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Kinetics of the reaction of the cycloaddition of 2,3-dimethylbuta-1,3-diene (DMB) and methylmethacrylate 
(MMA) by the Diels-Alder reaction was studied. Reaction rate constants k = 4.4∙10-6 l/(mol∙s) at T = 403 K;  
k = 10.0∙10-6 l/(mol∙s) at T = 413 K; k = 15.8∙10-6 l/(mol∙s) at T = 423 K; k = 19.4∙10-6 l/(mol∙s) at T = 433 K and the 
activation parameters of the reaction Eakt = 75.2 kJ/mol, ΔS = -146.8 J/(mol∙K), ΔH = 73.9 kJ/mol were determined. 
Influence of temperature, molar ratio of reagents on the yield of the target product was investigated. At temperature 
increase from 403 to 433 K, methyl-1,3,4-trimethylcyclohex-3-encarboxylate (MTMCHC) yield increases from  
78 % to 92 %. With further increase in temperature, DMB boils and MMA remains in a liquid state, accordingly 
it is not expected that the target product yield will materially increase. An increase in the excess of DMB: 
МMA from 1:1 to 2.5:1 makes it possible to increase yield of MTMCHC from 65 % to 92 %. The production of 
methyl-1,3,4-trimethylcyclohex-3-encarboxylate at the optimal conditions was established: temperature of  
423−433 K and molar ratio of reagents DMB:MMA = 1.5:1, the yield of MTMCHC reaches 89−92 % at productivity of  
101−105 g/(l·h). Based on the obtained reaction rate constants and the activation parameters of the [4+2]-cyclic 
addition of 2,3-dimethylbuta-1,3-diene and methylmethacrylate, it was found that the reaction under study is 
subject to the kinetic law of the second order.

Keywords: 2,3-dimethylbutadiene, methylmethacrylate, methyl-1,3,4-trimethylcyclohex-3-encarboxylate, cyclo-
addition reaction, cyclohexencarboxylates
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Досліджено кінетику реакції цикллоприєднання 2,3-диметилбутадієну (ДМБ) і метилметакрилату 
(ММА) за реакцією Дільса-Альдера. Встановлені константи швидкості реакції k = 4.4∙10-6 л/(моль∙с) 
при T = 403 K; k = 10.0∙10-6 л/(моль∙с) при T = 413 K; k = 15.8∙10-6 л/(моль∙с) при T = 423 K; k = 19.4∙10-6  
л/(моль∙с) при T = 433 K і активаційні параметри Eакт = 75.2 кДж/моль, ΔS = -146.8 Дж/(моль∙K),  
ΔH = 73.9 кДж/моль. Дослдіжено вплив температури, молярного співвідношення реагентів на 
вихід цільового продукту. Із збільшенням температури від 403 К до 433 К вихід метил-1,3,4-
триметилциклогекс-3-енкарбоксилату (МТМЦГК) зростає від 78 до 92 %. Подальше збільшення 
температури не призводить до збільшення виходу продукту, оскільки ДМБ переходить в парову 
фазу, а ММА залишається в рідкій. Збільшення співвідношення ДМБ : ММА від 1 : 1 до 2.5 : 1 призводить 
до зростання виходу продукту від 65 до 92 %. Встановлені оптимальні умови одержання МТМЦГК: 
температура 423-433 К, молярне співвідношення ДМБ : ММА = 1.5 : 1, при цьому вихід 89-92 % з 
продуктивністю 101-105 г/(л·год). На основі кінетичних констант і активаційних параметрів реакції 
встановлено, що досліджуваня реакція циклоприєднання ДМБ і ММА підпорядковується кінетичному 
закону другому порядку.
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Nowadays, alkylcyclohexenecarboxylates are 
obtained by methods  of  esterification,  oxidation  of 
cyclocarbaldehydes, cycloaddition of dienes and 
dienophiles by the Diels-Alder reaction. The most 
suitable for both laboratory practice, universal and 
flexible method  for industrial production is synthesis 
of six-membered carbo- and heterocyclic compounds 
and alkylcyclohexencarboxylates by the Diels-Alder 
reaction [1–10]. Compared to other methods, it is 
based on accessible raw materials, enables high 
yields of target products, has a much shorter process 
time and is safer and easier hardware implementation. 
In addition, this reaction is easier to implement in 
industrial production, because it has not only of 
absence of multi-stage, but also is lower cost of this 
technology. 

