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ABSTRACT

The microwave spectrum of 2,4-dimethylthiazole was recorded using a pulsed molecular jet
Fourier transform microwave spectrometer operating in the frequency range from 2.0 to 26.5
GHz. Torsional splittings into quintets were observed for all rotational transitions due to internal
rotations of two inequivalent methyl groups. Hyperfine structures arising from the nuclear
quadrupole coupling of the N nucleus were fully resolved. The microwave spectra were
analyzed using the modified version of the XIAM code and the BELGI-Cs-2Tops-hyperfine code.
The barriers to methyl internal rotation of the 4- and 2-methyl groups were determined to be
396.707(25) cm™t and 19.070(58) cm™, respectively. The very low barrier hindering the 2-
methyl torsion was a challenge for the spectral analysis and modeling, and separately fitting the
five torsional species together with combination difference loops was the key for a successful
assignment. The methyl torsional barriers were compared with those of other thiazole
derivatives, showing the influence of the methyl group position on the barrier height. The

experimental results were supported by quantum chemical calculations.

INTRODUCTION

Heterocyclic compounds form a large family of organic molecules with application in a wide
range from synthetic, pharmaceutical, industrial to biological fields. Thiazole and its derivatives
are among the most used aromatic five-membered heterocycles due to their structural
characteristics and their various biological activities. They exist as antibacterial,!
antiprotozoal,? and antitubercular.® In recent years, several molecules containing a nitrogen
atom have been detected in the interstellar medium (ISM), e.g. benzonitrile,* 2-
cyanocyclopentadiene,® and cyanonaphthalene.® Furthermore, a number of detected molecules

exhibit methyl internal rotation(s), e.g. acetamide,” methyl acetate,® and methyl isocyanate.’



Both aspects are present in methylthiazole derivatives, increasing their chance to be detected in
space. The identification of molecular lines in the ISM survey depends on the availability of
sufficiently accurate laboratory data that are compared to the telescope data. High-resolution
spectroscopic data obtained from laboratory studies have enabled the detection of a large
number of molecular species in space.®%-12 While there are many investigations on aromatic
heterocycle exhibiting one methyl internal rotation, ™" a limited number of molecules
undergoing internal rotations of two methyl groups have been reported.!® For one-top
molecules, all rotational lines appear as A-E doublets. In the spectra of molecules with two
equivalent or inequivalent methyl tops, the lines split into quartets or quintets, respectively.!®
In addition, *N nuclear quadrupole coupling causes hyperfine splittings due to the nuclear spin
| = 1 of the nitrogen nucleus coupled with the molecular angular momentum J. The spectral
assignment and modeling are more challenging for molecules combining the quadrupole

hyperfine structures and the methyl internal rotation fine splittings.

The barrier hindering a methyl internal rotation is a characteristic parameter for this
large amplitude motion. It is sensitive to the electrostatic and steric surrounding of the methyl
group and thus varies strongly in different molecules. Generally, the barrier can take values
from 0 cm™ to about 1000 cm™, where values larger than about 600 cm™ are considered high,
lower than 200 cm™ low, and in between intermediate. As shown in Figure 1, in 4- and 5-
methylthiazole, intermediate torsional barriers of 358 cm™ and 332 cm™, respectively, were
obtained,?*? but a very low barrier was found for 2-methylthiazole (35 cm™).2? Moving to 4,5-
dimethylthiazole, low torsional barriers were observed for the two neighboring methyl groups
(127 cm™* and 62 cm™ for the 4- and the 5-methyl groups, respectively) despite of steric
hindrance.? This is most probably due to the transfer of electronic effects through the entire -
conjugated system. The electronic contribution can come from distant electronic sources, as in

the case of 4-methyl-5-vinylthiazole, where the m-conjugated system of the aromatic ring



extended by the vinyl double bond impacts the methyl internal rotation, yielding a low torsional
barrier of 107 cm™1.2* The barrier height varies in a wide range from very low (35 cm™) to

intermediate (358 cm™) without any trend.

In the present work, the second member of the dimethylthiazole family, 2,4-
dimethylthiazole (24DMTA), was studied using a combination of microwave spectroscopy and
quantum chemical calculations with the focus on internal rotations of two inequivalent methyl

groups and the nuclear quadrupole coupling effects arising from the **N nucleus.
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Figure 1. Comparison of the internal rotation barriers of the two methyl groups and the *N nuclear
quadrupole coupling constant (NQCC) y.c in 24DMT A with the values of other thiazole derivatives. (1)
2-methylthiazole,?? (2) 4-methylthiazole,® (3) 5-methylthiazole,* (4) 4-methyl-5-vinylthiazole,* (5)

4,5-dimethylthiazole,® and (6) 2,4-dimethylthiazole (this work).

