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ABSTRACT

A pure rotational spectrum of methyl p-tolyl sulfoxide (MTSO)was studied using chirped-pulse Fourier transform microwave spectroscopy
in the frequency range of 18-26 GHz. A single conformer was unambiguously observed in the supersonic jet expansion, which is consistent
with the conformational analysis performed using quantum-chemical calculations. Rotational transitions were split into two components of
A and E symmetries due to the low-barrier internal rotation of the ring methyl group [V3 = 11.0178(23) cm™']. The low energy barrier for
the methyl top internal rotation implies an electron-withdrawing effect of the group at the opposite side of the phenyl ring, in comparison
with other para-substituted toluenes. The effective ground state (r9) geometry was derived using the rotational constants from the parent
species and the **S and eight *C singly substituted isotopologues. Compared to two other sulfoxides, methyl phenyl sulfoxide and methyl
4-nitrophenyl sulfoxide, the sulfoxide group in MTSO is slightly more twisted with respect to the plane of the phenyl ring, which could
be attributed to the moderate electron-donating effect of the p-methyl group. Furthermore, the pyramidal inversion that interconverts the
handedness at the sulfur stereogenic center was explored in the electronic ground (Sp) and excited (S:) states with nudged elastic band and
time-dependent density functional theory methods. It was found that the pyramidal inversion in S, is easier than in Sp, showing that optical
excitation to S; will facilitate an effectively barrier-free inversion.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). hittps://doi.org/10.1063/5.0083534

I. INTRODUCTION motions are central for an experimental proposal to determine the

small energy difference between the two enantiomers due to the

Structural flexibility is a key feature for many molecules, includ-
ing chiral ones, and it finds application in different areas of chemical
and biochemical processes, such as improved interactions due to
structural rearrangements in molecular recognition.' Structural flex-
ibility of chiral molecules can, however, also be of great relevance
for advanced molecular physics experiments, aiming at controlling
and manipulating chirality at the molecular level in the gas phase.
Of particular interest here are intramolecular motions that change
the handedness of a molecule, such as in HOOH,” biphenyls,’
sulfoxides,” and structurally related molecules, where the enan-
tiomers can rapidly interconvert via tunneling. Such tunneling

parity-violating effect of the weak interaction, for example.” Like-
wise, large-amplitude/vibrational motions can induce chirality, such
as in small carbonyl-containing molecules (such as COFCI)° or
carbonic acids, such as formic acid.”

Another class of chiral molecules showing structural flexibility
is asymmetrically substituted sulfoxides, such as methyl phenyl sul-
foxide (MPS)® and methyl 4-nitrophenyl sulfoxide (MNPSO).” In
their electronic ground states, the sulfoxide group adopts a pyrami-
dal configuration. As such, these molecules are chiral with stable
enantiomers, i.e., separated by a high barrier so that they do not
interconvert on any relevant time scale. Upon electronic excitation,
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however, the sulfoxide group may become planar, resulting in an
achiral species, or become near-planar with the inversion barrier
significantly reduced.'’ This property is of interest for experiments
that aim at transferring molecules of one handedness into the other
handedness using optimized light pulses and well-controlled sam-
ples in the gas phase.'"'” For these experiments to be possible, how-
ever, a detailed understanding of the structure and intramolecular
dynamics of these molecules isolated in the gas phase is necessary.

Rotational spectroscopy is an established technique to obtain
precise molecular structures of gas-phase molecules.'” Rotational
transition frequencies are inherently linked to the molecular struc-
ture via the moments of inertia. Experimental bond lengths and
angles can be obtained through isotopic substitution, observed either
in natural abundance or in enriched samples. Isotopic substitu-
tion changes the mass distribution of the molecules and, thus, the
moments of inertia, which can be resolved in the rotational spec-
tra. In turn, different spectra for singly substituted isotopologues can
be used to determine the positions of the atoms in a molecule or a
molecular complex with respect to the center of mass of the species.
Intramolecular dynamics can result in characteristic splittings of
rotational transitions, and their analysis gives reliable information of
the respective motion and their associated barriers.'* These informa-
tion can provide insights into the chemical and physical properties
of this molecule.

