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regions in the near infrared (NIR). The presence of sulfur is associated with
intensification of the NIR-VCD spectra, similarly to what is monitored with
electronic circular dichroism (ECD) and optical rotatory dispersion (ORD). DFT
calculations, dealing with anharmonicity at the GVPT2 level or based on the local
mode approximation, permit to correctly predict the large majority of observed
VCD and IR/NIR bands and to explain the role of various molecular moieties. Also,
ORD data are better interpreted by including anharmonic vibrational contributions.
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1. Introduction

Methyl-oxirane in its chiral form has a long story in spectroscopy: indeed it aroused great interest in
astrochemistry, after it had been claimed, based on microwave spectroscopy data, that it was spotted in the far
universe as the first chiral molecule in space [1]. The chiral nature, racemic or with enantiomeric excess (e.e.), of
the detected molecular system couldn’t be determined in this discovery. Many spectroscopic studies were
conducted to define chiroptical properties of methyl oxirane and its derivatives in different energy regimes.
Ionizing radiation was used to characterize circular dichroism of photoelectron emission of methyl oxirane by
Photo Electronic Circular Dichroism (PECD) [2—4], while at lower energies the studies involved optical rotation
dispersion (OR/ORD) [5] and vibrational optical activity (VOA) [6] methods, like Raman optical activity (ROA) [7]
or vibrational circular dichroism (VCD) [8]. The choice of the last three methods was preferred over standard
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electronic circular dichroism (ECD), due to the absence or small intensity of ECD signals in the normally
accessible UV-vis range with a couple of studies reported and carried out, below 180 nm, by the use of synchrotron
radiation CD or dedicated vacuum UV (VUV)-CD spectrometers [9—11]. We contributed a bit to these studies,
extending VCD investigations of methyl oxirane, in both enantiomeric forms to a wider range, including the near
infrared (NIR) region and comparing with the corresponding chiroptical data of (R)-2-methyl thiirane [12]. For
the latter compound we also measured ECD spectra at ca. 270 nm (vide infra).

In the present work we consider two molecules closely related to methyl oxirane and methyl thiirane, namely
(R)-2-chloro-methyl-oxirane and (R)-2-chloro-methyl-thiirane, the first of which had already been studied by
Wang and Polavarapu [13] and by some of us previously [14]. In this work we concentrate on the effects caused
by the introduction of the sulfur atom in place of the oxygen atom, and by the substitution of the methyl group
with the chloromethyl group, especially in terms of the VCD and IR/NIR intensities, rather than only of the
vibrational frequencies. In Table 1, we compare the OR data at 589 nm (see also Scheme 1 for the chemical
structures of the four compounds). Introduction of the sulfur atom appears to increase the magnitude of the
observed OR. Also, the presence of the chlorine atom appears to give rise to some increase of OR by ca. a factor
close to 2.4 for similar solvent and concentration conditions. In any case the calculation of OR values, which could
help in understanding the role of sulfur with respect to oxygen, even though looks difficult [15,16], is also in part
related to vibrational anharmonic aspects, as recently treated by some of us [17] and thus is relevant for the present
investigation. In extending the study to the thiirane compounds, on which we had a previous experience (and this
study in a way completes our previous investigations), we further prove the role of anharmonicity as essential to
explain the VOA spectra in detail. However, since the ECD data for (R)-2-methyl-thiirane, (R)-2-chloro-methyl-
thiirane are available and somewhat interesting, we present also them in a subsection of the “Results and
Discussion” section, aiming at finding some empirical connection with ORD and VCD data.

Table 1. Specific optical rotation values [a]p at 20 °C (at 589 nm) for the four molecules under study [2-Methyl-
Oxirane, Chloro-2-Methyl-Oxirane, and 2-Methyl-Thiirane, 2-Chloro-Methyl-Thiirane] in (R) enantiomeric form: *
notice the large variability of measured OR values due to solvent dependence as proven by P.H. Vaccaro et al. [15];
** this work.
(R)-(-)-Me-Cl-Ox — +34° (¢ 1 in CCly) * (R)-(+)-Me-Ox — +14° (c 1 in CCly) *
(R)-(+)-Me-CI-Thii — +134° (¢ 1 CCly) ** (R)-(+)-Me-Thii — +56° (¢ 1 CCly) **

o H4C o
H, Hy

(R)-(+)-Me-Ox (R)~(-)-Me-Cl-Ox (R)-(+)-Me-Thii (R)-(+)-Me-CI-Thii

H;C

Scheme 1. Structure of the four chiral compounds studied here: (R)-2-methyl-oxirane, (R)-2-chloromethyl-oxirane,
and (R)-2-methyl-thiirane, (R)-2-chloromethyl-thiirane.

2. Materials and Methods

Below, we briefly describe how the (R)-2-(chloromethyl)thiirane was obtained and characterized, since this
compound is not present in the literature in enantio-pure form. We conclude this section by presenting the
chiroptical methods employed and the computational tools used.