The internal rotation effects arising from two methyl groups combined with one *N
quadrupole coupling can be treated with the program XIAM,?®> where the nuclear quadrupole
interactions are considered using first-order perturbation method. However, XIAM often
struggles to reproduce and model the experimental data to the measurement accuracy for
molecules with low torsional barriers?>26-28 due to the limited number of available parameters.
In many cases, the program BELGI-Cs-2Tops?® has shown its ability for treating such internal
rotations.?*2°3! To model the microwave spectrum of 24DMTA, the modified version of the

XIAM code®223 and the BELGI-Cs-2Tops-hyperfine code?® were used.
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THEORETICAL METHODS

Geometry optimizations. Since thiazole is a planar aromatic heterocycle3* and the rotations of
the two methyl groups do not generate different conformers, only one conformer of 24ADMTA
is possible. Full geometry optimizations were performed using the GAUSSIAN 16% package
with the B3LYP-D3BJ*2° and MP2%° methods combined with the 6-311++G(d,p) basis set.*!
These two levels of theory were chosen as they predicted reliable rotational constants close to
the experimental ones for many aromatic molecules containing two methyl groups such as three
isomers of the dimethylfluorobenzene family,*# 2 5-dimethylthiophene,*  2,5-
dimethylfuran,*® and 2-acetyl-4-methylthiophene.*” The optimized structure of 24DMTA is
shown in Figure 2 in the principal axis system. The predicted rotational constants and dipole
moment components are collected in Table 1. The atomic Cartesian coordinates are given in
Table S1 in the Supporting Information. Anharmonic frequency calculations were performed

to obtain ground state rotational and centrifugal distortion constants, also given in Table 1.

For benchmarking purposes, calculations using various methods combined with
different Pople*! and Dunning® basis sets were performed to find other alternatives that can be
used for thiazole derivatives or similar molecules to guide the spectral assignment. Density
functional methods are B3LYP,**" including either D3,% D3BJ,* or Coulomb-attenuating
method (CAM),*® Head-Gordon’s ©B97X-D,*® Truhlar’'s M06-2X,°! Minnesota MN15,%2
Perdew-Burke-Ernzerhof,> with D3 if not included in the method. The two ab initio methods
are MP2 and coupled cluster (CCSD)>*. The predicted rotational constants are collected in Table

S2 in the Supporting Information.



Figure 2. The optimized geometry of 24DMTA obtained at the MP2/6-311++G(d,p) level of theory in

the principal axes of inertia. The nitrogen and sulfur atoms are illustrated in blue and yellow,

respectively. The hydrogen atoms are white and carbon atoms are grey.

Table 1. Equilibrium rotational constants A., Be, Ce, vibrational ground state rotational constants Ay, B,
Co, quartic centrifugal distortion constants in Watson’s A reduction obtained from anharmonic
frequency calculations, dipole moment components in a, b, and ¢ directions, **N nuclear quadrupole

coupling constants (NQCCs) calculated at the B3LYP-D3BJ/6-311++G(d,p) and MP2/6-311++G(d,p)

levels of theory.

Par. Unit B3LYP-D3BJ MP2
Ae MHz 3982.2 4022.2
Be MHz 1917.9 1919.1
Ce MHz 1315.6 1320.8
Ao MHz 3960.8 3993.7
Bo MHz 1907.2 1907.8
Co MHz 1308.3 1312.2
A3 kHz 0.07450 0.07440
Ak kHz 0.29267 0.09110
Ak kHz 0.99915 1.18312
o3 kHz 0.02398 0.02420
ok  kHz —0.22621 0.08899
|Hal D 0.25 0.30
[u| D 0.75 1.15
| Mc] D 0.00 0.04
yaa MHz 1.6795 1.5717
xob  MHz —4.0873 -3.7891
xec MHz 2.4078 2.2174
xab  MHz 1.0729 0.8669
yao MHz 0.0012 0.0458
xbe  MHZz —0.0034 —0.0632




14N nuclear quadrupole coupling constants. 24DMTA contains a nitrogen atom with a
nuclear spin | = 1, resulting in hyperfine splittings of all rotational lines which are characterized
by the NQCCs. To calculate NQCC values, Bailey’s method>® was used because it has yielded
reliable results for related aromatic five-membered rings, e.g., 4,5-dimethylthiazole,?® 4-
methyl-5-vinylthiazole,? 2,5-dimethylpyrrole,> and 2-methylpyrrole.*® Single point electronic
field gradient calculation was performed at the B3PW91/6-311+G(d,p) level of theory from the
structure optimized at the MP2/6-311++G(d,p) level (but other levels can be used also). The
calibration factor eQ/h = —4.599 MHz a.u.”! was used as recommended for m-conjugated
systems.>” The calculated values of the NQCCs are yaa = 1.70092 MHz, yub = —3.83094 MHz,
xcc = 2.13002 MHz, yab = 0.87166 MHz, yac = 0.04881 MHz, and ync = —0.06051 MHz. As no
symmetry constraints were imposed during the geometry optimizations, the resulting structure
did not achieve a perfect Cs symmetry, which explains the non-zero values for the two nuclear
quadrupole coupling constants yac and ync. For comparison, we also performed electronic field
gradient tensor calculations using the B3PW91/6-311+G(d,p)//B3LYP-D3BJ/6-311++G(d,p)
combination and the same calibration factor. The respective value of the NQCCs constants are
yaa=1.62706 MHZz, yob = —3.84828 MHz, ycc = 2.22122 MHZ, yap = 1.01653 MHz, yac = 0.00114
MHz and ybc = —0.00311 MHz.

