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Abstract: The combination of experimental calorimetric measurements, particularly of the
standard energies and enthalpies of combustion and formation, and theoretical examination
of model molecules constitutes a powerful tool for the understanding of the conformational
and chemical behavior of organic molecules.

In this article, several examples are provided where the synergy between experiment
and theory made possible the comprehension of various fundamental interactions in oxygen-
and sulfur-containing six-membered heterocyclic compounds, the determination of the strain
energy in two CgHg derivatives, dimethyl cubane-1,4-dicarboxylate and dimethyl cuneane-
2,6-dicarboxylate, and the calculation of the enthalpies of formation of the parent com-
pounds, cubane and cuneane, and the study of the energy—structure relationship in barbituric
acid.

Keywords: energy—structure relationships; enthalpies of formation; phase transition; poly-
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INTRODUCTION

Structure and energetics are two of the most fundamental concepts in chemistry. The concept of ener-
getics arises as soon as one considers nuclei and electrons, and their assemblages, atoms, and mole-
cules. Structure and energetics are intimately related because the energy associated with a particular
structure depends on the atoms, types of bonds, bond angles, and torsion angles that form the molecu-
lar framework.

The aim of thermochemistry is the study of the enthalpy changes accompanying the reactions, but
even more the determination of the enthalpies of formation of compounds from their elements. This
fundamental thermodynamic property of a compound is defined as the enthalpy change that occurs in
the formation of a compound from its component elements in their standard states, at a temperature of
reference, usually 298.15 K, and a standard pressure, usually taken as 1 bar. Values of the enthalpies of
formation provide a measure of the relative thermochemical stabilities of molecules, intimately related
to their structures, and they are also helpful in the understanding of structural, conformational, elec-
tronic, and reactivity trends exhibited by molecules.

Comparison of the standard enthalpies of formation at 7' = 298.15 K of isomeric compounds is
particularly useful because it shows their relative stabilities and provides evidence on the interactions
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that are responsible for the enthalpy of formation of each isomer. As an example, we can consider the
enthalpies of formation of the three isomers of formula C5H12, pentane, 2-methylbutane, and 2,2-di-
methylpropane determined and published by Good [1] and given in Table 1.

Table 1 Enthalpies of formation in the gas state at
T =298.15 K of the isomers of formula CsH;,.
All values in kJ mol™!, taken from ref. [1].

Compound AHC (2)

Pentane -146.8 = 0.6
2-Methylbutane -153.7+0.6
2,2-Dimethylpropane -167.9 £ 0.6

The three compounds are more stable (they have lower enthalpy) than five carbon atoms and six
hydrogen molecules in their fundamental states. But the comparison of the results shows that
2-methylbutane is 6.9 kJ mol~! more stable than pentane and the most branched hydrocarbon, 2,2-di-
methylpropane, is 21.1 and 14.2 kJ mol~! more stable than pentane and 2-methylbutane, respectively,
showing that the stability increases with the branching of the hydrocarbon.

High-precision combustion calorimetry is considered to be the best method to determine the heat
of formation of organic compounds. In combustion calorimetry, the energy of combustion in an oxygen
atmosphere at high pressure is measured and there is a total breakdown of the carbon skeleton. The en-
thalpy of formation in the gas phase is the thermodynamic property related with the structure. To
achieve this, it is necessary to eliminate the intermolecular and network energies; therefore, the deter-
mination of the vaporization or sublimation enthalpy is a determining step in obtaining the enthalpy of
formation in the gas phase.

Nowadays, there is an increasing synergy between experimental and computational chemistry.
The interplay between experiment and theory now has been joined by a new mode of inquiry, that of
computational experiment, and after the spectacular advances in computing hardware and numerical al-
gorithms, we now commonly speak of experiment, theory, and computation as the three principal ele-
ments of modern scientific research.

High-level ab inito calculations give information on molecular and electronic structures [2] of the
different molecules and also permit one to obtain reliable enthalpies of formation [3] of the molecules
to compare with the experimental values. The combination of experimental calorimetric measurements,
particularly of the standard energies and enthalpies of combustion and formation, and theoretical ex-
amination of model molecules constitutes a powerful tool for the understanding of the conformational
and chemical behavior of organic molecules.

