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Abstract

The microwave spectra of thiophene and 2-acetylthiophene were recorded in the frequency
range from 2 to 40 GHz using two molecular jet Fourier transform microwave spectrometers.
For 2-acetylthiophene, two conformers with a syn and an anti orientation of the S1-C2 and
C6=0 bonds (with respect to the C2—C6 bond) were identified, where the syn-conformer is
more stable. The spectra of the 34S- and *C-isotopologues of syn-2-acetylthiophene were also
assigned, and the semiexperimental equilibrium structure could be determined. Compared to
thiophene, at the substitution position, the S1-C2 and C2=C3 bond lengths both increase by
about 0.007 A, and the bond angle S1-C2=C3 decreases by 0.06°, noticeably larger than the
experimental uncertainties. A-E torsional splittings were observed due to internal rotation of
the methyl group hindered by a barrier height of 330.187(35) and 295.957(17) cm™ for the syn-
conformer and the anti-conformer, respectively. Geometry and internal rotation parameters are
compared with those of related thiophene derivatives, as well as those of furan and 2-
acetylthiophene to gain a better understanding of structure determination in the presence of

methyl internal rotation.
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1. Introduction

Over the history of microwave spectroscopy, methyl internal rotation has always been a subject
of special interest alongside structural chemistry as the classic topic [1,2]. When the molecule
contains a methyl rotor with a finite torsional barrier, torsional fine structures of all rotational
transitions in form of A-E doublets are observed [3]. If the methyl group is attached to a system
containing conjugated m-double bonds, the behavior of the methyl internal rotation becomes
unpredictable, because the delocalization of 7-electrons can transfer electronic effects through
the entire mr-system. Acetyl methyl rotors are known to be sensitive to the structure of the
moiety attached at the other side of the carbonyl bond, expressed through the torsional barrier.
For example, the C; conformers of methyl n-alkyl ketones exhibit barriers to methyl internal
rotation of about 240 cm™, while values found for the Cs conformers are approximately 180
cm™ [4-7]. The torsional barrier increases significantly to about 600 cm™ in acetophenone
derivatives where a phenyl ring is attached to the carbonyl group [8] or to 430 cm™ for the
antiperiplanar conformers and 350 cm™ for the synperiplanar conformers of «,f-unsaturated
ketones [9]. Recently, we investigated 2-acetylfuran where we observed a barrier height of 319
cm™ for the anti-conformer and 240 cm™ for the syn-conformer [10]; both values do not fit in
any of the categories classified by Andresen et al. [7,9]. This suggests that if an aromatic
heterocycle is involved in conjugation with the carbonyl group, special classes might be
required. Therefore, we are interested in 2-acetylthiophene (2AT, illustrated in Figure 1), the
sulphur analogue of 2-acetylfuran, on the one hand to compare the torsional barriers. It is
known in the literature that the barriers to methyl internal rotation in oxygen analogues are
higher than those in sulphur analogues. Some examples of the barriers in general cases are
dimethyl sulphide (735.8 cm™) [11] vs dimethyl ether (944.3 cm™) [12] or methyl thioformate
(127.5 cm™) [13] vs methyl formate (370.9 cm™) [14]. For molecules containing a furan or
thiophene moiety, available examples are 194.1 cm™ for 2-methylthiophene [15] vs. 416.2
cm™ for 2-methylfuran [16], 258.8 cm™ for 3-methylthiophene [17] vs. 380.5 cm™ for 3-
methylfuran [18], or 248.0 cm™ for 2,5-dimethylthiophene [19] vs. 439.1 cm™ for 2,5-
dimethylfuran [20]. Surprisingly, this is no longer true if the methyl group is separated from the
ring by a carbonyl group, as will be explored in this work. On the other hand, 2AT will yield a
data point as the prototype molecule towards establishing a possible “thiophene class” to

predict methyl torsional barriers for acetyl group containing ketones [7,9].



syn-2AT anti-2AT

Figure 1: The two conformers of 2AT, syn and anti. Atom numbering, dihedral angles and
principal axis are marked at syn-2AT. H14 lies behind H12. The sulphur atom is marked in

yellow, oxygen in red, carbon atoms are in dark grey and hydrogen atoms in light grey.

Another aspect of this work focuses on the classic topic of microwave spectroscopy on
structure determination. While for a rigid rotor molecule a Hamiltonian model consisting of a
rigid rotor part supplemented by centrifugal distortion terms is sufficient to model the spectrum
to measurement accuracy, this is no longer the case if a methyl internal rotor is present in the
molecule. Additional terms taking into account the A-E splittings mentioned previously strongly
perturb the structural parameters, notably the three rotational constants used for structure
determination purposes. Though it is known that substitution on an aromatic ring changes the
structural parameters such as bond lengths and bond angles at the substituted position [21-
25], obtaining this information in the case of 2AT is challenging as highly precise structural
parameters are required, which in turn needs an appropriate Hamiltonian model to treat the
methyl internal rotation.

In the present work, we combine microwave spectroscopy with quantum chemical
calculations at moderate levels to assign two conformers of 2AT, anti and syn, to deduce with
high accuracy the rotational constants using the program XIAM employing the combined axis
method to treat the methyl internal rotation, as well as to determine the torsional barrier for
both conformers. For the more stable syn-conformer, we observed spectra of the 3*S and all
13C isotopologues and could determine its semiexperimental equilibrium structure 7SF. For the
anti-conformer, only spectra of the %S and two *°C isotopologues were detectable. The rSE
structure is compared with accurate ab initio structures. To study structural changes induced
by substitution, we measured the spectrum of thiophene and its S and *3C isotopologues in
the frequency range from 2 to 40 GHz and compared the rSF structure of thiophene with that
of 2AT, paying special attention to the S1-C2 and C2=C3 bond lengths, as well as the
S1-C2=C3 bond angle.



2. Quantum chemical calculations
2.1. Conformational analysis of 2AT

As the thiophene ring is known to be planar [26,27] and the rotation of the methyl group

does not create new conformers, the only structural element determining the conformations of

2AT is the acetyl group. For the conformational analysis, the dihedral angle a = #(S1-C2-

C6=07) (for atom numbering see Figure 1) was varied in steps of 10° and all other geometry
parameters were optimized with the MP2 [28] and B3LYP [29,30] methods in combination with
Pople’s basis set 6-311++G(d,p) [31] using the Gaussian 16 program package [32]. The D3
model of Grimme [33] with Becke-Johnson (BJ) damping [34] was added to take into account
the dispersion interactions. These two different methods were employed, since many previous
investigations have reported method-dependent discrepancies between optimized structures
[35,36]. The potential energy curves drawn in Figure 2 using coefficients from a Fourier
expansion given in Table S-1 of the Electronic Supporting Information (ESI) show that it is also
the case for 2AT. Both the MP2 and B3LYP methods agree on one distinct minimum at a = 0°,
corresponding to a syn orientation of the oxygen and the sulphur atoms of 2AT, but at a = 180°
the B3LYP-D3BJ curve possesses one minimum corresponding to a planar anti-conformation,

contrasting with the double minimum obtained for the MP2 curve.

