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enthalpies of sublimation and formation in the gaseous state at 298.15 K were calculated using
two methods. The possibility of applying analytical methods of Domalski, Joback and quantum
chemical calculations to determine the enthalpy of formation in the gas phase is analysed.
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1. Introduction

The pharmaceutical market is full of drugs that include biologically active compounds with fragments of heterocycles
with a nitrogen atom in their structure.! Some of them are polysubstituted pyrrole derivatives, particularly arylpyrroles.
These compounds are characterized by antitumor, antibacterial, analgesic, antioxidant, and anti-inflammatory effects.?> The
possibility of diversification of biological activity due to substituents in the ring is explained by the ability of pyrrole to
react with various electrophiles, which is caused by the aromatic nature of the ring.® For the chemical industry, pyrrole-
based derivatives are valuable in the production of optoelectronic materials, electrically conductive materials, corrosion
inhibitors, organic catalyst components, and plant protection.”!?

These compounds have significant potential for use as drug components. Thus, the share of low-molecular weight drugs
containing at least one nitrogen-containing heterocycle in the US market is about 75%, and the number of such drugs is
expected to increase further.!! Consequently, this motivates the scientific community to develop new ways of synthesizing.
Among a number of such arylpyrrole derivatives is 3-(5-phenyl-1-(pyridin-3-yl)-1H-pyrrol-2-yl)propanoic acid. The lack
of fundamental thermodynamic parameters (enthalpies of combustion, formation, fusion and vaporization) motivated us to
determine them experimentally in this work. The availability of these will make it possible to optimize the processes of
synthesis, processing, transportation, and storage of this substance. In addition, if necessary, information on the calorific
value will be required when the substance is disposed of by combustion in boilers with the subsequent use of the released
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energy in heat exchange processes, which is one of the simplest methods of ecological disposal of pharmaceutical substances
containing carbon, hydrogen, oxygen, and nitrogen atoms.!2

The purpose of this work is to determine the fundamental thermodynamic parameters of 3-(5-phenyl-1-(pyridin-3-yl)-
1 H-pyrrol-2-yl)propanoic acid. Determine the combustion energy of the acid under study using the bomb calorimetry
method and calculate the standard enthalpy of combustion and formation in the condensed state. Determine the
thermodynamic parameters of phase transitions based on the results of derivatographic studies. Recalculate the obtained
values of the phase transition parameters to the generally accepted temperature 298.15 K and calculate the enthalpy of
formation in the gaseous phase. Conduct a theoretical calculation of the enthalpy of formation using analytical calculations
methods of Domalski, Joback and quantum chemical calculations.

2. Results and Discussion

The synthesis of 3-(5-phenyl-1-(pyridin-3-yl)-1 H-pyrrol-2-yl)propanoic acid 5 was carried out according to the reaction
scheme shown in Scheme 1:

HyC
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1. HCI, H,0, EtOH, 24 h boiling
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Scheme 1. Preparation of 3-(5-phenyl-1-(pyridin-3-yl)-1 H-pyrrol-2-yl)propanoic acid 5
The calculation of the combustion energy A.U of the studied acid under the combustion process conditions was carried
out according to Eq. (1):
W - AT — quser - QHN03 + Qcarp )

—AU =
Meomp

where W is the energy equivalent of the calorimetric system, J/V; AT is true temperature increase in a calorimetric
experiment; Meomp is the mass of the substance that burned during the experiment, g; Q ryser» @uno, and Qcqrp, are the amount
of heat released during the combustion of cotton thread (16704.2 J/g)'3, the formation of nitric acid solution (59 J/g)'3, and
the formation of soot (32800 J/g)'3, respectively.

The reliability of the calorimetric system was checked by burning a secondary standard. We chose biphenyl as a
secondary standard, for which the thermodynamic parameters have been repeatedly determined'*. The experimentally
determined values of the heat of combustion (A HSeg = — 6249.2 + 2.0 kJ/mol) and the heat of formation in the condensed
state (AnggS =-97.9 +£2.0 kJ/mol) are in good agreement within the error of the experiment and calculations with the
published values in the scientific literature.

