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Abstract

The relative stabilities of 2- and 3- acetylthiophene have been evaluated by experimental
thermochemistry and the results compared to high-level ab initio calculations. The enthalpies
of combustion, vaporization and sublimation were measured by rotating-bomb combustion
calorimetry, Calvet microcalorimetry, correlation gas chromatography and Knudsen effusion
techniques and the gas-phases enthalpies of formation, at T = 298.15 K, were determined.
Standard ab initio molecular orbital calculations at the G2 and G3 levels were performed, and
a theoretical study on the molecular and electronic structures of the compounds studied has
been conducted. Calculated enthalpies of formation using atomization and isodesmic reactions
are compared with the experimental data. Experimental and theoretical results show that 2-
acetylthiophene is thermodynamically more stable than the 3-isomer. A comparison of the

substituent effect of the acetyl group in benzene and thiophene rings has been carried out.



1. Introduction

Thiophene is a chemically stable compound, readily available, and the chemistry of thiophene
and its derivatives has been a constant matter of investigation. Several books and reviews are
available on the chemistry of thiophenes." It is the simplest representative of an aromatic
structure bearing sulfur. Thiophene obeys the 4n + 2 & electron rule, and it is generally
considered to be aromatic.” Its structure can be assumed to be derived from benzene by the
replacement of two annular CH groups by sulfur. The sulfur atom in this five membered ring
acts as an electron donating heteroatom by contributing two electrons to the aromatic sextet,
and thiophene is thus considered to be an electron-rich heterocycle.

Thiophene derivatives comprise a significant portion of the organosulfur compounds
in petroleum and in other products from fossil fuels, being obtainable as by-products of
petroleum distillation.” Different studies related to their biodegradation* and catalytic
dehydrodesulfuration® have been carried out. Thiophene-based compounds have also found
widespread use in modern drug design,’ biodiagnostics,’ electronic and optoelectronic
devices,® and conductive and electroluminescent polymers.” Also several reviews of various
aspects of thiophene coordination and reactivity in transition metal complexes have been
reported.'’

Over the past years, we have been involved in a thermochemical study of the
energetics of thiophene derivatives.'''® A development of an understanding of the structural
effects on thermodynamic stabilities reflected in the gas phase enthalpies of formation of the
compounds studied has been of fundamental interest to us. Substituents on the five membered
ring of thiophene have a different relationship to one another than similar substituents in
benzene. Our work has focused mainly on the energetic differences between isomers
containing different functional groups in positions 2 and 3, and the substituent effects in

thiophene relative to corresponding benzene analogues. In a previous article we reported the



thermochemistry of 2- and 3- thiophenecarboxylic acids.'' In general, the -COOH group of
thiophenecarboxylic acids acts much the same way as in other organic compounds. We
showed previously, that 3-thiophenecarboxylic acid is slightly more thermodynamically stable
than 2-thiophenecarboxylic acid with an isomerization enthalpy of 2.6 kJ mol . In
comparison with benzene and its analogous substituted derivative, benzoic acid, we found that
the 2-isomer is destabilized by 2.4 kJ mol ' as a result of the through-space interaction
between the oxygen of the hydroxyl group and the sulfur atom."® On the basis of a similar
comparison with the result obtained for 3-thiophenecarboxylic acid, 0.2 kJ mol ', we
concluded that there are not significant differences between the substituent effects produced
by a carboxyl group in benzene and the 3-position in thiophene.'® Similarly, comparing the
relative stability obtained by substituting two H atoms by COOH groups in the 2,5- position
of thiophene and at the 1,4- positions of benzene results in similar energetic effects."”
Moreover, the experimental difference between the enthalpies of formation of 2- and 3-
thiopheneacetic acid, methyl esters, 0.9 = 2.1 kJ mol'l, is too close to call.'® These results are
consistent with the expectation that in the absence of substantial steric and electronic effects
(the through space interaction observed in 2-thiophenecarboxylic acid), alkyl substituents, less
capable of resonance interactions, are likely to have a smaller effect on relative stabilities than
observed for carboxyl groups.

The purpose of the present work is to study the energetics of the 2- and 3-
acetylthiophenes whose formula is presented in Figure 1. The approach selected is a
combination of experimental determination of the enthalpies of formation and high-level ab

initio calculations.

Figurel near here

2. Experimental Section



2.1 Material and Purity Control. Commercial samples of 2- and 3- acetylthiophene
were obtained from Lancaster at a stated mass fraction of 0.99 and 0.98 respectively. To
obtain a dry and pure sample of 2-acetylthiophene, the commercial compound was dried over
4A molecular sieves before and after fractional distillation in a packed column under reduced
pressure. This procedure was repeated three times. 3-Acetylthiophene was purified by
crystallization twice from petroleum ether and then it was carefully dried under vacuum.

To assess the purity of the compounds, a standard gas chromatograph with a 60m
BPX70 fused silica SGE capillary column, was used. The purity of 3-acetylthiophene was also
assessed by DSC by the fractional fusion technique.'’