In the present work, we investigate methyl p-tolyl sulfoxide
(MTSO) using broadband rotational spectroscopy to obtain its
structure, with a particular focus on the arrangement of the sulfoxide
group. The observed torsional splittings arising from the ring methyl
group, which give information on the electron-withdrawing effect
of the sulfoxide group, are carefully analyzed. A comparison with
related sulfoxides, such as methyl phenyl sulfoxide, is particularly
interesting, for example, to shed light on the effect of the para-
substituents on the geometry of the sulfoxide group and the pyra-
midal inversion dynamics. The spectroscopy work is accompanied
by quantum-chemical calculations at the density functional level of
theory.

Il. EXPERIMENTAL DETAILS

The pure rotational spectrum of methyl p-tolyl sulfoxide was
collected using our segmented 18-26/GHz chirped-pulse Fourier
transform microwave (CP-FTMW) spectrometer.'” The compound
[97% chemical purity, melting point (mp): 44-46 °C] was purchased
from Sigma-Aldrich and used without further purification. In order
to obtain a sufficient vapor pressure; the solid sample was placed in
a heatable nozzle reservoir and maintained at 100 °C. The vapor was
carried by a neon buffer gas with a stagnation pressure of ~3 bars and
seeded into a supersonic expansion through a solenoid valve (Parker
General Valve, Series 9) pulsing at 10 Hz. Following the expansion of
each gas pulse, a series of three pulse trains, which covers the entire
bandwidth of 8 GHz by combining ten 800 MHz segments, was used
to polarize the ensemble of the molecules. Afterward, 10 us of the
free induction decay (FID) were recorded in the time domain for
each segment. More details of the segmented approach can be found
in Ref. 15. In total, 2.1 x10° FIDs were measured and averaged for
each segment and combined together in the frequency domain after
fast Fourier transformation. The spectral resolution based on the
digitization rate of the Keysight digitizer card (3.2 GS/s) is 100 kHz,
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top view side view

FIG. 1. The equilibrium structure of methyl p-tolyl sulfoxide (MTSO) in the principal
axis system as obtained from the B3LYP-D4/def2-QZVP geometry optimization.

and the typical FWHM linewidths are ~200 kHz after applying the
Kaiser-Bessel window function.

Ill. COMPUTATIONAL DETAILS

The quantum-chemical calculations were carried out using the
ORCA 4.2.1 program.'”'” The geometry of MTSO was optimized
using the density functional theory (DFT) B3LYP method'** in
combination with Grimme’s D4 dispersion correction’’ and the
Karlsruhe def2-QZVP basis set.”” The obtained equilibrium struc-
ture is shown in Fig. 1, and the corresponding rotational constants
and electric dipole moment components were used for further spec-
tral assignments. To investigate the large-amplitude motions of the
two methyl groups, i.e., the sulfoxide and ring methyl groups, poten-
tial energy scans were performed by rotating them around the S;-C;
and C;-Cjo bonds, respectively, in 10° steps from —180° to 180°.
These calculations were carried out at the same level of theory as the
structural optimization, while all other geometrical parameters were
relaxed. As the V3 torsional barrier of the ring methyl group is rela-
tively low (~10 cm™"), more accurate DFT integration grids for SCF
iterations (Grid5) and final energy evaluations (Grid6) were used
instead of the default settings (Grid2 and Grid4) to achieve higher
precision.””

As mentioned earlier, the stereomutation at the stereogenic
sulfur atom, which adopts a trigonal pyramidal configuration, is
of important concern. Nudged Elastic Band (NEB) calculations”
were, therefore, performed for MTSO and other relevant sulfoxides
to explore the minimum energy path and search for the transi-
tion state of the pyramidal inversion in the electronic ground state
(So). The located saddle point connecting the enantiomer pair of
the global minimum was fully re-optimized to obtain the transi-
tion state. Furthermore, the time-dependent (TD) B3LYP method*
with the def2-QZVP basis set and the Resolution of Identity (RI)
approximation was exploited to compute the electronic transitions
and to optimize the geometries of both the equilibrium state and the
inversion transition state in the first electronic excited state (S1). The
orbital analysis was performed with the Multiwfn program.”®