Table 1 shows the data of the experimental determination of the combustion energy of the studied acid 5 according to
Eq. (1), as well as the combustion completeness (%). The value of combustion completeness was given as the ratio of the
amount of carbon dioxide determined by gas analysis to the amount of carbon dioxide calculated from the stoichiometric
Eq. (2) of the acid combustion reaction:

CigH160,N, + 210, — 18C0, + 8H,0 + N, )
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Table. 1. Experimental data of combustion energy determination of 3-(5-Phenyl-1-(pyridin-3-yl)-1H-pyrrol-2-yl)propanoic
acid 5.

Meomps AT, quser’ QHN03’ Qcarps -AU, c((f::]mlb:tl::::sl;
g v J J J Jig P Gy
0.29092 0.88378 89.0 8.9 36.1 31224 99.53
0.22736 0.69254 76.8 3.5 25.3 31279 99.38
0.21916 0.66651 79.8 53 33.1 31234 99.00
0.23510 0.71367 73.5 5.0 32.8 31218 99.87
0.27460 0.83457 90.5 94 38.9 31228 99.64
0.20098 0.61312 94.4 6.8 29.2 31210 99.81
0.28531 0.86494 85.4 5.3 44.1 31207 99.89

AU =-31229+16 /g

Taking into account'® the Washburn correction 7 and the correction for the expansion work AnRT, the mean value of
combustion energy AU was used to calculate the standard enthalpy of combustion A .Hpgg. The following values of
formation energies (kJ/mol) were used to calculate the standard enthalpy of formation Anggs in the condensed state for the
acid under study: CO; (g) = 393.5+0.1,"> H,O (1) = 285.8+0.1,"> O, (g) = 0'°. Table 2 shows the determined value of the
energy of combustion under standard conditions, the Washburn correction, the correction for expansion work, and the
standard enthalpies of combustion and formation in the condensed state of the acid under study.

Table. 2. Standardized calorimetry values of 3-(5-Phenyl-1-(pyridin-3-yl)-1H-pyrrol-2-yl)propanoic acid combustion.

ArHYog 15 (cP)
AcU305.15, kJ/mol T AnRT AcH3og 15, kJ/mol ! 1373511 ’

—9129.3+4.6 —6.0 —4.96 —9140.2+4.6 —229.6+4.6

To verify the reliability of the derivatographic equipment and the methodology for processing the results of experimental
studies, a series of derivatographic studies of biphenyl were performed. Based on the results of differential thermal analysis
(DTA), the melting point 7y = 343.45+0.55 K and Ag,sHr s = 18.6+1.4 kJ/mol were calculated. According to the results

of the thermogravimetric (TG) method of analysis in the temperature range from 370.0 to 469.4 K, the enthalpy of
vaporization was calculated Ay g, Hyq97 = 57.3+1.5 kJ/mol. The determined thermodynamic parameters of phase transitions
under the conditions of the study are consistent with the values given in the published literature'*. Based on the experimental
results of DTA and TG methods, the enthalpy of vaporization and the enthalpy of fusion of the acid under study were
calculated. The results are presented in Tables 3 and 4. In Table 3 T; — T, is temperature range for which the enthalpy of
vaporization is calculated, K; 2Am is complete loss of sample mass in the specified temperature range, g.

Table. 3. Thermodynamic parameters of the evaporation process of the acid under study

Sample ore AvapH,
number Tr-T K 2Am"10% g 4 B, K kJ/mol
1 545.6 -575.8 4.51 14.03 12336 106.2
2 520.7-585.0 17.2 14.56 12398 106.7
3 534.2-581.3 14.6 13.98 12305 105.9
Mean value: 106.3+1.0
Table. 4. Thermodynamic parameters of the melting process of the acid under study
Sample 103 AsusH,
number mo, g Amivap, g S, K-s Grap, J K-10°, J/K:s kJ/mol
Trs = 438.40+£1.50 K;
1 0.0960 0.0003 338.2 0.0958 35.96 36.7
2 0.1017 0.0005 361.4 0.1817 35.96 36.8
3 0.1059 0.0007 367.6 0.2543 35.96 35.8
Mean value: 364+1.3