2.1. Experimental Methods: Synthesis of (R)-2-(chloromethyl)thiirane and Characterization

Conversion of (S)-2-(chloromethyl)oxirane to (R)-2-(chloromethyl)thiirane was performed in water
according to a known procedure, which had been applied in this context, with ammonium thiocyanate at room
temperature (20 °C). This synthetic route was selected, among those reported in the literature [12,18,19], because
it involves a Sx2 mechanism that prevents the racemization of the chiral centre, according to Scheme 2.
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Scheme 2. Preparation of (R)-2-(chloromethyl)thiirane from (S)-2-(chloromethyl)oxirane in H2O at 20 °C with

ammonium thiocyanate.

The synthesized 2-(chloromethyl)thiirane was purified with difficulty. Indeed, the final product degraded
very easily and was extremely volatile. Particularly, distillation of the reaction mixture by sample warming caused
very low yields. Higher yields were only achieved by separation processes based on vacuum distillation in a low
impedance transfer line between cold traps, whose temperature was controlled by thermostatic baths. The
difference in vapor pressure, as a function of temperature, of solvents and the synthetized compound allowed clean
extraction of 2-(chloromethyl)thiirane. In this procedure, monitoring of the nature of the extracted vapor in the
transferred line, accomplished by recording He Ia (21.218 eV) photoelectron spectra (PES), was crucial. The vapor
pressure is 0.13 atm at 70-72 °C, while the normal boiling point is not known since the pure compound
decomposes, likely forming a solid polymer, at high temperature.

22.5 g of (S)-2-(chloromethyl)oxirane (0.24 mol, 19 mL), as purchased by Merck Life Science (98% purity),
were introduced in a round-bottom flask with 495 mL distilled water and 112.5 g of ammonium thiocyanate (1.5 mol).
The solution was magnetically stirred at 20 °C for four hours, then 120 mL of pentane were added to quench the
reaction. The solution was debated in an extraction funnel to separate the organic phase, containing the synthesized
compound, from the aqueous solution. The 120 mL pentane extraction from the aqueous solution was repeated twice.
The organic phase, collecting the three extracted fractions, was dried over anhydrous Na,SOs. The solution thus
obtained was filtrated and placed in a 500 mL two-necked flask that was connected to the vacuum transfer line.

Pentane and other volatile species (atmospheric gases) were removed from the liquid solution, kept at —30 °C,
in the transfer line by rough pumping with a mechanical rotary pump for 15 h. A further 5-h pumping, while
gradually increasing the temperature to —10 °C, was needed to remove completely pentane from the solution
containing the synthetized thiirane. (R)-2-(chloromethyl)thiirane was extracted as pure compound from the
solution kept at +5 °C by transferring, in static vacuum, into a 50 mL flask, which was dipped in liquid nitrogen.
75 h were needed for a complete extraction of the synthetized thiirane.

Pure (R)-2-(chloromethyl)thiirane was obtained with 16% yield. Chemical purity of the methylthiirane was
checked by: (i) 'TH-NMR (400.13 MHz, C6D6): 5 1.59 (1H, dd of CH2), 1.88 (1H, dt of CH2), 2.57 (1H, m, CH),
2.66 (1H, dd of CH2CI), 3.27 (1H, ddd of CH2CI) (see Figure S1); and by (ii) *C-NMR (100.61 MHz, C6D6):
48.7, 33.5, 25.3 (see Figure S2).

Mass-Spectrometric methods were also employed to further check enantiomeric purity (see Figure S3 and
related text). Finally optical rotation (OR) was measured through a polarimeter measurement with a Jasco P2000
Polarimeter, yielding [a]p = +134.4 at 20 °C (Table 1). Optical rotatory dispersion (ORD) curves were also built
by linearly connecting measure OR values from 589 to 405 nm (vide infra).

2.2. Experimental Methods: Chiroptical Spectroscopies.

We measured ORD with a Jasco P2000 polarimeter with the sample solution contained in the quartz
cylindrical 10 cm cuvette normally employed for OR measurements; the dedicated software allowed to derive
specific optical rotation values for all considered wavelengths and an ORD curve is drawn by linearly connecting
the measured OR values: we notice that for (R)-2-chloromethyl-thiirane the ORD curve rapidly increases,
suggesting an anomalous trend starting at ca. 380 nm, and we think that this behavior is determined by the close-
by ECD Cotton positive band observed at 270 nm (vide infra). The behavior of ORD for (R)-2-methyl-thiirane is
even odder and will be discussed later.

For ECD measurements we used a Jasco 815SE apparatus with samples contained in a 0.1 mm cuvette for (R)-
2-(methyl)thiirane and (R)-2-(chloromethyl)thiirane in CsH» at the low concentration values 5.3-10> M and 9.0-1073
M respectively, to broaden the range the range as much as possible (vide infra). 10 accumulations were taken, and
solvent ECD spectra recorded in the same conditions were subtracted. ECD measurements were repeated also in CCly
(data not reported) in order to check differences and to be coherent with IR-VCD results.

VCD spectra were recorded with a Jasco FVS 6000 FTIR instrument in the mid-IR (from 850 cm™ to 2000 cm™;
mid-IR + combination region) employing a MCT detector with BaF, cells of 0.100 mm for the region 850—-1600
wavenumber and 0.500 mm for the region 1700-2200 wavenumber. 6000 scans were taken and accumulated. The
same Jasco FVS 6000 FTIR instrument was employed for the fundamental CH-stretching region using quartz
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cuvettes Imm long and with an InSb detector (6000 scans). In all cases, the VCD and IR spectra of the solvent
(CCly) were taken in the same condition and were subtracted out of the VCD and IR spectra of the solutions. When
necessary, namely for the mid-IR 2/3 quanta overtone and combination region, also the VCD and IR spectra of
(R)- and (S)-2-(chloromethyl)oxirane were re-measured or measured de novo with the same protocol of the
adjacent region and as done before by us.