Methyl internal rotations. 24DMTA contains two inequivalent methyl groups undergoing
internal rotations. The torsional barriers of the 4-methyl and the 2-methyl groups were
calculated by varying the two dihedral angles a1 = £(Cs, Cs, C7, H11) and a2 = £(S1, Ca, Ce, Ho),
respectively, in 10° steps, while all other geometry parameters were optimized at the B3LYP-
D3BJ/6-311++G(d,p) and MP2/6-311++G(d,p) levels. Due to the three-fold symmetry of the
methyl groups, a rotation of 120° was sufficient. The obtained energy points were
parameterized with a Fourier expansion with the coefficients given in Table S3 in the

Supporting Information. The potential energy curves are illustrated in Figures

Figure 3 and Figure 4. For the 4-methyl group, a three-fold torsional potential was obtained at
both levels, and the V3 term of the potential was determined to be 404.4 (B3LYP-D3BJ), cm™!

and 363.4 cm™!' (MP2), respectively. For the 2-methyl group, the potential curve remains three-
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fold in calculations at the B3LYP-D3BJ/6-311++G(d,p) level of theory with a V3 term of 46.6
cm! and a Ve contribution of 7.6 cm™!, but with the MP2 method, the significant Ve term of

29.8 cm™ ! clearly dominates the V3 term of 14.2 cm™!.

500
—o— B3LYP-D3BJ —o— MP2
400 -
_ 3001
£
(5]
> 200 -
5]
cC
L
100 +
0 ¢ T A% T g T
0 60 120 180 240 300 360
a, /°

Figure 3. The potential energy curves of 24DMTA corresponding to the rotation of the 4-methyl group
obtained at the B3LYP-D3BJ/6-311++G(d,p) and MP2/6-311++G(d,p) levels of theory by varying the
dihedral angle a1 = £(Cs, C4, C7, Hi1) in 10° steps. The calculated barrier to methyl internal rotation is
404.4 cm™! for B3LYP-D3BJ (black curve) and 363.4 cm™! for MP2 (blue curve). The energies are given

relative to the lowest absolute energies of Egsivp-pzs; = —647.8089211 Hartree and Emp, = —646.4851466

Hartree.
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Figure 4. The potential energy curves of 24DMTA corresponding to the rotation of the 2-methyl group
obtained at the B3LYP-D3BJ/6-311++G(d,p) and MP2/6-311++G(d,p) levels of theory by varying the
dihedral angle a2z = £(S1, Cz, Cs, Hg) in 10° steps. The calculated V3 term is 46.6 cm™! for B3LYP-D3BJ
(black curve) and a ratio Va/Ve of 14.2 cm™/29.8 cm™! is needed to reproduce the MP2 results (blue
curve). The energies are given relative to the lowest absolute energies of EgsLve-psss = —647.8089210

Hartree and Emp, = —646.4851484 Hartree.

Potential energy surfaces. The two-dimensional potential energy surfaces (2D-PES)
depending on the rotation of the 4- and 2-methyl groups were obtained by varying the dihedral
angles a1 = £(Cs, Cas, C7, H11) and a2 = £(S1, C2, Cs, Ho), respectively, in 10° steps, while all
other geometry parameters were optimized. Calculations at the B3LYP-D3BJ/6-311++G(d,p)
level of theory indicate that coupling between the two methyl rotors exists, as the shape of the
minimum regions is oblate instead of circular which would be the observation in the absence
of top-top coupling. For all data points, a maximal deviation of about 1% was obtained. At the
MP2/6-311++G(d,p) level, the 2D-PES also visualizes significant coupling, which requires not
only the cos(3a1)cos(3a2) term but also the sin(3a1)sin(3a2) term to be fitted (see Table S4 in

the Supporting Information). The top-top coupling is enabled by the electronic transfer due to



the m-electronic delocalization of the double bonds of the thiazole ring. The dominant Ve term
over the V3 term predicted for the 2-methyl torsion can be recognized by three double minimum

regions of a2 (in purple) at a1 = 60°, 180°, and 300°, as illustrated in Figure 5.

