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ENERGETICS OF SOME SULPHUR HETEROCYCLES
Thiophene derivatives
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The present work is part of a broader research program on the energetics of formation of heterocycles, aiming the study of the
enthalpic effects of the introduction of different substituents into heterocycles. In this work we present the results of the
thermochemical research on sulphur heterocycles of the type substituted thiophenes with different kind of substituents, mainly
alkyl, ester, acetyl, carboxamide, acetamide, carbonitrile and carboxaldehyde.

The standard (p°=0.1 MPa) molar enthalpies of formation, in the condensed phase, at 7=298.15 K, of a large number of substituted
thiophenes, were derived from their standard massic energies of combustion, measured by rotating-bomb combustion calorimetry,
while the standard molar enthalpies of vaporization or sublimation of those compounds were obtained either by high temperature
Calvet Microcalorimetry, or by the temperature dependence of their vapour pressures determined by the Knudsen effusion
technique. The standard molar enthalpies of formation, of the studied sulphur heterocycles in the gaseous phase, were then derived.
The results are interpreted in terms of structural contributions to the energetics of the substituted thiophenes, the internal
consistency of the results is discussed and, whenever appropriate and possible, empirical correlations are suggested for the
estimation of standard molar enthalpies of formation, at 7=298.15 K, of substituted thiophenes. A Table of enthalpic increments for
different group substituents in positions 2 or 3 of the thiophene ring has been established.
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Introduction

Thiophene based compounds have been a constant matter
of investigation due to their wide range of applications.
They are the precursors of many drugs with high
therapeutical potential, being used in the treatment of
cancer [1-3], osteoporosis [4], hypertension [5],
Alzheimer’s disease [6], human immunodeficiency
virus (HIV-1) [7-9], and others. Biotin, [10-12] a
tetrahydrothiophene, is the most important naturally
occurring thiophene derivative; it is a water—soluble
vitamin, acting as a coenzyme in carboxylation and
decarboxylation, in vivo, and is involved in the
synthesis of long-chain fatty acids [13]. More specifically
the thiophene derivatives have shown insecticide
activity [14], antibacterial activity [14—16], antiviral
activity [14, 17, 18], antifungal activity [14, 19, 20],
antioxidant activity [21, 22], anthelmintic activity
[23], antiallergic activity [24]. Moreover, these organic
sulphur heterocycles comprise a significant portion of
the organosulphur compounds in petroleum, coal and
other fossil fuels [25], being obtainable as by-products
of petroleum distillation [26]; they are removed from
these byproducts through a chemical process called
hydrodesulphurization, over heterogeneous catalysts
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[27, 28]. Apart the applications already cited, they
have recently been used as good inhibitors of corrosion
of metals in acidic media [29] and as building blocks
for the oligo- and polythiophenes. Polymerization of
thiophene and its derivatives yields the polythiophenes,
an important representative class of conducting
conjugated polymers, which found application in the
area of new materials because of their chemical,
thermal and electrical stabilities, as well as easiness of
preparation. They are used in light emitting diodes
(LED’s) [30], field-effect transistors (FET’s) [31],
thin-film transistors (TFT’s) [32], sensors [33], batteries
[34], in the detection of biological [35] and genetic
material [36]. However, despite their wide importance,
the knowledge of the energetic properties of these
compounds is still scarce.

The present work is not only a contribution to
improve this situation, but also part of a broader
research program on the energetics of formation of
heterocycles, being carried out on our Research Group,
which aims the study of the enthalpic effects of the
introduction of different substituents into heterocycles.
In this paper we present a review of the literature
results for these sulphur heterocycles and discuss the
relations between their energetics and structure.
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All the compounds whose results are presented in
this paper were commercially obtained and further purified
by distillation (in the case of liquids) or by sublimation
under reduced pressure in the case of the solids. The
purity of each compound was accessed by gas-liquid
chromatography prior to the experimental measurements.

Table 1 registers the literature values [37—44] of
the standard (p°=0.1 MPa) molar enthalpies of formation,
at 7=298.15 K, in the condensed state, derived from
rotation-bomb combustion calorimetry [37, 45-50],
the values of the standard molar enthalpies of
vaporization for the liquid compounds, measured by
High Temperature Calvet Microcalorimetry [51-53]
and, in the case of solid compounds, the enthalpies of

sublimation derived from the temperature dependence
of the vapour pressure measured by the Knudsen
effusion method [54-57].

For some of the compounds whose standard
molar enthalpies of formation were experimentally
determined, computational thermochemistry calculations
have also been performed. Standard ab initio mole-
cular orbital calculations [58] were performed with
the Gaussian 03 series of programs [59]. The energy of
the compounds studied was calculated using Gaussian
n-theories at the G2 [60] and G3 [61] levels. We have
also reoptimized the geometries at the
MP2(full)/6-31G(3d,2f) level to obtain more reliable
molecular structures for the compounds studied.