The water content of liquid 2-acetylthiophene was determined using a Karl Fisher
instrument (Metron 682) and by GC-MS. The purified 2-acetylthiophene had 0.396% of the 3-
isomer present as an impurity, and a water content of 0.009 %. No other impurities were
detected. The mol fraction of 3-acetylthiophene was better than 0.999.

2.2 Experimental Determination of the Enthalpies of Formation in the Gas Phase.
The enthalpies of formation in the gas phase of 2- and 3-acetylthiophene, A;H® (g), at T =

298.15 K, were determined from the experimental values of their standard enthalpies of

formation in the condensed state, A.H? (cd), and the standard phase change enthalpies,

A%H? and A% Hp) , the 2- isomer being a liquid and the 3-isomer being a solid at this

temperature.

2.2.1. Combustion Calorimetry. The enthalpies of formation in the condensed state
were determined from combustion calorimetry using two isoperibol combustion calorimeters
equipped with rotating bombs. The enthalpy of combustion of 2-acetylthiophene was
measured at the University of Porto and the enthalpy of combustion of 3-acetylthiophene at
the Instituto de Quimica Fisica Rocasolano in Madrid. Details of the techniques and

: . 18,19
procedures used have been previously described. ™



The samples of 2-acetylthiophene were contained in sealed polyester bags made of
Melinex (0.025 mm of thickness) with massic energy of combustion A.U° = —(22902 + 5)
J-g”! ** a value which was confirmed in Porto laboratory. The mass of Melinex used in each
experiment was corrected for the mass fraction of water (w = 0.0032), and the mass of carbon
dioxide produced from its combustion was calculated using the factor previously reported.?
The energy of combustion of the 3- isomer was determined by burning the solid samples in
pellet form enclosed in polyethylene bags. The empirical formula and massic energies of
combustion of the polyethylene were Cy 9ssH2 000 and -(46339.3 + 6.6) J g'l respectively, and were
determined in Madrid.

The energy equivalent of the Spanish calorimeter, &(calor), was determined under the
same conditions in which the experiments were performed using the combustion of benzoic acid,
NIST standard reference sample 39j. The value of the energy equivalent of the calorimeter
(&(calor, Madrid) = {28871.08 + 0.90 (0.003 %)} J-K™") was determined from ten calibration
experiments and this value was used in computing the results of the combustion experiments
performed in Madrid. The energy equivalent of the calorimeter of the Portuguese system,
&(calor, Porto) = {20369.0 £ 2.3 (0.011%)} J-K', was determined without rotation of the
bomb as previously described,”’ from an average of ten calibration experiments.'® The
calorimeter was calibrated using benzoic acid, NBS thermochemical standard 391, having a
massic energy of combustion under bomb conditions of (26434 + 3) J-g”' (using an average
mass of 3965.0 g of water added to the calorimeter); the quoted uncertainty is the standard
deviation of the mean.

Under the conditions of the experiments (T = 298.15 K; Vypomby (Madrid) = 0.260 dm’ ;
Vioomb (Porto) = 0.329 dm?; p'gas = 3.04 MPa; and 10.00 (Madrid) or 15.00 cm® (Porto) of water
added to the bomb), no carbon (soot), CO, or SO, were detected.

Corrections for nitric acid formation, from traces of N, remaining inside the bomb, were

based on —59.7 kJ-mol™" for the molar energy of formation of 0.1 mol-dm ™ HNO; (aq) from



0,, N,, and H,O (1).? For the correction of apparent mass to mass, conversion of the energy of
the actual bomb process to that of the isothermal process, and the correction to standard states,

the values of density, p, massic heat capacity, ¢y and (0V /0T)  used, are given in Table S1 of

the Supporting Information for cotton, the different auxiliary substances used, and for 2- and 3-
acetylthiophene.

The energy of solution of carbon dioxide in water at T = 298.15 K, A;qjU(CO,), was taken
as —17.09 kJ-mol™, and the solubility constant, K(CO,) at T =298.15 K, as 0.03440 mol dm?
atm™ > The standard state corrections were calculated by the procedures given by Hubbard et
al.** and by Good and Scott.”> All samples were weighed on a Mettler AT-21 microbalance,
sensitivity +1 - 10 ° g in (Madrid), and on a Mettler AG 245 balance with a sensitivity of
+1-107 g (Porto).

The derived molar energies of combustion of both isomers in the condensed state at T

=298.15 K correspond to the following reaction:

CsHsOS(cd) + 17/2 Oa(g) + 113 HLO(1) = 6 COx(g) + [H2S04115 H,0](1) (1)

The atomic masses used for the elements were those recommended by the [UPAC

Commission in 2005 yielding molar masses for 2- and 3-acetylthiophene of 126.179 g-mol™.

