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Two methyl internal rotations of 2-acetyl-4-methylthiophene explored by microwave spectroscopy and quantum chemistry

Introduction

Studies of large amplitude motions in gas phase molecules have been an important subject for several decades where Fourier transform microwave (FTMW) spectroscopy serves as a key technique [START_REF] Nguyen | Kleiner in Theoretical and computational chemistry[END_REF][START_REF] Legon | [END_REF][3]. This high resolution spectroscopy method is capable of resolving even small splittings in the rotational spectrum, especially those arising from internal rotations of methyl groups with intermediate to high barriers [4][5][6][7][8][9][10]. Supported by quantum chemical calculations, a vast number of molecules with one or two methyl tops have been studied by FTMW spectroscopy, with torsional barriers ranging from (essentially) free internal rotor [11][12][13] to over 1000 cm 1 , where the torsional splittings approach the resolution limit [14][15][16].

Methyl internal rotation causes torsional fine structures in the microwave spectrum, making it significantly more complicated compared to that of a rigid-rotor molecule. In one-top cases, each rotational transition splits into two species, A and E, with splittings that can vary from a few kHz up to several GHz [START_REF] Gordy | Microwave Molecular Spectra[END_REF]. Transitions of two-top molecules split into five species if the rotors are inequivalent. The number of torsional components in the multiplets increases rapidly with the number of rotors present in the molecules [START_REF] Nguyen | Kleiner in Theoretical and computational chemistry[END_REF]. Though associated with complex spectra, methyl internal rotation is particularly interesting because the rotors are sensitive not only to the local but also to the nonlocal electronic environment. It contributes to our understanding of the effects of steric interactions and hyperconjugation expressed through the torsional barriers.

If conjugated π-double bonds are present, a transference of electrostatic effects is possible across a longer range. Such aromatic systems have shown great potential, especially in two-top molecules, regarding the interactions between two internal rotors. A thorough characterization of electrostatic effects is still lacking, even though several systematic investigations of methyl internal rotation at different sites around the perimeter of aromatic rings exist which aim at probing the electronic structure of the conjugated system. Examples for one-top molecules are methylimidazole [START_REF] Gougoula | [END_REF], methylfuran [19,20], methylthiazole [21][22][23], methyloxazole [24], methylanisole [25][26][27], methylindole [28], methylnaphthalene [29], and chiral molecules such as benzoylformate and methyl mandelate [30]; for two-top molecules xylene [31,32], dimethylbenzaldehyde [33], dimethylanisole [34][35][36], and dimethylfluorobenzene [37][38][39]. All of them observed that the methyl torsional barrier changes drastically in dependence of its position on the aromatic ring, for which local factors like steric effects cannot fully account.

We recently started our investigations on a series of acetylthiophene derivatives, starting with the prototype 2-acetylthiophene featuring a methyl internal rotor in the acetyl moiety [40]. Using this methyl rotor as a "sensor", we then add a second rotor at different sites around the perimeter of the thiophene ring and study the torsional barriers of both rotors. As a follow up of our recent work on 2-acetyl-3-methylthiophene (2A3MT) where the second methyl top is at the 3-position of the ring [41], we progress with 2-acetyl-4-methylthiophene (2A4MT).

Aiming not only to understand non-local effects in thiophene derivatives through hyperconjugation, this systematic study will also enable us to classify the torsional barriers of acetyl methyl groups when a thiophene ring is attached at the other side of the carbonyl bond.