Table 1 Standard (p°=0. 1 MPa) molar enthalpies of formation, in both condensed and gaseous phase, and standard molar

enthalpies of phase transition, at 7=298. 15 K

R SRS e g
2-Ethylthiophene (1) 13.6+1.9 39.7+0.9 53.3+2.1 [37]
2-n-Propylthiophene (1) -11.1£2.2 43.7£1.0 32.6£2.4 [37]
2-n-Butylthiophene (1) —40.52.4 48.5£1.1 8.0£2.6 [37]
2-n-Pentylthiophene (1) —64.842.7 52.0£1.2 -12.843.0 [37]
2-n-Hexylthiophene (1) —88.1£3.1 56.4£1.3 -31.7+£3.4 [37]
2-n-Octylthiophene (1) -136.4+3.7 65.411.4 —71.0+4.0 [37]
3-n-Butylthiophene (1) -33.9+2.4 49.3+1.1 15.442.6 [37]
3-n-Hexylthiophene (1) —87.313.1 58.5+1.3 -28.843.4 [37]
3-n-Octylthiophene (1) -152.2+1.6 67.6£1.5 —84.6+2.2 [37]
2,5-Dimethylthiophene (1) 10.4£1.7 40.2+0.9 50.6£1.9 [38]
2-Thiopheneacetic acid methyl ester (1) -330.4+2.4 61.9£1.4 —268.5+2.8 [39]
3-Thiopheneacetic acid methyl ester (1) —328.5+2.0 60.9£1.3 —267.6+2.4 [39]
2-Acetylthiophene (1) —118.0+1.7 58.8+1.2 -59.242.1 [40]
3-Acetylthiophene (cr) —129.1+1.4 76.4%1.1 —54.5£1.8 [40]
2-Acetyl-3-methylthiophene (1) —148.0£2.0 57.1£2.4 -90.943.1 [41]
2-Acetyl-4-methylthiophene (1) —155.442.1 63.0£2.6 -92.4433 [41]
2-Acetyl-5-methylthiophene (1) —158.0+2.1 62.0£2.6 -96.0+3.3 [41]
3-Acetyl-2,5-dimethylthiophene (1) —184.5+2.4 61.3£1.3 —123.242.7 [38]
2-Thiophenecarboxaldehyde (1) —62.0£1.5 54.9+1.1 -7.1£1.9 [42]
3-Thiophenecarboxaldehyde (1) —60.0£1.5 52.6£1.2 -7.4+1.9 [42]
3-Methyl-2-thiophenecarboxaldehyde (1) -98.3£1.7 57.7£1.3 —40.612.1 [42]
5-Methyl-2-thiophenecarboxaldehyde (1) -93.5+1.7 56.2+1.2 -37.3+2.1 [42]
5-Ethyl-2-thiophenecarboxaldehyde (1) —132.3£2.0 62.2£1.3 -70.1£2.4 [42]
2-Thiophenecarboxamide (cr) —171.1£1.2 107.1+0.4 -64.0+1.3 [43]
2-Thiopheneacetamide (cr) -197.2+1.8 109.24+0.5 —88.0£1.9 [43]
2-Thiophenecarbonitrile (1) 198.5+1.6 49.5+1.1 248.0+1.9 [44]
3-Thiophenecarbonitrile (1) 197.0+1.4 51.6%£1.9 248.612.4 [44]
3-Methyl-2-thiophenecarbonitrile (1) 157.6£1.7 54.4+1.2 212.0£2.1 [44]
2-Thiopheneacetonitrile (1) 167.6+1.8 60.5£1.3 228.1+2.2 [44]
3-Thiopheneacetonitrile (1) 166.7+1.8 61.1£1.3 227.8%2.2 [44]
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Results and discussion
n-Alkyl-substituted thiophenes

The plot of the enthalpies of formation in the gaseous
phase, against the number of methylene groups, 7y ,
in the alkyl chain, gives for 2-alkyl-substituted
thiophenes and for 3-alkyl-substituted thiophenes,
two excellent straight lines, as shown in Fig. 1, yield-
ing the Eqs (1) and (2), respectively, for 2-alkyl-sub-
stituted thiophenes and 3-alkyl-substituted thio-
phenes, with coefficients of regression closed to the
unit:

A H,) (g)/k] mol'=-20.786n, +72.614

(R*=0.9982) (1)
A H, (g)/k] mol '=-25.000n, +92.333
(R*=0.9955) ()

These equations confirm that the enthalpic
increment for the entrance of a methylene group in the
linear alkyl chain of n-alkyl-substituted thiophenes is
also approximately 21 kJ mol ™, as the literature data
[62] yields for n-alkanes (Eq. (3)) and for the n-alkyl-
benzenes (Eq. (4)).