2.2.2. Calvet Microcalorimetric Measurements. The enthalpy of vaporization of 2-
acetylthiophene was measured by the “vacuum vaporization" drop microcalorimetric
method,””*® using a High Temperature Calvet Microcalorimeter (SETARAM HT 1000 D),
with a sensitivity of 3 uV-mW, held at T = 350 K. Samples, about 7-10 mg, contained in a thin
glass capillary tube sealed at one end, were dropped, at room temperature, into the hot reaction

vessel, and then removed from the hot zone by vacuum vaporization. From the observed



enthalpy of vaporization, A%:;98.15K H ., , the standard molar enthalpy of vaporization, at T =

298.15 K, was calculated using a value for A\ H? (g) estimated by the Benson’s Group

1.3 The microcalorimeter was calibrated in situ for these

Method,” using values from Stull et a
measurements using the reported enthalpy of vaporization, at T = 298.15 K, of n-undecane:*'

ASH? (Ci1H,4) = (56.580 £ 0.566) kJ ‘mol™". The compound and the glass capillary tubes were

weighed on a Mettler CH-8608 analytical balance, with a sensitivity of (1 - 10°) g. The
thermal corrections for the glass capillary tubes were determined in separate experiments, and
were minimized, as far as possible, by dropping tubes of nearly equal mass (within +10 mg),

into each of the twin calorimeter cells.

2.2.3. Knudsen Effusion Technique. The enthalpy of sublimation of 3-acetylthiophene
was determined by measurement of the vapor pressure over a 16 K temperature interval using
the Knudsen-effusion technique and the enthalpy of sublimation was derived from the
temperature dependence of the vapor pressure (Clausius-Clapeyron equation). The technique
and procedure used have been previously described.”? The Knudsen cell was weighed before
and after each experiment to determine the mass of sublimed material (Am). The vapour

pressure, p, at each temperature, T, was calculated by means of the equation:

p = (Am/W,at) 2 RT / M) )

where a is the area of the effusion orifice, t is time, R is the gas constant, M is the molecular
weight of the effusing species and W, is the corresponding Clausing coefficient.*> The
membrane for the effusion measurements was a tantalum foil, | = (0.021 + 0.004) mm. The
area of the effusion orifice was a = (0.0444 + 0.0002) mm?, and the Clausing coefficient W, =

(0.943 +0.012).



2.2.4. Correlation-Gas Chromatography. The enthalpies of vaporization of 2- and 3
acetylthiophene were also measured by correlation-gas chromatography using the procedure
previously described.** A Hewlett-Packard Model 5890 Series IT Gas Chromatograph
equipped with a split/splitless capillary injection port, a flame ionization detector (FID) and a
30 m SPB-5 capillary column was used. The retention times were recorded to three significant
figures following the decimal point on an HP 3356 Series II integrator. The solvent used was
methylene chloride. Methane was bubbled into the solution just prior to injection and was
used as the non-retained reference to determine the dead volume of the column. Column
temperatures were controlled by the instrument and monitored using a Fluke 51 K/J
thermometer. All correlation-gas chromatography experiments were performed in duplicate to

confirm reproducibility. The results of only one experiment are reported.

. . c e . . 35
2.3 Computational details. Standard ab initio molecular orbital calculations were

performed with the Gaussian 03 series of programs.36 The energy of the compounds studied
was calculated using Gaussian-n theories, at the G2°” and G3°® levels.

G2 corresponds effectively to calculations at the QCISD(T)/6-311+G(3df,2p) level. In
this method, single point energy calculations are carried out on MP2(full)/6-31G(d) optimized
geometries, incorporating scaled HF/6-31G(d) zero-point vibrational energies and a so-called
higher-level correction to accommodate remaining deficiencies.

G3 corresponds effectively to calculations at the QCISD(T)/G3large level, G3large
being a modification of the 6-311+G(3df,2p) basis set, including more polarization functions
for the second row (3d2f), less on the first row (2df), and other changes to improve uniformity.
In addition, some core polarization functions are added.* Single-point energy calculations are

carried out on MP2(full)/6-31G(d) optimized geometries, incorporating scaled HF/6-31G(d)
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zero-point vibrational energies, a so-called higher-level correction to accommodate remaining
deficiencies, and spin-orbit correction for atomic species only.*®

We have also reoptimized the geometries at the MP2(full)/6-31G(3df,2p) level to
obtain more reliable molecular structures for the compounds studied.

The charge distribution has been analyzed using a population partition technique, the
natural bond orbital (NBO) analysis of Reed and Weinhold.**! The NBO analysis has been

performed using the NBO program™ implemented in the Gaussian 03 package.*

3. Results and Discussion

3.1 Experimental Results. The results of combustion experiments for 2- and 3-
acetylthiophenes are given in Table S2 and S3 of the Supporting Information. The
experimental values have been derived as in reference 24 and the symbols in this table have
the same meaning as in references 24 and 43. The results for all the combustion experiments
of both 2- and 3-acetylthiophene, together with the mean value of their massic energy of

combustion, Acu°, and its standard deviation are given in Table 1.