Quantum Chemical Calculations

Conformational analysis

With the planarity of the thiophene ring already firmly established in the literature [42][43][44] and with the results from our previous investigations on the structurally related molecules 2acetylfuran [45], 2-acetylthiophene [40], 2-propionylthiophene [46], and 2-acety-3methylthiophene (2A3MT) [41], it was obvious to assume that there are only two stable conformations for 2A4MT. The rotation of the acetyl group about the C2C6 bond (see Figure 1 for atom numbering) can result in either a syn or an anti form, whereby syn and anti refer to the orientations of the oxygen atom relative to the sulfur atom in the thiophene ring. To confirm this assumption, we performed a conformational analysis by varying the dihedral angle α = (S1C2C6=O7) in steps of 10° while all other geometry parameters were optimized. These calculations were carried out at the MP2/6-311++G(d,p) and B3LYP-D3BJ/6-311++G(d,p) levels of theory using the Gaussian 16 program package [47]. We applied these two levels as standard starting points of our quantum chemical analysis. Note at this point that it has been also our standard to include dispersion corrections in all calculations with the B3LYP method, since weak interactions do not only occur in van der Waals complexes but also within an isolated molecule. In recent years, we also started to use the MP2/6-31G(d,p) level of theory more frequently, as this level provided rotational constants in excellent agreement with the experimentally determined ones for many molecules containing an aromatic ring, such as quinoline and isoquinoline [48], coumarin [49], 2-ethylfuran [50], o-methylanisole [25], and especially the isomer 2A3MT of 2A4MT [41]. The calculated energies were parameterized using a Fourier expansion with the corresponding coefficients listed in Table S1 in the Supplementary Material. The energy curves are illustrated in Figure 2. As expected, we found two minima corresponding with the planar syn-and anti-conformer at 0° and 180°, respectively, in all three curves. It should be noted that in calculations at the MP2/6-311++G(d,p) level, a very flat double minimum exists at around 180°. A closer look between 165° and 195° with a step width of 1° indicates that the minima lie at α = 180°6° (see Figure S1 in the Supplementary Material). This level of theory thus predicts a non-planar enantiomeric pair for the anti-conformer of 2A4MT where the acetyl group is titled out of the thiophene plane by 6°.

Full structure optimizations were performed subsequently, and frequency calculations confirmed the two predicted conformers illustrated in Figure 1 as stable. The syn-conformer was calculated to be energetically more favorable. The rotational constants, dipole moment components, and relative energies of both conformers obtained at all three levels of theory are given in Table 1; the atom coordinates are in Table S2 in the Supplementary Material. 

Basis set variations

The optimizations were also performed at various other levels of theory for benchmarking purposes, employing additionally to the MP2 [51] and B3LYP [52,53] methods other density functional theory ωB97X-D [54] and M06-2X [55] as well as the ab initio CCSD [56] methods. The B3LYP functional was used both with Grimme's dispersion corrections including Becke-Johnson damping (D3BJ) [57] and without (D3) [58], as well as in combination with the Coulomb-attenuating method (CAM-B3LYP) [59]. A variety of basis sets were then combined with these methods, notably Pople's basis sets [60] (6-31G or 6-311G) without or with diffuse (+ or ++) functions, whereby polarization functions like (d,p), (df,dp), (2d,2p), (2df,2pd), (3df,3dp) were always included. Polarized valence double-(cc-pVDZ) and triple-zeta (cc-pVTZ) Dunning's basis sets were also employed [61], with or without diffuse functions included in the augmented basis sets [62]. The results of these calculations are listed in Tables S-3 and S-4 in the Supplementary Material.

Methyl internal rotations

The barriers hindering the acetyl methyl and the ring methyl torsions were calculated Previous investigations show that the prediction of torsional barriers is still a difficult task. No method/basis set combination yields accurate values for all methyl internal rotations.

We recently started to benchmark also the barrier height for two rotor cases in our investigation on the isomer 2A3MT of 2A4MT using the same levels used for benchmarking the molecular geometries. A selection of the results is shown in Table 2 with the predicted barrier heights and their deviations from the experimentally found values; the complete results are given in Tables S-3 and S-4. Note that the values are not zero-point corrected, since no frequency calculations were performed in addition.

All curves of syn-2A4MT in Figure 3 exhibit typical threefold potentials expected for methyl rotors. The values of the barriers predicted at the three levels vary by nearly 150 cm 1

for the acetyl methyl group, whereas for the ring methyl group they only differ by about 40 cm 1 , indicating that predicting the acetyl methyl torsion is more difficult. When applying a larger set of levels to calculate the barrier heights, we found that this is a general trend, as exemplified in Table 2. The lowest trace of Figure 3 visualizes the corresponding movement of the second rotor, where only the MP2/6-311++G(d,p) level of theory predicts significant interactions between the acetyl methyl and the ring methyl rotors.

The potential energy curves of anti-2A4MT in Figure 4 behave very similarly to those of the syn-conformer, with the only exception being the double minimum found for the acetyl methyl group in the MP2/6-311++G(d,p) calculations. This behavior can be explained by the existence of two non-planar forms predicted at this level of theory, which is visualized in the middle trace illustrating the oscillation of the entire acetyl group during the methyl internal rotation. To further study the interactions of the two rotors, two-dimensional potential energy surfaces (2D-PES) depending on the dihedral angles β and γ were calculated at the MP2/6-31G(d,p) and B3LYP-D3BJ/6-311++G(d,p) levels of theory. Only data points in the range from 0° to 120° were necessary for β and γ due to symmetry. The potential energies were parameterized with a Fourier expansion accounting for the correct symmetry of the methyl groups, with the coefficients listed in Table S-7 in the Supplementary Material. The MP2/6-311++G(d,p) level was not used, because our previous investigation on 2A3MT [41] showed that parameterizing the energy points is not possible due to the rearrangement of the acetyl group from one non-planar enantiomer to the other (see Figure S-1). The 2D-PES of syn-and anti-2A4MT are shown in Figure 5.