2.2. Geometry optimizations

Subsequently, optimizations of the structures with the synperiplanar and antiperiplanar
S1-C2-C6=0 fragments under full geometry relaxation including frequency calculations
yielded the fully optimized structures (called syn and anti, respectively, see Figure 1) as well
as confirmed them to be stable. Their nuclear coordinates optimized at the B3LYP-D3BJ level
of theory are given in Table S-2 in the ESI. The calculated rotational constants, dipole
moments, dihedral angles and energy differences obtained at both levels are listed in Table 1.
Benchmark structure optimizations were also carried out using various basis sets in
combination with the MP2, B3LYP-D3, B3LYP-D3BJ, M06-2X [37], ®B97X-D [38] and coupled
cluster theory including single and double excitation (CCSD) [39] methods. The rotational
constants derived from all optimized structures are listed in Table S-3 in the ESI and will be
discussed later in relation to the experimentally determined values. At all levels of theory, the
syn-conformer is energetically more favourable with an energy difference from about 2.1 to 6.2
kJ-mol (see Table S-3). Therefore, it was questionable whether both conformers could be
observed in the microwave spectrum under our molecular jet conditions where the rotational

temperature is only about 1 — 2 K.



Table 1. Calculated rotational constants, dipole moments, dihedral angles and relative
energies for the two conformers of 2AT. For both MP2 and B3LYP-D3BJ methods, the 6-

311++G(d,p) basis set was used.

Par. Unit MP2 B3LYP-D3BJ
syn anti syn anti

Ae MHz 3554.5554  3528.4064 3558.9758  3526.8413
Be MHz 1414.4817 1414.7173 1409.8986 1412.6037
Ce MHz 1018.2769 1019.3106 1016.2252 1014.9726
Ma D -2.03 2.75 -1.97 -2.59

Mo D 3.84 -1.95 3.30 -1.80

Me D 0.00 -0.38 0.00 0.00

a ° 0.00 173.97 -0.02 180.00
AE? kJ/mol 0O 5.73 0 2.58

a Energy including zero-point corrections relative to that of the more stable conformer syn-2AT
with Empz = —704.231465 Hartree and EgsLyp-pses = —705.7934819 Hartree.
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Figure 2: The potential energy curves of 2AT obtained by rotating the acetyl group about the

C2-C6 bond (for atom numbering see Figure 1) by varying the dihedral angle « in a grid of
10°. Calculations were performed at the MP2/6-311++G(d,p) and B3LYP-D3BJ/6-311++G(d,p)
levels of theory. The relative energies are given in respect to the lowest energy conformation
with Evp2 = —704.3348246 Hartree and EgsLyp.038; = —705.7934819 Hartree.



To calculate the rB° structure of thiophene and both conformers of 2AT, geometry
optimizations were performed using two ab initio levels of theory, MP2 and CCSD, where the
latter is augmented with a perturbational estimate of the effects of connected triple excitations,
CCSD(T) [40]. The cc-pwCVnZ basis sets with n =T, Q were employed with all electrons being
correlated (ae) [41]. For the calculation of the anharmonic force field the double hybrid
functional B2PLYP-D3 [42] was employed with the split-valence Pople 6-311+G(3df,2pd) basis
functions. The CCSD(T) as well as some MP2 calculations were performed with the Molpro
program [43,44], while for the B2PLYP calculations, the Gaussian 16 program package [32]

was used.
2.3. Methyl internal rotation

The barrier to internal rotation for the acetyl methyl group of 2AT was predicted by varying the

dihedral angle B = «(C2-C6-C8-H12) in 10° steps between 0° and 360°. The resulting
potential energy curves for both conformers calculated at the MP2 and B3LYP-D3BJ/6-
311++G(d,p) levels of theory are shown in Figure 3. For the syn-conformer the potential
exhibits the typical threefold symmetry expected for a methyl group. The predicted torsional
barrier is 320.5 cm™ (MP2) or 220.8 cm™ (B3LYP). The corresponding values for the anti-
conformer are 284.6 cm™ and 193.6 cm™. For anti-2AT, the MP2 potential exhibits a double
minimum around 60°, 180° and 300° due to a switch between the two non-planar structures,
whereas B3LYP-D3BJ predicts a threefold potential. The Fourier coefficients of the

parameterised potentials are given in Table S-4 in the ESI.
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Figure 3: Potential energy curves of syn-2AT (left hand side) and anti-2AT (right hand side)

obtained by rotating the acetyl methyl group about the C6—-C8 bond in 10° steps. The MP2 and

B3LYP-D3BJ/6-311++G(d,p) levels of theory were used. The predicted torsional barriers are



320.5 cm™ and 220.8 cm™ for syn-2AT, as well as 284.6 cm™* and 193.6 cm™ for anti-2AT,
respectively.

3. Microwave Spectroscopy

3.1. Measurements

The microwave spectra were recorded using two molecular jet FTMW spectrometers operating
in the frequency range from 2 to 40 GHz [45,46]. The substances were purchased from Sigma-
Aldrich, Schnelldorf, Germany, with a stated purity of 98 % and used without any further
purification. For 2AT, a scan from 9.0 to 15.4 GHz was recorded as a series of overlapping
spectra with a step width of 0.25 MHz, which is the resolution of the scan frequencies. The
substance was placed on a 5 cm piece of pipe cleaner and inserted upstream of the nozzle.
Helium with a backing pressure of about 2 bar was flown over the sample and carried the
substance into the cavity. A portion of the scan is illustrated in Figure 4. Each line of the scan
was initially measured with 50 co-added free-induction decays and then subsequently
remeasured at a higher resolution with an experimental accuracy of 2 kHz [47]. After the
spectrum was assigned, measurements outside of the survey spectrum were carried out. For
thiophene, a gas mixture containing about 2% substance in helium at a total pressure of 1.2 bar

was used. Only high resolution measurements were needed for thiophene because the
rotational constants are known from the literature [27,48].
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Figure 4: A portion of the scan of 2AT in the frequency range from 9150 to 9310 MHz recorded
by overlapping spectra with 50 co-added decays per each spectrum. Lines belonging to the
4os < 303 transition are labelled with the corresponding conformer, 34S- or 3C-isotopologue,
as well as the atom position in parentheses. The intensities are given in a logarithmic scale in

an arbitrary unit. The temperature of the molecular jet was approximately 1-2 K.



