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The reaction of 1,2-diaminobenzene with 2,3-butanedione is subject to general acid catalysis in 
acetate and phosphate buffers (pH 4-7). The rate-limiting step of formation of 2,3-dimethyl­
quinoxaline consists in the protonation of dipolar tetrahedral intermediate. In the case of the 
reaction of 1,2-diaminobenzene with ethyl 2-oxopropanoate, the dehydration of carbinolamine 
gradually becomes rate-limiting with increasing pH in acetate buffers, whereas in phosphate buffers 
a new reaction pathway makes itself felt, viz. the formation of amide catalyzed by the basic buffer 
component and by hydroxide ion. 

The cyclization reaction of aromatic ortho diamines with ex-dicarbonyl compounds, 
known under the name quinoxaline reaction, is used to prove either of the reaction 
components l and to prepare a number of quinoxaline derivatives2 - 4 • Kinetics of 
this reaction has not yet been studied in detail, and there exists no comprehensive 
treatment of its mechanism. This present report gives results of kinetic measurements 
of the reaction of 1,2-diaminobezene with ethyl 2-oxopropanoate and 2,3-butane­
dione in aqueous acetate and phosphate buffers and discusses the respective reaction 
mechanisms. 

EXPERIMENTAL 

All the reagents used were commercial chemicals. 1,2-Diaminobenzene m.p. 104-105°C was 
used as such; ethyl 2-oxopropanoate was distilled before use, b.p. 74-76°CjI5 kPa; 2,3-butane­
dione was purified by fraction distillation at 87 - 88°C. For the kinetic measurements a fresh 
solution of 0'01 moll- l 1,2-diaminobenzene in 0'02 mol 1- 1 hydrochloric acid was prepared 
every day. The solution of 0·2 moll- l ethyl 2-oxopropanoate in redistilled water was mixed 
with 1 : 1 acetate buffer to make its final concentration c. 2. 10- 3 moll- l , and this solution 
was used for two days at most. The solution of 2,3-butanedione (1 . 10- 2 moll- l ) in redistilled 
water was stable. The solutions of acetate and phosphate buffers were prepared from the p.a. 
chemicals and redistilled water. Their ionic strength O' 5 moll- l was adjusted with KCI, and their 
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pH was measured with a Precission Digital pH meter Radelkis using the combined glass and 
saturated calomel electrodes at 25°C. 

The ratio of 1,2-diaminobenzene to its conjugated acid in acetate buffers of O· 5 moll- 1 ionic 
strength was determined spectrophotometrically (Specord UV-VIS, Zeiss). In a 1 cm cell, 0·4 ml 
8.10-4 mol 1-1 1,2-diaminobenzene was added to 1·6 ml buffer, and the spectrum was recorded 
in the range of 250-330 Dm. The proportion of the base to the overall concentration of 1,2-dia­
minobenzene was determined from the ratio (A - ABH)/(AB - ABH), where A is the absorbance 
value in the buffer, and ABH and AB are the absorbances in 0·1 moll- 1 Hel and in 4 : 1 phosphate 
buffer, respectively, always measured at 294 nm. The ratio values 0·14, 0·41, and 0·70 were found 
for the acetate buffers 4 : 1, 1 : 1, and 1 : 4, respectively. 

The kinetic measurements were carried out spectrophotometrically (Specord UV-VIS, Zeiss) 
at 25°C at the ionic strenght of O· 5 mol 1- 1 • 1,2-Diaminobenzene (20 J.11) was injected intoa 1 cm 
cell containing the buffer, KCl, and 2,3-butanedione«(l to 4).10- 3 moll-I) or ethyl 2-oxo­
propanoate«2 to 8) . 10- 2 moll-I) and the absorbance increase was measured at 316 or 334 nm, 
respectively. The rate constants were calculated from the relation kexpt = -In (Aoo - At) + 
+ const. In the case of ethyl 2-oxopropanoate, a slow absorbance increase was observed even 
after the reaction examined was finished. The reaction was followed up to c. four half-lives, and 
the Aoo value was determined by the method of stepwise approximation in such way that the 
time dependence of In (A 00 - A t) were linear throughout the measurement range. The stoichio­
metric rate constants were obtained by dividing kexp by the concentration of carbonyl compound, 
and the rate constants k related to the free base were obtained by dividing the stoichiometric 
constant by the molar proportion of the free base. 

