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The relative stabilities of 2- and 3-acetylthiophenes 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-phase enthalpies of fornfation, at
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 thermodynami-
cally 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 dynamic stabilities reflected in the gas-phase enthalpies of

Thiooh . hemicall bl q il iabl formation of the compounds studied has been of fundamental
lophene Is a chemically stable compound, readily available, jiarest 1o us. Substituents on the five-membered ring of

ang tthitcr?]e;?'?m; iﬂ{/th'gpht?nr? gn(\j/ |trs Idbenvftlvﬁz ?a\z t\),\?enrathiophene have a different relationship to one another than
consta atter ot investigation. Severa’ DOOKS and reviews ar€q; ;o - sybstituents in benzene. Our work has focused mainly

available on the chemistry of thiophenre#. is the simplest o . o
. . . . on the energetic differences between isomers containing different
representative of an aromatic structure bearing sulfur. Thiophene

obeys the # + 2 electron rule, and it is generally considered functional groups in positions 2 and 3 and the substituent effects

to be aromatié.Its structure can be assumed to be derived from in thiophene relative to corresponding benzene analogues. In a

benzene by the replacement of two annular CH groups by sulfur.grehv.'ouhS artlcles Wel.repo.gz? the therlmohchegolsotrg of 2- and
The sulfur atom in this five-membered ring acts as an electron -thiophenecarboxylic acids.In general, the- group

donating heteroatom by contributing two electrons to the of thiophenecarboxylic acids acts much the same way as in other

aromatic sextet, and thiophene is thus considered to be anf'da@nic compounds. We showed previously that 3-thiophen-
electron-rich heterocycle. ecarboxylic acid is slightly more thermodynamically stable than

2-thiophenecarboxylic acid with an isomerization enthalpy of
_1 - - .
organosulfur compounds in petroleum and in other products 2.6 kaoI : |r_1 comparison _W|th_benzene and its analt_)gous
from fossil fuels, being obtainable as byproducts of petroleum substituted derivative, benzoic acid, we found that the 2-isomer
distillation? Different studies related to their biodegradation IS destabilized by 2.4 kthol™ as a result of the through-space
and catalytic dehydrodesulfuratorhave been carried out. Interaction ll)setween the oxygen of the hydroxyl group and the
Thiophene-based compounds have also found widespread us€ulfur atom:* On the basis of a similar comparison W'tﬂ the
in modern drug desighpiodiagnosticd, electronic and opto-  result obtained for 3-thiophenecarboxylic acie).2 kymol™,
polymers? Also, several reviews of various aspects of thiophene the substituent effects produced by a carboxyl group in benzene
coordination and reactivity in transition metal complexes have and the 3-position in thiopherié.Similarly, comparing the

Thiophene derivatives comprise a significant portion of the

been reported’ relative stability obtained by substituting two H atoms by COOH
In recent years, we have been involved in a thermochemical 9roups in the 2,5-position of thiophene and at the 1,4-positions
study of the energetics of thiophene derivatid® A develop- of benzene results in similar energetic effééthloreover, the

ment of an understanding of the structural effects on thermo- €xperimental difference between the enthalpies of formation of
2- and 3-thiopheneacetic acid methyl esters #9281 k3mol2,
*To whom correspondence should be addressed. E-mail: IS t00 close to calt® These results are consistent with the
victoriaroux@igfr.csic.es. expectation that, in the absence of substantial steric and
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Q enclosed in polyethylene bags. The empirical formula and
43 - g;' massic energies of combustion of the polyethylene were
« / \C2 CH, w o/ T Co.06dH2.000and —(46339.3+ 6.6) Jg L, respectively, and were
s o / \ determined in Madrid.
Cs C2

The energy equivalent of the Spanish calorimetéralor),
was determined under the same conditions in which the
Figure 1. Structural formula of 2- and 3-acetylthiophenes. experiments were performed using the combustion of benzoic

acid, NIST standard reference sample 39j. The value of the
electronic effects (the through-space interaction observed inenergy equivalent of the calorimetee(¢alor, Madrid) =
2-thiophenecarboxylic acid), alkyl substituents, less capable of {28871.084 0.90 (0.003%)) J-K~1) was determined from 10
resonance interactions, are likely to have a smaller effect on calibration experiments, and this value was used in computing
relative stabilities than observed for carboxyl groups. the results of the combustion experiments performed in Madrid.