Table 1 near here

As noted above, the sample of 2-acetylthiophene was contaminated by a water content
0f 0.009 % and by 0.396% of 3-acetylthiophene, which could not be removed during
purification. Since the massic energy of combustion of crystalline 3-acetylthiophene was
determined in this work, the individual experimental massic energies of combustion of the
contaminated samples have been corrected to calculate, for each experiment, the contribution
of 3-acetylthiophene to the massic energy of combustion of the 2-acetylthiophene isomer. The
corrections are also given in Table 1. These corrections were made by subtracting the

contribution of liquid 3-acetylthiophene (calculated by adding its fusion enthalpy at T =
11



298.15 K' to its combustion enthalpy and adjusting its contribution on the basis of its
composition in the sample), and by assuming that the enthalpy of mixing of the two liquid
isomers is negligible.

Table 2 gives the molar energies and enthalpies of combustion derived from the

combustion reaction of both isomers, in the condensed state at T =298.15 K.

Table 2 near here

In accordance with normal thermochemical practice,44 the uncertainty assigned to the
standard molar enthalpy of combustion is twice the overall standard deviation of the mean and

include the uncertainties in calibration and in the values of auxiliary quantities used. To derive
AgHp (cp), at T=298.15 K, from A Hp (cp), the standard molar enthalpy of formation of
H,SO0, in 115 H,0(1), —(887.81 + 0.01) kJ- mol™',* and the CODATA values*® of the standard

molar enthalpies of formation, at T =298.15 K, A¢Hy, (H,0, 1) =—(285.830 = 0.042) kJ -mol-1

and A¢HS (CO,, g) = —(393.51 +0.13) ki-mol ', were used.
The individual values of the standard molar enthalpies of vaporization determined by
Calvet microcalorimetry, at the experimental temperature T = 350 K are given in Table 3.

These values were corrected to T =298.15 K, using Al H’ (g) estimated by a group scheme

|.47

based on values Stull et al.”” The scheme applied for 2-acetylthiophene was:

@\m} = @ + CH;COCH; -  CH,

S

which yielded the Al H? (g) corrections registered in Table 3. The standard molar enthalpy

of vaporization, at T = 298.15 K, is also reported in Table 3, where the uncertainty associated

1s twice the overall standard deviation of the mean and include the uncertainties in calibration.
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Tables 3 near here

The results of our Knudsen-effusion experiments for 3-acetylthiophene are summarized in

Table 4.

Table 4 near here

The vapor pressures of Table 4 were fit to an equation of the type

In(p/Pa) = -B(T/K)" + A (3)

by the method of least-squares. The enthalpy of sublimation at the mean temperature of its
experimental range, T, =276.39 K, was calculated by multiplying the corresponding B value by
the gas constant R, AqfHn(276.39K) = 75.2 + 1.1 kJ - mol™". The uncertainty assigned to this
magnitude is based on the standard deviation of the B value.

The sublimation enthalpy at the temperature T = 298.15 K was derived using the same

procedure as in reference 48 using the equation:

(A% Hm (298.15K) = (A% H (Tw)) +(0.75+0.15 Cy 1y (e0))( T -298.15)) (4

Using the estimated value, C B,m (cr) =135.2 Jmol™ K™, calculated by the method given in

reference 49, a value AZ.H 9 (298.15 K) = (74.6 £ 1.1) kJ mol™ was obtained.

The vaporization enthalpies of both 2- and 3-acetylthiophene were also measured by

correlation-gas chromatography. A plot of In(1/t,), where t, represents the time each analyte

13



spends on the column, against reciprocal temperature, K ' results in a straight line whose slope is
A%ln H,/R. Multiplication of the slope by the gas constant results in the enthalpy of transfer

from the stationary phase of the column to the gas phase. Enthalpies of transfer measured
experimentally are then correlated to known vaporization enthalpies measured by some other
means. The vaporization enthalpy of the target is obtained from the correlation equation.
Selection of the reference compounds is crucial in the evaluation. Generally, reference
compounds are chosen with the same type and number of functional groups as the target
compound. Some flexibility is possible in certain cases where it has been demonstrated
empirically that substitution of a different functional group still provides suitable correlations.™
In this case, we could not find any reference compounds in the literature with the same
functional group combination as found in 2-acetylthiophene. Therefore we used as standards,
compounds with functional groups that have similar numerical contributions as those present in
the target compound in accordance with the group contribution scheme of reference 51. Chloro-
esters and chloro-ketones were chosen as reference compounds. This substitution has been
previoulsy proven useful in the determination of the enthalpies of vaporization of 2- and 3-
thiopheneacetic acid, methyl esters. '

The analysis of the values used as standards and further details in the correlation-gas
chromatography calculations are given as Table S4 of the Supporting Information. The
correlations involving 2-acetylthiophene as the target compound also included using the
vaporization enthalpy of 3-acetylthiophene and 2- and 3-thiopheneacetic acid, methyl esters as
reference compounds.