3.2. 2-Acetylthiophene
3.2.1. Spectrum assignment

The assignment was started using the rotational constants calculated at the MP2/6-
311++G(d,p) level of theory listed in Table 1. As the syn-conformer was predicted to be
energetically more favourable, a rigid rotor spectrum was predicted first for this conformer and
compared with the survey spectrum. From values of the calculated dipole moments (see Table

1), only a- and b-type transitions were expected.

The rigid rotor assignment was straightforward with the measurement accuracy of the
scan (250 kHz) as the predicted rotational constants were adequately close to the experimental
ones. However, when the high resolution measurements were analysed, the assignment
became more difficult. The transition 30z < 20> shown in Figure 5 exemplifies that the line
frequencies of the syn- and anti-conformers are often very close to each other due to their
similar rotational constants (see Table 1). Furthermore, splittings arising from the internal
rotation of the methyl group are also in the same order of magnitude, making the correct
assignment of the conformational and torsional species even more challenging. Nevertheless,
transitions of both conformers including their torsional splittings could be eventually assigned.
The resulting global fits and molecular parameters obtained with the XIAM program [49] are
summarised in Table 2; the assigned frequencies are listed in Tables S-5 and S-6 in the ESI.
In total 138 A- and 174 E-species transitions were assigned for syn-2AT, as well as 117 and

128 transitions, respectively, for anti-2AT.
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Figure 5: A high resolution measurement of the 3p3 < 20 transition of 2AT recorded at 7123.83

MHz (shown as a dotted line). For this spectrum 153 decays were co-added. The splittings
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indicated by brackets are caused by the Doppler effect; the mean frequency is the transition
frequency. The A-E torsional splitting is 188.3 kHz and 380.1 kHz for syn-2AT (red) and anti-
2AT (blue), respectively.

Table 2: Experimental spectroscopic parameters of the anti- and syn-conformers of 2AT

obtained with the program XIAM.

Par.2 Unit syn anti

Ao MHz  3588.05339(29) 3555.438(21)
Bo MHz  1415.91822(11) 1418.7605(47)
Co MHz  1022.074502(72) 1020.7702(47)
D; kHz 0.05417(64) 0.05274(35)
Dik kHz 0.0470(51) 0.0755(39)
Dk kHz 0.3743(89) 0.359(17)

dy kHz  —-0.01724(41) -0.01719(21)
dz kHz  -0.00223(25) —0.002105(98)
V3 cm?®  330.187(35) 295.957(17)
Dy kHz 41.06(48)
D2k MHz  -0.1311(53) —0.1239(19)
2(i,a) deg  47.937(23) 61.6587(72)
£(i,b) deg  42.063(23) 28.3413(72)
£(i,c) deg  90.0° 90.0°

A’ uA2  -3.313 -3.258

Na/Ngd - 138/174 117/128

o kHz 5.1 2.4

a All parameters refer to the principal axis system. Watson’s S reduction and I" representation were
used. b Fixed due to symmetry. ¢ Pseudo inertial defect. ¢ Number of A and E species transitions. ©

Standard deviation of the fit.

As expected, mostly a- and b-type transitions were found for both conformers, although
a small number of E-species c-type and x-type (AKa and AK. are both even) lines were also
measured. For the E-species, the quantum numbers K, and K¢ have lost their meaning and
only indicate the order of energy in analogy to the asymmetric top energy level. The rotational
constant of the methyl rotor Fo could not be fitted for either of the conformers and was fixed to
158 GHz, a typical value for methyl groups. The estimated measurement accuracy,

corresponding to 1/10 of the average line width at half height, is 2.5 kHz.
3.2.2. Isotopologues

After the assignment of syn- and anti-2AT a large number of lines still remained in the spectrum
which were assumed to belong to the isotopologues. With a natural abundance of 4.25% [50]
343 is the isotopologue with the highest possibility to be visible in the spectrum. We first

10



predicted the **S frequencies for the more stable syn-conformer using the method explained
in Ref. [51] and compared the predicted lines with those remaining in the spectrum.
Straightforwardly, 51 A- and 50 E-species 3*S-syn-2AT transitions could be assigned, but the
remaining unassigned lines were still numerous. Thus, we turned to the *C- and O-
isotopologue spectra. Rotational transitions of all six *C-isotopologues could be found and
assigned, including A-E torsional splittings except for 1*C(2). Being close to the centre of mass
of the molecule (see Figure 1), 3C(2) transitions are close to those of the parent species and
thus were often covered by the stronger main isotopologue transitions. Nevertheless, we could
measure 15 transitions by exploiting that the separation between the parent species and the
13C(2) lines increases with higher K, quantum numbers. These transitions are weaker than
those with lower K, quantum numbers, and therefore, only A species lines could be measured,
while the E species lines were too weak to be found. The 80O-isotopologue spectrum was also
too weak to be observed even after intensive search. The obtained molecular parameters for
all syn-2AT isotopologues are given in Table 3, the assigned transitions of all isotopologues
are listed in Table S-7 in the ESI.

Since there were still unassigned lines remaining in the spectrum, we first attempted to
match them to the *3S-isotopologue of syn-2AT with a natural abundance of 0.75%. However,
the line intensities were weak due to the hyperfine splittings of the *3S nucleus, and we only
found a small number of possible transitions with which a reasonable fit was not achieved. We
then turned to the isotopologues of anti-2AT and could assign the %S, 3C(4) and **C(5) spectra
of this conformer (see Table 4 for the fits and Table S-8 in the ESI for frequency lists), which
were weak but still visible in the survey spectrum as shown in Figure 4. A small number of
transitions could also be found for the other *C-isotopologues (see Table S-9), allowing initial
fits using three rotational constants for 3C(3) and *C(6) as given in Table S-10. We were
confident that the assigned transitions belong to these isotopologues, but since further
transitions were too weak to be observed and the assignment of the torsional species was
uncertain, especially for the *C(3) isotopologue, satisfactorily accurate fits were not possible.

