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Simple Disulfides: Studies of Some Exponents of a Family
Involved in Prominent Processes

Vanina M. Cayén,® Mauricio F. Erben,*™ Rosana M. Romano,” Hans-Georg Stammler,”
Norbert W. Mitzel,*® Mao Fa Ge, and Carlos O. Della Védova*®

Exploring the fundamental chemistry and intrinsic properties of
disulfide-containing species has become an increasingly popu-
lar means to understand their action in various scientific fields,
applications, and systems. In this study several representatives
of this extensive family with the general formula CCI;SSR, where
R represents CH,CH;, CH,CF;, C(CH5);, CsHs and C(O)CH,,were
prepared and characterized by vibrational spectroscopy meth-
ods (FTIR and Raman), NMR spectroscopy, mass spectrometry,
X-ray structure determinations and photo electron spectro-

Introduction

The simplest disulfide, H,S,, was discovered by Carl Wilhelm
Scheele in 1777 as part of his 15000 to 20000 experiments
documented in his laboratory notes." This huge number of
experiments conducted by Scheele is a testament to his endless
curiosity as a chemist. In addition to H,S,, Scheele independ-
ently discovered chemical elements such as oxygen, chlorine,
barium, molybdenum, tungsten and manganese.

H.S, adopts C, symmetry with a dihedral angle of 88.68°. Its
non-hybridized sulfur character can be deduced by comparing
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scopy. When complemented with computational chemistry, this
range of methods and techniques sheds new light on numerous
different processes. It is worth noting that the importance in
disulfides compounds is related to inherent properties of this
chemical family, such as chirality, theories involving the origin
of life and its evolution, and, lately, the mechanisms of S-S
bond formation in processes concerning therapies based on the
use of peptides and COVID-19.

it to H,0,, which has a torsion angle of 113.70°"® The singular
geometry of H,S, results in non-superimposable mirror images.
Its isotopologue D,S, was used to calculate a tunneling period
of 5.6 milliseconds at room temperature and a helium pressure
of 1.6x107° bar.®¥ This implies that if both D,S, enantiomers
were to travel the same distance in high vacuum, they would
undergo a randomization process resulting in an equal
concentration of both optical isomers. However, at higher
helium pressures, the final composition would be different as
He stabilizes a particular chiral state. This experiment with D,S,
is more convenient than using H,S, since the lighter isotopo-
logue presents a faster tunneling time.

Simple species, light, and chirality are key factors that
provide insights into the origin of life in the primeval universe.
Simple and small molecules were the first stations on the path
towards more complex organic species and the origin of life.
There are various hypotheses, some of which are controversial,
that aim to reveal this origin. In his theory, Wachtershduser
considers disulfides as the primary energy source, and pyrite
(FeS,), which exists in the marine interface, played a key role as
template in the fixation of carbon compounds. This led him to
propose the “iron-sulfide world hypothesis” for the origin of
life.”) He proposed that pyrite could work catalytically to give
bifunctional C2 and C3-organic structures of a proto-nucleic
acid, which could be considered a pioneer organism. This
pioneer organism could then react further to form larger bio-
compounds such as proteins, leading to a gradual increase in
complexity and eventually producing nucleic acids. Kundell
suggests that the previously proposed evolutionary process
could be significantly shortened and simplified by using pyrite
directly to produce protonucleic acid.”

Disulfide bonds play a crucial role in the formation of
proteins and peptides. For instance, in the case of simple amino
acids such as cysteine, the process of disulfide formation
involves the stabilization of a tertiary structure through the
formation of an intramolecular S-S bridge. This occurs when

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Scheme 1. Intramolecular disulfide bond formation in the cysteine-cystine system.

the thiol form undergoes oxidative evolution to give the
disulfide species, as represented by the following equilibrium
(Scheme 1).

In extracellular fluid where thiol and disulfide forms coexist,
the ratio between the concentration of thiols (Cg,) and that of
disulfides (Cg) is dependent on the nature of the medium. In a
reductive environment, the C,,/Cgs ratio increases, resulting in a
relatively greater amount of reduced thiol form, while in an
oxidative environment, the form with disulfide bonds increases,
causing a decrease in the Cg./Cgs ratio. This oxidative condition
is precisely what occurs during the aging process. The oxidative
characteristics of an extracellular environment facilitate the
physical interactions between viral proteins and cell surface
receptors, followed by membrane fusion and virus internal-
ization. Although there is some agreement that disulfide bonds
have been generated evolutionarily to improve the stability of
proteins by stabilizing them in their molecular environment,
recent evidence would indicate that the cleavage of one or
more of their bonds is controlled by catalysts facilitators that
are specific for their specific substrate.”! More recently, disulfide
bonds were studied as restricted elements with additional
implications for the development of therapies based on the use
of peptides. For this, versatile functions of disulfide bonds
formed between cysteine residues in therapeutic peptides have
been considered.”