The retention times for only one of a duplicate set of runs are reported in Table S5 of
the Supporting Information. Plots of In(1/t,) versus 1/T resulted in straight lines characterized

by the slopes and intercepts reported in Table 5. The correlation coefficient, r’, exceeded 0.99

in all cases. The correlation between enthalpies of transfer Agsln H , (Tm) measured at the mean

14



temperature, T, and vaporization enthalpies at T =298.15 K resulted in equation (5) given
beneath Table 5. This resulted in the vaporization enthalpies reported in the last column of
this table. The uncertainty reported in this column reflects two standard deviations associated

with the slope of the correlation equation.

Table 5 near here

As it can be seen by comparison of the values in Tables 3 and 5, the experimental
values of the enthalpy of vaporization obtained by correlation gas chromatography’* and by
the adaptation to vaporization®' of the vacuum sublimation drop microcalorimetric

30,32
technique™™

agree well within the uncertainty associated with the combined results.
However, since the data calculated by correlation gas chromatography are strongly dependent
on the quality of the standards used, larger uncertainties have been obtained in this instance.
Therefore, in the present study we have used the values determined by Calvet
microcalorimetry to derive the enthalpy of formation in the gas phase of 2-acetylthiophene.
Combining the derived standard molar enthalpies of formation in the condensed phase,

with the standard molar enthalpies of vaporization and sublimation yield the standard molar

enthalpies of formation in the gaseous phase of 2- and 3-acetylthiophene summarized in Table

6.

Table 6 near here

To our knowledge there are no experimental results for the energies and enthalpies of
combustion and formation in the literature of the title compounds for comparison with our
results. There is one study of some physical properties of 2-acetylthiophene that calculated a

value for its vaporization enthalpy” of 90 cal g™ with an uncertainty about 5% at the normal
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boiling point (487.1K). This corresponds to a value of AffH,, (298.15K) = (60.6 + 8.7) kJ-mol
! ( the uncertainty includes the uncertainty associated with the temperature adjustment). The

estimated value is in good agreement with the experimental value determined in this work.

3.2. Molecular and Electronic Structures. To our knowledge, there has been no
experimental determination of the molecular structure of 2- and 3-acetylthiophenes, either in
the gas or solid state. However, the X-ray crystal structures of several derivatives of 2-
acetylthiophene have been reported: 2-thionyltrifluoroacetone isonicotinyl hydrazone,™ 2-
acetylthiophene thiosemicarbazone and 2-acetylthiophene-4-phenyl thiosemicarbazone,* the
ligand 2-acetylthiophene-0-aminobenzoylhydrazone,” and an ortho-manganated derivative.”

The calculated molecular structures of 2- and 3-acetylthiophenes, optimized at the
MP2(full)/6-31G(3df,2p) level of theory, are shown in Figure 2. Bond distances and bond
angles are collected in Table 7. Both molecules are planar, pertaining to the symmetry point
group Cs. S,0-syn is the preferred conformation in 2-acetylthiophene, S,0-anti conformation
being 4.0 and 4.1 kJ mol™ less stable than the S,0-syn, calculated at the HF/6-31G(d) and
B3LYP/6-31G(d) levels, respectively. Although the energy difference between the two
rotamers is small, the free rotation is not likely because the rotational barrier is very high,

values of 32.5 and 34.0 kJ mol™! have been calculated.””®

Figure 2 and Table 7 near here

The thiophene ring is planar in both derivatives. The valency angle of the sulfur atom
in the ring, CSC, is calculated as 92.2° and 92.7° in 2- and 3-acetylthiophene, respectively,
intermediate between the tetrahedral angle and a right angle, and in line with the values

calculated previously for other thiophene derivatives.'"'>'® Calculated C—S distances suggest

16



a considerable double-bond character, and the C—C bonds in the ring are all shorter than
single bonds indicating considerable conjugation, including the exocyclic C—C bonds.

The entire COCHj3 group appears to be attracted by the S atom in 2-acetylthiophene,
the angle C3C,Cg being larger than SC,Cq (129.2° and 119.4°, respectively). The nonbonded
O-S distance, 2.968 A, is shorter than the sum of the Van der Waals radii, 3.32 A

Both the thiophene ring and the carbonyl group have electrons with orbitals of
n-symmetry and it would thus be expected that conjugation would take place provided the
groups were coplanar. A planar molecule is therefore favored. Resonance between the S atom
and the CO group through the ring is represented for both compounds in Figure 3. The
contribution of forms II and III should be favorable because the p orbital of S atom can
overlap with the m orbital of the conjugated system. It has been reported however, that the
contribution of form IV should be very unlikely because of the difference in sizes of C and S
atoms.*® Furthermore, the resonance structures suggest a longer C,—S bond length in 2-
acetylthiophene and a longer Cs—C,4 bond length in 3-acetylthiophene if resonance with CO
group is important. If this hypothesis is correct, the C3—C,4 bond in 2-acetylthiophene would
have more double-bond character than the same bond in 3-acetylthiophene. This fact is
observed in the calculated values, the C3—C4 bond length being slightly shorter in 2-
acetylthiophene (1.401 versus 1.412 A). Similarly, Cs—S bond should be shorter in the 2-
1somer and C,—S bond should be shorter in the 3-isomer. The calculated values follow this

pattern (see Table 7).