Therefore these isotopologues are not considered further in the analysis.
3.3. Thiophene

To determine the structure of thiophene at the same quality as for 2AT for an accurate
comparison, we measured the microwave spectra of thiophene as well as its %S and two *C
isotopologues using the rotational constants reported in Refs. [27] and [48], respectively, as

initial values. The fit results are given in Table 5; the frequency list in Table S-11.
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Table 3: Molecular parameters of the 3S- and *C-isotopologues of syn-2AT obtained with the program XIAM.

Par2  Unit 35(1) 13C(2) 13C(3) 13C(4) 13¢(5) 13C(6) 3¢(8)

Ao MHz 3526.99134(52) 3587.09861(14) 3538.0689(14)  3549.30592(91) 3588.0210(13)  3588.09149(79)  3556.6433(14)
Bo MHz 1409.06281(21) 1415.90395(17) 1414.90446(51)  1401.38369(36) 1395.56772(42)  1405.83288(43)  1390.75940(41)
Co MHz 1013.51470(13) 1021.99301(19) 1017.45163(17) 1011.35655(22) 1011.42683(18) 1016.81168(28)  1006.40046(23)
D, kHz  0.0566(22) 0.054168b 0.0476(66) 0.0565(21) 0.0584(40) 0.0528(55) 0.0550(39)
Dk kHz  0.046977b 0.046977b 0.046977b 0.046977b 0.092(30) 0.046977b 0.046977b
Dk kHz  0.386(51) 0.374286b 0.239(67) 0.314(73) 0.402(78) 0.482(78) 0.453(73)

ds kHz -0.0180(13) ~0.017242b ~0.0137(38) ~0.0173(17) ~0.0202(24) ~0.0207(29) ~0.0218(24)
d> kHz -0.002231b ~0.002231b ~0.002231b ~0.002231b ~0.002231b ~0.002231b ~0.002231b

Va cm?®  330.069(64) 329.871494>  333.48(46) 331.27(26) 329.80(13) 330.40(12) 331.52(42)
Dpzx  MHz -0.131132° ~0.131132b ~0.131132b ~0.131132b ~0.307(49) ~0.131132b ~0.131132b
Z(i,a) deg 47.433(43) 52.9969P 48.01(12) 48.480(72) 47.282(99) 47.918(72) 47.15(11)
Z(ib)  deg 42.567(43) 37.0031P 41.99(12) 41.520(72) 42.718(99) 42.082(72) 42.85(11)

AE uk?  -3.312 -3.315 -3.312 -3.313 -3.314 -3.313 ~3.313

Na/Ngd - 51/50 15/— 35/17 36/16 33/19 30/27 38/16

o® kHz 4.4 2.3 3.5 3.7 3.6 5.3 4.2

a All parameters refer to the principal axis system. Watson’s S reduction and I" representation were used. «(i,c) is fixed to 90° due to symmetry in all fits. Fo is fixed

to 158.0 GHz.  Values of the centrifugal distortion constants and the higher order parameter D

Pseudo inertial defect. ¢ Number of A and E species transitions. € Standard deviation of the fit.

piK

were fixed to those of the main isotopologue given in Table 2. ¢
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Table 4: Molecular parameters of the **S- and two *C-isotopologues of anti-2AT obtained

with the program XIAM.

Par.2 Unit 335(1) 13C(4) BC(5)

Ao MHz  3491.23489(67) 3522.7755(17) 3554.00476(73)
Bo MHz  1413.21114(38) 1403.58030(58) 1398.84537(48)
Co MHz 1012.82096(12) 1010.41239(14) 1010.49887(16)
D, kHz 0.0570(43) 0.05274° 0.05274°

Dik kHz 0.098(21) 0.0755° 0.0755°

Dk kHz 0.274(54) 0.359° 0.359°

d: kHz  -0.0225(42) -0.01719° -0.01719°

d> kHz  -0.0064(32) -0.002105° -0.002105°

V3 cm?®  295.606(88) / /

Dz, kHz  43.22(90) / /

«(i,a) deg 62.319(42) / /

£(i,b) deg 27.681(42) / /

AC uA?  -3.385 -3.354 -3.355

Na/Ng? - 42/21 10/- 11/-

o° kHz 2.6 1.6 3.1

a All parameters refer to the principal axis system. Watson’s S reduction and I' representation were used.

«(i,c) is fixed to 90° due to symmetry in all fits. Fo is fixed to 158.0 GHz.  Values of the centrifugal

distortion constants were fixed to those of the main isotopologue listed in Table 2. ¢ Pseudo inertial

defect. ¢ Number of A and E species transitions. ¢ Standard deviation of the fit.

Table 5: Experimental spectroscopic parameters of thiophene as well as its **S and two *C

isotopologues obtained with the program XIAM. The atom numbering is given in Figure 6.

Par.2 Unit main 3435(1) 13C(2) 13C(3)

Ao MHz 8041.59642(43) 8041.7155(30)  7852.7774(15) 7981.2830(11)
Bo MHz  5418.26279(21) 5274.18524(47) 5418.40544(51) 5319.30647(34)
Co MHz  3235.78084(19) 3183.84324(33) 3204.80662(34) 3190.61884(22)
D, kHz  0.7380(56) 0.740(16) 0.746(15) 0.7190(96)
Duk kHz  0.558(12) 0.427(76) 0.488(65) 0.591(40)

Dk kHz  1.593(12) 1.095(80) 1.62(24) 1.67(19)

ds kHz  -0.31584(92)  -0.3115(50) ~0.3204(55) ~0.3084(37)

d, kHz  -0.06484(87)  —0.0483(71) ~0.0595(60) ~0.0596(36)

AP uA? 0.066 0.066 0.067 0.066

N¢ - 53 26 25 25

o¢ kHz 1.9 2.9 3.0 2.0

a All parameters refer to the principal axis system. Watson’s S reduction and I" representation were

used. ? Pseudo inertial defect. © Number of transitions. 9 Standard deviation of the fit.
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4, Structure determination
4.1. 2-Acetylthiophene

The ab initio structure of both conformers was optimized at the CCSD(T)_ae/cc-pwCVTZ level
of theory. The small correction due to the basis set enlargement cc-pwCVTZ — cc-pwCVQZ

was estimated at the MP2 level, and the 720 structure was calculated using Eq. (1):
180 = r[CCSD(T)_aelcc-pwCVTZ] + re[MP2_ae/cc-pwCVQZ] — r{]MP2_ae/cc-pwCVTZ] (1).

The accuracy of this additive method is known to be better than 0.001 A [52], which is
confirmed in the next section 4.2. where the structure of thiophene is redetermined. The final

structures of 2AT are given in Table 6 and the details are in Table S-12 of the ESI.