RESULTS AND DISCUSSION 

The reaction of 1,2-diaminobezene with ethyl 2-oxopropanoateS (A) and with 2,3-
butanedione6 (B) was followed at a great excess of the carbonyl compound, hence the 
reaction kinetics was pseudo-first order. At the reversed ratio of the reacting com­
ponents the kexp values were not reliable due to the high absorbance of l,2-dia­
minobenzene. 

(XNH2 

I + 
~ NH 

2 

(8) 

The dependence of the rate constants k of reaction (B) on concentration of the 
acid buffer component are given in Fig. 1, and that of k of reaction (A) on con­
centration of potassium hydrogen phosphate in Fig. 2. The dependence of k of reaction 
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(B) on the buffer composition and concentration is defined by the empirical equation 
(1) where [HA] means concentration of the acidic buffer component. 

k = a + b[H+] + c[HA] (1) 

The proton concentration is so small in phopshate buffers, that the expression b[H+] 
can be neglected as compared with the other terms of the equation, hence practically 
all the points of the dependence of k on [HA] lie at a single straight line for all the 
phosphate buffers used. 

Taking into account the available knowledge about the reactions of amines with 
carbonyl compounds 7 -12, we can describe the reaction mechanism by Scheme 1. 

(XNHZ 
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2 
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The reaction rate constant for the second amino group and the second carbonyl 
group of 2,3-butanedione must be several orders higher than that of formation of n 
or the protonated Schiff base II (an intramolecular process13), hence the rate-limiting 
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step must consist in the protonation of the intermediate Tt to give T: and in the 
simultaneous water-assisted proton transfer Tt -+ T;' (Eq. (2)). 

(2) 

The dependence of k on [HA] is linear in the whole range of buffer concentration 
and composition, hence the cyclization goes via Tf -+ I and not via the Schiff base II. 
If the Schiff base were one of the reaction intermediates, its formation would become 
rate-limiting with increasing pH and increasing buffer concentration, and the slope 
value of the k vs [HA] dependence should gradually decreasel4• The K1kHA values 
are given by the slope of the dependence of k on [HAl The values KlkO and K1kH 
were determined by plotting the intercepts at the y axis (Fig. 1) against the proton 
concentration· (Table I). As the protonation of the negatively charged oxygen atom 
of the Tt intermediate by the hydroxonium ion is considerably thermodynamically 
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FIG. 1 

Dependence of the rate constant k (in 
1 mol- 1 s -1) of the reaction of 2,3-butanc­
dione with 1,2-diaminobenzcne on the con­
centration c of acetic acid and hydrogen­
phosphate in acetate buffers 4: 1 (0), 
1: 1 «), 1 : 4 (e), and in phosphate buffers 
4: 1 (e), 2: 1 «), 1: 1(.,), and 1: 2 (0), 
respectively 
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Flo. 2 

Dependence of the rate constants k (in 
1 mol- 1 s -1) of the reaction of ethyl 
2-oxopropanoate with 1,2-diaminobenzcne 
on the concentration c of hydrogenphosphate 
in phosphate buffers 1: 1 (0) and 1 : 4 «) 

• The proton concentration was calculated from the dependence [H+) = - antilog pH; the 
activity coefficient of the proton is close to 1 at the ionic strength of 0·5 mol 1- 1 (see e.g. ref.1S), 

but its precise value cannot be found16• 
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favourable, it can be presumed that the rate of this reaction is diffusion-controlled, 
and the kH value is (4 ± 1).1010 I mol- 1 S-1 (ref.17). Using this value and the 
KlkH value experimentally found (1.5.106 12 mol- 2 S-I) we obtain Kl ~ 4.10- 5 

I mol-I. 