The purpose of the present work is to study the energetics of The energy equivalent of the calorimeter of the Portuguese
the 2- and 3-acetylthiophenes whose formula is presented insystemg(calor, Porto)= {20369.0+ 2.3 (0.011%}) J-K1, was
Figure 1. The approach selected is a combination of experi- determined without rotation of the bomb, as previously de-
mental determination of the enthalpies of formation and high- scribed! from an average of 10 calibration experimett3he

o S

level ab initio calculations. calorimeter was calibrated using benzoic acid, NBS thermo-
chemical standard 39i, having a massic energy of combustion
2. Experimental Section under bomb conditions of (264344 3) }g~ (using an average

2.1. Material and Purity Control. Commercial samples of mass of 3965.0 g of water added to the calorimeter); the quoted

2- and 3-acetylthiophene were obtained from Lancaster at auncertamty Is the ;'gandard dewatlon.of the mean. ]
stated mass fraction of 0.99 and 0.98, respectively. To obtain a Under th? conditions of the experimentin(= 298'15iK*
dry and pure sample of 2-acetylthiophene, the commercial Vborb (Madrid) = 0.260 dn; Viomp (Porto) = 0.329 dnt; pyas
compound was dried over 4A molecular sieves before and after = >-04 MPa; and 10.00 (Madrid) or 15.00 g(Porto) of water
fractional distillation in a packed column under reduced pressure. 2dded to the bomb), no carbon (soot), CO, o &@re detected.
This procedure was repeated three times. 3-Acetylthiophene was COMTections for nitric acid formation, from traces ofz N

purified by crystallization twice from petroleum ether and then '€maining inside the bomb, were basedfgsej kmol~* for
it was carefully dried under vacuum. the molar energy of formation of 0.1 mdim= HNOs (aq) from

02, N, and HO (1).22 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, massic heat capacity,, and
(aV/aT)p 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 waterTat=
298.15 K,AsqU(COy), was taken as-17.09 kdmol™1, and the
solubility constant,K(CO,) at T = 298.15 K, as 0.03440
mol-dm~3-atn1.22 The standard state corrections were calcu-
lated by the procedures given by Hubbard e¥*and by Good
and ScotB> All samples were weighed on a Mettler AT-21
microbalance, sensitivityel x 107® g (Madrid), and on a
Mettler AG 245 balance with a sensitivity afl x 1075 g

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

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 mole 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-acetylthiopheng{’ (g), atT =
298.15 K, were determined from the experimental values of
their standard enthalpies of formation in the condensed State'(Porto).

AdHy, (cd), and the standard phase change enthalpigsiy, The derived molar energies of combustion of both isomers

andAJ Hy, the 2-isomer being a liquid and the 3-isomer being iy the condensed state &t= 298.15 K correspond to the
a solid at this temperature. following reaction:

2.2.1. Combustion Calorimetrifhe enthalpies of formation
in the condensed state were determined from combustion —
calorimetry using two isoperibol combustion calorimeters CeHeOS (cd)+ 17/20, (9) + 113H0 (1) = 6CO; () +
equipped with rotating bombs. The enthalpy of combustion of [H2SO,-115H,0] (1) (1)
2-acetylthiophene was measured at the University of Porto and
the enthalpy of combustion of 3-acetylthiophene at the Instituto ~ The atomic masses used for the elements were those recom-
de Qumica Fsica Rocasolano in Madrid. Details of the mended by the IUPAC Commission in 2085yielding molar
techniques and procedures used have been previously demasses for 2- and 3-acetylthiophene of 126.1#8aj .
scribed!81® 2.2.2. Calet Microcalorimetric Measurement§he enthalpy