The 2D-PES for syn-2A4MT predicted at the MP2/6-31G(d,p) level displays minima with very oblate rather than circular forms, indicating that couplings between the two rotors might exist. This is not the case in calculations at the B3LYP-D3BJ/6-311++G(d,p) level. For anti-2A4MT, the 2D-PES obtained with both methods show minima with oblate forms. From the coefficients given in Table S-7, terms accounting for top-top couplings such as cos(3β) cos(3γ) and sin(3β)sin(3γ) are not necessary to reproduce the obtained data points. 

Microwave Spectroscopy

Measurements

A scan from 9.0 to 14.9 GHz was recorded as a series of overlapping spectra with a step width of 250 kHz using a molecular jet Fourier-transform microwave spectrometer operating in the frequency range from 2.0 to 26.5 GHz [63]. For each measurement, 50 free-induction decays were co-added. A portion of the scan is illustrated in Figure 6. 2A4MT was purchased from Sigma-Aldrich, Schnelldorf, Germany, with a stated purity of 97 % and used without further purification. Helium as the carrier gas with a backing pressure of 2 bar was flown over the substance, which was put on a pipe cleaner and inserted upstream of the nozzle. All signals appearing in the survey spectrum as well as transitions outside of the initial scan range were later remeasured at higher resolution with an experimental accuracy of 2 kHz [64] 

Spectrum assignment

As quantum chemical calculations predicted syn-2A4MT to be energetically more stable, we started the assignment using the rotational constants of this conformer calculated at the MP2/6-311++G(d,p) level (see Table 1). With the program XIAM [65], we first predicted a rigid rotor spectrum where the effects of internal rotation were not accounted. Due to the calculated dipole moments, strong a-and b-type transitions and no c-type transitions were expected.

An initial assignment was achieved without any issue due to the rather accurately predicted rotational constants. Based on this rigid rotor fit, we progressed with the effects of internal rotation. Because the two methyl rotors of 2A4MT are inequivalent, splittings of each rotational transition into five torsional components (σ1σ2) = (00), ( 01), ( 10), (11), and ( 12) occur [35,66], as shown in Figure 7, with σ1 and σ2 referring to the acetyl methyl and the ring methyl group, respectively. Two separate one top fits were built up first, only accounting for the (00) and (01) or (10) torsional species while neglecting the (11) and ( 12) species arising from toptop interactions. The identification of the (01) and (10) species was uncomplicated, because the barriers hindering the two methyl torsions differ by about 110 cm 1 , resulting in significantly different splitting patterns (see Figure 7) which could be straightforwardly assigned.

The assignment of the ( 11) and ( 12) species was very problematic when we attempted to carry out a global fit accounting for both internal rotations. The two torsional species lines are very close for a large number of transitions of syn-2A4MT. The ( 11)-( 12) splittings are often under the resolution limit. A correct assignment using only predictions of the program XIAM was not possible, and different methods had to be employed in addition. The use of combination difference loops (Ritz cycles) as described in Ref. [67] and the program SFLAMS for Separately Fitting of Large Amplitude Motion Species [68] enabled us to verify whether the frequencies were of the same species. The (00) species could be fitted using a rigid rotor Hamiltonian Hr supplemented with centrifugal distortion corrections Hcd. For all other torsional species, the Hamiltonian must include in addition a 𝐇 𝐨𝐩 term, which contains odd power order parameters required to fit them separately: 𝐇 𝐨𝐩 = (𝑞 + 𝑞 𝐽 𝐏 𝟐 + 𝑞 𝐾 𝐏 𝐚 𝟐 )𝐏 𝐚 + 𝑟𝐏 𝐛 .

The separate fits for all five torsional species obtained with SFLAMS achieved measurement accuracy, as given in Table 3. Once we were certain about the assignments of individual species, all frequencies were included in a global XIAM fit with a first arbitrary trial for the (11)/( 12) assignment. The determination of the correct species could then be achieved easily in the global fit, as the wrong ( 11)/( 12) assignment led to a significant increase of the standard deviation. Ultimately, 890 lines are included in the XIAM global fit (see Table 4) which has a standard deviation of 3.4 kHz. The assigned transitions are listed in Table S-8 in the Supplementary Material.