A H? (g)/kJ mol '=-20.618n, ~84.363

(R*=0.9999) 3)
A H, (g)/k] mol '=-21.020n, +50.660
(R*=1.0000) ()

whose plots are also depicted in Fig. 1.
These relationships between the standard molar
enthalpies of formation in the gaseous phase and the

2-alkylthiophenes

3—alkylthiophenes

n—alkylbenyenes

n—alkanes

NCH,

Fig. 1 Plots of the gaseous standard molar enthalpies of for-
mation, at 7=298.15 K, vs. the number of methylene
groups in the alkyl chain

number of methylene groups in the structure of the
alkyl-substituted thiophenes enables the estimation of
A H? (g) for other alkyl-substituted thiophenes for
which the respective experimental determination was
not performed. Table 2 shows the estimated enthalpies
of formation calculated from Eqs (1) and (2) together
with the deviations, 8, of these estimated values to the
experimental ones. As it can be seen, these deviations
are small, being of the same order of magnitude of the
uncertainties associated to the experimental values,
which gives confidence to the use of Eqs (1) and (2)
for the estimation of the standard molar enthalpies of
formation, in the gaseous phase, of 2-alkyl-substituted
thiophenes and 3-alkyl-substituted thiophenes.

2,5-Dimethylthiophene

Using the literature values of the standard molar
enthalpies of formation, in the gaseous state, for thiophene

Table 2 Experimental and estimated values of the standard (p°=0. 1 MPa) molar enthalpies of formation of 2-n-alkyl-substi-
tuted thiophenes and 3-n-alkyl-substituted thiophenes, at 7=298. 15 K

AH? (2)/kJ mol™

Alkylthiophene Ty, 5 = Exp-Est
Experimental Estimated
2-Ethylthiophene 1 533+2.1 51.8 1.5
2-n-Propylthiophene 2 32.6+24 31.1 1.5
2-n-Butylthiophene 3 8.0+2.6 10.3 -23
2-n-Pentylthiophene 4 -12.8+3.0 -10.5 -23
2-n-Hexylthiophene 5 -31.7+34 -313 -04
2-n-Heptylthiophene 6 - -52.1 -
2-n-Octylthiophene 7 -71.0+4.0 -72.8 1.8
3-Ethylthiophene 1 - 67.3 -
3-n-Propylthiophene 2 - 423 -
3-n-Butylthiophene 3 154+2.6 17.3 -1.9
3-n-Pentylthiophene 4 - -7.7 -
3-n-Hexylthiophene 5 -28.8+3.4 -32.7 3.9
3-n-Heptylthiophene 6 - -57.7 -
3-n-Octylthiophene 7 —-84.6+£22 —-82.7 -1.9
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-644+2.1

2:32.2

-30.7+14 @ -338+2.1 D\
s CH3 HC s CHy

8435+092

[\

s
115.0+1.0

Fig. 2 Enthalpic increments for the formation of
2,5-dimethylthiophene from thiophene or

2-methylthiophene
@ -32.1409 @_m -324= 11 lhc‘@_mz

82.6 £0.7 50.5£0.5 18.1 £1.0

506+1.9

-64.5 1.0
-2x(32.3)

Fig. 3 Enthalpic increments for the formation of p-xylene
from benzene or toluene

115.0£1.0 kJ mol' [63] and 2-methylthiophene
84.35+0.92 kJ mol ™' [64], the enthalpic increment of
the substitution of an H atom by a —CH; group in the
2— position of the thiophene ring is —30.7+1.4 kJ mol .
Using the value of the standard molar enthalpy of
formation, in the gaseous phase, of 2,5-dimethylthiophene,
reported in Table 1, one calculates the enthalpic
increment relative to the entrance of a second —CHj;
group in the 5— position of the thiophene ring to yield
the 2,5-dimethylthiophene, as —33.8+2.1 kJ mol ', as
shown in the scheme of Fig. 2, where all the values
are in kJ mol ™.

Within the associated uncertainties, we can
conclude that there is no significant energetic effect
caused by the introduction of a second methyl group
in 2-methylthiophene to yield 2,5-dimethylthiophene,
neither when an H atom, in the 2— position of the
thiophene ring is substituted by a methyl group to
give the 2-methylthiophene.

Our experimental results allow us to make a
comparative analysis with the analogous substituted
benzenes. From the literature values of the standard
molar enthalpies of formation, in the gaseous state, of
benzene 82.6+0.7 kJ mol' [62], toluene
50.540.5 kI mol' [62] and  p-xylene
18.1+1.0 kJ mol ' [62], we obtain the values given in
the scheme of Fig. 3.

Within the experimental uncertainties associated,
the resulting enthalpic increments of the addition of a
—CHj; group in the 2— position and of a second —CHj3
group in the 5— position of the thiophene ring are equal
to the respective additions to the benzene ring, that is,
the energetic effects obtained from the conversion of
benzene—toluene—p-xylene are similar to the same
effects of the conversion of thiophene—2-methyl-
thiophene—2,5-dimethylthiophene. We can conclude
that the energetic effects involved in the stabilization
due to the substitution of two H atoms by two —CHj;
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CH,UOUCH,
/ \ 0.9£37 / \
CH,CO0CH,
5 5
-2685+28 -267.6+2.4

Fig. 4 Thermoneutral isomerization

groups in the 2 and 5 positions of thiophene and in the
1,4— positions of benzene are equal,
—64.4+2.1 kJ mol™" and —64.5+1.0 kJ mol™', respect-
ively, showing that these substitutions do not induce
different specific enthalpic effects.