The samples of 2-acetylthiophene were contained in sealedof vaporization of 2-acetylthiophene was measured by the
polyester bags made of Melinex (0.025 mm of thickness) with “vacuum vaporization” drop microcalorimetric meth&c®
massic energy of combustigku® = —(229024+ 5) Fg~1,2a using a high-temperature Calvet microcalorimeter (SETARAM
value which was confirmed in the Porto laboratory. The mass HT 1000 D) with a sensitivity of 3:V-mW, held atT = 350
of Melinex used in each experiment was corrected for the massK. Samples, about#10 mg, contained in a thin glass capillary
fraction of water (v = 0.0032), and the mass of carbon dioxide tube sealed at one end, were dropped, at room temperature, into
produced from its combustion was calculated using the factor the hot reaction vessel, and then removed from the hot zone by
previously reporte@ The energy of combustion of the 3-isomer vacuum vaporization. From the observed enthalpy of vaporiza-
was determined by burning the solid samples in pellet form tion, AE’zTgs.lle"m the standard molar enthalpy of vaporization,
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atT = 298.15 K, was calculated using a value fofg 5 H,
(g) estimated by the Benson’s group metfagsing values from
Stull et al2® The microcalorimeter was calibrated in situ for

Roux et al.

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

these measurements by using the reported enthalpy of vaporiza- *Aglll°, _ *AElJl°,
tion, at T = 298.15 K, ofn-undecané? AYH? (CiiHzg) = . Jg i 005(99‘1'0“- Jg g
(56.580 + 0.566) kdmol™l. The compound and the glass X2 NO. (expt) 9 (corrected)
capillary tubes were weighed on a Mettler CH-8608 analytical 2-Acetylthiophene

balance, with a sensitivity of (Ix 1076 g. The thermal ggggg'gé :822 gg%ggé;
corrections for the glass capillary tubes were determined in 3 20296.53 ~036 29296.89
separate experiments and were minimized as far as possible bys 29283.74 —0.31 29284.05
dropping tubes of nearly equal mass (within10 mg), into 5 29289.05 —0.33 29289.38
each of the twin calorimeter cells. 6 29295.96 —0.36 29296.32

2.2.3. Knudsen Effusion Techniqdée enthalpy of sublima- —[ALCHIg?)

tion of 3-acetylthiophene was determined by measurement of

(29293.6+ 2.4) (29294.Qt 2.4)

3-Acetylthiophene

the vapor pressure over a 16 K temperature interval using the 1 20216.1
Knudsen-effusion technique, and the enthalpy of sublimation 2 29211.8
was derived from the temperature dependence of the vapor 3 29200.8
pressure (ClausiusClapeyron equation). The technique and 4 %gigg-g

procedure used have been previously desci#b@tie Knudsen
cell was weighed before and after each experiment to determine ~[AU (g™
the mass of sublimed materiakin). The vapor pressure, at

each temperaturd, was calculated by means of the equation: carried out on MP2(full)/6-31G(d) optimized geometries, in-
corporating scaled HF/6-31G(d) zero-point vibrational energies,

a so-called higher-level correction to accommodate remaining
deficiencies, and spirorbit correction for atomic species orf§.

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 Weinholé?~#! The NBO analysis has been performed
using the NBO prografd implemented in the Gaussian 03
package®

(29207.1+ 3.2)

p = (AmWa t)(27 RTIM)"? 2)
wherea is the area of the effusion orificejs time,Ris the gas
constantM is the molecular weight of the effusing species, and
W, is the corresponding Clausing coefficiéAfThe membrane

for the effusion measurements was a tantalum fait, (0.021

+ 0.004) mm. The area of the effusion orifice was (0.0444

+ 0.0002) mm, and the Clausing coefficie/, = (0.9434
0.012).

2.2.4. Correlation-Gas Chromatographyhe enthalpies of
vaporization of 2- and 3-acetylthiophene were also measured
by correlation-gas chromatography using the procedure previ- 3. Results and Discussion
ously described? A Hewlett-Packard model 5890 Series Il gas . .
chromatograph equipped with a split/splitiess capillary injection ~ 3-1. Experimental Results. The results of combustion
port, a flame ionization detector (FID), and a 30 m SPB-5 experiments for 2- and 3-a<_:etylth|opher_1es are given in Tables
capillary column was used. The retention times were recorded S2 and S3 of the Supporting Information. The experimental
to three significant figures following the decimal point on an Values have been derived as in ref 24, and the symbols in these
HP 3356 Series Il integrator. The solvent used was methylene tables have the same meaning as in refs 24 and 43. The results
chloride. Methane was bubbled into the solution just prior to for all the combustion experiments of both 2- and 3-acetylth-
injection and was used as the nonretained reference to determindoPhene, together with the mean value of their massic energy
the dead volume of the column. Column temperatures were f combustion,Acu°, and its standard deviation, are given in
controlled by the instrument and monitored using a Fluke 51 Table 1.