In the NIR regions (from 2000 to 1000 nm namely in the 5000-9000 cm! range) VCD spectra were taken
with a home-made dispersive instrument previously described [20], encompassing the Av = 2 CH-stretching first
overtone region, the combination of Av = 2 CH-stretching transition and Av = 1 HCH-bending transitions (which
we call Av = 2.5 region), and the Av = 3 CH-stretching second overtone region. Except for (R)-2-chloro-methyl-
oxirane Av = 2 measurements, which were performed on 1 M/CCl, solutions contained in a 10 mm quartz cuvette,
all NIR-VCD measurements were recorded on neat samples contained in quartz cuvettes of different path-length
(1 mm for Av = 2 and 5 mm for the others regions). At least 4 scans were taken, as well as the so-called ABL
spectra were recorded and subtracted from VCD spectra.

2.3. Computational Methods

The Gaussianl6 package [21] was employed to calculate the VCD, ECD spectra, the corresponding
absorption spectra, and frequency-dependent optical rotation. When necessary, GVPT2 approach was followed as
it appears in Gaussianl6, to evaluate the anharmonic features in either the absence or the presence of Darling-
Dennison or Fermi resonance effects between overtones/combination transitions and fundamentals. Up to 3-quanta
transitions were considered [22], as done in our previous works [12]. (In Figure S8 comparison of harmonic and
anharmonic results is reported for (R)-chloromethyl-thiirane and (R)-chloromethyl-oxirane. Also an input example
for the procedure is reported). The conformational search was first run, by acting directly on just the one degree
of conformational freedom which we assumed responsible for molecular conformations, namely the dihedral angle
Cl-C-C-O(S). The three conformers thus found, after minimization at the DFT level, are presented in Figure 1 and
are named as Gauche I, Gauche II and Cis, according to Wang and Polavarapu [13], and Durig et al. [23,24]
looking at the values of the dihedral angle y formed by the C—Cl bond and the bisector of the ring. The
computational level was B3PWO91/jun-cc-pVTZ and results compared well with our previous investigation of (R)-
2-chloromethyl-oxirane, which had been conducted at the B3LYP/6-311G(2d,2p) level. Simulating spectroscopic
properties, both the gas-phase condition and the PCM method for CCls were considered. Since they did not exhibit
large differences, with the only exception of OR data, we present here the gas-phase case. A recent in-depth study
of the conformational properties for chloromethyl-oxirane and chloromethyl-thiirane has been published [25] and
conclusions are similar to the ones proposed here (see Table S1) as well as our previous study [14]. Consequently,
we adopted the Boltzmann factors reported in [25] for CCly and neat liquids. (In Table S1 energy values and
Boltzmann factors are reported, in Table S2 geometry parameter obtained after optimization). For the NIR and
fundamental CH-stretching region also the local mode approach was pursued, which is presented below just for
the CH-stretching cases. Local mode calculations were performed with lcmodslib set of python scripts [26] which
prepares and processes Gaussian files.

H,C —s H,C ——s
H cl cl H
H H
H H
H,C——|——0 H,C ——o0
H cl cl H
H H

(a) (b) ()

Figure 1. Schematic representation of the Cis (a); Gauche I (b) and Gauche II (¢) conformers of (R)-chloromethyl
thiirane (top) and of (R)-chloromethyl oxirane (bottom). Notation taken from ref. [13]. (Boltzmann) population
factors (y values in parenthesis are for the dihedral angle between CCl and bisector line of S(O)-CHz bond) for (R)-
chloromethyl thiirane: (a) 2% (y = 8°); (b) 16% (y = —-118°); (¢) 82% (y = +123°); for (R)-chloromethyl oxirane:
(a) 8% (y = 15°); (b) 34% (y = —117°); (¢) 58% (y = +127°). Populations given for CCly solutions [25].
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For calculated IR and VCD spectra different bandwidths were adopted, depending on the spectroscopic
region: 7 cm ™! in the 850-2400 cm ™' range; 10 cm™! in 2750-3200 cm ™! range; 15 cm™! for Av =2 and 30 cm™! for
Av = 2.5 and Av = 3. For ECD spectra, 0.15 eV bandwidth was applied and no shift in energy was adopted.

