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Abstract: The chemistry of 5-methyl-4-imidazolecarboxylic acid ester synthesis involves three distinct reaction steps.
Of these the rate of formation of diketone was found to be a function of oxime and HCI concentration and temperature
by the batch experiment. The decomposition of diketone was found to be a slow process, whereas temperature was the
only variable to affect it significantly. An empirical rate expression for the net formation of diketone fits the
experminetal data satisfactorily. The principal objectives of this study are to study the kinetics of the diketone forma-
tion reaction and to develop the empirical rate expression. ‘
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1. Introudction and diketone intermediates is thought to offer
significat advantages over the existing processes| 1-

The production of 5-methyl-4-imidazole-carboxyl- 6]. The 5-methyl-4-imidazolecarboxylic acid esters
ic acid ester from ethyl acetoacetate via the oxime are very useful as intermediates for preparing hista-
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mine H, antagonists, for example cimetidine.

The mechanism of 5-methyl-4-imidazole-carbox-
ylic acid ester synthesis involves three distinct reac-
tion steps: i ) The production of oxime(a-acetyl-a
-hydroxy-iminoacetic acid) from the reaction of
ethyl acetoacetate with sodium nitrite and acetic
acid, ii ) The production of diketone(e, B-dioxobu-
tyric acid) from the reaction of oxime with formal-
dehyde in the presence of hydrochloric acid. iii ) The
production of 4(5)-etyoxycarbonyl-5(4 )9-methy-
limidizole from the reaction of diketone with formal-
dehyde and ammonia.

This process is quite acceptable environmentally,
that is, no extensive treatment of the effluent is
needed to meet environmental requirements.

Of these, the diketone formation step is the most
complicated one in the reaction sequence, and repre-
sents the greatest processing challenge because of
the difficulties associated with carrying out this re-
action. These are: (a) Diketone stability: The reac-
tion product decomposes rather rapidly, especially
at elevated temperatures. {b) Exothermicity: The
reaction is highly exothermic; hence, unless heat is
removed during the reaction, the temperature rise
leads to intolerable decomposition rates. Further-
more, the heat of solution of anhydrous HCI is also
high and, since the molar ration of HCI to oxime is
as high as seven, this constitutes another significant
source of heat liberation. These combined heat loads
require a means for continuous removal of heat
from the reactor to prevent significant temperature
elevations which are detrimental to diketone yield.
(¢) Reactor specification: The reaction kinetics dic-
tate the use of a plug flow reactor optimum yield.
This requirement increases the severity of the heat
transfer problem.

The objectives of the study deal with the prob
lems enumerated above.

They are:

1. Determine the dependence of reaction rate on
oxime and CHI concentrations and determine reac-
tion rate constants and their dependence upon tem-
perature.

2. Study the diketone stability characteristics.
3. Identify potential problems in the continuous
production of diketone.

2. Experimental

Reaction rate constants are best determined
under batch conditions, and since knowledge of the
Kinetics assists meeting the other objectives, this
study was carried out first.

These batch experiments were performed in jack-
eted stirred, one-liter and two-liter glass reactors
(Fig. 1). The oxime material was prepared first, ac-
cording to a specified standard procedure which in-
cluded a two-hour preparation period at a tempera-
ture of 20~25°C. For the most part, the oxime
preparation followed the procedure described in U.
S. Patent[ 7].

To this oxime solution paraformaldehyde(pow-
der) or formaldehyde solution was added first. Ag¢
ueous HCl solution was added next. The diketone
reaction was initiated during the HCl addition. The
HCl solution had to be added gradually, over the
period of 5 to 15 minutes, in order to avoid any
temperature excursions which might ignite a run-
away reaction. This gradual addition causes some
uncertainty in reaction time, t, since it is very diffi-
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Fig. 1. Batch experiment apparatus for kinetic
model developments.
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cult to pinpoint the exact starting time.

