
365 
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Kinetics have been studied of the reaction of diketene with substituted anilines, and the reaction 
rate has been found to depend on relative permittivity of the system. The rate and equilibrium 
constants have been calculated by combination of rate and equilibrium relations with the relation 
by Amis; the constants correlate with the Hammett substituent constants. The reaction does not 
proceed as a simple bimolecular process. A reaction mechansim has been suggested. 

Acetoacetanilides belong to an important group of dyestuff and pharmaceutical 
intermediates. The most effective way of their preparation consists in the aceto­
acetylation of anilines with diketene. Although this reaction has been used indu­
strially for a long time, its kinetics has not been studied yet. The present communica­
tion deals with the course of this reaction carried out in excess diketene, 4-methylene­
-2-oxoetane (1), which contains a markedly polarized carbonyl double bondl - 3 • Its 
reaction with substituted anilines was studied by Ljashchenko and Sokolova4 who 
found a linear dependence between logarithms of the bimolecular rate constants 
and the pKa values of the anilines. 
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I 

SCHEME A 

The stoichiometric equation (Scheme A) indicates that the addition must be 
followed by the proton transfer from amino group to the methyl group of acetoacetan­
iIide being formed. In apr otic medium and at low diketene concentrations, this 
transfer is most probably realized by an intramolecular mechanism. Another pos­
sibility consists in the proton transfer by a further diketene molecule. In this case 
the role of diketene concentration is interesting. 

In the first approximation, we can consider a mechanism according to (Scheme B). 
The rate-limiting step consists probably in the transformation X -4 X* which is 
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supported by formation of a hydrogen bond in the activated complex X*. Its trans­
formation into products, X*~P, is kinetically insignificant, because it represents 

SCHEME B 

CH1=i-i ~ 

x* 

CH]=C--O 

D 

p 

CH]=C-O 

I I --
CH]-C-O'-I 

(+)~H,-oR 
X 

a very rapid shift of electrons (k2 ~ kl). Furthermore it can be presumed that there 
exists a rapid pre-equilibrium between D, A, and X. Mathematically such a scheme 
can be described by the following equations: 

K = [X]/[D][A] 

dr[p]/dt = k2[X] 

d[X]/dt = kl[X] - k2[X] 

(1) 

(2) 

(3) 

With respect to the X* being a relatively unstable intermediate, the Bodenstein 
steady-state treatment can be applied to obtain the expression of the unknown con­
centration of the activated complex X*. If the reaction is carried out as a pseudo­
monomolecular process (in excess diketene), then Eq. (4) results. 

d[P]/dt = kobs([ Ao] - [P]) , (4) 

where 

(5) 
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means the experimental value of the rate constant of the pseudomonomolecular 
reaction. Investigation of time dependences of the product concentrations [p] 
at various initial diketene concentrations [Do] allows thus determination of the 
dependence kobs vs [Dol A successful solution of the problem needs a linear de­
pendence of relative permittivity on the diketene concentration: 

e = a[Do] + b. (6) 

The relation by Amiss,6 was used for expressing the dependence of the reaction 
rate of the dipolar molecules on the relative permittivity of medium 

(7) 

with 

(8) 

where k means the rate constant of the reaction taking place in a medium of relative 
permittivity e, koo stands for the rate constant in a medium of infinitely large relative 
permittivity, k is the Boltzmann constant, T is absolute temperature, /lA' /lB and 
r A' r B are dipole moments and radii ofthe reacting particles, respectively. Mathemati­
cal transformations lead to Eqs (9), (10), and (11) 

[a In klaUle)]p,T = Al , 

k = k* exp {[(lIe) - (l/eo)] Al } , 

K = K* exp {[(lIe) - (l/eo)] A2 } 

(9) 

(10) 

(11) 

in which the integration constant was chosen in such way that k represents the rate 
constant extrapolated to the relative permittivity of the medium with zero concentra­
tion of the reacting components (pure solvent). Combination ofEqs (5), (10), and (11) 
gives the final explicite dependence of kobs on [Do] (12) where A2 is a relation analog­
ous to Eq. (13) and valid for the equilibrium constant. 

kobs = k*K* exp {[(lIe) - (l/eo)] (Al + A 2 )} [Do]1 

1(1 + K* {[(lIe) - (l/eo)] A 2 } [Do]), 

where Eq. (6) is valid for e and eo. 