The behavior of disulfides can be understood by examining
results obtained from simpler examples. Therefore, this work
presents the preparation of a new disulfide compound,
CCl;SSCH,CF;, along with known species. The results, including
those obtained using Photoelectron Spectroscopy (PES), will be
presented in a comparative context that includes relevant data
from the literature. Additionally, NMR data, mass, vibrational,
and X-ray spectra for the species CCI;SSC(CH;); will be
presented as part of a study of a series of disulfides. This series
can be summarized asCCl;SSR (R=CH,CH,, CH,CF;, C(CH,);, CgHs,
C(O)CH,).

Experimental Section

Synthesis

CAUTION: Perchloromethylmercaptan, CCI;SCl, is a highly toxic,
corrosive and odorous substance, both by contact and by
inhalation. It causes severe skin burns and is highly irritating and
obstructive to the respiratory tract. It must be handled in conditions
consistent with these properties ensuring adequate ventilation,
especially in confined areas. In this work, manometric vacuum
techniques were used for its manipulation under an extraction
hood and security procedures were taken to avoid and minimize
any possible contact with the substance.
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Trichloromethyl disulfides CCl;SSR (R=CH,CH;, CH,CF;, C(CH,);, CgHs,
C(O)CH,) are obtained using the following general reaction
(Scheme 2).'%

The progress of the reaction can be monitored by observing the
vanishing of the intense yellow color of perchloromethylmercaptan.
This compound is transformed into a pale yellow or colorless
substance, which results from the formation of a disulfide reaction
product.

Ethyltrichloromethyl disulfide, CCI,;SSCH,CH;: In a reaction tube
equipped with a Young's stopcock connected to a vacuum line,
8 mmol of ethanethiol was condensed onto the stoichiometric
amount of CCI;SCl. When stirred in a cold bath, bubbles appeared
and the solution discolored. The resulting mixture was then distilled
under reduced pressure and a colorless liquid substance was
observed in the —40°C bath after trap-to-trap distillation.

Trifluoroethyltrichloromethyl disulfide, CCI;SSCH,CF;: The proce-
dure was similar to before, except that the reaction time was
extended to 48 h. After trap-to-trap distillation, a colorless liquid
was obtained in the trap at —40°C.

Tert-butyl trichloromethyl disulfide, CCI;SSC(CH;);: 12 mmol of
CCl;SCl were condensed onto the stoichiometric amount of tert-
butylthiol and the mixture was allowed to react at room temper-
ature. Afterward, a colorless liquid was obtained in the trap at —40°
C

Trichloromethyl phenyl disulfide, CClI;SSCsHs: In a cold bath at
—20°C, 12 mmol of thiophenol was condensed onto the stoichio-
metric amount of CCI;SCI. After 72 h, the reaction was complete, as
evidenced by the presence of bubbles and discoloration in the
solution. The product was then distilled under reduced pressure to
remove hydrogen chloride, and the desired product was collected
in a —40°C bath. The resulting liquid product is colorless at room
temperature.

Acetyltrichloromethyl disulfide, CCI;SSC(O)CH;: In a 100 mL Schlenk
flask at —30°C, 24 mmol of thioacetic acid was added. An
equimolar amount of CCI;SCl was slowly added and allowed to
slowly reach room temperature. The reaction was instantaneous, as
evidenced by the discoloration of the solution. The reaction
product was then distilled under reduced pressure and collected in
the —40°C bath. The resulting liquid substance shows a slight
yellowish color at room temperature

'H, *C and "FNMR spectra

The 'H, "*C and "®FNMR spectra were recorded using Bruker AV 300
NMR spectrometer.Table 1 displays the 'H, C and ""FNMR signals
of the CCLSSR (R=CH,CHs, CH,CFs, C(CH)s CeHs, C(O)CH5) family
obtained at 298 K using 5 mm probes and CDCl; as the lock.

CCI3SClI + R-SH — CCI3SSR + HCI

Scheme 2. Chemical reaction to obtaintrichloromethyldisulfides compounds.

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH

85UBD17 SUOLILLIOD BAIFeR1D 3|l idde auy Aq pausenob afe 9ol VO ‘8sn 4O SaINI 0} A%1q1T 8UIIUO AB]IM UO (SUOIPUOD-PpUR-SWLBH D" A3 | 1M Afeiq1BU1|UO//:SANY) SUO BIPUOD PUe swie L 83 39S *[£202/0T/LT] Uo ArelgiTauliuo A8|1IM uiusbiyeueiyood Aq 09520£202 1015/200T 0T/I0p/w00 A3 1M Aseiq i fpuluoadone-Ansiupyd//sdny wo. papeolumod ‘6€ ‘€0z ‘67595962



