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2-Hydroxyethyl-1,3,4-trimethylcyclohex-3-encarboxylate (HTMC) was synthesized by the
reaction of Diels-Alder. The influence of temperature and molar ratio of reagents on the
yield of the end product was investigated. The kinetics of the cycloaddition reaction
between 2,3-dimethylbuta-1,3-diene (DMB) and 2-hydroxyethylmethacrylate (HEMA)
was studied. The reaction rate constants and the activation parameters of the reaction
were determined. It was stated that the yield of HTMC increases from 76% to 87% when
the temperature increases from 403 K to 433 K, respectively. With a further increase in
the temperature, DMB boils and HEMA remains in a liquid state, therefore, the yield of
the end product does not increase appreciably. An increase in the excess of DMB:HEMA
from 1:1 to 2.5:1 allows increasing the yield of HTMC from 83% to 87%. The optimal
conditions for the HTMC production have been determined as follows: the temperature of
433 K and the molar ratio of reagents DMB:HEMA=1.5:1; the yield of HTMC reaches
87% at the output of 104 g/(1-h) under these conditions. On the basis of the obtained
reaction rate constants and the activation parameters of the [4+2]-cyclic addition of
2,3-dimethylbuta-1,3-diene and 2-hydroxyethylmethacrylate, we found out that the reaction
under study obeys the second-order kinetic equation. The kinetic data indicated the
synchronous cyclization process. The acceleration of the reaction with an increase in the
depth of the process can be explained by matrix or cellular effects.
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Introduction

Alkylcyclohexenecarboxylates are important
substances which can be used as monomers in
production of new polymeric materials, plasticizers
of concrete and concrete mixtures with improved
properties [1]. They can also be used as antibiotics,
drugs that inhibit biosynthesis of cholesterol and
significantly reduce its level in blood, anticonvulsant
drugs [2], food flavorings, taste food components,
perfume compositions and cosmetics [3], plant
growth activators, modifiers of epoxy resins,
plasticizers and comonomers. Alkylcyclohexene-
carboxylates are increasingly being used as a basis
for synthesis of polyfunctional polymers of diverse
structures with predefined physical-chemical
characteristics [4].

Polymerization of alkylcyclohexenecarboxylates
allows preparation of optical lenses. Optically-active
liquid crystals are used as a component of liquid
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crystals composition for electrooptical devices due
to their dielectric anisotropy properties [5].
Alkylcyclohexene derivatives are also attractive since
the presence of homologous series permits
synthesizing secondary and tertiary hydroaromatic
alcohols and hydroaromatic hydrocarbons [6].

The aim of this work was to prepare new
monomers, unsaturated esters of alkylsubstutited
cyclohexenecarboxylic acids. We used the reaction
of [4+2]-cycloaddition between 2,3-dimethylbuta-
1,3-diene (DMB) and 2-hydroxyethylmethacrylate
(HEMA) to synthesize 2-hydroxyethyl-1,3,4-
trimethylcyclo-hex-3-encarboxylate (HTMCQC)
(Scheme 1).

The kinetics of the preparation of 2-hydro-
xyethyl-1,3,4-trimethylcyclohex-3-encarboxylate was
investigated and the optimal conditions for the
synthesis by Diels-Alder reaction were determined.
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Scheme 1. 2-Hydroxyethyl-1,3,4-trimethylcyclohex-3-
encarboxylate

Experimental

Materials

Earlier [7], we synthesized 2-hydroxyethyl-
1,3,4-trimethylcyclohex-3-encarboxylate (HTMC)
using HEMA and DMB. The synthesis DMB was
characterized elsewhere [8]. The synthesis was carried
out according to the method described in work [9]
(Scheme 2).
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Scheme 2. [4+2]-Cycloaddition between 2,3-
dimethylbutadiene and 2-hydroxyethylmethacrylate

Methods

Kinetic study was performed by means of a
laboratory facility. The installation consists of a glass
filling with silicone oil, a heating system, magnetic
stirrer and stand with ampoules. A glass with silicone
oil and a magnet was placed on a magnetic stirrer.
Then, a silicone oil spiral with length of 280 mm
was sealed in a glass tube and placed into a liquid.
The spiral was connected to the transformer and
automatic temperature controller to ensure and
maintain the temperature throughout the process.
Hermetically sealed ampoules with reagents,
previously fixed in a stand for ampoules, were placed
in a glass with silicone oil heated to a temperature
of 393—443 K. The ampoules were immersed so that
they were almost completely in silicone oil, thus
providing uniform heating of the mixture.