After syn-2A4MT was assigned, a number of lines still remained in the spectrum. Due to the rather large energy gap between two conformers predicted with the MP2 method (see Table 1), we first attempted to assign these transitions to the 34 After both syn-and anti-2A4MT had been assigned, only a very small number of weak lines remained in the spectrum. They most likely belong to the isotopologues of syn-2A4MT, but due to their small number and low intensities, no assignments were possible. a All parameters refer to the principal axis system. Watson's A reduction and I r representation were used. The rotational constant F0, describing the moment of inertia of the methyl internal rotor, could not be fitted for either of the conformers and was fixed to 158 GHz, a typical value for methyl groups. b Ground state rotational constants and centrifugal distortion constants obtained from anharmonic frequency calculations. c Fixed due to symmetry. d Number of transitions. e

Standard deviation of the fit.

Discussion

Conformational stability

Five-membered heterocycles containing a carbonyl-substituent at the second position prefer either a syn-or an anti-conformation due to a maximum overlap between the -orbitals of the aromatic ring and the carbonyl group, as has been long established [69] and shown in previous microwave spectroscopic investigations [40,41,45,46,70,71]. Both of these conformers were observed in the microwave spectrum of 2A4MT. Quantum chemical calculations at all employed levels of theory predicted the syn-conformer to be energetically more stable. Though it is difficult to give a quantitative statement on the conformational stability due to the lack of dipole moment measurements and the rather unreliable intensity of the experimental setup, the experiments qualitatively confirm this prediction as visualized in Figure 6. This is also shown in Table 4 by the fact that the number of lines assigned for the syn conformer is more than two times that for the anti form. The greater stability of syn-2A4MT also aligns well with the results found for three other thiophene derivatives, 2-thiophenecarboxaldehyde [70], 2propionylthiophene [46], and 2-acetylthiophene [40], where it was explained by dipole-dipole interactions between the positively charged sulfur atom of the ring and the negatively charged oxygen atom of the carbonyl group. This is also the case for 2A4MT, as shown by NBO calculations [72] performed using the Gaussian 16 program package [47] with the results depicted in Figure 8. 

Quality of the fits

For syn-and anti-2A4MT, 890 and 359 lines could be assigned with the program XIAM [65] to standard deviations of 3.4 kHz and 2.5 kHz, respectively. For the anti-conformer this value is in good agreement with the experimental accuracy. The slightly higher deviation for the synconformer is mainly caused by several b-type transitions with Ka = 3  2 (see Table S -8).

Since the separate fit for the (00) species transitions, which should follow a semi-rigid rotor approximation has a very similar standard deviation of 3.1 kHz (see Table 3) and the predictive power of the fit is quite good, we did not attempt to reduce this further.

Molecular parameters

In the case of anti-2A4MT, some MP2 calculations predict a non-planar structure with a small tilt angle of the acetyl group out of the thiophene plane, the same way as they also perform for 2-acetylthiophene [40] and 2A3MT [41]. Given that the inertial defect ∆c derived from the experimentally determined rotational constants of syn-and anti-2A4MT are 6.471 uÅ 2 and 6.548 uÅ 2 , respectively, we believe that both conformers are planar, or at least possess effective planar structures. The values are very similar and close to those of other planar molecules with four out-of-plane hydrogen atoms such as the cis-trans conformer of ethylnitrite (∆c = 6.422 uÅ 2 ) [73] or the Cs conformer of 2-ethylfuran (∆c = 6.483 uÅ 2 ) [50].

The inertial defect of 6.559 uÅ 2 of anti-2A3MT [41] is extremely close to that of anti-2A4MT.

The results of our benchmark calculations on rotational constants show that for syn-2A4MT, three levels of theory achieved comparably good predictions, MP2/6-31G(d,p), MP2/6-311+G(df,pd), and MP2/6-311++G(df,pd). The MP2/6-31G(d,p) level already stood out in our previously carried out benchmarks for other molecules containing aromatic rings such as omethylanisole [25], 2A3MT [41], coumarin [49], and 2-ethylfuran [50]. It was also recommended by Kisiel et al. for quinoline and isoquinoline [48]. For the anti-conformer, the result of MP2/6-31G(d,p) is quite satisfactory, but the MP2/6-311+(+)G(df,pd) and B3LYP-D3BJ/6-311+(+)G(3df,3dp) levels perform better. As mentioned above, some MP2 methods predict non-planar equilibrium structures for anti-2A4MT, where the acetyl group is tilted out of the thiophene plane by an angle  of about 4.7° to 6.7° (see Table S-4), and the MP2/6-311+(+)G(df,pd) levels belong to this group. However, in general, we still recommend the MP2/6-31G(d,p) level to aid the assignment of rotational spectra of acetylthiophene derivatives due to its robust and sufficiently good performance for all examples available to date.