The following account will provide several examples where the synergy between experiment and
theory made possible the comprehension of various fundamental interactions in oxygen- and sulfur-con-
taining six-membered heterocyclic compounds [4-7], the determination of the strain energy in two CgHg
derivatives: dimethyl cubane-1,4-dicarboxylate (dimethyl pentacyclo[4.2.0.02>.03:8.0%]octane-1,4-di-
carboxylate) and dimethyl cuneane-2,6-dicarboxylate (dimethyl pentacyclo[3.3.0.024.03:7.098]octane-
2,6-dicarboxylate), and the calculation of the enthalpies of formation of the parent CgHg compounds,
cubane (pentacyclo[4.2.0.02’5.03’8.04’7]octane) and cuneane (pentacyclo[3.3.0.02’4.03’7.06’8]0ctane) [8],
and the study of the energy—structure relationship in barbituric acid [9].

OXYGEN- AND SULFUR-CONTAINING SIX-MEMBERED RINGS

Oxygen- and sulfur-containing six-membered heterocycles occupy a fundamental position in chemistry
[10], but whereas the chemistry of pyrans constitutes a very large body of knowledge, that of thiopyrans
has been less extensively investigated. The difference in size, electronegativity, and bond polarities as-

© 2009 IUPAC, Pure and Applied Chemistry 81, 1857-1870



Thermochemistry of organic molecules 1859

sociated with oxygen and sulfur, as well as the availability of 3d orbitals in sulfur is reflected in con-
trasting structural [11], conformational [12,13], and reactivity behavior [14] of the corresponding
heterocycles. Thus, C—O-C bond angles are substantially larger (ca. 113°) than the corresponding
C—S—C bond angles (ca. 97°), whereas C—O bonds are significantly shorter (ca. 1.43 A) than typical C-S
bonds (ca. 1.81 A).

Regarding conformational behavior, O—-C-C-O segments exhibit a preference for gauche
arrangements [15], whereas S—C—C-S segments generally adopt anti conformations, as a consequence
of repulsive gauche interactions (Fig. 1) [15].
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Fig. 1 Arrangements of O—-C—C-O and S—C—C-S segments.

Furthermore, the anomeric effect [16] tends to be stronger in O—C—-O relative to S—-C-S. The en-
thalpies of formation in the condensed phase at 7 = 298.15 K of the sulfur-containing six-membered
heterocycles, tetrahydrothiopyran (thiane), 1,3-dithiacyclohexane (1,3-dithiane), 1,4-dithiacyclohexane
(1,4-dithiane), 1,3,5-trithiacyclohexane (1,3,5-trithiane) were determined in our laboratory by combus-
tion calorimetry using a rotating bomb. The enthalpies of sublimation were evaluated by the Knudsen
effusion technique. Values of AH® (g, 298.15 K) were calculated from these measurements and are
given in Table 2. This table also collects the enthalpies of formation of cyclohexane, and its oxygen-
containing six-membered derivatives, tetrahydropyran (oxane), 1,3-dioxacyclohexane (1,3-dioxane),
1,4-dioxacyclohexane (1,4-dioxane), 1,3,5-trioxacyclohexane (1,3,5-trioxane) taken from the literature
[17]. From this work, simpler synonyms will be used to facilitate comparative discussion.

The most stable form for all the oxygen- and sulfur-containing six-membered derivatives studied
has the chair conformation with a structure similar to that of cyclohexane. In the sulfur derivatives, the
chair structure is more puckered to accommodate the bond angles and bond lengths characteristic of sul-
fur. Figure 2 shows the differences in the enthalpies of formation AAH_°, in KJ mol ! for the indicated
conversions.
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Table 2 Experimental enthalpies of formation in
the gas state at 7= 298.15 K in kJ mol ..