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

100 %

Nl coste e iy |

I
0 90 180 270 360

ol°

- 0%

Figure 5. The 2D-PES of 24DMTA depending on the rotation of the 4- and 2-methyl groups obtained
by varying the dihedral angles a1 = £(Cs, Ca, C7, H11) and a2 = £(S1, Ca, Cs, Ho), respectively, in 10°
steps, while all other geometry parameters were optimized at the B3LYP-D3BJ/6-311++G(d,p) and
MP2/6-311++G(d,p) levels of theory. The numbers in color code indicate the energy (in percent) relative
to the energetic minimum (0%) and maximum (100%) with Emin(B3LYP-D3BJ) = —647.808921,
Emin(MP2) = —646.485147 Hartree (0 %), Emax(B3LYP-D3BJ) = —647.806911 Hartree, and Emax (MP2)
= —646.483260 Hartree (100 %). The relative energies are AEgs vp-nses = 441.1 cm™' and AEwe, = 414.1

cm™!. Note that the scale is not linear to represent the low torsional barrier of the 2-methyl group.

EXPERIMENTAL SECTION

Measurements. The rotational spectrum of 24DMTA was recorded in the frequency range of
2.0 t0 26.5 GHz using a molecular jet Fourier-transform microwave spectrometer.5® The sample

was purchased from TCI Europe, Zwijndrecht, Belgium, with a purity of 98%. A few drops of
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24DMTA were put on a 6 cm piece of a pipe cleaner placed in front of the nozzle. Helium was
used as carrier gas. The mixture of helium and 24DMTA was expanded into the vacuum

chamber with a backing pressure of 2 bar.

A broadband scan was recorded at a step size of 0.25 MHz in the frequency range from
8.5 to 15.1 GHz. A portion of the scan from 11120 to 11220 MHz is given in Figure 6, where
lines are marked with their assigned quantum numbers and torsional species. Furthermore, all
lines observed in the stepped scan were re-measured at a higher resolution, appearing as
Doppler doublets due to the coaxial beam-resonator arrangement. The instrumental accuracy is
2 kHz.>® The estimated measurement accuracy for 24DMTA is about 6 kHz due to line
broadening from unresolved splittings arising probably from the spin-spin and spin-rotation

coupling. A typical high-resolution spectrum is given in Figure 7.

110 < Ogo 431 — 4y,
(01) (01)
(12) (11) M

(12)
A (11)
T M

o

11120 11140 11160 11180 11200 11220
Frequency / MHz

Figure 6. A portion of the broadband survey spectra of 24DMTA in the frequency range from 11120 to
11220 MHz recorded by overlapping spectra width of 0.25 MHz with 50 co-added decays per each
single measurement. The arbitrary intensity is given in a logarithmic scale. All signals are marked with
their assigned quantum numbers and torsional species. The splittings of the 4314, transition lines are

from the **N nuclear quadrupole coupling.
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Figure 7. A typical high-resolution spectrum of the b-type transition 414 < 30s. The N quadrupole
hyperfine components are given as F' < F. All the frequencies are given in MHz. The torsional species
are given in parenthesis; the Doppler doubles are marked by brackets. For the spectrum shown on the
upper trace, three high resolution measurements are combined. The polarization frequencies of
12742.602 MHz, 12743.251 MHz, and 12743.850 MHz are marked as red lines. For the spectra on the

upper trace, 50 free induction decays were co-added. The intensities are normalized.

Spectral assignment. 24DMTA features two inequivalent methyl groups undergoing internal
rotation. Due to these effects, each rotational transition splits into five torsional species called
(00), (10), (01), (11), and (12),%° each of them splits in addition due to the *N nuclear

quadrupole coupling. At the beginning, 24ADMTA was considered as an effective rigid rotor

12



(with only the (00) species), where both the methyl internal rotations and the ¥*N quadrupole
coupling effects were neglected to facilitate the spectral assignment. The theoretical rigid-rotor
spectrum was predicted with the XIAM code?® using the rotational constants and the dipole
moment components calculated at the MP2/6-311++G(d,p) level of theory given in Table 1.
Due to obvious planarity, only transitions of a- and b-types were expected. The predicted
spectrum was compared with the broadband scan from 8.5 to 15.1 GHz. The most intense
transitions with Ka = 0, 1, e.9., 313 < 202, 303 «— 202, 414 < 303, and 4o4 < 313, were identified
straightforwardly. As a second step, the hyperfine structures of the (00) components were
assigned using the NQCCs predicted with Bailey’s method, and an initial fit including 54 lines

was obtained.