Concerning our first attempts to benchmark the methyl internal rotational barriers, we did not find any connection between a good prediction of equilibrium geometries and a good prediction of internal rotational barriers. This is logical since our benchmarking efforts aim at

finding the right answer for the wrong reason, and the two types of calculations rely on different kinds of error compensations.

Acetyl methyl torsion: The "thiophene class"

The torsional barriers of acetyl methyl groups are very sensitive to the molecular structure on the other side of the carbonyl group, as shown in a classification by Andresen et.

al. into the "Cs", "C1", and "mesomeric" groups [74][75][76][77][78] which was extended by Herbers et al.

with the "phenyl" group [68]. The establishment of a "thiophene class" was not possible due to the lack of available data points. Starting with 2-acetylthiophene (molecule (1) in Figure 9) [40] and 2-acetyl-3-methylthiophene (2) [41], we are one step further with the present results on 2A4MT (3). We see a trend similar to the "mesomeric class" established for ,-unsaturated ketones, that the "thiophene class" is divided into two sub-classes, syn and anti, with close, yet distinct barrier values. The syn conformers of acetylthiophene derivatives exhibit barrier heights of about 330 cm 1 , while the anti conformers feature a lower barrier of around 300 cm 1 . Concerning the position of the conjugated double bonds, the anti conformers correspond to the sp conformers of the "mesomeric class", and the syn forms to the ap conformers [78].

The barriers found for the sp conformers are approximately 350 cm 1 , lower than the barriers of about 430 cm 1 obtained for the ap conformers [78], indicating the same trend for both classes.

Compared to the torsional barriers of the acetyl methyl group (marked in red in Figure 9) in syn-(330.2 cm 1 ) and anti-2-acetylthiophene (296.0 cm 1 ), the respective values of 324.919(94) cm 1 and 281.201(17) cm 1 of 2A4MT are slightly smaller. A so-called "chain length effect" has been reported for a series of n-alkyl ketones [77] and methyl n-alkynoates [79]. The longer the substituent at the other side of the carbonyl group or the COO group, respectively, the lower the methyl torsional barrier. The presence of a methyl group at the 4position of the thiophene ring makes the frame to which the acetyl methyl top is connected more prolate, and the torsional barriers are thus lower. The decrease is more pronounced for anti-2A4MT since the acetyl methyl group in the anti-orientation "senses" a longer frame if a methyl group is added at the 4-position of the ring than the one in the syn-orientation does.

The frame in 2-acetylthiophene becomes more globular for the acetyl methyl group if a methyl group is added at the 3-position of the ring. Therefore, the chain length effect might also explain the barrier of 306.2 cm 1 in anti-2A3MT, being slightly higher than in anti-2-acetylthiophene (296.0 cm 1 ). To explore the ring methyl torsion, the barrier to internal rotation of this methyl group is also shown (in blue) and compared with that of (4) 3-methylthiophene (3MT) [80].

Ring methyl torsion

To explore the effects of the acetyl group on the internal rotation of the ring methyl group, we compare the torsional barrier of the latter found in 2A3MT and 2A4MT with that of 3methylthiophene (4) [80] (shown in blue in Figure The barrier height of 258.8 cm 1 found in 3-methylthiophene increases significantly in anti-2A3MT to 321.8 cm 1 due to steric hindrance arising from the neighboring acetyl group, but decreases to about 210 cm 1 in 2A4MT. Since the ring methyl groups of 3-methylthiophene and 2A4MT are both almost steric-free, this demonstrates that electrostatic effects are most probably the reason for this difference. The values found for syn-and anti-2A4MT are essentially the same, indicating that the influence of the acetyl conformation on the ring methyl torsion is negligible.

