuterium was determined after the conversion of the
substances, under neutral conditions, to the corresponding quinoxaline derivatives.
When treated with 0.1 M-NaOD (30 min, 50°C), a 0.01 M solution of methyl-
glyoxal gave, by oxidation-reduction disproportionation, lactic acid. It was isolated,
after acidification (pH 2.8), by extraction with ether. The substance contained no
deuterium in its =CH groups. A total deuterium exchange occurred in the hydroxy
groups of 2,3-dihydroxyquinoxaline, regardless of the reaction conditions applied.

Acidic hydrogens in the positions a to the carbonyl groups of a-dicarbonyl
compounds treated with base are split off. The incorporation of deuterium does not
occur, however, since the formed carbanions of the enol forms undergo further
base-catalyzed reactions. When these reactions do not occur, or when they are
sufficiently slow, the deuterium incorporation takes place. An example is the
reaction of simple carbonyl compounds, acetone and acetaldehyde under alkaline
conditions in D,O [17]. In order to minimize the aldolization reactions and/or
oxidation-reduction disproportionations milder basic reaction conditions were
applied next.

When the dicarbonyl compounds studied, or their quinoxaline derivatives, were
treated with D,O at 50°C for 5 h under neutral conditions practically no deuterium
incorporation was observed [18]. Similarly as in basic medium the hydrogen atoms
of the hydroxy groups in 2,3-dihydroxyquinoxaline were fully exchanged under
these conditions.

Under acidic conditions (3 M-DCl, 50°C, 8 h) complete incorporation of
deuterium into the methyl groups was observed for a-dicarbonyl compounds
(methylglyoxal and diacetyl). Glyoxal was not deuterated even when treated with
5 M-DCI at 90°C for 24 h. Under these conditions deuterium exchange was not
observed for the hydrogen of the aldehyde group of methylglyoxal. Deuterium was
incorporated into the methyl groups at the positions 2 and 3 on the heterocyclic
ring of quinoxaline derivatives, i.e. in 2-methyl- and 2,3-dimethylquinoxaline.
Quinoxaline itself was not deuterated even when treated with 5 M-DCl at 90°C for
24 h. These conditions were sufficient to cause a deuterium exchange of the
hydrogen atoms of the heterocyclic ring in 2-methylquinoxaline. Deuterium was
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fully incorporated at the positions 2 and 3 in both quinoxaline derivatives when
they were treated with 3 M-DCI for 20 h at 50°C or with 4.5 M-DCl for 7 h at
70°C.

When 2-methyl- and 2,3-dimethylquinoxaline was treated with 1 M-CH;COOD
for 8 h at 90°C the methyl groups in the substituents were fully deuterized, but the
hydrogen atom at the position 3 remained unexchanged. No deuteration was
observed for glyoxal and quinoxaline, and in methylglyoxal and diacetyl only
partial deuterium exchange (1 D=79%, 2 D=21% and 2 D=62%, 4 D =38%,
respectively) occurred. The hydrogen atom of the aldehyde group in methylglyoxal
remained unchanged.

The i.r. spectra of quinoxaline and the derivatives under investigation were
identical with those in the literature [6, 7]. The alterations of the wavenumbers
resulting from the isotopic substitution (XH— XD) are in Table 1.

Table 1

v(X—H) and v(X—D)* vibrations for quinoxaline derivatives

cm
v(X—D)
Compound v(X—H)
v(C—H) 46(CH;) v(OH) v(CD) 46(CD;) v(OD)
Quinoxaline 2985 1470 — — — — —
2-Methylquinoxaline 2980 1380 — 2250 1175 — 0.76
2,3-Dimethylquinoxaline 2965 1380 — 2210 1185 — 0.76
2250
2,3-Dihydroxyquinoxaline — — 3100 — — 2280 0.72
3160 2220
* X=CorO.

The deuterations observed result from the tautomeric equilibria showing them-
selves in acidic media. With the dicarbonyl compounds it is the keto-enol
tautomery, whereas with the quinoxaline derivatives it is the enamine-imine
tautomery (the formation and the ‘disproportionation of structures containing
CH.= or O= substituents at the positions 2 and 3 in the hexadiazine ring)
(Scheme 1).

In the i.r. spectra (measured in CHCl;) of 2-methylquinoxaline and 2,3-di-
methylquinoxaline the absorption band characteristic of the NH group was not
observed ; the band for CH, group could not be unequivocally determined either,
because of the presence of the aromatic ring. The predominance of the structures IT
was confirmed by the presence of the absorption bands at 1440 and 1380 cm™
[v(CH5)] and at 1565 cm™ [v(CN)]. The spectra of 2,3-dihydroxyquinoxaline
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show characteristic bands at 1695—1700 [v(CO)], 3125 [v(NH)], and 3400 cm™"
[v(OH)]. The v(CN) assignment could not be made definitely because of the
presence of a broad absorption band at 1800—1550 cm™" of the carbonyl groups
and of the aromatic ring. Following the incorporation of deuterium two bands at
2280 and 2180 cm™' were observed [v(OD) and v(ND)], suggesting that the forms
I and II are present in a comparable amount.

The results obtained by i.r. spectrometry were checked by mass spectrometry.
The quinoxaline derivatives show fragmentation characteristics in agreement with
published data [8, 9], by means of which the amount and the sites of deuteration
could be unequivocally determined.

The incorporation of deuterium into the molecules of a-dicarbonyl compounds
occurs obviously as a result of a reversible reaction in the course of which the enol
forms of the substances isomerize to ketones. With quinoxalines, the form I
containing a protonized atom of nitrogen gives the form II during this process.
Since glyoxal or an unsubstituted quinoxaline cannot isomerize to these forms no
exchange reaction of this type is observed. The ease of isotope exchange in
a-dicarbonyl and heterocyclic compounds studied herein is governed by the
basicity of the carbonyl oxygen and nitrogen in the heterocycle, respectively. The
results of the exchange reactions as well as those of i.r. spectroscopy suggest that
the keto-enol tautomeric equilibria for methylglyoxal and diacetyl are shifted
strongly to the keto forms; the same holds for the shift of the equilibria of
quinoxaline methyl derivatives in favour of the forms II. As a result of
ketimine-amine tautomery 2,3-dihydroxyquinoxaline contains comparable quan-
tities of both forms. With this substance complete and instantaneous deuteration of
OH groups occurs even without any isomerization.
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It follows from the present study that methylglyoxal, diacetyl, 2-methylquinox-
aline, and 2,3-dimethylquinoxaline incorporate deuterium only in acidic medium.
Under these conditions no exchange reaction occurs with glyoxal and quinoxaline.
The obtained information about the deuteration of a-dicarbonyl compounds and
quinoxaline derivatives under investigation under various conditions is important
in the elucidation of the reaction mechanism of the acid-base catalyzed transforma-
tion of simplest substances of the sugar series. During this process compounds of
this class play an important role as intermediates or stable derivatives thereof.
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