To investigate the two methyl internal rotations, only the internal rotation of the 4-
methyl group was treated first due to its intermediate torsional barrier and the normal behavior
of its potential energy curve (see Figure 3). To predict the one-top spectrum, the torsional barrier
calculated at the B3LYP-D3BJ/6-311++G(d,p) level of theory and the angle between the
principal a-axis and the methyl rotor axis taken from the structure optimized at the MP2/6-
311++G(d,p) level of theory were input in the XIAM code. The rotational constants and NQCCs
were taken from the rigid-rotor fit. The (10) species lines, including their hyperfine splittings,
were found easily because the (10) and (00) components are close in frequency and can often
be captured in the same high-resolution measurement, as shown in the example spectrum given
in Figure 7. In total, a fit with 126 lines was obtained with J < 6 and a satisfactory standard

deviation of about 4.4 kHz.

To consider the 2-methyl rotor, we expanded the one-top fit to a two-top fit by adding
the corresponding torsional barrier and angle. The assignment and modeling of the (01), (11),
and (12) components were challenging due to the low barrier to internal rotation and the large

splittings between the torsional species. The (01) species were assigned after several attempts
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first by searching for some intense b-type transitions, which guided later the assignment of the
(11) and (12) components. A small number of weak a-type, but also some forbidden c- and x-
type (even AKa and AKc) transitions were observed in the spectrum. For c- and x-type
transitions, the quantum numbers Ka and K¢ have no meaning and they only indicate the order
of energy. During the assignment process, most a- and b-type frequencies were checked by
combination difference loops (Ritz cycles)®® to ensure the correct assignment as shown in
Figure 8. The hyperfine components of each rotation-torsional transition were also checked by
Ritz cycles, as illustrated in Figure 9. Once the number of assigned lines became sufficiently
large, each torsional species including the hyperfine splittings was fitted separately using the
WS18 code® where odd power order parameters in the H,,, term of the Hamiltonian®2®* were

needed for all torsional species other than (00):

Hop = (¢ + 4;P? + qiP? + q;xP?PZ + qii P} )P, + (r + 1/P% + 1P + 1 P?) -

1
~(P, +P.). @

8ps b 8
70 Q ;
60: ';A}.«;'——' " 65 By 8§
Sos 'ﬁ»“-—!"% S 0By o 533
P = ) ba 32
BT e e
= jr s
02 Q 21
To1 7 15 10
0

(00) / (10) state ° (01) 1 (11) / (12) state

Figure 8 Schematic illustration of almost all the rotation energy levels of the (00), (10), (01), (11), and
(12) torsional species of 24DMTA. Solid lines connecting the circles indicate transitions that were
checked by combination differences loops. Hyperfine components are considered (see Figure 9), though
the loops shown here only indicate the rotation-torsional transitions. Many of the loops sum within 2

kHz, but there are also some loops which sum to 10-20 kHz. Taking the average of all loop sums, the
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estimated measurement accuracy is 6 kHz. A number of weak a-type transitions could not be measured.

Therefore, some loops are not closed. Transitions involving in such loops are indicated as dashed lines.

Figure 9 Schematic illustration of three Ritz cycles used to checked the hyperfine components. The
numbers in black indicate the quantum numbers of the rotational transitions Ji_x_. The numbers in red,
blue, and green are the quantum numbers F. The hyperfine components of the same rotational level are

connected by the dashed black lines to ease the reading.

The separate (00), (10), (01), (11), and (12) fits given in

15



Table 2 possess reasonable standard deviations close to the measurement accuracy, confirming
that all lines are correctly assigned. The combination of Ritz cycles and separate fits was the

key to a successful assignment of the (01), (11), and (12) species.

In total, 919 lines including the hyperfine splittings resulting from the N nuclear
quadrupole coupling were fitted using a modified version of the program (XIAMmod)®>** that
can fit two more parameters compared to the original version of XIAM, to a standard deviation
of 46.0 kHz, while the measurement accuracy is estimated to be 6 kHz. To improve the quality
of the global fit, the BELGI-Cs-2Tops-hyperfine code?® was applied for the same data set. With
more fitted molecular parameters, BELGI-Cs-2Tops-hyperfine succeeded to decrease the
standard deviation to 6.5 kHz. The molecular parameters in the principal axis system obtained
using the two programs are collected in Table 3; the fitted frequencies are listed in Table S5 in
the Supporting Information. The BELGI parameters obtained in the “quasi-PAM” system?® are
given in Table 4. Only some of them can be converted into the principal axis system for a direct
comparison with the XIAMmod parameters (see Table 3). We note that the centrifugal distortion
constants are contaminated by the internal rotation effects and have become effective in the
Hamiltonian. Therefore, they no longer present the effect of centrifugal distortion in the
X1AMmod fit and their values differ from the predicted ones. In the separate fits shown in Table

2, all parameters are effective.

In addition to the 919 lines fitted using the two programs, four Q-branch transitions
including their hyperfine splittings have been assigned but were excluded from the fits due to
their large deviations. Their frequencies are given in the Table S6 in the Supporting

Information.
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Table 2. Molecular parameters used for the (00), (10), (01), (11), and (12) separate fits obtained
with the WS18 code.