(12) 

On the whole, three regions of values of relative permittivity andlor diketene con­
centration can be differentiated. At high [Do] values, when K*{ exp [(lIe) - (l/eo)] . 
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. A 2 } [Do] ~ 1, the equation (11) can be simplified and, by taking the logarithms, 
modified to the linear relation (13) 

In kobs = In k* + W/e) - (l/eo)] Ai . (13) 

Similarly Eq. (14) can be obtained for relatively low diketene concentrations (but 
high enough for the relation K*{exp [(1/e) - (l/eo)] A2 } [Do] ~ 1 to be valid): 

(14) 

The last three relations make it possible to calculate values of the constants k, K, A h 

and A 2 • 

EXPERIMENTAL AND RESULTS 

Reagents: CycIohexane for UV spectroscopy was dried with sodium and redistilled before use. 
Diketene was vacuum distilled (59-61°C, 6·7 kPa) before each daily series of measurements 
to reach the value n'f,° 1'4380 (ref.4 ). The substituted anilines prepared by known procedures 
were either recrystallized or vacuum distilled with addition of zinc powder to obtain the physical 
constants given in ref. 7• 

Relative permittivity was measured with a DK-meter 600 RL (Klistner, Wissenschaftliche 
Apparate, Dresden) according to Oehme. The apparatus was calibrated with the use of a capacity 
standard in a Q-meter Tesla BM 311 E. The measurements were carried out with solutions of 0·05 
to 1·2 mol 1- 1 diketene in cycIohexane. The results were treated by linear regression to give 
Eq. (15): 

e = (1'0585 ± 0'0002) [Dol + (2-0009 ± 0'C001) (15) 

Kinetic measurements: The rate constants were measured at the conditions of pseudomono­
molecular reaction using a Unicam SP 800 B spectrophotometer at the wavelength of the ab­
sorption maximum of the products (Table I). Eight to eleven initial diketene concentrations were 
used for each substituted derivative studied, and each measurement was carried out three times 
in 4'00 cm cells at 25 ± 0'\ 0c. The initial concentrations of the anilines were 2'0 . 10 - 4 moll-i. 
The kobs values were obtained from the absorbance-time dependences by the Fibonacci optimiza­
tion methodS, and their values are given in Table I. A typical shape of the dependences of rate 
constants on relative permittivity of medium is given in Fig. 1. 

Treatment of the measurement results: The primary data were treated by linear regression 
on the basis of Eqs (13) and (14) into which the values were separately introduced which corres­
ponded to the both sections of the dependences. The fitting of the regression could be determined 
in advance with respect to the character of the dependences (a perfect fitting could not be obtained, 
due to shape of the curves - see Fig. 1). The calculation results are summarized in Table II. 

The bimolecular rate constants and equilibrium constants obtained correlated with the Ham­
mett urn and up constants9 • Logarithms of the rate constants gave the straight line (16) (Fig. 2). 

log k* = (2·15 ± 0'03) - (1'84:'-= 0'09) 0', r = 0'989, n .cc 1 I . (16) 
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TABLL I 

Values of rate constants kobs ([s -1]) of pseudomonomolecular reaction of diketene with substituted 
anilines in cyclohexane at 25 ± O'l°C 