2- and 3-thiopheneacetic acid methyl esters

From the experimental available values of the standard
molar enthalpies of formation, in the gaseous phase,
of the 2- and 3-thiopheneacetic acid methyl esters, it
is seen that, within the associated uncertainties, the
isomerization is thermoneutral as shown in Fig. 4.

Theoretical calculations

Figure 5 shows the calculated molecular structures
optimized for both isomers of thiopheneacetic acid
methyl esters.

a

2-Thiopheneacetic acid methy] ester 2-Thiopheneacetic acid methyl ester

Fig. 5 Calculated molecular structures, optimized at the
MP2(full)/6-31G(3df,2p) level

The standard procedure to obtain enthalpies of
formation in Gaussian n-theories is through atomization
reactions, but there have been some suggestions [65]
that there is an accumulation of errors in the application
of this method to larger molecules. It has been shown
[66] that more accurate enthalpies of formation can be
derived using isodesmic or homodesmotic reactions
rather than atomization energies. However, one deficiency
of the isodesmic reaction approach is that many
different isodesmic reactions can be set up for the
same molecule yielding different results. So, it has
been proposed [67] to use a standard set of isodesmic
reactions, ‘the bond separation reactions’ [58] where
all formal bonds between non-hydrogen atoms are
separated into the simplest parent molecules containing
these same kind of linkages, to derive the theoretical
enthalpies of formation. For the two thiopheneacetic
acid methyl esters, C;HgO,S, the bond separation
isodesmic reaction is:

J. Therm. Anal. Cal., 95, 2009
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Table 3 Comparison of G3 calculated enthalpies of formation, using atomization and isodesmic reactions for 2- and
3-thiopheneacetic acid methyl esters, with the experimental values. All values are in kJ mol™

G3
Experimental value Atomization Reaction 5 Reaction 6 Mean value
reaction
2-Thiopheneacetic acid methyl ester —268.5+2.8 —262.8 —266.2 -261.6 -263.5
3-Thiopheneacetic acid methyl ester -267.612.4 —266.1 -269.4 -265.8 -267.1
C7HgOzS+8CH4+st+HQO—)
—>3C2H6+2C2H4+2CH3SH+2CH3OH+H2CO (5)
We also obtained the enthalpies of formation of Z/ \) 174223 @\
both isomers using another isodesmic reaction with s S cocH,
methyl thiophenes as references: 1150 £ 1.0 502421
C7HgOzS+CH4—)
—2- or 3-methylthiophene+CH;CO,CH;  (6) / \ / \
. . -172.6 £ 1.5
The calculated values of the enthalpies of formation - O\ cocH
. . . 3
of 2- and 3-thiopheneacetic acids methyl esters at G3 0 0
level of theory, using atomization, bond separation 348 £0.7 —207.4= 13
isodesmic reaction (Eq. (5)) and isodesmic reaction
(Eq. (6)) are registered in Table 3, showing a good / \ / \
agreement between the theoretical and experimental —181.7+3.0 COCH,
values. The G3 calculated isomerization enthalpy is — -
-1 - . N
-3.6 kJ mol in a reasonable agreen}lent with the 1404407 413429
experimental difference 0.9+£3.7 kJ mol .
The results are consistent with the expectation
that, in the absence of substantial steric effects, alkyl
substituents, less capable of resonance interactions, —1693+ 1.7 CoCH,
are likely to have a smaller effect on relative stabil-
ities than that observed for carboxyl groups. 826407 867415

Acetylthiophene derivatives

From the literature data, the standard molar enthalpies
of formation, in the gaseous state, of furan and of
acetylfuran, respectively —34.8+0.7 kJ mol ' [62] and
—207.4+1.3 [68] kJ mol ', one calculates that the
enthalpic increment for the entrance of a —COCH;
group into the furan ring is —172.6+1.5 kI mol . From
the literature value of the standard molar enthalpy of
formation, in the gaseous phase, of pyridine,
A H? (CsHsN, g)=140.4+0.7 kJ mol ' [62], and of
acethylpyridine, A H? (CsH,NCOCH;, g)=
—41.342.9 kJ mol ' [69], the calculated enthalpic in-
crement for the entrance of a -COCHj; group into the
pyridine ring is —181.743.0 kJ mol', whereas the
enthalpic increment for the entrance of such group in
the benzene ring, is calculated as —169.3+1.7 kJ mol '
from the enthalpies of formation of benzene and of
acetophenone, respectively, 82.6+0.7 kJ mol ' [62],
and —86.7+0.7 kI mol ' [62], as it is resumed in Fig. 6.

This scheme shows that the entrance of the
—COCHj; group in the position 2— of thiophene and in

J. Therm. Anal. Cal., 95, 2009

Fig. 6 Enthalpic increments for the formation of 2-acetyl-
thiophene, 2-acetylfuran, 2-acetylpyridine and
acetophenone

the position 2— of the furan rings gives the same
stabilization effect, within the associated uncertainties.
In the benzene the stabilization increment is slightly
lower since there is no stabilizing resonance through
the ring between the oxygen atom of the acetyl group
and the heteroatom, which happens in the cases of
thiophene, furan and pyridine. The interaction is more
effective in the pyridine ring, since the entrance of the
—COCH; group produces a bigger stabilization than in
the other cases.