Conclusion

With support from quantum chemical calculations, the microwave spectra of the syn-and anticonformers of 2A4MT were successfully assigned. The splittings into quintets due to internal rotations of the two non-equivalent methyl tops allowed us to determine the torsional barriers experimentally. Values of 324.919(94) cm 1 and 210.7181(61) cm 1 were found for the acetyl and the ring methyl groups of syn-2A4MT, respectively, as well as 281.201(17) cm 1 and 212.9797(41) cm 1 for anti-2A4MT. These values are important data points to establish the "thiophene class" with acetylthiophene derivatives as representatives. It contains two subclasses, one with an anti orientation of the oxygen atom of the carbonyl bond and the sulfur atom of the thiophene ring with a barrier around 300 cm 1 and the other with a syn orientation and a barrier of approximately 330 cm 1 . Comparisons with the values found for 2acetylthiophene [40], anti-2-acetyl-3-methylthiophene [41], and 3-methylthiophene [80] show that both steric and electrostatic effects play decisive roles for the acetyl methyl torsion. In addition, the barriers are also influenced by chain length effects, where more prolate frames cause slightly smaller barriers.

Figure 1 :

 1 Figure 1: The two conformers of 2A4MT in their principal axes of inertia optimized at the B3LYP-D3BJ/6-311++G(d,p) level of theory. The atom numbering is given at syn-2A4MT, and the dihedral angles α = (S1C2C6=O7), β = (C2C6C8H16), and γ = (C5C4C9H11) are also shown. The sulfur atom is in yellow, the oxygen atom in red, hydrogen atoms are in grey, and carbon atoms in dark grey. H13 lies behind H12, H17 behind H15.

Figure 2 :

 2 Figure 2: The potential energy curves of 2A4MT obtained by rotating the acetyl group about the C2C6 bond. Calculations were performed at the MP2/6-311++G(d,p), MP2/6-31G(d,p), and B3LPY-D3BJ/6-311++G(d,p) levels of theory by varying the dihedral angle α in a grid of

  by varying the dihedral angles β = (C2C6C8H16) and γ = (C5C4C9H11) in 10° steps while all other geometry parameters were optimized. Again, we first employed the MP2/6-311++G(d,p), MP2/6-31G(d,p), and B3LPY-D3BJ/6-311++G(d,p) levels. The resulting potential energy curves are shown in Figure3and Figure4for syn-and anti-2A4MT, respectively. The coefficients of the Fourier expansion used to plot the potential curves are given in Tables S-5 and S-6 in the Supplementary Material.

Figure 3 :

 3 Figure 3: Left hand side: The upper trace shows the potential energy curves of the acetyl methyl torsion of syn-2A4MT about the C6C8 bond. Calculations were performed at the MP2/6-311++G(d,p), MP2/6-31G(d,p), and B3LPY-D3BJ/6-311++G(d,p) levels of theory by varying the dihedral angle β in a grid of 10°. The calculated torsional barriers are 314.3 cm 1 , 370.2 cm 1 , and 221.4 cm 1 , respectively; the experimental value of 324.9 cm 1 is shown by a horizontal line. Relative energies are given in respect to the lowest energy conformations with EMP2/6-311++G(d,p) = 745.5356643 Hartree, EMP2/6-31G(d,p) = 743.3676980 Hartree, and EB3LYP-D3BJ = 745.1270402 Hartree. The middle trace visualizes the oscillation of the acetyl group upon the acetyl methyl rotation and the lowest trace that of the ring methyl group. The deviations of the dihedral angles α and γ are given relative to the values of the fully optimized geometries, which are zero in all cases for α as well as 0.39° (MP2/6-311++G(d,p)), 0.32° (MP2/6-31G(d,p)), and 0.03° (B3LYP-D3BJ) for γ. Right hand side: The upper trace shows the potential energy curves of the ring methyl torsion about the C4C9 bond of syn-2A4MT by varying the dihedral angle γ. The calculated torsional barriers are 165.7 cm 1 , 184.2 cm 1 , and 205.0 cm 1 , respectively; the experimental value is 210.7 cm 1 . Energy values of the lowest energy conformations are EMP2/6-311++G(d,p) = 745.5356644 Hartree, EMP2/6-31G(d,p) = 743.3676980 Hartree, and EB3LYP-D3BJ = 745.1270400 Hartree. For the middle trace, reference values of α are also zero in all cases. The lower trace visualizes the oscillation of the acetyl methyl group upon the ring methyl rotation. The deviations of the dihedral angle β are given relative to the values of 179.95° (MP2/6-311++G(d,p)), 179.97° (MP2/6-31G(d,p)), and 179.97° (B3LYP-D3BJ) of the fully optimized geometries.