Kinetic study was conducted in temperature
controlled vacuum-sealed glass ampoules accordingly
to the procedure described elsewhere [10]. The
temperatures were in the range of 403—433 K. HEMA
and DMB at a molar ratio of 1:1.5 were loaded into
the ampoules (10 cm®) and then hydroquinone was

added (1%). The ampoules were sealed, placed into
a thermostat and heated for 2 hours. The ampoules
were successively removed from the thermostat,
quickly cooled and opened every 15 min from the
beginning of the heating.

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 1 m in length and diameter of 3 mm filled with
polisorb-1. The detector current was 37 mA. The
temperatures of the column, detector and evaporator
were 393 K, 423 K and 423 K, respectively. Hydrogen
was a gas-carrier with a consumption of 22 ml-min™",
the sample volume was 1 ml. Internal normalization
method was used to record a signal and perform
quantitative chromatographic analysis. The error of
chromatographic analysis determined from several
parallel measurements did not exceed 3% [11].

Synthesis of HTMC

121.5 ml HEMA and hydroquinone (1%) was
added to the solution of 169.5 ml DMB. The reaction
mixture was loaded into the ampoules (30 cm?) and
heated for 7 hours at the temperature of 433 K. The
separation of the reaction mixture was carried out in
two stages. Firsty, the distillation of the reaction
mixture was performed at atmospheric pressure in a
flask equipped with a reflux condenser with a length
of 20 cm. After reaching the maximum cube
temperature of 345 K, the remains of the original
DMB were separated. Then, having reached the
temperature of 395 K, the distillation was carried
out under vacuum (4 gPa). The HTMC was separated
at the temperature of 379 K. The yield of HTMC
was 87%. These values of HTMC yield are in good
agreement with the data received from mathematical
modeling of the process [7].

Results and discussion

To determine the optimal conditions of
cycloaddition between DMB and HEMA that
provide maximum HTMC yield, the effects of
temperature and reactants molar ratio on the yield
of the end product were studied. To determine the
effect of molar ratio, the experiments were conducted
at 433 K and molar ratio of DMB:HEMA of 1:1,
1.25:1, 1.5:1, 1.75:1 and 2.5:1. The HTMC yield
increased from 83% to 87% with increasing the
DMB:HEMA excess from 1:1 to 1.5:1. A further
increase in DMB excess did not cause an essential
increase in the HTMC yield. In addition, the large
DMB excess is not profitable. The influence of
DMB:HEMA molar ratio on HTMC vyield is shown
in Figure 1.
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Fig. 1. The influence of the DMB:HEMA molar ratio on the
HTMC yield at 433 K

The optimum molar ratio of DMB:HEMA was
stated to be 1.5:1, because the following changes did
not appreciably increase the product yield. To
determine the effect of temperature on the
cycloaddition between DMB and HEMA, the
experiments were conducted in the temperature range
of 403—443 K and at the molar ratio of
DMB:HEMA=1.5:1. The HTMC yield increased
from 76% to 87% with an increase in the temperature
from 403 to 433 K. An increase in the HTMC yield
was not observed with a further increase in the
temperature. The effect of temperature on HTMC
yield is demonstrated in Figure 2.

The optimal temperature was accepted to be
433 K, because this value provides the highest yield
of HTMC.

The kinetics of the reaction under consideration
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Fig. 2. The effect of temperature on the HTMC vyield at the
molar ratio of DMB:HEMA of 1.5:1

was studied at the optimal values of DMB:HEMA
molar ratio in the temperature range of 403—433 K.