IV. RESULTS AND DISCUSSIONS
A. Spectral assignments and fits

The torsional energy curves of the internal rotation motions
are shown in Fig. 2, and the threefold internal rotation barrier (V3)
is calculated to be 11.6 kj/mol (965 cm™) for the sulfoxide methyl
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FIG. 2. (a) The potential energy curve
(PEC) obtained by rotating the sulfox-
ide methyl group around the S4-C; bond
at the B3LYP-D4/def2-QZVP level of
theory. (b) The PEC obtained by rotating
the p-methyl group around the C;—Cqg
bond.
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group and 0.14 kJ/mol (11.7 cm™") for the p-methyl group, respec-
tively. The shoulder in Fig. 2(b), which shows the internal rotation of
the p-methyl group, is due to the moderately distorted phenyl ring
by the methylsulfinyl group. Such a low barrier of the ring methyl
group has been explored in other para-substituted toluenes and will
be discussed in Sec. IV B. Experimentally, only splittings arising
from the torsion of the p-methyl group are resolved in the spec-
trum (see Fig. 3). At the first stage, 127 spectral lines corresponding
to the A tunneling states were readily assigned, including all three
types of transitions, which is consistent with the calculated electric
dipole moment components from the DFT calculations (4, = 2.9 D,
ty = 2.8 D, and p, = 1.3 D). These collected transitions were fitted
with Pickett’s SPFIT program®’ using Watson’s A-reduced Hamil-
tonian in the I" representation, which gave a root-mean-square
deviation (RMSD) of 5.8 kHz.”®

Torsional angle (degrees)

Next, the fit of A species was transferred to the XIAM
program.”” The transitions corresponding to the E torsional state
were identified in the spectrum and gradually included to obtain
a global fit. The splittings of a-type transitions are relatively small
(within 150 MHz), while b- and c-types show much larger splittings
of up to 2 GHz. Regarding the intensities of the A/E components,
their intensity ratios depend not only on the magnitude of the dipole
moment components (4,, #4,, and u_) but also on the mixing of
the wavefunctions within the eigenvectors describing the initial and
final states of the transition, as shown in Ref. 30 after Eq. (15). For
a-type transitions, the intensity ratios of the splittings are about 1:1,
as shown in Fig. S1 of the supplementary material. However, they are
different for b- and c-type transitions. In the spectrum, the E com-
ponents of c-type transitions are more intense than their A compo-
nents, as presented in the zoomed-in panel of Fig. 3. On the contrary,

0.04
Experimental
-4
Sa-d2z ——— Simulation (A-state)
0.03 -
532-423 634-54
L -785 MHz
0.02 L 003 - |[E A
633-524
634-523
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FIG. 3. Section of the microwave spectrum of methyl p-tolyl sulfoxide (MTSO) from 18 to 20.5 GHz resulting from an accumulation of 2.1 x108 FIDs. In the left panel, the
experimental spectrum (in black) is shown in the upper trace and the simulated spectrum of A species (in red) based on the SPFIT results, as given in Table |, is shown in
the bottom trace. In the right panel, the A/E splittings are highlighted for two c-type transitions. The splittings are 638 and —785 MHz for the 633—5,3 and 634—54 transitions,
respectively. The corresponding observed intensity ratios of A/E c-type transitions are 1:5 and 1:8. In contrast, the E components of the 634—5,3 and 633-5,4 transitions are

not observed as they lack of sufficient strength.
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TABLE I. Molecular constants in the principal axis system (PAM) for the parent isotopologue of methyl p-tolyl sulfoxide
(MTSO) obtained with the BELGI-C, XIAM, and SPFIT codes in comparison to the results calculated at the B3LYP-D4/def2-

QZVP level of theory.”

Parameter’ Unit Prediction” BELGI-C; XIAM SPFIT

A MHz 3071.94 3062.414 2(66)" 3060.990(77) 3119.314 18(58)
B MHz 638.42 641.401 47(56)‘I 641.506 0(13) 641.50067(19)
C MHz 576.04 577.243 89(55)" 577.3449(14) 577.348 75(20)
Ay kHz e e 0.0422(25) 0.020 94(36)
Ak kHz 0.113(11) 0.1112(13)
Ak kHz ~1.948(93) 0.494(21)

&y kHz 0.001 80(74) 0.000 809(73)
Ok kHz 0.30(17) 0.239(17)
Vs GHz 350.8 330.305(69) 345.7(17) e

Vs J/mol 140.0 131.802(28) 137.9(42)

Vs cm™! 11.7 11.017 8(23) 11:53(14)

F GHz e 162.503(23) 160.80°

Fo GHz 161.90 159.436(39) 157.71(21)

I uA? 3.12 3.169 771 5(75) 3.204 5(43)

2(i, a) deg 5.13 5.957 543(99) 5.9515(6)

2(i, b) deg 86.67 86.907 20(18) 84.9206(10)

2(i, ) deg 93.90 95.086 880(39) 93.0935(11) e

t, D 2.9 Ve v v

7 D 2.8 Ve v v

H, D 1.3 Ve Ve v

No. of lines 127(A)+ 123(E)  127(A) + 123(E) 127(A)
rms kHz 8.5 71.9 5.8

*The complete BELGI-C; and XIAM fits are provided in Tables S1 and S2, respectively, of the supplementary material.
® All parameters refer to the inertial principal axis system. For the centrifugal distortion constants, Watson’s A-reduction and an

I" representation were used.
“Computed at the B3LYP-D4/def2-QZVP level of theory.