Compound AHC (2)
Cyclohexane, 1 -1233 +0.8!7
Oxane, 2 2234 +1.017
1,3-Dioxane, 4 -340.5 + 4.217
1,4-Dioxane, 5 -315.3 £ 0.8!7
1,3,5-Trioxane, 9 —465.9 + 0.417
Thiane, 3 -63.5+ 1.017
1,3-Dithiane, 6 27 +234
1,4-Dithiane, 7 -6.9 £2.4°
1,3,5-Trithiane, 8 +84.6 £ 2.60
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Fig. 2 Differences in the enthalpies of formation AAH® (g) in kJ mol~! for the indicated conversions in oxygen-
and sulfur-containing six-membered derivatives. Red balls: O atoms; yellow balls: S atoms.
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Relative to cyclohexane 1, the enthalpy of formation of oxane 2 is much more negative, —123.3
and —223.4 kJ mol~!, respectively (Fig. 2). By contrast, the enthalpy of formation of thiane 3, is signif-
icantly less negative than that for cyclohexane, —63.5 kJ mol~! (Fig. 2). These enthalpies of formation
are all relative to the elements in their standard states; that is, 5 C, 5 H,, and /4 O, for oxane 2 and 5 C,
5 H,, and % Sg for thiane 3. Thus, the large negative enthalpy of formation of oxane indicates that for-
mation of two C—O bonds more than compensates for the broken O-O bond. By contrast, the energy
gained from two C—S bonds formed in thiane is less sizable, in principle, as a consequence of the higher
energy cost involved in the dissociation of the Sg molecule. These thermochemical data give evidence
of the relative strength of the C—O and C—S bonds: the lower electronegativity of sulfur relative to oxy-
gen results in diminished Coulombic attraction between the heteroatom and bonded carbon atoms, and
thus weaker C—S bonds.

Comparison of the enthalpies of formation for oxane 2, and 1,3-dioxane 4, shows that introduc-
tion of the second heteroatom is significantly more exothermic than conversion of cyclohexane 1, to
oxane. Indeed, A;H® (2) is 100.1 kJ mol~! more negative than AH® (1) (Fig. 2), whereas AH® (4) is
117.2 kJ mol~! more negative than AgH°_(2) [8,12]. Thus, the second substitution of -CH,— for -O—
(in 2 — 4) results in 17.1 kJ mol™! further stabilization. This additional stabilization of 17.1 kJ mol™!
is not observed when the oxygen atoms are not geminal, as evidenced from examination of AgH°_(§) =
—315.3 kJ mol~!, which is only 91.9 kJ mol~! more negative than the enthalpy of formation of oxane 2
(Fig. 2). These results can be explained in terms of ng — 0*_q hyperconjugation (Fig. 3) [16] which
provides “double bond-no bond” stereoelectronic stabilization to 1,3-dioxane 4.

N

4

Fig. 3 Scheme of ny — O-*C—O hyperconjugation in 1,3-dioxane 4.

Dioxanes 4 and 5 are isomeric, and therefore comparison of their enthalpies of formation provides
direct quantitative information on their relative energies.

We also can consider the case of 1,3-dithiane and 1,4-dithiane. In 1,3-dithiane 6, the lack of sta-
bilization in the geminal S—C-S segment present suggests that the “double bond—no bond” stereo-
electronic interaction operative in the oxygen analog 1,3-dioxane is not effective here; the nonbonding
orbitals at sulfur are less efficient in ng — 0*_g hyperconjugation. The more negative enthalpy of for-
mation (increased stability) of 1,4-dithiane 7 relative to 1,3-dithiane 6 supported the existence of a re-
pulsive interaction between sulfurs in a 1,3 arrangement. Such an effect should be more apparent in
1,3,5-trithiane 8.

The experimental enthalpy of formation of 1,3,5-trioxane 9, AH° = —465.9 kJ mol~!, is
125.3 kJ mol~! more negative (exothermic) than AgH° | for 1,3-dioxane 4: the third meta CH, — O sub-
stitution is 25.2 kJ mol~! more stabilizing than the first substitution in cyclohexane — oxane. In strong
contrast, the experimental enthalpy of formation of 1,3,5-trithiane 8, AH° = +84.6 kJ mol™!, is
87.3 kJ mol~! more endothermic than AH® for 1,3-dithiane 6 (Fig. 2). These results are in line with
the “anomeric” stabilization operative in the three O—C—O segments present in 1,3,5-trioxane, to be
contrasted with through-space, lone pair—lone pair repulsion in 1,3,5-trithiane 8.
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CUBANE AND CUNEANE AND THEIR CARBOXYLATES