The progress of the reaction was monitored as a
function of time by withdrawing 5ml samples by
pipet, reacting the sample with 5ml of 27% ammo-
nia solution, and analyzing the mixture by High
Pressure Liquid Chromatography( HPLC) for oxime
and 5-methyl-4-imidazolecarboxylic acid ester. It
was assumed that the conversion of the diketone to
5-methyl-4-imidazolecarboxylic acid ester was 100
%. In subsequent studies of this conversion of
diketone to 5-methyl-4-imidazolecarboxylic acid
ester in continuous reactors, it was found that the
yields were 2 to 4% higher in the continuous reac-
tors than in the analytical method described above
and, therefore the conversion was not 100%. How-
ever, since the analytical method was applied in a
consistent fashion and since relative yields were im-
portant in this phase of the work, the slight inaccur-
acy in the assumption of 100% conversion should
not affect our overall conclusions. The principal in-
dependent variables and their ranges are listed in
Table 1.

3. Results and Discussion

3. 1. Kinetics of Diketone Formation Reaction

Oxime is converted to diketone in the presence of
HCl and formaldehyde according to the following
simplified scheme:

HCl
CH,COCCO.Et — CH,COCOCO.Et (1)
| HCOH
NOH

As mentioned, the kinetics of this reaction were

Table 1. Ranges of Variables: Batch Diketone Re-

action Tests
Variable Range
HCI concentration 46 to 8.0M
Temperature 0t020C
Initial oxime concentration 1.0 to 1.8M
Paraformaldehyde 1.8 to 3.5 times oxime
concentration concentration

T4stsh, A5 W A 6%, 1994

studied in a batch reactor. The concentrations of
oxime and diketone were determined as a function
of time by withdrawing samples from the reactor,
converting the diketone to 5-methyl-4-imidazole-
carboxylic acid ester with ammonium hydroxide,
and analyzing the resulting mixture using HPLC. In
these analyses it was assumed that 100% of the
diketone was converted to 5-methyl-4-imidazole-
carboxylic acid ester.

Typical diketone concentration and yield profiled
are shown of Fig. 2~4. Yield computations are
based on ethylacetoacetate rather than an oxime so
as to account for possible oxime yields less than 100
%. Fig. 2 shows diketone concentration and yield at
a reaction temperature of 8.5°C and initial oxime
concentration of approximately 1.1 mole/1 with the
concentration of HCI as a parameter. It is seen that
increasing the HCl concentration in the range 4.6~
8.0M results in increased diketone yields. Maximum
yields vary from 50 to approximately 74 %.

The effects of temperature on reaction rate and
yield are shown of Fig. 3 and 4. At low HCl concen-
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Fig. 2. Dependence of diketone concentration and
yield on HCI concentration.
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Fig. 3. Dependence of diketone concentration and
yield on temperature at low HCl concentra-
tions.



A Study on Kinetic Model for the Formation of 5-methyl-4-imidazolecarboxylic Acid Ester 1065

090+ [— 18100
= 0801 L e 0 7200
Tom- T —63.00
goR0 AT =5400 =
5 0501/ 4500 &
£ 040 */ 13600 2
é 0.30- HCI Concentration=7.95 M --27 00
- o T=85T
5020 A Toor --18.00
£ 010 : -9.00
o T ey
000 100 200 300

Time( hour)

Fig. 4. Dependence of diketone concentration and
yield on temperature at high HCl concentra-
tions.

trations of 4.62 M, the yield is shown on Fig. 3 to
increase with increasing temperature, in the range
of 8.0~20.0°C. Low HCl concentrations were used
in these runs so as to be able to follow the reaction

at higher temperatures and to avoid runaway tem-

perature conditions. The effects of temperature on
yield at an HCI concentration of 7.95 M are shown
of Fig. 4. The maximum vield obtained at 0°C is ap-
proximately 78% at a reaction time of 3 hours. The
maximum vield obtained at 8.5°C is approximately
749% at a reaction time of 1.5 hours. These results
obviously suggest that an optimum condition will re-
quire a compromise between reaction time( reactor
size) and diketone yield.