3. Results and Discussion
3.1. VCD

In Figure 2 we report for an overall comparison the experimental VCD and IR spectra in all the investigated
regions. We can make the following empirical observations on the VCD/IR data. (1) The presence of the chlorine
atom in the chloro-methyl group assigns to the latter a larger Cahn-Ingold-Prelog [27] (CIP) priority than the
nearby —(CO(S)H>) group, while the methyl group has a smaller priority index than -(CO(S)H>) (see Scheme 1):
this explains some interesting sign differences in (R)-2-chloro-methyl-oxirane with respect to (R)-2-methyl-
oxirane and in (R)-2-chloro-methyl-thiirane with respect to (R)-2-methyl-thiirane. This is particularly evident in
the high overtone/local mode region; (2) the substitution of O with S appears to increase VCD intensities (and also
absorption intensities) in the overtone Av = 3, where the local mode behavior dominates; (3) the mid-IR and, to a
lesser extent, the CH-stretching fundamentals for the chloromethyl compounds appear less intense in VCD than
the corresponding methyl compounds: one cause for this might be that three different inequivalent conformers of
the chloromethyl group are expected, while the methyl group is freely rotating.

le—2
Av=3 Av=2.5 Av=1 comb fingerprint
A e e
Me-CI-Thii
5
P
5 Me-Cl-Ox
w
<
1 Me-Thii
o:@e—: ----- MW 4
il x108 MeOx g4 x102 %5 x20
9000 8500 77500 7000 6000 3000 2000 1500 1000
Wavenumber / cm™?!
500
x103 x103 x102 x5 x20
400 Me- CI Thii
Me-Cl- Ox
w
2001
M -Thii J\/\\'\)AL
100 \\JMMAA
Me—Ox
0 .4--/"\’\«» At Al
9000 8500 77500 7000 6000 3000 2000 1500 1000

Wavenumber / cm™!

Figure 2. Comparison of experimental VCD (top) and IR (bottom) spectra for (R)-chloromethyl thiirane, (R)- and
(S)-chloromethyl oxirane, (R)-methyl thiirane and (R)- and (S)-methyl oxirane (blue lines are used for the R
configuration and red ones for the S configuration) from 900 to 9000 cm™'. Vertical axis is in intensity units:
M 'em™) = (10°cm?*mol) for the fingerprint region (900-1500 cm™); for the other regions data need to be
multiplied by the indicated factors, since units are correspondingly smaller. See the experimental section for details.
(Please notice the intensity factor e — x = 10 for VCD y-scale, given on top of the VCD spectra).
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Let us now examine if calculations back up these observations. From here, in the text, we limit ourselves to
the two chloromethyl molecules of the title for VCD/IR(NIR), since comparison of methyl oxirane and methyl
thiirane data and anharmonic calculations were presented and amply commented in ref. [12].

3.1.1. VCD in the Mid-IR

In Figure 3 we report the comparison of experimental and calculated IR and VCD spectra for (R)-2-
chloromethyl-oxirane and (R)-2-chloromethyl-thiirane in the standard mid-IR and in the less standard region
between 1800 and 2100 cm ™!, The former region is determined mostly by fundamental bending and CC/CO(CS)
stretching transitions, while the latter contains just combination and overtone transitions, whose fundamentals are
located at ca. 1000 cm™'. The experimental data are all from our lab, and calculations include anharmonicity treated
at GVPT2 level as implemented in Gaussian [12,21], we wish to remind that, because of anharmonicity treating,
no scaling factor was necessary. The computational results are Boltzmann averages over the spectra of the three
conformers; the results for the single conformers are given in Figure S4A,B and one can see that the three
conformers do not give very different results in sign and magnitude (the Cis conformer contributing very little,
being weakly populated), in contrast to what happens in the CH-stretching region. As observed by Palumbo et
al. [25] and by Durig et al. [23,24], the Gauche II conformer, exhibiting small permanent dipole moment, largely
prevails in CCly solvent, as well as in all apolar solvents and in the gas phase. In the condensed phase the polar
Gauche I acquires importance, which should be kept in mind when analyzing neat liquid data. Computational
results in the standard mid-IR region are pretty good for all IR/VCD bands and several features are common to
both compounds with higher intensity in the oxirane case (see for example the CHx-bending band at 1405 cm™).
Compared with our previous investigations of (R)-2-methyl-oxirane and (R)-2-methyl-thiirane, (R)-2-
chloromethyl-oxirane and (R)-2-chloromethyl-thiirane exhibit an extra intense IR absorption band at ~1250 cm™
with corresponding little VCD for (R)-2-chloromethyl-thiirane and medium VCD for (R)-2-chloromethyl-oxirane.
This is due to CH, wagging in the CH,Cl group, which implies strong dipole moment derivative and thus high IR
intensity, but is sufficiently removed from the stereogenic carbon, thus causing non-large VCD. Also the
combination/overtone region is reproduced pretty well by calculations, which witnesses the reliability and power
of the GVPT2 routine in Gaussian16; though non trivial, this result is not fully unexpected, based on two previous
results from our group [12,28] but also on the fact that in these regions the role of resonances is not as crucial as
in the next CH-stretching ones. Besides, a noteworthy similarity between the present chlorinated cases and the
other previously studied non-chlorinated cases is noticed for the combination band region, which does not involve
the chlorine atom vibrational motion.