Figure 3 near here

We have also calculated the Wiberg bond indices,61 B;. The bond index between two

atoms is a measure of the bond order and, hence, of the bond strength between these two

17



atoms. They are shown in Figure 4. As can be seen, the bond orders are according to the
previous hypothesis, and the C;—C4 bond has more double-bond character in 2-
acetylthiophene. Bond orders for C—S bonds also indicate significant n-delocalization in the

ring.

Figure 4 near here

Previous spectroscopic studies by IR and UV *** suggested more effective
conjugation in the 2-isomer than in the 3-isomer based on the larger bathochromic shift of the

6354 and on the higher carbonyl frequency for the 3-isomer

UV primary band for the 2-isomer
(1662 and 1666 cm™ for the 2- and 3- isomer respectively).®? This can also be observed in the
frequencies calculated at the HF/6-31G(d) level (1776.6 and 1781 c¢m™" for the 2- and 3-
isomer respectively, where the values have been scaled® by the factor 0.8953). Similarly,
the bond lengths between the carbonyl carbon and the ring carbon are 1.462 and 1.472 A and
the bond lengths between oxygen and carbon are 1.221 and 1.219 A for 2- and 3-
acetylthiophenes, respectively, in line with this effect. This behaviour has been previously
observed for the 2- and 3- thiophenecarboxylic acids (Cring-C(O)(OH): 1.458 and 1.464 A for
the 2- and 3-thiophenecarboxylic acids, respectively).

3941t obtain the

A population analysis using the natural bond orbital (NBO) analysis,
natural atomic charges (the nuclear charges minus summed natural populations of the natural
atomic orbitals on the atoms) that characterize the ground electronic state of the compounds

studied has also been carried out. The calculated charges located at the heavy atoms for both

compounds are reported in Figure 5.

Figure 5 near here
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Partial negative charges are located at the oxygen atom of the carbonyl group, at the C
atoms of the thiophene ring, and at the C atom of methyl group, whereas partial positive
charges are located at the sulfur atom of the ring and at the C atom of the CO group. The
charge distribution does not appreciably change with the position of the COCHj; group, only a
small charge redistribution takes place on the atoms of the thiophene ring.

The NBO analysis also describes the bonding in terms of the natural hybrid orbitals. In
the compounds studied, the hybridization of sulfur atom is sp*, with more than 78.5% of p
character, whereas the hybridization of carbonyl oxygen atom is Spl'3 (ca. 56% of p character).
Sulfur and oxygen atoms have sp and p lone pairs that may delocalize into the vicinal
antibonding orbitals.

Several studies on compounds involving atoms with different types of lone pairs (O, S,
Se) have shown that the effect of the charge delocalization should not be analyzed only on the
basis of px — & cx hyperconjugation because orbital interactions involving sp lone pairs, that
is, spx — o cx, are not negligible.® This behaviour is observed in the compounds studied and
was also observed in our previous studies on 2- and 3-thiophenecarboxylic acids,' and 2,5-

thiophenedicarboxylic acid."”

3.3. Theoretical Determination of the Enthalpies of Formation. G2 and G3-

calculated energies at 0 K, and enthalpies at 298 K, for the two compounds studied are given

in Table 8.

Table 8 near here

The standard procedure in obtaining enthalpies of formation in Gaussian-n theories is

69-73

through atomization reactions,””®® but there have been some suggestions® " that there is an

accumulation of errors in the application of this method to larger molecules. Glukhovtsev and
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Laiter® have shown that more accurate heats of formation can be derived using isodesmic or
homodesmotic reactions’* rather than atomization energies. As Raghavachari et al.” have
pointed out, one of the deficiencies of the isodesmic reaction approach is that many different
isodesmic reactions can be set up for the same molecule yielding different results. These

authors have proposed to use a standard set of isodesmic reactions, the "bond separation

reactions”,26 where all formal bonds between nonhydrogen atoms are separated into the
simplest parent molecules containing these same kinds of linkages, to derive the theoretical
enthalpies of formation.

In this work we have calculated the enthalpies of formation of 2- and 3-
acetylthiophenes, CcHsOS, using the atomization reactions and the bond separation isodesmic

reaction (6):

CeHsOS (g) +7CH, (g) + H,S (g) —

3 CH;CHs(g) +2 CH2=CH, (g) + 2 CH,SH (g) + 2 H2CO (g) (6)

Another isodesmic reaction (7), using acetophenone as reference has been used:

CsHsOS (g) + benzene (g) — thiophene (g) + acetophenone (g) (7)

The G2 and G3-calculated enthalpies of formation are shown in Table 9.7° The A H?