Cubane is a synthetic saturated polycyclic hydrocarbon of extraordinary geometry and strain formed by
eight atoms of carbon placed at the corners of a cube, with one atom of hydrogen attached to each ter-
tiary carbon. It is one of the platonic hydrocarbons, and for a long time it was considered that cubane
could only exist theoretically due to the impossibility of synthesizing a compound with eight 90°
C—C-C angles and therefore large strain energy (Fig. 4). It was synthesized for the first time in 1964 by
P. Eaton [18]. Soon after the first synthesis of cubane, there were measurements of the enthalpies of
combustion and sublimation [19], but the values of both measurements have been questioned [20-22].
Cuneane is a valence isomer of cubane of considerable lower symmetry and arises from cubane by Ag*-
catalyzed rearrangement, suggesting that cuneane is more stable than cubane.
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Fig. 4 Values in degrees of the C—C—C tertiary angles in (a) cubane and (b) no stressed compounds.

Our study was a combination of experimental and theoretical thermochemistry of dimethyl
cubane-1,4-dicarboxylate (dimethyl pentacyclo[4.2.0.02>.03-8.0%7]octane-1,4-dicarboxylate) and di-
methyl cuneane-2,6-dicarboxylate (dimethyl pentacyclo[3.3.0.024.03-7.0%8]octane-2,6-dicarboxylate)
and provided structural and thermochemical information about the rearrangement of these compounds
[8]. The enthalpies of formation in the condensed phase at 7= 298.15 K of dimethyl cubane-1,4-dicar-
boxylate and dimethyl cuneane-2,6-dicarboxylate were determined by combustion calorimetry. The en-
thalpies of sublimation were calculated by combining vaporization enthalpies evaluated by correlation
gas chromatography and fusion enthalpies measured by differential scanning calorimetry. Values of
AH® (g, 298.15 K) were calculated from these measurements and are given in Table 3.

Table 3 Experimental standard enthalpies of formation in the condensed and gas phases
and sublimation of dimethyl cubane-1,4-dicarboxylate and dimethyl cuneane-2,6-
dicarboxylate at T = 298.15 K. All values in kJ mol ..

Compound AH®(8) Al m AH® (2)
Dimethyl cubane-1,4-dicarboxylate -232.6+5.8 1172+ 3.9 -1154+7.0
Dimethyl cuneane-2,6-dicarboxylate —413.0+5.2 106.8 + 3.0 -306.2 + 6.0

Dimethyl cubane-1,4-dicarboxylate and dimethyl cuneane-2,6-dicarboxylate are isomers. The
combination of their enthalpies of formation gives an enthalpy of isomerization A H°_ (g, 298.15 K) of
—190 kJ mol~! (Fig. 5).
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Fig. 5 Enthalpy of isomerization of dimethyl cubane-1,4-dicarboxylate to dimethyl cuneane-2,6-dicarboxylate.

One of the more interesting properties of cubane and its derivatives is their strain energy, defined
as the difference between the enthalpy of formation of cubane and that of an unstrained reference ma-
terial. We have chosen to use as our reference material for an unstrained quaternary carbon atom bear-
ing a carbomethoxy group (C—CO,CH,), the difference in the experimental enthalpies of formation of
methyl adamantane-1-carboxylate (methyl tricyclo[3.3.1.137]decane- 1-carboxylate) and adamantane
(tricyclo[3.3.1.1377]decane), Fig. 6.
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- E o @ + ZEQ

CO2CH3
CO2CH3

cmo@ + 2 ) —_— + 2
CO2CH3

Fig. 6 Isodesmic reactions used for the calculation of the enthalpies of formation of cubane and cuneane.