Chemistry
Research Article Europe

European Chemical

ChemistrySelect doi.org/10.1002/slct.202302560 Societies Publishing
Table 1. 'H, *C and "FNMR chemical shifts of the species CCl;SSR and CCl;SR (R=CH,CH;, CH,CF;, C(CH5);, C4Hs, C(O)CH,). Calculated *CNMR and '"HNMR
shifts are bold highlighted."""¥
CCl,SSR® §'H [ppm] 3C [ppm] 3'F [ppm] 33C [ppm]CCl, SR™
CH,CH, 14 (t, J=7.5 Hz, 3H)/1.07 101.4 (CC1,)/99.2 - 102.9

3.1 (q, J=7.0 Hz, 2H)/3.04 33.8 (C°*H,)/32.8 25.6
14.4 (C*H,)/14.5 14.7
CH,CF, 3.7 (q, J=9.0 Hz, 2H)/3.40 125.1 (C°F;, ' Jrc = 274.6 Hz)/125.2 ~66.5 125.2
103.5 (CCl;)/99.2 102.9
42,0 (C"H,, q, Ypc=32.2 H2)/33.6 336
C(CHy)s 1.5 (s, 9H)/1.27 100.2 (CC1})/99.2 - 102.9
50.1(C")/45.6 47.8
31.1 (C%/30.5 30.7
CHs 7.7 (m, 2H)/7.24 134.9 (C"/135.0 - 132.9
7.4 (m, 3H)/7.24 129.7 (C%)/129.0 131.3
129.3 (C3)/128.5 128.5
128.6 (C4)/127.8 127.8
100.6 (CCl;)/99.2 102.9
C(O)CH; 2.6 (s)/2.15 189.4 (C=0)/192.2 - 194.5
99.3 (CCl,)/99.2 102.9
28.9 (C*H,)/28.7 30.2
[a] CCl,S—S—C*—C"and CCl;S—CP—C® units.

Photoionization mass spectra (PIMS) and photoelectron Z?g)'g Hz) PIMS for the species CClSSR (R=CH,CHs, CH,CF5, C(CH5);, CoHsr
spectra /PES) =

Molecule m/z Fragment®
The double chamber UPS-Il machine used for the study of the
CCl,SSR  (R=CH,CH;, CH,CF,, C(CH,);, CeHs, C(O)CHs) series is | CChSSCH,CH; 29 CH,CH, ™
designed to detect transient species with a high resolution of about 61 SCH,CH; ™"
30 meV, as indicated by the spin-orbit splitting of Ar*(*P,,, *P;)) 78 SSCH.
photoelectron signals."¥ Experimental vertical ionization energies ’
(IP in eV) were calibrated by simultaneous addition of a small 3 SSCH,CH,*
amount of argon and methyl iodide to the sample. The ionization 17 cal,*
source used in the experiment is single-wavelength Hel radiation of 160 CCl,SSCH,*
21.21 eV.

CCl,SSCH,CF; 46 SCH,*
Although PE and PIMS spectra are not measured simultaneously, 64 S5+
they are recorded within seconds of each other under identical 83 CH.CE.*
conditions. As a result, it is assumed that for a given PE spectrum, 23
the subsequent PIMS is hypothetically of the same sample. 147 SSCH,CF;*
Values of ultraviolet photoionization mass spectra (PIMS) are 264 CCl,SSCH,CF, ™
collected in Table 2 for the samples confirming the identity of these CCI;SSC(CHs), 27 C(CH,) *
species. These results become more valuable when they are joined 42 C(CH,),*
with the photoelectron spectroscopy PES and theoretical results. 57 CCH,),*
Table 2 shows the detected fragments using the PIMS data. 3

91 SSC(CH,) ™
117 ccly*

Vibrational spectra CClLSSC,H, 77 CH
The liquid infrared spectra in the range of 4000-400 cm™' were 117 ccly’
obtained using KBr windows on the Fourier Transform Infrared 149 cclst
(FTIR) Nexus Thermo Nicolet instrument with a resolution of 1 cm™". ’
Furthermore, the Raman spectrum of the liquid sample was CCl,SSC(O)CH, 43 C(O)CH,
measured at room temperature using a Horiba JobinYvon T64000 60 SCO
Raman spectrometer between 3500 and 150 cm™' with a confocal 17 cal,
microscope and CCD detection. A Kr™ multiline laser with an
excitation wavelength of 647.1 nm was used for the measurement. 154 CCISSC(O)eH,
The vibrational spectra obtained from these measurements are [a] Most intense isotopomer signal.

depicted in Figure S1-S5. The observed vibrational wavenumbers
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were compared with the wavenumbers computed at the B3LYP/6-
311+ +G(3df) level of approximation of the lowest energy
rotamers, and the results are listed in Table S1-S5.