K/J thermometer. All correlation-gas chromatography experi- As noted above, the sample of 2-acetylthiophene was
ments were performed in duplicate to confirm reproducibility. contaminated by a water content of 0.009% and by 0.396% of

The results of only one experiment are reported.

2.3. Computational Details.Standard ab initio molecular
orbital calculation® were performed with the Gaussian 03 series
of programs¥® The energy of the compounds studied was
calculated using Gaussian-n theories at th&’@ad G38 levels.

G2 corresponds effectively to calculations at the QCISD(T)/

3-acetylthiophene, which could not be removed during purifica-
tion. The massic energy of combustion of 2-acetylthiophene
reported is based on the mass of this compound that was burnt
in each experiment after the masses of water and of 3-acetylth-
iophene present as contaminants were subtracted. Because the
massic energy of combustion of crystalline 3-acetylthiophene

6-3114-G(3df,2p) level. In this method, single-point energy was determined in this work, the individual experimental massic
calculations are carried out on MP2(full)/6-31G(d) optimized energies of combustion of the contaminated samples have been
geometries, incorporating scaled HF/6-31G(d) zero-point vi- corrected for the contribution of 3-acetylthiophene to the massic
brational energies and a so-called higher-level correction to energy of combustion of the 2-acetylthiophene isomer. The
accommodate remaining deficiencies. corrections are also given in Table 1. These corrections were

G3 corresponds effectively to calculations at the QCISD(T)/ made by subtracting the contribution of liquid 3-acetylthiophene
G3large level, G3large being a modification of the 6-30- (calculated by adding its fusion enthalpyTat= 298.15 K* to
(3df,2p) basis set, including more polarization functions for the its combustion enthalpy and adjusting its contribution on the
second row (3d2f), less on the first row (2df), and other changes basis of its composition in the sample) and by assuming that
to improve uniformity. In addition, some core polarization the enthalpy of mixing of the two liquid isomers is neg-
functions are adde®. Single-point energy calculations are ligible.
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TABLE 2: Standard Molar Energies of Combustion and
Enthalpies of Combustion and Formation atT = 298.15 K

AUy, AcHp, AfH?, (cd),
compound kJmol~1 kJmol~1 kJmol-1
2-acetylthiophene (I) —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+14

TABLE 3: Standard (p° = 0.1 MPa) Molar Enthalpy of
Vaporization of 2-Acetylthiophene atT = 298.15 K
Determined by Calvet Microcalorimetry?

T, APagaskHm Adeg1skHi (), APH(T = 298.15K),

expt m,

no. 103 K  kJ-mol? kJmol* kJmol*
1 8.502 349.9 65.95 7.29 58.66
2 8.200 349.8 65.96 7.28 58.68
3 9.465 349.9 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

a [AY HO(T = 298.15K)0= 58.8+ 1.2 kImol L.

TABLE 4: Vapor Pressures of 3-Acetylthiophene
Determined by the Knudsen Effusion Technique

T, t, Am, p, 10% T, t,  Am, p, 10%

K $ mg® P& (dp/p) K £ mgP P& (op/p)
268.51 29160 1.15 0.315 3.04 279.08 17100 2.29 1-{®544
271.46 27120 1.47 0.4351.30 282.44 16380 3.23 1.6%+0.150
274.02 25200 1.89 0.602 0.0253 284.27 15960 3.95 2.03 2.36
276.36 27900 2.66 0.776-3.41

2Time for the experimen® Mass of sublimed substanceVapor
pressure? op denotes deviation of the experimental vapor pressures
from the values computed using eq 3.
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by the method of least-squares. The enthalpy of sublimation at
the mean temperature of its experimental rafige= 276.39
K, was calculated by multiplying the correspondiBgalue by
the gas constarR, A2 H?, (276.39 K)= 75.24+ 1.1 kImol™L,
The uncertainty assigned to this magnitude is based on the
standard deviation of thB value.