Calculation of the enthalpy of sublimation at 298.15 K requires recalculation of thermodynamic parameters to 298.15 K
in order to standardize the results of experimental studies. For this purpose, the Kirchhoff equation (Eq. 3) is used:

T
AI-I£)98.15 = AH’? - f298.15

AC,dT, 3)

where 4C, is change in heat capacity, with a corresponding phase transition. It is determined experimentally using precision
equipment or analytical calculation methods. In recent years, more and more attention has been paid'®!7 to the use of
analytical methods of calculation 4C,. For instance, to calculate the change in heat capacity at the corresponding phase
transition, authors in work'® considered the use of a linear equation and the value of heat capacity at the corresponding
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aggregate state, which was calculated by group contributions. In other work!”, it was proposed that the specific value of the
change in the heat capacity of the evaporation process is a constant value in the range of 4-6%. Thus, we decided to use the
equations given in work!” to recalculate the enthalpies of vaporization.

The recalculation of A,q,H to 298.15 K of the acid under study was performed using equation (4) from the average
temperature of the interval (Tg, ) at which the study was performed. The calculation of Ar,cH7gg 5 Was carried out from
Tty according to equation (5)'8. The results of the calculations are shown in Table 5.

ApapHzog1s = DyapHr,, +(0.591 + 0.024) - M - (T,, — 298.15), 4
where M is the molecular weight of the substance, g/mol.

298.15 — Ty,

Apustaog15 = ArusHr [1 135 Ty
. us

6))

The calculation of the enthalpy of sublimation Ag,,Hyog 15 from the values of A,q,H and Ag,sH determined by the
derivatographic method was performed using two methods of recalculation. The first method recalculates the value of the
enthalpy of fusion from Tr,; t0 298.15 K and the value of enthalpy of vaporization from Tg,,, at which A,,4,, H is determined,
to Trys by Eq. (6).

298.15 — TfusD

135 Trys ©)

AsungQS.ls = (AvapHTav + AVapCpZQS.lS(Tav - Tfus) + AfusHTfus 1+

In order to reduce the steps of recalculation, it was assumed in the second method that the A,,, H values were calculated
in the temperature range, the minimum value of which is very close to the T, of the substance. Since Ty, corresponds to
the temperature of the triple point, when a substance is simultaneously in three aggregate states, it can be assumed that the
calculated value of A, H at T, will be the same as at Tf,,;. Therefore, to calculate the enthalpy of sublimation, we used
Eqg. (7) and considered that the heat of phase transitions specified in the equation belong to Ty;.

AsubHTfus = AvapHTfus +AfusHTqu (7
In this case, the enthalpy of sublimation was recalculated using equation (8) from T, to 298.15 K.
AgupH3og s = AsubHTfus + Asup Cp298.15(Tfus - 298-15) =

= AqupHrp, + (0261 £ 0.035) - M - (Tyyus — 298.15) (8

The results of Ay, H9g 15 calculations are also shown in Table 5.

Table. 5. Thermodynamic parameters of the enthalpies of phase transitions of the investigated acid at 298.15 K, kJ/mol.

Ay HS
ApusH39g15 BvapH398.15 Method 1 e Method 2

27.9+1.9 150.3+2.8 154.0+3.4 153.5£3.6

Thus, the values of the enthalpy of formation of 3-(5-phenyl-1-(pyridin-3-yl)-1H-pyrrol-2-yl)propanoic acid in the
gaseous state ArHJog15(g) at 298.15 K according to the first and second methods are —75.7+5.7 kJ/mol and —76.1+5.8
kJ/mol, respectively.