Computational chemistry

Computational quantum chemistry calculations were performed
using the GAUSSIAN 03 program package."™ Density functional
theory (B3LYP) was used with a basis set of 6-311+ +G(3df) to
perform scans of the potential energy surface, structure optimiza-
tions, and vibrational wavenumbers for the CCI;SSR
compounds.'®'® To compute the photoelectron spectra, the OVGF
approach was applied with a 6-311+ +G(3df) basis set that
includes correlation effects of the self-energy to the molecules,
providing accurate results of the vertical ionization energies.
Molecular orbital plots were generated using the Gauss View
program with a 0.05 isodensity.

[16-

X-Ray diffraction

A single crystal of CCl,SSC(CH;); was obtained and examined on a
Rigaku Supernova diffractometer using MoKo (1=0.71073 A)
radiation at a temperature of 100.0 K. The crystal structure was
solved using the ShelXT" structure solution program with Intrinsic
Phasing, and refined using the ShelXL™® refinement package with
Least Squares minimization, using Olex2.?" The crystal was grown
in situ at 263.6 K and gradually chilled to 252 K at a rate of 1 K/h,
then to 100K at a rate of 50 K/h, resulting in oligo-crystalline
material. Data reduction was performed using two domains with
only a few overlapping reflections. Refinement was carried out with
only one domain, which was pseudo-merohedrically twinned with a
ratio of 75:25 (TWIN1 001 —100 0 —1). The structure can also be
solved and refined in C2/c, but with a disorder of the three methyl
groups with the three chlorine atoms. The bond lengths and ADPs
suggest a similar disorder with a small occupancy in P1, but the
disorder is far below the resolution of the data set and can't be

3
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refined meaningfully. Therefore, the C—C and C—Cl distances should
be taken with care. Hydrogen atoms were included using a riding
model. Details of the X-ray investigation are given in Table Sé.

Deposition Number 2263686 (for CCI3SSC(CH3)3) contains the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Results and Discussion

To obtain the theoretical ionization energy values of the studied
species, quantum-chemical calculations were conducted using
the Gaussian 03 W program with the Outer Valence Green's
Function (OVGF) method. This method provides the energies
associated with the valence orbitals, which depend on the
molecular structure and conformation. The study of conforma-
tional equilibrium is important to determine the most stable
form of the species and to understand the shape of the
photoelectron spectrum.

The OVGF calculations were performed for each molecule
using the optimized geometries obtained with the B3LYP/6-311
+ +G** approximation for the lower energy conformations.
Figure 1 displays the potential energy curves computed around
the S-S bond for CCI;SSR molecules (R=CH,CH;, CH,CF;, C(CH,);,
C¢Hs, C(O)CH,), while Figure 2 shows the lower energy con-
formations and their relative energies in kcal/mol for each
molecule.

CCl;SSCH,CH; and CCI;SSCH,CF; molecules show a typical
gauche structure around the S-S bond with a dihedral angle
(@(CS—SC)/B3LYP/6-311+ + G**) of 93.1 and 93.4°, respectively.

15 CCl3$8CH,CF3

=

(]

o

36 72 108 144 180
Diehdral angle (°) (CS-5C)

Relative energy (kcal/mol)
o

CCl3SSCxHg

o

o
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o
°
w
H
2
3
o
s
e
-
@
o

Diehdral angle (°) (C5-SC)

Relative energy (kcal/mol)

%

72 108 144 180

Diehdral angle (¢) {CS-5C)

Figure 1. Potential energy curves of the CCI;SSR molecules (R=CH,CH;, CH,CF,, C(CH,);, C¢Hs, C(O)CH;) as a function of the CS—SC dihedral angle calculated

with the B3LYP/6-31 + + G** level of approximation.
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Figure 2. Lower energy rotamers and relative energies (kcal/mol) for the CCI;SSR molecules studied in this work, calculated using the B3LYP/6-31+ + G** level
of approximation.
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A second remarkable dihedral angle involves the S—S—C—C
connection, which determines the relative orientation of the
C—C bond of the alkyl moiety (ethyl and trifluoroethyl) relative
to the S-S bond. In both cases, the most favorable computed
conformation is the synclinal with torsion angles ¢(S5—CC)=
65.6 and 88.6°, while the second higher energy computed form
presents an antiperiplanar conformation (¢(SS—CC) =174.7°) for
CCl;SSCH,CH; and anticlinal (¢(SS—CC)=—140.4°) in the case of
CCI;SSCH,CF,.

The conformation around the S-S bond for CCI,SSC(O)CH; is
as expected also gauche, while the lower energy form when
analyzing the orientation of the carbonyl group with respect to
the S-S bond, i.e. the dihedral angle ¢(SS—C=0), turned out to
present a synperiplanar form (@(SS—C=0)=2°), followed in
energy by the antiperiplanarrotamer. This behavior is expected
in comparison with XC(O)SY containing compounds, resulting
the synperiplanar form energetically favored in all cases.””