The sublimation enthalpy at the temperatiire= 298.15 K
was derived using the same procedure as in ref 48 using the
equation:

o

(298.15 K)= (A% H?, (T.) Fmol ) + [0.75+
0.15C2, (cr) ¥mol ™t + K Y[ T,/K —298.15] (4)

a5 H;

m

Using the estimated valué:,‘j'm (cr) = 135.2 dmol~1-K1,
calculated by the method given in ref 49, a valsg H2,
(298.15 K)= (74.6 &+ 1.1) kImol~* was obtained.

The vaporization enthalpies of both 2- and 3-acetylthiophene
were also measured by correlation-gas chromatography. A plot
of In(1/t5), wheret, represents the time each analyte spends on
the column, against reciprocal temperaturel, results in a
straight line whose slope iaJ Hn/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

Table 2 gives the molar energies and enthalpies of combustionthe target compound. Some flexibility is possible in certain cases

derived from the combustion reaction of both isomers in the
condensed state dt= 298.15 K.
In accordance with normal thermochemical practitéhe

where it has been demonstrated empirically that substitution of
a different functional group still provides suitable correlatiéhs.
In this case, we could not find any reference compounds in the

uncertainty assigned to the standard molar enthalpy of combus-iterature with the same functional group combination as found
tion is twice the overall standard deviation of the mean and in 2-acetylthiophene. Therefore, we used as standard compounds
include the uncertainties in calibration and in the values of with functional groups that have similar numerical contributions

auxiliary quantities used. To derivg Hy, (cd), atT = 298.15

K, from AcHp, (cd), the standard molar enthalpy of formation
of H,SOy in 115 HO(l), —(887.814 0.01) kdmol~1,45 and the
CODATA valueg$ of the standard molar enthalpies of forma-
tion, atT = 298.15 K,A¢H?, (H,0, I) = —(285.830+ 0.042)
kImol~ and AfHp, (CO,, g) = —(393.51+ 0.13) kdmol2,
were used.

The individual values of the standard molar enthalpies of
vaporization determined by Calvet microcalorimetry, at the
experimental temperatufie= 350 K are given in Table 3. These
values were corrected @ = 298.15 K, usingAlgg. HS, (9)
estimated by a group scheme based on values StulléTake
scheme applied for 2-acetylthiophene was:

@\COCH = @ + CH;COCH; - CH,4

s 5 S

which yielded theAlqq, HS, corrections registered in Table 3.
The standard molar enthalpy of vaporizationTat 298.15 K,

as those present in the target compound in accordance with the
group contribution scheme of ref 51. Chloroesters and chlo-
roketones were chosen as reference compounds. This substitu-
tion has been previously proven useful in the determination of
the enthalpies of vaporization of 2- and 3-thiopheneacetic acid
methyl esterd®

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/ty) versus 1T resulted in straight lines characterized by
the slopes and intercepts reported in Table 5. The correlation
coefficient, r2, exceeded 0.99 in all cases. The correlation
between enthalpies of transfexd Hm(Tm) measured at the

is also reported in Table 3, where the uncertainty associated ismean temperatur&,,, and vaporization enthalpiest= 298.15
twice the overall standard deviation of the mean and includes K resulted in eq 5 (given beneath Table 5). This resulted in the

the uncertainties in calibration.

The results of our Knudsen-effusion experiments for 3-acetyl-
thiophene are summarized in Table 4.

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

type

In(p/Pa)= —B(T/K) '+ A ()

vaporization enthalpies reported in the last column of this table.
The uncertainty reported in this column reflects 2 standard
deviations associated with the slope of the correlation equation.
As 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 chromatografthyand by the
adaptation to vaporization of the vacuum sublimation drop
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TABLE 5: Summary of Calculated Values Obtained by Correlation-Gas Chromatography?
APH? (298.15K),  AfHS, (298.15K),

A HS, (364 K), kJ-molt kJmolt

compound slope intercept 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 11.479 355 46.0 48.5
3-acetylthiophene —4923.9 11.811 40.9 57.2 55.2
2-acetylthiophene —4948.2 11.831 41.1 5545.4
2-thiopheneacetic acid, methyl ester —5545.0 12.854 46.1 61.9 61.5
3- thiopheneacetic acid, methyl ester —5586.5 12.907 46.4 60.9 62.0
4-chloroacetophenone —5591.8 12.661 46.5 62.7 62.0

agquation 5: Af HY, (298.15K)/kdmol~! = (1.23 £ 0.10) Ad Hm (364 K) + (4.6 & 1.7).