Table 6: Equilibrium structure of 2AT (bond lengths in A, angles in degree)

anti form [ syn form ]
7,BO2 [rBOa b SE
S-C2 1.7225 1.7191 0.002 1.7192(17)
S-C5 1.7059 1.7063 0.002 1.70705(67)
C3-C4 1.4143 1.4159 0.002 1.41538(87)
C4=C5 1.3712 1.3708 0.002 1.3654(10)
C2-S-C5 91.990 91.574 0.3 91.404(58)
S-C5=C4 111.952 112.503 0.3 112.592(24)
C3-C4=C5 112.277 111.856 0.3 111.917(21)
C5-H9 1.0769 1.0771 0.002 1.0760(24)
S-C5-H9 120.114 120.055 0.2 120.17(24)
C4-H10 1.0786 1.0785 0.002 1.0786(24)
C5-C4-H10 124.378 124.396 0.2 124.45(23)
C3-H11 1.0787 1.0793 0.002 1.0789(24)
C4-C3-H11 125.475 124.096 0.2 124.05(24)
C2-C6 1.4790 1.4728 0.002 1.4728(19)
C6=07 1.2150 1.2162 0.002 1.2168(17)
C6-C8 1.5076 1.5083 0.002 1.5101(11)
S-C2-C6 123.299 119.403 0.3 119.25(14)
C2-C6-O 120.167 120.832 0.3 120.17(13)
C2-C6-C8 117.774 117.130 0.3 117.63(12)
C-Hs 1.0851 1.0851 0.002 1.0846(24)
C6—C8—Hs 109.206 108.918 0.2 108.73(23)
C—Ha 1.0903 1.0897 0.002 1.0891(20)
C6—C8—H, 110.226 110.286 0.2 109.90(19)
C2-C6—-C8-Ha 59.267 59.443 0.3  59.35(21)
C2=C3 1.3742 1.3754 1.3725(18)°
S—-C2=C3 111.006 111.450 111.50(12)°
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2 Born-Oppenheimer rBO structure, see Eq. (1).
b Uncertainty used for the weighting of the predicates (preceding column).

¢ Derived parameters.

As the rotational constants of all **C and the 3S isotopologues of the syn conformer
could be determined, we attempted to deduce a semiexperimental structure by fitting the

equilibrium moments of inertia derived from the equilibrium rotational constants Be
Be = Bo + AByib + ABelec + ABcent (2)

where By is the experimental ground state rotational constant, AB.i» the rovibrational correction
calculated from the ab initio cubic force field, ABcen: the centrifugal distortion correction and
ABeiec the electronic correction obtained from the g-tensor [53]. This electronic correction has
a sizable effect. Approximate values were calculated at the B3LYP-D3/6-311+G(3df,2pd) level
of theory, which are g,, =-0.070, g, = -0.0292 and g.. = 0.0087, leading to the corrections
AAg = 0.137 MHz, ABg = 0.023 MHz and AC4 = —0.005 MHz. The rovibrational corrections
necessary to transform the ground state rotational constants into semiexperimental equilibrium
rotational constants were calculated with the B2PLYPD3/6-311+G(3df,2pd) cubic force field.

However, finally there were not enough data for a complete structure determination.
Rather than fixing some parameters, the method of mixed estimation was applied [54] where
the ab initio structure is used as supplementary data (called predicates). This method permits
to determine all the structural parameters without bias and to check the compatibility of the ab
initio structure with the semiexperimental equilibrium rotational constants (see Table S3a). The
final structure is given in Table 6 together with the uncertainties used to weight the predicates
(0.002 A for the bond lengths and 0.2° or 0.3° for the bond angles). The residuals of the fit are
given in Table S13. The agreement between the ab initio and the semiexperimental structures
is reasonable. Nevertheless, there are some small but noticeable differences which may be
easily explained because of small coordinates, in particular for the C2 atom with a = -0.158 A

and b = 0.206 A, for the C5 atom with b = -0.063 A and for the C6 atom with b = —0.057 A.

It can be recognised from Table 6 that the structures of the anti- and syn-conformers
are rather close but, for the anti-conformer the S—C2 bond is longer by 0.003 A and the C2—
C6 bond is longer by 0.006 A. Moreover, the bond angle S—C2—C6 is 3.9° larger and the C4—
C3-H11 angle 1.3° larger.

4.2. Thiophene
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In order to compare the structure of the ring of 2AT with that of thiophene, the equilibrium
structure of the latter molecule was redetermined. The substitution structure (rs) of thiophene
was reported firstin 1961 by Bak et al. [27], as given in Table 7, and also by gas-phase electron
diffraction [55,56]. Later, the zero-point average r, structure was obtained by a combined
analysis of electron diffraction, liquid crystal NMR and rotational data [57]. The semi-
experimental equilibrium structure re determined from electron diffraction data in combination
with experimental rotational constants and ab initio force field [58] is also shown in Table 7.
Quite recently, Penocchio et al. reported the 7SF structure derived from microwave data using
a cubic force field of B2PLYP/cc-pVTZ quality [59], see Table 7. Although the last structure is
precise, it was calculated using the ground state rotational constants reported by Bak et al. in
1961, which are not accurate. It is known that the quality of the structural fit is sensitive to the
accuracy of the ground state rotational constants in use [60]. For this reason, we remeasured
the microwave spectra of the *C and 3!S isotopologues in the present work to obtain
experimental rotational constants with the same accuracy as those of 2AT. A comparison of

the final results are visualised in Figure 6.

Thiophene

Figure 6: Comparison of the 75F ~(S1-C2=C3) angle (purple, in degrees) and bond lengths

(blue, in A) of thiophene (this work), syn-2AT (this work) and the syn-conformer of 2-
thiophenecarboxaldehyde (2TPC) [61].

To further improve the accuracy, the frequencies of all isotopologues were fitted using
the same number of centrifugal distortion constants. When one such constant is not
experimentally determined, the method of predicate observations was employed [54].
Approximate values (predicates) for the undetermined constants were obtained from the ab
initio force field and were scaled using the constants of the parent species. These predicates
were entered as additional data in the fit with an uncertainty of 10% of their value. An analysis
of residuals was then performed to check the compatibility of all data. This method significantly

improves the accuracy of the rotational constants. For example, the previous A rotational
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constant of the 3C(2) isotopologue was 7852.89 MHz whereas the new one is 7852.77596(7)
MHz. For the deuterated species, the constants of Bak et al. [27] were used but with a much

lower weight.