The  scientific  novelty  of  the  work  consists  in 
the process of obtaining a new monomer meth-
yl-1,3,4-trimethylcyclohex-3-encarboxylate which 
containing reactive group with a C = C bond, that is 
prone to polymerization.

The methyl-1,3,4-trimethylcyclohex-3-encarboxy-
late will may be a promising raw material for the 
production of new hyper plasticizers of concrete and 
concrete mixtures with improved properties [8]. Also 
on its base can be produced polyfunctional polymers, 
which will become raw materials for the production 
of  contact  lenses and artificial  crystalline  lenses  [8]. 
In contrast to others analogs [1, 4, 5, 7], that having 
unsaturated groups in the side positions, methyl-
1,3,4-trimethylcyclohex-3-encarboxylate will be 
polymerized only on the inside C=C bond. This kind 
of polymerization will have providing better stability of 
materials formed on its basis.

The production of methyl-1,3,4-trimethylcyclohex-
3-encarboxylate will to expand assortment of reactive-
capable functional alkylcyclohexenecarboxylates  
[4, 6, 7, 9], which are the basis for obtaining a various 
materials of a wide range of applications, supplements 
and compositions that are produced in the food, 
cosmetic, perfumery [10] and medical production, and 
also indispensable in construction [9].

That’s why the aim of work was to develop a 
selective process for the preparation of methyl-1,3,4-
trimethylcyclohex-3-encarboxylate. To achieve this 
aim, it was necessary to solve the following tasks: 1). 
under optimal conditions synthesize of new monomer 
methyl-1,3,4-trimethylcyclohex-3-encarboxylate 

which containing reactive group with a C = C bond; 
2) investigate influence of temperature, molar ratio of 
reagents per yield of the target product; 3) investigate 
kinetic regularities of reactions of [4+2]-cycloaddition 
of 2,3-dimethylbuta-1,3-diene methylmethacrylate by 
a gas-liquid chromatography and determine the order 
of reaction and the energy parameters on their basis.

Experimental part
Research Methodology 
Methyl-1,3,4-tri-methylcyclohex-3-encarboxylate 

(MTMCHC)  was  synthesized  by  us  for  the  first 
time [9] using methyl-methacrylate (MMA) and 
2,3-dimethylbutadiene (DMB). For synthesis 
we used methylmethacrylate mark “c.p.” and 
2,3-dimethylbutadiene synthesized by us previously 
[10]. The synthesis was carried out according to the 
method described in the work [11]. The reaction is 
illustrated in scheme (1).

Kinetic studies were performed in temperature 
controlled vacuum-sealed glass ampoules accordingly 
to the procedure described in Ref. [12], in the 
temperature range of 403–433 K. MMA and DMB with 
the molar ratio of 1:1.5 were loaded in the ampoules of 
10 cm3, and then hydroquinone was added (1 mas %). 
The ampoules were sealed and placed in a thermostat 
and heated for 2 hours. From start heated every 15 
min. the ampoules successively were taken out from 
the thermostat, quickly cooled and opened. After 
definite interval the ampoules were taken out from the 
thermostat, quickly cooled and opened. 