The kinetic curves of HEMA consumption and
HTMC accumulation are shown in Fig. 3,a,b. The
interaction between HEMA and DMB at the molar
ratio HEMA:DMB=1.5:1 in the initial sections of
the kinetic curves (Figures 3,a) is well described by
the second-order kinetic equation for the irreversible
reactions. Also, these results are in agreement with
literature data, in particular with those concerning
the interaction between diethylazodicarboxylate and
unsaturated fatty acids [12]. To treat our experimental
data, we also used the method of the least squares

for the dependence in coordinates of
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Fig. 3. Kinetic curves of HEMA consumption (a) and HTMC accumulation (b) at the molar ratio DMB:HEMA= 1.5:1 in the
temperature range of 430—433 K

Determination of optimal conditions for preparation of 2-hydroxyethyl- 1,3,4-trimethylcyclohex-3-

encarboxylate



76

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 4, pp. 73-79

(1/1Cy]y [Calo)'In([Cy] [Colo/[Cily [Col)=kt for the
second-order reaction with a non-equivalent ratio
of reactants [13]. The reaction rate constants were
determined by the slope of the linearized Kkinetic
curves (Table 1).
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Fig. 4. Linearized kinetic curves for the HEMA consumption
in the temperature range of 403—433 K at the molar ratio
DMB:HEMA=1.5:1

Table 1

Dependence of the rate constants of cyclization between

DMB and HEMA on the temperature at the molar ratio
DMB:HEMA=1.5:1

Temperature, | (k+Ak)-10°, | Ak, % | HEMA,
K 1/(mol-s) conversion, %
403 2.2+0.1 4.2 11.1
413 4.2+0.2 4.6 17.2
423 6.94+0.3 4.8 24.9
433 10.1+0.4 4.3 28.4

As can be seen from Table 1, the value of the
rate constant increases with an increase in
temperature. The temperature dependence of rate
constant is described by the Arrhenius equation
(Fig. 5). The correlation coefficient is R?~0.96.

y=-8863.9x + 9.0222
R2= 0.9906
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Fig. 5. Arrhenius dependence for the cycloaddition reaction
between DMB and HEMA

The activation energy was calculated from the
presented dependence. The thermodynamics
parameters of the activating state (enthalpy of
activation, AH*, and entropy of activation, AS*) were
evaluated accordingly to the Eyring equation [13]
(Table 2).

Table 2
Activation parameters of the cyclization between DMB
and HEMA

Parameter Value
E"+AE’, kJ/mol 73.7+7.2

AH?, kJ/mol 62

AS", J/mol- K ~181

IgA 9.02
A, /(mol-s) 1.04-10"

The value of activation energy E,,=73.7 kJ/mol
shows that the process is not controlled by the
diffusion control under experimental conditions but
occurs in the kinetic regime in the initial step of the
reaction [13]. A high negative value of activation
entropy (181 J/(mol-K)) and a value of activation
enthalpy, which is equal to 62 kJ/mol, are typical of
Diels-Alder reactions [13]. Opening and formation
of bonds 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 [13]. It means that the
investigated reaction is energetically favorable.

The investigated reaction obeys the second-
order kinetic law which is confirmed by obtained
rate constants and activation parameters of
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Table 3

The material balance of the synthesis of HTMC under optimal conditions (temperature 433 K, molar ratio
DMB:HEMA=1.5:1, duration 7 h, Q=104 g/(14h)

Loaded Obtained
Substance g mol | Yield, % Substance g mol | Yield, %
1. DMB 123.00 1.50 1. HTMC 184.70 | 0.87 87
2. HEMA 130.00 1.00 2 DMB (non-reacted) 51.10 | 0.63
- 3. HEMA (non-reacted) 16.90 | 0.16
Total 253.00 - 4. Azeotrope (losses) 0.30 — a
Total 253.00 —

Note: HTMC was characterized by IR, 'H NMR, and '*C NMR spectra.

cycloaddition between DMB and HEMA. It is also
confirmed by the linearized kinetic curves (Fig. 4).

However, the reaction occurs at 433 K in a
hermetically sealed system. Therefore, the pressure
will increase. That is why, further, the reaction rate
will no longer proceed in the kinetic regime. The
Arrhenius equation may take into account the change
in the reaction rate only for the initial step of the
reaction. With increasing pressure, the physical
properties of the reaction medium will be changed
and the reaction will occur under the diffusion control
of the kinetics. In addition, this reaction occurs at a
non-equimolar ratio of reagents. The excess of DMB
contributes to a stable reaction rate owing to stronger
interactions between reagent molecules. All of these
factors have a significant effect on the course of the
reaction and especially on its duration.