values obtained from atomization reactions at the G2 level have been modified by adding
spin-orbit and bond additivity (BAC) corrections.”” The method has been detailed in a

previous study.*

Table 9 near here
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As can be seen in this table, there is a very good agreement between theoretical and
experimental values (see Table 6). Comparison of our experimental and theoretical results for
the enthalpies of formation of the two isomers shows that 2-acetylthiophene is more stable
than the 3-isomer, with an experimental enthalpy of isomerization AH of reaction (8) of 4.7 +

2.8 kJ - mol ™. Theoretical values of 2.4 and 2.7 kJ-mol™" are calculated at the G2 and G3 level,

respectively.
0
@V ot -
s \ — / \
° s (8)

AAH? (2,298.15K) = 4.7 + 2.8 kJ mol’

This observation is interpreted in terms of the resonance interaction between the CO
group and the S atom through the ring and a possible attractive interaction between the
negative carbonyl oxygen and the positive ring sulfur as suggested by the natural bond orbital
(NBO) analysis and the short distance calculated between these two atoms.

Our experimental results allow us to make a comparative analysis with anologous
benzene derivatives. This can be done by the evaluation of the energetics of the compounds
shown in Figure 6. The substitution of an H atom in benzene by an acetyl group produces an
stabilizing effect of -(169.3 + 1.7) kJ - mol™. The substitution of an H atom by a COCH;
group in the thiophene ring in the 3-position produces a similar stabilizing effect. If the same
substitution is made at the 2-position, a stabilizing effect of —(174.2 + 2.3) kJ - mol™ is

produced. The difference found between the two isomers may be explained by the additional
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stabilizing effect produced by the favorable interaction between the carbonyl oxygen and the
ring sulfur in 2-acetylthiophene.

Figure 6 near here

4. Conclusions

The experimental enthalpies of formation of 2- and 3-acetylthiophene have been
determined. Theoretical calculations of the enthalpies of formation at the G2 and G3 levels
agree well with the experimental values. From experimental and theoretical results, 2-
acetylthiophene is found to be more stable than the 3-isomer.

Molecular and electronic structures for the compounds studied have been obtained
from theoretical calculations. The entire acetyl group appears to be attracted to the ring and to
the sulfur atom in 2-acetylthiophene. The O-S distance is shorter than the sum of the Van der

Waals radii. This interaction is not possible in the 3-isomer.

Supporting Information Available: Table S1 with a summary of physical properties used for
the correction of apparent mass to mass, conversion of the energy of the actual combustion bomb
process to that of the isothermal process, and the correction to standard states, Tables S2 and S3
gives the combustion results of the standard massic energies of combustion of 2- and 3-
acetylthiophene, respectively. Table S4 provides a summary of the available literature values
of the vaporization enthalpy standards for the correlation-gas chromatography calculations,
and Table S5 provides the retention times measured for 3-acetylthiophene and a series of

standards. This material is available free of charge via the Internet at http://pubs.acs.org.
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Caption for figures

Figure 1. Structural formula of 2- and 3-acetylthiophenes.
Figure 2. Molecular structures of 2- and 3-acetylthiophenes, optimized at the MP2(full)/6-
31G(3df,2p) level.

Figure 3. Resonance structures of 2- and 3-acetylthiophenes.

Figure 4. Wiberg bond indices for 2- and 3-acetylthiophenes, calculated at the MP2(full)/6-
31G(3df,2p) level.

Figure 5. NBO atomic charges for 2- and 3-acetylthiophenes, calculated at the MP2(full)/6-
31G(3df,2p) level.

Figure 6. Comparative analysis with the anologous substituted benzene. AAH®,, in kJ - mol™

are shown in the arrows
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TABLE 1: Individual Results of the Massic Energies of Combustion, at T =298.15 K, (p° =
0.1 MPa), for the 2- and 3- Acetylthiophene Isomers

Exp. N* (e;?;eur:r/nii;l) Correction / J'g" _(fgl:':e/cgfi)l

2-acetylthiophene

1 29298.81 -0.37 29299.17

2 29297.56 -0.36 29297.92

3 29296.53 -0.36 29296.89

4 29283.74 -0.31 29284.05

5 29289.05 -0.33 29289.38

6 29295.96 -0.36 29296.32

—(AU°Y/(J-g™h) (29293.6 £2.4) (29294.0 £2.4)

3-acetylthiophene

1 29216.1

2 29211.8

3 29200.8

4 29208.0

5 29199.0

—(AU°Y/(J-g7)  (29207.1 £3.2)
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TABLE 2: Standard Molar Energies of Combustion and Enthalpies of Combustion and
Formation at T = 298.15 K.