Synthesis of MTMCHC 
To solution of 172 ml DMB was added 106 ml 

MMA and hydroquinone (1 %). The reaction mixture 
was loaded in to the ampoules of 30 cm3 and heated 
for 6 hours at temperature 433 K on the laborator 
installation. The installation consists of a glass with 
filling  silicone  oil,  heating  system,  magnetic  stirrer 
and stand with ampoules. A glass with silicone oil and 
previously included magnet is placed on a magnetic 
stirrer. Then in to liquid silicone oil spiral with length 
280 mm sealed in a glass tube is placed. The spiral 
is connected to the transformer and automatic 
temperature controller to ensure and maintain the 
temperature throughout the process. In heated to a 
temperature of 393-443 K silicone oil hermetically 
sealed ampoules with reagents previously record to 
stand for ampoules are placed in a glass. 
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The separation of the reaction mixture was 
carried out  in  two stages: at  first,  by distilling of  the 
reaction  mixture  at  atmospheric  pressure  in  a  flask 
equipped  with  a  reflux  condenser  with  a  length  of 
20 cm. Reaching the maximum cube temperature of  
345 K, the remains of the original DMB were separated. 
Then, having reached the maximum of temperature 
of 380 K, distillation was carried out under vacuum 
(2.7 hPa). The methyl-1,3,4-trimethylcyclohex-3-en-
carboxylate was separated at a temperature of 362 K. 
The yield of MTMCHC was consist 92 % The yield of 
the synthesized ester was determined on the basis of 
the carried out balance synthesis, and the calculated 
material balance of the process of its preparation.

Analytical Methods
The reaction mixture was analyzed by a gas-liquid 

chromatography device SELMI CHROM-1 using 
computer registration with a DTP thermal conduction 
detector and a chromatograph column of 2.5 m in 
length  and  diameter  3 mm  filled with  5 % XE-60  on 
Chromaton-N-Super 0.16–0.20 mm. A detector 
current was 37 mA; temperature of the column  
413 K, of the detector 423 K, and of an evaporator 
423 K; gas-carrier hydrogen, its consumption  
22 ml min–1, the sample volume 1 ml. Signal recording 
and handling chromatograms Quantitative analysis 
was performed using internal normalization method. 
Identification of peaks was performed by comparison 
with pure substances. 

The main characteristics of the chromatographic 
peaks were determined using the program in the 
environment of the Math CAD package.

The peak area was taken as the quantitative 
parameter of the chromatographic peaks, which does 
not depend on slight changes in the chromatographic 
conditions due to the operation of temperature 
regulators  and  carrier  gas  flow  rates.  Peak  area 
was found by the individual baseline for each peak, 
passing it through the points of the minimum between 
the peaks. Peak area, registered in numerical form, 
was calculated by the method of numerical integration 
by the sum of trapezes.

The quantitative analysis was carried out by the 
method of internal normalization, because since it 
previously were established by the internal standard 
method that at the thermal [4+2]-cycloproduction 
of DMB with acrylic acid esters in the investigated 
temperature range 393-433 K practically no forming 
macromolecular products which may irreversibly 
delayed on a column and so they are not registered 
on the chromatogram.

The three main peaks were found on the 
chromatograms of the reaction mixtures of 
[4+2]-cycloaddition  DMB  and  MMA.  The  figure 1 
shows an example of the chromatogram of the 
reaction mixture of the [4+2]-cycloaddition of DMB 
(peak 1) with MMA (peak 2) and with the formation 
of the corresponding MTMCHC (peak 3). An 
almost complete separation of the reaction mixture 
substances was obtained according to the chosen 
chromatographic conditions (Fig. 1). The main 
characteristics of the chromatographic peaks of the 
substances are obtained, under optimal conditions of 
isothermal chromatography and shown  in Table 1.

Fig. 1. Chromatogram of the reaction mixture of [4+2]-cycloaddition DMB and MMA under optimal conditions: 
temperature 403 K, molar ratio DMB : MMA = 1.5 : 1, 1-st peak - DMB (tR = 68 s), 2-nd peak - MMA (tR = 92 s), 3-rd 
peak - MTMCHC (tR = 482 s).

Table 1. The main characteristics of the chromatographic peaks of substances belonging to the reaction miture 
of [4+2]-cycloaddition DMB and MMA.