The dependence of the stoichiometric rate constant of the reaction (A) on the 
acetic acid concentration decreases with decreasing proton concentration (Fig. 3). 
The course of the dependence in Fig. 3 is typical of the change in the rate-limiting 
step from the protonation of the Tl intermediate (and its direct transformation 
into 'n) (Scheme 2) to the dehydration of the carbinolamine 'n (ref. 14). The rate 
constant k is defined by Eq. (3) 

(3) 

where kc = ko + kH[H+] + kHA[HA] is the overall rate constant of the trans­
formation Ti- -+ r;" and kr means the overall rate constant of the reverse reaction 
T; -+ Ti-; the ratio kc/ kr is equal to the equilibrium constant of the reaction 
Ti- +± 1'; and is independent of both pH and buffer concentration; kd means the 
rate constant of dehydration of the carbinolamine T; into the Schiff base III 
(Scheme 2). 

(XNH2 

I + 
,-:::; NH 

2 

- --
11/ 

SCHEME 2 

Equation (3) can be rewritten to the form (4) which can be transformed to Eq. (5). 

k- 1 = kr/(Ktkckd[H+]) + (Klkctl = (KCAkd[H+]tl + (KJkct t (4) 

(k- t - (KCAkd[H+]tltl = Kt(ko + kH[H+] + kHA[HA]) (5) 
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KCA is the equilibrium constant of formation of the carbinolamine 1'; from the 
starting components, and the expression KCAkd[H+] represents the k value at such 
a high [HA] concentration (experimentally inaccessible) that kr ~ kd[H+], hence 
the carbinolamine stands in a rapid pre-equilibrium with the starting components 

TABLE I 

The rate and equilibrium constants of the reaction of 1,2-diaminobenzene with 2,3-butanedione 
(B) and ethyl 2-oxopropanoate (A) 

FIo_ 3 

Quantity 

K1 kO 
K1kH 
KlkHAd 

KlkHAb 

Kl 

ko 
kH 
kHAd 

kHAb 

KACkd 
KTkAc 

KTkOH 

Units 

I mol- 1 8- 1 
12 mol- 2 s-1 
12 mol- 2 s-1 
e mol- 2 s-1 
I mol- 1 
s-l 
I mol- l s-'l 
I mol- l s-l 
I mol- l s-l 
12 mol- 2 s--l 
12 mol- 2 s-l 
12 mol- 2 S-l 

Dependence of the rate constant k (in 
1 mol- 1 s - 1) of the reaction of ethyl 
2-oxopropanoate with l,2-diaminobenzene 
on the concentration c of acetic acid in 
acetate buffers 4: 1 (0), 1 : 1 (), and 1 : 4 
(e) 

(A) 

0-25 ± 0-05 
(2-2 ± 0-3) _ 104 

15-5 ± 2-0 

5 _ 10- 7 

5 _ 105 

4 _ 1010 

3-1 _ 107 

(1'50 ± 0-15) . 105 
23± 3 
(4 ± 1) _ lOs 

o 
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(B) 

2-0± 0-5 
(1-5 ± 0-2) _ 106 

300 ± 3-0 
240 ± 10 
4 _ 10- 5 

5 _ 104 
4 _ 1010 

7-5 _ 106 

6 _ 106 

0-' 0-2 
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and its dehydration is rate-limiting. The values corresponding to the acetate buffer 
ratios used were calculated by optimization from Eq. (5) and the k values found. 

Figure 4 presents the dependence of the values from the left-hand side of Eq. (5) 
on the acetic acid concentration for the used ratios of acetate buffers. The K1ko, 
K1kH , and KlkHA values found from slopes and intercepts in the same way as in the 
reaction with 2,3-butanedione are given in Table I. Using the value kH = 4. 1010 
I mol- 1 s - 1 we calculated the value K 1 = 5 . 10 - 7 I mol- 1 which is almost two 
orders lower than the corresponding equilibrium constant of the reaction of 1,2-
diaminobezene with 2,3-butanedione. 

Whereas in the reaction with 2,3-butanedione the cyclization of the carbinolamine 
Tf is presumed (on the basis of the k vs [H+] dependences found) to be the main 
reaction pathway, in the reaction with ethyl 2-oxopropanoate we presume that the 
carbinolamine T; is, at first, dehydrated to the protonated Schiff base III which is 
cyclized faster than the carbinolamine itself is. A similar conclusion was arrived at 
by Cociverall ,12 who studied the cyclization reactions of pentanedione and ethyl 
2-oxobutanoate with hydroxylamine and explained this fact by a far greater reactivity 
of keto group (as compared with ester group) towards nucleophiles: in these cases 
he presumed a reactivity difference of 6 orders of magnitude. 