TABLE 6: Standard Molar Enthalpies at T = 298.15 K The thiophene ring is planar in both derivatives. The valency
AHS (cd),  AVH? ASHS  AHS (9) angle of the sulfur atom in the ring, CSC, is calculated as®92.2

compound KMol kFmolt  kImolbr  kJ-molt and 92.7 in 2- and 3-acetylthiophene, respectively, intermediate

2-acetylthiophene-118.0+ 1.7 58.8+ 1.2 502121 between the tetrahedral angle and a right anglt_a and in line Wlth
3-acetylthiophene-129.1+ 1.4 746411 —545+ 1.8 the values calculated previously for other thiophene deriva-

tives11:1516 Calculated G-S distances suggest a considerable

microcalorimetric techniqé@2®agree well within the uncertainty ~ double-bond character, and the-C bonds in the ring are all
associated with the combined results. However, because the dat§"0Mer than single bonds, indicating considerable conjugation,
calculated by correlation gas chromatography are strongly 'ncluding the exocyclic €C bonds.

dependent on the quality of the standards used, larger uncertain- The entire COCH group appears to be attracted by the S
ties have been obtained in this instance. Therefore, in the presenftom in 2-acetylthiophene, the angledaCe being larger than
study, we have used the values determined by Calvet micro- SGCe (129.2 and 119.4, respectively). The nonbonded-G3
ca|0rimetry to derive the entha|py of formation in the gas phase diStance, 2.968 A, is shorter than the sum of the Van der Waals
of 2-acetylthiophene. radii, 3.32 A%

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. |

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-acetyl-
thiophene that calculated a value for its vaporization entalpy
of 90 catg~! with an uncertainty about 5% at the normal boiling
point (487.1 K). This corresponds to a valueAfH, (298.15
K) = (60.6 = 8.7) kImol™%, (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 knowl-
edge, 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 hydrazoh#,2-acetyl-
thiophene thiosemicarbazone and 2-acetylthiophene-4-phenyl
thiosemicarbazon®,the ligand 2-acetylthiophengaminoben-
zoylhydrazoné? and anortho-manganated derivatia.

The calculated molecular structures of 2- and 3-acetyl-
thiophenes, 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 groufCs. S,0Osyn is the preferred
conformation in 2-acetylthiophene, Sabti conformation being
4.0 and 4.1 kdnol~! less stable than the S,€ 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-kibl™* have been  Figure 2. Molecular structures of 2- and 3-acetylthiophenes, optimized
calculatecb’58 at the MP2(full)/6-31G(3df,2p) level.
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Figure 3. Resonance structures of 2- and 3-acetylthiophenes.

TABLE 7: Molecular Structures Optimized at the
MP2(full)/6-31G(3df,2p) Level for the Studied Compounds

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 Figure 4. Wiberg bond indices for 2- and 3-acetylthiophenes,
C5-S 1.691 1.699 calculated at the MP2(full)/6-31G(3@p) level.
C2-C6 1.462
C3-C6 1.472 TABLE 8: G2 and G3 Calculated Energies at 0 K, and
C6-0 1.221 1.219 Enthalpies at 0 K, for 2- and 3-Acetylthiophene3
C6—C7 1.502 1.502 G2 G3
S—-C2-C3 111.3 111.4
C2—-C3-C4 112.4 112.1 compound = Haos Eo Haos
gi:gg:(sf' ﬂ%g ﬂié 2-acetylthiophene-704.673992-704.665289-705.298163-705.289460
Ceoco 925 2.7 3-acetylthiophene-704.673049-704.664361—705.297112-705.288424
S—-C2-C6 119.4 a All values in hartrees.
C3—-C2-C6 129.2
C4—C3-C6 122.7
C2-C3-C6 125.2 We have also calculated the Wiberg bond indi#eB;. The
C2-C6-C7 116.8 . .
C3-C6-C7 117.6 bond index between two atoms is a measure of the bond order
C7-C6-0 122.0 121.7 and, hence, of the bond strength between these two atoms. They
S—-C2-C6-0 0.0 are shown in Figure 4. As can be seen, the bond orders are
C4-C3-C6-0 0.0 according to the previous hypothesis, and the C, bond has
aBond distances in A and bond angles in deg. more double-bond character in 2-acetylthiophene. Bond orders

for C—S bonds also indicate significantdelocalization in the
Both the thiophene ring and the carbonyl group have electronsring.