Compound Retention time 
tR, s

Peak width on half height
w0.5, s

Amount of theoretical plates
N

DMB
ММА

МТМCHC

68
92
482

7.6
9.9
79.2

434
425
205
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According  to  plate  theory,  the  efficiency  of 
chromatographic separation is characterized by the 
quantity of plates and the height of the equivalent 
theoretical  plate,  which,  with maximum  efficiency  of 
the chromatographic system has a minimum value. 
The quantity of theoretical plates (N) presented in 
table. 1, and was calculated by the parameters of the 
chromatographic peak - retention time (tR) and the 
width of the peak at half its height (w0.5) by the formula:

 
The quantity of theoretical plates (Table 1) for 

chromatographic peaks of the reaction product (205) 
is about 2 times less than those for the starting 
materials (425-434). It is indicates that the temperature 
conditions for chromatography of high-boiling reaction 
products were not optimal. A low column temperature 
leads to a significant erosion of the chromatographic 
band of these substances and an 8–10 fold increase 
in the width of the chromatographic peak, which 
reduces  N  as  a  characteristic  of  the  efficiency  of 
the chromatographic system. However, the column 
temperature though was not optimal, but enough for 

satisfactory separation of cycloaddition products. nThe 
relative error of the determination for the components 
of the reaction mixture by gas-liquid chromatography 
was consist about 3 % (table 2).

Results and Discussion
Kinetic curves of MMA consumption and 

MTMCHC as a target product increase are shown in  
Figs. 2a,b. Kinetic anamorfozes of MMA are shown in 
Fig. 3a. The interaction between MMA and DMB with 
the molar ratio of MMA : DMB = 1.5 : 1 at initial sites 
(Figs. 2a, 3a) completely describe the kinetic equation 
for the second order irreversible reactions revealed by 
the kinetic studies. Also these results are in agreement 
with literature data for imilar purposes, in particular 
with the interaction between diethylazodicarboxylate 
and unsaturated fatty acids [13]. For the experimental 
data we used the method of least squares for the 
dependence (1/[С1]0-[С2]0)·ln([С1] [С2]0/[С1]0·[C2]t) = 
k·t [14] for Anamorfoze of the second order with non-
equivalent ratio of reactants, because the kinetic 
study was carried out at the DMB : MMA ratio equaled 
to 1.5 : 1. Reaction rate constants were determined by 
the of dependence character of the slope of the kinetic 
curves (Table 3).
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Table 2. Results of chromatographic analysis of gauge mixtures for the preparation of MTMCHC.

Loaded
Added content of the component in 

the gauge mixture
Founded content of the component 

in the gauge mixture Relative 
error, %

Weight, g  Concentration, % Weight, g  Concentration, %
DMB
ММА

MTMCHC

0.138
0.095
2.760

4.60
3.20
92.20

0.135
0.092
2.680

4.65
3.15
92.30

2.17
3.16
2.90

Fig. 2. Kinetic curves of MMA consumption (a) and MTMCHC increase (b) at the molar ratio DMB : MMA = 1.5 : 1 
at the temperature range of 430–433 K.
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Table 3. Dependence of rate constants of cyclization between DMB and MMA on temperature at molar ratio 
DMB : MMA = 1.5 : 1.

Temperature, K (k ±Δk)·10-6, l/(mol·s) Δk, % MMA conversion, %
403
413
423
433

4.4±0.2
10.0±0.3
15.8±0.5
19.4±0.7

4.3
4.5
4.7
4.6

12.3
19.6
28.9
32.4

One can see from Table 1 that the value of the 
second order constants increases with the increase in 
temperature of cycloaddition between DMB and MMA. 
It is known that the rate constant dependence on the 
temperature is described by the Arrhenius equation. 
It helps to determine the activation energy and other 
activation parameters of the process. The correlation 
coefficient is satisfactory (R2 ≈ 0.96). The dependence 

of the reaction rate constant upon the temperature is 
shown in Fig. 3b.