Also included in Fig. 6 is the homodesmic reaction relating dimethyl cuneane-2,6-dicarboxylate
to cuneane. The theoretical calculations indicate that both reactions are not exactly thermoneutral, re-
sulting in enthalpies of reaction of 6.8 and 21.0 kJ mol~!, in the case of cubane and cuneane, respec-
tively. An uncertainty of +4 kJ mol~! in the calculated enthalpies of reaction has been estimated.
Combining these results with the experimental enthalpies of formation of adamantane, —134.6 = 2.2 kJ
mol~! [17] and methyl adamantane-1-carboxylate, —495.4 + 2.7 kJ mol™! [23], enthalpies of formation,
AHC (g,298.15K)=613.0£9.5 and 436.4 £ 8.8 kJ mol~!, for cubane and cuneane, respectively, were
obtained.
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Strain enthalpies for cubane and cuneane were obtained using the isodesmic reactions and stoi-
chiometry of Fig. 7, and the experimental enthalpies of formation of ethane and isobutane, —83.8 + 0.3
and —134.2 + 0.6 kJ mol~!, taken from ref. [17)].

+12 CH3 CH3

@ +12 CH3 CH3

Fig. 7 Isodesmic reactions used for the calculation of the strain enthalpies of cubane and cuneane.

8 (CH3)3 CH

8 (CH3)3 CH

The calculated values for the strain enthalpies of cubane and cuneane were 681.0 + 9.8 and
504.4 + 9.1 kJ mol™!, respectively. Strain enthalpies of 670.7 + 9.4 and 509.2 + 9.4 kJ mol~! were cal-
culated using their enthalpies of formation derived from Gaussian-n calculations. Theoretically calcu-
lated values at the MP2(FULL)/6-31G(d) level are 685.3 and 505.7 kJ mol ™1, respectively.

BARBITURIC ACID

We are presently involved in the study of the thermochemistry of barbituric acid derivatives. The main
purposes of this study are to provide reliable data for the family of barbiturates and to contribute to the
study of the influence of steric, electrostatic, and stereoelectronic interactions produced by substituents
on the thermochemical stability of these molecules.

Barbituric acid [(1H,3H,5H)-pyrimidine-2,4,6-trione, CAS number: 67-52-7] is a very well
known organic compound based on a pyrimidine heterocyclic skeleton [24]. It was synthesized for the
first time in 1864 by von Baeyer [25], and it is the parent compound of a large class of barbiturates that
act as central nervous system depressants, and by virtue of this, they produce a wide spectrum of phys-
iological effects. They are used in medicine as sedatives, hypnotics, soporifics, anticonvulsants, or as
adjuncts in anesthesia [26,27].

In the context of a systematic study of the thermodynamic properties of this family of compounds,
and in spite of the important uses and applications of barbituric acid, reliable experimental thermo-
chemical studies are scarce. To our knowledge, there is only one report [28] of the gas-phase enthalpy
of formation of the parent compound (barbituric acid) and two very old reports of the enthalpies of com-
bustion and formation in condensed phase [29,30]. Moreover, there are three relatively recent determi-
nations of the enthalpy of sublimation of barbituric acid that span a 13 kJ mol~! range [28,31,32]. The
current study provides a new and more reliable determination of the enthalpy of formation in the gas
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phase for barbituric acid. The approach selected is a combination of experimental determination of the
enthalpy of formation and high-level ab initio calculations.

A differential scanning calorimeter (DSC) was used to study the behavior of our commercial sam-
ple as a function of temperature. DSC scans show a solid—solid phase transition at 7= 516.0 = 0.4 K
having an enthalpy of 1.30 = 0.04 kJ mol~!, Fig. 8. This behavior was reproducible, being observed in
all the runs performed with fresh samples. The temperature and enthalpy of fusion determined by DSC
were Tg o =526.4 £ 0.5 K and Ag H =20.87 £ 0.14 kJ mol~!, respectively.

30

20

478 488 498 508 518 528 K

Fig. 8 Plot of the DSC scans obtained for barbituric acid in heating.

In the solid state, as far as the Cambridge Crystallographic Database (CSD version 5.29 Jan. 2008
update) is concerned [33], the barbituric acid exists in two anhydrous polymorphic forms: (i) [34,35]
(CSD refcodes = BARBAC and BARBACO1) and (ii) [35] (BARBACO02).

© 2009 IUPAC, Pure and Applied Chemistry 81, 1857-1870
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Fig. 9 Hydrogen-bonded molecular ribbon (a) and sheet (b) formed by the anhydrous barbituric acid polymorphs i
and ii, respectively.