In coming now to conclusions on the role played by the sulfur atom S with respect to the oxygen O in this
region, based on the results of Figure 3 and on the previous results for (R)-2-methyl-oxirane and for (R)-2-methyl-
thiirane, we may state that the main differences between S-cases and O-cases are found at about 1150 cm™ and in
the IR absorption band at ca. 2100 cm™!; these bands correspond to the fundamental and the first overtone of the
CH; wagging on the thiirane ring, respectively, while the analogous overtone wagging for methyl-oxirane and
chloromethyl-oxirane is found at higher energy, about 2270 cm ™. In any case, for both thiirane compounds, the
combination region shows sharp bands and VCD features with large dissymmetry ratio. In contrast, the
corresponding signal in (R)-2-chloromethyl oxirane shows only medium intensity broad features. Overall, the DFT
anharmonic calculations reproduce experimental data in frequencies, signs (for VCD) and VCD/IR intensities
(especially for the thiirane derivative).
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Figure 3. Comparison of experimental IR and VCD spectra with corresponding computed spectra for (R)-
chloromethyl thiirane (top two panels) and (R)-chloromethyl oxirane (bottom two panels) for the fingerprint and
lower combination data based on GVPT2 approach. All experimental spectra are in black, computed spectra for (R)-
chloromethyl thiirane are orange, computed spectra for (R)-chloromethyl oxirane are blue. Y-axes units are with no
multiplication factor for the fingerprint region; for the combination region, spectra need to be divided by the indicated
%20 factor. (Please notice the intensity factor e — x = 10 for VCD y-scale, given above the VCD spectra).
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3.1.2. VCD in the Fundamental and Overtone Regions of CH-Stretching

Results for VCD and IR/NIR absorption spectra of the CH-stretching regions (the Av = 1 fundamental and
the Av = 2 and Av = 3 overtones) are given in Figure 4, obtained through the GVPT2 approach and are
superimposed to the results from the local mode (LM) approach: in both cases they are Boltzmann averages of
conformer calculated spectra weighed with the population factors given in the caption of Figure 1, and are also
superimposed to experimental results, for sake of comparison. Results for each conformer (Gauche II, Gauche I
and Cis) are given in Figure S4C for the GVPT2 approach and in Figure S5B,C for the local mode case, with
indication of contributions of each CH local mode (please consider Figure S5A for the definition of bonds). The
CH-stretching regions of (R)-2-chloro-methyl-oxirane and (R)-2-chloro-methyl-thiirane exhibit conformer
dependence, as already recognized for the former molecule [14]. This comes about since the three conformers bear
contributions of different signs, while in the mid-IR differences were not so evident; this has an higher influence
for (R)-2-chloromethyl-oxirane due to more similar Boltzmann factors values for the Gauche I and Gauche 11
cases. However still the Gauche II conformer is the one exhibiting the best results as compared to experiment, in
accord with the conclusions of Durig et al. [23,24] and of Palumbo et al. [25].
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Figure 4. Comparison of experimental IR/NIR and VCD spectra with corresponding computed spectra for (R)-
chloromethyl thiirane (top two panel rows) and (R)-chloromethyl oxirane (bottom two panel rows) for the
fundamental (Av = 1, right), first overtone (Av = 2, center) and second overtone (Av = 3, left) (compare with Figure 2)
based on GVPT2 approach and local mode approximation. All experimental spectra are in black, computed spectra
for (R)-chloromethyl thiirane are orange (GVPT2) or red (local mode), computed spectra for (R)-chloromethyl
oxirane are either dark blue (GVPT2) or light blue (local mode). Boltzmann factors to best represent the
experimental conditions (CCls solution and neat) were used to obtain the average spectra. (Please notice the
intensity factor e — x = 107 for VCD y-scale, given above the VCD spectra).

As a first general comment, it becomes evident that, for increasing Av, either the @, value in the Birge-Sponer
expansion [12,14] is calculated a bit too large or the y value is calculated a bit too small in both our approaches
(GVPT2 and LM). As previously noted, this might be reconciled by perturbing the systems along internal
coordinates [29,30]. Secondly, the GVPT2 approach, being based on a normal mode zero-order Hamiltonian, is
superior to the LM approach for absorption spectra at Av = 1, while the two approaches give similar results for
Av = 3; surprisingly the LM method gives good results for VCD at Av = 1 and Av = 2, which are the normal mode
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region and the transitional region from the normal to the local mode regime respectively [31]. As described in
Figure S5B,C, the LM approach permits one to appreciate that the CH local oscillators behave differently in the
three conformers at each Av transition and not only for the CHs in the chloromethyl moiety, but also in the
epoxy/episulfide ring. Yet, for the major Gauche II conformer (as well as for Gauche I) one may notice that the
C»-Hs; (see Figure S5A—C) local mode gives a positive VCD band, while C,—H4 and Cs—Hg local modes give two
negative VCD bands and the three signals dominate the VCD spectra at Av = 3. A similar pattern is observed,
obviously and concurrently with the change in C.P.I. priorities, in the non-chlorinated chiral (R)-2-methyl-oxirane
and (R)-2-methyl-thiirane (see the Supplementary of Fusé et al. [12]). This is particularly evident in the presence
of the S atom. Some further help in understanding the behavior of the different local modes comes from Figure S6A,B,
providing the graphs of APT (atomic polar tensor) and AAT (atomic axial tensor) components of all H-atoms as
functions of the corresponding CH-stretching coordinates and in the summarizing Figure S7 for the values of
APT/AAT and their first derivatives with respect to CH bond lengths at equilibrium. It is interesting to note, in
this respect, that in the sulfur cases (i.e., both for methyl-thiirane and chloromethyl-thiirane) the component of the
electric dipole du,/0z along the CH bond, expected to give the main contribution to the dipole strength for
fundamentals, presents a lower value than the oxygen analogous, and indeed the observed absorption spectra for
Av =1 are weak. At the same time, the sulfur molecules exhibit high values for the magnetic anharmonic terms
transverse to the CH bond directions (Figure S7) which fact can justify the observed VCD activity at Av = 2 and
3, higher for thiirane compounds than for oxirane compounds. The three ring CH bonds interact (possibly via a
polarizability mechanism [32]) with the HOMO orbital (see Figures S5A), which has strong non-bonding n
character, providing increase in the calculated intensities for the CH bond-stretchings close to the sulfur (or to the
oxygen). This is reminiscent of what happens in limonene for pseudo-axial and pseudo-equatorial CHs in the
vicinity of the ring double bond [28]. Somewhat similar considerations had been put forward long ago in the
interpretation of ECD spectra of (R)-2-methyl-thiirane [33]. This evidences the diastereotopic property of axial
and equatorial CH bonds as well as of the lobes of sulfur and oxygen lone pairs.