A similar computational analysis computes a dihedral angle
@(CS—SC)=90.1° for the CCI;SSC¢H; molecule, presenting, in the
same way as the previous species, a gauche conformation
around the disulfide bond.

Finally, the calculation of the potential energy curve for the
case of CCl;SSC(CH,);, located the global minimum at a dihedral
angle @(CS-SC)=81.0°. This angle undergoes a change of
several degrees when compared with the value of 107.1(2)°
obtained in this work by X-ray diffraction measured in-situ for a
crystal formed at low temperatures. This experimental angle is
higher than the expected values for ¢(CS—SC) dihedral angles

Table 3. S-S bond lengths (A) and ¢(CS-SC) torsion angles (°) for the
CCI;SSR species calculated with the B3LYP/6-311 + + G** approximation.

R d(s-5) [A] P(CS-SQ)I°]

CH,CH; 2.074 93.1

CH,CF, 2,073 934

C(CH,), 2.080 (2.0186(8))" 81.0 (107.1(2)

CeHs 2.082 90.1

C(O)CH; 2.053 80.5

[a]lExperimental values measured in this work are between parentheses.

Ci3

S1 /
c1

CcH —

ci2

H5A

in disulfides, which are close to 90°. Table 3 lists bond distances
and dihedral angles calculated for this family of disulfides.

As can be seen, the S-S bond lengths for the molecules
listed in Table 3 are in the typical range of disulfides. These
distances are in the order of the values reported for the
disulfides, FC(O)SSCF, (2.027(4) A), CF,SSCF, (2.030(5) A) and
CH,SSCH, (2.029(3) A) among others. 2! As already mentioned,
the experimental value of 107.1(2)° found for CCl,SSC(CH,), is
notoriously larger for this type of compound where an angle
near to 90° would be expected. This fact could be mainly
attributed in the present case to the steric factor caused by the
bulky tert-butyl group.

Low temperature crystal structure of CCI;SSC(CH,);

CCl;SSC(CH,); adopts the triclinic system belonging to the space
group P1. It shows two molecules per unit cell and cell
parameters a=6.0302(2) A, b=8.8045(2) A, c=10.3566(3) A and
a=75.643(2)°, =89.827(2)° and y=70.003(2)° with a cell
volume of V=49855(3) A% The structure was refined with
2936 independent reflections, 2820 reflections with /> 2c(/).
Figure 3 represents the refined structure for CCI;SSC(CH,),
whereas Figure 4 depicts its corresponding packing motif. The
complete crystallographic information can be found in Ta-
bles S6 in the Supplementary Information.

Selected experimental and computed (B3LYP/6-311+ +
G**) geometric parameters (distances in A, angles in degrees)
for the lowest energy form of CCI;SSC(CH,); are listed in
Table 4.

Two types of intermolecular interactions are present in the
crystal (Figure 4, on the right side), the S1--CI2 of neighbor
molecules and CI3--ClI3. Their distances are, respectively,
3.415(1) and 3.363(1) A lower than the sum of the van der Waals
radii of 3.55 and 3.50 A. As determined in the study of the
origin of these effects in the crystal, both the CI3.-CI3 C1
halogen bond with 167.0(1)° and the S1--Cl2 C1 with 172.0(1)°
tend to present a linear geometry.>*

H4C

H5B

Figure 3. Refined crystal structure of CCl;SSC(CH;); (with the exception of hydrogen atoms, the displacementprobability of thethermalellipsoids are 50%).
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ci3
s1 c———- Y

Ci3'

| ).

Figure 4. Two views of the packing structures for CCI;SSC(CH,);. The a, b and ¢ cell parameters are colored in red, green and blue, respectively. The
intramolecular interactions of S1--CI2'(1 +x,y,z,) with 3.415(1) A and Cl3--Cl3'(2—x,—y,2—2z) with 3.363(1) A can be evidenced on the right side of this Figure.

Table 4. Selected geometrical parameters of crystalline CClLSSC(CH;), ) .
obtained by an in-situ crystallization method. Vibrational spectra
Parameter® Bond length Parameter™ Bond angle [°] .

Experimental FTIR and Raman spectra were measured for these
ar-c 1.7783) C1-51-52 106.24(9) species in the liquid phase. Vibrational wavenumbers derived
crR-C 1.775(3) €2-52-51 107.35(9) from computational approaches are also included in Table S1-
a3-C 1.760(3) cl-c1-s1 103.04(14) S5. Table 5 summarizes the experimental wavenumbers whose
S1-S2 2.0186(8) cl2—-C1-Cl1 108.63(15) modes are characteristic of the CCI;SS— moiety for each CCI,SSR
S1-C1 1.834(3) Cl2-C1-51 114.22(14) (R=CH,CH;, CH,CF;, C(CH;);, C4Hs, C(O)CH;) molecule.