The X-ray powder diffraction technique was used to establish to which polymorphic form the
commercial sample used in our study corresponds and to characterize the new polymorph observed by
DSC. According to the simulated powder patterns (program PLATON) [36] from the known polymor-
phic crystal structures (Figs. 10a and 10b), the commercial sample from Fluka corresponds to poly-
morph ii (Fig. 10c). At room temperature, the indexed [37] cell with the highest reliability factor is
monoclinic with cell parameters in agreement with those reported by single-crystal diffraction methods
[35] for polymorphic form ii (@ = 8.199, b = 12.613, ¢ = 9.823 A, and f=957°vs.a=8.019,b =
12.479, ¢ = 9.764 A, and B = 96.2°, respectively). However, after the phase transition (Fig. 10d), the
powder pattern is consistent with two triclinic unit cells (1 and 2) with close reliability factors and cell
volumes four times smaller than that at room temperature (1: a = 9.394, b = 5.930, ¢ = 4.635 A, o=
92.1, B=94.2, and y=98.1° 2: a = 8.558, b = 5.524, ¢ = 5.479 A, a=103.5, B = 85.3, and y= 93.7°).
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Fig. 10 X-ray powder diffraction pattern of the anhydrous barbituric acid. (a and b) simulated powder diffraction
pattern based on the single-crystal structures of polymorphs i and ii. (¢ and d) experimental powder diffraction
pattern of the commercial sample at room temperature and after the phase transition at 7= 516 K.
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This suggests two molecules in the unit cell vs. eight (two independent) in the monoclinic cell of form
ii.

Barbituric acid contains four mobile hydrogen atoms, and so it may exist in various tautomeric
forms differing from each other by the position of the hydrogens, which may be bound to either nitro-
gen, carbon, or oxygen atoms. All ab initio and DFT theoretical calculations [38—44] report the triketo
tautomer to be the most stable one in the gas phase. In the solid state, the anhydrous compound exists
only as the triketo form [39,45,46]. The higher stability of triketo form is associated with the much
stronger double bond of C=0 compared with the strength of C=C and C=N bonds. The high energy dif-
ferences from the other tautomers suggest that the gas phase of barbituric acid consists of a single mo-
lecular species, in agreement with thermodynamic experimental data [28,32].

The enthalpies of combustion and sublimation were measured by static bomb combustion
calorimetry and transference (transpiration) method in a saturated N, stream (Table 4), and a gas-phase
enthalpy of formation value of —534.3 + 1.7 kJ mol~! was determined at T = 298.15 K.

Table 4 Experimental enthalpies of combustion, sublimation, and formation in the solid
and gas phases at T = 298.15 K for barbituric acid. All values in kJ mol~!.

AH°, (cr) AHC, (cr) ABH®, AHC, (2) Ref.

14963 £ 1.5 -649.4 + 1.6 115.1 £0.7 -5343 % 1.7 [9]

-1511.1 £2.8 -634.7+2.9 126.4 + 0.92 -508.3 + 3.02 [28]
1203 + 1.2b -514.4 +3.1b

-1501.6 —644.2 [29]

~1505.0 -640.8 [30]

113.6 +2.72 [31]

114.8 £ 0.92 [32]

40btained from experimental vapor pressures reported in the literature in the same manner as our
experimental results, see ref. [9].

YExperimental vapor pressures reported in ref. [28] have been recalculated by Prof. G. J. Kabo [47] and
have been treated in the same manner as our experimental results in order to derive the enthalpy of
sublimation, see ref. [9].

G3-calculated enthalpies of formation of barbituric acid, C4H4N203, were obtained using the at-
omization reaction, and one isodesmic reaction taking urea and 2,4-pentanedione as references:
C,H,N,05 (g) + 2 CH, (g) — (NH,),CO (g) + CH;COCH,COCH; (2) (1)

The G3-calculated enthalpies of formation obtained [48] from the atomization reaction, —-532.3 kJ
mol~!, and from the isodesmic reaction (1), =531.1 kJ mol~!, are in very good agreement with the ex-
perimental value determined in this work.
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