--_._------_._-- - ----

[Dol 
Anilineb 3-Methoxyanilineh 4-Chloroanilinec 

moll- 1 ----------- ----------- --_._----

103 k ± 104 ska 103 k ± 104sk a 103 k ± 1O'.lk a 

------ ------"-

0'05 0·706 0·119 0·899 0·106 0·186 0'033 

0·10 2·655 0'398 2·940 0'349 0·529 1'306 

0·15 5·127 0'853 4'982 0'253 1·171 1·540 

0-20 7·993 1'075 6·437 0·815 1·716 1·964 

0·25 10·540 1·418 8·730 1·515 3'003 4'359 

0'30 14·260 1·666 10·530 1'919 3·277 7·296 

0'35 15-910 1·594 

0·40 18·760 2'350 14·590 2·252 4·825 9·472 

0·50 25·440 5'312 17'930 0·961 6·226 14·550 

0'60 26·390 7·420 6'300 13·440 

0-80 7'388 9'390 

[Dol 
4-Methoxyanilineb 4-Methylanilineh 4-Bromoanilineh 

moll- 1 -------
103 k ±104 ska 103 k ± 104 sk a 103 k ± 104.1/ 

0'02 1·125 0·466 0'333 0·073 

0'03 2·829 0'285 

0·04 4·565 0·466 0·991 0·251 

0·05 6'358 0'941 0·196 0·277 

0·06 9·190 1·442 2·028 0·277 

0'07 12'330 1·412 

0'08 16·200 1'159 3·105 0·875 

0·10 29·720 3·886 4'038 1·471 0·750 0·782 

0·15 58'180 3·451 8'687 1·303 1·549 2·098 

0·20 63·410 6·612 10·470 1·227 2·208 2·172 

0-25 76'380 13·860 12'070 1'632 3'000 2·619 

030 13·550 ],638 3'300 6·817 

0·40 17'070 1·092 4'600 10·610 

0·50 18'380 3-647 6'304 4'301 

0·60 7·152 10·140 

0·80 9·107 9·249 

-------_. 
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TABLE I 

( Continued) 
-- -- ~- --- - -- --~-, .. -- -------~~~ ~--

IDol 
3-Methylanilineb 3-Chloroanilineb 3-Bromoanilineh 

moll- 1 
103 k ± 104sk Q 103 k ± 105sk Q 103 k ± 105sk

Q 

----~--- -~----- -------

0·03 0·521 0·106 

0·05 1·345 0·291 0·090 0·333 0·109 0·495 

0·10 3·615 0·595 0·322 0·669 0·317 0-478 

0·15 5·021 0·895 0·524 1·264 0·488 0·877 

0·20 6·209 3·252 0·945 0·758 0·781 0·874 

0·25 8·980 3·233 

0·30 10·330 2·214 1·641 2·472 1·760 1·248 

0·40 10·910 2·898 2·482 4·802 1·891 4·318 

0·50 13-80 3·372 3·310 7·341 2·742 6·137 

0·60 17·530 1·933 4·008 7·378 3·529 7·049 

0·80 4·715 HOO 4·492 8·276 

---"----- -~~~-

[Dol 3-Cyanoanilineb 3-Nitroanilined 

moll- 1 
103 k ± 105sk Q 103 k ± 105sk Q 

0·05 0·230 0·562 

0·10 1·017 0·916 0·453 0·445 

0·15 1·886 2·607 0·820 0·592 

0·20 2·631 2·862 1·243 0·515 

0·30 4·677 3·081 2·164 1·630 

0-40 6·598 4·411 3·161 3·590 

0·50 8·499 8·054 4·406 4·076 

0·60 10·590 10·140 5·393 5·982 

0·80 13·040 15·700 7·149 2·808 

Q The standard deviation of kobs ; b analytical wavelength 275 nm; c 280 nm; d 290 nm. 

The dependence of logarithms of the equilibrium constants K on the substituent constants exhibits 
a large scattering, which is mainly due to inaccuracy of extrapolation in the steep decreasing 
sections of the dependences of In kobs on «(I!e) ~ (1/130». Roughly the dependence shows, how­
ever, a trend of lowering equilibrium constant with increasing a value. The largest deviations 
are encountered with the equilibrium constants of the both methoxy derivatives (Fig. 3). When 
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these derivatives are excluded, the correlation equation has the form (17): 

log K = (0'01 ± 0'04) - (0·56 ± 0'11) a, r 0." 0'890, 11 = 9 (17) 

TABLE II 

Values of parameters of Eqs (12) and (13) obtained by linear regressions from individual sections 
of the dependences of log kobs vs ((l/s) - (l/so» 

No R k* . 103 

I 4-0CH3 27-413 
2 4-CH3 11·730 
3 3-CH3 5·970 
4 H 7·630 
5 3-0CH3 5·130 
6 4-CI 3·190 
7 4-Br 2'635 
8 3-CI 1·997 
9 3-Br 1·256 

10 3-CN 0·435 
II 3-N02 0'355 

a Ref.9. 