In this work, experiments to determine the main thermodynamic parameters of the compound require the use of high-
precision equipment and qualified researchers. This makes them expensive and complicated. In this context, attention should
be paid to alternative approaches to determining thermodynamic parameters. In order to determine the enthalpy of formation
in the condensed and gas phases, there are analytical calculation methods, including Domalski,'® Joback,?’ Benson,?!
Salmon,? and quantum chemical. These methods generally provide good reproducibility of results for compounds with
simple structures. During our analytical calculations, we did not use the Benson and Salmon methods, since the first one
has a limited number of group contributions of nitrogen-containing groups, and the second one gives?* significant deviations
for a compound of similar structure. To perform quantum chemical calculations, we used method known as T1 recipe**
described by W. S. Olinger et al. Table 6 presents all the necessary group contributions for calculating the enthalpy of
formation of the acid under study in the condensed and gaseous states by the Domalski and Joback methods.
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Table. 6. Group contributions of Domalski and Joback analytical calculation method, kJ/mol

Group Ang‘)B.lS Group Ang‘)B.lS
(cr) ) (cr) )
Domalski group contributions

Cb — (Cr)2(H) 6.53 13.81 C - (O)(Ca)(H)2 -21.6 —-18.92
Cb — (Ca)(Cn)2 20.27 24.17 C - (C)(CO)(H)2 -27.9 -21.84
Ca — (Co)(Ca)(N) -3.95 -5.74 CO - (C)(0) —-153.6 —137.24
Ca — (Ca)2(H) 17.53 28.28 O - (CO)(H) —282.15 -2543

N — (Ca)2(Cv) 88.92 120.64 Co — (Co)(N)(H) 6.53 13.81
Cb — (Ch)2(N) 9.75 -1.3 N — (Cbp)2 57.00 69.00
Ca— (Ca) (O)(N) -3.95 -5.74 Pyrrole ring —17.84 -30.48

Joback group contributions

=C- (ring) - 2.09 —COOH (acid) - —426.72
=C< (ring) — 46.43 >N- — 123.34
—CH:z— = —20.24 —N= (ring) - 55.52

According to the Domalski method, the enthalpies of formation in the solid and gaseous states are ArH3gg15(c1) =—
241.2 kJ/mol and Anggg_l s(g) =-80.9 kJ/mol, respectively. The deviations of the values obtained by the Domalski method
from the experimental ones for A;H3gg,s(cr) is 11.6 kJ/mol and A;H3gg,5(g) are 5.2 kJ/mol and 4.8 kJ/mol,
correspondingly. As for the Joback method, the calculated value of the enthalpy of formation in the gaseous state is
Anggg_l 5(9) =-12.1 kJ/mol. The Joback method shows a noticeable deviation from the values A;H3yg 15(g) calculated by
the two methods, which are 63.6 kJ/mol and 64.0 kJ/mol, respectively. Such deviations between the values of the analytical
calculation method and the experimental ones can be explained in terms of the spatial structure of the acid under study and
the tensions arising in the molecule. One of the factors may also be the presence of phenyl and pyridine substituents in the
fifth and first positions of the pyrrole ring. Their presence can cause tension in the molecule itself and prevent the formation
of intra- and intermolecular interactions. This, in turn, has a significant impact on the thermodynamic properties of
individual substances, which analytical calculation methods might not take into account.

Based on the results of quantum chemical calculations using the method of T1 recipe to calculate the enthalpy of
formation in the gas state, the following value was obtained AgHog 15(g) =—50.1 kJ/mol. The obtained value deviates from
the values of ArH3gg15(g), calculated earlier by the two methods, by 25.6 kJ/mol and 26.0 kJ/mol, respectively. Judging
by the obtained results, the error of the analytical methods of calculation according to Domalski are within 5-6 kJ/mol. The
other methods give larger errors.

3. Conclusions

The following fundamental thermodynamic parameters for 3-(5-phenyl-1-(pyridin-3-yl)-1H-pyrrol-2-yl)propanoic acid
were determined as a result of our studies. By experimental combustion calorimetry, the energy of combustion of the acid
was determined with the subsequent calculation of the standard enthalpies of combustion (A HSggqs = —
9140.2 £ 4.6 kJ/mol) and formation in the condensed state (AfHS%_lS (cr) = —229.6+4.6 kJ/mol). According to the data of
the differential thermal analysis method, the melting point was calculated (Trs = 438.40+1.50 K) and the value of the
standard enthalpy of fusion (ApysH3g15 = 27.9+1.9 kJ/mol). Based on the results of the thermogravimetric method of
analysis, the standard enthalpy of vaporization was calculated (A,qpHzog.15 = 150.3+2.8 kJ/mol). The standard enthalpies
of sublimation (154.0+3.4 kJ/mol and 153.5+3.6 kJ/mol) and formation in the gaseous state (—75.7+5.7 kJ/mol and —
76.145.8 kJ/mol) of the acid under study were calculated using the two methods described previously.