The experimental values of the standard molar
enthalpies of formation in the gaseous state, of the 2—
and 3-acetylthiophenes, show that 2-acetylthiophene is
more stable than the 3-acetylthiophene, as can be seen in
Fig. 7. This is due to the stabilizing effect of the reso-
nance interaction between the oxygen of the acetyl
group and the sulphur atom through the cycle. Figures 6
and 7 also show that the entrance of the acetyl group in
the benzene ring and in the position 3— of the thiophene
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// \\ ~1742+2.3 D\
s S COCH;
115.0+ 1.0 -59.2+2.1
-169.5+2.1 47+2.8
COCH;
/
s
545+ 1.8

Fig. 7 Enthalpic increments for the introduction of an acetyl
group on the positions 2- or 3- of the thiophene ring
and for the isomerization 2-acetylthiophene—3-acetyl-
thiophene

ring have the same stabilizing effect, since the respec-
tive enthalpic increments are equal, which shows that
the interaction between the —COCH; group and the
sulphur heteroatom does not happen in the 3-acetyl-
thiophene. The isomerization enthalpy 2-acetylthio-
phene—3-acetylthiophene is 4.7+2.8 kJ mol ', being the
difference between the two isomers due to that addi-
tional stabilizing effect.

Theoretical calculations

Figure 8 shows the calculated molecular structures
optimized for both isomers of acetylthiophene.

The values of the standard molar enthalpies of
formation of 2— and 3-acetylthiophenes were calculated
at the G2 and G3 levels of theory, using atomization,
bond separation isodesmic reaction (Eq. (7)) and
isodesmic reaction (Eq. (8)), being the values registered
in Table 4.

L

a b

2- Acetylthiophene 3-Acerylthiophene

Fig. 8 Calculated molecular structures, optimized at the
MP2(full)/6-31G(3df,2p) level

CsHcOS+7CH4+H,S—

7
—3C,H¢+2C,H4+2CH;SH+2H,CO ( )

CsHcOS+benzene—thiophene+acetophenone (8)

The table shows that the experimental values of
the enthalpies of formation are in a reasonable
agreement with the ones calculated by computational
thermochemistry. Both the experimental and the
theoretical values show that 2-acetylthiophene is the
most stable isotope.

The scheme of Fig. 9 shows the enthalpic increments
for the entrance of a methyl group in the positions
ortho, meta and para of 2-acetylthiophene, as well as
the different enthalpies of isomerization.

Within the associated uncertainties, the
3-methyl-2-acetylthiophene and the 4-methyl-2-
acetylthiophene are enthalpically similar, with an
isomerization enthalpy of —1.5+4.5 kJ mol'; the same
is the case of 4-methyl-2-acetylthiophene and the
S5-methyl-2-acetylthiophene ~ with an  isomerization
enthalpy of —3.6+4.7 kJ mol™". Considering the struc-
tures represented above, one would expect 4-methyl-
2-acetylthiophene as the most stable isomer because,
in this case, the substituent groups are furthest apart,
leading to less steric interactions. However, 5-me-
thyl-2-acetylthiophene is the most stable isomer and
3-methyl-2-acetylthiophene is the least stable one,
due to the steric effect caused by the proximity
between methyl and acetyl groups.

From the literature data, the standard molar
enthalpies of formation, in the gaseous state, of 2-me-

thylthiophene ~ 84.3540.92  kJ  mol'  [64],
—31.7+£3.7 d 7 -
s oM | 15245
-90.9+3.1
—5.1+45

-
—-332+39
@\ COCH,4 D\mcuj ]

92433
-3.6+47

-36.8+3.9 /@ - -
HiC s COCH,

—96.0 £3.3

Fig. 9 Enthalpic increments of the introduction of a methyl
group in 2-acetylthiophene

Table 4 Comparison of G2 and G3 calculated enthalpies of formation, using atomization and isodesmic reactions for 2- and
3-acetylthiophenes, with experimental values. All values are in kJ mol™'

G2 G3
Experim.
value Atorp. Reaction 7 Reaction 8 Atorp. Reaction 7 Reaction 8
reaction reaction
2-Acetylthiophene —-59.242.1 -60.6 -62.9 -62.9 -59.8 —-62.9 -60.2
3-Acetylthiophene —54.5+1.8 -58.2 -60.5 -60.5 -57.1 —-60.2 -57.5
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// \\ ~307+14 @\
s } S Hs
1150+ 1.0 84.35+0.92
32414
CH;
/
S
82.59 £0.92

Fig. 10 Enthalpic increments of the introduction of a methyl
group in the thiophene ring

3-methylthiophene  82.59+0.92 kJ mol™ [70],
together with the same thermodynamic parameter of
thiophene, 115.0£1.0 kJ mol™' [63], allows us to
calculate the enthalpic increments for the entrance of
a—CHj; group in the positions 2- or 3— of the thiophene
ring as —30.7+1.4 kJ mol™" and —32.4+1.4 kJ mol ',
respectively, as shown in Fig. 10.