with orbitals of z symmetry, and it would thus be expected Previous spectroscopic studies byignd U\f384suggested
that conjugation would take place provided the groups were more effective conjugation in the 2-isomer than in the 3-isomer
coplanar. A planar molecule is therefore favored. Resonancebased on the larger bathochromic shift of the UV primary band
between the S atom and the CO group through the ring is for the 2-isoméi®%4and on the higher carbonyl frequency for
represented for both compounds in Figure 3. The contribution the 3-isomer (1662 and 1666 cfnfor the 2- and 3-isomers,
of forms Il and Ill should be favorable because the p orbital of respectivelyf? This can also be observed in the frequencies
the S atom can overlap with the orbital of the conjugated  calculated at the HF/6-31G(d) level (1776.6 and 1781 cfor
system. It has been reported, however, that the contribution ofthe 2- and 3-isomers, respectively, where the values have been
form IV should be very unlikely because of the difference in scaled® by the factor 0.8953). Similarly, the bond lengths
sizes of C and S aton¥8 Furthermore, the resonance structures between the carbonyl carbon and the ring carbon are 1.462 and
suggest a longer £S bond length in 2-acetylthiophene and a 1.472 A, and the bond lengths between oxygen and carbon are
longer G—C,4 bond length in 3-acetylthiophene if resonance 1.221 and 1.219 A for 2- and 3-acetylthiophene, respectively,
with the CO group is important. If this hypothesis is correct, in line with this effect. This behavior has been previously
the G—C, bond in 2-acetylthiophene would have more double- observed for the 2- and 3-thiophenecarboxylic acidg.d€
bond character than the same bond in 3-acetylthiophene. ThisC(O)(OH): 1.458 and 1.464 A for the 2- and 3-thiophenecar-
fact is observed in the calculated values, the-C, bond length boxylic acids, respectively).
being slightly shorter in 2-acetylthiophene (1.401 versus 1.412 A population analysis using the natural bond orbital (NBO)
A). Similarly, the G—S bond should be shorter in the 2-isomer analysi8® 4! to obtain the natural atomic charges (the nuclear
and the G—S bond should be shorter in the 3-isomer. The charges minus summed natural populations of the natural atomic
calculated values follow this pattern (see Table 7). orbitals on the atoms) that characterize the ground electronic
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TABLE 9: Comparison of G2 and G3 Calculated Enthalpies of Formation, Using Atomization Reaction and Isodesmic
Reactions (6-10) for 2- and 3-Acetylthiophenes with Experimental Value3
G2 G3
compound atom (6) @) (8) 9) (20) atom (6) @) (8) 9) (20) exptl

2-acetylthiophene —60.6 —62.9 -60.2 -57.9 -583 —-615 —-59.8 -629 -60.2 —-60.0 —59.6 —61.8 -59.2+2.1
3-acetylthiophene —58.2 —-60.5 -57.7 —-554 -56.8 —-59.0 —-57.1 -60.2 -575 —-57.3 —-57.8 -59.1 -545+1.8

aAll values in kJ- mol=1,

state of the compounds studied has also been carried out. The In this work, we have calculated the enthalpies of formation

calculated charges located at the heavy atoms for both com-of 2- and 3-acetylthiophenesgdsOS, using the atomization

pounds are reported in Figure 5. reactions and the bond separation isodesmic reaction 6:
Partial negative charges are located at the oxygen atom of

the carbonyl group, at the C atoms of the thiophene ring, and CeHgOS (9)+ 7 CH, (9) + H,S (9)— 3 CH,CH, (9) +

at the C atom of methyl group, whereas partial positive charges 2 CH,=CH, (g) + 2 CH,SH (g)+ 2 H,CO (g) (6)

are located at the sulfur atom of the ring and at the C atom of

the CO group. The charge distribution does not appreciably Other isodesmic reactions{20), using different compounds

change with the position of the COGHyroup, only a small as references, have been used:
charge redistribution takes place on the atoms of the thiophene
ring. CsHgsOS (g)+ benzene (g)— thiophene (g)t
The NBO analysis also describes the bonding in terms of acetophenone (g) (7)

the natural hybrid orbitals. In the compounds studied, the

hybridization of the sulfur atom is $pwith more than 78.5% CeHgOS (g)+ water (g)— thiophene (gt acetic acid (g)

of p character, whereas the hybridization of carbonyl oxygen (8)