In phosphate buffers (Fig. 2) the reaction is catalyzed by OH- ions and the basic 
buffer component, which indicates a new reaction pathway to operate18• The general 
base catalysis in neutral and mildly basic media is typical of aminolyses of esters l9 •ZO 

(Scheme 3). The rate-limiting step consists in splitting off of the proton from the T± 
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intermediate to give T- which is either decomposed to amide and ethoxide ion or 
reversibly transformed into the To intermediate. The generally base-catalyzed 
reaction of NHz group of 1,2-diaminobenzene with the ester group of ethyl 2-oxo­
propanoate to give amide IV and its subsequent cyclization can hardly be a new, 
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IV 

faster reaction pathway because of the large difference between the reactivities of 
carbonyl and ester groups 11 • 

SCHEME 4 
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Dependence of the rate constant y = 
= (k-1 - (KcAkd[H+])-l)-l (in 1 mol- 1 

S-I) of the reaction of ethyl 2-oxopropa­
noate with 1,2-diaminobenzene on the con­
centration c of acetic acid in acetate buffers 
4: 1 (0), 1: 1 (<I), and 1: 4 (CD). The 
calculated values KcAkd[H+] (in 12 mol- 2 

s -1) for the buffers used are 18, 4· S, and 1· 33, 
respectively 
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A more likely reaction mechanism is given in Scheme 4. The rate of acid-catalyzed 
formation of the protonated Schiff base decreases and, on the other hand, the rate 
of base-catalyzed transformation of the cyclic intermediate V to cyclic amide (see 
Schemes 2 and 4) increases with decreasing proton concentration, hence in phosphate 
buffers the latter pathway becomes faster than that via the Schiff base. The rate 
constants of the reactions catalyzed by hydrogenphosphate (kB) and hydroxyl 
ion (kOH) (multiplied by the equilibrium constant KT of formation of the cyclic 
intermediate) (Table I) were determined from the slope and intercept of the depen­
dence of k on [HPO~-] (Fig. 2). 

The pKA value of the equilibrium T+ ~ T± + H + calculated from the extra­
thermodynamic relations21 is 6- 6'5, i.e. the reaction of T± with acetic acid should 
be thermodynamically favourable and the kHA value should be near to the rate 
constant of diffusion-controlled reactions, (0'5 -1) . 1010 I mol- 1 s -1 (refs17 ,22). 

The really calculated kHA values are by 2 - 3 orders lower (Table I), hence the pKA 
of T+ intermediates are far smaller. From the published 17.23 dependences of kHA 
on dpKA we can consider a value about 4 for the pKA of the T+ intermediate. Such 
a large difference between the pKA values calculated from the extrathermodynamic 
relations and those estimated from the previous discussion can possibly be explained 
as follows: In usual protonated amines the positive charge of the nitrogen atom is 
largely dispersed through hydrogen bonds with the solvating water molecules24 • 

In the intermediates T+ and T± the NH2 group is considerably "hidden" in the 
centre of the molecule, and formation of hydrogen bonds is sterically hindered. The 
resulting greater positive charge of nitrogen atom strongly attracts the electrons of 
adjacent groups, which increases the acidity of OH group. 

The sterically hindered access to the NH2 hydrogen atoms is also indicated by the ko 
values of the water-assisted proton rearrangement T± -+ TO which usually vary 
within the limits 106 _108 (refs25 ,26), but the values found by us are c. one order 
smaller than the lower limit mentioned. 

The kHA value of the reaction with 2,3-butanedione catalyzed with dihydrogen­
phosphate is almost the same as that of the reaction catalyzed with acetic acid, 
although the pKA value of dihydrogenphosphate is two orders higher. Dibasic 
acids of this type can undergo a considerably concerted proton transfer, similar to 
that in the reaction catalyzed by water, hence the kHA values are 2 - 3 orders greater 
than those corresponding to the respective pKA value27 • 
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