Under the chosen optimal conditions, HTMC
synthesis was performed and some physicochemical
characteristics were determined (Table 3).
Synthesized HTMC has the following
physicochemical characteristics: T,,,;=379 K at 4 gPa;
n?,=1.4861; d*,=1.0582; MR found 53.8; calc. 53.4.

IR spectra of HTMC reveal characteristic
absorption bands corresponding to the functional
groups presented in the molecule: two bands in the
range of 1710—1730 and 1730—1750 cm™' belonging
to the ester group; the bands in the range of 1620—
1680 and 1500—1520 cm™! belonging to the aromatic
ring and three bands in the range of 2890—2920,
2925—2950 and 2870—2910 cm™! corresponding to
the methyl groups.

'H NMR spectrum was registered by the
spectrometer Bruker AM-300 (300 MHz) in CDCl,
using TMS as the internal standard. 'HNMR
spectrum is in agreement with HTMC structure. The
spectrum shows signals at 1.38, 1.82, 1.82, 1.84, 1.91,
2.01, 2.09, 2.15, 2.40, 3.55, 4.27 and 4.90 ppm.
Hydroxyethyl fragment protons are recorded at 3.55

and 4.27 ppm as two triplets; and at 4.90 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
positions resonate as two singlets at 1.82 and
1.82 ppm and in methyl group of 1 position resonates
as a singlet at 1.38 ppm.

BC NMR spectrum was registered by the
spectrometer (50 MHz) in CDCI, using TMS as the
internal standard. 3C NMR spectrum is in agreement
with HTMC structure. The carbons in the cycle are
recorded at 121.2, 121.9, 41.2, 40.8, 27.0 and
42.5 ppm. Two peaks at 121.2 and 121.9 ppm are
due to carbons of the carbon-carbon double bond in
the cycle. Three peaks at 42.5, 41.2 and 40.8 ppm
and one peak at 27.0 ppm are due to carbons of the
C—C bonds in the cycle. Peaks corresponding to
carbons adjacent to the C=0 and C—O—C bonds
are recorded at 175.9 ppm (carboxyl group) and 52.1
and 64.1 ppm (carbons in hydroxyethyl fragment).
Three peaks at 21.6, 19.1 and 18.8 ppm are related
to the methyl groups.

Conclusions

Kinetics of the initial stages of the interaction
between HEMA and DMB was investigated. Kinetic
data indicated the synchronous cyclization process.
The optimal conditions of the cyclization process
have been empirically determined as follows: the
temperature of 433 K and the molar ratio
DMB:HEMA of 1.5:1. These conditions provide a
satisfactory rate of cycloaddition reaction between
DMB and HEMA and the HTMC yield reaches
87% at the output of 104 g/(1-h). The acceleration
of the reaction with an increase in the depth of the
process can be explained by matrix or cellular effects.
The structure of the prepared product was confirmed
by the refractometric analysis and 'H NMR, “C
NMR and IR spectroscopies.
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BCTAHOBJIEHHS OIITUMAJIBHUX YMOB
OJEPXKAHHA 2-T'TAPOKCUETWII-1,3,4-
TPUMETNILHUKIOI'EKC-3-KAPBOKCIUJIATY