ﬁtom is sp3 ((jca. I56% of p chr?racter). dSL:Ifur I:?md _oxygﬁn at_o_msI C¢HOS (g)+ ethane (g)—~ 2- or 3-methylthiophene (g}
ave sp an one pairs that may delocalize into the vicina

antibonF:jing ofbitals. P g acetone (g) (9)

Several studies on compounds involving atoms with different CgHgOS (g)+ methane (g)— thiophene (gj+ acetone (9)
types of lone pairs (O, S, Se) have shown that the effect of the (10)

charge delocalization should not be analyzed only on the basis . .
of px — o*cx hyperconjugation because orbital interactions | The G2 and G3 calculated enthalpies of formation are shown

: : : ; o Table 976 The AHY, values obtained from atomization
involving sp lone pairs, that is, gp~ o* cx, are not negligiblé&® in 1a 1 m . h .
This behavior is observed in the compounds studied and wasreactions at the GZ. !e_vel have been m_od|f|ed by adding-spin
also observed in our previous studies on 2- and 3-thiophene-°rb't and bond additivity (BAC) correctiori8. The method has
carboxylic acids}! and 2,5-thiophenedicarboxylic aciel. been detailed in a previous stully. .

3.3. Theoretical Determination of the Enthalpies of As can be seen in this table, there is a very good agreement
Formation. G2 and G3 calculated energies at 0 K, and between theoretical and experimental values. Comparison of our

enthalpies at 298 K, for the two compounds studied are given experimental and th_eoretical results for the enthalpies C.)f
in Table 8 ' formation of the two isomers shows that 2-acetylthiophene is

The standard procedure in obtaining enthalpies of formation more stable than the 3-isomer, with an experimental enthalpy

in Gaussian-n theories is through atomization reactiéf&hut _?_Llsomt(_arlzlatlolnAerc;f Atea(g['gn%tii)l?fl 4.7+ 2|'8 lk‘gnéo'tlt'h
there have been some suggest¥n$ that there is an ac- Gzeortz '((?3 \I/a U?SO - an | ) are calculated atthe
cumulation of errors in the application of this method to larger an evel, respectively.

molecules. Glukhovtsev and Lait&rhave shown that more o

accurate heats of formation can be derived by using isodesmic

or homodesmotic reactioffsrather than atomization energies. / \ CHs CHs

As Raghavachari et & .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 S (11
different results. These authors have proposed to use a standard

set of isodesmic reactions, the "bond separation react®ns®, AA;H; (2,298.15K) = 4.7 + 2.8 ki'mol’!

where all formal bonds between nonhydrogen atoms are ) o )

separated into the simplest parent molecules containing these This observation is interpreted in terms of the resonance

same kinds of linkages, to derive the theoretical enthalpies of interaction between the CO group and the S atom through the
formation. 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 an evaluation of the enthalpies of formation of the com-

o) pounds shown in Figure 6. The enthalpy difference between
065 033 benzene AH;, (g): (82.6 £ 0.7)) and acetophenonéHy,

Figure 5. NBO atomic charges for 2- and 3-acetylthiophenes, (9): (—86.7+ 1.7) k3mol™?) results in an enthalpy 6f(169.3
calculated at the MP2(full)/6-31G(3@p) level. + 1.7) kImol~1. The enthalpy difference between 3-acetyl-
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O\ _~CHs conversion of the energy of the actual combustion bomb process
¢ to that of the isothermal process, and the correction to standard
states; combustion results of the standard massic energies of
combustion of 2- and 3- acetylthiophene, respectively; summary
-(169.31.7) of the available literature values of the vaporization enthalpy
- standards for the correlation-gas chromatography calculations;
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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