FIG. 1 

Dependence of experimental values of rate 
constants on dielectric properties of the 
reaction mixture in the reaction of diketene 
with 4-toluidine 1 and 4-bromoaniIine 2 
in cyclohexane at 25·0°C. The calculated 
course (---) 

K* 

0·730 
0'953 
1·487 
0'949 
2'088 
0·807 
0·747 
0·489 
0'832 
0·458 
0'384 

Al 

-17,54 
- 4·45 
- 8'02 
-10'30 
-11'98 

5'64 
8'30 
5·78 
8·56 
7'38 

- 8'00 

01 

-0-4 

FIG. 2 

o 
3 

A2 aa 

-181'18 -0'28 
76·52 -0,14 

77'94 -0'06 
41·48 0 
28·26 0·10 
22'88 0·22 
45'00 0·22 
31'80 0'37 
45'30 0'37 
57'65 0'62 
40'00 0·71 

n -o-s 

The Hammett correlation of bimolecular 
rate constants of the reaction of diketene 
with substituted anilines in cyclohexane 
at 2S·0°C. For numbers see Table II 
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DISCUSSION 

Results of the single available study of kinetics of acetoacetylation of substituted 
anilines with diketene4 indicate that the reaction is bimolecular, and the reaction 
intermediate is formed the more easily the easier is the transfer of free electron pair 
of nitrogen atom in aniline to the diketene molecule. Hence it follows that the me­
chanism suggested by Lyashchenko and Sokolova is generally correct. Our study 
showed, however, that the system does not behave in the expected way during in­
creasing diketene concentration. The reaction takes the pseudomonomolecular 
course at relatively low diketene excess already, but the reaction rate constant does not 
stop increasing even at its 4 000 fold excess. This phenomenon is due to the change 
in dielectric constant of the reaction mixture depending on the diketene concentra­
tion. 

The determination of the reaction order with respect to diketene gave Eq. (I8) 
for the reaction of aniline with diketene: 

In kobs = (-2'62 ± 0'11) + (1'47 ± 0'07) In [Do] , (18) 

which disproves a simple bimolecular reaction. The pre-equilibrium is established 
in accordance with theory, and stability of the intermediate X* decreases with in­
creasing electron-acceptor character of the substituent in the aniline molecule. 

The negative slope value in the dependence of log k vs u indicates that the rate­
-limiting step does not consist in the proton transfer from nitrogen atom, but consists 
in splitting of c-o bond in the primary intermediate X and in rearrangement 
of the four-membered ring into six-membered ring. Electron-acceptor substituents 
decrease the electron density at the nitrogen atom, wherefrom the effect is transferred 
by inductive effect to the carbonyl carbon atom of diketene. Thereby the electron 
shift from the C-O bond to the heterocyclic oxygen atom is made difficult. Moreover 
the proton transfer from nitrogen to oxygen atom will be more probable, being 

o 
5 

10 

1 

11 

FIG. 3 

The Hammett correlation of equilibrium 
constants of the pre-equilibrium of the reac­
tion of diketene with substituted anilines 
in cyclohexane at 25·O°C. For numbers 
see Table II 
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a reaction of two hard centres. The transfer to methylene group would involve inter­
action of a hard with a soft centre. Thus Scheme B must be extended to give Scheme C. 

--

/ 
CH1=C-O 

I I 
CH1-C-OI-' .. ,1-0' HIN 

- R 

SCHEME C 

-

.. 

CH II 1 

C 
HO/ 'CH 

I 1 

C=O 

HN~R 

Obviously, the transformation of the enol form into keto form is responsible 
for the fraction in the reaction order, the rate constant k being a complex constant. 

Values of the AI' A2 parameters of Eq. (12) are functions of dipole moments and 
active radii of the reacting particles. As the reaction takes place between a single 
reagent (diketene) and various substrates (substituted anilines), the contribution 
of the reagent can be considered constant within the whole series, and the changes 
can be considered to be due to relative action of physical properties of the reacting 
substrates, which, however, cannot be described by any simple dependence. 
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