e 1.861(3) c13-c1-ch 109.75(14) The FTIR spectra are characterized by very intense absorp-

. . 4 . . .
C2-C3 1.599(4) Cl3-C1—CI2 108.59(15) tions in the 800-750 cm™' region assigned to the antisym-

metrical and symmetrical stretching vibrational modes of the
c2-C4 1.578(4) CI3-C1-51 112.40(15)

perchloromethyl group, v, (CCl;) and v, (CCl). The S-S
C2-C5 1.584(4) C3-C2-52 101.98(17) ] Lo . . .

stretching vibrational mode appears as weak intensity bands in

C4-(2-52 111.38018) the FTIR spectrum but of considerable intensity in the Raman
a-C2-C3 111.002) spectra, observed in the 500 cm™ region. The v(S—CCl;) vibra-
C4-C2-5 110.8(2) tional stretching mode is observed in all cases as a very and low
C5-C2-S52 111.65(16) intense Raman and FTIR bands, respectively, with values close
C5-C2-C3 109.7(2) to 440 cm™'. These data are in good agreement with the values
C1-51-52—-C2 107.1Q2) reported for relevant examples found in the literature as
- - CClLSCI®™  and for the molecules CCl;SOC(O)CH,”® and
[a] See Figure 3 for the atomic numbers. (291
Clc(oyocdl,.

The vibrational behavior of the S-S bond has been
interpreted from different perspectives, including differences in
the degree of substitution at the p carbons in a CCl,5—S—CP—C*

Table 5. FTIR and Raman vibrational wavenumbers of the CCI;SSR species studied in this work.
Vibrational mode R=

—CH,CH,™ —CH,CF," —C(CH,),™ —CeHs™ —C(O)CH,™
v, (CCl3) 785.6 7229 785.9 786.5/787.2 790.3
v, (CCly) 754.6 696.1 754.2/758.4 762.2/765.9 763.6
v, (CCl) 743.0 683.4 733.5/735.7 741.3/742.5 748.0
v (S—C(R)) 5745 607.3 572.2/563.5 685.8/694.6 515.5/532.5
v (S-5) 526.5/527.1 507.4 547.1/540.9 483.9/481.8 537.5/546.3
v (5—CCly) 441.3/442.3 503.5 441.0/440.7 440.9/440.3 461.5/461.7
[a] The bold signal corresponds to the Raman spectrum.
[b] From the B3LYP/6-311 + +g(d,p) level of approximation.
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unit and differences in conformation around their S—S bonds.%

The correlation between the S—S wavenumber and the sum of
the substituent electronegativities bonded to the S-S group
has also been analyzed.”" In all cases, it should be noted that
the S-S internal coordinate does not correspond to a single
normal mode, which means that it is not linked to a specific
wavenumber or vibrational transition. A holistic way to estimate
the partial contribution of the S-S stretching to the correspond-
ing normal mode of vibration is to calculate the potential
energy distribution of each of the internal coordinates that
contribute to the normal mode.

Adopting the Wilson method and solving the equation
GF—)AE, a particular wavenumber can be linked to the F and G
matrices. The F matrix is the force constants matrix, which
introduces the vibrational potential energy. The G matrix is the
matrix for the contribution of the masses and spatial relation-
ships of the atoms in the molecule, which introduces the kinetic
energy in the procedure. E is the unit matrix and A introduces
the value of the squared wavenumber into the equation.

NMR spectra

Table 1 shows experimental and calculated '"HNMR, "CNMR
chemical shifts for the CCI;SSR species with R=CH,CH,, CH,CF;,
C(CH5);, CHs and C(O)CHjand their comparison with the
calculated monosulfide analogs. For the only fluorinated
species, CCl;SSCH,CF;, the experimental 'FNMR was also
measured. Analyzing the CNMR chemical shifts for the first
aliphatic species belonging to both the CCI;SR and the CCI;SSR
series it is observed higher chemical shifts for the C’linked to
the S-S bridge. For cysteine and cystine the experimental
reported "CNMR chemical shifts are 28.4+2.4 and 40.7 +3.8.5%
Thetendency of the calculated values agrees reasonably well
with these experimental data being 25.8 and 37.4, respectively,
for the species in their neutral form. This behavior was also
observed for a number of cysteine and cysteine amino acids.
The general trend is that the CPshifts for the reduced cysteines
is lower than the corresponding value for the oxided S-S
cystines.”?