4Obtained by the transformation from the rho-axis system to principal axis system.

Derived from the fitted parameter Fj.

fMoment of inertia I, of the internal rotor, calculated from its rotational constant F,.

8Types of transitions (a-, b-, or c-type) observed.

most of the b-type E transitions in this frequency range are too weak
to be observed except the Q branch transitions, despite the fact that
ty is larger than u_and their A components are intense. In total,
123 E state lines were included in the XIAM fit, which yielded a
RMSD of 71.9 kHz. The line strengths predicted by XIAM are in
good agreement with the experimental spectrum. Although the pro-
gram XIAM is convenient to use, the result was not satisfactory
due to the lack of higher order coupling terms between the internal
rotation and the overall rotation. The fit was further refined using
the BELGI-C; code,’’ and the RMSD was significantly reduced to
8.5 kHz. The complete results from the BELGI-C; and XIAM fits are
given in Tables S1 and S2 (see the supplementary material), respec-
tively. The common spectroscopic parameters from these two fits are
compared in the principal axis system (PAM), after transforming the
RAM parameters from BELGI-C; into the PAM system, as given in
Table I, along with the results from the DFT calculations.

B. Internal rotation

The torsional barrier (V3) of the ring p-methyl group in MTSO
is 11.0178(23) cm™' in the BELGI fit. Due to the fact that only

ground state (v; = 0) transitions were observed from the cold molec-
ular beam, the contribution of V¢ cannot be assessed in the current
fit.” The obtained V3 potential is lower than the values determined
for many other para-substituted toluenes, which include p-cresol
[18.39(3) cm™'],* 4-methylacetophenone [21.744 98(6) cm™1),%°
p-tolualdehyde [28.111(1) cm™'],%¢ and p-methylanisole [49.6370(1)
cm™'].7 Although p-toluic acid has a slightly lower V; poten-
tial [7.899(1) cm™!], the leading term of its torsional potential,
Ve [-24.77(2) cm™'], is three times greater.’®

In previous studies, the height of the V3 potential was intu-
itively correlated with the symmetry of the phenyl frame to which
the p-methyl group is attached. The closer the frame to a C, sym-
metry, which resembles the phenyl ring in toluene, the lower the
barrier of the V3 potential.”” This phenomenon can be further ratio-
nalized from the perspective of the substituent effects, as the only
difference across the above-mentioned toluenes is the groups at the
para-position.”” Although these functional groups have no direct
interaction with the methyl group at the opposite side, their elec-
tronic donating/withdrawing effects can influence the delocalized
7 cloud in the phenyl ring and, consequently, change the elec-
tron density in the vicinity of the p-methyl group. The lower the
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TABLE II. Equilibrium state (re) (B3LYP-D4/def2-QZVP), effective ground state (rg), and XRD crystal structural parameters

(bond lengths in A and angles in degrees) of methyl p-tolyl sulfoxide (MTSO).
Bonds Te 70 XRD* Angles Te 70 XRD*
r(02-S1) 1.486 1.487(9) 1.505 2(C3-5,-037) 106.3 105.5(7) 105.5
r(Cs-S1) 1.821 1.813(10) 1.809  2£(C4=S,-03) 107.4 106.5(5) 106.5
r(C4-S1) 1.804 1.800(8) 1.804  2(C4-S:1-C3) 96.5 96.0(5) 97.6
r(Cs-Cy) 1.385 1.393(10) 1.380  2£(Cs-C4-S;) 118.9 119.0(5) 120.8
r(Cs-Cs) 1.389 1.400(8) 1.376  £(Ce—Cs5-C4) 119.2 119.2(6) 120.1
r(C7-Ce) 1.394 1.398(9) 1.396  £(C;-C6-Cs) 121.3 120.8(6) 121.0
r(Cs-Cy) 1.396 1.406(9) 1.376  £(Cs-C7-C¢) 118.4 118.6(5) 118.2
r(Co-Cs) 1.387 1.394(8) 1.393 2(Cy-Cs-C7) 121.0 121.2(5) 121.9
r(Co-Cy) 1.389 1.388(9) 1.397  £(C4-Cy-Cg) 119.4 119.0(6) 118.5
r(Cio-C7)  1.504 1.508(7) 1.518 2£(Cs5-C4-Co) 120.7 121.3(6) 120.3
2(Cy0-C7-Cs) 120.9 120.9(6) 120.5
7(02-81-C4-C3)  109.4 108.2(8) 108.7
1(02-81-C4-Cs) 7.2 6.7(15)" 8.2