The resulting enthalpic increments of the
addition of a methyl group in the 3- and 4- positions
of 2-acetylthiophene molecule are in accordance with
the same entrance in the 3— position of the thiophene
ring to yield the 3-methylthiophene. In the case of
5-methyl-2-acetylthiophene, the addition of the
methyl group has a greater stabilizing effect than the
same entrance in the 2- position of the thiophene ring.

Thiophenecarboxaldehyde derivatives

From the values of the standard molar enthalpies of
formation, in the gaseous phase, of thiophene,
A, H (C4H,S, 2=115.0+1.0 kJ mol ' [64], and of the
2— and 3- thiophenecarboxaldehyde, the enthalpic
increments calculated for the introduction of a -CHO
group in the positions 2— and 3— of the thiophene ring
are, respectively, —122.1#2.1 kJ mol"' and
—122.4+2.1 kJ mol", as shown in the scheme of
Fig. 11. The stabilization enthalpic increment of the
substitution of a hydrogen atom in the 2- or 3-
position of the thiophene ring by a —CHO group is
exactly the same, showing that the molecular
increment in either structural position does not induce
different enthalpic effects. Since the two isomers
have the same enthalpic stability, the isomerization
enthalpy, —0.3+2.7 kJ mol ™, is close to zero.

The same kind of analysis can be made for the
analogues substituted benzene and furan, as it is
shown in the schemes of Fig. 12, through the values
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-122.1+2.1

ry

115.0+1.0

-7.1£19

-122.4+2.1 -03+2.7

CHO

3

-74+£19

Fig. 11 Enthalpic increment of the isomerization 2—3 of
thiophenecarboxaldehyde

@ ~119.8+ 1.2 QCHO
82.6+0.7 -37.2+£0.92
[\ 62447 @\
CHO
0 (6]
-34.8+0.7 -151.0+4.6

Fig. 12 Enthalpic increment of the entrance of a -CHO group
in the benzene and in the furan rings

of the standard molar enthalpies of formation, in the
gaseous state, of benzene 82.6+0.7 kJ mol™ [62],
benzaldehyde —37.240.92 kJ mol' [62], furan
—34.840.7 kJ mol™' [62] and 2-furancarboxaldehyde
~151.044.6 kI mol' [62]). The addition of a
carboxaldehyde group to the benzene and to the furan
rings yields enthalpic increments of —119.8£1.2 kJ mol
and —116.2+4.7 kJ mol ™', respectively, being in both
cases similar, within the associated uncertainties, to
the enthalpic increment calculated above for the
entrance of a -CHO group in the 2— or 3— position of
the thiophene ring.

The enthalpic increments of the introduction of
one methyl group in the 3— and 5— positions of the
2-thiophenecarboxaldehyde, as well as the entrance
of an ethyl substituent on the 5— position of the same
molecule are shown in the scheme of Fig. 13, and
were determined through the values of the standard
molar enthalpies of formation, in the gaseous state,
registered in Table 1.

From the literature values of the standard molar
enthalpies of formation, in the gaseous state, of
2-methylthiophene  84.35+0.92 kJ mol' [64],
3-methylthiophene 82.59+0.92 kJ mol™ [70], and
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CH;3

/

-335+28
EEE—

CHO
S
—40.6 £2.1 33430
/ \ 302422 /@\
—
Q\cno H,C s CHO
71+109 -37.3+2.1
~63.0+3.1 /@\
—_—
H;CH,C . CHO
=701 £24

Fig. 13 Enthalpic increments of the entrance of a -CH; group
in 3— or 5— positions and the a -CH,CHj; group
5— position of the 2-thiophenecarboxaldehyde

2-ethylthiophene together with the A, H (C4H,S, g),
we calculate the enthalpic increments for the entrance
of a —CHj; group in the positions 2— or 3— of the
thiophene ring as, respectively, —30.7£1.4 kJ mol”
and —32.4+1.4 kJ mol', and the increment for the
addition of an ethyl group to the 2-position of the
same ring, as —61.7+2.3 kJ mol™. Comparing these
resulting increments of the entrance of a methyl group
in position 3— or 5— of 2-thiophenecarboxaldehyde
with the respective entrance of this group in position
3— or 2— of the thiophene ring, it is noticed that they
are equal within the associated experimental uncer-
tainties, so it is concluded that the introduction of a
—CHj; group in the thiophene ring or in the 2-thio-
phenecarboxaldehyde involves similar energetic
effects. It can also be seen, in the scheme of Fig. 13,
that the isomerization enthalpy corresponding to the
3—5 positions is small, having the two isomers a
similar enthalpic stability. In the same way, it can be
also noticed that, within the associated uncertainties,
there is no enthalpic difference produced by the
entrance of an ethyl group in the 5— position of
2-thiophenecarboxaldehyde and in the 2— position of
the thiophene ring, being the stabilization effect
similar in both compounds.