A new cubic force field was also calculated at the B2PLYP-D3 level of theory using the
Pople 6-311+G(3df,2pd) basis set. This latter basis set usually gives results close to the cc-
pVTZ one. In particular, it delivers slightly more accurate bond angles and should perform
better in the presence of sulphur [62]. The quality of this choice in basis set is confirmed by the
extremely small value of 0.00008 uA? of the equilibrium inertial defect Ae. The results of the
new fit are given in Table 7 where they are compared to the previous results. Two differences
are noticeable. On the one hand, the r(C-S) bond length at 1.7102(1) A is slightly shorter than
the value of 1.7126(5) A from Penocchio et al. [59]. On the other hand, the r(C2=C3) bond
length at 1.3663(2) A is longer than the previous value of 1.3622(8) A. These differences are
explained by a better accuracy of the rotational constants.

To check the accuracy of the semiexperimental structure, we performed optimizations
at the CCSD(T) level of theory, all electrons being correlated using Equation (1), but also at
the CCSD(T)_ael/cc-pwCVQZ level, as given Table 7. The agreement is quite satisfactory even
for the value of the r(C—-S) bond which is 1.7116 A with the approximate method (Eg. 1) and
1.7107 A with the cc-pwCVQZ basis set. We thus conclude that the accuracy of the
approximate method is about 0.001 A for the C—S bond and confirm the assumption taken for
2AT. We also note that the equilibrium rotational constants derived from the CCSD(T)_ae/cc-
pwCVQZ structure are quite close to the corresponding semiexperimental values. For the
parent species, the values obtained at the CCSD(T)_ae/cc-pwCVQZ level are A. = 8100.95
MHz, Be = 5446.50 MHz and C. = 3256.84 MHz, to be compared with A3F = 8103.07 MHz, BSE
= 5449.19 MHz and CSE = 3258.36 MHz, i.e. deviating by only up to 0.05%.

After the completion of our work, a new semiexperimental structure of thiophene was
published [63] which we also listed in Table 7. This new structure was obtained with the help
of accurate ground state rotational constants of 24 isotopologues and a rovibrational correction
calculated atthe CCSD(T)/cc-pCVTZ level of theory. The comparison of the different structures
is interesting. Firstly, the structure reported by Orr et al. [63] is in very good agreement with
our roF structure, confirming the fact that it is essential to use accurate ground state rotational
constants and that the structures of relatively rigid molecules are not sensitive to systematic
errors of the rovibrational corrections [64]. Whereas the general agreement is rather pleasing,
there are small differences of about 0.0008 A between the most accurate structure BTE (best
theoretical estimate) in Table 7 and the rSF structure determined in Orr et al. [63] for the C2—
H2 and C2-C3 bond lengths. These differences, although small, are larger than the standard

deviations of the parameters. It is an indication that the standard deviations are probably not a
17



reliable indicator of the accuracy because they do not take into account the systematic errors,
mainly due to the poor conditioning of the system of normal equations and the presence of
very small coordinates (in the case of thiophene, a(C2) = 0.046 A and a(H2) = -0.253 A) [52].
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Table 7: Structures of thiophene (bond lengths in A, angles in degree).

Method I's ED + Mw? rSE CCSD(T)_ae BTE?

Ref. Bak 61?7 Kochikov®® Penocchio®  This work Orr®s cc-pwCVQZ Eq. (1) Orr®

C-S 1.7140(14) 1.704(2)  1.7126(5) 1.71023(11) 1.7105(1) 1.7107 1.7116 1.7103
C2-H2 1.0776(15) 1.085(5)  1.0771(5)  1.07667(50) 1.0771(1) 1.0764 1.0763 1.0764
S-C-H2 119.85(78) 119.9(3)  120.11(10)  120.203(97) 120.065(14)  120.288 120.272  120.241
C2=C3 1.3696(17) 1.372(3)  1.3622(8) 1.36625(17) 1.3656(2) 1.3665 1.3668 1.3666
S-C2=C3  111.47(23) 1116 111.66(3)  111.5951(58) 111.608(8) 111.611 111.625  111.610
C3-H3 1.0805(14) 1.088 1.0794(3)  1.07838(21) 1.0786(1) 1.0787 1.0787 1.0787
C2=C3-H3 123.25(7) 123.4 123.46(3) 123.459(15) 123.414(12)  123.416 123.421 123.411
c-s-C 92.17(10)  92.4(2) 91.88(4) 92.0787(82) 92.047(8) 92.059 92.027 92.072

2 Electron diffraction combined with microwave spectroscopy data. ® Best theoretical estimate.



5. Discussion
5.1. Conformational stability

Quantum chemical calculations at different levels of theory consistently predict the syn-
conformer of 2AT to be energetically more stable than the anti-conformer. However, the
difference in energy varies strongly from about 2.1 to 6.2 kJ-mol™ (see Table S-3 of the ESI).
The relative intensity observed in the experimental spectrum indicates that transitions of the
anti-conformer are only slightly weaker than those of the syn form, as can be recognised
exemplarily for the a-type transition 44 < 303 in Figure 4 as well as the b-type transition 505 <
414 in Figure S-1 in the ESI, hinting at a rather small energy difference. Nevertheless, we do
not attempt to provide a quantitative statement on the conformational stability and intensity due
to the lack of dipole moment measurements and the trust in intensity ratio obtained with the

experimental setups in use.

The microwave spectra of two other thiophene derivatives related to 2AT (molecule (2)
in Figure 7), 2-thiophenecarboxaldehyde (1) [61] and 2-acetyl-3-methylthiophene (3) [65], have
been reported in the literature. All three molecules exhibit two stable conformers with the S—C
bond and the carbonyl group in anti or syn position, with the syn-conformer being more stable
(see Figure 7). Compared to the observation found for 2-acetylfuran (5) and its related
molecules furfural (4) [66], methyl furfural [67] and 2-acetyl-5-methylfuran (6) [68], we found
that the heteroatom in the ring significantly affects the conformational stability. The syn-
conformer of 2-acetylfuran is much higher in energy than the anti-conformer [10]. Obviously,
changing oxygen by sulphur reverses the conformational stability. A reason for the preference
of one form (syn or anti) may be the different electrostatic interaction between the oxygen atom
of the carbonyl group and the sulphur in the thiophene ring of 2AT or the oxygen atom in the
furan ring of 2-acetylfuran. The negative charges on the oxygen atoms of 2-acetylfuran
stabilises the anti-conformer [10], while the syn-form is favored by the opposite charges on the
oxygen and sulphur atoms in 2AT, as visualised also in Figure 8 with the charge data obtained

from NBO calculations [32].
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(1) syn, 0 (2) syn, 0 (3)syn, 0
329.9cm™ 321.8cm™’
H
\ /S -\ ° \J
(1) anti, 5.92 (2) anti, 5.73 (3) anti, 4.64
296.0 cm™’ not observed
(0] 0] @]
WA \ /
(4) syn, 3.4260(28)  (5) syn, 5.02 (6) syn, 4.19
239.8 cm™’ 2127 cm™
H
\ /7 ° \7 ° \J -
(4) anti, 0 (5) anti, 0 (6) anti, 0
319.8 cm™ 307.8cm™