*Data from Ref. 32. The uncertainties are 0.003-0.006 A for bond lengths and 0.3° for angles.
“Due to the lowest vibrational motion (42 cm™), in which the S=O group moves toward the phenyl plane, the uncertainty for

this dihedral angle is higher.

electron density, the lower the hindrance while rotating the methyl
group and the lower the potential barrier and vice versa. It is known
that the methoxy group (-OCH3) and hydroxyl group (-OH) are
electron-donating groups, while the acetyl group [-C(=O)CHs];
aldehyde group (-CH=0), and carboxyl group [-C(=O)OH] have
opposite effects.”’” Therefore, p-methylanisole has a relatively high
V3 term compared to others. Despite the electron donation of
the hydroxyl group, the potential barrier of p-cresol is lower than
p-methylanisole and even slightly lower than those with electron-
withdrawing groups. This can be attributed to the well-conserved
symmetry in p-cresol. On the contrary, when it comes to MTSO,
although the methyl sulfoxide group has the lowest symmetry
among these toluenes, it has the lowest torsional potential due to
the electron-withdrawing effect of the sulfoxide group.

C. Structural determination

Besides the normal species, spectra from the **S isotopologue
and the eight singly substituted '>C isotopologues were assigned in
their natural abundances and fitted with the BELGI-C, program.
The corresponding rotational constants are provided in Table S3
of the supplementary material. Afterward, the 30 rotational con-
stants obtained from the set of ten isotopologues allow us to derive
the effective ground state structure (o) by exploiting the STRFIT87
program of Schwendeman. '

The determined geometrical parameters of the MTSO back-
bone are summarized in Table IT in comparison with the equilibrium
geometry (r.) calculated at the B3LYP-D4/def2-QZVP level of the-
ory and the crystal structure previously determined by an x-ray
diffraction study.”” Overall, the results obtained from the present
gas-phase experiment show a better agreement with the theoreti-
cal structure, compared to that from the crystal XRD study, which
can be attributed to crystal effects. The overlap of the experimen-
tally derived heavy-atom positions with the optimized geometry is
depicted in Fig. 4.

According to the obtained structure, the sulfoxide moiety
(-S=0) is arranged almost co-planar with the phenyl plane. The
twist angle, T(02-S1-C4-Cs), is determined to be 6.7(15)°. The adja-
cent methyl group is almost perpendicular to the ring plane with a
dihedral angle, T(0,-S1-C4-C3), 0of 108.2(8)°. The orientation of the
sulfoxide group favors the overlap of its 7 orbital with the 7 system
of the phenyl ring and allows for the delocalization of the aromatic
7 electrons toward the sulfur atom through the conjugated sys-
tem. A similar arrangement was seen in the cases of methyl phenyl
sulfoxide (MPS)? and methyl 4-nitrophenyl sulfoxide (MNPSO).’
Lacking sufficient isotopic information, the geometrical parameters
for MPS and MNPSO were not well determined from the exper-
iments. To make a consistent comparison, their structures were
re-optimized at the same level of theory (B3LYP-D4/def2-QZVP),
which was carried out for MTSO. The calculated rotational con-
stants are in excellent agreement (with deviations of ~0.3%) with the

FIG. 4. Comparison of the calculated equilibrium structure (re, ball and stick model)
of methyl p-tolyl sulfoxide (MTSO), obtained at the B3LYP-D4/def2-QZVP level of
theory, with the experimentally determined heavy-atom positions (brown colored
spheres: C, red colored spheres: O, and yellow colored spheres: S) in the effective
ground state (rp).
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experimental results, as shown in Table S4. The optimized S=O/Ph
dihedral angle is 6.0° and 3.1° for MPS and MNPSO, respectively.
Considering that the methyl group is a weakly electron-donating
group whereas the nitro-group (-NO;) has a strong electron-
withdrawing effect, it is likely that the S=O group tends to be
subtly more twisted with respect to the phenyl plane when the para-
substituent is more electron-donating.'’ Interestingly, the character-
istic trigonal pyramidal geometry at the sulfur chiral center remains
unaffected.