3.2. ECD and ORD for (R)-2-Methyl-Thiirane, (R)-2-Chloromethyl-Thiirane.

For sake of completeness, we report in Figure 5 the superimposed experimental and calculated ECD spectra
(left) and the experimental and calculated ORD curves (center and right respectively) for (R)-2-methyl-thiirane
(top) and for (R)-2-chloro-methyl-thiirane (bottom). The first ECD spectrum of methyl-thiirane was recorded by
Gottarelli et al. in 1973 [33,34], the same school discussed the optical activity of the 260 nm transition of other
chiral thiiranes in terms of molecular orbitals calculations attributing the band to (» — ¢*) transition, being ¢* C-
S antibonding orbital. For both compounds the ECD longest wavelength band is centered at ca. 268 nm and is
negative for (R)-2-methyl-thiirane and is positive and at 265 nm for (R)-2-chloro-methyl-thiirane. Once and again
the sign difference reflects the change in group priorities in the application of the C.I.P. rule [27] namely, together
with the Av = 3 NIR-VCD sign, the sign of the ECD band at 268 (or 265 nm) correlates with group spatial
orientation at the stereogenic carbon atom (see also references [11,14]). The main contribution to the band is the
(n — o*) transition, which has zero rotational strength in a symmetric context but acquires rotational strength in a
dissymmetric context, according to the definition of inherently symmetric chromophore [35]. We ran our ORD
measurements for three different concentration values, while ECD was measured in diluted cyclohexane solution
to cover the maximum accessible wavelength range to our instrument. The measured experimental values of the g
factors of the lowest energy band are rather large (-2.78:1072 for (R)-2-methyl-thiirane and 3.92-1072 for (R)-2-
chloromethyl-thiirane), being slightly larger in magnitude than twice the fine-structure constant (which is the upper
bound value expected for electric-dipole allowed transitions) [36]. Due to the weak absorption band, we are in
presence of a prevalently magnetic dipole allowed transition band. Similar considerations were put forward by
Rodger et al. [11] based on the octant rule, and by Bendazzoli et al. [33].

The ORD curves of (R)-2-methyl-thiirane and (R)-2-chloro-methyl-thiirane at three different concentrations
(to cover comparison with ECD and VCD results) are also given in Figure 5 (central panels). Both bear normal
ORD dispersion increasing positive trends, with some little yet important anomalies toward small wavelengths for
(R)-2-methyl-thiirane. Interestingly, the negative sign of the first observed ECD band for (R)-2-methylthiirane is
in contrast with the observed increasing positive trend of ORD. Crawford et al. indeed had talked about “the
difficult case of (R)-2-methylthiirane” [16]. According to the Kramers-Kronig relation (KK) [37-41],
discontinuities in ORD are expected in presence of electronic transitions. In this case, the negative ECD transition
requires the —oo — +oo discontinuity at ~270 nm going toward increasing energy, which seems at odds with the
experimental observations. Although 270 nm lies beyond the measurable range of our polarimeter, the start of a
decreasing trend is noticed at short wavelengths, i.e., between the two OR values measured at lowest wavelengths
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(405 and 365 nm, see Figure 5). This agrees with the negative ECD band observed at 268 nm. In any case it is well
known that ORD is determined by the superposition of contributions from different ECD rotational strengths, such
that rotational strength of high energy transitions may provide more important contributions. On the contrary, the
relation between experimental ECD and ORD is monotonically increasing, as expected for (R)-2-chloromethyl-
thiirane. The full interpretation of the ORD curves is provided by DFT calculations, with explicit account for
vibrational contributions, which require anharmonicity to be evaluated [17,42—45]. In facts, looking at the
calculated ORD curve for (R)-2-methyl-thiirane (top right panel) one sees that adding vibrational contributions to
the electronic effects, one better accounts for the correct ORD trend and provides larger OR values closer to
experimental values. Again, this addresses the importance of the correct determination of vibrational terms. Such
a problem is not manifested in (R)-2-chloro-methyl-thiirane, where the electronic effects overwhelm vibrational
contributions and ORD is of the same sign as the observed ECD positive band. Either calculation, with or without
vibrational contribution is equally good.
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Figure 5. Experimental and calculated ORD curves (center and right respectively) and ECD spectra (left,
experimental and calculated superimposed) for (R)-2-methyl-thiirane (top) and for (R)-2-chloro-methyl-thiirane
(bottom). Experimental ORD curves are obtained by linearly connecting specific OR values measured at 25 °C and
for the specified concentration values (g/100 mL) on CCls solutions (in molarities 3.2 M, 0.18 M and 0.027 M
respectively for the (R)-2-methyl-thirane case and 2.3 M, 0.17 M and 0.013 M for (R)-2-chloromethyl-thirane).
ECD spectra (cyclohexane dilute solutions (~1073 M), precise concentration values given in the Experimental
section) are in Ag units (M 'em™! = 10’%cm?mol) versus A(nm). On the right simulated OR values at different
wavelength, both the equilibrium values ([0]*9) and the vibrational corrected ones ([a]'" at 25 °C) are reported.