Par.2 Unit Fit (00) Fit (10) Fit (01) Fit (11) Fit (12)

A MHz 4103.54846(22) 4103.07615(22) 4051.6945(14) 4051.2189(13) 4051.2616(13)
B MHz  1930.92274(13) 1930.91066(13) 1926.70375(32) 1926.69027(32) 1926.69103(30)
C MHz 1324.529750(71) 1324.529786(71) 1324.22004(34) 1324.22020(31) 1324.22107(32)
A3 kHz  0.080(2) 0.079(2) 0.274(3) 0.268(2) 0.278(2)

Ak kHz  0.446(8) 0.399(7) 11.699(73) 11.289(51) 11.310(54)
Ak kHz  2.557(16) 2.633(16) 37.67(32) 40.09(28) 39.76(26)

o3 kHz  0.027(1) 0.027(1) 0.123(1) 0.121(1) 0.125(1)

Sk kHz  0.202(22) 0.227(22) 6.254(52) 5.990(52) 6.062(52)

Yaa MHz  1.5074(14) 1.5034(14) 1.4946(20) 1.4897(17) 1.4924(15)
bb” MHz —3.7789(17) —3.7815(17) —3.7744(27) —3.7717(24) —3.7702(24)
2o MHz  2.2715(36 2.2781(36) 2.2798(61) 2.2818(53) 2.2779(55)
Zab MHz 0.9667(24) 0.9584(23) 0.9662(22)

q MHz 10.6122(14) 5293.5343(14) 5303.1709(13) 5282.4062(14)
K MHz —5.17(16) —1.53313(44)  —1.53487(39)  —1.52583(40)
a3 MHz —-0.23756(16)  —0.23819(12)  —0.23771(13)
QK kHz —0.594(23) —0.468(18) —0.509(19)
KK kHz —0.991(82) —1.616(81) —1.432(73)

r MHz 1568.3905(11)  1566.59567(79) 1569.88788(77)
rk MHz —1.45909(29)  —1.45851(27)  —1.46174(25)
r MHz —0.042623(21)  —0.042670(21)  —0.042710(20)
N¢ 196 199 167 178 179

rms¢ kHz 5.3 4.8 47 3.7 5.0

& All molecular parameters refer to the principal axis system. Watson’s A reduction in the I

representation was used. ® Derived from y = ybb — ycc. ¢ Number of lines. ¢ Root-mean-square deviation

of the fit.
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Table 3. Molecular parameters of 24DMTA in the principal axis system obtained using the XIAMmoqd

and BELGI-C;-2Tops-hyperfine programs.

Par.2  Unit XIAMmod BELGI Calc.
A MHz  4035.2460(41) 4035.59(15)  4022.2°
B MHz  1925.07535(64) 1925.1714(67) 1919.1°
C MHz  1324.51247(55) 1324.4563(58) 1320.8°
A; kHz  0.0192(63) 0.07440P
A kHz  0.773(86) 0.09110°
Ak kHz  1.68(25) 1.18312°
Va1 cm'  396.707(25) 403.329(44)  363.4°
V32 cm! 19.070(58) 23.2597(63)  14.2°

Vee cm! —1.941(36) —3.256(17)

p1 unitless 0.02423¢ 0.024514(13)

p2 unitless 0.02231° 0.0222649(19)

Fi2 GHz  3.06205° 3.1625(86)

Dyzg:  MHz  —0.158(62)
Dz MHz  0.0501(80)
Dpega  MHz  1.517(34)

Dy, MHz 0.165(14)
Dcay2 MHz  —0.435(76)
Deak2  MHz  —8.68(37)
Dez-2  MHz  —1.17(13)

£(i,a) deg  18.403(23) 18.127(15) 16.3°
Z(i,b)  deg  108.403(23) 108.127(15)  106.3°
£(i,c) deg  90.00° 90.00¢ 90.2°

£(iza) deg  147.9662(3) 147.7669(67)  148.0°
£(ib)  deg  122.0338(3) 122.2331(67) 121.9°

£(izc) deg  90.00¢ 90.00¢ 88.5"

Yaa MHz  1.483(16) 1.4849(23) 1.70092¢
b’ MHz  —3.758(21) -3.7612(20)  —3.83094°
Yoo MHz  2.275(45) 2.2763(30) 2.13002¢
[xabl MHz  0.963(29) 0.9873(42) 0.87166°
N9 919 919

rms" kHz  46.0 6.5

& All parameters refer to the principal axis system. Watson’s A reduction in the I representation was
used. ® Calculated at the MP2/6-311++G(d,p) level of theory. The rotational constants refer to the
equilibrium structure. The centrifugal distortion constants are obtained from anharmonic frequency
calculations. ¢ Derived parameters in XIAMmoq. ¢ Fixed due to symmetry. ¢ The NQCCs calculated at the
B3PW91/6-311+G(d,p)//MP2/6-311++G(d,p) levels of theory using Bailey’s method (see text). f
Derived from y_ = ybb — ycc. ¢ Number of hyperfine components. " Root-mean-square deviation of the

fit.
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Table 4. Molecular parameters of 24DMTA in the quasi-PAM axis system obtained by BELGI-

Cs-2Tops-hyperfine.