D. Excited state pyramidal inversion

Stereomutation at sulfur in chiral sulfoxides has widely been
studied with both experimental and theoretical methods since the
1960s. The commonly accepted mechanism for the interconver-
sion between the enantiomer pairs of aryl methyl sulfoxides is
the pyramidal inversion.””"’ Such inversion normally takes place
under thermal (>200 °C) or chemical conditions (i.e., catalysts) and
proceeds through a transition state where the pyramidal geome-
try at the sulfur becomes trigonal planar and achiral. The barrier
to inversion is normally about 38-42 kcal/mol.** In this work, we
re-investigated the sulfoxide inversion pathway for the three above-
mentioned phenyl methyl sulfoxides using the NEB-transition state
(TS) method (see Fig. S2 of the supplementary material). The
transition states located on the potential pathway were optimized
at the B3LYP-D4/def2-QZVP level of theory and confirmed with
one imaginary frequency. The inversion barriers with zero-point
energy (ZPE) corrections are predicted to be 41.9, 41.3, and 38.1
kcal/mol for MTSO, MPS, and MNPSO, respectively, which are
in good agreement with previous studies."”"*° The geometrical
parameters involving sulfur are summarized in Table I1I. For each
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species, besides the trigonal planar geometry at the sulfur, the S-O
bond length is elongated in the transition state, while both of the S-C
bonds become shorter. In the case of MNPSO, the elongation of the
S-O bond is less, whereas the contraction of the S-Ph bond is greater
because of the electron-withdrawing effect of the p-NO, group. Fur-
thermore, in comparison, the associated inversion barrier is lower in
MNPSO.

When it comes to light-induced stereomutations, the inver-
sion at the sulfur center in the photochemical environment is much
faster than that in the electronic ground state.”” Previous studies
have ruled out the involvements of radical fragmentation and triplet
states.*® This implies that the barrier to pyramidal inversion in the
electronic excited state is lower than the ground state barrier. An
internal charge transfer (ICT) model for the excited state pyramidal
inversion has been proposed by Kathayat et al.'’ A brief descrip-
tion is that the electron density at the sulfur center is reduced by
charge transfer from the sulfoxide to the adjacent aromatic system
after initial excitation to a locally excited state. The reduced elec-
tron density, mainly involving the sulfur lone pair, can cause less
steric repulsion and, thus, lead to a lower barrier to the pyramidal
inversion. The corresponding molecular orbital in MTSO, MPS, and
MNPSO is the HOMO orbital, which includes the lone-pair charac-
ter of the sulfur, as depicted in Fig. $3. The LUMO orbital, as a 7*
orbital of the phenyl ring, is a candidate orbital to accept the elec-
trons. Notably, the shape of the LUMO orbital is slightly shifted to
the para-position in MNPSO due to the electron-withdrawing effect
of the p-NO, group. This transition is found to take place in the
So = Si1 excitation with a weight of ~95% for all three species. The
vertical excitation energy in MNPSO (359 nm, oscillator strength
(fosc) = 0.084) is smaller than that in MTSO (266 nm, f,sc = 0.073)
and MPS (268 nm, foc = 0.061). The pyramidal minimum energy

TABLE IIl. Geometrical parameters at the sulfur atom in the energetic minimum and transition state of MTSO, MPS, and

MNPSO, respectively, in the electronic ground (Sy) and first excited (Sy) states, calculated at the TD-B3LYP/def2-QZVP level
of theory.
So state S; state
MTSO MPS MNPSO MTSO MPS MNPSO
Energetic minimum
r(S-0) (&) 1.486 1.486 1.483 1.490 1.487 1.475
r(S-Me) (A) 1.821 1.821 1.821 1.803 1.801 1.793
r(S-Ph) (4) 1.804 1.806 1.809 1.652 1.654 1.694
(Me-S-O-Ph) (deg) 109.4 109.4 109.6 127.5 127.7 128.0
1(S=0O/Ph)" (deg) 7.2 6.0 3.1 67.5 67.5 70.1
Transition state