Figure 4 :

 4 Figure 4: Left hand side: The upper trace shows the potential energy curves of the acetyl methyl torsion of anti-2A4MT about the C6C8 bond. Calculations were performed at the MP2/6-311++G(d,p), MP2/6-31G(d,p), and B3LPY-D3BJ/6-311++G(d,p) levels of theory by varying the dihedral angle β in a grid of 10°. The calculated torsional barriers are 266.4 cm 1 , 341.4 cm 1 and 182.3 cm 1 , respectively; the experimental value of 281.2 cm 1 is is shown by a horizontal line. Relative energies are given in respect to the lowest energy conformations with EMP2/6-311++G(d,p) = 745.5340614 Hartree, EMP2/6-31G(d,p) = 743.3657427 Hartree, and EB3LYP-D3BJ = 745.1261434 Hartree. The MP2/6-311++G(d,p) calculations predicts double minima around β = 60°, 180°, and 300°, corresponding with the two enantiomeric forms found in the structure optimizations. The other two potential energy curves show a typical threefold symmetry. The middle trace visualizes the oscillation of the acetyl group upon the acetyl methyl rotation and the lowest trace that of the ring methyl group. The deviations of the dihedral angles α and γ are given relative to the values of the fully optimized geometries, which are 174.08° (MP2/6-311++G(d,p)), 179.99° (MP2/6-31G(d,p)), and 179.99° (B3LYP-D3BJ) for α, as well as 0.79°, 0.25°, and 0.18°, respectively, for γ. Right hand side: The upper trace shows the potential energy curves of the ring methyl torsion about the C4C9 bond of anti-2A4MT by varying the dihedral angle γ. The calculated torsional barriers are 172.3 cm 1 , 197.7 cm 1 and 217.7 cm 1 , respectively; the experimental value is 213.0 cm 1 . Energy values of the lowest energy conformations are EMP2/6-311++G(d,p) = 745.5340612 Hartree, EMP2/6-31G(d,p) = 743.3657427 Hartree, and EB3LYP-D3BJ = 745.1261434 Hartree. All three curves sho the threefold symmetry typical for methyl groups. For the middle trace, reference values of α are the same as for the left hand side figure. The lower trace visualizes the oscillation of the acetyl methyl group upon the ring methyl rotation. The deviations of the dihedral angle β are given relative to the values of 171.94° (MP2/6-311++G(d,p)), 179.99° (MP2/6-31G(d,p)), and 179.97° (B3LYP-D3BJ) of the fully optimized geometries.

Figure 5 :

 5 Figure 5: The 2D-PES of syn-2A4MT calculated at the MP2/6-31G(d,p) and B3LYP-D3BJ/6-311++G(d,p) levels of theory. All geometry parameters were optimized except the two dihedral angles β and γ, which were varied in a grid of 10°. The color code indicates the relative energy

  . The average line width at half height is 23 kHz, 1/10 th of which (2.3 kHz) corresponds to the estimated measurement accuracy.

Figure 6 :

 6 Figure 6: A portion of the scan of 2A4MT in the frequency range from 11050 to 11400 MHz recorded by overlapping spectra with 50 co-added decays per each spectrum. Lines belonging to the 707  606, 717  606, and 321  212 transitions are labelled with the corresponding

Figure 7 :

 7 Figure 7: A typical high resolution measurement of the b-type rotational transition 515  404 of syn-2A4MT with its five torsional species (00), (10), (01), (11), and (12). The frequency is given in MHz. The brackets indicate Doppler pairs. The spectra were recorded at 8704.78 MHz and 8707.25 MHz; 145 and 1942 free induction decays, respectively, were co-added.

Figure 8 :

 8 Figure 8: Charge distributions in syn-and anti-2A4MT obtained from NBO calculations at the B3LYP-D3BJ/6-311++G(d,p) level of theory.