The  activation  energy  is  identified  from  the 
presented dependence (Fig. 3b). The thermodynamics 
parameters of the activating state – change of enthalpy 
ΔH and entropy ΔS – are evaluated accordingly to the 
Eyring equation [14] (Table 4).
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Fig. 3. a) Anamorfoze of MMA consumption in the temperature range of 430–433 K at the molar ratio  
DMB : MMA = 1.5 : 1; b) Dependence of Arrhenius of cycloaddition between DMB and MMA.

y = -9044.98x + 9.921
R² = 0.9
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Table 4. Activation parameters for the cyclization between DMB and MMA.

E# ±ΔE#, kJ/mol ΔH#, kJ/mol ΔS#, J/mol·K lgA A, l/(mol·s)

75.2±5.8 73.9 -146.8 9.92 8.4*109

The value of activating energy Eact  = 75.2 kJ/mol 
shows that under experimental conditions the process 
is not controlled by the diffusion, but takes place in the 
kinetic area [14]. A high negative value of activation 
entropy of the cyclization process (146.8 J/(mol·K)) 
and value of enthalpy for the activated state as 
73.9 kJ/mol are typical for Diels-Alder reactions [14]. 
Bonds opening and formation in these reactions occur 
synchronously, and energy consumption for one bond 
opening in the transitional state is compensated by 
the energy of another bond formation [14]. It means 
that investigated reaction is energetically favourable.

The investigated reaction is subordinated to the 
second  order  of  kinetic  law,  which  is  confirmed  by 
obtained rate constants and activation parameters 
of cycloaddition between DMB and MMA. It is also 
confirmed  by  straightening  of  kinetic  curves  in 

anamorfoze of the second order reaction.
To determine the optimal conditions of 

cycloaddition between DMB and MMA that provides 
maximum MTMCHC yield, the effect of temperature 
and reactants molar ratio on the yield of target product 
was studied. To determine the effect of molar ratio the 
researches were conducted at 433 K and molar ratio of 
DMB : MMA = 1 : 1; 1.25 : 1; 1.4 : 1; 1.5 : 1; 1.6 : 1; 1.75 : 1 
and 2.5 : 1. The MTMCHC yield increases from 65 to 
92 % with the increase of DMB:MMA excess from 1 : 1 
to 1.5 : 1. The further increase of DMB excess does 
not cause the essential increase of MTMCHC yield. In 
addition, large DMB excess is not profitable from the 
industrial point of view.

The  influence  of  DMB:MMA  molar  ratio  on 
MTMCHC yield is shown in Fig. 4. 
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The optimum molar ratio DMB:MMA was 1.5 : 1, 
because the following changes do not essentially 
increase the product yield. To determine the effect of 
temperature on cycloaddition between DMB and MMA 
the researches were conducted in the temperature 
range of 403–443 K at the molar ratio of DMB : MMA 
= 1.5 : 1. The MTMCHC yield increases from 78 to 
92 % with the increase in temperature from 403 to 
433 K. The increase of MTMCHC yield is not observed 
with further temperature increase. The effect of 
temperature on MTMCHC yield is shown in Fig. 5. 
The optimal temperature range of 423–433 K was 
selected from Fig. 5, because it provides maximum of 
MTMCHC yield. 

After separation of the reaction mixture, only one 
final product and the residues of the starting reagents 
are isolated. It is obvious that in this reaction aren`t 
formed isomers. Also, the absence of extraneous 
products  is  confirmed  by  chromatography.  The  final 

product molecule has form of a half-chair. Namely, a 
cyclohexene ring moieties are diene and dienophile 
in  an  antara  position.  Specifically,  C(1)  and  C(4) 
atoms are from different sides of the plane of formed 
cycle. This indicates that the interaction between 
DMB and MMA molecules, whose planes are at the 
beginning  of  the  reaction  supra-superficially  occurs 
step by step with disrotator ring closure in a second 
step. Furthermore, the confirmation of this affirmation 
is to reconcile the obtained experimental kinetic 
parameters and quantum-chemical modeling data, as 
in the case [15]. 