Figure 7: Thiophene and furan derivatives with a carboxaldehyde or an acetyl substitution at
the second ring position: (1) 2-Thiophenecarboxaldehyde [61], (2) 2-acetylthiophene (this
work), (3) 2-acetyl-3-methylthiophene [65], (4) furfural [66], (5) 2-acetylfuran [10] and (6) 2-
acetyl-5-methylfuran [68]. For each molecule, the syn- and anti-conformers are illustrated with
their energy (in kJ-mol™?) relative to the more stable conformer. The torsional barrier of the

acetyl methyl group is also given.
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(-0.26) (-0.14)
syn-2AT anti-2AT

Figure 8: Charge distribution in syn- and anti-2AT obtained from NBO calculations at the
MP2/6-311++G(d,p) level of theory.

5.2. Quality of the fits

As can be recognised in Table 2, using three rotational constants, five quartic centrifugal
distortion constants, the angle between the internal rotor axis and the principal a-axis, as well

as two higher order parameters Dpiz] and DpizK,

describing the centrifugal distortion of the
methyl internal rotor, the standard deviation achieved for anti-2AT is 2.4 kHz, which is the

measurement accuracy. For syn-2AT, if the Dpiz ; parameter is included, the standard deviation

of the fit is 1.9 kHz, showing that the XIAM program performs well for both conformers of 2AT.

However, the A rotational constant strongly correlates with Dpiz ;- By fitting D we found that

piJ’
for the main isotopologue of syn-2AT, (i) the A rotational constant is by two orders of magnitude
less well-determined and (i) its value changes by 1.6 MHz, as summarised in Table 8.
Interestingly, the fits of all isotopologues, except C(2) for which no E species lines are
observable, are much less sensitive to Dpi23, SO that the two above mentioned problems do not
occur. In order to get a good set of rotational constants for structure determination purpose,

we decided not to fit Dpiz J to decrease the correlation of the A rotational constant, as well as

increase its accuracy. As a consequence, we only achieve a standard deviation of 5.1 kHz,
two times the measurement accuracy. All syn-2AT isotopologue fits possess a standard
deviation close to this value (except *C(2) with a much better deviation of 2.3 kHz due to the
observation of only A species lines). We note that if only A species lines are available, reliable
rotational constants for structure determination purposes can still be obtained by fixing all

internal rotation parameters to those of the parent species.
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Table 8: Rotational constants, higher order Dz,

obtained with the program XIAM using different sets of high order parameters.

and Dpiz x pbarameters, standard deviation o and pseudo inertial defect Ac of syn- and anti-2AT

syn-2AT anti-2AT
Par. Unit Dy + Dy Dy Dy none Dyzy * Dy’ Dy Dpix none
A MHz 3580.676(26) 3588.04877(38) 3588.05339(29) 3588.04887(38) 3555.438(21) 3554.61453(75) 3554.6181(11) 3554.6155(11)
B MHz 1415.7100(49) 1415.91824(20) 1415.91822(11) 1415.91833(19) 1418.7605(47) 1419.16713(28) 1419.16865(34) 1419.16879(36)
C  MHz 1021.8664(49) 1022.07432(14) 1022.074502(72) 1022.07440(13) 1020.7702(47) 1021.17627(20) 1021.17725(25) 1021.17724(26)
Dy, kHz —19.73(46)  2.9(19) / / 41.06(48)  28.7(19) / /
D,z MHz —0.1739(22) | ~0.1311(53) | ~0.1239(19) / ~0.0580(99)
o kHz 1.9 8.8 5.1 8.8 2.4 10.5 13.9 14.9
AC  uk? —3.201 ~3.313 -3.313 ~3.313 ~3.258 ~3.386 ~3.386 ~3.386

2 Fit chosen for structure determination as given in Table 2. ® Fit given in Table 2.
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5.3. Rotational constants

Values of equilibrium rotational constants of syn-2AT calculated at different levels of theory
summarised in Tables S3 are generally close to those deduced from the experiments at basis
sets using the (ndf,npd) polarization functions (n = 1-3) in combination with the MP2 or B3LYP
methods. For the M06-2X and ®B97XD methods, the 6-311G(d,p) basis set with or without
diffuse functions performs well. In the case of anti-2AT, only the three levels M06-2X/6-
311G(d,p), M06-2X/6-311+G(d,p) and M06-2X/6-311++G(d,p) seem to work well. This is not
the same finding as for the furan analogue 2-acetylfuran where the three B3LYP-D3BJ/6-
311(++)G(d,p) levels are recommended. Obviously, furan and thiophene derivatives require
different error compensations to access reliable starting values of the rotational constants to
guide the spectral assignment. We note that, certainly, the equilibrium rotation constants of
CCSD(T)_ae/cc-pwCVQZ quality derived for the 72° structures possess the highest accuracy,
but these costly calculations are worthwhile to evaluate the structure determination rather than

at the assignment step.

The rotational constants obtained from global fits with the program XIAM are suitable
for a high quality structure determination of 2AT, which is also the case of the oxygen analogue
2-acetylfuran [10]. However, special attentions are needed if higher order parameters such as
Dpiz], DpizK and Dpiz_ are involved, as they are often highly correlated with A, B and C. It is
therefore recommended to check the consistency of the pseudo inertial defects (see Tables 2,
3 and 4), whose values should remain almost the same for the main species and all

isotopologues. We note at this point that for anti-2AT, fitting both the D_-, and Dpiz « parameters

2
il
is decisive to achieve a good fit with standard deviation within the measurement accuracy (see
Table 8). But similar to the case of syn-2AT, the rotational constants, especially A, but also B

and C, suffer from correlations and are not as well-determined as when either D2, or D,z or
none of them are fitted. The pseudo inertial defect of —3.258 uA? of Fit Dp2; + D2y in Table 8

differs significantly to the value of —3.386 uA?2 found for the other fit, which is essentially similar to
that of the 3*S-anti-2AT fit given in Table 4. Since the rSF structure of anti-2AT cannot be

determined, we decided to fit both Dpiz] and Dpfx to obtain a low standard deviation. For

structure determination purpose, rotational constants from Fit D,,2, of anti-2AT should be used.