Figure 9 :

 9 Figure 9: Current representatives of the "thiophene class" with torsional barriers of the acetyl methyl groups given in cm 1 and in red. (1) 2-acetylthiophene (2AT) [40], (2) anti-2-acetyl-3methylthiophene [41], and (3) 2-acetyl-4-methylthiophene (this work). To explore the ring

Table 1 :

 1 Rotational

	10°. The relative energies are given in respect to the lowest energy conformation with EMP2/6-
	311++G(d,p) = 743.5356644 Hartree, EMP2/6-31G(d,p) = 743.3676980 Hartree, and EB3LYP-D3BJ =
	745.1270403 Hartree.
		constants (in MHz), dipole moments (in D), dihedral angles (in degrees),
	and relative energies (in kJmol 1 ) for the two conformers of 2A4MT calculated at the MP2/6-
	311++G(d,p), MP2/6-31G(d,p), and B3LPY-D3BJ/6-311++G(d,p) levels of theory.
	Par.	MP2/6

-311++G(d,p) MP2/6-31G(d,p) B3LYP-D3BJ/6-311++G(d,p)

  

		syn	anti	syn	anti	syn	anti
	Ae	2625.9	2712.0	2638.1	2703.2	2610.6	2697.8
	Be	1004.5	988.2	1006.3	993.2	1006.2	990.6
	Ce	733.2	732.7	735.1	732.9	732.9	731.1
	μa	3.41	2.43	3.38	2.35	3.33	2.36
	μb	3.41	2.32	3.25	2.19	2.81	2.15
	μc	0.00	0.39	0.00	0.00	0.00	0.00
	α	0.00	174.08	0.00	179.99	0.00	180.00
	β	179.95	171.94	180.00	179.98	179.99	179.99
	γ	0.39	0.79	0.00	0.04	0.03	0.01
	ΔE a	0	5.96	0	4.82	0	1.88
	a Energy differences including zero-point corrections relative to the most stable conformer syn-
	2A4MT with EMP2/6-311++G(d,p) = 743.4048610 Hartree, EMP2/6-31G(d,p) = 743.2331960 Hartree and
	EB3LYP-D3BJ/6-311++G(d,p) = 744.9959270 Hartree.			

Table 2 :

 2 Torsional barriers (in cm 1 ) of the acetyl methyl and the ring methyl groups in syn-and anti-2A4MT calculated with Pople's 6-311++G(d,p) basis set in combination with different methods. The deviations between the experimental and the calculated values are given as absolute values (in cm 1 ) as well as in percent relative to the experimental values in parentheses.

	syn-2A4MT

a Calculated in combination with the 6-31G(d,p) basis set.

  S-and13 C-isotopologues of syn-2A4MT but failed. It turned out that the remaining transitions in fact belong to the anticonformer. The analysis of the torsional fine structure of anti-2A4MT was successful by using only the program XIAM. The final global fit shown in Table4includes 359 lines. The assigned transitions are listed in Table S-9 in the Supplementary Material.

Table 3 :

 3 Molecular parameters obtained from the SFLAMS fits of all five torsional species of syn-2A4MT.

	Par. a Unit	(00)	(01)	(10)	(11)	(12)
	A	MHz 2646.24510(16) 2646.16204(12) 2644.34848(23) 2644.26521(22) 2644.26580(21)
	B	MHz 1006.336980(47) 1006.281189(41) 1006.237534(76) 1006.181833(75) 1006.181768(82)
	C	MHz 735.795173(34) 735.796273(25) 735.795885(46) 735.797123(45) 735.797048(52)
	ΔJ	kHz	0.02292(16)	0.02233(17)	0.02336(30)	0.02302(34)	0.02276(37)
	ΔJK	kHz	0.0104(18)	0.0089(16)	-0.0179(33)	-0.0166(32)	-0.0155(33)
	ΔK	kHz	0.6307(61)	0.6134(38)	0.517(12)	0.488(11)	0.517(11)
	δJ	kHz -0.007945(92)	-0.00746(10)	-0.00799(19)	-0.00742(22)	-0.00731(24)
	δK	kHz -0.001039(48)	-0.001039(44)	-0.000841(83)	-0.00100(11)	-0.00070(14)
	q	MHz		6.08400(26)	74.33572(50)	68.24826(46)	80.42373(44)
	qJ	kHz		-0.2076(61)	-0.908(10)	-0.6951(96)	-1.198(10)
	qK	kHz			-10.306(39)	-10.225(35)	-10.382(35)
	r	MHz		5.509(16)	17.2710(90)	22.8068(73)	11.709(16)
	N b		240	221	209	107	113
	 c	kHz	3.1	2.3	3.8	2.5	2.8

a All parameters refer to the principal axis system. Watson's A reduction in the I r representation was used. b Number of lines. c Standard deviation of the fit.

Table 4 :

 4 Experimental spectroscopic parameters of syn-and anti-2A4MT obtained with the program XIAM compared to the predicted values. Rotors 1 and 2 refer to the acetyl methyl and the ring methyl group, respectively.

	syn-2A4MT
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