Photoelectron spectra

As already mentioned in the experimental part, the photo-
electron spectra in the gaseous phase were measured with a
UPS-Il camera equipment that uses a helium lamp of 21.21 eV
energy (Hel) as a radiation source. According to the Franck-
Condon principle, the most probable and intense transition
between the fundamental and ionized states corresponds to
the vibrationally excited state of the positive ion that has the
same geometry as the neutral molecule. This transition is
referred to as the “vertical” ionization energy. Adiabatic
ionization energies, on the other hand, take into account the
relaxation of the remaining electrons in the molecule after the
electron is removed and refer to the minimum energy required
to remove an electron from a molecule or atom in its ground
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state to produce a cation in its ground state. Since for
compounds containing sulfur atoms, the Franck-Condon factors
are low near the absorption edges, which mean that the
relaxation process occurs too slowly for the system to remain in
a single electronic state. Therefore, adiabatic ionization energies
of sulfur compounds cannot be obtained using standard
photoelectron spectroscopy techniques.

Figure S6 shows the gas phase photolectron spectra for the
CCI;SSR series (R=CH,CH;, CH,CF;, C(CH,);, C¢Hs, C(O)CH,). For
better observation and comparison of the results, a correlation
scheme for the lowest ionization energies for the measured
molecules was built, as shown in Figure 5.

Table 6 shows the comparative experimental and theoretical
results of the series of perchloromethyl disulfide compounds.
With the exception of CCl;SSC¢Hs, the first two ionization
energies correspond to nonbonding electrons located on the
sulfur atoms of the disulfide bond. The results obtained from
quantum chemical calculations showed little variation between
these two values and satisfactorily predicted the experimental
values.

The experimental ionization energy data agree with
reported values for similar disulfides, such as CH,SSCH,** and t-
Bu—SS-t-Bu,®¥ with values of 8.98 and 8.14 eV, respectively. On
the other hand, the photoelectron spectrum reported for
thioacetic acid and its derivative, the ethyl thioaceticthioester,
show the presence of two signals at 10.06 and 10.30 eV
(CH;C(O)SH) and 9.44 and 9.65 eV (CH,C(O)SCH,CH,), respec-
tively, due to the ionization processes originated in the none-
bonding electron pairs attached the sulfur (z) and oxygen
atoms of the carbonyl bond.”

As pointed out by Baker et al.®® the first two bands in the
photoelectron spectrum of disulfides correspond to the sym-
metric and antisymmetric linear combinations of the outermost
p-atomic orbitals. The splitting observed in disulfide com-
pounds is generally explained by the so-called Walsh
diagrams,”” which account for the interaction between the free
pairs of adjacent sulfur atoms and their dependence on the
variation of the dihedral angle around the —SS— bond.*® While
in the fundamental neutral state of symmetrically substituted
disulfides the non-bonding orbitals of the sulfur atoms,
corresponding to HOMO orbitals, are nearly degenerate, after
ionization this degeneracy is removed due to the change in the
geometry of the cation, giving rise to the observed splitting in
the photoelectron spectra. Although this explanation has the
advantage of being qualitative and satisfactory, it is not
appropriate for asymmetrically substituted disulfides, for which
a degeneracy of the free pairs of the sulfur atoms cannot be a
priori guaranteed for the equilibrium position of the dihedral
angle. In case of asymmetrically substituted disulfides, theoret-
ical calculations explain this splitting as an energetic difference
between the free sulfur pairs, due to the different nature of the
substituents attached to each of them.

It is clear that the substitution of the hydrogen atoms by
more electronegative groups in the HSSH®® leads to an increase
in the ionization energy values of the substituted disulfides,
while the replacement by electron donor groups produces the
opposite effect. This behavior is observed in a variety of cases

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Figure 5. Schematic representation of the experimental energies of the outermost orbitals of the CCI;SSR species (R=CH,CH,, CH,CF;, C(CH,) 5, C(O)CH, and
CeHs).
Table 6. Values of the first two ionization energies for perchloromethyl disulfides CCI;SSR.
Molecule lonizationEnergy(lE) MO Assignment
El [eV] AE? Calculated® @l19
CCI;SSCH,CH,4 9.58 0.52 9.24 93.1 53 Lpm S(Et)
10.10 9.41 52 Lpr S(CCly)
CCl,SSCH,CF, 9.80 0.19 9.79 93.4 65 Lpr S(E)
9.99 9.92 64 Lpr S(CCly)
CC1,SSC(CHs), 8.86 0.59 8.72 81.0 61 Lpr S(tert-but)
9.45 9.46 107.1¢ 60 Lpm S(CCl)
CCl;SSCyHs 9.04 8.74 90.1 65 n(C=C) Ph
9.32 63
9.51 0.33* 9.37 62 Lp 7 S(Ph)
9.84 9.65 61 Lp 7 S(CCl,)
CCl,SSC(O)CH; 9.60 0.60 9.50 80.5 56 Lpn S(CCl5)
10.20 9.97 55 Lpn S(C=0)
[a] AE=EIT—EI2,
[b] Calculated at the OVGF/6-311 + + G** level of the theory,
[c]Torsion angle CSSC corresponding to the most stable conformation and
[d] experimental value measured in this work. Lp: “lone pair”. *corresponding to AE=EI2—EI3.