Thiophenecarbonitrile and acetonitrile derivatives

From the literature data, the standard molar enthalpies of
formation, in the gaseous state of benzene and of
benzenonitrile are, respectively 82.6+0.7 kJ mol ™' [62]
and 215.742.1 kJ mol™ [71], from which one calculates
that the enthalpic increment for the entrance of a -CN
group into the benzene ring is 133.142.2 kJ mol ™. From
the literature value of the standard molar enthalpy of
formation, in the gaseous phase, of thiophene,
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Fig. 14 Enthalpic increments of the introduction of a -CN
group or a —CH,CN group in the positions 2- and 3- of
the thiophene ring

248.6+2.4

A H" (C,H,S, 2)=115.0+1.0 kJ mol ' [63], and the val-
ues reported in Table 1, the enthalpic increments
calculated for the introduction of a —CN group in the po-
sitions 2— and 3— of the thiophene ring are, respectively,
133.042.1 kJ mol ™" and 133.62.6 kJ mol ™, so they are
equal within the uncertainties associated, as shown in
Fig. 14. The values of these enthalpic increments are also
equal, within the associated uncertainties, to the
enthalpic increment calculated above, for the entrance of
a —CN group into the benzene ring, showing that these
substitutions in either ring do not induce different
specific enthalpic effects.

In the same way, as it is shown in Fig. 14, the
values of the standard molar enthalpies of formation,
in the gaseous state, registered in Table 1, together
with the literature value of A H ,?1 (C4H4S, g), shows
that the enthalpic increments for the entrance of a
—CH,CN group in positions 2— or 3— of the thiophene
ring, yields enthalpic increments which are equal
within the uncertainties associated with them.

The enthalpic increments associated to the trans-
formation  thiophenecarbonitrile—thiopheneaceto-
nitrile are registered in Fig. 15 and show that, within
the uncertainties associated, they are equal, whenever
we consider the 2— or 3— substituted thiophenes.

It is worth to notice that the transformations of
thiophenecarbonitriles into thiopheneacetonitriles are
the result of the introduction of a methylene group

@ N -199+2.9 @\ s

248019 2281422
CN CH,CN
// \: ~20.8+3.3 // \:
S s
248.6+24 2278422

Fig. 15 Enthalpic increments for the transformation
thiophenecarbonitrile—thiopheneacetonitrile
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into the substituent group of the thiophene yielding,
as shown above in this paper, an enthalpic increment
that within the associated uncertainties, is in agreement
with the values of the enthalpic increments of the
addition of a methylene group in the n-alkanes, calculated
as —20.62 kJ mol ' [62], and with the methylene incre-
ments found for the alkane chains of alkyl thiophenes:
—20.8 kJ mol' for 2-alkylthiophenes and of
—25.0 kJ mol™" for 3-alkylthiophenes.

From the literature value of the standard molar
enthalpy of formation, in the gaseous phase, of
3-methylthiophene, A,H (3-methylthiophene, g)=
82.5940.92 kJ mol ' [70], and the enthalpic increment
of the entrance of the —CN group in the positions 2—
of the thiophene ring, 133.0+2.1 kI mol ™', as shown in
Fig. 14, one estimates the standard molar enthalpy of
formation of gaseous  3-methyl-2-thiophene-
carbonitrile, as 215.6+2.7 kJ mol!, as shown in
Fig. 16, in very good agreement with the experi-
mental value of 212.042.1 kJ mol™" as registered in
Table 1.

CH,4

115 Osil() (115-32.4+133.0)
/ \ =215.6+2.7
133.0+2.1 D,
S CN
2480+1.9

Fig. 16 Estimation of the standard molar enthalpy of
formation of 3-methyl-2-thiophenecarbonitrile, using
enthalpic increments

Thiophenecarboxamide and acetamide

The enthalpic increment for the entrance of a -CONH,
group into the position 2— of the thiophene ring is
—179.0£1.6 kJ mol™, as seen in Fig. 17, calculated
from the literature value of the standard molar enthalpy
of formation, in the gaseous phase, of thiophene,
A, H (C4H,S, 2)=115.0+1.0 kJ mol' [63], and the
value of the standard molar enthalpy of formation, in
the gaseous phase, of 2-thiophenecarboxamide, reported
in Table 1. The same kind of analysis can be made for

7\ 190+ J\

S S
115.0+1.0 —-64.0£1.3

Fig. 17 Enthalpic increment of the introduction of a -CONH,
group in the position 2- of the thiophene ring

CONH,
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@ ~183.5% 1.4 Qcom

826 +0.7 -100.9 +1.2

Fig. 18 Enthalpic increment of the introduction of a —CONH,
group in the benzene ring

/ \ -240+£23 &
i CONH, ) CH,CONH,
‘19

5 -
64.0+ 1.3 8§8.0 = 1.

Fig. 19 Enthalpic increments for the transformation
2-thiophenecarboxamide—2-thiopheneacetamide

the analogue substituted benzene, as it is shown in
Fig. 18, through the literature values the standard
molar enthalpies of formation, in the gaseous state, of
benzene and of benzenecarboxamide that are, respectively,
82.6+0.7 kJ mol ™' [62] and —100.9+1.2 kJ mol ™' [62].
The addition of a carboxamide group to the benzene
ring yields an  enthalpic increment of
—183.5+1.4 kJ mol', which is similar, within the
associated uncertainties, to the enthalpic increment
calculated above, for the entrance of a—CONH, group
into the thiophene ring. In both cases, the entrance of
the carboxamide group has a stabilizing effect in the
ring, because it allows an electronic delocalization
between the oxygen double bond and the ring.