AU AH? AcH; (cd)
Compound erm ¢ '
kJ-mol™ kJ-mol™ kJ-mol™
2-acetylthiophene (1) -3696.3+1.6 -3702.5+ 1.6 -118.0 £1.7
3-acetylthiophene (cr) -3685.3+ 1.2 -3691.5+1.2 -129.1+ 1.4
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TABLE 3: Standard (p° = 0.1 MPa) Molar Enthalpy of Vaporization of 2-
Acethylthiophene, at T = 298.15 K Determined by Calvet Microcalorimetry

Exp. N° rl I A Sos.15 kHm Alos 15k Hm (8) AFPHS (T =298.15K)
107g K kJ - mol ™! kJ - mol ™! kJ - mol ™!
1 8.502 3499 65.95 7.29 58.66
2 8.200 349.8 65.96 7.28 58.68
3 9.465 3499 66.44 7.29 59.15
4 7.776  349.8 65.59 7.28 58.31
5 6.822 349.8 66.26 7.28 58.98

<AlgH§,(T :298.15K)>= 58.8 + 1.2 kJ-mol-!
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TABLE 4: Vapor Pressures of 3-Acetylthiophene Determined by the Knudsen Effusion

Technique.

TK  ts" Am/mg® p/Pa°  10%Spp)’  TK t/s*  Am/mg® p/Pa°  10%5p/p)°
268.51 29160 1.15 0,315 3.04  279.08 17100 229  1.09 -0.544
27146 27120 147 0435 -1.30 28244 16380 323 161 -0.150
27402 25200 189  0.602  0.0253 28427 15960 3.95  2.03 2.36
276.36 27900 2.66  0.770 -3.41

“Time for the experiment; ® mass of sublimed substance; ¢ vapor pressure; ¢ 8p denotes
deviation of the experimental vapor pressures from the values computed using equation 3.
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TABLE 5: Summary of Calculated Values Obtained by Correlation-Gas

Chromatograpy
) GE ASHS,
Asln Hum
) (298.15K) (298.15K)
Compound slope intercept (364 K)
kJ-mol! kJ-mol!
kJ- mol™ ) .
(literature) (This work)
3-chloro-2-butanone -3350.0 10.002 27.9 40.5 39.0
ethyl 2-chloropropionate -4136.2 11.189 34.4 46.2 47.1
isopropyl chloroacetate -4275.9 11.479 35.5 46.0 48.5
3-acetylthiophene -4923.9 11.811 40.9 57.2 55.2
2-thiopheneacetic acid,  -5545.0 12.854 46.1 61.9 61.5
metyl ester
3- thiopheneacetic acid, -5586.5 12.907 46.4 60.9 62.0
metyl ester
4-chloroacetophenone -5591.8 12.661 46.5 62.7 62.0

AEHZ (298.15K) = (1.23 £0.10) A%, H (364 K) + (4.6 £ 1.7)

)
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TABLE 6: Standard Molar Enthalpies at T = 298.15 K.

AHLed)  ARHS AR MO AHS (@

Compound -
kJ-mol! kJ-mol! kJ-mol™ kJ-mol!

2-acetylthiophene 119 0+17 588+12 -59.2+2.1

3-acetylthiophene  -129.1+1.4 746+1.1 -545+1.8
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TABLE 7: Molecular Structures Optimized at the MP2(full)/6-31G(3df,2p) level
for the Studied Compounds. Bond Distances in Angstroms and Bond Angles in
Degrees.

2-acetylthiophene 3- acetylthiophene

S-C2 1.701 1.689
C2-C3 1.385 1.383
C3-C4 1.401 1.412
C4-C5 1.379 1.370
C5-S 1.691 1.699
C2-Cé6 1.462 -

C3-Cé6 --- 1.472
C6-0 1.221 1.219
C6-C7 1.502 1.502
S-C2-C3 111.3 111.4
C2-C3-C4 112.4 112.1
C3-C4-C5 111.9 112.2
C4-C5-S 112.2 111.5
C5-S-C2 92.2 92.7
S-C2-C6 119.4 -

C3-C2-C6 129.2 -

C4-C3-C6 -—- 122.7
C2-C3-C6 -—- 125.2
C2-C6-C7 116.8 -

C3-Co6-C7 -—- 117.6
C7-C6-0O 122.0 121.7
S-C2-C6-0O 0.0 -

C4-C3-C6-0 -—- 0.0



TABLE 8: G2 and G3-Calculated Energies at 0 K, and Enthalpies at 0 K, for 2-

and 3-Acetylthiophenes. All values in Hartrees.

G2 G3
Compound Eo Haog Eo Haos
2-acetylthiophene -704.673992 -704.665289 -705.298163 -705.289460
3-acetylthiophene -704.673049 -704.664361 -705.297112 -705.288424
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TABLE 9: A Comparison of G2 and G3-Calculated Enthalpies of Formation,
Using Atomization Reaction and Isodesmic Reactions (6) and (7) for 2- and 3-

Acetylthiophenes with Experimental Values. All values in kJ mol™.

G2 G3 Expt.
Compound Atomiz.  Isodes. (6) Isodes.(7) Atomiz. Isodes. (6)  Isodes. (7)
2-acetylthiophene  -60.6 -62.9 -60.2 -59.8 -62.9 -60.2 -59.2+2.1
3-acetylthiophene  -58.2 -60.5 -57.7 -57.1 -60.2 -57.5 -545+1.8
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