Under chosen conditions MTMCHC synthesis 
was provided (table 5) and physico-chemical char-
acteristics were determined. Synthesized MTMCHC 
has the following physicochemical characteristics:  
Tboil.= 362 K at 4 gPa; n20

D = 1.4670; d20
4 = 0.9525;  

MR found 52.55; calc. 52.80.

Fig. 4. The influence of DMB:MMA molar ratio on MTMCHC yield at 433°K.
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Fig. 5. The effect of temperature on MTMCHC yield at the molar ratio DMB : MMA = 1.5 : 1.
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MTMCHC was characterized by IR, 1H NMR, and 
13C NMR spectra. The IR spectra of HTMC contain 
characteristic absorption bands corresponding to the 
functional groups present in the molecule: to the ester 
group in the range of 1240-1280cm-1; to the aromatic 
ring belong bands in the range 1620-1680, 1500-
1520cm-1 and three bands in the range 2890-2920, 
2925-2950, 2870-2910 cm-1 corresponded to the 
methyl groups.

1H NMR spectrum was registered by the 
spectrometer Bruker AM-300 (300 MHz) in CDCl3 
using TMS as the internal standard. 1HNMR spectrum 
is in agreement with MTMCHC structure. The 
spectrum has signals at 1.38, 1.82, 1.82, 1.84, 1.91, 
2.01, 2.09, 2.15, 2.40, 3.68 ppm. Methyl fragment 
protons are recorded at 3.68 ppm as a singlet. Six 
protons of cyclohexene fragment give four doublet 
signals at 1.84, 1.91, 2.01, 2.09, 2.15 and 2.40 ppm. 
Methyl groups of a cycle in 3, 4 position resonate as 
two singlets at 1.82 and 1.82 ppm and in 1 position 
resonate as singlet at 1.38 ppm.

13C NMR spectrum was registered by the 
spectrometer (50 MHz) in CDCl3 using TMS as the 
internal standard. 13C NMR spectrum is in agreement 
with HTMC structure. The carbons in the cycle are 

recorded at 121.2, 121.9, 41.2, 40.9, 27.0, 42.5 ppm. 
The two peaks at 121.2 and 121.9 ppm are due to a 
carbons of the carbon-carbon double bond in cycle. 
The three peaks at 42.5, 41.2, 40.9, and one peak 
at 27.0 are due carbons of the C-C bonds in cycle. 
Carbons adjacent to the C=O bond is recorded at 
177.6 ppm, which point out on carboxyl group, and 
52.5 ppm – on carbon in methyl fragment. And three 
peaks at 21.6, 19.1, 18.8 are the methyl groups.

Conclusions
The kinetics of initial areas of MMA and DMB 

interaction has been investigated. On the basis 
of kinetic regularities the optimal conditions of the 
process cyclization were determined: temperature of 
423–433 K and molar ratio of DMB : MMA = 1.5 :1. Such 
conditions provide a satisfactory rate of cycloaddition 
between DMB and MMA and allow to obtain MTMCHC 
yield of 89–92 % at the process productivity of  
101-105 g/l·h, which is quite acceptable from 
a technological point of view and industrial 
implementation. The structure of the obtained product 
is  determined  and  confirmed  by  the  refractometric 
analysis and IR, 13C NMR and 1H NMR spectroscopy.

Table 5. The material balance of the process of obtaining MTMCHC under optimal conditions: temperature:  
433 K, molar ratio: DMB : MMA=1.5 : 1, time 6 hours Q = 105 g/(l·h).

Loaded g mol Yield, %
DMB 123.00 1.50

-MMA 100.00 1.00
Total 223.00 -

Obtained g mol Yield, %
MTMCHC 167.44 0.92 92

DMB (nonreacted) 44.46 0.54

-MMA (nonreacted) 10.90 0.11
4Azeotrope (losses) 0.2 -

Total 223.00 –
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