AE’ (kcal mol ™) 41.9 41.3 38.1 9.0 9.0 10.4
r(S-0) (&) 1.505 1.503 1.494 1.493 1.490 1.474
r(S-Me) (A) 1.787 1.788 1.788 1.796 1.796 1.796
r(S-Ph) (A) 1.733 1.731 1.713 1.682 1.675 1.705
T(Me-S-O-Ph) (deg) 180.0 180.0 180.0 179.7 179.0 179.3
1(S=0/Ph)" (deg) 54 5.0 3.1 80.0 82.6 88.5

*Dihedral angle between the S=O group and the phenyl ring.
®Corrected with zero-point energies.
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FIG. 5. Simple potential energetic pathways of the pyramidal inversion in the Sy
and Sy states for MTSO (red curve), MPS (green curve), and MNPSO (blue curve),
respectively, calculated at the TD-B3LYP/def2-QZVP level of theory. In order to
highlight the inversion barrier heights, the energetic minima for all three species are
set to the same level for Sy and Sy, respectively. Displayed geometries correspond
to the vibrational ground state and transition states at the inversion barrier. The
light blue ball in each of the geometries represents the para-substituents, which
are CHs, H, and NO,.

structure and the planar transition state for each molecule were opti-
mized in the S; state, as shown in Fig. 5. Comparing the excited
state with the ground state, as summarized in Table III, the sulfox-
ide group in the equilibrium structure is ~60° more twisted from
the phenyl plane and the pyramidal geometry is ~20° closer to the
trigonal planar. In the corresponding transition state, the sulfoxide
group changes from a pyramidal to a planar arrangement. This pla-
nar sulfoxide group is oriented almost perpendicularly to the ring
plane instead of being co-planar as in the electronie ground state.
The energy barrier to the planar geometry:is significantly reduced
t0 9.0, 9.0, and 10.4 kcal/mol for MTSO, MPS, and MNPSO, respec-
tively, which reinforces the idea that the electron-withdrawing effect
of a para-substituent (e.g., -NO>) leads to-a higher inversion bar-
rier in the S; state.'’ In addition, we have calculated the energy of
the S; state when it is excited in a vertical So — Sy excitation. At
this geometry, the potential is 17.9, 18.1, and 19.9 kcal/mol above
the inversion barrier for MTSO, MPS, and MNPSO, respectively.
Consequently, optical excitation to S; can lead to a rapid, non-
thermal inversion of the handedness, which makes this molecule
ideally suited to change and control its chirality using adapted light
pulses.

V. SUMMARY

In summary, the rotational spectrum of methyl p-tolyl sul-
foxide, where one conformer was unambiguously observed, was
reported. By taking advantage of the assignments of the normal
species and the **S and > C singly substituted isotopologues in their
natural abundances, the effective ground state geometry (ro) was
readily determined, which is in good agreement with the equi-
librium structure (r.) obtained from the DFT calculation. As the
methylsulfinyl group and the p-methyl group are situated at the
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opposite ends of the phenyl ring, the intramolecular interactions
between them, including steric repulsions and dispersion attrac-
tions, are nearly negligible. Interestingly, the two functional groups
can still interact with each other through the delocalized 7 sys-
tem in the phenyl ring. On the one hand, the electronic effect
of the methylsulfinyl group, which causes subtle changes in the 7
cloud, is sensitively probed by the internal rotation of the p-methyl
group. The barrier of the internal rotation motion is determined to
be only 11.0178(23) cm™! from the observed A/E splittings of the
rotational transitions, which is lower than that of many other sim-
ilar para-substituted toluenes. The low barrier results from lower
electron density around the methyl group and indicates an electron-
withdrawing effect of the methylsulfinyl group. On the other hand,
the para-substituents have clear impacts on the pyramidal inver-
sion dynamics of the sulfoxide group in both the ground and first
electronically excited states. With the TD-B3LYP calculations, it is,
evidently, shown that the sulfoxide pyramidal inversion is signifi-
cantly more facile in the S; state and, after vertical excitation to S;
with optimized light pulses, the handedness is likely to interconvert
barrierlessly.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details of A/E
splittings (Fig. S1), pyramidal inversion pathways (Fig. S2),
HOMO-LUMO orbital contributions to the So — S, transitions (Fig.
S3), complete results of the BELGI-C,; and XIAM fits (Tables S1-S3),
rotational constant deviations for MPS and MNPSO (Table S4), and
experimental transition frequencies (Tables S5-S14).
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