Operator? Par.>  Unit Value

P2 A MHz  4209.44(11)
P2 B MHz  1934.0669(53)
P? C MHz  1324.4563(59)
—p* Ay kHz 0.0596(16)
—P?p? A kHz -0.097(22)
—P? Ax kHz 2.003(36)
—2P%(Pf - P}) o) kHz 0.02008(92)
(1/2)(1 — cos3a,) Vi1 cm™! 403.329(44)
P,p: 01 GHz  8.0745(42)
P,p; r GHz 1.22696(79)
p? f1 GHz 163.9759°
(1/2)(1 — cos3ay) V32 cm’! 23.2597(63)
P,p, 02 GHz  7.13496(50)
P,p; r GHz  —2.05036(46)
p3 fa GHz 163.5744°
P,p,P? 023 MHz  0.01113(72)
P3p, 02k MHz  —0.08094(75)
P,p,P? ra kHz 3.087(28)
(1/2){PZ,P,}p, Fak MHz  —0.0758(38)
p3P2 f23 MHz  —0.05705(27)
(1 — cos3a;)(1 — cos3ay) Vize cm!  —3.256(18)
P1P2 f1o cm'  0.21098(57)

(1/2)(1 — cos3a,){P,, Py} Vioae  MHz —6.28(23)

(1/2)(1 — cos3a,){PZ — P}?} Viosce MHz —0.0836(74)
2yaa MHz 2.9829(45)
2)ob MHz —7.5355(40)
2yab MHz —1.9377(83)
Nd 919
rms® kHz 6.5

a Operator which the parameters multiply in the program. The torsional angles a1 and a2 correspond to

the 4- and 2-methyl groups, respectively. {A, B} is the anti-commutator AB + BA. ® All parameters
refer to the quasi-PAM system. ¢ Fixed to values from the XIAMmqq fit. ¢ Number of torsional components

including their hyperfine splittings. ¢ Root-mean-square deviation of the fit.

19



RESULTS AND DISCUSSION

The microwave spectrum of 24DMTA was analyzed and a total of 919 rotational lines including
the hyperfine splittings arising from the **N nuclear quadrupole coupling were fitted using the
X1AMmod and BELGI-Cs-2Tops-hyperfine programs to rms deviation of 46.0 kHz and 6.5 kHz,

respectively. The estimated measurement accuracy is 6 kHz.

Rotational constants. The experimental rotational constants obtained using the XIAMmod and
BELGI-Cs-2Tops-hyperfine programs are in good agreement, and they also agree well with
those predicted at the MP2/6-311++G(d,p) level of theory, where the deviation does not exceed
0.6 %. Results from the basis set variation (see Table S2 in the Supporting Information) show
that at all levels, the differences between calculated equilibrium and experimental vibrational
ground state rotational constants are reasonable with deviations being less than 2.7% for all
methods/basis sets used, but Pople’s basis sets often performs better than Dunning’s basis sets.
Therefore, calculated equilibrium rotational constants can be used to guide the spectral
assignment. Particularly, the MN15/6-31G(d,p) level of theory calculated almost exactly the
three constants, gives a deviation of about 0.02% for A rotational constant, and less than 0.4%
for B and C. The B3LYP-D3BJ method combined with 6-311+G(3df,3pd) and 6-311++G(3df,3pd)
basis sets predicts rotational constants closest to the experimental ones, providing a deviation less
than 0.2 % for the three constants. The MP2/6-31G(d,p) level recommended for other aromatic

rings!347:63-67 also performs well for 24DMTA.

Inertial defect. The planarity of the thiazoles is caused by the conjugated n-electronic system
for which the inertial defect A¢ gives direct information. For planar molecules containing two
methyl groups, the inertial defect is about —6.4 uA2.% The value of 24DMTA calculated using
the rotational constants of the XIAMmeq fit is —6.207 uA2, which is almost the same as those
found for other planar aromatic five-membered rings containing two methyl groups such as 4,5-

methylthiazole(—6.225 uA?),% 2,5-dimethylfuran (—6.280 uA?), and 2,5-dimethylthiophene.*®
20



It is also close to the values obtained for the two conformers of 2-acetyl-5-methylfuran (—6.580
uA? and -6.469 uA? for the cis and trans conformers, respectively),’® the 3,4-isomer of
dimethylbenzaldehyde (-6.469 uA? and —6.452 uA? for the anti and syn conformers,
respectively),®! and the values calculated at the B3LYP-D3BJ and MP2/6-311++G(d,p) levels

(—6.275 uA? and —6.350 uA?, respectively).