5.4. Molecular geometries

For an accurate comparison, it is important that the structures in use have the same physical
meaning. As thiophene derivatives, only the r>F structures of syn-2AT (this work) and syn-2-
thiophenecarboxaldehyde [61] are available in the literature. Comparing thiophene with 2AT

(see Figure 6), we found that the C4=C5 bond length is the same in both molecules. On the
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other hand, the ~(S1-C2=C3) angle at the substitution position of syn-2AT is smaller, making
the S1-C2 and C2=C3 bonds longer as well as the S1-C5 and C3—C4 bonds shorter. Though

the rSF structure of 2-thiophenecarboxaldehyde [61] is not determined at the same quality and

the large error of the «(S1-C2=C3) angle inhibits a reasonable comparison, the bond lengths

of 2-thiophenecarboxaldehyde suggest the same trend. The C2-C6 and C6=07 bonds of syn-
2AT and 2-thiophenecarboxaldehyde are in extremely good agreement, showing the rigidity of

the carbonyl moiety.

Comparing the structure of thiophene with that of furan, as well as 2AT vs 2-acetylfuran,
we found that in the hetero-atom rings, only the C3—-C4 bond length is longer in furans (by
about 0.01 A). The C2=C3 and C4=C5 bonds in thiophenes are 0.01 A longer. Because sulphur
is much larger than oxygen, the S—C bonds are 0.35 A longer than the O—C bonds and the

2(S—C=C) angle is about 1° larger than the ~(O—C=C) angle.

Most of the structure computations at different levels of theory (see Tables S-3a and
S-3b in the ESI) predicted symmetric equilibrium configuration with Cs point-group symmetry
for each of the two 2AT conformers. Vibrational frequency calculations at most levels did not
yield imaginary frequencies and thus confirmed that optimized structures correspond to real
minima. Following to these predictions, the structure optimizations at the CCSD(T) level of

theory were carried out for the symmetric configurations.

According to results of the MP2/6-311++G(d,p) calculations, the anti-2AT conformer
has two non-symmetric equilibrium configurations (C1 point-group symmetry) with the angle «
deviating from 180° by about 6° (called the tilt angle ®, see Table S-3b) corresponding to the
double minimum potential shown in Figure 2. This behaviour of the MP2/6-311++G(d,p)
approximation was frequently observed in ketones, such as n-alkyl ketones [4-7], 2-
propionylthiophene [51], 2-acetyl-3-methylthiophene [65], pinacolone [69], and diethyl ketone
[70]. However, since the barrier between these configurations is not significant (essentially
lower than the first vibrational state), the S(1)-C(2)-C(6)=0(7) fragment should be considered
as quasi-planar in this particular prediction. This is supported experimentally by the pseudo

inertial defect of anti-2AT given in Table 4.
5.5. Methyl internal rotation

The torsional barrier of the acetyl methyl group could be well-determined in the fits of
both conformers and most of the observed isotopologues. Only for C(2)-syn-2AT which lies
almost at the center of mass of the molecule and the two *3C isotopologues observable for
anti-2AT, no E species transitions were measurable and therefore, the torsional barrier could

not be deduced. For syn-2AT, we found a barrier height of about 329.9 cm™ for the parent
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species, which remains almost constant for all isotopologues and very close to the value of
321.8 cm™* found for the syn conformer of 2-acetyl-3-methylthiophene [65] (see Figure 7). A
slightly lower, yet similar value of about 296 cm was obtained for anti-2AT as well as its 3*S
isotopologue. Concerning the establishment of a possible “thiophene class” in the
categorization of ketones containing an acetyl methyl group [7,9], the results obtained from
2AT are very promising. However, since there are currently only two data points, 2AT and 2-
acetyl-3-methylthiophene [65], where the anti-conformer is not observable in the latter

molecule, a conclusive classification is not attempted at this stage.

We observed the contrary in the oxygen analogue of 2AT where the torsional barrier of
anti-2-acetylfuran (319.8 cm™) is higher than that of syn-2-acetylfuran (239.8 cm™1) [10], which
is also the case of 2-acetyl-5-methylfuran (307.8 cm vs 212.7 cm™) [68]. The more stable
conformer seems to possess a higher barrier to internal rotation of the acetyl methyl group.
From the discussion on conformational stability, this supports our suspicion that electrostatic

interaction plays an important role for the acetyl methyl torsion.

Comparing the barrier height of syn-2AT and syn-2-acetylfuran (329.9 cm vs. 239.8
cm™) as well as anti-2AT and anti-2-acetylfuran (296.0 cm™ vs. 319.8 cm™), we surprisingly
found that for the syn-conformers, the higher torsional barrier is observed for the sulphur
analogue, in contrast to the frequent observation that the torsional barriers of methyl internal
rotors in oxygen analogues are higher, which maintains true for the anti-conformer. We have
no explanation for this strange observation, but again suspect electrostatic effects to be the

reason.

6. Conclusion

The syn- and anti-conformers were assigned in the microwave spectrum of 2AT, as well as the
34S-isotopologue, all *C-isotopologues of syn-2AT and some 3C-isotopologues of anti-2AT,
to gain insights in two subjects: (i) methyl internal rotation and (ii) structure determination. (i)
A-E splittings could be resolved for the main isotopologues of syn- and anti-2AT, as well as for
the 34S-isotopologue of anti-2AT and all isotopologues of syn-AT except *C(2) which lies
almost at the centre of mass. Analysing these splittings enables the determination of a torsional
barrier of about 296 cm for anti-2AT and 330 cm™ for syn-2AT, whereby the latter is
surprisingly higher than the values of syn-2-acetylfuran. (ij) Comparing the r>F structure of 2AT
with that of thiophene, we found that the presence of an acetyl substituent increases the S1—
C2 and C2=C3 bond lengths of thiophene, as well as decreases the bond angle S1-C2=C3.
Comparison of thiophene vs furan and 2AT vs 2-acetylfuran leads to the conclusion that the

C3-C4 bond length is about 0.01 A longer in furans, the C2=C3 and C4=C5 bonds are 0.01 A
26



longer in thiophenes, the S—C bond lengths are 0.35 A longer than the O—C ones and the S—
C=C angle is about 1° larger than the O—C=C angle.
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