4. Conclusions

In this work we have recorded and interpreted the VCD spectra of (R)-2-chloromethyl-oxirane and (R)-2-
chloromethyl-thiirane; we have also discussed the comparison to the analogous spectra obtained in our previous
study for (R)-2-methyl-oxirane and (R)-2-methyl-thiirane [12]. By DFT calculation, treating anharmonicity at the
GVPT2 level or based on the local mode approximation, we have been able to quantitatively predict most of the
observed VCD and IR/NIR bands and also to explain the role of various molecular moieties. Experiments and
computational interpretation regarded a rather thorough spectral region, which includes mid-IR, CH-stretching
fundamentals and bending-CC/CO(CS) overtone/combination regions in the mid-IR and CH-stretching
overtone/combination regions in the near infrared (NIR).

The spectroscopic results obtained on such simple molecules, elucidates the role of sulfur in determining
spectroscopic responses. The importance of sulfur in mid-IR VCD spectra in several instances and several
molecular moieties was previously addressed [46—49], but, to the best of our knowledge, never in NIR-VCD
spectra. In this spectra we evidenced that the presence of sulfur leads to intensification of the signals acting in
particular on the anharmonic terms of the magnetic dipole transition moments. The influence of sulfur can be
monitored also via electronic circular dichroism (ECD) and optical rotatory dispersion (ORD). In the Results and
Discussion section the different kinds of information provided by VCD in the NIR and in the mid-IR and by ORD
and by ECD are evidenced. Particularly, it is found that two good parameters for easy assignment of the absolute
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configuration of (R)-2-methyl-thiirane and (R)-2-chloromethyl-thiirane are the signs of the alternating bands in
Av =3 NIR/VCD spectra and the sign of the ECD band at ca. ~270 nm. These two types of data are opposite in
the two molecules and thus they both monitor the change in priorities for the application of the CIP (Cahn-Ingold-
Prelog) rule [27], despite the fact that the band is weak. Other substituted cases were presented by Moretti et al.
[50], all bearing the same correlation. The ORD curves, particularly the anomalous one for (R)-2-methyl-thiirane,
are well interpreted, if one includes the contribution of zero-point vibrational modes, which in turn are accounted
by anharmonic terms [42].