14N nuclear quadrupole coupling constants. The NQCCs values obtained with the XIAMmod
and BELGI-Cs-2Tops-hyperfine codes are extremely similar and are very close to the values
calculated at the B3PW91/6-311+G(d,p)//MP2-311++G(d,p) levels of theory. This
combination of the two levels gives excellent agreement with the experimental values for many
molecules with m-conjugated system.?>*":"0 Calculated values obtained using the B3PW91/6-
311+G(d,p)//B3LYP-D3BJ/6-311++G(d,p) combination are also in good agreement with the
experimental values. Bailey’s method yielded sufficiently accurate results and are therefore

recommended for similar substituted thiazoles.

For 24DMTA, the principal c-axis is collinear with one axis of the coupling tensor
because they are both perpendicular to the thiazole ring plane. Therefore, the NQCC ycc can be
directly compared with those obtained for other thiazole derivatives, as illustrated in Figure 1.
The ycc values of 2-methylthiazole (1) and 24DMTA (6) are very similar. Almost identical
values were observed for 4-methylthiazole (2), 4-methyl-5-vinylthiazole (4), and 4,5-
dimethylthiazole (5), which are the same as the value of 2.585(11) MHz found for thiazole.’*
A slightly larger value was observed for the 5-methylthiazole (3). This shows that the electronic
surrounding of the nitrogen nucleus is not affected much if a methyl group is attached at the 4-
position of the ring, while changes by a substitution at the 2 and the 5-positions are more

significant.

Methyl internal rotations. The barriers to internal rotation of the 2- and 4-methyl group

deduced using the XIAMmoqd program are 19.070(58) cm™* and 396.707(25) cm ™2, respectively,
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close to the values obtained with BELGI-Cs-2Tops-hyperfine (23.2597(63) cm™ and
403.329(44) cm™1). The differences are probably due to the different fitting methods and sets
of fitted parameters. For the 4-methyl rotor, the V3 values calculated using B3LYP-D3BJ/6-
311++G(d,p) and MP2/6-311++G(d,p) levels of theory differ by about 7.7 cm ™ and 32.9 cm ™,
respectively, compared to the value to XIAMmoq fit. The respective deviations for the 2-methyl
rotor are 27.5 cm™* and 4.9 cm™. However, we note that the potential barrier of the 2-methyl
rotor predicted at the MP2/6-311++G(d,p) level of theory involves a Ve contribution larger than
V3 (see Figure 4). Attempts to fit Ve were not successful, since only rotational transitions from

vibrational ground state are available in the data set.

The torsional barriers of 24DMTA were compared with values found for other thiazole
derivatives shown in Figure 1. Barrier heights of the 2-methyl and the 4-methyl rotors close to
those of the methyl groups in 2-methylthiazole?> and 4-methylthiazole,?° respectively, were
expected due to the similarity of the electronic and steric environment around each methyl
group. Indeed, an intermediate potential barrier of about 397 cm™ was obtained for the 4-methy!I
group (6), only slightly larger than the values of 358 cm™ found for 4-methylthiazole (2).%° The
2-methyl group (6) possesses a much lower value of about 19 cm™, close to the value of 2-
methylthiazole (1, 35 cm™).22 The barrier increase of the 4-methyl group and the barrier
decrease of the 2-methyl group could be explained by the coupling between the methyl rotors
caused by the electronic transfer through the entire n-System due to n-electron delocalization,
as mentioned in the potential energy surfaces section. The dramatic differences compared to 5-
methylthiazole (3),%' 4-methyl-5-vinylthiazole (4),%* 4,5-dimethylthiazole (5)?° are also most

probably due to electrostatic effects, as discussed in Refs. 18 and 2.
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CONCLUSION

The microwave spectrum of 24DMTA recorded under molecular jet conditions was
successfully assigned. Five torsional species arising from two inequivalent internal rotations
and the N quadrupole hyperfine splittings were observed, the line frequencies were fitted
using the XIAMmod and BELGI-Cs-2Tops-hyperfine programs. Not only the assignment, but also
the fitting process were challenging. The whole data set was reproduced with an rms deviation
of 46.0 kHz using the XIAMmod code. The BELGI-Cs-2Tops-hyperfine program succeeded to
decreases the rms deviation to 6.5 kHz. An intermediate torsional barrier of 396.707(25) cm™
and a very low barrier of 19.070(58) cm™* were found for the 4-methyl and the 2-methyl groups,
respectively. These values are close to those found for the corresponding monomethyl thiazoles.
Comparison with other thiazole derivatives leads to the conclusion that the barriers to internal
rotation are influenced by the positions of the methyl groups in the thiazole ring as well as the

top-top coupling enabled by the electronic transfer due to n-electron delocalization.
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