1.C. Kocmis, P.I. I'agpuais

Hosuii 2-ciopoxcuemun- 1,3,4-mpumemunyuxioeexc-3-eH-
xapboxcunsam (HTMC) 6yeé cunmesosanuil 3a peakuicto Jirsca-
Anvdepa. Jlocaidnceno enaue memnepamypu, MoAspHO2O CRiG8IOHO-
WeHHsl peazeHmie Ha euxio yinbosoeo npodykmy. Busueno kinemu-
Ky peaxuyii yukaonpueonauus 2,3-dumemunoymy- 1,3-oieny (ZIMB)
ma 2 eidpokcuemuamemaxpusamy (F'EMA) 3a peakuiero Jirvca-
Anvdepa. Busnaueni KoHcmanmu weuokocmi peakuyii ma akmu-
eauitini napamempu peaxuyii. Jlocaioxceno enaue memnepamypu,
MOASIPHORO CNIBBIOHOWEHHS PeaceHMie Ha 8UXI0 Yinb08020 NPOOYK-
my. Ilpu 36invwenni memnepamypu 6id 403 K do 433 K, euxio
2-eidpokcuemun- 1,3,4-mpumemunyurxsoeexc-3-kapbokcuramy
(I'TMK) 36irvuwyemocs 3 76% 0o 87%. 3 nodanvuuum niosuuer-
Ham memnepamypu JIMBb kunums i TEMA 3aauwaemocs y piokomy
cmai, 6i0n06iOHO 8UXI0 8UXIOHO20 NPOOYKMY CYMMEBO He 3POC-
mae. 36invwenns Haoauwky IMb:TEMA i 1:1 do 2,5: 1 dosgonsie
s6insuwumu euxio 'TMK 3 83% do 87%. Bcmanoeneni onmumanshi
ymosu odepycanus 2-eiopokcuemun- 1,3,4-mpumemunyurnoeexc-3-
Kkapbokcunramy: memnepamypa 433 K i moaspHe cniesioHouwieHHs
peacenmie JIMB:I'EMA=1,5:1; 3a yux ymos euxio 'TMK cmaHno-
eumov 87% npu npodyxmuernocmi 104 ¢/(n-200). Ha ocnosi odep-
JHCAHUX KOHCIMAHM WUOKOCMI peakuyii ma napamempie axmueayii
[4+2]-yuraonpueonanns 2,3-oumemundyma- 1,3-diecny ma 2-eiopok-
cuemuamemaxkpuaamy 0ya0 6CMAHOBAEHO, W0 O0CAIONCYBAHA pe-
akuyis nionopsoKo8yemocst KIHeMU4HOMY PIGHSHHIO Opye020 nopso-
ky. Kinemuuni Oaui éxasyoms Ha npouec CUHXPOHHOI YUKAIZayii.
Tlpuckoperns peaxyii 3i 30inbueHHAM 2AUOUHU NPOYeECy Modice Oymu
NOSACHEHO MAMPUYHUM A00 KAIMUHHUM eheKmamu.

Knwovosi cJoBa: 2,3-1uMeTUIOyTami€H,
2-rigpokcueTuaMeTakpuaar, 2-rinpokcuetun-l1,3,4-
TPUMETWILUKIOTEKC-3-KapOOKCUIaT, UMKIONPUETHAHHS,
LMKJIOTeKCEHKApOOKCUIIATH.
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2-Hydroxyethyl- 1,3, 4-trimethylcyclohex-3-encarboxylate
(HTMC) was synthesized by the reaction of Diels-Alder. The influence
of temperature and molar ratio of reagents on the yield of the end
product was investigated. The kinetics of the cycloaddition reaction
between  2,3-dimethylbuta-1,3-diene (DMB) and
2-hydroxyethylmethacrylate (HEMA) was studied. The reaction rate
constants and the activation parameters of the reaction were
determined. It was stated that the yield of HTMC increases from
76% to 87% when the temperature increases from 403 K to 433 K,
respectively. With a further increase in the temperature, DMB boils
and HEMA remains in a liquid state, therefore, the yield of the end
product does not increase appreciably. An increase in the excess of
DMB:HEMA from 1:1 to 2.5:1 allows increasing the yield of HTMC
from 83% to 87%. The optimal conditions for the HTMC production
have been determined as follows: the temperature of 433 K and the
molar ratio of reagents DMB:HEMA=1.5:1; the yield of HTMC
reaches 87% at the output of 104 g/(1-h) under these conditions. On
the basis of the obtained reaction rate constants and the activation
parameters of the [4+2]-cyclic addition of 2,3-dimethylbuta-1,3-
diene and 2-hydroxyethylmethacrylate, we found out that the reaction
under study obeys the second-order kinetic equation. The kinetic
data indicated the synchronous cyclization process. The acceleration
of the reaction with an increase in the depth of the process can be
explained by matrix or cellular effects.

Keywords: 2,3-dimethylbutadiene; 2-hydroxyethylmethacrylate;
2-hydroxyethyl-1,3,4-trimethylcyclohex-3-encarboxylate;
cycloaddition reaction; cyclohexencarboxylates.
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