The analytical methods of Domalski, Joback, and quantum chemical calculations were applied to determine the enthalpy
of formation in the gas phase. The smallest deviations of values obtained by analytical calculation methods from the
experimentally determined in this study were observed using the Domalski (5.2 kJ/mol and 4.8 kJ/mol).
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4. Experimental
4.1. Materials and Methods

'H and '*C NMR spectra were recorded on Bruker Avance 500 (500 and 126 MHz, respectively). Mass spectral analyses
were performed using an Agilent 1100 LC/MSD with API-ES/APCI mode. The Shimadzu IR Spirit-T apparatus was used to
obtain data on the infrared spectrum.

According to the established method,'>?? the combustion energy of 3-(5-phenyl-1-(pyridin-3-yl)-1H-pyrrol-2-
yl)propanoic acid was measured using a precision calorimeter B-08-MA with an isothermal shell (+0.003 K) and a static
calorimetric bomb. The energy equivalent for this calorimetric installation was determined and is as follows W = 10347+7
J/V. It was determined using reference benzoic acid (main component content 99.995 + 0.01 mol%) with an accuracy of
+0.06%.

The acid under study exists in a solid aggregate state under normal conditions. A sample of the acid was first pressed into
tablets using a press mold, tied with cotton thread, placed in a platinum cup, and placed in a calorimeter bomb. To the bomb
1 ml of distilled water was added. During the experiment, the samples were ignited by discharging capacitors through a
nichrome wire, which set the cotton thread on fire. The initial pressure of oxygen in the calorimetric bomb, pre-purified from
combustible impurities, carbon dioxide and water, was 30 atmospheres. The temperature at the beginning of all experiments
was 298.15 K.

At the end of each combustion experiment, procedures for quantitative analysis of combustion by-products were carried
out to detect the presence of mono- and dioxide, soot and nitric acid. To perform gas analysis of the produced carbon dioxide
after the combustion process, the Rossini method?® was used with an accuracy of +2-10* g. Additionally, the carbon
monoxide content was measured in individual experiments using indicator tubes with an accuracy of +£5-10° g. The
reliability of the gas analysis was confirmed by numerous experiments on the combustion of reference benzoic acid. The
resulting nitric acid solution in a calorimetric bomb was analysed by titration with 0.1N KOH. The amount of soot formed
on the walls of the platinum cup after acid combustion was determined by weighing with an accuracy of £5-106g.

In the study, the derivatograph Q-1500 D of the Paulik-Paulik-Erdey system was used to perform differential thermal
analysis and thermogravimetric analysis of 3-(5-phenyl-1-(pyridin-3-yl)-1H-pyrrol-2-yl)propanoic acid. Derivatographic
studies were conducted in a dynamic mode in the air atmosphere. The heating rate was 5 K/min with the following
sensitivities on the scales: TG — 100 mg; TA up to 773 K using a platinum crucible. The enthalpy of vaporization (A,q,H)
was determined from the temperature dependence of the vaporization rate V=Am’/Az in the temperature range when the acid
under study was in a liquid aggregate state, before the thermo-oxidative degradation processes began.

According to the experimentally obtained results of TG analysis, the rate of acid evaporation was determined by plotting
the integral curve of sample mass loss with its subsequent differentiation every 30 s. The data on the temperature dependence
of the evaporation rate were approximated by the linear form of the Arrhenius Eq. (9):

InV = A B
w=AaATT
where: B = E../R.

©)

During the calculations, it was assumed that the process of vapor condensation in the presence of a liquid phase occurs
with practically no energy loss. Therefore, according to Eq. (10), the values of the enthalpy of vaporization and activation
energy (E.c) are equal.