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/2603041556540082/
PS-25110129-SM.pdf. Figures S1: 'H-NMR (C¢Ds, 400.13 MHz) spectrum of the synthetized (R)-2-(chloromethyl)thiirane.
Figures S2: C-NMR (CsDs, 100.61 MHz) spectrum of the synthetized (R)-2-(chloromethyl)thiirane. Figures S3: GC-FID
chromatograms of 2-(chloromethyl)thiirane samples: (a) racemic sample (red curve); (b) synthetized (R)-2-(chloromethyl)thiirane
(black curve). Both chromatograms were obtained with the same column and experimental conditions. Figures S4: (A).
Fingerprint region between 850 and 1500 cm™'. Comparison of experimental IR (top) and VCD spectra (bottom) with
corresponding computed spectra for all conformers and Boltzmann average (dashed lines) of (R)-chloromethyl thiirane (left
two panels) and (R)-chloromethyl oxirane (right two panels) based on GVPT2 approach. All experimental spectra are in black,
computed spectra for (R)-chloromethyl thiirane have orange-hue, computed spectra for (R)-chloromethyl oxirane have blue-
hue. Conformer spectra were multiplied by their Boltzmann factors in CCla. (B). Combination/overtone region between 1850
and 2350 cm™!. Comparison of experimental IR (top) and VCD spectra (bottom) with corresponding computed spectra for all
three conformers (solid lines) and for the Boltzmann averages (dashed-dotted lines) of (R)-chloromethyl thiirane (right two
panels) and (R)-chloromethyl oxirane (left two panels) based on GVPT2 approach. All experimental spectra are in black,
computed spectra for (R)-chloromethyl thiirane have orange-hue, computed spectra for (R)-chloromethyl oxirane have blue-
hue. Conformer spectra are reported as already multiplied by their Boltzmann factors calculated for CCls solution. (C).
Comparison of experimental IR/NIR (1st and 3rd from top) and VCD spectra (2nd and 4th from top) with corresponding
computed spectra for all three conformers (solid lines) and for the Boltzmann averages (dotted lines) for (R)-chloromethyl
thiirane (top two panels) and (R)-chloromethyl oxirane (bottom two panels) for the fundamental (Av = 1, right), first overtone
(Av =2, center) and second overtone (Av = 3, left) based on GVPT2 approach. All experimental spectra are in black, computed
spectra for (R)-chloromethyl thiirane have orange-hue, computed spectra for (R)-chloromethyl oxirane have blue-hue. See
Figure S4A for the definition of the color coding. Conformer spectra are reported as already multiplied by their Boltzmann factors
for CCly solution (Av = 1) and for the neat, (Av = 2 and Av = 3), the factors being taken from Palumbo et al. (Spectrochim. Acta.
A. Mol. Biomol. Spectrosc. 2021, 247, 119061). In the case of (R)-chloromethyl oxirane in the Av = 2 region, also the computed
Boltzmann average spectrum with weights for the CCla solution is reported as dashed-dotted. Figures S5: (A): Atom numbering
used in calculation for (R)-2chloromethyl thiirane and (R)-2-chloromethyl oxirane. This figure may help the reader better
understand the next local mode (Im) calculations; center: HOMO representation for (R)-2chloromethyl thiirane; right: HOMO
representation for (R)-2chloromethyl oxirane. (The same parameters for the orbital representation used in the two cases.). (B):
(R)-2-chloromethyl-oxirane. Comparison of experimental (black) and computed (blue) absorption (top row) and VCD (bottom
row) spectra. TOP: calculations for the major populated Gauche II conformer. MIDDLE: calculations for the second major
populated Gauche I conformer. BOTTOM: calculations for the minor populated Cis conformer. We also give as bars the
contributions of each local mode to the spectra. (For the nomenclature of local modes see Figure S5A above). (C): (R)-2-
chloromethyl-thiirane. Comparison of experimental (black) and computed (blue) absorption (top row) and VCD (bottom row)
spectra. TOP: calculations for the major populated Gauche II conformer. MIDDLE: calculations for the second major populated
Gauche I conformer. BOTTOM: calculations for the minor populated Cis conformer. We also give as bars the contributions of
each local mode to the spectra. (For the nomenclature of local modes see Figure SSA above). Figures S6: (A): (S)-2-
chloromethyl-oxirane. Dependence of the longitudinal and transverse components of the APTs and AATs for the Hydrogen
atoms with respect to the CH-bond length (z-direction) (see [12] for the definition of (x,y,z) axes for the CH-bonds). APTs are
in atomic unit of charge e (electrons), AATSs are in units of (eao)/(hc), where ao is the Bohr radius, and ¢ the velocity of light.
Displacements are in angstroms (A). Green lines are used for CH2C1 hydrogen atoms, red lines for CHz and the blue one for
CH. (B): (S)-2-chloromethyl-thiirane. Dependence of the longitudinal and transverse components of the APTs and AATs for
the Hydrogen atoms with respect to the CH-bond length (z-direction) (see [12] for the definition of (x,y,z) axes for the CH-
bonds). APTs are in atomic unit of charge e (electrons), AATs are in units of (eao)/(hc), where ao is the Bohr radius, and c the
velocity of light. Displacements are in angstroms (A). Green lines are used for CH2Cl1 hydrogen atoms, red lines for CHz and
the blue one for CH. Figures S7: Graphical representation of three components of hydrogen APT and AAT and their first
derivatives with respect to CH bond lengths at equilibrium of the three CH on the ring (z = 0, see ref in the captions of Figure S6).
In the top panel, the values of (R)-methyloxirane (blue) and (R)-methylthiirane (orange) are reported. In the bottom panel, the
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values of (S)-2-chloromethyl-oxirane (blue) and (S)-2-chloromethyl-thiirane (orange) are reported. The S configuration is
reported to allow a direct comparison with the non-chlorinated systems (see [12]). Figures S8: Fingerprint region between 850
and 1500 cm ™! and CH-stretching region. Comparison of experimental IR and VCD spectra with corresponding CCls Boltzmann
average computed spectra of (R)-chloromethyl thiirane (top two panels) and (R)-chloromethyl oxirane (bottom two panels) at
the harmonic level and based on GVPT2 approach. Scaling factors of 0.98 and 0.96 were applied to computed harmonic
frequencies in the fingerprint and CH-stretching regions respectively. All experimental spectra are in black, computed spectra
for (R)-chloromethyl thiirane have orange-hue, computed spectra for (R)-chloromethyl oxirane have blue-hue. Tables S1: In
the top part of the table, energy, enthalpies and free-energy in Hartree units (and relative Boltzmann factors) computed at
B3PWO1/jun-cc-pVTZ level of theory for chloromethyl thiirane chloromethyl oxirane. In the bottom part, the Boltzmann
populations factors taken from Palumbo et al. (https://doi.org/10.1016/j.5aa.2020.119061 (accessed on 20 November 2025)) are
reported. Tables S2: Comparison of the Calculated Bond Lengths (A) and Interbond Angle CXC (X = O, S) (deg) for
chloromethyl thiirane and chloromethyl oxirane at the B3PW91/jun-cc-pVTZ level of theory. The atom numbering is reported
in Figure S5A.
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