3. 2. Determinations of Kinetic Parameters

The kinetic data were analyzed following both a
differential and an integral approach, so as to ob-
tain diketone formation rate expressions. The sim-
plest overall reaction model which gives satisfactory
fit to the experimental data is the following:

Oxime+ HCl— Diketone— Degradation Products  (2)

Assuming that the rates of these reactions can be
expressed in terms of power-law formulations and
the the decomposition of diketone is a function of
temperature only, these rates can be written as:

—dCo a8
i klCo CHCI (3)
R (4)
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Fig. 5. Typical plots for the determination of the ki-
netic model following the differential meth-
od.

where Co, Cua and Cp are the oxime, HCI and
diketone concentrations, respectively, and K, and K,
are reaction rate constants which are assumed to
follow the Arrhenius temperature dependence:

klzkloeXp(%,}% (5)
k :kzoexp( i_%) (6 )

E. and E, are the activation energies for the
diketone formation and decomposition reaction,
respectively.

From the differential method of analysis, oxime
decomposition and diketone formation rates can be
obtained from concentration versus time curves| 8].
Then, from Equation 3,

In(—%2)=In ki + A Cua+in Co (7)

and Equation 4 at low temperature where k.=0,

G

In(—~5¢

)=Ink+ AnCyatanCo (8)

The values of @, 8 and k; are obtained from plots
of In(-dC/dt) or In(dCp/dt) versus In C. at con-
stant Cuc) or In{Cuc) at constant C.. Typical such
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Table 2. Average Kinetic Parameters( Differential

Analysis)

Kinetic ~ From Oxime From Overall
Parameter Data Diketone Data  Average

a 1.55 154 1.54
B 5.55 5.46 551
k 2.2x10" - 2.2x10%
E 24,900 - 24,900
k; — 4.82 4.82
E; — 1,290 1,290

plots are shown on Fig. 5. The activation energies
E: and E, are obtained from plots of Ink, or Ink,
versus 1/T according to Equations 5 and 6. The
average values of the kinetic parameters which
were obtained from the differential analysis of the
data are shown on Table 2.

In order to refine further the values of the kinetic
parameters obtained from the differential method,
the integral method of analysis was used. This
method consists of integrating the rates expressions
so as to generate concentration versus time curve
which can be comparaed with the experimental con-
centration versus time curves. The values of the ki-
netic parameters are adjusted so as to obtain the
best fit to the experimental data.

It can be shown that Equations 3 to 4 can be inte-
grated to the following forms.

[ €T -0 oG, ] - (9)

)
G=C - [Q::t(l—a)kl(fq : t] =kt (10)
where C, ; is the initial concentration of oxime.

Equations 9 and 10 describe the oxime and diketone

concentrations as a function of time. These concen-

trations were compared to the experimental ones
and the values of the kinetic parameters were
adjusted as necessary so as to obtain the best possi-
ble fit to the experimental data.

The values of the kinetic parameters which were
found to be most consistent with the experimental
data are the following:
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Fig. 6. Comparison of diketone concentration profile
obtained from the kinetic model(-) with the
experimental profile( -0- ).
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Fig. 7. Comparison of diketone concentration profile
obtained from the kinetic model(-) with the
experimental profile(-0-).

a = 15

B = 55

kio = 22x10%
kao = 105

E = 25,150
E, = 2,750

Fig. 6, 7 and 8 show typical theoretical and ex-
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0.80 tion 4.6~8.0M maximum reaction yield vary from
I < 50 to 74%.

The maximum yield, however, obtained at lower
temperature, 0°C, was approximately 78% at a re-
action time of 3 hours. It means that optimal design
conditions for the reactor require a compromise be-
tween reaction time(reactor size) and diketone
yield. In the subsequent study, therefore, the effects

T=85TC

Diketone concentration( M)
<
=S
=3
|

030 Coa=5.54 of reactor specifications on reaction yield should be
0.20 studied to develop a continuous reactor specifica-
tions on reaction vield should be studied to develop
0.10 a continuous reactor scheme and determine its per-
oob—1 4+ 1 ¢ L 111 formance in terms of diketone yield and heat trans-
000 050 100 150 2.00 250 3.00 350 400 450 -
Time. br fer characteristics.

The empirical rate expression of the diketone for-
mation reaction was developed from the analysis of
kinetic parameters following the differential meth-
od. It shows that the values of kinetic parameters
are found to be consistent with the experimental

Fig. 8. Comparison of diketone concentration profile
obtained from the kinetic model(-) with the

experimental profile( -0-).

perimental diketone versus time curves.

Based on these results, the rate of the diketone data.
formation can be written as:
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