reported in the literature for molecules with electron-with-
drawing groups, such as FC(0)SSCH,“” and CCI,SSCN.“" For the
present case, for instance, the first ionization energy of
CCI;SSCH,CH, is 9.58 eV while for its fluorinated analog,
CCI,SSCH,CF,, the value is 9.80 eV. In general, as it can be seen
in Table 6, the non-bonding electron pair with the lower
ionization value corresponds to the sulfur atom bounded to the
different substituent groups. The tert-butyl trichloromethyl
disulfide presents ionization energy of 8.86 eV showing the
lowest ionization energy of this series. This might be expected

ChemistrySelect 2023, 8, €202302560 (9 of 11)

according to the “donor” effect of the alkyl groups (C(CH,); <
CeHs < CH,CH; < C(O)CH; < CH,CF;). The ionization energies are
therefore decreasing as the donor character of the substituent
group increases. Thus, the non-bonded electron pair at the
sulfur atom attached to the “acceptor” group CCl; presents
higher ionization energy with ionization energies varying in a
much more limited range. This general behavior was also
studied for a series of —SCN containing molecules.*”
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Conclusions

In this work syntheses of a series of trichloromethyl disulfide
compounds CCI,SSR, with R=CH,CH,, CH,CF;, C(CH,),, C(O)CH,
and C¢Hs, are presented. They were identified and suitably
characterized by nuclear magnetic resonance techniques and
vibrational spectroscopy. Using FTIR and Raman spectroscopy
techniques, the most intense signals of the liquid phase spectra
were characterized and the vibration modes were assigned with
the help of quantum-chemical calculations and by the compar-
ison with related species.

All the molecules in the neutral state showed a gauche
conformational preference around the dihedral angle ¢(CSSC).
This was experimentally reconfirmed in the case of the
CCI;SSC(CH;); molecule with X-ray diffraction measurements at
low temperatures. The structure presents an experimental angle
value equal to @(CSSC)=107.1(2)°. The introduction of the
sterically demanding tert-butyl group clearly affects the struc-
ture around the central disulfide bond, with the largest value of
the @(CSSC) dihedral angle on the whole series of studied
disulfides. In addition, it was found that the molecules is
stabilized in the crystal with interactions of the C—S--Cl and
C—Cl--Cl type.

The highest value of 9.80 eV found for the ionization energy
of the compound belonging to this series corresponds to the
ionization of an electron formally located at a non-bonded free
orbital of the sulfur atom linked with the carbon atom in the
CCI;SSCH,CF; molecule, while the lowest with a value of 8.86 eV
corresponds to the equivalent ionization when R=C(CH,),.

In conclusion, further evidence is provided for the signifi-
cant impact of substituents on the molecular structure and
electronic distribution of asymmetric disulfides. Our findings
demonstrate that this effect is largely mediated by the steric as
well as the donor/withdrawal properties of the substituents.
This behavior can be extrapolated to other disulfides, which
may have implications in the origin of life and, conversely, in
processes connected to COVID-19.

Supporting Information Summary

The Supporting Information includesexperimental (FTIR y Ram-
an) and computed wavenumbers (B3LYP/6-311+ +G**) of
CCl,SSCH,CH; (Table S1), computed wavenumbers (B3LYP/6-
311+ +G**) of CCl;SSCH,CF4(Table S2), Experimental (FTIR and
Raman) and computed wavenumbers (B3LYP/6-311 + + G**) of
CCl;SSC(O)CH,(Table S3),  CCI,SSC(CH,);  (Table S4),  and
CCl,SSC4H; (Table S5), crystal data and structure refinement for
CCl;SSC(CH,); (Table S6), "H(Figure S1) and'C(Figure S2) NMR
spectra of CCl;SSCH,CH; 'H (Figure S3),"*C (Figure S4) and
YF(Figure S5) NMR spectra of CCl,SSCH,CF;, 'H (Figure S6)
and'C (Figure S7) NMR spectra ofCCl;SSC(CH,);, 'H (Figure S8)
and "C (Figure S9) NMR spectra ofCCl,SSC¢Hs, 'H (Figure S10)
and "C (Figure S11) NMR spectra ofCCl,SSC(O)CH,, FTIR and
Raman spectra of liquid CCI;SSCH,CH; (Figure S12), calculated
FTIR spectrum of CCI;SSCH,CF; (Figure $13), FTIR and Raman
spectra of liquid CCI;SSC(O)CH; (Figure S14), CCI;SSC(CH,); (Fig-

ChemistrySelect 2023, 8, €202302560 (10 of 11)

ure S15), and CCl;SSC(O)C¢H; (Figure S16), Photoelectron spec-
tra for the species CCI;SSR, (R=CH,CH,;, CH,CF;, C(CH,);, C¢Hs,
C(O)CH,) (Figure S17).
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