AvapHTfus = Eget + RTfus (10)

The heat of vaporization absorbed during the mass loss of the sample was taken into account in Eq. (11) when calculating
the enthalpy of fusion (AgysHr fus):

K-S§= qus + Qvap =my 'AfusHTfus + Amvap 'AvapHTfus (11)

where K is the heat transfer coefficient of the derivatograph Q-1500 D, which was determined using biphenyl, silver nitrate,
adipic acid, benzoic acid K-1 and was 8.2023-1073 Ty, J/(Ks); Qs and Quap are the amount of heat absorbed during the
melting or evaporation processes of the sample, respectively, J; Ag,oH and A,q, H are specific values of the enthalpies of
fusion and vaporization of the acid sample under study, respectively, J/g; mo is mass of the sample corresponding to the
temperature of its melting point Trus, g; Amygp is the loss of sample mass (vapor mass) over the period taken into account
when determining the peak area S (K-s) on the differential thermal analysis curve, g.
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4.2. Synthesis

Furfurylidene acetophenone 3. To the reaction mixture of furfural 1 (38.4 g, 0.4 mol), acetophenone 2 (48 g, 0.4 mol) in
100 ml methanol was added solution of KOH (1.4 g, 0.025 mol) under vigorous stirring. The temperature of the reaction
mixture was maintained in the range of 20-25°C. After stirring for 3 h, the reaction mixture was neutralised with acetic
acid, diluted with water (200 ml), extracted with dichloromethane, and washed with water. The organic layer was separated
and dried with sodium sulfate. After distillation of the solvent, the residue was distilled in vacuum to obtain 56.2 g (71 %)
furfurylidene acetophenone 3. Bp 137-138°C /1 mm Hg.

4,7-Dioxo-7-phenylheptanoic acid 4. A mixture of 39.6 g (0.2 mol) furfurylidene acetophenone 3, 300 ml ethanol, 90 ml
of con. HCl and 15 ml of water were refluxed for 24 h. The alcohol was distilled off and a black viscous mass was obtained.
Then 200 ml of conc. HCI, 200 ml of glacial acetic acid, 400 ml of water were added to this mass and heated under reflux
for the next 3 hours. After cooling, the formed light yellow crystalline precipitate of 4,7-dioxo-7-phenylheptanoic acid 4
was decanted from the residual resin, filtered, washed three times with water and recrystallized from ethanol. 18.7 g (40%),
mp 186-187°C.

3-(5-Phenyl-1-(pyridin-3-yl)- 1 H-pyrrol-2-yl)propanoic acid 5. A mixture of 4,7-dioxo-7-phenylheptanoic acid 4 (5.85 g,
0.025 mol), pyridine-3-amine (2.35 g, 0.025 mol) and 50 ml of glacial acetic acid was refluxed for 6 h. Under stirring cooled
reaction mixture was transferred to a beaker with 100 ml cold water. The resulting precipitate was filtered off after 20 min,
washed with water and recrystallized from EtOH/DMF mixture. Yield 5.55 g (76%). 'H NMR spectra (500 MHz, DMSO-
ds), 8, ppm: 12.19 (s, 1H), 8.61-8.57 (m, 1H), 8.40 (d, J=2.5 Hz, 1H), 7.74-7.70 (m, 1H), 7.50 (dd, J = 8.1, 4.8 Hz, 1H),
7.18 (t,J=7.6 Hz, 2H), 7.11 (t,J= 7.3 Hz, 1H), 6.97 (d, J="7.6 Hz, 2H), 6.37 (d, J= 3.6 Hz, 1H), 6.13 (d, /= 3.6 Hz, 1H),
2.61 (t,J= 7.6 Hz, 2H), 2.46 (t,J = 7.6 Hz, 2H). '3C NMR spectra (126 MHz, CDCl3), 8, ppm: 173.4, 149.0, 148.7, 136.1,
135.2,134.8,133.9,132.5, 128.2, 127.7, 126.1, 124.0, 109.3, 106.9, 32.6, 22.0. IR (ATR, cm™): 2 922 ¢cm!, 1 706 cm™. MS
(m/z, ES-API): 293 (M"™+1).
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