The enthalpic increment of the introduction of a
methylene group into the —CONH, substituent of
thiophene, to yield the corresponding acetamide
derivative, is —24.0+2.3 kJ mol, as noticed in
Fig. 19, which was obtained through the values of the

Table 5 Enthalpic increments in the thiophene ring,

at 7=298. 15 K
A/kJ mol™!

Substituent group

2—position 3—position
—CH, 230.7+1.4 324414
—CH,CH; -61.742.3 —
—n-(CH,),CH; —82.442.6 -
—n-(CH,);CH; -107£2.8 -99.6+2.8
—-n-(CH,)4CH; —127.843.2 -
—-n-(CH,)sCHj; —146.743.5 —143.843.5
-n-(CH,),CHj; —-186.0+4.1 —199.6+2.4
—CH,COOCH; —383.54£3.0 —382.6+2.6
—COCH; -174.242.3 —169.5+2.1
—CHO —122.1£2.1 —122.4+2.1
—CONH, -179.0+2.6 -
—CH,CONH, —203.0+2.1 -
-CN 133.0£2.1 133.6+2.6
—CH,CN 113.1£2.4 112.8+2.4
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Table 6 Test of applicability: Estimative of enthalpies of formation, in the gaseous state

AH? (2)/kT mol!

Compound 6=Exp*}§15 v
Experimental Estimated Scheme of estimation kJ mol
2,5-Dimethylthiophene 50.6+1.9 53.6+2.2 tf+2-(2-CH;) -3.0£29
2-Acetyl-3-methylthiophene —90.943.1 -91.6:2.9 tf+2-COCH;)+(3-CH;) 0.7+4.2
2-Acetyl-4-methylthiophene 924433 -91.6£2.9 tf+2-COCH;)+(3-CH;) —0.8+4.4
2-Acetyl-5-methylthiophene —96.0+3.3 -89.9+2.9 tf+(2-COCH;)+(2-CH;) -6.1+44
3-Acetyl-2,5-dimethylthiophene —123.242.7 -115943.1 tf+(3-COCH3)+2" (2-CHs) —71.344.1
3-Methyl-2-thiophenecarboxaldehyde —40.6+2.1 -39.582.7 tf+(3-CH;)+(2-CHO) -1.1£34
5-Methyl-2-thiophenecarboxaldehyde -373+£2.1 -37.812.7 tfH2-CH;)+2-CHO) 0.5£3.4
5-Ethyl-2-thiophenecarboxaldehyde —70.1+2.4 -68.843.3 tfH2-CH,CH;)+H2-CHO) -1.3+4.1
3-Methyl-2-thiophenecarbonitrile —212.0+2.1 -215.612.7 tfH3-CH;)+(2-CN) 3.6134

standard molar enthalpies of formation, in the
gaseous state, registered in Table 1. This value is in
agreement, within the associated experimental uncer-
tainties, with the enthalpic increment of the suc-
cessive addition of a methylene group in the
n-alkanes, —20.62 kJ mol ™", in the linear alkyl chains
of 2-n-alkylthiophenes, —20.8 kJ mol', and in
2-thiophenecarbonitrile derivatives, —19.9+2.9 kJ mol !,
as shown above in this paper.

From the above discussion, we can conclude that
the introduction of a carboxamide group in the position
2— of thiophene and in benzene do not produce
different specific enthalpic effects. The transformation
of 2-thiophenecarboxamide in 2-thiopheneacetamide
involves the same monotonous enthalpic increment
for the addition of a methylene group, already seen in
other compounds and other thiophene derivatives.

Conclusions

The conclusions of the above discussion suggests
that, with the experimental data already known for the
standard molar enthalpies of formation, in the gaseous
state, at 7=298.15 K, for substituted thiophenes, it
would be possible to establish reliable empirical
correlations for the estimation of the standard molar
enthalpies of formation of other substituted thiophene
type of compounds.

So, a table of enthalpic increments for different
group substituents in positions 2— or 3— of the thiophene
ring can be established by calculating the differences
between the already experimentally known standard
molar enthalpies of formation of the substituted
thiophenes and the same parameter for thiophene
itself. The result of this procedure is given in Table 5.

In order to test the validity of applying this
approach for the estimation of the standard molar
enthalpies of formation of other substituted thiophene
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compounds, we applied the increments of this table to
the estimation of the standard molar enthalpies of
formation of other poly-substituted thiophenes for
which experimental values are already available.
The results of this test are presented in Table 6, in
which it is shown that the difference between the
experimental and estimated value, 3=Exp—Est, are in
most of the cases smaller than the experimental
uncertainties ascribed to the experimental available
values.

In conclusion, the results presented in this paper
show internal consistency, giving confidence for
estimating the standard molar enthalpies of formation
of other substituted thiophenes.
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